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Chronic unpredictable stress (CUS) model of depression is one of the
well validated animal models of depression. In this paper, we report the re-
sults of investigations into dopaminergic D-1 and serotonergic 5-HT-2A re-
ceptors in the brain of rats subjected to CUS procedure and treated chroni-
cally with imipramine. We have examined the dopaminergic D-1 ([�H-SCH
23390) in the limbic area and serotonergic 5-HT-2A ([�H-ketanserin) recep-
tors in the cerebral cortex by a saturation radioligand binding method in rats
subjected to CUS paradigm, imipramine, both CUS and imipramine and
control animals. CUS procedure resulted in a significant 36% increase in the
D-1 receptor density in the limbic system, which was attenuated by chronic
imipramine treatment. Also a 21% increase in the density of 5-HT-2A recep-
tors in the cerebral cortex induced by CUS was reduced by chronic imi-
pramine treatment. The present data indicate that the increases in the density
of brain D-1 and 5-HT-2A receptors of rats subjected to CUS, which are
“normalized” by imipramine, might be involved in the pathophysiology of
“animal depression” (and, thus, in pathophysiology of human depression)
and in the mechanism of antidepressant therapy.
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INTRODUCTION

The most significant behavioral changes ob-
served in animals following exposure to chronic
stress (i.e. motor activation deficit, reduced food
and water consumption, decrease in responsiveness
to rewarding stimuli, loss of normal aggressiveness)
resemble clinical depression with respect to etiolo-
gy, symptomatology and responsiveness to treat-
ment [15, 17, 32, 36]. Among the variety of proce-
dures leading to human depressive-like symptoms
in animals, stress procedures take place among the
well validated models [15, 28, 36]. A chronic un-
predictable stress (CUS) procedure was introduced
by Katz et al. [15, 16]. Our previous studies have
shown that the rats subjected to chronic stress pro-
cedure (various stressors over 16 days) exhibited
the decrease in the footshock-induced fighting be-
havior. We have also demonstrated that antidepres-
sant drugs with various profiles of pharmacological
action, i.e. tricyclic drugs [22, 39], MAO inhibitors
[23] or SSRI (unpublished data) given repeatedly
prevented the behavioral “depression” (deficit of
aggression) induced by this kind of chronic stress.

It is known that the brain monoamines play
a key role in the stress responses and adaptation,
and possible in the development of the depressive
symptoms [1, 6, 30, 34, 35, 37]. Evidence also sug-
gests that the stress-related behavioral alterations
are accompanied by adaptive changes in a large
number of neurotransmitters and their receptors in
the brain [13, 20, 26, 27, 33, 38–40]. Since we have
recently demonstrated CUS-induced increase in the
density of D-1 and 5-HT-2A receptors in the rat
brain [24], in the present study we investigated the
effect of chronic imipramine treatment on these re-
ceptors altered by CUS paradigm.

MATERIALS and METHODS

All procedures were conducted according to
NIH Animal Care and Use Committee guidelines,
and approved by the Ethics Committee of the Me-
dical University School, Lublin.

Chronic unpredictable stress (CUS) procedure

Male Wistar rats (180–220 g) were housed six
to a cage with food and water freely available, and
maintained under a 12 h light-dark cycle (lights on
at 8:00 a.m.). The chronic stress regimen was a va-
riant of Katz et al. method [15, 16]. One group of

animals was subjected to a CUS procedure for a pe-
riod of 16 consecutive days. The rats were subjec-
ted, to the following kinds of stressors (one stress
a day): 20 s exposure to electric footshock (3 mA,
0.2 s impulse duration, every 2 s), 2 h period of im-
mobilization at 20°C or at 4°C, 5 min exposure to
electric bell, 3 min period of swimming in cold
water (12°C) or 5 min period of illumination (80 ±
1 klx) and 48 h period of food deprivation. Each
stressor was repeated 2 times during the 16 day
stress procedure (for details [39]). The second group
of control (sham) animals was housed in a separate
room and had no contact with the stressed animals.
Imipramine (HCl, 10 mg/kg, Polfa, Poland) was in-
jected ip once daily (1 h before the stress proce-
dure), during 14 days.

Tissue preparation and binding procedures

Forty eight hours after the last stressor or imi-
pramine, the animals were decapitated, their brains
were removed, and cortices (neocortex) and limbic
systems (containing olfactory tubercle, preoptic
area, nucleus accumbens, septum, amygdala and
overlying limbic cortex) were dissected and imme-
diately frozen over solid CO . The frozen tissue
was stored at –80°C for 2–4 weeks before the as-
say. Tissues were thawed in 50 volumes of ice-cold
50 mM potassium phosphate buffer, pH 7.4, (for
dopaminergic receptors) or 50 mM TRIS-HCl buf-
fer, pH 7.4 (for serotonergic receptors), homoge-
nized and centrifuged at 20,000 × g for 20 min (i.e.
washed). Tissue pellets were washed once more.
Assay tubes contained membrane suspension (~0.15
mg of protein), 7–8 concentrations of [*H]ligand
and buffer and/or the nonspecific-binding defining
drug in a final volume of 0.350 ml. The following
[*H]ligands, nonspecific-binding defining drugs
and incubation parameters were applied: D-1 recep-
tors – [*H]SCH 23390 (70 Ci/mmol, NEN), cis(Z)-
flupentixol (5 �M), 60 min at 30°C; 5-HT-2A re-
ceptors – [*H]ketanserin (60 Ci/mmol, NEN), mi-
anserin (1 �M), 30 min at 25°C. The samples were
incubated for appropriate time and at the above-
mentioned temperature. The incubation was termi-
nated by rapid filtration over glass fiber filters
(Whatman GF/B or GF/C). The filters were then
washed 2 times with 0.1 ml of ice-cold buffer and
placed in scintillation vials with liquid scintillation
cocktail. Radioactivity was measured in a Beckman
LS 6500 liquid scintillation counter. All assays
were done in duplicates.
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Data analysis and statistics

Data were analyzed using iterative curve fitting
routines (GraphPAD/Prism, v. 3.0 – San Diego,
CA). Group differences were assessed using the
one-way analysis of variance (ANOVA), followed
by Dunnett’s multiple comparisons test (Graph-
PAD/Instat v. 2.04). Data were deemed significant
when p < 0.05.

RESULTS

The CUS procedure significantly increased (by
36%) the density (B��/) of D-1 dopamine receptors
(labelled by [*H]SCH 23390) in the limbic system
(Tab. 1). Analysis of variance (ANOVA) revealed
F(3,16) = 2.722, p = 0.0788. Chronic imipramine
treatment was without effect on the density of D-1
receptors (in non-stressed rats), however it attenu-
ated their increase produced by CUS (Tab. 1). CUS
also increased (by 21%) the density of 5-HT-2A re-
ceptors (labelled by [*H]ketanserin) in the cerebral
cortex (Tab. 2). Analysis of variance (ANOVA) re-
vealed F(3,17) = 3.693, p = 0.0326. Similarly to the
effect on D-1 receptors, imipramine did not affect
the density of 5-HT-2A receptors (in non-stressed
rats), but it prevented their CUS-induced increase
(Tab. 2). CUS did not influence the binding affini-
ties (K� values) of radioligand to any of the recep-
tors examined (Tab. 1, 2). Analysis of variance
(ANOVA) revealed F(3,16) = 1.294, p = 0.315 for
D-1 and F(3,17) = 1.380, p = 0.2828 for 5-HT-2A
receptors.

Table 1. Effect of imipramine and chronic unpredictable stress
on dopamine D-1 receptors in the rat limbic system

Group B��� (fmol/mg
protein)

K� (nM)

Control 66.1 ± 5.5 0.91 ± 0.20

Stress 90.1 ± 8.4* 0.90 ± 0.15

Imipramine 72.2 ± 5.3 0.62 ± 0.15

Stress + imipramine 77.4 ± 4.9 0.60 ± 0.07

Values are the means ± SEM of 5–6 animals per group. B���

and K� values were calculated using the Gauss-Marquardt
method with an iterative curve fitting routine (GraphPAD/In-
Plot, v. 3.0, San Diego, CA). * p < 0.05 vs control (Dunnett’s
Multiple Comparisons Test)

Table 2. Effect of imipramine and chronic unpredictable stress
on serotonin 5-HT-2A receptors in the rat cerebral cortex

Group B��� (fmol/mg
protein)

K� (nM)

Control 40.0 ± 3.0 0.59 ± 0.07

Stress 48.6 ± 2.2* 0.54 ± 0.06

Imipramine 44.4 ± 1.7 0.75 ± 0.12

Stress + imipramine 38.7 ± 1.1� 0.58 ± 0.03

Values are the means ± SEM of 4–7 animals per group. B���

and K� values were calculated using the Gauss-Marquardt me-
thod with an iterative curve fitting routine (GraphPAD/Prism,
v 3.0, San Diego, CA). * p < 0.05 vs control, � p < 0.05 vs stress
(Dunnett’s Multiple Comparisons Test)

DISCUSSION

The previous studies from our laboratories have
indicated that the repeated stress with application
of various unpredictable stressors (CUS) caused
the reduction of footshock-induced fighting behav-
ior by about 60–70%, when observed 48 h after the
last session of chronic stress [22, 23, 39, 40]. It was
also shown that antidepressant drugs given repeat-
edly counteracted the behavioral “depression” (the
deficit of aggression) induced by CUS [22, 23, 39,
40]. Moreover, we have demonstrated that the ap-
plication of CUS increased the density of D-1 do-
pamine receptors in the limbic system and 5-HT-
2A receptors in the cerebral cortex [24 ].

The present data showed that imipramine at the
dose and treatment schedule which did not alter
these receptor densities, normalized the CUS-in-
duced effect. It is worth to note the differences
between our present imipramine treatment and the
earlier studies. Here, a dose of 10 mg/kg, for 14
days (once a day) was used, while either, twice
daily administration of a dose of 15 mg/kg or 35
days of treatment were applied to achieve the re-
ceptor effect [18, 21, 26, 27].

The results pointed to the alterations in D-1 and
5-HT-2A receptors as potential targets involved in
the mechanism of the pathophysiology in this ani-
mal model of depression. This finding suggests
also the participation of the D-1 and 5-HT-2 recep-
tors in the effect of imipramine, preventing the
behavioral “depression” (the deficit of aggression)
induced by CUS [39, 40]. These suggestions are
supported by the other findings that chronic antide-
pressant treatment evokes opposite effects to CUS-
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-induced receptor alteration, namely, the reduction
of the density of D-1 and 5-HT-2A receptors [4, 11,
12, 18, 21, 33]. Chronic antidepressant administra-
tion has been also found to decrease behavioral re-
sponse to D-1 receptor stimulation (grooming)
[19]. Moreover, the selective dopamine D-1 recep-
tor agonists have been found to exert an antidepres-
sant-like effects in animal models of depression [7,
9, 23].

The mechanism by which CUS influences D-1
dopamine receptors is not clear. Increase in the
number of D-1 dopamine receptors in the limbic
system following CUS could be secondary to the
reduced DA release [10, 23], which mechanism
could participate in the behavioral deficit (the re-
duced aggressiveness) observed in stressed rats. It
is interesting, that chronic treatment with antide-
pressant drugs normalize all these effects of CUS
[10, 23]. This observation provides further support
for the hypothesis that the decreased DA transmis-
sion in the limbic system participates in the mecha-
nism of “animal depression” and that the normali-
zation of DA limbic system activity is one of the
effects of antidepressant drugs.

The evidence linking 5-HT-2A receptors to the
mechanism of action of antidepressant drugs have
been established in pre-clinical studies [26, 30].
Moreover, evidence derived from both brain (post
mortem) and platelet studies indicates that 5-HT-
2A receptors are increased in the frontal cortex and
in the platelets of suicidal patients with major de-
pression [2, 3, 5, 25] and may be down-regulated
by antidepressant treatment [29, 30]. Chronic treat-
ment with a variety of antidepressants, including
imipramine, have been found to decrease 5-HT-2A
receptor density. This effect is opposite to CUS-in-
duced receptor alterations [8, 14, 31].

The findings of the present study indicate that
the chronic exposure of rats to unavoidable (uncon-
trollable) aversive experiences (stressful stimuli)
leads to the changes in the brain monoamine recep-
tors density. The increase in the density of brain do-
pamine D-1 receptors in the limbic system and
5-HT-2A receptors in the cerebral cortex, which
are normalized by imipramine, may indicate the
role of dopaminergic and serotonergic transmission
in the pathophysiology of “animal depression”
(and, therefore, in pathophysiology of human de-
pression as well) and in the mechanism of antide-
pressant therapy.

REFERENCES

1. Arango V., Ernsberger P., Marzuk P.M., Chen J.S.,
Tierney H., Stanley M., Reis D.J., Mann J.J.: Autora-
diographic demonstration of increased serotonin and
beta-adrenergic receptor binding sites in the brain of
suicide victims. Arch. Gen. Psychiat., 1990, 47,
1038–1047.

2. Arora R.C., Meltzer H.Y.: Serotoninergic measures in
the brain of suicide victims: 5-HT� binding sites in the
frontal cortex and control subjects. Amer. J. Psychiat.,
1989, 146, 730–736.

3. Arora R.C., Meltzer H.Y.: Increased serotonin� (5-HT�)
receptor binding as measured by �H-lysergic acid di-
ethylamide (�H-LSD) in the blood platelets of depres-
sed patients. Life Sci., 1989, 44, 725–734.

4. Berendsen H.H. G., Broekkamp Ch.L.E.: Attenuation
of 5-HT�	 and 5-HT� but not 5-HT�
 receptor-medi-
ated behaviour in rats following chronic treatment
with 5-HT receptor agonists, antagonists or anti-de-
pressants. Psychopharmacology, 1991, 105, 219–224.

5. Biegon A., Weizman A., Karp L., Ram A., Tiano S.,
Wolff M.: Serotonin 5-HT� receptor binding on blood
platelets; a peripheral marker for depression? Life
Sci., 1987, 41, 2485–2492.

6. Brown A.S., Gershon S.: Dopamine and depression.
J. Neural Transm.-Gen. Sect., 1993, 91, 75–109.

7. Collu M., Poggiu A.S., Devoto P., Serra G.: Behavio-
ural sensitization of mesolimbic dopamine D� recep-
tors in chronic fluoxetine-treated rats. Eur. J. Pharma-
col., 1997, 322, 123–127.

8. Cowen J.: A role for 5-HT in the action of antidepres-
sant drugs. Pharmacol. Ther., 1990, 46, 43–51.

9. D’Aquila P. S., Collu M., Pani L., Serra G.: Anti-
depressant-like effect of selective dopamine D� recep-
tor agonists in the behavioural despair animal model
of depression. Eur. J. Pharmacol., 1994, 262, 107–111.

10. Di Chiara G., Tanda L.: Blunting of reactivity of DA
transmission to palatable food: a biochemical marker
of anhedonia in the CMS model? Psychopharmacol-
ogy, 1997, 134, 351–353.

11. Dziedzicka-Wasylewska M., Rogo¿ R., Klimek V.,
Maj J.: Repeated administration of antidepressant
drugs affects the levels of mRNA coding for D� and
D� dopamine receptors in the rat brain. J. Neural
Transm., 1997, 104, 515–524.

12. Dziedzicka-Wasylewska M., Willner P., Papp M.:
Changes in dopamine receptor mRNA expression fol-
lowing chronic mild stress and chronic antidepressant
treatment. Behav. Pharmacol., 1997, 8, 607–618.

13. Giardino L., Zanni M., Pozza M., Bettelli C., Covelli
V.: Dopamine receptors in the striatum of rats exposed
to repeated restraint stress and alprazolam treatment.
Eur. J. Pharmacol., 1998, 344, 143–147.

14. Heninger G.R., Delgado P.L., Charney D.S.: The re-
vised monoamine theory of depression: a modulatory
role for monoamines, based on new findings from
monoamine depletion experiments in humans. Phar-
macopsychiatry, 1996, 29, 2–11.

92 Pol. J. Pharmacol., 2002, 54, 89–93

G. Ossowska, G. Nowak, B. Klenk-Majewska, Z. Danilczuk, I. ¯ebrowska-£upina



15. Katz R.J., Roth K.A., Carroll B.J.: Acute and chronic
stress effects on open field activity in the rat: implica-
tions for a model of depression. Neurosci. Biobehav.
Rev., 1981, 5, 247–251.

16. Katz R.J., Sibel M.: Animal model of depresion: tests
of three structurally and pharmacologically novel anti-
depressant compounds. Pharmacol. Biochem. Behav.,
1982, 16, 973–977.

17. Kessler R.C.: The effects of stressful life events on de-
pression. Annu. Rev. Psychol., 1997, 48, 191–214.

18. Klimek V., Nielsen M.: Chronic treatment with antide-
pressants decreases the number of [�H] SCH 23390
binding sites in the rat striatum and limbic system.
Eur. J. Pharmacol., 1987, 139, 163–169.

19. Maj J., Papp M., Skuza G., Bigajska K., Zazula M.:
The influence of repeated treatments with imipramine,
(+)- and (–)-oxaprotiline on behavioural effects of do-
pamine D� and D� agonists. J. Neural Transm., 1989,
76, 29–38.

20. Nankai M., Yamada S., Muneoka K., Toru M.: In-
creased 5-HT� receptor-mediated behavior 11 days
after shock in learned helplessness rats. Eur. J. Phar-
macol., 1995, 281, 123–130.

21. Nowak G., Skolnick P., Paul I. A.: Down-regulation of
dopamine D� receptors by chronic imipramine is spe-
cies specific. Pharmacol. Biochem. Behav., 1991, 39,
769–771.

22. Ossowska G., Klenk-Majewska B., Danilczuk Z.,
Wróbel A., ¯ebrowska-£upina I.: Reversal of stress-in-
duced deficit in aggression by monoamine oxidase in-
hibitors. Pol. J. Pharmacol., 1999, 51, 391–397.

23. Ossowska G., Klenk-Majewska B., ¯ebrowska-£upi-
na I.: Acute effect of dopamine agonists and some an-
tidepressants in stress-induced deficit of fighting be-
havior. Pol. J. Pharmacol., 1996, 48, 403–408.

24. Ossowska G., Nowak G., Kata R., Klenk-Majewska
B., Danilczuk Z., ¯ebrowska-£upina I.: Brain mono-
amine receptors in a chronic unpredictable stress
model in rats. J. Neural Transm., 2001, 108, 311–319.

25. Pandey G. N., Pandey S. C., Janicak P. G., Marks R.
C., Davis J.M: Platelet serotonin-2 receptor binding
sites in depression and suicide. Biol. Psychiat., 1990,
28, 215–222.

26. Papp M., Klimek V., Willner P.: Effects of imipramine
on serotoninergic and beta-adrenergic receptor bind-
ing in a realistic animal model of depression. Psycho-
pharmacology, 1994, 114, 309–314.

27. Papp M., Klimek V., Willner P.: Parallel changes in
dopamine D� receptor binding in limbic forebrain as-
sociated with chronic mild stress-induced anhedonia

and its reversal by imipramine. Psychopharmacology,
1994, 115, 441–446.

28. Papp M., Moryl E., Willner P.: Pharmacological vali-
dation of the chronic mild stress model of depression.
Eur. J. Pharmacol., 1996, 296, 129–136.

29. Stahl S.M.: Serotonin neuroscience discoveries usher
in a new era of novel drug therapies for psychiatry.
Psychopharmacol. Bull., 1992, 28, 3–9.

30. Stahl S.: M5-HT�	 receptors and pharmacotherapy.
Psychopharmacol. Bull., 1994, 30, 39–43.

31. Sugrue M.: Chronic antidepressant therapy and asso-
ciated changes in central monoaminergic receptor
functioning. Pharmacol. Ther., 1983, 21, 1–33.

32. Van Riezen H., Leonard B.E.: Effects of psychotropic
drugs on the behavior and neurochemistry of olfactory
bulbectomized rats. In: Psychopharmacology of Anxio-
lytics and Antidepressants. Ed. File S.E., Pergamon
Press, New York, 1991, 231–250.

33. Watanabe Y., Sakai R.R., McEwen B.S., Mendelson
S.: Stress and antidepressant effect on hippocampal
and cortical 5-HT�	 and 5-HT� receptors and transport
sites for serotonin. Brain Res., 1993, 615, 87–94.

34. Willner P.: Animal models of depressions, an over-
view. Pharmacol. Ther., 1990, 45, 425–455.

35. Willner P., Klimek V., Go³embiowska K., Muscat R.:
Changes in mesolimbic dopamine may explain stress-
-induced anhedonia. Psychobiology, 1991, 19, 79–84.

36. Willner P., Muscat R., Papp M.: Chronic mild stress-
-induced anhedonia: a realistic animal model of depres-
sion. Neurosci. Biobehav. Rev., 1992, 16, 525–534.

37. Wolfe N., Katz D.I., Albert M.L: Neuropsychological
profile linked to low dopamine: in Alzheimer’s dis-
ease, major depression and Parkinson’s disease. Psy-
chiatry, 1990, 53, 915–917.

38. Yates M., Leake A., Candy J.M., Fairbairm A.F.,
McKeith I.G., Ferrier I.N.: 5HT2 receptor changes in
major depression. Biol. Psychiat., 1990, 27, 489–496.

39. ¯ebrowska-£upina I., Ossowska G., Klenk-Majewska
B.: Chronic stress reduces fighting behavior of rats:
the effect of antidepressants. Pharmacol. Biochem.
Behav., 1991, 39, 293–296.

40. ¯ebrowska-£upina I., Ossowska G., Klenk-Majewska
B.: The influence of antidepressants on aggressive be-
havior in stressed rats: the role of dopamine. Pol. J.
Pharmacol. Pharm., 1992, 44, 325–335.

Received: November 19, 2001; in revised form: January
25, 2002.

&��0 ) *!".!! 93

&�&�1'�&02 2332�4� 50 61'&0 �") '0� 7"84" ' 12�2�451� &0 �8150&� �412��


