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Ca2� Influx through NMDA-Gated Channels Activates
ATP-Sensitive K� Currents through a Nitric Oxide–cGMP
Pathway in Subthalamic Neurons
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Excessive burst firing of action potentials in subthalamic nucleus (STN) neurons has been correlated with the bradykinesia and rigidity
seen in Parkinson’s disease. Consequently, there is much interest in characterizing mechanisms that promote burst firing, such as the
regulation of NMDA receptor function. Using whole-cell recording techniques in rat brain slices, we report that inward currents evoked
by NMDA are greatly potentiated by ATP-sensitive K � (K-ATP) channel blocking agents in STN neurons but not in dopamine neurons in
the substantia nigra. Moreover, we found that the ability of NMDA to evoke K-ATP current was blocked by inhibitors of nitric oxide
synthase, guanylyl cyclase, and calcium/calmodulin. By altering firing patterns of STN neurons, this NMDA/K-ATP interaction may exert
an important influence on basal ganglia output and thereby affect the clinical expression of Parkinson’s disease.

Introduction
The subthalamic nucleus (STN) is composed of glutamate-
containing neurons that regulate the output from the basal gan-
glia (Smith and Parent, 1988; Parent and Hazrati, 1995). As such,
the STN is poised to exert powerful influences on muscle tone
and movement. Dysfunction of STN output has been linked to
the choreiform movements that are seen in Huntington’s disease,
as well as the restriction of movement that characterizes Parkin-
son’s disease (Albin, 1995). Although overall neuronal activity
has an important influence on behavior, it is now widely accepted
that change in the firing pattern of STN neurons exerts a more
important influence on motor function than does alterations in
absolute firing rate (Bergman et al., 1998; Bevan et al., 2002). In
particular, the chronic dopamine depletion seen in Parkinson’s
disease has been shown to promote burst discharges in STN neu-
rons (Bergman et al., 1994; Ni et al., 2001). Moreover, changes in
firing pattern in STN neurons correlate with the bradykinesia and
tremor that are typical of Parkinson’s disease (Magariños-Ascone
et al., 2000; Benedetti et al., 2004). It stands to reason that mem-
brane properties and neurotransmitter systems that influence fir-
ing patterns of STN neurons will likely play important roles in the
clinical manifestations of movement disorders.

Activation of NMDA receptors has been shown to induce
burst firing in many central neurons such as those in the spinal
cord (Grillner and Wallén, 1985; Grubb et al., 1996), hypothala-

mus (Hu and Bourque, 1992), substantia nigra (Johnson et al.,
1992; Overton and Clark, 1997), and many cells in the brainstem
(Tell and Jean, 1991; Serafin et al., 1992; Kim and Chandler,
1995). In addition, previous studies by our laboratory have
shown that NMDA evokes excitatory currents and promotes
burst firing in STN neurons (Zhu et al., 2004, 2005). NMDA
receptors are ionotropic glutamate-gated channels that have high
permeability for Na� and Ca 2� (Mayer and Westbrook, 1987).
Furthermore, NMDA receptor-gated channels are somewhat un-
usual in that they are subject to voltage-dependent block by
Mg 2� at membrane potentials that are more hyperpolarized than
the firing threshold of the cell (Ascher and Nowak, 1988). As a
consequence, NMDA-gated currents show a region of negative
slope conductance that typically occurs in the voltage range of
�50 to �90 mV. Computer modeling studies have demonstrated
that this region of negative slope conductance is critical for the
generation of membrane oscillations that underlie burst firing (Li
et al., 1996; Canavier, 1999).

Our laboratory has published several studies on the actions of
NMDA on neurons in the STN and in dopamine neurons of the
substantia nigra zona compacta (SNC). Using whole-cell record-
ing techniques in rat brain slice preparations, we made the anec-
dotal observation that inward currents evoked by NMDA in STN
neurons are generally much smaller than those that are evoked by
the same concentrations of NMDA in SNC dopamine neurons
(Wu and Johnson, 1996; Zhu et al., 2004). The purpose of the
present study was to systematically characterize the voltage de-
pendence of NMDA-gated currents in STN neurons and com-
pare results with those recorded in substantia nigra neurons.
Surprisingly, we found that the current–voltage (I–V) relation-
ship for NMDA current in STN neurons lacked a well defined
region of negative slope conductance that is so characteristic of
NMDA-gated currents in other neurons. Moreover, we found
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that superfusing the slice preparation with an ATP-sensitive K�

(K-ATP) channel blocker such as tolbutamide greatly increased
NMDA inward currents in STN neurons and conferred a region
of negative slope conductance to the I–V plot. In contrast, tolbu-
tamide had no effect on the I–V relationship for NMDA-evoked
currents in SNC dopamine neurons. In the present study, we
report on second-messenger systems that mediate the activation
of K-ATP channels by NMDA receptor stimulation in STN neu-
rons. We suggest that this NMDA/K-ATP interaction is likely to
exert an important influence on the excitability and firing pattern
of STN neurons.

Materials and Methods
Tissue preparation. Horizontal slices containing diencephalon and rostral
midbrain were prepared from male Sprague Dawley rats (Harlan) as
described previously (Shen and Johnson, 2000). Adult rats (120 –180 g)
were used for STN and SNC recordings, whereas young rats (11–26 d old)
were used to record from substantia nigra zona reticulata (SNR) neu-
rons. Briefly, rats were anesthetized with isoflurane and killed by severing
major thoracic vessels in accordance with institutional guidelines. Brains
were rapidly removed, and slices were cut with a vibratome in an ice-cold
sucrose buffer solution of the following composition (in mM): 187 su-
crose, 2.5 KCl, 3.5 MgCl2, 0.5 CaCl2, 1.2 NaH2PO4, 20 glucose, and 26
NaHCO3 (equilibrated with 95% O2–5% CO2). 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): 126 NaCl, 2.5 KCl, 2.4 CaCl2, 1.2 MgCl2, 1.2 NaH2PO4, 19
NaHCO3, and 11 glucose, pH 7.4 (gassed with 95% O2 and 5% CO2 at
36°C). Using a dissection microscope for visual guidance, the STN was
located as gray 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
pipettes containing the following (in mM): 138 potassium gluconate, 2
MgCl2, 1 CaCl2, 0.2 EGTA, 10 HEPES, 1.5 ATP, and 0.3 GTP, pH 7.3.
Pipette resistance ranged from 3 to 8 M�, whereas series resistance typ-
ically ranged from 15 to 40 M�. Membrane currents were recorded
under voltage clamp and amplified with an Axopatch-1D amplifier.
Baseline holding potentials were �70 mV in STN and SNR neurons and
�60 mV in SNC neurons so that holding currents were close to 0. In
some experiments, we used a “loose-patch” method to record extracel-
lular currents and potentials (Nunemaker et al., 2003). For loose-patch
recordings, patch pipettes were filled with standard extracellular solu-
tion; loose-patch recordings were made with a seal resistance typically
5–10 times the starting value of electrode resistance (3– 8 M�). Data were
acquired using a personal computer with a Digidata analog/digital inter-
face and analyzed using pClamp software (Molecular Devices). Currents
and potentials were recorded continuously using a MacLab analog/digital
interface, Chart software (AD Instruments), and a Macintosh computer
(Apple Computers). Membrane potentials for whole-cell recordings have
been corrected for the liquid junction potential (10 mV).

Current–voltage studies. I–V relationships were constructed using ei-
ther a series of hyperpolarizing voltage steps or a continuous voltage
ramp. Using the voltage step method, currents were measured during a
series of seven or eight hyperpolarizing voltage steps (400 ms duration)
with 10 mV increments from a holding potential of �70 mV in STN and
SNR cells or �60 mV in SNC neurons. Currents were measured imme-
diately after capacitive transients to minimize the influence of hyperpo-
larization-activated cation currents. When using the voltage ramp
method, currents were recorded during a slow voltage ramp (60 mV in
5 s) beginning at �140 mV in STN and SNR neurons or from �120 mV
in SNC neurons. Slope conductance was calculated for each cell as the
slope of a straight line in the I–V plot at voltages between �70 and �100
mV (or from �60 to �80 mV for SNC neurons). Mean slope conduc-
tance and SEM 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 control. Therefore, these

subtracted currents represent “net” currents that were produced or
blocked by an experimental treatment.

Synaptic currents. Bipolar stimulation electrodes (tip separation, 300 –
500 �m) were placed in the slice 300 �m rostral to the STN. Synaptic
currents were evoked by rectangular pulses (0.1 ms duration) of constant
current that were either delivered as a single pulse every 10 s or by trains
of pulses (100 –200 Hz) lasting 50 –1000 ms. To isolate synaptic currents
mediated by NMDA receptors, slices were perfused with 6-cyano-7-
nitro-quinoxalone (CNQX) (10 �M) and either bicuculline methiodide
(30 �M) or picrotoxin (100 �M) to block AMPA and GABAA receptors,
respectively. At the end of each experiment, we confirmed that the syn-
aptic current was mediated by NMDA receptors by superfusing with the
NMDA receptor antagonist (�)-2-amino-5-phosphonopentanoic acid
(AP-5) (50 �M). Synaptic currents were recorded with voltage clamped at
�70 mV.

Drugs and chemicals. All drugs were dissolved in aqueous or dimethyl-
sulfoxide stock solutions. Most drugs were added to the slice superfusate.
Stock solutions 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; this delay was
attributable to passage of the superfusate through a heat exchanger. In
some experiments, NMDA was applied locally by pressure ejection
from a micropipette. The tip of the micropipette containing NMDA
(100 �M) was positioned above the brain slice within 100 �m of the
recording pipette; the solution was ejected by pressure (500 ms duration)
using a Picospritzer II (General Valve). LY83583 (6-anilino-5,8-
quinolinequinone), AP-5, 7-NINA (7-nitroindazole monosodium salt),
carboxy-PTIO [2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-
oxyl-3-oxide], ODQ (1 H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one),
calmidazolium, CGS9343B (1,3-dihydro-1-[1-[(4-methyl-4H,6H-pyrrolo
[1,2-a][4,1]be nzoxazepin-4-yl)methyl]-4-piperidinyl]-2 H-benzimi-
dazol-2-one maleate), and glibenclamide were obtained from Tocris Bio-
science. Tetrodotoxin (TTX), NMDA, apamin, AMPA, L-arginine,
N G-nitro-L-arginine methyl ester hydrochloride (L-NAME), AP-5,
CNQX, bicuculline, tolbutamide, bepridil, picrotoxin, and BaCl2 were
obtained from Sigma-Aldrich.

Data analysis. Numerical data in the text and error bars in figures are
expressed as mean � SEM. Whenever possible, differences in I–V plots
were analyzed using two-way ANOVA with repeated measures, followed
by the Holm–Sidak pairwise comparison test (SigmaStat; Jandel Scien-
tific). Otherwise, data were analyzed by paired t tests. Slope conductances
and reversal potentials were calculated by linear regression of the I–V
relationship for each cell; mean and SEM values were calculated by aver-
aging the results from all cells in each experimental group.

Results
NMDA evokes a conductance increase in STN neurons
Members of our laboratory have reported previously that super-
fusing the brain slice with NMDA evokes burst firing of action
potentials in both STN neurons and in SNC dopamine neurons
(Johnson et al., 1992; Zhu et al., 2004). However, we also noted
that inward currents evoked by NMDA are much more robust in
SNC neurons compared with those in STN neurons. For exam-
ple, in the present study, 10 �M NMDA evoked in SNC neurons
an inward current of 108 � 16 pA when measured at �60 mV
(n � 10). In contrast, a higher concentration of NMDA (20 �M)
evoked only 1 � 5 pA of inward current in STN neurons when
recorded at nearly the same voltage (�70 mV; n � 65). To inves-
tigate the voltage dependence of NMDA-evoked currents in STN
neurons, we constructed I–V plots as shown in Figure 1A. Using
continuous voltage ramps, we recorded currents before and dur-
ing superfusion with NMDA (20 �M). By subtracting control
currents from those recorded during NMDA superfusion, we
constructed voltage plots for net currents evoked by NMDA as
shown in Figure 1B. Of note, the I–V relationship illustrated in
Figure 1B fails to show a region of negative slope conductance
that typically characterizes NMDA-gated currents in other cen-
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tral neurons (Mayer and Westbrook,
1987). By averaging reversal potentials in
voltage ramp I–V plots from individual
STN neurons, this yielded a mean reversal
potential of �59.7 � 2.4 mV (n � 65),
which is a much more hyperpolarized
value than the reversal potential of �0 mV
that would be typical for NMDA-evoked
currents in other central neurons (Ascher
and Nowak, 1988). These data suggest
that NMDA-gated currents in STN neu-
rons are mediated by an unusual combi-
nation of ionic components.

We also studied the voltage depen-
dence of NMDA currents when recorded
during a series of hyperpolarizing voltage
steps, as illustrated in Figure 1C. Using
this method, the I–V plot for net (sub-
tracted) NMDA currents in Figure 1D
shows that NMDA currents produce pos-
itive slope conductance at all test poten-
tials. On average, NMDA-evoked currents
in STN neurons were associated with a
positive slope conductance of 2.41 � 0.30
nS (n � 65) when measured between �70
and �100 mV. In the presence of TTX
(0.5 �M), NMDA (20 �M) evoked cur-
rents with a positive slope conductance of
2.27 � 0.34 nS (n � 32), which was not
significantly different from control (two-
way repeated measures ANOVA) (Fig.
1D). Finally, the NMDA receptor antago-
nist AP-5 (50 �M) completely blocked the
action of NMDA (n � 5) (Fig. 1D). These results suggest that the
NMDA-evoked conductance increase is not mediated indirectly
by the release of neurotransmitters or other substances within the
brain slice.

NMDA-evoked conductance increase is blocked by Ba 2�

To test for involvement of K� in the NMDA-dependent conduc-
tance increase, we investigated the ability of Ba 2� to modify
NMDA currents in STN neurons. In the control current trace
shown in Figure 2A, NMDA (20 �M) evoked a small inward
current followed by an outward current when recorded at �70
mV. However, NMDA evoked a much larger inward current after
the brain slice was superfused for 7 min with Ba 2� (300 �M). On
average, NMDA evoked 6 � 20 pA of outward current at �70 mV
under control conditions (n � 8). In the presence of Ba 2�, how-
ever, NMDA caused an inward current of 174 � 43 pA in those
same neurons ( p � 0.01, paired t test). Ba 2� also greatly modi-
fied the NMDA I–V relationship. As seen in Figure 2B, Ba 2�

converted a fairly linear positive slope conductance increase to 1
that clearly shows a region of negative slope conductance between
the voltages of �70 and �90 mV. Figure 2C shows averaged
current–voltage plots for net NMDA currents recorded before
(control) and during Ba 2� superfusion. Under the control con-
dition, the NMDA-evoked current was associated with a positive
slope conductance of 2.89 � 0.92 nS (n � 8), but in the presence
of Ba 2� (300 �M), the NMDA-evoked current was changed sig-
nificantly to a negative slope conductance of 0.79 � 0.36 nS ( p �
0.01, paired t test). Net NMDA currents blocked by Ba 2� (300
�M), which were calculated by subtracting net NMDA currents in
Ba 2� from those recorded under control conditions, had an es-

timated reversal potential of �102 � 7 mV, which is close to the
expected K� equilibrium potential (�101 mV) as predicted by
the Nernst equation. These data suggest that stimulation of
NMDA receptors evokes a K� current. Moreover, we suggest that
this increase in a K� conductance prevents the appearance of the
region of negative slope conductance that is typically associated
with NMDA-gated current.

NMDA evokes sulfonylurea-sensitive currents in
STN neurons
To further characterize the K� current that is activated by
NMDA, we tested the effects of K-ATP blocking drugs on
NMDA-gated currents. We first tested the ability of the sulfonyl-
urea agent tolbutamide to modify the action of NMDA. In the
control current trace shown in Figure 3A, NMDA (20 �M) evoked
a small inward current (at �70 mV) in this STN neuron. How-
ever, this inward current was greatly increased after superfusing
the slice with tolbutamide (100 �M) for 10 min. On average,
NMDA produced an inward current of 102 � 12 pA in the pres-
ence of tolbutamide, which was significantly different from the
4 � 11 pA of outward current that was evoked by NMDA under
the control condition ( p � 0.001, paired t test; n � 27). As shown
in Figure 3B, tolbutamide also significantly altered the voltage
dependence of NMDA currents ( p � 0.05, two-way repeated
measures ANOVA; n � 27). Under the control condition,
NMDA current was associated with a positive slope conductance
of 2.80 � 0.42 nS, and extrapolation of these data yielded an
estimated reversal potential of �61 � 4 mV (n � 27). In contrast,
NMDA-evoked currents in tolbutamide had a characteristic neg-
ative slope conductance of 1.01 � 0.16 nS ( p � 0.0001, paired t

Figure 1. NMDA increases conductance in STN neurons. A, I–V plots from an STN neuron recorded using depolarizing voltage
ramps before (control) and during (20 �M) application of NMDA. B, Net currents evoked by NMDA, which were calculated by
subtracting currents recorded in the control condition from those recorded in NMDA. Data were obtained from the same neuron as
shown in A. Note that subtracted NMDA current has a positive slope conductance between voltages of �50 and �80 mV, which
is unusual for NMDA-evoked current. C, Current traces recorded during a series of hyperpolarizing voltage steps (from �70 to
�140 mV) show that NMDA (20 �M) increases membrane conductance in an STN neuron. Dashed line indicates 0 current.
D, Summarized I–V plots showing net (subtracted) currents evoked by NMDA in the control condition (n � 65), in the presence of
TTX (0.5 �M; n � 32), and in the presence of AP-5 (50 �M; n � 5,). Note that AP-5 completely blocked NMDA-evoked currents,
whereas TTX had no significant effect. Solid lines in these and subsequent I–V plots represent slope conductances that were
calculated by linear regression for currents between �70 and �100 mV.
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test). NMDA currents that were blocked by tolbutamide (100
�M), which were calculated by subtracting net NMDA currents in
the presence of tolbutamide from those under control condi-
tions, had an estimated reversal potential of �99 � 18 mV that
was close to the expected K� equilibrium potential. Tolbutamide
also had no effect on either the amplitude or slope of the conduc-
tance of currents evoked by AMPA (0.6 �M; n � 5).

To evaluate the specificity of this effect of tolbutamide, we
examined the actions of the K-ATP blockers bepridil (10 �M) and
glibenclamide (1 �M) on NMDA-evoked currents. Bepridil sig-
nificantly altered the current evoked by 20 �M NMDA from a
control outward current of 8 � 11 pA to an inward current of
86 � 13 pA ( p � 0.05, paired t test; n � 4). Bepridil also altered
the slope of NMDA conductance from a positive slope conduc-
tance of 1.86 � 0.94 nS under the control condition to a negative
slope conductance of 1.00 � 0.11 nS in the presence of bepridil
( p � 0.05, paired t test; n � 4). Similarly, glibenclamide increased
NMDA inward current at �70 mV from a control value of 16 �
21 to 86 � 15 pA ( p � 0.05, paired t test; n � 4). Glibenclamide
also altered the slope of NMDA conductance from positive
(2.79 � 0.91 nS) to negative (0.78 � 0.25 nS; p � 0.05; n � 4). In

contrast, apamin (100 nM), which blocks small-conductance
Ca 2�-activated K� (gKCa) channels, had no effect on inward
currents evoked by NMDA at �70 mV (42 � 6 pA control com-
pared with 24 � 6 pA in apamin; p � 0.05, paired t test; n � 4).
Apamin also had no effect on NMDA slope conductance
(�0.92 � 0.27 nS control compared with �0.82 � 0.21 nS; p �
0.05, paired t test; n � 4). These results suggest that the K�

current evoked by NMDA is mediated by K-ATP channels but
not by small-conductance gKCa channels.

Effects of ATP regeneration solution
Because K-ATP channels are characterized by their sensitivity to
being blocked by intracellular ATP (Stanfield, 1987), we next
investigated whether or not loading the cell with ATP could pre-
vent activation of K-ATP currents by NMDA. We recorded
whole-cell currents with pipettes that contained an ATP-
regeneration solution that was composed of ATP (10 mM), crea-
tine phosphate (20 �M), phosphocreatine kinase (50 U/ml), and
MgCl2 (6 mM) (Forscher and Oxford, 1985). We used this ATP
regeneration solution because the addition of creatine phosphate
and phosphocreatine kinase has been shown to more effectively
maintain ATP activity than can be achieved by simply raising the
concentration of ATP in the pipette solution (Rosenmund and
Westbrook, 1993). After recording with the ATP regeneration
solution for at least 20 min, NMDA (20 �M) caused an inward
current of 62 � 22 pA (at �70 mV) that was associated with a
negative slope conductance of 0.79 � 0.24 nS when measured
between �70 and �100 mV (n � 3). The presence of negative
slope conductance in the NMDA current–voltage relationship
suggests that K-ATP currents that would have been evoked by
NMDA are blocked by elevated levels of intracellular ATP.

Lack of tolbutamide-sensitive NMDA currents in
SNC neurons
Thus far, the above data suggest that NMDA receptor stimulation
can evoke K-ATP currents. To investigate whether or not this
phenomenon is unique to STN neurons, we tested the ability of
tolbutamide to affect NMDA-gated currents in dopamine SNC
neurons. As shown in the current traces in Figure 3C, tolbut-
amide (100 �M) failed to increase inward currents evoked by
NMDA (10 �M) in this SNC neuron. On average, NMDA pro-
duced an inward current of 204 � 35 pA at �60 mV in the
presence of tolbutamide, which was not significantly different
from the 182 � 33 pA of inward current that was evoked by
NMDA under the control condition ( p � 0.05, paired t test; n �
7). As shown in the I–V plot in Figure 3D, NMDA (10 �M) evoked
currents in SNC neurons with a negative slope conductance of
6.1 � 1.5 nS when measured between �60 and �80 mV (n � 7).
Moreover, this slope conductance was not significantly different
when recorded in the presence of tolbutamide (6.8 � 1.3 nS; p �
0.05, paired t test). By averaging reversal potentials in voltage
ramp I–V plots from individual SNC neurons under control con-
ditions, this yielded a mean reversal potential for NMDA current
of �4.3 � 7.8 mV (n � 3), which is similar to values reported for
other central neurons (Ascher and Nowak, 1988). These results
suggest that NMDA does not evoke K-ATP currents in SNC do-
pamine neurons.

We also measured NMDA-induced currents in SNR neurons.
Recorded at �70 mV, NMDA (10 �M) evoked an inward current
of 276 � 52 pA (at �70 mV). Furthermore, currents evoked by
NMDA in SNR cells had a characteristic negative slope conduc-
tance of 5.6 � 1.2 nS when measured between �70 and �100 mV
(n � 7). Although we cannot conclude that activation of K-ATP

Figure 2. Barium sensitivity of the NMDA-evoked conductance increase. A, Current traces
show that Ba 2� (300 �M) increases the inward current evoked by NMDA (20 �M) recorded at a
holding potential of �70 mV. Note that Ba 2� also significantly reduced the outward current
that followed the inward current. Truncated downward deflections in current records are arti-
facts caused by voltage steps that were used to measure series resistance or membrane cur-
rents. B, I–V plots of net (subtracted) NMDA current recorded from an STN neuron in the control
condition and in the presence of Ba 2� (300 �M). Note that application of Ba 2� (300 �M)
changed the slope of I–V plots from positive to negative between the voltages of �60 and
�80 mV. C, Summarized plots show that Ba 2� significantly changed the slope conductance of
NMDA-evoked currents from positive to negative (n � 8). Asterisks indicate significant differ-
ences (p � 0.05; paired t test).
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channels by NMDA is unique to STN neu-
rons, these data demonstrate that this
phenomenon is not shared by all central
neurons.

K-ATP channels are activated by
extrasynaptic NMDA receptors
To explore the location of NMDA recep-
tors that activate K-ATP channels, we
compared the effect of tolbutamide on
currents evoked by local application of
NMDA with those evoked by electrical
stimulation of the brain slice. Figure 4A
shows the effect of NMDA that was ap-
plied locally by pressure ejection from a
micropipette that was placed close to the
recording pipette. Under the control con-
dition, local application of NMDA evoked
an inward current that was followed by an
outward current. However, Figure 4A
shows that tolbutamide (100 �M) greatly
increased the NMDA-dependent inward
current and abolished the outward cur-
rent. On average, tolbutamide increased
the inward current evoked by local appli-
cation of NMDA by 261 � 32% and com-
pletely abolished the rebound outward
current (n � 6). In contrast, Figure 4B shows the effect of tolbu-
tamide on synaptic currents that were mediated by NMDA recep-
tors. In these experiments, a single electrical stimulus was
delivered to the brain slice while recording from a nearby STN
neuron. The slice superfusate contained CNQX (10 �M) and
bicuculline (30 �M) to block AMPA and GABAA receptors, re-
spectively, but, as seen in Figure 4B, tolbutamide (100 �M) failed
to affect synaptic currents mediated by NMDA receptors (n �
11). Tolbutamide also failed to affect membrane currents evoked
by trains of electrical stimuli. As shown in Figure 4C, a train of 10
stimuli delivered at 200 Hz evoked a robust AP-5-sensitive in-
ward current, whereas tolbutamide (100 �M) had no effect (n �
10). In contrast, repetitive trains of stimuli successfully evoked a
tolbutamide- or AP-5-sensitive outward current in 13 of 23 STN
neurons, as shown in Figure 4, D and E. In these experiments,
three to five trains of high-frequency stimulation (HFS) at 100 Hz
for 1 s were delivered to the slice every 20 s in the presence of
CNQX (10 �M) and picrotoxin (100 �M), according to the
method of Hopper and Garthwaite (2006). As shown in Figure
4D, HFS evoked 34 � 6 pA of outward current under control
conditions, which was reduced to 2 � 3 pA by 100 �M tolbut-
amide ( p � 0.001, paired t test; n � 8). As shown in Figure 4E,
AP-5 (50 �M) also reduced the HFS-induced outward current to
2 � 3 pA, from a control value of 30 � 11 pA ( p � 0.05, paired t
test; n � 5). Although it is possible that repetitive HFS evokes
K-ATP current via intense stimulation of synaptic NMDA recep-
tors, the sum of our data is most consistent with the hypothesis
that extrasynaptic NMDA receptors, as opposed to those located
within the synapse, are responsible for K-ATP channel activation.

Nitric oxide mediates the
NMDA-dependent K-ATP conductance increase
It is well established that K-ATP channel activation is facilitated
by nitric oxide (NO) (Miyoshi et al., 1994; Shinbo and Iijima,
1997; Brito et al., 2006). Moreover, NMDA receptor stimulation
has been shown to activate nitric oxide synthase (NOS) (Snyder,

1992; Sattler et al., 1999; Hopper and Garthwaite, 2006). There-
fore, we investigated the possibility that activation of NOS under-
lies the NMDA-dependent increase in K-ATP conductance. As
seen in the current traces in Figure 5A, superfusing the slice with
the NOS inhibitor L-NAME (200 �M) for 15 min greatly poten-
tiated inward current evoked by NMDA (20 �M) at �70 mV. In
the presence of L-NAME, NMDA produced an average inward
current of 79 � 11 pA at �70 mV, which was significantly differ-
ent from the 32 � 17 pA of outward current that was produced by
NMDA under the control condition in these same neurons ( p �
0.05, paired t test; n � 14). L-NAME also changed the voltage
dependence of NMDA currents, as shown in Figure 5B. Under
control conditions, current evoked by NMDA was associated
with a positive slope conductance of 3.79 � 0.99 nS; extrapola-
tion of these data yielded an estimated reversal potential of
�65.2 � 6.0 mV (n � 14). However, in the presence of L-NAME,
the NMDA I–V plot had a negative slope conductance of 0.71 �
0.15 nS, which was significantly different from the control value
( p � 0.001, paired t test). Moreover, the voltage dependence of
NMDA currents was significantly different in L-NAME com-
pared with control ( p � 0.05, two-way repeated measures
ANOVA). Tolbutamide-sensitive NMDA currents, which were
calculated by subtracting net NMDA currents in the presence of
tolbutamide from those under control conditions, had a reversal
potential of �100 � 3 mV, which is close to the K� equilibrium
potential as predicted by the Nernst equation.

We also tested the effect of the NOS inhibitor 7-NINA on
NMDA currents. As shown in Figure 5C, superfusing 7-NINA
(100 �M) for 15 min greatly potentiated inward current evoked
by NMDA (20 �M) at �70 mV. In the presence of 7-NINA,
NMDA produced an average inward current of 50 � 6 pA, which
was significantly different from the 6 � 9 pA of outward current
that was produced by NMDA under control conditions in these
same neurons ( p � 0.05, paired t test; n � 9). As seen in Figure
5D, 7-NINA also significantly changed the voltage dependence of
net NMDA currents ( p � 0.01, two-way repeated measures

Figure 3. Tolbutamide blocks the NMDA-evoked conductance increase in STN neurons (A, B) but not in SNC neurons (C, D).
A, Current traces recorded at �70 mV show that application of tolbutamide (100 �M) increased the amplitude of inward currents
evoked by NMDA (20 �M) in an STN neuron. B, Summarized NMDA I–V plots for STN neurons show that tolbutamide (100 �M)
significantly altered the I–V plot compared with control ( p � 0.05, two-way repeated measures ANOVA). *p � 0.05, significant
differences at specific test potentials (Holm–Sidak pairwise comparison test). C, In an SNC neuron, tolbutamide (100 �M) has no
effect on current evoked by NMDA (10 �M) recorded at �60 mV. D, Summarized data show that tolbutamide failed to modify
voltage-dependent NMDA currents in SNC neurons (n � 7).
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ANOVA). Under control conditions, NMDA current was associ-
ated with a positive slope conductance of 2.05 � 0.48 nS. How-
ever, in the presence of 7-NINA (100 �M), net NMDA current
had a negative slope conductance of 0.60 � 0.12 nS in these same
cells ( p � 0.0001, paired t test; n � 9).

Finally, we tested whether or not the specific NO scavenger
carboxy-PTIO could mimic the actions of NOS inhibitors on
NMDA currents. As shown in the current traces in Figure 5E,
superfusing carboxy-PTIO (100 �M) for 15 min greatly potenti-
ated inward current evoked by NMDA (20 �M) at �70 mV. In the
presence of carboxy-PTIO, NMDA produced an average inward
current of 63 � 2 pA, which was significantly larger than the 1 �
15 pA of inward current that was produced by NMDA at �70 mV
under control conditions in these same neurons ( p � 0.05,
paired t test; n � 5). As seen in Figure 5F, carboxy-PTIO also
significantly changed the voltage dependence of net NMDA cur-
rents ( p � 0.01, two-way repeated measures ANOVA). Under
control conditions, NMDA current was associated with a positive
slope conductance of 2.16 � 0.84 nS. However, in the presence of
carboxy-PTIO (100 �M), net NMDA current had a negative slope
conductance of 0.71 � 0.13 nS in these same cells ( p � 0.01,
paired t test; n � 5). These data support the hypothesis that NO
acts as a second messenger to mediate the activation of K-ATP
channels by NMDA receptor stimulation.

L-Arginine mimics NMDA by activating K-ATP current
To further support a role for NO, we next explored the ability of
the NO substrate L-arginine to mimic NMDA in activating
K-ATP channels. As seen in the current traces in Figure 6A,
L-arginine (10 mM) evoked a tolbutamide-sensitive outward cur-
rent at �70 mV. On average, superfusing the slice with L-arginine
(10 mM) evoked 28 � 9 pA of outward current at �70 mV.
However, in the presence of tolbutamide (100 �M), L-arginine
actually evoked 11 � 2 pA of inward current in these same neu-
rons ( p � 0.05, paired t test; n � 7). The voltage dependence of
L-arginine-induced currents and their block by tolbutamide is
shown in the I–V plot in Figure 6B. The net L-arginine current
blocked by tolbutamide reversed direction at �101 � 7 mV,
which is close to the K� equilibrium potential as predicted by the
Nernst equation. The L-arginine-induced outward current was
also blocked by the NOS inhibitor L-NAME (100 �M). Measured
at �70 mV, L-arginine (10 mM) evoked an inward current of 23 �
5 pA in the presence of L-NAME, which was significantly different
from the 41 � 18 pA of outward current evoked by L-arginine (10
mM) in the control condition ( p � 0.05, paired t test; n � 4). As
shown in Figure 6C, L-NAME also significantly altered the I–V
relationship for L-arginine-evoked currents ( p � 0.05, two-way
repeated measures ANOVA; n � 4). Net L-arginine currents
blocked by L-NAME reversed direction at �106 � 4 mV, which is
close to the predicted K� equilibrium potential. These data sug-
gest that L-arginine evokes a tolbutamide-sensitive current that is
mediated by NO. Furthermore, these data support the hypothesis
that endogenous NO is required for the K-ATP conductance in-
crease produced by NMDA receptor activation in STN neurons.

Role of guanylyl cyclase in K-ATP activation
Because actions of NO on K-ATP channels can be mediated by
activation of cGMP-dependent protein kinase (Han et al., 2001;
Brito et al., 2006), we next investigated the role of cGMP in
NMDA-dependent K-ATP currents. As seen in the current traces
in Figure 7A, NMDA (20 �M) evoked a small inward current at
�70 mV that was greatly increased by superfusing the slice with
the guanylyl cyclase inhibitor ODQ (100 �M). On average,
NMDA evoked a small net outward current of 6 � 30 pA under
the control condition (n � 6). However, NMDA evoked 107 � 19
pA of inward current at �70 mV in the presence of ODQ in these
same cells ( p � 0.05, paired t test). The voltage dependence of the

Figure 4. Effects of tolbutamide (100 �M) on NMDA receptor-mediated currents. A, Tolbu-
tamide potentiates inward currents and blocks outward currents evoked by local application of
NMDA. Currents were evoked in an STN neuron by pressure ejection of 100 �M NMDA (arrows)
from a micropipette placed near the recording patch pipette. Note that outward currents follow
NMDA-induced inward currents during control recordings. B, Tolbutamide has no effect on an
NMDA receptor-mediated EPSC evoked in an STN neuron by focal electrical stimulation of the
brain slice. This EPSC, recorded in CNQX (10 �M) and bicuculline (30 �M), was completely
blocked by 50 �M AP-5 (data not shown). C, A train of 10 stimuli delivered at 200 Hz evokes
AP-5-sensitive inward current but tolbutamide has no effect. D, Three trains of HFS consisting of
stimuli delivered at 100 Hz for 1 s every 20 s evoke a tolbutamide-sensitive outward current.
Downward deflections are artifacts caused by HFS. E, Five trains of HFS evoke an outward
current that is blocked by AP-5 (50 �M). Each recording was from a different STN neuron.
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effect of ODQ on NMDA currents is
shown in the I–V plot in Figure 7B. Under
the control condition, NMDA evoked
currents with a positive slope conduc-
tance of 2.72 � 0.54 nS. However, in the
presence of ODQ, NMDA currents were
evoked with a negative slope conductance
of 0.33 � 0.13 nS ( p � 0.01, paired t test).
Moreover, a two-way repeated measures
ANOVA test showed that the NMDA I–V
relationships were significantly different
in ODQ compared with control ( p �
0.001). We also explored effects of the
guanylyl cyclase inhibitor LY83583. When
recorded at �70 mV, LY83583 (20 �M)
significantly increased the inward current
evoked by NMDA (20 �M) from a control
value of 16 � 24 to 200 � 39 pA ( p �
0.05, paired t test; n � 5). Moreover,
LY83583 significantly altered the voltage
dependence of NMDA-evoked currents,
as shown in Figure 7C ( p � 0.05, two-way
repeated measures ANOVA; n � 5). Un-
der control conditions, NMDA evoked
currents with a positive slope conduc-
tance of 2.83 � 0.74 nS (n � 5). However,
in the presence of LY83583 (20 �M),
NMDA current had a negative slope
conductance of 0.84 � 0.61 nS in these
same neurons ( p � 0.01, paired t test).
These results suggest that a cGMP-
dependent pathway mediates the activa-
tion of K-ATP channels by NMDA
receptor stimulation.

Ca2� influx is required for NMDA-evoked
K-ATP conductance increase
Because calcium/calmodulin is a known
activator of NOS (Snyder, 1992), we ex-
plored whether or not Ca2� influx through
NMDA-gated ion channels might be neces-
sary for activation of K-ATP channels. We
made whole-cell recordings with pipettes
that contained BAPTA (10 mM), which has much faster Ca2�-
buffering kinetics than the EGTA that we normally used in our in-
ternal pipette solution (Nichols and Suplick, 1996). We then tested
the effect of a low Ca2� solution (0.2 mM) on NMDA current. As
shown in the current traces in Figure 8A, superfusing the slice with
the low Ca2� solution significantly increased the inward current
evoked by NMDA (20 �M) at �70 mV. Under control conditions
(2.4 mM Ca2� in superfusate), NMDA evoked a small outward cur-
rent of 2 � 16 pA at �70 mV (n � 5). However, in 0.2 mM Ca2�,
NMDA evoked a large inward current of 197 � 26 pA in the same
cells ( p � 0.01, paired t test). As shown in Figure 8B, the low Ca 2�

solution caused a significant change in the NMDA I–V relation-
ship ( p � 0.001, two-way repeated measures ANOVA; n � 5). In
the control condition, NMDA current had a positive slope con-
ductance of 3.34 � 1.14 nS, but when recording in the low Ca 2�

solution, NMDA current had a negative slope conductance of
0.68 � 0.63 nS ( p � 0.01, paired t test; n � 5). These results
suggest that Ca 2� influx through NMDA-gated channels plays a
role in activation of K-ATP currents.

To explore a role for calmodulin, we performed experiments
with the calmodulin inhibitors CGS9343B (10 – 40 �M) and cal-
midazolium (10 –20 �M). When recorded at �70 mV, NMDA
(20 �M) evoked 43 � 14 pA of inward current in the presence of
CGS9343B compared with an outward current of 45 � 27 pA
under the control condition ( p � 0.01, paired t test; n � 6) (Fig.
8C). Moreover, CGS9343B altered the NMDA I–V relationship
( p � 0.056, two-way repeated measures ANOVA) (Fig. 8D). In
the control condition, NMDA current had a positive slope con-
ductance of 4.37 � 0.98 nS, but when recording in the presence of
CGS9343B, NMDA current had a significantly smaller positive
slope conductance of 0.53 � 0.32 nS ( p � 0.01, paired t test; n �
6). We obtained similar results with calmidazolium. On average,
NMDA (20 �M) evoked 3 � 16 pA of outward current at �70 mV
(n � 9), but in the presence of calmidazolium, NMDA evoked an
average inward current of 87 � 25 pA in these same neurons ( p �
0.01, paired t test) (Fig. 8E). Calmidazolium also modified the
NMDA I–V relationship (Fig. 8F). In the presence of calmidazo-
lium, NMDA current had a slope conductance of 0.01 � 0.64 nS,
which was significantly different from the positive slope conduc-

Figure 5. The NMDA-evoked K-ATP conductance increase requires NO. A, Current traces show that the NOS inhibitor L-NAME
(200 �M) increased the amplitude of inward current evoked by NMDA (20 �M) at �70 mV. B, Summarized I–V plots of net NMDA
currents show that L-NAME (200 �M) significantly increased the amplitude of inward currents evoked by NMDA at �70 mV and
reduced the slope conductance (n � 14). C, Current traces show that the NOS inhibitor 7-NINA (100 �M) increased the amplitude
of inward currents evoked by NMDA (20 �M) at �70 mV. D, Summarized I–V plots of NMDA currents show that 7-NINA (100 �M)
significantly increased the amplitude of inward currents evoked by NMDA at �70 mV and reduced slope conductance (n � 9).
E, Current traces show that the NO scavenger carboxy-PTIO (100 �M) increased the amplitude of inward currents evoked by NMDA
(20 �M) at �70 mV. F, Summarized I–V plots of NMDA current show that carboxy-PTIO (100 �M) significantly increased the
amplitude of inward currents evoked by NMDA at �70 mV and reduced the slope conductance (n � 5). *p � 0.05 (two-way
repeated measures ANOVA with Holm–Sidak pairwise comparison test).
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tance of 3.09 � 0.67 nS in the control condition ( p � 0.01, paired
t test; n � 9). These results are consistent with the hypothesis that
Ca 2� influx and activation of calmodulin are required for
NMDA-dependent activation of K-ATP channels.

Functional consequences of K-ATP channel activation
If NMDA receptor stimulation causes coactivation of K-ATP
channels, what might be the resulting impact on firing frequency
and firing pattern? To investigate effect on firing rate, we used the
loose-patch recording technique to record extracellular action
potentials in STN neurons (Nunemaker et al., 2003). Under con-
trol conditions, a 5 min superfusion with NMDA caused a signif-
icant increase in firing rate, from a control value of 9.9 � 1.5 to
22.2 � 4.9 Hz ( p � 0.05, paired t test; n � 8) (Fig. 9A). However,
in tolbutamide (100 �M), NMDA caused a much larger increase
in firing rate, to 35.0 � 6.8 Hz ( p � 0.001, paired t test), com-
pared with NMDA alone, in these same neurons. Interestingly,
tolbutamide alone caused a small increase in spontaneous firing
rate (from 9.9 � 1.5 to 12.1 � 2.6 Hz), but this was not statisti-

cally significant ( p � 0.0599, paired t test; n � 8). These data,
which are summarized in Figure 9B, show that block of K-ATP
channels greatly potentiates the excitatory effect of NMDA on
firing rate. By using the loose-patch technique, these data also
show that the NMDA/K-ATP interaction persists when intracel-
lular contents are not dialyzed by whole-cell patch solutions.

To evaluate changes in firing pattern, we examined the influ-
ences of NMDA and tolbutamide on the depolarization-induced
plateau potential that underlies one type of burst firing in STN
neurons (Beurrier et al., 1999; Bevan and Wilson, 1999; Baufre-
ton et al., 2003). As shown in Figure 10A, a brief depolarizing
current pulse evokes a burst of spikes that rides on top of a plateau
potential. Although superfusion with NMDA (20 �M) alone does
not significantly alter plateau potential duration, NMDA causes a
marked prolongation of plateau potential duration in the pres-
ence of tolbutamide (100 �M). These data are summarized in
Figure 10B. In the presence of tolbutamide, NMDA increased the
average plateau potential duration from a control duration of

Figure 6. L-arginine evokes K-ATP currents in STN neurons. A, Current traces show that
application of the NOS substrate L-arginine (10 mM) evokes a tolbutamide (100 �M)-sensitive
outward current at �70 mV. B, I–V plots show that net (subtracted) currents evoked by
L-arginine are antagonized by tolbutamide (n � 7). C, Current–voltage plots show that net
(subtracted) currents evoked by L-arginine are antagonized by the NOS inhibitor L-NAME (200
�M; n � 4). *p � 0.05 (two-way repeated measures ANOVA with Holm–Sidak pairwise com-
parison test).

Figure 7. The NMDA-evoked K-ATP conductance increase requires activation of a cGMP-
dependent pathway. A, Current traces show that the guanylyl cyclase inhibitor ODQ (100 �M)
greatly increased the inward current evoked by NMDA (20 �M) recorded at �70 mV. B, Sum-
marized I–V plots show that the increase in conductance evoked by NMDA is significantly
antagonized by ODQ (n � 6). C, Summarized I–V plots show that the selective guanylyl cyclase
inhibitor LY83583 (20 �M) significantly antagonized the conductance increase evoked by
NMDA (n � 5). *p � 0.05 (two-way repeated measures ANOVA with Holm–Sidak pairwise
comparison test).
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382 � 55 to 2169 � 419 ms in the same
STN neurons ( p � 0.01, paired t test; n �
8). Interestingly, tolbutamide alone also
produced a small but significant prolon-
gation of plateau potential duration, from
a control value of 237 � 36 to 382 � 55 ms
( p � 0.05); this finding signifies the pres-
ence of baseline K-ATP channel activity.
In summary, these results demonstrate
that K-ATP currents that are activated by
NMDA receptor stimulation exert signif-
icant influences over firing rate and firing
pattern of STN neurons.

Discussion
Our results have shown that inward cur-
rents evoked by NMDA are markedly po-
tentiated by K-ATP channel blocking
agents in STN neurons but not in SNC
dopamine neurons. Sulfonylurea-sensi-
tive currents evoked by NMDA were
blocked by NOS inhibitors and were
mimicked by L-arginine, suggesting that
K-ATP channel activation was mediated
by NO. Furthermore, we found that gua-
nylyl cyclase inhibitors prevented NMDA
from evoking sulfonylurea-sensitive cur-
rents. Finally, we provided evidence that
K-ATP channel activation by NMDA was
dependent on Ca 2� influx and activation
of calmodulin. These data suggest that
Ca 2� influx through NMDA-gated chan-
nels activates K-ATP currents in STN
neurons by NO- and cGMP-coupled
mechanisms.

Coupling of NMDA receptors to
K-ATP channels
It is well known that NMDA receptor
stimulation can generate NO by Ca 2�-
dependent activation of NOS (Snyder,
1992; Sattler et al., 1999; Hopper and
Garthwaite, 2006). Moreover, it is also
well established that K-ATP channel opening can be greatly facil-
itated by NO-mediated activation of cGMP-dependent protein
kinase (Shinbo and Iijima, 1997; Han et al., 2001; Brito et al.,
2006). Thus, it is somewhat surprising that NMDA receptor-
dependent activation of K-ATP channels is not a more commonly
observed phenomenon. Nevertheless, Philip and Armstead (2004)
reported that NMDA caused dilatation of pial arterioles by activa-
tion of a sulfonylurea-sensitive mechanism, which was presumed to
be mediated by NO. Also, Kwiecien et al. (1993) reported that tol-
butamide augmented NMDA inward currents in hippocampal neu-
rons, although they also reported that this phenomenon was not K�

dependent, as would have been expected if tolbutamide potentiated
NMDA currents by blocking K-ATP outward current. In addition,
Grabb and Choi (1999) found that repeated exposure of cultured
cerebral cortical neurons to low concentrations of NMDA protected
against hypoxic/ischemic cell death, and this neuroprotective effect
was thought to be mediated at least in part by activation of K-ATP
channels. Thus, there are several studies in the literature that would
suggest that NMDA-dependent activation of K-ATP channels might
be a more widespread phenomenon that is generally thought.

Lack of NMDA/K-ATP coupling in substantia nigra neurons
Given the fact that neurons from the substantia nigra are known
to express high levels of K-ATP channel subunits (Liss et al., 1999;
Velísek et al., 2008), it is interesting that we found no evidence
that NMDA receptor stimulation evoked K-ATP currents in
these cells. Although a study by Giustizieri et al. (2007) reported
that the NMDA blocker memantine prevented hypoxia-induced
K-ATP currents in SNC dopamine neurons, the K-ATP current
was not thought to be evoked by NMDA receptor stimulation
because the block of K-ATP currents by memantine persisted in
the presence of MK-801 [(�)-5-methyl-10,11-dihydro-5H-dibenzo
[a,d] cyclohepten-5,10-imine maleate] and other NMDA antago-
nists. In a study that is clearly relevant to the present, Webb et al.
(1996) reported that superfusion with NMDA evoked a tolbu-
tamide-sensitive hyperpolarization in SNC dopamine neurons in
slices of guinea pig midbrain. Although this result is consistent with
our results in STN neurons, their recordings were made in a “pha-
sic” subtype of neuron located in the rostral SNC that exhibited
characteristics that are unusual for dopamine neurons, such as
narrow action potentials, absence of H-current, and little post-

Figure 8. The NMDA-induced K-ATP conductance increase is Ca 2� and calmodulin dependent. A, Current traces show that
superfusion with a low Ca 2� (0.2 mM) bath solution increased the amplitude of inward currents evoked by NMDA at �70 mV.
B, Summarized I–V plots show that superfusion with low Ca 2� (0.2 mM) significantly reduced the conductance increase evoked by
NMDA (n � 5). Recordings were performed with pipette solutions that contained BAPTA in place of EGTA. C, Current traces show
that the calmodulin inhibitor CGS9343B (40 �M) augments inward current evoked by NMDA at �70 mV. D, Summarized I–V plots
show that superfusion with CGS9343B reduced the conductance increase that was evoked by NMDA (n �6). E, Current traces show
that the calmodulin inhibitor calmidazolium (20 �M) augments NMDA-induced inward currents at �70 mV. F, Summarized I–V
plots show that superfusion with calmidazolium reduced the conductance increase that was evoked by NMDA (n � 9). *p � 0.05
(two-way repeated measures ANOVA with Holm–Sidak pairwise comparison test).
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spike hyperpolarization (Nedergaard and Greenfield, 1992).
Thus, it is not clear that all types of dopamine neuron in the
guinea pig brain would show this NMDA/K-ATP interaction.
Perhaps subcellular proximity of NMDA receptors to K-ATP
channels is necessary for NMDA/K-ATP interactions, and this
may be is a significant cell-dependent variable. It is also possible
that species differences could be important in determining
whether or not NMDA receptors couple to K-ATP channels.

Extrasynaptic versus synaptic NMDA receptors
Our results showed that K-ATP currents are activated by local
application of NMDA, whereas K-ATP current was not evoked
after a single EPSC or train of HFS. These data suggest that extra-
synaptic NMDA receptors are responsible for K-ATP channel
activation. Although we could evoke K-ATP currents with HFS
that was repeated every 20s (Fig. 4D,E), the underlying mecha-
nism is uncertain. One might consider the possibility that repet-
itive HFS evokes K-ATP current by allowing glutamate to spill
over to extrasynaptic NMDA receptors. However, a single burst
of HFS should also permit glutamate spillover, and yet K-ATP
current was not evoked (Fig. 4C). Moreover, the 20 s interval
between each HFS should allow sufficient time for glutamate
uptake by transporters, which would make accumulation of ex-
tracellular glutamate unlikely (Clements et al., 1992). Conversely,
repetitive HFS might evoke K-ATP current by causing glial re-
lease of glutamate onto extrasynaptic NMDA receptors, such as
has been described in hippocampal brain slices after intense stim-
ulation of Schaffer collaterals (Fellin et al., 2004). Finally, it is
possible that repetitive HFS activates synaptic NMDA receptors

to cause a slow buildup of intracellular Ca 2� in STN neurons that
eventually triggers K-ATP activation via the NOS/cGMP second-
messenger system. Although the precise mechanism that under-
lies K-ATP activation by repetitive HFS is not known, our data
are most consistent with the hypothesis that K-ATP currents are
evoked by stimulation of extrasynaptic NMDA receptors that are
located far from the synapse.

K-ATP channel activation by ATP depletion
It is well established that K-ATP channels can be opened by in-
tracellular ATP depletion (Belles et al., 1987; Röper and Ashcroft,
1995). Thus, one might consider the possibility that NMDA
evokes K-ATP current in STN neurons by depleting ATP levels by
either excessive activation of Na�/K�-ATPase (Lees, 1991) or
Ca2�-dependent suppression of ATP synthase (Budd and Nicholls,
1996). However, our standard internal pipette solution con-
tained 1.5 mM ATP, which makes it unlikely that brief exposure to
NMDA would cause significant ATP depletion. Although studies
in cultured neurons have shown that NMDA treatment can cause
ATP depletion, these studies used relatively high concentrations
of NMDA that were applied for longer periods of time compared
with parameters used in our experiments (Novelli et al., 1988;
Meli et al., 2004). Moreover, NMDA-induced ATP depletion is
more easily accomplished when NMDA is used with a model of
energy depletion such as glucose deprivation (Czyz et al., 2002).
Because our studies used brief exposures of NMDA in superfu-

Figure 9. Loose-patch recordings of STN neurons showing tolbutamide (100 �M)-induced
augmentation of the acceleration in firing rate produced by NMDA (20 �M). A, Single-cell action
potentials recorded extracellularly from an STN neuron in the presence of NMDA with and
without tolbutamide. Note that the excitatory effect of NMDA is more pronounced in the pres-
ence of tolbutamide. B, Averaged responses from eight STN neurons. Note the significant in-
crease in NMDA-dependent firing rate produced by tolbutamide superfusion ( p � 0.001,
paired t test; n � 8). Tolbutamide-alone produced a small increase in firing rate, but this was
not statistically significant ( p � 0.0599).

Figure 10. Block of K-ATP channels potentiates the ability of NMDA to prolong plateau
potentials. A, Current-clamp whole-cell recordings of an STN neuron showing the effects of
NMDA (20 �M) in the presence and absence of tolbutamide (100 �M). A brief depolarizing
current was applied as indicated to evoke plateau potentials. All voltage traces are from the
same STN neuron. Note that NMDA greatly prolonged the duration of the plateau potential in
the presence of tolbutamide. A small hyperpolarizing holding current was applied to establish
an initial membrane potential of �75 mV. B, Summary graph showing prolongation of plateau
potential duration by NMDA in the presence of tolbutamide ( p � 0.01, paired t test; n � 8).
Tolbutamide alone also produced a small but significant increase in plateau potential duration
( p � 0.05, paired t test).
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sate or local application by micropipette while recording with
pipettes containing ATP, it is unlikely that acute ATP depletion
can account for the generation of K-ATP currents in STN
neurons.

Role of Ca 2 in K-ATP channel activation
Our results clearly suggest that Ca 2� influx through NMDA-
gated channels activates second-messenger systems that cause
K-ATP channel opening. However, it remains to be determined
whether or not Ca 2� influx through NMDA channels is the only
source of Ca 2� that can evoke K-ATP current. It is relevant to
note that K-ATP activation in other cells commonly occurs in
response to glucose deprivation, the presence of reactive oxygen
species, or other examples of metabolic stress (Miki and Seino,
2005). In the STN neuron, buildup of intracellular Ca 2� might
also be viewed as a metabolic stress that can trigger K-ATP chan-
nel opening. It will be important in future studies to establish
whether or not other sources of Ca 2� influx, such as voltage-
gated Ca 2� channels and transient receptor potential channels,
might also evoke K-ATP current in STN neurons.

Functional considerations
It should be pointed out that the hyperpolarizing influence of
K-ATP currents will tend to dampen the influence of NMDA
receptor activation. Thus, it is possible that K-ATP channel acti-
vation would serve as a negative feedback inhibitor to prevent
excessive excitation caused by glutamate release. It is also worth
noting that K-ATP channel subunits have been shown to be up-
regulated in the basal ganglia in the 6-hydroxydopamine rodent
model of Parkinson’s disease (Wang et al., 2005). Because basal
ganglia output in Parkinson’s disease is thought to be driven by
excessive bursting activity of STN neurons (Bergman et al., 1994;
Benedetti et al., 2004), others have suggested that K-ATP channel
openers might be therapeutic in the treatment of Parkinson’s
disease (Maneuf et al., 1996; Wang et al., 2005). Indeed, our
results on burst firing associated with plateau potentials suggests
that K-ATP channel openers might curtail excessive burst firing
that could be triggered by NMDA receptor stimulation. Future
studies will be needed to explore the usefulness of K-ATP channel
openers as a treatment of Parkinson’s disease.
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Sharma A, Moshé SL (2008) Metabolic environment in substantia nigra
reticulata is critical for the expression and control of hypoglycemia-
induced seizures. J Neurosci 28:9349 –9362.

Wang S, Hu LF, Yang Y, Ding JH, Hu G (2005) Studies of ATP-sensitive
potassium channels on 6-hydroxydopamine and haloperidol rat models
of Parkinson’s disease: implications for treating Parkinson’s disease? Neu-
ropharmacology 48:984 –992.

Webb CP, Nedergaard S, Giles K, Greenfield SA (1996) Involvement of the
NMDA receptor in a non-cholinergic action of acetylcholinesterase in
guinea-pig substantia nigra pars compacta neurons. Eur J Neurosci
8:837– 841.

Wu YN, Johnson SW (1996) Pharmacological characterization of inward
current evoked by N-methyl-D-aspartate in dopamine neurons in the rat
brain slice. J Pharmacol Exp Ther 279:457– 463.

Zhu ZT, Munhall A, Shen KZ, Johnson SW (2004) Calcium dependent
subthreshold oscillations determine bursting activity induced by
N-methyl-D-aspartate in rat subthalamic neurons in vitro. Eur J Neu-
rosci 19:1296 –1304.

Zhu ZT, Munhall A, Shen KZ, Johnson SW (2005) NMDA enhances a
depolarization-activated inward current in subthalamic neurons. Neuro-
pharmacology 49:317–327.

Shen and Johnson • NMDA Evokes K-ATP Currents J. Neurosci., February 3, 2010 • 30(5):1882–1893 • 1893


