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The basal ganglia has received much attention over the last two decades, as it has been
implicated in many neurological and psychiatric disorders. Most of this research—in both
animals and humans—attempt to understand the neural and biochemical substrates of basic
motor and learning processes, and how these are affected in human patients as well as animal
models of brain disorders.

The current volume contains research articles and reviews describing basic, pre-clinical and
clinical neuroscience research of the basal ganglia written by attendees of the 11th Triennial
Meeting of the International Basal Ganglia Society (IBAGS) that was held March 3-7th, 2013
at the Princess Hotel, Eilat, Israel and by researchers of the basal ganglia. Specifically, articles
in this volume include research reports on the biochemistry, computational theory, anatomy
and physiology of single neurons and functional circuitry of the basal ganglia networks as well
as the latest data on animal models of basal ganglia dysfunction and clinical studies in human
patients.

December 2014 | Basal ganglia: physiological, behavioral, and computational studies | 2


http://journal.frontiersin.org/ResearchTopic/1764

06

10

17

24

30

37

49

71

80

90

101

Table of Contents

Basal Ganglia: Physiological, Behavioral, and Computational Studies

Ahmed A. Moustafa, Izhar Bar-Gad, Alon Korngreen and Hagai Bergman

The Michelin Red Guide of the Brain: Role of Dopamine in Goal-Oriented
Navigation

Aude Retailleau and Thomas Boraud

Synchrony in Parkinson's Disease: Importance of Intrinsic Properties of the
External Globus Pallidus

Bettina C. Schwab, Tjitske Heida, Yan Zhao, Enrico Marani, Stephan A. van Gils and
Richard J. A. Van Wezel

Role of Movement in Long-Term Basal Ganglia Changes: Implications for
Abnormal Motor Responses

Nicola Simola, Micaela Morelli, Giuseppe Frazzitta and Lucia Frau

The Role of Frontostriatal Impairment in Freezing of Gait in Parkinson's Disease
James M. Shine, Ahmed A. Moustafa, Elie Matar, Michael J. Frank and Simon J.G.
Lewis

Procedural-Based Category Learning in Patients with Parkinson's Disease:
Impact of Category Number and Category Continuity

J. Vincent Filoteo and W. Todd Maddox

Asymmetric Pallidal Neuronal Activity in Patients with Cervical Dystonia

Christian K. E. Moll, Edgar Galindo-Leon, Andrew Sharott, Alessandro Gulberti,
Carsten Buhmann, Johannes A. Koeppen, Maxine Biermann, Tobias Baumer, Simone
Zittel, Manfred Westphal, Christian Gerloff, Wolfgang Hamel, Alexander Mnchau
and Andreas K. Engel

Electrophysiological Characterization of Entopeduncular Nucleus Neurons in
Anesthetized and Freely Moving Rats

Liora Benhamou and Dana Cohen

High and Low Frequency Stimulation of the Subthalamic Nucleus Induce
Prolonged Changes in Subthalamic and Globus Pallidus Neurons

Hagar Lavian, Hana Ben-Porat and Alon Korngreen

Haloperidol-Induced Changes in Neuronal Activity in the Striatum of the Freely
Moving Rat

Dorin Yael, Dagmar H. Zeef, Daniel Sand, Anan Moran, Donald B. Katz, Dana Cohen,
Yasin Temel and Izhar Bar-Gad

Decomposition of Abnormal Free Locomotor Behavior in a Rat Model of
Parkinson's Disease

Benjamin Grieb, Constantin Von Nicolai, Gerhard Engler, Andrew Sharott, Ismini
Papageorgiou, Wolfgang Hamel, Andreas K. Engel and Christian K. Moll

December 2014 | Basal ganglia: physiological, behavioral, and computational studies | 3


http://journal.frontiersin.org/ResearchTopic/1764

112

126

140

153

164

175

185

196

207

219

235

251

268

282

Primary Motor Cortex of the Parkinsonian Monkey: Altered Neuronal Responses
to Muscle Stretch

Benjamin Pasquereau and Robert S. Turner

Subthalamic Nucleus Long-Range Synchronization—an Independent Hallmark
of Human Parkinson's Disease

Shay Moshel, Reuben R. Shamir, Aeyal Raz, Fernando R. de Noriega, Renana Eitan,
Hagai Bergman and Zvi Israel

Global Actions of Nicotine on the Striatal Microcircuit

Victor Plata, Mariana Duhne, Jesus Esteban Pérez-Ortega, Ricardo Hernandez-
Martinez, Pavel-Rueda Orozco, Elvira Galarraga, Rene Drucker-Colin and Jose Bargas
Asymmetric Right/Left Encoding of Emotions in the Human Subthalamic
Nucleus

Renana Eitan, Reuben Ruby Shamir, Eduard Linetsky, Ovadya Rosenbluh, Shay
Moshel, Tamir Ben-Hur, Hagai Bergman and 2vi Israel

Duration Differences of Corticostriatal Responses in Striatal Projection Neurons
Depend on Calcium Activated Potassium Currents

Mario A. Arias-Garcia, Dagoberto Tapia, Edén Flores-Barrera, Jesus E. Pérez-Ortega,
Jose Bargas and Elvira Galarraga

Motor Tics Evoked by Striatal Disinhibition in the Rat

Maya Bronfeld, Dorin Yael, Katya Belelovsky and Izhar Bar-Gad

Different Correlation Patterns of Cholinergic and GABAergic Interneurons with
Striatal Projection Neurons

Avital Adler, Shiran Katabi, Inna Finkes, Yifat Prut and Hagai Bergman

Simulating the Effects of Short-Term Synaptic Plasticity on Postsynaptic
Dynamics in the Globus Pallidus

Moran Brody and Alon Korngreen

An Extended Reinforcement Learning Model of Basal Ganglia to Understand
the Contributions of Serotonin and Dopamine in Risk-Based Decision Making,
Reward Prediction, and Punishment Learning

Pragathi P Balasubramani, V. Srinivasa Chakravarthy, Balaraman Ravindran and
Ahmed A. Moustafa

Transient and Steady-State Selection in the Striatal Microcircuit

Adam Tomkins, Eleni Vasilaki, Christian Beste, Kevin Gurney and Mark D. Humphries
A Computational Model of Altered Gait Patterns in Parkinson’s Disease Patients
Negotiating Narrow Doorways

Vignesh Muralidharan, Pragathi P Balasubramani, V. Srinivasa Chakravarthy, Simon
J. G. Lewis and Ahmed A. Moustafa

A Neurocomputational Theory of how Explicit Learning Bootstraps Early
Procedural Learning

Erick J. Paul and F Gregory Ashby

Linking Reward Processing to Behavioral Output: Motor and Motivational
Integration in the Primate Subthalamic Nucleus

Juan-Francisco Espinosa-Parrilla, Christelle Baunez and Paul Apicella
Fronto-Striatal Gray Matter Contributions to Discrimination Learning in
Parkinson's Disease

Claire O'Callaghan, Ahmed A. Moustafa, Sanne de Wit, James M. Shine, Trevor \W.
Robbins, Simon J. G. Lewis and Michael Hornberger

December 2014 | Basal ganglia: physiological, behavioral, and computational studies | 4


http://journal.frontiersin.org/ResearchTopic/1764

292 The Emergence of two Anti-Phase Oscillatory Neural Populations in a
Computational Model of the Parkinsonian Globus Pallidus
Robert Merrison-Hort and Roman Borisyuk

305 Computational Model of Precision Grip in Parkinson's Disease: A Utility Based
Approach
Ankur Gupta, Pragathi P Balasubramani and V. Srinivasa Chakravarthy

321 Time Representation in Reinforcement Learning Models of the Basal Ganglia
Samuel J. Gershman, Ahmed A. Moustafa and Elliot A. Ludvig

329 The Visual Corticostriatal Loop Through the Tail of the Caudate: Circuitry and
Function
Carol A. Seger

344 Exploring the Cognitive and Motor Functions of the Basal Ganglia: An
Integrative Review of Computational Cognitive Neuroscience Models
Sebastien Helie, Srinivasa Chakravarthy and Ahmed A. Moustafa

360 Hemispheric Differences in the Mesostriatal Dopaminergic System
llana Molochnikov and Dana Cohen

374 Mechanism of Parkinsonian Neuronal Oscillations in the Primate Basal
Ganglia: Some Considerations Based on Our Recent Work
Atsushi Nambu and Yoshihisa Tachibana

380 Disrupting Neuronal Transmission: Mechanism of DBS?
Satomi Chiken and Atsushi Nambu

389 Cognitive-Motor Interactions of the Basal Ganglia in Development
Gerry Leisman, Orit Braun-Benjamin and Robert Melillo

407 The Thalamostriatal System in Normal and Diseased States
Yoland Smith, Adriana Galvan, Tommas J. Ellender, Natalie Doig, Rosa M.
Villalba, Icnelia Huerta Ocampo, Thomas Wichman and J. Paul Bolam

425 Computational Models of Basal-Ganglia Pathway Functions: Focus on
Functional Neuroanatomy
Henning Schroll and Fred H. Hamker

443 Effects of Deep Brain Stimulation of the Subthalamic Nucleus on Inhibitory
and Executive Control Over Prepotent Responses in Parkinson's Disease

Marjan Jahanshahi
463 Neural and Behavioral Substrates of Subtypes of Parkinson’s Disease
Ahmed A. Moustafa and Michele Poletti

474 Motor Thalamus Integration of Cortical, Cerebellar and Basal Ganglia
Information: Implications for Normal and Parkinsonian Conditions

Clémentine Bosch-Bouju, Brian |. Hyland and Louise C. Par~Brownlie

December 2014 | Basal ganglia: physiological, behavioral, and computational studies | 5


http://journal.frontiersin.org/ResearchTopic/1764

frontiers in
SYSTEMIS NEUROSCIENCE

EDITORIAL
published: 21 August 2014
doi: 10.3389/fnsys.2014.00150

=

Basal ganglia: physiological, behavioral, and

computational studies

Ahmed A. Moustafa'*, Izhar Bar-Gad?, Alon Korngreen?*® and Hagai Bergman*

! Department of Veterans Affairs, New Jersey Health Care System, School of Social Sciences and Psychology, Marcs Institute for Brain and Behaviour, University of

Western Sydney, Sydney, NSW, Australia
2 Gonda Brain Research Center, Bar-llan University, Ramat Gan, Israel

3 Everard Goodman Faculty of life sciences, Bar-llan University, Ramat Gan, Israel

4 Department of Neurobiology (Physiology), Faculty of Medicine, Edemond and Lily Safra Center for Brain Research, Institue of Medical Research Israel-Canada,

The Hebrew University of Jerusalem, Jerusalem, Israel
*Correspondence: a.moustafa@uws.edu.au

Edited and reviewed by:
Maria V. Sanchez-Vives, ICREA-IDIBAPS, Spain

Keywords: basal ganglia, dopamine, Parkinson’s disease (PD), computational modeling, animal studies, human imaging studies, deep brain stimulation

The basal ganglia has received much attention over the last two
decades, as it has been implicated in many neurological and psy-
chiatric disorders, including Parkinson’s disease (PD), Attention
Deficit Hyperactivity Disorder (ADHD), Tourette’s syndrome,
and dystonia. Most of current basal ganglia research—in both
animals and humans—attempts to understand the neural and
biochemical substrates of basic motor and learning processes, and
how these are affected in human patients as well as animal models
of brain disorders, particularly PD.

The current volume contains research articles and reviews
describing basic, pre-clinical and clinical neuroscience research of
the basal ganglia written by researchers of the basal ganglia and
attendees of the 11th Triennial Meeting of the International Basal
Ganglia Society (IBAGS) that was held on March 3-7th, 2013 at
the Princess Hotel, Eilat, Israel. Specifically, articles in this vol-
ume include research reports on the biochemistry, computational
theory, anatomy, and physiology of single neurons and functional
circuitry of the basal ganglia networks.

Below, we provide a summary of articles published in the
volume. We divided the articles into 4 sections: animal studies,
human studies, computational modeling, and reviews.

ANIMAL STUDIES

Using physiological recordings, Adler et al. (2013) studied the
relationship of both medium spiny cells and interneurons of the
striatum while monkeys were performing a Pavlovian condition-
ing task, showing that both classes of neurons play a key role
in conditioning. Along these lines, Yael et al. (2013) studied the
effects of D2 antagonists (haloperidol) on striatal activity, find-
ing evidence that it alters firing patterns of medium spiny cells
and interneurons. Interestingly, Bronfeld et al. (2013) found that
microinjection of the GABA, antagonist bicuculline in the dorsal
striatum leads to Tourette’s tics in rats, potentially highlighting a
role of interneurons in such motor symptoms. However, future
studies should explain the exact function of interneurons in the
generation of tics. In another study, Plata et al. (2013) found
that the administration of nicotine activates inhibitory interneu-
rons in the striatum, which can treat motor symptoms of PD (as
similar to dopaminergic medications). The implications of these
findings remain to be shown in clinical studies. Using whole-cell

patch-clamp recordings, Arias-Garcia et al. (2013) found, for the
first time, that Ca?T-activated K+ channels explain the different
durations between corticostriatal responses in the basal ganglia
direct and indirect pathways. Future research should explain the
relationship between these findings and motor symptoms in PD.

While the above studies focus on the striatum, other studies
in the volume address the function of other downstream basal
ganglia structures. For example, Lavian et al. (2013) studied the
effects of high and low frequency stimulation of the subthala-
mic nucleus on the activations of subthalamic and globus pal-
lidus neurons in vitro, finding evidence of complex relationship
between these two basal ganglia structures. In another physio-
logical study, Espinosa-Parrilla et al. (2013) recorded from the
subthalamic nucleus in behaving monkeys, showing evidence that
it plays a role in reward and motivational processes; their findings
suggest that the subthalamic nucleus transforms motivational
information into motor responses. These findings can potentially
shed light on how motivational factors impact motor symptoms
in PD. Benhamou and Cohen (2014) studied the types and activ-
ity patterns of globus pallidus internal segment neurons, finding
evidence of the existence of distinct neuronal populations in this
brain structure. Future physiological studies should investigate
the exact function of these cell populations, and whether they are
differentially impacted by neurological disorders.

Other studies in the volume focused on behavioral profile in
animal models of PD. In one study, Pasquereau and Turner (2013)
investigated the effects of fast muscle stretches on the primary
motor cortex activity in monkeys before and after MPTP treat-
ment; they found, for the first time, evidence that MPTP can alter
primary motor cortex response to muscle stretch. Future research
should investigate if these findings can shed light on the nature
of akinesia and bradykinesia symptoms in patients with PD. In
another study, Grieb et al. (2013) video monitored locomotor
behavior in 6-OHDA rats, finding evidence of impaired motion
speed among other locomotion variables. These data replicate
findings from human studies with PD.

HUMAN STUDIES

Most of the studies in the volume focus on PD. For instance,
Moshel et al. (2013) have investigated the pattern of subthalamic
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nucleus oscillation and synchronicity in PD patients during the
deep brain stimulation procedure. This is among the few stud-
ies that investigate the physiological patterns of different regions
within the subthalamic nucleus in PD patients. Along the same
lines, Eitan et al. (2013) recorded from the subthalamic nucleus in
PD patients during deep brain stimulation procedures while sub-
jects were presented with emotional stimuli and found evidence
for hemispheric (right) and domain (bentro-medial) specificity
of these responses. Future research should investigate hemi-
spheric specificity of cognitive and motor processes in PD patients
undergoing deep brain stimulation.

Other studies in the volume focus on cognitive profiles of PD
patients. Filoteo and Maddox (2014) studied category learning
performance in PD patients, finding evidence for category dis-
continuity on learning. These extends prior findings by the same
authors on the effects of PD on category learning (Filoteo et al.,
2007). Using imaging and computational modeling, O’Callaghan
et al. (2013) studied learning impairment in PD patients, show-
ing evidence for a role for the ventromedial prefrontal cortex and
inferior frontal gyrus in these processes; this extends prior find-
ings of the role of the basal ganglia in learning processes (Bodi
et al., 2009; Keri et al., 2010).

In one study, Moll et al. (2014) recorded single cell as well as
local field potential activity from globus pallidus (internal and
external segments) in patients with cervical dystonia undergo-
ing deep brain stimulation. They found that cervical dystonia is
associated with asymmetric pallidal functions. However, future
experimental and theoretical work should explain how damage
to the globus pallidus relates to dystonia symptoms, and whether
the basal ganglia direct pathway plays a similar role in dystonia
symptoms.

COMPUTATIONAL MODELING

The volume contains different kinds of computational models of
the basal ganglia that focus on physiological properties of basal
ganglia structures or the effects of PD on motor and cognitive
processes.

Regarding physiological models, Brody and Korngreen (2013)
provided a compartment computational model linking synap-
tic plasticity with globus pallidus dynamics, as well as under-
standing the mechanism of the differential effects of low and
high frequency stimulation on this structure. Future compu-
tational studies should also investigate the dynamics of other
basal ganglia structures including low and high frequency stim-
ulation of the subthalamic nucleus. Along the same lines,
Merrison-Hort and Borisyuk (2013) developed a computational
model of the globus pallidus along with afferent inputs from
the cortex and subthalamic nucleus, highlighting how motor
symptoms in PD can arise from aberrations to this circuit.
This work shows that complex interactions among cortical
and subcortical structures underlie the occurrence of motor
symptoms in PD. Unlike the above models, Guo et al. (2013)
provided a computational model of the thalamocortical cir-
cuit to investigate activity patterns of the thalamus in dysto-
nia and PD, finding evidence that both diseases have to some
extent similar effects on these basal ganglia structures. However,
it remains to be shown on how damage to different basal

ganglia structures can leads to different symptoms as in PD and
dystonia.

Some other models in the volume focus on simulating basal
ganglia-related motor and cognitive processes in health and dis-
ease. For example, Gupta et al. (2013) designed a basal ganglia
model of precision grip in PD, addressing the effects of dopamine
medications on grip function. This is among the first models
that explains how dopamine medications impact grip force in PD
patients. Future work should also address the effects of deep brain
stimulation on grip force in PD. Muralidharan et al. (2014) pro-
vided one of the first computational models that simulate freezing
of gait in PD as well as the effects of dopamine medications on
gait parameters. This model specifically focused on simulating
data from healthy subjects and PD patients passing through door-
ways of different widths. Future work should explain other factors
that lead to freezing of gait, including obstacle avoidance, turn-
ing, and motor initiation. In another study, Balasubramani et al.
(2014) designed a computational models of the role of dopamine
and serotonin interaction in the basal ganglia in reward, pun-
ishment, and risk-based decision making, as studied previously
in PD patients (Frank et al., 2007; Bodi et al., 2009). This is
among the few models that investigated the function of dopamine
and serotonin in behavioral processes in PD. As for motor pro-
cesses, Tomkins et al. (2013) developed a model of the striatum
in action selection and decision making, showing how this circuit
decides on responses based on cortical inputs. Future work should
investigate how action selection relates to motor symptoms in
PD, including akinesia, bradykinesia, and medication-induced
dyskinesia. Gershman et al. (2014) address the issue of time in
reinforcement learning models of the basal ganglia, suggesting a
single mechanism of reinforcement learning and interval timing.
Paul and Ashby (2013) provided a computational model showing
how memory systems (explicit and procedural memory systems)
interact during learning.

REVIEWS

Our volume includes various reviews, which focus on either
the physiological properties of a basal ganglia structure, a basal
ganglia-related disorder, computational models of the basal gan-
glia, mechanism of action of deep brain stimulation in basal
ganglia-related disorders, as well as interaction of the basal gan-
glia with other brain structures.

For example, Schwab et al. (2013) provided a review of the
physiological properties of the globus pallidus external segment
in health and disease (focusing on PD). Along the same lines,
Nambu and Tachibana (2014) also reviewed data on basal ganglia
(particularly subthalamic nucleus, and globus pallidus) oscilla-
tions in relation to PD motor symptoms. These reviews com-
plement many other existing review on the function and role
of the striatum in PD motor symptoms. On the other hand,
Molochnikov and Cohen (2014) reviewed data on the function
of nigrostriatal and mesolimbic dopamine in different hemi-
spheres. This review highlights the dissociable function of differ-
ent hemispheres, yet future work should relate these findings to
neurological and psychiatric disorders. In another review, Bosch-
Bouju et al. (2013) reviewed data on the role of the thalamus in
the integration of data from the cortex, cerebellum, and basal
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ganglia, and how such pathways play a role in the occurrence
of motor symptoms in PD. In another paper, Nougaret et al.
(2013) provided a commentary on a recent anatomical study
on the prefrontal-subthalamic pathway in primates (Haynes and
Haber, 2013). These studies highligh key findings on the patterns
of connections from various prefrontal and cortical areas to the
subthalamic nucleus. These studies have implications for under-
standing the motor and cognitive function of the subthalamic
nucleus in healthy subjects as well as in patients with PD.

Further, some reviews in the volume attempt to explain
the neural mechanism of deep brain stimulation. For instance,
Chiken and Nambu (2014) reviewed studies arguing that deep
brain stimulation work by disrupting abnormal signal trans-
mission in PD, dystonia, and tremor, while Smith et al. (2014)
reviewed data on the role of thalamo-striatal pathway in motor
symptoms in PD, and suggest that deep brain stimulation to this
pathway can aid in the treatment of PD symptoms. Unlike these
reviews, Jahanshahi (2013) reviewed recent studies on the effects
of subthalamic deep brain stimulation on motor and cognitive
processes in PD, focusing on inhibitory and cognitive control.
This review shows that beside motor processes, deep brain stim-
ulation has a complex effect on cognitive control as well as other
cognitive processes.

Some other reviews in the volume focus on behavioral pro-
cesses. For instance, Seger (2013) provided an overview of the
function of the visual cortico-striatal loop. This loop has so far
received little attention in the literature than other basal ganglia
loops. Interestingly, Simola et al. (2013) reviewed data on how
early movement can impact abnormal involuntary movement
and dyskinesia, focusing on the effects of dopamine replacement
therapies on these motor complications. Studies reviewed here
shed light on how levodopa and dopamine agonists can differen-
tially affect the occurrence of dyskinesia in a subset of PD patients.
Unlike prior reviews, Retailleau and Boraud (2014) reviewed data
on the role of dopamine projection to the hippocampus in navi-
gation in 6-OHDA rats. This review addresses an often less studies
issues as most existing studies focus on dopamine projections to
the basal ganglia and prefrontal cortex. In another review, Shine
etal. (2013) provided a review of the neural and cognitive under-
pinnings of freezing of gait in PD. This review shed light on the
complexity of freezing of gait, and explain how damage to the
basal ganglia and the cortex can lead to lead to this motor symp-
tom. Further, Moustafa and Poletti (2013) reviewed studies on
the cognitive and neural abnormalities in subtypes of PD patients
including tremor- vs. akinesia-dominant as well as patients with
or without depression, impulsivity, and hallucinations. Further,
Leisman et al. (2014) reviewed studies addressing the relationship
between the basal ganglia and ADHD. This review explain how
damage to corticostrial loops lead to attentional and impulsive
behavior in ADHD patients.

Other reviews focus on computational models of the basal
ganglia. In one study, Schroll and Hamker (2013) have provided
an extensive review of existing basal ganglia models, focusing
on models relating the anatomy of the basal ganglia to behav-
ioral processes. This study reviewed most existing studies on
the function of the basal ganglia direct and indirect pathways.
On the other hand, Helie et al. (2013) reviewed basal ganglia

network models of various motor and cognitive processes, includ-
ing working memory, categorization, and sequence learning, and
handwriting. This review shows how the basal ganglia can play a
similar role in motor and cognitive processes.

CONCLUSIONS

This volume provides the latest data on animal models of basal
ganglia dysfunction and clinical studies in human patients with
basal ganglia-related disorders. Although there are a multitude
of studies on the anatomy, phyiology, and computational models
of the basal ganglia, there are still many open questions. Future
experimental and computational studies will continue to under-
stand how exactly neurological and psychiatric disorders impact
the basal ganglia as well as the neural mechanism of medications
and deep brain stimulation.

REFERENCES

Adler, A., Katabi, S., Finkes, I, Prut, Y., and Bergman, H. (2013). Different
correlation patterns of cholinergic and GABAergic interneurons with stri-
atal projection neurons. Front. Syst. Neurosci. 7:47. doi: 10.3389/fnsys.2013.
00047

Arias-Garcia, M. A., Tapia, D., Flores-Barrera, E., Perez-Ortega, J. E., Bargas, J., and
Galarraga, E. (2013). Duration differences of corticostriatal responses in striatal
projection neurons depend on calcium activated potassium currents. Front. Syst.
Neurosci. 7:63. doi: 10.3389/fnsys.2013.00063

Balasubramani, P. P, Chakravarthy, V. S., Ravindran, B., and Moustafa, A. A.
(2014). An extended reinforcement learning model of basal ganglia to under-
stand the contributions of serotonin and dopamine in risk-based decision
making, reward prediction, and punishment learning. Front. Comput. Neurosci.
8:47. doi: 10.3389/fncom.2014.00047

Benhamou, L., and Cohen, D. (2014). Electrophysiological characterization of
entopeduncular nucleus neurons in anesthetized and freely moving rats. Front.
Syst. Neurosci. 8:7. doi: 10.3389/fnsys.2014.00007

Bodi, N., Keri, S., Nagy, H., Moustafa, A., Myers, C. E., Daw, N., et al. (2009).
Reward-learning and the novelty-seeking personality: a between- and within-
subjects study of the effects of dopamine agonists on young Parkinson’s patients.
Brain 132(pt 9), 2385-2395. doi: 10.1093/brain/awp094

Bosch-Bouju, C., Hyland, B. L., and Parr-Brownlie, L. C. (2013). Motor thalamus
integration of cortical, cerebellar and basal ganglia information: implications
for normal and parkinsonian conditions. Front. Comput. Neurosci. 7:163. doi:
10.3389/fncom.2013.00163

Brody, M., and Korngreen, A. (2013). Simulating the effects of short-term synaptic
plasticity on postsynaptic dynamics in the globus pallidus. Front. Syst. Neurosci.
7:40. doi: 10.3389/fnsys.2013.00040

Bronfeld, M., Yael, D., Belelovsky, K., and Bar-Gad, 1. (2013). Motor tics
evoked by striatal disinhibition in the rat. Front. Syst. Neurosci. 7:50. doi:
10.3389/fnsys.2013.00050

Chiken, S., and Nambu, A. (2014). Disrupting neuronal transmission: mechanism
of DBS? Front. Syst. Neurosci. 8:33. doi: 10.3389/fnsys.2014.00033

Eitan, R., Shamir, R. R, Linetsky, E., Rosenbluh, O., Moshel, S., Ben-Hur, T., et al.
(2013). Asymmetric right/left encoding of emotions in the human subthalamic
nucleus. Front. Syst. Neurosci. 7:69. doi: 10.3389/fnsys.2013.00069

Espinosa-Parrilla, J. E, Baunez, C., and Apicella, P. (2013). Linking reward
processing to behavioral output: motor and motivational integration in
the primate subthalamic nucleus. Front. Comput. Neurosci. 7:175. doi:
10.3389/fncom.2013.00175

Filoteo, J. V., and Maddox, W. T. (2014). Procedural-based category learning in
patients with Parkinson’s disease: impact of category number and category
continuity. Front. Syst. Neurosci. 8:14. doi: 10.3389/fnsys.2014.00014

Filoteo, J. V., Maddox, W. T., Ing, A. D., and Song, D. D. (2007). Characterizing
rule-based category learning deficits in patients with Parkinson’s dis-
ease. Neuropsychologia 45, 305-320. doi: 10.1016/j.neuropsychologia.2006.
06.034

Frank, M. J., Samanta, J., Moustafa, A. A., and Sherman, S. J. (2007). Hold your
horses: impulsivity, deep brain stimulation, and medication in parkinsonism.
Science 318, 1309-1312. doi: 10.1126/science.1146157

Frontiers in Systems Neuroscience

www.frontiersin.org

August 2014 | Volume 8 | Article 150 | 8


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

Moustafa et al.

Basal ganglia: neurobehavioral studies

Gershman, S. J., Moustafa, A. A., and Ludvig, E. A. (2014). Time representation
in reinforcement learning models of the basal ganglia. Front. Comput. Neurosci.
7:194. doi: 10.3389/fncom.2013.00194

Grieb, B., von Nicolai, C., Engler, G., Sharott, A., Papageorgiou, 1., Hamel, W., et al.
(2013). Decomposition of abnormal free locomotor behavior in a rat model of
Parkinson’s disease. Front. Syst. Neurosci. 7:95. doi: 10.3389/fnsys.2013.00095

Guo, Y., Park, C., Worth, R. M., and Rubchinsky, L. L. (2013). Basal ganglia modula-
tion of thalamocortical relay in Parkinson’s disease and dystonia. Front. Comput.
Neurosci. 7:124. doi: 10.3389/fncom.2013.00124

Gupta, A., Balasubramani, P. P., and Chakravarthy, S. (2013). Computational model
of precision grip in Parkinson’s disease: a utility based approach. Front. Comput.
Neurosci. 7:172. doi: 10.3389/fncom.2013.00172

Haynes, W. I, and Haber, S. N. (2013). The organization of prefrontal-subthalamic
inputs in primates provides an anatomical substrate for both functional
specificity and integration: implications for Basal Ganglia models and deep
brain stimulation. J. Neurosci. 33, 4804—4814. doi: 10.1523/J]NEUROSCI.4674-
12.2013

Helie, S., Chakravarthy, S., and Moustafa, A. A. (2013). Exploring the cognitive
and motor functions of the basal ganglia: an integrative review of compu-
tational cognitive neuroscience models. Front. Comput. Neurosci. 7:174. doi:
10.3389/fncom.2013.00174

Jahanshahi, M. (2013). Effects of deep brain stimulation of the subthalamic nucleus
on inhibitory and executive control over prepotent responses in Parkinson’s
disease. Front. Syst. Neurosci. 7:118. doi: 10.3389/fnsys.2013.00118

Keri, S., Moustafa, A. A., Myers, C. E., Benedek, G., and Gluck, M. A. (2010).
{alpha}-Synuclein gene duplication impairs reward learning. Proc. Natl. Acad.
Sci. U.S.A 107, 15992-15994. doi: 10.1073/pnas.1006068107

Lavian, H., Ben-Porat, H., and Korngreen, A. (2013). High and low fre-
quency stimulation of the subthalamic nucleus induce prolonged changes
in subthalamic and globus pallidus neurons. Front. Syst. Neurosci. 7:73. doi:
10.3389/fnsys.2013.00073

Leisman, G., Braun-Benjamin, O., and Melillo, R. (2014). Cognitive-motor inter-
actions of the basal ganglia in development. Front. Syst. Neurosci. 8:16. doi:
10.3389/fnsys.2014.00016

Merrison-Hort, R., and Borisyuk, R. (2013). The emergence of two anti-phase
oscillatory neural populations in a computational model of the Parkinsonian
globus pallidus. Front. Comput. Neurosci. 7:173. doi: 10.3389/fncom.2013.00173

Moll, C. K., Galindo-Leon, E., Sharott, A., Gulberti, A., Buhmann, C., Koeppen, J.
A, etal. (2014). Asymmetric pallidal neuronal activity in patients with cervical
dystonia. Front. Syst. Neurosci. 8:15. doi: 10.3389/fnsys.2014.00015

Molochnikov, 1., and Cohen, D. (2014). Hemispheric differences in the
mesostriatal dopaminergic system. Front. Syst. 8:110. doi:
10.3389/fnsys.2014.00110

Moshel, S., Shamir, R. R., Raz, A, de Noriega, F R,, Eitan, R., Bergman, H.,
et al. (2013). Subthalamic nucleus long-range synchronization-an indepen-
dent hallmark of human Parkinson’s disease. Front. Syst. Neurosci. 7:79. doi:
10.3389/fnsys.2013.00079

Moustafa, A. A., and Poletti, M. (2013). Neural and behavioral substrates
of subtypes of Parkinson’s disease. Front. Syst. Neurosci. 7:117. doi:
10.3389/fnsys.2013.00117

Muralidharan, V., Balasubramani, P. P., Chakravarthy, V. S., Lewis, S. J., and
Moustafa, A. A. (2014). A computational model of altered gait patterns in
Parkinson’s disease patients negotiating narrow doorways. Front. Comput.
Neurosci. 7:190. doi: 10.3389/fncom.2013.00190

Nambu, A., and Tachibana, Y. (2014). Mechanism of parkinsonian neuronal oscil-
lations in the primate basal ganglia: some considerations based on our recent
work. Front. Syst. Neurosci. 8:74. doi: 10.3389/fnsys.2014.00074

Nougaret, S., Meffre, J., Duclos, Y., Breysse, E., and Pelloux, Y. (2013). First evidence
of a hyperdirect prefrontal pathway in the primate: precise organization for new

Neurosci.

insights on subthalamic nucleus functions. Front. Comput. Neurosci. 7:135. doi:
10.3389/fncom.2013.00135

O’Callaghan, C., Moustafa, A. A., de Wit, S., Shine, J. M., Robbins, T. W.,
Lewis, S. J., et al. (2013). Fronto-striatal gray matter contributions to discrim-
ination learning in Parkinson’s disease. Front. Comput. Neurosci. 7:180. doi:
10.3389/fncom.2013.00180

Pasquereau, B., and Turner, R. S. (2013). Primary motor cortex of the parkinso-
nian monkey: altered neuronal responses to muscle stretch. Front. Syst. Neurosci.
7:98. doi: 10.3389/fnsys.2013.00098

Paul, E. J., and Ashby, E. G. (2013). A neurocomputational theory of how explicit
learning bootstraps early procedural learning. Front. Comput. Neurosci. 7:177.
doi: 10.3389/fncom.2013.00177

Plata, V., Duhne, M., Perez-Ortega, J., Hernandez-Martinez, R., Rueda-Orozco,
P, Galarraga, E., et al. (2013). Global actions of nicotine on the striatal
microcircuit. Front. Syst. Neurosci. 7:78. doi: 10.3389/fnsys.2013.00078

Retailleau, A., and Boraud, T. (2014). The Michelin red guide of the brain:
role of dopamine in goal-oriented navigation. Front. Syst. Neurosci. 8:32. doi:
10.3389/fnsys.2014.00032

Schroll, H., and Hamker, E. H. (2013). Computational models of basal-ganglia
pathway functions: focus on functional neuroanatomy. Front. Syst. Neurosci.
7:122. doi: 10.3389/fnsys.2013.00122

Schwab, B. C., Heida, T., Zhao, Y., Marani, E.,, van Gils, S. A., and van
Wezel, R. J. (2013). Synchrony in Parkinson’s disease: importance of intrin-
sic properties of the external globus pallidus. Front. Syst. Neurosci. 7:60. doi:
10.3389/fnsys.2013.00060

Seger, C. A. (2013). The visual corticostriatal loop through the tail of
the caudate: circuitry and function. Front. Syst. Neurosci. 7:104. doi:
10.3389/fnsys.2013.00104

Shine, J. M., Moustafa, A. A., Matar, E., Frank, M. J., and Lewis, S. J. (2013). The
role of frontostriatal impairment in freezing of gait in Parkinson’s disease. Front.
Syst. Neurosci. 7:61. doi: 10.3389/fnsys.2013.00061

Simola, N., Morelli, M., Frazzitta, G., and Frau, L. (2013). Role of movement in
long-term basal ganglia changes: implications for abnormal motor responses.
Front. Comput. Neurosci. 7:142. doi: 10.3389/fncom.2013.00142

Smith, Y., Galvan, A., Ellender, T. J., Doig, N., Villalba, R. M., Huerta-Ocampo, I.,
et al. (2014). The thalamostriatal system in normal and diseased states. Front.
Syst. Neurosci. 8:5. doi: 10.3389/fnsys.2014.00005

Tomkins, A., Vasilaki, E., Beste, C., Gurney, K., and Humphries, M. D. (2013).
Transient and steady-state selection in the striatal microcircuit. Front. Comput.
Neurosci. 7:192. doi: 10.3389/fncom.2013.00192

Yael, D., Zeef, D. H., Sand, D., Moran, A., Katz, D. B., Cohen, D., et al. (2013).
Haloperidol-induced changes in neuronal activity in the striatum of the freely
moving rat. Front. Syst. Neurosci. 7:110. doi: 10.3389/fnsys.2013.00110

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: 08 July 2014; accepted: 04 August 2014; published online: 21 August 2014.
Citation: Moustafa AA, Bar-Gad I, Korngreen A and Bergman H (2014) Basal gan-
glia: physiological, behavioral, and computational studies. Front. Syst. Neurosci. 8:150.
doi: 10.3389/fnsys.2014.00150

This article was submitted to the journal Frontiers in Systems Neuroscience.
Copyright © 2014 Moustafa, Bar-Gad, Korngreen and Bergman. 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 Systems Neuroscience

www.frontiersin.org

August 2014 | Volume 8 | Article 150 | 9


http://dx.doi.org/10.3389/fnsys.2014.00150
http://dx.doi.org/10.3389/fnsys.2014.00150
http://dx.doi.org/10.3389/fnsys.2014.00150
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Systems_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Systems_Neuroscience/archive

MINI REVIEW ARTICLE
published: 18 March 2014
doi: 10.3389/fnsys.2014.00032

fromtiers in
SYSTEMS NEUROSCIENCE

=

The Michelin red guide of the brain: role of dopamine in
goal-oriented navigation

Aude Retailleau’* and Thomas Boraud??

! Sagol Department of Neurobiology, University of Haifa, Haifa, Israel
2 Institut des Maladies Neurodegeneratives UMR 5293, University of Bordeaux, Bordeaux, France
3 Institut des Maladies Neurodegeneratives UMR 5293, CNRS, Bordeaux, France

Edited by:
Ahmed A. Moustafa, University of
Western Sydney, Australia

Spatial learning has been recognized over the years to be under the control of the
hippocampus and related temporal lobe structures. Hippocampal damage often causes
severe impairments in the ability to learn and remember a location in space defined
by distal visual cues. Such cognitive disabilities are found in Parkinsonian patients. We
recently investigated the role of dopamine in navigation in the 6-Hydroxy-dopamine
(6-OHDA) rat, a model of Parkinson's disease (PD) commonly used to investigate
the pathophysiology of dopamine depletion (Retailleau et al., 2013). We demonstrated
that dopamine (DA) is essential to spatial learning as its depletion results in spatial
impairments. Our results showed that the behavioral effect of DA depletion is correlated
with modification of the neural encoding of spatial features and decision making
processes in hippocampus. However, the origin of these alterations in the neural
processing of the spatial information needs to be clarified. It could result from a local
effect: dopamine depletion disturbs directly the processing of relevant spatial information
at hippocampal level. Alternatively, it could result from a more distributed network effect:
dopamine depletion elsewhere in the brain (entorhinal cortex, striatum, etc.) modifies
the way hippocampus processes spatial information. Recent experimental evidence in
rodents, demonstrated indeed, that other brain areas are involved in the acquisition of
spatial information. Amongst these, the cortex—basal ganglia (BG) loop is known to be
involved in reinforcement learning and has been identified as an important contributor to
spatial learning. In particular, it has been shown that altered activity of the BG striatal
complex can impair the ability to perform spatial learning tasks. The present review
provides a glimpse of the findings obtained over the past decade that support a dialog
between these two structures during spatial learning under DA control.

Reviewed by:

Mehdi Khamassi, CNRS (Centre
National de la Recherche Scientifique),
France

Ahmed A. Moustafa, University of
Western Sydney, Australia

*Correspondence:

Aude Retailleau, Neural
Representations Lab, Sagol
Department of Neurobiology,
University of Haifa, 99 Aba Khoushy
Ave, Mount Carmel, Haifa 3498838,
Israel

e-mail: retailleau@campus.haifa.ac.il

Keywords: dopamine, hippocampus, basal ganglia, spatial navigation, striatum

INTRODUCTION: OF PARKINSON'S DISEASE,
DISORIENTATION, DOPAMINE AND HIPPOCAMPUS

Parkinson disease (PD) has long been characterized as a motor
disease (Agid, 1991). Emphasis has been stressed for long on the
so-called triad of akinesia, rigidity and tremor. However classic
drug and surgical therapies are now able to control more or
less these symptoms, often at the cost of disabling side effects
such as drug-induced dyskinesia (Boraud et al., 2001). Never-
theless, the increased autonomy acquired by the Parkinsonian
patients unmasked cognitive symptoms previously underesti-
mated (Sawamoto et al., 2002). It was previously thought that
cognitive alteration was a late feature of the disease but, in fact,
it occurs early in about 15-20% of the patients (Weintraub et al.,
2011; Svenningsson et al., 2012). Amongst cognitive symptoms
we can identify spatial disorientation, which has been described
as an early landmark 25 years ago but left unexplored for a long
time (Hovestadt et al., 1987; Taylor et al., 1989) despite its impact
on life quality and public health problem (Crizzle et al., 2012).

Spatial cognition includes all the processes that allow animals
to acquire process, memorize and use spatial information to
perform goal-directed movements. Animals perceive space and
extract pertinent information relevant to their spatial behavior
using two types of sensory information: external cues supplied
by the environment and internal cues supplied by their own
movements. Navigation strategies are based on internal cues (path
integration), external cues (taxon navigation) or on both (local
navigation; O’Keefe and Conway, 1978; Gallistel, 1990; Trullier
et al.,, 1997) Navigation could be represented in space by two
systems of coordinates: an external coordinate system (allocentric
representation) or an internal frame (egocentric representation;
Berthoz, 1991; Poucet and Benhamou, 1997; Benhamou and
Poucet, 1998). Several structures are considered to be important
for building the neural representation of these spatial coordi-
nates often called cognitive maps: amongst them the hippocam-
pus is considered as the corner stone (O’Keefe and Dostrovsky,
1971; O’Keefe, 1979). Dopaminergic afferents to the hippocampal

Frontiers in Systems Neuroscience

www.frontiersin.org

March 2014 | Volume 8 | Article 32 | 10


http://www.frontiersin.org/Systems_Neuroscience
http://www.frontiersin.org/Systems_Neuroscience/editorialboard
http://www.frontiersin.org/Systems_Neuroscience/editorialboard
http://www.frontiersin.org/Systems_Neuroscience/editorialboard
http://www.frontiersin.org/Systems_Neuroscience/about
http://www.frontiersin.org/Journal/10.3389/fnsys.2014.00032/abstract
http://www.frontiersin.org/Journal/10.3389/fnsys.2014.00032/abstract
http://www.frontiersin.org/people/u/123190
http://www.frontiersin.org/people/u/947
mailto:retailleau@campus.haifa.ac.il
http://www.frontiersin.org/Systems_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Systems_Neuroscience/archive

Retailleau and Boraud

Role of dopamine in goal-oriented navigation

formation arise from both the ventral tegmental area (VTA, A10)
and substantia nigra pars compacta (SN¢, A8—A9) dopaminergic
cell groups (Scatton et al., 1980). In addition, intra-hippocampal
injections of D1 agonists and D2 antagonists improve memory
(Packard and White, 1991; Wilkerson and Levin, 1999), while 6-
Hydroxy-dopamine (6-OHDA) lesions of dopaminergic inputs to
hippocampus induce spatial working memory deficits (Gasbarri
et al., 1996). The dorsal part of Cornu Ammonis areas 3 (CA3),
considered to be involved in the rapid acquisition of new memory
(Kesner, 2007), is the target of dopamine (DA) projections from
VTA and SNc¢ (Scatton et al., 1980; Luo et al., 2011). DA innerva-
tion together with a higher liability of place fields as compared to
those of CA1 (Barnes et al., 1990; Mizumori, 2006), makes CA3 a
good candidate for the detection of the contextual significance of
spatial features (Penner and Mizumori, 2012).

These facts raise the question of what happens in this brain
structure when dopamine is depleted in Parkinsonian patient.
We recently addressed this issue in the 6-OHDA rat, a model
of PD commonly used to investigate the pathophysiology of
dopamine depletion (Retailleau et al., 2013). We demonstrated
that hippocampus played not only a role in the identification
of locations in an environment and in the planning of the
trajectories to goals and path selection as previously showed
(Morris et al., 1990; Bannerman et al., 1995; Whishaw and
Jarrard, 1995; Whishaw and Tomie, 1996; Hollup et al., 2001;
Johnson and Redish, 2007; Rolls, 2007), but also in goal encoding.
Behavioral analysis showed that sham rats are able to maxi-
mize their behavior in a baited Y-maze in order to increase the
total amount of reward income over the course of the session.
This behavior is correlated to an increase in the mean firing
rate of neurons in CA3 at both decision point and reward
location. Moreover, the lesion of the dopaminergic neurons of
Substantia Nigra disrupted this ability and uncorrelated fir-
ing rate of CA3 neurons from decision and reward location
(Figure 1).

However, the origin of these alterations in the neural process-
ing of the spatial features needs to be clarified. It could result
from a local effect: dopamine depletion disturbs directly the
processing of relevant spatial information at hippocampal level.
Alternatively, it could result from a more distributed network
effect: dopamine depletion elsewhere in the brain (entorhinal
cortex, striatum, etc.) modifies the way hippocampus processes
spatial information. In this mini-review we address as survey of
arguments in the literature that can support eachtheory.

INFLUENCE OF DA IN THE HIPPOCAMPUS

Dopamine from SNc and VTA provides a reward prediction error
signal to the dorsal and ventral striatum (Schultz, 2006). It is
tempting to assume that similar mechanisms are involved in the
hippocampus itself. There are strong elements to support this
assumption. Hippocampus is one of the rare brain areas where
the 5 subtypes of DA receptors are found, D2-like (Brouwer
et al,, 1992) and D1-like families (Gingrich et al., 1992; Lau-
rier et al., 1994; Sokoloff and Schwartz, 1995). In addition,
intra-hippocampal injections of D1 agonists and D2 antago-
nists improves memory (Packard and White, 1991; Wilkerson
and Levin, 1999), while 6-OHDA lesions of dopamine input to

hippocampus result in spatial working memory deficits (Gasbarri
et al., 1996). Exposure to a novel context increases hippocampal
dopamine release (Thalainen et al., 1999), which in turn facilitates
long term potentiation (LTP) induction (Li et al., 2003; Lemon
and Manahan-Vaughan, 2006). Detection of a context change by
hippocampus can be used to update memory systems, which in
turn may signal dopamine neurons to increase dopamine release.
The subsequent increase in dopamine release in hippocampus
seems to excite hippocampal neurons and so increase the dura-
tion of neural responses to glutamatergic input (Smialowski,
1987; Smialowski and Bijak, 1987) contributing as such to the
increased stabilization of place fields typically observed as rats
become familiar with new environmental conditions (Frank et al.,
2004).

All of these data strengthened the hypothesis of a local effect
of DA in the hippocampus, but there is a major drawback,
which is that dopaminergic direct input to hippocampus, is very
sparse and poorly described despite intensive search. As far as we
know, we found only one study which described that a few fibers
arise from both the VTA, A10 and SNc¢, A8-A9 dopaminergic
cell groups (Scatton et al., 1980). But sparseness doesn’t mean
inefficiency and the contrast with the reasonably high density of
DA receptors in the hippocampus pleads for an actual functional
effect.

BASAL GANGLIA AND SPATIAL NAVIGATION

Experimental approaches in rodents have provided behavioral
evidence that pharmacological manipulations of the nucleus
accumbens (NAc—part of the ventral striatum) impair acquisi-
tion and/or performance in spatial learning tasks (Annett et al.,
1989; Wiener, 1993; Ploeger et al., 1994; Gal et al., 1997; Smith-
Roe et al., 1999; Atallah et al., 2007; Ferretti et al., 2007). Packard
and McGaugh’s seminal experiments (Packard and McGaugh,
1996) introduced the hypothesis that the striatum contributed to
egocentric learning. However, recent data have generated contro-
versy and show that the striatum is also involved in other aspects
of spatial learning. Various studies examined the involvement of
different sub-regions of the striatum in allocentric and egocentric
learning (Voorn et al., 2004). Their results suggest that the Dorso
Lateral Striatum (DLS) plays a role in egocentric spatial learning
(Yin and Knowlton, 2004) based on cue-action association (van
der Meer et al., 2010) and both the NAc and the Dorso Medial
Striatum (DMS) plays a role in allocentric learning (Lavoie and
Mizumori, 1994; Mizumori et al., 2004; Ferretti et al., 2007). The
central role of the ventral striatum in spatial decision making
has been confirmed by electrophysiological approach (Lansink
et al., 2009; van der Meer et al., 2010; van der Meer and Redish,
2011).

These findings pave the way for integration between allo-
centric and egocentric process in the striatum. Striatum is a
highly convergent structure where huge overlaps exist between the
different functional territories (Parent and Hazrati, 1995). Thorn
et al. (2010) recently demonstrated that DMS and DLS display
contrasting patterns of activity during task performance that
developed concurrently with sharply different dynamics. It sug-
gests that this integration can be a cooperative (additive) process
or a competition process that would contribute to multimodal
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FIGURE 1 | Dopamine depletion modifies the encoding of decision
process and reward location in CA3 (adapted form Retailleau et al.,
2013). (A) In a baited Y-maze, the rat has to choose one of the arms where
the reward is located. Rat with a 6-OHDA lesion in the right medial forebrain
bundle had difficulties to find the reward when it is in the right arm as it is
shown by its low ratio of good choice (i.e., the baited arm)/the number of
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exploration. We correlated the behavior in the maze with population
responses in the right CA3 (A, right). The time spent by the animal in the
decision zone (B) is correlated with the population firing rate of CA3 neurons
of Sham, but not 6-OHDA rats (C). The ratio of good choice/total number of
exploration is correlated with the population firing rate of CA3 neurons of
Sham, but not 6-OHDA rats (E) when the animal is in the reward location (D).

decision making using mechanisms similar to those that have
been modeled for action selection (Leblois et al., 2006; Guthrie
et al., 2013).

INFLUENCE OF DA IN THE BASAL GANGLIA

The regulation of striatal input by tonic and phasic dopamine
release is so well known and described that there is not enough
space in this mini-review to detail and we report the reader to
more comprehensive review (Goto et al., 2007; Schultz, 2007;
Humphries et al., 2012). Briefly, dopamine presysnaptic but-
ton connect the base of dendritic spines of the Medium Spiny
Neurons of the striatum. From this key position they control
the effect of the other inputs connecting the head of the spine

(Parent and Hazrati, 1993) and play a key role in synaptic plas-
ticity.

The role of DA at striatal level in the control of spatial
navigation has been evidenced both in its ventral and dorsal
part. In the ventral part, evidences are accumulated since the late
1980s. Mogenson was the first to highlight that the hippocampal
signal transmission to the pedunculopontine tegmental nucleus
is regulated by dopamine receptors of the NAc (Mogenson et al.,
1987). The integrative role of the NAc and subpallidal area in
relaying hippocampal signals to the mesencephalic locomotor
region in the brainstem was investigated electrophysiologically
in urethane-anaesthetized rats. A behavioral study of the func-
tional connections was also performed in freely moving rats. In
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the electrophysiological experiments, subpallidal output neurons
to the pedunculopontine nucleus were first identified by their
antidromic responses to electrical stimulation of the peduncu-
lopontine nucleus. Hippocampal stimulation was then shown to
inhibit orthodromically some of these subpallidal neurons. The
inhibitory response was attenuated following microinjection of a
dopamine D2 agonist, but not a D1 agonist, into the NAc. This
suggests that signal transmission from the hippocampus to the
subpallidal output neurons to the pedunculopontine nucleus is
modulated by a D2 receptor-mediated mechanism in the NAc.
Injections of N-methyl-D-aspartate into the ventral subiculum
of the hippocampus resulted in a threefold increase in loco-
motor responses. Injection of a D2 agonist into the accumbens
reduced the hyperkinetic response dose-dependently and suggests
that D2 receptors regulate locomotor responses initiated by the
hippocampal-accumbens pathway. These results provide evidence
of limbic (e.g., hippocampus) influences on locomotor activity by
way of NAc-subpallidal-pedunculopontine nucleus connections
that may contribute to adaptive behavior.

Concerning the dorsal part (DMS and DLS), the role of DA
in controlling spatial navigation has been partially demonstrated
only much more recently (for review: Penner and Mizumori,
2012). What is known so far is that, DA depletion in the DLS
interfere with strategy shifting, but no experiments has been
conducted yet in order to assess if it induced disruption of the
egocentric learning.

Thus despite it is highly probable that DA depletion in the
striatum could explain the effect on spatial behavior, there is no
definitive evidences yet.

TOWARDS AN INTEGRATIVE REPRESENTATION

This quick review of the literature highlighted the multilevel
implication of DA in the process of spatial information by the
nervous system, however, it remains to determine at which level(s)
the disruption of the dopaminergic function impacts spatial nav-
igation in order to unravel the origin of spatial disorientation in
PD patients (Hovestadt et al., 1987; Taylor et al., 1989).

The classical segregation between allocentric and egocentric
learning seems too schematic and does not take into account
the different modalities of perception of the environment. Hip-
pocampus and striatum both contribute to encoding the spatial
representation and seem to be involved in various modalities of
perception. The hippocampus is related to the building of a spatial
map (where am I?) but recent study evidenced that many place
cells recorded from rats performing place or cue navigation tasks
also discharged when they are at the goal location (Hok et al.,
2007). The striatum provides reinforcing values to several aspects
of the environment (where is my reward?), the ventral part to the
pure localization aspects while the medial part encodes external
cues. Meanwhile the dorsal striatum encodes the procedure (from
here, which sequence of actions do I have to take in order to get my
reward? (Retailleau et al., 2012). This taxonomy overlaps with the
one recently proposed by Khamassi and Humphries (2012), which
proposed that allocentric framework encompassed a model-based
learning process while egocentric is more related to model free
associative learning. It seems obvious that DA plays a key role
in the striatum and that striatal DA depletion partly disrupts

these processes. It is also highly probable that the rich density
of DA receptors together with the response to reward location
and decision processes we evidenced in CA3 (Retailleau et al.,
2013) argue for also a local effect. So both mechanisms should
be involved in the spatial disorientation observed in PD patients,
but what remains to be established is in which proportion.

HOW EMERGES A SPATIAL STRATEGY?

It has been shown that different spatial strategies can be used and
that lesion of the hippocampus or one of the striatal territories
may shift the dominant strategy used by the subject (Packard and
McGaugh, 1996; Mizumori et al., 2004; Penner and Mizumori,
2012) It strongly suggests that the neural mechanism of the spe-
cific selection of one of these modalities is based on competition
mechanisms.

We demonstrated that action selection and decision making
are emerging properties of the architecture of the frontal and
dorsal part of the cortex-basal ganglia (BG) loop (Leblois et al.,
2006; Guthrie et al., 2013). It makes it a perfect analogous of
the actor in the actor-critic model of Sutton and Barto (1998),
working under the supervision of a critic. Actor and critic are
interfaced by DA at striatal level. The exact role of DA is still
discussed and may be different in different structures (Khamassi
and Humphries, 2012). While it is almost evident that it acts
as error prediction signal in dorsal territories it may be simple
reward signal elsewhere. In fact the neural substrate underlying

" Dorsal

_ HPC_

FIGURE 2 | Schematic representation of the three loops involved in
spatial Inavigation. The loops are embedded in the fronto-cortical
structures (SMC: sensorimotor cortex, PLC: prelimbic cortex, EC: entorhinal
cortex), the basal ganglia (BG) segregated roughly into ventral (VS: ventral
striatum, VP: ventral pallidum), dorsomedial (DMS: dorsomedial striatum,
EP: entopeduncular nucleus) and dorsolateral (DLS: dorsolat- eral striatum,
SNr: substantia nigra pars reticulata) parts, the anterior thalamus and the
dorsal part of the hippocampus (Dorsal HPC). Dopamine projections from
the SNc and ventral tegmantal area (VTA) are shown in green. The three
functional loops are shown in blue for allocentric navigation by localization,
in purple for allocentric navigation by external cues and in red for egocentric
navigation. Convergence at BG level allows the system to perform selection
of one of the modalities through a competition mechanism similar to those
of the action selection loop (adapted form Retailleau et al., 2012).
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the critic is still unknown and different sub-population of the
actor structures can be involved (Lansink et al., 2009; Glascher
etal., 2010). For a comprehensive review of the involvement of the
structures in different modalities of critic processing, we report
the reader to Khamassi and Humphries (2012). We propose here
to extend our model of the actor to the modalities of spatial
navigation. The three modalities (external coordinates, external
cues and internal coordinates) are supported by three different
loops. The first loop passing through the ventral BG and the hip-
pocampus, the second supported by the medial BG and thalamus
respectively, and the third loop passing through the dorsal BG
(Figure 2). The competition mechanism would allow the activa-
tion of one of the three modalities. During learning, dopamine
would induce plasticity at various levels (ventral/medial or dorsal
striatum, hippocampus) and modify the respective weight of each
loop. According to the phase of learning and the reinforcing
value of one of the aspects, one of the three networks would
win the competition and therefore take over the control of the
spatial navigation. This theory has the advantage of taking into
account both the competitive and the collaborative aspects of
their interactions and explains why, when all loops are functional,
one can take over from another during the course of learning
while, when one is disrupted, a different loop is able to take over
the spatial navigation function. At the beginning of learning the
system switches from one modality to another randomly due to
the system noise level. Meanwhile, each system learns in parallel
from the outcomes. From Packard and McGaugh (1996) work,
we can infer that the more ventral system learns first and drives
animal behavior after a moderate period of learning. After longer
practice, the dorsal system is strengthened, takes over from the
ventral system and drives the animal behavior. Inhibition of the
stronger partner of the system (the ventral in the early phase,
the dorsal in the later phase) allows the weaker system to take
control of the behavior. According to the topography of the lesion,
dopamine depletion as in PD may disrupt one or several of these
systems. Where this disruption occurs and can it be compensated
for by another system is still an open question to be investigated.
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The mechanisms for the emergence and transmission of synchronized oscillations in
Parkinson’s disease, which are potentially causal to motor deficits, remain debated. Aside
from the motor cortex and the subthalamic nucleus, the external globus pallidus (GPe)
has been shown to be essential for the maintenance of these oscillations and plays a
major role in sculpting neural network activity in the basal ganglia (BG). While neural
activity of the healthy GPe shows almost no correlations between pairs of neurons,
prominent synchronization in the B frequency band arises after dopamine depletion.
Several studies have proposed that this shift is due to network interactions between
the different BG nuclei, including the GPe. However, recent studies demonstrate an
important role for the properties of neurons within the GPe. In this review, we will discuss
these intrinsic GPe properties and review proposed mechanisms for activity decorrelation
within the dopamine-intact GPe. Failure of the GPe to desynchronize correlated inputs
can be a possible explanation for synchronization in the whole BG. Potential triggers of
synchronization involve the enhancement of GPe-GPe inhibition and changes in ion channel
function in GPe neurons.

Keywords: external globus pallidus, dopamine depletion, desynchronization, plasticity, GPe-GPe synapses, HCN
channels, SK channels, NaF channels

1. INTRODUCTION

Neural activity in the basal ganglia (BG) of patients with idiopathic
Parkinson’s disease (PD) and animal models of PD commonly
shows high levels of synchronization, bursting, and oscillations in
low frequency bands such as 6 (4-7Hz) and p (15-30Hz) fre-
quencies (Bergman et al., 1994; Obeso et al., 2000; Brown et al.,
2001; Montgomery, 2007; Wichmann et al., 2011). Although it
is not completely clear whether these abnormal neural activities
cause PD motor symptoms, they are reliable disease markers as
they coincide with motor symptoms after severe dopamine deple-
tion (Kiihn et al., 2006, 2009; Hammond et al., 2007; Eusebio et al.,
2007; Quiroga-Varela et al., 2013). Nevertheless, the mechanisms
and origins of the emergence and transmission of synchronization,
bursting and oscillations remain controversial. Oscillations in the
B frequency range, often related to rigidity, akinesia and bradyki-
nesia, have been proposed to arise via the cortex (Brown, 2003;
Sharott et al., 2005; Tachibana et al., 2011) or via interactions of
the subthalamic nucleus (STN) and the external globus pallidus
(GPe) (Plenz and Kital, 1999; Bevan et al., 2002; Terman et al.,
2002; Tachibana et al., 2011; Fan et al., 2013).

After dopamine depletion, prominent changes in neural syn-
chronization occur in projection neurons of the GPe, which
has a central position in the BG loop (Smith et al., 1998) L

IThe primate external and internal globus pallidus (GPe and GPi) are named
globus pallidus (GP) and endopenduncular nucleus (EP), respectively, in
rodents. We will refer to GPe and GPi for these nuclei in general.

Under heathy conditions, activity in the GPe shows almost no
correlations between pairs of neurons (Nini et al., 1995; Raz
et al., 2000; Mallet et al., 2008), including spatially nearby neu-
rons (Bar-Gad et al., 2003), although neurons in the GPe pos-
sess a large number of local axon collaterals and are believed
to receive common inputs (Francois et al., 1984; Percheron
et al., 1991; Yelnik, 2002). In contrast, after dopamine deple-
tion, strong synchronization in the § frequency range was found
(Nini et al., 1995; Raz et al., 2000; Heimer et al., 2002; Mallet
et al., 2008). These findings led to the suggestion of a local
mechanism that decorrelates activity in the healthy GPe (Bar-
Gad et al., 2003). Failure of the GPe to decorrelate synchronized
input can be an explanation for abnormal synchrony of the
whole BG.

In this review, we discuss recent evidence supporting the cru-
cial role of GPe properties in synchronizing and desynchronizing
afferent activity and their remodeling during parkinsonism. We
describe proposed mechanisms for this synchronization process
intrinsic to the GPe, based on synaptic and cellular properties.

2. INTRINSIC GPe STRUCTURE

The GPe is located centrally in the BG and essentially contributes
to its multiple feedback loops (Jaeger and Kita, 2011). Its neural
dynamics, involving high firing rates, are strongly influenced by
excitatory inputs from the STN (Goldberg et al., 2003). GABAergic
synapses projecting to the GPe are provided mainly by the stria-
tum and about 10% of the synapses arise in the GPe itself (Shink
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and Smith, 1995). Morphological characterization of these local
axon collaterals in the rat brain indicates that the GP not only acts
as a relay nucleus, but has intrinsic structures capable of internal
information processing (Sadek et al., 2007). In these structures,
information is processed from neurons in the outer part of the GP
to neurons in the inner part (Sadek et al., 2007). This elaborate
GP internal connectivity seems essential for sculpting GP activity,
and GP projection neurons may take additional roles as inhibitory
interneurons that control spiking behavior.

In healthy awake animals, two electrophysiological cell types
have been identified in the GPe based on their firing rates and pat-
terns (deLong, 1971; Bugaysen et al., 2010; Benhamou et al., 2012).
6-hydroxydopamine (6-OHDA) treated rats also showed clear dif-
ferences in the firing rates and patterns between two distinct
GP neuron populations in vivo (Mallet et al., 2008). In contrast,
studies using healthy rat brain slices described three electrophys-
iological subgroups of neurons in the GP (Cooper and Stanford,
2000; Bugaysen et al., 2010). However, more recent in vitro stud-
ies reported no clear qualitative electrophysiological differences
amongst GP neurons and challenge the existence of distinct GP
neuron types (Chan et al., 2004, 2011; Hashimoto and Kita, 2006;
Giinay et al., 2008; Deister et al., 2013).

Nevertheless, anatomical dichotomy has often been described
in the GP (Cooper and Stanford, 2002; Hoover and Marshall,
2002; Nobrega-Pereira et al., 2010). For instance, a group of
proenkephalin positive neurons that preferentially target the stria-
tum (Hoover and Marshall, 2002) and a small population of
calretinin positive interneurons (Cooper and Stanford, 2002) have
been reported. Based on fate mapping analysis, even five neural
populations have been identified in the mouse GP which dif-
fer in progenitor lineage and partly in their embryonic domains
(Nobrega-Pereira et al., 2010).

Recently, Mallet et al. (2012) combined anatomical and elec-
trophysiological characteristics of classes of GP neurons. They
described the existence of two distinct neural populations in the
GP of a 6-OHDA treated rat that have distinct molecular profiles
and axonal connectivities. Neurons of the first population fired
antiphasic to STN neurons, often expressed parvalbumin (PV)
and targeted the STN or the EP. The second population described
a novel cell type: neurons that fired in-phase with STN neurons
expressed proenkephalin and innervated both projection neurons
and interneurons of the striatum. Mallet et al. (2012) also found
differences in the dendritic and axonal architectures of the two cell
types. In particular, local axon collaterals of the first neural popu-
lation were longer while their dendritic spine density was lower in
comparison to the second population.

Altogether, the complex structure of the GPe on both the synap-
tic and cellular levels indicates that information processing within
the GPe is possible and might be critical for modulating dynamics
in the whole BG network.

3. IMPORTANT CONTRIBUTION OF THE GPe TO THE
PATHOPHYSIOLOGY OF PARKINSONISM

The GPe is in a unique position to propagate synchronized oscilla-

tory activity, since it projects to virtually all other BG nuclei (Mallet

et al., 2008). Furthermore, its neurons possess intrinsic oscilla-

tory properties, leading to a steady pacemaking function (Wilson,

2013). Nevertheless, B band oscillations in the GPe in parkinson-
ism commonly exhibit smaller amplitudes than those in the STN
or the GPi (Stein and Bar-Gad, 2013).

An important hypothesis proposes that the GPe plays a major
role in information processing in the dopamine depleted BG, in
particular by interacting with the STN (Plenz and Kital, 1999;
Bevan et al., 2002; Terman et al., 2002; Fan et al., 2013). A study
in 1-Methyl-4-Phenyl-1,2,3,6-Tetrahydropyridine (MPTP) treated
monkeys showed that muscimol inactivation of the GPe to block
its GABAergic outputs led to prominent reductions of f oscilla-
tions in the STN (Tachibana et al., 2011). The GPe is therefore
assumed to regulate the presence of oscillations in the dopamine
depleted BG, while the origins of these oscillations remain unclear.

Since neural activity abnormalities in PD are reversible with
L-3,4-dihydroxyphenylalanine (L-Dopa) treatment, their emer-
gence and reversal are both thought to be crucially dependent
on dopamine levels, although possibly involving different mech-
anisms (Brown et al., 2001; Kiihn et al., 2006; Tachibana et al.,
2011). Despite that in literature the effects of dopamine deple-
tion are often focused on the striatum, PD patients lose about
82% of dopamine in the GPe (Rajput et al., 2008). This specific
loss is also attributed to motor symptoms as supported by several
studies investigating the influence of dopamine directly in the rat
GP. Firstly, dopamine receptor D; /D, blockage in the GP induced
akinesia (Hauber and Lutz, 1999). Secondly, direct application
of dopamine in the GP restored motor behavior in a 6-OHDA
model (Galvan et al., 2001). Thirdly, injections of 6-OHDA in the
GP induced dopamine depletion in both GP and striatum and
mimicked the parkinsonian motor symptoms and neural activity
abnormalities resulting from striatal 6-OHDA injections (Abedi
etal., 2013).

These findings support the important role of dopamine deple-
tion in the GPe for PD. Furthermore, the results of Abedi et al.
(2013) additionally indicate that direct injury of the GPe could
contribute to PD pathology. Indeed, Fernandez-Suarez et al.
(2012) reported prominent cell death of PV-positive GABAergic
GPe neurons, commonly projecting to STN and GPji, in 6-OHDA
treated rats and in MPTP treated monkeys. In contrast, an ear-
lier study by Hardman and Halliday (1999) did not describe
abnormalities in the total number of PV-positive GPe neurons
in PD patients. However, when considering cell density rather
than absolute cell counts, death of GPe neurons is also possible
here as seen in a trend toward a decrease of PV-positive neuron
density (Fernandez-Suarez et al., 2012). Fernandez-Suarez et al.
(2012) speculate that a loss of GABAergic GPe neurons could
decrease inhibition of the STN and thus support its hyperactiv-
ity. Furthermore, the GPe may lose parts of its intrinsic structure,
thereby forfeiting its ability to perform complex information pro-
cessing. To prevent secondary cell death, adaptive processes could
be triggered that may additionally impede information processing.

4. POTENTIAL INTRA-GPe MECHANISMS FOR
(DE)SYNCHRONIZATION

Several mechanisms have been proposed that increase synchro-

nization inside the GPe in parkinsonism or, in turn that desyn-

chronize this nucleus under healthy conditions. The majority

of these mechanisms are based on interactions between the
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GPe and other nuclei, namely the STN and striatum (e. g.,
Alexander and Crutcher, 1990; Ingham et al., 1997; Plenz and
Kital, 1999; Terman et al., 2002; Kumar et al., 2011; Fan et al.,
2013). In the following sections, we describe intrinsic GPe mecha-
nisms for (de)synchronization, involving cellular and synaptic GPe
properties.

4.1. CELLULAR PROPERTIES

Intrinsic properties of GPe neurons are determined by more than
10 voltage-gated ion channel types (Mercer et al., 2007; Giinay
et al., 2008; Jaeger and Kita, 2011). Changes in the expression
or function of these channels can contribute to changes in activ-
ity dynamics and influence synchrony in vivo. Hyperpolarization
and cyclic nucleotide-gated (HCN), small conductance calcium-
activated potassium (SK), and fast, transient, voltage-dependent
sodium (NaF) channels as well as general cellular heterogeneity
have been proposed for desynchronization of the dopamine intact
GPe.

4.1.1. HCN channel expression

HCN channels are widely expressed in the dendrites of neurons in
various parts of the brain such as the cortex, hippocampus, and
thalamus (Poolos, 2012). They support pacemaking and can take
part in sculpting synaptic responses (Chan et al., 2004).

Chan et al. (2004) proposed HCN channels in GP neuron den-
drites as key determinants of regular spiking and synchronization.
In a study of HCN channel function in 6-OHDA lesioned mice,
Chan et al. (2011) uncovered an HCN channelopathy in GP neu-
rons that accompanied pacemaking deficits. HCN channels located
presynaptically on GP terminals are known to decrease the likeli-
hood of GABA release (Boyes and Bolam, 2007). Viral delivery of
HCN subunits and L-type calcium channel agonists restored pace-
making, but did not improve motor symptoms, suggesting that
the channelopathy might therefore be an adaptive process and not
causal for motor deficiency.

4.1.2. SK channel expression

SK channels are assumed to contribute to the firing dynamics in
most excitable cells (Bond et al., 1999) and can modulate plasticity
(Woodward et al., 2010).

Studies with brain slices of healthy rats (Deister et al., 2009)
and computational models of GPe neurons (Deister et al., 2009;
Schultheiss et al., 2010) proposed a mechanism of decorrelation
via an SK current. Deister et al. (2009) showed that rat GP neurons
express functional SK channels that contribute to the precision
of autonomous firing in GP neurons. Strong SK currents can
decrease the sensitivity of GPe neurons to smaller synchronized
inputs (Deister et al., 2009). Phase response curve analysis suggests
that dendritic SK channel expression controls synchronization by
changing the phase dependence of synaptic effects on spike timing
(Schultheiss et al., 2010).

SK channels can indirectly be modulated via dopamine
(Ramanathan et al., 2008) and may therefore exhibit altered
dynamics in PD.

4.1.3. NaF channel expression
The initiation and propagation of action potentials on dendrites
significantly depends on NaF channels (Hanson et al., 2004).

High expression of dendritic NaF channels has been sug-
gested as a potential mechanism that actively decorrelates the
GPe (Edgerton and Jaeger, 2011). In their computational model,
Edgerton and Jaeger (2011) showed that neurons with low den-
dritic NaF channel expression have a high tendency to phase lock
with synchronized synaptic input. They estimated that SK chan-
nel expression is only relevant in synchronizing neural activity
if the dendritic NaF channel conductance was low compared to
the conductance of other channels. Additionally, they report that
HCN channel expression did not significantly alter oscillatory fir-
ing, leaving dendritic NaF channel expression as the main factor in
determining the phase-locking properties of neurons.

GP neurons of rats express dendritic NaF channels and their
distribution is enriched near sites of excitatory synaptic input
(Hanson et al., 2004). Whether dendritic NaF channel expression
actually decreases in PD has not been investigated yet. However, in
other neuron types, it has been reported that NaF current density
is subject to regulation through multiple pathways and on multiple
timescales (Herzog et al., 2003; Hu et al., 2005; Xu et al., 2005), for
example by dopamine D, receptor-activated Ca®™ signaling within
few minutes (Hu et al., 2005).

4.1.4. Cellular heterogeneity

Recently, Deister et al. (2013) suggested cellular heterogeneity as
an active decorrelation mechanism. They found that the hetero-
geneity in firing rates and patterns found in GP neurons in healthy
rats are not due to multiple cell types or synaptic transmission but
rather caused by a change over time in cellular properties common
to all neurons, leading to different cellular characteristics within
minutes. Quantitative changes in the expression of HCN or other
ion channels could underly this dynamic cellular heterogeneity.
Continuous variations in ion channel composition could account
for the entire range of firing rates and patterns in the GPe (Giinay
et al., 2008).

Since neurons firing at widely different rates do not tend to
synchronize with each other, this cellular heterogeneity may make
the GPe less susceptible to synchronized inputs. Deister et al.
(2013) therefore describe a powerful mechanism of decorrelation
in the healthy GPe. However, changes in this heterogeneity after
dopamine depletion have not yet been investigated.

In summary, in the dopamine intact BG, HCN, SK, and NaF
channels as well as cellular heterogeneity have been convincingly
argued to contribute to neural dynamics in the GPe. A qualified
hypothesis states that GPe neurons are not very dependent on
synaptic input due to their intrinsic pacemaker function, poten-
tially sustained by HCN and SK channel function (Wilson, 2013).
Loss of the autonomous GPe activity could lead to correlation of
neural activity by shared inputs. However, cellular changes in the
GPe after dopamine depletion that could cause such a loss are
rarely studied in experiments. It therefore seems likely that cel-
lular properties contribute to desynchronization of the healthy
GPe, but it remains unclear whether these properties induce
synchronization after dopamine depletion.

4.2. SYNAPTIC PROPERTIES
Synaptic coupling inside the GPe via local axon collaterals is well-
established (Francois et al., 1984; Kita, 1994; Sadek et al., 2007;
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Miguelez et al., 2012) although functional GPe connectivity is
highly variable and depends on the brain state (Magill et al., 2006).
Rat GP-GP synapses have considerably different properties than
striatum-GP synapses, with a lower paired-pulse ratio and weak
responses to stimulation (Sims et al., 2008).

Although little is known about the effects of GABAergic trans-
mission within the GPe, connections from the GPe to the STN and
the substantia nigra pars reticulata (SNr) are better described and
may share characteristics of GPe-GPe connections. In rat brain
slices, GP-STN connections have been found to be sparse, but
sufficiently powerful to inhibit and synchronize the autonomous
activity of STN neurons (Baufreton et al., 2009). Bursts of activ-
ity from the rat GP are also able to effectively silence the firing of
SNr neurons, although they can start firing again due to depres-
sion of these GP-SNr synapses (Connelly et al., 2010). A recent
study demonstrates that GP-GP connections are also highly effi-
cacious in modulating postsynaptic activity despite substantial
short time depression and sparse connectivity (Bugaysen et al.,
2013).

4.2.1. Synaptic strength

Miguelez et al. (2012) showed that GP-GP inhibitory synap-
tic transmission increased in a rat 6-OHDA model, leading
to increased rebound bursting. This altered transition may
have major impacts on neural dynamics. Kita et al. (2004,
2006) demonstrated that specific blocking of GABA receptors
in the monkey GPe regularizes neuron firing, indicating that
GABAergic inhibition from the striatum and GPe regulates pall-
idal firing.

It is still unclear how much and which influence inhibitory GPe-
GPe coupling has on synchrony in parkinsonism. If their firing is
periodic, coupling between GPe cells could either synchronize or
desynchronize activity (Wilson, 2013). In the healthy GPe, given
the pacemaking function of these neurons, local axon collaterals
may act as desynchronizing elements (Sims et al., 2008; Wilson,
2013). However, after dopamine depletion, the effect of local axon
collaterals could be reversed and synchronize activity (Wilson,
2013).

4.2.2. Synaptic architecture

Highly heterogeneous synaptic coupling between GPe neurons
could be a factor for their desynchronization. As heterogeneity on a
cellular basis can act as a decorrelator, highly inhomogeneous cou-
pling amongst neurons could lead to similar effects. Sadek et al.
(2007) described the anatomical network of GP-GP axon collater-
als in the rat as structured rather than homogeneously distributed.
It can be speculated that through injury or adaptive remodel-
ing, this structure may become damaged and lose the ability to
desynchronize.

Although changes in synaptic transmission within the rat GP after
dopamine depletion have been measured (Miguelez et al., 2012),
the detailed intrinsic connectivity of GPe still remains poorly
understood. Nevertheless, it has become evident that this nucleus
cannot only be considered as a homogeneous relay nucleus (Sadek
et al., 2007). Further studies of its structural and functional con-
nectivity, especially at different dopamine levels, are needed to
shed light on information processing inside the GPe.

5. CONCLUSIONS

Several lines of evidence emphasize the importance of
intrinsic GPe properties in abnormal synchronization in
parkinsonism. This makes the GPe an attractive target for
future therapies, potentially involving direct pharmacological
targeting.

Most of the evidence provided in this review is based on rodent
studies, but the rodent GP may differ substantially from the human
GPe in some aspects. Functionally, a lower average firing rate has
been observed in the rodent GP compared to the primate GPe,
while firing patterns were very similar (Benhamou et al., 2012).
Anatomically, little is known about the level of human GPe local
collateralization, although its existence is hardly debated (Francois
et al.,, 1984). The rat GP is studied in more detail and shows
a high level of complex local connections (Sadek et al., 2005,
2007).

Though often assumed, it remains unclear whether increased
synchronization in the BG causes motor impairments in PD
patients (Quiroga-Varela et al., 2013). The onset of the synchro-
nization process occurs independently of the onset of motor symp-
toms in animal models of increasing levels of dopamine depletion
(Leblois et al., 2007; Dejean et al., 2012). Nevertheless, impact of
p band synchronization on motor control remains an established
assumption (Brittain and Brown, 2013).

A comprehensive mechanism responsible for synchroniza-
tion and desynchronization of the GPe that is dependent on
dopamine levels, is still missing. However, loss of pacemaker func-
tion in GPe neurons and altered function of GPe-GPe synapses
are important candidates (Wilson, 2013). Although this review
focuses on intrinsic GPe properties, we do not suggest that inter-
actions in the BG network are less important. Synaptic input
to the GPe, mainly from the STN, plays a major role in pal-
lidal synchronization (Goldberg et al., 2003; Tachibana et al,
2011). We propose intrinsic mechanisms of the GPe as cru-
cial in processing these synchronized or partly synchronized
inputs.

After dopamine depletion, GP neurons undergo plastic changes
in their synaptic and cellular structure (Chan et al., 2011; Miguelez
et al., 2012; Wichmann and Smith, 2013), which may poten-
tially trigger synchronized neural activity. However, further studies
on ion channel remodeling after dopamine depletion and their
effects on synchrony and motor performance are missing. Intrinsic
GPe connectivity is still insufficiently described and may not be
restricted to GABAergic transmission. We emphasize that spe-
cial attention should be drawn to possible cell death in the
GPe (Fernandez-Suarez et al., 2012). Adaptive processes could be
triggered to prevent further cell death that may lead to altered
neural activity, which might involve synaptic as well as cellular
changes.
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Abnormal involuntary movements (AlMs) and dyskinesias elicited by drugs that stimulate
dopamine receptors in the basal ganglia are a major issue in the management
of Parkinson's disease (PD). Preclinical studies in dopamine-denervated animals
have contributed to the modeling of these abnormal movements, but the precise
neurochemical and functional mechanisms underlying these untoward effects are still
elusive. It has recently been suggested that the performance of movement may itself
promote the later emergence of drug-induced motor complications, by favoring the
generation of aberrant motor memories in the dopamine-denervated basal ganglia.
Our recent results from hemiparkinsonian rats subjected to the priming model of
dopaminergic stimulation are in agreement with this. These results demonstrate that
early performance of movement is crucial for the manifestation of sensitized rotational
behavior, indicative of an abnormal motor response, and neurochemical modifications in
selected striatal neurons following a dopaminergic challenge. Building on this evidence,
this paper discusses the possible role of movement performance in drug-induced motor

complications, with a look at the implications for PD management.

Keywords: priming, movement, immobilization, zif-268, dynorphin, 6-OHDA, striatonigral, Parkinson’s disease

Motor complications induced by dopamine replacement therapy
(DRT) are the major untoward effects associated with the phar-
macologic management of Parkinson’s disease (PD). These com-
plications include end-of-dose deterioration, motor fluctuations,
and abnormal motor responses, the latter being very disabling and
severely limiting the patient’s quality of life. Results obtained in
experimental animal models of PD have indicated that pulsatile
stimulation of dopamine receptors following DRT is a key step
in the emergence of abnormal motor responses, and that these
untoward effects are associated with a malfunction in the sig-
nal transduction pathway of the dopamine D; receptor (Gerfen
et al., 1990; Nutt, 2007; Santini et al., 2008; Guigoni and Bezard,
2009; Stocchi, 2009). Nevertheless, the precise mechanisms that
underlie abnormal motor responses caused by DRT are still to be
elucidated.

Recent findings have suggested that the generation of aberrant
procedural memories in striatal motor circuits could participate
in the manifestation of abnormal motor responses associated with
DRT (Calon et al., 2000; Pisani et al., 2005; Jenner, 2008; Simola
et al., 2009; Frau et al.,, 2013). Thus, the striatum plays a major
role in processes such as integration of motor signals, acquisition
of motor habits, and execution of motor programs, which are
all critically regulated by dopamine (Mink, 1996; Packard and
Knowlton, 2002; Gerdeman et al., 2003; Tang et al., 2007; Willuhn
and Steiner, 2008). Starting from these premises, it has been

hypothesized that the dopamine-denervated striatum fails to
properly process motor information, and that this may result in
an overload of striatal motor circuits following the performance
of movement stimulated by drugs that activate dopamine
receptors (Picconi et al., 2005; Pisani et al., 2005). This process, in
turn, would promote pathologic motor learning, and eventually
the onset of abnormal motor responses, such as dyskinesia
(Picconi et al., 2005; Jenner, 2008). Therefore, the performance of
movement might itself play a role in the emergence of abnormal
motor responses caused by DRT. Interestingly, studies in both
dopamine-denervated experimental animals and PD patients
provide support to this view, by showing that physical activity
may influence the severity of abnormal motor responses triggered
by repeated administration of dopaminergic drugs (Reuter et al.,
1999, 2000; Frazzitta et al., 2012; Aguiar et al., 2013). Moreover,
recent evidence obtained in an experimental model of abnormal
motor responses in hemiparkinsonian rats has provided a direct
demonstration of an important role of movement performance
in the emergence of these untoward effects (Simola et al., 2009;
Frau et al., 2013).

CRITICAL EVALUATION OF ABNORMAL MOTOR RESPONSES
IN EXPERIMENTAL ANIMAL MODELS OF PD

Studies in experimental animals have dramatically contributed to
the modeling of abnormal motor responses induced by dopamin-
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ergic drugs and elucidation of their mechanisms, and important
results in this sense have been obtained in the unilaterally 6-
hydroxydopamine (6-OHDA)-lesioned rat. Briefly, this animal
model is characterized by a hemiparkinsonism subsequent to
the infusion of 6-OHDA in the nigrostriatal pathway, which
manifests as unilateral forelimb akinesia (Simola et al., 2007).
Moreover, when treated with drugs that stimulate dopamine
receptors, 6-OHDA-lesioned rats display a characteristic con-
tralateral rotational behavior directed away from the site of toxin
infusion, which is indicative of the antiparkinsonian effectiveness
of the drug (Deumens et al., 2002; Simola et al., 2007). How-
ever, it is worth emphasizing that the repeated administration of
drugs that stimulate dopamine receptors induces a sensitization
in contralateral rotational behavior which reproduces the same
biochemical changes observed in rats displaying dyskinetic-like
abnormal involuntary movements (AIMs). In fact, abnormal
motor responses induced by repeated treatment with dopaminer-
gic drugs can be modeled in 6-OHDA-lesioned rats by measuring
two types of behaviors: AIMs and sensitization in contralateral
rotational behavior. AIMs consist of repetitive and purposeless
movements of limbs and trunk, and are a reliable rodent model
of human dyskinesias (Cenci et al., 1998; Lindgren et al., 2007).
Sensitization in contralateral rotational behavior is also indicative
of abnormal motor responses to dopaminergic drugs, since the
intensity of this phenomenon directly correlates with the pro-
dyskinetic potential of these drugs (Henry et al., 1998; Pinna et al.,
2006; Carta et al., 2008).

With regard to sensitization in contralateral rotational behav-
ior, it is worth mentioning the priming model. Priming involves
a first administration of a dopamine D;/D, receptor agonist
(induction phase) that stimulates contralateral rotational behav-
ior, followed, 3 days later, by the administration of a highly
dyskinetic D; receptor agonist (expression phase), at otherwise
scarcely effective doses on rotational behavior (Morelli et al.,
1989). Primed hemiparkinsonian rats display a vigorous con-
tralateral rotational behavior on the expression phase, which is
associated with neurochemical modifications in the striatum that
are peculiar to experimental paradigms of prolonged admin-
istration of dopaminergic drugs (Pollack et al., 1997; van de
Witte et al., 1998; Simola et al., 2007; Scholz et al., 2008; Nadjar
et al., 2009). This evidence, therefore, indicates that the priming
model is highly valuable for investigating the mechanisms that
underlie abnormal motor responses to dopaminergic drugs in
hemiparkinsonian rats.

MOVEMENT PERFORMANCE FOLLOWING INITIAL
DOPAMINERGIC STIMULATION ENABLES THE
MANIFESTATION OF SENSITIZED ROTATIONAL

BEHAVIOR IN PRIMED HEMIPARKINSONIAN RATS
Hemiparkinsonian 6-OHDA-lesioned drug-naive rats that are
treated with the D,/D, agonist apomorphine (0.2 mg/kg, s.c.)
during priming induction and left to rotate freely in response to
the drug exhibit a marked contralateral rotational behavior when
challenged 3 days later with the D; receptor agonist 1-Phenyl-
2,3,4,5-tetrahydro-(1H)-3-benzazepine-7,8-diol (SKF 38393, 3
mg/kg, s.c.), which is indicative of an abnormal motor response

(Morelli et al., 1989; Simola et al., 2009). This behavioral effect
of SKF 38393 has been found to be almost completely abolished
in rats subjected to the same pharmacologic treatment that
were immobilized for 1 h in a restrainer apparatus during
priming induction, so that they could not perform rotational
behavior in response to apomorphine (Figure 1; Simola et al,,
2009). Importantly, immobilization has been demonstrated to
suppress priming expression only when imposed concomitantly
to apomorphine administration, but not immediately before
or immediately after priming induction, therefore excluding
a non-specific effect of immobilization (Simola et al., 2009).
Moreover, the influence of immobilization on the effects of SKF
38393 has been shown not to be affected by the elevation in stress
hormones that is associated with this procedure. This is clearly
demonstrated by the finding that immobilization during priming
induction retained the suppressant effects on priming expression
even in rats treated with metyrapone (Simola et al., 2009), which
prevents the elevation in stress glucocorticoid hormones that
may be caused by immobilization (Calvo and Volosin, 2001).
This finding is very important, since previous evidence has
demonstrated that stress may have a profound influence on the
behavioral and neurochemical effects of movement performance
(Howells et al., 2005). Taken together, these findings indicate
that the suppression of priming expression in rats immobilized
during priming induction is attributable solely to the fact that
immobilization prevented rats from performing movement in

SKF 38393

1500

:

rotations

500

number of contralateral

FIGURE 1 | Magnitude of contralateral rotational behavior stimulated
by acute SKF 38393 (3 mg/kg s.c.) in primed rats, recorded for 2 h.
Priming induction was performed with apomorphine (0.2 mg/kg s.c.), and
was followed by priming expression with SKF 38393 (3 mg/kg s.c.), 3 days
later. Rats were either allowed to rotate or were immobilized during priming
induction. *p < 0.05 vs. non-primed rats and primed immobilized rats.
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response to the initial dopaminergic stimulation (Simola et al.,
2009). Therefore, the results obtained in hemiparkinsonian
rats subjected to the priming model have provided the first
direct demonstration that the performance of drug-stimulated
movement may be crucial for the later emergence of abnormal
motor responses to repetitive administration of dopaminergic
drugs.

MOTOR PERFORMANCE FOLLOWING INITIAL
DOPAMINERGIC STIMULATION TRIGGERS

NEUROCHEMICAL MODIFICATIONS IN SELECTED STRIATAL
EFFERENT NEURONS OF PRIMED HEMIPARKINSONIAN RATS

In order to evaluate whether or not movement performance trig-
gers changes indicative of neuronal long-term modifications, sev-
eral biochemical and molecular parameters have been evaluated
in the striatum of hemiparkinsonian drug-naive and primed rats.
The results obtained have demonstrated that both sensitized rota-
tional behavior on the expression of priming and dyskinetic-like
movements in dopamine-denervated animals repeatedly treated
with dopaminergic drugs are associated with long-term changes
in the production of striatal cyclic adenosine monophosphate
(cAMP; Pinna et al., 1997), phosphorylation of dopamine- and
cAMP-regulated neuronal phosphoprotein (DARPP-32; Santini
etal., 2007), and expression of mRNAs encoding for different pro-
teins and immediate early genes (IEGs; Barone et al., 1994; Cenci
et al., 1998, 2009; Crocker et al., 1998; van de Witte et al., 1998;
Carta etal., 2003, 2008; Aubert et al., 2005). In this regard, the [EG
zif-268 has recently been shown to be a useful marker of neuronal
modification that involves striatal efferent pathways in animal
models of abnormal motor responses (Carta et al., 2008, 2010).
zif-268 (also known as Egr-1, Krox-24, NGFI-A, or Zenk)
belongs to a class of inducible IEGs that encode regulatory tran-
scription factors, and that have been implicated in diverse pro-
cesses in a variety of cell types, including cell growth, differenti-
ation, and apoptosis in response to extracellular stimuli (Gashler
and Sukhatme, 1995). In the brain, zif-268 mRNA and protein
are constitutively expressed in several areas, such as the neocortex
and hippocampus, and, of great importance in PD, the striatum
(Christy et al., 1988; Mack et al., 1990; Schlingensiepen et al.,
1991; Worley et al., 1991). Moreover, zif-268 can be rapidly and
transiently induced by a variety of pharmacologic and physiologic
stimuli, including neurotransmitters, growth factors, peptides,
depolarization, seizures, ischemia, and brain injury or cellular
stress (Gashler and Sukhatme, 1995; Beckmann and Wilce, 1997).
As mentioned above, zif-268 may represent a useful and sensi-
tive neurochemical marker in the evaluation of abnormal motor
and neuronal responses associated with the onset of dyskine-
sia in dopamine-denervated animals treated with dopaminergic
drugs (Carta et al., 2005, 2008). Thus, drugs such as L-3,4-
dihydroxyphenylalanine (L-DOPA) and SKF 38393, which induce
severe dyskinetic-like movements, markedly increase the levels
of zif-268 mRNA in striatal neurons, after both acute and sub-
chronic treatment (Carta et al., 2005, 2008, 2010). In contrast,
treatment with drugs that elicit a scarce dyskinetic-like response,
such as ropinirole, do not produce any elevation in zif-268 (Carta
et al., 2010). Notably, the expression of mRNA encoding for zif-

268 was selectively increased in the direct striatonigral pathway,
which seems to be the pathway most involved in development of
dyskinetic movements (Carta et al., 2010).

Similar to these findings, experiments in 6-OHDA-lesioned
hemiparkinsonian rats subjected to the priming model have
shown that the administration of the D; receptor agonist
SKF 38393 on priming expression induces an increase in striatal
zif-268 mRNA (Frau et al., 2013). Moreover, analysis at the single-
cell level showed that only enkephalin(—) striatonigral neurons,
which belong to the direct pathway, displayed a significantly
higher expression of zif-268 following SKF 38393. On the other
hand, enkephalin(+) striatopallidal neurons, which belong to
the indirect pathway, that is less involved in abnormal motor
responses elicited by dopaminergic drugs (Carta et al., 2010), did
not show any significant modifications in the levels of zif-268.
No significant differences in this effect were observed when the
results from primed rats that performed rotational behavior
during priming induction were compared with those obtained
in rats that were immobilized on priming induction (Frau et al.,
2013). This latter finding seems to suggest that modifications in
zif-268 mRNA levels observed in the enkephalin(—) striatonigral
neurons of hemiparkinsonian rats during priming expression
are not influenced by the fact that the rats could perform
rotational behavior during priming induction. In this regard, it
is worth mentioning that enkephalin(—) striatopallidal neurons
include two subpopulations: substance P(+) and dynorphin(+)
neurons. Analysis of zif-268 in these neuronal populations has
demonstrated a selective increase of this IEG in dynorphin(+)
striatonigral neurons of rats primed with SKF 38393 that
performed rotational behavior during priming induction,
compared with primed rats immobilized on priming induction
(Figure 2). This finding demonstrates, in the first place, a
critical role of drug-stimulated movement performance in the
emergence of neurochemical modifications in striatal neurons of
dopamine-denervated rats subjected to repetitive administration
of dopaminergic drugs, and that the dynorphin(+) neurons are
selectively involved in the long-term modifications caused by
early motor performance in the priming model (Frau et al.,
2013). Moreover, the intensity of rotational behavior on priming
expression was found to correlate positively with the levels of
zif-268 mRNA in dynorphin(+) neurons (Frau et al., 2013). This
finding is very interesting, as it indicates a relationship between
early performance of drug-stimulated movement and appearance
of neurochemical adaptations associated with an abnormal motor
response to dopaminergic drugs (Frau et al., 2013). With regard to
the modifications in the levels of zif-268 in the priming model, it
is also relevant to observe that zif-268 is rapidly induced in certain
forms of learning, or after long-term potentiation (Lanahan and
Worley, 1998; O’Donovan et al., 1999; Tischmeyer and Grimm,
1999; Bozon et al., 2002), and has recently been shown to be
necessary for the formation of different forms of long-term
memory (Jones et al., 2001). Together with the results obtained
in the priming model, this finding would provide support to
the hypothesis suggesting that abnormal motor responses to
repetitive administration of dopaminergic drugs in conditions
of dopaminergic denervation might involve the generation of
abnormal procedural memories in striatal motor circuits.
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FIGURE 2 | Photomicrograph and histogram showing zif-268 mRNA
expression as number of silver grains/neuron in dynorphin(+)
striatonigral neurons from the 6-OHDA-lesioned dorsolateral striatum
of rats subjected to priming. Priming induction was performed with
apomorphine (0.2 mg/kg s.c.), and was followed by priming expression with
SKF 38393 (3 mg/kg s.c.), 3 days later. Rats were either allowed to rotate or
were immobilized during priming induction. Rats were sacrificed 2 h after
SKF 38393 administration to perform in situ hybridization studies. *p < 0.05
vs. non-primed rats and primed immobilized rats.

CONCLUSIONS

The results obtained in 6-OHDA-lesioned hemiparkinsonian
rats subjected to the priming model demonstrate that the
early performance of drug-stimulated movement promotes
the later emergence of an abnormal motor response and
striatal neurochemical adaptations following the subsequent
administration of dopaminergic drugs with pro-dyskinetic
potential (Simola et al., 2009; Frau et al., 2013). These results may
appear to contrast with recent studies in experimental animals
and PD patients that demonstrate how performance of movement
in the form of physical training and exercise may improve motor
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lesioned mice.
243, 46-53. doi:
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Freezing of gait (FOG) is a disabling symptom of advanced Parkinson’s disease (PD) that
leads to an increased risk of falls and nursing home placement. Interestingly, multiple
lines of evidence suggest that the manifestation of FOG is related to specific deficits
in cognition, such as set shifting and the ability to process conflict-related signals.
These findings are consistent with the specific patterns of abnormal cortical processing
seen during functional neuroimaging experiments of FOG, implicating increased neural
activation within cortical structures underlying cognition, such as the Cognitive Control
Network. In addition, these studies show that freezing episodes are associated with
abnormalities in the BOLD response within key structures of the basal ganglia, such as
the striatum and the subthalamic nucleus. In this article, we discuss the implications of
these findings on current models of freezing behavior and propose an updated model
of basal ganglia impairment during FOG episodes that integrates the neural substrates of
freezing from the cortex and the basal ganglia to the cognitive dysfunctions inherent in the
condition.

Keywords: Parkinson’s disease, freezing of gait, functional decoupling, subthalamic nucleus, pedunculopontine

tegmental nucleus

INTRODUCTION

Freezing of Gait (FOG) is a common disabling symptom of
Parkinson’s disease (PD) that typically manifests itself as a sudden
inability to walk, despite the intention to move forward (Giladi
etal., 1997; Nutt et al., 2011). Alternatively, the condition can also
manifest as an inability to turn in a tight circle to traverse through
confined spaces, such as narrow doorways (Spildooren et al,
2010). In addition, freezing episodes also occur more frequently
during the performance of a concurrent cognitive task while
walking (Jacobs et al., 2009; Lewis and Barker, 2009; Spildooren
et al., 2010) and the phenomenon has also been associated with
deficits in a number of executive functions (Amboni et al., 2008),
including impairments in attentional set-shifting (Naismith and
Lewis, 2010; Shine et al., 2012a) and response conflict resolu-
tion (Vandenbossche et al., 2012; Matar et al., 2013). Due to
the vast range of conditions that can either provoke or relieve
freezing behavior, there is currently a lack of consensus regard-
ing the underlying mechanism of freezing (Nutt et al., 2011;
Shine et al., 2011).

This lack of fundamental understanding of the condition has
also severely limited the current therapeutic options for freezing.
For example, FOG is known to only show a partial ameliora-
tion to dopaminergic medication (Shine et al., 2011) and there is
even evidence that some patients only experience freezing during
the “on” state (Espay et al., 2012) (though this is a separate syn-
drome that is not the focus of this paper). In addition, freezing
behavior also shows a variable response to deep brain stimu-
lation (DBS) therapy targeting either the subthalamic nucleus
(STN) (Niu et al., 2012) or the pedunculopontine nucleus (PPN)
(Lewis and Barker, 2009; Follett and Torres-Russotto, 2012).

Due to the complex interplay of cognitive, affective, and motor
impairments in the disorder, along with variable responses to
dopaminergic and electrophysiological therapies, the pathophys-
iology remains poorly understood at the neural level (Nutt et al.,
2011; Shine et al., 2011).

It is clear that a common pathophysiological mechanism of
FOG must encompass each of these associated features, linking
the factors that provoke freezing behavior with those that are
involved in the manifestation of the symptom. In this perspec-
tive, we will use recent insights from neuroimaging experiments
to sketch a framework that will link the provocation and manifes-
tation of freezing into a single unified mechanism.

EVIDENCE FROM NEUROIMAGING STUDIES

A number of recent studies have used MRI techniques to explore
group differences in the structural integrity of the brain. Voxel
based morphometry has shown that patients with FOG have
impaired gray matter volume in the posterior cingulate cortex
and precuneus (Tessitore et al., 2012a). Using resting state func-
tional connectivity, Tessitore and colleagues also reported that
patients with FOG have impaired functional connectivity within
the frontoparietal networks sub-serving attentional functions
(Tessitore et al., 2012b). In addition, studies using diffusion ten-
sor imaging have demonstrated that FOG is associated with poor
connectivity between the PPN and the cerebellum (Schweder
etal., 2010; Fling et al., 2013), as well as the thalamus and frontal
cortex (Fling et al., 2013).

Despite the differences in the structural integrity of the brain in
patients with FOG, it is not clear whether the underlying patho-
physiology is localized to brainstem or frontostriatal systems.
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However, the results do broadly suggest impairments in global
attentional mechanisms, perhaps implicating thalamic dysfunc-
tion (Sadaghiani et al., 2010), or in the effective updating of motor
plans, through impaired communication between the cerebellum
and the brainstem structures controlling gait (Ito, 2008).

Despite the discovery of these structural abnormalities in
patients with FOG, the paroxysmal nature of freezing behavior
suggests that the disorder is predominantly functional, mani-
festing only in response to a specific combination of abnormal
neuronal patterns. As such, recent research studies have utilized
novel behavioral tasks [such as mental imagery (Snijders et al,,
2010) and virtual reality (VR) (Matar et al., 2013; Shine et al,,
2013a)] that are able to explore the neuronal abnormalities associ-
ated with freezing events in susceptible patients without requiring
the execution of actual gait. For example, a recent fMRI study
investigated the functional MRI changes associated with a motor
imagery task in a group of patients with FOG (Snijders et al,,
2010). In this study, patients with and without clinical FOG
where required to imagine themselves walking along a presented
pathway. Despite the lack of any overt movements in the task,
the patients with FOG showed a preferential activation in the
mesencephalic locomotor regions (MLR), a brainstem structure
associated with the neural control of gait (Lemon, 2008) and
the production of anticipatory postural adjustments, which are
abnormal in patients with FOG (Jacobs and Horak, 2007; Snijders
et al., 2010). As mentioned above, these brainstem regions also
show a lack of white matter connectivity to cortical, thalamic,
and cerebellar structures (Schweder et al., 2010; Fling et al., 2013).
Together, these results suggest that FOG may be due to patholog-
ical processes affecting the brainstem structures controlling the
processing of gait.

In contrast, functional neuroimaging experiments exploit-
ing VR, where patients use foot pedals to navigate a three-
dimensional environment presented on a screen, offer the ability
to probe neural activity when a patient is actually performing a
motor task. Recent work has demonstrated that freezing behavior
can be provoked during this paradigm with patients experienc-
ing paroxysmal episodes where they are unable to move their
feet (Naismith and Lewis, 2010). Indeed, the amount of freezing
elicited in the VR environment has been correlated with both self-
reported (Naismith and Lewis, 2010) and clinically observed FOG
(Shine et al., 2012b). The ability to elicit this freezing behavior in
the fMRI setting has allowed insights into the neural correlates of
FOG (Shine et al., 2013a,b).

One such experiment explored the fMRI differences between
periods of normal walking and periods of freezing elicited during
the VR task (Shine et al., 2013a). These episodes were associ-
ated with a significant increase in the BOLD response within the
bilateral dorsolateral prefrontal cortex and the posterior parietal
cortices (Shine et al., 2013a), which was consistent with the find-
ings from a number of previous neuroimaging experiments that
have implicated frontoparietal dysfunction in the pathophysiol-
ogy of freezing (Bartels and Leenders, 2008). In addition, the
motor arrests were also associated with concomitant decreased
BOLD response within the bilateral caudate nucleus, suggest-
ing a potential dissociation between the cortical and subcortical
members of the frontostriatal pathways involved in executive

function (Alexander and DeLong, 1986). Indeed, a more-recent
neuroimaging experiment utilizing the same VR paradigm has
shown that motor arrests on the VR task are related to a parox-
ysmal functional decoupling between the cortical and subcortical
regions of the frontostriatal system (Shine et al., 2013c).

Motor arrests on the VR task were also associated with sig-
nificant abnormalities in the BOLD response within the globus
pallidus (GPi), the STN and the MLR (Shine et al., 2013a).
Although initially counter-intuitive, one likely explanation put
forward for this finding is that during freezing, the GPi and
STN enter into an oscillatory state (Timmermann et al., 2007;
Spildooren et al., 2010), decreasing their need for oxygen (Buzsaki
and Draguhn, 2004) and lowering the relative signal in the BOLD
response (Zumer et al., 2010). The oscillatory activity between
these two nuclei would ultimately manifest as overwhelming inhi-
bition on the MLR, leading to a decrease in the neuronal firing in
this nucleus (Spildooren et al., 2010).

While these conclusions are speculative, there is a wealth of
experimental evidence from electrophysiological recording stud-
ies that implicate abnormal oscillatory dynamics in the patho-
physiology of akinetic Parkinsonian symptoms, particularly in
the “theta” (Sarnethein and Jeanmonod, 2007) and “beta” fre-
quency bands (~13-20 Hz) (Hammond et al., 2007; Mallet et al.,
2008a,b; Degos et al., 2009; Weinberger and Dostrovsky, 2011).
Although there is some consternation about the precise source of
these oscillatory signals (McCarthy et al., 2011; Tsang et al., 2012),
increased activity in the STN is presumed to play a prominent
role (Mallet et al., 2008a,b). Therefore, it is a direct prediction
of this theory that freezing episodes should be associated with a
temporary increase in beta synchrony within the STN (Brown,
2006), a prediction that is aligned with local field potential record-
ings in patients with FOG (Weinberger et al., 2006; Singh et al.,
2012). In addition, the relative inactivation of the STN follow-
ing high-frequency DBS surgery has also been shown to alleviate
freezing behavior (Niu et al., 2012), however, it is not currently
clear whether this is due to inactivation of the STN, decreased
oscillatory synchrony between the cortex and basal ganglia or
some other related mechanism (Bar-Gad et al., 2003; Hammond
et al., 2007; Johnson et al., 2008; Weinberger and Dostrovsky,
2011). These results highlight the key role of subcortical activity
in the pathophysiology of FOG, which may reflect an inability to
effectively “update” motor sets during ongoing motor task per-
formance (Chee et al., 2009). Furthermore, this interpretation is
aligned with recent neurophysiological studies that explored elec-
trical recordings directly from STN and PPN during DBS surgery
(Singh et al., 2012; Thevathasan et al., 2012), however, these pat-
terns have not been confirmed during dynamic exploration of
specific episodes of FOG.

In addition to these sub-cortical processes, it is clear that there
is likely to be a cortical component to the freezing phenomenon.
For instance, a further fMRI experiment utilizing the VR gait
task highlighted above showed that, although PD patients were
able to recruit the dorsolateral prefrontal cortex and the pos-
terior parietal cortex during the dual-processing of concurrent
cognitive and motor tasks, those with FOG had decreased activity
in the pre-supplementary motor area (pSMA) and the bilateral
ventral striatum (Shine et al., 2013b). Although these regions
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are involved in a number of functions, this limited activity may
represent the inability to effectively “shift” between competing
attentional networks (Spildooren et al., 2010; Menon, 2011; Nutt
et al., 2011; Shine et al.,, 2011) or could indicate an impair-
ment in processing of error-related neuronal signals during the
VR task (Salamone and Correa, 2002). This failure in error pro-
cessing could relate more specifically to dysfunction within the
hyper-direct pathway of the basal ganglia, which links specific
regions of the frontal cortex (including the pPSMA) with the STN
of the basal ganglia (Nachev et al., 2008; Cavanagh and Frank,
2013; Haynes and Haber, 2013) and has previously been suggested
to have a role in the processing of response conflict (Cavanagh
et al., 2012). Furthermore, a role for the hyper-direct pathway
in FOG is aligned with a recent electroencephalography (EEG)
study that has shown that the transition from walking to freezing
is associated with large increases in activity within the theta fre-
quency sub-band (Handojoseno et al., 2012). This shift in EEG
frequency has been broadly aligned with the response to conflict
processing in the motor and pre-motor cortices (Nachev et al,,
2008) and has also been related to increased response caution,
reflected in a slowing of reaction time during conflict (Cavanagh
et al., 2011). Furthermore, conflict-related theta power in corti-
cal scalp electrodes was mirrored in the activation of STN local
field potentials, further implicating the hyper-direct pathway in
conflict processing (Cavanagh et al., 2011).

Together, these studies highlight the role of dysfunctional neu-
ronal processing at multiple hierarchical levels of the nervous
system, including brainstem and spinal cord structures that con-
trol gait and posture, frontoparietal cortical regions that subserve
executive functions with subcortical basal ganglia structures link
the two levels together.

AN UPDATED MODEL OF FREEZING BEHAVIOR
A key feature of freezing behavior is that it can be triggered by
a range of differing factors including the processing of cognitive
(Lewis and Barker, 2009), sensorimotor (Almeida and Lebold,
2010; Ehgoetz Martens et al., 2013) and limbic/affective informa-
tion (Ehgoetz Martens et al., 2013). Although on the surface these
aspects of brain function all appear quite dissimilar, they can all
potentially lead to a state of increased response conflict processing
in the brain in patients with PD (Vandenbossche et al., 2012).
Through its connection to the pSMA (the so-called “hyper-
direct” pathway of the basal ganglia), the STN is able to bypass the
striatum and directly drive an increase in inhibitory GABAergic
output from the output structures of the basal ganglia, such as the
internal segment of the GPi. Increased activity in the GPi, which
is a member of the direct pathway of the basal ganglia, leads to
an increase in the rate of inhibitory output onto the brainstem
and thalamic structures that control the output of effective motor
behaviors (Frank, 2006) (see Figure 1). Given its key role in regu-
lating activity in the basal ganglia circuitry, the STN is therefore,
able to modulate response conflict until such time as an appropri-
ate response can be made (Frank, 2006). Through its processing of
conflict-related neuronal signals and the modulation of inhibitory
tone within the basal ganglia, the STN therefore, serves as a
putative neuroanatomical link between both the provocation
and manifestation of freezing behavior. During the processing
of increased conflict, regardless of its modality (e.g., processing

pSMA < Motor <

v
Striatum’

&
> GPi *Thal

l

PPN’

STN

v
Freezing

FIGURE 1 | Freezing is due to decreased input and output of the basal
ganglia. In periods of high response conflict, the subthalamic nucleus
(STN) increases its firing rate, which subsequently drives increased activity
within the internal segment of the globus pallidus (GPi), leading to
decreased activity within the thalamus (Thal) and the pedunculopontine
nucleus (PPN). While the triggering event in this model is currently
unknown, it may be due to: '—inherent impairment within the
pre-supplementary motor area (0SMA), leading to an inefficient
communication with the STN; 2—impairments in the temporal dynamics
between the pSMA and STN, possibly due to impaired white matter
connectivity; 3—cellular deficits within the striatum that place the nucleus
at an increased risk of becoming hyperpolarized; or 4—pathology within the
PPN, priming the nucleus for hyperpolarization by minimal inhibitory input.
Freezing may be due to any combination of these factors. Key:
red—increased activity; blue—decreased activity; arrow—excitatory
connection; circle—inhibitory connection.

cognitive information whilst maintaining motor output), activ-
ity within the STN could act to “trigger” overwhelming increases
in the output structures of the basal ganglia, effectively shutting
down the targets through GABAergic inhibition.

Given the specific patterns of connectivity within the basal
ganglia circuitry, the likely sequelae of impaired striatal activity
is that the output structures (the GPi internus and the substantia
nigra pars reticularis) will enter into low-energy oscillatory states,
coupling with structures such as the STN (Buzsdki and Draguhn,
2004; Frank, 2006; Spildooren et al., 2010). Indeed, recent mech-
anisms of basal ganglia function have proposed that the primary
role of the basal ganglia network is in the modulation of emergent
synchronous oscillatory patterns rather than the alteration of sin-
gle synaptic patterns (Bar-Gad et al., 2003; Hammond et al., 2007;
Weinberger and Dostrovsky, 2011). The alternation between rel-
ative excitation and inhibition in the basal ganglia (Chee et al.,
2009) would therefore, manifest as an inability to effectively
“select” a single motor plan, which would ultimately lead to the
overwhelming inhibition of the efferent targets of the output
nuclei (such as the relay nuclei of the thalamus) and the brainstem
structures controlling gait, such as the PPN (Tsang et al., 2010)
and other members of the MLR (Snijders et al., 2010). Decreased
activity within the dorsal PPN would impair motor initiation, due
to the nuclei’s efferent connectivity with the central pattern gen-
erators in the spinal cord that control coordinated flexion and
extension of the muscles controlling gait (Takakusaki et al., 2004).
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These proposed roles of the STN are well supported by behav-
ioral (Aron and Poldrack, 2006; Frank, 2006; Wiecki and Frank,
2010) and neuroimaging evidence (Aron et al., 2007; Haynes and
Haber, 2013). For example, the STN has a well known association
with set-shifting behavior (Tsang et al., 2012), which is impaired
in patients with freezing (Shine et al., 2012a). Furthermore, the
role of the STN in freezing is aligned with the functional neu-
roimaging studies that suggested that the GPi and the STN enter-
ing into a low energy oscillatory state during freezing behavior
(Buzsdki and Draguhn, 2004; Spildooren et al., 2010). In the low
dopaminergic state, this oscillatory activity would then strongly
facilitate increased activity within both the direct and indirect
pathways of the basal ganglia, leading to overwhelming inhibi-
tion on the output structures of the basal ganglia, such as the
thalamus and the MLR, but also on the striatum itself, leading
to a functional decoupling between the cortex and the striatum.
This is precisely the pattern of BOLD response changes that were
observed during motor arrests on the VR task (Snijders et al.,
2010) and have recently been reproduced during freezing episodes
in an upper-limb tapping task (Vercruysse et al., 2013). Finally,
the model also receives supportive evidence from a study of PD
patients, in which high-frequency STN DBS led to a decrease in
the normally elongated reaction times during conflict processing
(Frank et al., 2007).

The oscillating inhibitory state of the basal ganglia nuclei may
also explain the poorly understood phenomenon of “trembling in
place,” which refers to lower limb oscillatory activity in the 5-7 Hz

range commonly observed during episodes of FOG (Moore et al.,
2012). Computational modeling experiments have shown that
Parkinsonian tremor (which occurs in the same 5-7 Hz frequency
band) emerges naturally due to rhythmic activity between the
STN and the GPi externus in the presence of a dopaminergically-
depleted basal ganglia (Pahapill and Lozano, 2000). As such, the
inhibitory output from the basal ganglia would therefore, oscil-
late at the same frequency, rhythmically inhibiting and relaxing its
inhibition on the PPN. The moments of relative quiescence on the
PPN would therefore, allow increased signaling from the cholin-
ergic cells within the PPN, which would still remain active via its
connections with sensory signals via the dorsal root of the spinal
cord (Pahapill and Lozano, 2000) (see Figure 2). This mechanism
also provides a potential explanation for the relationship between
the freezing phenomenon and impaired postural responses dur-
ing tests of balance function (Jacobs and Horak, 2007).

INSIGHTS INTO POTENTIAL PATHOLOGICAL PROCESSES

One of the major implications of this model is that freezing is
best conceptualized as a functional disorder that only manifests
once certain circumstances have occurred. This raises an inter-
esting question regarding the likely location of pathology in the
brains of patients with PD and freezing behavior. Based on the
model, any pathological process that impaired the capacity of the
brain to deal with information processing, and thus, to manifest
increased conflict signaling would lead to an increase in freezing
behavior.

Walking

@ Motor Cortex

Locomotion

Sensory

FIGURE 2 | Differences in basal ganglia connectivity during Walking and
Freezing. During walking, the Pre-supplementary Motor Area (0SMA) and
Motor Cortex are able to effectively communicate motor plans to the basal
ganglia, leading to the effective gating of basal ganglia outflow, allowing the
appropriate communication of motor plans to the brainstem structures
controlling gait, such as the dorsal pedunculopontine nucleus (PPNd), which
subsequently informs the motor spinal cord (SCm), leading to normal gait. In
addition, there is also effective feedback from the sensory spinal cord (SCs) to
the cholinergic PPN (PPNc), further informing gait and balance. During
Freezing, overwhelming response conflict leads to an increase in the firing

Freezing

Freezing Sensory

rate within the subthalamic nucleus (STN), which then drives an increase in
activity within the globus pallidus internus (GPi), effectively decreasing the
output of the basal ganglia, respectively. The inhibited PPNd is then unable to
communicate effective motor plans to the SCm, however, the SCs is able to
remain in communication with the PPNc, leading to an imbalance in activity
within the greater PPN and abnormal activation patterns in the SCm. The
overwhelming inhibitory state of the basal ganglia can only be broken by a
focused, goal-directed action, which would trigger the striatum to inhibit the
GPi, effectively releasing the STN-mediated “brake"” on the PPNd and the SCm.
Key: black—active; gray—hypo-active; dotted line—mixed active/hypoactive.
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Although there are many regions of the brain in which pathol-
ogy would lead to increased global conflict, the most likely
candidates are the ascending neurotransmitter projection sys-
tems of the brainstem, such as the ventral tegmental area, the
locus coeruleus, and or the dorsal raphe nucleus. Each of these
nuclei sends modulatory neurotransmitters to large portions of
the brain, including both cortical and subcortical sites involved
in walking and executive function. Indeed, these regions are often
the target of Lewy body pathology (Rye and DeLong, 2003) and
some of the projection nuclei, such as the dorsal raphe (Xiang
et al., 2005) and the ventral tegmental area (Oades and Halliday,
1987), have direct efferent connections with the basal ganglia.
Although each of the neurotransmitter systems has different
effects on target neurons, imbalances in the proportion and tim-
ing of these neurochemicals is likely to lead to inefficient neuronal
processing on a global scale, priming the system for errors and
hence, increased response conflict.

Another possible candidate region is the PPN (Mazzone et al.,
2013), which has also been associated with Lewy body pathol-
ogy in PD (Pahapill and Lozano, 2000). The PPN has extensive
efferent connections with the STN and also with a number of
other structures that modulate the brain’s response to conflict,
such as the intralaminar nuclei of the thalamus and the striatum
(Pahapill and Lozano, 2000). In rats, low-frequency stimula-
tion of the PPN leads to decreased firing in the STN (Alam
et al., 2012) and as such, impairments in the effectiveness of
this signaling pathway could potentially lead to an increase in
the influence of the STN over the basal ganglia. These concepts
are supported by the functional improvements experienced by
patients with freezing following DBS of the PPN nucleus (Stefani
et al., 2007; Strafella et al., 2008; Ferraye et al., 2010; Hamani
et al.,, 2011; Tykocki et al., 2011; Follett and Torres-Russotto,
2012; Khan et al., 2012), along with increases in regional cere-
bral blood flow observed during stimulation of the PPN (Strafella
et al., 2008; Ballanger et al., 2009). In addition, this interpreta-
tion is consistent with the finding that the PPN lacks appropriate
white matter connectivity with the cerebellum in patients with
FOG and PD (Tessitore et al., 2012b; Fling et al., 2013), how-
ever, this finding could also be explained as the by-product of
decreased firing within the PPN as a result of overwhelming
inhibition from the basal ganglia (Lewis and Barker, 2009), sug-
gesting that the primary pathology in freezing may not reside
in the PPN.

It is also possible that the proposed increase in STN oscilla-
tory activity is due to a dysfunctional process within the pSMA
(see Figure 1). For example, global states that predispose the brain
to impaired information processing may preferentially affect the
PSMA, particularly in its ability to effectively select motor plans to
match both exogenous affordance patterns and internal motiva-
tional states (Nachev et al., 2008). Due to an inability of the pSMA
to switch between competing motor plans, the STN may receive
inappropriate information from the pSMA—either of multiple,
competing motor plans (Nachev et al., 2008) or the correct plan
on a time-delay (Hikosaka and Isoda, 2010). A failure of infor-
mation processing would cause the STN to increase its firing
rate, leading to inhibition of the input and output structures of
the basal ganglia, thus, effectively “buying time” until the appro-
priate, goal-directed behavior can be transmitted by the cortex
(Frank, 2006; Spildooren et al., 2010).

FUTURE DIRECTIONS

Although the separate predictions of these different hypotheses
may be difficult to dissociate with fMRI, measures with higher
temporal resolution may help to clarify the precise role of each
structure in the spatiotemporal evolution of a freezing episode.
As such, future studies should now be constructed to test the
different aspects of this model using an array of neuroscientific
techniques. Firstly, activity within the STN and PPN could poten-
tially be recorded directly during DBS surgery, allowing for the
analysis of the time course of activation and deactivation pat-
terns within the different nuclei with respect to freezing behavior.
Future neuroimaging experiments should explore the presence or
absence of impairments in functional and effective connectivity
associated with the predictions of the model, with a particu-
lar emphasis on the dynamic connectivity between cortical and
subcortical structures. Finally, computational modeling experi-
ments could be designed in order to probe the dynamic elements
of the model, focusing on whether abnormal conflict process-
ing through the STN can predict the specific behavioral patterns
displayed on different neuropsychological and motor-based tasks
by patients with freezing. Together, the results of these studies
will help to inform the next generation of therapeutic advances
for freezing behavior in PD, including the utilization of targeted
closed-loop DBS (Rosin et al., 2011; Tsang et al., 2012) and the
discovery of novel locations for DBS electrode placement (Stefani
et al., 2007; Lourens et al., 2011; Khan et al., 2012).
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Previously we found that Parkinson’s disease (PD) patients are impaired in
procedural-based category learning when category membership is defined by a nonlinear
relationship between stimulus dimensions, but these same patients are normal when the
rule is defined by a linear relationship (Maddox and Filoteo, 2001, Filoteo et al., 2005a,b).
We suggested that PD patients’ impairment was due to a deficit in recruiting “striatal
units” to represent complex nonlinear rules. In the present study, we further examined the
nature of PD patients’ procedural-based deficit in two experiments designed to examine
the impact of (1) the number of categories, and (2) category discontinuity on learning.
Results indicated that PD patients were impaired only under discontinuous category
conditions but were normal when the number of categories was increased from two to
four. The lack of impairment in the fourcategory condition suggests normal integrity of
striatal medium spiny cells involved in procedural-based category learning. In contrast, and
consistent with our previous observation of a nonlinear deficit, the finding that PD patients
were impaired in the discontinuous condition suggests that these patients are impaired
when they have to associate perceptually distinct exemplars with the same category.
Theoretically, this deficit might be related to dysfunctional communication among medium
spiny neurons within the striatum, particularly given that these are cholinergic neurons and
a cholinergic deficiency could underlie some of PD patients’ cognitive impairment.

Keywords: Parkinson’s disease, category learning, implicit processes, procedural learning, striatum, basal ganglia

INTRODUCTION

It is now widely accepted that there are multiple category learn-
ing systems (Ashby et al., 1998, 2010; Smith et al., 1998, 2012;
Ashby and Maddox, 2005, 2011) and that different neural systems
play different roles in these systems (Knowlton et al., 1994, 1996;
Poldrack et al., 1999; Ashby and Ell, 2001; Filoteo et al., 2001a,b,
2005a,b; Patalano et al., 2001; Keri, 2003; Reber et al., 2003;
Shohamy et al., 2004a,b; Maddox et al., 2005a,b; Cincotta and
Seger, 2007; Nomura et al., 2007; Price et al., 2009; Waldschmidt
and Ashby, 2011). One of the more interesting, and potentially
important lines of research in this area is the study of how
some categories can be acquired without conscious awareness.
This phenomenon, often referred to as procedural-based category
learning, occurs when participants learn complex categorization
rules, and despite highly accurate learning, they are unable to
describe explicitly why any given exemplar belongs to a specific
category.

The behavioral mechanisms of procedural-based category
learning have received much attention in several recent stud-
ies with normal individuals (Gluck et al., 2002; Maddox and
Ashby, 2004; Ashby and Maddox, 2005, 2011; Ashby and O’Brien,
2005). These studies have demonstrated that this form of category

learning has distinct operating characteristics that differentiate it
from other types of category learning processes, such as explicit
category learning (Ashby et al., 2002, 2003a,b; Maddox et al.,
2003, 2004a,b; Maddox and Ing, 2005; Worthy et al., 2013). For
example, the perceptual similarity among exemplars has to occur
along a continuum within each category for normal procedural-
based learning to occur, whereas this is not the case for explicit
category learning (Maddox et al., 2005a,b, 2007). Similarly, the
number of categories to be learned does not differentially impact
long-run accuracy in procedural-based category learning, but
increasing the number of categories impedes the learning of
explicit category rules (Maddox et al., 2004a,b).

Much has also been learned about the underlying neurobi-
ology of implicit or procedural-based category learning by the
functional imaging of normal individuals or by studying patients
with neurological disorders. For example, fMRI studies with
normal participants have identified the striatum as an impor-
tant brain region for procedural-based category learning (Filoteo
et al, 2006; Cincotta and Seger, 2007; Nomura et al., 2007;
Waldschmidt and Ashby, 2011) and other studies have implicated
midbrain dopamine regions in some implicit category learning
tasks (Aron et al., 2004). Past work with patients with striatal
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dysfunction has also implicated this brain region in implicit forms
of category learning. Knowlton et al. (1996), for example, demon-
strated that patients with Parkinson’s disease (PD) are impaired
in learning probabilistically determined categories, a finding that
has received considerable support in the literature (Shohamy
et al., 2004a,b). Importantly, other patient studies have indicated
that brain structure associated with explicit memory (hippocam-
pus and diencephalon) do not contribute to the same extent to
implicit forms of category learning (Knowlton et al., 1994) or the
long-term retention of procedural-based categories (Filoteo et al.,
2001b).

In our work we have conducted a series of studies designed
to further understand the nature of procedural-based category
learning deficits in patients with PD, and by extension, the role
of the striatum in this process (Maddox and Filoteo, 2001; Ashby
et al., 2003b; Filoteo et al., 2005a). We have primarily used the
perceptual categorization task (Ashby and Gott, 1988) in which
participants view simple two-dimensional stimuli often consist-
ing of a single line that varies in length and orientation (or a
Gabor patch that varies in spatial frequency and orientation; see
Figure 1) and are asked to categorize stimuli into one of two
categories (Category A or B), and then immediately following a
response, feedback is given. The rule that dictates category mem-
bership depends on the nature of the relationship between the two
stimulus dimensions. Figures 2A,B provide examples in which
the optimal rule is linear or nonlinear, respectively. This figure
provides scatter plots of Category A and B stimuli where the x-axis
represents the length of the line (in arbitrary units) and the y-
axis represents the orientation of the line (in arbitrary units).
Closed squares represent stimuli from Category A and open cir-
cles represent stimuli from Category B. Each individual stimulus
has the length value on the x-axis and the orientation value on
the y-axis. The linear rule depicted in Figure 2A is represented
as a linear function and provides an optimal separation of the
Category A and B stimuli, whereas the nonlinear rule in Figure 2B
is represented as a quadratic function that provides an optimal
separation of the Category A and B stimuli. A participant who

FIGURE 1 | Example of a Gabor stimulus used in Experiments 1 and 2.

would adopt the linear rule in Figure 2A or the nonlinear rule
in Figure 2B would maximize long-run accuracy. Note that both
rules are procedural-based category learning rules because it is
very difficult to verbalize either the linear or nonlinear relation-
ship between the two stimulus dimensions when they are not in
the same perceptual units (e.g., length and orientation).

The results of our first study using this paradigm (Maddox and
Filoteo, 2001) found that PD patients were impaired in learning
a categorization rule that was based on a nonlinear relation-
ship between lines that varied in length and orientation, whereas
they were normal in learning a linear rule. Similarly, in our next
study (Ashby et al., 2003a,b) we used a somewhat different task
but again found that PD patients were normal in learning lin-
ear procedural-based rules. Finally, in a third study (Filoteo et al.,
2005a,b) we again examined linear and nonlinear category learn-
ing and found that the patients were impaired in the nonlinear
condition but not in the linear condition. Importantly, task dif-
ficulty could not explain these findings since the more difficult
task (based on the accuracy of the control participants) was the
linear task, on which PD patients were normal. This series of
studies suggest that PD patients are impaired in procedural-based
category learning, but only when the rule that dictates category
membership is nonlinear.

A surface-level explanation of our findings is that PD results in
deficits in learning nonlinear procedural based rules, but it does
not impact linear rule learning. Unfortunately this explanation

350
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FIGURE 2 | Scatter-plots depicted examples of (A) a linear rule, and (B)
a nonlinear rule. Note that the scales are in arbitrary units.
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does not provide any insight into the possible mechanisms that
might be driving these findings. To help interpret our past results
we use the neurobiological and theoretical framework provided
by the Striatal Pattern Classifier (SPC) model introduced by
Ashby and colleagues (Ashby and Waldron, 1999). This model
has been found to provide a good accounting of normal partic-
ipants’ response patterns in previous procedural-based category
learning studies (e.g., Ashby and Waldron, 1999; Waldron and
Ashby, 2001; Maddox et al., 2007; for applications to stimulus
identification see Ashby et al., 2001; Maddox, 2001, 2002). The
assumptions of this model are based on the neurobiology pro-
posed to underlie the procedural-based category learning system
in COVIS (Ashby et al., 2001). The SPC model, which is outlined
in detail in Ashby and Waldron (1999), incorporates the knowl-
edge of the many-to-one mapping of visual cortical cells onto cells
in the striatum (Wilson, 1995). The model proposes hypothetical
“striatal units” that are thought to represent the medium spiny
cells in the striatum and provide a low-resolution map of the
perceptual space. During procedural-based category learning the
model assumes that these striatal units become associated with
a category label and learn to associate a response with groups of
cells in visual regions of cortex. It is important to be clear that
the SPC is a computational model that is inspired by what is
known about the neurobiology of the striatum. Because of this
fact, the “striatal units” are hypothetical and could be interpreted
within the language of some other computational model (e.g., as
“prototypes” in a multiple prototype model).

One important finding from the application of the SPC to data
obtained from normal individuals (Ashby and Waldron, 1999)
is that a greater number of striatal units are typically needed to
represent a nonlinear rule as compared to a linear rule. The SPC
is a minimum distance classifier. This is depicted in Figure 3A
in which a linear rule is approximated by one striatal unit rep-
resenting Category A (closed square) and another striatal unit
representing Category B (open circle). In this case a minimum
distance “bound” is learned. Note in Figure 3A that only a sin-
gle unit per category is needed to approximate a linear rule. In
contrast, Figure 3B provides a graphic representation of how stri-
atal units might approximate a nonlinear rule. As can be seen
in the first panel of Figure 3B, a single unit per category does
not provide a good approximation of the optimal nonlinear rule.
However, in Figure 3C the addition of a second striatal unit allows
for a better approximation of the nonlinear rule via the piece-wise
combination of two linear bounds so that two minimum distance
bounds are learned. Thus, the SPC model argues that additional
striatal units are needed to represent nonlinear rules.

This observation raised the interesting possibility that dys-
function in PD within these model-based “striatal units” might
also reflect the pathological manifestations of PD within actual
medium spiny neurons that compose the majority of cells within
the striatum. These cells are the primary input nuclei in the
striatum from the cortex and are part of the direct and indirect
pathways within the basal ganglia. Medium spiny neurons are
thought to be impacted in PD through the dysfunction of their
dendritic spines due to deafferentation effects following the loss of
dopamine cells within the pars compacta of the substantia nigra
(Deutch et al., 2007), although this change might only be reflected

FIGURE 3 | Graphical example of the SPC modeling approach when (A)
one unit per category is applied to a linear condition, (B) one unit per
category is applied to a nonlinear condition, and (C) two units for one
category and one unit for the other category is applied to a nonlinear
condition. Solid line and curves represent the “optimal” rule, whereas the
dashed line and curves represent the partition between categories provided
by the units. Note with the use of additional units for the nonlinear condition
(panel C), the optimal quadratic bound (represented as the solid curve) is
approximated by piecewise linear bounds. In all cases, black squares
represent Category A units and open circles represent Category B units.

functionally in the later stages of the disease (Zaja-Milatovic et al.,
2005). Given the involvement of the medium spiny neurons in
PD, one manner in which this disease could impact the pro-
posed units is that the actual number of functional medium spiny
neurons has diminished in these patients, and because of this,
nonlinear categories that require a greater number of units can no
longer be adequately represented. Thus, procedural-based learn-
ing conditions in which a greater number of units are required
would always place PD patients at a disadvantage. We refer to this
as the “number of units” hypothesis.

An alternative, but somewhat related possibility, is that the
number of functional medium spiny neurons is normal in PD
(at least early in the disease), but somehow these neurons are
unable to communicate in a manner that would enable learn-
ing to occur when a greater number of striatal units is needed
to represent the categories, such as under nonlinear conditions.
That is, the number of functional medium spiny neurons is suffi-
cient to support nonlinear category learning, but impairment in
the ability of these neurons to communicate results in impaired
learning. We refer to this as the “communication among units”
hypothesis. This hypothesis was initially based on the observa-
tion from our previous studies that the learning of nonlinear
rules requires that certain stimuli that are less perceptually sim-
ilar have to be grouped into the same category, whereas certain
stimuli that are more perceptually similar have to be grouped
into different categories. Such communication among medium
spiny neurons would be needed for the striatum to output a
consistent message regarding that category to which a partic-
ular stimulus belongs. That is, unless there were some sort of
co-activation among medium spiny neurons that processed the
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percept of a stimuli belonging to the same category, the output of
these neurons would theoretically send a unique message to other
structures eventually responsible for generating a response (e.g.,
the globus pallidus), and these structures would have to somehow
resolve the fact that different medium spiny cells are signaling that
their representation belongs to the same category. Note that this
would only be the case when multiple units are required to rep-
resent a category, because theoretically, no such resolution would
be required when only single medium spiny neurons (or medium
spiny neurons within close proximity of one another) are needed
to learn, such as under linear conditions.

An important question that needs to be addressed, however,
is what could allow the medium spiny neurons to communi-
cate. One possibility is that cholinergic interneurons that connect
medium spiny neurons within the striatum enable such commu-
nication, and under conditions in which it would be theoretically
beneficial for such cells to communicate (i.e., nonlinear condi-
tions), striatal interneurons are involved in the learning process.
These neurons often referred to as tonically active neurons (or
TANS, for their tonic firing rate at rest) comprise only a small
percentage of neurons in the striatum but recently have been
implicated in processes important to procedural-based category
learning (Ashby et al., 2007; Ashby and Crossley, 2011; Crossley
etal., 2013). Specifically, most studies suggest that these interneu-
rons modulate the input of cortical cells onto striatal medium
spiny neurons by decreasing (or pausing) their activity when a
rewarding stimulus is processed within the striatum, which allows
for increased reinforcement learning (Apicella, 2002; Joshua et al.,
2008; Aosaki et al., 2010). However, another method by which
these interneurons result in learning could be by controlling the
number of potential responses that are selected by the striatum
(Stocco, 2012) and would be more consistent with a broader view
of these interneurons in various aspects of learning (e.g., Apicella,
2007). This proposed process could provide an appropriate mech-
anism by which the striatum is able to link perceptually distinct
stimuli to the same category response. This process is also con-
sistent with other models of basal ganglia function that suggest
a role of the striatum in response selection (Mink, 1996; Stocco,
2012), with reinforcement learning being one aspect of selecting
a response (Bar-Gad et al.,, 2003; Redgrave et al., 2011) or link-
ing networks within the striatum that are important for learning
(Graybiel et al., 1994). Although the exact effects of interneu-
rons on medium spiny cell function is not completely known and
likely very complex (see Oldenburg and Ding, 2011), these cells
do appear to play an important role in normal striatal function-
ing. Importantly, animal models of PD suggest that the reduction
of dopaminergic projections to the striatum result in abnormal
interneuron activity (Raz et al., 2001; Pisani et al., 2003; Bonsi
etal., 2011).

The purpose of the current study is to examine both the
“number of units” hypothesis and the “communication among
units” hypothesis described above. Experiment 1 examined the
ability of PD patients and normal controls (NC) to learn a
procedural-based task in which there were either four categories
(Four-Category condition) or two categories (Two-Category con-
dition). Figure 4 displays the stimulus distributions for the Four-
and Two-Category conditions. If PD results in a deficit in the
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FIGURE 4 | Stimulus distributions for (A) the Four-Category and (B)
Two-Category conditions in Experiment 1. The solid line(s) represent the
optimal rule(s).

number of hypothetical striatal units, then they should demon-
strate greater impairment in the Four-Category condition as com-
pared to the Two-Category condition. In contrast, Experiment
2 examined the “communication among units” hypothesis by
determining the ability of PD patients and NC participants to
learn categories that have either a discontinuous distribution of
stimuli (Discontinuous condition) or a continuous distribution
of stimuli (Continuous condition). Figure 6 displays the stimulus
distributions for the Discontinuous and Continuous conditions.
A finding that PD patients are impaired in the Discontinuous con-
dition relative to the Continuous condition would provide theo-
retical support for the “communication among units” hypothesis
of procedural-based category learning deficits in PD.

GENERAL METHODS

PARTICIPANTS

A total of 41 individuals participated in at least one of the two
experiments: 20 PD patients and 21 NC participants. For the
PD patients, 11 participated in at least one condition in both
experiments and 9 participated in at least one condition in only
one experiment. For the NC participants, 8 participated in at
least one condition in both experiments and 12 participated in
at least one condition in only one experiment. Participants were
randomized to each experiment and in the case of those who
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participated in more than one experiment or in both condi-
tions within an experiment, the order of administration of the
experiments was randomized !. Participants were tested a min-
imum of 2 months apart between experiments or conditions.
The specific numbers of individuals who participated in the
two experiments are as follows. Experiment 1: Four-Category
Condition, 12 PD patients (8 males and 4 females) and 12 NC
participants (4 males and 8 females). Two-Category Condition,
11 PD patients (5 males and 6 females) and 11 NC participants
(4 males and 7 females). Eight PD patients 8 NC participants
were tested in both the Four-Category and Two-Category condi-
tions. Experiment 2: Discontinuous Condition, 10 PD patients (6
males and 4 females) and 10 NC participants (4 males 6 females);
Continuous Condition, 11 PD patients (8 males and 3 females)
and 11 NC participants (5 males 6 females). Five PD patients
and 7 NC participants were tested in both the Discontinuous and
Continuous conditions.

The patients were recruited from Movement Disorder Clinics
at UCSD and were diagnosed by a board-certified neurologist
with subspecialty training in movement disorders. The diagno-
sis was based on UK Brain Bank Criteria (Hughes et al., 1992).
PD patients were not included in the study if they scored above a
cut-off of 11 on the Geriatric Depression Scale or if they scored
below 130 on the Mattis Dementia Rating Scale (MDRS; Mattis,
1988). For Experiment 1, 14 patients were taking daily L-dopa
medication, 8 were taking a dopamine receptor agonist, 5 were
taking an MAO inhibitor, 5 were taking a COMT inhibitor as
part of their L-dopa preparation, 5 were taking amantadine, and
1 was taking an anticholinergic. For Experiment 2, 14 patients
were taking daily L-dopa medication, 8 were taking a dopamine
receptor agonist, 3 were taking an MAO inhibitor, 6 were taking
a COMT inhibitor as part of their L-dopa preparation, 5 were
taking amantadine, and 1 was taking an anticholinergic.

Tables 1, 3 show the mean age, years of education, scores on
the MDRS for the PD patients and NC participants who par-
ticipated in Experiments 1 and 2, respectively, and the mean
Hoehn and Yahr Rating Scale (HYRS; Hoehn and Yahr, 1967)
score and the length of illness (LOI; years) for the PD patients.
In both experiments, the PD and NC groups did not differ in
age, education, scores on the MDRS, or gender distribution (all
p's > 0.05).

STIMULI AND STIMULUS GENERATION
In both experiments, the stimuli consisted of a single Gabor
patch (see Figure 1) that varied in orientation and spatial fre-
quency. The stimuli were computer generated and displayed on
a 21’ monitor with 1360 x 1024 resolution. Each Gabor patch
was generated using MATLAB routines from Brainard’s (1997)
Psychophysics Toolbox, and each stimulus was 7 cm in diame-
ter, which subtended a visual angle of about 8.8° from a viewing
distance of 45 cm.

Both experiments used the randomization technique of Ashby
and Gott (1988). For each experiment, an equal number of
Category A and Category B stimuli were generated by sampling

1 Additional analyses were conducted to determine if the order of administra-
tion of either the experiments or conditions could account for the pattern of
results reported below and it was determined that this was not the case.

randomly from two bivariate normal distributions. Each random
sample (xf, x,) was converted to a stimulus by deriving the fre-
quency, f = 0.0025 + (x¢/5000) cycles per pixel, and orientation,
0 = 0.36x, degrees. The scaling factors were chosen in an attempt
to equate the salience of frequency and orientation based on our
past experience with these stimuli. Each category distribution is
specified by a mean and a variance on each dimension, and by a
covariance between dimensions. For both category structures it
was always the case that the covariance matrix for Category A was
identical to the covariance matrix for Category B. The categories
differed only in the location of their means.

The exact parameter values for the two experiments are listed
in Tables2, 4, and the category structures are displayed in
Figures 4, 6. Figure 4A displays the category structures for the
Four-Category condition in Experiment 1. Each filled square
denotes the spatial frequency and spatial orientation of a Gabor
pattern from Category A, each open circle denotes the spatial fre-
quency and spatial orientation of a Gabor pattern from Category
B, each closed diamond denotes the spatial frequency and spatial
orientation of a Gabor pattern from Category C, and each closed
triangle denotes the spatial frequency and spatial orientation of

Table 1 | Demographic characteristics and Mattis Dementia Rating
Scale Scores of the PD patients and NC participants in the
Four-Category and Two-Category Conditions of Experiment 1.

FOUR-CATEGORY CONDITION

Age Education MDRS HYRS Lol

M SD M SD m SsD M SD M SD

PD 671 76 165 1.9 139.7 31 20 05 73 46
NC 66.2 88 1756 1.0 141.0 2.1 - - - -
TWO-CATEGORY CONDITION
Age Education DRS HY Lol
M SD M SD M SO M SD M SD

PD 642 79
NC 66.1 74

16.3 2.0
17.0 1.9

1405 25 21 05 63 36
1410 23 - - - -

HY, Hoehn and Yahr Rating Scale score; LOI, Length of lliness.

Table 2 | Category distribution parameter values for Experiment 1.

FOUR-CATEGORY CONDITION

Category Mg M, SDg SD, COVsso
A 0.038 54.0 0.006 10.6 0

B 0.055 84.0 0.006 10.6 0

C 0.055 24.0 0.006 10.6 0

D 0.072 54.0 0.006 10.6 0
TWO-CATEGORY CONDITION

Category Mg M, SDg; SD, COVst0
A 0.041 54.0 0.006 10.6 0
A 0.055 79.5 0.006 10.6 0
By 0.055 28.6 0.006 10.6 0
B, 0.069 54.0 0.006 10.6 0
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Table 3 | Demographic characteristics and Mattis Dementia Rating
Scale Scores of the PD patients and NC participants in the
Discontinuous and Continuous Conditions in Experiment 2.

DISCONTINUOUS CONDITION
Age Education MDRS HYRS LOI
M SD M SD m SsOD M SD M SD

PD 654 69 160 1.8 13865 33 20 02 68 29
NC 665 78 169 1.4 1400 23 - - - -
CONTINUOUS CONDITION

Age Education MDRS HY LOI

M SD M SD m SsD M SD M SD

PD 648 96
NC 66.6 72

16.1 2.3
16.3 25

1399 21 21 07 6.0 47
1410 25 - - - -

HY, Hoehn and Yahr Rating Scale score; LOI, Length of lliness.

Table 4 | Category distribution parameter values for Experiment 2.

DISCONTINUOUS CONDITION

Category Mg M, SDg SD, COVsso
A 0.051 317 0.002 3.6 0
Ay 0.064 54.7 0.002 3.6 0
B4 0.058 20.2 0.002 3.6 0
By 0.070 42.8 0.002 3.6 0
CONTINUOUS CONDITION

Category Mg M, SDg; SD, COVsto
Aq 0.051 317 0.002 3.6 0
Ay 0.055 39.2 0.002 3.6 0
B 0.058 20.2 0.002 3.6 0
By 0.062 27.7 0.002 3.6 0

a Gabor pattern from Category D. Figure 4B displays the cate-
gory structures for the Two-Category condition in Experiment
1, and Figures 6A,B display the Discontinuous and Continuous
conditions in Experiment 2, respectively. For these figures, each
filled square denotes the spatial frequency and spatial orienta-
tion of a Gabor pattern from Category A, while each unfilled
circle denotes the spatial frequency and spatial orientation of a
Gabor pattern from Category B. The solid line(s) in Figures 4, 6
denotes the location of the optimal decision bound(s). The use
of the optimal bound in each of the four experiments maximizes
long-run accuracy. Optimal accuracy in each condition was 95%
given the categories overlapped to some extent, and thus were
probabilistic.

EXPERIMENTAL PROCEDURE

For the Four-Category and Two-Category conditions in
Experiment 1, 600 trials were presented in 6 blocks of 100 trials.
For the Discontinuous and Continuous conditions in Experiment
1, 400 trials were presented and were broken down into 5 blocks
of 80 trials. At the start of each condition, the participants were
told that they were involved in a study that examined their
ability to categorize simple stimuli, that a series of stimuli would

be presented, and that they would be asked to categorize each
as a member of Category A B, C, or D for the Four-Category
condition of Experiment 1, or Category A or B in the Two-
Category condition of Experiment 1, and both conditions in
Experiment 2. They were also told that at the beginning of the
experiment they may feel as though they were guessing, but as
the experiment progressed, their accuracy would likely increase.
Participants indicated their categorization responses by pressing
designated keys on the computer keyboard. For each trial in both
experiments, the stimulus was presented until the participant’s
categorization response was made and feedback was presented
immediately after the response for 1 s that consisted of either the
word “wrong” if their response was incorrect or “correct” if their
response was correct. Once feedback was given, the next trial was
initiated 1 s later.

EXPERIMENT 1: FOUR-CATEGORY vs. TWO-CATEGORY
CONDITIONS
Experiment 1 was designed to examine the “number of units”
hypothesis. In the Four-Category condition, the participant
must learn to assign each stimulus to one of four categories.
Theoretically, each category is represented by a single striatal unit
that is linked to the corresponding response (A, B, C, or D). As can
be seen in Figure 4A, these categories are derived from four clus-
ters of stimuli with different means and standard deviations (see
Table 2). In the Two-Category condition, these same four clusters
of stimuli are again used, but now there are only two categories
given that Category A and B stimuli from the Four-Category con-
dition are collapsed into Category A for the Two-Category condi-
tion, and Category C and D from the Four-Category condition are
collapsed into Category B for the Two-Category condition. Thus,
the exact stimuli are held constant across the two conditions, as
is the nature of the stimuli, the timing of the task trials, and the
nature of feedback. The only thing that varied is the number of
categories.

As noted above, it was anticipated that if PD patients’ deficits
in learning nonlinear rules was due to such rules requiring a
greater number of units to represent nonlinearity (see Figure 3)
and there was a deficiency in the number of units in PD patients,
the “number of units” hypothesis would predict that PD patients
would be differentially impaired in the Four-Category condition
as compared to the Two-Category condition.

RESULTS

Accuracy rates for the Four-Category condition of Experiment 1
are displayed in Figure 5A and were analyzed using a 2 (group:
PD vs. NC) x 6 (blocks 1-6) mixed-design ANOVA. Results
revealed a main effect of block, Fs5, 110y = 37.02, p < 0.001, nIZJ =
0.63, with both PD and NC participants’ performance improv-
ing across the trials. However, there was no main effect of group,
Fa, 22 =0.08,p = 0.78, nf, = 0.00, and no group by block inter-
action, Fs 110) = 0.35, p = 0.88, nf, = 0.02. Accuracy rates for
the Two-Category condition are displayed in Figure 5B and were
analyzed using the same ANOVA design. Results indicated a main
effect of block, F(s, 1109y = 11.88, p < 0.001, TIIZJ = 0.37, but no

main effect of group, F(1, 22y = 0.21, p = 0.65, 7112, = 0.00, and no
group by block interaction, F(s 119y = 1.23, p = 0.30, nﬁ = 0.06.
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DISCUSSION

The results of Experiment 1 suggest that PD patients are not
impaired when learning either four or two categories. As can
be seen in Figures4A,B, participants initially demonstrate a
disadvantage in learning four categories as compared to two cat-
egories, but this is due to the fact that participants are initially
guessing early in learning and chance responding in the four
category condition is 25%, whereas in the two category con-
dition it is 50%. However, as learning progresses, performance
improves in both the Four- and Two-Category conditions and
asymptotes at approximately 80% during the last block of trials.
These findings are consistent with our previous work with healthy
younger adults that showed little impact of category number on
procedural-based category learning (Maddox et al., 2004a,b). The
most important finding, however, is that there was no differ-
ence between PD patients and NC participants in the pattern and
extent of learning in either the Four- or Two-Category conditions.
If we can assume that normal learning in the Four-Category con-
dition required a greater number of functional striatal units, then
these findings do not support the “number of units” hypothesis.

EXPERIMENT 2: DISCONTINUOUS CATEGORY vs.
CONTINUOUS CATEGORY CONDITIONS

The purpose of Experiment 2 was to examine the impact
of within-category discontinuity on procedural-based category
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FIGURE 5 | Accuracy rates for PD patients and NC participants (A) Four
Category and (B) Two Category conditions in Experiment 1. (Error bars
are in standard error of the mean).

learning in PD and NC participants. As noted above, we have
found in three past studies that PD patients are not impaired
in learning procedural-based category rules when the rule that
dictates category membership is linear (Ashby et al., 2003a,b;
Filoteo et al., 2005a,b) and our findings from Experiment 1 in
this study provide further support for this observation. As we have
argued above, one aspect of learning nonlinear rules is that partic-
ipants must learn to categorize perceptual dissimilar stimuli into
the same category so that they can activate the same response,
and conversely, participants must learn not to categorize percep-
tually similar stimuli into the same category so that such stimuli
can elicit a different response. This process is thought to occur
through a response selection mechanism that is modulated by
cholinergic interneurons within the striatum by inhibiting com-
peting responses (e.g., Stocco, 2012). If there were a deficiency
in communication among the medium spiny neurons within the
striatum because of poor communication through the interneu-
rons, then learning would be impaired. Again, we refer to this
hypothesis as the “communication among units” hypothesis.

To test this hypothesis, we created a two-category condition in
which a greater number of units would be needed to represent
the stimuli within a single category but the rule was neverthe-
less linear. To do so, we created discontinuous categories by using
two non-overlapping clusters within each category. As can be
seen in Figure 6A, Category A stimuli (A; and A; clusters under
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FIGURE 6 | Stimulus distributions for the (A) Discontinuous and (B)
Continuous conditions in Experiment 2. The solid line represents the
optimal rule.
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Discontinuous condition in Table4) compose two clusters as
do Category B stimuli (B; and B, clusters under Discontinuous
condition in Table 4). Importantly, stimuli from A; and B; are
perceptually more similar than are A; and A, stimuli or B; and
B,. Thus, two important features of nonlinear rules are replicated:
(1) perceptually dissimilar stimuli must be categorized together,
and (2) more striatal units are needed to represent the categories;
however, the rule is now linear. In contrast, in the Continuous
condition, which served as the control condition, the categories
were again composed of two clusters, but the clusters overlapped,
which resulted in participants having to learn to categorize per-
ceptually similar stimuli into the same category and a greater
likelihood that only a single unit would be needed to repre-
sent the categories. If PD patients were differentially impaired
in the Discontinuous relative to the Continuous condition, it
would provide support for the “communication among units”
hypothesis.

RESULTS

Accuracy rates for Experiment 2 are depicted in Figure 7A and
were analyzed using a 2 (group: PD vs. NC) x 5 (blocks 1-
5) mixed-design ANOVA. Results of this analysis identified a
main effect of group, F(j, 13) = 6.68, p < 0.05, n[z, = 0.27, with
PD patients performing worse than NC participants overall,
and a main effect of block, F4, 72y = 11.06, p < 0.001, nﬁ =
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FIGURE 7 | Accuracy (percent correct) for PD patients and NC
participants for the (A) Discontinuous and (B) Continuous conditions
in Experiment 2. (Error bars are in standard error of the mean).

0.38, with both PD and NC participants’ performances improv-
ing across the blocks. There was no group by block inter-
action, F, 72 = 1.37, p =0.25, né = 0.07. Performances in
the Continuous Condition are shown in Figure 7B and were
examined using the same mixed-design ANOVA as for the
Discontinuous Condition. Results of this analysis indicated that
there was there was a main effect of block, F(4, 30y = 4.37, p <
0.01, 7112, = 0.18, but no effect of group, F(1, 20y = 0.21, 7112) =
0.01, and no group x block interaction, F4, g0y = 0.85, p = 0.50,
M, = 0.04.

MODEL BASED ANALYSES

To further examine the results obtained in Experiment 2, we
applied models to the final block of data separately from each
participant (e.g., Estes, 1956; Maddox and Ashby, 1998; Smith
and Minda, 1998; Maddox, 1999). The main class of model on
which we focussed assumed that participants used an implicit
procedural-based learning strategy—instantiated by applying the
Ashby and Waldron’s (1999) Striatal Pattern Classifier (SPC;
see below for details). The model parameters were estimated
using maximum likelihood (Ashby, 1992; Wickens, 1993) and the
goodness-of-fit statistic was

AIC = 2r — 2InL,

where r is the number of free parameters and L is the likelihood of
the model given the data (Akaike, 1974; Takane and Shibayama,
1992). The AIC statistic penalizes a model for extra free parame-
ters in such a way that the smaller the AIC, the closer a model is
to the “true model,” regardless of the number of free parameters.
Thus, to find the best model among a given set of competitors,
one simply computes an AIC value for each model, and chooses
the model associated with the smallest AIC value (for a discussion
of the complexities of model comparisons see (Myung, 2000; Pitt
et al., 2002).

The SPC model has been found to provide a good computa-
tional model of participants’ responding in previous information-
integration category learning studies (e.g., Ashby and Waldron,
1999; Waldron and Ashby, 2001; for applications to stimulus
identification see Ashby et al., 2001; Maddox, 2001, 2002). In
addition, the assumptions of this model are based on the neurobi-
ology proposed to underlie the procedural-based system (Ashby
et al.,, 2001). The SPC-1 assumes that there is one striatal unit
for each category, and the SPC-2 assumes that there are two
striatal units for each category. Both models assume a single
noise parameter that estimates the variability associated with the
participant’s responding, with large variability estimates being
associated with less deterministic responding and small variability
estimates being associated with more deterministic responding.
These models were developed to examine the possibility that par-
ticipants in the discontinuous condition might learn to associate
the separate, and distinct, sub-clusters of perceptually similar
stimuli with the appropriate category. We hypothesized that if
there was a deficit in communication and recruitment among
the medium spiny neurons via dysfunction of the interneu-
rons, then the SPC-1 model should be more likely to account
for the pattern of PD patients’ responding in the discontinu-
ous condition, whereas an SPC-2 model would be more likely to
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account for the NC participants’ responding. In contrast, there
should be no difference between the groups in the continuous
condition.

The results of the model applications supported our prediction
in that only 1 out of 10 of the PD patients’ data sets in the discon-
tinuous condition were better fit by the SPC-2 model, whereas
4 out of 10 of the NC participants’ data sets were best fit by the
SPC-2 model. Furthermore, for both groups, those participants
whose data were best fit by the SPC-2 model demonstrated better
accuracy than those whose data were best fit by the SPC-1 model
(69.8 vs. 58.8% for the PD group; 87.2 vs. 70.0% for the NC par-
ticipants). In contrast, in the continuous condition, 0 out of 11
PD patients’ data sets were better fit by the SPC-2 model, and
only 1 of the 11 data sets from the NC participants was best fit by
the SPC-2 model. Thus, in the discontinuous condition, the SPC
model with a greater number of units was more likely to account
for NC data sets, and this model was also associated with greater
accuracy rates?,

DISCUSSION

The results from Experiment 2 indicated that, compared to NC
participants, PD patients are impaired in procedural-based cat-
egory learning when the categories are composed of discontinu-
ous categories but are not impaired with continuous categories.
Figure 7 also demonstrates the slight advantage NC participants
have when learning continuous vs. discontinuous categories, a
finding that we observed in our previous studies with healthy
younger participants (Maddox et al., 2007). Of note, if the cat-
egory clusters from the discontinuous condition (see Figure 6A)
were from four different continuous categories, as opposed to
two discontinuous categories, we would predict that PD patients
would be normal.

Note this is the first study in which we found PD patients
to be impaired in learning a linear procedural-based rule, argu-
ing against the surface-level explanation that PD patients’ deficits
in category learning are simply due to the linearity of the
rule. Rather, the present results support the hypothesis that PD
patients are impaired in procedural-based category learning when
there is a need for communication among striatal units, thereby
supporting the “communication among units” hypothesis. We
now turn to a discussion of the theoretical implications of our
findings.

THEORETICAL DISCUSSION

The main finding from the present set of experiments was that
PD patients are impaired in learning discontinuous categories but
are normal in learning continuous categories. In addition, these
patients are not impaired when having to learn four categories.
These findings provide initial support for our “communication
among units” hypothesis. In contrast, the two groups did not

21t should also be noted that we applied a number of hypothesis-testing mod-
els that assumed the individual used an explicit approach to learning the
categories. Although a few data sets were best fit by this class of models, the
actual fits were close to those of the SPC models. Given specific questions
we posed with the modeling and the small sample size we felt it was more
important to focus on contrasting the SPC-1 and SPC-2 models.

differ in learning a procedural-based task with four categories,
which does not support our “number of units” hypotheses.

The finding that PD patients are not impaired in learning
either four- or two-category tasks suggests that the theoreti-
cal striatal units are functionally intact. This is consistent with
the hypothesis that the medium spiny neurons were able to
adequately represent multiple categories in our sample of PD
patients. While it is known from PD animal models that the func-
tional integrity of the medium spiny neurons can diminish in
the absence of dopamine (Arbuthnott et al., 2000), post-mortem
studies with actual PD patients suggest that structural changes to
these neurons occurs only in later stages of the disease and may
be the cause of motor complications secondary to dopaminer-
gic treatment (i.e., dyskinesia). Specifically, Zaja-Milatovic et al.
(2005) examined 9 PD patients post-mortem who had the dis-
ease a mean of 13 years and found that dendritic length of the
medium spiny neurons was reduced in all striatal regions exam-
ined in PD patients relative to control post-mortem samples. The
patients in our study tended to have the disease a mean of 6-7
years and were not displaying any complications of dopaminergic
treatment (e.g., dyskinesia), so it is possible that the disease had
not progressed in our patients to a point where the functioning
of the medium spiny neurons had been impacted. This possibility
raises the interesting question of whether PD patients with motor
complications such as dyskinesia would be more likely to display
deficits in the four-category condition given the possibility that
their medium spiny neurons are less functional.

In contrast to the findings in Experiment 1, PD patients
demonstrated a deficit in the Discontinuous condition in
Experiment 2 but not in the Continuous condition. We have
hypothesized that this is due to abnormal communication among
the cholinergic interneurons in PD. We further hypothesized that
normal interneuron communication is needed so that different
medium spiny neurons that are processing perceptually dissimilar
stimuli can resolve that they are representing stimuli that belong
to the same category and are linked to the same response. This
would only be required when there is a need for a greater num-
ber of the theoretical striatal units, such as when multiple units
are needed to represent perceptually dissimilar exemplars from
the same category (i.e., with discontinuous and nonlinear cate-
gories). Our assumption that striatal cholinergic interneurons are
dysfunctional in PD is based on animal models that demonstrate
increased activity of such neurons in the presence of reduced
dopamine levels (Raz et al., 2001; Pisani et al., 2003; Bonsi et al.,
2011). If this over activity of striatal interneurons is sufficient,
improper signaling between medium spiny neurons would be
likely to occur and the linking of perceptually dissimilar stimuli to
the same response would be greatly compromised. This theoreti-
cal explanation is supported by other lines of research suggesting
that the role of the basal ganglia, in general, and striatum, in par-
ticular, is to participate in response selection via the disinhibition
of wanted responses and inhibition of unwanted responses (Mink,
1996; Stocco, 2012).

The possibility that cholinergic abnormality in PD under-
lies cognitive deficits in these patients is not new. However, the
role of acetylcholine in PD cognition is not straightforward. On
one hand there are previous studies indicating that medications

Frontiers in Systems Neuroscience

www.frontiersin.org

February 2014 | Volume 8 | Article 14 | 45


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

Filoteo and Maddox

Procedural-based category learning in PD

that prevent the breakdown of acetylcholine (i.e., cholinesterase
inhibitors) improve cognition in demented patients with PD
(Emre et al., 2004; Bosboom et al., 2009; Possin et al., 2013). On
the other hand we argue here that increased activity in cholinergic
interneuron leads to a deficit in procedural-based category learn-
ing. Adding to this possible paradox are findings from a previous
study where we demonstrated that impaired learning of a non-
linear procedural-based rule predicted future decline in global
cognitive functioning in a group of nondemented PD patients
(Filoteo et al., 2007). In addition, the fact that anticholinergic
medications are often given to patients early in the course of
the disease to improve motor symptoms by presumably reduc-
ing the over activity of the cholinergic interneurons also adds to
the confusion as to how acetylcholine helps or hurts cognitive and
motor functioning in PD. While we are unlikely to resolve these
issues here, these possibilities raise the intriguing question of
whether the administration of an anticholinergic would paradox-
ically improve nonlinear or discontinuous category learning in
nondemented PD patients, or whether the use of a cholinesterase
inhibitor would have any impact. These questions, and the general
role of acetylcholine in PD cognition, certainly warrant further
study.

It is important to note that the ideas tested in this paper
are based on a hypothetical role of the function of cholinergic
interneurons in the striatum and clearly represent an oversimpli-
fication of both the architecture and function of striatal medium
spiny neurons and interneurons. At present, there is no neu-
robiological evidence to suggest that the specific role of these
interneurons is to provide a conduit for which medium spiny neu-
rons can link perceptually dissimilar stimuli to the same response.
It may also be the case that the findings we report here are not
due to such impairment but rather to some other mechanism,
such as dysfunction in the output stage of response selection
(e.g., Gurney et al., 2001). What is important is that we have
further identified the experimental conditions under which PD
patients demonstrate procedural-based category learning deficits,
and that these data provide additional insights onto the mech-
anistic basis for some of our highly consistent previous results
(Maddox and Filoteo, 2001; Ashby et al., 2003a,b; Filoteo et al.,
2005a,b). In addition, the present work offers a potential com-
putational understanding of the similarities between impaired
nonlinear and discontinuous procedural-based category learning
deficits in PD.

There are obviously several limitations to the present work.
First, in regard to Experiment 1, it is possible that we did not tax
the striatum sufficiently by the use of only four categories. It is
possible that had we increased the number of categories we would
have seen a deficit in the PD patients. As noted above, it is also
possible that if we were to test patients in a more advanced stage of
PD we would be more likely to see an impairment given the possi-
bility that medium spiny neurons are only impacted in later stages
of the disease (Zaja-Milatovic et al., 2005). Second, in regard
to Experiment 2, there are several additional manipulations that
could have been conducted to further examine the impact of
discontinuity in PD patients’ procedural-based category learn-
ing deficit. For example, in the present study we only examined
one within category discontinuous separation and one between

category separation. In other words, the within category cluster
distance is fixed and so is the category (A vs. B) cluster separation.
This issue could be examined parametrically to see what within
and what between separations lead to a deficit. If, for example, we
found that systematically increasing the between category sepa-
ration decreases the magnitude of impairment in PD, this would
further support the notion that perceptual similarity plays a key
role in the observed deficit. Such manipulations are critical to
further advance these theories. Third, in Experiment 2, the con-
ditions did not only differ in terms of category continuity but also
in terms of within-category range (i.e., how much of the stimulus
space was occupied by category exemplars), which also could have
explained the findings. However, in a previous study with healthy
participants (Maddox and Filoteo, 2011) we found that category
discontinuity had a greater impact on learning than did within-
category range, suggesting that the results from the present study
are less likely related to the degree of within-category range.
Nonetheless, it will be important for future studies to directly
examine this issue in PD.

In summary, the present study tested two theories of PD
patients’ deficits in procedural-based category learning. Our
results and conclusions, while highly tentative and theoretical,
suggest that PD patients are primarily impaired when learning
requires perceptually dissimilar stimuli to be grouped in the same
category, which may be due to dysfunctional communication
among striatal units secondary to faulty communication.
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INTRODUCTION

The origin of asymmetric clinical manifestation of symptoms in patients suffering from
cervical dystonia (CD) is hitherto poorly understood. Dysregulated neuronal activity in
the basal ganglia has been suggested to have a role in the pathophysiology of CD.
Here, we re-assessed the question to what extent relative changes occur in the direct
vs. indirect basal ganglia pathway in CD, whether these circuit changes are lateralized,
and how these alterations relate to CD symptoms. To this end, we recorded ongoing
single cell and local field potential (LFP) activity from the external (GPe) and internal
pallidal segment (GPi) of 13 CD patients undergoing microelectrode-guided stereotactic
surgery for deep brain stimulation in the GPi. We compared pallidal recordings from
CD patients operated under local anaesthesia (LA) with those obtained in CD patients
operated under general anaesthesia (GA). In awake patients, mean GPe discharge rate
(52 Hz) was lower than that of GPi (72 Hz). Mean GPi discharge ipsilateral to the side of
head turning was higher than contralateral and correlated with torticollis symptom severity.
Lateralized differences were absent at the level of the GPe and in recordings from patients
operated under GA. Furthermore, in the GPi of CD patients there was a subpopulation
of theta-oscillatory cells with unique bursting characteristics. Power and coherence of
GPe- and GPi-LFPs were dominated by a theta peak and also exhibited band-specific
interhemispheric differences. Strong cross-frequency coupling of low-gamma amplitude
to theta phase was a feature of pallidal LFPs recorded under LA, but not GA. These
results indicate that CD is associated with an asymmetric pallidal outflow. Based on the
finding of symmetric neuronal discharges in the GPe, we propose that an imbalanced
interhemispheric direct pathway gain may be involved in CD pathophysiology.

Keywords: cervical dystonia, GPi, GPe, microelectrode recording, LFP, oscillations, coherence, phase—-amplitude
coupling

Currently, the pathophysiology of CD is not well understood.

Isolated cervical dystonia (CD)—or spasmodic torticollis—is the
most common form of an adult-onset, focal dystonia (Albanese
et al.,, 2013). CD is characterized by phasic or sustained involun-
tary neck muscle contractions causing abnormal movements and
postures of head and neck (Chan et al., 1991). The clinical pre-
sentation of many patients with CD is head turning or/and tilting
to one side with rotation in the horizontal plane being the most
common pattern of abnormal head and neck posture (Jankovic
et al., 1991). Symptom control is often achieved with injections
of botulinum toxin into overactive neck muscles (Albanese et al.,
2011). For medically refractory CD, deep brain stimulation (DBS)
of the internal globus pallidus (GPi) has emerged as a therapeu-
tic option with good long-term efficacy (Krauss et al., 1999; Kiss
et al., 2007; Walsh et al., 2013).

It is a widely accepted view that insufficient motor control in dys-
tonia is critically related to functional disturbances of the basal
ganglia, eventually giving rise to a systems level loss of inhibitory
functions (Berardelli et al., 1998; Vitek et al., 1999; Hallett, 2011;
Hendrix and Vitek, 2012). Much of the foundations for our cur-
rent understanding of CD as a basal ganglia-related motor circuit
disorder dates back to the 1920s when Foerster first proposed that
CD symptoms would result from a deficient inhibitory striatal
control of the globus pallidus (Foerster, 1921) and, more specif-
ically, from “a focal destruction of that part of the neostriatum
corresponding to the neck muscles” (Foerster, 1933). Influenced
by Foerster’s conceptual framework, supported by results of lab-
oratory studies (Montanelli and Hassler, 1964) and motivated
by experiences from torticollis surgery, Hassler later proposed
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that an unbalanced pallidal outflow could be critically involved
in the asymmetrical clinical manifestation of CD (Hassler and
Dieckmann, 1970).

Since then, the concepts of basal ganglia organization have
markedly changed with recognition of the dichotomous organiza-
tion of striatal outflow, giving rise to direct and indirect pathways
through the basal ganglia, respectively, (Albin et al., 1989; Delong,
1990; Smith et al., 1998). In this influential model, the stria-
tum exerts a dual control on basal ganglia output neurons in
the GPi with opposite effects on thalamocortical circuits. Striatal
direct pathway projection neurons inhibit pallidal outflow, and
increased gain in this pathway is thought to facilitate movement
initiation. On the other hand, an activation of indirect pathway
projection neurons leads to increased activity in GPi neurons (by
silencing neurons in the globus pallidus externus (GPe) which
in turn leads to disinhibition of excitatory inputs to GPi from
the subthalamic nucleus), thereby suppressing competing move-
ments. In the rate model of dystonia, reduced pallidal inhibition
results from a functional imbalance in the direct and indirect
pathways. Both over activity in the direct or under activity along
the indirect pathway, respectively, lead to excessive thalamocor-
tical excitation and involuntary dystonic movements (Hallett,
2011). Alternatively, altered spatio-temporal patterns of neuronal
activity such as excessive synchrony and/or oscillations along the
different basal ganglia pathways may participate in the disruption
of motor control in dystonia (Vitek, 2002). To what extent relative
changes in the direct vs. indirect pathway occur in CD, whether
these circuit changes are lateralized at the basal ganglia level, and
how these alterations relate to CD symptoms is hitherto unclear.

There is a continuing interest in the results of single cell and
local field potential (LFP) recordings from otherwise inacces-
sible subcortical regions of the human brain in the context of
DBS surgery, as these techniques allow addressing some of the
above-mentioned matters (Engel et al., 2005; Vitek et al., 2011).
However, available data on lateralized neuronal activity in the GP
of CD patients is sparse. Single cell recordings from the GPi of CD
patients have mostly been pooled together with data from patients
with phenotypically or etiologically different types of dystonias,
respectively, (Starr et al.,, 2005; Chang et al., 2007; Weinberger
et al., 2012), precluding a detailed analysis of lateralized activ-
ity changes. To our knowledge, only one study has investigated
pallidal single cell activity specifically in CD patients (Tang et al.,
2007). Tang et al. (2007) found no evidence for side-to-side dif-
ferences in discharge rates nor patterns of GPi neurons. Several
LFP studies have confirmed the presence of pronounced low-
frequency oscillatory activity in the GPi of CD patients (Liu et al.,
2008; Sharott et al., 2008). In a recent LFP study in the GPi of CD
patients, significant interhemispheric differences in the expres-
sion of these low-frequency oscillations have been reported at the
population level (Lee and Kiss, 2013). At present, it is not clear
how the observed discrepancies between these single cell and LFP
studies can be accounted for.

The primary goal of this study was to reinvestigate the ques-
tion of lateralized differences in pallidal outflow in CD patients.
To address this question, we analyzed both single cell spiking
and LFP activity from GPe and GPi of CD patients undergo-
ing microelectrode-guided DBS surgery. In the absence of control

data, we compared pallidal recordings from awake CD patients
with those made in a population of CD patients operated under
general anaesthesia (GA), a condition under which abnormal
head and neck movements or postures were absent.

PATIENTS AND METHODS

PATIENTS

Thirteen patients (7 women, 6 men) with CD aged between 30
and 74 years were studied. The patients were referred to our
hospital between February 2006 and April 2013 for stereotac-
tic implantation of DBS electrodes in the GPi because of failure
of treatment with botulinum toxin. Of these, 9 patients were
operated under local anaesthesia (hereafter referred to as “LA”)
and 4 patients were operated under GA due to their symptom
severity or anxiety, respectively. Disease duration ranged from
3 to 30 years. The current patient sample was limited to medi-
cally refractory cases of adult onset isolated dystonia (Albanese
et al., 2013). Patients with combined or complex dystonia were
excluded. The majority of patients presented with a complex
combination of rotation (torticollis), tilt (laterocollis), flexion
(antecollis), or extension (retrocollis) of head and neck, respec-
tively, and shoulder elevation. Rotational torticollis was the most
common abnormal movement pattern. The chin was turned to
the right in 6 patients (3 in the LA group), and to the left in the
other 6 patients (5 in the LA group). Involuntary head posturing
was accompanied by tremulous head movements in 8 patients (4
in both groups). Further demographic and clinical details of the
patients are given in Table 1.

CLINICAL EXAMINATION

Preoperative symptom severity was rated using the torticollis
severity scale of the Toronto Western Spasmodic Torticollis Rating
Scale (TWSTR, maximum score of this torticollis severity sub-
scale = 35; Consky and Lang, 1994). Standardized videotapes
were reviewed independently by two movement disorder neurol-
ogists (Simone Zittel, Maxine Biermann), and a score was given
by consensus rating. Torticollis symptom severity was compara-
ble in both patient populations (TWSTR severity score of the LA
group, 21.5 & 4.5 vs. 20.3 £ 2.4 in the GA group, Mann—Whitney
test, p = 0.86). All intraoperative recordings and subsequent data
analyses were carried out without prior knowledge of patients’
symptom severity.

DBS SURGERY

In all patients, bilateral DBS electrodes were implanted in a sin-
gle operation. All patients had normal brain magnetic resonance
imaging (MRI). As reported elsewhere in detail (Moll et al., 2009),
surgical planning comprised the delineation of a reference line
connecting anterior and posterior commissure in T1-weighted
MRIs as well as a direct visualization of the surgical target region
on MRIs fused with stereotactic computerized tomography scans
for indirect and individual targeting, respectively. All procedures
and collection of recordings during DBS surgery were approved
by the local ethics committee and all patients gave their written
and informed consent. In all patients, the posteroventral lateral
aspect of the GPi was targeted 20-22 mm lateral to the midline,
2-3 mm anterior to the mid-commissural point and 3 mm below
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Table 1 | Clinical characteristics of CD patients.

Case Gender, age Disease duration Pattern of CD Other affected Severity Direction of Head tremor
at surgery (years) regions of cD8 head turn
LOCAL ANAESTHESIA (LA)
1 F 48 1 TC/LC/AC/SE — 26 Left -
2 F 51 1 TC - 19 Left -
3 M, 45 27 TC/LC — 15 Right +
4 F 30 10 TC/LC/SE Mild WC 21 Right -
5 F 68 3 RC Mild WC 17 - +
6 F 57 5 TC/LC/AC/SE Mild WC 27 Left -
7 M, 52 TC/LC/AC — 26 Right +
8 M, 50 20 LC/SE — 21 Left -
9 M, 72 25 TC/RC - n/a Left +
GENERAL ANAESTHESIA (GA)
10 F 42 27 TC/SE — 17 Right +
M M, 49 14 TC/LC wWC 20 Right +
12 F 58 18 TC/LC/SE Mild laryngeal dystonia, 22 Right +
tremor right hand
13 F 74 30 TC/LC/RC Orofacial dystonia 22 Left +
Mean 54 + 12 16+ 10 21+4

$As determined by the severity scale of the Toronto Western Spasmodic Torticollis Rating Scale (maximal score = 35).

Abbreviations: CD, cervical dystonia; TC, torticollis; LC, laterocollis; AC, anterocollis; RC, retrocollis; SE, shoulder elevation; WC, writer’s cramp, n/a, not available

(quantification of patient's symptom severity not possible due to cervical plate stabilization performed in the 1980s).

the commissural plane. Approach angles of the planned trajec-
tories were 25 & 11° in the sagittal and 10 £ 5° in the frontal
plane. Microelectrode-guided stereotactic implantation of DBS
electrodes encompassed recordings from up to five parallel tracks
(mean number of recording tracks for mapping, 4 + 1, Micro
Guide, Alpha Omega Inc., Nazareth, Israel). The used record-
ing configuration (“BenGun”) consisted of four outer tracks
arranged in a concentric array around a central trajectory aim-
ing at the target. In all but one patient (case 10), the “BenGun”
was turned 45° in respect to the standard “cross-like” configura-
tion, taking into account the elongated morphology of the globus
pallidus. Typically, antero- and postero-medial trajectories were
used in addition to the central electrode—in some cases together
with an additional anterolateral track. Microelectrodes (Alpha
Omega Neuroprobe, Alpha Omega Inc., Nazareth, Israel) were
simultaneously advanced in steps of 100-500 .m. Average tip
impedance was 660 £ 290 k€2 at 1000 Hz. Recordings were started
16 + 4 mm above the radioanatomically defined target level. In
the LA group, vigilance level was continuously monitored and
all patients were awake and co-operative throughout the whole
recording procedure. During recordings, patients were asked to
lie as still as possible with their eyes closed. Only “movement-
free” recordings of spontaneous activity that were made before
or after the assessment of sensorimotor responses by passive or
active movements, were included in the present study. In the
GA group, anaesthesia was induced with an intravenous bolus
of 2mg/kg propofol. Intravenous anaesthesia was then main-
tained with 4.1 £ 1.3 mg/kg/h propofol in combination with
0.2 £ 0.04 pg/kg/min remifentanil. GA patients were ventilated
via an endotracheal tube with an oxygen-air mixture and anaes-
thetic depth and adequacy were carefully monitored throughout

the whole operation by an experienced anaesthesiologist. In
contrast to LA surgeries, during which some of the patients expe-
rienced involuntary muscle spasms of their neck muscles, no
spontaneous movements or signs of dystonia occurred during
surgery in GA.

DATA ACQUISITION

Unit activity was bandpass-filtered between 300 and 6000 Hz,
amplified (x10,000), and sampled with 24,000 Hz. Monopolar
local field potentials (LFPs) were recorded from the uninsu-
lated distal most part of the guide tube (contact size of this
macrotip ~1 mm, impedance <1k§2), located 3 mm above the
microtip. The guide tube was used as common reference. LEPs
were bandpass-filtered between 1 and 300 Hz, sampled with 1.5
or 3kHz and amplified (x5-10,000).

DATA ANALYSIS

SPIKE DETECTION AND -SORTING

For spike detection, a threshold was set >5 SD of the background
noise and then adjusted to the individual signal to noise ratio of
the recorded unit (Offline-Sorter, Plexon Inc., Dallas, TX, USA).
Extracted total waveform length was 3 ms with a prethreshold
time of 1 ms. Waveform clusters were then visualized in 2D or
3D space. Typically, plotting the first vs. second principal compo-
nent of the waveform resulted in a distinct cluster in addition to
a noise cluster which was discarded. In the vast majority of cases,
only one single unit was recorded per electrode tip. Next, we care-
fully checked the autocorrelogram of the resulting spike train for
the presence of a central valley, to exclude refractory period vio-
lations. Cells in which >3% of the total interspike intervals (ISI)
were shorter than 2 ms and multiunit activity were excluded from
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this study. The signal to noise ratio was then assessed for every
well-isolated neuron. To this end, the peak-to-peak amplitude of
the average action potential waveform was divided by the mean
of 5x SD of the background activity, defined as noise. Rate sta-
bility was also tested. For every unit, instantaneous firing rate was
calculated as a function of time with a binning of 10 ms and visu-
alized after smoothing using a second-order low-pass filter with
zero phase shift (cut-off frequency, 10 Hz). Recordings with obvi-
ous trends or transients in the rate functions were excluded from
further analysis. Only well-isolated single cell data was included
in our database.

As action potential shape could help to distinguish subpopu-
lations of pallidal neurons (Bugaysen et al., 2010), we measured
a variety of spike characteristics. These measures were derived
from the averaged action potential waveform of the upsampled
(1 MHz) and amplitude-normalized individual spikes. This study
reports peak-to-peak durations. Several basic descriptors of sin-
gle neuron discharge were determined to characterize ongoing
spiking activity. Mean and peak (95th percentile rate) firing rate
were calculated for each neuron. To evaluate the regularity of neu-
ral discharges, we computed the coefficient of variation (CV) as
the SD of the ISI distribution divided by its mean. Because the
CV (ISI) may overestimate the irregularity of bursting neurons,
we also used the CV2 (Holt et al., 1996)—which compensates
for bursting by calculating a local CV for consecutive ISI pairs—
and not for the whole spike train. We calculated the mean CV2
for each spike train. Neuronal bursting behavior was assessed
by applying the Poisson burst surprise method (Legendy and
Salecman, 1985). Only bursts having a surprise threshold >5 were
considered, corresponding to a probability of <0.001 that the
burst of interest would occur in a spike train that follows a
Poisson distribution. The results of this analysis are given as the
percentage of spikes that participate in those bursts. By divid-
ing the mean ISI by the modal ISI we calculated a simple burst
index for every unit, which has previously been applied to char-
acterize human GP activity (Hutchison et al., 2003). In order to
determine the time-magnitude structure of burst discharges, we
calculated burst-triggered averages (Chan et al., 2011) for every
unit that contained >5 bursts with a surprise value of 5. Finally,
we adopted a modified version of Kaneoke and Vitek’s neuronal
discharge classification method (Kaneoke and Vitek, 1996) to dif-
ferentiate regular, random and bursting discharge patterns (Levy
et al., 2001). Briefly, discharge density histograms were created
for every neuron (bin width = 1/mean firing rate) and com-
pared with a discharge density of a Poisson process with a mean
of 1 (Chi-square test). When the distribution followed a Poisson
process, the neuron was classified as having a random discharge
pattern. In case the distribution was not significantly Poisson, a
regular or a bursting spike discharge pattern was assumed when
the variance of the discharge density histogram was <1 and >1,
respectively. Oscillatory properties of spike trains were assessed
using the spectral method described by Rivlin-Etzion et al. (2006).
Briefly, the power spectral density of a spike train was computed
using nonoverlapping Hanning windows (length, 4096 ms) and
a frequency resolution of 0.25Hz. Confidence levels were cre-
ated on the basis of a surrogate distribution of 100 random ISI
shuffles. When peaks exceeded the 95% confidence interval, they

were considered significant. Prevalence of units with significant
oscillatory spiking was then assessed for each of the following fre-
quency bands: theta (4-8 Hz), alpha (9-13 Hz), beta (14-35Hz),
and gamma (35-80 Hz).

LFP ANALYSIS

Due to technical issues, LFPs of cases 5 (LA) and 11 (GA) were
unavailable. On the basis of visual inspection, LFP recordings
with exceptional noise levels and artifacts were excluded from
further analysis. LFPs were then downsampled to a sampling fre-
quency of 500 Hz and digitally band-pass filtered with a second-
order notch filter at integer multiples of 50 Hz to remove line
noise. To avoid phase distortions of the LFP signals, we applied
zero-phase forward and reverse digital filtering. LFP power was
estimated using multitaper spectral methods (time-bandwidth
parameter nw = 3.5, 6 Slepian tapers, nfft = 500). To allow for a
comparison across anaesthesia groups and to account for different
LFP amplitudes depending on recording position and electrode
impedance, we analyzed relative rather than absolute power. In
order to obtain relative power, spectra were normalized to the
total power between 1 and 250 Hz. As for the analysis of spike
trains, spectra were subdivided into above mentioned frequency
bands. Note that the 50 & 2 Hz window was excluded for spectral
analysis of LFPs in the gamma frequency range. Power was then
averaged within these bands and significance levels of multiple
post-hoc tests were adjusted using the Bonferroni correction.

SPIKE-FIELD COHERENCE

Spiking activity and LFP dynamics provide complementary per-
spectives on neural processes (Galindo-Leon and Liu, 2010;
Moran and Bar-Gad, 2010). To estimate the relation between pal-
lidal spiking and LFPs, we calculated the spike-field coherence
(SFC) as described in Fries et al. (2001). Segments of LFP sig-
nal extending £250 ms around each individual spike were used
to calculate the spike-triggered average (STA). The individual
Hamming-tapered LFP-segments and the Hamming-tapered STA
were Fourier transformed to calculate the corresponding power
spectral densities. SFC was calculated as the ratio between the
power spectrum distribution of the STA and the mean power
spectral density of LFP segments. The threshold of significance
was determined by randomizing the spike-times (100 repeti-
tions) preserving the number of spikes and the ISI distribution.
The mean of the randomization-based SFC plus two standard
deviations was considered as the threshold of significance. Spike-
LFP pairs were never from the same electrode [distance between
microtip (units) and macrotip (LFPs) was 3 mm)].

FIELD-FIELD COHERENCE

The coherence Cjj(w), defined as the measure of the linear depen-
dency at a particular frequency w of two simultaneously recorded
LFP signals from electrodes i and j, was calculated as:

Py [*

Cij(w) = ng(w) (1)

with P;;(w) and Pj(w) the power spectral densities of channels i
and j, respectively, and P;; the cross power spectral density.
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SPIKE-SPIKE COHERENCE

The frequency relation between spiking activity of two single
units was estimated by the spike—spike coherence as described
in Halliday et al. (1995), using the NeuroSpec toolbox (version
2.0, www.neurospec.org). Briefly, in this algorithm the discrete
spiking signal (defined by the time of spikes onset in millisec-
onds resolution) is converted into a 1kHz-sampled continuum
signal of Os and 1s, with 1 corresponding to a spike and 0 to no-
spike. With both signals as a continuum the algorithm proceeds
to evaluates their power spectral density and cross power spectral
density as in Equation (1).

PHASE-AMPLITUDE COUPLING

Cross-frequency modulation was quantified using the previously
described modulation index (Canolty et al., 2006). Briefly, LFP
data was filtered into low-frequency (2 Hz-intervals between 2
and 20 Hz) and high-frequency (5 Hz-intervals between 20 and
200 Hz) bands. Analytic phase and amplitude envelope were then
extracted by applying the Hilbert transform. A surrogate distri-
bution with disrupted phase—amplitude relationship was gener-
ated by recalculating the modulation index 200 times, randomly
assigning power-to-phase couples. Raw modulation indices were
then transformed so that the normalized modulation index was
defined as distance (in units of standard deviation) away from
the mean of the distribution expected by chance (Cohen et al,,
2009).

All statistical spike train and LFP analyses were carried out
offline using custom written Matlab software (The MathWorks,
Natick, MA). Comparisons were performed using the software
Graph Pad Prism (Version 5.0, GraphPad Software, Inc., La
Jolla, CA). In case of non-normal distribution of the data, non-
parametric statistical testing was applied (Mann—Whitney rank
sum test). Correlations were measured using Spearman’s rank
correlation coefficient Rho. If not stated otherwise, population
averages represent data pooled from both operated hemispheres.
Lateralized differences were assessed in patients with significant
head turn (all patients except case #5). To allow for a calculation
of meaningful averages, individual interhemispheric differences
were assessed in patients with a minimum of 5 isolated single
units per hemisphere. An alpha level of 0.05 was used for all sta-
tistical tests in this study. Unless otherwise noted, all values are
given as mean % SD.

RESULTS

NEURONAL DATA SAMPLE

We recorded the activity of 593 cells from 87 trajectories that
traversed the GP region of 9 CD patients recorded under LA
(n = 394 cells) and of 4 CD patients that were operated under
GA with propofol and remifentanil (n = 199 cells). The average
recording duration in this study was 50s (range, 15-384). Only
well-isolated single cell data was included in our database. The
average fraction of ISIs that violated a 2 ms post-spike silence
was 0.27 £ 0.55% and the average signal to noise ratio for the
whole dataset was 2.7 & 1.1 (noise was defined as 5 standard
deviations of the background activity to comply with the peak-
to-peak definition of the signal). The average signal to noise ratio
in recordings carried out under GA (3.2 &£ 1.4) was found to be

significantly higher compared to LA recordings (2.5 = 1.0, Mann—
Whitney test, p < 0.0001). The incidence of isolating more than
1 single units from an individual microelectrode tip was con-
siderably higher in GA recordings (17/189 = 9%) compared to
recordings in the awake patient (6/356 = 1.7%). Possibly, this is
related to reduced noise levels and neuronal firing rates in the
GP of patients operated under GA (see below), but stability of
recordings could also be improved under GA. We carefully com-
bined radioanatomical and electrophysiological criteria to define
193 of the cells as GPe cells (LA, n = 133; GA, n = 60), 349 as
GPi cells (LA, n = 220; GA, n = 129), and 51 as “border cells”
(LA, n = 41; GA, n = 10). A zone of electrical silence and the
presence of peripallidal border cells were important landmarks
for the localization of white matter fascicles surrounding GPe and
GPij, respectively.

COMPARISON OF NEURONAL DISCHARGES UNDER LOCAL vs.
GENERAL ANAESTHESIA

GPe neurons

Average peak-to-peak durations of GPe spikes were slightly but
significantly longer in the LA group [Mann—Whitney test, p =
0.03; 260 £ 74 s (LA) vs. 231 + 41 pus (GA)]. Peak and aver-
age firing rates of GPe neurons in the GA group were significantly
lower compared to GPe neurons recorded under LA [Mann—
Whitney tests, p < 0.0001; peak firing rate, 219.4 £ 98.4 Hz (LA)
vs. 123.8 £ 64.9Hz (GA); mean firing rate, 52.1 £ 27.4Hz and
13.3 &+ 8.7 Hz, respectively; Table 2; Figures 1A-D]. The strong
reduction in rate was accompanied by a drastic alteration of the
discharge pattern. While the majority of GPe neurons (~80%)
recorded under LA fired in an irregular manner, a bursty firing
pattern was predominant in GPe neurons under GA. This differ-
ence was significant when comparing the proportion of neurons
exhibiting different discharge modes (Chi-Square = 97.85, df =
2, p < 0.0001; Figure 1I) and for all tested descriptors of burst-
ing behavior (Mann—Whitney test, p < 0.0001; e.g., 19.6 £ 15.8
vs. 59.8 £ 21.4% spikes participating in bursts, Figures 1G,H).
Accordingly, both the global and local coefficients of variation
had significantly higher means in the GA group compared to GPe
recordings under LA (Table 2; Figures 1E,F). Burstiness of GPe
neurons under LA and GA was inversely correlated with mean fir-
ing rate (LA, Spearman’s rho —0.31, p = 0.0002; GA, Spearman’s
rho —0.31, p = 0.02).

GPi neurons

As with GPe neurons, action potentials of GPi neurons recorded
under LA were significantly longer (280 £ 66 jus) compared to
waveforms derived from GA recordings (255 % 63 pus; Mann—
Whitney test, p < 0.001). A comparison of the raw spike trains
depicted in Figures 2A,B reveals that the direction of rate- and
pattern changes in the GPi associated with different anaesthesia
conditions was similar to the differences seen in GPe record-
ings. In comparison with LA, GPi recordings under GA had
significantly lower firing rates and more bursty discharge pat-
terns (Table 2; Figures 2C-I). A significant negative correlation
was noted between burstiness and mean firing rate in both anaes-
thesia conditions (LA, Spearman’s rho —0.45, p < 0.0001; GA,
Spearman’s rho —0.24, p = 0.004). When comparing discharge
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Table 2 | Electrophysiological properties of GP neurons in patients with CD.

GPe GPi Border Cells

LA (n=133) GA (n = 60) LA (n = 220) GA (n = 129) LA (n=41) GA (n=10)
Firing rate (Hz) 52.1+2.4 13.3£1.1 72.0+1.9 26.0+2.0 33.0+2.3 31.7+45
Burst index 3.4+0.3 9.24+1.1 3.0+0.1 7.6+0.7 1.5+0.06 1.7+0.2
CV (ISI) 1.4+0.1 244+0.1 1.1+£0.03 1.9+0.08 0.6+0.03 0.7£0.1
CV2 (ISI) 0.6+£0.01 0.74+0.02 0.64+0.01 0.74+0.02 0.43+0.02 0.374+0.02
% Spikes in bursts 196+1.4 59.8+2.8 11.9+0.8 40.5+2.2 1.6+0.7 1.0+0.9
Peak firing rate (Hz) 219.4+£8.5 123.8+8.4 277.0+6.3 208.8+11.6 86.9+8.8 71.5+£9.7
P-P duration (j.s) 260.4+6.5 231.1+£6.1 279.5+4.5 2545+7.2 332.2+16 320.8+17.6

Note that results in this table are given as means + s.e.m.

Abbreviations: GPe, external globus pallidus; GPi, internal globus pallidus; LA, local anaesthesia; GA, general anaesthesia; CV (ISl), coefficient of variation of the

interspike intervals; CV2 (ISl), local coefficient of variation of the interspike intervals as determined by the method of Holt et al. (1996), P-P duration, peak-to-peak

duration of the average action potential waveform.

rates between GPe and GPi within the patient group operated
under LA, GPi cells (72.0 £ 28.2Hz) fired significantly faster
than GPe neurons (52.1 + 27.4 Hz; Mann—Whitney test, p <
0.0001). In 5/9 patients, GPi firing rates were significantly higher
compared to the GPe (Mann—Whitney tests, p < 0.05). In the
remaining 4 patients, a non-significant trend toward higher GPi
rates was observed (not shown). The average ratio of GPe:GPi fir-
ing frequency (Obeso et al., 1997) was 0.73 for recordings under
LA and 0.51 for GA.

Border cells

Peripallidal border cells were recorded at the transitions from
putamen to GPe and from GPe to GPi, respectively. Occasionally,
putative border cells were also found within or at the ventral
border of the GPi (delineating the lamina pallidi interna and
the transition to the subpallidal fiber field, respectively). In line
with previous reports (Delong, 1971; Hutchison et al., 1994; Taha
etal., 1997), border cells exhibited several distinguishing features
compared to GP neurons. First, border cells displayed long spike
durations, which, however, were not significantly influenced by
the anaesthetic regime (LA, 332 £ 96 s and GA, 321 £ 53 ps;
Mann—Whitney test, p = 0.7). Border cells had lower peak firing
rates, and generally discharged significantly slower (~30 Hz) and
more regular (CV values <0.7) compared to both GPe and GPi
neurons. Another prominent feature of border cell firing was the
virtual absence of group discharges, as evidenced by low values
for all measures that describe bursting behavior. In contrast to
the apparent sensitivity of GPe and GPi neurons to anaesthetic
drugs (see above), anaesthesia had little impact on border cell
activity (Figures 3A,B). In agreement with previous observations
made in generalized dystonia patients (Hutchison et al., 2003),
no single descriptive parameter of neuronal activity differed sig-
nificantly between LA and GA (all tests p > 0.05; Figures 3C-H).
However, a significant difference was noted between the LA and
GA group concerning the proportion of border cells that exhib-
ited regular, random, or bursty discharge patterns (Chi-Square =
7.1, df =1, p = 0.008; Figure 3I). The proportion of regular
firing border cells was higher in the patient group recorded
under GA.

BURSTING BEHAVIOR

To further characterize the time-magnitude structure of group
discharges, we constructed peri-burst time histograms for all cells
that contained >5 bursts. When comparing GPe and GPi group
discharges within the same anaesthesia condition, burst morphol-
ogy was relatively similar. The main determinants were (i) a short
pre-burst decrease in discharge rate, (ii) peak intra-burst firing
rates being reached around or shortly after burst onset, and (iii)
a relatively rapid decay of neuronal firing rates back to base-
line levels within 100—-150 ms (Figures 4A,B). Bursting properties
differed considerably between the two anaesthesia conditions.
The pre-burst notch was absent or only moderately expressed in
group discharges recorded from GPe and GPi neurons with low
baseline firing rates under GA (Figures 4C,D). In both pallidal
segments, average duration of burst discharges was significantly
longer under GA compared to LA (Figures 4E,F).

In six cells recorded from the GPi of six different patients oper-
ated under LA (cases 1, 2, and 5-8), we observed a unique burst
discharge pattern that consisted of (i) an initial brief period of
tonic single spiking turning into (ii) the actual high-frequency
group discharge and (iii) a post-burst pause in neuronal firing
(Figure 5A). Burst episodes were characterized by a progressive
spike amplitude reduction and an acceleration-deceleration spik-
ing pattern (see the sub-panel in Figure 5A). This acceleration-
deceleration pattern resulted in a parabolic-like shape when ISI
duration was plotted as a function of position within the burst
(ISI ordinal). Figure 5B shows pooled data from all bursts that
were recorded from the same neuron as shown in Figure 5A,
with alignment at the position of the last spike in a burst. Note
the reduced variability in the fine structure of the burst during
the acceleration phase and the progressive lengthening of ISIs at
burst end. The population average of mean peri-burst discharge
rates for all neurons with this unique bursting morphology is
depicted in Figure 5C. The accelerating discharge rate following
burst onset and the post-burst decrease in firing rate are clearly
distinguishable. Firing rate then gradually ramps up to the next
peak around 300 ms, which marks the onset of the next burst
and indicates strong rhythmicity in these neurons. In fact, each
cell had a significant spectral peak in the lower theta-frequency
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FIGURE 1 | Comparison of discharge rates and patterns of GPe
neurons in CD patients under LA and GA. (A) Raw data showing
spontaneous neuronal discharges and LFPs recorded simultaneously from
two different micro- and macroelectrodes in the GPe of a CD patient
(surgery under LA, case 7). (B) Raw spike and LFP data segment
recorded from the GPe of a patient operated under GA (case 13).

(C-H) Box and whisker plots of various discharge parameters.
Abbreviations: Peak firing rate, 95th percentile rate; CV (ISl), coefficient of
variation of the interspike intervals; CV2 (ISl), local coefficient of variation
of the interspike intervals as determined by the method of Holt et al.
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(1996); Burst index, mean ISI divided by the modal ISI; Spikes participating
in bursts, bursts with surprise values >5 using the Poisson burst surprise
method (Legendy and Salcman, 1985). Open boxes represent grand mean
data from the LA group and filled boxes represent data from the GA
group. Boxes extend from the 25th to 75th percentiles, whiskers
represent 5th to 95th percentiles, and the median is indicated by a
horizontal line. Dots represent outlying values. Asterisks denote statistical
significance (***p < 0.001). (I) Stacked bar graph of GPe cells under LA
and GA, depicting the relative portion of cells firing in different discharge
modes as classified by the algorithm of Kaneoke and Vitek (1996).

range (thin gray lines in Figure 5D)—which gave rise to a dis-
tinct peak in the mean corrected power spectrum at 3—4 Hz (thick
black line). The percentage of spikes participating in bursts was
considerably higher in cells displaying the aforementioned burst-
ing properties compared to the average burstiness of all GPi cells
(34.7 £ 13.7% vs. 11.9 & 11.7% for the whole sample). The aver-
age firing rate of these cells was not significantly different from
the average firing rate of non-oscillatory GPi neurons recorded
under LA, but lower compared to other oscillatory cells, that did
not display the described unique discharge characteristics.

OSCILLATORY ACTIVITY IN GP CELLS

As rhythmic neuronal activity in the GP has repeatedly been
proposed to have a role in the pathophysiology of dystonia, we
also assessed spike-train periodicity. Figure 6A (left and middle
panel) shows two cells recorded from the GPi of case 3 (opera-
tion under LA), that exhibited prominent oscillatory activity as
evidenced by spectral peaks in the theta-frequency range. The rel-
ative proportion of cells with significant peaks in their corrected
power spectra was about the same for all investigated cell types
and patient groups (GPi/LA, 20%; GPe/LA, 15%; GPi/GA, 16.3%;
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FIGURE 2 | Comparison of discharge rates and patterns of neurons (case 12). (C-H) Box and whisker plots of various discharge parameters.
under LA and GA in the GPi of CD patients. (A) Simultaneously recorded Conventions as in Figure 1. (1) Stacked bar graph of GPi cells under LA and
raw spike trains and LFP data from the ventral GP of case 7 (operation under GA, depicting the relative portion of cells firing in different discharge modes
LA). (B) Raw traces from two representative GPi neurons recorded under GA as classified by the algorithm of Kaneoke and Vitek (1996). (***p < 0.001).

GPe/GA, 26.3%; Border cells/LA, 19.5%; Border cells/GA, 20%). compared to cells without significant peaks in their corrected
The stacked-bar graph in Figure 6B provides their percent abun-  power spectra (GPi/LA, 80.4 & 30.2 Hz vs. 69.9 =+ 27.3 Hz, t-test,
dance relative to all neurons within a patient subsample for each p = 0.03; GPi/GA, 39.6 + 33.8Hz vs. 23.2 £+ 18.4Hz, Mann—
frequency band, as well as numbers of cells contributing to each ~ Whitney test, p = 0.02). In the GPe, however, average discharge
portion. Irrespective of anaesthesia conditions, theta-oscillatory rates of oscillatory and non-oscillatory cells were not signifi-
neurons constituted the largest fraction of cells with signifi- cantly different (GPe/LA, 50.8 £+ 31.9Hz vs. 52.4 + 26.7Hz,
cant spectral peaks within the GPi. Gamma-oscillatory units #-test, p = 0.81; GPe/GA, 15.3 £ 10.6Hz vs. 12.6 + 7.9Hz,
in the GPe were noticeably more prevalent under GA. In fact, Mann-Whitney test, p = 0.46). No significant differences were
strong oscillatory modulations at high frequencies were repeat- noticed in any sample between the burstiness of oscillatory cells
edly observed in the peri-burst time histograms of these cells and their non-oscillatory counterparts (Mann—Whitney tests, all
(see Figure 4C). Significant spectral peaks of border cells origi- p-values > 0.05).

nated from their rhythmic single cell spiking (see Figures 3A,B),

with peak frequencies roughly corresponding to their average SPIKE-SPIKE COHERENCE

discharge rates. In both the LA and GA sample, the average Pairwise coherence was investigated in a total of 126 simul-
firing rate of GPi oscillatory neurons was significantly higher taneously recorded spike train pairs. The majority of pallidal
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FIGURE 3 | Comparison of discharge rates and patterns of peri-pallidal and simultaneously recorded LFP from case 10 (GA surgery). (C-H) Box and
border cells in patients with CD. (A) Raw trace of a border cell recorded whisker plots of various discharge parameters. Conventions as in Figure 1.
together with a pallidal LFP near the intersection of GPe and GPi in a patient (1) Stacked bar graph of border cells under LA and GA, depicting the relative
operated under local anaesthesia (case b). Note the highly regular firing (CV, portion of cells firing in different discharge modes as classified by the
0.34) at intermediate frequency (mean firing rate, 26.2 Hz). (B) Border cell algorithm of Kaneoke and Vitek (1996).

unit pairs exhibited flat coherence spectra and cross-correlations.
The percentage of GPi cell pairs with significant peaks in the
coherence-spectra was not significantly different between LA
(10/41, 21.3%) and GA recordings (9/38, 23.7%, Fisher’s exact
test, p = 0.74). However, the proportion of significantly coherent
cell pairs in the GPe was significantly lower in LA (5/26, 19.2%)
than in GA recordings (7/21, 33.3%, Fisher’s exact test, p = 0.04).
Irrespective of anaesthesia and pallidal structure, significant peaks
in the spike-spike coherence spectra consistently occurred in
the theta-, beta-, and gamma frequency range. Figure 6A (right
panel) shows significant theta-coherence in a cell pair that was
simultaneously recorded in the GPi of case 3 and Figure 6C
provides numbers and relative portions of significant coher-
ence spectra between pallidal neurons for each frequency band.

Alpha-band coherence was restricted to recordings under GA
and related to propofol-associated alpha-spindling (not shown).
Spike-spike coherence in the gamma-band range was more preva-
lent in GPe than in GPi.

LFP POWER

Our pallidal LFP database of patients operated under LA com-
prised artifact-free recordings from >250 sites in 8 patients (aver-
age number of LFP recording sites per patient: 35 £ 23) located
within GPi and GPe, respectively. Power spectra of these record-
ings were compared to those derived from >100 LFP recordings
under GA in 3 patients (average number of LFP recording sites
per patient: 40 + 27) from each pallidal structure (Figure 7).
Power spectra of both GPe and GPi recordings under LA were
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differ from those recorded during awake surgery. Representative
examples of peri-burst analyses for neurons recorded from the GPe (A,C)
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(aligned on burst onset). Bottom panels show mean peri-burst time
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mean comparison of burst characteristics for GPe (E) and GPi (F)
populations recorded under the two different anaesthesia conditions. Mean
peri-burst time histograms (mean + s.e.m.) illustrate longer burst durations
under GA for both structures. The pre-burst notch is more pronounced in
recordings under LA. Black rectangles above the histograms indicate
regions of significance (unpaired t-tests, p < 0.05, bin-by-bin assessment of
LA and GA peri-burst population averages, bin size = 5ms).

dominated by a peak in the theta-frequency range (peak fre-
quency ~7 Hz). As Figures 7A,C illustrate, LFP power under GA
also peaked in the theta range in both pallidal subdivisions, albeit
with higher peak power and a peak frequency shift toward lower
frequencies. When meaning all GPi—LFPs for individual patients,
each patient displayed a main low-frequency peak between 2

and 8 Hz in the power spectrum (not shown). A second distinct
spectral peak in the alpha—frequency range was recognizable
in 7 out of 9 pallida of patients operated under LA. The GA
group generally exhibited significantly more delta but less alpha
power compared to LA in both GPe and GPi (Figures 7B,D).
Due to a more pronounced peak frequency shift of GPe spectral
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FIGURE 5 | A subset of theta-oscillatory GPi cells recorded in LA
exhibited unique bursting properties. (A) Raw trace of a neuron
recorded in the GPi of case 8 (operation under LA). Note the strong
periodicity, the acceleration-deceleration spiking pattern and progressive
spike amplitude reduction within bursts. Sub-panel shows a single burst
on an expanded time-scale. (B) The acceleration-deceleration pattern
resulted in a parabolic-like shape when ISI duration was plotted as a
function of position within the burst (ISI ordinal). Pooled data from all
bursts that were recorded from the visualized neuron, with alignment at
the position of the last spike in a burst. Note the reduced variability in
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the fine structure of the burst during the acceleration phase. Mean firing
rate of this unit was 83.3Hz and 43.8% of spikes participated in bursts
with a Surprise value >5. (C) Population average of mean peri-burst
discharge rate (£s.e.m.) for all neurons (n =6, from six different patients)
that exhibited the same bursting properties with an
acceleration-deceleration pattern as in (B). Firing rates were normalized
by each neuron's average discharge rate between —300 and —100ms
before burst onset. (D) Mean (thick black line) and individual (gray line)
normalized power spectra of the same cells as in (C). All neurons had
significant theta peaks in their corrected power spectra.

power under GA, beta but not theta power was significantly lower
compared to GPe-LFP power under LA. In contrast, GPi theta
power was significantly higher in awake patients compared to
patients operated under GA. When comparing the spectral pro-
file of GPe vs. GPi within the LA patient group, significant power
differences were found in two frequency ranges. While theta
LFP power was significantly higher within GPi (Mann—Whitney
test, Bonferroni-corrected p < 0.0001), alpha power was signif-
icantly higher within GPe (Mann—Whitney test, p = 0.02 after
Bonferroni correction).

LFP-LFP COHERENCE

When comparing simultaneously recorded sites within GPi and
GPe, respectively, peak LFP-coherence (with values >0.7) con-
sistently occurred at low frequencies <10 Hz. The magnitude of
LFP coherence under GA was generally lower compared to LA
across the whole frequency spectrum in both pallidal structures
(Figures 8A,C). However, when band-specific LFP-LFP coher-
ence was assessed statistically, significant differences between the
two anaesthesia conditions were confined to the region of the GPi.

Here, theta-, alpha-, and gamma coherence were significantly
higher for LA compared to GA recordings (Figure 8D; Mann—
Whitney tests, Bonferroni-corrected p-values = 0.003, 0.005,
and <0.001, respectively). In contrast, no significant differences
in LFP coherence between LA and GA were observed within
GPe (Figure 8B). When comparing the magnitude of LFP-LFP
coherence between GPe and GPi in patients operated under LA,
no significant differences were observed in any frequency band.
The only significant difference in LFP coherence under GA was
detected in the gamma frequency range, which was significantly
higher in GPe compared to GPi (Mann—Whitney test, p-value
after Bonferroni-correction = 0.004).

PHASE-AMPLITUDE COUPLING IN PALLIDAL LFPs

After having confirmed the presence of a dominant theta-rhythm
in both power and coherence of pallidal LFPs, we wanted to
know whether low-frequency phase and high-frequency ampli-
tude of different LFP rhythms are coupled. To this end, we
used the method of Canolty et al. (2006) and scanned a broad
range of phase—amplitude pairs—each created by extracting
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panel) Log plots of estimated power spectra for two simultaneously recorded band. (C) The stacked bar graph depicts for each frequency band number of
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Coherence estimate. The horizontal dashed line gives the estimated upper Therefore, the sum of all relative portions may exceed 100% for a given
95% confidence limit. (B) Stacked bar graph illustrating absolute numbers subsample.

phase information from a lower and amplitude from a higher
frequency band—for the presence of significant co-modulation.
The pseudocolor plots in Figure 9 depict grand averages of z-
scored modulation indices across all patient populations and
pallidal substructures, respectively. Only statistically significant
values (Bonferroni-corrected z-score > 4) of cross-frequency
phase—amplitude coupling are shown. Our analysis revealed
especially strong theta-phase modulation (peaking at 3-7 Hz)
of the lower gamma-band (peaking at ~40Hz) in the GPj,
but also in the GPe of patients operated under LA. Moreover,
high gamma amplitude (>125Hz) was modulated by the
phase of oscillatory activity in the upper theta/lower alpha
frequency range. Interestingly, the latter theta/alpha-to-high-
gamma comodulation was also observed in both GPe and GPi
in recordings under GA. In contrast, theta-low gamma cou-
pling was noticeably less expressed or absent in the GPi under
GA. Instead, we observed substantial delta-phase modulation
of oscillations in the beta-frequency (20-30 Hz) range. No dif-
ference in the phase—amplitude coupling pattern was found
between ipsi- and contralateral recordings for any structure or
condition.

SPIKE-FIELD COHERENCE

SFC between LFPs and pallidal single unit activity was generally
small and tended to disappear in the relatively high variance of
the estimate. Estimating phase-coupling between spikes and LFPs
with the pairwise phase consistency method of Vinck et al. (2010)
produced essentially the same results, indicating that local spik-
ing activity is not locked to global pallidal population oscillations
picked up at distant sites.

CORRELATION OF ELECTROPHYSIOLOGICAL RECORDINGS WITH
DEMOGRAPHIC AND CLINICAL VARIABLES

As illustrated in Figure 10A, a significant positive correla-
tion was observed (Spearman’s rho 0.78, p = 0.017) between
patient’s age and internal pallidal firing rate (both hemi-
spheres pooled). Age and GPe discharge rate were not correlated
(Spearman’s rho 0.12, p = 0.776). A significant negative corre-
lation was observed between disease duration and GPi firing
rate (Spearman’s rtho —0.7, p = 0.043; not shown). However,
an even stronger negative correlation was found between dis-
ease duration and external pallidal discharge rate (Spearman’s
rho —0.81, p =0.011; Figure 10B). We then wanted to test
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is 1-80 Hz. (B,D) Frequency-band specific comparisons of relative LFP power
between LA (open bars) and GA (filled bars) in GPe (B) and GPi (D). Asterisks
indicate significant differences (**p < 0.01; ***p < 0.001 after Bonferroni
correction).

whether the proportion of lifetime encumbered with CD also cor-
related with pallidal discharge rates. Therefore, we normalized
the duration of CD symptoms to age at surgery by calculating
the ratio: CD duration/age at surgery (Lumsden et al., 2013).
While the correlation of this ratio and GPe rate missed statisti-
cal significance (Spearman’s rho —0.62, p = 0.085), a significant
negative correlation with internal pallidal discharge rate was
found (Spearman’s rho —0.72, p = 0.037). No significant cor-
relation was found between patient’s age and disease duration
(Spearman’s rho —0.29, p = 0.46) or torticollis symptom severity,
respectively, (Spearman’s tho —0.07, p = 0.843).

LATERALIZED DIFFERENCES

In patients with surgery in LA, from 3 to 22 GPi neurons were
isolated per hemisphere (mean, 12 + 5 neurons) and 5 or more
units were obtained in 16/18 hemispheres. This allowed us to per-
form meaningful individual comparisons of discharge parameters
between the two sides in most patients.

To better understand the relation between pallidal outflow and
the asymmetric clinical manifestation of CD, we assessed possi-
ble lateralized differences in relation to the direction of head turn
(chin direction) in patients with torticollis. In the 8 patients of
the LA group with significant head turn, the population aver-
age of GPi discharge rates ipsilateral to the side of head turn

(n =99) was significantly higher compared to the contralateral
side (74.8 £ 27.3 vs. 67.9 £ 27.5Hz (n = 99), Mann—Whitney
test, p = 0.04, Figure 11A). When this comparison was done for
each patient individually, it was noted that ipsilateral discharge
rates were always slightly higher than contralateral, but lateral-
ized differences only reached statistical trend level in 3/8 patients
(Figure 11B). In order to control for spurious side-to-side dif-
ferences, we also performed a comparison between neurons
recorded in the left (n = 120) and right (n = 100) GPi, respec-
tively. Average discharge rates did not differ (unpaired ¢-test,
p = 0.7). When the interhemispheric comparison was done for
GPi cells recorded from anaesthetized patients, no significant dif-
ference in firing rate was found between the two sides [ipsilateral
(n=53) 25.6 & 19 vs. contralateral (n = 76) 26.2 + 24.4Hz;
Mann—Whitney test, p = 0.9]. Having observed that side-to-side
difference were present under LA, but not GA, we then wanted
to test whether these lateralized differences are a feature of the
whole pallidal axis, including the GPe. Notably, when compar-
ing mean firing rates of GPe neurons ipsilateral (n = 54) and
contralateral (n = 79) to chin direction in the LA group, no sig-
nificant interhemispheric difference was found (Mann—Whitney
test, p = 0.5)—suggesting that the described discharge asymme-
try in our patients was confined to the level of basal ganglia output
neurons in the GPi. Peak firing rate and descriptors of firing
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patterns showed no side-to-side difference, neither in the LA
group (Mann—Whitney tests; peak firing rate, p = 0.3; CV (ISI),
p=0.1; CV2 (ISI), p = 0.5; participation of spikes in bursts,
p = 0.4; Burst index, p = 0.9) nor in patients with GA. Likewise,
no significant difference in any other GPe discharge parameter
was found between the two sides. In patients with significant head
turning that were operated under LA, the number of GPi neurons
with significant spectral peaks showed no lateralized difference
(ipsilateral n = 26/contralateral n = 28). Because the presence of
dystonic head tremor could influence pallidal neuronal activity
(Raz et al., 2000), we wondered whether tremor-related inho-
mogenieties in our patient sample could partially explain some
of our results. Noticeably, the mean neuronal firing rate of GPi
cells between tremulous vs. non-tremulous CD patients operated
under LA was not significantly different (Mann—Whitney test;
p=0.6).

Subsequently, we addressed the question whether similar lat-
eralized differences might be observed in LFPs recorded from
the GPi. The power spectral profiles of LFPs recorded from
hemispheres ipsilateral and contralateral to the side of head turn-
ing were largely similar and both dominated by a distinct peak
in the 4-9 Hz range (Figure 11C). After Bonferroni correction
for multiple comparisons, significant band-specific differences
were found for two frequency ranges: While alpha-power was

significantly higher in the ipsilateral GPi (Mann—Whitney test,
p = 0.0028), power in the gamma-frequency range was signifi-
cantly higher in the GPi contralateral to the side of chin direction
(Mann—Whitney test, p < 0.0001). Side-specific assessment of
LFP-LFP coherence revealed strongly coherent GPi—LFP signals
in both hemispheres across a broad range of frequencies. Beta-
band LFP coherence within the GPi ipsilateral to the side of
chin rotation was significantly higher compared to the oppo-
site side (Figure 11D; Mann—Whitney test, Bonferroni-corrected
p-value = 0.04).

CORRELATION WITH DISEASE SEVERITY (TWSTR SEVERITY SCORE)
Mean discharge rate of GPi cells pooled from both hemispheres
was not correlated with torticollis severity (Spearman’s rho 0.37,
p = 0.4). Noticeably, for neurons recorded from the GPi ipsi-
lateral to head turn, there was a significant correlation with the
severity of dystonic symptoms (Figure 12; Spearman’s rho 0.775,
p=0.04). In contrast, no significant relationship was found
between contralateral GPi firing rate and TWSTR severity score
(Spearman’s rho 0.406, p = 0.4).

DISCUSSION

The principal findings of the current study were that lateral-
ized differences of mean GPi discharge rates—depending on the
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FIGURE 9 | Phase-amplitude coupling in the GP of CD patients differs
between LA and GA. All panels depict grand averages across subjects and
show values of z-scored modulation indices that reached statistical
significance (Bonferroni-corrected z-score > 4). Co-modulograms of both
GPe- (A) and GPi-LFPs (C) under LA revealed strong cross-frequency
coupling between theta phase and amplitude in the lower gamma band.
Under GA, this theta—gamma co-modulation was shifted toward higher
frequencies for both phase and amplitude in the GPe (B) and was
completely absent in the GPi (D). A significant cross-frequency interaction
between alpha-phase and amplitude in the higher gamma range was
observed in both structures and under both anaesthetic modalities.

direction of head excursion—exist in patients with CD. Mean
GPi discharge ipsilateral to the side of head turning was higher
than contralateral and correlated with torticollis symptom sever-
ity. Lateralized differences were absent in recordings from patients
operated under GA. Mean GPe discharge rate was lower than in
GPi and was inversely correlated with disease duration. Another
key finding of our study was that the GPi of CD patients com-
prised a subpopulation of theta-oscillatory cells with unique
bursting characteristics. Power and coherence of ongoing GPe
and GPi LFPs were dominated by a theta peak and also exhib-
ited band-specific interhemispheric differences. Cross-frequency
coupling of low-gamma amplitude to theta phase was especially
pronounced in pallidal LFPs recorded under LA. Finally, single
cell spiking was not locked to global pallidal LFP oscillations
recorded at distant sites.

FIRING RATES IN GPe AND GPi

Previous studies in CD (Tang et al., 2007) or other forms of dysto-
nia (Merello et al., 2004; Starr et al., 2005) have reported parity in
discharge rates between pallidal compartments, corresponding to
a calculated ratio of GPe:GPi firing frequency (Obeso et al., 1997)
close to 1. This ratio was 0.73 in our study, which is in-between
the generally lower values (~0.6) reported for this ratio in PD
(Starr et al., 2005; Tang et al., 2007) and GPe:GPi firing frequency
ratios of ~0.8-1 in recordings from healthy primates (Starr et al.,
2005; Elias et al., 2008; Erez et al., 2011).

In our study, the mean firing rate of GPi neurons pooled from
both hemispheres of awake CD patients was 72 Hz. This is in
excellent agreement with the mean rate of 71 Hz that was reported
by the only available study investigating pallidal discharges in a
cohort of CD patients (Tang et al., 2007). Thus, internal pall-
idal discharge rates of CD patients are grosso modo similar to
those being reported for healthy nonhuman primates (Filion and
Tremblay, 1991; Wichmann et al., 2002; Starr et al., 2005; Elias
etal., 2008; Erez et al., 2011) but considerably higher compared to
the generally low GPi rates reported for patients with other types
of dystonia, in particular generalized forms (Vitek et al., 1999;
Sanghera et al., 2003; Merello et al., 2004; Starr et al., 2005; Zittel
et al., 2009).

Contrasting with the report of Tang et al. (2007), firing rates
of neurons in the GPe (mean rate, 52 Hz) in our study were
significantly lower than in GPi but also lower compared to the
mean rates of ~65Hz that are typically found in the GPe of
healthy monkeys (Wichmann et al., 2002; Starr et al., 2005; Elias
et al., 2008; Erez et al., 2011). Instead, average GPe rates were
in the same range as values reported for patients suffering from
Parkinson’s disease (Favre et al., 1999; Starr et al., 2005; Tang et al.,
2007). Consistent with the finding of higher than normal firing
rates of STN neurons in patients with CD and segmental dystonia
(Schrock et al., 2009), this finding suggests that—similar to PD—
the indirect pathway is also overactive in CD. Taken together, our
finding of decreased firing rates in GPe—but close to normal rates
in GPi—could be explained by dual hyperactivation of both the
direct and indirect pathways in our CD patients, which is also
in accordance with a current model of dystonia (Vitek, 2002):
While excess direct pathway gain will decrease GPi activity, over-
activation of the indirect pathway will increase GPi activity (via
weakened inhibitory inputs from GPe and disinhibited excitatory
projections from STN). The net result may be no change in GPi
activity.

INFLUENCE OF ANAESTHETIC MODALITY ON PALLIDAL ACTIVITY IN CD
It has long been known that pallidal neuronal activity in patients
with dystonia is severely affected by propofol (Hutchison et al.,
2003), which is the most frequently used anaesthetic in surgery for
movement disorders. However, these observations were mainly
made in patients suffering from generalized dystonia, where GA
is frequently employed due to severity of symptoms. Our results
confirm the notion of a propofol-related reduction in pallidal fir-
ing rates in conjunction with profound discharge pattern changes
toward slow non-oscillatory bursting, and extend it to a homo-
geneous patient sample with a focal manifestation of dystonia.
To the best of our knowledge, firing rates and -patterns of pal-
lidal border cells have hitherto not been reported in patients
with CD. Unlike pallidal neurons, discharge parameters of bor-
der cells showed no differences between LA and GA and were
comparable to recordings from healthy primates (Bezard et al.,
2001). Both observations are consistent with previous research
in patients with generalized dystonia (Hutchison et al., 2003),
suggesting that spontaneous border cell activity is unaffected in
different types of dystonia and not strongly affected by propofol
anaesthesia. The reported differences in firing rates and bursting
characteristics between the two anaesthetic modalities may aid
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FIGURE 12 | Ipsilateral, but not contralateral, GPi firing rates of awake
patients showed a significant positive correlation with torticollis
symptom severity. Each data point represents collapsed averaged firing
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(filled circles) for each patient. Torticollis severity was assessed using the
severity subscale of the Toronto Western Spasmodic Torticollis Rating Scale
(maximum score = 35).

future microelectrode-guided mappings of the pallidal region in
DBS surgery for CD, especially when performed under GA with
propofol and remifentanil.

CORRELATION OF PALLIDAL DISCHARGE PARAMETERS WITH CLINICAL
VARIABLES

In addition to these findings, we found a series of significant
correlations of pallidal discharge characteristics with clinical and
demographic variables in our dataset, which have not been pre-
viously reported. In our dataset, patient’s age was positively
correlated with internal pallidal discharge rates of awake CD
patients. This may be of interest because neuronal activity of
dystonia patients is typically compared to data derived from
Parkinson’s disease patients (Silberstein et al., 2003; Starr et al.,
2005; Tang et al., 2007), a patient group that is on average con-
siderably older. Thus, inferences made based on differences in
neuronal firing rate between different patient groups should take
this possible bias into account. GPi and GPe firing rates were
both negatively correlated with disease duration, suggesting that
the dual hyperactivation of direct and indirect pathways (Vitek
et al,, 1999) is strongest in patients with a long history of CD
symptoms.

Age at surgery and disease duration have repeatedly been
identified as predictors of surgical outcome in patients with
generalized dystonia treated with GPi-DBS (Isaias et al., 2008;
Valldeoriola et al., 2010). However, data regarding predictors of
surgical outcome in patients with CD are conflicting. While one
study reported better surgical outcomes in patients with shorter
disease duration (Yamada et al., 2013), another found no evidence
for any such correlation (Witt et al., 2013). We also observed a sig-
nificant negative correlation between the proportion of life lived
with CD and firing rates in the GPi. Future studies should test
whether response to pallidal DBS in CD depends on this mea-
sure, as has been demonstrated for childhood dystonia (Lumsden
et al., 2013).

LATERALIZED DIFFERENCES

Perhaps the most surprising observation of the present study was
the finding of significant interhemispheric differences of pallidal
outflow in relation to the clinically determined head excursions.
The discharge rate of neurons located within the GPi ipsilateral to
the side of head turn were significantly higher compared to their
contralateral counterpart. This asymmetry was absent under GA
and not observed in the GPe of awake patients. In conjunction
with lines of evidence from our rate analysis in GPe and GPi (see
above), our finding of imbalanced GPi rates suggests that on top
of a symmetrical overactivation of indirect pathways, an asym-
metric overactivation of the direct pathway activities may play a
role in CD. How could this firing rate asymmetry be significant to
the pathophysiology of CD? Lateralized inhibitory outflow from
the GPi would lead to unbalanced activation of thalamo-cortical
modules and/or brain stem centers and result in uncontrollable
activation of neck muscles on one side—thus, contributing to
the asymmetric clinical manifestation of CD. While the observed
absolute side-to-side difference was moderate (~7 Hz), network
modeling studies have suggested that comparably small firing rate
changes in a population of noisy or irregularly firing neurons
may translate into larger changes in the activity of downstream
neurons (Adair, 2001).

However, lateralized differences in individual patients reached
non-significant trend levels at best, suggesting that large numbers
of recordings may be required to detect this firing rate differ-
ence at the single-subject level. In conjunction with a possible
undersampling of the neck-representing pallidal territory that is
involved in CD, this might also explain differences between our
findings and that of a previous investigation on pallidal physiol-
ogy reporting the absence of side differences in CD patients (Tang
et al., 2007).

A possible link between imbalanced pallidal outflow and the
asymmetric manifestation of CD symptoms might also influence
the surgical approach, e.g., the selection of the side for DBS in uni-
lateral interventions or staged bilateral procedures. The question
of therapeutic dominance of one GPi is undecided (Walsh et al.,
2013). There are conflicting reports of beneficial effects on CD
symptoms of GPi surgery both ipsilateral (Islekel et al., 1999; Moll
et al., 2008; Torres et al., 2010) and contralateral (Kavaklis et al.,
1992; Escamilla-Sevilla et al., 2002) to the side of head devia-
tion. Our finding of a significant correlation between ipsi- but not
contralateral GPi discharge rates and torticollis symptom severity
may provide support for the view that the striato-pallidal sys-
tem with less over activity along the direct pathway (i.e., the GPi
ipsilateral to the direction of head turn) could be an important
determinant in the pathophysiology of CD.

It is noteworthy that, in contrast to bursting or oscillation
spike train properties, ipsilateral GPi discharge rate was the only
neuronal activity parameter that correlated significantly with tor-
ticollis severity in our study. This is in agreement with a similar
observation from a pallidal physiology study in patients with phe-
notypically and etiologically diverse types of isolated dystonia
(Starr et al., 2005) and suggests that information relevant to dis-
ease severity in dystonia may primarily be encoded in rate, rather
than pattern of pallidal discharges. However, it is important to
note that Starr et al. (2005) found an inverse relationship between
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GPi rate and baseline dystonia severity score, while GPi rates were
positively correlated with severity of neck affection in our CD
patients, as assessed by a focal dystonia rating scale (TWSTRS).

SINGLE CELL OSCILLATIONS AND COHERENCE OF NEURON PAIRS

The proportion of significantly oscillatory cells (15-30%) in our
study is in the same range as previously reported for patients
with different types of isolated dystonia (Starr et al., 2005), but
contrasts with a lower incidence of occurrence reported for CD
patients (Tang et al., 2007). Single cell oscillations in the theta fre-
quency range were consistently found in both pallidal divisions
and under both anaesthetic modalities, which is in line with pre-
vious observations reporting pronounced low-frequency oscilla-
tory activity in pallidal neurons of awake dystonia patients (Starr
etal., 2005). In addition, we observed significant oscillatory activ-
ity of neuronal discharges in the beta- and gamma- frequency
range. Higher frequency oscillations were particularly expressed
within burst firing of GPe neurons under GA. Furthermore, our
study provides evidence for the existence of oscillatory long-range
synchrony between distant (~2 mm) pallidal neurons, which—to
the best of our knowledge—has not been reported before (Tang
et al., 2007). Interestingly, both oscillatory single cell firing and
coherence in the alpha- frequency range was restricted to record-
ings under GA. This suggests a frequency-specific modulation of
neuronal activity related to anaesthesia, such as propofol- related
spindling.

GPi HIGH FREQUENCY BURSTERS IN CD OSCILLATE AT THETA-
FREQUENCIES

A subpopulation of neurons in the GPi of patients with
Parkinson’s disease exhibiting a unique type of neuronal discharge
was first described by Taha et al. (1997), who coined the term
“GPi tonic-burster” for units combining discharge characteristics
of two presumably different cell types that are regularly encoun-
tered in recordings from the rodent and primate GPe (Delong,
1971; Bugaysen et al., 2010; Benhamou et al., 2012). On the one
hand, these cells share a tonic level of high frequency discharges
with neurons called high frequency pausers (HF-P). On the other
hand, some specific burst characteristics of GPi tonic bursters
(high intraburst frequencies, progressive spike amplitude reduc-
tion) are similar to those of low-frequency bursters (LF-B). In
conjunction with other lines of evidence (Taha et al., 1997; Chan
et al., 2011), our results suggest that one striking feature of GPi
tonic bursters is their robust rhythmicity. Taking this into account
and to comply with the classic terminology introduced by DeLong
(Delong, 1971), we propose that these cells may be termed oscil-
latory high-frequency bursters (OHF-B). All recorded OHF-B
neurons had a unique burst structure. Each burst had a stereotyp-
ical acceleration-deceleration pattern, i.e., intraburst ISI reached
a minimum midway through and became progressively longer
toward the end of each burst. Together with the periodic tran-
sitions between bursting and quiescence, this peculiar discharge
characteristic is reminiscent of “parabolic bursting” (Ermentrout
and Kopell, 1986), referring to the parabola-like appearance ISI
sequences in a burst (for an example, see Figure 5B). It is inter-
esting to note that the peak oscillation frequencies of OHF-B
discharges in CD and PD are markedly different. While OHF-B

cells in CD patients peaked in the theta range, their oscilla-
tion frequency in patients suffering from Parkinson’s disease
was confined to the alpha- frequency range (Chan et al., 2011).
In any case, oscillation periods of individual OHF-B cells were
remarkably robust. Although sparsely distributed, it is there-
fore, conceivable that OHF-B cells represent a distinct class of
pacemaker-neurons in the GPi. Their rhythmic bursting may be
involved in the generation and/or maintenance of a steady net-
work rhythm in larger neuronal populations, similar to “hub
neurons” orchestrating widespread synchronization in develop-
ing networks (Bonifazi et al., 2009). It is of interest that only
two of the patients where OHF-B cells were recorded, had head
tremor. Therefore, this set of neurons is unlikely to represent true
tremor cells (which drive head tremor or are driven by proprio-
ceptive feedback from tremulous muscle movements). Moreover,
it is unlikely that OHF-B properties are related to injury discharge
or other recording instabilities because the average recording
duration of stable activity from these cells was 79 & 55.

LOW-FREQUENCY RHYTHMICITY IN PALLIDAL LOCAL FIELD
POTENTIALS

In our study, GPi-LFPs of awake CD patients had dominant
spectral components at low frequencies (<10Hz), adding to
the existing evidence that increased oscillatory activity in the
extended theta/alpha- frequency range is a prominent feature of
LFPs recorded in the GPi of patients with different types of dys-
tonia (Silberstein et al., 2003; Chen et al., 2006b; Liu et al., 2006),
including CD (Lee and Kiss, 2013).

To our knowledge GPe-LFPs have not been reported in CD.
Our data show that strong low-frequency oscillations also are car-
dinal features of LFPs recorded from the GPe in CD patients.
Furthermore, this study also ext