
SUPPLEMENTARY DATA 
 

©2016 American Diabetes Association. Published online at http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db16-0861/-/DC1 

Supplementary Figure 1. A, Glucose uptake in brain endothelial cells, and neurons (B), determined by 
accumulation of the fluorescent glucose analog 6-NBDG, is not affected by co-addition of insulin and 
IGF-I (I+I; n=6). C, Insulin + IGF-I mobilize GLUT1 from internal compartments to the cell membrane. 
Representative flow cytometry chart showing an increase in GFP-tagged GLUT1+ astrocytes after I+I 
treatment as compared to basal conditions. D, Addition of I+I redistributes GLUT1 staining in 
astrocytes. Robust cytoplasmic staining is seen under basal conditions, after insulin or IGF-I, but not 
after I+I. 
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Supplementary Figure 2. A, shRNA interference of GLUT1 reduces its levels in astrocytes as 
compared to scramble-treated cells. B, 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  (n=6; ***p<0.001 vs basal). C,  Both IGF-I and insulin mRNA are 
detected by PCR in cortical slices used in slice recording experiments. Pancreas and liver are included as 
positive controls for insulin and IGF-I mRNAs, respectively. 18S RNA was measured as internal 
control. 
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Supplementary Figure 3. A, Unilateral somatosensory stimulation of the whisker pad (5Hz, 50µA 
during 1ms square pulse) results in enhanced phosphorylation of both the IGF-I (IGF-IR) and insulin 
receptors (IR) in the contralateral somatosensory cortex. Quantitation bars: **p<0.01 and *p<0.05 vs 
saline (n= 4). B, Levels of phosphorylated AKT (pAKT) were increased after either insulin or IGF-I, 
and co-addition of both did not elicit any further increase. Representative blot after 15 minutes of 
stimulation with insulin, IGF-I or both is shown. Histograms show quantification of the pAKT/AKT 
ratio after 5, 10, and 15 minutes of stimulation (n=3). 
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Supplementary Figure 4. A, Specific PKD1 deletion in GFAP cells (PKD1Δ) was achieved by breeding 
PKD1loxP/loxP (PKD1floxed) mice (1) to GFAP-Cre mice. B, Recombination was confirmed by PCR using 
genomic DNA extracted from brain cortex of two PKD1Δ animals and two PKD1floxed control 
littermates. A 400pb DNA fragment was detected in PKD1Δ mice using Cre PCR primers. A 303pb 
DNA fragment amplified from the deletion allele was also detected only in PKD1Δ animals. As positive 
control for genomic amplification, oIMR7339 primers, were used, giving a fragment of 324 bp. C-D 
Western blot analysis of PKD in protein extracts prepared from brain cortex (C) and cortical primary 
astrocytes in culture (D), obtained from two different PKD1Δ and PKD1floxed control littermates two 
month old or P2 pups, respectively. Inmunoblot signal for tubulin was used as protein loading control. 
E, shRNA GIPC reduces protein levels of GIPC in transfected astrocyte cultures. F, A model of 
cooperative interaction of insulin and IGF-I to increase glucose uptake in astrocytes. Based on the 
present observations we propose that cooperation between insulin and IGF-I leads to translocation of 
GLUT1 from internal stores to the cell membrane. Cooperation of insulin and IGF-I involves synergistic 
activation of the MAPK/PKD pathway. In turn, association of GLUT with IGF-IR and GIPC and 
activation of RAC1 translocate GLUT1 to the cell membrane. Because GIPC binds to either IGF-IR or 
GLUT1 through its single PDZ domain, it may be forming a triple complex with both IGF-IR and 
GLUT1 by its ability to dimerize (2).   
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Supplementary Materials 
 
Immunoassays 
     Immunocytochemical assays were performed in coverslips blocked with 5% normal horse serum and 
incubated overnight at 4C with the respective primary antibody in phosphate buffer (PB) containing 0.1% 
bovine albumin, 3% horse serum, and 0.2% Triton X-100. After several washes in PB, sections were 
incubated with an Alexa-coupled secondary antibody (1/1000). Omission of primary antibody was used as 
control. For western blots, levels of the protein under study were expressed relative to protein load. 
Different exposures of each blot were collected to ensure linearity and to match control levels for 
quantification. Antibodies and dilutions used are shown in Table 1. Densitometric analysis was 
performed using Analysis Image Program (Bio-Rad, USA). A representative blot is shown from a total 
of at least three independent experiments. 
 
Quantitative PCR 
 
     Total RNA isolation from cell lysates or brain tissue was carried out with Trizol. One µg of RNA 
was reverse transcribed using High Capacity cDNA Reverse Transcription Kit (Life Technologies) 
according to the manufacturer’s instructions. For quantification of specific genes, total RNA was 
isolated and transcribed as above and 62.5 ng of cDNA was amplified using TaqMan probes for 
GLUT1, GluT4, IGF-IR or IR, and 18S as endogenous control (Life Technologies). Each sample was 
run in triplicate in 20 μl of reaction volume using TaqMan Universal PCR Master Mix according to the 
manufacturer’s instructions (Life Technologies). All reactions were performed in a 7500 Real Time PCR 
system (Life Technologies). Quantitative real time PCR analysis was carried out as described (3). 
Results were expressed as relative expression ratios on the basis of group means for target transcripts 
versus reference 18S transcript. At least three independent experiments were done. 
 
Astrocyte glucose uptake 
 
     Glucose uptake by astrocytes was evaluated as previously described (4). Astrocytes were labelled 
with sulforhodamine 101 (100mg/kg, i.p. SR101; Sigma-Aldrich). Mice were anesthetized with urethane 
(1.7g/kg, i.p. Sigma-Aldrich) and their femoral artery cannulated. A 4 mm craniotomy around the area 
of interest was made. In a set of experiments the IGF-IR blocker PPP (10 µM;  Merck Chemicals, UK; 
dissolved in HEPES-buffered solution: NaCl 140mM, KCl 5mM, MgCl2 1mM, CaCl2 2mM, EDTA 
1mM, HEPES potassium 8.6mM, glucose 10mM) or the vehicle, were added to the exposed brain and 
applied with a micropipette to the somatosensory cortex. After 5 min the cortex was washed and a drop 
of low melting point agarose (1% in HEPES-buffered solution. Sigma-Aldrich) and a 5 mm glass 
coverslip were placed carefully over the exposed cortex. Dental cement (Fortex, Facident, Spain) was 
applied to fix the coverslip. A light aluminum frame (2x3.5cm) with a central circular hole (10mm 
diameter) was attached to the skull centered on the craniotomy area and fixed with dental cement. The 
cranial frame was fixed to a heavy aluminum base. The base was moved to the imaging stage. The 
animals’ body temperatures were monitored during the procedure using a rectal probe (Technomed 
Europe, The Netherlands) and regulated using a heating pad (RS Amidata, Spain) controlled by a 
thermostat (Cibertec, Spain) and setting it to 37°C. 
 
6-NBDG administration 
 
     6-NBDG (Setareh biotech) was dissolved in a solution of 55% of HEPES-ringed buffer and 45% of 
DMSO, pH 7.42, to a concentration of 5 mg/ml. A 300µl Hamilton syringe (Hamilton, USA) filled with 
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the 6-NBDG solution was connected to the femoral vein cannula and placed in a microinjector pump 
(Harvard Apparatus, USA). 6-NBDG was pumped at a rate of 20μl/min/100 g. 
 
Stimulation Paradigm 
 
     The whiskers of the animal’s snout were stimulated with 100 ms puffs of air produced at 5 Hz by a 
pressure injector (Dagan, USA) for 30 sec controlled by an Axon Digidata 1322A and pClamp software 
(Molecular Devices, USA). Air was ejected at 1 bar pressure via capillary glass, attached to plastic 
tubing, positioned ~1 cm lateral and anterior to the animal’s nose to stimulate the whole left whisker 
pad. At the same time, tail pinching was performed at 2 Hz with steel forceps, providing a pairing 
protocol for astrocyte stimulation. 
 
Laser Scanning Confocal Microscopy (LSCM) 
 
     Imaging was performed with a custom-built confocal laser (CVI Melles Griot, UK) scanning 
microscope consisting of an Olympus FV300 laser scanning confocal system coupled to an Olympus 
BX61WI upright microscope (Olympus, Japan) and a Olympus LUMPLFL 60XW/IR water immersion 
objective (0.9NA; Olympus, Japan) 
 
Data analysis 
 
     Astrocytes were distinguished by using the red signal emitted by SR-101. Astrocytes concentrate SR-
101, and their soma appear intensely bright. Each image of the sequence was aligned over the previous 
image with Align Slice (ImageJ, National Institutes of Health) to correct x–y deviation caused by 
possible drift of the tissue. Fluorescence intensity was measured in a region of interest (ROI) strictly 
limited to the somatic area. Signals were expressed as relative fluorescence changes (ΔF/F0), where F0 
was the mean of the baseline period. 
 
Somatosensory cortex stimulation 
 
     Mice were anesthetized as indicated above. For PET analyses, bilateral stimulation of the 
somatosensory cortex was carried out by placing two subcutaneous electrodes at the dorso-anterior and 
caudo-posterior edges of the whisker pads. Stimulation proceeded at 1ms square pulses (50-100mA) of 5 
Hz frequency. Unilateral stimulation (the right whisker pad) was used for phosphorylation studies of the 
IGF-I and insulin receptors. After 1 hour of electrical stimulation (same parameters as above), mice 
were transcardially perfused with 0.9% saline and blocks of 3 mm2 x 2 mm depth of both sides of the 
somatosensory cortex were removed for Western analysis of phosphorylated IGF-I and insulin receptors.  
 
18F-FDG PET imaging 
 
     18F-FDG PET was used to measure brain glucose handling.  Briefly, fasted mice were injected i.p. 
with the positron emitting radiotracer 18F-FDG (18.5 MBq in 0.2 ml of 0.9% NaCl, Instituto 
Tecnológico PET, Spain). During an uptake period of 45 min animals were anesthetized by inhalation of 
a mixture of isoflurane/oxygen (5% for induction and 2% for maintenance) and then placed on the bed 
of the tomograph. The duration of the PET acquisition was 20 min, immediately followed by a CT 
(computed tomography) scan. The scanner used was a specific small animal PET-CT hybrid tomograph 
(Albira ARS, Oncovision, Spain). After acquisition, PET images were reconstructed with an ordered 
subset expectation maximization (OSEM) algorithm and with applied corrections for randoms, scatter, 
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attenuation, dead time and radio element decay, whereas for the CT images a filtered back projection 
algorithm was used. For metabolic activity quantification, the procedure used was as follows: first, the 
CT image of the skull from each animal was co-registered to a magnetic resonance image (MRI) 
template of mouse brain in which the regions of interest (ROIs) were previously delineated. After the 
CT image was co-registered, the spatial mathematic transformation was saved and then applied to its 
own fused PET image, allowing the correct matching between the PET image and the MRI template. 
Once the 18F-FDG uptake in the different brain regions was calculated (in kBq/cc units), the activity of 
each left hemisphere region was normalized to its homologous region in the right hemisphere and 
expressed as proportional uptake (left/right). All processes of visualization, co-registration and 
quantification were performed using PMOD 3.0 software (PMOD Technologies Ltd., Switzerland). 
 
 
Immunoassays 
 
     Immunocytochemical assays were performed in coverslips blocked with 5% normal horse serum and 
incubated overnight at 4C with the respective primary antibody in phosphate buffer (PB) containing 0.1% 
bovine albumin, 3% horse serum, and 0.2% Triton X-100. After several washes in PB, sections were 
incubated with an Alexa-coupled secondary antibody (1/1000). Omission of primary antibody was used as 
control. For western blots, levels of the protein under study were expressed relative to protein load. 
Different exposures of each blot were collected to ensure linearity and to match control levels for 
quantification. Antibodies and dilutions used are shown in Table 1. Densitometric analysis was 
performed using Analysis Image Program (Bio-Rad, USA). A representative blot is shown from a total 
of at least three independent experiments. 
 
Quantitative PCR 
 
     Total RNA isolation from cell lysates or brain tissue was carried out with Trizol. One µg of RNA 
was reverse transcribed using High Capacity cDNA Reverse Transcription Kit (Life Technologies) 
according to the manufacturer’s instructions. For quantification of specific genes, total RNA was 
isolated and transcribed as above and 62.5 ng of cDNA was amplified using TaqMan probes for 
GLUT1, GluT4, IGF-IR or IR, and 18S as endogenous control (Life Technologies). Each sample was 
run in triplicate in 20 μl of reaction volume using TaqMan Universal PCR Master Mix according to the 
manufacturer’s instructions (Life Technologies). All reactions were performed in a 7500 Real Time PCR 
system (Life Technologies). Quantitative real time PCR analysis was carried out as described (3). 
Results were expressed as relative expression ratios on the basis of group means for target transcripts 
versus reference 18S transcript. At least three independent experiments were done. 
 
Astrocyte glucose uptake 
 
     Glucose uptake by astrocytes was evaluated as previously described (4). Astrocytes were labelled 
with sulforhodamine 101 (100mg/kg, i.p. SR101; Sigma-Aldrich). Mice were anesthetized with urethane 
(1.7g/kg, i.p. Sigma-Aldrich) and their femoral artery cannulated. A 4 mm craniotomy around the area 
of interest was made. In a set of experiments the IGF-IR blocker PPP (10 µM;  Merck Chemicals, UK; 
dissolved in HEPES-buffered solution: NaCl 140mM, KCl 5mM, MgCl2 1mM, CaCl2 2mM, EDTA 
1mM, HEPES potassium 8.6mM, glucose 10mM) or the vehicle, were added to the exposed brain and 
applied with a micropipette to the somatosensory cortex. After 5 min the cortex was washed and a drop 
of low melting point agarose (1% in HEPES-buffered solution. Sigma-Aldrich) and a 5 mm glass 
coverslip were placed carefully over the exposed cortex. Dental cement (Fortex, Facident, Spain) was 
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applied to fix the coverslip. A light aluminum frame (2x3.5cm) with a central circular hole (10mm 
diameter) was attached to the skull centered on the craniotomy area and fixed with dental cement. The 
cranial frame was fixed to a heavy aluminum base. The base was moved to the imaging stage. The 
animals’ body temperatures were monitored during the procedure using a rectal probe (Technomed 
Europe, The Netherlands) and regulated using a heating pad (RS Amidata, Spain) controlled by a 
thermostat (Cibertec, Spain) and setting it to 37°C. 
 
6-NBDG administration 
 
     6-NBDG (Setareh biotech) was dissolved in a solution of 55% of HEPES-ringed buffer and 45% of 
DMSO, pH 7.42, to a concentration of 5 mg/ml. A 300µl Hamilton syringe (Hamilton, USA) filled with 
the 6-NBDG solution was connected to the femoral vein cannula and placed in a microinjector pump 
(Harvard Apparatus, USA). 6-NBDG was pumped at a rate of 20μl/min/100 g. 
 
Stimulation Paradigm 
 
     The whiskers of the animal’s snout were stimulated with 100 ms puffs of air produced at 5 Hz by a 
pressure injector (Dagan, USA) for 30 sec controlled by an Axon Digidata 1322A and pClamp software 
(Molecular Devices, USA). Air was ejected at 1 bar pressure via capillary glass, attached to plastic 
tubing, positioned ~1 cm lateral and anterior to the animal’s nose to stimulate the whole left whisker 
pad. At the same time, tail pinching was performed at 2 Hz with steel forceps, providing a pairing 
protocol for astrocyte stimulation. 
 
Laser Scanning Confocal Microscopy (LSCM) 
 
     Imaging was performed with a custom-built confocal laser (CVI Melles Griot, UK) scanning 
microscope consisting of an Olympus FV300 laser scanning confocal system coupled to an Olympus 
BX61WI upright microscope (Olympus, Japan) and a Olympus LUMPLFL 60XW/IR water immersion 
objective (0.9NA; Olympus, Japan) 
 
Data analysis 
 
     Astrocytes were distinguished by using the red signal emitted by SR-101. Astrocytes concentrate SR-
101, and their soma appear intensely bright. Each image of the sequence was aligned over the previous 
image with Align Slice (ImageJ, National Institutes of Health) to correct x–y deviation caused by 
possible drift of the tissue. Fluorescence intensity was measured in a region of interest (ROI) strictly 
limited to the somatic area. Signals were expressed as relative fluorescence changes (ΔF/F0), where F0 
was the mean of the baseline period. 
 
Somatosensory cortex stimulation 
 
     Mice were anesthetized as indicated above. For PET analyses, bilateral stimulation of the 
somatosensory cortex was carried out by placing two subcutaneous electrodes at the dorso-anterior and 
caudo-posterior edges of the whisker pads. Stimulation proceeded at 1ms square pulses (50-100mA) of 5 
Hz frequency. Unilateral stimulation (the right whisker pad) was used for phosphorylation studies of the 
IGF-I and insulin receptors. After 1 hour of electrical stimulation (same parameters as above), mice 
were transcardially perfused with 0.9% saline and blocks of 3 mm2 x 2 mm depth of both sides of the 
somatosensory cortex were removed for Western analysis of phosphorylated IGF-I and insulin receptors.  
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18F-FDG PET imaging 
 
     18F-FDG PET was used to measure brain glucose handling.  Briefly, fasted mice were injected i.p. 
with the positron emitting radiotracer 18F-FDG (18.5 MBq in 0.2 ml of 0.9% NaCl, Instituto 
Tecnológico PET, Spain). During an uptake period of 45 min animals were anesthetized by inhalation of 
a mixture of isoflurane/oxygen (5% for induction and 2% for maintenance) and then placed on the bed 
of the tomograph. The duration of the PET acquisition was 20 min, immediately followed by a CT 
(computed tomography) scan. The scanner used was a specific small animal PET-CT hybrid tomograph 
(Albira ARS, Oncovision, Spain). After acquisition, PET images were reconstructed with an ordered 
subset expectation maximization (OSEM) algorithm and with applied corrections for randoms, scatter, 
attenuation, dead time and radio element decay, whereas for the CT images a filtered back projection 
algorithm was used. For metabolic activity quantification, the procedure used was as follows: first, the 
CT image of the skull from each animal was co-registered to a magnetic resonance image (MRI) 
template of mouse brain in which the regions of interest (ROIs) were previously delineated. After the 
CT image was co-registered, the spatial mathematic transformation was saved and then applied to its 
own fused PET image, allowing the correct matching between the PET image and the MRI template. 
Once the 18F-FDG uptake in the different brain regions was calculated (in kBq/cc units), the activity of 
each left hemisphere region was normalized to its homologous region in the right hemisphere and 
expressed as proportional uptake (left/right). All processes of visualization, co-registration and 
quantification were performed using PMOD 3.0 software (PMOD Technologies Ltd., Switzerland). 


