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A decreased activity of basal ganglia output neurons is thought
to underlie idiopathic dystonias and other hyperkinetic move-
ment disorders. We found recently a reduced spontaneous
discharge rate of entopeduncular neurons (internal globus pal-
lidus in primates) in dtsz hamsters, an unique model for idio-
pathic paroxysmal dystonia in which stress-inducible attacks
show an age-dependent severity. Otherwise, it has been sug-
gested that an altered discharge pattern may be more impor-
tant for the occurrence of dystonia than a reduced discharge
rate. Based on qualitative and computerized quantitative eval-
uations of interspike interval histograms and spike trains of
extracellularly recorded single neurons, we investigated the
spontaneous discharge pattern of GABAergic entopeduncular
and nigral neurons in dtsz hamsters at different ages. The
discharge pattern of entopeduncular neurons was highly irreg-
ular and showed an altered burst-like firing in dtsz hamsters at
the age of the most marked expression of dystonia when

compared with age-matched nondystonic controls. In line with
a recently reported normalization of discharge rates after age-
dependent disappearance of dystonia, we found an almost
complete normalization of the discharge pattern of entopedun-
cular neurons after remission of dystonia in dtsz hamsters.
Investigations of GABAergic nigral neurons, reported recently
to have the same spontaneous discharge rates in dystonic and
nondystonic hamsters, did not show an altered firing pattern in
dtsz hamsters. The present data clearly indicate the fundamen-
tal importance of an altered discharge pattern of entopedun-
cular neurons for the expression of paroxysmal dystonia, and
probably also for other dyskinesias, and may explain the im-
provements obtained by pallidotomy in dystonic patients de-
spite an obviously reduced pallidal output.
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The basal ganglia have been implicated in the development of
several movement disorders for decades. However, the exact role
played by these structures for the occurrence of idiopathic dysto-
nias has been remained elusive. Dystonia is a common neurolog-
ical syndrome characterized by involuntary, sustained contrac-
tions of opposing muscles, causing abnormal movements or
postures (Fahn et al., 1998). Approximately two-thirds of cases
are idiopathic (Kramer et al., 1995).

The current functional model of the basal ganglia suggests that
dystonias and other dyskinesias, including levodopa-induced dys-
kinesia in patients with Parkinson’s disease, result from abnor-
mally low activity of basal ganglia output structures (Wichmann
and DeLong, 1996; Berardelli et al., 1998; Vitek and Giroux,
2000). Hypoactivity of the GABAergic neurons of the internal
part of the globus pallidus (GPi) and/or the substantia nigra pars
reticulata (SNr) would disinhibit the motor thalamus and cortex
and thereby giving rise to the abnormal movements (Ceballos-
Baumann et al., 1995; Playford et al., 1998; Guehl et al., 2000). An

average decrease in discharge rates of GPi neurons was reported
recently for dystonia patients (Vitek et al., 1999).

The dtsz mutant hamster shows clinical and pharmacological
characteristics, which resemble idiopathic paroxysmal dystonia
(primary paroxysmal nonkinesiogenic dystonia) in humans (Lös-
cher et al., 1989; Demirkiran and Jankovic, 1995; Richter and
Löscher, 1998). In this subtype of dystonia, attacks of generalized
dyskinesia last up to several hours and can be provoked by stress.
The dystonic syndrome in dtsz hamsters shows an age-dependent
time course with maximum severity at an age of 30–40 d and a
remission of stress-inducible attacks at an age of �10 weeks
(Richter and Löscher, 1993, 1998). The age dependence allows
investigations of the importance of physiological alterations in the
pathogenesis of dystonia by ontogenetic studies. We provided
recently evidence for a dramatically reduced mean discharge rate
of neurons in the entopeduncular nucleus (EPN) (the rodent’s
homolog of the GPi in primates) of dtsz hamsters at the most
sensitive age of dystonia (Gernert et al., 2000). A normalization
of the EPN discharge rate was found recently after spontaneous
remission of stress-inducible attacks (Bennay et al., 2001). These
findings clearly support the current hypothesis of a reduced basal
ganglia output as the underlying mechanism of dystonia.

However, this model of basal ganglia dysfunctions seems to be
incomplete (Filion, 2000), because pallidotomy, which causes an
additional reduction of basal ganglia output, has been reported to
improve dystonia in patients (Lozano et al., 1997; Bhatia et al.,
1998; Ondo et al., 1998; Vitek et al., 1998). An attempt to explain
this paradox is that an abnormal pattern of discharge, as sug-
gested for GPi neurons of patients with idiopathic generalized
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dystonia, could be more important than the decrease of the
average discharge rate (Wichmann and DeLong, 1996; Vitek et
al., 1999; Vitek and Giroux, 2000).

In contrast to the fundamental importance of the GPi or EPN
output activity for the expression of dystonia, the role played by
the SNr is less obvious. Single-unit recordings from the SNr in dtsz

hamsters did not reveal alterations in spontaneous discharge
rates, despite indications for an altered responsiveness of the SNr
neurons to drugs that disturb GABAergic function (Gernert et
al., 1999c; Fedrowitz et al., 2002).

In the present study, we have undertaken a comprehensive
ontogenetic study of the spontaneous discharge patterns of basal
ganglia output neurons in the dystonic hamster. With regard to
the findings mentioned above, the discharge patterns were inves-
tigated (1) from EPN neurons of dtsz hamsters at the most sensi-
tive age of dystonia when the spontaneous discharge rate is
reduced, (2) from EPN neurons of dtsz hamsters after spontane-
ous remission of stress-inducible attacks when the spontaneous
discharge rate is normalized, and (3) from SNr neurons of dtsz

hamsters at the most sensitive age of dystonia.

MATERIALS AND METHODS
Animals. The experiments were performed using two groups of Syrian
hamsters. Mutant dystonic hamsters are of an inbred line in which
dystonia is transmitted by an autosomal recessive gene (genetic symbol
dtsz), and age-matched nondystonic control hamsters are of an outbred
line. The dtsz hamsters were obtained by selective breeding as described
in detail previously (Löscher et al., 1989). The control hamsters were
obtained by breeding pairs, which were provided by a commercial
breeder (Central Institute for Laboratory Animal Breeding, Hannover,
Germany). In both animal groups, males and females were used. All
dystonic and control hamsters were born and kept under the same
controlled environmental conditions (ambient temperature 23°C; 14/10
hr light /dark cycle; lights on at 5:00 A.M.). Standard Altromin diet and
tap water were allowed ad libitum. All experiments were done in com-
pliance with the German Animal Welfare Act.

Induction of dystonic attacks and severity score of dystonia. In mutant
hamsters, dystonic attacks can be induced reproducibly by a triple stim-
ulation technique (Löscher et al., 1989; Richter and Löscher, 1998).
These stressful stimuli consist of (1) taking the animal from its home
cage and placing it on a balance, (2) injection of saline, and (3) placement
of the animal in a new plastic cage for a 3 hr observation period. During

this time, dtsz hamsters develop a sequence of abnormal movements and
postures. Therefore, the severity of dystonia can be rated by a six-point
score system (for details, refer to Löscher et al., 1989). All animals were
examined for the presence of dystonia after weaning at the age of 21 d
and at the age of �30 d by the triple-stimulation technique. Only dtsz

hamsters that showed severe dystonia after weaning were used for the
present experiments. Animals used for electrophysiological experiments
after spontaneous remission of stress-inducible dystonic attacks were
again tested at an age of 90 and 100 d by the triple-stimulation procedure.
Only dtsz hamsters that showed the typical age-dependent time course
(severe dystonia at an age of 21 and 30 d and a remission on days 90 and
100) were used for single-unit recordings.

Single-unit recordings in anesthetized animals. The discharge pattern of
EPN and SNr neurons was evaluated from in vivo extracellular single-unit
recordings. The experiments were done in dtsz hamsters at the most
sensitive age of dystonia at an age of 32–43 d and age-matched nondys-
tonic controls (Gernert et al., 2000; Fedrowitz et al., 2002). Additional
recordings from the EPN were done in dtsz hamsters after spontaneous
remission of stress-inducible attacks at an age of 123–152 d and age-
matched nondystonic controls (Bennay et al., 2001). Extracellular single-
unit recordings were performed using standard in vivo techniques, as
described in detail recently (Gernert et al., 1999b,c, 2000). Briefly, the
animals were anesthetized with methohexital (55 mg/kg, i.p.) and fent-
anyl (0.05 mg/kg, i.p.) during surgical preparation. During recording, the
animals were anesthetized with fentanyl (0.05 mg � kg �1 � hr �1, i.v.) and
paralyzed with gallamine (15 mg � kg �1 � hr �1, i.v.). The anesthesia used
here has been shown previously in rodents at least not to alter the
spontaneous firing rate of SNr neurons when compared with conscious
animals (Löscher et al., 1995). The hamsters were vagotomized and
artificially ventilated with O2–room air. During the experiments, the
heart rate and body temperature, maintained at 37°C by heat pad, were
continuously monitored. Recordings on EPN or SNr neurons were
started not earlier than 1 hr after the last injection of the short-acting
barbiturate methohexital.

Single-barrel extracellular recording microelectrodes were pulled
(PE-2 vertical puller; Narishige, Tokyo, Japan) from a filamented glass
electrode (Hilgenberg, Malsfeld, Germany) and the tip broken back to an
external diameter of �5–10 �m. The electrodes were backfilled with
horseradish peroxidase (3%) in Tris-buffered saline for marking the tip
location. This procedure yielded electrodes with impedances of 2–6 M�
when tested ex vivo at 1200 Hz.

The microelectrode was lowered to the EPN or SNr to just above the
target region through a small burr hole in the skull. The stereotaxic
coordinates relative to bregma according to the method of Paxinos and
Watson (1998) were as follows (in mm): (1) EPN, posterior (P), 0.3;
lateral (L), 2.2; ventral (V), 6.0; (2) SNr, P, 3.2; L, 2.0; V, 5.0. The

Table 1. Correlation of spontaneous discharge rates and ISI parameters

Brain region
(age in d)

Animal
group

Neurons
(animals)

Discharge rate
(spikes/sec)

Spearman correlation of discharge rates and ISI parameters

Mean Mode Asym. Kurtosis

EPN (32–42) c 36 (16) 24.8 � 2.5 r �0.965* �0.378* 0.315 0.784*
p �0.0001 0.023 0.062 �0.0001

dtsz 30 (15) 8.4 � 1.4 r �0.647* �0.128 0.113 0.683*
(�66.1%)a p �0.0001 0.494 0.550 �0.0001

EPN (123–152) c 26 (10) 30.8 � 1.1 r �0.860* �0.082 0.232 0.119
p �0.0001 0.686 0.252 0.560

dtsz 25 (11) 28.2 � 1.1 r �0.940* �0.439* �0.053 �0.135
(�8.4%)b p �0.0001 0.028 0.798 0.517

SNr (32–43) c 21 (15) 22.6 � 1.9 r �0.969* 0.024 0.335 0.610*
p �0.0001 0.919 0.138 0.003

dtsz 40 (31) 22.8 � 1.6 r �0.958* �0.348* 0.009 0.333*
(�0.9%)b p �0.0001 0.028 0.957 0.036

The spontaneous discharge rates of single recorded neurons were averaged over at least 2 min recording time. Data for the EPN are shown for the age of 32–43 d (age of
maximum severity of dystonia in dtsz hamsters) and for the age of 123–152 d (after spontaneous remission of dystonia in dtsz hamsters). Comparison of the discharge rates
(given as mean � SE) between dystonic and nondystonic hamsters using the Mann–Whitney U test revealed the following p values: ap � 0.0001 and bp � 0.05. Sample sizes
are given as number of neurons and, in parentheses, as number of animals. Relative differences (percentage) in mean discharge rates between dtsz and control hamsters are
shown in parentheses below the discharge rates of the dtsz hamsters. Correlations between spontaneous discharge rates and the ISI parameters mean ISI (mean), mode,
asymmetry index (Asym.), and kurtosis are given (*p � 0.05).
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electrode was then slowly lowered under continuous recording of extra-
cellular neural signals until a spontaneously active EPN or SNr neuron
was identified. After identifying a stable neuron, the spontaneous firing
rate was recorded for at least 2 min. Because dystonia in dtsz hamsters is
not lateralized, the experiments could be performed on either brain
hemisphere. When possible, several neurons per animal were recorded.

Standard techniques for amplifying, filtering, and processing of extra-
cellular neuronal activity were used by means of the DataWave System
(WissTech, Spechbach, Germany). Single units were discriminated on-
line by amplitude threshold and offline by spike template matching using
the cluster analysis module of the DataWave System. Units of dystonic
and nondystonic animals were recorded and separated in a mixed manner
under identical experimental conditions.

At the end of each recording period per brain side, the location of the
electrode tip was marked by iontophoretical ejection of a small amount of
horseradish peroxidase (Simons and Land, 1987). For this purpose, a
pulsed anodal current (7 sec on, 7 sec off) of 2.2 �A was applied for 2 min.
Finally, the hamsters were deeply anesthetized with pentobarbital and
transcardially perfused. The brains were processed for histological ver-
ification of the recording sites as described in detail previously (Gernert
et al., 1999b). Only neurons located in the EPN or SNr were used for
further evaluation of data.

Drugs. Methohexital (Brevimytal-Natrium 500 mg; Lilly, Giessen, Ger-
many) was dissolved in sterile saline to obtain a concentration of 11
mg/ml and stored at 4°C. Fentanyl (Fentanyl-Janssen; Janssen, Neuss,
Germany) was used as commercial solution. Gallamine (Gallamine tri-
ethiodide) and pentobarbital (Pentobarbital-Natrium) were purchased
from Sigma (Deisenhofen, Germany) and dissolved in sterile saline.

Evaluation of spontaneous discharge rate, firing pattern, and statistics.
The spontaneous discharge rates of EPN and SNr neurons were averaged
over the recording time and then were averaged per animal group. Thus,
different from previous descriptions (Gernert et al., 2000; Bennay et al.,
2001), the mean discharge rates given in the present study were calcu-
lated without previous averaging per animal.

Differences in the spontaneous discharge pattern of EPN and SNr
neurons between dystonic and nondystonic animals were determined by
comparing the interspike interval histograms (ISIH) together with visual
inspections of the spike trains similar to the methods described previ-
ously by our group (Gernert et al., 1999b) and other groups (Hassani et
al., 1996; Ni et al., 2000; Rohrbacher et al., 2000). The ISIHs were
calculated for a time period of 1–2 min. The resolution was 1 msec, and
intervals up to 500 msec were considered. The ISIHs were produced with
an event interval histogram module (DataWave). The ISIHs were used
also for verification of the reliability of the used spike separation method.
Refractory periods of typically 1–3 msec were observed in most of the
recorded units of all animal groups and from both brain locations, when
the short interval bins of the ISIHs were examined.

According to the ISIHs together with the spike trains, firing patterns
were classified into the following types. (1) Burst-like firing pattern
consisting of intermittent grouped firing separated by periods of pauses
or low-frequency tonic activity. The ISIHs of these neurons were char-
acterized by a positively skewed distribution, i.e., by a large fraction of
short interspike intervals (ISI), in the following termed “burst-like
skewed”. (2) Burst-like firing pattern as before, but the ISIHs were
characterized by a multimodal, i.e., typically double-peaked (bimodal),
distribution of the ISIs, indicating transition to rhythmic burst-like firing
(in the following, termed “burst-like multimodal”). In some EPN neu-
rons a trimodal ISI distribution was observed, which might result from
irregularities in the spike frequency during the recording of these neu-
rons. (3) Burst discharge pattern consisted of trains of three or more
spikes occurring within a relatively short interval separated by clear
pauses. The ISIH showed an initial sharp peak with a narrow range of a
large fraction of the ISIs. (4) Irregular firing pattern was characterized by
a flat, i.e., a random, distribution of the ISIs, which sometimes showed
mild positive skewness. (5) Regular tonic firing pattern was characterized
by ISIHs showing a symmetric distribution of ISIs. The classifications
were performed independently by different investigators in a blinded
manner with respect to either the hypotheses behind the study or which
group of animals and which location the data were derived from.

Several ISIH parameters were quantitatively evaluated (Hassani et al.,
1996; Gernert et al., 1999b). The “mode” resembles the most frequent
ISI. Variations to the Gaussian distribution were evaluated by the “asym-
metry index.” The asymmetry index is the ratio of the mode to the mean
ISI. This ratio gives information on the shape of the ISIH and will be
unity if there is a Gaussian distribution of the ISIs. A ratio �1 reflects an

asymmetrical shape, indicating a large fraction of short ISIs (positively
skewed). This is expected when there is burst-like activity. Differences to
a Gaussian distribution of ISIs were also determined by evaluation of the
“kurtosis.” The kurtosis (fourth moment normalized by dividing by
squared variance) of a distribution reflects its degree of peakedness
relative to the length and size of its tails. A kurtosis of zero reflects a
normal distribution, positive values a sharp peak (leptokurtic), and
negative values a flat shape (platykurtic). The kurtosis provides infor-
mation on the regularity of spiking.

The statistical significance of differences in the fractions of defined cell
types, determined by a specific discharge pattern, between dystonic and
nondystonic hamsters, and for age-dependent changes, were calculated
using the Fisher’s exact test. The statistical significance of differences in
ISIH parameters between dystonic and nondystonic animals and for
age-dependent changes were calculated using the Mann–Whitney U test.
For evaluation of correlations between neuronal discharge rates and
ISIH parameters, the Spearman rank-order correlation test was used. All
tests were used two-tailed, and, in all cases, an error probability of �5%
was considered significant.

RESULTS
Spontaneous discharge rates and time course of EPN
and SNr neurons
Shape and time course of extracellularly recorded spikes of EPN
and SNr neurons did not differ between dystonic and nondystonic
hamsters (data not shown). The spikes exhibited the electrophys-
iological characteristics of GABAergic neurons of basal ganglia
output structures (Gernert et al., 1999c), i.e., all recorded spikes

Figure 1. Histological photomicrographs of coronal sections showing
recording sites within the EPN (A) of a dtsz hamster and the SNr (B) of
a control hamster. The location of the electrode tip was marked by
iontophoretical injection of horseradish peroxidase (arrow). The sections
were stained with diaminobenzidine/Ni 2� and counterstained with neu-
tral red. For additional details, see Materials and Methods. cAmy, Central
amygdaloid nucleus; ic, internal capsule; ml, medial lemniscus; opt, optic
tract; RN, red nucleus. Scale bar, 0.5 mm.
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showed a biphasic (positive/negative) time course with an overall
duration of �0.6–1.5 msec.

The spontaneous discharge rates of EPN and SNr neurons of
dystonic and nondystonic hamsters have been described recently
in detail by our group (Gernert et al., 2000; Bennay et al., 2001;
Fedrowitz et al., 2002). The present calculations of mean firing
rates of basal ganglia output neurons confirm the previous find-
ings. The mean discharge rate of EPN neurons at the most
sensitive age of dystonia was found to be significantly reduced by
66.1% in dystonic hamsters compared with controls ( p � 0.0001)
(Table 1). The mean EPN discharge rate was found to be nor-
malized in older animals after spontaneous remission of stress-
inducible attacks ( p � 0.05) (Table 1). In contrast, there was no
significant difference in mean SNr discharge rates between dys-
tonic and nondystonic hamsters ( p � 0.05) (Table 1).

Discharge pattern of EPN neurons at the most
sensitive age of dystonia
A total of 66 neurons recorded from the EPN of 31 hamsters
could be used for analysis of spontaneous discharge patterns at
the most sensitive age of dystonia, of which 30 neurons were
from 15 dtsz hamsters and 36 neurons were from 16 nondystonic
control hamsters. An example of electrode location is shown in
Figure 1 A.

EPN neurons of both dystonic and nondystonic hamsters at the
most sensitive age of dystonia showed three different spontaneous

discharge patterns based on the ISIHs and the spike trains. These
patterns ranged from burst-like skewed (Fig. 2A,B, neurons 1),
burst-like multimodal (Fig. 2A,B, neurons 2), and irregular firing
(Fig. 2A,B, neurons 3). The majority of EPN neurons from
nondystonic control hamsters was defined as burst-like skewed
(94.4%) (Fig. 2C). One neuron showed a burst-like bimodal
discharge pattern, and one neuron fired irregularly (2.8% each)
(Fig. 2C).

Clearly different from the control animals, EPN neurons of dtsz

hamsters showed a shift toward irregular and burst-like multimo-
dal firing pattern, the latter one of which six neurons were defined
by a bimodal and three neurons by a trimodal ISI distribution
(Fig. 2B, neuron 2). The relative fraction of neurons showing
irregular firing (36.7%) and burst-like multimodal firing (30.0%)
increased significantly ( p � 0.0007 and p � 0.0038, respectively)
in favor of a significant decrease ( p � 0.0001) in neurons with a
burst-like skewed pattern (33.3%) (Fig. 2C).

Quantitative evaluation of the ISIH parameters confirmed the
observation that the EPN neurons of dtsz hamsters at the most
sensitive age of dystonia showed a more irregular discharge
pattern compared with controls. The kurtosis was significantly
lower in dtsz hamsters compared with controls (3.18 � 1.06 in
mutants vs 10.07 � 1.52 in controls; p � 0.0001) (Fig. 3D), i.e., the
ISIs showed a flat distribution in mutants rather than the peaked
ISI distribution found in controls. The mean ISI of EPN neurons

Figure 2. Discharge pattern of in vivo extracellularly recorded EPN neurons of nondystonic (A) and dystonic (B) hamsters at the most sensitive age of
dystonia. Trains of discriminated spikes drawn as raster plots (each line is 2.5 sec) and, below, ISIHs illustrate the three different types of spontaneous
EPN discharge patterns (1–3) observed. The neurons 1 in A and B were defined as burst-like with positively skewed distribution of the ISIs. The neurons
2 in A and B were classified as burst-like with a multimodal, i.e., at least showing a double-peaked (bimodal), distribution of the ISIs. The neurons 3 in
A and B were characterized by a flat, i.e., random, ISI distribution resembling irregular firing. Each bin of the ISIHs has a duration of 1 msec. The ISIs
are plotted up to intervals of 400 msec. Note that the ISIH of neuron 2 in A is presented up to only 200 msec for better representation of the bimodal
distribution. The discharge rates of the illustrated neurons are given in Hertz within the ISIHs. The relative fraction of defined EPN neurons from
nondystonic (c) and dystonic (dtsz) hamsters is shown in C. In dystonic hamsters, the percentage of EPN neurons showing irregular firing and EPN
neurons defined as burst-like multimodal increased significantly in favor of a significant decrease in neurons with a burst-like positively skewed pattern
(*p � 0.01). Total numbers of neurons are as follows: n � 36 cells from control hamsters; n � 30 cells from dtsz hamsters. For additional explanations
and for exact p values, see Results.
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significantly shifted to higher values in dystonic compared with
nondystonic hamsters (111.58 � 9.04 vs 53.48 � 5.52 msec; p �
0.0001) (Fig. 3A), and the mode tended to be higher in mutants
versus controls (22.57 � 7.50 vs 8.00 � 1.95 msec; p � 0.294) (Fig.
3B), but the latter difference failed to be significant. The asym-
metry index did not differ significantly between dystonic and
nondystonic hamsters (0.17 � 0.05 vs 0.15 � 0.03; p � 0.056) (Fig.
3C), as could be expected, because this parameter does not
differentiate between unimodal and multimodal, positively
skewed, ISI distributions. The changes in discharge patterns de-
scribed here were significantly correlated with the drastically
reduced discharge rate of EPN neurons found in dtsz hamsters at
the most sensitive age of dystonia (Table 1).

Discharge pattern of EPN neurons after spontaneous
remission of stress-inducible attacks
A total of 51 neurons recorded from the EPN of 21 hamsters
could be used for analysis of spontaneous discharge patterns after
spontaneous remission of stress-inducible attacks, of which 25
neurons were from 11 dtsz hamsters and 26 neurons were from 10
nondystonic control hamsters.

The cell types defined were as follows: burst-like skewed
(Fig. 4 A, B, neurons 1) and burst-like multimodal (Fig. 4 A, B,
neurons 2, B, neuron 3) in nondystonic and dystonic hamsters
and transition to more regular firing in nondystonic hamsters
(Fig. 4 A, neuron 3). The majority of EPN neurons in older
nondystonic hamsters were defined as burst-like skewed
(80.8%) (Fig. 4C). The relative fraction of neurons from con-
trols defined as burst-like multimodal (all bimodal) was 15.4%,
and one neuron was classified by regular firing (3.9%) (Fig.

4C). Likewise, 80.0% of the EPN neurons from older dtsz

hamsters were defined as burst-like skewed, and 20.0% were
classified as burst-like multimodal (four neurons were defined
by a bimodal and one neuron by a trimodal ISI distribution).
There were no significant differences in the qualitative classi-
fications of EPN neuronal discharge patterns between dystonic
and nondystonic hamsters after spontaneous remission of
stress-inducible attacks (Fig. 4). The p values obtained by
intergroup comparisons were as follows: burst-like skewed, p �
1.00; burst-like multimodal, p � 0.727; and regular, p � 1.00.

However, comparable with the finding in younger animals,
quantitative evaluation of the ISIH parameters revealed a signif-
icantly lower kurtosis in older mutant hamsters compared with
age-matched controls (5.35 � 0.61 vs 11.63 � 1.29; p � 0.0001)
(Fig. 5D). This reduction was observed in the absence of signif-
icant differences in discharge rates between dystonic and nondys-
tonic hamsters (Table 1). Accordingly, in older animals, the
kurtosis was not correlated with the discharge rates of the EPN
neurons (Table 1). The mean ISI (35.93 � 1.39 vs 34.17 � 1.79
msec; p � 0.239) (Fig. 5A), the mode (5.02 � 1.33 vs 4.04 � 1.17
msec; p � 0.524) (Fig. 5B), and the asymmetry index (0.13 � 0.03
vs 0.12 � 0.03; p � 0.873) (Fig. 5C) did not differ significantly
between older mutants and older controls. The mean ISI was
significantly correlated with the discharge rates of the EPN neu-
rons (Table 1).

Evaluation of age-dependent changes
When the discharge patterns of EPN neurons from dtsz hamsters
at the most sensitive age of dystonia were compared with the
discharge patterns from dtsz hamsters after spontaneous remis-
sion of stress-inducible attacks, a significant normalization was
found. In young mutants, 11 of 30 neurons fired irregularly (Fig.
2C), whereas this pattern has never been observed in older
animals (Fig. 4C). This difference was significant ( p � 0.0005).
Accordingly, the relative number of neurons classified as burst-
like skewed increased significantly in older dtsz hamsters ( p �
0.0009). There was no significant difference between young and
older dtsz hamsters regarding the neurons defined as burst-like
multimodal ( p � 0.05). No significant age-dependent changes
were evident in nondystonic control animals ( p � 0.05 for all
defined cell types).

An ontogenetic comparison of the ISIH parameters of the EPN
neurons (Figs. 3, 5) revealed a trend toward a decreased mean ISI
in nondystonic hamsters ( p � 0.099) and a significant decrease of
the mean ISI in dtsz hamsters ( p � 0.0001). Because in both
animal groups the mean ISI is significantly (negatively) correlated
with the discharge rate (Table 1), the finding of lowered mean
ISIs can be attributed to the higher mean discharge rates found in
older animals (Table 1).

Although not significantly different, the mean EPN dis-
charge rate was found to be increased by �20% in older
control hamsters (Table 1). The discharge rates of mutant
hamsters, however, increased significantly in older animals by
�230% (Table 1). In accordance, the decrease in the mean ISI
was much stronger with increased age in dtsz hamsters than in
controls (for exact values, refer to above paragraphs). The
mode significantly decreased in both older dystonic and older
nondystonic hamsters ( p � 0.027 in mutants and p � 0.016 in
controls). No significant age-dependent changes of the asym-
metry index and the kurtosis were evident in nondystonic
hamsters ( p � 0.05). The dtsz hamsters, however, showed a
significant reduction of the asymmetry index ( p � 0.013) and

Figure 3. Quantitative evaluation of ISIH parameters of EPN neurons
recorded extracellularly from nondystonic control hamsters (c; n � 36
neurons) and dystonic hamsters (dtsz; n � 30 neurons) at the most
sensitive age of dystonia. Error bars represent mean � SE. The mean ISI
(A) was significantly shifted to higher values in dystonic hamsters com-
pared with controls (*p � 0.01). The mode (B) and the asymmetry index
(C) did not show significant intergroup differences. The kurtosis (D) was
significantly lower in dtsz hamsters compared with controls, confirming a
more irregular firing of the EPN neurons in mutants (*p � 0.01). For
additional explanations and for exact p values, see Results.
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a significant increase of the kurtosis ( p � 0.002) after spon-
taneous remission of stress-inducible dystonic attacks.

Discharge pattern of SNr neurons at the most
sensitive age of dystonia
A total of 61 neurons recorded from the SNr of 46 hamsters could
be used for analysis of spontaneous discharge patterns at the most
sensitive age of dystonia, of which 40 neurons were from 31 dtsz

hamsters and 21 neurons were from 15 nondystonic control ham-
sters. An example of electrode location is shown in Figure 1B.

SNr neurons of nondystonic control hamsters showed four
different spontaneous discharge patterns based on the ISIHs and
visual inspection of the spike trains. These patterns ranged from
burst-like skewed, burst-like multimodal, irregular, and burst fir-
ing (for examples, see Fig. 6A). Intermediate forms were com-
mon. Most SNr neurons of nondystonic control hamsters showed
either a burst-like skewed pattern or irregular firing (42.9% each)
(Fig. 6C). A burst-like multimodal (bimodal) pattern was ob-
served in 9.5% of the SNr neurons from controls. One of 21 SNr
neurons (Fig. 6A, neuron 4) was found to fire in bursts (4.8%).

SNr neurons of dtsz hamsters showed discharge patterns rang-
ing from burst-like skewed, burst-like multimodal, irregular, and
regular firing (for examples, see Fig. 6B). Most neurons were
defined as either burst-like skewed (42.5%) or irregular firing
(37.5%) (Fig. 6C). One SNr neuron of dtsz hamsters was defined
as burst-like multimodal (bimodal, 2.5%). Different from the

nondystonic control hamsters, some SNr neurons of dtsz hamsters
were found to show a symmetric distribution of the ISIs (17.5%)
(Fig. 6B, neuron 4). The proportion of different SNr firing pat-
terns in mutants did not indicate any significant differences from
that of nondystonic controls (Fig. 6C). The p values obtained by
intergroup comparisons were as follows: burst-like skewed, p �
1.00; burst-like multimodal, p � 0.270; irregular, p � 0.785;
bursting, p � 0.344; and regular, p � 0.084.

Accordingly, no significant intergroup differences became evi-
dent after quantitative evaluation of the ISIH parameters mean
ISI (50.95 � 2.85 msec in mutants vs 50.57 � 4.28 msec in
controls; p � 0.897) (Fig. 7A), mode (17.22 � 2.40 msec vs
10.83 � 2.48 msec; p � 0.060) (Fig. 7B), asymmetry index (0.34 �
0.04 vs 0.23 � 0.04; p � 0.100) (Fig. 7C), and kurtosis (10.73 �
3.54 vs 9.14 � 2.17; p � 0.716) (Fig. 7D). The mean ISI and the
kurtosis were significantly correlated with the discharge rates of
SNr neurons (Table 1).

DISCUSSION
Here we provide the first comprehensive ontogenetic investiga-
tion of the spontaneous discharge pattern of basal ganglia output
neurons in a thoroughly defined animal model for idiopathic
dystonia. When compared with nondystonic control animals, one
main finding of the present study was a significant shift toward
irregular and rhythmic burst-like firing of EPN neurons, i.e., one

Figure 4. Discharge pattern of in vivo extracellularly recorded EPN neurons of nondystonic (A) and dystonic (B) hamsters after age-dependent
remission of dystonia. Trains of discriminated spikes drawn as raster plots (each line is 2.5 sec) and, below, ISIHs illustrate the different types of
spontaneous EPN discharge patterns (1–3) observed. The neurons 1 in A and B were defined as burst-like with positively skewed distribution of the ISIs.
The neurons 2 in A and B were classified as burst-like with a bimodal, i.e., a double-peaked distribution of the ISIs. The neuron 3 in B showed a burst-like
multimodal ISI distribution. The neuron 3 in A was characterized by a relatively symmetric ISI distribution resembling a relatively regular firing. Each
bin of the ISIHs has a duration of 1 msec. The ISIs are plotted up to intervals of 400 msec. Note that the ISIH of neuron 2 in A is presented up to only
200 msec for better representation of the bimodal distribution. The discharge rates of the illustrated neurons are given in Hertz within the ISIHs. The
relative fraction of defined EPN neurons from older nondystonic ( c) and dystonic (dtsz) hamsters is shown in C. Statistical comparison showed that the
proportions of EPN cells from older dystonic hamsters exhibiting different discharge patterns were not significantly different from that of controls. Total
number of neurons are as follows: n � 26 cells from control hamsters; n � 25 cells from dtsz hamsters. For additional explanations and for p values, see
Results.
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of the two major basal ganglia output structures, in dtsz hamsters
at the age at which the most marked expression of dystonia is
typically observed. This increased fraction of irregularly firing
EPN neurons is not secondary to the motor disturbances, because
this change in discharge pattern was found to occur in the absence
of motor attacks. Although we cannot exclude that the observed
discharge patterns might be state dependent, i.e., influenced by
the used anesthesia, significant differences between dystonic and
nondystonic animals nevertheless were clearly demonstrable. In-
terestingly, an increased irregularity of spontaneous firing was
also indicated by intrasurgical recordings of GPi neurons in pa-
tients with generalized dystonia when compared with patients
suffering from idiopathic Parkinson’s disease (Vitek et al., 1999).
Additionally, a change in the pattern of GPi neurons was reported
for Parkinson’s disease patients developing drug-induced dyski-
nesias (Merello et al., 1999).

In line with the current concept that dystonia in humans is
related to a lowered mean discharge rate of pallidothalamic
neurons (Wichmann and DeLong, 1996; Vitek and Giroux, 2000),
we provided recently evidence for a dramatic reduction of the
mean spontaneous EPN discharge rate in dtsz hamsters at the
most sensitive age of dystonia when compared with nondystonic
controls (Gernert et al., 2000). The lowered EPN activity in
mutants was postulated to result from a functional inhibition by
overactive striatal GABAergic projection neurons via the so-
called direct pathway, i.e., the monosynaptic inhibitory pathway
from the striatum to the basal ganglia output structures, and was
attributed to a significant bilateral reduction of the number and
density of parvalbumin-immunoreactive GABAergic interneu-
rons within the striatum of dtsz hamsters (Gernert et al., 1999a,
2000). A decreased mean discharge rate of GPi neurons was also
indicated by intrasurgical recordings in dystonic patients (Vitek et

al., 1999; Hashimoto, 2000) and by positron emission tomography
studies, the latter one demonstrating increased metabolism in the
lentiform nucleus and decreased metabolismus in the thalamus
(Eidelberg, 1998).

However, a decreased mean discharge rate in the EPN cannot,
by itself, account for the development of idiopathic dystonias, as
can be concluded from the ameliorating effects of pallidotomy
(Lozano et al., 1997; Bhatia et al., 1998; Ondo et al., 1998; Vitek
et al., 1998). Additional changes in the discharge pattern of EPN
neurons may lead to relevant changes in the activity of thalamic
target neurons. Previous quantitative electroencephalic depth
electrode recordings indicated an altered neuronal synchroniza-
tion in the striatum and globus pallidus (GP) (external GP in
primates) of mutant hamsters (Gernert et al., 1998). Using single-
unit recordings, we now showed an altered discharge pattern of
EPN neurons in dtsz hamsters. The temporal coding of neural
signals, although not fully understood, has been suggested to
provide a more important representation of information trans-
mission in neural systems than the mean firing rate (Ferster and
Spruston, 1995). It is conceivable that removing the disturbed
firing pattern of basal ganglia output neurons, which is hypothe-
sized to interfere with the pattern and degree of synchronization
of thalamocortical signal transmission by disrupting the normal
temporal pattern and thereby resulting in disordered motor con-
trol (Wichmann and DeLong, 1996; Vitek and Giroux, 2000),
outweighs the additional reduction of basal ganglia output ob-
tained by pallidotomy.

Furthermore, pallidotomy in dystonic patients is typically re-
stricted to the sensomotor portion of the GPi (Lozano et al.,
1997; Bhatia et al., 1998; Ondo et al., 1998; Vitek et al., 1998).
Despite removal of an altered discharge pattern, a complete
pallidotomy would be expected to worsen dystonia because of the
resulting complete loss of pallidothalamic activity. Indeed, com-
plete lesions of the EPN in dtsz hamsters resulted in increased
severity of dystonia (Richter et al., 2001).

We found the altered firing pattern and discharge rate of EPN
neurons to be significantly correlated in dtsz hamsters. An in-
creased inhibitory input from the striatum via the direct pathway
(Gernert et al., 1999a) is therefore likely to account not only for
the changes in discharge rate (Gernert et al., 2000) but also for
the altered firing pattern observed in the present study. This is
supported by in vitro electrophysiological investigations showing
that the discharge pattern of EPN neurons depends on their level
of membrane polarization (Nakanishi et al., 1990; Nambu and
Llinás, 1994).

As mentioned in the introductory remarks, the age depen-
dence of stress-inducible paroxysmal dystonia in dtsz hamsters
enables ontogenetic studies of the importance of changes in the
pathogenesis of dystonia. Changes detected at the age of
maximum severity should be reduced or disappeared in older
animals, which had lost their susceptibility to stress-inducible
attacks. Previous ontogenetic studies revealed that several
changes, including a deficit of striatal GABA levels, the hyper-
activity of striatal projection neurons, and the lowered activity
of EPN neurons, found in mutant hamsters at the most sensi-
tive age of dystonia completely disappeared in older animals
that had lost their susceptibility to stress-inducible dystonia
(Löscher and Hörstermann, 1992; Pratt et al., 1995; Gernert et
al., 1999a, 2000; Bennay et al., 2001). Accordingly, the present
study revealed an almost complete normalization of the
changes in discharge pattern after spontaneous remission of
dystonia in dtsz hamsters, supporting the functional relevance

Figure 5. Quantitative evaluation of ISIH parameters of EPN neurons
recorded extracellularly from nondystonic control hamsters (c; n � 26
neurons) and dystonic hamsters (dtsz; n � 25 neurons) after spontaneous
remission of stress-inducible dystonic attacks. Error bars represent mean
� SE. There were no significant intergroup differences in the mean ISI
(A), the mode (B), and the asymmetry index ( C). The kurtosis ( D) was
significantly lower in dtsz hamsters compared with controls (*p � 0.01).
For additional explanations and for exact p values, see Results.
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of an altered EPN discharge pattern for the expression of
paroxysmal dystonia. In these older animals, no significant
difference of defined firing patterns between dystonic and
nondystonic hamsters were detected. However, the kurtosis
was still significantly reduced, indicating a permanently higher
overall irregularity in firing of EPN neurons in mutants. Al-
though older dtsz hamsters are insensitive to induction of
dystonia by stress, previous studies suggest that they still carry
a latent susceptibility for drug-induced dystonia (Richter et al.,
1994, 1997) and for induction of dystonia by hormonal modu-
lation in females (Khalifa and Iturrian, 1993). These findings
might be explained by moderate long-term changes in infor-
mation processing on the level of the basal ganglia in dtsz

hamsters.
In contrast to the findings from Vitek et al. (1999), no changes

in spontaneous discharge rates and only slight changes in firing
pattern of GP neurons were found in dtsz hamsters (Gernert et al.,
1999b). Recent electrophysiological investigations of the SNr, i.e.,
the second major output structure of the basal ganglia, revealed a
higher susceptibility of SNr output neurons for drugs that disturb
GABAergic function in mutants at the age of maximum severity
of dystonia (Gernert et al., 1999c; Fedrowitz et al., 2002). How-
ever, no changes of the spontaneous discharge rates became
evident in the SNr (Gernert et al., 1999c; Fedrowitz et al., 2002).
Thus, at least in the absence of dystonic attacks, the indirect

pathway of the basal ganglia circuit via the GP and subthalamic
nucleus to the output nuclei EPN and SNr might play a less
relevant role in the pathogenesis of dystonia. In line with this
idea, the present data did not show any significant differences in
spontaneous discharge patterns of SNr neurons between dystonic
and nondystonic animals in the absence of dystonic attacks. In
fact, GABAergic SNr projection neurons, recorded intracellu-
larly, have been proposed to produce a frequency coded output
(Richards et al., 1997).

In conclusion, the present findings of an age-dependent shift
toward highly irregular and altered burst-like firing of EPN neu-
rons in dtsz hamsters provide evidence that dystonias develop as
the result of a combination of excessive reductions (Gernert et al.,
2000; Bennay et al., 2001) together with a changed discharge
pattern of EPN neurons. In view of the present findings of an
abnormal firing pattern, the dystonic hamster model seems to be
suited to investigate in future studies the mechanisms of deep
brain stimulation of the EPN, a treatment known to ameliorate
dystonia in patients (Krack and Vercueil, 2001). It is postulated
that a heterogeneous pathogenesis of different types of idiopathic
dystonia and other dyskinesias may result in common neural
disturbances (Wichmann and DeLong, 1996). Apart from idio-
pathic dystonias, the present evidence for an altered EPN firing
pattern may, therefore, also be important for other idiopathic or
symptomatic dyskinesias, for which a reduced basal ganglia out-

Figure 6. Discharge pattern of in vivo extracellularly recorded SNr neurons of nondystonic (A) and dystonic ( B) hamsters at the most sensitive age of
dystonia. Trains of discriminated spikes drawn as raster plots (each line is 2.5 sec) and, below, ISIHs illustrate the different types of spontaneous SNr
discharge patterns (1–4 ) observed. The neurons 1 in A and B were defined as burst-like with positively skewed distribution of the ISIs. The neurons 2
in A and B were classified as burst-like with a bimodal, i.e., a double-peaked distribution of the ISIs. The neurons 3 in A and B were characterized by
a random ISI distribution resembling irregular firing. The neuron 4 in A showed a bursting pattern and a narrow-ranged, positively skewed, ISI
distribution. The neuron 4 in B showed regular firing characterized by a symmetric ISI distribution. Each bin of the ISIHs has a duration of 1 msec. The
ISIs are plotted up to intervals of 200 msec. Note that the ISIH of neuron 4 in A is presented up to only 100 msec for better representation of the extremely
narrow-ranged ISI distribution. The discharge rates of the illustrated neurons are given in Hertz within the ISIHs. The relative fraction of defined SNr
neurons from nondystonic (c) and dystonic (dtsz) hamsters is shown in C. Statistical comparison showed that the proportions of SNr cells from dystonic
hamsters exhibiting different discharge patterns were not significantly different from that of controls. Total number of neurons are as follows: n � 21 cells
from control hamsters; n � 40 cells from dtsz hamsters. For additional explanations and for p values, see Results.
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put activity is hypothesized (Mitchell et al., 1990; Wichmann and
DeLong, 1996; Suarez et al., 1997; Berardelli et al., 1998; Cross-
man and Brotchie, 1998; Hallett, 1998; Merello et al., 1999; Filion,
2000; Vitek and Giroux, 2000).
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