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Abstract
Previous studies suggest that serotonin (5-HT) might interact with brain-derived neurotrophic factor (BDNF) during the stress response. 
However, the relationship between 5-HT and BDNF expression under purely psychological stress is unclear. In this study, one hour before 
psychological stress exposure, the 5-HT1A receptor agonist 8-OH-DPAT or antagonist MDL73005, or the 5-HT2A receptor agonist DOI or 
antagonist ketanserin were administered to rats exposed to psychological stress. Immunohistochemistry and in situ hybridization revealed 
that after psychological stress, with the exception of the ventral tegmental area, BDNF protein and mRNA expression levels were higher in 
the 5-HT1A and the 5-HT2A receptor agonist groups compared with the solvent control no-stress or psychological stress group in the CA1 
and CA3 of the hippocampus, prefrontal cortex, central amygdaloid nucleus, dorsomedial hypothalamic nucleus, dentate gyrus, shell of the 
nucleus accumbens and the midbrain periaqueductal gray. There was no significant difference between the two agonist groups. In contrast, 
after stress exposure, BDNF protein and mRNA expression levels were lower in the 5-HT1A and 5-HT2A receptor antagonist groups than 
in the solvent control non-stress group, with the exception of the ventral tegmental area. Our findings suggest that 5-HT regulates BDNF 
expression in a rat model of acute psychological stress.
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Serotonin (5-HT) mediates the regulation of brain-derived neurotrophic factor (BDNF) expression 
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Introduction
The prevalence of psychological stress (PS) (such as bereave-
ment, divorce and joblessness) in modern life is currently 
on the rise. The human health problems related to PS have 
become an important clinical issue for psychologists and 
psychiatrics (Leuner and Shors, 2013).

Previous studies have shown that chronic stress induc-
es structural and functional changes in the brain (Romeo, 
2016). For example, brain-derived neurotrophic factor 
(BDNF) expression in specific brain regions (i.e., meso-
corticolimbic brain reward areas and the learning-related 
circuit) (Holly et al., 2015; Uwaya et al., 2016) is altered by 
social defeat stress. Some studies have demonstrated that 
the brain may adapt through neural plasticity to cope with 
stressful situations. BDNF plays a key role in neural plas-
ticity (Rutherford et al., 1998; Morrison and Ressler, 2014). 
Serotonin (5-HT) plays important roles in central nervous 
system functions, and the dysregulation of 5-HT systems is 
associated with a variety of mental disorders (Murphy et al., 
2013; Olivier, 2015). In addition, selective 5-HT re-uptake 
inhibitors clinically alleviate stress-related disorders (Amos 
et al., 2014). These studies indicate that 5-HT may play a key 
role in the body’s response to stress.

A recent study shows that exogenous BDNF improves the 
functioning, sprouting and growth of 5-HT neurons in var-
ious rat brain regions (Alleva and Santucci, 2001). Several 
animal models of stress have been established for examining 
5-HT and BDNF expression changes during stress (Garabadu 
et al., 2015; Yan et al., 2015). For example, Foltran and Diaz 
(2016) found that BDNF interacts with 5-HT during the 
stress response. Similarly, our previous study indicated that 
pure PS also induces BDNF alterations in rat models of acute 
PS (Li et al., 2016). Therefore, we hypothesized that 5-HT 
might regulate BDNF expression in rat models of acute PS.

Although physical stimuli-induced stresses, including elec-
tric foot shock, cold-restraint, immobilization and forced 
swimming, were used in almost all previous studies, only a 
few examined the relationship between 5-HT and BDNF ex-
pression under pure PS. To clarify the relationship between 
5-HT and the regulation of BDNF expression under pure 
PS, we adopted the communication box paradigm (Ogawa 
et al., 1993; Nomura et al., 1995), which is a model of pure 
PS without physical stress. Moreover, we used agonists and 
antagonists of 5-HT1A and 5-HT2A, which are the most rep-
resentative subtype receptors of the 5-HT system (Vaidya et 
al., 1997; Hajós-Korcsok et al., 1999), to examine the role of 
5-HT in the regulation of BDNF expression in the brain af-
ter acute PS.

Materials and Methods
Ethics statement
This study was carried out in strict accordance with the 
recommendations in the Guide for the Care and Use of Lab-
oratory Animals of Central South University of China. The 
protocol was approved by the Committee on the Ethics of 
Animal Experiments of the Second Xiangya Hospital, Cen-
tral South University, China (No.2005-99). Precautions were 

taken to minimize suffering and the number of animals used 
in each experiment.

Animals
A total of 155 specific-pathogen-free 2-month-old male 
Sprague-Dawley rats, weighing 180–220 g, were used for all 
of the experiments. Rats were housed in standard polycar-
bonate cages (four rats per cage), under a 12-hour light/dark 
cycle and a temperature-controlled environment (23 ± 1°C), 
with free access to food and water.

The rats were randomly divided into the following six 
groups: 5-HT1A receptor agonist (8-OH-DPAT) PS group 
(DPAT-PS group, n = 30); 5-HT1A receptor antagonist 
(MDL73005) PS group (MDL-PS group, n = 30); 5-HT2A 

receptor agonist (DOI) PS group (DOI-PS group, n = 30); 
5-HT2A receptor antagonist (ketanserin) PS group (Ketan-
PS group, n = 30); the solvent control no-stress group (0.9% 
physiological saline group, CON group); and the PS only 
group (PS group, n = 30). The DPAT-PS, MDL-PS, DOI-PS, 
Ketan-PS and PS groups were further divided into six sub-
groups (n = 5 each) according to the time between the stress 
and analysis; immediately after stress, and 0.5, 1, 2, 6 and 24 
hours after stress. The CON group (n = 5) received normal 
feed.

Treatments
For the DPAT-PS group, 8-OH-DPAT (Sigma-Aldrich, St. 
Louis, MO, USA), dissolved in 0.9% physiological saline, was 
injected intraperitoneally at 1 mg/kg at 1 hour before each 
stress exposure (Tricklebank et al., 1984).

For the MDL-PS group, MDL73005 (Tocris Bioscience, 
Bristol, UK), dissolved in 0.9% physiological saline, was 
injected intraperitoneally at 2 mg/kg at 1 hour before each 
stress exposure (Hajós-Korcsok et al., 1999).

For the DOI-PS group, DOI (Sigma-Aldrich), dissolved in 
0.9% physiological saline, was injected intraperitoneally at 3 
mg/kg at 1 hour before each stress exposure (Cavus and Du-
man, 2003).

For the Ketan-PS group, ketanserin (Tocris Bioscience), 
dissolved in 0.9% physiological saline, was injected intra-
peritoneally at 5 mg/kg at 1 hour before each stress exposure 
(Niitsu et al., 1995).

For the CON group, 5 mL 0.9% physiological saline was 
injected into the rats.

In the PS group, the rats were only exposed to PS.

PS exposure
All rats were exposed to stress with the communication box 
paradigm once a day for 2 days. The communication box 
apparatus was modified from a protocol reported previously 
(Gomita et al., 1989), and was characterized by the complete 
removal of physical stimuli from the responder rats. PS in 
the responder rats was induced solely by communication 
between the responder rats and the sender rats. The appara-
tus used for this study consisted of a box with wooden walls 
that measured 60 cm in width, 60 cm in length, and 44 cm 
in height. The floor of the apparatus consisted of a grid of 
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stainless steel rods, 5 mm in diameter and spaced 1 cm apart, 
center to center. The box interior was divided into nine 
compartments with transparent Plexiglas walls. Each com-
partment measured 20 cm in length and width, and 44 cm in 
height. Each Plexiglas wall had a single hole (6 cm from the 
floor, 2 cm in diameter).

The sender rats were subjected daily to 60 foot shocks 
(1.5–2.2 mA, 5 seconds per trial; interval: 55 seconds) while 
confined in the communication box for 1 hour (8:00–9:00 

a.m.) for 2 consecutive days. Sender rats that responded to 
the foot shock stimulus were identified by behavioral reac-
tions, such as squeals, jumps, piloerection and defecation. A 
thick insulated plate was placed on the floor of the “responder 
rat” compartments to prevent foot shock. The animals in 
the responder rat compartments were influenced by visual, 
auditory and olfactory responses of the senders, but they 
did not receive any direct physical stimulus. To minimize 
the influence of environmental factors, the sender rats un-

Figure 1 Effects of stress exposure on BDNF immunoreactivity in the rat brain (immunohistochemical staining).
BDNF immunoreactivity was expressed as the gray intensity values quantified from immunohistochemical analysis of the brain regions. AG (A), 
CA1 (B), CA3 (C), DG (D), PFC (E), DM (F), VTA (G), NAC (H) and PAG (I) at 0, 0.5, 1, 2, 6 and 24 hours (h). Data are presented as the mean ± 
SD. Data were analyzed by two-way analysis of variance followed by post-hoc least significant difference test. *P < 0.05. (J) Representative images 
showing BDNF immunoreactivity in various brain regions at 24 hours (immunohistochemical staining, × 400). Brown indicates BDNF immuno-
reactivity. BDNF: Brain-derived neurotrophic factor; AG: central amygdaloid nucleus; DG: dentate gyrus; PFC: prefrontal cortex; DM: dorsomedial 
hypothalamic nucleus; VTA: ventral tegmental area; NAC: shell of the nucleus accumbens; PAG: midbrain periaqueductal gray; CON: control; 
DPAT: 5-HT1A receptor agonist (8-OH-DPAT); DOI: 5-HT2A receptor agonist; PS: psychological stress.
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derwent adaptive training in the communication box before 
the shock stimulus trial. Before the stress stimulus, the open 
field and elevated plus maze tests were performed to assess 
the baseline behavioral indexes of the rats in the six groups 
to examine the effect of the novel environment on the rats. 
The results indicated that there were no significant differenc-
es in the behavioral index among these groups.

Sample preparation
At each time point after stress, each rat was intraperitoneally 
anesthetized with pentobarbital sodium (40 mg/kg body 
weight). A thoracic and abdominal incision was made to 
expose the heart. Intubation was implemented through the 
left ventricle into the ascending aorta. The right atrial ap-
pendage was then cut open. Sterile saline (150 mL) was used 
for rapid perfusion until the effluent was clear. Then, for fix-
ation, 250 mL of 4% paraformaldehyde was perfused rapidly 
at first, and then slowly for 30 minutes. The brain was then 
removed, and brain tissue was placed in the same fixative 
for 2 hours at 4°C. A 30% sucrose solution was added until 
the sample sank to the bottom. Continuous coronal sections 
were obtained using a cryostat (American HistoSTAT Micro-
TOME, Southbridge, MA, USA) at –20°C. The sections were 
30 μm in thickness. With reference to a rat anatomical atlas 
(Paxinos and Watson, 1997), specimens containing the CA1 
and CA3 hippocampal regions as well as the dentate gyrus, 
prefrontal cortex, central amygdaloid nucleus, shell of the 
nucleus accumbens, midbrain periaqueductal gray, ventral 
tegmental area and dorsomedial hypothalamic nucleus were 
obtained.

In situ hybridization
The rats in each group were intraperitoneally anesthetized 
with pentobarbital sodium (40 mg/kg) and perfused tran-
scardially with physiological saline containing 4% parafor-
maldehyde. Brains were removed and fixed in 4% parafor-
maldehyde for 1 hour at 37°C, and then immersed in 30% 
sucrose solution until they sank completely. Coronal sections 
(30 µm) were cut using an AO HistoSTAT cryomicrotome 
(American Optical, Southbridge, MA, USA) at –20°C. Sec-
tions containing CA1 and CA3 regions of the hippocampus 
as well as the prefrontal cortex, central amygdaloid nucleus, 
dorsomedial hypothalamic nucleus, dentate gyrus, ventral 
tegmental area, shell of the nucleus accumbens and the mid-
brain periaqueductal gray, as confirmed by an anatomical 
atlas, were stored for further analysis. In situ hybridization 
was performed according to the manufacturer’s protocol 
using the BDNF mRNA level detection kit (Wuhan Boster 
Biological Technology, Wuhan, Hubei Province, China). The 
sequence of the BDNF probe was 5′-GCT GAG CGT GTG 
TGA CAG TAT TAG TGA GTG-3′. In brief, brain sections 
were mounted on poly-L-lysine-coated slides. Endogenous 
peroxidase was inactivated, and the sections were prehy-
bridized and then incubated with the BDNF oligonucleotide 
probe (20 µL, digoxin-labeled) at 37°C for 14 hours. After 
washing, biotinylated mouse anti-digoxin antibody (50 µL) 
was added. The sections were incubated at 37°C for 60 min-

utes. The tissues were then incubated for 20 minutes with a 
streptavidin-biotin-peroxidase complex. Biotinylated perox-
idase (50 µL) was then added after washing, and the mixture 
was incubated for an additional 20 minutes. Finally, the 
sections were developed and mounted with a water-soluble 
mounting reagent, and cover slips were attached. All experi-
mental procedures were performed under strict RNase-free 
conditions, and all instruments and solvents were sterilized 
completely. Controls were arranged on adjacent sections to 
ensure the specificity of the probe. Control sections were 
treated with RNase, followed by in situ hybridization in the 
presence or absence of oligonucleotide probe. The BDNF 
in situ hybridization signal was quantified with the aid of a 
computerized video imaging system (HPIAS-1000; Wuhan 
Champion Image Engineering Co., Ltd., Wuhan, Hubei 
Province, China) by determining the gray intensity in each 
section for each of the target brain regions (CA1 and CA3 
of the hippocampus, prefrontal cortex, central amygdaloid 
nucleus, dorsomedial hypothalamic nucleus, dentate gyrus, 
shell of the nucleus accumbens, midbrain periaqueductal 
gray, and ventral tegmental area).

Immunohistochemical staining
Immunohistochemical staining was performed according 
to a previously published protocol (Li et al., 2014) with 
minor modifications. In brief, the samples were incubated 
with primary anti-BDNF antibody (1:1,000; Santa Cruz 
Biotechnology, Santa Cruz, CA, USA) at 4°C overnight. The 
samples were then rinsed three times with 0.01 M PBS for 
5 minutes and then incubated with biotinylated secondary 
antibody (1:100; Santa Cruz Biotechnology) for 2 hours. Af-
ter washing three times with 0.01 M PBS for 5 minutes, avi-
din-biotin complex (1:100; Vector Laboratories, Burlingame, 
CA, USA) was added, and the mixture was incubated for 
2 hours at room temperature. The sample was then rinsed 
with 0.01 M PBS and visualized with 3,3′-diaminobenzidine 
solution (0.03% 3,3′-diaminobenzidine, 0.01% H2O2 and 
0.01 M PBS). The reaction was monitored under a micro-
scope. When the color was fully developed, the sample was 
thoroughly rinsed with 0.01 M PBS to stop the reaction. The 
sample was then patched, dehydrated, cleared, and mounted 
with neutral resin. The negative control was prepared by re-
placing primary antibody with normal goat serum.

Data analysis
We used HPIAS-1000 image analysis software (Wuhan 
Champion Image Engineering Co., Ltd., Hubei Province, 
China) for image analysis. A light microscope (Motic, Xia-
men, Fujian Province, China) was used to view the sam-
ples. A digital camera (Nikon, Tokyo, Japan) attached to 
the microscope was used to capture the images. Initially, 
established capture parameters were uniformly used for all 
images. Four sections from each specimen and four visual 
fields for each section were randomly quantified. To quantify 
BDNF immunoreactivity, we assessed the relative gray inten-
sity of positive staining. All quantifications were completed 
by an author who was blinded to treatments. BDNF signal 
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quantification was performed with the aid of HPIAS-1000 
image analysis software by determining the gray intensity of 
BDNF mRNA or protein expression in each section for each 
of the target brain regions (CA1 and CA3 of the hippocam-
pus, prefrontal cortex, central amygdaloid nucleus, dorso-
medial hypothalamic nucleus, dentate gyrus, shell of the 
nucleus accumbens, midbrain periaqueductal gray and ven-
tral tegmental area). Samples for each group were analyzed 
under the same conditions for in situ hybridization and 
immunohistochemical staining. For each rat in each group, 
four brain sections containing each of the target brain re-
gions were selected randomly, and four fields were selected 
randomly for analysis. Gray intensity was measured at the 
same anteroposterior level for each target brain region. The 
expression level of protein or mRNA was expressed as the 
gray intensity value.

Statistical analysis
Unless otherwise stated, all test results are expressed as the 
mean ± SD. All statistical analyses were performed using 
the SPSS 11.5 software package (SPSS, Chicago, IL, USA). 
Means among multiple groups were compared using two-
way analysis of variance. Comparisons between groups were 
conducted using post-hoc least significant difference test. A 
value of P < 0.05 was considered statistically significant.

Results
5-HT1A and 5-HT2A receptor agonists upregulated BDNF 
immunoreactivity in various brain regions in rats 
subjected to PS
To investigate the roles of the 5-HT1A and 5-HT2A receptors 
in the regulation of BDNF immunoreactivity under PS, we 
examined BDNF immunoreactivity in the DPAT-PS and 
DOI-PS groups in the CA1 and CA3 regions of the hippo-
campus, as well as the prefrontal cortex, central amygdaloid 
nucleus, dorsomedial hypothalamic nucleus, dentate gyrus, 
ventral tegmental area, shell of the nucleus accumbens and 
the midbrain periaqueductal gray in the rat model of PS 
(Figure 1). With the exception of the ventral tegmental area, 
BDNF immunoreactivity was higher in the DPAT-PS and 
DOI-PS groups than in the CON and PS groups immedi-
ately after PS. These results suggest that the 5-HT1A agonist 
DPAT and the 5-HT2A agonist DOI significantly upregulate 
BDNF immunoreactivity in various brain regions. Imme-
diately after PS, BDNF immunoreactivity was lower in the 
PS group than in the CON group. Interestingly, at each time 
point after PS, BDNF immunoreactivity was higher in the 
DPAT-PS and DOI-PS groups compared with the CON and 
PS groups, and the relatively high immunoreactivity levels 
were maintained until the 24-hour time point. Notably, 
starting 2 hours after PS, BDNF immunoreactivity in the PS 
group recovered to the same level as that in the CON group, 
gradually increasing over time.

5-HT1A and 5-HT2A receptor agonists upregulated BDNF 
mRNA levels in various brain regions in rats subjected to PS
To further clarify the molecular mechanisms underlying the 

changes in BDNF expression induced by PS, we measured 
BDNF mRNA levels by in situ hybridization. Similar to the 
changes in BDNF immunoreactivity, with the exception 
of the ventral tegmental area, BDNF mRNA levels were 
much higher in the DPAT-PS and DOI-PS groups than in 
the CON and PS groups in the CA1 and CA3 regions of 
the hippocampus, prefrontal cortex, central amygdaloid 
nucleus, dorsomedial hypothalamic nucleus, dentate gyrus, 
shell of the nucleus accumbens and the midbrain periaq-
ueductal gray after PS exposure (Figure 2). This suggests 
that both the 5-HT1A agonist DPAT and the 5-HT2A agonist 
DOI significantly upregulate BDNF mRNA levels. Moreover, 
at each time point after PS exposure, the levels of BDNF 
mRNA were substantially higher in the DPAT-PS and DOI-
PS groups than in the CON and PS groups until the 24-hour 
time point. We also noticed from the 2-hour time point after 
PS that BDNF mRNA levels in the PS group recovered to the 
same level as those in the CON group, and then gradually 
increased over time.

5-HT1A and 5-HT2A receptor antagonists inhibited BDNF
immunoreactivity in various brain regions in rats 
subjected to PS
We next examined the effect of 5-HT1A and 5-HT2A receptor 
antagonists in the PS model. BDNF immunoreactivity was 
much lower in the MDL-PS and Ketan-PS groups than in 
the CON group, with the exception of the ventral tegmental 
area. This indicates that MDL-73005 and ketanserin sig-
nificantly reduce BDNF protein levels in numerous brain 
regions (CA1 and CA3 of the hippocampus, prefrontal cor-
tex, central amygdaloid nucleus, dorsomedial hypothalamic 
nucleus, dentate gyrus, shell of the nucleus accumbens and 
midbrain periaqueductal gray). No significant differences 
were observed between these two groups in this rat model 
of PS. Interestingly, 6 hours after PS, immunoreactivity for 
BDNF was higher in the PS group than in the CON group. 
However, BDNF immunoreactivity remained lower in the 
MDL-PS and Ketan-PS groups than in the CON group (P < 
0.05), which displayed a slight increase, until 24 hours after 
PS exposure (Figure 3).

5-HT1A and 5-HT2A receptor antagonists inhibited BDNF 
mRNA levels in various brain regions after PS
Similar with the immunohistochemical results, also with an 
exception of the ventral tegmental area, the levels of BDNF 
mRNA were lower in the MDL-PS and Ketan-PS groups 
compared with the CON group, indicating that 5-HT1A an-
tagonist MDL-73005 and 5-HT2A antagonist ketanserin can 
significantly reduce BDNF mRNA levels in various brain 
regions. Besides, no obvious difference was observed in these 
two groups in this rat model of PS. Similar to the alteration 
of BDNF protein expression levels, at 6 hours after PS, 
BDNF mRNA levels were also greater in the PS group com-
pared with the CON group (P < 0.05). In addition, BDNF 
mRNA levels were much lower in the MDL-PS and Ketan-PS 
groups compared with the CON group until 24 hours after 
PS exposure (P < 0.05; Figure 4).
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Figure 2 Effects of stress exposure on BDNF mRNA levels in the rat brain.
After PS, BDNF mRNA levels were expressed as the gray intensity values quantified from in situ hybridization of the brain regions. AG (A), CA1 (B), 
CA3 (C), DG (D), PFC (E), DM (F), NAC (G), PAG (H) and VTA (I) at 0, 0.5, 1, 2, 6 and 24 hours (h). Data are presented as the mean ± SD. Data 
were analyzed by two-way analysis of variance followed by post-hoc least significant difference test. *P < 0.05. (J) Representative images of in situ 
hybridization for BDNF mRNA in various brain regions at 24 hours (× 400). Brown indicates BDNF immunoreactivity. BDNF: Brain-derived neu-
rotrophic factor; AG: central amygdaloid nucleus; DG: dentate gyrus; PFC: prefrontal cortex; DM: dorsomedial hypothalamic nucleus; VTA: ventral 
tegmental area; NAC: shell of the nucleus accumbens; PAG: midbrain periaqueductal gray; DPAT: 5-HT1A receptor agonist (8-OH-DPAT); DOI: 
5-HT2A receptor agonist; PS: psychological stress; CON: control.
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Discussion
In this study, we used a pure PS model to investigate the role 
of 5-HT in the regulation of BDNF expression, and we ex-
amined the dynamic relationship between 5-HT and BDNF 
expression in various brain regions. We found that the levels 
of BDNF protein and mRNA were significantly increased by 
the 5-HT1A receptor agonist 8-OH-DPAT and the 5-HT2A re-
ceptor agonist DOI in various regions of the rat brain. Both 

agonists upregulated BDNF expression in rats subjected to 
PS, and no significant difference was observed between these 
two groups. In contrast, the 5-HT1A receptor antagonist 
MDL73005 and the 5-HT2A receptor antagonist ketanserin 
significantly reduced BDNF protein and mRNA levels in the 
same regions of the brain.

Our findings suggest that both 5-HT1A and 5-HT2A regulate 
BDNF expression in various brain regions in the rat model 
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of PS. Hence, our novel findings provide evidence that 5-HT 
regulates BDNF expression in the rat model of acute PS. 
The interaction between 5-HT and BDNF may be involved 
in the response to PS, and may protect the organism from 
stress-induced aversive processes that lead to disease. The 
administration of agonists significantly increased the ex-
pression levels of BDNF protein and mRNA in various brain 
regions, whereas antagonist treatment inhibited BDNF ex-
pression in the same regions. A previous study demonstrated 
that the 5-HT2A receptor regulates BDNF expression in gli-
oma cells (Meller et al., 2002). Moreover, in another study, 
5-HT was shown to be associated with learning and memory 
via the regulation of BDNF expression (Richter-Levin and 
Segal, 1993). 5-HT2A receptor agonists upregulate BDNF 
levels in the neocortex, but reduce BDNF expression in the 
hippocampal dentate gyrus, indicating that BDNF levels are 
differentially regulated by 5-HT2A in different brain regions 
(Nomura et al., 1995; Vaidya et al., 1999), which is not con-
sistent with our present study. This lack of consistency might 
be due to the use of different stress paradigms, differences 
in the brain regions examined, or differences in the methods 
used for the determination of BDNF protein and mRNA 
expression levels. Thus, further studies using standardized 
materials and methods are needed to better assess the associ-

ation between 5-HT and BDNF.
Previous studies (Barbas et al., 2003; Dremencov et al., 

2003; Mattson et al., 2004; Schloss and Henn, 2004) have 
provided insight into the molecular biology of the 5-HT1A 
receptor pathway in stress. Under PS, the release of 5-HT is 
increased, and the 5-HT1A receptor activates adenylyl cyclase 
through the Gi/o and cAMP pathways. This activates protein 
kinase A, which in turn activates transcription factors such 
as CREB and NF-κB. The regulation by the 5-HT2A recep-
tor of BDNF expression might be related to the activation 
of phospholipase C, which is mediated by the Gq protein. 
Phospholipase C hydrolyzes phosphatidylinositol, gener-
ating inositol trisphosphate and diacyl glycerol to release 
intracellular calcium and activate protein kinase C, which in 
turn activates transcription factors, including CREB and NF-
κB. Thus, the activation of these transcription factors can 
increase BDNF protein and mRNA levels in various brain 
regions (Barbas et al., 2003; Dremencov et al., 2003; Mattson 
et al., 2004; Schloss and Henn, 2004). Therefore, we postu-
late that BDNF protein and mRNA levels are regulated by 
the 5-HT receptor and its downstream effectors.

There are several limitations of our present study. First, 
although we established a solvent control no-stress group 
(CON group) to control for the effect of stress, it did not 

Figure 3 Effects of 5-HT1A and 5-HT2A receptor antagonists on BDNF immunoreactivity in various brain regions after PS treatment.
BDNF immunoreactivity was expressed as the gray intensity values quantified from immunohistochemical staining of the brain regions. AG (A), 
CA1 (B), CA3 (C), DG (D), PFC (E), DM (F), VTA (G), NAC (H) and PAG (I) at 0, 6 and 24 hours (h). Data are presented as the mean ± SD. Data 
were analyzed by two-way analysis of variance followed by post-hoc least significant difference test. *P < 0.05. BDNF: Brain-derived neurotrophic 
factor; AG: central amygdaloid nucleus; DG: dentate gyrus; PFC: prefrontal cortex; DM: dorsomedial hypothalamic nucleus; VTA: ventral teg-
mental area; NAC: shell of the nucleus accumbens; PAG: midbrain periaqueductal gray; PS: psychological stress; MDL: 5-HT1A receptor antagonist 
(MDL73005); Ketan: 5-HT2A receptor antagonist (ketanserin); CON: control.
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Figure 4 Effects of 5-HT1A and 5-HT2A receptor antagonists on BDNF mRNA levels in various brain regions after PS treatment.
After PS, BDNF mRNA levels were expressed as gray intensity values quantified from in situ hybridization of the brain regions. AG (A), CA1 (B), 
CA3 (C), DG (D), PFC (E), DM (F), NAC (G), PAG (H) and VTA (I) at 0, 6 and 24 hours (h). Data are presented as the mean ± SD. Data were an-
alyzed by two-way analysis of variance followed by post-hoc least significant difference test. *P < 0.05. BDNF: Brain-derived neurotrophic factor; 
AG: central amygdaloid nucleus; DG: dentate gyrus; PFC: prefrontal cortex; DM: dorsomedial hypothalamic nucleus; VTA: ventral tegmental area; 
NAC: shell of the nucleus accumbens; PAG: midbrain periaqueductal gray; PS: psychological stress; MDL: 5-HT1A receptor antagonist (MDL73005); 
Ketan: 5-HT2A receptor antagonist (ketanserin); CON: control.

receive PS. We did not have a sufficient number of animals 
to establish a solvent control PS group; however, we will 
include such a control in future studies. Second, we did not 
perform reverse transcription-polymerase chain reaction 
or western blot assay to determine the expression levels of 
BDNF mRNA and protein, respectively. We performed in 
situ hybridization and immunohistochemical staining to 
quantify the BDNF expression levels in various brain re-
gions. We will perform reverse transcription-polymerase 
chain reaction and western blot assay to examine expression 
levels in our future study. Third, as in previous studies (Bar-
bas et al., 2003; Dremencov et al., 2003; Mattson et al., 2004; 
Schloss and Henn, 2004), we will conduct a series of experi-
ments to explore the downstream transcription factors that 
are involved in the interaction between 5-HT and BDNF, 
and which may be involved in the response to PS, protecting 
the organism from stress-induced aversive processes leading 
to disease.

Notably, BDNF protein and mRNA expression levels 
showed significant differences between the DPAT-PS and 
DOI-PS groups at 6 and 24 hours in certain brain regions. 
However, these differences varied among the brain regions 
examined, and it was difficult to determine which agonist 

upregulated BDNF expression levels to a greater extent. Fur-
ther study is required to clarify the effects of the different 
agonists on BDNF expression.

In summary, both 5-HT1A and 5-HT2A receptor agonists 
upregulated BDNF protein and mRNA expression in various 
brain regions in the rat model of PS, whereas the 5-HT1A 
and 5-HT2A receptor antagonists downregulated expression 
of the neurotrophin. Our findings indicate that 5-HT might 
be involved in the regulation of BDNF expression at differ-
ent time points after acute PS. Our novel findings provide 
support for an important role of 5-HT in regulating BDNF 
expression during acute PS, and they provide insight into the 
mechanisms that protect the organism from stress-induced 
processes that result in disease.

Author contributions: MJY, QQL, ZRL and GYL designed 
the current study, carried out the immunohistochemistry and 
in situ hybridization analysis. QQL, ZRL and HXM partici-
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