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ABSTRACT
We reported previously that Ca21 influx through N-methly-D-
aspartate-gated channels evokes ATP-sensitive K1 (K-ATP)
currents in rat subthalamic nucleus (STN) neurons. By using
whole-cell patch clamp recordings in brain slices, we investi-
gated the ability of (RS)-3,5-dihydroxyphenylglycine (DHPG),
a group I metabotropic glutamate receptor (mGluR) agonist,
to evoke K-ATP currents. DHPG (20 mM) evoked outward
current at 270 mV and was associated with a positive slope
conductance of 2.7 nS. The sulfonylurea agent tolbutamide
(100 mM) converted the positive slope to negative slope
conductance, indicating mediation by K-ATP channels (ATP-
sensitive K1 channels). Currents evoked by DHPG were sig-
nificantly reduced by a combination of mGluR1 and mGluR5
negative allosteric modulators. DHPG-evoked outward cur-
rent was blocked by cyclopiazonic acid and thapsigargin and
mimicked by caffeine, suggesting mediation by release of

intracellular Ca21. DHPG outward current was also blocked by
ryanodine and 2-aminoethoxydiphenylborane, suggesting me-
diation by ryanodine- and inositol 1,4,5-triphosphate-sensitive
Ca21 release. The nitric oxide synthase inhibitor NG-nitro-L-
arginine methyl ester and inhibitors of protein kinase G activity
also suppressed DHPG-induced outward current. Voltage re-
cordings showed that tolbutamide prolonged depolarizing
plateau potentials and increased the spontaneous firing rate
of STN neurons recorded in the presence of DHPG. These
results show that group I mGluR stimulation generates K-ATP
current by a nitric oxide- and protein kinase G-dependent pro-
cess that is mediated by release of Ca21 from intracellular stores.
Because burst firing is linked to symptoms of Parkinson’s
disease, we suggest that K-ATP channels might provide a
physiologically important inhibitory influence on STN neuronal
activity.

Introduction
The subthalamic nucleus (STN) is composed of glutamate-

containing neurons that project to the principal output nuclei
of the basal ganglia: the substantia nigra pars reticulata
(SNR) and globus pallidus interna (Féger et al., 1997).
Because the STN regulates outflow from the basal ganglia,
the STN plays a pivotal role in regulating normal and ab-
normal movement (Albin et al., 1995). For example, loss of
dopaminergic innervation of the basal ganglia increases burst
firing in the STN and basal ganglia output nuclei, and this
correlates with many of the cardinal features of Parkinson’s
disease (Bergman et al., 1994). Moreover, high-frequency

stimulation of the STN has been shown to reduce burst
discharges in STN and SNR neurons in animal models of
Parkinson’s disease (Breit et al., 2007; Maltete et al., 2007).
Regularization of STN output is believed to provide the basis
for the effectiveness of deep brain stimulation in the treat-
ment of Parkinson’s disease (Maltete et al., 2007; Xu et al.,
2008). On the other hand, silencing STN output, either by
lesion or chemically induced inhibition, evokes hyperkinetic
movements such as ballism and chorea in monkeys, rats, and
humans (Guridi et al., 1996; Chen et al., 2002; Mehta et al.,
2005). These results suggest that abnormally reduced out-
put from STN neurons induces hyperkinetic movements,
whereas irregular burst discharges contribute to the rigidity
and bradykinesia seen in Parkinson’s disease.
Because the STN plays such an important role in move-

ment, it is important to understand how output from the STN
is regulated by synaptic inputs and pharmacological agents.
The STN receives glutamate-containing inputs from cerebral

This work was supported by the National Institutes of Health National
Institute of Neurological Disorders and Stroke [Grant NS38715]; and by the
Portland Veterans Affairs Parkinson’s Disease Research, Education, and
Clinical Center.

dx.doi.org/10.1124/jpet.112.201566.

ABBREVIATIONS: ANOVA with RM, analysis of variance with repeated measures; AP5, 2-amino-5-phosphonopentanoic acid; 2-APB,
2-aminoethoxydiphenylborane; CPCCOEt, 7-(hydroxyimino)cyclopro-pa[b]chromen-1a-carboxylate ethyl ester; DHPG, (RS)-3,5-dihydroxyphenyl-
glycine; InsP3, inositol 1,4,5-trisphosphate; I-V plot, current-voltage plot; JNJ16259685, (3,4-dihydro-2H-pyrano[2,3-b]quinolin-7-yl)-(cis-4-
methoxycyclohexyl)-methanone; K-ATP channel, ATP-sensitive K1 channel; L-NAME, NG-nitro-L-arginine methyl ester hydrochloride; LY83583,
6-anilino-5,8-quinolinedione; mGluR, metabotropic glutamate receptor; MPEP, 2-methyl-6-(phenylethynyl)pyridine HCl; MTEP, 3-[(2-methyl-1,3-
thiazol-4-yl)ethynyl]-pyridine; NMDA, N-methly-D-aspartate; NO, nitric oxide; NOS, nitric oxide synthase; ODQ, 1H-[1,2,4]oxadiazolo[4,3-a]
quinoxalin-1-one; PKG, cGMP-dependent protein kinase; Rp-8-Br-PET-cGMPs, 2-bromo-3,4-dihydro-3-[3,5-O-[(R)-mercaptophosphinylidene]-
b-D-ribofuranosyl]-6-phenyl-9H-imidazo[1,2-a]purin-9-one sodium salt; SNC, substantia nigra pars compacta; SNR, substantia nigra pars reticulata;
STN, subthalamic nucleus.

139

http://dx.doi.org/10.1124/jpet.112.201566
http://dx.doi.org/10.1124/jpet.112.201566


cortex, thalamus, and pedunculopontine nucleus, whereas
a large GABA input arises from the globus pallidus externa
(Canteras et al., 1990; Féger et al., 1997). Although glutamate
is the principal excitatory transmitter in the STN, the net
effect of glutamate will depend upon the receptor subtype
being activated and subsequent involvement of second mes-
senger systems. For example, our laboratory recently re-
ported that stimulation of the N-methyl-D-aspartate (NMDA)
subtype of glutamate receptors evoked an inhibitory ATP-
sensitive K1 (K-ATP) current in STN neurons but not in ad-
jacent dopamine neurons in the substantia nigra pars compacta
(SNC) (Shen and Johnson, 2010). Our data suggested that
Ca21 influx through NMDA-gated channels activated K-ATP
channels (ATP-sensitive K1 channels) via nitric oxide- and
cGMP-dependent pathways. Moreover, our studies showed
that K-ATP channel activation by NMDA shortened depola-
rizing plateau potentials and reduced burst firing in STN
neurons. Thus, coactivation of K-ATP currents has the ability
to temper the excitatory influence of NMDA receptor stimula-
tion in the STN.
Similar to NMDA receptors, group I metabotropic gluta-

mate receptors (mGluRs) also elevate intracellular levels of
Ca21. But rather than causing Ca21 influx, group I mGluRs
release Ca21 from inositol 1,4,5-triphosphate (InsP3)- and
ryanodine-sensitive intracellular Ca21 stores (Fagni et al.,
2000). Group I mGluRs, which include the mGluR1 and
mGluR5 subtypes, also evoke Ca21-activated currents in
many central neurons (Congar et al., 1997; Tempia et al.,
2001). Furthermore, the STN is known to express both
mGluR1 and mGluR5 (Wang et al., 2000; Kuwajima et al.,
2004, 2007). Moreover, Awad et al. (2000) showed that
mGluR5 stimulation evokes an excitatory inward current
caused primarily by reducing a resting K1 conductance in
STN neurons in the rat brain slice. The present studies were
undertaken to test whether group I mGluR stimulation could
also evoke Ca21-dependent K-ATP current in STN neurons.

Materials and Methods
Tissue Preparation. All procedures were carried out in accor-

dance with a protocol approved by Institutional Animal Care and Use
Committee at the Portland Veterans Affairs Medical Center. Every
precaution was taken to minimize animal stress and the number of
animals used. Horizontal slices containing diencephalon and rostral
midbrain were prepared from male Sprague-Dawley rats (Harlan,
Indianapolis, IN) as described previously (Shen and Johnson, 2000).
Adult rats (120–180 g) were used for STN and SNC recordings;
because SNR neurons are difficult to record from adult tissue, SNR
neurons were recorded in tissue from young rats (11–26 days old).
Briefly, rats were anesthetized with isoflurane and killed by severing
major thoracic vessels. Brains were rapidly removed, and slices were
cut with a vibratome in an ice-cold sucrose buffer solution of the
following composition (in mM): sucrose, 196; KCl, 2.5; MgCl2, 3.5;
CaCl2, 0.5; NaH2PO4, 1.2; glucose, 20; and NaHCO3, 26, equilibrated
with 95% O2–5% CO2. A slice containing the STN and substantia
nigra was then placed on a supporting net and submerged in
a continuously flowing solution (2 ml/min) of the following composi-
tion (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. By using a microscope for visual guidance, the STN was
located as gray matter approximately 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 pipettes containing (in mM): potassium gluconate, 138;

MgCl2, 2; CaCl2, 1; EGTA, 0.2; HEPES, 10; ATP, 1.5; GTP, 0.3 (pH
7.3). Pipette resistance ranged from 3 to 8 MV, whereas series
resistance typically ranged from 15 to 40 MV. Membrane currents
were recorded under voltage clamp and amplified with an Axopatch-
1D amplifier (5-kHz low-pass filter). Baseline holding potentials were
270 mV in STN and SNR neurons and 260 mV in SNC neurons so
that holding currents were close to zero. In some experiments, we
used a “loose-patch” method to record extracellular currents and
potentials (Nunemaker et al., 2003). For loose-patch recordings, patch
pipettes were filled with standard extracellular solution; loose-patch
recordings were made with a seal resistance typically 5–10 times the
starting value of electrode resistance (3–8 MV). Data were acquired
using a personal computer with a Digidata analog/digital interface
and analyzed using pCLAMP software (Molecular Devices/Axon
Instruments, Foster City, CA). Currents and potentials were recorded
continuously using a MacLab analog/digital interface, Chart software
(AD Instruments, Castle Hill, NSW, Australia), and a Macintosh
computer. Membrane potentials for whole-cell recordings have been
corrected for the liquid junction potential (10 mV).

Current-Voltage Studies. Current-voltage (I-V) relationships
were constructed by measuring currents during a series of hyper-
polarizing voltage steps (400-millisecond duration) with 10-mV
increments from a holding potential of 270 mV (or from 260 mV for
SNC neurons). Currents were measured immediately after capacitive
transients to minimize the influence of hyperpolarization-activated
cation currents. Slope conductance was calculated for each cell as the
slope of a straight line in the I-V (current-voltage) plot at voltages
between 270 and 2100 mV (or between 260 to 290 mV for SNC
neurons). Mean slope conductance and S.E.M. were obtained by
averaging slope conductances from all cells. In some figures, I-V plots
were displayed as “subtracted” currents in which currents recorded
during the experimental treatment had been subtracted from those
currents recorded in the control condition. Therefore, these subtracted
currents represent “net” currents that were produced or blocked by an
experimental treatment.

Drugs and Chemicals. All drugs were dissolved in aqueous or
dimethyl sulfoxide stock solutions. Most drugs were added to the slice
perfusate. Stock solutions were diluted at least 1:1000 to the
desired concentration in superfusate immediately prior to use.
Approximately 30 seconds were required for the drug solution to
enter the recording chamber; this delay was due to passage of the
superfusate through a heat exchanger. In some experiments, drugs
were added to the internal pipette solution and delivered by passive
intracellular dialysis. (RS)-3,5-dihydroxyphenylglycine (DHPG), 1H-
[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ), ryanodine, thapsigar-
gin, 2-aminoethoxydiphenylborane (2-APB), 2-bromo-3,4-dihydro-3-[3,
5-O-[(R)-mercaptophosphinylidene]-b-D-ribofuranosyl]-6-phenyl-
9H-Imidazo[1,2-a]purin-9-one sodium salt (Rp-8-Br-PET-cGMPs),
2-methyl-6-(phenylethynyl)pyridine HCl (MPEP), 3-[(2-methyl-1,
3-thiazol-4-yl)ethynyl]-pyridine (MTEP), (3,4-dihydro-2H-pyrano[2,3-
b]quinolin-7-yl)-(cis-4-methoxycyclohexyl)-methanone (JNJ16259685),
7-(hydroxyimino)cyclopro-pa[b]chromen-1a-carboxylate ethyl ester
(CPCCOEt), cyclopiazonic acid, diazoxide, and glibenclamide were
obtained from Tocris Cookson Inc. (Ellisville, MO). Apamin, 2-amino-
5-phosphonopentanoic acid (AP5), 6-anilino-5,8-quinolinedione
(LY83583), caffeine, NG-nitro-L-arginine methyl ester hydrochloride
(L-NAME), and tolbutamide were obtained from Sigma-Aldrich
(St. Louis, MO).

Data Analysis. Numerical data in the text and error bars in
figures are expressed as mean 6 S.E.M. Whenever possible, differ-
ences in I-V plots were analyzed using two-way analysis of variance
(ANOVA) with repeated measures (RM) followed by the Holm-Sidak
pairwise comparison test (SigmaStat; Jandel Scientific, San Rafael,
CA). Otherwise, data were analyzed with paired or unpaired t tests.
Slope conductance and reversal potentials were calculated by linear
regression of the I-V relationship for each cell; mean values and S.E.M.
were calculated by averaging the results from all cells in each experi-
mental group.
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Results
DHPG Increases Membrane Conductance in STN

Neurons. We recently reported that Ca21 influx through
NMDA receptor-gated channels evokes K-ATP current via
a nitric oxide (NO)- and cGMP-dependent process in STN
neurons (Shen and Johnson, 2010). Group I mGluRs also raise
cellular levels of Ca21, although this is accomplished by
release of Ca21 from intracellular stores rather than from
Ca21 influx from the extracellular milieu (Fagni et al., 2000).
Moreover, STN neurons are known to express both the
mGluR1 and mGluR5 subtypes of group I mGluR (Awad
et al., 2000; Kuwajima et al., 2007). Therefore, we were
interested to find whether mGluR stimulation could also
evoke K-ATP currents in STN neurons. By using the selective
group I mGluR agonist DHPG, we first characterized the
voltage-dependent effects of DHPG on whole-cell membrane
currents recorded from STN neurons and adjacent neurons in
the SNR and SNC. As shown in the current traces in Fig. 1A,
20 mM DHPG evoked inward currents in an SNR neuron and
in a presumed dopamine neuron in the SNC. However, the
same concentration of DHPG evoked an outward current in
the STN neuron. On average, DHPG (20 mM) evoked 82 6 16
pA of inward current in SNR neurons at270 mV (n5 10) and
866 17 pA of inward current in SNCneurons at260mV (n5 5).
In contrast, DHPG evoked 41 6 7 pA of outward current in
STN cells as measured at270 mV (n5 26). To investigate the
voltage-dependence of DHPG-evoked currents, we recorded
currents during a series of hyperpolarizing voltage steps, as
shown in Fig. 1B. The voltage-dependence of whole-cell cur-
rents recorded before (control) and during DHPG (20 mM)
are shown in Fig. 1C. DHPG caused a significant alteration in
the current-voltage (I-V) plot (n 5 25; F1,7 5 49.96, P , 0.01,
two-way ANOVA with RM). I-V plots in Fig. 1D show “net”
(subtracted) currents evoked by DHPG in STN, SNC, and
SNR neurons. DHPG currents in STN neurons were associ-
ated with a positive slope conductance of 2.76 0.3 nS (n5 26)
when measured between270 and2100 mV. However, DHPG
currents were associated with a negative slope conductance
in SNR neurons (0.8 6 0.3 nS between 270 and 2100 mV;
n5 10) andSNCneurons (1.26 0.5 nS between260 and290mV;
n5 5). The DHPG-evoked currents in STN neurons reversed
polarity at 284.3 6 2.0 mV. This reversal potential was
more depolarized than expected for the K1 equilibrium
potential and was more hyperpolarized than expected for
closing of a nonselective cationic conductance (Congar et al.,
1997). These data suggest that DHPG-evoked currents may
be mediated by more than one ionic conductance in STN
neurons.
DHPG Evokes Sulfonylurea-Sensitive Currents in

STN Neurons. We next investigated the ability of sulfonyl-
urea agents to block outward currents evoked by DHPG. As
shown in Fig. 2A, outward current evoked by DHPG (20 mM)
was replaced by a small inward current in the presence of
tolbutamide (100 mM). On average, DHPG evoked 956 23 pA
of outward current at 270 mV under control conditions (n 5
11). In the presence of tolbutamide, however, DHPG evoked
an inward current of 22 6 4 pA in those same neurons (P ,
0.01, paired t test). As shown in Fig. 2B, we used a series
of hyperpolarizing voltage steps to measure the voltage-
dependence of DHPG-evoked currents in the presence and
absence of tolbutamide. We first investigated the effect of

tolbutamide, applied alone, on membrane conductance. Fig.
2C shows that tolbutamide (100 mM) had a small but signi-
ficant effect on membrane conductance in STN neurons (n5 6;
F1,7 5 18.80, P , 0.05, two-way ANOVA with RM). The net
current evoked by tolbutamide, shown in Fig. 2D, was
obtained by subtracting currents evoked in tolbutamide from

Fig. 1. DHPG increases conductance in STN neurons. (A) DHPG (20 mM)
evokes inward currents in SNR (270mV) and SNC (260mV) neurons, but
produces an outward current in an STN neuron (at 270 mV). Truncated
deflections in these and subsequent current records are artifacts caused by
voltage steps that were used to measure series resistance or membrane
conductance. (B) Current traces recorded during a series of hyperpolarizing
voltage steps (from 270 to 2140 mV) show that DHPG (20 mM) increases
membrane conductance in an STN neuron. Wash indicates recording after
DHPG was washed from the slice. Dashed line indicates zero current. (C)
Summarized I-V plots showing whole-cell conductance before (control) and
during superfusion with 20 mMDHPG (n = 25). Significant differences: *P,
0.05; **P , 0.01; Holm-Sidak pairwise tests. (D) Summarized I-V plots
showing net (subtracted) currents evoked by DHPG in STN (n = 26), SNR
(n = 10), and SNC (n = 5) neurons. Note thatDHPG increased conductance in
STN neurons but not in SNR or SNC neurons.
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those recorded before tolbutamide. Currents evoked by tol-
butamide reversed at 95 6 3 mV, which is consistent with
an effect to block a resting K-ATP conductance. We then
proceeded to study the ability of tolbutamide to block DHPG-
induced currents. The resulting I-V plots in Fig. 2E show that
tolbutamide significantly modified DHPG-induced currents
(F1,7 5 18.38; P , 0.05, two-way ANOVA with RM). DHPG-
induced current was associated with a positive slope conduc-
tance of 4.9 6 1.0 nS when measured between 270 and 2100
mV (n 5 11). But in the presence of tolbutamide, DHPG
currents were significantly altered, resulting in a negative
slope conductance of 0.4 6 0.1 nS (n 5 11; P , 0.01, paired t
test). In the presence of tolbutamide, DHPG-induced currents
reversed at 2107 6 6 mV (n 5 6), which is near the K1

equilibrium potential; however, DHPG-induced inward cur-
rents did not reverse direction in five other neurons. As shown
in the I-V plots in Fig. 2F, a second sulfonylurea agent,
glibenclamide (1mM), also significantlymodified theDHPG I-V
relationship (n 5 6; F1,7 5 13.03; P , 0.01). Under control
conditions, DHPG current was associated with a positive slope
conductance of 1.0 6 0.2 nS (n 5 6). But in the presence of
glibenclamide (1 mM), DHPG-induced current was significantly

altered, resulting in a negative slope conductance of 0.3 6
0.1 nS (P , 0.01, paired t test). DHPG-induced currents
reversed at 2109 6 9 mV in the presence of glibenclamide
(n 5 6), which is near the estimated reversal potential for
K1. These results show that the DHPG-induced increase in
slope conductance is sulfonylurea sensitive. In the presence
of a sulfonylurea agent, DHPG evoked a negative slope
conductance with reversal near the K1 equilibrium poten-
tial in most neurons. These data suggest that inward cur-
rent evoked by DHPG is largely due to closure of a resting
K1 conductance.
Diazoxide Occludes DHPG-Induced Outward Cur-

rent. We next examined the interaction of DHPG-evoked
current with currents evoked by the K-ATP channel opener
diazoxide. As illustrated with the current trace in Fig. 3A,
superfusing the slice with 20 mM DHPG for 5 minutes evoked
an average outward current of 996 17 pA at 270 mV (n5 6).
However, DHPG (20 mM) evoked an inward current of 40 6 7
pA in the same neurons when applied in the presence of 300
mM diazoxide (P , 0.01, paired t test). Diazoxide also altered
the DHPG I-V relationship, as shown in Fig. 2B (n 5 6; P ,
0.05; F1,7 5 46.79). Under control conditions, DHPG current

Fig. 2. DHPG-evokes sulfonylurea-sensitive currents in STN neurons. (A) Current trace shows that tolbutamide (100 mM) blocks DHPG-evoked
outward current (at270mV). Note that DHPG caused a small inward current in the presence of tolbutamide. (B) Current traces recorded during a series
of hyperpolarizing voltage steps (from270 to2140mV) show that the DHPG-evoked conductance increase is prevented by tolbutamide (100 mM). (C) I-V
plots showing whole-cell conductance before (control) and during superfusion with 100 mM tolbutamide (n = 6). (D) I-V plot showing net (subtracted)
currents evoked by tolbutamide; I-V plot was derived from data shown in (C). (E) I-V plots show that tolbutamide (100 mM) significantly altered the
voltage-dependence of currents evoked by DHPG (n = 11; P, 0.05, two-way ANOVA with RM). Note that tolbutamide changed the slope conductance of
DHPG-evoked currents from positive to negative. (F) I-V plots show that glibenclamide (1 mM) significantly altered voltage-dependence of currents
evoked by DHPG (n = 6; P, 0.01, two-way ANOVA with RM). Significant differences at specific test potentials: *P, 0.05; **P, 0.01; Holm-Sidak tests.
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was associated with a positive slope conductance of 4.0 6 0.5
nS (n 5 6). But when applied with diazoxide, DHPG current
was significantly altered, resulting in a negative slope
conductance of 0.6 6 0.2 nS (P , 0.001, paired t test). These
results suggest that K-ATP current evoked by DHPG can be
occluded by current evoked by diazoxide. Taken together,
these results indicate that outward current evoked by DHPG
is mediated by K-ATP channels.
As a control experiment, we tested the ability of apamin,

a blocker of small conductance Ca21-activated K1 (gKCa)
channels, to alter DHPG-induced current. In the presence of
apamin (1 mM), DHPG (20 mM) evoked 486 13 pA of outward
current (at 270 mV); however, DHPG evoked an inward
current of 7 6 4 pA in the presence of tolbutamide (100 mM)
plus apamin in those same neurons (n 5 4; P , 0.01, paired
t test). As summarized in the I-V plots in Fig. 3C, DHPG-
evoked currents in apamin were associated with a positive
slope conductance of 2.1 6 0.3 nS (n 5 4). Tolbutamide
reduced the DHPG-induced conductance to 0 6 0.2 nS in the
continued presence of apamin (P , 0.05, paired t test). These
data indicate that the conductance increase produced by
DHPG is mediated by K-ATP channels and not by small
conductance Ca21-activated K1 channels.

DHPG Receptor Pharmacology. A recent advance in
mGluR pharmacology has been the discovery of negative
allosteric modulators that act as noncompetitive glutamate
antagonists (Marino and Conn, 2006). We used selective
negative allosteric modulators to characterize the receptor
pharmacology of inward and outward currents evoked by
DHPG in STN neurons. In the presence of tolbutamide (100
mM), inward currents evoked by DHPG (20 mM) could be
partially blocked by the mGluR5 negative modulator MPEP
(10 mM), as shown in Fig. 4A. Moreover, the addition of the
mGluR1 negative modulator CPCCOEt (100 mM) caused
a further reduction in DHPG inward current. A summary of
these experiments is shown in Fig. 4B. On average, the
mGluR5 negative allosteric modulators MPEP (10 mM) and
MTEP (10 mM) reduced DHPG-induced inward currents by
366 4% (n5 10) and 326 8% (n5 4), respectively. In contrast,
the selective mGluR1 negative allosteric modulators
CPCCOEt (100 mM) and JNJ16259685 (10 mM) reduced
DHPG-induced inward currents by 556 4% (n5 9) and 536
2% (n 5 6), respectively. Concurrent application of mGluR1
and mGluR5 negative modulators caused a larger reduction
in DHPG-induced inward currents. Thus, concurrent appli-
cation of MPEP (10 mM) and CPCCOEt (100 mM), or MTEP
(10 mM) and JNJ16259685 (10 mM), reduced DHPG-induced
inward currents by 65 6 3% (n 5 10) and 77 6 3% (n 5 9),
respectively. These data suggest that both mGluR1 and
mGluR5 receptors mediate inward currents evoked by DHPG.
We then proceeded to investigate effects of mGluR negative

modulators on outward currents evoked by DHPG (Fig. 4C).
When recording in the absence of tolbutamide, DHPG evoked
an outward current at 270 mV that could be completely
blocked by the combined application of MTEP (10 mM) and
JNJ16259685 (10 mM). On average, DHPG evoked a 26 6 12
pA of outward current under control conditions (n5 8), which
was significantly different from the 14 6 2 pA of inward
current that was evoked in the presence of MTEP and
JNJ16259685 in the same neurons (P , 0.05, paired t test).
Concurrent application of MTEP and JNJ16259685 also sig-
nificantly modified the voltage dependence of DHPG current,
as seen in Fig. 4D (F1,7 5 30.37; P , 0.05). Under control con-
ditions, DHPG current was associated with a positive slope
conductance of 1.2 6 0.3 nS (n 5 8). But in the presence of
MTEP and JNJ16259685, the DHPG I-V plot yielded
a negative slope conductance of 0.56 0.1 nS (P, 0.01, paired
t test). These results suggest that mGluR1 and mGluR5
receptors mediate DHPG-induced outward currents as well as
inward currents in STN neurons.
DHPG-Evoked Conductance Increase is Mediated by

Intracellular Ca21 Release. It is well-established that
activation of group I mGluRs increases levels of intracellular
Ca21 by promoting release of Ca21 from intracellular stores
(Abe et al., 1992; Fagni et al., 2000). Moreover, we previously
showed that Ca 21 influx through NMDA-gated channels
activates K-ATP channels in STN neurons (Shen and Johnson,
2010). Therefore, we exploredwhether Ca21mobilizationmight
be necessary for activation of K-ATP channels by DHPG. We
first examined caffeine, which is widely used as an activator of
Ca21 release from intracellular stores (Henzi andMacDermott,
1992). As seen in the current trace in Fig. 5A, caffeine (1 mM
in superfusate) evoked a tolbutamide-sensitive outward
current at 270 mV. On average, caffeine evoked 48 6 25
pA of outward current at 270 mV, and this outward current

Fig. 3. Diazoxide (300 mM) occludes DHPG-induced outward current. (A)
Continuous current trace (at270 mV) shows that outward current evoked
by DHPG (20 mM) is occluded by outward current evoked by the K-ATP
channel opener diazoxide. (B) I-V plots for the action of 20 mM DHPG
before (control) and in the presence of diazoxide. Diazoxide significantly
altered the DHPG I-V plot (n = 6). (C) I-V plots for a control experiment
showing lack of effect of apamin (1 mM) on tolbutamide-sensitive current
evoked by DHPG. Tolbutamide antagonized DHPG-evoked currents in the
continued presence of apamin. Significant differences at specific test
potentials: *P , 0.05; **P , 0.01; Holm-Sidak tests.
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was reduced to 1 6 2 pA by 100 mM tolbutamide (n 5 5, P ,
0.05, paired t test). The voltage-dependence of caffeine-evoked
currents was also significantly altered by tolbutamide (F1,7 5
13.64; P , 0.05) as shown in Fig. 5B. On average, current
evoked by caffeine was associated with a positive slope con-
ductance of 4.0 6 0.8 nS. However, caffeine-dependent slope

conductance was reduced to 0.4 6 0.1 nS in the presence of
tolbutamide (n5 5; P, 0.05, paired t test). These data suggest
that intracellular Ca21 mobilization can evoke K-ATP current
in STN neurons.
We proceeded to test whether agents that deplete in-

tracellular Ca21 can interfere with outward current gener-
ated by DHPG. Fig. 5C shows that cyclopiazonic acid, which
blocks ATPase-mediated Ca21 uptake (Suzuki et al., 1992),
completely blocked outward current evoked by 20 mM DHPG
at 270 mV. On average, DHPG evoked an outward current of
26 6 10 pA at 270 mV under control conditions (n 5 7),
whereas DHPG evoked an inward current of 22 6 4 pA in the
presence of 10 mM cyclopiazonic acid (P , 0.01, paired t test).
Cyclopiazonic acid also modified the DHPG I-V relationship
(F1,7 5 24.78; P , 0.05), as seen in Fig. 5D. Under control
conditions, DHPG current was associated with a positive
slope conductance of 1.5 6 0.3 nS (n 5 7). But in the presence
of cyclopiazonic acid, DHPG current was significantly altered
with a negative slope conductance of 0.4 6 0.2 nS (P , 0.001,
paired t test).
We obtained similar results with thapsigargin, which

causes depletion of intracellular Ca21 stores by inhibiting
ATPase-mediated Ca21 uptake into endoplasmic reticulum
(Thastrup et al., 1990). In these experiments, test responses
to DHPG (20 mM) were recorded at 20- to 30-minute intervals
after starting whole-cell recordings with pipettes that
contained thapsigargin (3 mM). As shown in Fig. 5E, in-
tracellular dialysis of thapsigargin gradually blocked out-
ward current evoked by DHPG. On average, the initial
application of DHPG (20 mM) evoked an outward current
of 70 6 36 pA at 270 mV. However, DHPG evoked 26 6 6 pA
of inward current after 20–30 minutes of dialysis with
thapsigargin (n 5 6; P , 0.05, paired t test). Intracellular
dialysis of thapsigargin also significantly modified the
DHPG I-V relationship (F1,7 5 20.34; P , 0.05), as shown
in Fig. 5F. On average, the initial application of DHPG
evoked currents with a positive slope conductance of 2.7 6
1.3 nS. However, after more than 20 minutes dialysis with
thapsigargin, DHPG-evoked current was significantly altered,
with a negative slope conductance of 0.5 6 0.2 nS (n5 6; P ,
0.05, paired t test). As a control experiment, we examined
effects of repetitive applications of DHPG on currents re-
corded with pipettes that contained normal internal solu-
tion. As shown in Fig. 5G, repetitive applications of DHPG
consistently evoked comparable outward currents at 270 mV.
Fig. 5H shows that the I-V relationship for the response to
the second DHPG application was not significantly different
from the response to the first DHPG application (n 5 5; F1,7 5
0.64; P 5 0.4). Thus, inhibition of DHPG-induced currents
by thapsigargin cannot be attributed to a gradual run-
down due to repeated applications of DHPG. Inhibition by
thapsigargin is consistent with the hypothesis that in-
tracellular Ca21 is required for DHPG activation of K-ATP
currents.
Involvement of Ryanodine- and InsP3-sensitive Ca21

Stores. Ryanodine and InsP3 receptors regulate release of
Ca21 from intracellular stores, and block of these receptors
interferes with Ca21 release (Ehrlich et al., 1994). We tested
the effects of ryanodine, which interferes with Ca21 storage,
as well as the InsP3 receptor antagonist 2-APB, on outward
current evoked by DHPG. Superfusing the brain slice with
ryanodine (10 mM) caused a large reduction in outward

Fig. 4. DHPG activates both mGluR1 and mGluR5 receptors. (A)
Continuous current trace shows that DHPG-evoked inward currents are
partially blocked by MPEP (20 mM) and CPCCOEt (100 mM). Recordings
were done in the presence of tolbutamide (100 mM) to block K-ATP
currents. (B) Bar graph summarizing the blockade of DHPG-evoked
inward currents by mGluR1 (CPCCOEt, 100 mM; JNJ16259685, 10 mM)
and mGluR5 (MPEP, 20 mM; MTEP, 10 mM) negative allosteric mod-
ulators. All recordings were done in tolbutamide and AP5. Each bar
represents the mean of 4–10 cells. (C) Continuous current trace, recorded
in the absence of tolbutamide and AP5, shows that outward current
evoked by DHPG (20 mM) is blocked by concurrent application of
JNJ16259685 (10 mM) and MTEP (10 mM). (D) I-V plots show that
JNJ16259685 plus MTEP significantly altered the voltage dependence of
currents evoked by DHPG (P , 0.05, two-way ANOVA with RM). Note
that superfusion with mGluR1 andmGluR5 modulators changed the slope
conductance of DHPG-evoked currents from positive to negative (n = 8).
**P , 0.01; Holm-Sidak tests.
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current evoked by DHPG (20 mM). On average, DHPG evoked
31 6 13 pA of inward current in the presence of ryanodine,
which was significantly different from the 14 6 14 pA of
outward current evoked by DHPG at 270 mV in control
conditions (n 5 5; P , 0.01, paired t test). The DHPG I-V
relationship was also significantly modified by ryanodine
(F1,7 5 10.00; P , 0.01), as shown in Fig. 6A. Slope conduc-
tance for DHPG current in the presence of ryanodine (21.0 6
0.4 nS) was significantly different from that under control
conditions (10.6 6 0.4 nS; n 5 5; P , 0.05, paired t test).
The InsP3 antagonist 2-APB also blocked DHPG-induced

outward current, as shown in the current trace in Fig. 6B. 2-
APB (200 mM) was added to the internal pipette solution, and
slices were superfused for 5 minutes with DHPG (20 mM)
every 20–30 minutes. On average, the initial application of
DHPG evoked an outward current of 13 6 7 pA at 270 mV.
However, the second application of DHPG evoked 126 2 pA of
inward current during intracellular dialysis with 2-APB (n 5
8; P , 0.01, paired t test). 2-APB also significantly modified
the DHPG I-V relationship, as shown in Fig. 6C (F1,7 5 17.74;
P , 0.05). The initial application of DHPG evoked current
with a positive slope conductance of 0.9 6 0.2 nS. However,
after 20–30 minutes dialysis with 2-APB, the second DHPG

application evoked current with a negative slope conductance
of 0.5 6 0.2 nS (n 5 8; P , 0.001, paired t test). These results
further support the hypothesis that Ca21 mobilization from
intracellular stores is necessary for DHPG to evoke K-ATP
current in STN neurons.
DHPG-dependent K-ATP Conductance Increase

Requires NO. Previous studies have shown that NO can
be generated by the increase in intracellular Ca21 caused
by group I mGluR stimulation (Caruso et al., 2006; Sergeeva
et al., 2007). Because NO is a known facilitator of K-ATP
channel activation (Shinbo and Iijima, 1997; Kawano et al.,
2009), we next explored the effect of the nitric oxide synthase
(NOS) inhibitor L-NAME on DHPG-evoked outward current.
As shown in Fig. 7A, superfusing with L-NAME (200 mM) for
15 minutes completely blocked the outward current evoked
by DHPG (20 mM) at 270 mV. On average, DHPG evoked
an inward current of 29 6 18 pA at 270 mV in the presence
of L-NAME, which was significantly different from the 69 6
14 pA of outward current that was evoked by DHPG under
control conditions in the same neurons (n 5 8; P , 0.01,
paired t test). L-NAME also significantly modified the
DHPG I-V relationship, as shown in Fig. 7B (F1,7 5 10.80;
P , 0.05). Under control conditions, DHPG current was

Fig. 5. Intracellular Ca2+ release is required
for DHPG-evoked K-ATP conductance increase.
(A) Current trace shows that caffeine (1 mM),
which induces Ca2+ release from intracellular
stores, mimicked DHPG by evoking a tolbuta-
mide-sensitive outward current (at 270 mV)
in an STN neuron. (B) I–V plots show that
tolbutamide (100 mM) completely blocked the
caffeine-induced conductance increase (n = 5;
P , 0.05, two-way ANOVA with RM). (C) Cur-
rent trace shows that cyclopiazonic acid (10 mM),
which depletes intracellular Ca2+ stores, blocks
DHPG-evoked outward current in anSTNneuron
at -70 mV. (D) I–V plots show that cyclopiazonic
acid significantly altered the voltage depen-
dence of DHPG current (n = 7; P , 0.05, two-
way ANOVA with RM). (E) Current trace shows
that intracellular dialysis with thapsigargin
(3 mM), which depletes intracellular Ca2+ stores,
blocks DHPG-evoked outward current at –70
mV. After 15 minutes of intracellular dialysis
with thapsigargin, DHPG evoked an inward
current. (F) I–V plots show that intracellular
dialysis with thapsigargin significantly altered
the voltage dependence of DHPG currents (n = 6;
P , 0.05, two-way ANOVA with RM). (G) Cur-
rent trace shows that repetitive application of
DHPG consistently evokes an outward current
at –70 mV in an STN neuron recorded with a
pipette containing control internal solution. (H)
Summarized I–V plots showing similar conduc-
tance increases evoked by repeat applications of
DHPG in STN neurons with control solution in
pipettes (n = 5). *P , 0.05; **P , 0.01; Holm-
Sidak tests.
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associated with a positive slope conductance of 3.76 0.8 nS.
However, in the presence of L-NAME, the DHPG I-V plot
had a significantly different negative slope conductance of
0.3 6 0.6 nS (n 5 8; P , 0.01, paired t test). These results
suggest that NO is required for generation of K-ATP cur-
rent by DHPG.
cGMP-dependent Protein Kinase Mediates DHPG-

dependent K-ATP Conductance Increase. Because NO
has been shown to activate K-ATP channels via the cGMP-
dependent protein kinase (PKG) (Han et al., 2001; Brito et al.,
2006), we next investigated the role of PKG in the activation
of K-ATP current by DHPG. We made whole-cell recordings
with pipettes that contained the guanylyl cyclase inhibitors
ODQ (20 mM) or LY83583 (20 mM) or the PKG inhibitor
Rp-8-Br-PET-cGMPs (50mM). Test responses toDHPG (20mM)
were recorded at 20- to 30-minute intervals after starting
whole-cell recordings. As seen in Fig. 8A, intracellular dialysis
of ODQ greatly reduced DHPG-evoked outward current over
time. On average, the initial application of DHPG (20 mM)
evoked an outward current of 60 6 17 pA at 270 mV. In
contrast, DHPG evoked inward current (28 6 7 pA, n 5 8)
after 20–30 minutes of intracellular dialysis with ODQ (P ,
0.01, paired t test). Intracellular ODQ also significantly

modified the I-V relationship of DHPG currents, as seen in
Fig. 8B (F1,7 5 10.77; P , 0.05). On average, the initial
application of DHPG evoked current with a positive slope
conductance of 3.6 6 1.1 nS, which was significantly different
from the negative slope conductance of 1.0 6 0.2 nS after
20–30 minute of ODQ dialysis (n 5 8; P , 0.01, paired t test).
The guanylyl cyclase inhibitor LY83583 also caused time-
dependent inhibition of DHPG current, as seen in Fig. 8C.
The I-V plot in Fig. 8D shows that intracellular dialysis
of LY83583 (20 mM) significantly changed the voltage-
dependent responses to repeat applications of DHPG (F1,7 5
5.08; P , 0.01). On average, the initial application of DHPG
evoked current with a positive slope conductance of 0.5 6
0.2 nS. However, after more than 20 minutes dialysis of
LY83583, DHPG current was significantly different, with
a negative slope conductance of 0.5 6 0.2 nS (n 5 6; P , 0.05,
paired t test). Finally, we explored effects of the PKG inhib-
itor Rp-8-Br-PET-cGMPs on currents evoked by DHPG. As
shown in the current trace in Fig. 8E, intracellular dialysis of
Rp-8-Br-PET-cGMPs (50 mM) greatly reduced the outward
current evoked by DHPG. On the first application, DHPG
evoked an outward current of 51 6 18 pA at 270 mV. In
contrast, DHPG-evoked an inward current (5 6 5 pA, n 5 7)
when recorded at least 20 minutes after starting whole-cell
recording (P , 0.05, paired t test). Intracellular dialysis of
Rp-8-Br-PET-cGMPs also significantly modified the DHPG
I-V relationship (F1,7 5 19.53; P, 0.01), as shown in Fig. 8F.
On average, the first application of DHPG evoked current
with a positive slope conductance of 3.26 1.0 nS. However, the
slope conductance was reduced to 0.16 0.3 nS 20–30minutes
after starting whole-cell recording with Rp-8-Br-PET-cGMPs
in pipettes (n 5 7; P , 0.01, paired t test). These results sug-
gest that PKG is required for activation of K-ATP channels
by DHPG.

Fig. 6. Ryanodine- and InsP3-gated Ca2+ release are required for DHPG-
induced conductance increase. (A) I–V plots showing that bath application
of ryanodine (10 mM) significantly altered the DHPG I-V plot (n = 5; P ,
0.01; two-way ANOVA with RM). (B) Current trace shows that in-
tracellular dialysis of 2-APB (200 mM), an InsP3 receptor antagonist,
blocked DHPG-evoked outward current at –70 mV. (C) I–V plots show that
intracellular dialysis of 2-APB significantly altered the DHPG I-V plot
over time (n = 8; P , 0.05, two-way ANOVA with RM). *P , 0.05; **P ,
0.01; Holm-Sidak tests.

Fig. 7. DHPG-evoked K-ATP conductance increase requires NO. (A)
Current traces show that DHPG-evoked outward current (at 270 mV) is
blocked by the NOS inhibitor L-NAME (200 mM). Note that DHPG caused
an inward current in the presence of tolbutamide. (B) I-V plots show that
L-NAME (200 mM) significantly altered the voltage-dependence of cur-
rents evoked by DHPG (P , 0.05, two-way ANOVA with RM). Note that
L-NAME changed the slope conductance of DHPG-evoked currents from
positive to negative (n = 8). Significant differences at specific test
potentials: *P , 0.05; **P , 0.01; Holm-Sidak tests.
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Functional Consequences of K-ATP Channel Activa-
tion by DHPG. We used the loose-patch recording technique
to examine the effects of DHPG on spontaneous action
potential discharge rate in the presence and absence of
tolbutamide. As shown in Fig. 9A, superfusing the slice with
DHPG (20 mM) for 5 minutes caused a small increase in firing
rate, from a control value of 10.4 6 2.0 Hz to 12.9 6 3.4 Hz
(n 5 7). But in tolbutamide, DHPG increased firing rate to
22.36 3.0 Hz, which was significantly greater than the control
DHPG effect (P , 0.001, paired t test). Figure 9B shows the
averaged effects of DHPG with and without tolbutamide on
firing rate over time; this graph shows that tolbutamide
produced a significant augmentation in DHPG-evoked firing
rate in STN neurons (n 5 7; F1,103 5 4.531; P , 0.001).
In addition to firing rate, firing pattern of STN neurons is

another parameter that strongly impacts locomotor activity
(Bevan et al., 2002). Furthermore, the burst firing pattern is
well known to be generated by depolarizing plateau potentials
in STN neurons (Beurrier et al., 1999; Bevan and Wilson,
1999; Otsuka et al., 2001; Baufreton et al., 2003; Kass and
Mintz, 2006). We used current-clamp recordings in the whole-
cell configuration to examine the effect of DHPG on the
duration of plateau potentials that were evoked by 100-ms
pulses of depolarizing current. Plateau potential duration was
measured as the time from depolarization onset to return to
baseline. Small amounts of current were injected as needed to
maintain resting potential at 270 mV during DHPG and
tolbutamide applications. As seen in the current traces in Fig.
10A, DHPG (20 mM) had little effect on plateau potential
duration when applied alone. However, DHPG greatly
prolonged the plateau potential duration when recorded in
tolbutamide (100 mM). Averaged responses are shown in Fig.
10B. DHPG (20 mM) caused a small but significant reduction

in plateau potential duration from a control duration of 2396
18 ms to 169 6 11 ms (n 5 8; P , 0.01, paired t test). DHPG
also reduced the number of evoked spikes to 2.8 6 1.1 from
a control value of 6.96 0.6 (P, 0.01, paired t test). But in the
presence of tolbutamide (100 mM), DHPG caused a marked
prolongation of plateau potential duration, from a control
duration of 325 6 60 ms to 582 6 179 ms (n 5 8; P , 0.05,
paired t test). Tolbutamide applied alone increased plateau
duration but this was not statistically significant (P 5 0.18).
In tolbutamide, DHPG also increased the number of evoked
spikes to 13.9 6 6.7 from a control value of 8.1 6 2.0, but this
increase was not statistically significant (P 5 0.26). Taken
together, these results suggest that K-ATP currents evoked by
group I mGluRs can influence STN neuronal activity, and the
excitatory effect of mGluR activation can be uncovered when
K-ATP channels are blocked.

Discussion
Our results show that the group I mGluR agonist DHPG

evokes both inward and outward currents in rat STN neurons.
These currents are largely blocked by mGluR1 and mGluR5
negative allosteric modulators, which suggest that both
currents are generated by the same subtypes of receptor.
Outward current evoked by DHPG was identified as K-ATP
current because it was blocked by the K-ATP channel blockers
tolbutamide and glibenclamide. Inhibitors of InsP3- and
ryanodine-sensitive pathways prevented the activation of
K-ATP current by DHPG, which suggests that this current
requires mobilization of Ca21 from intracellular stores. K-ATP
activation was also blocked by inhibitors of NOS and PKG.
These results are similar to our previous studies showing that
NMDA evoked K-ATP current in STN neurons by Ca21 influx

Fig. 8. DHPG-evoked K-ATP conductance
increase requires activation of PKG. (A)
current trace shows that intracellular di-
alysis of the guanylyl cyclase inhibitor
ODQ (20 mM) blocks DHPG-evoked out-
ward current at –70 mV. After 15 minutes
of intracellular dialysis with ODQ, DHPG
evoked a small inward current. (B) I–V
plots show that intracellular dialysis of ODQ
significantly altered the voltage dependence
of currents evoked by DHPG (n = 8). (C)
Current trace shows that intracellular
dialysis of the guanylyl cyclase inhibitor
LY83583 (20 mM) blocks DHPG-evoked
outward current at –70mV.After 15minutes
of intracellular dialysis with LY83583,
DHPG evoked a small inward current. (D)
I–V plots show that intracellular dialysis of
LY83583 significantly altered the voltage
dependence of DHPG currents (n = 6). (E)
Current trace shows that intracellular
dialysis of the PKG inhibitor Rp-8-Br-PET-
cGMPs (50 mM) blocked DHPG-evoked out-
ward current at 270 mV. After 15 minutes
of intracellular dialysis with Rp-8-Br-PET-
cGMPs, DHPG evoked a small inward cur-
rent. (F) I–V plots show that intracellular
dialysis of Rp-8-Br-PET-cGMPs signifi-
cantly altered the I-V plot of DHPG currents
(n = 7). *P , 0.05; **P , 0.01; Holm-Sidak
tests.
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with subsequent activation of NOS and PKG (Shen and
Johnson, 2010). Thus, it would appear that Ca21-dependent
activation of K-ATP channels can be triggered by more than
one glutamate receptor subtype. To our knowledge, our study
is the first to report that K-ATP current can be evoked by
mGluR stimulation by a process involving release of Ca21

from intracellular stores in a central neuron.
Group I mGluRs have been reported previously to evoke

Ca21-dependent outward currents or membrane hyperpolar-
ization in a variety of cells, but these have been reports in
which mGluRs activate Ca21-dependent K1 (gKCa) currents.
For example, Fiorillo and Williams (1998) reported that
mGluR1 stimulation evoked a late inhibitory postsynaptic cur-
rent in midbrain dopamine neurons. Although this late inhib-
itory postsynaptic current was dependent upon Ca21 release
from InsP3- and ryanodine-sensitive calcium stores, the out-
ward current was mediated by apamin-sensitive Ca21-activated
K1 channels rather than K-ATP channels (Fiorillo and
Williams, 1998). A gKCa-mediated inhibitory postsynaptic
current has also been described in basolateral amygdala
neurons that is dependent upon a thapsigargin-sensitive
release of intracellular Ca21 by group I mGluR stimulation
(Rainnie et al., 1994). Sharifullina et al. (2005) reported that
DHPG-induced membrane oscillations and burst firing were
blocked by a sulfonylurea agent in hypoglossal neurons, but
they ascribed the K-ATP current to reduced levels of in-
tracellular ATP. There are other studies in which group I
mGluR stimulation reportedly inhibited K-ATP channel
activity. For example, Mironov and Richter (2000) reported

that K-ATP single channel activity in brain stem respiratory
control neurons was inhibited by group I mGluR agonists that
acted via a G protein-coupled mechanism. Moreover, mGluR5
stimulation has been reported to inhibit insulin secretion
from pancreatic beta cells by a mechanism involving reduced
K-ATP channel function (Brice et al., 2002). In reviewing the
literature cited above, it should be clear that group I mGluR
activation will have different actions depending upon the
presence or absence of coupling to specific ion channels and
differential regulation by second messenger systems. To our
knowledge, ours is the first study to show that K-ATP current
can be evoked by group I mGluR stimulation by a mechanism
involving release of Ca21 from intracellular stores in a central
neuron.
Our studies showed that DHPG evoked K-ATP currents in

STN but not in SNC or SNR neurons. This is curious, because
both SNC and SNR neurons are known to express group I
mGluRs (Messenger et al., 2002) and K-ATP channels
(Karschin et al., 1997; Dunn-Meynell et al., 1998). It is not
clear why mGluR stimulation failed to evoke K-ATP currents
in SNC and SNR neurons, but this could be due to differences
in coupling of receptors to second messenger systems or to
differences in subcellular localizations of mGluRs and K-ATP
channels. Although STN neurons may not be unique in this
regard, our results suggest that mGluRs are functionally
coupled to K-ATP channels in STN neurons in ways that are
not shared by SNC and SNR neurons.

Fig. 9. Loose-patch recordings show that tolbutamide augments DHPG-
dependent acceleration of firing rate. (A) Representative voltage traces
showing firing rate before and after DHPG (20 mM) in the absence and
presence of tolbutamide (100 mM). DHPG was superfused for 5 minutes,
and tolbutamide was superfused 10 minutes prior to repeat application of
DHPG. Note that the excitatory effect of DHPG is more pronounced in the
presence of tolbutamide. (B) Averaged responses showing that tolbuta-
mide significantly potentiated the DHPG-induced increase in firing rate
(n = 7; P , 0.001).

Fig. 10. DHPG prolongs plateau potentials in the presence of tolbuta-
mide. (A) Whole-cell current-clamp recordings of an STN neuron showing
that block of K-ATP channels by tolbutamide (100 mM) potentiates the
ability of DHPG to prolong depolarizing plateau potentials. All voltage
traces are from the same STN neuron. Plateau potentials were evoked by a
100-pA depolarizing current pulse lasting 100 milliseconds; a small hyper-
polarizing holding current was applied to establish an initial membrane
potential of 270 mV. Wash indicates recording after DHPG is washed
from the slice. (B) Summary graph showing that DHPG significantly
prolonged plateau potentials in the presence of tolbutamide (n = 8; *P ,
0.05, paired t test). Note that DHPG caused a small reduction in plateau
potential duration in the absence of tolbutamide (#P, 0.01, paired t test).
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Results of our studies confirm those of Awad et al. (2000)
who reported that DHPG evokes inward current in STN
neurons in slices of rat brain. In the presence of a sulfonylurea
agent, we found that DHPG increased a negative slope
conductance that reversed near the expected K1 equilibrium
potential in most neurons; this observation agrees with the
conclusion by Awad et al. (2000) that DHPG-induced inward
current is largely caused by a reduction in a resting K1

conductance. However, our results also differ from theirs in
several aspects. First, Awad et al. reported that DHPG evoked
current by activation of the mGluR5 but not the mGluR1
subtype; this is despite the fact that both mGluR5 and
mGluR1 have been shown to be expressed by STN neurons
(Wang et al., 2000; Kuwajima et al., 2004, 2007). Moreover,
activation of either receptor subtype has been shown to
increase intracellular levels of Ca21 in STN neurons (Marino
et al., 2002). By showing that both mGluR1 and mGluR5
evoke inward current, our results suggest that both mGluR
subtypes have physiologic function in the STN. Second, Awad
et al. reported that DHPG evoked inward current but not
outward current in STN neurons. Because K-ATP activation
by DHPG requires release of intracellular stores of Ca21, we
purposely used pipette solutions that did not strongly buffer
Ca21. However, the pipette solution used by Awad et al.
contained a low concentration of EGTA (0.2 mM), which was
the same that we used in the present study. Although
differences in Ca21 buffering did not appear to be significant,
there was a significant difference in age of animals used in
experiments. Whereas we used slices prepared from adult
rats, Awad et al. (2000) used rats that were only 10–14 days
old. Several studies have shown that specific glibenclamide
binding sites in basal ganglia are much reduced in neonatal
brain compared with adult rat brain (Mourre et al., 1990; Xia
and Haddad, 1991). Furthermore, Liss et al. (1999, 2005)
showed that substantia nigra dopamine neurons from young
(P14) mice express the SUR2B subunit of the K-ATP channel,
whereas adult mice only express the SUR1 subtype. Thus, it is
possible that neonatal central neurons might express K-ATP
channel subunits that differ from those expressed in adult
brain. Moreover, K-ATP channels containing the SUR2B
subunit are less sensitive to sulfonylurea block and have other
significant pharmacological differences compared with K-ATP
channels that contain SUR1 subunits (Aguilar-Bryan and
Bryan, 1999). It is possible that DHPG does not evoke K-ATP
currents in neonatal STN neurons due to lack of sufficient
K-ATP channel expression or to expression of alternate
K-ATP subunits.

Conclusions
Our results show that group I mGluR stimulation has dual

effects by evoking both excitatory and inhibitory currents in
STN neurons. Furthermore, our previous study demonstrated
that Ca21 influx through NMDA-gated channels can also
activate K-ATP channels (Shen and Johnson, 2010). Although
the relative influences of mGluR and NMDA receptor
activation on STN neuronal activity are not known, the fact
that both of these receptors trigger K-ATP current suggests
that K-ATP channels can attenuate the excitatory influence
of these receptors. In Parkinson’s disease, when there is in-
creased burst firing of STN neurons, it is possible that K-ATP
currents may therefore resist the worsening of parkinsonian

symptoms that are associated with burst firing. Thus, the
present and our previous works show that K-ATP currents
shorten the duration of depolarizing plateau potentials and
curtail NMDA-induced burst firing in STN neurons (Shen
and Johnson, 2010). Moreover, chronic dopamine depletion
caused by intracerebral 6-hydroxydopamine treatment has
been shown to increase the expression of K-ATP channel
subunits in rat basal ganglia (Wang et al., 2005). In agree-
ment, a recent study from our laboratory showed that chronic
dopamine depletion potentiates the ability of NMDA re-
ceptor stimulation to evoke K-ATP currents and to inhibit
spontaneous firing rate of rat STN neurons (Shen and
Johnson, 2012). These studies suggest that the influence of
K-ATP channels in the STN may be increased in Parkinson’s
disease. Future studies will be needed to determine the
degree to which K-ATP currents can modify the firing pat-
tern of STN neurons during chronic dopamine depletion in
the intact animal.
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