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Abstract

Our lab recently showed that N-methyl-D-aspartate (NMDA) evokes ATP-sensitive K* (K-ATP)
currents in subthalamic nucleus (STN) neurons in slices of rat brain. Both K-ATP channels and 5'-
adenosine monophosphate-activated protein kinase (AMPK) are considered cellular energy
sensors because their activities are influenced by the phosphorylation state of adenosine
nucleotides. Moreover, AMPK has been shown to regulate K-ATP function in a variety of tissues
including pancreas, cardiac myocytes, and hypothalamus. We used whole-cell patch clamp
recordings to study the effect of AMPK activation on K-ATP channel function in STN neurons in
slices of rat brain. We found that bath or intracellular application of the AMPK activators
A769662 and PT1 augmented tolbutamide-sensitive K-ATP currents evoked by NMDA receptor
stimulation. The effect of AMPK activators was blocked by the AMPK inhibitor dorsomorphin
(compound C), and by STO609, an inhibitor of the upstream AMPK activator CaMKKf. AMPK
augmentation of NMDA-induced K-ATP current was also blocked by intracellular BAPTA and by
inhibitors of nitric oxide synthase and guanylyl cyclase. However, A769662 did not augment
currents evoked by the K-ATP channel opener diazoxide. In the presence of NMDA, A769662
inhibited depolarizing plateau potentials and burst firing, both of which could be antagonized by
tolbutamide or dorsomorphin. These studies show that AMPK augments NMDA-induced K-ATP
currents by a Ca2*-dependent process that involves nitric oxide and cGMP. By augmenting K-
ATP currents, AMPK activation would be expected to dampen the excitatory effect of glutamate-
mediated transmission in the STN.
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1. INTRODUCTION

Glutamate-containing neurons of the subthalamic nucleus (STN) exert a powerful excitatory
influence on basal ganglia output (Parent and Hazrati, 1995). Dopamine deficiency, such as
occurs in Parkinson’s disease, has been shown to increase burst firing in STN neurons (Ni et
al., 2001; Hollerman and Grace, 1992; Wichmann and Dostrovsky, 2011). Moreover,
increased burst firing in the STN has been shown to correlate with symptoms of Parkinson’s
disease (Wichmann et al., 1994; Benedetti et al., 2009). Experimentally-induced
parkinsonism in animals is improved by lesioning the STN (Bergman et al., 1990), and deep
brain stimulation of the STN also improves many symptoms of Parkinson’s disease, most
likely by interrupting the abnormal firing pattern in basal ganglia output neurons (Maltete et
al., 2007). Intrinsic membrane properties enable burst firing (Beurrier et al., 1999; Bevan
and Wilson, 1999; Do and Bean, 2003), whereas synaptic inputs control the timing of burst
discharges (Bevan et al., 2002). The so-called hyperdirect pathway of glutamate input that
arises from cerebral cortex has long been known to induce bursts of action potentials in STN
neurons (Kitai and Deniau, 1981; Rouzaire-Dubois and Scarnati, 1987). Moreover,
glutamate-mediated EPSPs have been shown to trigger plateau potentials that induce burst
discharges in STN neurons (Kass and Mintz, 2006). Thus, glutamate-containing inputs play
important roles in regulating firing pattern in the STN.

Concerning the glutamate receptor subtype that triggers bursts, we and others have shown
that burst firing can be evoked in STN neurons by NMDA but not AMPA receptor
stimulation in slices of rodent brain (Zhu et al., 2004; Loucif et al., 2005; Chu et al., 2012).
But in addition to the traditional NMDA-gated current, subsequent studies in our lab showed
that NMDA also evoked a tolbutamide-sensitive ATP-sensitive K* (K-ATP) current. The K-
ATP channel is widely expressed in brain (Dunn-Meynell et al., 1998) and is often referred
to as an energy-sensing channel because it is closed by ATP and opened by Mg2*-ADP
(Ashcroft, 1988). However, we found that NMDA did not evoke K-ATP current in adjacent
neurons in the substantia nigra (Shen and Johnson, 2010). Our studies showed that the
NMDA-evoked K-ATP current in STN neurons was Ca2*-dependent and also required
activation of nitric oxide (NO)-and cGMP-dependent pathways (Shen and Johnson, 2010).
Although Ca?* influx through NMDA-gated channels can activate K-ATP channels, we
showed that release of Ca2* from intracellular stores could also activate K-ATP current in
STN neurons (Shen and Johnson, 2013). Moreover, we showed that block of K-ATP current
greatly potentiated the excitatory effect of NMDA on burst firing, which suggests that
concomitant activation of K-ATP currents tends to dampen the excitatory influence of
glutamate in the STN. Because burst firing is associated with symptoms of Parkinson’s
disease, it is possible that augmentation of K-ATP current in the STN might reduce
symptoms of this disease.

5’-Adenosine monophosphate-activated protein kinase (AMPK) is also frequently described
as a sensor of cellular energy because it is activated by AMP and inhibited by ATP. AMPK
is a heterotrimeric enzyme complex composed of an alpha catalytic subunit and beta and
gamma regulatory subunits. With rising levels of AMP, this molecule displaces ATP at the
gamma subunit and produces a conformational change that enables phosphorylation of the
alpha subunit at Thr-172 (Oakhill et al., 2010). Phosphorylation, which is accomplished by
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the upstream kinases liver kinase B1 (LKB1) and Ca?*-calmodulin-dependent kinase kinase
beta (CaM-KKp), increases AMPK activity 50-100 fold (Amato and Man, 2011). Once
activated, AMPK up-regulates those processes that increase ATP, such as increasing glucose
uptake, glycolysis, and mitochondrial biogenesis (Hallows, 2005). At the same time, AMPK
switches off pathways that consume ATP, such as protein and glycogen synthesis (Russo et
al., 2013). Thus, AMPK can be described as a master regulator that is designed to maintain
cellular energy homeostasis (Hardie et al., 2003).

Because both K-ATP and AMPK respond to changes in energy supply, it is not surprising
that their activities are frequently linked. In pancreatic B-cells, small molecule activators of
AMPK have been reported to increase insulin release by reducing K-ATP channel activity
(Wang et al., 2005; Langelueddecke et al., 2012; Dufer et al., 2010). However, others have
reported that AMPK activation increases the surface expression of K-ATP channels in islet
cells (Lim et al., 2009; Smith et al., 2006), which would seem to oppose the hypothesis that
AMPK augments insulin release. Nevertheless, AMPK activation has also been reported to
increase the surface expression of K-ATP channels in cardiac myocytes (Sukhodub et al.,
2007; Yoshida et al., 2012). In hypothalamic neurons, hypoglycemia causes
hyperpolarization in glucose-sensing neurons by activation of K-ATP channels, and this
response is regulated by AMPK (Beall et al., 2012). Thus, there is considerable evidence to
suggest that AMPK and KATP channels have interrelated functions, although controversy
remains concerning some aspects of their functional relationship.

The purpose of the present study was to identify and characterize effects of AMPK
activation on K-ATP channel function in the STN in slices of rat brain. We used small
molecule activators of AMPK to study effects on K-ATP currents evoked by NMDA and by
the K-ATP channel opener diazoxide. Our studies show that acute application of AMPK
activators augment NMDA-evoked K-ATP current but not K-ATP current evoked by
diazoxide. Furthermore, we show that augmentation of NMDA-evoked K-ATP current is
mediated by Ca?*-dependent NO-and cGMP-coupled pathways. By augmenting K-ATP
current, we found that NMDA-induced burst firing and depolarizing plateau potentials are
suppressed by AMPK activation. We suggest that AMPK activation in the STN could be
explored as a therapeutic strategy in the management of Parkinson’s disease.

2. EXPERIMENTAL PROCEDURES

2.1 Tissue Preparation

All procedures were carried out in accordance 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 (120-180 g, Harlan, Indianapolis, IN) as described previously (Shen and
Johnson, 2000). Briefly, rats were anesthetized with isoflurane and euthanized 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; MgCly, 3.5; CaCly, 0.5; NaH,POy, 1.2; glucose, 20; and NaHCO3, 26, equilibrated
with 95% O, and 5% CO,. A slice containing the STN was then placed on a supporting net
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and submerged in a continuously flowing solution (2 ml/min) of the following composition
(in mM): NaCl, 126; KCl, 2.5; CaCly, 2.4; MgCly, 1.2; NaH,POy, 1.2; NaHCO3, 19;
glucose, 11, gassed with 95% O, and 5% CO», (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 substantia nigra zona reticulata.

2.2 Electrophysiological Recordings

Whole-cell recordings were made with pipettes containing (in mM): potassium gluconate,
138; MgCly, 2; CaCly, 1; EGTA, 11; HEPES, 10; ATP, 1.5; GTP, 0.3 (pH 7.3). In some
experiments, EGTA was replaced by 10 mM BAPTA. Pipette resistance ranged from 3 to 8
M2, whereas series resistance typically ranged from 15 to 40 MQ. Membrane currents or
potentials were amplified and recorded with an Axopatch-1D amplifier with 5-kHz low-pass
filter (Molecular Devices, Foster City, CA, USA). 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). Membrane potentials for whole-
cell recordings were corrected for the liquid junction potential (10 mV).

2.3 Current-Voltage Studies

Current-voltage (1-V) relationships were constructed by measuring currents during a series
of hyperpolarizing voltage steps (400 ms duration) with 10 mV increments from a holding
potential of =70 mV. Currents were measured immediately after capacitive transients to
minimize the influence of hyperpolarization-activated cation currents. When measuring the
voltage dependence of NMDA currents, 1-V plots were always obtained at the end of the 3-5
min application of NMDA. 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. Mean slope conductance
and S.E.M. were obtained by averaging slope conductance from all cells in each
experimental group. In some experiments, 1-V plots are displayed as “subtracted” currents in
which currents recorded during the experimental treatment were 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.

2.4 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. Diazoxide, penitrem
A, dorsomorphin, 6,7-dihydro-4-hydroxy-3-(2’-hydroxy[1,1’-biphenyl]-4-yl)-6-oxo-
thieno[2,3-b]pyridine-5-carbonitrile (A769662), 2-chloro-5-[[5-[[5-(4,5-dimethyl-2-
nitrophenyl)-2-furanyl]methylene]-4,5-dihydro-4-oxo-2-thiazolyl]Jamino]benzoic acid
(PT1), N1-(B-D-ribofuranosyl)-5-aminoimidazole-4-carboxamide (AICAR), CGS9343B,
STO609 acetate, and 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ) were obtained
from Tocris Cookson Inc. (Bristol, UK). Apamin, barium chloride, N-methyl-D-aspartic acid
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(NMDA), NC-nitro-I-arginine methyl ester hydrochloride (L-NAME), and tolbutamide were
obtained from Sigma-Aldrich (St. Louis, MO).

2.5 Western immunoblot

Horizontal slices of ventral midbrain (300 um) were cut on a vibratome and placed in glass
vials containing normal aCSF that was equilibrated with 95% O, and 5% CO, at 36 oC.
After one hour, A769662 was added to the media for an additional hour. Concentration-
response curves were constructed by equilibrating slices with different concentrations of
AT769662 (0-100 uM). Some slices were equilibrated in dorsomorphin (30 uM) 45 min prior
to A769662 treatment. All slices were removed from the media 2 hours after slice
preparation and snap frozen in liquid nitrogen then stored at —80°C until processed for
Western immunoblot. Midbrain slices were sonicated in lysis buffer that contained protease
and phosphatase inhibitors (137 mM NacCl, 15 mM Tris, 5 mM EDTA, 1% Triton-X 100,
1% Halt™ Protease and Phosphatase Inhibitor Cocktail, Thermo Scientific). Soluble protein
fractions were decanted and pellets discarded after centrifugation at 22,0009 for 20 min. A
BCA protein assay (Thermo) was used to facilitate equal sample loading. Samples were
denatured with B-mercaptoethanol 2X Laemmli Buffer (1:1; Sigma) and heated for 10 min
at 95°C, then electrophoresed in a 7.5% Tris—HCI SDS polyacrylamide gel (TGX
Criterion™, Bio-Rad). Protein standards (Precision Plus Kaleidescope™, Bio-Rad) were run
along-side samples to locate approximate positions of expected bands. Separated proteins
were then transferred to polyvinylidene difluoride (PVDF) membranes (Immun-Blot, Bio-
Rad), which were blocked in 5% BSA in Tris—buffered saline with Tween-20 (TBST) for 60
min. Membranes were then probed with primary antibodies for Thr-172 phosphorylated
(rabbit, 1:2000) and total AMPK (rabbit; 1:1500, Santa Cruz Bio-tech). After three 5 min
washes in TBST, membranes were probed with alkaline phosphatase conjugated secondary
antibody (1:40000, goat anti-rabbit) for 1 hr, then washed again in TBST and incubated in
ECF substrate (GE Healthcare Life Sciences) for 5 min. Blots were dried briefly, excited
with UV light and imaged through a 565nm filter (Ultra-Lum Omega™). Quantification of
protein was done with densitometry using protein band illumination (summation of pixel
intensities) using Image Studio Lite (LI-COR) software. Average background signal was
subtracted from each band individually. To allow interblot analysis, raw intensity for each
band was divided by the sum intensity of all lanes of a blot. Statistics were done on these
normalized values grouped from replicated blots.

2.6 Data Analysis

Numerical data in the text and error bars in figures are expressed as mean = S.E.M. I-V plots
and concentration-response curves were analyzed by analysis of variance (ANOVA)
followed by a Holm-Sidak pairwise comparison test unless stated otherwise (SigmaStat;
Jandel Scientific, San Rafael, CA). An F-test was used to compare differences between two
datasets. Averaged data in each set were fitted with a third degree polynomial to obtain sum-
of-squares for error and degrees of freedom. The null hypothesis was that one curve fits all
data points from both data sets, whereas the alternative hypothesis was that each set of data
was better fit separately. The F value was calculated as the relative difference in sum-of-
squares divided by the relative difference in degrees of freedom. A P value <0.05 was
considered significant.
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We reported previously that activation of either NMDA or metabotropic glutamate receptors
evoke CaZ*-dependent K-ATP current in STN neurons (Shen and Johnson, 2010; Shen and
Johnson, 2013). These previous experiments used whole-cell pipette solutions that contained
a low level of EGTA (0.2 mM) in order to facilitate Ca2*-dependent mechanisms. In the
present study, we used whole-cell pipette solutions that contained 11 mM EGTA in order to
dampen CaZ*-dependent activation of K-ATP channels. Under these conditions, NMDA
only evoked inward currents at =70 mV (Fig.1A1) and did not increase membrane
conductance as shown in the voltage-dependent current traces in Fig. 1A2. On average, the
first application of NMDA (10 uM) evoked 28 + 6 pA of inward current at =70 mV (n =5),
whereas this current increased to 38 + 7 pA after 30 min of recording (P < 0.01, paired t
test). In order to study effects of AMPK on NMDA currents, we superfused slices with
AT769662 or PT1, which have been shown to activate AMPK by stabilizing phosphorylation
at Thr-172 (Géransson et al., 2007; Pang et al., 2008). NMDA (10 pM) evoked a small
inward current that was followed by an outward current when slices were superfused with
either A769662 (10 uM, Fig. 1B1) or PT1 (10 uM, Fig. 1C1) at =70 mV. Moreover,
amplitudes of NMDA-evoked outward currents became progressively larger during 30 min
of superfusion with either AMPK activator. As shown in the voltage-dependent current
traces in Fig. 1B2 and C2, NMDA increased membrane conductance in the presence of
AT769662 and PT1.

We obtained similar results with intracellular dialysis of AMPK activators, as shown in Fig.
2. NMDA was bath applied at 15- to 20-minute intervals while recording with pipettes that
contained either normal internal solution (control) or solutions containing an AMPK
activating agent. The current trace in Fig. 2A1 shows that intracellular dialysis of A769662
(5 uM) caused NMDA to evoke increasing amounts of outward current with repeated
applications. In nine STN neurons dialyzed with A769662, the initial application of NMDA
(10 uM) evoked an inward current of 9 = 12 pA at =70 mV. However, NMDA evoked 31 +
16 pA of outward current after more than 30 minutes of dialysis (n=9; P < 0.01, paired t
test). Figure 2A2 shows that the voltage dependence of NMDA current recorded with
AT769662 in pipettes was significantly different from that recorded under control conditions
(P <0.0001; F4,104 = 15.17). 1-V plots were constructed at least 30 min after beginning
whole-cell recordings. In the presence of A769662 (5 uM), NMDA current was associated
with a positive slope conductance of 3.9 + 0.8 nS when measured between —=70 and —100
mV (n = 9), which was significantly different from the negative slope conductance of 0.29
0.18 nS (n =5) in the control group (P < 0.001, t test). Similarly, intracellular dialysis with
PT1 (10 uM) also caused increasing amplitudes of outward current evoked by repeated
applications of NMDA (Fig. 2B1). In the presence of PT1, the initial application of NMDA
(10 uM) evoked an inward current of 3 £ 27 pA at =70 mV. However, NMDA evoked 82 +
33 pA of outward current after more than 30 minutes of dialysis (n = 4; P < 0.05, paired t
test). Figure 2B2 shows IV plots for NMDA currents evoked with PT1 versus the control
condition. The presence of PT1 caused a significant shift in voltage dependence compared to
NMDA control (P < 0.0001, Fy 64 = 14.94). In the presence of PT1, NMDA current was
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associated with a positive slope conductance of 4.5 + 1.4 nS when measured between —70
and —100 mV (n = 4), which was significantly different from the negative slope conductance
evoked by NMDA under control conditions (P < 0.05, t test). These data show that both
AT769662 and PT1 cause NMDA to evoke outward currents with subsequent alteration of I-
V plots with increasing positive slope conductance.

3.2 Dorsomorphin prevents NMDA-induced membrane conductance increase

3.3 Western

To test for the selectivity of AMPK activators, we investigated the ability of the AMPK
inhibitor dorsomorphin (also known as compound C) to block the action of A769662 on
NMDA currents (Shah et al., 2011; Vucicevic et al., 2011). As shown in the current trace in
Fig. 3A, the first application of NMDA (10 uM) evoked an inward current that was followed
by an outward current in the presence of dorsomorphin (30 pM). However, subsequent
applications of NMDA revealed a progressive loss of the outward current and an increase in
inward current. On average, NMDA evoked 16 + 8 pA of inward current at =70 mV during
the initial NMDA application, whereas this current increased to 44 + 10 pA in later
applications in the presence of dorsomorphin (n=7; P < 0.01, paired t test). Therefore, I-V
plots were constructed at least 30 min after starting superfusion with dorsomorphin (30 uM).
The summary I-V plots in Fig. 3B show that NMDA-induced outward currents in the
presence of dorsomorphin (n = 7) were significantly different from those recorded with
A769662 without dorsomorphin (n=9: P < 0.0001, F4 129 = 30.29). The I-V plot for
NMDA currents in the presence of A769662 without dorsomorphin (A769662 control)
represent the same data as shown in Fig. 2A2. Slope conductance for NMDA currents,
measured between —70 and —100 mV, averaged —1.2 + 0.2 nS when recorded in
dorsomorphin plus A769662, which was significantly different from the positive slope
conductance recorded in A769662 alone (P < 0.001, t test). By showing that actions of
AT769662 are blocked by dorsomorphin, these results support the conclusion that A769662
augments the NMDA-induced membrane conductance increase by a selective activation of
AMPK.

immunoblot

The effects of A769662 and dorsomorphin on Thr-172 phosphorylation of AMPK (P-
AMPK) were verified using Western immunoblot analysis. Brain slices were incubated for
60 minutes with varied concentrations of A769662 (0-100 uM), and some were pretreated
for 45 minutes with dorsomorphin (30 uM) to approximate the doses and timing used in our
electrophysiology experiments. Immunoblots in Fig. 4A show that A769662 produced a
concentration-dependent increase in P-AMPK intensity. In contrast, total AMPK intensity
was not changed by A769662 (n = 3; P > 0.05, one-way RM ANOVA). Figure 4B shows
effects of A769662 on P-AMPK that have been normalized to levels of total AMPK.
AT769662 produced a concentration-dependent increase in P-AMPK (n=3; P<0.01, F=
13.84, one-way RM ANOVA). These data are also shown in Fig. 4C in which P-AMPK is
expressed as percentage of the zero A769662 control. At the 30 UM concentration, A769662
increased P-AMPK to 438 £ 80% of control. Fig. 4C also shows the effect of pretreating
slices with 30 UM dorsomorphin (n = 4). Dorsomorphin caused a significant decrease in the
ability of A769662 to increase P-AMPK levels (P < 0.01, F4 12 = 8.99). These data support
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the conclusion that dorsomorphin causes a significant reduction in A769662-induced
activation of AMPK.

3.4 NMDA-induced conductance increase is mediated by K-ATP current

To test for involvement of K* in the NMDA-dependent conductance increase, we
investigated the ability of the sulfonylurea agent tolbutamide and other K* channel blockers
to modify NMDA currents in STN neurons recorded with pipettes that contained the AMPK
activator A769662 (5 uM). As shown in the current trace in Fig. 5A1, NMDA (10 uM)
evoked a small inward current followed by an outward current soon after starting whole-cell
recording with A769662 in the pipette. In the presence of tolbutamide (100 uM), however,
outward current evoked by NMDA was replaced by a larger inward current. On average,
NMDA evoked 39 + 13 pA of outward current at =70 mV in control (n = 10). In the
presence of tolbutamide, however, NMDA caused an inward current of 68 £ 9 pA in those
same neurons (P < 0.01, paired t test). Addition of Ba?* (300 uM) to tolbutamide further
increased the amplitude of this inward current to 104 + 19 pA (n=10; P < 0.05, paired t
test). Tolbutamide-sensitive NMDA current was estimated to reverse at =95+ 3 mV (n=
17), which is close the expected reversal potential for K*.

Voltage-dependent effects of tolbutamide with and without Ba2* on NMDA-gated currents
are shown Fig.5A2. Tolbutamide significantly altered the voltage dependence of NMDA
currents (n = 10; P < 0.0001, F4 15, = 27.41). NMDA-induced current was associated with a
positive slope conductance of 3.36 + 0.63 nS with A769662 in pipettes, but this conductance
decreased to 0.35 £ 0.35 nS (n = 10) in the presence of tolbutamide in those same neurons
(P < 0.01, paired t test). Addition of Ba2* further altered the voltage dependence of NMDA
currents (n=10; P < 0.0001, F4 152 = 9.47). NMDA-evoked currents in tolbutamide plus
Ba?* had a negative slope conductance (1.94 + 0.41 nS) that was significantly larger than
that recorded in tolbutamide alone (P < 0.01, paired t test).

Because we showed previously that NMDA-evoked K-ATP current was Ca2*-dependent
(Shen and Johnson, 2010), we considered the possibility that the Ba2*-sensitive outward
current that remained in the presence of tolbutamide might be mediated by Ca?*-activated
K* (gKCa) channels. However, the current trace in Fig. 5B1 shows that NMDA-induced
inward currents recorded in tolbutamide were not increased further by the small conductance
gKCa blocker apamin. On average, NMDA (10 pM) evoked 63 + 6 pA of inward current in
the presence of tolbutamide (100 uM), and this inward current was not changed (72 + 3 pA)
by the addition of apamin (1 uM) in those same neurons (n = 6; P > 0.05, paired t test). I-V
plots in Fig. 5B2 show that the addition of apamin to tolbutamide did not significantly alter
the voltage dependence of NMDA currents recorded in the presence of A769662 (n=6; P =
0.289, F4 gg = 1.27). We also tested the effect of penitrem A (10 uM), a blocker of large
conductance gKCa channels, on NMDA-induced currents (Fig. 5C1). I-V plots in Fig. 5C2
show that the addition of penitrem A to tolbutamide did not further alter the voltage
dependence of NMDA currents (n = 12; P> 0.05, F4 1g4 = 0.95). These data indicate that the
augmentation by AMPK of the NMDA-evoked conductance increase is mediated by K-ATP
channels and not by small or big conductance Ca2*-activated K* channels. Because adding
Ba2* to tolbutamide more effectively blocked outward current than did tolbutamide alone, it
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is possible that NMDA evokes another type of K* current that remains unidentified.
However, it is also possible that Ba2*-sensitive current in tolbutamide is due to use of a
submaximally effective concentration of tolbutamide.

3.5 Augmentation of NMDA-evoked K-ATP conductance by AMPK is Ca?*-, calmodulinand
CaMKKp-dependent

We proceeded to define the possible roles of Ca2* and Ca%*-dependent pathways on AMPK
augmentation of NMDA-evoked K-ATP current. As seen in the current trace in Fig. 6A1,
superfusing the slice with low Ca?* (0.2 mM) aCSF blocked the outward current evoked by
NMDA (10 uM). On average, NMDA evoked an inward current of 37 + 14 pA at =70 mV
with 5 uM A769662 in the pipette when the slice was perfused with low Ca?* aCSF, which
was significantly different from the 58 + 30 pA of outward current evoked by NMDA in
normal aCSF (n = 6; P < 0.05, paired t test). Low Ca?* also significantly modified the
NMDA I-V relationship, as shown in Fig. 6A2 (P < 0.0001; F4 gg = 7.78). NMDA-evoked
currents in normal aCSF had a positive slope conductance of 5.1 + 2.1 nS, which was
significantly different from the 0.1 + 0.2 nS as recorded in low Ca2* in the same neurons (n
=6; P < 0.05, paired t test). These data suggest that CaZ* influx participates in the AMPK
effect on NMDA-evoked K-ATP current.

STN neurons were also recorded with pipettes that contained the Ca?* chelator BAPTA (10
mM), which has much faster Ca2*-buffering kinetics than the EGTA that we use in normal
internal solutions. Pipettes also contained the AMPK activator A769662 (5 uM). As shown
in the current trace in Fig. 6B1, repeated applications of NMDA (10 uM) consistently
evoked inward currents. On average, NMDA (10 uM) evoked 22 + 6 pA of inward current at
—=70 mV during the initial application, which increased slightly but significantly to 27 + 5
pA 30 min after starting whole cell recording (n=7; P < 0.05, paired t test). Figure 6B2
shows the I-V plot for NMDA currents recorded after at least 30 min of intracellular
BAPTA dialysis. Exposure to BAPTA plus A769662 caused a significant shift in the I-V
curve for NMDA currents compared to the control IV plot for A769662 (P < 0.0001, F4 120
= 22.03). The negative slope conductance of NMDA current measured between -70 and
-100 mV in BAPTA (0.2 £ 0.2 nS, n = 7) was also significantly different from the positive
slope conductance of 3.9 £ 0.8 nS (n = 5) that was recorded in A769662 control cells (P <
0.01, t test). These results show that intracellular BAPTA markedly reduced the AMPK-
dependent NMDA-activated K-ATP conductance increase, which supports the hypothesis
that Ca2* mediates the AMPK-induced augmentation of K-ATP current.

Having established Ca?* dependence, we proceeded to test for involvement of downstream
Ca?*-dependent targets. To test for involvement of calmodulin, we attempted to block
AMPK-dependent potentiation of NMDA-evoked K-ATP currents with the calmodulin
inhibitor CGS9343B (40 uM). As seen in the current trace in Fig. 6C1, NMDA (10 pM)
evoked inward currents that were followed by outward currents with A769662 in the pipette.
However, superfusing the slice with CGS9343B for 10 min potentiated the inward current
and reduced the outward current that were evoked by NMDA. On average, NMDA evoked
an inward current of 33 £ 3 pA at =70 mV in the presence of CGS9343B, which was
significantly different from the 34 £ 9 pA of outward current evoked by NMDA under
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control conditions in the same neurons (n = 6; P < 0.01, paired t test). CGS9343B also
significantly modified the NMDA I-V relationship, as shown in Fig. 6C2 (P < 0.0001, F4 gg
= 8.57). Under the control condition, NMDA evoked currents with a positive slope
conductance of 2.8 + 0.6 nS. However, in the presence of CGS9343B, NMDA currents had
a slope conductance of 0.1 + 0.2 nS in the same neurons (n = 6; P < 0.01, paired t test).
These data suggest that calmodulin participates in the AMPK effect on NMDA-evoked K-
ATP current.

Finally, we tested the hypothesis that potentiation of NMDA-induced K-ATP current
required Ca2*-calmodulin-dependent protein kinase kinase beta (CaMKK@), which is a
known Ca2*-dependent activator of AMPK (Salminen et al., 2011). The current trace in Fig.
6D1 shows that bath application of the CaMKK@ inhibitor STO609 (10 uM) completely
blocked NMDA-induced outward currents, despite the presence of A769662 in pipettes. In
these experiments slices were superfused with STO609 at least 30 min prior to beginning
whole-cell recordings. On average, NMDA (10 uM) evoked 22 + 7 pA of inward current at
=70 mV in the initial application in the presence of STO 609, and this inward current
increased to 51 £ 9 pA after 30 min of STO609 superfusion (n=7; P < 0.05, paired t test).
Figure 6D2 shows that the 1-V relationship for NMDA currents recorded after 30 min with
STO609 was significantly different from the A769662 control I-V plot (P < 0.0001, F4 120 =
12.93). This figure also shows that the positive slope conductance of NMDA currents in the
AT769662 control group was significantly different from the conductance of 0.3 £ 0.3 nS (n=
7) recorded in the presence of STO609 (P < 0.01, t test). These data suggest that AMPK
augmentation of NMDA-induced K-ATP currents is Ca2* dependent and is likely mediated
by calmodulin and phosphorylation of AMPK by CaMKK}.

3.6 Potentiation by AMPK activation of NMDA-dependent K-ATP conductance increase
requires NO and cGMP

Not only has AMPK been shown to activate nitric oxide synthase (NOS) (Chen et al., 1999),
but NO has also been shown to cause further AMPK activation (Lira et al., 2007; Murphy et
al., 2009). Because we had shown previously that NMDA-evoked K-ATP current is
dependent upon NO and cGMP (Shen and Johnson, 2010), we proceeded to test whether or
not the potentiation of K-ATP current by AMPK was also dependent upon these second
messengers. All recordings were done using pipettes that contained A769662 (5 UM).
Current traces in Fig. 7Al show that NMDA-induced outward current is blocked by
superfusing the slice with the NOS inhibitor L-NAME (200 pM). On average, NMDA (10
uM) evoked 10 + 14 pA of inward current at =70 mV in the presence of L-NAME, which
was significantly different than the 36 £ 17 pA of outward current that was evoked by
NMDA in the absence of L-NAME in the same neurons (n = 6; P < 0.05, paired t test). L-
NAME also significantly modified the NMDA I-V relationship, as shown in Fig. 7A2 (n =
6; P < 0.0001, F4 g = 11.81). In the absence of L-NAME, NMDA current was associated
with a positive slope conductance of 2.8+ 0.5 nS. However, this conductance was reduced to
0.7 £ 0.5 nS in the presence of L-NAME in the same neurons (P < 0.05, paired t test). These
results suggest that NO is required for augmentation of NMDA-induced K-ATP current by
AMPK.
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We tested for involvement of cGMP-dependent pathways by examining the ability of the
guanylyl cyclase inhibitor ODQ to block AMPK-dependent potentiation of NMDA-induced
K-ATP currents. Current traces in Fig. 7B1 show that superfusing the slice with ODQ for 15
min blocked the outward current evoked by NMDA (10 uM). On average, NMDA evoked
an inward current of 84 £ 17 pA at =70 mV in the presence of ODQ, which was
significantly different from the 78 + 34 pA of outward current evoked by NMDA without
ODQ (n=7; P <0.05, paired t test). I-V plots in Fig. 7B2 show that ODQ also significantly
modified the NMDA 1-V relationship (n=7; P < 0.0001, F4 104 = 10.83). Also, NMDA-
evoked currents had a negative slope conductance of 0.7 £ 0.5 nS in the presence of ODQ,
and this was significantly different from the positive slope conductance of 4.7 + 1.6 nS
recorded before ODQ in the same neurons (n =7; P < 0.05, paired t test). These results
suggest that augmentation of NMDA-induced K-ATP current requires participation of a
cGMP-dependent pathway.

3.7 AMPK activation fails to augment diazoxide currents

We considered the possibility that AMPK might augment K-ATP currents by increasing the
surface expression of K-ATP channels (Sukhodub et al., 2007; Lim et al., 2009). Therefore,
we examined the effect of an AMPK activator on outward currents evoked by bath
application of the K-ATP channel opener diazoxide (200 uM). Current traces in Fig. 8Al
show that diazoxide evoked reproducible outward currents (at =70 mV) when recorded with
pipettes that contained A769662 (5 uM). Slices were superfused with diazoxide for 10 min
at intervals of 20 min. This figure also shows that tolbutamide (100 uM) rapidly aborted the
diazoxide current. Data in Fig. 8A2 show that diazoxide outward current recorded
immediately after starting whole-cell recording (0 min) averaged 23 * 4 pA, which was not
significantly different from currents recorded 20 and 40 min after beginning recordings (P >
0.05, one-way ANOVA). Moreover, current evoked by diazoxide at 0 min with A769662
was not significantly different from the 26 + 5 pA of outward current evoked using pipettes
without A769662 (P > 0.05, Mann-Whitney rank sum test). We next tested whether or not
repeated applications of NMDA might enhance the effect of an AMPK activator on K-ATP
current. The current traces in Fig. 8B1 show that repeated applications of diazoxide evoked
reproducible outward currents despite repeatedly evoking NMDA currents with pipettes that
contained A769662. In these experiments diazoxide was superfused every 30-35 min, and
NMDA (10 pM) was superfused between diazoxide applications. The summary data in Fig.
7B2 show that amplitudes of diazoxide-induced currents were not significantly different
despite repeated applications of NMDA in the presence of A769662 (P > 0.05, one-way
ANOVA). These data suggest that augmentation of NMDA-induced K-ATP currents by
AMPK is not due to increased surface expression of K-ATP channels.

3.8 Functional consequences of AMPK-dependent K-ATP channel activation by NMDA

To evaluate changes in firing pattern, we examined the influences of AMPK, NMDA and
tolbutamide on the depolarization-induced plateau potential that underlies one type of burst
firing in STN neurons. Depolarizing pulses of current (200 pA, 100 ms duration) were used
to evoke plateau potentials. Plateau potential duration was measured as the time from
depolarization onset to return to baseline. A small holding current was injected to establish
an initial membrane potential of =70 mV prior to drug application. As shown in Fig. 9A, a
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brief depolarizing current pulse evoked a burst of spikes that rides on top of a plateau
potential. NMDA (10 uM) prolonged the plateau potential from a control duration of 337 +
68 ms to 1494 + 448 ms (n = 7; P < 0.05, paired t test) when recorded with control internal
solutions. In contrast, Fig. 9B shows that NMDA caused a significant shortening of the
plateau potential (from 705 + 204 ms to 196 + 30 ms) when recording with pipettes that
contained 5 UM A769662 (n=7; P < 0.05, t test). However, superfusing the slice with either
100 pM tolbutamide (Fig. 9C) or 30 uM dorsomorphin (Fig. 9D) again permitted NMDA to
lengthen plateau potentials. On average, NMDA prolonged the plateau potential by 393 +
147% in tolbutamide (n = 7) and by 329 + 26% in dorsomorphin (n = 6), both of which were
significantly different from the 54 + 9% reduction in plateau duration caused by NMDA in
AT769662 alone. These results suggest that AMPK-dependent activation of K-ATP channels
causes a significant antagonism of the excitatory effect of NMDA receptor stimulation on
plateau potential duration.

We next investigated the influence of AMPK activation on NMDA-induced burst firing.
Using pipettes that contained normal internal solution, superfusing the slice with NMDA (10
UM) evoked burst firing, as seen in Fig. 10A. Superfusing slices with diazoxide (100 pM)
caused reversible suppressed burst firing in all neurons tested (n = 8). Tolbutamide (100 pM)
tended to facilitate NMDA-evoked burst firing as evidenced by an increase in number of
spikes per burst (79 + 50 in control versus 131 + 37 during tolbutamide; P = 0.11) and by an
increase in the burst duration (1516 + 344 in control versus 2979 + 333 during tolbutamide;
n=3; P<0.05, ttests). In addition, Fig. 10A shows that NMDA-induced burst firing could
also be suppressed by superfusing 0.5 mM AICAR, which is an AMP mimic that is known
to activate AMPK (n = 3).

We also studied NMDA-induced burst firing when recording with pipettes that contained
AT769662 (Figs 10B & 10C). Although NMDA-induced burst firing was initially suppressed
in the presence of A769662, bursting was induced by NMDA when K-ATP channels were
blocked with tolbutamide (100 uM), as seen in Fig. 10B (n = 4). Figure 10C shows that
superfusing the slice with dorsomorphin (30 uM) also facilitated the ability of NMDA to
evoke bursting in the presence of A769662 (n = 10). These results support the conclusion
that AMPK exerts an inhibitory influence on STN neuronal excitability by facilitation of
NMDA-dependent K-ATP channel activity.

4. DISCUSSION

In the present study, we demonstrated that pharmacological activation of AMPK augments
K-ATP current that is evoked by NMDA receptor stimulation in STN neurons. This
augmentation is Ca2*-dependent and requires participation of calmodulin and the upstream
kinase CaMKKJ. Our studies also present evidence for involvement of NO and cGMP-
dependent pathways in the augmentation of K-ATP channel function by AMPK. In addition,
others have shown that AMPK can phosphorylate NOS and promote NO synthesis (Chen et
al., 1999), and NO can further accelerate the phosphorylation of AMPK (Lira et al., 2007).
Moreover, AMPK has been shown to interact directly with K-ATP channel subunits to
increase K-ATP channel function (Yoshida et al., 2012; Du et al., 2014). Thus, our results
add to a growing body of literature showing that AMPK activation facilitates K-ATP
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channel function. A summary schematic of proposed pathways involved in the actions of
AMPK on K-ATP function is presented in Fig. 11.

4.1 Role of AMPK as an energy sensor

Activated by a rising AMP/ATP ratio, AMPK acts as a master regulator that strives to
maintain cellular energy homeostasis (Hardie et al., 2003). When activated by
phosphorylation, AMPK up-regulates those processes that increase ATP, such as increasing
glucose uptake, glycolysis, fatty acid oxidation, and mitochondrial biogenesis. At the same
time, AMPK switches off pathways that consume ATP, such as protein and glycogen
synthesis (Russo et al., 2013). Exercise of skeletal muscle activates AMPK, as does energy-
compromising conditions such as hypoglycemia, hypoxia, and ischemia (Hardie et al.,
2003). AMPK also increases the translocation of the glucose transporter GLUT4 to plasma
membranes and thus facilitates the actions of insulin to control blood glucose. Because
hypoglycemia and hypoxia activate AMPK (Amato and Man, 2011), it may be important to
note that living brain slice preparations are very sensitive to fluctuations in glucose level and
oxygen tension. Although our brain slices were superfused with a hyperglycemic (11 mM
glucose) solution that is saturated with oxygen, levels of glucose and oxygen drop off
markedly toward the center of the slice, which can alter neuronal physiology (An et al.,
2008; Jiang and Haddad, 1991). Depending upon the location of the recorded neuron in the
slice, it is reasonable to expect that local alterations in glucose level and oxygen tension
could potentially influence basal AMPK activity and K-ATP channel function in brain
slices.

4.2 AMPK and K-ATP channel function

Although we found that AMPK activation markedly potentiated K-ATP currents evoked by
NMDA, our results also showed that AMPK activation did not augment K-ATP currents
evoked by diazoxide. Furthermore, diazoxide-induced current was not augmented after
serial exposures to NMDA in the presence of an AMPK activator, which argues against the
hypothesis that augmentation of diazoxide current requires concomitant NMDA receptor
activation. Because AMPK activation failed to increase diazoxide-induced currents, this
suggests that AMPK does not increase the surface expression of K-ATP channels in STN
neurons. This conclusion contrasts with the work of others who found that AMPK activation
increased the surface expression of K-ATP channel subunits in pancreatic 3-cells (Smith et
al., 2006; Lim et al., 2009) and cardiac myocytes (Sukhodub et al., 2007; Yoshida et al.,
2012). Our results also do not agree with studies reporting that AMPK activation inhibited
K-ATP channel activity as a mechanism for inducing insulin release in pancreatic -cells
(Wang et al., 2005; Langelueddecke et al., 2012; Diifer et al., 2010). In the present study, we
suggest that AMPK activation augments NMDA-induced K-ATP currents by potentiating
the actions of NO- and cGMP-coupled pathways, which are well-known to potentiate K-
ATP function (Han et al., 2001; Shen and Johnson, 2010; Lin et al., 2004; Chai et al., 2011).
In contrast, the action of diazoxide is unchanged during AMPK activation because the
opening of K-ATP channels by diazoxide is not dependent upon these second messenger
pathways.
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4.3 AMPK actions in other central neurons

Although the role of AMPK as an energy sensor is well documented, the possibility that
AMPK is also an important regulator of neuronal activity is just beginning to be explored.
AMPK is widely expressed in the brain, although expression of subunit subtypes varies
amongst specific types of neuron and during different stages of development (Turnley et al.,
1999). Kuramoto et al (2007) showed that the AMPK activator metformin reduced the
rundown in GABAGg receptor-mediated outward currents produced by repeated applications
of baclofen in cultured hippocampus neurons. Moreover, these investigators demonstrated
that AMPK subunits and GABAGR receptors were colocalized when expressed in HEK cells.
Ikematsu et al (2011) showed that activation of AMPK by A769662 phosphorylates the
voltage-dependent delayed rectifier K* channel K,2.1. This action of AMPK caused a
hyperpolarizing shift in the voltage dependence of K2.1 that reduced the excitatory
responses of hippocampal neurons to depolarizing current pulses. AMPK has also been
shown to phosphorylate TREK K* channels and BK gKCa channels and reduce their
conductances in carotid body neurons (Kréneisz et al., 2009; Ross et al., 2011). AMPK
activators have also been shown to inhibit the expression of long-term potentiation in
hippocampal neurons (Potter et al., 2010). A well-documented central action of AMPK has
been identified in the hypothalamus that regulates appetite. Thus, AMPK activation has been
shown to trigger Ca2* influx and cFOS expression in neuropeptide Y neurons in the arcuate
nucleus and induce feeding behavior in rats (Kohno et al., 2011; Dickson and Luckman,
1997). Moreover, the orexigenic hormone ghrelin stimulates appetite by promoting AMPK
phosphorylation in arcuate neurons (Kirsz and Zieba, 2011). Although knowledge of AMPK
actions in neurons is limited, our data and the results of others suggest that AMPK activation
dampens neuronal excitability, which would be consistent with its role to promote the
conservation of metabolic energy.

4.4 Functional considerations

Our studies demonstrate that AMPK activation can regulate the firing pattern of STN
neurons. By activating K-ATP current, we have shown that AMPK activating agents shorten
the duration of plateau potentials and suppress NMDA-induced burst firing. Thus, activation
of K-ATP channels by NMDA receptor stimulation would tend to dampen the excitatory
influence of glutamate, and our data suggest that AMPK facilitates this inhibitory influence
of K-ATP channels. Because burst firing in STN neurons is associated with symptoms of
Parkinson’s disease (Wichmann and Dostrovsky, 2011), suppression of bursting may be a
potential strategy for improving symptoms of this disease. Our results suggest that AMPK
activation in the STN might be explored as a possible treatment strategy for controlling
symptoms of Parkinson’s disease. However, it is important to note that the hyperpolarizing
influence of K-ATP currents in dopamine neurons would be expected to reduce dopamine
release and worsen symptoms of Parkinson’s disease. Therefore, augmentation of K-ATP
channel function by AMPK would have to be limited to STN and perhaps other basal
ganglia outflow neurons in order to expect benefit in Parkinson’s disease.
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5. CONCLUSIONS

Our studies suggest that AMPK activation augments K-ATP current that is evoked by
NMDA receptor stimulation in STN neurons. Facilitation of K-ATP current requires Ca2*-
dependent activation of the upstream kinase CaMKKJ, and also requires participation of
NO- and cGMP-dependent pathways. Because diazoxide-induced currents were not affected,
our data suggest that augmentation of K-ATP current by AMPK is not mediated by
increased surface expression of K-ATP channel subunits. By increasing the inhibitory
influence of K-ATP channels, we suggest that AMPK activation tempers the excitatory
influence of NMDA receptor stimulation. Selective activation of AMPK in the STN might
be explored in the future as a possible therapeutic strategy for the treatment of Parkinson’s
disease symptoms.
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Fig. 1.

AMPK activators augment the ability of NMDA (10 uM) to evoke outward currents in STN
neurons. (A1) Current trace shows that repeated applications of NMDA (10 pM)
consistently evoke inward currents (at — 70 mV) in an STN neuron. Truncated deflections in
these and subsequent current records are artifacts caused by voltage steps that were used to
measure series resistance or membrane conductance for the construction of 1-V plots. (A2)
Current traces recorded during a series of hyperpolarizing voltage steps (from —70 to —140
mV) in the absence and presence of NMDA. Wash indicates recording after NMDA was
washed from the slice. Dashed line indicates zero current. (B1) Current trace shows that
NMDA evokes outward currents with increasing amplitudes when the slice is superfused
with the AMPK activator A769662 (10 uM). (B2) Current traces recorded during a series of
hyperpolarizing voltage steps (from =70 to =140 mV) show that NMDA increases
membrane conductance in an STN neuron when recorded in the presence of A769662 (10
UM). (C1) Current trace shows that NMDA evokes outward currents with increasing
amplitudes when the slice is superfused with the AMPK activator PT1 (10 pM). (C2)
Current traces recorded during a series of hyperpolarizing voltage steps (from —70 to —140
mV) show that NMDA increases membrane conductance in an STN neuron when recorded
in the presence of PT1 (10 uM).

Neuroscience. Author manuscript; available in PMC 2015 August 22.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Shen et al.

2 g Control
Internal solution containing A769662 V (mV) —@— A769662 I (NMEA)éF(’)A)
160140 120 -100 80 @ 60 |
NMDA . I T T 9 __ |
o P 4 : - -50
2 —-100
. J
e 2 —-150
50 pA R
—I ’ ?ﬁ " —-200
5 min o i
B1
Internal solution containing PT1 B2 TS Control 1 (NMDA) (pA)
NMDA [ O PT1 7 128
o V (mV) ] 150
160 140 120 100 " 60 5
[ | [ o —®— 17
L o * 5 -50
50 pA A /I/‘, —-100
5 min F‘*If I —-150
Lowx * 200

Page 21

Fig. 2.
AMPK activation potentiates the ability of NMDA (10 uM) to increase conductance in STN

neurons. (Al) Trace showing currents evoked by NMDA while recording with a pipette that
contained A769662 (5 uM). Bath application of NMDA evoked an inward current during the
first application and an outward current in the second application. (A2) Summarized 1-V
plots showing voltage dependence of NMDA currents evoked in neurons recorded with
pipettes that contained either normal internal solution (control; n = 5) or A769662 (n = 9).
Note that the region of negative slope conductance seen in the NMDA control plot is
replaced by a positive slope conductance when recording with A769662. (B1) Current trace
recorded with a pipette that contained PT1 (10 uM); NMDA evoked an inward current
during the first application and outward current in the second application. (B2) Summarized
I-V plots showing voltage dependence of NMDA currents evoked in neurons recorded with
pipettes that contained either normal internal solution (control) or PT1 (n = 4). I-V plots
were obtained at least 30 min after starting whole-cell recordings. The I-V plot for NMDA
control represents the same data as shown in Fig. 2A2. NMDA control (blue) and NMDA in
AT769662 (red) are color coded for use in multiple figures. Asterisks: *, P < 0.05; **, P <
0.01.
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Fig. 3.
Dorsomorphin prevents the generation of AMPK-dependent NMDA-induced outward

current. (A) Current trace shows that bath application of the AMPK inhibitor dorsomorphin
(30 uM) blocks NMDA-evoked outward current (at =70 mV) in an STN neuron recorded
with internal solution containing A769662 (5 UM). Note that outward current evoked by
repeated applications of NMDA (10 uM) disappears gradually with continued dorsomorphin
superfusion. (B) I-V plots of NMDA-induced currents recorded with pipettes containing
AT769662 in the presence (n = 7) and absence of dorsomorphin. Note that dorsomorphin
significantly altered the voltage dependence of currents evoked by NMDA. The A769662
control plot is the same as that shown in Fig. 2A2. The dorsomorphin I-V plot was
constructed at least 30 min after starting superfusion. Asterisks: *, P < 0.05; **, P < 0.01.
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Fig. 4.
Western blot analysis showing antagonism of A769662-induced increased in P-AMPK by

dorsomorphin. (A) A769662 increases the expression of phosphorylated AMPK alpha
subunit (P-AMPK). (B) A769662 causes a concentration-dependent increase in P-AMPK (n
= 3). (C) Dorsomorphin (30 uM, n = 4) antagonizes the A769662-induced increase (n = 3) in
P-AMPK. Data are expressed as percentages of control P-AMPK in zero A769662.
Asterisks: *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Fig. 5.

Aggmentation of NMDA-induced currents by AMPK is sulfonylurea-sensitive. NMDA-
induced outward currents were recorded with pipettes that contained A697662 (5 uM). (A1)
Current trace shows that outward current evoked by NMDA (at =70 mV) was blocked by
tolbutamide (100 pM). Note that the addition of Ba2* (300 uM) increased the amplitude of
NMDA-evoked inward current. (A2) Summarized I-V plots show that tolbutamide
significantly altered the voltage dependence of NMDA-evoked currents in the presence of
A769662, and the addition of Ba2* caused a further shift in voltage dependence (n = 8). Also
note that tolbutamide changed the slope conductance of NMDA-evoked currents from
positive to negative, and this was further accentuated by Ba2*. (B1) NMDA-induced inward
currents in tolbutamide were not further increased by apamin (1 uM). (B2) I-V plots show
that the voltage dependence of NMDA currents in tolbutamide (100 pM) was not altered by
the addition of apamin (n = 6). (C1) NMDA currents recorded in tolbutamide and penitrem
A (10 uM). (C2) Summarized I-V plots show that the region of negative slope conductance
of NMDA-gated currents in tolbutamide was not significantly altered by the addition of
penitrem A (n = 12). Symbols near data points indicate significant differences (* and #, P <
0.05; ** and ##, P < 0.01; * and **, control vs tolbutamide; # and ##, tolbutamide vs
tolbutamide plus Ba2*).
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Augmentation of NMDA-evoked K-ATP conductance by AMPK is dependent upon Ca?*,
calmodulin, and CaMKKJ. All recordings were made with pipettes that contained A769662
(5 uM). (A1) Current traces showing that low Ca2* aCSF (0.2 mM) blocks NMDA-induced
outward current. (A2) Summarized I-V plots for NMDA currents in control and low Ca?*
aCSF. (B1) Current trace shows that NMDA failed to evoke outward current (at =70 mV)
when pipettes contained BAPTA (10 mM) in place of EGTA. (B2) Summarized I-V plots
show that the presence of BAPTA significantly altered the voltage-dependence of currents
evoked by NMDA (n = 6) compared to the A769662 control. (C1) Current trace shows that
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bath application of the calmodulin inhibitor CGS9343B (40 uM) blocked NMDA-evoked
outward current (at =70 mV). (C2) Summarized I-V plots show that CGS9343B (40 uM)
significantly altered the voltage-dependence of currents evoked by NMDA (n = 7) compared
to A769662 control. (D1) Current trace shows that STO609 (10 uM), an inhibitor of
CaMKKGp, blocked NMDA-evoked outward current (at =70 mV). Slices were superfused
with STO609 at least 30 min prior to beginning whole-cell recording. (D2) Summarized I-V
plots showing that STO609 significantly altered the voltage dependence of NMDA current
(n=7) compared to the A769662 control. STO609 was superfused at least 30 min prior to
construction of the I-V plot. I-V plots for A769662 control in B2 and D2 are historical
controls and are the same as that shown in Fig. 2A2. The data shown in A2 and C2 are
paired data in which data for the A769662 control were obtained from the same neurons
treated with CGS9343B or low Ca2* aCSF. Asterisks: *, P < 0.05; **, P < 0.01.
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Fig. 7.
Augmentation of the NMDA-activated K-ATP conductance by AMPK requires NO and

cGMP. All recordings were made with pipettes that contained A769662 (5 uM). (A1)
Current trace shows that bath application of the NOS inhibitor L-NAME (200 uM) blocked
NMDA-evoked outward current (at =70 mV). Note that only inward current was evoked by
NMDA in the presence of L-NAME. (A2) Summarized I-V plots show that L-NAME (200
UM) significantly altered the voltage-dependence of currents evoked by NMDA (n = 6).
(B1) Current trace shows that the guanylyl cyclase inhibitor ODQ (20 uM) blocked NMDA-
evoked outward current (at =70 mV) in an STN neuron. Note that NMDA evoked an inward
current in the presence of ODQ, whereas NMDA evoked outward current after ODQ was
washed from the slice. (B2) Summarized I-V plots show that ODQ (20 uM) significantly
altered the voltage-dependence of currents evoked by NMDA and changed the slope
conductance of NMDA-evoked currents from positive to negative (n = 7). Asterisks: *, P <
0.05; **, P<0.01.
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Fig. 8.

Alg\]/IPK activator A769662 does not potentiate currents evoked by diazoxide. (A1) Current
traces show that currents evoked by bath applications of diazoxide (200 uM) do not increase
over time when recorded with pipettes that contained A769662 (5 pM). This figure also
shows that diazoxide currents are completely blocked by tolbutamide (100 pM). (A2)
Summary histogram showing that A769662 does not change the amplitude of diazoxide
current. Diazoxide currents were evoked every 20 min after beginning whole-cell
recordings. The bar labeled “control” represents diazoxide currents recorded without
AT769662 in pipettes. (B1) Current traces showing that repeated applications of NMDA (10
UM) do not alter diazoxide-induced currents when recorded with pipettes that contained
AT769662. (B2) Summary histogram showing lack of effect of repeated NMDA applications
on diazoxide currents. NMDA and diazoxide were applied to the bath every 30-35 min. The
bar labeled “control” represents currents evoked before NMDA application using pipettes
with A769662. Numbers above columns indicate number of cells.
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Fig. 9.

A369662 shortens plateau potentials by activating K-ATP. Current-clamp whole-cell
recordings of plateau potentials obtained from STN neurons without (control) and with
AT769662 in pipettes. Although NMDA lengthened the plateau potential under control
conditions (A), NMDA shortened the plateau potential when recording with a pipette that
contained A769662 (B). Both tolbutamide (C) and dorsomorphin (D) blocked the effect of
AT769662, thus allowing NMDA to lengthen the plateau potential. Each plateau potential
was evoked by a brief depolarizing current pulse (200 pA; 100 ms duration) as illustrated
under the voltage trace in “D”. A holding current was applied to establish an initial
membrane potential of =70 mV. Wash indicates recording after NMDA is washed from the
slice. Data were obtained from four different neurons.
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AMPK activation suppresses NMDA-evoked burst firing. (A) Current-clamp recordings
showing NMDA-induced K-ATP channel-dependent burst firings in a STN neuron recorded

with control internal solutions. Burst firing is inhibited by diazoxide (100 uM) and

facilitated by tolbutamide (100 pM). The AMPK activator AICAR (0.5 mM) also inhibits

NMDA-induced burst firing. (B) NMDA (10 pM) failed to evoke burst firing when

recording with a pipette that contained A769662 (5 uM). However, bursting was evoked
during superfusion with either tolbutamide (B) or dorsomorphin (C) despite recording with

AT769662 in the pipette.
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Fig. 11.
Schematic illustrating proposed pathways by which AMPK augments K-ATP channel

function. Arrows with solid lines indicate pathways that are supported by our experimental
results, whereas arrows with dashed lines indicate pathways that are supported by the
literature.
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