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Lactate is an important metabolic substrate for sustaining
brain energy requirements when glucose supplies are lim-
ited. Recurring exposure to hypoglycemia (RH) raises lac-
tate levels in the ventromedial hypothalamus (VMH), which
contributes to counterregulatory failure. However, the
source of this lactate remains unclear. The current study
investigates whether astrocytic glycogen serves as the
major source of lactate in the VMH of RH rats. By decreas-
ing the expression of a key lactate transporter in VMH
astrocytes of RH rats, we reduced extracellular lactate
concentrations, suggesting excess lactate was locally pro-
duced from astrocytes. To determine whether astrocytic
glycogen serves as themajor source of lactate, we chroni-
cally delivered either artificial extracellular fluid or 1,4-
dideoxy-1,4-imino-D-arabinitol to inhibit glycogen turnover
in the VMH of RH animals. Inhibiting glycogen turnover in
RH animals prevented the rise in VMH lactate and the de-
velopment of counterregulatory failure. Lastly, we noted
that RH led to an increase in glycogen shunt activity in re-
sponse to hypoglycemia and elevated glycogen phosphor-
ylase activity in the hours following a bout of hypoglycemia.
Our data suggest that dysregulation of astrocytic glycogen
metabolism following RH may be responsible, at least in
part, for the rise in VMH lactate levels.

Hypoglycemia remains a serious complication for patients
with type 1 and, increasingly, those with type 2 diabetes
on insulin therapy (1,2). Recurring exposure to hypoglyce-
mia (RH) impairs the sympathoadrenal response to subse-
quent bouts of hypoglycemia, which, in turn, leads to
hypoglycemia unawareness—a condition referred to as
hypoglycemia-associated autonomic failure. Asymptomatic

awareness of hypoglycemia increases the risk for severe
hypoglycemic events. Although the mechanisms leading to
hypoglycemia unawareness remain unclear, it has been sug-
gested that increased utilization of alternate fuel substrates
by the brain prevents glucose responsive neurons from sens-
ing falling glucose levels (3). Lactate is an important meta-
bolic substrate and signaling molecule in the brain, especially
when glucose is low. Previous studies showed that increased
extracellular lactate concentrations in the ventromedial hy-
pothalamus (VMH), a major glucose sensing region of the
brain, following RH may contribute to the development of
hypoglycemia-associated autonomic failure (3).

Brain lactate is primarily derived either from the periph-
ery or locally from the metabolism of glucose or glycogen.

ARTICLE HIGHLIGHTS

• Astrocytic glycogen serves as the major source of ele-
vated lactate levels in the ventromedial hypothalamus
(VMH) of animals exposed to recurring episodes of
hypoglycemia.

• Antecedent hypoglycemia alters VMHglycogen turnover.
• Antecedent exposure to hypoglycemia enhances gly-

cogen shunt activity in the VMH during subsequent
bouts of hypoglycemia.

• In the immediate hours following a bout of hypoglyce-
mia, sustained elevations in glycogen phosphorylase
activity in the VMH of recurrently hypoglycemic ani-
mals contribute to sustained elevations in local lactate
levels.
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In the brain, glycogen is mainly stored in astrocytes and is
thought to serve a protective role ensuring a supply of fuel
to neurons when glucose availability is limited. Glycogen
stores can be mobilized to produce lactate during hypogly-
cemia and replenished when glucose levels recover to nor-
mal. While astrocytes are believed to be the major cells in
the brain that produce lactate, it remains unclear whether
astrocytic glycogen is the source of elevated lactate levels in
the VMH following RH. Therefore, the current study inves-
tigates whether astrocytic glycogen serves as the major
source of lactate in the VMH of RH rats and how glycogen
metabolism is affected by RH.

RESEARCH DESIGN AND METHODS

Animals and Ethics Statement
Male Sprague-Dawley rats (Charles River Laboratories) weigh-
ing �275 g were housed in temperature- (22–23�C) and hu-
midity-controlled rooms with access to chow and water. They
were acclimated to a 12-h light cycle (lights on: 0700 h) for
1week before experimentalmanipulation. All studies were ap-
proved by the Institutional Animal Care and Use Committee
at the University of Utah.

Study 1: Identifying the Major Source of VMH Lactate
in RH Rats
To establish whether elevated VMH lactate levels in RH ani-
mals are derived locally from astrocytes or taken up from the
periphery, rats were inoculated with an adeno-associated
viral vector to express a siRNA against monocarboxylic acid
transporter 1 (MCT1) under the control of a glial fibrillary
acidic protein (GFAP) promoter for 3 weeks and sacrificed.
The control vector expressed a scrambled RNA sequence un-
der the control of a GFAP promoter. Specificity of the AAV
was validated using immunohistochemistry and the antibod-
ies listed in Table 1. A subset of animals was microinjected
with either the scrambled or MCT1 siRNA adeno-associated
viral (AAV) (GeneDetect Ltd, Auckland, New Zealand) and
implanted with microdialysis-microinjection guide cannulas
that targeted the VMH. Two weeks later, vascular catheters
were implanted, and, 3 days after the surgery, the animals
underwent the RH treatment regimen (Supplementary
Materials and Methods) before undergoing a microdialysis
procedure to quantify basal VMH lactate concentrations the
day after the final bout of treatment.

Study 2: To Establish Whether Glycogen Serves as the
Major Source of Lactate in the VMH of RH Rats
To determine whether astrocytic glycogen is the major source
of lactate in the VMH, we usedmini-osmotic pumps to deliver
1,4-dideoxy-1,4-imino-D-arabinitol (DAB) (300 mmol/L) into
the VMH of a subgroup of RH animals to inhibit glycogen
turnover (Supplementary Fig. 1) (4).

Surgery
Rats were implanted with vascular catheters, VMH intra-
cranial infusion sets connected to osmotic pumps, and

microdialysis-microinjection guide cannulas. Three days
later, the animals underwent the RH treatment protocol
before undergoing the hypoglycemic clamp procedure the
next day. We evaluated the following groups: recurrent sa-
line 1 aECF (Control-Hypoglycemia [C-H]), RH1aECF
(RH), and RH1DAB. To control for the effects of insulin
on glycogen deposition (5), we conducted hyperinsuline-
mic- (50 mU/kg/min) euglycemic clamps in a subgroup of
control animals where blood glucose was maintained be-
tween 100 and 120 mg/dL (Control-Euglycemia [C-E]).
These animals were compared with a saline-infused group
(Control-Saline [C-S]). Following the clamp, the animals
were euthanized, and the brains were removed and frozen
in liquid nitrogen in <30 s. VMH micropunches were col-
lected to assess glycogen content.

Hormone and Microdialysate Lactate Analysis
Plasma glucagon, catecholamine, and microdialysate lac-
tate concentrations were analyzed using commercial kits
(Supplementary Table 1).

Tissue Glycogen
Glycogen content was quantified in frozen VMH micro-
punches using a commercial glycogen assay kit and nor-
malized to the tissue weight of each sample.

Study 3: VMH Glycogen Turnover Following Recovery
From Hypoglycemia
Control and RH rats were sacrificed 24 h after the final
day of treatment, and immunoblots were used to quantify
glycogen synthase (GS) and phosphorylase (GP) enzyme
expression in VMH micropunches (Supplementary Fig. 2).
The BIORAD ChemiDoc Imaging System was used to cap-
ture the images, and ImageLab software was used for den-
sitometric analysis.

GS and GP enzyme activity were evaluated to assess
glycogen turnover in VMH micropunches collected imme-
diately after the final acute bout of hypoglycemia (AH) or
after the third episode of hypoglycemia in RH rats (0 h)
or 6 and 24 h later when glucose levels were normalized,
as described previously (Supplementary Fig. 3) (6,7). Addi-
tionally, we sacrificed a group of rats 3 h after an intra-
peritoneal saline injection to determine basal GS and GP
activity in the absence of hypoglycemia.

Statistical Analysis
Data are expressed as mean ± SEM and analyzed using
GraphPad Prism 9.5. Group comparisons were performed us-
ing one- or two-way ANOVA for independent or repeated
measures as appropriate. Comparisons of two groups were
performed using Student’s t test for unpaired data. Statistical
significance was assumed at P< 0.05.

Data and Resource Availability
The data sets generated during and/or analyzed in the
current study are not publicly available but are available
from the corresponding author on reasonable request.
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RESULTS

MCT1 Knockdown Prevented the Increase of VMH
Lactate Production in RH Rats
The AAV vector specifically targeted astrocytes and not
neurons, as demonstrated by colocalization of the green
fluorescent protein (GFP) reporter with GFAP, and not
NeuN (Fig. 1A–G). MCT1 expression in the VMH was de-
creased by �35% compared with controls receiving the
scrambled RNA (P < 0.05) (Fig. 1H). Reducing astrocytic
MCT1 mRNA expression in RH animals decreased extra-
cellular lactate levels in the VMH (Fig. 1I and J).

DAB Treatment Reduced Exogenous Glucose
Requirements and Prevented Impairment of the
Hormone Responses in RH Rats
Despite matched plasma glucose levels (Fig. 2A), exogenous
glucose infusion rates were significantly higher in the RH
group compared with controls (Fig. 2B). Treatment with
DAB significantly reduced glucose requirements in RH rats

back to normal. As expected, glucose infusion rates in the
C-E group during the euglycemic clamps were higher than
in the groups undergoing the hypoglycemic clamp.

Since VMH glycogen content was evaluated at the end
of the clamp, we were unable to determine baseline glyco-
gen levels for each individual animal. Instead, we compared
VMH glycogen levels from all the treatment groups with
glycogen levels measured in a group of rats that received a
saline infusion under similar sampling conditions (C-S)
whose average glycogen content was 5.2 ± 0.4 mmol/g tis-
sue (Fig. 2C). This is similar to values previously reported
in the rat brain using 13C nuclear magnetic resonance spec-
troscopy and high-power microwave fixation (8,9), indicat-
ing the surgical and blood sampling procedures did not
significantly affect brain glycogen content and, more im-
portantly, that the rapid removal and freezing of the brain
in liquid nitrogen prevented postmortem breakdown of
VMH glycogen content. Insulin-induced hypoglycemia sig-
nificantly reduced VMH glycogen content, by 55% in the
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Figure 1—(A–G) Immunohistochemical staining demonstrating cellular specificity of the AAV vector for targeting astrocytes in VMH sec-
tions. A and E show labeling of the AAV’s GFP reporter gene in red. B and F show the labeling of GFAP, an astrocyte marker or NeuN, a
neuronal marker, in green. C and G are the merged images showing colocalization of the GFP signal with GFAP on top and distinct labeling of
the GFP reporter and neurons (NeuN) on the bottom, indicating the AAV vector specifically targets expression to astrocytes and not neurons.
D is a magnified image of the area outlined in C that more clearly shows the colocalization. (H) Quantitative RT-PCR analysis showing the MCT1
siRNA-expressing AAV (MCT1 siRNA; n = 4) decreased the expression of MCT1 mRNA in the VMH by �35% (*P < 0.05) compared with con-
trols receiving the AAV expressing the scrambled RNA (Scrambled; n = 4). (I) Quantitative RT-PCR showing an increase in MCT1 mRNA expres-
sion in RH rats (squares;N = 8) compared with controls (circles; N = 6) and normalization of MCT1 mRNA levels in the VMH of RH animals using
the astrocyte targeting AAV (RH1MCT1 siRNA; triangles;N = 6). (J) Extracellular lactate concentrations in the VMHwere elevated in RH animals
(squares), and these levels were restored to normal following knockdown of MCT1 (RH 1 MCT1 siRNA; triangles). RH increased extracellular
lactate concentrations (squares) compared with hypoglycemia-naïve control animals (circles). Reducing astrocytic MCT1 expression in the
VMH of recurrently hypoglycemic rats (triangles) decreased extracellular lactate levels to normal. Data are presented as mean ± SEM. *P <
0.05, **P< 0.01 vs. Scrambled/Control and RH1MCT1 siRNA; 3V, 3rd ventricle.
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C-H group and by 57% in the RH group, but not in
RH1DAB rats, indicating 300 mmol/L DAB effectively pre-
vented depletion of glycogen stores in RH animals.

While RH dramatically increased basal VMH extracel-
lular lactate levels (Fig. 2D), inhibiting VMH glycogen

turnover prevented the rise in VMH lactate levels, sug-
gesting lactate is predominantly derived from glycogen
in RH rats.

As expected, compared with controls, RH attenuated
glucagon and epinephrine responses by 47–48% during
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Figure 2—(A) Plasma glucose concentrations of all treatment groups during the glucose clamp procedure. Plasma glucose concentra-
tions were well matched between animals either receiving a saline infusion or undergoing the hyperinsulinemic-euglycemic clamp. Plasma
glucose concentrations were matched for groups undergoing the hypoglycemic clamp as well. (B) Average glucose infusion rates (GIR)
during the last 20 min of the clamp procedure for all treatment groups. (C) VMH glycogen levels following the clamping procedure. (D)
Basal extracellular lactate concentrations in the VMH. (E) Peak plasma glucagon concentrations during the clamping procedure. (F) Peak
plasma epinephrine concentrations during the clamping procedure. C-S: N = 6; C-E: N = 6; C-H: N = 8; RH: N = 8; RH1DAB: N = 8. Data
are presented as mean ± SEM. *P< 0.05, **P < 0.01, and ***P < 0.001.
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the hypoglycemic clamp. Inhibiting VMH glycogen turn-
over restored these responses to normal (Fig. 2E and F).

RH Did Not Affect VMH GP and GS Protein Expression,
but It Did Affect Glycogen Turnover
Although no significant differences in GP or GS expres-
sion were observed between control and RH rats (Fig. 3A

and B), there were notable differences in enzyme activity.
GP activity increased in AH animals in response to hypo-
glycemia (Fig. 3C) but returned to baseline within 6 h. In
contrast, GP activity in RH animals increased in response
to hypoglycemia and remained significantly elevated for
24 h. VMH GS activity in AH animals remained at base-
line levels during hypoglycemia (Fig. 3D), increased by
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Figure 3—Immunoblot analysis of (A) GP and (B) GS protein levels in the VMH of hypoglycemia-naïve controls (Control; N = 8) and RH
(N = 8) animals. (Top) Representative immunoblot images of GP, GS and B-actin bands. (Bottom) Densitometric analysis of the immunoblots
standardized to the B-actin loading controls. (C) GP and (D) GS activity in the VMH of rats exposed to a single acute bout of hypoglycemia (AH;
N = 8 per time point) or after the final bout of RH (N = 8 per time point). Baseline GP and GS activity levels in the VMH were determined in a
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6 h after the bout of hypoglycemia, when blood glucose
concentrations were normal, and returned to baseline lev-
els by 24 h. In contrast, RH led to significant increases in
GS activity during hypoglycemia, which quickly returned
to baseline levels within 6 h.

The GP/GS activity ratio shows a normal transition
from glycogenolysis, at the end of an AH, toward glycogen
synthesis before normalization of glycogen turnover by
24 h. Interestingly, the GP/GS ratio at the end of hypo-
glycemia remained at baseline levels in RH, despite
significant elevations in both GP and GS activity, sug-
gesting there is an increase in glycogen shunt activity in
RH animals in response to hypoglycemia and greater gly-
cogenolytic capacity in the hours proceeding a bout of
hypoglycemia.

DISCUSSION

Astrocytic glycogen is an important energy reserve supply-
ing neurons with lactate when brain glucose supplies are
limited (10,11). As expected, RH led to significant increases
in VMH lactate levels compared with controls, and this rise
was associated with a blunted counterregulatory hormone
response (3). The current study showed lactate is locally
produced from glycogen stores in astrocytes, as the knock-
down of astrocytic MCT1 led to significant reductions in
VMH lactate in RH animals.

In the brain, glycogen is stored almost exclusively in as-
trocytes and is preferentially converted into lactate because
of low glucose-6-phosphatase and pyruvate dehydrogenase
activity, as well as the preferential conversion of pyruvate
to lactate by lactate dehydrogenase 5 (12–15). To establish
whether glycogen is the major source of lactate in RH, we
inhibited glycogen turnover in the VMH with DAB, which
successfully prevented the rise in lactate and the develop-
ment of counterregulatory failure in RH rats, suggesting as-
trocytic glycogen is likely the major supplier of lactate to
the VMH following RH. Though brain glycogen stores are
finite, during hypoglycemia, limited glucose supply to the
brain reduces both synaptic activity and glucose utilization
(16), and, therefore, glycogen stores can potentially support

brain energy metabolism for slightly longer periods. Alter-
natively, glycogen “supercompensation” during hypoglyce-
mia recovery can result in excess glycogen stores, which
can sustain brain metabolism during subsequent bouts of
hypoglycemia, potentially masking the ability of glucose re-
sponsive neurons to detect hypoglycemia (9,17). To deter-
mine how RH affects the metabolism of this important
fuel store, we examined metrics of glycogen turnover in
the VMH.

While no significant differences in VMH GP or GS pro-
tein levels exist between RH and control rats, differences
in enzyme activity were observed in response to hypoglyce-
mia and during the recovery phase. Hypoglycemia-naïve
rats showed an increase in GP activity during hypoglycemia
that reduced VMH glycogen content. In the hours follow-
ing hypoglycemia, as glucose levels recovered, GS activity
predominated to restore glycogen levels back to normal.

In contrast, RH animals exhibited vastly different en-
zyme activity profiles compared with controls; both GP and
GS activity in the VMH were increased during hypoglyce-
mia, indicating some of the entering glucose is directed to-
ward glycogen synthesis, concurrent with an increase in
glycogen breakdown, indicating increased glycogen shunt
activity in response to hypoglycemia (18), which is a novel
observation. Interestingly, once glucose levels recovered to
normal, GS activity returned to baseline more rapidly than
in the hypoglycemia-naïve controls. However, GP activity
remained elevated, suggesting greater breakdown of the gly-
cogen pool in the hours after hypoglycemia. This is an in-
triguing observation given that VMH glycogen content at
6 h posthypoglycemia was similar between the control and
RH groups (Supplementary Fig. 4), suggesting there may be
an increase in glycogen deposition that occurs in the imme-
diate hours following hypoglycemia (between 0 and 6 h), as
glucose levels recover, that is brought down to normal
within 6 h by higher GP activity. At 24 h, GP activity re-
mained elevated, which could explain the sustained rise in
lactate production in RH rats.

Regulation of the two glycogen metabolic enzymes in as-
trocytes is complex and multifactorial in nature, being influ-
enced by insulin, norepinephrine, glutamate, and AMPK
(19–22). Normally, during insulin-induced hypoglycemia, a
rise in insulin enhances GS activity (19), whereas glutamate,
a stimulatory neurotransmitter that is released in the VMH
in response to hypoglycemia, enhances glucose uptake in pri-
mary cultured astrocytes (23). Additionally, activation of
AMPK and release of norepinephrine in the VMH in response
to hypoglycemia both enhance glycogen breakdown (21,24).
Together, these stimuli coordinate a response that normally
inhibits GS activity and enhances GP activity to increase
breakdown of the astrocytic glycogen pool during hypoglyce-
mia. As glucose levels recover, inactivation of stimulatory
neurotransmitters and AMPK promotes glycogen storage un-
til both GS and GP activity eventually return to baseline
levels.

Table 1—Antibodies used in the current study
Antibody Vendor Catalogue no. Use Dilution

GFAP Invitrogen A6455 IF 1:500

GFP Millipore MAB2510 IF 1:500

Donkey Anti-Rabbit Invitrogen A21206 IF 1:300

Goat Anti-Mouse Invitrogen A11003 IF 1:500

GP Abcam 154969 IB 1:1,000

GS Cell Signal 3893S IB 1:1,000

b-actin Sigma A5316 IB 1:5,000

Anti-rabbit Perkin-Elmer NEF812001EA IB 1:5,000

Anti-mouse Sigma A9044 IB 1:10,000

IF, immunofluorescence; IB, immunoblots.
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In contrast, RH adversely affects the regulation of both
GS and GP activity in the VMH. RH decreases the expres-
sion of AMPK a1 and a2 subunits in the VMH (25); hence,
astrocytic AMPK activity may be reduced or desensitized
following RH. A decrease in astrocytic AMPK activation in
response to hypoglycemia may augment GS activity. In con-
trast, noradrenergic activation, coupled with loss of gluta-
matergic neurotransmission and possibly oxidation in RH,
may augment GP activity during hypoglycemia. Although
this mechanism is still speculative, the interaction between
these important regulators of astrocytic glycogen metabo-
lism warrants further investigation.

In conclusion, our data demonstrate that glycogen
serves as the major supplier of lactate in RH animals, as
the inhibition of glycogen turnover in the VMH prevents
the rise in extracellular lactate. The increase in GP activity
both during and in the hours following a bout of hypogly-
cemia contribute to the enhanced breakdown and lactate
production; however, the mechanisms that lead to this
dysregulation remain unknown but are likely multifacto-
rial in nature.
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