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A B S T R A C T

As G-protein-coupled receptors (GPCRs), 5-hydroxytryptamine 1A receptor (5-HT1AR) and orexin receptor 2
(OX2R) regulate the levels of the cellular downstream molecules. The heterodimers of different GPCRs play
important roles in various of neurological diseases. Moreover, 5-HT1AR and OX2R are involved in the patho-
genesis of neurological diseases such as depression with deficiency of hippocampus plasticity. However, the
direct interaction of the two receptors remains elusive. In the present study, we firstly demonstrated the het-
erodimer formation of 5-HT1AR and OX2R. Exchange protein directly activated by cAMP (Epac) cAMP biolu-
minescence resonance energy transfer (BRET) biosensor analysis revealed that the expression levels of cellular
cAMP significantly increased in HEK293T cells transfected with the two receptors compared with the 5-HT1AR
group. Additionally, the cellular level of calcium was upregulated robustly in HEK293T cells co-transfected with
5-HT1AR and OX2R group after agonist treatment. Furthermore, western blotting data showed that 5-HT1AR
and OX2R heterodimer decreased the levels of phosphorylation of extracellular signal-regulated kinase (ERK)
and cAMP-response element-binding protein (CREB). These results not only unraveled the formation of 5-HT1AR
and OX2R heterodimer but also suggested that the heterodimer affected the downstream signaling pathway,
which will provide new insights into the function of the two receptors in the brain.

1. Introduction

G-protein-coupled receptors (GPCRs) are critical in regulating a
variety of physiological processes including cell growth, cell survival,
cell migration and metabolism [1–3]. Previous research showed that
deficiency in the function of GPCRs resulted in the progresses of the
pathology of brain disorders [4,5], suggesting the important role of
GPCRs in the brain and the possibility of GPCRs as therapeutic targets
for neurological diseases. More importantly, evidence has revealed that
different GPCRs formed heterodimer and were involved in different
physiological and pathological processes. The heteroreceptor of Dopa-
mine D2 receptor (Drd2) and Disrupted in Schizophrenia 1 (DISC1)
increased the glycogen synthase kinase (GSK)-3 signaling regulated by
Drd2, which leading to the antipsychotic-like effects [6]. Moreover, the
heteroreceptor of galanin receptor 1 (GalR1) and 5-HT1AR has been
proposed to be involved in the antidepressant effects caused by zinc
[7,8]. These observations provide new insights into the cellular me-
chanism during the pathogenesis of neurological diseases [9,10].

5-hydroxytryptamine receptors play important roles in cellular

signaling regulation. There are seven subtypes of 5-hydroxytryptamine
receptors including 5-hydroxytryptamine 1A receptor (5-HT1AR), 5-
hydroxytryptamine 2 receptor (5-HT2R), 5-hydroxytryptamine 3 re-
ceptor (5-HT3R), 5-hydroxytryptamine 4 receptor (5-HT4R), 5-hydro-
xytryptamine 5 receptor (5-HT5R), 5-hydroxytryptamine 6 receptor (5-
HT6R) and 5-hydroxytryptamine 7 receptor (5-HT7R) [11,12]. As one
member of these receptors, 5-HT1AR has been reported to express
widely in the brain areas including hippocampus, hypothalamus and
midbrain. Additionally, increasing amounts of evidence indicated that
5-HT1AR is critical for lots of physiological function such as cognition
and emotion control [13,14]. 5-HT1AR mainly binds to the Gi protein
resulting in the reduction of adenylate cyclase (AC) activation, and
further leads to the downregulation of the expression levels of p-CREB
and cellular cAMP calcium levels after ligand stimulation [15]. More-
over, 5-HT1AR has been proposed to form heterodimers with other
GPCRs and is involved in the regulation of cellular signaling pathway.
Previous studies have suggested that 5-HT1AR homodimer activation
reduced the level of cellular cAMP, while the heterodimers of 5-HT1AR
and dopaminergic receptor 2 (Drd2) led to potentiation of cAMP levels
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following the agonist 8-OHDPAT treatment [10]. Additionally, co-ac-
tivation of 5-HT1AR and fibroblast growth factor receptor 1 (FGFR1)
heterodimer by 8-OHDPAT and FGF2 induced the upregulation of
phosphorylated extracellular signal-regulated kinase (p-ERK) and in-
creased the neurite densities of primary hippocampal neurons [16].
These results demonstrated the important role of 5-HT1AR in GPCRs
heterodimer functions.

Analogously, orexin receptor 2 (OX2R) expresses extensively in
adult brain including cerebral cortex, hippocampus and cerebellum
[17]. As a member of GPCRs, OX2R binds to the Gs protein and Gq
protein resulting in the activation of adenylate cyclase (AC), and further
leads to the upregulation of the expression levels of p-CREB, p-ERK,
cellular cAMP and calcium levels after ligand orexin A or orexin B
stimulation [18–20]. More interestingly, the expression of OX2R gra-
dually decreased with age [17], indicating the potential role of OX2R in
aging. Current research showed that orexin/OX2R signaling mainly
regulated the processes of sleep, reward, feeding, pain and endocrine
[21–24]. Behavior experiments demonstrated that mice with OX2R
deficiency displayed an increase of despair, suggesting the important
role of OX2R in brain disorders [25].

Although 5-HT1AR and OX2R are belonged to the GPCRs family,
activate the downstream signaling pathway to regulate various of
physiological processes [13,14,17], whether these two receptors could
form heterodimers has been less studied.

In the present study, we firstly found 5-HT1AR and OX2R form
heterodimer in HEK293T cells and in hippocampus. Furthermore, co-
activation of 5-HT1AR-OX2R heterodimer led to a significant increase
of cellular cAMP and calcium influx compared with the 5-HT1AR
transfected group in HEK293T cells. In contrast, compared with the 5-
HT1AR or OX2R transfected group, the expression levels of p-ERK and
p-CREB were decreased robustly following the agonists stimulation in
5-HT1AR and OX2R co-transfected group. Our findings provide new
insights into role of 5-HT1AR and OX2R in the brain function.

2. Results

2.1. The heterodimer of 5-HT1AR and OX2R in hippocampus

To explore the existence of 5-HT1AR-OX2R heterodimers, we in-
itially carried out Proximity Ligation Assay (PLA) on slices of rat hip-
pocampus. Goat anti-5-HT1AR and rabbit anti-OX2R antibodies were
used to perform PLA assay. After incubation of 5-HT1AR and OX2R
antibodies, we detected stable fluorescence signal in the hippocampus
slices (Fig. 1A-C). In contrast, the control group was performed with
only 5-HT1AR primary antibody followed by the incubation of both
secondary antibodies and no signal was found in the control group
(Fig. 1D-F). DAPI was used to stain the nuclei (Fig. 1B and Fig. 1E). And
the merged images of PLA signal and DAPI showed that 5-HT1AR and
OX2R formed the heterodimers (Fig. 1C and Fig. 1F). The statistic re-
sults also demonstrated that 5-HT1AR and OX2R formed heterodimers
in hippocampus (Fig. 1G). This is the first evidence suggesting that the
formation of 5-HT1AR-OX2R heterodimers in hippocampus.

3. 5-HT1AR was co-localized with OX2R in the membrane of
HEK293T cells

We next verified the co-localization of 5-HT1AR and OX2R. We used
cell model to examine the expression pattern of 5-HT1AR and OX2R. 5-
HT1AR-ECFP and OX2R-Venus plasmids were co-transfected into the
HEK293T cell. The cells were transferred into the slides in the 12-well
plate 24 h after the plasmids transfection. Sequentially, the fluorescence
signals were analyzed using confocal microscopy 24 h following the cell
passage. The results showed that the fluorescence signals of ECFP and
Venus were significantly merged in the HEK293T cell membrane
(Fig. 2A-C). To exclude the possibility of ECFP affecting the localization
of 5-HT1AR, we then transfected HEK293T cells using 5-HT1AR

plasmid without any tags. Instead, immunostaining of 5-HT1AR by its
antibody was performed to indicate the expression of 5-HT1AR after
48 h following the transfection. As shown in Fig. 2, the fluorescence
signals of 5-HT1AR antibody and Venus were also largely merged in
HEK293T cells (Fig. 2D-F). These results provide the evidence that 5-
HT1AR is co-localized with OX2R.

4. The direct interaction between 5-HT1AR and OX2R in HEK293T
cells

BRET assay is very efficient to evaluate the direct interaction of
different proteins [26–28]. To further evaluate the existence of 5-
HT1AR-OX2R heterodimer, we used BRET analysis to determine whe-
ther 5-HT1AR interacted with OX2R directly. 5-HT1AR-Venus and/or
OX2R-Rluc plasmids were introduced into HEK293T cells.

For BRET experiment, the substrate coelenterazine H (COH) was
added into the medium at the final concentration of 5 μM. Then the 5-
HT1AR agonist 8-OHDPAT and/or the OX2R agonist orexin B (OB)
were incubated at the final concentration of 3mg/L (8-OHDPAT) or
0.3 mg/L (OB) respectively. The analysis was performed immediately
using the Tristar LB941 plate reader. The data were collected at every
5min in duration of 20min. And the results showed that the mBRET
values were higher in the HEK293T cells with co-transfection of 5-
HT1AR-Venus and OX2R-Rluc plasmids compared to the control group
in all the indicated periods of detected-time (Fig. 3A). Meanwhile, the
5-HT1AR agonist 8-OHDPAT and/or the OX2R agonist OB were added
respectively to investigate the role of 5-HT1AR and OX2R activation in
regulation of the interaction of these two receptors. As shown in
Fig. 3B, the mBRET values were potentiated after 8-OHDPAT and/or OB
treatment, indicating that the direct interaction of 5-HT1AR and OX2R
could be enhanced following activation of the heterodimer. Besides, the
direct interaction of the two receptors could also be enhanced in
HEK293T cells of transfection of the two factors with the increase of the
concentration of the agonists (Fig. 3C).

To verify the specificity of the interaction of 5-HT1AR and OX2R,
saturation and competitive assays were performed. For saturation ex-
periment, we transfected the HEK293T cells with a constant amount of
OX2R-Rluc and the increasing amount of 5-HT1AR-Venus. For compe-
tition experiment, a constant amount of 5-HT1AR-Venus and OX2R-
Rluc combining with the increasing amount of 5-HT1AR without any
tags were transfected into the HEK293T cells. The empty plasmid
pCDNA3.1 was used to keep the constant amount of the total plasmids
of every well. The cells were transferred into 96-well microplate 24 h
after transfection of the plasmids. The substrate coelenterazine H at the
final concentration of 5 μM was added into the medium. The 5-HT1AR
agonist 8-OHDPAT and/or the OX2R agonist OB were then added. The
analysis was carried out immediately using the Tristar LB941 plate
reader. mBRET values were collected to make the saturation and
competition curves (Fig. 3D-F). The results showed that the mBRET
value was elevated in a dose-dependent with the increasing amounts of
5-HT1AR-Venus plasmid and reached a saturation stage when the ratio
of the amount of 5-HT1AR-Venus to OX2R-Rluc was 7, indicating that
the interaction between 5-HT1AR and OX2R was not due to the over-
expression of these two receptors and the interaction between the two
receptors was specific (Fig. 3D). Consistently, the results from compe-
titive assay showed that the value of mBRET decreased gradually with
the increasement of the amount of 5-HT1AR or OX2R with no tags
(Fig. 3E-F). Together, these results suggested that 5-HT1AR and OX2R
directly interacted in HEK293T cells.

5. The co-immunoprecipitation of 5-HT1AR and OX2R

To further confirm the interaction of 5-HT1AR and OX2R, we per-
formed immunoprecipitation experiment. The plasmids of Myc-5-
HT1AR and HA-OX2R were co-transfected into HEK293T cells. As
shown in Fig. 4A and B, the levels of 5-HT1AR and OX2R protein were
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greatly upregulated in HEK293T cells after the transfection of myc-5-
HT1AR and HA-OX2R plasmids (Fig. 4A-B). Moreover, the im-
munoprecipitation results revealed a 5-HT1AR band in the products
after pulling-down OX2R by HA antibody (Fig. 4C). This finding was
highly consistent with the data from PLA and BRET analysis and pro-
vided further evidence for the existence of 5-HT1AR-OX2R hetero-
dimers.

5.1. 5-HT1AR-OX2R heterodimer changed the cellular cAMP and calcium
levels

Cellular cAMP and calcium were critical in regulating cell viability,
inflammatory response, oxidative stress reaction and reward learning in
the central nervous system [29–36]. Dysfunction of cellular cAMP and
calcium contributed to neurodegenerative and psychiatric disorders
[37]. Recent studies indicated the interaction of cAMP and calcium as
the potential therapeutic targets for the treatment of neurological dis-
eases [37]. As reported, OX2R activation regulated cellular cAMP and
calcium levels [18,19]. However, 5-HT1AR activation reduced the
cellular cAMP levels, while having no effect on calcium influx [10].
Moreover, the heterodimer of different GPCRs led to the changes of

levels of cAMP and calcium [10,38]. To explore whether 5-HT1AR-
OX2R heterodimers affected the levels of cAMP and calcium, cAMP
BRET biosensor and Fluo-4NW assay kit were performed respectively.

We also investigated the expression levels of 5-HT1AR and OX2R in
HEK293T cells after transfection. And the results showed that the ex-
pression levels of the two receptors in 5-HT1AR or OX2R group were
comparable to that of the co-transfected group (Fig. 5A-B). Epac cAMP
BRET biosensor consisting of Rluc with Epac tag in the N-terminal and
YFP at the C-terminal was effective to detect the cellular cAMP levels.
When the levels of cAMP increase, cAMP binds to the Epac resulting in
the conformational changes of the sensor, leading to the increase of the
distance between YFP and Rluc, and resulting in the decrease of the
signals (Fig. 5C). The cAMP biosensor YFP-Epac-Rluc and 5-HT1AR or/
and OX2R were introduced into HEK293T cells. And the cAMP bio-
sensor YFP-Epac-Rluc alone was introduced into HEK293T cells was as
the control group. The cells were transferred into 96-well microplate for
BRET experiment. 24 h later, the 5-HT1AR agonist 8-OHDPAT and/or
the OX2R agonist OB were added into the medium at the final con-
centration of 3mg/L (8-OHDPAT) or 0.3mg/L (OB) respectively. The
data were collected using the Tristar LB941 plate reader. The results
showed that 8-OHDPAT and/or OB treatment alone did not change the

Fig. 1. Direct interaction between 5-HT1AR and
OX2R in the hippocampus of the adult rat. (A-C)
Representative photomicrographs staining with an-
tibodies against 5-HT1AR and OX2R by PLA. Red
dots represent the interaction of 5-HT1AR and OX2R
(A). The nuclei were stained with DAPI (blue) (B).
The merged photomicrograph in (C). Scale
bars= 5 μm. (D-F) Representative photomicrographs
of control group incubating with 5-HT1AR primary
antibody followed by the incubation with both the
secondary antibodies by PLA (D). The nuclei were
stained with DAPI (blue) (E). The merged photo-
micrograph in (F). Scale bars= 5 μm. (G) Statistics
for PLA dots in (A-F).
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Fig. 2. Co-localization of 5-HT1AR and OX2R in the cell membrane of HEK293T cells. (A-C) Representative photomicrographs showing the co-localization of 5-
HT1AR and OX2R in HEK293T cells transfected with OX2R-Venus (green, A) and 5-HT1AR-ECFP (cyan, B). The co-localization was indicated by C. (D-F) Confocal
microscopy image of the co-localization of 5-HT1AR and OX2R in HEK293T cells transfected with 5-HT1AR and OX2R-Venus. OX2R-Venus indicated the expression
pattern of OX2R (D). Anti-5-HT1AR antibody was used to indicate the expression pattern of 5-HT1AR (E). The co-localization was indicated by F. Scale bars= 10 μm.

Fig. 3. Formation of 5-HT1AR and OX2R heterodimer determined by BRET assay in HEK293T cells. (A-C) Show the interaction of 5-HT1AR and OX2R in HEK293T
cells with co-transfected 5-HT1AR-Venus and OX2R-Rluc without (A) or with the agonist 8-OHDPAT and OB treatment (B-C). P values were obtained by copmaring
the “5-HT1AR-Venus and OX2R-Rluc” group to the “5-HT1AR-Venus and Rluc” group in (A). P values were obtained by copmaring the “OB” group or the “8-
OHDPAT” group or the “OB+8-OHDPAT” group to the “Vehicle” group in (B). (D) The saturation curve of the heterodimerization of 5-HT1AR and OX2R. HEK293T
cells were transfected with the constant amount of OX2R-Rluc and the increasing amount of 5-HT1AR-Venus. BRET values were collected at different ratios of the
amount of 5-HT1AR-Venus to OX2R-Rluc. All the data were used to make the saturation curve by GraphPad. (E-F) The competition curve of the heterodimerization of
5-HT1AR and OX2R. HEK293T cells were transfected with the constant amount of OX2R-Rluc and 5-HT1AR-Venus plasmids and the increasing amount of 5-HT1AR
(E) or OX2R (F) without any tags. Data were presented as mean ± S.E.M.. *P < .05, ** P < .01, *** P < .001, **** P < .0001.
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basal cAMP levels HEK293T cells. And consistent with the previous
findings, the levels of cAMP were reduced by 8-OHDPAT in 5-HT1AR
transfected group, while OB treatment increased the levels of cAMP in
OX2R transfected group [10]. However, there is no significant differ-
ence of cAMP levels in HEK293T-5-HT1AR/OX2R group after 8-
OHDPAT or OX2R treatment alone. While the cAMP levels increased
significantly in HEK293T-5-HT1AR/OX2R group after both 8-OHDPAT
and OB challenge compared with no agonist treatment (Fig. 5D). Ad-
ditionally, the levels of cAMP decreased significantly in HEK293T-5-
HT1AR cells after treatment with 8-OHDPAT (Supplementary Fig. 1A).
While cAMP and calcium levels increased robustly in HEK293T-OX2R
cells after treatment with OB (Supplementary Fig. 1B). While there
were no significant changes of cAMP and calcium after treatment with
different concentrations of 8-OHDPAT or OB in HEK293T-5-HT1AR
group and HEK293T-5-OX2R group (Supplementary Fig. 1A-B). Be-
sides, the cAMP levels increased significantly in HEK293T-5-HT1AR/

OX2R group after treatment with 8-OHDPAT and OB compared with
the untreated group (Supplementary Fig. 1C). Additionally, the upre-
gulation of cAMP depended on the concentrations of 8-OHDPAT and OB
(Supplementary Fig. 1C). These results suggested that the 5-HT1AR-
OX2R heterodimer affected the levels of cellular cAMP in a new way
which was different from the monomers of 5-HT1AR or OX2R (Fig. 5D).

Fluo-4NW is a calcium indicator and Fluo-4NW kit has been taken
as the effective and convenient way to evaluate the levels of cellular
calcium. The results of Fluo-4NW assay demonstrated that 8-OHDPAT
treatment had no effect on the calcium levels in 5-HT1AR group, while
OB challenge increased the levels of calcium in OX2R group (Fig. 5E).
8-OHDPAT treatment had no effect on the calcium levels in HEK293T-
5-HT1AR/OX2R group compared to the 5-HT1AR group with 8-
OHDPAT treatment (Fig. 5E). However, the levels of calcium increased
robustly of HEK293T-5-HT1AR/OX2R group after 8-OHDPAT and OB
challenge compared with the 5-HT1AR group with 8-OHDPAT

Fig. 4. Direct protein-protein interaction of 5-
HT1AR and OX2R determined by.co-im-
munoprecipitation assay. (A) Representative im-
munoblots of 5-HT1AR and β-actin in HEK293T cells
transfected with Myc-5-HT1AR. The 5-HT1AR and β-
actin antibodies to evaluate the over expression of 5-
HT1AR. (B) Representative immunoblots of OX2R
and β-actin in HEK293T cells transfected with HA-
OX2R. The OX2R and β-actin antibodies to evaluate
the over expression of OX2R. (C) Representative
immunoblots of immunoprecipites from the total
lysates of HEK293T cells transfected with Myc-5-
HT1AR or/and HA-OX2R and probed with anti-5-
HT1AR or HA.

Fig. 5. Evaluation of cellular cAMP and calcium levels by 5-HT1AR-OX2R heterodimer activation. (A-B) Representative immunoblots of the total lysates of HEK293T
cells transfected with 5-HT1AR or/and OX2R and probed with anti-5-HT1AR (A) or OX2R (B). (C) Show the schematic diagram of the EPAC BRET biosensor. (D)
Show the cellular cAMP levels in HEK293T cells transfected with 5-HT1AR and/or OX2R using EPAC BRET biosensor. (E) Show the cellular calcium levels HEK293T
cells transfected with 5-HT1AR and/or OX2R using Fluo-4NW assay kit. Data were expressed as mean ± S.E.M. *P < .05, ** P < .01, *** P < .01.
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treatment, and lower than that of the OX2R transfected group with OB
treatment (Fig. 5E). Taken together, these results above demonstrated
that 5-HT1AR-OX2R heterodimers function as a new receptor which
was different from the original 5-HT1AR or OX2R receptor in regulation
of cellular calcium levels, which providing new insights into the un-
derstanding of the role of 5-HT1AR and OX2R (Fig. 5E).

5.2. 5-HT1AR-OX2R heterodimer downregulated p-ERK levels

As one member of mitogen-activated protein kinases (MAPK) fa-
mily, extracellular signal-related kinase (ERK) plays vital roles in cell
migration, cell proliferation, cell differentiation and apoptosis [39].
Early studies showed that enhancement of p-ERK protected dopami-
nergic neurons in substantia nigra from death caused by neurotoxin
MPTP [40], indicating the important role of ERK in brain disorders.
Moreover, previous research demonstrated that both 5-HT1AR and
OX2R regulated the levels of p-ERK [15,20].

We then investigated whether the heterodimer of 5-HT1AR and
OX2R would affect the levels of ERK and p-ERK. Western blotting was
performed to determine the levels of total ERK and p-ERK of 5-HT1AR-
OX2R heterodimers after agonist stimulation. The results showed that
there was no difference of the levels of total ERK after agonist challenge
among HEK293T-5-HT1AR group, HEK293T-OX2R group and

HEK293T-5-HT1AR/OX2R group (Fig. 6A-F). However, the levels of p-
ERK increased approximately four folds 5min after 8-OHDPAT chal-
lenge and reached the peak at 30min in HEK293T-5-HT1AR group
(Fig. 6A). The levels of p-ERK increased approximately two folds 5min
after OB challenge and reached the peak at 15min in HEK293T-OX2R
group (Fig. 6B). Moreover, the levels of p-ERK increased significantly
5min in HEK293T-5-HT1AR/OX2R group after both 8-OHDPAT and
OB treatment. However, there was no change of p-ERK levels from 15 to
60min in HEK293T-5-HT1AR/OX2R group after the 8-OHDPAT and OB
treatment (Fig. 6 C). Besides, the levels of p-ERK levels in HEK293T-5-
HT1AR group were increased gradually 10min after treatment with the
increasement of the concentration of 8-OHDPAT (Fig. 7A). Also, the
levels of p-ERK levels of HEK293T-OX2R cells were increased gradually
10min after treatment with the increase of the concentration of OB
(Fig. 7B). While there was an increase trend of the levels of p-ERK in
HEK293T-OX2R group after treatment with different concentrations of
8-OHDPAT and OB (Fig. 7C). The statistical data also confirmed the
results (Fig. 7D-F). Additionally, the results of further experiments
showed that there were no significant changes of p-ERK levels in
HEK293T-HT1AR/OX2R group 10min following treatment with 8-
OHPAT or OB compared with the untreated group (Supplementary
Fig. 2A-B), indicating that the 5-HT1AR-OX2R heterodimers functioned
in a way which was different from the original receptors. Altogether,

Fig. 6. The heterodimer of 5-HT1AR and OX2R downregulated the phosphorylation of ERK. (A) Representative immunoblots of p-ERK in HEK293T cells transfected
with 5-HT1AR following 8-OHDPAT treatment. (B) Representative immunoblots of p-ERK in HEK293T cells transfected with OX2R after OB stimulation. (C)
Representative immunoblots of p-ERK in HEK293T cells transfected with 5-HT1AR and OX2R after 8-OHDPAT and OB challenge by western blotting. (D) Statistics for
p-ERK expression in (A). (E) Statistics for p-ERK expression in (B). (F) Statistics for p-ERK expression in (C). Data were expressed as mean ± S.E.M.. *P < .05, **
P < .01, *** P < .01.
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these findings demonstrated that the expression levels of p-ERK de-
creased in HEK293T-5-HT1AR/OX2R group compared with HEK293T-
5-HT1AR or HEK293T-OX2R group following agonist challenge
(Figs. 6–7).

5.3. 5-HT1AR-OX2R heterodimer downregulated p-CREB levels

CREB plays important roles in the maintenance of immune home-
ostasis and regulating of learning and memory in the central nervous
system [41,42]. It has been reported that the behavior and cognition
ability of mice is regulated by CREB in hippocampus, indicating the
essential role of CREB for hippocampus function [43]. Defect of CREB
contributed to the progresses of brain disorders such as depression [44].
Previous studies revealed that GPCR induced the upregulation of
phosphorylated CREB (p-CREB) through enhancing the activation of
adenylyl cyclase (AC). While the levels of p-CREB decreased when
GPCR coupling to the Gi protein causing the reduction of the activation
of adenylyl cyclase (AC) [45]. Additionally, as the Gi-coupled GPCR, 5-
HT1AR has been reported to reduce p-CREB levels after 8-OHDPAT
stimulation [10,45]. To uncover whether 5-HT1AR-OX2R heterodimers
affect the levels of p-CREB, western blotting was performed to de-
termine the expression levels of total CREB and p-CREB of 5-HT1AR-
OX2R heterodimers after agonist challenge. The results showed that

there was no difference in the levels of total CREB among HEK293T-5-
HT1AR group, HEK293T-OX2R group and HEK293T-5-HT1AR/OX2R
group (Fig. 8A-F). However, the levels of p-CREB decreased sig-
nificantly in HEK293T-5-HT1AR/OX2R group compared with
HEK293T-5-HT1AR or HEK293T-OX2R group without agonist treat-
ment (Fig. 8A-C). Furthermore, the expression levels of p-CREB in
HEK293T-5-HT1AR/OX2R group tended to decrease after the treatment
of 8-PHDPAT and OB (Fig. 8C). Additionally, the levels of p-CREB in
HEK293T-5-HT1AR group were decreased gradually 10min after
treatment with the increase of the concentration of 8-OHDPAT
(Fig. 9A). While the levels of p-CREB HEK293T-OX2R group were in-
creased gradually 10min after treatment with the increase of the con-
centration of OB (Fig. 9B). And the levels of p-CREB in HEK293T-5-
HT1AR/OX2R group decreased significantly after treatment with high
concentration of 8-OHDPAT and OB compared with the untreated
group (Fig. 9C). The statistical data also confirmed the results (Fig. 9D-
F). Therefore, all these results demonstrated that the expression levels
of p-CREB decreased in HEK293T-5-HT1AR/OX2R group compared
with HEK293T-5-HT1AR or HEK293T-OX2R group after agonist treat-
ment (Figs. 8–9).

Taken together, our findings demonstrated that 5-HT1AR and OX2R
formed the heterodimers and affected downstream signaling molecular
which was different from monomers of 5-HT1AR or OX2R (Fig. 10).

Fig. 7. The effect of concentrations of 8-OHFPAT and OB on levels of the phosphorylation of ERK. (A) Representative immunoblots of p-ERK in HEK293T cells
transfected with 5-HT1AR following 8-OHDPAT treatment with different concentrations. (B) Representative immunoblots of p-ERK in HEK293T cells transfected with
OX2R after OB stimulation with different concentrations. (C) Representative immunoblots of p-ERK in HEK293T cells transfected with 5-HT1AR and OX2R after 8-
OHDPAT and OB challenge with different concentrations. (D) Statistics for p-ERK expression in (A). (E) Statistics for p-ERK expression in (B). (F) Statistics for p-ERK
expression in (C). Data were expressed as mean ± S.E.M. *P < .05, ** P < .01, *** P < .01.
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6. Discussion

In the present study, we found the heterodimer formation of 5-
HT1AR and OX2R and the heterodimer affected the downstream sig-
naling. Firstly, the formation of 5-HT1AR-OX2R heterodimer was ob-
served in hippocampus of adult rat by PLA. Secondly, immuno-
fluorescence analysis showed 5-HT1AR and OX2R were co-localized in
HEK293T cells. BRET assay results revealed the heterodimer formation
of 5-HT1AR-OX2R and the agonist treatment enhanced the direct-direct
interaction of the two receptors. Thirdly, co-immunoprecipitation ex-
periment further demonstrated the protein direct-direct interaction
between 5-HT1AR and OX2R, which was consistence with the results of
BRET assay. Lastly, compared to the 5-HT1AR transfected group after 8-
OHDPAT stimulation, western blotting displayed that the levels of
cellular calcium and cAMP were upregulated significantly and the ex-
pression levels of p-CREB and p-ERK were downregulated in the
HEK293T-5-HT1AR/OX2R group following 8-OHDPAT and OB treat-
ment. Altogether, these findings provided direct evidence of the for-
mation of 5-HT1AR-OX2R heterodimer and highlight the potential role
of the heterodimer in physiological and pathological conditions in the
central nervous system (Fig. 10).

The heterodimer of 5-HT1AR and OX2R significantly upregulated
the levels of cellular cAMP and calcium, and downregulated the levels
of p-ERK and p-CREB after activation by the agonists.

The homodimer or the heterodimer of GPCRs have been studied for

many years [38,46]. As members of GPCRs, 5-HT1AR and OX2R are
both widely expressed in hippocampus [13,17]. Given the similar lo-
calization and characteristics of 5-HT1AR and OX2R in brain, 5-HT1AR
and OX2R probably form heterodimer in the central nervous system. As
the results shown above, we firstly confirmed the formation of 5-
HT1AR and OX2R by PLA. PLA assay has been reported to be a very
efficient method to detect the direct interaction between different
proteins [47]. And our PLA data demonstrated that 5-HT1AR and OX2R
formed heterodimers in hippocampus (Fig. 1A-G). Additionally, we also
found that there were very few PLA dots in cortex. The different pattern
of the PLA data in different brain areas probably resulted from the
distinct expression pattern and different functions of the two receptors
in various brain regions.

Considerable studies showed that the heterodimers formed by dif-
ferent GPCRs could affect the downstream signaling pathway [47–49].
In our current study, we also explored the signaling transduction af-
fected by 5-HT1AR-OX2R heterodimer using cAMP BRET biosensor,
Fluo-4NW kit and western blotting analysis. The levels of cellular cAMP
and calcium increased robustly of HEK293T-5-HT1AR/OX2R group
following 8-OHDPAT and OB challenge, indicating the heterodimer of
5-HT1AR-OX2R affect the expression levels of the second messengers.
ERK and CREB were the key molecules downstream of 5-HT1AR and
OX2R. In addition to the involvement in physiological processes in-
cluding cell proliferation, cell migration and memory [50–54], ERK and
CREB also play important roles in pathological processes including

Fig. 8. The heterodimer of 5-HT1AR and OX2R downregulated the phosphorylation of p-CREB. (A) Representative immunoblots of p-CREB in HEK293T cells
transfected with 5-HT1AR following 8-OHDPAT treatment. (B) Representative immunoblots of p-CREB in HEK293T cells transfected with OX2R after OB stimulation.
(C) Representative immunoblots of p-CREB in HEK293T cells transfected with 5-HT1AR and OX2R after 8-OHDPAT and OB challenge. (D) Statistics for p-CREB
expression in (A). (E) Statistics for p-CREB expression in (B). (E) Statistics for p-CREB expression in (C). Data were expressed as mean ± S.E.M.. *P < .05, **
P < .01, *** P < .01.
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Fig. 9. The effect of concentrations of 8-OHFPAT and OB on levels of the phosphorylation of CREB. (A) Representative immunoblots of p-CREB in HEK293T cells
transfected with 5-HT1AR following 8-OHDPAT treatment with different concentrations. (B) Representative immunoblots of p-CREB in HEK293T cells transfected
with OX2R after OB stimulation with different concentrations. (C) Representative immunoblots of p-CREB in HEK293T cells transfected with 5-HT1AR and OX2R
after 8-OHDPAT and OB challenge with different concentrations. (D) Statistics for p-CREB expression in (A). (E) Statistics for p-CREB expression in (B). (F) Statistics
for p-CREB expression in (C). Data were expressed as mean ± S.E.M. *P < .05, **P < .01, ***P < .01.

Fig. 10. The schematic representation of 5-HT1AR-OX2R heterodimer-induced downstream signaling.
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hyperalgesia, ischemic stroke, Alzheimer's disease and pain [55–58]. As
described above, 5-HT1AR has been reported to decrease the levels of
cAMP, leading to the downregulation of p-CREB after ligand stimula-
tion. In contrast, OX2R induced the upregulation of cAMP levels,
leading to the increasement of p-CREB after OB stimulation. Our results
revealed that 5-HT1AR-OX2R heterodimer induced the downregulation
of p-ERK and p-CREB after 8-OHDPAT and OB challenge compared with
the 5-HT1AR transfected group treated with 8-OHDPAT. Interestingly,
the expression level of p-CREB decreased significantly in HEK293T cells
with overexpression of 5-HT1AR and OX2R compared with the control
group (Figs. 8–9). And the levels of p-CREB in HEK293T-5-HT1AR/
OX2R group tend to further decrease after the challenge of 8-OHDPAT
and OB (Figs. 8–9). These results suggested that the 5-HT1AR and OX2R
heterodimer regulated the expression levels of p-CREB.

The results above indicated that 5-HT1AR-OX2R heterodimer af-
fected the downstream signaling transduction and the expression levels
of cellular molecules including calcium, cAMP, p-ERK and p-CREB
(Figs. 5–9). The mechanism underlying this regulation remains unclear.
Several suggestions from the above results are listed as below. On one
hand, the heterodimer of 5-HT1AR and OX2R as a novel receptor,
which was different from original 5-HT1AR or OX2R, induced the
downstream signaling after co-activation by 8-OHDPAT and OB. On the
other hand, as described above, the heterodimer of 5-HT1AR and OX2R
in HEK293T cells led to the upregulation of cAMP and calcium after 8-
OHDPAT and OB stimulation compared to the 5-HT1AR group fol-
lowing 8-OHDPAT stimulation (Fig. 5C–E). It was noteworthy that the
increasement of calcium levels in the co-transfected group treated with
8-OHDPAT and OB was still lower than OX2R group after OB treatment,
while 5-HT1AR alone induced the downregulation of cAMP and no
changes of calcium levels after ligand treatment (Fig. 5C–E). 5-HT1AR
and OX2R heterodimer led to the downregulation of cellular p-ERK and
p-CREB compared to the OX2R group after OB stimulation. Here, we
found 5-HT1AR downregulated the levels of p-CREB and OX2R upre-
gulated the levels of p-CREB (Fig. 8A–B). Activation of 5-HT1AR-OX2R
heterodimers induced the upregulation of cAMP, while leading to the
downregulation of p-CREB (Figs. 5D and 8). As mentioned above, 5-
HT1AR mainly binds to the Gi protein, leading to the decrease of
adenylate cyclase (AC) activation, and further leads to the down-
regulation of levels of p-CREB and cellular cAMP after ligand stimula-
tion [15]. And OX2R mainly binds to the Gs protein and Gq protein
resulting in the activation of adenylate cyclase (AC), and further leads
to the upregulation of the expression levels of p-CREB, p-ERK, cellular
cAMP and calcium levels after ligand stimulation [18–20]. In the study,
we found activation of 5-HT1AR-OX2R heterodimers increased the le-
vels of cAMP and calcium, also led to the downregulation of p-ERK and
p-CREB (Figs. 6 and 8). Thus, the signaling changes of the heterodimers
after ligand treatment might result from the activation of Gs and Gq
signaling, which would cause the upregulation of cAMP and calcium.
Additionally, it has been reported cAMP induced the upregulation of p-
CREB by activating protein kinase A (PKA). And calcium had positive
effects on the expression levels of p-CREB through regulating calmo-
dulin-dependent kinases (CaMK) [59]. Besides, the signaling pathway
of cAMP could be regulated by CaMK and mitogen-activated protein
kinase (MAPK) [59]. Thus, the downregulation of p-CREB in 5-HT1AR/
OX2R group after ligands stimulation might result from increasement of
cAMP and calcium levels.

cAMP/PKA pathway was a very important regulator of neurode-
generation, learning and memory [60]. Previous studies showed that
enhancement of calcium-CREB signaling pathway improved the ability
of learning and memory of rats [61]. Additionally, the results from a
genome-wide association study demonstrated that CREB interacting
with some of risk genes of mental disorders, suggesting that CREB
probably be identified as one of the risk factors for psychiatric disorders
including schizophrenia and major depression disorder [62]. Besides,
enhancement of p-ERK/p-CREB signaling ameliorated the death of do-
paminergic cell line SH-SY5Y cells after neurotoxin MPP+ challenge

and dopaminergic neurons in substantia nigra (SN) by neurotoxin MPTP
treatment [40,63]. Together, these findings revealed that cAMP-cal-
cium-ERK-CREB signaling was a very important regulator of neurolo-
gical disease. Importantly, the expression levels of 5-HT1AR decreased
significantly in depression model [64]. And OX2R knockout mice pre-
sented as an increase of despair, indicating the important role of OX2R
in mental disorders such as depression [25]. Our data revealed that the
heterodimer of 5-HT1AR and OX2R modulated cAMP-calcium-ERK-
CREB pathway, which providing a new therapeutic target for neurolo-
gical diseases.

As a GPCR, 5-HT1AR forms heterodimer with other GPCRs involved
in the regulation of hippocampus neurogenesis [16,65]. Deficiency of
hippocampus neurogenesis has been observed in neurological diseases
such as depression and Alzheimer's disease [5,66], indicating the im-
portant role of neurogenesis of hippocampus in the brain. 5-HT1AR has
been reported to regulate the neurogenesis of hippocampus [67,68].
Moreover, lines of evidence showed that 5-HT1AR was involved in the
pathology of neurological diseases such as Parkinson's disease and de-
pression [64,69–73]. Recent research demonstrated that 5-HT1AR and
FGFR1 formed heterodimer and enhanced the plasticity of hippocampal
neurons [16]. Interestingly, intracerebroventricular co-injection of 8-
OHDPAT and FGF2 resulted in reduction in immobility and increased
swimming time of adult rats compared with the vehicle group or 8-
OHDPAT group or FGF2 group, indicating the potential role of het-
erodimer of 5-HT1AR with other GPCRs as the therapeutic targets for
depression [16]. Thus, further animal experiments and clinical analyses
are needed to uncover the function of the 5-HT1AR-OX2R heterodimer
in the regulation of plasticity of hippocampus. OX2R has been reported
to be involved in the processes of depression. OX2R deficiency en-
hanced the symptom of despair, indicating that OX2R might have good
effects on depression [25]. As described above, 5-HT1AR was also
participated in the pathology of depression. Behavior test revealed that
the upregulation of 5-HT1AR expression improved the performance of
depressed rats [74]. This data suggested that 5-HT1AR had beneficial
effects on depression. Herein, we found the formation of 5-HT1AR and
OX2R heterodimer, which functioned in a different way from 5-HT1AR
or OX2R alone, indicating the potential roles of the 5-HT1AR-OX2R
heterodimer in the central nervous system.

7. Materials and methods

7.1. Peptides, regents and antibodies

Human orexin B was purchased from Phoenix Pharmaceuticals
(003−31). The 5HT1AR agonist 8-OHDPAT was obtained from sigma
(H8520) and the Duolink PLA kit was obtained from Sigma (Duolink In
Situ Detection Reagents Red). The transfection regent
Lipofectamine™2000 was purchased from Invitrogen (11668–019).
Anti-CREB and anti-phospho-CREB antibodies were purchased from
Cell Signaling Technology (anti-CREB antibody:9197, anti-p-CREB an-
tibody:9198). Anti-HA antibody was purchased from Cell Signaling
Technology (#3724). Anti-Myc antibody was purchased from Cell
Signaling Technology (#2278). Anti-OX2R antibody was obtained from
Merck Millipore (AB3094). Anti-5-HT1AR antibody for western blotting
and immunofluorescence was purchased from Cell Signaling
Technology (#9897). Anti-5-HT1AR antibody for PLA was obtained
from Sigma (SAB2501759). Anti-β-actin antibody was purchased from
ZSGB-BIO (TA-09). Anti-p-ERK antibody was obtained from Cell
Signaling Technology (#9101). Anti-ERK antibody was purchased from
Cell Signaling Technology (#4696).

7.2. Plasmid constructs

For immunoprecipitation, a full-length human 5-HT1AR (Gene ID:
3350) was subcloned into the mammalian expression vector pcDNA3.1-
Myc-His A using XhaI and EcoRI. A full-length human OX2R (Gene ID:
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3062) was subcloned into the expression vector pcDNA3.1-3HA using
XhoI and KpnI. pcDNA3.1-Myc-His A, pcDNA3.1-OX2R, pcDNA3.1–5-
HT1AR and pcDNA3.1-3HA were gifts from Dr. Chen Jing (Division of
Biomedical Sciences, Warwick Medical School, University of Warwick,
Coventry, CV4 7AL, UK). For immunofluorescence and BRET, a full-
length human 5-HT1AR was subcloned into the N-terminus of pECFP-
N1 (Clontech, #6900–1) using HindIII and BamHI. The OX2R-Rluc
plasmid was constructed by subcloning the coding sequence of human
OX2R without the stop codon into pRluc-N1 (BioSignal Packard, Inc.,
Montreal, Canada). Human OX2R was inserted into the N-terminus of
pVenus-N1 (Addgene, #61854) using HindIII and BamHI.

7.3. Immunofluorescence

Immunofluorescence analysis was carried out as described pre-
viously [75]. In brief, cell cultures were fixed by paraformaldehyde
(PFA) for 10min and blocked for 2 h in blocking solution at room
temperature following by primary antibody incubation overnight at
4 °C. The samples were washed three times with phosphate-buffered
saline (PBS) and then incubated with the secondary antibody for 1 h at
room temperature. The secondary antibody used as follows: CY3-con-
jugated goat anti-rabbit IgG (BOSTER, BA1032, 1:400). Immunosignals
were detected and analyzed using a Leica DMRE laser scanning confocal
microscope at the 550 nm (Lecia, Milton Keynes, UK). Besides, the
Venus signal was collected at the 480 nm. The pixel size of the imaging
was 1024× 1024.

7.4. Western blotting and quantification

The procedure of western blotting was according to the instructions
described before [47]. Briefly, HEK293T cells expressing 5-HT1AR and/
or OX2R were lysed in RIPA (50Mm Tris (PH 7.4), 150Mm NaCl, 1%
Triton X-100, 1% sodium deoxycholate, 0.1% SDS) and the proteins
extracted with different molecular weights were separated by SDS-
PAGE gels. The proteins were then transferred to the PVDF membranes.
The membranes were incubated with the primary antibodies overnight
at 4 °C after blocking with 5% nonfat milk for 2 h at room temperature.
The primary antibodies used as follows: Myc (1:1000), HA (1:1000), 5-
HT1AR (1:2000), CREB (1:1000), p-CREB (1:1000), ERK (1:1000), p-
ERK (1:1000), β-actin (1:5000). The next day, membranes were in-
cubated with the corresponding secondary antibodies for 1 h at room
temperature after washing with TBST for 3 times. The secondly anti-
bodies were used as follows: HRP-conjugated goat anti-mouse IgG
(1:10000, ZSGB-BIO, ZB-2305), HRP-conjugated goat anti-rabbit IgG
(1:10000, ZSGB-BIO, ZB-2301). Peroxidase activity was determined
with the chemiluminescent substrate (Multi Sciences, P1425). The band
of β-actin was considered as the loading control.

7.5. BRET assay for analysis of the interaction of 5-HT1AR and OX2R

BRET assay was performed according to the procedures described
previously [47]. The 5-HT1AR-Venus and/or OX2R-Rluc were in-
troduced into HEK293T cells. After 24 h transfection, cells were di-
gested in 0.02% trypsin and plated into a 96-well microplate (Corning
3600) for another 24 h. The substrate coelenterazine H was added into
the medium at the final concentration of 5 μM. The 5-HT1AR agonist 8-
OHDPAT or the OX2R agonist OB was then added at the final con-
centration of 3mg/L or 0.3mg/L respectively. The analysis was per-
formed immediately using the Tristar LB941 plate reader (Berthold
Technologies, Bad Wildbad, Germany) and the time of duration was
under 30min because of the activity of the substrate. And the filtered
light emission was sequentially recorded at 460 nm and 535 nm re-
spectively by MikroWin 2000 software. The data were presented as
“BRET ratio” or “mBRET” (mBRET=1000×BRET ratio). The value of
mBRET was calculated through subtracting the ratio of the control
group.

For saturation experiment, we transfected the HEK293T cells in 12-
well plate with a constant amount of OX2R-Rluc and the increasing
amount of 5-HT1AR-Venus. The empty plasmid pCDNA3.1 was used to
keep the constant amount of the total plasmid of each well. mBRET
values were collected at different ration of 5-HT1AR-Venus to OX2R-
Rluc to plot the saturation curves.

For competition experiment, we transfected the HEK293T cells in
12-well plate with a constant amount of 5-HT1AR-Venus and OX2R-
Rluc. Besides, the increasing amount of 5-HT1AR without any tags was
added to the reaction system to compete with 5-HT1AR-Venus. And the
empty plasmid pCDNA3.1 was also added to keep the constant amount
of the total plasmid of each well. mBRET values were collected to plot
the competition curves.

7.6. Co-immunoprecipitation

To analyze the interaction between 5-HT1AR and OX2R, co-im-
munoprecipitation assay was performed according to the protocol of
Pierce Anti-HA-Agarose (Thermo Scientific, 26,181). In brief, approxi-
mately 5×106 HEK293T cells were harvested after myc-5-HT1AR and/
or HA-OX2R transfection for 24 h. The cells were lysed in 150 μl of RIPA
buffer. And the supernatant was collected after centrifugation at
12000g for 15min. The pellet resin was then obtained using the 50 μl of
Pierce Anti-HA Agarose by centrifugation at 12000g for 5 s. Add 50 μl of
the supernatant into the collected pellet resin at a final volume of 200 μl
by adding TBS followed by incubation on a rocking platform overnight
at 4 °C. Next day, after centrifugation at 12000g for 10 s, the super-
natant was collected and washed with TBST for three times. Finally, the
immunoprecipitation products were analyzed by western blotting.

7.7. PLA

The standard procedure for PLA was described before [47]. Briefly,
5 μm paraffin-embedded slices were incubated with anti-5-HT1AR and
anti-OX2R antibodies overnight at 4 °C after blocked with the blocking
solution for 1 h at room temperature. The slices were incubated with
plus and minus probes for 1 h at 37 °C after washed with Buffer A for
three times. The slices were then incubated with the amplification-
polymerase solution at 37 °C for 3 h. The signals were analyzed by the
Leika TCS SP5.

7.8. BRET measurement for cAMP

The measurement for cAMP using Epac cAMP BRET biosensor
analysis was according to the procedures described previously [47,76].
In brief, HEK293T cells were transfected with the cAMP biosensor YFP-
Epac-Rluc. And the cAMP biosensor YFP-Epac-Rluc alone was trans-
fected into HEK293T cells was as the control group. Cells were digested
and plated into a 96-well microplate (Corning 3600) for 24 h following
adding the substrate coelenterazine H into the medium at the final
concentration of 5 uM. The agonist 8-OHDPAT or OB or both 8-
OHDPAT and OB were added to the medium. The data were collected
using the Tristar LB941 plate reader (Berthold Technologies, Bad
Wildbad, Germany) and presented as “mBRET”. The data were col-
lected at every 5min in duration of 20min.

7.9. Cell transfection

HEK293T cells were cultured in the Dulbecco's modified Eagle's
medium (DMEM, Invitrogen) medium containing 10% fetal bovine
serum (FBS) and 0.1% NaHCO3 (Sigma-Aldrich) in humidified atmo-
sphere containing 5% CO2 at 37 °C. For BRET assay, 1 μg plasmid was
using for each well of 24-well plate. For western blotting experiment,
4 μg plasmids was using for each well of 6-well plate. The plasmids
were introduced into the HEK293T cells according to the protocol of
Lipofectamine 2000 reagent.
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7.10. Statistical analysis

The data were analyzed using GraphPad Prism v5.0. All the data
were presented as means ± SEM. The treatment group was compared
with the control group by student's t-test or one-way ANOVA followed
by a post hoc test including Sidak's multiple, Student-Newman-Keul's
test or Dunnet test comparisons test. Differences were considered to be
significant when the P value< .05. All the experiments were repeated
three times at least.

8. Conclusions

Taken together, we found that 5-HT1AR and OX2R could form
heterodimers in vitro and in vivo and further affect the expression of the
downstream signaling molecular including cAMP, calcium, p-ERK and
p-CREB, which will not only promote our understanding of the role of
5-HT1AR and OX2R in the physiological processes but also provide new
molecular mechanisms underlying the neurological diseases.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.cellsig.2018.11.014.
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