
 

 

Introduction 
 
Transforming growth factor-β1 (TGF-β1) is an 
injury-related cytokine that exerts multifaceted 
functions in the developing and mature brain. 
Specifically, it is involved in the regulation of 
neuronal survival [1,2], migration [3,4], astro-
cyte development and differentiation [5], and 
cerebral gene expression [6].  In the central 
nervous system (CNS), the expression of TGF-β1 
increases acutely after various brain injuries 
including ischemia, trauma and encephalitis, or 
chronically during the process of neurodegen-
erative illnesses [7,8,9]. The collected data sug-
gest that TGF-β1 is important in orchestrating 
brain’s response to injury and/or aging. How-
ever, the role of TGF-β1 in the regulation of cen-
tral synaptic transmission remains unknown. 
The major excitatory neurotransmitter in the 
mammalian CNS is glutamate, which produces 
fast synaptic signalling through ionotropic gluta-
mate receptors (iGluRs), including α-amino-3-
hydroxy-5-methyl-4-isoxazoleproprionic acid 
(AMPA) receptor and N-methyl-D-aspartate 

(NMDA) receptor. A variety of brain diseases are 
associated with alterations in the function and/
or changes in the expression of iGluR com-
plexes at glutamatergic synapses.  For example, 
dysregulation of NMDA receptor activity is in-
volved in neurological disorders such as Alz-
heimer’s disease and schizophrenia [10]. Exces-
sive activation of certain AMPA receptors con-
tributes to both acute CNS injuries such as 
brain ischemia [11] and chronic neurodegenera-
tive diseases such as amyotrophic lateral scle-
rosis [12].  
 
Inflammatory mediators contribute to the modu-
lation of iGluRs in the cortex and hippocampus.  
For instance, tumor necrosis factor (TNF)-α 
[13,14] and interleukin (IL)-1β [15] modulate 
hippocampal AMPA receptor trafficking and/or 
expression. In particular, TGF-β1 modulates 
NMDA receptor mediated excitotoxicity [16,17]. 
We therefore hypothesized that TGF-β1 may 
regulate the expression of iGluRs in the hippo-
campus. In the present study we examined the 
expression levels of iGluRs in the hippocampus 
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of mice overexpressing TGF-β1. Our studies re-
vealed that chronically increased TGF-β1 causes 
an upregulation of AMPA and NMDA receptor 
subunits in the hippocampus. In addition, appli-
cation of TGF-β1 effectively increased glutamate
-evoked currents in cultured hippocampal neu-
rons. 
 
Materials and methods 
 
Transgenic mice 
 
The TGF-β1 transgenic mice (line T64 [18], 
hereafter called TGF-β1 mice) used in the pre-
sent study were the 2-month-old heterozygous. 
The line T64 was engineered to constitutively 
express active form of porcine TGF-β1 using a 
GFAP promoter [2,18,19,20,21]. Non-
transgenic litter-matched wild type (WT) mice 
served as controls. In accordance with the ani-
mal use protocol approved by the Animal Care 
Committee of the Hospital for Sick Children, 
mice were genotyped by means of PCR assay of 
the tail tissue. TGF-β1 mice and their WT litter-
mates were anesthetised using halothane and 
then decapitated. The brains of some mice were 
quickly removed and the neocortex and hippo-
campi were isolated, frozen and stored at -80°
C.  Some brains were fixed in 4% paraformaldy-
hyde (PFA).  
 
Western Blot 
 
The general procedure of Western blotting was 
carried out as previously described [22]. Briefly, 
the cortical and hippocampal tissues were ho-
mogenized in RIPA buffer containing 1% Non-
idet P-40, 0.1% Sodium dodecyl sulphate, 0.5% 
Deoxycholic acid and protease inhibitors. Pro-
tein concentrations were assayed by the Brad-
ford method (Bio-Rad Laboratories, Hercules, 
CA, USA). 
 
Protein samples (30–60 µg) were fractionated 
on SDS-polyacrylamide gel electrophoresis and 
transferred to nitrocellulose membranes (Bio-
Rad Laboratories). Membranes were blocked 
with 5% skim milk powder in TBS-T (0.1% Tween 
20, 1mM Tris-HCl pH 8.0 and 150mM NaCl) or 
5% bovine serum albumin (BSA) in TBS-T and 
were incubated at 4oC overnight in primary anti-
bodies. The commercially available primary anti-
bodies used included anti-glial fibrillary acidic 
protein (GFAP, 1:50,000, Abcam Inc., Cam-
bridge, MA, USA), anti-GluR2 (1:200, Santa Cruz 

Biotechnology, Santa Cruz, CA, USA), anti-GluR4 
(1:200, Santa Cruz Biotechnology), anti-
NMDAR1 (1:500, BD Biosciences, Bedford, MA, 
USA), anti-NMDAR2A/B (0.3 µg/mL, Millipore, 
Billerica, MA, USA), anti-porcine TGF-β1 
(1:2,000, Cell Sciences, Inc., Canton, MA, USA), 
anti-β-actin (1:5,000, Sigma, St. Louis, MO, 
USA), and horseradish peroxidase (HRP)-
conjugated Glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) (1:5000, Abcam Inc.). β-
actin or GAPDH were used as loading controls. 
After three washes in TBS-T, blots were incu-
bated with appropriate HRP-conjugated secon-
dary antibodies for 2 hours and proteins of in-
terest were detected with ECL Western Blotting 
Detection Reagent (GE Healthcare, Bucking-
hamshire, UK). The blotting films were scanned 
using GeneSnap (Syngene, Synoptics Ltd., Cam-
bridge, UK) acquisition software and band den-
sities were quantified using the GeneTool 
(Syngene, Synoptics Ltd.) program. The assay 
was repeated at least 2-3 times for each anti-
body tested. Values of the band density were 
normalized to the level of respective β-actin or 
GAPDH. 
 
Cell Cultures 
 
Time-pregnant Wistar rat (Charles River, St. Con-
stant, QC, Canada) was anesthetised using 
isofluorane and sacrificed by cervical disloca-
tion. Rat fetus at embryonic day 18 (E18) were 
taken out.  For primary culture of astrocytes, the 
neocortex was quickly dissected from the brain 
of rat fetus and mechanically triturated. The 
dissociated neocorticial cells were cultured in 
Dulbecco’s MEM (DMEM) (Invitrogen, Carlsbad, 
CA, USA) supplemented with 10% fetal bovine 
serum (FBS). Until 75% confluency, the cells 
were stripped from the dish and re-plated on 
poly-D-lysine (Sigma) coated glass coverslips. 
More than 95% of the cells grown on the cover-
slips were astrocytes. The general procedure for 
culturing hippocampal neurons was the same 
as previously described [22]. Briefly, the hippo-
campi were isolated from the fetus’ brain and 
put in plating medium, consisting of B27-
supplemented Neurobasal medium (Invitrogen, 
Carlsbad, CA), with 0.5 mM L-glutamine, 25 μM 
glutamic acid, 0.5 mM sodium pyruvate, and 
0.5% FBS. The hippocampal tissues were gently 
and mechanically triturated without enzymatic 
treatment. Dissociated  neurons were seeded 
on poly-D-lysine coated 35 mm Nunc culture 
dish (Fisher Scientific, Pittsburgh, PA, USA), or 
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on top of cultured astrocytes that grew on glass 
coverslips. After overnight incubation (37oC, 
95% air and 5% CO2), two-thirds of the medium 
were replaced with maintenance medium made 
up of Neurobasal medium, 0.5 mM L-glutamine 
and 2% B-27 (1:50) supplement. The cultured 
neurons together with astrocytes were used for 
immunostaining on 7th day in vitro (DIV). The 
hippocampal cells that were not co-cultured 
with astrocytes were grown over 12 days and 
the medium was replaced every 3-4 days. Under 
such culture conditions, more than 96% of dis-
sociated hippocampal cells left in the dish were 
neurons with few astrocytes [22]. These hippo-
campal neurons were treated with fresh TGF-β1 
(4 ng/ml, R&D Systems, Minneapolis, MN, USA) 
on the first day of culture and were treated con-
tinuously by adding TGF-β1 to the cultured me-
dium every 3 days when changing the culture 
medium.  
 
Immunostaining and Confocal Microscopy 
 
Immunocytochemical procedure was performed 
as previously described [22]. For immunohisto-
chemistry, fixed brain specimens were cut using 
a 1000 Plus Vibratome (Pelco 102, Ted Pella 
Inc., Redding, CA, USA) into 40-µm free-floating 
sections. Tissue sections were permeabilized in 
0.25% Triton X-100, blocked in 10% normal 
serum in 0.25% Triton X-100 for 2 hours, 
washed with Phosphate-Buffered Saline (PBS), 
and then incubated with primary antibodies 
overnight. After three washes with PBS, Cy3- or 
FITC-conjugated secondary antibodies (Jackson 
ImmunoResearch Laboratories, Inc., West 
Grove, PA, USA) were added for incubation at 
room temperature for 2 hours. When necessary, 
the process was repeated for double labelling of 
another primary antibody. We repeated the im-
munohistochemical assays of each protein in 
brain tissue sections of 2–4 mice. Primary anti-
bodies used in immunostaining included anti-
CD11b (1:150, AbD Serotec, Oxford, UK), anti-
GFAP Cy3 conjugate (1:1,000, Sigma-Aldrich), 
and microtubule-associated protein 2 (MAP2, 
1:400, Millipore). Confocal images of stained 
brain tissues were captured using a 40x lens in 
a Zeiss Axiovert 200 inverted microscope at-
tached to Zeiss LSM510 scanning unit (Carl 
Zeiss, Göttingen, Germany). The visual field was 
randomly moved to a site of the cell-culture or 
tissue section. Digital images were analyzed 
using ImageJ (NIH) software. 
 

Whole-cell Patch Clamp Recording 
 
Whole-cell patch clamp recordings were per-
formed in cultured hippocampal neurons on the 
11th and/or 12th DIV unless otherwise specified. 
All electrophysiological measurements were 
performed at room temperature (~24oC) using a 
MultiClamp 200B amplifier (Axon Instruments, 
Foster City, CA, USA). During recordings, the 
cultured cells were bathed with an extracellular 
solution (ECS) composed of (in mM): 154 NaCl, 
2 CaCl2, 5 KCl, 5 HEPES, 10 Glucose, 0.001 
tetrodotoxin (Alomone Labs Ltd., Jerusalem, 
Israel), with pH 7.4 and osmolarity ~315 mOsm. 
Cells in control and TGF-β1 treated dishes were 
randomly selected under microscope. The resis-
tance of patch electrode was 3-4 MΩ when filled 
with intracellular solution (ICS) containing (in 
mM): 130 CsCl, 2 MgCl2, 1 CaCl2, 11 EGTA, 10 
HEPES, 4 MgATP, with pH 7.3 and osmolarity 
~315 mOsm. After whole-cell configuration, the 
recorded cell was voltage-clamped at -60 mV, 
and glutamate (100 μM) was focally applied to 
the cell by means of computer-controlled multi-
barrel perfusion system (Warner Instruments, 
Hamden, CT, USA). The electrical signal was 
acquired via the Digidata 1322 acquisition sys-
tem and saved in a computer using pCLAMP 
program (Axon Instruments) for off-line analysis 
using Clampfit program (Axon Instruments). 
 
Statistical Analyses 
 
Statistical analyses were performed with Sig-
maplot software (SPSS, Chicago, IL, USA). All 
data were examined using Student’s t-tests and 
presented as mean ± standard error of mean. 
The statistical significance was considered at 
the p < 0.05. 
 
Results 
 
Confirmation of increased expression of TGF-β1 
in the neocortex and hippocampus of TGF-β1 
transgenic mice 
 
It was previously reported that both the trans-
genically-expressed porcine TGF-β1 mRNA and 
the endogenousely expressed TGF-β1 mRNA are 
increased in the brain of TGF-β1 mice [18]. To 
confirm the PCR genotyping results, we per-
formed Western blot assays of the hippocampal 
and neocortical homogenates of TGF-β1 mice 
and WT littermates using rabbit anti-porcine TGF
-β1. The blotting results demonstrated the pres-
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ence of the porcine TGF-β1 protein in the hippo-
campus and neocortex of TGF-β1 mice, whereas 
virtually no porcine TGF-β1 protein was detected 
in the tissues of the WT littermates (Figures 1A 
and 1B, n = 7 paired samples from 7 TGF-β1 
mice and 7 WT littermates, respectively). The 
detected immunoblotting band was approxi-
mately 45 kDa, which represents the unproc-
essed form of porcine TGF-β1 [18]. Notably, 
regional disparities between the hippocampal 
and neocortical expression of TGF-β1 were ob-
served in the TGF-β1 mice used in this study. 
Specifically, the porcine TGF-β1 protein density 
in the hippocampus was approximately 2.5 
times greater than that of the cortical extract 
(Figure 1B). 
 
Increased TGF-β1 leads to activation of glial 
cells 
 
Astrocytes and microglia constitute the major 
populations of glial cells in the CNS. TGF-β1 

mice display a characteristic pattern of perivas-
cular astrocytosis [18]. TGF-β1 regulates the 
expression of GFAP [23]. GFAP is an intermedi-
ate filament found specifically in astrocytes, and 
its accumulation indicates astrocyte activation. 
To study the profiles of astrocytosis in the neo-
cortex and hippocampus, we made immunohis-
tochemical assays of brain sections from TGF-
β1 mice (n = 3) and WT littermates (n = 3) using 
antibodies against GFAP. Consistent with a pre-
vious report [18], our assays revealed that as-
trocytic overexpression of TGF-β1 in the T64 
mice led to astrocytosis, as indicated by an in-
crease in the immunoreactivities of GFAP in the 
hippocampus and neocortex (Figure 2A). Our 
imaging analysis showed that in comparison to 
the WT controls, the GFAP-immunopositive cells 
in TGF-β1 mice were ramified, forming more 
spreading branches (Figure 2B-1), thus display-
ing larger GFAP staining areas within unitary 
image fields (Figure 2B-2). Our data also re-
vealed that in both the WT and TGF-β1 mouse 
brains, more GFAP-immunopositive astrocytes 
were found in the hippocampus than in the neo-
cortex (not shown), as indicated by approxi-
mately 2.5 times more GFAP immunoreactivity 
in the hippocampus than in the neocortex 
(Figure 2B-2). Consistent with the image analy-
sis, our Western blot assays also demonstrated 
a significant increase of GFAP in the hippocam-
pus and neocortex of TGF-β1 mice in compari-
son to the WT controls, displaying 2.5 times 
larger amount of GFAP in hippocampal tissues 
than in neocortical tissues (Figures 2C-1 and 2C
-2). 
 
In addition to astrocytosis, aged TGF-β1 mice 
(≥12-month-old) display microgliosis [9], sug-
gesting that increased TGF-β1 causes an activa-
tion of microglia. To examine whether microglial 
cells are also activated in the hippocampus and 
neocortex of young mice in response to chroni-
cally increased TGF-β1, we performed immuno-
histochemistry of brain sections prepared from 
WT and TGF-β1 mice that were approximately 2-
month-old. We stained for cluster of differentia-
tion molecule 11b (CD11b, also known as Mac-
1), which is a cell surface antigen restricted to 
microglia (or infiltrated macrophages) in the 
brain. Increased CD11b is a hallmark of micro-
glia activation [24,25]. Immunohistochemical 
staining identified more CD11b-immunopositive 
microglia in the hippocampus and neocortex of 
TGF-β1 mice than that in WT mice (Figure 3A). 
Notably, when compared with the WT controls, 

Figure 1. Expression of TGF-β1 in brains of T64 
transgenic mice.  A. Representative blot of im-
munoblotting assays of porcine TGF-β1 in hippo-
campal and neocortical tissues from wild-type (WT) 
and TGF-β1 mice (T64). In this figure and all other 
figures, WTh = WT hippocampus; T64h = T64 hip-
pocampus; WTc = WT neocortex; T64c = T64 neo-
cortex. B. Summary of the normalized density of 
porcine TGF-β1 blots (WTh: 0.00; T64h: 
1.4989±0.1187; WTc:0.00; T64c: 0.5415±0.1298; 
n = 7 blots of tissues from 7 animals in each 
group).  



Excessive TGF-β1 increases iGluR expression  

 
 
13                                                                                    Int J Physiol Pathophysiol Pharmacol 2011;3(1):9-20 

 

Figure 2. Overexpression of TGF-β1 
leads to astrocytosis in the neocortex 
and hippocampus. A. Representative 
images of GFAP staining in sub-regions 
CA1, CA3 and dentate gyrus (DG) of 
the hippocampus and the neocortex of 
WT and TGF-β1 (T64) mice. Scale bar = 
100 µm (CA1, CA3, and DG Hilus) and 
50 µm (Neocortex), respectively. B-1. 
Converted black and white images 
were used for the measurement of the 
area of GFAP-stains using Image-J. 
Note the increase of fine neurites in 
astrocytes in TGF-β1 mice. B-2. Show-
ing are the areas (pixels) of GFAP 
stains in the hippocampus of WT and 
TGF-β1 mice (WTh:  483±39, 
T64h:1033±162, n = 6 images in each 
group, *P<0.05; WTc: 194±32; T64c: 
413±69, n = 6 images in each group, 
*P<0.05). C-1. Representative blots of 
immunoblotting assays of GFAP in 
hippocampal and neocortical tissues 
from WT and TGF-β1 mice. C-2. Nor-
malized density of immunoblot of GFAP 
(WTh: 1.15±0.23, T64h:2.78±0.22, n 
= 3 blots of tissues from 3 mice in 
e a c h  g r o u p ,  * P< 0 . 0 5 ;  W T c : 
0.37±0.22; T64c: 1.57±0.13, n = 3 
blots of tissues from 3 mice in each 
group, *P<0.05). 

Figure 3. Excessive TGF-β1 
induces microgliosis in the neo-
cortex and hippocampus.  A. 
Representative of confocal 
microscopic images of immu-
nostained CD11b in sub-
regions CA1, CA3 and DG of the 
hippocampus and the neocor-
tex of WT and TGF-β1 (T64) 
mice. Scale bar = 100 µm (CA1, 
CA3, and DG Hilus) and 50 µm 
(Neocortex), respectively.  B-1. 
Converted black and white im-
ages were used for measuring 
the area of CD11b-stains. Note 
the increase of branches with 
microglia in TGF-β1 mice. B-2. 
Plotting data show the areas of 
CD11b stains in the hippocam-
pus of WT and TGF-β1 mice 
(WTh: 203±24, T64h:431±51, 
n = 6 images in each group, 
*P<0.05; WTc: 121±12; T64c: 
241±19, n = 6 images in each 
group, *P<0.05). 
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microglia in the hippocampus and neocortex of 
TGF-β1 mice exhibited bulky cell body (Figure 
3A, right panel) that was associated with more 
and thicker branch processes (Figure 3B-1), 
resulting in larger staining areas of CD11b 
within unitary image fields (Figure 3B-2). These 
findings suggest that chronic increase of TGF-β1 
induces microglial activation in the brain of 
young mice. 
 
Increased TGF-β1 upregulates the expression of 
ionotropic glutamate receptors in the hippo-
campus and neocortex 
 
To investigate whether chronic overexpression 
of TGF-β1 affects glutamatergic synapses in the 
hippocampus and neocortex, we measured the 
expression levels of GluR2, GluR4, NR1 and 
NR2A/B subunits by Western blot assays. We 
examined these iGluR subunits because GluR2 
as well as NR1 and NR2A/B subunits are the 
predominant subunits of synaptic AMPARs and 
NMDARs, respectively [26,27]. Although GluR4 
is generally lower throughout the CNS, it is 
highly expressed in the hippocampus at the 
early developmental stage. Our Western blot 
assays revealed that when compared with the 
WT littermate controls, protein level of AMPA 
receptor GluR2 subunit, but not GluR4 subunit, 
was increased in the hippocampus of TGF-β1 
mice (Figure 4).  In addition, the NMDA receptor 
NR1 and NR2A/B subunits were also signifi-
cantly upregulated in the hippocampus of TGF-
β1 mice (Figure 5). We also observed that when 
compared with the WT controls, the expression 
of these tested iGluR subunits in the neocortex 
of TGF-β1 mice showed a trend of increase but 
was not significant. 
 
TGF-β1 produces changes in morphology of 
cultured hippocampal astrocytes and pyramidal 
neurons 
 
To examine whether gliosis and increased ex-
pression of iGluRs in hippocampal neurons of 
TGF-β1 mice directly result from chronic expo-
sure to increased TGF-β1, we treated primary 
cultures of astrocytes and neurons isolated 
from the hippocampus of rat fetus with TGF-β1. 
The treatment was administered beginning on 
the first day in culture for 7 – 11 days, and the 
effect of TGF-β1 on the morphology of the cul-
tured astrocytes and neurons was examined 
using immunocytochemistry and confocal mi-
croscopy.  By counting the cells, we found that 

TGF-β1 treatment did not affect the proliferation 
of astrocytes (not shown) but changed the mor-
phology of astrocytes. Specifically, the TGF-β1 
treated astrocytes displayed higher immunore-
activity to GFAP when compared with the con-
trols, and they were ramified with more outgrow-
ing branches (Figure 6A, right panel). In addi-
tion, TGF-β1 treatment increased the neurite 
outgrowth of pyramidal neurons. The increased 
neurites were immunopositive against micro-
tubule-associated protein 2 (MAP2), a neuron-
specific cytoskeletal protein that is rich in den-
drites (Figure 6A, middle panel). Moreover, the 
dendrites of TGF-β1 treated neurons were asso-
ciated with more spine-like extrusions (Figure 
6B-1). Consequently, TGF-β1 treatment in-
creased the immunostaining area of MAP2 with 
unitary image field (Figure 6B-2). Taken to-
gether, our results indicate that chronic expo-
sure of hippocampal astrocytes and neurons to 

Figure 4. Chronic increase of TGF-β1 augments 
AMPA receptor subunit expression. A-1. Example 
blots of GluR2 in hippocampal and neocortical tis-
sues from WT and TGF-β1 mice. A-2. Summary of the 
normalized density of immunoblot of GluR2 in hippo-
campal and neocortical tissues from WT and TGF-β1 
mice (WTh: 1.0±0.5, T64h:1.74±0.21, n = 4 blots of 
tissues from 4 mice in each group, *P<0.05; WTc: 
1.35±0.13; T64c: 1.50±0.14, n = 4 blots of tissues 
from 4 mice in each group, P<0.05).  B. Example 
blots of GluR4 in hippocampal and neocortical tis-
sues from WT and TGF-β1 mice.  
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Figure 5. Chronic increase of TGF-β1 enhances NMDA receptor subunit expression. A-1. Example blots of NR1 subunit 
in hippocampal and neocortical tissues from WT and TGF-β1 mice. A-2. Summary of the normalized density of im-
munoblot of NR1 in hippocampal and neocortical tissues from WT and TGF-β1 mice (WTh: 0.6±0.15, 
T64h:1.35±0.25, n = 3 blots of tissues from 3 mice in each group, *P<0.05; WTc: 0.61±0.12; T64c: 0.94±0.25, n = 
3 blots of tissues from 3 mice in each group).   B-1. Example blots of NR2A/B subunit in hippocampal and neocortical 
tissues from WT and TGF-β1 mice. B-2. Summary of the normalized density of immunoblot of NR2A/B in hippocampal 
and neocortical tissues from WT and TGF-β1 mice (WTh: 0.19±0.04, T64h: 0.55±0.12, n = 5 blots of tissues from 5 
mice in each group, *P<0.05; WTc: 0.3±0.08; T64c: 0.4±0.11, n = 5 blots of tissues from 5 mice in each group). 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Treatment of cultured hippocam-
pal neurons with TGF-β1 increases neurite 
outgrowth. A. Example confocal microscopic 
images of cultured hippocampal cells that 
were double-stained for GFAP and MAP2, 
cellular markers for astrocytes and neu-
rons, respectively.  B-1. The black and white 
images of MAP2 staining illustrate the mor-
phology of control neurons (left) and TGF-
β1 treated neurons (right). Note the in-
crease of neurites in TGF-β1 treated cul-
tures. B-2. Plot summarizes the stained 
areas of MAP2 in control and TGF-β1 
treated hippocampal neuron on the 7th DIV 
(Control: 120±13, TGF-β1:185±16, n = 6 
images in each group, *P<0.05).  
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TGF-β1 alters their morphology. 
TGF-β1 enhances glutamatergic activity in cul-
tured hippocampal neurons 
 
We found that the expression of some iGluR 
subunits was increased in the hippocampus of 
TGF-β1 mice. To ascertain the direct effect of 
TGF-β1 on glutamatergic transmission in hippo-
campal neurons, we used whole-cell voltage-
clamp recordings to measure glutamate-evoked 
currents in cultured hippocampal neurons 
treated with or without TGF-β1. Our study re-
vealed that TGF-β1 treatment significantly in-
creased glutamate-evoked transmembrane cur-
rent (n = 17 neurons in the control and the TGF-
β1 treated group, respectively) (Figures 7A and 
7B). This finding further indicates that TGF-β1 
can directly regulate hippocampal glutamatergic 
activities. 
 
Discussion 
 
The expression of TGF-β1 is upregulated in the 
brain following chronic injuries [28]. This in-
creased expression of TGF-β1 is often accompa-
nied by gliosis and alterations in glutamatergic 
functions [29,30]. Thus, TGF-β1 mice serve as a 
useful tool to study the role of TGF-β1 in the 

regulation of glutamatergic transmission. In the 
current study, we demonstrated that astrocyto-
sis and microgliosis occur in the TGF-β1 mice at 
young ages. More importantly, we found that 
chronically increased TGF-β1 enhances the ex-
pression of key iGluR subunits in hippocampal 
neurons. 
 
Chronically increased TGF-β1 causes gliosis in 
the brain 
 
Gliosis, including astrocytosis and microgliosis, 
is one of the major constituents of inflammatory 
responses in the CNS [3,9]. Astrocytes respond 
to injuries and/or inflammatory signals with 
morphological changes as well as increased 
expression of various structural molecules such 
as GFAP and secretary cytokines including TGF-
β1 [18]. Microglia are macrophage-like immune 
cells residing in the CNS. In response to injuries 
and/or inflammatory signals, microglia partici-
pate in the processes of antigen presentation, 
phagocytosis and production of cytokines [3], 
contributing to the pathogenesis of neurodegen-
erative diseases [31]. A previous study reported 
that aged TGF-β1 mice (>12-month-old) display 
astrocytosis with most prominence around cere-
bral blood vessels [18]. Consistent with this 

Figure 7. Treatment of cultured hip-
pocampal neurons with TGF-β1 en-
hances glutamate-evoked current. A. 
Representative traces of glutamate-
evoked current in cultured WT rat 
hippocampal neurons (DIV11-12) 
that were treated with or without 
(control) TGF-β1.  B. Plotted is the 
summary of glutamate-evoked peak 
current (IPeak) and steady state cur-
rent (ISS) recorded from control and 
TGF-β1 treated neurons (IPeak: con-
trol = 408±36 pA, TGF-β1 = 565±66 
pA, n = 17, *P<0.05; ISS: control = 
250±26 pA, TGF-β1 = 353±50 pA, n 
= 17, *P<0.05).   
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previous report, we found astrocytosis and mi-
crogliosis in the same strain of transgenic mice 
at young ages, suggesting that gliosis is not de-
pendent on age but it is a reaction to chronically 
increased production of TGF-β1.  Our study also 
found that there are more astrocytes in the hip-
pocampus than in the neocortex of WT mouse 
brains, and overexpression of TGF-β1 propor-
tionally increased the expression of GFAP in the 
hippocampus and neocortex, respectively 
(Figures 2B and 2C). The larger GFAP stained 
area may indicate a larger population of astro-
cytes in the hippocampus. Perhaps, this may 
explain the higher increase of porcine TGF-β1 
(Figure 1) and stronger inflammatory reaction in 
the hippocampus, as indicated by robust micro-
gliosis in this brain region (Figure 3B). 
 
While overproduction of  TGF-β1 induces inflam-
matory responses including widespread gliosis 
in the brain of aged mice [19,20], TGF-β1 defi-
ciency also elicits extensive microgliosis and 
infiltration of immune cells, causing increased 
apoptotic neurons with reduced synaptic integ-
rity in the neocortex [2]. Interestingly, TGF-β1 
stimulates microglia-mediated clearance of 
amyloid-β peptide [21] and inhibits microglial 
activity, thereby minimizing inflammation in the 
brain [32,33]. Together, these data suggest that 
alteration in TGF-β1 expression in the brain is 
closely related to glial cell activation, and such 
changes in the homeostatic balance of TGF-β1 
expression leads to inflammatory responses in 
the brain. 
 
TGF-β1 overexpression alters the hippocampal 
expression of AMPA and NMDA receptor sub-
units 
 
Previous studies indicated that altered TGF-β1 
expression occurs under neurodegenerative 
conditions, which are often associated with 
structural and functional changes in glutamater-
gic synapses.  On a related note, it is well known 
that glial cells, astrocytes in particular, modu-
late glutamatergic synaptic functions by control-
ling glutamate-glutamine cycle [34]. In addition, 
glia-derived proinflammatory cytokines, TNF-α 
[13,14] and IL-1β [15], regulate the expression 
and localization of iGluRs in hippocampal neu-
rons. 
 
In the present study, we found that chronically 
increasing TGF-β1 production significantly en-
hances the expression of some iGluR subunits 

in the hippocampus (Figures 4 and 5), thus 
demonstrating a critical role of TGF-β1 in the 
regulation of glutamatergic synaptic functions. 
Our immunoblot assays displayed a slight but 
insignificant increase of iGluR subunits in the 
neocortex of TGF-β1 mice. This minor increase 
of iGluR subunits in the neocortex of the TGF-β1 
mice may be due to the lower expression level 
of TGF-β1 in this brain region (Figure 1). 
 
At glutamatergic synapses, AMPA and NMDA 
receptors are the major subtypes of iGluRs that 
mediate fast excitatory transmission [35,36]. 
Both receptors have specific expression profiles 
across the brain, with differences in regional 
distribution and subunit composition [37,38]. In 
the adult hippocampus, AMPA receptors pre-
dominantly consist of GluR1-GluR2 or GluR2-
GluR3 subunits [39,40], whereas most NMDA 
receptor complexes contain two NR1 and two 
NR2 subunits [41]. In contrast, GluR4 is highly 
expressed in the hippocampus only in the early 
developmental stage [42]. We found that in the 
young adult TGF-β1 mice, the major iGluR sub-
units GluR2, NR1 and NR2A/B, but not GluR4, 
are significantly increased in the hippocampus, 
suggesting that TGF-β1 regulates iGluR expres-
sion in a subunit-specific manner. 
 
Astrocytes control the extracellular concentra-
tion of glutamate in the brain by up-taking and 
releasing glutamate [43,44]. Interestingly, TGF-
β1 has been shown to increase glutamate con-
centration by inhibiting astrocytic clearance of 
glutamate [45]. Considering that glutamate re-
leased from astrocytes modulates iGluRs in hip-
pocampal synapses [44], it is plausible that TGF
-β1-induced astrocytosis contributes to the regu-
lation of iGluR functions. Given that hippocam-
pal astrocytes express AMPARs [46], the in-
creased expression of GluR2 subunits in the 
hippocampus of TGF-β1 mice might also be as-
sociated with increased expression in astro-
cytes. TGF-β1 receptors are abundantly ex-
pressed in the neurons [47] and glial cells [8], 
and the activation of TGF-β1 signalling produces 
long-term effects on synaptic transmission 
[48,49]. Since glial cells serve as the major 
sources of TGF-β1 in the cortex and hippocam-
pus [7], the increased expression of iGluR sub-
units in hippocampal neurons of TGF-β1 mice 
could be a direct consequence of enhanced TGF
-β1 activity on neurons or a consequence of 
indirect activation of glial cells. Our findings 
showed that treating cultured hippocampal neu-
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rons with TGF-β1 enhanced glutamate receptor-
mediated currents (Figure 7), further suggesting 
that TGF-β1 can directly regulate the activity of 
iGluRs in neurons. 
 
The present study revealed a significant in-
crease of NR1 and NR2 subunit expression in 
the hippocampus of TGF-β1 mice. It is important 
to note that excessive glutamate and/or overex-
pressed NMDA receptors result in excitotoxicity 
[50]. For example, over-activation of NMDA re-
ceptors triggers a gratuitous entry of Ca2+, which 
in turn activates proteolytic enzymes such as 
calpains, which degrade essential proteins [51]. 
The increased intracellular Ca2+ enhances the 
mitochondrial electron transport and the pro-
duction of reactive oxygen species, conse-
quently inducing neuronal apoptosis [52]. 
Therefore, the enhanced expression of NMDA 
receptor subunits in TGF-β1 mice may explain, 
at least partially, the influence of increased TGF-
β1 in the process of neurodegeneration [20]. 
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