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Abstract Associative studies on a range of neurodevelopmental
disorders have identified relationships between behavioral defi-
cits and immune system function. The BTBR T+ Itpr3tf/J
(BTBR) mouse strain displays aberrant characteristics in its so-
cial behavior and immune responses, providing a significant op-
portunity to examine the relationship between behavior and the
immune system. This study investigated the influence of adeno-
sine A2A receptor activity on C-C and C-X-C chemokine recep-
tors involved in autism in the BTBR mouse model. A2A recep-
tors have previously been targeted in clinical trials by potential
therapeutics with neuroprotective, immunomodulatory, and anal-
gesic properties. In this study, we examined the effects of A2A
receptor antagonist SCH5826 (SCH) and A2A receptor agonist
CGS21680 (CGS) on C-C and C-X-C chemokine receptors
(CCR3, CCR4, CCR5, CCR6, CCR7, CXCR3, CXCR4, and
CXCR5) on splenic CD8+ T cells in the BTBR autistic mouse
model. We also assessed the C-C and C-X-C chemokine recep-
tors mRNA levels in brain tissue. Our results showed that
CCR3+, CCR4+, CCR5+, CCR6+, CCR7+, CXCR3+,
CXCR4+, and CXCR5+ production in splenic CD8+ T cells de-
creased significantly in BTBR-CGS-treated mice in comparison
with that in BTBR control and BTBR-SCH-treated mice. In
addition, RT-PCR analysis revealed decreased gene expression

levels for C-C andC-X-C chemokine receptors in the brain tissue
of BTBR-CGS-treated mice, whereas these levels were signifi-
cantly increased in BTBR control and BTBR-SCH-treated mice.
Our results suggest that treating BTBRmice with CGS decreases
C-C and C-X-C chemokine receptor signaling and might there-
fore provide a unique avenue for developing future therapies for
autism and neuroimmunological disorders.
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CCR C-C chemokine receptor
B6 C57BL/6
BTBR BTBR T+ Itpr3tf/J
RORγt Retinoid-acid receptor-related

orphan receptor gamma t
STAT3 Signal transducer and activator of

transcription 3
TNF-α Tumor necrosis factor-α
RBC Red blood cell
i.p. Intraperitoneally
mRNA Messenger RNA

* Sheikh F. Ahmad
s_fayazahmad@yahoo.com; fashaikh@ksu.edu.sa

1 Department of Pharmacology and Toxicology, College of Pharmacy,
King Saud University, Riyadh, Kingdom of Saudi Arabia

2 Department of Pharmaceutics, College of Pharmacy, King Saud
University, Riyadh, Kingdom of Saudi Arabia

3 Department of Pharmacology and Toxicology, College of Pharmacy,
Al-Azhar University, Cairo, Egypt

Mol Neurobiol (2018) 55:2603–2616
DOI 10.1007/s12035-017-0548-9

http://crossmark.crossref.org/dialog/?doi=10.1007/s12035-017-0548-9&domain=pdf


RT-PCR Reverse transcription polymerase
chain reaction

CNS Central nervous system
DMSO Dimethyl sulfoxide

Introduction

Autism is a neurodevelopmental disorder characterized by ste-
reotypical behaviors, including repetitive actions and impaired
expressive communication that have been folded into the
broader classification of autism spectrum disorders (ASD) [1].
An imbalance of immune cells associated with an autoimmune
disorder plays a role in the pathogenesis of autism [2]. Several
immune system abnormalities have been defined in the devel-
opment of ASD as well as in some of the associated pathophys-
iologies [3]. A broad spectrum of immune abnormalities, in-
cluding aberrant mucosal immunity, has been reported for au-
tistic subjects [4]. Pro-inflammatory mediators such as cyto-
kines, chemokines, and their receptors are associated with the
progression and development of autism [5]. Evidence of im-
mune dysfunction has been perceived in many individuals with
autism, with marked activation of microglia, as well as in-
creased pro-inflammatory cytokine and chemokine production
[6]. Recently, we have observed that autism is also associated
with the dysregulation of Th1, Th2, Th17, and T regulatory cell-
related transcription factor signaling [7]. However, the exact
cellular andmolecular mechanisms of action underlying autistic
disorder remain the subject of further detailed investigations.

Chemokine receptors play an essential role in inflamma-
tion, angiogenesis, and leukocyte trafficking in brain develop-
ment [8, 9]. They are key potential therapeutic targets in many
autoimmune and neurological disorders [9] and have been
associated with numerous behavioral impairments in individ-
uals diagnosed with autism [10, 11]. Various studies have
confirmed that chemokine receptors are part of the altered
immune environment noted in autism [12]. Chemokine recep-
tors have been identified as functional mediators of
neuroinflammatory disorders [13]. Various cell types in the
brain have been revealed to possess chemokine receptors;
these include CCR3, CCR5, CXCR1, CXCR2, CXCR3, and
CXCR4, which are expressed in neurons, astrocytes, and mi-
croglia [14, 15]. Chemokine receptors were found to be more
abundant in astrocytes, the anterior cingulate gyrus, the cere-
bellum, and autistic brain tissues [16]. The actual function of
these receptors in the developed nervous system is not known.
Chemokines and their receptors are involved in regulating
neurodevelopment in the central nervous system (CNS) [15,
17]. Several studies have also reported elevated chemokine
receptor expression in the brain tissue of ASD patients [10,
11]. Previous research showed that chemokine receptors are
also implicated in neuroinflammation, neural damage, and
astrocyte proliferation [18]. The expression levels of

chemokine receptors were elevated in the temporal cortex of
individuals with autism [5]. A significant focus of the immune
imbalance has been on specific immune cell subsets, including
helper cytotoxic CD8+ T cells [5, 19], which may behave
differently in individuals with autism [20].

BTBR T+ Itpr3tf/J (BTBR) mice exhibit several immune
abnormalities that are also observed in children with autism
[21]. The BTBR mice showed highly replicable impairments
in social interactions, including high levels of repetitive self-
grooming and minimal vocalization in social settings [22, 23].
The BTBR mice have been recommended as a useful animal
model for autism studies in comparison with C57BL/6 (B6)
normal mice [22, 23]. An earlier study examined the expres-
sion of many inflammatory mediators in the whole brain and
brain regions of BTBR mice [24]. BTBR mice have been
shown to produce IL-6, IL-17, and TNF-α in greater amounts
than B6 normal mice [25]. In our previous studies, we showed
a distinct immune profile and higher levels of chemokine ex-
pression in BTBR mice [26]. Furthermore, we have also ob-
served alterations in Th1, Th2, Th17, and T regulatory cell-
related transcription factor signaling in the BTBR autistic
model in comparison with that in the B6 normal mice [27].

There are four defined adenosine receptor subtypes: the Gi-
protein-coupled A1 and A3 receptors, and Gs-protein-coupled
A2A and A2B receptors [28, 29]. Adenosine A2A receptors
(A2A receptors) are expressed in several types of cells that con-
trol physiological functions [30]. A2A receptors are expressed
most highly on T cells [30, 31]. A2A receptors have been iden-
tified as significant inhibitors of inflammation and cell damage
and have also been shown to decrease neutrophil cytotoxic func-
tion, as well as TNF-α and oxygen radical secretion [32, 33].
The selective A2A receptor agonist CGS decreases inflammato-
rymediators and suppresses the immune cell functions of Tcells,
granulocytes, dendritic cells, macrophages, and natural killer
cells [30, 34]. The A2A receptors also decrease chemokine re-
ceptor, dendritic cells, and Tcell expression levels [31, 35]. It has
also been reported that A2A receptor treatment is for several
disorders such as autoimmune inflammation, Parkinson’s dis-
ease, and experimental autoimmune encephalomyelitis [36, 37].

In our previous studies, we showed that A2A receptor antag-
onists and agonists effectively regulate the prominent repetitive
behavior, reactions to painful sensory stimuli, Th17/RORγt tran-
scription factor signaling, and Th1/Th2 cytokine balance in
BTBR mice (manuscript submitted). Based on the abnormal
immune alterations observed in autism, we herein elucidate the
role of A2A receptors upon the chemokine receptor family and
their association with the immune activation of autism. In this
study, we tested the hypothesis that the activation of A2A recep-
tors can trigger excessive chemokine receptor expression
through its signaling pathways, which may be useful in treating
autism. In the current study, we investigated several C-C (CCR3,
CCR4, CCR5, CCR6, and CCR7) and C-X-C (CXCR3,
CXCR4, and CXCR5) chemokine receptors in splenic cells.
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Furthermore, we also examined the gene expression levels of the
C-C and C-X-C chemokine receptor families in brain tissue. We
believe that this contribution achieves high relevance by eluci-
dating molecular targets associated with therapeutic and etiolog-
ical aspects of autism. It can also open new avenues for the
prevent ion and/or t reatment of th is devastat ing
neurodevelopmental disorder.

Methods

Chemicals and Antibodies

A2A receptor SCH 58261 (SCH) antagonist and RPMI medi-
um were purchased from Sigma-Aldrich, USA. A2A receptor
CGS 21680 (CGS) agonist was purchased from Santa Cruz
Biotechnology, Inc., USA. Phycoerythrin (PE) and
fluoroisothiocyanate (FITC)-labeled anti-mouse monoclonal
antibodies CD8, CCR3, CCR4, CCR5, CCR6, CCR7,
CXCR3, CXCR4, CXCR5, anti-CD3/CD28, and RBC
buffers were purchased from Bio Legend and BD
Biosciences, USA. FcR blocking reagent was obtained from
Miltenyi Biotech, Germany. TRIzol reagent was purchased
from Life Technologies, Grand Island, USA. SYBR® Green
PCR master mix and high-capacity cDNA reverse transcrip-
tion kits and primers were purchased from Applied
Biosystems, UK and Genscript, USA.

Experimental Animals

The male adult BTBR T+ Itpr3tf/J (BTBR) mice 6–8 weeks
old and male adult C57BL/6 (B6) normal mice aged 6–
8 weeks old were purchased from (Jackson Laboratory, Bar
Harbor, USA). The mice were housed in a specific pathogen-
free environment maintained at 25 ± 2 °C with a 12-h light/
dark cycle, and given standard rodent chow and water ad
libitum. Institutional Animal Care and Use Committee, King
Saud University, performed all procedures with approval.

Experimental Design

The mice were acclimatized for 2 to 3 weeks and divided into
five groups of six mice each, as follows: BTBR control and
B6 normal mice received 1% dimethyl sulfoxide (DMSO) in
saline only, intraperitoneally (i.p.). A single dose of the SCH
drug (0.03 mg/kg, i.p.) was administered to BTBR+SCHmice
for 7 days. A single dose of the CGS drug (0.03 mg/kg, i.p.)
was administered to BTBR+CGS mice for 7 days. A single
dose of both SCH and CGS drugs (0.03 mg/kg, i.p.) was
administered to SCH+CGS mice for seven consecutive days.
The volume of drug administered to each mouse was based on
its body weight. The doses of SCH and CGS were selected
based on the results of the previous study [38].

Preparation of Spleen Cells

The mice were sacrificed on the eighth day, and spleens were
removed aseptically. Briefly, the spleen cells were smashed
with a stainless steel mesh and the cells were washed using
RPMI-1640 medium (Sigma-Aldrich). The spleen cell sus-
pension was collected by centrifugation and then resuspended
in red blood cell (RBC) lysis buffer (BD Bioscience). After
incubation at room temperature, the spleen cells were centri-
fuged and suspended in RPMI-1640 medium. One to two
washes were performed with RPMI 1640 medium [39].

FlowCytometric Analysis of CCR3, CCR4, CCR5, CCR6,
CCR7, CXCR3, CXCR4, and CXCR5 on Splenic CD8 T
Cells

Flow cytometric analysis was performed to evaluate CCR3,
CCR4, CCR5, CCR6, CCR7, CXCR3, CXCR4, and CXCR5
production on splenic CD8 T cells. Briefly, splenocytes were
cultured in 24-well plates (2 × 106 cells/mL) and activated
with anti-CD3/CD28 (1 μg/mL, Bio Legend), and then incu-
bated for 24 h. The cells were then collected, washed, and
resuspended in staining buffer. The cells were incubated with
monoclonal antibodies to the CD8 T cell surface receptor for
30 min at 4 °C. After washing with staining buffer, the cells
were stained with CCR3, CCR4, CCR5, CCR6, CCR7,
CXCR3, CXCR4, and CXCR5 monoclonal antibodies for
30 min at 4 °C. An FC500 Flow Cytometer (Beckman
Coulter, USA) was used to acquire the 10,000 events, which
were subsequently analyzed using CXP software [40].

RNA Isolation, cDNA Synthesis, and qPCR Analysis
on Brain Tissue

The brain tissue was dissected and homogenized in TRIzol
(Invitrogen). RNA was isolated and cDNA synthesized as
described previously [41]. SYBR® Green reagent (Applied
Biosystems), with 200 μM forward and reverse primer was
used to amplify cDNA using the ABI 7500 system. The
primers used in these assays were selected from PubMed
and other databases. Primer sequences were as follows:
GAPDH forward 5′-CCCAGCAAGGACACTGAGCAAG-
3′, reverse 5′-GGTCTGGGATGGAAATTGTGAGGG-3′;
CCR3 forward 5′-AACTTGCAAAACCTGAGAAGC-3′, re-
verse 5′-ACCATCATGTTGCCCAGGAG-3′; CCR4 forward
5′-GCCAACAGCCCTGTTTTCTG-3′, reverse 5′-ACAC
TGGATTTGAGGCTCCG-3′; CCR5 forward 5′-ACTG
CTGCCTAAACCCTGTC-3 ′ , r e v e r s e 5 ′ -AGTG
GTTCTTCCCTGTTGGC-3′; CCR6 forward 5′-CCCG
TCTCTCAATGAGCACT-3 ′ , r e v e r s e 5 ′ -AACA
CGAGAACCACAGCGAT-3′; CCR7 forward 5′-GGGA
AACCCAGGAAAAACGTG-3 ′ , reverse 5 ′-CTTG
CTGATGAGAAGCACGC-3′; CXCR3 forward 5′-TCAG
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CCAACTACGATCAGCG-3 ′ , r e v e r s e 5 ′ -CCTC
TGGAGACCAGCAGAAC-3′; CXCR4 forward 5′-CATG
GAACCGATCAGTGTGAG-3 ′ , reverse 5 ′ -TGAA
GGCCAGGATGAGAACG-3′; and CXCR5 forward 5′-
GCACGGAGATTCCCCTACAG-3′, reverse 5′-GCCA
GTTGGGGAAAAGTTG-3′. The data are presented as the
fold change in gene expression normalized to an endogenous
reference gene (GAPDH) and relative to a calibrator [42].

Statistical Analysis

The results were firstly tested for homogeneity and normality
of variance and then analyzed by employing a parametric test;
comparisons between treatment groups were conducted using
two-way repeated measure analysis of variation using
GraphPad Prism. Each value indicates the mean ± SEM of
six animals. The level of statistical significance was set at
p < 0.05 and was considered significant.

Results

A2A Receptors Regulate CCR3, CCR4, CCR5, CCR6,
and CCR7 Chemokine Receptors

To determine whether adenosine A2A receptors are involved in
mediating C-C chemokine receptor expression, we examined
the effects of specific SCH A2A receptor antagonists and CGS
A2A agonists in BTBRmice. The A2A receptor antagonist and
agonist were each used at a dose of 0.03 mg/kg, in accordance
with a previous report [38]. We found that the number of
CCR3+ cells and CD8+ T cells expressing CCR3+ increased
in the BTBR control and BTBR-SCH-treated mice as com-
pared to that in B6 normal mice (Fig. 1a). Treatment of the
BTBR mice with CGS elicited a significant decrease in
CCR3+ cells and CD8+ Tcells expressing CCR3+ in the splenic
cells in comparison with the BTBR control mice (Fig. 1a). To
further clarify the mechanism of action of the A2A receptors,
we used RT-PCR analysis to examine the alterations in CCR3
gene expression in brain tissues. The level of CCR3 mRNA
was found to be elevated in the BTBR control and SCH-treated
mice when compared with that in B6 normal mice. When
BTBR mice were treated with CGS, the gene expression level
of CCR3 in the brain tissue was decreased in comparison with
that for the BTBR control and SCH-treated mice (Fig. 1b).
These results showed that the A2A receptor agonist CGS
may have a distinct capability of preventing the development
of neuroimmunological disorders.

Furthermore, the production of CCR4+ cells and CD8+ T
cells was significantly increased in the BTBR control mice
relative to the B6 normal mice. We found that SCH treatment
significant increased the number of CCR4+ positive cells and
CD8+ T cells in BTBR mice in comparison with B6 normal

mice (Fig. 2a). Additionally, we found that CGS treatment
significantly reduced the percentage of CCR4+ cells and
CD8+ expressing cells in BTBR-treated mice in comparison
with the BTBR control mice in splenic cells (Fig. 2a). To
understand the basis for the regulation of CCR4 production
through A2A receptors, we further examined CCR4 mRNA
expression using RT-PCR. The level of mRNA expression for
CCR4 was clearly enhanced in the brain tissue of the BTBR
control mice and SCH treated mice relative to the B6 normal
mice (Fig. 2b). By contrast, treatment with CGS significantly
decreased the level of CCR4 mRNA in the brain tissue of the
BTBR mice (Fig. 2b). It has been shown that CGS A2A re-
ceptor agonist treatment decreases CCR4 expression levels,
and these findings suggest that the A2A receptor may play
an important role in autism and other neurological disorders.

Additionally, in comparison with the B6 normal mice, the
BTBR control and BTBR-SCH-treated mice exhibited a signif-
icant increase in CCR5 production. The BTBR mice treated
with SCH exhibited a significant increase in CD8+CCR5+ ex-
pressing cells as compared to the B6 normal mice (Fig. 3a). On
the contrary, the treatment of BTBR mice with CGS signifi-
cantly decreased the number of CCR5+ cells and CD8+ T cells
expressing CCR5+ in comparison with that in the BTBR con-
trol and SCH-treated mice (Fig. 3a). As shown in Fig. 3b, there
was also a significant increase in the CCR5 mRNA expression
level in BTBR control mice and those treated with SCH, in
comparison with that in the B6 normal mice. In the BTBRmice
treated with CGS, CCR5 gene expression was significantly
inhibited relative to that in the BTBR control and SCH-
treated mice (Fig. 3b). Altogether, this result suggests that the
A2A receptor agonist warrants further study as a potential ther-
apeutic agent for the treatment of autism.

We further observed the effect of BTBR-SCH treatment on
CCR6 production levels in BTBR-treated mice. We found that
the numbers of CCR6+ cells and CD8+ T cells expressing
CCR6+ in the splenic were increased in the BTBR control and
SCH-treated mice as compared to B6 normal mice (Fig. 3c).
Mice treated with CGS showed a significant decrease in
CCR6+ andCD8+CCR6+ expressing splenic Tcells as compared
to the BTBR control mice (Fig. 3c). The CCR6mRNA levels in
the brain tissue of the BTBR control and SCH-treated mice were
increased relative to that in the B6 normalmice. The BTBRmice
treated with CGS exhibited a significant decrease in the gene
expression level of CCR6 in the brain tissue compared with that
in the BTBR control and SCH-treatedmice (Fig. 3d). Our results
demonstrated that the level of CCR6 was decreased in the splen-
ic cells and brain through CGS treatment, indicating that the
activation of the A2A receptor inhibits CCR6 chemokine recep-
tor expression in the autistic mouse model.

Our results also showed that the percentage of T cells ex-
pressing CCR7+ and CD8+CCR7+ in the BTBR control and
BTBR-SCH-treated mice significantly increased in compari-
son with that in the B6 normal mice. Treatment with CGS
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significantly decreased the number of T cells expressing
CCR7+ and CD8+CCR7+ in the splenic in comparison with
that in either BTBR- or SCH-treated mice (Fig. 4a). Moreover,
the BTBR- and SCH-treated mice also showed a significant
increase in CCR7 gene expression level relative to the B6
normal mice. Treatment with CGS decreased the mRNA ex-
pression of CCR7 levels in the brain tissue (Fig. 4b). The
results from the current study recognize the important influ-
ence of an A2A receptor agonist on the C-C chemokine re-
ceptors family and deserve further study to offer a possible
treatment for autism.

A2A Receptor Activity Alters CXCR3, CXCR4,
and CXCR5 Chemokine Receptor Expression

We further investigated the effects of SCH and CGS on C-X-C
chemokine receptors in the BTBR mice. We found that the pro-
duction of CXCR3+ and its expression on CD8+ splenic T cells
were increased in the BTBR control mice relative to B6 normal

mice (Fig. 5a). Treatment of BTBRmice with the A2A receptor
antagonist SCH caused a significant increase in the percentage of
CD8+ T cells secreting CXCR3+ in comparison with the B6
normal mice (Fig. 5a). In contrast, a decrease in CXCR3+ pro-
duction was observed in splenic cells for BTBR mice treated
with CGS in comparison with the BTBR- and SCH-treated mice
(Fig. 5a). We further determined the changes in the gene expres-
sion level of CXCR3 in brain tissue. The mRNA expression
level of CXCR3was significantly increased in BTBRmice treat-
ed with SCH relative to B6 normal mice (Fig. 5b). Similarly, the
inhibition of CXCR3 mRNA expression was observed in the
brain tissue of BTBR mice treated with CGS as compared with
both the BTBR control and SCH-treated mice (Fig. 5b). Our
results showed that CXCR3 expression was significantly down-
regulated by A2A receptor agonist, suggesting that it could pre-
vent neuroimmune dysfunctions or alterations.

The treatment of BTBR mice with SCH markedly in-
creased the number of CD8+ T cells secreting CXCR4+ rela-
tive to the B6 normal mice. In contrast, the treatment of BTBR
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Fig. 1 a Flow cytometric analysis indicates the influence of adenosine
A2A receptor activity on the percentage of CCR3+ and CD8+CCR3+

chemokine receptor production in the splenic cells. b CCR3 gene
expression was measured by quantitative RT-PCR analysis in the brain
tissue. c Dot plots represent the CCR3 events of a mouse from each
group. B6 normal mice received 1% DMSO in saline only
[intraperitoneal (i.p.)], BTBR control mice received 1% DMSO in saline

only (i.p.), BTBR mice treated with the A2A receptor antagonist SCH
(0.03 mg/kg, i.p.), BTBR mice treated with the A2A receptor agonist
CGS (0.03 mg/kg, i.p.), and BTBR mice treated with both SCH and
CGS (0.03 mg/kg, i.p.). *P < 0.05 compared to the B6 normal mice;
aP < 0.05 compared to BTBR control mice. All of the treatments were
administered for 7 days
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mice with CGS decreased the number of CXCR4+ secreting
cells (Fig. 6a). The CXCR4 gene expression level was signif-
icantly increased following either BTBR or SCH treatment,
but the expression level in brain tissue was lower in BTBR
mice treated with CGS than in those treated with SCH
(Fig. 6b). These data indicate that the suppressive effect
exercised by CGS upon CXCR4 may play an important role
in a future treatment of autistic disorder.

Flow cytometric staining was performed to evaluate CXCR5
production in the splenic CD8 T cells. As shown in Fig. 7a,
BTBR control mice exhibited a significant increase in
CXCR5+ and CD8+CXCR5+ production on splenic T cells.
The treatment of BTBR mice with the A2A receptor antagonist
SCH resulted in an increase in CXCR5+ and CD8+CXCR5+

production (Fig. 7a). On the contrary, treating BTBR mice with
the A2A receptor agonist CGS reduced the production of
CXCR5+ and CD8+CXCR5+ in splenic cells as compared with
BTBR and SCH-treated mice (Fig. 7a). RT-PCR analysis was
performed to detect the mRNA expression of CXCR5 in the

brain tissue of the BTBR mice. The results revealed that the
amount of CXCR5 mRNA was increased in the BTBR mice
compared with the B6 normal mice; in addition, its expression
was also upregulated in the brain of the SCH-treated mice
(Fig. 7b). Correspondingly, the CXCR5mRNA expression level
was significantly decreased in the brain tissue of BTBR mice
treated with CGS. Together, these findings suggest that targeting
C-C and C-X-C chemokine receptors through A2A receptor
agonist treatment may be of benefit in treating autism and
neuroimmunological disorders. These results underline the re-
quirement to further investigate A2A receptor agonists, as they
may offer a therapeutic approach for the treatment of autism.

Discussion

There are significant indications that modulating A2A receptor
activity is beneficial in neurological disorders. It has been
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Fig. 2 a Flow cytometric analysis indicates the influence of adenosine
A2A receptor activity on the percentage of CCR4+ and CD8+CCR4+

chemokine receptors production in the splenic cells. b CCR4 gene
expression was measured by quantitative RT-PCR analysis in the brain
tissue. c Dot plots represent the CCR4 events of a mouse from each
group. B6 normal mice received 1% DMSO in saline only
[intraperitoneal (i.p.)], BTBR control mice received 1% DMSO in saline

only (i.p.), BTBR mice treated with the A2A receptor antagonist SCH
(0.03 mg/kg, i.p.), BTBR mice treated with the A2A receptor agonist
CGS (0.03 mg/kg, i.p.), and BTBR mice treated with both SCH and
CGS (0.03 mg/kg, i.p.). *P < 0.05 compared to the B6 normal mice;
aP < 0.05 compared to BTBR control mice. All of the treatments were
administered for 7 days
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recognized that the neuroprotective actions of A2A receptors and
the mechanisms by which the A2A receptors affect the brain
remain generally unknown.A2A receptors have been considered
promising pharmacological modulators of neurodevelopmental
and immune disorders [36]. The A2A receptors constitute a use-
ful and important control mechanism that protects against neu-
roinflammation, EAE-induced brain damage, and human blood-
brain barrier permeability [43, 44]. Earlier results revealed that
A2A receptors have an significant role in mediating cytokine
secretion, T lymphocyte activation, and the alteration of chemo-
kine receptor expression levels [45–47]. Previous results also
revealed the potency of the selective A2A receptor agonist
CGS in decreasing cytokine production [48]. On the one hand,
A2A receptor antagonists prevent the endogenous adenosine-

mediated decrease in D2 receptor agonist affinity [49]. In our
previous results, we showed that the A2A receptor regulates
prominent repetitive behavior, Th1/Th2 cytokines balance, and
Th17/RORγt transcription factors signaling pathways in the
BTBR autistic model (manuscript submitted). The efficacy of
A2A receptor signaling has uncovered novel and potentially
therapeutic indications in the BTBR autistic mouse model. In
the present study, we explored the effects of A2A receptors on
C-C and C-X-C chemokine receptor expression on CD8 T cells
involvement in the influence of chemokine receptors expression
is still limited in autistic disorder particularly in the BTBR autis-
tic mouse model.

Illuminating themechanisms involved in neurodevelopmental
disorders such as autism is essential in not only understanding the
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Fig. 3 a, c Flow cytometric analysis indicates the influence of adenosine
A2A receptor activity on the percentage of CCR5+ and CCR6+

chemokine receptors produced in the splenic and by splenic CD8+ T
cells. b, d CCR5 and CCR6 gene expression was measured by
quantitative RT-PCR analysis in the brain tissue. B6 normalmice received
1% DMSO in saline only [intraperitoneal (i.p.)], BTBR control mice

received 1% DMSO in saline only (i.p.), BTBR mice treated with the
A2A receptor antagonist SCH (0.03mg/kg, i.p.), BTBRmice treatedwith
the A2A receptor agonist CGS (0.03mg/kg, i.p.), and BTBRmice treated
with both SCH and CGS (0.03 mg/kg, i.p.). *P < 0.05 compared to the B6
normal mice; aP < 0.05 compared to BTBR control mice. All of the
treatments were administered for 7 days
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etiology of these disorders but also discovering early diagnostic
markers and prophylactic treatments. Mouse models provide a
distinctive opportunity to display causal links between immune
and nervous system function and expose how changes in these
systems alter behavioral profiles. BTBR mice show social defi-
cits, high levels of repetitive self-grooming, and declined ultra-
sonic vocalizations in social settings [50]. Behavior rigidity and
stereotypy are widely known as core and defining features of
autistic disorder [51]. BTBR mice have revealed a number of
immune abnormalities several of which observed in children
with ASD [21]. The neuroimmune relation in the BTBR mice
is characterized by higher pro-inflammatory signaling and dimin-
ished social interactions [52, 53]. BTBR mice showed the ele-
vated expression levels of cytokines in the brain [24].

Although the mechanisms of autism are still unknown,
chemokine receptors may play a critical role in the develop-
ment of autism. We found an increase in CCR3+ production
and CD8+ T cells in BTBR control mice compared with those
of B6 normal mice. On the other hand, the treatment of BTBR

mice with the A2A receptor agonist CGS significantly
inhibited CCR3+ production and CD8+CCR3+. Moreover,
BTBR control and BTBR-SCH-treated mice showed the
CCR3 expression levels of splenic cells. These findings fur-
ther demonstrate that CGS treatment suppresses CCR3
mRNA expression levels as compared with BTBR control
and BTBR-SCH treated mice in brain tissue. CCR3 has been
shown to play an important role in mediating neurological
disorder. CCR3 expression has been detected on resident
and inflammatory cells in the brain [54]. Neural progenitor
cells from the brain were shown to express CCR3 highly
[55]. Increased levels of CCR3 have been found in neurons
of the hippocampus and brain regions [14, 15].We showed for
the first time that the A2A receptor agonist CGS has the effect
of decreasing CCR3 expression. This study could lay the
foundation for autism treatment with A2A receptor agonists
in the future.

CCR4+ and CD8+CCR4+ production in CD8 T cells was
significantly increased in BTBR mice treated with SCH,

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

B6 BTBR SCH CGS SCH+CGS

CCR7+ CD8+CCR7+

%
 G

at
ed

 c
el

ls

*

*

*,a

*,a

*,a

*,a

*,a

*,a

A

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

B6 BTBR SCH CGS SCH+CGS

C
C

R
7 

m
R

N
A

 e
xp

re
ss

io
n 

(F
ol

d 
of

 c
ha

ng
e)

 

*

*,a

*,a

*,a

B

Fig. 4 a Flow cytometric analysis indicates the influence of adenosine
A2A receptor activity on the percentage of CCR7+ chemokine receptors
produced in the splenic and by splenic CD8+ T cells. b CCR7 gene
expression was measured by quantitative RT-PCR analysis in the brain
tissue. c Dot plots represent the CCR7 events of a mouse from each
group. B6 normal mice received 1% DMSO in saline only
[intraperitoneal (i.p.)], BTBR control mice received 1% DMSO in saline

only (i.p.), BTBR mice treated with the A2A receptor antagonist SCH
(0.03 mg/kg, i.p.), BTBR mice treated with the A2A receptor agonist
CGS (0.03 mg/kg, i.p.), and BTBR mice treated with both SCH and
CGS (0.03 mg/kg, i.p.). *P < 0.05 compared to the B6 normal mice;
aP < 0.05 compared to BTBR control mice. All of the treatments were
administered for 7 days

2610 Mol Neurobiol (2018) 55:2603–2616



whereas CGS treatment significantly decreases CCR4+

expressed by CD8 positive cells in the splenic cells. Our re-
sults demonstrated that CGS significantly reduced the expres-
sion levels of CCR4 mRNA. CCR4 has a key pathogenic role
in inflammatory conditions in allergies and autoimmune dis-
eases [56, 57]. CCR4 exerts its immunomodulatory effects by
modulating Th cell function, as well as reducing the induction
of regulatory T cells and the elevation of the differentiation of
Th17 cells [58]. Chemokine receptors might provide unique
targets for future therapies in autism [10]. This may indicate
that the elevation of CCR4 is closely linked to autism. We
found that the lowering of CCR4 through CGS treatment
may contribute to an improvement in autistic disorder.

We further examined the effect of A2A receptors on the
production and expression levels of CCR5 and we found that
treatment with CGS in BTBR mice resulted in a decrease in
CCR5+ and CD8+ expressing T cells in the splenic of BTBR
mice. In line with these observations, we further observed that
treatment with CGS decreases the gene expression levels of

CCR5 in brain tissue. The SCH treatment decreases the CCR5
mRNA expression level in BTBR mice. A CCR5 antagonist
has been shown to lead to improved neurological outcomes,
such as reduced neurological deficit [59]. CCR5 is highly
recruited in astrocytes and leukocytes during brain develop-
ment [60]. Hippocampal neurons have been shown to highly
express CCR5 chemokine receptor [61]. Previous research
also showed that CCR5 inhibition is neuroprotective against
ischemia stroke and ischemic injury [62]. Our observations
suggest the possible role of A2A receptor agonists in autism.
Our data suggest that the A2A receptor agonist CGS might
find application in controlling the chemokine receptor net-
work underlying autistic disorder.

In the current study, we showed that the production of
CCR6+ and CD8+CCR6+ T cells is increased in BTBR mice
and provided evidence for the role of the A2A receptor agonist
CGS in BTBR mice. The results demonstrated that the CGS
decreases the expression level of CCR6 in brain tissue, where-
as SCH had the effect of increasing this expression level in
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Fig. 5 a Flow cytometric analysis indicates the influence of adenosine
A2A receptor activity on the percentage of CXCR3+ chemokine receptors
produced in the splenic and by splenic CD8+ T cells. b CXCR3 gene
expression was measured by quantitative RT-PCR analysis in the brain
tissue. c Dot plots represent the CXCR3 events of a mouse from each
group. B6 normal mice received 1% DMSO in saline only
[intraperitoneal (i.p.)], BTBR control mice received 1% DMSO in saline

only (i.p.), BTBR mice treated with the A2A receptor antagonist SCH
(0.03 mg/kg, i.p.), BTBR mice treated with the A2A receptor agonist
CGS (0.03 mg/kg, i.p.), and BTBR mice treated with both SCH and
CGS (0.03 mg/kg, i.p.). *P < 0.05 compared to the B6 normal mice;
aP < 0.05 compared to BTBR control mice. All of the treatments were
administered for 7 days
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BTBR mice. These results indicate that CGS A2A receptor
signaling can lead to a decrease in CCR6 levels in autistic
neurological disorder. It has also been shown that CCR6 is
upregulated in hippocampal neurons [63], while another re-
cent study also suggested the CCR6 expressed in T helper
cells is crucial to their migration into the CNS [64]. Our results
clearly suggest that A2A receptor agonists have anti-
neuroinflammatory effects and have the potential to be applied
as treatments for autism. These effects support the hypothesis
that an A2A receptor agonist could be a better therapeutic
agent for autistic disorders than previously proposed
treatments.

We have also observed for the first time that CCR7 expres-
sion is significantly increased in BTBRmice. Interestingly, we
found that CGS treatment significantly decreased CCR7+ pro-
duction and the number of splenic CD8+ Tcells. Furthermore,
we showed that the mRNA expression of CCR7 in brain tissue
is decreased during treatment with CGS as compared with the
A2A receptor antagonist SCH. These results clearly

demonstrate that the neuroimmunological inhibition of
CCR7 through the A2A receptor agonist CGS provides a ther-
apeutic benefit in the BTBR autistic mouse model. CCR7 is a
homeostatic chemokine receptor and induced during times of
inflammation [65]. It has also been shown that CCR7 expres-
sion is upregulated in the CNS [66]. The expression level of
CCR7 is found largely in the hippocampus [66]. Our results
also deliver valuable information that CCR7 is found to be
highly expressed in BTBR brain tissue. These observations
indicate that CCR7 is a potential therapeutic target for
neuroinflammatory diseases. These results demonstrate that
the A2A receptor agonist CGS suppresses CCR7 and could
be applied in treating several autism-like neuroimmuological
disorders.

In this study, we further observed that the BTBR mice
treated with SCH produced a substantial increase in
CXCR3+ and CD8+CXCR3+ in the splenic T cells, which
was decreased by CGS treatment. The gene expression level
of CXCR3 was significantly decreased by the CGS treatment.
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Fig. 6 a Flow cytometric analysis indicates the influence of adenosine
A2A receptor activity on the percentage of CXCR4+ chemokine receptors
produced in the splenic and by splenic CD8+ T cells. b CXCR4 gene
expression was measured by quantitative RT-PCR analysis in the brain
tissue. c Dot plots represent the CXCR4 events of a mouse from each
group. B6 normal mice received 1% DMSO in saline only
[intraperitoneal (i.p.)], BTBR control mice received 1% DMSO in saline

only (i.p.), BTBR mice treated with the A2A receptor antagonist SCH
(0.03 mg/kg, i.p.), BTBR mice treated with the A2A receptor agonist
CGS (0.03 mg/kg, i.p.), and BTBR mice treated with both SCH and
CGS (0.03 mg/kg, i.p.). *P < 0.05 compared to the B6 normal mice;
aP < 0.05 compared to BTBR control mice. All of the treatments were
administered for 7 days
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Early studies pointed out the key role of CXCR3 in promoting
the influx of activated Tcells into the CNS [67]. Cerebrospinal
fluid investigations have shown that a significant enrichment
of T cells expressing CXCR3 correlates with CNS pathology
[67]. CXCR3 expression has been reported on microglia and
neurons and has been associated with the altered functionality
of these cells [68]. Furthermore, CXCR3 is also implicated in
the pathogenesis of many neuroinflammatory disorders [69].
Our results indicate that the A2A receptor agonist CGS can be
a therapeutic treatment by downregulating the expression lev-
el of CXCR3 in autism. Decreasing the number of chemokine
receptors may be an important potential therapeutic strategy in
treating autism. Our study proposes that CXCR3 is a key
component of the signaling pathways in autism disorder. In
summary, these data suggest that this A2A receptor agonist
effectively and directly suppresses CXCR3 expression.

In our study, CXCR4 expression was measured in splenic
cells and brain tissue. Therewas a significant difference between

the BTBR control, BTBR-SCH treatment, and BTBR-CGS
treatment groups, suggesting that the CGS-treated mice showed
a significant decrease in CXCR4+ and CD8+ Texpressing cells.
CXCR4 mRNA is expressed in the CNS [70]; we previously
noticed that CGS treatment efficiently decreased the gene ex-
pression level of the CXCR4 in brain tissue as compared with
that seen in the BTBR- and BTBR-SCH-treated mice. Hence,
we suggested that decreased expression of CXCR4 transduction
initiated through the A2A receptor agonist could contribute to
improvements in neuroinflammation-related disorders. CXCR4
is also regulated in interneuron migration in the developing
neocortex and broadly expressed in cells of both the immune
and the CNS [70]. We have demonstrated the role of A2A
receptor activity in modulating chemokine receptors in BTBR
mice for the first time. These results may be important for de-
signing strategies to reduce the signaling in chemokine receptor
pathways to understand the mechanism and development of
autistic disorder.
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Fig. 7 a Flow cytometric analysis indicates the influence of adenosine
A2A receptor activity on the percentage of CXCR5+ chemokine receptors
produced in the splenic and by splenic CD8+ T cells. b CXCR5 gene
expression was measured by quantitative RT-PCR analysis in the brain
tissue. c Dot plots represent the CXCR5 events of a mouse from each
group. B6 normal mice received 1% DMSO in saline only
[intraperitoneal (i.p.)], BTBR control mice received 1% DMSO in saline

only (i.p.), BTBR mice treated with the A2A receptor antagonist SCH
(0.03 mg/kg, i.p.), BTBR mice treated with the A2A receptor agonist
CGS (0.03 mg/kg, i.p.), and BTBR mice treated with both SCH and
CGS (0.03 mg/kg, i.p.). *P < 0.05 compared to the B6 normal mice;
aP < 0.05 compared to BTBR control mice. All of the treatments were
administered for 7 days
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Importantly, we showed for the first time that the A2A
receptor agonist CGS significantly downregulated CXCR5+

expression in CD8+ T cells in comparison with BTBR control
and BTBR-SCH treated mice. The mRNA expression of
CXCR5 was also increased in the brain tissue of BTBR con-
trol and BTBR-SCH treated mice, whereas it was decreased in
BTBR-CGS treated mice. These results suggest that the in-
creased CXCR5 expression is related to autism. CXCR5 is a
potent chemokine receptor for the recruitment of neural pre-
cursor cells across brain endothelial cells [71]. In addition,
neuroblastoma cells expressing CXCR5 chemokine receptors
have been found to migrate toward CXCL13 [72]. Our results
suggest that the A2A receptor agonist CGS corrects the
neurodevelopmental dysregulation in autism through the
downregulation of CXCR5. The possible use of an A2A re-
ceptor agonist as an agent for therapeutic intervention in neu-
rological disorders might need to be considered in the context
of its broader neurophysiological functions.

Conclusion

We have investigated the influence of adenosine A2A receptor
signaling on C-C- and C-X-C chemokine receptors associated
with the regulation of autistic disorder. Our findings lead us to
hypothesize that increased C-C and C-X-C chemokine recep-
tors may be associated in the pathophysiology of autism.
Treatment with the A2A receptor agonist CGS had beneficial
effect in BTBR autistic mice by reducing the number of C-C
and C-X-C chemokine receptors. Our data suggest that the
downregulation of C-C and C-X-C chemokine receptor ex-
pression using the A2A receptor agonist CGS may be a good
strategy for treating autism and other immune-mediated
neuroimmunological disorders. These findings serve as evi-
dence that A2A receptor agonists may be important for the
treatment of autistic disorder; however, more extensive thera-
peutic studies are required to investigate this possibility.
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