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Hypothalamic glucagon signals through the KATP
channels to regulate glucose production
Mona A. Abraham 1,2, Jessica T.Y. Yue 1,3, Mary P. LaPierre 1,2, Guy A. Rutter 4, Peter E. Light 5,
Beatrice M. Filippi 1,3, Tony K.T. Lam 1,2,3,6,*
ABSTRACT
Insulin, leptin and GLP-1 signal in the mediobasal hypothalamus (MBH) to lower hepatic glucose production (GP). MBH glucagon action also inhibits
GP but the downstream signaling mediators remain largely unknown. In parallel, a lipid-sensing pathway involving MBH AMPK-malonyl-CoA-
CPT-1-LCFA-CoA-PKC-δ leading to the activation of KATP channels lowers GP. Given that glucagon signals through the MBH PKA to lower GP,
and PKA inhibits AMPK in hypothalamic cell lines, a possibility arises that MBH glucagon-PKA inhibits AMPK, elevates LCFA-CoA levels to activate
PKC-δ, and activates KATP channels to lower GP. We here report that neither molecular or chemical activation of MBH AMPK nor inhibition of PKC-δ
negated the effect of MBH glucagon. In contrast, molecular and chemical inhibition of MBH KATP channels negated MBH glucagon's effect to lower
GP. Thus, MBH glucagon signals through a lipid-sensing independent but KATP channel-dependent pathway to regulate GP.
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1. INTRODUCTION

A role of glucagon action in the MBH was recently documented, in
contrast to the hormone's hepatic stimulatory effect, to lower GP [1].
This GP-lowering effect required the activation of the MBH glucagon
receptor–cAMP–PKA signaling pathway. In an experimental model of
high-fat feeding, hypothalamic glucagon resistance disrupts the control
on GP. However, direct activation of MBH PKA bypasses this resistance
to lower GP [1]. Since MBH glucagon resistance lies upstream of PKA in
response to a high-fat diet, the potential downstream targets of PKA in
MBH glucagon action warrants investigation.
The activation of PKA pathway has been documented to inhibit AMP-
activated protein kinase (AMPK) in hypothalamic cell lines [2] and
adipocytes [3]. These findings are of interest as direct inhibition of MBH
AMPK is sufficient to lower GP [4], while activating MBH AMPK negates
glucose sensing to inhibit GP [4]. It is believed that activation of MBH
AMPK negates the ability of a hypothalamic glucose flux to increase the
malonyl-CoA levels and relieves the inhibition on CPT-1, leading to a
reduction of cytosolic LCFA-CoA levels [5,6]. An accumulation of MBH
LCFA-CoA is necessary to activate MBH protein kinase C (PKC)-δ [7] and
the ATP-sensitive potassium (KATP) channels [7,8] to lower GP. Given
that MBH PKA signaling is necessary for glucagon to inhibit GP [1] and
that PKA inhibits AMPK in vitro as discussed above [2,3], we here tested
the hypothesis that MBH lipid-sensing pathway involving AMPK-LCFA-
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CoA-PKC-δ and the subsequent activation of the KATP channels are
necessary for MBH glucagon to lower GP (Supplemental Figure 1a).
With molecular and chemical approaches, we inhibited (i) the MBH
lipid-sensing pathway via activation of MBH AMPK or inhibition of MBH
PKC-δ, and (ii) MBH KATP channels in the presence of MBH glucagon
stimulation and evaluated the changes in the rate of GP and glucose
uptake during the pancreatic basal insulin-euglycemic clamps in normal
rats. We discovered that MBH glucagon infusion signals via a lipid-
sensing independent (i.e., AMPK and PKC-δ) but KATP channel-
dependent pathway to lower GP in vivo (Supplemental Figure 1b).
2. RESEARCH DESIGN AND METHODS

2.1. Animal preparation
Adult male Sprague Dawley rats aged 8 weeks (260–280 g) from Charles
River Laboratories (Montreal, Quebec, Canada) were studied. Rats underwent
stereotaxic implantation with a 26-gauge stainless steel bilateral guide
catheter (C235G, Plastics One Inc. Virginia, USA) placed into the MBH using
the coordinates 3.1 mm posterior to bregma, 0.4 mm lateral of midline and
9.6 mm below skull surface as described [1]. After 6 days of recovery,
vascular catheters were inserted into the internal jugular vein and carotid
artery for infusion and blood sampling [1,9]. All experiments in rats complied
with the rules of the Institutional Animal Care and Use committee of the
University Health Network.
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Figure 1: Role of MBH AMPK in glucagon action. (A) Glucose infusion rate, (B) GP, (C) GP suppression expressed as the percentage decrease from basal period (60–90 min) to the clamp period
(180–210 min) and (D) glucose uptake obtained during the clamps that received MBH saline (n¼5), glucagon (n¼5), AICARþsaline (n¼5) or AICARþglucagon (n¼7). (E) Glucose infusion
rate, (F) GP, (G) GP suppression expressed as the percentage decrease from basal period (60–90 min) to the clamp period (180–210 min) and (H) glucose uptake obtained during the clamps that
received MBH GFPþ saline (n¼5), GFPþglucagon (n¼5), CA AMPKþ saline (n¼5) or CA AMPKþglucagon (n¼6). (I): Phosphorylation of ACC. Shown above is the representative western
blot of pACC in saline (n¼5) and glucagon (n¼5) treated MBH wedges normalized to total ACC and B-tubulin. Shown below is the quantification of pACC normalized to total ACC. Data are shown
as meansþSE. *Po0.05.
2.2. Adenovirus injection
Immediately following brain surgery, a group of rats received 3 μl of
adenovirus containing the constitutively active (CA) form of AMPK (Ad-CA
AMPK α1312) [T172D] (3.83� 1010 pfu ml�1) [4]; or the dominant
negative (DN) form of PKC-δ or LacZ (4� 108 pfu ml�1; gift from
Dr. J Soh, Biomedical Research Centre for Signal Transduction, Incheon,
Korea) [10]; or the DN Kir6.2 AAA (3.1� 1010 pfu ml�1) or green
fluorescence protein (GFP) (3.0� 1010 pfu ml�1) [7] through each side
of the MBH catheters, as described [4,7,11].

2.3. Pancreatic (basal insulin)-euglycemic clamp
Four days following vascular catheterization, conscious and unrestrained
rats with at least 90% recovery in their food intake and body weight
MOLECULAR METABOLISM 3 (2014) 202–208 & 2013 The Authors. Published by Elsevier GmbH. Op
were used in clamp studies. All rats were limited to 15 g of food the
night before the clamp to ensure comparable nutritional status [1;9]. At
the start of the experiment (t¼0), a primed continuous infusion of
[3-3H]-glucose (Perkin-Elmer; 40 μCi bolus, 0.4 μCi min�1) was
initiated and maintained until the end of the experiment (t¼210) to
assess glucose kinetics (i.e., steady-state changes in endogenous
glucose production and glucose uptake) using tracer dilution methodol-
ogy. From t¼90–210, a pancreatic basal insulin clamp was performed
during which somatostatin (3 μg kg�1 body weight min�1) and insulin
(1.1 mU kg�1 body weight min�1) were continuously infused to replace
insulin to basal levels, along with a variable infusion of 25% glucose to
maintain euglycemia. At 10-min intervals, plasma samples were taken
for determination of [3-3H]-glucose concentrations, as well as plasma
203www.molecularmetabolism.comen access under CC BY-NC-ND license.
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insulin and glucagon concentrations. At the end of the experiment, rats
were anesthetized and injected with 3 ml bromophenol blue through
each side of the MBH catheter to verify the correct placement of the
catheter. The MBH wedges were then collected, frozen in liquid nitrogen
and stored at �80 1C for subsequent analysis.
Treatments administered into the MBH at a rate of 0.006 μl/min
included: Saline (t¼90–210); 5 pg/μl glucagon (t¼90–210);
25 mmol/l AMPK activator AICAR (t¼0–90) with 25 mmol/l AICARþ
saline (t¼90–210) or 25 mmol/l AICARþ5 pg/μl glucagon (t¼90–
210); 60 μmol/l PKC-δ inhibitor rottlerin (t¼0–90) with 60 μmol/l
rottlerinþsaline or 60 μmol/l rottlerinþ5 pg/μl glucagon (t¼90–210);
100 μmol/l KATP channel inhibitor glibenclamide (t¼0–90) with
100 μmol/l glibenclamideþsaline or 100 μmol/l glibenclamideþ5 pg/
μl glucagon (t¼90–210 min).
2.4. Western blotting for phosphorylated acetyl-coA carboxylase (ACC)
MBH wedges were obtained immediately after the infusion/clamp
studies and homogenized in a lysis buffer constituting 50 mM Tris–
HCl (pH 7.5), 1mM EGTA, 1 mM EDTA, 1% (w/v) Nonidet P40, 1 mM
sodium orthovanadate, 50 mM sodium fluoride, 5 mM sodium pyropho-
sphate, 0.27 M sucrose, 1 μM Dithiotritolo (DTT), and protease inhibitor
cocktail (Roche). The Pierce 660 nm protein assay (Thermo Scientific)
was used to measure protein concentrations of the homogenized
tissues. Protein lysates (20 mg) were subjected to SDS-PAGE and
transferred onto nitrocellulose membranes (Amersham). The mem-
branes were first incubated for 1 h at room temperature with blocking
solution (5% BSA in Tris-buffered saline and 0.2% Tween-20) and then
overnight at 4 1C with the primary antibody (indicated below) diluted
1000-fold. Protein expression was detected using a horseradish
peroxidase (HRP)-linked rabbit-specific secondary antibody (diluted 1/
4000 in blocking solution) and an enhanced chemoluminescence
commercial kit (Pierce). The phosphorylation of ACC was quantified by
densitometry with the Quantity One software and normalized for the total
protein (ACC or β-tubulin). Primary antibodies include: anti-phospho
ACC, anti-total ACC, anti-β-tubulin (Cell signaling Technology).
2.5. PKC-δ activity assay
PKC-δ was immunoprecipitated from MBH wedges obtained immediately
after performing 10-min MBH infusions of saline, glucagon or 1-oleoyl-2-
acetyl-sn-glycerol (OAG) in rats. To do this, 3 MBH wedges from each
treatment group were pooled together to yield an n¼1. Thus, we have a
total of n¼3 (i.e., 9 wedges) per group (Figure 2I). MBH tissues were
homogenized as described above, following which 500 mg of tissue lysate
was incubated overnight with 8 μg of PKC-δ polyclonal antibody (sc-213;
Santa Cruz Biotechnology) on a rotating wheel and then incubated with 25 μl
of protein A/G sepharose beads for 2 h at 4 1C. The beads were then
centrifuged at 8000 rpm for 1 min. After removal of the supernatant, the
beads were then washed (2� with 1 ml lysis buffer (as above) with 0.5 M
NaCl, 1� with 1 ml lysis buffer (as above) with 0.15 M NaCl and 2� with
1 ml buffer A containing 50 mM Tris–HCl pH 7.5, 0.1 mM EGTA and 1 μM
DTT). With the supernatant removed, 20 μl of buffer A was further added
giving a final sample volume of 25 μl. We then proceeded with the Biotrak
protein Kinase C (PKC) enzyme assay system (GE Healthcare). Additionally, to
normalize for the amount of PKC-δ immunoprecipitated in each sample,
PKC-δ protein was separated from the beads using Laemmli sample buffer
and subjected to SDS-PAGE and quantified (as described above). Results
were then presented as pmol/min/protein.
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2.6. Biochemical analysis
Plasma glucose levels were determined by the glucose oxidase method
(Glucose analyzer GM9; Analox Instruments, Lunenberg, MA). Radio-
immunoassays (Linco Research, St. Charles, MO) were used to
determine plasma insulin and glucagon concentrations.
2.7. Statistical analysis
Unpaired Student's t tests and ANOVA were performed as appropriate.
Significance was accepted as Po0.05.
3. RESULTS

3.1. Role of MBH AMPK in glucagon action
We activated MBH AMPK in the presence of MBH glucagon by infusing
the AMPK activator AICAR and examined whether it would negate the
ability of MBH glucagon to lower GP. This AICAR dose negated the ability
of hypothalamic glucose infusion to lower GP [4]. Firstly, consistent with
previous findings [1], MBH glucagon infusion led to a significant increase
in the glucose infusion rate (Figure 1A) to achieve euglycemia during the
pancreatic basal insulin clamp and significantly lowered GP (Figure 1B
and C) compared to MBH saline treatment independent of changes in
glucose uptake (Figure 1D) and plasma levels of insulin, glucagon and
glucose (Supplemental Table 1). Interestingly, glucagon co-infused with
AICAR into the MBH still led to a significant increase in glucose infusion
rate and decrease in GP. Notably, rats that received MBH AICAR infusion
alone showed no significant difference in the glucose infusion rate and
GP compared with the MBH saline group, thereby showing that AICAR
per se has minimal effect on glucose kinetics in these experimental
conditions. These data indicate that chemical activation of MBH AMPK
does not reverse the ability of MBH glucagon to lower GP.
Alternatively, we activated MBH AMPK by injecting an adenovirus
expressing the CA form of AMPK, which has been previously shown
to negate the metabolic effects of hypothalamic nutrient-sensing
mechanisms [4]. We examined whether MBH glucagon inhibition on
GP is then blocked in rats expressing MBH CA AMPK. Firstly, infusion of
MBH glucagon with prior Ad-GFP (control) injection significantly
increased the glucose infusion rate required to maintain euglycemia
compared to MBH saline infusions (Figure 1E), owing to a reduction in
GP (Figure 1F, G) as opposed to a difference in glucose uptake
(Figure 1H). Similarly, in rats injected with MBH CA AMPK, MBH
glucagon also led to an increase in the glucose infusion rate and
suppression of GP, while glucose uptake was similar in all groups
(Figure 1E–H). Similar to our chemical approach data, these results
show that molecular activation of MBH AMPK does not negate the ability
of MBH glucagon to lower GP.
As added confirmation, we evaluated AMPK activity (i.e., protein content
ratio of pACC/total ACC) in MBH wedges obtained from rats that received
MBH saline or glucagon treatments during clamps. Acetyl CoA
carboxylase (ACC) is phosphorylated by AMPK; thus, a lower ratio of
phospho (P)–ACC/total ACC is indicative of a lower degree of AMPK
activation. MBH glucagon infusion showed a similar degree of AMPK
activation (0.670.1) as with MBH saline infusion (0.570.1) (Figure 1I)
(in contrast to our original hypothesis where MBH glucagon action was
postulated to inhibit AMPK). These results suggest that the MBH
glucagon infusion does not alter MBH AMPK activity in these experi-
mental conditions and hence changes in MBH AMPK activity are not
necessary for glucagon to lower GP.
hors. Published by Elsevier GmbH. www.molecularmetabolism.comOpen access under CC BY-NC-ND license.
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Figure 2: Role of MBH PKC-d in glucagon action. (A) Glucose infusion rate, (B) GP, (C) GP suppression expressed as the percentage decrease from basal period (60–90 min) to the clamp period
(180–210 min) and (D) glucose uptake obtained during the clamps that received MBH Saline (n¼5); Glucagon (n¼5); Rotþ saline (n¼5); Rotþglucagon (n¼5). Rot¼Rottlerin. (E) Glucose
infusion rate, (F) GP, (G) GP suppression expressed as the percentage decrease from basal period (60–90 min) to the clamp period (180–210 min) and (H) glucose uptake obtained during the
clamps that received MBH LacZþ saline (n¼5); Laczþglucagon (n¼5); DN PKC-dþsaline (n¼5); DN PKC-dþglucagon (n¼5). I: PKC-d activity in MBH wedges. Shown is a representative
quantification from three samples in each treatment group. Data are shown as meansþSE. *Po0.05.
3.2. Role of MBH PKC-δ in glucagon action
We next investigated whether inhibition of MBH PKC-δ will negate the
GP-regulating effect of MBH glucagon. MBH PKC-δ was inhibited by
infusing PKC-δ inhibitor rottlerin directly into the MBH at a dose
previously shown to block MBH lipid or PKC activator (OAG) infusion to
lower GP and MBH OAG to activate PKC-δ [7]. We found that
introduction of rottlerin into the MBH did not attenuate the ability of
MBH glucagon to increase the exogenous glucose infusion rate
(Figure 2A) and lower glucose production (Figure 2B and C) during
the clamp, while glucose uptake remained unchanged (Figure 2D).
MOLECULAR METABOLISM 3 (2014) 202–208 & 2013 The Authors. Published by Elsevier GmbH. Ope
Alternatively, MBH glucagon was also equally potent to increase the
glucose infusion rate (Figure 2E) and lower glucose production (Figure 2
F and G) in rats injected with MBH DN PKC-δ as compared with LacZ
injected rats, while glucose uptake remained similar between groups
(Figure 2H). Of note, injection of DN PKC-δ has been previously shown
to reduce PKC-δ activity and negate the metabolic effects of OAG in the
duodenum [10]. Collectively, these data suggest that both chemical and
molecular inhibition of MBH PKC-δ do not block the ability of MBH
glucagon to lower GP. Consistent with these observations, no significant
difference in MBH PKC-δ activity between glucagon- and saline-treated
205www.molecularmetabolism.comn access under CC BY-NC-ND license.
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MBH tissues was detected, whereas MBH OAG (positive control) infusion
markedly stimulated PKC-δ activity in the same experimental conditions
(Figure 2I).
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glucagon is abrogated. MBH glibenclamide has been reported to negate
MBH lipid [7], PKC activator OAG [7] and insulin [12] to lower GP.
Interestingly, co-infusion with glibenclamide attenuated the ability of
MBH glucagon to increase the glucose infusion rate (Figure 3A) and
lower glucose production (Figure 3B and C), without any changes in
glucose uptake (Figure 3D).
Glibenclamide sensitive KATP channels composed of Kir6.2 and SUR1
subunits are expressed in both the pancreatic β-cells and neurons [12].
The adenovirus expressing the DN form of Kir6.2 expresses a subunit of
Kir6.2 with a 3-amino acid GFG to AAA substitution in the selectivity
filter that co-assembles with endogenous Kir6.2 and prevents the KATP
channels from conducting potassium current [13]. We directly injected
the adenovirus DN Kir6.2 AAA into the MBH as described [7] and tested
the metabolic effect of MBH glucagon. Consistent with our chemical
approach data, MBH glucagon also failed to increase the exogenous
glucose infusion rate (Figure 3E) and lower GP (Figure 3F and G) in rats
expressing MBH DN Kir 6.2 AAA unlike GFP (control virus)-injected rats,
independent of changes in glucose uptake (Figure 3H). Together, these
chemical and molecular loss-of-function experiments indicate that MBH
KATP channels are necessary for MBH glucagon to lower GP.
4. DISCUSSION

We presently demonstrate that activation of MBH AMPK or inhibition of MBH
PKC-δ did not negate the GP-lowering effect of MBH glucagon. Activation of
MBH AMPK increases the ratio of pACC/total ACC protein, inhibits ACC
activity and prevents the formation of malonyl-CoA (endogenous inhibitor of
CPT-1) and LCFA-CoA [6,14], while inhibiting MBH PKC-δ negates LCFA-CoA
to lower GP [7,8]. Although hypothalamic malonyl-CoA and LCFA-CoA levels
were not measured, our studies indicate that blocking the beginning or the
end of this malonyl-CoA-CPT-1-LCFA-CoA-PKC-δ, lipid sensing,
pathway did not alter the gluco-regulatory effect of MBH glucagon. These
data collectively imply that MBH glucagon signals through a lipid-sensing
independent pathway to lower GP. It is important to note that although
adenoviruses were used to alter MBH AMPK and PKC-δ activities as well as
the KATP channels, the negative and positive gluco-regulatory impacts they
had on MBH glucagon action were not due to secondary changes in local
inflammation since the appropriate control adenoviruses (i.e., GFP, LacZ)
were used (Figures 1–3).
Like glucagon, leptin and insulin action in the MBH lowers GP [12,15,16].
However, in contrast to the inability of MBH glucagon infusion to alter MBH
pACC/total ACC (i.e., AMPK activity) as currently reported, hypothalamic
leptin and insulin administration lower MBH AMPK activity, the protein ratio
of pACC/total ACC and increase ACC activity [14,17]. These findings raise the
possibility that unlike glucagon, leptin and insulin in the MBH signal through
a lipid-sensing dependent pathway to lower GP. This working hypothesis,
however, remains to be investigated.
Interestingly, activation of MBH KATP channels is necessary for MBH glucagon
to lwoer GP. Hypothalamic KATP channels thus become the common
integrator of hormonal and nutrient sensing to regulate GP as activation of
hypothalamic KATP channels is sufficient [12] and necessary for insulin [12],
GLP-1 [18] and lipids [8] as well to lower GP in rodents. Of note, activating
KATP channels in the whole brain of humans [19] or the dorsal vagal complex
in rodents [9] lowers GP, highlighting that the gluco-regulatory role of the KATP
channels is not limited to the ones that are expressed in the hypothalamus. In
addition, the physiological and therapeutic relevance of MBH glucagon-KATP
channel signaling pathway remain to be explored.
In summary, glucagon action in the hypothalamus signals through a KATP
channel dependent pathway to lower GP. Given that MBH glucagon
MOLECULAR METABOLISM 3 (2014) 202–208 & 2013 The Authors. Published by Elsevier GmbH. Op
receptor-PKA signaling [1] and the activation of MBH KATP channels are
required for glucagon to lower GP, while PKA could directly phosphor-
ylate and activate the Kir6.2/SUR1 subunits of KATP channels [20], our
data further implicate that glucagon activates a hypothalamic glucagon
receptor-PKA-KATP channels signaling axis to regulate GP in vivo.
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