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Chronic forced swim stress of rats increases frontal cortical 5-HT 2 
receptors and the wet-dog shakes they mediate, but not frontal cortical 

fl-adrenoceptors 
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Abstract 

We studied the effects of chronic forced swim stress on 5-HT 2 receptors and fl-adrenoceptors in the rat frontal cortex. The 
number of 5-HT 2 receptors was increased immediately after the last chronic stress, but not after an acute stress. In vivo, the 
number of wet-dog shakes induced by a 5-HT 2 receptor agonist, (+)-l-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane (DOI), 
was increased 24 h after the last chronic stress. However, the concentrations of 5-HT and 5-hydroxyindole acetic acid (5-HIAA), 
measured by high pressure liquid chromatography (HPLC), were not altered by this stress. Binding sites for [3H]CGP-12177, i.e., 
/~-adrenoceptor sites, were unchanged after both the acute and the chronic stress. These results suggest that, in the rat, the 
chronic forced swim stress increases the number of frontal cortical 5-HT 2 receptors and the number of wet-dog shakes mediated 
by these receptors, while the number of frontal cortical fl-adrenoceptors is not increased by this treatment. 
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I .  Introduct ion  

Stress is thought to be an important  etiological 
factor in many psychiatric diseases, including affective 
disorders. It  is well known that stressful manipulation 
produces neurochemical  and hormonal  changes in both 
the central and the peripheral  nervous systems. In the 
central nervous system (CNS), monoaminergic  systems 
have been the main target  of  stress research, and stress 
has been reported to affect the function of brain 
monoaminergic  receptors.  In particular, 5-HT recep- 
tors and adrenoceptors  have been postulated to play an 
important  role in the pathogenesis of affective disor- 
ders, based on the following clinical findings. Several 
studies have shown that the number  of 5-HT 2 recep- 
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tors and /3-adrenoceptors is increased in the post- 
mor tem brain of suicide victims and depressed subjects 
(Arango et al., 1990; Mann et al., 1986). These recep- 
tors are also increased in the platelets of depressed 
patients (Biegon et al., 1987; Pandey et al., 1990; Healy 
et al., 1983). 

In animal studies, the number  of 5-HT 2 receptors 
and /3-adrenoceptors is decreased in the rat frontal 
cortex following the chronic administration of antide- 
pressants (Banerjee et al., 1977; Bergstrom and Kellar, 
1979; Blackshear and Sanders-Bush, 1980). These find- 
ings indicate that the down-regulation of these recep- 
tors may be related to the antidepressant activity of 
antidepressants (Mizuta and Segawa, 1988). 

On the other hand, it has become apparent  from a 
number  of  studies, as noted below, that the capacity of 
antidepressants to down-regulate 5-HT 2 receptors and 
f l-adrenoceptors is not a property shared by all antide- 
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pressants. A number of antidepressants, such as 
maprotiline (Barbaccia et al., 1986), citalopram (Hyttel 
et al., 1984), and fluoxetine (Wong et al., 1985) fail to 
reduce the number of /3-adrenoceptors  in rat cerebral 
cortex. Chronic electroconvulsive seizure (ECS) ther- 
apy, one of the most efficacious treatments for depres- 
sion, is reported to increase 5-HT 2 receptors in the rat 
frontal cortex (Green et al., 1983; Kellar et al., 1981), 
an effect opposite to that of antidepressants. 

It is not known whether down-regulation of these 
receptors following the chronic administration of vari- 
ous antidepressants is necessary for their antidepres- 
sant activity. Moreover, the reason for the increase in 
the number of 5-HT 2 receptors and /3-adrenoceptors 
in the postmortem brain of suicide victims and de- 
pressed subjects is still not known. One possible expla- 
nation for the pathogenesis of affective disorders is 
that it may represent up-regulation of these receptors, 
due to lowered levels of serotonergic and noradrener- 
gic activity. 

In this study, we examined the influence of acute 
and chronic forced swim stress, which may model some 
depressive conditions in animals, on 5-HT 2 receptors 
and /3-adrenoceptors in the synaptic membranes of rat 
brain. We also carried out a study of (+)-l-(2,5-di- 
methoxy-4- iodophenyl ) -2 -aminopropane  (DOI)- in-  
duced wet-dog shakes in rats to evaluate the effect of 
the forced swim stress on 5-HT 2 receptor function in 
vivo. 

2. Materials and methods 

2.1. Animals 

contents, the rats were removed from the cylinders and 
decapitated immediately after the last stress. The 
frontal cortex was dissected and stored at -80°C.  
However, for the behavioral study, the observations 
could not be carried out on the wet rats immediately 
after the swim stress, since the animals lick their wet 
bodies and the wet-dog shake behavior is interrupted. 
We therefore observed the wet-dog shake behavior 24 
h after the last stress. The biochemical and behavioral 
experiments were thus performed on different animals. 

2.3. Receptor binding assay 

2.3.1. Preparation of  membranes 
The frozen tissues were thawed and homogenized in 

0.32 M sucrose in a Polytron (setting 7, 10 s). The 
homogenate was centrifuged at 1000 × g for 10 min 
and the supernatant was collected and recentrifuged at 
50 000 × g for 20 min. The resultant pellet was resus- 
pended in 50 mM Tris-HC1 buffer (pH 7.4 at 25°C) and 
incubated at 37°C for 15 min. The tissue suspension 
was recentrifuged at 50 000 x g for 20 min. The pellet 
was resuspended in 50 mM Tris-HC1 buffer (about 1 
m g / m l  protein) and stored at -80°C  until assayed. 

2.3.2. 5-HT 2 receptors 
5-HT2 receptors were measured, using [3H]ketan- 

serin, according to the method of Leysen et al. (1982). 
Aliquots (200 ~1) of the tissue suspension were incu- 
bated in duplicate at 37°C for 15 min with 100/zl of 50 
mM Tris-HCl buffer (pH 7.4 at 25°C) containing 
[3H]ketanserin (0.06-2.0 nM) and 700 /~1 of buffer. 
Non-specific binding was defined with 1 /zM methy- 
sergide. 

Male Wistar rats, weighing 150-200 g (Seiwa Exper- 
imental Animals, Fukuoka, Japan), were used. They 
were housed in groups of five under conditions of 
controlled temperature (23 + 3°C) and lighting (dark 
period 2 0 : 0 0 - 8 : 0 0  h) and had free access to food and 
water. 

2.2. Forced swim stress 

2.3.3. ~-Adrenoceptors 
/3-Adrenoceptors were measured, using [3H]CGP- 

12177, according to the method of Riva and Creese 
(1989). Aliquots (400/zl) of the tissue suspension were 
incubated in duplicate at 37°C for 20 rain with 100 tzl 
of 50 mM Tris-HC1 buffer (pH 7.4 at 25°C) containing 
0.2 nM [3H]CGP-12177 and 500 /zl of buffer. Non- 
specific binding was defined with 1 /zM alprenolol. 

For the acute test, the rats were individually forced 
to swim for 6 min in plastic cylinders (height 24 cm, 
diameter 10 cm), containing water, to a height of 19 
cm, at 25°C. For the chronic tests, they were forced to 
swim once daily for 14 days. Since the primary aim of 
the study was to examine the effects of acute and 
chronic forced swim stress on the 5-HT z receptors and 
/3-adrenoceptors themselves, we measured the binding 
of these receptors according to the same time sched- 
ule, immediately after the last chronic stress and after 
the acute stress. For biochemical studies, receptor 
binding assay, and measurement of 5-HT and 5-HIAA 

2.3.4. General methods 
The incubation was terminated by rapid filtration 

through Whatman G F / B  filters under reduced pres- 
sure. The filters were washed three times with ice-cold 
Tris-HC1 buffer (pH 7.4) and transferred to vials to 
which scintillation cocktail was added; radioactivity was 
determined with a liquid scintillation counter. The 
dissociation constant (K  d) and maximal number of 
binding sites (Bma x) were calculated using the 
E B D A / L I G A N D  program (McPherson, 1985). The 
protein content of membranes was determined by the 
method of Bradford (1976). 
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Table 1 
Effects of acute and chronic forced swim stress on 5-HT 2 receptor 
binding sites in rat frontal cortex 

K a (nM) Bma x 
( fmol /mg protein) 

Control 0.464 + 0.020 137.7 _+ 4.3 
Acute stress 0.518 5= 0.026 145.9 + 7.8 
Chronic stress 0.512:1:0.028 160.2 _+ 5.0 a 

[3H]Ketanserin, at six concentrations (0.06-2.0 nM), was used for 
saturation binding experiments and the results were calculated using 
the E B D A / L I G A N D  program. Values are means _+ S.E. for six to 
seven rats. a p < 0.05 compared to control rats. 

2.4. Measurement of  5-HT and 5-HIAA content 

The brain samples were homogenized in 0.1 M 
perchloric acid sodium containing Na2S205 (1 g/l)  and 
EDTA 2Na (0.1 g/l)  and then centrifuged at 4000 rpm 
for 20 min at 0°C. The resultant supernatant was 
analyzed for 5-HT and 5-hydroxyindole acetic acid 
(5-HIAA) content by high pressure liquid chromatogra- 
phy (HPLC) with electrochemical detection (ECD), as 
described previously (Takao et al., 1991). 

2.5. Measurement of  (+_)-DOI-induced wet-dog shakes 

For the behavioral experiments, the rats were placed 
in individual clear polycarbonate home cages (35 x 30 
× 17 cm). They were treated with (_+)-l-(2,5-di- 
methoxy-4-iodophenyl)-2-aminopropane (DOI) (1 mg /  
kg, s.c.) and returned to their cages. Immediately after 
injection, the number of wet-dog shakes was recorded 
over a 30-min period, as reported previously (Bedard 
and Pycock, 1977). 

2.6. Chemicals 

[3H]Ketanserin hydrochloride (specific activity, 60.1 
Ci/mmol), [3H]CGP-12177 (57.2 Ci/mmol) was pur- 
chased from New England Nuclear. Alprenolol hydro- 
chloride and (+)-l-(2,5-dimethoxy-4-iodophenyl)-2- 
aminopropane (DOI) hydrochloride were purchased 
from Sigma and RBI, respectively. Other compounds 
were obtained from commercial sources. 

Table 2 
Effects of acute and chronic forced swim stress on 5-HT and 5-HIAA 
content in rat frontal cortex 

5-HT 5-HIAA 
( n g / m g  protein) ( n g / m g  protein) 

Control 3.741 + 0.254 1.129 5:0.087 
Acute stress 4,644 5:0.695 1.177 + 0.189 
Chronic stress 3.314 + 0.399 0.888 _+ 0.115 

Values are means + S.E. for eight rats. 

2. 7. Statistics 

The biochemical data were analyzed with Dunnett's 
test and the behavioral study data were analyzed with 
Wilcoxon's test. 

3. Results  

3.1. Changes in 5-HT 2 receptors 

Table 1 shows the K d and Bma x values of frontal 
cortical 5-HT 2 receptors labeled by [3H]ketanserin, 
calculated using the EBDA/LIGAND program (Mc- 
Pherson, 1985). Chronic, but not acute, forced swim 
stress significantly increased the maximal number 
(Bm~ ,) of 5-HT 2 receptors, without causing changes in 
their affinity (Ka). 

3.2. Changes in 5-HT and 5-HIAA content 

The content of 5-HT and 5-HIAA following the 
chronic forced swim stress is shown in Table 2. There 
was no significant difference between the experimental 
and control groups for the frontal cortical content of 
either compound. 

3.3. Changes in 5-HT 2 receptor-mediated behavior 

24 h after the final exposure to the chronic (14-day) 
stress, the number of wet-dog shakes exhibited during 
the 30-min period following the injection of (+)-DOI 
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Fig. l. Effects of chronic forced swim stress on number of wet-dog 
shakes induced by (_+)-DOI. Wet-dog shakes are expressed as the 
number of responses during the 30-rain period following the injec- 
tion of ( + ) - D O I  (1 mg/kg,  s.c.). Values are means+S.E,  for eight 
rats. * *P < 0.01 compared to control rats. 
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Fig. 2. Effects of acute and chronic forced swim stress on /3-adreno- 
ceptors. We used 0.2 nM [3H]CGP-12177 to label /3-adrenoceptor 
binding sites. Values, which are means  ± S.E. for six to seven seven 
rats, represent  the percentage specific binding in control rats (27.3 ± 
1.3 f m o l / m g  protein). 

(1 mg/kg)  was significantly increased compared with 
the control value (Fig. 1). 

3.4. Changes in [3-adrenoceptors 

Neither acute nor chronic forced swim stress 
changed the number of /3-adrenoceptors labelled by 
[3H]CGP-12177 (27.3 ___ 1.3 fmol /mg  protein), in the 
frontal cortex (Fig. 2). 

4. D i s c u s s i o n  

In this study, we demonstrated that chronic, but not 
acute, forced swim stress increased the number of 
5-HT 2 receptors in the rat frontal cortex. Previous 
reports have shown increases in these receptors in 
some types of depressive models related to chronic 
stress, such as forced running (Mayeda et al., 1989) and 
learned helplessness (Martin et al., 1990) models. These 
models, as well as the forced swim model in the pres- 
ent study, in all of which up-regulation of 5-HT 2 recep- 
tors occurs, are useful for the screening of antidepres- 
sants. Clinically, up-regulation of 5-HT 2 receptors has 
been reported for the platelets of depressed patients 
(Biegon et al., 1987; Pandey et al., 1990) and the 
frontal cortex of suicide victims (Arango et al., 1990; 
Arora and Meltzer, 1989; Mann et al., 1986). In view of 
the results from these depressive stress models and the 
clinical findings cited above, the present results suggest 
that chronic forced swim stress may reflect the up-reg- 
ulation of 5-HT 2 receptors in some depressive condi- 
tions in animals. 

The precise mechanism of the up-regulation of 5- 
H T  z receptors in depressive patients is, thus far, un- 
clear. One explanation for this mechanism is that lower 
presynaptic serotonergic activity may increase the num- 
bers of 5-HT 2 receptors. In the present study, we 
measured the concentrations of both 5-HT and 5- 
HIAA, both of which may reflect presynaptic seroton- 
ergic activity to some extent. The chronic forced swim 
stress did not alter the concentration of either com- 
pound. Kuroda et al. (1992) have reported that chronic 
adrenocorticotrophic hormone (ACTH) treatment,  
which up-regulates the hypothalamic-pituitary-adrenal 
axis and may induce some depressive conditions, in- 
creases 5-HT 2 receptors without causing any modifica- 
tion of the 5-HT and 5-HIAA concentration. However, 
we did not investigate either the rate of synthesis of 
5-HT or the rate of 5-HT release from the presynaptic 
nerve terminals. Since it is possible that the rate of 
synthesis matched the rate of release, the lack of 
change in the concentration of 5-HT dose may not 
reflect presynaptic 5-HT activity. Further investigations 
of the effect of chronic stress on 5-HT release from 
presynaptic nerve terminals have been carried out with 
a microdialysis system. 

The mechanisms of up-regulation of 5-HT 2 recep- 
tors are very complicated. Further evidence that regu- 
lation of this receptor system is somewhat atypical is 
provided by studies that demonstrate that treatment 
with 5-HT 2 receptor antagonists induces down-regu- 
lation, but not up-regulation, of 5-HT 2 receptors 
(Blackshear and Sanders-Bush, 1980; Conn and 
Sanders-Bush, 1987). The up-regulation of postsynaptic 
5-HT 2 receptors is due directly to changes in presynap- 
tic 5-HT release. 

In our behavioral study, the number of wet-dog 
shakes induced by ( + ) - D O I  was increased 24 h after 
the last chronic forced swim stress. This behavior is 
now generally accepted to be 5-HT 2 receptor-mediated 
(Heaton et al., 1988). However, since wet-dog shakes 
are thought to be spinal in origin (Fone et al., 1989, 
1991), the behavioral change cannot have been due 
directly to changes in cortical receptor density. Al- 
though it is difficult to investigate cortical 5-HT 2 re- 
ceptor function at the behavioral level, there may be 
some connection between the increase of cortical 5-HT 2 
receptors and the increase in the number of wet-dog 
shakes after the chronic forced swim stress. 

Dey (1994) also reported an enhanced sensitivity of 
5-HT 2 receptors, assessed by wet dog shakes induced 
by quipazine and 5-methoxy DMT, 48 h after 4 weeks 
of swimming exercise in rats. In our study, the observa- 
tions could not be carried out in the wet rats immedi- 
ately after the swim stress, since the animals lick their 
wet bodies and the wet-dog shake behavior is inter- 
rupted. Therefore,  in our study, it is likely that the 
binding and behavioral data may not be directly con- 
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nected,  since the t iming of the b ind ing  assay was differ- 
ent  from that  of the behavioral  study. It is possible that  
the up- regu la t ion  of 5 -HT 2 receptors  at the receptor  
level may have recovered 24 h after  the last chronic  
stress. Fu r the r  s tudies  are n e e d e d  to examine  whether  
the increase  in the n u m b e r  of 5 -HT 2 receptors,  as well 
as the increase in the wet-dog shakes, last for 24 h 
after  the last chronic  stress. 

The  p resen t  f indings  failed to demons t r a t e  changes  
in /3-adrenoceptors  following e i ther  acute  or chronic  
swim stress. O u r  results are in ag r eemen t  with those of 
Paul  et al. (1988) and  D u n c a n  et al. (1985), who showed 
that  2-day forced swim stress failed to al ter  the cortical 
b ind ing  of [3H]dihydroalprenolol ,  which labels /3- 
adrenoceptors .  Accordingly,  these receptors  may not  
be  involved in the neu ro func t iona l  changes  that  occur 
in stressful condi t ions,  inc luding  those invest igated in 
the p resen t  study. However,  as s ta ted above, clinically, 
up- regu la t ion  o f /3 - ad renocep to r s  has been  repor ted  in 
the frontal  cortex of suicide victims (Baner jee  et al., 
1977; Bergs t rom and  Kellar,  1979). 

In  our  study, as in the exper iments  cited above, 
/3-adrenoceptors  were invest igated at the receptor  level. 
It is possible that  a subcel lu lar  signal t r ansduc t ion  
system, beyond  the receptors  and  their  second messen-  
gers, inc luding  the G-p ro t e in  and  adenyla te  cyclase 
system, may change  after the swim stress. Fu r the r  
studies are requi red  to e lucidate  the mechan i sms  re- 
sponsible for the regula t ion  of /3-adrenoceptors ,  in- 
c luding the subcel lu lar  signal t r ansduc t ion  system, un-  
der  stressful condi t ions.  

In  summary  and  conclusion,  the p resen t  f indings 
demons t r a t ed  that  chronic  forced swim stress increased 
the n u m b e r  of 5 -HT 2 receptors  in the f rontal  cortex 
and  in f luenced  5 -HT 2 recep to r -media ted  behavior,  in 
terms of increas ing the n u m b e r  of ( + ) - D O I - i n d u c e d  
wet-dog shakes. The  same stress failed to change  the 
n u m b e r s  of /3-adrenoceptors  in the frontal  cortex. 
Overall ,  the results suggest that  5 -HT 2 receptors,  bu t  
not  /3-adrenoceptors ,  may be closely re la ted to re- 
sponses to the chronic  forced swim stress in rats, which 
test may model  some depressive condi t ions  in animals.  
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