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Abstract 

Background Dopamine is a neurotransmitter and has been found to regulate lymphocytes by acting on dopa‑
mine receptors (DRs).  CD4+ T cells express all the five subtypes of DRs, D1R to D5R. Although  CD4+ T cells have been 
involved in pathogenesis of rheumatoid arthritis (RA), roles of DRs expressed on these cells in RA are poorly under‑
stood. This study determined whether D2R expressed on  CD4+ T cells regulates inflammatory responses and signs in 
collagen type II (CII)‑induced arthritis (CIA), a mouse model of RA.

Methods DBA/1 mice and C57BL/6 mice with global D1r or D2r deficiency (D1r–/– or D2r–/–) or  CD4+ T cell‑specific 
D2r deletion (D2rfl/fl/CD4Cre) were used to prepare CIA model by intradermal injection of CII. D2R agonist sumanirole 
was intraperitoneally administered in CIA mice.  CD4+ T cells obtained from CIA mice were exposed to sumanirole or/
and D2R antagonist L‑741,626 in vitro. Arthritic symptoms were assessed by clinical arthritis scores. Flow cytometric 
assay measured frequencies of  CD4+ T cell subsets (Th1, Th2, Th17 and Treg cells). Expression of specific transcription 
factors for the  CD4+ T cell subsets was tested by Western blot. Cytokine production was estimated by quantitative 
PCR and ELISA.

Results CIA mice manifested a bias of  CD4+ T cells towards Th1 and Th17 cells. D2r–/– CIA mice showed a stronger 
bias towards Th1 and Th17 phenotypes than CIA mice, while D1r–/– CIA mice did not show the changes.  CD4+ T cell‑
specific D2r deletion exacerbated both the polarization towards Th1 and Th17 cells and the symptoms of arthritis. 
Sumanirole administration in CIA mice ameliorated the bias of  CD4+ T cells towards Th1 and Th17 phenotypes as well 
as arthritic symptoms. Sumanirole treatment of in vitro  CD4+ T cells obtained from CIA mice promoted the shift to 
Treg cells, and the effect of sumanirole was blocked by L‑741,626.

Conclusions D2R expressed on  CD4+ T cells is protective against imbalance between pro‑inflammatory and anti‑
inflammatory T cells and arthritic symptoms in CIA.
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Introduction
Rheumatoid arthritis (RA), a chronic autoimmune dis-
ease, is characterized by joint inflammation, synovial 
infiltration of immune cells, and cartilage and bone 
destruction [1]. Collagen type II (CII)-induced arthri-
tis (CIA) is a murine model of RA and is widely used 
in research of human RA, as it shares many pathologi-
cal and symptomatic similarities with human RA [2, 
3]. Although the exact pathogenesis of RA is unknown, 
a pivotal role of  CD4+ T cells in induction or perpetu-
ation of this chronic autoimmune disease has been sug-
gested [4, 5].  CD4+ T cells, on activation and expansion, 
develop into different T cell subsets, including helper T 
(Th)1, Th2, Th17, and regulatory T (Treg) cells, with dif-
ferent cytokine profiles and distinct effector functions. 
Th1 and Th17 cells exert pro-inflammatory properties, 
and Th2 and Treg cells are anti-inflammatory [6]. Early 
studies show that balance between Th1 and Th2 subsets 
is impaired in RA and Th1 driven inflammation is impli-
cated in immunopathogenesis of RA [7–9]. Subsequent 
studies indicate that RA patients manifest an increase in 
peripheral Th17 frequencies and Th17-related cytokine 
levels while a decrease in Treg frequencies and Treg-
related cytokine levels, suggesting that development of 
RA is associated with peripheral Th17/Treg imbalance 
[10, 11].

Dopamine is well recognized as a neurotransmitter in 
the central nervous system. Over five decades, this neu-
rotransmitter has been also found in various systems 
in the periphery [12]. Growing evidence demonstrates 
that dopamine exists in the immune system and regu-
lates a variety of immune functions [12–18]. Dopamine 
receptors (DRs), a significant G protein-coupled recep-
tor, are essential for dopamine regulation of cell func-
tion. Based on DR-downstream cAMP formation in 
cells, DRs are classified into the two families: D1-like 
receptors (including D1R and D5R) and D2-like recep-
tors (including D2R, D3R and D4R) [12]. T cells express 
the five DR subtypes [19–22]. Importantly, human  CD4+ 
T cells always express all the five DRs and activation of 
the T cells increases the expression of the DRs [23]. Our 
previous work has showed that dopamine is synthesized 
and released by lymphocytes and modulates lymphocyte 
function by acting on DRs in an autocrine/paracrine way 
[24–27].

Different DR subtypes expressed on different immune 
cells are associated with the progression or recovery of 
RA or CIA. For example, D1R antagonist suppresses the 
severity of CIA [28]; dopamine released by dendritic cells 
causes aggravation of synovial inflammation of RA [29]; 
D2R expression level on B lymphocytes negatively corre-
lates with RA activity [30]; D3R-positive mast cells in the 
synovial fluid show a declining trend with the increased 

disease activity in RA patients [31]; and D3R expressed 
on mast cells alleviates inflammation in CIA [32]. Our 
previous study showed that activation of D2-like recep-
tors mitigated CIA symptoms by ameliorating Th17/
Treg imbalance [33]. Nevertheless, further investiga-
tions are needed to clarify the role of D2R expressed on 
 CD4+ T cells in RA or CIA. In this study, we demon-
strate that D2R expressed on  CD4+ T cells is protective 
against the imbalance between pro-inflammatory and 
anti-inflammatory T cells and the symptoms of arthritis 
in CIA mice by means of the approaches of global D1r 
or D2r deficiency (D1r–/– or D2r–/–),  CD4+ T cell-specific 
D2r deletion (D2rfl/fl/CD4Cre), D2R agonist administra-
tion, and in  vitro treatments of  CD4+ T cells with D2R 
agonist or/and antagonist. The current study provides a 
novel insight into the role of dopaminergic signaling of T 
cells in induction or prevention of RA or CIA.

Materials and methods
Mice
Male DBA/1 mice were obtained from the Center of 
Experimental Animals, Nantong University, China. Both 
the heterozygous D1r and D2r mice on C57BL/6 genetic 
background were kindly provided by Professor J.W. 
Zhou (Chinese Academy of Sciences, Shanghai, China). 
D1r−/−and D2r−/− mice were obtained by cross-breed-
ing of the heterozygous D1r and D2r mice, respectively. 
D2r-floxed (D2rfl/fl) mice were gifts from Professor J.W. 
Zhou (Chinese Academy of Sciences, Shanghai, China). 
CD4Cre transgenic mice were gifts from Professor Z.C. 
Hua (Nanjing University, Nanjing, China). For T cell-
specific deletion of D2r, the homozygous floxed D2r mice 
were crossed with CD4Cre mice to obtain D2rfl/fl/CD4Cre 
mice. Genotypes of all the mice were identified by poly-
merase chain reaction (PCR) amplification, as described 
previously [34]. The mice were housed with ad  libitum 
access to food and water at 23 °C under a 12 h-light and 
12  h-dark cycle. Male mice between 8 and 10  weeks of 
age were used in all experiments.

Induction of CIA
For DBA/1 mice, CIA was induced as described in our 
previous publications [35, 36]. Briefly, mice were intra-
dermally injected in the tail base with 0.1  ml emulsion 
containing 100 μg CII (Sigma-Aldrich, USA) in complete 
Freund’s adjuvant (Chondrex, USA) on day 0 as a primary 
immunization. The mice were intraperitoneally boosted 
with 100 μg CII in incomplete Freund’s adjuvant (Chon-
drex, USA) on day 21. Eventually, an intraperitoneal 
injection with 20 μg lipopolysaccharide dissolved in 20 μl 
PBS was executed to the mice on day 28. Mice were sacri-
ficed on the 41st day after the primary immunization for 
subsequent experiments.
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For C57BL/6 mice with D1r−/−, D2r−/−, or D2rfl/fl/
CD4Cre mutation, CIA was induced with a little differ-
ence from that for DBA/1 mice, based on [37]. Simi-
larly, mice were intradermally injected in the tail base 
with 0.1 ml emulsion containing 100 μg CII in complete 
Freund’s adjuvant on day 0 as a primary immunization. 
Dissimilarly, the mice received intraperitoneal injection 
with 60 μg CII in incomplete Freund’s adjuvant and two 
hind-footpad injections with 40 μg CII on day 21. Mice 
of wild-type (WT) littermates served as control to induce 
CIA. Likewise, mice were sacrificed on the 41st day after 
the primary immunization for subsequent experiments.

Evaluation of CIA symptoms
Arthritic symptoms were assessed by clinical arthritis 
score, hind paw thickness, and ankle joint width. The 
clinical arthritis score was measured by two investiga-
tors blinded to different groups every two days beginning 
from day 21 until day 41 after primary immunization 
using the following system for each limb: grade 0, no 
swelling; grade 1, slight swelling and erythema; grade 2, 
pronounced swelling; and grade 3, joint rigidity. A sum of 
clinical arthritis scores of four limbs for each mouse was 
submitted to statistical analysis. Mouse hind paw thick-
ness and ankle joint width were also measured by the 
investigators using a microcalliper on the 41st day after 
the primary immunization.

Treatment of CIA mice
The selective D2R agonist sumanirole (Sigma-Aldrich, 
USA), which was dissolved in saline, was intraperito-
neally administered in DBA/1 CIA mice (1.5  mg/kg 
weight or 3  mg/kg weight) every other day with twice 
a day beginning from day 23 until day 41 after primary 
immunization. Saline injection in the same way was used 
as control.

CD4+ T cell purification, activation, and treatments
The spleens of DBA/1 CIA mice were dissected and 
 CD4+ T cells were obtained by magnetic cell sorting 
using a  CD4+ T cell enrichment kit (BD Biosciences, 
USA) according to the manufacturer’s protocol. Sorted 
cells were suspended in RPMI 1640 medium contain-
ing 10% heat-inactivated calf serum at a final concen-
tration of 5 ×  106 cells/ml and stimulated with anti-CD3 
and anti-CD28 antibodies (both 2  μg/ml; both from 
BD Pharmingen, USA) at 37  °C for 48  h to activate the 
cells. Simultaneously, the  CD4+ T cells were exposed to 
the D2R agonist sumanirole (Sigma-Aldrich, USA) with 
the concentrations of  10–7  M or  10–6  M or to the D2R 
antagonist L-741,626 (Tocris Bioscience, USA) with the 
concentration of  10–6  M, which was incubated at 37  °C 
for 48 h. A combined treatment with L-741,626  (10–6 M, 

30  min earlier) and sumanirole  (10–6  M) was also per-
formed in the cultured  CD4+ T cells to show a blockage 
of the D2R agonist by the D2R antagonist.

Flow cytometric assay for  CD4+ T cell subsets 
and  CD4+D2R+ cells
This method referred to our previous work [38]. The 
spleens were isolated from mice and mononuclear cells 
were prepared. The splenic mononuclear cells were 
incubated in round-bottom plates (2 ×  105 cells/well) 
with 50  ng/ml phorbol 12-myristate 13-acetate (Sigma-
Aldrich, USA), 1  μM ionomycin (Sigma-Aldrich, USA), 
and 2 μM monensin (BD Biosciences, USA) for 5 h. After 
surface staining with APC-conjugated anti-CD4 antibody 
or/and FITC-conjugated anti-CD25 antibody (eBiosci-
ence, USA), the cells were fixed and permeabilized with 
the Cytofix/Cytoperm kit (BD Biosciences, USA). The 
cells were then stained intracellularly with PE-conjugated 
antibodies specific for interferon (IFN)-γ, interleukin 
(IL)-4, IL-17, or Foxp3 (all from eBioscience, USA). After 
PBS washes, the samples were run on a FACSCalibur flow 
cytometer equipped with an argon laser and analyzed by 
CellQuest software (BD Biosciences, USA).

For  CD4+D2R+ cell measurement, splenic mono-
nuclear cells were stained with APC-labeled anti-CD4 
antibody (eBioscience, USA) and FITC-labeled anti-D2R 
antibody (Invitrogen, USA) for 30 min on ice. After PBS 
washes, the cells were analyzed for  CD4+D2R+ cell per-
centage in total  CD4+ cells using a FACSCalibur flow 
cytometer with CellQuest software (BD Biosciences, 
USA).

Western blot analysis
The ankle joints were pulverized and homogenized in 
lysis buffer [33]. The supernatants were collected by cen-
trifuging at 4  °C at 12,000 × g for 15  min to obtain pro-
tein extracts. The cultured  CD4+ T cells were harvested 
to extract total protein with the lysis buffer. The protein 
samples (30 μg per lane) were fractionated by SDS-PAGE 
on 12% gels and then transferred onto polyvinylidene dif-
luoride membranes (Millipore, USA). The membranes 
were blocked with 5% skim milk and separately incu-
bated with the primary rabbit antibodies specific for D1R 
(1:200; Millipore, USA), D2R (1:200; Millipore, USA), 
T-bet (1:200; Santa Cruz Biotechnology, USA), GATA-3 
(1:200; Santa Cruz Biotechnology, USA), ROR-γt (1:200; 
Invitrogen, USA), or Foxp3 (1:200; Santa Cruz Biotech-
nology, USA), or with the primary mouse antibody spe-
cific for β-actin (1:5000; Sigma-Aldrich, USA) overnight 
at 4 °C. Then, the membranes were incubated with IRDye 
800- or 680-conjugated secondary antibodies (1:5000; 
Rockland Immunochemicals, USA) for 1 h at room tem-
perature, followed by visualization using Odyssey laser 
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scanning system (LI-COR Inc., USA). The relative quan-
tities of the protein bands were determined by an image 
analysis system (Odyssey 3.0 software). Each target pro-
tein level was normalized to a ratio to β-actin.

Quantitative real‑time PCR
Total RNA was isolated from cultured  CD4+ T cells 
with Trizol reagent (Invitrogen, USA) and reverse-tran-
scribed using 5 × Prime Script RT Master Mix (Takara, 
Japan), as recommended by the manufacturer. The spe-
cific primers used to amplify the genes are as follows: 
IFN-γ, 5’-TCA AGT GGC ATA GAT GTG GAA GAA -3’ and 
5’-TGG CTC TGC AGG ATT TTC ATG-3’ (NM_008337.2); 
IL-4, 5’-ACA GGA GAA GGG ACG CCA T-3’ and 5’-GAA 
GCC CTA CAG ACG AGC TCA-3’ (NM_021283.1); IL-
17A, 5’-GCT CCA GAA GGC CCT CAG A’ and 5’-AGC 
TTT CCC TCC GCA TTG A-3’ (NM_010552.3); trans-
form growth factor (TGF)-β1, 5’-GAT ACG CCT GAG 
TGG CTG TC-3’ and 5’-GCT GAT CCC GTT GAT TTC 
C-3’ (NM_011577.2); β-actin, 5’-CTG TCC CTG TAT 
GCC TCT G-3’ and 5’-ATG TCA CGC ACG ATT TCC -3’ 
(NM_007393.5). The PCR was performed in triplicate by 
using the Rotor-Gene 3000 Real-time Cycler with SYBR 
green I as the detection system. β-actin was used as an 
endogenous standard.

Enzyme‑linked immunosorbent assay (ELISA)
The ankle joints were pulverized and homogenized in 
lysis buffer. The supernatants were collected by centri-
fuging at 4  °C at 12,000 × g for 15  min to measure con-
tents of the cytokines IFN-γ, IL-4, IL-17A and TGF-β1 in 
the joints. The serum was also collected to test anti-CII 
IgG level. The samples were assayed using commercially 
available ELISA kits (eBioscience, USA), following the 
manufacturer’s instructions.

Histopathology
This procedure referred to our previous work [35]. 
Briefly, ankle joints of mice were removed, fixed in 4% 
phosphate-buffered formalin for 3  days, and decalcified 
in 10% EDTA for 15 days. Sections with 20 µm in thick-
ness were prepared in a freezing microtome (Leica CM 
1900–1-1, Germany) and stained with H&E.

Statistical analysis
Data were expressed as mean ± standard deviation. Sta-
tistical analysis was performed using GraphPad Prism 
software. Comparisons between two groups were evalu-
ated using Student’s t test. Multiple comparisons among 
the groups were assessed by one-way analysis of variance, 
followed by a post hoc analysis. Significance was assigned 
at P < 0.05.

Results
Effects of global D1r or D2r ablation on differentiation 
and function of  CD4+ T cells in CIA mice
D2R expression was upregulated in both ankle joints 
and spleen of CIA mice compared with that of con-
trol mice, while D1R expression was not significantly 
different in both the tissues between CIA mice and 
control mice (Fig. 1A). Differentiation of  CD4+ T cells 
towards the four subsets, Th1, Th2, Th17 and Treg cells, 
was determined by percentages of  CD4+IFN-γ+ (Th1) 
cells,  CD4+IL-4+ (Th2) cells,  CD4+IL-17+ (Th17) cells 
and  CD4+CD25+Foxp3+ (Treg) cells in total  CD4+ 
T cells as well as by expression of T-bet, GATA-3, 
ROR-γt and Foxp3, the specific transcription factors 
for Th1, Th2, Th17 and Treg cells, respectively. The 
percentages of  CD4+IFN-γ+ cells and  CD4+IL-17+ 
cells, the two pro-inflammatory  CD4+ T cell subsets, 
were increased in CIA mice compared with those in 
control mice (Fig.  1B). Importantly, global D2r abla-
tion augmented the CIA-induced increases in Th1 and 
Th17 cell frequencies, while global D1r loss did not 
significantly alter the CIA-induced changes (Fig.  1B). 
In contrast, the percentages of  CD4+IL-4+ cells and 
 CD4+CD25+Foxp3+ cells, the two anti-inflammatory 
 CD4+ T cell subsets, were not significantly altered by 
any condition of CIA, global D2r deficiency or global 
D1r deficiency (Fig. 1B). In addition, protein expression 
of T-bet and ROR-γt in ankle joints was upregulated 
in CIA mice relative to that in control mice (Fig.  1C). 
Global D2r deficiency further upregulated the T-bet 
and ROR-γt expression in CIA mice, but global D1r 
deficiency did not alter the CIA-induced T-bet and 
ROR-γt expression (Fig.  1C). Interestingly, protein 
expression of both GATA-3 and Foxp3 was upregulated 
in CIA mice compared with that in control mice, but 
only the upregulated Foxp3 expression in CIA mice was 
reduced by global D2r deletion (Fig. 1C).

Functional bias of  CD4+ T cells towards the four sub-
sets was determined by levels of IFN-γ, IL-4, IL-17A 
and TGF-β1 in the ankle joints, since the cytokines are 
produced mainly by Th1, Th2, Th17 and Treg cells, 
respectively. Similar to the changes in T-bet and ROR-γt 
expression, the levels of the two pro-inflammatory 
cytokines IFN-γ and IL-17A in the ankle joints were 
increased in CIA mice relative to those in control mice, 
and D2r deficiency further increased IFN-γ and IL-17A 
levels, but D1r deficiency did not further alter IFN-γ and 
IL-17A levels in CIA mice (Fig. 1D and F). Similar to the 
changes in GATA-3 and Foxp3 expression, the levels of 
the two anti-inflammatory cytokines IL-4 and TGF-β1 in 
the ankle joints were higher in CIA mice than in control 
mice, but only TGF-β1 level was significantly reduced by 
D2r deficiency (Fig. 1E and G).
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Fig. 1 Effects of global D1r or D2r ablation on differentiation and function of  CD4+ T cells in CIA mice. A Protein expression of D1R and D2R in 
ankle joints and spleen of mice. The left panel indicates Western blotting bands and the right panel is densitometric data normalized to β‑actin 
(n = 5/group). B Flow cytometric assay of the  CD4+ T cell subsets,  CD4+IFN‑γ+ (Th1) cells,  CD4+IL‑4+ (Th2) cells,  CD4+IL‑17+ (Th17) cells, and 
 CD4+CD25+Foxp3+ (Treg) cells. Representative images of the flow cytometric assay are exhibited in the left panel and quantitative data showing 
percentages of the  CD4+ T cell subsets in total  CD4+ T cells are indicated in the right panel (n = 5/group). C Protein expression of the specific 
transcription factors T‑bet, GATA‑3, ROR‑γt and Foxp3 for Th1, Th2, Th17 and Treg cells, respectively, in ankle joints. Representative Western blotting 
bands are exhibited in the left panel and densitometric data normalized to β‑actin are indicated in the right panel (n = 5/group). D‑G Contents of 
the cytokines IFN‑γ, IL‑4, IL‑17A and TGF‑β1 in ankle joints measured by ELISA. n = 6/group. **P < 0.01, versus control or WT mice; #P < 0.05, ##P < 0.01, 
versus WT CIA mice
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D2R agonist sumanirole ameliorates depolarization of Th1 
and Th17 cells and symptoms of arthritis in CIA mice
Mice were intraperitoneally injected with the D2R ago-
nist sumanirole (1.5 or 3  mg/kg weight) every other 
day with twice a day beginning from day 23 until day 
41 after primary immunization. Saline injection in the 
same way served as control of the sumanirole treat-
ment. Similarly, differentiation of  CD4+ T cells towards 
Th1, Th2, Th17 and Treg cells was assessed by frequen-
cies of  CD4+IFN-γ+ cells,  CD4+IL-4+ cells,  CD4+IL-17+ 
cells and  CD4+CD25+Foxp3+ cells as well as by expres-
sion of T-bet, GATA-3, ROR-γt and Foxp3. The increased 
frequencies of  CD4+IFN-γ+ cells and  CD4+IL-17+ cells 
in CIA mice were reduced by the treatment with the 
D2R agonist sumanirole of 3 mg/kg (but not 1.5 mg/kg) 
(Fig.  2A). However, the frequencies of  CD4+IL-4+ cells 
and  CD4+CD25+Foxp3+ cells were altered neither by 
CIA nor CIA plus sumanirole (Fig.  2A). Furthermore, 
the upregulated expression of T-bet and ROR-γt in CIA 
mice was also reduced by sumanirole of 3  mg/kg (but 
not 1.5  mg/kg) (Fig.  2B). In contrast, the upregulated 
Foxp3 expression in CIA mice was further increased by 
sumanirole, although the upregulated GATA-3 expres-
sion in CIA mice was not altered by sumanirole (Fig. 2B).

The changes in levels of the cytokines IFN-γ, IL-4, IL-
17A and TGF-β1, which represent functions of Th1, Th2, 
Th17 and Treg cells, respectively, were similar to those in 
expression of their specific transcription factors in CIA 
or sumanirole administration. The raised levels of IFN-γ 
and IL-17A, the two pro-inflammatory cytokines, in the 
ankle joints of CIA mice were attenuated by sumanirole 
administration (Fig.  2C and E). Although the levels of 
IL-4 and TGF-β1, the two anti-inflammatory cytokines, 
were also raised by CIA, the sumanirole administration 
further increased TGF-β1 level (Fig. 2D and F).

In addition, symptoms of arthritis were estimated 
by clinical arthritis score, which was measured every 
other day from day 21 to day 41 after primary immuni-
zation, as well as by hind paw thickness and ankle joint 
width on day 41 post-immunization. The clinical arthri-
tis score was continuously elevated in CIA mice from 
day 25 to day 41 after immunization in comparison with 
that in control mice (Fig. 2G). Sumanirole treatment with 
3 mg/kg (but not 1.5 mg/kg) reduced the elevation of the 

clinical arthritis score during days 35 through 41 after 
immunization (Fig.  2G). Moreover, the increased hind 
paw thickness and ankle joint width in CIA mice were 
also reduced by sumanirole administration with 3  mg/
kg (Fig. 2H). Furthermore, CIA mice showed a dramatic 
increase in anti-CII IgG antibody level in serum on day 41 
post-immunization compared with control mice (Fig. 2I). 
However, the raised serum anti-CII IgG level in CIA mice 
was not significantly reduced by the sumanirole adminis-
tration (Fig. 2I).

CD4+ T cell‑specific D2r ablation aggravates depolarization 
of Th1 and Th17 cells and symptoms of arthritis in CIA mice
The percentage of  CD4+D2R+ cells in total  CD4+ T 
cells was increased in CIA mice relative to that in con-
trol mice (Fig.  3A), suggesting an involvement of  CD4+ 
T cell-expressed D2R in CIA. To clarify the role of D2R 
expressed on  CD4+ T cells in CIA pathogenesis, we 
evaluated effects of  CD4+ T cell-specific D2r ablation 
on T cell imbalance, joint histopathology and arthritic 
symptoms in CIA mice. It was found that the increased 
frequencies of  CD4+IFN-γ+ (Th1) cells and  CD4+IL-17+ 
(Th17) cells in CIA mice were further increased by 
 CD4+ T cell-specific D2r deficiency (Fig.  3B). In con-
trast, the frequencies of  CD4+IL-4+ (Th2) cells and 
 CD4+CD25+Foxp3+ (Treg) cells were not significantly 
altered by any condition of CIA or  CD4+ T cell-spe-
cific D2r deficiency (Fig.  3B). Western blotting analysis 
indicated that D2R expression was deficient in  CD4+ T 
cells obtained from the conditional D2r-deficient mice 
(Fig.  3C), confirming the efficiency of  CD4+ T cell-spe-
cific D2r deletion. Furthermore, the histopathology of 
ankle joints showed synovial hyperplasia and cartilage 
destruction in CIA mice as well as bone erosion in D2rfl/

fl/CD4Cre CIA mice (Fig. 3D). Moreover, the upregulated 
expression of T-bet and ROR-γt in the ankle joints of CIA 
mice was increased by  CD4+ T cell-specific D2r deletion 
(Fig. 3E). However, the upregulated Foxp3 expression in 
CIA mice was attenuated by  CD4+ T cell-specific D2r 
loss (Fig. 3E), although the upregulated GATA-3 expres-
sion in CIA mice was not altered by  CD4+ T cell-specific 
D2r loss (Fig. 3E). Likewise, the raised IFN-γ and IL-17A 
levels by CIA were increased by  CD4+ T cell-conditional 
D2r deficiency (Fig.  3F and H), but the raised TGF-β1 

(See figure on next page.)
Fig. 2 D2R agonist sumanirole ameliorates depolarization of Th1 and Th17 cells and symptoms of arthritis in CIA mice. A Flow cytometric assay of 
the  CD4+ T cell subsets. The left panel represents the flow cytometric images and the right panel indicates respective percentage of the  CD4+ T 
cell subsets (Th1, Th2, Th17 and Treg cells) in total  CD4+ T cells (n = 5/group). B Protein expression of the specific transcription factors in ankle joints 
of mice. Representative Western blotting bands are exhibited in the left panel and quantitative values obtained by densitometric analysis were 
normalized to β‑actin in the right panel (n = 5/group). C‑F Contents of the cytokines IFN‑γ, IL‑4, IL‑17A and TGF‑β1 in ankle joints of mice measured 
by ELISA. All n = 5. G Clinical arthritis score of four limbs. The arrow indicates the first sumanirole administration. n = 6/group. H Hind paw thickness 
and ankle joint width of mice. n = 6/group. I Anti‑CII IgG antibody levels in serum of mice measured by ELISA. n = 5/group. *P < 0.05, **P < 0.01, 
versus saline group; #P < 0.05, ##P < 0.01, versus CIA + saline group; NS, no significance
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level by CIA was reduced by  CD4+ T cell-conditional D2r 
deficiency (Fig. 3I) and the raised IL-4 level by CIA was 
not changed by the gene mutation (Fig. 3G).

In addition, D2rfl/fl/CD4Cre CIA mice manifested fur-
ther increased clinical arthritis score during days 33 
through 41 after immunization with respect to WT CIA 
mice (Fig. 3J). And also D2rfl/fl/CD4Cre CIA mice exhib-
ited further increased hind paw thickness and ankle 
joint width in comparison with WT CIA mice (Fig. 3K). 
However, the elevated anti-CII IgG antibody level in the 
serum of CIA mice on day 41 post-immunization was 
not affected by  CD4+ T cell-conditional D2r deficiency 
(Fig. 3L).

D2R agonist sumanirole in vitro inhibits CIA‑induced bias 
of  CD4+ T cells towards Th1 and Th17 phenotypes and D2R 
antagonist L‑741,626 blocks this effect
The D2R agonist sumanirole  (10–7 or  10–6  M) was 
applied alone or in combination with the D2R antago-
nist L-741,626  (10–6 M) to in vitro  CD4+ T cells obtained 
from CIA mice in the presence of the stimulation with 
anti-CD3 and anti-CD28 antibodies. An alone L-741,626 
exposure was also performed to determine whether this 
D2R antagonist itself affects  CD4+ T cells. It was found 
that  CD4+ T cells obtained from CIA mice expressed 
more T-bet and ROR-γt than those cells from control 
mice (Fig.  4A). The treatment with sumanirole of both 
the concentrations  (10–7 and  10–6 M) inhibited the CIA-
induced T-bet and ROR-γt expression in  CD4+ T cells 
(Fig. 4A). The combined treatment of CIA-derived  CD4+ 
T cells with L-741,626 and sumanirole returned to the 
high levels of T-bet and ROR-γt expression (Fig.  4A), 
showing that the D2R antagonist L-741,626 blocked the 
inhibitory effect of the D2R agonist sumanirole. Inter-
estingly, alone L-741,626 exposure upregulated ROR-γt 
expression in CIA-derived  CD4+ T cells in comparison 
with no L-741,626 exposure, but it did not significantly 
affect T-bet expression (Fig.  4A). Moreover, GATA-3 
expression was also upregulated in  CD4+ T cells in CIA 
condition, but any treatment with alone sumanirole, 
combined L-741,626 and sumanirole, or alone L-741,626 

did not alter the CIA-induced expression of GATA-3 
(Fig. 4A). Although CIA did not significantly affect Foxp3 
expression in  CD4+ T cells, sumanirole of both the con-
centrations obviously upregulated the Foxp3 expression, 
and this effect of sumanirole was abolished by L-741,626 
(Fig. 4A).

Functional bias of in vitro  CD4+ T cells towards Th1, 
Th2, Th17 and Treg phenotypes was assessed by gene 
expression and secretion levels of IFN-γ, IL-4, IL-17A 
and TGF-β1 in the T cells. The upregulated mRNA 
expression of both IFN-γ and IL-17A in  CD4+ T cells 
in CIA condition was reduced by the D2R agonist 
sumanirole, and this effect of sumanirole was elimi-
nated by the D2R antagonist L-741,626 (Fig.  4B). IL-4 
mRNA expression was also upregulated in  CD4+ T 
cells in CIA condition, but the upregulated IL-4 expres-
sion by CIA was not altered by any treatment with alone 
sumanirole, combined L-741,626 and sumanirole, or 
alone L-741,626 (Fig.  4B). In contrast, CIA did not sig-
nificantly influence TGF-β1 mRNA expression in  CD4+ 
T cells, but sumanirole upregulated TGF-β1 expres-
sion, and L-741,626 abrogated this effect of sumanirole 
(Fig. 4B). Furthermore, the changes in secretion levels of 
the four cytokines in  CD4+ T cells were similar to those 
in the gene expression. CIA increased IFN-γ and IL-17A 
concentrations in supernatants of the activated  CD4+ 
T cells, sumanirole reduced the CIA-induced secretion 
of IFN-γ and IL-17A from  CD4+ T cells, and L-741,626 
abolished these effects of sumanirole (Fig. 4C and E). The 
level of IL-4 secretion from  CD4+ T cells was elevated in 
CIA condition, but any treatment with alone sumanirole, 
combined L-741,626 and sumanirole, or alone L-741,626 
did not alter the elevated IL-4 level (Fig. 4D). In contrast, 
CIA did not affect TGF-β1 secretion from  CD4+ T cells, 
but sumanirole increased the TGF-β1 secretion, and 
L-741,626 blocked the effect of sumanirole (Fig. 4F).

Discussion
In the present study, global D2r deficiency exacerbated 
CIA-induced imbalance between pro-inflammatory and 
anti-inflammatory T cell responses, as evidenced by the 

Fig. 3 CD4+ T cell‑specific D2r ablation aggravates depolarization of Th1 and Th17 cells and symptoms of arthritis in CIA mice. A Flow cytometric 
assay for  CD4+D2R+ cells. The left two panels indicate representative images of the flow cytometric assay, and the right panel is quantitative 
data showing percentage of  CD4+D2R+ cells in total  CD4+ cells (n = 6/group). B Flow cytometric assay of the  CD4+ T cell subsets. The left panel 
indicates representative images of the flow cytometric assay, and the right panel is quantitative data showing respective percentage of Th1, Th2, 
Th17 and Treg cells in total  CD4+ cells (n = 5/group). C Efficiency of  CD4+ T cell‑specific D2r deletion.  CD4+ T cells that were obtained from the 
spleen of WT or D2rfl/fl/CD4Cre mice by magnetic cell sorting were analyzed by Western blot. D Histopathology of ankle joints. The arrows point at 
synovial tissue showing synovial hyperplasia in CIA mice and D2rfl/fl/CD4Cre CIA mice. The arrow heads denote articular cartilage or bone showing 
cartilage destruction in CIA mice and bone erosion in D2rfl/fl/CD4Cre CIA mice. The asterisks indicate articular cavity. E Protein expression of the four 
transcription factors in ankle joints. Representative protein bands are indicated in the left panel and densitometric data normalized to β‑actin are 
shown in the right panel (n = 5/group). F‑I Contents of the cytokines in ankle joints determined by ELISA. All n = 5. J Clinical arthritis score of four 
limbs, K hind paw thickness and ankle joint width, and L serum anti‑CII IgG levels determined by ELISA. n = 6 in (J), K and (L). **P < 0.01, versus 
control or WT mice; #P < 0.05, ##P < 0.01, versus WT CIA mice; NS, no significance

(See figure on next page.)
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increases in Th1 and Th17 cell frequencies, T-bet and 
ROR-γt expression, and IFN-γ and IL-17A levels, as 
well as by the decreases in Foxp3 expression and TGF-
β1 production. In contrast, global D1r deficiency did not 
significantly alter the CIA-induced pro-inflammatory/
anti-inflammatory imbalance. Moreover, D2R expres-
sion in both ankle joints and spleen was upregulated in 
CIA mice, while D1R expression in the two tissues was 
not altered by CIA. These findings suggest that D2R but 
not D1R is actively involved in the regulation of pro-
inflammatory and anti-inflammatory T cell activities 
during CIA. In support of the present results, we previ-
ously showed that D2r-deficient CIA mice manifested 
more severe arthritic symptoms than WT CIA mice, 

while D1r-deficient CIA mice did not alter the arthritis 
[33]. It is clear that activation of D1-like receptors (D1R 
and D5R) increases the formation of their downstream 
signaling cAMP, whereas activation of D2-like receptors 
(D2R, D3R and D4R) inhibits the production of cAMP 
[12]. This may explain the different effects between D1r 
and D2r deficiency on CIA. Indeed, Nakano et  al. [29] 
have indicated that D2-like receptor antagonist halop-
eridol significantly induces accumulation of IL-6+ and 
IL-17+ T cells with exacerbated cartilage destruction 
in RA synovial/SCID mouse chimera model, whereas 
D1-like receptor antagonist SCH-23390 strongly sup-
presses these responses. In addition, Wang et  al. [32] 
recently have shown that D3r-deficient CIA mice develop 

Fig. 4 D2R agonist sumanirole in vitro inhibits CIA‑induced bias of  CD4+ T cells towards Th1 and Th17 phenotypes and D2R antagonist L‑741,626 
blocks this effect. A Protein expression of the specific transcription factors in  CD4+ T cells. The left panel represents Western blotting bands and 
the right panel indicates quantitative data of the left panel. B Gene expression levels of the cytokines in  CD4+ T cells. C‑F Concentrations of the 
cytokines in supernatants of the activated  CD4+ T cells. All the data were from five repeated experiments. **P < 0.01, versus control group; ##P < 0.01, 
versus CIA group; &&P < 0.01, versus CIA + sumanirole  10–6 M group
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more severe arthritis than WT CIA mice. The findings 
support our current results, since D2R and D3R share the 
same downstream cAMP signaling. However, the role of 
D1R in CIA or RA seems complicated. A recent report 
reveals that expression of D1R on B cells of RA patients 
correlates positively with disease duration and sever-
ity only in women, indicating sex-specific differences 
in dopaminergic pathway in RA, with a pro-inflamma-
tory feature of the D1R pathway in women [39]. Thus, 
whether the male CIA mice used in this study are a rea-
son for the unaffected effect by D1r deficiency is worthy 
of future investigations.

Contrary to the D2r-deficient effects, D2R agonist 
sumanirole, which was intraperitoneally injected in CIA 
mice, alleviated the imbalance of pro-inflammatory/anti-
inflammatory T cells, as determined by the inhibition in 
Th1 and Th17 cell differentiation and function and the 
enhancement in Treg cell differentiation and function. As 
a result, the arthritic signs in CIA mice were mitigated 
by the sumanirole administration. These results demon-
strate that D2R is involved in amelioration of both Th17/
Treg imbalance and arthritic symptoms. On the other 
hand, the elevated serum anti-CII IgG level in CIA mice 
was not significantly reduced by the sumanirole adminis-
tration. It implies that anti-CII IgG antibody is not easily 
neutralized by the D2R agonist. The speculation is sup-
ported by the findings from Nakashioya et al. [28]. They 
indicate that D1-like receptor antagonist SCH23390 does 
not affect serum levels of antibodies (IgG1, IgG2a and 
IgG2b) to CII, although it suppresses the severity of CIA.

Our further investigation showed that  CD4+ T cell-
specific D2r loss exacerbated not only the imbalance 
between pro-inflammatory and anti-inflammatory T cell 
responses but also the arthritic symptoms in CIA mice. 
These effects are consistent with those of global D2r abla-
tion. This suggests that  CD4+ T cell-expressed D2R dom-
inates the regulation of CIA. Furthermore, in vitro data 
revealed that activation of D2R on  CD4+ T cells obtained 
from CIA mice with the agonist sumanirole promoted 
the polarization towards Treg phenotype. The effect of 
sumanirole was blocked by D2R antagonist L-741,626. 
Accordingly, we propose that D2R expressed on  CD4+ 
T cells is protective against inflammatory responses and 
signs in CIA. As a support, B cell-expressed D2R may be 
instrumental in improvement of RA signs [30].

CD4+ T cells have been crucially associated with the 
pathogenesis of RA or CIA and therefore, regulating 
 CD4+ T cells is important to therapy of RA or CIA. Stud-
ies carried out on human and murine T cells have shown 
that activation of D2R increases production of IL-10 [14] 
and that DR2 can be effective in regulating the activation 
and differentiation of naive  CD4+ T cells by promoting 
the polarization toward Treg cells [40]. Blocking D2R 

leads to high IL-17 production in the interface between 
dendritic cells and naive  CD4+ T cells [29]. Because Th17 
and Treg cells are involved in autoimmunity as autoag-
gressive and beneficial cells, respectively, it is likely that 
D2R is involved in the protection against autoimmunity 
[41]. Our current results provide further evidence for the 
protection against CIA progression by D2R expressed 
on  CD4+ T cells. Based on the regulation, a potential 
therapeutic strategy for RA via activating D2R can be 
suggested.

Conclusions
Global D2r deficiency exacerbated imbalance between 
pro-inflammatory and anti-inflammatory T cells in CIA 
mice, while global D1r deficiency did not alter the CIA-
induced changes. Systemic administration of D2R agonist 
sumanirole in CIA mice alleviated pro-inflammatory/
anti-inflammatory T cell imbalance and arthritic symp-
toms.  CD4+ T cell-specific D2r deletion aggravated T cell 
inflammatory responses and arthritic symptoms in CIA 
mice, whereas the D2R agonist sumanirole in vitro pro-
moted the shift of CIA  CD4+ T cells to Treg phenotype. 
These findings demonstrate that D2R expressed on  CD4+ 
T cells is protective against CIA progression. Therefore, 
activation of D2R signaling may become a potential ther-
apeutic strategy for RA.
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