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Insulin increases glutamate transporter GLT1 in cultured astrocytes
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The astroglial cell-specific glutamate transporter subtype 2 (excitatory amino acid transporter 2, GLT1)
plays an important role in excitotoxicity that develops after damage to the central nervous system
(CNS) is incurred. Both the protein kinase C signaling pathway and the epidermal growth factor (EGF)
pathway have been suggested to participate in the modulation of GLT1, but the modulatory mechanisms
of GLT1 expression are not fully understood. In the present study, we aimed to evaluate the effects of
insulin on GLT1 expression. We found that short-term stimulation of insulin led to the upregulation of
both total and surface expressions of GLT1. Akt phosphorylation increased after insulin treatment, and
triciribine, the inhibitor of Akt phosphorylation, significantly inhibited the effects of insulin. We also
found that the upregulation of GLT1 expression correlated with increased kappa B motif-binding phos-
phoprotein (KBBP) and GLT1 mRNA levels. Our results suggest that insulin may modulate the expression
of astrocytic GLT1, which might play a role in reactive astrocytes after CNS injuries.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Glutamate is the most abundant excitatory neurotransmitter in
the brain, but excessive levels of extracellular glutamate are exci-
totoxic and lead to severe neuronal death, which has been impli-
cated in neurodegenerative diseases and traumatic brain injury
[1,2]. The astroglial cell-specific glutamate transporter subtype 2
(excitatory amino acid transporter 2, GLT1) accounts for more than
90% of synaptic and extrasynaptic glutamate clearance in the cen-
tral nervous system (CNS) [3–5]. Thus, GLT1 plays an important
role in preventing excessive excitotoxicity that occurs in nerve
damages.

Previous work revealed that Akt induces the expression of GLT1
through increased transcription [6]. Protein kinase C (PKC) can reg-
ulate endocytosis and degradation of this transporter in a ubiqui-
tin-dependent manner [7–10]. Protein interacting with C kinase 1
(PICK1) was also shown to interact with GLT1b, thereby regulating
the modulation of GLT1 function by PKC [11]. Conversely, some
evidence suggests that unknown neuronal secreted factors can reg-
ulate the expressions and cytoplasmic clusters of GLT1 and gluta-
mate aspartate transporter (GLAST) [12–18]. Limited evidence
has shown that GLT1 expression is increased by epidermal growth
factor (EGF)/Akt signals [6], particularly in astrocytes incubated in
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an astrocyte-defined medium (ADM) [19] that may contain a num-
ber of growth factors [20,21]. These data suggest that growth fac-
tors might be implicated in the modulation of GLT1 expression.

Although these experiments promote comprehension of the
modulation of GLT1, how GLT1 activity is regulated by growth fac-
tors remains to be elucidated. In the present work, we aimed to
explore whether insulin regulates GLT1 expression in astrocytes.
Our results indicate that short-term stimulation of insulin can ac-
tively regulate astrocytic GLT1 expression and function, which re-
quire Akt activation and correlate with increases in both kappa B
motif-binding phosphoprotein (KBBP) expression and GLT1 mRNA
levels.

2. Materials and methods

2.1. Astrocyte cultures

All animal experiments were specifically designed to minimize
the number of animals used and were approved by the Animal
Experimentation Ethics Committee of Zhejiang University. Cortical
astrocytes were derived from brain cortices of E18 Sprague–Daw-
ley rats [15,22]. Cortices were dissected and incubated with
0.25% trypsin–EDTA for 20 min at 37 �C. Tissue was triturated
and suspended in Dulbecco’s modified Eagle’s medium (DMEM,
GIBCO, Carlsbad, CA). Cells were plated at a uniform density of
2 � 105 cells/ml and maintained as described previously [10]. In
these cultures, approximately 95% of the cells were astrocytes
based on immunocytochemical criteria, as shown by positive stain-
ing for glial fibrillary acidic protein (GFAP) (Supplemental Fig. 1).
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Oligodendrocytes and microglial cells growing on top of the conflu-
ent astrocyte layer were removed by shaking at 200 rpm for 2 h at
37 �C, and the culture medium was then replaced. Administration
of 200 nM insulin overnight did not visibly change astrocyte
growth (Supplemental Fig. 1).

2.2. Antibodies and reagents

Antibodies against S6, phosphorylated S6 (Ser240/Ser244)
(pS6), Akt, and phosphorylated Akt (Ser473) (pAkt) were pur-
chased from Cell Signaling (Danvers, MA). GFAP and GAPDH anti-
bodies were from Abcam (Cambridge, UK). Triciribine (TCBN) and
proteinase inhibitor cocktails were from Merck Chemicals (Darms-
tadt, Germany). Horseradish peroxidase-conjugated secondary
antibodies for immunoblotting were from GE Healthcare (Wauke-
sha, WI). 40,6-Diamidino-2-phenylindole (DAPI), Alexa Fluor-con-
jugated secondary antibodies for immunofluorescence,
neurobasal medium, and B27 supplements were purchased from
Invitrogen (Carlsbad, CA). The antibodies against GLT1 and gluta-
mate transporter subtype 1 (GLAST) were gifts from Dr. Michael
Robinson (University of Pennsylvania, Philadelphia, PA). All other
reagents were purchased from Sigma (St. Louis, MO), unless stated
otherwise.

2.3. Western blotting and cell surface biotinylation

Astrocyte cultures were lysed and harvested in RIPA buffer con-
taining proteinase inhibitor cocktails (Merck Chemicals, White-
house Station, NJ). The concentration of proteins in each sample
was measured by BCA protein assay. Equal quantities of proteins
were loaded and run on SDS–PAGE gels. The products were then
transferred to PVDF membranes (Immobilon-P, Millipore, Billerica,
MA), immunoblotted with antibodies, and visualized with en-
hanced chemiluminescence (ECL, Thermo Scientific, Rockford, IL).
Film signals were digitally scanned and quantitated using ImageJ
1.42q (National Institutes of Health, Bethesda, MD). GAPDH immu-
noreactivity was set as the loading control in each experiment, and
all data were normalized to the corresponding control.

After the biotinylation of surface proteins with a membrane-
impermeant reagent, sulfo-NHS-SS-biotin (Thermo Scientific),
and quenching of the excess biotin, biotinylated proteins were
batch extracted with avidin-conjugated beads as described previ-
ously [10]. Equivalent proteins of lysate and biotinylated (cell sur-
face) fractions were loaded onto SDS–PAGE gels. After separation
and transfer, the PVDF membranes were probed with antibodies.

2.4. RNA preparation and real-time polymerase chain reaction (PCR)

Changes in mRNA expression were examined by real-time PCR
using an ABI Prism 7500 Sequence Detection System (Applied Bio-
systems, Carlsbad, CA). cDNA was amplified using SYBR Premix Ex
Taq (TaKaRa, Dalian, China) in the presence of primer oligonucleo-
tides specific for GLT1 and b-actin. Quantification was performed
using the comparative cycle threshold method, with the b-actin
expression level as the internal control. The following forward (F)
and reverse (R) primer sequences were used to amplify GLT1 and
b-actin: GLT1-F, 50-GTTCAAGGACGGGATGAATGTCTTA-30; GLT1-R,
50-CATCAGCTTGGCCTGCTCAC-30; actin-F, 50-TCACCCACACTGTGCC-
CATCTATGA-30; and actin-R, 50-CATCGGAACCGCTCATTGCCG
ATAG-30.

2.5. Immunostaining

Cultured astrocytes were fixed with precooled (�20 �C) metha-
nol for 5 min. For GFAP staining, astrocytes were permeabilized
and exposed to anti-GFAP antibody (1:600) overnight at 4 �C. For
membrane GLT1 staining, the astrocytes were incubated with
GLT1 antibody (1:600) in PBS with 0.1% BSA overnight at 4 �C,
and then incubated with Alexa Fluor-conjugated secondary anti-
bodies (1:1000) for 1 h at room temperature in the dark. Immuno-
cytochemistry images were obtained using a fluorescent
microscope (BX61, Olympus, Tokyo, Japan) at a resolution of
1024 � 1024 pixels. Fluorescent photomicrographs were con-
verted to pseudocolor images using Olympus Image-Pro 6.3 (Olym-
pus). MetaMorph 5.0 software (Universal Imaging, West Chester,
PA) was used to analyze cell images for quantitation.

2.6. Electrophysiology

Whole-cell patch-clamp recordings were performed in the cul-
tured astrocytes at room temperature, according to previous work
[23]. Patch pipettes were pulled from borosilicate glasses with a
perpendicular pipette puller (Narishige Instruments, Tokyo, Japan).
The series resistance of the pipette was between 3 and 7 MX when
it was filled with an intracellular solution containing (in mM) 135
Cs-methanesulfonate, 10 CsCl, 0.2 ethylene glycol bis(b-amino-
ethyl ether) N,N0-tetraacetic acid, 10 Hepes, 4 Na-ATP, and 0.4
Na-GTP (310 Osm; pH 7.3, adjusted with KOH). Cells were volt-
age-clamped at �80 mV using a MultiClamp 700A amplifier
(Molecular Devices, Foster City, CA). The analog signals were sam-
pled at 10 kHz and low-pass-filtered at 2 kHz using pClamp 9.0
(Molecular Devices). To measure transporter currents, we used a
rapid solution changer (RSC-160, Biological Science Instruments,
Claix, France) to apply drug solutions to recorded cells. Solutions
were made with Ringer’s solution containing (in mM) 145 NaCl,
3 KCl, 2 CaCl2, 10 Hepes, and 10 glucose (310 Osm; pH 7.4, adjusted
with NaOH). The solutions in the tubes were fed into the perfusion
bath by gravity at a flow rate of 0.5 ml/min.

2.7. Statistical analysis

Statistical differences were determined using either Student’s t-
test for two-group comparisons or one-way ANOVA with Tukey’s
test for multiple comparisons among more than two groups. Statis-
tical significance was accepted at P < 0.05. Data in the text and fig-
ures are presented as mean ± SEM.

3. Results

3.1. Insulin treatment increases both total and surface expressions of
GLT1

To detect the expression of GLT1, we starved the astrocytes for
16 h in DMEM containing 0.1% FBS before performing experiments
throughout the present work [18]. To determine the effects of insu-
lin on GLT1 expression, we added 200 nM insulin to the cultures
for 1 h. Similar doses and durations have been utilized for observa-
tion of the effects of insulin in previous work [24,25]. We found
that insulin exposure increased total GLT1 expression (Fig. 1A).
By contrast, GLAST was unaffected. Biotinylation was then used
to examine the cell surface expression of GLT1. As shown in
Fig. 1D, insulin increased GLT1 levels at the cell surface but left
GLAST levels unaltered. To further confirm these findings, we con-
ducted two more lines of experiments: first, whole-cell patch-
clamp recordings in the cultured astrocytes were performed to re-
cord the transporter-mediated currents. Rapid application of
100 lM glutamate induced inward currents with an average peak
current of 145 ± 22 pA (n = 18), as shown in Fig. 1G (‘‘insulin �’’).
Insulin treatment produced a large increase in peak currents
(‘‘insulin +’’) with an average of 250 ± 29 pA (n = 16; P < 0.05 com-
pared with ‘‘insulin �’’). Unfortunately, because there is no GLAST-
specific antagonist, we were unable to block GLAST-mediated



Fig. 1. Insulin increases GLT1 expression in cultured cortical astrocytes. Astrocytes were starved for 16 h and subsequently incubated with 200 nM insulin for 1 h.
Immunoblot signals were quantified using ImageJ software. (A) Insulin treatment increased total GLT1, but not GLAST. The lysates were probed by immunoblotting with
antibodies to GLT1, GLAST, and GAPDH. (B, C) Signal intensity ratios of GLT1 and GLAST to GAPDH: GLT1, 51 ± 12% (�) and 76 ± 14% (+); GLAST, 183 ± 19% (�) and 196 ± 29%
(+). (D) Insulin increased the surface expression level of GLT1, but not that of GLAST. Astrocytic plasma membranes were biotinylated. Lysate (left) and surface (cell surface,
right) fractions were probed with both anti-GLT1 and anti-GLAST antibodies. In this experiment, GLT1 migrated as a multimer. (E, F) Surface signal intensity ratios of GLT1
and GLAST to GAPDH: GLT1, 60 ± 5% (�) and 113 ± 7% (+); GLAST, 161 ± 33% (�) and 135 ± 22% (+). (G) Representative whole-cell currents in response to 1 mM glutamate in
cultured astrocytes. The peak current after insulin exposure (+) was higher than that in the control group (�). Statistics are shown in (H). (I) Localization of GLT1 at the surface
of astrocytes. Cultured astrocytes were incubated with 200 nM insulin for 15 h and immunostained with rabbit polyclonal GLT1 antibody and Alexa Fluor-conjugated
secondary antibody. After fixation and permeabilization, nuclei were stained with DAPI. White arrows show the clusters of GLT1 at the surface of cell bodies and processes.
The scale bar represents 20 lm. Results are expressed as the mean ± SE of four experiments performed using independent astrocyte cultures. ⁄P < 0.05 relative to control
(Student’s t-test).
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currents. Second, the cells were stained with DAPI to visualize nu-
clei and with anti-GLT1 to observe the surface distribution of GLT1.
Fluorescent microscopy scanning indicated that incubation with
insulin caused significant transporter clustering (Fig. 1l; n = 20)
compared with the control, in which no transporter clustering
was observed (n = 20). These data demonstrate that insulin treat-
ment increases both total and surface expressions of GLT1 in cul-
tured astrocytes.
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3.2. KBBP and GLT1 mRNA levels are increased by insulin stimulation

KBBP was recently shown to be an important downstream
astroglial nuclear factor for GLT1 transcription and expression
[18]. We next tested whether insulin treatment altered KBBP
expression. Fig. 2A shows that KBBP immunoreactivity was signif-
icantly enhanced after insulin treatment, accompanied by in-
creased GLT1 as well (statistics are shown in Fig. 2B and C).
Because KBBP was reported to increase GLT1 transcription [18],
we investigated the GLT1 mRNA level by real-time PCR. Our results
indicated that insulin exposure increased the GLT1 mRNA levels
(Fig. 2D). Akt is a positive regulator of the Rheb/mammalian target
of rapamycin (mTOR) pathway [26]; thus, we examined total
expression and phosphorylation of S6, the substrate of mTOR.
Our results demonstrated that 200 nM insulin significantly in-
creased the phosphorylation of S6, while total S6 was unaltered
(Fig. 2E). These results suggest that the insulin-induced upregula-
tion of GLT1 correlates with the increased levels of KBBP and
GLT1 mRNA.

3.3. Akt is required for insulin-induced GLT1 upregulation

Previous work found that constitutively active Akt significantly
enhances the GLT1 expression [6]. We therefore examined whether
insulin could concomitantly alter the Akt expression and phos-
phorylation in the astrocyte cultures. Fig. 3A shows that the phos-
phorylation, but not the total expression, of Akt increased after
insulin treatment. To evaluate whether Akt is required for this
insulin-induced GLT1 expression, we pretreated the astrocytes
with 10 nM TCBN, a specific Akt inhibitor, for 48 h and then stim-
ulated them with 200 nM insulin. We found that TCBN was suffi-
cient to inhibit the effect of insulin on GLT1 expression (see
‘‘TCBN +’’ in Fig. 3A and B). Biotinylation assay also demonstrated
that the application of TCBN inhibited GLT1 surface expression
Fig. 2. Insulin treatment increased KBBP and GLT1 mRNA levels. Chemical treatments a
insulin for 1 h. The lysates were probed by immunoblotting with antibodies to GLT1, KBB
(+) is 165 ± 28% of control (�). (C) KBBP/GAPDH signal intensity ratios: 42 ± 13% (�) and 8
cycle threshold method. The ratios of GLT1 mRNA to b-actin mRNA in control (insulin �)
change in ratios is shown. GLT1 mRNA is 130 ± 5% of control. (E) pS6 (Ser240/Ser244)/GAP
mean ± SE of four experiments performed using independent astrocyte cultures. ⁄P < 0.0
(Fig. 3E). Interestingly, total GLT1 and surface GLT1 were largely
reduced in the presence of TCBN compared with those in the con-
trols (Fig. 3A and E), in which the cultured astrocytes had received
starvation stimulation. We also tested the actions of TCBN on Akt
and mTOR, and TCBN almost blocked pAkt and pS6, indicating that
the application of TCBN was effective in this work (Fig. 3C and D).
These data suggest that Akt is required for insulin-induced GLT1
upregulation and imply that starvation-induced GLT1 expression
might be dependent on Akt.

4. Discussion

In the present work, we found that insulin stimulation is able to
elevate both total and surface expressions of GLT1 in cultured
astrocytes, which require Akt phosphorylation and correlate with
KBBP expression and GLT1 mRNA transcription.

Wu et al. [19] showed that the GLT1 level increased in astro-
cytes treated using an ADM that may contain EGF, basic fibroblast
growth factor, and insulin [20,21]. This work extends previous
studies by showing that short-term treatment with 200 nM insulin
is sufficient to modulate GLT1 expression in cultured astrocytes.
We also found that this insulin treatment increased the phosphor-
ylation of Akt and S6, leading to speculations that insulin receptor
activation might increase KBBP and modulate GLT1 expression
through the Akt/Rheb/mTOR pathway. Future work should eluci-
date how KBBP is modulated by this pathway. Interestingly, no
obvious changes in GLAST were observed after insulin treatment,
suggesting that the modulatory mechanism of GLAST may be dif-
ferent from that of GLT1. This finding is similar to a previous study,
in which glutamate stimulation causes the upregulation of GLAST
but not that of GLT1 [27].

The factors affecting the expression of astroglial glutamate
transporters remain ambiguous, although some investigations
have suggested that these factors might be secreted from neurons
re listed as ‘‘+’’ or ‘‘�’’. (A) After starvation, astrocytes were incubated with 200 nM
P, pS6 (Ser240/Ser244), S6, and GAPDH. (B) GLT1/GAPDH signal intensity ratio. GLT1
2 ± 7% (+). (D) b-Actin and GLT1 mRNA levels were quantified using the comparative
and insulin stimulation (insulin +) conditions were then calculated. The percentage
DH signal intensity ratios: 61 ± 12% (�) and 97 ± 5% (+). Results are expressed as the
5 relative to control (Student’s t-test).



Fig. 3. Insulin-induced GLT1 expression requires the activation of Akt. After starvation, astrocytes were preincubated with 10 lM TCBN for 48 h, followed by incubation with
200 nM insulin for 1 h. Chemical treatments are listed as ‘‘+’’ or ‘‘�’’. (A) The lysates were probed by immunoblotting with antibodies to GLT1, pAkt (Ser473), total Akt (tAkt),
pS6 (Ser240/Ser244), total S6 (tS6), and GAPDH. Chemical treatments are listed as ‘‘+’’ or ‘‘�’’. (B) GLT1/GAPDH signal intensity ratios: insulin �/TCBN �, 49 ± 6%; insulin +/
TCBN �, 68 ± 7%; insulin �/TCBN +, 30 ± 6%; insulin +/TCBN +, 32 ± 3%. (C) pAkt/GAPDH signal intensity ratios: insulin �/TCBN �, 49 ± 4%; insulin +/TCBN �, 85 ± 4%; insulin
�/TCBN +, 11 ± 2%; insulin +/TCBN +, 28 ± 3%. (D) pS6/GAPDH signal intensity ratios: insulin�/TCBN �, 79 ± 4%; insulin +/TCBN�, 124 ± 1%; insulin �/TCBN +, 12 ± 3%; insulin
+/TCBN +, 18 ± 5%. (E) Astrocytic plasma membranes were biotinylated. Lysate (left) and surface (cell surface, right) fractions were probed with anti-GLT1 and anti-GAPDH
antibodies. The bar graphs in the right panel show the surface GLT1/GAPDH signal intensity ratios in insulin: insulin �/TCBN �, 59 ± 4%; insulin +/TCBN �, 113 ± 8%; insulin
�/TCBN +, 14 ± 5%; insulin +/TCBN +, 9 ± 5%. Results are expressed as the mean ± SE of four experiments performed using independent astrocyte cultures. ⁄P < 0.05, ⁄⁄P < 0.01,
and ⁄⁄⁄P < 0.005 relative to control (ANOVA).
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[12–17]. For example, Yang et al. [18] indicated that excited pre-
synaptic terminals can release unknown soluble factors (other than
glutamate) and stimulate the expression of GLT1 under pathophys-
iological conditions. Interestingly, growth factors have been impli-
cated in the transformation of quiescent astrocytes into reactive
astrocytes. In particular, the expression and activation of EGF
receptors have been reported to be upregulated in astrocytes after
injury [28]. Because insulin and EGF receptors resemble each other
in structure and antigenicity [29,30], it will be interesting to inves-
tigate whether insulin is the major factor released after injury and
whether it participates in neuron–glial interaction-mediated GLT1
expression.

Using the transfection of the dominant-negative and constitu-
tively active Akt, Li et al. [6] were able to determine that Akt is in-
volved in the regulation of GLT1. Wu et al. [19] showed that Akt is
activated upon ADM stimulation. In the present work, we found
that insulin-stimulated GLT1 expression was dependent on Akt
activity, which recruits KBBP expression by unknown mechanisms.
All these results suggest that Akt may play critical functions in
growth factor-induced GLT1 upregulation.

In summary, we have demonstrated that short-term stimula-
tion of insulin led to the upregulation of both total and surface
expressions of GLT1. In correlation with the elevated GLT1, insulin
also increased the KBBP expression and mRNA levels of GLT1, as
shown by Western blotting and real-time PCR. The phosphoryla-
tion of Akt increased after insulin treatment, and triciribine, the
inhibitor of Akt phosphorylation, significantly inhibited the effects
of insulin. Thus, our study suggests that insulin can actively mod-
ulate the expression of astrocytic GLT1, which might occur in reac-
tive astrocytes after CNS injuries.
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