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Abstract

Our group previously reported that 6-h fasting increased both insulin II mRNA expression and insulin level in rat hypo-
thalamus. Given that insulin effects on central glucose metabolism are insufficiently understood, we wanted to examine if
the centrally produced insulin affects expression and/or regional distribution of glucose transporters, and glycogen stores in
the hypothalamus during short-term fasting. In addition to determining the amount of total and activated insulin receptor,
glucose transporters, and glycogen, we also studied distribution of insulin receptors and glucose transporters within the
hypothalamus. We found that short-term fasting did not affect the astrocytic 45 kDa GLUT1 isoform, but it significantly
increased the amount of endothelial 55 kDa GLUT1, and neuronal GLUT3 in the membrane fractions of hypothalamic
proteins. The level of GLUT2 whose presence was detected in neurons, ependymocytes and tanycytes was also elevated.
Unlike hepatic glycogen which was decreased, hypothalamic glycogen content was not changed after 6-h fasting. Our find-
ings suggest that neurons may be given a priority over astrocytes in terms of glucose supply even during the initial phase of
metabolic response to fasting. Namely, increase in glucose influx into the brain extracellular fluid and neurons by increasing
the translocation of GLUT1, and GLUT3 in the cell membrane may represent the first line of defense in times of scarcity.
The absence of co-localization of these membrane transporters with the activated insulin receptor suggests this process takes

place in an insulin-independent manner.

Keywords Fasting - Glucose transporters - Insulin receptor - Glycogen - Hypothalamus - Rat

Introduction

The metabolic demands of the brain amount to 20% of the
body’s overall energy consumption [1]. Since brain has mod-
est energy reserves, neurometabolism is highly dependent on
a continuous supply of glucose from the systemic circula-
tion. Glucose enters the brain through glucose transporter
1 (GLUT1), which is highly expressed along the blood
brain barrier (BBB). In the BBB, there are two isoforms
of GLUT1. They are both encoded by the same gene but
differ in molecular weight due to posttranslational modifica-
tions [2, 3]. The glycosylated isoform (55 kDa) of GLUT1
is expressed in BBB endothelial cells, while the other,
lower molecular weight one (45 kDa) is located in astrocyte
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end-feet [3]. The latter is also present in ependymal cells
surrounding cerebral ventricles and choroid plexus [4].

Another abundantly expressed GLUT in the central nerv-
ous system (CNS) is GLUTS3 [3, 5-7]. GLUT3 is exclusively
expressed in neurons [8] and has high glucose affinity and
transport capacity [9, 10]. These features of GLUT3 ensure
a continuous influx of glucose into neurons even if the con-
centration of glucose in interstitial fluid is low.

To a lesser extent, other GLUT isoforms are also present
in the CNS. For example, GLUT?2 is detected in various
brain regions including the paraventricular nucleus (PVN),
lateral hypothalamus, nucleus arcuatus and the nucleus trac-
tus solitarius [11] where it was detected in neurons, astro-
cytes, endothelial cells and tanycytes [12, 13]. Just like in
pancreatic p cells, GLUT2 in the hypothalamus is considered
to act as ‘glucose sensor’ [14]. GLUT4 is mainly found in
cerebellum [15], but is also detected in hypothalamus, thala-
mus, olfactory bulb and cerebral cortex [5]. The overlapping
distribution of GLUT4 and insulin receptor in various brain
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regions suggests that GLUT4 may be dependent on insulin
[16].

Traditional view of neuronal oxidative glucose metab-
olism was questioned when the astrocyte-neuron lactate
shuttle hypothesis was proposed [17, 18]. According to this
hypothesis astrocytes take up more glucose than needed for
their energy demands and produce lactate which is released
in extracellular space through monocarboxylate transporter
(MCT) 1 and 4. Lactate is taken up by neurons via MCT2
and used an energy substrate [17, 19]. However, neurons
too take up glucose and use for oxidative metabolism. It
was shown that neuronal glucose and lactate transporters
(GLUT3 and MCT2) have higher affinity for their substrates
than astrocytic ones (GLUTI1, MTCI1 and MTC4) [20].
Additionally, some reports suggest there is a larger glucose
transport capacity in neurons than in astrocytes [9]. Lund-
gaard and colleagues showed that glucose is taken up pref-
erentially by neurons during increased neural activity [21].
Besides, they showed that neurons express higher levels of
hexokinases than astrocytes in mouse and human brain [21].
The similar results were obtained using metabolic biosensors
in hippocampal slices and brains of awake mice [22].

Even though the brain has a moderate capacity to store
energy, glycogen represents an important short-term energy
source that can be exploited in times of disturbed energy
homeostasis. Despite the fact that neurons express all the
necessary enzymes to produce glycogen, this process in the
brain seems to be limited to astrocytes [23, 24]. Moreover,
glycogen accumulation in neurons was shown to induce
apoptosis [25]. Therefore, under normal physiological con-
ditions this process is suppressed, but aging enhances gly-
cogen synthesis in neurons [26].

Glycogen turnover in astrocytes is constantly modified
to match local energy status. Under conditions of limited
energy availability, astrocytes break down glycogen to lac-
tate, which is subsequently released into the brain extracel-
lular fluid (bECF) and thus made available to neurons. In
this manner, glycogen depots in astrocytes preserve neu-
ronal function and viability in states of hypoglycemia [19,
27-29]. Utilization of astrocyte glycogen can also occur in
normal physiological conditions to support increased energy
demand during enhanced neuronal activity [24, 30]. It is
noteworthy that insulin takes part in controlling glycogen
metabolism in astrocytes. An increase in brain glycogen con-
tent was observed in rats 4 h following intravenous insulin
administration [27].

Our group has previously reported that 6 h of fasting
increases both insulin Il mRNA expression and (pro)insu-
lin content in hypothalamic parenchyma [31]. This was the
first published report of an increase in insulin expression
in a fasting state. It was also shown that, unlike the circu-
lating glucose, the cerebrospinal fluid (CSF) glucose lev-
els were not decreased after short-term food deprivation.

Based on this finding and the fact that undisturbed glucose
supply to the brain is of pivotal importance, we hypoth-
esized that the purpose of fasting-induced increase in
hypothalamic insulin expression was to maintain central
glucose homeostasis. In particular, our goals were to deter-
mine the effects of short-term fasting on the hypothalamic
expression and activation of insulin receptors, expression
and regional distribution of glucose transporters, and gly-
cogen stores.

Materials and Methods
Experimental Design

Two-month old male Wistar rats weighing around 250 g
were housed two per cage in controlled light—dark condi-
tion (12 h light—12 h darkness) and under the constant
ambient temperature of 21 +1 °C. One group of animals
was subjected to 6-h fasting (6 h F), while the control rats
had unlimited access to food. All animals had unrestricted
access to tap water. Considering that rats are nocturnal,
food was removed at 6 pm and both fasting and control
rats were sacrificed at midnight. Food intake was meas-
ured from 6 pm to 12 am. Average food intake for control
animals was 5.41 +0.65 g/6 h. The total number of animals
used per group was n= 15 (n=6 rats for western blotting,
n=6 animals for glycogen quantification and n=3 animals
for immunofluorescence and PAS staining).

All procedures were performed according to the rules
for animal care proposed by the Federation of European
Laboratory Animal Science. Project was approved by the
Ethics Committee of the Faculty of Biology, University of
Belgrade (Permit No. EK-BF-2017/05) and Serbian Minis-
try of Agriculture, Forestry and Water Management, Vet-
erinary Directorate (Permit No. 323-07-05119/2017-05).

Cerebrospinal Fluid and Tissue Sampling

After intraperitoneal anesthesia with the mixture of ket-
amine (80 mg/kg) and xylazine (10 mg/kg), rats were
transcardially perfused with a 0.9% NaCl. Cerebrospinal
fluid was aspirated from the cisterna magna with a glass
micropipette (Drummond Scientific, Broomall, PA) as pre-
viously described [31] and lactate levels were measured
with Accutrend® Plus system (Cobas, Roche, Mannhein,
Germany). After each decapitation, brain was removed,
and placed ventral side up in order to dissect out hypo-
thalamus. Livers were also collected and the tissue was
frozen at — 80 °C until further use for Western blot and
tissue glycogen assay.
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Western Blot

The hypothalamic membrane protein fraction was iso-
lated using Subcellular Protein Fractionation Kit for Tis-
sues (Thermo Scientific, cat.87790, USA) according to the
manufacturer’s instructions. Total protein concentration was
measured by the Lowry method [32].

Samples from individual animals of each experimental
group were mixed so that they were equally represented
with the same amount of protein. Protein lysates were then
diluted by 2 X Laemmli solution sample buffer (4% SDS,
0.02% bromophenol blue, 20% glycerol, 125 mM Tris—HCI)
containing 5% p-mercaptoethanol. Between 20 and 40 pg
protein was loaded per well. Following electrophoresis on
a 12.5% SDS-PAGE gel, proteins were transferred to poly-
vinylidene fluoride membrane (Bio-Rad, USA) overnight
at +4 °C, current 20 mA per gel. Membranes were blocked
for 2 h in 3% non-fat dry milk (Santa Cruz Biotechnology,
USA) in Tris-buffered saline containing 0.1% Tween-20
(TBST). Membranes probed with anti-insulin receptor anti-
body were exceptionally blocked with 5% Bovine Serum
Albumin (BSA) (Sigma, USA). All primary antibodies
were diluted in the blocking solution, incubated overnight
at +4 °C, rinsed in TBST and ultimately incubated with
a proper HRP-conjugated secondary antibody. List of all

Table 1 Antibody list

antibodies is given in Table 1. Chemiluminescent blots were
developed using ECL+ solution (Bio-Rad, USA) and cap-
tured with ChemiDoc-It Imager (Ultra-Violet Products Ltd,
Cambridge, UK). Removal of primary and secondary anti-
bodies was performed with a mild stripping buffer (pH 2.2)
containing 0.2 mM glycine, 0.1% SDS and 1% Tween 20.
The membranes were subsequently reprobed with anti-f-
actin antibody for the purpose of a loading control. Quanti-
fication was performed in Image J program (version 1.47 m,
National Institute for Health, USA). Measured optical den-
sity (OD) for target proteins was normalized according to
corresponding OD of the loading control, then additional
normalization to control group was performed.

Tissue Glycogen Assay

Total glycogen was extracted according to the method
of Rasouli and colleagues [33]. Livers and hypothalami
were measured and then digested in 30% KOH solution
at 100 °C for 10 min. Samples were cooled to room tem-
perature, ethanol was added at final concentration of 55%,
and the mixture was centrifuged for 10 min at 1700 g
(Sorvall, SL-50T, Super T21, Thermo Fisher Scientific).
The pellet was resuspended in either 1 ml (hepatic tissue)
or 100 ul (hypothalamic tissue) of distilled water. In order

Antigens Clonality Host species Dilution Catalog number Producer
GLUT1 Polyclonal ~ Rabbit 1:10,000 (WB) ab652 Abcam
1:350 (IF)
GLUT2 Polyclonal ~ Rabbit 1:1000 (WB)  ab95256 Abcam
1:300 (IF)
GLUT3 Polyclonal ~ Rabbit 1:4000 (WB) ab41525 Abcam
GLUT3 Polyclonal ~ Rabbit 1:150 (IF) PA1-21043 Thermo Fisher Scientific, USA
GLUT4 Polyclonal ~ Rabbit 1:1000 (WB) SC-53,566 Santa Cruz Biotechnology, USA
1:100 (IF)
Insulin RB (C-19) Polyclonal ~ Rabbit 1:500 (WB) sc-711 Santa Cruz Biotechnology, USA
Insulin receptor (phospho Y1361) Polyclonal ~ Rabbit 1:1000 (WB) ab60946 Abcam
p-Insulin RP (Tyr1162/1163) Polyclonal ~ Goat 1:70 (IF) sc-25,103 Santa Cruz Biotechnology, USA
GFAP, clone N206A/8 Monoclonal Mouse 1:400 (IF) 75-240 NeuroMab
NeuN, clone A60 Monoclonal Mouse 1:200 (IF) MAB377 Millipore, USA
p-Actin (C4) Monoclonal Mouse 1:100 (WB) SC-47,778 Santa Cruz Biotechnology, USA
Vimentin Monoclonal Mouse 1:200 (IF) M7020 Dako, USA
Donkey anti-rabbit IgG-HRP Donkey 1:10,000 SC-2077 Santa Cruz Biotechnology, USA
Donkey anti-mouse IgG-HRP Donkey 1:10,000 SC-2096 Santa Cruz Biotechnology, USA
Donkey anti-mouse IgG (H+L) highly cross- Donkey 1:200 A-21,202 Molecular Probes, USA
adsorbed secondary antibody, Alexa Fluor
488
Donkey anti-goat IgG (H+L) cross-adsorbed Donkey 1:200 A-11,055 Molecular Probes, USA
secondary antibody, Alexa Fluor 488
Donkey anti-rabbit IgG (H+L) cross- Donkey 1:200 A-31,572 Molecular Probes, USA

adsorbed secondary antibody, Alexa Fluor
555
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to determine the glycogen level we added to each well
either 10 pl of standard glucose solution (5.44 mmol/l) or
sample, 30 ul of water, 40 pl of 6.5% phenol and 200 pl
of concentrated sulfuric-acid. The content in each well
was mixed, incubated for 30 min at room temperature
and absorbance was measured by microplate reader (LKB
5060-006) at 492 nm [34].

Immunofluorescence and Periodic Acid-Schiff
Staining

Rats were anesthetized and perfused with 0.9% NaCl
as described above and each brain was fixed with 4%
paraformaldehyde (PFA) (Sigma, USA). Following an
overnight post-fixation in PFA at +4 °C, the tissue was
cryoprotected in increasing concentration of sucrose solu-
tion (10%, 20%, 30%) in 0.1M phosphate buffer. Brains
were frozen at — 70 °C and cut into 20 um or 10 um thick
coronal section (for immunofluorescence or PAS stain-
ing, respectively) on cryostat Leica CM1850. Slices were
placed on SuperFrost® slides (Menzel-Glasser, Germany)
and stored at +4 °C until further use.

For immunofluorescent staining, sections were washed
several times in 0.01 M phosphate buffered saline (PBS),
and then antigen retrieval was performed with 10 mM
Sodium citrate buffer pH 6.0. After cooling to room tem-
perature, sections were incubated with 0.1% Triton-X
100 for 15 min. Blocking was performed in 2% BSA in
0.01 M PBS for 45 min. Primary and secondary antibod-
ies were diluted in the same solution. Primary antibodies
were incubated overnight at +4 °C. Negative control sec-
tions were prepared by omitting the addition of primary
antibody. Following this incubation, sections were rinsed
in PBS and incubated for 2 h with fluorescent labeled
secondary antibodies. Nuclei were stained with DAPI
(1:4000). The sections were washed with PBS several
times and mounted with Mowiol (Sigma-Aldrich). Confo-
cal laser microscope system LSM510 (Carl Zeiss GmbH,
Jena, Germany) was used for imaging. Argon laser was
utilized for excitation of Alexa 488 and helium—neon laser
for Alexa 555 with excitation wavelength set at 488 nm
and 543 nm, respectively.

The presence of glycogen in the hypothalamic tissue
was determined using PAS staining, with diastase diges-
tion as a confirmation of the specificity of staining. After
rinsing with distilled water, brain sections were incubated
with diastase for 40 min at room temperature, and then
incubated with periodic acid for 10 min, and with Schiff’s
reagent for 2 min. Following the counterstaining with
hematoxylin, sections were thoroughly rinsed under tap
water and mounted with DPX (Sigma).

Data Analysis

Statistical evaluation was performed by GraphPad Prism
software (version 6.01). Student ¢ test was used for compari-
son of the experimental groups. The values were expressed
as means + SEM and the level of significance was set at
p<0.05.

Results

The Effect of Short-Term Fasting on Hypothalamic
Expression, Activation and Distribution of Insulin
Receptors

Western blot analysis of total insulin receptor (IR) and insu-
lin receptor phosphorylated at tyrosine residue 1361 (IRp)
showed that six hour fasting significantly increased the
content of both IR (Fig. 1a, **P <0.001) and IRp (Fig. 1b,
*+*P <0.0001). Representative Western blot probed with
insulin-receptor, phosphorylated-insulin receptor and p-actin
(as loading control) are shown it the Fig. 1c. The hypotha-
lamic ratio of IRp/IR was also increased in the fasted state
(Fig. 1d, ***P=0.006).

Immunofluorescence analysis was used to obtain addi-
tional information regarding the location of IR in the hypo-
thalamus. Phosphorylated insulin receptor immunoreactivity
was detected in the periventricular nucleus (PeV), both at
the roof and floor of the third ventricle (3v) (Fig. 2a), as
well as in the vicinity of the nucleus arcuatus (Fig. 2b) of
fasted animals. In control rats, IRp immunoreactivity could
be observed at the top of the 3v (Fig. 2¢).

The Effect of Short-Term Fasting on Hypothalamic
Expression and Distribution of Glucose Transporters

In order to investigate the amount of functional forms of
glucose transporters, hypothalamic membrane fractions were
analyzed. After short term fasting, expression of GLUT1 and
GLUTS3, two major glucose transporters in the hypothala-
mus, was increased (Fig. 3a, **GLUT1 P=0.0099; Fig. 3e,
GLUT3, ***P <0.0001). Additionally, GLUT1 forms were
separately analyzed and a significant increase was recorded
only in the microvascular 55 kDa GLUT1 isoform (Fig. 3c,
**¥P=0.0015), but not in the astrocytic 45 kDa GLUT1 iso-
form (Fig. 3b, P=0.171). The amount of GLUT2 was also
increased after 6-h food deprivation (Fig. 3d, **P=0.0073),
while the expression of insulin-sensitive GLUT4 remained
unchanged (Fig. 3f, P=0.3112). The representative blots
of different GLUT isoforms as well as loading control are
shown on the Fig. 3g.

The distribution of various glucose transporters was ana-
lyzed by immunofluorescence. GLUT 1-immunoreactivity
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Fig. 1 Relative levels of insulin a IR b IRp
receptor and phosphorylated-
insulin receptor content in 2.04 2.07
c c
hypothalamus of control and o o - .
fasted animals. a Insulin recep- ] °'S
tor expression was significantly o €157 * o €151 ——
increased in fasting rats as com- % 8 —— % S
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Representative Western blot 2 = 0.5 2 = 0.5+
probed with insulin-receptor, = 8 & 8
phosphorylated-insulin receptor & = &’ =
and f-actin (as loading control). 0.0 . 0.0 .
d Also the ratio of IRp/IR was 6h F 6h F
significantly increased after
short term fasting: P=0.0006.
All blots were normalized to
B-actin. Data are expressed as c C 6h F d IRp/IR
mean=+ SEM (n=6 per group). e _
C control group; 6 h F 6-h fast- — m IR 90kDa 20
ing group, IR insulin receptor,
IRp phosphorylated insulin IRp 90kDa 1.54
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S e | B-actin 42kDa 14 ——
Q.
x
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Fig.2 Immunofluorescence localization of phosphorylated-insulin
receptor in the hypothalamus of control and fasted rats. a Phospho-
rylated-insulin receptor immunoreactivity was found at top of third
ventricle in the periventricular region of the hypothalamus, b but also

was found in the parenchyma of the entire hypothalamus
of both control and fasted animals, as well as in the epend-
ymocytes (Fig. 4b) and tanycytes surrounding the third
ventricle (Fig. 4a, d). The GLUT1-immunoreactivity was
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at bottom of 3v. ¢ In control rats IRp-immunoreactivity was observed
only at top of third ventricle in the periventricular nucleus of the
hypothalamus. C control group, 6 k& F 6-h fasting group, /IR insulin
receptor, /Rp phosphorylated insulin receptor, 3v the third ventricle

also observed in endothelial cells of blood vessels
(Fig. 4a, c), which were surrounded with astrocyte
end-foot processes (Fig. 4c). At the floor of the 3v,
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Fig.3 Relative levels of glucose transporters in the hypothalamic
membrane protein fraction of control and fasted animals. a GLUT1
expression in membrane fraction of hypothalamus was increased after
short term fasting: **P=0.0099, b but additional analysis of differ-
ent GLUT1 isoforms showed that increase is only in microvascular
55 kDa isoform: **P=0.0015, ¢ but not in astrocytic 45 kDa iso-
form: P=0.171. d Expression of GLUT2 in membrane fraction was

GLUT1-immunopositivity was detected in the apical mem-
brane of tanycytes (Fig. 4a, d).

GLUT2-positivity was detected in NeuN-positive cells
in the paraventricular nucleus (PVN) (Fig. 4e) and ven-
tromedial hypothalamus (VMH) (Fig. 4f). Ependymo-
cytes and tanycytes were also immunoreactive to GLUT?2
(Fig. 4g, h) whose processes seem to be in contact with
GLUT?2-positive neurons detected in the nucleus arcuatus
(Fig. 4h insert).

GLUT3-positivity was detected in the subventricular
area of hypothalamus, particularly in the region of the PeV
and PVN (Fig. 4k). GLUT3-immunoreactivity was seen in
plasma membrane and neuronal processes (Fig. 4i), which
seems to be in contact with extensions of GFAP-positive
astrocytes; however, there is no co-localization of GLUT3-
positivity with GFAP (Fig. 4j).

Lastly, GLUT4-immunoreactivity was seen in ependy-
mal cells (Fig. 41) and sporadically throughout the hypo-
thalamic parenchyma (Fig. 4m).

Double-labeled immunofluorescence revealed there
was no major co-localization of IRp with either GLUT]I,
GLUT?2 or GLUT3 in the PeV (Fig. 5a—f). However, some
co-localization of IRp with certain glucose transport-
ers was sporadically observed [e.g. GLUT2 at the roof
(Fig. 5¢c, d) and GLUTS3 at the floor of 3v, (Fig. Se, f)].
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increased in fasted animals in comparison to control: **P=0.0073.
e GLUT3 showed similar increase in protein content: ***P <(0.0001,
f while GLUT4 expression remain unchanged after short-term food
deprivation: P=0.3112. g Representative Western blots. All blots
were normalized to B-actin. Data are expressed as mean+SEM (n=6
per group). C control group, 6 h F 6-h fasting group

The Effect of Short-Term Fasting on Hepatic
and Hypothalamic Glycogen Content
and Distribution

Short term food deprivation did not affect glycogen content
in the hypothalamus (Fig. 6b, P=0.8276), despite the fact
that hepatic glycogen was reduced by 57% in fasted ani-
mals (Fig. 6a, *P=0.0224). Lactate levels in the CSF were
used as a measure of glycogen degradation rate. We found
that this remained unchanged after 6 h of fasting. (Fig. 6c¢,
P=0.2435). PAS staining showed glycogen was homogene-
ously distributed throughout hypothalamus, and no differ-
ence in glycogen regional distribution was observed between
the control (Fig. 7a) and fasted animals (Fig. 7c). Pretreat-
ment of sections with diastase to digest glycogen was used
to confirm the specificity of staining and reduced staining
was observed (Fig. 7b, d).

Discussion

As glucose is the main source of energy for the brain, a
sufficient glucose supply must be available at all times.
Consequently, numerous counter-regulatory responses
have developed in order to protect neuronal tissue from
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Fig.4 Hypothalamic regional distribution of GLUTs in fasted ani-
mals. GLUT1-positivity was found in the entire hypothalamic section
of both fasting and control animals. GLUT1-immunoreactivity was
observed in ependymal cells (b) and tanycytes (a, d) surrounding the
third ventricle. Tanycytes express GLUT1 at apical membrane (d).
GLUT 1-positive endothelial cells (a white arrows) were surrounded
with astrocyte end-foot processes (¢). GLUT2-positive neurons were
detected throughout the hypothalamus, especially in the paraventricu-
lar nucleus (e) and in the ventromedial hypothalamus (f). Ependymo-
cytes lining the third ventricle showed GLUT2-immunoreactivity (g).

sudden fluctuations of circulating glucose levels [35]. With
this in mind, we wanted to determine if short-term fasting
induced increase in hypothalamic insulin expression [31]
may serve a purpose of maintaining glucose homeostasis

@ Springer

Vicinal GLUT?2 positive neurons seem to be in contact with tanycytes
processes (h insert-white arrows) which also express GLUT2 (h).
GLUT3-immunoreactivity was seen in plasma membrane and neu-
ronal processes (i) in the subventricular area of hypothalamus, par-
ticularly in the region of periventricular and paraventricular nucleus
(k). GLUT3-positive neuronal processes seems to be in contact with
expansions of GFAP-positive astrocytes (j). GLUT4-positivity was
found in ependymal cells along the cerebral ventricles (1), but also in
hypothalamic parenchyma (m)

in this brain region. In an effort to do so, we first checked
whether increased hypothalamic insulin expression coin-
cided with an increase in the activation of IR in the hypo-
thalamus. Our results showed that the levels of both total
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Fig.5 Double immunofluorescence labeling of phosphorylated insu-
lin receptor and various GLUTS in fasted rats. Neither GLUT1 (a, b),
GLUT?2 (¢, d) or GLUTS3 (e, f) was not co-localized with phosphoryl-

ated insulin receptor. However, some overlapping of signals detected
for GLUT4 and phosphorylated insulin receptor was observed in
ependymal cells of 3v (g white arrows)

a Liver b HPT c CSF
150 10 12
L] L]
'§ -%7 8 . n 10 °
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Fig.6 Glycogen and lactate content of control and fasted animals. a
Hepatic glycogen content was decreased: *P=0.0224, b but hypotha-
lamic was not changed after 6 h food removal: P=0.8214. ¢ Lactate
concentration in cerebrospinal fluid remain unchanged: P=0.2435.

and IR phosphorylated at tyrosine (Tyr) residue 1361 (IRp)
were significantly upregulated in membrane fractions of
hypothalamic proteins after 6-h fasting. Phosphorylation of
IR at Tyr 1361 mediates the pleiotropic effects of insulin on
target cells [36] and is considered to be a universal hallmark
of this receptor’s activation. Additionally, the ratio of IRp/
IR was also elevated which further suggests that increase in
the activation of IR overlapped in time with an increase in
locally produced insulin. In regard to its distribution, IRp
immunoreactivity was detected at the roof of the third ven-
tricle in the region of PeV (Fig. 2a) and in the part of nucleus
arcuatus near the third ventricle (Fig. 2b). This observation
is in agreement with previous reports of IR being expressed
in brain regions such as hypothalamus, hippocampus, olfac-
tory bulb, and cerebellum. In the hypothalamus, conspicuous

Data are expressed as mean+SEM (n=6 per group). C control
group, 6 h F 6-h fasting group, HPT hypothalamus, CSF cerebrospi-
nal fluid

signal was observed in dorsomedial and ventromedial parts
of nucleus arcuatus [37-39], but some IR-immunoreactivity
was also detected the PeV [39, 40]. The fact that in our study
both insulin [31] and IRp reactivity was detected in PeV
suggests that centrally produced insulin most likely acts in
a paracrine fashion.

We subsequently wanted to examine if a connection might
be established between the increase in the IR activation and
the expression of various GLUTS’ isoforms. Although the
GLUT isoforms predominantly expressed in the brain (i.e.,
GLUTI1 and GLUT?3) are typically considered not to be
dependent to the action of insulin [41, 42], it is known that
glucose transporters can change their sensitivity to insulin.
For example, in the resting state, insulin stimulates skeletal
muscle glucose uptake by translocation of GLUT4 form the
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Fig. 7 Regional distribution of glycogen in the hypothalamus con-
trol and fasted rats. a, ¢ PAS staining of hypothalami section showed
homogeneous distribution of glycogen in the hypothalamus of both
control and fasted rats. Difference in glycogen distribution between
control and fasted animals was not observed (Orig. magnifica-

cytosol to the cell membrane [43]. However, GLUT4 trans-
location during exercise is achieved by mechanism which
involves a variety of signaling molecules including AMPK
and Ca®*, but is entirely independent of insulin action [44].
Moreover, there are studies which demonstrated that glucose
transport and/or metabolism in some types of brain cells may
be insulin-sensitive. Namely, it was shown that the 2-deoxy-
D-glucose (2DG) uptake by glial cultures from the rat brain
can be stimulated by insulin [45].

Considering these findings, we wanted to determine the
effect of short-term fasting on the presence of various GLUT
isoforms in the membrane fraction of hypothalamic proteins
and their possible co-localization with IRp. Following the
6-h fasting period, the levels of two major brain glucose
transporters, GLUT1 and GLUT3, were elevated. Different
GLUT]1 isoforms were analyzed separately and we found
there was a significant increase in the amount of 55 kDa
microvascular GLUT1 (Fig. 3c). However, the level 45 kDa
GLUT]1 found in astrocytes remained unchanged (Fig. 3b).

@ Springer

tionx5). b, d Pretreatment with diastase was used to confirm speci-
ficity of PAS staining. e, f At X20 magnification glycogen staining
in the hypothalamus. g x40 magnification. Black arrows pointing to
cells with intense glycogen staining (e-g). C control group, 6 4 F 6-h
fasting group

We next examined whether short term fasting, in addi-
tion to increasing their expression, affected the distribu-
tion of GLUT1 and GLUT3 in the hypothalamus as well.
GLUT1-immunoreactivity was homogeneously distributed
throughout the entire hypothalamic sections of both con-
trol and fasting animals. In addition to the hypothalamic
parenchyma, GLUT1-immunoreactivity was observed in
endothelial cells of blood vessels (Fig. 4a, ¢). GLUT3
positivity was detected in the subventricular area of hypo-
thalamus, particularly in the PeV and PVN (Fig. 4k). How-
ever, double-labeling immunofluorescence did not show
any significant co-localization of IRp with either GLUT1
or GLUTS3 in any of the hypothalamic regions (Fig. 5a, e).
Even though the lack of co-localization of the examined
GLUTs with IRp in the hypothalamus suggests that short-
term fasting does not affect their sensitivity to insulin, we
thought it important to further explore the adaptive sig-
nificance of their increased expression under the examined
circumstances.
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In order to enter the brain bECF, glucose must first
cross the BBB. This process is mediated by GLUT1, which
ensures constant glucose influx into brain independent
of blood glucose concentration [46, 47]. As previously
mentioned, it was the microvascular 55-kDa GLUT1, and
not the astrocytic 45-kDa form that was upregulated after
6 h of fasting. This is in agreement with the results of
Simpson and colleagues, who found a 23% increase in
55-kDa GLUTI, and no change in the levels of nonvascu-
lar 45-kDa GLUT1 during hypoglycemia [48]. The impor-
tance of this finding was also reflected in the fact that,
even though blood glucose was significantly decreased, the
CSF glucose levels remained unaffected by fasting [31].
Taken together, these data indicate that enhanced glucose
transport across the BBB due to GLUT1 upregulation,
contributes to the maintenance of the CSF glucose which
is pivotal for undisturbed brain function in the state of
compromised energy homeostasis.

In addition to endothelial cells, ependymal cells also have
an important role in the acquisition of glucose by the CNS.
Owing to the fact that they express both GLUT1 [49] and
GLUT?2 [13], these cells are involved in glucose sensing in
the hypothalamus. Our results showed not only that levels
of both GLUT1 and GLUT?2 were increased, but they were
also detected in ependymocytes and tanycytes surrounding
the third ventricle (GLUT1: Fig. 4a, b, d; GLUT2: Fig. 4g,
h). The fact that upregulated GLUTs were found in ependy-
mal cells further reinforces the concept of these cells acting
as a “bridge” between blood and the brain interstitial fluid
[50], which in this case helps to maintain adequate glucose
supply to the CSF.

After entering the bECF, glucose can be used by neurons
and glial cells. Neurons take up glucose via GLUT3 and
primarily use it as a source of pyruvate to fuel mitochondrial
oxidative metabolism to produce ATP. On the other hand,
astrocytes take up glucose via 45-kDa GLUT1 and use it
for glycolysis and glycogen synthesis [51]. In our study, the
45-kDa GLUT!1 isoform remained unchanged. On the other
hand, the expression of neuronal GLUT3 was increased.
Based mainly on mathematical modeling, it is suggested that
neurons have a higher glucose transport capacity relative to
astrocytes [19]. Additionally, an in vitro study showed that
during glucose deprivation, the uptake of 2-DG in neuronal
cells increased, whereas that of astrocytes did not change
[52]. It is worth mentioning that, in addition to GLUT3,
neurons express GLUT2, whose expression was also found
to be upregulated in this study. GLUT2-positive neurons
were detected throughout hypothalamus in the PVN and in
the ventromedial hypothalamus (Fig. 4e, f). Taken together,
these findings suggest that, due to their high sensitivity
even to minor threats to energy homeostasis [53], neuronal
glucose supply represents a priority even during short term
fasting.

Insulin-sensitive GLUT4 appeared not to be affected by
6-h fasting. The GLUT4-positivity was found in ependymal
cells along cerebral ventricles, and sporadically in some
neurons (Fig. 40, p). However, its levels in the membrane
fractions of hypothalamic proteins did not change, which
once again implies that locally produced insulin in the fast-
ing state is not involved in the regulation of glucose uptake.

Brain glycogen stores are an important source of energy
used during periods of intense neuronal activity or hypogly-
cemia. Whenever energy demands exceed glucose supply,
astrocytes break down glycogen to lactate, which is released
into the CSF and thus made available to adjacent neurons to
use as fuel [54]. Glycogen synthesis in liver and muscles is
long known to be stimulated by insulin [55, 56]. However,
less is known about the regulation of brain glycogen metabo-
lism. Therefore we thought it would be useful looking into
the effect of short-term fasting on the content of glycogen
in the hypothalamus. Our results showed that hepatic gly-
cogen content was significantly decreased after 6 h of food
deprivation. Considering that serum cortisol and urea levels
were not changed [57], this result indicates that rats were
in the initial stage of the metabolic response to starvation
at that point in time. Nonetheless, the importance of main-
taining central glucose homeostasis was reflected in the fact
that, unlike hepatic, hypothalamic glycogen levels remained
unchanged after 6 h of fasting. This is in agreement with
Garriga and Cusso, who also showed that 5-h fasting did
not alter glycogen content of not only the hypothalamus, but
the cerebellum, cortex, striatum, and hippocampus as well
[58]. Considering the fact that brain glycogen synthesis and
degradation can occur simultaneously [54], we analyzed the
CSF lactate levels as a measure of glycogen degradation.
We found that the concentration of lactate in the CSF did
not change after 6-h food deprivation. This result further
indicates that glycogen turnover was not affected by short-
term fasting.

Even though fasting did not affect total glycogen hypo-
thalamic content, we wanted to explore whether there were
any differences in the distribution of glycogen between
control and fasted animals. The results of the PAS staining
confirmed that glycogen was homogeneously distributed
throughout the hypothalamic region of both control and
fasted animals and no regional differences were observed.

In summary, we found that short-term fasting did not
affect the expression of the astrocytic 45 kDa GLUT1 iso-
form. On the other hand, there was a significant increase in
the expression of endothelial 55 kDa GLUT1 and neuronal
GLUT3 isoforms which facilitate glucose diffusion into
the bECF and neuronal cytosol respectively. The expres-
sion of GLUT?2 detected in both neurons and ependymal
cells was also elevated. From a teleological point of view
these findings suggest that, due to their high sensitivity
to changes in energy homeostasis, neurons may be given
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priority over astrocytes in terms of glucose supply in times
of scarcity. The fact the hypothalamic glycogen content was
not decreased by short-term fasting additionally points to the
conclusion that the increase in glucose influx into the bECF
and neurons by an increase in GLUT1 and GLUT3 expres-
sion represents a first line of defense in the initial phase
of metabolic response to food deprivation. The absence of
co-localization of these membrane transporters with the acti-
vated IR suggests that this process takes place in an insulin-
independent manner. Further analysis of downstream sign-
aling pathways linked to insulin activity may reveal a role
of de novo insulin synthesized in the hypothalamus during
short-term fasting.
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