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Abstract: Autism is a neurodevelopmental disorder characterized by abnormal reciprocal social interactions, com-
munication deficits, and repetitive behaviors with restricted interests. Most of the available research on autism is
focused on children and young adults and little is known about the pathological alternation of autism in older adults.
In order to investigate the neurobiological alternation of autism in old age stage, we compared the morphology and
synaptic function of excitatory synapses between the BTBR mice with low level sociability and B6 mice with high
level sociability. The results revealed that the number of excitatory synapse colocalized with pre- and post-synaptic
marker was not different between aged BTBR and B6 mice. The aged BTBR mice had a normal structure of dendritic
spine and the expression of Shank3 protein in the brain as well as that in B6 mice. The baseline and KCl-evoked
glutamate release from the cortical synaptoneurosome in aged BTBR mice was lower than that in aged B6 mice.
Overall, the data indicate that there is a link between disturbances of the glutamate transmission and autism.
These findings provide new evidences for the hypothesis of excitation/inhibition imbalance in autism. Further work

is required to determine the cause of this putative abnormality.
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Introduction

Autism is a severe neurodevelopmental disor-
der characterized by impairments in social
interaction, deficits in verbal and non-verbal
communication and repetitive behavior and
restricted interests, yet little is known about
older adults with autism [1]. The most relevant
research indicates that autism is just as preva-
lent in older people as they are in younger age
groups, around 1 in 150 older people is likely to
be affected by autism [2]. Studies that investi-
gate the pathology of autism in an aged physi-
ological context are lacking. Animal models are
a useful tool in the search for pharmacological
treatment for the core symptoms of autism.
Inbred strains of mice differ in their levels of
sociability, and several strains have reduced
social interactions [3, 4]. The BTBR T* Itpr3*
(BTBR) mice have emerged as strong candi-
dates to serve as models of a range of autism-
relevant behaviors, showing deficiencies in
social behaviors and reduced or unusual ultra-

sonic vocalizations as well as increased repeti-
tive self-grooming [5-7]. Recently, it has been
reported that a reduction in social behavior per-
sists into old age in male BTBR mice [8].
However, the neurobiological factors that
account for the BTBR sociability levels are
largely unknown.

The brains of individuals with autism involve
deficits in information processing, characteriz-
ed by hyperconnectivity in local circuits and
hypoconnectivity between brain regions [9].
Inhibitory and excitatory synapses play funda-
mental roles in information processing in the
brain. Inappropriate loss of synaptic stability
could lead to the disruption of neuronal circuits
and to brain dysfunction [10, 11]. BTBR mice in
young adults had reduced spontaneous
y-aminobutyric acid (GABA) neurotransmission.
Treatment with low doses of benzodiazepines,
which increase inhibitory neurotransmission
through positive allosteric modulation of post-
synaptic GABAA receptors, improved deficits in
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social interaction, repetitive behavior, and spa-
tial learning [7]. Similarly, another study showed
that BTBR mice exhibited weakened GABA cir-
cuits and compromised postnatal pruning of
cross-modal input. Transient pharmacological
enhancement by diazepam in BTBR mice dur-
ing an early sensitive period rescued inhibition
and integration in the adult insular cortex [12].
Nevertheless, the features of brain structure
and function in older adults are poorly
understood.

The capacity of excitatory synapses to rapidly
modify the membrane expression of glutamate
receptors plays a critical role in information
processing [13]. Most glutamatergic excitatory
synapses occur on small protrusions along den-
drites called dendritic spines that contain the
postsynaptic machinery. Dendritic spines are
the major site for excitatory transmission in the
brain. Dendritic spine pathology accompany
synapse formation, maintenance and elimina-
tion, allowing the establishment and remodel-
ing of connectivity within neuronal circuits [14].
Shank family proteins are synaptic scaffold pro-
teins at the postsynaptic density (PSD) of excit-
atory synapses. Shank3 was the first gene in
the Shank family reported to be associated
with autism. In vitro and in vivo studies high-
light the important role of Shank3 for synaptic
function in spine morphogenesis and synaptic
plasticity [15].

Glutamate is the principal excitatory neu-
rotransmitter in the central nervous system
and plays a critical role in numerous functions,
such as cognition, movement, learning and
memory [16]. Excessive glutamate release and
activation of the glutamate receptors has been
implicated as a pathophysiological factor in
multiple neurological disorders [17]. However,
the role of glutamate release in autism in older
adults is unclear. To investigate the neurobio-
logical alternation of autism in old age stage, in
the present study, we compared the morpholo-
gy and synaptic function of excitatory synapses
between the BTBR mice with low level sociabil-
ity and C57BL/6 (B6) mice with high level
sociability.

Materials and methods
Animals

B6 and BTBR mice breeding pairs were pur-
chased from Model Animal Research Center of
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Nanjing University (Nanjing, China) and bred at
Shanxi Medical University. Subject mice were
weaned at 21+1 days of age, then group
housed by sex and strain in standard mouse
cages containing 2-4 mice. Standard rodent
chow and tap water were available ad libitum.
The colony room was maintained on a 12:12
light/dark cycle, with lights on at 7:00 AM. Male
BTBR mice (15 months of age) and male B6
mice (15 months of age) were used. We certify
that all applicable institutional and governmen-
tal regulations concerning the ethical use of
animals were followed during the course of this
research.

Synaptic assay

For excitatory synapse quantification, animals
were sacrificed by decapitation and rapidly the
brains were fixed in 4% PFA by direct immersion
overnight at 4°C. Then the brains were coro-
nally sectioned (200 um thick) using a vibra-
tome at room temperature and stored in anti-
freeze solution (30% ethylene glycol, 20%
glycerol, and 50% 0.05 M phosphate buffer) at
-20°C until use.

Synapse quantification was performed as pre-
viously described [18]. Briefly, sections were
washed three times for 10 min in PBS and then
placed in 0.01% Triton X-100 in PBS solution for
15 min at room temperature and incubated in
blocking solution containing 10% goat serum
for 1 h at room temperature. Rabbit anti-
Shank3 (1:250, Synaptic Systems) to label glu-
tamatergic postsynaptic compartments and
guinea pig anti-VGLUT 1 (1:500, Synaptic
Systems) to label glutamatergic presynaptic
terminals were added to the PBS, and sections
were incubated overnight at 4°C. For some sec-
tions, the primary antibody was omitted as a
control. Tissue was washed three times for 15
min in PBS, and was incubated in secondary
antibody solution consisting of goat anti guin-
ea-pig Alexa Fluor 488 (VGLUTZ, 1:1000,
Invitrogen) and goat anti rabbit Alexa Fluor 647
(Shank3, 1:1000, Invitrogen) for 1 h at room
temperature in the dark. The sections were
washed five times in PBS and incubated in DAPI
solution. Slices were washed in PBS and
mounted with ProLong Antifade (Invitrogen).

Images were collected using a 60x oil-immer-
sion objective lens on a confocal laser scanning
microscopy (FV1000, Olympus). As previously
described [18], at least 3 animals were includ-
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ed for each group. Synapses were quantified
using single confocal planes collected with a 4
x digital zoom factor in somatosensory cortex.
Colocalized puncta were identified using the
Puncta Analyzer plug-in in NIH Image/J as
described [19].

Denderitic spine assay

According to the method described in our previ-
ous work [20], the brains were fixed and coro-
nally sectioned (200 um thick) using a vibra-
tome at room temperature. Slices were
incubated with Vybrant-Dil cell-labeling solution
(1:150, Invitrogen) for 36 h at 4°C to allow Dil
crystals to diffuse fully along the neuronal
membranes. Then the slices were bathed in the
PBS for 48 h to allow more time for diffusion
and mounted on glassslides with ProLong Gold
antifade reagent (Invitrogen). All images were
taken within 7 days after coverslipping using a
60x oil-immersion objective lens with a 4x digi-
tal zoom factor in somatosensory cortex on a
confocal laser scanning microscopy (FV1000,
Olympus).

Western blot

The mouse cortices were homogenized in RIPA
buffer. A Bradford assay was performed to cal-
culate protein yield and 50 pg of the homoge-
nate was resolved via electrophoresis on 10%
SDS-PAGE gels. The gels were transferred to
PVDF membranes, and incubated in a solution
of 5% non-fat milk for 2 h at room temperature.
Blots were incubated with anti-Shank3 (1:1000,
Synaptic Systems) overnight at 4°C, washed
four times for 15 min in PBS with 0.1% Tween
20, followed by 1 h incubation with a horserad-
ish peroxidase conjugated goat anti-rabbit
(1:20 000, EarthOx). Blots then were washed
four times for 15 min and visualized using che-
miluminescent substrate (Millipore). As previ-
ously described [8], 3 animals were included
for each group. Quantification of band intensity
was performed using ImageJ (NIH) and present-
ed relative to the loading control (Actin).

Isolation of synaptoneurosomes and charac-
terization by electron microscopy

Synaptoneurosomes were prepared from
mouse brain cerebral cortex as described pre-
viously [19, 21]. Briefly, whole cerebral cortex
was homogenized in synaptoneurosome buffer
(118.5 mM NaCl, 4.7 mM KCI, 1 mM CacCl,,

10691

1.18 mM MgSO0,, 20 mM HEPES, 9 mM Tris, 10
mM Glucose) at 4°C using a Teflon-glass
mechanical tissue grinder (0.25 mm clear-
ance). From this step forward the homogenate
was kept ice-cold at all times to minimize prote-
olysis throughout the isolation procedure. The
sample was loaded through three layers of a
pre-wetted 147 pym pore nylon filter. The result-
ing filtrate was placed in a 50 ml polycarbonate
tube and centrifuged at 1000x g for 10 min.
The pellet obtained corresponded to the synap-
toneurosome fraction. The pellet was spun
briefly before it was fixed in 2.5% glutaralde-
hyde for 2.5 h on ice. Samples were washed
twice for 10 min with 0.1 M sodium cacodylate,
fixed for 2 h in 1% 0sO,. Samples were gradu-
ally dehydrated with a 5 to 10 min wash of
30-100% acetone. Epoxy resin 618 was used
to embed the samples and cured at 55°C for
2-3 days. Five hundred A thin sections were cut
using LKB ultramicrotome and then stained in
uranyl acetate and lead citrate. Sections were
viewed on JEOL-1101 Transmission Electron
Microscope and images were acquired with
iTEM image analysis platform.

Glutamate release assay

The glutamate release assay was performed
using enzyme-linked fluorescent detection of
released glutamate [22, 23]. In brief, synapto-
neurosomes were stored on ice and diluted to 2
mg/ml protein using Krebs-like solution as
described. For each well of a 96 well plate 25 pl
synaptoneurosome solution was added to 175
pl calcium-free Krebs-like solution (118 mM
NaCl, 5 mM KCI, 25 mM NaHCO,, 1 mM MgCl,,
10 mM Glucose, pH 7.4). After 60 s, 1 mM
NADP+ (Sigma) was added +1.2 mM calcium
chloride as required. After ~6 min, five units of
glutamate dehydrogenase (Sigma) were added
and allowed to equilibrate inside the instru-
ment for at least 10 min prior to the addition of
any test drug or depolarisation stimulus.
Fluorescence at 460 nm emission was continu-
ously measured using a BioTek Synergy 4
Microplate reader set at the following parame-
ters: 80-120 cycles (number of times a com-
plete plate is read), 15 s cycle time (time
between each cycle), FlashMode (high sensitiv-
ity), excitation filter 360-40, emission filter
460-40, injection cycle 60, shaking after each
cycle for 1's, 37°C. Depolarisation stimulus (30
mM KCI) and glutamate standards were added
by pausing the instrument. Glutamate was

Int J Clin Exp Pathol 2015;8(9):10689-10697



Glutamate in aged autism

quantitated by the addition of 5 nmol gluta-
mate (Sigma) at the end of each run as an inter-
nal calibration control.

Statistical analysis

All data were analyzed using commercially
available statistical software packages (Stat-
View 5.0 and GraphPad Prism 5). The gluta-
mate release data was analyzed by two-way
ANOVA with repeated measures with Bon-
ferroni’s post hoc analysis. The unpaired t-test
(two-tailed) was conducted to determine the
significant differences for the synaptic assay
and Western blot data. The data was shown as
mean + SEM. For all findings, the statistically
significant P values are shown as “P<0.05,
“*P<0.01.

Results
The number of excitatory synapse

Autism is likely to arise from functional changes
in neural circuitry and to be associated with an
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Figure 1. Quantification of colocalization of pre- and post-synaptic punc-
ta. A. Representative immunofluorescence images of B6 and BTBR cor-
tex immunolabeled for pre-synaptic VGLUT1 and post-synaptic Shank3.
Scale bar, 10 ym. B. Quantification of colocalization of pre- and post-
synaptic markers in brain sections. No difference was observed be-
tween B6 and BTBR brains (P>0.05). Data are shown as mean + SEM.

imbalance between excitatory and inhibitory
synaptic transmission. However, the distribu-
tion of synaptic structure of autism in old age
stage is unclear. Because of the close relation-
ship between excitatory synapse and dendritic
spine, the present study focused on the change
of the excitatory synapse. To investigate the
number of the excitatory synapse in the brain of
the aged BTBR mice, we double labeled sec-
tions of 15-months old BTBR mice and B6 mice
using antibodies to the pre-synaptic protein
VGLUT1 and the post-synaptic protein Shank3
(Figure 1A). By image analysis, we observed a
similar number of colocalized pre- and post-
synaptic puncta in BTBR brains compared to
B6 (P>0.05, Figure 1B).

The shape of dendritic spine

The plasticity of the dendritic spine has been
proved to be involved in the pathology of
autism. Then, we employed Dil labeling to out-
line dendritic spines in pyramidal neurons of
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Glutamate in aged autism

Figure 2. The shape of dendritic spine in B6 and
BTBR mice. Confocal micrographs of Dil labeled den-
drites in cortex somatosensory layer from B6 mice
and BTBR mice. Arrowhead shows the spines. Scale
bar, 5 um.
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Figure 3. Shank3 protein expression in B6 and BTBR
mice. A. Western blot of mouse cortex lysates using
Shank3 antibody. B. The blots shown in A were quan-
titated after normalization by actin respectively. Data
are shown as mean = SEM.

the somatosensory cortex (Figure 2). The mor-
phology of spine in BTBR cortex was mature
and similar to that in the B6 mice. The three
members of the Shank family are core compo-
nents of the postsynaptic density. Shank pro-
teins and their binding partners are involved in
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the regulation of the size and the shape of den-
dritic spine [24]. We compared the expression
of Shank3 protein in BTBR cortex and B6 cortex
using Western blot (Figure 3A) and found no
differences between them (P>0.05) (Figure
3B).

Glutamate release assay of synaptoneuro-
somes

The excitatory synapses consist of post-synap-
tic glutamate receptors and pre-synaptic gluta-
mate localized inside vesicles. Glutamate binds
to glutamate receptors, giving rise to synaptic
transmission. The measurement of glutamate
release at synaptic sites provides valuable
information to how the synapses function dur-
ing synaptic transmission. The synaptic junc-
tion consists of regions of the presynaptic and
postsynaptic plasma membranes joined to-
gether by structures within the synaptic cleft.
The synaptoneurosome is suggested for enti-
ties in which a presynaptic sac (synaptosome)
is attached to a resealed postsynaptic sac
(neurosome) [25] and can be used for the neu-
rotransmitter assays. In this study, electron
micrographs of isolated synaptoneurosome
showed a dense cellular mass in which mito-
chondria and vesicular structures are seen
together with densely stained membranes rep-
resenting PSDs (Figure 4A and 4B). These elec-
tron micrographs are in agreement with previ-
ous studies [25, 26].

Next, we measured the baseline and evoked
endogenous glutamate release using enzyme
linked fluorescence detection, with glutamate
dehydrogenase and the reduction of NADP to
NADPH. Figure 4C showed a typical kinetic
trace, consistent with the previous results [22].
On the baseline, the endogenous glutamate
release from the synaptoneurosome in BTBR
mice was lower than that in B6 mice (P<0.01,
Figure 4D). Furthermore, after depolarizated
with KCI, the synaptoneurosome in BTBR mice
showed an increased glutamate release com-
pared to the baseline, but still significantly
lower than the induced-increase in B6 mice
(P<0.01, Figure 4D).

Discussion
Most of the available research on autism is
focused on children and young adults and little

is known about the pathological alternation of
autism in older adults. Whether the neurobio-

Int J Clin Exp Pathol 2015;8(9):10689-10697
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Figure 4. Glutamate release of synaptoneurosomes. A. Electron micrographs of representative sample of synapto-
neurosomes isolated from BTBR mouse cortex. Arrowhead indicates synaptic junctions. B. Higher magnification of
the synaptic site where the pre-synaptic terminal displays vesicles and a post-synaptic membrane contains PSDs.
Synaptosome (S), neurosome (N), and densely stained membranes that characterize PSDs (PSD) are shown. Mi-
tochondria (m) also are present. C. A typical experimental trace for glutamate release each assay is shown. AFU:
arbitrary fluorescence units. D. Relative comparison of glutamate release in synaptoneurosomes between B6 and

BTBR mice. ""P<0.01.

logical findings in young individuals with autism
are present in older persons with an autism is
unknown. Studies of aging in animal models of
autism may provide insights into the effect of
aging on the nervous system in individuals with
autism [1]. In this study, we explored the num-
ber and neurotransmission of excitatory syn-
apse in brain used an aged BTBR mouse model
of autism.

This study showed that the number of excitato-
ry synapse colocalized with pre and post-synap-
tic markers was not different between aged
BTBR and B6 mice. Developmental alterations
of excitatory synapses are implicated in autism.
Recently, one postmortem study showed that
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people with autism had an abundance of excit-
atory synapses in the cerebral cortex. The
brain’s normal process of “pruning” bursts of
excessive neural synapses that occur during
development is impaired in children and ado-
lescents with autism [27]. To date however,
none of synaptic studies have been carried out
in autism in older adults. In a recent study,
Jasien et al. detected the expression of synap-
tic proteins that regulate aging in the aged
BTBR mice [8]. Similarly, expressions of both
synaptophysin and PSD95 in cortical tissue
were not affected in BTBR mice. Synaptophysin
occurs in presynaptic vesicles of neurons and
PSD95 localizes at the postsynaptic membrane

Int J Clin Exp Pathol 2015;8(9):10689-10697
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of excitatory synapses [28]. In accordance with
the cortical data they found no significant
BTBR-induced changes in the hippocampal
expression of synaptophysin or PSD95,
although several synaptic proteins were found
to be changed using iTRAQ method. These data
suggest that, as compared to the B6 mice with
high sociability, BTBR with low sociability in old
age have the same number of excitatory
synapse.

Another piece of evidence is that the aged
BTBR mice have the same structure of dendrit-
ic spine in the brain as B6 mice. It has been
proposed that dendritic spines represent the
primary site of structural plasticity in the adult
brain, and aging is associated with alterations
of dendritic spine morphology and plasticity in
prefrontal cortex [29]. The alterations in spine
morphology have been linked to the impair-
ments in memory and cognitive functions in
aging [30]. We speculate that the low sociability
in aged BTBR mice may not correlated with the
spine morphology, at least such influence is
minimal. Shank3 mutant mice lead to deficits in
social interaction and social communication
[31, 32]. However, this study found no expres-
sion of BTBR-related Shank3 protein. Individual
genes, such as Shank3, Neuroligind and
Neurexinl, have been identified to be involved
in autism. However, variants at these and other
loci are present in no more than 1% to 2% of
children with autism [33]. And the existing find-
ings show that autism is not a single clinical
entity but a behavioral manifestation of tens or
perhaps hundreds of genetic and genomic dis-
orders [34]. Based on the above data and anal-
ysis, we suppose that the low sociability in aged
autism-like mice may be not due to the change
of the number and structure of excitatory
synapses.

The most exciting finding in the present study is
that the function of glutamate release of excit-
atory synapse in aged BTBR mice is abnormal.
Glutamate is the most important excitatory
neurotransmitter in the brain. There is a cumu-
lating body of evidences suggest that the gluta-
mate system exerts an important role in regu-
lating the balance between neuronal excitation
and inhibition. Recently, a magnetic resonance
spectroscopy study showed a significant
decrease in the combined glutamate and gluta-
mine signal (GIx) in anterior cingulate cortex in
adults (mean age, 35 years) with high-function-
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ing autism [35]. This signal correlated signifi-
cantly with impairment in social communica-
tion of autism. And it has been reported that
individuals with autism (mean age, 29 years)
had a significant decrease in concentration of
Glx in the basal ganglia [36]. These data sup-
port the idea that autism is a hypoglutamater-
gic disorder. In contrast, Bejjani et al. reported
elevated Glx signals in the anterior cingulate
cortex in children and adolescents with autism
(mean age, 10 years) [37]. And increased fre-
quencies and amplitudes of spontaneous and
action-potential-evoked excitatory synaptic
potentials have been observed in mouse mo-
dels of autism bearing human mutations in
genes. Accordingly, these evidences point out a
hyperglutamatergic hypothesis of autism. As
the theory of age-specific anatomic abnormali-
ties in autism states, early brain overgrowth
during infancy and the toddler years, followed
by an accelerated rate of decline in size and
perhaps degeneration from adolescence to
late middle age in autism [38, 39]. Based on
the existing findings, it seems that there is an
age-related glutamate changes, excessive glu-
tamate (over-activation) in the autistic brain in
young age and deficient glutamate (over-inhibi-
tion) in autistic brain in old age. These findings
provide new evidences for the hypothesis of
excitation/inhibition imbalance in autism [35,
40, 41].

The limitation of this study is that it is not a lon-
gitudinal data to observe the change of excit-
atory synapse in autism-like mice. However, by
compared to an aged mouse that displays rela-
tively normal levels of social behavior, we can
get some clues and help in understanding the
aging and autism. In conclusion, our data sup-
port the hypothesis that there is a link between
disturbances of the glutamate transmission
and autism. Targeting glutamate metabolism
might be a possible approach for the treatment
of autism. Further work is required to deter-
mine the cause of this putative abnormality.
Given the complexity of the autism, it is con-
ceivable that the impairment in neurotransmis-
sion of excitatory synapse is unlikely the only
pathological mechanism behind autism in older
adults.
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