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Abstract
Serotonin (5-HT) modulates the hypothalamic-pituitary-adrenal (HPA) axis response to stress. We
examined the effect of chronic restraint stress (CRS; 20 min/day) as compared to control (CTRL)
conditions for 14 days, on: 1) restraint-induced ACTH and corticosterone (CORT) secretion in rats
pretreated with vehicle or SB-656104 (a 5-HT7 receptor antagonist); 2) 5-HT7 receptor-like
immunoreactivity (5-HT7-LI) and protein in the hypothalamic paraventricular nucleus (PVN) and
adrenal glands (AG); 3) baseline levels of 5-HT and 5-hydroxyindolacetic acid (5-HIAA), and 5-
HIAA/5-HT ratio in PVN and AG; and 4) 5-HT-like immunoreactivity (5-HT-LI) in AG and
tryptophan hydroxylase (TPH) protein in PVN and AG. On day 15, animals were subdivided into
Treatment and No treatment groups. Treatment animals received an i.p. injection of vehicle or
SB-656104; No Treatment animals received no injection. Sixty min later, Treatment animals were
either decapitated with no further stress (0 min) or submitted to acute restraint (10, 30, 60 or 120
min); hormone serum levels were measured. No Treatment animals were employed for the rest of
measurements. CRS decreased body weight gain and increased adrenal weight. In CTRL animals,
acute restraint increased ACTH and CORT secretion in a time of restraint-dependent manner; both
responses were inhibited by SB-656104. Exposure to CRS abolished ACTH but magnified CORT
responses to restraint as compared to CTRL conditions; SB-656104 had no effect on ACTH levels
but significantly inhibited sensitized CORT responses. In CTRL animals, 5-HT7-LI was detected
in magnocellular and parvocellular subdivisions of PVN and sparsely in adrenal cortex. Exposure
to CRS decreased 5-HT7-LI and protein in the PVN, but increased 5-HT7-LI in the adrenal cortex
and protein in whole AG. Higher 5-HT and 5-HIAA levels were detected in PVN and AG from
CRS animals but 5-HIAA/5-HT ratio increased in AG only. Finally, whereas 5-HT-LI was
sparsely observed in the adrenal cortex of CTRL animals, it strongly increased in the adrenal
cortex of CRS animals. No TPH protein was detected in AG from both animal groups. Results
suggest that CRS promotes endocrine disruption involving decreased ACTH and sensitized CORT
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responses to acute restraint. This phenomenon may be associated with increased function and
expression of 5-HT7 receptors as well as 5-HT turnover in AG.

Keywords
ACTH; adrenal glands; chronic restraint stress; corticosterone; hypothalamic paraventricular
nucleus; 5-HT7 receptors

1. Introduction
It is established that the hypothalamic-pituitary-adrenal (HPA) axis is modulated by the
serotonin (5-hydroxytryptamine; 5-HT) system via projections from the dorsal and median
raphe nuclei that reach the parvocellular and corticotrophin releasing factor (CRF)-
producing neurons in the hypothalamic paraventricular nucleus (PVN) (Larsen et al., 1996;
Liposits et al., 1987; Sawchenko et al., 1983). Thus, serotonergic inputs stimulate CRF
(Holmes et al., 1982; Jones et al., 1976) and ACTH secretion (Kageyama et al., 1998) via 5-
HT1A and 5-HT2A/2C receptors (Jorgensen et al., 1999, 2002; Pan and Gilbert, 1992). In
addition, pharmacological evidence has suggested the involvement of 5-HT7 receptors in
HPA axis modulation as the 5-HT1A/5-HT7 receptor agonist, 8-OH-DPAT, elicits
neuroendocrine responses (Jorgensen et al., 1999; Vicentic et al., 1998) which, in the case of
corticosterone (CORT) secretion, are not completely inhibited by the 5-HT1A receptor
antagonist, WAY-100635 (Vicentic et al., 1998). Furthermore, expression of 5-HT7
receptors has been documented in human hypothalamus (Varnas et al., 2004), rat PVN
(Bonaventure et al., 2004; Muneoka and Takigawa, 2003; Neumaier et al., 2001) and rat
adrenal glands (AG) (Contesse et al., 1999).

Hyperactivity of the HPA axis involving high circulating levels of glucocorticoids is a
common pathophysiological feature of stress-related diseases, including major depression
(Gold et al., 1986; Plotsky et al., 1995), however, the mechanisms underlying this
phenomenon remain unknown. In this regard, chronic stress has been proposed as one of the
key factors predisposing to endocrine disruption and the development of stress-associated
mood disorders (Joëls et al., 2003; Mizoguchi et al., 2008; Ulrich-Lai et al., 2006).
Interestingly, there is extensive evidence that chronic stress and glucocorticoids regulate
brain 5-HT receptors (Bambico et al., 2009; Czyrak et al., 2002; McKittrick et al., 1995).
This raises the possibility that 5-HT receptors involved in HPA axis modulation could be
regulated by chronic stress thus resulting in endocrine dysfunction. Clinical studies have
indeed demonstrated that HPA axis overdrive and the accompanying psychopathological
outcomes in stress-related disorders are improved by drugs that target the brain 5-HT
system, such as 5-HT reuptake inhibitors (Blier et al., 2001; Inder et al., 2001). Moreover,
the early findings that antidepressant drugs display high affinity for 5-HT7 receptors and
that, under chronic treatment, such drugs induce downregulation of these receptors (Sleight
et al., 1995; Mullins et al. 1999) have recently drawn the attention as to their potential role
in mood disorders (see Hedlund, 2009 for review). Actually, pharmacological blockade of 5-
HT7 receptors has recently been demonstrated to produce a fast acting antidepressant-like
action in rats (Mnie-Filali et al., 2011). Since dysfunction of the HPA axis might precede
psychopathological symptoms in stress-related diseases (see Pariante and Lightman, 2008),
we have hypothesized -based upon the above suggestive evidence- that an abnormal
function of 5-HT7 receptors in the HPA axis, possibly as a result of chronic stress, could
lead to HPA axis dysregulation. The aim of the present study was therefore to investigate the
role of 5-HT7 receptors in modulating the HPA system under control and chronic stress
conditions in rats.
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2. Material and methods
2.1. Animals

Male Wistar rats (200-220 g of body weight; n=240) from our own Institutional inbred
facilities were used. Animals (five per cage) were kept at constant temperature (22±1°C) and
humidity (50-55%) under a 12:12 h: light/dark cycle (lights on 06:00-18:00 h) with food and
water available ad libitum. All the procedures and protocols complied with Federal
regulations and were performed in accordance with the National Institutes of Health guide
for the Care and Use of Laboratory animals (NIH Publications No. 8023, revised 1978).
Efforts were made to minimize unnecessary suffering of the animals and their number.

2.2. Chronic restraint stress
One group of animals was subjected to chronic restraint stress (CRS) and served as the
experimental group. Treatment with CRS consisted of 20 min daily sessions of restraint
(between 8:00 and 11:00 h) for 14 days, which was induced by placing the animals in well-
ventilated adjustable-length cylindrical plexiglass tubes (6.5 cm in internal diameter and 20
cm in length). Another group of animals, which served as the control (CTRL) group, was
daily taken from the tail for 20 sec and returned to their home cages for 14 days. Since
animals submitted to CRS were placed in the tubes by taking them from the tail, tail lifting
was performed in CTRL animals in an attempt to exclude the effect of tail lifting itself on
potential chronic restraint-induced changes in the HPA system.

2.3. Experimental design
Animals submitted to CTRL and CRS conditions were assigned to different groups and
protocols for performance of neuroendocrine, immunohistochemistry, Western blot and
HPLC experiments (Fig. 1). For neuroendocrine assays, in which the animals were exposed
to a final restraint stress session (see below), CTRL (n=60) and CRS (n=60) animal groups
were each subdivided into vehicle (n=30) and antagonist (n=30) treatment (Treatment
groups) (Fig. 1). Other groups of CTRL and CRS animals, which received no vehicle or
antagonist treatment (No Treatment groups) and were not exposed to further restraint, were
used for determination of body, AG and thymus weights (n=8 per group), as well as 5-HT7
receptor immunohistochemistry (n=6 per group), Western blot for 5-HT7 receptors (n=4 per
group, see below) and HPLC assays (n=10 per group) in the PVN and AG (Fig. 1).
Additional immunohistochemistry and Western blot assays were subsequently performed in
order to determine, respectively, the distribution of 5-HT-like immunoreactivity (5-HT-LI)
in the AG (n=4 per group) and tryptophan hydroxylase (TPH) protein content in the PVN
and AG (n=3 per group, see below) (Fig. 1).

2.4. Determination of body, adrenal gland and thymus weights
Body weight was recorded before and after CTRL and CRS treatments. One day after these
treatments (i.e. on day 15), animals were euthanized and AG from both sides and thymus
were removed and then allowed to dry for determination of dry organ weights. To exclude
possible differences in the weight of AG and thymus derived from normal changes in body
weight, particularly in chronically stressed animals in which these parameters are reportedly
altered (Cruz et al., 2012; Zelena et al., 2004), organ weights were expressed in milligrams
per 100 g of the average body weight.

2.5. Neuroendocrine studies
One day after the end of CTRL and CRS periods (i.e. on day 15), animals assigned to the
Treatment groups received an i.p. injection of vehicle (polyethylene glycol, dimethyl
sulfoxide and 0.9% saline, 1:1:1.6; 1 ml/kg) or the selective 5-HT7 receptor antagonist,
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SB-656104 (1 mg/kg, prepared at 1 mg/ml in the above vehicle). Sixty min later, animals of
each group (i.e. CTRL and CRS) were subdivided into five subgroups for exposure to either
no further stress (0 min) or an acute restraint stress session for 10, 30, 60 or 120 min,
respectively (see Fig. 1). At the end of each restraint period, animals were immediately
decapitated and trunk blood was collected and centrifuged; animals submitted to no acute
stress (i.e. 0 min groups) were decapitated before the beginning of restraint sessions. Serum
was stored at −80°C until used; concentrations of ACTH and CORT were measured using
the Milliplex Multi-Analyte Profiling method (Linco Research by Millipore, Billerica, MA,
USA) and a [125I] radioimmunoassay kit (Diagnostic Systems Laboratories, Inc., Texas,
USA), respectively. The minimum detection concentration for each assay was 3.2 pg/ml and
2.7 ng/ml, with an intra-assay precision of <7% and 2.6%, respectively.

2.6. Immunohistochemistry assays
One day after CTRL and CRS treatments (i.e. on day 15) animals were anesthetized with
sodium pentobarbital (30 mg/kg, i.p.) and perfused via the ascending aorta with 0.1M
phosphate-buffered saline (PBS; pH 7.4) followed by 0.1M phosphate-buffered 4%
paraformaldehyde (pH 7.4). The brains and AG were removed, post-fixed for 24 h at 4°C,
and stored in 0.01M PBS containing 30% sucrose at 4°C until used. Serial coronal sections
of the brain across the PVN (30 μm) and AG (35 μm) were obtained using a freezing
microtome and collected in culture wells containing 0.01M PBS with 0.2% sodium azide
and stored at 4°C. On the day of the assay, sections were incubated in 0.1M PBS for 10 min,
washed three times with 0.1M PBS and incubated in 1% hydrogen peroxide with 5% bovine
serum albumin (BSA) for 2 h at room temperature. Next, sections were incubated with a
primary antibody raised in goat against 5-HT7 receptors (1:200; Santa Cruz Biotechnology
Inc., cat. SC-19160, Santa Cruz, CA, USA) for 60 h at 4°C. In subsequent experiments using
additional CTRL and CRS animal groups, AG sections were incubated with a rabbit primary
antibody against 5-HT (1:1000; ImmunoStar, cat. 20079, Hudson, WI, USA) for 24 h at
4°C. After three washes, sections were incubated with biotin conjugated donkey anti-goat
(1:400; Jackson ImmunoResearch, cat. 705-065-003, West Grove, PA, USA) or goat anti-
rabbit (1:250; Vector Laboratories, cat. BA-1000, Burlingame, CA, USA) secondary
antibodies for 2 h at room temperature. After several washes in 0.1M PBS, sections were
incubated with the avidine-biotin-peroxidase complex (VECTASTAIN Elite ABC kit,
1:200; Vector Laboratories, Burlingame, CA, USA) in 0.1M PBS with 0.03% triton X-100
for 2 h at room temperature. After thorough washing with 0.1M PBS, the presence of
peroxidase was revealed with 3,3′-diaminobenzidine (DAB Substrate Kit; Vector
Laboratories, Burlingame, CA, USA) in Tris-buffer for 5-10 min at room temperature; the
reaction product was intensified with nickel. Sections were then washed, mounted on
gelatin-coated slides, cover-slipped and photographed using a digital camera.

2.7. Western blot analyses
The effect of CRS on the amount of protein for 5-HT7 receptors and TPH in the PVN and
AG was determined. Thus, one day after CTRL and CRS periods, No Treatment animals of
both groups were euthanized by decapitation, and brains and AG were removed and frozen
with dry ice and liquid nitrogen, respectively. Next, 300 μm-thick coronal sections of the
brain were obtained using a motorized vibroslice and the PVN was micro-dissected using
hollowed needles as previously described (Palkovits, 1983). Samples of both tissues were
homogenized in 10 ml of RIPA solution (Tris HCL-RIPA, 500 μm EDTA, protease
inhibitors and 10% sodium dodecyl sulfate; SDS) using a Polytron (Kinematica AG, Luzern,
Switzerland). For 5-HT7 receptor assays, samples of the PVN were taken from 8 animals
and pulled together for one determination (n=1 per group) whereas 3 AG were randomly
selected from the above group of 8 animals and pulled together for one determination (n=1
per group). Since the assays were performed in quadruplicate (n=4), a total of 32 and 12

García-Iglesias et al. Page 4

Neuropharmacology. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



animals per group, respectively, were employed. For TPH assays, protein samples of the
same collected tissues for 5-HT7 receptor determinations were used but, due to the limited
amount of sample available, the assays were performed in triplicate (n=3) for a total of 24
and 9 animals per group, respectively. The AG homogenates were centrifuged at 4500 rpm
for 15 min at 4°C and then the PVN samples and AG supernatants were ultracentrifuged at
20,000 g. The supernatants were removed, and the pellets were re-suspended in a mixture
containing 40 mM Tris-HCl, 150 mM NaCl, 2 mM EDTA, 10% glycerol, 1% Triton X-100,
5% sodium deoxycholate and 0.2% SDS at pH 7.5, with a complete protease inhibitor
cocktail (20 μl/ml; Hoffmann-La Roche, Konzern-Hauptsitz, Switzerland), and
phenylmethanesulfonyl fluoride (2 μl/ml; Sigma-Aldrich Corp., St Louis, MO, USA).
Finally, samples were sonicated and 5 l aliquots were used for protein determination using
the Bradford method (Bradford, 1976). Identical amounts of protein (35 g) of PVN and AG
samples from CTRL and CRS rats were loaded per line and separated by SDS-PAGE. Next,
the gels were transferred on to polyvinyldiene diflouride membranes (Amersham Pharmacia
Biotech, Little Chalfont, UK), which were blocked with 5% non-fat milk for 2 h at room
temperature and then incubated with primary antibodies raised in rabbit against either 5-HT7
receptors (1:1000; Novus Biologicals, cat. NB100-56352, Littleton, CO, USA), TPH
(1:5000; mouse, rat and human TPH1 specific reactivity; Santa Cruz Biotech., cat.
SC-30079, Santa Cruz, CA, USA) or the control protein, the â-1 subunit of Na+/K+-ATPase
(1:10,000; Millipore, cat. 05-382, Billerica, MA, USA), overnight at 4°C. This incubation
period was followed by a 2 h incubation period with a goat anti-rabbit horseradish
peroxidase-conjugated secondary antibody (1:10,000; Invitrogen, cat. G21234, Carlsbad,
CA, USA). The peroxidase activity was revealed by incubating the membranes in a
chemoluminescent reaction (General Electric Healthcare Biosciences, Pittsburgh, PA, USA)
and then by exposing them on to photographic films (Hyperfilm, Amersham). To estimate
the amounts of 5-HT7 receptor and TPH proteins relative to Na+/K+-ATPase β-1 subunit for
each sample, a densitometric analysis was performed using the Kodak Molecular Imaging
Software (Carestream Health, Rochester, New York, USA). Since the Na+/K+-ATPase β-1 is
a subunit insert into the membrane and thus considered a membrane marker (Kinne-Saffran
and Kinne, 1989), it was decided to use it as a control protein.

2.8. Measurement of 5-HT and 5-HIAA levels by HPLC
Baseline levels of 5-HT and 5-HIAA in the PVN and AG were determined using HPLC with
electrochemical detection (Bioanalytical Systems, Inc., West Lafayette, IN, USA), as
previously described (Kempf and Mandel, 1981). Briefly, one day after CTRL and CRS
periods (i.e. on day 15), PVN and AG samples were obtained; the adrenals were thoroughly
washed in isotonic saline to remove remaining blood. Samples were then sonicated in cold
0.1N perchloric acid and centrifuged; supernatants were collected, filtered (0.22 μm nylon
filters, Millipore) and stored at −70°C; protein concentrations were determined using the
Bradford method (Bradford, 1976). Samples were then separated using a C-18 reverse-phase
column (5 m in diameter, 3.9 mm in width and 150 mm in length; polarity 2.1 × 50 mm,
Waters Co, Milford, MA, USA) and eluted with a mobile phase containing 0.1 M
monochloroacetic acid, 0.65 mM ethylenediaminetetracetic acid, 0.9 mM sodium octyl
sulphate and 4.5% acetonitrile at pH 4.5; flow rate was set at 0.35 ml/min with a pressure of
4500 psi. Indolamines were quantified using the Millennium 32 Software (Waters Co.,
Milford, MA, USA) and their concentrations calculated from the chromatographic peak
heights based on external standards.

2.9. Data presentation and statistical evaluation
All data in the text and Figures are presented as the mean ± SEM of at least three
determinations. Differences in body and relative organ weights, relative tissue content of 5-
HT7 receptor and TPH protein between CTRL and CRS rats, 5-HT and 5-HIAA
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concentrations, and 5-HIAA/5-HT ratio, were all compared by paired or unpaired t tests as
appropriate. The effect of chronic stress exposure and pharmacological treatment (i.e.
vehicle or SB-656104) on acute restraint-induced ACTH and CORT responses was analyzed
by a three-way ANOVA, with chronic stress and pharmacological treatment as between-
subject independent factors. The ANOVA test was followed by a Student-Newman-Keuls
post-hoc test to determine differences. In all cases, the level of significance was set at P ≤
0.05. Statistical analyses were performed using SigmaStat 3.5 (Systat Software Inc.,
Chicago, IL, USA).

3. RESULTS
3.1. Effect of chronic stress on somatometric parameters

The physiological parameters reportedly altered subsequent to chronic stress exposure were
determined. Animals that received CRS exhibited a significantly lower total body weight as
compared to CTRL rats (t(14) = 9.028, P < 0.001), and this was reflected as a 72% loss of
body weight gain as compared to body weight gain in CTRL animals (t(14) = 6.972, P <
0.001) (Table 1). Relative AG weight (t(30) = −3.847, P < 0.001), but not relative thymus
weight (P = 0.276), was 25% higher in CRS rats as compared to the corresponding
parameter in CTRL animals (Table 1).

3.2. Restraint-induced ACTH and CORT secretion in control and chronically stressed
animals: effect of 5-HT7 receptor blockade

Figure 2 shows ACTH (A) and CORT (B) responses induced by acute restraint in CTRL and
CRS rats that received vehicle or the 5-HT7 receptor antagonist, SB-656104, previous to the
acute restraint sessions. Thus, exposure to acute restraint resulted in higher ACTH
concentrations as compared to baseline levels (i.e. 0 min), with restraint duration having a
significant effect on ACTH levels (F4,100 = 11.314, P < 0.001). On the other hand, a
significant interaction between restraint duration and animal groups was revealed (F4,100=
17.902, P < 0.001) thus indicating that CTRL and CRS animals respond with a different
pattern of restraint-induced ACTH release. Accordingly, Student Newman-Keuls post hoc
tests showed that, whereas ACTH concentrations were significantly higher after 10 and 30
min of restraint in vehicle-treated CTRL animals, significantly higher ACTH levels were
detected only after 120 min of restraint in the corresponding CRS animal group (P < 0.001;
Fig. 2A). Then, exposure to CRS induced significant blunting of ACTH responses at 10 and
30 min of restraint, concomitant with magnified ACTH responses after 120 min of restraint,
as compared to the corresponding responses in animals submitted to CTRL conditions (Fig.
2A).

Acute restraint on the other hand increased CORT serum concentrations as compared to
baseline levels (i.e. 0 min), with restraint duration having a significant effect on CORT
levels (F4,100 = 203.011, P < 0.001). In addition, a significant interaction between restraint
duration and animal groups was revealed (F4,100= 7.056, P < 0.001). In close resemblance to
ACTH results, these data indicate that CTRL and CRS animals respond with a different
pattern of restraint-induced CORT secretion. Then, Student Newman-Keuls post hoc tests
revealed that, whereas CORT levels measured after 10, 30, 60 and 120 min of restraint were
significantly higher than the baseline levels (i.e. 0 min) in both vehicle-treated animal
groups (P < 0.001; Fig. 2B), the CORT levels achieved after 10, 30 and 120 min of restraint
in CRS were significantly higher than those measured in CTRL animals (Fig. 2B), thus
indicating that CRS exposure magnified restraint-induced CORT responses. It should be
highlighted that a closely similar pattern of restraint-induced hormonal responses was
observed in a group of CTRL and CRS animals that received no injection before acute
restraint exposure (data not shown). This suggests that injection (i.e. puncture-induced
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stress) and/or vehicle per se had no remarkable effects on restraint-induced ACTH and
CORT responses in the Treatment animal groups.

As far as the effect of SB-656104 on restraint-induced ACTH responses is concerned, a
significant interaction between restraint duration, animal groups and pharmacological
treatment was detected (F4,100 = 6.324, P < 0.001). Furthermore, Student Newman-Keuls
post hoc tests showed that SB-656104 pre-treatment produced significant blockade of the
ACTH response after 10 min of restraint in CTRL rats but had no effect on restraint-induced
ACTH levels in CRS animals (Fig. 2A). Regarding the effect of the antagonist on CORT
secretion, a significant interaction between restraint duration, animal groups and
pharmacological treatment was detected (F4,100 = 13.468, P < 0.001). Student Newman-
Keuls post hoc tests revealed that this interaction was driven by the detection of significantly
lower CORT levels after 60 min of restraint in antagonist-treated CTRL animals (P < 0.001;
Fig. 2B), and significantly lower CORT levels after 30, 60 and 120 min of restraint in
antagonist-treated CRS animals with respect to the corresponding vehicle-treated groups (P
< 0.001; Fig. 2B). Unexpectedly, baseline (i.e. 0 min) CORT levels were significantly higher
in antagonist- as compared to vehicle-treated CRS animals (Fig. 2B).

3.3. Effect of chronic restraint stress on 5-HT7 receptor-like immunoreactivity and protein
in the PVN and adrenal glands

Intense 5-HT7-LI was observed in neurons of the magnocellular and parvocellular
subdivisions of the PVN from CTRL rats (Fig. 3A and 3B), with immunostaining
predominately localized in cell bodies and dendrites (stars and arrows, respectively, in Fig.
3B). In contrast, 5-HT7-LI in the PVN from CRS animals was remarkably less intense (Fig.
3C and 3D) although immunopositive signals also predominated in cell bodies and dendrites
(stars and arrows, respectively, in Fig. 3D). On the other hand, 5-HT7-LI in AG markedly
differed from that in the PVN with regard to animal groups. Thus, in AG from CTRL rats,
modest 5-HT7-LI was sparsely located in the cortex including areas corresponding to the
zona glomerulosa and zona fasciculata (Figs. 3F and 3G). Nevertheless, in AG from CRS
animals, 5-HT7-LI was clearly stronger and much more abundant in cortical areas that
comprised predominantly the zona glomerulosa and the outer zona fasciculata;
immunostaining was observed as largely disseminated clusters (Figs. 3H and 3I). Consistent
with the above observations, Western blot analyses revealed that CRS rats exhibited a 47%
lower relative content of 5-HT7 receptor protein in the PVN (t(8) = 4.269, P < 0.01; Fig. 3E)
concomitant with a 72% higher relative protein content in whole adrenals (t(10) = −6.399, P
< 0.001; Fig. 3J) as compared to the corresponding tissues in CTRL animals.

3.4. Effect of chronic stress on 5-HT availability in the PVN and adrenal glands
Consistent with a potential involvement of the serotonergic system in chronic stress-induced
changes in the HPA axis, exposure to CRS led to four-fold higher concentrations of 5-HT
(t(10)= −19.206, P < 0.001; Fig. 4A) and 5-HIAA (t(10) = −13.280, P < 0.001; Fig. 4B) in
the PVN with respect to those measured in the corresponding tissue samples from CTRL
animals. Nonetheless, the 5-HIAA/5-HT ratio was similar in both animal groups thus
suggesting that 5-HT turnover in the PVN was unaffected by CRS (Fig. 4C). By contrast, in
the AG, whereas significantly greater concentrations of 5-HT (t(19) = −2.310, P < 0.05; Fig.
4D) and 5-HIAA (t(11) = −4.441, P < 0.001; Fig. 4E) were also detected in CRS animals,
the 5-HIAA/5-HT ratio was significantly higher (t(10) = −2.367, P < 0.05; Fig. 4F) thereby
implying that 5-HT turnover was increased in CRS adrenals with respect to that in CTRL
tissues. It should be pointed out that, concentrations of 5-HIAA below the detection limit
(probably because of degradation) occurred in 5 AG samples from CTRL animals so in
these cases the 5-HIAA/5-HT ratio could not be calculated.

García-Iglesias et al. Page 7

Neuropharmacology. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



3.5. Immunoreactivity to 5-HT in adrenal glands and TPH protein in the PVN and adrenals:
impact of chronic stress

On the basis of the above findings suggesting higher expression of 5-HT7 receptors in
adrenocortical cells, along with a higher serotonergic drive in AG as a result of CRS
exposure, it was decided to further evaluate the role of the 5-HT system in this tissue by
performing additional 5-HT immunohistochemistry assays. In addition, in an attempt to
determine whether the increased availability of 5-HT in AG could be due to increased
synthesis, a Western blot assay for TPH was performed; available protein samples of PVN
were also included in the assay. Indeed, the increase of 5-HT (Fig. 4D) and 5-HIAA levels
(Fig. 4E) as well as 5-HT turnover (Fig. 4F) in whole AG does not allow to know the level
at which such increase has taken place (e.g. the cortex and/or the medulla or both) and,
consequently, the potential significance of such change in terms of hormone secretion
mechanisms. Thus, whereas 5-HT-LI was thinly observed in the adrenal cortex of CTRL rats
(Figs. 5A and 5B), large clusters of 5-HT-LI were clearly noticed in adrenocortical areas
corresponding predominantly to the zona fasciculata of CRS adrenals (Figs. 5C and 5D).
Consistent also with the higher content of 5-HT in AG from CRS animals (Fig. 4D), a more
intense immunostaining was evident in the adrenal medulla of CRS (Fig. 5C) as compared to
CTRL animals (Fig. 5A). That the increase of 5-HT-LI in the adrenal cortex of CRS rats
(and the concomitant increase of 5-HT turnover) might be accounted for an increased 5-HT
synthesis, could not be demonstrated as no TPH protein, relative to the ubiquitous Na+/K+-
ATPase β-1 subunit, was detected in AG (Fig. 5E); the amount of TPH protein in the PVN
did not change as a result of CRS (Fig. 5E). A control assay in dorsal raphe nucleus samples
from CTRL animals confirmed the efficacy of the Western blot assay (Fig. 5E).

4. DISCUSSION
4.1 General

The major finding of the present study was that restraint-induced CORT secretion in rats
subjected to CRS for two weeks is sensitized relative to that in CTRL animals through a
mechanism involving activation of 5-HT7 receptors and, apparently, dissociation from
ACTH secretion. Since 5-HT7-LI and protein in the PVN decreased, whereas 5-HT7-LI in
the adrenal cortex and 5-HT7 receptor protein in whole AG increased as a result of CRS
treatment, the hypothesis that sensitized CORT responses to restraint under conditions of
chronic stress may be mediated by a mechanism involving adrenal 5-HT7 receptors is
supported. This notion seems strengthened by the finding that baseline 5-HT turnover in AG
from CRS rats increased with respect to that in CTRL tissues, whereas no change in 5-HT
turnover occurred in the PVN. In addition, 5-HT-LI in the adrenal cortex, but not TPH
protein in AG, was clearly magnified as a result of the CRS experience. Apart from the
implications discussed below, the present data suggest an interesting association between
chronic stress and 5-HT7 receptors in the development of HPA axis overdrive, which is a
frequently observed phenomenon in stress-related diseases.

4.2 Chronic restraint as a model of chronic stress
It is established that the HPA system, through secretion of glucocorticoids, regulates a
number of functions including food intake, metabolic rate and immune function (Kim et al.,
2006; Marti et al., 1994), and that high circulating levels of glucocorticoids during
prolonged periods of stress lead to AG hypertrophy and hyperplasia (Ulrich-Lai et al.,
2006), decreased rate of body weight gain (Harris et al., 1998) and thymus involution (Choi
et al., 2008), all of which are used as reliable physiologic markers of chronic stress. In the
present study, AG hypertrophy and decreased body weight gain, but not thymus involution,
were detected in rats submitted to CRS. The absence of thymus involution might suggest
that longer-lasting daily stress sessions or periods of chronic stress are required to induce
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suppression of immune function and measurable decreases in thymus weight, as suggested
by previous observations using restraint (Zelena et al., 2004) and other stressors (Figueiredo
et al., 2003). Then, despite the absence of thymus involution, the above changes are
consistent with the development of chronic stress in CRS rats.

4.3 Effect of chronic stress on baseline and acute restraint-induced hormonal levels
The absence of a significant change in baseline ACTH levels between CTRL and CRS
animals resembles previous findings in which no elevated basal levels of ACTH were
detected after chronic stress (Tauchi et al., 2008; Malkesman et al., 2006). In the case of
baseline CORT levels, a trend towards a decline was noticed but the difference was not
significant (P = 0.027; Fig. 2B). Decreases in baseline CORT levels in animal models of
chronic stress have been less frequently observed. Thus, whereas baseline CORT levels
reportedly increase and return to control values during the course of chronic stress
(Silberman et al., 2002; Zardooz et al., 2006), with a trend towards a decrease in some cases
(see Azpiroz et al., 1999; Mizoguchi et al., 2008), significant declines in baseline CORT
levels have also been noticed (Malkesman et al., 2006; Sanchez et al., 1998). The reason for
the above discrepancies is unknown but it is likely to reflect the large variability of chronic
stress protocols and the use of different animal strains.

Acute restraint stress has consistently been found to increase plasma ACTH and CORT in
rats (Barnum et al., 2007; Girotti et al., 2006; Gray et al., 2010). The present experiments in
CTRL animals showed that exposure to acute restraint for 10, 30, 60 and 120 min increased
serum levels of ACTH and CORT in a time of restraint-dependent manner with peaks at 10
and 30 min of restraint, respectively. Remarkably, a radically different situation was
observed in animals that had received CRS for two weeks, as ACTH responses after 10 and
30 min of restraint were virtually abolished, whereas those after 120 min of restraint
increased significantly (see Fig. 2A). In addition, the magnitude of restraint-induced CORT
responses was significantly higher (Fig. 2B) thus raising the possibility that glucocorticoid
secretion might have become dissociated from ACTH in CRS animals (see below). The
sensitized restraint-induced CORT secretion in CRS rats is in striking contrast to earlier
observations showing that a previous comparable experience of chronic stress (20-60 min/
day) for periods between 5 and 14 consecutive days leads to adaptation of the HPA axis
response to further stress exposure, which translates into a decrease in (and/or a faster
recovery of) the CORT response to homotypic stressors, including restraint (Barnum et al.,
2007; Bhatnagar et al., 2002; Girotti et al., 2006; Gray et al., 2010; Ma and Lightman, 1998;
Ma et al., 1999; Stamp and Herbert, 1999), noise (Armario et al., 1986), water immersion
(De Boer et al., 1990), cage confinement (Barnum et al., 2007), forced swimming (Dal-Zotto
et al., 2000), low intensity subcutaneous electric shocks (Pitman et al., 1990) and
immobilization (García et al., 2000). The reason for the discrepancy between the present
data and the above studies, particularly with those using a 14 day chronic restraint stress
treatment (Ma and Lightman, 1998; Ma et al., 1999; Stamp and Herbert, 1999), is not known
but it is likely to relate to the animal strain as Wistar rats were used here whereas Sprague-
Dawley rats were employed in the above studies. There is evidence in the literature that
different rat strains may exhibit variable susceptibility not only to the same stressor but also
to identical chronic stress treatments (see Dhabhar et al., 1997).

In contrast to the aforementioned observations, repeated exposure to more severe homotypic
stressors may not only fail to induce habituation of the CORT response to stress re-exposure
but instead promote sensitization. For example, in rats exposed to repeated tailshocks (15
min/day), CORT levels in plasma collected on days 2, 3, 4 and 5 were higher than the
hormone levels following tailshock on day 1, whereas increased CORT levels occurred in
rats restrained from the tail (15 min/day) for 4 and 5 days as compared to day 1 (Orr et al.,
1990). Likewise, chronic predator stress (i.e. cat exposure) in rats (60 min/day) for 6 and 13
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days led to increased CORT secretion (as measured 60, 120 and 180 min after stress
exposure) with respect to that in animals stressed for 1 day (Figueiredo et al., 2003).
Similarly, plasma CORT responses in rats chronically given high (but not low) intensity
electric shocks failed to habituate and instead, exhibited increased responses indicative of
sensitization over the course of 1 week (Pitman et al., 1990). Thus, in addition to
sensitization of CORT responses to novel stress exposure subsequent to a period of chronic
homotypic stress (Chen et al., 2008; Harris et al., 2004; Ma et al., 1999), the above studies
suggest that sensitization of CORT secretion to acute homotypic stressors may also occur
after periods of chronic stress, as we actually observed in the present study.

Further to the strength of the stressor as a factor to promote, under repeated exposure,
sensitization of the CORT response to acute stress, the length of the chronic stress period
also seems relevant. For instance, exposure of naturally aggressive mice to 4 and 8 sessions
of social defeat led to blunted (i.e. habituated) CORT responses evoked by the presence of
an aggressive intruder in a partition cage (i.e. anticipatory stress), whereas exaggerated
CORT responses were detected in mice that had been submitted to 12 sessions of social
defeat thereby suggesting the activation of a ‘switch’ that occurred sometime between the
8th and the 12th session, leading to disruption of HPA axis adaptation to chronic stress and
high secretion of CORT (Keeney et al., 2006). This and the aforementioned studies are in
agreement with the present results showing disruption of HPA axis habituation and
increased restraint-induced CORT secretion subsequent to CRS. We believe the findings of
the present study provide insight into the nature of the ‘switch’ referred to above, the
occurrence of which seems to be key for endocrine disruption to happen (see below).

4.4 Possible dissociation of restraint-induced CORT responses from ACTH secretion in
chronically restrained animals

This is the first work showing a virtually abolished acute stress-induced ACTH response
subsequent to chronic stress exposure. Earlier studies have demonstrated that stress-induced
ACTH secretion decreases in animals subjected to chronic stress for 5 and 8 days, and that
stress-induced CORT responses do not decrease in the proportion that ACTH responses do
(Bhatnagar et al., 2002; Girotti et al., 2006). Similarly, a recent study in rats submitted to
chronic restraint (30 min/day for 10 days and 180 min/day for 5 days) reported a strongly
decreased ACTH response to acute restraint along with modest CORT habituation (Gray et
al., 2010). Since a longer-lasting (i.e. 14 days) chronic stress paradigm was employed in the
present study, the possibility arises that the extent to which acute stress-induced ACTH and
CORT responses become dissociated may be dependent upon the duration of the chronic
stress experience. In support of this notion, an increasing number of preclinical and clinical
studies report dissociation of ACTH and cortisol levels in critical illness, inflammation and
mental disorders including chronic depression (see Parker et al., 2003 for review). In fact,
there is evidence that ACTH responses to stress do not always parallel CORT responses
(Bhatnagar et al., 2004) and that ACTH-independent activation of adrenal CORT secretion
through neural or humoral factors may occur (Bornstein and Chrousos, 1999; Ehrhart-
Bornstein et al., 1998). These factors may also act in concert to modulate adrenocortical
sensitivity to ACTH and be stressor specific, and include for instance sympathetic (e.g.
splanchnic nerve) activity (Jasper and Engeland, 1997), and locally produced peptides and
other factors that may have a paracrine function, including 5-HT (Ehrhart-Bornstein et al.,
1998). Further studies are required to elucidate the nature of the changes in ACTH secretion
that develop in longer-lasting chronic stress paradigms, such as the one employed here.
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4.5 Involvement of 5-HT7 receptors in restraint-induced endocrine responses: impact of
chronic stress

Limited evidence has suggested a role of 5-HT7 receptors in HPA axis function. Thus, the
non-selective 5-HT7 receptor agonist, 5-carboxamidotryptamine (5-CT), was reported to
increase CORT secretion in rats, and this response was blocked by the 5-HT2/5-HT7
receptor antagonist, methysergide (Jorgensen et al., 1999). On the other hand, an
immunohistochemical study reported expression of 5-HT7 receptors in the periventricular
area of the PVN of developing rat brains (Muneoka and Takigawa, 2003), whereas a 5-HT7
receptor-directed antisense oligonucleotide had no effect on baseline CORT levels in rats
(Clemett et al., 1998). The present work notwithstanding is the first to show a functional role
of 5-HT7 receptors in stress-induced HPA axis activation, as demonstrated by the ability of
the selective 5-HT7 receptor antagonist, SB-656104 (Forbes et al., 2002), to inhibit
significantly restraint-induced ACTH and CORT secretion in CTRL rats. Since magnified
restraint-induced CORT responses in CRS animals were restored to CTRL values by
SB-656104, they are most likely accounted for increased function and/or expression of 5-
HT7 receptors in the HPA axis. This of course does not exclude the involvement of other
mechanisms in CRS animals (e.g. 5-HT1A, 5-HT2A and 5-HT2C receptors; Jorgensen et al.,
2002), the elucidation of which requires further investigation.

Admittedly, given the use of a systemic route (i.p.) for SB-656104 administration, we cannot
be certain about the specific site at which the antagonist could have exerted its blocking
effects on restraint-induced hormonal responses. Based upon our immunohistochemical
observations, we hypothesize that the drug target is most likely located in the adrenal glands
(see below), but this requires confirmation experimentally (e.g. with site-specific
pharmacology). Regarding the antagonist dose employed (1 mg/kg), this is half of the ED50
oral dose of 2 mg/kg previously determined to antagonize 5-CT-induced hypothermia in
guinea pigs with maximal inhibition achieved 2 hours after administration (Forbes et al.,
2002). The reason for selecting this lower dose was to prevent potential interactions of
SB-656104 with other 5-HT receptor mechanisms as the compound exhibits 12-, 31-, 45-
and 91-fold higher affinity for 5-HT7 receptors (pKi = 8.7) with respect to 5-HT1D (pKi =
7.6), 5-HT2A (pKi = 7.2), 5-HT2B (pKi = 7.04), and 5-HT5A receptors (pKi = 6.74),
respectively (Forbes et al., 2002). Since the time gap after administration (i.e. 60 min) is
well within the reported half-life of SB-656104 (between 1.4 and 2 h; Thomas et al., 2003
and Forbes et al., 2002, respectively) the inhibitory effects of the drug are most likely
accounted for antagonism of 5-HT7 receptors. Finally, the reason why an increase in
baseline CORT secretion occurred in CRS animals that had received SB-656104 remains to
be determined.

4.6 Effect of chronic stress on 5-HT7 receptor-like immunoreactivity and protein in the
hypothalamic paraventricular nucleus and adrenal glands

This is the first study showing 5-HT7-LI in various aspects of the PVN, including the
posterior magnocellular and medial parvocellular subdivisions, and in the AG. The presence
of 5-HT7 receptor protein in both tissues was confirmed by Western blot analysis. The
strong immunostaining in the magnocellular subdivision of the PVN is suggestive of an
involvement of 5-HT7 receptors in the serotonergic modulation of the neurohypophysial
release of argininevasopressin and oxytocin (Bagdy and Kalogeras, 1993; Saydoff et al.,
1993), which is consistent with the presence of 5-HT-LI in the magnocellular subdivision of
the rat PVN (Ju et al., 1988). In addition, the modest 5-HT7-LI in the parvocellular
subdivision of the PVN, in which CRF-producing neurons are predominantly located
(Sawchenko et al., 1984; Swanson et al., 1983), parallels the reportedly low density of 5-
HT-immunoreactive nerve fibers in this area (Sawchenko et al., 1983) and is consistent with
a likely role of the receptor in stress-induced activation of the HPA axis and hormone
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secretion, as the present neuroendocrine results suggest. It remains to be determined
notwithstanding whether 5-HT7-LI may be located on CRF-immunoreactive cell bodies with
which 5-HT immunoreactive nerve terms are known to form axo-dendritic and axo-somatic
synapses within the medial parvocellular PVN (Liposits et al., 1987). Although it is unclear
whether the reduction of 5-HT7 receptor availability in the PVN has any functional
implications, the observation that ACTH release appears insensitive to an acute episode of
restraint in CRS rats suggests a decreased role of the receptor in the serotonergic control of
ACTH secretion via CRF release in the hypothalamus (Holmes et al., 1982; Jones et al.,
1976). Whether the 5-HT7 receptor changes that occur in the PVN of CRS animals might
underlie similar alterations in pituitary CRF release, which could in turn represent a
potential mechanism of dissociation between CORT and ACTH secretion, requires further
investigation.

Consistent with the present observations in AG using immunohistochemistry, a previous
study reported expression of 5-HT7 receptor mRNA in rat adrenal glands and the presence
of 5-HT7 receptor protein in the adrenocortical zona glomerulosa and zona fasciculata/
reticulata, but not in the medulla (Contesse et al., 1999). On the basis of pharmacological
criteria, it was suggested that adrenal 5-HT7 receptors mediate aldosterone secretion, which
agrees with their presence in zona glomerulosa cells (Contesse et al., 1999; present study);
such study however did not screen for a potential role of 5-HT7 receptors in glucocorticoid
secretion. In the present study, 5-HT7-LI was sparsely detected in the adrenal cortex of
CTRL animals with immunostaining observed not only in the zona glomerulosa but also in
the zona fasciculata (Figs. 3F and 3G). These observations, which are in agreement with the
aforementioned findings, suggest a potential role of 5-HT7 receptors in glucocorticoid
secretion. They also provide a mechanism for sensitization of restraint-induced CORT
responses involving increased expression of 5-HT7 receptors in AG, concomitant with an
opposite change in the PVN.

Similar to the present observations in the PVN and consistent with 5-HT7 receptor
downregulation by glucocorticoids, increased expression of 5-HT7 receptor mRNA in the
hippocampal CA3 subregion subsequent to adrenalectomy was reported in rats (Le Corre et
al., 1997; Yau et al., 1997) whereas CORT replacement prevented this effect (Yau et al.,
1997). In accordance with this, dexamethasone treatment was found to decrease
transcription of 5-HT7 receptors in cultured frontocortical astrocytes (Shimizu et al., 1997).
In contrast to the above observations, however, studies suggesting 5-HT7 receptor
upregulation by stress have also been reported. For instance, acute stress was shown to
increase 5-HT7 receptor mRNA in the rat hippocampus (Yau et al, 2001), whereas chronic
unpredictable mild stress exposure increased it both in the hippocampus and the
hypothalamus (Li et al., 2009). Furthermore, repetitive CORT administration (i.e. for 7 and
21 days) increased the reactivity of the hippocampal circuitry to 5-HT7 receptor activation
by 5-CT, although no significant effect of the treatment on hippocampal 5-HT7 receptor
binding was detected (Tokarski et al., 2009). Overall, these observations imply that the
effects of chronic stress and glucocorticoids on 5-HT7 receptor function and expression are
rather complex, with both decreases and increases being possible. In the case of the PVN
from CRS animals, the decline of 5-HT7-LI and protein suggests downregulation of 5-HT7
receptors, whereas the increase of 5-HT7-LI in the adrenal cortex and 5-HT7 receptor protein
in whole adrenals suggests upregulation of 5-HT7 receptors. Presently, we do not have an
explanation for these contrasting changes in the PVN and AG from CRS animals. It is
interesting, nevertheless, that clinical observations have shown that illegitimate membrane
receptors, including 5-HT7 receptors, are involved in cortisol production in both adrenal
adenomas and ACTH-independent macronodular adrenal hyperplasias (AIMAHs) causing
Cushing’s syndrome (Louiset et al. 2006). Although the mechanisms leading to this
abnormal expression of receptors in human tissues remain unknown, the present results in
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AG suggest an interesting association between chronic stress, increased expression of 5-HT7
receptors in adrenocortical cells involved in steroidogenesis, and magnified CORT
secretion. It seems further remarkable that in human adrenal adenomas and AIMAHs, 5-HT
was reported to stimulate cortisol secretion with increased sensitivity and/or efficacy
(Contesse et al. 2005) probably accounted for abnormal expression of 5-HT7 receptors in
adrenocortical cells involved in glucocorticoid production (Louiset et al. 2006).

4.7 Is adrenal 5-HT responsible for increased restraint-induced CORT secretion in animals
with chronic stress?

The increase in baseline 5-HT and 5-HIAA levels, and 5-HIAA/5-HT ratio in AG suggest
the involvement of a local 5-HT system in CORT secretion under chronic stress conditions.
This putative serotonergic system acting via adrenocortical 5-HT7 receptors (the amount of
which actually increased in AG from chronically stressed rats) would explain the magnified
SB-656104-sensitive restraint-induced CORT responses in CRS animals. These data suggest
that 5-HT may be produced locally in adrenocortical cells independently from chromaffin
(Holzwarth and Brownfield, 1985; Verhofstad and Jonsson, 1983) and mast cells (Hinson et
al., 1989), which were previously thought of as the exclusive source of 5-HT in the rat AG,
and play a role in glucocorticoid synthesis and secretion. It should be highlighted however
that mast cells modulate corticosteroid secretion via vascular or cell-cell interactions in rat
AG (Hinson et al., 1989) and that they degranulate in response to acute restraint stress, at
least in the dura mater and skin (Singh et al., 1999; Theoharides et al., 1995). Accordingly,
pharmacological degranulation of AG mast cells increases serum 5-HT and plasma CORT
levels (Kaida et al., 2010). Although the present experiments do not allow to exclude a
possible role of mast cell-derived 5-HT in restraint-induced CORT secretion, it must be
recalled that immunohistochemistry (as well as HPLC) assays for 5-HT were performed
under no acute restraint stress conditions (i.e. one day after CTRL and CRS treatments) thus
making the above possibility unlikely.

Given the obvious increase of 5-HT-LI in the cortex (and apparently also in the medulla) of
CRS adrenals, a key issue to be clarified is the mechanism underlying this change. A
previous investigation showed the ability of chromaffin cells to synthesize 5-HT from L-
tryptophan in frog AG (Delarue et al., 1992), whereas another study reported the failure of
L-tryptophan and the TPH inhibitor, H22/54, to modify the levels of adrenal 5-HT
(Verhofstad and Jonsson, 1983). However, L-tryptophan administration promoted a
markedly increased 5-HT-LI in the adrenal medulla of reserpine-pretreated animals thus
suggesting that TPH-like activity is actually operative in rat AG (Holzwarth and Brownfield,
1985). Then, our negative TPH Western blot results in AG suggest that the enzyme is not
present in this tissue or, alternatively, that the methodology employed was incapable of
detecting it. In this regard, since TPH has two molecular forms i.e. TPH1 and TPH2, located
predominantly in the periphery and the central nervous system, respectively (Walther et al.,
2003), it is worth pointing out that the primary antibody employed in the assays displays
TPH1 specificity. Although this isoform, which may be expected to express in AG, has been
reported to be upregulated by stress (Abumaria et al., 2008), the possibility remains that
TPH2 might also be present -and thus regulated by chronic stress- in AG. Further
experiments using specific antibodies against each isoform will be required to explore this
possibility in more detail. Alternatively, it is also possible that 5-HT could be synthesized
within the adrenal cortex via decarboxylation of 5-hydroxytryptophan (Verhofstad and
Jonsson, 1983) as the enzyme, L-amino acid decarboxylase, has been detected by
immunocytochemistry in the adrenal cortex and the medulla (Burns et al., 1996). Whatever
the mechanism involved, the present results suggest an interesting relationship between
chronic stress, increased adrenocortical 5-HT availability and sensitized restraint-induced
CORT secretion. Remarkably, a similar relationship between increased 5-HT and cortisol
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secretion has been observed in a subpopulation of glucocorticoid-producing cells in tumoral
human adrenal tissues (Contesse et al. 2005).

4.8 Conclusions
The results of the present study have revealed an interesting association between CRS and
endocrine dysregulation involving sensitization of CORT and blunting of ACTH secretory
responses to restraint. This endocrine alteration seems to be accounted, at least in part, for an
increased expression/function of adrenocortical 5-HT7 receptors along with higher
availability/turnover of 5-HT in AG. It is to be highlighted notwithstanding that, whereas
neuroendocrine studies were conducted in acutely stressed CTRL and CRS animals, the
other studies were conducted in the absence of acute stress. Then, the possibility that the
reported changes in hormone secretion might not be directly linked to the effects of CRS on
increased function or expression of 5-HT7 receptors cannot be categorically excluded.
Therefore, caution is needed in interpreting these findings. Results with SB-656104 suggest
that pharmacological blockade of adrenocortical 5-HT7 receptors, possibly upregulated as a
result of chronic stress exposure, could be of therapeutic benefit to overcome endocrine
disruption in stress-related diseases. These data also invite the -yet speculative-
interpretation that the faster-acting antidepressant action of 5-HT7 receptor blockade as
compared to 5-HT uptake inhibition (Mnie-Filali et al., 2011) might partly involve an
antagonist action on adrenocortical 5-HT7 receptors putatively involved in cortisol
hypersecretion. Finally, the increased 5-HT turnover in AG as a result of CRS exposure
implies a potential relationship between chronic stress and disruption of the 5-HT system
involving an increased production and/or release of the indolamine, at least in the adrenals.
Elucidation of the nature of this relationship, which does not seem to involve CRS-induced
expression of TPH1 in adrenals, requires further investigation. The parallel of the present
findings in CRS animals with clinically relevant reports in humans (Contesse et al. 2005;
Louiset et el., 2006) is certainly promising as to the potential usefulness of 5-HT7 receptor
blockade in the treatment of the endocrine alterations commonly observed in stress-related
diseases.
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Highlights

Chronic restraint led to sensitization of restraint-induced corticosterone secretion.

Dissociation of corticosterone from ACTH may develop in chronically restrained rats.

Corticosterone hypersecretion under chronic stress is blocked by a 5-HT7 receptor
antagonist.

The mechanism may involve an increase in adrenal 5-HT7 receptors and 5-HT turnover.

Chronic restraint in rats partly parallels pathological adrenal mechanisms in humans.
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Figure 1.
Design of the study. Two groups of rats were submitted to either daily 20 sec tail-lifting
(TL) and home cage control (CTRL) or chronic restraint stress (CRS) conditions for 14
days. Each group was subdivided into Treatment and No Treatment groups. Treatment
animals, which received an i.p. injection of vehicle (VEH; 1 ml/kg) or the selective 5-HT7
receptor antagonist, SB-656104 (SB; 1 mg/kg), were employed exclusively for
neuroendocrine assays. No Treatment animals received no injection and were used for
determination of body and dry adrenal gland (AG) and thymus weights,
immunohistochemistry, Western blot and HPLC assays. Experiments were initiated/
completed one day after the end of CTRL and CRS treatments (i.e. on day 15). a Each assay
was performed in pulled samples of the hypothalamic paraventricular nucleus (PVN) and
AG taken from 8 and 3 animals, respectively. Since the 5-HT7 receptor assay was performed
in quadruplicate (n=4), a total of 32 and 12 animals per group were employed,
respectively. b Protein samples from the same tissues for 5-HT7 receptor assays were used.
The tryptophan hydroxylase (TPH) assays in PVN and AG were performed in triplicate (n=3
per group) for a total of 24 and 9 animals per group, respectively.
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Figure 2.
The secretion of ACTH (pg/ml; panel A) and corticosterone (CORT; ng/ml; panel B) on
resting conditions (0 min) and after acute restraint stress (10, 30, 60 or 120 min) in rats
previously submitted to daily 20 sec tail-lifting and home cage control conditions (CTRL) or
chronic restraint stress (CRS; 20 min/day) for 14 days. On day 15, animals from both groups
received an i.p. injection of vehicle (VEH; 1 ml/kg) or the 5-HT7 receptor antagonist,
SB-656104 (SB; 1 mg/kg) 60 min before decapitation (0 min) or exposure to acute restraint
stress sessions. Bars represent the mean and vertical lines denote the standard error of the
mean of 6 observations. +++ P < 0.001 vs baseline (0 min); ++ P < 0.01 vs baseline (0
min); äää P < 0.001 vs baseline (0 min); *** P < 0.001.
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Figure 3.
Effect of chronic restraint stress (CRS; 20 min/day) as compared to daily 20 sec tail-lifting
and home cage control (CTRL) conditions for 14 days on 5-HT7 receptor-like
immunoreactivity (5-HT7-LI) and protein in the hypothalamic paraventricular nucleus
(PVN) and adrenal glands (AG). In the PVN from CTRL animals, neurons of magnocellular
and parvocellular subdivisions exhibited intense 5-HT7-LI (A and B) that was
predominantly located within the cell bodies (stars in B); numerous dendrites of
magnocellular neurons also showed 5-HT7-LI (arrows in B). In the PVN from CRS rats 5-
HT7-LI decreased drastically (C and D) although the remaining signal persisted in the cell
bodies and dendrites (stars and arrows in D, respectively). In the AG, whereas 5-HT7-LI was
scarcely and sparsely observed in the cortex of CTRL tissues (F and G), strong 5-HT7-LI
was observed in the outer cortical areas of CRS tissues H and I). In agreement with the
above, the content of the 5-HT7 receptor protein with respect to Na+/K+ ATPase β-1, as
determined by Western blot analysis, significantly decreased in the PVN of CRS as
compared to CTRL animals (E) whereas an opposite change occurred in whole adrenal
samples with CRS inducing a significant increase of 5-HT7 receptor protein as compared to
CTRL tissues (J). Negative (thymus; E) and positive (hippocampus; HIPP; E) controls for
expression of the 5-HT7 receptor protein were carried out. ** P < 0.01 vs CTRL; *** P <
0.001 vs CTRL. Bars in A and C = 500 ìm; bars in B and D = 20 ìm; bars in F and H = 200
ìm; bars in G and I = 100 ìm. Sections of PVN are from −1.85 to −1.90 mm relative to
Bregma.
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Figure 4.
The impact of chronic restraint stress (CRS), as compared to daily 20 sec tail-lifting and
home cage control (CTRL) conditions, on baseline levels of 5-HT and 5-HIAA, and the 5-
HIAA/5-HT ratio in the hypothalamic paraventricular nucleus (PVN; A, B and C,
respectively) and adrenal glands (D, E and F, respectively). In the PVN, the CRS paradigm
induced a marked increase of 5-HT and 5-HIAA levels (A and B, respectively) with no
change in the 5-HIAA/5-HT ratio (C) with respect to CTRL tissues. In adrenal glands,
however, whereas CRS similarly induced a significant increase of 5-HT and 5-HIAA
concentrations (D and E, respectively), it evoked a significant increase in the 5-HIAA/5-HT
ratio (F) with respect to CTRL tissues thus suggesting increased 5-HT turnover. Bars
represent the mean and vertical lines denote the standard error of the mean of 10
observations. * P < 0.05 vs CTRL; ** P < 0.01 vs CTRL; *** P < 0.001 vs CTRL.
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Figure 5.
Effect of chronic restraint stress (CRS; 20 min/day) as compared to daily 20 sec tail-lifting
and home cage control (CTRL) conditions for 14 days on 5-HT-like immunoreactivity (5-
HT-LI) in adrenal glands (AG) and tryptophan hydroxylase (TPH) protein in the
hypothalamic paraventricular nucleus (PVN) and adrenal glands (AG). In AG from CTRL
animals, scarce 5-HT-LI was sparsely observed in outer cortical areas. Interestingly, in AG
from CRS animals, 5-HT-LI strongly increased in the form of large clusters clearly and
predominantly observed in outer cortical areas corresponding to the zona glomerulosa and
the zona fasciculata. No TPH protein was detected in whole adrenals from both animals
groups (E). Immunoblotting of TPH occurred in the PVN but this was unaffected by CRS
(E). A positive control for TPH protein detection employed dorsal raphe nucleus (DRN)
samples from CTRL animals (E). Bars in A and C = 200 ìm; bars in B and D = 100ìm.
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Table 1

Effect of chronic restraint stress (CRS), as compared to control tail-lifting and home cage conditions (CTRL),
on total body weight before (initial) and after treatments (final), on body weight gain (Gain) and on relative
adrenal gland (AG) and thymus weights expressed as mg of tissue per 100 g of body weight. One day after the
end of CTRL and CRS treatments, AG from both sides and thymus were removed, allowed to dry, and
weighted. Values are the mean ± the standard error of the mean of 8 observations.

Body weight (g) Relative organ weight
(mg/100 g body weight)

Initial Final Gain AG Thymus

CTRL 226.4±1.3 293.8±5 a 67.4±5 3.03±0.08 44.2±2.2

CRS 227.3± 4 245.8±2 b 18.5±4.8 c 3.8±0.18 d 40.3±2.6

a
P < 0.001 vs Initial CTRL;

b
P < 0.01 vs Initial CRS;

c
P < 0.001 vs Gain in CTRL animals;

d
P < 0.001 vs CTRL AG
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