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PHARMACOLOGICAL AND MOLECULAR CHARACTERIZATION
OF ATP-SENSITIVE Kⴙ CONDUCTANCES IN CART AND NPY/AgRP
EXPRESSING NEURONS OF THE HYPOTHALAMIC ARCUATE
NUCLEUS
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These data indicate a crucial role for these ion channels in
central sensing of metabolic and energy status. However,
further studies are needed to clarify the differential roles of
these channels, the organization of signaling pathways that
regulate them and how they operate in functionally opposing
cell types. © 2006 IBRO. Published by Elsevier Ltd. All rights
reserved.
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Abstract—The role of hypothalamic ATP-sensitive potassium
channels in the maintenance of energy homeostasis has
been extensively explored. However, how these channels are
incorporated into the neuronal networks of the arcuate nucleus remains unclear. Whole-cell patch-clamp recordings
from rat arcuate nucleus neurons in hypothalamic slice preparations revealed widespread expression of functional ATPsensitive potassium channels within the nucleus. ATP-sensitive potassium channels were expressed in orexigenic neuropeptide Y/agouti-related protein (NPY/AgRP) and ghrelinsensitive neurons and in anorexigenic cocaine-andamphetamine regulated transcript (CART) neurons. In 70% of
the arcuate nucleus neurons recorded, exposure to glucosefree bathing medium induced inhibition of electrical excitability, the response being characterized by membrane hyperpolarization, a reduction in neuronal input resistance and a
reversal potential consistent with opening of potassium
channels. These effects were reversible upon re-introduction
of glucose to the bathing medium or upon exposure to the
ATP-sensitive potassium channel blockers tolbutamide or
glibenclamide. The potassium channel opener diazoxide, but
not pinacidil, also induced a tolbutamide and glibenclamidesensitive inhibition of electrical excitability. Single-cell reverse transcription–polymerase chain reaction revealed expression of mRNA for sulfonylurea receptor 1 but not sulfonylurea receptor 2 subunits of ATP-sensitive potassium
channels. Thus, rat arcuate nucleus neurons, including those
involved in functionally antagonistic orexigenic and anorexigenic pathways express functional ATP-sensitive potassium
channels which include sulfonylurea receptor 1 subunits.

The hypothalamic arcuate nucleus (ARC) plays a key role
in the maintenance of energy homeostasis by integrating
metabolic signals of central and peripheral origin (Cone et
al., 2001). The ARC is considered circumventricular and as
such neurons in this nucleus are well suited to detect
circulating factors including glucose, insulin and leptin and
formulate an appropriate output including changes in electrical excitability (Spanswick et al., 1997, 2000; Cowley et
al., 2001; van den Top et al., 2004). ATP-sensitive potassium channels (KATP) in ARC and ventromedial nucleus of
the hypothalamus (VMH) neurons are a target through
which these circulating factors convey their metabolic message to the CNS (Ashford et al., 1990a; Spanswick et al.,
1997, 2000). Moreover, ARC neurons expressing KATP
channels are essential components of the central mechanisms controlling the effect of insulin on hepatic glucose
production (Obici et al., 2002a). Classically, KATP channels
have been suggested to be a key substrate by which the
brain senses changes in glucose levels. Specialized neurons in the CNS sense extracellular glucose concentrations and modulate their electrical activity appropriately
(Anand et al., 1964; Oomura et al., 1964). Neurons that
increase their electrical activity in response to increasing
extracellular glucose, so-called glucose responsive neurons, are present in the ARC (Oomura et al., 1969; Spanswick et al., 1997). However, at present a detailed pharmacological and molecular characterization of KATP channels expressed in ARC neurons is lacking.
Hypoglycemia and increased circulating leptin/insulin
concentrations are, in vivo, indicative of opposing physiological states while both conditions inhibit ARC neurons
through the opening of KATP channels (Spanswick et al.,
1997, 2000). Therefore, in order to facilitate these polar
effects through a common pathway, it seems likely that
KATP channels are expressed on anabolic as well as catabolic neurons. Accordingly, we hypothesized that KATP
channels are expressed by multiple ARC neurons in-

1

M. van den Top and D.J. Lyons contributed equally to this work.
*Corresponding author. Tel: ⫹44-02476-574868; fax: ⫹44-02476-523701.
E-mail address: D.C.spanswick@warwick.ac.uk (D. Spanswick).
Abbreviations: ACSF, artificial cerebrospinal fluid; AgRP, agouti-related protein; ARC, hypothalamic arcuate nucleus; CART, cocaineand-amphetamine-regulated transcript; DMSO, dimethyl sulfoxide;
EGTA, ethylene glycol-bis(2-aminoethylether)-N,N,N=,N=-tetraacetic
acid; Hepes, N-(2-hydroxyethyl)piperazine-N=-(2-ethanesulfonic acid);
KATP channels, ATP-sensitive potassium channels; KCO, potassium
channel opener; KIR, inward rectifying potassium channel; Na-ATP,
ATP disodium salt; NGS, normal goat serum; NPY, neuropeptide Y;
POMC, pro-opiomelanocortin; RT-PCR, reverse transcription–polymerase chain reaction; SUR1, sulfonylurea receptor 1; SUR2, sulfonylurea receptor 2; TBS-T, Tris-buffered saline containing 1% Triton X-100;
TTX, tetrodotoxin; VMH, ventromedial nucleus of the hypothalamus.

0306-4522/07$30.00⫹0.00 © 2006 IBRO. Published by Elsevier Ltd. All rights reserved.
doi:10.1016/j.neuroscience.2006.09.059

815

816

M. van den Top et al. / Neuroscience 144 (2007) 815– 824

cluding the parallel but functionally antagonistic neuronal populations expressing the orexigenic neuropeptide
Y/agouti-related protein (NPY/AgRP) or the anorexigenic pro-opiomelanocortin/cocaine-and-amphetamineregulated transcript (POMC/CART) (Ollmann et al., 1997;
Broberger et al., 1998; Bagnol et al., 1999). Here we
describe for the first time the pharmacological and molecular properties of functional KATP channels in the ARC.
Moreover, we show that KATP channels are expressed by
the majority of ARC neurons (70%) including NPY/AgRP
and CART neurons. A preliminary account of these findings has appeared in abstract form (Lyons et al., 2004).

EXPERIMENTAL PROCEDURES
Slice preparation
Male Wistar rats from our institutional breeding colonies, aged
4 –12 weeks, were humanely killed by cervical dislocation and
subsequently decapitated in agreement with UK national guidelines and in accordance with the principles and guidelines of the
Canadian Council for Animal Care. Every effort was made to
minimize the number of animals used and their suffering. The
brain was rapidly removed and coronal 300 – 400 m slices containing the ARC cut using a Vibratome (Intracel, Series 1000,
Royston, UK). Slices were maintained at room temperature in
oxygenated artificial cerebrospinal fluid (ACSF) for at least an
hour prior to recording.

Recording and analysis
For recording, slices were transferred to a custom-made recording
chamber and continuously perfused at room temperature with
ACSF of the following composition (in mM): 127.0 NaCl, 1.9 KCl,
1.2 KH2PO4, 26.0 NaHCO3, 10.0 D-glucose, 1.3 MgCl2, 2.4 CaCl2,
equilibrated with 95% O2, 5% CO2, pH 7.3–7.4. Glucose-free
ASCF was prepared by substituting equimolar concentrations of
D-glucose with D-mannitol. Recordings were obtained from neurons located in the ARC using axopatch-1D amplifiers (Axon
Instruments, Foster City, CA, USA). Patch pipettes were pulled
using a horizontal puller (Sutter Instrument Co., Novato, CA, USA)
from thin-walled borosilicate glass (Harvard Apparatus LTD,
Edenbridge, Kent, UK) with resistances between 4 and 7 M⍀
when filled with electrode solution. The pipette solution comprised
(mM); 140 Kgluconate, 10 Hepes, 10 KCl, 1.0 EGTA, 2 ATP
disodium salt (Na-ATP) and had a pH of 7.3. For experiments
performed in the absence of intracellular ATP, Na-ATP was omitted. Whole cell recording in conjunction with single cell reverse
transcription–polymerase chain reaction (RT-PCR) analyses of
the neuronal cytoplasm was performed under visual control using
infrared video microscopy (Lee et al., 1998). The intracellular
solution used for these experiments comprised (mM); 120 Kgluconate, 10 NaCl, 2 MgCl2, 0.5 K2EGTA, 10 Hepes, 4 Na2ATP, 0.3
Na2GTP, pH 7.2. Current and voltage data were displayed on a
digital oscilloscope (Gould DSO1602) and stored on DAT-tape
(Biological DTR-1204, Intracel) with currents filtered at 1 kHz
using a four-pole low-pass Bessel filter. For data analysis signals
were digitized at 2–10 kHz, stored and analyzed on a personal
computer running pClamp8 software (Axon Instruments). In voltage-clamp experiments neurons were held at either ⫺40 or ⫺60
mV and the series resistance compensated by 60 – 80%.

Laboratories (Jerusalem, Israel). Drugs dissolved in dimethyl sulfoxide (DMSO) were diluted in ACSF with a maximal concentration of 0.5% DMSO. Pinacidil was made up in ethanol resulting in
a final concentration of 0.1% ethanol. Solvents did not induce
effects on the electrical properties of ARC neurons (n⫽3). Stock
solutions of other drugs were made in distilled water prior to
dilution in ACSF. All drugs were bath-applied from reservoirs
connected to the ACSF flow line by manually operable three-way
valves.

Immunocytochemistry
Recordings were obtained utilizing an intracellular solution containing the fluorescent dye Alexa 594 (50 –100 M). Post-recording slices were fixed overnight in a 0.1 M phosphate buffer containing 4% paraformaldehyde (pH 7.4). Subsequently, slices were
incubated in Tris-buffered saline containing 1% Triton X-100
(TBS-T) and 4% normal goat serum (NGS) for 1 h. Slices were
incubated overnight at 4 °C in rabbit anti-CART (Phoenix Pharmaceuticals, Belmont, CA, USA, 1:1000 in TBS-T) in the presence
of 2% NGS and rinsed prior to incubation in goat anti-rabbit
conjugated to CY2 (Jackson ImmunoResearch Laboratories, Bar
Harbor, ME, USA; 1:200). Finally, slices were rinsed and mounted
for confocal microscopy using Prolong anti-fade (Molecular
Probes, Eugene, OR, USA).

Single cell RT-PCR
Analysis of gene expression in single neurons has been described
previously (Dixon et al., 1998; Lee et al., 1998). Briefly, somatic
cytoplasm from single neurons was aspirated into the recording
electrode and subsequently forced into a microtube and the RNA
reverse transcribed using an anchored oligo dT primer and 200 U
of MMLV reverse transcriptase (BRL) according to the manufacturer’s recommendations. After 60 min at 37 °C the cDNA was
stored frozen at ⫺20 °C prior to processing. After amplification of
the cDNA using Taq polymerase, the expression of specific genes
was measured using primers designed to amplify products of
between 120 and 250 base pairs in length, close to the 3= ends of
the mRNA transcripts.
The primers used were; sulfonylurea receptor 1 (SUR1;
accession number L40624) forward primer (bases 4824-4842):
TGAAGCAACTGCCTCCATC; reverse primer (bases 50054987): GAAGCTTTTCCGGCTTGTC; sulfonylurea receptor 2
(SUR2; accession number D83598), forward primer (bases 48534872): ACCTGCTCCAGCACAAGAAT: reverse primer (bases
4997-4976): TCTCTTCATCACAATGACCAGG; alpha tubulin (accession number V01226): forward primer (bases 300-318): CACTGGTACGTGGGTGAGG; reverse primer (bases 471-450): TTTGACATGATACAGGGACTGC; cytochrome oxidase (accession
number L48209): forward primer (bases 96-116): ATCACCATTGGGCTCACTTC; reverse primer (bases 281-264): ATCCCAGGGTAAGCCAGC; synaptotagmin 1 (accession number
X52772): forward primer (bases 4022-4042): AGGGGCTTTCCTATCTAAGGG; reverse primer (bases 4223-4204): GTTGGCAGTGTTGCAAGAGA. These PCR reactions were run for 45
cycles of 92 °C (denaturing, 2.5 min), 55 °C (annealing, 1.5 min)
and 72 °C (extension, 1 min), followed by a final extension of 10
min at 72 °C. The PCR products were separated on 2.5% agarose
gels and the product sizes were as predicted from sequences.
Confirmation of the sensitivity and specificity of PCR reactions
was achieved as described previously (Dixon et al., 1998). The
nature of the SUR1 product was confirmed by sequencing the
amplified PCR products.

Drugs and solutions
Drugs used were diazoxide, glibenclamide pinacidil and tolbutamide (Sigma, Gillingham, Dorset, UK), ghrelin and orexin-A
(Bachem, St. Helens, UK) and tetrodotoxin (TTX) from Alomone

Statistical analyses
All values are expressed as mean⫾S.E.M. The two-tailed Student’s t-test was utilized for all statistical analysis in the paired and
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Fig. 1. NPY/AgRP neurons express functional KATP channels. (A) Wholecell current-clamp recording from an ARC NPY/AgRP showing glucose-free-induced hyperpolarization and reduction in neuronal input
resistance indicated by the decrease in amplitude of electrotonic potentials (downward deflections indicate electrotonic potentials evoked
in response to current pulses: 0.2 Hz, 0.5 s, ⫺30 pA). Effects of
glucose-free were partly reversed by orexin and subsequently by
tolbutamide. (B) Current voltage (IV) relationships of an NPY/AgRP
neuron in the presence (top) and absence (bottom) of extracellular
glucose. (C) Plot of data shown in B indicating a reversal potential
close to that for potassium ions (point of intersection).

independent configuration as appropriate. All statistics were performed on a PC running Microsoft Excel.

RESULTS
NPY/AgRP neurons express functional
KATP channels
Previously we identified a subpopulation of ARC NPY/
AgRP-expressing neurons that act as orexigen-sensitive
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conditional pacemakers (van den Top et al., 2004). These
neurons are distinguished based upon the expression of a
unique combination of electrophysiological properties
(anomalous inward rectification and a transient outward
rectifying conductance Fig. 1B; van den Top et al., 2004).
Here we investigated if ARC NPY/AgRP neurons express
KATP channels. Bath application of diazoxide (500 M,
n⫽1) or glucose-free bathing medium (n⫽7, Figs. 1A and
7Ci) induced an inhibition of membrane electrical excitability, the response being associated with membrane
hyperpolarization from a mean resting membrane potential of ⫺49.1⫾2.4 mV to ⫺57.8⫾1.6 mV (n⫽8) in 0 mM
glucose. The response was associated with a 40⫾8%
reduction in input resistance from an average of
1074⫾121 M⍀ in 10 mM glucose reaching 586⫾65 M⍀
in glucose free (n⫽8). The mean reversal potential of the
glucose free-induced current was ⫺87.9⫾2.5 mV (n⫽5).
The application of tolbutamide (200 M) reversed 76⫾9
and 81⫾19% of the membrane potential and input resistance elements of the glucose-free-induced response, respectively.
Ghrelin responsive neurons express KATP channels
ARC ghrelin sensitive neurons are putative orexigenic neurons (Nakazato et al., 2001; Shuto et al., 2002; Chen et al.,
2004), accordingly we used ghrelin sensitivity to identify
additional putative orexigenic neurons in the ARC (Fig.
2A). In glucose-free, 17 neurons with a mean resting membrane potential of ⫺46.3⫾1.2 mV responded with a membrane hyperpolarization of ⫺13.1⫾1.0 mV associated with
a 59⫾4% decrease in membrane resistance (n⫽14, Fig.
2A) and reversal potential of ⫺89.6⫾1.3 mV (n⫽14, Fig.
2Bi and Bii). These neurons were sensitive to tolbutamide
responding with a membrane depolarization of 11.6⫾1.1
mV from a membrane potential of ⫺57.6⫾1.8 mV, associated with an increase in membrane resistance from
447⫾73 M⍀ to 797⫾73 M⍀ (n⫽11), consistent with inhibition and closure of KATP. Thus tolbutamide induced or
increased neuronal electrical excitability. Of these 17 neu-

Fig. 2. Ghrelin sensitive neurons express functional KATP channels. (A) Samples of a continuous record showing glucose-free-induced inhibition and
subsequent depolarization and associated increased membrane resistance induced by ghrelin. This neuron was also sensitive to tolbutamide.
(Bi) Same neuron as A showing effects of glucose-free, ghrelin and tolbutamide on I–V relations. (Bii) Plots of data shown in Bi. Note, reversal
potentials for glucose-free, ghrelin and tolbutamide close to the reversal potential for potassium.
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rons which responded with inhibition and membrane hyperpolarization in the absence of extracellular glucose, 14
were sensitive to ghrelin (100 –200 nM). Ghrelin induced a
significant increase in neuronal excitability. The response
was characterized by a 6.1⫾0.8 mV membrane depolarization from a membrane potential of ⫺58.8⫾1.8 mV
(n⫽14). The response was associated with either a
30⫾5% increase (n⫽10), suggesting membrane depolarization through inhibition and closure of resting membrane
conductances, or no measurable change (n⫽4) in membrane resistance. In neurons responding with an increase
in membrane resistance, the membrane depolarization
amounted to 6.7⫾1.1 mV from a membrane potential of
⫺58.6⫾2.5 mV. The ghrelin-induced conductance had a
reversal potential of ⫺88.8⫾2.1 mV (n⫽9, Fig. 2Bi and
Bii). The remaining three neurons were ghrelin insensitive
and expressed CART.
CART neurons express functional KATP channels
CART-expressing neurons (n⫽4) were identified by double
labeling with Alexa 594 introduced from the pipette and
subsequent immunocytochemical staining for CART
(Fig. 3B). Exposure of these neurons to glucose-free bathing medium induced membrane hyperpolarization from
⫺52.0⫾1.1 mV in 10 mM glucose to ⫺63.8⫾1.7 mV in
glucose-free, a response associated with a 65⫾4% reduction in membrane resistance (n⫽4, Fig. 3A) and
reversal potential of ⫺89.5⫾1.0 mV (n⫽3, Fig. 3Ci and
Cii). Subsequent application of tolbutamide reversed the
glucose-free-induced response in membrane potential
and resistance by 135⫾24 and 89⫾11%, respectively
(n⫽4, Fig. 3A).
The effects of intracellular ATP on KATP-mediated
inhibitions
Whole-cell recordings were obtained from 22 ARC neurons using electrode solution containing 2 mM Na-ATP. In
10 mM glucose, these neurons were characterized by
spontaneous supra-threshold activity and a stable input

resistance for at least 15 min prior to exposure to a glucose-free environment. The initial resting membrane potential of these neurons was ⫺46.4⫾1.5 mV (n⫽22) and
the input resistance 1280⫾162 M⍀ (n⫽22). In glucosefree bathing medium 16/22 (73%) neurons responded with
membrane hyperpolarization over a period of 26.2⫾2.4
min from ⫺46.3⫾1.7 mV in control to ⫺52.3⫾1.7 mV
(n⫽16) in glucose-free (Fig. 4A). This hyperpolarization
was associated with a 26.1⫾3.8% reduction in membrane
resistance from 1342⫾192 M⍀ in control to 1001⫾152 M⍀
in glucose-free (Fig. 4A) and reversal potential of
⫺82.0⫾0.4 mV (n⫽5, Figs. 1C, 2Bii, 3C, 4E). The glucosefree-induced response reversed upon reintroduction of glucose (Fig. 4B). In a further six of seven cells following a
glucose-free-induced inhibition of ⫺6.3⫾1.2 mV accompanied by a 35⫾8% decrease in input resistance, subsequent exposure to tolbutamide (200 M) induced a membrane depolarization of 5.6⫾1.3 mV and a 51⫾11% increase in membrane resistance (Fig. 4A and B).
Tolbutamide-induced responses were fully recovered
within 20 min following washout of the drug.
Experiments were then performed to establish if dialysis of the cytoplasm utilizing ATP-free recording solutions
affected glucose responsiveness of ARC neurons (Pusch
and Neher, 1988; Lee et al., 1999). In 56 cells analyzed,
the initial membrane properties immediately following
whole-cell formation were statistically indistinguishable
from those obtained with 2 mM ATP in the electrode solution (Table 1). However, in 10 mM extracellular glucose,
omitting ATP from the recording solution alone induced a
slow, progressive tolbutamide-sensitive membrane hyperpolarization (n⫽3, Fig. 4D) achieving a new steady state
41.3⫾4.7 min following establishment of whole-cell access. In glucose-free conditions and absence of intracellular ATP 40/56 (71%) of neurons responded with membrane hyperpolarization amounting to 8.7⫾0.6 mV, from a
mean resting membrane potential of ⫺43.6⫾0.9 mV. This
response was associated with a reduction in membrane
resistance of ⫺44.2⫾2.7% from a resting membrane input

Fig. 3. ARC CART neurons express functional KATP channels. (A) Continuous whole-cell recording showing glucose-free-induced inhibition and
subsequent reversal by tolbutamide in a CART-expressing neuron revealed retrospectively by labeling with Alexa 595 (red) from recording pipette and
immunocytochemically with a CY2-labeled antibody for CART (green) and shown in B. (Ci) Same neuron showing effects of glucose-free on I–V
relations in this CART neuron. (Cii) Plots of data shown in Ci. Note the reversal potential for glucose-free close to potassium.
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Fig. 4. Glucose, ATP and tolbutamide sensitivity of ARC neurons. (A) Glucose-free bathing medium induced inhibition with 2 mM Na-ATP in the
recording pipette, an effect reversed by tolbutamide (200 M). (B) With 2 mM ATP in pipette solution, tolbutamide or reintroduction of glucose (10 mM)
reversed the effects of glucose-free. (C) With no ATP in the pipette solution glucose-free induced hyperpolarization, an effect reversed by tolbutamide.
(D) Plot of time taken to reach peak steady-state inhibition following recording with no intracellular ATP, 0 mM ATP and glucose-free and 2 mM
intracellular ATP and glucose glucose-free. The * indicates the significant reduction in the rundown time when ATP is omitted from the recording
solution (P⬍0.01). (E) Current–voltage (IV) plot of the glucose-free-induced currents as observed in the presence (red) and absence (black) of
intracellular ATP.

resistance of 1453⫾85 M⍀ (n⫽40; Fig. 4C) and reversal
potential of ⫺78.5⫾1.6 mV (n⫽5, Figs. 4E and 6Bii). Subsequent application of tolbutamide induced a reversible
membrane depolarization of 9.3⫾0.9 mV from an average
membrane potential of ⫺52.7⫾1.3 mV, accompanied by a
60⫾9% increase in membrane resistance in 22/25 neurons tested (Fig. 4C). The effects of glucose-free bathing
medium on membrane potential and input resistance in the
presence or absence of 2 mM ATP in the recording solution, were therefore not significantly different except for the
accelerated run-down time for neurons recorded in the
absence of intracellular ATP (Table 1, Fig. 4D and E).
Table 1. Properties of ARC neurons recorded in the presence or
absence of 2 mM [ATP]i
2 mM
[ATP]i

0 mM
[ATP]i

Significance

All neurons

(n⫽22)

(n⫽56)

Membrane potential (mV)
Membrane resistance (M⍀)
% KATP-expressing neurons

⫺46.4⫾1.5 ⫺43.6⫾0.7 P⫽0.06
1280⫾162 1449⫾84 P⫽0.32
73
71

KATP-expressing neurons

(n⫽16)

(n⫽40)

10 mM [Glucose]o
Membrane potential (mV)
⫺46.3⫾1.7 ⫺43.6⫾0.9 P⫽0.14
Membrane resistance (M⍀) 1342⫾192 1433⫾86 P⫽0.62
0 mM [Glucose]o
Membrane potential (mV)
⫺52.3⫾1.7 ⫺52.3⫾0.9 P⫽0.98
Membrane resistance (M⍀) 1001⫾152
825⫾63 P⫽0.21
Rundown time
26.2⫾2.4
20.2⫾0.8 P⬍0.01
The group denoted “all neurons” reflects the pooled data from all
neurons exposed to glucose-free environment included in The Effects
of Intracellular ATP on KATP ⫽ Mediated Inhibitions section. The
number of neurons included per group is indicated above the relevant
columns in parentheses. Statistical significance was determined using
the Student’s two-tailed t-tests for independent populations.

Sulfonylurea sensitivity of ARC KATP-mediated
conductances
In glucose free, in the presence of TTX (500 nM) to eliminate indirect effects, tolbutamide induced a concentrationdependent depolarization. At 1 M tolbutamide failed to
induce a significant effect. Subsequently, 10 M, 50 M,
100 M and 200 M tolbutamide induced a 0.7⫾0.7 mV,
3.8⫾1.1 mV, 6.4⫾1.3 mV and 6.3⫾1.5 mV depolarization,
respectively (Fig. 5A, B, n⫽3). The associated reversal
potential of the tolbutamide-inhibited conductance was
⫺76.3⫾2.0 mV (n⫽7, Fig. 5Ci and Cii). In voltage-clamp,
in TTX, tolbutamide induced an inward current of
12.2⫾4.0 pA (n⫽3) in neurons previously hyperpolarized by glucose-free bathing medium. Ramp protocols
(10 mV per second from ⫺126 mV to ⫺46 mV) revealed
a reduction in membrane conductance and a reversal
potential of the tolbutamide-induced current of
⫺83.9⫾1.0 mV (Fig. 5D, n⫽3).
Next, we tested the sensitivity of ARC neurons hyperpolarized in the absence of extracellular glucose to the
second generation sulfonylurea glibenclamide. Bath application of 200 nM glibenclamide following glucose-free induced hyperpolarization evoked a poorly reversible membrane depolarization of 7.5⫾2.0 mV from a glucose-freeinduced membrane potential of ⫺56.6⫾3.3 mV in six of
nine (67%) neurons (Fig. 6A). The response was associated with an increase in membrane resistance of 69⫾27%
from a steady-state input resistance of 683⫾154 M⍀. Glibenclamide, therefore, returned membrane potential and
input resistance to values similar to those observed prior to
exposure to glucose-free bathing medium, being ⫺49.0⫾
3.2 mV and 1280⫾212 M⍀, respectively (n⫽6). In two
glibenclamide-insensitive neurons subsequent tolbutamide application also failed to induce a response. In
current-clamp mode, the reversal potential of the glibenclamide induced conductance was ⫺74.3⫾3.4 mV (n⫽3,
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Fig. 5. Concentration-dependent sensitivity of ARC neurons to tolbutamide. (A) Continuous current clamp recording in glucose-free and TTX showing
the concentration-dependence of tolbutamide-induced depolarizations in this neuron. (B) Concentration-response curve for tolbutamide. Data are from
three neurons maintained between ⫺60 and ⫺65 mV in glucose-free. (Ci) Effects of tolbutamide on IV relations in TTX and glucose-free. (Cii) Plot
of data shown in Ci measured at point indicated by solid circle in Ci. (D) Averaged current responses (n⫽3) obtained in response to voltage-clamp
ramps ⫺126 to ⫺46 mV, 10 mV/s in the presence (red trace) and absence (black trace) of tolbutamide under glucose-free conditions. Point of
intersection indicates the reversal potential of the tolbutamide-induced current.

Fig. 6Bi and Bii). To obtain a more reliable reversal potential, voltage-clamp experiments were performed in TTX. At

a holding potential of ⫺60 mV glibenclamide induced an
inward current amounting to ⫺19.7⫾2.6 pA accompanied
by a decrease in membrane conductance of 32%. The
reversal potential of the glibenclamide-induced current,
observed with ramp protocols (10 mV/s from ⫺113 mV to
⫺33 mV), was ⫺82.7⫾1.9 mV (n⫽3, Fig. 6C).
Potassium channel opener (KCO) sensitivity of ARC
KATP expressing neurons

Fig. 6. Glibenclamide sensitivity of ARC KATP conductances. (A) Continuous current clamp recording showing glucose-free-induced hyperpolarization was reversed by glibenclamide. (Bi) IV relationships of a
neuron hyperpolarized in the absence of extracellular glucose obtained under control and glucose-free conditions in the presence and
absence of glibenclamide. (Bii) Plot of data shown in Bi. (C) Averaged
current responses (n⫽3) obtained in voltage-clamp in the presence
(red trace) and absence (black trace) of glibenclamide in glucose free.
Point of intersection indicates reversal potential, approaching potassium under our recording conditions.

To identify the SUR subunits expressed in ARC neurons,
their sensitivity to the KCO’s diazoxide and pinacidil, that
preferentially act on SUR1 and SUR2 respectively, were
tested. Application of diazoxide (500 M) induced a rapid,
reversible membrane hyperpolarization in nine of 14 neurons (64%) from a resting membrane potential of
⫺46.6⫾2.8 mV to ⫺55.2⫾2.7 mV in the presence of diazoxide (n⫽8, Fig. 7A). The hyperpolarization was associated with a 66⫾8% decrease in input resistance from a
resting resistance of 933⫾142 M⍀ (n⫽8, Fig. 7A). The
effects of diazoxide were reversed upon application of
200 M tolbutamide. In these neurons tolbutamide induced a 9.9⫾1.7 mV depolarization associated with a
72⫾20% increase in input resistance (n⫽5, Fig. 7A). In
current clamp, the reversal potential for the diazoxideinduced conductance was ⫺84.8⫾1.3 mV (n⫽3, Fig. 7Ci
and Cii). Voltage-clamp experiments, at a holding potential
of ⫺60 mV, in TTX, revealed a diazoxide-induced outward
current in 12/21 neurons (57%) amounting to 14.7⫾3.0 pA
(n⫽12). The outward current was associated with a 43%
increase in membrane conductance observed during ramp
protocols (⫺120 mV to ⫺30 mV at a rate of 10 mV/s). The
reversal potential of the diazoxide-induced outward current was ⫺83.8⫾4.2 mV (n⫽4, Fig. 7D). In contrast the
KCO pinacidil (600 M) had no significant effect on ARC
neurons whereas subsequent diazoxide application
(500 M) induced a significant tolbutamide-sensitive
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Fig. 7. Arc neurons express SUR1. (A) Continuous current clamp record showing an ARC neuron insensitive to pinacidil (600 M) was subsequently
inhibited by diazoxide (500 M), an effect reversed by tolbutamide (200 M). (B) Pooled data showing effects of pinacidil (600 M; left) and diazoxide
(500 M; right). * Indicates a significant difference at P⬍0.001. (Ci) Samples of a continuous record showing effects of diazoxide and tolbutamide on
IV relations. (Cii) Plot of data shown in Ci diazoxide-induced response and reversal by tolbutamide. Note the reversal potential around ⫺80 mV. (D)
Averaged current responses (n⫽4) obtained in voltage-clamp under control (black trace) and in the presence of diazoxide and diazoxide/tolbutamide
(red and green traces, respectively). (E) Single-cell RT-PCR revealed expression of SUR1 but not SUR2.

membrane hyperpolarization of 9.3⫾1.1 mV (n⫽7,
P⬍0.01, Figs. 7A and 4B).
KATP channel subunits expressed in Arc neurons
These pharmacological data suggest ARC neurons incorporate SUR1 as the regulatory subunit of functional KATP
channels. To further clarify the SUR expression profile of
ARC neurons, the cytoplasm of six cells hyperpolarized in
the absence of extracellular glucose under whole-cell recording conditions was harvested and subjected to reverse
transcription. The resulting cDNA was subsequently amplified and subjected to PCR analysis using primer oligonucleotides specific for the housekeeper genes, synaptotagmin 1, cytochrome oxidase and alpha tubulin together
with the SUR1 and SUR2 receptors. In all neurons tested,
mRNA for the housekeeping genes was detected. In addition, the expression of SUR1 but not SUR2 mRNA in
ARC neurons was established (Fig. 7E).
In a parallel control experiment, the cytoplasmic contents of five ARC neurons insensitive to nominal glucosefree conditions were harvested and after reverse transcription, the cDNA subjected to PCR analysis using the same
primer oligonucleotides as used on the glucose-free inhibited neurons. In these neurons, housekeeping genes synaptotagmin 1, cytochrome oxidase and alpha tubulin were
detected but were not found to contain mRNA for SUR
subunits.

DISCUSSION
The present study demonstrates the presence of functional
KATP channels in a high proportion of ARC neurons and
describes for the first time the pharmacological and molecular properties of these ion channels. Moreover, we
show for the first time that, in addition to the expression of
these channels in POMC/CART neurons, ARC NPY/AgRP
neurons also express functional KATP channels. Thus, we

show conclusively that KATP channels are expressed on
functionally antagonistic neuronal populations in the ARC
i.e. orexigenic (NPY/AgRP) and anorexigenic (POMC/
CART), respectively.
To investigate the role of intracellular ATP in the activation of KATP channels, ARC neurons exposed to a hypoglycemic environment were recorded with pipette solution containing either 2 mM or 0 mM ATP. The time
elapsed between removal of extracellular glucose and the
peak of the response, was reduced by 26% in cells recorded without ATP in the recording solution. This decrease in response latency, taken with the observation that
despite continuous perfusion with 10 mM glucose, cells
recorded in the absence of ATP run down spontaneously,
suggests that cytoplasmic dialysis of ATP can affect KATP
channel activation. In contrast, however, “clamping” intracellular ATP concentration at a fixed level through the
inclusion of ATP in the patch pipette did not prevent opening of KATP channels during glucoprivation (Spanswick et
al., 1997, 2000). These data imply that KATP channels are
situated in a location or are maintained within a structure
that allows them to function within a largely local, selfsustaining environment. In relation to this, studies on cardiac KATP channels revealed that glycolytic enzymes involved in the generation of ATP are part of the KATP
macromolecular complex controlling channel gating (DharChowdhury et al., 2005). It is feasible, therefore, that a
similar configuration exists in ARC neurons and that such
an arrangement could account for the stable ATP concentration observed during glucoprivic challenges (Ainscow et
al., 2002).
Pharmacologically, ARC KATP channels were sensitive
to diazoxide yet insensitive to pinacidil and, similar to
neurons in the VMH, were sensitive to both glibenclamide
and tolbutamide (Routh et al., 1997; Lee et al., 1999).
These results are consistent with the involvement of SUR1
subunits which was substantiated by single-cell RT-PCR
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showing the expression of SUR1 but not SUR2 mRNA.
The pharmacology and subunit composition of ARC neurons as shown in the present study is consistent with that
shown in rat VMH and mice ARC POMC neurons (Lee et
al., 1999; Ibrahim et al., 2003). With respect to the pore
forming subunit, in adult rat brain inward rectifying potassium channel (KIR) 6.2 but not KIR6.1 immunoreactivity is
observed in the ARC, including NPY neurons, while single
cell RT-PCR experiments performed on guinea-pig neurons also imply that KIR6.2 and not KIR6.1 is the poreforming subunit of ARC KATP channels (Dunn-Meynell et
al., 1998; Ibrahim et al., 2003; Thomzig et al., 2005).
Moreover, mice bearing a knockout for KIR6.2 potassium
channels have been reported to lose their central glucose
sensing abilities in the VMH and show an altered response
to systemic hypoglycemia (Miki et al., 2001). Collectively,
these data suggest that the most probable composition of
ARC KATP channels is Kir6.2 and SUR1. As such, the
pharmacological and molecular properties of ARC KATP
channels are essentially the same as those found to comprise KATP channel complexes in tissues such as the pancreatic ␤ cell (Aguilar-Bryan et al., 1995).
Previous studies have implicated brain KATP channels
as important substrates for sensing perturbations in energy
status (Obici et al., 2002b; Lam et al., 2005a,b). Without
doubt the most widespread studies have focused on the
role of these channels in glucose-sensing, being activated
when glucose levels fall, leading to hyperpolarization and
inhibition of neuronal activity (Ashford et al., 1990b; Spanswick et al., 1997; Yang et al., 1999; Song et al., 2001;
Ibrahim et al., 2003; Wang et al., 2004). Under such conditions, an increase in feeding and decrease in energy
expenditure are the predicted behavioral output suggesting the opening of KATP channels under such conditions to
involve anorectic neurons. However, KATP channels have
also been suggested as important in orexigenic pathways,
being targeted by leptin and insulin. In order for these
signals to formulate an output appropriate to energy demand, KATP channels activated during local hypoglycemia
or leptin/insulin should be expressed on anorectic and
orexigenic neurons, respectively. However, in order for
ARC KATP channels to constitute physiologically relevant
neuromodulators they must be able to respond selectively
to functionally divergent stimuli (Spanswick et al., 1997,
2000) As KATP channels’ responses to both metabolic and
pharmacological manipulation are largely dependent upon
subunit composition (Ashcroft and Gribble, 1998; Liss et
al., 1999), it was hypothesized that proposed differential
effects are defined by the function or phenotype-specific
expression of structurally distinct channel populations. The
apparent uniform composition of ARC KATP channels,
however, argues against channel variation in mediating the
differential sensitivity of ARC KATP expressing neurons to
physiological changes in extracellular glucose. Accordingly
cellular response must be determined by some process or
mechanism upstream of KATP channel activation, such as
the expression of leptin and insulin receptors or lactate
release from glia cells which has been shown to inhibit
KATP channels in a manner similar to glucose (Ainscow et

al., 2002; Song and Routh, 2005). In relation to this a
specific subset of glia cells that sense the general circulation and express receptors involved in the maintenance of
energy homeostasis has been reported (Cheunsuang and
Morris, 2005).
Evidence here of their extensive expression in the ARC
in parallel but functionally antagonistic cell populations
expressing the orexigenic neuropeptides NPY and AgRP
or the anorexigenic neuropeptides CART and POMC highlights both the importance KATP channels in the control of
neuronal activity of these neurons and the need to reevaluate exactly what their role is in sensing and signaling
changes in energy status (Ollmann et al., 1997; Broberger
et al., 1998; Bagnol et al., 1999). Physiologically, KATP
channels in orexigenic neurons are most likely a target for
anorectic circulating factors. Indeed, both insulin and leptin
signaling converges at the level of the KATP channel in the
VMH and ARC, while i.c.v. infusion of insulin reduces liver
glucose production, an effect blunted by KATP blockers
(Spanswick et al., 1997, 2000; Obici et al., 2002a, 2002c).
These observations together with the fact that selective
knockdown of insulin receptors in the mediobasal hypothalamus results in hypophagia (Obici et al., 2002a) suggest a role for ARC KATP channels in the maintenance of
energy homeostasis and that they represent a key focal
point for the anorectic effects of leptin and insulin in the
CNS.
Functional KATP channels were also expressed in anorexigenic CART neurons. In the ARC CART largely colocalizes with POMC and thus our findings here are in agreement with previous studies performed on POMC-expressing neurons in mice (Elias et al., 1998; Ibrahim et al.,
2003). The physiological function of KATP channels in
these neurons remains unclear. It may be, however, that
their expression in these neurons is associated with their
“classical” role in glucose sensing (Levin, 2000; Levin et
al., 2004). Accordingly, local reductions in extracellular
glucose, could lead to activation of KATP channels and a
reduction in these neurons’ electrical excitability and associated catabolic tone. In relation to this, a recent study
revealed ARC glucose responsive neurons were able to
sense presumed physiological changes in glucose via a
mechanism involving KATP channels. However, the chemical phenotype of these neurons was not identified and the
experiments were performed on neonatal animals that are
in a critical state of development associated with fluxes in
glucose utilization throughout the brain (Booth et al., 1980;
Nehlig et al., 1988; Wang et al., 2004). Thus the chemical
phenotype and role of ARC neurons expressing KATP
channels, which in adults under physiological conditions
contribute to glucose sensing, remains unclear.

CONCLUSION
In conclusion, we have shown KATP channels expressed
ubiquitously in the ARC including in NPY/AgRP and
POMC/CART neurons suggesting a crucial role in central
sensing of metabolic and energy status. Further studies
are needed to clarify the differential roles of these chan-
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nels, the organization of signaling pathways that regulate
them and how they operate in functionally opposing cell
types.
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