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Dynamics of Central Nervous 5-HT, ,-Receptors Under Psychosocial

Stress

Gabriele Fliigge
German Primate Center, 37077 Gottingen, Germany

It is well established that stress leads to changes in the
serotonergic system. In order to gain a better understand-
ing of the effects of recurrent stressful experiences on the
serotonergic system, changes in the 5-HT,,-receptor sys-
tem resulting from different periods of psychosocial stress
(PSS) were analyzed in the present study. Male tree shrews
(Tupaia belangeri) were submitted to subordination stress
for 2, 10, 21, and 28 d. 5-HT,,-receptor binding was quan-
tified by in vitro receptor autoradiography using the agonist
3H-8-OH-DPAT (°H-8-hydroxy-2-(di-n-propylaminoj)tetralin.
PSS caused a downregulation of *H-8-OH-DPAT binding
sites in cortical areas and in the hippocampus. After 10, 21,
and 28 d of PSS, the number of binding sites was reduced
in layers V and VI of the posterior cingulate cortex (by
34%). After 28 d of PSS, the number of binding sites was
reduced in the parietal cortex (by 18%), in the prefrontal
cortex (by 16%), in the regio retrobulbaris (by 8%), and in
region CA1 of the hippocampus (by 11%). In the raphe nu-
clei, no PSS-induced downregulation of 5-HT,,-receptors
occured. A transient increase in *H-8-OH-DPAT binding
was observed in the claustrum after 2 d of PSS (by 15%).
There were also transient decreases in affinities for the ra-
dioligand probably representing receptor desensitization,
for example, in the dorsal raphe nucleus after 28 d of PSS.

In conclusion, the dynamic 5-HT, ,-receptor changes oc-
curing during PSS include downregulation and transient
desensitization of receptors. They reflect regulatory mech-
anisms which probably lead to destabilization of the sero-
tonergic system during prolonged PSS.

[Key words: DPAT, 5-HT, 5-HT,,-receptor, stress, down-
regulation, desensitization, tree shrew]

The effects of stress on central nervous transmitter systems are
of biomedical interest because prolonged stress can lead to anx-
iety disorders and depression (Akil and Morano, 1995). Both
stress and anxiety have been related to an activation of the cen-
tral nervous 5-HT system (Chaouloff, 1993), and it has been
reported that the “‘stress hormone™ corticosterone increases the
activity of trytophan hydroxylase, the rate limiting enzyme of
5-HT synthesis (Azmitia and McEwen, 1974). The role of the
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5-HT system in the regulation of emotional behavior and stress
has largely been investigated using specific ligands for 5-HT-
receptor subtypes (Zifa and Fillion, 1992). Among the subtypes,
5-HT, ,-receptors play a special role because pharmacological
studies showed that the selective agonist 8-OH-DPAT can trigger
the release of 5-HT and causes a decrease in anxiety (Blanchard
et al., 1994). 5-HT  ,-receptors have been localized by autora-
diography in the human and the rat brain (Hoyer et al., 1986;
Vergé et al, 1986). On the cellular level, activation of these
G-protein coupled receptors inhibits adenylate cyclase, opens
potassium channels, and closes calcium channels to hyperpolar-
ize target cells (Sanders-Bush and Canton, 1995). The somato-
dendritic 5-HT, ,-autoreceptors in the raphe nuclei regulate 5-HT
release whereas in the hippocampus 5-HT, ,-receptors regulate
the activity of pyramidal neurons (Hamon et al., 1990; Beck et
al., 1992; Boadle-Biber, 1993). Stimulation of postsynaptic
5-HT, ,-receptors in the association cortex of the rat reduced the
membrane excitability of pyramidal neurons (Araneda and An-
drade, 1991). Experiments in rats demonstrated that the number
of 5-HT,,-receptors in the hippocampus, the brain region in-
volved in the regulation of emotional behavior and autonomic
functions is reduced by glucocorticoids as well as social stress
(Chalmers et al., 1993; McKittrick et al., 1995). In these studies,
the experimental factor regulating receptor expression was either
a certain concentration of external glucocorticoids or a certain
stress period. However, it is not known whether and how recep-
tor expression changes over the course of prolonged stress pe-
riods accompanied by repetitive stressful events.

An experimental stress paradigm for studying the neurochem-
ical consequences of prolonged stress should reflect the human
situation where recurrent negative psychosocial experiences may
lead to depressive symptoms. With regard to this aspect, male
tree shrews (Tupaia belangeri) provide a useful model to inves-
tigate the central nervous consequences of psychosocial stress
(PSS; Fliigge et al., 1992; Fuchs and Fliigge, 1995). In the tree
shrew stress paradigm, the coexistence of two males in one cage
leads to a stable dominant/subordinate relationship resulting in
profoundly disturbed patterns of feeding, circadian rhythm, and
sleep, and in clear behavioral depression of the subordinate an-
imal (Aue, 1989). In the subordinate, the activities of the hy-
pothalamic-hypophyseal-adrenal axis and of the sympathoadren-
al system are constantly elevated (Fuchs et al., 1993). The dis-
tinct stress-induced behavioral and physiological alterations
which occur in the subordinate tree shrew are based exclusively
on the cognitive interpretation of the continuous presence of the
dominant conspecific and can therefore be regarded as psycho-
logical stress (Raab and Storz, 1976). In the brains of subordi-
nates, turnover rates of monoaminergic transmitters and their



corresponding receptors are affected in areas involved in the
regulation of autonomic functions (Raab, 1971; Raab and Storz,
1976; Fliigge et al., 1992). To evaluate time dependent effects
of prolonged PSS on 5-HT,,-receptors, binding of the agonist
’H-8-OH-DPAT was characterized by autoradiography in 10 dif-
ferent brain areas of subordinate male tree shrews and controls
after 2, 10, 21, and 28 d of PSS determining B, and K-values
in saturation experiments.

Materials and Methods

Experimental procedure and determination of urinary cortisol. Adult
male tree shrews (Tupaia belangeri; 9-24 months old) from the breed-
ing colony at the German Primate Center were adapted for the study.
The animals were accustomed to frequent handling since their birth,
They were housed singly on a regular day/night cycle (lights on from
08:00 to 20:00 hr) at 26°C, 55% relative humidity with tree shrew diet
(Altromin, Lage, Germany). During the control period of 10 d, each
animal lived alone in its cage. During the periods of PSS, the opaque
partition between the neighboring cages of two animals unknown to
one another was removed. This resulted in an active competition for
control over the enlarged territory. After establishment of a stable dom-
inant/subordinate relationship (usually after 1-2 hr), the two males were
separated by a transparent wire mesh so that the animals could still see
each other. Under these conditions, the subordinate animal reduced its
sphere of action in the cage. During these periods of social encounters
which lasted for 2, 10, 21, and 28 d, the wire mesh was removed every
day for 1-2 hr. Control males lived singly in separate cages elsewhere
in the animal facilities. All control males had never been confronted
with either a dominant or a subordinate during their adulthood. During
control as well as PSS periods, animals were weighed and morning
urine samples were collected daily. Urinary cortisol was measured by
a scintillation proximity radioimmunoassay (Udenfriend et al., 1985)
using anti-rabbit antibodies (Paesel and Lorei, Frankfurt, Germany)
bound to fluomicrospheres according to the manufacturers instructions
(Type I reagent) and *H-cortisol as tracer (Amersham). To correct for
physiological dilutions, the resulting concentrations were related to cre-
atinine concentrations which were determined with Beckman Creatinine
Analyzer 2.

Tissue preparation and autoradiography. At the end of each con-
frontation experiment, four subordinate and four control animals were
sacrificed between 08:00 and 09:00 hr. One subordinate and one control
animal were euthanasized simultaneously and care was taken to exclude
nonspecific stress effects. The brains were quickly removed and frozen
in liquid nitrogen. Cryostat sections (10 um) were cut at —18°C, thaw-
mounted onto gelatine-coated glass slides and placed under vacuum at
4°C overnight. Corresponding brain sections from one subordinate and
one control animal were cut on the same day and processed in the same
receptor binding experiment. Saturation experiments were performed
with 10 different concentrations of *H-8-OH-DPAT (‘*H-8-hydroxy-2-
[di-n-propylamino]tetralin; specific activity 143.8 Ci/mmol; New En-
gland Nuclear) according to Vergé et al. (1986) with minor modifica-
tions. Nonspecific binding was determined in the presence a 1000-fold
excess of 5-HT (Sigma). Briefly, consecutive sections (at least three
sections per brain area, radioligand concentration, and animal) were
preincubated for 30 min at room temperature in buffer (170 mm Tris/
HCI, pH 7.6, 4 mm CaCl,, 0.01% ascorbic acid, 10 pM pargyline; 10
uM fluoxetine), incubated with *H-8-OH-DPAT for 120 min, washed in
buffer (twice for 5 min on ice), in distilled water (30 sec on ice), and
dried under a stream of cold air.

Analysis of autoradiographic data. Quantification of *H-8-OH-DPAT
binding sites was performed by autoradiography. Brain sections were
exposed together with *H-microscale standards on tritium sensitive Hy-
perfilm-H {Amersham) for 5 weeks. The anatomical localization of
radioligand binding was performed with the aid of Nissl stained sections
adjacent to the sections which had been processed for autoradiography
and with a tree shrew brain atlas (Tigges and Shanta, 1969). The films
were densitometrically analysed with a computerized image analysis
system (MCID, Imaging Inc., St. Catherines, Canada). Gray values of
the standards were used to determine the amount of radioactivity bound
to tissue sections which was expressed in femtomoles bound per mil-
ligram tissue equivalent (Davenport and Hall, 1988). The maximal num-
ber of binding sites (B,,,,) and the equilibrium constants (K,) were de-
rived from saturation experiments. Data were generated with curve fit-
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Table 1. Effects of PSS on body weight

Dura-

tion

of PSS

(days) Controls Dominants Subordinates
2 98.8 = 0.7 99.1 = 0.9 95.2 = 1.7*
10 98.6 + 0.2 100.1 = 0.7 95.3 + 0.9*

21 98.7 + 0.2 100.8 = 0.6 96.1 + 0.6*

28 98.5 + 04 100.8 = 0.4 958 = 0.7*

Body weight is expressed as percent of values from the control period (mean
+ SEM). Absolute values during the control period were 228.5 = 5.6 gm in
controls, 227.0 * 1.3 gm in dominants, and 220.1 * 2.4 gm in subordinates.

* Significant difference to control period (p < 0.05).

ting programs (SIGMA PLOT, Corte Madeira, CA). For statistical evalu-
ation, group differences were assessed by the Kruskal-Wallis one-way
analysis of variance followed by the Mann-Whitney U test. A proba-
bility level of p = 0.05 was used to determine statistical significance.

Results

Effects of psychosocial stress on body weight and urinary
cortisol

When two male tree shrews were kept together in one cage a
stable hierarchy was established within a short time. After an
initial phase of social encounters, when one male frequently at-
tacked the other until it had achieved the dominant status, the
mere visual presence of the dominant was sufficient to induce
subordinate behavior in the defeated animal. Within a few days,
the subordinates developed clear behavioral depression as evi-
denced by decreased motor activity and decreased autogroom-
ing. It has been demonstrated previously, that subordinates show
a characteristic decrease in body weight (Fuchs et al., 1993). In
the present experiments, the body weight of subordinates was
reduced by approximately 5% as compared to the control period
(Table 1). Subordinates also showed a marked activation of the
hypothalamic-hypophyseal-adrenal (HPA) axis as revealed by
the increase in urinary cortisol excretion (Table 2). In controls
and dominants, the activity of the HPA-axis and body weight
remained unchanged.

‘H-8-OH-DPAT labeling in the tree shrew brain

The 5-HT,,-receptor agonist distinctly labels several nuclei and
areas in the tree shrew brain. In the midbrain, the whole dorsal
raphe nucleus is strongly labeled by *H-8-OH-DPAT (B,,,, 116.3
* 5.2 fmol/mg; Figs. 1, 2). In the region of the median raphe
nucleus, binding sites are clustered in the vicinity of the midline
(B 35.4 = 2.3 fmol/mg). The central gray is moderately labeled
(41. = 1.6 fmol/mg), and in the superior colliculus, a homoge-
neous labeling extends from the dorsal layers through the zonal
layer to the stratum opticum (B, 30.3 = 1.5 fmol/mg).

The neocortex exhibits a low to moderate number of *H-8-OH-
DPAT binding sites (Fig. 2). In the parietal cortex, layer I and II
are relatively strongly labeled while layers III through V are only
moderately labeled (mean B, for layers I to V 29.1 * 3.1 fmol/
mg). Layer IV occasionally appears as distinctly labeled in the
parietal cortex (Fig. 2). Many *H-8-OH-DPAT binding sites are
found in the prefrontal cortex where again, labeling in layers [
and II predominates (B, for layers I to III 55.0 £ 5.5 fmol/mg).
Within the posterior cingulate cortex, a broad band of *H-8-OH-
DPAT binding sites covers layer VI reaching into layer V (B,
50.2 £ 4.9 fmol/mg). Also in the occipital lobe of the neocortex,
layers VI-V are distinctly labeled.
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Table 2. Effects of PSS on urinary cortisol

PSS
Dura-
. tion

Control period of PSS
Controls® Dominants Subordinates (days) Dominants Subordinates
0.115 + 0.007 0.108 = 0.015 0.131 = 0.039 2 0.112 = 0.012 0.321 * 0.080%*
0.116 = 0.008 n.d. 0.092 = 0.003 10 0.118 = 0.011 0.374 £ 0.090*
0.118 £ 0.011 0.122 = 0.014 0.091 = 0.004 21 0.127 = 0.008 0.299 = 0.012*
0.134 £ 0.012 n.d. 0.125 = 0.017 28 0.116 = 0.010 0.245 = 0.022*

Cortisol is expressed as ng/pumol creatinine (mean * SEM). n.d., not determined.
“ Control periods were 10 d for all animals.
* Significant difference to control period (p < 0.05).

A high number of 5-HT,,-receptors is found in the region of
the anterior olfactory nucleus which corresponds to the regio re-
trobulbaris as defined by Zilles (1990). Binding sites are diffusely
distributed in this region and labeling extends through the tenia
tecta into the medial and lateral orbital cortex (B,,,, 130.5 = 6.7
fmol/mg). On sagittal sections, labeling shows a ray like pattern
corresponding to diffuse layers visible on frontal sections (Figs.
1, 2). The olfactory bulb itself remains nearly unlabeled (Fig. 1).

In the thalamus, several areas contain high numbers of
5-HT, ,-receptors (Fig. 2). Comparison of autoradiograms to ad-
jacent Nissl stained sections revealed that the *H-8-OH-DPAT
binding sites accompany the transtegmental pathway and the
mammillothalamic tract giving rise to moderate labeling in the
ventromedial thalamic nucleus (B, 64.0 = 15.7 fmol/mg).
Faint labeling was observed close to the internal medullary lam-
ina (Fig. 2). However, the intensity of this labeling varies con-
siderably between individual animals. The area of the paraven-
tricular hypothalamic nucleus is faintly labeled and also other
parts of the hypothalamus and the preoptic area exhihit only low
numbers of *H-8-OH-DPAT binding sites. In the hippocampal
formation, CAl region and dentate gyrus are strongly labeled
with the labeling extending into the subiculum (B,,, for CAl:
160.0 *= 3.6 fmol/mg; Fig. 2). The hippocampal region CA3
appears to contain no *H-DPAT binding sites.

In the amygdala complex, it is the magnocellular basal nucleus
which exhibits the highest numbers of *H-8-OH-DPAT binding
sites (B,,,, 163.1 = 3.6 fmol/mg). Other subnuclei of the amygdala
complex contain only low 5-HT,-receptors numbers (see also
Fliigge et al., 1994). A strong labeling is found in the claustrum

Figure 1. Distribution of 5-HT,,-re-
ceptors in the brain. Autoradiogram
shows ‘H-8-OH-DPAT binding to a
sagittal section of the tree shrew brain CATNS
approximately 0.2 mm lateral from the i
midline. Section was incubated with 4
nM ‘H-8-OH-DPAT. For abbreviations
see list. Scale bar, 5 mm.

(B 82.8 = 3.8 fmol/mg). Saturation experiments showed that
*H-8-OH-DPAT bound with high affinity to 5-HT, ,-receptors in
the different brain areas (Fig. 3). The highest affinities were de-
tected in region CAl of the hippocampal formation (K, 0.16 =
0.02 nm) while, in contrast, relatively low affinities were detected
in the superior colliculus (K, 1.17 * 0.10 nm).

Effects of psychosocial stress on "H-8-OH-DPAT binding sites

Psychosocial stress led to time dependent alterations in the num-
ber of "H-8-OH-DPAT binding sites in some brain areas. In lay-
ers V-VI of the posterior cingulate cortex, the number of bind-
ing sites was reduced by 23% after only 10 d of PSS and this
effect persisted until day 28 of PSS (see Fig. 4). In the parietal
and the prefrontal cortex (layers I-V), a significant downregu-
lation of *H-8-OH-DPAT binding sites occured after 28 d of
PSS. In region CAl of the hippocampus and in the area of the
anterior olfactory nucleus, *H-8-OH-DPAT binding was also re-
duced after 28 d of PSS (Figs. 3, 4). The only PSS-induced
increase in 5-HT,,-receptor number was detected in the claus-
trum after 2 d of PSS. In the prefrontal cortex, there was a
tendency towards an upregulation seen after 2 and 10 d, but
values did not significantly ditfer from controls. No PSS-induced
changes in receptor numbers were observed in the dorsal raphe
nucleus (Figs. 3, 4) and in the median raphe nucleus, where the
mean B, for all PSS periods was 35.4 * 2.3 fmol/mg in con-
trols versus 359 = 1.5 fmol/mg in subordinates. As stated
above, *H-8-OH-DPAT labeling in the thalamic nuclei showed
considerable inter-individual differences. The mean B,,, for the
ventromedial thalamic nucleus in subordinates from all groups
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Figure 2.

Distribution of 5-HT, ,-receptors in the brain. Autoradiograms show *H-8-OH-DPAT binding to frontal sections of the tree shrews brain.

Sections were incubated with 4 nm *H-8-OH-DPAT. Numbers on the lower left side of each section denote the anatomical level according to Tigges
and Shanta (1969). The area around the anterior olfactory nucleus (AQ) corresponds to the regio retrobulbaris indicated in Figure 1. Scale bar, 1

mm.

(59.6 * 6.6 fmol/mg) did not differ significantly from the value
in controls (65.2 * 5.7 fmol/mg), although a tendency towards
downregulation was apparent.

In some brain areas, PSS did not only affect the number of
*H-8-OH-DPAT binding sites but also their affinity in a time
dependent manner (Table 3). In the superior colliculus, the claus-
trum, and the parietal cortex, there was a significant decrease in
affinity (increase in K,) after only 2 d of PSS. In the claustrum,
the low affinity persisted throughout the whole PSS period al-
though values did not significantly differ from controls on all
experimental days. In the parietal cortex, a tendency towards
persistently low affinity of 5-HT, ,-receptors was also observed.
On day 21 of PSS, asignificant decrease in affinity was observed
in the superior colliculus and in region CA1 of the hippocampus
preceeding the downregulation in receptor number in the later
structure. The only significant increase in affinity (decrease in
K,) was detected in the central gray after 21 d of PSS.

Discussion

Psychosocial stress in tree shrews

As shown previously, chronic psychosocial stress (PSS) in sub-
ordinate tree shrews induces an activation of the neurosympath-
etic tone and of the hypothalamic-hypophyseal-adrenal (HPA)
axis (Fuchs et al., 1993). The accompanying elevation of cir-
culating catecholamines and glucocorticoids may have detrimen-

tal effects on behavior and various bodily functions by affecting
the endocrine, the cardiovascular and the nervous systems (Bo-
hus et al., 1987). In the present experiments, the urinary excre-
tion of cortisol was constantly increased during PSS periods in-
dicating hyperactivity of the HPA-axis.

Anatomy of the 5-HT,,-recepior system

It is known from many studies that the ascending serotonergic
system innervates nearly all midbrain and forebrain structures
(Moore et al., 1978; Parent et al., 1981; Steinbusch, 1981) but
5-HT, ,-receptors exist only in selected raphe projection fields.
The distribution of *H-8-OH-DPAT binding sites in the tree
shrew brain largely resembles that in rats (Palacios et al., 1990)
although the strong binding in the region of the anterior olfac-
tory nucleus which extends into the tenia tecta and the orbital
cortex has not been described previously. This region represents
a cortical structure called regio retrobulbaris which receives pro-
jections from the raphe nuclei (Azmitia and Segal, 1978; Zilles,
1990).

*H-8-OH-DPAT binding sites are abundant in the cerebral cor-
tex which is innervated by two 5-HT projection systems (Mul-
ligan and Tork, 1988; Tork, 1990). In the prefrontal cortex, the
overall distribution of binding sites matches that of *H-5-HT
binding sites in rhesus monkeys (Goldman-Rakic et al., 1990).
In the posterior cingulate cortex, a prominent *H-8-OH-DPAT
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labeling is observed in layers V and VI, which contain relatively
low numbers of serotonergic fibers (Morrison et al., 1982). The
labeling extends into the retrosplenial cortex thus covering iso-
cortical and allocortical areas as defined by Zilles et al. (1986).
Also in the striate and the whole occipital cortex, layers V and
VI are labeled.

In the thalamus, *H-8-OH-DPAT binding sites occur in and
close to the medullary lamina which is traversed by serotonergic
fibers of the transtegmental pathway (Lavoie and Parent, 1991).
Further binding sites are found close to the mammillothalamic
tract. In the hypothalamus, binding sites accompany the median
raphe forebrain tract (Azmitia and Segal, 1978).

Psychosocial stress-induced downregulation of 5-HT,,-
receptors

As shown previously, PSS downregulates a,-adrenoceptors in
brain nuclei containing nor/adrenergic cells and in areas inner-
vated by noradrenergic fibers and involved in the control of au-
tonomic functions (Fliigge et al., 1992). The present study dem-
onstrates that 5-HT,,-receptors are downregulated in cortical
5-HT projection fields and in the hippocampus.

In region CAl of the hippocampus, 5-HT,,-receptors were

downregulated after 4 weeks of PSS. Similar results have been
obtained after exposing rats to chronic social stress in colonies
followed by an acute restraint stress leading to decreased *H-8-
OH-DPAT binding in the hippocampus (McKittrick et al., 1995).
Decreased levels in 5-HT, ,-receptor binding have also been ob-
served in several brain regions after treating rats experimentally
with corticosterone (DeKloet et al.,, 1986; Mendelson and
McEwen, 1992a,b). This regulation of 5-HT, ,-receptor numbers
by the corticosteroids obviously occurs on the transcriptional
level since adrenalectomy-induced overexpression of receptor
mRNA is suppressed by exogenous corticosterone in rats (Chal-
mers et al., 1993; Meijer and DeKloet, 1994). Stress-induced
downregulation might therefore be—at least in part—due to
transcriptional regulation by glucocorticoids. Because 5-HT,,-
receptor activation induces multiple intracellular signaling pro-
cesses reduced numbers of these membrane bound receptors
might have great consequences for neuron physiology (Sanders-
Bush and Canton, 1995). Stimulation of postsynaptic 5-HT,,-
receptors in the hippocampus elicits hyperpolarization and a de-
crease in membrane resistance of CA1 pyramidal neurons which
can be counteracted by glucocorticoids (Joéls and DeKloet,
1994). It is interesting to note that 5-HT is involved in the con-
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trol of hippocampal theta-rhythm, an electroencephalographic
pattern characteristic for emotional stress (Vertes et al., 1994).
The cognitive impairment observed in rats after repeated stress
experiences might be related to these neurophysiological events
in the hippocampus (Luine et al., 1994). The reduction in num-
bers of 5-HT-receptors might also reflect another aspect of stress
effects on neurons. Stress has been reported to induce an atrophy
in the dendritic arbor of pyramidal neurons in hippocampal re-
gion CA3 (Magarifios and McEwen, 1994). In region CAl
which contains the highest numbers of 5-HT, ,-receptors in the
brain, and where neurons are known to be vulnerable to ischemic
and other pathological influences, 5-HT | ,-receptors might coun-
teract neuronal degeneration by mediating regulatory signals of
cell growth (Lauder, 1993).

anterior olfactory n.

CON 2 10 21 28

tified in the following structures: whole
dorsal raphe nucleus; dorsal part of the
periaqueductal central gray: colliculus
* superior, zonal layer throughout optical
layer; posterior cingulate cortex, layers
V and VI; whole hippocampal region
CAl; amygdala (Bmc), whole magno-
cellular basal nucleus; claustrum at the
level of the amygdala formation; pari-
etal cortex, layers 1 to V; prefrontal cor-
tex, layers I to III; area of the anterior
olfactory nucleus corresponding to the
regio retrobulbaris.

days

The strongest stress-induced effects on 5-HT, ,-receptor num-
bers were observed in layers V and VI of the posterior cingulate
cortex where downregulation occured after only 10 d of PSS
and persisted until 28 d of PSS. This time dependent effect cor-
related with the downregulation in the hippocampus when cal-
culated for the individual animals (correlation coefficient 0.8;
significance: p < 0.05). It is therefore possible that the 5-HT ,-
receptors in the posterior cingulate cortex and the hippocampus
are regulated by the same signal, and it is interesting to note
that glucocorticoid receptors, which are concentrated in the hip-
pocampus, are also expressed in relatively high number in the
cingulate cortex of the tree shrew (Johren et al., 1994). In both
structures, hippocampus and cingulate cortex, 5-HT, ,-receptor
downregulation may therefore be due to a stress-induced in-
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Table 3. Effect of PSS on 5-HT,,-receptor affinity

Duration of PSS

Area Control 2d 10d 21d 28 d

Dorsal raphe n. 0.43 + 0.08 046 * 0.04 050 = 0.05 0.52 + 0.01 0.53 + 0.03*
Median raphe n. 075 £ 015 074 002 052 =009 072 *0.11 0.92 + 0.27

Central gray 0.88 = 0.05 1.08 = 0.01* 098 = 0.09 0.69 + 0.06~ 081 * 0.07

Colliculus sup. .17 £ 0.10 1.28 = 0.17 1.30 = 0.08 1.34 + 0.05* 148 * 0.18

Post. cingul. cortex 0.70 £ 0.08 0.60 x 0.08 068 = 0.04 0.61 £009 072 = 0.0l

Hippocampus (CAl) 0.16 + 0.02 0.13 = 0.01 0.19 = 0.01 025+ 0.01* 0.19 = 0.02

Amygdala (Bmc) 028 006 022002 035002 054022 029 *0.12

Claustrum 0.60 + 0.03 0.73 = 0.06* 0.65 = 0.08 0.69 + 0.05%* 072 + 0.13

Parietal cortex 1.12 = 0.20 2.00 + 0.26* 1.63 = 0.33 1.31 +0.25 2.15 * 0.54*
Prefrontal cortex 0.59 + 0.12 060 +009 052=+0.12 062 +0.17 059 + 0.08

Regio retrobulbaris 043 £ 007 044 * 0.12 0.3 = 0.11 051 =010 051 + 0.06

K, values (nM: mean = SEM) for binding of ‘H-8-OH-DPAT were derived from saturation experiments. Controls,
n = 16; subordinates, n = 4 per group. Asterisks indicate significantly higher K, and squares significantly lower K,

as compared to controls (p << 0.05).

crease in glucocorticoid concentrations. The fact that 5-HT, -
receptor downregulation in the posterior cingulate cortex was
the same after 10, 21, and 28 d of PSS may indicate that the
reduction in receptor expression is a final phenomenon persisting
as long as there are challenging events. It is known from neu-
rosurgical interventions that an impairment of the cingulate cor-
tex leads to severe disturbances in affectivity (Zilles, 1990) so
that it is tempting to assume that the cingulate 5-HT, ,-receptors
play an important role in the regulation of emotionality. Since
layers V and VI contain high numbers of intracortical synaptic
contacts, receptor down-regulation might have significant con-
sequences for intracortical information transfer. Betz cells and
GABAergic neurons have been discussed as targets for seroto-
nergic inputs in these cortical layers (Tork et al., 1990; Spain,
1994). However, layers V and VI receive only sparse 5-HT pro-
jections from the raphe nuclei, but moderate to dense noradren-
aline projections (Morrison et al., 1982). The 5-HT, ,-receptor
expression may therefore also underlie nonserotonergic trans-
mitter signals, for example, from the noradrenergic system. Fur-
thermore, because 5-HT,,-receptors could be present on glial
elements (Whitaker-Azmitia and Azmitia, 1986; Whitaker-Az-
mitia et al., 1993) one has to consider more indirect effects on
synaptic transmission in this part of the neocortex. However,
layers V and VI are not particularly rich in glial elements when
compared to the other layers, which is in contrast to the retro-
bulbar region where glial structures are abundant (own unpub-
lished observations in tree shrews). Further investigations are
needed to elucidate the cellular localization of 5-HT, ,-receptors
in different regions of the brain. PSS also reduced 5-HT,,-re-
ceptor number in the prefrontal cortex which is involved in the
regulation of agonistic behavior (de Bruin, 1990). Therefore,
with exception of the hippocampus, all structures exhibiting
PSS-induced 5-HT, ,-receptor down-regulation have been de-
fined as cortical regions according to phylogenetic and morpho-
metric criteria (Zilles et al., 1986; Zilles, 1990).

No alterations in the number of *H-8-OH-DPAT binding sites
was observed in the dorsal and median raphe nuclei. Since there
is electropysiological evidence for a large receptor reserve with
respect to 5-HT ,-receptor mediated inhibition of dorsal raphe
neuronal firing (Cox et al., 1993) one must conclude that the
presynaptic raphe 5-HT, ,-receptors are regulated differently
than the receptors in the projection areas. A region specific cou-

pling of 5-HT, ,-receptors to G-proteins may underlie these dif-
ferences in receptor regulation (Iben et al., 1995).

The upregulation of 5-HT, ,-receptors in the claustrum cannot
be explained at present, although it is interesting to note that the
claustrum contains no glucocorticoid receptors (Fliigge et al.,
1988). It is interconnected with visual and somatosensory areas
of the neocortex and stress-induced up-regulation of claustral
5-HT, ,-receptors might have implications on these functions.

Psychosocial stress-induced decrease in 5-HT,,-receptor
affinities

Besides the downregulation of 5-HT, ,-receptors, there were also
PSS-induced decreases in the affinities for *H-8-OH-DPAT in
some brain areas, probably representing desensitization of re-
ceptors. Agonist binding to G-protein coupled receptors can be
modified by the agonist itself and a loss of high-affinity *H-8-
OH-DPAT binding sites accompanied by desensitization of re-
ceptor-adenylate-cyclase-coupling was observed after exposure
of 5-HT,,-receptor expressing cells to high 8-OH-DPAT con-
centrations (Harrington et al., 1994). In rats, restraint stress leads
to an increase in concentrations of 5-HT and 5-hydroxyindol-
acetic acid in the hippocampus (Kirby et al., 1994), and in tree
shrews, increased concentrations of brain 5-HT and its metab-
olites were measured during PSS (Raab, 1971). The increase in
hippocampal and raphe 5-HT concentrations might bring about
agonist-mediated 5-HT,,-receptor desensitization, so that the
heterogeneity of hippocampal 5-HT | ,-receptors showing differ-
ent affinities for 8-OH-DPAT (Nenonene et al., 1994) might in
fact represent different affinity states of the same receptors
(Mongeau et al., 1992). The low-affinity binding sites possibly
play an important role for cellular signal transfer since the po-
tency of 5-HT,,-agonists to inhibit adenylate-cyclase-activity
appears to be a function of their affinity for the low-affinity sites
(Chamberlain et al., 1993). Also in the dorsal raphe nucleus, the
decrease in affinity of 5-HT, ,-receptors on day 28 of PSS prob-
ably represents agonist-mediated receptor-desensitization since
an increased 5-HT turnover-rate has been detected in the raphe
nuclei of the rat during stress (Clement et al., 1993). The PSS-
induced receptor-desensitizations in the tree shrew brain are not
directly related to down regulation of receptors, but preceed the
later process in some areas. As demonstrated recently, the extent
of brain 5-HT release varies with the duration of the stress (Kir-



by et al., 1994) so that the dynamic changes in the receptor
affinities described here might be related to changes in trans-
mitter release. Since in male rats, social defeat induces a blunted
adrenocortical response to 8-OH-DPAT probably due to a de-
crease in 5-HT-receptor sensitivity (Korte et al., 1995) the 5-HT-
receptor downregulation and desensitization detected in the pres-
ent study can be regarded as a central nervous adaptational
mechanism aiming at a reduction of the adrenocortical hyper-
activity during stress. At present, the behavioral consequences
of the stress-induced changes in 5-HT-release and 5-HT, ,-recep-
tor downregulation and desensitization are unknown. However,
the behavior of subordinate tree shrews (e.g., withdrawal from
the dominant, reduction in motor activity, reduction in auto-
grooming; Aue, 1989) indicates an increase in anxiety. Since
overstimulation of postsynaptic 5-HT, ,-receptors has been hy-
pothesized to increase anxiety (Hamon, 1994) the 5-HT, ,-recep-
tor changes in the tree shrew brain may reflect repetitive anxiety-
inducing signals which lead to subordination behavior.

The only increase in affinity of *H-8-OH-DPAT binding sites
was observed in the central gray on day 21 of PSS. Dorsal raphe
5-HT neurons exert an inhibitory influence on cells in the peri-
aqueductal gray (Lovick, 1994) and 5-HT,,-receptors are
thought to be the mediators of this inhibition (Behbehani et al.,
1993). The increase in receptor sensitivity might indicate that in
this center of aversive behavior (Graeff, 1994), many 5-HT ,-
receptors are already desensitized under control situations and
become activated during PSS.

In conclusion, the present findings demonstrate that PSS in-
duces downregulation as well as desensitization of 5-HT, ,-re-
ceptors in selected brain regions. Some of these receptor changes
are transient and might be related to the stress-induced high
glucocorticoid concentrations and to increased 5-HT release in
certain brain areas. They represent dynamic processes leading to
destabilization of the brain 5-HT system in its adaptational/mal-
adaptational attempt to stabilize homeostasis in repeatedly chal-
lenging situations.

Appendix

List of abbreviations

AO anterior olfactory nucleus

Bmce magnocellular basal nucleus of the amygdala
Bulb bulbus olfactorius

CAl region CAl of the hippocampal formation
cc corpus callosum

Ceb cerebellum

CG central gray

cg cingulum

Cl claustrum

Colsu  colliculus superior

CS cortex striatus

DG dentate gyrus

DR dorsal raphe nucleus

Frl area | of the prefrontal cortex
Fr2 area 2 of the prefrontal cortex
5-HT  5-hydroxytryptamine (serotonin)
iml internal medullary lamina

LO lateral orbital cortex

MO medulla oblongata

MM medial mammillary nucleus
MnR  median raphe nucleus

mt mammillothalamic tract
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8-OH-

DPAT  8-hydroxy-2-(di-n-propylamino)tetralin
Par parietal cortex

PC prefrontal cortex

pCxci  posterior cingulate cortex

POA  preoptic area

PSS psychosocial stress

PVN  paraventricular hypothalamic nucleus
R.rebul. regio retrobulbaris

RS retrosplenial cortex

S subiculum

Sep septum

SuM  supramammillary nucleus

TT tenia tecta

VM ventromedial thalamic nucleus
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