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Abstract
Dystonia is a neurological disorder characterized by sustained or repetitive involuntary muscle
contractions and abnormal postures. To understand the pathophysiology of dystonia,
neurophysiological analyses were performed on hyperkinetic transgenic mice generated as a model
of DYT1 dystonia. Abnormal muscle activity, such as co-activation of agonist and antagonist muscles
and sustained muscle activation, was frequently observed in these mice. Recording of neuronal
activity in awake state revealed reduced spontaneous activity with bursts and pauses in both the
external and internal segments of the globus pallidus. Motor cortical stimulation evoked responses
composed of excitation and subsequent long-lasting inhibition in both pallidal segments, which were
never observed in the normal mice. In addition, the somatotopic arrangements in both pallidal
segments were disorganized. Long-lasting inhibition induced by cortical inputs in the internal pallidal
segment may disinhibit thalamic and cortical activity, resulting in the motor hyperactivity observed
in the transgenic mice.
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INTRODUCTION
Dystonia is a neurological disorder characterized by sustained or repetitive involuntary muscle
contractions and abnormal postures (Bressman 2004; Fahn et al. 1988; Fahn et al. 1998). The
pathophysiology of dystonia is poorly understood, and no consistent histopathological or
biochemical changes associated with it have yet been detected. On the other hand, the internal
(GPi) and external (GPe) segments of the globus pallidus have been discovered to exhibit
decreased and bursting activity during stereotaxic surgery for deep brain stimulation (Lenz et
al. 1998; Starr et al. 2005; Tang et al. 2007; Vitek et al. 1999; Vitek 2002; Zhuang et al.
2004).

Early-onset torsion dystonia, the most common type of primary generalized dystonia, is
inherited in an autosomal dominant manner with a penetrance of 30−40% (Kramer et al.
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1988; Ozelius et al. 1997a). This dystonia is caused by a three-base pair (GAG) deletion in the
DYT1 gene on chromosome 9q34, resulting in loss of a glutamic acid residue (ΔE) in the
torsinA protein (Ozelius et al. 1997b). Recently, Shashidharan et al. (2005) generated a
transgenic mouse model by overexpression of human ΔE-torsinA using a neuron-specific
enolase promoter. These transgenic mice developed hyperkinesia and rapid bidirectional
circling. They also exhibited abnormal involuntary movements with dystonic-appearing self-
clasping of limbs and head-shaking. However, other mouse models have failed to exhibit such
severe symptoms (Sharma et al. 2005; Dang et al. 2005, 2006; Grundmann et al. 2007; Zhao
et al. 2008).

We therefore further examined the hyperkinesia and dystonic-like abnormal movements in this
model by electrophysiological methods in the present study. We first tested whether the
transgenic mice share electrophysiological features with human dystonia by recording of the
electromyogram (EMG) and neuronal activity. We focused on activity in the GPi and GPe,
two important nuclei in the basal ganglia circuitry, since activity change in these nuclei has
been reported in human patients. Neuronal activity was recorded in the awake state to exclude
effects of general anesthesia on neuronal firing rates and patterns (Bergstom et al. 1984; Keane
and Biziere 1987; Löscher et al. 1995). We then investigated the responses of GPi and GPe
neurons evoked by cortical stimulation to elucidate the neural mechanisms underlying the
symptoms exhibited by the transgenic mice. Motor cortical stimulation typically induces
triphasic responses composed of early excitation, inhibition, and late excitation in GPi and GPe
neurons of normal monkeys and rodents (Nambu et al. 1990, 2000; Yoshida et al. 1993; Chiken
and Tokuno 2003). The origin of each component has been identified, with amplitudes and
durations reflecting activity of the corresponding basal ganglia pathways and nuclei. Moreover,
in voluntary movements, activity originating in the cortex is transmitted through the basal
ganglia circuitry and finally reaches the output station of the basal ganglia, i.e., GPi. Cortical
stimulation can mimic information processing through the basal ganglia circuitry (Nambu et
al. 2002; Tachibana et al. 2008) . We then discuss the pathophysiology of dystonia based on
our electrophysiological findings.

METHODS
Six transgenic mice (Shashidharan et al., 2005) from 5 to 28 weeks of age were used in the
present study. Since approximately 40% of the transgenic mice displayed dystonic-like
behavior, only mice exhibiting such abnormalities on behavioral testing following genotype
analyses were used in this study. We also used six age-matched wild-type mice as a control
group. The experimental protocols were approved by the Animal Care and Use Committees
of the Mount Sinai School of Medicine and the Okazaki Organization of National Institutes,
and all experiments were conducted according to the guidelines of the National Institutes of
Health Guide for Care and Use of Laboratory Animals. Prior to experiments, the mice were
trained daily to acquaint them with handling by humans.

Surgery
The head of the mouse was painlessly fixed in a stereotaxic apparatus while awake based on
the method described by Yasoshima et al. (2005). Similar methods are usually used in recording
neuronal activity from behaving monkeys. Each mouse was anesthetized with ketamine
hydrochloride (100 mg/kg body weight, i.p.) and xylazine hydrochloride (4−5 mg/kg, i.p.), and
fixed in a conventional stereotaxic apparatus. The skull was widely exposed, and 10 small
stainless screws (0.5 mm in diameter) were attached to the skull as anchors. The exposed skull
and screws were completely covered with transparent acrylic resin, and then a small U-frame
made of acetal resin for head fixation was mounted and fixed on the head of the mouse.
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In three transgenic and three normal mice, bipolar wire electrodes (tip distance, 1−2 mm) made
of 125-μm-diam Teflon-coated multi-stranded stainless wire (A-M Systems Inc., WA) were
implanted in the triceps and biceps brachii muscles to record EMG activity. Wires were passed
subcutaneously and connected to connectors attached to the U-frame. Antibiotics and
analgesics were injected (i.m.) after surgery.

After recovery from the first surgery (two or three days later), the mouse was positioned in a
stereotaxic apparatus with its head restrained using the U-frame head holder under light
anesthesia with ketamine hydrochloride (30−50 mg/kg i.p.). A part of the skull in one
hemisphere was removed to access the motor cortex, GPi, and GPe (classically termed the
entopeduncular nucleus and globus pallidus in rodents, respectively). Large caudal and small
rostral forelimb regions of the motor cortex have been reported in rats, corresponding to the
primary and secondary motor cortices, respectively (Neafsey and Sievert 1982, Neafsey et al.
1986, Rouiller et al. 1993, Liang et al 1993). We inserted two pairs of bipolar stimulating
electrodes (tip distance, 300−400 μm) made of 50-μm-diam Teflon-coated tungsten wires into
the motor cortex, one into the caudal forelimb region and the other into the orofacial region.
These regions were confirmed by observation of body part movements evoked by intracortical
microstimulation (ICMS; train of 10 pulses at 333 Hz, 200 μs duration, up to 30 μA).
Stimulating electrodes were then fixed therein using acrylic resin.

Recording of activity of pallidal neurons
After full recovery from the second surgery, the mouse was positioned in a stereotaxic
apparatus with its head restrained using the U-frame head holder in the awake state. For single
unit recording of GPi and GPe neurons, a glass-coated Elgiloy-alloy microelectrode (0.8
−1.5MΩ at 1 kHz) was inserted perpendicularly into the brain through the dura mater using a
hydraulic microdrive (Narishige Scientific Instrument, Tokyo) with local application of
lidocaine on the dura mater for anesthesia. The target area was 1.1−1.4 mm posterior and 1.4
−2.2 mm lateral to bregma for the GPi, and 0.3−0.8 mm posterior and 1.6−2.4 mm lateral for
the GPe (Paxinos and Franklin 2001). Signals from the electrode were amplified and filtered
(0.2−5 kHz). The GPi and GPe were identified by the depth profile of the microelectrode
penetrations and their sustained spontaneous firing. Waveforms of the action potentials were
continuously monitored with an oscilloscope. Unit activity was isolated and converted to digital
pulses using a homemade time-amplitude window discriminator. Then the digital pulses were
sampled at 2 kHz using a computer. Spontaneous discharges and responses to the cortical
electrical stimulation (200 μs duration single pulse, 20−50 μA strength) through the electrode
implanted in motor cortex were recorded. EMG activity was also amplified, filtered (0.25 −
1.5 kHz), and sampled at 20 kHz using a computer.

Data analysis
Spontaneous discharge rates, interspike intervals (ISIs), and autocorrelograms (bin width of
0.5 ms) of the neurons were calculated from continuous digitized recordings for 30 s. Firing
patterns of recorded neurons were classified into three types: regular, bursting, and irregular
non-bursting.

Whether a firing pattern was regular was judged by autocorrelograms. The mean and standard
deviation (SD) of autocorrelation coefficients between 0.9 and 1.0 s (200 bins), which were
sufficiently far after time 0, were calculated as control values because the autocorrelogram was
flat during this period. Peaks and troughs of autocorrelation were judged significant if the
coefficient during at least two consecutive bins (1 ms) exceeded the confidence limits (p <
0.005, one-tailed t-test, Abeles 1982; Karmon and Bergman 1993; Tachibana et al. 2008). The
firing pattern of neurons was judged to be regular if at least two cycles, consisting of a pair of
the significant peak and trough, were observed.
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Bursts were detected by the “Poisson surprise” method (Legendy and Salcman 1985; Aldridge
and Gilman 1991; Wichmann and Soares, 2006). It was assumed that spikes in a certain interval
followed a Poisson distribution. This method calculated the probability (P) that a given spike
train would be found. First, three spikes trains shorter than the mean ISIs in the normal mice
(i.e., GPi, 19.8 ms; GPe, 18.3 ms) were detected. The Poisson surprise value, which is defined
as −log10 P, was maximized by adding additional intervals after the initial interval or deleting
first intervals from the initial interval. The spike train was judged to be a burst if it included at
least three spikes and if its surprise value was greater than 3.0. We judged the firing pattern of
a neuron to be bursting when at least two bursts were observed in 30 s of data. Distribution of
numbers of bursts is shown in supplemental Fig. 1A and C, and the cutoff value of two bursts
in 30 s was arbitrary determined. The firing pattern of the neurons was judged to be irregular
non-bursting if firing was neither regular nor bursting.

Pauses of spikes were detected using the method of Elias et al. (2007), whose principles are
similar to the algorithm for surprise burst detection described above (Legendy and Salcman
1985). First, ISIs longer than 250 ms were detected in the spike train. The Poisson surprise
value was maximized by adding additional intervals (less than five) before or after the initial
interval. The final interval was considered a pause if its interval was longer than 300 ms and
if its surprise value was greater than 3.0. Finally, two adjacent pauses were merged into one
continuous pause if they were separated by one spike. We judged a neuron to be a neuron with
pauses if at least one pause was observed in 30 s of the data. Distribution of numbers of pauses
is shown in supplemental Fig. 1B and D, and the cutoff value of one pause in 30 s was arbitrary
determined.

Responses to cortical electrical stimulation were examined by constructing peristimulus time
histograms (PSTHs; bin width of 1 ms) for 100 stimulus trials. The mean value and SD of the
discharge rate during the 100 ms period preceding onset of stimulation were calculated for
each PSTH and considered the baseline discharge rate. Changes in neuronal activity in response
to cortical stimulation (i.e., excitation and inhibition) were judged significant if the discharge
rate during at least two consecutive bins reached a significance level of p < 0.05 (one-tailed t-
test; Kita et al. 2004, 2005, 2006; Nambu et al. 2000; Tachibana et al. 2008). The latency of
each response was defined as the time at which the discharge rate first exceeded this level.

Histology
In the final experiment, several sites of neuronal recording were marked by passing cathodal
DC current (15 μA for 15 s) through the recording electrodes. The mice were anesthetized
deeply with sodium pentobarbital (80 mg/kg, i.p.), and perfused transcardially with 0.1 M
phosphate buffer (PB, pH 7.3) followed by 10% formalin in 0.1 M PB, and then 0.1 M PB
containing 10% sucrose. The brains were removed immediately and saturated with the same
buffer containing 30% sucrose. They were cut into frontal 50-μm thick sections on a freezing
microtome. The sections were mounted onto gelatin-coated glass slides, stained with 0.7%
neutral red, dehydrated, and coverslipped. The sections were observed under a light
microscope, and the recording sites were reconstructed according to the lesions made by current
injection and traces of electrode tracks. The sites of stimulation in motor cortex were also
examined histologically.

RESULTS
EMG activity

The activities of the triceps and biceps brachii muscles, the extensor and flexor muscles of the
forelimb, were simultaneously recorded in three normal and three transgenic mice (Fig. 1).
Patterns of EMG activity during voluntary forelimb movements in the transgenic mice did not
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appear to differ from those in the normal mice during most of the time of recording (Fig. 1A,
B). In all three transgenic mice, however, the triceps and biceps muscles were sometimes co-
activated during forelimb movements (Fig. 1C). Sharp EMG activities in the triceps and biceps
muscles in these mice were synchronized with each other (Fig. 1C); such synchronization was
never observed in the normal mice. Moreover, sustained muscle activity that lasted more than
10 s was frequently observed when the transgenic mice stopped movement (Fig. 1D). The
sustained muscle activity was sometimes accompanied by co-activation of the triceps and
biceps muscles (Fig. 1D).

Locations of stimulating electrodes in motor cortex
The caudal forelimb and orofacial regions were successfully identified in all normal and
transgenic mice by ICMS. The caudal forelimb region was found 0.3 to 1.3 mm anterior and
1.3 to 1.8 mm lateral to bregma in both normal and transgenic mice. Stimulation applied to
more medial sites induced movements of the vibrissae. The orofacial region including jaw, lip,
and tongue representations was located more rostrally and laterally than the forelimb region,
at 1.7 to 2.6 mm anterior and 1.8 to 2.5 mm lateral to bregma in both normal and transgenic
mice. In some cases, fingers or wrist movements were evoked by stimulation applied to more
medial sites, corresponding to the rostral forelimb region. The threshold for evocation of
movement by ICMS in the caudal forelimb and orofacial regions of the transgenic mice was 6
− 30 μA, and similar to that in the normal mice. These somatotopic arrangements were
consistent with those previously reported in rats (Donoghue and Wise 1982, Neafsey et al
1986). These observations indicate that the somatotopic arrangement and excitability of motor
cortex in the transgenic mice did not differ from those in the normal mice. Movements evoked
by single-pulse stimulation (up to 70 μA) through the implanted stimulating electrodes were
restricted to the forelimb (with stimulation in the forelimb region) or face (with stimulation in
the orofacial region), suggesting that current spread to neighboring regions was negligible in
daily experimental sessions.

Spontaneous activity of GPi and GPe neurons
The spontaneous activity of 94 GPi and 70 GPe neurons in six normal mice and 90 GPi and
204 GPe neurons in six transgenic mice was recorded. GPi and GPe neurons in the normal
mice fired continuously at high discharge rate above 50 Hz, as shown in traces of digitized
spikes (Fig. 2A1, B1). Autocorrelograms indicated that these neurons fired irregularly (Fig.
2A2, B2). On the other hand, GPi and GPe neurons in the transgenic mice fired at low frequency
with bursts and pauses (Fig. 2A3, B3). The mean discharge rates of GPi and GPe neurons in
the transgenic mice were significantly lower than those in the normal mice (Table 1; Fig. 2A5,
B5; p < 0.001, t-test). Discharge patterns also differed in the transgenic mice. Bursts (indicated
by thick black lines in Fig. 2A3, B3) and pauses (indicated by thick white lines) were frequently
observed in GPi and GPe neurons of the transgenic mice. The major firing pattern of GPi (63%)
and GPe (77%) neurons in the normal mice was irregular non-busting, while other firing
patterns, such as regular (supplemental Fig. 2) and bursting neurons were observed (Fig. 2A6,
B6). On the other hand, numbers of bursting neurons in the GPi (57%) and GPe (43%) were
significantly increased in the transgenic mice (p < 0.001, χ2 test), and numbers of regular and
irregular non-bursting neurons decreased. Spike shapes of bursting and irregular non-bursting
neurons in the transgenic mice were compared. Both neurons showed positive-negative
deflection with similar peak-to-peak amplitude (mean ± SD in μV, average of 10 neurons;
bursting GPi, 86 ± 17; irregular non-bursting GPi, 79 ± 17; bursting GPe, 75 ± 14; irregular
non-bursting GPe, 72 ± 21) and similar duration (in ms, average of 10 neurons; bursting GPi,
1.6 ± 0.2; irregular non-bursting GPi, 1.6 ± 0.2; bursting GPe, 1.6 ± 0.2; irregular non-bursting
GPe, 1.6 ± 0.2), suggesting that both neurons may belong to a single neuronal group. Bursts
in the normal and transgenic mice are quantitatively compared in Table 2 and supplemental
Fig. 1A and C. Number of bursts in the GPe and total lengths of bursts in the GPi and GPe were
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increased in the transgenic mice, although the duration of each burst in the GPe was decreased.
More GPi (28%) and GPe (41%) neurons exhibited pauses in the transgenic mice than in the
normal mice (Fig. 2A7, B7; p < 0.001, χ2 test). Pauses in the normal and transgenic mice are
compared in Table 3 and supplemental Fig. 1B and D. The duration of each pause and total
lengths of pauses in the GPi and GPe were increased in the transgenic mice.

Relationships between firing patterns and firing rates were further analyzed in Table 1. Regular
GPi and GPe neurons showed similar firing rates both in the normal and transgenic mice. In
contrast, firing rates of bursting and irregular non-bursting neurons decreased in the transgenic
mice. These results suggest that reduction of mean firing rates of GPi and GPe neurons in the
transgenic mice are caused by both 1) decreased number of regular neurons, and 2) reduction
of firing rates of bursting and irregular non-bursting neurons. Firing rates were also compared
between GPi and GPe neurons with pauses and those without pauses (Table 1). Reduction of
firing rates occurred in neurons without pauses as well as in neurons with pauses.

Responses of GPi and GPe neurons to cortical stimulation
Stimulation of the forelimb and/or orofacial region of the motor cortex was applied to 91 GPi
and 68 GPe neurons in six normal mice, and induced responses in 59 GPi and 40 GPe neurons
(around 60%). The typical response pattern of GPi (36%) and GPe (56%) neurons in the normal
mice was a triphasic response composed of early excitation, followed by inhibition, and late
excitation (Figs. 3A, 4A). Other patterns such as excitation followed by inhibition, inhibition
followed by excitation, monophasic or biphasic excitation, and monophasic inhibition were
also observed (Figs. 3C, 4C). In most cases, these events ended within 50 ms after cortical
stimulation and were not followed by late responses (Figs. 3A, 4A; Table 4).

Cortical stimulation induced responses in similar percentages of GPi and GPe neurons (GPi,
52/84; GPe, 111/178) in six transgenic mice, although response patterns differed. The most
common response pattern of GPi and GPe neurons in the transgenic mice was short-latency
monophasic or biphasic excitation followed by long-lasting inhibition (Figs. 3B left, 4B left),
a pattern never observed in the normal mice. The latency and duration of the early excitation
were 4.4 ± 2.6 ms and 15.3 ± 5.5 ms in the GPi and 4.0 ± 1.6 ms and 12.4 ± 7.1 ms in the GPe,
respectively, while the duration of the long-lasting inhibition was 73.7 ± 29.4 ms in the GPi
and 66.7 ± 31.3 ms in the GPe. The most common pattern of early response (within 50 ms after
cortical stimulation) was monophasic or biphasic excitation in GPi (62%) and GPe (49%)
neurons (Figs. 3C, 4C), and early responses were frequently followed by long-lasting inhibition
(GPi, 56%; GPe, 41%; Figs. 3D, 4D; p < 0.001, χ2 test). In other GPi (14%) and GPe (30%)
neurons in the transgenic mice, cortical stimulation induced a triphasic response similar to that
in the normal mice (Figs. 3B right, 4B right), although the number of such neurons was
decreased (Figs. 3C, 4C; p < 0.01, χ2 test). The latency and duration of each component were
also similar, with the exception of the latency and duration of the late excitation in the GPi and
duration of the inhibition in the GPe, which differed significantly (Table 4; t-test).

Relationships between cortically-evoked responses and spontaneous firing patterns were
further analyzed (supplemental Table 1). Majority of neurons that showed excitation (GPi,
81%; GPe, 70%) to the cortical stimulation in the transgenic mice belonged to bursting neurons,
while those in the normal mice belonged to irregular non-bursting neurons (GPi, 75%; GPe,
100%). In contrast, neurons with a cortically-evoked triphasic response had a tendency to fire
in irregular non-bursting fashion both in the normal (GPi, 56%; GPe, 92%) and transgenic
(GPi, 50%; GPe, 82%) mice. Large number of neurons that showed cortically-evoked long-
lasting inhibition in the transgenic mice belonged to bursting neurons (GPi, 73%; GPe, 91%)
and neurons with pauses (GPi, 42%; GPe, 73%), while those neurons were rarely observed in
the normal mice.
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Somatotopic organization in GPi and GPe
Stimulation of both the forelimb and orofacial regions of the motor cortex was successfully
performed for 91 GPi and 68 GPe neurons in six normal mice and 43 GPi and 77 GPe neurons
in six transgenic mice. Neurons could be classified into four groups, those with forelimb inputs,
those with orofacial inputs, those with convergent inputs from both forelimb and orofacial
regions, and those with no responses, based on the responses evoked by cortical stimulation.
In the normal mice, small number of GPi (7%) and GPe (10%) neurons responded to stimulation
of both forelimb and orofacial regions (Figs. 5A, 6A). In the transgenic mice, the number of
neurons with convergent inputs from two regions was significantly increased (GPi, 28%; GPe,
35%; p < 0.001, χ2 test).

The locations of recorded GPi and GPe neurons are plotted using symbols based on cortical
inputs in Figs. 5B and 6B. In the GPi of the normal mice, the neurons with forelimb inputs
were distributed over a wide area of the GPi, though not in the most medial portion of it (Fig.
5B top). A few neurons with orofacial inputs and with convergent inputs were found in the
lateral portion of the GPi. In the transgenic mice, this segregation was not observed (Fig. 5B
bottom). The number of GPi neurons with orofacial inputs and those with convergent inputs
increased (see also Fig. 5A), and they intruded into the central portion of the GPi, although the
most medial portion remained unresponsive. Cortical inputs to GPe neurons were mainly
examined in the central to lateral portion of the GPe (Fig. 6B). In the normal mice, neurons
with orofacial inputs were located in the ventral portion, while those with forelimb inputs were
located in the dorsal portion (Fig. 6B top). Neurons with convergent inputs were found in the
intermediate portion. In the transgenic mice, this type of segregation was not found. Neurons
with orofacial inputs and those with convergent inputs intruded into the dorsal portion, and the
three groups of neurons were intermingled (Fig. 6B bottom). Neurons in the most dorsal portion
of the GPe were unresponsive in both normal and transgenic mice.

DISCUSSION
The present study characterized the electrophysiological properties of transgenic mice
developed to express human ΔE-torsinA. These mice exhibited: 1) co-activation of agonist and
antagonist muscles and sustained muscle activation, 2) decreased GPi and GPe activity with
bursts and pauses, 3) cortically-evoked long-lasting inhibition in the GPi and GPe, and 4)
somatotopic disorganization in the GPi and GPe. These neuronal abnormalities may be
responsible for the behavioral abnormalities exhibited by these mice.

Co-activation of agonist and antagonist muscles and sustained muscle activation in
transgenic mice

The triceps and biceps muscles were sometimes co-activated during forelimb movements in
the transgenic mice (Fig. 1C). Co-activation of agonist and antagonist muscles is common to
various types of dystonia (Berardelli et al. 1998;Cohen and Hallett 1988;Farmer et al.
1998;Liu et al. 2004;Marsden and Rothwell 1987;Obeso et al. 1983). Sustained muscle activity
lasting longer than 10 s was frequently observed in the transgenic mice (Fig. 1D). Sustained
muscle activity is another important sign of dystonia (Berardelli et al. 1998;Herz 1944;Jedynak
et al. 1991;Marsden and Rothwell 1987;Yanagisawa and Goto 1971). It has been suggested
that dystonic postures are produced by long periods of continuous EMG activity lasting several
seconds (Berardelli et al. 1998;Yanagisawa and Goto 1971). These observations suggest that
the transgenic mice we examined exhibit EMG activity similar to that observed in human
patients with dystonia.

Chiken et al. Page 7

J Neurosci. Author manuscript; available in PMC 2009 December 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Decreased GPi and GPe activity in transgenic mice
Marked reduction of the spontaneous firing rates of GPi and GPe neurons was observed in the
transgenic mice (Table 1; Fig. 2). Alteration of firing patterns was also observed in them,
including bursting discharges and pauses. Decreased discharge rates and irregularly grouped
discharges with intermittent pauses in GPi and GPe neurons have also been observed in patients
with generalized dystonia (Starr et al. 2005;Vitek et al. 1999;Zhuang et al. 2004). These
findings suggest that the transgenic mice we examined may share neurological abnormalities
with dystonia patients. Dystonic hamsters with paroxysmal generalized dystonia also exhibited
reduced and bursting GPi activity (Gernert et al. 2002). Firing rates of both bursting and
irregular non-bursting neurons decreased, suggesting that reduction of firing rate universally
occurred in GPi and GPe neurons. The mechanisms responsible for decreased firing rates may
include: 1) alteration of membrane properties of GPi and GPe neurons, 2) increased inhibitory
inputs to the GPi and GPe, such as GABAergic inputs from the striatum, and/or 3) decreased
excitatory inputs to the GPi and GPe, such as glutamatergic inputs from the subthalamic nucleus
(STN). Inhibitory inputs from the striatum to the GPi and GPe increase in the transgenic mice
as discussed in the next section.

Cortically-evoked long-lasting inhibition in GPi and GPe neurons of transgenic mice
To investigate the mechanism of abnormal firing of GPi and GPe neurons in the transgenic
mice further, responses evoked by cortical stimulation were observed. In the normal mice,
cortical stimulation typically induced triphasic responses composed of early excitation,
inhibition, and late excitation in GPi and GPe neurons (Figs. 3A, 4A). Similar triphasic
responses were also observed in the GPi, GPe, and substantia nigra pars reticulata (SNr),
another output station of the basal ganglia, in rats and monkeys. The origin of each component
has been intensively studied (Kita et al. 2004;Maurice et al. 1998,1999;Nambu et al. 2000;
Ryan et al. 1994; Tachibana et al. 2008). Early excitation is mediated by the cortico-STN-GPe/
GPi/SNr pathway, while inhibition and late excitation are mediated by the cortico-striato-GPe/
GPi/SNr and cortico-striato-GPe-STN-GPe/GPi/SNr pathways, respectively. On the other
hand, in the transgenic mice we examined, cortical stimulation induced early excitation
followed by late long-lasting inhibition in GPi and GPe neurons (Figs. 3B, 4B). Since the
excitability of motor cortex was unchanged in the transgenic mice, these abnormal patterns of
response may be generated through the cortico-basal ganglia pathways. The early excitation
may, at least its early phase, be mediated by the cortico-STN-GPe/GPi pathway, as in the
normal mice, since the latency of the early excitation in the transgenic mice was short and
similar to that in the normal mice. These observations also suggest that the activity of STN
neurons is unchanged in the transgenic mice. The origin of the late long-lasting inhibition may
be 1) increased inhibitory input via the striato-GPe/GPi pathway, or 2) decreased excitatory
input via the STN-GPe/GPi pathway. The latter explanation seems less likely to be correct,
since activity along the cortico-STN-GPi/GPe pathway appeared to be unchanged, as discussed
above. The early excitation sometimes included two excitatory peaks (biphasic excitation; Figs.
3B, 4B). Strong inhibition in the GPe evoked by the cortico-striato-GPe pathway might
disinhibit STN neurons and produce excitation in the GPi and GPe, corresponding to the second
excitation of the early response in the transgenic mice. The above observations, together with
positive relationships between cortically-evoked responses and spontaneous firing patterns,
also suggest that spontaneous excitation in the cortex is transmitted to the GPi and GPe through
the cortico-basal ganglia pathways, and induces short-latency excitation and long-lasting
inhibition, which might be the origins of bursts and pauses, respectively.

Somatotopic disorganization of GPi and GPe in transgenic mice
Motor territories in the GPi and GPe of monkeys are somatotopically organized, as indicated
by their somatosensory inputs, activity during voluntary movements, and cortically-evoked
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responses (DeLong et al. 1985; Yoshida et al. 1993). The present study confirmed the
somatotopic organization in the normal mice. In the transgenic mice, on the other hand,
somatotopic disorganization was observed, and many GPi and GPe neurons received
convergent inputs from both forelimb and orofacial regions (Figs. 5, 6). Widened
somatosensory receptive fields in pallidal neurons have been reported in patients with
generalized (Vitek et al 1999) and focal (Lenz et al. 1998; Sanger et al. 2001) dystonia. Since
the somatotopic arrangement and excitability of the motor cortex in the transgenic mice
appeared normal in the present study, information-crossing may have occurred through the
cortico-basal ganglia pathways. One explanation for this is that single GPi or GPe neurons
receive inputs from more striatal neurons in the transgenic mice than in the normal mice (Fig.
7). This explanation agrees well with the assumption of increased inhibitory input via the
striato-GPe/GPi pathway noted in the previous section.

Neural mechanisms of motor hyperactivity in transgenic mice
The GPi, an output nucleus of the basal ganglia, is composed of GABAergic inhibitory neurons
and fires at high frequency in normal states. Its target structures, such as the thalamus and
frontal cortex, are thus continuously inhibited. Striatal inputs reduce GPi activity in temporal
fashion, excite thalamic and cortical neurons via disinhibition, and finally release appropriate
movements with appropriate timing (Fig. 7A; Nambu et al. 2000,2002). On the other hand, in
the transgenic mice, cortical excitation induced long-lasting inhibition in the GPi, suggesting
that even tiny amounts of neuronal activity originating in the cortex are transmitted through
the cortico-basal ganglia pathways and finally induce strong and long-lasting inhibition in the
GPi (Fig. 7B). Moreover, somatotopic disorganization was noted in the GPi and cortical
activation induced inhibition over a wide area of this region. Wide areas of the thalamus and
cortex are thus activated in uncontrollable fashion, resulting in the motor hyperactivity and
involuntary muscle contractions observed in the transgenic mice. A similar mechanism may
underlie the symptoms of human dystonia. This may also explain the motor overflow in
dystonia, which results in unintentional muscle contraction during voluntary movements.
Activation of the forelimb region in motor cortex, for example, may inhibit large areas of the
GPi and finally induce involuntary movements of multiple body parts. Indeed, reduction of the
discharge rate of GPi neurons plays a role in induction of hyperkinesia or involuntary
movements. Inactivation of the GPi by muscimol injection induced increase in thalamic activity
with tonic activation of the triceps muscle (Inase et al. 1996). Deactivation of the GPi by
kynurenate injection elicited dyskinesia (Robertson et al. 1989), and inactivation of the GPi
resulted in tonic and phasic co-activation of the flexor and extensor muscles (Mink and Thach
1991). STN blockade by muscimol injection or lesions induced decrease in spontaneous firing
rate and cortically-evoked long-lasting inhibition in GPi neurons as well as severe hemiballism
(Hamada and DeLong 1992a,b;Nambu et al. 2000;Tachibana et al. 2008).

Relationships with other transgenic models
The transgenic mice investigated in the present study exhibited hyperkinesia and dystonic-like
movements. Recently, other mouse models have been developed via overexpression of ΔE-
torsinA (Sharma et al. 2005; Grundmann et al. 2007; Zhao et al. 2008) or GAG deletion in the
DYT1 gene (Dang et al. 2005, 2006). However, since these models have failed to replicate
such severe symptoms, the phenotype of the present transgenic mice may not be due entirely
to overexpression of ΔE-torsinA. Electrophysiological analyses of other models of transgenic
mice may improve our understanding of the pathophysiology of dystonia and enable the
development of more effective treatments of it.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Electromyographic (EMG) activity of triceps and biceps brachii muscles. A, EMG activity in
a normal mouse during voluntary forelimb movements. B-D, EMG activity in a transgenic
mouse. EMG activity during voluntary forelimb movements did not appear to differ from that
in the normal mice during most recording time (B). However, sharp EMG activities in the
triceps and biceps muscles were sometimes observed, synchronized with each other (C).
Sustained muscle activity that lasted more than 10 s was frequently observed (D). Underlined
portions of the upper two traces are expanded in the lower two traces.
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Figure 2.
Spontaneous activity of neurons in the internal (GPi, A) and external (GPe, B) segments of the
globus pallidus. 1, 3, Spikes are shown as digital signals in the normal (1) and transgenic mice
(3). Bursts and pauses in the digital signals are indicated by horizontal black thick lines and
horizontal white thick lines, respectively. Neither bursts nor pauses are observed in traces of
the normal mice exemplified in A1 and B1. 2, 4, Autocorrelograms with long and short (insets)
time scales are shown in the normal (2) and transgenic mice (4). 5, Box plots of firing rates in
the normal (left) and transgenic mice (right). The boxes are constructed with the top line
bounding the first-quartile and the bottom line bounding the third quartile. Median and mean
values are indicated by a thick horizontal line and an open circle in the box, respectively. Short
horizontal lines show the largest and smallest values those are not outliers. Outliers are shown
as small closed circles. *, significantly different (p < 0.001, t-test). 6, Proportions of neurons
classified by firing pattern, i.e., regular, bursting, or irregular non-bursting, in the normal (top)
and transgenic (bottom) mice. 7, Proportions of neurons with or without pauses in the normal
(top) and transgenic (bottom) mice.
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Figure 3.
Responses of GPi neurons to cortical stimulation. A, Raster and peristimulus time histogram
(PSTH) for the normal mice. Cortical stimuli were delivered at time 0 (arrows). B, Raster and
PSTH for the transgenic mice. Abnormal responses with long-lasting inhibition (left) and
apparently normal triphasic responses (right) were observed. C, Proportions of neurons
classified based on early response patterns in the normal (top) and transgenic (bottom) mice.
ex, excitation; inh, inhibition. D, Proportions of neurons with and without long-lasting
inhibition in the normal (top) and transgenic (bottom) mice.
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Figure 4.
Responses of GPe neurons to cortical stimulation. A, Raster and PSTH for the normal mice.
B, Raster and PSTH for the transgenic mice. C, Proportions of neurons classified based on
early response patterns in the normal (top) and transgenic (bottom) mice. D, Proportions of
neurons with and without long-lasting inhibition in the normal (top) and transgenic (bottom)
mice.
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Figure 5.
Somatotopic organization in the GPi. A, Proportions of neurons classified based on cortical
inputs in the normal (top) and transgenic (bottom) mice. B, Distribution of recorded GPi
neurons indicated by symbols based on cortical inputs. Data from two normal (top) and two
transgenic (bottom) mice are shown in frontal sections. Figures in the left upper corner
represent distance from bregma. Rt, reticular thalamic nucleus; Ot, optic tract.
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Figure 6.
Somatotopic organization in the GPe. A, Proportions of neurons classified based on cortical
inputs in the normal (top) and transgenic (bottom) mice. B, Distribution of recorded GPe
neurons. Data from two normal (top) and two transgenic (bottom) mice are shown in frontal
sections. CPu, caudate putamen; ec, external capsule; ic, internal capsule.
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Figure 7.
Schematic diagrams showing information processing through the basal ganglia in normal
condition (A) and dystonia (B). In dystonia, cortical activation induces strong inhibition over
wide areas of the GPi, as well as strong excitation in the thalamus and cortex as a result of
disinhibition, resulting in the motor hyperactivity and involuntary muscle contractions. STN,
subthalamic nucleus.
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Table 1
Firing rates of GPi and GPe neurons in normal and transgenic mice

GPi GPe

Normal Transgenic Normal Transgenic

Total 50.6 ± 15.7
(n=94)

27.8 ± 19.1*
(n=90)

54.5 ± 16.3
(n=70)

35.4 ± 19.0*
(n=204)

regular 60.8 ± 14.8
(n=16)

70.4 ± 13.8
(n=4)

61.6 ± 23.8
(n=7)

62.0 ± 14.9
(n=3)

bursting 47.4± 16.7
(n=18)

22.1 ± 12.4
(n=50)

44.0 ± 8.5
(n=9)

27.7 ± 14.0
(n=88)

irregular non-bursting 48.9 ± 14.9
(n=60)

30.8 ± 21.7
(n=36)

55.4 ± 15.7
(n=54)

40.7 ± 20.1
(n=113)

with pauses 52.2 ± 11.5
(n=5)

17.9 ± 6.9
(n=25)

48.0 ± 15.6
(n=12)

29.2 ± 16.8
(n=83)

without pauses 50.5 ± 16.0
(n=89)

31.6 ± 21.4
(n=65)

55.9 ± 16.3
(n=58)

39.7 ± 19.3
(n=121)

Values are means ± SD expressed in Hz.

*
(p < 0.001), significantly different from normal (one-tailed t-test).
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Table 2
Burst characteristics in normal and transgenic mice

GPi GPe

Normal
(n=18)

Transgenic
(n=51)

Normal
(n=9)

Transgenic
(n=88)

Number of bursts during 30 s 6.1 ± 6.2 8.7 ±8.3 4.1 ± 2.3 16.2 ± 18.5**

Duration of each burst (ms) 33.8 ± 30.8 34.8 ± 27.6 101.8 ± 86.2 42.4 ± 49.1**

Number of spikes during each
burst

8.0 ± 5.0 6.3 ± 4.2 15.2± 10.4 7.5 ± 4.8**

Intraburst firing rate (Hz) 274.3 ± 80.3 188.7 ± 61.1** 181.6 ± 47.3 200.9 ± 63.5

Total length of bursts during 30
s (% of spikes)

3.2 ± 3.2 8.4 ± 7.3** 5.1 ± 4.7 14.1 ± 16.0**

Total length of bursts during 30
s (% of times)

0.7 ± 0.7 0.9 ± 0.7 1.5 ± 1.5 1.7 ± 1.8

Poisson surprise value for each
burst

3.7 ± 0.7 4.0 ± 0.5** 4.4 ± 1.6 4.1 ± 0.8

Values are means ± SD.

GPi,GPe, internal and external segments of the globus pallidus.

*
(p < 0.05)

**
(p < 0.01), significantly different from normal (one-tailed t-test).
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Table 3
Pause characteristics in normal and transgenic mice

GPi GPe

Normal
(n=5)

Transgenic
(n=25)

Normal
(n=11)

Transgenic
(n=83)

Number of pauses during
30 s

1.2 ± 0.5 2.7 ± 2.0 2.0 ± 1.3 3.5 ± 3.2

Duration of each pause
(ms)

410.3 ± 102.0 1074.8 ± 614.8** 418.5 ± 71.4 871.7 ± 689.7*

Total length of pauses
during 30 s (% of time)

1.6 ± 0.6 10.0 ± 8.6* 2.8 ± 1.9 10.3 ± 12.7*

Poisson surprise value
for each pause

6.2 ± 3.2 4.4 ± 1.9 5.7 ± 2.9 6.1 ± 4.5

Values are means ± SD.

*
(p <0.05)

**
(p < 0.01), significantly different from normal (one-tailed t-test).
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