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Abstract
Chronic stress and dysfunction of the serotonergic system in the brain have been considered as
two of the major risks for development of depression. In the present study, adult Fischer 344 rats
were subjected to a regimen of chronic social defeat (CSD). To mimic stressful conditions some
rats were not exposed to CSD but instead treated with corticosterone (CORT) in oral solution
while maintained in their home cage. Protein levels of the serotonin transporter (SERT) in the
dorsal raphe nucleus (DRN), hippocampus, frontal cortex and amygdala were examined by
western blotting or immunofluorescence staining. The results showed that CSD up-regulated
SERT protein levels in the DRN, hippocampus, frontal cortex and amygdala regions. This
upregulation was abolished or prevented by adrenalectomy, or treatment with antagonists of
corticosteroid receptors mifepristone and spironolactone, alone or in combination. Similarly, up-
regulated SERT protein levels in these brain regions were also observed in rats treated with oral
CORT ingestion, which was analogously prevented by treatment with mifepristone and
spironolactone. Furthermore, both CSD- and CORT-induced upregulation of SERT protein levels
in the DRN and three brain regions were attenuated by simultaneous treatment with fluoxetine, an
antidepressant that specifically inhibits serotonin reuptake. The results indicate that upregulation
in SERT protein levels in the DRN and forebrain limbic structures caused by CSD regimen was
mainly motivated by CORT through corticosteroid receptors. The present findings demonstrate
that chronic stress is closely correlated with the serotonergic system by acting on the regulation of
the SERT expression in the DRN and its projection regions, which may contribute to the
development of depression.
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Introduction
Serotonin (5-HT) is one of the classic neurotransmitters in the central nervous system
(Azmitia 2001, Gaspar et al. 2003), and plays an important role for neuronal transduction.
While serotonin levels in the brain can be coordinately regulated by serotonin autoreceptors
and enzymes that synthesize (tryptophan hydroxylase, TPH) or degrade (monoamine
oxidase, MAO) serotonin (Watanabe et al. 2011), serotonergic transmission is also critically
regulated by the recapture of released serotonin via the serotonin transporter (SERT) located
in the plasma membrane. SERT is also the pharmacological target of the selective serotonin
reuptake inhibitors (SSRIs), one type of antidepressant (Baudry et al. 2010). It has been
documented that dysfunctional serotonergic neurotransmission is implicated in a variety of
psychiatric disorders, including major depression (Mann et al. 1995, Bhagwagar et al. 2002)
and anxiety (Graeff 1997). Therefore, as a key protein in the regulation of serotonergic
transmission, alterations in SERT expression and function are closely related to the
pathophysiology of these diseases. Given both chronic stress and a dysfunctional serotonin
system have been implicated in the development of depression, examining effects of chronic
stress on SERT expression in the brain will significantly advance knowledge of the
molecular link between stress and the serotonin system in the brain, which may contribute to
the appearance of depressive symptoms.

In the brain, serotonin neuronal cell bodies are located in the hindbrain, where serotonergic
fibers project to the rest of the brain (Bethea et al. 2005). The vast majority of these clusters
of cell groups are within the raphe nuclei, of which there are several main functionally and
anatomically distinct subgroups including the dorsal raphe nucleus (DRN) and median raphe
nucleus (MRN) (MacGillivray et al. 2010). Among them, in rats the DRN is the largest,
containing approximately 50% of serotonergic neurons in the brain (Wiklund et al. 1981,
Jacobs et al. 1992). The neuronal fibers from the DRN innervate the frontal and parietal
cortices, amygdala, lateral septum, nucleus accumbens shell, ventral hippocampus and
several hypothalamic nuclei (Lechin et al. 2006). It was reported that SERT concentrations
are highest in the DRN, with lower concentrations in other raphe nuclei (Hrdina et al. 1985,
Fujita et al. 1993, Hoffman et al. 1998, Rattray et al. 1999, Clark et al. 2006). In the past
decades, effects of stress on SERT expression in the raphe nuclei have been studied.
However, the results are controversial and stressor dependent. For example, stress sensitive
cynomolgus monkeys had lower levels of SERT mRNA in the DRN (Bethea et al. 2005).
Rats that experienced neonatal maternal separation showed a reduced SERT mRNA in the
raphe nuclei (Lee et al. 2007). Single immobilization reduced SERT mRNA in the raphe
pontis (Vollmayr et al. 2000). Single social defeat reduced the SERT densities in
hippocampus, but did not change those in the midbrain where the DRN is located (Berton et
al. 1999). In contrast, chronic restraint plus cold stress resulted in an increase in SERT
mRNA levels in the DRN of both male and female Wistar Kyoto rats (Pare et al. 1999).
Likewise, increased SERT mRNA levels in the raphe nuclei in the midbrain were observed
in mice that had repeated experience of social defeats (Filipenko et al. 2002). Accordingly,
these studies with inconsistent results clearly indicate the necessity of pursuing further study
about effects of chronic stress on the SERT in the DRN.

During stress, multiple hormones are released including corticotropin-releasing factor
(CRF), vasopressin, adrenocorticotropic hormone (ACTH), glucocorticoids [(cortisol in
human and corticosterone (CORT) in rodents], oxytocin, prolactin and renin (Van de Kar et
al. 1999). These hormones trigger multiple reactions to integrating homeostasis and exerting
crucial life-sustaining functions. Among them, CORT is the main hormone released by the
adrenal cortex in rats and serves as a master in the control of neuronal and signal
transduction, as well as affects cellular and molecular events in brains by modulating the
expression of many genes. It was reported that corticosteroid receptors are expressed in the
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DRN (Cintra et al. 1993). Also, administration of dexamethasone, a synthetic glucocorticoid
hormone, resulted in an increase in SERT protein density in immortalized human B-
lymphoblastoid cells, which express the human SERT (Glatz et al. 2003). Thus, identifying
the exact role of CORT played during chronic stress is also essential for elucidating
molecular mechanisms underlying the development of stress-related disorders.

The present study examines effects of CSD regimen on the expression of SERT in the DRN,
hippocampus, frontal cortex and amygdala of rats. We also treated rats with CORT to mimic
stress effect to verify whether CORT plays a main role during chronic stress. Our results
reveal that CSD regimen and CORT treatment upregulated SERT protein levels in those
brain regions, which may account for the reduced serotonin levels in synaptic clefts, which
has been hypothesized to be causatively ascribed to the appearance of depressive symptoms.

Materials and methods
Animals

Male Fischer 344 rats, weighing about 200–250 g at the beginning of the experiment, Long-
Evans retired male breeder and ovariectomized female rats were purchased from Harlan
Laboratories Inc. (Indianapolis, IN, USA). All animal procedures were approved by the
Animal Care and Use Committee of East Tennessee State University, and complied with the
NIH Guide for the Care and Use of Laboratory Animals. Rats were maintained on a 12 hour
light/dark cycle (lights on at 7:00 am) with ad libitum access to food and tap water except as
specifically described below. After an acclimation period of 5 days, rats were randomly
assigned to experimental groups and all experimental testing occurs in the light phase,
except for half hour in the dark phase for sucrose test.

Chronic social defeat paradigm
Chronic social stress is based on the resident-intruder paradigm as described previously
(Chen et al. 2012). Briefly, the experiment began (at 9:00 am of each day) by exposing an
“intruder” (adult male Fischer rat) to the home cage of the “resident” (larger male Long-
Evans rat) after female rats had been removed. After the “intruder” was attacked and showed
the defeated behavior, the “intruder” was rescued and placed into a small protective cage
within the resident’s cage. As such, the “intruder” and “resident” were separated, but still
kept in the same home cage for one and half hour to remain unrestricted visual, auditory,
and olfactory contact with each other without physical attack. This exposure was repeated
four times in the first and fourth weeks, and two times in the second and third weeks. Some
rats (as the control) were given access to the entire resident home cage when the residents
have been removed (sham-exposure). Therefore, the controls were never physically attacked
and defeated by the residents. One group of rats were adrenalectomized (ADX) by Harlan
Laboratories Inc. before shipping to the animal facility of East Tennessee State University.
The care of ADX rats was the same as reported previously (Chen et al. 2012). Briefly, ADX
rats were provided with 25 µg/ml CORT in the drinking water during whole experimental
period. Such small replacement dose of corticosterone has been shown to be adequate for
prevention of post-adrenalectomy alterations in the central nervous system (Pace et al.
2009). Trunk blood was taken when rats were sacrificed by rapid decapitation immediately
after the last session of CSD on 28th day (around 11:00 am). After rats were sacrificed,
brains were removed and rapidly frozen in 2-methyl-butane on dry-ice, then stored at −80°
C until dissection.

Oral treatment with CORT
In the experiment that rats were treated with CORT, after 5 day acclimation phase, while ad
libitum chow remained available, drinking water was replaced with a solution containing
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100 µg/ml CORT (Sigma, St. Louis, MO) at 9:00 am of each day, which was freshly
prepared daily. Selection of such concentration of CORT was based on the reports in the
literature, which caused an increased plasma CORT level approaching stress induced levels
(Karatsoreos et al. 2010, Donner et al. 2012). Because of its hydrophobic characteristics,
CORT was first dissolved in 100% ethanol, and then diluted in regular tap water to a final
ethanol concentration of 2.4% ethanol. The control rats were given a 2.4% ethanol solution
alone. After 3-week CORT treatment, animals were sacrificed on 22nd day by rapid
decapitation and trunk blood was collected for measurement of plasma CORT (around 9:30
am). After rats were sacrificed, brains were handled by the same way as described in above
paragraph.

Drug Treatment
In order to examine whether corticosteroid receptors are involved in the CSD- or CORT-
induced regulation of SERT expression, relatively specific mineralocorticoid receptors (MR)
antagonist spironolactone and glucocorticoid receptors (GR) antagonist mifepristone were
used in these animals. Therefore, some groups of rats were treated with mifepristone (10
mg/kg, daily, s.c.) or spironolactone (15 mg/kg, daily, s.c.), either alone or in combination.
To test effects of transporter blockers on expression of SERT, some groups of rats were
treated with desipramine (10 mg/kg, daily, i.p.) or fluoxetine (10 mg/kg, daily, i.p.). The
dose selection of these antagonists was based on our previous experiments (Chen et al.
2012). Rats in the untreated control, CSD alone, or CORT alone groups were injected with
similar volumes of vehicle in the same manner. All these compounds or vehicle were
administrated 10 minutes prior to the CSD regimen, or at the same time when the oral
CORT solution was replaced in the morning.

Sucrose consumption test for CSD paradigm and plasma CORT determination
The methods for these two tests are the same as described before (Chen et al. 2012). Briefly,
the sucrose consumption test [deprivation in the morning and two bottles of drinking
solution (1% sucrose solution and tap water) provided in the one hour window between
06:30 pm and 07:30 pm] was carried out weekly on the same day of the week (Thursday)
throughout the four week CSD regimen. Plasma CORT was later measured by a
radioimmunoassay using a commercial kit according to the manufacturer’s instructions
[ImmuChem radioimmunoassay kit, MP Biomedicals, LLC in Orangeburg, NY (formerly
ICN Pharmaceuticals, Costa Mesa, CA)].

Western blotting
The frozen brain was positioned on the specimen holder in a cryostat (at −19° C), and tissue
was cut in caudal to rostral direction until −8.00 mm from bregma (Paxinos and Watson,
1986). DRN tissue was then punched out (one punch for each subject) by a pre-cooled
sharpened punch needle (inner diameter 1.5 mm, −20° C). As the DRN extends far caudal to
−8.00 mm bregma, the region microdissected corresponds to the rostral DRN. The needle
was punched 1 mm deep into the tissue. This depth corresponds to the maximal caudo-
rostral extension of the DRN. The dissection of the hippocampus, frontal cortex and
amygdala was performed with the similar way. The slicing coordinate is: the frontal cortex:
4.70-3.70 mm; amygdala: −2.14– −3.14 mm, and the hippocampus: −2.56 – −4.56 mm from
bregma. Samples of the frontal cortex were obtained from the section after exciting the
olfactory bulbs, and the hippocampus by exciting surrounding other brain tissues. The
amygdala was punched from the section with a pre-cooled sharpened punch needle (inner
diameter 3 mm, −20° C). Punched DRN and other brain samples were then solubilized by
ultrasound (130 w, 20 kHz; 5 seconds) in sample buffer containing Tris–HCl (40 mM),
sodium lauryl sulfate (SDS, 4%) and β-mercaptoethanol (5%). After centrifugation at
10,000g×5min, protein concentrations of supernatants were measured by the BCA method.
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Forty five µg samples per lane were loaded on 10% SDS–polyacrylamide gels for
electrophoresis. Protein bands in gels were transferred to Amersham Hybond-ECL
membranes by semi-dry transfer. The membranes were incubated with anti-SERT primary
antibody (1:2000 dilution; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA, Cat#
sc-33724, Lot# B-1711) overnight at 4°C. After washing, membranes were then further
incubated with secondary antibodies (horseradish peroxidase-conjugated anti-mouse IgG,
1:10,000 dilution; Amersham Biosciences, Little Chalfont, UK). Immunoreactive bands
were visualized by enhanced chemiluminescence (ECL, Amersham, Piscataway, NJ). Bands
were exposed on films and scanned. Band densities were then quantified by Quantity One
imaging software. Optical density values of SERT signals were compared and normalized
with β-actin immunoreactivities, which were determined on the same blot. Normalized
values were then averaged for all replicated gels and used to calculate the relative changes of
the same gel.

Immunofluorescence staining
The process for immunofluorescence staining is the same as described before (Fan et al.
2011). Briefly, after rats were transcardially perfused with 4% paraformaldehyde, the brains
were removed and stored in turn in 10% and 30% sucrose, then sectioned at 30 µm around
the DRN region on a sliding microtome. For immunofluorescence staining of SERT, the
sections were blocked in 5% goat normal serum in PBS/Triton for 60 min, and then
incubated at 4°C overnight in PBS/Triton containing 1:200 anti-SERT primary antibodies
(Calbiochem, San Diego, CA; Cat# pc-177L, Lot# D-27424). Immunoreactivity to the
antigen was visualized using Alexa 488-conjugated secondary antibodies (Invitrogen,
Carlsbad, CA). Immunofluorescence labeling images were taken under a Leica TCS SP2
confocal microscope system (Leica Microsystems Inc., Bannockburn, IL, USA) and
semiquantitatively analyzed by using Image J software (Rasband, US National Institutes of
Health, Bethesda, http://rsbweb.nih.gov/ij, 2010).

Statistics
All data are expressed as mean ± SEM. The unpaired Student’s t-test was used to analyze
data of plasma CORT measurement in the experiment of CORT administration (Fig. 7A).
The repeated measures ANOVA was used for data in Fig. 1B. For other experimental
differences among multiple groups were compared by one-way analysis of variance
(ANOVA) followed by post hoc Newman-Keuls tests for planned comparisons when there
was a significant difference between groups.

Results
Plasma CORT measurement and sucrose consumption test in CSD experiments

Plasma CORT levels were measured in samples collected immediately after the last CSD
paradigm at the end of the four-week stress to examine the efficacy of chronic stress in
inducing hormonal modification. Because effects of ADX and corticosteroid receptor
antagonists on plasma CORT levels in CSD rats have been reported in our previous paper
(Chen et al. 2012), we did not repeat this measurement in the current study. As shown in
Figure 1A, CSD significantly affected plasma CORT levels (F3,25=13.18, p<.001). Post hoc
tests revealed that plasma CORT levels were significantly elevated in the rats subjected to
CSD (p<0.01), as compared to control rats. Although the plasma CORT level in the groups
of treatment with desipramine or fluoxetine were lower than that in the CSD group, it was
not reach the significant levels (p>0.05) and was still markedly higher than that of the
control (p<0.01).
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The sucrose consumption test was also used to evaluate depressive effects of CSD in rats.
Similarly, we did not repeat the sucrose consumption test in CSD rats subjected to ADX and
treatment with corticosteroid receptor antagonists, as similar tests have also been done as
reported previously (Chen et al. 2012). Instead, in the present experiment, we only repeated
the test for rats subjected to CSD regimen and in the control group. As shown in Fig. 1B, the
intake of the sucrose solution was not significantly changed in non-stressed animals over the
whole duration of the experiment (F4,30 = 1.89, p>0.05). However, it was significantly
reduced from the first to fourth week of stress exposure in CSD rats (F4,32 =14.45, p<0.001).

Expression and localization of SERT-immunoreactive neurons in rat DRN sections
To investigate the organization and patterns of SERT-immunoreactive cells in Fischer 344
rats, coronal sections of the DRN region were subjected to immunohistochemistry with the
anti-SERT antibody. As shown in Fig. 2, sections A, B, C, and D (bright field) were
obtained from bregma −7.30 mm, −7.64 mm, −7.80 mm and −8.00 mm, respectively,
according to the atlas figures of rat brain (Paxinos et al. 1986). Apparently, the area of SERT
distribution was larger in the DRN section located at bregma −8.00 mm (Fig. 2d) than those
at other locations (Figs. 2a, 2b, 2c). Areas of SERT distribution were measured, analysed
and shown as the statistic graph in Fig. 2E. It revealed that there were significant differences
of areas between each pair of groups (p<0.05). The regional variability in SERT expression
distribution observed in this study may account for the systematic differences among animal
experiments reported in the literature previously.

Effects of CSD on SERT protein levels in the DRN region
To explore the influence of CSD on the expression of SERT in rat DRN, western blotting
was performed in samples punched from the DRN (about bregma −7.00 mm to −8.00 mm).
As shown in Figs. 3A, 3B and 3C, quantitative analysis revealed that CSD and drug
treatment significantly affected SERT protein levels in the DRN region, as revealed by
statistical analysis (for Fig. 3A, F3,11=10.89, p<0.01; for Fig. 3B, F4,14=5.15, p<0.05; and
for Fig. 3C, F3,11=21.67, p<0.001). We have reported that plasma CORT levels were
significantly elevated in rats subjected to CSD, while relatively lower levels were detected
in ADX-alone and CSD/ADX rats (Chen et al. 2012). Since CORT is the main hormone
released during stress, to examine whether the altered SERT expression caused by the CSD
regimen was related to plasma CORT levels, one group of rats was ADX before CSD
regimen. As shown in Fig. 3A, while CSD significantly increased SERT protein levels in the
DRN region, CSD/ADX rats did not show any significant alteration in SERT protein levels,
as compared to the control and sham groups (both p>0.05). This suggests that the CORT
released during CSD regimen was involved in CSD-induced up-regulation of SERT
proteins.

To further examine whether the increased SERT expression caused by CSD regimen was
related to corticosteroid receptors, rats were injected daily with the MR antagonist
spironolactone and GR antagonist mifepristone, alone or in combination. The results showed
that treatment with either mifepristone or spironolactone alone (both p<0.05), or
combination of both (p<0.01) markedly attenuated the CSD-induced increase of SERT
protein levels in the DRN (Fig. 3B). This demonstrates that CSD-induced up-regulation of
SERT was mediated by corticosteroid receptors.

Effects of antidepressants on CSD-induced upregulation of SERT protein levels were also
examined. As shown in Fig 3C, treatment with the selective SSRI fluoxetine prevented
increased SERT protein levels, as compared to that of CSD rats (p<0.001). However,
treatment with the norepinephrine transporter (NET) inhibitor desipramine failed to show
the same effect as fluoxetine.
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To further confirm these observations by western blotting, immunofluorescence staining was
performed in the section of the DRN of rats that were subjected to CSD and CSD plus drug
treatments. As shown in Fig. 4, SERT immunoreactivity was significantly elevated in the
DRN sections of CSD rats, compared to the control group (p<0.05). Treatments with
combined mifepristone and spironolactone, or with fluoxetine blocked CSD-induced
ehnancement of SERT immunoreactivities.

Effects of CSD on SERT protein levels in the hippocampus, frontal cortex and amygdala
To explore whether CSD influences SERT protein levels in other brain regions, western
blotting was performed in samples dissected from the hippocampus, frontal cortex and
amygdala. As shown in Fig. 5, there was no significant difference in SERT protein levels
between the control and ADX sham group in samples from any of these regions, indicating
that the ADX surgery procedure did not significantly affect SERT protein levels. However,
CSD markedly increased SERT protein levels in these regions (F3, 23= 4.16, p<0.05 for the
hippocampus; F3,23=3.84, p<0.05 for the frontal cortex; F3, 22=5.52, p<0.05 for the
amygdala). Similar to the effect on SERT protein levels from the DRN (Fig. 3), ADX
abolished CSD-induced increase of SERT protein levels in all these regions. The Newman-
Keuls test revealed that SERT protein levels in CSD/ADX group were also significantly
lower than that of the CSD group (for the hippocampus and frontal, p<0.05; for the
amygdala, p<0.01).

Effects of antidepressants and corticosteroid receptor antagonists on SERT protein levels in
these brain regions were also examined. Analysis of the western blotting results
demonstrated that while treatment with desipramine had almost no effects on CSD-induced
elevation of SERT in these brain regions, treatment with fluoxetine revised CSD’s action
(Fig. 6A). The effects of treatment with corticosteroid receptor antagonists on CSD-caused
upregulation of SERT protein levels in these brain regions were not so consistent. Treatment
with combined mifepristone and spironolactone blocked elevated SERT protein levels in the
hippocampus, which was significantly lower than that of the CSD group (p<0.05).
Nevertheless, the same treatment only prevented the increased SERT protein levels caused
by CSD in the frontal cortex and amygdala, which did not reach a significant level, as
compared to those in the CSD group. Furthermore, treatment with spironolactone alone had
almost no marked effect on CSD’s action (Fig. 6B).

Effects of CORT ingestion on SERT protein levels in the DRN region
To verify whether CORT plays a key role in CSD-induced upregulation of SERT in the rat
DRN, rats were given 100 µg/ml CORT in their drinking water for 3 weeks. This dose has
been used in previous studies to produce a higher plasma CORT level, which is comparable
to those in stressed animals (Karatsoreos et al. 2010, Bowles et al. 2012) and has been
verified to cause persistent depressive-like phenotypes including sucrose cosumption tests
(Gourley et al. 2009). As shown in Fig. 7A, treatment with CORT in oral drinking solution
significantly increased plasma CORT levels (p<0.01). Also, although we did not measure
the weight and diameter of the adrenal galnds, postmortem examination showed that there
was obvious atrophy of adrenal glands in all animals chronically ingested with 100 µg/ml
CORT, which is consistent with the previous observations (Karatsoreos et al. 2010, Donner
et al. 2012). Similarly, western blotting analysis from the sample punched from the DRN
region revealed that SERT protein levels were significantly affected by chronic ingestion of
CORT and drug treatments (for Fig. 7B, F4,19=71.12, p<0.001; for Fig. 7C, F3,11=22.41,
p<0.001). Post hoc tests demonstrated that administration with either mifepristone (p<0.01)
or spironolactone (p<0.001) alone, or in combination of both (P<0.001) markedly attenuated
the CORT-induced increase of SERT protein levels in the DRN (Fig. 5B). Treatment with
fluoxetine also blocked the CORT-induced increase of SERT protein levels (Fig. 7C;
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p<0.001), while treatment with desipramine had no effect (p>0.05). This demonstrated that
the activation of corticosteroid receptors was necessary for CORT-induced upregulation of
SERT expression in the DRN.

Additionally, immunofluorescence staining was performed to verify the observations
described above. SERT immunoreactivity was significantly elevated in the DRN region of
rats that ingested CORT in the drinking water, compared to the control groups (p<0.05).
Treatments with combined mifepristone and spironolactone, or with fluoxetine abrogated
CORT induced upregulation of the SERT immunoreactive signals (Fig. 8). These findings
were in accordance with the results obtained by western blotting.

Effects of CORT ingestion on SERT protein levels in the hippocampus, frontal cortex and
amygdala

Western blotting was performed in the samples dissected from the hippocampus, frontal
cortex and amygdala of rats that were given CORT in their drinking water as mentioned
above. Analysis of results showed that treatment with fluoxetine blocked CORT-induced
upregulation of SERT protein levels in these brain regions, a similar effect as observed in
the DRN. Interestingly, treatment with desipramine also abolished CORT’s action in the
hippocampus (p<0.05), but not in the frontal cortex and amygdala (Fig. 9A). Furthermore,
the CORT-induced increase of SERT protein levels in these three regions was abolished by
treatment with combined mifepristone and spironolactone, but not by treatment with
spironolactone alone in the hippocampus and frontal cortex (Fig. 9B).

Discussion
In the present study, protein levels of SERT in the rat DRN and three other brain regions
were significantly increased by CSD regimen, as demonstrated by measurements using
western blotting and immunofluorescence staining. The CSD induced up-regulation of
SERT expression can be considered mainly through CORT released during CSD regimen.
This notion is supported by the following observations from the present study: 1) elevated
SERT protein levels were completely abolished by ADX; 2) administration of combination
of the GR antagonist mifepristone and MR antagonist spironolactone prevented increase of
SERT expression; 3) chronic treatment with CORT in oral drinking solution caused very
similar results compared with the CSD regimen. Furthermore, treatment with SSRI
fluoxetine in rats subjected to CSD regimen or CORT treatment reversed either CSD- or
CORT-induced elevations of SERT expression, but not by desipramine, a specific
norepinephrine transporter. This is in agreement with the fact that chronic treatment with
fluoxetine reduces SERT expression in serotonergic raphe nuclei (Baudry et al. 2010).
Altogether, findings of the present study provide compelling evidence for a molecular
linkage between chronic stress and the serotonin system through upregulated SERT
expression, which may contribute to the development of depression.

As mentioned above, expressional changes of SERT observed in animal studies varied from
different laboratories using different stressors in past decades. While radioligand binding
analysis showed that the density of SERT was decreased in hippocampus and unchanged in
midbrain of rats (Berton et al. 1999), increased SERT mRNA levels in the raphe nuclei were
observed by Northern blotting, RT-PCR, or in situ hybridization in rat stress models (Pare et
al. 1999, Filipenko et al. 2002, Gardner et al. 2009). However, real-time PCR or in situ
hybridization for SERT demonstrated that SERT mRNA levels were unchanged in the rat
DRN region after chronic social stress (Abumaria et al. 2006) or immobilization (Vollmayr
et al. 2000). One possible explanation for these discrepancies may be that dissimilar parts of
the raphe nuclei were collected by different researchers. We made a series of coronal
sections containing the rat DRN region according to the fourth edition of The Rat Brain in
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Stereotaxic Coordinates (Paxinos & Watson 1986). Four sections (Fig. 2a–d) selected from
rostral to caudal (from bregma −7.30 mm to bregma −8.00 mm) showed the shape of
aqueduct (Aq) shifted from pentagon to ellipse, with increasing sectional areas. The
corresponding higher magnification photomicrographs displayed different patterns of SERT-
immunoreactive cells. As shown in rostral DRN sections (Fig. 2a and 2b), corresponding to
the left two columns of the statistical graph (Fig. 2E), SERT-immunoreactive cells only
accounted for a smaller portion of the total area of sections that were usually dissected by
punch needles or hypodermic needles. If the raphe nuclei were nonuniformly collected, or
different sections were compared, the SERT expression may be totally different.
Furthermore, there are several main raphe nuclei that are anatomically and functionally
distinct. For example, compelling evidence exists that the MRN plays a different role from
the DRN in physiological, neuroendocrinological and neuropharmacological functions
(Lechin et al. 2006). The activation or inhibition of the DRN and MRN results in different
pathophysiological responses, and even opposite behavioral responses (Hillegaart et al.
1989, Dilts et al. 1995, Andrade et al. 2004, Bielau et al. 2005, Dos Santos et al. 2005).
Therefore, the experimental results may depend on the tissue dissection, extraction or
preparation, as well as section selection for the DRN. Thus in the current study, we collected
samples very cautiously to restrict samples to those within the DRN, especially those for
western blotting.

While there are anatomical and functional distinctions among the raphe nuclei, it is known
that even the DRN can also be parsed into anatomically and functionally distinct subregions.
For example, the DRN in rats has been suggested to be divided as 6 subdivisions of the
rostral, ventral, dorsal, caudal and interfascicular parts, as well as the lateral wings (Monti
2010). Further, the DRN contains serotonin and non-serotonin neurons with the expression
of many different neurotransmitters (Jacobs & Azmitia 1992). While the present study
focused on the whole DRN, it would be interesting in future studies to determine whether
stress- and CORT-induced changes in SERT expression are restricted to specific
subdivisions of the DRN.

The DRN is a major origin of the central serotonin system and provides widespread
serotonergic innervation to the forebrain structures (Jacobs & Azmitia 1992). Such extensive
efferent projection attributes to the crucial role of the DRN in the regulation of physiological
and behavioral functions. In this regard, its dysfunction has been linked to a number of
stress-related disorders including depression (Krishnan et al. 2010). Accordingly, DRN
activity can also be modulated under the specific circumstances such as chronic stress. In the
present study, CSD regimen resulted in a significant increase of SERT protein levels in the
DRN and some brain regions that receive serotonergic projection such as the hippocampus,
frontal cortex and amygdala, as demonstrated by western blotting and immunofluorescence
analysis. This indicates that chronic stress associated with social defeat causes a long-term
activation of the serotonergic system in the DRN, which in turn boosts the expression of
SERT and may further lead to an increase of SERT in the projection regions. As SERT
ensures the reuptake of serotonin at the synaptic cleft (Barker et al. 1995), one potential
functional consequence of increased SERT would be the decrease in the serotonergic
neurotransmission due to more rapid clearance of serotonin from synaptic sites. As a result,
there would be a deficiency of serotonin in synaptic clefts, a proposed consequence
accounted for the development of depression (Elhwuegi 2004). However, this interpretation
is not completely assured. Although the present study demonstrated upregulated SERT
protein levels at the serotonergic cell body location (the DRN) and some projection regions
(the hippocampus, frontal cortex and amygdala), the functional consequences of such
increased SERT proteins would be dependent on the location of these proteins after
trafficking to axon terminals, as well as dynamically intracellular trafficking after the
stimulation such as stress. That is, only an increased SERT in the plasma membrane would
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account for the function of reuptaking serotonin. The western blotting analysis in the present
study is the result of both membrane-associated and cytosolic SERT proteins. Therefore,
such increased SERT protein may not absolutely indicate enhanced reuptake of serotonin. A
decrease in density of SERT-immunoreactive axons in the prefrontal cortex of suicide
victims with a diagnosis of major depression by immunocytochemistry has been reported
(Austin et al. 2002), which may reflect either a reduction in biosynthesis of the SERT
protein, an alteration in the transport of SERT protein to the nerve terminals, or a loss of
serotonin terminals containing SERTs. However, because a SERT antibody cannot
distinguish SERT proteins in the cell surface from those the intracellular pools, even the
immunohistochemical analysis used in some previous studies could not detect a change in
SERT trafficking (Tao-Cheng et al. 1999, Miner et al. 2000). More experiments are
necessary to elucidate these detailed functional consequence of CSD-induced upregulation
in SERT protein levels.

Our further measurements also demonstrated that simultaneous treatment with fluoxetine
abrogated CSD- or CORT-induced upregulation of SERT expression in the DRN, which
provided evidence to support above notion. In line with our findings, repeated exposure to
electroconvulsive shock (Shen et al. 2001), which has antidepressant effects in humans, or
chronic treatment with antidepressants imipramine, fluoxetine, or tianeptine, decreased
SERT mRNAs (Lesch et al. 1993, Kuroda et al. 1994, Lopez et al. 1994) and ligand binding
for SERT (Baudry et al. 2010) in the rat midbrain raphe complex. Thus, CSD-induced
upregulation of SERT protein levels in the DRN may be of pivotal importance for
understanding the biological links among chronic stress, the serotonergic system, and
depression. It is worth to mention that fluoxetine treatment had no significant effect on
plasma CORT concentration (Fig. 1A), whereas attenuates CSD- and CORT-induced
upregulation of SERT proteins (Figs. 3C and 7C). This conflicted result may be accounted
by the different mechanisms which mediate fluoxetine’s effects. Fluoxetine is a specific
inhibitor of SERT possibly through its action on the synthesis of SERT. However, fluoxetine
treatment had little effect on the neuroendocrine responses to stress. There are some possible
explanations. First, stress-induced corticosterone release depends on the activity and
function of the hypothalamic-pituitary-adrenal (HPA) axis. Although long-term treatment of
fluoxetine may result in a reduced basal tone of the HPA axis, it does not inhibit the
response or sensitivity of the HPA axis to stressful stimuli (Zhang et al. 2000). Second,
stress hormones are essential for regulation of various physiological processes and several
neurotransmitters and receptors systems play a role in mediating stress-induced activation of
neuroendocrine system. For example, noradrenergic nerves also play a role in stress-induced
corticosterone secretion (Richardson Morton et al. 1990, Gaillet et al. 1991). Thus, it is not
likely that stress-induced secretion of corticosterone is blocked by the alteration of a single
neurotransmitter such as serotonin after SERT inhibition, or activation of a type of receptors
such as serotonin receptors.

CSD has been widely accepted as a stress model of depression for its relatively high
predictive validity (Buwalda et al. 2005, Huhman 2006). In the present study, while the
SERT protein level in the DRN was significantly increased in CSD rats, chronic ingestion of
oral CORT showed a similar increase of SERT expression. Furthermore, parallel alteration
in SERT protein levels was observed after manipulation of ADX, or treatments with either
mifepristone or spironolactone. This indicates that CORT released during chronic stress
plays a large role for the upregulated SERT protein levels in the DRN. This is consistent
with other animal studies reported previously (Pare et al. 1999, Filipenko et al. 2002,
Gardner et al. 2009). So far, we do not have satisfactory explanation for the mechanism
underlying CORT-induced upregulation of SERT proteins in the DRN. One possibility is
concerned with the fact that glucocorticoid-regulated SERT expression is modulated by the
SERT gene-promoter-linked polymorphic region (5-HTTLPR) in human, a 44-bp deletion
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(S)/insertion (L) of the repetitive sequence containing GC-rich, 20–~30-bp-long repeat
elements (Watanabe et al. 2011). It was reported that the allele-specific differences of
serotonin uptake between the L and S genotype Epstein-Barr virus (EBV)-transformed
human B-lymphoblastoid cells after administration of dexamethasone were significant
(Glatz et al. 2003). This suggests that 5-HTTLPR might contribute to the different changes
of SERT expression observed in reaction to glucocorticoid-dependent SERT regulation in
depression-related serotonergic neurotransmission. Clearly, further studies are necessary to
investigate the mechanisms underlying the CSD-induced upregulation of rat SERT protein
levels.

It is noteworthy that in our previous study, CSD regimen significantly increased both
mRNA and protein levels of NET in the rat locus coeruleus (LC) (Chen et al. 2012). The
upregulated NET expression in the LC was abolished or reduced by ADX or treatment with
corticosteroid receptor antagonist mifepristone and spironolactone. A similar pattern was
observed in the current study for the SERT in the DRN. An interesting fact raised by our
findings is that CSD up-regulates expression of the SERT and NET in the DRN or LC with a
glucocorticoid-dependent manner. Since dysfunctions of both serotonergic and
noradrenergic systems are implicated in major depression, the alteration in the expression
and function of SERT and NET are therefore the candidate causation of this disease. In
addition, chronic stress is often a predisposing factor in the development of depression
(Sapolsky 1996). Likely, the discovery of a close molecular link between these important
factors may open up new avenues for future exploration for development and treatment of
depression. In addition, interactions between the two monoaminergic nuclei (the LC and
DRN) in the brain are of great functional importance. A topographic ordering of reciprocal
connections between the DRN and LC is well documented (Peyron et al. 1996, Kim et al.
2004, Braz et al. 2009). Thus, CSD-induced activation of noradrenergic cell groups could
contribute to the selective stress-induced activation of serotonergic neurons in the DRN, or
vice versa. In keeping with this, it should be considered that chronic stress such as CSD
likely affects two monoamine systems simultaneously.

In the present study, administration of a combination of the GR antagonist mifepristone and
MR antagonist spironolactone, and in some brain regions, administration of either
mifepristone or spironolactone, blocked or prevented increase of SERT expression caused
by CSD or CORT treatment, indicating both receptors are involved in the upregulation of
SERT expression. Because the GR is considered to be more important during stress, in
which glucocorticoid concentrations rise to particularly high levels (De Kloet et al. 1998), its
involvement in this regulation is expected. However, as the MR is almost completely
occupied during normal physiological condition (Joels et al. 1992), we do not have a
satisfactory explanation for the fact that MR also plays a role in the regulation of SERT
expression observed in the present study. Nevertheless, the MR may indeed be responsive
also to high levels of endogenous glucocorticoids (Anacker et al. 2011), and it may
contribute to the biological effects of corticosteroid hormones in stress. It was reported that
the MR also regulates the transcription of the 5-HT1A and 5-HT2A genes (Ou et al. 2001,
Trajkovska et al. 2009). The precise mechanisms that underlie the regulation of SERT
expression by GR and MR are still to be elusive. These receptors, like other nuclear
receptors, are transcription factors. One of the main mechanisms includes direct effects on
gene expression by the binding to glucocorticoid responsive elements (GRE) in the promoter
region of target genes to constitute a glucocorticoid response unit to activate the
transcription (Scheidereit et al. 1983, Karin 1998, Schoneveld et al. 2004). In addition, It has
been reported that glucocorticoid receptors also participate in chromatin remodeling and
interacts with coregulators, resulting in changes in the expression of genes that do not have
GREs in the promoter (McEwan et al. 1997, Deroo et al. 2001, Lonard et al. 2007).
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In conclusion, the present study demonstrates that CSD upregulates SERT protein levels in
rat DRN and some brain regions which receive serotonergic projection. In this process,
stress-induced release of CORT acting through corticosteroid receptors plays a key role, as
ADX and treatment with corticosteroid receptor antagonists block effects of CSD regimen
and treatment with CORT. The increased SERT protein levels may give rise to synaptic
deficiency of serotonin, which links chronic stress with the activation of the serotonergic
system and subsequently contributes to the development of depressive symptoms.
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Figure 1.
A. The graphs represent the effects of chronic social defeat (CSD) stress (n=7/group) and
desipramine/fluoxetine on plasma CORT concentrations. The trunk blood was collected on
the 28th day immediately after the end of last session of CSD. * p<0.01, compared to the
control. Con: control; CSD/DMI: CSD plus treatment with desipramine; CSD/Flx: CSD plus
treatment with fluoxetine.
B. Sucrose solution intake in the control and CSD rats (n=7/group). * p<0.05, compared to
corresponding time in the control; † p<0.05, compared to the CSD group at week 0.
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Figure 2.
SERT distribution in rat DRN. SERT is expressed throughout the DRN, but distributed
differently in sections. (A–D): Coronal sections of the DRN were obtained from bregma
−7.30 mm, −7.64 mm, −7.80 mm and −8.00 mm respectively. Microphotos were captured in
bright field. (a–d): SERT immunostaining in these sections. Images were obtained by a
fluorescence microscope. Aq: aqueduct; mlf: medial longitudinal fasciculus. (E): Areas of
SERT distribution in immunostaining microphotos were measured by Image J software and
subjected to statistical analysis. *p<0.05, compared to the bregma −7.30 mm group; †
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p<0.05, compared to the bregma −7.64 mm group; ‡ p<0.05, compared to the bregma −7.80
mm group (n=4/group).

Zhang et al. Page 18

J Neurochem. Author manuscript; available in PMC 2013 December 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 3.
Effect of CSD and CSD plus ADX (A); CSD and CSD plus treatment with corticosteroid
receptor antagonists (B); as well as CSD and CSD plus treatment with antidepressants (C)
on SERT protein levels in rat DRN. The upper images in each figure show autoradiographs
obtained by western blotting of SERT in different regions (n=4/group). The lower graph in
each figure shows quantitative analysis of band densities. Values of SERT bands were
normalized to those of β-actin probed on the same blot. ADX: adrenalectomy; Con: control;
CSD/DMI: CSD plus treatment with desipramine; CSD/Flx: CSD plus treatment with
fluoxetine; CSDM: CSD plus treatment with mifepristone; CSDS: CSD plus treatment with

Zhang et al. Page 19

J Neurochem. Author manuscript; available in PMC 2013 December 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



spironolactone; CSDMS: CSD plus treatment with both mifepristone and spironolactone.
*p<0.01, compared to the control group; † p<0.05, ‡ p<0.01, compared to the CSD group.
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Figure 4.
Effects of CSD on the immunofluorescence staining of SERT. Upper panel: SERT
immunoreactivities in rat DRN were detected by a confocal microscope. Coronal DRN
sections were taken at −7.80mm from bregma. Lower panel: quantitative analyses of the
immunofluorescence by the Image J software. *p<0.05, compared to the control group; †
p<0.05, compared to the CSD group (n=4/group). See Fig. 3 legend for abbreviations.
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Figure 5.
Effect of CSD and CSD plus ADX on SERT protein levels in the hippocampus (HP), frontal
cortex (FC) and amygdala (Amy). The upper images were obtained by western blotting for
SERT. The lower panels show quantitative analysis of band densities. Values of SERT
bands were normalized to those of β-actin probed on the same blot. *p<0.05, **p<0.01,
compared to the control group; † p<0.05, compared to the CSD group (n=6/group). See Fig.
3 legend for abbreviations.
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Figure 6.
Effect of CSD and CSD plus treatment with antidepressants (A); CSD and CSD plus
treatment with corticosteroid receptor antagonists (B) on SERT protein levels in the
hippocampus (HP), frontal cortex (FC) and amygdala (Amy). The upper images in A and B
were obtained by western blotting for SERT. The lower panels in A and B show quantitative
analysis of band densities. Values of SERT bands were normalized to those of β-actin
probed on the same blot. *p<0.05, **p<0.01, compared to the control group; † p<0.05,
compared to the CSD group (n=6/group). See Fig. 3 legend for abbreviations.
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Figure 7.
Effect of CORT treatment on plasma CORT concentrations (A), and SERT protein levels in
rat DRN after CORT treatment plus corticosteroid receptor antagonists (B) or
antidepressants (C). The upper panels in B and C were obtained by western blotting for
SERT. The lower panels in B and C showed quantitative analysis of band densities. Values
of SERT bands were normalized to those of β-actin probed on the same blot. *p<0.05,
compared to the control group; † p<0.05, compared to the CORT group (n=4/group). Con:
control; C: corticosterone; C/DMI: CORT plus treatment with desipramine; C/Flx: CORT
plus treatment with fluoxetine; C/M: CORT plus treatment with mifepristone; C/S: CORT
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plus treatment with spironolactone; C/MS: CORT plus treatment with both mifepristone and
spironolactone.
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Figure 8.
Effect of CORT on the immunofluorescence staining of SERT. Upper panel: SERT
immunoreactivities in rat DRN were detected by a confocal microscope (n=4/group).
Coronal DRN sections were taken at −7.80mm from bregma. Lower panel: quantitative
analyses of the immunofluorescence by the Image J software. *p<0.05, compared to the
control group; † p<0.05, compared to the CORT group. Con: control; C: corticosterone;
CORT/Flx: CORT plus treatment with fluoxetine; CORT/MS: CORT plus treatment with
both mifepristone and spironolactone.
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Figure 9.
Effect of CORT and CORT plus treatment with antidepressants (A); CORT and CORT plus
treatment with corticosteroid receptor antagonists (B) on SERT protein levels in the
hippocampus (HP), frontal cortex (FC) and amygdala (Amy). The upper images in A and B
were obtained by western blotting for SERT. The lower panels in A and B show quantitative
analysis of band densities. Values of SERT bands were normalized to those of β-actin
probed on the same blot. *p<0.05, **p<0.01, compared to the control group; † p<0.05,
compared to the CORT group (n=6/group). See Fig. 7 legend for abbreviations.
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