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Abstract
Although substantia nigra reticulata (SNR) neurons fire bursts of action potentials during normal
movement, excessive burst firing correlates with symptoms of Parkinson’s disease. A major
excitatory output from the subthalamic nucleus (STN) to the SNR is thought to provide the synaptic
impetus for burst firing in SNR neurons. Using patch pipettes to record from SNR neurons in rat
brain slices, we found that a single electrical stimulus delivered to the STN evokes a burst of action
potentials. Under voltage-clamp conditions, STN stimulation evokes a complex EPSC that is
comprised of an initial monosynaptic EPSC followed by a series of late EPSCs superimposed on a
long-lasting inward current. Using varied stimulation frequencies, we found that the initial EPSC
was significantly reduced or abolished after 2 s of 50–100 Hz STN stimulation. However, only 4 s
of 1 Hz stimulation was required to abolish the late component of the complex EPSC. We suggest
that differential effects of repetitive STN stimulation on early and late components of complex EPSCs
may help explain the frequency-dependent effects of deep brain stimulation of the STN that is used
in the treatment of Parkinson’s disease.

Keywords
subthalamic nucleus; substantia nigra reticulata; patch clamp; synaptic transmission ; brain slice;
complex EPSC; high-frequency stimulation; low-frequency stimulation

INTRODUCTION
The substantia nigra zona reticulata (SNR) is a major output nucleus of the basal ganglia that
plays important roles in normal and abnormal movements (Parent and Hazrati, 1995). Although
SNR neurons generate bursts of action potentials during normal limb movements (Magarinos-
Ascone et al., 1992), excessive burst firing correlates with the rigidity and bradykinesia that
characterize symptoms of Parkinson’s disease (Bergman et al., 1998; Wichmann et al.,
1999). Burst firing in the SNR is triggered by activity in the subthalamonigral pathway that
originates in the glutamate-containing neurons of the subthalamic nucleus (STN) (Murer et al.,
1997; Ryan and Sanders, 1993). As a consequence, there is much interest in developing
strategies that reduce activity in STN outflow pathways for the treatment of Parkinson’s
disease.
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Deep brain stimulation (DBS) of the STN is now recognized as an effective treatment for
advanced Parkinson’s disease (Breit et al., 2004). Because DBS mimics the therapeutic effects
of lesioning the STN in animal models of Parkinson’s disease (Bergman et al., 1990), it was
widely thought that DBS acts to reduce synaptic transmission in STN outflow pathways.
However, several in vivo studies have reported that the output of the STN is increased rather
than inhibited by DBS (Galati et al., 2006; Hashimoto et al., 2003). Recently, there is growing
support for the hypothesis that the therapeutic effect of DBS derives from its ability to disrupt
burst firing rather than change absolute firing rate (Wichmann and DeLong, 2006). However,
the actual mechanism by which STN DBS is effective in Parkinson’s disease remains unknown.

Using whole-cell patch recordings in rat brain slices, our previous work showed that a single
electrical stimulus delivered to the STN evokes a long-lasting, complex excitatory postsynaptic
current (EPSC) in SNR neurons (Shen and Johnson, 2006). The complex EPSC begins with
an initial EPSC that has a fixed latency and amplitude that is consistent with monosynaptic
transmission. This initial EPSC is followed by a series of late EPSCs with variable latencies
that are superimposed on a long-duration inward shift in holding current. The late component
of complex EPSCs is abolished when ionotropic glutamate antagonists are applied directly to
the STN, which suggests it is generated polysynaptically by activation of recurrent collateral
axons in the STN (Shen and Johnson, 2006). The present study was undertaken to characterize
the influence of varied frequencies of STN stimulation on complex EPSCs that are mediated
by synaptic transmission in the subthalamonigral pathway. Results may have implications for
mechanisms that underlie the efficacy of STN DBS used in the treatment of Parkinson’s
disease.

METHODS
Tissue preparation

Horizontal slices containing diencephalon and rostral midbrain were prepared from young
Sprague-Dawley rats (post natal day 8–21; Harlan, Indianapolis, IN) as described previously
(Shen and Johnson, 1997). Rats were euthanized under isoflurane anesthesia in accordance
with the National Institute of Health Guide for the Care and Use of Laboratory Animals. The
brain was removed rapidly and slices (300 µm) were cut in cold physiological saline with a
vibratome. A slice containing the STN and SNR was then placed on a supporting net and
submerged in a continuously flowing solution (2 ml/min) of the following composition (in
mM): NaCl, 126; KCl, 2.5; CaCl2, 2.4; MgCl2, 1.2; NaH2PO4, 1.2; NaHCO3, 19; glucose, 11,
gassed with 95% O2 and 5% CO2 (pH 7.4) at 36°C. Using a dissection microscope for visual
guidance, the SNR was located 1–2 mm lateral to the substantia nigra zona compacta, whereas
the STN was identified as grey matter ~2.7 mm lateral to the midline and 2 mm rostral to the
center of the SNR.

Electrophysiological recordings
Whole-cell recordings were made with borosilicate pipettes with an initial resistance of 4–5
MΩ and series resistance < 30 MΩ. Internal pipette solution contained (in mM): cesium or
potassium gluconate, 130; MgCl2, 2; CaCl2, 1; EGTA, 11; HEPES, 10; ATP, 1.5; GTP, 0.3
(pH 7.3). Membrane currents were recorded under voltage clamp −70 mV holding potential,
filtered at 5 kHz, and amplified fivefold with an Axo-patch-1D amplifier (Molecular Devices,
Foster City, CA). Data were sampled at a rate of 10 kHz and acquired using a personal computer
with a Digidata 1320A analog/digital interface and analyzed using pCLAMP 9.0 software
(Molecular Devices). Holding currents were recorded continuously using a MacLab analog/
digital interface, Chart software (AD Instruments, Castle Hill, Australia) and a Macintosh
computer. Membrane potentials have been corrected for the liquid junction potential (10 mV).
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Complex EPSCs
As we have described previously (Shen and Johnson, 2006), complex EPSCs were evoked in
SNR neurons using a bipolar stimulation electrode (2–4 MΩ impedance at 1000 Hz, 10 nA;
Frederick Haer & Co., USA) that was placed directly within the STN. Rectangular pulses (0.1
ms duration) of constant current (20–400 µA) were used to evoke complex EPSCs at a rate of
0.05 Hz. In most cases, we successfully avoided the appearance of inhibitory postsynaptic
currents (IPSCs) by repositioning the stimulation electrodes, reversing polarity, or by reducing
the stimulation intensity. In some experiments, multiple electrical stimuli (2–5 pulses, 10 ms
interval) or superfusion with picrotoxin (100 µM) or bicuculline (30µM) were used to increase
the amplitude of complex EPSCs. The late component of complex EPSCs was quantified by
measuring the integrated area using pCLAMP 9 software, whereas the early component of
complex EPSCs was measured as amplitude (pA) with respect to baseline that immediately
preceded the initial EPSC.

Drugs
All drugs were dissolved into aqueous stock solutions that were diluted at least 1:1000 to the
desired concentration in superfusate immediately before use. Approximately 30 s were required
for the drug solution to enter the recording chamber due to passage of the perfusate through a
heat exchanger. CGP35348, (RS)-α-methyl-4-carboxyphenylglycine (MCPG), and 8-
cyclopentyl-1,3-dipropylxanthine (DPCPX) were obtained from Tocris Cookson (Ellisville,
MO). Bicuculline methiodide, sulpiride, and picrotoxin were obtained from Sigma Chemical
Co. (St. Louis, MO).

Data analysis
Numerical data in the text and error bars in figures are expressed as mean ± SEM. Statistical
significance was tested using two-way analysis of variance (ANOVA) with repeated measures,
followed by a Holm-Sidak pairwise multiple comparison test (SigmaStat, Jandel Scientific,
San Rafael, CA).

RESULTS
Early and late components of complex EPSCs

As we have reported previously (Shen and Johnson, 2006), a single electrical stimulus delivered
to the STN evokes a long-lasting, complex EPSP when recorded in SNR neurons under current-
clamp conditions. When holding current is reduced to allow the cell to fire, STN stimulation
evokes a burst of action potentials as shown in Figure 1A. When recording under voltage-
clamp, STN stimulation evokes a long-lasting complex EPSC. This response is unique to STN
stimulation, because our previous studies showed that stimulating elsewhere in the brain slice
failed to evoke complex EPSCs in SNR neurons (Shen and Johnson, 2006). As seen in Figure
1B, the complex EPSC consists of an initial EPSC that is followed by a series of notches and
inflections that are superimposed on a slow inward current lasting 200–500 ms. Our earlier
work showed that the initial EPSC had a relatively constant latency and amplitude, suggesting
monosynaptic transmission. On the other hand, the current inflections in the late component
had variable latencies and amplitudes consistent with polysynaptic transmission. When the
STN was stimulated at the control rate of once every 20 s, complex EPSCs were evoked reliably
with reproducible amounts of current density as measured by the integrated area. However,
when the stimulation frequency was increased to 1 Hz, the late component of the complex
EPSC was rapidly extinguished, as shown in Figure 1B. In contrast, the initial EPSC easily
followed repetitive low-frequency stimulation (LFS) at 1 Hz as would be expected for
monosynaptic transmission (Berry and Pentreath, 1976). Although the late component was
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rapidly extinguished by LFS, the complex EPSC recovered fully 1 min after resuming the
control rate of simulation (every 20 s).

Frequency-and time-dependent effects of STN stimulation on the early component of
complex EPSCs

To characterize effects of varied stimulation frequencies, we proceeded to investigate effects
of repetitive STN stimulation on the amplitude of the initial, early component of complex
EPSCs. An example of the effects of 100 Hz high-frequency stimulation (HFS) on the initial
component of a complex EPSC is seen in Figure 2A. Although the early EPSC is able to follow
the first 10–20 stimuli at 100 Hz, its amplitude was greatly reduced after 1 s of HFS. Figure
2A also shows that HFS produced a transient inward shift in holding current that was
presumably caused by the cumulative summation of long-lasting complex EPSCs. A summary
graph for the frequency- and time-dependent effects of repetitive STN stimulation on the early
component of complex EPSCs is shown in Figure 2B. Soon after starting repetitive stimulation,
there was a transient potentiation of the early component of complex EPSCs that was most
pronounced for the 20 Hz stimulation rate (n = 9). However, at stimulation rates of 50 and 100
Hz, there was a progressive reduction in amplitude of initial EPSCs. For example, STN
stimulation at 50 Hz reduced the amplitude of initial EPSCs by 35 ± 5% and 39 ± 7% in the
middle and at the end of the 2 s train, respectively (P < 0.001; n = 8). Even more dramatically,
repetitive stimulation at 100 Hz reduced the amplitude of initial EPSCs by 86 ± 3% and 97 ±
1% in the middle and at the end of the 2-s train, respectively (P < 0.001; n = 6). Stimulation
at 100 Hz produced a more significant reduction in amplitude of the initial complex EPSC
compared with 50 Hz stimulation (P < 0.05).

Time-dependent recovery of initial and late components of complex EPSCs from HFS
We next examined the time-course for recovery of the complex EPSC following HFS (100 Hz)
for 1 min. As seen in Figure 3A, the initial component of the complex EPSC recovered within
2 min of stopping HFS. Summary data (Fig. 3C) show that the average amplitude of the initial
EPSC was reduced to 1.3 ± 0.6 pA measured immediately after HFS, from a control amplitude
of 42.5 ± 20.3 pA (P < 0.001; n = 8). However, amplitudes increased rapidly to 50 ± 6% of
control within 30 s after the termination of HFS, and full recovery of initial EPSCs occurred
at 2 min (n = 8). In contrast to the initial component, recovery of the late component of complex
EPSCs was much slower, as illustrated in Figure 3B. On average, the integrated area of the
late component of complex EPSCs was reduced to 7 ± 1% of control just after the termination
of HFS (n = 12). Thereafter, the late component increased to 40 ± 7% of control 3 min after
the offset of HFS, and full recovery required more than 20 min (n = 12).

Blockade of multiple neurotransmitter receptors has no effect on HFS-induced inhibition of
complex EPSCs

Multiple subtypes of neurotransmitter receptor have been reported to inhibit glutamate-
mediated synaptic transmission in the SNR, including metabotropic glutamate receptors
(mGluRs) (Marino et al., 2001), dopamine D2 (Ibañez-Sandoval et al., 2006), GABAB and
adenosine A1 receptors (Shen and Johnson, 1997). Therefore, we tested the hypothesis that
activation of one or more of these transmitter receptor subtypes may mediate the HFS-induced
inhibition of complex EPSCs. HFS was delivered at 100 Hz for 1 min in the presence of either
picrotoxin (100 µM) or bicuculline (30 µM) to block GABAA receptors. However, we found
that antagonists at group I & II mGluRs (MCPG, 300 µM), dopamine D2 (sulpiride, 10 µM),
GABAB (CGP35328, 100 µM), and adenosine A1 receptors (DPCPX, 1 µM) failed to
significantly reduce the HFS-induced inhibition of complex EPSCs. Thus, HFS reduced the
integrated area of complex EPSCs by 87 ± 5% in MCPG (n = 5), by 88 ± 6% in sulpiride (n =
3), by 91 ± 1% in CGP35348 (n = 6), and by 91 ± 1% in DPCPX (n = 5) as measured 30 s after
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termination of HFS. These results are not significantly different from the 93 ± 1% reduction
in complex EPSCs induced by HFS under control conditions (P > 0.05; n = 12). Consequently,
these results suggest that activation of mGluR, dopamine, GABA, or adenosine receptors do
not mediate the HFS-induced inhibition of complex EPSCs.

DISCUSSION
Our results show that STN stimulation at 50 or 100 Hz causes rapid failure of the initial,
monosynaptic component of complex EPSCs. This demonstrates that HFS of the STN can
inhibit synaptic transmission in the subthalamonigral pathway, even though STN neurons are
clearly able to fire at frequencies greater than 100 Hz (Hammond et al., 1978). One may
speculate that our results might apply also to the use of DBS of the STN in the treatment of
Parkinson’s disease. However, conflicting reports in the literature report that STN DBS either
drives neuronal activity (Galati et al., 2006; Hashimoto et al., 2003) or inhibits the firing of
SNR neurons (Benazzouz et al., 2000; Maurice et al., 2003). Moreover, a study by Windels et
al. (2003) has shown that HFS of the STN at rates up to 130 Hz progressively increases
glutamate release in the SNR. Thus, controversy remains as to whether DBS of the STN has
an excitatory or inhibitory effect on SNR neurons. Our data showing that HFS of the STN
exhausts the ability of SNR neurons to generate EPSCs suggest that HFS induces a functional
deafferentation of the SNR such as has been described for HFS of afferent inputs to thalamic
neurons (Anderson et al., 2004; Iremonger et al., 2006). We would predict that loss of normal
afferent input to SNR would alter the firing pattern of SNR neurons, which may be the
overriding consequence of STN DBS that benefits patients with Parkinson’s disease
(Hashimoto et al., 2003; Maltete et al., 2007).

Compared with the early EPSC, we found that the late component of complex EPSCs was very
sensitive to inhibition by low-frequency STN stimulation. Suppression of the complex EPSC
is not mediated by stimulation of group I mGluRs, adenosine A1, dopamine D2, or GABAB
receptors because we found that antagonists of these receptors failed to prevent stimulation-
dependent rundown of complex EPSCs. Although the cause of this synaptic depression is not
known, we hypothesize that it may be due to depletion of the readily releasable pool of
neurotransmitter vesicles (Dobrunz and Stevens, 1997). Coupled with the fact that polysynaptic
pathways are more sensitive to synaptic fatigue than are monosynaptic connections, this may
explain the heightened sensitivity of the late component to inhibition by LFS.

Because we have shown that complex EPSCs generate bursts of action potentials when
recorded under current-clamp conditions (Shen and Johnson, 2006), one might consider
whether or not suppression of complex EPSCs would be expected to improve the parkinsonian
symptoms of rigidity and bradykinesia that are known to correlate with burst firing (Bergman
et al., 1998; Wichmann et al., 1999). But although excessive burst firing correlates with
parkinsonism, it is important to keep in mind that some degree of burst firing is present normally
in SNR neurons. For example SNR neurons are known to generate bursts of action potentials
during normal limb movements (Magarinos-Ascone et al., 1992). Moreover, it is interesting
to note that DBS of the STN at low frequencies (1–10 Hz) has been shown to worsen symptoms
of Parkinson’s disease (Moro et al., 2002; Timmermann et al., 2004). Thus, it is possible that
selective loss of the late component of complex EPSCs by LFS of the STN interferes with a
synaptically-mediated form of burst firing that is important in normal basal ganglia physiology.

In summary, our studies demonstrate that early and late components of complex EPSCs in
SNR neurons exhibit differential sensitivities to repetitive STN stimulation. HFS is required
to inhibit the early, monosynaptic EPSC, whereas the polysynaptic, late component of complex
EPSCs is extinguished by LFS. Therapeutic effects of DBS in the treatment of Parkinson’s
disease may be due to HFS-dependent inhibition of excitatory transmission in the
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subthalamonigral pathway, whereas interference with synaptically mediated burst discharges
may mediate the deleterious effects of LFS in Parkinson’s disease patients.
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Fig. 1. Effects of STN stimulation on synaptic responses recorded in SNR neurons
A: Current-clamp recording showing that STN stimulation evokes a long-lasting complex
EPSP. When holding current is relaxed to allow the cell to fire, STN stimulation evokes a burst
of action potentials. B: Recording under voltage-clamp conditions shows that STN stimulation
evokes a long-lasting complex EPSC. Repetitive STN stimulation at 1 Hz abolishes the late
component of the complex EPSC by the 4th stimulus, whereas the early monosynaptic EPSC
remains intact. Arrows indicate the initial, monosynaptic EPSC. The complex EPSC fully
recovered 40 sec after the stimulation rate was reduced to 0.05 Hz. Dashed lines in this and
subsequent figures indicates 0 pA.
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Fig. 2. Time-dependent effects of stimulus frequency on amplitude of the initial component of
complex EPSCs
A: HFS at 100 Hz markedly reduces the amplitude of the initial component of complex EPSCs
as indicated by arrows. Note that HFS causes an initial shift in holding current that is caused
by time-dependent summation of the late components of complex EPSCs. The complex EPSC
fully recovers 20 min after cessation of HFS. B: Averaged data showing effects of varied
stimulation frequencies on initial components of complex EPSCs. Each data point is the mean
± SEM of 6–9 cells. Note that stimulation at 50 and 100 Hz caused significant reductions in
initial EPSC amplitude compared to stimulation at 10 and 20 Hz (P < 0.01). Also note that all
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stimulation frequencies caused transient increases in amplitudes of initial EPSCs at the
beginning of stimulation.
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Fig. 3. Early and late components of complex EPSCs recover at different rates following HFS of
the STN at 100 Hz for 1 min
A: Current traces of a complex EPSC that has a clearly recognizable initial EPSC as indicated
by small arrows below each trace. Note that the initial EPSC recovers from HFS more quickly
than does the late component of the complex EPSC. B: Current traces showing recovery of the
late component of a complex EPSC following HFS. In this example, the initial EPSC is not
clearly seen. Note that the late component of the complex EPSC requires 15 min to recover
fully from HFS. C: Averaged data showing the time courses for recovery of initial (n = 6) and
late (n = 12) components of complex EPSCs. Note that the early component recovers within
2 min after stopping HFS, whereas the late component of complex EPSCs requires more than
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20 min for full recovery. Initial EPSCs were measured as amplitudes, whereas late components
were measured as the integrated area of complex EPSCs.
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