
IGH-frequency stimulation of the STN through im-
planted electrodes has become an established treat-
ment for PD.13,25 Nonetheless, the precise mecha-

nism of DBS in the STN is unknown. Because the effects of
HFS are usually similar to those of a lesion, it has been hy-
pothesized that this type of DBS acts by silencing neurons
within the stimulated structure.6,27 Beurrier, et al.,7 used the
blind patch-clamp technique in a rat tissue slice preparation
to demonstrate that HFS blocked action potential generation
in STN neurons during the poststimulation period. These in-
vestigators argued that the same blocking effect occurred
during stimulation as well, but they were unable to verify
this assertion in their preparation because of stimulus ar-
tifacts. Recently, Magarinos-Ascone, et al.,28 demonstrated
in a similar rat brain slice preparation that sustained high-
frequency (. 100 Hz) electrical stimulation could result
in steady membrane depolarization, an increased firing rate,
followed by bursts, and finally total silence of tonic cells.
Both groups of researchers posited that the mechanism of

DBS within the STN in PD was a consequence of the HFS-
mediated inhibition of neuronal firing within the STN. 

This hypothesis is challenged by recent findings, howev-
er. For example, HFS of the STN in MPTP-treated monkeys
caused a short-latency excitation of both the globus pallidus
internus and externus, indicating that activation of efferent
fibers in the STN resulted from HFS.20 Furthermore, anal-
ysis of in vivo observations has revealed that HFS may pro-
duce its beneficial effect by activating axons of STN cells,
STN afferents, or fibers passing close to the stimulation
site.14,42 Thus, there are conflicting reports of the exact effect
of HFS of STN neurons. In the present study we report that
HFS of the STN generated both EPSPs and IPSPs in STN
neurons and modified the firing rate of action potentials re-
sulting from neurotransmitter release. 

Materials and Methods

Tissue Slice Preparation 

For the preparation of tissue slices, 4- to 6-week-old male or fe-
male Sprague–Dawley rats were deeply anesthetized using sodium
pentobarbital (30–40 mg/kg) and then were killed by decapitation.
The forebrain was rapidly removed and the hemispheres were sepa-
rated with a midline incision. Tissue slices (400 mm thick) were cut
in the coronal plane by using a vibratome (Ted Pella, Inc., Redding,
CA). During preparation, the tissue slices were placed in a chilled
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Object. High-frequency stimulation (HFS) delivered through implanted electrodes in the subthalamic nucleus
(STN) has become an established treatment for Parkinson disease (PD). The precise mechanism of action of deep brain
stimulation (DBS) in the STN is unknown, however. In the present study, the authors tested the hypothesis that HFS
within the STN changes neuronal action potential firing rates during the stimulation period by modifying neurotrans-
mitter release.

Methods. Intracellular electrophysiological recordings were obtained using sharp electrodes in rat STN neurons in
an in vitro slice preparation. A concentric bipolar stimulating electrode was placed in the STN slice, and electrical stim-
ulation (pulse width 50–100 msec, duration 100–2000 msec, amplitude 10–500 mA, and frequency 10–200 Hz) was
delivered while simultaneously obtaining intracellular recordings from an STN neuron. 

High-frequency stimulation of the STN either generated excitatory postsynaptic potentials (EPSPs) and increased
the action potential frequency or it generated inhibitory postsynaptic potentials and decreased the action potential fre-
quency of neurons within the STN. These effects were blocked after antagonists to glutamate and g-aminobutyric acid
were applied to the tissue slice, indicating that HFS resulted in the release of neurotransmitters. Intracellular record-
ings from substantia nigra pars compacta (SNc) dopaminergic neurons during HFS of the STN revealed increased gen-
eration of EPSPs and increased frequency of action potentials in SNc neurons. 

Conclusions. During HFS of STN neurons the mechanism of DBS may involve the release of neurotransmitters
rather than the primary electrogenic inhibition of neurons.
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Abbreviations used in this paper: DBS = deep brain stimulation;
EPSP = excitatory postsynaptic potential; GABA = g-aminobutyric
acid; HFS = high-frequency stimulation; IPSP = inhibitory postsyn-
aptic potential; MPTP = 1-methyl-4-phenyl-1,2,3,6-tetrahydropyri-
dine; PD = Parkinson disease; SNc = substantia nigra pars compacta;
SNr = substantia nigra pars reticulata; STN = subthalamic nucleus.
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FIG. 1. Tracings obtained during an extracellular multiunit recording from the STN, revealing poststimulus inhibition
of action potential generation. A single 10-second duration electrical stimulus at 100 Hz delivered within approximately
200 mm from the STN recording electrode produced a stimulation artifact, followed by the inhibition of neuronal firing
lasting approximately 30 seconds and the gradual return of spontaneous activity. Due to the stimulation artifact, it was im-
possible to see what happened during stimulation.

FIG. 2. a: Tracing of an intracellular recording from an STN neuron revealing that electrical stimulation could generate
action potentials at 53 to 78 Hz during the stimulation period. At the end of stimulation, there was an inhibition of neuro-
nal firing lasting 1.8 seconds. b: Tracing demonstrating that the membrane potential of the STN neuron was held at 280
mV with the intracellular injection of hyperpolarizing direct current. A single electrical stimulus applied at 10 Hz resulted
in the generation of subthreshold EPSPs. c: Magnification of segment featured in b. d: Tracing obtained by increasing
the stimulation frequency to 20 Hz, revealing the frequency-dependent summation of EPSPs such that, even at 280 mV
membrane-holding potential, stimulation was able to generate action potentials. e: Magnification of segment featured in
d. f: Tracing obtained in another STN neuron, revealing that 20-Hz stimulation resulted in IPSPs and blockage of action
potential generation. g: Magnification of segment featured in f.
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solution (5˚C) in which NaCl was replaced with sucrose while osmo-
larity was maintained at 307 mOsm.2 The tissue slices were placed
in an interface-style recording chamber (Fine Science Tools, Fos-
ter City, CA) maintained at 35˚C and were allowed to recover for
at least 2 hours. The bathing medium contained (in mM) NaCl, 126;
KCl, 2.5; MgSO4, 1.2; NaH2PO4, 1.25; CaCl2, 2; NaHCO3, 26; and
dextrose, 10 and was aerated with 95% O2 and 5% CO2 to a final pH
of 7.4. For the first 20 minutes that the slices were in the recording
chamber, the bathing medium contained an equal mixture of the nor-
mal NaCl and the sucrose-substituted solutions. All drugs were bath-
applied and purchased from Sigma Chemical Co., St. Louis, MO.

Electrophysiological Recordings

Extracellular recordings were obtained using tungsten microelec-
trodes and an extracellular amplifier (FHC, Bowdoinham, ME). In-
tracellular recording electrodes were pulled on a micropipette puller
(P-80; Sutter Instruments, Novato, CA) from medium-walled glass
(1B100F; WPI, Sarasota, FL). Micropipettes were filled with 2 M
potassium acetate. In addition, the location of the STN was con-
firmed through Golgi staining. Only those neurons exhibiting a
stable resting membrane potential were included in the analysis.
Electrical stimulation of the STN was accomplished by placing a
concentric stimulating electrode in the STN (pulse width 50–100
msec, amplitude 10–500 mA, and frequency 10–200 Hz). Both the
current and voltage outputs were digitized (Digidata; Axon In-
struments, Union City, CA) and stored on a computer and video-
tape. Records were analyzed using a commercially available pro-
gram (pclamp, version 9.1; Axon Instruments). Figures were drawn
using CorelDRAW 9.0 (Corel, Inc., Dallas, TX).

Results

Extracellular STN Recordings

Using an extracellular microelectrode, we recorded from
spontaneously firing STN neurons (five tissue slices). A
single stimulus of 100 Hz delivered within approximately
200 mm of the STN recording electrode produced a stimu-
lation artifact, followed by the inhibition of neuronal firing
lasting for approximately 30 seconds and the gradual return
of spontaneous activity (Fig. 1). Because of the stimulation
artifact, we could not see what happened to neuronal activ-
ity during the stimulation period.

Intracellular STN Recordings

To study the cellular effects of HFS, we performed intra-
cellular recordings from STN neurons by using sharp elec-
trodes. These recordings were obtained from STN neurons

within approximately 200 mm of the stimulating electrode
during a single brief (~200 msec) electrical stimulus deliv-
ered at 100 Hz. The frequency of action potentials increased
in the majority of recorded cells (11 of 16 cells; Fig. 2a). At
the end of stimulation, there was a profound inhibition of
spontaneous activity, as had occurred with the extracellular
recordings. To study the subthreshold responses to electrical
stimulation of the STN, we hyperpolarized the recorded
neurons with an intracellular injection of direct current to
hold the membrane potential at 280 mV. At this membrane
potential, electrical stimulation at 10 Hz revealed EPSPs
(Fig. 2b and c). The onset latency of these postsynaptic
events was as brief as the delay imposed by the synapse (~1
msec), indicating that the pathway between stimulated neu-
rons and recorded neurons was monosynaptic. To study the
effect of the frequency of stimulation on the pattern of neu-
ronal activity, the stimulation frequency was increased to 20
Hz. A frequency-dependent summation of the EPSPs was
apparent, and even at a holding potential of 280 mV, the
HFS was able to generate action potentials (Fig. 2d and e).
In a subset of neurons, electrical stimulation blocked the
generation of action potentials while the stimulus was ap-
plied (five of 16 cells; Fig. 2f). The current-clamp traces re-
vealed that IPSPs followed each stimulation pulse (Fig. 2g).
Analysis of these results indicates that HFS of the STN may
result in both EPSPs and IPSPs, probably by stimulating
synaptic release of neurotransmitters. 

Neurotransmitter Blockage

To determine whether the effects of HFS were mediated
by synaptic transmission, we bath-applied 6-cyano-7 nitro-
quinoxaline-2,3-d 20 mM (an ampa/kainate subtype gluta-
mate antagonist), D-(-)-2-amino-5-phosphopentanoic acid
40 mM (an N-methyl-D-aspartate subtype glutamate antag-
onist), and bicuculline 10 mM (a GABAA receptor antago-
nist). These antagonists blocked all cellular effects of HFS.
Thus, HFS had no effect on action potential generation in
cells held at 255 mV, and only the stimulation artifact oc-
curred at holding potentials of 265 mV during the stimulus
period (five cells; Fig. 3). Analysis of these results indicates
that the effects of HFS are mediated by neurotransmitter
release and that HFS elicited both EPSPs and IPSPs by
releasing endogenous neurotransmitters such as glutamate
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FIG. 3. Tracings obtained during electrical stimulation (100 Hz frequency) in the continuous presence of glutamate and
GABA receptor antagonists, showing complete blockage of the postsynaptic potentials.
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(EPSPs) and GABA (IPSPs). 

Substantia Nigra Pars Compacta Recordings

We obtained intracellular recordings from SNc neurons
while simultaneously delivering HFS to the STN. Stimula-
tion of the STN generated EPSPs and increased the frequen-
cy of action potentials in SNc neurons (five cells; Fig. 4).
These results suggest that HFS of the STN results in in-
creased firing of the STN neurons, which in turn releases
glutamate, stimulates EPSPs, and increases action poten-
tials in SNc neurons. Activation of the SNc neurons pre-
sumably results in elevated amounts of dopamine release at
the SNc synaptic terminals.

Stimulation With Various Frequencies

To study the frequency dependence of the action poten-
tial generation, one cell was held at a resting membrane po-
tential of 260 mV and was stimulated at frequencies rang-
ing from 20 to 200 Hz. At baseline, the cell fired action
potentials at approximately 10 to 20 Hz. As the stimulation
rate increased, the action potentials increased until the stim-
ulation frequency exceeded 140 Hz, at which point the fre-
quency of action potentials declined (one cell; Fig. 5a–c).
At the end of stimulation, however, there was a burst of
action potentials, confirming that the cell was capable of
generating action potentials. A graph of the stimulation fre-
quency compared with the frequency of action potential
generation (Fig. 5d) revealed that maximal firing was in-
duced at approximately 100 Hz. 

Discussion

Analysis of data in the present study indicates that HFS
of the STN results in release of neurotransmitters at the
synaptic terminals and causes EPSPs and IPSPs in STN
neurons. These potentials modify the activity of STN neu-
rons such that the frequency of action potential generation
is changed. In addition, HFS in the STN appears to change
the activity of STN target structures, such as neurons in the
SNc. Thus, HFS of the STN may activate numerous neu-

rotransmitter systems, including the dopaminergic system.
These results provide evidence against the hypothesis that
HFS acts by direct electrogenic silencing of neurons in the
stimulated structure.

Effects of HFS on the Activity of STN Neurons

The effects of high-frequency DBS are usually similar to
those of a lesion,6 indicating that this type of stimulus acts
by silencing the neurons of the stimulated structure.6,27 In
agreement with this hypothesis, Beurrier, et al.,7 used the
patch-clamp technique in a rat slice preparation to demon-
strate that high-frequency electrical stimulation blocked ac-
tion potential generation in STN neurons in the poststim-
ulation period. The inhibitory effect of HFS was thought
to be due to a blockage of voltage-sensitive Na1 channels.
Similarly, Magarinos-Ascone, et al.,28 who used the in vitro
rat brain slice technique, demonstrated that sustained high-
frequency (. 100 Hz) electrical stimulation could depolar-
ize membrane potential and trigger action potentials. They
also observed IPSPs in a subset of cells tested. Garcia, et
al.,18 showed that HFS of the STN suppressed both sponta-
neous activity and the generation of spikes, neither of which
had been prevented by antagonists of the metabotropic and
ionotropic glutamate and GABA receptors. Nonetheless,
tetrodotoxin, the Na1 channel blocker, suppressed all HFS-
evoked spikes. Therefore, these authors concluded that HFS
drives STN neuronal activity by directly activating the neu-
ronal membrane.

The excitatory inputs into the STN are thought to origi-
nate in the cerebral cortex,17,29,34,40 whereas the inhibitory in-
puts are from the globus pallidus.22 In the rat STN, both pre-
frontal and motor cortices stimulation induces an excitatory
response as a result of activation of the direct corticosub-
thalamic pathway.24 Analysis of these results indicates that
the EPSPs and IPSPs in the current study may originate
from the stimulation of the descending cortical input to
the STN (which relies on glutamate as the neurotransmit-
ter) and globus pallidal input to the STN (which relies on
GABA as the neurotransmitter), respectively. The finding in
the current study that glutamate and GABA antagonists
were able to block the postsynaptic potentials lends support
to the hypothesis that the effects of HFS are mediated by
releasing endogenous neurotransmitters. 

Given that the STN projections are also thought to be glu-
tamatergic,39 one might predict that the activation of STN
neurons by HFS would lead to elevated glutamate release in
STN target structures. Indeed, previous data have shown
that electrical stimulation of the STN causes a significant
increase in the extracellular glutamate concentration in the
ipsilateral globus pallidus and substantia nigra,50 both of
which have axonal projections arising from the STN.43,48

Furthermore, the activity of SNr cells is increased with STN
stimulation; this increase is probably a consequence of ac-
tivating glutamatergic subthalamonigral projections, partic-
ularly considering that the latency of the evoked excitation
was consistent with the conduction time of the subthala-
monigral neurons.30 In addition, data from a study of the ef-
fects of HFS of the STN on neuronal activity of the globus
pallidus in two rhesus monkeys rendered parkinsonian by
the administration of MPTP revealed both activation of the
STN efferent fibers and resultant changes in the temporal
firing pattern of neurons in the globus pallidus externus and
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FIG. 4. Intracellular recordings obtained from a SNc neuron.
Upper: High-frequency stimulation of the STN resulting in the gen-
eration of EPSPs and action potentials. Lower: Magnification of
portion featured in the upper panel.
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internus.20 Analysis of the results in the current study indi-
cates that HFS of the STN activates the STN neurons. Note,
however, that STN hyperactivity is thought to be the crucial
pathological problem in PD as the dopaminergic connec-
tions degenerate.35 How further activation of the nucleus
may lead to a therapeutic benefit is currently unknown. 

Activation of SNc Neurons by STN HFS

One important target structure of the STN, as demon-
strated in an anatomical study, is the dopaminergic SNc, in
which synaptic terminals arising from the STN were identi-
fied and formed synapses on dendrites within the substantia
nigra.23 This anatomical relationship indicates that HFS-me-
diated activation of the STN may increase activity of the do-

paminergic SNc neurons. In the present study, we found that
HFS of the STN generated EPSPs and action potentials in
SNc neurons. From these results one can infer that HFS of
the STN increased the firing of STN neurons, increased re-
lease of glutamate on SNc neurons, and generated EPSPs
and action potentials, which presumably result in enhanced
release of dopamine in SNc synaptic terminals. Data from
previous studies have also shown that HFS of the STN in-
creased the firing of SNc neurons recorded either extracel-
lularly4,19 or intracellularly.45 The EPSPs in SNc neurons are
thought to arise from a direct monosynaptic excitatory glu-
tamatergic input from the STN.21,45

Furthermore, analysis of data from neurochemical stud-
ies demonstrates that HFS in the rat STN increases brain
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FIG. 5. Tracings of membrane responses to various frequencies of electrical stimulation. The cell was held at its resting
potential of 260mV and various frequencies (20–200 Hz) of stimulation were applied. a: At 20–140 Hz stimulation, the
cell increased its firing frequency, followed by a period of inhibition during poststimulation. Interestingly, at 200 Hz the
ability of the cell to fire action potentials was blocked. b: Magnification of portion featured in a. c: Magnification of
portion featured in b. d: Graph of stimulation frequency compared with frequency of action potential generation. Maxi-
mal firing was induced at approximately 100 Hz stimulation.
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dopamine11,31,32 or dopamine metabolites.36 Clinically, bilat-
eral stimulation of the STN improves most parkinsonian
symptoms, decreases13 or eliminates33 the need for levodo-
pa, and ameliorates motor fluctuations and dyskinesias in a
way that is quantitatively comparable to results obtained
with levodopa. Importantly, the beneficial effects of STN
stimulation occur in the dopamine off period, but not during
the dopamine on period. High-frequency stimulation of the
STN may even result in dyskinesias that resemble those that
occur when excess levodopa is given. 

Alternatively, HFS of the STN may result in stimulation
of axons passing near or through the STN. The SNc fibers
themselves may be susceptible to this type of activation
with HFS of the STN. If a relative improvement in motor
symptoms is correlated with the electrical energy required
for chronic stimulation, the best coefficient was observed
for active electrode poles projecting onto white matter dor-
sal to the STN.41,49 Anatomical correlates may be the palli-
dothalamic bundle (including Field H of Forel and the tha-
lamic fascicle), the pallidosubthalamic tract, and/or the zona
incerta. Another anatomical correlate may be the axons of
the SNc neurons themselves that are apposed to the dorsal
surface of the STN.37 Thus, an increase in dopamine levels
in the brain may well be responsible for the efficacy of HFS
of the STN in parkinsonian patients. 

Two crucial data are required to demonstrate that an in-
crease in brain dopamine levels is responsible for the effi-
cacy of HFS of the STN. First, HFS-induced dopamine re-
lease must be directly measured. A technique that may be
used to measure directly the change in stimulation-induced
dopamine levels is the electrochemical technique of amper-
ometry.8–10,16 Other investigators using amperometry have
shown that the release of dopamine in the striatum of anes-
thetized rats is evoked by electrical stimulation of the meso-
limbic dopaminergic pathway.12,15,44,46,47 Interestingly, electri-
cal stimulations mimicking the bursting pattern of discharge
by SNc neurons were twice as potent as regularly spaced
stimulations in enhancing the dopamine extracellular con-
centration,12 thus indicating that dopamine release might be
facilitated by increasing the impulse frequency. The high
extracellular overflow evoked by a burst might also be due
to an accumulation of the released dopamine, whereas at
lower frequencies dopamine might be readily eliminated
between every action potential.12

Second, to show that neurotransmitter release is the rea-
son for the beneficial effect, one must demonstrate that the
beneficial effect can be blocked by specific dopamine an-
tagonist drugs during HFS of the STN. If dopamine release
is indeed the reason for the beneficial effect of HFS of the
STN, then a dopamine antagonist will likely block the clin-
ical benefit of stimulation.

Note, however, that results of [11C]raclopride positron
emission tomography scanning demonstrated no significant
difference in [11C]raclopride binding, despite significant im-
provements in Unified PD Rating Scale motor scores fol-
lowing unilateral stimulation of the STN.1 From this finding
one can infer that STN stimulation does not mediate its anti-
PD effects through the release of dopamine. The question of
whether HFS of the STN improves symptoms of PD via the
release of dopamine is unresolved but deserves further in-
vestigation.

Relationship Between Stimulation Frequency and
Clinical Effectiveness

An investigation into the relationship between stimula-
tion frequency and clinical effectiveness in patients with PD
who had been treated using DBS of the STN demonstrated
that stimulation rates of 10 and 50 Hz were ineffective but
that stimulation at 90, 130, and 170 Hz was clinically ef-
fective.38 Interestingly, a graph of the stimulation frequency
plotted against the frequency of action potential generation
in the present study revealed that maximal firing was in-
duced at approximately 100 Hz. Given that the pattern of
discharge of STN neurons during HFS may play a critical
role in the beneficial effect of DBS, it is tempting to corre-
late the present results of HFS in vitro to the beneficial ef-
fects in MPTP-treated monkeys5 and patients with PD.3,26

Conclusions

Analysis of the data from this study indicates that the
mechanism of HFS in the STN is more complex than pre-
viously thought. Consider, for example, the exciting possi-
bility that DBS may be able to activate neurotransmitter
systems, thus producing EPSPs and IPSPs in the postsynap-
tic cell. One of these neurotransmitter systems that may be
activated by polysynaptic release of glutamate from the
STN onto SNc neurons is the dopaminergic system.
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