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Abstract

Reducing insulin-like growth factor | receptor (IGF-IR) levels or administration of 1GF-I
show beneficial effectsin the brain. We now provide evidence to help resolve this paradox. The
unliganded IGF-IR inhibits glucose uptake by astrocytes while its stimulation with IGF-I1, in
concert with insulin activation of the insulin receptor, produces the opposite effect. In vivo
imaging showed that shRNA interference of brain IGF-IR increased glucose uptake by astrocytes
while pharmacological blockade of IGF-IR reduced it. Brain *®FGlucose-PET of IGF-IR shRNA
injected mice confirmed an inhibitory role of unliganded IGF-IR on glucose uptake, whereas
glucose-dependent recovery of neuronal activity in brain slices was blunted by pharmacological
blockade of IGF-IR. Mechanistically, we found that the unliganded IGF-IR retains glucose
transporter 1 (GLUT1), the main glucose transporter in astrocytes, inside the cell while IGF-1, in
cooperation with insulin, synergistically stimulates MAPK/PKD to promote association of IGF-
IR with GLUT 1 viaRacl/GIPC1 and increases GLUT1 availability at the cell membrane. These
findings identify IGF-1 and its receptor as antagonistic modulators of brain glucose uptake.

I ntroduction

IGF-I is generally considered a neuroprotective and pro-cognitive factor and has even been
proposed as therapy for Alzheimer’s dementia and other neurodegenerative diseases[1] .
However, reduced IGF-I receptor levels have been shown to ameliorate pathology in animal
models of Alzheimer’s disease [2]. This poses the paradox that either increasing IGF-I or
reducing its receptor leads to beneficial actionsin the brain [1, 3]. While these apparently
contradictory observations remain largely unexplained (but see [4]), one possibility isthat
ligand-independent actions of IGF-IR antagonize the actions of IGF-1, as recently reported for
apoptotic signaling through insulin receptor (IR) and IGF-IR [5]. Other possibilitiesinclude a
network of complex interactions among insulin-like peptides (ILPs) and their receptors, as
described in the nematode Caenor habditis elegans with a single insulin-like receptor and
multiple ILP ligands that may show even opposite activities [6].

In our search for an explanation of these discrepancies we analyzed the role of insulin and
IGF-I receptors and their ligands on glucose handling by the brain. ILPs are important

modulators of cell energy balance, a key aspect in tissue homeostasis that could in theory form
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part of neuroprotection by ILPs and remains little explored. Y et, while there is evidence that
|GF-I affects glucose metabolism in the brain [7-9], the role of insulin is not clear [10], even
though the brain widely expresses IR [11]. Only under pathological circumstances the gluco-
regulatory actions of insulin on the brain manifest [12]. Moreover, both endothdlial cells and
astrocytes, the main cellular constituents of the blood-brain barrier (BBB) express glucose
transporter 1 (GLUT1) astheir main facilitative transporter [13], and GLUT1 is considered
largely insulin insensitive [14].

We now describe that the unliganded IGF-I receptor reduces glucose uptake by the brain by
inhibiting glucose capture by astrocytes. The intrinsic inhibitory action of IGF-IR is countered by
the concerted action of insulin and IGF-I. Opposite ligand-dependent vs ligand-independent roles
of IGF-IR on brain glucose uptake may help understand the reported paradoxical actions of this
growth factor system in the brain [3].

Results
Opposing roles of insulin-like growth factor | receptor and insulin/I GF-I on glucose uptake

We determined whether insulin/IGF-1 and their receptors display opposite effects on brain
glucose uptake. As described over a century ago [15], neuronal activity increases blood flow
through neuro-vascular coupling at the BBB and in this way blood nutrients, including glucose,
are taken up by the active brain region. Because endothelial cells and astrocytes are the key cell
types at the BBB involved in blood glucose uptake, we first examined whether insulin and |GF-I
modulate glucose capture by these two type of cells using the fluorescent glucose analog 6-
NBDG [16]. Wheresas neither insulin nor IGF-1 modulated glucose uptake in these cells, the
combined addition of insulin and IGF-1 (1+1) stimulated it in astrocytes, -but not in endothelial
cells (Fig 1A and S1A). Glucose uptake by neurons, the major energy consumers of the brain,
was not affected by insulin peptides under these experimental conditions (S1B Fig).

We next determined the role of IGF-1 and insulin receptors on glucose uptake. Since
neuroprotective effects of reduced ILP receptor activity were first described in C elegans[17],
we assessed whether DAF-2, the single nematode insulin-like receptor isinvolved in glucose
handling as the receptors of the insulin family display highly conserved activities. To our
knowledge, whether DAF-2 plays arole in glucose homeostas s in the worm has not yet been
explored, although recent observations indirectly favor itsinvolvement [18]. In two daf-2
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hypomorphic alleles, daf-2 (€1370, data not shown) and daf-2 (m577), representative of each of
the two phenotypic classes of daf-2 alleles [19], whole body 6-NBDG uptake was significantly
lower than in wild type controls (Fig 1B), suggesting that DAF-2 behaves as the mammalian
insulin receptor [20] regarding body glucose handling. Accordingly, inhibition of daf-2 by
pharmacological blockade mimicked the phenotype of daf-2 mutantsin wild type worms (Fig
1B), similarly to previous observations in longevity traits [21].

We then analyzed the role of the two mammalian tyrosine-kinase insulin receptors; i.e.: IGF-
IR and IR in glucose uptake by reducing their levels using shRNA interference in astrocytes
(S1C,D Fig). We chose these cells as they were the only ones that responded to insulin and IGF-I
and express both types of receptors (S2A Fig). We found that reduction of either one modified
glucose uptake by astrocytes, but in opposite directions. Similarly to daf2, decreased IR
significantly decreased glucose uptake (Fig 1C), whereas reduction of IGF-IR resulted in
increased glucose uptake (Fig 1D). Opposing actions of IR and IGF-IR on glucose uptake were
confirmed by the observation that when both receptors were reduced the effects cancelled each
other (S2B Fig). Moreover, reduction of either IR or IGF-IR was sufficient to block the
combined action of 1+I (Fig 1C,D).

Cooper ation between insulin and |GF-I requireinsulin and | GF-1 receptors

The fact that insulin requires IGF-I to stimulate glucose uptake, and only in astrocytes, may
help explain the difficulty to establish a gluco-regulatory action of this hormonein the brain.
Therefore, we explored possible mechanisms involved. As glucose uptake was stimulated only
when insulin and IGF-1 were added simultaneously and the effect disappeared when either
receptor was knocked down (Fig 1C,D), an interaction of both hormones through their respective
receptors was deemed probable. Using cultured astrocytes we inhibited either IR or IGF-IR with
the specific antagonists S961 and PPP, respectively. In both cases the effects of 1+| were blocked
(Fig 2 A,B). Expression of dominant negative forms of either IGF-IR or IR similarly abolished
the stimulatory actions of 1+1 (S2C,D Fig). Therefore, both receptors need to be activated to
stimulate astrocyte glucose uptake. To determine whether thisin vitro observations bear a
functional impact we took advantage that neurons release insulin and | GF-I while depolarized
[22, 23], and that during high energy demands neurons rely on astrocytes for additional energy
supply [24]. Thus, we recorded excitatory synaptic transmission (FEPSPs) in cortical slices under
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changing glucose concentrations and, as expected, hypoglycemia gradually reduced fEPSPs (Fig
2C). Upon glucose re-addition to the medium, fEPSPs almost fully recovered under control
conditions while in the presence of drugs blocking insulin or IGF-I receptors, recovery was
significantly reduced (Fig 2C). These observations provide indirect support of findingsin
cultured astrocytes and favor the notion that both receptors need to be active for astrocytes to
properly supply energy to neurons.

As blood-borne glucose is captured by the brain through GLUT1, the most abundant type of
facilitative transporter in brain endothelia and astrocytes [25], we determined whether astrocytic
GLUT1 isinvolved in glucose uptake after 1+1. Indeed, the amount of GLUT1 translocated to the
astrocyte cell membrane was significantly increased in the presence of 1+1 (Fig 2D and S3A).
Furthermore, when GLUT1 levels in astrocytes were reduced with shRNA (S3B Fig), basal
glucose uptake was drastically reduced and the stimulatory action of 1+ was no longer seen (Fig
2E).

Intracellular signaling pathways downstream of 1+| were then examined. We measured
phosphorylation of AKT and MAPK because these two kinases form part of the canonical
signaling of both insulin and IGF-1 receptors. As shown in Fig 3A, phospho-MAPK, but not
phospho-AKT (S3D Fig) was synergistically elevated in astrocytes by [+1. As potential
downstream mechanisms we focused on PKD, an atypical PKC isoform that may act
downstream of MAPK to regulate translocation of glucose transporters [26], and associates to
IGF-IR but not to IR [27] (see below). PKD was synergistically stimulated by I+1, as evidenced
by increased levels of phosphoSer-PKD (Fig 3B), in a MAPK-dependent manner (Fig 3C).
Further, the PKD inhibitor CID755673 abrogated increased glucose uptake by astrocytesin
responseto I1+1 (Fig 3D). Collectively, these data support a cooperative action of insulin and

IGF-I in glucose handling by astrocytes through synergistic activation of MAPK 4,44 and PKD.

IR and | GF-IR have opposite actions on glucose uptake

Modulation of basal glucose uptake in astrocytes after reduction of either IR or IGF-IR
probably reflects ligand-independent actions of these receptors, as previously reported [5].
Indeed, decreasing IR levels by shRNA interference reduced GLUT1 mRNA (Fig 4A) and
decreased GLUT1 in the cell membrane (Fig 4B). In agreement with these observations we
found reduced levels of brain GLUT1 mRNA in mice lacking IR in astrocytes (Fig 4C). Hence,
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IR increases GLUT1 expression, and consequently GLUT1 protein levels at the cell membrane,
in aligand-independent manner. On the other hand, reduction of IGF-IR by shRNA did not
affect GLUT1 mRNA levels (Fig 4A), but resulted in increased amounts of GLUT1 at the cell
membrane of astrocytes (Fig 4B). The latter observation suggests that the IGF-1 receptor exerts a
ligand-independent inhibitory effect on glucose uptake by reducing the availability of GLUT1 at
the cell membrane.

Unliganded and liganded | GF-IR has opposite effect on glucose uptake

The above in vitro observations indicate that the unliganded IGF-IR antagonizes glucose
uptake whereas IGF-IR is activated by IGF-I to stimulate glucose uptake in concert with insulin.
Hence, we conducted further experiments to determine whether this dual, antagonistic action is
also observed in vivo. We took advantage of the fact that upon somatosensory stimulation brain
glucose uptake is predominantly mediated by astrocytes [28]. Using *°F fluoro-2 deoxy-glucose
PET to measure brain glucose handling we injected mice with alentiviral vector expressing |GF-
IR shRNA into one side of the somatosensory cortex whereas the contralateral side was injected
with the same viral vector expressing a scrambled shRNA (S4A Fig). Upon bilateral stimulation
of the whiskers -that increases glucose flux into the somatosensory cortex, significantly greater
levels of glucose uptake were found in the side injected with IGF-IR shRNA after normalizing to
the increased uptake of the contralateral scramble-injected site (Fig 5A and $4B). Despite the
limitations of PET analysisin mice[29], these results support the observation that reducing brain
IGF-IR levels enhances glucose uptake by astrocytes. To confirm that astrocytes were the cells
involved in glucose accumulation we used in vivo fluorescence microscopy (S5 Fig). After
reduction of IGF-IR in the mouse somatosensory cortex by viral IGF-IR shRNA expression as
before, larger increases in glucose uptake (detected with 6-NBDG) in somatosensory cortex
astrocytes (identified with the astrocyte-specific fluorescent red marker SR101) were elicited
upon stimulation of the whiskers as compared to scramble RNA-injected mice (Fig 5B,C). No
changes were seen after intracortical injection of IR shRNA (not shown). Thisreinforces a
ligand-independent inhibitory role of IGF-IR on glucose uptake by astrocytes.

We next analyzed whether the ligand-dependent actions of IGF-IR could aso be evidenced
using thisin vivo approach. As pharmacological inhibition of IGF-IR with PPP blocked glucose

uptakein vitro (Figure 2A), we locally infused this receptor antagonist into the somatosensory
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cortex of wild type mice. In PPP-infused mice, no increases in glucose uptake by astrocytes were
seen in response to whisker stimulation (Fig 5B,D), a procedure that activates both IGF-1 and
insulin receptors in somatosensory cortex (see S6 Fig). The latter agrees with reduced neuronal

activity after PPP infusion in somatosensory cortex during whisker stimulation [30].

M echanisms of cooperation between insulin and | GF-|

Since GLUT1 isinvolved in glucose uptake promoted by I+1, we examined possible
underlying mechanisms. IGF-IR associates with GIPC (GAIP-interacting protein, C terminus)
[31, 32], ascaffolding protein that participatesin protein trafficking and binds to many partners,
including GLUT1 [32]. We hypothesized that GIPC may simultaneously interact with IGF-IR
and GLUT1 through its PDZ domain because GIPC can dimerize [33]. In support of this
possibility we found that IGF-IR co-immunoprecipitates not only with GIPC, as already
reported, but also with GLUT1, whereas GIPC, as expected, co-immunoprecipitates also with
GLUT1 (Fig 6A). Proximity ligation assays (PLA, Fig 6B) and confocal analysis (not shown)
confirmed an interaction between IGF-IR and GLUT1 in astrocytes.

We then examined whether the interactions between IGF-IR, GLUT1 and GIPC1 are
modified by addition of insulin + IGF-I. Confocal analysis (Figure 6D) showed a specific pattern
of changes in the number of double and triple-containing puncta after I+ stimulation, as
compared to basal conditions or after insulin or IGF-I alone (Figure 6E). Addition of insulin
greatly decreased all types of immunostained puncta, |GF-I dightly modified some of them,
whereas |+] synergistically increased the interactions IGF-IR/ GLUT1, IGF-IR/GPIC and
GLUTL/GIPC (Fig 6E, p<0.05 vs basal conditions). PLA analysis of GLUT1/IGFIR
interactions after [+ confirmed an increase of: 2.54 + 0.59-fold over control (p<0.05; n=4). To
link the pattern of puncta mobilization after 1+1 with glucose uptake we inhibited the latter by
inhibiting PKD with CID (Fig 3D). CID drastically altered the pattern of puncta mobilization
eicited by I+ (Fig 7C), supporting arole of this pattern in glucose uptake. Further confirmation
of arole of the observed reinforced protein-protein interactions in glucose uptake after 1+1 was
carried out with co-immunoprecipitation assays. An increased interaction of IGF-IR with
GLUT1 and also with GIPC was found after 1+1 (S7A Fig). Because GIPC modulates the activity
of the small GTPase Racl [34], that isinvolved in translocation of glucose transporters from

intracellular compartments to the cell membrane [35] we also analyzed its possible involvement
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in the action of insulin and IGF-I. We found that 1+I promoted the interaction of Rac 1 with
GIPC, GLUT1 and IGF-IR (Figure 6C and S7A), an interaction not seen under basal conditions.
Neither GLUT1, Racl, or as previoudy shown [36], nor GIPC co-immunoprecipitate with the
insulin receptor (Fig 6A,C).

To further establish arole of GIPC in the interaction between IGF-IR and GLUT1 we reduced
GIPC levelsin astrocytes using GIPC shRNA (S7B Fig) and found that the interaction between
IGF-IR and GLUT1 was significantly reduced (Fig 7A). GIPC isrequired to sort GLUT1 to the
plasma membrane [37]. Accordingly, GIPC reduction by RNA interference decreased the
amount of GLUTL1 in the cell membrane (Fig 7B) and, as aresult, basal glucose uptake was
reduced and stimulation by 1+1 impaired (Fig 7C). Conversely, the amount of IGF-1 receptor at
the cell membrane measured by flow cytometry was increased by GIPC shRNA and was not
further increased by I+1 (Fig 7D). Opposite changesin IGF-IR and GLUT1 levels at the cell
membrane when GIPC is reduced supports the notion that GIPC participates in regulating their
membrane traffic. Indeed, GIPC isinvolved in GLUT1 sorting to the cell membrane [37] and in
IGF-IR recycling [38]. This agrees with the observation that enhanced glucose uptake after [+1
recruits to the cell membrane not only GLUT1, as can be expected for a glucose transporter, but
also IGF-IR. To reconcile the presence of higher levels of IGF-IR in the cell membrane after |+l
with an involvement of GIPC, whose depletion increases IGF-IR levels at the cell membrane
(Fig 7D), we hypothesized that the interactions of GIPC with IGF-IR and GLUT1 are directed by
I+l in away that promotes GLUT1 translocation to the cell membrane and at the sametime IGF-
IR recycling (S7C Figure).

Collectively, these observations are compatible with the notion that the concerted activation
of insulin and IGF-1 receptors increases glucose uptake in astrocytes through a synergistic
activation of PKD that in turn stimulates IGF-IR recycling and GLUT1 translocation to the
membrane by modulating the interaction of IGF-IR with GLUT1 through GIPC and Rac 1.

Discussion

The present observations indicate that IGF-IR has an intrinsic inhibitory action on astrocytic
glucose uptake opposite to an intring ¢ stimulatory activity of IR. Therefore, glucose uptake in
astrocytes may in part be determined by a balance between IGF-IR and IR levels. This suggests

that physiological and pathological processes impacting on brain levels of insulin and |GF-I
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receptors will influence glucose handling by the brain in opposite directions. In addition, insulin
and IGF-1 bind to IR and IGF-IR to stimulate glucose uptake. In thisway, insulin and |GF-I
counter intrinsc IGF-IR activity and potentiate intrinsic IR actions. These complex set of
interactions may help understand paradoxical effects of ILPs and their receptorsin
neuroprotection. For example, in terms of functional impact it would not be the same to reduce
IGF-IR activity than to reduce IGF-I activity. In other words, either reduction of IGF-IR or
increasing insulin peptides will ssimilarly enhance glucose uptake by the brain, which fits well
with previously observed beneficial actions of decreased IGF-IR [2] or increased IGF-I [39] on
brain function. While in primitive organisms such as C elegans asingle ILP receptor is
modulated by many different ligands, even in an antagonistic fashion [40], the acquisition of new
ILP receptors in vertebrates has allowed the appearance of novel interactions among them. In our
view, reported actions of ILPsin invertebrates should not be immediately inferred to be similar
in vertebrates. The corollary of these observationsis that invertebrate modes of ILP physiology
in mammals should take into account the existence of two tyrosine kinase ILP receptors, IGF-IR
and IR, not present in invertebrates that may display cooperative [5] or opposing activities
(present observations), depending on biological context.

A possible gluco-regulatory role of insulin in the brain has remained elusive probably
because as our observations indicate, glucose uptake in astrocytes is regulated by this hormone in
cooperation with IGF-I. Insulin and IGF-I recruit their respective receptors and synergistically
stimulate a MAPK/PKD pathway. In turn, this pathway promotes the interaction of IGF-IR with
GLUT1 and GIPC and the association of the GTPase Racl to translocate GLUT1 to the cell
membrane. Thus, glucose uptake is enhanced by the concerted action of insulin and IGF-
because GLUT1 availahility at the astrocyte cell membrane isincreased. Significantly, in cortical
dlices that produce both IGF-I and insulin (not shown), inhibition of either receptor was
sufficient to abrogate recovery of neuronal activity after hypoglycemia. In line with this, recent
in vitro data confirm arole of insulin and IGF-1 in astrocytic glucose metabolism [41].
Altogether these set of observations support arole of an interactive network of insulin peptides
and their receptors in modulating glucose handling by astrocytes, adding further complexity to
the role of astrocytesin brain energy economy [42].

Because glucose uptake by the brain deteriorates during aging and its associated pathologies
[43], these observations potentially open also a new path for a future therapeutic rationale for
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healthy as well as pathological aging. Indeed, our observations provide adirect link between
insulin and IGF-I resistance in Alzheimer’s (AD) brains [44] and the well established pattern of
glucose dysregulation present as a characteristic alteration of AD [45]. Future work should
examine mgor components of the insulin/IGF-1 dependent pathway described herein for brain
glucose uptake in experimental models of normal and pathological aging, asillustrated by the
recently described role of endothelial GLUT1 in AD [46].

Materialsand Methods

Animals: Adult and new-born C57BL 6/J mice and mutant hGFAP-CreERT2 mice were used.
Cell culturesand transfections: Astrocytes from postnatal 3-days forebrain (>95% GFAP"
cells), granule neurons from P7 cerebella (>99% B3-tubulin® cells), and brain endothelial cells
(P7-10 brain, >90% CD31" cells) were used. Astrocytes were electroporated using a
Nucleofector Kit (Amaxa). Transfection efficiency was 60-80%. For viral transduction athree-
plasmid lentiviral system was used.

Glucose Uptake : Glucose uptake was determined with the fluorescent glucose analog 6-NBDG
by flow cytometry. Protein Trandocation Assay: Transocation of GLUT1 and IGF-IR to the
cell membrane was evaluated also by flow cytometry using anti IGF-IR or anti Flag M2
antibodies. GLUT1- IGF-IR interactions were detected with Duolink Il in situ PLA detection
(OLink). For confocal analysis, pictures were taken with a63X oil immersion objective. For
each field, aseries of 8 to 12 Z stacks with a step size of 0.29 um in each channel were acquired.
Number of immunopositive particles was determined taking 20-34 cells/5 fields.

gPCR: For quantitative PCR, cDNA was amplified using TagMan probes for GLUT1, GluT4,
IGF-IR or IR, and 18S as reference control.

In vivo experiments: Lentiviral particles (2 pl/mouse) expressing shRNA against IGF-1 receptor
receptor were administered at the stereotaxical coordinates: -1.06mm from bregma and -1mm
lateral. For in vivo glucose uptake mice were anesthetized, astrocytes labelled with
sulforhodamine 101 (injected ip), and through their femoral artery animals received 6-NBDG. A
4 mm craniotomy around the somatosensory cortex was made. The IGF-IR blocker PPP or the
vehicle was added to the exposed somatosensory cortex. Whiskers were stimulated with 100 ms

puffs of air and tails pinched at 2 Hz with forceps. Imaging was acquired with a confocal laser
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scanning microscope. Images were aligned over previous ones with Align Slice (Image J).
Fluorescence intensity was measured in a ROI limited to the somatic area and expressed as
relative fluorescence changes (AF/FO), where FO is the mean of the baseline period.

c_FDG PET: ®F-FDG PET was used to measure brain glucose handling following
standardized procedures. PET acquisition was 20 min, followed by computed tomography. After
8E_FDG uptake was calculated, the activity of each left hemisphere region was normalized to its
homologous region in the right hemisphere and expressed as proportional uptake (left/right).
Slice recor dings: Cortical slices from wild type mice were stimulated with bipolar e ectrodes
placed on layer 4 of somatosensory cortex and recording glass microelectrodesin layer 2. A
stimulus intensity which evoked half-maximum amplitude fEPSPs was used. Baseline responses
were recorded and test stimuli given at 0.1 Hz.

6-NBDG incor poration in Caenorhabditis elegans. Analysis of glucose uptakein wild type and
daf-2 mutant C. elegans was carried out using 6-NBDG. Worms were allowed to stain for 120
min at room temperature in the dark with gently shaking. Animals were mounted on microscope
slides and fluorescence images acquired at 100x magnification.

Statistics. Normal distribution tests were carried out in all initial set of experiments and a non-
parametric Wilcoxon test was applied accordingly. For samples with normal distribution,
parametric tests include one-way ANOVA followed by a Tukey HSD or t-test. A p<0.05 was
considered significant. Results are shown as mean + s.e.m. No statistical methods were used to
predetermine sample sizes. Data collection and analysis were performed blinded to the
conditions of the experiments only in in vivo experiments. There was no randomization of data
collection or processing.

Acknowledgements

E. Hernandez was partially funded by a fellowship from ColFuturo. We are thankful to M.
Garcia, M Dominguez, and L Guineafor technical support. This work was funded by grants
SAF2010-60051/SAF2013-40710-R and by CIBERNED. AMV was funded by “Proyecto de
Excelencia’ from Junta de Andalucia (P08-CV1-03629). We thank TyrNovo (Isragl) for their
kind gift of NT219 daf2 inhibitor. We also thank NovoNordisk (Denmark) for their kind gift of
S961 insulin receptor inhibitor.


https://doi.org/10.1101/023556

bioRxiv preprint doi: https://doi.org/10.1101/023556; this version posted July 31, 2015. The copyright holder for this preprint (which was not

10.

11.

12.

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.
12

Reference List

Fernandez AM, Torres-Aleman |. The many faces of insulin-like peptide signalling in the
brain. Nat Rev Neurosci 2012; 13 (4):225-239

Cohen E, Paulsson JF, Blinder P, Burstyn-Cohen T, Du D, Estepa G, Adame A, Pham HM,
Holzenberger M, Kdly JW, Madliah E, Dillin A. Reduced IGF-1 signaling delays
age-associated proteotoxicity in mice. Cell 2009; 139 (6):1157-1169

Cohen E, Dillin A. Theinsulin paradox: aging, proteotoxicity and neurodegeneration. Nat
Rev.Neurosci 2008; 9 (10):759-767

O'Neill C, Kiely AP, Coakley MF, Manning S, Long-Smith CM. Insulin and IGF-1
signalling: longevity, protein homoeostasis and Alzheimer's disease
2. Biochem.Soc. Trans. 2012; 40 (4):721-727

Boucher J, Macotela Y, Bezy O, Mori MA, Kriauciunas K, Kahn CR. A Kinase-
Independent Role for Unoccupied Insulin and IGF-1 Receptors in the Control of
Apoptosis. Sci.Signal. 2010; 3 (151):ra37

Kenyon C, Chang J, Gensch E, Rudner A, Tabtiang R. A C. elegans mutant that lives twice
aslong aswild type. Nature 1993; 366 (6454):461-464

Cheng CM, Reinhardt RR, Lee WH, Joncas G, Patel SC, Bondy CA. Insulin-like growth
factor 1 regulates developing brain glucose metabolism. Proc.Natl.Acad.Sci.U.S.A
2000; 97 (18):10236-10241

Gutierrez-Ospina G, Saum L, Calikoglu AS, az-Cintra S, Barrios FA, D'Ercole AJ.
Increased neural activity in transgenic mice with brain IGF-I overexpression: a
[3H]2DG study. Neuroreport 1997; 8 (13):2907-2911

Lynch CD, Lyons D, Khan A, Bennett SA, Sonntag WE. Insulin-like growth factor-1
selectively increases glucose utilization in brains of aged animals
5. Endocrinology 2001; 142 (1):506-509

Hasselbalch SG, Knudsen GM, Videbaek C, Pinborg LH, Schmidt JF, Holm S, Paulson
OB. No effect of insulin on glucose blood-brain barrier transport and cerebral
metabolism in humans. Diabetes 1999; 48 (10):1915-1921

Havrankova J, Roth J, Brownstein M. Insulin receptors are widdly distributed in the central
nervous system of the rat. Nature 1978; 272 (5656):827-829

Hirvonen J, Virtanen KA, Nummenmaa L, Hannukainen JC, Honka M J, Bucci M,
Nesterov SV, Parkkola R, Rinne J, lozzo P, Nuutila P. Effects of Insulin on Brain
Glucose Metabolism in Impaired Glucose Tolerance. Diabetes 2011; 60 (2):443-
447


https://doi.org/10.1101/023556

bioRxiv preprint doi: https://doi.org/10.1101/023556; this version posted July 31, 2015. The copyright holder for this preprint (which was not

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.
13

Simpson IA, Vannucci SJ, Maher F. Glucose transporters in mammalian brain.
Biochem.Soc.Trans. 1994, 22 (3):671-675

Peters A, Schweiger U, Fruhwald-Schultes B, Born J, Fehm HL. The neuroendocrine
control of glucose allocation. Exp.Clin Endocrinol.Diabetes 2002; 110 (5):199-211

Roy CS, Sherrington C. On the regulation of the blood supply of the brain. J.Physiol. 1890;
11:85-108

Kim WH, Lee J, Jung DW, Williams DR. Visualizing sweetness:. increasingly diverse
applications for fluorescent-tagged glucose bioprobes and their recent structural
modifications. Sensors.(Basel) 2012; 12 (4):5005-5027

Cohen E, Bieschke J, Perciavalle RM, Kelly Jw, Dillin A. Opposing Activities Protect
Against Age Onset Proteotoxicity. Science 2006;

Feng Y, Williams BG, Koumanov F, Wolstenholme AJ, Holman GD. FGT-1 is the major
glucose trangporter in C. elegans and is central to aging pathways. Biochem.J 2013;

Gems D, Sutton AJ, Sundermeyer ML, Albert PS, King KV, Edgley ML, Larsen PL,
Riddle DL. Two pleiotropic classes of daf-2 mutation affect larval arrest, adult
behavior, reproduction and longevity in Caenorhabditis elegans
1. Genetics 1998; 150 (1):129-155

Accili D, Drago J, Lee EJ, Johnson MD, Cool MH, Salvatore P, Asico LD, Jose PA, Taylor
Sl, Westphal H. Early neonatal death in mice homozygous for anull alele of the
insulin receptor gene. Nat Genet. 1996; 12 (1):106-109

El-Ami T, Moll L, Carvalhal MF, Volovik Y, Reuveni H, Cohen E. A novel inhibitor of the
insulin/IGF signaling pathway protects from age-onset, neurodegeneration-linked
proteotoxicity
2. Aging Cell 2014; 13 (1):165-174

Clarke DW, Mudd L, Boyd FT, Jr., Fidlds M, Raizada MK. Insulin is released from rat
brain neuronal cellsin culture. J.Neurochem. 1986; 47 (3):831-836

Cao P, Maximov A, Sidhof T. Activity-Dependent IGF-1 Exocytosis Is Controlled by the
Ca2+-Sensor Synaptotagmin-10. Cell 2011; 145 (2):300-311

Nagase M, Takahashi Y, Watabe AM, Kubo Y, Kato F. On-Site Energy Supply at
Synapses through M onocarboxylate Transporters Maintains Excitatory Synaptic
Transmission. The Journal of Neuroscience 2014; 34 (7):2605-2617

Leino RL, Gerhart DZ, van Bueren AM, McCall AL, Drewes LR. Ultrastructural
localization of GLUT 1 and GLUT 3 glucose transportersin rat brain. J.Neurosci
Res. 1997; 49 (5):617-626


https://doi.org/10.1101/023556

bioRxiv preprint doi: https://doi.org/10.1101/023556; this version posted July 31, 2015. The copyright holder for this preprint (which was not

26.

27.

28.

29.

30.

31.

32.

33.

35.

36.

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.
14

Chen HC, Bandyopadhyay G, Sgjan MP, Kanoh Y, Standaert M, Farese RV, Jr., Farese
RV. Activation of the ERK pathway and atypical protein kinase C isoformsin
exercise- and aminoimidazol e-4-carboxamide-1-beta-D-riboside (AICAR)-
stimulated glucose transport. J Biol Chem. 2002; 277 (26):23554-23562

Hermanto U, Zong CS, Li W, Wang LH. RACK1, an Insulin-Like Growth Factor | (IGF-1)
Receptor-Interacting Protein, Modulates |GF-I1-Dependent Integrin Signaling and
Promotes Cell Spreading and Contact with Extracellular Matrix. Mol.Cell Biol.
2002; 22 (7):2345-2365

Chuquet J, Quilichini P, Nimchinsky EA, Buzsaki G. Predominant enhancement of glucose
uptake in astrocytes versus neurons during activation of the somatosensory cortex.
J.Neurosci 2010; 30 (45):15298-15303

Kuntner C, Kesner AL, Bauer M, Kremslehner R, Wanek T, Mandler M, Karch R, Stanek
J, Wolf T, Muller M, Langer O. Limitations of small animal PET imaging with
[18F]FDDNP and FDG for quantitative studies in a transgenic mouse model of
Alzheimer's disease. Mol Imaging Biol 2009; 11 (4):236-240

Nishijima T, Piriz J, Duflot S, Fernandez AM, Gaitan G, Gomez-Pinedo U, Verdugo JM,
Leroy F, SoyaH, Nunez A, Torres-Aleman |. Neuronal activity drives localized
blood-brain-barrier transgport of serum insulin-like growth factor-1 into the CNS.
Neuron 2010; 67 (5):834-846

Booth RA, Cummings C, Tiberi M, Liu XJ. GIPC participatesin G protein signaling
downstream of insulin-like growth factor 1 receptor. J.Biol Chem. 2002; 277
(8):6719-6725

Bunn RC, Jensen MA, Reed BC. Protein interactions with the glucose transporter binding
protein GLUT1CBP that provide alink between GLUT1 and the cytoskeleton. Mol
Biol Cell 1999; 10 (4):819-832

Katoh M. Functional proteomics, human genetics and cancer biology of GIPC family
members. Exp.Mol Med 2013; 45:e26

Elfenbein A, Rhodes M, Mdller J, Schwartz MA, Matsuda M, Simons M. Suppression of
RhoG activity is mediated by a syndecan 4-synectin-RhoGDI1 complex and is
reversed by PKCalphain a Racl activation pathway. J Cell Biol 2009; 186 (1):75-
83

Sylow L, Jensen TE, Kleinert M, Mouatt JR, Maarbjerg SJ, Jeppesen J, Prats C, Chiu TT,
Boguslavsky S, Klip A, Schjerling P, Richter EA. Racl isanovel regulator of
contraction-stimulated glucose uptake in skeletal muscle
8. Diabetes 2013; 62 (4):1139-1151

Ligensa T, Krauss S, Demuth D, Schumacher R, Camonis J, Jaques G, Weidner KM. A
PDZ domain protein interacts with the C-terminal tail of the insulin-like growth


https://doi.org/10.1101/023556

bioRxiv preprint doi: https://doi.org/10.1101/023556; this version posted July 31, 2015. The copyright holder for this preprint (which was not

37.

38.

39.

40.

41.

42.

43.

45,

46.

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.
15

factor-1 receptor but not with the insulin receptor. J.Biol Chem. 2001; 276
(36):33419-33427

Reed BC, Cefalu C, Bellaire BH, Cardelli JA, Louis T, Salamon J, Bloecher MA, Bunn
RC. GLUT1CBP(TIP2/GIPC1) interactions with GLUT1 and myosin V1. evidence
supporting an adapter function for GLUT1CBP. Mol Biol Cdl 2005; 16 (9):4183-
4201

Muders MH, Dutta SK, Wang L, Lau JS, Bhattacharya R, Smyrk TC, Chari ST, DattaK,
Mukhopadhyay D. Expression and regulatory role of GAIP-interacting protein
GIPC in pancreatic adenocarcinoma. Cancer Res. 2006; 66 (21):10264-10268

Caro E, Trgo JL, Gomez-IslaT, LeRoith D, Torres-Aleman |. Serum insulin-like growth
factor | regulates brain amyloid-beta levels. Nat.Med. 2002; 8 (12):1390-1397

Matsunaga Y, Gengyo-Ando K, Mitani S, Iwasaki T, Kawano T. Physiological function,
expression pattern, and transcriptional regulation of a Caenorhabditis elegans
insulin-like peptide, INS-18. Biochem.Biophys.Res.Commun. 2012;

Muhic M, Vardjan N, Chowdhury HH, Zorec R, Kreft M. Insulin and IGF-1 Modulate
Cytoplasmic Glucose and Glycogen Levels but not Glucose Transport across the
Membrane in Astrocytes
1. JBiol Chem. 2015;

Allaman |, Belanger M, Magistretti PJ. Astrocyte-neuron metabolic relationships: for better
and for worse. Trends Neurosci 2011; 34 (2):76-87

Mergenthaler P, Lindauer U, Diendl GA, Meisel A. Sugar for the brain: the role of glucose
in physiological and pathological brain function. Trends in Neurosciences (0)

Tabot K, Wang HY, Kazi H, Han LY, Bakshi KP, Stucky A, Fuino RL, Kawaguchi KR,
Samoyedny AJ, Wilson RS, Arvanitakis Z, Schneider JA, Wolf BA, Bennett DA,
Trojanowski JQ, Arnold SE. Demongtrated brain insulin resistance in Alzheimer's
disease patients is associated with IGF-1 resistance, IRS-1 dysregulation, and
cognitive decline. J.Clin.Invest 2012; 122:1316-1338

LaJoie R, Perratin A, Barr+® L, Hommet C, M+®zenge F, Ibazizene M+, Camus V,
Abbas A, Landeau B, Guilloteau D, de La Sayette V, Eustache F, Desgranges B+,
Ch+®teat Gl. Region-Specific Hierarchy between Atrophy, Hypometabolism, and
+-Amyloid (A+]) Load in Alzheimer's Disease Dementia. The Journal of
Neuroscience 2012; 32 (46):16265-16273

Winkler EA, NishidaY, Sagare AP, Rege SV, Bell RD, Perimutter D, Sengillo JD, Hillman
S, Kong P, Nelson AR, Sullivan JS, Zhao Z, Meiselman HJ, Wenby RB, Soto J,
Abel ED, Makshanoff J, Zuniga E, De Vivo DC, Zlokovic BV. GLUT1 reductions
exacerbate Alzheimer's disease vascul o-neuronal dysfunction and degeneration. Nat
Neurosci 2015; advance online publication


https://doi.org/10.1101/023556

bioRxiv preprint doi: https://doi.org/10.1101/023556; this version posted July 31, 2015. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.
16

LEGENDSTO FIGURES

Figure 1. Modulation by ILPsand their receptors of glucose uptake. A, Astrocytes exposed
toinsulin (INS) plus IGF-I (I+I) showed increased accumulation of the fluorescent glucose
analog 6-NBDG (n=10; **p<0.01 vs basal control levels). B, Glucose uptakein C. elegansis
regulated by the insulin-like receptor DAF-2. Glucose (glc) uptake isreduced in daf-2 (m577)
and daf-2 (e-1370, not shown) mutants and in wild type (wt) worms administered with the DAF-
2 inhibitor NT219 (inh). Fluorescence values obtained for the 6-NBDG treated animals were
corrected by the mean fluorescence of non-treated controls of the same genetic background.
***n<0.001 vsall other groups, (n=35 per group). C, Depletion of IR by shRNA interference
elicitsthe opposite effect: a decrease in basal uptake of 6-NBDG and abrogation of the increase
eicited by I+l (n=6; ***p<0.001 vs scramble-transfected astrocytes). D, Depletion of IGF-IR in
astrocytes by shRNA interference increases basal uptake of 6-NBDG and no further increases are

seen after 1+1 (n=6; ***p<0.001 vs scramble-transfected astrocytes).

Figure 2: Ligand-dependent stimulatory actions of | GF-IR and IR on glucose uptake by
astrocytes. A, B, Stimulated uptake of 6-NBDG after I+1 is abrogated by specific IGF-IR
antagonist (PPP), or IR antagonist (S961; n=6; *p<0.05 vs basal control, **p<0.01 vs I+| alone
and #p<0.05 vs I+l aone). C, Insulin and IGF1 receptor activation isinvolved in recovery of
hypoglycemic-induced depression of synaptic transmission. Left top, Representative fEPSP
traces in response to glucose deprivation in control conditions (black), in the presence of the
insulin receptor inhibitor S961 (blue), or the IGF-1 receptor inhibitor PPP (red). a-d denote
synaptic responses before glucose deprivation (baseline, a), during hypoglycemia onset (b),
hypoglycemia plateau (c), and recovery after adding glucose-ACSF (d) in control (black bar),
S961, or PPP (blue and red bars, respectively) conditions. Left bottom, Time course of fEPSP
slope changes during hypoglycemia (gray bar) in control (white; n=10 dlices), PPP (10 _M; red;
n=10) or S961 (10 nM; blue; n=12) conditions. Right, Relative changes of the area for the fEPSP
slope recovery after addition of glucose-ACSF under control (black), PPP (red) or S961 (blue)
conditions. Data are presented as the mean values £ SEM. * p<0.05 and ***p<0.001 vs control.
D, The amount of GLUT1in the cell membraneis significantly increased by the combined
addition of I+] in astrocytes, but not by either of them alone, as determined by flow cytometry of
GFP-tagged GLUT1 (n=6; ***p<0.001 vs contral). E, Reduction of GLUT1 by shRNA
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interference drastically reduces 6-NBDG accumulation by astrocytes and abrogates the
stimulatory effects of 1+1 (n=4; *p<0.05 and ***p<0.001 vs basal control levels).

Figure 3: A, Levels of phosphorylated MAPK 4244 (PMAPK) were synergistically elevated by
co-addition of insulin and IGF-1 to astrocytes. Levels of pMAPK were normalized by total levels
of MAPK 42-44. Representative blot after 15 minutes of stimulation with insulin, IGF-1 or both is
shown. Bars show quantification of the ratio pMAPK/MAPK after 5, 10, and 15 minutes of
stimulation (*p< 0.05 vsinsulin or IGF-1 alone, n=3). B, PKD phosphorylation is synergistically
increased by I+1. Representative blot after 15 minutes of stimulation with insulin, IGF-1 or both
is shown. Bars show quantification of the ratio pPKD/PKD (*p<0.05 vs basal; n=3). C,
Increased PKD phosphorylation after 1+1 depends on MAPK as in the presence of the MAPK
inhibitor U0126 the increase was abolished. Representative blot after 15 minutes of stimulation
with I+, U0126 or 1+1+U0126 is shown. Bars show quantification of the ratio pPKD/PKD
(*p<0.05 vs basal; n=3). D, Stimulated uptake of 6-NBDG after 1+l is abrogated by the PKD
inhibitor CID (10 uM) (*p<0.05 vsbasal control; n=6).

Figure 4: Oppositeregulation of glucose uptake by IGF-IR and IR. A, Depletion of IR, but
not IGF-IR by shRNA interference decreases the amount of GLUT1 mRNA as determined by
gPCR (n=3; ***p<0.001 vs scramble-transfected astrocytes). B, Reduction on of IGF-IR
increased the amount of GLUTL1 in the cell membrane whereas depletion of IR decreased it (n=4;
***n<0.001, and *p<0.05 vs respective scramble). C, Brain levelsof GLUT1 mRNA are
significantly reduced in mice lacking insulin receptorsin astrocytes (IR-KO As) as compared to

control littermates (**p<0.01 vslittermates, n=4).

Figure 5. Opposteregulation of glucose uptake by the unliganded and liganded IGF-IR. A,
Adult mice were unilaterally injected with lentival particles expressing shRNA IGF-IR (n=5) in
one side of the somatosensory cortex and with scramble shRNA-expressing viral particlesin the
contralateral side (see Suppl Fig 4A). After allowing 2 weeks of recovery animals were
submitted to PET scans and after basal measurements of **F-FDG uptake they were stimulated in
their whiskers. Mice injected with shRNA IGF-IR showed significantly enhanced uptake in the

somatosensory cortex in response to bilateral whisker stimulation as compared to the scramble
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injected side. A reference unstimulated area, the caudate putamen, was analyzed to determine
region specificity in increased glucose uptake (*p<0.05 vs basal). B, Representative 6-NBDG
fluorescence traces of astrocytes of somatosensory cortex under basal conditions, after bathing
the cortical surface with the IGF-I receptor blocker PPP (middle), or after injection of IGF-IR
shRNA in the somatosensory cortex. C, Mice injected with IGF-IR shRNA showed no changes
in the number of responding astrocytes (left histograms) but displayed a great increase in glucose
uptake (measured as amplitude of the fluorescence response of 6-NBDG; right histograms, n=
139; p<0.001 vs scramble shRNA; n=123). D, Cortical dministration 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).

Figure 6. Mechanisms of cooper ativity of insulin and | GF-I to stimulate glucose uptake.
A, Analysis of interactions of IGF-IR with GLUT1 and GIPC using reciprocal
immunoprecipitations and sequential blotting show that the 3 proteinsinteract with each other
whereas only IGF-IR interacts with IR. Drawing: proposed interaction of GLUT1 with IGF-IR
through GIPC. B, Proximity ligation assays (PLA) in astrocyte cultures show an interaction of
IGF-IR with GLUT1 (red dotsin left micrograph) that is absent when the IGF-IR antibody is
omitted (Control). DAPI staining of astrocyte nuclei in blue. Bars are 20pum. C, Addition of 1+I
reinforces the association of IGF-IR with GIPC and GLUT1 and promotes the association of
Racl to the complex. IR does not associate to Racl either. Co-immunoprecipitation was
performed with anti-Racl. D, Representative confocal microscopy images showing staining for
IGF-IR, GIPC1, and GLUT1 in cultured astrocytes. Double and triple staining particles were
scored. Representative images of double- and triple-particle staining are codified with different
colors and shown 4X magnified to better illustrate them. Bar is 10 um. E, Co-addition of insulin
and IGF-I significantly stimulated the relative amount of IGF-IR/GIPC, IGF-IR/GLUTL,
GIPC/GLUT1, and IGF-IR/GLUT1/GIPC-immunopositive particles as compared to insulin or
IGF-I given alone. When PKD isinhibited with CID, the pattern of immunopositive particles
after 1+ drastically changes. The different types of particles were scored using image J analysis
software. N= 22 cells for control, 28 for insulin, 33 for IGF-I, 20 for 1+, and 46 for 1+1+CID
(*p<0.05 vsinsulin, IGF-1 and I+1+CID, and # p<0.05 vs basal).
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Figure 7: IGF-IR interactswith GLUT1 through GIPC1. A, Reduction of GIPC1 with
shRNA interference resulted in significantly less IGF-IR bound to GLUT1. Representative blot
and quantitation bars are shown (n=4; **p<0.01). B, Reduction of GIPC1 resultsin reduced
levels of GLUTL in the membrane and abrogation of the stimulatory effects of 1+1 (n=6; *p<0.05
and ***p<0.001 vs basal control levels). C, Reduced GIPC1 also impedes stimulation by I+] of
6-NBDG uptake by astrocytes (n=6; *p<0.05 and **p<0.01 vs control levels). D, Conversdly,
reduction of GIPC1 increases the amount of IGF-IR in the cell membrane under basal conditions

without any further increase after I+l (n=6; ***p<0.001 vs control levels).

LEGENDS SUPPLEMENTARY FIGURES

S1 Figure. A-B, Glucose uptake in brain endothelial cells (a), and in neurons (b), determined by
accumulation of the fluorescent glucose analog 6-NBDG, is not affected by co-addition of
insulin and IGF-1 (1+1; n=6). C, D, Three different shRNAsfor IGF-IR (c) or for IR (d) were
tested in cultured astrocytes. Number 88 for IGF-IR and number 30 for IR were selected based
on their greater potency to reduce the levels of their respective targets.

S2 Figure. A, Astrocytes express both insulin (IR) and IGF-1 (IGF-IR) receptors as determined
by gPCR (n=6). Levels are expressed relativeto IR. B, Interference of both IR and IGF-IR in
astrocytes result in abolition of the effects of 1+I and no changesin 6-NBDG uptake (n=6). C,D,
Increased glucose uptake after I+1 is blocked in astrocytes expressing either a (C) dominant
negative IR, or (D) dominant negative IGF-IR (n=6 in each case; *p<0.05 and ***p<0.001 vs
contral).

S3 Figure. A, Insulin + IGF-1 mobilize GLUT1 from internal compartments to the cell
membrane. Representative flow cytometry chart showing an increase in GFP-tagged GLUT1*
astrocytes after 1+1 treatment as compared to basal conditions. B, shRNA interference of
GLUTL1 reducesits levelsin astrocytes as compared to scramble-treated cells. C, Lactate levels
in astrocyte cultures are not modified by insulin or IGF-I. A positive control is shown using

glutamate-stimulated astrocytes (GLUT), a known stimulus of lactate production by astrocytes
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(n=6; ***p<0.001 vsbasal). D, Levels of phosphorylated AKT (pAKT) were increased after
either insulin or IGF-1, and co-addition of both did not €licit any further increase. Representative
blot after 15 minutes of stimulation with insulin, IGF-I or both is shown. Histograms show
guantification of the pAKT/AKT ratio after 5, 10, and 15 minutes of stimulation (n=3).

SA Figure. Role of IGF-IR in brain glucose uptake analyzed by PET imaging. A, Adult mice
were injected with lentival particles expressing sShRNA IGF-IR in one side of the somatosensory
cortex and with scramble shRNA-expressing viral particlesin the contralateral side. Right
micrograph: a representative GFP staining of GFP-expressing control viral vectorsis shown to
illustrate the spreading of viral expression within the somatosensory cortex (Scx). The circled
area depicts the region selected for microscopy analysis. Bar is 500 um. Hi: hippocampus; CC:
corpus callosum. No spreading of virus was seen in the contralateral side. B, Representative PET
images of shRNA IGF-1R-injected mice under basal conditions and after somatosensory

stimul ation.

S5 Figure. In vivo microscopy of astrocyte glucose uptake. A, Schematic illustration of the
positioning of the microscope over the cranial window of an anesthesized mouse. B, Léft:
representative image of somatosensory cortex astrocytes labeled with SR101; right micrograph:
uptake of 6BNBDG in the somatosensory cortex under basal conditions. Bar is 20 um. C,
Representative measurements of three SR101-labeled astrocytes (1, 2, and 3 in |eft image)
accumulating 6NBDG before (middle image), and after (right image) somatosensory stimulation.
Fluorescence traces are shown in the rightmost panel. Bar is 10 um. D, Representative confocal
images of astrocytes (red, left image) accumulating 6NBDG (green, middle image) during
whisker stimulation (see Suppl video 1 for afull temporal sequence). Three astrocytes are
indicated with arrowheads, two of them accumulate more 6-NBDG as shown in the merged
image (right). Astrocytes were stained with the specific astrocyte dye SR101 administered by
intraperitoneal injection whereas glucose uptake was determined using the green fluorescent

analog 6-NBDG delivered by intra-femoral artery injection.

S6 Figure. A, Unilateral somatosensory stimulation of the whisker pad (5Hz, S0pA during 1ms
sguare pulse) results in enhanced phosphorylation of both the IGF-1 (IGF-IR) and insulin
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receptors (IR) in the contralateral somatosensory cortex. Quantitation bars: **p<0.01 and
*p<0.05 vs saline (n= 4). B, In control experiments we observed that systemic injection of 30
pg/ml of IGF-1 (upper blot) or 5 U/ml insulin (lower blot) resultsin asimilar stimulation of their
respective receptors in the somatosensory cortex. Activation of the receptors is shown as amount
of phosphorylated receptor normalized by total levels of immunoprecipitated corresponding
receptor. Representative blots of 2 saline and 3 insulin or IGF-I-injected animals are shown (n=8

for each group).

S7 Figure. A, Addition of 1+ increases the interaction of GLUT1 and GIPC with IGF-IR and
promotes the association of Racl with these proteins. Co-immunoprecipitation was performed
with anti-IGF-IR. B, shRNA GIPC reduces protein levels of GIPC in transfected astrocyte
cultures. C, Scheme of proposed mode of action of insulin and IGF-I includes recycling of 1GF-

IR and translocation of GLUT1 to the cell membrane from internal compartments.
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