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Editorial on the Research Topic
Neuromodulatory Control of Spinal Function in Health and Disease

The classical ionotropic transmitters glutamate/ACh (acetylcholine) and glycine/GABA
(gamma-amino butyric acid) are, respectively, responsible for the primary excitatory and
inhibitory synaptic actions within spinal cord anatomical circuits, be they simple reflexes as the
monosynaptic stretch reflex (and its reciprocal inhibition of antagonists), or more distributed and
integrated networks along autonomic, sensory, and motor systems. The selection and complex
spatiotemporal recruitment of intrinsic spinal circuits (e.g., locomotion) are profoundly sculpted
by neuromodulation acting both at pre- and post-synaptic levels.

Neuromodulation denotes to the ability of neurons to alter their electrical and synaptic
properties in response to intracellular biochemical changes. Neuromodulation commonly occurs
via activation of metabotropic (G protein-coupled) receptors that alter signal transduction
pathways. Neuromodulators function to modulate rather than mediate activity and represent a
broad class of neuroactive substances. By altering the cellular/synaptic properties of individual
neurons embedded in networks, neuromodulators profoundly alter the operation of neural circuits
and behavior. They provide flexibility in circuit selection and strength to allow the nervous system
to adapt neural output according to the functional requirements and/or demands of the individual
to achieve the desired behavioral state. At times, it appears that the neuromodulators have a more
primary function in activating and controlling complex networks than the term “modulator” would
tend to imply.

Neuromodulatory transmitter systems undoubtedly affect all spinal cord functional systems
including locomotion, respiration (via phrenic and other respiratory motoneurons), posture,
balance, fine movements, autonomic functions (including control of bowel, bladder, blood pressure,
and heart rate), reflexes, and sensory information processing (nociception, etc.). Since many
neuromodulatory transmitter systems (e.g., such as those releasing monoamines) originate from
neurons outside of the spinal cord, injuries to the spinal cord will necessarily damage their
descending projections in addition to other non-neuromodulatory pathways controlling the
anatomical network. Such injuries will therefore affect not only the initiation and control of spinal
networks, but also the ability to adjust their output according to ongoing functional demands.

The present Research Topic includes review and original research articles that seek to shed light
on the neural processes underlying the neuromodulatory control of spinal cord function in health
and disease. This Research Topic consists of 24 articles on various aspects of Spinal Cord research
contributed by 105 authors. The assembled contributions are summarized below in three thematic
categories: (i) locomotion, (ii) descending and segmental pathways, and (iii) disease/injury.
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LOCOMOTION

The mesencephalic locomotor region (MLR) activates spinal
locomotor generating neurons via pathways originating in the
medial reticular formation and descending through the ventral
funiculus. There is evidence that monoaminergic pathways are
also activated both during MLR-evoked fictive locomotion and
during spontaneous or voluntary locomotion. In the present
original research, Noga et al. measured in real time, by fast-cyclic
in vivo voltammetry, the release of the monoamines serotonin
(5-HT) and norepinephrine (NE) in the decerebrate cat’s lumbar
spinal cord during MLR-evoked fictive locomotion. The time
course, the spinal locations and the concentration of the release
of these two monoamines were mapped. Monoamine release was
observed in dorsal horn, intermediate zone/ventral horn. The
results demonstrate that spinal monoamine release is modulated
on a timescale of seconds, and that the concentrations are
high enough to strongly activate various receptors subtypes and
further suggest that monoamine action is, in part, mediated by
extrasynaptic neurotransmission in the spinal cord.

The review by Sharples et al. focuses on the role of
dopamine in the spinal control of locomotion in vertebrates.
It summarizes the biochemistry, pharmacology, anatomy,
and function of dopamine (and to a lesser extent other
monoamines) in the locomotor networks of various vertebrates
including fish (lamprey and zebrafish), amphibians (larval
xenopus), and mammalians (rodents). A brief discussion of
the effects of dopamine on rhythmicity in invertebrates is
also provided. Parallels are drawn with both noradrenergic
and serotonergic systems. New experimental approaches
(optogenetics, pharmacogenetics) together with more traditional
approaches (intrathecal administration/cell transplantation) to
the study of dopaminergic function and/or the treatment of gait
disorders following SCI are discussed.

Sensorimotor transformations are essential for control of
goal-directed behavior and interaction with the outside world.
The review by Daghfous et al. examines how the vertebrate
CNS integrates sensory signals to generate locomotor behavior
by examining the pathways and mechanisms involved in the
transformation of cutaneous and olfactory inputs into motor
output in the lamprey. The review also explores how serotonin
modulates the system through actions on both sensory inputs
and motor output. This timely review of mechanisms for sensory
control of locomotion is also very thorough and helpful to the
uninitiated in this area of lamprey pharmacology.

Wienecke et al. studied the interaction between blood
pressure, respiration, and locomotor activities in decerebrate
cats. They observed periodic variation (Mayer waves) in
blood pressure, which was synchronized with respiratory and
locomotor drive potentials recorded in hindlimb motoneurons.
The report demonstrates the intricate interrelations between
respiratory networks and hindlimb locomotor networks. They
conclude that the respiratory drive in hindlimb motoneurons
is transmitted via elements of the locomotor central pattern
generator. The rapid modulation related to Mayer waves suggests
the existence of a more direct and specific descending modulatory
control than has previously been demonstrated. The possibility

that monoaminergic drive to the spinal cord may mediate the
occurrence of Mayer waves is discussed.

In addition to the classical monoamine neuromodulatory
transmitters, another group of endogenous monoamines, the
trace amines (TAs), may play a role in neuromodulatory
actions within the nervous system. They share structural,
metabolic, physiologic, and pharmacologic similarities to the
classical monoamines and are synthesized from the same
precursor amino acids. The paper by Gozal et al. provides
evidence for the presence of trace amine synthetic enzymes,
trace amine-associated receptors (TAARs), and TAs in the
spinal cord. Furthermore, the authors demonstrate effects
of TAs on spinal neuronal networks, effects that have a
pharmacological profile distinct from that of more classical
monoamine neurotransmitters. This data indicates that TAs
may function as an intrinsic spinal monoaminergic modulatory
system capable of promoting recruitment of locomotor circuits
independent of the descending monoamines. These actions
support their known sympathomimetic function. This study will
likely stimulate further research in this area.

How pattern generators are modulated in the absence of
descending control from the brain is highly important for
understanding the neural control of movement as well as for
developing therapeutic approaches to improve mobility of SCI
patients. The review by Cherniak et al. summarizes recent
studies of sacral relay neurons with lumbar projections and
evaluates their role in linking the sacral and thoracolumbar
networks during different motor behaviors. They show that:
(1) the activation of the locomotor central pattern generators
through sacral sensory input is mediated by a heterogeneous
group of dorsal, intermediate and ventral sacral-neurons with
ventral and lateral ascending funicular projections, and (2) the
rhythmic excitation of lumbar flexor motoneurons, produced by
exposing the sacral segments to alpha-1 adrenoceptor agonists,
is mediated exclusively by ventral clusters of sacral-neurons
with lumbar projections through the ventral funiculus. The
mechanisms and physiological implications of their findings are
discussed. Given the recent increase in interest in combinatorial
approaches to increasing function after spinal injury, this
review of neural mechanisms contributing to the sacro-caudally
activated lumbar motor rhythm is timely and should be of
general interest to spinal cord rehabilitation, plasticity, and
regeneration researchers.

The monoamines serotonin (5-HT) noradrenaline (NA) and
dopamine (DA) are known to reconfigure spinal circuits and
facilitate expression of motor rhythms including locomotion.
Beliez et al. explore the common and differential actions
of these monoamines in coordinating rhythmic locomotor-
related output along the thoracolumbar-sacral axis in the
in vitro isolated neonatal rat spinal cord. The monoamines
generated similar ventral root motor rhythms in terms
of period/duration as well as left/right and flexor/extensor
phase relations but differed in motor burst amplitude and
other temporal characteristics including intersegmental phase
relationships. Observed differences likely relate differences in
descending behavioral drive linked to separate recruitment of
these neuromodulators.
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DESCENDING AND SEGMENTAL
PATHWAYS

C-boutons are important cholinergic modulatory loci for state-
dependent alterations in motoneuron firing rate. Deardorft
et al. present an elegant and systematic review of the
state of knowledge of one of the major inputs to spinal
motoneurons, the C terminals. The authors take the reader
on a historical journey from the initial identification of
the C-boutons and then introduce the unique molecular
organization of the signaling ensemble surrounding the C-
bouton synapse and its effect on the firing frequency of
the spinal motoneuron via its effect on the post-spike after
hyperpolarization. They then describe the C-bouton itself and
its cell of origin, and its cholinergic identity and circuitry.
Finally, they propose a possible mechanism by which the activity
of C-bouton may play a role in enhancing firing rate during
periods of increased excitatory drive, whilst also acknowledging
alternative explanations.

Bulbospinal systems may influence spinal neurons by
classical synaptic and modulatory mechanisms and are involved
in motor, sensory, and autonomic functions. Huma et al.
report on the brainstem locations of cells of origin of
bulbospinal pathways of the rat passing through the medial
longitudinal fasciculus (MLF) and the caudal ventrolateral
medulla (CVLM). Neurons were identified using anatomical
tracing methods, their transmitter phenotypes identified, and
their locations mapped onto brainstem diagrams. Cells that
form pathways from the brainstem to the lumbar spinal
cord passing through the MLF and CVLM for the most
part, have overlapping spatial distributions. Although both
populations contain crossing and uncrossing axons and similar
proportions of excitatory and inhibitory axons, MLF and CVLM
reticulospinal neurons have different spinal cord projections.
Those in the MLF project more ventrally and are more
likely to have direct motor functions than those in the
CVLM. In contrast, CVLM projections are predominantly
ipsilateral and concentrated within deep dorsal horn and
intermediate gray but do not extend into motor nuclei or lamina
VIII. CVLM pathway may function to coordinate activity of
premotor networks.

Johnson and Heckman provide a comprehensive review of
the neuromodulatory control of the electrical properties of spinal
motoneurons. Gain control of motoneuron output is important
for generating the enormous range of forces required for the
wide dynamic range of the normal movement repertoire. For
diffuse neuromodulatory systems such as the monoaminergic
projection to motoneurons, independent control of the gains
of different motor pools is not feasible. In fact, the system
is so diffuse that gain for all the motor pools in a limb
likely increases in concert. Additionally, if there is a system
that increases gain, probably a system to reduce gain is also
needed. In this review, they summarize recent studies that
show local inhibitory circuits within the spinal cord, especially
reciprocal and recurrent inhibition, have the potential to solve
both of these problems as well as constitute another source of
gain modulation.

DISEASE/INJURY

In the manuscript by Becker and Parker, the lamprey model
is used to compare cellular and synaptic properties of neurons
above and below the lesion site in spinal cord injured (SCI)
animals and in normal spinal cord of uninjured animals. They
also examined the effects of lesioning on the modulatory effects
of 5-HT. Based on their results, the authors suggest lesion specific
changes occur in cellular and synaptic properties and in serotonin
modulation. Therefore, pharmacological approaches to facilitate
functional recovery should not be based on the effects reported
in uninjured spinal cords. Although, the cellular and synaptic
properties of motor neurons and spinal interneurons caudal to
lesion site has been demonstrated previously by the same group,
the strong differences between larval and adult stages justified the
analysis in young adult lampreys. This is the first investigation
on the effects of a spinal lesion on the modulatory effects of
serotonin, and thus the study has the potential to make a strong
contribution to the related literature.

The original paper by Kou et al. describes the changes in
the neural circuits in streptozotocin (STZ)-induced diabetic rats.
Diabetic polyneuropathy (DPN) is one of the most common
complications of diabetes mellitus but is not a single entity
and encompasses several neuropathic syndromes, including
sensory and motor defects. In this paper, the authors discuss
both progressive mechanical allodynia and impaired locomotor
activity. The alterations in myelinated nerve fibers, unmyelinated
non-peptidergic nerve fibers, and peptidergic nerve fibers might
be involved in the early stages of the development in DPN.
The underlying mechanism of DPN might be addressed by
the dysfunction of those subpopulations of afferents from the
peripheral nervous system to the CNS. Both the allodynia and
locomotor defects could be prevented and reversed by intrathecal
insulin injection.

The review by Fields and Mitchell addresses the well-known
ability to exhibit plasticity of the neural system controlling
breathing. The focus of the review is the less appreciated ability
to exhibit metaplasticity, i.e., a change in the capacity to express
plasticity (“plastic plasticity”). Key examples of metaplasticity
in respiratory motor control, and our current understanding of
mechanisms giving rise to spinal plasticity and metaplasticity
in phrenic motor output is discussed. The metaplasticity is
especially seen after pre-conditioning with intermittent hypoxia.
This metaplasticity is not confined to the respiratory network but
is also seen in motor networks involved in limb movements.

The broad review by Ghosh and Pearse covers the promotion
or facilitation of serotonergic signaling (including specific
receptor systems) to enhance excitability,
stimulate CPG activity, and restore locomotor function
following spinal cord lesions. These strategies have included
pharmacological modulation of serotonergic receptors, through
the administration of specific 5-HT receptor agonists, or by
elevating the 5-HT precursor 5-hydroxytryptophan, which
produces a global activation of all classes of 5-HT receptors.
Another approach has been to employ cell therapeutics to replace
the loss of descending serotonergic input to the CPG, either
through transplanted fetal brainstem 5-HT neurons at the site

motoneuron
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of injury that can supply 5-HT to below the level of the lesion
or by other cell types to provide a substrate at the injury site for
encouraging serotonergic axon regrowth across the lesion to the
caudal spinal cord for restoring locomotion. This approach is
one direction at the forefront of research for generating putative
interventional approaches for the treatment of SCI.

Serotonergic systems are important for activation and
modulation of locomotor circuits. However, locomotor circuits
function differently following SCI that damages descending
serotonergic (and other) pathways. The study by Strain et al.
examines how the spinal cord adapts to sensory perturbations
after injury when the serotonergic system is activated. They
observed differences in the intralimb and interlimb coordination
in SCI animals during serotonergic agonist-induced locomotor
movements following sensory perturbation (range-of-motion
restriction) in comparison to that seen in intact animals.
Differences were observed for hindlimb and forelimb locomotor
movements controlled by the distal and proximal (to spinal
transection) areas of the spinal cord, respectively. The number
of hindlimb steps observed following quipazine treatment was
also significantly greater than intact controls, suggesting that the
effects of quipazine treatment are related to “supersensitivity”
of spinal segments distal to the site of injury. The results
have implications for design of rehabilitation strategies to treat
paralysis following SCI.

The central molecular changes that might influence
neurotrophic signaling pathways and modulate locomotor
recovery and pain following SCI are investigated in the
study by Strickland et al. Based on their previous work, they
assess the expression of select miRNA species that might
influence neurotrophic signaling pathways and functional
recover following noxious peripheral electrical stimulation.
The data show that uncontrollable nociception which activates
sensorimotor circuits distal to the injury site, influences SCI-
miRNAs and target mRNAs within the lesion site. SCI-sensitive
miRNAs may well mediate adverse consequences of uncontrolled
sensorimotor activation on functional recovery. However,
their sensitivity to distal sensory input also implicates these
miRNAs as candidate targets for the management of SCI and
neuropathic pain.

The long-term effectiveness of opiates for the treatment of
pain is limited by the development of tolerance. This is thought to
be the result of dysfunction of the p-opioid receptor (MOR) and
dopamine (D) receptor mediated second messenger pathways
in the brain. Brewer et al. examine the role of the spinal cord
in the development of tolerance since it plays a prominent
role in the processing of nociceptive information and has both
dopamine and MOR receptors in the dorsal horn. They reconfirm
that D3 receptors are necessary for morphine analgesia in vivo
and show for the first time that acute block of D3 receptors
in the lumbar spinal cord prevents modulation of spinal reflex
amplitude by morphine in vitro. Their data suggest that the D3
receptor modulates the MOR system in the spinal cord, and that
a dysfunction of the D3 receptor can induce a morphine-resistant
state. They propose that the D3KO mouse may serve as a model
to study the onset of morphine resistance at the spinal cord level,
the primary processing site of the nociceptive pathway.

Involuntary movements and spasms may be the result of
hyperactive motor networks. Regulation of such networks may
be accomplished by intrinsic modulatory systems releasing
transmitter such as purines. Such is the case for the ventral horn
of the spinal cord. Carlsen and Perrier report on findings in
the postnatal mouse that indicate that ventral horn astrocytes
produce a tonic and a phasic inhibition of excitatory synaptic
transmission in ventral horn neurons by releasing ATP. ATP is
rapidly hydrolyzed to adenosine which then acts on presynaptic
receptors and thereby decreases the probability of transmitter
release. While a role of purinergic processes in synaptic
modulation by astrocytes, at least in vitro, is established in diverse
brain regions, this has been studied in less detail for (ventral)
spinal neural circuits.

Maturation of spinal motor circuits are influenced by
the development and maintenance of descending serotonergic
projections. The review article by Gackiere and Vinay describes
how 5-HT plays a role in the maturation of locomotor patterning
and GABAergic synaptic transmission via actions on 5-HT; and
5-HT?; receptors. They describe how postsynaptic inhibition is
reduced after SCI and can be accounted for by a 5-HT) receptor-
mediated dysregulation of chloride transport in motoneurons.
Evidence suggests that 5-HT enables restoration of locomotion
after SCI via 5-HT receptors involved in the activation of signal
transduction pathways that restore the chloride gradient needed
for synaptic inhibition (5-HT,) and facilitate interneuronal
activity (5-HT5).

Stawinska et al. compare the effects of pharmacologic actions
of 5-HT, and 5-HTi4/; receptor agonists, applied alone or
in combination, on observed recovery of hindlimb treadmill
locomotor function after low thoracic spinal transection in adult
rats. Assessment of independent drug actions demonstrated
that agonists act on complementary circuits: 5-HT, receptors
by facilitating motor excitability directly, and 5-HTia/7
receptors by promoting locomotor circuit generating interlimb
coordination. These findings add to earlier studies that
support combined receptor targeting in locomotor recovery
strategies while acknowledging limitations of potentially
competing pharmacologic actions on afferent feedback and other
intraspinal circuits.

The neurotrophins nerve growth factor (NGF), brain derived
neurotrophic factor (BDNF) and neurotrophin-3 (NT-3) play
an important role in neural circuit development and plasticity.
Neurotrophins and their receptors are normally present in the
spinal cord. Boyce and Mendell review how neurotrophic actions
modify spinal sensory and motor circuit function including
nociception, reflexes and stepping. Experimental interventions
have targeted the introduction of exogenous neurotrophins to
recapitulate their known trophic actions to improve function in
disease states and after injury. This review focuses on more recent
findings relevant to these translational issues.

Grau et al. reviews the complex interplay of neuromodulatory
factors that alter the capacity for activity-dependent adaptive
reflex plasticity (spinal learning) and locomotor recovery
after SCI. Adaptive or maladaptive behavioral outcomes
are interpreted in relation to prior “priming” events that
alter experimental outcome (meta-plasticity). Broadly, adaptive
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plasticity and motor recovery are tied to an up-regulation
of BDNF signaling while maladaptive plasticity and motor
deficits are associated with induction of a pro-inflammatory
phenotype including expression of the cytokine tumor necrosis
factor (TNF). An understanding of spinal cord neuromodulatory
status after injury may provide a useful framework for training
interventions in the clinical population.

Previous experiments implicate cholinergic brainstem and
spinal systems in the control of locomotion. Jordan et al.
undertook a pharmacological exploration on the capacity of
the spinal cholinergic system in modulating spinal locomotor
networks with emphasis on capacity to facilitate recovery
after SCI. Contrary to expectations, cholinergic (muscarinic)
receptor activation disrupted locomotor recovery while
receptor block (atropine) greatly facilitated expression of
locomotion and recruitment of cutaneous reflexes. Their
temporal correspondence supports the view that there is a
tonic muscarinic inhibition of afferent feedback onto locomotor
circuits thereby identifying a new opportunity for restoring
locomotion after injury.

Spinal motoneurons can exhibit differences in excitability
early in development in amyotrophic lateral sclerosis (ALS).
As serotonin, noradrenaline, and dopamine already modulate
motor activity at early postnatal ages, Milan et al. used the
SOD1G93A (SOD1) ALS mouse model to examine possible
differences in their expression and function. In ventral horn,
there were no differences in HPLC-detected content of these
monoamines and metabolites between WT and SOD1 mice (P1

or P10). Similarly, no differences on the locomotor rhythm
were observed in the SOD1 mouse when the monoamines were
bath applied in the isolated spinal cord (P1-P3). However, NA
generated a larger amplitude motor response in SODI1 mice,
suggestive of adrenoceptor-based motor excitability increases at
early postnatal ages.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

ACKNOWLEDGMENTS

To the always helpful Frontiers team, whose organizational skills
and understanding made possible this Research Topic. We would
like to thank the authors and reviewers for their contributions to
this Research Topic.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Noga, Hochman and Hultborn. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Neural Circuits | www.frontiersin.org

January 2020 | Volume 13 | Article 84 9


https://doi.org/10.3389/fncir.2014.00132
https://doi.org/10.3389/fncir.2014.00077
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org
https://www.frontiersin.org/journals/neural-circuits#articles

{frontiers in
NEURAL CIRCUITS

ORIGINAL RESEARCH ARTICLE
published: 29 January 2014
doi: 10.3389/fncir.2014.00006

=

Alterations in the neural circuits from peripheral
afferents to the spinal cord: possible implications for
diabetic polyneuropathy in streptozotocin-induced type 1

diabetic rats

Zhen-Zhen Kou, Chun-VYu Li, Jia-Chen Hu, Jun-Bin Yin, Dong-Liang Zhang, Yong-Hui Liao, Zhen-Yu Wu, Tan
Ding, Juan Qu, Hui Li* and Yun-Qing Li*

Department of Anatomy, Histology and Embryology, K. K. Leung Brain Research Centre, The Fourth Military Medical University, Xi‘an, China

Edited by:
Hans Hultborn, University of
Copenhagen, Denmark

Reviewed by:

C. J. Heckman, Northwestern
University, USA

Scott Hooper, Ohio University, USA

*Correspondence:

Hui Li and Yun-Qing Li, Department of
Anatomy, Histology and Embryology,
K. K. Leung Brain Research Centre,
The Fourth Military Medical University,
No. 169, West Changle Road, Xi‘an
710032, China

e-mail: deptanat@fmmu.edu.cn;
li_hui@fmmu.edu.cn

Diabetic polyneuropathy (DPN) presents as a wide variety of sensorimotor symptoms
and affects approximately 50% of diabetic patients. Changes in the neural circuits may
occur in the early stages in diabetes and are implicated in the development of DPN.
Therefore, we aimed to detect changes in the expression of isolectin B4 (IB4, the marker
for nonpeptidergic unmyelinated fibers and their cell bodies) and calcitonin gene-related
peptide (CGRE the marker for peptidergic fibers and their cell bodies) in the dorsal
root ganglion (DRG) and spinal cord of streptozotocin (STZ)-induced type 1 diabetic
rats showing alterations in sensory and motor function. We also used cholera toxin B
subunit (CTB) to show the morphological changes of the myelinated fibers and motor
neurons. STZ-induced diabetic rats exhibited hyperglycemia, decreased body weight
gain, mechanical allodynia and impaired locomotor activity. In the DRG and spinal dorsal
horn, IB4-labeled structures decreased, but both CGRP immunostaining and CTB labeling
increased from day 14 to day 28 in diabetic rats. In spinal ventral horn, CTB labeling
decreased in motor neurons in diabetic rats. Treatment with intrathecal injection of insulin
at the early stages of DPN could alleviate mechanical allodynia and impaired locomotor
activity in diabetic rats. The results suggest that the alterations of the neural circuits
between spinal nerve and spinal cord via the DRG and ventral root might be involved

in DPN.

Keywords: diabetic polyneuropathy, neural circuit, spinal cord, dorsal root ganglion, primary afferent, rat

INTRODUCTION

Diabetic polyneuropathy (DPN) is one of the most common
complications of diabetes mellitus (DM; Dyck et al., 1993).
DPN is not a single entity but encompasses several neuropathic
syndromes, including sensory and motor defects (Yasuda et al.,
2003; Boulton et al., 2005). Because DPN is rather complex and
poorly understood and is most likely affected by multiple factors,
diagnosis of DPN is seldom successful in the early to intermediate
stages of DM (Tesfaye et al., 2010).

A large proportion of diabetic patients who suffer from DPN
describe abnormal sensations such as pain in the early stages.
Painful DPN in human subjects is usually characterized by the
development of tactile allodynia, a condition in which light touch
is perceived as painful (Baron et al., 2009). Tactile allodynia is
observed in a large proportion (30-47%) of human subjects with
DM (Bastyr et al., 2005). In contrast to sensory disturbance,
motor function has rarely been studied in DPN (Andersen,
2012). However, previous reports demonstrate that type 1 diabetic
patients exhibit impaired strength of the ankle and knee extensors
and flexors, indicating that DPN is often a mixed sensory-motor

neuropathy (Andersen, 2012; IJzerman et al, 2012). Despite
considerable research on DPN, evidence for pathophysiological
changes in the nervous systems underlying the impairment of
motor function still lacks neurostructural evidence.

Previous studies have focused on the role of peripheral nerves
in DPN. Increasing evidence now indicates that the insult of DPN
might be at all levels of the nervous system, including both the
PNS and the CNS (Eaton et al., 2001; Fischer and Waxman, 2010).
Although the involvement of both PNS and CNS in DPN has
previously been recognized, the underlying mechanisms remain
poorly understood, particularly in the changes of the neural
circuits between spinal nerves and spinal cord via the DRG and
ventral root. Thus, investigating the alterations in the neural
circuits is essential for understanding the development of the
sensory and motor defects in DPN.

The spinal nerves conduct mixed signals, including sensory
and motor information from nerve endings in the PNS (Todd,
2010). Spinal nerves have both dorsal and ventral roots. The
dorsal root carries sensory axons originating from the sensory
neurons in the dorsal root ganglion (DRG), while the ventral root
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carries motor axons originating from the motor neurons within
the ventral horn of the spinal gray matter. The various types of
DRG neurons send their central axonal processes to different parts
of the spinal dorsal horn in the CNS (Duce and Keen, 1977; Todd,
2010). Three main types of nerve fibers originate in the DRG
neurons and terminate in different laminae of the spinal dorsal
horn: (1) unmyelinated non-peptidergic afferents are observed in
laminae I and II; (2) peptidergic afferents are found in laminae I,
IT and V; and (3) myelinated afferents are located in laminae IIT
and IV.

There are useful reagents for identifying and investigating
the different nerve afferents. Cholera toxin B subunit (CTB) is
selectively taken up by myelinated but not unmyelinated primary
afferents (Tong et al., 1999; Shehab et al., 2004). When CTB is
injected into sciatic nerves, it is selectively taken up by myelinated
afferents and transported transganglionically to label fibers and
terminals in laminae III to IV of the spinal dorsal horn and
neurons in lamina IX of the ventral horn (Tong et al., 1999).
For the unmyelinated afferents, the plant Bandeiraea simplicifolia
I-isolectin B4 (IB4) binds to a subtype of small DRG neurons,
specifically those that lack neuropeptides (Michael and Priestley,
1999). The antibody for calcitonin gene-related peptide (CGRP)
recognizes small peptidergic neurons in the DRG and their affer-
ents in spinal cord (Karanth et al., 1991).

It has been confirmed that DPN is irreversible when nerves
are destroyed, so early intervention is very important to prevent
neuropathic complications in patients with diabetes (Boulton
et al., 2005; Tesfaye et al., 2010). Therefore, in the present study,
we sought to clarify the changes of neural circuits at the early
stages (within 4 weeks) of DPN. Using the model of streptozotocin
(STZ)-induced type 1 diabetic rats, we examined the distributions
and alterations of CTB-labeled myelinated, IB4-labled nonpep-
tidergic unmyelinated, and CGRP-immunopositive peptidergic
fibers and their cell bodies in both DRG and spinal cord. We also
applied insulin through intrathecal injection in diabetic rats to
observe the effects of treatment on sensory and motor activities
in behavioral tests.

MATERIALS AND METHODS

EXPERIMENTAL ANIMALS

All animal studies were conducted using approved protocols
and carried out in accordance with the Principles of Laboratory
Animal Care (NIH Publication no. 85-23, revised 1985). Male
Sprague-Dawley rats weighing 220-250 g were obtained from the
Laboratory Animal Center of The Fourth Military Medical Uni-
versity (Xi’an, China). In accordance with our previous studies
(Zuoetal.,2011; Kou et al., 2013a), rats were injected with a single
injection of 60 mg/kg STZ (Sigma, St. Louis, MO, USA), which
was freshly dissolved in ice-cold sodium citrate (pH 4.5), while
age-matched control rats received injections of a similar citrate
buffer. Diabetes was confirmed on the third day by measurements
of blood glucose concentrations in samples obtained from the
tail vein using a strip-operated reflectance meter (Active; Roche
Diagnostics, Mannheim, Germany). Only rats with blood glucose
concentration >20 mM were used. All animals were housed in
standard conditions (12 h light/dark cycles) with water and food
available ad libitum.

PAIN BEHAVIORAL TEST

The experiments were performed in accordance with our previ-
ously reported protocols (Mei et al., 2011; Kou et al., 2013a). To
quantify the mechanical sensitivity of the hind paw, animals were
placed in individual plastic boxes and allowed to acclimate for
30 min. A series of calibrated von Frey filaments (Stoelting, Kiel,
WI, USA) ranging from 0.4 to 60.0 g were applied to the plantar
surface of the hind paw, with sufficient force to bend the filaments
for 5 s or until paw withdrawal. Applications were separated by
15 s intervals to allow the animal to cease any response and return
to a relatively inactive position. In the presence of a response, the
filament of the next lower force was applied. In the absence of
a response, the filament of the next greater force was applied. A
positive response was indicated by a sharp withdrawal of the paw.
Each filament was applied 10 times, and the minimal value that
caused at least six responses was recorded as the paw withdrawal
threshold (PWT). All behavioral studies were performed under
blind conditions.

OPEN FIELD TEST

An open field test was used to analyze the rats’ locomotor activity,
as in our previous report (Quan-Xin et al., 2012). An animal was
placed in one corner of the open field (100 x 100 x 48 cm).
Movement of the rat in the area during the 15 min testing session
was recorded. After 15 min, the rat was removed to the home cage,
and the open field area was cleaned. The total distance and the
average velocity in the area were measured.

IMMUNOHISTOCHEMISTRY

Rats were deeply anesthetized with the injection of pentobarbital
(50 mg/kg, i.p.). All rats were perfused through the ascending
aorta with 150 ml of 0.9% (w/v) saline followed by 50 ml of
4% (w/v) paraformaldehyde (Shanghai Xinran Biotechnology Co.
Ltd.) and 0.2% (w/v) picric acid (Shanghai Xinran Biotechnology
Co. Ltd.) in 0.1 M phosphate buffer (PB, pH 7.4) (Zuo et al.,
2011; Kou et al., 2013a). After perfusion, lumbar segments of the
spinal cord and the corresponding DRGs were removed, post-
fixed with the same fresh fixative for 4 h and placed in 30% (w/v)
sucrose solution (Shanghai Xinran Biotechnology Co. Ltd.) for
24 h at 4°C. The immunochemistry was performed as in our
previous report (Kou et al., 2013b). Transverse sections of spinal
cord (25 pwm) and DRG (15 pm) were incubated in blocking
solution (5% v/v normal goat serum) for 1 h at room temperature
and then incubated overnight at 4°C with primary antibody:
rabbit anti-CGRP (1:2000; Millipore, AB5920, CA, USA). The
sections were then washed with 0.01 M phosphate buffered saline
(PBS, pH 7.4) three times (10 min each). The sections were
then incubated with Alexa594-conjugated donkey anti-rabbit IgG
(1:1000; Invitrogen, A-21207, NY, USA) and fluorescein isoth-
iocyanate (FITC)-IB4 (1:200; Vector Laboratories, FL-1201, CA,
USA) for 2 h. Finally, the sections were rinsed with 0.01 M PBS,
mounted onto clean glass slides, air-dried and cover slipped with
a mixture of 0.05 M PBS containing 50% (v/v) glycerin and 2.5%
(w/v) triethylenediamine. The sections were observed under a
laser-scanning confocal microscope (FV-1000, Olympus, Tokyo,
Japan).
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NEUROTRACER INJECTION

The rats were deeply anesthetized by injection of pentobarbital,
and the sciatic nerves on the left side were exposed. Then, 2 pl
of 1% Alexa594-conjugated CTB (red fluorescence, Molecular
Probes, C22842, CA, USA) was slowly injected with a 33-gauge
Hamilton syringe into the proximal part of the sciatic nerve after
it was exposed at the mid-thigh level. The incision was closed by
suture. Three days after CTB injection, the rats were perfused.
DRGs and lumbar segments were removed and processed as
described for immunohistochemistry.

INTRATHECAL INJECTION

Intrathecal implantation was performed as in our previous
reports (Mei et al., 2011; Kou et al., 2013a). A polyethylene
(PE) tube (Intramedic®, Becton Dickinson and Company, NJ,
USA) was inserted directly into the subarachnoid space of the
lumbar enlargement (between L4 to L6) for drug injection.
Under pentobarbital anesthesia, a midline incision from L6 to
L3 was made along the back of the rat. A pre-measured length
of PE-10 tube (I.D. 0.28 and O.D. 0.61 mm) was passed cau-
dally into the lumbar enlargement at the level of the lumbar
vertebra. Only rats judged to be neurologically normal and
showing complete paralysis of the tail and bilateral hind legs
after administration of 2% lidocaine (10 pl) intrathecally were
used for the following experiments. After tube implantation,
rats were allowed to recover for 2 days. The rats were intrathe-
cally injected with either insulin (0.2 units) or saline (10 pl)
through the catheter at 10:00-10:30 am every day for 14 days
(Figure 5).

STATISTICAL ANALYSES

Immunohistochemical data were analyzed in accordance
with previous reports (Fernyhough et al., 1989; Aizawa and
Eggermont, 2006; Mei et al., 2011; Zuo et al., 2011; Kou et al.,
2013a,b). For quantification of immunopositive cell profiles
in the DRG and the spinal ventral horn, five sections from a
series of every fourth serial section of the lumbar segments
(L4-L6) of spinal cord (25 pm) and DRG (15 jum) were selected
randomly from each animal. In each group, six rats were used
for statistical analysis. All positively stained cells in the area were
evaluated with Image]J software (National Institutes of Health).!
Statistical analysis was performed with one-way ANOVA with
the Student—-Newman—Kuels (SNK) post hoc test, using SPSS 16.0
(SPSS Inc., Chicago, IL, USA). The changes in the small neurons
among the total CTB-positive neurons in the DRG were analyzed
by Cross-Tabulation with significance testing with Pearson’s
Chi-square. For analysis of immunopositive terminals in the
spinal dorsal horn, the relative optical densities (ROD) of the
immunostaining were analyzed with Image] software (Burgess
et al., 2010). First, the integrated optical density (IOD) of the
positive staining and background were acquired from five sections
from each rat. Then, the ROD was calculated by subtracting the
background from the IOD of the positive staining. The values for
ROD were statistically analyzed among groups with SPSS. Data

Uhttp://rsbweb.nih.gov/ij/

from immunofluorescence were expressed as fold change vs. the
control group.

Analysis of the time-course of the behavioral tests between
the saline- and insulin-treated groups was performed by two-
factor (group and times) repeated measures analysis of variance
(ANOVA). One-way ANOVA was employed for analyzing other
data and was followed by the least significant difference (LSD)
(equal variances assumed) or Dennett’s T3 (equal variances not
assumed) post hoc test. Data were expressed as the mean + SD.
Differences between groups were considered statistically signifi-
cant at a value of p < 0.05.

RESULTS

STREPTOZOTOCIN (STZ)-INDUCED TYPE 1 DIABETIC RAT

Following a single i.p. injection of STZ (60 mg/kg), we mon-
itored rats’ blood glucose and body weight for 28 days. No
difference in basal blood glucose concentration and body weight
existed between STZ-treated rats and the control rats at the
onset of the study (Figure 1A). However, compared with control
rats, rats treated with STZ showed significant hyperglycemia at
day 3 (23.75 £ 0.87 vs. 7.27 & 0.30 mM in the control group,
p < 0.05), which was maintained until day 28 (Figure 1A).
Fourteen days after the onset of diabetes, body weight in the
diabetic rats was significantly lower than in the control group
(221.67 % 6.00 vs. 336.67 £ 6.15 g in the control group, p <
0.05) and continued lower thereafter until day 28 (Figure 1B).
These data show that rats injected with STZ developed type 1
diabetic features such as hyperglycemia and reduced body weight
gain.

MECHANICAL ALLODYNIA AND IMPAIRED LOCOMOTOR ACTIVITY IN
STREPTOZOTOCIN (STZ)-INDUCED TYPE 1 DIABETIC RATS

Fourteen days after STZ injection, the PWTs in diabetic rats were
significantly lower than those in control rats when tested with von
Frey filaments (14.17 £ 1.54 vs. 25.83 £ 0.83 g in the control
group, p < 0.05, Figure 1C) and were further reduced at day 28
(6.67 £ 1.05 vs. 25.83 £ 1.54 g in the control group, p < 0.05,
Figure 1C). The results indicate that, along with elevated blood
glucose levels, the diabetic rats increasingly developed mechanical
allodynia during days 14-28 (Figure 1C).

To determine whether STZ-induced diabetic rats also exhib-
ited impaired locomotor activity, we assessed the total travel
distance and average velocity in the open field test (Figures 1D, E).
Significant reductions in total distance (102.54 + 4.70 vs.
128.39 £+ 6.68 m in control, p < 0.05, Figure 1D) and aver-
age velocity (11.39 &+ 0.52 vs. 14.27 £ 0.74 cm/s in con-
trol, p < 0.05, Figure 1E) were observed in diabetic rats at
day 28.

CHANGES IN ISOLECTIN B4 (IB4)-LABELED AND CALCITONIN
GENE-RELATED PEPTIDE (CGRP)-IMMUNOREACTIVE STRUCTURES IN
THE DORSAL ROOT GANGLION (DRG) AND SPINAL DORSAL HORN

To investigate whether the nonpeptidergic unmyelinated fibers
and their cell bodies, and the peptidergic fibers and their cell
bodies are involved in DPN, we examined the IB4-labeled
and CGRP-immunoreactive (IR) structures in the DRG and
spinal dorsal horn. In DRG, IB4-labeled and CGRP-IR cell
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body weight (B), PWT (C), total distance (D) and average velocity (E) in
STZ-induced diabetic rats. Mean + SD, n = 6-18 rats in each group. * P <
0.05, comparing diabetic rats with non-diabetic control rats.

bodies are small (diameter <20 pm) to medium (20 pm <
diameter <35 pm) neurons (Wang et al., 2010). Compared
with controls, the number of IB4-labeled neurons decreased
from day 14 (81.5% of control) to day 28 (73.5% of con-
trol) after onset of diabetes (p < 0.05, Figures 2A, B). The
number of CGRP-IR neurons, however, significantly increased,
measuring 125.3% of control at day 14 and 130.8% of con-
trol at day 28 (p < 0.05, Figures 2A, C). Similar changes
occurred in the superficial laminae of the spinal dorsal
horn, with IB4-labeled terminals decreasing (day 14, 83.4%
of control, p < 0.05; day 28, 72.6% of control, p < 0.05,
Figures 3A, B). CGRP-IR terminals were densely concentrated
and increased in the inner part of lamina II (p < 0.05,
Figures 3A, C). These data demonstrate that in both DRG
and spinal dorsal horn, compared with the controls, IB4-
labeled structures decreased and CGRP-IR structures increased in
diabetic rats.

CHANGES OF CHOLERA TOXIN B (CTB)-LABELED STRUCTURES IN THE
DORSAL ROOT GANGLION (DRG) AND SPINAL CORD

Consistent with a previous report (Wang et al., 2010), CTB-
labeled elements were mainly large (diameter > 35 pm) neurons
in controls. Numbers of CTB-labeled neurons markedly increased
in the DRG, up to 119.8% of control at day 14 and 136.8%
of control at day 28 (p < 0.05, Figures 4A, B). Notably, there

were more small DRG neurons labeled with CTB in diabetic
rats. In controls, 25.2% of CTB-labeled neurons were small
neurons. However, the small CTB-labeled neurons increased in
number from day 14 to day 28 in STZ-treated rats (p < 0.05,
Figures 4A, B).

In spinal cord, CTB-labeling is present in both the dorsal and
ventral horns of the spinal cord (Figure 4A). In the dorsal horn,
CTB-labeled terminals were densely located in laminae III to IV,
with some labeling in laminae I and II. In diabetic rats, CTB
immunoreactivity was significantly increased at day 14 (120.1%
of control, p < 0.05) and at day 28 (139.3% of control, p <
0.05, Figures 4A, C). Importantly, compared with the controls,
the diabetic rats showed denser immunoreactivity for CTB in the
laminae IIT to IV of the spinal dorsal horn (Figure 4A). Numbers
of CTB-labeled motor neurons in the ventral horn decreased
significantly in diabetic rats (day 14, 83.2% of control, p < 0.05;
day 28, 77.2% of control, p < 0.05, Figures 4A, D).

EFFECTS OF INTRATHECAL INJECTION OF INSULIN ON PAIN BEHAVIOR
AND LOCOMOTOR ACTIVITY

To detect the effects of insulin at the early stages of DPN, either
saline or insulin (0.2 units) was injected intrathecally once a
day from day 14 to day 28 in STZ-induced diabetic rats. PWTs
were tested on the day of STZ injection and at 3, 14, 21, and
28 days post-STZ injection (Figure 5A). Intrathecal injection
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groups. Values are normalized, with the mean of the control group set as
100%. Mean + SD, n = 6 rats in each group. * P < 0.05, comparing diabetic
rats with non-diabetic control rats.

of insulin significantly alleviated allodynia in diabetic rats after
14 days (p < 0.05 vs. STZ rats-saline group), but could not
completely attenuate the reduced PWTs (p < 0.05 vs. wild type-
saline group, Figure 5B). Fourteen days of intrathecal insulin
injection also prevented the decrease in total distance (p < 0.05
vs. STZ rats-saline group, p > 0.05 vs. wild type-saline group,
Figure 5C) and average velocity (p < 0.05 vs. STZ rats-saline
group, p > 0.05 vs. wild type-saline group, Figure 5D) in dia-
betic rats. These data indicate that insulin treatment at the early
stages of DPN reduced the mechanical allodynia and impaired
locomotor activity normally present in STZ-induced diabetic
rats.

DISCUSSION

STZ-induced diabetic rodents are widely used for studying DPN
(Mitsuhashi et al., 1993; Brussee et al., 2004; Zuo et al., 2011;
Zguira et al., 2013). Our results show that STZ-induced dia-
betic rats exhibit hyperglycemia, decreased body weight gain and
mechanical allodynia after STZ injection, as well as impaired
locomotor activity at day 28, supporting the use of STZ-induced
diabetic rats as an animal model for studying the mechanism of
the early stages of type 1 DPN.

CHANGES IN ISOLECTIN B4 (IB4)-, CALCITONIN GENE-RELATED
PEPTIDE (CGRP)- AND CHOLERA TOXIN B (CTB)-LABELED NEURONS IN
THE DORSAL ROOT GANGLION (DRG)
DRG neurons receive a wide range of sensory information from
nerve endings that are activated by mechanical, thermal, chemical
and noxious stimuli (Delmas et al., 2011; Hughes et al., 2012).
Nerve injury can induce marked changes in the expression of
neuropeptides, neuromodulators, channels and related receptors
in DRG neurons, resulting in a virtually new phenotype of DRG
neurons (Hokfelt et al., 2000; Liu et al., 2000; Lai et al., 2004).
For instance, after peripheral nerve injury, reduced IB4 binding
was observed (Molander et al., 1996; Bennett et al., 1998). Impor-
tantly, in diabetic patients with DPN, there have been reports
of abnormal function of unmyelinated afferents, suggesting that
impairment in the receptive properties of unmyelinated nerves
leads to DPN (Orstavik et al., 2006). Our results indicate that
in DRG of diabetic rats, the number of IB4-labeled neurons
decreased significantly from day 14, suggesting that decreased
nonpeptidergic unmyelinated afferents might be one reason for
early sensory dysfunction in diabetes.

In contrast to IB4, the number of CGRP-IR neurons increased
from day 14 to day 28. It has been confirmed that CGRP is a
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different groups. Values are normalized, with the mean of the control group
set as 100%. Mean =+ SD, n = 6 rats in each group. * P < 0.05, comparing
diabetic rats with non-diabetic control rats.

pain-related peptide and serves as a pain modulator, contributing
to the augmented synaptic strength between DRG neurons and
the spinal dorsal horn and leading to the generation of central
sensitization in pain (Sun et al., 2003; Bird et al., 2006). Follow-
ing peripheral inflammation or partial nerve injury, CGRP may
be up-regulated and thus contribute to the generation of pain
(Fehrenbacher et al., 2003; Scholz and Woolf, 2007). Our results
demonstrate that CGRP expression increased in DRG neurons of
diabetic rats from day 14 onward, suggesting that a subpopulation
of peptidergic afferents might also be involved in painful DPN.
Previous reports demonstrate that the CGRP expression in STZ-
induced diabetic rodents either remains unchanged or decreases
after 4 weeks (Diemel et al., 1994; Akkina et al., 2001). It is known
that early intervention is very important for treating neuropathic
complications in diabetes (Boulton et al., 2005), and rats treated
with STZ developed mechanical allodynia beginning on day 14;

therefore, we focused on the changes in neural circuits in the
early stages (within 4 weeks). CGRP is a nerve growth factor
(NGF)-dependent neuropeptide. In the early stages, the NGF
production by DRG neurons increases in STZ-treated diabetic
rats, but it gradually decreases after 4 weeks (Steinbacher and
Nadelhaft, 1998). With the decreased support from NGF after 4
weeks, the expression of CGRP may decrease. The activation of
transient receptor potential vanilloid subtype 1 (TRPV1) channel
leads to the release of CGRP (Huang et al., 2008). The expression
and function of TRPVI is initially enhanced but is reduced in
the later phase in diabetic rats (Pabbidi et al., 2008). Previous
report also indicates similar changes in the early and late stages
of human diabetes (Dyck et al., 2000). STZ-induced diabetes
also shows two phases of pain sensitivity (Pabbidi et al., 2008).
Therefore, our results suggest that the increased CGRP expression
from day 14 to 28 might indicate the early changes in DPN.
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25.2% in the control, 27.1% in STZ-3d, 377% in STZ-14d and 46.1% in
STZ-28d groups. Mean + SD, n = 6 rats for each group. * P < 0.05,
comparing the numbers of CTB-labeled cells in diabetic rats with those in
non-diabetic control rats. # P < 0.05, comparing the proportions of the small
CTB-labeled DRG neurons in diabetic rats with non-diabetic control rats.

However, we could not exclude the possibility that other factors
might be involved. For instance, differences in CGRP innervation
in diabetic rats and mice have been demonstrated (Karanth et al.,
1990; Christianson et al., 2003). Cutaneous CGRP-IR nerves are
largely lost in diabetic mice, whereas they increase in STZ-induced
diabetic rats. Further, the variations in the dosage of STZ and
in the initial age of animals used in research, both of which are
important for the development of diabetes, might also contribute
to the differences among reports.

In diabetic rats, there was also a significant increase in the
number of CTB-labeled neurons in the DRG. In normal rats,
CTB-labeled cells are mainly large DRG neurons that send myeli-
nated fibers to the spinal dorsal horn and are involved in propri-
oception (Tong et al., 1999; Shehab et al., 2004). Interestingly,
in diabetic rats, CTB labeling was also found in many small
neurons, indicating a shift in tracer uptake in small DRG neurons
in diabetes. A similar change in CTB-labeling phenotype has been
demonstrated in nerve injury (Tong et al., 1999). Therefore, these
phenotypic changes in these subpopulations of DRG neurons
might contribute to the sensory dysfunction in the early stages
of DPN.

CHANGES IN ISOLECTIN B4 (IB4), CALCITONIN GENE-RELATED PEPTIDE
(CGRP) AND CHOLERA TOXIN B (CTB) LABELING IN THE SPINAL
DORSAL HORN

It has been shown that nociceptive signals are conveyed from the
DRG to the CNS for integration, beginning in the spinal cord

(Todd, 2010). Thus, the afferents in the spinal cord from the
DRG are essential for understanding the mechanisms of DPN
in the CNS. Our data also show that afferents in the dorsal
horn, which showed IB4 labeling and CGRP immunoreactivity,
were altered in diabetic rats. IB4 immunoreactivity decreased,
whereas CGRP-positive terminals increased. Increased produc-
tion of CGRP from primary sensory neurons is also present in
other pathological pain conditions (Fehrenbacher et al., 2003;
Scholz and Woolf, 2007). Therefore, the changes in IB4-labeled
and CGRP-IR central axons originating from DRG neurons in
diabetic rats might also contribute to painful DPN in the spinal
dorsal horn. We also found that CTB-positive nerve endings
increased in laminae IIT and IV in diabetic rats, and there was also
nerve-injury-induced sprouting of myelinated afferent fibers from
deeper laminae. (Tong et al., 1999; Tan et al., 2012). In addition,
it is known that myelinated fibers normally respond to innocuous
sensations such as touch and pressure (Woolf, 1995). Therefore,
the reorganization of such structures in diabetes may contribute
to the sustained pain and mechanical allodynia in diabetic rats.
Combined with the data showing that more small DRG neurons
in diabetic rats express CTB, it is possible that, at least in part,
the increased sprouting of CTB-labeled fibers in diabetic rats
is attributable to phenotypic changes in axons, resulting in the
axons from small DRG neurons in spinal dorsal horn becoming
CTB-positive. Moreover, the complicated physiological condi-
tions displayed by diabetic rats, including hyperglycemia and
hypoxia, might be possible reasons for the increased sprouting
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(C), and average velocity, (D), in the open field test) in diabetic rats
after 14 days of administration. Mean + SD, n = 6 rats in each group.
* P < 0.05, comparing the STZ rats-insulin group with the STZ
rats-saline group at corresponding time points. ¥ P < 0.05, comparing
the STZ rats-insulin group with the control-saline group at
corresponding time points.

of myelinated terminals in the spinal dorsal horn. Thus, the
changes in neural circuits from the peripheral nerves to the spinal
dorsal horn might be involved in the progressive sensory defects
in DPN.

CHANGES OF CHOLERA TOXIN B (CTB)-LABELED NEURONS IN THE
SPINAL VENTRAL HORN

Motor diabetic neuropathy is a prominent complication in dia-
betes (Andersen and Mogensen, 1997; Andersen, 2012). Decline
in nerve conduction velocity and motor function impairment
are evident during early stages of diabetes in human patients
(Dyck et al., 1986; Dyck and Giannini, 1996; Malik et al., 2001).
The open field test data presented here show that locomotor
activity, including total distance and average velocity, decreased at
day 28 in diabetic rats. However, mechanical allodynia may also
be impairing locomotor activity in diabetic rats. To clarify this
issue, we injected CTB into the sciatic nerve to simultaneously
observe the transportation of the neurotracer from the sciatic
nerve to the spinal dorsal and ventral horns. This method could
show the changes in sensory and motor regions at the same time
points. CTB labeling in motor neurons decreased beginning on
day 14 in diabetic rats, indicating that structural abnormalities

occur in the CNS before motor dysfunction presents. These
changes in the motor neural circuit from the peripheral nerves
to the spinal ventral horn might lead to impaired motor activ-
ity in the early stages of DPN independent of mechanical
allodynia.

A previous report demonstrates that motor neurons develop
progressive features of distal loss of axonal terminals in chronic
STZ-induced diabetic rats (Ramyji et al., 2007). Although motor
impairment might begin later than sensory defects in diabetes
(Dyck et al., 1986; Dyck and Giannini, 1996; Malik et al., 2001),
declines in motor nerve conduction velocity are evident begin-
ning at 2 weeks in diabetic rats (Coppey et al.,, 2000), which
is consistent with our results showing decreased CTB labeling
in the spinal ventral horn on day 14. Therefore, the reduced
CTB labeling at the early stages might suggest a defect in the
transportation of CTB through the ventral root of the spinal
nerve. However, because of the different neural structure, the
blood-brain barrier might provide greater protection for the
motor neurons in the spinal ventral horn than for sensory
neurons in the DRG. The underlying relationship between the
impaired motor activity and motor neural circuit requires further
investigation.
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INTRATHECAL INJECTION OF INSULIN ALLEVIATES MECHANICAL
ALLODYNIA AND IMPAIRED LOCOMOTOR ACTIVITY

Because STZ-induced diabetic rats are insulin deficient, it was
important to test whether insulin treatment would help to
maintain normal neurotransmission, particularly because physio-
logical concentrations of insulin directly enhance axon formation
in the DRG and spinal cord (Fernyhough et al., 1993; Huang et al.,
2005). Moreover, insulin modulates neurofilament and tubulin
abundance, which is correlated with the induction of neurite elon-
gation (Fernyhough et al., 1989). We therefore injected insulin
for 14 days. Intrathecal injection of insulin significantly alleviated
mechanical allodynia and impaired locomotor activity in diabetic
rats, indicating that early intervention is important for treating
DPN.

In summary, we have described the changes in the neural
circuits in STZ-induced diabetic rats with progressive mechan-
ical allodynia and impaired locomotor activity. The alterations
in myelinated nerve fibers, unmyelinated nonpeptidergic nerve
fibers, and peptidergic nerve fibers might be involved in the early
stages of the development in DPN. The underlying mechanism of
DPN might be addressed by the dysfunction of those subpopula-
tions of afferents from the PNS to the CNS.
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Bulbospinal systems (BS) originate from various regions of the brainstem and influence
spinal neurons by classical synaptic and modulatory mechanisms. Our aim was to
determine the brainstem locations of cells of origin of BS pathways passing through
the medial longitudinal fasciculus (MLF) and the caudal ventrolateral medulla (CVLM).
We also examined the transmitter content of spinal terminations of the CVLM pathway.
Six adult rats received Fluorogold (FG) injections to the right intermediate gray matter of
the lumbar cord (L1-L2) and the b-subunit of cholera toxin (CTb) was injected either into
the MLF or the right CVLM (3 animals each). Double-labeled cells were identified within
brainstem structures with confocal microscopy and mapped onto brainstem diagrams.
An additional 3 rats were injected with CTb in the CVLM to label axon terminals in the
lumbar spinal cord. Double-labeled cells projecting via the MLF or CVLM were found
principally in reticular regions of the medulla and pons but small numbers of cells were also
located within the midbrain. CVLM projections to the lumbar cord were almost exclusively
ipsilateral and concentrated within the intermediate gray matter. Most (62%) of terminals
were immunoreactive for the vesicular glutamate transporter 2 while 23% contained the
vesicular GABA transporter. The inhibitory subpopulation was glycinergic, GABAergic or
contained both transmitters. The proportions of excitatory and inhibitory axons projecting
via the CVLM to the lumbar cord are similar to those projecting via the MLFE Unlike the
MLF pathway, CVLM projections are predominantly ipsilateral and concentrated within
intermediate gray but do not extend into motor nuclei or laminia VIII. Terminations of
the CVLM pathway are located in a region of the gray matter that is rich in premotor
interneurons; thus its primary function may be to coordinate activity of premotor networks.

Keywords: brainstem, spinal cord, descending system, neurotransmitters, motor control, tract-tracing, confocal
microscopy, neuroanatomy

Anatomical Abbreviations: 4v, 4th ventricle; 5n, motor trigeminal nucleus; 7n,
facial nucleus; 12n, hypoglossal nucleus; CIC, central nucleus of the inferior
colliculus; Cu, cuneate nucleus; CVLM, caudal ventrolateral medulla; DpMe,
deep mesencephalic nucleus; Gi, gigantocellular reticular nucleus; Gr, gracile
nucleus; IO, inferior olive; IRt, intermediate reticular nucleus; LDTg, laterodorsal
tegmental nucleus; LPAG, lateral periaqueductal gray; LPGi, lateral paragiganto-
cellular nucleus; LR, lateral reticular nucleus; MdV, medullary reticular nucleus;
MIf, medial longitudinal fasciculus; MVe, medial vestibular nucleus; MVPO,
medioventral periolivary nucleus; PaR, pararubral nucleus; PBP, parabrachial
pigmented nucleus of the VTA; PCRt, parvicellular reticular nucleus; PnC, pontine
reticular nucleus, caudal part; PnO, pontine reticular nucleus, oral part; PPTg,
pedunculopontine tegmental nucleus; PPy, parapyramidal nucleus; Py, pyramid;
RMg, raphe magnus nucleus; Rob, raphe obscurus nucleus; RPa, raphe pallidus
nucleus; RR, retrorubral nucleus; RtTg, reticulotegmental nucleus; Sol, nucleus
of the solitary tract; SPO, superior paraolivary nucleus; SPTg, subpeduncular
tegmental nucleus; subCD, subcoeruleus nucleus; tz, trapezoid body; VLPAG,
ventrolateral periaqueductal gray.

Other Abbreviations: CTb, cholera toxin B subunit; CST, DAB, 3,3'-
diaminobenzidine; GAD-67, glutamic acid decarboxylase 67 isoform; GLY
T2, glycine transporter 2, HRP, horseradish peroxidise; IgG, immunoglobulin
gamma; PB, Phosphate buffer; PBS, Phosphate buffer saline; PBST, phosphate
buffer saline containing 0.3% Trition X-100; RST, reticulospinal tract; SD, stan-
dard deviation; VGAT, vesicular GABA transporter, VGLUT, vesicular glutamate
transporter.

INTRODUCTION

Bulbospinal (BS) systems are composed of heterogeneous path-
ways that originate from the brainstem. They influence a variety
of spinal networks including those concerned with motor con-
trol, sensory input (including pain) and autonomic function. It
is likely that one of the functions of BS systems is to coordi-
nate the activity of spinal networks involved in these various
processes (Holstege, 1996; Hardy et al., 1998; Tavares and Lima,
2002). The neurons that give rise to BS pathways project to the
spinal cord via fiber tracts in the medulla (Mitani et al., 1988).
These tracts include the MLF, which contains axons principally
involved in motor control (Jankowska et al., 2007; Jankowska,
2008) and axonal systems within the caudal ventrolateral medulla
(CVLM) which have a role in sensory and autonomic control in
addition to an influence on motor activity (Tavares and Lima,
2002). Some classes of bulbospinal neuron which arise prin-
cipally from the medullary reticular formation are responsible
for conveying signals from motor centers in the brain which
include the mesencephalic locomotor center and the primary
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motor cortex (Matsuyama et al., 2004; Jordan et al., 2008). These
neurons have complex effects on motor function; they are not
only involved in the maintenance of posture but may also have
a role in goal-directed activities such as reaching (Drew et al,,
2004; Riddle et al., 2009). The descending axons of these cells
innervate wide areas of the spinal gray matter and individual
axons give rise to collaterals that terminate at many segmental
levels (Peterson et al., 1975; Matsuyama et al., 1999; Reed et al.,
2008). Therefore an individual BS cell has the capacity to influ-
ence a wide range of spinal neurons and, on this basis, it has been
suggested that these neurons are components of a system that
is responsible for integrating “common neuronal elements” in
order to produce a variety of coordinated motor patterns (Drew
et al., 2004; Matsuyama et al., 2004). Although the action of
BS neurons on their spinal targets is predominantly excitatory
(Jankowska et al., 2007; Jankowska, 2008) immunocytochemical
evidence shows that some BS axons also contain inhibitory neu-
rotransmitters (Holstege, 1996; Du Beau et al., 2012; Hossaini
et al., 2012). Therefore these systems can have monosynaptic
inhibitory actions on spinal neurons in addition to direct exci-
tatory actions. Such actions could serve to coordinate motor
output by facilitating or depressing specific components of motor
networks.

During a series of experiments to label spinal cells projecting
to the lateral reticular nucleus we observed anterogradely labeled
terminals in the lumbar spinal cord that had ipsilateral projec-
tions and terminated predominantly in the intermediate gray
matter. Although these injections were focused upon the CVLM
it was not clear if this was the origin of this pathway as the b sub-
unit of cholera toxin (CTb) we used to label descending axons
is taken up by axons of passage in addition to cell bodies and
axon terminals (Chen and Aston-Jones, 1995). Electrical stimula-
tion of the CVLM can evoke responses in spinal neurons (Tavares
and Lima, 2002) but electrical stimulation not only activates cells
but also axons of passage and therefore the neurons that medi-
ate these effects may be located at some distance from the site of
stimulation. Although a number of studies have documented the
origins of BS cells within structures of the rat brainstem (Leong
et al., 1984; Zemlan et al., 1984; Rye et al., 1988; Reed et al., 2008;
Hossaini et al., 2012), the exact locations of cells with axons that
project via the MLF are still largely unknown. Furthermore the
locations of cells that give rise to the pathways passing through the
CVLM are completely unknown. In view of the limited anatom-
ical information available concerning these systems, our primary
aim was to determine the locations of cells that give rise to these
pathways. We exploited the propensity for CTb to be taken up by
axons of passage by injecting it into MLF or the CVLM and, in the
same experiments, we injected Fluorogold (FG) into the spinal

Table 1 | Interaural stereotaxic coordinates used to target the medial
longitudinal fascicle (MLF) and caudal ventrolateral medulla (CVLM)
From Paxinos and Watson (2005).

Anterior-posterior Medial-lateral Dorsal-ventral

MLF
CVLM

+0.8mm
—0.4mm

—-3.8mm —0.1Tmm

—-4.8mm —1.8mm

cord. Hence we were able to map the locations of double-labeled
cells in the brainstem that project to the spinal cord via these two
routes.

Bulbospinal systems influence spinal neurons by means of
classical synaptic mechanisms but also have a modulatory func-
tion which can be direct or indirect via spinal interneurons
(e.g., see Jordan et al.,, 2008). A variety of neurotransmitters
and neuromodulators have been associated with these path-
ways including glutamate, GABA, glycine, monoamines, and
peptides. In a previous study (Du Beau et al.,, 2012) we inves-
tigated transmitter phenotypes of lumbar spinal terminations
of the BS systems that passes through the MLE Stereotaxic
injections of CTb within the MLF revealed terminals in the
lumbar spinal cord that were concentrated within the interme-
diate gray matter and the ventral horn. Although the major-
ity (59%) of axon terminals in the lumbar spinal cord were
glutamatergic, a sizable minority were inhibitory (20%) and
these could be subdivided into those that are GABAergic
(7%), those that are glycinergic (9%) and those that contained
both transmitters (3%). None of the terminals contained sero-
tonin and there was also a significant population (18%) that
did not show immunoreactivity for any of the transmitters
tested. A secondary aim of the study therefore was to deter-
mine the types of neurotransmitters associated with the CVLM
pathway.

Table 2 | Antibodies used in the study.

Primary Primary Supplier Secondary
antibody antibody antibodies
combination concentration
A gt.CTb 1:5000 List Biological Laboratories, Rh.Red
Campell, CA
rbt FG 1:5000 Chemicon/Millipore,CA,USA  Alexa488
B mo. CTb 1:250 A. Wikstréom, University of Rh.Red
Gothenburg
gp VGLUT1 1:5000 Millipore, Harlow, UK Alexa488
gp VGLUT2 1:5000 Millipore, Harlow, UK Dylight 649
C mo.CTb 1:250 A. Wikstrém, University of Rh.Red
Gothenburg
rbt VGAT 1:1000 Synaptic System, Goéttingen, Alexa488
Germany
gp VGLUT1 1:5000 Millipore, Harlow, UK Dylight 649
gp VGLUT2 1:5000 Millipore, Harlow, UK Dylight 649
D gt.CTb 1:5000 List Biological Laboratories, Rh.Red
Campell, CA
rbt GLYT2 1:1000 Millipore, Harlow, UK Alexa488
mo GAD67 1:1000 Millipore, Harlow, UK Dylight 649
E  mo.CTb 1:250 A. Wikstrom, University of Rh.Red
Gothenburg
rbt Serotonin 1:100 Affiniti, Exeter, UK Alexad88

gt, goat, rbt, rabbit; mo, mouse, gp, guinea pig; FG, Fluorogold; CTb, the b sub-
unit of cholera toxin; VGLUT1, vesicular glutamate transporter 1, VGLUTZ2, vesic-
ular glutamate transporter 2; VVGAT, vesicular GABA transporter; GLYT2, glycine
transporter 2; GAD67 67 isoform of glutamate decarboxylase. In Experiment C
tissue was incubated in a mixture of VGLUT 142 antibodies.
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MATERIALS AND METHODS

SURGICAL PROCEDURES

In these experiments the MLF or CVLM was injected with the b
subunit of cholera toxin (Sigma-Aldrich, Co., Poole, UK) which
is a retrograde and anterograde tracer and the spinal cord was
injected with Fluorogold (Fluorochrome, LLC, USA) which is a
retrograde tracer that is primarily taken up by axon terminals. All
animal procedures were carried out according to British Home
Office legislation and were approved by the Glasgow University
Ethical Review Committee. Nine adult male Sprague Dawley rats
(Harlan, Bicester, UK) weighing between 250 and 350 g were
anesthetized with isoflurane (up to 4% in oxygen), placed in a
stereotaxic frame and maintained under deep anaesthesia. The
skin at the back of the head was cut in the midline to expose the
skull and a small burr hole was then made. The stereotaxic coordi-
nates for injections are given in Table 1 (see Paxinos and Watson,
2005). A glass micropipette with a tip diameter of 20 pm filled
with 1% CTDb in distilled water was aligned with the burr hole
and inserted into the brain. CTb (200 nl) was injected by pres-
sure with a Pico-Injector (10 ms pulses at 20 psi; World Precision
Instruments, Sarasota, USA) into the right MLF (3 animals) or
the right CVLM (6 animals: 3 for spinal injections). At the con-
clusion of surgery, the scalp was sutured and animals were placed
in an incubator to assist recovery.

Following a period of 48 h, six animals (three MLF and three
CVLM) were re-anesthetized with isoflurane and placed in a
spinal frame. The thirteenth thoracic vertebra was identified
according to the location of the last rib and a small dorsal mid-
line incision was made at this level. A hole with a diameter of
1 mm was made adjacent to the midline in the laminar surface of
the caudal part of the Th13 or L1 vertebrae to expose the dorsal
surface of L1 or L2 segments of the spinal cord. Unilateral spinal
injections of 50 nl were made with glass micropipettes containing
4% FG in distilled water. The tip of the injection pipette (20 Lm
in diameter) was inserted into the spinal cord to a depth of up to
1.5 mm from the surface at an angle of 15° to target the interme-
diate gray matter of the right side of the spinal cord. The wound
was sutured and animals recovered uneventfully.

PERFUSION AND FIXATION

Following a 7 day survival period from initial brain injections,
rats were anaesthetized with pentobarbitone (1 ml i.p.) and per-
fused through the left ventricle with mammalian Ringer’s solution
followed by one litre of a fixative containing 4% formalde-
hyde in 0.1 M phosphate buffer (PB; pH 7.4) at room tem-
perature. Spinal cords and brains were removed and post-fixed
for 8h at 4°C and were cut into 60 wm thick transverse sec-
tions with a Vibratome (Oxford Instruments, Technical Products
International, Inc., USA). All sections were treated with an aque-
ous solution of 50% ethanol for 30 min to aid complete antibody
penetration.

TISSUE PROCESSING

In experiments to examine spinally projecting cells via the MLF
and CVLM, the brainstem was divided into the medulla, pons
and midbrain by using a razor blade to cut the medullary-pontine
junction in the coronal plane to separate the medulla and pons

and similarly to separate the pons from the midbrain by cutting
at a level just inferior to the inferior colliculi. Sections from these
three regions were reacted with solutions of primary antibod-
ies to identify CTb and FG for 48 h (See Table 2A for details).
Subsequently they were incubated in secondary antibodies cou-
pled to fluorphores for 3 h and mounted on glass slides with anti-
fade medium, (Vectashield; Vector Laboratories, Peterborough,
UK). Spinal injection sites containing FG were examined with UV
epifluorescence and photographed whereas brainstem injection
sites were visualized by using 3,3'-diaminobenzidine (DAB) as a
chromogen. Sections were incubated in goat anti-CTb for 48 h
followed by biotinylated anti-goat IgG for 3h at room tempera-
ture. They were then incubated in avidin-horseradish peroxidase
(HRP) for 1 h and hydrogen peroxide plus DAB was applied for a
period of approximately 15 min to reveal immunoreactivity.

In experiments to examine descending axons, brainstem injec-
tion sites were processed as described above. Spinal sections

FIGURE 1 | CVLM and MLF injection sites with associated spinal
injection sites. (A-D) Shows an experiment to double-label cells with
axons passing through the CVLM and (E-H) are taken from an experiment
to label axons of cells passing through the MLF. (A,E) Show CTb injection
sites in coronal sections of the medulla. (B,F) Show injection sites mapped
onto outline diagrams (Paxinos and Watson, 2005). Black, the core and gray,
spread of CTb. (C,G) Fluorescent images superimposed upon dark field
images of the same sections illustrating Fluorogold injection sites at L1-2.
Drawings showing the locations of spinal injections (black) are shown in
(D,H). Note the spread of Fluorogold within the gray matter surrounding the
injection. 4V, 4th ventricle; 12, hypoglossal nucleus; CVLM, caudal
ventrolateral medulla; Gi, gigantocellular reticular nucleus; Gr, gracile
nucleus; LRt, lateral reticular nucleus; MLF, medial longitudinal fascicle; py,
pyramid.
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from L3-5 segments were incubated in a combination of anti-
bodies (see Tables 2B-E for details) against: (1) CTb, VGLUT],
and VGLUT2; (2) CTb, a mixture of VGLUTI1+2 antibodies
and VGAT; (3) CTb, glutamic acid decarboxylase 67 (GAD67)
and the glycine transporter 2 (GLYT2) or (4) CTb and sero-
tonin (5-HT). Thereafter the sections were washed in PBS, incu-
bated in secondary antibodies coupled to fluorphores for 3 h and
had a final wash with PBS before they were mounted on glass
slides.

DATA ACQUISITION AND ANALYSIS

To document the locations of double-labeled cells in the brain-
stem, transmitted light images of all incubated sections were
captured digitally using a x1 lens (AxioVision 4.8 software
Carl Zeiss, Inc, Germany). These sections were used to iden-
tify the various levels of the brainstem according to the rat
brain atlas of Paxinos and Watson (2005). The sections were
scanned and montaged using a confocal microscope (LSM 710,
Zeiss, Germany: magnification 20x lens, zoom factor 0.6 at

FIGURE 2 | Confocal images of double-labeled cells in the Medulla.
(A) Shows a montage of a coronal section through the medulla of an
animal that had received a CVLM and spinal injection, (both on the right
side). Areas 1 and 2 within the boxes are shown at higher magnification in
series (B,C) respectively which are short projected sequences of confocal

images showing cells labeled from the CVLM (B,C), the spinal cord (B’C’)
and merged images showing yellow double-labeled cells (B",C"). Arrows
indicate Double-labeled cells. 4V, 4th ventricle, Gi, gigantocellular reticular
nucleus, mlf, medial longitudinal fasciculus, py, pyramid. Scale

bars = 100 um.
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z-steps of 1 wm intervals). Spinally projecting cells were iden-
tified by the presence of FG whereas cells with axons passing
through the MLF or CVLM appeared red and cells containing
both FG and CTb were yellow. Scans of entire brainstem sections
at representative levels (approximately Bregma anterior-posterior
levels: —14; —13; —12; —9; —8; —6) were taken. Confocal
images were analyzed with Neurolucida for Confocal software
(Microbrightfield Inc, Colchester, VT, USA) in order to estimate
numbers of cells contained within brainstem structures. A count-
ing grid (100 x 100 wm) was applied to each section and cells

were counted within 25 adjacent sections (depending on the size
of the structure) from each brainstem level for the two groups
of animals. Images were exported to Adobe Photoshop so that
locations of cells could be plotted onto outline diagrams of the
brainstem (Paxinos and Watson, 2005). Cell counts are presented
as averaged numbers of double-labeled cells per structure for the
three animals in each group. This was done for cells contralat-
eral and ipsilateral to spinal injections with the exception of cells
within midline structures such as raphe nuclei or the MLF where
data on both sides were pooled.

FIGURE 3 | Confocal images of double-labeled cells in the pons.

(A) Shows a montage of a coronal section through the pons of an animal that
had received a MLF and spinal injection, (both on the right side). Areas 1 and
2 within the boxes are shown at higher magnification in series

(B,C) respectively which are short projected sequences of confocal images

showing cells labeled from the MLF (B,C), the spinal cord (B’C’) and merged
images showing yellow double-labeled cells (B",C"). 4V, 4th ventricle; LDTg,
laterodorsal tegmental nucleus, mcp, middle cerebellar peduncle, Pn, pontine
nuclei, PnO, pontine reticular nucleus, oral part. Arrows indicate Double-
labeled cells. Scale bars = 50 pm.
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Table 3 | Location of double-labeled cells in the brainstem following
Fluorogold injections into the right lumbar cord and injections of
cholera toxin in the MLF or right CVLM.

MLF CVLM

IPSI CONTRA IPSI CONTRA
MEDULLA
Gi 69.7 6.7 52.7 417
10 7.7 18.3 37.7 20.0
LPGi 0.0 1.0 24.7 12.7
MdV 7.3 0.0 22.0 8.3
MIf 170 16.3
5n 0.0 0.0 4.3 4.3
7n 0.0 0.0 6.0 2.7
RMg 14.3 133
Rob 3.3 14.3
RPa 0.0 20.0
RR 2.7 0.0 0.0 0.0
Cu 0.0 0.0 0.0 0.7
LPAG 0.0 0.0 0.3 0.0
LRt 0.0 0.0 5.3 0.0
MVe 9.3 0.0 3.0 5.0
PPy 0.0 0.0 13 13
Sol 0.0 6.3 0.0 4.7
SPO 0.0 0.0 3.0 1.0
PONS
PnO 16.0 13.0 133 6.3
PnC 13.0 2.0 4.0 7.5
SubCD 0.0 0.0 5.7 7.3
DpMe 2.7 10.7 0.0 0.0
MVPO 0.0 0.0 13 0.3
LDTg 2.0 0.0 0.0 0.0
RtTg 6.0 0.0 0.0 0.0
SPTg 2.0 1.0 0.0 0.0
IRt 0.0 1.3 5.3 0.0
PCRt 0.0 0.0 0.7 2.3
PPTg 6.0 0.0 6.0 2.7
Tz 0.0 0.0 0.0 17
MIDBRAIN
PaR 0.0 0.0 1.3 0.3
PBP 0.0 0.0 8.5 0.0
cic 0.0 0.0 0.0 43
VLPAG 13 7.3 0.0 0.0

The values show averaged counts per structure for each of the three ani-
mals in MLF and CVLM experiments. IPSI, ipsilateral to spinal injection;
CONTRA, contralateral to spinal injection. 5n, motor trigeminal nucleus, 7n, facial
nucleus, CIC, central nucleus of the inferior colliculus; Cu, cuneate nucleus;
DpMe, deep mesencephalic nucleus, Gi, gigantocellular reticular nucleus; 10,
inferior olive; IRt, intermediate reticular nucleus,; LDTg, laterodorsal tegmen-
tal nucleus; LPAG,lateral periaqueductal gray; LPGI, lateral paragigantocellu-
lar nucleus; LRt,lateral reticular nucleus; Md\V, medullary reticular nucleus;
MiIf, medial longitudinal fasciculus; MVe, medial vestibular nucleus, MVPO,
medioventral periolivary nucleus, PaR, pararubral nucleus; PBF, parabrachial pig-
mented nucleus of the VTA; PCRt, parvicellular reticular nucleus,; PnC, pontine
reticular nucleus, caudal part; PnO, pontine reticular nucleus, oral part; PPTg,
pedunculopontine tegmental nucleus; PPy, parapyramidal nucleus; RMg, raphe
magnus nucleus; ROb, raphe obscurus nucleus, RPa, raphe pallidus nucleus; RR,
retrorubral nucleus, RtTg, reticulotegmental nucleus, Sol, nucleus of the soli-
tary tract; SPO, superior paraolivary nucleus; SPTg, subpeduncular tegmental
nucleus, subCD, subcoeruleus nucleus; tz, trapezoid body; VLPAG, ventrolateral
periaqueductal gray.

For axons labeled by CVLM injections, confocal microscope
images were acquired from a minimum of six sections per animal.
Fields containing CTb-labeled axon terminals were scanned by
using a x40 oil-immersion lens with a zoom factor of 2 at 0.5 pm
intervals. For each section three fields with a 100 x 100 yum scan-
ning area were obtained from different regions of the gray matter.
Stacks of images were analyzed with Neurolucida for Confocal
software (MBF Bioscience, Colchester, VT, USA). Image stacks
were initially viewed so that only CTb immunoreactivity was visi-
ble. All CTD labeled terminals within the scanning box from each
animal were used for analysis. The terminals were then exam-
ined in the blue and green channels in order to assess expression
of transmitter-related markers. The percentage of double-labeled
CTb terminals as a proportion of the total number of CTDb ter-
minals was calculated for each animal. This value was averaged
for the three animals and expressed as the mean percentage =+ the
standard deviation (SD).

RESULTS

INJECTION SITES FOR DOUBLE-LABELING EXPERIMENTS
Representative examples of injection sites are shown in Figure 1.
MLF injections were centered upon the right medial longitu-
dinal fascicle. We attempted to minimize the extent of MLF
injections but there was always some spread of CTb into the
contralateral MLE. In addition there was also spread into the
raphe obscuris, paramedian reticular nucleus and tectospinal
tract. The rostro-caudal spread of these injections was +1.38 mm
on average from the location of the injection. CVLM injec-
tions were centered upon the lateral reticular nucleus but spread
into surrounding structures including the parvicellular retic-
ular nucleus, the internal reticular nucleus and the nucleus
ambiguous; however they did not encroach on the rubrospinal
tract. The rostro-caudal spread of CTb in CVLM injections
extended over a distance of £0.65 mm on average. Spinal injec-
tions were confined to L1-2 and injection sites were present
in the intermediate gray matter in all experiments but the pre-
cise location of each injection varied. Considerable spread of
Fluorogold was observed within the gray matter ipsilateral to
injection sites but there was no spread to the contralateral
gray matter. The rostro-caudal spread of FG within the spinal
gray matter was £0.27 mm on average on each side of the
injection site.

DISTRIBUTION OF CELLS IN BRAINSTEM

Double-labeled cells were found within the medulla and pons for
CVLM and MLF injections (Figures 2, 3) and small numbers of
additional cells were found in the midbrain (69 out of a total of
2033 cells). For MLF injections the average percentage (£SD) of
double-labeled cells found in the medulla for the three animals
was 68 + 5.9% (494/722 cells in total for all 3 animals) and the
equivalent value for CVLM injections was 84 = 10.2% (1040/1242
cells in total). In each experiment there was some variation in the
distribution of cells as a consequence of inevitable differences in
brainstem and spinal injections but consistencies in the distribu-
tion of cells were apparent across all animals in each experimental
group. A full list of all structures containing double-labeled cells
(average number per structure) is given in Table 3.

Frontiers in Neural Circuits

www.frontiersin.org

April 2014 | Volume 8 | Article 40 |25


http://www.frontiersin.org/Neural_Circuits
http://www.frontiersin.org
http://www.frontiersin.org/Neural_Circuits/archive

Huma et al.

Bulbospinal pathways

MEDULLA

Distributions of cells in the medulla for CVLM and MLF injec-
tions are shown in Figure4. For MLF injections, the majority
of double-labeled cells were found ipsilateral to the spinal injec-
tion (394 vs. 97 contralateral cells). The greatest numbers of
double-labeled cells were found in the gigantocellular reticu-
lar nucleus (Gi), the inferior olivary complex (I0), medullary
reticular nucleus, dorsal part (MdD), the MLF and the raphe
magnus and obscurus (RMg, ROb). Small numbers of cells were
noted in a variety of other structures (Table 3), including the
nucleus of the solitary tract (sol) and the medial vestibular
nucleus (MVe). Double-labeled cells following CVLM injections
were also found predominantly ipsilateral to spinal injections
(673 vs. 307 contralateral cells) and were present in many of
the same structures observed for the MLF except that many
more cells were located within the lateral paragigantocellular
nucleus (LPGi) and the raphe pallidus (RPa) than were found
for MLF injections. Additional cells were also present in sol and
MVe along with the facial nucleus (7n) and the lateral reticular
nucleus (LRt).

PONS

Pontine cell distributions are shown in Figure 5. The majority
of double-labeled cells in both experimental groups were found
ipsilateral to spinal injections (143 vs. 84 for MLF and 109 vs.
84 for CVLM) and, in both groups, they were present in the oral
and caudal part of the pontine reticular nucleus, (PnO and PnC).
For MLF injections cells were also observed in the deep mesen-
cephalic nucleus (DpMe) the reticulotegmental nucleus (RtTg)
and the pedunculopontine tegmental nucleus (PPTg) and for
CVLM injections cells were found in the dorsal subcoeruleus
(subCD). Full details of other structures containing cells are given
in Table 3.

MIDBRAIN

Small numbers of double-labeled cells were found in the mid-
brain (Figure 6). For CVLM injections, they were concentrated
in two areas: the pararubral nucleus (PaR) and parabrachial pig-
mented nucleus of the ventral tegmental area (PbP). The only
midbrain region containing cells following MLF injections was
the ventrolateral periaqueductal gray (VLPAG).

FIGURE 4 | Distribution of cells in medulla. Outline diagrams of coronal
sections through the medulla at three levels (anteriorposterior coordinates
according to Bregma) showing the locations of cells following spinal
injections in the right intermediate gray matter and injections within the MLF

CVLM

-12.00

or right CVLM. Black circles represent double-labeled cells; green circles
represent spinally-projecting cells; and red circles represent cells labeled
from MLF or CVLM. Gi, gigantocellular reticular nucleus; LPGi, lateral
paragigantocellular nucleus; MdD, medullary reticular nucleus.
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FIGURE 5 | Distribution of cells in pons. Outline diagrams of coronal
sections through the pons at two levels (anterior-posterior coordinates
according to Bregma) showing the locations of cells following spinal
injections in the right intermediate gray matter and injections within the MLF

-8.52

or right CVLM. Black circles represent double-labeled cells; green circles
represent spinally-projecting cells; and red circles represent cells labeled
from MLF or CVLM. PnC, pontine reticular nucleus, caudal part; PnO, pontine
reticular nucleus, oral part.

-5.88

FIGURE 6 | Distribution of cells in midbrain. Outline diagrams of
coronal sections through the midbrain at two levels (Bregma
anterior-posterior coordinates) showing the locations of cells following
spinal injections and injections within the left CVLM. Black circles

-6.00

represent double-labeled cells; green circles represent spinally-projecting
cells; and red circles represent cells labeled from CVLM. PaR,
pararubral nucleus; PBP parabrachial pigmented nucleus of the ventral
tegmental area.

AXON TERMINALS LABELED FROM THE CVLM

CVLM Injection sites (Figures 7A,B) were similar to those shown
above for double-labeling experiments. Axon terminals were
found throughout lumbar segments principally ipsilateral to the
injection site (Figures 7C-F). The majority of terminals were
concentrated within the intermediate gray matter (laminae V, VI,
VII, and X). Few terminals were present in the dorsal horn above

lamina V and in the ventral horn including motor nuclei and
lamina VIIL

TRANSMITTER PHENOTYPES

Data concerning the immunoreactivity of terminals in L3, 4,
and 5 which were labeled from the CVLM are given in Table 4.
The majority of terminals were found to contain VGLUT2
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(average &= SD 62.2 & 3.13%). Figures 8A-D shows examples of
terminals in the intermediate gray matter that are immunore-
active for VGLUT2 but not VGLUTI. Figures 8E-H also shows
that some terminals are not immunoreactive for either VGLUT1
or VGLUT?2 but contain VGAT (22.7 + 2.2%). Further investi-
gation of inhibitory terminals (Figures 9A-D) showed that they
consisted of three types: (1) those immunoreactive for GLYT2
(12.5 + 1.5%); (2) those immunoreactive for GAD 67 (8.7 +
0.3%); (3) those that contained both markers (2.9 + 1.0%). In
addition a substantial number of terminals were not immunore-
active for VGLUT or VGAT (approximately 12%). None of these
terminals were immunoreactive for serotonin (Figure 9E).

DISCUSSION

In this study we have shown that the cells that form pathways from
the brainstem to the lumbar spinal cord passing through the MLF
and CVLM, for the most part, have overlapping spatial distribu-
tions. The vast majority of cells in both pathways originate from
reticular areas of the brainstem such as Gi, LPGi, and MdV in

FIGURE 7 | CVLM injections and distribution of terminals in lumbar
spinal cord. (A) Shows a light micrograph of a transverse section through
the medulla illustrating a CTb injection site. Injection sites were mapped
onto outline diagrams of the medulla (B) obtained from the stereotaxic
atlas of Paxinos and Watson (2005). The black area is the core of the
injection and the gray area represents the spread of CThb. Plate (C) shows a
transverse section through L4 that was reacted to reveal CTb-labeled
terminals. (D) The distribution of terminals was mapped onto outline
diagrams of the spinal cord. Note the predominance of terminals ipsilateral
to the injection site which are concentrated in the intermediate gray matter.
(E,F) Are magnified views of boxes 1 and 2 of plate (C). Note the scarcity of
terminals contralateral to the injection site (E) and the abundance of
terminals on the ipsilateral side (F). Scale bar E and F = 100 um. 4V, 4th
ventricle; 12, hypoglossal nucleus; CVLM, caudal ventrolateral medulla; LRt,
lateral reticular nucleus; PCRt, parvicellular reticular nucleus; py, pyramid.

the medulla and PnO and PnC in the pons. In addition, both
pathways contain raphe-spinal neurons and spinally projecting
cells located within the inferior olivary complex. Double-labeled
cells were found ipsilateral and contralateral to spinal injection
sites, but there was a tendency for greater numbers of cells to be
located ipsilaterally. Therefore both pathways contain a mixture
of crossed and uncrossed axonal projections. Differences between
the two pathways are subtle; the CVLM pathway projects predom-
inantly to the ipsilateral gray matter of the spinal cord whereas
a proportion of BS axons which pass through the MLF inner-
vate both sides of the spinal gray matter (Nyberg-Hansen, 1965;
Peterson et al., 1975; Martin et al., 1985; Mitani et al., 1988;
Matsuyama et al., 1993, 1999, 2004). The most significant dif-
ference is that the CVLM pathway has few terminations in the
ventral horn whereas many MLF fibers terminate within motor
nuclei and are often concentrated within lamina VIII (Jones and
Yang, 1985; Matsuyama et al., 2004; Du Beau et al., 2012).

TECHNICAL CONSIDERATIONS

The b subunit of cholera toxin has been used extensively as a ret-
rograde tracer (Chen and Aston-Jones, 1995) but is transported
in the anterograde as well as the retrograde direction (Ericson and
Blomgqvist, 1988). In common with other tracers, it is taken up by
axons of passage in the CNS (Chen and Aston-Jones, 1995) and

Table 4 | Percentages of immunoreactive terminals in the lumbar
spinal cord labeled by CVLM injections.

Animal No. terminals VGLUT1 VGLUT2
1 1042 0.38 64.59
2 903 1.44 63.34
3 936 0.64 58.65
Mean% 0.82 62.20
+SD 0.55 3.13
Animal No. terminals VGLUT1+2 VGAT

1 334 65.37 23.13
2 997 72.34 20.47
3 288 5701 24.71
Mean% 64.91 22.77
+SD 768 2.15
Animal No. terminals GLYT2 GAD67 GLY/GAD
1 1220 11.30 8.85 2.77

2 1818 12.11 8.33 2.02

3 885 14.13 8.83 3.92
Mean% 12.51 8.67 291
+SD - 1.46 0.29 0.96

The table shows the total number of terminals analyzed per animal for each
of the experiments, the percentages of terminals immunoreactive for each of
the markers tested and the mean percentage (shown in bold) &+ the stan-
dard deviation for each marker. VGLUTI, vesicular glutamate transporter 1;
VGLUT2, vesicular glutamate transporter 2; V/GAT, vesicular GABA transporter;
GLYT2, glycine transporter 2; GAD67 67 isoform of glutamate decarboxylase.
VGLUT1+2, tissue incubated in a mixture of both antibodies.
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FIGURE 8 | Transmitter phenotypes of spinal axons projecting from the
CVLM. (A-D) Single optical sections of (A) CTb labeled terminals in the same
optical plane for vesicular glutamate transporters (VGLUT)1 and 2 (B,C) and a
merged image (D). Arrows indicate VGLUT2-immunoreactive terminals and
arrow heads indicate terminals unlabeled for both markers. (E-H) A similar

VGLUT1+2

series where tissue was reacted with a mixture of VGLUT1 and 2 antibodies
and the vesicular GABA transporter (VGAT, FG). Large arrows indicate
VGLUT-immunoreactive terminals, small arrows indicate VGAT-immuno-
reactive terminals and the arrowhead indicates a terminal that is not
immunoreactive for either marker. Scale bar = 10 um.

we have exploited this property to label cells whose axons pass
through the CVLM and MLF in order to determine the origin of
spinally-projecting cells with axons in the two pathways. However,
it is almost impossible to label only one side of the MLF as a con-
sequence of the inevitable spread of tracer across the midline and
our sample of spinally-projecting MLF cells is likely to be com-
posed of cells with axons that travel through left or right sides of
the MLF whereas CVLM double-labeled cells will be exclusively
unilateral with axons passing through the right CVLM only.

To compensate for variation between injection sites we
attempted to identify consistent patterns of cell distribution for
the three animals within each group quantitatively by aver-
aging the numbers of double-labeled cells found within each
structure and thus extracted the principal structures associ-
ated with spinally-projecting cells. Borders of many brainstem
structures are not well-defined and therefore some cells may
have been wrongly allocated by the mapping procedure we
used which depended upon superimposing stylized diagrams
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FIGURE 9 | Transmitter phenotypes of spinal axons projecting through
the CVLM. (A-D) Single optical sections of (A) CTb labeled terminals
shown in the same plane for immunoreactivity for the glycine transporter
T2 (GLYT2) and the 67 isoform of glutamate decarboxylase (GAD67; B,C) A
merged image is shown in (D). The arrow indicates a GLYT2-immuno-
reactive terminal and the arrowhead is a GAD67 labeled terminal.

(E) Shows immunoreactivity for serotonin (5-HT). Note the absence of 5-HT
immunoreactivity (green) in CTb-labeled axon terminals (red). Scale

bars = 10 um.

(Paxinos and Watson, 2005) upon coronal sections at various lev-
els of the brainstem. For example cells attributed to the mlf may
have belonged to ROb or Gi. Another complication was that as
we were injecting CTb into the brainstem itself, the area in the
immediate vicinity of the injection site could not be used to iden-
tify double-labeled cells. This is possibly why no cells could be
identified within RPa following MLF injections.

We also used the CTb tracing technique to label axon ter-
minals in lumbar segments that originate or pass through the
CVLM. The merits of this technique were discussed in a previous

publication (Du Beau et al., 2012). A potential problem with
the CTb method, however is that it may not label unmyelinated
axons anterogradely. This could be the explanation of why we saw
many cells in raphe nuclei following retrograde labeling but no
serotonin immunoreactive terminals following anterograde label-
ing (see Du Beau et al., 2012 for a fuller Discussion). Finally,
in addition to anterograde labeling of descending axons, CTb
injections in the CVLM also label spinomedullary neurons ret-
rogradely; hence some of the terminals we observed could have
arisen from collateral axons of these cells. However, similar num-
bers of spinomedullary cells are labeled on both sides of the cord
but very few terminals are present in the contralateral gray matter
following CVLM injections which contrasts with the large num-
bers of terminals found in the ipsilateral gray matter. For this
reason we consider it unlikely that our sample of terminals was
contaminated by significant numbers of terminals from collateral
axons of ascending neurons.

COMPARISON WITH OTHER STUDIES

Previous studies have used lesion techniques, spinal injections
of tracer substances or combinations of tract-tracing and spinal
lesions to determine anatomical locations of cells of origin of
bulbospinally-projecting pathways in a variety of species includ-
ing rat (Leong et al., 1984; Zemlan et al., 1984; Jones and Yang,
1985; Rye et al., 1988; Reed et al., 2008), mouse (Terashima et al.,
1984; VanderHorst and Ulfhake, 2006) cat (Torvik and Brodal,
1957; Kuypers and Maisky, 1975; Basbaum and Fields, 1979;
Mitani et al., 1988), opossum (Martin et al., 1979) and monkey
(Kneisley et al., 1978). Studies of brainstem cells following lum-
bar injections in the rat (Leong et al., 1984; Reed et al., 2008) show
similar distribution patterns to the Fluorogold-labeled cells doc-
umented in the present study. An unexpected finding was that
a major component of both pathways appears to originate from
cells within the inferior olivary complex. Although the older lit-
erature often refers to the olivo-spinal tract, the existence of this
pathway has been a matter of contention (e.g., see Brodal et al.,
19505 cf Voneida, 1967). Nevertheless, Leong et al. (1984) also
reported the presence of spinally projecting cells within the IO
and it remains an open question as to whether the pathway exists.
Zemlan et al. (1984) observed large clusters of spinally-projecting
cells just dorsal to the IO in rats following injections of HRP into
T10. As it is difficult to define the exact borders of brainstem
nuclei in many cases (see Technical issues above) it is possible
that some of the cells we plotted as IO cells belong to adjacent
reticular nuclei and were misattributed or perhaps even misplaced
anatomically (see Figure 2A).

In addition to reticulospinal components mentioned above,
the other major components of these pathways originated from
raphe nuclei; an observation which is consistent with many pre-
vious reports (e.g., see Bowker et al., 1981). Small numbers of
cells were also noted within structures previously reported to
have projections to the spinal cord including the nucleus of the
solitary tract (Loewy and Burton, 1978), the medial vestibu-
lar nucleus (Bankoul and Neuhuber, 1992) the sub coeruleus,
which is a source of noradrenergic fibers (Kuypers and Maisky,
1975; Hancock and Fougerousse, 1976; VanderHorst and Ulthake,
2006) and the parabrachial pigmented nucleus of the ventral
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tegmental area (Hancock and Fougerousse, 1976), which is likely
to be a source of dopaminergic fibers (Hasue and Shammah-
Lagnado, 2002; VanderHorst and Ulfhake, 2006).

COMPARISON OF FINDINGS FOR MLF AND CVLM

Not only do the major elements of the MLF and CVLM pathways
originate principally from similar brainstem structures but both
pathways have similar proportions of excitatory and inhibitory
components (Du Beau et al., 2012). The majority of axon ter-
minals in both pathways contain VGLUT?2 and thus are mostly
excitatory (58 and 62%; MLF and CVLM respectively) but there
is also a significant inhibitory component in both pathways
that consists of purely GABAergic terminals (7 and 9%), purely
glycinergic terminals (9 and 13%) and a small group that are
both GABAergic and glycinergic (3 and 3%). Components of
the BS pathways are found in the ventromedial, dorsolateral
and ventrolateral white matter of the spinal cord and there is
evidence that these different pathways originate from distinct
regions of the brainstem and may be highly ordered (Nyberg-
Hansen, 1965; Kuypers and Maisky, 1977; Basbaum et al., 1978;
Jones and Yang, 1985; Martin et al., 1985; Mitani et al., 1988;
VanderHorst and Ulfhake, 2006). Our study indicates that the
MLF and CVLM pathways contain axons of cells originating from
both pontine and medullary locations. According to the atlas of
Paxinos and Watson (2005) the MLF begins to form its medial
and lateral components at roughly —5.7 mm anterior-posterior to
the interaural zero point. As our CVLM injections were made at
—4.8 mm it is unlikely that lateral components of the MLF path-
way were labeled and therefore axons passing through the CVLM
presumably form an additional pathway (see also Mitani et al.,
1988). However, we cannot exclude the possibility that some of
the double-labeled cells we observed give rise to bifurcating axons
which pass through both structures.

FUNCTIONAL IMPLICATIONS

Bulbospinal pathways are known to have monosynaptic actions
on motoneurons and premotor interneurons (Grillner and Lund,
1968; Floeter et al., 1993; Gossard et al., 1996; Bannatyne et al.,
2003; Jankowska et al., 2003; Riddle et al., 2009; Galea et al., 2010)
and they also have profound influences on sensory systems (espe-
cially nociceptive pathways), respiration and autonomic activity
(Basbaum and Fields, 1979; Hardy et al., 1998; Tavares and
Lima, 2002). These pathways form extensive termination pat-
terns within the spinal gray matter. Individual SB cells can have
axons that innervate several segmental levels (Huisman et al,
1981; Cavada et al., 1984; Matsuyama et al., 2004; Reed et al.,
2008) and provide input to extensive areas of the gray matter,
with some axon collaterals projecting to both sides of the cord
(Nyberg-Hansen, 1965; Peterson et al., 1975; Martin et al., 1985;
Holstege, 1996; Matsuyama et al., 2004). Therefore these systems
appear to be ideally suited to coordinate activity of diverse neu-
ronal networks on both sides of the cord located at different
segmental levels. They also contain a multiplicity of neurotrans-
mitters and neuromodulators, including inhibitory and excitatory
amino acids, monoamines and peptides (Holstege, 1996; Grillner
et al., 2000; VanderHorst and Ulfhake, 2006; Jordan et al., 2008)
and thus have the capacity to facilitate or depress network activity

via direct and indirect inhibitory and excitatory synaptic actions
on spinal neurons along with modulatory effects.

The moot question is what is the function of the CVLM path-
way given its apparent similarities to the MLF pathway? A clue
to the function of this pathway is provided by its anatomical
organization: generally it innervates a more circumscribed region
of the midlumbar spinal gray matter than the MLF pathway
and, unlike the MLF pathway, does not have many terminations
in motor nuclei and lamina VIIL. Also very few axons passing
through the CVLM cross to form terminals in the contralateral
gray matter and therefore the influence of this lateral pathway
appears to be more restricted than the MLF pathway. In a study
of CVLM terminations in the thoracic spinal cord, Hardy et al.
(1998) reported that in addition to the ipsilateral pathway, which
terminates principally on sympathetic preganglionic neurons,
there is a contralateral component that specifically targets phrenic
motoneurons. These authors suggested that a possible function of
the CVLM pathway is to coordinate respiratory and autonomic
function. In midlumbar segments, CVLM axons terminate pre-
dominantly in the deep dorsal horn and intermediate gray matter
and are ideally located to influence premotor interneurons that
are also found in this region (Jovanovic et al., 2010; Coulon et al.,
2011; Tripodi et al., 2011). Thus the function of the CVLM path-
way may be to harmonize motor activity with respiratory and
autonomic activity to produce the coordinated output of these
systems required for physical exercise.
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INTRODUCTION

Spinal neuronal networks are essential for motor function. They are involved in the integra-
tion of sensory inputs and the generation of rhythmic motor outputs. They continuously
adapt their activity to the internal state of the organism and to the environment. This
plasticity can be provided by different neuromodulators. These substances are usually
thought of being released by dedicated neurons. However, in other networks from the
central nervous system synaptic transmission is also modulated by transmitters released
from astrocytes. The starshaped glial cell responds to neurotransmitters by releasing
gliotransmitters, which in turn modulate synaptic transmission. Here we investigated if
astrocytes present in the ventral horn of the spinal cord modulate synaptic transmission.
We evoked synaptic inputs in ventral horn neurons recorded in a slice preparation from the
spinal cord of neonatal mice. Neurons responded to electrical stimulation by monosynaptic
EPSCs (excitatory monosynaptic postsynaptic currents). We used mice expressing the
enhanced green fluorescent protein under the promoter of the glial fibrillary acidic protein
to identify astrocytes. Chelating calcium with BAPTA in a single neighboring astrocyte
increased the amplitude of synaptic currents. In contrast, when we selectively stimulated
astrocytes by activating PAR-1 receptors with the peptide TFLLR, the amplitude of EPSCs
evoked by a paired stimulation protocol was reduced. The paired-pulse ratio was increased,
suggesting an inhibition occurring at the presynaptic side of synapses. In the presence of
blockers for extracellular ectonucleotidases, TFLLR did not induce presynaptic inhibition.
Puffing adenosine reproduced the effect of TFLLR and blocking adenosine A4 receptors with
8-Cyclopentyl-1,3-dipropylxanthine prevented it. Altogether our results show that ventral
horn astrocytes are responsible for a tonic and a phasic inhibition of excitatory synaptic
transmission by releasing ATP which gets converted into adenosine that binds to inhibitory
presynaptic A1 receptors.

Keywords: astrocyte, ATP, adenosine, purine, spinal cord, synapse, motor control

embryonic Xenopus, ATP promotes swimming by inhibiting volt-

Neuronal networks located in the ventral horns of the spinal
cord are essential for motor control (Kjaerulff and Kiehn, 1996;
Prut and Perlmutter, 2003; Lanuza etal., 2004; Dai etal., 2005;
Brocard etal., 2010; Mui etal., 2012). Their architecture provides
the necessary stability for generating stereotyped movements. In
order to adapt to internal and external changes, the organism
adjusts neuronal activity by different cellular mechanisms pro-
viding high degrees of flexibility on time scales ranging from
milliseconds to hours. The activity of spinal networks is regu-
lated by descending pathways releasing neuromodulators such as
serotonin, noradrenaline, glutamate or GABA (Arvidsson etal.,
1990; Jacobs and Azmitia, 1992; Ono and Fukuda, 1995; Schmidt
and Jordan, 2000; Conn etal., 2005; Farrant and Nusser, 2005;
Perrier and Delgado-Lezama, 2005; Cotel et al., 2013; Perrier et al.,
2013). Flexibility is also ensured by intrinsic modulatory systems
releasing transmitters such as endocannabinoids (Ameri, 1999; El
Manira and Kyriakatos, 2010) or purines (Dale and Gilday, 1996).
The modulation provided by purines is of particular interest
because adenosine triphosphate (ATP) and its metabolic product
adenosine exert opposite effects on neurons. In the spinal cord of

age gated potassium conductances (Dale and Gilday, 1996; Brown
and Dale, 2002). Similarly, in the brainstem, ATP activates neurons
from the retrotrapezoid nucleus, involved in breathing (Gourine
etal., 2010). Once in the extracellular space, ATP is converted by
ectonucleotidases into adenosine diphosphate (ADP), adenosine
monophosphate (AMP), and adenosine (Dunwiddie etal., 1997).
The binding of adenosine to metabotropic A; receptors lowers
the excitability of spinal neurons belonging to motor circuits by
inhibiting Ca>* currents (Dale and Gilday, 1996; Brown and
Dale, 2000). In agreement, (Taccola etal., 2012) and (Brock-
haus and Ballanyi, 2000) showed that A; receptor activation
depresses bicuculline-evoked seizure-like bursting in newborn
rat spinal cords. In other systems such as the hippocampus
or the cerebellum, the activation of presynaptic A; receptors
decreases neurotransmitter release by inhibiting Ca** channels
(Hollins and Stone, 1980; Wu and Saggau, 1994; Zhang etal.,
2003).

Sources of ATP in the nervous system are multiple. ATP
is co-released from neurons with neurotransmitters such as
acetylcholine, noradrenaline, or GABA (Silinsky and Redman,
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Synaptic modulation by spinal astrocytes

1996; Jo and Schlichter, 1999; Burnstock, 2007). In addi-
tion, ATP is secreted from astrocytes (Guthrie etal., 1999;
Fields and Burnstock, 2006; Gourine etal.,, 2010; Christensen
etal., 2013; Lalo etal., 2014). In the spinal cord, some of the mod-
ulatory actions induced by ATP are blocked by the glial metabolic
poison fluoroacetate (Witts et al., 2012). It was therefore suggested
that spinal glial cells also release ATP. However, a direct demonstra-
tion that ATP released from spinal astrocytes modulates synaptic
transmission is still lacking.

In this study, we investigated if purines released from spinal
astrocytes have any effect on synaptic transmission between neu-
rons from the ventral horn. We found that astrocytes release ATP,
which after being converted to adenosine produces both tonic and
phasic inhibition of excitatory synaptic transmission by decreasing
the probability of neurotransmitter release.

MATERIALS AND METHODS

Experiments were performed on neonatal (P4-P22) wild type
(C7BJL6; Taconic) and transgenic mice expressing enhanced green
fluorescent protein (E-GFP) under the promoter of glial fibril-
lary acidic protein [GFAP; line Tgn(hgFAPEGEP)] GFEC 335
(Figures 1A,B). Transgenic mice were kindly provided by Profes-
sor Frank Kirchhoff. The astrocytes of these mice were identified
by their fluorescence (Nolte etal., 2001). The surgical proce-
dures complied with Danish legislation. Mice were killed by
decapitation.

SLICE PREPARATION

The lumbar enlargement of the spinal cord was removed and
placed in cold artificial cerebrospinal fluid containing NaCl
125 mM, KCI 2.5 mM, NaHCO3 26 mM, CaCl, 2 mM, MgCl,
1 mM, NaH, POy 1.25 mM, Glucose 25 mM. Ringer’s solution was
continuously carbogenated by gassing with 95% O; plus 5% CO;.
300 wm thick slices were obtained with a vibratome (MicroM slicer
HM 650V; Microm International GmbH, Germany) equipped
with cooling unit CU65 set at 2°C. Slices were then positioned
in a recording chamber and continuously perfused with Ringer’s
solution at room temperature.

PATCH CLAMP RECORDING

Visual guided patch clamp recording was done with a Multi-
clamp 700B amplifier (Molecular Devices, USA). Neurons were
visualized by means of a BW51WI microscope (Olympus, Japan)
equipped with an oblique illumination condenser. Astrocytes were
identified by means of fluorescence illumination obtained with a
monochromator (Polychrome V; Till Photonics, Germany) tuned
at 488 nm. The pipette solution (in mM): 122 K-gluconate, 2.5
MgCl,, 0.0003 CaCly, 5.6 Mg-gluconate, 5 K-HEPES, 5 H-HEPES,
5Na,ATP, 1 EGTA, 2.5 biocytine, 0.01 Alexa 488 hydrazide, sodium
salt (Life Technologies, USA), and KOH to adjust the pH to
7.4. Calcium-clamp pipette solution contained (in mM): 40 K-
gluconate, 30 K4-BAPTA, 50 sucrose, 2.5 MgCl,, 0.0003 CaCl,,
5.6 Mg-gluconate, 5 K-HEPES, 5 H-HEPES, 5 Na,ATP, 1 EGTA,
5 biocytine, 0.068 Alexa 568 hydrazide sodium salt (Life Tech-
nologies, USA) and the necessary amount of KOH to adjust the
pH to 7.4. Electrodes had a resistance ranging from 4 to 8 M.
Recordings were sampled at 10 kHz with a 16-bit analog-to-digital

FIGURE 1 | Confocal microscopy of GFAP-EGFP astrocytes in spinal
cord slices. (A) Image of a lumbar spinal cord slice from a neonatal mouse
(P7) scanned with confocal microscopy. The red dashed line indicates the
limits between gray and white matter. Note the presence of multiple
protoplasmic fluorescent astrocytes in the gray matter. Scale bar: 100 um.
(B) High magnification picture (x63) of ventral horn E-GFP positive
astrocytes. Twenty-four consecutives parallel confocal plans were
superimposed. Scale bar: 10 um. (C) Relative positions of a fraction of the
neurons recorded for the study. Upward triangles indicate responses paired
pulse stimulation protocol with a PPR > 1. Downward triangles correspond
to a PPR < 1. Squares: PPR~1.

converter (DIGIDATA 1440; Molecular Devices, USA) and dis-
played by means of Clampex 10.2 software (Molecular Devices,
USA).

ELECTRICAL STIMULATION

Local electric stimulation was performed with a bipolar con-
centric electrode (TM33CCNON; World Precision Instruments,
Sarasota, FL, USA) connected to an isolation unit (Isolator 11,
Axon Instruments, USA) triggered by an external signal. The
electrode was positioned in areas devoid of cell bodies, in the
vicinity of neurons recorded from. Different positions were tried
until a reliable response was induced by stimulation. Responses
to paired pulse stimulations (duration from 10 to 40 ps; ampli-
tude from 0.1 to 1 mA; interval from 10 to 30 ms) were recorded
in neurons in voltage-clamp mode. They were considered as
putative excitatory monosynaptic postsynaptic currents (EPSCs)
when all the following criteria were satisfied: (1) fixed latency
and variable amplitude; (2) decrease of amplitude upon depolar-
ization, as one would expect for EPSCs in contrast with IPSCs;
(3) absence of response when reverting the polarity of stim-
ulation to exclude possible artifacts caused by direct electrical
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stimulation. For a fraction of neurons, we also tested responses
to stimulation at high frequencies (10, 20, and 50 Hz). The neu-
rons that did not follow these frequencies were discarded from the
sample.

INPUT RESISTANCE

The input resistance of the neurons recorded from was calcu-
lated as the ratio of voltage to current measured during small
depolarizing pulses generated in voltage-clamp mode.

FOCAL APPLICATION OF DRUGS

Electrodes made from borosilicate capillaries (tip diameter rang-
ing from 1.5-2 pwm; BF150-86-7.5, Sutter Instrument, USA) were
either filled with TFLLR-NH, (10 wM; Tocris Bioscience, UK),
ATP (1 mM; Sigma—Aldrich, St. Louis, MO, USA) or adeno-
sine (1 mM; Sigma—Aldrich, St. Louis, MO, USA). Drugs were
puff applied at 14-35 Pa by a homemade time-controlled pressure
device.

DRUGS

The following drugs were used: BAPTA (30 mM; Invitrogen,
Carlsbad, CA, USA), 6-N,N-Diethyl-D-B,y-dibromomethylene
ATP trisodium salt (ARL 67156 trisodium salt, 50 wM; Tocris
Bioscience, UK), 8-Cyclopentyl-1,3-dipropylxanthine (DPCPX,
5 wM; Tocris Bioscience, UK).

CONFOCAL MICROSCOPY

Confocal microscopy images were obtained at the core facility for
integrated microscopy (CFIM) of the Faculty of Health and Med-
ical Sciences of the University of Copenhagen. Pictures were taken
with a LSM 700 confocal microscope (Zeiss, Germany) equipped
with Plan-Neofluar, X5 (N.A. 0.15) and Plan-Apochromat X63
(N.A. 1.4) objectives. E-GFP positive cells were excited with a
488 nm diode laser (10 mW).

DATA ANALYSIS

Statistical analyses were performed offline by means of Ori-
gin software (version 8.6; MicroCal Inc., USA). The normality
distribution of each sample was tested with Shapiro-Wilk test.
Non-parametric tests were used for small samples (n < 10) and
when Gaussian distribution could not be approximated. Data are
represented as mean = standard deviation of the mean.

RESULTS

ASTROCYTES PRODUCE TONIC PRESYNAPTIC INHIBITION IN THE
VENTRAL HORN

We recorded ventral horn neurons (Figure 1C) from the spinal
cord of neonatal mice with the whole-cell patch-clamp technique
in voltage-clamp mode. Most of the neurons recorded from had a
high input resistance (>500 M€2) and were located in the medial
part of the ventral horn. They were likely interneurons. In few
instances putative motoneurons located in the lateral part of the
ventral horn were also recorded. We did not investigate their iden-
tity further. Since all these neurons responded similarly to the
different tests of our study, they were pooled in a single sam-
ple. We evoked pairs of monosynaptic EPSCs by stimulating a
nearby region with a bipolar electrode (Figures 2A,B; see Materi-
als and Methods). The second EPSC was bigger, similar or smaller

than the first. Consequently, the paired pulse ratio (PPR), cal-
culated as the relative value of the second and the first EPSCs
was either below or above 1 (Figure 1C). To investigate if and
how astrocytes modulate synaptic transmission, we used a second
pipette filled with patch solution enriched with a high concen-
tration of the Ca?t chelator BAPTA (30 mM; see Materials and
Methods). We approached it close to a neighboring fluorescent
astrocyte (Figures 1A,B). Recording the astrocyte in cell-attached
mode did not affect the evoked EPSCs (Figure 2D). However,
few minutes (3-21) after breaking-in to whole-cell configura-
tion, the amplitude of the first EPSC was significantly increased
(Figures 2B-D; n = 6; significant increase for five of six cells
considered individually; 6.8*107!3 < p < 0.033; two sample ¢-
test and two sample Kolmogorov—Smirnov; significant increase
for the mean values of all cells pooled together; 105 + 142 pA
to 135 £ 179 pA, p = 0.03; Wilcoxon signed-rank test). This
result suggests that astrocytes exert a tonic inhibition on ven-
tral horn neurons by releasing a gliotransmitter through a Ca®™
dependent mechanism. To determine if the inhibition occurred
pre- or postsynaptically, we considered the response induced by
the second stimulation. On average, chelating Ca?™ in the astro-
cyte had no significant effect on the second EPSC (Figure 2E;
95 &+ 63 pA to 97 £ 68 pA; n = 6; p = 0.69; Wilcoxon signed-
rank test). Consequently the PPR was decreased in all the cells
tested (Figures 2F-H; significant decrease for all the cells pooled
together; 1.4 £ 0.5 to 1.0 £ 0.3, p = 0.03 Wilcoxon signed-
rank test). The input resistance of the recorded neurons was not
changed after chelating Ca?* in astrocytes (514 & 298 M in con-
trol; 507 % 284 MQ after Ca?* chelating, n= 5; p = 0.3; Wilcoxon
signed-rank test). Altogether these results suggest that astrocytes
produce a tonic inhibition in the ventral horn by releasing a glio-
transmitter that inhibits excitatory transmission at the presynaptic
level.

SPINAL ASTROCYTES GENERATE PHASIC PRESYNAPTIC INHIBITION

Next, we investigated if a phasic activation of astrocytes also pro-
duced an inhibition of synaptic transmission. For this purpose, we
used a pipette filled with the peptide TFLLR, an agonist for the G-
protein coupled PAR-1 receptor that is preferentially expressed in
astrocytes (Lee etal., 2007; Shigetomi et al., 2008). TFLLR induces
a Ca’7 increase in astrocytes (Lee etal., 2007; Shigetomi etal.,
2008; Wang etal.,, 2013). When we puffed TFLLR between the
stimulation and recording electrodes (Figure 3A), the amplitude
of the first EPSC evoked by a paired stimulation protocol was sig-
nificantly decreased (Figures 3B-D; n = 25; significant decrease
for 20/25 cells tested individually; 3.3*107% < p < 0.05; paired
sample -test, Kolmorogov—Smirnov test and two sample -test;
significant decrease for all the cells pooled together; p=1.9*1077,
paired sample ¢-test). The second EPSC was not significantly
affected by TFLLR (Figure 3E; n = 25; p = 0.06; paired t-test).
Consequently the PPR was increased (Figures 3F-H; n = 25;
significant increase for all cells taken together; p = 1.7¥1072,
paired t-test). The effect of TFLLR was correlated with the PPR
observed under control conditions: the inhibition was stronger
for synapses with a high release probability (PPR < 1; signifi-
cant correlation; p = 0.04; R = —0.4; Pearson correlation test;
n = 25). Since neither the input resistance of the postsynaptic
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FIGURE 2 | Ventral horn astrocytes produce a tonic presynaptic in amplitude. The dot lines correspond to the mean amplitudes in both
inhibition of synaptic transmission. (A) Schema of the principle of the conditions. (E) Amplitude of the second EPSC in control condition and after
preparation. Ventral horn neuron recorded in whole-cell mode. Synaptic chelating Ca2* in one astrocyte. (F) Time course of the changes occurring
stimulation produced by a bipolar electrode (S1, S2). Whole-cell recording for the paired pulse ratio (PPR) calculated as the amplitude of the second
of an astrocyte with 30 mM BAPTA. (B) Response of a ventral horn neuron response divided by the first for the neuron recorded in (B). Recording the
to two stimulations in control conditions (black) and after chelating Ca2+ in astrocyte in whole-cell mode (red line) decreased the PPR. (G) Mean PPR
one astrocyte (red). The amplitude of the first EPSC was increased. for all the cells recorded before and after chelating Ca2™ in one astrocyte.
(C) Mean amplitude of the first EPSC in control condition and after The yellow lines correspond to individual pairs of values. The PPR was
chelating Ca2™ in one astrocyte. The amplitude was significantly increased. significantly decreased. *p < 0.05. (H) PPR after Ca2* chelation in one
***p < 0.001. (D) Amplitude of the first EPSC when the astrocyte was astrocyte as a function of PPR in control conditions. If BAPTA had no
recorded in cell-attached configuration (doted green line) and after effect, the points would be distributed around the line of equality (black).
breaking-in in whole-cell configuration (red line). Note the gradual increase All the points are below the line of equality.

neuron, nor the holding current were affected by TFLLR (control
input resistance: 730 £ 531 MQ; after TFLLR: 741 4+ 572 M,
n = 23; p = 0.36, Wilcoxon signed-rank test; control holding
current: —63 + 69 pA; after TFLLR: —67 &+ 75 pA, n = 25;
p = 0.11, Wilcoxon signed-rank test), our results suggest that
activation of astrocytes triggers the release of a substance that pro-
duces presynaptic inhibition of excitatory synaptic transmission
in the ventral horn of the spinal cord. To identify the glio-
transmitter involved, we performed a range of pharmacological
tests.

DUAL MODULATION OF SYNAPTIC TRANSMISSION BY ATP

Since purines are major intrinsic modulators in the spinal cord
(Dale and Gilday, 1996) that can be released by astrocytes (Pascual
etal., 2005; Fields and Burnstock, 2006; Panatier etal., 2011), we
tested the effect of ATP on synaptic transmission (Figure 4A). A 10
s Puff of ATP (1 mM) between the stimulation and recording elec-
trodes reduced the amplitude of evoked pairs EPSCs (Figure 4B;
n = 6). A careful inspection of the recordings revealed that the
effects induced by ATP evolved with time. During the puff itself,
the amplitude of the first EPSC was reduced of 18% (Figure 4C;
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FIGURE 3 | Activation of astrocytes with TFLLR produces presynaptic (D) Amplitude of the first EPSC before, during (green bar) and after puffing
inhibition of synaptic transmission. (A) Schema of the principle of the TFLLR. Note the decrease in amplitude during the puff. (E) Amplitude of
preparation. Ventral horn neuron recorded in whole-cell mode. Synaptic the second EPSC in control conditions and after puffing TFLLR. (F) Time
stimulation produced by a bipolar electrode (S1, S2). Puff application of course of the changes occurring for the PPR calculated for the neuron
TFLLR. (B) Response of a ventral horn neuron to two stimulations in recorded in (B). TFLLR increased the PPR. (G) Mean PPR for all the cells
control conditions (black) and after puffing TFLLR between the stimulation recorded before and after puffing TFLLR. The yellow lines correspond to
and recording electrode (green). The amplitude of the first EPSC was individual values. The PPR was significantly increased. ***p < 0.001.
decreased. (C) Mean amplitude of the first EPSC in control condition and (H) PPR after TFLLR in one astrocyte as a function of PPR in control
after puffing TFLLR. The amplitude was significantly decreased. **p < 0.01. conditions. Most points are above the line of equality.

from 131 £ 72 pA to 108 £ 37 pA; non-significant reduction,
p = 0.22, Wilcoxon signed-rank test) while the second EPSC was
decreased of 30% (Figure 4D; from 132 & 71 pA to 93 £ 45 pA;
significant reduction for all the cells tested together; n = 6;
p = 0.03; Wilcoxon signed-rank test). Consequently, The PPR was
significantly reduced (Figures 4E,F; from 1.08 & 0.5 in control
conditions to 0.85 % 0.3 during ATP; p = 0.03, Wilcoxon signed-
rank test). The effects initially induced by ATP were concomitant
with a decrease in input resistance of postsynaptic neurons (from
480 £ 318 M to 442 % 295 MQ; p = 0.03, Wilcoxon signed-rank
test), suggesting a mixture of pre- and postsynaptic effects. How-
ever, 1 min after the puff, the effects induced by ATP were different.
The response to the first chock was more decreased (Figures 4B,C;
from 131 £ 72 pA to 81 % 35 pA; n = 6; significant decrease
for 4/6 cells, 0.0015 < p < 0.019, two sample ¢-test; significant
decrease for all cells pooled together, p = 0.03, Wilcoxon signed-
rank test), while the response to the second chock was less affected

(Figure 4D; from 132 £ 71 pA to 109 &£ 59 pA, significant decrease
for all cells pooled together, p = 0.03, Wilcoxon signed-rank test).
Thus, after an initial decrease, ATP induced an increase of the
PPR (Figures 4E,F; from 1.08 £ 0.5 to 1.35 + 0.5, p = 0.03,
Wilcoxon signed-rank test). Since 1 min after the puff, the input
resistance of the recorded neuron was not significantly different
from control conditions (480 4= 317 M in control; 500 &= 363 MQ
1 min after ATP; p = 0.6, Wilcoxon signed-rank test), our results
suggest that ATP induced presynaptic inhibition of transmitter
release.

ADENOSINE INDUCES PRESYNAPTIC INHIBITION

The latency of the effects induced by ATP suggests that presy-
naptic inhibition is not induced by ATP itself, but by one of
its metabolic products. Since ATP gets converted into adenosine
by extracellular ectonucleotidases (Fields and Burnstock, 2006),
we tested the effect of a puff of adenosine (1 mM), using the
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FIGURE 4 | Dual effects of ATP on synaptic transmission. (A) Schema (ATP 1) and 1 min after (ATP 2). After 1 min, the amplitude was
of the principle of the preparation. Ventral horn neuron recorded in significantly decreased. **p < 0.01. (D) Amplitude of the second EPSC in
whole-cell mode. Synaptic stimulation produced by a bipolar electrode control conditions, during a puff of ATP (ATP 1) and 1 min after (ATP 2).
(S1, S2). Puff application of ATR (B) Response of a ventral horn neuron to  The difference is not significant for this particular example (E) Time course
two stimulations in control conditions (black), during (ATP 1) and 1 min of the changes in PPR induced by ATP for the cell recorded in (B). Note
after puffing ATP (ATP 2) between the stimulation and recording the initial decrease followed by an increase. (F) PPR calculated during
electrode. The amplitude of the first EPSC got more decreased with time (blue filled circles), and 1 min after puffing ATP (purple open circles) as a
while the amplitude of the second EPSC got less decreased. function of PPR in control conditions. After 1 min, most points are above
(C) Amplitude of the first EPSC in control condition, during a puff of ATP the line of equality. Significant increase.

same protocol (Figure 5A). We found that adenosine induced
a strong inhibition of the first EPSC (Figure 5C; n = 6;
from 133 £ 134 pA to 64 + 52 pA; significant decrease for
5/6 cells; 5.9%10717 < p < 0.002; two sample t-test and two
sample Kolmogorov—Smirnov; significant decrease for all cells
pooled together, p = 0.03, Wilcoxon signed rank test) and
a weaker inhibition of the second EPSC (Figure 5D; n = 6;
from 141 & 170 pA to 85 % 76 pA; significant decrease for
4/6 cells; 1.2*107'2 < p < 0.008, two sample t-test and two
sample Kolmogorov—Smirnov; non-significant decrease for all
cells pooled together, p = 0.16, Wilcoxon signed rank test).
Here also, the PPR was significantly increased (Figure 5E; from
1.0 £ 0.3 to 1.4 £+ 0.4; p = 0.03, Wilcoxon signed-rank test).
In contrast with ATP, the effects of adenosine were homoge-
nous and occurred without significant change in input resistance
(1007 £+ 794 MQ in control; 949 £ 680 MQ after adeno-
sine; p = 0.8; Wilcoxon signed-rank test). Altogether, these
results suggest that adenosine inhibits EPSCs via a presynaptic
mechanism.

THE SELECTIVE BLOCKADE OF ECTONUCLEOTIDASES PREVENTS THE
EFFECTS OF TFLLR

We tested further the possible involvement of ATP in presynap-
tic inhibition by means of the very selective ectonucleotidase

inhibitor ARL 67156 (Levesque etal., 2007). We selected neurons
for which TFLLR induced presynaptic inhibition (Figures 6A,B).
After addition of ARL 67156 (50 wM) to the extracellular medium,
the first EPSC was not affected anymore by a puff of TFLLR
(Figure 6E; n = 6; EPSC in normal Ringer: —76.2 & 30 pA;
after TFLLR: —52.0 £+ 31.6 pA; significant decrease for 4/6
cells, 3.3*107% < p < 0.047, two sample t-test and two sam-
ple Kolmogorov—Smirnov; significant decrease for all cells pooled
together, p=0.03, Wilcoxon signed-rank test; EPSC in ARL 67156:
70.6 = 44.3 pA; after TFLLR: 73.2 £ 48.9 pA; no significant
decrease for cells considered individually 0.11 < p < 0.81, two
sample ¢-test and Kolmogorov—Smirnov; no significant decrease
for all cells pooled together, p = 0.7, Wilcoxon signed-rank test).
Moreover, the PPR was not significantly affected (Figures 6D,F;
n=6: PPRin normal Ringer: 1.0 £ 0.2; TFLLR: 1.7 £ 0.4; p=0.03
Wilcoxon signed-rank test; PPR in ARL 67156: 1.2 & 0.4; TFLLR:
1.0 & 0.2; p = 0.2 Wilcoxon signed-rank test). We therefore con-
clude that presynaptic inhibition is not mediated by ATP, but rather
by one of its metabolic products.

TFLLR INDUCES PRESYNAPTIC INHIBITION BY ACTIVATING
ADENOSINE A RECEPTORS

Since adenosine induced presynaptic inhibition (Figure 5), we
tested if blocking adenosine A receptors prevented the induction
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FIGURE 5 | Adenosine generates presynaptic inhibition. (A) Schema of EPSC in control condition and after puffing adenosine. Significant
the principle of the preparation. Ventral horn neuron recorded in decrease. ***p < 0.001. (D) Amplitude of the second EPSC in control
whole-cell mode. Synaptic stimulation produced by a bipolar electrode condition and after puffing adenosine. Significant decrease.
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adenosine between the stimulation and recording electrode (blue). The adenosine as a function of PPR in control conditions. All points are
amplitude of both EPSCs was decreased. (C) Amplitude of the first above the line of equality. Adenosine significantly increased the PPR.

of presynaptic inhibition by TFLLR (Figure 7A). We found that
in the presence of the selective adenosine A; receptor antagonist
DPCPX (5 wM), puffing TFLLR did not affect the amplitude of
evoked EPSCs anymore (Figures 7B,E; n = 6; effect of TFLLR in
control conditions: from 153 £ 63 pA to 111 &+ 47; significant
decrease for 6/6 cells, 0.0017 < p < 0.043, two sample ¢-test and
two sample Kolmogorov—Smirnov; significant decrease for all cells
pooled together, p = 0.03, Wilcoxon signed-rank test; effect of
TFLLR in DPCPX: from 135 £ 63 pA to 131 4 58 pA; no significant
decrease for cells considered individually: 0.18 < p < 0.71, two
sample t-test and Kolmogorov—Smirnov; no significant decrease
for all cells pooled together; p = 0.3, Wilcoxon signed-rank test).
The PPR, which was significantly increased in control conditions
(Figures 7C,D), was not altered anymore (Figures 7D,F; n = 6;
increase of PPR in control conditions: from 1.1 £ 0.3 to 1.4 & 0.5;
p=0.03, Wilcoxon signed-rank test; no change of PPR in DPCPX:
from 1.2 + 0.4 to 1.1 & 0.4; p = 0.3, Wilcoxon signed-rank test).
Our results demonstrate that the metabolic product of ATP that
induces presynaptic inhibition of excitatory synaptic transmission
is likely to be adenosine acting on A} receptors.

DISCUSSION
Our study suggests that astrocytes located in the ventral horn of the
spinal cord induce both tonic and phasic presynaptic inhibition of

excitatory synaptic transmission. Our results indicate that extra-
cellular ectonucleotidases convert ATP released by astrocytes into
adenosine, which binds to A; inhibitory receptors located on the
presynaptic side of excitatory synapses (Figure 8).

THE MODULATION INDUCED BY ASTROCYTES IS BOTH TONIC AND
PHASIC

Chelation of Ca?* in one astrocyte induced a decrease of the
PPR suggesting a removal of presynaptic inhibition (Figure 2).
The most likely mechanism is an increase of the residual Ca’*
present in presynaptic terminals since both the release probabil-
ity (p) and the pool of available quanta (1) are Ca>* dependent
(Zucker and Regehr, 2002). Even though the conductance mea-
sured in postsynaptic neurons was unaffected by the BAPTA
treatment, we cannot rule out postsynaptic mechanisms (for
example if there are two or more conductances affected in opposite
ways).

This result suggests that astrocytes continuously release purines
that produce presynaptic inhibition that might contribute to lower
the activity of the spinal motor network. Tonic release of vesicular
ATP from astrocytes was previously reported in the hippocampus
(Pascual etal., 2005). Released ATP gets converted into adenosine
by extracellular ectonucleotidases. This mechanism explains the
persistent synaptic suppression mediated by adenosine (Pascual
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etal., 2005). The central nervous system uses different strate-
gies to decrease its excitability, the most common being a general
increase of membrane conductance provided by an ambient con-
centration of GABA (Farrant and Nusser, 2005; Bautista etal.,
2010).

Puffing TFLLR produced a transient inhibition of excitatory
synaptic transmission (Figure 3). This suggests that the level
of presynaptic inhibition provided by astrocytes is not only
tonic but can also be regulated by the activity of the network.
TFLLR is an exogenous molecule and does not activate astro-
cytes under physiological conditions. We did not investigate the
nature of endogenous neurotransmitters responsible for the acti-
vation of astrocytes. The most likely scenario is that glutamate
released from excitatory synapses binds to receptors located in
the membrane of neighboring astrocytes that would in turn
release ATP. Such a mechanism has been described in slices from
the hippocampus where glutamate binding to metabotropic glu-
tamate subtype 5 receptors triggers the release of ATP from
astrocytes (Zhang etal., 2003; Panatier etal., 2011). Another pos-
sibility could be a change in pH. Brain hypoxia and ischemia
lead to acidosis (Tombaugh and Sapolsky, 1993), which induces
the release of ATP from astrocytes in the brainstem (Gourine
etal,, 2010). This process is essential for adjusting respira-
tory responses. These possibilities will be tested during future
experiments.

The interpretation of our results relies on the hypothesis
that the number of axons recruited by the electrical stimulation
remained constant during each experiment. Puffing drug with
pressure could in principle induce a mechanical artifact result-
ing in a change of the excitability of stimulated fibers. However,
if it was the case, the number of recruited axons would either
increase or decrease in a random manner. In contrast, puffing
TFLLR induced either no effect or a reliable decrease of synaptic
transmission. In addition, when blocking ectonucleotidases or A;
receptors abolished the effect of TFLLR puff (see Figures 6 and
7), which rules out the possibility of a substantial change in the
number of recruited axons.

IDENTITY OF THE PURINES AND OF THE RECEPTORS RESPONSIBLE FOR
PRESYNAPTIC INHIBITION

Our results demonstrate that presynaptic inhibition is triggered
by ATP, which, after enzymatic hydrolysis to adenosine binds
to presynaptic receptors. Several arguments support this inter-
pretation. First, presynaptic inhibition induced by TFLLR was
both reproduced by ATP and adenosine (Figures 4 and 5). How-
ever, in contrast to adenosine, the inhibition produced by ATP
was complex since, during the puff application, it was char-
acterized by a decrease in PPR, which is not compatible with
presynaptic inhibition. After 1 min, the inhibition produced by
ATP was characterized by an increase in PPR, like the effect
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induced by adenosine. This suggests that adenosine rather than
ATP is responsible for presynaptic inhibition. This interpretation
is supported by the fact that the conversion of ATP to adeno-
sine occurs within a range of 200 ms (Dunwiddie etal., 1997).
Second, blocking the hydrolysis of ATP to adenosine by inhibit-
ing extracellular ectonucleotidases with ARL 67156 suppressed
the presynaptic inhibition triggered by TFLLR (Figure 6). This
confirms that ATP itself does not induce presynaptic inhibition
and suggests instead that a metabolic product of ATP such as
ADP, AMP, or adenosine is involved (Fields and Burnstock, 2006).
Third, blocking adenosine A; receptors with DPCPX suppressed
the effects of TFLLR (Figure 7). This demonstrates that the
purine responsible for presynaptic inhibition is actually adeno-
sine.

Adenosine inhibits synaptic release of transmitter in other sys-
tems such as the dentate gyrus (Dolphin and Archer, 1983) and
the CA1 region of the hippocampus (Corradetti etal., 1984; Wu
and Saggau, 1994), the basal forebrain (Hawryluk etal., 2012),
and the cerebral cortex (Hollins and Stone, 1980). In most cases,
presynaptic adenosine A; receptors decrease transmitter release
by inhibiting a Ca?™ current (Hollins and Stone, 1980; Wu and
Saggau, 1994; Dale and Gilday, 1996; Brown and Dale, 2000;
Zhang etal., 2003; Fields and Burnstock, 2006). In contrast,
adenosine A4 receptors facilitate synaptic transmission (Panatier

etal.,, 2011). In agreement, we found that A; receptors mediate
presynaptic inhibition in the ventral horn of the spinal cord
(Figure 7).

FUNCTIONAL RELEVANCE

Regulating the excitability motor networks is essential for adjust-
ing the motor command. Hyperexcitability of motor networks
leads to involuntary movements and spasms. Tonic presynap-
tic inhibition of excitatory transmission may provide a general
decrease of the activity of highly active networks and act as a home-
ostatic mechanism. In other regions of the central nervous system
such as the hippocampus, adenosine released from astrocytes has
neuroprotective effects and the activation of presynaptic A; recep-
tors acts as en endogenous anticonvulsant (Boison, 2012). In the
spinal cord, artificial spinal rhythmic activities induced by cock-
tails of pharmacological agents are modulated by adenosine. The
activation of A receptors depresses bicuculline-evoked seizures in
newborn rats (Brockhaus and Ballanyi, 2000; Taccola etal., 2012).
This suggests that adenosine also has anticonvulsant effects in the
spinal cord. Indeed, in the spinal cord of young rats, acute hypoxia
triggers the release of adenosine, which in turn depresses monosy-
naptic reflexes (Otsuguro etal., 2011). Such a neuroprotective role
of adenosine is well documented in patients suffering from tem-
poral lobe epilepsy. Seizures trigger a massive release of adenosine,
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FIGURE 8 | Hypothetical mechanism for astrocytic induced presynaptic
inhibition in the ventral horn. The activation of astrocytes induces the
release of ATR which gets converted into adenosine by extracellular
ectonucleotidases. Adenosine binds to presynaptic A1 receptors on
excitatory terminals. This in turn decreases the probability of transmitter
release. As a result excitatory postsynaptic currents are decreased.

which in turn activate A; receptors and thereby terminate the
activity (Boison, 2012).

Adenosine might also be involved in the tuning of locomotor
activity. Antagonists for adenosine receptors from the Methylxan-
thine family (such as caffeine or theophylline) increase locomotor
activity (Snyder et al., 1981). During fictive locomotion induced in
neonatal mice by a mixture of serotonin, NMDA and dopamine,
bath application of adenosine slows down rhythmic activity by
around 30% (Witts etal., 2012). To figure out the actual phys-
iological role of purines during locomotion in adult mammals,
one will have to measure their concentrations. The recent devel-
opment of probes allowing the detection of ATP and adenosine
in real time (Frenguelli etal., 2007) may allow figuring out if the
concentration of purines changes tonically or rhythmically during
movement. Interestingly, ATP increases the excitability of spinal
locomotor networks (Dale and Gilday, 1996). Since the hydrol-
ysis of ATP to adenosine occurs one range of magnitude faster
than the locomotor cycle (Dunwiddie etal., 1997), a possible sce-
nario could be that astrocytes release ATP cyclically, in phase with
the rhythm. The fast degradation of ATP into adenosine would
then induce a rhythmic inhibition of excitatory transmission.
However, high-speed locomotion could be too fast for rhythmic

mediated inhibition. We will test these hypotheses during future
experiments.
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Work early in the last century emphasized the stereotyped activity of spinal circuits
based on studies of reflexes. However, the last several decades have focused on the
plasticity of these spinal circuits. These considerations began with studies of the effects of
monoamines on descending and reflex circuits. In recent years new classes of compounds
called growth factors that are found in peripheral nerves and the spinal cord have been
shown to affect circuit behavior in the spinal cord. In this review we will focus on the
effects of neurotrophins, particularly nerve growth factor (NGF), brain derived neurotrophic
factor (BDNF) and neurotrophin-3 (NT-3), on spinal circuits. We also discuss evidence
that these molecules can modify functions including nociceptive behavior, motor reflexes
and stepping behavior. Since these substances and their receptors are normally present
in the spinal cord, they could potentially be useful in improving function in disease
states and after injury. Here we review recent findings relevant to these translational
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INTRODUCTION

Classical studies of spinal cord function have centered on well-
defined neural pathways that were considered to mediate stereo-
typed automatic functions such as stretch and flexion reflexes,
and to distribute input from sensory fibers and from descending
fibers to their appropriate targets. In the past several decades
it has become apparent that these projections are modifiable
and that this plays an important role in the physiology and
pathology of functions mediated by the spinal cord. Thus a
complete understanding the nature of spinal function as well
as spinal dysfunction requires knowledge of these processes. In
addition, such plasticity can serve potentially as a basis for revers-
ing pathological changes after injury or disease. Initial studies
of this type centered on the effects of monoamines on spinal
circuits because of the well-known projections of serotonergic
and noradrenergic projections to the spinal cord from the raphe
and locus coeruleus, respectively (Jankowska et al., 2000). More
recently, a different class of molecule has been shown capable
of altering spinal circuit function. These are the neurotrophins,
the most studied of which are nerve growth factor (NGF),
brain derived neurotrophic factor (BDNF), and neurotrophin-
3 (NT-3). These molecules interact with neurons that express
the appropriate tropomyosin related kinase (trk) receptor- trkA
(NGF), trkB (BDNF), and trkC (NT-3) as well as the p75 receptor
common to all trk- expressing neurons. The receptor biology and
intracellular signaling associated with trk receptors is reviewed
elsewhere (Chao and Hempstead, 1995; Huang and Reichardt,
2001).

Keywords: neurotrophin, spinal cord injury, motor neuron, stretch reflex, pain, c-Fos, locomotion, nociceptor

NEUROTROPHIN EFFECTS ON SENSORY NEURONS AND
THEIR SPINAL PROJECTIONS
NGF
NGF was the first neurotrophin to be well characterized after
discovery of its ability to promote the growth of neurites when
applied to explanted dorsal root ganglia (reviewed in Cowan,
2001). Later, it was identified as a survival factor during the
period of programmed cell death for small sensory neurons
expressing the trkA receptor (reviewed in Mendell, 1995; Mendell
et al., 1999b; Huang and Reichardt, 2001). In the immediate
postnatal period, NGF continues to act as a survival factor, and
subjecting the animal to an anti NGF antibody leads to failure of
high threshold mechanoreceptors to survive (Lewin et al., 1992).
Beginning about 2 days after birth, withdrawing NGF has little
effect on nociceptor survival. However, during this same postnatal
period, these cells begin to show sensitization of the response to
noxious heat or capsaicin after application of NGF (Zhu et al.,
2004). This switch, occurring in the immediate postnatal period,
is associated with upregulation of ERK1/2 and PI3K/P110 in
dorsal root ganglion (DRG) cells, and does not appear to be due to
changes in expression of trkA or TRPV1 (Zhu and Oxford, 2011).
The sensitization elicited by NGF in adult nociceptive neurons
in the DRG results from an increase in the current produced by
TRPV1 receptor activation (Shu and Mendell, 1999a,b; Galoyan
et al., 2003). This increase is not due to enhanced sensitivity of
the TRPV1 receptors, but rather from recruitment of additional
TRPV1 receptors from the interior of the cell (Zhang et al,
2005; Stein et al., 2006). The ability of NGF to sensitize the
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response of nociceptors to noxious heat stimuli has important
behavioral significance, namely that exposure of adult rats to
systemic NGF results in robust mechanical and thermal hyperal-
gesia. Thermal hyperalgesia has a strong peripheral component
while mechanical hyperalgesia induced by exposure to NGF is
mediated largely centrally (Lewin et al., 1994). The central effects
elicited from peripheral exposure to NGF are mediated by another
neurotrophin, BDNE, whose expression in the DRG is enhanced
several hours after administration of NGF (reviewed in Pezet and
McMahon, 2006). The synaptic action of BDNF is discussed in
more detail below.

NT-3

NT-3 plays a role similar to NGF in the survival of sensory
afferents, but in this case it is muscle spindle (group Ia) afferent
fibers expressing trkC (reviewed in Huang and Reichardt, 2001).
NT-3 also promotes the elaboration of their terminal projections
to motor neurons during late stages of development (Chen et al.,
2003), and in addition potentiates the strength of the group Ia
synaptic projection to motor neurons. In intact afferents this has
been studied by delivering the NT-3 systemically or intramus-
cularly (Arvanian et al., 2003; Petruska et al., 2010) and it is
difficult to determine the precise mode of action. For peripherally
axotomized afferent fibers the NT-3 was delivered via a cuff on the
cut nerve (Mendell et al., 1999). Because the effects were limited to
the treated nerve, it seems likely that this was due to a direct effect
of the NT-3 on the terminals of the fibers that were exposed to the
NT-3, but possible mechanisms such as sprouting or facilitation
of glutamate release could not be distinguished.

The monosynaptic projections from spindle afferent fibers to
motor neurons also exhibit potentiation acutely when exposed
to NT-3 in the isolated spinal cord (Arvanov et al., 2000). The
acute effect is developmentally regulated because the postsynaptic
(motor neuron) NMDA receptors required for the action of NT-
3 become inactive about 10-14 days after birth due to Mg block
(Arvanian and Mendell, 2001a; Arvanian et al., 2004). NT-3 also
enhances the mechanical sensitivity of the neuroma of spindle
afferents that have been axotomized and capped with a Gore-Tex
sleeve (Munson et al., 1999).

BDNF

The effect of the trkB agonist BDNF on sensory neurons is
more complex. Although BDNF also serves as a survival fac-
tor for sensory neurons during the period of programmed cell
death, the correspondence to a particular phenotype as has been
observed with NGF (nociceptors) and NT-3 (proprioceptors)
is not clearcut. Furthermore, another neurotrophin, NT-4, also
binds with the trkB receptor and can substitute for BDNF in
some, but not in all cases, to assure the survival of sensory neuron
populations (e.g., Erickson et al., 1996). BDNF, like NGF and NT-
3, is known to regulate the sensitivity of low threshold sensory
receptors, in this case the slowly adapting Type I mechanoreceptor
(Carroll et al., 1998); NT-4 regulates the sensitivity of a different
low threshold mechanoreceptor, the D- Hair (Hilaire et al., 2012).
Thermal nociceptors are also reported to be sensitized by NT4
(Rueff and Mendell, 1996) and by BDNF (Shu et al., 1999; Shu
and Mendell, 1999b).

An additional property of BDNF is that its expression in
nociceptor somata is upregulated by exposure to NGF in the
periphery as part of the response to peripheral inflammation
(Pezet and McMahon, 2006). Enhanced expression of BDNF in
the DRG results in increased levels of BDNF in the superficial
dorsal horn (Lever et al., 2001). This is known to rapidly enhance
the synaptic action of nociceptive afferents on cells of lamina II
via a mechanism involving NMDA receptors (Garraway et al.,
2003). It is interesting that NMDA receptors in these cells are not
subject to Mg block in the adult unlike those in motor neurons
(see above), presumably because their subunit composition differs
(Arvanian et al., 2004).

BDNF also acutely strengthens the monosynaptic reflex path-
way in the isolated spinal cord of neonates. However, this reverses
into long lasting inhibition of transmission several minutes after
BDNF exposure (Arvanian and Mendell, 2001b). The inhibitory
effect is thought to be due to a presynaptic effect of BDNF in
contrast to the potentiation, which has a postsynaptic mechanism,
as is the case for NT-3 (reviewed in Mendell and Arvanian, 2002).
In agreement with these long lasting postnatal changes, exposure
of the prenatal rat to BDNF by i.p. injection of the mother reduces
the monosynaptic EPSP measured postnatally, whereas prenatal
exposure to NT-3 increases it (Seebach et al., 1999).

SUMMARY

In summary, there are several common features linking the
effects of the different neurotrophins on sensory neurons. All
sensory neurons express trk receptors whose identity determines
which neurotrophin will influence their function. Neurotrophins
all serve as survival factors during the period of programmed
cell death. They all affect the response of receptors to nat-
ural stimulation, and finally they all are able to modify the
synaptic effects of the affected sensory neurons. In the latter
case the mechanisms are quite different. NGF elicits its effect
by upregulating another neurotrophin, BDNF, which elicits its
effect in the spinal cord by acting on NMDA receptors in cells
of the superficial dorsal horn. The effect of peripherally deliv-
ered NT-3 is not established, but probably involves a presy-
naptic change in the affected fibers. However, studies of the
acute action of NT-3 have also revealed the possibility of a
postsynaptic NMDA receptor- mediated change as discussed for
BDNFE

NEUROTROPHIN EFFECTS ON CIRCUITS IN THE INJURED
SPINAL CORD
Since spinal neurons differ in their relationship with the inputs
and outputs, we evaluate the spinal effects of neurotrophins by
investigating their action on functional circuits rather than on
individual neurons or neuron classes. In some cases the circuit
is sensory and is driven by specific sensory receptors. An example
is a circuit that processes nociceptive input. Another circuit is the
pattern generator which delivers an output causing stepping. A
third circuit is the sensorimotor circuit responsible for the stretch
reflex that converts muscle stretch into muscle contraction.
Although NGF has played a prominent role in investigating
the role of neurotrophins on sensory fibers, most studies of
neurotrophin action on spinal circuit function have been limited
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to BDNF and NT-3. TrkB and trkC receptors are expressed at a
higher level than trkA receptors within the spinal cord (Liebl et al.,
2001) thus raising the expectation that BDNF and NT-3 would be
more effective in affecting spinal circuit function. Here we discuss
the effect of BDNF and NT-3 on three circuits based on their
effects on three behaviors: stepping, nociception, and the stretch
reflex.

STEPPING

Application of neurotrophins to the injured spinal cord at the time
of thoracic transection promotes stepping behavior in both cats
(Boyce et al., 2007) and rats (Jakeman et al., 1998; Blits et al.,
2003; Boyce et al.,, 2012b). Boyce et al. (2012b) reported that
rats with intraspinal administration of AAV viruses engineered
to express BDNF to a site just caudal to the T10 transection
site could carry out plantar stepping with their hind limbs on a
treadmill. Remarkably, these rats could also carry out overground
stepping across a stationary surface requiring the provision of
balance support only (i.e., without treadmill assistance). Training
was not required for BDNF to exert any of these effects which
developed over the first 2—4 weeks after transection and exposure
to the AAV/BDNE.

Further evidence for BDNF- activation of neurons involved
in stepping was a finding of elevated expression of c-Fos in
cells of the intermediate zone in the upper lumbar spinal cord
of these rats. Relatively little increase of c-Fos expression was
observed in the ventral horn. There was a rostrocaudal gradi-
ent of c-Fos expression after administration at T10 such that it
was greater at L2 than at L4/L5. Expression of c-Fos was not
associated with enhanced neural activity per se because the rats
had been anesthetized for an electrophysiological experiment
for several hours prior to sacrifice. It is more likely that its
expression was a direct effect of BDNF on these cells, as has
been observed previously in dissociated embryonic hippocampal
cells (Paul et al., 2001). However, c-Fos expression provided
an indication that BDNF influenced L2 interneurons. Since L2
intermediate zone interneurons are likely crucial participants
in the central pattern generator (CPG; reviewed in Goulding,
2009), it seems likely that this increase in c-Fos expression reflects
the action of interneurons whose activity is responsible for the
stepping behavior elicited by BDNE, 1i.e., c-Fos is a biomarker
for stepping, at least under these conditions. The mechanism
of BDNF action on this circuits remains to be determined,
i.e., whether it is a generalized increase in excitability, activa-
tion of a specific subgroup of cells in this circuit or of cells
driving it.

These findings in the transected cord suggest that the exoge-
nous BDNF acts on trkB receptors to elevate activity in neurons
of the locomotor circuit. This effect may be diminished to some
extent by the presence of truncated trkB receptors whose expres-
sion is elevated in the spinal cord after contusion (Liebl et al.,
2001). These authors suggest that the truncated receptors with
a non-signaling intracellular component act to sequester BDNF
thereby reducing its effect. More recent data have shown that
deleting the truncated form of trkB receptor improves locomotor
recovery after spinal contusion injury even without provision of
exogenous BDNF (Wu et al., 2013).

NOCICEPTION

Elevation of BDNF levels also results in increased sensitivity to
a noxious heat stimulation as would be expected by sensitizing
or activating cells in the superficial dorsal horn (Garraway et al.,
2003). Cells in this region express elevated c-Fos indicating a
response to BDNF as reported for cells in the intermediate zone.
These findings raise the question as to whether activating noci-
ceptive circuits is a requirement for BDNF to elicit overground
stepping, i.e., stepping is a component of the response to noxious
stimulation. There are no direct studies of this issue, but a recent
report (Garraway et al, 2011) indicates that the relationship
between BDNE, stepping and nociception is at the very least quite
complex.

In experiments comparing the effects of NT-3 and BDNF
on stepping under comparable conditions, NT-3 promoted only
treadmill-assisted stepping with the further requirement, not
needed for BDNFE, for perineal stimulation accomplished by
squeezing the base of the tail (Boyce et al., 2012b). Furthermore,
NT-3 did not sensitize the response to nociceptive stimulation.
Consistent with both of these findings was the finding of no
increase in c-Fos expression in the spinal cord, either in the
intermediate zone or in the superficial dorsal horn. It is not
known whether this is due to differences in signaling elicited by
trkB and trkC activation or whether there are few trkC receptors
on cells eliciting the nociceptive and stepping behavior.

Another model demonstrating the pro-nociceptive role of
BDNF comes from the response to peripheral nerve injury. Under
these conditions BDNF has been shown to be released from
microglia in the superficial dorsal horn that have been sensitized
by the purinergic transmitter ATP released from the central ter-
minals of damaged nociceptors (Tsuda et al., 2003). The activated
microglia release BDNF that in turn reduces the level of the CI~
transporter KCC2 in neurons of the dorsal horn. This diminishes
the inhibitory action of GABA, and in extreme cases converts it
to an excitatory action (Coull et al., 2005). Thus neurotrophins
can be released from non-neuronal cells, a mechanism that has
been known for many years in the periphery where Schwann Cells
associated with damaged peripheral fibers release neurotrophins
whose identity is associated with the fiber type (reviewed in
Lehmann and Hoke, 2010).

MOTONEURONS AND THE MONOSYNAPTIC REFLEX

BDNF causes increased excitability of motor neurons in the
injured cord as evidenced by a reduced rheobase (Gonzalez and
Collins, 1997; Boyce et al., 2012b) despite the lack of significantly
altered c-Fos expression in the ventral horn. Of interest in this
context is the finding that BDNF delivered in a single dose 24 h
after transection has been reported to increase expression of the
KCC2 chloride transporter in motor neurons of transected prepa-
rations (Boulenguez et al., 2010). This would oppose any intrin-
sic increase in excitability of motor neurons by enhancing the
magnitude of inhibition due to establishment of a more negative
chloride equilibrium potential. However, chronically transected
preparations treated with continuous BDNF administration via
engineered AAV viruses exhibit reduction in expression of the
KCC2 transporter (see also preliminary data in Boyce et al.,
2012a; Ziemlinska et al., 2014). This is an important area that
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requires further study, particularly in view of the recent finding
indicating elevated levels of GABA and GABA- synthetic enzymes
caudal to spinal transection (Ziemlinska et al., 2014). A combined
reduction in motor neuron rheobase and a reduction in synaptic
inhibition of motor neurons would be expected to promote
spasticity as has been reported after BDNF administration (Boyce
et al., 2012b; Fouad et al., 2013; Ziemlinska et al., 2014).

The effect of NT-3 on motor neuron excitability is opposite
to that of BDNE i.e., a reduced excitability (increased rheobase;
see also Petruska et al., 2010; Boyce et al., 2012b). However, the
decrease in intrinsic motor neuron excitability after NT-3 treat-
ment is opposed by an increase in monosynaptic EPSP amplitude
and a decrease in the after hyperpolarization (AHP) following the
spike, each of which should enhance the strength of excitatory
response directly (elevated EPSP) or indirectly (diminished AHP).
Unlike NT-3, BDNF has no effect on the strength of synaptic
projections to motor neurons in these preparations although as
discussed above it enhances motor neuron excitability and can
reduce synaptic inhibition via reduced KCC2 at least under some
conditions.

SELECTIVITY OF NEUROTROPHIN EXPRESSION
Figure 1 shows that summing the separate effects of BDNF and
NT-3 on the electrophysiology of motor neurons and their spindle
synaptic input gives a result that is in qualitative agreement with
the effects of motor training in spinal transected rats (Petruska
etal., 2007) where the levels of BDNF and NT-3 are both increased
(Ying et al., 2005; Coté et al., 2011; de Leon et al., 2011). This is
consistent with the idea that training exerts its effects via changes
in neurotrophin expression (Gémez-Pinilla et al., 2001). The
increase in both BDNF and NT-3 after motor training differs
from what is observed after increase in activity limited to pro-
prioceptive pathways where NT-3 levels are increased but BDNF
levels are not (Gajewska-Wozniak et al., 2013). This indicates that
locomotor training involves more than altering the stretch reflex
pathway despite its enhancement after step training (Petruska
et al., 2007), and the beneficial effects of increasing it by operant
conditioning (Thompson et al., 2013). These beneficial effects of
stretch reflex enhancement may be due to improved weight sup-
port which facilitates stepping elicited by independent activation
of the CPG.

The pathway- selective increase in neurotrophin levels is also
observed for BDNF in that inflammatory pain results in upreg-
ulation of BDNF in trkA- expressing nociceptive neurons in the

MN rheobase MN AHP Monosynaptic EPSP
NT-3 » N2 i
1 BDNF N2 L ©
Training © N ™
MNT-3 and 1NBDNF

FIGURE 1 | Comparison of effects of NT-3, BDNF and step training on
electrophysiological properties of motor neurons. Note that training
gives results that are qualitatively equivalent to the sum of the separate
effects of NT-3 (data row 1) and BDNF (data row 2). The data are derived
from Petruska et al. (2007), Petruska et al. (2010) and Boyce et al. (2012b).

DRG (Pezet and McMahon, 2006) with subsequent release into
the superficial dorsal horn of the spinal cord (Lever et al., 2001).
Thus activity- driven elevation in neurotrophin levels is circuit-

dependent and acts to potentiate the central effect of the activated
fibers.

NEUROTROPHINS AND REPAIR OF SPINAL CIRCUITS

Investigating a possible role for neurotrophins in the treatment
of spinal injuries was prompted by earlier results in the devel-
oping spinal cord suggesting that these agents could encourage
growth of axons. Thus there are many studies in which bridges
of Schwann cells, olfactory ensheathing glia or other substrates
were treated with neurotrophins to enhance elongation of cut
axons (reviewed in Boyce et al., 2014; Boyce and Mendell, 2014).
Additional studies in which neurotrophins were applied either to
the severed proximal end of descending fibers in the vicinity of a
spinal injury or to the cell body in the brainstem or cerebral cortex
revealed their ability to promote the growth of axons descending
from more rostral centers with some specificity. For example,
BDNF stimulates growth of vestibulospinal fibers whereas NT-
3 enhances corticospinal fiber growth although the specificity of
action may not be absolute (see reviews in Boyce et al., 2014;
Boyce and Mendell, 2014). As expected from the specificity of
neurotrophin receptor expression on sensory axons (see Section
Neurotrophin Effects on Sensory Neurons and their Spinal Pro-
jections), NGF enhances the ability of nociceptive afferent fibers
to grow past a crush injury in the dorsal root and terminate in
the appropriate area of the superficial dorsal horn whereas after a
similar injury NT-3 stimulates growth of proprioceptors into the
ventral horn (see review by Smith et al., 2012). At present, there
is little information concerning direct effects of neurotrophins on
the activity of spinal neurons recorded in vivo, in part because any
observed activity changes might be an indirect action, e.g., due to
activation of sensory fibers. Nonetheless, direct effects on spinal
neuron activity would be expected because there are reports of
trk receptors on these neurons (Liebl et al., 2001). Furthermore,
some of the synaptic effects of exogenously applied neurotrophins
in the isolated spinal cord have been attributed to trk receptors on
the postsynaptic spinal neurons (Arvanov et al., 2000; Garraway
et al., 2003).

Long term intrathecal treatment with neurotrophins can also
promote the development of novel functional pathways in the
spinal cord, specifically the formation of functional detours
around zones of injury both in neonatal (Arvanian et al., 2006)
and adult rats (Garcia-Alias et al., 2011; Schnell et al., 2011). In
adults the neurotrophin works best if supplemented with agents
that overcome the inhibitory effect of the tissue on axonal growth,
e.g., anti Nogo or chondroitinase (reviewed in Fawcett et al.,
2012), and provision of NMDA subunit NR2D to bring these
receptors back to their juvenile state (Arvanian et al., 2004). In
these experiments, neurotrophins were introduced intrathecally
using either engineered fibroblasts or viruses. The fibroblasts
or the cells infected by the AAV viral vectors released the neu-
rotrophin which interacted with the trk or p75- (reviewed in
Nicol and Vasko, 2007) expressing cells resident in the CNS.
Some success has also been reported in altering connections to
motoneurons retrogradely by administering viruses expressing a
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neurotrophin to muscle (Fortun et al., 2009; Petruska et al., 2010).
The peripheral administration approach might have important
translational advantages.

Many investigators are now making efforts to repair the injured
spinal cord using cell transplants including stem cells. In eval-
uating the results of these procedures it is important to keep
in mind that these cells constitutively release neurotrophins (Lu
et al., 2003), which could affect the function of spinal neurons
and circuits in addition potentially promoting axonal elongation.

MALADAPTIVE EFFECTS OF NEUROTROPHINS

Although neurotrophins have numerous potentially useful effects
on the injured spinal cord, there are many potential drawbacks.
Improving stepping might be negated by increased pain or spas-
ticity both of which have been reported (Boyce et al., 2012b;
Fouad et al., 2013; see review by Weishaupt et al., 2012). This
may be the result of the multiplicity of actions of neurotrophins,
particularly BDNF which elicits activity- based plasticity as well
as activating microglia leading to pain. One might question why
the same molecule has developed adaptive and maladaptive roles.
In evaluating this issue it is important to remember that the
different mechanisms are being studied in isolation in prepara-
tions that are often so severely injured (e.g., peripheral nerve
injury, spinal cord injury) that any evolutionary significance is
doubtful.

It remains to be seen whether adjusting the dosage of BDNF
will help to balance the positive and negative effects of this

treatment so that it might be used translationally. Alternatively,
an approach allowing BDNF release to be turned on and off
using a regulatable viral system might be possible. Finally, a
discrete infusion of BDNF into motor pools via an indwelling
catheter might improve the balance between the positive and
negative effects of this agent. In support of this approach,
Mantilla et al. (2013) recently demonstrated enhanced respira-
tion leading to increased survival of cervically hemisected rats
after chronic infusion of BDNF into the phrenic motor neuron
pool.

CONCLUSION

It appears, then, that neurotrophins, particularly BDNF, can have
numerous actions that affect circuit function in the spinal cord
(Figure 2). It follows that any attempt to use neurotrophins to
promote repair will require targeting them to specific classes
of cells, e.g., the CPG but not the nociceptive circuits in the
superficial dorsal horn. So far this has not been possible using
engineered cells, viral vectors or osmotic minipumps. Alterna-
tively, it may be possible to devise cell based treatments which
are easily turned off to control side effects. At present, what is
clear is that neurotrophins are powerful molecules that could
be very useful in repairing the injured cord. It will be necessary
to recognize that they have significant effects on functional
properties of cells and circuits as well as on axon elongation
and to take this into account when devising protocols for
their use.

Spinal
transection
Infected interneuron  cpg

AAV / BDNF

T10
BDNF
released from

infected neurons

FIGURE 2 | Schematic diagram of circuitry affected by neurotrophins
after application via engineered AAV viruses to the transected spinal
cord. Behavioral, electrophysiological and immunocytochemical data indicate
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,»/
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that such injections affect the CPG in upper lumbar segments, nociceptive
processing in the dorsal horn and the stretch reflex pathway. Further
discussion of these effects in the text.
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INTRODUCTION

Dopamine (DA) modulates spinal reflexes, including nociceptive reflexes, in part via the
D3 receptor subtype. We have previously shown that mice lacking the functional D3
receptor (D3KO) exhibit decreased paw withdrawal latencies from painful thermal stimuli.
Altering the DA system in the CNS, including D1 and D3 receptor systems, reduces the
ability of opioids to provide analgesia. Here, we tested if the increased pain sensitivity
in D3KO might result from a modified p-opioid receptor (MOR) function at the spinal
cord level. As D1 and D3 receptor subtypes have competing cellular effects and can
form heterodimers, we tested if the changes in MOR function may be mediated in D3KO
through the functionally intact D1 receptor system. \We assessed thermal paw withdrawal
latencies in D3KO and wild type (WT) mice before and after systemic treatment with
morphine, determined MOR and phosphorylated MOR (p-MOR) protein expression levels
in lumbar spinal cords, and tested the functional effects of DA and MOR receptor agonists
in the isolated spinal cord. /n vivo, a single morphine administration (2 mg/kg) increased
withdrawal latencies in WT but not D3KO, and these differential effects were mimicked
in vitro, where morphine modulated spinal reflex amplitudes (SRAs) in WT but not D3KO.
Total MOR protein expression levels were similar between WT and D3KO, but the ratio of
pMOR/total MOR was higher in D3KO. Blocking D3 receptors in the isolated WT cord
precluded morphine's inhibitory effects observed under control conditions. Lastly, we
observed an increase in D1 receptor protein expression in the lumbar spinal cord of D3KO.
Our data suggest that the D3 receptor modulates the MOR system in the spinal cord, and
that a dysfunction of the D3 receptor can induce a morphine-resistant state. We propose
that the D3KO mouse may serve as a model to study the onset of morphine resistance at
the spinal cord level, the primary processing site of the nociceptive pathway.

Keywords: dopamine d3 receptor, mu-opiod receptor, nociception, second messenger cross-talk, dopamine d1
recptor, spinal reflexes

and McCarson, 2001; Zhu et al., 2007). Further, the MOR is asso-

Opiate analgesics are the classical first line treatment for strong
and persistent pain, but their effectiveness in long-term treatment
is limited by the emergence of tolerance (Colpaert, 2002; Dupen
et al., 2007; Bekhit, 2010; Joseph et al., 2010). This morphine-
resistant condition is thought to arise over time and involve a
dysfunction of p-opioid receptor (MOR)- and dopamine (DA)-
receptor mediated cAMP/PKA second messenger pathways in the
brain (Suzuki et al., 2001; Schmidt et al., 2002; Fazli-Tabaei et al.,
2006; Zhang et al., 2008, 2012; Le Marec et al., 2011; Enoksson
et al.,, 2012). However, under this tenet the role of the spinal
cord remains overlooked. The spinal cord is the first site for the
processing for nociceptive information, and it houses both DA
and MOR receptors in the dorsal horn (Abbadie et al., 2001;
Levant and McCarson, 2001; Ray and Wadhwa, 2004; Zhu et al.,
2007, 2008). DA regulates spinal cord circuits, including pain-
associated responses (Garraway and Hochman, 2001; Clemens
and Hochman, 2004; Yang et al., 2005; Keeler et al., 2012), and
both D1 and D3 receptors are present in the dorsal horn (Levant

ciated with inhibitory G proteins (G; and G,) and is present in the
spinal cord (Mansour et al., 1994; Ji et al., 1995; Ray and Wadhwa,
1999, 2004; Abbadie et al., 2001, 2002; Zhang et al., 2006). Upon
ligand binding to the receptor, signaling cascades are activated
that inhibit cAMP production, resulting in the opening of K+
channels or closing of Ca?t channels (Connor and Christie, 1999;
Connor et al., 1999; Williams et al., 2001). Its desensitization is
under the control of G-protein-coupled receptor kinase (GRK)-
mediated phosphorylation (Connor et al., 2004; Gainetdinov
etal., 2004; Garzon et al., 2005), followed by $3-arrestin-mediated
internalization (Bohn et al., 1999, 2000; Ohsawa et al., 2003;
Connor et al., 2004). Blocking 8-arrestin expression improves
morphine-mediated analgesia (Li et al., 2009), and recent data
suggest that morphine-induced f{3-arrestin complex formation
primarily requires D1 receptors (Urs et al., 2011).

Interestingly, D1 receptors form heterodimers with D3 recep-
tors (Surmeier et al., 1996; Fiorentini et al., 2008; Maggio et al.,
2009; Missale et al., 2010; Cruz-Trujillo et al., 2013) and both
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play a role in opioid tolerance (Lin et al., 1996; Cook et al., 2000;
Richtand et al., 2000; Fazli-Tabaei et al., 2006). We recently found
that animals lacking a functional D3 receptor (D3KO) exhibited
facilitated pain-associated reflexes (Keeler et al., 2012), and we
address here the role of the spinal D3 receptor on MOR functional
states and morphine responsiveness.

We evaluated thermal pain paw withdrawal latencies in D3KO
and wild type (WT) controls before and after administration of
morphine, determined naive MOR and phosphorylated MOR (p-
MOR) protein expression levels in the lumbar spinal cord, and
compared spinal reflex amplitudes (SRA) in isolated spinal cords
from WT and D3KO in vitro, to assess the role of the D3 receptor
in mediating morphine actions in isolated WT spinal cords.

We found that naive D3KO were unresponsive to morphine
administration, both in vivo and in vitro, and that this lack
of responsiveness was associated with increased levels of spinal
PMOR in D3KO. Moreover, while the highly-specific MOR ago-
nist, DAMGO, was able to decrease SRAs in both WT and D3KO
in vitro, this effect was significantly smaller in D3KO than WT.
Finally, acute pharmacological block of the D3 receptor in the
isolated WT cord was sufficient to induce a D3KO-like pheno-
type and prevent the modulatory actions of morphine on SRAs
observed under control conditions.

MATERIALS AND METHODS

All experimental procedures complied with NIH guidelines
for animal care and were approved by the East Carolina
University Institutional Animal Care and Use Committee. Male
dopamine D3 receptor knockout mice (D3KO; strain B6.129S4-
Drd3'™dac/I stock # 002958, Jackson Laboratory, Bar Harbor,
ME) and their appropriate associated wild-type (WT) controls
(C57BL/6) were used for in vivo behavioral testing and Western
blot experiments (3—4 months), while neonatal pups of either sex
were used for extracellular electrophysiology and pharmacology
(postnatal days 7-14).

BEHAVIORAL ASSESSMENTS

Thermal withdrawal latencies were tested on 10 D3KO and 8
WT males using a Hargreaves apparatus. Prior to baseline test-
ing, mice were acclimated to the apparatus by being placed in the
apparatus for 2h per day for a total of 5 days. Baseline thresh-
olds were obtained over three test sessions, with each test session
occurring at the same time of day, and each mouse being placed
in the chamber to which it was acclimated. Each test session con-
sisted of three trials (i.e., application of the heat stimulus at 56°C)
separated by at least 5 min. The latencies obtained over the 3 tri-
als were averaged to get the mean baseline latency for each test
day. After baselines were established, a randomly chosen subset
of mice (5 D3KO and 4 WT) was administered morphine sulfate
(Sigma, 2 mg/kg, i.p.) and tested 30 min later as outlined above.

TISSUE COLLECTION AND WESTERN BLOT ANALYSIS

One week after behavioral testing, animals were deeply anes-
thetized with inhaled isoflurane (4-5%), decapitated, and spinal
cords were dissected, frozen in liquid nitrogen and stored at
-80°C. Proteins were homogenized in RIPA buffer containing
protease and phosphatase inhibitors (Sigma-Aldrich, St. Lois,

MO), lysates centrifuged, and the supernatant collected. Total
protein was quantified using an EZQ Quantitation Kit (R33200;
Invitrogen, Grand Island, NY). Equal concentrations of protein
were separated using a SDS-PAGE (Criterion TGX Any kD, Bio-
Rad, Canton, MA) and transferred onto a PVDF membrane
(Immobolin-P, Millipore, Germany). To verify consistent protein
transfer across the lanes, we measured total protein staining of the
membrane with Coomassie Blue, and compared the protein stain-
ing with the B-actin expression in the corresponding lanes. We did
not observe any significant difference in B-actin protein expres-
sion between WT and D3KO (p = 0.54 and 0.2, respectively). For
MOR and pMOR protein expression assessments, membranes
were blocked using 5% BSA overnight and probed with primary
antibodies for the MOR (ab10275, Abcam, UK) at 1:1000 and
pP-MOR (bs3724R, BIOSS, UK) at 1:1000 overnight. This MOR
antibody can detect bands at ~50kDa (Kerros et al., 2010) and
has been verified in a different study by comparing it to the effects
of another MOR antibody (Loyd et al., 2008). The pMOR anti-
body we used shows a strong band at ~44 kDa (http://biossusa.
com/store/bs-3724r.html), and control ELISA data provided by
BIOSS show an increased binding of this antibody to pMOR
over MOR (data not shown, BIOSS, personal communication).
Membranes were washed and incubated in anti-mouse and anti-
rabbit secondary antibodies (R&D Systems, Minneapolis, MN)
respectively. Target proteins were visualized using ECL Plus detec-
tion reagent (80916; Invitrogen, Grand Island, NY) according to
the manufacturer’s recommendations, quantified using relative
integrated density normalized against B-actin (ab8226, Abcam,
UK) at 1:2000, and analyzed with Image] software (version 1.48S,
NIH). Expression values are given as the ratio of MOR or pMOR
to B-actin.

For D1 receptor protein assessments, membranes were blocked
overnight using 5% BSA at 4°C and probed with primary anti-
bodies for the D1 receptor (ab81296, Abcam, Cambridge, MA)
and B-actin (ab8226, Abcam, UK) at 1:1000 overnight. This D1
receptor antibody can detect bands at both 50 and 75 kDa (Mizuta
et al., 2013). Membranes were washed four times at 5 min in TBS-
T and incubated for 30 min at room temperature using 5% BSA
in anti-rabbit IR800 (35571, Thermo Scientific, Rockford, IL) and
anti-mouse IR680 (926-68070, Li-Cor, Lincoln, NE) secondary
antibodies at 1:30000. The membranes were then washed another
three times for 5min in TBS-T followed by two washes at 5 min
in PBS. Target proteins were visualized using the Li-Cor detec-
tion system (Odyssey Clx, Li-Cor Biosciences, Lincoln, NE) and
associated software (Image Studio, Li-Cor), and quantified with
ImageJ. D1 receptor protein expression values were normalized
to B-actin protein expression.

ELECTROPHYSIOLOGY AND PHARMACOLOGY

A total of 19 WT and 17 D3KO neonatal pups of either sex
(postnatal days 7-14) were used for extracellular electrophysi-
ological and pharmacological experiments. As reported earlier
(Clemens and Hochman, 2004; Keeler et al., 2012), animals were
deeply anesthetized with i.p. injection (50 1/10 g) of a ketamine
(90 mg/ml)/xylazine (10 mg/ml) mix, and after verification of
deep anesthesia decapitated. Spinal cords were removed quickly,
usually completed within 10 min, placed in a Sylgard-lined Petri
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dish, the Dura mater desheathed and the cords hemisected.
Throughout this process the preparations were submersed in
oxygenated (95 O2/5% CO,) ice-cold high-sucrose artificial cere-
brospinal fluid (containing in mM: 342 sucrose, 180.2 Glucose,
203.3 MgCl,, 147.02 CaCly, 137.99 NaH,;POy, 84.01 NaHCO3,
74.56 KCl, pH 7.4). After these initial dissection steps, the high-
sucrose solution replaced with oxygenated artificial cerebrospinal
fluid (ACSF; containing in mM: 128 NaCl, 1.9 KCl, 10 Glucose,
1.3MgSOy, 2.4 CaCly, 1.2 KH,POy4, 26 NaHCO3, pH 7.4), accli-
mated to room temperature. Subsequently, small glass suction
electrodes were carefully attached to identified dorsal and ventral
lumbar roots (usually L2-L5).

After a recovery of phase of ~30-60min, reflex responses
were elicited with a constant current stimulator (Iso-Stim 01D,
NPI Electronics, Tamm, Germany, or a custom-built Linear
Isolation Unit, Model MI 401, Department of Animal Physiology,
University of Cologne) with pulses of 100-500 pA for 100-
250 ps. Signals were recorded and amplified with a 4-channel
differential AC amplifier (Model 1700, A-M Systems, Sequim,
WA), digitized with a Digidata 1440A, and analyzed with pClamp
v.10.2 software (Molecular Devices, Sunnyvale, CA). Single pulse
stimulations were delivered every 60 s (WT) or 120-180s (D3KO)
to avoid habituation (data not shown). Reflex responses were
recorded and analyzed by rectified integration of the recorded
responses. SRAs were obtained before (control conditions) and
during application of morphine sulfate (Sigma, 1 wM), the D3
receptor-preferring antagonist, nafadotride (Tocris, 20 uM), or
the specific MOR agonist DAMGO (Tocris, 10 uM). For test-
ing the interactions between the D3 and MOR in the WT spinal
cord, we first bath-applied the D3-receptor preferring antago-
nist, nafadotride, to establish the effects of this drug, before
adding morphine to the bath. Drugs were bath-applied and for
30-60 min, during which time the stimulus protocol was main-
tained. Following the drug application testing, drugs were care-
fully washed out (through ACSF exchange of 4-5 times the bath
volume). For analytical purposes, we compared the last 10 consec-
utive SRAs in the control condition with the last 10 SRAs during
the drug application.

STATISTICAL ANALYSIS

For behavioral experiments, baseline and post-morphine thermal
thresholds were compared between WT and D3KO mice using
a RM ANOVA (SigmaPlot, Systat, San Jose, CA) with p < 0.05
indicating significance. For determining differences in MOR and
pP-MOR protein expression levels between groups, we used using
a paired t-test (JMP v.10, SAS, Inc., Cary NC) with p < 0.05
indicating significance. For electrophysiological experiments,
SRAs under drug conditions were averaged and normalized to
the mean of the pre-drug values, and statistical significance was
determined with t-tests or ANOVA and subsequent post-hoc
comparisons, as appropriate, and with a set <0.05 (SigmaPlot,
Systat, San Jose, CA).

RESULTS
BEHAVIOR
Under baseline conditions, pain withdrawal latencies of WT were
significantly higher than those of D3KO (WT: 6.24 £ 0.64,

n = 4; D3KO: 4.84 £ 1.08s, p < 0.001, n = 5, t-test, Figure 1,
left panel), suggesting an increased excitability to thermal stim-
ulation of the hindpaw in the D3KO animals. A single injection
of morphine (2 mg/kg, i.p.) significantly increased thermal with-
drawal latencies in WT from 6.24 &+ 0.64s to 11.01 £ 1.91s
(p < 0.001, Figure 1, right panel), whereas they remained unal-
tered in D3KO (4.84 £+ 1.08s, vs. 3.94 £ 0.95, p =0.902,
RM-ANOVA). Consequently, the difference in pain withdrawal
latencies between morphine-treated WT and D3KO remained sig-
nificant (p < 0.001, ¢-test). These data suggest that under naive
conditions D3KO are unresponsive to the system-wide applica-
tion of morphine.

MOR PROTEIN EXPRESSION IN THE LUMBAR CORD

To test if changes in MOR levels or phosphorylation status might
underlie the lack of the opioid effect observed in D3KO, we
assessed MOR and pMOR protein expression levels in lumbar
spinal cords of WT and D3KO (Figure 2). We probed lumbar
spinal cords of 4 naive (untreated) WT and 4 D3KO for MOR
(Figure 2A) and pMOR protein expression (Figure 2B). In both
experiments, we first probed for the respective receptor protein
expression before stripping the blot and then probing for $3-actin.
We found that, after normalization to 8-actin, WT and D3KO
had similar levels of total MOR (WT: 1.08 =+ 0.32a.u.; D3KO:
1.146 £ 0.08a.u., p = 0.85, n = 4; Figure 2C, left panels). In
contrast, pMOR protein expression levels of pMOR in D3KO
were significantly elevated over WT (WT: 0.127 £ 0.03a.u,,
D3KO: 0.992 + 0.13a.u., p < 0.001; Figure 2C, p < 0.01, right
panels). As overall MOR but not pMOR expression levels were
similar, and both sample groups passed Normality (Shapiro-Wilk;
p = 0.441 and p = 0.509, respectively) and Equal Variance Tests
(p = 0.085 and p = 0.505, respectively), we next calculated the
ratio of pMOR to MOR expression levels (Figure 2D). We found
that in WT 36.7 £ 10.6% of total MOR was phosphorylated,

baseline + morphine

10 1

o ~AO

paw withdrawal latencies (s)

WT  D3KO WT  D3KO

FIGURE 1 | Thermal pain withdrawal latencies at baseline and after a
single i.p. application of 2 mg/kg morphine. Left panel: Baseline data for
WT (n = 8) and D3KO (n = 10). Under control conditions, D3KO displayed a
significantly lower time to withdrawal than WT. Right panel: D3KO (n = 5)
continued to maintain a lower withdrawal time than WT (n = 4), but
morphine significantly increased latencies in WT but not D3KO. * indicates
p < 0.001.
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FIGURE 2 | Protein expression levels of total MOR and pMOR in lumbar
spinal cord, normalized to B-actin. (A) Total MOR protein expression in WT
and D3KO (top panels), and their respective 3-actin protein expressions
(bottom panels). Lanes 1-4 represent lumbar spinal cords from four
independent WT, while lanes 5-8 represent tissues from four independent
D3KO. Total MOR protein expression levels were overall similar between WT
and D3KO. Note that we first probed for MOR expression before stripping
and re-probing for R-actin. (B) pMOR protein expression levels in WT and
D3KO (top lanes), and their respective 3-actin protein expression (bottom

B-actin  =——— 37 kDa 37 kDa
lanes 1-4 lanes 5-8 lanes 1-4 lanes 5-8
WT D3KO WT D3KO
C D
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S 1.6 % <100 — 1
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2 1.2 : = 80
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$ 08 - o
5 % 40
® 0.0 4 - 3 0
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panels). Note that pMOR expression levels showed a stronger labeling in
D3KO than WT. (C) Quantification of expression data: After normalization of
MOR and pMOR data to their respective 3-actin expression in each lane, total
MOR protein expression was similar between WT and D3KO (*p = 0.85,

n = 4 each). In contrast, pPMOR protein expression was significantly
increased in D3KO over WT (p < 0.001, n = 4 each). (D) Ratio of pMOR/MOR
protein expression in the lumbar spinal cord of WT and D3KO. In WT, pPMOR
was low, whereas in D3KO a large majority of MORs was phosphorylated
(*p =0.008, n=4 each).

while in D3KO this rate 87.8 & 7.6% (p = 0.008), suggesting a
reduced availability of the MOR for ligand binding in D3KO.

EXTRACELLULAR ELECTROPHYSIOLOGY AND PHARMACOLOGY

To test the functional effects of morphine mediated responses at
the spinal cord level alone, we next elicited and recorded SRAs
in isolated spinal cords of WT and D3KO before and during
exogenous application of morphine (Figure 3). Constant-current
stimulation of dorsal lumbar roots via glass suction electrodes
elicited within a few milliseconds a monosynaptic stretch reflex
on the corresponding ventral roots (MSR, Figure 3A1) that gen-
erally lasted less than 5-6 ms. The signal traces in the MSR time
window were rectified and integrated, and the resulting data
points at the end of each sweep were used as a measure of SRA
(Figure 3A2).

Bath-application of morphine (1 wM) induced in WT a grad-
ual decrease in SRA amplitude (Figure 3B1), and led to a
significant reduction in WT SRAs at the end of the recorded appli-
cation interval, from 100.3 + 0.2 to 75.2 £ 6.8% (p = 0.004,
n = 6, Figure 3B2). In contrast, in D3KO, bath-application of
1 uM morphine had no significant modulatory effect on SRA
(Figures 3C1,C2; control: 99.8 &+ 0.2%; morphine: 93.2 £ 4.2%,

p = 0.052, n = 12). These data mirror the effects observed in
the thermal pain paradigm, and they suggest that the behavioral
changes observed in the intact animals stem from changes in the
D3 receptor system at the spinal cord level.

While preferentially targeting MORs, morphine activates 9
and « receptors as well. To test if a targeted activation of the MOR
pathway alone can mimic the effects observed with morphine, we
bath-applied the MOR-preferring agonist, DAMGO (10 uM), to
isolated WT and D3KO spinal cord preparations and assessed its
role in modulating SRAs (Figure 4). In WT, DAMGO decreased
SRAs from 99.9 £+ 0.1 to 66.6 £ 4.5% (n=15, p < 0.001,
Figure 4A), and it decreased them in D3KO from 100 =+ 0.15 to
80.9 £ 3.4% (n = 8, Figure 4B). Importantly, the difference in
DAMGO-mediated actions between WT and D3KO was signifi-
cant (p = 0.013). These data suggest that in isolated spinal cords
of D3KO, MORs are still functionally active and can be recruited
by a highly specific agonist, albeit at a smaller magnitude than
in WT.

The D3KO animal is a functional, global knockout, and
consequently D3 receptor function is compromised in every
tissue. To test if D3 receptor dysfunction in the spinal cord
is sufficient to mimic the morphine effects observed in the
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FIGURE 3 | Modulation of spinal reflex amplitudes (SRAs) by
morphine. (A1) Example of a reflex response recorded from ventral roots
(10 consecutive sweeps superimposed). Stimulation of a dorsal root (at
stimulus artifact) induced a monosynaptic reflex response (MSR) in the
corresponding ventral root. The boxed region identifies the epochs chosen
to calculate the amplitude of the spinal reflex amplitude (SRA) represented
in (A2). (A2) The rectification and subsequent integration of the epochs
identified in (A1) led to the signal values highlighted in the boxed region.
The final maximal values of each epoch were used as a measurement of
the SRA for each sweep, and used in the subsequent analysis steps
represented in panels (B,C), and Figures 4, 5. (B1) Typical time course of
control SRAs in WT before and during bath-application of 1 #M morphine
(control: black symbols; morphine: white symbols). During morphine, reflex
amplitudes gradually decreased in amplitude. (B2) Normalized SRAs in WT
(n = 6). Morphine led to a significant reduction in SRA. *p = 0.004. (C1)
Typical time course of control SRAs in D3KO before and during
bath-application of 1 wM morphine (control: black symbols; morphine: white
symbols). (€C2) Normalized SRAs in D3KO (n = 12). In these animals,
morphine had no significant effect on SRA.

D3KO both in vivo and in vitro, we tested the consequence
of an acute block of the D3 receptor system in the isolated
spinal cord prior to morphine exposure (Figure5). Following
baseline recordings, WT spinal cords were exposed to the D3
receptor-preferring antagonist, nafadotride (Figure 5A), before
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Ctrl DAMGO Ctrl DAMGO

FIGURE 4 | Modulation of spinal reflex amplitudes (SRAs) by the
MOR-preferring agonist, DAMGO. (A) In WT, DAMGO induced a
significant decrease in SRA (to 66.6 + 4.5% of control, n = 15). WT.

*p < 0.001. (B) In D3KO, DAMGO equally significant reduced SRA, albeit
to lesser degree than in WT (to 80.9 + 3.4%, n = 8). D3KO: *p < 0.001.
The difference between DAMGO-induced effects in WT and D3KO was
significant (p = 0.013).
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FIGURE 5 | Modulation of spinal reflex amplitudes (SRAs) by the
D3-receptor preferring antagonist, nafadotride. (A) In the isolated WT
spinal cord, bath-application of nafadotride led to slight, albeit insignificant
increase in SRAs (n = 8). (B) In the presence of nafadotride, additional
application of 1 wM morphine failed to exert any modulatory action on SRAs
(n=05).

additionally bath-applying morphine (Figure5B). Application
of nafadotride alone (20 M) led to a slight, yet insignificant
increase in SRA from 99.7 + 0.2 to 113.9 £ 11.1% (p = 0.87,
n= 8, Figure5A). Subsequent application of morphine, in
the presence of nafadotride, and at the same dose that caused
the significant inhibition of SRAs under control conditions (cf.
Figure 3) failed to exert any significant modulatory action (ctrl:
99.8 £ 0.1 vs. 95.5 £ 3.9%, p = 0.69, n = 5, Figure 5B). These
data are testimony that an induced acute block of spinal D3
receptors is sufficient to prevent morphine effects.

D1 RECEPTOR EXPRESSION

As the D3 receptor is closely associated with the D1 receptor
through heterodimerization (Surmeier et al., 1996; Fiorentini
et al., 2008; Maggio et al., 2009; Missale et al., 2010; Cruz-Trujillo
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et al., 2013), we next tested if the dysfunction of the D3 recep-
tor system leads to changes in the D1 receptor system (Figure 6).
We found that in D3KO (n = 5), D1 receptor expression (49 kDa
band) increased significantly from 99.99 + 4.6% (in WT) to
170.6 £8.9% (n =5, p < 0.001). These data support the notion
that the increased excitability in the D3KO spinal cord could be,
at least in part, driven by an increased expression in D1 receptor
levels.

DISCUSSION

We show here that a dysfunction of the dopamine D3 receptor is
associated with a morphine-resistant state in vivo, that this behav-
ioral phenotype can be mimicked in the spinal cord in vitro, and
that this altered morphine responsiveness is associated with an
increase of pMOR but not total MOR expression in the lumbar
spinal cord. In addition, we found that an acute block of D3 recep-
tor function in the isolated spinal cord completely abolished the
modulatory capabilities of morphine on SRAs, suggesting that the
disruption of D3 receptor function in vitro is sufficient to induce
a state of morphine resistance.

The D3 receptor is part of the D2-like family, and an evaluation
of D1- and D2 receptor agonists, at a time when other DA recep-
tors had not yet been described, reported that D2 activation pro-
duced antinociception, whereas D1 receptor activation induced
mild hyperalgesia (Rooney and Sewell, 1989). More recently it
was shown that co-administration of morphine with nafadotride
could effectively suppress the morphine-induced behavioral sen-
sitization observed in WT mice after acute morphine adminis-
tration (Li et al., 2010), and it was suggested that D3 receptors
regulate basal nociception (Li et al., 2012). Together, these data
support our findings that the D3 receptor may have a critical role
in regulating the morphine response in the spinal cord.

Loss of morphine analgesia is generally associated with a
reduction in functional MOR receptors, either through down-
regulation or desensitization of receptors (Williams et al., 2013).
Such a down-regulation is characterized by a decrease in func-
tional receptors present on the cell membrane due to degradation
or decreased biosynthesis (Finn and Whistler, 2001). We found
that D3KO and WT mice had similar levels of total MOR expres-
sion indicating that MOR receptor down-regulation per se is not
the primary mechanism behind the lack of morphine respon-
siveness in D3KO mice in vivo (Figure 2). Our studies, however,
were insensitive to receptor distribution between cellular com-
partments which would effect of the availability of functional
MOR. Desensitization involves molecular changes at the receptor
signaling level (Yu et al., 1997; Bohn et al., 2000), with recep-
tor phosphorylation being the first step. MOR desensitization is
under the control of GRK-mediated phosphorylation (Connor
et al., 2004; Gainetdinov et al., 2004; Garzon et al., 2005), fol-
lowed by $3-arrestin-mediated internalization (Bohn et al., 1999,
2000; Ohsawa et al., 2003; Connor et al., 2004). Our data show
that, while total MOR protein levels were similar across groups,
a greater proportion of those receptors were phosphorylated in
D3KO compared to WT, suggesting that these receptors were
desensitized and will not effectively signal, even in the presence
of a ligand (Figure 2). While the MOR can be phosphorylated
by both GPCR kinase (GRK) and non-GRK mechanisms, the

antibody used for this experiment was designed to recognize
phosphorylation of the Ser375 residue of the MOR, a site that is
critical for GRK phosphorylation, arrestin recruitment and endo-
cytosis (El Kouhen et al., 2001). This site has also been shown to
be phosphorylated in states of morphine tolerance and with sus-
tained release of B-endorphin, the endogenous ligand for MOR
(Petraschka et al., 2007). Such alterations in binding efficiency
of MOR to endogenous opioid ligands may provide one expla-
nation for our findings why D3KO mice have lower baseline
thermal pain thresholds than WT (Keeler et al., 2012), and they
may also explain the lack of analgesia with exogenous morphine
treatment. Studies assessing GRK activity levels and endogenous
opioid levels in D3KO mice are needed to determine if the base-
line phosphorylation of the MOR results from either increased
GRK activity and/or continuous activation due to an increased
availability of endogenous ligand.

A possible limitation of our immunohistochemical findings
is that the commercially-generated antibodies used in our study
were not, or only to a limited extent, validated in external peer
review processes, and thus may not be optimized or only partially
effective in detecting the proteins of interest (e.g., the 42 kDa band
we observed exclusively in the D3KO spinal cord when probing
for the D1 receptor, Figure 6). However, as the 49 kDa band (s.
arrows in Figure 6A) corresponds to the predicted D1 receptor
protein size, has together with a 75 kDa band also been observed
at this size recently (Mizuta et al., 2013), and was both present
and differentially expressed in WT and D3KO (Figure 6B), we are
confident that future work will corroborate the molecular changes
reported in this study. At the same time, given the high struc-
tural homology between D1 and D5 receptors, we can not exclude
the possibility that such studies may identify an up-regulation
of the D5 receptor instead of the D1 receptor as suggested by
our findings. Yet, given the similar functional properties of D1
and D5 receptors, both of which primarily mediate excitatory
actions, and the lack of evidence of D1/D5 receptor interactions,
we have based our model on the existing literature that has iden-
tified D1/D3 interaction and heterodimers, which could act in
synergistic fashion to control and mediate DA and morphine
actions.

Our finding that the MOR agonist DAMGO can induce a mod-
ulatory response in both WT and D3KO could be the result of its
higher specificity in activating the MOR than morphine (Minami
etal., 1995; Onogi et al., 1995; Saidak et al., 2006), which also acti-
vate d-receptors (Walwyn et al., 2009), and/or its high affinity to
the MOR (Pak et al., 1996). As we observed lower levels of non-
p-MOR in D3KO than in WT (Figure 2), it is conceivable that
DAMGO but not morphine may be able to activate this receptor
population in D3KO, thus allowing the modulation of the SRAs
in vitro.

Resistance to opioid treatment involves in part the DA system,
including the D3 receptor system (Richtand et al., 2001; Sokoloff
et al., 2001; Kosten et al., 2002; Vorel et al., 2002; Le Foll et al.,
2007; Heidbreder, 2008; Hell, 2009; Li et al., 2012). Such tol-
erance can arise from a dysfunction of MOR and DA receptor
mediated cCAMP/PKA second messenger pathways in the brain
(Zhao et al., 2007; Barraud et al., 2010). Both DA and MORs
are located pre- and post-synaptically in spinal cord sensory
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neurons (Xie et al., 1998; Levant and McCarson, 2001; Abbadie
et al.,, 2002; Millan, 2002) and they control the activation of
adenylyl-cyclase (AC). Generally, DA D1-like receptors (D1, D5)
mediate excitatory actions by increasing AC activation and rais-
ing cCAMP levels in the target neuron (Missale et al., 1998; Neve
et al., 2004), whereas D2-like (D2, D3, and D4) and MOR path-
ways reduce AC activation and decrease cAMP levels (Yu et al,,
1990; Jaber et al., 1996; Mamiya et al., 2001; Neve et al., 2004;
Sheng et al., 2009). As D1 and D3 receptors often co-localize
or form heterodimers (Karasinska et al., 2005; Fiorentini et al.,
2008, 2010; Marcellino et al., 2008; Beaulieu and Gainetdinov,
2011) and oppositely regulate cAMP/PKA-mediated second mes-
senger pathways, it is conceivable that the dysfunction of the D3
receptor might directly modify D1 receptor function. While we
previously did not observe differences in D1 mRNA expression in

the D3KO spinal cord (Zhu et al., 2008), probing for the affiliated
protein expression revealed a significantly increased D1 receptor
protein expression in D3KO (Figure 6), supporting the notion
of a D3-mediated influence on D1 function. Additionally, the
similarities in MOR- and D3-mediated second messenger path-
ways suggest that they may have synergistic effects on reducing
pain transmission (Li et al., 2012; Saghaei et al., 2012), and the
co-localization of D1 with D3 receptors suggest that interac-
tions in their common cAMP/PKA signaling cascade might play
arole in the emergence of the morphine resistance seen in D3KO
(Figure 7).

In WT, a nociceptive stimulus induces the release of DA and
endogenous opioids, including beta-endorphin, which prefer-
entially bind the D3 and MOR, respectively, and initiate sig-
naling cascades that inhibit cAMP production, resulting in the

FIGURE 6 | Protein expression levels of the dopamine D1 receptor in
lumbar spinal cord. (A) R-actin (top panels, red), D1R (middle panels,
green), and merged images of the 37-50 kDa band of interest (bottom
panels) of the same blot. Note that R-actin expression is similar in WT and
D3KO. In contrast, the D1R antibody recognizes a strong signal at the 42 kDa
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was used for the subsequent analysis. (B) The quantification of the 49 kDa
expression labeling, normalized to 3-actin expression, revealed a significant
increase in D1 receptor protein expression levels in D3KO (*p < 0.001).
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opening of K * channels or closing of Ca?t channels (Connor
and Christie, 1999; Connor et al., 1999; Williams et al., 2001)
thus decreasing the transmission of the nociceptive signal. MOR
binding is followed by GRK-mediated phosphorylation (Connor
et al., 2004; Gainetdinov et al., 2004; Garzon et al., 2005), and
BR-arrestin-mediated internalization (Bohn et al., 1999, 2000;
Ohsawa et al., 2003; Connor et al., 2004) of the receptor, followed
by recycling or de-phosphorylation and subsequent reinsertion
into the membrane. More recent evidence also demonstrates that
recovery from phosphorylation and desensitization can occur
on the cell membrane, without the need for endocytosis of the
receptor (Arttamangkul et al., 2006; Doll et al., 2011).

This intracellular overlap between the MOR and DA systems,
along with evidence that D1, but not D2 receptors are involved
in mediating the behavioral responses to morphine by acting to
recruit GRK and B-arrestin to the MOR (Urs et al., 2011) and
that blocking 3-arrestin expression has been shown to enhance
morphine-mediated analgesia (Li et al., 2009), has led to the
model proposed in Figure 7. According to our model, activation
of the D3 receptor leads in WT to a reduction of adenylate cyclase
(AC) activity, which will result in a reduction of cAMP levels
and decreased cAMP-mediated signaling, in a manner that is
synergistic to the MOR in response to its ligand. However, under
this scenario, D1 activation can also activate AC and compensate
for a D3- or MOR-mediated reduction in cAMP levels, thus
permitting a bi-directional modulation of cAMP-mediated
pathways. As D1 and D3 receptors often co-localize or form het-
erodimers in the brain (Karasinska et al., 2005; Fiorentini et al.,
2008, 2010; Marcellino et al., 2008; Beaulieu and Gainetdinov,
2011) and oppositely regulate cAMP/PKA-mediated second
messenger pathways, we postulate that, in D3KO, the dysfunction
of the D3 receptor prevents the D3-mediated block of AC, and
leaves D1 receptor actions unopposed. Under such circum-
stances, CAMP pathways might be continuously up-regulated,
and additional application of cAMP nucleotides might fail to
further increase cellular excitability. Further, activation of the
D1 receptor induces B-arrestin signaling complex formation,
in which B-arrestin acts as a scaffold for different kinases and
phosphatases (Beaulieu et al., 2005; Urs et al., 2011) which in
turn may lead to desensitization of receptors through G protein-
independent signaling mechanisms (Pierce and Lefkowitz, 2001;
Letkowitz and Shenoy, 2005) and increased pMOR levels. We
postulate that these changes to the second messenger systems,
either individually or in concert, can create the overly excitable
cellular state that is evidenced by decreased sensory thresholds
at baseline, and the resistance to the analgesic effects of the
opiates.

Taken together, our data reinforce the idea that changes in
the ability of opioids to provide analgesia can arise from a dys-
functional D3 receptor, as demonstrated using spinally-mediated
behaviors and reflex circuits, and that this unresponsiveness to
morphine can be induced acutely in the isolated spinal cord by
blocking the D3 receptor. Therefore, the D3KO mouse may be
a powerful tool with which to study the alterations to the MOR
second messenger-signaling cascade, to decipher the initial mech-
anisms that may underlie the waning of morphine effectiveness
over time.
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The spinal cord contains networks of neurons that can produce locomotor patterns. To
readily respond to environmental conditions, these networks must be flexible yet at the
same time robust. Neuromodulators play a key role in contributing to network flexibility in a
variety of invertebrate and vertebrate networks. For example, neuromodulators contribute
to altering intrinsic properties and synaptic weights that, in extreme cases, can lead to
neurons switching between networks. Here we focus on the role of dopamine in the
control of stepping networks in the spinal cord. We first review the role of dopamine in
modulating rhythmic activity in the stomatogastric ganglion (STG) and the leech, since work
from these preparations provides a foundation to understand its role in vertebrate systems.
We then move to a discussion of dopamine’s role in modulation of swimming in aquatic
species such as the larval xenopus, lamprey and zebrafish. The control of terrestrial walking
in vertebrates by dopamine is less studied and we review current evidence in mammals
with a focus on rodent species. We discuss data suggesting that the source of dopamine
within the spinal cord is mainly from the A11 area of the diencephalon, and then turn to a
discussion of dopamine’s role in modulating walking patterns from both in vivo and in vitro
preparations. Similar to the descending serotonergic system, the dopaminergic system
may serve as a potential target to promote recovery of locomotor function following spinal
cord injury (SCI); evidence suggests that dopaminergic agonists can promote recovery
of function following SCI. We discuss pharmacogenetic and optogenetic approaches that
could be deployed in SCI and their potential tractability. Throughout the review we draw
parallels with both noradrenergic and serotonergic modulatory effects on spinal cord
networks. In all likelihood, a complementary monoaminergic enhancement strategy should
be deployed following SCI.

Keywords: dopamine, monoamines, central pattern generator, locomotion, spinal cord

Neuromodulators are the key ingredient allowing motor networks
the flexibility to produce multiple patterns of output. When one
considers a task such as stepping, a number of patterns need
to be produced to run, walk, hop, go up and down inclines
and walk in a circular pattern. While we focus on stepping in
this review, neuromodulators contribute to the rhythmic opera-
tion of most, if not all, biological networks. A complete under-
standing of the role of neuromodulators in motor control must
take into account the combinatorial effects of the complement
of transmitters released both synaptically and extrasynaptically.
This is an immense challenge for the field of motor control,
especially when small invertebrate motor circuits are compared
directly with their larger, less accessible and more complex mam-
malian cousins. However, in the last decade new genetic tools
have become available that allow spinal circuits that compose a
motor network to be identified (Goulding, 2009). In addition,
the birth of optogenetics and pharmacogenetics has provided

advanced tools for activating and inactivating neuromodulatory
systems (Shapiro et al., 2012; Aston-Jones and Deisseroth, 2013).
Even with these new tools it will still be a challenge to exam-
ine and comprehend the combinatorial role of multiple neu-
rotransmitters, but the task is more tractable than it has been
historically.

Although many neuropeptides, hormones or monoamines can
modulate motor circuits, our review will focus on the role of
dopamine. Dopamine plays an important role in the activation
and modulation of the motor system across a wide range of
invertebrate and vertebrate species (Harris-Warrick et al., 1998;
Svensson et al., 2003; Puhl and Mesce, 2008; Miles and Sillar,
2011; Clemens et al., 2012; Lambert et al., 2012). In humans,
movement disorders such as Parkinson’s disease and Restless Leg
Syndrome provide prime examples of what can happen and how
debilitating it can be for the individual when the dopaminergic
system is compromised. Because of this, a large degree of effort has
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been focused on understanding the contribution and mechanisms
of supraspinal dopamine to motor control. Considerably less
attention has been paid towards the descending dopaminergic
projections to motor networks in the spinal cord compared
to the descending serotonergic and noradrenergic systems. We
will discuss and contrast current knowledge of the descend-
ing dopaminergic system with the descending serotonergic and
noradrenergic system in the control of locomotion in a vari-
ety of species, with particular focus on work conducted in the
rodent.

DOPAMINE’S ROLE IN LOCOMOTION

Across invertebrate and vertebrate species, dopamine has pro-
found and diverse effects on rhythmically active motor networks.
These actions are a result of a complex modulation of intrinsic cel-
lular properties and synaptic connectivity (for review see Harris-
Warrick et al., 1998). Remarkably, in some species dopamine
demonstrates the ability to reconfigure circuits or networks to
generate completely different motor behaviors (Puhl and Mesce,
2008; Crisp etal., 2012; Puhl et al., 2012). More recent studies have
highlighted the ability of dopamine to shape a motor network
during development, producing a change in motor behaviors
from immature to more mature adult-like behaviors (Lambert
et al., 2012). Furthermore, dopamine also possesses the capacity
to promote developmental and adult motor neurogenesis (Reimer
etal., 2013).

Early exploration of the role of catecholamines in locomotor
behaviors in the 1960’s determined that L-DOPA could modulate
reflex circuits and promote locomotor activity, although at the
time it was thought to be of noradrenergic origin (Jankowska
et al., 1967a,b; Grillner and Zangger, 1979). For many years,
L-DOPA was used to evoke locomotor activity in spinalized
cats. It was later demonstrated that L-DOPA could promote air
stepping in the neonatal rodent (Sickles et al., 1992; McCrea
et al., 1997; McEwen et al., 1997), an effect that is blocked
by both noradrenergic (Taylor et al.,, 1994) and dopaminergic
antagonists (Sickles et al., 1992). This work established that
catecholamines act on networks that generate locomotion. This
work was unclear on the individual effects of dopamine, or
the products of dopamine synthesis (noradrenaline) on loco-
motion and whether they were acting within the spinal cord.
Additional studies now suggest that noradrenaline and dopamine
both contribute to the control of locomotion in a different
way than the predominant spinal serotonergic system that con-
tributes to both evoking and modulating locomotor behav-
ior (Forssberg and Grillner, 1973; Kiehn et al., 1999; Whelan
et al,, 2000; Jordan et al., 2008; Humphreys and Whelan,
2012).

DOPAMINE’S ROLE IN RHYTHMICITY: INVERTEBRATES

Work from invertebrate species has largely influenced the way that
we view modulation of motor systems. For example, the stomato-
gastric nervous system is a well-defined series of interconnected
ganglia that controls the rhythmic filtering and chewing motor
patterns of the crab and lobster foregut. The effector ganglion,
specifically known as the stomatogastric ganglion (STG), con-
sists of 26-30 neurons that generate a pacemaker-driven higher

frequency pyloric rhythm and a conditionally active and lower
frequency gastric mill rhythm. Neuromodulation profoundly
reconfigures this small circuit, biasing individual neurons to par-
ticipate in the different motor behaviors. Within even the simplest
of nervous systems rhythmic behaviors are not hard-wired, and
neuromodulation imbues networks with the flexibility to generate
multiple patterns of motor output (Marder, 2012; Gutierrez et al.,
2013). Dopamine modulates every aspect of the pyloric cir-
cuit including intrinsic membrane properties such as I (Harris-
Warrick et al., 1995; Kloppenburg et al., 1999), I, (Peck et al.,
2006), Ican (Kadiri et al.,, 2011), Igcy) (Gruhn et al., 2005), the
strength and dynamics of graded and spike-dependent synaptic
transmission (Johnson and Harris-Warrick, 1990; Johnson et al.,
2005, 2011; Kvarta et al., 2012) and even properties of the axon
spike initiation zone itself (Bucher et al., 2003). It is pertinent to
acknowledge that dopamine produces concentration dependent
rhythms in both vertebrates and invertebrates (Clemens et al.,
2012) and therefore the state of the network can be affected
by neuromodulatory tone. Harris-Warrick and Johnson (2010)
have reviewed data demonstrating that dopamine can produce
opposing effects on multiple conductances in individual neurons
of the circuit. This complex modulation depends on the cell type,
but the central idea is that dopamine prevents (at least in the
STG) runaway modulation of the circuits. Less is known about
the role dopamine plays in the gastric mill rhythm. We still do
not fully understand the role of dopamine within this circuit;
a sobering realization considering the complexity of spinal cord
CPG circuits. What we can learn from work on invertebrates is
that a neuromodulator can have a strong influence on individual
cells, and even differential effects on individual cells in a circuit.
However, if we are to understand the overall modulation of motor
behavior we need to consider the combinatorial actions of many
neuromodulators on network function and not simply one in
isolation. There is another factor at play, namely that network
output often remain remarkably robust despite neuromodulatory
inputs. Furthermore, a change in network output pattern can
be elicited in multiple ways through degenerate mechanisms
(Gutierrez et al., 2013). This work is an important extension
of previous findings showing that a large number of solutions
exist even within a simple circuit for the production of a single
behavior (Prinz et al., 2004).

Work from the laboratory of Karen Mesce in the medicinal
leech (Hirudo Medicinalis) illustrates that dopamine has a pro-
found effect on locomotor behaviors, highlighting its ability to
bias the network toward a particular motor output or reinforce
an ongoing behavior. Specifically, dopamine acts as a command
signal to elicit crawling along with suppression of swimming
(Puhl and Mesce, 2008; Crisp et al., 2012; Puhl et al., 2012), and is
an excellent example of the ability of dopamine to bias locomotor
behavior (Crisp and Mesce, 2004). Dopamine has a similar effect
in nematodes (e.g., Caenorhabditis elegans) where it also acts to
bias locomotor activity to a crawl pattern of activity over swim-
ming (Vidal-Gadea et al., 2011). Similar to neuromodulation of
the STG, dopamine could be acting on overlapping populations
of neurons that are involved in two separate behaviors (Briggman
et al., 2005), biasing circuit configuration output toward one
output over the other.
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DOPAMINE’S ROLE IN LOCOMOTION: AQUATIC AND
AMPHIBIOUS SPECIES

In the lamprey, dopamine elicits a complex modulatory effect
on swimming behavior similar in some respects to rhythmi-
cally active motor behaviors of invertebrates. Spinal dopamine is
released from a number of sources including small cells located
around the central canal that send projections into the CSF of
the central canal (Ochi et al., 1979; McPherson and Kemnitz,
1994; Pierre et al., 1997), and also in a more ventrally-located
plexus of cells that co-release serotonin and interact with the
complex dendritic process of motor neurons (Schotland et al.,
1995). There are also descending dopaminergic projections from
the hypothalamus that may play a role in modulating spinal
networks, but their role with respect to locomotion is not well
understood (Barreiro-Iglesias et al., 2008). Therefore, the lam-
prey exhibits both intrinsic and extrinsic dopaminergic neu-
romodulation of spinal circuits. Because of the co-release of
locally-produced spinal dopamine and serotonin, their effect
will be discussed in parallel. When bath applied to the spinal
cord in vitro, serotonin reduces the frequency and increases the
amplitude of locomotor bursting activity in a dose dependant
manner (Harris-Warrick and Cohen, 1985), an effect that is
mediated by 5-HTa receptors and is readily reproduced in the
freely swimming animal (Kemnitz et al., 1995). These effects
are elicited by presynaptic inhibition of descending Muller cells
which would result in reduced descending excitation of locomotor
circuits (Buchanan and Grillner, 1991; Shupliakov et al., 1995).
In addition, serotonin also directly reduces the late afterhyper-
polarization (AHP) in motor neurons, lateral interneurons (van
Dongen et al., 1986), crossed caudal commissural interneurons
and giant interneurons (Wallén et al., 1989). Dopamine appears
to have more complex effects, whereby low concentrations (0.1-
10 pM) result in an increase in locomotor frequency, higher
concentrations (10-100 pM) slow the rhythm, and concen-
trations as high as 100 pM-1 mM can suppress the rhythm
(Harris-Warrick and Cohen, 1985; McPherson and Kemnitz,
1994; Schotland et al., 1995; Svensson et al., 2003). The increase
in locomotor frequency can be reproduced in freely swimming
animals (Kemnitz et al., 1995) and is believed to be mediated
by selective D, receptor mechanisms (McPherson and Kemnitz,
1994). It was initially proposed that this effect was exerted by
decreasing the calcium-dependant potassium channel (SK¢,) and
reducing the late component of the AHP in neurons such as
edge cells, dorsal cells and giant interneurons, although these cells
are not strong contributors to rhythmogenesis. It is more likely
that the influence on rhythm frequency is due to a reduction
in inhibitory drive from inhibitory commissural interneurons
(Kemnitz, 1997). Concentration dependent dopamine effects are
also observed in tadpoles, where effects on mainly D, receptors
were observed at low concentrations with D; effects emerging
when concentrations of dopamine were increased (Clemens et al.,
2012).

The slowing effect of dopamine on locomotor activity at
higher concentrations was unclear until recently, but is now
believed that it may be acting on convergent mechanisms
with that of 5-HT. Both 5-HT;s and D, receptors appear to

reduce post-inhibitory rebound (PIR) on inhibitory commissural
interneurons that generate left-right alternation of swimming by
reducing the calcium conductance through the CaV; 3 channel
(Hill et al., 2003; Wang et al., 2011). Assuming the organization
of a classical half center, the authors suggested that the reduc-
tion in PIR would decrease the efficiency of the transition from
inhibition to excitation, thus reducing the overall frequency of the
alternating pattern.

In contrast to the lamprey, spinal dopamine appears to have a
transient effect on swimming in the larval zebra fish with depres-
sive effects at 3 days post fertilization (dpf) becoming less potent
by 5 dpf (Thirumalai and Cline, 2008). Further work demon-
strates that dopamine contributes to the development and mat-
uration of locomotor networks in the spinal cord (Lambert et al.,
2012). The sole source of spinal dopamine in the zebrafish is the
Orthopedia (transcription factor, ofp) neurons of the midbrain
forming the dopaminergic diencephalospinal tract (DDT) that
send descending projections to the spinal cord (McLean and Sillar,
2004a,b). Otp transcription factors are conserved in mammalian
species and are expressed in the A1l dopaminergic neurons of
the mouse, and analogous areas of the zebrafish, which project to
the spinal cord (Ryu et al., 2007). In the zebrafish, it appears that
these neurons develop around 3 dpf and act on the Dy receptor
to reconfigure the locomotor network to generate a more mature
form of locomotor behavior; by 4 dpf the actions have switched,
from spontaneous swim episodes consisting of infrequent, long
duration bursts to frequent and short duration bursting episodes
of swimming (Lambert et al., 2012). Such a modification in
locomotor behavior is presumably critical for survival, as it would
allow the animal to engage in more active locomotor behaviors
associated with foraging whereas the immature form is more
directed toward the escape from larger predatory fish. More
recent investigation of the spinal dopaminergic system in the
zebrafish has demonstrated that the Dy, receptor also acts on
neural progenitor cells via sonic hedgehog signaling to promote
motor neuron generation over V2 interneurons during the first
24-48 h post fertilization; an effect that can be recapitulated to
promote neuronal regeneration following spinal cord injury (SCI;
Reimer et al., 2013). Dopamine does not work alone in shaping
the motor network during development. There is evidence that
the descending serotonergic system also plays an important role
in the development of a mature swimming pattern after the switch
occurs at 4 dpf (Brustein et al., 2003). This points to the possibility
that dopamine may play a role in promoting the network shift and
serotonin may play more of a role in the modulation of a more
mature network in the zebrafish. This is consistent with the idea
proposed from work in the STG whereby different monoamines
likely act simultaneously and rarely on their own.

More is known with respect to the monoaminergic modula-
tion of locomotor networks by serotonin in the Xenopus tadpole.
In the larval Xenopus, the modulatory role of serotonin on fictive
swimming activity is to increase burst duration and intensity with
no effect on cycle period, thus promoting a stronger swimming
pattern (Sillar et al., 1998). This is in contrast to the noradrenergic
system which acts to bias the motor output toward a lower
frequency and weaker bursting pattern of activity (Sillar et al.,
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1998). Similar to the lamprey (Wang et al., 2011), both serotonin
and noradrenaline modulate locomotor activity through converg-
ing mechanisms. However, in the Xenopus they influence the
strength of inhibitory post synaptic potentials evoked by glycin-
ergic commissural interneurons projecting to motor neurons via
modulation of presynaptic release of glycine from commissural
terminals (McDearmid et al., 1997). More specifically, serotonin
reduces release of glycine whereas noradrenaline increases glycine
release from these terminals onto motor neurons (McDearmid
et al., 1997). In the larval Xenopus locomotor network, dopamine
reduces locomotor activity via D,-like mechanisms at low con-
centrations (1-5 uM) and promotes locomotor activity at higher
concentrations (10-50 wM) via D;-like mechanisms (Clemens
et al., 2012). The precise neuronal populations being acted on
are unknown. The development of limbed locomotion in the frog
from swimming in the tadpole affords a unique opportunity to
study the developmental and potentially evolutionary reconfig-
uration of the neuronal networks mediating the two different,
yet similar, forms of locomotion. In the metamorphosing froglet,
with both immature limbs and a tail for swimming still intact,
both noradrenaline and serotonin bias locomotor network output
controlling either the tail or the developing legs. Specifically,
serotonin acts to slow rhythmic tail-associated swimming activity
and speeds up the limb-associated activity, whereas noradrenaline
will speed up tail-associated swimming activity and slow down
limb-associated activity. This provides yet another example of
opposing aminergic modulation of distinct spinal locomotor cir-
cuits and their functional coupling during amphibian metamor-
phosis (Rauscent et al., 2009). These are similar to modulatory
interactions influencing the pyloric and gastric mill rhythms in
the STG (Gutierrez et al., 2013) and expression of swimming and
crawling behaviors in the medicinal leech (Crisp and Mesce, 2004;
Puhl and Mesce, 2008).

BIOCHEMICAL AND NEUROANATOMICAL ASPECTS OF
DESCENDING DOPAMINERGIC SYSTEMS IN MAMMALS
Walking behavior in terrestrial legged mammals recruits up to 80
individual muscles. While the activity of all of them has not been
measured during walking, all indications are that each muscle
generates a uniquely patterned burst. This adds another layer of
complexity to aquatic based species by adding on components
of the network that produce not only left-right alternation but
also coordination of flexor and extensor muscles within limbs.
In mammalian systems, the role of dopamine in rhythmic motor
behaviors is less well understood. That said, data collected thus far
suggest a modulatory role qualitatively similar to that observed in
the lamprey.

CATECHOLAMINE-CONTAINING CELLS

Around the same time that the robust influence of monoamines
on long-latency flexor reflex afferents and their relationship
to half-center function was being discovered in mammalian
motor systems in the early 1960’ (Jankowska et al., 1967a,b;
Grillner and Zangger, 1979; Baker et al., 1984), nuclei of
serotonin and catecholamine-containing cells were described
in the mammalian midbrain and hindbrain. These findings
were largely based on approaches that utilized histochemical

staining against dopamine and noradrenaline (Carlsson et al.,
1962; Dahlstrom and Fuxe, 1964b), later using more modern
immunohistochemical approaches to detect the presence of the
enzyme tyrosine-hydroxylase (TH; Hokfelt et al., 1984b). Based
on such criteria, these cells were coined aminergic cells, or A-cells,
and permitted discrete nuclei to be identified and named Al-
A17 (Carlsson et al., 1962; Dahlstrom and Fuxe, 1964a; Hokfelt
et al., 1984a). Advances in immunohistochemical methods were
later used to identify cells that express other enzymes involved
in the synthesis of catecholamines such as aromatic amino acid
decarboxylase (AADC), dopamine-B-hydroxylase (DSH) and
phenylethanolamine-N-methyl-transferase (PNMT; Figure 1).
These developments allowed for further characterization between
the types of catecholamine-producing cells. The original view
that catecholamine-producing cell types consist of dopaminergic,
noradrenergic, and adrenergic classes has been expanded and

Tyrosine
| ™
L-DOPA

AADC
Dopamine

DpH

Noradrenaline
PNMT
‘Adrenaline

FIGURE 1 | The canonical catecholaminergic neuron is one that
generates dopamine, noradrenaline or adrenaline. Catecholamines are
synthesized from tyrosine through a series of biosynthetic steps
progressing from tyrosine hydroxylase (TH) producing L-DOPA, aromatic
amino acid decarboxylase (AADC) producing dopamine,
dopamine-B-hydroxylase (DBH) producing noradrenaline and
phenylethanolamine-N-methyl-transferase (PNMT) producing adrenaline.
These neurons also express the vesicular monoaminergic transporter
(VMAT2) to pump catecholamines into synaptic vesicles. A canonical
dopaminergic neuron will also express dopamine reuptake transporters
(DAT) and inhibitory D, autoreceptors to regulate presynaptic release of
dopamine. Post synaptic targets of dopamine include the excitatory D-like
and inhibitory D,-like receptors that act through G-protein second
messenger cascades, increasing and decreasing intracellular cAMP levels
respectively.
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there is evidence of enzymatic diversity within each class. For
example, some TH positive cells lack any enzymes for conversion
to traditional catecholamine neurons. Others have a portion,
but not all, of the enzymatic machinery. A prime example of
these cells are the D-cells which contain AADC but lack TH
and are situated around the central canal of the spinal cord
(Jaeger et al., 1983). They are similar in location and structure
to the dopamine-producing LC cells in the lamprey spinal cord
(Ochi et al., 1979; McPherson and Kemnitz, 1994; Pierre et al.,
1997) and the AADCT/TH™ D cells of the zebrafish spinal cord
(Chatelin et al., 2001). While the function of these cells is not
clear, the bottom line is that catecholaminergic phenotypes are
more complex than originally thought. Nevertheless, cells that
express TH, AADC and are DBH negative can still provide a good
indication that the cells may be dopaminergic whereas the DBH
positive cells could be either noradrenergic or adrenergic. Such
criteria permitted for the identification of nine major dopamin-
ergic nuclei in the brain (Bjorklund and Dunnett, 2007). The
canonical dopaminergic cell would also express machinery for
dopamine release such as a vesicular monoaminergic transporter
(VMAT?2) to pump dopamine into vesicles, a reuptake transporter
like the dopamine transporter (DAT) and a means of regulat-
ing release of dopamine such as presynaptic D, autoreceptors
(Ugrumov, 2009). It is important to note however that some
dopamine neurons differentially express D, autoreceptors. The
mechanisms of actions at the soma and terminals may also
be different (G protein-coupled inwardly-rectifying potassium
channel (GIRK) versus Kv1.2 respectively) and some TH™ neu-
rons may not even express them at all (Pappas et al., 2008;
Ford, 2014). Therefore, expression of D, autoreceptors may not
be a pre-requisite of a canonical dopamine cell, but may be
a common feature. In fact, diversity appears the rule rather
than the exception for catecholaminergic cell types (Ugrumov,
2009).

DESCENDING CATECHOLAMINERGIC PROJECTIONS

The predominant sources of spinal dopamine and noradrenaline
in mammals are the descending fibers projecting from the
dopaminergic A10 and A11 nuclei of the posterior hypothalamus
(Bjorklund and Skagerberg, 1979; Lindvall et al., 1983; Skagerberg
and Lindvall, 1985; Qu et al., 2006; Pappas et al., 2008), the
A13 of the dorsal hypothalamus (Blessing and Chalmers, 1979)
and the pontine noradrenergic A5, A6 (locus coeruleus) and A7
nuclei (Fritschy and Grzanna, 1990; Clark and Proudfit, 1991;
Bruinstroop et al., 2012). While these regions appear to be
conserved in many mammalian species including primates and
humans (Moore and Bloom, 1979; Barraud et al., 2010), we will
focus on these regions with emphasis on rodent anatomy as they
are best described in these species. The All is a small nucleus
in the posterior hypothalamus consisting of approximately 150—
300 neurons (Figure 2) and is the primary source of spinal
dopamine in mammalian species. A11 neurons are thought to
be L-DOPAergic based on the absence of AADC in non-human
primates, although the evidence in rodents is mixed (Barraud
et al., 2010). This suggests a possibility that L-DOPA release in
the spinal cord of the non-human primate could be converted
to dopamine by other cells using spinally located AADC such as
that present in the D cells near the central canal (Jaeger et al.,
1983). It appears that dopaminergic neurons in the A11 go against
what a canonical dopaminergic neuron would look like, since A11
neurons lack the reuptake transporter DAT (Lorang et al., 1994;
Ciliax et al., 1999) as well as D, auto-receptors (Pappas et al.,
2008). The lack of D, autoreceptors would presumably increase
release probability for dopamine as well as TH enzyme activity
(Kehr et al., 1972; Wolf and Roth, 1990; Benoit-Marand et al.,
2001; Ford, 2014). One possibility is that the A1l phenotype
serves as a compensatory adaptation given their few numbers in
order to prolong the release, and increase synthesis, of dopamine
to their targets in the ventral horn.

————

e

———me

A Dopamine Receptor Distribution in Mouse Lumbar Spinal Cord

D, Receptors D,Receptors  D,Receptors D,Receptors D,Receptors

1 PA]

FIGURE 2 | Descending dopaminergic fibres within the spinal
cord originate in the A11. (A) Dopamine acts on all five
dopamine receptors that are distributed non-uniformly through the
dorsal and ventral horns of the spinal cord (Adapted with

permission from Zhu et al, 2007). Descending noradrenergic fibres
originating in the A5, A6 and A7 nuclei of the pons innervate
the spinal cord. Schematic adapted with permission from Bjorklund
and Dunnett (2007).
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Although the A11 connectome is not well characterized, it has
been shown that the A11 receives inputs from a number of regions
including lateral septum, parabrachial nucleus, infralimbic cortex
and the bed nucleus of the striata terminalis (Abrahamson and
Moore, 2001; Qu et al., 2006). The A11 also receives inputs from
the suprachiasmatic nuclei (SCN), suggesting that A1l neurons
may be modulated in a circadian pattern (Zhao et al., 2007). There
is evidence that this might be the case as the expression of the
rate limiting enzyme TH is modulated in a circadian pattern,
generating high levels of spinal dopamine during awake periods
(Hammar et al., 2004). It has also been suggested that AADC
is expressed in a circadian pattern, which may also describe the
variable findings to date (Bjérklund and Dunnett, 2007; Barraud
et al., 2010).

The best characterized of the All efferent projections are
the descending axons that travel through the dorsal longitudinal
fasciculus of Schutz, located in the periaqueductal gray, and
descend unilaterally through the dorsolateral funiculus into the
superficial dorsal horn. A small number of axons also descend
in the regions around the central canal and into the ventral
horn (Bjorklund and Skagerberg, 1979; Commissiong et al., 1979;
Skagerberg and Lindvall, 1985), with higher densities in the
lumbar region relative to the thoracic regions (Pappas et al.,
2008). Several examples have been provided by Pappas et al.
(2008, 2010), indicating sexual dimorphism of the descending
All system whereby males have a greater number of dopamin-
ergic neurons and a higher density of descending fibers with no
apparent difference in dopamine metabolism (Pappas et al., 2008,
2010). Overall, it has been suggested that this dimorphism, which
is androgen-dependant (Pappas et al., 2010), may contribute to
the higher female prevalence of restless leg syndrome, a motor
disorder associated with impairments in the spinal dopaminergic
system (Pappas et al., 2008). To better understand how the A11
exerts its influence on locomotor behavior, the connectivity of
the A11 with other locomotor-related regions in the brain needs
to be established. In addition to the spinal cord, A1l neurons
project collaterals to the dorsal raphe nucleus and the prefrontal
cortex (Peyron et al.,, 1995). It is possible that other targets are
likely.

In parallel to A11 projections, noradrenergic fibers of the A5,
A6 and A7 travel through the lateral and ventral funiculi and
dorsal surface of the dorsal horn. A particularly high density of
fibers from the A5 can be found in the lateral region, A6 in the
dorsal and ventral regions and A7 mainly in the lateral region.
Previously the termination sites of descending noradrenergic pro-
jections were controversial (Fritschy and Grzanna, 1990; Clark
and Proudfit, 1991). More recent transgenic approaches have
revealed that the A5 regions provides the densest innervation of
the thoracic sympathetic preganglionic neurons, A6 densest in the
dorsal horn at all levels of the spinal cord and the A7 densest in
the ventral horn at all levels of the spinal cord (Bruinstroop et al.,
2012). Such an organization would suggest that the A5 nucleus
would exert more of an influence over autonomic functions, A6
over modulation of sensory input and A7 to motor function.
Interestingly, in regards to dopamine innervation of the spinal
cord, there is also a clear autonomic innervation of the interme-
diolateral nucleus of the spinal cord from the A11. Together with

noradrenaline this suggests multiple effects of catecholamines on
most inputs and outputs of the spinal cord.

Both descending dopaminergic and noradrenergic projections
to the spinal cord share similarities in terms of fiber distribu-
tion and points of innervation within the gray matter of the
spinal cord, but there are differences in terms of fiber den-
sity. Dopaminergic fibers appear to develop slower than nora-
drenergic fibers. Noradrenergic fiber density appears to peak
at 14 days after birth with some pruning taking place up to
early adulthood. On the other hand dopamine fiber development
occurs slowly throughout development in the spinal cord, peak-
ing at early adulthood (Commissiong, 1983). Generally speak-
ing, the descending fibers heavily innervate the dorsal horns
where catecholaminergic influence is exerted via diffuse paracrine
release, whereas relatively less innervation of the ventral horn
is reported, specifically in lamina IX where direct synaptic con-
nections are made on medium to large dendrites with few axo-
somatic synapses of motor neurons (Yoshida and Tanaka, 1988;
Rajaofetra et al., 1992; Ridet et al., 1992). Much more is known
about the nature of synaptic interaction of motor neurons by the
descending noradrenergic and serotonergic fibers. Noradrenergic
and serotonergic input to motor neuron pools have typically
been described as diffuse (Heckman et al., 2008; Johnson and
Heckman, 2010); however, recently the nature of synaptic targets
was further described for noradrenergic and serotonergic neurons
in cat splenius motor neurons (Montague et al., 2013) and appear
to be concentrated on small diameter distal dendrites of motor
neurons with few located on somal targets. This distribution
implies compartmentalization of synaptic contacts, which has
also been suggested as playing an important role in regulating
the input-output properties of motor neurons (Montague et al.,
2013).

TARGETS OF SPINAL DOPAMINE

Dopamine receptors are G-protein coupled receptors and are
divided into two subfamilies; the D;-like receptors (D; and Ds)
and the D;-like receptors (D,, D3, and Dy). Generally, activation
of the D -like receptor subfamily elicits excitatory effects through
a stimulatory G-protein (Gy,) interacting with adenyl cyclase,
subsequently increasing intracellular cAMP levels. In contrast,
activation of the D;- receptor subfamily hyperpolarizes the cell
membrane through an inhibitory G-protein (Gjy) to close cal-
cium channels, open potassium channels and reduce intracellular
cAMP levels (Missale et al., 1998). In the rodent, dopamine
released from terminals in the lumbar spinal cord can act on
all five dopamine receptors (D;—Ds; Figure 2) which are non-
uniformly distributed across the transverse lumbar spinal cord
(Zhu et al., 2007). Similar to other monoamines, the distribu-
tion of receptors is species dependent (Barraud et al., 2010)
and their density is likely also developmentally regulated as
dopaminergic receptors are in other areas of the brain (Tarazi
and Baldessarini, 2000). Little is known in respect of the ros-
trocaudal distribution but higher levels of dopamine are found
in cervical, opposed to lumbar, segments of the spinal cord
(Karoum et al., 1981). In the juvenile mouse, D,-like recep-
tor subtypes are strongly expressed in lamina I-III of the dor-
sal horn with the predominant subtype being the D3 receptor
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(Levant and McCarson, 2001). This distribution has been sug-
gested to mediate dopamine’s anti-nociceptive effects. D;-like
receptors are most strongly expressed in the ventral horn where
the motor circuits reside with motor neurons in particular,
expressing all five receptor types (Zhu et al, 2007). While
in situ hybridization techniques have been able to describe
the location in the spinal cord where dopamine receptors
are expressed, what remains unknown is whether receptors
are compartmentalized within different regions of the identi-
fied neurons such as is the case for noradrenergic and sero-
tonergic receptors in cat motor neurons (Montague et al,
2013). These factors could contribute to complex modulation
of motor neuron input-output properties and network-based
effects reflected by dopamine’s complex effects on locomotor
activity. More recently, when the non-human primate spinal
cord was examined for dopaminergic expression, a different
distribution pattern from rodents was observed. Specifically, no
evidence for D; mRNA was observed anywhere in the spinal cord,
although Ds mRNA was found in the dorsal horn. Overall there
appears to be a dorsal horn emphasis for dopamine expression
in non-human primates compared to rodents (Barraud et al.,
2010).

FUNCTIONAL EFFECTS OF SPINAL DOPAMINE ON
LOCOMOTOR NETWORKS

Descending catecholamine release has been observed during loco-
motion (Gerin et al., 1995; Gerin and Privat, 1998) and both
dopamine and noradrenaline are capable of promoting locomo-
tion when exogenously introduced to the intact animal (Barbeau
and Rossignol, 1991, 1994; Rossignol et al., 1998). That said, a
large amount of what we know about the influence of dopamine
on the spinal locomotor networks has been derived from in
vitro investigations of fictive locomotor activity of the neonatal
rodent spinal cord studied in isolation (Whelan et al., 2000;
Barriere et al., 2004; Gordon and Whelan, 2006; Humphreys and
Whelan, 2012; Christie and Whelan, 2005). Unlike serotonin,
which is a potent activator of the locomotor central pattern
generator (CPG) network across a variety of mammalian species
(Harris-Warrick and Cohen, 1985; Schmidt and Jordan, 2000;
Madriaga et al., 2004; Liu and Jordan, 2005; Gabriel et al., 2009),
dopamine alone can elicit fictive locomotor activity in the rat
(Kiehn and Kjaerulff, 1996; Barriere et al., 2004, but not in the
mouse, although D; agonists alone appear to be sufficient for
locomotion (Sharples et al., 2013). Bath application of dopamine
on its own is sufficient to evoke rhythmic motor activity. How-
ever, the low frequency rhythm does not resemble a functional
locomotor pattern characterized by left-right and flexor-extensor
alternation (Sqalli-Houssaini and Cazalets, 2000; Figure 3). The
differential observations with respect to the ability of dopamine
and D, agonists to evoke locomotor activity are not yet clear. One
possibility is that non-specific binding of dopamine to both D -
like and D;-like receptor subtypes may act to suppress the full
expression of locomotor activity. Noradrenaline does not appear
to be capable of eliciting stable locomotor activity in either the
isolated rat or mouse spinal cord (Kiehn et al., 1999; Sqalli-
Houssaini and Cazalets, 2000). The reasons for the differences
between rat and mice in the case of dopamine are unknown but,

in the cases where locomotor activity cannot be produced, these
two catecholamines generally elicit robust modulatory effects
on the lumbar networks (Kiehn et al., 1999; Sqalli-Houssaini
and Cazalets, 2000; Gordon and Whelan, 2006; Humphreys and
Whelan, 2012).

The behavior of the catecholamines on mammalian motor
rhythms should not be surprising in the context of what has been
described in the STG where, in all likelihood, neuromodulators
influence rhythmic motor behaviors in parallel and rarely in
isolation (Marder, 2012). This combinatorial neuromodulation is
more evident when ongoing locomotor activity elicited by sero-
tonin and NMA/NMDA is examined where both dopamine and
noradrenaline reduce the frequency of the rhythm and increase
burst amplitude, resulting in an overall more robust rhythm
(Kiehn and Kjaerulff, 1996; Sqalli-Houssaini and Cazalets, 2000,
Barriere et al., 2004; Gordon and Whelan, 2006; Humphreys and
Whelan, 2012). In other words, these two catecholamines may
be promoting ongoing locomotor activity and these qualities are
often exploited by incorporating dopamine into the “locomotor
cocktail” to elicit robust locomotor activity in investigations that
deploy in vitro isolated spinal cord models (Whelan et al., 2000).

While neurochemical activation of neonatal locomotor circuits
has provided a great amount of insight into the function of
locomotor circuits, studies that use models that allow for activa-
tion of endogenous neuromodulators are few. In particular, the
generation of new models is lacking that allow activation of in
vitro circuits by direct stimulation of supraspinal nuclei. While
these types of studies have been published for serotonin through
stimulation of the parapyramidal region of the medulla (Liu and
Jordan, 2005), comparable studies have not been performed for
catecholamine systems. Furthermore, in vivo and developmental
studies are required to establish whether dopamine release onto
spinal circuits is necessary for locomotor activity. This is especially
true in neonatal rodents where monoaminergic innervation takes
place over 3 weeks following birth (Commissiong, 1983; Bregman,
1987; Rajaofetra et al., 1989).

The receptor mechanisms that mediate the network-based
effects of dopamine on locomotor activity are not fully under-
stood. It is likely that dopamine is acting to promote locomotor
activity through excitatory influences of D;-like receptors in
rodents, whereas the slowing effect on fictive locomotor frequency
is through inhibitory D,-like receptor mechanisms. Indeed, there
is consistent evidence across adult and neonatal preparations
that the D;-like receptor subfamily promotes locomotor activity
(Barriere et al., 2004; Lapointe and Guertin, 2008; Lapointe et al.,
2009). In contrast, much less is known regarding the role of
D,-like receptors in the control of locomotion (Barriere et al.,
2004) despite their presence in the ventral horn (Zhu et al., 2007).
Activation of the D,-like receptor subfamily suppresses recurrent
excitatory feedback to the locomotor network, most likely via
presynaptic mechanisms (Maitra et al., 1993; Humphreys and
Whelan, 2012), but the functional role in the modulation of
rhythmically active motor circuits in the mammalian spinal cord
remains elusive. Further dissection of these receptor mechanisms
requires examination of the dopaminergic influence of individual
spinal reflex circuits and known components of the spinal
locomotor network. Dopamine does elicit potent effects on spinal
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FIGURE 3 | Dopaminergic modulation of spinal CPG activity. (A) pre-existing rhythm (box 2 and 3). Rhythm frequency is displayed

on the y-axis and rhythm power displayed as warm or cool colors
with  warmer colors representing higher power or more stable
rhythm. Dopamine also increases burst amplitude (Ei and Eii). (Ei)
Graph displays an increase in burst amplitude over a 10 min
period immediately following the addition of dopamine and (Eii)
shows an average L2 neurogram burst from a representative
experiment with bursts evoked by 5-HT and NMA (black) and
following addition of dopamine (red) (Adapted from Humphreys and
Whelan, 2012).

sensorimotor reflex circuits and has been an area of interest
in the context of restless leg syndrome (Carp and Anderson,

1982; Jensen and Yaksh, 1984; Tamae et al., 2005; Barriere et al.,
2008; Keeler et al., 2012). D3 receptor suppression of primary
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afferent input to the dorsal horn has been suggested to mediate
dopaminergic suppression of the monosynaptic reflex (Hammar
et al., 2004) and has been implicated with restless leg syndrome
given that D3 receptor agonists exert potent therapeutic effects
at alleviating motor hyperactivity (Manconi et al., 2011). D,-
mediated inhibition of primary afferents and post synaptic
neurons in the substantia gelatinosa (Tamae et al., 2005) have
been suggested to be anti-nociceptive acting at the dorsal horn;
an influence that would work in parallel to excitation of motor
circuits to promote motor function. What is not well understood
is how dopamine may modulate proprioceptive inputs to spinal
cord locomotor circuits. In work by Jankowska on the cat, nora-
drenergic and serotonergic modulation is complex and consists
of both excitatory and inhibitory components onto commissural
interneurons (Hammar et al., 2004). Similar heterogeneity of
dopamine actions is likely but remains underexplored. What
is known is that L-DOPA, whether exerting its effect through
dopaminergic or noradrenergic systems, modulates afferent reflex
circuits by shutting down short latency reflexes and opening up
long latency reflexes (Jankowska et al., 1967a,b). This classic work
by Anders Lundberg and colleagues showed systemic injection
of L-DOPA could reveal an interneuronal network that could
result in flexor-extensor alternating movements when flexor and
extensor afferents were stimulated simultaneously. This was taken
as cellular evidence for Graham-Brown’s half-center concept
(Graham-Brown, 1911; Stuart and Hultborn, 2008).

Dopamine has also been shown to modulate synaptic
connectivity and intrinsic properties of some known components
of the locomotor network (Han et al., 2007; Han and
Whelan, 2009). The ability of dopamine to promote ongoing
locomotor activity may be due to combined effects exerted on
motor neurons, premotor interneurons and Hb9-expressing
interneurons that participate at all levels of the spinal locomotor
network (Figure 4; Han et al., 2007; Han and Whelan, 2009).
In the neonatal mouse, dopamine acts to depolarize motor
neurons as well as premotor interneurons that project through
the ventrolateral funiculus (Han et al., 2007 Figure 4A). It
appears that dopamine is a necessary component to evoke stable
rhythmic bursting activity in classes of genetically identified
spinal interneurons (Hb9 cells; Hinckley et al., 2005; Wilson
et al., 2005) when introduced with 5-HT and NMDA but is not
sufficient to do so on its own (Han et al., 2007); however, other
studies suggest that NMDA alone is sufficient (Masino et al.,
2012). Dopamine also increases the excitability of motor neurons
by reducing the potassium currents I and SK,, but the receptor
mechanisms mediating this effect are not known (Figure 4;
Han et al., 2007). In addition, dopamine increases synaptic
AMPA currents onto motor neurons via D;-like receptor-PKA
mechanisms and is analogous to findings in embryonic chick
motor neurons mediated by increases in kainite-gated channels
(Smith et al.,, 1995). Together, the combination of increased
intrinsic excitability and excitatory synaptic input to motor
neurons facilitate motor output; however, it remains unclear why
dopamine alone might not be sufficient to evoke locomotor like
activity. While these studies are instructive they have only begun
to scratch the surface of the function of catecholamines in vivo.

TARGETING MONOAMINERGIC SYSTEMS POST SCI TO
PROMOTE RECOVERY

Motor impairment is particularly prominent following SCI when
the influence from descending serotonergic, noradrenergic and
dopaminergic inputs to the lumbar cord are lost or compromised.
A number of approaches have been tested experimentally and
clinically to promote recovery of motor function following injury
and include promoting regeneration of damaged tracts (Hellal
et al., 2011), reducing inflammation and subsequent secondary
injury (Rowland et al., 2008; Kwon et al., 2011), and promoting
plasticity within the spinal motor networks (Boulenguez and
Vinay, 2009; Fong et al., 2009; Rossignol and Frigon, 2011).
Because monoamines are potent activators of motor networks,
they may serve as a suitable target for exciting and promoting
recovery following an insult (Rémy-Néris et al., 1999).

Direct application of dopamine or noradrenaline is poten-
tially a useful approach however both would need to be applied
intrathecally to spinal segments. For these reasons either agonists
or antagonists of catecholamine receptors that can cross the blood
brain barrier have been investigated. In chronic spinalized cats,
administration of an a, agonist, clonidine, was able to elicit
walking in acute spinal cats and promote recovery of function
in chronic spinal animals (Forssberg and Grillner, 1973; Barbeau
and Rossignol, 1987; Chau et al., 1998), but had the opposite
effect in spinalized rats (Musienko et al., 2011). In spinalized mice,
locomotor movements were elicited following administration of
agonists affecting the D; receptor system (Lapointe et al., 2009),
and recent work demonstrates that administration of the D, ago-
nist quinpirole can stabilize gait and facilitate flexion. From these
studies we can conclude that dopaminergic agonists potentiate
stepping with D; agonists in particular boosting extensor activity
and weight-bearing support (Lapointe et al., 2009; Musienko
etal., 2011). These data support findings of generalized excitation
of motor neurons (Han et al., 2007; Han and Whelan, 2009),
and stabilization of motor patterns with dopamine using in vitro
mouse (Jiang et al., 1999; Whelan et al., 2000; Madriaga et al.,
2004; Humphreys and Whelan, 2012) or rat (Barriere et al., 2004)
preparations. Courtine and colleagues (Musienko et al., 2011)
have recently shown that combinations of monoamines includ-
ing agonists for 5-HT;s, 5-HT,4, D; and antagonists for NA
(a2) were particularly successful in producing locomotion that
resembled normal stepping in spinalized rats, supported by data
from in vitro preparations (Madriaga et al., 2004). A cautionary
note is that tuning of these monoaminergic combinations will
likely need to be performed before translation to humans in
a non-human primate where the receptor expression resembles
humans (Barraud et al., 2010). A final note on this topic is
that there is evidence that monoamine receptors (5-HT,¢) are
constitutively expressed for months following a SCI in rodents
and upregulation of these receptors may contribute to functional
improvement in locomotion following injury (Murray et al.,
2010). It is not known whether catecholaminergic receptors could
contribute in a similar manner but dopamine Ds receptors do
show high constitutive activity (Demchyshyn et al., 2000). Ds
receptors are known to be constitutively active in the rat subtha-
lamic nucleus after 6-OHDA treatment of the medial forebrain
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indicated by an increase in the slope of the frequency-current relationship (Bi
and Bii). This effect is in part mediated by a reduction in |5 and SKc,
conductances. Dopamine also increases AMPA conductances (Ci and Cii) via
a D-like receptor mechanisms (Adapted with permission from Han and
Whelan, 2009). Dopamine reduces recurrent excitatory feedback to the
locomotor CPG (Humphreys and \Whelan, 2012) and Renshaw cells via D;-like
receptor mechanisms (Maitra et al., 1993). A summary of all these effects are
depicted in panel (D).

bundle. D5 receptors are expressed in the spinal cord and this
remains a possibility for intervention (Chetrit et al., 2013). In this
regard, an early report of increased dopamine receptor dependent
adenyl cyclase following SCI may be relevant (Gentleman et al.,
1981).

Another approach is using L-DOPA that is converted to
dopamine and noradrenaline in catecholamine axon terminals
and within D cells in the spinal cord. Even though descending
catecholamine axons tend to degenerate following injury, D-cells
may compensate by upregulating AADC (Jaeger et al., 1983; Li
et al., 2014). In spinalized mice, administration of L-DOPA and
buspirone (dopamine and 5-HT partial agonist) combined with
apomorphine reliably elicited locomotor activity in mice with
a complete spinal transection (Guertin et al., 2011). Work in
decerebrate rats suggests that L-DOPA activation of locomotion
is dopamine receptor dependent (Sickles et al., 1992; McCrea
et al., 1997). In terms of translation, Maric et al. (2008) showed

that oral administration of L-DOPA did not produce any observ-
able change in locomotor recovery following SCI. It is not clear
why L-DOPA may have proven ineffective but it is likely that a
combination of multiple catecholaminergic agonists will need to
be developed for humans in combination with other therapies.
In this regard, the use of embryonic cells from the dopamin-
ergic ventral tegmental region may also be a useful strategy,
similar to approaches that have used embryonic noradrenergic
locus coeruleus (Commissiong, 1984) or serotonergic raphe cells
implanted into the injury site (Majczynski et al., 2005; Boido et al.,
2009).

It is useful to consider new genetic approaches that target
monoaminergic sites. The field of optogenetics has developed
methods to target classes of cells such that they can be excited
or inhibited with light. This is accomplished by the insertion
of light sensitive cation channels (e.g., Channelrhodopsin-2)
for activation or proton pumps (e.g., archaerhodopsins) for
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Lesion Site

Stimulation of DA (A11), 5-HT (Raphe)
or NA (Locus Coeruleus) nuclei (via
DREADD or Optogenetics)

FIGURE 5 | Recovery of motor function following spinal cord injury may
be facilitated using combinatorial therapies to promote plasticity within
motor networks. This could be accomplished by targeting monoaminergic
systems through the activation of descending brain nuclei using optogenetic
or pharmacogenetic approaches, implantation of fetal or embryonic cells from
the dopaminergic ventral tegmental area, noradrenergic locus coeruleus or

Fetal/ Embryonic 5-HT, NA or DA

Systemic Administration
of L-DOPA

+ Rehabilitation - Secondary Injury + Promotion of Regeneration

cells
Intrathecal Administration

of Catecholamines

= Recovery of Motor Function

serotonergic raphe nucleus caudal to the site of injury, intrathecal injection of
catecholamines and systemic injection of L-DOPA. While these approaches
may not be optimal in isolation, they may serve as an effective
complementary treatment with rehabilitation and other therapies to reduce
secondary injury and promote regeneration of damaged descending tracts to
promote the recovery of motor function.

silencing of neuronal activity that can be expressed based on
cell-specific transcription factors or promoter regions (for review
see: Aston-Jones and Deisseroth, 2013). The use of pharmacoge-
netics which make use of engineered receptors that respond to
non-endogenous ligands could address difficulties of translation,
as optogenetic approaches require light fibers to be implanted
and would most likely need to cover multiple cord segments.
In addition, these non-endogenous ligands can be introduced
intravenously, intraperitoneally or orally (for review see: Lee
et al., 2014). The most commonly utilized form of this technol-
ogy are the designer receptors exclusively activated by designer
drugs (DREADDS), which are modified metabotropic mus-
carinic receptors that respond to the non-endogenous ligand
clozapine-N-oxide (CNO). Similar to optogenetic approaches,
these receptors can be inserted into specific cell types under
transcriptional control of cell-specific genes. Neuronal activity
can be facilitated through insertion of the hm3 receptor form or
silenced by insertion of the hm4 receptor form (Shapiro et al.,
2012) by administration of CNO. This approach is considerably
simpler than optogenetics, since hardware need not be installed
and the CNO can be administered systemically. Following admin-
istration of the CNO, effects can be observed within tens of
minutes and can last for hours. The next day the CNO will be
metabolized and one can then repeat the experimental protocol.
Using this approach one can target supraspinal nuclei containing
monoaminergic cells in patients with incomplete SCI or direct
activation of spinal circuits (Figure 5). This approach has promise
since it allows for the remote activation of targets by administering

artificial ligands that bind selectively to the artificial receptors tar-
geted to the monoaminergic nucleus of interest. Other approaches
to consider are the use of OptoXRs which activate similar cAMP
processes as native o, receptors (Airan et al., 2009). The OptoXR
approach is light activated at the moment, but offers the oppor-
tunity to selectively upregulate o, receptors in motor neurons for
example. This technique would directly target second messenger
pathways in targeted cells. In all likelihood, a combination of
supraspinal plus spinal activation and inactivation strategies will
need to be deployed to achieve optimal results. In most cases men-
tioned the tools used combine Cre-driver mice lines coupled with
floxxed viral vectors. However, if translation is a consideration
then it should be noted that delivery of DREADDs, opsins, and
optoXRs can be delivered using a viral vector with a cell specific
synthetic promoter. For example, viral vectors with a TH synthetic
promoter have been designed to trace dopamine neuron pathways
(Ohetal., 2009). This proof-of-principle shows that this approach
could be used in different species including, over the long-term,
humans.

CONCLUSIONS
This review has focused on the role of dopamine in modu-
lating locomotor centers in the spinal cord. Our knowledge of
dopamine’s contribution to monoaminergic locomotor drive in
mammals is in its infancy. However, parallels to other vertebrate
systems, such as the lamprey, clearly exist.

Tools to specifically target dopaminergic and other
monoaminergic descending populations now exist. Data from
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behaving animals suggests that while monoamines generally act
to increase tone, they can act to promote specific patterns on their
own. While the temptation is to examine each monoaminergic
system in isolation, it will be necessary to examine combinatorial
actions to start to understand the state-dependent role of
monoamines in the freely moving animal.

ACKNOWLEDGMENTS

We would like to acknowledge support from the Natural Sciences
and Engineering Research Council of Canada and the Canadian
Institutes of Health Research. We also acknowledge technical
assistance provided by Ms. Jillian Ejdrygiewicz.

REFERENCES

Abrahamson, E. E., and Moore, R. Y. (2001). The posterior hypothalamic area:
chemoarchitecture and afferent connections. Brain Res. 889, 1-22. doi: 10.
1016/50006-8993(00)03015-8

Airan, R. D., Thompson, K. R., Fenno, L. E., Bernstein, H., and Deisseroth, K.
(2009). Temporally precise in vivo control of intracellular signalling. Nature 458,
1025-1029. doi: 10.1038/nature07926

Aston-Jones, G., and Deisseroth, K. (2013). Recent advances in optogenetics and
pharmacogenetics. Brain Res. 1511, 1-5. doi: 10.1016/j.brainres.2013.01.026

Baker, L. L., Chandler, S. H., and Goldberg, L. J. (1984). L-dopa-induced
locomotor-like activity in ankle flexor and extensor nerves of chronic and acute
spinal cats. Exp. Neurol. 86, 515-526. doi: 10.1016/0014-4886(84)90086-4

Barbeau, H., and Rossignol, S. (1987). Recovery of locomotion after chronic
spinalization in the adult cat. Brain Res. 412, 84-95. doi: 10.1016/0006-
8993(87)91442-9

Barbeau, H., and Rossignol, S. (1991). Initiation and modulation of the
locomotor pattern in the adult chronic spinal cat by noradrenergic, seroton-
ergic and dopaminergic drugs. Brain Res. 546, 250-260. doi: 10.1016/0006-
8993(91)91489-n

Barbeau, H., and Rossignol, S. (1994). Enhancement of locomotor recovery fol-
lowing spinal cord injury. Curr. Opin. Neurobiol. 7, 517-524. doi: 10.1097/
00019052-199412000-00008

Barraud, Q., Obeid, I, Aubert, I, Barriere, G., Contamin, H., Mcguire, S.,
et al. (2010). Neuroanatomical study of the All diencephalospinal pathway
in the non-human primate. PLoS One 5:¢13306. doi: 10.1371/journal.pone.
0013306

Barreiro-Iglesias, A., Villar-Cervifio, V., Anadén, R., and Rodicio, M. C. (2008).
Descending brain-spinal cord projections in a primitive vertebrate, the lamprey:
cerebrospinal fluid-contacting and dopaminergic neurons. J. Comp. Neurol. 511,
711-723. doi: 10.1002/cne.21863

Barriere, G., Leblond, H., Provencher, J., and Rossignol, S. (2008). Prominent role
of the spinal central pattern generator in the recovery of locomotion after partial
spinal cord injuries. J. Neurosci. 28, 3976-3987. doi: 10.1523/jneurosci.5692-07.
2008

Barriere, G., Mellen, N., and Cazalets, J.-R. (2004). Neuromodulation of the
locomotor network by dopamine in the isolated spinal cord of newborn rat.
Eur. J. Neurosci. 19, 1325-1335. doi: 10.1111/j.1460-9568.2004.03210.x

Benoit-Marand, M., Borrelli, E., and Gonon, E. (2001). Inhibition of dopamine
release via presynaptic D2 receptors: time course and functional characteristics
in vivo. J. Neurosci. 21, 9134-9141.

Bjorklund, A., and Dunnett, S. B. (2007). Dopamine neuron systems in the brain:
an update. Trends Neurosci. 30, 194-202. doi: 10.1016/j.tins.2007.03.006

Bjorklund, A., and Skagerberg, G. (1979). Evidence for a major spinal cord
projection from the diencephalic A11 dopamine cell group in the rat using
transmitter-specific fluorescent retrograde tracing. Brain Res. 177, 170-175.
doi: 10.1016/0006-8993(79)90927-2

Blessing, W. W,, and Chalmers, J. P. (1979). Direct projection of catecholamine
(presumably dopamine)-containing neurons from hypothalamus to spinal cord.
Neurosci. Lett. 11, 35-40. doi: 10.1016/0304-3940(79)90052-1

Boido, M., Rupa, R., Garbossa, D., Fontanella, M., Ducati, A., and Vercelli, A.
(2009). Embryonic and adult stem cells promote raphespinal axon outgrowth

and improve functional outcome following spinal hemisection in mice. Eur. J.
Neurosci. 30, 833-846. doi: 10.1111/j.1460-9568.2009.06879.x

Boulenguez, P, and Vinay, L. (2009). Strategies to restore motor functions after
spinal cord injury. Curr. Opin. Neurobiol. 19, 587-600. doi: 10.1016/j.conb.2009.
10.005

Bregman, B. S. (1987). Development of serotonin immunoreactivity in the rat
spinal cord and its plasticity after neonatal spinal cord lesions. Brain Res. 431,
245-263. doi: 10.1016/0165-3806(87)90213-6

Briggman, K. L., Abarbanel, H. D. I, and Kristan, W. B. (2005). Optical imaging
of neuronal populations during decision-making. Science 307, 896-901. doi: 10.
1126/science.1103736

Bruinstroop, E., Cano, G., Vanderhorst, V. G. J. M., Cavalcante, J. C., Wirth, J., Sena-
Esteves, M., et al. (2012). Spinal projections of the A5, A6 (locus coeruleus) and
A7 noradrenergic cell groups in rats. J. Comp. Neurol. 520, 1985-2001. doi: 10.
1002/cne.23024

Brustein, E., Saint-Amant, L., Buss, R. R., Chong, M., McDearmid, J. R., and
Drapeau, P. (2003). Steps during the development of the zebrafish locomotor
network. J. Physiol. Paris 97, 77-86. doi: 10.1016/j.jphysparis.2003.10.009

Buchanan, J. T., and Grillner, S. (1991). 5-Hydroxytryptamine depresses retic-
ulospinal excitatory postsynaptic potentials in motoneurons of the lamprey.
Neurosci. Lett. 122, 71-74. doi: 10.1016/0304-3940(91)90196-z

Bucher, D., Thirumalai, V., and Marder, E. (2003). Axonal dopamine receptors acti-
vate peripheral spike initiation in a stomatogastric motor neuron. J. Neurosci. 23,
6866—6875.

Carlsson, A., Falck, B., and Hillarp, N. A. (1962). Cellular localization of brain
monoamines. Acta Physiol. Scand. Suppl. 56, 1-28.

Carp, J. S., and Anderson, R. J. (1982). Dopamine receptor-mediated depression of
spinal monosynaptic transmission. Brain Res. 242, 247-254. doi: 10.1016/0006-
8993(82)90307-9

Chatelin, S., Wehrlé, R., Mercier, P., Morello, D., Sotelo, C., and Weber, M. J. (2001).
Neuronal promoter of human aromatic L-amino acid decarboxylase gene directs
transgene expression to the adult floor plate and aminergic nuclei induced
by the isthmus. Brain Res. Mol. Brain Res. 97, 149-160. doi: 10.1016/s0169-
328x(01)00318-7

Chau, C., Barbeau, H., and Rossignol, S. (1998). Effects of intrathecal alphal- and
alpha2-noradrenergic agonists and norepinephrine on locomotion in chronic
spinal cats. J. Neurophysiol. 79, 2941-2963.

Chetrit, J., Taupignon, A., Froux, L., Morin, S., Bouali-Benazzouz, R., Naudet, E,
et al. (2013). Inhibiting subthalamic D5 receptor constitutive activity alleviates
abnormal electrical activity and reverses motor impairment in a rat model of
Parkinson’s disease. J. Neurosci. 33, 14840-14849. doi: 10.1523/JNEUROSCI.
0453-13.2013

Christie, K. J., and Whelan, P. J. (2005). Monoaminergic establishment of rostro-
caudal gradients of rhythmicity in the neonatal mouse spinal cord. J. Neuro-
Pphysiol. 94, 1554-1564. doi: 10.1152/jn.00299.2005

Ciliax, B. J., Drash, G. W., Staley, J. K., Haber, S., Mobley, C. J., Miller,
G. W, et al. (1999). Immunocytochemical localization of the dopamine trans-
porter in human brain. J. Comp. Neurol. 409, 38-56. doi: 10.1002/(sici)1096-
9861(19990621)409:1 <38::aid-cne4>3.0.c0;2-1

Clark, E M., and Proudfit, H. K. (1991). The projection of locus coeruleus
neurons to the spinal cord in the rat determined by anterograde tracing com-
bined with immunocytochemistry. Brain Res. 538, 231-245. doi: 10.1016/0006-
8993(91)90435-x

Clemens, S., Belin-Rauscent, A., Simmers, J., and Combes, D. (2012). Opposing
modulatory effects of D1- and D2-like receptor activation on a spinal central
pattern generator. J. Neurophysiol. 107, 2250-2259. doi: 10.1152/jn.00366.2011

Commissiong, J. W. (1983). Development of catecholaminergic nerves in the spinal
cord of the rat. Brain Res. 264, 197-208. doi: 10.1016/0006-8993(83)90817-x

Commissiong, J. W. (1984). Fetal locus coeruleus transplanted into the transected
spinal cord of the adult rat: some observations and implications. Neuroscience
12, 839-853. doi: 10.1016/0306-4522(84)90174-x

Commissiong, J. W., Gentleman, S., and Neff, N. H. (1979). Spinal cord dopaminer-
gic neurons: evidence for an uncrossed nigrospinal pathway. Neuropharmacology
18, 565-568. doi: 10.1016/0028-3908(79)90102-3

Crisp, K. M., Gallagher, B. R., and Mesce, K. A. (2012). Mechanisms contributing
to the dopamine induction of crawl-like bursting in leech motoneurons. J. Exp.
Biol. 215, 3028-3036. doi: 10.1242/jeb.069245

Frontiers in Neural Circuits

www.frontiersin.org

June 2014 | Volume 8| Article 55 | 73


http://www.frontiersin.org/Neural_Circuits
http://www.frontiersin.org/
http://www.frontiersin.org/Neural_Circuits/archive

Sharples et al.

Dopamine modulation of rhythmic networks

Crisp, K. M., and Mesce, K. A. (2004). A cephalic projection neuron involved in
locomotion is dye coupled to the dopaminergic neural network in the medicinal
leech. J. Exp. Biol. 207, 4535-4542. doi: 10.1242/jeb.01315

Dahlstréom, A., and Fuxe, K. (1964a). Evidence for the existence of monoamine-
containing neurons in the central nervous system. I. Demonstration of
monoamines in the cell bodies of brain stem neurons. Acta Physiol. Scand. Suppl.
232, 1-55.

Dahlstréom, A., and Fuxe, K. (1964b). Localization of monoamines in the lower
brain stem. Experientia 20, 398-399. doi: 10.1007/bf02147990

Demchyshyn, L. L., McConkey, E.,, and Niznik, H. B. (2000). Dopamine D5 receptor
agonist high affinity and constitutive activity profile conferred by carboxyl-
terminal tail sequence. J. Biol. Chem. 275, 23446-23455. doi: 10.1074/jbc.
m000157200

Fong, A. ], Roy, R. R,, Ichiyama, R. M., Lavrov, 1., Courtine, G., Gerasimenko, Y.,
et al. (2009). Recovery of control of posture and locomotion after a spinal cord
injury: solutions staring us in the face. Prog. Brain Res. 175, 393—418. doi: 10.
1016/S0079-6123(09)17526-X

Ford, C. P. (2014). The role of D2-autoreceptors in regulating dopamine neuron
activity and transmission. Neuroscience doi: 10.1016/j.neuroscience.2014.01.
025. [Epub ahead of print].

Forssberg, H., and Grillner, S. (1973). The locomotion of the acute spinal
cat injected with clonidine i.v. Brain Res. 50, 184-186. doi: 10.1016/0006-
8993(73)90606-9

Fritschy, J. M., and Grzanna, R. (1990). Demonstration of two separate descending
noradrenergic pathways to the rat spinal cord: evidence for an intragriseal
trajectory of locus coeruleus axons in the superficial layers of the dorsal horn.
J. Comp. Neurol. 291, 553-582. doi: 10.1002/cne.902910406

Gabriel, J. P., Mahmood, R., Kyriakatos, A., S6ll, I., Hauptmann, G., Calabrese,
R. L., etal. (2009). Serotonergic modulation of locomotion in zebrafish: endoge-
nous release and synaptic mechanisms. J. Neurosci. 29, 10387-10395. doi: 10.
1523/J]NEUROSCI.1978-09.2009

Gentleman, S., Parenti, M., Commissiong, J. W., and Neff, N. H. (1981). Dopamine-
activated adenylate cyclase of spinal cord: supersensitivity following transection
of the cord. Brain Res. 210, 271-275. doi: 10.1016/0006-8993(81)90900-8

Gerin, C., Becquet, D., and Privat, A. (1995). Direct evidence for the link between
monoaminergic descending pathways and motor activity. I. A study with micro-
dialysis probes implanted in the ventral funiculus of the spinal cord. Brain Res.
704, 191-201. doi: 10.1016/0006-8993(95)01111-0

Gerin, C., and Privat, A. (1998). Direct evidence for the link between monoamin-
ergic descending pathways and motor activity: II. A study with microdialysis
probes implanted in the ventral horn of the spinal cord. Brain Res. 794, 169—
173. doi: 10.1016/s0006-8993(98)00278-9

Gordon, I. T., and Whelan, P. J. (2006). Monoaminergic control of cauda-equina-
evoked locomotion in the neonatal mouse spinal cord. . Neurophysiol. 96,3122~
3129. doi: 10.1152/jn.00606.2006

Goulding, M. (2009). Circuits controlling vertebrate locomotion: moving in a new
direction. Nat. Rev. Neurosci. 10, 507-518. doi: 10.1038/nrn2608

Graham-Brown, T. (1911). The intrinsic factors in the act of progression in the
mammal. Proc. R. Soc. Lond. B Biol. Sci. 84, 308-319. doi: 10.1098/rspb.1911.
0077

Grillner, S., and Zangger, P. (1979). On the central generation of locomotion in the
low spinal cat. Exp. Brain Res. 34, 241-261. doi: 10.1007/bf00235671

Gruhn, M., Guckenheimer, J., Land, B., and Harris-Warrick, R. M. (2005).
Dopamine modulation of two delayed rectifier potassium currents in a small
neural network. J. Neurophysiol. 94, 2888-2900. doi: 10.1152/jn.00434.2005

Guertin, P. A,, Ung, R.-V,, Rouleau, P., and Steuer, I. (2011). Effects on locomotion,
muscle, bone and blood induced by a combination therapy eliciting weight-
bearing stepping in nonassisted spinal cord-transected mice. Neurorehabil.
Neural Repair 25, 234-242. doi: 10.1177/1545968310378753

Gutierrez, G. J., O’Leary, T., and Marder, E. (2013). Multiple mechanisms switch an
electrically coupled, synaptically inhibited neuron between competing rhythmic
oscillators. Neuron 77, 845-858. doi: 10.1016/j.neuron.2013.01.016

Hammar, I, Bannatyne, B. A., Maxwell, D. J., Edgley, S. A., and Jankowska, E.
(2004). The actions of monoamines and distribution of noradrenergic and sero-
toninergic contacts on different subpopulations of commissural interneurons
in the cat spinal cord. Eur. J. Neurosci. 19, 1305-1316. doi: 10.1111/j.1460-
9568.2004.03239.x

Han, P, Nakanishi, S. T., Tran, M. A., and Whelan, P. J. (2007). Dopaminergic
modulation of spinal neuronal excitability. J. Neurosci. 27, 13192-13204. doi: 10.
1523/jneurosci.1279-07.2007

Han, P, and Whelan, P. J. (2009). Modulation of AMPA currents by D(1)-like but
not D(2)-like receptors in spinal motoneurons. Neuroscience 158, 1699—1707.
doi: 10.1016/j.neuroscience.2008.11.040

Harris-Warrick, R. M., and Cohen, A. H. (1985). Serotonin modulates the central
pattern generator for locomotion in the isolated lamprey spinal cord. J. Exp. Biol.
116, 27-46.

Harris-Warrick, R. M., Coniglio, L. M., Barazangi, N., Guckenheimer, J., and
Gueron, S. (1995). Dopamine modulation of transient potassium current evokes
phase shifts in a central pattern generator network. J. Neurosci. 15, 342—358.

Harris-Warrick, R. M., and Johnson, B. R. (2010). Checks and balances neuromod-
ulation. Front. Behav. Neurosci. 4, 1-9. doi: 10.3389/fnbeh.2010.00047

Harris-Warrick, R. M., Johnson, B. R., Peck, J. H., Kloppenburg, P., Ayali, A.,
and Skarbinski, J. (1998). Distributed effects of dopamine modulation in the
crustacean pyloric network. Ann. N. Y. Acad. Sci. 860, 155-167.

Heckman, C. J., Hyngstrom, A. S., and Johnson, M. D. (2008). Active properties
of motoneurone dendrites: diffuse descending neuromodulation, focused local
inhibition. J. Physiol. 586, 1225-1231. doi: 10.1113/jphysiol.2007.145078

Hellal, E.,, Hurtado, A., Ruschel, J., Flynn, K. C., Laskowski, C. J., Umlauf, M.,
etal. (2011). Microtubule stabilization reduces scarring and causes axon regen-
eration after spinal cord injury. Science 331, 928-931. doi: 10.1126/science.12
01148

Hill, R. H., Svensson, E., Dewael, Y., and Grillner, S. (2003). 5-HT inhibits
N-type but not L-type Ca(2+) channels via 5-HTIA receptors in lamprey
spinal neurons. Eur. J. Neurosci. 18, 2919-2924. doi: 10.1111/j.1460-9568.2003.
03051.x

Hinckley, C. A., Hartley, R., Wu, L., Todd, A. J., and Ziskind-Conhaim, L. H. (2005).
Locomotor-like rhythms in a genetically distinct cluster of interneurons in the
mammalian spinal cord. J. Neurophysiol. 93, 1439—1449. doi: 10.1152/jn.00647.
2004

Hokfelt, T., Johansson, O., and Goldstein, M. (1984a). Chemical anatomy of the
brain. Science 225, 1326-1334. doi: 10.1126/science.6147896

Hokfelt, T., Martensson, M., Bjorklund, A., Kleineau, S., and Goldstein, M. (1984b).
“Distributional maps of tyrosine-hydroxylase-immunoreactive neurons in the
rat brain,” in Handbook of Chemical Neuroanatomy (Classical Transmitters in the
CNS, Part 1) (Vol. 2), eds A. Bjorklund and T. Hokfelt (Amsterdam: Elsevier
Science), 277-379.

Humphreys, J. M., and Whelan, P. J. (2012). Dopamine exerts activation-dependent
modulation of spinal locomotor circuits in the neonatal mouse. J. Neurophysiol.
108, 3370-3381. doi: 10.1152/jn.00482.2012

Jaeger, C. B., Teitelman, G., Joh, T. H., Albert, V. R., Park, D. H., and Reis, D. J.
(1983). Some neurons of the rat central nervous system contain aromatic-
L-amino-acid decarboxylase but not monoamines. Science 219, 1233-1235.
doi: 10.1126/science.6131537

Jankowska, E., Jukes, M. G., Lund, S., and Lundberg, A. (1967a). The effect of
DOPA on the spinal cord. 5. Reciprocal organization of pathways transmitting
excitatory action to alpha motoneurones of flexors and extensors. Acta Physiol.
Scand. 70, 369-388. doi: 10.1111/j.1748-1716.1967.tb03636.x

Jankowska, E., Jukes, M. G., Lund, S., and Lundberg, A. (1967b). The effect
of DOPA on the spinal cord. 6. Half-centre organization of interneurones
transmitting effects from the flexor reflex afferents. Acta Physiol. Scand. 70, 389—
402. doi: 10.1111/.1748-1716.1967.tb03637.x

Jensen, T. S., and Yaksh, T. L. (1984). Effects of an intrathecal dopamine agonist,
apomorphine, on thermal and chemical evoked noxious responses in rats. Brain
Res. 296, 285-293. doi: 10.1016/0006-8993(84)90064-7

Jiang, Z., Carlin, K. P., and Brownstone, R. M. (1999). An in vitro functionally
mature mouse spinal cord preparation for the study of spinal motor networks.
Brain Res. 816, 493-499. doi: 10.1016/s0006-8993(98)01199-8

Johnson, B. R., Brown, J. M., Kvarta, M. D., Lu, J. Y. J., Schneider, L. R., Nadim, E,
et al. (2011). Differential modulation of synaptic strength and timing regulate
synaptic efficacy in a motor network. J. Neurophysiol. 105, 293—-304. doi: 10.
1152/jn.00809.2010

Johnson, B. R., and Harris-Warrick, R. M. (1990). Aminergic modulation of graded
synaptic transmission in the lobster stomatogastric ganglion. J. Neurosci. 10,
2066-2076.

Frontiers in Neural Circuits

www.frontiersin.org

June 2014 | Volume 8| Article 55 | 74


http://www.frontiersin.org/Neural_Circuits
http://www.frontiersin.org/
http://www.frontiersin.org/Neural_Circuits/archive

Sharples et al.

Dopamine modulation of rhythmic networks

Johnson, M. D., and Heckman, C. J. (2010). Interactions between focused synaptic
inputs and diffuse neuromodulation in the spinal cord. Ann. N'Y Acad. Sci. 1198,
35-41. doi: 10.1111/j.1749-6632.2010.05430.x

Johnson, B. R., Schneider, L. R., Nadim, F, and Harris-Warrick, R. M. (2005).
Dopamine modulation of phasing of activity in a rhythmic motor network:
contribution of synaptic and intrinsic modulatory actions. J. Neurophysiol. 94,
3101-3111. doi: 10.1152/jn.00440.2005

Jordan, L. M., Liu, J., Hedlund, P. B., Akay, T., and Pearson, K. G. (2008).
Descending command systems for the initiation of locomotion in mammals.
Brain Res. Rev. 57, 183—191. doi: 10.1016/j.brainresrev.2007.07.019

Kadiri, L. R., Kwan, A. C., Webb, W. W., and Harris-Warrick, R. M. (2011).
Dopamine-induced oscillations of the pyloric pacemaker neuron rely on release
of calcium from intracellular stores. J. Neurophysiol. 106, 1288-1298. doi: 10.
1152/jn.00456.2011

Karoum, E, Commissiong, J. C., Neff, N. H., and Wyatt, R. J. (1981). Regional
differences in catecholamine formation and metabolism in the rat spinal cord.
Brain Res. 212, 316-366. doi: 10.1016/0006-8993(81)90468-6

Keeler, B. E., Baran, C. A., Brewer, K. L., and Clemens, S. (2012). Increased
excitability of spinal pain reflexes and altered frequency-dependent modulation
in the dopamine D3-receptor knockout mouse. Exp. Neurol. 238, 273-283.
doi: 10.1016/j.expneurol.2012.09.002

Kehr, W., Carlsson, A., Lindqvist, M., Magnusson, T., and Atack, C. (1972).
Evidence for a receptor-mediated feedback control of striatal tyrosine hydrox-
ylase activity. J. Pharm. Pharmacol. 24, 744-747. doi: 10.1111/j.2042-7158.1972.
tb09104.x

Kemnitz, C. P. (1997). Dopaminergic modulation of spinal neurons and synaptic
potentials in the lamprey spinal cord. J. Neurophysiol. 77, 289-298.

Kemnitz, C. P, Strauss, T. R., Hosford, D. M., and Buchanan, J. T. (1995).
Modulation of swimming in the lamprey, Petromyzon marinus, by serotonergic
and dopaminergic drugs. Neurosci. Lett. 201, 115-118. doi: 10.1016/0304-
3940(95)12147-1

Kiehn, O., and Kjaerulff, O. (1996). Spatiotemporal characteristics of 5-HT and
dopamine-induced rhythmic hindlimb activity in the in vitro neonatal rat. J.
Neurophysiol. 75, 1472—1482.

Kiehn, O, Sillar, K. T., Kjaerulff, O., and McDearmid, J. R. (1999). Effects of nora-
drenaline on locomotor rhythm-generating networks in the isolated neonatal
rat spinal cord. J. Neurophysiol. 82, 741-746.

Kloppenburg, P, Levini, R. M., and Harris-Warrick, R. M. (1999). Dopamine mod-
ulates two potassium currents and inhibits the intrinsic firing properties of an
identified motor neuron in a central pattern generator network. J. Neurophysiol.
81, 29-38.

Kvarta, M. D., Harris-Warrick, R. M., and Johnson, B. R. (2012). Neuromodulator-
evoked synaptic metaplasticity within a central pattern generator network. J.
Neurophysiol. 108, 2846-2856. doi: 10.1152/jn.00586.2012

Kwon, B. K., Casha, S., Hurlbert, R. J., and Yong, V. W. (2011). Inflammatory and
structural biomarkers in acute traumatic spinal cord injury. Clin. Chem. Lab.
Med. 49, 425-433. doi: 10.1515/CCLM.2011.068

Lambert, A. M., Bonkowsky, J. L., and Masino, M. A. (2012). The conserved
dopaminergic diencephalospinal tract mediates vertebrate locomotor develop-
ment in zebrafish larvae. J. Neurosci. 32, 13488-13500. doi: 10.1523/jneurosci.
1638-12.2012

Lapointe, N. P, and Guertin, P. A. (2008). Synergistic effects of D1/5 and 5-HT1A/7
receptor agonists on locomotor movement induction in complete spinal cord-
transected mice. J. Neurophysiol. 100, 160-168. doi: 10.1152/jn.90339.2008

Lapointe, N. P,, Rouleau, P., Ung, R.-V., and Guertin, P. A. (2009). Specific role of
dopamine D1 receptors in spinal network activation and rhythmic movement
induction in vertebrates. J. Physiol. 587, 1499-1511. doi: 10.1113/jphysiol.2008.
166314

Lee, H.-M., Giguere, P. M., and Roth, B. L. (2014). DREADDs: novel tools for drug
discovery and development. Drug Discov. Today 19, 469-473. doi: 10.1016/j.
drudis.2013.10.018

Levant, B., and McCarson, K. E. (2001). D(3) dopamine receptors in rat spinal cord:
implications for sensory and motor function. Neurosci. Lett. 303, 9-12. doi: 10.
1016/50304-3940(01)01692-5

Li, Y., Li, L., Stephens, M. J., Zenner, D., Murray, K. C., Winship, L. R,, et al. (2014).
Synthesis, transport, and metabolism of serotonin formed from exogenously
applied 5-HTP after spinal cord injury in rats. J. Neurophysiol. 111, 145-163.
doi: 10.1152/jn.00508.2013

Lindvall, O., Bjorklund, A., and Skagerberg, G. (1983). Dopamine-containing
neurons in the spinal cord: anatomy and some functional aspects. Ann. Neurol.
14, 255-260. doi: 10.1002/ana.410140302

Liu, J., and Jordan, L. M. (2005). Stimulation of the parapyramidal region of the
neonatal rat brain stem produces locomotor-like activity involving spinal 5-HT7
and 5-HT2A receptors. J. Neurophysiol. 94, 1392—-1404. doi: 10.1152/jn.00136.
2005

Lorang, D., Amara, S. G., and Simerly, R. B. (1994). Cell-type-specific expression
of catecholamine transporters in the rat brain. J. Neurosci. 14, 4903-4914.

Madriaga, M. A., McPhee, L. C., Chersa, T., Christie, K. J., and Whelan, P. J. (2004).
Modulation of locomotor activity by multiple 5-HT and dopaminergic receptor
subtypes in the neonatal mouse spinal cord. J. Neurophysiol. 92, 1566—1576.
doi: 10.1152/jn.01181.2003

Maitra, K. K., Seth, P., Thewissen, M., Ross, H. G., and Ganguly, D. K. (1993).
Dopaminergic influence on the excitability of antidromically activated Renshaw
cells in the lumbar spinal cord of the rat. Acta Physiol. Scand. 148, 101-107.
doi: 10.1111/j.1748-1716.1993.tb09538.x

Majczynski, H., Maleszak, K., Cabaj, A., and SLawinska, U. (2005). Serotonin-
related enhancement of recovery of hind limb motor functions in spinal rats
after grafting of embryonic raphe nuclei. J. Neurotrauma 22, 590-604. doi: 10.
1089/neu.2005.22.590

Manconi, M., Ferri, R., Zucconi, M., Clemens, S., Giarolli, L., Bottasini, V., et al.
(2011). Preferential D2 or preferential D3 dopamine agonists in restless legs
syndrome. Neurology 77, 110-117. doi: 10.1212/WNL.0b013e3182242d91

Marder, E. (2012). Neuromodulation of neuronal circuits: back to the future.
Neuron 76, 1-11. doi: 10.1016/j.neuron.2012.09.010

Maric, O., Zoérner, B., and Dietz, V. (2008). Levodopa therapy in incomplete spinal
cord injury. J. Neurotrauma 25, 1303-1307. doi: 10.1089/neu.2008.0583

Masino, M. A., Abbinanti, M. D., Eian, J., and Harris-Warrick, R. M. (2012).
TTX-resistant NMDA receptor-mediated membrane potential oscillations in
neonatal mouse Hb9 interneurons. PLoS One 7:¢47940. doi: 10.1371/journal.
pone.0047940

McCrea, A. E., Stehouwer, D. J., and van Hartesveldt, C. (1997). Dopamine
D1 and D2 antagonists block L-DOPA-induced air-stepping in decerebrate
neonatal rats. Brain Res. Dev. Brain Res. 100, 130-132. doi: 10.1016/s0165-
3806(97)00027-8

McDearmid, J. R., Scrymgeour-Wedderburn, J. E, and Sillar, K. T. (1997). Amin-
ergic modulation of glycine release in a spinal network controlling swimming
in Xenopus laevis. J. Physiol. 503, 111-117. doi: 10.1111/j.1469-7793.1997.
111bix

McEwen, M. L., van Hartesveldt, C., and Stehouwer, D. J. (1997). L-DOPA
and quipazine elicit air-stepping in neonatal rats with spinal cord transec-
tions. Behav. Neurosci. 111, 825-33111, 825-833. doi: 10.1037//0735-7044.111.
4.825

McLean, D. L., and Sillar, K. T. (2004a). Divergent actions of serotonin receptor acti-
vation during fictive swimming in frog embryos. J. Comp. Physiol. A Neuroethol.
Sens. Neural Behav. Physiol. 190, 391-402. doi: 10.1007/s00359-004-0504-9

McLean, D. L., and Sillar, K. T. (2004b). Metamodulation of a spinal locomotor
network by nitric oxide. J. Neurosci. 24, 9561-9571. doi: 10.1523/jneurosci.1817-
04.2004

McPherson, D. R., and Kemnitz, C. P. (1994). Modulation of lamprey fictive swim-
ming and motoneuron physiology by dopamine and its immunocytochemical
localization in the spinal cord. Neurosci. Lett. 166, 23-26. doi: 10.1016/0304-
3940(94)90831-1

Miles, G. B., and Sillar, K. T. (2011). Neuromodulation of vertebrate loco-
motor control networks. Physiology (Bethesda, Md) 26, 393—411. doi: 10.
1152/physiol.00013.2011

Missale, C., Nash, S. R., Robinson, S. W., Jaber, M., and Caron, M. G. (1998).
Dopamine receptors: from structure to function. Physiol. Rev. 78, 189-225.

Montague, S. J., Fenrich, K. K., Mayer-Macaulay, C., Maratta, R., Neuber-Hess,
M. S., and Rose, P. K. (2013). Nonuniform distribution of contacts from
noradrenergic and serotonergic boutons on the dendrites of cat splenius
motoneurons. J. Comp. Neurol. 521, 638—656. doi: 10.1002/cne.23196

Moore, R. Y., and Bloom, E. E. (1979). Central catecholamine neuron systems:
anatomy and physiology of the norepinephrine and epinephrine systems. Ann.
Rev. Neurosci. 2, 113-168. doi: 10.1146/annurev.ne.02.030179.000553

Murray, K. C., Nakae, A., Stephens, M. J., Rank, M., D’Amico, J., Harvey, P. J.,
etal. (2010). Recovery of motoneuron and locomotor function after spinal cord

Frontiers in Neural Circuits

www.frontiersin.org

June 2014 | Volume 8| Article 55 | 75


http://www.frontiersin.org/Neural_Circuits
http://www.frontiersin.org/
http://www.frontiersin.org/Neural_Circuits/archive

Sharples et al.

Dopamine modulation of rhythmic networks

injury depends on constitutive activity in 5-HT2C receptors. Nat. Med. 16, 694—
700. doi: 10.1038/nm.2160

Musienko, P, van den Brand, R., Mirzendorfer, O., Roy, R. R., Gerasimenko, Y.,
Edgerton, V. R,, et al. (2011). Controlling specific locomotor behaviors through
multidimensional monoaminergic modulation of spinal circuitries. J. Neurosci.
31, 9264-9278. doi: 10.1523/J]NEUROSCI.5796-10.2011

Ochi, J., Yamamoto, T., and Hosoya, Y. (1979). Comparative study of the
monoamine neuron system in the spinal cord of the lamprey and hagfish. Arch.
Histol. Jpn. 42, 327-336. doi: 10.1679/a0hc1950.42.327

Oh, M. S., Hong, S. J., Huh, Y., and Kim, K.-S. (2009). Expression of transgenes
in midbrain dopamine neurons using the tyrosine hydroxylase promoter. Gene
Ther. 16, 437-440. doi: 10.1038/gt.2008.148

Pappas, S. S., Behrouz, B., Janis, K. L., Goudreau, J. L., and Lookingland, K. J.
(2008). Lack of D2 receptor mediated regulation of dopamine synthesis in A11
diencephalospinal neurons in male and female mice. Brain Res. 1214, 1-10.
doi: 10.1016/j.brainres.2008.03.010

Pappas, S. S., Tiernan, C. T., Behrouz, B., Jordan, C. L., Breedlove, S. M., Goudreau,
J. L., et al. (2010). Neonatal androgen-dependent sex differences in lumbar
spinal cord dopamine concentrations and the number of A11 diencephalospinal
dopamine neurons. J. Comp. Neurol. 518, 2423-2436. doi: 10.1002/cne.22340

Peck, J. H., Gaier, E., Stevens, E., Repicky, S., and Harris-Warrick, R. M. (2006).
Amine modulation of Th in a small neural network. J. Neurophysiol. 96, 2931—
2940. doi: 10.1152/jn.00423.2005

Peyron, C., Luppi, P. H., Kitahama, K., Fort, P., Hermann, D. M., and Jouvet, M.
(1995). Origin of the dopaminergic innervation of the rat dorsal raphe nucleus.
Neuroreport 6, 2527-2531. doi: 10.1097/00001756-199512150-00019

Pierre, J., Mahouche, M., Suderevskaya, E. I., Reperant, J., and Ward, R. (1997).
Immunocytochemical localization of dopamine and its synthetic enzymes in
the central nervous system of the lamprey Lampetra fluviatilis. J. Comp. Neurol.
380, 119-135. doi: 10.1002/(sici) 1096-9861(19970331)380:1<119::aid-cne9>3.
3.c052-j

Prinz, A. A., Bucher, D., and Marder, E. (2004). Similar network activity from
disparate circuit parameters. Nat. Neurosci. 7, 1345-1352. doi: 10.1038/nn1352

Puhl, J. G., Masino, M. A., and Mesce, K. A. (2012). Necessary, sufficient and
permissive: a single locomotor command neuron important for intersegmental
coordination. J. Neurosci. 32, 17646-17657. doi: 10.1523/JNEUROSCI.2249-
12.2012

Puhl, J. G., and Mesce, K. A. (2008). Dopamine activates the motor pattern
for crawling in the medicinal leech. J. Neurosci. 28, 4192-4200. doi: 10.1523/
JNEUROSCI.0136-08.2008

Qu, S., Ondo, W. G., Zhang, X., Xie, W. J., Pan, T. H.,, and Le, W. D. (2006).
Projections of diencephalic dopamine neurons into the spinal cord in mice. Exp.
Brain Res. 168, 152—156. doi: 10.1007/s00221-005-0075-1

Rajaofetra, N., Ridet, J. L., Poulat, P., Marlier, L., Sandillon, E, Geffard, M., et al.
(1992). Immunocytochemical mapping of noradrenergic projections to the rat
spinal cord with an antiserum against noradrenaline. J. Neurocytol. 21, 481-494.
doi: 10.1007/bf01186952

Rajaofetra, N., Sandillon, E, Geffard, M., and Privat, A. (1989). Pre- and post-natal
ontogeny of serotonergic projections to the rat spinal cord. J. Neurosci. Res. 22,
305-321. doi: 10.1002/jnr.490220311

Rauscent, A., Einum, J., Le Ray, D., Simmers, J., and Combes, D. (2009). Opposing
aminergic modulation of distinct spinal locomotor circuits and their functional
coupling during amphibian metamorphosis. J. Neurosci. 29, 1163—1174. doi: 10.
1523/J]NEUROSCI.5255-08.2009

Reimer, M. M., Norris, A., Ohnmacht, J., Patani, R., Zhong, Z., Dias, T. B., et al.
(2013). Dopamine from the brain promotes spinal motor neuron generation
during development and adult regeneration. Dev. Cell 25, 478-491. doi: 10.
1016/j.devcel.2013.04.012

Rémy-Néris, O., Barbeau, H., Daniel, O., Boiteau, F.,, and Bussel, B. (1999). Effects
of intrathecal clonidine injection on spinal reflexes and human locomotion
in incomplete paraplegic subjects. Exp. Brain Res. 129, 433-440. doi: 10.
1007/5002210050910

Ridet, J. L., Sandillon, E, Rajaofetra, N., Geffard, M., and Privat, A. (1992). Spinal
dopaminergic system of the rat: light and electron microscopic study using an
antiserum against dopamine, with particular emphasis on synaptic incidence.
Brain Res. 598, 233-241. doi: 10.1016/0006-8993(92)90188-f

Rossignol, S., Chau, C., Brustein, E., Giroux, N., Bouyer, L., Barbeau, H., et al.
(1998). Pharmacological activation and modulation of the central pattern

generator for locomotion in the cat. Ann. N 'Y Acad. Sci. 860, 346-359. doi: 10.
1111/j.1749-6632.1998.tb09061.x

Rossignol, S., and Frigon, A. (2011). Recovery of locomotion after spinal cord
injury: some facts and mechanisms. Annu. Rev. Neurosci. 34, 413-440. doi: 10.
1146/annurev-neuro-061010-113746

Rowland, J. W., Hawryluk, G. W. J., Kwon, B., and Fehlings, M. G. (2008). Current
status of acute spinal cord injury pathophysiology and emerging therapies:
promise on the horizon. Neurosurg. Focus 25:E2. doi: 10.3171/FOC.2008.25.11.
E2

Ryu, S., Mahler, J., Acampora, D., Holzschuh, J., Erhardt, S., Omodei, D.,
et al. (2007). Orthopedia homeodomain protein is essential for diencephalic
dopaminergic neuron development. Curr. Biol. 17, 873-880. doi: 10.1016/j.cub.
2007.04.003

Schmidt, B. J., and Jordan, L. M. (2000). The role of serotonin in reflex modulation
and locomotor rhythm production in the mammalian spinal cord. Brain Res.
Bull. 53, 689-710. doi: 10.1016/50361-9230(00)00402-0

Schotland, J., Shupliakov, O., Wikstrém, M. A., Brodin, L., Srinivasan, M., You,
Z. B., et al. (1995). Control of lamprey locomotor neurons by colocalized
monoamine transmitters. Nature 374, 266—268. doi: 10.1038/374266a0

Shapiro, M. G., Frazier, S. ., and Lester, H. A. (2012). Unparalleled control of neural
activity using orthogonal pharmacogenetics. ACS Chem. Neurosci. 3, 619-629.
doi: 10.1021/c¢n300053q

Sharples, S. A., Humphreys, J. M., Mayr, K., Krajacic, A., Dhoopar, S. A., Delaloye,
N., et al. (2013). Dopaminergic contribution to locomotion in the neonatal
and adult mouse. (Poster 559.11/ZZ15, Society for Neuroscience, San Diego,
California, USA).

Shupliakov, O., Pieribone, V. A., Gad, H., and Brodin, L. (1995). Synaptic vesicle
depletion in reticulospinal axons is reduced by 5-hydroxytryptamine: direct
evidence for presynaptic modulation of glutamatergic transmission. Eur. J.
Neurosci. 7, 1111-1116. doi: 10.1111/j.1460-9568.1995.tb01099.x

Sickles, A. E., Stehouwer, D. J., and van Hartesveldt, C. (1992). Dopamine D1 and
D2 antagonists block L-dopa-elicited air-stepping in neonatal rats. Brain Res.
Dev. Brain Res. 68, 17-22. doi: 10.1016/0165-3806(92)90243-p

Sillar, K. T., Reith, C. A., and McDearmid, J. R. (1998). Development and aminergic
neuromodulation of a spinal locomotor network controlling swimming in
Xenopus larvae. Ann. N'Y Acad. Sci. 860, 318-332. doi: 10.1111/j.1749-6632.
1998.tb09059.x

Skagerberg, G., and Lindvall, O. (1985). Organization of diencephalic dopamine
neurones projecting to the spinal cord in the rat. Brain Res. 342, 340-351.
doi: 10.1016/0006-8993(85)91134-5

Smith, D. O., Lowe, D., Temkin, R., Jensen, P., and Hatt, H. (1995). Dopamine
enhances glutamate-activated currents in spinal motoneurons. J. Neurosci. 15,
3905-3912.

Sqalli-Houssaini, Y., and Cazalets, J. R. (2000). Noradrenergic control of locomotor
networks in the in vitro spinal cord of the neonatal rat. Brain Res. 852, 100-109.
doi: 10.1016/s0006-8993(99)02219-2

Stuart, D. G., and Hultborn, H. (2008). Thomas Graham Brown (1882-1965),
Anders Lundberg (1920-) and the neural control of stepping. Brain Res. Rev.
59, 74-95. doi: 10.1016/j.brainresrev.2008.06.001

Svensson, E., Woolley, J., Wikstrom, M. A., and Grillner, S. (2003). Endogenous
dopaminergic modulation of the lamprey spinal locomotor network. Brain Res.
970, 1-8. doi: 10.1016/s0006-8993(02)04216-6

Tamae, A., Nakatsuka, T., Koga, K., Kato, G., Furue, H., Katafuchi, T, et al. (2005).
Direct inhibition of substantia gelatinosa neurones in the rat spinal cord by
activation of dopamine D2-like receptors. J. Physiol. 568, 243-253. doi: 10.
1113/jphysiol.2005.091843

Tarazi, E 1., and Baldessarini, R. J. (2000). Comparative postnatal development of
dopamine D(1), D(2) and D(4) receptors in rat forebrain. Int. J. Dev. Neurosci.
18, 29-37. doi: 10.1016/s0736-5748(99)00108-2

Taylor, L. L., Sickles, A. E., Stehouwer, D. J., and Van Hartesveldt, C. (1994). Nora-
drenergic alpha-1 and alpha-2 antagonists block L-dopa-induced air-stepping
in neonatal rats. Brain Res. Dev. Brain Res. 79, 242-248. doi: 10.1016/0165-
3806(94)90128-7

Thirumalai, V., and Cline, H. T. (2008). Endogenous dopamine suppresses
initiation of swimming in prefeeding zebrafish larvae. J. Neurophysiol. 100,
1635-1648. doi: 10.1152/jn.90568.2008

Ugrumov, M. V. (2009). Non-dopaminergic neurons partly expressing dopamin-
ergic phenotype: distribution in the brain, development and functional

Frontiers in Neural Circuits

www.frontiersin.org

June 2014 | Volume 8| Article 55 | 76


http://www.frontiersin.org/Neural_Circuits
http://www.frontiersin.org/
http://www.frontiersin.org/Neural_Circuits/archive

Sharples et al.

Dopamine modulation of rhythmic networks

significance. J. Chem. Neuroanat. 38, 241-256. doi: 10.1016/j.jchemneu.2009.
08.004

van Dongen, P. A,, Grillner, S., and Hokfelt, T. (1986). 5-Hydroxytryptamine
(serotonin) causes a reduction in the afterhyperpolarization following the action
potential in lamprey motoneurons and premotor interneurons. Brain Res. 366,
320-325. doi: 10.1016/0006-8993(86)91310-7

Vidal-Gadea, A., Topper, S., Young, L., Crisp, A., Kressin, L., Elbel, E., et al.
(2011). Caenorhabditis elegans selects distinct crawling and swimming gaits via
dopamine and serotonin. Proc. Natl. Acad. Sci. U S A 108, 17504-17509. doi: 10.
1073/pnas.1108673108

Wallén, P., Buchanan, J. T., Grillner, S., Hill, R. H., Christenson, J., and Hokfelt,
T. (1989). Effects of 5-hydroxytryptamine on the afterhyperpolarization, spike
frequency regulation and oscillatory membrane properties in lamprey spinal
cord neurons. J. Neurophysiol. 61, 759-768.

Wang, D., Grillner, S., and Wallén, P. (2011). 5-HT and dopamine modulates
CaV1.3 calcium channels involved in postinhibitory rebound in the spinal
network for locomotion in lamprey. J. Neurophysiol. 105, 1212-1224. doi: 10.
1152/jn.00324.2009

Whelan, P, Bonnot, A., and O’ Donovan, M. J. (2000). Properties of rhythmic activ-
ity generated by the isolated spinal cord of the neonatal mouse. J. Neurophysiol.
84, 2821-2833.

Wilson, J. M., Hartley, R., Maxwell, D. ., Todd, A. ., Lieberam, I, Kaltschmidt, J. A.,
et al. (2005). Conditional rhythmicity of ventral spinal interneurons defined
by expression of the Hb9 homeodomain protein. J. Neurosci. 25, 5710-5719.
doi: 10.1523/jneurosci.0274-05.2005

Wolf, M. E., and Roth, R. H. (1990). Autoreceptor regulation of dopamine
synthesis. Ann. N Y Acad. Sci. 604, 323-343. doi: 10.1111/j.1749-6632.1990.
tb32003.x

Yoshida, M., and Tanaka, M. (1988). Existence of new dopaminergic terminal
plexus in the rat spinal cord: assessment by immunohistochemistry using anti-
dopamine serum. Neurosci. Lett. 94, 5-9. doi: 10.1016/0304-3940(88)90261-3

Zhao, H., Zhu, W., Pan, T., Xie, W., Zhang, A., Ondo, W. G, et al. (2007). Spinal
cord dopamine receptor expression and function in mice with 6-OHDA lesion
of the A11 nucleus and dietary iron deprivation. J. Neurosci. Res. 85, 1065-1076.
doi: 10.1002/jnr.21207

Zhu, H., Clemens, S., Sawchuk, M. A., and Hochman, S. (2007). Expres-
sion and distribution of all dopamine receptor subtypes (D(1)-D(5)) in
the mouse lumbar spinal cord: a real-time polymerase chain reaction and
non-autoradiographic in situ hybridization study. Neuroscience 149, 885-897.
doi: 10.1016/j.neuroscience.2007.07.052

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Received: 18 March 2014; accepted: 11 May 2014; published online: 16 June 2014.
Citation: Sharples SA, Koblinger K, Humphreys JM and Whelan P] (2014) Dopamine:
a parallel pathway for the modulation of spinal locomotor networks. Front. Neural
Circuits 8:55. doi: 10.3389/fncir.2014.00055

This article was submitted to the journal Frontiers in Neural Circuits.

Copyright © 2014 Sharples, Koblinger, Humphreys and Whelan. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Neural Circuits

www.frontiersin.org

June 2014 | Volume 8 | Article 55 | 77


http://dx.doi.org/10.3389/fncir.2014.00055
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Neural_Circuits
http://www.frontiersin.org/
http://www.frontiersin.org/Neural_Circuits/archive

{fronfiers in
NEURAL CIRCUITS

ORIGINAL RESEARCH ARTICLE
published: 04 July 2014
doi: 10.3389/fncir.2014.00077

—

Monoaminergic control of spinal locomotor networks in
SOD1G93A newborn mice

Léa Milan’, Grégory Barriére’, Philippe De Deurwaerdére?, Jean-René Cazalets’ and

Sandrine S. Bertrand *

T CNRS, Institut de Neurosciences Cognitives et Intégratives dAquitaine, UMR5287 Université de Bordeaux, Bordeaux, France
2 Institut des Maladies Neurodégénératives, Université de Bordeaux, Bordeaux, France

Edited by:
Shawn Hochman, Emory University,
USA

Reviewed by:

David Parker, Cambridge University,
UK

Brian R. Noga, University of Miami,
USA

Patrick John Whelan, University of

Calgary, Canada

*Correspondence:

Sandrine S. Bertrand, CNRS, Institut
de Neurosciences Cognitives et
Intégratives dAquitaine, UMR5287
Université de Bordeaux, Bat 2,

146 Rue Léo Saignat, 33076 Bordeaux
cedex, France

e-mail: sandrine.bertrand@
u-bordeaux.fr

INTRODUCTION

Mutations in the gene that encodes Cu/Zn-superoxide dismutase (SOD1) are the cause
of approximately 20% of familial forms of amyotrophic lateral sclerosis (ALS), a fatal
neurodegenerative disease characterized by the progressive loss of motor neurons. While
ALS symptoms appear in adulthood, spinal motoneurons exhibit functional alterations
as early as the embryonic and postnatal stages in the murine model of ALS, the SOD1
mice. Monoaminergic — i.e., dopaminergic (DA), serotoninergic (5-HT), and noradrenergic
(NA) — pathways powerfully control spinal networks and contribute significantly to their
embryonic and postnatal maturation. Alterations in monoaminergic neuromodulation during
development could therefore lead to impairments in the motoneuronal physiology. In this
study, we sought to determine whether the monoaminergic spinal systems are modified
in the early stages of development in SOD1 mice. Using a post-mortem analysis by high
performance liquid chromatography (HPLC), monoaminergic neuromodulators and their
metabolites were quantified in the lumbar spinal cord of SOD1 and wild-type (WT) mice
aged one postnatal day (P1) and P10. This analysis underscores an increased content of
DA in the SOD1 lumbar spinal cord compared to that of WT mice but failed to reveal
any modification of the other monoaminergic contents. In a next step, we compared the
efficiency of the monoaminergic compounds in triggering and modulating fictive locomotion
in WT and SOD1 mice. This study was performed in P1-P3 SOD1 mice and age-matched
control littermates using extracellular recordings from the lumbar ventral roots in the in
vitro isolated spinal cord preparation. This analysis revealed that the spinal networks of
SOD169A mice could generate normal locomotor activity in the presence of NMA-5-HT.
Interestingly, we also observed that SOD1 spinal networks have an increased sensitivity
to NA compared to WT spinal circuits but exhibited similar DA responses.

Keywords: serotonin, dopamine, noradrenaline, spinal cord, ALS, fictive locomotion, HPLC, extracellular recordings

and Martin, 2011; Filipchuk and Durand, 2012; Martin etal.,

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative
disease characterized by the progressive degeneration of M1 neu-
rons in the cerebral cortex and motor neurons in the brainstem
and spinal cord. Approximately 20% of familial forms of ALS
cases are associated with inherited dominant mutations in the
gene that encodes Cu/Zn-superoxide dismutase (SOD1). While
ALS syndrome occurs during adulthood in both humans and ALS
animal models, a growing body of evidence shows that spinal
locomotor networks exhibit functional alterations as early as the
embryonic and postnatal stages in mice expressing the human
mutated SOD1 protein, the SOD1 mouse model. Behavioral tests
performed during the first postnatal week revealed a delay in the
maturation processes of sensorimotor modalities such as right-
ing and hind-paw grasping responses in mutant SOD1%°R mice
(Amendolaet al.,2004). At the cellular level, developing SOD158R
and SOD16%3 motoneurons have been shown to exhibit dendritic
abnormalities and alterations in both excitability and synaptic
inputs compared to the motoneurons of age-matched wild-type
(WT) mice (Bories etal., 2007; Pambo-Pambo etal., 2009; Chang

2013). Differences in neurochemical sensitivity have also been
reported between newborn WT and SOD1 mice. Indeed, the clas-
sical rhythmogenic drug cocktail (a mixture of glutamate agonist
plus serotonin) used to activate the locomotor central pattern
generators (CPGs) in the isolated spinal cord preparation of new-
born rodents has been shown to be inefficient in inducing fictive
locomotion in SOD1%8R mice (Amendola etal., 2004). As such
early alterations could prime neuronal circuits and make them
more permissive to pathological changes later in life, it appears
of importance to further decipher the changes undergone by the
spinal motor networks in early developmental stages in the SOD1
models of ALS.

Motoneurons are targeted by numerous extra- and intraspinal
neuromodulatory systems that control both their intrinsic mem-
brane properties and incoming synaptic inputs (for review see
Miles and Sillar, 2011). In addition to their role in excitability con-
trol, neuromodulatory influences contribute significantly to the
embryonic and postnatal development of the spinal cord motor
networks (for review see Vinay et al., 2002; Miles and Sillar, 2011).
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Amongst neuromodulatory systems, monoaminergic — i.e.,
dopaminergic (DA), serotoninergic (5-HT), and noradrenergic
(NA) — pathways have been shown to initiate and facilitate the
expression of spinal motor outputs, to control segmental reflexes
and to play a major role in the maturation of spinal locomo-
tor networks (Barbeau and Rossignol, 1991; Crick and Wallis,
1991; Cazalets etal., 1992; Sqalli-Houssaini etal., 1993; Kiehn
and Kjaerulff, 1996; Sqalli-Houssaini and Cazalets, 2000; Whelan
etal., 2000; Vinay et al., 2002; Barriere et al., 2004, 2008; Han et al.,
2007; Han and Whelan, 2009; Tartas et al., 2010; Miles and Sillar,
2011; Humphreys and Whelan, 2012; Pearlstein, 2013). Alterations
in monoaminergic controls during development could therefore
lead to significant reorganizations of the spinal locomotor cir-
cuits and contribute to the developmental impairments described
in SOD1 motoneurons. However, to the best of our knowledge,
data concerning the possible changes in the spinal monoamin-
ergic inputs in the early developmental stages of SOD1 mice are
not currently available. In the present study, we sought to deter-
mine whether spinal monoaminergic content and sensitivity is
modified in newborn SOD1 mice. Specifically, we performed a
high performance liquid chromatography (HPLC) analysis of the
spinal monoamine contents and compared the effects of 5-HT, DA,
and NA on the locomotor activity recorded extracellularly from
isolated spinal cord preparations from newborn SOD1 and age-
matched control littermates. This study found that well-organized
locomotor-like activity could be generated in the isolated spinal
cord preparation from SOD1%934 mice by classical pharmacolog-
ical activation. We also reported an increased content of spinal
DA content in the second postnatal week, as well as an increased
sensitivity to NA, in SOD1 spinal networks compared to those of
WT mice.

MATERIALS AND METHODS

ETHICS STATEMENTS AND ANIMALS

All procedures were conducted in accordance with the local
ethics committee of the University of Bordeaux and the Euro-
pean Committee Council Directive. All efforts were made to
minimize animal suffering and to reduce the number of ani-
mals used in the experiments. Transgenic mice expressing a
mutated human SOD-1 gene from the B6SJL-TgN (SOD16%%4)
1 Gur/]J line (SOD1 mice) were purchased from Jackson Labora-
tories. These mice were bred in our laboratory and maintained
as hemizygotes by mating transgenic males with wild-type B6SJL
females. Two hundred thirty-eight newborn mice were used in
this study. All of the experiments and analyses presented here
have been performed blind to the genotype of the animals. Mice
were genotyped from genomic DNA purified from tail biopsies
by PCR using the following primers: 5° CATCAGCCCTAATC-
CATCTGA 3’ (forward), 5 CGCGACTAACAATCAAAGTGA 3
(reverse).

TISSUE PROCESSING FOR POST-MORTEM ANALYSIS

After decapitation, the lumbar spinal cord of postnatal 1 (P1)
or P10 SOD1 and age-matched control littermate male mice was
quickly removed by a laminectomy, placed in dry ice and stored
at —80°C until experiment processing. When needed, the lumbar
spinal cord was placed on the side and cut in the middle of the

dorso-ventral axis with micro dissecting knives to separate the
ventral and dorsal part of the cord.

POST-MORTEM HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY
(HPLC) MEASUREMENTS

On the day of the biochemical analysis, after weighing the sam-
ples, tissue was homogenized in 0.1 N perchloric acid (HCIOy),
sonicated and centrifuged at 13,000 rpm for 30 min at 4°C.
The tissue contents of monoamines (DA, NA, 5-HT) and their
metabolites (5-hydroxyindole-3-acetic: 5-HIAA a 5-HT metabo-
lite and 3,4-dihydroxyphenylacetic acid: DOPAC, a DA metabolite)
were measured by a sensitive HPLC-electrochemical detection
(ECD) system. Aliquots of the sample supernatant were placed
in an automated autosampler (Shimadzu, SIL-20A, Paris, France)
at 4°C to be injected into the HPLC column (Hypersyl C18,
150 mm x 4.6 mm, 5 pm; C.I.L.-Cluzeau, Sainte-Foy-La-Grande,
France) protected by a Brownlee-Newguard precolumn (RP-8,
15 x 3.2 mm, 7 pm; C.I.L.-Cluzeau). The mobile phase was deliv-
ered at a flow rate of 1.3 ml/min using a HPLC pump (LC20-AD,
Shimadzu, France) and was composed as follows (in millimoles):
60 NaH, POy, 0.1 disodium EDTA and 2 octane sulfonic acid plus
7% methanol, adjusted to a pH of 3.9 with orthophosphoric acid
and filtered through a 0.22 mm Millipore filter. Monoamines and
their metabolites were detected using a coulometric cell (Analyt-
ical cell 5011, Coulochem) coupled to a programmable detector
(Coulochem 11, ESA, Paris, France). The potential of the elec-
trodes was set at +350 mV for the oxidation and —270 mV
for the reduction. Output signals were recorded on a computer
(Beckman, system GOLD). Under these conditions, the sensitiv-
ity for NA, DA, 5-HT, DOPAC, and 5-HIAA was 3, 1, 8, 6, and
5 pg/10 pl, respectively, with a signal/noise ratio of 3:1. The tissue
content of monoamines was expressed in pg/mg of tissue and cor-
responded to the mean = SEM values in each group. Differences
of the monoamine content between P1/P10 SOD1 mice and con-
trol littermates were analyzed using repeated measures two-way
analyses of variance (ANOVA) with Sidak’s multiple comparison
tests (Graph Pad Prism). Statistical significance was set at p < 0.05.

ISOLATED SPINAL CORD PREPARATION

Newborn SOD1 and WT littermate mice aged P1-P3 were deeply
anesthetized with 4% isoflurane, decapitated and eviscerated. A
laminectomy was then performed to expose and remove the spinal
cord. All dissections and recording procedures were performed
under continuous superperfusion with artificial cerebrospinal
fluid (aCSF) containing (in milimoles): NaCl 130, KCI 3, CaCl,
2.5, MgSO4 1.3, NaH,PO4 0.58, NaHCO3 25, and glucose 10,
with a pH of 7.4 when bubbled with 95% O, + 5% CO, at room
temperature (24-26°C).

PHARMACOLOGY

All drugs (N-methyl-D, L-aspartate: NMA; 5-HT, DA, and NA)
were obtained from Sigma (St. Louis, MO, USA). Stock solutions
of 5-HT and NMA were prepared at 0.1 mM in distilled water and
stored at —20°C. Fresh drug solutions of DA and NA were pre-
pared daily and protected from light exposure. Pharmacological
compounds were bath-applied using a peristaltic pump (flow rate
7 ml/min).
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EXTRACELLULAR RECORDINGS AND ANALYSIS

Motor outputs were recorded extracellularly from the lumbar ven-
tral roots using glass suction electrodes. In each in vitro spinal cord
preparation, motor outputs from the right and left lumbar 2 (rL2,
IL2, respectively) and one L5 ventral root were simultaneously
recorded to investigate both the bilateral segmental alternation
and the flexor/extensor activity (Cazalets etal., 1992; Kiehn and
Kjaerulft, 1996). The neurograms were amplified (x10000) using
high impedance AC amplifiers (200-3000 Hz) built at the labora-
tory and digitized at 5 kHz (Axograph, Sydney, NSW, Australia)
for future analysis. Pharmacologically induced locomotor rhythms
were analyzed using non-stationary analysis techniques in a
Matlab-based software developed at the laboratory. This custom-
made software is similar to SpinalCore, a software developed by
the Lev-Tov group (Mor and Lev-Tov, 2007), and is based on the
MatLab wavelet coherence package provided by Aslak Grinsted
(http://noc.ac.uk/using-science/crosswavelet-wavelet-coherence;
Torrence and Compo, 1998; Grinsted etal., 2004). Two-minute
sections of pairs of neurograms were analyzed using cross wavelet
transform and wavelet coherence. These methods were applied
to high-pass (50 Hz), rectified and low-pass filtered (5-10 Hz)
signals. For convenience, cross wavelet spectrum and wavelet
coherence maps were combined into a mixed cross/coherence
map (Figure 2B1) highlighting coherent, common high power
frequency regions. In these maps, the evolution of the frequency
components of the extracellular signals (y-axis, logarithmic scale)
is represented as a function of time (x-axis), and the power of each
frequency is color-coded with warm colors assigned to high power
regions and cool colors to low power regions. The asymptotic
lines in the mixed cross/coherence maps indicate the cone of influ-
ence. This cone delimits the region where edge effect becomes too
important. The values outside of this cone were thus excluded from
the statistical analysis (Torrence and Compo, 1998; Mor and Lev-
Tov, 2007). The high power band of the generated time/frequency
map was selected as a region of interest (ROI) and arbitrarily
segmented into 1 s bins to compute the mean frequency, coher-
ence, and phase relationship between pairs of neurograms. The
critical level of statistical significance of the wavelet coherence
was calculated using Monte-Carlo simulations (Mor and Lev-Tov,
2007). The power and phase of the mean vector of pairs of ven-
tral root recordings were extracted for each experiment with this
procedure. Using the Igor Pro software (Wavemetrics), angular
distribution tests and Watson nonparametric circular two sam-
ple U2 tests were performed to compare circular data between
WT and SOD1 mice in the different pharmacological conditions
tested.

Motor burst amplitudes were computed in a custom-made
Matlab-based software. For each preparation, the burst ampli-
tude values were normalized to the amplitude measured in
the presence of 10 puM 5-HT for experiments with increasing
doses of 5-HT or to the amplitude observed during bath-
applications of NMA-5-HT (16 M each; Sqalli-Houssaini etal.,
1993) alone prior to the addition of NA or DA to the bath.
Repeated measures two-way analyses of variance (ANOVA) with
Sidak’s multiple comparison tests were performed to evaluate
monoamines and mouse genotype effects (Graph Pad Prism).
All data are expressed as means = SEM. Asterisks in the Figures

and Tables indicate positive significance levels of post hoc analysis
(p < 0.05).

RESULTS

SPINAL MONOAMINERGIC CONTENTS IN NEWBORN WILD-TYPE AND
SOD1 MICE

In rats, the first connections between brainstem monoaminer-
gic cells and spinal neurons are established during the last week
of gestation and mature sequentially along the rostrocaudal and
ventro-dorsal axes until the second postnatal week (Commissiong,
1983; Bregman, 1987; Rajaofetra etal., 1989, 1992; Giménez y
Ribotta etal., 1998; Clarac etal., 2004). To get an overview of the
spinal monoaminergic innervation, we first conducted an HPLC
analysis of the endogenous spinal content of biogenic amines and
their metabolites in SOD1 mice and WT littermates (Figure 1A).
To assess the impact of the descending pathway maturation on
monoamine contents, we performed these procedures on the lum-
bar spinal cord samples from both P1 and P10 animals. This
HPLC analysis revealed that the NA and 5-HT contents were
about 20 times greater than the DA content in the lumbar spinal
cord of both P1 and P10 mice. We also observed that regardless
of the mouse genotype, the contents of NA (Figure 1B1), DA
(Figure 1C1) and 5-HT (Figure 1D1) were significantly higher
in P10 animals compared to P1 mice. In contrast, DOPAC and
5-HIAA were not significantly different between the two devel-
opmental stages tested (Table 1). Post hoc pairwise comparisons
conducted between WT and SOD1 mice revealed no significant
change in NA, 5-HT, DOPAC, or 5-HIAA. However, we observed
that the DA content was significantly enhanced in the whole lum-
bar spinal cord of SOD1 P10 mice compared to age-matched WT
animals.

Monoaminergic pathways densely innervate both dorsal and
ventral spinal circuits. To specifically look for changes in the
monoaminergic contents in spinal motor networks, the same
HPLC analysis was repeated on the ventral half of the lum-
bar spinal cord (Figures 1B2,C2,D2). In these experimental
conditions, we observed that the contents of all of the monoamin-
ergic compounds tested (Figures 1B2,C2,D2) except 5-HIAA
(Table 1) significantly increased during development. In contrast
to the aforementioned results obtained using the whole spinal
cord, the mouse genotype had no detectable influence on the
monoaminergic contents measured in the ventral part of the
cord.

RHYTHMOGENIC CAPABILITIES OF SOD15%34 SPINAL NETWORKS AND
SEROTONINERGIC MODULATION

As previously mentioned, Amendola etal. (2004) reported that
NMA (10-20 uM) plus 5-HT (5-20 uM), a mixture known to gen-
erate locomotor-like activity in the in vitro spinal cord preparation
of newborn rodents, induces only tonic activity when bath-applied
to SOD198°R mouse spinal networks (Amendola et al., 2004). Dra-
matically different alterations in the motoneuronal physiology
have been reported depending on the SOD1 mouse model used
(see for example Meehan etal., 2010; Delestrée etal., 2014). The
question then arises as to whether NMA-5-HT effects are simi-
lar in the SOD198°R and SOD16%3A high expressor line mouse
strains. To address this question, we compared the efficiency of
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FIGURE 1 | Monoamine contents in the lumbar spinal cord of newborn quantities can be also analyzed using the reduction channel. (B-D) Contents
mice. (A) Example of HPLC chromatograms of a whole spinal cord sample of NA (B1,B2), DA (C1,C2), and 5-HT (D1,D2) measured by HPLC assays in
from a P10 SOD1 mouse. The chromatograms represent the output the whole lumbar spinal cord (B1-D1) or in its ventral half (B2-D2) from P1
Coulometric signals (nanoampere converted in £1V output by the recorder) and P10 WT (black bars) and SOD1 (blue bars) mice. Note the increased
produced after their separation by the compounds at the level of the electrode  concentration of monoamines with age and the significant difference in DA
of oxidation (upper trace; +350 mV) and/or the electrode of reduction (lower content between WT and SOD1 P10 mice. Asterisks indicate positive
trace; —270 mV) of the Coulometric cell. Most of the quantitative analyses significance levels and the numbers in histogram bars refer to the number of
are performed using the oxidation channel (all compounds of interest except samples tested. NA: noradrenaline, DA: dopamine, 5-HT: serotonin, DOPAC:
NA which is often confounded in the solvent front) and NA, DOPAC and DA 3,4-dihydroxyphenylacetic acid, 5-HIAA: 5-hydroxyindole-3-acetic.
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Table 1 | HPLC measurements of 3,4-dihydroxyphenylacetic acid (DOPAC) and 5-hydroxyindole-3-acetic (5-HIAA) contents in the whole or
ventral part of the lumbar spinal cord from P1 and P10 WT and SOD1 mice.

Wild-type SOD1
P1 P10 P1 P10
DOPAC Whole lumbar 14.3 + 4 (14) 278 £ 3 (18) 33.4 4+ 10 (17) 26.9 4+ 4 (17)
Ventral lumbar 8.8+ 1(13) 28.2 + 8 (7)* 1.5+ 3 (6) 34.84+9 (7)*
5-HIAA Whole lumbar 148.9 + 14 174.4 + 18 154.7 £ 11 176.1 £ 17
Ventral lumbar 994+ 11 122.8 £ 15 100.9 £+ 22 128.7 £ 19

The numbers in brackets correspond to the number of samples tested. Asterisks indicate significant differences between the P1 and P10 developmental stages.

NMA (16 pwm) in the presence of increasing concentrations of
5-HT in activating the spinal locomotor CPGs in SOD19%3# and
age-matched littermate controls. Figure 2A shows that, regard-
less of the 5-HT concentration tested, the bath-application of
NMA-5-HT triggered an alternating bursting activity of the right
and left L2 and homolateral flexor L2 and extensor L5 ventral
roots in both WT (Figure 2A1) and SOD1 mice (Figure 2A2).
This motor pattern, with a mean period ranging from 3 to 4 s
(Figure 2D1), is characteristic of a locomotor-like activity (Caza-
lets etal., 1992; Kiehn and Kjaerulff, 1996). Regardless of the
animal genotype, raising the 5-HT concentration from 10 to 12.5
or 15 pm did not significantly affect the rhythm phase relation-
ships (Figures 2B,C; Table 1), period (Figure 2D1) or motor burst
duration (L2: Figure 2D2, Data not shown for L5). In contrast,
the locomotor burst amplitude was significantly increased in the
presence of 12.5 or 15 pm 5-HT compared to the 10 pm 5-HT
condition (Figure 2D3 for L2 bursts, data not shown for L5).
This 5-HT-induced amplification was, however, not significantly
different between the WT and SOD1 mice.

Opverall, these data suggest that the spinal networks of newborn
SOD1%%%A mice could generate well-organized locomotor patterns
under NMA-5-HT chemical stimulation and present a WT-like
serotoninergic sensitivity.

NORADRENERGIC MODULATION

In a first series of experiments, the effects of the bath-application
of NA alone (1073, 5 x 1075, and 10~* M (Sqalli-Houssaini
and Cazalets, 2000) or in combination with NMA were tested.
Under these conditions, tonic or very irregular motor activities
were generated in both WT and SOD1 preparations, prevent-
ing accurate measurements from being performed (data not
shown). In this context, we decided to restrict the analysis of
the noradrenergic effects to the modulation of the NMA-5-HT-
induced rhythm. After inducing control fictive locomotion with
NMA-5-HT (16 pm each), WT and SOD1 spinal cords were
challenged with increasing NA concentrations in the presence of
NMA-5-HT (Figure 3). Regardless of the NA concentration and
mouse genotype, the phase relationships of the NA+NMA/5-HT-
induced rhythms were similar to those computed in the absence
of NA (Table 2; Figure 3B; Data not shown for the L2/L5
alternation). In contrast, the locomotor rhythm was strongly
slowed down in the presence of NA (Figure 3A). In WT animals
(Figure 3A1), all of the NA concentrations tested (10, 50, and

100 pm) induced a significant increase in the locomotor param-
eters (period, Figure 3C1; L2 burst duration, Figure 3C2, and
amplitude, L2: Figure 3C3, black bars, L5: data not shown) com-
pared to the NMA-5-HT control conditions. The rhythm period
and L2 burst duration values computed in the presence of 50 pm
NA were also significantly different from the ones obtained with
10 pm NA in WT animals. In SOD1 mice (Figure 3A2), both
the L2 burst durations and amplitude values were significantly
enhanced compared to the NMA-5-HT condition for all of the NA
concentrations tested (Figures 3C2,C3, blue bars). In contrast, the
locomotor rhythm period was only significantly different from the
control condition in the presence of 50 pm NA (Figure 3C1).

Interestingly, a post hoc analysis revealed that the NA-induced
amplification of the L2 (Figure 3C3) and L5 (data not shown)
burst amplitude values observed in the presence of 10 and 50 pm
NA was significantly higher in SOD1 mice compared to WT ani-
mals. This result underscores the differences in the NA sensitivity
between WT and SOD1 spinal locomotor networks.

DOPAMINERGIC MODULATION

As previously described for NA, the superfusion of DA by itself
(107% and 5 x 10~* M) or in combination with NMA (DA:
1075 M, 5 x 107> M and 10~* M (Barriére etal., 2004; Spalloni
etal., 2011) on in vitro spinal cord preparations failed to generate
regular motor activities that could be accurately analyzed in both
WT and SOD1 preparations (data not shown; see also (Jiang et al.,
1999). The comparison of the dopaminergic modulation between
WT and SOD1 spinal cord networks was therefore restricted to
the NMA-5-HT-induced locomotor like activity. For this purpose,
control fictive locomotion was first acquired in the presence of
NMA-5-HT (16 pm each, Figure 4A) and subsequent DA bath-
applications of increasing concentration (50 and 500 pwm) were
realized. Similar to the other two amines tested, DA did not
affect the phase relationships of the NMA-5-HT-induced loco-
motor activity (Table 2 and Figure 4B, data not shown for the
L2/L5 alternation) in both WT and SOD1 spinal cord prepara-
tions. However, irrespective of the mouse genotype, 50 or 500 Lm
DA significantly increased the values of all locomotor parameters
(period, Figure 4C1; L2 burst duration, Figure 4C2 and burst
amplitude values, Figure 4C3, data not shown for L5) compared
to the control NMA-5-HT condition. The period of the locomotor
rhythm in WT animals (Figure 4C1) as well as the L2 burst ampli-
tudes in SOD1 mice (Figure 4C3) computed in the presence of
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FIGURE 2 | Serotoninergic modulation of SOD1693A spinal locomotor
networks. (A) Representative traces of the fictive locomotion recorded
from the right and left lumbar 2 (rL2 and IL2) and right lumbar 5 (rL5)
ventral roots in the presence of 16 um NMA and increasing
concentrations of serotonin in WT (A1) and SOD1 (A2) newborn mice.
(B) Mixed cross-coherence time frequency map (B1) computed from the
high pass, rectified and low pass filtered traces presented in the upper
panel recorded in the presence of 16 um NMA+ 15 pm 5-HT. The
white box on the map represents the region of interest selected for
further analysis. Black and white arrows indicate phase relationships
with a left direction indicating an out of phase relationship. Polar graph
(B2) of the phase (@) relationships between rL2 and IL2 extracted from
the graph in B1. Calibration bars indicate the number of values in the
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components of the extracellular signals (y-axis, logarithmic scale) is
represented as a function of time (x-axis). The power of the frequency
is colorcoded with warm colors assigned to high power regions and
cool colors to low power regions. (C) Polar graphs of the mean phase
relationships between rL2 and IL2 (upper panel) and rL2-IL5 (lower
panel) for all the WT (black dots and line, n = 14) and SOD1 (blue dots
and line, n = 13) spinal cord preparations tested in the presence of
NMA+5-HT 15 wm. Pop: population. (D) Plots of the period (D1), L2
burst duration (D2) and amplitude (D3) in the presence of increasing
concentrations of 5-HT in WT (black bars) and SOD1 (blue bars) mice.
This analysis reveals that SOD1 spinal cords exhibit a WT-like
serotoninergic sensitivity. Asterisks indicate positive significance levels
and the numbers in histogram bars refer to the number of spinal cord
preparations tested.
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FIGURE 3 | Neuromodulatory actions of noradrenaline on
NMA+5-HT-induced fictive locomotion in SOD1 and age-matched
control mice. (A) Representative integrated () extracellular recordings from
the right, left L2 and left L5 ventral roots (rL2, IL2, and IL5) in the presence of
NMA+5-HT (16 wm each) alone or with noradrenaline (NA; 10, 50, or 100 pm)
in WT animals (A1) and SOD1 mice (A2). (B) Polar graph of the rL2-IL2 phase
(®) relationships computed in WT (black dots and line, n = 12) and SOD1
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(blue dots and line, n = 7) spinal cords in the presence of 100 um NA.

(C) Plots of the period (C1), L2 burst duration (C2) and amplitude (C3) in the
absence or presence of NA bath-applied at increasing concentrations on WT
(black bars) and SOD1 (blue bars) spinal cord preparations. Note the
significant difference in L2 motor burst modulation between WT and SOD1
mice. Asterisks indicate positive significance levels and the numbers in
histogram bars refer to the number of spinal cord preparations tested.

50 wm DA were significantly enhanced when DA concentration
was raised to 500 pm. In contrast, the other locomotor param-
eters tended to increase in the presence of 500 pum DA but were
not significantly different from those computed in the presence
of 50 pm DA (Figure 4C). These results indicate that DA neuro-
modulatory processes are similar in WT and SOD1 spinal motor
networks. These results are in agreement with the HPLC analysis
of spinal DA content that failed to reveal differences between WT
and SOD1 mice at this developmental stage.

DISCUSSION

FICTIVE LOCOMOTION GENERATION IN SOD1 SPINAL NETWORKS

Our data show that in contrast to what has been previously
described in the SOD18R mouse line (Amendola etal., 2004),

coordinated fictive locomotion could be efficiently triggered by
the bath-application of NMA plus 5-HT in the SOD1%%34 mouse
spinal cord. Several mutant SOD1 mouse models that serve as
invaluable tools to understand the pathophysiology of ALS have
been developed. To date, 12 lines of transgenic mouse expressing
different human mutated SOD1 proteins are available. Transgenic
SOD1%%%A mice are principally used in ALS research, followed
by SODI1S*7R| SODI168%R| and SOD1686R mice. All of these
models exhibit slightly different time courses of the disease and
associated neurodegenerative processes depending on the SOD1
mutation site, related enzymatic activity, transgene copy number
and genetic background (Jonsson etal., 2006; Turner and Talbot,
2008; Van Den Bosch, 2011). SOD16%34A proteins, for example,
are about 10 times more active than the native SOD1 proteins
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Table 2 | Circular statistics of the phase relationships between right and left L2s in the presence of the different monaminergic concentrations.

NMA 16 um
+5-HT 10 pm +5-HT 12.5 um +5-HT 15 um
WwWT SOD1 wWT SOD1 WwWT SOD1
Mean vector 0.901 0.875 0.893 0.89 0.942 (14) 0.924 (13)
Mean angle -3.1 3.1 —-3.12 2.99 -3.13 3.04
NMA + 5-HT + DA 50 pm + DA 500 um
WT SOD1 WT SOD1 WT SOD1
Mean vector 0.893 0.876 0.960 0.954 0.957 (16) 0.910 (11)
Mean angle —3.09 2.98 3.02 -3.10 3.02 -3.02
NMA + 5-HT + NA 10 um + NA50 pm + NA 100 pm
WT SOD1 WT SOD1 WT SOD1 WT SOD1
Mean vector 0.950 0.931 0.971 0.975 0.968 0.964 0.961 (12) 0.954 (7)
Mean angle —3.09 3.03 3.13 3.08 3.06 3.08 —3.105 3.139

16 um NMA and 16 um 5-HT were used to induce control locomotorlike activity. The number of preparations tested in each condition is indicated in brackets.
Circular two sample test analysis revealed no significant differences between the experimental conditions tested.

while in contrast, SOD18%R mutant proteins are almost inactive.
Striking discrepancies between SOD1 models have been previ-
ously reported concerning motoneuron excitability (Meehan et al.,
2010; Delestrée et al., 2014). Pambo-Pambo et al. (2009) have also
shown that motoneurons are more immature in the SOD15%%A low
expressor line (SODI1G%3A 1oW) compared to SOD16%°R, Indeed, in
newborn mice, SOD1693A oW motoneurons have a more depolar-
ized resting membrane potential and appear to be more excitable
than SOD15%R and WT motoneurons. The difference between
SOD15%*A and SOD19%°R mouse lines in NMA/5-HT’s effec-
tiveness in triggering fictive locomotion further emphasizes the
heterogeneity of SOD1 mouse mutants. This observed hetero-
geneity certainly parallels the complex etiology of ALS and stresses
the importance of the complementary use of the different SOD1
mouse models to explore the different aspects of this motor
disease.

In the present study, the NMA-5-HT-evoked rhythm was nei-
ther qualitatively nor quantitatively different between SOD1 and
WT animals. These results suggest that whereas different groups
have described early developmental alterations in motoneuron
functioning, the locomotor outputs recorded from motoneuron
axons in SOD1 mice are similar to the WT locomotor outputs. In
the SOD1593A model, motoneurons at birth have been shown to
be more immature, more excitable than WT motoneurons and to
present a different dendritic branching pattern (Kuo, 2003; Pieri
etal.,2003; Kuo et al., 2005; Pambo-Pambo et al., 2009). The ques-
tion then arises as to whether these changes have a real impact on
motoneuron output or whether the whole spinal network in charge
of locomotion generation operates in such a way that these alter-
ations are compensated. For example, it is well known that after
a lesion, the spinal locomotor networks undergo a restructuring

and can, after training, adapt their functioning and produce almost
the same locomotor pattern that existed before the lesion (Barbeau
and Rossignol, 1987; Rossignol etal., 2008). Such compensatory
mechanisms may occur in newborn SODI spinal networks to
ensure normal locomotor network function. A limitation of the
present study is that locomotor activity was assessed using extra-
cellular recordings. Further research is needed to further decipher
the impact, at the cellular level, of the previously reported impair-
ments in motoneuron excitability and morphology on the motor
circuits.

SPINAL MONOAMINERIGIC NEUROMODULATION

Our HPLC data of either whole or ventral half spinal samples
show that the monoaminergic rates rose between birth and the
second postnatal week in the lumbar enlargement. This result
is in agreement with developmental studies that have reported a
progressive rostrocaudal gradient of the monaminergic innerva-
tion associated with an increase in axonal density (Commissiong,
1983; Rajaofetra etal., 1989, 1992; Giménez y Ribotta etal., 1998;
Pappas etal., 2008; Pearlstein, 2013). Interestingly, we report an
increased content of DA in the whole lumbar spinal cord of P10
SOD1 mice compared to WT animals. As this discrepancy was
not observed in ventral spinal cord samples, our results provide
insights into changes in the DA contents in the dorsal part of
the SOD1 lumbar cord. This area is densely innervated and con-
trolled by dopaminergic pathways (for review see Millan, 2002).
Significant damages in the sensory system have been described
in the presymptomatic stages in SOD1 models (Guo etal., 2009;
Filali etal.,, 2011). Altered sensorimotor development character-
ized by a delay in maturation processes has also been reported
in newborn SODI mice (Amendola etal., 2004). The increased
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FIGURE 4 | Effects of dopamine on NMA+5-HT-induced fictive
locomotion in SOD1 and age-matched control mice. (A) Representative
integrated (f) traces of NMA + 5-HT (16 pm each)-induced fictive
locomotion recorded extracellularly from the right, left L2 and left L5 ventral
roots (rL2, IL2, and IL5) in the absence or presence of dopamine (DA, 50 or
500 wm). Upper panels present traces obtained in WT animals (A1) and
lower panels in SOD1 mice (A2). (B) Polar graph of the rL2-IL2 phase (®)
relationships computed in WT (black dots and line, n = 16) and SOD1 (blue
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dots and line, n = 11) spinal cords in the presence of 500 um DA.

(C) Plots of the period (€C1), L2 burst duration (€C2) and amplitude (C3) in
the absence (NMA + 5-HT alone) or presence of increasing concentrations
of DA in WT (black bars) and SOD1 (blue bars) mice. These data show that
the SOD1 genotype has no effect on the DA neuromodulation when
investigated at the extracellular level. Asterisks indicate positive significance
levels and the numbers in histogram bars refer to the number of spinal
cord preparations tested.

DA content in the SOD1 dorsal spinal cord found in this study
may contribute to these early alterations. It has been shown that
both a reduction or an amplification of the monaminergic spinal
content leads to a delay in spinal circuit maturation (Nakajima
etal.,, 1998; Cazalets etal., 2000; Vinay etal., 2002), suggesting
that a precise intraspinal level of these compounds is required

for normal spinal cord network development. In the present
study, we observed that regardless of the mouse genotype, the
three monoamines tested potentiate locomotor activity by boost-
ing the amplitude of the ventral root bursts and increasing the
locomotor period. While DA contents were increased in the P10
SOD1 lumbar spinal cords, we failed to report any modification
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in DA neuromodulation in SOD1 mice. This discrepancy could
be explained by the fact that extracellular recordings were per-
formed on spinal cord preparations from P1-P3 mice, ages where
DA rates are similar between SOD1 and WT mice. The sustainable
locomotor activities necessary for neuromodulatory studies are
difficult to achieve in in vitro preparations from P10 mice (but see
(Jiang et al., 1999). To assess the impact of the DA content increase
on both basal membrane properties and DA sensitivity of the P10
lumbar motoneurons, patch-clamp recordings in spinal cord slices
will be needed to investigate the effects of DA antagonists and ago-
nists on these neurons. Dose-response curves will also have to be
performed to assess and compare DA sensitivity in WT and SOD1
motoneurons.

It is generally acknowledged that changes in the period and/or
phase relationships of the locomotor rhythm reflects effects on the
locomotor CPG while modifications in the burst amplitudes are
associated with changes in the motoneuron or last order interneu-
ron excitability (Miles and Sillar, 2011). In SOD1 mice, the period
and phase relationships of the rhythm expressed in the presence of
the three monoamines tested were similar to those found in WT
animals. The modulation of burst amplitude was also comparable
between SOD1 and WT mice in the presence of 5-HT and DA. In
contrast, the amplitude values of the bursts recorded in the pres-
ence of NA were more amplified in SOD1 mice compared to WT
littermates. These results suggest that the monoaminergic neu-
romodulation of the locomotor CPG is preserved and normal in
newborn SOD1%%3A mice but that SOD1 motoneurons exhibit an
increased sensitivity to NA compared to WT motoneurons. As the
spinal cord size is not different between SOD1 and WT mice (per-
sonal unpublished observation), this effect could not be explained
by differences in NA penetration into and the final concentra-
tions attained within the spinal tissue (see for example Brumley
etal., 2007). Lumbar motoneurons express the o, 0z,, and B
receptors at birth (Rekling etal., 2000; Tartas etal., 2010). We
have previously shown in newborn rats that the activation of these
receptors increased the lumbar motoneuron excitability partly via
the inhibition of the inwardly rectifying KT current, Kig, a key
determinant of neuronal excitability (Tartas etal., 2010). In addi-
tion, NA, through the activation of presynaptic a1 and f receptors,
enhanced the synaptic transmission originating from the upper
lumbar segments in motoneurons (Tartas etal., 2010). Possible
alterations in the expression of Kir channels and/or noradrener-
gic receptors could sustain part of the increased sensitivity to NA
in SOD1 spinal cord by modifying both the intrinsic membrane
properties of motoneurons and the excitatory synaptic inputs
they receive. Up-regulation of NA receptor number, for exam-
ple, could lead to NA supersensitivity in SOD1 motoneurons.
This kind of phenomenon has been described for DA receptors
in diverse pathological conditions (see for examples: Briand etal.,
2008; Seeman, 2013).

Due to their lack of Ca?™ buffering proteins, motoneurons are
more prone to excitotoxicity than other neurons. An excess of
excitatory inputs has been hypothesized to play a major role in
the neuronal degeneration observed in ALS (Turner etal., 2013).
The NA hypersensitivity we reported in the present study could
trigger aberrant depolarizations and subsequent Ca’* entries in
the lumbar motoneurons leading to progressive damage to the

intracellular machinery. It is thus of interest to further decipher
the cellular basis of the NA neuromodulation in newborn SOD1
motoneurons and to investigate the NA antagonist effects on the
SOD1 mouse life span.
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Activation of the serotonin system has been shown to induce locomotor activity following
a spinal cord transection. This study examines how the isolated spinal cord adapts
to a sensory perturbation during activation of the serotonergic system. Real-time and
persistent effects of a perturbation were examined in intact and spinal transected newborn
rats. Rats received a spinal surgery (sham or low thoracic transection) on postnatal day
1 and were tested 9 days later. At test, subjects were treated with the serotonergic
receptor agonist quipazine (3.0 mg/kg) to induce stepping behavior. Half of the subjects
experienced range of motion (ROM) restriction during stepping, while the other half
did not. Differences in stepping behavior (interlimb coordination) and limb trajectories
(intralimb coordination) were found to occur in both intact and spinal subjects. Adaptations
were seen in the forelimbs and hindlimbs. Also, real-time and persistent effects of ROM
restriction (following removal of the perturbation) were seen in ROM-restricted subjects.
This study demonstrates the sensitivity of the isolated spinal cord to sensory feedback in
conjunction with serotonin modulation.

Keywords: quipazine, stepping, range of motion, locomotion, development

INTRODUCTION

The role of serotonin (5-HT) in the activation and modulation of
spinal locomotor circuits is well known, and has been demon-
strated at the anatomical, neurophysiological, and behavioral
levels of analysis. 5-HT receptors are found in high concentra-
tions in locomotor regions of the spinal cord such as the cervical
and lumbar enlargements (Jankowska et al., 1995, 1999), and bath
application of 5-HT induces fictive locomotion in the spinal cord
and spinal cord slices in vitro (e.g., Cowley and Schmidt, 1994;
Garraway and Hochman, 2001; Hayes et al., 2008). During fictive
locomotion induced by stimulation of the mesencephalic loco-
motor region, serotonergic boutons containing 5-HT7, 5-HT7a,
and 5-HT4 receptors were found to form synapses with or were
in close proximity to activated lumbar motor neurons in the cat
(Noga et al., 2009). In vivo behavioral studies further support
the role of 5-HT in activating locomotor circuits. Treatment with
5-HT receptor agonists has been shown to produce alternated
stepping behavior in intact and spinal transected fetal and new-
born rats (McEwen et al., 1997; Brumley and Robinson, 2005;
Brumley et al., 2012), adult rats (Kao et al., 2006), and adult
mice (Lapointe and Guertin, 2008; Ung et al., 2008). Further,
5-HT receptor antagonists reduce locomotor activity produced
by 5-HT treatment or electrical stimulation of the parapyra-
midal region (Cazalets et al., 1992; Liu and Jordan, 2005; Kao
et al., 2006). Taken together, these studies point to an active

role of the serotonergic system in modulating locomotor circuit
activity.

Additionally, evidence suggests that sensory stimulation in
conjunction with activation of 5-HT receptors increases locomo-
tor function in spinal injured animals. For example, walking is
improved in spinal injured mice following administration of the
5-HT>x receptor agonist quipazine and robotic hindlimb training
(Fong et al., 2005). Because 5-HT;4 receptor antagonists block
quipazine-induced activity, quipazine is believed to act at the 5-
HT)a receptor (Ung et al., 2008). Quipazine and 8-OH-DPAT
(a 5-HT1a/7 agonist) also facilitate stepping on a treadmill in
a posture-dependent manner (Slawinska et al., 2012). Barbeau
and Rossignol (1990) reported increases in step length and flexor
and extensor responses to treadmill training in spinal cats follow-
ing treatment with 5-HT substances. The degree to which such
improvements in locomotor activity are due to activation of the
5-HT system, sensory stimulation, or both, is difficult to disen-
tangle. However, it is important to understand how malleable
these isolated or injured spinal circuits remain, particularly for
the development of treatments aimed at functional recovery of
locomotor behavior.

Sensory stimulation below the site of a spinal cord injury (SCI)
is often used in rehabilitation efforts in individuals with SCI or
other spinal disorders (i.e., spina bifida) where spinal sensori-
motor systems have disrupted supraspinal regulation (Field-Fote,
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2001; Pepin et al., 2003; Teulier et al., 2009). Treadmill train-
ing is a common form of sensory stimulation used to improve
locomotor function after injury. The dramatic influence of sen-
sory stimulation can be seen most clearly in research examining
how animals adapt their behavior during and after exposure to
stimulation. For example, studies examining trip responses on
a treadmill or interlimb training have shown that training with
these forms of sensory experiences can produce both real-time
and persistent effects on limb activity and coordination (Pang
et al., 2003; Brumley and Robinson, 2010; Zhong et al., 2012).
Changes in response to sensory feedback also have been reported
in an in vitro spinal cord-hindlimb preparation (Hayes et al.,
2012). These studies point to the role of sensory feedback in
modulating locomotor recovery.

Understanding how activation of spinal locomotor circuits,
modulation of neural pathways, and sensory feedback interact
may help shed light on why some rehabilitation strategies help
and others seem to have no effect or even be harmful. The current
study attempts to examine this complex interaction by investigat-
ing how the isolated spinal cord adapts to a sensory perturbation
during activation of the 5-HT system in rats 9 days after a com-
plete low thoracic spinal cord transection. In this study, rats
received a spinal transection on postnatal day 1 (P1) and were
tested on P10. During testing, stepping behavior was induced with
the 5-HT agonist quipazine. Half of the rats received range of
motion (ROM) restriction during stepping. By comparing inter-
limb and intralimb coordination in sham and spinal subjects,
we examined the real-time and persistent effects of the sensory
perturbation (ROM restriction) on quipazine-induced stepping
behavior. We expected both sham and spinal subjects to show
real-time and persistent responses to the sensory perturbation,
as research has shown that neonatal transected rats retain con-
siderable spinal plasticity (Weber and Stelzner, 1980; Stelzner
et al., 1986). Thus, we expected subjects to keep their limbs more
proximal to the body not only during ROM restriction, but also
following removal of the perturbation.

MATERIALS AND METHODS

SUBJECTS

Thirty-two Sprague-Dawley male rats received a low thoracic
spinal cord transection or a sham operation on postnatal day 1
(P1; 24 h after birth) and were tested on P10. Adult rats were
obtained from Simonsen Laboratories and mated in the PI’s lab-
oratory. Pregnant females were pair-housed until a couple days
before birth, and then were housed individually. Animals were
kept on a 12-h light:dark cycle with food and water available ad
libitum. Animals were maintained in accordance with guidelines
on animal care and use established by the NIH and Institutes
of Laboratory Animal Resources (2011) and the Institutional
Animal Care and Use Committee at Idaho State University.

STUDY DESIGN

A total of six subjects were in each of the four groups. Subjects
received spinal surgery (half received a complete low thoracic
spinal transection; the other half underwent a sham spinal oper-
ation) on P1. To control for maternal behavior within each litter,
all pups from the same litter received the same operation. Subjects

were tested on P10: all subjects were treated with quipazine and
either experienced ROM restriction or no ROM restriction. Each
subject was tested in only one condition. Litters were culled to 6-8
pups on P1. Each subject within a group was selected from a dif-
ferent dam to avoid litter effects. Only males were used to avoid
confounding group differences with sex effects.

SPINAL SURGERY

Spinal surgery was performed on P1. Subjects were voided before
surgery commenced and showed evidence of recent feeding by
the presence of a milk band across the abdomen. Subjects were
anesthetized by hypothermia. The spinal transection technique
used was that of Kao et al. (2006). Briefly, a partial laminectomy
exposed the spinal cord from T8 to T10. For subjects that received
a spinal cord transection, the spinal cord was physically cut at the
T9-T10 level and a collagen matrix was injected into the transec-
tion site. Muscle and skin on the back was sutured. For subjects
that received the sham operation, all procedures were the same
except that the transection was not performed and no collagen
matrix was injected.

Following surgery, subjects were administered a 50 L1 subcuta-
neous injection of both Buprenex (0.1 ml of 0.04 mg/kg solution)
and 0.9% (wt/vol) saline. Each subject was then placed with lit-
termates and bedding from their home cage inside an infant
incubator maintained at 35°C. When subjects recovered from
anesthesia and looked healthy (i.e., their color was pink and
behavior was normal), they were returned to the home cage with
the dam. They remained with the dam until the day of test-
ing (P10). To ensure that the dam would take care of her pups
equally, pups from the same litter received the same type of
spinal surgery (i.e., spinal transection or sham operation); lit-
ters were not mixed. Subjects were checked daily to ensure no
complications or infections. Subcutaneous injections of saline
were injected as needed on P5 to help with weight gain and
hydration.

BEHAVIORAL TESTING

Behavioral testing took place on P10. Subjects showed evidence
of recent feeding. A minimum body weight cut-off of 15.50 g for
inclusion in the study was used to ensure that subjects were within
a fairly healthy weight range. However, comparison of body mass
between the two surgery groups revealed a significant difference
[F(1, 22) = 26.54, p < 0.001], with spinal subjects (mean £ SD:
20.41¢g £ 2.7) having lower body weights than sham subjects
(26.93 g + 3.4).

Subjects were individually tested inside an infant incubator
that controlled temperature (30°C) and humidity. They were
manually voided, and then acclimated to incubator conditions
in a small plastic dish with up to two pups 30 min prior to
testing. To start the test session, subjects were secured in the
prone posture to a vinyl-coated horizontal bar using a jacket
with adjustable straps across the neck and abdomen. The jacket
did not impede limb movement; limbs hung pendantly in the
air. Following a 5-min baseline, subjects were given an intraperi-
toneal injection of quipazine (3.0 mg/kg; Brumley et al., 2012)
with volume of injection based on body weight (25 nl/5 g of body
weight). Following injection, a 15-min ROM restriction period
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was imposed for half of the subjects. To induce ROM restric-
tion (and thus alter cutaneous and proprioceptive feedback), a
piece of Plexiglas was placed beneath the subject’s limbs at 50%
limb length when the limbs were fully extended. For the remain-
ing half of the subjects, no ROM restriction was imposed. After
the 15-min period of ROM restriction, the Plexiglas was removed
and the subject was recorded for a 15-min post-ROM restriction
period. In the no ROM restriction condition, subjects contin-
ued to be recorded for the 15-min post-ROM restriction period.
Figure 1 shows the experimental timeline. The entire 35-min test
session (5-min baseline, 15-min ROM restriction, and 15-min
post-ROM restriction) was recorded using microcameras placed
lateral and underneath the subject so that all limbs were visible.
All sessions were recorded onto DVD for later behavioral scoring.

BEHAVIORAL SCORING

Interlimb coordination: stepping behavior

Stepping was scored during DVD playback using the underneath
camera view with the software program JWatcher. Alternated and
synchronized steps, along with non-stepping limb movements
(e.g., twitches), were scored. Alternated steps were defined as
occurring when the pup’s homologous limbs exhibited sequen-
tial extension and flexion in one limb immediately followed by
sequential extension and flexion in the other limb (Brumley
et al., 2012). Synchronized steps were defined as occurring when
the pup’s homologous limbs exhibited simultaneous flexion and
extension in both legs. Forelimbs and hindlimbs were scored in
separate viewing passes. The scorer was blind to surgery condi-
tion. Intra- and interreliability for scoring was >90%.

Intralimb coordination: limh trajectories
Limb position was scored at specific time points to examine
dorsal-ventral and rostral-caudal changes in the trajectory of limb
movements, during DVD playback of the lateral camera view. The
dorsal-ventral trajectory space was divided into a proximal and
distal area, while the rostral-caudal trajectory space was divided
into a front, center and back area (see Figure 2). These areas were
calculated separately for the forelimbs and hindlimbs, for each
subject.

The right forelimb and hindlimb were scored for each sub-
ject. Maximum limb length for each subject was determined from
the baseline or post-ROM restriction period. To find maximum

Drug injection and Restriction

J_I-.restricz‘im't removed
Baseline ROM Restriction Post-ROM Restriction
5-min 15-min 15-min
T T T T T
T4 T5 T12 T19 T20 T27 T34

FIGURE 1 | Testing timeline. After a 5-min baseline, subjects were
injected with the serotonergic receptor agonist quipazine to induce
stepping behavior. This was followed by a 15-min period of either ROM
restriction (Plexiglas placed at 50% of maximum limb length) or no ROM
restriction. Testing continued for a 15-min Post-ROM restriction period to
look at the persistent effects of ROM restriction. One-minute time points
beginning at T4, T5, T12, T19, T20, T27 and T34 were used to analyze the
effects of ROM restriction on limb trajectories.

length, the ventrum of the subject and the tip of the toenail of
the longest digit when the limb was fully extended were used
as proximal and distal points on the forelimb, respectively. For
the hindlimb, the base of the tail on the ventral side and the
tip of the toenail of the longest digit when the limb was fully
extended were used as proximal and distal points, respectively.
Once the maximum length was found, a semicircle was made
using the maximum length as the radius, with the center of
the circle being placed on the appropriate proximal point (i.e.,
ventrum for forelimbs or base of tail for hindlimbs). An inner
semicircle was then drawn within the aforementioned semicir-
cle, with a radius equal to two-thirds the maximum length to

|eisig
|ewixoid

Back Front

Center

FIGURE 2 | Depiction of the limb trajectory space with the different
limb trajectory areas labeled (A) along with illustrations of the
placement of the trajectory area on proximal points for the (B)
forelimbs and the (C) hindlimbs (the ventrum of the pup and the base
of the tail, respectively).
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create two dorsal-ventral limb trajectory areas: proximal (2/3 the
distance of the maximum extension length) and distal (outer 1/3
the distance of the maximum extension length). To calculate the
rostral-caudal trajectory areas, two lines were drawn from the
appropriate proximal point (i.e., ventrum or base of tail) at 60-
and 120-degrees of the entire 180-degree semicircle, thus creat-
ing a front (0-60 degrees), center (60—120 degrees), and back
(120180 degrees) trajectory area. Figure 2 depicts the trajectory
areas and their placement on the forelimb and hindlimb proximal
points. Due to the time-consuming nature of this analysis and
preplanned comparisons, specific 1-min sections were scored:
the last minute of baseline (T4), beginning of ROM restriction
(T5), middle of ROM restriction (T12), end of ROM restriction
(T19), beginning of the post-ROM restriction period (T20), mid-
dle of post-ROM restriction (T27), and end of the post-ROM
restriction (T34) (see Figure 1). The scorer was blind to surgery
condition.

HISTOLOGY

After testing, subjects were euthanized and preserved in 10%
(wt/vol) formalin. Specimens were later examined under low
magnification to verify complete spinal cord separation between
spinal segments T9 and T10 (for spinal transected subjects) or an
intact spinal cord (for shams).

DATA ANALYSIS

Data were analyzed using SPSS statistical software. A signifi-
cance level of p < 0.05 was adopted. Post-hoc tests used Tukey’s
Honestly Significant Difference.

Stepping behavior

Forelimb and hindlimb stepping was compared during the 35-
min test session (5-min baseline, 15-min ROM restriction, and
15-min post-ROM restriction period). Frequencies of alternated
steps and synchronized steps, along with the percentage of alter-
nated and synchronized steps (calculated as a function of total
limb movements) were summarized into 5-min time bins. Data
were analyzed using repeated measures ANOVA, with surgery and
ROM restriction condition as between subjects variables and time
as a within subjects (repeated measure) variable. Forelimb and
hindlimb data were analyzed separately.

Limb trajectories

Total time in each trajectory area (proximal, distal, front, cen-
ter, and back) per 1-min section (as described above) was scored
for hindlimbs and forelimbs. Data were analyzed using repeated
measures ANOVA, with surgery and ROM restriction condition
as between subjects variables and time as the within subjects
(repeated measure) variable. Preplanned comparisons examined
differences between baseline trajectories (T4) and those seen at
the beginning of ROM restriction (T5), the end of ROM restric-
tion (T19), after removal of ROM restriction (T20), and end of
post-ROM restriction (T34) (see Figure 1). Additionally, com-
parison of sections within the ROM restriction period (T5, T12,
and T19) was performed to determine real-time changes due to
the perturbation. The time bin preceding (T19) and following
(T20) post-ROM restriction were compared to determine imme-
diate adaptations to removal of the perturbation. Comparison of

all time bins during the post-ROM restriction period (T20, T27,
and T34) was conducted to look for lasting changes. Forelimb and
hindlimb data were analyzed separately.

RESULTS

Because spinal and sham subjects differed in body weight, we
examined the correlation between body weight and total forelimb
and hindlimb movements. There was no correlation (p = n.s.)
between body weight and fore- or hindlimb activity. Therefore,
we did not examine the influence of body weight further.

INTERLIMB COORDINATION: STEPPING BEHAVIOR

Forelimb stepping

Alternated forelimb steps. For frequency of alternated forelimb
steps, there was a main effect of time [F, 120) = 12.49,p <
0.001]. Follow-up analysis did not reveal any significant differ-
ences among time points; however, as shown in Figure 3A, there
was a slight increase in forelimb steps after baseline followed by
a reduction 15-min later. Because individual subjects may differ
in their amount of total limb activity and thus the proportion
of steps among subjects may vary, the percentage of alternated
steps as a function of total movements (all steps + non-stepping
movements) was examined. For percentage of alternated fore-
limb steps, there were main effects of surgery [F(1, 20) = 6.10,p =
0.02] and time [Fs, 120) = 17.73, p < 0.001]. The percentage of
alternated forelimb steps significantly increased after baseline,
and spinal subjects showed a significantly higher percentage of
alternated steps compared to shams (Figure 3B).

Synchronized forelimb steps. For frequency of synchronized fore-
limb steps, there were effects of surgery [F(1, 20) = 4.98,p = 0.04]
and ROM restriction condition [F(;, 20y = 4.98, p = 0.04], and a
two-way interaction between surgery and time [F(s, 120) = 3.55,
p = 0.002]. As shown in Figure 3C, sham subjects expressed sig-
nificantly more synchronized steps compared to spinal subjects
at T20 and T30, with T25 approaching significance (p = 0.07).
Additionally, subjects that received no ROM restriction expressed
significantly more synchronized steps compared to subjects that
did receive ROM restriction. The results for percentage of syn-
chronized forelimb steps are very similar to those for frequency.
There were main effects of surgery [F(;, 20) = 7.94, p = 0.01]
and ROM restriction condition [F(1, 20y = 5.80, p = 0.03], and a
two-way interaction between surgery and time [Fs, 120) = 4.41,
p < 0.001]. As shown in Figure 3D, sham subjects showed a sig-
nificantly higher percentage of synchronized steps during the last
15min of the test session (T15-T30) compared to spinal sub-
jects, and subjects that did not receive ROM restriction showed
a significantly higher percentage of synchronized forelimb steps
compared to ROM-restricted subjects.

Hindlimb stepping

Alternated hindlimb steps. For alternated hindlimb steps there
were effects of surgery [F(1, 20) = 21.77, p < 0.001] and time
[F(6, 120) = 20.89, p < 0.001], two-way interactions between
surgery and time [F(g, 120) = 11.51, p < 0.001] and ROM restric-
tion condition and time [F(, 120) = 3.22, p = 0.006], and
a three-way interaction between all factors [F, 120) = 6.27,
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FIGURE 3 | Step frequency and percentage of forelimb steps for
sham and spinal P10 rats by ROM condition. Frequency (A) and
percentage (B) of alternated forelimb steps, and frequency (C) and
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5-min bins

percentage (D) of synchronous forelimb steps are shown. The shaded
gray region reflects the period of ROM restriction. Points show means;
vertical lines are s.e.m.

p < 0.001]. Follow-up analyses showed that significantly more
alternated hindlimb steps occurred in spinal subjects compared
to shams, and that alternated hindlimb stepping significantly
increased after baseline (Figure 4A). To examine the three-way
interaction, ROM restriction condition and time were exam-
ined within the two surgery conditions. As shown in Figure 4A,
spinal subjects that experienced ROM restriction showed sig-
nificantly fewer alternated steps at T10 and T15 compared to
spinal subjects that did not experience ROM restriction. No
significant differences were seen in shams. For percentage of alter-
nated hindlimb steps there was a main effect of time [Fs, 120) =
68.78, p < 0.001], a two-way interaction between surgery and
time [F, 120) = 6.06, p < 0.001], and a three-way interaction
between surgery, ROM restriction condition and time [F(, 120) =
2.66, p =0.02]. The percentage of alternated hindlimb steps
increased after baseline and remained elevated throughout test-
ing, and spinal subjects that received ROM restriction showed
a significantly lower percentage of alternated steps at T10 com-
pared to spinal subjects that did not experience ROM restriction
(Figure 4B). Again we found no differences in sham subjects.

Synchronized hindlimb steps. For synchronized hindlimb steps
there were main effects of surgery [F(;, 20) = 5.36, p = 0.03] and
time [Fs, 120) = 5.57, p < 0.001], two-way interactions between
surgery and time [Fg, 120) = 2.47, p = 0.03], and ROM restric-
tion condition and time [F, 120) = 3.26, p = 0.005], and a
three-way interaction between all factors [F(g, 120) = 2.59, p =
0.02]. Significantly more synchronized steps occurred in spinal
subjects compared to shams, and synchronized hindlimb stepping

significantly increased after baseline (Figure 4C). To examine the
three-way interaction, ROM condition and time were examined
within the two surgery conditions. In spinal subjects, significantly
fewer synchronized steps occurred at T15 for subjects receiv-
ing ROM restriction compared to those that did not receive
restriction. There were no differences between ROM restriction
conditions in the sham group. For percentage of synchronized
hindlimb steps, there was a main effect of time [Fg, 120) = 5.33,
p < 0.001]. Follow-up analyses did not reveal any significant dif-
ferences among the different time points. However, as can be seen
in Figure 4D, most groups showed a slightly higher percentage of
synchronized steps during the last half of the test session.

INTRALIMB COORDINATION: LIMB TRAJECTORIES

Forelimb trajectories

We first examined time spent in the dorsal-ventral limb trajectory
space. The proximal area was within 2/3 distance of maximum
limb extension, whereas the distal area was the outer 1/3 distance
(see Figure 2). We only analyzed time spent in one area (distal),
as the pattern of effects are mirrored in the opposite (proximal)
area. For time spent in the distal area, there was a main effect
of time [F(s, 120) = 3.94, p < 0.001]. Significantly less time was
spent in the distal area for the forelimbs at T19 compared to base-
line, and significantly more time was spent in the distal area at
T34 compared to T19 (Figure 5).

For the rostral-caudal limb trajectory space, we divided it into
three equal areas: front, center, and back (see Figure 2). Time spent
in each of these areas was analyzed separately. For time in the
front area for the forelimbs there were effects of ROM restriction
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FIGURE 5 | Dorsal-ventral forelimb trajectories for sham and spinal P10
rats by ROM restriction condition. Graphs show duration of time spent in
distal and proximal trajectory areas for 1-min sections during baseline, the ROM
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that received ROM restriction, (B) sham subjects that did not receive ROM
restriction, (C) spinal subjects that received ROM restriction, and (D) spinal
subjects that did not receive ROM restriction. The shaded gray region reflects
the period of ROM restriction. Points show means; vertical lines are s.e.m.
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condition [F(1, 20) = 14.52, p =0.001] and time [F, 120) =
28.86, p < 0.001], a two-way interaction between ROM restric-
tion condition and time [F, 120) = 7.67, p < 0.001], and a
three-way interaction between all factors [F(g, 120) = 2.24, p =
0.04]. ROM-restricted subjects spent significantly more time in
the front compared to subjects that did not receive ROM restric-
tion, and time in the front increased significantly after baseline.
For ROM-restricted sham subjects, significantly more time was
spent in the front at T5 and T12 and at T19 approached sig-
nificance (p = 0.07), compared to sham subjects that did not
receive ROM restriction. For ROM-restricted spinal subjects, sig-
nificantly more time was spent in the front with the forelimbs
from T5 to T27 compared to spinal subjects that did not receive
ROM restriction. When surgery and time were examined within
the two ROM restriction conditions, ROM-restricted spinal sub-
jects showed significantly more time in the front at T20-27 than
ROM -restricted shams. These effects can be seen in Figure 6.

For time in the center area with the forelimbs there were
effects of ROM restriction condition [F(;, 29y = 14.65, p = 0.001]
and time [F(s, 120) = 31.07, p < 0.001], a two-way interaction
between ROM restriction condition and time [F(g, 120) = 7.37,
p < 0.001], and a three-way interaction between all factors
[Fe6, 1200 = 2.29, p =0.04]. As shown in Figure6, ROM-
restricted subjects spent significantly less time in the center with
their forelimbs compared to subjects that did not experience
ROM restriction, and that time in center decreased after base-
line. For ROM-restricted shams, significantly less time was spent
in center at T5 and T12, with T19 approaching significance

(p = 0.06), compared to shams that did not experience ROM
restriction. For ROM-restricted spinal subjects, significantly less
time was spent in center from T5 to T27 compared to spinal
subjects that did not receive ROM restriction. Also, spinal sub-
jects that experienced ROM restriction showed significantly less
time in center at T20-27 than shams that received ROM restric-
tion. Thus, both surgery groups decreased the amount of time
in center with their forelimbs during the period of ROM restric-
tion. Significant decreases in the center area also were seen in the
forelimbs of spinal subjects during the first 10 min of post-ROM
restriction (Figure 6).

For time in the back area with the forelimbs there were
effects of surgery [F(;, 20) = 4.61, p = 0.04] and ROM restric-
tion condition [F(;, 20y = 4.47, p = 0.05]. Sham subjects spent
significantly more time in the back area compared to spinal sub-
jects, and ROM-restricted subjects spent significantly less time
in back compared to subjects that did not experience restriction
(Figure 6).

Summary. No effects were seen for time spent in the distal area
for the forelimbs as a result of ROM restriction. From T5 to T12,
sham subjects that experienced ROM restriction decreased time
in center and increased time in the front area. From T5 to T27,
spinal subjects that experienced ROM restriction decreased time
in center and increased time in the front area as well.

Preplanned comparisons. For sham and spinal subjects that
experienced ROM restriction, there were significant decreases in

ROM Restriction No ROM Restriction
— Front —e— Center —o— Back —+— Front —e— Center —o— Back
A 60
50
g
@ 40
g ¢
%230
o
=
0 20
-
[T
10
0
c 60 — ~\¢\I\: D 60
50 50
2
— ©40 [ 40
- 2
g c
& -‘% 30 30
]
A 20 20
= )
™ :
10 l 10
- e .
0+—o——= —r o 0 . 5 ; X
T4 T T2 T19 T20 T27 T34 T4 TS T2 T19 T20 T27 T34
5-min bins 5-min bins
FIGURE 6 | Rostral-caudal forelimb trajectories for sham and spinal P10 that received ROM restriction, (B) sham subjects that did not receive ROM
rats by ROM restriction condition. Graphs show duration of time spentin front, restriction, (C) spinal subjects that received ROM restriction, and (D) spinal
center, and back trajectory areas for 1-min sections during baseline, the ROM subjects that did not receive ROM restriction. The shaded gray region reflects
restriction period, and the post-ROM restriction period for (A) sham subjects the period of ROM restriction. Points show means; vertical lines are s.e.m.
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the center and significant increases in the front area with the
forelimbs between baseline (T4) and the following time points:
beginning of ROM restriction (T5), end of ROM restriction
(T19), start of post-ROM restriction (T20), and end of post-
ROM restriction (T34). These effects are summarized in Figure 7.
Other comparisons were not significantly different between
groups.

Hindlimb trajectories

For time in the distal area with the hindlimbs, there was an
effect of time [F(g, 120) = 19.12, p < 0.001] and an interaction
between ROM restriction condition and time [F(g, 120) = 17.22,
p < 0.001]. For ROM-restricted subjects, significantly less time
was spent in the distal area during ROM restriction (T5-T19),
compared to subjects that did not experience ROM restriction.
This can be seen in Figure 8.

For time in the front area there were effects of surgery
[F(l’ 20) = 8.01,p = 0.01] and time [F(6’ 120) = 8.54,p < 0.001],
and interactions between surgery and time [F(s, 120) = 7.31, p <
0.001] and ROM restriction condition and time [F, 120) = 2.44,
p = 0.03]. Spinal subjects showed significantly more time in the
front with their hindlimbs compared to shams, and significantly
more time in the front after baseline (see Figure 9). Follow-up
analysis of the two-way interaction between surgery and time
revealed that spinal subjects spent significantly more time in the
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FIGURE 7 | Summary of changes in forelimb trajectories for sham and
spinal P10 rats by ROM restriction condition. Changes in limb
trajectories are show for sham subjects that experienced ROM restriction
(A,B), shams that did not receive ROM restriction (C,D), spinal subjects
that received ROM restriction (E,F), and spinal subjects that did not receive
ROM restriction (G,H). The shaded regions reflect an increase (white),
maintenance (gray), or decrease (black) from baseline within that trajectory
area during the designated time period.

front from T12 to T27 compared to shams. Follow-up analysis
of the interaction between ROM restriction condition and time
showed that ROM-restricted subjects spent significantly more
time in the front at T5 and T19 compared to subjects that did
not receive ROM restriction.

For time in the center area with the hindlimbs there were
effects of ROM restriction condition [F(;, 29) = 10.28, p = 0.004]
and time [F(6, 120) = 23.79, p < 0.001], interactions between
surgery and time [F(g, 120) = 5.30, p < 0.001] and ROM restric-
tion condition and time [F, 120) = 6.32, p < 0.001], and a
three-way interaction between all factors [Fs, 120) = 3.05, p =
0.008; Figure 9]. ROM-restricted subjects spent significantly less
time in center compared to subjects that did not experience
restriction, and time in center significantly decreased after base-
line. For shams that experienced ROM restriction, less time
was spent in center at T5 compared to subjects that did not
receive restriction. For spinal subjects, less time was spent in
center at T19 and approached significance at T12 (p = 0.07),
compared to subjects that did not receive ROM restriction.
Also, for spinal subjects that experienced ROM restriction, less
time was spent in center from T19 to T27 compared to shams
that experienced ROM restriction. These effects can be seen in
Figure 9.

For time in the back area with the hindlimbs, there
were effects of surgery [F(6,120) = 6.46, p = 0.02] and time
[F(6,120) = 7.10, p < 0.001], an interaction between surgery
and time [F(6,120) = 3.71, p = 0.002] and ROM restriction
condition and time [F(6, 120) = 2.84, p = 0.01], and an inter-
action between all factors [F(6, 120) = 2.445, p = 0.04]. Shams
spent significantly more time than spinal subjects in back with
their hindlimbs, and time in back significantly increased after
baseline. ROM-restricted shams showed significantly more time
in back at T5 compared to shams that did not experience
restriction. Also, ROM-restricted spinal subjects showed signif-
icantly more time in back at T5 compared to ROM-restricted
shams. For subjects that did not experience restriction, spinal
subjects showed significantly more time in the back area at
T20 with T19 approaching significance (p = 0.06), compared to
shams.

Summary. ROM-restricted subjects spent less time in the dis-
tal area with the hindlimbs during the restriction period.
Additionally, for shams that experienced restriction, less time was
spent in the center and more time was spent in the back at T5. For
spinal subjects that experienced restriction, less time was spent in
the center and more time was spent in the front at T19.

Preplanned comparisons. For sham subjects that experienced
ROM restriction, significantly less time was spent in the cen-
ter and distal areas with the hindlimbs between baseline (T4)
and beginning of ROM restriction (T5) and end of ROM
restriction (T19). Other comparisons were not significant in
shams. For spinal subjects that experienced ROM restriction,
there were significant decreases for time spent in the dis-
tal area with the hindlimbs between the baseline (T4) and
beginning and end of ROM restriction (T5 and T19). There
were significant decreases in center between baseline (T4) and
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FIGURE 8 | Dorsal-ventral hindlimb trajectories for sham and spinal rats
by ROM restriction condition. Graphs show duration of time spent in distal
and proximal trajectory areas for 1-min sections during baseline, ROM
restriction, and the post-ROM restriction period for (A) sham subjects that
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received ROM restriction, (B) sham subjects that did not receive ROM
restriction, (C) spinal subjects that received ROM restriction, and (D) spinal
subjects that did not receive ROM restriction. The shaded gray region reflects
the period of ROM restriction. Points show means; vertical lines are s.e.m.

FIGURE 9 | Rostral-caudal hindlimb trajectories for sham and spinal P10
rats by ROM restriction condition. Graphs show duration of time spent in
front, center, and back trajectory areas for 1-min sections during baseline,
ROM restriction, and the post-ROM restriction period for (A) sham subjects
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that received ROM restriction, (B) sham subjects that did not receive ROM
restriction, (C) spinal subjects that received ROM restriction, and (D) spinal
subjects that did not receive ROM restriction. The shaded gray region reflects
the period of ROM restriction. Points show means; vertical lines are s.e.m.
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the following times: end of ROM restriction (T19), begin-
ning of post-ROM restriction (T20), and end of post-ROM
restriction (T34). There also was a significant decrease in cen-
ter between the beginning and end of ROM restriction (T5
and T19). For sham and spinal subjects that did not receive
ROM restriction, there were no significant differences within
the different trajectory areas. These effects are summarized in
Figure 10.

DISCUSSION

This study demonstrates the sensitivity of the isolated spinal
cord to sensory (cutaneous and proprioceptive) feedback in con-
junction with 5-HT modulation. The 5-HT,, receptor agonist
quipazine induced forelimb and hindlimb stepping in both sham
and spinal transected P10 rats. However, only spinal subjects
modulated their hindlimb stepping during ROM restriction. Both
sham and spinal subjects showed real-time and persistent effects
of ROM restriction on forelimb trajectories during stepping.
However, only spinal subjects showed persistent effects of ROM
restriction (on hindlimb activity). This corresponds with pre-
vious research showing that animals can adapt to and show
persistent changes in behavior following a spinal cord transection
(Viala et al., 1986; Grau, 2001; Wolpaw, 2006, 2007; Brumley and
Robinson, 2010).
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FIGURE 10 | Summary of changes in hindlimb trajectories for sham
and spinal P10 rats by ROM restriction condition. Changes in limb
trajectories are show for sham subjects that experienced ROM restriction
(A,B), shams that did not receive ROM restriction (C,D), spinal subjects
that received ROM restriction (E,F), and spinal subjects that did not receive
ROM restriction (G,H). The shaded regions reflect a maintenance (gray) or
decrease (black) from baseline within that trajectory area during the
designated time period.

EFFECTS OF ROM RESTRICTION ON INTERLIMB COORDINATION
(STEPPING)

ROM restriction influenced fore- and hindlimb step frequency
during the period of restriction. While a decrease in synchronized
forelimb stepping corroborates a previous study in 1-day old
intact rats (Brumley et al., 2012), ROM-restricted spinal pups
in the current study also exhibited a reduction in alternated
hindlimb stepping during the restriction period. As shown in
Figure 4A, non-ROM-restricted spinal pups showed a 3-fold
increase in alternated hindlimb steps following quipazine treat-
ment. However, ROM restriction suppressed this effect. Because
ROM restriction suppressed hindlimb stepping starting 10-min
after restriction, but not within the first 5-min, perhaps the ini-
tial increase in stepping gave spinal subjects more “trials” with
the perturbation and hence more sensory feedback to respond
to (compared to shams). Thus, additional steps may have helped
facilitate responsiveness to ROM restriction. Another possibil-
ity is that quipazine had different neuromodulatory effects on
sensory responsiveness in sham vs. spinal subjects. For exam-
ple, Chopek et al. (2013) showed that quipazine preferentially
increases the monosynaptic reflex of flexor nerves in spinal-
transected compared to spinal-intact adult rats. Thus, sensory
processing of the perturbation was likely different in the two
surgery conditions.

Despite subjects showing real-time effects, no persistent effects
of ROM restriction (following removal of the perturbation) were
seen on step frequency. One possibility for lack of persistent
changes may be a result of limited exposure to ROM restriction.
Previous studies of interlimb motor learning after spinal tran-
section, such as conjugate limb yoking studies, typically expose
subjects to the sensory perturbation (interlimb yoke) for around
30 min (Brumley and Robinson, 2010). Thus, extending the expo-
sure time in the current study may have allowed persistent effects
to emerge. However, given that quipazine markedly increases
motor activity in neonatal rats, we assumed that more motor
activity might provide more sensory feedback and thus a shorter
exposure time might be sufficient to induce persistent effects.
Another possibility is that persistent effects are age-dependent. In
a study with human infants, persistent adaptations to trip train-
ing on a treadmill were not reliably seen until about 9 months of
age, despite infants showing real-time changes (Pang et al., 2003).
Given research that equates P10 rats with 9—10 month old human
infants in terms of locomotor development (Vinay et al., 2005),
but only the late-term human fetus in terms of brain development
(Clancy et al., 2001), our subjects may be too immature to show
reliable lasting effects. However, studies examining interlimb yoke
training have found persistent changes in motor coordination in
rat fetuses and newborns (Robinson, 2005; Robinson et al., 2008;
Brumley and Robinson, 2010), suggesting that persistent inter-
limb changes should be possible. Therefore, future studies should
examine key features necessary to produce reliable, persistent
coordinative changes following a spinal cord transection.

It is curious that ROM restriction leads to a decrease in step
frequency, given the large body of research showing that sen-
sory feedback often facilitates locomotor recovery after SCI (e.g.,
Carhart et al., 2004; Teulier et al., 2009). However, as observed in
the current study, subjects that received ROM restriction changed
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their intralimb trajectories (discussed below). This alteration in
intralimb coordination may have compromised the ability of the
pup to maintain interlimb coordination during stepping.

EFFECTS OF ROM RESTRICTION ON INTRALIMB COORDINATION (LIMB
TRAJECTORIES)

During ROM restriction, the perturbation blocked part of the
center and distal limb trajectory areas. Consequently, ROM-
restricted pups produced fewer limb movements in these areas.
To adapt, pups tended to move their forelimbs mostly to the front
area during ROM restriction. For the hindlimbs, pups moved
more-or-less equally to front and back areas, while avoiding the
center during restriction. Further, during restriction, intralimb
adaptations in spinal subjects appeared to be more drastic in
the hindlimbs compared to forelimbs (i.e., much less time was
spent in center and distal areas). As noted above, these intral-
imb adaptations may have interfered with interlimb coordination.
One reason that the limbs may have adapted by mainly moving to
the front of the subject rather than behind, may be related to the
differential effect of serotonergic stimulation on flexor and exten-
sor motor output. Quipazine has been shown to preferentially
increase flexor motor output in spinal rats (Chopek et al., 2013),
and likewise a lack of serotonin increases limb extension (Pflieger
et al., 2002). In the current study, the limbs could be relatively
flexed and remain in the front of the animal, but to move to the
back the limbs would require significant extensor activity. Thus,
perhaps the movement of the limbs mainly to the front trajec-
tory area is indicative of a stronger effect on flexor activity rather
than extensor activity, following treatment with a 5-HT receptor
agonist.

Persistent effects of ROM restriction were seen immediately
after the perturbation was removed in both fore- and hindlimbs.
Persistent forelimb effects lasted for a longer period of time in
spinal pups. One possibility for longer lasting persistent effects
in spinal pups may be due to the isolation of the forelimbs from
the hindlimbs. Blocking ascending input from the caudal spinal
cord, including propriospinal neurons, may make sensory feed-
back from the forelimbs more salient since there is less input into
the rostral cord (compared to shams). Blocking caudal input may
be especially important given research suggesting that quipazine-
induced hindlimb activity may help drive the forelimbs (McEwen
et al., 1997; Brumley and Robinson, 2005). Another possibility
is changes in somatosensory cortex processing. Hindlimb areas
within the cortex failed to respond to hindlimb stimulation but
instead responded to forelimb stimulation, in adult rats tran-
sected as neonates (Kao et al., 2011). Thus, feedback from the
forelimbs may be activating more brain regions in spinal animals
and facilitate lasting intralimb adaptations. Alternatively, given
that spinal pups in the current study had been living with a spinal
cord transection for 9 post-operative days, they may have adopted
novel posture and movement strategies during this period. The
duration of such intralimb adaptations, or whether or not such
changes might persist from one test session to the next, remains
to be determined.

Besides changes in intralimb coordination for ROM-restricted
subjects, quipazine also altered intralimb coordination for pups
in both surgery conditions. Specifically, pups showed a decrease

in the center and distal areas following treatment with quipazine.
This is likely the result of quipazine increasing the amount of
stepping behavior, as stepping involves both limb flexion and
extension, with the limbs typically showing locomotor-like swing
and stance limb excursions. Thus, it is not surprising that pups
treated with quipazine (but not ROM restriction) utilized their
movement space differently from baseline.

QUIPAZINE-INDUCED STEPPING IN SPINAL SUBJECTS

As mentioned above, P10 rats that received a low thoracic spinal
cord transection on P1 showed three times as many hindlimb
steps following treatment with quipazine, compared to shams.
Researchers looking at what has been termed “hindlimb super-
sensitivity” have found changes in the spinal cord following a
transection that may help account for this apparent sensitivity
to stimulation at 5-HT receptors. For example, in chronic tran-
sected rats the concentration of 5-HT, receptors has been shown
to increase 3 to 5-fold throughout motor neuronal somata and
dendrite regions, within the caudal cord (Kong et al., 2010). A
study that examined the time course of changes in 5-HT recep-
tors after a complete spinal transection reported an increase in
5-HT, receptors beginning 24 h after surgery (Kong et al., 2011).
Another study examined changes in motor neuron excitability
and found that small doses (10-50 wM) of a 5-HT, agonist pro-
duced cell depolarization, increased input resistance, and large
persistent inward currents in adult spinal rats (Harvey et al.,
2006). Specifically, 5-HT,4 receptor stimulation has been shown
to restore hyperpolarizing inhibition in spinal motor neurons
via upregulating activity and expression of the K-Cl cotrans-
porter KCC2 in the isolated neonatal rat spinal cord in vitro
(Bos et al.,, 2013). This permits endogenous reciprocal inhibi-
tion necessary for maintaining left-right alternation seen during
locomotion, which can be activated in the isolated spinal cord
in vitro and in vivo with 5-HT,areceptors (Norreel et al., 2003;
Pearlstein et al., 2005). Thus, it is possible that spinal pups in
the current study experienced an up-regulation of 5-HT, recep-
tors, motor neuronal hyperexcitability responses to quipazine,
and enhanced reciprocal inhibition, and therefore the effects
of quipazine (a 5-HT;areceptor agonist) were much more pro-
nounced in these pups compared to shams. Further support for
the role of serotonergic stimulation in regulating lumbar net-
works during early development comes from studies that have
demonstrated impaired locomotor coordination, posture, and
motor neuron excitability following serotonin depletion (Myoga
et al., 1995; Nakajima et al., 1998; Pflieger et al., 2002).

An interesting finding in the current study was the occur-
rence of alternated forelimb stepping in spinal pups treated
with quipazine (although the amount of forelimb stepping was
much lower than hindlimb stepping). Previous studies looking
at quipazine-induced stepping in perinatal rats have reported
robust hindlimb stepping, but very little forelimb stepping after
a mid-thoracic spinal transection (McEwen et al., 1997; Brumley
and Robinson, 2005). However, the current study differs from
these studies in a couple of important ways, which may help to
explain this difference in forelimb behavior. First, the previous
studies performed behavioral testing within 24 h after spinal tran-
section, whereas in the current study pups were allotted 9 days
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after surgery to recover before testing. Therefore, longer recov-
ery time may have allowed pups to fully recover from any spinal
shock rostral to the injury site. Second, the current study used a
low thoracic spinal cord transection, whereas the previous studies
used mid-thoracic transections. Thus, it is possible that the neu-
ral circuitry for forelimb stepping extends into the high thoracic
area, and therefore a mid-thoracic transection interferes with or
damages forelimb stepping circuitry. However, with a low tho-
racic transection, perhaps we missed that circuitry altogether,
and therefore animals could easily show stepping behavior in the
forelimbs.

CONCLUSIONS

Findings from this study suggest that the immature, isolated
spinal cord modulates inter- and intralimb coordination in
response to sensory feedback during locomotor activity induced
by serotonergic stimulation. Furthermore, we found that the
spinal cord is able to support persistent behavioral changes after
exposure to a sensorimotor perturbation. A number of stud-
ies have shown the importance of pairing sensory input with
spinal cord circuitry activation. In these studies, the addition of
5-HT receptor stimulation is often shown to modulate changes
in recovery. For example, subjects given motor training typically
do not recover to the same extent as subjects given motor train-
ing plus treatment with a 5-HT agonist. Interestingly, a study
that examined mice and rats with a chronic spinal cord contu-
sion found that increases in behavioral recovery were correlated
with an increase in 5-HT receptor expression in the spinal cord
(Wang et al., 2011). Thus, 5-HT stimulation is not just a tool to
activate locomotor circuits but is likely part of a dynamic system
involved in the production, modulation, and recovery of func-
tional movement. By understanding how 5-HT modulates loco-
motor behavior and how sensory feedback and supraspinal input
changes 5-HT expression, we can gain a more accurate picture of
how to tailor therapies toward better recovery. Such therapeutic
strategies can already be seen in studies with humans where sen-
sory feedback (i.e., treadmill training) is paired with activation
of local spinal circuits (e.g., epidural stimulation) (Carhart et al.,
2004).
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Motoneurons provide the only conduit for motor commands to reach muscles. For many
years, motoneurons were in fact considered to be little more than passive “wires’
Systematic studies in the past 25 years however have clearly demonstrated that the
intrinsic electrical properties of motoneurons are under strong neuromodulatory control
via multiple sources. The discovery of potent neuromodulation from the brainstem and its
ability to change the gain of motoneurons shows that the “passive” view of the motor
output stage is no longer tenable. A mechanism for gain control at the motor output stage
makes good functional sense considering our capability of generating an enormous range
of forces, from very delicate (e.g., putting in a contact lens) to highly forceful (emergency
reactions). Just as sensory systems need gain control to deal with a wide dynamic range
of inputs, so to might motor output need gain control to deal with the wide dynamic range
of the normal movement repertoire. Two problems emerge from the potential use of the
brainstem monoaminergic projection to motoneurons for gain control. First, the projection
is highly diffuse anatomically, so that independent control of the gains of different motor
pools is not feasible. In fact, the system is so diffuse that gain for all the motor pools in a
limb likely increases in concert. Second, if there is a system that increases gain, probably
a system to reduce gain is also needed. In this review, we summarize recent studies that
show local inhibitory circuits within the spinal cord, especially reciprocal and recurrent
inhibition, have the potential to solve both of these problems as well as constitute another

source of gain modulation.

Keywords: gain, serotonin, motoneuron, spinal cord, spinal cord injury

NEUROMODULATION, A RHEOSTAT FOR MN EXCITABILITY

It is approaching 40 years since the discovery of the powerful
effects of persistent inward currents (PICs) and their ability to
transform spinal motoneurons from passive conduits to active
processors of incoming signals. PICs are depolarizing currents,
mediated by sodium and calcium channels, primarily in the
dendrites (Eckert and Lux, 1976; Schwindt and Crill, 1977;
Hounsgaard and Kiehn, 1993). PICs amplify (Lee and Heckman,
2000; Hultborn et al, 2003) and prolong (Heckman et al.,
2008) the effects of ionotropic synaptic inputs by producing
plateau potentials and self-sustained firing and regulate the over-
all excitability of the cell.

PICs depend on the presence of the monoamines serotonin
and norepinephrine which are produced in brainstem cells of the
raphe nucleus and locus coeruleus (Hultborn et al., 2004). These
cell groups send axons down to diffusely innervate all laminae and
segments of the spinal cord (Bjorklund and Skagerberg, 1982).
These so called neuromodulators act intracellularly via G-protein
coupled second messengers to confer persistent behavior to den-
dritic calcium and sodium channels (Simon et al., 2003; Ballou
et al., 2006) creating an inward depolarizing current (Carlin
et al., 2000). In addition to their effects on PICs, both serotonin
and norepinephrine have potent effects on the threshold of the

motoneuron (Power et al., 2010). There likely also exist many
other neuromodulators that influence motoneurons. Local spinal
circuits can reduce the motoneuron spike afterhyperpolarization
(AHP; Miles et al., 2007) whereas 5HT and NE have very little
AHP effect in the adult (Li et al., 2007). Much further work is
needed on neuromodulation of motoneurons; for the present, this
review focuses on the effects of serotonin and norepinephrine on
the PIC, which has remarkably potent effects on input-output
gain of motoneurons, as explained next.

Input amplification by PICs is readily seen in electrophysio-
logical recordings and is manifest as an increase in depolarizing
current or membrane potential elicited by an excitatory synaptic
input that, in the absence of PICs, would be much reduced. PIC
amplification can be as great as 5-fold (Lee and Heckman, 2000).
This is an essential feature for motor outputs, being one of the
key mechanisms that allows spinal motoneurons to achieve firing
frequencies sufficient to produce maximum voluntary muscle
contractions (Binder et al., 2002). But this powerful control
of intrinsic excitability of motoneurons is potentially gradable.
Brainstem output patterns correlate with arousal state via the
noradrenergic system and with the intensity of motor output
via the serotonergic system (Rasmussen et al., 1986; Rajkowski
et al., 1994, 1998). Thus by varying output from these brainstem
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neuromodulatory centers, motor commands can very PIC ampli-
tude and thus vary the input-output gain of motoneurons.

It should be emphasized however this gain control has not yet
been clearly demonstrated in either intact animals or in human
subjects and, in fact, further experiments are needed in animal
preparations to understand how much a given change in PIC
amplitude increases the overall gain of the motor pool as a whole
system. Nonetheless controlling gain at the motor pool makes
good functional sense for the motor system as a whole. Motor
output has to vary over a huge range from delicate (e.g., putting
in a contact lens) to high force (moving heavy weights, high speed
escapes). Varying the gain at the motor output stage allows input
neurons to employ their full range of rate modulation across
a wide range of motor tasks. Consistent with this possibility,
chronic recordings of motor cortex neurons show a range of rate
modulation that is similar at high and low forces outputs (Maier
et al., 1993; Andrykiewicz et al., 2007).

PIC induced input prolongation is clearly seen in electrophys-
iological recordings as tail currents, plateau potentials and self
sustained firing (Schwindt and Crill, 1980, 1981; Hounsgaard
et al., 1988; Simon et al., 2003; Moritz et al., 2007), all present
immediately after the termination of an excitatory input. Input
prolongation may serve useful in the maintenance of posture,
allowing brief descending commands to postural muscles in the
limbs and trunk to produce persistent motor outputs (“bistable”
behavior). Therefore their effect is analogous to changing the
behavior of the cell to a positive integrator, for the time that
the PIC is active it can sum its brief inputs to create a long
lasting output. Moreover, this bistable behavior is strongest in
low threshold type S motoneurons, which are heavily involved in
posture. It seems reasonable to suppose that bistable behavior is
routinely used for postural control, but, as for the gain control
discussed above, definite data on this speculation are not yet
available.

THE PHYSICAL PLANT, A NEURAL BIOMECHANICAL LINK
INHIBITION PROVIDES SPECIFIC CONTROL OF PICs

The descending monoaminergic input to spinal MNs is diffuse
and non-specific and operates through both synaptic and extra
synaptic transmission (Agnati et al., 2010). Therefore judging by
anatomy alone PIC effects would presumably also be broad and
non-specific. Furthermore even though PIC amplitude can be
globally controlled by the brainstem, the dynamics of this control
are slow (Raymond et al., 2001; Hentall et al., 2006) and, since
these descending tracts have no apparent somatotopy, they are
not motor pool specific. Under such slow control, PIC effects
such as input prolongation, which is primarily seen in low input
conductance MNs and may benefit postural behaviors, could seri-
ously interfere with the MNs ability to rapidly respond to dynamic
motor commands. It has been shown that inhibition from elec-
trical stimulation of antagonist nerves increases the threshold for
plateau potentials and presumable the PICs that underlie them
(Bennett etal., 1998). We have recently revealed that the Ia sensory
system activated during muscle stretch associated with changes
in joint angle provides a key control mechanism that confers
rapid and specific modulation of PIC amplitude and effects.
PICs are excellent amplifiers of excitatory synaptic inputs but

can be rapidly “turned oftf” with synaptic inhibition (Hultborn
et al., 2003; Kuo et al., 2003b; Hyngstrom et al., 2007). The Ia
reciprocal inhibition system of agonist/antagonist muscle pairs is
ideally constructed to provide a motor-pool-specific inhibitory
control mechanism. Passively changing the joint angle in one
direction (extension) stretches antagonist muscles and provides
inhibition to agonist MNs (Figure 1). Changing joint angle in
the opposite direction (flexion) decreases inhibition to the MN.
In the case of ankle extensor MNs, antagonist muscle stretch
(via ankle extension) decreases PIC amplitude by about 29%
while ankle flexion, which results in a net reduction in reciprocal
inhibition to extensor MNs, increases PIC amplitude the same
amount (Figure 2) (more on this below). The synaptic inhibitory
component of these joint rotations reduces PIC amplitude and
grades their effects on MN outputs. Inhibition also modulates
the electrical properties of MNs facilitating transitions between
high and low excitability states. In this way the neuro-muscular
physical plant provides a biomechanical control system that
allows MNs to take advantage of PIC effects, which are beneficial
to MN activation and output, while minimizing the potentially
detrimental aspects these effects would have on motor task that
involve rapidly alternating activation of muscles with opposing
action.

In considering the functional effect of excitation and inhibi-
tion on the PIC, it is important to realize that the electrode is at
the soma and that much of the dendritic tree is not clamped. As a
result, both inhibitory and excitatory synaptic currents are more
effective in changing activation of the PIC than current injected at
the soma (Bennett et al., 1998; Lee et al., 2003). Previous studies
(Kuo et al., 2003a; Bui et al., 2008a) and computer simulations
(Bui et al., 2008b; Powers et al., 2012) suggest that the reduction
in PIC amplitude by inhibition is due to both its hyperpolarizing
and shunting effects. These changes likely account for the dif-
ferences in PIC activation shown in Figure 2A. In other words,
changes in PIC activation measured by voltage clamp at the
soma are distorted by lack of space clamp of the dendritic tree.
Yet, from a functional perspective, clamp at the soma is entirely
appropriate and the “distortions” directly affect motor output.
When a motoneuron is functioning normally, the AHP after each
spike maintains the average membrane potential at a reasonably
steady level—that is to say, the AHP approximately “clamps” the
soma to this level (about —50 mV). Thus the effect of excitatory
and inhibitory synaptic inputs on the PIC provide a reasonable
estimate of how naturally evoked firing will be generated, with
the important caveat that the net current to be considered should
be in the voltage range for average membrane potential during
repetitive firing (i.e., ~—50 mV). This functional relevance of
voltage clamp current at firing level is not just an assumption.
We have shown that the clamp current at firing level induced
by muscle stretch (which strongly activates the PIC) provides
a good prediction of the firing rate and pattern induced by an
identical stretch in the unclamped state in the same cell (Lee
et al., 2003). Thus it is appropriate to assess the functional effect
of excitation and inhibition on PICs using voltage clamp at the
soma. Nonetheless, the interaction between inputs and PICs is
complicated and further work is warranted, Cutaneous, joint and
muscle afferents are all activated to varying degrees during joint
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FIGURE 1 | la reciprocal connections to spinal motoneurons by
antagonist muscle pairs. Rotating the joint to stretch flexor muscles
provides disynaptic inhibition to extensor motoneurons and direct activation
of the flexor motoneuron (A, solid lines). The opposite rotation stretches
extensor muscles providing disynaptic inhibition to flexor motoneurons and
direct activation of the extensor motoneuron (B, solid lines). The plus and
minus signs in this figure are meant to indicate net depolarization (+) and net

Flex

@ - Motoneuron

@ - Inhibitory
interneuron
—/* - - la afferents
of s
hyperpolarization (—). During these rotations the opposite conductance

change occurs at each motoneuron type: extensor muscle shortening
disfacilitates extensor motoneurons (A, black dashed lines) contributing to
their hyperpolarization, and disinhibits flexor motoneurons (A, red dashed
lines), contributing to their depolarization. Flexor muscle shortening
disfacilitates flexor motoneurons (B, black dashed lines, hyperplolarization)
and disinhibits extensor motoneurons (B, red dashed lines, depolarization).

rotations and could potentially contribute to PIC modulation, but
reciprocal inhibition by primary spindle Ia afferents dominates.
This system is very sensitive to muscle length change, and the
modulation of PIC amplitude by joint angle is exactly what would
be predicted by Ia reciprocal inhibitory effects. We have demon-
strated that PIC reduction does not occur when the tendons to
antagonist muscles are cut prior to imposing joint angle changes.
In fact PICs tended to be larger in the extended, flexed and
midpoint joint positions in these experiments (Hyngstrom et al.,
2007). The lack of PIC reduction as well as the increase in PIC
amplitude in the absence of Ia reciprocal inhibition illustrates the
importance of inhibitory proprioceptive inputs for modulating
this intrinsic property. Finally when denervation was performed
to eliminate cutaneous afferents in these experiments, results were
similar to the non-deafferented condition i.e., PIC amplitudes
were clearly modulated by joint angle in the absence of cutaneous
inputs.

These experiments demonstrate the importance of focused
reciprocal inhibition and the considerable degree of flexibility
imparted by reciprocal inhibition, exerting temporally specific
control over the diffuse descending neuromodulatory system.
Descending brainstem inputs modulate PIC amplitude glob-
ally across all motor pools, increasing and decreasing general
excitability throughout the motor system. The tightly focused
inhibition from the Ia system allows specific MN behaviors to
be sculpted from a slowly changing background monoaminergic
state.

PUSH-PULL: INTERACTIONS BETWEEN INHIBITION AND EXCITATION

Passive joint rotation provides alternating stretch of agonist and
antagonist muscles. In each rotational direction Ia afferents pro-
vide direct monosynaptic excitation to homonymous MNs and

Neutral

4
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( <
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<

Current (nA)
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Time (s)
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FIGURE 2 | Joint angle effects on PIC amplitude. Joint angle positions
are represented by the stick figures on top. In the midpoint position the PIC
is clearly present as a downward deflection (indicating an inward
depolarizing current) in the current trace. During extension, inhibition from
antagonist muscle stretch greatly reduces PIC amplitude in the recorded
extensor motoneuron. During flexion, antagonist muscles are shorter than
in the midpoint position, providing disinhibition to extensor motoneurons
revealing a large PIC.

indirect inhibition to antagonist MNs (Figure 1). We have shown
that reciprocal inhibition changes PIC amplitude by at least
50% (Hyngstrom et al., 2007). But there is a complementary
component to both inhibition and excitation: disinhibition and
disfacillitation. Synaptic inputs can interact in a number of ways.
In one scheme excitation and inhibition occurs concomitantly,
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FIGURE 3 | Push-pull conceptual model. A tonic background of
excitation and inhibition is required for push-pull control. When this
background is present excitation can temporally couple with
disinhibition to increase excitatory gain (thick green line) and inhibition

can couple with disfacillitation to increase inhibitory gain (thick red line).
This conductance coupling can theoretically lead to a greater range of
excitability modulation than excitation and inhibition alone (thin
green/red line).

with one being slightly larger than the other, in what are known
as “balanced networks” (Berg et al., 2007). Though metabolically
expensive, balanced networks are thought to be common in
the CNS. They are thought to be involved with the control of
breathing (Parkis et al., 1999; de Almeida and Kirkwood, 2010)
acoustic signal processing (Magnusson et al.,, 2008) and most
notably sensory processing in the neocortex (Borg-Graham et al.,
1998; Shu et al., 2003; Haider et al., 2006). Once in a balanced
state, excitation and inhibition can change out of phase, creating
a larger driving force for de- and hyperpolarizations, in a so
called push-pull arrangement (Ferster, 1988; Grande et al., 2010;
Johnson et al., 2012). Push-pull requires the presence of a tonic
background of excitatory and inhibitory conductances and occurs
when excitation is temporally coupled with disinhibition or when
inhibition is coupled with disfacillitation (Figure 3).

Push-pull conductance changes are reinforcing (Ferster, 1988;
Conway and Livingstone, 2006) and should produce larger effec-
tive synaptic currents and larger depolarizations, greater firing
frequencies and larger muscle forces than excitation alone. When
opposite sign conductances modulate in phase, their effect on the
neuron should cancel each other out. Combinations of excitation
and inhibition and their impact on muscle force production are
illustrated in Figure 4. These predictions assume purely linear
interactions, which is not likely to be the case. Nonetheless our
work in cat spinal MNs supports this same general pattern: cou-
pling disinhibition with excitation produces larger excitatory cur-
rents in MNs measured in voltage clamp, larger depolarizations
and higher firing frequencies in current clamp as well as greater
muscle forces in unparalyzed animal experiments (Figure 5). In
these same experiments we also ran trials with the inhibitory
component removed by cutting the antagonist muscle tendons,
effectively removing the input that provides both inhibition
and disinhibition. In this altered state where excitatory inputs
were modulated exclusively, MN currents, firing frequencies and
muscle forces were all dramatically reduced, suggesting that Ia

reciprocal inputs are superimposed on a tonic base of excitation
and inhibition (Johnson et al., 2012; Figure 5).

The reciprocal organization of Ia afferents from agonist/
antagonist muscle pairs is ideally suited to operate in a push-pull
fashion. Push-pull is another effective strategy to increase MN
input-output gain ultimately translating to increased muscle force
production. Under this arrangement PIC effects are nicely regu-
lated as well. Inhibition and excitation are smoothly modulated
throughout the range of joint rotation and, from the perspective
of a single MN, reverse in sign in concert with reciprocal inhi-
bition. This allows greater depolarization in the excitatory phase,
where excitation is biomechanically coupled with disinhibition,
as well as strong hyperpolarizations, and therefore control of
MN PICs, in the inhibitory phase where inhibition is coupled
with disfacillitation. The disinhibition provided by push-pull will
enhance the force output of the agonist, but if co-contraction is
needed, reciprocal inhibition presumably has to be reduced and
thus this mechanism will no longer be operative. Our studies
involve only ankle and knee rotations, but the diverse set of
descending inputs to Ia inhibitory interneurons (Baldissera et al.,
1981; Jankowska, 2001) make it possible to modulate reciprocal
inhibition to allow push-pull control in a wide variety of motor
behaviors. Further study is required to see if push-pull control
occurs at the hip or within the forelimb. The strength of push-pull
effects on MN gain can be controlled by altering the background
levels of each conductance.

SPINAL INJURY

Spinal cord injury (SCI) not only impairs motor commands but
also damages descending control of spinal excitability. Paraly-
sis, impairment and loss of function following SCI arises from
loss of inputs from supraspinal structures, including those from
descending neuromodulatory systems (Frigon and Rossignol,
2006). In the decerebrate cat preparation, spinal transection
eliminates brainstem monoaminergic pathways as well as all
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FIGURE 4 | Push-pull combinations and outcomes. Modulating excitation
and inhibition from a tonic background of each conductance should allow for
greater output gain. Combinations of excitatory and inhibitory input
coupling and the predicted impact on motoneuron firing and muscle force
production are illustrated. In this basic model as excitatory (A) and
inhibitory (B) condudtances occur in the dendrites the effective synaptic
current at the motoneuron soma is illustrated in green (net depolarizing) and
red (net hyperpolarizing) (C). Motoneuron firing frequency changes are
illustrated in (D) and muscle force production (E). During concomitant
conductance changes, push-pull effects are seen (shaded blue).

other remaining descending inputs to the spinal cord caudal
to the injury and thus eliminates PICs and their effects (Lee
and Heckman, 2000). This leads to perhaps the most profound
immediate result of spinal injury: a state of complete spinal
shock where no amount of natural synaptic stimulation can bring
MNs to firing threshold. In this scenario motor commands from
spared pathways in incomplete spinal injury may still produce
depolarizing currents in recipient MNs, but without the ampli-
fying effect of PICs, muscle activation cannot occur. The gradual
return of spinal excitability, and emergence of muscle spasms that
sometimes follows, we now know, matches the time course of the
re-emergence of MN PICs in animal experiments (Bennett et al.,
2001a,b).

In the non-injured state spinal processing of sensory inputs
produces motor outputs that are focused, reciprocal and consis-
tent. The tightly focused Ia system that dominates MN sensory
processing radically changes following SCI. Normally MNs have
movement related receptive fields (MRRFs) that are joint specific.
For example, in voltage clamp experiments ankle extensor MNs
show strong synaptic currents during passive ankle rotation, while
rotations of the hip are largely ignored. Immediately (minutes-
hours) following spinal transection their MRRFs broaden and
these same MNs are now strongly depolarized by rotations of the
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FIGURE 5 | Push-pull effects in vivo. Intracellular currents measured at
the voltage clamped motoneuron as linear motors connected to the distal
tendon of it's agonist and antagonist muscles alternately stretch and
shorten the muscles show that the push-pull configuration (tendons intact,
red trace) results in greater peak to peak current amplitude than in the
non-push-pull configuration (flexor tendons cut, blue trace) (A). The
push-pull configuration, where muscles are stretched and shortened in an
alternating pattern (lower panel in B), also results in greater motoneuron
firing rates than modulating excitation alone (upper panel in B). Push-pull
effects manifest at the system level as well. Greater muscle force is
produced when excitation is coupled with disinhibition (C).

hip (Hyngstrom et al., 2008a). In this altered state the reciprocal
arrangement of inputs from myotactic agonist/antagonist muscle
pairs no longer dominates spinal MN behavior, in fact inputs
from far away joints unrelated to the MNs muscle evoke the
strongest synaptic currents. This disruption in MRRF somatotopy
has, at its core, disruption of effective synaptic strengths and has
the potential to interfere with reciprocal inhibitions ability to
modulate MN PICs, which in the weeks following spinal injury,
re-emerges.

The most likely source of this receptive field widening is acute
loss of descending monoaminergic drive causing a disinhibition
of polysynaptic excitatory pathways on to recipient MNs.
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PICs amplify both excitatory and inhibitory inputs individu-
ally in a linear fashion. But in active networks with tonic levels
of excitatory and inhibitory conductances, their combined effects
display a non-linear relationship as membrane potential changes
from hyper- to depolarized (Hyngstrom et al., 2008b). This non-
linear relationship is actually sub linear for excitation and supra-
linear for inhibition. That is, the amplifying effects of the PIC
on these two separate sources of simultaneous input, which for
inhibition grows stronger as the cell is more depolarized, was
greater and resulted in more net inhibition in this depolarized
range than what would be predicted if the inputs were applied
separately and summed. The supra-linear inhibitory amplifica-
tion underscores the importance inhibition plays in controlling
PICs. Hence another consequence for loss of neuromodulation
is disruption of the balance between the effects of excitatory and
inhibitory conductances due to PIC interactions.

Though PICs and the input-output gain enhancement they
impart on spinal MNs are lost in the acute stages of spinal
injury, it has been shown that PICs recover within 1-5 months
following complete spinal transection. This is primarily due to the
emergence of constitutive activity in serotonin receptors (Murray
et al., 2010). This recovery includes the plateau potentials that
impart input prolongation to MNs as well as input amplification
(Bennett et al., 2001a; Johnson et al., 2013). However we have
shown that MNs do not recover input specificity, so they continue
to have the wide MRRFs seen in acute spinal transection. As
a result joint rotations not associated with their function can
cause strong activations in the form of depolarizing currents
(Johnson et al., 2013). These aberrant receptive fields interacting
with a nearly fully recovered PIC elicit broad activation of muscles
throughout the entire limb constituting, we believe, a substrate for
multi-joint spasticity in the sub-acute stages of spinal injury. Our
ongoing studies are focused on monitoring the changes at both
the cellular, via intracellular recordings of spinal MNs, and system
level, via multiple motor-unit recordings in muscles, that occur as
symptoms progress through the chronic stages of spinal injury.
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Studies devoted to understanding locomotor control have mainly addressed the functioning
of the neural circuits controlling leg movements and relatively little is known of the operation
of networks that activate trunk muscles in coordination with limb movements. The aim
of the present work was (1) to identify the exogenous neurotransmitter cocktail that
most strongly activates postural thoracic circuitry; (2) to investigate how the biogenic
amines serotonin (5-HT), dopamine (DA), and noradrenaline (NA) modulate the coordination
between limb and axial motor networks. Experiments were carried out on in vitro isolated
spinal cord preparations from newborn rats. We recorded from ventral roots to monitor
hindlimb locomotor and axial postural network activity. Each combination of the three
amines with excitatory amino acids (EAAs) elicited coordinated rhythmic motor activity at
all segmental levels with specific characteristics. The variability in cycle period was similar
with 5-HT and DA while it was significantly higher with NA. DA elicited motor bursts of
smaller amplitude in thoracic segments compared to 5-HT and NA, while both DA and NA
elicited motor bursts of higher amplitude than 5-HT in the lumbar and sacral segments. The
amines modulated the phase relationships of bursts in various segments with respect
to the reference lumbar segment. At the thoracic level there was a phase lag between
all recorded segments in the presence of 5-HT, while DA and NA elicited synchronous
bursting. At the sacral level, 5-HT and DA induced an intersegmental phase shift while
relationships became phase-locked with NA. Various combinations of EAAs with two or
even all three amines elicited rhythmic motor output that was more variable than with one
amine alone. Our results provide new data on the coordinating processes between spinal
cord networks, demonstrating that each amine has a characteristic “signature” regarding
its specific effect on intersegmental phase relationships.

Keywords: dopamine, serotonin, noradrenaline, locomotion, posture, spinal cord, neuromodulation

INTRODUCTION

The achievement of efficient locomotory movements necessary
for survival in a demanding external environment requires the
integrated functioning and synergistic action of many mus-
cle groups in order to ensure the appropriate positioning of
all body regions during self-motion (Cazalets, 2000; Falgairolle
etal., 2006). However, most studies devoted to understand-
ing locomotor control in humans and quadrupeds (Rossig-
nol, 1996; Duysens and Van de Crommert, 1998) have only
addressed the functioning of the neural circuits controlling
leg movements, and relatively little is known about the func-
tioning of neuronal networks that activate trunk muscles in
coordination with limb movements (Thorstensson etal., 1982;
Koehler etal., 1984; Zomlefer etal., 1984; Gramsbergen etal.,
1999; De Seze etal., 2008; Rauscent etal., 2009; Combes etal.,
2012). Similarly, the role of the forelimbs during locomotion
remains poorly understood (Akazawa etal., 1982; Duenas etal.,
1990; Ballion etal., 2001; Zehr and Duysens, 2004). Indeed all
these motor networks do not operate in isolation but interact
with each other, and it is only recently that increasing atten-
tion has been paid to the interactive functioning of various
spinal segments in quadrupedal mammals and humans during

locomotion (Cazalets, 2000; Wannier etal., 2001; Dietz, 2002;
Falgairolle et al., 2006, 2013; Maclellan et al., 2011; Nakajima et al.,
2013).

Several seminal reviews (Harris-Warrick, 2011; Miles and Sil-
lar, 2011) have recently highlighted the role of neuromodulators
in governing the functional flexibility of spinal circuitry. The
motor networks responsible for locomotor activity and which
are the potential targets of neuromodulators are intrinsic to the
spinal cord and can generate rhythmic motor activity in the
absence of sensory feedback. The cervical and lumbar enlarge-
ments contain the neural machinery necessary to operate the
fore- and hind-limbs, respectively, while thoracic and sacral
segments control the axial systems. As underlined by Harris-
Warrick (2011), neuromodulatory actions are required for the
normal function of these networks. In using the in vitro iso-
lated spinal cord from new born rat, the neuromodulatory impact
of the three biogenic amines serotonin, dopamine (DA), and
noradrenaline (NA) on locomotion has been extensively stud-
ied. Their effect had been previously established for the motor
activity generated by the lumbar segments and subsequent stud-
ies further investigated aspects of their pharmacological features
(Cazalets etal., 1992; Kiehn and Kjaerulff, 1996; Kiehn etal.,
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1999; Sqalli-Houssaini and Cazalets, 2000; Barriere etal., 2004;
Madriaga etal., 2004; Pearlstein et al., 2005; Gordon and Whelan,
2006; Liu etal., 2009). It has been shown that they may dif-
ferentially modulate a motor pattern according to the specific
receptor subtypes they activate (for review, see Miles and Sil-
lar, 2011). 5-HT exerts an excitatory (permissive) effect through
an activation of 5-HT2 and 5-HT7 receptors (Madriaga etal.,
2004; Pearlstein etal., 2005; Liu etal., 2009) or an inhibitory
(suppressive) action through 5-HT1 receptor activation (Beato
and Nistri, 1998) on motoneurons or interneurons (Zhong etal.,
2006a). Similarly, NA (Kiehn etal., 1999; Sqalli-Houssaini and
Cazalets, 2000), exerts a multi-modal control of lumbar loco-
motor networks through an al receptor mediated activation and
an o2 receptors mediated inhibition (Sqalli-Houssaini and Caza-
lets, 2000; Gabbay etal., 2002; Gordon and Whelan, 2006). The
dopaminergic modulation of lumbar locomotor patterns (Kichn
and Kjaerulff, 1996; Whelan etal., 2000; Madriaga etal., 2004)
is mediated via D1 and D2 receptor activation leading to an
increase in motoneuron and Hb-9 interneuron excitability (Han
etal., 2007). Most of the effects reported for these drugs were also
found to occur in spinally transected adult rodents (Landry etal.,
2006; Lapointe and Guertin, 2008; Lapointe etal., 2008, 2009).
Surprisingly, however, despite the numerous studies that have
investigated the individual action of each amine alone or in com-
bination with excitatory amino acids (EAAs), there has not been
a study that has systematically compared the action of the three
amines, alone or in various combinations, on locomotor pattern
genesis.

The aim of the present study therefore was (1) to identify
the neuromodulator mixture that most strongly activates spinal
motor networks involved in hindlimb and axial muscle control;
(2) to investigate how the biogenic amines serotonin (5-HT), DA,
and NA, shape the operation of and the interactions between
the limb and axial motor networks during ongoing locomotor-
like rhythmogenesis initiated by excitatory amino-acid receptor
activation.

MATERIALS AND METHODS

Experiments were performed on the in vitro isolated spinal cord
of newborn Sprague—Dawley rats aged between 1 and 5 post-natal
days (P1-P5, n= 25 preparations). All procedures were conducted
in accordance with the local ethics committee of the University of
Bordeaux and the European Committee Council Directive. All
efforts were made to minimize animal suffering and to reduce the
number of animals.

IN VITRO ISOLATED SPINAL CORD

Rat pups were anesthetized using isofluorane until no reflex could
be elicited in response to tail or toe pinching. Animals were decap-
itated, the skin of the back removed, and the preparations were
placed ventral side up in a dissecting chamber. A laminectomy was
performed to expose the spinal cord that was then dissected out
using fine forceps and microscissors under binocular microscope
control. Dissections and recording procedures were performed
under the continuous perfusion of an artificial cerebrospinal fluid
(aCSF) equilibrated with 95% O,-5% CO;, pH7.4 at room tem-
perature (24-26°C) and containing (mM): NaCl 130, KCl 3, CaCl,

2.5, MgSos 1.3, NaH,;PO4 0.58, NaHCO3; 25 and glucose 10.
Spinal cords were sectioned at the T2 level at the beginning of
the experiment.

ELECTROPHYSIOLOGICAL RECORDINGS AND ANALYSIS

Extracellular motor activities were recorded from various spinal
cord ventral roots using Vaseline-insulated, stainless steel pin elec-
trodes at the lumbar level and glass suction electrodes for the
shorter thoracic ventral roots. Recorded activities were amplified
using custom-made amplifiers then digitized (Digidata 1322A,
Molecular Device, CA, USA) using an interface driven by Axo-
graph software (Axograph, AU). The raw signals were high-passed
(50 Hz), rectified and integrated before analysis. Burst amplitudes
(trough to peak) and locomotor pattern cycle periods were cal-
culated using a program developed in Matlab (Mathworks) based
on burst onset and offset detection. Since it is not possible to
compare absolute amplitude values of extracellular data between
experiments, we calculated only the relative change in amplitude
from a control condition. Such amplitude changes could be either
due to changes in firing frequency of already active motor units or
to a recruitment of previously silent units. Due to the difficulty in
establishing stable and persistent rhythmic locomotor-like activ-
ity with bath-application of EAAs alone, the combination of EAAs
and 5-HT that is the most commonly used cocktail to induce
locomotor-related activity in vitro (Sqalli-Houssaini etal., 1993)
was taken as the reference condition to compare the actions of the
amines.

We used recordings at L2 as the reference trace because it
invariably exhibited the best signal-to-noise ratio. Pair-wise phase
relationships between bursting activities recorded simultaneously
from different ventral roots were calculated using wavelet trans-
form analysis (for an extensive description of the method see
Grinsted etal., 2004; Mor and Lev-Tov, 2007; Torrence and
Compo, 2010). For this purpose, we used custom-made soft-
ware based on the MatLab wavelet coherence package provided
by Aslak Grinsted (http://noc.ac.uk/using-science/crosswavelet-
wavelet-coherence). For each pair-wise recording we performed
both a cross wavelet transform and a wavelet coherence determi-
nation. The results obtained with both algorithms were combined
into a single time-frequency map so as to extract phase relation-
ships from delineated coherent common high power frequency
regions. Phase values were plotted as a circular representation
(0-1 rad), with the mean phase being indicated by the direction
of the vector, and its length (range from 0 to 1) indicating the
strength of the mean.

PHARMACOLOGY

Episodes of locomotor-like activity were elicited by the exogenous
application of a mixture of 15 uM N-methyl-D,L-aspartate (NMA,
Sigma) and serotonin (5-HT, Sigma) and/or DA (Sigma), and/or
NA (Sigma). DA and NA were freshly prepared and protected from
light exposure during bath superfusion in order to prevent photo-
degradation. Sodium metabisulfite (0.1%; Sigma) was also added
to the DA supply in order to prevent oxidation (Barriere etal.,
2004). Drugs were bath-applied using a peristaltic pump (flow
rate 4 ml/min; recording chamber volume 4 ml). The effects of the
drugs were monitored from 5 to 10 min after reaching the Petri
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dish (the time required for total replacement of the normal saline
and diffusion into the tissue).

Different drug combinations were tested on the same prepa-
ration in a random order except for DA. Since we previously
demonstrated that high DA concentrations (500 tM) may exert
long-lasting effects on the in vitro newborn rat spinal cord (Bar-
riere etal., 2004), this amine was always tested after the other
amines in a given experiment and at a 10 times lower concentra-
tion than that found to exert prolonged actions (i.e., 50 LM instead
of 500 pM). When different drug concentrations were tested in
the same preparation, we always began with the lowest concen-
tration. Total drug application lasted 20 min. During an episode
of locomotor-like activity, cycle periods were initially longer and
then shortened progressively until stable rhythmicity was reached
within 5 min (Sqalli-Houssaini etal., 1993; Cazalets etal., 1999).
All measurements were performed on 30 consecutive cycles dur-
ing this steady-state condition. Each drug bath-application was
followed by a prolonged wash out with normal saline for at least
30 min.

STATISTICAL ANALYSIS

Data were tested for normality, and in its absence, non-parametric
analysis was applied. Statistical analyses were performed using
Prism software (Graphpad software, CA, USA). The coefficient of
variation (COV), known as “relative variability,” was determined
by the SD divided by the mean and expressed as a percent. In each
experiment it was calculated from the same recording sequence as
the motor period and amplitude. The degree of variability (or sta-
bility) of the motor pattern cycle period was assessed by computing
the COV. Comparisons between conditions were performed using
Student’s t-test, one-way or two-way ANOVA with Tukey’s test
post hoc analysis. The equality of group variance was tested using
the Bartlett’s test or the F test.

Statistical analyses of circular data were performed on raw data
by descriptive statistics of circular distribution using IgoPro soft-
ware (Wavemetrics, OR, USA) and Oriana software (KCS, UK).
The Rayleigh test was used to determine the coupling strength.
The Watson—Williams test (a circular analog of the one-factor
ANOVA, Berens, 2009) and a non-parametric second-order two-
sample test (which is less sensitive to departure from normality)
consisting of pre-processing where the grand mean is subtracted
from the two inputs followed by application of Watson’s U2-test
(IgoPro software, Wavemetrics, OR, USA) were used.

The significance threshold was taken to be p < 0.05 unless
otherwise specified. All data values in the text are means = SEM.

RESULTS

Since no direct comparison of the neuromodulatory action of the
three monoamines 5-HT, NA and DA has been so far reported,
we first established how they each modulate the basic rhythmic
motor activity elicited by EAAs. For this purpose we recorded
ipsi- and contra-lateral L2 and L5 lumbar ventral roots to respec-
tively monitor the flexor and extensor phases of the motor pattern
cycle (Figures 1A1-A3). From a given experiment we selected
representative episodes of locomotor-like activity with compara-
ble cycle periods elicited by the conjoint bath-application of the
EAA agonist NMA and one amine in order to highlight possible

differences between other parameters (such as COV, phase rela-
tionship, and motor burst amplitude). Several parameters that
characterize the ongoing locomotor patterned activity were then
calculated, namely the cycle period (the time that separates the
onsets of two successive bursts of activity, Figure 1B), the COV
of cycle period which is an index of the temporal regularity of the
motor pattern (Figure 1C) and the burst amplitude (Figure 1D).
As previously found (Sqalli-Houssaini and Cazalets, 2000; Barriere
etal., 2004), there was a significant dose-dependent action for DA
on cycle period (one-way ANOVA, F = 6.06, p = 0.0016) but not
for NA (one-way ANOVA, F = 0.8, p = 0.5) and 5-HT (Student’s
t-test, t = 1.53, p = 0.14), over the range of concentrations tested.
In the present study, subsequent experiments were performed
using DA at 50 pM, an intermediate concentration in the dose-
dependent range. When comparing the variance of cycle period
in the presence of the three amines at the concentrations used in
Figure 1A (and throughout the study), we found that values were
significantly different (Bartlett’s test for equal variance, Bartlett’s
statistics = 10.5, p = 0.005). This variability in cycle period
revealed by the COV calculation (Figure 1C), was comparable
for NMA/5-HT and NMA/DA (9.3 & 1.3% and 11 = 2%, respec-
tively) while it was significantly higher for NMA/NA (20.7 4= 2.8%,
one-way ANOVA, F = 10.5, p = 0.0002). For each amine, there
was no evident dose-dependency for period variability. Figure 1D
shows the relative changes in motor burst amplitude. For each
trial, the mean burst amplitude of activity in an individual ventral
root under NMA/5-HT was considered as the control condition
and measurements under other pharmacological conditions were
normalized to this value. Both DA and NA significantly increased
the amplitude of flexor (L2) and extensor (L5) motor bursts.
Altogether, these results confirm the previously reported indi-
vidual effects of the amines on EAA-induced locomotor-related
rhythmicity, although our comparative assessment indicates that
each amine exerts a specific action on hindlimb motor network
activity.

In a next step, we tested which amine most strongly activates
the axial and hindlimb motor networks. Figure 2A presents typi-
cal simultaneous recordings from thoracic (T6 and T11), lumbar
(L2) and sacral (S1, S3) ipsilateral ventral roots obtained from
the same experiment in the presence of NMA and successively
5-HT (Al), DA (A2), and NA (A3) at amine concentrations
that elicited motor rhythms with similar cycle periods. Each
amine elicited coordinated motor burst at all segmental levels,
although with qualitative differences. Visual trace inspection sug-
gests that the most striking changes took place in the sacral
burst amplitude in the presence of DA and especially NA. In
the thoracic region, motor bursts were more distinguishable
in the presence of 5-HT than either DA or NA. Figure 2B
indicates the proportion of experiments in which motor bursts
were recorded from thoracic and sacral segments when sus-
tained lumbar locomotor-like activity was elicited as defined in
Figure 1. In this respect, 5-HT and NA were noticeably more
effective than DA. Moreover, relative amplitude calculations indi-
cate that burst amplitudes in thoracic segments were significantly
decreased by DA (Figure 2C; paired Student’s t-test, t = 5.4,
p = 0.0002), while burst amplitude in the sacral segments was
significantly increased by DA (Figure 2C; paired Student’s ¢-test,
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FIGURE 1 | Comparison of lumbar locomotor network activation in vitro
by 5-HT, or DA or NA. (A) Each amine was added to the bathing saline
containing the NMDA excitatory amino acid receptor agonist NMA (15 uM),
while extracellular recordings were made from the second left and right
lumbar ventral root (IL2, rL2) and the fifth left lumbar ventral root (IL5) of the
isolated spinal cord. (B) Plots of mean cycle period value obtained for
different amine concentrations. A dose-dependent effect is only observable
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for DA. (C) Plots of the coefficient of variation (COV) of cycle period for each
amine (NMA 15 uM, 5-HT 15 uM, DA 50 uM, NA 50 nM), indicating that NA
leads to a more unstable motor activity. (D) Plots of mean relative amplitude
changes normalized to the amplitude observed in the NMA/5-HT condition
(green bar). DA and NA elicit larger burst amplitude in the lumbar ventral
roots. In this and in subsequent figures, the number on each bar histogram
indicates the number of experiments. *p < 0.05.

t = 2.8, p = 0.03) and NA (Figure 2C; Student’s ¢-test, t = 4.5,
p=10.006).

Since the combination of NMA and the amines elicited coor-
dinated rhythmic motor activity in the various spinal cord areas,
we examined whether, in addition to their effects on cycle period
and burst amplitude, they were able to shape locomotor-related
activity by modulating the phase relationships between the vari-
ous segmental levels. Phase relationships were calculated by taking
the ipsilateral L2 ventral root recording as the reference trace
(see Materials and Methods). Figure 3A presents averaged indi-
vidual cycles replicated in a continuous sequence to reveal the
rhythmic nature of the activity (see Figure 6A in Falgairolle and
Cazalets, 2007), in the presence of each of the three amines.
Each time a burst was detected in the reference L2 trace, it
was sampled with the other associated recorded traces. Individ-
ual cycles were superimposed and then averaged. This process
allowed switching from a continuous mode of recording to an
episodic one (Figures 3A and 4B) so as to increase the signal-
to-noise ratio in order to obtain a more accurate detection of
burst peaks (Falgairolle and Cazalets, 2007). None of the amines
elicited significantly different phase relationships in the lumbar
left/right alternating pattern, the flexor and extensor coordination
nor burst durations, as indicated by the strict superimposition of
L2 and L5 traces under all three amine conditions. In contrast,
each amine established a distinct phase relationship between the
thoracic, sacral and lumbar segments. Figure 3B illustrates the
phase relationships between each recording location and reference

L2. Data were pooled for all concentrations tested as there was
no dose-dependent effect of concentration for any amine and
any ventral root (multisample Watson—-Williams test, p > 0.1).
Each point in the polar plots represents the mean phase value
obtained in a single experiment, with the vector direction repre-
senting the mean phase value and its length the coupling strength.
Inspection of the polar plots reveals that with 5-HT and DA, the
phase values were more variable between experiments in the sacral
region than in the lumbar or thoracic segments. In the presence
of 5-HT there was a phase lag between lumbar and thoracic seg-
ments that was previously shown to increase significantly with
the intervening distance (Falgairolle and Cazalets, 2007), while
almost synchronous bursting occurred in the recorded thoracic
segments with no phase lag increase with segmental distance in
the presence of DA (mean vector value 0.93 in T6 and 0.88 in T11;
Mardia’s two sample U 0.08, p > 0.2, Figure 3) and NA (mean
vector value 0.94 in T6 and 0.89 in T11; Mardia’s two sample U
0.07, p > 0.2, Figure 3). At the sacral level, a significant progres-
sive phase shift relative to L2 occurred both in the presence of
5-HT (mean vector value 0.61 in S1 and 0.52 in S3; Mardia’s two
sample U 0.24, p < 0.02, Figure 3), and DA (mean vector value
0.91 in S1, 0.61 in S3; Mardia’s two sample U 0.3, p < 0.005,
Figure 3). In contrast, NA elicited a phase-locked motor pat-
tern with a similar phase relationship at all sacral levels (mean
vector value 0.97 in S1 and 0.93 in S3; Mardia’s two sample U
0.18, p > 0.05, Figure 3). These results therefore demonstrate that
each amine possesses a specific instructive “signature” regarding
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FIGURE 2 | Comparison of axial locomotor network activation in vitro by
5-HT, or DA or NA. (A) Each amine was added to 15 wM NMA-containing
saline during recordings from the sixth and eleventh left thoracic ventral roots
(IT6, IT11), the second left lumbar ventral root (IL2), and the first and third left
sacral ventral roots (IS1, IS3). (B) Plots indicating the percentage of

NMA 15uM + DA 50uM

A3
NMA 15uM + NA 50uM

M +5HT W +DA M +NA

relative amp

experiments in which rhythmic motor activity was observed at a given
segmental level. In these experiments, lumbar locomotor activity was always
expressed. (C) Plots of mean relative amplitude changes normalized to the
amplitude observed in the NMA/5-HT condition (green bar). Note the higher
noradrenergic sensitivity of the more distal segments. *p < 0.05.

its modulatory affect on the distributed temporal aspects of the
motor pattern.

Finally, we investigated different neuromodulatory combina-
tions by mixing EAA receptor agonists with two or even the
three amines (Figure 4). A typical experiment in which the four
drugs were added to the bath saline is shown in Figure 4A.
This neuromodulatory cocktail still elicited rhythmic motor out-
put that, at a first glance, did not differ markedly from the
condition with one amine alone. However, rhythmic bursting
was less frequently observed (67% of experiments, Table 1), in
the thoracic compartment under the multiple amine condition.
Moreover, the amines in combination elicited motor rhythms
with significantly longer cycle periods (Figure 4B; unpaired Stu-
dent’s t-test; 5-HT/DA, t = 2.96, p = 0.0057; 5-HT/DA/NA,
t = 6.82, p = 0.0001) and increased burst amplitude in the
most caudal (L5 and sacral) segments (Figure 4C; paired Stu-
dent’s t-test; 5-HT/NA in L2, t = 2.5, p = 0.04; 5-HT/NA in
L5, t = 2.5, p = 0.04; 5-HT/NA in S1, t = 4.8, p = 0.002; 5-
HT/NA/DA in S1, t = 3.5, p = 0.017). The rhythm stability,
as indicated by the COV was within the same range as values
with the mixture of NMA/5-HT or NMA/DA (see Figure 1C),
ie. 104 £ 1.2% for NMA/5-HT/DA, 13 + 2% for NMA/5-
HT/NA and 12.6 £+ 3.4% for NMA/5-HT/DA/NA. Moreover,

phase analysis (Figure 4D), revealed that the flexor/extensor rela-
tionship remained extremely stable under all conditions (see also
Figure 3B). In contrast, and especially for the sacral segments, the
phase relationships generally became more variable with a very
small vector length. Interestingly, however, in the mid-thoracic
segment (T6), the phase relationships observed in the presence
of all three amines or 5-HT/DA or 5-HT/NA was close to that
observed in the presence of 5-HT alone (i.e., at about 0.19; see
Table 2).

DISCUSSION

COMBINATORY ACTION OF DRUGS ON MOTOR RHYTHM GENERATION
AND STABILITY

As pointed out by Guertin (2009) there is a need in the field
of spinal cord injury and recovery for elaborating therapeutic
strategies based on drug-induced CPG activation. Hence the iden-
tification of candidate molecules that could become first-in-class
treatments for spinal cord injured patients in animal models
becomes a prerequisite. The first objective of the present work
was therefore to determine which neuromodulator cocktail most
effectively activates spinal motor networks involved in locomo-
tion. In pioneering studies (Kudo and Yamada, 1987; Smith and
Feldman, 1987), the EAA receptor agonist NMDA was reported
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FIGURE 3 | Control of phase relationships by 5-HT, DA, or NA.

(A) Averaged and replicated cycle sequences during locomotorlike activity
induced by a combination of NMA (15 wM) and one of the three amines
(5-HT, 15 uM; DA, 50 uM; NA, 50 wM). Bursts were normalized for the
amplitude. Note phase differences relative to reference L2 bursts shift
occurring in the thoracic and sacral segments. (B) Circular plots showing
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the mean phase values for burst activity in the six ventral roots recorded in
A relative to the L2 ventral root in the presence of each three amines. Each
point is the phase value measured from one experiment. The vector
direction represents the grand mean phase value and its length is a
function of the coupling strength. Data were pooled from all concentrations
tested. i; ipsilateral; ¢, contralateral. *p < 0.05.

as the first molecule to evoke locomotor-like episodes in the iso-
lated neonatal rat spinal cord. Later on, we established 5-HT as
one of the main actors in locomotor network activation in rodents
(Cazalets etal., 1990, 1992), and discovered that the combined
bath-application of 5-HT and EAA agonists was a very effective
way to reliably elicit sustained episodes of locomotor-like activ-
ity (Sqalli-Houssaini etal., 1991, 1993). Since then, it has become
the most widely used method to eliciting locomotor-like activity
in this preparation, and hundreds of reports have been released
based on this seminal observation. In contrast, only few stud-
ies have documented the combined activating action of EAA/DA
or EAA/DA/5-HT (Kiehn and Kjaerulff, 1996; Jiang etal., 1999;
Whelan etal., 2000; Juvin etal., 2005; Zhong et al., 2007; Talpalar
and Kiehn, 2010), or EAA/NA (Kiehn et al., 1999; Sqalli-Houssaini
and Cazalets,2000), and in each case there was no clear experimen-
tal rational for employing this combined EAA/amine approach.
Surprisingly, despite the outstanding opportunity provided by
the use of an in vitro preparation, no study has systematically

addressed the issue of combined drug actions and no compara-
tive study of permissive neuromodulator interactions is available.
Although some idea of the influences of these amines together
can be gleaned indirectly from the literature, the disparity in
protocols used (saline composition, temperature, rat strain,. . .)
has prevented a direct comparison to be made. Furthermore in
most studies, motor output from only the lumbar cord region was
investigated.

An important prerequisite is to clearly define the limits and
the terms of what can be considered as the “optimal” form of
locomotor output in vitro. There is a general consensus in the
field that spinally generated rhythmic motor activity is considered
as “locomotor-like” when alternating flexor and extensor bursts
are recorded extracellularly from the L2 and L5 ventral roots
(Cazalets etal., 1992; Kiehn and Kjaerulff, 1996) and when the
pattern cycle period falls within a range similar to that observed in
the intact animal at the same age (1s; Cazalets etal., 1990; Jamon
and Clarac, 1998). However, caveats in the respect include the
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FIGURE 4 | Control of activity phase relationships by various
combinations of NMA and 5-HT/DA/NA. (A) Simultaneous recordings of
seven ventral roots in the presence of all four drugs. (B) Plots of mean cycle
periods under various drug combinations. (C) Plots of mean relative amplitude
changes normalized to the amplitude observed in the NMA/5-HT condition
(green bar). (D1) Averaged and replicated cycles during locomotor-like activity
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induced by a combination of NMA (15 M) and the three amines in various
combinations. (D2) Circular plots calculated from the recordings in D1
showing the mean phase values for the six ventral roots relative to L2 in the
presence of NMA and the different amine cocktails. All data presented were
obtained at the following drug concentrations: NMA, 15 uM; 5-HT, 15 pM;
DA, 50 uM; NA, 50 uM. *p < 0.05.

effect of temperature on the in vitro rhythm frequency, since from
25°C (the typical mean room temperature used in most in vitro
studies) to 35°C (the usual pup body temperature and the tem-
perature at which in vivo experiments are performed (Cazalets
etal., 1990), the cycle period decreases by more than 50% (Sqalli-
Houssaini etal., 1991). A similar observation has been reported
for saline KT concentration that is frequently twice the normal
concentration (3 mM; Somjen, 1979) measured in the intact ani-
mal. As such, the “best” in vitro motor output pattern would
have a cycle period of ~2-3 s (when taking into account the

slowing down of the motor period resulting from the isolated
CNS conditions), with fictive locomotor episodes lasting for the
duration of drug bath-application (i.e., without receptor desen-
sitization or any other processes that would prematurely curtail
rhythmogenesis) and ventral root bursts that, in a given drug
condition, occur as regularly as possible and with little variation
both in their amplitude and inter-root phase relationships. Based
on these premises, Table 1 summarizes the data collected in the
present and previous studies. It includes data of thoracic, lum-
bar and sacral motor output and under exposure to various drug
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Table 1 | Summary of the effects of 5-HT, DA and NA.

Episode duration Period (s)  Period variability (%) Relative Amplitude Presence of motor bursts (%)
Thoracic Lumbar Sacral Thoracic Lumbar Sacral

NMA 3.04+05

NMA/B-HT All bath-application 3.55+ 0.10 9.30 + 1.34 1 1 1 98 100 76
NMA/DA 50uM All bath-application 3.47 +0.24 11.04 + 1.17 0.66 +0.06 1.40+0.18 154 +£0.21 89 100 79
NMA/NA 50uM All bath-application 3.8 +0.16  20.68 + 2.76 118 £0.29 1224+0.17 268+045 90 100 100
NMA/5-HT/DA All bath-application 4.41 +0.32 10.38 &+ 1.79 0.96 +0.10 0.97+0.06 2.35+0.57 85 100 78
NMA/5-HT/NA All bath-application 3.82 +0.36 13.03 &+ 1.00 1.04£0.11 124+£0.09 2.81+0.37 81 100 83
NMA/5-HT/DA/NA  All bath-application 5.56 + 0.42 12.65 + 3.40 1.06 £0.177 1.09+0.09 3.35+057 67 100 92

Note that the category “episode duration” indicates that a given neuromodulator cocktail induced rhythmic motor activity throughout bath-application.

Table 2 | Phase and mean vector length (r) value for burst activity in the six ventral roots (Figure 4D2) relative to the L2 ventral root in the
presence of various combinations of NMA and 5-HT/DA/NA.

iT6 i cL2 iL5 iS1 iS3

Phase (n) R Phase R Phase R Phase R Phase R Phase R
NMA/B-HT 0.19 (31) 0.86 0.08 (31) 0.88 0.43 (28) 0.93 0.49 (18) 0.91 0.61 (15) 0.41 0.53 (9) 0.92
NMA/DA 0.93 (39) 0.40 0.89 (45) 0.54 0.51 (47) 0.94 0.44 (38) 0.80 0.91 (25) 0.67 0.67 (13) 0.49
NMA/NA 0.94 (21) 0.85 0.90 (23) 0.794 0.48 (26) 0.88 0.49 (23) 0.87 0.97 (21) 0.86 0.93 (13) 0.89
NMA/5-HT/DA 0.19 (11) 0.90 0.12 (12) 0.63 0.48 (12) 0.71 0.49 (10) 0.61 0.41(8)0.18 0.30 (6) 0.27
NMA/5-HT/NA 0.16 (5) 0.74 0.16 (8) 0.19 0.50 (8) 0.92 0.46 (8) 0.89 0.86 (8) 0.66 0.64 (5) 0.84
NMA/5-HT/DA/NA 0.12 (3) 0.42 0.00 (5) 0.56 0.50 (6) 0.97 0.45 (5) 0.95 0.19 (6) 0.16 0.40 (6) 0.21

combinations. A comparison of the compiled values indicates that
there is no optimal way to elicit locomotor-like activity in vitro
since several neurotransmitter combinations are able to elicit sta-
ble rhythmicity with in vitro locomotor compatible periods and
phase-relationships. For example, motor burst amplitude is evi-
dently more sensitive to NA, whereas rhythm stability is provided
by DA or 5-HT. Presumably such differences indicate that the
various parameters of the spinal motor system can be separately
adjusted according to changing behavioral requirements. Never-
theless, it remains apparent that the combination of EAA/5-HT
constitutes a good compromise in terms of rhythm stability, burst
amplitude, and the recruitment of the different spinal compart-
ments. However, specifically for sacral activity, it would be perhaps
more interesting to use NA or DA which elicit higher burst ampli-
tudes. To date it is not possible to determine the location at which
the neuromodulatory processes described here may occur. With
increasing age, there is a decrease in the motor period variability in
the intact animal (Cazalets et al., 1990). Both the bath-application
technique used here and the developmental changes undergone
by neuromodulatory pathways themselves do not allow us to draw
any conclusion about the precise functional role played by each
amine in the intact adult animal.

Rhythmic motor activity elicited by the conjoint bath-
application of EAA agonists and the three amines separately
or in combination always led to locomotor pattern genesis

(Figures 1 and 4). Our previous studies have already described the
pharmacological action of the three amines and how they modu-
late NMA-induced locomotor-like activity (Sqalli-Houssaini et al.,
1993; Sqalli-Houssaini and Cazalets, 2000; Barriere etal., 2004).
In the present study, the same NMA concentration was the
common parameter for all conditions, thus allowing direct com-
parison to be made between the different amine actions. Of the
three amines, however, only 5-HT triggered activity that cor-
responded most closely to actual locomotion in terms of cycle
period and inter-segmental phase relationships. In contrast, nei-
ther NA nor DA alone evokes locomotor-compatible rhythms,
the latter in terms of cycle periods (Kiehn and Kjaerulff, 1996;
Barriere etal., 2004) and the former in terms of cycle peri-
ods and flexor/extensor phase relationships (Kiehn etal., 1999;
Sqalli-Houssaini and Cazalets, 2000; Gabbay and Lev-Tov, 2004).
On this basis, therefore, it could be that the locomotor signa-
ture of spinal output rhythmicity is provided mainly by EAAs
since the activity they elicit possess the closest parameters to
the cycle periods and flexor and extensor alternation observed
in vivo (Kudo and Yamada, 1987; Cazalets etal., 1992). In such a
framework, EAAs could establish basal temporal features of the
motor rhythm with a cycle period that varies according to the
amount of endogenous EAA released (Kudo and Yamada, 1987;
Cazalets etal., 1992; Beato et al., 1997; Talpalar and Kiehn, 2010).
During real CPG operation, the main task of the amines would
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be to modulate this “primary” EAA-induced pattern via their
combinatorial release.

To date, the cellular mechanisms by which the amines exert
their effects remain unclear, although undoubtedly they will be
multiple and complex (Harris-Warrick, 2011). It is likely that each
parameter set by an amine — motor burst period, amplitude and
stability — involves various cellular targets. For example, all three
amines strengthen burst activity, i.e. they increase the amplitude
and regularity of bursting by increasing neuronal excitability at the
motoneuronal and/or premotoneuronal levels (Berger and Taka-
hashi, 1990; Sqalli-Houssaini and Cazalets, 2000; Kjaerulff and
Kiehn, 2001; Gabbay etal., 2002; Zhong etal., 2006b; Han etal.,,
2007).

Their dose-dependent action on rhythm cycle period (Caza-
lets etal., 1992; Sqalli-Houssaini and Cazalets, 2000) suggests that
the amines directly access components of the spinal CPG itself.
Moreover, since EAAs and amines individually increase neuronal
excitability, it could be expected that the period of the motor
rhythm induced by their combined presence would be even shorter
than when each compound is acting separately. This was not the
case, and indeed the cycle period was found to be set at an inter-
mediate value between that evoked by EAA or the amine alone
(Figure 1; Table 1). Pharmacological data provide a partial expla-
nation for the aminergic effect on cycle period, since as mentioned
previously, both NA and 5-HT slow down the locomotor rhythm
through an inhibitory action via a2 receptors (Sqalli-Houssaini
and Cazalets, 2000; Gabbay and Lev-Tov, 2004), and 5-HT1 (Beato
and Nistri, 1998), while a1, 5-HT7, and 5-HT2 receptor agonists
have an activatory action on pattern generation (Cazalets etal.,
1992; Sqalli-Houssaini and Cazalets, 2000; Madriaga et al., 2004;
Landry etal., 2006; Liu etal., 2009). Surprisingly, however, DA
which has been reported solely to have activatory effects also slows
down the EAA-induced spinal motor rhythm (Figure 1; Barriere
etal., 2004). Therefore, it is likely that several underlying processes
are operating simultaneously, as reported in other preparations
(Harris-Warrick, 2011; Miles and Sillar, 2011; Clemens etal.,
2012). For example, in the lamprey the serotonin-induced prolon-
gation of motor burst duration and cycle period involves at least
two mechanisms, presynaptic inhibition of glutamate release on
CPG neurons (Schwartz etal., 2005) and post-synaptic blockade
of sSAHP (Wallen et al., 1989; El Manira et al., 1994).

AMINERGIC SHAPING OF THE SPINAL MOTOR PATTERN

The physiology of locomotion in quadrupeds relies mostly on
a simplified dichotomy between dynamic locomotor activity in
which only hindlimb movements are considered and postural
activity during static tasks. The main characteristics of locomotor-
like rhythmic activity recorded in the in vitro spinal cord prepara-
tion essentially consist of burst cycle period, alternating left/right
and flexor/extensor phase relationships, and burst duration. We
found here that these parameters were amazingly constant what-
ever the neuromodulatory condition (Figures 1 and 4; Table 2).
This lack of flexibility may reflect a real functional situation since
during ongoing locomotion there is an absolute requirement for
fundamental parameters such as right/left movement alternation
to be strictly maintained on order preserve balance and speed.
Alternatively, the apparent lack of modulator-induced flexibility

may be attributable to an in vitro bias. In the isolated spinal cord
preparation, simultaneous ventral root recordings provide only
a global view of various temporally overlapping motor activities
and, for example, the slightly differing temporal relationships that
exist between various muscle groups, as has been observed with
electromyographic recordings in the intact animal (Leblond et al.,
2003), may not be evident.

In several systems, interactions between distinct rhythmically
active networks have been also described, as for example between
walking and swimmeret movements in crustaceans (Cattaert and
Clarac, 1983; Chrachri and Neil, 1993), gastric and pyloric motor
rhythms in the crustacean stomatogastric system (Bartos etal.,
1999; Faumont etal., 2005), trunk and hindlimb activities in
Xenopus (Beyeler etal., 2008; Rauscent etal., 2009), locomotion
and respiration (Kawahara etal., 1989; Morin and Viala, 2002),
scratching and locomotion (Hao etal., 2011), respiration and
swallowing (Gestreau etal., 2000). In the newt, axial neuronal
networks switch from sequential motor burst propagation to sta-
tionary phase-locked activation of the same axial muscles when
the animal switches from swimming to quadrupedal locomotion
(Delvolve etal., 1997). To date, however, the link between the
systems level and the underlying cellular mechanisms has only
been established in simpler invertebrate systems in which identi-
fied neurons can be individually activated and recorded (Cang and
Friesen, 2002; Smarandache et al., 2009). Indeed the pharmacolog-
ical approach that we have used in the present study also has some
limitations, especially when considering the temporal aspects of
neuromodulation. During functioning in the intact animal it is
likely that descending aminergic pathways are momentarily active
whereas the pharmacological protocol used here necessarily con-
sists of tonic, continuous bath-application that in turn leads to
the disappearance of the temporal dimension of neuromodula-
tion. A second limitation is the state dependence of the system
when several bath-applications are performed on the same spinal
cord. Indeed, for the NMA/5-HT combination, we observed in
a previous study that successive applications elicited sequences
of locomotor-like activity with the same characteristics (Cazalets
etal., 1999). Exogenous DA has been shown in other systems to
lead to persistent changes in ionic conductances (Rodgers etal.,
2011; Krenz et al.,2014), and we also reported in the isolated spinal
cord preparation (see Materials and Methods, Barriere et al., 2004)
that it may exert long-lasting effects. It is for this reason that DA
was always the last drug tested in our experiments and at a much
lower concentration than that at which these long-lasting effects
were previously observed. There is no evidence that NA exerts such
persistent actions.

When considering the integrated functioning of hindlimb and
axial networks involved in dynamic posture, a different perspec-
tive is required since as we demonstrate, this <metanetwork» can be
configured into various functional states according to the neuro-
modulatory environment. As shown in Figures 1 and 2, although
the amines and EAAs have a qualitatively cumulative effect on
rhythm stability and burst amplitude, each amine has its own char-
acteristic imprint. DA and NA specifically enhance sacral motor
bursts (Figure 2) while 5-HT and DA better stabilize the tempo-
ral parameters of the motor pattern (Figure 1). Each amine can
also specify distinct phase relationships between the various spinal
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segments (Figure 3). In a previous study, in which only the action
of a mixture of NMA/5-HT on the interconnected spinal networks
was investigated, we found a constant lag between lumbar and
thoracic segments, with a significant tendency for caudo-rostral
propagation (Falgairolle and Cazalets, 2007). Here, we find that
DA and NA, in contrast to 5-HT’s action, substantially decreases
the phase lags along the cord so that almost synchronous bursting
occurs throughout the spinal cord. Changes from rostro-caudal to
caudo-rostral propagation are also observed in the lamprey, when
switching from forward to backward swimming occurs (Islam
etal.,2006). Although, the cellular targets have not been identified,
spinal commissural interneurons could be one possible target as
they are known to be modulated by 5-HT (Zhonget al.,2006a), and
since we previously established in the neonatal rat that a partial or
complete hemicord section suppressed the phase delays between
sacral segments (Falgairolle and Cazalets, 2007).

In conclusion, the present paper provides new data on the coor-
dinating processes between spinal cord networks. We demonstrate
that each of three amines 5-HT, DA, and NA, when associated
with EAA receptor agonists elicits a specific locomotor pattern
whose temporal characteristics, motor burst amplitude and inter-
segmental phase relationships have a distinct signature. These
differences are likely to be related to changing behavioral require-
ments. Furthermore, we find here that the various amines acting
in combination do not elicit more robust locomotor-like activ-
ity than when bath-applied alone (i.e., more is not better!). The
aminergic neuromodulators thus represent an important potential
source of adaptive flexibility at the level of the underlying central
neuronal networks and the motor output patterns they produce.
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INTRODUCTION

There is considerable evidence from research in neonatal and adult rat and mouse
preparations to warrant the conclusion that activation of 5-HT, and 5-HTqa;; receptors
leads to activation of the spinal cord circuitry for locomotion. These receptors are involved
in control of locomotor movements, but it is not clear how they are implicated in the
responses to 5-HT agonists observed after spinal cord injury. Here we used agonists
that are efficient in promoting locomotor recovery in paraplegic rats, 8-hydroxy-2-(di-n-
propylamino)-tetralin (8-OHDPAT) (acting on 5-HT4p/7 receptors) and quipazine (acting on
5-HT, receptors), to examine this issue. Analysis of intra- and interlimb coordination
confirmed that the locomotor performance was significantly improved by either drug,
but the data revealed marked differences in their mode of action. Interlimb coordination
was significantly better after 8-OHDPAT application, and the activity of the extensor
soleus muscle was significantly longer during the stance phase of locomotor movements
enhanced by quipazine. Our results show that activation of both receptors facilitates
locomotion, but their effects are likely exerted on different populations of spinal neurons.
Activation of 5-HT, receptors facilitates the output stage of the locomotor system, in
part by directly activating motoneurons, and also through activation of interneurons of
the locomotor central pattern generator (CPG). Activation of 5-HT7,1a receptors facilitates
the activity of the locomotor CPG, without direct actions on the output components of the
locomotor system, including motoneurons. Although our findings show that the combined
use of these two drugs results in production of well-coordinated weight supported
locomotion with a reduced need for exteroceptive stimulation, they also indicate that
there might be some limitations to the utility of combined treatment. Sensory feedback
and some intraspinal circuitry recruited by the drugs can conflict with the locomotor
activation.

Keywords: locomotion, recovery, spinal cord, total transection, serotonin

of producing a locomotor-like pattern of activity, is diffusely

During the last few decades the potential role of 5-HT in loco-
motor system activation, modulation and functional recovery
after spinal cord lesions has received considerable attention and
continues to be an area of major interest and investigation
(reviewed in Hochman et al., 2001; Jordan and Schmidt, 2002;
Orsal et al., 2002; Jordan and Stawinska, 2011). Using the in
vitro neonatal rat spinal cord preparation it was demonstrated
that 5-HT application induces locomotor-like discharge of lum-
bar ventral roots (Kudo and Yamada, 1987; Cazalets et al,,
1990, 1992; Sqalli-Houssaini et al., 1993; Cowley and Schmidt,
1994; Kiehn and Kjaerulff, 1996), the frequency of which was
concentration-dependent (Cazalets et al., 1992; Beato et al.,
1997). The selective application of 5-HT on different spinal cord
levels in this preparation using the bath partitioning method
confirmed that the 5-HT-sensitive oscillatory network, capable

distributed throughout the supralumbar spinal cord and mediates
descending rhythmic drive to lumbar motor centers (Cowley
and Schmidt, 1994, 1997; Schmidt and Jordan, 2000). The lum-
bosacral region in isolation is responsible for inducing only
the tonic discharge that, at least in part, could be related to
the direct excitatory effect of 5-HT on lumbar motoneurons.
There are further data suggesting a regional differentiation of
certain receptors in different rostro-caudal regions (Jordan and
Schmidt, 2002; Liu and Jordan, 2005; Liu et al., 2009) that are
in line with the differential effects of 5-HT on supralumbar
vs. lumbar regions. There is increasing evidence that activation
of specific serotonin receptors in the spinal cord is effective
for the production of locomotor activity (Antri et al.,, 2005;
Stawinska et al., 2012b). A number of serotonergic receptors
are found in the spinal cord, but 5-HT5s, 5-HT,c and 5-HT;
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are the major ones implicated in the control of locomotion
(Schmidt and Jordan, 2000; Hochman et al.,, 2001; Liu and
Jordan, 2005; Landry et al., 2006; Liu et al., 2009; Dunbar
et al., 2010; Fouad et al., 2010; Bos et al., 2013). Attempts to
restore locomotion after spinal cord injury using systemic drug
applications, combined with other interventions such as training
and electrical stimulation of the spinal cord, have included the
use of agents that target these receptors (Courtine et al., 2009;
Musienko et al., 2011; van den Brand et al., 2012). The most
commonly used agonists that are effective when applied systemi-
cally are quipazine, which has high affinity for both 5-HT,4 and
5-HT,c receptors, and 8-hydroxy-2-(di-n-propylamino)-tetralin
(8-OHDPAT), which binds selectively to 5-HT7; and 5-HT)s
receptors (Antri et al., 2003; Landry et al., 2006; Stawiniska et al.,
2012b).

Because of the strong evidence suggesting that serotonergic
innervation that descends from brainstem raphe nuclei to the
spinal cord is involved in activation and modulation of central
pattern generator (CPG) activity (Schmidt and Jordan, 2000;
Jordan and Schmidt, 2002; Liu and Jordan, 2005; Liu et al.,
2009), increased attention to the use of intraspinal grafting of 5-
HT neurons to enhance restoration of locomotion is warranted
(Orsal et al., 2002; Stawinska et al., 2014). It was demonstrated
that in paraplegic rats with the serotonergic innervation in the
spinal cord destroyed by total transection, sublesional transplan-
tation of embryonic brainstem tissue containing 5-HT neurons is
able to enhance the recovery of locomotor hindlimb movements
(Feraboli-Lohnherr et al., 1997; Ribotta et al., 2000; Stawinska
et al., 2000, 2013; Majczynski et al., 2005). In our recent paper
we demonstrated for the first time that restored coordinated
hindlimb locomotion by this grafting technique is mediated by
5-HT, and 5-HT; receptors (Stawinska et al., 2013). Moreover
we demonstrated that it acts through different populations of
spinal locomotor neurons. Specifically, 5-HT, receptors control
CPG activation as well as motoneuron output, while 5-HT;
receptors contribute primarily to activity of the locomotor CPG.
These results are consistent with the roles for these receptors
during locomotion in intact rodents and in rodent brainstem-
spinal cord in vitro preparations (Madriaga et al., 2004; Liu and
Jordan, 2005; Pearlstein et al., 2005; Liu et al., 2009; Dunbar et al.,
2010).

Because the activation of these receptors is currently a promi-
nent feature in the translational strategies that are now being
undertaken to restore locomotion after spinal cord injury (Antri
et al., 2005; Courtine et al., 2009; van den Brand et al., 2012), it is
important to determine the mechanisms of action of these drugs
on the spinal locomotor CPG and the output elements of the
locomotor system, including motoneurons. At this point, there
is little known about which neurons in the spinal locomotor net-
works and what functional components of the locomotor system
are influenced by these drugs. Here we investigated these features
of the actions of these drugs in rats with a chronic complete spinal
cord injury. Motor performance on a treadmill was tested before
and after i.p. drug application. Exteroceptive stimulation was used
to trigger hindlimb movements that were monitored using video
recordings synchronized with simultaneous electromyographic
(EMG) recordings from the soleus and tibialis anterior muscles

of both hindlimbs. In our previous paper using grafts of 5-HT
neurons and serotonergic antagonists (Stawinska et al., 2013), we
suggested the hypothesis that transplant-mediated activation of
5-HT, receptors likely governs the function of both CPG neurons
and motoneurons, whereas the 5-HT; receptor activation may
be more restricted to CPG neurons. Here we compare the effects
of agonists to these receptors to test this hypothesis, using EMG
recordings to determine the effects of these drugs on motoneuron
activity and on inter- and intralimb coordination in chronic
spinal rats.

A preliminary report of these results has been presented in an
abstract form (Stawinska et al., 2011).

MATERIALS AND METHODS

Experiments were performed on WAG (Wistar Albino Glaxo)
female rats (n = 11) 3-months-old at the time of spinal cord
injury. All surgical and experimental procedures were conducted
with care to minimize pain and suffering of animals in accordance
with the guidelines of the First Local Ethics Committee in Poland,
according to the principles of experimental conditions and labo-
ratory animal care of European Union, the Polish Law on Animal
Protection, and of the University of Manitoba Animal Care Com-
mittee, in accordance with the guidelines of the Canadian Council
on Animal Care.

SPINAL CORD TRANSECTION PROCEDURE

Complete spinal cord transection (SCI) was performed under
deep anesthesia (Isofluorane, 2% and Butomidor, 0.05 mg/kg
b.w.). Under aseptic conditions a mid-dorsal skin incision was
performed at the rat back over Th8-11 vertebrae, and the back
muscles were separated from the vertebral column. Then after
laminectomy the spinal cord was completely transected between
Th9/Th10 spinal cord level. A 2-3 mm piece of spinal cord
tissue was cut using scissors and gently aspirated as previously
described (Stawinska et al., 2000, 2012b; Majczynski et al., 2005).
The muscles and fascia overlying the paravertebral muscles were
closed in layers using sterile sutures, and the skin was closed with
stainless-steel surgical clips. After surgery, the animals received a
non-steroidal anti-inflammatory and analgesic treatment (Tolfe-
dine 4 mg/kg s.c.), and during the following days the animals
were given antibiotics (5 days Baytril 5 mg/kg s.c. and 8 days
Gentamicin 2 mg/kg s.c.). The bladder was emptied manually
twice a day until the voiding reflex was re-established (about 7
days). Female rats were chosen for these experiments because of
the relative ease with which the manual bladder emptying can be
achieved.

IMPLANTATION OF EMG RECORDING ELECTRODES

Two months after spinal cord transection the animals were anes-
thetized with Equithesin (3.5 ml/kg i.p., for the mixture details
see Stawinska et al., 2000) and bipolar EMG recording elec-
trodes were implanted in the extensor soleus (Sol) and flexor
tibialis anterior (TA) muscles of both hindlimbs as previously
described (Stawinska et al., 2000, 2012b; Majczynski et al., 2005).
The electrodes were made of Teflon-coated stainless-steel wire
(0.24 mm in diameter: AS633, Cooner Wire, Chastworth, CA,
USA). The hook electrodes (1.5 mm of the insulation removed)
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were inserted into investigated muscles and secured by a suture.
The distance between the tips of electrodes was 1-2 mm. The
ground electrode was placed under the skin on the back of the
animal. After electrode implantation animals received a single
dose of antibiotic (Baytril 5 mg/kg s.c.).

VIDEO AND ELECTROMYOGRAPHIC RECORDINGS

Video and EMG recording started 3-5 days after electrode
implantation. One minute recordings at speeds of 5 cm/s or
10 cm/s were taken before and at a few time points after drug
application as described previously (Stawinska et al., 2000, 2012b;
Majczynski et al., 2005). EMG recordings during locomotor-like
hindlimbs activity of the SCI rats before and after drug appli-
cation were filtered (0.1-1 kHz band pass), digitized and stored
on computer (3 kHz sampling frequency) using the Winnipeg
Spinal Cord Research Centre capture system. The EMG activ-
ity was simultaneously recorded and synchronized with video
recordings, thus enabling the further off-line analysis of portions
of EMG activity related to the best locomotor performance in
every animal.

EVALUATION OF HINDLIMB LOCOMOTION

The quality of plantar stepping was established based upon EMG
analysis, as described previously (Stawinska et al., 2012b, 2013,
2014). The rats were suspended above a treadmill with the fore-
limbs and thorax placed on a platform above the moving belt, and
tail pinch was used to elicit hindlimb movements. Stimulation
of tail or perineal area afferents has been used for eliciting loco-
motion in cases of complete spinal cord transection (Meisel and
Rakerd, 1982; Pearson and Rossignol, 1991; Rossignol et al., 2006;
Etlin et al., 2010; Lev-Tov et al., 2010; Stawinska et al., 2012b),
and has been used in all prior attempts to reveal locomotor
recovery after 5-HT transplants (Feraboli-Lohnherr et al., 1997;
Ribotta et al., 2000; Stawinska et al., 2000, 2013; Majczynski et al.,
2005). The tail stimulus was adjusted by the experimenter to
maximize the quality of plantar stepping. The salient features of
plantar stepping as defined here were: (1) sustained soleus activity
throughout the stance phase; (2) soleus burst duration related to
step cycle duration; (3) brief TA activity of consistent duration;
and (4) consistent intra- and interlimb coordination (Stawinska
etal., 2014).

DRUG TEST

To examine the effects of 5-HT agonists on the hindlimb
locomotor-like movements we started from evaluation of the pre-
drug baseline performance. Then the evaluation of hindlimbs
movements was carried out 15-30 min after drug application.
Quipazine (0.25 mg/kg dissolved in saline with 10% of propylene
glycol) and (#)-8-hydroxy-dipropylaminotetralin hydrobromide
(8-OHDPAT) (0.2-0.4 mg/kg dissolved in saline) were used to
activate 5-HT, and 5-HT,/5-HT; receptors respectively. During
the combined treatment, both drugs were applied with the dose
0.1 mg/kg within a 20 min delay in between (the quipazine
i.p. injection was followed by the 8-OHDPAT i.p. applications).
Quipazine was always first, because the effect of 8-OHDPAT is
usually shorter than that of quipazine. To avoid any training or
drug accumulation effects the locomotor testing was carried out

not more often than twice a week with at least 3—4 days break
in between. Doses were determined on the basis of previous
experiments using these drugs (Antri et al., 2003; Majczynski
et al., 2005; Musienko et al., 2011; Stawinska et al., 2012b).

STATISTICAL ANALYSIS

The EMG pattern related to the best locomotor movement in each
experimental condition was analyzed using custom software.! The
coordination between left and right TA (interlimb coordination)
and between right Sol and right TA (intralimb coordination) was
analyzed using polar plots as previously described (Zar, 1974;
Batschelet, 1981; Kjaerulff and Kiehn, 1996; Cowley et al., 2005;
Stawinska et al., 2013). In the polar plots the position of the
vector at 0 or 360° reflects synchrony of analyzed EMG burst
onsets, whereas 180° is equivalent to alternation. The length of
the vector (r, ranging from 0 to 1) indicates the concentration of
phase values around the mean, and the strength of coordination
between muscle burst onsets. Rayleigh’s circular statistical test
was used to determine whether the inter- and intra-limb coor-
dination r-values were concentrated, suggesting coupling of burst
activity, or dispersed, indicating loss of hindlimb coordination.
The relationships between the EMG burst duration and step
cycle duration were determined using the regression line method.
Values are reported here as mean + SD (Standard Deviation). The
normal distribution of the data was confirmed using a Shapiro-
Wilk test. For comparison of two groups of results (after the
high dose of quipazine and 8-OHDPAT alone) Student’s ¢-Test
was used. For comparison of the pre-drug data with the results
obtained in two experimental conditions (after the low dose of
quipazine, then after a subsequent low dose of 8-OHDPAT) one-
way repeated measures ANOVA followed by Tukey’s post-hoc test
for multiple comparison was used (Prism, GraphPad Software, La
Jolla, CA).

RESULTS

Spinal cord total transection induced impairment of hindlimb
movements in adult rats as described below. When inspected
in their home cages the rats were typically paraplegic, and
they used the forelimbs to move around with the hindlimbs
dragging on the floor behind the body. Before drug applica-
tion locomotor hindlimb movement of spinal rats was strongly
impaired (Figures 1A,B upper panel). During locomotor trials
on the treadmill the hindlimbs were kept extended behind the
rat body and their movements were limited only to dragging
of the paws with dorsal surfaces touching the moving treadmill
belt. Tail stimulation induced some muscle contractions related
to rather limited hindlimb movements, which were accompanied
by uncoordinated EMG activity in antagonist Sol (antigravity
extensor) and TA (dorsiflexor of the ankle joint) muscles, lack
of rhythm consistency, and loss of sustained Sol muscle activity
through the stance phase of the cycle. Moreover, the bursts of
Sol muscle activity very often overlapped with ipsilateral TA
muscle activity, often resulting in failure to initiate a normal swing
phase of the step cycle. The details of locomotion induced by
tail stimulation in spinal rats (Figure 1) have been described in
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FIGURE 1 | Video frames showing consecutive phases of locomotor-
like hindlimb movements in spinal rats before and after drug
application (A) quipazine (0.25 mg/kg, i.p.) or (B) 8-OHDPAT

(0.4 mg/kg, i.p.). Plantar paw placement and weight supported stepping

00:00.40

00:00.40

00:00.32

00:00.64

00:00.80

00:00.64

00:00.56

00:00.48 00:00.64

are evident after application of either drug. However, after quipazine
application, spinal rats present better body weight support (A, lower panel)
in comparison to that after 8-OHDPAT (B, lower panel) where the hindlimbs
remain extended behind the body.

our previous publications (Jordan and Stawifiska, 2011; Stawinska
etal., 2012b).

We have also previously described improvement in locomotion
produced by quipazine and 8-OHDPAT (Jordan and Stawifiska,
2011; Stawinska et al., 2012b), but here we provide a comparison
of the effects of these two agonists, and show how these data
reveal aspects of the organization of the locomotor system that
are influenced by serotonin receptor activation that have not
previously been appreciated. A single dose of serotonin receptor
agonists, quipazine or 8-OHDPAT, resulted in improvement of
locomotor hindlimb movements in both cases (Figures 1A or
1B respectively). After i.p. injection of 0.25 mg/kg of quipazine,
or 0.4 mg/kg of 8-OHDPAT, spinal rats could be induced by
tail pinching to present regular hindlimb movements associated
with plantar stepping. However, hindlimb locomotor movements
observed after application of these two drugs were markedly dif-
ferent. Hindlimb movements were more regular after 8-OHDPAT
than after quipazine application (confirmed by smaller Standard
Deviation of the mean cycle duration; 536 + 73 ms vs. 630 £

210 ms). Moreover, after quipazine application, spinal animals
presented better body weight support and extensor muscle activ-
ity in comparison to that after 8-OHDPAT. Improved locomotor
hindlimb movements observed after application of both drugs
were accompanied by sustained regular EMG recordings with
alternating burst activity of extensor and flexor muscles. EMG
activity was more regular than before drug application. In both
cases EMG bursts of Sol muscle were robust during the period
between ipsilateral flexor EMG bursts, which did not overlap
with TA muscle bursts. EMG bursts of Sol and TA muscles
were more regular and consistent after 8-OHDPAT than after
quipazine application, but the excitation of Sol was more likely
to be sustained throughout the stance phase after quipazine alone
(Figures 2A,B, upper and lower panels). This is consistent with
the absence of effective stance just before the onset of flexion
observed in Figure 1B. Moreover, the burst duration of the Sol
muscle was shorter during locomotion induced by 8-OHDPAT
than after quipazine (duty cycle for soleus burst duration: 56 +
10% vs. 72 & 10%; Student’s ¢t-Test, P < 0.05).
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FIGURE 2 | Comparison of Soleus (Sol) and tibialis anterior (TA) EMG
activity patterns during locomotor hindlimb movements enhanced by
quipazine (upper panel) or 8-OHDPAT (lower panel) application. (A) EMG
activity during hindlimb movements in two experimental conditions (upper
traces after quipazine; lower traces after 8-OHDPAT). (B) Envelops of EMG
burst activity established from raw records rectified, filtered, and normalized
to the step cycle (onset of activity in the right TA considered the onset of the
cycle). Note longer burst activity of the soleus muscle during locomotor
movements enhanced by quipazine application (upper panel) than after
8-OHDPAT (lower panel). (C) Regression lines illustrating the relationships
between the step cycle durations and burst durations for the left and right TA
and Sol muscles; (D) and (E) polar plots showing the relationships between
the onset of right TA (r TA) activity and either the contralateral TA or the
ipsilateral extensor (r Sol). The 0 position on the polar plot corresponds to the
onset of activity in the right TA muscle, and the positions of the filled black
circles indicate the times of onset of activity in the left TA—interlimb
coordination (D, lower and upper panels) or the onset of activity in the right
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Sol—intralimb coordination (E, lower and upper panels), the black lines each
represent results of analysis established for one animal and the red line
represents the average results across animals in the analyzed group. (F) Bar
diagrams showing the mean slopes (+SD) for the regression lines between
step cycle durations and burst durations for the left and right TA and Sol
muscles in rats in locomotor hindlimb movement enhanced by either drug.
(G) Bar diagrams showing the means (+SD) of the angle of the left-right TA
(I-r) and of the right Sol-right TA (r S-T) relationships (relative timing of the
onsets for the two muscles) represented in each polar plot in locomotor
movements enhanced by application of quipazine and 8-OHDPAT in spinal
rats. (H) Bar diagrams showing the means (£SD) of r-value between the
times of onset of activity in both left-right and flexorextensor EMG
established for spinal rats treated either by quipazine or by 8-OHDPAT.
Statistical significance by Student's t-Test is indicated by red stars for (n = 6)
spinal rats tested during locomotor movement enhanced by either drug: * P <
0.05; ** P < 0.005. The details of the comparison between pre-drug and each
agonist alone were presented in Figures 2, 6 and 7 of Slawiriska et al. (2012b).

Investigation of the relationship between the EMG burst dura-
tion and step cycle duration using analysis of regression lines for
left and right Sol and TA muscles show that after application
of either 8-OHDPAT or quipazine, regression lines for Sol mus-
cle burst duration plotted against cycle duration demonstrated
a positive relationship (Figure 2C, upper and lower panels)
that is not seen in control pre-drug analysis (for comparison
see Stawinska et al., 2012b). It is important to note that after
quipazine application the slopes of regression lines were signifi-
cantly higher than after 8-OHDPAT administration (statistically
significant, P < 0.05) suggesting that quipazine application leads
to increased excitability of motoneurons or last-order interneu-
rons (Figure 2F).

Using polar-plot analysis we investigated the inter- (left-right
TA; Figure 2D) and intra- (right Sol-right TA) limb coordination
(Figure 2E). The bar graphs presenting the mean polar-plot
angles (Figure 2G) and r-values (Figure 2H) for quipazine and

8-OHDPAT show that the mean r-values for intra- and interlimb
coordination were significantly higher after 8-OHDPAT than after
quipazine applications, suggesting that the 5-HT; receptors par-
ticipate more significantly in rhythm generation.

As we demonstrated above, activation of either 5-HT, or 5-
HT7/1a receptors alone facilitates hindlimb locomotion in spinal
rats, but their effects are significantly different, probably due to
activation of different populations of spinal neurons constituting
different elements of the spinal cord circuitry that control loco-
motor movements. Given these differences and our preliminary
observation that the combined use of these two drugs results in
more robust locomotion without the need for tail stimulation
(Stawinska et al., 2012b), we decided to investigate in detail the
effects of combined treatment of low doses of 5-HT receptor
agonists: quipazine and 8-OHDPAT. As is shown in Figures 3A,B
the low dose of quipazine alone significantly prolonged the
extensor bursts during the hindlimb movements: however the
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FIGURE 3 | (A) EMG activity during hindlimb movements in three
sequential experimental conditions: before (upper panel), after a low dose
(0.1 mg/kg, i.p.) of quipazine (middle panel) and after a subsequent low
dose (0.1 mg/kg, i.p.) of 8-OHDPAT (lower panel). Note the longer but rather
irregular burst activity of Sol muscle during locomotor movements after
quipazine application and improved regularity after a subsequent dose of
8-OHDPAT. (B) Envelopes of EMG burst activity established from raw
records rectified, filtered, and normalized to the step cycle (onset of activity
in the right TA considered the onset of the cycle); (C) regression lines
illustrating the relationships between the step cycle durations and burst
durations for the left and right TA and Sol muscles for the three conditions;
(D) and (E) polar plots showing the relationships between the onset of r TA
activity and either the contralateral TA (D) or the ipsilateral r Sol (E). The 0
position on the polar plot corresponds to the onset of activity in the right TA
muscle, and the positions of the filled black circles indicate the times of
onset of activity in the left TA (interlimb coordination in D) or the onset of
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activity in the right Sol (intralimb coordination in E), the black lines each
represent results of analysis established for one animal and the red line
represents the average results across animals in the analyzed group. (F) Bar
diagrams showing the mean slopes (+SD) for the regression lines between
step cycle durations and burst durations for the left and right TA and Sol
muscles in rats in locomotor hindlimb movements in the three experimental
conditions. (G) Bar diagrams showing the means (&SD) of the angle of the
left-right TA (I-r) and of the right Sol-right TA (r S-T) relationships (relative
timing of the onsets for the two muscles) represented in each polar plot in
the three experimental conditions. (H) Bar diagrams showing the means
(£SD) of r-value between the times of onset of activity in both left-right and
flexor-extensor EMG established for spinal rats (n = 5) in the three
experimental conditions. Each rat was tested twice with at least a week's
delay between tests. * P < 0.05, ** P < 0.01, statistical significance
established by one-way repeated measures ANOVA followed by Tukey's
post-hoc test.

locomotor pattern remained rather irregular. Addition of 8-
OHDPAT improved coordination significantly. An analysis of the
relationship between the EMG burst duration and step cycle
duration shows significantly increased slopes of regression lines
established for the Sol EMG burst activity during a hindlimb
locomotor pattern facilitated by quipazine (one-way ANOVA for
r Sol F(2,27) = 4.026, P = 0.048, for 1 Sol F(2,27) = 5.317, P =
0.0157; multiple comparison by Tukey’s post-hoc test P < 0.05).
The slopes were slightly reduced (not significantly) after the sub-
sequent 8-OHDPAT application (Figures 3C,F). Quipazine at a
low dose significantly facilitated locomotor hindlimb movements
with prolonged extensor activity and plantar stepping; how-
ever interlimb coordination (Figures 3D,H) was not significantly

improved (before quipazine application r = 0.401 =+ 0.17, while
after the drug was applied r = 0.55 £ 0.20). The difference
was not significant (one-way ANOVA F(;,7, = 5.931, P = 0.019;
multiple comparison by Tukey’s post-hoc test, P > 0.05). Addition
of 8-OHDPAT improved interlimb coordination: r = 0.739 +
0.19. Although the changes in coordination after addition of 8-
OHDPAT were not statistically significant in comparison to the
preceding quipazine application alone, when compared with the
pre-drug situation interlimb coordination significantly improved
(multiple comparison by Tukey’s post-hoc test, P < 0.01). The
need for tail pinching was greatly reduced or eliminated in
such cases, consistent with our previous preliminary observation
(Stawinska et al., 2012b) after combined drug treatment. Thus,
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the combined application of both drugs at lower doses produces
a markedly improved locomotor outcome. However, the coordi-
nation was not improved by the combination of the two drugs in
comparison to either drug alone after high dose applications. This
result should be taken into account when designing strategies for
restoration of locomotion using serotonergic agonists. It should
also be noted that 5-HT agonist applications combined with
other interventions that promote plantar stepping reveal that
there can be an additive effect that degrades locomotion, so the
proper balance between drug effect and other effects is necessary
(Stawinska et al., 2012b).

The presence of a period of inhibition of the soleus burst that
coincided with the presence of a burst in the contralateral flexor
muscle was consistently observed during the combined drug
treatment (Figure 3B third panel, Figure 4). This was confirmed
in 5/5 animals. These observations are consistent with excitatory
inputs to neurons responsible for production of synchronous
movements of the hindlimb, as in gallop, where ipsilateral flexor
activity could be associated with inactivation of contralateral
extensor activity to some advantage. When the animal is walking
on a treadmill with alternating activity in the hindlimbs, this
inhibition breaks through and reduces the amplitude of the
contralateral extensor burst. We interpret this to be the extensor
inhibitory component of a synchrony microcircuit. Examples in
Figure 4 taken from one rat demonstrate the presence of a period
of inhibition of the r Sol burst that coincided with the presence of
the burst of activity in the contralateral flexor EMG (I TA) at the
slower speed of locomotion, but not during the trial at the higher
speed.

The recent finding that certain commissural neurons involved
in the production of hopping gaits in genetically modified mice
(Talpalar et al., 2013) are configured to be recruited at different
speeds of locomotion prompted us to examine the possibility
that such neurons might contribute to the appearance of the syn-
chrony microcircuit resulting from treatment with 5-HT agonists.

To this end we examined whether the speed of locomotion could
alter the appearance of the synchrony microcircuit. Figure 4
illustrates one example of the results of these experiments, which
was a consistent finding in all five cases. Here, the synchrony
microcircuit is recruited at the slower speed of locomotion, but
not at the higher speed, implicating the VOy excitatory commis-
sural neurons and their target contralateral inhibitory interneu-
rons that terminate on contralateral motoneurons (Menelaou
and McLean, 2013; Talpalar et al., 2013) as the basis for this
phenomenon.

DISCUSSION

To summarize the results of the present study, we show here
that activation of either 5-HT, or 5-HT;/5-HT;a receptors by
application of single doses of either quipazine or 8-OHDPAT
facilitates activity of the spinal cord network controlling locomo-
tor hindlimb movements in paraplegic rats in the normal hor-
izontal posture. However, markedly different locomotor effects
induced by activation of these two receptors suggest that the
observed results are related to the activation of different pop-
ulations of spinal neurons. Activation of 5-HT, receptors led
mainly to improvement of extensor muscle activity and less
to the improvement of regularity of walking, likely facilitating
the output stage of the locomotor system by direct activation
of motoneurons. It also may activate the pattern formation
interneurons of the locomotor CPG that are the presumed last-
order interneurons providing the CPG output to motoneurons.
Activation of 5-HT7 and 5-HT} receptors that led to improved
left-right alternation in hindlimb walking probably facilitated the
activity of the locomotor CPG, without direct actions on the
output components of the locomotor system, including motoneu-
rons. These results are consistent with the idea that the spinal cord
network responsible for locomotor pattern generation consists
of different layers that control motoneuron activity, one the
rhythm generator (CPG) and another the pattern formation layer
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FIGURE 4 | Examples of rectified and filtered EMG records from left and
right Sol and TA muscles during hindlimb locomotor movements after a
low dose (0. 1 mg/kg, i.p.) of quipazine and a subsequent low dose

(0.1 mg/kg, i.p.) of 8-OHDPAT in a rat suspended over a moving treadmill

1s

belt at two speeds: 5 cm/s (A) and 10 cm/s (B). Note the presence of a
period of inhibition of the r Sol burst that coincided with the presence of the
burst of activity in the contralateral flexor EMG (I TA) at the slower speed of
locomotion (A), but not during the trial at the higher speed (B).
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(McCrea and Rybak, 2007, 2008). This hypothesis is supported
also by the results of the combined use of the drugs in our inves-
tigations, which show that simultaneous activation of different
neuronal populations expressing different 5-HT receptors results
in production of improved well-coordinated weight supported
locomotion. Moreover, the requirement for a smaller dose of both
drugs suggests that both neuronal populations play complemen-
tary roles in facilitation of locomotor hindlimb movements in
spinalized adult rats. In addition, the data reveal the presence of
a previously undescribed system of crossed inhibition of ankle
extensor muscles that is time-locked to the occurrence of the
contralateral flexor burst that is brought into play when neurons
that possess receptors activated by quipazine and 8-OHDPAT
are recruited. These results are compatible with the activation
of neurons that play a role in the production of synchronous
activity across the midline, such as occurs in galloping and hop-
ping, and they are strikingly similar to the results obtained in
mutant mice showing a role for VO interneurons commissural
microcircuits involved in speed control of hopping (Talpalar et al.,
2013).

Chronic treatment with this combination of drugs has been
demonstrated to improve locomotion (Antri et al., 2005), and a
number of studies have examined the effects of one or the other
of these drugs on the restoration of locomotion after spinal cord
injury in adult animals (Landry et al., 2006). Combinations of
these drugs along with other interventions, such as locomotor
training and epidural stimulation, have been reported to improve
functional recovery after spinal cord injury (Courtine et al.,
2009; Musienko et al., 2011). Many of these studies have used
a paradigm in which the rats are placed in an upright posture,
a condition that we have shown has its own ability to facilitate
recovery of plantar stepping (Slawinska et al., 2012b,c). Here we
focus upon the demonstration that different populations of spinal
neurons and coordinating microcircuits are recruited by the drugs
acting on different 5-HT receptors to account for restoration of
plantar stepping without the need for other interventions.

A central issue to the interpretation of our results is which
receptors are likely to be involved in the action of these drugs
(Hochman et al., 2001). The action of quipazine could be medi-
ated by a few 5-HT receptors for which it has high affinity.
These include 5-HTa, 5-HT,p or 5-HT,¢ receptors. 5-HT;a
labeling has been demonstrated to be most intense in motoneu-
rons (Maeshima et al., 1998; Cornea-Hébert et al., 1999; Doly
et al., 2004), but it also occurs in other neurons of the ventral
horn and in dorsal root ganglion cells. The action of quipazine
to facilitate locomotion has been attributed to 5-HT,a receptors
(Ung et al., 2008), and 5-HT,4 receptors have been implicated
in the production of locomotion by stimulation of brainstem
serotonergic neurons in neonatal rats (Liu and Jordan, 2005).
The affinity of quipazine for 5-HT,a receptors is in the order
of four fold higher than for 5-HT,¢ receptors, and over 50-fold
higher than for 5-HT,p receptors.” Another study (Murray et al.,
2010) claimed that the appearance of constitutively active 5-HT»¢
receptors after staggered hemisection accounts for recovery of
locomotor function after spinal cord injury. In contrast, after

Zhttp://pdsp.med.unc.edu/

complete transection of the spinal cord (Navarrett et al., 2012)
5-HT7sR mRNA expression was upregulated below the site of
spinal cord injury, but no changes in 5-HT,cR mRNA editing
or expression were detected. A similar absence of changes in 5-
HT,c receptors below the lesion was reported after contusive
injury to the spinal cord (Nakae et al., 2008). It appears possible
that the upregulation of constitutively active 5-HT,¢ receptors
as a means of restoring locomotion after spinal cord injury
may be limited to the staggered hemisection preparation and/or
to the intrathecal application of drugs at the L5-L6 vertebral
level (Murray et al., 2010), where locomotor control due to
sacrocaudal afferent stimulation (Lev-Tov et al,, 2010) might
predominate. On the other hand, considerable evidence supports
the upregulation of 5-HT,, receptors after complete spinal cord
injury, especially in motoneurons (Jordan et al., 2010; Kong et al.,
2010, 2011; Navarrett et al., 2012). We have preliminary evidence
using intrathecal drug application of antagonists at the lumbar
level in intact rats that 5-HT,4 but not 5-HT,¢ receptors are
normally involved in the production of locomotion (Stawinska
et al., 2012a). Similarly, Fouad et al. (2010) found that blocking
constitutive 5-HT,¢ receptor activity with the potent inverse
agonist SB206553 applied intrathecally had no effect on stepping
in normal rats.

Motoneuron responses to 5-HT are mediated by a variety
of receptors (Schmidt and Jordan, 2000; Heckman et al., 2009;
Perrier et al., 2013). The responses are typically an increase in
excitability, through several possible mechanisms (E,, depolar-
ization, reduced AHP, hyperpolarization of voltage threshold,
production of persistent inward currents, PICs) when 5-HT,
receptors are activated, and depression of motoneuron output
when 5-HT;s receptors are activated (reviewed Perrier et al.,
2013). It is clear that increased motoneuron excitability is one of
the consequences of 5-HT, receptor activation due to quipazine’s
actions in our experiments. It seems plausible that the sensory
feedback from the improved plantar contact may be at least par-
tially responsible for the increased soleus duty cycle rather than or
in addition to direct actions of quipazine on extensor motoneu-
rons. It is known that quipazine can increase the excitability of
both flexor and extensor motoneurons (Chopek et al., 2013). Such
an increase in flexor motoneuron activity could contribute to
the improved placement of the paw and subsequent improved
afferent feedback to promote plantar stepping (Stawinska et al.,
2012b).

The role of 8-OHDPAT in the production of locomotion
appears to be mediated by its action at both 5-HT7 and 5-HT
receptors (Landry et al., 2006), since it could produce locomotion
in 5-HT7 knockout mice or in the presence of a selective 5-HT7
antagonist, and since locomotion could be blocked by antagonists
of either 5-HT7 or 5-HT receptors. The effect of 8-OHDPAT
to facilitate locomotion in our experiments appears to be exerted
primarily on the rhythm generating and coordinating elements
of the CPG. This is indicated by the data showing that the
motoneuron excitability is not significantly altered by this drug
(see Figure 3; Stawinska et al., 2012b), but its application in low
doses together with low doses of quipazine creates a situation
where exteroceptive stimulation is no longer necessary to activate
the locomotor CPG, and coordination is dramatically improved.
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This is consistent with the fact that locomotor neurons in the
spinal cord possess 5-HT7 and 5-HT;a receptors in abundance
(Jordan and Schmidt, 2002; Noga et al., 2009). A prominent role
for 5-HT; receptors in the control of coordinated muscle activity
during locomotion has also been suggested by the investigation of
locomotion in 5-HT?7 receptor knockout mice (Liu et al., 2009)
and in experiments using the specific 5-HT; receptor antagonist
SB-269970 (Madriaga et al., 2004; Liu and Jordan, 2005; Pearlstein
et al., 2005; Liu et al, 2009). Although there is some overlap
of 5-HT,s and 5-HT; receptors on locomotor interneurons,
there are clearly more 5-HT7 positive locomotor neurons than
5-HT,4 positive ones (Noga et al., 2009). 5-HT; receptors have
not been clearly shown to be associated with motoneurons, due
to antibody specificity problems. Almost all locomotor neurons
identified by c-fos immunostaining in the above experiments
(Jordan and Schmidt, 2002; Noga et al., 2009) were positive
for 5-HT; receptors, and a lesser number were positive for 5-
HT,4 receptors. Faint 5-HT? receptor labeling has been reported
in motoneurons (Doly et al., 2005), but we have found the
same antibody labels motoneurons in 5-HT; receptor knockout
mice.

We conclude from our results and from the information
available in the literature about the effects of activation of the
various receptors that are the targets of quipazine and 8-OHDPAT
that the effects on locomotion that we observe are due largely
to actions on 5-HT,4 and 5-HTy receptors. We further conclude
that the neurons that are activated by 5-HT,a receptors include
CPG neurons capable of inducing rhythmic activity, but with
incomplete facilitation of coordinating interneurons responsi-
ble for inter- and intralimb coordination. Activation of these
receptors also results in increased motoneuron excitability and
prolonged activity in extensor motoneuron output. The latter
effects may be due to the presence of abundant 5-HT;4 receptors
on motoneurons, especially in order to explain the increased
motoneuron excitability. It is more difficult, however, to explain
the prolongation of the motoneuron discharge during the stance
phase of locomotion on the basis of direct actions of the drug
on motoneurons, with the caveat that facilitation of PICs in
motoneurons might account for the prolonged activity (Heckman
et al., 2009; Perrier et al,, 2013). It is also possible that the
effects are due in part to the enhancement of activity in CPG
neurons of the Pattern Formation layer of the locomotor CPG
(McCrea and Rybak, 2007, 2008), which could not only influ-
ence the timing of motoneuron activity during the step cycle,
but also increase the excitatory drive to motoneurons. If the
rhythmic activity produced by quipazine were due to actions
directly on motoneurons and on the output stage of the Pattern
Formation layer of the CPG, rather than on activation of the
Rhythm Generating layer of the CPG, this would explain the
incomplete facilitation of intra- and interlimb coordination with
this drug. The actions of 5-HT7 receptors to trigger rhythmic
activity and to activate the neurons responsible for intra- and
interlimb coordination, without direct actions on motoneuron
excitability, suggests these receptors are located on Rhythm Gen-
eration layer neurons as well as on the inhibitory interneurons
responsible for coordination (see Figure 2; Jordan and Stawinska,
2011), that are part of the Pattern Formation layer, but without

effect on neurons that control the timing of motoneuron activity.
This is consistent with the finding that locomotor interneurons
may possess either 5-HT7 or 5-HT,5 receptors, and a smaller
proportion possess both (Noga et al., 2009). With this working
hypothesis as a basis for further investigation, there are ample
opportunities for experiments designed to identify the elements
of the CPG responsible for the various functions suggested by our
experiments.

Our experiments also provide the first evidence for 5-HT
activation of a commissural microcircuit involved in synchronous
activation of the hindlimbs (Figures 3, 4). This microcircuit,
associated with inhibition of extensor motoneurons at the same
time that contralateral flexor motoneurons are active, as well
as simultaneous activity in flexor motoneurons bilaterally, may
underlie 5-HT modulation of gait. Figures 3, 4 provide the first
observation of muscle activity that supports the presence of such
a microcircuit, activated by certain 5-HT receptors in adult rat
that could contribute to the production of gaits involving syn-
chronous movements of the two hindlimbs, such as hopping and
gallop. Only the slightest hints of simultaneous flexor activity were
observed in our experiments (Figure 4A), however, suggesting
that the neurons excited by the 5-HT agonists are those involved
only in the portion of the microcircuit that inhibits contralateral
extensors. The findings in Figures 3, 4 suggest that there might be
some limitations to the utility of combined treatment with these
two agonists for the production of well-coordinated locomotion
after spinal cord injury, as we have previously pointed out with
respect to the need for a proper balance between drug application
and sensory feedback from the sole of the foot (Stawinska et al.,
2012b).

The results are consistent with the suggestion that during
brainstem evoked locomotion, such as occurs normally, the
appropriate coordinating interneurons, including commissural
cells, are selected by specific restricted populations of serotonergic
neurons to produce the desired gait. In the case of systemic
application of serotonergic agonists, this selectivity is lost, so that
populations of coordinating commissural cells are activated at
inappropriate times.

Serotonergic activation of monosynaptic crossed inhibition
might account for our results. Such inhibitory commissural cells
terminating on contralateral extensor motoneurons have been
demonstrated (Bannatyne et al., 2003). Lamina VIII commis-
sural neurons projecting directly to contralateral ankle extensor
motoneurons have been shown to be excited by 5-HT (Hammar
et al., 2004). It is clear that many commissural neurons can
be excited by 5-HT (Carlin et al., 2006; Zhong et al., 2006a,b;
Abbinanti et al., 2012). A disynaptic inhibitory pathway is also
a possibility, and some such pathways involve an excitatory com-
missural cell that activates contralateral Ia inhibitory interneurons
(Jankowska et al., 2005).

Another suggestion based on recent work on commissural
neuron activity during locomotion involves VO commissural neu-
rons, which are implicated in the production of a hopping gait.
The ipsilateral flexor-related inhibition of contralateral extensor
motoneurons could be achieved by selecting for VOy commis-
sural interneurons, which produce contralateral inhibition via
a disynaptic pathway at slow speeds of locomotion. When VOy
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cells predominate, the result is hopping at slow speeds (Menelaou
and McLean, 2013; Talpalar et al., 2013). In this scenario the
balance between VOy and VOp neurons might be altered under
conditions of systemic serotonin agonist application, so that
VOy neurons predominate, resulting in the observed inhibition
of soleus motoneurons during slow locomotion. This suggests
that VOy commissural neurons must receive excitatory input
descending serotonergic pathways as well as from excitatory
components of the CPG projecting to the contralateral flex-
ors. Our finding that the crossed inhibitory microcircuit acti-
vated by 5-HT agonists is apparent during slow but not during
faster walking (Figure 4) is consistent with the involvement of
VOy neurons in this microcircuit. There is evidence that VO
interneurons possess 5-HT receptors (Dyck et al., 2009; Olsen,
2011), but there have been no direct tests of 5-HT actions
on VO interneurons. Such experiments are warranted by our
findings.

The findings described here provide detailed documenta-
tion of the differences in EMG activity produced by quipazine
and 8-OHDPAT in spinal rats, and make a case for actions of
the two drugs on different populations of spinal neurons. An
increased understanding of the modes of action of these drugs
and the receptors that they activate is of increasing importance
because these two drugs have gained prominence in efforts to
restore locomotion after spinal cord injury. We also demon-
strate that systemic application of these drugs can lead to
inappropriate activation of coordinating microcircuits that can
interfere with the restoration of the normal locomotor pattern.
Further experiments on the involvement of CPG and commissural
interneurons in the effects of 5-HT agonists are needed, includ-
ing recordings from identified interneurons during locomotor
activity.
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INTRODUCTION

The central pattern generators (CPGs) for locomotion, located in the lumbar spinal cord,
are functional at birth in the rat. Their maturation occurs during the last few days
preceding birth, a period during which the first projections from the brainstem start to
reach the lumbar enlargement of the spinal cord. Locomotor burst activity in the mature
intact spinal cord alternates between flexor and extensor motoneurons through reciprocal
inhibition and between left and right sides through commisural inhibitory interneurons.
By contrast, all motor bursts are in phase in the fetus. The alternating pattern disappears
after neonatal spinal cord transection which suppresses supraspinal influences upon the
locomotor networks. This article will review the role of serotonin (5-HT), in particular 5-HT»
receptors, in shaping the alternating pattern. For instance, pharmacological activation of
these receptors restores the left-right alternation after injury. Experiments aimed at either
reducing the endogenous level of serotonin in the spinal cord or blocking the activation of
5-HT, receptors. We then describe recent evidence that the action of 5-HT, receptors is
mediated, at least in part, through a modulation of chloride homeostasis. The postsynaptic
action of GABA and glycine depends on the intracellular concentration of chloride ions
which is regulated by a protein in the plasma membrane, the K*-CI~ cotransporter (KCC2)
extruding both K+ and CI~ ions. Absence or reduction of KCC2 expression leads to
a depolarizing action of GABA and glycine and a marked reduction in the strength of
postsynaptic inhibition. This latter situation is observed early during development and in
several pathological conditions, such as after spinal cord injury, thereby causing spasticity
and chronic pain. It was recently shown that specific activation of 5-HT,a receptors is able
to up-regulate KCC2, restore endogenous inhibition and reduce spasticity.

Keywords: 5-HT2A receptor, 5-HT7 receptor, chloride homeostasis, KCC2 transporter, reciprocal inhibition

with 5-HT7, 5-HT,, and 5-HT;4 receptors (Noga et al., 2009).

It is well established that the basic rhythmic activity underlying
locomotion is generated by interneuronal networks within the
spinal cord called central pattern generators (CPGs; Grillner and
Wallén, 1985). These are functional at birth in the rat as shown by
experiments using in vitro spinal cord preparations isolated from
neonates (Cazalets et al., 1992). In these preparations, the most
effective pharmacological cocktails to induce fictive locomotion
include serotonin (5-HT; Cazalets et al., 1992; Madriaga et al.,
2004). There is considerable evidence that 5-HT plays a key role
in locomotion. Chronic recordings from 5-HT neurons in awake
cats demonstrated a correlation between single unit activity and
locomotor activity (Veasey et al., 1995) suggesting that the 5-HT
system facilitates motor output and concurrently inhibits sensory
information processing (Jacobs and Fornal, 1993). Stimulation
of a discrete population of 5-HT neurons in the parapyramidal
region (PPR) of the medulla elicits locomotor-like activity in
the neonatal rat isolated brain stem-spinal cord preparation (Liu
and Jordan, 2005). Most locomotor-activated cells, as revealed
by expression of the activity-dependent marker c-fos, co-localize

The intrinsic 5-HT system contributes significantly to locomotor
pattern generation (Zhang and Grillner, 2000; Pearlstein et al.,
2005, 2011). In addition, there is increasing evidence that recovery
of locomotion after spinal cord injury (SCI) can be facilitated
by systemic or intrathecal application of 5-HT or various 5-HT
receptor agonists (Feraboli-Lohnherr et al., 1999; Kim et al., 2001;
Antri et al., 2002, 2005; Landry et al., 2006), or transplantation
of embryonic 5-HT neurons into the spinal cord caudal to the
lesion (Feraboli-Lohnherr et al., 1997; Ribotta et al., 1998a,b,
2000; Kim et al., 1999; Stawinska et al., 2000, 2013; Majczynski
et al., 2005).

Serotonin has a number of effects on the spinal cord, includ-
ing the control of motoneuron and interneuron excitability and
afferent transmission (Schmidt and Jordan, 2000; Abbinanti and
Harris-Warrick, 2012; Abbinanti et al., 2012). The present review
will focus on the contribution of 5-HT, with emphasis on 5-HT,
and 5-HT?7 receptors, in shaping the alternating pattern, and on
one of the mechanisms underlying this effect, strengthening of
post-synaptic inhibition, by modulation of chloride homeostasis.
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ENDOGENOUS SEROTONIN IS IMPORTANT FOR THE
EXPRESSION OF A LEFT-RIGHT ALTERNATING PATTERN

Pharmacological activation of the CPGs in vitro in newborn ani-
mals evokes a fictive locomotor pattern consisting of alternation
of motor bursts between both the left and right sides of the lumbar
spinal cord, and flexors and extensors on one side (Cazalets et al.,
1992; Kiehn and Kjaerulff, 1996). On the embryonic day (E)16
(i.e., 5 days prior to birth), the same kind of experiments reveal
a motor pattern with all bursts in phase (lizuka et al., 1998;
Nakayama et al., 2002). In rats, the transition from left-right
synchrony to alternation occurs around E18 and is due to the
maturation of inhibitory connections between the two sides, and
a shift in GABA/glycine synaptic potentials from excitation to
inhibition (Wu et al., 1992; see below).

These major changes in locomotor network operation occur
shortly after the arrival in the lumbar enlargement of the first
axons descending from the brainstem, suggesting that descending
pathways may contribute to the maturation of spinal networks
(Vinay et al., 2000, 2002). Serotonergic fibers start to arrive in
the lumbar gray matter by E17 (Bregman, 1987; Rajaofetra et al.,
1989). Projections arising from the raphe nuclei are among the
earliest axons to reach the upper lumbar segments in the rat
(Lakke, 1997). They are the source of almost all the 5-HT in
the lumbar spinal cord in mammals (reviewed by Schmidt and
Jordan, 2000).

A number of experiments support the conclusion that
descending pathways, in particular 5-HT projections, play a role
in the maturation and/or the operation of the lumbar CPG. Daily
in vivo injections of p-chloro-phenylalanine (PCPA), a 5-HT
synthesis inhibitor, starting the day of birth markedly reduce 5-
HT immunoreactivity in the lumbar enlargement within 3—4 days
(Pflieger et al., 2002). Depletion of endogenous 5-HT during early
postnatal development induces an asymmetry of posture (Pflieger
et al., 2002) and deficits in locomotion (Myoga et al., 1995), both
of which indicate that the interlimb coordination is impaired. In
addition, kittens or rats that have undergone a complete spinal
cord transection at birth exhibit synchronous air stepping during
the first postnatal week (Bradley and Smith, 1988a,b; Norreel
et al., 2003). Quipazine, a 5-HT, receptor agonist promotes
alternating air stepping in intact neonatal rats (Brumley et al.,
2012). The 5-HT7 receptors also appear to play an important
role as the antagonist, SB-269970, applied directly to the spinal
cord consistently disrupts locomotion in adult mice (Liu et al.,
2009).

In vitro experiments showed that 5-HT, when added with
N-methyl-d,l-aspartate (NMA) to neonatal rat isolated
spinal cord preparations, strongly strengthens left/right and
flexor/extensor alternation, an effect that is at least partly
dependent on activation of 5-HT, receptors (Figures 1A,B;
Pearlstein et al., 2005). The NMA-induced motor pattern is
strongly affected in PCPA-treated animals (Pearlstein et al.,
2005). Both left/right and L3-L5 alternations are weak but
recover after adding 5-HT (Figure 1B). A contribution of
endogenous 5-HT is further supported by the observations
that ketanserin (a 5-HT, receptor antagonist, Figure 1B) or
SB-269970 (a 5-HT7 receptor antagonist, Figure 1B) disorganizes

the locomotor pattern (makes the cross-correlation coefficient
less negative) induced by either NMA (Pearlstein et al., 2005;
Liu et al., 2009; Jordan and Slawinska, 2011) or electrical
stimulation of the brainstem (Liu and Jordan, 2005). Finally,
in spinal cords isolated from 5-HT; receptor knock-out mice,
5-HT produces either uncoordinated rhythmic activity or
results in synchronous discharges of the ventral roots (Liu et al.,
2009).

Together, these observations suggest that 5-HT, and 5-HT;
receptors appear to mediate the effect of serotonin to enhance
and stabilize both left-right and flexor-extensor alternation.
Other 5-HT receptors, such as 5-HT;5, may have an oppo-
site effect to reduce reciprocal inhibition as shown in Xeno-
pus laevis (Wedderburn and Sillar, 1994; McDearmid et al.,
1997).

THE STRENGTH OF POSTSYNAPTIC INHIBITION IS REDUCED
AFTER SCI DUE TO A DYSREGULATION OF CHLORIDE
HOMEOQSTASIS

Ipsilateral co-contraction of flexors and extensors is commonly
observed in SCI patients (Harkema, 2008). The strength of several
well-characterized inhibitory mechanisms such as presynaptic
(Katz, 1999), recurrent (Mazzocchio and Rossi, 1997) and recip-
rocal (Boorman et al., 1996) inhibition is reduced after SCI. A
reciprocal facilitation, instead of reciprocal inhibition, may even
appear (Crone et al., 2003). Similarly, crossed inhibition of con-
tralateral motoneurons by group II muscle afferents in intact cats
is inverted to crossed excitation in spinal cats (Aggelopoulos et al.,
1996). The mechanisms responsible for the decrease in strength of
postsynaptic inhibition were recently identified. Briefly, in healthy
mature cells, activation of GABA, and glycine receptors leads
to chloride entry which causes membrane hyperpolarization.
This occurs because the intracellular concentration of chloride
ions ([Cl7];) is maintained at low levels by the potassium-
chloride co-transporters KCC2 that extrude chloride from the cell
(Payne et al., 2003; Vinay and Jean-Xavier, 2008; Blaesse et al.,
2009; Chamma et al., 2012). There is now abundant evidence
that an increase in [Cl™];, most often recorded/visualized as a
depolarizing shift of the chloride equilibrium potential, reduces
the strength of postsynaptic inhibition or may even switch it
towards excitation or promote facilitation of concomitant exci-
tatory inputs (van den Pol et al., 1996; Gao et al., 1998b; Gulledge
and Stuart, 2003; Prescott et al., 2006; Jean-Xavier et al., 2007;
Doyon et al., 2011).

The expression of KCC2 in the plasma membrane of lum-
bar motoneurons below the lesion is reduced after spinal cord
injury, thereby causing a depolarizating shift in the chloride
equilibrium potential (Boulenguez et al., 2010). Similar results
were described in the superficial layers of the dorsal horn
either after SCI (Cramer et al, 2008; Lu et al., 2008) or
following peripheral nerve injury (Coull et al, 2003, 2005).
These observations were shown to contribute to spasticity and
chronic pain, respectively. To conclude, dysregulation of chlo-
ride homeostasis can account for the reduction in strength of
postsynaptic inhibition or even a switch to facilitation after
SCI.
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FIGURE 1 | 5-HT enhances the NMA-induced fictive locomotor pattern in
the isolated neonatal rat spinal cord. (A) Activity recorded from the 3rd left
and right lumbar ventral roots after rectification and integration. Bath
application of NMA (18 wM) induced fictive locomotion characterized by
left-right alternation. Addition of 5-HT (5 wM) stabilized these alternations.
Note the lower occurrence of left-right concomitant bursting (asterisks). (B)
Mean correlation coefficients (R) for left-right and L3/L5 relationships in
various experimental conditions, after adding 5-HT, blocking 5-HT,a receptors
with ketanserin or 5-HT; receptors with SB269970, or blocking 5-HT
synthesis by PCPA. (A) and (B) are adapted from Pearlstein et al. (2005).
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(C,D) Activation of 5-HT,a receptors in vitro restores the left-right alternating
locomotor pattern 5 days after neonatal spinal cord transection. (C) Integrated
recordings from the left and right L3 ventral roots at P5 in the presence of
NMA (16 11M) alone (note the high occurrence of synchronous bursts,
asterisks) or together with 5-HT,4 receptor agonist
(4-bromo-3,6-dimethoxybenzocyclobuten-1-yl) methylamine hydrobromide
(TCB-2): (0.1 wM). (D) Distribution of phase relationships between left and
right ventral root bursts in NMA alone (Left) and NMA plus TCB-2 (Right) in all
of the spinal animals (P5-P6; n = 6). (C) and (D) are adapted from Bos et al.
(2013).

SEROTONIN ENABLES RESTORATION OF COORDINATED
LOCOMOTION AFTER SPINAL CORD INJURY

Following a neonatal spinal cord transection that disorganizes
the left-right alternating pattern, left-right hindlimb alternation is
restored after injecting (+£)-2,5-dimethoxy-4-iodoamphetamine
hydrochloride (DOI), a 5-HT, receptor agonist (Norreel et al.,
2003). In addition, however, sensory inputs from the moving
limbs in vivo can also promote left-right alternations under
certain circumstances. In kittens with spinal cord transection
at birth, alternation is more pronounced during treadmill step-
ping (~40% of alternating steps) than during air stepping
(~3%), suggesting that rhythmic ground contact may promote
an alternating gait (Bradley and Smith, 1988b). However, in
recent experiments in intact neonatal rats, in which a substrate
(elastic, stiff, or none) was placed beneath their limbs so that
the feet could make plantar surface contact with the substrate,
pups treated with quipazine showed significantly more alter-
nating fore- and hindlimb steps than pups treated with saline
(Brumley et al., 2012). In rats with a neonatal spinal cord
transection, the fictive locomotor pattern induced by excitatory
amino acids does not exhibit any left/right alternation. However,
strong alternation is restored when 5-HT is added to the bath
(Norreel et al., 2003).

Serotonergic 5-HT, and 5-HT} receptor agonists have repeat-
edly been shown to promote locomotor recovery after SCI in adult
rodents (Barbeau and Rossignol, 1990; Antri et al., 2002; Kao
et al., 2006; Landry et al., 2006; Ung et al., 2008; Courtine et al.,
2009; Murray et al., 2010; Jordan and Slawinska, 2011; Musienko
et al., 2011; van den Brand et al., 2012). Combined activation of
both receptor subtypes is more effective than activation of either
receptor alone (Antri et al., 2005; Landry et al., 2006; Courtine
et al., 2009; Stawinska et al., 2012). In rats with a complete
thoracic spinal cord transection, grafts of embryonic serotonergic
neurons improve locomotor recovery (Feraboli-Lohnherr et al.,
1997; Ribotta et al., 2000; Majczynski et al., 2005; Stawinska et al.,
2013). Importantly, both inter- and intralimb coordinations are
improved by grafting embryonic 5-HT neurons after SCI in adult
rats and the effectiveness of the transplants arises from intrinsic
activation of 5-HT, and 5-HT; receptors (Stawinska et al., 2000,
2013).

MODULATION OF INHIBITORY SYNAPTIC TRANSMISSION
BY 5-HT, AND 5-HT, RECEPTORS

There are, in principle, various ways through which 5-HT
may strengthen inhibitory synaptic transmission. The most
obvious explanation for the improvement of inter- and intralimb
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alternating motor activity following activation of 5-HT,
and 5-HT; receptors is that this activation excites inhibitory
interneurons responsible for coordinating flexor/extensor and
left/right activity (Aggelopoulos et al., 1996; Pearlstein et al., 2005;
Stawifiska et al., 2013). Exogenously applied 5-HT (Lewis et al.,
1993; Shen and Andrade, 1998; Abi-Saab et al., 1999; Xie et al.,
2012) and endogenous 5-HT (Iwasaki et al., 2013) have been
shown to activate GABAergic and/or glycinergic interneurons via
5-HT, receptors in the CNS including the spinal cord. Activation
of 5-HT,a /¢ receptors enhances glycine and/or GABA responses
in spinal neurons in the rat (Xu et al., 1996, 1998; Li et al.,
2000) and spontaneous inhibitory postsynaptic currents in the
substantia gelatinosa (Xie et al., 2012). These effects involve, at
least in part, a presynaptic facilitation of GABA/glycine release
(Wang and Zucker, 1998; Xie et al., 2012). It has been shown that
5-HT?7 receptor activation in the hippocampal CA1 area results in
an enhancement of GABAergic transmission via two mechanisms
(Tokarski et al., 2011). The first one involves an enhancement of
excitatory glutamatergic input to GABAergic interneurons and is
likely to be mediated by presynaptic 5-HT? receptors. The second
effect, most likely related to the activation of 5-HT; receptors
located on interneurons, results in an enhancement of GABA
release.

Developmental studies provide interesting information about
5-HT modulation of inhibitory synaptic transmission. Matura-
tion of inhibition in the lumbar spinal cord occurs during peri-
natal development in rodents. The key events are as follows: (1)
the density of glycine currents (Gao and Ziskind-Conhaim, 1995)
and receptors (Sadlaoud et al., 2010) increases whereas that of
GABA, currents and receptors drop concomitantly. (2) Inhibitory
postsynaptic potentials switch from depolarizing to hyperpolar-
izing (Takahashi, 1984; Wu et al., 1992; Gao et al., 1998a; Jean-
Xavier et al., 2006; Delpy et al., 2008; Stil et al., 2011), mostly
due to the up-regulation of KCC2 expression (Jean-Xavier et al.,
2006; Stil et al., 2009). A neonatal spinal cord transection at birth,
which removes all descending modulatory influences from the
brainstem, prevents both the depolarization-to-hyperpolarization
switch (Jean-Xavier et al., 2006; Bos et al., 2013) and the devel-
opmental down-regulation of GABA, currents and receptors
(Sadlaoud et al., 2010). Interestingly, up-regulation of glycine
receptors is not affected by spinal transection. Chronic treat-
ment with the 5-HT, receptor agonist, DOI, throughout the first
postnatal week restores the hyperpolarizing shift of the chloride
equilibrium potential (Bos et al., 2013) and the down-regulation
of GABA, receptors, without any significant effect on glycine
receptors (Sadlaoud et al., 2010). These data suggested that 5-HT
plays a role in the maturation of GABAergic synaptic transmis-
sion but that the up-regulation of glycinergic receptors does not
depend on descending modulation from the brainstem.

Because the strength of inhibition depends on [CI7];,
5-HT, in principle, may strengthen inhibitory synaptic
transmission by increasing KCC2 function. This hypothesis
is supported by recent results showing that activation of 5-
HT,s receptors shifts the chloride equilibrium potential in
the hyperpolarizing direction (Bos et al., 2013). This effect is
mediated by an up-regulation of KCC2 function and involves
a protein kinase C (PKC)-dependent mechanism. After SCI,

acute addition of a specific 5-HT,5 receptor agonist, TCB-2,
restores endogenous inhibition and thereby reduces spasticity
and restores left-right alternation during fictive locomotion
(Figures 1C,D; Bos et al., 2013). Interestingly, 5-HT,5 and
5-HT,p/c receptors were shown in the latter study to have oppo-
site effects on KCC2 function. Consistent with these observations,
5-HT,s and 5-HT,¢ receptors exert opposing effects on both
locomotor activity in mice and spinal reflexes in rats (Machacek
et al., 2001; Halberstadt et al., 2009). As 5-HT)p/»c receptors
become constitutively active (spontaneously active without
5-HT) after SCI (Murray et al., 2010, 2011), this constitutive
activity may be partly responsible for the depolarizing shift of the
chloride equilibrium potential after SCI (Boulenguez et al., 2010).

CONCLUSIONS AND FUTURE DIRECTIONS

This review has shown that 5-HT plays a critical role in shaping
the locomotor pattern by promoting left-right and flexor-extensor
alternation, thereby raising the question of whether serotonin
descending systems should be formally included as components of
the CPGs for locomotion (Jordan and Slawinska, 2011). Accord-
ing to the initial definition of CPGs (Grillner and Wallén, 1985),
“the term CPGs refers to function, not a circumscribed anatomi-
cal entity. The individual neurons that constitute the CPG may in
principle be located in widely separate parts of the central nervous
system”.

As combined exogenous application of both 5-HT7 and 5-
HT, receptor agonists is more effective than activation of either
of these receptors alone (Antri et al., 2005; Landry et al., 2006;
Musienko et al., 2011; Stawinska et al., 2012), it will be important
to identify whether the mechanisms by which 5-HT7 receptors
affect alternating motor activities also involve chloride home-
ostasis as is the case for 5-HT, receptors. Although the present
review focused on serotonin, SCI removes not only serotoner-
gic inputs but also dopaminergic and noradrenergic inputs to
neurons below the lesion. The contribution of these pathways
to the alternating locomotor pattern and regulation of chloride
homeostasis should be investigated further.

ACKNOWLEDGMENTS

Our study on the plasticity of inhibitory synaptic transmission
in the spinal cord is supported by grants (to Laurent Vinay )
from the French Agence Nationale pour la Recherche (ANR 2010-
BLAN-1407-01), the Institut pour la Recherche sur la Moelle
épiniere et "Encéphale, the Fondation pour la Recherche Médicale
(DEQ20130326540) and the International Spinal Reseach Trust
(STR110). We thank Ron Harris-Warrick for critical reading of
the manuscript.

REFERENCES

Abbinanti, M. D., and Harris-Warrick, R. M. (2012). Serotonin modulates multiple
calcium current subtypes in commissural interneurons of the neonatal mouse.
J. Neurophysiol. 107, 2212-2219. doi: 10.1152/jn.00768.2011

Abbinanti, M. D., Zhong, G., and Harris-Warrick, R. M. (2012). Postnatal emer-
gence of serotonin-induced plateau potentials in commissural interneurons of
the mouse spinal cord. J. Neurophysiol. 108, 2191-2202. doi: 10.1152/jn.00336.
2012

Abi-Saab, W. M., Bubser, M., Roth, R. H., and Deutch, A. Y. (1999). 5-HT2
receptor regulation of extracellular GABA levels in the prefrontal cortex. Neu-
ropsychopharmacology 20, 92-96. doi: 10.1016/50893-133x(98)00046-3

Frontiers in Neural Circuits

www.frontiersin.org

August 2014 | Volume 8 | Article 102 |136


http://www.frontiersin.org/Neural_Circuits
http://www.frontiersin.org/
http://www.frontiersin.org/Neural_Circuits/archive

Gackiére and Vinay

Serotonin and reciprocal inhibition

Aggelopoulos, N. C., Burton, M. J., Clarke, R. W., and Edgley, S. A. (1996).
Characterization of a descending system that enables crossed group II inhibitory
reflex pathways in the cat spinal cord. J. Neurosci. 16, 723—729.

Antri, M., Barthe, J. Y., Mouffle, C., and Orsal, D. (2005). Long-lasting recovery of
locomotor function in chronic spinal rat following chronic combined pharma-
cological stimulation of serotonergic receptors with 8-OHDPAT and quipazine.
Neurosci. Lett. 384, 162—167. doi: 10.1016/j.neulet.2005.04.062

Antri, M., Orsal, D., and Barthe, J. Y. (2002). Locomotor recovery in the chronic
spinal rat: effects of long-term treatment with a 5-HT2 agonist. Eur. J. Neurosci.
16, 467-476. doi: 10.1046/j.1460-9568.2002.02088.x

Barbeau, H., and Rossignol, S. (1990). The effects of serotonergic drugs on the
locomotor pattern and on cutaneous reflexes of the adult chronic spinal cat.
Brain Res. 514, 55-67. doi: 10.1016/0006-8993(90)90435-¢

Blaesse, P., Airaksinen, M. S., Rivera, C., and Kaila, K. (2009). Cation-chloride
cotransporters and neuronal function. Neuron 61, 820-838. doi: 10.1016/j.
neuron.2009.03.003

Boorman, G. I, Lee, R. G., Becker, W. J., and Windhorst, U. R. (1996). Impaired
“natural reciprocal inhibition” in patients with spasticity due to incomplete
spinal cord injury. Electroencephalogr. Clin. Neurophysiol. 101, 84-92. doi: 10.
1016/0924-980x(95)00262-j

Bos, R., Sadlaoud, K., Boulenguez, P., Buttigieg, D., Liabeuf, S., Brocard, C., et al.
(2013). Activation of 5-HT2A receptors upregulates the function of the neuronal
K-Cl cotransporter KCC2. Proc. Natl. Acad. Sci. U S A 110, 348-353. doi: 10.
1073/pnas.1213680110

Boulenguez, P, Liabeuf, S., Bos, R., Bras, H., Jean-Xavier, C., Brocard, C., et al.
(2010). Down-regulation of the potassium-chloride cotransporter KCC2 con-
tributes to spasticity after spinal cord injury. Nat. Med. 16, 302-307. doi: 10.
1038/nm.2107

Bradley, N. S., and Smith, J. L. (1988a). Neuromuscular patterns of stereotypic
hindlimb behaviors in the first two postnatal months. I. Stepping in normal
kittens. Brain Res. 466, 37-52. doi: 10.1016/0165-3806(88)90084-3

Bradley, N. S., and Smith, J. L. (1988b). Neuromuscular patterns of stereotypic
hindlimb behaviors in the first two postnatal months. II. Stepping in spinal
kittens. Brain Res. 466, 53-67. doi: 10.1016/0165-3806(88)90085-5

Bregman, B. S. (1987). Development of serotonin immunoreactivity in the rat
spinal cord and its plasticity after neonatal spinal cord lesions. Brain Res. 431,
245-263.

Brumley, M. R., Roberto, M. E., and Strain, M. M. (2012). Sensory feedback
modulates quipazine-induced stepping behavior in the newborn rat. Behav.
Brain Res. 229, 257-264. doi: 10.1016/j.bbr.2012.01.006

Cazalets, J. R., Sqalli-Houssaini, Y., and Clarac, F. (1992). Activation of the central
pattern generators for locomotion by serotonin and excitatory amino acids in
neonatal rat. J. Physiol. 455, 187-204.

Chamma, I., Chevy, Q., Poncer, J. C., and Levi, S. (2012). Role of the neuronal K-
CI co-transporter KCC2 in inhibitory and excitatory neurotransmission. Front.
Cell. Neurosci. 6:5. doi: 10.3389/fncel.2012.00005

Coull, J. A, Beggs, S., Boudreau, D., Boivin, D., Tsuda, M., Inoue, K., et al. (2005).
BDNF from microglia causes the shift in neuronal anion gradient underlying
neuropathic pain. Nature 438, 1017-1021. doi: 10.1038/nature04223

Coull, J. A., Boudreau, D., Bachand, K., Prescott, S. A., Nault, E, Sik, A., et al. (2003).
Trans-synaptic shift in anion gradient in spinal lamina I neurons as a mechanism
of neuropathic pain. Nature 424, 938-942. doi: 10.1038/nature01868

Courtine, G., Gerasimenko, Y., van den Brand, R., Yew, A., Musienko, P., Zhong,
H., et al. (2009). Transformation of nonfunctional spinal circuits into functional
states after the loss of brain input. Nat. Neurosci. 12, 1333-1342. doi: 10.1038/nn.
2401

Cramer, S. W., Baggott, C., Cain, J., Tilghman, J., Allcock, B., Miranpuri, G.,
et al. (2008). The role of cation-dependent chloride transporters in neuro-
pathic pain following spinal cord injury. Mol. Pain 4:36. doi: 10.1186/1744-
8069-4-36

Crone, C., Johnsen, L. L., Biering-Sorensen, E, and Nielsen, J. B. (2003). Appear-
ance of reciprocal facilitation of ankle extensors from ankle flexors in patients
with stroke or spinal cord injury. Brain 126, 495-507. doi: 10.1093/brain/awg036

Delpy, A., Allain, A. E., Meyrand, P., and Branchereau, P. (2008). NKCC1 cotrans-
porter inactivation underlies embryonic development of chloride-mediated
inhibition in mouse spinal motoneuron. J. Physiol. 586, 1059-1075. doi: 10.
1113/jphysiol.2007.146993

Doyon, N., Prescott, S. A., Castonguay, A., Godin, A. G., Kroger, H., and De
Koninck, Y. (2011). Efficacy of synaptic inhibition depends on, multiple.,

dynamically interacting mechanisms implicated in chloride homeostasis. PLoS
Comput. Biol. 7:¢1002149. doi: 10.1371/journal.pcbi.1002149

Feraboli-Lohnherr, D., Barthe, J. Y., and Orsal, D. (1999). Serotonin-induced
activation of the network for locomotion in adult spinal rats. J. Neurosci. Res. 55,
87-98. doi: 10.1002/(sici)1097-4547(19990101)55:1 <87::aid-jnr10>3.3.co;2-r

Feraboli-Lohnherr, D., Orsal, D., Yakovleff, A., Giménez y Ribotta, M., and
Privat, A. (1997). Recovery of locomotor activity in the adult chronic spinal
rat after sublesional transplantation of embryonic nervous cells: specific role
of serotonergic neurons. Exp. Brain Res. 113, 443-454. doi: 10.1007/pl000
05597

Gao, X. B., Chen, G., and van den Pol, A. N. (1998b). GABA-dependent firing of
glutamate-evoked action potentials at AMPA/kainate receptors in developing
hypothalamic neurons. J. Neurophysiol. 79, 716-726.

Gao, B. X., Cheng, G., and Ziskind-Conhaim, L. (1998a). Development of spon-
taneous synaptic transmission in the rat spinal cord. J. Neurophysiol. 79, 2277—
2287.

Gao, B.-X., and Ziskind-Conhaim, L. (1995). Development of glycine- and GABA-
gated currents in rat spinal motoneurons. J. Neurophysiol. 74, 113—-121.

Grillner, S., and Wallén, P. (1985). Central pattern generators for locomotion,
with special reference to vertebrates. Annu. Rev. Neurosci. 8, 233-261. doi: 10.
1146/annurev.neuro.8.1.233

Gulledge, A. T., and Stuart, G. J. (2003). Excitatory actions of GABA in the cortex.
Neuron 37,299-309. doi: 10.1016/50896-6273(02)01146-7

Halberstadt, A. L., van der Heijden, I., Ruderman, M. A., Risbrough, V. B., Gingrich,
J. A., Geyer, M. A, et al. (2009). 5-HT(2A) and 5-HT(2C) receptors exert
opposing effects on locomotor activity in mice. Neuropsychopharmacology 34,
1958-1967. doi: 10.1038/npp.2009.29

Harkema, S. J. (2008). Plasticity of interneuronal networks of the functionally iso-
lated human spinal cord. Brain Res. Rev. 57, 255-264. doi: 10.1016/j.brainresrev.
2007.07.012

Tizuka, M., Nishimaru, H., and Kudo, N. (1998). Development of the spatial pattern
of 5-HT-induced locomotor rhythm in the lumbar spinal cord of rat fetuses in
vitro. Neurosci. Res. 31, 107-111. doi: 10.1016/s0168-0102(98)00029-7

Iwasaki, T., Otsuguro, K., Kobayashi, T., Ohta, T., and Ito, S. (2013). Endogenously
released 5-HT inhibits A and C fiber-evoked synaptic transmission in the rat
spinal cord by the facilitation of GABA/glycine and 5-HT release via 5-HT(2A)
and 5-HT(3) receptors. Eur. J. Pharmacol. 702, 149-157. doi: 10.1016/j.ejphar.
2013.01.058

Jacobs, B. L., and Fornal, C. A. (1993). 5-HT and motor control: a hypothesis.
Trends Neurosci. 16, 346-352. doi: 10.1016/0166-2236(93)90090-9

Jean-Xavier, C., Mentis, G. Z., O’Donovan, M., Cattaert, D., and Vinay, L. (2007).
Dual personality of GABA/glycine-mediated depolarizations in the immature
spinal cord. Proc. Natl. Acad. Sci. U S A 104, 11477-11482. doi: 10.1073/pnas.
0704832104

Jean-Xavier, C., Pflieger, J.-E, Liabeuf, S., and Vinay, L. (2006). Inhibitory post-
synaptic potentials in lumbar motoneurons remain depolarizing after neonatal
spinal cord transection in the rat. J. Neurophysiol. 96, 2274-2281. doi: 10.
1152/jn.00328.2006

Jordan, L. M., and Slawinska, U. (2011). Chapter 12—modulation of rhythmic
movement: control of coordination. Prog. Brain Res. 188, 181-195. doi: 10.
1016/B978-0-444-53825-3.00017-6

Kao, T., Shumsky, J. S., Jacob-Vadakot, S., Himes, B. T., Murray, M., and Moxon,
K. A. (2006). Role of the 5-HT2C receptor in improving weight-supported
stepping in adult rats spinalized as neonates. Brain Res. 1112, 159-168. doi: 10.
1016/j.brainres.2006.07.020

Katz, R. (1999). Presynaptic inhibition in humans: a comparison between nor-
mal and spastic patients. J. Physiol. Paris 93, 379-385. doi: 10.1016/s0928-
4257(00)80065-0

Kiehn, O., and Kjaerulff, O. (1996). Spatiotemporal characteristics of 5-HT and
dopamine-induced rhythmic hindlimb activity in the in vitro neonatal rat. J.
Neurophysiol. 75, 1472—1482.

Kim, D., Adipudi, V., Shibayama, M., Giszter, S., Tessler, A., Murray, M., et al.
(1999). Direct agonists for serotonin receptors enhance locomotor function in
rats that received neural transplants after neonatal spinal transection. J. Neurosci.
19, 6213-6224.

Kim, D., Murray, M., and Simansky, K. J. (2001). The serotonergic 5-HT(2C) ago-
nist m-chlorophenylpiperazine increases weight-supported locomotion without
development of tolerance in rats with spinal transections. Exp. Neurol. 169, 496—
500. doi: 10.1006/exnr.2001.7660

Frontiers in Neural Circuits

www.frontiersin.org

August 2014 | Volume 8 | Article 102 |137


http://www.frontiersin.org/Neural_Circuits
http://www.frontiersin.org/
http://www.frontiersin.org/Neural_Circuits/archive

Gackiére and Vinay

Serotonin and reciprocal inhibition

Lakke, E. A. J. E (1997). The projections to the spinal cord of the rat during
development: a time-table of descent. Adv. Anat. Embryol. Cell Biol. 135, 1-143.
doi: 10.1007/978-3-642-60601-4

Landry, E. S., Lapointe, N. P., Rouillard, C., Levesque, D., Hedlund, P. B., and
Guertin, P. A. (2006). Contribution of spinal 5-HT1A and 5-HT?7 receptors to
locomotor-like movement induced by 8-OH-DPAT in spinal cord-transected
mice. Eur. J. Neurosci. 24, 535-546. doi: 10.1111/j.1460-9568.2006.04917.x

Lewis, D. L., Sermasi, E., and Coote, J. H. (1993). Excitatory and indirect inhibitory
actions of 5-hydroxytryptamine on sympathetic preganglionic neurones in the
neonate rat spinal cord in vitro. Brain Res. 610, 267-275. doi: 10.1016/0006-
8993(93)91410-t

Li, H,, Lang, B, Kang, J. F, and Li, Y. Q. (2000). Serotonin potentiates the
response of neurons of the superficial laminae of the rat spinal dorsal horn to
gamma-aminobutyric acid. Brain Res. Bull. 52, 559-565. doi: 10.1016/s0361-
9230(00)00297-5

Liu, J., Akay, T., Hedlund, P. B., Pearson, K. G., and Jordan, L. M. (2009). Spinal 5-
HT7 receptors are critical for alternating activity during locomotion: in vitro
neonatal and in vivo adult studies using 5-HT7 receptor knockout mice. J.
Neurophysiol. 102, 337-348. doi: 10.1152/jn.91239.2008

Liu, J., and Jordan, L. M. (2005). Stimulation of the parapyramidal region of the
neonatal rat brain stem produces locomotor-like activity involving spinal 5-HT7
and 5-HT2A receptors. J. Neurophysiol. 94, 1392—-1404. doi: 10.1152/jn.00136.
2005

Lu, Y., Zheng, J., Xiong, L., Zimmermann, M., and Yang, J. (2008). Spinal
cord injury-induced attenuation of GABAergic inhibition in spinal dor-
sal horn circuits is associated with down-regulation of the chloride trans-
porter KCC2 in rat. J. Physiol. 586, 5701-5715. doi: 10.1113/jphysiol.2008.
152348

Machacek, D. W., Garraway, S. M., Shay, B. L., and Hochman, S. (2001). Serotonin
5-HT(2) receptor activation induces a long-lasting amplification of spinal reflex
actions in the rat. J. Physiol. 537, 201-207. doi: 10.1111/j.1469-7793.2001.
0201k.x

Madriaga, M. A., McPhee, L. C., Chersa, T., Christie, K. J., and Whelan, P. J. (2004).
Modulation of locomotor activity by multiple 5-HT and dopaminergic receptor
subtypes in the neonatal mouse spinal cord. J. Neurophysiol. 92, 1566—1576.
doi: 10.1152/jn.01181.2003

Majczyniski, H., Maleszak, K., Cabaj, A., and Slawinska, U. (2005). Serotonin-
related enhancement of recovery of hind limb motor functions in spinal rats
after grafting of embryonic raphe nuclei. J. Neurotrauma 22, 590-604. doi: 10.
1089/neu.2005.22.590

Mazzocchio, R., and Rossi, A. (1997). Involvement of spinal recurrent inhibition
in spasticity. Further insight into the regulation of Renshaw cell activity. Brain
120(Pt. 6), 991-1003. doi: 10.1093/brain/120.6.991

McDearmid, J. R., Scrymgeour-Wedderburn, J. E, and Sillar, K. T. (1997). Aminer-
gic modulation of glycine release in a spinal network controlling swimming in
Xenopus laevis. J. Physiol. 503(Pt. 1), 111-117. doi: 10.1111/j.1469-7793.1997.
111bix

Murray, K. C., Nakae, A., Stephens, M. J., Rank, M., D’Amico, J., Harvey, P. ],
etal. (2010). Recovery of motoneuron and locomotor function after spinal cord
injury depends on constitutive activity in 5-HT2C receptors. Nat. Med. 16, 694—
700. doi: 10.1038/nm.2160

Murray, K. C., Stephens, M. ], Ballou, E. W., Heckman, C. J., and Bennett, D. J.
(2011). Motoneuron excitability and muscle spasms are regulated by 5-HT2B
and 5-HT2C receptor activity. J. Neurophysiol. 105, 731-748. doi: 10.1152/jn.
00774.2010

Musienko, P, van den Brand, R., Marzendorfer, O., Roy, R. R., Gerasimenko, Y.,
Edgerton, V. R,, et al. (2011). Controlling specific locomotor behaviors through
multidimensional monoaminergic modulation of spinal circuitries. J. Neurosci.
31, 9264-9278. doi: 10.1523/J]NEUROSCI.5796-10.2011

Myoga, H., Nonaka, S., Matsuyama, K., and Mori, S. (1995). Postnatal development
of locomotor movements in normal and para-chlorophenylalanine-treated new-
born rats. Neurosci. Res. 21, 211-221. doi: 10.1016/0168-0102(94)00857-c

Nakayama, K., Nishimaru, H., and Kudo, N. (2002). Basis of changes in left-right
coordination of rhythmic motor activity during development in the rat spinal
cord. J. Neurosci. 22, 10388—10398.

Noga, B. R., Johnson, D. M., Riesgo, M. 1., and Pinzon, A. (2009). Locomotor-
activated neurons of the cat. I. Serotonergic innervation and co-localization of
5-HT7, 5-HT2A and 5-HT1A receptors in the thoraco-lumbar spinal cord. J.
Neurophysiol. 102, 1560-1576. doi: 10.1152/jn.91179.2008

Norreel, J.-C., Pflieger, J.-E, Pearlstein, E., Simeoni-Alias, J., Clarac, E, and Vinay,
L. (2003). Reversible disorganization of the locomotor pattern after neonatal
spinal cord transection in the rat. J. Neurosci. 23, 1924-1932.

Payne, J. A., Rivera, C., Voipio, J., and Kaila, K. (2003). Cation-chloride co-
transporters in neuronal communication, development and trauma. Trends
Neurosci. 26, 199-206. doi: 10.1016/s0166-2236(03)00068-7

Pearlstein, E., Ben-Mabrouk, E, Pflieger, J.-F, and Vinay, L. (2005). Sero-
tonin refines the locomotor-related alternations in the in vitro neonatal rat
spinal cord. Eur. J. Neurosci. 21, 1338-1346. doi: 10.1111/j.1460-9568.2005.
03971.x

Pearlstein, E., Bras, H., Deneris, E. S., and Vinay, L. (2011). Contribution of 5-HT
to locomotion - the paradox of Pet-1(-/-) mice. Eur. J. Neurosci. 33, 1812—1822.
doi: 10.1111/.1460-9568.2011.07679.x

Pflieger, J. E, Clarac, E,, and Vinay, L. (2002). Postural modifications and neuronal
excitability changes induced by a short-term serotonin depletion during neona-
tal development in the rat. J. Neurosci. 22, 5108-5117.

Prescott, S. A., Sejnowski, T. J., and De Koninck, Y. (2006). Reduction of anion
reversal potential subverts the inhibitory control of firing rate in spinal lamina
I neurons: towards a biophysical basis for neuropathic pain. Mol. Pain 2:32.
doi: 10.1186/1744-8069-2-32

Rajaofetra, N., Sandillon, E, Geffard, M., and Privat, A. (1989). Pre- and post-natal
ontogeny of serotonergic projections to the rat spinal cord. J. Neurosci. Res. 22,
305-321. doi: 10.1002/jnr.490220311

Ribotta, M. G. Y., Orsal, D., Feraboli-Lohnherr, D., and Privat, A. (1998a). Recovery
of locomotion following transplantation of monoaminergic neurons in the
spinal cord of paraplegic rats. Ann. N'Y Acad. Sci. 860, 393—411. doi: 10.1111/j.
1749-6632.1998.tb09064.x

Ribotta, M. G. Y., Orsal, D., Feraboli-Lohnherr, D., Privat, A., Provencher, J., and
Rossignol, S. (1998b). Kinematic analysis of recovered locomotor movements of
the hindlimbs in paraplegic rats transplanted with monoaminergic embryonic
neurons. Ann. N Y Acad. Sci. 860, 521-523. doi: 10.1111/j.1749-6632.1998.
tb09093.x

Ribotta, M. G., Provencher, J., Feraboli-Lohnherr, D., Rossignol, S., Privat, A.,
and Orsal, D. (2000). Activation of locomotion in adult chronic spinal rats is
achieved by transplantation of embryonic raphe cells reinnervating a precise
lumbar level. J. Neurosci. 20, 5144-5152.

Sadlaoud, K., Tazerart, S., Brocard, C., Jean-Xavier, C., Portalier, P., Brocard, F.,
et al. (2010). Differential plasticity of the GABAergic and glycinergic synaptic
transmission to rat lumbar motoneurons after spinal cord injury. J. Neurosci.
30, 3358-3369. doi: 10.1523/J]NEUROSCI.6310-09.2010

Schmidt, B. J., and Jordan, L. M. (2000). The role of serotonin in reflex modulation
and locomotor rhythm production in the mammalian spinal cord. Brain Res.
Bull. 53, 689-710. doi: 10.1016/s0361-9230(00)00402-0

Shen, R. Y., and Andrade, R. (1998). 5-Hydroxytryptamine2 receptor facilitates
GABAergic neurotransmission in rat hippocampus. J. Pharmacol. Exp. Ther.
285, 805-812.

Stawiniska, U., Majczyniski, H., Dai, Y., and Jordan, L. M. (2012). The upright
posture improves plantar stepping and alters responses to serotonergic
drugs in spinal rats. J. Physiol. 590, 1721-1736. doi: 10.1113/jphysiol.2011.
224931

Stawiriska, U., Majczyriski, H., and Djavadian, R. (2000). Recovery of hindlimb
motor functions after spinal cord transection is enhanced by grafts of the
embryonic raphe nuclei. Exp. Brain Res. 132, 27-38. doi: 10.1007/s0022199
00323

Stawiriska, U., Miazga, K., Cabaj, A. M., Leszczynska, A. N., Majczyniski, H., Nagy,
J. L, et al. (2013). Grafting of fetal brainstem 5-HT neurons into the sublesional
spinal cord of paraplegic rats restores coordinated hindlimb locomotion. Exp.
Neurol. 247, 572-581. doi: 10.1016/j.expneurol.2013.02.008

Stil, A., Jean-Xavier, C., Liabeuf, S., Brocard, C., Delpire, E., Vinay, L., et al. (2011).
Contribution of the potassium-chloride co-transporter KCC2 to the modulation
of lumbar spinal networks in mice. Eur. J. Neurosci. 33, 1212-1222. doi: 10.
1111/j.1460-9568.2010.07592.x

Stil, A., Liabeuf, S., Jean-Xavier, C., Brocard, C., Viemari, J. C., and Vinay, L.
(2009). Developmental up-regulation of the potassium-chloride cotransporter
type 2 in the rat lumbar spinal cord. Neuroscience 164, 809-821. doi: 10.1016/j.
neuroscience.2009.08.035

Takahashi, T. (1984). Inhibitory miniature synaptic potentials in rat motoneu-
rons. Proc. R. Soc. Lond. B Biol. Sci. 221, 103-109. doi: 10.1098/rspb.1984.
0025

Frontiers in Neural Circuits

www.frontiersin.org

August 2014 | Volume 8 | Article 102 |138


http://www.frontiersin.org/Neural_Circuits
http://www.frontiersin.org/
http://www.frontiersin.org/Neural_Circuits/archive

Gackiére and Vinay

Serotonin and reciprocal inhibition

Tokarski, K., Kusek, M., and Hess, G. (2011). 5-HT7 receptors modulate GABAer-
gic transmission in rat hippocampal CAl area. J. Physiol. Pharmacol. 62,
535-540.

Ung, R. V., Landry, E. S., Rouleau, P., Lapointe, N. P, Rouillard, C., and Guertin,
P. A. (2008). Role of spinal 5-HT2 receptor subtypes in quipazine-induced
hindlimb movements after a low-thoracic spinal cord transection. Eur. J. Neu-
rosci. 28, 2231-2242. doi: 10.1111/j.1460-9568.2008.06508.x

van den Brand, R., Heutschi, J., Barraud, Q., Digiovanna, J., Bartholdi, K,
Huerlimann, M., et al. (2012). Restoring voluntary control of locomotion after
paralyzing spinal cord injury. Science 336, 1182-1185. doi: 10.1126/science.
1217416

van den Pol, A. N., Obrietan, K., and Chen, G. (1996). Excitatory actions of GABA
after neuronal trauma. J. Neurosci. 16, 4283-4292.

Veasey, S. C., Fornal, C. A., Metzler, C. W., and Jacobs, B. L. (1995). Response
of serotonergic caudal raphe neurons in relation to specific motor activities in
freely moving cats. J. Neurosci. 15, 5346—5359.

Vinay, L., Brocard, E, Clarac, E, Norreel, J. C., Pearlstein, E., and Pflieger, J. E.
(2002). Development of posture and locomotion: an interplay of endogenously
generated activities and neurotrophic actions by descending pathways. Brain
Res. Brain Res. Rev. 40, 118-129. doi: 10.1016/s0165-0173(02)00195-9

Vinay, L., Brocard, E, Pflieger, J., Simeoni-Alias, J., and Clarac, E (2000). Perinatal
development of lumbar motoneurons and their inputs in the rat. Brain Res. Bull.
53, 635-647. doi: 10.1016/s0361-9230(00)00397-x

Vinay, L., and Jean-Xavier, C. (2008). Plasticity of spinal cord locomotor networks
and contribution of cation-chloride cotransporters. Brain Res. Rev. 57, 103-110.
doi: 10.1016/j.brainresrev.2007.09.003

Wang, C., and Zucker, R. S. (1998). Regulation of synaptic vesicle recycling by cal-
cium and serotonin. Neuron 21, 155-167. doi: 10.1016/s0896-6273(00)80523-1

Wedderburn, J. E, and Sillar, K. T. (1994). Modulation of rhythmic swimming
activity in post-embryonic Xenopus laevis tadpoles by 5-hydroxytryptamine
acting at 5HT1a receptors. Proc. R. Soc. Lond. B Biol. Sci. 257, 59—66. doi: 10.
1098/rspb.1994.0094

Wu, W.-L., Ziskind-Conhaim, L., and Sweet, M. A. (1992). Early development of
glycine- and GABA-mediated synapses in rat spinal cord. J. Neurosci. 12, 3935~
3945.

Xie, D. J.,, Uta, D,, Feng, P. Y., Wakita, M., Shin, M. C., Furue, H., et al.
(2012). Identification of 5-HT receptor subtypes enhancing inhibitory trans-
mission in the rat spinal dorsal horn in vitro. Mol. Pain 8:58. doi: 10.
1186/1744-8069-8-58

Xu, T. L., Nabekura, J., and Akaike, N. (1996). Protein kinase C-mediated enhance-
ment of glycine response in rat sacral dorsal commissural neurones by serotonin.
J. Physiol. 496, 491-501.

Xu, T. L., Pang, Z. P, Li, J. S., and Akaike, N. (1998). 5-HT potentiation of
the GABA(A) response in the rat sacral dorsal commissural neurones. Br. J.
Pharmacol. 124, 779-787. doi: 10.1038/sj.bjp.0701896

Zhang, W., and Grillner, S. (2000). The spinal 5-HT system contributes to the
generation of fictive locomotion in lamprey. Brain Res. 879, 188-192. doi: 10.
1016/s0006-8993(00)02747-5

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 25 April 2014; accepted: 05 August 2014; published online: 28 August 2014.
Citation: Gackiére F and Vinay L (2014) Serotonergic modulation of post-synaptic
inhibition and locomotor alternating pattern in the spinal cord. Front. Neural Circuits
8:102. doi: 10.3389/fncir.2014.00102

This article was submitted to the journal Frontiers in Neural Circuits.

Copyright © 2014 Gackiére and Vinay. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.

Frontiers in Neural Circuits

www.frontiersin.org

August 2014 | Volume 8 | Article 102 |139


http://dx.doi.org/10.3389/fncir.2014.00102
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Neural_Circuits
http://www.frontiersin.org/
http://www.frontiersin.org/Neural_Circuits/archive

{fronfiers in
NEURAL CIRCUITS

REVIEW ARTICLE
published: 08 September 2014
doi: 10.3389/fncir.2014.00100

—

Metaplasticity and behavior: how training and
inflammation affect plastic potential within the spinal cord
and recovery after injury

James W. Grau'*, J. Russell Huie?, Kuan H. Lee', Kevin C. Hoy?, Yung-Jen Huang’, Joel D. Turtle’,
Misty M. Strain’, Kyle M. Baumbauer #, Rajesh M. Miranda®, Michelle A. Hook®, Adam R. Ferguson? and

Sandra M. Garraway®

! Cellular and Behavioral Neuroscience, Department of Psychology, Texas A&M University, College Station, TX, USA

2 Department of Neurological Surgery, Brain and Spinal Injury Center, University of California San Francisco, San Francisco, CA, USA
3 Department of Neurosciences, MetroHealth Medical Center and Case Western Reserve University, Cleveland, OH, USA

4 School of Nursing, University of Connecticut, Storrs, CT, USA

5 Department of Neuroscience and Experimental Therapeutics, Texas A&M Health Science Center, Bryan, TX, USA

5 Department of Physiology, Emory University School of Medicine, Atlanta, GA, USA

Edited by:
Shawn Hochman, Emory University,
USA

Reviewed by:

David Parker, Cambridge University,
UK

Ray D. Leon, California State
University, Los Angeles, USA

*Correspondence:

James W. Grau, Cellular and
Behavioral Neuroscience, Department
of Psychology, Texas A&M University,
College Station, TX 77843-4235, USA
e-mail: j-grau@tamu.edu

INTRODUCTION

Research has shown that spinal circuits have the capacity to adapt in response to
training, nociceptive stimulation and peripheral inflammation. These changes in neural
function are mediated by physiological and neurochemical systems analogous to those
that support plasticity within the hippocampus (e.g., long-term potentiation and the NMDA
receptor). As observed in the hippocampus, engaging spinal circuits can have a lasting
impact on plastic potential, enabling or inhibiting the capacity to learn. These effects are
related to the concept of metaplasticity. Behavioral paradigms are described that induce
metaplastic effects within the spinal cord. Uncontrollable/unpredictable stimulation, and
peripheral inflammation, induce a form of maladaptive plasticity that inhibits spinal learning.
Conversely, exposure to controllable or predictable stimulation engages a form of adaptive
plasticity that counters these maladaptive effects and enables learning. Adaptive plasticity
is tied to an up-regulation of brain derived neurotrophic factor (BDNF). Maladaptive plasticity
is linked to processes that involve kappa opioids, the metabotropic glutamate (mGlu)
receptor, glia, and the cytokine tumor necrosis factor (TNF). Uncontrollable nociceptive
stimulation also impairs recovery after a spinal contusion injury and fosters the development
of pain (allodynia). These adverse effects are related to an up-regulation of TNF and a
down-regulation of BDNF and its receptor (TrkB). In the absence of injury, brain systems
quell the sensitization of spinal circuits through descending serotonergic fibers and the
serotonin 1A (5HT 1A) receptor. This protective effect is blocked by surgical anesthesia.
Disconnected from the brain, intracellular CI~ concentrations increase (due to a down-
regulation of the cotransporter KCC2), which causes GABA to have an excitatory effect.
It is suggested that BDNF has a restorative effect because it up-regulates KCC2 and
re-establishes GABA-mediated inhibition.

Keywords: plasticity, learning, inflammation, spinal cord injury, nociception, BDNF, TNF, opioid

a mechanism whereby brain-mediated learning can influence

Research has shown that brain systems modulate the opera-
tion of spinal circuits. For example, afferent pain (nociceptive)
signals can be inhibited, yielding an anti-nociception that atten-
uates both spinally mediated withdrawal and brain-mediated
indices of pain (Fields, 2000). This provides a form of top-down
processing that allows the organism to dynamically modulate
incoming pain signals on the basis of expectation (Grau, 1987;
McNally etal., 2011). This type of regulatory effect is char-
acterized as a form of neuromodulation because it does not
initiate a sensory/motor response, but instead regulates signal
amplitude within a spinal circuit to facilitate or inhibit neu-
ral transmission. Evidence suggests that how and when these
descending systems are engaged is tuned by experience, providing

spinal function (also see: Wolpaw, 2010; Thompson and Wolpaw,
2014).

Here we focus on a different question: can spinal systems learn
without input from the brain and is this learning affected by past
experience? We will show that how spinal circuits operate depends
upon both environmental relations (e.g., the temporal regular-
ity of sensory stimuli) and behavioral control (e.g., a consistent
relation between limb position and an environmental stimulus).
More importantly, we provide evidence that spinal cord learning
affects the propensity to learn in future situations and suggest that
this reflects a form of metaplasticity (Abraham and Bear, 1996).
We will link these metaplastic effects to particular neurochemi-
cal systems [e.g., the metabotropic glutamate receptor (mGluR),
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tumor necrosis factor (TNF), and brain-derived neurotrophic fac-
tor (BDNF)]. We will also explore how these processes influence
recovery after a spinal contusion injury and how a spinal injury
affects their function.

DRAWING ON PARALLELS TO BRAIN-MEDIATED PROCESSES
NEURAL PLASTICITY IN THE HIPPOCAMPUS AND SPINAL CORD
INVOLVE COMMON MECHANISMS

Our analysis is informed by studies of learning and memory within
the brain. Of particular interest are studies of neural plasticity
within the hippocampus. Behavioral evidence that this structure
is involved in learning and memory (Squire and Wixted, 2011),
combined with the physiological findings that this system supports
lasting changes in synaptic function [e.g., long-term potentia-
tion (LTP) and long-term depression (LTD); Bear, 2003], have
fueled interest in this structure. This work has linked alterations
in synaptic function to the NMDA receptor (NMDAR), which acts
as a coincidence detector (Collingridge and Bliss, 1987; Dudai,
1989). From this perspective, modifiable (plastic) changes in neu-
ral function are identified with synaptic events. While most would
acknowledge that neural connections can be altered in a variety
of ways, the preponderance of glutamatergic transmission has
focused attention on the role of NMDAR-mediated LTP and LTD
(Morris, 2013).

Other regions of the central nervous system, including the
spinal cord, support NMDAR-mediated plasticity. For exam-
ple, peripheral injury and inflammation can produce a lasting
increase in neural excitability within the spinal cord, a phe-
nomena called central sensitization (Woolf, 1983; Willis, 2001;
Ji etal., 2003; Latremoliere and Woolf, 2009). Central sensitiza-
tion lowers the threshold at which stimulation engages a defensive
withdrawal response. Indeed, after the system is sensitized, even
non-noxious tactile stimulation may elicit a response. Evidence
suggests that central sensitization fosters pain transmission to the
brain, and for this reason it is thought to contribute to the devel-
opment of chronic pain. Interestingly, the induction of central
sensitization depends upon a form of NMDAR-mediated plastic-
ity that lays down a memory-like alteration that maintains the
sensitized state through neurobiological processes analogous to
those involved in hippocampal-dependent learning and mem-
ory (Dickenson and Sullivan, 1987; Sandkiihler, 2000; Ji etal.,
2003).

NEUROMODULATION AND METAPLASTICITY

There is now ample evidence that spinal systems can support some
simple forms of learning and memory (reviewed in Grau, 2014).
For example, if a rat is spinally transected in the thoracic region
and then given a noxious shock to one hindlimb whenever the
leg is extended, it learns to maintain the leg in a flexed position
(thereby reducing net shock exposure; Grau etal., 1998). Here,
learning brings about a modification within a particular stimulus-
response (S-R) pathway. What is of greater interest for the present
review is that this process of spinal learning can have an effect that
impacts the capacity to learn when stimulation is later applied at
other sites on the body. For example, experience with controllable
stimulation on one leg can foster learning on the contralateral
leg whereas exposure to uncontrollable stimulation to either one

leg or tail has a lasting inhibitory effect on learning for both legs
(Crown etal., 2002a; Joynes et al., 2003).

Correlates to these behavioral observations can be found at the
cellular level. For example, electrophysiological stimulation of a
neuron can produce a downstream modification (e.g., LTP) that
only affects how that particular neural pathway operates. Neural
activity can also engage cellular systems that have a remote effect
on other neural circuits, providing a form of extrinsic modulation
that alters how another neural pathway functions. Our assump-
tion is that environmental stimulation and behavioral training
can engage a form of extrinsic modulation that can affect learning
(neural plasticity) when stimuli are applied to other regions of the
body (and which engage a distinct neural circuit).

How extrinsic processes affect neural function can vary over
time. In some cases, a modulatory process may be reflexively
elicited in an unconditioned (unlearned) manner and have an
acute effect that passively decays over the course of minutes to
hours. In other cases, the impact of the modulatory process
may continue beyond the events that induced it, to have a long-
term effect on how a neural circuit operates. In this case, the
initiating event must engage a process that maintains the mod-
ulatory process over time, and in this way it involves a kind of
memory.

A long-term modulatory effect can impact how a neural cir-
cuit operates (performs) or its capacity to change (plasticity).
Our focus is on the latter, a phenomenon known as metaplas-
ticity (Abraham and Bear, 1996). Metaplasticity is a concept that
emerged from work with the hippocampal slice preparation and
describes a class of phenomena that have a lasting effect on neural
plasticity (Figure 1A). Here, neural plasticity is typically assessed
using electrophysiological processes (e.g., the development of LTP
or LTD). What researchers discovered is that a variety of treatments
(environmental enrichment, dark rearing, conditioning) can have
a lasting effect on the rate at which TP or LTD develops and may
do so without impacting baseline measures of neural excitabil-
ity (Abraham, 2008). The criteria for metaplasticity include: (1)
it extends beyond the treatments used to induce [ie., it has a
lasting effect that spans minutes to days (Abraham, 2008)]; and
(2) it impacts the capacity to change (plasticity), not just the
responsiveness of the system (performance). To this, we could
add another criterion: (3) the phenomenon is reversible (and not

A Neural Mechanisms: Metaplasticity

Modulates Time 1 Time Time 2
Neural Plasticity Plasticity (minutes to days) Metaplasticity
B Behavior: Positive and negative transfer
Affects Time 1 Time Time 2
Learning Learning (hours to weeks) +or - Transfer
Induction Maintenance Expression

FIGURE 1 | Acute and long-term effects of neurobiological and
behavioral processes. (A) Metaplasticity arises when an initial event (at
Time 1) brings about a lasting change in neural function that affects plastic
potential (at Time 2). (B) Learning can affect the future capacity to learn,
enhancing learning about new events and relations (positive transfer) or
inhibiting this process (negative transfer).
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due to dysfunction or injury). From this view, an experimental
manipulation that permanently alters plastic potential because it
kills cells would not be considered an example of metaplasticity.

EXPERIENCE-DEPENDENT CHANGES IN SPINAL FUNCTION
Our approach begins with a detailed description of the behavioral
phenomena and seeks to understand the underlying neurobiolog-
ical mechanisms. We see this as a complement to physiological
approaches that use cellular techniques (e.g., electrophysiology)
to detail how components of the system operate. An advantage of
the spinal cord preparation is that the link between sensory/motor
processes and the underlying neurobiology is (relative to the
brain) simpler. For this reason, it may be easier to draw paral-
lels between behavioral effects and neurobiological modifications.
In the sections that follow, we show how behavioral manipulations
can influence learning potential within the spinal cord and relate
these effects to the concept of metaplasticity.

DEFINING LEARNING

To demonstrate spinal learning requires an operational definition
of the process (Grau etal., 1998; Grau, 2010). Learning is impli-
cated when an experience at time 1 has a lasting effect at time 2
(Rescorla, 1988). We formalized this idea by proposing that learn-
ing: (1) involves a form of neural plasticity; (2) depends upon the
organism’s experiential history; and (3) outlasts (extends beyond)
the environmental contingencies used to induce.

While we recognize that non-neural processes (e.g., glia) play
an important role, our focus is on how these processes influence
neural function (criterion 1). Likewise, while it is recognized that
a wide range of events (including development and injury) can
engage forms of neural plasticity (Onifer etal., 2011), learning is
limited to those engaged by experience (criterion 2). The final
requirement (3) is that the process has a lasting effect (which
implies a form of memory). From this view, learning reflects
the process used to establish a lasting change in neural/behavioral
function (memory) and, like most, we assume that the latter gener-
ally involves a protein synthesis dependent structural modification
(Dudai, 2004).

Whether spinal systems can learn has both theoretical and clin-
ical implications (Grau etal., 2006, 2012; Hook and Grau, 2007;
Grau, 2014). Theoretically, it would imply that learning is not
the province of particular neural structures within the brain, but
instead, is more widely distributed throughout the CNS, includ-
ing the spinal cord. From this view, the question is not whether
a particular system can learn, the question is: how does learning
within this system compare to that shown by other structures?
Not surprisingly, spinal learning is (relative to the brain) less flex-
ible and more biologically constrained (Grau etal., 2012). Spinal
learning is also important because it has implications for phys-
ical therapy. Indeed, physical therapy can be seen as a form of
directed learning, the aim of which is to establish a lasting change
in neural/behavioral function.

Learning phenomena are typically classified based upon the
environmental manipulations used to establish the behavioral
change (Grau, 2014; Domjan, 2015). For example, Pavlovian
conditioning depends upon the relation between two stimu-
lus events whereas instrumental learning is tied to the relation

between a behavioral response (R) and an environmental event
[the outcome (O); aka reinforcer]. Recognizing that physical ther-
apy typically involves a kind of instrumental training, we asked
whether neurons within the lumbosacral spinal cord are sen-
sitive to response—outcome (R-O) relations (Grau etal., 1998,
2006).

SPINALLY MEDIATED INSTRUMENTAL LEARNING

The first clear evidence that instrumental learning can produce a
lasting modification in spinal function was provided by Wolpaw
and Carp (1990) and Wolpaw (2010). The response involved a
modification of the spinal stretch reflex [the Hoffman (H) reflex]
and change in reflex magnitude was reinforced with food. For
example, in some subjects the H-reflex was repeatedly elicited
and they were reinforced for exhibiting an increase in response
strength. This training brought about an increase in the H-reflex.
Remarkably, after extended training, this response modifica-
tion survived a spinal transection. This work demonstrates that
instrumental learning can modify spinal function. Here, brain
mechanisms mediate the abstraction of the instrumental relation
[between H reflex amplitude (the R) and the food reinforcer (the
0)]. With extended training, this R-O relation induces (through
descending fibers) a lasting change in how a spinal circuit operates.
In this case, learning is mediated by the brain and the conse-
quence of this process (the memory) is stored within the spinal
cord.

Our studies pushed spinal systems further, to explore whether
neurons within the lumbosacral cord can learn (i.e., abstract R-O
relations) when isolated from the brain. Rats underwent a thoracic
(T2) transection and were trained the following day while loosely
restrained (Figure 2A). Leg position is monitored by means of a
contactelectrode that is taped to the base of the hindpaw. When the
leg is extended, the tip of the contact electrode touches the under-
lying salt solution and completes a computer-monitored circuit.
A R-O relation is then established by applying shock to the tibialis
anterior muscle whenever the leg is extended. Over the course of
30 min of training, subjects exhibit a progressive increase in flex-
ion duration that minimizes net shock exposure (Figure 2B; Grau
etal., 1998). This learning depends upon glutamatergic systems
within the spinal cord, and is blocked when an AMPAR (CNQX)
or NMDAR (APV; MK-801) antagonist is injected into the spinal
cord [an intrathecal (i.t.) injection] prior to training (Joynes etal.,
2004; Ferguson etal., 2006; Hoy etal., 2013).

To show that the R—O relation matters, other subjects received
shock independent of leg position. This was accomplished by
coupling (yoking) the experimental treatments across subjects,
so that a yoked rat received shock every time its master partner
was shocked. Notice that, for the yoked rat, there is no relation
between shock exposure and leg position — the shock is uncon-
trollable. Subjects in the yoked group do not exhibit an increase in
flexion duration (Figure 2B), which provides one indication that
the R-O relation matters.

To demonstrate learning, we must show that the experience has
a lasting effect, that impacts performance when subjects are tested
under common conditions. We accomplished this by testing rats
that had previously received controllable shock (Master), uncon-
trollable shock (Yoked), or nothing (Unshocked) with response
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FIGURE 2 | Instrumental learning in spinally transected rats. (A) The
apparatus used to study instrumental learning. A spinally transected rat lies
in an opaque tube with its hindquarters gently secured with a belt. An
insulated contact electrode is taped to the rat’s paw and the exposed tip is
submerged in a salt solution. Electrical stimulation is applied to the tibialis
anterior muscle through a pair of electrodes and tape is used to stabilize
the leg. When shock is applied, a flexion response is elicited that raises the
contact electrode, breaking a circuit that is monitored by a computer. A
response—outcome (R-0O) relation is instituted by applying shock whenever
the contact electrode touches the underlying salt solution. The task can be
made more difficult by increasing the initial depth of the contact electrode
(from 4 to 8 mm). (B) A system capable of learning the R-O relation
should exhibit an increase in flexion (response) duration that minimizes
solution contact (and net shock exposure). Response duration (y-axis) is
calculated in 1-min time bins using the following formula: Response
duration = [60-time (s) in solution]/(flexion number + 1). Over the course of
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30 min of testing (x-axis), spinally transected rats that received shock
whenever the leg was extended (Master) exhibited a progressive increase
in response duration. Other rats are experimentally coupled (Yoked) to the
master subjects and receive shock at the same time, but independent of
leg position (uncontrollable stimulation). Yoked rats do not exhibit an
increase in response duration. The error bars indicate the standard error of
the mean. (C) Master, Yoked, and previously unshocked rats are then
tested under common conditions with controllable shock. Master rats learn
more rapidly (positive transfer) than the previously untreated (Unshocked)
controls. Rats that had previously received shock independent of leg
position (Yoked) fail to learn. Similar results are observed independent of
whether subjects are tested on the previously trained (ipsilateral) leg or the
contralateral leg. (D) As Master rats learn to maintain their leg in a flexed
position, response number declines. In Yoked rats, shock elicits a high
response rate, but does not produce an increase in flexion duration.
Adapted from Grau etal. (1998).

contingent legshock. We were concerned that yoked rats might do
poorly during testing simply because they were less responsive to
shock or the contact electrode was submerged at a greater depth. To
discount these factors, we adjusted shock intensity across subjects
so that it elicited an equally strong flexion response and equated
contact electrode depth (to 4 mm). We verified the success of these
procedures by measuring by measuring the duration of the first
shock-elicited flexion response. As expected, there were no differ-
ences in performance at the start of testing. Nonetheless, subjects
that had previously experienced controllable stimulation learned
faster than previously unshocked controls (Figure 2C; Grau et al.,
1998). This savings effect (positive transfer; Figure 1B) provides

one indication that training with response-contingent stimulation
has a lasting effect. What was more surprising is that rats that had
previously received uncontrollable stimulation (Yoked) failed to
learn when later tested with controllable shock (negative transfer).
Moreover, they failed to learn even though they exhibited a high
rate of responding and repeatedly experienced the R—O relation
(Figure 2D).

UNCONTROLLABLE STIMULATION AND INFLAMMATION INDUCE A
LASTING LEARNING IMPAIRMENT

Does the learning impairment observed after uncontrollable stim-
ulation to one hind limb reflect a local (limb-specific) effect or a
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general inhibition of learning? We addressed this issue by testing
yoked subjects on the same (ipsilateral) or opposite (contralateral)
leg. The learning impairment was just as robust when subjects
were tested on the contralateral leg (Joynes etal., 2003). Next, we
developed a computer program that emulated the variable shock
schedule produced by a typical master rat. This program applies
80 ms shocks with a variable inter-stimulus interval (ISI) between
0.2 and 3.8 s (mean ISI = 2 s). We found that just 6 min of vari-
able intermittent shock (VIS) to the leg or tail induced a learning
impairment and that this effect lasts up to 48 h (Crown etal,
2002b). Thus, exposure to uncontrollable stimulation induces a
lasting effect that generally inhibits instrumental learning. We have
suggested that this learning deficit reflects a form of metaplasticity
(Ferguson et al., 2008, 2012a).

We reasoned that uncontrollable stimulation could inhibit
learning because it induces a form of antinociception that attenu-
ates the effectiveness of the shock reinforcer. However, we found
no evidence that VIS inhibits reactivity to noxious stimulation
(Crown etal., 2002b). If fact, a test of mechanical reactivity (von
Frey stimuli applied to the plantar surface of the hind paws)
showed that VIS treated subjects were more responsive (Ferguson
etal., 2006). Enhanced mechanical reactivity (EMR) is of inter-
est because it is observed after a variety of treatments known
to sensitize nociceptive systems within the spinal cord (central
sensitization).

As noted above, central sensitization involves neurochemical
mechanisms implicated in hippocampal-dependent learning and
memory and its induction depends upon glutamate transmission
and the NMDAR (Ji etal., 2003). We hypothesized that this state
could interfere with instrumental learning by saturating NMDAR-
dependent plasticity (Ferguson etal., 2006). Alternatively, the
induction of central sensitization could engage a secondary pro-
cess that inhibits NMDAR-mediated learning, effectively “locking”
the system in its current state. In either case, blocking the NMDAR
should interfere with the induction of the learning impairment.
Supporting this, we found that rats given MK-801 prior to VIS
showed no learning impairment when tested with controllable
stimulation 24 h later (Ferguson etal., 2006). Pretreatment with
the AMPAR antagonist CNQX had a similar effect (Hoy etal,
2013).

The proposed link to central sensitization suggests that treat-
ments that induce this state should impair instrumental learning.
To test this, we applied the irritant capsaicin to one hind paw,
which induces peripheral inflammation and central sensitization
(Willis, 2001). Capsaicin also induced a learning impairment and
this effect, like the VIS-induced deficit, was evident 24 h later when
subjects were tested on the contralateral leg (Hook et al., 2008; for
evidence other inflammatory agents inhibit learning see Ferguson
etal., 2006, 2012b; Huie etal., 2012a).

CONTROLLABLE STIMULATION FOSTERS LEARNING AND HAS A
LASTING PROTECTIVE EFFECT

Whereas uncontrollable stimulation and peripheral inflammation
disable learning, controllable stimulation enables instrumental
learning (Crown etal., 2002a). Evidence for this comes from
studies using a higher response criterion, achieved by increas-
ing contact electrode depth (from 4 to 8 mm). Under these

conditions, previously untrained rats fail to learn whereas those
that had received controllable stimulation can learn and this is
true independent of whether they are tested on the same or
opposite leg.

Controllable stimulation also exerts a protective effect that
counters the consequences of uncontrollable shock. If control-
lable stimulation is given prior to VIS (to the same leg or the
tail), it blocks the induction of the learning impairment (Crown
and Grau, 2001). Conversely, after the learning impairment is
induced, training with controllable shock [in conjunction with a
drug treatment (naltrexone) that temporarily reverses the impair-
ment (see below)] restores the capacity to learn (when subjects are
subsequently tested in a drug-free state). Exposure to controllable
shock also prevents, and reverses, the learning impairment and
EMR induced by peripheral capsaicin (Hook etal., 2008).

The fact controllable stimulation enables learning when sub-
jects are tested on the opposite leg, and prevents the learning
impairment when VIS is applied to the tail, implies that con-
trollable stimulation generally modulates the capacity to learn.
Further, we have shown that instrumental training has a lasting
effect that can block the induction of the learning deficit when
VIS is given 24 h later. Taken together, these findings suggest that
exposure to controllable stimulation also induces a metaplastic
effect, one that promotes instrumental learning.

We, of course, are not the first to show that behavioral con-
trol can profoundly affect how an aversive stimulus is processed.
Indeed, the overall pattern of results is remarkably similar to what
is observed in intact subjects in studies of learned helplessness
(Maier and Seligman, 1976). These observations suggest that that
the underlying principles have considerable generality and may
apply to any neural system capable of encoding R—O relations. At
the same time, it is also recognized that higher neural systems allow
for a much wider range of behavioral effects (Maier and Watkins,
2005) and that spinal learning is more biologically constrained
(Grau etal., 2012).

TEMPORAL REGULARITY (PREDICTABILITY) HAS AN EFFECT
ANALOGOUS TO BEHAVIORAL CONTROL

We recently discovered that uncontrollable intermittent shock
does not always induce a learning impairment. If stimulation is
given at a regular (predictable) interval, an extended exposure to
intermittent shock has no adverse effect (Baumbauer et al., 2008).
Interestingly, the emergence of this effect requires extended train-
ing (720-900 shocks); if subjects receive less training (180 shocks),
intermittent shock induces a learning impairment independent of
whether it occurs in a variable or regular (fixed-spaced) man-
ner. The fact extended training is required has led us to suggest
that abstracting stimulus regularity involves a form of learning
(Baumbauer et al., 2009).

At a behavioral level, we have shown that an initial bout of
fixed spaced shock (360) lays down a kind of temporal memory
that lasts at least 24 h and transforms how subjects respond to
a subsequent bout of 360 shocks (processing the latter as fixed
spaced; Lee etal., 2013). At a physiological level, we have shown
that learning about temporal regularity depends upon a form of
NMDAR-mediated plasticity and protein synthesis (Baumbauer
etal., 2009). Further, training with fixed spaced stimulation has a
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restorative effect analogous to that produced by experience with
controllable stimulation. For example, fixed spaced stimulation
can both prevent, and reverse, the learning impairment induced
by VIS (Baumbauer etal., 2009). An extended exposure to fixed
spaced shock also blocks, and reverses, the learning impairment
and EMR induced by peripheral inflammation (Baumbauer and
Grau, 2011; Baumbauer etal., 2012). And like the other effects
described above, fixed spaced stimulation has a general effect that
blocks the induction of the learning impairment independent of
whether subjects are challenged by stimulation at the same, or a
remote, dermatome (Baumbauer et al., 2009).

SPINAL LEARNING: SUMMARY AND IMPLICATIONS

Taken together, we have discovered that environmental events
can engage two alternative processes that have a diffuse effect
on spinal cord plasticity (Figure 3; for reviews see: Grau
etal., 2006, 2012; Ferguson etal., 2012a). Exposure to VIS,
that is both uncontrollable and unpredictable, inhibits instru-
mental learning and produces EMR (Grau etal., 1998; Baum-
bauer etal., 2008), and peripheral inflammation has the same
effect (Hook etal., 2008). An equivalent exposure to intermit-
tent stimulation given in a controllable manner has no adverse
effect and engages a process that enables learning and coun-
ters the adverse effects of both VIS and inflammation (Crown
and Grau, 2001; Crown etal., 2002a). Likewise, an extended
exposure to fixed spaced shock engages a protective mecha-
nism that counters the adverse effects of VIS (Baumbauer etal.,
2009, 2012; Baumbauer and Grau, 2011). These effects are last-
ing (24 h or longer), involve a form of NMDAR-mediated
plasticity, and require protein synthesis (Joynes etal., 2004;
Patton etal., 2004; Baumbauer etal., 2006, 2009; Ferguson etal.,

Induction Maintenance Expression
--------------- > Protective/Restorative

Protein synthesis! BDNF?, CaMKIIt

A Controllable/Predictable
AMPAR?, NMDAR?, Glia®

B Uncontrollable/Unpredictable -------108 . >
AMPAR?, NMDAR?, mGluR?, GABA!,  Protein synthesis®
Glia activation?, TNF2

Inhibits Learning
Kappa opioid2, TNF2, GABA!
AMPAR (GluR2-lacking)?

INecessary, 2Necessary and Sufficient

FIGURE 3 | A summary of how training experience affects learning
potential. (A) Learning that an environmental event is controllable or
predictable depends upon a form of NMDAR-mediated plasticity and is
disrupted if glia function is inhibited. Processes initiated during learning
(induction) engage a protein synthesis dependent mechanism that
maintains the effect over time (memory). Prior experience with
controllable/predictable stimulation has a long-term protective/restorative
effect that enables instrumental learning and blocks both the learning
impairment and EMR induced by VIS. These effects depend upon BDNF
and CaMKII. (B) Exposure to uncontrollable/unpredictable shock initiates a
process that depends upon the NMDAR, group 1 mGIuR, GABA, glia
activation, and TNF. These processes induce a protein synthesis dependent
mechanism that maintains the effect over time. Prior experience with
uncontrollable/unpredictable stimulation inhibits instrumental learning
through a process that involves a kappa opioid, TNF, GABA, and the
trafficking of GluR2-lacking AMPA receptors. Superscripts indicate whether
a neurobiological mechanism is necessary (1) or necessary and

sufficient (2).

2006). Moreover, in all cases the phenomena have a general
effect that impacts how stimuli applied at other dermatomes are
processed.

We have seen that learning can both alter a particular response
and impact the capacity to learn when faced with new environ-
mental challenges (Grau etal., 1998; Crown etal., 2002a). Our
focus here is on the latter phenomena — on how learning can foster
(positive transfer), or inhibit (negative transfer), the capacity for
future learning (Figure 1B). In assuming that learning involves
a form of neural plasticity, the question we ask focuses on the
plasticity of plasticity: How does a training experience impact the
future capacity to learn? We suggest that this reflects a form of
metaplasticity.

In the sections that follow, we outline what we have discov-
ered about the neurobiological mechanisms that mediate these
metaplastic effects. While we will reference electrophysiological
observations, our discussion will lean towards an analysis of behav-
ioral indices of spinal function. We will also remain agnostic
regarding the relation of our effects to the phenomena of LTP
and LTD. We take this position because we have yet to elucidate
the relative role of these phenomena and because we assume that
neural plasticity may be mediated by a host of mechanisms.

THE BIOLOGY OF SPINALLY MEDIATED METAPLASTICITY
LINKING METAPLASTICITY TO MECHANISM

Our central concern is with processes that have a lasting effect and,
in this way, involve a form of memory. It is assumed here that acute
changes in neural function are mediated by pre-existing com-
ponents and that long-term modifications depend upon protein
synthesis (Dudai, 2004; Abraham and Williams, 2008). This holds
for our examples of spinally mediated metaplasticity. Support-
ing this, administration of a protein synthesis inhibitor soon after
exposure to VIS blocks the induction of the learning impairment
(Patton etal., 2004; Baumbauer etal., 2006). Likewise, admin-
istration of a protein synthesis inhibitor after a fixed spaced
shock blocks its long-term protective effect (Baumbauer etal.,
2009).

Because these metaplastic effects involve a form of memory, we
can address the process from a number of perspectives (Figure 1).
Specifically, we can ask: (1) What processes underlie the induc-
tion of the phenomenon; (2) What mediates the maintenance of
the alteration (the memory) over time; and (3) What mediates
the expression of these phenomena (i.e., how do they affect the
capacity to learn)? We address question 3 by blocking a particular
process (necessity) and then showing that administration of an
agent that should engage the process has a similar effect on learn-
ing (sufficiency). The interpretation of sufficiency must, though,
be treated with some caution because engaging other (unrelated)
processes could yield a similar outcome. For the second issue,
the question typically concerns the identification of the neurobi-
ological system that preserves the effect over time. To study the
induction of the process (question 1), we can again assay the
effect of blocking a particular process, seeking evidence that it
plays an essential (necessary) role. For evidence of sufficiency,
we can test whether artificially engaging the system effectively
substitutes for our experimental treatment. Again, some cau-
tion is needed because a similar outcome may be produced in
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a variety of ways. Further, the induction of most phenomena
is tied to multiple processes. In this case, to discover a sub-
stitute for a behavioral training regime, we need to know all
of the essential components and how they are sequenced over
time.

The link between the learning impairment and central sen-
sitization has provided a rich source of concepts regarding the
neurobiological mechanisms that may be involved, implicating
opioid peptides, glutamatergic transmission (AMPAR, NMDAR,
and mGluR), non-neuronal cells and TNFE. Identifying the fac-
tors that promote adaptive plasticity has proven more difficult.
We have, however, discovered that BDNE, and downstream signal
pathways (e.g., CaMKII), play an important role.

ROLE OF THE NMDAR AND mGluR IN THE INDUCTION OF THE
LEARNING IMPAIRMENT

We noted above that both instrumental learning and the metaplas-
tic effects of training depend upon the NMDAR. Supporting this,
pretreatment with a NMDAR antagonist disrupts instrumental
learning, the long-term protective effect of fixed spaced stimula-
tion, and the induction of the learning impairment (Joynes etal.,
2004; Ferguson etal., 2006; Baumbauer etal., 2009). We have
also examined whether pretreatment with NMDA has a long-
term effect on learning. While a high dose of NMDA (6 mM,
15 pLi.t.) induced a lasting learning impairment (Ferguson et al.,
2012b), moderate doses (e.g., 0.06-0.6 mM) that are within the
range that foster locomotor behavior have no long-term effect
(Strain etal., 2013). Because NMDA was only effective at a high
concentration, it possible that it impaired plasticity because it
induced a non-reversible state. Before we conclude that NMDA
is sufficient to induce a VIS-like learning impairment, we need
to address this issue. For now, we can conclude only that the
NMDAR plays a necessary role. This is true for a wide range
of spinal learning phenomena, including sensitization, Pavlo-
vian conditioning, instrumental learning, and the metaplastic
effects of training discussed here (Durkovic and Prokowich, 1998;
Willis, 2001; Ji etal., 2003; Joynes etal., 2004; Ferguson etal.,
2006).

Evidence suggests that glutamate within the hippocampus can
induce a metaplastic effect by engaging the mGluR (Cohen etal.,
1999). Of particular interest, activation of group I mGluRs has
been shown to facilitate both the induction and persistence of
LTP within area CAl (Abraham, 2008). This effect appears to
be mediated by a number of mechanisms, including the traffick-
ing of AMPARSs to the synaptic membrane and the amplification
of NMDAR-mediated currents (Figure 4; O’Connor etal., 1994;
MacDonald etal., 2007). It has also been suggested that activating
mGluRs can engage a “molecular switch” that enhances the persis-
tence of LTP through a process that depends on group 1 mGluRs
and PKC (Bortolotto etal., 1994). Within the spinal cord, group 1
mGluR antagonists have been shown to attenuate inflammation-
induced EMR (Stanfa and Dickenson, 1998; Neugebauer etal.,
1999; Karim etal., 2001; Zhang etal., 2002) and group 1 mGluR
activity has been implicated in the development of neuropathic
pain and tissue loss after spinal cord injury (SCI; Mukhin etal.,
1996; Agrawal etal., 1998; Mills and Hulsebosch, 2002; Mills
etal., 2002). Given these observations, we hypothesized that group

1 mGluR activity contributes to the induction of the learning
impairment (Ferguson etal., 2008). Recognizing that two group
1 mGluR subtypes (mGluR1 and mGluR5) have been shown to
impact hippocampal plasticity, we evaluated the effects of both
CPCCOEt (a mGluR1 antagonist) and MPEP (a mGluR5 antag-
onist). After intrathecal application of the drug, subjects received
6 min of VIS and instrumental learning was tested 24 h later.
We found that both drugs blocked the induction of the learn-
ing impairment in a dose-dependent manner (Figure 5A). We
also examined whether either drug disrupted learning. Neither
did and, if anything, CPCCOEt facilitated learning. These find-
ings suggest that activation of group 1 mGluRs is necessary to the
induction of the learning impairment. Finally, we asked whether
mGluR activation in the absence of VIS is sufficient to induce a
learning impairment. Subjects received the group 1 mGluR ago-
nist DHPG and were tested 24 h later. We found that pretreatment
with DHPG induced a lasting learning impairment.

Other work suggests that group 1 mGluRs can impact synap-
tic function through a PKC-mediated signal cascade (Aniksztejn
etal., 1992; Skeberdis et al., 2001). We assessed PKC activation and
observed enhanced activity one hour after treatment (Ferguson
etal., 2008). Further, pretreatment with two structurally distinct
PKC inhibitors (BIM; chelerythrine) blocked the learning impair-
ment induced by VIS and DHPG (Figure 5B). Importantly, BIM
had no effect on instrumental learning. Taken together, the find-
ings suggest that the long-term metaplastic effect of VIS on spinal
plasticity involves mGluR activation and PKC.

KAPPA OPIOIDS MEDIATE THE EXPRESSION OF THE LEARNING
IMPAIRMENT

Prior work has shown that intact subjects exposed to uncon-
trollable stimulation exhibit a learning/performance deficit in
instrumental learning tasks, a phenomenon known as learned
helplessness (Maier and Seligman, 1976). Evidence suggests that
the performance deficit is mediated, in part, by the release of
an endogenous opioid (Maier, 1986). Supporting this, admin-
istration of an opioid antagonist (naltrexone) prior to testing
attenuates the behavioral impairment observed in a shuttle avoid-
ance task (Blustein et al., 1992). Likewise, we found that intrathecal
administration of naltrexone attenuates the learning impairment
observed in spinally transected rats that had received VIS (Joynes
and Grau, 2004). We further showed that naltrexone is effective
when given prior to testing, but has no effect when given the day
before uncontrollable stimulation. This implies that a ligand that
acts on a naltrexone-sensitive receptor plays an essential role in the
expression of the learning impairment, but is not involved in its
induction.

Because naltrexone is a relatively non-selective opioid antag-
onist, we also assessed the impact of drugs that bind to the mu
(CTOP), delta (naltrindole), and kappa (nor-BNI) opioid recep-
tors (Washburn etal., 2008). Using intrathecal administration of
equal molar concentrations we showed that the expression of
the learning impairment is blocked by a kappa receptor antag-
onist, but not a mu or delta antagonist. Conversely, intrathecal
administration of a kappa-2 agonist (GR89696) impairs learning,
whereas a mu (DAMGO) or a delta (DPDPE) agonist has no effect.
Interestingly, a kappa-1 agonist (U69593) also had no effect on
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FIGURE 4 | Neurochemical mechanisms involved in spinally mediated
learning and metaplasticity. The figure depicts a tripartite synapse
involving an afferent neuron, a postsynaptic neuron, and the surrounding
astrocytes. The afferent neuron is glutamatergic. Released glutamate (Glu)
can engage the NMDAR, AMPAR, or mGIuR receptors on the postsynaptic
neuron. Activating the NMDAR in conjunction with a strong depolarization
allows Ca®t™ to enter the postsynaptic cell, which engages intracellular
signals such as Ca™*/calmodulin-dependent protein kinase (CaMKII) and
protein kinase C (PKC). CaMKII activates the AMPAR and thereby promotes
the entry of Nat. Engaging the mGIuR activates phospholipase C (PLC),
which engages inositol triphosphate (IP3) and PKC. IP3 initiates the release
of intracellular Ca**. PKC promotes the trafficking of AMPARs to the
active region of the synaptic membrane. To illustrate the relevant pathways,
cells that exert a modulatory effect are also indicated. These include a
descending serotonergic (5HT) neuron, an kappa opioid neuron, and a
microglia. Both the 5HT neuron and opioid neuron would exert an inhibitory
effect that could act on either the presynaptic or postsynaptic neuron.
Dynorphin released from the opioid neuron would engage the kappa opioid
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receptor (KOR), which would inhibit neural excitation by facilitating the flow
of KT out of the cell and inhibiting the inward flow of Ca*+. Dynorphin
can also bind to the NMDAR in its closed state and thereby inhibit NMDAR
function. Engaging the 5HT 1A receptor would inhibit adynylate cyclase.
This reduces the conversion of adenosine triphosphate (ATP) to cyclic
adenosine monophosphate (CAMP) and down-regulates cAMP-dependent
processes le.g., protein kinase A (PKA)]. Promoting the outward flow of Kt
would reduce neural excitability. Lipopolysaccharide (LPS) can engage the
toll-like receptor 4 (TLR4) and activate microglia. Microglia have been
shown to release TNF, IL-18, and BDNFE. BDNF may also be released from
neurons. BDNF can foster NMDAR function through Src kinase. It also
promote plasticity by engaging extracellular signal regulated kinase (ERK),
serine-threonine-specific protein kinase (Akt) and PLC. By engaging the
TNFR1, TNF fosters the trafficking of GluR2-lacking AMPARs to the synaptic
membrane. The simplified drawing omits details (e.g., glutamatergic
channels on microglia) that could contribute to spinally mediated
metaplasticity. Adapted from Ji etal. (2003, 2013), Grau etal. (2006), and
Cunha etal. (2010).

learning. Finally, we tested whether pretreatment with a kappa-2
agonist could substitute for VIS and induce a long-term learning
impairment. It did not.

These observations suggest that the expression of the learning
impairment is mediated by a ligand that acts at the kappa opioid

receptor (Figure 4), possibly due to a kappa-2 mediated inhibi-
tion of NMDAR-mediated synaptic plasticity (Wagner etal., 1993;
Caudle etal., 1994, 1997; Ho etal., 1997). Alternatively, kappa-2
opioid activity may “lock” the system in its current state, reducing
plastic potential (Washburn etal., 2008). We noted above that the
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FIGURE 5 | Role of group 1 mGIuR, glia, and TNF in the learning deficit.
(A) Spinally transected rats received the group 1 mGIuR1 antagonist
CPCCOEt (i.t.; 100 nmol), or its vehicle, prior to VIS (Shock). Instrumental
learning was tested 24 h later. Prior exposure to shock inhibited learning
(Vehicle-Shock). Pretreatment with CPCCOEt blocked the induction of this
learning impairment (CPCCOEt-Shock). (B) Rats were pretreated with the
PKC inhibitor BIM (i.t.; 0.023 nmol), or its vehicle, and then received an
injection of the group 1 mGIuR agonist DHPG (100 nmol) or saline.
Administration of DHPG alone (Vehicle-DHPG) impaired learning and this
effect was blocked by pretreatment with BIM (BIM-DHPG). (C) Subjects
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received an intrathecal injection of LPS (100 g), or its vehicle. The next day, a
TNF inhibitor (sSTNFR1; 700 ng) or vehicle was given intrathecal and subjects
were tested in the instrumental learning paradigm. Prior treatment with LPS
impaired learning (LPS-Vehicle). Administration of sSTNFR1 prior to testing
eliminated the learning deficit (LPS-sTNFR1). (D) Rats received an intrathcal
injection of TNF (6000 pg) or its vehicle. The next day, they were given the
GIuR2 antagonist Naspm (i.e., 10 mM) or vehicle and tested in the
instrumental learning paradigm. Rats that had previously received just TNF
(TNF-Vehicle) failed to learn. This learning impairment was blocked by Naspm
(TNF-Naspm). Adapted from Ferguson etal. (2008) and Huie etal. (2012a).

induction of the learning impairment is blocked by pretreatment
with an NMDAR antagonist. If kappa opioids inhibit NMDAR-
mediated plasticity, administration of a kappa agonist prior to VIS
should interfere with the induction of the learning impairment.
Washburn et al. (2008) found that GR89696 had this effect.

We suggested above that exposure to uncontrollable stimu-
lation, or peripheral inflammation, may inhibit instrumental
learning because these manipulations diffusely saturate NMDAR-
mediated plasticity (Ferguson etal., 2006). If that alone was the
cause of the learning impairment, there would be little reason to
expect an opioid antagonist to block the expression of the learning
impairment. Opioid reversibility implies that NMDAR-mediated
plasticity remains functional, because as soon as the opioid brake
is removed, learning can proceed. At a minimum, the observation
requires a more sophisticated view of the factors that limit neural
plasticity, that goes beyond the trafficking of AMPAR’s, because
it seems unlikely that an opioid antagonist could undo this effect
within minutes of administration. These observations are also
important for our claim that the learning impairment reflects

a form of metaplasticity because the best examples of this phe-
nomena involves cases wherein the underlying plasticity remains
functional (Abraham, 2008).

GLIA AND TNF CONTRIBUTE TO SPINAL LEARNING IMPAIRMENTS
Throughout the nervous system, glia regulate synaptic efficacy,
leading some to suggest the concept of a tripartite synapse
(Figure 4; Araque etal, 1999; Haydon, 2001). In the spinal
cord, glial activation plays an essential role in the development
of inflammation-induced EMR (Meller et al., 1994; Watkins et al.,
1997). Glia can be activated by administration of lipopolysac-
charide (LPS) and, when applied intrathecally, this induces EMR
(Reeve etal., 2000).

To examine whether glial activation is essential to spinal learn-
ing, we tested the effect of fluorocitrate. Fluorocitrate inhibits
aconitase, an essential component of the tricarboxylic acid cycle
within glia, and thereby disrupts energy-dependent transmitter
up-take and release (Paulsen etal, 1987). If glia are essen-
tial to spinal plasticity, intrathecal fluorocitrate should inhibit
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instrumental learning. We found that fluorocitrate does so in a
dose-dependent manner (Vichaya etal., 2009). Next, we adminis-
tered fluorocitrate prior to VIS and tested subjects 24 h later. We
found that drug treatment blocked the induction of the learning
impairment. Further, intrathecal application of LPS substituted
for VIS and interfered with instrumental learning when subjects
were tested 24 h later. This long-term effect of LPS was blocked
by pretreatment with fluorocitrate. These findings provide further
evidence that glia regulate spinal plasticity. More importantly, the
results show that glia activation contributes to the long-term con-
sequences of shock treatment; that glial activation is necessary,
and sufficient, to the induction of a lasting inhibition of neural
plasticity.

Glia can regulate synaptic plasticity through the release of
cytokines, such as TNF and interleukin-1. TNF is of particu-
lar interest because it is known to modulate synaptic plasticity
in hippocampal sections (Stellwagen and Malenka, 2006) and
plays an essential role in the development of central sensitiza-
tion (Czeschik et al., 2008; Park etal., 2011). TNF could interfere
with learning by increasing the trafficking of AMPARs to the post-
synaptic membrane (Beattie etal., 2002), an effect that has been
linked to an up-regulation of Ca*™t permeable GluR2-lacking
AMPARSs that increase postsynaptic excitability. If driven too far,
this could potentially lead to excitotoxicity enhanced cell death
after spinal injury (Ferguson etal., 2008). To explore whether
TNF contributes to the learning impairment, we administered
the soluble TNF receptor (sTNFR1), which inhibits TNF func-
tion by binding free TNF (Huie etal., 2012a). sTNFR1 was given
intrathecal prior to VIS (induction phase) or 24 h later prior to
testing (expression). sSTNFR1 blocked both the induction and the
expression of the learning impairment. Next, we asked whether
administration of TNF would substitute for VIS treatment. We
found that intrathecal TNF impaired learning when subjects were
tested 24 h later. Mirroring the long-term effect of VIS treat-
ment, the expression of the TNF-induced learning deficit was
blocked by sTNFR1. sTNFRI also blocked the expression of the
learning deficit induced by LPS (Figure 5C). Likewise, inhibit-
ing glial activation (with fluorocitrate) prior to TNF treatment
blocked the induction of the learning impairment. These obser-
vations suggest that TNF has a long-term effect by activating glia
and that this in turn enhances subsequent TNF release (Kuno
etal., 2005). Cellular assays verified that TNF protein expres-
sion was increased 24 h after treatment with VIS (Huie etal.,
2012a).

TNF could over-drive neural excitability by increasing the pro-
portion of GluR2-lacking AMPARs. If this is how TNF interferes
with learning, administering an antagonist (Naspm) that blocks
these AMPARSs should reinstate the capacity to learn. To test this,
we induced a learning impairment with VIS or intrathecal TNFE.
The next day, subjects were given Naspm, or its vehicle, and tested
in our instrumental learning paradigm. As expected, both TNF
and VIS impaired learning. In both cases, treatment with Naspm
reinstated the capacity to learn (Figure 5D). On-going studies
are examining whether VIS reduces the proportion of synaptic
AMPARs that contain the GluA2 subunit (Stuck etal., 2012).

In summary, our finding suggests that spinal plasticity depends
on glia. Further, VIS appears to induce a lasting learning

impairment by engaging glia and up-regulating the release of TNF.
We suggest that TNF impairs learning, perhaps by increasing the
proportion of Cat™ permeable (GluR2-lacking) AMPARs. This
could induce a state of over-excitation that interferes with learning,
contributes to EMR, and promotes cell death after injury.

BDNF MEDIATES THE BENEFICIAL EFFECT OF TRAINING

We now understand a great deal about how VIS has a lasting effect
on spinal plasticity, with evidence implicating the mGluR, glia,
and TNF (Ferguson etal., 2008; Vichaya etal., 2009; Huie etal.,
2012b). As discussed below, these observations have clinical impli-
cations. But of potentially greater long-term value is the discovery
of how controllable and/or regular stimulation induces a lasting
beneficial effect that can prevent, and restore, adaptive plasticity
and attenuate the development of EMR. We began to study this
issue in collaboration with Gémez-Pinilla et al. (2007). Others had
shown that LTP induces the expression of BDNF (Patterson etal.,
1992), that mice with a BDNF deletion fail to exhibit LTP and that
exogenous BDNF restores LTP (Patterson etal., 1996; Linnarsson
etal., 1997). Other evidence indicated that BDNF can promote
synaptic plasticity within the spinal cord. For example, intermit-
tent hypoxia induces an adaptive modification within the cervical
spinal cord known as phrenic long-term facilitation (Dale-Nagle
etal.,2010). Local application of BDNF has a similar effect and the
effect of intermittent hypoxia on neural function is blocked by a
BDNF inhibitor (Baker-Herman et al., 2004). BDNF has also been
shown to promote locomotor behavior after spinal injury (Boyce
etal,, 2007, 2012) and the beneficial effect of treadmill training
on locomotor performance has been linked to an up-regulation of
endogenous BDNF (Gémez-Pinilla etal., 2001). Finally, evidence
suggests that TNF and BDNF impact synaptic scaling in opposite
ways (Turrigiano, 2008).

Given these observations, we explored whether instrumen-
tal training affects BDNF expression in spinally transected rats.
Subjects underwent training with controllable (Master) or uncon-
trollable (Yoked) shock and tissue was collected at the end of
training. Relative to both unshocked and yoked groups, train-
ing with controllable stimulation up-regulated BDNF expression
(Figure 6A; Gomez-Pinilla etal., 2007). In contrast, uncontrol-
lable stimulation down-regulated expression. mRNA expression
in master rats was well-correlated with an index of instrumen-
tal learning (Figure 6B). An identical pattern was observed for
CaMKII and CREB mRNA expression. These genes were of inter-
est because they are regulated by BDNE, have been implicated in
other models of neural plasticity, and have been characterized as
molecular memory switches (Yin etal., 1995; Yin and Tully, 1996;
Blanquet and Lamour, 1997; Tully, 1997; Finkbeiner, 2000; Lisman
etal., 2002). Using in situ hybridization, we showed that train-
ing with controllable shock induces an increase in BDNF mRNA
expression within both the dorsal and ventral horn (Huie etal.,
2012b). Western blotting showed BDNF protein was increased
within the L3-L5 segments. Training also increased protein expres-
sion of the BDNF receptor TrkB [both truncated (TrkB 95) and
full length (TrkB 145)]. Immunohistochemical analyses revealed
increased TrkB protein expression within the dorsal horn and dou-
ble labeling showed that most TrkB expression was localized to
neurons.

Frontiers in Neural Circuits

www.frontiersin.org

September 2014 | Volume 8 | Article 100 | 149


http://www.frontiersin.org/Neural_Circuits/
http://www.frontiersin.org/
http://www.frontiersin.org/Neural_Circuits/archive

Grau etal.

Metaplasticity and spinal cord function

BDNF mRNA expression
150~

mRNA (% Control)
) N
£ ‘.”

\,
i

(61
o
I

Unshocked Master Yoked

Time Bin (min)

FIGURE 6 | BDNF mediates the beneficial effect of instrumental
training. (A) Training with controllable shock (Master) produces an
increase in BDNF mRNA expression whereas exposure to uncontrollable
shock (Yoked) down-regulates expression. (B) In trained subjects (Master),
BDNF mRNA expression is highly correlated with a measure of learning
(mean response duration during the first 10 min of training). (C) Subjects
were given BDNF (i.t;; 0.4 pg) or its vehicle and then VIS (Shock) or
nothing (Unshock). The next day subjects were tested in the instrumental
learning paradigm. Prior exposure to shock impaired learning (Vehicle-
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Shock). Pretreatment with BDNF (BDNFShock) blocked the induction of
this learning impairment. (D) Spinally transected rats received BDNF (i.t.;
0.4 ng), or its vehicle, followed by VIS (Shock) or nothing (Unshock).
Tactile reactivity was tested bilaterally using von Frey stimuli applied to
the plantar surface of each hind paw. Because similar results were
observed across legs, the data were collapsed across this variable.
Vehicle treated rats that received shock exhibited EMR. Pretreatment with
BDNF blocked this effect. Adapted from Gomez-Pinilla etal. (2007) and
Huie etal. (2012b).

Next, we assessed the impact of inhibiting BDNF function using
the sequestering antibody TrkB-IgG. TrkB-IgG did not have a
significant effect on instrumental learning (Gémez-Pinilla etal.,
2007; Huie etal., 2012b). It did, however, block the facilitation
of learning when subjects were tested at a higher response cri-
terion (Gomez-Pinilla etal., 2007). Inhibiting the downstream
signal CaMKII with AIP had the same effect. If training fosters
learning because it up-regulates BDNF release, exogenous applica-
tion of BDNF should promote learning. As predicted, intrathecal
BDNF facilitated learning in untrained rats tested with a high
response criterion (Gomez-Pinilla etal., 2007). This pattern of
results implies that training induces a lasting modification that
up-regulates BDNF expression, which promotes learning about
new environmental relations and alters the capacity for future
learning.

If controllable/predictable shock induces a protective effect
because it up-regulates BDNF expression and release, then BDNF
should substitute for training and block the induction of the
VIS induced learning impairment. To test this, subjects received
intrathecal BDNF followed by VIS. As usual, rats given VIS

exhibited a learning impairment when tested 24 h later with con-
trollable stimulation (Huie et al.,2012b). Pretreatment with BDNF
blocked the induction of this learning deficit (Figure 6C).

As discussed above, the learning impairment observed after
VIS can be eliminated by training rats with controllable stim-
ulation [in conjunction with a drug (naltrexone) that blocks
the expression of the learning deficit; Crown and Grau, 2001].
To examine whether this therapeutic effect of training depends
upon BDNE, subjects were given VIS followed by instrumental
training in the presence of naltrexone (Huie etal., 2012b). Prior
to instrumental training, rats received TrkB-IgG or its vehicle.
The next day, subjects were tested in our instrumental learn-
ing paradigm. As usual, training eliminated the VIS-induced
learning impairment. This restorative effect was not observed
in subjects given TrkB-IgG prior to instrumental training. Rec-
ognizing that TrkB-IgG could have blocked the beneficial effect
of training, in part, by interfering with instrumental learn-
ing, we examined whether TrkB-IgG would be effective if given
immediately after instrumental training. Again, rats received
variable shock followed by instrumental training in compound
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with naltrexone. At the end of training, half the subjects
received TrkB-IgG. We found that blocking BDNF after instru-
mental training attenuated its restorative effect. This suggests
that the effect of TrkB-IgG is not due to a disruption of instru-
mental learning and implies that training induces a prolonged
increase in BDNF release that contributes to the restoration of
learning.

Having shown that BDNF is essential to the restorative effect of
instrumental training, we asked whether exogenous BDNF could
substitute for training and restore the capacity to learn in rats
that had previously received VIS (Huie etal., 2012b). Subjects
received VIS or nothing followed by intrathecal BDNF or vehicle.
When tested in our instrumental paradigm 24 h later, subjects that
had received VIS exhibited a learning impairment. BDNF given
after VIS restored the capacity to learn. Further work revealed
that BDNF given 24 h after VIS, immediately before testing, also
eliminates the learning impairment.

VIS also induces EMR (Ferguson et al., 2006). Our results imply
that BDNF may mediate this effect too. We examined this possi-
bility by administering BDNF prior to 6 min of VIS applied to
one hindlimb in spinally transected rats. Tactile reactivity was
assessed using von Frey stimuli applied to the plantar surface of
each hind paw. Our usual dose of BDNF (0.4 jug) had no effect
on baseline tactile reactivity. Exposure to VIS induced EMR and
this effect was blocked by BDNF (Figure 6D). More recently, we
have shown that this same dose of BDNF counters inflammation-
induced EMR in spinally transected rats and down-regulates a
cellular marker of nociceptive sensitization (Erk phosphorylation;
Lee etal., 2014).

In summary, we found that BDNF generally counters maladap-
tive plasticity, reinstating the capacity for learning and attenuating
EMR in spinally transected rats. Our results further show that
instrumental training and exposure to fixed spaced stimulation
have a beneficial effect because they up-regulate BDNF expres-
sion (Gomez-Pinilla etal., 2007; Huie et al., 2012b). These finding
complement other data demonstrating that locomotor training,
exercise, and intermittent hypoxia, can promote adaptive plas-
ticity through a BDNF-dependent process (Gomez-Pinilla etal.,
2001; Baker-Herman et al., 2004).

How BDNF affects spinal function appears to be modulated by
spinal injury. Specifically, in spinally injured rats BDNF attenuates
EMR (Cejas et al., 2000; Huie et al., 2012b; Lee et al., 2014 ) whereas
it often enhances pain in uninjured subjects (Merighi et al., 2008).
As we discuss below, these differences may be related to the regu-
lation of intracellular Cl~ concentrations, which can alter GABA
function. Other important factors may include the BDNF source
(neural or glial) and BDNF concentration (cf Miki etal., 20005
Cunbha etal., 2010).

We found that training induced a rapid increase in BDNF
protein, which was evident when tissue was collected immedi-
ately after 30 min of training. Likewise, intermittent hypoxia has
been shown to increase BDNF protein within 60 min (Baker-
Herman etal., 2004). These findings may reflect the local dendritic
cleavage of the pro-form of BDNF into the mature form. This
mechanism, which is mediated by tissue plasminogen activator
(tPA), can be rapidly engaged in an activity-dependent man-
ner (Waterhouse and Xu, 2009). Interestingly, in the absence of

cleavage, pro-BDNF can have an opponent-like effect through
its action at the P75 neurotrophin receptor (P75NTR; Bothwell,
1996; Lu etal., 2005; Cunha etal., 2010). For example, while
BDNF fosters the development of LTP, proBDNF favors the induc-
tion of LTD. This suggests the intriguing possibility that training
may influence BDNF function, in part, by regulating cleavage of
proBDNFE

Our work suggests that BDNF plays a major role in mediating
the restorative effect of behavioral training; that it is both nec-
essary and sufficient to its expression. However, we have found
no evidence that BDNF is required for the induction, or mainte-
nance, of these training effects. Further, while BDNF can substitute
for training to enable learning, and counter the adverse effect
of uncontrollable/unpredictable stimulation, its effect appears to
wane within a few hours (Zhang etal., 2014).

METAPLASTICITY AND SPINAL CORD INJURY
UNCONTROLLABLE STIMULATION IMPAIRS RECOVERY AND
ENHANCES PAIN IN CONTUSED RATS

We have begun to explore the implications of our results for recov-
ery after a contusion injury. Our work was motivated by both our
studies in spinally transected rats and the clinical observation that
spinal injuries are often accompanied by other tissue damage that
provide a source of nociceptive input and peripheral inflamma-
tion. Our hypothesis was that afferent nociceptive signals could
induce a state of over-excitation that enhances secondary damage
and undermines recovery. Because we have a good understand-
ing of how VIS induced nociceptive activity affects spinal function
after a transection, and because this type of stimulation is read-
ily controlled and produces (at the intensities used) no secondary
peripheral effects that extend beyond the period of stimulation,
we began by exploring the impact of VIS.

To assess the impact of stimulation on recovery, we used a
moderate (12.5 mm) contusion injury at T12 produced with the
MASCIS device (Grau etal., 2004). A day after injury, we assessed
locomotor performance and then exposed rats to VIS. We found
that VIS produced a profound disruption in recovery (Figure 7A).
This effect was evident within 3 days and was maintained over the
next 6 weeks. Further work showed that shock treatment was most
effective when given within 4 days of injury. Most importantly,
nociceptive stimulation only had an adverse effect on recovery
when shock was given in an uncontrollable manner; subjects that
received the same amount of shock, but could control its occur-
rence (by exhibiting a flexion response) exhibited normal recovery.
Shock treatment also enhanced mortality, led to greater weight
loss, slowed the recovery of bladder function, and led to a higher
incidence of spasticity. Histological analyses revealed that uncon-
trollable intermittent shock enhanced tissue loss (white and gray
matter) at the site of injury and increased damage caudal to injury
(Grau etal., 2004; Hook etal., 2007).

More recently, we have examined whether VIS affects the devel-
opment of EMR in contused subjects (Garraway etal., 2012). As
others have reported, contused rats exhibited EMR relative to
sham-operated subjects from 7 to 28 days after injury. Contused
rats that received 6 min of VIS exhibited an EMR that emerged
more rapidly (within 24 h of shock treatment) and remained more
robust (7-28 days after injury).
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FIGURE 7 | Impact of shock and morphine treatment on recovery after
a contusion injury. (A) Rats received a moderate contusion injury and

24 h later VIS (180 or 900 shocks) or nothing (Unshocked). Locomotor
recovery was scored over the next six weeks by experimenters that were
blind to the subjects experimental treatment using the BBB scale (Basso
etal., 1995). Scores were adjusted using the transformation derived by
Ferguson etal. (2004), which improves the metric properties of the scale.
Shock treatment impaired the recovery of locomotor function. (B) Contused
rats were given morphine [0, 10, or 20 mg, intraperitoneal (i.p.)] followed by
VIS (Shocked) or nothing (Unshocked). Behavioral observations confirmed
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that the highest dose of morphine blocked shock-elicited movement and
vocalization. Morphine treatment did not block the adverse effect of shock
treatment on locomotor recovery. (C) Intrathecal (i.t.) administration of
morphine 24 h after a contusion injury produces a dose-dependent
impairment in locomotor recovery. (D) A day after a contusion injury, rats
were pretreated with the IL-1 receptor antagonist (IL1ra; 1 or 3 pg, i.t.) or
its vehicle and then given morphine (90 png, i.t.) or vehicle. Morphine alone
impaired locomotor recovery and this effect was attenuated by
pretreatment with ILTra. Adapted from Grau etal. (2004) and Hook etal.
(2008, 2007, 2009).

OPIOIDS DO NOT BLOCK THE EFFECT OF NOCICEPTIVE STIMULATION
AND IMPAIR RECOVERY

Having shown that nociceptive stimulation impairs recovery after
a contusion injury, we reasoned that inhibiting nociceptive trans-
mission could have a protective effect. We first verified that an
injection of morphine (20 mg/kg, i.p.) induced a robust antinoci-
ception on the tail-flick test in contused rats (Hook etal., 2007).
Importantly, morphine also inhibited shock-elicit movements and
brain-dependent responses to pain (e.g., vocalization). In mor-
phine treated contused rats, VIS induced little movement or pain,
but nonetheless impaired recovery (Figure 7B). Morphine not
only failed to have a protective effect, it interacted with noci-
ceptive stimulation and enhanced mortality. Indeed, half the
subjects (8 out of 16) given both VIS and 20 mg/Kg of morphine
died. Oddly, subjects typically died days after morphine treatment
(mean = 4.6).

Systemic morphine could affect recovery by directly impact-
ing a spinal process or by engaging a brain system that indirectly
affects spinal function. We hypothesized that the drug effect was
due to a direct mode of action. To show this, we tested the impact
of intrathecal morphine given 24 h after a contusion injury (Hook
etal., 2009). Again, we confirmed that drug treatment induced a
robust antinociception. Intrathecal morphine (90 |Lg) impaired
the recovery of locomotor function (Figure 7C), led to greater
weight loss, increased tissue loss at the site of injury, and enhanced
rear paw-directed grooming/chewing (autophagia), a potential
index of neuropathic pain.

Morphine has been shown to up-regulate proinflammatory
cytokines [e.g., interleukin-1f (IL-1), interleukin-6 (IL-6), TNF;
Song and Zhao, 2001; Johnston etal., 2004]. Consistent with
this work, systemic morphine (20 mg/kg) a day after a contu-
sion injury increased expression of IL-1p and IL-6 24 h after

Frontiers in Neural Circuits

www.frontiersin.org

September 2014 | Volume 8 | Article 100 152


http://www.frontiersin.org/Neural_Circuits/
http://www.frontiersin.org/
http://www.frontiersin.org/Neural_Circuits/archive

Grau etal.

Metaplasticity and spinal cord function

drug treatment (Hook etal., 2011). Intrathecal morphine had a
similar effect and increased IL-1p within 30 min of drug treat-
ment. To explore whether the release of IL-1p was causally related
to the adverse effect of morphine treatment, we administered a
IL-1 receptor antagonist (IL-1ra) prior to intrathecal morphine
(90 pg). Morphine impaired locomotor recovery and this effect
was blocked by IL-1ra (Figure 7D). Three weeks after injury, mor-
phine treated rats also showed increased vocalization to tactile
stimulation applied to the girdle region, an indication of increased
at-level pain. This effect too was blocked by IL-1ra. While these
results are promising, we also found that IL-1ra treatment led to
greater issue loss at the site of injury, presumably because it blocked
a beneficial effect of injury-induced IL-1f expression.

Current research is exploring the site of opioid action. As
described above, the kappa-2 agonist GR89696 inhibits adaptive
plasticity in transected rats. This same drug also impairs recovery
after a contusion injury (Aceves and Hook,2013). Thisis consistent
with early studies that linked contusion-induced damage to kappa
opioid activity (Faden, 1990). Other work suggests that opioids
can also engage glia, and promote cytokine release, by engag-
ing non-classic receptors [e.g., the toll-like receptor 4 (TLR4);
Hutchinson etal., 2007, 2010; Watkins etal., 2007]. It seems likely
that the adverse effects of morphine on spinal function are due to
its action at multiple sites, including TLR4.

While morphine did not block the adverse effect of nocicep-
tive stimulation, the data yielded an important discovery—opioid
treatment after a contusion injury impairs the recovery of loco-
motor function, enhances pain, and leads to greater tissue loss
(Hook etal., 2007, 2009). Further, when combined with nocicep-
tive stimulation, morphine enhanced mortality. These results are
especially troubling given the widespread use of opioids to treat
pain after SCI (Warms etal., 2002; Widerstrom-Noga and Turk,
2003).

The results also have implications regarding the mechanisms
that underlie the adverse effect of VIS on recovery. For example, it
could be argued that this effect is secondary to brain-mediated
pain or VIS-induced movement. Morphine treatment blocked
both behavioral signs of pain and VIS-induced movement, but
did not attenuate the effect of VIS on recovery. Further, if brain
systems exert a protective effect by inhibiting spinal nociceptive
transmission, our results imply that this antinociception is medi-
ated by a nonopioid process (Meagher et al., 1993). Finally, the data
indicate that a kappa-2 opioid dependent process, that we have
shown inhibits adaptive plasticity in transected rats (Washburn
etal., 2008), can substitute for VIS treatment (i.e., is sufficient)
and impair recovery after a contusion injury (Aceves and Hook,
2013).

UNCONTROLLABLE STIMULATION INCREASES TNF AND REDUCES
BDNF IN CONTUSED RATS

Earlier we described how the learning impairment induced by VIS
in transected rats depends upon TNF (Huie etal., 2012a). Given
this, we examined whether VIS induces TNF expression in con-
tused subjects (Garraway etal., 2012). We found that nociceptive
stimulation a day after a contusion injury increased TNF mRNA
and protein expression from 1 to 7 days after VIS treatment. Inter-
estingly, stimulation also increased protein levels of caspase 3 and

8, two indices of programmed cell death (apoptosis; Beattie et al.,
2000; Duprez etal., 2009). Immunofluorescent labeling revealed
that caspase 3 was co-labeled with OX-42 (microglia) and NeuN
(neurons), but not GFAP (astrocytes). These observations parallel
the results found with the transection paradigm and suggest that
TNF release may foster secondary damage by promoting apoptotic
cell death.

We have also examined the impact of nociceptive stimulation
on BDNF/TrkB expression after a contusion injury (Garraway
etal., 2011). Our hypothesis was that uncontrollable nociceptive
stimulation impairs recovery, in part, by down-regulating BDNF
expression. To test this, subjects were given a moderate contusion
injury and were exposed to VIS or nothing the next day. A con-
tusion injury, per se, down-regulated BDNF mRNA and protein
expression (Figure 8A). Exposure to VIS a day after injury fur-
ther down-regulated BDNF mRNA and protein expression and
this effect was most evident a day after shock treatment (48 h
after injury). In the dorsal horn, VIS induced a lasting reduction
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FIGURE 8 | Impact of VIS on BDNF and TrkB expression in contused
rats. (A) Rats received a moderate contusion injury or a sham surgery. The
next day, contused rats received VIS (Contused-Shock) or nothing
(Contused-Unshock). BDNF protein was assayed 1 h, 24 h, and 7 days after
treatment. A contusion injury produced a significant decrease (*) in BDNF
expression at 1 and 24 h (25 and 48 h after surgery). Shock treatment
further down-regulated BDNF expression (#) at 24 h and 7 days. (B) TrkB
protein expression was also down regulated by a contusion injury at 1 and
24 h (*). Shock treatment produced a further decrease at 24 h (#).

(C) Locomotor performance on days 2-7 was highly correlated with mTRKB
expression in untreated (Unshock) contused rats (left panel), but not in rats
that received shock (right panel). Adapted from Garraway etal. (2011).
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in BDNF protein that was evident a week after shock treatment.
A contusion injury and VIS treatment had a similar effect on
TrkB mRNA and protein expression (Figure 8B), reducing expres-
sion during the first 48 h of recovery. TrkB immunolabeling
showed that it was co-expressed with NeuN, but not GFAP or
OX-42. Correlational analyses revealed that locomotor recovery
was highly related with TrkB mRNA expression in unshocked,
but not shocked, subjects (Figure 8C). A similar pattern was
observed for BDNF. This suggests that improved recovery is nor-
mally associated with enhanced TrkB expression and that shock
treatment may adversely affect recovery by dysregulating this
process.

In summary, the results obtained to date generally parallel the
findings obtained in our transection paradigm. In both cases,
exposure to VIS has a maladaptive effect that induces EMR and
disrupts adaptive plasticity, impairing both instrumental learn-
ing and recovery after a contusion injury (Grau etal., 1998, 2004;
Joynes etal., 2003; Ferguson etal., 2008; Garraway etal., 2011,
2012). As observed in transected rats, VIS induces an increase
in TNF expression and down-regulates BDNF in contused sub-
jects (Gomez-Pinilla et al., 2007; Garraway etal., 2011, 2012; Huie
etal., 2012a). The contusion paradigm also showed that nocicep-
tive stimulation engages markers of apoptotic cell death and leads
to enhanced tissue loss. These adverse effects may explain, in part,
why other types of nociceptive stimulation (e.g., from stretching;
Caudle etal., 2011) impair the recovery process.

SPINAL PROCESSES ARE REGULATED BY THE BRAIN
ANESTHESIA BLOCKS THE BRAIN-DEPENDENT INHIBITION OF
MALADAPTIVE PLASTICITY

We have shown that VIS inhibits spinal plasticity in transected
animals and impairs recovery after a contusion injury (Grau et al.,
1998,2004). Does this effect impact spinal function in the absence
of injury? The answer appears to be a qualified no. We explored this
issue by applying VIS before or after a spinal transection (Crown
and Grau, 2005). The next day we tested subjects in our instru-
mental paradigm. As usual, VIS given after a spinal transection
induced a learning impairment (Figure 9A). When given before, it
had no effect, which suggests that brain-dependent processes exert
a modulatory effect that counters the development of the learning
impairment. This is consistent with other studies showing that
the induction of spinal LTP is inhibited by descending pathways
(Sandkiihler and Liu, 1998; Sandkiihler, 2000). The results sug-
gest that the brain normally acts to quell over-excitation within
the spinal cord and thereby helps to maintain neural homeosta-
sis. We would also expect this process to counter the development
of central sensitization. Supporting this, we recently found that
capsaicin-induced EMR is weaker in intact subjects (relative to
spinally transected; Huang etal., 2014).

A caveat to our description of brain-dependent regulation is
that the protective role of brain processes can be disrupted by
surgical anesthesia. This issue was explored by Washburn etal.
(2007), who tested whether VIS induced a learning impairment in
pentobarbital anesthetized rats. Others have suggested that pento-
barbital anesthesia induces a physiological state within the spinal
cord that resembles the consequences of a spinal transection (Mori
etal,, 1981). Given this, she predicted that VIS applied to the tail

would have its usual effect in intact anesthetized rats. To test
this, intact subjects received anesthetic dose of pentobarbital or
its vehicle followed by VIS. The subjects were then transected
and a day later, tested for instrumental learning. As expected,
VIS did not induce a learning impairment in unanesthetized sub-
jects (Figure 9B). Rats that received pentobarbital prior to VIS
failed to learn, implying that pentobarbital anesthesia eliminates
the brain-dependent protection of spinal circuitry. This finding
is important because it suggests that nociceptive input during
general anesthesia could have an unanticipated effect that sen-
sitizes spinal nociceptive systems and promotes the development
of neuropathic pain.

As noted earlier, VIS does not induce antinociception in
spinally transected rats. However, in intact rats, VIS induces a
robust antinociception (Figure 9C). This effect too was blocked
by pentobarbital anesthesia (Washburn etal., 2007). The find-
ing implies that brain-dependent processes may protect spinal
systems by inhibiting nociceptive transmission. Because pretreat-
ment with an opioid does not have a protective effect (Hook
and Grau, 2007), we posit that brain systems inhibit the develop-
ment of central sensitization through a non-opioid process (e.g.,
serotonin).

DESCENDING SEROTONERGIC FIBERS MEDIATE THE INHIBITION OF
MALADAPTIVE PLASTICITY

Prior work suggested that the inhibition of the VIS-induced learn-
ing impairment could be mediated by serotonergic fibers that
descend through the dorsal lateral funiculus (DLF; Davies etal.,
1983; Watkins et al., 1984). If this is true, we should be able to elim-
inate the brain-dependent protection of spinal circuits by lesioning
the DLE. Crown and Grau (2005) examined this issue by bilaterally
lesioning the DLF at T2. Relative to the sham operated controls,
DLF lesions had little effect on sensory/motor function. Subjects
then received VIS and 2 h later the spinal cord was transected at
T8. The capacity for instrumental learning was assessed the next
day. As expected, in the absence of DLF lesions, VIS had no effect
on spinal function. However, in DLF lesioned rats VIS induced a
learning impairment (Figure 10A).

Because a large proportion of the fibers within the DLF
are serotonergic (Davies etal., 1983), we hypothesized that the
brain-mediated protective effect depends upon serotonin (5HT).
This is consistent with other work that has linked the develop-
ment of EMR after spinal injury to the loss of 5HT. Further,
5HT has been shown to attenuate EMR in injured rats and
this effect has been linked to an action at the SHT 1A recep-
tor (e.g., Eaton etal.,, 1997; Bardin etal., 2000; Gjerstad etal,,
2001; Hains etal., 2001a,b, 2003). If this same system medi-
ates the brain-dependent inhibition of the learning impairment,
engaging the SHT-1A receptor should have a protective effect
in spinally transected rats. To test this, rats were spinally tran-
sected and administered the agonist 5SHT or 8-OH DPAT (5HT
1A/7) intrathecal prior to VIS. Instrumental learning was tested
the next day. Crown and Grau (2005) found that both drugs
block the VIS-induced learning impairment (Figure 10B). Drugs
that acted at other SHT receptors [DOI (5HT 2) and quipazine
(5HT 2/3)] had no effect. Recognizing that some fibers within
the DLF are noradrenergic (Davies etal., 1983), Crown and Grau
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FIGURE 9 | Brain systems transform how shock affects spinal function.
(A) Rats received VIS (Shock) or nothing (Unshock) before or after a spinal
transection (Cut) and were tested for instrumental learning the next day.
When the spinal cord was cut prior to treatment, shock induced a learning
impairment (Cut Before-Shock). When the spinal cord was cut after shock
treatment (Cut AfterShock), no impairment was observed. (B) Intact rats
were anesthetized with pentobarbital (60 mg/kg, i.p.) or given saline. Subjects
then received VIS (Shock) or nothing (Unshock), followed by a spinal
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transection and instrumental testing. Shock induced a learning impairment in
anesthetized (Pento-Shock) but not awake (Saline-Shock) rats. (C) Intact rats
received saline or pentobarbital (50 mg/kg, i.p.) followed by VIS (Shock) or
nothing (Unshock). Nociceptive reactivity was tested by applying a noxious
thermal stimulus to the tail and measuring the latency to exhibit a
tail-withdrawal (tail-flick). In awake rats (Saline), shock treatment induced
antinociception. Shock had no effect on tail-flick latencies in anesthetized
(Pento) rats. Adapted from Crown and Grau (2005) and \Washburn etal. (2007).
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FIGURE 10 | Descending serotonergic systems modulate the induction
of the shock-induced learning impairment. (A) Subjects underwent
bilateral lesions of the DLF at T2 or a sham surgery. Two hours later the
spinal cord was transected at T8 and instrumental learning was assessed
the next day. Shock treatment induced a learning impairment in DLF
lesioned rats (Lesioned-Shock) but not in intact sham operated rats
(Sham-Shock). (B) Spinally transected rats received serotonin (i.t.; 0, 10, 50,
or 100 nmol) followed by VIS (Shock) or nothing (Unshock). Instrumental
learning was tested the next day. Shock treatment impaired learning in
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vehicle treated rats (0 nmol 5HT-Shock). This learning impairment was
blocked by pretreatment with 5HT in a dose-dependent manner. (C) Intact
rats received the 5HT 1A antagonist WAY 100635 (i.t.; 0, 25, 50, or

100 nmol) prior to VIS. The spinal cord was then transected and
instrumental learning was assessed the next day. As expected, intact rats
that received shock and the vehicle (0 nmol WAY 100635) did not exhibit a
learning impairment. Shock induced a learning impairment in subjects given
the 5HT 1A antagonist and this effect was dose-dependent. Adapted from
Crown and Grau (2005).

(2005) also assessed the impact of the a-2 noradrenergic ago-
nist clonidine. While clonidine had a protective effect, its action
was blocked by a 5HT 1A antagonist (WAY 100635), implying
that the positive effect was due to cross-reactivity with the SHT
1A receptor (Newman-Tancredi etal., 1998; Shannon and Lutz,
2000).

These results suggest that activation of the SHT 1A receptor
can substitute for the brain-dependent process in transected rats
to inhibit the development of maladaptive plasticity. To test the
necessity of this process, Crown blocked the 5SHT 1A receptor
in intact rats (using i.t. WAY 100635) and administered VIS. The
spinal cord was then transected and subjects were tested for instru-
mental learning. When the 5HT 1A receptor was blocked, VIS
induced a learning impairment in intact rats (Figure 10C). We
conclude that descending serotonergic fibers counter the develop-
ment of maladaptive plasticity by engaging the SHT 1A receptor.
The corollary to this is that damage to this tract will remove
this protective effect and set the stage for maladaptive plasticity

in response to uncontrollable nociceptive input and peripheral
inflammation.

SPINAL INJURY ALTERS GABAERGIC FUNCTION WITHIN THE SPINAL
CORD

Our results imply that the loss of brain input can fundamen-
tally alter how spinal systems operate. We suggest that this may
explain why some treatments affect spinal systems in opposite ways
depending whether brain input is intact or absent. An especially
revealing example of this emerged from our work examining the
role of GABAergic systems (Ferguson etal., 2003). We had shown
that administration of the GABA-A antagonist bicuculline blocks
the expression of the VIS-induced learning impairment. VIS also
induces EMR (Ferguson etal., 2006). If the learning impairment
and the EMR are mediated by a common mechanism, the EMR
should also be blocked by bicuculline. This seemed paradoxical
because GABA is typically viewed as having an inhibitory effect
that should counter neural excitation and EMR. Indeed, in intact
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rats, blocking GABA with bicuculline generally enhances reactiv-
ity to nociceptive and mechanical stimuli (Roberts etal., 1986;
Millan, 2002). However, in spinally transected rats, we found that
intrathecal bicuculline blocks VIS-induced EMR (Huang etal.,
2011). More surprising, treatment with bicuculline also blocked
capsaicin-induced EMR, and cellular indices of central sensiti-
zation (e.g., ERK phosphorylation), in transected rats (Huang
etal., 2014). Thus, when communication with the brain was dis-
rupted, blocking GABAergic activity seemingly quelled, rather
than enhanced, nociceptive sensitization.

The fault in our reasoning likely lies with the assumption that
GABA uniformly has an inhibitory effect. The impact of GABA
on neural excitation is regulated by the concentration of intracel-
lular C1~, which is controlled by K*-CI~ cotransporter 2 (KCC2)
and Na™-K*-CI~ cotransporter 1 (NKCC1; Figure 11A). As the
nervous system develops, there is an increase in KCC2 expres-
sion, which lowers the concentration of intracellular Cl~ (Ben-Ari,
2002). As a result, engaging the GABA-A receptor causes Cl~ to
flow into the cell, which produces neural inhibition. Spinal injury,
however, can cause a reduction in KCC2 expression, which leads
to an increase in intracellular C1~ (Ben-Ari etal., 2012). Conse-
quently, engaging the GABA-A receptor will allow CI™ to flow
out of the cell, which has a depolarizing (excitatory) effect that
may contribute to the development of EMR (Cramer etal., 2008;

Hasbargen etal., 2010). Recently, we confirmed that a spinal tran-
section reduces the ratio of membrane bound KCC2 (relative to
the cytosolic fraction) in the lumbosacral spinal cord within 24 h
(Huang etal., 2014).

In the uninjured system, GABAergic transmission would have
a homeostatic effect that would act to counter nociception-
induced over-excitation. But if KCC2 levels are low, engaging
this process would promote over-excitation and the development
of central sensitization. Under these conditions, pretreatment
with a GABA-A antagonist should counter the development of
central sensitization and EMR, and our data suggest that this
is true (Huang etal.,, 2013). We would further predict that in
intact animals, intrathecal bicuculline should have the opposite
effect. In the intact system, plasmalemmal KCC2 levels should
be high. Now, engaging the GABA-A receptor would promote
the inward flow of ClI~, producing neural inhibition. Support-
ing this, we found that in intact animals, bicuculline enhanced
capsaicin-induced EMR and ERK phosphorylation (Huang etal.,
2014).

Changes in GABAergic function may also help to explain
another paradoxical effect. Earlier, we described how intrathecal
administration of BDNF has a beneficial effect in spinally tran-
sected rats, countering both the learning impairment and EMR
induced by VIS (Huie etal., 2012b). More recently, we showed that
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FIGURE 11 | Injury increases intracellular CI~ in GABA-responsive cells,
causing GABA to have an excitatory effect and transforming how
experimental manipulations impact spinal function. (A) Schematic of the
processes that regulate intracellular CI~—. NKCC1 regulates the inward flow of
CI~ whereas KCC2 controls its outward flow. Early in development,
membrane-bound (plasmalemmal) KCC2 levels are low, and as result, the
intracellular concentration of CI~ remains high. Under these conditions,
engaging the GABA-A receptor allows CI~ to exit the cell, causing it
depolarize, which promotes neural excitation. With development, there is an
up-regulation of KCC2, which drives down the intracellular concentration of
Cl~.This causes a shift in polarity because engaging the GABA-A receptor

now causes ClI~ to flow into the cell, inducing hyperpolization and neural
inhibition. Recent work has revealed that spinal injury can cause a regression
to the immature state, by down-regulating KCC2 expression (Ben-Ari etal.,
2012). This would reduce the hyperpolarizing effect of GABA and enhance the
degree to which it induces neural excitation. There is also a complimentary
change in NKCC1 function, which is regulated through phosphorylation
(Flemmer etal., 2002). (B) Capsaicin produces a stronger EMR, and greater
ERK activation, in spinally transected rats. After a spinal injury, pretreatment
with BDNF or bicuculline attenuates capsaicin-induced EMR and ERK
activation. In uninjured rats, BDNF and bicuculline enhance capsaicin-induced
EMR and ERK activation. Adapted from Kahle etal. (2014).

Frontiers in Neural Circuits

www.frontiersin.org

September 2014 | Volume 8 | Article 100 |156


http://www.frontiersin.org/Neural_Circuits/
http://www.frontiersin.org/
http://www.frontiersin.org/Neural_Circuits/archive

Grau etal.

Metaplasticity and spinal cord function

BDNF also attenuates capsaicin-induced EMR in transected sub-
jects (Lee etal., 2012). These effects on EMR run counter to other
studies demonstrating that BDNF in intact subjects can foster the
development of central sensitization and enhance pain (Merighi
etal., 2008). In intact subjects, BDNF reduces plasmalemmal
KCC2 within the lumbosacral spinal cord, which would reduce
GABAergic inhibition and explain, in part, why BDNF pro-
motes the development of central sensitization (Coull etal., 2005;
Valencia-de Ita etal., 2006; Lu et al., 2009; Biggs et al., 2010). Inter-
estingly, after spinal injury, BDNF appears to have the opposite
effect on KCC2 expression (Boulenguez et al., 2010), which would
re-establish the inhibitory action of GABA. This suggests that
BDNF should attenuate inflammation-induced EMR in transected
rats, which is what we observed (Lee et al., 2012). It further suggests
that BDNF should have the opposite effect on capsaicin-induced
EMR in intact rats. Lee etal. (2014) recently confirmed that this
too is true using both behavioral and cellular indices of central
sensitization.

In summary, our results suggest that spinal injury removes a
brain-dependent protective effect that is mediated by descend-
ing serotonergic fibers and the 5SHT-1A receptor. A loss of brain
communication also leads to a shift in KCC2 that transforms
how GABA affects spinal circuits, causing it to have an exci-
tatory effect that we suggest contributes to the development of
central sensitization. BDNF may have a protective effect, in part,
by promoting KCC2 plasmalemmal expression. This would re-
establish GABA-mediated inhibition (Boulenguez etal., 2010),
which could counter the development of neural excitation. In
the absence of injury, GABAergic inhibition would be blocked by
bicuculline and reduced by BDNF (through a down-regulation
of KCC2), and in both cases, this would promote nociceptive
activity and the development of EMR (Figure 11B). These con-
clusions are consistent with electrophysiological data indicating
that BDNF facilitates AMPA and NMDA mediated currents in
intact, but not spinally transected, subjects (Garraway etal., 2003,
2005; Garraway and Mendell, 2007). These data suggest that
BDNF is pronociceptive in intact subjects, but not after spinal
injury.

CONCLUSION

Studies of brain plasticity have uncovered processes that have a
lasting impact on plastic potential, and we have suggested that
this concept of metaplasticity has relevance to spinal function.
We have shown that uncontrollable/unpredictable stimulation,
and peripheral inflammation, induce a process that has a lasting
inhibitory effect (Grau etal., 1998; Hook etal., 2008; Baumbauer
etal., 2009). We related this process to the development of central
sensitization and EMR, and characterized these effects as examples
of maladaptive plasticity. We showed that predictable/controllable
stimulation engages an opponent process, that fosters a form of
adaptive plasticity (instrumental learning) and that counters the
adverse effects of VIS and peripheral inflammation (Crown and
Grau, 2001; Crown etal., 2002a). The beneficial effects of training
appear related to an up-regulation of BDNF (Huie etal., 2012b).
The adverse effects were tied to multiple processes: The expression
of the deficit depends on kappa opioid activity (Washburn etal.,
2008); its induction is coupled to the mGluR, non-neuronal cells,

and the cytokine TNF (Ferguson etal., 2008; Vichaya etal., 2009;
Huie et al., 2012a). We also showed that VIS disrupts recovery after
a contusion injury and that this adverse effect was related to an
up-regulation of TNF and a down-regulation of BDNF (Garraway
etal., 2011, 2012).

Spinal injury appears to set the stage for damage and EMR by
causing a loss of serotonergic fibers, which in the uninjured system,
counter the development of maladaptive plasticity by acting at the
5HT-1A receptor (Crown and Grau, 2005). Disconnected from
the brain, GABAergic systems revert to an immature state, due
to a down-regulation of plasmalemmal KCC2 (Hasbargen etal.,
2010; Ben-Arietal.,2012). This causes GABA to have an excitatory
effect that we posit contributes to the development of maladaptive
plasticity.

We have linked the learning impairment to the release of TNF
from microglia. The beneficial effects of training were tied to the
release of BDNE. While we have not identified the relevant source
of BDNEF it too could be expressed by microglia. If so, activity
within microglia would determine whether an earlier experience
engages a metaplastic effect that promotes (BDNF) or interferes
(TNF) with adaptive plasticity. A potentially more intriguing ques-
tion is whether microglia support a kind of biological switch that
maintains enhanced expression. Such a process could be initiated
by the profile of extracellular signals secreted by neurons during
training. For example, the relative release of adenosine triphos-
phate (ATP), glutamate, and matrix metalloprotein-9 (MMP9),
may vary depending upon whether the afferent signals are pre-
dictable/controllable versus unpredictable/uncontrollable. This
could initiate alternative processes in microglia and astrocytes that
are preserved over time and relayed to remote sites (Hansen etal.,
2013).

It has long been recognized that the core (primary) injury
affects the surrounding tissue to promote tissue loss (secondary
injury; Beattie and Bresnahan, 2000). Our work shows that how
this process unfolds is affected by peripheral stimulation. This is
clinically important because SCI is often accompanied by other
tissue damage (polytrauma; Chu etal.,, 2009; Putz etal., 2011),
which provides a source of nociceptive input that can fuel nocicep-
tive sensitization and promote cell death. Such a view anticipates
that inhibiting neural excitation (e.g., by local cooling or adminis-
tration of a Na™* channel blocker), or microglia activation (e.g.,
using minocycline), should reduce secondary damage and atten-
uate chronic pain (Baptiste and Fehlings, 2006; Batchelor etal.,
2013; Hansebout and Hansebout, 2014).

In considering alternative treatments, the focus is on spinally
mediated nociception, not conscious pain. Surgical anesthesia
blocks the experience of pain, but does not protect spinal circuits.
Rather, it allows nociceptive stimulation to induce a maladaptive
effect in the absence of spinal injury (Washburn et al., 2007). Like-
wise, systemic morphine eliminates behavioral signs of pain, but
does not counter the adverse effect peripheral stimulation has on
spinal function and, worst yet, increases the extent of secondary
injury (Hook etal., 2007, 2009).

Peripheral stimulation can also have an adverse effect during
the chronic phase of injury, by inducing a form of maladap-
tive plasticity that inhibits learning and promotes nociceptive
sensitization. Potential sources of nociceptive input include
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peripheral inflammation (e.g., from bed sores), stretching (Caudle
etal., 2011), and electrical stimulation to induce muscle activ-
ity (Creasey etal., 2004). While pharmacological treatments that
attenuate neural excitation can lessen the development of mal-
adaptive plasticity, they will also inhibit adaptive plasticity and
undermine the effectiveness of physical therapy. A better approach
may involve training with predictable/controllable forms of stimu-
lation, because these should both inhibit nociceptive sensitization
and promote adaptive plasticity. Further, the link to metaplastic-
ity implies that effective training can have a long-term benefit.
Behavioral control is also relevant to the design of robotic systems
(e.g., Del-Ama etal., 2014; McGie etal., 2014). These obser-
vations fit well with studies demonstrating long-term benefits
of locomotor training (Edgerton etal., 2004). The work also
implies that encouraging active behavioral control can enhance
the beneficial effects of treatments that enable spinal function
[e.g., epidural stimulation (Harkema etal.,, 2011; Angeli etal.,
2014)].

ACKNOWLEDGMENTS

Preparation of this paper was supported by grants from Mis-
sion Connect to James W. Grau, Michelle A. Hook, and Sandra
M. Garraway, NS081606 to Sandra M. Garraway, Michelle A.
Hook, and James W. Grau, DA031197 to Michelle A. Hook, James
W. Grau, and Sandra M. Garraway, and NS069537 to Adam R.
Ferguson and James W. Grau.

REFERENCES

Abraham, W. C. (2008). Metaplasticity: tuning synapses and networks for plasticity.
Nat. Rev. Neurosci. 9:387. doi: 10.1038/nrn2356

Abraham, W. C,, and Bear, M. E. (1996). Metaplasticity: the plasticity of synaptic
plasticity. Trends Neurosci. 19, 126-130. doi: 10.1016/S0166-2236(96)80018-X

Abraham, W. C., and Williams, J. M. (2008).
protein synthesis-dependence. Neurobiol. Learn. Mem. 89, 260-268. doi:
10.1016/j.nlm.2007.10.001

Aceves, M., and Hook, M. A. (2013). Morphine binding to KORs and nonclassic
ORs undermines recovery following SCI. Abstract in 2013 Neuroscience Meeting
Planner (San Diego, CA: Society for Neuroscience).

Agrawal, S. K., Theriault, E., and Fehlings, M. G. (1998). Role of group I
metabotropic glutamate receptors in traumatic spinal cord white matter injury.
J. Neurotrauma 15, 929-941. doi: 10.1089/neu.1998.15.929

Angeli, C. A., Edgerton, V. R., Gerasimenko, Y. P., and Harkema, S. J. (2014). Alter-
ing spinal cord excitability enables voluntary movements after chronic complete
paralysis in humans. Brain 137, 1277-1280. doi: 10.1093/brain/awu038

Aniksztejn, L., Otani, S., and Ben-Ari, Y. (1992). Quisqualate metabotropic
receptors modulate NMDA currents and facilitate induction of long-term
potentiation through protein kinase C. Eur. J. Neurosci. 4, 500-505. doi:
10.1111/}.1460-9568.1992.tb00900.x

Araque, A., Parpura, V., Sanzgiri, R. P, and Haydon, P. G. (1999). Tripartite
synapses: glia, the unacknowledged partner. Trends Neurosci. 22, 208-215. doi:
10.1016/S0166-2236(98)01349-6

Baker-Herman, T. L., Fuller, D. D., Bavis, R. W,, Zabka, A. G., Golder, F. J., and
Doperalski, N. J., (2004). BDNF is necessary and sufficient for spinal respi-
ratory plasticity following intermittent hypoxia. Nat. Neurosci. 7, 48-55. doi:
10.1038/nn1166

Baptiste, D. C., and Fehlings, M. G. (2006). Pharmacological approaches to repair the
injured spinal cord. J. Neurotrauma 23, 318-334. doi: 10.1089/neu.2006.23.318

Bardin, L., Schmidt, J., Alloui, A., and Eschalier, A. (2000). Effect of intrathecal
administration of serotonin in chronic pain models in rats. Eur. J. Pharmacol.
409, 37-43. doi: 10.1016/S0014-2999(00)00796-2

Basso, D. M., Beattie, M. S., and Bresnahan, J. C. (1995). A sensitive and reliable
locomotive rating scale for open field testing in rats. J. Neurotrauma 12, 1-21.
doi: 10.1089/neu.1995.12.1

LTP maintenance and its

Batchelor, P. E., Skeers, P,, Antonic, A., Wills, T. E., Howells, D. W., Macleod,
M. R, etal. (2013). Systematic review and meta-analysis of therapeutic
hypothermia in animal models of spinal cord injury. PLoS ONE 8:¢71317. doi:
10.1371/journal.pone.0071317

Baumbauer, K. M., and Grau, J. W. (2011). Timing in the absence of supraspinal
input III: regularly spaced cutaneous stimulation prevents and reverses the spinal
learning deficit produced by peripheral inflammation. Behav. Neurosci. 125, 37—
45. doi: 10.1037/20022009

Baumbauer, K. M., Hoy, K. C., Huie, J. R., Hughes, A. J., Woller, S., Puga, D.
A., etal. (2008). Timing in the absence of supraspinal input I: variable, but
not fixed, spaced stimulation of the sciatic nerve undermines spinally-mediated
instrumental learning. Neuroscience 155,1030—1047. doi: 10.1016/j.neuroscience.
2008.07.003

Baumbauer, K. M., Huie, J. R., Hughes, A. J., and Grau, J. W. (2009). Timing in
the absence of supraspinal input II: regular spaced stimulation induces a lasting
alteration in spinal function that depends on the NMDA receptor, BDNF release,
and protein synthesis. J. Neurosci. 29, 14383-14393. doi: 10.1523/JNEUROSCI.
3583-09.2009

Baumbauer, K. M., Puga, D. A., Lee, K. H., Woller, S. A., Hughes, A. J., and Grau, J.
W. (2012). Temporal regularity determines the impact of electrical stimulation on
tactile reactivity and response to capsaicin in spinally transected rats. Neuroscience
227,119-133. doi: 10.1016/j.neuroscience.2012.09.054

Baumbauer, K. M., Young, E. E., Hoy, K. C., and Joynes, R. L. (2006). Intrathecal
infuions of anisomycin impact the learning deficit but not learning effect observed
in spinal rats that received instrumental training. Behav. Brain Res. 173,299-309.
doi: 10.1016/j.bbr.2006.06.041

Bear, M. F. (2003). Bidirectional synaptic plasticity: from theory to reality. Philos.
Trans. R. Soc. Lond. B Biol. Sci. 358, 649-655. doi: 10.1098/rstb.2002.1255

Beattie, E. C., Stellwagen, D., Morishita, W., Bresnahan, J. C., and Ha, B. K. (2002).
Control of synaptic strength by glial TNFalpha. Science 295, 2282-2285. doi:
10.1126/science.1067859

Beattie, M. S., and Bresnahan, J. C. (2000). “Cell death, repair, and recovery of
function after spinal cord contusion injuries in rats,” in Neurobiology of Spinal
Cord Injury, eds R. G. Kalb and S. M. Strittmatter (Totowa, NJ: Humana Press),
1-21.

Beattie, M. S., Farooqui, A. A., and Bresnahan, J. C. (2000). Review of current
evidence for apoptosis after spinal cord injury. J. Neurotrauma 17, 915-925. doi:
10.1089/neu.2000.17.915

Ben-Ari, Y. (2002). Excitatory actions of GABA during development: the nature of
the nurture. Nat. Rev. Neurosci. 3,728-739. doi: 10.1038/nrn920

Ben-Ari, Y., Khalilov, 1., Kahle, K. T., and Cherubini, E. (2012). The GABA
excitatory/inhibitory shift in brain maturation and neurological disorders.
Neuroscientist 18, 467-486. doi: 10.1177/1073858412438697

Biggs, J. E., Lu, V. B,, Stebbing, M. J., Balasubramanyan, S., and Smith, P. A.
(2010). Is BDNF sufficient for information transfer between microglia and dor-
sal horn neurons during the onset of central sensitization? Mol. Pain 6:44. doi:
10.1186/1744-8069-6-44

Blanquet, R., and Lamour, Y. (1997). Brain-derived neurotrophic factor in- creases
Ca?*/calmodulin-dependent protein kinase 2 activity in hippocampus. J. Biol.
Chem. 272, 24133-24136. doi: 10.1074/jbc.272.39.24133

Blustein, J. E., Whitehouse, W. G., Calcagnetti, D. J., Troisi, J. R., Margules, D. L., and
Bersh, P. J. (1992). Reduction of learned helplessness by central administration
of quaternary naltrexone. Physiol. Behav. 51, 1075-1078. doi: 10.1016/0031-
9384(92)90095-]

Bortolotto, Z. A., Bashir, Z. I, Davies, C. H., and Collingridge, G. L. (1994).
A molecular switch activated by metabotropic glutamate receptors regulates
induction of long-term potentiation. Nature 368, 740-743. doi: 10.1038/
368740a0

Bothwell, M. (1996). p75NTR: a receptor after all. Science 272, 506-507. doi:
10.1126/science.272.5261.506

Boulenguez, P, Liabeuf, S., Bos, R., Bras, H., Jean-Xavier, C., Brocard, C., etal.
(2010). Down-regulation of the potassium-chloride cotransporter KCC2 con-
tributes to spasticity after spinal cord injury. Nat. Med. 16, 302-307. doi:
10.1038/nm.2107

Boyce, V. S., Park, J., Gage, F. H., and Mendell, L. M. (2012). Differential
effects of brain derived neurotrophic factor and neutrophin-3 on hindlimb
function in paraplegic rats. Eur. J. Neurosci. 35, 221-232. doi: 10.1111/j.1460-
9568.2011.07950.x

Frontiers in Neural Circuits

www.frontiersin.org

September 2014 | Volume 8 | Article 100 |158


http://www.frontiersin.org/Neural_Circuits/
http://www.frontiersin.org/
http://www.frontiersin.org/Neural_Circuits/archive

Grau etal.

Metaplasticity and spinal cord function

Boyce, V. S., Tumolo, M., Fischer, 1., Murray, M., and Lemay, M. A.
(2007). Neurotrophic factors promote and enhance locomotor recovery in
untrained spinalized cats. J. Neurophysiol. 98, 1988—1996. doi: 10.1152/jn.00391.
2007

Caudle, K. L., Brown, E. H., Shum-Siu, A., Burke, D. A., Magnuson, T. S., Voor,
M. ], etal. (2011). Hindlimb immobilization in a wheelchair alters functional
recovery following contusive spinal cord injury in the adult rat. Neurorehabil.
Neural Repair 25, 729-739. doi: 10.1177/1545968311407519

Caudle, R. M., Chavkin, C., and Dubner, R. (1994). Kappa 2 opioid receptors inhibit
NMDA receptor-mediated synaptic currents in guinea pig CA3 pyramidal cells.
J. Neurosci. 14, 5580-5589.

Caudle, R. M., Mannes, A. J., and Iadarola, M. J. (1997). GR89,696 is a kappa-2
opioid receptor agonist and a kappa-1 opioid receptor antagonist in the guinea
pig hippocampus. J. Pharmacol. Exp. Ther. 283, 1342—1349.

Cejas, P. J., Martinez, M., Karmally, S., McKillop, M., McKillop, J., Plun-
kett, J. A., etal. (2000). Lumbar transplant of neurons genetically modified to
secrete brain-derived neurotrophic factor attenuates allodynia and hyperalgesia
after sciatic nerve constriction. Pain 86, 195-210. doi: 10.1016/S0304-3959(00)
00245-1

Chu, D., Lee, Y.-H., Lin, C.-H., Chou, P,, and Yang, N.-P. (2009). Prevalence of
associated injuries of spinal trauma and their effect on medical utilization among
hospitalized adult subjects — a nationwide data-based study. BMC Health Serv.
Res. 9:137. doi: 10.1186/1472-6963-9-137

Cohen, A. S., Coussens, C. M., Raymond, C. R., and Abraham, W. C. (1999).
Long-lasting increase in cellular excitability associated with the priming of LTP
induction in rat hippocampus. J. Neurophysiol. 82, 3139-3148.

Collingridge, G. L., and Bliss T. V. P. (1987). NMDA receptors and their role
in long-term potentiation. Trends Neurosci. 10, 288-293. doi: 10.1016/0166-
2236(87)90175-5

Coull, J. A., Beggs, S., Boudreau, D., Boivin, D., Tsuda, M., Inoue, K., etal.
(2005). BDNF from microglia causes the shift in neuronal anion gradient
underlying neuropathic pain [see comment]. Nature 438, 1017-1021. doi:
10.1038/nature04223

Cramer, S. W., Baggott, C., Cain, J., Tilghman, J., Allcock, B., Miranpuri, G.,
etal. (2008). The role of cation-dependent chloride transporters in neuropathic
pain following spinal cord injury. Mol. Pain 4, 36—44. doi: 10.1186/1744-80
69-4-36

Creasey, G. H., Ho, C. H,, Triolo, R. J., Gater, D. R., DiMarco, A. E,, Bogie, K. M., et al.
(2004). Clinical applications of electrical stimulation after spinal cord injury. J.
Spinal Cord Med. 27, 365-375.

Crown, E. D., Ferguson, A. R., Joynes, R. L., and Grau, J. W. (2002a). Instrumental
learning within the spinal cord: II. Evidence for central mediation. Physiol. Behav.
77, 259-267. doi: 10.1016/S0031-9384(02)00859-4

Crown, E. D,, Joynes, R. L., Ferguson, A. R., and Grau, J. W. (2002b). Instrumental
learning within the spinal cord: IV. Induction and retention of the behavioral
deficit observed after noncontingent shock. Behav. Neurosci. 116, 1032-1051.
doi: 10.1037/0735-7044.116.6.1032

Crown, E. D, and Grau, J. W. (2001). Preserving and restoring behavioral potential
within the spinal cord using an instrumental training paradigm. J. Neurophysiol.
86, 845-855.

Crown, E. D., and Grau, J. W. (2005). Evidence that descending systems protect
behavioral plasticity against the disruptive effect of nociceptive stimulation. Exp.
Neurol. 196, 164-176. doi: 10.1016/j.expneurol.2005.07.016

Cunha, C., Brambilla, R., and Thomas, K. L. (2010). A simple role for BDNF in
learning and memory. Front. Mol. Neurosci. 3:1. doi: 10.3389/neuro.02.001.2010

Czeschik, J. C., Hagenacker, T., Schafers, M., and Busselberg, D. (2008). TNF-alpha
differentially modulates ion channels of nociceptive neurons. Neurosci. Lett. 434,
293-298. doi: 10.1016/j.neulet.2008.01.070

Dale-Nagle, E. A., Hoffman, M. S., MacFarlane, P. M., Satriotomo, I., Lovett-
Barr, M. R., Vinit, S., etal. (2010). Spinal plasticity following intermittent
hypoxia: implications for spinal injury. Ann. N. Y. Acad. Sci. 1198, 252-259.
doi: 10.1111/j.1749-6632.2010.05499.x

Davies, J. E., Marsden, C. A., and Roberts, M. H. T. (1983). Hyperalgesia and
reduction of monoamines resulting from lesions of the dorsolateral funiculus.
Brain Res. 261, 59-68. doi: 10.1016/0006-8993(83)91283-0

Del-Ama, A. J., Gil-Agudo, A., Pons, J. L., and Moreno, J. C. (2014). Hybrid
FES-robot cooperative control of ambulatory gait rehabilitation exoskeleton.
J. Neuroeng. Rehabil. 11:27. doi: 10.1186/1743-0003-11-27

Dickenson, A. H., and Sullivan, A. F. (1987). Evidence for a role of the NMDA recep-
tor in the frequency dependent potentiation of deep rat dorsal horn nociceptive
neurons following C fibre stimulation. Neuropharmacology 26, 1235-1238. doi:
10.1016/0028-3908(87)90275-9

Domjan, M. (2015). Principles of Learning and Behavior, 7th Edn. Belmont, CA:
Wadsworth.

Dudai, Y. (1989). The Neurobiology of Memory: Concepts, Findings, Trends. Oxford:
Oxford University Press.

Dudai, Y. (2004). The neurobiology of consolidations, or, how stable is the engram?
Annu. Rev. Psychol. 55, 51-86. doi: 10.1146/annurev.psych.55.090902.142050

Duprez, L., Wirawan, E., Berghe, T. V., and Vandenabeele, P. (2009). Major
cell death pathways at a glance. Microbes Infect. 11, 1050-1062. doi:
10.1016/j.micinf.2009.08.013

Durkovig, R. G., and Prokowich, L. J. (1998). D-2-amino-5-phosphonovalerate, and
NMDA receptor antagonist, blocks induction of associative longterm potentiation
of the flexion reflex in spinal cat. Neurosci. Lett. 257, 162—164. doi: 10.1016/S0304-
3940(98)00820-9

Eaton, M. ], Santiago, D. I., Dancausse, H. A., and Whittemore, S. R. (1997). Lumbar
transplants of immortalized serotonergic neurons alleviate chronic neuropathic
pain. Pain 72, 59-69. doi: 10.1016/S0304-3959(97)00015-8

Edgerton, V. R., Tillakartne, N. J., Bigbee, A. J., De Leon, R. D., and Roy, R. R.
(2004). Plasticity of the spinal neural circuitry after injury. Annu. Rev. Neurosci.
27, 145-167. doi: 10.1146/annurev.neuro.27.070203.144308

Faden, A. 1. (1990). Opioid and nonopioid mechanisms may contribute to dynor-
phin’s pathophysiological actions in spinal cord injury. Ann. Neurol. 27, 67-74.
doi: 10.1002/ana.410270111

Ferguson, A. R, Bolding, K. A., Huie, J. R., Hook, M. A, Santillano, D. R., Miranda, R.
C., etal. (2008). Group I metabotropic glutamate receptors control metaplasticity
of spinal cord learning through a PKC-dependent mechanism. J. Neurosci. 28,
11939-11949. doi: 10.1523/JNEUROSCI.3098-08.2008

Ferguson, A. R., Crown, E. D., and Grau, J. W. (2006). Nociceptive plasticity
inhibits adaptive learning in the spinal cord. Neuroscience 141, 421-431. doi:
10.1016/j.neuroscience.2006.03.029

Ferguson, A. R., Hook, M. A, Garcia, G., Bresnahan, J. C., Beattie, M. S., and
Grau, J. W. (2004). A simple transformation that improves the metric proper-
ties of the BBB scale. J. Neurotrauma 21, 1601-1613. doi: 10.1089/neu.2004.
21.1601

Ferguson, A. R., Huie, J. R., Crown, E. D., Baumbauer, K. M., Hook, M. A., Gar-
raway, S. M., etal. (2012a). Maladaptive spinal plasticity opposes adaptive spinal
learning after spinal cord injury. Front. Physiol. 3:399. doi: 10.3389/fphys.2012.
00399

Ferguson, A. R., Huie, J. R., Crown, E. D,, and Grau, J. W. (2012b). Central noci-
ceptive sensitization vs. spinal cord training: opposing forms of plasticity that
dictate function after complete spinal cord injury. Front. Physiol. 3:396. doi:
10.3389/fphys.2012.00396

Ferguson, A. R., Washburn, S. N., Crown, E. D,, and Grau, J. W. (2003). GABAA
receptor activation is involved in non-contingent shock inhibition of instrumental
conditioning in spinal rat. Behav. Neurosci. 117, 799-812. doi: 10.1037/0735-
7044.117.4.799

Fields, H. L. (2000). Pain modulation: expectation, opioid analgesia and virtual
pain. Prog. Brain Res. 122, 245-253. doi: 10.1016/S0079-6123(08)62143-3

Finkbeiner, S. (2000). CREB couples neurotrophin signals to survival messages.
Neuron 25, 11-14. doi: 10.1016/S0896-6273(00)80866-1

Flemmer, A. W., Gimenez, 1., Dowd, B. F, and Darman, R. B. (2002). For-
bush antibodyB. Activation of the Na—K-Cl cotransporter NKCCl detected
with a phospho-specific antibody. J. Biol. Chem. 277, 37551-37558. doi:
10.1074/jbc.M206294200

Garraway, S. M., Anderson, A. J., and Mendell, L. M. (2005). BDNF-induced
facilitation of afferent-evoked responses in lamina II neurons is reduced after
neonatal spinal cord contusion injury. J. Neurophysiol. 94, 1798-1804. doi:
10.1152/jn.00179.2005

Garraway, S. M., and Mendell, L. M. (2007). Spinal cord transection enhances
afferent-evoked inhibition in lamina II neurons and abolishes BDNF-induced
facilitation of their sensory input. J. Neurotrauma 24, 379-390. doi:
10.1089/neu.2006.0115

Garraway, S. M., Petruska, J. C., and Mendell, L. M. (2003). BDNF sensitizes the
response of lamina II neurons to high threshold primary afferent inputs. Eur. J.
Neurosci. 18, 2467-2476. doi: 10.1046/j.1460-9568.2003.02982.x

Frontiers in Neural Circuits

www.frontiersin.org

September 2014 | Volume 8 | Article 100 |159


http://www.frontiersin.org/Neural_Circuits/
http://www.frontiersin.org/
http://www.frontiersin.org/Neural_Circuits/archive

Grau etal.

Metaplasticity and spinal cord function

Garraway, S. M., Turtle, J. D., Huie, J. R., Lee, K. H., Hook, M. A., Woller,
S. A, etal. (2011). Intermittent noxious stimulation following spinal cord
contusion injury impairs locomotor recovery and reduces spinal BDNF-TrkB sig-
naling in adult rats. Neuroscience 199, 86—-102. doi: 10.1016/j.neuroscience.2011.
10.007

Garraway, S. M., Woller, S. A., Huie, J. R., Hook, M. A., Huang, Y.-Y., Hartman, J.
J., etal. (2012). Peripheral noxious stimulation following contusion spinal cord
injury increases the incidence of mechanical allodynia and the expression of TNF
alpha in the spinal cord. Abstract in 2012 Neuroscience Meeting Planner (New
Orleans, LA: Society for Neuroscience).

Gjerstad, J., Tjolsen, A., and Hole, K. (2001). Induction of long-term potentiation of
single wide dynamic range neurones in the dorsal horn is inhibited by descending
pathways. Pain 91, 263-268. doi: 10.1016/S0304-3959(00)00448-6

Go6mez-Pinilla, E, Huie, J. R., Ying, Z., Ferguson, A., Crown, E. D., Baumbauer,
K. M., etal. (2007). BDNF and learning: evidence that instrumental training
promotes learning within the spinal cord by up-regulating BDNF expression.
Neuroscience 148, 893—-906. doi: 10.1016/j.neuroscience.2007.05.051

Gomez-Pinilla, E, Ying, Z., Opazo, P, Roy, R. R., and Edgerton, V. R. (2001).
Differential regulation by exercise of BDNF and NT-3 in rat spinal cord and
skeletal muscle. Eur. J. Neurosci. 13, 1078-1084. doi: 10.1046/j.0953-816x.2001.
01484.x

Grau, J. W. (1987). The central representation of an aversive event maintains the
opioid and nonopioid forms of analgesia. Behav. Neurosci. 101, 272-288. doi:
10.1037/0735-7044.101.2.272

Grau, J. W. (2010). “Instrumental conditioning,” in Corsini Encyclopedia of Psychol-
o0gy, 4th Edn, eds I. B. Weiner and C. B. Nemeroff (New York: John Wiley and
Sons).

Grau, J. W. (2014). Learning from the spinal cord: how the study of spinal cord
plasticity informs our view of learning. Neurobiol. Learn. Mem. 108, 155-171.
doi: 10.1016/j.nlm.2013.08.003

Grau, J. W,, Barstow, D. G., and Joynes, R. L. (1998). Instrumental learning within
the spinal cord: I. Behavioral properties. Behav. Neurosci. 112, 1366—1386. doi:
10.1037/0735-7044.112.6.1366

Grau, J. W,, Crown, E. D., Ferguson, A. R., Washburn, S. N., Hook, M. A., and
Miranda, R. C. (2006). Instrumental learning within the spinal cord: underlying
mechanisms and implications for recovery after injury. Behav. Cogn. Neurosci.
Rev. 5,191-239. doi: 10.1177/1534582306289738

Grau, J. W., Huie, J. R., Garraway, S. M., Hook, M. A., Crown, E. D., Baumbauer, K.
M., etal. (2012). Impact of behavioral control on the processing of nociceptive
stimulation. Front. Physiol. 3:262. doi: 10.3389/fphys.2012.00262

Grau, J. W., Washburn, S. N., Hook, M. A., Ferguson, A. R., Crown, E. D., Garcia,
G., etal. (2004). Uncontrollable nociceptive stimulation undermines recovery
after spinal cord injury. J. Neurotrauma 21, 1795-1817. doi: 10.1089/neu.2004.
21.1795

Hains, B. C., Fullwood, S. D., Eaton, M. J., and Hulsebosch, C. E. (2001a). Sub-
dural engraftment of serotonergic neurons following spinal hemisection restores
spinal serotonin, downregulates serotonin transporter, and increases BDNF tissue
content in rat. Brain Res. 913, 35-46. doi: 10.1016/S0006-8993(01)02749-4

Hains, B. C., Johnson, K. M., McAdoo, D. J., Eaton, M. J., and Hulsebosch, C. E.
(2001b). Engraftment of serotonergic precursors enhances locomotor function
and attenuates chronic central pain behavior following spinal hemisection injury
in the rat. Exp. Neurol. 171, 361-378. doi: 10.1006/exnr.2001.7751

Hains, B. C., Willis, W. D., and Hulsebosch, C. E. (2003). Serotonin receptors 5-
HT1A and 5-HT3 reduce hyperexcitability of dorsal horn neurons after chronic
spinal cord hemisection injury in rat. Exp. Brain Res. 149, 174-186.

Hansen, C. N, Kerr, S., Fisher, L., Deibert, R., Wohleb, E. S., Williams, J., et al. (2013).
Thoracic SCI produces remote neuroinflammation that prevents plasticity in
locomotor networks. Abstract in 2013 Neuroscience Meeting Planner (San Diego,
CA: Society for Neuroscience).

Harkema, S., Gerasimenko, Y., Hodes, J., Burdick, J., Angeli, C., Chen, Y., etal.
(2011). Effect of epidural stimulation of the lumbosacral spinal cord on voluntary
movement, standing, and assisted stepping after motor complete paraplegia: a
case study. Lancet 377, 1938-1947. doi: 10.1016/S0140-6736(11)60547-3

Hansebout, R. R., and Hansebout, C. R. (2014). Local cooling for traumatic spinal
cord injury: outcomes in 20 patients and review of the literature. J. Neurosurg.
Spine 20, 550-561. doi: 10.3171/2014.2.SPINE13318

Hasbargen, T., Ahmed, M. M., Miranpuri, G,, Li, L., Kahle, K. T., Resnick, D., etal.
(2010). Role of NKCC1 and KCC2 in the development of chronic neuropathic

pain following spinal cord injury. Ann. N. Y. Acad. Sci. 1198, 168-172. doi:
10.1111/j.1749-6632.2010.05462.x

Haydon, P. G. (2001). Glia: listening and talking to the synapse. Nat. Rev. Neurosci.
2, 185-193. doi: 10.1038/35058528

Ho, J., Mannes, A. J., Dubner, R., and Caudle, R. M. (1997). Putative kappa-2 opioid
agonists are antihyperalgesic in a rat model of inflammation. J. Pharm. Exp. Ther.
281, 136-141.

Hook, M. A., and Grau, J. W. (2007). An animal model of functional electrical
stimulation: evidence that the central nervous system modulates the consequences
of training. Spinal Cord 45, 702—712. doi: 10.1038/sj.5¢.3102096

Hook, M. A., Huie, J. R., and Grau, J. W. (2008). Peripheral inflammation under-
mines the plasticity of the isolated spinal cord. Behav. Neurosci. 122, 233-249.
doi: 10.1037/0735-7044.122.1.233

Hook, M. A, Liu, G. T., Washburn, S. N., Ferguson, A. R., Bopp, A. C., Huie, J. R,,
etal. (2007). The impact of morphine after a spinal cord injury. Behav. Brain Res.
179, 281-293. doi: 10.1016/j.bbr.2007.02.035

Hook, M. A., Moreno, G., Woller, S., Puga, D., Hoy, K., Baldyn, R., etal. (2009).
Intrathecal morphine attenuates recovery of function after a spinal cord injury.
J. Neurotrauma 26, 741-752. doi: 10.1089/neu.2008.0710

Hook, M. A., Washburn, S. N., Moreno, G., Woller, S., Lee, K., and Grau, J. W.
(2011). An IL1 receptor antagonist blocks a morphine-induced attenuation of
locomotor recovery after spinal cord injury. Brain Behav. Immun. 25, 349-359.
doi: 10.1016/j.bbi.2010.10.018

Hoy, K. C., Huie, J. R, and Grau, J. W. (2013). AMPA receptor mediated behavioral
plasticity in the isolated rat spinal cord. Behav. Brain Res. 236, 319-326. doi:
10.1016/j.bbr.2012.09.007

Huang, Y.-J., Garraway, S. M., and Grau, J. W. (2011). GABA-A antago-
nist bicuculline blocks the allodynia induced by noncontingent stimulation in
spinal transected rats. Paper Presented, at 2011 Neuroscience Meeting Planner
(Washington, DC: Society for Neuroscience).

Huang, Y.-J., Lee, K. H., Garraway, S. M., and Grau, J. W. (2013). SCI alters the
effect of GABAergic system on nociception: different effect of GABA-A antag-
onist bicuculline on capsaicin-indued allodynia in sham vs. spinally transected
rats. Abstract in 2013 Neuroscience Meeting Planner (San Diego, CA: Society for
Neuroscience).

Huang, Y.-J., Lee, K. H., and Grau, J. W. (2014). Spinal injury transforms how
GABAergic system regulate nociceptive systems within the spinal cord: Role of
KCC2. Abstract in 2014 Neuroscience Meeting Planner (Washington, DC: Society
for Neuroscience).

Huie, J. R, Baumbauer, K. M., Lee, K. H., Beattie, M. S., Bresnahan, J. C.,
Ferguson, A. R., etal. (2012a). Glial tumor necrosis factor alpha (TNFa)
generates metaplastic inhibition of spinal learning. PLoS ONE 7:€39751. doi:
10.1371/journal.pone.0039751

Huie, J. R., Garraway, S. M., Hoy, K. C., and Grau, J. W. (2012b). Learning in
the spinal cord: BDNF mediates the beneficial effects of instrumental training.
Neuroscience 200, 74-90. doi: 10.1016/j.neuroscience.2011.10.028

Hutchinson, M. R,, Bland, S. T., Johnson, K. W., Rice, K. C., Maier, S. E, and
Watkins, L. R. (2007). Opioid-induced glial activation: mechanisms of activation
and implications for opioid analgesia, dependence, and reward. Sci. World J. 7,
98-111. doi: 10.1100/tsw.2007.230

Hutchinson, M. R., Zhang, Y., Shridhar, M., Evans, J. H., Buchanan, M. M., Zhao,
T. X., etal. (2010). Evidence that opioids may have toll-like receptor 4 and MD-2
effects. Brain Behav. Immun. 24, 83-95. doi: 10.1016/j.bbi.2009.08.004

Ji, R. R,, Berta, T., and Nedergaard, M. (2013). Glia and pain: is chronic pain a
gliopathy. Pain 6:22.

Ji, R.-R., Kohno, T., Moore, K. A., and Woolf, C. J. (2003). Central sensitization
and LTP: do pain and memory share similar mechanisms. Trends Neurosci. 26,
696-705. doi: 10.1016/j.tins.2003.09.017

Johnston, I. N., Milligan, E. D., Wieseler-Frank, J., Frank, M. G., Zapata, V., Camp-
isi, J., etal. (2004). A role for proinflammatory cytokines and fractalkine in
analgesia, tolerance, and subsequent pain facilitation induced by chronic intrathe-
cal morphine. J. Neurosci. 24, 7353-7365. doi: 10.1523/JNEUROSCI.1850-
04.2004

Joynes, R. L., Ferguson, A. R., Crown, E. D,, Patton, B. C., and Grau, J. W. (2003).
Instrumental learning within the spinal cord: V. Evidence the behavioral deficit
observed after noncontingent nociceptive stimulation reflects an intraspinal
modification. Behav. Brain Res. 141, 159-170. doi: 10.1016/S0166-4328(02)
00372-8

Frontiers in Neural Circuits

www.frontiersin.org

September 2014 | Volume 8 | Article 100 |160


http://www.frontiersin.org/Neural_Circuits/
http://www.frontiersin.org/
http://www.frontiersin.org/Neural_Circuits/archive

Grau etal.

Metaplasticity and spinal cord function

Joynes, R. L., and Grau, J. W. (2004). Instrumental learning within the spinal
cord: III. Prior exposure to noncontingent shock induces a behavioral deficit
that is blocked by an opioid antagonist. Neurobiol. Learn. Mem. 82, 35-51. doi:
10.1016/j.nlm.2004.04.001

Joynes, R. L., Janjua, K. R., and Grau, J. W. (2004). Instrumental learning within
the spinal cord: VI. Disruption of learning by the NMDA antagonist APV. Behav.
Brain Res. 154, 431-438. doi: 10.1016/j.bbr.2004.03.030

Kahle, K. T., Khanna, A., Clapham, D. E., and Woolf, C. J. (2014). Therapeutic
restoration of spinal inhibition via druggable enhancement of potassium-chloride
cotransporter KCC2-mediated chloride extrusion in peripheral neuropathic pain.
JAMA Neurol. 71, 640—645. doi: 10.1001/jamaneurol.2014.21

Karim, F, Wang, C. C, and Gereau, R. W. IV. (2001). Metabotropic gluta-
mate recep- tor subtypes 1 and 5 are activators of extracellular signal-regulated
kinase signaling required for inflammatory pain in mice. J. Neurosci. 21,
3771-3779.

Kuno, R., Wang, J., Kawanokuchi, J., Takeuchi, H., and Mizuno, T. (2005). Autocrine
activation of microglia by tumor necrosis factor-alpha. J. Neuroimmunol. 162,
89-96. doi: 10.1016/j.jneuroim.2005.01.015

Latremoliere, A., and Woolf, C. J. (2009). Central sensitization: a generator of
pain hypersensitivity by central neural plasticity. J. Pain 10, 895-926. doi:
10.1016/j.jpain.2009.06.012

Lee, K. H., Baumbauer, K. M., and Grau, J. W. (2014). Brain-derived neurotrophic
factor reduces inflammation-induced allodynia. Abstract in 2014 Neuroscience
Meeting Planner (Washington, DC: Society for Neuroscience).

Lee, K. H., Baumbauer, K. M., Horton, J. B., Munro, E., and Grau, J. W. (2012).
Brain-derived neurotrophic factor reduces inflammation-induced allodynia in
spinally transected rats. Paper Presented, at 2012 Neuroscience Meeting Planner
(New Orleans, LA: Society for Neuroscience).

Lee, K. H,, Strain, M. M., Huan, Y.-]., and Grau, J. (2013). Timing in the absence
of supraspinal input: integration of fixed spaced stimulation. Paper Presented at
2013 Neuroscience Meeting Planner (San Diego, CA: Society for Neuroscience).

Linnarsson, S., Bjorklund, A., and Ernfors, P. (1997). Learning deficit in
BDNF mutant mice. Eur. J. Neurosci. 9, 2581-2587. doi: 10.1111/j.1460-
9568.1997.tb01687.x

Lisman, J., Schulman, H., and Cline, H. (2002). The molecular basis of CaMKII
function in synaptic and behavioural memory. Nat. Rev. Neurosci. 3, 175-190.
doi: 10.1038/nrn753

Lu, B,, Pang, P. T., and Woo, N. H. (2005). The yin and yang of neurotrophin action.
Nat. Rev. Neurosci. 6, 603-614. doi: 10.1038/nrn1726

Lu, V. B, Biggs, J. E., Stebbing, M. J., Balasubramanyan, S., Todd, K. G., Lai, A. Y.,
etal. (2009). Brian-derived neurotrophic factor drives the changes in excitatory
synaptic transmission in the rat superficial dorsal horn that follow sciatic nerve
injury. J. Physiol. 587, 1013-1032. doi: 10.1113/jphysiol.2008.166306

MacDonald, J. E, Jackson, M. E, and Beazely, M. A. (2007). G protein-coupled
receptors control NMDARs and metaplasticity in the hippocampus. Biochim.
Biophys. Acta 1768, 941-951. doi: 10.1016/j.bbamem.2006.12.006

Maier, S. E. (1986). Stressor controllability and stress-induced analgesia. Ann. N. Y.
Acad. Sci. 467, 55-72. doi: 10.1111/j.1749-6632.1986.tb14618.x

Maier, S. E, and Seligman, M. E. P. (1976). Learned helplessness: theory and
evidence. J. Exp. Psychol. Gen. 105, 3—46. doi: 10.1037/0096-3445.105.1.3

Maier, S. E,, and Watkins, L. R. (2005). Stressor controllability and learned helpless-
ness: the roles of the dorsal raphe nucleus, serotonin, and corticotropin-releasing
factor. Neurosci. Biobehav. Rev. 29, 829-841. doi: 10.1016/j.neubiorev.2005.
03.021

McGie, S. C., Zariffa, J., Popovic, M. R., and Nagai, M. K. (2014). Short-term neu-
roplastic effects of brain-controlled and muscle-controlled electrical stimulation.
Neuromodulation. doi: 10.1111/ner.12185 [Epub ahead of print].

McNally, G. P, Johansen, J. P, and Blair, H. T. (2011). Placing prediction into the
fear circuit. Trends Neurosci. 34, 283-292. doi: 10.1016/j.tins.2011.03.005

Meagher, M. W., Chen, P, Salinas, J. A., and Grau, J. W. (1993). Activation of
the opioid and nonopioid hypoalgesic systems at the level of the brainstem
and spinal cord: does a coulometric relation predict the emergence or form
of environmentally-induced hypoalgesia? Behav. Neurosci. 107, 493-505. doi:
10.1037/0735-7044.107.3.493

Meller, S. T., Dykstra, C., Grzybycki, D., Murphy, S., and Gebhart, G. E. (1994).
The possible role of glia in nociceptive processing and hyperalgesia in the spinal
cord of the rat. Neuropharmacology 33, 1471-1478. doi: 10.1016/0028-3908(94)
90051-5

Merighi, A., Salio, C., Ghirri, A., Lossi, L., Ferrini, E, Betelli C., etal.
(2008). BDNF as a pain modulator. Prog. Neurobiol. 85, 297-317. doi:
10.1016/j.pneurobio.2008.04.004

Miki, K., Fukuoka, T., Tokunaga, A., Kondo, E., Dai, Y., and Noguchi, K.
(2000). Differential effect of brain-derived neurotrophic factor on high-threshold
mechanosensitivity in a rat neuropathic pain model. Neurosci. Lett. 278, 85-88.
doi: 10.1016/50304-3940(99)00908-8

Millan, M. J. (2002). Descending control of pain. Prog. Neurobiol. 66, 355-474. doi:
10.1016/S0301-0082(02)00009-6

Mills, C. D., and Hulsebosch, C. E. (2002). Increased expression of metabotropic
glutamate receptor subtype 1 on spinothalamic tract neurons following spinal
cord injury in the rat. Neurosci. Lett. 319, 59-62. doi: 10.1016/S0304-3940(01)
02551-4

Mills, C. D., Johnson, K. M., and Hulsebosch, C. E. (2002). Group I metabotropic
glutamate receptors in spinal cord injury: roles in neuroprotection and
the development of chronic central pain. J. Neurotrauma 19, 23-42. doi:
10.1089/089771502753460213

Mori, K., Komatsu, T., Tomemori, N., Shingu, K., Urabe, N., Seo, N., etal.
(1981). Pentobarbital-anesthetized and decerebrate cats reveal different neuro-
logical responses in anesthetic-induced analgesia. Acta Anaesthesiol. Scand. 25,
349-354. doi: 10.1111/j.1399-6576.1981.tb01665.x

Morris, R. G. (2013). NMDA receptors and memory encoding. Neuropharmacology
74, 32-40. doi: 10.1016/j.neuropharm.2013.04.014

Mukhin, A., Fan, L., and Faden, A. I. (1996). Activation of metabotropic gluta-
mate receptor subtype mGluR1 contributes to post-traumatic neuronal injury.
J. Neurosci. 16, 6012—6020.

Neugebauer, V., Chen, P. S., and Willis, W. D. (1999). Role of metabotropic glutamate
receptor subtype mGluR1 in brief nociception and central sensitization of primate
STT cells. J. Neurophysiol. 82, 272-282.

Newman-Tancredi, A., Nicolas, J. P, Audinot, V., Gavaudan, S., Verriele, L.,
Touzard, M., etal. (1998). Actions of alpha2 adrenoceptor ligands at alpha2A
and 5-HT1A receptors: the antagonist, atipamezole, and the agonist, dexmedeto-
midine, are highly selective for alpha2A adrenoceptors. Naunyn-Schmiedeberg’s
Arch. Pharmacol. 358, 197-206. doi: 10.1007/PL00005243

O’Connor, J. J.,, Rowan, M. J., and Anwyl, R. (1994). Long-lasting enhancement
of NMDA receptor-mediated synaptic transmission by metabotropic glutamate
receptor activation. Nature 367, 557-559. doi: 10.1038/367557a0

Onifer, S. M., Smith, G. M., and Fouad, K. (2011). Plasticity after spinal cord injury:
relevance to recover and approaches to facilitate it. Neurotherapeutics 8, 283-293.
doi: 10.1007/s13311-011-0034-4

Park, C. K, Lu, N., Xu, Z. Z., Liu, T, and Serhan, C. N. (2011). Resolving
TRPV1- and TNF-alpha-mediated spinal cord synaptic plasticity and inflam-
matory pain with neuroprotectin DI1. J. Neurosci. 31, 15072-15085. doi:
10.1523/JNEUROSCI.2443-11.2011

Patterson, S. L., Abel, T., Deuel, T. A., Martin, K. C., Rose, J. C., and Kande, E.
R. (1996). Recombinant BDNF rescues deficits in basal synaptic transmission
and hippocampal LTP in BDNF knockout mice. Neuron 16, 1137-1145. doi:
10.1016/S0896-6273(00)80140-3

Patterson, S. L., Grover, L. M., Schwartzkroin, P. A., and Bothwell, M. (1992).
Neurotrophin expression in rat hippocampal slices: a stimulus paradigm inducing
LTP in CA1 evokes increases in BDNF and NT-3 mRNAs. Neuron 9, 1081-1088.
doi: 10.1016/0896-6273(92)90067-N

Patton, B. C., Hook, M. A., Crown, E. D., Ferguson, A. R., and Grau, J. W. (2004).
The behavioral deficit observed following noncontingent shock in spinalized rats
is prevented by the protein synthesis inhibitor cycloheximide. Behav. Neurosci.
118, 653-658. doi: 10.1037/0735-7044.118.3.653

Paulsen, R. E., Contestabile, A., Villani, L., and Fonnum, F. (1987). An in
vivo model for studying function of brain tissue temporarily devoid of glial
cell metabolism: the use of fluorocitrate. J. Neurochem. 48, 1377-1385. doi:
10.1111/j.1471-4159.1987.tb05674.x

Putz, C., Schuld, C., Gantz, S., Grieser, T., Akbar, M., Moradi, B., etal. (2011). The
effect of polytrauma as a possible confounder in the outcome of monotraumatic
vs polytraumatic paraplegic patients: a clinical cohort study. Spinal Cord 49,
721-727. doi: 10.1038/5¢.2010.181

Reeve, A. J., Patel, S., Fox, A., Walker, K., and Urban, L. (2000). Intrathecally admin-
istered endotoxin or cytokines produce allodynia, hyperalgesia, and changes in
spinal cord neuronal response to nociceptive stimuli in the rat. Eur. J. Pain 4,
247-257. doi: 10.1053/eujp.2000.0177

Frontiers in Neural Circuits

www.frontiersin.org

September 2014 | Volume 8 | Article 100 |161


http://www.frontiersin.org/Neural_Circuits/
http://www.frontiersin.org/
http://www.frontiersin.org/Neural_Circuits/archive

Grau etal.

Metaplasticity and spinal cord function

Rescorla, R. A. (1988). Behavioral studies of Pavlovian conditioning.
Ann. Rev. Neurosci. 11, 329-352. doi: 10.1146/annurev.ne.11.030188.
001553

Roberts, L. A., Beyer, C., and Komisaruk, B. R. (1986). Nociceptive responses
to altered GABAergic activity at the spinal cord. Life Sci. 39, 1667-1674. doi:
10.1016/0024-3205(86)90164-5

Sandkiihler, J. (2000). Learning and memory in pain pathways. Pain 88, 113-118.
doi: 10.1016/S0304-3959(00)00424-3

Sandkiihler, J., and Liu, X. (1998). Induction of long-term potentiation at spinal
synapses by noxious stimulation or nerve injury. Eur. J. Neurosci. 10, 2476—2480.
doi: 10.1046/j.1460-9568.1998.00278.x

Shannon, H. E., and Lutz, E. A. (2000). Yohimbine produces antinociception in the
formalin test in rats: involvement of serotonin 1A receptors. Psychopharmacology
149, 93-97. doi: 10.1007/s002139900343

Skeberdis, V. A., Lan, J., Opitz, T., Zheng, X., Bennett, M. V., and Zukin, R. S.
(2001). mGluR1-mediated potentiation of NMDA receptors involves a rise in
intracellular calcium and activation of protein kinase C. Neuropharmacology 40,
856-865. doi: 10.1016/50028-3908(01)00005-3

Song, P., and Zhao, Z. Q. (2001). The involvement of glial cells in the development
of morphine tolerance. Neurosci. Res. 39, 281-286. doi: 10.1016/S0168-
0102(00)00226-1

Squire, L. R., and Wixted, J. T. (2011). The cognitive neuroscience of human
memory since H.M. Annu. Rev. Neurosci. 34, 259-288. doi: 10.1146/annurev-
neuro-061010-113720

Stanfa, L. C., and Dickenson, A. H. (1998). Inflammation alters the effects of mGlu
receptor agonists on spinal nociceptive neurones. Eur. J. Pharmacol. 347, 165-172.
doi: 10.1016/50014-2999(98)00098-3

Stellwagen, D., and Malenka, R. C. (2006). Synaptic scaling mediated by glial TNF-
alpha. Nature 440, 1054-1059. doi: 10.1038/nature04671

Strain, M. M., Lee, K. H., Niemerski, A. L., and Grau, J. W. (2013). Treatment
with 5HT and NMDA induces stepping in spinally transected adult rats while
maintaining spinal cord plasticity. Abstract in 2013 Neuroscience Meeting Planner
(San Diego, CA: Society for Neuroscience).

Stuck, E. D., Huie, J. R,, Lee, K. H,, Irvine, K.-A., Bresnahan, J. C., Beattie, M., etal.
(2012). Synaptic GluA2-lacking ampa receptors as a biomarker for maladap-
tive spinal plasticity following spinal cord injury. Abstract in 2012 Neuroscience
Meeting (New Orleans, LA: Society for Neuroscience).

Thompson, A. K., and Wolpaw, J. R. (2014). Operant conditioning of spinal
reflexes: from basic science to clinical therapy. Front. Integr. Neurosci. 8:25. doi:
10.3389/fnint.2014.00025

Tully, T. (1997). Regulation of gene expression and its role in long-term mem-
ory and synaptic plasticity. Proc. Natl. Acad. Sci. U.S.A. 94, 4239-4241. doi:
10.1073/pnas.94.9.4239

Turrigiano, G. G. (2008). The self-tuning neuron: synaptic scaling of excitatory
synapses. Cell 135, 422—435. doi: 10.1016/j.cell.2008.10.008

Valencia-de Ita, S., Lawand, N. B., Lin, Q., Castaneda-Hernandez, G., and Willis,
W. D. (2006). Role of the Nat-KT-2CI~ cotransporter in the development of
capsaicin-induced neurogenic inflammation. J. Neurophysiol. 95, 3553-3561. doi:
10.1152/jn.01091.2005

Vichaya, E. G., Baumbauer, K. M., Carcoba, L. M., Grau, J. W., and Meagher, M.
W. (2009). Spinal glia modulate both adaptive and pathological processes. Brain
Behav. Immun. 23,969-976. doi: 10.1016/j.bbi.2009.05.001

Wagner, J. J., Terman, G. W., and Chavkin, C. (1993). Endogenous dynor-
phins inhibit excitatory neurotransmission and block LTP induction in the
hippocampus. Nature 363, 451-454. doi: 10.1038/363451a0

Warms, C. A., Turner, J. A., Marshall, H. M., and Cardenas, D. D. (2002). Treat-
ments for chronic pain associated with spinal cord injuries: many are tried,
few are helpful. Clin. J. Pain 18, 154-163. doi: 10.1097/00002508-200205000-
00004

Washburn, S. N., Maultsby, M. L., Puga, D. A., and Grau, J. W. (2008). Opioid
regulation of spinal cord plasticity: evidence the kappa-2 opioid receptor agonist
GR89686 inhibits learning within the rat spinal cord. Neurobiol. Learn. Mem. 89,
1-16. doi: 10.1016/j.n1lm.2007.09.009

Washburn, S. N., Patton, B. C., Ferguson, A. R., Hudson, K. L., and Grau, . W. (2007).
Exposure to intermittent nociceptive stimulation under pentobarbital anesthesia

disrupts spinal cord function in rats. Psychopharmacology 192, 243-252. doi:
10.1007/s00213-007-0707-1

Waterhouse, E. G., and Xu, B. (2009). New insights into the role of brain- derived
neurotrophic factor in synaptic plasticity. Mol. Cell. Neurosci. 42, 81-89. doi:
10.1016/j.mcn.2009.06.009

Watkins, L. R., Drugan, R., Hyson, R. L., Moye, T. B., Ryan, S. M., Mayer, D. ], etal.
(1984). Opiate and non-opiate analgesia induced by inescapable tail-shock: effects
of dorsolateral funiculus lesions and decerebration. Brain Res. 291, 325-336. doi:
10.1016/0006-8993(84)91265-4

Watkins, L. R., Hutchinson, M. R., Ledeboer, A., Wieseler-Frank, J., Milligan, E.
D., and Maier, S. E. (2007). Norman Cousins Lecture Glia as the “bad guys”:
implications for improving clinical pain control and the clinical utility of opioids.
Brain Behav. Immun. 21, 131-146. doi: 10.1016/j.bbi.2006.10.011

Watkins, L. R., Martin, D., Ulrich, P, Tracey, K. J., and Maier, S. E. (1997). Evi-
dence for the involvement of spinal cord glia in subcutaneous formalin induced
hyperalgesia in the rat. Pain 71, 225-235. doi: 10.1016/S0304-3959(97)03369-1

Widerstrom-Noga, E. G., and Turk, D. C. (2003). Types and effectiveness of treat-
ments used by people with chronic pain associated with spinal cord injuries:
influence of pain and psychosocial characteristics. Spinal Cord 41, 600-609. doi:
10.1038/sj.5¢.3101511

Willis, W. D. (2001). “Mechanisms of central sensitization of nociceptive dorsal
horn neurons,” in Spinal Cord Plasticity: Alterations in Reflex Function, eds M. M.
Patterson and J. W. Grau (Norwell, MA: Kluwer Academic Publishers).

Wolpaw, J. R. (2010). What can the spinal cord teach us about learning and memory?
Neuroscientist 16,532-549. doi: 10.1177/1073858410368314

Wolpaw, J. R., and Carp, J. S. (1990). Memory traces in spinal cord. Trends Neurosci.
13, 137-142. doi: 10.1016/0166-2236(90)90005-U

Woolf, C. J. (1983). Evidence for a central component of post-injury pain
hypersensitivity. Nature 306, 686—688. doi: 10.1038/306686a0

Yin, J. C., Del Vecchio, M., Zhou, H., and Tully, T. (1995). CREB as a mem-
ory modulator: induced expression of a dCREB2 activator isoform enhances
long-term memory in Drosophila. Cell 81, 107-115. doi: 10.1016/0092-8674(95)
90375-5

Yin, J. C., and Tully, T. (1996). CREB and the formation of long-term memory. Curr.
Opin. Neurobiol. 6,264-268. doi: 10.1016/S0959-4388(96)80082-1

Zhang, L., Lu, Y., Chen, Y., and Westlund, K. N. (2002). Group I metabotropic
glutamate receptor antagonists block secondary thermal hyperalgesia in rats
with knee joint inflammation. J. Pharmacol. Exp. Ther. 300, 149-156. doi:
10.1124/jpet.300.1.149

Zhang, Z. Z., Park, J., Grau, J., Lee, K. H., Niemerski, A., and Schmidt, C. E.
(2014). Local and sustained delivery of BDNF mediates spinal learning after
injury. Abstract in 2014 Neuroscience Meeting Planner (Washington, DC: Society
for Neuroscience).

Conflict of Interest Statement: The Guest Associate Editor Shawn Hochman
declares that, despite being affiliated to the same institution as author Sandra M.
Garraway, the review process was handled objectively and no conflict of interest
exists. The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict
of interest.

Received: 03 June 2014; accepted: 31 July 2014; published online: 08 September 2014.
Citation: Grau JW, Huie JR, Lee KH, Hoy KC, Huang Y-], Turtle JD, Strain MM,
Baumbauer KM, Miranda RM, Hook MA, Ferguson AR and Garraway SM (2014)
Metaplasticity and behavior: how training and inflammation affect plastic potential
within the spinal cord and recovery after injury. Front. Neural Circuits 8:100. doi:
10.3389/fncir.2014.00100

This article was submitted to the journal Frontiers in Neural Circuits.

Copyright © 2014 Grau, Huie, Lee, Hoy, Huang, Turtle, Strain, Baumbauer, Miranda,
Hook, Ferguson and Garraway. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.

Frontiers in Neural Circuits

www.frontiersin.org

September 2014 | Volume 8 | Article 100 | 162


http://dx.doi.org/10.3389/fncir.2014.00100
http://dx.doi.org/10.3389/fncir.2014.00100
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Neural_Circuits/
http://www.frontiersin.org/
http://www.frontiersin.org/Neural_Circuits/archive

fromtiers n

NEURAL CIRCUITS

ORIGINAL RESEARCH ARTICLE
published: 18 September 2014
doi: 10.3389/fncir.2014.00117

—

Regulatory effects of intermittent noxious stimulation on
spinal cord injury-sensitive microRNAs and their
presumptive targets following spinal cord contusion

Eric R. Strickland, Sarah A. Woller?, Sandra M. Garraway?, Michelle A. Hook', James W. Grau? and

Rajesh C. Miranda' *

" Department of Neuroscience and Experimental Therapeutics, College of Medicine, Texas A&M Health Science Center, Bryan, TX, USA
2 Department of Psychology, Texas A&M University, College Station, TX, USA

Edited by:

Brian R. Noga, University of Miami,

USA

Reviewed by:

Deborah Baro, Georgia State
University, USA

Jeffrey C. Petruska, University of
Louisville, USA

*Correspondence:

Rajesh C. Miranda, Department of
Neuroscience and Experimental
Therapeutics, College of Medicine,
Texas A&M Health Science Center,
Medical Research and Education
Building, 8447 State Highway 47
Bryan, TX 77807-3260, USA
e-mail: miranda@medicine.
tamhsc.edu

Uncontrollable nociceptive stimulation adversely affects recovery in spinally contused rats.
Spinal cord injury (SCI) results in altered microRNA (miRNA) expression both at, and distal
to the lesion site. We hypothesized that uncontrollable nociception further influences SCI-
sensitive mMiRNAs and associated gene targets, potentially explaining the progression of
maladaptive plasticity. Our data validated previously described sensitivity of miRNAs to SCI
alone. Moreover, following SCI, intermittent noxious stimulation decreased expression of
miR124 in dorsal spinal cord 24 h after stimulation and increased expression of miR129-
2 in dorsal, and miR1 in ventral spinal cord at 7 days. We also found that brain-derived
neurotrophic factor (BDNF) mRNA expression was significantly down-regulated 1 day after
SCI alone, and significantly more so, after SCI followed by tailshock. Insulin-like growth
factor1 (IGF-1) mRNA expression was significantly increased at both 1 and 7 days post-
SCI, and significantly more so, 7 days post-SCl with shock. MiR1 expression was positively
and significantly correlated with IGF-1, but not BDNF mRNA expression. Further, stepwise
linear regression analysis indicated that a significant proportion of the changes in BDNF and
IGF-1 mRNA expression were explained by variance in two groups of miRNAs, implying
co-regulation. Collectively, these data show that uncontrollable nociception which activates
sensorimotor circuits distal to the injury site, influences SCI-miRNAs and target mRNAs
within the lesion site. SCl-sensitive miRNAs may well mediate adverse consequences of
uncontrolled sensorimotor activation on functional recovery. However, their sensitivity to
distal sensory input also implicates these miRNAs as candidate targets for the management

of SCI and neuropathic pain.

Keywords: spinal cord injury, microRNA, uncontrollable nociception, BDNF, IGF

INTRODUCTION

Significant attention has been given to investigating the central
molecular changes that modulate locomotor recovery and pain
following spinal cord injury (SCL; Boyce and Mendell, 2014; Lerch
etal.,2014; Schwab and Strittmatter, 2014; Silva et al., 2014). How-
ever, surprisingly, there is relatively little information on the role
of afferent peripheral signals in the development of SCI-related
pain or attenuation of locomotor function. Given that SCI rarely
occurs in isolation, but is often accompanied by peripheral tissue
damage and trauma, examining the effects of afferent nocicep-
tive signaling seems warranted. This is further underscored by
previous research in our laboratory suggesting that functional
recovery after SCI is attenuated by peripheral nociceptive stim-
ulation applied below the level of the spinal injury (Grau etal.,
2004). Intermittent noxious stimulation decreased the recovery of
locomotor function, delayed reinstatement of bladder function,
led to greater mortality and spasticity, and increased tissue loss at
the injury site in adult rats (Grau etal., 2004). Further, we found
that nociceptive stimulation rapidly resulted in decreased brain-
derived neurotrophic factor (BDNF) — tropomyosin-receptor

kinase B signaling (Gomez-Pinilla etal., 2007; Garraway etal.,
2011). This signaling pathway has been shown to play a key role
in modulating neuronal plasticity, promoting axonal regenera-
tion, and improving functional recovery following SCI (Xu etal.,
1995; Patterson et al., 1996; McTigue etal., 1998; Kerr etal., 1999;
Garraway et al., 2003; Boyce et al., 2007; Huie et al., 2012b).

The present study focused on identifying intracellular reg-
ulatory molecules that, when activated by nociceptive input,
might influence neurotrophic signaling pathways and functional
recovery. Specifically, we hypothesized that miRNAs may be
sensitive to nociceptive stimulation, and activate potentially mal-
adaptive gene networks to further undermine recovery after
SCI. We, and others, have previously shown that SCI leads
to significant alterations in miRNA expression (Liu etal., 2009;
Nakanishi etal., 2010; Strickland etal., 2011). Our previous
study showed that miR1, miR124, and miR129 were signifi-
cantly down-regulated following a spinal cord contusion, while
miR146a and miR21 were transiently induced (Strickland etal.,
2011), and that these miRNAs were sensitive to opioid anal-
gesics like morphine (Strickland etal.,, 2014). These miRNAs
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play important roles in regulating critical gene networks that
have been implicated in the development of hypersensitivity and
may contribute to impaired functional recovery. For example,
though the expression of miR124 is often associated with early
neuronal differentiation (Visvanathan etal., 2007), and neurite
outgrowth (Yu etal.,, 2008a), miR124 is also important for pro-
moting neuronal survival in the adult (Doeppner etal., 2013).
Moreover, miR124 may play an important role in neuropathic
pain by inhibiting neuro-inflammation (Ponomarev etal., 2011;
Kynast etal., 2013) and inflammatory hyperalgesia (Willemen
etal., 2012) in the adult. Similarly, miR129-2 promotes cell
cycle arrest, and dysregulation of miR129-2 results in neuronal
death (Di Giovanni etal., 2003; Byrnes etal., 2007; Herrup and
Yang, 2007; Wu etal.,, 2010). Interestingly, miR1, a member of
the miR1/miR206 family has been shown to regulate important
growth-promoting neurotrophic factors like BDNF (Lewis etal.,
2003; Lee etal.,, 2012). Modulation of miR1 activity may play
a significant role in regulating BDNF signaling after SCI and,
importantly for this study, in mediating the effects of intermit-
tent noxious stimulation on recovery after SCI. To assess this
possibility, the current study investigated the relationship between
SCI-sensitive miRNA expression and intermittent noxious stimu-
lation in tissue collected 1 h, 24 h, and 7 days after stimulation.
We also assessed the relationship between the expression of miR-
NAs sensitive to intermittent noxious stimulation and that of their
mRNA targets.

MATERIALS AND METHODS

SUBJECTS

The subjects were male Sprague—Dawley rats (Rattus norvegicus)
obtained from Harlan (Houston, TX, USA). The rats were approx-
imately 90-110 days old (350—400 g), were individually housed in
Plexiglas bins [45.7 (length) x 23.5 (width) x 20.3 (height) cm]
with food and water continuously available, and were maintained
on a 12-h light/dark cycle. All behavioral testing was performed
during the light cycle. To facilitate access to the food and water,
extra bedding was added to the bins after surgery and long mouse
sipper tubes were used so that the rats could reach the water with-
out rearing. All of the experiments were reviewed and approved by
the Institutional Animal Care and Use Committee at Texas A&M
University and all NIH guidelines for the care and use of animal
subjects were followed.

SURGERY

Subjects were anesthetized with isoflurane (5%, gas). Once a stable
level of anesthesia was achieved, the concentration of isoflurane
was lowered to 2—-3%. An area extending approximately 4.5 cm
above and below the injury site was shaved and disinfected with
iodine, and a 7.0 cm incision was made over the spinal cord. Next,
two incisions were made on either side of the vertebral column
(approximately 4-5 mm depth), extending about 3 cm rostral and
caudal to the T12 segment. The dorsal spinous processes at T12
vertebral level were removed (laminectomy), and the spinal tissue
exposed. The dura remained intact. For the contusion injury, the
vertebral column was fixed within the MASCIS device (Gruner,
1992; Constantini and Young, 1994), and a moderate injury was
produced by allowing the 10 g impactor (outfitted with a 2.5 mm

tip) to drop 12.5 mm. Sham controls received a laminectomy, but
the cord was not contused with the MASCIS device. Following
surgery, the wound was closed with Michel clips. T12 vertebral
level contusion models have been routinely used by members of
our group to define spinal cord learning circuits and molecular
mechanisms involved with recovery of function (Ferguson etal.,
2008; Brown etal., 2011; Hook etal., 2011). Lesions at this level
result in well-defined and replicable sensory-motor deficits, and
we therefore chose to utilize contusion at this level to also examine
changes in miRNA expression.

To help prevent infection, subjects were treated with 100,000
units/kg Pfizerpen (penicillin G potassium) immediately after
surgery and again 2 days later. For the first 24 h after surgery,
rats were placed in a recovery room maintained at 26.6°C. To
compensate for fluid loss, subjects were given 2.5 ml of saline
after surgery. Bladders were manually expressed twice daily (morn-
ing and evening) until the animals had empty bladders for three
consecutive days, at the times of expression.

UNCONTROLLABLE INTERMITTENT NOXIOUS STIMULATION
Intermittent shock was applied 24 h after surgery while subjects
were loosely restrained in Plexiglas tubes as previously described
(Crown etal., 2002; Grau etal., 2004). Electrical stimulation was
applied through cutaneous electrodes coated with electrode gel
(Harvard Apparatus, Holliston, MA, USA) and attached 2 cm from
the tip of the tail with Orthaleic tape. Leads from the electrodes
were attached to a shock generator (BRS/LVE, Model SG-903, Lau-
rel, MD, USA), and intermittent constant current 1.5 mA, electrical
stimulation was applied through the electrodes. Rats treated with
uncontrollable intermittent stimulation received 180, 80-ms tail
shocks on a variable time schedule with a mean inter-stimulus
interval of 2 s (range 0.2-3.8 s). Unshocked subjects (contused and
sham operated) were placed in the restraining tubes for the same
amount of time as shock subjects. The unshocked subjects had
the tail electrodes attached, but did not receive the electrical stim-
uli. The number of subjects within each experimental condition is
given Table 1.

RNA EXTRACTION AND qRT-PCR

Animals [SCI/unshocked (SClynshock) or SCl/shock-exposed
(SClghock )] were sacrificed at 1 h, 1 day, or 7 days following expo-
sure to intermittent shock or control treatment (i.e., 25 h, 48 h,
and 8 days following SCI). All subjects were deeply anesthetized
with pentobarbital (50 mg/kg), and 1 cm of spinal cord around
the lesion epicenter was rapidly removed. To determine the spatial

Table 1 | Number of subjects (n) per condition.

Treatment 1h 1 day 7 days

Sham operated 4 4 (dandv) 4 (dand v)
Contused-unshocked 6 6 (dandv) 6 (dandv)
Contused-shocked 6 6 (dandv) 6 (dandv)

Tissue collected at 1 and 7 days postsurgery was subdivided into dorsal (d) and
ventral (v) portions and separately analyzed.
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(dorsal-ventral) changes in the expression of miRNAs and genes
of interest, the spinal cord tissue was further subdivided to yield
dorsal and ventral regions in the 1 and 7 days after treatment
groups. The cord was processed for the extraction of total RNA
(RNeasy Mini Kit; Qiagen, Valencia, CA, USA) and subsequently
quantified using a NanoDrop 2000 Spectrophotometer (Thermo
Scientific; Wilmington, DE, USA), and stored at —80°C.

MiRNA expression data was measured with quantitative reverse
transcription (qRT)-PCR for miRNAs, based on the protocol
of the miRCURY™ LNA microRNA Universal RT-PCR system
(EXIQON; Woburn, MA, USA). RNA samples were converted to
cDNA, and qRT-PCR was performed using a 7900HT Fast Real-
Time PCR System (Applied Biosystems, Foster City, CA, USA).
Validated commercially available forward and reverse primers
(EXIQON; Table 2) for hsa-miR124, hsa-miR1, hsa-miR21, hsa-
miR129-2, and hsa-miR146a were used for PCR amplification,
and real time data was normalized to U6 small nuclear RNA
(Ubsnr). Similarly, mRNA expression of BDNF and IGF-1 was
measured using qRT-PCR for mRNAs, based on the protocol for
PerfeCTa® SYBR® Green SuperMix with ROX™ (Quanta Bio-
sciences; Gaithersburg, MD, USA). RNA samples were converted
to cDNA using qScript™ cDNA SuperMix (Quanta Biosciences;
Gaithersburg, MD, USA), and qRT-PCR was performed using a
7900HT Fast Real-Time PCR System (Applied Biosystems, Fos-
ter City, CA, USA). Forward and reverse primers (Integrated
DNA Technologies; Coralville, IA, USA) for BDNF and IGF-1
were used for PCR amplification (Table 2), and real time data
was normalized using glyceraldehyde 3-phosphate dehydrogenase
(GAPDH). Three technical replicates were averaged per sample.
Selection criteria for non-commercially provided mRNA primer
pairs were the identification of a single amplicon and efficien-
cies based on serial cDNA dilution according to our previously
published protocols (Camarillo and Miranda, 2008). Efficiency
for mRNA primers was 100.4% for BDNEF, 99.71% for IGF-1
and 100.06% for GAPDH. Normalization controls were utilized
as reported previously (Strickland etal., 2011, 2014), and there
were no statistical differences in the expression of either U6gnr or
GAPDH with treatment condition or spinal cord region. Relative
miRNA and mRNA expression was determined by calculating the
mean difference between cycle threshold of either the miRNA from

the Ubsyr normalization control, or the BDNF/IGF-1 mRNA
from the GAPDH normalization control for each sample (A
cycle threshold (ACT)) within each sample group (samples with
same miRNA ID, time, and condition parameters) and expressed
as —ACT for relative change in expression. Sample means that
were greater than £2 SDs from the mean ACT were considered
outliers and removed from the analysis. As indicated in Table 1, the
experimental design yielded 80 samples and for each, seven miR-
NAs were assessed, yielding a total of 560 data points. Our criteria
identified just 30 data points for exclusion (approximately 5.4%),
and no more than one data point in any individual experimental
group was excluded. Fold change in miRNA/mRNA expression
was determined by calculating the difference between the mean
ACT for the sham control and individual sample ACTs of sham,
SCI/unshocked (SClypshock)> and SCI/shock-exposed (SClghock)
sample groups at the same time point (—AACT), and expressed
as mean fold-change (2= AACT, [ivak and Schmittgen, 2001).

DATA ANALYSIS

All data were analyzed using SPSS software version 18 (SPSS;
Chicago, IL, USA). MicroRNA expression, verified by qRT-PCR,
was analyzed by multivariate analysis of variance (ANOVA) using
Pillai’s trace statistic, and further analyzed using post hoc univari-
ate ANOVA and Fisher’s least significant difference (LSD) test.
Other data were analyzed using ANOVAs followed by post hoc f-
LSD using planned comparisons to limit the number of post hoc
comparisons. In all cases, the a priori a value was set at 0.05.
Data were expressed as mean + SEM, as indicated in the figure
legends.

Correlations between expression of miRNAs, and between
miRNA and either BDNF or IGF-1 mRNA expression, were deter-
mined by Pearson’s product-moment correlation using —ACT
values of either the miRNAs or BDNF/IGF-1 as separate inde-
pendent variables. The a priori o value was set at 0.05, and
data were expressed as the mean difference in cycle threshold
change of either each miRNA relative to the cycle threshold of
U6 controls (—ACT = CTys — CTmirna)> or BDNF or IGF-
1 expression relative to the cycle threshold of GAPDH controls
(—ACT = CTgappu —CTmrNa). Additionally, stepwise linear
regression analyses were performed on Pearson’s correlation data

Table 2 | Primer sequences.

mRNA Primers Forward

Reverse

BDNF TGGACATATCCATGACCAGAAA
IGF-1 CCGCTGAAGCCTACAAAGTC
GAPDH AGTATGTCGTGGAGTCTACTG

CACAATTAAAGCAGCATGCAAT
GGGAGGCTCCTCCTACATTC
TGGCAGCACCAGTGGATGCAG

miRNA Primers/cat# Target Sequence

Sequence reference

hsa-miR-1/#204344
hsa-miR-21-5p/#204230
hsa-miR-124-3p/#204319
hsa-miR-129-2-3p/# 204026
hsa-miR-146a-bp/# 204688
U6 snRNA/# 203907

UGGAAUGUAAAGAAGUAUGUAU
UAGCUUAUCAGACUGAUGUUGA
UAAGGCACGCGGUGAAUGCC
AAGCCCUUACCCCAAAAAGCAU
UGAGAACUGAAUUCCAUGGGUU

MIMAT0000416
MIMAT0000076
MIMAT0000422
MIMAT0004605
MIMAT0000449
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between miRNA and either BDNF or IGF-1 mRNA expression
to determine which miRNAs contributed to the significant cor-
relations. BDNF or IGF-1 mRNA expression was the dependent
variable, while miRNA expression was the independent variable,
and the a priori o value was set at 0.05 for model significance.

RESULTS

QUANTIFICATION OF SHOCK-INDUCED CHANGES IN miRNA
EXPRESSION

Contused rats exhibited increased miR21 and miR146a expression

1 h after shock treatment

We previously reported that miR1, miR21, miR124, miR129-2,
and miR146a were significantly affected by a spinal cord contu-
sion (Strickland et al.,2011). To determine whether uncontrollable
intermittent noxious stimulation affects these SCI-sensitive miR-
NAs, their expression was determined by qRT-PCR in sham
controls and in contused animals following either no shock
exposure (SClynshock) Or uncontrollable intermittent tailshock
(SClghock ). Initially, we analyzed miRNA expression within the
whole spinal cord segment (combined dorsal and ventral spinal
cord) at the lesion site at 1 h following intermittent nox-
ious stimulation (25 h after contusion surgery). Both miR21
[F(2,13) = 154, p < 0.0003] and miR146a [F@,3 = 6.2,
p < 0.01] were significantly increased following SCI (all post
hoc comparisons relative to sham control, p < 0.02), and
exposure to intermittent tail shock did not result in further
alterations of miRNA expression (Figure 1). MiR1, miR124,
and miR129-2 were not significantly altered at the lesion site,
either by contusion or by intermittent tail-shock at 1 h post-
stimulation.

A contusion injury down-regulated expression of miR1, miR124,
mi129-2, and up-regulated miR21, 1-7 days after treatment

We microdissected the 1 cm of spinal cord tissue bracketing the
injury segment to yield dorsal/sensory and ventral/motor regions
in the 1 and 7 days treatment groups. Microdissection of the cord
provides additional information on the spatial (dorsal-ventral)
and functional relevance (sensory-motor) of changes in SCI-
sensitive miRNA expression. We hypothesized that SCI-induced
expression changes of some trauma-sensitive miRNAs would
exhibit spatial and functional specificity, and that uncontrollable
nociception might exacerbate these changes. miRNA expression
in contused rats was significantly altered by exposure to shock and
the pattern of expression depended upon both time and region
(dorsal versus ventral). Preliminary analyses using a multivariate
ANOVA of qRT-PCR data confirmed that there was a signifi-
cant main effect of time [Pillai’s Trace Statistic, F(s33) = 20.89;
p < 0.001], treatment [F(jo,63y = 6.44; p < 0.001], and spinal
region (dorsal/ventral) [F(533 = 8.31; p < 0.001], as well as a
three-way statistically significant interaction between time, treat-
ment, and spinal region [F(io68) = 2.59; p < 0.01]. Post hoc
univariate ANOVAs indicated a main effect of time on miR1,
miR21, miR124, and miR146a, a main effect of treatment on
miR1, miR21, miR124, and miR129-2, and a main effect of spinal
region on miR1 and miR146a (all Fs > 9.14, p < 0.005). There
was also a significant interaction effect of time and treatment on
miR124 expression, and of time, treatment, and spinal region

on miR1l, miR129-2, and miR146a (all Fs > 3.68, p < 0.05).
An effect of time emerged because expression generally declined
across days. miR1 and miR146a exhibited an overall difference
across spinal regions because expression was somewhat less in the
ventral portion.

Post hoc LSD t-tests were used to further analyze the effect of
treatment. We found that miR1, miR124, and miR129-2 expres-
sion was significantly decreased following spinal cord trauma,
irrespective of exposure to uncontrollable intermittent tailshock
(pmiRl < 0-001aPmiR124 < 0.001, and PmiR129-2 < 0.001; FiguresZ
and 3). In contrast, miR21 expression was up-regulated in con-
tused subjects (pmir21 < 0.001), and there was no change in the
expression of miR146a.

Intermittent tailshock produces a selective increase in
mR1/miR129-2 and a decrease in miR124 in contused rats

The effect of shock treatment also depended upon region and
time (Figures 2 and 3). The SClgyock rats alone exhibited a
significant down-regulation of miR1 and miR124 in the dor-
sal region of the spinal cord at 7 days posttreatment. Post hoc
planned comparisons also indicated that the contusion injury
per se decreased the expression of miR1 in the ventral/motor
tissue, but this effect was significantly attenuated by uncontrol-
lable shock; expression of miR1 was increased in the SClgpock
group compared with SClypshock treatment. Similarly, there was
a significant increase in the expression of miR129-2 in dor-
sal/sensory tissue at 7 days following SClghock treatment relative
to SClynshock treatment (p < 0.05; Figure 3), and a significant
decrease in the expression of miR124 in dorsal/sensory tissue at
1 day following SClghock relative to SClynshock treatment (p < 0.01;
Figure 2).

Correlation analyses indicated significant relationships between
expression changes within distinct groups of SCI-sensitive miRNAs
Given miRNA dysregulation following both contusion injury and
uncontrollable nociception, we hypothesized that statistical rela-
tionships might exist between expression changes of different
SClI-sensitive miRNAs, indicative of possible co-regulation. Pear-
son’s product-moment correlations indicated three groups of
significant correlations between miRNAs (Figures 4A,B; Table 3).
In combined analysis of data obtained from both dorsal and
ventral spinal cord, and at both 1 and 7 days, there were signifi-
cant correlations between miR1 and miR21, miR124, miR129-2,
and miR146a (Figure 4A), between miR124 and miR1, miR129-
2, and miR146a, and between miR146a and miR1, miR2I,
and miR124 (for all Pearson’s rs, p < 0.05, see Table 3;
Figure 4B).

INTERMITTENT SHOCK SENSITIVITY OF miRNA TARGET GENES IN
CONTUSED RATS

Contused rats exhibited a decrease in IGF-1 expression at 1 h

As miR1 is further modified by uncontrollable intermittent tail-
shock following contusion, we assessed the extent to which changes
in miR1 expression corresponded to modulation of potential
neurotrophin and growth factor mRNA targets. Based on prior
work (Lewis etal., 2003; Yu etal., 2008b; Lee etal., 2012; Li
etal., 2012), we assayed BDNF and IGF-1 mRNA expression by
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FIGURE 1 | Bar graphs depicting qRT-PCR analysis of miRNA
expression of miR1, miR21, miR124, miR129-2, and miR146a at the
lesion site for sham animals and after unshocked or shock
treatment in contused animals at 1 h following tailshock treatment.
The x-axis denotes treatment condition, and the y-axis denotes the log
of mean fold expression change of miRNA. Data are normalized relative

Contused Contused
Unshocked Shocked

to U6 small nuclear RNA internal gene expression and expressed as the
mean of all fold changes of individual samples within a treatment group
relative to the mean of the treatment group, with asterisks indicating
significance (LSD) compared with sham controls; p values are as
indicated in the text. The error bars indicate the standard error of the
mean (SEM).

gqRT-PCR in sham controls and in response to either no shock
exposure or uncontrollable intermittent tailshock following injury.
As with the miRNA expression analysis, we first analyzed mRNA
expression in full segments (dorsal + ventral) at 1 h follow-
ing treatment. Planned comparisons indicated that there was a
significant decrease in expression of IGF-1 following the contu-
sion injury, irrespective of uncontrollable intermittent tailshock
(Student’s two-tailed t-test, punshock < 0.01 and pghock < 0.005;
Figure 5A).

A contusion injury down-regulated expression of BDNF and
up-regulated IGF-1 mRNA expression

Subsequently, spatial expression (dorsal/sensory—ventral/motor)
of BDNF and IGF-1 mRNA was assessed at 1 and 7 days following
SClynshock O SClghock treatment. A multivariate ANOVA of
the qRT-PCR data indicated a significant main effect of time
[Pillai’s Trace Statistic, F51) = 5.20; p < 0.01], treatment
[F4,104) = 11.66; p < 0.001], and spinal region (dorsal/ventral)
[F,51 = 17.97; p < 0.001], and a significant interaction effect
between both time and treatment [F4,104) = 6.29; p < 0.001],
and treatment and spinal region [F4 104) = 2.56; p < 0.05]. Post
hoc univariate ANOVAs indicated a main effect of time on IGF-
1 mRNA, a main effect of treatment on both BDNF and IGF-1

mRNAs, and a main effect of spinal region on BDNF mRNA (all
Fs > 9.49, p < 0.005). For IGF-1 and BDNF mRNA expression, the
effect of treatment depended on time (both Fs > 7.95; p < 0.001).
In addition, for BDNF the effect of treatment depended upon
spinal region as well as time (all Fs > 4.03; p < 0.05).

Post hoc LSD t-tests indicated that BDNF mRNA was signifi-
cantly decreased, while IGF-1 mRNA was significantly increased
following spinal cord trauma, (p < 0.001; Figures 5B,C).

Intermittent tailshock reduces BDNF expression in the dorsal region
a day after treatment and increases IGF-1 expression at 7 days
following treatment

Post hoc planned comparisons indicated that there was a signifi-
cant decrease in expression of BDNF in dorsal/sensory tissue of
SClhock subjects relative to SClynshock at 1 day following tailshock
(p < 0.05; Figure 5B). In contrast, shock treatment increased
expression of IGF-1 mRNA in ventral/motor tissue at 7 days fol-
lowing SClnshock OF SClghock treatment (p < 0.05; Figure 5C). Post
hoc planned comparisons also indicated significant spatial changes
(dorsal/sensory relative to ventral/motor) in mRNA expression,
including increased relative dorsal/sensory expression of BDNF
in sham, SClynshock> and SClghock treated subjects at both 1 day
(p < 0.01, p < 0.001, and p < 0.05, respectively) and 7 days
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Mean Fold Change in SCI-sensitive miRNA expression
at 1 day post-tailshock
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FIGURE 2 | Bar graphs depicting qRT-PCR analysis of miRNA expression
of miR1, miR21, miR124, miR129-2, and miR146a at the lesion site for
sham animals and after unshocked or shock treatment in contused
animals at 1 day following tailshock treatment. The x-axis denotes
treatment condition, and the y-axis denotes the log of mean fold expression
change of miRNA. Data are normalized relative to U6 small nuclear RNA
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internal gene expression and expressed as the mean of all fold changes of
individual samples within a treatment group relative to the mean of the
treatment group (+SEM), with asterisks indicating significance (LSD)
compared with sham controls and hash tags indicating significance (LSD)
compared with contused unshocked controls; p values are as indicated in the
text.

following SClynshock OF SClghock treatment (p < 0.01, p < 0.01,
and p < 0.001, respectively), and increased expression of IGF-
1 in SClgpock Subjects at 7 days following SClynshock O SClghock
treatment (p < 0.005; Figures 5B,C).

Correlation analyses indicated that expression changes of multiple
SCl-sensitive miRNAs were associated with changes in BDNF and
IGF-1 expression

As BDNF and IGF-1 can be mRNA targets of miR1, we hypothe-
sized that a statistical relationship would exist between expression
changes in miR1 and that of BDNF and IGF-1. Pearson’s product—
moment correlations (combining data for dorsal and ventral spinal
cord and for day 1 and 7 post-shock) indicated two groups of sig-
nificant correlations between SCI-sensitive miRNAs, BDNEF, and
IGF-1. There were significant correlations between BDNF and
both miR21 and miR124, and between IGF-1 and miR1, miR124,
and miR129-2 (Table 4). Additionally, BDNF and IGF-1 were also
significantly, but inversely correlated with each other (Pearson’s
r=—0.31, p < 0.05).

We also used multivariate analyses to discover which miRNAs
accounted for a significant proportion of the variance in IGF-1
and BDNF mRNA expression. For IGF-1, the analyses revealed
that miR124, miR21, and miR146a (in that order) each accounted

for an independent proportion of the variance (all Fs > 6.36,
p < 0.05), and together explained 42.3% of the variance. BDNF
mRNA expression was largely explained by miR21 and miR124
expression (both Fs > 7.57, p < 0.001), which together explained
24.8% of the variance. For both mRNAs, no other miRNA
independently explained a significant proportion of variance.

DISCUSSION

One of the current clinical challenges with mitigating the short-
and long-term effects of spinal cord injury is managing the
uncontrollable nociception that results from concomitant periph-
eral tissue damage. It is critical for future efforts to develop
therapeutic strategies to attenuate glial activation, cell death,
and sensitization of spinal neurons associated with intermit-
tent noxious stimulation in order to inhibit maladaptive spinal
plasticity, improve functional recovery, and suppress pain hyper-
sensitivity following SCI with associated peripheral injuries (Liu
etal., 1999; Frei etal.,, 2000; Beattie etal., 2002; Hains etal.,
2003; Xu etal., 2004; Hains and Waxman, 2006; Lampert etal.,
2006; Detloff etal., 2008; Kuzhandaivel etal., 2011). Uncontrol-
lable nociception clearly inhibits functional recovery (Grau etal.,
2004; Garraway etal., 2011; Huie etal., 2012a). It is possible
that nociceptive stimuli may interfere with functional recovery
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FIGURE 3 | Bar graphs depicting qRT-PCR analysis of miRNA expression
of miR1, miR21, miR124, miR129-2, and miR146a at the lesion site for
sham animals and after unshocked or shock treatment in contused
animals at 7 days following tailshock treatment. The x-axis denotes
treatment condition, and the y-axis denotes the log of mean fold expression
change of miRNA. Data are normalized relative to U6 small nuclear RNA
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in part, by directly altering biology within damaged tissue at
the injury site. Specifically, it is possible that miRNAs, given
their dysregulation following SCI (Liu etal., 2009; Nakanishi
etal.,, 2010; Strickland etal., 2011, 2014; Bhalala etal., 2012)
and ability to coordinate the expression of large gene networks,
are involved in the modulation of nociceptive circuitry and
prevention of functional recovery resulting from uncontrollable
nociception. Therapeutic manipulation of these miRNAs could
alleviate the maladaptive effects of noxious stimulation in both
the acute and chronic phases of SCI by suppressing activa-
tion of glia-mediated inflammation and inhibiting the synaptic
remodeling of nociceptive circuitry that results in pain hyper-
sensitivity, increased spasticity, and exacerbation of behavioral
deficits.

The current study investigated the regulation of SCI-sensitive
miRNAs at the site of an injury in rats administered uncontrollable
shock (SClgpock) or nothing (SClynshock) 1 h, 1 day, or 7 days after
shock treatment. To examine the effect of a contusion injury per
se, we included a sham-operated unshocked control as a com-
parison group. We found that the contusion injury increased
expression of miR21 and miR146a at 1 h relative to the sham
control. In the unshocked rats, miR21 remained elevated in the
dorsal (at 1 day) and ventral (at 7 days) regions. In contused

shocked rats, miR21 remained elevated in both the dorsal and ven-
tral region across days (1 and 7). The change in miR146 appeared,
in contrast, to fade over days, with the only significant increase
observed in the dorsal region of shocked rats at 1 day. At 1 day, the
contusion injury down-regulated miR1, miR124, and miR129-
2 in the ventral region of unshocked subjects. miR1 remained
down-regulated in the ventral region at 7 days and miR129-2 was
down-regulated in both the dorsal and ventral regions. Shocked
rats also showed a down-regulation of miR124 (dorsal and ventral)
and miR129-2 (ventral) at 1 day. At 7 days, only shocked-contused
rats exhibited a significant down-regulation of miR1 and miR124
in the dorsal region, whereas miR129-2 was down-regulated in
both regions. This overall pattern replicates key components of
our earlier study (Strickland etal., 2011), which showed that a
contusion injury down-regulates miR1, miR129, and miR124, and
up-regulates miR21 and miR146a.

When we examined the effect of shock treatment on miRNA
expression in contused rats, we found that shock significantly
decreased expression of miR124 in dorsal/sensory tissue at 1 day.
At 7 days, shock treatment significantly increased the expression
of miR1 (ventral region) and miR129-2 (dorsal region), relative
to injured, unshocked controls. This is the first evidence that
miRNA networks at the site of a contusion injury are affected
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FIGURE 4 | Correlation analyses to assess the relationship between
miR146a miRNA expression and expression of miR1, miR21, and
miR124 following SCI. Data for dorsal and ventral spinal cord and for day 1
and 7 post-shock were combined for analysis. (A) The x-axis and z-axis
represent the miRNAs of interest, and the y-axis depicts the magnitude of
the Pearson's product-moment correlation coefficient, r, between the
corresponding miRNAs indicated on the x- and z-axes. Pearson’s
correlations indicated seven statistically significant relationships (p < 0.05;
black bars) and three non-significant relationships (p > 0.05; white bars).
(B) The x-axis represents the mean difference in cycle threshold change
(—ACT) between miRNA expression at both dorsal and ventral spinal cord
and at 1 and 7 days following tailshock treatment and U6 controls, and the
y-axis depicts the mean difference in cycle threshold change (—ACT)
between miR146a expression in dorsal and ventral spinal cord and at both 1
and 7 days following tailshock treatment and U6 controls. Pearson’s
correlations indicated a significant correlation between miR1 (black
diamonds), miR21 (white squares), and miR124 (gray triangles), and
miR146a (Pearson’'s r = 0.569, P < 0.001, Pearson’s r = 0.69, P < 0.001,
and Pearson’s r = 0.39, P < 0.005, respectively). Data are represented as
the mean change in cycle threshold of miRNA expression relative to U6
controls (—ACT = CTUG — CTm'\RNA)-

by uncontrollable stimulation to distal spinal segments. Systemic
factors like inflammatory stimuli (Huie et al., 2012a) and the acti-
vation of glia (Vichaya et al., 2009) may mediate the effects of distal
uncontrollable stimulation on miRNA expression. However, the
direct involvement of intra-spinal circuitry cannot be eliminated.
Previous tract-tracing studies in the rat have described intra-spinal
proprioceptive circuits between the sacro-caudal spinal cord that
exerts sensorimotor control over the tail and more rostral spinal
levels including thoracic segments (Masson etal., 1991). More-
over, spinal cord trauma has also been previously shown to result
in extensive rewiring of intra-spinal circuitry (Bareyre etal., 2004)
in the rat. While rewired circuitry matures over a period of several

Table 3 | Pearson’s product-moment correlations for miRNA
expression.

miR1 miR21 miR124 miR129-2 miR146a
miR1
Pearson correlation 0.282* 0.575**  0.349** 0.5689**
Sig. (two-tailed) 0.034 0.001 0.01 0.001
N 57 54 54 54
miR21
Pearson correlation 0.163 —0.155 0.691**
Sig. (two-tailed) 0.227 0.255 0.001
N 57 56 57
miR124
Pearson correlation 0.742** 0.394%*
Sig. (two-tailed) 0.001 0.003
N 57 56
miR129-2
Pearson correlation 0.021
Sig. (2-tailed) 0.876
N 56

Analyses were based on combined data for both dorsal and ventral spinal cord
and at 1 and 7 days following tailshock treatment. For each correlation between
miRNAs given by row and column heading, the Pearson’s Correlation Coefficient,
r, the p value based on Student’s two-tailed t-test, and the sample number, N, are
listed in order from top to bottom, respectively. Three main clusters of miRNAs
correlate significantly together: miR1 correlates with miR21, miR124, miR129-
2, and miR146a, miR124 correlates with miR1, miR129-2, and miR146a, and
miR146a correlates with miR1, miR21, and miR124.

*Correlation is significant at the 0.05 level (two-tailed).

**Correlation is significant at the 0.01 level (two-tailed).

weeks following injury (Bareyre etal., 2004), a combination of
undamaged and early rewiring intra-spinal circuits may constitute
a mechanism whereby distal nociceptive stimuli regulate miRNA
expression at the injury site. Interestingly, shock treatment shifted
the regional distribution miRNA expression in contused rats, lead-
ing to decreased expression of miR124 in the dorsal region and
at 7 days, a region-specific up-regulation of miR1 (ventral) and
miR129-2 (dorsal) relative to unshocked animals. In addition, dif-
ferences in expression of miR124 were accounted for by variation
in the expression of miR1, miR129-2, and miR146a, suggesting
that these miRNAs may be co-regulated. Collectively, these data
suggest that uncontrollable nociception modulates SCI-sensitive
miRNA networks in a spatially specific manner.

We observed that although there was initially significant down-
regulation of IGF-1 following contusion, uncontrolled intermit-
tent shock did not immediately result in additional suppression
of Igf-1 at the 1-h time point. In contrast, IGF-1 was signif-
icantly increased in response to prior contusion at both 1 and
7 days following shock/unshock exposure, in both dorsal/sensory
and ventral/motor tissue. Interestingly uncontrollable intermit-
tent tailshock induced additional significant up-regulation only
after a temporal delay, i.e, at 7 days after treatment, and only in the
dorsal (i.e., sensory) region of the spinal cord. These data suggest
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that the IGF-1 response of the dorsal spinal cord is more responsive
to nociceptive influences compared to the ventral spinal cord.

Table 4 | Pearson’s product-moment correlations between miRNA
expression and the expression of Igf1 and BDNF mRNA transcripts.

miR1 miR21 miR124 miR129-2 miR146a
BDNF mRNA
Pearson correlation 0.069 0.332** —0.289* —0.164 0.154
Sig. (two-tailed) 0.609 0.009 0.024 0.211 0.244
N 57 60 61 60 59
Igf1 mRNA
Pearson correlation  0.402** —0.235 0.469**  0.415** 0.173
Sig. (two-tailed) 0.002 0.071 0.001 0.001  0.189
N 57 60 61 60 59

Analysis was based on combined data for dorsal and ventral spinal cord and from
1 and 7 days following tailshock treatment. For each correlation between miRNAs
given by row and column heading, the Pearson'’s correlation coefficient, r, the p
value based on Student's two-tailed t-test, and the sample number, N, are listed
in order from top to bottom, respectively.

*Correlation is significant at the 0.05 level (two-tailed).

**Correlation is significant at the 0.01 level (two-tailed).

Consistent with our previous findings (Garraway etal., 2011),
we found that BDNF expression was significantly down-regulated
at 1 day, as a function of SCI, but that uncontrollable inter-
mittent tail-shock resulted in additional and significant BDNF
suppression, within the dorsal/sensory region of the spinal cord.
A step-wise linear regression analysis revealed that variation in
miR124, miR21, and miR146 accounted for a significant propor-
tion of the variation in IGF-1 mRNA expression, and that miR21
and miR124 accounted for variation in BDNF mRNA expres-
sion, suggesting that both BDNF and IGF-1 regulation involves
a network of miRNAs. Alternatively, BDNF and IGF-1 may also
influence miRNA expression and the potential role of their down-
stream signaling cascades in influencing the expression of mR21
and miR124 need further investigation. The correlated expres-
sion of miRNA and trophic factor transcripts may also point to
the existence of positive feed-forward regulatory pathways. For
example, recent research has shown that another member of
the neurotrophin family, nerve growth factor (NGF) induces the
expression of miR21, and miR21 in turn promoted NGF-induced
neuronal differentiation (Montalban etal., 2014). Following SCI
such correlated trophic factor-miRNA networks may be important
for promoting neuroprotection.

Surprisingly, though miR1 and IGF-1 were both responsive
to uncontrollable nociception variation in miR1 did not account

Frontiers in Neural Circuits

www.frontiersin.org

September 2014 | Volume 8 | Article 117 [1T1


http://www.frontiersin.org/Neural_Circuits/
http://www.frontiersin.org/
http://www.frontiersin.org/Neural_Circuits/archive

Strickland etal.

miRNAs and nociception in SCI

for a significant proportion of the variation in IGF-1 (or BDNF).
This surprising finding perhaps reflects physiological differences
between dorsal-sensory and ventral-motor spinal cord and their
association with nociceptive stimulation. At day 7 following
nociceptive/shock stimulation, miR1 expression in dorsal spinal
cord in animals that had only received SCI were not different
from controls, whereas IGF-1 mRNA expression was significantly
increased. Uncontrollable nociception resulted in a significant
decrease in miR1 while further increasing IGF-1 mRNA. There-
fore, in the dorsal, sensory spinal cord, nociceptive stimulation at
least resulted in a prototypic inverse relationship between miRNA
and target gene. Since the dorsal spinal cord is likely to be the
primary recipient of nociceptive input, the inverse relationship
between miR1 and IGF-1 may represent a direct sensory modula-
tion of SCI and SCI-sensitive miRNA function. However, in ventral
spinal cord, at 7 days following uncontrollable shock, animals that
received SCI alone exhibited a significant decrease in miR1 and
an increase in IGF1. While uncontrollable nociceptive stimulation
in SCI animals attenuated this decrease in miR1 observed follow-
ing SCI alone, effectively resulting in increased miRNA expression,
the expression of IGF-1 remained unchanged from the shock-only
condition. These data suggest a dissociation between miRNA and
target gene networks following SCI and intermittent noxious stim-
ulation, as we have previously observed in other models of neural
damage (Pappalardo-Carter etal., 2013). While such dissociation
may be simply the result of miRNA and mRNAs being expressed
in distinct and non-overlapping cell cohorts, this dissociation in
ventral spinal cord may be a secondary consequence of activating
the dorsal spinal cord. It is also intriguing to hypothesize that this
dissociation may indicate the emergence of intervening, compen-
satory biological mechanisms, including perhaps shifts in miRNA
function from translation repression to transcription activation
(Place etal., 2008; Liu etal., 2013).

Uncontrollable nociception may have significant adverse con-
sequences for recovery of function, that may be mediated by
SCI-sensitive miRNAs. These miRNAs have also been shown
to be activated and to influence cellular responses to neuro-
pathic pain. For example, consistent with our own observation
showing delayed reduction in miR1, others have reported that
peripherally applied nociceptive and inflammatory stimuli also
result in long term reduction of miR1 expression in dorsal root
ganglia (Kusuda etal., 2011). An accumulating literature sug-
gests that several SCI-sensitive miRNAs control inflammatory and
other biological functions that are pertinent to nociception. For
example, miR124 suppresses activation of resting microglia and
macrophages prior to injury, and both miR21 and miR146a have
been shown to negatively regulate astrocyte activation following
SCI (Ponomarev etal., 2011; Bhalala etal., 2012; Iyer etal., 2012;
Willemen etal., 2012; Kynast etal., 2013). MiR124 is an espe-
cially important candidate, as it is involved in the regulation of
both BDNF and IGF-1, is sensitive to uncontrollable intermit-
tent tailshock, and has been shown to inhibit nociceptive behavior
associated with neuropathic pain (Kynast et al., 2013). While these
miRNA changes were assessed within the spinal cord, and pre-
sumably directly influenced by activation of neural nociceptive
pathways, the role of intermediate physiological and cellular acti-
vators cannot be ignored. For example, changes in heart rate, blood

pressure, or immune system activation in response to nociceptive
stimuli may mediate changes in miRNA expression. In this con-
text, it is important to note that miR1 is also highly expressed in
the vascular system and increases the barrier capacity of endothe-
lial cells (Wang etal., 2013). One prediction is that the persistent
decrease in miR1 expression following SCI may lead to increased
vascular permeability and consequently be permissive for leuko-
cyte infiltration. In the early stages of injury, the suppression of
miR1 may well have a protective effect, since the predicted increase
in leukocyte infiltration may limit tissue damage and promote
clearance of debris (Peruzzotti-Jametti etal., 2014). Uncontrol-
lable nociceptive stimuli may be predicted to prevent or delay that
effect.

SCI and nociception-sensitive target genes like IGF-1 also
have important consequences for functional recovery. IGF-1
promotes both oligodendrocyte survival after SCI upon up-
regulation through leukemia inhibitory factor-mediated activa-
tion of microglia (Kerr and Patterson, 2005; Mekhail etal,
2012), and reduces blood-brain barrier permeability and edema
through attenuation of nitric oxide synthase up-regulation upon
its topical application prior to and following SCI (Sharma etal.,
1997; Nyberg and Sharma, 2002). IGF may have general neu-
roprotective value in a variety of disease models. For example,
recent research has shown that IGF-1 protects against ischemic
stroke (Selvamani etal., 2012). Intriguingly, in the above report,
antisense-mediated suppression of miR1 had the same neuro-
protective effect. These data suggest that the decrease in miR1
and increase in IGF-1 mRNA following SCI may represent a
neuroprotective adaptation. Conversely, uncontrollable nocicep-
tive stimulation effectively increases miR1 at least in dorsal
spinal cord, and may therefore adversely influence functional
recovery.

Collectively, these data suggest that SCI-sensitive miRNAs
constitute an important component of a response to uncontrol-
lable nociception from peripheral injury. While it remains to
be ascertained, these miRNAs and their targets may well engage
direct astrocyte- and glial-mediated mechanisms as well as indi-
rect inflammatory pathways. Consequently, these miRNAs may
constitute therapeutic targets for attenuating neuropathic pain
following SCI.
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C-boutons are important cholinergic modulatory loci for state-dependent alterations in
motoneuron firing rate. m2 receptors are concentrated postsynaptic to C-boutons, and
m2 receptor activation increases motoneuron excitability by reducing the action potential
afterhyperpolarization. Here, using an intensive review of the current literature as well as
data from our laboratory, we illustrate that C-bouton postsynaptic sites comprise a unique
structural/functional domain containing appropriate cellular machinery (a “signaling ensem-
ble”) for cholinergic regulation of outward K* currents. Moreover, synaptic reorganization
at these critical sites has been observed in a variety of pathologic states. Yet despite recent
advances, there are still great challenges for understanding the role of C-bouton regulation
and dysregulation in human health and disease. The development of new therapeutic
interventions for devastating neurological conditions will rely on a complete understanding
of the molecular mechanisms that underlie these complex synapses. Therefore, to close
this review, we propose a comprehensive hypothetical mechanism for the cholinergic
modification of a-MN excitability at C-bouton synapses, based on findings in several
well-characterized neuronal systems.

this work.

Keywords: SK, Kv2.1, a-motoneuron, acetylcholine, C-boutons, afterhyperpolarization, subsurface cistern

INTRODUCTION

The neuromuscular system provides rapid and coordinated force
generation, whereby the number and firing rate of recruited
motor units are systematically adjusted to meet environmental
demands (Monster and Chan, 1977; Henneman and Mendell,
1981; Clamann, 1993; Cope and Sokoloff, 1999). Indeed, the ele-
gant simplicity with which animals navigate their environment
relies on neural circuitry that is inherently modifiable, and the abil-
ity to perform a variety of motor tasks while responding quickly
to unexpected perturbations and threats is essential for individ-
ual survival (Ladle et al., 2007; Miri et al., 2013). Control of a-MN
repetitive firing properties is a therefore highly conserved and crit-
ical adaption of mammalian and non-mammalian species alike,
and identifying the responsible spinal circuits has been of essential
importance in our understanding of neuromuscular function and
dysfunction (Miles and Sillar, 2011).

For more than 50 years, a particular class of synapse in the
spinal cord ventral horn — the C-bouton — has generated sustained
interest among o-MN anatomists and physiologists. Unambigu-
ousidentification of these conspicuously large cholinergic synaptic
contacts and the characteristic postsynaptic SSC for which they are
named has prompted numerous investigations into their distribu-
tion, source, function, and pathology. Yet despite the detailed
morphologic and physiologic information generated by many

Abbreviations: AHP, afterhyperpolarization; ChAT, choline acetyltransferase; IaIN,
Ta inhibitory interneuron; IR, immunoreactivity; m2 receptor, type 2 muscarinic
acetylcholine receptor; MN, motoneuron; RyR, ryanodine receptors; S1R, sigma-
1 receptors; SK, small conductance calcium-activated potassium channel; SSC,
subsurface cistern; VAChT, vesicular acetylcholine transporter; VGIuT, vesicular
glutamate transporter.

neuroscientists, it is humbling to consider (a) the incrementally
slow trajectory by which our understanding of this enigmatic
synapse has grown and (b) that as yet there is no definitive and fully
functional hypothesis regarding their distribution, their postsy-
naptic subcellular machinery, their contribution to motor control
and behavior, and their regulation/dysregulation in health and
disease.

Recently, we have learned the most elementary effect of
C-boutons on a-MN f-I gain during static intracellular current
injection occurs via dramatic reductions in the strength of the
action potential AHP (Miles etal., 2007), which is mediated by
postsynaptic small conductance Ca?*-activated K+ (SK) channels
(Deardorff etal., 2013). However, the mystery of the C-bouton
and its cholinergic effects on MN biophysical properties and inte-
grative capabilities is by no means solved, as has been suggested
(Frank, 2009). Using an isolated spinal cord preparation, Miles
etal. (2007) demonstrate a putative role for C-boutons in ensur-
ing appropriate levels of motor output during drug induced fictive
locomotion. But complexity arises upon behavioral assessment of
adult mice with selective genetic inactivation of C-bouton synaptic
inputs, which during locomotion exhibit normal flexor—extensor
alternation and normal EMG amplitude. Motor deficits in these
mice primarily manifest during high-output tasks such as swim-
ming (Zagoraiou etal., 2009). These data convincingly implicate
C-boutons in the task-dependent regulation of a-MN excitabil-
ity via reduction of outward K™ currents, but questions remain
regarding (a) the functi