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Intrinsic electrophysiological properties arising from specific combinations of voltage-gated
channels are fundamental for the performance of small neural networks in invertebrates,
but their role in large-scale vertebrate circuits remains controversial. Although spinal
neurons have complex intrinsic properties, some tasks produce high-conductance states
that override intrinsic conductances, minimizing their contribution to network function.
Because the detection and coding of somato-sensory information at early stages probably
involves a relatively small number of neurons, we speculated that intrinsic electrophysi-
ological properties are likely involved in the processing of sensory inputs by dorsal horn
neurons (DHN). To test this idea, we took advantage of an integrated spinal cord-hindlimbs
preparation from turtles allowing the combination of patch-clamp recordings of DHN
embedded in an intact network, with accurate control of the extracellular milieu. We
found that plateau potentials and low threshold spikes (LTS) -mediated by - and T-type
CaZ*channels, respectively- generated complex dynamics by interacting with naturally
evoked synaptic potentials. Inhibitory receptive fields could be changed in sign by activation
of the LTS. On the other hand, the plateau potential transformed sensory signals in the
time domain by generating persistent activity triggered on and off by brief sensory inputs
and windup of the response to repetitive sensory stimulation. Our findings suggest that
intrinsic properties dynamically shape sensory inputs and thus represent a major building
block for sensory processing by DHN. Intrinsic conductances in DHN appear to provide a
mechanism for plastic phenomena such as dynamic receptive fields and sensitization to
pain.
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INTRODUCTION

In neural networks, the relative weight of synaptic and intrin-
sic conductances varies depending on the type of neuron
(Fernandez and White, 2009) as well as on the task performed
(Toledo-Rodriguez etal., 2005; Berg and Hounsgaard, 2009).
Although spinal neurons have complex repertoires of intrinsic
properties, such as plateau potentials and low threshold spikes
(LTS; Russo and Hounsgaard, 1999), their contribution to the
various functions executed by spinal circuits remains controver-
sial. Using an isolated carapace—spinal cord preparation in turtles,
Alaburda etal. (2005) showed that plateau potentials in motoneu-
rons are overridden by synaptic activity during scratch. However,
inward persistent conductances in cat motoneurons innervating
ankle extensor muscles are modulated by small changes in the
angle of the ankle joint (Hyngstrom et al., 2007) and plateau poten-
tials are recruited in frog motoneurons during the withdrawal
reflex (Perrier and Tresch, 2005). This suggests that the involve-
ment of intrinsic properties is highly dependent on the particular
function executed by spinal circuits.

The detection and feature extraction of sensory information
during the initial steps of sensory processing involve complex
transformations at the cellular level. We hypothesize that as
reported for some sensory modalities (Sanchez-Vives etal., 20005

Kawai and Miyachi, 2001; Oswald etal.,, 2004; Loewenstein
etal., 2005; Tan and Borst, 2007), intrinsic properties of dorsal
horn neurons (DHN) actively shape somato-sensory informa-
tion carried by primary afferent fibers. To test this idea, we
took advantage of an integrated spinal cord-hindlimbs prepa-
ration from turtles allowing the combination of patch-clamp
recordings of DHN embedded in an intact network with accu-
rate control of the extracellular milieu (Reali and Russo, 2005).
We found that plateau potentials and LTS -mediated by L- and
T-type Ca?* channels, respectively- generated complex dynam-
ics by interacting with naturally evoked synaptic potentials. For
example, the LTS underlined a form of plasticity of inhibitory
receptive fields whereas the plateau potential transformed sensory
signals in the time domain. Thus, unlike some motor tasks involv-
ing massive activation of large-scale networks, intrinsic properties
have a say on the integration of sensory information performed
by DHN.

MATERIALS AND METHODS

All experimental procedures were performed in accordance with
the ethical guidelines established by our local Committee for
Animal Care and Research at the Instituto de Investigaciones
Biolégicas Clemente Estable. Every precaution was taken to
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minimize animal stress and the number of animals used. Data
were obtained from 40 juvenile turtles (Trachemys dorbignyi;
5-7 cm carapace length). The animals were maintained in
temperate aquaria (24-26°C) under natural illumination.

INTEGRATED PREPARATION

The procedures to obtain the preparation are described in detail
elsewhere (Reali and Russo, 2005). Briefly, turtles rendered tor-
pid by hypothermia induced by immersion in crushed ice for
1.5-2 h (Melby and Altman, 1974; Alaburda etal., 2005) were
decapitated and the blood was removed by intraventricular per-
fusion with Ringer solution (6°C) of the following composition
(in millimolar): 96.5 NaCl, 2.6 KCI, 31.5 NaHCOs3, 4 CaCl,,
2 MgCly, and 10 glucose. The solution was saturated with 5%
CO; and 95% O; to attain pH 7.6. The animals were curarized
(50—40 mg kg—!, I.M.) to avoid reflex responses to sensory stim-
ulation. The lumbo-sacral spinal cord was exposed on its dorsal
side by remotion of a strip of carapace, and a chamber was formed
by fixing two blocks of agar along the cord. The posterior half
of the body was then glued to a platform for recording and
stimulation. The spinal cord was continuously superfused with
Ringer solution at a rate of 1 ml min~!. In some experiments,
NiCl, (200-900 wM), CsCl, (1 mM), and nifedipine (10-50 pM,
Sigma) were added to the Ringer solution. At least 15 min elapsed
before data collection after a change in composition of the super-
fusate. All experiments were performed at room temperature
(20-22°C).

ELECTROPHYSIOLOGICAL RECORDINGS AND STIMULATION
Patch-clamp whole-cell recordings were made blindly in the lum-
bar enlargement at depths of 150-500 pm from the dorsal surface
of the cord. The electrodes (7-20 M2) were pulled from thick wall
glass tube (A-M Systems, Carlsborg, WA, USA) with a Flaming—
Brown P-87 puller (Sutter Instruments, Co., USA) and filled with
the following solution (in millimolar): 122 K-gluconate, 5 Na;-
ATP, 2.5 MgCl,, 0.0003 CaCl,, 5.6 Mg-gluconate, 5 K-Hepes, 5
H-Hepes. In some experiments, biocytin (10 mM) was also added
to the patch solution. Recordings were performed in the current
clamp mode with an AxoClamp-2B amplifier (Axon Instruments,
Union City, CA, USA) driven by a programmable stimulator
(Master-8; A.M.P.L, Israel). Data were filtered (DC-5 KHz), digi-
tized (20 kHz sampling rate), and stored in a personal computer
for offline analysis.

The passive and active properties of DHN were characterized
by applying current pulses lasting from 500 ms to 5 s at different
levels of holding current. Action potential amplitudes were mea-
sured from peak to peak, input resistances determined in the linear
region of the voltage-current relationship and liquid junction
potentials (—14.6 mV) corrected off-line (Barry and Diamond,
1970). Numerical values are expressed as mean = SEM.

After the electrophysiological characterization of the recorded
cell, the receptive field was studied by applying mechanical stim-
uli in the dorsal surface of the ipsilateral hindlimb. To map the
receptive field, stimuli were applied in 3 mm steps and repeated
three times at each location. Innocuous mechanical stimuli were
produced by means of a fine artist brush and pinprick stim-
uli with the tip of a fine tweezers. To ensure the same level of

natural stimulation when performing pharmacology, we applied
vibratory stimuli to the skin with a blunt probe (0.6 mm diam-
eter) or a sharp tip attached to the cone of a loudspeaker.
A wave generator (Hewlett Packard 3312A) was used to drive
the loudspeaker to produce sinusoidal stimuli of 60-70 Hz. A
homemade movement detector based on an infrared optocoupler
was used to measure the displacement of the loudspeaker cone
(Reali and Russo, 2005).

RESULTS

RESPONSE PROPERTIES OF BURSTING NEURONS TO NATURAL
STIMULATION

As previously described in slices (Ryu and Randic, 1990; Russo
and Hounsgaard, 1996b), we found that some DHN in the
integrated spinal cord-hindlimbs preparation showed burst fir-
ing when depolarized from hyperpolarized membrane potentials
(Figure 1Aa) or at the offset of hyperpolarizing current pulses
(Figure 2A). As shown in Figure 1, the same absolute level of cur-
rent during the pulse generated a mild response at rest (Figure 1Aa,
left trace) but a strong burst of action potentials when bias cur-
rent hyperpolarized the cell (Figure 1Aa, right trace), suggesting
the activation of an LTS (Jahnsen and Llinds, 1984). Long-lasting
current pulses in bursting neurons generated an initial high fre-
quency of action potentials that subsided over many seconds to
end in tonic firing (Figure 1Ab). Bursting cells (n = 50) were
found in relatively superficial layers of the dorsal horn (78%,
150-300 pm below the surface), had action potential amplitudes
of 74.7 & 1.6 mV (n = 47), input resistances of 1.3 + 0.1 GQ
(n = 48), and resting membrane potentials of —70.0 + 1.4 mV
(n=41).

The responses to brush (Figure 1Ba) or pinprick (Figure 1Bb)
of the skin in most bursting neurons (33 of 41) were dominated
by a barrage of inhibitory post-synaptic potentials (IPSPs) inter-
mingled with a few excitatory post-synaptic potentials (EPSPs). At
resting membrane potentials, IPSPs were identified as rapid hyper-
polarizing deflections followed by a slower relaxation, whereas
EPSPs were conversely recognized as fast depolarizing events. In
addition, as the membrane was hyperpolarized with holding cur-
rent, IPSPs decreased in amplitude (see Figure 2B) -reversing close
to the Cl~ equilibrium potential (—78.3 mV at 20°C) — whereas
EPSPs were decreased in amplitude by depolarization. In 19 of
29 cells, the inhibitory receptive fields were large, comprising the
whole ipsilateral leg and had a small firing zone (Figure 1Bb, upper
trace and cartoon in inset). The hyperpolarizing response elicited
by brief stimulation within the inhibitory receptive field could last
up to 2 s (see Figures 1B, 2B, and 3) and may be due to repetitive
firing of inhibitory interneurons. The remaining neurons with
LTS (8 out of 41) showed responses to brush (Figure 1Ca) or
pinprick (Figure 1Cb) composed mostly by EPSPs. In these cells,
the excitatory receptive fields had a firing zone surrounded by a
subthreshold zone (Figure 1C, cartoons in insets).

INTERACTIONS OF THE LTS WITH NATURALLY EVOKED SENSORY
INPUTS

Although previous studies in slices showed that LTS could inter-
act with synaptic inputs elicited by stimulation of dorsal roots
(Russo and Hounsgaard, 1996b), it is not clear whether LTS could
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FIGURE 1 | Responses to mechanical stimulation in cells with LTS.

(A) A depolarizing current pulse produced low-frequency tonic firing when
applied at rest [(a), left] and a high-frequency burst when the cell was
hyperpolarized with bias current [(a), right]. Application of a long-lasting
current pulse (5 s) shows that the initial high-frequency burst is followed by
sustained tonic firing (b). (B) Responses of the cell shown in A to brush (a)
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and pinprick (b) applied in two different zones of the ipsilateral hindleg (1 and
2, dots in the cartoons). (C) Responses of a different bursting cell to brush (a)
and pinprick (b). The corresponding receptive fields are shown in the insets.
In this and subsequent figures, dotted lines and arrows underneath the traces
indicate the time of application of the brush and pinprick stimuli, respectively.
(Aa-Ab) and (Ca-Cb) from the same cell.

shape the output of DHN when driven by meaningful sensory
inputs. We thus analyzed the interactions of naturally evoked sen-
sory inputs with the intrinsic properties of bursting cells. Figure 2
shows the responses of a bursting cell to hyperpolarizing current
pulses (Figure 2A) and to natural stimulation (Figure 2B) at dif-
ferent membrane potentials. The presence of a sag during the pulse
suggested that the post-inhibitory rebound was partly accounted
for by the activation of a time-dependent anomalous rectifica-
tion (Figure 2A, left trace). However, a substantial component of
the response was mediated by the activation of an LTS since the
rebound grew (Figure 2A, middle trace, arrowhead) to become a
burst of spikes with progressive application of depolarizing hold-
ing current (Figure 2A, right trace). The inset in Figure 2A shows
the superimposed rebound responses at —69 and —65 mV. At
hyperpolarized and resting membrane potentials (Figure 2B, left
trace and middle trace, respectively), the cell responded to pin-
prick with a strong and long-lasting inhibition. However, when

the cell was held at depolarized membrane potentials (Figure 2B,
right trace), pinprick on the same spot of the skin (Figure 2B,
dot in cartoon) generated an early barrage of IPSPs followed by
spike firing at the end of the response. Notice that spiking did
not arise from EPSPs but from the rebound produced by indi-
vidual IPSPs as shown on a faster time scale in the boxed inset.
Figure 2C shows the effects of changing the membrane potential
on the characteristics of the receptive field. The large inhibitory
receptive field measured at rest (Figure 2Ca, —68 mV) changed to
an extended firing zone when the bursting neuron was depolarized
(Figure 2Cb, —54 mV).

The voltage dependence of the responses induced by natural
stimulation of the receptive field suggests that the delayed excita-
tion following inhibition was mediated by the activation of T-type
Ca?* channels. To confirm that the delayed excitation was due to
the interaction of IPSPs and the LTS we used Ni** (200-900 wM)
as a T-type Ca?t channel blocker. In all cases (1 = 6), the rebound
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FIGURE 2 | Interaction between the LTS and synaptic activity elicited by
natural stimulation. (A) A hyperpolarizing current pulse applied at different
levels of bias current. Notice that the rebound response grew as the
membrane potential was depolarized to generate a burst of action potentials
(—58 mV). The inset shows the superimposed rebounds generated at —69
and —65 mV (arrowhead). (B) In the cell shown in (A), a barrage of IPSPs was
generated when pinprick was applied to a spot within the receptive field (dot
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in cartoon). As the membrane potential was depolarized, the IPSPs generated
action potentials after some delay. The inset shows that spiking resulted from
post-inhibitory rebounds. (C) Cartoons showing the receptive field of a DHN
with a naturally induced response similar to that shown in B, at two different
membrane potentials. The firing zone at rest [(a), —68 mV] was smaller than
at depolarized membrane potentials [(b), —54 mV] as the LTS interacted with
IPSPs.

responses were reduced in the presence of Ni*. Figure 3 shows
that a delayed excitation in response to sinusoidal (70 Hz) stimu-
lation with a sharp probe (Figure 3A) disappeared when Ni?* was
added to the bath (300 wM, Figure 3B). Notice, however, that the
inhibition induced by the same stimulus in the presence of Ni**
was even larger than that of control, suggesting the blockade of the
delayed excitation is because of the antagonism of post-synaptic
T-type Ca?™ channels. In line with this, Ni* selectively blocked
the T-type Ca2* channel component of the LTS generated at the
offset of a hyperpolarizing current pulse (Figure 3B, inset, n = 6).
The contribution of the time-dependent anomalous rectification
to rebound responses induced by natural stimulation in bursting
DHN seems to be small because Cs2* (1 mM, n = 3) did not
prevent delayed excitation (data not shown).

RESPONSES OF DHN WITH PLATEAU PROPERTIES TO NATURAL
STIMULATION

A second population of cells (n = 51) responded with increment-
ing firing frequency of action potentials and after-discharges in
response to long-lasting depolarizing current pulses (Figure 4Aa).
Neurons with plateau potentials localized more deeply in the dor-
sal horn (80%, 250 wm to 500 below the surface), had spike
amplitudes of 79.6 & 1.3 mV (n = 51), input resistances of
1.2 £ 0.1 G (n = 51), and resting membrane potentials of
—58.5+ 1.3 mV (n=47).

All plateau neurons responded to mechanical stimuli applied
to the ipsilateral hindlimb and had large receptive fields. The
majority of cells (31 out of 35) were wide dynamic range (WDR)
neurons since they responded to brush and pinprick of the skin

(Figure 4C). In 11 of 47 cells, the response to skin brush con-
sisted of subthreshold EPSPs mixed with some IPSPs (Figure 4Ab),
whereas in the remaining cells a firing zone within the receptive
field was observed (Figures 4B,C). The responses were complex
with concurrent activation of excitation and inhibition. As the
stimulus moved away from the firing zone, the inhibitory compo-
nent of the response became stronger, to turn in some cells (6 out
of 36) into a net hyperpolarization that defined an inhibitory zone
within the receptive field (Figure 4C).

PLATEAU POTENTIALS INTERACT WITH NATURALLY EVOKED SENSORY
INPUTS
Plateau properties have been implied in the generation of per-
sistent activity in sensory systems (Lo and Erzurumlu, 2002;
Matsumoto etal., 2009) and during some motor tasks (Major and
Tank, 2004; Perrier and Tresch, 2005; Hyngstrom etal., 2007).
As previously described in slices (Russo and Hounsgaard, 1994,
1996a; Morisset and Nagy, 1998), a depolarizing current pulse
in DHN with plateau properties can elicit persistent firing that
can be turned off by transient hyperpolarization (Figure 5A).
In these cells, persistent activity could also be triggered by nat-
ural stimulation within the excitatory receptive field (Figure 5B,
—63 mV). Notice that although the persistent response was synap-
tically induced, it could be terminated by a hyperpolarizing current
pulse. Hyperpolarizing the membrane potential with bias current
reduced the number of spikes and the overall duration of the
response (Figure 5B, —75 and —85 mV).

The voltage-dependence of the responses to natural stimu-
lation suggests that L-type Ca?>* channels in the post-synaptic

Frontiers in Cellular Neuroscience

www.frontiersin.org

December 2013 | Volume 7 | Article 276 | 4


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

Reali and Russo

Intrinsic properties shape somatosensory information

FIGURE 3 | lonic mechanisms of the interaction between LTS and
sensory inputs. (A) Sinusoidal (70 Hz) mechanical stimulation applied on the
ipsilateral leg (dot in cartoon) produced a strong hyperpolarization followed by
spiking generated by post-inhibitory rebounds. (B) In the presence of Ni2+

B control
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T T i50pA

Ni® 200 ms

20 mV
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(300 wM), the same stimulus produced a strong inhibition but delayed spike
firing was eliminated. The inset in (B) shows that the LTS induced by a
hyperpolarizing current pulse was strongly reduced by Ni2+. All data from the
same cell.

membrane add substantially to the responses induced by
brief stimulation of the receptive field. Indeed, the persistent
activity induced by mechanical stimulation within the exci-
tatory receptive field was reversibly eliminated by nifedipine
(Figure 5C; 20-50 uM, n = 5). Notice that the early, synap-
tically driven component of the response was unaffected by
nifedipine.

Stimulation within different zones of the receptive fields of
DHN with plateau properties generated complex dynamics. For
example, the after-discharges mediated by L-type Ca?* channels
(Figure 6Aa) could be terminated by transient stimulation of the
inhibitory zone of the receptive field (Figure 6Ab, 5 out of 5 cells).
In fact, bistability could be produced by alternate stimulation
within the excitatory and inhibitory zones of the receptive field
(Figure 6B, 4 out of 4 cells).

Another interesting dynamic generated by the plateau poten-
tial occurred within the time domain. As described previously in
slices of the turtle (Russo and Hounsgaard, 1994, 1996a) and rat
(Morisset and Nagy, 1998, 2000) spinal cords, the repetition of a
mild depolarizing current pulse in DHN with plateau properties
(Figure 7A) induced a “windup” of the response (Figure 7Ba, 21
out of 29 cells). The facilitation of the response could be explained
by the “warm-up” of L-type Ca?* channels as there was no cumu-
lative depolarization between stimuli (Figure 7Ba). In 15 out of 19
cells, the wind up produced with current pulses could also be gen-
erated by natural stimulation of the skin. For example, in the cell
shown in Figure 7Ba, repetitive pinprick within the subthresh-
old zone of the receptive field produced spike firing “windup”
(Figure 7Bb) similar to that induced with current pulses. The
offset of windup varied widely among plateau-generating cells,

ranging from about 5 s to hundreds of seconds when persistent
firing occurred. Figure 7C shows a plateau neuron in which repet-
itive pinprick applied in the firing zone of the receptive field
induced “windup” of the response followed by persistent firing at
the resting membrane potential (Figure 7C, —52 mV). The same
stimulation protocol applied at hyperpolarized membrane poten-
tials (Figure 7C, —83 mV) showed that the synaptic drive induced
by natural stimulation did not increase with repetition, suggesting
that windup to pinprick was mediated by the intrinsic properties of
DHN. To confirm this interpretation, we tested the effect of L-type
Ca?* channel blockade with nifedipine on windup generated by
pinprick of the skin. Nifedipine (20-50 wM, n = 5) reduced the
incrementing firing frequency during a long-lasting depolarizing
current step (Figures 8A,B) and in the same cell wiped out the
windup of the response to repetitive pinprick (Figure 8C). Collec-
tively, our data show that the windup of the response is produced
by the integration of inputs by the L-type Ca?* channels over
a slow time frame and not by a progressive increase in synaptic
weight.

DISCUSSION

Intrinsic properties represent a major building block in small-scale
networks of invertebrates (Getting, 1989; Marder and Calabrese,
1996). Although neurons in vertebrates also have complex intrin-
sic dynamics (Llinds, 1988), their relevance in large-scale networks
has been questioned (Alaburda et al., 2005; Berg et al., 2007; Kolind
etal.,2012). We show here that LTS and plateau potentials dynam-
ically shaped naturally evoked sensory inputs in DHN immersed
within an intact spinal network. The interaction of intrinsic
properties and synaptic potentials occurred within voltage and
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FIGURE 4 | Responses of plateau-generating neurons to sensory excitatory receptive field with a sub-threshold zone (1) and a firing zone (2).
stimulation. (A) Incrementing firing frequency and afterdischarge (C) Plateau-generating neuron that had a receptive field with excitatory
generated by a depolarising current pulse (a). In the same cell, brushing the (1, 2) and inhibitory (3) zones in response to innocuous (a) as well as
skin within different zones [(b), 1 and 2] of the ipsilateral leg generated noxious (b) mechanical stimuli. Note that the firing zone was larger to
sub-threshold synaptic responses. (B) Most plateau neurons had an pinprick (b) than to brush (a).

time windows defined by the properties of T-type and L-type
Ca?* channels.

LTS IN DHN: EXCITED BY INHIBITION

Most DHN with LTS responded to natural stimulation with a
robust barrage of IPSPs resulting in receptive fields with large
inhibitory components. Interestingly, the interaction of the synap-
tic potentials and the LTS within a narrow range of membrane
potentials produced post-inhibitory rebounds that paradoxically
transformed an inhibitory input into a delayed excitatory out-
put. Rebound excitation after inhibition by noxious stimuli in
the hindpaw has been reported in a subset of DHN recorded

extracellularly in rats (McGaraughty and Henry, 1997) and in
cat spinoreticular neurons after powerful IPSPs elicited by sciatic
nerve stimulation (Sahara etal., 1990). Thus, rebound excita-
tion seems a general computational element during the analysis
of somato-sensory information in the spinal cord. The temporal
sequence of inhibition-excitation has been generally assumed to
arise from the logic of circuitry (Large and Crawford, 2002). Neu-
rons with rebound responses to hyperpolarizing current pulses
and inhibitory receptive fields were found in a hemisected spinal
cord-hindlimb preparation of the neonatal rat (Lopez-Garcia
and King, 1994) and in vivo in superficial DHN of the mouse
(Graham etal., 2004), although in these studies the possible
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FIGURE 5 | Plateau potentials in DHN shape naturally evoked sensory
inputs. (A) Incrementing firing frequency due to activation of a plateau
potential. The stimulus was followed by an after-discharge terminated by a
hyperpolarizing current pulse. (B) Response to brush on a spot of the
receptive field (inset) at different membrane potentials. (C) A sinusoidal
(60 Hz, lower inset) mechanical stimulation with a fine probe on a spot
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within the receptive field (cartoon in inset on the right) activated the plateau
potential as suggested by the prolonged after-discharge terminated by a
hyperpolarizing current pulse (control). Nifedipine (40 wM) spared the
earliest component of the response induced by natural stimulation but
blocked the prolonged afterdischarge which reappeared after wash out. All
data from the same cell.

interaction with LTS was not explored. Our study shows that
depending on the recent history of DHN (e.g., the actual mem-
brane potential at which inhibition occurs) rebound excitation can
be fully accounted for by the interaction of sensory inputs and the
properties of the post-synaptic membrane.

The function of the intrinsic delayed excitation produced by the
LTS in DHN is puzzling. In the auditory system, post-inhibitory
rebound excitation has been implied in temporal computa-
tion of auditory signals (Large and Crawford, 2002). Indeed,
rebound excitation in a subset of neurons in the superior parao-
livary nucleus and the inferior colliculus is produced by intrinsic
mechanisms activated by hyperpolarization induced by acoustic
stimulation (Felix etal., 2011; Kasai etal., 2012). It is then possible,
that the interaction between sensory-induced inhibition and the
LTS in DHN similarly encode temporal features of the stimulus.

Delayed excitation is one of the functional building blocks
in neuronal networks and has been proposed as an intrinsic
mechanism for integration of excitatory inputs (Getting, 1989;

Turrigiano etal., 1996). As proposed for the slow post-inhibitory
rebound in lateral pyloric neurons of the stomatogastric ganglion
(Goaillard etal., 2010), the delayed excitation induced by natu-
rally evoked inhibition in DHN could be an intrinsic mechanism
for integration of inhibitory inputs. Post-inhibitory rebounds
have been also implied in the production of different forms of
rhythmic motor patterns (Getting, 1989). In the neonatal rat,
a post-inhibitory rebound mediated by low voltage-gated Ca?*
channels is engaged in spinal motoneurons during locomotion
(Bertrand and Cazalets, 1998). In addition, a subset of interneu-
rons, in the turtle spinal cord are rhythmically hyperpolarized
during fictive scratch and swimming (Berkowitz, 2007, 2010).
Although we never observed rhythmic activity in our study, DHN
with LTS may be elements of the pre-motor network devoted to
early stages of sensory-motor integration. Indeed, DHN with LTS
are small interneurons with an axon bearing profuse collaterals in
the dorsal horn (Russo and Hounsgaard, 1996b; Reali and Russo,
2005).
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FIGURE 6 | Complex dynamics between plateau properties and
stimulation in different receptive field spots.(A) The afterdischarge
produced by depolarizing current pulses could be turned off by a
hyperpolarizing current pulse (a) or by brief brush within the inhibitory
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response with incrementing firing frequency followed by an afterdischarge
terminated by a mild hyperpolarizing current pulse (a). A similar behavior could
be produced by alternate stimulation on spots within the excitatory (1) and
inhibitory (2) receptive fields (b). The inset in (b) shows the response to brush
on a spot within the inhibitory receptive field. (A,B) From two different cells.

PLATEAU POTENTIALS INTEGRATE SOMATOSENSORY INPUTS IN A
SLOW TIME SCALE

In the somatosensory system, prolonged after-discharges in WDR
neurons have been related to pain mechanisms (Wall and Melzack,
1989). Noxious stimuli applied to the skin in mammals pro-
duce prolonged post-discharges (Price etal., 1971; Coghill etal,,
1993; Reali etal., 2011) and psychophysical studies showed that
pain perception greatly outlasts the stimulus (Coghill etal., 1993).
Although local recurrent networks are a widely accepted theory
to explain persistent neuronal activity (Major and Tank, 2004),
anatomical evidence supporting this kind of circuits in the spinal
cord is lacking. We demonstrate here that persistent firing induced
by natural stimulation can be accounted for by the activation
of a plateau potential mediated by L-type Ca’>* channels. The
time- and voltage-dependent facilitation of the plateau potential
was also responsible for the windup of the response, a form of
short-term synaptic plasticity induced by repetitive noxious stim-
ulation (Mendell, 1966). Because the windup is considered an
intermediate step in the development and maintenance of a central

sensitization to pain (MacMahon etal., 1993; Urban etal., 1994),
the plateau potential could be a key element of the mechanisms
that generate long-lasting phenomena such as hyperalgesia. In
line with this, in vivo extracellular recordings in the rat showed
that the windup of both the response of deep DHN and the
nociceptive flexion reflex were sensitive to L-type Ca®* channel
blockers (Fossat etal., 2007). In addition, allodynia is reversed in
vivo after blocking the expression of Ca, 1.2 channels (Fossat et al.,
2010). Remarkably, Cavl.2 mRNA is increased in a neuropathic
pain model (Fossat etal., 2010), a change probably related to the
increased proportion of DHN able to display plateau potentials
(Reali etal., 2011).

The plateau potential could also play an important part in
the processing of non-noxious sensory information as in some
cases it was activated by innocuous stimuli. In mammals, some
neurons display prolonged after-discharges in response to innocu-
ous stimulation (Price etal., 1978) and in humans, innocuous
stimuli can generate prolonged post-stimulus sensations (Price
etal., 1978). It has been suggested that persistent neural activity
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FIGURE 7 | Integration of sensory information in the time
domain by plateau potential generating neurons. (A) A
depolarizing current pulse produced incrementing firing frequency
followed by a depolarizing afterpotential. (B) Windup of the
response to repeated current pulses (a) as well as to repeated
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to brief stimuli represents a universal form of working memory
mechanism (Marder etal., 1996; Major and Tank, 2004). Thus,
the plateau potential in DHN may work as an intrinsic mnemonic
mechanism underlying prolonged post-stimulus sensory percep-
tions. The intrinsic dynamics provided by L-type Ca*>* channels
may also be a key component of sensory-motor integration at
the spinal cord level. Currie and Stein (1990) proposed that the
prolonged post-discharges and temporal facilitation to repetitive
stimulation at low frequencies (0.2 Hz) in a set of interneurons
is related to the residual excitability after the end of scratching.
In fact, recent findings suggest that increased activity of the pre-
motor network contributes to scratch initiation (Guzulaitis et al.,
2013). DHN with plateau properties are likely components of pre-
motor networks as they have axon collaterals in the ventral horn
(Russo and Hounsgaard, 1996a). Therefore, after-discharges and
windup induced by L-type Ca?* channels may contribute to short-
term storage and accumulation of sensory information required
for the execution of motor tasks.

PLASTICITY OF THE RECEPTIVE FIELDS MEDIATED BY INTRINSIC
PROPERTIES

The receptive field of sensory neurons is not a rigid attribute but
changes dynamically to adjust to changing demands (Devor and

Wall, 1981; Cook etal., 1987). For example, receptive fields in
WDR neurons of monkeys expand or contract depending on the
attentional state of the animal (Dubner etal., 1981; Hayes etal.,
1981; Hoffman et al., 1981). The mechanisms underlying the plas-
ticity of receptive fields are poorly understood and have been
related mainly to dynamic adjustments of synaptic strength. Our
results suggest that both LTS and plateau potentials may medi-
ate some forms of receptive field plasticity on a relatively fast
time scale. The shift from an inhibitory to an excitatory recep-
tive field depended on whether the membrane potential of the
post-synaptic cell allowed the interaction between the IPSPs and
the LTS and not on plasticity of the synaptic input itself. The
dynamics of plateau potentials in DHN could also be an intrin-
sic mechanism for plasticity of receptive fields in the domain of
time. As we showed here, frequency-dependent facilitation of
L-type Ca?T channels enabled previously sub-threshold EPSPs
to generate spike firing, expanding the firing zone with the con-
traction of the low-probability firing fringe of the receptive field,
a form of short-term plasticity of excitatory receptive fields. In
addition to an excitatory receptive field, WDR neurons in mam-
mals frequently exhibit an inhibitory receptive field (see Willis
and Coggeshall, 1991). In some DHN of the cat (Cadden, 1993)
and rats (Reali etal., 2011) prolonged after-discharges could be
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FIGURE 8 | Windup to repeated sensory stimulation is eliminated by addition of nifedipine (50 wM). (C) Repeated noxious mechanical stimulation
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pulse in a plateau potential generating cell. (B) Instantaneous firing conditions but not in the presence of nifedipine (60 wM). All data from the
frequency in response to 50 pA current pulse before (control) and after same cell.

terminated by a transient stimulus within the inhibitory receptive
field and turned on again by stimulation of the excitatory zone
of the receptive field. The deactivation of plateau potentials by
inhibitory synaptic inputs could be the mechanism generating this
phenomenon and could contribute to the hypoalgesic influence
elicited by stimuli applied outside the excitatory receptive field
(Melzack, 1975).

Because the receptive field plasticity mediated by both LTS
and plateau potentials was exquisitely sensitive to the membrane
potential at which naturally evoked synaptic inputs occurred, the
modulation of membrane potential by monoamines released from
the brainstem (Garraway and Hochman, 2001; Sonohata etal,,
2004; Yoshimura and Furue, 2006), and GABA and glycine released
from the medulla (Kato etal., 2006) may be a suitable mecha-
nism to dynamically adjust the receptive fields to match ongoing
tasks.

CONCLUSION

Unlike motoneurons during scratching (Alaburda et al., 2005; Berg
etal., 2007), our findings in an integrated spinal cord-hindlimbs
preparation show that synaptic activity elicited by natural stimu-
lation in DHN does not override intrinsic membrane properties.
Thus, whereas intrinsic properties do not seem to contribute to
behaviors that require massive activity of large-scale spinal circuits
(Berg and Hounsgaard, 2009), for tasks involving a small number
of cells, such as the detection and coding of sensory information,
spinal networks may function as those in invertebrates, where

intrinsic conductances are main determinants for network output
(Destexhe and Marder, 2004).

AUTHOR CONTRIBUTIONS

The study was done in the department of Neurofisiologia Celu-
lar y Molecular, Instituto de Investigaciones Biol6gicas Clemente
Estable. Cecilia Reali: conception and design of the experi-
ments; collection, analysis, and interpretation of data; writing
of the manuscript; Radl E. Russo: conception and design of
the experiments, collection, analysis, and interpretation of data,
writing of the manuscript. All authors approved the final ver-
sion of the manuscript and are accountable for all aspects of the
work.

ACKNOWLEDGMENTS
The work described here was supported by Grant # FCE_2920
from ANII and by PEDECIBA.

REFERENCES

Alaburda, A., Russo, R., MacAulay, N., and Hounsgaard, J. (2005). Periodic
high-conductance states in spinal neurones during scratch-like network activ-
ity in adult Turtles. J. Neurosci. 25, 6316—6321. doi: 10.1523/JNEUROSCI.0843-
05.2005

Barry, P. H., and Diamond, J. M. (1970). Junction potentials, electrode standard
potentials, and other problems in interpreting electrical properties in membranes.
J. Membr. Biol. 3,93-122. doi: 10.1007/BF01868010

Berg, R. W,, Alaburda, A., and Hounsgaard, J. (2007). Balanced inhibition and
excitation drive spike activity in spinal half-centers. Science 315, 390-393. doi:
10.1126/science.1134960

Frontiers in Cellular Neuroscience

www.frontiersin.org

December 2013 | Volume 7 | Article 276 | 10


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

Reali and Russo

Intrinsic properties shape somatosensory information

Berg, R. W., and Hounsgaard, J. (2009). Signaling in large-scale neural networks.
Cogn. Process. 1, S9-S15. doi: 10.1007/5s10339-008-0238-7

Berkowitz, A. (2007). Spinal interneurons that are selectively activated during
fictive flexion reflex. J. Neurosci. 27, 4634—4641. doi: 10.1523/JNEUROSCI.5602-
06.2007

Berkowitz, A. (2010). Multifunctional and specialized spinal interneurons for turtle
limb movements. Ann. N. Y. Acad. Sci. 1198, 119-132. doi: 10.1111/j.1749-
6632.2009.05428.x

Bertrand, S., and Cazalets, J. R. (1998). Postinhibitory rebound during locomotor-
like activity in neonatal rat motoneurons in vitro. J. Neurophysiol. 79, 342-351.

Cadden, S. W. (1993). The ability of inhibitory controls to ‘switch-off” activity
in dorsal horn convergent neurones in the rat. Brain Res. 628, 65-71. doi:
10.1016/0006-8993(93)90938-]

Coghill, R. C., Mayer, D. J., and Price, D. D. (1993). The roles of spatial
recruitment and discharge frequency in spinal cord coding of pain: a com-
bined electrophysiological and imaging investigation. Pain 53, 295-309. doi:
10.1016/0304-3959(93)90226-F

Cook, A. J., Woolf, C. J., Wall, P. D., and McMahon, S. B. (1987). Dynamic receptive
field plasticity in the dorsal horn of the rat spinal cord following C-primary
afferent input. Nature 325, 151-153. doi: 10.1038/325151a0

Currie, S. N., and Stein, P. S. G. (1990). Cutaneous stimulation evokes long-lasting
excitation of spinal interneurons in the turtle. J. Neurophysiol. 64, 1134—1148.

Destexhe, A., and Marder, E. (2004). Plasticity in single neuron and circuit
computations. Nature 431, 789-795. doi: 10.1038/nature03011

Devor, M., and Wall, P. D. (1981). Effect of peripheral nerve injury on recep-
tive fields of cells in the cat spinal cord. J. Comp. Neurol. 199, 277-291. doi:
10.1002/cne.901990209

Dubner, R., Hoffman, D. S., and Hayes, R. L. (1981). Neuronal activity in
medullary dorsal horn of awake monkeys trained in a thermal discrimination
task. III. Task-related responses and their functional role. J. Neurophysiol. 46,
444-464.

Felix, R. A. II, Fridberger, A., Leijon, S., Berrebi, A. S., and Magnusson,
A. K. (2011). Sound rhythms are encoded by postinhibitory rebound spik-
ing in the superior paraolivary nucleus. J. Neurosci. 31, 12566-12578. doi:
10.1523/JNEUROSCI.2450-11.2011

Fernandez, E R., and White, J. A. (2009). Reduction of spike afterdepolarization by
increased leak conductance alters interspike interval variability. J. Neurosci. 29,
973-986. doi: 10.1523/JNEUROSCI.4195-08.2009

Fossat, P, Dobremez, E., Bouali-Benazzouz, R., Favereaux, A., Bertrand, S. S., Kilk,
K., etal. (2010). Knockdown of L calcium channel subtypes: differential effects
in neuropathic pain. J. Neurosci. 30, 1073—-1085. doi: 10.1523/JNEUROSCI.3145-
09.2010

Fossat, P., Sibon, I., Le Masson, G., Landry, M., and Nagy, F. (2007). L-type
calcium channels and NMDA receptors: a determinant duo for short-term noci-
ceptive plasticity. Eur. J. Neurosci. 25, 127-135. doi: 10.1111/j.1460-9568.2006.
05256.x

Garraway, S. M., and Hochman, S. (2001). Modulatory actions of serotonin, nore-
pinephrine, dopamine, and acetylcholine in spinal cord deep dorsal horn neurons.
J. Neurophysiol. 86,2183-2194.

Getting, P. A. (1989). Emerging principles governing the operation of neural net-
works. Annu. Rev. Neurosci. 12, 185-204. doi: 10.1146/annurev.ne.12.030189.
001153

Goaillard, J. M., Taylor, A. L., Pulver, S. R., and Marder, E. (2010). Slow
and persistent postinhibitory rebound acts as an intrinsic short-term mem-
ory mechanism. J. Neurosci. 30, 4687-4692. doi: 10.1523/J]NEUROSCI.2998-09.
2010

Graham, B. A., Brichta, A. M., and Callister, R. J. (2004). In vivo responses of
mouse superficial dorsal horn neurones to both current injection and periph-
eral cutaneous stimulation. J. Physiol. 561, 749-763. doi: 10.1113/jphysiol.2004.
072645

Guzulaitis, R., Alaburda, A., and Hounsgaard, J. (2013). Increased activity of
pre-motor network does not change the excitability of motoneurons during
protracted scratch initiation. J. Physiol. 591, 1851-1858. doi: 10.1113/jphys-
101.2012.246025

Hayes, R. L., Dubner, R., and Hoffman, D. S. (1981). Neuronal activity in medullary
dorsal horn of awake monkeys trained in a thermal discrimination task. II. Behav-
ioral modulation of responses to thermal and mechanical stimuli. J. Neurophysiol.
46, 428-443.

Hoffman, D. S., Dubner, R., Hayes, R. L., and Medlin, T. P. (1981). Neuronal activity
in medullary dorsal horn of awake monkeys trained in a thermal discrimination
task. I. Responses to innocuous and noxious thermal stimuli. J. Neurophysiol. 46,
409-427.

Hyngstrom, A. S., Johnson, M. D., Miller, J. E, and Heckman, C. J. (2007). Intrinsic
electrical properties of spinal motoneurons vary with joint angle. Nat. Neurosci.
10, 363-369. doi: 10.1038/nn1852

Jahnsen, H., and Llinds, R. (1984). Electrophysiological properties of guinea-pig
thalamic neurones: an in vitro study. J. Physiol. 349, 205-226.

Kasai, M., Ono, M., and Ohmori, H. (2012). Distinct neural firing mechanisms to
tonal stimuli offset in the inferior colliculus of mice in vivo. Neurosci. Res. 73,
224-237. doi: 10.1016/j.neures.2012.04.009

Kato, G., Yasaka, T., Katafuchi, T., Furue, H., Mizuno, M., Iwamoto, Y., etal.
(2006). Direct GABAergic and glycinergic inhibition of the substantia gelati-
nosa from the rostral ventromedial medulla revealed by in vivo patch-clamp
analysis in rats. J. Neurosci. 26, 1787-1794. doi: 10.1523/J]NEUROSCI.4856-05.
2006

Kawai, E, and Miyachi, E. (2001). Enhancement by T-type Ca2+ currents of odor
sensitivity in olfactory receptor cells. J. Neurosci. 21, RC144.

Kolind, J., Hounsgaard, J., and Berg, R. W. (2012). Opposing effects of
intrinsic conductance and correlated synaptic input on V-fluctuations dur-
ing network activity. Front. Comput. Neurosci. 6:40. doi: 10.3389/fncom.2012.
00040

Large, E. W,, and Crawford, J. D. (2002). Auditory temporal computation: interval
selectivity based on post-inhibitory rebound. J. Comput. Neurosci. 13, 125-142.
doi: 10.1023/A:1020162207511

Llings, R. R. (1988). The intrinsic electrophysiological properties of mammalian
neurons: insights into central nervous system function. Science 242, 1654—1664.
doi: 10.1126/science.3059497

Lo, E S., and Erzurumlu, R. S. (2002). L-type calcium channel-mediated plateau
potentials in barrelette cells during structural plasticity. J. Neurophysiol. 88,
794-801.

Loewenstein, Y., Mahon, S., Chadderton, P, Kitamura, K., Sompolinsky, H., Yarom,
Y., etal. (2005). Bistability of cerebellar Purkinje cells modulated by sensory
stimulation. Nat. Neurosci. 8, 202-211. doi: 10.1038/nn1393

Lopez-Garcia, J. A., and King, A. E. (1994). Membrane properties of physiolog-
ically classified rat dorsal horn neurons in vitro: correlation with cutaneous
sensory afferent input. Eur. J. Neurosci. 6, 998-1007. doi: 10.1111/j.1460-
9568.1994.tb00594.x

MacMahon, S. B., Lewin, G. R., and Wall, P. D. (1993). Central hyperex-
citability triggered by noxious inputs. Curr. Opin. Neurobiol. 3, 602—-610. doi:
10.1016/0959-4388(93)90062-4

Major, G., and Tank, D. (2004). Persistent neural activity: prevalence and mecha-
nisms. Curr. Opin. Neurobiol. 14, 675-684. doi: 10.1016/j.conb.2004.10.017

Marder, E., Abbott, L. E, Turrigiano, G. G., Liu, Z., and Golowasch, J. (1996).
Memory from the dynamics of intrinsic membrane currents. Proc. Natl. Acad.
Sci. U.S.A. 93, 13481-13486. doi: 10.1073/pnas.93.24.13481

Marder, E., and Calabrese, R. L. (1996). Principles of rhythmic motor pattern
generation. Physiol. Rev. 76, 687-717.

Matsumoto, H., Kashiwadani, H., Nagao, H., Aiba, A., and Mori, K. (2009).
Odor-induced persistent discharge of mitral cells in the mouse olfactory bulb.
J. Neurophysiol. 101, 1890-1900. doi: 10.1152/jn.91019.2008

McGaraughty, S., and Henry, J. L. (1997). Relationship between mechano-
receptive fields of dorsal horn convergent neurons and the response to nox-
ious immersion of the ipsilateral hindpaw in rats. Pain 70, 133-140. doi:
10.1016/S0304-3959(97)03328-9

Melby, E. C., and Altman, N. H. (1974). Laboratory Animals; Animal Experimenta-
tion; Animal Models in Research. Cleveland: CRC Press.

Melzack, R. (1975). Prolonged relief of pain by brief, intense transcutaneous somatic
stimulation. Pain 1, 357-373. doi: 10.1016/0304-3959(75)90073-1

Mendell, L. M. (1966). Physiological properties of unmyelinated fiber projection to
the spinal cord. Exp. Neurol. 16, 316-332. doi: 10.1016/0014-4886(66)90068-9

Morisset, V., and Nagy, F. (1998). Nociceptive integration in the rat spinal cord: role
of nonlinear membrane properties of deep dorsal horn neurons. Eur. J. Neurosci.
10, 3642-3652. doi: 10.1046/j.1460-9568.1998.00370.x

Morisset, V., and Nagy, E (2000). Plateau potential-dependent windup of the
response to primary afferent stimuli in rat dorsal horn neurons. Eur. J. Neurosci.
12, 3087-3095. doi: 10.1046/j.1460-9568.2000.00188.x

Frontiers in Cellular Neuroscience

www.frontiersin.org

December 2013 | Volume 7 | Article 276 | 11


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

Reali and Russo

Intrinsic properties shape somatosensory information

Oswald, A. M., Chacron, M. ]., Doiron, B., Bastian, J., and Maler, L. (2004). Parallel
processing of sensory input by bursts and isolated spikes. J. Neurosci. 24, 4351—
4362. doi: 10.1523/JNEUROSCI.0459-04.2004

Perrier, J. E, and Tresch, M. C. (2005). Recruitment of motor neuronal persistent
inward currents shapes withdrawal reflexes in the frog. J. Physiol. 562, 507-520.
doi: 10.1113/jphysiol.2004.072769

Price, D. D., Hayes, R. L., Ruda, M. A, and Dubner, R. (1978). Spatial and temporal
transformations of input to spinothalamic tract neurons and their relation to
somatic sensations. J. Neurophysiol. 41,933-947.

Price, D. D., Hull, C. D., and Buchwald, N. A. (1971). Intracellular responses of
dorsal horn cells to cutaneous and sural nerve A and C fiber stimuli. Exp. Neurol.
33,291-309. doi: 10.1016/0014-4886(71)90022-7

Reali, C., and Russo, R. E. (2005). An integrated spinal cord-hindlimbs prepara-
tion for studying the role of intrinsic properties in somatosensory information
processing. J. Neurosci. Methods 142, 317-326. doi: 10.1016/j.jneumeth.2004.
09.006

Reali, C., Fossat, P, Landry, M., Russo, R. E., and Nagy, F. (2011). Intrinsic
membrane properties of spinal dorsal horn neurones modulate nociceptive infor-
mation processing in vivo. J. Physiol. 589, 2733-2743. doi: 10.1113/jphysiol.2011.
207712

Russo, R. E., and Hounsgaard, J. (1994). Short-term plasticity in turtle dorsal
horn neurons mediated by L-type Ca2+ channels. J. Neurosci. 61, 191-197. doi:
10.1016/0306-4522(94)90222-4

Russo, R. E., and Hounsgaard, J. (1996a). Plateau-generating neurons in the dor-
sal horn in an in vitro preparation of the turtle spinal cord. J. Physiol. 493,
39-55.

Russo, R. E., and Hounsgaard, J. (1996b). Burst-generating neurones in the dorsal
horn studied in an in vitro preparation of the turtle spinal cord. J. Physiol. 493,
55-66.

Russo, R. E., and Hounsgaard, J. (1999). Dynamics of intrinsic electropysiological
properties in spinal cord neurones. Prog. Biophys. Mol. Biol. 72, 329-365. doi:
10.1016/S0079-6107(99)00011-5

Ryu, P. D., and Randic, M. (1990). Low- and high-voltage-activated calcium currents
in rat spinal dorsal horn neurons. J. Neurophysiol. 63,273-285.

Sahara, Y., Xie, Y. K., and Bennett, G. J. (1990). Intracellular records of the effects
of primary afferent input in lumbar spinoreticular tract neurons in the cat. J.
Neurophysiol. 64, 1791-1800.

Sanchez-Vives, M. V., Nowak, L. G., and McCormick, D. A. (2000). Cellular mech-
anisms of long-lasting adaptation in visual cortical neurons in vitro. J. Neurosci.
20, 4286—4299.

Sonohata, M., Furue, H., Katafuchi, T., Yasaka, T., Doi, A., Kumamoto, E., etal.
(2004). Actions of noradrenaline on substantia gelatinosa neurones in the rat
spinal cord revealed by in vivo patch recording. J. Physiol. 555, 515-526. doi:
10.1113/jphysiol.2003.054932

Tan, M. L., and Borst, J. G. (2007). Comparison of responses of neurons in the
mouse inferior colliculus to current injections, tones of different durations,
and sinusoidal amplitude-modulated tones. J. Neurophysiol. 98, 454-466. doi:
10.1152/jn.00174.2007

Toledo-Rodriguez, M., El Manira, A., Wallén, P., Svirskis, G., and Hounsgaard,
J. (2005). Cellular signalling properties in microcircuits. Trends Neurosci. 28,
534-540. doi: 10.1016/j.tins.2005.08.001

Turrigiano, G. G., Marder, E., and Abbott, L. F. (1996). Cellular short-term memory
from a slow potassium conductance. J. Neurophysiol. 75, 963-966.

Urban, L., Thompson, S. W., and Dray, A. (1994). Modulation of spinal excitability:
co-operation between neurokinin and excitatory amino acid neurotransmitters.
Trends Neurosci. 17, 432-438. doi: 10.1016/0166-2236(94)90018-3

Wall, P. D., and Melzack, R. (1989). Textbook of Pain, 2nd Edn. London: Churchill
Livingstone.

Willis, W. D., and Coggeshall, R. E. (1991). Sensory Mechanisms of the Spinal Cord,
2nd Edn. New York: Plenum Press. doi: 10.1007/978-1-4899-0597-0

Yoshimura, M., and Furue, H. (2006). Mechanisms for the anti-nociceptive actions
of the descending noradrenergic and serotonergic systems in the spinal cord. J.
Pharmacol. Sci. 101, 107-117. doi: 10.1254/jphs.CRJ06008X

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: 12 November 2013; accepted: 10 December 2013; published online: 25
December 2013.

Citation: Reali C and Russo RE (2013) Neuronal intrinsic properties shape naturally
evoked sensory inputs in the dorsal horn of the spinal cord. Front. Cell. Neurosci. 7:276.
doi: 10.3389/fncel.2013.00276

This article was submitted to the journal Frontiers in Cellular Neuroscience.
Copyright © 2013 Reali and Russo. 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 Cellular Neuroscience

www.frontiersin.org

December 2013 | Volume 7 | Article 276 | 12


http://dx.doi.org/10.3389/fncel.2013.00276
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Cellular_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive

	Neuronal intrinsic properties shape naturally evoked sensory inputs in the dorsal horn of the spinal cord
	Introduction
	Materials and methods
	Integrated preparation
	Electrophysiological recordings and stimulation

	Results
	Response properties of bursting neurons to natural stimulation
	Interactions of the lts with naturally evoked sensory inputs
	Responses of dhn with plateau properties to natural stimulation
	Plateau potentials interact with naturally evoked sensory inputs

	Discussion
	Lts in dhn: excited by inhibition
	Plateau potentials integrate somatosensory inputs in a slow time scale
	Plasticity of the receptive fields mediated by intrinsic properties

	Conclusion
	Authors contributions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


