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Abstract
Rat astrocyte function is changed by diabetes mellitus relative to the nondiabetic state and we believe
that altered function contributes to the central nervous system symptoms manifested by individuals
with diabetes. We report here a comparison of astrocyte glutamate uptake and GFAP expression in
streptozotocin-induced type 1 diabetic rats and insulin treated diabetic rats at four and eight weeks
following diabetes onset. In glial plasmalemmal vesicle (GPV) preparations from treated rats, insulin
prevented the increase observed in untreated, diabetic rats of both sodium-dependent and sodium-
independent glutamate uptake. We determined by immunoblotting and immunohistochemistry that
insulin treatment prevented the decrease of GFAP expression detected in the cerebral cortex,
hippocampus, and cerebellum of untreated, diabetic rats. These observations indicate that insulin
effects on astrocyte function are significant in managing diabetes-induced central nervous system
pathology.
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1. Introduction
Type 1 and type 2 diabetes mellitus result in insulin deficiency and/or insulin resistance,
hyperglycemia and altered lipid, carbohydrate and protein metabolism (McNeill, 1999). Both
types of diabetes affect the central nervous system (CNS) and are associated with increased
incidence of seizure, stroke, dementia, and cognitive impairment (Biessels et al., 2006, 2008;
Ott et al., 1999; Tiehuis et al., 2008; Whiting et al., 1997). These pathologies emerge from
changes in cerebral metabolism, vascular reactivity and increased oxidative stress (Horani and
Mooradian, 2003; Mankovsky et al., 1996; Manschot et al., 2007; Valko et al., 2007).
Astrocytes play a role in energy metabolism, maintenance of the blood-brain barrier, vascular
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reactivity, regulation of extracellular glutamate levels, and protection from reactive oxygen
species among other functions (Dringen et al., 2000; Tsacopoulos and Magistretti, 1996; Zonta
et al., 2003). These observations led us to hypothesize that altered astrocyte activity contributes
to the CNS pathophysiology associated with diabetes.

Our laboratory and others demonstrated a decrease in astrocyte glial fibrillary acidic protein
(GFAP) expression in type 1 diabetic rats (Afsari et al., 2008; Barber et al. 2000; Coleman et
al., 2004; Dennis et al., 2005; Lechuga-Sancho et al., 2006). Decreases in GFAP expression
are associated with detrimental conditions in the CNS (Pekny and Pekna, 2004), several of
which occur in individuals with diabetes. Poor white matter vascularization, disruptions in the
blood-brain barrier (Bouchard et al., 2002; Chehade et al., 2002; Hawkins et al., 2007; Horani
and Mooradian, 2003; Huber, 2008; Liedtke et al., 1996), and changes in long term potentiation
(LTP) (Kamal et al., 2000; McCall et al., 1996) are reported in GFAP knock-out mice and in
diabetic individuals. These observations suggest a link between decreases in GFAP and
diabetes-induced CNS complications.

Changes in astrocyte function may also contribute to oxidative damage associated with diabetes
(Bhardwaj, et al., 1999; Mastrocola et al., 2005; Rösen et al., 2001). Astrocytes are an integral
component of the antioxidant defense system in the brain through the regulation of extracellular
glutamate concentrations and production of antioxidant compounds (Dringen et al., 2000; Hertz
and Zielke, 2004; Trendelenburg and Dirnagl, 2005; Wilson, 1997). A significant increase in
oxidative stress, which causes tissue damage, is symptomatic of diabetes (Mastrocola et al.,
2005; Rösen et al., 2001). Elevated glutamate levels were reported in diabetic individuals and
increased glutamate concentrations contribute to the production of reactive oxygen species
(Ambati et al., 1997; Hansson et al., 2000; Hudspith, 1997; Lieth et al., 1998).

Astrocyte regulation of extracellular glutamate occurs by both sodium-dependent and sodium-
independent uptake mechanisms (Danbolt, 2001). Five high affinity, sodium-dependent
glutamate transporters have been cloned: GLAST/EAAT1, GLT-1/EAAT2, EAAC1/EAAT3,
EAAT4, and EAAT5 (Danbolt, 2001; Gegelashvili et al., 1998; Pines et al., 1992; Rothstein
et al., 1994; Storck et al., 1992). The glutamate transporters, GLAST and GLT-1, are located
primarily on astrocytes and are critical in maintaining extracellular glutamate at safe levels
(Danbolt, 2001). Sodium-independent glutamate uptake by the xc

- transporter of astrocytes is
linked directly to a glutamate-cystine exchanger and production of the important antioxidant,
glutathione (Dringen et al., 2000; La Bella et al., 2007; McBean 2002; Sato et al., 2002; Shih
et al., 2006). Altered activity of the xc

- transporter can result in changes in glutathione levels
and the antioxidant defense system of the brain (Dringen et al., 2000; Shih et al., 2006).

We report here the effects of insulin treatment on astrocyte GFAP expression and glutamate
uptake in rats with type 1 diabetes. Type 1 diabetes was induced by the administration of
streptozotocin (STZ), a compound that selectively destroys the islet cells of the pancreas
(McNeill, 1999) and is used extensively in diabetes research (Asnaghi et al., 2003; Bouchard
et al., 2002; Coleman et al., 2004; McNeill, 1999). We focused on the cerebral cortex,
hippocampus, and cerebellum because we observed decreased GFAP expression in these
regions after 4 and 8 weeks of diabetes (Coleman et al., 2004). The cerebral cortex and
hippocampus play important roles in cognitive behavior, seizure activity and contain high
levels of the glutamate transporter, GLT-1 (Lehre et al., 1995). The cerebellum contains high
levels of the glutamate transporter, GLAST (Lehre et al., 1995).
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2. Results
2.1 Diabetic Model

Over 8 weeks following the initial injection, STZ treated animals lost weight and had elevated
blood glucose levels compared to untreated controls (Figure 1). These animals also had lower
insulin levels, lower brain weights, and larger brain weight/body weight ratios at 4 and 8 weeks
following diabetes induction (Table 1). Insulin treatment prevented the diabetes-induced body
weight decrease and, for the most part, blocked the blood glucose increase over the 8 week
time course (Figure 1). At three time points, 1, 6, and 7 weeks, the insulin treated animals had
glucose levels mildly elevated over those of the control group. Insulin treatment also prevented
diabetes-induced decreases in blood insulin, brain weight, and altered brain weight/body
weight ratio at 4 and 8 weeks (Table 1). In these animals receiving insulin treatment, insulin
levels were higher at 8 weeks of diabetes than those in the untreated control group (Table 1).

2.2 Western blot analysis of GFAP, GLT-1 and GLAST
Immunoblot analysis showed that diabetes induced a decrease in GFAP expression, rescued
by insulin treatment, in the cerebral cortex, hippocampus and cerebellum at 4 (graph not shown)
and 8 weeks following onset (Figure 2: A, B, C). Compared to controls after 4 weeks of
untreated diabetes, GFAP levels were 82.8 ± 5.1% in the cerebral cortex; 69.0 ± 8.1% in the
hippocampus; and 73.1 ± 7.5% in the cerebellum. By 8 weeks of untreated diabetes, GFAP
levels continued to decrease to 65.3 ± 12.5% in the cerebral cortex and 58.0 ± 6.9% in the
cerebellum compared to controls. GFAP expression in the hippocampus at 8 weeks of diabetes
remained unchanged at 69.9 ± 9.9% that of the control animals. In contrast, expression of the
glutamate transporters GLT-1 and GLAST did not change in the brain regions evaluated
(Figure 2: D-F; G-I).

2.3 Immunohistochemistry
We used immunohistochemistry to confirm that insulin treatment prevented the diabetes-
induced decrease in GFAP immunoreactivity in the hippocampus, cerebellum, external capsule
and corpus callosum regions at 4 weeks (data not shown but similar to 8 week study) and 8
weeks of diabetes (Figure 3). Because cortical astrocyte GFAP immunoreactivity is normally
low, differences in cortical expression between the groups were undetectable with
immunohistochemistry.

To determine if the diabetes-induced GFAP expression change was caused by a decrease in
astrocyte number, we counted S-100β (+) cells in tissue sections adjacent to GFAP labeled
sections. The numbers of S-100β (+) cells were not different in any of the treatment groups
(Table 2). No differences in immunoreactivity on tissue sections were detected among the
treatment groups for the glutamate transporters GLAST (Figure 4) or GLT-1 (Figure 5) at either
time period.

2.4 GPV isolation and glutamate uptake studies
We used GPV glutamate uptake assays to determine if diabetes affected glutamate uptake.
Diabetes resulted in a significant increase in total GPV glutamate uptake, increasing both
sodium-dependent and sodium-independent uptake at 4 weeks and 8 weeks of diabetes duration
(Figure 6). Glutamate uptake in the presence of dihydrokainate (DHK) was increased in
diabetic rats at both time periods. There was no difference in the uptake contributed by the
GLT-1 transporter in the different treatment groups. Insulin treatment prevented the increase
in glutamate uptake in non-treated diabetic animals at both time periods with the exception of
the DHK/insulin treated group at 8 weeks, where uptake was greater than control, but less than
untreated diabetes. There were no differences in glutamate uptake between the different
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treatment groups at either time period in the presence of L-trans-Pyrrollidine-2,4-dicarboxylic
acid (PDC). No increases in the protein levels of GLAST, GLT-1, or EAAC1 were detected
in the GPV fractions among the treatment groups (data not shown).

3. Discussion
In our study, insulin treatment prevented the decrease of astrocyte GFAP levels and the increase
in glutamate uptake observed in diabetic animals. Additionally, insulin treatment blocked blood
glucose increase and decreases in brain and body weight. These observations are consistent
with insulin therapy's overall amelioration of complications associated with diabetes (Nathan
et al., 2009).

In the course of this study, we noticed some apparently anomalous blood insulin and glucose
values in the insulin treated group. Although markedly reduced in non-treated diabetic animals,
insulin levels were normal or slightly elevated in control and insulin-treated animals,
respectively. Using the LINCO radioimmunoassay kit, insulin levels in non-diabetic, fasting
animals are 0.5 - 2.0 ng/ml. We recorded insulin levels in non-fasted control animals, which
yield slightly higher values at 4 (2.86 ± 0.26 ng/ml) and 8 weeks (2.54 ± 0.21 ng/ml). Values
for the insulin treated animals at 8 wks were elevated from control (4.17 ± 0.47 ng/ml). We
believe these elevated levels stem from the use of exogenous insulin that can result in the
production of anti-insulin antibodies. Anti-insulin antibodies can cause falsely elevated
measurements when determined by a solid phase radioimmunoassay such as we used in this
study (Linshin Canada Inc., manufacture's product information). Additionally, insulin levels
may be increased by anesthesia with pentobarbital (Vera, et al., 2002). However, we collected
insulin samples within 5 minutes of anesthesia of all animals to minimize the pentobarbital
effect.

A second anomalous measurement was that of blood glucose which was elevated mildly at 1,
6, and 7 weeks in the insulin treated group. We believe that these increased blood glucose levels
derive from our use of pellets to deliver insulin. One week is usually required to normalize
blood glucose using the pellets. The increase in blood glucose at 6-7 weeks was likely a result
of declining insulin release from the pellets which occurs at 45 ± 5 days according to the
manufacturer (Linshin Canada Inc.). Indeed, implantation of a new pellet normalized blood
glucose levels to those of control individuals.

Insulin treatment prevented diabetes-induced decreases in astrocyte GFAP. The decrease in
GFAP seen in diabetic animals reflects a decrease in GFAP expression rather than a decrease
in astrocyte number. This observation differs from that of Lechuga-Sancho and coworkers who
reported a decrease in rat hypothalamic astrocyte numbers 6 weeks after diabetes onset
(Lechuga-Sancho et al., 2006). One explanation for the difference is that Lechuga-Sancho et
al. counted GFAP (+) cells but a diminution of GFAP immunoreactivity could cause an
undercounting. We, on the other hand, counted S-100β (+) cells because S-100β co-localizes
with GFAP (Coleman, unpublished; Sorci et al., 1998) and is predominantly expressed by
astrocytes (Hertz et al., 2001; Melzer et al., 2001; Mercier and Hatton, 2000). A second
possibility that may account for the difference is that not all astrocytes are identical (Hewett,
2009) and astrocytes in different brain regions respond differently to diabetes.

A second effect of insulin treatment on astrocyte function was to modify an increase in
glutamate uptake in diabetic rats. Both sodium-dependent and sodium-independent glutamate
uptake were 25-30% greater in glial vesicle preparations in diabetic animals compared to non-
diabetic control animals but the response in the two systems were not identical. Insulin
treatment effects on sodium-dependent glutamate uptake were time sensitive. 1Insulin
treatment prevented the increase in sodium-dependent glutamate uptake at 4 weeks of diabetes
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but by 8 weeks insulin only partially reversed changes in glutamate uptake. This observation
suggests a change in sensitivity to insulin signaling or a change induced by diabetes not directly
sensitive to insulin signaling.

The major component of the sodium-dependent glutamate uptake increase was via GLAST (or
other non-GLT-1 transporters) since there was no change in the GLT-1 uptake component. We
detected no significant increases by western blotting in GLAST or GLT-1 protein levels in the
GPV fractions, nor were we able to detect an increase in membrane immunoreactivity for
GLAST and GLT-1 in tissue sections. These findings suggest that the increased glutamate
uptake resulted from increased affinity of the transporters for glutamate (Duan et al., 1999;
Ward et al., 2005). Ward and coworkers reported unchanged GLAST and EAAT4 expression
levels after 12 weeks of diabetes in retinal glial cells although glutamate uptake increased by
as early as one week (Ward et al., 2005). The increased uptake was attributed to an increased
efficiency of uptake. The increase in glutamate uptake in diabetic rats could be a compensatory
functional change that protects neurons from the excitotoxic effects of glutamate.

Insulin treatment prevented the diabetes-induced increase in sodium-independent glutamate
uptake in the glial preparation at both 4 and 8 weeks. This effect of insulin could prove
important in the antioxidant status of the brain in diabetes. An increase in extracellular
glutamate uptake by cellular xc

- transporters inhibits the uptake of cystine, thereby depleting
cells of the antioxidant, glutathione (McBean, 2002; Shih et al., 2006). Glutathione levels
decrease in the diabetic brain (Bhardwaj, et al., 1999) but the mechanisms responsible are
unknown. We speculate that the diabetes-induced increase in sodium-independent glutamate
uptake could lead to reduced cystine transport into astrocytes and result in decreased production
of glutathione. Bhardwaj and colleagues showed that insulin treatment in the diabetic rat results
in partial or full recovery of a number of antioxidant compounds in the brain, including
glutathione (Bhardwaj, et al., 1999). Additional studies are needed to determine the underlying
mechanism(s) of action of diabetes and insulin treatment on system xc

- transporters and their
role in the antioxidant status of the brain.

In summary, the present study demonstrates a significant effect of insulin treatment on diabetes-
induced changes in astrocyte GFAP levels and glutamate uptake. Whether the effects of
diabetes on astrocyte function are a result of hyperglycemia, insulin deficiency, or both is not
known. Insulin's prevention of diabetes-induced alterations in astrocyte function is an avenue
of study of both normal astrocyte function and insulin function in the CNS of both non-affected
and diabetic individuals.

4. Experimental Procedure
4.1 Experimental groups

Male Wistar rats received an intravenous injection into the tail vein of STZ (40 mg/kg) with
control rats receiving vehicle (citrate buffer) (Coleman et al., 2004; Lin et al., 2002; McNeill,
1999). Diabetes was verified by blood glucose levels greater than 350 mg/dl, 24 hr post
injection. Blood glucose samples were collected by inserting a 27 gauge needle into the tail
vein and collecting a drop of blood. The drop of blood was immediately placed onto an ACCU-
CHEK glucose test strip and evaluated with the ACCU-CHEK glucose meter (Roche
Diagnostic Corporation, Indianapolis, IN). Two days following the induction of diabetes,
animals were briefly anesthetized with isoflurane and implanted with a slow-release insulin
pellet (Linshin Canada Inc., Ontario, Canada) into the diabetes/insulin group, or with a control
pellet into the control group and diabetes/no insulin group. Insulin pellets (2 mm in diameter;
7 mm long) contain insulin in microcrystallized palmitic acid and release approximately 2 U/
24 hour/implant for > 40 days (per manufacturer). The control pellets (2 mm in diameter; 7
mm long) contain microcrystallized palmitic acid only. The pellets were placed in the
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subcutaneous tissue under the abdominal skin according to the manufacture's recommendation
using the supplied 12G needle with trocar. Blood glucose (non-fasted) levels and body weight
were determined weekly. Additional insulin pellets were implanted based upon blood glucose
values as needed. Corresponding control pellets were implanted at similar time frames. Insulin
levels (non-fasted) were determined by radioimmunoassay according to the manufacture's
recommendations (LINCO Research, St. Charles, MO) at the end of the study for each group.
Blood samples for insulin assay were collected at the time of sacrifice following decapitation
from trunk blood within 5 minutes of anesthesia with pentobarbital (50 mg/kg intraperitoneal,
IP). Intra- and interassay coefficients of variation were 5.2% and 8.2% respectively.

The number of animals in each treatment group for each time period is indicated below for
specific studies and tissue processing. All studies were approved by the Auburn University
Institutional Animal Care and Use Committee.

4.2 Protein extraction and Western blot analysis
Animals and tissues for protein determination/immunoblotting were handled as previously
described (Coleman et al. 2004). Briefly, animals were anesthetized with pentobarbital (50 mg/
kg, IP), decapitated and brains rapidly removed (4 week studies: Control, n=8; Diabetic +
Insulin, n=8; Diabetic/no Insulin, n=8; 8 week studies: Control, n=8; Diabetic + Insulin, n=8;
Diabetic/no Insulin, n=8). The brains were weighed, dissected into cerebral cortex,
hippocampus, and cerebellum, and immediately frozen (stored at -80°C until analysis). Tissue
samples were homogenized in 1% sodium dodecyl sulfate (SDS; 85-90°C). Protein
concentrations were determined using BCA protein assay determination according to the
manufacture's recommendations (Pierce, Rockford, IL). Equal amounts of protein (10 μg) in
Laemmli sample buffer (50 mM Tris-HCL, pH 6.8, containing 2% SDS, 0.1% 2-
mercaptoethanol, and 20% glycerol) were electrophoresed on a 10% SDS-polyacrylamide gel,
transferred to nitrocellulose, and membranes stained with Ponceau stain (0.5%) to assure equal
loading of proteins and labeling of molecular weight markers. Membranes were blocked with
phosphate buffered saline (PBS; 0.01 M phosphate buffer, 0.0027 M potassium chloride, 0.137
M sodium chloride, pH 7.4) containing 0.1% Triton ×, 0.1% Tween 20, plus 7% nonfat dry
milk for 1 hr at 37°C, followed by incubation with antibody to GFAP (1:500, mouse IgG1,
clone 52, carboxy terminus of human GFAP, Transduction Laboratory, Lexington, KY),
GLT-1 (1:1000, guinea pig polyclonal, carboxy terminus of rat GLT-1, Chemicon, Temecula,
CA), GLAST (1:1000, guinea pig polyclonal, carboxy terminus of rat GLAST, Chemicon,
Temecula, CA), or glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a housekeeping
protein (1:1000, mouse IgG, clone 6C5, Chemicon, Temecula, CA) at 4°C overnight.
Immunodetection of protein bands was carried out by incubation with a peroxidase linked
secondary antibody (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) specific
for the given species of origin of the primary antibody, followed by chemiluminescence and
Hyperfilm ECL (Amersham Biosciences, Piscataway, NJ). Differences in band intensities were
determined by Un-Scan-It (Silk Scientific, Orem, Utah). Levels of GFAP, GLT-1, and GLAST
were normalized to GAPDH (housekeeping protein) and compared between treatment groups.
Results are reported as percent of control for the respective proteins.

4.3 Immunohistochemistry
Animals and tissues for immunohistochemistry were handled as previously described
(Coleman et al., 2004). Briefly, animals were anesthetized with pentobarbital (50 mg/kg, IP),
an aortic catheter was placed by transcardiac puncture, flushed with PBS followed by 4%
paraformaldehyde in PBS (4 week studies: Control, n=8; Diabetic + Insulin, n=8; Diabetic/no
Insulin, n=8; 8 week studies: Control, n=8; Diabetic + Insulin, n=8; Diabetic/no Insulin, n=8).
Brains were removed, blocked, post-fixed in 4% paraformaldehyde in PBS (24 hr, 4°C) and
stored at 4°C in 1% paraformaldehyde in PBS until processing. Coronal sections were paraffin-
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embedded and cut in serial section at 7 μm (-3.10 to -3.70 mm from bregma for cortex/
hippocampus; -10.30 to −10.90 mm from bregma for cerebellum) (Paxinos and Watson,
1998).

Sections were deparaffinized and immunohistochemistry carried out as previously described
(Coleman et al., 2004). Serial sections were processed for GFAP, S-100β, GLT-1 and GLAST
(sections from control rats, diabetic + insulin rats, and diabetic/no insulin rats were processed
at the same time under the same conditions for a given protein). All antibodies were tested to
determine optimal dilutions and staining parameters prior to the study.

Sections for GFAP immunohistochemistry were labeled by immunofluorescence with anti-
GFAP primary antisera (1:1000, rabbit anti-cow, Z334, DAKO, Carpinteria, CA) followed by
fluorescent secondary antibody (Alexa FluorR 594 donkey anti-rabbit, Molecular Probes,
Eugene, OR) and mounted with Vectashield (Vector Laboratories, Burlingame, CA). Slides
were evaluated through an epi-fluorescence-equipped Nikon Eclipse E600W microscope and
images captured with a RT-Slider Spot digital camera (Diagnostic Instruments, Sterling
Heights, MI).

Sections for S-100β protein (for astrocyte counting) and the astrocyte glutamate transporters,
GLT-1 and GLAST, were labeled by chromogenic immunohistochemistry. Primary antibodies
were as follows: anti-S-100β (1:40,000, mouse monoclonal clone SH-B1, beta chain, Sigma,
St. Louis, MO), anti-GLT-1 (1:24,000, guinea pig polyclonal, carboxy terminus of rat GLT-1,
Chemicon, Temecula), or anti-GLAST (1:12,000, guinea pig polyclonal, carboxy terminus of
rat GLAST, Chemicon, Temecula, CA). Sections were incubated with biotinylated secondary
antibodies (Jackson ImmunoResearch, West Grove, PA), incubated with ABC Elite (Vector
Laboratories, Burlingame, CA), and reacted with diaminobenzidine (DAB)/nickel (Vector
Laboratories, Burlingame, CA). Slides were dehydrated and cover slipped with Vecta Mount
(Vector Laboratories, Burlingame, CA). Control sections (sections lacking primary antibody
and/or preabsorption of the primary antibody with antigen) showed no immunoreactivity.

Astrocyte cell counts were performed using immunoreactivity to S-100β on the adjacent serial
section to those used for GFAP immunohistochemistry (4 week studies: Control, n=6; Diabetic
+ Insulin, n=6; Diabetic/no Insulin, n=6; 8 week studies: Control, n=5; Diabetic + Insulin, n=5;
Diabetic/no Insulin, n=5). For each animal, S-100β immunoreactive astrocytes from the
cerebral cortex (2 regions), hippocampus (5 regions), corpus callosum, external capsule, and
cerebellum (3 regions) were counted at 20× magnification using NIH Image J (National
Institutes of Health, Bethesda, MD). Cell counts for the cerebral cortex, hippocampus, corpus
callosum and external capsule were reported as the number of immunoreactive cells in 0.263
mm2 (20× field). Cell counts for cerebellar astrocytes were made at the margin between the
molecular and granular cell layers over a given length and were reported as S-100β
immunoreactive cells per 100 mm.

4.4 Glial plasmalemmal vesicle (GPV) isolation
Glial plasmalemmal vesicle isolation was carried-out according to the technique of Nakamura
(Nakamura et al., 1993) with modification by Hirst (Hirst et al., 1998). Due to low fractional
recovery of the GPV, determination of glutamate uptake from isolated regions of the brain
could not be performed (Coleman, unpublished observations; Strużyñska et al., 2001). GPV
isolation was therefore performed on total brain homogenate. Brain tissue was collected from
control, diabetic + insulin, and diabetic/no insulin rats at 4 and 8 weeks of diabetes duration
(4 week studies: Control, n=5; Diabetic + Insulin, n=5; Diabetic/no Insulin, n=5; 8 week
studies: Control, n=5; Diabetic + Insulin, n=5; Diabetic/no Insulin, n=5). Rats were
anesthetized with pentobarbital and decapitated. Brains were quickly removed, weighed and
placed in 10 volumes of ice-cold solution containing 0.32 M sucrose and 1 mM EDTA (pH
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7.4). Tissues were homogenized using a Potter's teflon/glass homogenizer. The homogenate
was centrifuged at 1000 g for 10 min at 4°C. The supernatant was diluted with SEDH solution
(0.32 M sucrose, 1 mM EDTA, 0.25 mM dithiothreitol and 20 mM HEPES, pH 7.4), and
centrifuged at 5000 g for 15 min. The supernatant was then centrifuged at 33,500 g for 20 min.
The resultant pellet was suspended in SEDH, layered on a discontinuous gradient composed
of 20, 10, 6 and 2% Percoll (Sigma, St. Louis, MO) in SEDH, and tubes centrifuged at 33,500
g for 5 min at 4°C. The turbid layer between 2% and 6% Percoll was collected and washed in
10 volumes of SEDH. The pellet was suspended in SEDH, and layered onto fresh gradients
for a second purification. The fractions were washed, kept on ice and used within 2 hrs. Aliquots
of GPV were taken for protein determination by the Bradford method (Bio-Rad, Hercules,
CA). Purity of the GPV prep was evaluated by western blotting (WB) with astrocyte marker
proteins GFAP, glutamate transporters, GLT-1 and GLAST, and for neuronal contamination
by the predominantly neuronal glutamate transporter, EAAC1, and the synaptic terminal
protein synaptobrevin (Daniels and Vickroy, 1998; Hirst et al., 1998; Nakamura et al., 1993).

4.5 GPV glutamate uptake
Glutamate uptake by GPV was measured using the filtration method of Divac (Divac et al.,
1977) with modification by Daniels (Daniels and Vickroy, 1998). Aliquots of 2.5 μg of GPV
(5 μl; 0.5 μg/μl protein) were added to duplicate tubes in a 25°C water bath and incubated for
2 min. The uptake reaction for was initiated by the addition of 200 μl of L-[2,3,4-3H]glutamic
acid (final concentration of 400 nM) in 140 mM NaCl, 5 mM KCl, 1 mM CaCl2, 1 mM MgCl2,
1.2 mM NaH2PO4, 10 mM D-glucose, and 20 mM HEPES. Tubes were rapidly mixed and
returned to the water bath for 3 min. The reaction was terminated by the addition of ice cold
phosphate buffer. This uptake was considered “total glutamate uptake”. Na+-independent
uptake was measured using a buffer with 140 mM choline chloride in place of NaCl. Na+-
dependent uptake was determined by subtracting the Na+-independent uptake from the total
uptake. The specific GLT-1 blocker, dihydrokainate (DHK, 100 μM) and a non-selective
glutamate transporter blocker, L-trans-Pyrrollidine-2,4-dicarboxylic acid (PDC, 100 μM) were
evaluated. The GLT-1 uptake portion was determined by subtracting the DHK uptake from the
Na+-dependent uptake. Uptake was determined by vacuum filtration on a Millipore 1225
Sampling Vacuum Manifold (Millipore, Bedford, MA) with Whatman GF/B filter discs. Filters
were washed in cold phosphate buffer. Radioactivity was measured in a Beckman liquid
scintillation counter.

4.6 Statistical analysis
Data were analyzed by one-way Analysis of Variance (ANOVA) using the statistical program
Graph Pad Prism version 4.01 for Windows (Graph Pad Software, San Diego, CA). Differences
between treatment groups within a given time period were assessed by the Tukey-Kramer
Multiple comparison test (Graph Pad Software, San Diego, CA). Data are reported as means
± SEM. Statistical significance was set at p < 0.05.
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Abbreviations
GPV glial plasmalemmal vesicle
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Figure 1.
Insulin effects on alterations in body weight (A) and blood glucose (B) for 8 weeks of diabetes.
Values represent means ± SEM. Statistical significance is as follows: * p < 0.01 from Control;
** p < 0.001 from Control and Diabetic + Insulin. (Control: n = 24; Diabetic + Insulin: n = 24;
Diabetic/no insulin: n = 24). Similar results were seen in animals in the 4 week diabetes group.
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Figure 2.
Insulin effects on alterations in protein levels for astrocytic GFAP (A-C), glutamate
transporters, GLT-1 (D-F), and GLAST (G-I) after 8 weeks of diabetes. GAPDH, used as a
housekeeping protein and to normalize data, was unaltered by the treatments. Values represent
means ± SEM (* p < 0.05). Control (CON): n = 8; Diabetic + Insulin (DM+IN): n = 8; Diabetic/
no insulin (DM): n = 8. Similar results were seen after 4 weeks of diabetes. Immunoblots from
representative samples are shown.

Coleman et al. Page 14

Brain Res. Author manuscript; available in PMC 2011 January 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Immunofluorescence of astrocytic GFAP in the hippocampal fissure and cerebellum after 8
weeks of diabetes. Insulin treatment prevented the diabetes-induced attenuation of GFAP
immunofluorescence. (Control: n = 8; Diabetic + Insulin: n = 8; Diabetic/no insulin: n = 8).
Similar findings were seen after 4 weeks of diabetes. Representative sections are shown (40×).
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Figure 4. GLAST
Immunohistochemistry of astrocytic GLAST in the hippocampus and cerebellum after 8 weeks
of diabetes. No obvious changes were detectable in the intensity of immunoreactivity among
the different treatment groups. (Control: n = 8; Diabetic + Insulin: n = 8; Diabetic/no insulin:
n = 8). Similar findings were seen after 4 weeks of diabetes. Representative sections are shown.
M: molecular layer; G: granular layer.
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Figure 5. GLT-1
Immunohistochemistry of astrocytic GLT-1 in the hippocampus and cerebellum after 4 weeks
of diabetes. No obvious changes were detectable in the intensity of immunoreactivity among
the different treatment groups. (Control: n = 8; Diabetic + Insulin: n = 8; Diabetic/no insulin:
n = 8). Similar findings were seen after 8 weeks of diabetes. Representative sections are shown.
M: molecular layer; G: granular layer.
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Figure 6.
Insulin effects on GPV 3H-glutamate uptake after 4 and 8 weeks of diabetes. Total GPV
glutamate uptake (Total); Sodium-independent uptake (Na+ Indep); Sodium-dependent uptake
(Na+ Dep; Total uptake minus Na+ Indep uptake); dihydrokainate (DHK; selective GLT-1
blocker, 100 μM); GLT-1 transporter uptake (GLT-1; Na+ Dep uptake minus DHK uptake);
L-trans-Pyrrollidine-2,4-dicarboxylic acid (PDC, general glutamate transporter blocker, 100
μM). Statistical significance is as follows: * p < 0.05 from Control; ** p < 0.01 from Control
and Diabetic + Insulin; *** p < 0.001 from Control and Diabetic + Insulin. (4 wks: Controls:
n = 5; Diabetic + Insulin: n = 5; Diabetic: n = 5; 8 wks: Controls: n = 5; Diabetic + Insulin: n
= 5; Diabetic: n = 5).
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Table 1
Diabetic Model

Effects of insulin treatment on diabetes-induced changes in blood glucose, blood insulin (non-fasted values),
body weight, brain weight and brain weight/body weight ratio. Insulin treatment reduced or prevented diabetes-
induced changes in blood glucose, blood insulin, body weight, brain weight, and brain weight/body weight ratio
at 4 weeks (Control: n = 13; Diabetic + Insulin: n = 13; Diabetic: n = 13) and 8 weeks (Control: n = 13; Diabetic
+ Insulin: n = 13; Diabetic: n = 13) of diabetes duration.

Control Diabetic + Insulin Diabetic
Blood Glucose (mg/dl)
 4 wks 118.6 ± 1.6 137.4 ± 14.5 583.0 ± 9.6 a
 8 wks 122.4 ± 2.3 128.2 ± 6.6 599.1 ± 0.9 a
Blood Insulin (ng/ml)
 4 wks 2.86 ± 0.26 3.09 ± 0.31 0.24 ± 0.03 a
 8 wks 2.54 ± 0.21 4.17 ± 0.47 b 0.17 ± 0.02 a
Body Weight (g)
 Initial * 257 ± 5 258 ± 5 259 ± 6
 4 wks 405 ± 7 387 ± 9 299 ± 12 a
 8 wks 463 ± 16 449 ± 10 332 ± 13 a
Brain Weight (g)
 4 wks 1.957 ± 0.020 1.969 ± 0.016 1.836 ± 0.013 a
 8 wks 2.007 ± 0.023 2.048 ± 0.014 1.825 ± 0.020 a
Brain Weight/Body Weight Ratio
 4 wks 0.0048 ± 0.00008 0.0051 ± 0.0001 0.0063 ± 0.0003 a
 8 wks 0.0044 ± 0.0001 0.0046 ± 0.0001 0.0056 ± 0.0002 a
*
1The initial body weight includes the pooled data from both the 4 and 8 week groups (Control: n = 26; Diabetic + Insulin: n = 26; Diabetic: n = 26).

Values represent means ± SEM of animals used in studies for protein determination and glutamate uptake

a
p < 0.01 from Control and Diabetic + Insulin;

b
p < 0.01 from Control.
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