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Brain activity requires a � ux of glucose to active regions
to sustain increased metabolic demands. Insulin, the
main regulator of glucose handling in the body, has been
traditionally considered not to intervene in this process.
However, we now report that insulin modulates brain
glucose metabolism by acting on astrocytes in concert
with IGF-I. The cooperation of insulin and IGF-I is needed
to recover neuronal activity after hypoglycemia. Anal-
ysis of underlying mechanisms show that the combined
action of IGF-I and insulin synergistically stimulates a
mitogen-activated protein kinase/protein kinase D
pathway resulting in translocation of GLUT1 to the cell
membrane through multiple protein-protein interac-
tions involving the scaffolding protein GAIP-interacting
protein C terminus and the GTPase RAC1. Our obser-
vations identify insulin-like peptides as physiological
modulators of brain glucose handling, providing further
support to consider the brain as a target organ in
diabetes.

Contrary to its glucoregulatory actions in peripheral tissues,
physiological variations of circulating insulin levels do
not modulate glucose handling by brain cells (1). Only
under pathological circumstances, such as diabetes, do

brain glucoregulatory actions of insulin manifest (2).
Therefore, mechanisms of neurovascular coupling, whereby
active brain regions locally increase glucose and oxygen
uptake, are not considered to involve insulin under phys-
iological circumstances. Moreover, both endothelial cells
and astrocytes, the main cellular constituents of the blood-
brain barrier (BBB) express GLUT1 as their main facilitative
transporter (3), and GLUT1 is considered to be largely in-
sulin insensitive (4). At the same time, there is evidence
that the structurally related peptide IGF-I affects glucose
metabolism in the brain (5). Importantly, in animal models
of diabetes, not only is there brain insulin resistance (6),
but also brain IGF-I levels are reduced (7). We now describe
a cooperative mechanism whereby insulin stimulates glu-
cose uptake by forebrain astrocytes acting in concert with
IGF-I. Cooperation of insulin and IGF-I (I+I) may explain
brain glucose uptake on demand without changes in circu-
lating insulin levels.

RESEARCH DESIGN AND METHODS

Animals
Adult (3–5 months old) and newborn C57BL6/J mice
were used. To obtain mice with glial� brillary acidic protein
(GFAP)–speci� c deletion ofPKD1, PKD1loxP/loxP mice (8)
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were crossed with PKD1loxP/loxP/GFAP-Cre mice. GFAP-Cre
mice where obtained from The Jackson Laboratory
(B6.Cg-Tg(Gfap-cre)73.12Mvs/J: stock #012886). Only male
PKD1loxP/loxP (PKD1� oxed) and PKD1loxP/loxP/GFAP-Cre
(PKD1D) mice were used. Mice were of 129SvEv/C57BL/6
mixed background. Genotyping and recombination analy-
sis in the PKD1loxP/loxP/GFAP-Cre mouse brain and in
primary cultures of astrocytes was performed by PCR
using speci� c pairs of primers (8). As a positive control
for genomic ampli� cation, oIMR7339 primers were used
(The Jackson Laboratory protocols). Two-month-old male
mice from both genotypes were used for brain cortex
dissection and preparation of DNA and protein extracts,
as well as for positron emission tomography (PET) anal-
ysis. Primary cultures of astrocytes were obtained from
brain cortices of P1-P2 pups bearing the two genotypes.
Animal procedures followed European Council Directives
(86/609/EEC and 2003/65/EC) and approval of the local
bioethics committees.

Plasmid Constructions and Viral Packaging
Plasmids transfected into astrocytes were as follows: IGF-I
KR, a negative-dominant form of the IGF-I receptor (IGF-IR)
previously described (9). HIR-K1030R4 (10), a negative-
dominant form of the IGF-IR, was acquired from Addgene
(Cambridge, MA), and GLUT1-Exo Flag was a gift from
Jeffrey C. Rathmell (11). Short hairpin RNAs (shRNAs)
against GLUT1 were from Origene (Rockville, MD); the
shRNA against GAIP-interacting protein C terminus
(GIPC) was constructed (as described at www.addgene
.org/tools/protocols/plko/) using the following primers:
59CCGGACTCACCG AACCTCGGAAGGCCTCGAGGCCTTCC
GAGGTTCGGTGAGTTTTTTG39and 59AATTCAAAAAACTCA
CCGAACCTCGGAAGGCCTCGAGGCCTTCCGAGGTTCGGTGA
GT39directed against the 684–704 fragment of GIPC mRNA.

Cell Cultures and Transfections
Astroglial cultures with. 95% GFAP-positive cells were
prepared as described previously (9). Postnatal (day 3–4)
brains were dissected, and the cortex and hippocampus
were removed and mechanicallydissociated. The resulting
cell suspension was centrifuged and plated in DMEM/F-12
(Life Technologies) with 10% FBS (Life Technologies) and a
100 mg/mL antibiotic-antimycotic solution (Sigma-Aldrich,
Madrid, Spain). After 15–20 days, astrocytes were replated
at 1.23 105 cells/well. Pure cerebellar granule neurons from
postnatal mouse cerebellum (. 99% b3-tubulin–positive
cells) were obtained as described previously (12). Brie� y,
P7 brains were dissected, and cerebella were removed, dis-
sociated mechanically, and then enzymatically digested with
papain solution (Worthington Biochemical Corporation,
Lakewood, NJ). Finally, neurons were plated in wells
covered with poly-L-lysine in medium with Neurobasal
plus B27 medium (Life Technologies), glutamine, and
25 mmol/L KCl. Endothelial cell cultures were performed
as described previously (13). Brie� y, dissection was per-
formed on ice, and cortices were cut into small pieces
(1 mm3) and digested in a mixture of collagenase/dispase

(270 units collagenase/mL and 0.1% dispase) and DNAse
(10 units/mL) in DMEM (Life Technologies) for 1.5 h at
37°C. The cell pellet was separated by centrifugation in
20% BSA/DMEM (1,000g for 15 min) and incubated in a
collagenase/dispase mixture for 1 h at 37°C. Capillary frag-
ments were retained on a 10-mm nylon � lter, removed
from the � lter with endothelial cell basal medium (Life
Technologies), supplemented with 20% bovine plasma–
derived serum and antibiotics (penicillin 100 units/mL,
streptomycin 100mg/mL), and seeded on 60-mm Petri
dishes coated with collagen type IV (5mg/cm2). Puro-
mycin 3 mg/mL was added for 3 days. Puromycin was
then removed from the culture medium and replaced by
� broblast growth factor (2 ng/mL) and hydrocortisone
(500 ng/mL).

For transfection, astrocytes were electroporated (23
106 astrocytes with 2mg of plasmid DNA) before seeding
using an astrocyte Nucleofector Kit (Amaxa; Lonza, Basel,
Switzerland). After electroporation, cells were plated to
obtain a � nal cell density on the day of the experiment
similar to that obtained with the transfection method. The
transfection ef� ciency was 60–80%, as assessed with a GFP
vector expression.

Glucose Uptake
We used 6-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-
6-deoxyglucose (6-NBDG) to measure glucose uptake in
astrocytes, as has been shown by others (14). Brie� y, cells
were starved in serum-free media for 3 h. Then IGF-I
(ProSpec-Tany Technogene, Ness Giona, Israel), insulin
(Sigma-Aldrich), or vehicle was added to a� nal concen-
tration of 1 nmol/L. We then added 6-NBDG (Setareh
Biotech, Eugene, OR) to a� nal concentration of 30mmol/L.
Cultures were kept for 3 h at 37°C; then ice-cold PBS was
added; cells were trypsinized and collected; and FBS and
PBS were added. Fluorescence intensity was measured by
� ow cytometry (FACSAria Cytometer; BD Biosciences).
When pharmacological inhibitors were used, picropodo-
phyllin (120 nmol/L), an IGF-IR–speci� c inhibitor (picropo-
dophyllotoxin [PPP]; Merck Sharp & Dohme, Hoddesdon,
U.K.), and S961 (10 nmol/L), a recently described (15)
insulin receptor (IR)–speci� c inhibitor (Novo Nordisk,
Bagsværd, Denmark), were added 1 h prior to the addition
of insulin and/or IGF-I.

Glucose levels in astrocytes were determined by the
glucose oxidase test (Thermo Scienti� c) following manu-
facturer instructions. In brief, astrocyte cultures were washed
three times with PBS and starved over 3 h in low-glucose
medium without serum; cells were treated with or without
IGF-I and insulin over 3 h. After treatments, cells were kept
on ice, washed three times with Tris-buffered saline, and
lysed with 100 mL of lysis buffer (150 mmol/L NaCl,
20 mmol/L Tris HCl, pH 7.4, 5 mmol/L EDTA, 10%
glycerol, and 1% Nonidet P-40). Samples were kept in
the freezer at least overnight and centrifuged at 5 min at
4°C and 10,000 rotations/min. Supernatants were col-
lected, and 50mL was used, as indicated.
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Membrane Translocation Assays
Translocation of GLUT1-Flag to the cell membrane was
determined by� ow cytometry following previously pub-
lished procedures (16). In brief, cultured astrocytes were
labeled with anti-Flag M2 (1:1,000; F1804; Sigma-Aldrich)
and secondary antibody Alexa Fluor 488 (1:1,000; A-11008;
Life Technologies) and were� xed before assessing� uo-
rescence intensity. In a second type of assay, cell surface
proteins were biotinylated following manufacturer in-
structions (EZ-LinkSulfo-NHS-SS-Biotin; Thermo Scien-
ti � c). Brie� y, astrocytes were washed three times with
ice-cold PBS (pH 8.0) and suspended at a concentration
of 25 3 106 cells/mL in PBS. Immediately before use, a
10 mmol/L solution of Sulfo-NHS-SS-Biotin was prepared
by adding 6 mg/mL ultrapure water, and; 80 mL of
10 mmol/L Sulfo-NHS-SS-Biotin per mL reaction volume
was added and incubated at room temperature for 30 min.
Cells were washed three times with ice-cold PBS. Proteins
were puri� ed by af� nity chromatographyusing NeutroAvidin
Agarose Resin (Thermo Scienti� c). Biotinylated proteins
were resolved by Western blot. The membrane protein
Na+/K+ ATPase was used as a loading control.

In Situ Proximity Ligation Assays
GLUT1-IGF-IR interactions were detected in astrocytes
grown on glass coverslips using the Duolink II in situ
proximity ligation assay (PLA) detection kit (OLink AB,
Uppsala, Sweden), as described previously (17). Astrocytes
were � xed in 4% paraformaldehyde for 10 min, washed
with PBS containing 20 mmol/L glycine to quench the
aldehyde groups, permeabilized with the same buffer con-
taining 0.05% Triton X-100 for 5 min, and successively
washed with PBS. After immersion for 1 h at 37°C with
the blocking solution in a preheated humidity chamber,
astrocytes were incubated overnight in antibody diluent
medium with the primary antibodies rabbit polyclonal
anti-GLUT1 (1:100; catalog #sc-7903; Santa Cruz Biotech-
nology) and monoclonal mouse anti–IGF-IR (1:100; catalog
#sc-463; Santa Cruz Biotechnology), which were pro-
cessed following the instructions of the supplier using
the PLA probes detecting rabbit or mouse antibodies

(Duolink II PLA probe anti-Rabbit plus, and Duolink II
PLA probe anti-Mouse minus diluted in antibody diluent
to a concentration of 1:5) and a DAPI-containing mount-
ing medium. Samples were observed using an SP2 Confo-
cal Microscope (Leica Microsystems, Wetzlar, Germany)
equipped with an apochromatic3 63 oil-immersion objec-
tive. For images of each� eld, a maximum projection (super-
imposed sections) in two channels (one per staining) of
6–12 z stacks with a step size of 1mm were acquired.

Glycogen and Lactate Production Assay
The production of glycogen and lactate in astrocytes was
assessed using commercial kits (MAK016 Glycogen Assay
Kit; Sigma-Aldrich; MAK064 Lactate Assay Kit; Sigma-
Aldrich) following the manufacturer instructions. Brie� y,
cells treated as described above were kept for 6 h at 37°C.
Then, cells were washed with ice-cooled PBS and homog-
enized in ice water. Samples were measured on a� uores-
cence microplate reader (Fluostar Optima; BMG LABTECH,
Ortenberg, Germany).

Quantitative PCR
Quantitative real-time PCR analysis was carried out as
described previously (18). Results were expressed as rela-
tive expression ratios on the basis of group means for
target transcripts versus reference 18S transcript. At least
three independent experiments were performed.

Immunoassays
Immunocytochemical assays and Western blotting were
performed as described previously (19). Antibodies and di-
lutions used are shown in Table 1. Densitometric analysis
was performed using Analysis Image Program (Bio-Rad,
Hercules, CA). A representative blot is shown from a total
of at least three independent experiments.

Immunopositive Particle Colocalization Assays
Immunocytochemistry was performed as explained above.
Pictures of stained cultures were taken using a Leica TCS-
SP5 Confocal Microscope equipped with a3 63 oil-immersion
objective (HCX PL APO CS,3 63/1.40–0.60). For each� eld, a
series of 8–12 z stacks with a step size of 0.29mm in each
channel (one per staining) was acquired. The quanti� cation of

Table 1—Antibodies used in immunoassays

Antibody Reference WB dilution IC dilution Company

IGF-IRa sc-463 1:500 1:100 Santa Cruz Biotechnology

IGF-IRb sc-713 AC 1:200 Santa Cruz Biotechnology

IRb sc-711 1:1,000 Santa Cruz Biotechnology

IGF-IRb 9750 1:2,000 Cell Signaling Technology

GLUT1 sc-7903 1:1,000 1:100 Santa Cruz Biotechnology

GIPC sc-9648 1:1,000 1:200 Santa Cruz Biotechnology

b-Actin A5316 1:10,000 Sigma-Aldrich

PKD1/2 2035 1:1,000 Cell Signaling Technology

a-Tubulin T9026 1:1,000 Sigma-Aldrich

IC, immunocytochemistry; WB, Western blot.
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vesicles in each� eld was made enhancing the contrast and
� nally applying a threshold to obtain the binary image and
the region of interest around each particle. The number
of colocalization particles among the different channels
was also determined. The number of particles was deter-
mined taking 20–34 cells in� ve different � elds using the
Fiji software package (20).

In Vivo Experiments

Astrocyte Glucose Uptake
Glucose uptake by astrocytes was evaluated as previously
described (21) following procedures that have already
been reported (22). The administration of 6-NBDG, the
experimental stimulation paradigm, confocal microscopy,
and data analysis are described in greater detail elsewhere
(23).

18F-Fluorodeoxyglucose PET Imaging
18F-� uorodeoxyglucose (FDG) PET was used to measure
brain glucose handling as described (23). Once the18F-
FDG uptake in the different brain regions was calculated
(in kilobecquerels per cubic centimeter), the activity of each
left hemisphere region was normalized to its homologous
region in the right hemisphere and expressed as propor-
tional uptake (left/right).

Slice Recordings
Cortical slices were obtained from C57BL/6 mice (12–
16 weeks old). Animals were anesthetized and decapitated.
The brain was rapidly removed and placed in ice-cold arti-
� cial cerebrospinal� uid (ACSF). Slices (400mm) were in-
cubated for. 1 h at room temperature (22–24°C) in ACSF
containing the following (in mmol/L): NaCl 124, KCl 2.69,
KH2PO4 1.25, MgSO4 2, NaHCO3 26, CaCl2 2, and glucose
10, and gassed with 95% O2/5% CO2 (osmolarity 290–
300 mOsm/L, pH 7.35). Slices were then transferred to
an immersion recording chamber and perfused with gassed
ACSF at a rate of 1–2 mL/min and at 30–34°C. The record-
ing area was visualized using an Olympus (Tokyo, Japan)
BX50WI Microscope. For electrophysiology, bipolar platinum/
iridium electrodes of 50 mm placed on layer 4 of somato-
sensory cortex. To record excitatory synaptic activity glass
microelectrodes of 3–5 mol/LV � lled with NaCl 1 mmol/L
were used and placed in layer 2, and slices were perfused
with ACSF containing 50mmol/L picrotoxin and 5mmol/L
CGP55845 to block GABAA and GABAB receptors, respec-
tively, unless otherwise noted. In the ACSF external solu-
tion with no added glucose, the concentration of NaCl was
adjusted so that the osmolarity becomes 290–300 mOsm/L.
A stimulus intensity that evoked half-maximum amplitude
� eld excitatory postsynaptic potentials (fEPSPs) was used.
Baseline responses were recorded for at least 10 min with
test stimuli given at a rate of 0.1 Hz. The slopes of the
baseline responses were set to 100%, and the slopes during
the experiments are expressed as percentages of the base-
line slope. IGF-IRs and IRs were selectively blocked by PPP
(10 mmol/L) and S961 (10 nmol/L), respectively, added
to the ACSF. Data are presented as mean6 SEM. The

Wilcoxon matched pair test was used to detect any signif-
icant changes in synaptic activity by comparing the slopes
of the baseline responses with those after the perfusion
medium was changed.

Statistical Analysis
Normal distribution tests were performed in all initial
sets of experiments, and a nonparametric Wilcoxon test
was applied accordingly. For samples with normal distri-
bution, parametric tests include one-way ANOVA fol-
lowed by a Tukey honestly signi� cant difference test ort
test. A P value, 0.05 was considered to be signi� cant.

RESULTS

I+I Cooperate in Glucose Uptake by Astrocytes
As described over a century ago (24), neuronal activity
increases local blood� ow through neurovascular coupling
at the BBB, and blood nutrients are taken up by the active
brain region. Because endothelial cells and astrocytes are
the key cell constituents of the BBB involved in blood
glucose uptake, we analyzed the effect of I+I on glucose
capture by these two types of cells using the� uorescent
glucose analog 6-NBDG (25). Whereas neither insulin nor
IGF-I modulated glucose uptake in these cells, the com-
bined addition of I+I stimulated it in astrocytes but not
in endothelial cells (Fig. 1A and Supplementary Fig. 1A).
Glucose uptake by neurons, the major energy consumers
of the brain, was not affected by insulin peptides either
(Supplementary Fig. 1B). Increased glucose uptake by as-
trocytes after I+I was re� ected by increased glucose con-
tent in these cells (Fig. 1B).

Because glucose uptake by astrocytes is stimulated
when both I+I are added simultaneously, an interaction of
both hormones through their respective receptors was
deemed probable. We con� rmed by quantitative PCR
(data not shown) that insulin and IGF-IRs are expressed
by astrocytes (26,27) and inhibited them with drug an-
tagonists. We found that either S961, an inhibitor of IR,
or PPP, an inhibitor of IGF-IR, blocked the effects of I+I
(Fig. 1C and D). In addition, the expression of dominant-
negative forms of either IGF-IR or IR abolished the stim-
ulatory actions of I+I (Fig. 1E and F). Reduced IR activity
had a pronounced effect on astrocytic basal glucose up-
take (Fig. 1E). Therefore, both receptors are required to
stimulate astrocyte glucose uptake because inhibiting ei-
ther one is suf� cient to block the effect of I+I.

Because blood-borne glucose is captured by the brain
through GLUT1, the most abundant type of facilitative
transporter in brain endothelia and astrocytes (28), we
determined whether this transporter is involved in glu-
cose uptake after I+I. Indeed, the amount of GLUT1
translocated to the astrocyte cell membrane was signi� -
cantly increased in the presence of I+I, as determined by
� ow cytometry of tagged GLUT1 (Fig. 2A and Supplemen-
tary Fig. 1C), or by biotinylation of membrane proteins
(Fig. 2B), whereas GLUT1 immunostaining in astrocytes
was redistributed to the cell membrane only in the presence
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of I+I (Supplementary Fig. 1D), suggesting its mobilization
from internal stores. Furthermore, when GLUT1 levels
in astrocytes were reduced with shRNA (Supplementary

Fig. 2A), basal glucose uptake was drastically reduced and
the stimulatory action of I+I no longer seen (Fig. 2C). Be-
cause glucose uptake in astrocytes is associated with glu-
coneogenesis (29), we determined glycogen levels in
astrocytes exposed to I+I and found them signi� cantly
elevated (Fig. 2D), whereas the production of lactate, a
major glucose metabolite in astrocytes, was unaffected
(Supplementary Fig. 2B). As previously reported, insulin
also increased glycogen levels without affecting lactate
production (30).

I+I Modulate Neuronal Activity: Role of Glucose
Handling by Astrocytes
Although it is widely assumed that pancreatic insulin under-
lies the brain actions of this hormone (31), it is now� rmly
established that the brain also produces insulin (32). The
same is true for IGF-I, a hormone that reaches the brain
from the circulation (33) but is also locally produced (34).
To determine whether locally produced I+I participate in
brain glucose metabolism, we analyzed the effect of the
blockade of IRs/IGF-IRs in neuronal activity using brain
slices under changing energy demands. Importantly, both
insulin and IGF-I mRNA are detected in brain slices used
for these experiments (Supplementary Fig. 2C). We took
advantage of the fact that during high energy needs neu-
rons rely on astrocytes for energy supply (35) and that
neuronal activity triggers both insulin release (36) and
IGF-I release (37). We submitted cortical slices to hypogly-
cemia in the presence of drugs blocking IRs/IGF-IRs. As
expected, fEPSPs decayed after glucose withdrawal (Fig.
3A) and glucose readdition to the medium triggered the
recovery of fEPSPs. However, in the presence of either PPP
or S961, recovery was signi� cantly reduced (Fig. 3A).

Figure 2 —GLUT1 is involved in glucose uptake in response to I+I.
A: GLUT1 in the astrocyte cell membrane is signi� cantly increased
by the combined addition of I+I but not by either of them alone (INS,
insulin). Levels of GFP-tagged GLUT1 in the cell membrane were
determined by � ow cytometry (n = 6; ***P < 0.001 vs. control).
B: Biotinylation of membrane proteins followed by Western blot
con� rms increased levels of GLUT1 in the cell membrane of astro-
cytes stimulated with I+I. The cell membrane marker Na+/K+ ATPase
is shown in the bottom blot. C: Reduction of GLUT1 by shRNA in-
terference drastically reduces 6-NBDG accumulation by astrocytes
and abrogates the stimulatory effects of I+I (n = 4; *P < 0.05 and
***P < 0.001 vs. basal control levels). D: Levels of glycogen in astro-
cytes are stimulated by IGF-I and I+I (n = 6; *P < 0.005 vs. basal
control). Data are presented as the mean6 SEM.

Figure 1—I+I cooperate to increase glucose uptake in astrocytes. A: Astrocytes exposed to insulin (INS) plus IGF-I (I+I) showed increased
accumulation of the � uorescent glucose analog 6-NBDG (n = 10; **P < 0.01 vs. basal control [Cont] levels).B: Intracellular levels of glucose
are signi� cantly increased by I+I (n = 5; *P < 0.05). Stimulated uptake of 6-NBDG after I+I uptake is abrogated by a speci� c IR antagonist
(S961) (C) or IGF-IR antagonist (D) (PPP;n = 6; *P < 0.05 vs. basal control, **P < 0.01 vs. I+I alone, and #P < 0.05 vs. I+I alone). Increased
glucose uptake after I+I is blocked in astrocytes expressing either (E) a dominant negative IR (DN-IR) (n = 6; *P < 0.05 and ***P < 0.001 vs.
control) or (F) IGF-IR (n = 6; *P < 0.05 vs. control).
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We next determined whether astrocytes are involved
in the actions of I+I on neuronal activity. For these ex-
periments, we took advantage of two previous obser-
vations:1) upon sensory stimulation, glucose uptake in
somatosensory cortex is predominantly mediated by
astrocytes (21); and2) direct application of the IGF-IR
blocker PPP to the somatosensory cortex attenuates
neuronal � ring elicited by sensory stimulation (19). In
this regard, it is important to note that stimulation of
the whiskers activates both IGF-IR and IRs in somato-
sensory cortex (Supplementary Fig. 3A). Using in vivo
� uorescence microscopy of the mouse somatosensory
cortex and whisker stimulation (21), we observed reduced
glucose uptake (detected with the green� uorescent marker
6-NBDG) in astrocytes (identi� ed with the astrocyte-
speci� c � uorescent red marker SR101) of mice receiving

a local infusion of PPP compared with saline-infused mice
(Fig. 3).

Mechanisms of Cooperation Between Insulin and IGF-I
Intracellular signaling pathways downstream of coopera-
tive actions of I+I were then examined. We measured
phosphorylation of AKT and mitogen-activated protein
kinase (MAPK) because these two kinases form part of the
canonical signaling of both IRs and IGF-IRs. As shown in
Fig. 4A, phospho-MAPK, but not phospho-AKT (Supple-
mentary Fig. 3B) was synergistically elevated by I+I in
astrocytes. As potential downstream mechanisms, we fo-
cused on protein kinase D (PKD [also known as PKCm]), a
diacylglycerol-binding kinase that may act downstream of
MAPKs (38). PKD regulates the translocation of GLUTs
(39) and is speci� cally associated with IGF-IR, but not

Figure 3—In vivo glucose uptake by brain cells is blocked by I+I receptor antagonists. A: Insulin and IGF-IR activation is involved in the
recovery of hypoglycemia-induced depression of synaptic transmission. Top: Representative fEPSP traces in response to glucose depri-
vation in control conditions (black; scale bar, 0.1 mV, 60 ms), in the presence of the IR inhibitor S961 (blue; scale bar, 0.1 mV, 30 ms), or in the
presence of the IGF-IR inhibitor PPP (red; scale bar, 0.1 mV, 50 ms). Letters a–d denote synaptic responses before glucose deprivation
(baseline; a), during hypoglycemia onset (b), during the hypoglycemia plateau (c), and recovery after adding glucose-ACSF (d) in control
(black bar), S961, or PPP conditions (blue and red bars, respectively). Middle: Time course of fEPSP slope changes during hypoglycemia
(gray bar) in control (white;n = 10 slices), PPP (10mmol/L; red; n = 10), or S961 (10 nmol/L; blue;n = 12) conditions. Bottom: Relative changes
of the area for the fEPSP slope recovery after the addition of glucose-ACSF under control (black), PPP (red), or S961 (blue). Data are
presented as the mean 6 SEM. *P < 0.05 vs. control. B: Representative 6-NBDG� uorescence traces of astrocytes of somatosensory cortex
under basal conditions or after bathing the cortical surface with the IGF-IR blocker PPP. Photomicrographs: representative measurements of
SR101-labeled somatosensory cortex astrocytes accumulating 6-NBDG (middle image) after stimulation (Stim). Merged confocal micro-
graphs are shown in the bottom panel. Astrocytes were stained with the speci � c astrocyte dye SR101 administered by intraperitoneal
injection, whereas glucose uptake was determined using the green � uorescent analog 6-NBDG delivered by intrafemoral vein injection. Scale
bar, 50 mm. C: Cortical administration of PPP (n = 188) did not modify the number of astrocytes responding to sensory stimulation (left
histograms), while the uptake of glucose was markedly diminished (right histograms; ***P < 0.0001 vs. control, n = 108).
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with IR (40) (see below). PKD was synergistically stimu-
lated by I+I, as documented by increased levels of phos-
pho-Ser-PKD (Fig. 4B), and in a MAPK-dependent manner
(Fig. 4C). Further, the PKD inhibitor CID755673 (CID)
abrogated increased glucose uptake by astrocytes in re-
sponse to I+I (Fig. 4D). To determine the in vivo signi� -
cance of these� ndings, we analyzed brain glucose uptake
in mice lacking PKD in GFAP astrocytes (Supplementary
Fig. 4A–D). Glucose uptake in response to whisker stim-
ulation in somatosensory cortex was signi� cantly more
increased in PKD1� oxed littermates than in PKD1D ani-
mals (Fig. 4E). Collectively, these data support a cooper-
ative action of I+I in glucose handling by astrocytes through
the synergistic activation of MAPK42–44 and PKD.

Since GLUT1 is involved in glucose uptake promoted
by I+I, we examined the mechanisms linking MAPK/PKD
activation with its translocation to the cell membrane.
GIPC (41,42) is a scaffolding protein that participates in
the traf� cking of GLUT1 (42). We observed that GIPC
interacts with GLUT1 in response to I+I (Fig. 5A). Fur-
thermore, GIPC also interacts with IGF-IR, but not with
IR, after I+I (Fig. 5A). Because GIPC modulates the activity

of the small GTPase RAC1 (43), which is involved in the
translocation of GLUTs from intracellular compartments
to the cell membrane (44), we also analyzed its possible
involvement in the action of I+I. We found that I+I pro-
moted the interaction of RAC1 with GIPC, GLUT, IR, and
IGF-IR (Fig. 5A). Reversed coimmunoprecipitation using
anti-RAC1 or anti–IGF-IR antibodies con� rmed these inter-
actions (Fig. 5B and C). Further, the activity of RAC1 was
increased after I+I administration, although IGF-I also in-
creased it when given alone (Fig. 5D). To link the observed
protein-protein interactions promoted by I+I with activa-
tion of PKD by I+I, we analyzed whether the inhibition
of PKD with CID altered these interactions. Indeed, CID
markedly decreased the association of RAC1 with GLUT1
after I+I administration (Fig. 5E), or the interaction of
GLUT1 with IGF-IR, as measured by PLAs (Fig. 5F).

Using the immunocytochemistry of GIPC, IGF-IR, and
GLUT1 in astrocytes, we con� rmed that I+I increases inter-
actions among these proteins. The addition of insulin
greatly decreased all types of immunostained puncta,
and IGF-I slightly modi� ed some of them; whereas I+I
synergistically increased the interactions of IGF-IR/ GLUT1,

Figure 4—Cooperativity of I+I involves a MAPK/PKD pathway. A: Levels of phosphorylated MAPK42–44 (pMAPK) were synergistically
elevated by coaddition of I+I to astrocytes. Levels of pMAPK were normalized by total levels of MAPK 42–44. Representative blot after
15 min of stimulation with insulin (INS), IGF-I, or both is shown. Bars show quanti� cation of the ratio pMAPK/MAPK after 5, 10, and 15 min
of stimulation (*P < 0.05 vs. insulin or IGF-I alone, n = 3). B: PKD phosphorylation is synergistically increased by I+I. Representative blot
after 15 min of stimulation with insulin, IGF-I, or both is shown. Bars show quanti � cation of the ratio pPKD/PKD (*P < 0.05 vs. basal; n = 5).
C: Increased PKD phosphorylation after I+I depends on MAPK, because in the presence of the MAPK inhibitor U0126 the increase was
abolished. Representative blot after 15 min of stimulation with I+I, U0126, or I+I+U0126 is shown. Bars show quanti� cation of the
pPKD/PKD ratio (*P < 0.05 vs. basal; n = 3). D: Stimulated uptake of 6-NBDG after I+I is abrogated by the PKD inhibitor CID (10 mmol/L)
(*P < 0.05 vs. basal control; n = 6). E: Mice where PKD1 has been deleted in astrocytes (PKD1D) show reduced glucose uptake in
somatosensory cortex in response to whisker stimulation than their PKD1� oxed littermates. Animals were submitted to PET scans, and,
after basal measurements of 18F-FDG uptake, they received sensory stimulation (n = 5; *P < 0.05 vs. littermates).
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IGF-IR/GIPC, and GLUT1/GIPC (Fig. 6A and B; P , 0.05
vs. basal conditions). To link the pattern of puncta mobi-
lization after I+I and glucose uptake, we inhibited the
latter by blocking PKD with CID (Fig. 4D). CID drastically
altered the pattern of puncta mobilization elicited by I+I
(Fig. 6B), further supporting a role for this pattern of
protein-protein interactions in glucose uptake. To� rmly
establish a role of GIPC in the interaction between IGF-IR
and GLUT1, we reduced GIPC levels in astrocytes using
GIPC shRNA (Supplementary Fig. 4E). GIPC is required to
sort GLUT1 to the plasma membrane (45). Accordingly,
GIPC reduction decreased the amount of GLUT1 in the cell
membrane (Fig. 6C), and as a result, basal glucose uptake
was reduced and stimulation by I+I impaired (Fig. 6D).

DISCUSSION

These results present evidence of a cooperative mecha-
nism between insulin and IGF-I for glucose uptake by
astrocytes of consequence on brain glucose handling. The
process invokes an interaction of I+I in active brain
regions to synergistically stimulate MAPK/PKD, which in
turn promotes the translocation of GLUT1 to the cell
membrane. The latter involves the interaction of GLUT1
with the scaffolding protein GIPC, which also interacts

with the IGF-IR, and the GTPase RAC1 that is activated
and interacts with both the IGF-IR and IR (Supplementary
Fig. 4F). The presence of additional protein-protein inter-
actions is likely and will require further study.

The role of insulin in the regulation of glucose han-
dling by the brain remains elusive (46), because under
physiological circumstances it does not seem to modulate
it (1); whereas, in pathologies such as diabetes, brain glu-
cose metabolism is modulated by insulin (2), and, in nor-
mal brains, hippocampal GLUT4 is translocated to the cell
membrane in response to this hormone (47). It is possible
that our understanding of the role of this hormone in
brain glucose metabolism has been hindered by the fact
that a concerted action with IGF-I seems to be required.
Because astrocytes may be involved in energy allocation to
neurons through the so-called“lactate shuttle” (48), our
experiments in brain slices suggest that local I+I regulate
neuronal function under changing energy demands, prob-
ably by modulating astrocyte support. Favoring the latter
is the observation that the blockade of IGF-IRs in somato-
sensory cortex inhibits both neuronal activity in response
to sensory stimulation (19) and glucose uptake by astro-
cytes (Fig. 3B and C). The experiments using brain slices
also favor the notion that local I+I is suf� cient to modulate

Figure 5—Role of protein interactions with GIPC in cooperativity of I+I. A: Addition of I+I increases the interaction of GLUT1, IGF-IR, and
RAC1 with GIPC. GIPC was not associated with IRs after I+I.B: Immunoprecipitation (IP) with anti–IGF-IR show the same interactions. C: IP
with anti-RAC1 show that this GTPase interacts not only with GLUT1, IGF-IR, and GIPC, but also with IR. D: Addition of I+I stimulates
RAC1 activity, although IGF-I alone also stimulated it. The right part of the blot shows a control experiment in the presence of guanosine
59-diphosphate (GDP; negative control) and guanosine 59-triphosphate (GTP; positive control). E: The PKD inhibitor CID reduces the
association of GLUT1 with RAC1 induced by I+I. Representative blots are shown (n = 3). F: PLAs in astrocyte cultures show an
interaction of IGF-IR with GLUT1 (white dots) that is absent when antibodies are omitted (control). DAPI staining of astrocyte nuclei
are shown in blue. Histograms: Quanti� cation of PLA shows a signi� cant increase in the association of GLUT1 with IGF-IR in response
to I+I that is abrogated by PKD inhibition with CID (n = 4; **P < 0.01). INS, insulin.
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glucose handling. The fact that brain insulin may modu-
late glucose handling by this organ, in concert with brain
IGF-I, may explain the dif� culty in determining a role for
circulating insulin in brain glucose handling. Because dia-
betes impacts the brain at biochemical, structural, and
behavioral levels (6), it is possible that the action of brain
insulin may be also altered, unveiling a role for circulating
insulin in the diabetic state (2). Furthermore, a role for
circulating I+I cannot be entirely ruled out yet, because, at
least for the latter, neuronal activity triggers its entrance
into the brain (19). Thus, while we still do not know
whether circulating insulin enters the brain in response
to neuronal activation, it is possible that both insulin and
IGF-I increase locally on demand and may in this way
contribute to glucose uptake by astrocytes located in the
vicinity of active neurons.

The fact that insulin acts in concert with IGF-I to mod-
ulate GLUT1 may also imply a role of the latter in the
interaction with other energy substrates, such as ketone

bodies and amino acids. Hence, not only insulin de� ciency
but also IGF-I de� cits may potentially impact these path-
ways in the face of increasing energy demands, such as during
hypoglycemia. These intriguing possibilities also require
further analysis.

Collectively, these results indicate that an interactive
network of I+I plays an essential role in glucose handling
by astrocytes impacting in brain glucose metabolism. These
observations may open a new path for future therapeutic
approaches for brain complications in diabetes (49) and for
diabetes-like pathology in neurodegenerative diseases such
as Alzheimer dementia (50).
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