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Abstract:

Serotonin (5-hydroxytryptamine, 5-HT), acting via the hippocampus, is thought to be critical for the neuroadaptation that alleviates

the adverse effects of stress on emotion and behavior. It was hypothesized that a decrease in raphe-hippocampal serotonin neuro-

transmission caused by exaggerated feedback inhibition of 5-HT synthesis and release significantly contributes to stress-induced

behavioral deficits. Acute exposure to 2 h of restraint stress increased 5-HT metabolism in the cortex and raphe region but had no

such effect in the hippocampus. Exposure to 2 h of restraint stress elicited anxiety-like behavior, which was monitored in the light-

dark transition test the next day. Animals sacrificed 24 h after termination of the stress period exhibited a decrease in the concentration

of 5-HT and its metabolite 5-hydroxyindoleacetic acid (5-HIAA) in the hippocampus but not in the cortex and raphe. 8-Hydroxy-2-di-

n-propylaminotetralin (8-OH-DPAT) injected at doses of 0.125, 0.25 and 0.5 mg/kg decreased 5-HT metabolism in the raphe, cortex

and hippocampus of restrained and unrestrained animals, and the decreases in the raphe and hippocampus, but not those in the cortex,

were greater in restrained than unrestrained animals. Exaggerated feedback control over raphe-hippocampal serotonin neurotransmis-

sion may be involved in the inability of the organism to cope with increased stress and elicits behavioral depression.
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Introduction

A dysfunctional serotonergic system is a risk factor for

major depressive disorders and other forms of affective

illness [29]. At least 14 different types and subtypes of

serotonin (5-hydroxytryptamine, 5-HT) receptors have

been identified [27]. A number of these receptors, such

as 5-HT� [3, 12], 5-HT� [45] and 5-HT�� [51], play

a role in the pathogenesis of psychiatric illnesses. The

5-HT�� receptor, which is a key mediator of serotoner-

gic signaling in the central nervous system, is also im-

plicated in the mechanism of action of selective sero-

tonin reuptake inhibitors (SSRIs) [4].

Cell bodies of serotonin-containing neurons are located

in the raphe nuclei in the brain stem. The 5-HT�� receptor

is widely distributed in regions that receive serotonergic in-

put from the raphe nuclei: the frontal cortex, septum,

amygdala, hippocampus and hypothalamus. It also serves

as a somatodendritic autoreceptor in the raphe nuclei [57],

reducing the firing rate of serotonergic neurons [23, 26].

Accumulating evidence implicates hippocampal sero-

tonin in responses to stress, depression and antidepres-

sant agents [21, 43]. The hippocampus is thought to play

a role in responses to stress because acute exposure to

a 2 h episode of restraint stress increased 5-HT turnover

in the hypothalamus, midbrain and cortex, but such in-
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creases did not occur in the hippocampus [24]. Con-

versely, repeated daily exposure to restraint for 2 h/

day, which produced behavioral adaptation, only in-

creased 5-HT turnover in the hippocampus and not in

other brain regions. An increase in serotonin neuro-

transmission via the hippocampus may be involved in

adaptation to stress [24]. More recent studies have also

consistently shown that the hippocampus may mediate

adaptation to severe inescapable stressors via the facili-

tation of serotonergic neurotransmission. Acute expo-

sure to an elevated platform enhanced 5-HT overflow in

the prefrontal cortex but not the dorsal hippocampus,

whereas repeated daily exposure to the same stressor in-

creased extracellular 5-HT in the dorsal hippocampus

but not the prefrontal cortex [55]. In another study, rats

received inescapable foot shock and were tested in

a shuttle box 24 h later. Pre-stressed animals exhibited

impairment of escape responses. This effect was pre-

vented by bilateral intra-hippocampal injection of zime-

lidine, a serotonin reuptake blocker, but not by desi-

pramine, a noradrenaline reuptake blocker [30]. Rats re-

ceiving acute restraint stress [41] a variety of chronic

unpredictable mild stressors for 3 weeks [38] showed

depression-like behavioral changes that were suppressed

or blocked by intra-hippocampal injection of 5-HT [38].

These lines of evidence led to the hypothesis that re-

duced 5-HT neurotransmission in the hippocampus

significantly contributes to restraint-induced behavioral

deficits. To test this hypothesis, the present study in-

vestigates the metabolism of 5-HT in the hippocampus

of restrained rats immediately and 24 h after termina-

tion of the restraint period. To further explore the

mechanism, we determined the effects of 8-hydroxy-

2-di-n-propylaminotetralin (8-OH-DPAT), a 5-HT ago-

nist known to modulate the availability of 5-HT at

nerve terminals, on the metabolism of 5-HT in the hip-

pocampus, cortex and raphe of restrained rats. 8-OH-

DPAT stimulated 5-HT�� and 5-HT� receptors [54], but

its effects in decreasing 5-HT metabolism were largely

produced because of the stimulation of somatodendritic

5-HT receptors [21], which are of the 5-HT�� type [57].

Materials and Methods

Animals

Locally bred male albino Wistar rats weighing 180–220 g

were purchased from HEJ Research Institute, Karachi,

Pakistan, and were housed individually under a 12-h

light and dark cycle (lights on at 6:00 a.m.) with free

access to a standard rodent diet and tap water 5 days

before starting the experiment. All animal experi-

ments were conducted in accordance with NIH guide-

lines and approved by the institutional Ethics and

Animal Care Committee.

Drugs

(±)-8-OH-DPAT-HBr, purchased from SIGMA, was

dissolved in saline and injected subcutaneously at

a dose of 0.125, 0.25 and 0.5 mg/kg body weight.

Control animals were injected with saline at a volume

of 1 ml/kg.

EXPERIMENTAL PROTOCOL

Experiment 1: Effect of 2 h of acute restraint

stress on 5-HT metabolism

Twelve rats were randomly assigned to unrestrained

and restrained groups of 6 each. The animals assigned

to the restrained group were immobilized on wire

grids for 2 h (between 09:00 and 11:00 a.m.). The ani-

mals assigned to the unrestrained group were left in

their home cages during this period. Animals in the

restrained group were sacrificed immediately after the

termination of the restraint period. Animals in the un-

restrained group were also sacrificed at the same time.

Brains were removed immediately after decapitation,

and the desired regions (hippocampus, raphe and cor-

tex) were dissected out and stored at –70°C for the sub-

sequent estimation of 5-HT and 5-hydroxyindoleacetic

acid (5-HIAA) by high-performance liquid chroma-

tography (HPLC-EC).

Experiment 2: Effects of 2 h of restraint stress

on the activity of rats in the light-dark transition

test and 5-HT metabolism 24 h after termination

of the stress period

Twelve rats were randomly assigned to unrestrained

and restrained groups of 6 each. The animals assigned

to the restrained group were immobilized on wire

grids for 2 h (between 09:00 and 11:00 a.m.). The ani-

mals assigned to the unrestrained group were left in

their home cages during this period. The behavior of

rats (both unrestrained and restrained) in the light-

dark transition test was monitored the next day be-
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tween 09:00 to 10:00 a.m. (i.e., 22 h after termination

of the stress period). Animals were sacrificed between

11:00 and 12:00 a.m. (i.e., 24 h after the termination

of stress period and 2 h after conducting the transition

test) to collect and store desired brain regions for the

later estimation of 5-HT and 5-HIAA.

Experiment 3: Effects of 8-OH-DPAT on 5-HT

metabolism in unrestrained and restrained animals

Forty-eight rats were randomly assigned to unre-

strained and restrained groups of 24 each. The ani-

mals assigned to the restrained group were immobi-

lized on wire grids for 2 h (between 09:00 and 11:00

a.m.). The animals assigned to the unrestrained group

were left in their home cages during this period. The

effects of 8-OH-DPAT on 5-HT metabolism were

monitored the next day. Groups of unrestrained and

restrained animals (six animals in each group) re-

ceived the drug as an injection at doses of 0.125, 0.25

and 0.5 mg/kg. A group of restrained animals and an-

other group of unrestrained animals (six animals in

each group) received a saline injection. The injections

were made between 9:00 to 11:00 a.m., and animals

were sacrificed 1 h after the injection to collect and

store desired brain regions for the later estimation of

5-HT and 5-HIAA.

Restraining procedure

The animals were restrained as described previously

[24] by taping them to a 10” × 9” wire grid fitted with

a 9” × 6.5” Perspex plate. Restraint stress was pro-

duced by pressing the forelegs of the rat through the

gaps in the metal grid and taping them together with

zinc oxide plaster. Hind limbs were also taped, and

the head of the animal rested on the Perspex plate.

Light-dark transition test

The test procedure was essentially the same as de-

scribed earlier [7, 35]. The apparatus used in the pres-

ent investigation was a two compartment light-dark

box. Both the light compartment (made out of trans-

parent plastic) and dark compartment (made out of

black plastic) measured 26 × 26 × 26 cm. Access be-

tween the compartments was provided by a 12 × 12 cm

passageway. The experiment was performed in a quiet,

air-conditioned room, and the apparatus was placed

under white light. An animal was introduced into the

apparatus via the light compartment. Cumulative time

spent in the light compartment and the number of en-

tries into the light compartment were monitored for

a period of 5 min.

Brain dissection technique

The technique used was essentially the same as de-

scribed earlier [23, 24]. A fresh brain was rinsed with

ice cold saline and placed with its dorsal side up in the

molded cavity of a brain slicer. A fine-wire fishing

line was inserted into the slots of the slicer to obtain

1-mm-thick slices of 1 mm. The slices were trans-

ferred to a Petri dish kept on ice, and the hippocam-

pus, cortex and raphe were identified with the aid of

a stereotaxic atlas. From the slice containing cortex,

the olfactory bulb was discarded. Hippocampal tissue

(CA1-4 fields + subiculum + dentate gyrus) was dis-

sected out with a sharp scalpel. Raphe tissue was ob-

tained by punching out discreet (0.5 mm diameter)

tissue plugs from slices containing dorsal and dorsal

plus median raphe.

Neurochemical analysis

The concentrations of 5-HT and 5-HIAA in brain re-

gions were determined by HPLC-EC as described

previously [35]. A 5 µm shim-pack ODS separation

column with an internal diameter of 4.5 mm, and

a length of 15 cm was used. The mobile phase was

0.1 M phosphate buffer at pH 2.9, containing 14%

methanol, 0.023% OSS and 0.005% EDTA. Electro-

chemical detection was carried out at an operating po-

tential of 0.8 V (glassy carbon electrode vs. Ag/AgCl

reference electrode).

Statistical analysis

Data on the effects of restraint stress on the levels of

5-HT and 5-HIAA were analyzed by the t-test. Effects

of restraint on the behavior of rats in the light-dark

transition test were also analyzed by the t-test. Effects

of 8-OH-DPAT on the levels of 5-HT and 5-HIAA in

unrestrained and restrained animals were analyzed by

two-way ANOVA; p values of less than 0.05 were

taken as significant.
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Results

The acute effects of 2 h of restraint stress on 5-HT and

5-HIAA concentrations in the cortex, hippocampus

and raphe are shown in Figure 1. By the t-test, 5-HT

as well as 5-HIAA concentrations were significantly

increased in the raphe. Only 5-HIAA levels were sig-

nificantly increased in the cortex, whereas there was

no effect on 5-HT or 5-HIAA concentration in the hip-

pocampus.

The effect of 2 h of restraint stress on the behavior

of rats in the light-dark transition test, conducted 22 h

after the termination of the stress period, is shown in

Figure 2. Restrained animals exhibited a large and

significant decrease in the number of entries into the

light compartment (by the t-test). Time spent in the

light compartment was also significantly less in re-

strained than unrestrained animals.

The effects of 2 h of restraint on the metabolism of

5-HT in the cortex, hippocampus and raphe, 24 h after

the termination of stress period, are shown in Figure 3.

Restrained and unrestrained animals exhibited com-

parable values of 5-HT and 5-HIAA in the cortex and

raphe region. The levels of 5-HT and 5-HIAA were

smaller in the hippocampus of restrained than unre-

strained animals.

The effects of 8-OH-DPAT at doses of 0.125, 0.25

and 0.5 mg/kg on the levels of 5-HT and 5-HIAA in
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Fig. 1. Effect of 2 h of restraint stress on the levels of 5-HT and 5-HIAA
in the cortex, hippocampus and raphe. Values (determined immedi-
ately after termination of the stress period) are given as the means
± SD (n = 6). * Significantly different (p < 0.01) from unrestrained
control animals by the t-test

Fig. 2. Effect of 2 h of restraint stress on the behavior of rats in the
light-dark transition test. Values (determined 22 h after termination of
the stress period) are given as the means ± SD (n = 6). * Significantly
different (p < 0.01) from unrestrained control animals by the t-test



the cortex are shown in Figure 4. Statistical analysis

by two-way ANOVA showed significant effects of 8-

OH-DPAT (df 3,40) on 5-HT (F = 3.9 p < 0.05) and 5-

HIAA (F = 10.9 p < 0.01) concentrations. Stress effects

(df 1,40) on the level of 5-HT (F = 1.8 p > 0.05) or 5-

HIAA (F = 1.02 p > 0.05) were not significant. The

interaction between stress and 8-OH-DPAT (df 3,40)

was also not significant for 5-HT (F = 1.9 p > 0.05) or

5-HIAA (F = 2.1 p > 0.05). Post-hoc testing showed

that administration of 8-OH-DPAT at doses of 0.125

and 0.25 mg/kg decreased 5-HIAA levels comparably

in restrained and unrestrained animals. Decreases in

5-HT were not significant at these doses of 8-OH-

DPAT. Both 5-HT and 5-HIAA levels were decreased

following the administration of 8-OH-DPAT at a dose

of 0.5 mg/kg, and the decreases were comparable in

restrained and unrestrained groups.

Effects of 8-OH-DPAT at doses of 0.125, 0.25 and

0.5 mg/kg on the levels of 5-HT and 5-HIAA in the

hippocampus are shown in Figure 5. Statistical analy-

sis by two-way ANOVA showed significant effects of

8-OH-DPAT (df 3,40) on 5-HT (F = 13.8 p < 0.01) and

5-HIAA (F = 12.6 p < 0.01) concentrations. Stress ef-

fects (df 1,40) on levels of 5-HT (F = 10.8 p < 0.01)

and 5-HIAA (F = 9.01 p < 0.01) were significant. In-

teraction between stress and 8-OH-DPAT (df 3,40) was

also significant both for 5-HT (F = 4.1 p < 0.05) and

5-HIAA (F = 3.2 p < 0.05). Post-hoc testing showed that

administration of 8-OH-DPAT at a dose of 0.125 mg/kg

decreased 5-HT and 5-HIAA concentrations in re-
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Fig. 4. Effects of 8-OH-DPAT on the levels of 5-HT and 5-HIAA in the
cortex of unrestrained and restrained animals. Values (determined
24 h after termination of the stress period and 1 h after the
administration of 8-OH-DPAT or saline) are given as the means ± SD
(n = 6). *� ** Significantly different at p < 0.05 (*) and p < 0.01 (**) from
the corresponding group of unrestrained or restrained saline-
injected animals by two-way ANOVA with the Newman-Keuls
post-hoc test

Fig. 3. Effects of 2 h of restraint stress on the levels of 5-HT and
5-HIAA in the cortex, hippocampus and raphe. Values (determined
24 h after termination of the stress period) are given as the means
± SD (n = 6). *� ** Significantly different at p < 0.05 (*) and p < 0.01 (**)
from unrestrained animals by the t-test



strained but not in unrestrained animals. At doses of

0.25 and 0.5 mg/kg 5-HT and 5-HIAA were signifi-

cantly decreased both in unrestrained and restrained

animals, and the decreases were more pronounced in

restrained than unrestrained animals. The levels of

5-HT and 5-HIAA were smaller in saline-injected re-

strained than in saline-injected unrestrained animals,

and the differences were greater in 8-OH-DPAT-

injected restrained rats than in 8-OH-DPAT-injected

unrestrained animals.

The effects of 8-OH-DPAT at doses of 0.125, 0.25

and 0.5 mg/kg on the levels of 5-HT and 5-HIAA in

the raphe region are shown in Figure 6. Statistical analy-

sis by two-way ANOVA showed significant effects of

8-OH-DPAT (df 3,40) on 5-HT (F = 8.3 p < 0.01) and

5-HIAA (F = 9.6 p < 0.01) concentrations. Stress had

significant effects (df 1,40) on 5-HT (F = 7.01 p <

0.05) but not on 5-HIAA levels (F = 3.2 p > 0.05). In-

teraction between stress and 8-OH-DPAT (df 3,40)

was significant for 5-HT (F = 2.9 p < 0.05) and 5-
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Fig. 6. Effects of 8-OH-DPAT on the levels of 5-HT and 5-HIAA in the raphe of unrestrained and restrained animals. Values (determined 24 h
after termination of the stress period and 1 h after the administration of 8-OH-DPAT or saline) are given as the means ± SD (n = 6). * Significantly
different (p < 0.05) from the corresponding group of unrestrained or restrained saline-injected animals by two-way ANOVA with the
Newman-Keuls post-hoc test. �� �� Significantly different at p < 0.05 (�) and p < 0.01 (��) from the corresponding group of drug-injected
unrestrained animals by two-way ANOVA with the Newman-Keuls post-hoc test

Fig. 5. Effects of 8-OH-DPAT on the levels of 5-HT and 5-HIAA in the hippocampus of unrestrained and restrained animals. Values (determined
24 h after termination of the stress period and 1 h after the administration of 8-OH-DPAT or saline) are given as the means ± SD (n = 6).
*� ** Significantly different at p < 0.05 and p < 0.01 (**) from the corresponding group of unrestrained or restrained saline- injected animals by
two-way ANOVA with the Newman-Keuls post-hoc test. �� �� Significance at p < 0.05 (�) and p < 0.01 (��) vs. the corresponding group of
drug-injected unrestrained animals by two-way ANOVA with the Newman-Keuls post-hoc test



HIAA (F = 3.1 p < 0.05). Post-hoc testing showed that

administration of 8-OH-DPAT at doses of 0.25 and

0.5 mg/kg decreased 5-HT and 5-HIAA levels in unre-

strained and restrained animals and that the decreases in

both 5-HT (0.25 and 0.5 mg/kg) and 5-HIAA (0.5 mg/

kg) were greater in restrained than unrestrained ani-

mals. At a dose of 0.125 mg/kg, 5-HT and 5-HIAA

levels were decreased in restrained but not in unre-

strained animals. Saline-injected unrestrained rats and

saline-injected restrained animals exhibited compara-

ble values of 5-HT and 5-HIAA. The decreases in

5-HT were greater in 8-OH-DPAT-injected restrained

rats than in 8-OH-DPAT-injected unrestrained ani-

mals. The decreases in 5-HIAA elicited by 0.5 mg/kg

8-OH-DPAT were also greater in restrained than unre-

strained animals.

Discussion

The present study shows that rats restrained for 2 h,

when subjected to the light-dark transition test 22 h later,

exhibited a decrease in time spent in the light compart-

ment (Fig. 2). The number of entries into the light com-

partment was also decreased. The results suggest that

exposure to restraint stress produces behavioral deficits

comparable to other uncontrollable stressors.

Based upon the clinical evidence that links stressful

life events to depressive episodes [6], several animal

models exhibiting stressor controllability and learned

helplessness have been developed [40, 49, 58, 59].

The most common animal model of ‘stress and cop-

ing’ is that of ‘learned helplessness’ [39, 52]. In this

model, animals are exposed to either controllable or

uncontrollable stressors and later, they are tested in

a follow-up task in which all animals are given the op-

portunity to control the stressor, usually by escape. In

most reports, animals that are exposed to uncontrolla-

ble stressors do not learn to escape during testing on

the new task [46, 52]. This behavior has been equated

with a sense of ‘giving up’ experienced by humans

with major depression [44].

The learned helplessness paradigm was not devel-

oped to provide an animal model of depression or

anxiety but was shown in later studies to be sensitive

to both antidepressants [18] and anxiolytics [53]. The

paradigm is widely used to study neural mechanisms

and the degree of behavioral adaptation in response to

an uncontrollable stressor [11, 42, 49, 58].

Animals exposed to other unpredictable and uncon-

trollable stressors (e.g., restraint stress, elevated platform

test and forced swimming) also show coping deficits in

aversive but escapable situations [22, 24, 32, 55].

Chronic mild stress also causes behavioral changes in

animals that parallel symptoms of depression [15, 38].

Coping deficits following exposure to a stress-

inducing situation may also lead to anxiety-like be-

havior. The light-dark transition test is a biobehav-

ioral test used to monitor the anxiolytic effects of

drugs in preclinical investigations [7, 9]. The test is

based on the innate aversion of rodents to brightly il-

luminated areas and on the spontaneous exploratory

behavior of rodents in response to mild stressors.

Classic anxiolytics and newer anxiolytics (serotonin

anxiolytics) can reinstate novelty-induced and stress-

induced deficits of behavior in this test [9]. The pres-

ent results show that exposure to restraint stress in-

duces anxiety-like behavioral deficits that can be seen

in the light-dark transition test (Fig. 2).

Other authors have shown that 5-HT turnover is en-

hanced following exposure to various stressors such

as exercise and foot shock, although brain levels of

5-HT are not always altered [10, 14]. It has been also

shown that stress-induced increases in brain serotonin

are caused by an increase in the availability of trypto-

phan, the precursor of 5-HT, [10, 33] or an increase in

the activity of tryptophan hydroxylase, the rate-

limiting enzyme of 5-HT biosynthesis [24]. Microdialy-

sis also showed an increase in extracellular levels of se-

rotonin in different areas of the brain following exposure

to different types of stressors [2, 17]. In the present

study, rats sacrificed immediately after the termination

of the 2 h restraint period exhibited an increase in 5-HT

metabolism in the cortex and raphe, but increases of this

nature did not occur in the hippocampus (Fig. 1). In ad-

dition, the present study shows that rats sacrificed 24 h

after termination of the stress period did not show an in-

crease in 5-HT metabolism in the cortex and raphe,

whereas 5-HT levels were decreased in the hippocam-

pus (Fig. 3), suggesting that a decrease in 5-HT, particu-

larly in the hippocampus, is involved in restraint-

induced behavioral deficits (Fig. 2), which were moni-

tored 22 h after the termination of stress period.

In a previous study, when unrestrained and re-

strained animals injected with saline or 8-OH-DPAT

were sacrificed immediately after monitoring the be-

havioral and hyperphagic effects of the drug for 4 h,

a decrease in 5-HT metabolism was not observed in

the hippocampus [50]. The increases in 5-HT metabo-
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lism in the hippocampus and other brain regions of re-

strained animals, as observed in a different experi-

mental paradigm in the previous study [50], are

largely explainable as the result of a 2�� exposure to

a stress-inducing situation.

It is important to note that serotonin is involved in the

pathophysiology of depression as well as anxiety. Pre-

clinical research shows that post-stress facilitation of se-

rotonin neurotransmission in the dorsal hippocampus pre-

vented learned helplessness development [30]. Depres-

sion-like behavioral changes induced by chronic mild

stressors were also blocked by the intra-hippocampal ad-

ministration of 5-HT [38], whereas SSRIs that act by in-

creasing the synaptic concentration of 5-HT are the most

effective treatment for depression [4].

On the other hand, the hypothesized role of 5-HT

in the pathogenesis of anxiety, which stems from ob-

servations of 5-HT antagonists in operant models

[48], suggests that increasing 5-HT function is anxio-

genic. The antianxiety effects of serotonin anxiolytics

[34, 35] and benzodiazepines [34, 60] are explained in

terms of a decrease in 5-HT neurotransmission in the

hippocampus. The decreases of 5-HT observed in the

hippocampus (Fig. 3) of rats exhibiting behavioral

deficits in the light-dark transition test (Fig. 2) support

the notion that the transition test may be used for moni-

toring stress-induced behavioral depression. The above

notion is relevant in that symptoms of anxiety also ex-

ist in clinical depression, whereas SSRIs, buspirone

and other newer serotonergic agents are effective treat-

ments for both depression and anxiety [1, 3, 8, 36].

To understand the role of the 5-HT�� receptor in

restraint-induced decreases in 5-HT, it was hypothe-

sized that somatodendritic 5-HT�� receptors become

more responsive in restrained animals and therefore

the availability of 5-HT is decreased in terminal re-

gions. The hypothesis was based on evidence from

both human and animal studies. Thus, exposure to in-

escapable but not escapable stressors sensitized sero-

tonergic neurons in the raphe region to subsequent in-

put [40]. Rats exposed to different mild to moderate

stressors every day, a procedure that made the daily

stress exposure unpredictable, exhibited a significant

decrease in 5-HT�� mRNA and 5-HT�� receptor bind-

ing in the hippocampus [37]. In contrast, rats adapted

to a repetitive restraint stress schedule of 2 h/day for 5

days exhibited a decrease in the sensitivity of somato-

dendritic 5-HT�� [19] and terminal 5-HT�� [25] recep-

tors, an antidepressant-like effect. The present results

show that the effects of 8-OH-DPAT in decreasing

5-HT and 5-HIAA levels in the raphe region were

greater in restrained than unrestrained animals (Fig. 6),

suggesting an increase in the sensitivity of somato-

dendritic 5-HT�� receptors that resulted in exagger-

ated feedback control over 5-HT [20].

The increase in the responsiveness of somatoden-

dritic 5-HT�� receptors would be expected to decrease

the availability of 5-HT in terminal regions. The pres-

ent study shows that 8-OH-DPAT-induced decreases

of 5-HT and 5-HIAA, although greater in the hippo-

campus of restrained than unrestrained animals (Fig. 5),

were no greater in the cortex (Fig. 4) of restrained ani-

mals. This would suggest that exaggerated feedback

control over 5-HT availability via somatodendritic

5-HT�� receptors is present in the hippocampus and

not in the cortex. It is possible that postsynaptic

5-HT�� receptors also control the synthesis and re-

lease of 5-HT via a feedback mechanism. The hippo-

campus is enriched with 5-HT�� receptors and re-

ceives serotonergic innervation from the median ra-

phe [5]. Many innervated areas project back to raphe

nuclei, and these are interconnected [28]. It is there-

fore possible that postsynaptic 5-HT�� receptors also

alter raphe nucleus 5-HT neuronal firing. It is also

possible that the effects are mediated via the stress-

induced release of corticosteroid hormones. The hip-

pocampus is also enriched with high-affinity minera-

locorticoid receptors and lower-affinity glucocorti-

coid receptors to which corticosteroids bind to alter

5-HT�� receptor mediated responses [31].

In addition to revealing the mechanism involved in

the above-reported differences in 5-HT levels in the

hippocampus and cortex of restrained animals, the

present results are clinically relevant that adult male

and female patients with major depression exhibit at-

tenuation of 5-HT�� receptor-mediated neuroendocrine

and hypothermic responses, reflecting a decrease in the

effectiveness of somatodendritic 5-HT�� receptors [13,

36]. A decrease in 5-HT�� binding potential was ini-

tially observed in multiple brain areas, including the ra-

phe region of patients with major depression and bipo-

lar disorder [16, 51]. In another study, patients with

major depression who had never received medication

were found to have higher 5-HT�� receptor binding

compared to depressed patients with a history of medi-

cation and control [47], suggesting that medication af-

fected the 5-HT�� binding potential. Higher 5-HT��

binding potential in the raphe and hippocampus in bi-

polar depressed males, but not in bipolar depressed fe-

males, has been also reported [56].
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In conclusion, the present study shows that feed-

back control over raphe-hippocampal serotonin neu-

rotransmission may have important consequences on

the ability of an organism to cope with increased

stress. It shows that stress-induced exaggerated feed-

back control, decreasing the availability of 5-HT in

the hippocampus, may impair adaptation to and lead

to behavioral depression. To elucidate the role of so-

matodendritic and/or postsynaptic 5-HT�� receptors

in the exaggerated feedback control over 5-HT turn-

over in restrained animals, it may be important to

block the 5-HT�� receptor by a selective antagonist

and monitor acute and delayed effects of stress expo-

sure on 8-OH-DPAT-induced decreases in 5-HT re-

lease using the particular technique of microdialysis.
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