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Abstract
The subthalamic nucleus (STN) plays a pivotal role in normal and abnormal motor function. We
used patch pipettes to study effects of 5-hydroxytryptamine (5HT) on synaptic currents evoked in
STN neurons by focal electrical stimulation of rat brain slices. 5HT (10 μM) reduced glutamate-
mediated excitatory postsynaptic currents (EPSCs) by 35 ± 4%. However, a much higher
concentration of 5HT (100 μM) was required to inhibit GABA-mediated inhibitory postsynaptic
currents (IPSCs) to a comparable extent. Concentration-response curves showed that the 5HT IC50
for inhibition of IPSCs (20.2 μM) was more than 5-fold greater than the IC50 for inhibition of EPSCs
(3.4 μM). The 5HT-induced reductions in EPSCs and IPSCs were accompanied by increases in
paired-pulse ratios, indicating that 5HT acts presynaptically to inhibit synaptic transmission. The
5HT1B receptor antagonist NAS-181 significantly antagonized 5HT-induced inhibitions of EPSCs
and IPSCs. These studies show that 5HT inhibits synaptic transmission in the STN by activating
presynaptic 5HT1B receptors.
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The subthalamic nucleus (STN) is a basal ganglia structure comprised of glutamate-containing
neurons that project to the two output nuclei of the basal ganglia: substantia nigra pars reticulata
and globus pallidus interna (Albin et al., 1995). By way of its glutamatergic projections, the
STN plays an important role in normal and pathological motor behaviors. For example,
excessive burst firing of STN neurons is thought to contribute to the akinesia of Parkinson’s
disease (Benedetti et al., 2004; Wichmann et al., 1994). The importance of the STN in the
control of movement is also evidenced by the effective therapeutic effects of surgical lesions
in an animal model of Parkinson’s disease (Bergman et al., 1990) and high frequency STN
stimulation in Parkinson’s disease patients (Krack et al., 1998).

Among the neurotransmitter systems that regulate STN neuronal activity, the actions of 5-
hydroxytryptamine (5HT) have yet to be fully investigated. The STN receives a dense 5HT-
containing innervation that arises from the dorsal raphe nucleus (Canteras et al., 1990; Mori
et al., 1985). Furthermore, the STN has been shown to express several 5HT receptor subtypes,
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including 5HT1A, 5HT1B, 5HT2C, and 5HT4 (Pompeiano et al., 1994; Wright et al., 1995;
Bruinvels et al., 1993; Compan et al., 1996). Recently, our laboratory (Shen et al., 2007) and
others (Stanford et al., 2005; Xiang et al., 2005) have reported electrophysiological effects of
5HT on membrane properties of STN neurons in slices of rat brain. However, no studies have
been done thus far that examine presynaptic actions of 5HT that may regulate transmitter
release in the STN. Therefore, the present study was undertaken to characterize physiological
effects of 5HT on excitatory and inhibitory synaptic transmission in the rat STN.

EXPERIMENTAL PROCEDURES
Tissue preparation

Horizontal slices of midbrain and diencephalon (300 μm) were prepared from male Sprague-
Dawley rats (120 - 180g; Harlan, Indianapolis, IN, USA) as described in detail previously
(Shen and Johnson, 2000). 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 rapidly removed and slices were cut in cold physiological saline with a vibratome.
A slice containing the STN 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 STN
was located as grey matter approximately 2.7 mm lateral to the midline and 2 mm rostral to
the center of the substantia nigra pars reticulata (Paxinos and Watson, 1986).

Electrophysiological recordings
Whole-cell recordings were made with pipettes containing (in mM): cesium gluconate, 130;
MgCl2, 2; CaCl2, 1; EGTA, 11; HEPES, 10; ATP, 1.5; GTP, 0.3 (pH 7.3; osmolarity, 285 -
290). We used cesium rather than potassium gluconate in order to block 5HT-induced changes
in postsynaptic conductance that might otherwise interfere with measuring synaptic currents
(Shen et al., 2007). Membrane currents were recorded under voltage clamp (-70 mV) and
amplified with an Axopatch-1D amplifier (Molecular Devices, Foster City, CA, USA). Data
were acquired using a personal computer with a Digidata 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).

Synaptic currents
Bipolar stimulation electrodes (tip separation 300 - 500 μm) were placed in the slice 300 μm
rostral to the STN. Synaptic currents were evoked by a single rectangular pulse (0.1 ms
duration) of constant current every 10 sec. During paired-pulse studies, pairs of synaptic
currents were evoked with an interval of 50 msec. The amplitude of evoked synaptic currents
was measured from recordings that represent the average of three responses. An inhibitory
postsynaptic current (IPSC) mediated by GABAA receptors was isolated pharmacologically
by recording in the presence of (±)-2-amino-5-phosphonopentanoic acid (AP5, 50 μM) and 6-
cyano-7-nitro-quinoxalone (CNQX, 10 μM) in order to block ionotropic glutamate receptors.
An excitatory postsynaptic current (EPSC) mediated by ionotropic glutamate receptors was
recorded in the presence of bicuculline (30 μM) or picrotoxin (100 μM) to block GABAA
receptors. All synaptic currents were recorded with voltage clamped at -70 mV.
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Drugs
All drugs were dissolved in aqueous stock solutions with the exception of CNQX, which was
dissolved in dimethyl sulfoxide. Stock solutions of drugs were diluted at least 1:1000 to the
desired concentration in superfusate immediately prior to their use. Dimethyl sulfoxide, diluted
1:1000 in artificial spinal fluid, had no effect on either holding current or synaptic currents.
Approximately 30 sec were required for the drug solution to enter the recording chamber; this
delay was due to passage of the perfusate through a heat exchanger. Tetrodotoxin (TTX), 5-
hydroxytryptamine hydrochloride (5HT), bicuculline methiodide, AP5, and CNQX were
obtained from Sigma-Aldrich Chemical Co (St. Louis, MO, USA). SB216641, pindolol, and
NAS-181 were obtained from Tocris Cookson Inc. (Ellisville, MO, USA).

Data analysis
Numerical data in the text and error bars in the figures are expressed as mean ± S.E.M.. Numbers
of observations (“n” values) in the text indicate numbers of neurons, as opposed to numbers
of brain slices or animals. Differences were tested for statistical significance with either paired
or unpaired Student’s two-tailed t tests that were run using SigmaStat software (Jandel
scientific, San Rafael, CA, USA) on a personal computer. A significant difference was accepted
when P < 0.05. Prior to analyzing data for significance, a Kolmogorov-Smirnov test was
performed to ensure that all data were normally distributed. The KaleidaGraph curve-fitting
program (Synergy Software, Reading, PA, USA) was used to fit concentration-response data
to the Hill-Langmuir equation, y = ax/(x + b), where y is the percentage effect, a is percentage
of maximum effect, x is the drug concentration, and b is the concentration that produces 50%
of maximum inhibition (IC50). Significant differences between concentration-response data
were determined using 2-way ANOVA followed by Tukey multiple comparison tests.

RESULTS
5HT inhibits evoked synaptic currents

Bipolar stimulation electrodes placed in the rostral region of the slice were used to evoke
synaptic currents at a holding potential of -70 mV. When recording in the presence of
bicuculline (30 μM) or picrotoxin (100 μM), focal stimulation evoked an excitatory
postsynaptic current (EPSC), as shown in Fig. 1A. This inward current was mediated by
ionotropic glutamate receptors because it was completely blocked by the combination of AP5
(50 μM) and CNQX (10 μM; data not shown). Also seen in Fig. 1A, 5HT (10 μM) reversibly
reduced the amplitude of the evoked EPSC. The summary graph in Fig. 1B shows that 10 μM
5HT reduced the amplitude of EPSCs by 35 ± 4% (n = 13). Effects of 5HT began within 1 min
of perfusion, reached its peak within 5 min, and washed out completely within 10 - 15 min.

When recording in the presence of AP5 (50 μM) and CNQX (10 μM), a single stimulus evoked
an inhibitory postsynaptic current (IPSC), as shown in Fig. 1C. This outward current was
mediated by GABAA receptors because it was completely abolished by perfusion with
bicuculline (30 μM; data not shown). Also seen in Fig. 1C, 5HT (100 μM) reversibly reduced
the amplitude of the evoked IPSC. However, at a concentration of 10 μM, 5HT only reduced
IPSCs by 5 ± 3% (n = 12), which was significantly less than the effect of this 5HT concentration
on EPSCs (P < 0.0001). In contrast, a concentration of 100 μM 5HT was required to reduce
the IPSC to an extent that was comparable to the effect of 10 μM 5HT on EPSCs. Thus, 100
μM 5HT reduced the amplitude of IPSCs by 34 ± 3% (n = 19), as shown in Fig. 1D. Complete
concentration-response curves for effects of 5HT on EPSCs and IPSCs are shown in Fig. 2.
The 5HT IC50 for inhibition of IPSCs (20.2 μM) was more than 5-fold greater than the IC50
for inhibition of EPSCs (3.4 μM). These data show that 5HT is more potent for inhibiting
EPSCs compared to IPSCs.
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Paired-pulse studies
In order to examine site of action, we measured effects of 5HT on EPSCs and IPSCs that were
evoked by pairs of stimuli separated by an interval of 50 msec. Under control conditions, the
amplitude of the second EPSC was always somewhat smaller than that of the first, yielding a
ratio of the second EPSC divided by the first of 0.95 ± 0.05 (n = 15). However, 5HT (10 μM)
caused a significant increase in the EPSC paired-pulse ratio, to 1.12 ± 0.06 (P < 0.001, paired
t test) in the same neurons (Figs. 3A and B). We found a similar result when examining effects
of 5HT on paired IPSCs, as seen in Figs. 3C and D. Under control conditions, the IPSC paired-
pulse ratio was 0.72 ± 0.02 (n = 12). However, 5HT (100 μM) significantly increased the IPSC
paired-pulse ratio to 0.85 ± 0.03 (P = 0.0001, paired t test) in the same neurons. Because a
change in the paired-pulse ratio is consistent with a presynaptic mechanism (Dunwiddie and
Haas, 1985; Davies and Collingridge, 1996), these results suggest that 5HT inhibits EPSCs
and IPSCs by acting presynaptically to inhibit transmitter release.

5HT receptor pharmacology
Having found that 5HT was more potent for inhibiting EPSCs compared IPSCs, we proceeded
to identify the 5HT receptor subtype that mediate these actions. We first tested the effect of
pindolol, a mixed antagonist at 5HT1A/1B receptors, on evoked EPSCs. In the presence of
pindolol (10 μM), 5HT at 10 μM reduced the amplitude of EPSCs by 14 ± 2 % (n = 8), which
was significantly smaller than the magnitude of 5HT-induced inhibition of EPSCs recorded
under control conditions (P < 0.0001). Figure 4 shows the effect of SB216641, a selective
5HT1B receptor antagonist (Price et al., 1997). In the presence of SB21641 (10 μM), 5HT (30
μM) reduced EPSCs by only 13 ± 4%, which was significantly less than the 44 ± 4% reduction
in EPSC amplitude produced by 5HT alone in the same eight neurons (P = 0.0001). In the
presence of NAS-181 (10 μM), another selective 5HT1B antagonist (Stenfors et al., 2000), 5HT
(3 μM) only reduced EPSCs by 1 ± 1% (n = 6). Furthermore, this concentration of NAS-181
completely blocked the ability of 5HT (30 μM) to inhibit IPSCs, and in fact resulted in a small
5HT-dependent increase (9 ± 4%) in the amplitude of IPSCs (n = 8). These data suggest that
5HT1B receptors mediate the ability of 5HT to inhibit both IPSCs and EPSCs in STN neurons.

None of the 5HT1B antagonists affected EPSC or IPSC amplitude when applied alone.
Furthermore, the 5HT uptake inhibitor fluoxetine (10 μM) failed to alter the amplitude of
EPSCs (n = 4) and IPSCs (n = 2). These results suggest that levels of endogenous 5HT are too
low to exert a tonic effect on synaptic transmission in the brain slice preparation.

DISCUSSION
The main finding of our study is that 5HT reduces the amplitude of both glutamatergic EPSCs
and GABAergic IPSCs in the STN. 5HT-induced inhibition of synaptic currents is associated
with a significant increase in the paired-pulse ratios of evoked EPSCs and IPSCs, suggesting
that 5HT acts presynaptically to suppress both glutamate and GABA release. However, 5HT
is more potent for reducing EPSCs compared with IPSCs. This inhibitory effect is mediated
via activation of 5HT1B receptors because selective 5HT1B antagonists blocked 5HT-induced
inhibition of EPSCs and IPSCs. Taken together, our results suggest that 5HT causes presynaptic
inhibition of transmission by activating 5HT1B receptors.

Although 5HT1B receptors are widely expressed in the brain, this receptor subtype and its
human correlate, the 5HT1D receptor, are expressed most densely in globus pallidus, substantia
nigra, striatum, and deep cerebellar nuclei (Varnäs et al., 2001; Sari et al., 1999). However,
significant amounts of 5HT1B receptor are also expressed in the STN (Bruinvels et al., 1993).
Mismatches between mRNA and binding sites reveal that 5HT1B and 5HT1D receptors are
expressed predominantly on nerve terminals (Boschert et al., 1994; Maroteaux et al., 1992).
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Consistent with its presynaptic location, 5HT1B receptor activation has been shown to cause
presynaptic inhibition of glutamate-mediated EPSCs in many brain regions such as the
hypoglossal nucleus (Singer et al., 1996) and nucleus accumbens (Muramatsu et al., 1998),
and to inhibit GABA-mediated transmission in structures such as the dorsolateral septum
(Matsuoka et al., 2004) and substantia nigra (Johnson et al., 1992; Stanford and Lacey,
1996). Results of the present study clearly show that 5HT1B receptor activation also causes
presynaptic inhibition of transmission in the STN.

One may note that concentrations of 5HT used in the present series of experiments are relatively
high compared to what would likely be present during synaptic transmission in vivo. Relatively
high concentrations of 5HT may be needed in brain slice experiments due to problems with
diffusion into the brain slice, the influence of endogenous 5HT metabolism, or active 5HT
reuptake. When taking these factors into consideration, it is interesting to speculate on the basis
for our finding that 5HT is much more potent for inhibiting EPSCs compared to IPSCs. It is
possible that differential potencies of 5HT may be due to differences in 5HT metabolism or
reuptake at glutamate and GABA synapses. Alternatively, 5HT1B receptors located on GABA
nerve terminals may be less tightly coupled to second messenger systems than are receptors at
glutamate nerve terminals. Future studies are needed to evaluate these possible explanations
for the differential potency of 5HT on excitatory and inhibitory synaptic transmission.

Although our data show that 5HT is more potent for reducing glutamate-mediated
neurotransmission compared to inhibitory transmission, it is difficult to know if this in vitro
result would have functional significance in vivo. According to a widely used model of basal
ganglia function, a reduction in excitatory glutamate input to the STN would be expected to
improve symptoms of Parkinson’s disease (DeLong, 1990). Indeed, injection of 5HT1B
agonists systemically (Oberlander et al., 1987) or into the STN (Martinez-Price and Geyer,
2002) has been reported to increase locomotion in rats. However, 5HT1B receptor stimulation
has also been reported to reduce levodopa-induced dyskinesia in a rat model of Parkinson’s
disease (Carta et al., 2007), which is not what one would predict based upon inhibition of
excitatory input to the STN. Moreover, 5HT1B agonists have also been reported to interfere
with the benefit of levodopa in a marmoset model of Parkinson’s disease (Jackson et al.,
2004). Thus, it appears that further studies will be needed to clarify the functional consequence
of 5HT1B receptor stimulation on motor function.
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Fig. 1.
5HT inhibits evoked glutamate EPSCs and GABAA IPSCs in STN neurons. (A) Current traces
of EPSCs before, during and after application of 5HT (10 μM). (B) Summary graph showing
the time course for the effect of 5HT (10 μM) on EPSCs. Each data point is the averaged
response from 13 cells. (C) Current traces of IPSCs before, during and after application of 5HT
(100 μM). (D) Summary graph showing the time course for the effect of 5HT (100 μM) on
IPSCs. Each data point is the averaged response from 12 cells. In “B” and “D”, the amplitudes
of synaptic currents were normalized for each cell based upon the mean amplitude of the first
10 synaptic currents recorded under control conditions.
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Fig. 2.
Concentration-response curves for effects of 5HT on EPSCs and IPSCs. 5HT is more potent
for inhibiting EPSCs (IC50 = 3.4 μM) compared to inhibiting IPSCs (IC50 = 20.2 μM). Asterisks
indicate significant differences based upon 2-way ANOVA and Tukey multiple comparison
tests (P < 0.05). Each data point represents the mean ± SEM of 3 - 19 cells.
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Fig. 3.
5HT increases the paired-pulse ratio of EPSCs and IPSCs. (A) Superimposed EPSCs evoked
by pairs of stimuli in the absence (control and wash) and presence of 5HT (10 μM). (B) Current
traces are the same as those in “A” except that the amplitude of the first EPSC recorded in 5HT
has been normalized to match the amplitude of the first control EPSC. (C) Superimposed IPSCs
evoked by pairs of stimuli in the absence (control and wash) and presence of 5HT (100 μM).
(D) Current traces are the same as those in “C” except that the amplitude of the first IPSC
recorded in 5HT has been normalized to match the amplitude of the first control IPSC.
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Fig. 4.
5HT-induced inhibition of EPSCs is mediated by 5HT1B receptors. The reduction EPSC
amplitude by 5HT (30 μM) is antagonized by SB216641 (10 μM), a selective 5HT1B receptor
antagonist. EPSC amplitudes are expressed as a percentage of control. Data points represent
the paired responses of 8 cells.
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