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entry across the astrocyte plasma membrane.

from insulin and IGF-1 stimulation.
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(Background: Astrocytes contain glycogen, an energy buffer in the brain.
Results: Stimulation with insulin and IGF-1 decreases cytosolic glucose concentration in astrocytes without affecting glucose

Conclusion: Insulin and IGF-1 boost the process of glycogen formation.
Significance: This is the first high temporal resolution measurement of the decrease of glucose levels in astrocytes resulting
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Astrocytes contain glycogen, an energy buffer, which can
bridge local short term energy requirements in the brain. Gly-
cogen levels reflect a dynamic equilibrium between glycogen
synthesis and glycogenolysis. Many factors that include hor-
mones and neuropeptides, such as insulin and insulin-like
growth factor 1 (IGF-1) likely modulate glycogen stores in astro-
cytes, but detailed mechanisms at the cellular level are sparse.
We used a glucose nanosensor based on Forster resonance
energy transfer to monitor cytosolic glucose concentration with
high temporal resolution and a cytochemical approach to deter-
mine glycogen stores in single cells. The results show that after
glucose depletion, glycogen stores are replenished. Insulin and
IGF-1 boost the process of glycogen formation. Although astro-
cytes appear to express glucose transporter GLUT4, glucose
entry across the astrocyte plasma membrane is not affected by
insulin. Stimulation of cells with insulin and IGF-1 decreased
cytosolic glucose concentration, likely because of elevated glu-
cose utilization for glycogen synthesis.

Electrical activity in the CNS demands an efficient energy
supply. Most of the energy consumed in the brain is attributable
to restoration of the membrane resting potential after neuronal
depolarization, which is accomplished by Na™*/K*-ATPase (1).
Astrocytes form an intimately connected network with neurons
and with endothelial cells, where the end feet form well defined
rosette-like structures, adjacent to the vessel wall (2). This acts
as a conduit for glucose and other molecules for neuronal
metabolism (3, 4). Astrocytes are a site of prevalent glucose
uptake (5), as well as lactate formation and release (6, 7). It is
thought that lactate is taken up by neurons and used as a fuel for
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aerobic generation of energy (8). However, the significance of
lactate shuttling from astrocytes toward neurons in vivo is still
controversial (9, 10).

Glycogen in the brain is localized almost exclusively in astro-
cytes (11, 12). Even though the glycogen content in astrocytes is
relatively low compared with that in the liver and skeletal mus-
cle, it is of great importance for neuronal function (13). There is
compelling evidence that glycogen utilization can sustain neu-
ronal activity during hypoglycemia and during periods of high
neuronal activity (13—15). The utilization of astrocyte glycogen
is accelerated both by a lack of energy substrate (16) and an
increase in neuronal activity (17, 18). For example, sleep depri-
vation was shown to deplete glycogen content (19). Glycogen is
seen as a short term energy buffer to bridge an increased
demand for brain energy rather than an energy reserve for sus-
tained expenditure (20). It has also been suggested that a large
fraction of available glucose is temporarily converted to glyco-
gen and subsequently released in a pathway known as the gly-
cogen shunt (21). Glycogen levels reflect a dynamic equilibrium
between glycogen synthesis and degradation, i.e. glycogenolysis
(22).

The content of glycogen in astrocytes is modulated by a num-
ber of factors including hormones (23, 24). Insulin receptors are
widely distributed throughout the CNS (25) and are also found
in astrocytes (26, 27). It is thought that little or no insulin is
produced in the brain (28, 29); however, insulin can enter the
brain via circumventricular regions that lack a tight blood-brain
barrier (30) or via a receptor-mediated active transport system
(31-35). There is increasing evidence that insulin receptor sig-
naling is required for neuron survival (36) and the regulation of
food intake (37-39) and that it affects cognition and memory
(40-43). It is assumed that insulin deficiency contributes to the
neurological and psychiatric complications of diabetes (44—
46). In addition, defects in insulin action in the CNS may be
linked to the pathogenesis of neurodegenerative disorders such
as Alzheimer disease (47) and Parkinson disease (48). In
patients with Alzheimer disease, insulin levels are higher in
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plasma and lower in cerebrospinal fluid compared with control
subjects (49, 50).

Insulin-like growth factor 1 (IGF-1)? is closely related in pri-
mary sequence and biological activity to insulin, and receptors
of both molecules are known to have a joint PI3K/Akt pathway
(27, 51). IGF-1 crosses the blood-brain barrier (52), and IGF-1
receptors are expressed by both astrocytes and neurons (53).
There is a certain degree of cross-talk between insulin, IGF-1,
and their receptors (51). Insulin/IGF-1 pathways may have a
role in the regulation of longevity (54), and dysfunction of these
pathways may contribute to the progressive loss of neurons in
Alzheimer disease and Parkinson disease (55).

In cultures of rodent astrocytes, increased levels of insulin
resulted in increased cell growth (56). Furthermore, the appli-
cation of insulin or IGF-1 to astrocyte cultures was shown to
stimulate the formation of glycogen (15, 56 —58). However, the
mechanism by which insulin and IGF-1 modulate glycogen
stores in astrocytes is still poorly understood, and it is only
speculated that insulin stimulation regulates glucose uptake
into astrocytes (23, 58). The uptake may involve glucose trans-
porter GLUT4, the expression of which in astrocytes was
recently confirmed with immunocytochemical staining (59). In
the present study, we have addressed this question using a glu-
cose nanosensor based on FRET, which allows high temporal
resolution measurement of the dynamic glucose concentration
in single cells (60).

EXPERIMENTAL PROCEDURES

Cell Culture and Plasmid Transfection—Cultures were pre-
pared from the cortex of 2-day-old rats as described previously
(61). The cells were subcultured onto 22-mm diameter poly-L-
lysine-coated glass coverslips and grown in 25 mm D-glucose
Dulbecco’s Eagle’s medium, containing 10% fetal bovine serum,
1 mM pyruvate, 2 mM glutamine, and 25 ug/ml penicillin/strep-
tomycin in 95% air, 5% CO,. After 1-3 days, the cells were
transfected with FRET-based glucose nanosensor FLII12GLU-
7001A6 (Addgene 17866) (62) at a concentration of 1 ug/ml
using FUGENE 6 lipofection medium according to the manufa-
cturer’s instructions (Promega, Madison, WTI). Ultroser G (3%;
Pall Biosepra, Cergy-Saint-Christophe, France) was added to
the lipofection medium 3 h after transfection. Glucose nano-
sensor FLII12GLU-700A6 consists of two fluorophores, cyan
fluorescence protein (CFP) and YFP, fused to the N and C ter-
mini of glucose/galactose-binding protein. Glucose binding to
glucose/galactose-binding protein causes a conformational
change in the nanosensor, and consequently fluorophores
move closer increasing FRET efficacy, which results in the YFP/
CFP (FRET) ratio increase. Upon expression, the glucose nano-
sensor was uniformly distributed in the cytosol of astrocytes.

Extracellular Solutions—The extracellular solutions con-
tained 131.8 mm NaCl, 5 mm KCl, 10 mm HEPES, 2 mm MgCl,
(Kemika, Zagreb, Croatia), 1.8 mm CaCl, (Riedel De Haen AG,
Seeleze, Hannover, Germany), 0.5 mm NaH,PO,, 5 mwm

3 The abbreviations used are: IGF, insulin-like growth factor; CFP, cyan fluo-
rescence protein; PPP, picropodophyllotoxin; PAS, periodic acid-Schiff; IR,
insulin receptor; IGF1R, IGF-1 receptor; GLUT, glucose transporter; GSK,
glycogen synthase kinase.
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NaHCO,, with pH adjusted to 7.2 with NaOH (63). p-Glucose
was added to this solution to achieve a concentration of 3 mm.
Extracellular solutions with 0 and 10 mm D-glucose were pre-
pared by adjusting the concentration of NaCl to sustain the
desired osmolarity. Unless otherwise stated, all chemicals were
obtained from Sigma-Aldrich. Extracellular solution osmolar-
ity was between 295 and 305 mOsm, measured with Osmomat
030 (Gonotech, Berlin, Germany).

Acquisition of the FRET Signal—Imaging was performed 1-2
days after transfection on a fluorescence microscope (Zeiss
Axiovert 135; Zeiss, Oberkochen, Germany), equipped with a
water immersion objective (C-Apochromat 63X /1.2 NA), with
a CCD camera and a Polychrome IV monochromator (Till Pho-
tonocs, Graefelfing, Germany) for the generation of a light
source with a wavelength 436 nm. Dual emission intensity
ratios were recorded using an image splitter (Optical Insights,
Tuscon, AZ). The image was passed through a dichroic mirror
(505 nm) to produce two wavelength-separated images, and
each image passed different emission filters (465/30 nm for
ECFP and 535/30 nm for EYFP). The side by side image was
projected to the camera image sensor. Images were acquired at
intervals of 10 s, and exposure time was 0.7 s. Coverslips with
transfected astrocytes were mounted in a superfusion record-
ing chamber on the microscope stage. Imaging was performed
at room temperature (22—24 °C). Only one cell was recorded in
each experiment. Before the beginning of the experiments, 300
wl of the extracellular solution was applied to the cells. Insulin
(1 um) or IGF-1 (100 nm) was added to the cells by the superfu-
sion system. In experiments with wortmannin, a selective PI3K
inhibitor, cells were preincubated with 100 nM wortmannin for
15 min. In experiments with picropodophyllotoxin (PPP), an
IGF-1 kinase inhibitor, cells were preincubated with 100 nm
PPP for 1 h. Superfusion flow rates were 4—10 ml/min (Perfu-
sion Valve Controller, model VC-8; Warner Instruments,
Hamden, CT). The application method had no significant effect
on the FRET ratio, as reported previously (63). In experiments
with the addition of bolus solution, 300 ul of extracellular solu-
tion was added by pipette to 300 ul of bath solution in the
recording chamber.

Data Analysis—The YFP/CFP (FRET) ratio was obtained by
integration of the fluorescence signal ratio over the entire
image of the cells using Till Vision software (Till Photonics,
Graefelfing, Germany). The internal glucose concentration was
calculated as described previously (63). The fall time was mea-
sured as the time for the ratio to decrease from 80% to 20% of
the maximal value (see Fig. 3). Similarly, the rise time of the
FRET ratio signal was measured as the time for the ratio to rise
from 20% to 80% of the maximal value, using a custom-written
Matlab (Matworks) routine.

The amplitude (4) and the time constant (1) were calculated
in SigmaPlot software. The data were fitted to the following
equation: FRET ratio = y, + a(1 — exp(—t/7)), where y, is the
initial value of the FRET ratio. The fall and rise rates in
the FRET ratio signal were determined from the slope of the
straight line manually fitted to the curve (see Fig. 3). The figures
were assembled for display using Adobe Photoshop and Corel
Draw software. The data are expressed as means * S.E. The
normality of the data distribution was tested using the Shapiro-
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Wilk test. The Student’s paired or unpaired two-tailed test was
used to compare two samples or two data points of the same
sample. Differences between two samples were tested by the
Student’s ¢ test. Differences between three or more samples
were tested by the Kruskal-Wallis one-way analysis of variance
onranks, as indicated, and tested post hoc by the Dunn method
when appropriate.

Periodic Acid-Schiff Staining—Cytosolic localization of gly-
cogen was performed using the periodic acid-Schiff (PAS)
method (64). Cells were subcultured onto 22-mm diameter
poly-L-lysine-coated coverslips 1 day before the experiment.
After the different treatments (2 h of glucose deprivation; 2 h of
glucose deprivation + 2 h of recovery; and 2 h of glucose dep-
rivation + 2 h of recovery with added insulin (100 nm) or IGF-1
(10 nm)), cells were washed with ice-cold PBS and fixed for 5
min at room temperature with 3.7% paraformaldehyde in 90%
ethanol and washed three times with 70% (v/v) ethanol. After
incubation for 30 min at room temperature in 1% (w/v) periodic
acid dissolved in 70% ethanol, the cells were washed three times
with 70% ethanol and stained for 60 min at room temperature
in 0.5% (w/v) basic fuchsine dissolved in acid ethanol (ethanol/
water/concentrated HCI, 80:19:1 v/v/v). After staining, the cells
were rinsed three times with 70% ethanol, dehydrated in abso-
lute ethanol, and mounted with Eukitt (Sigma).

Images were acquired with a Zeiss LSM 510 confocal micro-
scope through a Plan Apochromat oil immersion objective
(63X, NA = 1.4), excited by a 543-nm He/Ne laser line, and
filtered with a 560-nm low pass emission filter. Images were
taken systematically across the entire coverslip, and the entire
cell on the sampled images was analyzed. Cells were analyzed
quantitatively using LSM 510 imaging software (Zeiss). The
mean fluorescence intensity of PAS staining per cell was deter-
mined by averaging all pixel fluorescence intensities in the
region of interest, corresponding to the cell cross-sectional
area. The data are given as means = S.E. in percentage of max-
imal fluorescence.

Immunocytochemistry—To identify the expression of an
insulin receptor (IR) and IGF-1 receptor (IGF1R) in rat astro-
cytes, double immunostaining was performed using the pri-
mary rabbit anti-IR antibody (ab175251; Abcam), primary rab-
bit anti-IGF1R (ab131476; Abcam), primary mouse anti-glial
fibrillary acidic protein, secondary goat anti-rabbit antibody
conjugated to fluorescent dye Alexa Fluor 546 (Molecular
Probes, Invitrogen), and secondary goat anti-mouse antibody
conjugated to fluorescent dye Alexa Fluor 488 (Molecular
Probes).

Cells were washed with PBS and fixed in 4% paraformalde-
hyde in PBS for 15 min and 0.1% Triton X-100 for 10 min at
room temperature. Nonspecific staining was reduced by incu-
bating cells in blocking buffer containing 3% BSA and 10% goat
serum in PBS at 37 °C for 1 h. The cells were incubated sequen-
tially with primary antibody anti-glial fibrillary acidic protein
(diluted 1:100) in 3% BSA in PBS at 37 °C for 2 h. The cells were
then rinsed with PBS and incubated with anti-IR or anti-IGF1R
antibody in 3% BSA in PBS at 37 °C for 2 h. Next the cells were
washed with PBS and stained with two secondary antibodies,
conjugated to Alexa Fluor 546 and Alexa Fluor 488 (both
diluted 1:600), in 3% BSA in PBS at 37 °C for 45 min. Control
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FIGURE 1. Functional expression of FRET-based glucose nanosensor
FLIIT2GLU-7001A6 in a cultured astrocyte. a, CFP and YFP emission
images show the expression of the FLII12GLU-700A6 fluorescent nanosen-
sor in an astrocyte. The upper panels show an astrocyte in the medium con-
taining 10 mm D-glucose; the lower panels show the same cell after superfu-
sion with 0 mm p-glucose. Scale bar, 10 um. b, integration of the ratio over the
entire cell was used to quantify the change in the ratio. Superfusion of cells
initially bathed in high glucose solution (10 mm) with the solution containing
0 mm glucose (gray lines) induced an increase in the CFP fluorescence inten-
sity (left panel) and a decrease in the YFP intensity (middle panel), thus
decreasing the YFP/CFP ratio (right panel) and indicating a decrease in the
cytosolic glucose levels. Subsequent superfusion with 10 mm D-glucose
induced an increase in the FRET ratio, indicating an increase of intracellular
D-glucose caused by glucose entry into the cell. fluo, fluorescence; a.u., arbi-
trary units.

cells were incubated with secondary antibodies alone. After
washing, they were mounted on glass slides using the Light
Antifade kit (Invitrogen). Images of immunolabeled cells were
acquired using a LSM 510 confocal microscope (Zeiss)
equipped with a Plan Apochromat oil immersion objective
(63X, NA = 1.4), excited by the 543-nm helium/neon laser line,
filtered with the 560-nm low pass emission filter and a 488-nm
argon laser line, and filtered with a 505-530-nm band pass
emission filter. All experiments were performed at room
temperature.

RESULTS

To study the dynamics of cytosolic glucose levels in astro-
cytes in response to the application of insulin or IGF-1, we
transfected astrocytes with the plasmid-encoding FRET-based
glucose nanosensor (63) and used a CCD camera in combina-
tion with an image splitter to simultaneously record CFP and
YFEP emission images (Fig. 1). The cells were initially bathed in
the extracellular solution containing 10 mm D-glucose and then
superfused with the extracellular solution without p-glucose.
Omitting D-glucose from the extracellular solution resulted in
the decrease in the YFP/CFP (FRET) ratio, indicating a decrease
in the cytosolic glucose concentration. The exchange of glu-
cose-free external solution with 10 mMm D-glucose solution
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FIGURE 2. Activation of insulin receptors decreases glucose levels in cultured astrocytes. a- ¢, astrocytes immunolabeled with antibodies against insulin
receptors (a, red), against astrocytic marker glial fibrillary acidic protein (b, green), and overlay of the signals (c). Scale bar, 20 um. d-f, representative (upper
panels) and mean (lower panels) time-dependent changes in the YFP/CFP (FRET) ratio signal upon insulin or vehicle stimulation. Insulin stimulation decreases
the FRET ratio signal, reflecting the decrease in cytosolic concentration of glucose. Two types of responses to insulin treatments (1 um, black bars) were
observed: persistent (d, filled circles; n = 7 cells) and transient (e, filled circles; n = 3 cells). The time constant of the decrease in the FRET ratio after insulin
stimulation for persistent events was 28.2 * 5.7 s, and the average amplitude was —0.014 * 0.003 (n = 7, paired Student’s t test, p = 0.001). The amplitude of
the decrease in the FRET ratio for transient events 90 s after the addition of insulin was 0.5% (paired Student'’s t test, p = 0.05) (d, white circles). Astrocytes
pretreated with wortmannin (100 nm) for 15 min were exposed to the same experimental conditions as nonpretreated cells. The mean change in the FRET ratio
from 330t0 490 s on insulin stimulation was significantly lower in cells pretreated with wortmannin (n = 23 cells) compared with nonpretreated cells (p = 0.05).
f, cells superfused with vehicle extracellular solution (control) showed no significant change in the FRET ratio (n = 11 cells). Student’s t test for paired data: *,

p = 0.05; **, p = 0.01; *** p = 0.001. conc., concentration; Int., internal; Rel., relative.

resulted in an increase in the FRET ratio, indicating glucose
entry into the cell via glucose transporters (GLUTs) within 1
min (Fig. 1). Thus glucose nanosensor is functionally expressed
in astrocytes, consistent with previous reports (63).

Cytosolic Glucose Level in Astrocytes Is Decreased by
Insulin—We used immunocytochemical labeling of IRs to dem-
onstrate that astrocytes in culture express IRs, as already
reported (26, 27) (Fig. 2, a—c). In control cells incubated with
secondary antibodies alone, no detectable signal was observed.
We next tested whether the addition of extracellular insulin
affects the dynamics of cytosolic glucose in astrocytes. Astro-
cytes were superfused for 300 s with insulin in extracellular
solution containing 3 mwm D-glucose (Fig. 2, d—f). In 48% of
recordings (10 of 21 cells), application of insulin resulted in a
significant decrease in the FRET ratio, which indicates a
decrease in cytosolic glucose concentration (63). Two types of
responses to 1 uM insulin stimuli were observed. In the first
type of responses (Fig. 2d; 7 of 21 cells), the decrease in cytosolic
glucose concentration was persistent and continued beyond
the removal of insulin from the extracellular solution. In these
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experiments, a ~1% decline (-0.014 * 0.003) in the FRET ratio
was observed, which corresponds to the 6% decrease in the
intracellular p-glucose concentration (Fig. 2d). In the second
type of responses (Fig. 2¢, 3 of 21 cells), astrocytes responded to
insulin stimulation with an initial transient decrease followed
by an increase in the glucose levels. Of 21 cells, 11 were unre-
sponsive. When cells were exposed to 100 nM insulin (n = 16
cells), no FRET response was observed, indicating no change in
the intracellular glucose levels (not shown). Similarly, in control
experiments in which either cells were superfused with extra-
cellular solution (Fig. 2f, n = 11) or extracellular solution was
added acutely as a bolus (n = 25 cells; not shown), no significant
change in the FRET ratio was observed.

To inhibit the insulin signaling pathway (27), cells were pre-
incubated with wortmannin, a PI3K inhibitor (65). After stim-
ulation with insulin (1 um), cells pretreated with wortman-
nin (100 nm) displayed a significantly smaller change in the
FRET ratio (Fig. 2d, open circles) compared with nonpre-
treated cells with a persistent glucose response. Acute addi-
tion of wortmannin did not affect the cytosolic glucose con-
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centration (n = 7 cells; not shown). These results indicate
that the observed decrease in glucose levels in isolated astro-
cytes is insulin-dependent.

Glucose Flux across the Plasma Membrane of Astrocytes Is
Not Affected by Insulin—We examined whether insulin affects
the dynamics of glucose entry, which could be mediated via
insulin-sensitive glucose transporters. To estimate the influ-
ence of insulin on glucose entry in astrocytes, at different inter-
vals, we superfused cells with extracellular solution containing
either a high or zero concentration of p-glucose: 10 mm p-glu-
cose for 3 min, 0 mMm p-glucose for 5 min, and 10 mm p-glucose
for 3 min. In a separate set of experiments, insulin (1 um) was
included in all solutions during the recordings. To determine
the potential differences in glucose entry (transport across the
plasma membrane) between control untreated and insulin-
stimulated cells, the rise times,, 44, (glucose entry) and fall
times,, _gq (glucose utilization) of the maximal FRET ratio
changes, reflecting dynamic changes in cytosolic glucose levels,
were determined for both experiment settings and compared.
The measurements revealed that the rise time,, o, and the
fall time,, _ g0, Of the FRET ratio signals were not significantly
different between control untreated cells and insulin-stimu-
lated cells (Fig. 3), indicating that the glucose entry and utiliza-
tion are not affected by insulin. The rise and fall times measured
were not limited by the temporal resolution of the superfusion
system (63).

We further tested whether the rates of the FRET ratio
changes, i.e. rise rates (glucose entry) and fall rates (glucose
utilization), differ in insulin-stimulated cells compared with
control untreated cells. We did not observe any significant dif-
ferences in the rates of FRET ratio changes between insulin-
stimulated and control cells (Fig. 3). Similarly, we found no
changes in the amplitudes of FRET signal increases or decreases
(p = 0.63 and p = 0.67, respectively). Although astrocytes in
culture were shown to express GLUT4 (59), an insulin-sensitive
glucose transporter in fat and muscle cells, these results clearly
indicate that in astrocytes glucose membrane flux is not
affected by insulin treatment.

Cytosolic Glucose Level in Astrocytes Is Decreased by IGF-1
Stimulation—W e next tested whether the addition of extracel-
lular IGF-1 also affects the dynamics of cytosolic glucose in
astrocytes (Fig. 4). We performed immunocytochemical IGF1R
labeling to confirm that the primary culture of astrocytes
expresses IGF1R (Fig. 4, a—c¢). In cells incubated with secondary
antibodies alone, no detectable signal was observed.

An application of IGF-1 (100 nm) to astrocytes resulted in a
significant decrease in the FRET ratio (Fig. 4, d and e), which
indicates a decrease in the cytosolic glucose concentration (63).
Of a total of 26 astrocytes recorded, 13 (50%) showed a ~2%
decrease in the mean FRET ratio (—0.022 = 0.004) 300 s after
the addition of IGF-1, which corresponds to a 9% decrease in
the intracellular concentration of D-glucose. The decrease was
statistically different from the initial FRET ratio level (Fig. 44,
filled circles). The FRET ratio then further decreased to 3% after
600 s (Cipernal at 900s — 0-29 = 0.01 mm). Cells pretreated with
PPP (Fig. 4d, open circles), an IGF-1 kinase inhibitor (66), dis-
played a smaller decrease in intracellular glucose concentration on
IGF-1 stimulation compared with nonpretreated cells (p < 0.001
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FIGURE 3. Insulin treatment does not affect the rate of glucose flux into
astrocytes. g, intermittent superfusion of cells with extracellular solution
containing the following p-glucose concentrations: 10 mm bd-glucose for 3
min, 0 mm b-glucose for 5 min (gray line), and 10 mm p-glucose for 3 min in
control untreated cells in and in cells treated with insulin (1 um) during
recordings. The time for the FRET ratio signal to rise or fall from 20% to 80% of
the maximal change was determined (dashed lines), and the time interval
between these two values was measured (separately for fall time,,_gq0, and
rise time,q_gg9). IN addition, the rates of fall and rise of the FRET ratio signal
were determined as indicated by linear regression line fitted to the fall of the
FRET ratio signal (for details, see “Experimental Procedures”). b, fall and rise
times of the FRET ratio signal in control cells without insulin (white bars, n =
10) and in insulin-treated cells (gray bars, n = 10). There was no significant
difference in the fall or rise time between the two experimental settings (fall
time,g_goor 24.3 = 1.25(n = 10) versus 24.0 = 1.9s (n = 10), p = 0.91 and rise
time,q_gooy 16.6 = 0.1 s (n = 10) versus 16.7 = 1.0 s (n = 10), p = 0.92,
respectively). Bars represent the means *+ S.E. No differences in insulin-stim-
ulated cells compared with control cells (fall rates were 0.16 = 0.01 s~ " in
control cellsand 0.17 = 0.02 s " in insulin-stimulated cells, p = 0.65; rise rates
were 0.25 = 0.01s™ ' in control cells and 0.24 = 0.03 s~ ' in insulin-stimulated
cells, p = 0.69) were observed (not shown).

at 600 s and p < 0.01 at 900 s, Student’s ¢ test ¢ ormal at 900s =
0.32 £ 0.01 mwm), indicating that the observed decrease in glucose
levels was IGF-1-dependent (Fig. 4). Of 26 cells, 13 were
unresponsive.

In control experiments where extracellular solution was
added acutely as a bolus to nonpretreated (Fig. 4e) and PPP-
pretreated cells (not shown), no significant change in the FRET
ratio was observed (m = 15 and n = 20 cells, respectively).
Moreover, acute addition of PPP did not affect the cytosolic
glucose concentration (n = 6 cells; not shown).

Insulin and IGF-1 Augment Glycogen Stores in Astrocytes—
We next examined whether the intracellular glycogen content
in astrocytes depends on insulin and IGF-1 treatment. PAS
staining and confocal microscopy were performed to visualize
and analyze the glycogen content in astrocytes exposed to glu-
cose-free and glucose-rich extracellular solution with insulin or
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FIGURE 4. Activation of IGF-1 receptors decreases glucose levels in cultured astrocytes. a-c, astrocytes immunolabeled with antibodies against IGF-1
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IGF-1 stimulation (Fig. 5a). We found that the glycogen con-
tent was significantly lower in astrocytes exposed to glucose
deprivation for 2 h compared with astrocytes that were first
exposed to glucose deprivation for 2 h and then to refeeding for
2 h in DMEM containing 5.55 mM glucose (Fig. 5b; p < 0.05).
Both insulin and IGF-1 further augmented the glycogen levels,
as indicated by the PAS staining ~1.4-fold increase (p < 0.001)
when the cells were stimulated with insulin or IGF-1 during
glucose deprivation and refeeding compared with unstimulated
cells. We found that insulin and IGF-1 have similar effects on
the replenishing of glycogen stores in astrocytes (Fig. 5b; p =
0.15).

DISCUSSION

The role of insulin and IGF-1 in the CNS is poorly under-
stood; however, it has been linked to the regulation of glucose
uptake into astrocytes (23, 58). Here, we show directly that
insulin and IGF-1 enhance glycogen levels in single isolated
astrocytes, consistent with previous reports (15, 27, 57). Fur-
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thermore, we show that in astrocytes insulin and IGF-1 stimu-
lation decrease the cytosolic glucose concentration, which
likely reflects the increased use of glucose in glycogen synthesis.

Insulin and IGF-1 Increase Glycogen Content in Astrocytes
Independently of Glucose Transport across the Plasma
Membrane—In the present study, we show that insulin and
IGF-1 affect the dynamics of glycogen stores in astrocytes by
enhancing the accumulation of glycogen (57). The glycogen
content in a cell depends on the intracellular levels of glucose,
which in turn may also be dependent on the glucose transport
across the plasma membrane via GLUTs. In fat and muscle
cells, GLUT4, a unique insulin-sensitive glucose transporter, is
translocated in the presence of insulin from the cell interior to
the plasma membrane, enabling glucose entry (67). Astrocytes
appear to express GLUT1 and GLUTS3 at a high level but very
little GLUT2 and GLUT4 (27). In vivo, in CNS GLUT4 has been
shown to be expressed in the pituitary, the hypothalamus, the
medulla (68), and the cerebellum (69) but not in the cortex. It
has also been found in forebrain microvascular endothelium

SASBMB

VOLUME 290-NUMBER 17+APRIL 24, 2015



a  glc. deprivation

recovery

recovery + ins.

b *

—~40 - :

X -

3

S 30 | z

Q -

0

o -

g 20 +

[

3

10

©

()

= 256 258 376 377
glucose recovery recovery recovery
deprivation +insulin  + IGF-1

FIGURE 5. Glycogen content in astrocytes is insulin- and IGF-1-depen-
dent. Glycogen content was determined by PAS staining. Representative
images of cells positively stained with PAS (red fluorescence) after exposure
to glucose-free extracellular solution for 2 h (g, left panel), glucose deprivation
for 2 h, and then refeeding in 5.55 mm glucose-rich solution for 2 h (a, middle
panel), and on exposure to the same experimental procedure as in the middle
panel with the addition of insulin (a, right panel). The intensity of PAS staining
is related to the glycogen content in the cell. Scale bar, 20 pm. b, mean fluo-
rescence intensity of PAS staining per cell area (% of mean red fluorescence
intensity per cell area over a maximal fluorescence intensity of 255 arbitrary
units). Experiments were performed in cells exposed for 2 h to glucose-free
extracellular solution (glucose deprivation; PAS staining: 21.4 £ 0.6% (n =
256)) after initially being exposed to glucose deprivation and then to 2 h of
refeeding in the glucose-rich solution (recovery; DMEM with 5.55 mm glucose;
PAS staining: 26.1 = 0.6%; (n = 258)) and also in cells treated with either
insulin (recovery + insulin; 100 nm; PAS staining: 34.9 = 0.6% (n = 376)) or
IGF-1 (recovery + IGF-1; 10 nm; PAS staining: 36.3 = 0.7% (n = 377)) during
glucose deprivation and refeeding. The numbers denote the number of cells
analyzed. *, p < 0.05 (differences were tested by Kruskal-Wallis analysis of
variance on ranks, and post hoc by the Dunn method); three independent
experiments were performed. glc, glucose; ins., insulin.

(70) and in vascular structures within the ventromedial hypo-
thalamus, which suggests that GLUT4 may have a functional
role in the blood-brain barrier (71). A recent study indicates
that cultured astrocytes also express GLUT4 (59). Stimulation
of astrocytes with insulin in an experiment in which we inter-
mittently superfused cells with extracellular solution contain-
ing either high concentration of D-glucose or no glucose
resulted in equal dynamics of the intracellular glucose changes
compared with experiments where cells were not treated with
insulin (Fig. 3). This provides functional evidence that insulin,
although it increases intracellular glycogen content in astro-
cytes, does not affect glucose transport across the plasma mem-
brane. This may be due to nontranslocation behavior of the
GLUT4 transporter in astrocytes.

Insulin and IGF-1 Decrease Cytosolic Glucose Concentration
in Astrocytes via Intracellular Signaling Pathways—It is known
that insulin crosses the blood-brain barrier and may have mul-
tiple functions in the brain (72). The mechanism by which
insulinoid stimulation leads to an increased level of glycogen
has not been sufficiently elucidated (73). Both insulin and IGF-1
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are known to have a mutual PI3K/Akt pathway (27, 51). PI3K/
Akt phosphorylates and inactivates glycogen synthase kinase 3
(GSK-3), decreasing the rate of phosphorylation of glycogen
synthase, thus increasing its activity (74). Glycogen synthase is
universally distributed in the brain and is found in both neurons
and astrocytes (75, 76), although higher levels were observed in
astrocytes (75). On the other hand, glycogen phosphorylase is a
key enzyme in glycogen degradation in astrocytes (77). Astro-
cytes express two isoforms of glycogen phosphorylase with dis-
tinct regulatory properties and are named after the respective
organ of their main expression: the muscle isoform, MM, and
the brain isoform, BB (11). Isoform MM is predominantly acti-
vated by phosphorylation, triggered by extracellular stimuli
(11). Thus the MM isoform is primarily tailored to respond to
extracellular control via signals triggering the phosphorylation
cascade, whereas the BB isoform is mainly adapted to provide
energy for internal needs (78).

We show that the availability of intracellular glucose after
insulin or IGF-1 stimulation is decreased, which indicates that
the stimulated glycogen synthesis exceeds glucose utilization in
astrocytes (see Figs. 2 and 4). According to previous studies
with radioisotopes, the maximum stimuli for forming glycogen
is at 100 nM for insulin and 10 nm for IGF-1 (57). The maximum
decrease in the cytosolic glucose concentration was 6% for insu-
lin and 9% for IGF-1 after 300 s of stimulation. The kinetics of
glucose concentration decay after IGF-1 was more sustained
compared with the insulin stimulation, where the kinetics was
faster at the beginning. This difference is characterized by sig-
nificantly lower glucose level in cells 300 s after stimulation by
IGF-1 (p = 0.022; Figs. 2, d and e, and 4d). After stimulation
with insulin, we have observed persistent or transient intracel-
lular glucose level changes, which are likely due to heterogene-
ity of astrocytes (79). In some cells tested, the insulin stimula-
tion lastingly shifts the glucose equilibrium toward glucose
utilization, whereas in other ones the glucose equilibrium was
only transiently changed, returning to initial values within
~150 s, likely because of increased glucose delivery. The inhi-
bition of glycogen synthesis by preincubation of cells with wort-
mannin diminished the decrease in insulin-stimulated glucose
levels (Fig. 2d). This is in agreement with the view that insulin
signaling augments numerous cellular processes that utilize
glucose as an energy source, which in turn results in a signifi-
cant decrease in internal glucose concentration (80). In addi-
tion, GSK-3p is also negatively regulated by the PKC and PKA,
which are also known to be activated by insulin or IGF-1, as
determined in Ratl, NIH 3T3, and HEK293 cells (81, 82). More-
over, the inhibition of glycogen synthesis with PPP preincuba-
tion, an IGF-1 kinase inhibitor, diminished the decrease in
IGF-1 stimulated glucose levels (Fig. 4d). However, in view of
the common evolutionary origins of insulin and IGF-1 and their
similar structure, there is a certain degree of interference
between them (51, 83), which we summarize in Fig. 6.

In conclusion, we show here that the availability of cytosolic
glucose after stimulation with insulin and IGF-1 is decreased in
astrocytes, which suggests that stimulated glycogen synthesis
and cytosolic glucose utilization exceed the delivery of glucose
in astrocytes. The results of the present study also demonstrate
that after glucose depletion, glycogen stores are rebuilt where
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FIGURE 6. Modulation of glycogen stores in astrocytes by insulin and
IGF-1. After the binding of insulin or IGF-1 to their receptors, several mutual
signaling pathways may be activated. The pathway leading to glycogen syn-
thesis is the PI3K/Akt pathway. Activation of the PI3K/Akt pathway inactivates
GSK-38. GSK-3B is also inactivated through the PKA and PKC pathways. Inac-
tivated GSK-3 B results in less phosphorylated and thus more active glycogen
synthase (GS), which in turn depletes intracellular glucose 6-phosphate (G6P)
and lowers the glucose concentration. GLUT1 and GLUT3 are major glucose
transporters in astrocytes; GLUT4 is also present. Glucose is phosphorylated
by hexokinase (HK) to produce glucose 6-phosphate, which in turn negatively
regulates the activity of hexokinase. The effect of IGF-1 is inhibited by a selec-
tive IGF1R inhibitor, PPP, and the PI3K/Akt pathway is inhibited by wortman-
nin, a selective PI3K inhibitor.

insulin and IGF-1 boost the process of glycogen formation. It is
thought that insulin and IGF-1 signaling is involved in the for-
mation of cognition and memory (40-43). Our data clearly
support the idea that dysfunction of insulinoid signaling may
lead to insufficient replenishing of glycogen stores. The lack of
ashort term energy buffer may then affect processes involved in
neurodegenerative disorders, psychiatric disorders, and regula-
tion of food intake.
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