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Estrogens modulate ventrolateral ventromedial
hypothalamic glucose-inhibited neurons

Ammy M. Santiago ', Deborah J. Clegg %, Vanessa H. Routh "'

ABSTRACT

Objective: Brain regulation of glucose homeostasis is sexually dimorphic; however, the impact sex hormones have on specific neuronal
populations within the ventromedial hypothalamic nucleus (VMN), a metabolically sensitive brain region, has yet to be fully characterized.
Glucose-excited (GE) and -inhibited (Gl) neurons are located throughout the VMN and may play a critical role in glucose and energy homeostasis.
Within the ventrolateral portion of the VMN (VL-VMN), glucose sensing neurons and estrogen receptor (ER) distributions overlap. We therefore
tested the hypothesis that VL-VMN glucose sensing neurons were sexually dimorphic and regulated by 17(-estradiol (173E).

Methods: Electrophysiological recordings of VL-VMN glucose sensing neurons in brain slices isolated from age- and weight-matched female and
male mice were performed in the presence and absence of 17E.

Results: We found a new class of VL-VMN Gl neurons whose response to low glucose was transient despite continued exposure to low glucose.
Heretofore, we refer to these newly identified VL-VMN GI neurons as ‘adapting’ or AdGI neurons. We found a sexual dimorphic response to low
glucose, with male nonadapting Gl neurons, but not AdGI neurons, responding more robustly to low glucose than those from females. 173E
blunted the response of both nonadapting Gl and AdGI neurons to low glucose in both males and females, which was mediated by activation of
estrogen receptor  and inhibition of AMP-activated kinase. In contrast, 173E had no impact on GE or non-glucose sensing neurons in either sex.
Conclusion: These data suggest sex differences and estrogenic regulation of VMN hypothalamic glucose sensing may contribute to the sexual

dimorphism in glucose homeostasis.
© 2016 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION output [10] when compared to males. These observations suggest that

VMN neurons may play a role in the sex differences in glucose and

Estrogens, particularly hypothalamic 17[3-estradiol (17BE), play an
important role in energy and glucose homeostasis [1]. The ventro-
medial hypothalamic nucleus (VMN) is a critical site of 17E action in
energy balance [2]. Deletion of estrogen receptor alpha (ERet) in VMN
steroidogenic factor (SF-1) neurons leads to alterations in metabolism
resulting in visceral adiposity and infertility which is observed only in
females, suggesting a sexually dimorphic impact of estrogenic
signaling within the VMN to regulate metabolism [3]. The VMN is also
important for hypoglycemia detection and initiation of the sym-
pathoadrenal and hormonal counterregulatory responses, which
restore euglycemia [4,5]. There is a sexual dimorphic response to
hypoglycemia, with females exhibiting a reduction in sympathetic drive
[6], glucagon [7] and epinephrine secretion [8,9], and hepatic glucose

energy homeostasis; however, the mechanism by which they do so is
not currently known.

The VMN contains non-glucose sensing (NGS) as well as glucose
sensing neurons, which increase (glucose-excited, GE) or decrease
(glucose-inhibited, Gl) their activity as extracellular glucose levels
increase. Glucose closes ATP-sensitive Kt channels leading to acti-
vation of VMN GE neurons. In contrast, glucose inhibits the fuel sensor,
AMP-activated protein kinase (AMPK) leading to CI~ channel opening
and inhibition of VMN Gl neurons [11,12]. Our lab has previously shown
that VMN GI neurons are important for hypoglycemia detection and
counterregulation [12—14]. Moreover, the hormones insulin and leptin,
which signal energy sufficiency, inhibit VMN GE and GI neurons and
blunt their response to low glucose [15,16]. VMN GE neurons, like
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estrogen receptors (ERs), are concentrated in the ventrolateral (VL)-
VMN, while VMN GI neurons can be found in all subnuclei within the
VMN (including the VL-VMN) [11,15,17]. Therefore, VL-VMN estrogen
receptors, which are critical for regulating energy sufficiency, may also
be critical in mediating glucose homeostasis.

ER expression and the distribution of glucose sensing neurons overlap
within the VL-VMN [11,15,17]. Moreover, VL-VMN ER expression is
sexually dimorphic [18]. Thus, we hypothesized that the glucose
sensitivity of VL-VMN glucose sensing neurons may also be sexually
dimorphic. We further hypothesized that since the effects of 17E on
energy homeostasis overlap to some degree with those of insulin and
leptin, 17BE would similarly regulate the activity and/or glucose
sensitivity of VL-VMN glucose sensing neurons. These hypotheses
were tested using electrophysiological recordings of VL-VMN glucose
sensing neurons in brain slices isolated from 3 to 4 week old male and
female mice. Interestingly, in the course of our investigation we found
a novel class of VL-VMN Gl neurons whose response to changes in
extracellular glucose concentration was transient despite continued
exposure to low glucose. These Gl neurons will be referred to as
‘adapting’ or AdGI neurons in comparison to those whose activity is
maintained in low glucose (nonadapting). We found that VL-VMN
nonadapting GI, but not AdGI, neurons are sexually dimorphic.
Furthermore, 17E regulates the activity and/or glucose sensitivity of
both VL-VMN nonadapting Gl and AdGI neurons in males and females
similarly. Our data suggest that VL-VMN nonadapting Gl and AdGI
neurons may contribute to the sex differences observed in energy and
glucose homeostasis.

2. MATERIAL AND METHODS

2.1. Animals and tissue preparation

Age and weight matched male and female C57BI/6 mice were
maintained on a 12:12 light:dark cycle with standard rodent chow and
water ad libitum. Animal procedures were approved by the Institutional
Animal Care and Use Committee at Rutgers, The State University of
New Jersey, RBHS-New Jersey Medical School. The average age and
weight of animals used in this study was 325.6 + 0.4, 225.6 + 0.2
days old and 814.0 0.4, ?13.3 & 0.2 g, respectively. Female mice
were only used prior to vaginal opening, a visual marker of pubertal
transition [19]. This age range (3—4 weeks) was chosen in order to
evaluate organizational and inherent sex differences of glucose
sensing neurons. Following transcardial perfusion with 4 °C oxygen-
ated (95%0,/5%C0,) perfusion buffer (composition in mM: 2.5 KCl, 7
MgCl,, 1.25 NaH,P04, 28 NaHCO3, 0.5 CaCl,, 7 glucose, 1 ascorbate,
3 pyruvate; ~300 mOsm, pH 7.4), brains were quickly removed and
placed in 4 °C oxygenated perfusion buffer. The hypothalamus was
dissected and 250—300 pm coronal slices were made on a vibratome
(Vibroslice, Camden Instruments).

2.2. Electrophysiology

VMN containing slices (3 per animal) were maintained in oxygenated
artificial cerebrospinal fluid (aCSF, in mM: 126 NaCl, 1.9 KCl, 1.2
KH,P04, 26 NaHCOs3, 2.5 glucose, 1.3 MgCl,, 2.4 CaCl,; ~ 300 mOsm,
pH 7.4) for at least one hour prior to recording. Standard whole-cell
current clamp recordings were made as previously described [20].
Briefly, borosilicate pipettes (4—7 MQ; Sutter Instruments) were filled
with an intracellular solution containing (in mM): 128 K-gluconate, 10
KCl, 4 KOH, 10 HEPES, 4 MgCly, 0.5 CaCly, 5 EGTA, 2 Na,ATP, 0.4
Na,GTP; ~300 mOsm, pH 7.2. Pipette solution junction potential was
nulled prior to formation of a GQ2 seal, membranes were ruptured with
mild suction followed by whole cell capacitance compensation. VL-

VMN neurons were identified according to the position of anatomical
markers (i.e., 3rd ventricle, fornix) outlined in the mouse brain atlas
[21]. Cells were deemed viable for recording if action potentials
crossed 0 mV and access resistance was less than 30 MQ following
membrane rupturing. Input resistance (IR) was calculated from
hyperpolarizing current pulses given every three seconds
(500 ms; —10, —15 or —20 pA). IR reflects cell excitability and
responsiveness to presynaptic input with a higher IR reflecting greater
excitability. IR is a valid and useful index of glucose responses,
because glucose modulates background or “leak” K™ or CI~ channels,
which set membrane potential and overall cellular excitability [11]. IR is
also independent of changes in action potentials, which may vary
between slices depending on the presynaptic inputs remaining intact in
any given slice. Slices were exposed to the various treatment solutions
for ten minutes each based on previous studies showing this exposure
time was sufficient to determine glucose and hormone responses in
glucose sensing neurons [11,15,22—25]. Current-voltage (I—V) re-
lationships were determined following each treatment in I-clamp mode
by injection of hyperpolarizing step pulses (500 ms duration). Step
pulse protocols ranging from —160 pA to 0 pA were terminated once
the membrane voltage response hyperpolarized to —100 mV. A
response of +15.6% change from baseline in IR (as determined in
Supplemental Figure 1A), which reversed by >50% was used to
distinguish NGS from glucose sensitive neurons and 17BE-sensitive
from 17BE-insensitive neurons.

2.3. Slice treatments

Glucose sensing was evaluated in response to a glucose decrease
from 2.5 mM to 0.1 mM. These glucose concentrations represent
those typically seen in the brain during peripheral euglycemia and
severe hypoglycemia, respectively [26,27]. This maximal glucose
decrease was used since attenuated responses to smaller glucose
decreases might be below the limit of detection and lead to incorrect
conclusions that glucose sensing neurons were absent or reduced in
total number by sex or treatment. Similarly, for 17BE sensitivity ex-
periments, slices were treated with a supraphysiological concentration
(100 nM) [28] to help ensure that 17E-mediated responses were
above the limit of detection. For mechanistic studies, glucose was
lowered in the presence and absence of 5-aminoimidazole-4-
carboxamide-1-fB-p-ribofuranoside (AICAR; 0.5 mM) [15], Compound
C (CC; 10 uM) [15], methylphenolpyrazole (MPP; 10 pM) [29], phe-
nyltrifluoromethylpyrazolophenol (PHTPP; 1 uM) [30], tetrodotoxin
(TTX, 500 nM) [22], or tolbutamide (100 pM) [25]. In some cases,
glucose was lowered in the presence or absence of the above with and
without 17BE (100 nM) or bovine serum albumin-conjugated 173E
(BSA-17PBE; 100 nM) [31]. When necessary, DMSO was used as the
vehicle for drug treatments, but the final DMSO concentration for all
treatments was <0.1%. At this concentration, no significant changes
in basal neuronal activity were observed (Supplemental Figure 1B).
Supplemental Figure 1C and D shows the effects of the above agonists
and antagonists individually in 2.5 mM glucose. To rule out the
contribution of individual agonist or antagonist effects, we compared
the effects of low glucose or 17fE in the presence of these pharma-
cological treatments relative to baseline (2.5 mM glucose) with the
same pharmacological treatment. On average 4 neurons (approxi-
mately 1.5 h each) were recorded per slice, but no slice was exposed
to 17BE for more than 30 min.

2.4. Immunoblotting
Due to the size of the mouse hypothalamus it was not possible to
dissect only the VMN without including the adjacent ARC. Thus, when
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discussing the immunoblotting experiments, we will refer to the “VMH”
as an indication that both VMN and ARC are included. This is opposed
to electrophysiological studies in which VMN neurons were visualized
for specific recording. After isolation, VMH containing slices were
maintained in 2.5 mM glucose aCSF for 30 min and then transferred to
either 2.5 or 0.1 mM glucose aCSF for 15 min. A separate set of slices
were preincubated with 100 nM 17BE or 100 nM BSA-17[3E (Ster-
aloids 5:1 hemisuccinate) in 2.5 mM glucose aCSF for 15 min and then
transferred to 0.1 mM glucose aCSF in the presence of 173E or BSA-E
for 15 min. BSA-17BE was prepared fresh daily and filtered through
Amicon® Ultra Centrifugal Filter (30 K Nominal Molecular weight limit)
devices (Millipore) to eliminate any unbound 17pBE in the treatment
solutions [31]. After each treatment, three VMH containing slices
representing the 1) anterior, 2) medial, and 3) posterior VMH (based on
the size and shape of the 3rd ventricle) were collected from different
animals and pooled. The VMH excised and homogenized by sonication.
Subsequently, cells were lysed and immunoblotted for phospho-Thr'72
AMPKao., total AMPK, and 3-actin, as previously described [32]. Briefly,
20—60 ng of protein was separated on 10% polyacrylamide gels and
transferred to polyvinylidene difluoride (PVDF) membranes. Mem-
branes were blocked with 5% BSA and incubated with the primary and
horse radish peroxidase (HRP) conjugated-secondary antibodies.
Membranes were probed, stripped, and re-probed with primary anti-
bodies in the following order: phospho-Thr'’? AMPK, total AMPK and
[-actin. B-actin was used as a loading control, and treatment effects
were normalized to B-actin and 2.5 mM glucose samples within each
gel.

2.5. Data analysis & statistics

All data are expressed as average = standard error. For electro-
physiological recordings, treatment effects were quantified using the
percent changes in input resistance (IR) and membrane potential (Vm)
from that in 2.5 mM glucose. IR was calculated from the membrane
voltage responses to hyperpolarizing pulses within the last minute of
treatment application according to Ohm’s law (R = V/I) where R is
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resistance, V is voltage, and | is current. For AdGI neurons, IR in
0.1 mM glucose was calculated for one minute once maximal acti-
vation of these neurons occurred (~5—6 min after solution change).
17BE-sensitivity (in 2.5 mM glucose) was determined based on a
threshold value established during control solution exchange experi-
ments (Supplemental Figure 1). In these control experiments, we
calculated +2xSTD for percent change in IR observed by changing the
source of the perfusion solution from the general reservoir to the
treatment syringe while keeping the solution composition constant.
Any cell displaying a percent change in IR > 42xSTD (+15.6%) was
considered 17BE-sensitive. Glucose sensitivity was confirmed simi-
larly. Current-voltage (I-V) relationships were fitted with linear best-fit
lines. For immunoblotting studies, P-actin was used as a loading
control, and treatment effects were normalized to 2.5 mM glucose
samples within each gel.

Data was compared using paired or unpaired student t-tests and
repeated or standard one-way ANOVA with Tukey posthoc tests or two-
way ANOVA with Bonferonni posthoc tests as specified in figure leg-
ends. For t-tests, *p < 0.05, **p < 0.01, and ***p < 0.001. For
ANOVAs, columns with different letters indicate significant differences.

3. RESULTS

3.1. VL-VMN glucose sensing subtypes

Within the VL-VMN, we identified four different neuronal populations
with respect to glucose sensitivity: non-glucose sensing (NGS),
glucose-excited (GE), nonadapting glucose-inhibited (GI) and adapting
glucose-inhibited (AdGI; Figure 1). NGS neurons, by definition, did not
respond to changing glucose levels (Figure 1A). GE, nonadapting Gl,
and AdGI neurons altered their activity in response to a decrease in
extracellular glucose from 2.5 mM to 0.1 mM (Figure 1B—D). Table 1
describes the criteria used to define each neuronal type.

In total, 83% (n = 42) and 80% (n = 293) of VL-VMN neurons were
glucose sensitive in males and females, respectively. Importantly, the
relative percentage of glucose sensitive subtypes (AdGIl, nonadaptive

2.5min

Imin

Figure 1: VL-VMN glucose sensing neuron subtypes. (A—D) Representative consecutive whole cell current-clamp recordings of a female NGS, (A) GE, (B) nonadapting Gl, (C)
and adapting Gl (D) neurons. Figure 1D Inset: Magnification of a secondary glucose response following solution change to 2.5 mM glucose. Glucose changes are schematically
displayed above each recording; dashed grey line represents resting Vm. G: mM glucose, IR: input resistance, Vm: membrane potential.
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Table 1 — Identification criteria and distribution of VL-VMN glucose sensing subtypes.

VL-VMN distribution, n (%)

Neuron type Response (%A) to 0.1 mM glucose

Vm IR Duration Reversal Males Females
NGS No change No change NA NA 7(17) 60 (20)
GE Hyperpolarization Decrease Throughout low glucose treatment >50% 7(17) 54 (18)
Gl Depolarization Increase 19 (45) 81 (28)
AdGI Depolarization Increase Reversed prior to solution change 9 (21) 98 (33)

AdGl: adapting GI, GE: glucose-excited, GI: nonadapting Gl, IR: input resistance, NA: not applicable, NGS: non-glucose sensing, Vm: membrane potential.

Gl, GE, and NGS) within the VL-VMN was sexually dimorphic (Table 1).
In the female VL-VMN, AdGI, and nonadapting Gl neurons were
encountered in roughly equally percentages whereas in the male AdGI
neurons were encountered approximately half as frequently as non-
adapting Gl neurons. In contrast, the percentage of GE and NGS
neurons VL-VMN was similar between the sexes. No significant sex
differences in the resting Vm or IR of VL-VMN NGS, GE, Gl, or AdGI
neurons were observed (Supplemental Figure 2).

3.2. VL-VMN nonadapting Gl neurons are inherently sexually
dimorphic

Male and female nonadapting Gl neurons depolarized to a similar
degree in response to a glucose decrease from 2.5 to 0.1 mM (male:
10.2 &+ 1.5%, n = 18; female 10.6 + 1.0%, n = 48; p > 0.05).

However, the increase in IR in response to this glucose decrease was
2-fold greater in male versus female nonadapting Gl neurons (male:
96.5 + 17.8%, n = 18; female: 52.9 + 5.5%, n = 48; p < 0.05
Figure 2A—C). Although the degree of depolarization was similar in
both sexes, a greater change in IR in male nonadapting Gl neurons
suggests increased excitability of these neurons in low glucose. There
was no sex difference observed in response to a more minimal glucose
decrease from 2.5 mM to 0.5 mM glucose (data not shown; p > 0.05).

3.3. 17fE blunts the response of VL-VMN nonadapting Gl neurons
to low glucose

17PBE blunted the increased IR of female and male nonadapting Gl
neurons in response to a glucose decrease from 2.5 mM to 0.1 mM
(Figure 2C). Moreover, in the presence of 173E the response of female
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Figure 2: VL-VMN nonadapting Gl neurons are inherently sexually dimorphic and 17(E sensitive. (A) Representative voltage responses to a hyperpolarizing pulse for
nonadapting GI neurons from both sexes. Vm was normalized to 2.5 mM glucose to emphasize changes in IR. (B) Quantification of %AVm and %AIR in response to 0.1 mM
(2n = 48, 3n = 18) glucose in nonadapting Gl neurons from both sexes. (C) Quantification of %AIR in response to 0.1 mM glucose in the presence and absence of 173E (100 nM)
for nonadapting Gl neurons from females (n = 9) and males (n = 6). n.s: not significant via unpaired students t-test. (D) Quantification of %AIR in response to 0.1 mM glucose in
the presence and absence of TTX (n = 5) and 17E (n = 5). Columns with different letters are significantly different from each other as determined by repeated measures one-way
ANOVA followed by Tukey post-hoc tests. (E, F) Quantification of %AIR in response to 0.1 mM glucose in the presence and absence 17E and AICAR, (E, n = 4), MPP (F, n = 5) or
PHTPP (F, n = 6). *p < 0.05 via unpaired students t-test. (G) Quantification of %AIR in response to 0.1 mM glucose and 2.5 mM glucose-+17BE in nonadapting Gl neurons from
females (n = 12) and males (n = 5). n.s: not significant via unpaired students t-test; p < 0.05 via paired students t-test. (H) Representative 17BE-sensitive V-I relationship in
2.5 mM glucose in female nonadapting Gl neurons (n = 9). The 17 BE-sensitive conductance in 2.5 mM glucose reversed near the K™ equilibrium potential (Ex, = —99 mV) for our
solutions. (I) Quantification of %AIR in response to 2.5G+17fE (n = 4) in the presence and absence of TTX. *p < 0.05 via paired students t-test. 17E:17f-Estradiol (100 nM),
AICAR: AMPK agonist (0.5 mM), G: mM glucose, IR: input resistance, MPP: ERo. antagonist (10 M), PHTPP: ERP antagonist (1 M), TTX: tetrodotoxin (voltage-gated Na™ channel
blocker; 500 nM), Vm: membrane potential.
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and male nonadapting Gl neurons to decreased glucose was no longer
statistically different (Figure 2C; p > 0.05). Because 17BE attenuated
the response of nonadapting Gl neurons to decreased glucose from 2.5
to 0.1 mM similarly in both sexes, we studied the mechanism by which
17BE modulates glucose sensitivity in females only. The effect of 17E
persisted in the presence of TTX suggesting that it is a postsynaptic
effect (Figure 2D). We hypothesized that, like leptin [12,16], 17E may
blunt the response of nonadapting Gl neurons to decreased glucose via
AMPK inhibition. Consistent with this hypothesis, the AMPK activator,
AICAR (0.5 mM), blocked the effect of 17E on glucose sensitivity
(Figure 2E).

To begin to explore the mechanism by which 17BE impacts glucose
sensitivity, we determined which ER is responsible for this observed
17BE regulation. The effect of 17E on glucose sensitivity persisted in
the presence of the ERo. antagonist, MPP; however, the ER3 antagonist
PHTPP completely blocked this effect of 17BE (Figure 2F). In 2.5 mM
glucose, only PHTPP independently caused a slight increase in IR,
(MPP: p = 0.17, PHTPP: p = 0.02, AICAR: p = 0.07; Supplemental
Figure 1C). Taken together, the above data suggest that 17E blunts
the response of nonadapting Gl neurons to a glucose decrease from
2.5 mM to 0.1 mM directly via ER mediated AMPK inhibition.

3.4. 17BE excites a subpopulation of VL-VMN nonadapting Gl
neurons via a presynaptic mechanism

In 2.5 mM glucose, 17BE depolarized and increased input resistance in
46% (12 of 26) and 42% (5 of 12) of nonadapting Gl neurons in
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females and males (Figure 2G). In female nonadapting Gl neurons, the
addition of 17BE to 2.5 mM glucose and decreasing glucose from
2.5 mM to 0.1 mM activated these neurons to a similar degree
(Figure 2G, n = 7). However, in male nonadapting Gl neurons, the
response to the addition of 17BE to 2.5 mM glucose was only about
half of the magnitude of the response to a decrease in glucose from
2.5 mMto 0.1 mM (Figure 2G, n = 5). This apparent sex difference is
most likely not due to differing 17BE sensitivity or ER expression, but
rather because the response of male nonadapting Gl neurons to low
glucose in the absence of 17fE is roughly twice that of females.
Because there was no difference in 17BE-induced excitation of non-
adapting Gl neurons from males and females in 2.5 mM glucose, we
evaluated the mechanism underlying this effect in females only. In
25 mM glucose, the 17PE-sensitive conductance reversed
at —90.4 + 2.1 mV (Figure 2H, n = 9). This reversal is near the
theoretical K™ equilibrium potential in our solutions (Ex. = —99 mV).
TTX completely abolished the 17BE-mediated excitation in 2.5 mM
glucose (Figure 2l) suggesting 17BE excites this subpopulation of
nonadapting Gl neurons through a presynaptic mechanism.

3.5. Identification of VL-VMN adapting GI neurons

Within the VL-VMN, a type of glucose sensitive cell was identified
which has not been previously described in the VMN. AdGI neurons
were excited when glucose was lowered from 2.5 mM to 0.1 mM, and
this response reversed prior to restoration of the original glucose so-
lution (Figure 1D). The magnitude of activation (Figure 3A), duration of
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Figure 3: VL-VMN adapting Gl (AdGl) neurons are not inherently sexually dimorphic but are 17BE sensitive. (A) Quantification of %AVm and %AIR in response to 0.1 mM
glucose in both sexes (2n = 47, 3n = 9). (B) Comparison of %AIR in response to 0.1 mM glucose in nonadapting Gl and AdGI neurons from females (n = 45 Gl, 47 AdGl) and
males (n = 17 Gl, 9 AdGl). **p < 0.001 via unpaired student t-test. (C) Quantification of a secondary glucose response (%AVm and %AIR) in AdGI neurons from both sexes
(?n = 18, 3n = 6). *p < 0.05 via unpaired student t-test. (D—F) Quantification of %AIR in response to 0.1 mM glucose in the presence and absence of 178E (D, n = 5), and
AICAR (E, n = 5), MPP (F, n = 6) or PHTPP (F, n = 5). 17(E: 17f-estradiol, AICAR: AMPK activator (0.5 mM), *p < 0.05 via paired student t-test; **p < 0.01, via paired student t-
test. G: mM glucose, IR: input resistance, MPP: ERo. antagonist (10 M), PHTPP: ERJ antagonist (1 M), Vm: membrane potential. (G) Representative action potentials generated in
female nonadapting Gl and AdGI neurons. Dashed grey line represents Vm. (H, I) Quantification of action potential threshold (H; n = 42 Gl, 74 AdGI events from n = 3 neurons
each) and afterhyperpolarization magnitude (I; n = 38 Gl, 43 AdGI events from n = 3 neurons each) in 0.1 mM glucose for nonadapting Gl and AdGI neurons. **p < 0.001 via
unpaired student t-test. AHP: afterhyperpolarization, AP: action potential, IR: input resistance, Vm: membrane potential.
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activation (~1 min in both sexes), and the time to maximal response
(~4—5 min post-solution change in both sexes) were not sexually
dimorphic. In response to two consecutive glucose challenges
(2.5 mM—0.1 mM), both female and male AdGI neurons were acti-
vated to the same magnitude at each glucose challenge (¥n = 19,
3dn = 6; Supplemental Figure 3A and B). Female AdGI neurons were
more robustly activated in response to a glucose decrease from
2.5 mM to 0.1 mM glucose than female nonadapting Gl neurons
(Figure 3B). That is, in response to this glucose decrease, female AdGI
neurons depolarized by 12.6 4+ 0.6% (n = 92) and increased their
input resistance by 115.6 4= 10.4% compared to 8.3 + 0.8% (n = 69)
and 53.5 + 4.1% in female nonadapting Gl neurons. In contrast, male
nonadapting Gl and AdGI neurons responded similarly to a glucose
decrease from 2.5 mM to 0.1 mM (Figure 3B).

Interestingly, approximately 60% of male (n = 6 of 10) and 35% of
female (n = 18 of 51) AdGI neurons showed a smaller amplitude
transient depolarization in response to a subsequent glucose challenge
from 0.1 mM to 2.5 mM (Figure 1D inset). This transient depolarization
was sexually dimorphic. That is, in response to this glucose increase,
male AdGI neurons depolarized and increased their input resistance by
5.6 4+ 1.4% and 67.9 4 15.5% versus 4.1 + 1.0% and 27.6 + 3.3%
in female AdGls (Figure 3C; p < 0.05). No sex differences were
observed in the time to peak or duration of this secondary glucose
response in AdGI neurons and these parameters were similar to those
observed in response to 0.1 mM glucose. Furthermore, no significant
differences in the response to a glucose decrease were observed
between AdGl exhibiting or not exhibiting this secondary response in
either sex (Supplemental Figure 3C and D). These data suggest that a
subpopulation of AdGI neurons may potentially respond to an absolute
change in glucose instead of a unidirectional change. However, we
designate them as Gl neurons because their activation in low glucose is
far more pronounced than their activation when glucose is subse-
quently raised (Figure 1D).

3.6. 17BE blunts the response of VL-VMN AdGI neurons to low
glucose

Because AdGI neurons were not sexually dimorphic with respect to
activation in low glucose (Figure 3A), we only examined the effects of
17BE on the glucose sensitivity of female AdGI neurons. In contrast to
nonadapting Gl neurons, 17BE (100 nM) had no effect on AdGI neurons
in 2.5 mM glucose (n = 5, data not shown). However, when glucose
was lowered from 2.5 mM to 0.1 mM in the presence of 17[3E, the IR
response to low glucose of AdGI neurons was attenuated (Figure 3D).
Furthermore, like nonadapting Gl neurons, AICAR blocked this effect of
17BE on AdGl neurons (Figure 3E). This suggests that 173E may
attenuate the response of AdGI neurons to decreased glucose by
blunting AMPK activation.

The ER responsible for 17BE’s effect was evaluated as in nonadapting
Gl neurons. 17PE blunted the increased IR of AdGl neurons in 0.1 mM
glucose in the presence of the ERa antagonist, MPP, but not the ER3
antagonist, PHTPP (Figure 3F). Neither the ER antagonist nor AICAR
affected the resting IR of AdGI neurons (MPP: p = 0.06, PHTPP:
p = 0.52, AICAR: p = 0.16; Supplemental Figure 1D). Thus, as in
nonadapting Gl neurons, 17BE’s effect on glucose sensing appears to
be mediated by ERB-AMPK signaling.

3.7. Biophysical characterization of VL-VMN adapting Gl (AdGl)
neurons

Resting membrane potential was similar in nonadapting Gl and AdGl
neurons in both sexes; however, resting input resistance was lower in
female AdGI versus nonadapting Gl neurons (nonadapting Gl neurons:
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566 + 45 MQ, AdGl: 373 + 25 MQ; p < 0.05, Supplemental
Figure 2). As we have observed previously for VMN nonadapting Gl
neurons, only a small proportion of VL-VMN nonadapting and AdGl
neurons actually initiate action potentials in low glucose [11]. This is
most likely due to the in vitro experimental conditions rather than a
physiologic characteristic of these neurons. In the current study,
approximately 20% of male (2 of 9) and female (19 of 92) AdGI neurons
initiated action potentials in response to low glucose. Similarly, 11% of
(2 of 17) and 20% (14 of 69) of male and female nonadapting Gl
neurons, respectively, initiated action potentials in response to low
glucose. The action potential frequency (APF) of female nonadapting Gl
and AdGI neurons in 0.1 mM glucose was similar (31.7 + 7.5 Hz;
n =15 and 30.9 + 7.3 Hz; n = 13, respectively); however, the shape
of the action potentials generated by these neurons differed
(Figure 3G). Moreover, AdGI neurons required a 10.3 & 0.5 mV
(n = 74) depolarization for action potential initiation whereas non-
adapting Gl neurons only required a 7.2 + 0.2 mV (n = 42) depo-
larization (Figure 3H). AdGI neurons also had a less pronounced after-
hyperpolarization (AHP) than nonadapting Gl neurons (Figure 3l), but
AHP duration did not differ (~4—5 ms; data not shown). Similar
differences in the action potential shape of male nonadapting Gl and
AdGI neurons were observed; however, this was not quantified in
males due to the paucity of AdGI neurons exhibiting action potentials
(n = 2; data not shown).

3.8. VL-VMN NGS and GE neurons are not sexually dimorphic

A small population of NGS and GE neurons met our criteria for 173E
sensitivity as defined in the methods and Supplemental Figure 1A. In
2.5 mM glucose, 17BE excited 11% (1 of 9) of female and 0% (0 of 3)
of male NGS neurons. Similarly, a subpopulation of GE neurons, 18%
(2 of 11) and 20% (1 of 5) in female and males, respectively, were also
excited by 17BE in 2.5 mM glucose.

Female and male GE neurons responded similarly to a glucose
decrease from 2.5 mM to 0.1 mM glucose (Figure 4A and B). As re-
ported previously [11], the glucose-sensitive conductance in GE neu-
rons reversed near the theoretical K™ equilibrium potential in our
solutions (Exy = —99 mV; @ 922 + 25 mV (n = 7), &
90.7 + 3.9 mV (n = 5) and was blocked by tolbutamide (n = 3); data
not shown). 17BE had no effect on the glucose sensitivity of either
male or female GE neurons (Figure 4C,D). Given that NGS and GE
neurons were not sexually dimorphic and rarely 17BE-sensitive in
2.5 mM glucose and that 17E had no effect on the glucose sensitivity
of VL-VMN GE neurons, we did not investigate these neurons further.

3.9. AMPK activation and K* channel closure mediates glucose
sensing in VL-VMN nonadapting Gl and AdGI neurons

We hypothesized that VL-VMN GI neurons sense glucose deficit similar
to nonadapting Gl neurons in the dorsomedial VMN (DM-VMN) i.e., via
activation of AMPK and closure of a CI~ channel [12]. However, the
glucose-sensitive conductance in VL-VMN nonadapting Gl neurons
reversed at —93.4 +1.5mV(n=13)and —92.2 £ 2.3 mV(n=7)in
females and males, respectively (Figure 5A). A similar reversal po-
tential was observed in AdGl neurons (?Egiycese = —92.0 &= 2.6 mV,
N =6 and SEgjycose = —91.6 £ 7.3 mV; n = 3). This reversal potential
is near the theoretical K* equilibrium potential in our solutions
(Exk.. = —99 mV). In females, the AMPK inhibitor, CC, blocked the
effect of 0.1 mM glucose in both types of Gl neurons (Figure 5B).
Activation of female AdGI neurons in 0.1 mM glucose persisted in the
presence of TTX (Figure 5C), suggesting AdGI neurons directly sense
glucose fluctuations. In 2.5 mM glucose, CC caused a slight increase in
IR in both GI neuron subtypes (Gl: p = 0.01, AdGl: p = 0.04;
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Figure 4: VL-VMN GE neurons are neither sexually dimorphic nor 173E sensitive. (A) Representative voltage responses to a hyperpolarizing pulse for GE neurons from both
sexes. Vm was normalized to 2.5 mM glucose to emphasize changes in IR. (B) Quantification of %AVm and %AIR in response to 0.1 mM glucose in VL-VMN GE neurons from both

sexes (?n = 25, 3n = 7). (G, D) Quantification of %AVm and %AIR in response to 0.1 mM glucose in the presence and absence of 17E in females (C, n = 4) and males (D,
n = 3). 17BE: 17B-estradiol, G: mM glucose, IR: input resistance, Vm: membrane potential.

Supplemental Figure 1C and D). Together, these data suggest that like  3.10. 17E modulates VMH AMPK phosphorylation via a
DM-VMN nonadapting Gl neurons, both VL-VMN nonadapting Gl and  membrane-bound ER

AdGI neurons sense glucose deficit directly via changes in AMPK ac-  Based on the electrophysiological evidence above, we hypothesized
tivity However, AMPK signaling in Gl neurons from the VL-VMN is that 17BE blunts the activation of nonadapting Gl and AdGI neurons in
coupled to K™ rather than CI~ channels. low glucose by attenuating AMPK phosphorylation. In whole VMH
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Figure 5: VL-VMN nonadapting Gl neurons and AdGI utilize an AMPK-dependent glucose sensing mechanism. (A) Representative glucose-sensitive V-I relationship in
nonadapting Gl neurons (left; 2n = 13, 3n = 7) and AdGI neurons (right; 2n = 6, 3n = 3). The glucose-sensitive conductance reversed near the K™ (Ex,. = —99 mV) equilibrium
potential for our solutions. (B) Quantification of %AVm and %AIR in response to 0.1 mM glucose in the presence and absence of CC in female nonadapting Gl neurons (left; n = 6)
and female AdGI neurons (right; n = 6). (C) Quantification of %AVm and %AIR in response to 0.1 mM glucose in of female AdGI neurons in the presence and absence of TTX

(n =7) *p < 0.05 via paired student t-test. AMPK: AMP-activated kinase, CC: Compound C (AMPK antagonist; 10 uM), G: mM glucose, IR: input resistance, TTX: tetrodotoxin
(voltage-gated Na™ channel antagonist; 500 nM), Vm: membrane potential.
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tissue, a decrease in glucose from 2.5 mM to 0.1 mM glucose
increased AMPK Thr'”2 phosphorylation consistent with activation of
this cellular energy sensor (Figure 6A—C). Unexpectedly, acute
application (30 min) of 17BE or its membrane impermeable analog,
BSA-17fE, in 2.5 mM glucose also increased AMPK Thr'™? phos-
phorylation (Figure 6B and C). However, when glucose was lowered
from 2.5 mM to 0.1 mM glucose in the presence of 17E or BSA-17E
the normal increase in AMPK Thr'72 phosphorylation was blunted
(Figure 6Band C). Total AMPK expression was unaffected by 17[3E or
BSA-17E application (Figure 6D and E).

4. DISCUSSION

This study is the first to demonstrate sexual dimorphism and the
impact of 17BE modulation in hypothalamic glucose sensing. We show
that in the absence of 17E, VL-VMN nonadapting Gl neurons from
females increase their IR in low glucose to a lesser degree than those
from age and weight matched males. In addition, we found that as for
the lateral hypothalamic orexin neurons [33], the VL-VMN possesses a
subpopulation of GI neurons whose response to low glucose is

A

transient despite continued exposure (AdGl neurons). 17 3E modulated
the activity and/or the glucose sensitivity of both VL-VMN nonadapting
Gl and AdGI neurons. In contrast, GE and NGS neurons were neither
sexually dimorphic nor 17BE sensitive to any significant degree. Our
data suggest that the glucose sensitivity of VL-VMN nonadapting Gl,
but not other glucose or NGS, neurons is inherently sexually dimorphic
(due to organizational effects). Moreover, for both nonadapting Gl and
AdGI neurons, hormonal effects (the presence of 173E) may further
contribute to sex differences in the response of these neurons to low
glucose. Interestingly, over 80% of VL-VMN neurons are glucose
sensitive, making the VL-VMN the most concentrated brain locus for
glucose sensitive cells identified to date. Thus, inherent sex differences
and 17E modulation of VL-VMN Gl and AdGI neurons may play a role
in the sexual dimorphism observed in glucose homeostasis and hy-
poglycemia counterregulation [9,34].

Our finding that nonadapting Gl neurons from females show a smaller
increase in IR in response to low glucose compared to those from
males suggests altered responsiveness to presynaptic input. IR is a
measure of how much current is needed to change Vm by a given
amount. Thus, in low glucose, it would take a larger presynaptic
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Figure 6: In females, 17B-estradiol modulates whole VMH phospho (p)-AMPK levels via a membrane-bound ER. (A) Representative western blot images for p''"2-AMPK,
tAMPK, and [B-actin. (B—E) Quantification of relative fold expression of whole VMH pAMPK (B, C) and total (t-AMPK (D, E) in the presence and absence of 17E or BSA-17fE.
Numbers above columns indicate the n of each group. Columns with different letters are significantly different from each other as determined by two-way ANOVA followed by
Bonferroni post-hoc tests. 17BE: 17-estradiol (100 nM), AMPK:AMP-activated kinase, BSA-17fE: bovine serum albumin-conjugated 17E (100 nM), ER: estrogen receptor, G:

mM glucose, VMH: ventromedial hypothalamus.
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current to change the Vm of nonadapting Gl neurons from females to
the same degree as for males. This is consistent with the sex differ-
ences in hypoglycemia detection and counterregulation observed in
both humans and rodents [9,34]. Specifically, sympathetic drive [6],
glucagon [7] and epinephrine secretion [8,9], and hepatic glucose
output [10] are significantly lower in females than in males. Central
regulation of hypoglycemia counterregulation is a complex interplay of
input from multiple brain regions [35]. However, the VMH is a critical
component of this system. Local VMH glucopenia [4] or glucose
infusion [5] initiates or attenuates the peripheral release of counter-
regulatory hormones, respectively. Our lab has previously shown that
VMN nonadapting Gl neurons, in particular, play a role in hypoglycemia
counterregulation [12—14]. Here, we demonstrate that nonadapting
VL-VMN GI neurons from males respond more robustly to a large
glucose decrease from 2.5 mM to 0.1 mM glucose than those from
females. This suggests that there are inherent sex differences in the
response to low glucose in nonadapting VL-VMN GI neurons. On the
other hand, the response of nonadapting VL-VMN Gl neurons to a
smaller glucose decrease (2.5 mM—0.5 mM) was similar in both
sexes. Interestingly, in the presence of 173E, the response of non-
adapting Gl neurons to low glucose was nearly abolished in both males
and females. These data suggest that, in general, the mechanisms
underlying hypoglycemia detection may be similar in male and fe-
males, but maximal responsiveness of this neurocircuitry may be less
in females due to inherent sex differences. The presence of estrogens
in females would further attenuate the response of these neurons to
low glucose. Thus, during a hypoglycemic event, higher 17E levels in
females in addition to the underlying sex difference may prevent
nonadapting Gl neurons from sensing decreased glucose. This could
blunt the sympathoadrenal and hormonal counterregulatory response
causing blood glucose levels to drop lower in females than in males.
Similarly, natural fluctuations in 17BE levels during the female
reproductive cycle may also alter hypoglycemia counterregulation.
Caution must be taken when extrapolating the results of this ex-vivo
study to an in-vivo setting due to the use of a supraphysiological 173E
concentration in this study [28].

In the lateral hypothalamus, ~70% of orexin Gl neurons transiently
hyperpolarized when glucose increased above 2.5 mM [33]. We now
describe a heretofore uncharacterized subpopulation of VL-VMN Gl
neurons (AdGI neurons) that transiently depolarize when glucose de-
creases below 2.5 mM. Adaptation in orexin Gl neurons is thought to
be analogous to rapid adaptation in certain peripheral sensory re-
ceptors (e.g., Pacinian corpuscles [36]). These receptors enable the
nervous system to be more attentive to a change in stimulus rather
than its constant presence. Consistent with this hypothesis, we
observed a small depolarization in some VL-VMN AdGI neurons when
glucose was subsequently raised to 2.5 mM glucose. Thus, VL-VMN
AdGl neurons may serve a similar function and preserve brain
glucose sensitivity during prolonged periods of glucose deficit.

The glucose sensing mechanism in VL-VMN nonadapting Gl and AdGl
neurons overlaps to some extent with that of other VMN GI neurons.
That is, we have previously shown that low glucose excites VMN Gl
neurons through AMPK activation and closure of a CI~ channel
[11,12,37]. Consistent with these findings, we found that the AMPK
inhibitor, CC, blocks glucose sensing in both VL-VMN nonadapting Gl
and AdGI neurons. However, in these VL-VMN Gl neurons AMPK
activation closes a K rather than a CI~ channel. These data suggest
that while AMPK appears to mediate glucose sensing in VMN Gl
neurons independent of subtype, AMPK signaling is coupled to
different ion channels among distinct subtypes. One caveat to this
conclusion is the potential for known off-target effects of CC [38,39].
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However, despite this drawback, CC is a competitive inhibitor of ATP
regulation of AMPK [40]. Thus, it interacts with the metabolic pathways
which would be affected by changing glucose levels. In this regard, the
fact that CC blocked the effects of low glucose, although not definitive,
is consistent with AMPK mediated glucose sensing in AdGI neurons.

Glucose-sensitive K™ channels have been previously described in the
hypothalamus [41,42]; however, the specific K™ channel involved is as
yet unknown [43—45]. The female VL-VMN contains fewer nonadapting
Gl but more AdGI neurons than the male VL-VMN. Furthermore, the
secondary glucose response of AdGl neurons to a glucose increase was
smaller in females than in males. It is possible that, in females versus
males, the net output of the hypoglycemia sensitive neurocircuit is
dampened in response to prolonged insulin-induced hypoglycemia
since the overall activation of nonadapting Gl neurons is blunted in
females and fewer Gl neurons overall maintain activation during the
entire hypoglycemic episode. Moreover, while glucose sensing in AdGl
neurons was not itself sexually dimorphic, 17E blunted their response
to low glucose. Thus, the presence of estrogens in the female would
further dampen the nonadapting GI and AdGI hypoglycemia sensitive
neurocircuit and contribute to the reduced hypoglycemia counter-
regulation observed in females compared to males.

Interestingly, the cumulative concentration of glucose sensing neurons
(GE, nonadapting Gl and AdGl) in the VL-VMN is greater than in any
other brain region so far examined. That is, over 80% of VL-VMN
neurons are glucose sensing neurons. As described previously, 20%
are GE neurons [15], with Gl and AdGI making up the remainder. This is
in comparison to our previous finding that less than 20% of the
neurons in the DM-VMN respond to glucose changes [11]. The dense
concentration of glucose sensing neurons in the VL-VMN suggests that
these neurons may play a greater role in linking glucose availability
with whole body metabolism and/or reproductive function in this brain
area than previously considered [45]. The volume of the VMN is larger
in males, but neuron density is similar in both sexes [46]. The high
concentration of both estrogen receptors and Gl neurons in the VL-VMN
suggests that VL-VMN GI neurons, which are more prominent in the
male VL-VMN than the female VL-VMN may mediate, in part, the
sexually dimorphic effects of this brain region on glucose homeostasis.
That is, the overall activation of the male VL-VMN during hypoglycemia
may be greater than that in the female. This would be again consistent
with blunted hypoglycemia counterregulation in the female compared
to the male.

As discussed above, the ability of 17BE to blunt the activation of
nonadapting Gl and AdGI neurons in low glucose is blocked by an
AMPK activator. This is consistent with our finding that 173E and its
membrane impermeable analog also blocked the low glucose-induced
AMPK Thr'”2 phosphorylation in VMH tissues sections. While the
expression of ERs on VL-VMN glucose sensing neurons has yet to be
shown, these data suggest that 17BE inhibits the glucose sensing
signaling pathway (AMPK) via a membrane bound (vs nuclear) ER.
Based on our pharmacological data this membrane bound receptor
appears to be ERP instead of ERa.. ER[ null animals display no altered
metabolic phenotype and remain fertile [47,48]. However, chronic
intermittent insulin-induced hypoglycemia down regulates ARC ERf
expression while upregulating ARC ERo. expression [49]. If this
occurred in VL-VMN nonadaptive GI or AdGI neurons, it could blunt
17BE’s effect on glucose sensitivity and protect counterregulation. This
would be consistent with the observation that females are protected to
some degree against the deleterious effects of antecedent hypogly-
cemia on counterregulation in comparison to males [50]. Alternatively,
ERB-mediated phosphoinositide 3-kinase (PI3K) activation may
mediate 17BE’s effect on VL-VMN glucose sensing [51].
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In contrast to its inhibitory effect in low glucose, 17BE depolarizes
approximately half of the nonadapting Gl neurons in 2.5 mM glucose
while having no effect on AdGI neurons in this glucose concentration.
This apparent paradoxical depolarizing effect of 17BE in nonadapting
Gl neurons was found to be due to a presynaptic site of action since it
was blocked by the voltage-gated sodium channel blocker TTX, which
blocks presynaptic action potentials. The effect of 17BE in 2.5 mM
glucose was due to a decrease in K™ conductance, suggesting that the
neurotransmitter released from the upstream 17 BE-sensitive neuron is
coupled to a K™ channel on nonadapting Gl neurons. y-Aminobutyric
acid (GABA) and the K™ channel linked GABAg receptor are plausible
candidates. 17BE downregulates hypothalamic GABAg receptors and
decreases the potency of the GABAg agonist baclofen in VMH neurons
[52,53]. Reduced GABAergic input onto VL-VMN nonadapting Gl neu-
rons could close K™ channels, leading to excitation of these neurons.
However, this remains to be tested, and there are admittedly other
candidates, which could explain these results. It is possible that the
neurotransmitter released from the 17PE-sensitive presynaptic
neuron, be it GABA or otherwise, increases AMPK activity leading to
neuronal activation. This would be consistent with our finding that
17PBE increased AMPK Thr'72 phosphorylation in 2.5 mM glucose.
However, these data must be interpreted cautiously since 17fE-
induced modulation of AMPK phosphorylation in other VMH AMPK
expressing neurons [54,55] or astrocytes [56] must be taken into
account in VMH tissue sections. Moreover, since the brain slices from
which we record have been isolated from their normal interconnections
with the rest of the brain, it is difficult to extend presynaptic effects in
brain slices to the physiological situation in vivo.

In conclusion, we have shown a sexual dimorphism in nonadapting VL-
VMN GI neurons, which is apparently due to organizational effects
since differences are present in the absence of estrogens. Moreover,
17PE affects the glucose sensing machinery (AMPK) in both non-
adapting Gl and AdGI neurons of both sexes. Together, our data
suggest that sex differences observed in VL-VMN nonadapting Gl
neurons and 17PBE effects on the glucose sensitivity of both
nonadaptive Gl and AdGI neurons may underlie the observed sex dif-
ferences in hypoglycemia detection and counterregulation.
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