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Spontaneous and Evoked Activity of Substantia Nigra Pars
Reticulata Neurons during High-Frequency Stimulation of
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Institut National de la Santé et de la Recherche Médicale U.114, Chaire de Neuropharmacologie, Collège de France, 75231 Paris Cedex 05, France

The subthalamic nucleus (STN), a major component of the basal ganglia, exerts an excitatory influence on the output structures of this
system i.e., the substantia nigra pars reticulata (SNR) and the internal segment of the globus pallidus. High-frequency stimulation of the
STN is a method currently used to treat parkinsonian symptoms. The aim of the present study was to analyze the effects of STN
high-frequency stimulation on the activity of SNR neurons and to investigate its impact on the transfer of information between the
cerebral cortex and the SNR. During STN high-frequency stimulation, the activity of SNR cells was decreased at low-intensity stimulation,
whereas it was increased at a higher intensity. The decrease in the discharge of SNR cells likely results from the activation of a GABAergic
transmission in the SNR because this effect was blocked by local application of bicuculline. The increased activity likely results from the
activation of the glutamatergic subthalamonigral projection because the latency of the evoked excitations was consistent with the
conduction time of the subthalamonigral neurons. Finally, during STN high-frequency stimulation, the transmission of cortical infor-
mation along the direct trans-striatal pathway was preserved, whereas the functionality of the trans-subthalamic pathways was partly
preserved or completely blocked depending on the stimulation intensity. The present data indicate that STN high-frequency stimulation
influences the activity of SNR cells through activation of their excitatory and inhibitory synaptic afferent pathways as well as antidromic
activation of the projection neurons.

Key words: subthalamic nucleus; substantia nigra pars reticulata; basal ganglia; high-frequency stimulation; deep brain stimulation;
Parkinson’s disease; neuronal activity

Introduction
The subthalamic nucleus (STN) is a major component of the
basal ganglia, which plays a critical role in the control of move-
ment. The STN receives direct afferents from the frontal pole of
the cerebral cortex including motor, premotor, and prefrontal
areas (Monakow et al., 1978; Berendse and Groenewegen, 1991;
Nambu et al., 1996) and indirect inputs from the entire cortical
mantle through the striatum and the external segment of the
globus pallidus (Smith et al., 1998). The STN participates in the
transmission of cortical signals to the output nuclei of the basal
ganglia i.e., the substantia nigra pars reticulata (SNR) and the
internal segment of the globus pallidus (GPi) (Kitai and Deniau,
1981; Joel and Weiner, 1997; Smith et al., 1998). Via its glutama-
tergic projections, the STN provides a major excitatory drive onto
the GABAergic neurons of SNR and GPi and thus reinforces the
inhibitory influence of the basal ganglia on thalamic and brain-

stem premotor networks (Albin et al., 1989; Alexander and
Crutcher, 1990; Chevalier and Deniau, 1990). Through this ef-
fect, the STN could participate in the scaling of movement and
the selection of appropriate motor commands (Mink and Thach,
1993).

In the past 10 years, STN high-frequency stimulation has be-
come an increasingly used method to treat the parkinsonian mo-
tor syndrome (Limousin et al., 1995). The effects of high-
frequency stimulation of a deep brain structure are usually
similar to those of a lesion (Benazzouz et al., 1995), suggesting
that this type of stimulation acts by silencing neurons of the stim-
ulated structure (Benabid et al., 2000; Dostrovsky and Lozano,
2002). In the case of Parkinson’s disease, this hypothesis has led to
focus on the STN as a major target for stimulation. Indeed, in
parkinsonian patients (Levy et al., 2002) as well as in animal
models of this disease (DeLong, 1990), STN neurons are hyper-
active and discharge abnormal rhythmic bursts of spikes (Bevan
et al., 2002). According to some in vitro data, STN high-frequency
stimulation may silence STN neurons activity via a mechanism of
depolarization block (Beurrier et al., 2001; Magarinos-Ascone et
al., 2002). However, in vivo observations have suggested that this
type of stimulation may produce its beneficial influence by acti-
vating axons of STN cells, STN afferents, or fibers passing close to
the stimulation site (Dostrovsky and Lozano, 2002; Salin et al.,
2002; Vitek, 2002). To further clarify the mechanisms involved,
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This work was supported by Institut National de la Santé et de la Recherche Médicale, by Centre National de la

Recherche Scientifique, and a grant from the Ministère de la Recherche et des Nouvelles Technologies (Action
Concertée Incitative RMA02004JJA). We thank Annie Ménétrey for excellent histological assistance and Patrick L.
Tierney for English correction.

Correspondence should be addressed to Dr. Nicolas Maurice, Institut National de la Santé et de la Recherche
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we have analyzed the effects of STN high-frequency stimulation
on the spontaneous activity of SNR neurons and determined to
which extent the transfer of information between the cerebral
cortex and the SNR is modified by STN stimulation. Extracellular
single-unit recordings of SNR cells were thus performed in anes-
thetized rats during STN high-frequency stimulation, and re-
sponses were compared to those evoked by single pulse stimula-
tion to reveal a possible high-frequency stimulation-specific
influence. In addition, responses induced in SNR cells by electri-
cal stimulation of the motor cortex were investigated before and
during STN stimulation.

Materials and Methods
Experiments were performed in 20 adult male Sprague Dawley rats
weighing 300 –330 gm (IFFA CREDO, Les Oncins, France). Animals
were anesthetized with chloral hydrate (400 mg/kg, i.p.; supplemented by
continuous intraperitoneal injection of chloral hydrate delivered at a rate
of 60 mg � kg �1 � hr �1 using a peristaltic pump) and fixed in a conven-
tional stereotaxic head frame (Horsley Clarke Apparatus, Unimécanique,
Epinay-sur-Seine, France). Body temperature was monitored by a rectal
thermometer and maintained at 36.5°C with a homeothermic blanket
(Harvard Apparatus, Kent, UK). All experiments were conducted in ac-
cordance with the Policies on the Use of Animals in Neuroscience as
approved by the Society for Neuroscience.
Electrophysiological analysis. Single-unit activity of SNR cells was re-
corded extracellularly using glass micropipettes (6 – 8 M�) filled with a
0.6 M sodium chloride solution containing 4% Pontamine Sky Blue. Sin-
gle neuron action potentials were amplified with a differential preampli-
fier (ISO-80; World Precision Instruments, Hertfordshire, UK) and dis-
played on a memory oscilloscope (Tektronix, Courtaboeuf, France).
Nigral neurons were identified as nondopaminergic by their classically
defined electrophysiological characteristics: thin spikes (width �2 msec)
and ability to present relatively high-frequency discharges (�10 Hz)
without decrease in spike amplitude (Bunney et al., 1973; Deniau et al.,
1978a; Guyenet and Aghajanian, 1978). During the application of STN
stimulation at 1 Hz, spikes and stimulation artifacts were separated from
noise using the single-threshold function of a window discriminator (121
window discriminator; World Precision Instruments) and sampled on-
line on a computer connected to a CED 1401 interface using the spike 2
data acquisition program (Cambridge Electronic Design, Cambridge,
UK). Peristimulus time histograms were generated from 50 stimulation
trials. During the application of STN high-frequency stimulation, spikes
were discriminated from noise and from stimulation artifacts on the
basis of their amplitude using the gate function (double threshold) of the
discriminator. Accordingly, signals corresponding to spikes were only
sampled. In a second step, all recordings were checked off-line, at a high
scale (30 msec per computer screen) to verify that all spikes were correctly
sampled and that stimulation artifacts were not taken. The time during
which spikes recording is occulted by saturation of amplifier after stim-
ulation (0.3 msec) has been taken into account to calculate the firing rates
during stimulation.

Stimulation procedures. Electrical stimulation of the orofacial motor
cortex [anterior (a): 12.5 mm from the interaural line; lateral (l): 3.8 mm;
depth: 1.2 mm from the cortical surface] and of the STN (a: 5.2 mm from
the interaural line; l: 2.5 mm) ipsilateral to the recording site in the SNR,
was performed with bipolar coaxial stainless steel electrodes (diameter,
250 �m; tip-barrel distance, 300 �m; SNE-100, Rhodes Medical Instru-
ments, Woodlands Hill, CA) positioned stereotaxically according to the
atlas of Paxinos and Watson (1986). The recording site in the SNR (a:
3.0 –3.4 mm from the interaural line; l: 2.3–2.6 mm) was localized in the
lateral sensorimotor division of the nucleus (Deniau et al., 1996), which
receives the projections of the stimulated region in the STN (Kolomiets et
al., 2003). The positioning of the stimulating electrode within the orofa-
cial motor cortex was precisely defined by the motor response evoked by
a brief train of pulses (pulses of 100 �sec width and 10 –20 V delivered at
a 250 Hz frequency during 300 msec). To ensure correct positioning of
the stimulating electrode into the STN, multiunit responses to cortical
stimulation were recorded through the stimulating electrode. As previ-

ously described, cortical stimulation evokes characteristic responses in
STN cells consisting of two excitatory responses separated by a brief
inhibition (Ryan and Clark, 1992; Maurice et al., 1998). When applied in
the cortex, electrical stimulation consisted of pulses of 200 �sec width
and 10 –20 V (corresponding to 200 – 400 �A) delivered at a 1 Hz fre-
quency. Electrical STN stimulation consisted of pulses of 60 �sec width
and 1–15 V (corresponding to 20 –300 �A intensity) delivered at a 1 Hz
frequency for the single-pulse study and 50 –200 Hz for the high-
frequency study.

Microiontophoresis. Three-barrel glass micropipettes (3GC120F-10;
Clark Electromedical Instruments, Reading, UK) were pulled on a verti-
cal pipette puller (Narishige, Tokyo, Japan), and their tips were broken
under microscopic observation to a diameter of 1–3 �m. Two barrels
were filled with a solution of (�)bicuculline methiodide (5 mM in NaCl
9‰, pH 3; Sigma; St. Louis, MO) and one barrel with a solution of GABA
(1 M in H2O, pH 4; Sigma). Barrels impedance was 40 –70 M�. The
three-barrel microelectrode was then glued to the recording electrode
under microscopic control to a tip–tip distance of 10 �m, this particular
position reducing currents artifacts (Crossman et al., 1974). Ionto-
phoretic currents were delivered using an iontophoresis unit (Bionic
Instruments, Briis sous Forges, France). A retaining current (�5 to �20
nA) was applied to each barrel to prevent passive diffusion between
ejection periods. All compounds were ejected by a positive current ad-
justed to provide submaximal responses.

Statistical analysis. Results are given as means � SEM. Differences in
SNR firing rate observed before and during STN high-frequency stimu-
lation were evaluated using the two-tailed Student’s t test. Responses to
STN stimulation at different frequencies were compared by a one-way
ANOVA followed by a Dunnett’s multiple comparison test.

Histological verifications. At the end of each experiment, the tip of each
stimulating electrode was marked by an electrical deposit of iron (15 �A
anodal, 20 sec) and observed on histological sections after a ferri-
ferrocyanide reaction. The tip of the recording electrode was marked by
iontophoretic ejection of Pontamine Sky Blue (8 �A cathodal, 20 min),
allowing the determination of the position of recorded cells. Brains were
removed and fixed in a 10% formalin solution. The localization of the
blue points was observed on serial frozen sections (100 �m) stained with
safranin.

Results
Effects of STN high-frequency stimulation on the activity of
SNR neurons
The effects of STN high-frequency stimulation (130 Hz) on the
activity of ipsilateral SNR neurons were examined in 129 cells.
For each tested cell, STN high-frequency stimulation was applied
for at least 30 sec. Three types of effects were observed: inhibition,
excitation, and/or antidromic activation. These responses could
be obtained on a same SNR cell depending on the intensity and
polarity of the stimulation pulses and were distributed through-
out the recording area in the SNR.

Inhibition
During STN high-frequency stimulation at low intensity (1– 4 V
corresponding to 20 – 80 �A), SNR cells (n � 84) showed a
marked decrease (79%; range: 25–100%) in discharge rate. The
mean firing rate of these cells was 27.3 � 2.0 Hz before stimula-
tion and decreased to 5.9 � 1.1 Hz ( p � 0.001) during STN
stimulation. As illustrated in Figure 1, A and B, the firing of these
SNR cells dropped abruptly at the onset of the stimulation, and
this reduced firing was maintained throughout the stimulation
period while cells rapidly recovered (40 –900 msec) the prestimu-
lus firing rate after cessation of the stimulation. In a few neurons,
the inhibition outlasted (up to 5 sec) the period of STN stimula-
tion with a gradual recovery of the firing rate. This postinhibitory
effect was generally prolonged by increasing the stimulation
intensity.

The influence of the frequency of STN stimulation was exam-
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ined in 15 of the 84 neurons whose firing was decreased by low-
intensity (� 4 V) STN stimulation at 130 Hz. The mean sponta-
neous firing rate of these cells (23.6 � 2.5 Hz) decreased to 10.9 �
2.3 and 5.2 � 1.5 Hz during STN stimulation at 50 and 100 Hz,
respectively. Increasing the stimulation frequency to 130 and 200
Hz did not further significantly reduce the firing of SNR cells
(4.1 � 1.1 and 4.1 � 1.2 Hz, respectively; p � 0.05).

Excitation
During STN high-frequency stimulation (130 Hz), the discharge
of SNR cells was increased in 28 of the 129 cells tested (Fig. 2).
Usually this excitatory response was evoked using a stimulation
intensity above 4 V and could be obtained in cells presenting an
inhibition at low intensity (n � 13) (Fig. 3). The mean firing of
the cells increased up to 84.6 � 9.6 Hz during STN stimulation as
compared with 25.0 � 3.9 Hz before stimulation ( p � 0.001). In
most of the SNR cells activated by STN high-frequency stimula-
tion, the firing increased promptly at the onset of the stimulation,
and the excitation was maintained throughout the stimulation
period and rapidly returned to the prestimulus rate when the
stimulation was ended. However, in the cells presenting an inhi-
bition at low stimulation intensity, the increased discharge
evoked by STN stimulation at higher intensity could be preceded
by a transient period of decreased activity.

The influence of the frequency of STN stimulation was exam-
ined in 5 of the 28 SNR cells activated by STN stimulation at 130
Hz. The mean firing rate of these cells (35.0 � 7.2 Hz before
stimulation) increased to 51.1 � 8.2, 88.0 � 10.7, and 109.1 �
14.1 Hz during STN stimulation at 50, 100, and 130 Hz,
respectively.

Antidromic activation
STN stimulation induced an antidromic activation in 20 SNR
cells, with a mean latency of 1.2 � 0.1 msec (Fig. 4). The anti-
dromic responses were obtained for stimulation intensities of
2– 8 V. In all cases, the antidromic spike reliably followed the 130
Hz stimulation (Fig. 4B) and could be maintained up to 600 Hz.
Interestingly, the occurrence of an antidromic spike elicited by

Figure 1. Inhibitory effect of STN high-frequency stimulation on the spontaneous activity of
a SNR cell. A, Rate histogram illustrating the decreased spontaneous firing of a SNR cell during
STN high-frequency stimulation (130 Hz) applied at low intensity (2.1 V); horizontal line indi-
cates the time of application of STN stimulation. B, Magnified view of the recording (top trace)
depicting the onset of STN high-frequency stimulation and of the event channel (bottom trace)
confirming that only spikes were sampled. C, Peristimulus time histogram illustrating the in-
hibitory response evoked in the same SNR cell by STN stimulation at the same intensity but at 1
Hz. Arrow indicates the time of the stimulation application.

Figure 2. Excitatory effect of STN high-frequency stimulation on the activity of a SNR cell. A,
Activity trace recorded before STN high-frequency stimulation taken at the time indicated by
the star in B. B, Rate histogram illustrating the evoked increase of firing of a SNR cell during STN
high-frequency stimulation (130 Hz) with increasing intensities (3, 4, 5, and 6 V); horizontal
lines indicate the time of application of STN stimulation with the corresponding intensity; note
that the excitatory effect is elicited only during the application of STN stimulation at high
intensity. C, Magnified view of the recording (top trace) and of the event channel (bottom
trace), confirming that only spikes were sampled. D, Peristimulus time histogram illustrating
the excitatory response evoked in the same SNR cell by STN stimulation at 1 Hz and 5 V. Arrow
indicates the time of the stimulation application.
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STN stimulation at 1 Hz was systematically followed by a silent
period lasting 8 –21 msec (Fig. 4C). Consequently, during STN
stimulation at 130 Hz, the spontaneous firing of the neuron was
suppressed.

High-frequency (130 Hz) versus single-pulse (1 Hz)
stimulation of the STN
In 57 SNR cells, responses induced by STN high-frequency stim-
ulation at 130 Hz were compared with those evoked by a single-
pulse stimulation (1 Hz) applied with similar intensity and dura-
tion (60 �sec). Single-pulse stimulation induced a brief
inhibitory response [latency (L) � 4.4 � 1.4 msec; duration
(D) � 13.6 � 1.3 msec] in 33 of the 39 cells whose firing was
decreased during high-frequency stimulation (Fig. 1C), no effect

being observed in the six remaining cells. An excitatory response
(L � 5.0 � 0.8 msec) was also evoked by the single-pulse stimu-
lation in 13 of the 14 SNR cells activated by STN high-frequency
stimulation (Fig. 2C), and no effect was observed in the remain-
ing cell. The latencies of excitatory responses evoked by single
pulses and by high-frequency stimulation were similar. The exci-
tatory responses were preceded by a brief inhibition in 4 of the 13
cells activated by the single-pulse stimulation. Finally, the neu-
rons antidromically activated during high-frequency stimulation
(n � 9) were also antidromically activated at a same latency using
single pulse stimulation. Activation threshold was the same or
slightly higher with single pulse stimulation.

Involvement of a GABAergic transmission in the inhibition
induced by STN high-frequency stimulation
To test the hypothesis that the decreased firing rate observed in
SNR cells during STN high-frequency stimulation results from
the activation of a GABAergic transmission, GABAA receptors
were blocked by iontophoretic application of bicuculline on SNR
cells (Fig. 5). In all SNR tested cells (n � 13), a bicuculline appli-
cation at a current that antagonized the effect of GABA (74.9%
reduction in efficacy) also blocked the inhibition induced by STN
stimulation (130 Hz). After cessation of bicuculline application,
the inhibitory effect of STN high-frequency stimulation recov-
ered concomitantly with the sensitivity of the cells to GABA.

Effects of STN high-frequency stimulation on responses
evoked in SNR cells by stimulation of the motor cortex
Responses evoked in SNR cells by single-pulse stimulations (1
Hz) of the motor cortex before and during STN high-frequency
stimulation (130 Hz) were compared to determine the impact of
STN high-frequency stimulation on the transmission of cortical
information through the trans-striatal and trans-subthalamic
circuits (Figs. 6, 7). As previously described (Maurice et al., 1999;
Kolomiets et al., 2003), the cortical stimulation induced different
patterns of responses consisting of an inhibition (L � 12.3 � 0.6
msec; D � 20.5 � 2.1 msec) preceded or not by an early excita-
tion (L � 4.4 � 0.1 msec) and followed or not by a late excitation
(L � 31.7 � 0.5 msec). The early excitation results from the
activation of the direct subthalamonigral pathway, the inhibition
from the activation of the direct striatonigral pathway, and the
late excitatory response from the activation of the so-called indi-

Figure 3. Inhibitory and excitatory effects evoked by STN stimulation on a same SNR cell. A,
Inhibition of spontaneous activity induced on a SNR cell by STN high-frequency stimulation (130
Hz) at low intensity (4 V). B, STN stimulation by single pulses at 1 Hz and at the same intensity (4
V) did not evoke any response in this SNR cell. C, Excitatory effect evoked on the same SNR cell by
STN high-frequency stimulation (130 Hz) at a higher intensity (8 V). D, STN stimulation by single
pulses at 1 Hz and at the same intensity (8 V) evoked an excitatory response preceded by an
inhibition. In A and C, horizontal lines indicate the time of application of STN stimulation at high
frequency; in B and D, arrows indicate the time of application of the single pulse stimulation.

Figure 4. Antidromic activation of a SNR cell during STN high-frequency stimulation. A,
Characterization of the antidromic response evoked by STN stimulation. Fixed latency (top;
three superimposed traces; antidromic latency: 0.9 msec) and collision with spontaneous spikes
(middle and bottom). B, The antidromic spike reliably follows 130 Hz stimulation. C, Peristimu-
lus time histogram illustrating that in this SNR cell, the antidromic activation evoked by STN
stimulation at 1 Hz and 2.5 V was followed by a period of inhibition. Arrows indicate the time of
stimulation.

Figure 5. Iontophoretic application of bicuculline blocks the inhibitory effect induced by STN
high-frequency stimulation at low intensity on the activity of a SNR cell. The efficiency of bicu-
culline to block the GABAergic transmission is ascertained by its ability to reverse the effect of
iontophoretic application of GABA. Although the GABA response is blocked, STN high-frequency
stimulation (130 Hz; 5 V) is no longer able to decrease the spontaneous activity of the SNR cell.
After cessation of bicuculline application, the inhibitory effect of STN stimulation concomitantly
recovered with the sensitivity of the cell to GABA. Horizontal lines indicate the time of GABA
and/or bicuculline iontophoretic application and the time of STN high-frequency stimulation
application, as indicated by the corresponding headlines.
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rect striato-pallido-subthalamonigral pathway, which induces a
disinhibition of the STN (Kitai and Deniau, 1981; Maurice et al.,
1999; Nambu et al., 2000).

Cortically evoked responses were studied in 13 SNR cells in-
hibited (mean decreased firing rate 90%) and 8 SNR neurons
activated (mean increased firing 184%) by STN stimulation. In
the 13 inhibited cells, when the STN high-frequency stimulation
was applied just above the intensity threshold to induce an inhib-
itory effect (1– 4 V), the patterns of responses evoked by the ce-
rebral cortex were preserved, although the early and late excita-
tory responses were decreased by 56 and 35%, respectively (Fig.
6). In contrast, excitatory responses were no more observed when
the stimulation intensity was raised to a suprathreshold level (n �
3). In the eight SNR cells activated by the STN stimulation (in-
tensity range: 4.5–13.5 V), the components of the cortically
evoked responses were differently affected: the late excitatory re-
sponse was consistently abolished, the early excitatory response
was either decreased or abolished, and the inhibition was main-
tained or even increased in duration (Fig. 7).

Discussion
The present study indicates that STN high-frequency stimulation
influences SNR neuronal firing by activating inhibitory and exci-
tatory pathways. Low-intensity stimulation induced an inhibi-

tion by increasing GABAergic transmission in the SNR. In con-
trast, higher intensity stimulation elicited an excitation likely
resulting from the activation of the subthalamonigral pathway. In
both cases, the functionality of the direct inhibitory trans-striatal
pathway was preserved, whereas the transmission of cortical in-
formation along the trans-subthalamic pathway was markedly
decreased or blocked by increasing STN stimulation intensity.

Effects of STN high-frequency stimulation on the activity of
SNR cells
Mechanisms underlying the effects of STN high-frequency stim-
ulation on the output nuclei of the basal ganglia are still contro-
versial. In parkinsonian patients and animal models of Parkin-
son’s disease, lesion (Bergman et al., 1990; Aziz et al., 1991) or
pharmacological inactivation (Levy et al., 2001) as well as STN
high-frequency stimulation (Benazzouz et al., 1993; Limousin et
al., 1995) produce similar beneficial effects on motor symptoms.
These observations have led to propose that STN high-frequency
stimulation acts by inhibiting STN neuronal activity and conse-
quently by decreasing the excitatory drive of STN on basal ganglia
output nuclei. Supporting this hypothesis, it has been shown that
in rat brain slices STN high-frequency stimulation interrupts the
firing of STN cells by reducing Na� and Ca 2� voltage-gated cur-
rents (Beurrier et al., 2001; Magarinos-Ascone et al., 2002). Fur-

Figure 6. Impact of STN high-frequency stimulation at low intensity on the pattern of re-
sponses evoked by cortical stimulation in a SNR cell. A, Triphasic excitatory–inhibitory– excita-
tory pattern of response evoked by stimulation of the orofacial sensorimotor cortex while the
STN stimulation is turned off. B, During the STN high-frequency stimulation (130 Hz) at low
intensity (2.8 V) that produced a marked inhibition of the cell activity, responses evoked by
cortical stimulation presented a similar pattern, although excitations were decreased; inset,
inhibitory effect of STN high-frequency stimulation on the spontaneous activity of the recorded
SNR cell. Arrows indicate the time of stimulation.

Figure 7. Impact of STN high-frequency stimulation at high intensity on the pattern of
responses evoked by cortical stimulation in a SNR cell. A, Classical triphasic excitatory–
inhibitory– excitatory events evoked by stimulation of the orofacial sensorimotor cortex on the
SNR cell while the STN stimulation is turned off. B, During STN high-frequency stimulation (130
Hz) at high intensity (6 V) that triggered an increase in the spontaneous firing rate of the cell,
excitations were not observed anymore, whereas the inhibitory period was preserved; inset,
excitatory effect of STN high-frequency stimulation on the spontaneous activity of the recorded
SNR cell. Arrows indicate the time of stimulation.
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thermore, in anesthetized rats, a decrease of neuronal activity has
been observed in the STN as well as in output nuclei of the basal
ganglia after (Benazzouz et al., 1995, 2000) or during (Burbaud et
al., 1994) application of STN high-frequency stimulation. How-
ever, as recently shown in monkeys, STN high-frequency stimu-
lation can also increase the activity of basal ganglia output nuclei
(Hashimoto et al., 2003). Finally, intracerebral microdialysis
studies in rats indicate that extracellular levels of both glutamate
and GABA are enhanced in the substantia nigra during STN high-
frequency stimulation (Windels et al., 2000, 2003), suggesting the
involvement of excitatory and inhibitory elements of the basal
ganglia circuitry.

The present electrophysiological study indicates that low-
intensity STN stimulation (�4 V) at either 1 Hz or high fre-
quency (130 Hz) mainly induced an inhibition in SNR cells,
whereas higher intensity stimulation (5–12 V corresponding to
100 –240 �A) induced an excitation. The excitation likely results
from the activation of the subthalamonigral pathway, which is
glutamatergic (Hammond et al., 1978). Indeed, latencies of exci-
tatory responses evoked in nigral cells by single pulse or high-
frequency STN stimulation were similar and consistent with the
conduction time of the subthalamonigral pathway (Deniau et al.,
1978b; Kitai and Deniau, 1981). In addition, it has been shown
that excitatory responses evoked in SNR by STN stimulation with
current intensity �300 �A result from specific activation of the
subthalamonigral fibers (Hammond et al., 1978). The inhibition
evoked by low-intensity STN stimulation results from the activa-
tion of a GABAergic transmission in the SNR because this inhi-
bition was suppressed by iontophoretic application on SNR cells
of bicuculline, an antagonist of GABAA receptors. This inhibitory
effect, which is observed at low-intensity STN stimulation, likely
did not result from the activation of the direct GABAergic stria-
tonigral fibers that run in the vicinity of the STN (Hammond et
al., 1978). Indeed, if these fibers were activated, a continuous
barrage of antidromic spikes would be generated along the stria-
tonigral fibers preventing orthodromic volleys from reaching the
SNR. However, as shown by our results, the inhibitory compo-
nent of the response evoked in SNR cells by cortical stimulation,
which is attributable to the activation of the striatonigral path-
way, was preserved during STN high-frequency stimulation. The
inhibition of nigral cells induced by single-pulse or high-
frequency STN stimulation at low intensity could result from the
activation of pallidonigral fibers through an axonal reflex because
GABAergic pallido-subthalamic neurons send an axon collateral
to the SNR (Kita and Kitai, 1994). Finally, this nigral inhibition
could also result, through an axonal reflex, from the activation of
the intranigral axon collateral network of GABAergic SNR cells
(Deniau et al., 1982; Mailly et al., 2003) because ascending pro-
jections of nigral cells pass through the STN (Grofova et al.,
1982). Several observations favor this latter hypothesis: (1) low-
intensity STN stimulation generates antidromic activation of
SNR cells (present study); (2) antidromic activation of nigral cells
induces, through a local axonal reflex, IPSPs in SNR cells that
follow frequency stimulations at 150 –200 Hz (Deniau et al.,
1982), and finally (3) the short duration of these IPSPs is consis-
tent with the phasic inhibitory response observed in nigral cells
after STN stimulation at 1 Hz (present study). Thus, the inhibi-
tion of nigral cells by STN high-frequency stimulation likely re-
sults from the temporal summation of these IPSPs.

As indicated by comparing the latencies of the antidromic
spikes evoked in STN cells after SNR stimulation (Deniau et al.,
1978b; Kitai and Deniau, 1981) with those evoked in SNR cells
after STN stimulation (present study), the axons of SNR cells

passing through the STN have a faster conduction velocity than
the axons of the subthalamonigral neurons, suggesting that they
are thicker. Large axons are more easily activated by electrical
current than thinner ones (Ranck, 1975). Thus, it is likely that at
low intensity STN stimulation preferentially activates the ascend-
ing axons of SNR cells, whereas a higher intensity is necessary to
recruit subthalamonigral fibers. Accordingly, excitation of nigral
cells was observed for higher intensity STN stimulation than that
required for inhibition and antidromic activation.

Effects of STN high-frequency stimulation on the transfer of
cortical information
As previously described, cortical stimulation induced complex
responses in SNR cells that are composed of either a prolonged
excitation or of an inhibition preceded or not by an early excita-
tion and followed or not by a late excitation (Fujimoto and Kita,
1992; Kita, 1994; Ryan and Sanders, 1994; Maurice et al., 1999;
Kolomiets et al., 2003). The inhibition is caused by the activation
of the direct striatonigral pathway, whereas the early and late
excitations result from the activation of the two trans-
subthalamic circuits (Maurice et al., 1998, 1999). The present
study shows that the pattern of the responses evoked in SNR cells
by stimulation of the orofacial motor cortex was preserved dur-
ing STN high-frequency stimulation at low intensity. Indeed, the
striatonigral inhibitory component was not modified, and the
trans-subthalamic excitatory responses were still observed, al-
though they were reduced. The reduction of these excitatory re-
sponses likely results from an activation of a nigral GABAergic
transmission, as discussed above. During STN stimulation at
higher intensity, the inhibitory component was preserved, but
the excitatory components were not anymore observed, also sug-
gesting a blockade of trans-subthalamic circuits at the level of the
STN. This can be caused by a decreased excitability of STN cells
resulting from the activation of the GABAergic pallido-
subthalamic afferents and/or from a depolarization block of the
STN cells. An additional mechanism might consist in the block-
ade of the synaptically mediated activation of STN cells from
propagating to SNR caused by the collision with a barrage of
antidromic spikes generated along the STN axons by the high-
frequency stimulation.

Functional considerations
In current models of basal ganglia circuitry, the activation of the
direct striatonigral GABAergic pathway inhibits the tonically ac-
tive GABAergic projection neurons of the SNR and leads to a
disinhibition of their target nuclei in thalamic and brainstem
premotor networks (Chevalier and Deniau, 1990). This disin-
hibitory process is central in the physiology of the basal ganglia.
Through their excitatory influence on SNR, the trans-
subthalamic pathways participate in the spatiotemporal shaping
of this disinhibitory process and thus contribute to the scaling of
movements and inhibition of competing motor programs (Mink
and Thach, 1993). In parkinsonian patients and experimental
models of Parkinson’s disease, the firing pattern of STN cells is
modified, and their overall firing rate is increased (DeLong, 1990;
Bevan et al., 2002; Levy et al., 2002). These modifications in STN
firing lead to an abnormal activity of the output nuclei of the basal
ganglia and to an imbalance between the direct striatonigral and
the trans-subthalamic pathways that is responsible for the motor
disturbances (Albin et al., 1989; Chesselet and Delfs, 1996; Obeso
et al., 1997). The present study indicates that STN high-frequency
stimulation preserves the inhibitory influence of the striatonigral
pathway and, depending on the intensity, this STN stimulation
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decreases or abolishes the excitatory influence of trans-
subthalamic pathways on SNR cells. Thus, by decreasing the rel-
ative efficiency of the trans-subthalamic circuits, the STN high-
frequency stimulation introduces a bias between the direct and
indirect trans-striatal circuits. This bias, which is opposite to that
induced by the alteration of dopamine transmission in Parkin-
son’s disease, might play a major role in the ability of STN stim-
ulation to restore motor functions of parkinsonian patients.
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