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Abstract

The ventromedial hypothalamic nucleus-ventrolateral part (VMNV]) is an estradiol-sensitive structure that controls sex-
specific behavior. Electrical reactivity of VMNVI neurons to hypoglycemia infers that cellular energy stability is monitored
there. Current research investigated the hypothesis that estradiol elicits sex-dimorphic patterns of VMNvI metabolic sensor
activation and gluco-regulatory neurotransmission during hypoglycemia. Rostral-, middle-, and caudal-VMNVI tissue was
separately micropunch-dissected from letrozole (Lz)- or vehicle-injected male and estradiol- or vehicle-implanted ovariec-
tomized (OVX) female rats for Western blot analysis of total and phosphorylated 5'-AMP-activated protein kinase (AMPK)
protein expression and gluco-stimulatory [neuronal nitric oxide synthase (nNOS); steroidogenic factor-1 (SF1) or -inhibitory
(glutamate decarboxylaseqs;s; (GAD)] transmitter marker proteins after sc insulin (INS) or vehicle injection. In both sexes,
hypoglycemic up-regulation of phosphoAMPK was estradiol-dependent in rostral and middle, but not caudal VMNvlL. AMPK
activity remained elevated after recovery from hypoglycemia over the rostro-caudal VMNVI in female, but only in the rostral
segment in male. In each sex, hypoglycemia correspondingly augmented or suppressed nNOS profiles in rostral and middle
versus caudal VMNVI; these segmental responses persisted longer in female. Rostral and middle segment SF1 protein was
inhibited by estradiol-independent mechanisms in hypoglycemic males, but increased by estradiol-reliant mechanisms in
female. After INS injection, GAD expression was inhibited in the male rostral VMNVI without estradiol involvement, but this
hormone was required for broader suppression of this profile in the female. Neuroanatomical variability of VMNv] metabolic
transmitter reactivity to hypoglycemia underscores the existence of functionally different subgroups in that structure. The
regional distribution and estradiol sensitivity of hypoglycemia-sensitive VMNVI neurons of each neurochemical phenotype
evidently vary between sexes.
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Introduction

The ventromedial hypothalamic nucleus (VMN) is a prin-
cipal element of the sex-dimorphic neural network that is
established by estrogen receptor (ER) imprinting during
the ‘critical period” of brain differentiation (Simerly 2002).
In the adult, estrogen receptors (ERs) are prominently
expressed in the ventrolateral region of the VMN (VMNv])
(Yang et al. 2013), a structure that is implicated in sex-spe-
cific control of critical physiological and behavioral func-
tions, including sexual and maternal behaviors, physical
activity, and metabolic homeostasis (Musatov et al. 2007,
Yang et al. 2013; Martinez de Morentin et al. 2014; Correa
et al. 2015; Hashikawa et al. 2017). Cellular energy balance
is continuously monitored in the VMN and a limited number
of other brain loci by specialized metabolic-sensory neurons
that adjust synaptic firing when substrate fuel supply devi-
ates from the normal range (Oomura et al. 1969; Ashford
et al. 1990; Adachi et al. 1995, 1997; Silver and Erecinka,
1998). This dynamic readout, along with endocrine sig-
nals that are surrogates for peripheral energy reserves,
provides critical input to VMN control of glucostasis. The
ovarian steroid estradiol acts on VMN substrates to regu-
late blood glucose profiles (Nedungadi and Briski 2012;
Liu et al. 2013). VMNVvI neurons that exhibit decreased or
elevated synaptic activity in response to glucose deficiency
(Cotero and Routh, 2009; Santiago et al. 2016) may thus
be direct or indirect targets of estradiol modulatory action.

The ultra-sensitive, evolutionarily-conserved energy
gauge 5'-AMP-activated protein kinase (AMPK) is acti-
vated by phosphorylation when the cellular AMP: ATP
ratio increases (Hardie et al. 2016; Lin and Hardie 2018).
Mediobasal hypothalamic AMPK activation is required
for maximum glucose counter-regulatory responses to
insulin-induced hypoglycemia (Han et al. 2005; McCrim-
mon et al. 2008). Neurotransmitter effectors of ventrome-
dial hypothalamic energy insufficiency include nitric oxide
(NO) and steroidogenic factor-1 (SF1) or y-aminobutyric
acid (GABA), which respectively elevate versus suppress
counter-regulatory hormone secretion (Chan et al. 2006; Fio-
ramonti et al. 2010; Garfield et al. 2014; Routh et al. 2014;
Meek et al. 2016). VMN nitrergic, SF1, and GABAergic
neuron function may be directly impacted by glucopriva-
tion as these cell types express AMPK (Ibrahim et al. 2020;
Briski and Mandal 2020). AMPK gluco-regulatory signaling
likely originates in the VMN as insulin-induced hypogly-
cemia increases AMPK phosphorylation in local NO and
GABA neurons (Briski et al. 2020; Ibrahim et al. 2020).
Estradiol evidently controls metabolic sensory signaling by
these neurotransmitter cell types in a sex-specific manner,
as ER-alpha (ERa) and ER-beta (ERf) impose differential
control of VMN expression profiles of neuronal nitric oxide

synthase (nNOS) and glutamate decarboxylasegs,s; (GAD),
marker proteins for nitric oxide and GABA transmis-
sion, in hypoglycemic male versus female rats (Mahmood
et al. 2018). VMN NO and GABA neurons are each a
likely target for estradiol action as both cell populations
express ERa and -f3, as well as the transmembrane G protein-
coupled estrogen receptor GPER (Uddin et al. 2019).

Previous Western blot studies performed in our labora-
tory and by others did not analyze VMNVI tissue apart from
other, e.g. central and dorsomedial regions of the VMN.
Thus, there remains a need to clarify, for each sex, the role
of estradiol in hypoglycemia effects on metabolic sensor
and gluco-regulatory neurotransmitter activity in this criti-
cal sex-dimorphic substructure. The current project utilized
high-resolution microdissection/high-sensitivity molecular
analytical techniques to address the hypothesis that in each
sex, estradiol regulation of basal and/or hypoglycemia pat-
terns of sensor activation and nNOS, SF1, and/or GAD pro-
tein expression may vary over the rostro-caudal length of
the VMNvI, and that estradiol-mediated sex differences in
expression profiles of one or more target proteins may occur
at distinctive neuroanatomical levels of the VMNVvI.

Materials and Methods

Animals: Adult male and female Sprague Dawley were
housed 2-3 per cage, according to sex, under a 14-h light/10-
h dark cycle (lights on at 05.00 h). Animals had ad-libi-
tum access to standard laboratory rat chow and water, and
were acclimated to daily handling. All surgical and experi-
mental protocols were conducted in accordance with NIH
guidelines for care and use of laboratory animals, under
approval by the ULM Institutional Animal Care and Use
Committee. Five days prior to experimentation, female
rats were bilaterally ovariectomized (OVX) under keta-
mine/xylazine (0.1 mL/100 g bw; 90 mg ketamine: 10 mg
xylazine/mL; Henry Schein Inc. Melville, NY) anesthesia.
After surgery, rats were injected subcutaneously (sc) with
ketoprofen (1 mg/kg bw) and intramuscularly with enro-
floxacin (10 mg/0.1 mL), treated by topical application of
0.25% bupivacaine to closed incisions, then transferred to
individual cages. A validated hormone replacement para-
digm was implemented in female subjects for the purpose of
standardizing plasma estradiol levels at metestrus-like levels,
in order to avoid variability due to variation in endogenous
circulating hormone secretion over the estrous cycle (Briski
et al. 2001). On study day 1, randomly assigned female
rats were implanted with a sc silastic capsule (i.d. 0.062
in./o.d. 0.125 in.; 10 mm/100 g bw) containing 30 pg 17
estradiol-3-benzoate/mL safflower oil or oil alone, under
isoflurane anesthesia (5%—induction; 2.5%—maintenance).
On study days 1-5, testes-intact male rats were randomly
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injected sc with the aromatase inhibitor letrozole (Lz; 1 mg/
kg bw) or the vehicle 0.9% saline (SAL) containing 5.0%
Tween-30 and 5.0% ethanol (Kokras et al. 2018); this Lz
dosage reduces circulating estradiol levels by more than 70%
(Bhatnagar et al. 1993). On day 6, animals of each sex were
injected sc at 09.00 h with neutral protamine Hagedorn insu-
lin (INS; 10.0 U/kg bw) or sterile diluent (V), then sacrificed
by microwave fixation (1.45 s; In Vivo Microwave Fixation
System, SkW; Stoelting Co. Wood Dale, IL) at the following
time points (Fig. 1a): V-injected controls: time zero (n = 4
V- and n = 4 Lz-pretreated males; n = 4 estradiol- and n = 4
oil-implanted females); INS-injected animals: + 1.0h (n =4
V- and n = 4 Lz-pretreated males; n = 4 estradiol- and n = 4
oil-implanted females), + 3.5 h (n =4 V- and n = 4 Lz-
pretreated males; n = 4 estradiol- and n = 4 oil-implanted
females), or + 7.0 h (n =4 V- and n = 4 Lz-pretreated males;
n = 4 estradiol- and n = 4 oil-implanted females). Each brain
was snap-frozen in a liquid nitrogen-cooled isopentane and
stored at — 80 °C. Plasma was stored at — 20 °C for glucose
measurement.

Subcutaneous (sc) Injection

Insulin® (INS)
Pretreatments Vehicle?(V) +1hr +35hr +7.0hr
Male
sc vehicle (V) injections® n=4 n=4 n=4 n=4
sc letrozole (Lz) injections? n=4 n=4 n=4 n=4
Female
QVXe, sc estradiol implant’ n=4 n=4 n=4 n=
OVX, sc vehicle implant® n=4 n=4 n=4 n=4

VMN Tissue Micropunch Dissection and Western Blot Analy-
sis: Each brain was cut into consecutive 10-pm-thick frozen
sections through the VMN over the distance of — 1.80 to
— 3.3 mm posterior to bregma. For each animal, bilateral
micropunches of VMNVI tissue were taken using a calibrated
0.5 mm hollow punch tool (prod. no. 57401; Stoelting Co.,
Kiel, WI; Fig. 1b) from sections cut at rostral (— 1.8 to
— 2.3 mm), middle (- 2.3 to — 2.8), and caudal (— 2.8 to
— 3.3 mm) VMNVI regions, and pooled within each neuro-
anatomical segment in lysis buffer (2.0% sodium dodecyl
sulfate, 0.05M dithiothreitol, 10.0% glycerol, 1.0 mM EDTA
(Ibrahim et al. 2019) for Western blot analysis. Accuracy
of use of micropunch methodology for collection of dis-
tinctive hypothalamic loci of interest, including the VMN,
has been validated by marker protein expression (Mandal
et al. 2017, 2018). In each treatment group, tissue lysate ali-
quots from individual subjects were combined within rostral
middle, and caudal VMNVI levels to create for each target
protein, at minimum, triplicate sample pools for each target
protein per region. Pooled tissue samples were separated
in Bio-Rad TGX 10% stain-free gels (Bio-Rad, Hercules,
CA); after electrophoresis, gels were UV light-activated

a sterilediluent, 100 uL/100 g bw, administered at 09.00 hr on study day 6;
sacrifice attime zero

b 10.0 U neutral protamine Hagedorn insulin/kg bw, administered at 09.00 hr on
study day 6; post-injection sacrificeat1, 3.5 or 7 hr aftertime zero.

¢ 0.9% saline

d 1 mg/kg bwadministered daily on study days 1-5

e bilateral ovariectomy

f silasticcapsule (0.062in.i.d, 0.125 in. 0.d.; 10 mm/100 g bw) containing 30 ug

17B-estradiol-3-benzoate/mL safflower oil, implanted on study day 1
g silasticcapsule filled with safflower oil alone

Fig. 1 Experimental design and ventromedial hypothalamic nucleus-
ventrolateral part (VMNvl) micropunch dissection. As shown in a,
groups of male were pretreated on study days 1-5 by serial once-per-
day subcutaneous (sc) injection of vehicle (V) or letrozole (Lz), while
ovariectomized (OVX) female rats were implanted sc with a silastic
capsule containing estradiol or the vehicle safflower oil alone over the
same time interval. On day 6, groups of male V- or Lz-pretreated rats
and groups of female estradiol- or oil-implanted OVX animals were
injected sc at 09.00 hr (time zero;t,) with vehicle (V; sterile diluent;
sacrificed at ) or insulin (INS; 10.0 U neutral protamine Hagedorn
insulin/kg bw; sacrificed at 1.0, 3.5, or 7.0 h after injection). For each
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sex, final treatment groups consisted of n = 4 rats each. In b, the rec-
tangle in the Panel A brain map (— 2.85 mm posterior to bregma)
depicts mediobasal hypothalamus and is enlarged (Panel B) to illus-
trate the location of VMN in that region. The blue circle denotes
positioning of a 0.50-mm diameter circular micropunch tool over the
VMNWI for selective harvesting of this substructure. Abbreviations in
Panel B: ARH arcuate hypothalamic nucleus (n.), DMHa,p anterior,
posterior dorsomedial hypothalamic n., fx fornix, LHA lateral hypo-
thalamic area, ME median eminence, PVi intermediate periventricu-
lar hypothalamic n., VMHc,dm,vl central,dorsomedial,ventormlateral
ventromedial hypothalamic n., TU tuberal n., V3 third ventricle
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(1 min) in a Bio-Rad ChemiDoc TM Touch Imaging Sys-
tem (Ibrahim et al. 2019) to quantify total protein content in
each lane. After protein transblotting, 0.45-pm PVDF-Plus
membranes (prod. no. 121639; Data Support Co. Panorama
City, CA) were blocked with Tris-buffer saline containing
0.1% Tween-20 and 2.0% bovine serum albumin, then incu-
bated between 36—42 h (4 °C) with primary rabbit polyclonal
antisera raised against AMPKa,,, (AMPK; prod. no. 25328S;
1:2000; Cell Signaling Technology, Inc. Danvers, MA),
phosphoAMPKa, , (pAMPK; prod. no. 2535S; 1:2000;
Cell Signaling Technol.), nNOS (prod. no. NBP1-39681,
1:2000; Novus Biologicals, LLC, Littleton, CO), SF1 (prod.
no. PA5-41967, 1:2000; Invitrogen/ThermoFisherScientific,
Carlsbad, CA), or GAD (prod. no. ABN904, 1:10000; Mil-
lipore Sigma, Burlington, MA). Membranes were then incu-
bated with goat anti-rabbit horseradish peroxidase-labeled
secondary antibodies (1:5,000; prod. no. NEF§12001EA;
PerkinElmer, Waltham, MA), followed by SuperSignal West
Femto maximum sensitivity chemiluminescence substrate
(prod. no. 34096; ThermoFisherScientific, Waltham, MA).
Automated membrane buffer washes and blocking and anti-
body incubations were performed in a Freedom Rocker™
Blotbot. Protein band optical density (O.D.) measures were
normalized to total in-lane protein using Image Lab™ 6.0.0
software (Bio-Rad). Precision plus protein molecular weight
dual color standards (prod. no. 161-0374, Bio-Rad) were
included in each Western blot analysis.

Statistics: Mean normalized VMNVvI segmental protein
0.D. and plasma glucose measures were evaluated within
each sex by two-way analysis of variance and Student-
Newman-Keuls post-hoc test. Differences of p < 0.05 were
considered significant. In each figure, statistical differences
between specific pairs of treatment groups are denoted as fol-
lows: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

Results

Rostral, middle, and caudal VMNvI tissue was micro-
dissected independently from Lz- or V-pretreated male
(Fig. 2a—c) and estradiol- or oil-implanted OVX female
(Fig. 2d-f) rats after INS (patterned bars) or V (solid bars)
injection for Western blot analysis of total AMPK,,,, pro-
tein expression. In males, Lz pretreatment elevated baseline
AMPK expression in the middle, but not rostral or cau-
dal VMNVI. INS injection significantly decreased rostral
VMNvl AMPK levels at +1, 3.5, and 7 h post-injection in
both V- (white bars) and Lz- (gray bars) pretreated animals
(Fig. 2a; F (7,54 = 10.82; p < 0.001). In this sex, hypogly-
cemic augmentation of middle VMNvl AMPK content
(Fig. 2b; F(7 16, = 10.50; p < 0.0001) at + 1 h was prevented
by Lz pretreatment. In females, INS respectively increased

or decreased AMPK protein expression in rostral (Fig. 2d;
F(7’24) = 4.48; p = 0.001) or caudal (Fig. 2f; F = 4.58;
p = 0.0023) VMNVI at single post-injection time points in
estradiol- (gray bars), but not oil- (white bars) implanted
rats. Data show that in each sex, hypoglycemia caused differ-
ential changes in total AMPK protein levels between distinct
neuroanatomical VMNVI segments. Hypoglycemic patterns
of VMNvl AMPK expression in male rats were estradiol-
dependent or -independent, depending upon rostro-caudal
segment.

Effects of hypoglycemia on VMNvl pAMPK,,,, pro-
tein expression were examined in Lz- or V-injected male
(Fig. 3a—c) and estradiol- or oil-implanted OVX female
(Fig. 3d—f) rats. INS elevated rostral VMNvI pAMPK
profiles in V-pretreated male (Fig. 3a; F(7 54 = 11.39;
p < 0.001) and estradiol-implanted OVX female (Fig. 3d;
F 724y = 8.28; p < 0.0001) at each post-injection time point,
e.g., + 1, 3.5, and 7 h. In V-pretreated males, INS injec-
tion also augmented pAMPK content in the middle (+ 1 h;
Fig. 3b; F7 16, = 9.01; p < 0.0001) and caudal (+ 3.5 h;
Fig. 3c; F = 37.91; p < 0.0001) VMNVI; these responses
were respectively averted or unaffected by Lz pretreatment.
Estradiol-, but not oil-implanted female rats exhibited up-
regulated middle VMNv] pAMPK expression at + 1, 3.5,
and 7 h; Fig. 3e; F(7’32) =3.77; p =0.004). OVX rats treated
with estradiol or oil exhibited augmented pAMPK levels in
caudal VMNVI at + 3.5 h; Fig. 3f; F = 9.70; p < 0.0001).
Outcomes show that pAMPK expression was up-regulated
over the duration of hypoglycemia in the rostral VMNVI in
each sex as well as middle and caudal VMNvI segments
in females, and that this protracted amplification of sen-
sor activity is mitigated by experimental manipulation of
systemic estradiol in the rostral VMNvI in both sexes as
well as middle female VMN. Lz pretreatment elevated
baseline pAMPK content in rostral and middle VMNVvI in
males rats, whereas oil-implanted OVX females exhibited
higher pAMPK expression in each rostro-caudal level of the
VMNVI compared with estradiol-treated animals.

Figure 4 depicts effects of INS injection to Lz- versus
V-pretreated male and estradiol- versus oil-implanted OVX
female rats on regional patterns of nNOS protein expression
in the VMNVI. V-pretreated male and estradiol-implanted
OVX female rats exhibited up- [(rostral; male: Fig. 4a,
Fog = 6.58, p < 0.001; female: Fig. 4c, Fag = 3.60;
p = 0.004) (middle; male: Fig. 4b, Fi16 = 12.99,
p < 0.0001; female: Fig. 4e, F(; 35, =7.21, p < 0.001)] or
down- (caudal; male: Fig, 4c, F = 13.56, p < 0.0001; female:
Fig. 4f, F = 10.77; p < 0.0001) regulated VMNvI nNOS pro-
tein profiles in response to INS injection. In males, Lz pre-
treatment prevented these nNOS responses in each VMNVI
level, with the exception of the rostral segment. Compared
with males, females exhibited comparatively more prolonged
adjustments in nNOS expression due to hypoglycemia at
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Fig.2 Effects of sc INS onjection on ventromedial hypothalamic
nucleus-ventrolateral part (VMNvI) 5'-AMP- activated protein kinase
(AMPK) protein expression in V- or Lz-pretreated male and estra-
diol- or oil-implanted OVX female rats. VMNVI tissue was bilater-
ally micropunch-dissected over predetermined rostro-caudal levels
from groups of male and female rats after sc vehicle (V; sterile dilu-
ent) or INS (10.0 U neutral protamine Hagedorn insulin/kg bw) injec-
tion. Data depict mean normalized rostral (left-hand column; a male,
d female), middle (middle column; b male, e female), and caudal
(right-hand column; ¢ male, f female) VMNvl AMPK protein opti-

each rostro-caudal level. Data show that in each sex, hypo-
glycemia causes segment-specific bi-directional, e.g., stimu-
latory versus inhibitory changes in nNOS expression, which
are detectable over longer post-INS injection intervals in
female versus male. Effects of hypoglycemia on this protein
were estradiol-dependent throughout the female VMNvI,
whereas in males, estradiol regulation of this protein
response varies among rostro-caudal levels. Oil-implanted
euglycemic controls female rats exhibited elevated middle
VMNVI or diminished caudal VMNVI tissue nNOS levels
compared with estradiol-implanted control group.

Effects of Lz- versus V-pretreatment of males and
estradiol- versus oil-implantation of OVX female
rats on VMNvI SF1 protein responses to hypoglyce-
mia are shown in Fig. 5. V-pretreated hypoglycemic
males exhibited decreased or elevated SF1 expression
at rostral (Fig. 5a; F(; 54, = 20.50; p < 0.001) and mid-
dle (Fig. 5b; F(7 14 = 6.61; p = 0.001) versus caudal
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7hr
—

cal density (O.D.) measures + S.E.M. for groups of male (top row)
and female (bottom row) rats. Groups of male rats (n = 4/group) were
pretreated by serial daily sc injection of V- (gray bars) or Lz (white
bars) prior to sacrifice after V injection (solid bars) or at 1.0 (diag-
onal-striped bars), 3.5 (cross-hatched bars), or 7.0 (stippled bars) h
after INS injection. Groups of OVX estradiol- (gray bars) or oil
(white bars)-implanted female rats (n = 4/group) were sacrificed at
identical time points after V or INS treatment. *p < 0.05; **p < 0.01;
*#%p < 0.001; ****p < 0.0001

(Fig. 5c; F = 12.16; p < 0.0001) levels of the VMNVI,
respectively. In male rats, Lz pretreatment blocked INS
effects on SF1 profiles at all (rostral VMNVI) or a sub-
set (middle and caudal VMNVI) of post-injection time
points. Estradiol-, but not oil-implanted OVX females
showed up-regulated SF1 protein expression in the rostral
(Fig. 5d; F(7,24) =7.78; p < 0.0001) and middle (Fig. Se;
F(7,4) = 8.02; p < 0.0001) VMNVL. Results indicate
that male rats exhibit divergent changes in VMNvI SF
expression over the rostro-caudal length of the VMNvl
in response to hypoglycemia, whereas females show up-
regulated protein profiles in rostral and middle segments
only. Oil-implanted euglycemic controls female rats exhib-
ited decreased middle VMNvI SF1 expression compared
with estradiol-implanted control group.

VMNVI regional GAD protein responses to INS injection
in Lz- versus V-pretreated male and estradiol- versus oil-
implanted female rats are presented in Fig. 6. Hypoglycemia



Journal of Molecular Neuroscience (2021) 71:1082-1094 1087
Rostral VMNvI Middle VMNvI Caudal VMNvI
Male 3a 3b 3c
. 25 . 25 [=} Letrozole Vehicl
g teuiorole . Vehicte g Letrozole Vehicle 8 3 e =
¥ 20 ¥ 201 ‘ s e
s ) e % 2 e
< - . . < - 2
= = 77 < -
E 10 g 10 % i g
g 05 é 05 | %’
0y 00 v INS v INS .
1hr 3Shr 7hr 1hr 35hr 7hr 1hr 3Shr 7hr 1hr 3Shr 7hr 1he 3Shr 7hr 1hr 3Shr 7hr
g p———— 1 3 L0 4.0 1 — e -
Female 3d 3e 3f
25 .25 . 259
g Estradiol Vehicle = Estradiol Vehicle =] Etadiol Vehicle
S 20 ‘ ¥ 20 £ 204
< =
s . = 2 .
2 2 g
Z i : H
g g £
<

v INS

1hr 3Shr 7hr 1br 3S5hr 7hr

Fig.3 VMNVI rostrocaudal segment-specific patterns of phospho-
AMPK (pAMPK) expression after V- versus INS-injection to male
and female rats. Data show mean normalized rostral (left-hand col-
umn; a male, d female), middle (middle column; b male, e female),
and caudal (right-hand column; ¢ male, f female) VMNvl pAMPK
0O.D. measures + S.E.M. for groups of male (top row) and female
(bottom row) rats. Groups of male rats (n = 4/group) were pre-

inhibited GAD expression in the rostral VMNvI in male
rats, irrespective of pretreatment (Fig. 6a; F (124) = 19.60;
p < 0.001), but did not modify this protein profile in other
VMNVI segments in this sex. In contrast, GAD levels were
suppressed in hypoglycemic estradiol-, but not oil-implanted
OVX females in both rostral (Fig. 6c; F;,4 = 4.42;
p = 0.001) and middle (Fig. 6e; F (73, = 3.61; p = 0.006)
levels of the VMNVI. Results show that hypoglycemia inhib-
its GAD protein expression by estradiol-independent ver-
sus—dependent mechanisms in male and female rats, respec-
tively, and that this negative response is limited to the rostral
VMNVI in males versus both rostral and middle VMNVvI in
females. Baseline GAD protein expression was significantly
elevated in Lz- versus V-pretreated euglycemic controls.
Results in Fig, 7 show that plasma glucose concentrations
were significantly decreased below control values in male
F7.42= 25.68; p = 0.006) and female F; 4= 21.55; p <
0.0001) rats at both 1 and 3.5 h after INS injection. In both
sexes, circulating glucose levels were not different between
V controls and animals sacrificed 7 h after INS injection.
Post-INS plasma glycemic profiles were equivalent in

v INS v INS

1hr 3S5hr 7hr 1hr 3S5Shr 7hr 1hr 3S5hr 7hr 1hr 3S5hr 7hr

HHEEESEHS

treated by serial daily sc injection of V- (gray bars) or Lz (white bars)
prior to sacrifice after V injection (solid bars) or at 1.0 (diagonal-
striped bars), 3.5 (cross-hatched bars), or 7.0 (stippled bars) h after
INS injection. Groups of OVX estradiol- (gray bars) or oil (white
bars)-implanted female rats (n = 4/group) were sacrificed at identi-
cal time points after V or INS treatment. *p < 0.05; **p < 0.01;
*#%p < 0.001; ****p < 0.0001

Lz- versus V-pretreated male and in estradiol- versus oil-
implanted OVX females.

Discussion

The VMNVI is an estradiol-sensitive structure that is a
plausible source of metabolic-sensory input to the neural
gluco-regulatory network. Herein, high neuroanatomical-
resolution microdissection tools were used to address the
premise that VMNVvI energy sensor and metabolic trans-
mitter marker protein responses to hypoglycemia are sex-
dimorphic owing to estradiol regulation. In male rats,
hypoglycemic patterns of total AMPK expression involved
estradiol-independent or -dependent mechanisms, depend-
ing upon rostrocaudal level, whereas the protein response in
females required estradiol signaling. pAMPK profiles were
up-regulated in each VMNVI segment during as well as after
hypoglycemia in female rats, whereas this temporal pattern
occurred only in rostral VMNVI in male rats. Results provide
novel evidence for region-specific stimulatory (rostral and
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Fig.4 Effects of INS injection on VMNVI expression of neuronal
nitric oxide synthase (nNOS), marker protein for the gluco-stimula-
tory transmitter nitric oxide, in V- or Lz-pretreated male and estra-
diol- or oil-implanted OVX female rats. Data show mean normalized
rostral (left-hand column; a male, d female), middle (middle column;
b male, e female), and caudal (right-hand column; ¢ male, f female)

middle VMNVI) or inhibitory (caudal VMNV]) nNOS protein
responses to hypoglycemia in each sex. Male and female
hypoglycemic rats exhibited divergent adjustments in SF1
profiles at each VMNVI level, as expression was decreased
(males) or increased (females) in rostral and middle VMNVI,
but enhanced (male) or unchanged (female) in the caudal
segment. Present outcomes show that hypoglycemic down-
regulation of GAD expression in males is restricted to the
rostral VMNVI, but occurs in both rostral and middle seg-
ments in the female. Interestingly, neurotransmitter protein
responses to hypoglycemia were estradiol-dependent in each
segment, excepting the male rostral VMNVI. Present out-
comes provide an invaluable neuroanatomical map that can
expedite investigation of the respective role of functionally
heterogenous subpopulations of distinctive metabolic neu-
rotransmitter cell types in the VMNvI in neural regulation
of glucostasis in each sex.

Hypoglycemic male rats exhibited a reduction in total
AMPK protein expression in the rostral VMNVI, yet this
protein profile remained unchanged in other segments; the
implications of this regional inhibitory response are clear.
A possible physiological consequence of down-regulated
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VMNVI nNOS O.D. measures + S.E.M. for groups of male (top row)
and female (bottom row) rats. In each sex, bar colors differentiate pre-
treatments before sc V or INS injection; animals were sacrificed after
V injection (solid bars) or at 1.0 (diagonal-striped bars), 3.5 (cross-
hatched bars), or 7.0 (stippled bars) h after INS injection. *p < 0.05;
*p < 0.01; #**p < 0.001; ****p < 0.0001

AMPK profiles is augmentation of the cellular pAMPK/
AMPK ratio, i.e., enzyme specific activity. Alternatively,
decreased AMPK availability could, depending upon extent
of decline, eventually limit enzyme mass available for
activation by phosphorylation. Phosphorylation is a rapid
post-translational modification that generates an appropri-
ate acute response to hypoglycemia, whereas decrements
in total AMPK protein levels could conceivably serve as
a more protracted adaptive response. This response in the
male is evidently unassociated with estradiol action as it
occurred in Lz- as well as V-pretreated animals. The rostral
VMNVI is typified by lengthy, estradiol-dependent hypogly-
cemic up-regulation of pAMPK expression in each sex; this
protein was also increased over a similar temporal pattern
in middle and caudal VMNvI segments in the female. A
plausible explanation is that sensors functioning in these
rostro-caudal segments may, in part, monitor the time-course
of hypoglycemia per se as opposed to magnitude of cellu-
lar-level sequelae of diminished circulating glucose. The
unique observation here that pAMPK expression persisted
in those locations despite recovery from hypoglycemia
may indicate either that neuronal energy stability is not
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Fig.5 Effects of INS injection on VMNVI expression of the gluco-
stimulatory neurotransmitter steroidogenic factor-1 (SF1) in V- or
Lz-pretreated male and estradiol- or oil-implanted OVX female
rats. Data show mean normalized rostral (left-hand column; a male,
d female), middle (middle column; b male, d female), and cau-
dal (right-hand column; ¢ male, f female) VMNvl SF1 O.D. values

immediately restored, or alternatively, that up-regulation
of this protein could reflect afferent neurochemical regula-
tion or depletion of brain energy reserve levels rather than
cellular metabolic balance. It should be noted that averaged
values for protein expression within a tissue sample mass,
as reported here, may likely obscure differences in magni-
tude and/or direction of change in AMPK activity between
individual neurotransmitter cell types present in that sub-
structure. Previous studies showed that VMN nNOS, SF1,
and GAD neurons express hypoglycemia-sensitive AMPK
(Ibrahim et al. 2020). Here, correlated longitudinal patterns
of expression of pAMPK versus SF1 in the rostral VMNvl
imply that this transmitter population may be responsive to
cellular energy imbalance during and after hypoglycemia. A
similar point can be made for extended changes in marker
protein expression in the female middle (nNOS, SF1, GAD)
and caudal (GAD) VMNVI. Additional work is warranted to
determine, for each nerve cell type, whether pAMPK regu-
lates transmitter marker protein expression over all or part of
the 7-h time frame investigated here. Hypoglycemic up-reg-
ulation of pAMPK expression in rostral and middle VMNVI
was totally prevented by Lz treatment of males or OVX of

1hr

FEERRENS
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35hr 7hr 1hr 35hr 7hr

35hr 7hr 1hr 3S5Shr 7hr

—

- — . " S o =

+ S.E.M. for male (top row) and female (bottom row) rat treatment
groups. In each sex, bar colors indicate specific pretreatments ahead
of sc V or INS injection; animals were sacrificed after V injection
(solid bars) or at 1.0 (diagonal-striped bars), 3.5 (cross-hatched bars),
or 7.0 (stippled bars) h after INS injection. *p < 0.05; **p < 0.01;
*#%p < 0.001; ****p < 0.0001

females, which infers that sensor activation by this metabolic
stress is subject to continuous control by estradiol-dependent
mechanisms. In each sex, up-regulated pAMPK profiles in
the caudal VMNVI coincide with diminished nNOS content.
However, it may be unlikely that these protein responses
are linked by causal association, as nNOS expression is a
surrogate for gluco-stimulatory nitric oxide transmission,
which is elevated in response to energy deficiency. Current
evidence that this signal is suppressed in the caudal VMNvI
suggests that positive energy balance may be maintained in
this particular segment despite elevated pAMPK expression.

Present studies provide novel proof that in each sex, hypo-
glycemia elicits bi-directional, segment-specific changes in
VMNVvI nNOS expression. In male and female, this pro-
tein profile is up-regulated in rostral and middle VMNVI,
but down-regulated in the caudal segment. In females,
nNOS levels were consistently elevated (middle VMNVI)
or decreased (caudal VMNVI) between 1 and 7 h after INS
treatment; males exhibited similar changes in this protein
profile in each segment, but at fewer time points. Attenuation
of these patterns of response in oil-implanted OVX females
or Lz-injected males infers that they are controlled by
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Fig.6 Effects of INS injection on VMNVI expression of Glutamate
Decarboxylasegs;s; (GAD), marker protein for the gluco-inhibitory
neurotransmitter y-aminobutyric acid (GABA), in V- or Lz-pretreated
male and estradiol- or oil-implanted OVX female rats. Data show
mean normalized rostral (left-hand column; a male, d female), middle
(middle column; b male, d female), and caudal (right-hand column;
¢ male, f female) VMNvl GAD O.D. measures + S.E.M. for male

estradiol. Notably, in the female, middle and caudal VMNvI
nNOS protein levels remained elevated or decreased, respec-
tively, at 7 h post-injection, despite restoration of euglyce-
mia. It remains to be determined if continued changes in
gluco-stimulatory NO transmission in these segments reflect
lingering effects of hypoglycemia on metabolic balance
in these neurons, or, rather, persistent input by hormonal
or neurochemical stimuli. Critical questions that emerge
from current work concern the role of middle versus cau-
dal VMNVI nitrergic neurons in each sex in glucostasis, the
identity of ER(s) that mediate estradiol control of hypogly-
cemic patterns of nNOS expression in distinct rostro-caudal
segments, and clarification of hypoglycemia-associated met-
abolic cues that trigger segment-specific nNOS responses.
While previous studies showed that nNOS content in
VMN tissue samples encompassing dorsomedial, central,
and ventrolateral parts is increased during hypoglycemia
(Napit et al. 2019; Ali et al. 2019), current outcomes evi-
dently identify neuroanatomically distinct populations of
hypoglycemia-stimulated versus hypoglycemia-inhibited
nitrergic neurons in the VMNVI, It would be informative

@ Springer

1hr

35hr 7hr 1hr 7hr 7hre

3.5hr

1hr 3S5hr

1hr

35hr 7hr

(top row) and female (bottom row) rat treatment groups. In each sex,
bar colors denote specific pretreatments prior to sc V or INS injec-
tion; animals were sacrificed after V injection (solid bars) or at 1.0
(diagonal-striped bars), 3.5 (cross-hatched bars), or 7.0 (stippled
bars) h after INS injection. *p < 0.05; **p < 0.01; ***p < 0.001;
kD <0.0001

to learn if and how afferent and efferent connectivity of
nitrergic neurons may vary among rostro-caudal VMNvl
regions in each sex, including input, via polysynaptic path-
ways, by AMPK-expressing elements of cell type to CNS
gluco-regulatory motor structures. However, microinjection
tools capable of accurate, selective high-spatial resolution
anterograde/retrograde tracer delivery to the VMNVI are
not currently available. The catecholamine neurotransmit-
ter norepinephrine (NE) conveys information from hind-
brain metabolic sensors to the hypothalamus (Briski and
Patil 2005; Briski and Mandal 2019, 2020), and regulates
VMN nNOS expression in the male and female VMN (Ibra-
him et al. 2019; Mahmood et al. 2019). Nitrergic neurons
obtained by laser-catapult microdissection over the rostro-
caudal length of the VMN, without regard for substructure
boundaries, express ERa, ERP, and G-protein coupled ER-1
(GPER/GPR30) proteins and several adrenergic receptor
(AR) variants (Uddin et al. 2019). That work showed that
ERo and —f impose differentially regulate patterns of GPER
and B,-AR protein expression during hypoglycemia, and that
adjustments in nitrergic nerve cell ER and AR expression
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Fig.7 Effects of INS injection on plasma glucose concentrations
in V- or Lz-pretreated male and eestradiol- or oil-implanted OVX
female rats. Figures 7 a and b depicts mean circulating glucose lev-
els in male and female rats, respectively. As depicted in a, groups of
male rats (n = 4/group) were pretreated by serial daily sc injection
of V- (white bars) or Lz (gray bars), as indicated at the x axis, before
V (solid bars) or INS (patterned bars) injection. INS-injected ani-

may render these neurons more sensitive to both estradiol
and NE in males, but more or less sensitive to estradiol and
NE, respectively, in females. Extrapolation of those find-
ings to the present work is not feasible. Further effort is
thus warranted to characterize, in each sex, ER regulation of
NO nerve cell receptivity to NE and other gluco-regulatory
stimuli over the rostro-caudal length of the VMNvI. Supply
of lactate, the oxidizable, trafficable end-product of astro-
cyte glycolysis, is a critical measure of VMN metabolic bal-
ance, as exogenous lactate infusion to the mediobasal hypo-
thalamus attenuates counter-regulatory hormone responses
to hypoglycemia (Borg et al. 2003). It remains unclear,
for either sex, if this monitored metabolite affects VMNvI
nitrergic neurotransmission over the entire or partial length
of the VMN. There is also a need for insight on whether
hypoglycemic patterns of lactate release by astrocytes and/
or NO nerve cell monocarboxylate transporter expression
differs between male and female in segments where lactate-
sensitive nitrergic neurons reside.

Present findings show that hypoglycemic male and
female rats exhibited opposite adjustments in SF1 protein
expression in the rostral and middle VMNVI, as this pro-
tein profile was diminished in both regions in males, but
was instead amplified in those same sites in the female. In
the same animals, caudal VMNvI SF1 protein levels were
up-regulated in INS-injected males, but were unaffected by
INS administration in females. Outcomes here support the
notion that gluco-stimulatory SF1 neurons may reside in

1091
7b Female
\Y) INS
180
160 +1hr +3.5hr +7 hr
3 140
S~
oY) T
E 120
= T
Q
@ 100
S
> 80 * o«
[G) *
© 60 * B
& 530085555
@ RER]
40 KX X!
@ XX
— > D>
PRI
o oo e
20 PSSR
B
R
0

EO EO EO EO

mals were sacrificed at 1.0 (diagonal-striped bars), 3.5 (cross-hatched
bars), or 7.0 (stippled bars) h after treatment. Figure 7 b shows data
from groups of OVX estradiol- (E; gray bars) or oil (O; white bars)-
implanted female rats (n = 4/group) were sacrificed at identical time
points after V or INS treatment. *p < 0.05 compared with V-injected
controls; **p < 0.05 compared with V-pretreated, V-injected male
rats

different VMNvI segments in male versus female. Since cau-
dal VMNvI pAMPK levels were correspondingly refractory
to or elevated by hypoglycemia in male and female, local
SF1 responses to this metabolic stress may not reflect meta-
bolic status. In males, it is unclear if down-regulated neu-
rotransmitter expression in the rostral and middle VMNVvI
points to the existence of a distinctive hypoglycemia-inhib-
ited SF1 neuron population (which lacks gluco-stimulatory
functionality), or alternatively, reflects a state of enhanced
energy stability in those regions, despite increased pAMPK
expression. Notably, in each sex, hypoglycemia-associated
patterns of VMNvI SF1 expression largely persisted after
normal plasma glucose levels were regained. These findings
support the need for insight on the metabolic cues and neu-
rochemical inputs that shape SF1 signaling during and after
exposure to hypoglycemia. Present data also show that hypo-
glycemic regulation of SF1 expression primarily involves
estradiol-independent mechanisms in the male, but involves
estradiol in the female.

Current results show that hypoglycemia was exclusively
inhibitory to VMNvI GAD expression, in contrast to bi-
directional impacts on nNOS and SF1, as discussed above,
and suppression of GAD occurred only in the rostral
VMNVI in males, but was observed more broadly, e.g., in
both rostral and middle VMNVI in the female. These find-
ings infer that the origin of gluco-inhibitory GABAergic
signaling in the VMNVI is not identical in each sex. In the
rostral VMNVI, time points corresponding to reductions in
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Table1 Summary of Rostral VMN® Middle VMN Caudal VMN
rostro-caudal patterns of
ventrolateral ventromedial Male Female Male Female Male Female
hypothalamic nucleus (VMNVI) INS-1°INS- INS-11INS-3.5 INS-1INS-3.5 INS-1INS-3.5 INS-1INS-3.5 INS-1 INS-
5’-AMP-activated protein 3.5°INS-7¢  INS-7 INS-7 INS-7 INS-7 3.5INS-7
kinase (AMPK) activation - R -
and metabolic transmitter AMPK [°* | | NC NC NC Téh NC NC NC NC NC NC NC NC | NC NC
marker protein expression in LZ/OVX A A
hypoglycemic vehicle (V) or pAMPK' * + 1+ t 1t t 1 NCNC?T 1 t NC?T NCT t 1
letrozole (Lz)-treated male LZOVX A A A A A A A A A A A A
ek ol oy Nene 1 1Nl T oNel 11 NCL Nl 4oL
LZ/OVX A A A A A A A A A A A
SFI* y ) 4t t 1 L | NC?T T 1 1T 1t 1 NCNCNC
LZ/0OVX A A A A A A A A A
GAD! | NC | | | NC NC NC NC | | | NC NC NC NC NC NC
LZ/OVX A A A A

2Rostral VMNVI: -1.8 to -2.3 mm; Middle VMNVI: -2.3 to -2.8 mm; Caudal VMNVI: -2.8 to -3.3 mm

®Sacrifice 1 hr after subcutaneous (sc) 10.0 U neutral protamine Hagedorn insulin (INS)/kg bw injection

“Sacrifice 3.5 h after sc INS injection

dSacrifice 7 h after sc INS injection

“Decreased versus V
No change versus V
£Increase versus V

hRcsponse abolished by Lz (males) or OVX (females)

iPhosphoAMPK

JNeuronal nitric oxide synthase
kSteroidogenic factor-1
!Glutamate decarboxylase 65/67

GAD protein varied between hypoglycemic males versus
females; therefore, GABAergic neurons in that site may
respond to a different array of cues over time according
to sex. Hypoglycemic regulation of VMNv] GAD expres-
sion was predominantly estradiol-independent in males,
but estradiol-reliant in females. NE regulates VMN
GAD expression in the male and female VMN (Ibrahim
et al. 2019; Mahmood et al. 2019). VMN GABA neurons
collected without discrimination for substructure bound-
aries exhibit sex-dimorphic ERa and ERP — dependent
alpha,-AR, alpha,-AR, and ER« protein expression during
hypoglycemia (Uddin et al. 2019). Those studies suggest
that sex-specific effects of hypoglycemia on GABA nerve
cell ER and AR protein expression may likely diminish
sensitivity of these cells to both estradiol and NE profiles
in males, but may cause divergent, e.g., up- versus down-
regulated receptivity to estradiol and NE, respectively, in
the female. Additional studies are needed to determine if
and how metabolic cues, e.g., substrate fuels and glucose-
regulatory hormones, estradiol, and gluco-regulatory neu-
rochemical inputs affect GABA transmission in the rostral
VMNVI in males versus rostral and middle segments in the
female, and to determine how those stimuli impact func-
tionality of downstream brain gluco-regulatory network
elements.
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Table 1 provides a summary of effects of hypoglycemia
on target proteins across rostro-caudal VMNv] segments
in male and female rats. Data provide unique evidence
for protracted AMPK activation, e.g., after recovery from
hypoglycemia, in this structure, and show that this activ-
ity pattern occurs only in the rostral VMNvI segment in
males, but over the length of the VMNVvI in female. The
rostral VMNVI is characterized by estradiol-dependent up-
regulation of pAMPK, but estradiol-independent suppres-
sion of total AMPK protein in males. Sex differences in the
ratio of activated versus total AMPK (and resultant effects
on enzyme specific activity) in individual gluco-regulatory
neuron populations investigated here may be a factor in
divergent hypoglycemic patterns of marker protein expres-
sion. Up-regulation of nNOS at fewer time points in the male
as well as a decline in gluco-stimulatory SF1 signaling in
that sex may reflect a more positive energy state in males,
despite augmented pAMPK expression. Identification of the
rostral VMNVI as the sole location where GAD expression
is down-regulated in hypoglycemic males suggests Down-
regulated GAD profiles in the rostral VMNVI In middle and
caudal VMNVI levels, AMPK activation was detected at
a single time point in hypoglycemic males, but occurred
throughout as well as after hypoglycemia in females. These
temporal patterns of sensor activation correlate closely with
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transmitter protein expression in these regions. Unique
among VMNVvI segments, the caudal level is characterized
by an apparent lack of association between hypoglycemic
patterns of AMPK activation and metabolic transmitter pro-
tein expression.

In conclusion, new evidence described here for functional
heterogeneity of VMNvI metabolic neurotransmitter cell
types underscores the need for high-neuroanatomical speci-
ficity in future work for accurate discernment of the role of
these neurochemicals in monitoring cellular energy stabil-
ity during and after recovery from hypoglycemia, and their
involvement in neural control of counter-regulatory outflow
during this metabolic stress . The VMNVI is implicated in
the control of several vital reproductive behaviors. Neural
command of reproduction and metabolism is tightly linked,
plausibly by neurotransmitters that signal within intercon-
nected pathways that impose synchronized adjustments in
these functions in response to loss of neuro-metabolic stabil-
ity. Further research is needed to investigate whether hypo-
glycemia-sensitive VMNVI neurotransmitters identified here
provide such a functional connection between metabolic and
reproduction-relevant pathways.
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