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Peripheral benzodiazepine receptor (PBR) density has been 
found to be sensitive to stress. We set out to compare the 
influences of acute and repeated swim stress on behavior 
and PBR density. Following acute and repeated swim 
stress, rats were tested in an elevated plus-maze and an 
open-field test for anxiety levels, and tissues were collected 
from the adrenal gland, kidney, and hippocampus for 
measurements of PBR density. The acute rather than the 
repeated stress led to robust alterations in PBR density. The 
largest reduction in hippocampal and adrenal gland PBR 

density was found one hour after acute stress. In the 
hippocampus, acute stress caused a biphasic change in PBR 
density: a robust reduction in PBR density one hour after 
the acute stress and a distinct elevation in PBR density at 
24 hours, while 72 hours after stress the elevation in PBR 
density appeared to be reduced. 
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Benzodiazepines are anxiolytics, anticonvulsants, mus-
cle relaxants, and sedative-hypnotics. These therapeutic
effects are mediated by the central benzodiazepine re-
ceptors (CBR) via coupling to 

 

�

 

-aminobutyric acid type
A (GABA

 

A

 

) receptors and chloride ion channels

(Möhler and Okada 1977; Squires and Braestrup 1977).
Subsequent studies have described another distinct
class of binding sites for benzodiazepines that have
been found in both peripheral tissues and the central
nervous system (CNS). These membrane binding sites
have been shown to have physiological functions and
fulfill generally accepted criteria for a pharmacological
receptor (Mestre et al. 1985), and therefore they have
been termed peripheral benzodiazepine receptors
(PBR) (Verma and Snyder 1989). PBRs differ from CBRs
in their lack of coupling to GABA

 

A

 

 receptors and in
their ligand specificity: PBRs exhibit high affinity for Ro
5-4864 (4

 

�

 

-chlorodiazepam) or PK 11195 (an isoquino-
line carboxamide derivative), but low affinity to clon-
azepam. The reverse is true for CBRs (Le Fur et al. 1983;
Gavish et al. 1992).

The possibility that PBRs are involved in the regula-
tion of endocrine activity has been suggested by Anholt
et al. (1987). It has been shown, for example, that endo-
crine organs are extremely rich in PBRs (Bénavidès et
al. 1984; De Souza et al. 1985). In the adrenal gland,
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PBRs are abundant in the cortex (which is involved in
corticosteroid synthesis and in response to stress) and
absent in the medulla (Bénavidès et al. 1984; De Souza
et al. 1985). The modulatory effect of stress on PBR den-
sity has been examined in several animal models and in
some human studies (Holmes et al. 1992; Gavish et al.
1993; Weizman and Gavish 1993). The reports so far in-
dicate a bidirectional effect of various stress models on
PBR density in various tissues, especially in the adrenal
gland and kidney: an increase in PBR density after
acute stress (Drugan et al. 1986; Basile et al. 1987; Okun
et al. 1988; Karp et al. 1989) and a decrease in PBR den-
sity after repeated stress (Drugan et al. 1986, 1987;
Weizman et al. 1990a; Dar et al. 1991).

In order to further elucidate the involvement of PBRs
in stress and post-stress syndromes, we set out to com-
pare the influences of single (acute) and repeated
(chronic) stress on behavior and PBR density. Repeated
swim stress (RSS) has been found to be a useful chronic
stress animal model in assessing the impact of repeated
stress on PBR expression in the kidney (Burgin et al.
1996). In the present study, acute swim stress (ASS) in-
cluded only a single 15-min swim, whereas the RSS in-
cluded a 15-min swim once daily for 20 consecutive
days. The behavioral consequences of exposure to the
different stressors (RSS and ASS) were compared, as
well as their effects on PBR density in adrenal gland,
kidney, and hippocampus.

There have been various reports suggesting a pivotal
role of PBRs in the adrenal gland (Papadopoulos et al.
1998; Weizman et al. 1999; Zelena et al. 1999; Zilz et al.
1999) and in the kidney (Drugan et al. 1988, 1990;
Holmes and Drugan 1994; Lehmann et al. 1999) in the
regulation of stress responses. Furthermore, the hippoc-
ampus has been hypothesized to play a role in the basal
tone of the hypothalamic-pituitary-adrenal axis (HPA)
and in the magnitude and duration of stress responses
(Vázquez et al. 1996). Therefore, we chose these organs
to study the temporal profiles of changes in PBR densi-
ties related to stress and subsequent behavioral changes.

In one experiment, behavioral changes in a plus-
maze and an open-field test were determined 40 min-
utes after exposure to either ASS or RSS. Ligand bind-
ing to PBRs in the adrenal gland, hippocampus, and
kidney was determined 24 hours after ASS or RSS. In a
second experiment, 1, 24, and 72 hours following expo-
sure to ASS, we characterized the temporal profile of
behavioral changes and of PBR density alteration in the
adrenal gland and hippocampus.

 

MATERIALS AND METHODS

Animals

 

Adult male Sprague-Dawley rats (n 

 

�

 

 108) weighing
between 240 and 270 g were purchased from Harlan

(Jerusalem, Israel) and housed four per cage in 75 

 

�

 

 55 

 

�

 

15 cm Plexiglas cages in temperature-controlled (23 

 

�

 

1

 

�

 

C) animal quarters on a 12:12 light-dark cycle (lights
on 7 

 

A

 

.

 

M

 

.–7 

 

P

 

.

 

M

 

.). They had access to standard Purina
Rat Chow pellets and water 

 

ad libitum.

 

 The Haifa Uni-
versity Animal Care and Use Committee approved the
study.

 

Behavior

 

Water Maze.

 

The water maze used consisted of a cir-
cular pool of water (1.7 m in diameter with a rim 50 cm
high). Water depth was 30 cm, and temperature was
maintained at 23 

 

�

 

 1 

 

�

 

C.

 

Repeated Swim Stress (RSS) Procedure.

 

Rats were
subjected to RSS as previously described (Burgin et al.
1996). Briefly, individual rats were allowed 15 minutes
to swim in the water maze once daily for 20 consecutive
days. Each day, following exposure to the maze, the
rats were allowed to dry in a resting cage for 40 minutes
before being returned to their home cage. After the last
swim session and 40-min stay in the resting cage, the
rats were subjected to post-stress behavioral tests.

 

Acute Swim Stress (ASS) Procedure.

 

The ASS proce-
dure was modified from the RSS procedure described
above. The specific change was that the individual rats
were subjected to only a single 15-min swim session in
the water maze, instead of such swim sessions on 20
consecutive days. After this single swim session, rats
were allowed to dry for 40 minutes in a resting cage un-
til commencing the post-stress tests.

 

Elevated Plus-Maze.

 

The elevated plus-maze (Pellow
et al. 1985), which consisted of four arms (75 cm each)
on a stand 50 cm high, was positioned in a dimly
lighted room. The floor of the maze was white. Two of
the arms had no railing (open arms), and the other two
arms were protected by a opaque railings (painted
black) 10 cm high (closed arms). The rats were placed in
the center of the maze. Subsequently, the time that the
rats spent on each of the different arms, the number of
entries to the closed and open arms, and the number of
instances of rearing were manually recorded for a pe-
riod of five minutes.

 

Open-Field Test.

 

The open-field test was carried out
according to methods described previously (Carli et al.
1989; Lemoine et al. 1990). Briefly, the open field con-
sisted of a wooden box 90 

 

�

 

 90 

 

�

 

 38 cm. The walls were
painted black and the floor was white and divided by 1-
cm-wide black lines into 25 squares 17 

 

�

 

 17 cm. Rats
were placed at the corner of the open field. Subse-
quently, for a period of five minutes, the number of en-
tries into the central and the peripheral squares, the
time that the rats spent in both areas, and the number of
instances of rearing were manually recorded.
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Behavioral Index for Anxiety

 

Forty minutes follow-
ing the last exposure to stress, all rats were examined in
the open field and the elevated plus-maze in a counter-
balanced order. Both the elevated plus-maze and the
open-field test may give an indication of the level of
anxiety (Stout and Weiss 1994; Calvo-Torrent et al.
1999). In the elevated plus-maze, the number of in-
stances of rearing (Song et al. 1995; Pandossio et al.
2000), the ratio between the time spent in the open and
closed arms, and the relative number of entries, are con-
sidered measures of anxiety level (Broadhurst 1975). In
the open-field test, the number of instances of rearing
(Ferretti et al. 1995; Harris et al. 1997), the ratio between
the time spent along the walls and the time spent in the
center, or the number of square crossings along the
walls relative to the number of square crossings in the
center, is also considered a measure of anxiety (Angrini
et al. 1998).

In the present study, the measures from both the ele-
vated plus-maze and the open-field test showed consid-
erable overlap. In order to simplify presentation and
still encompass the behavioral changes in both mazes,
we computed a behavioral index for anxiety.

We measured: (1) the time difference (seconds):
closed minus open in the elevated plus-maze and pe-
ripheral minus central in the open field; (2) the total
crossings: the number of entrances to the closed plus
open areas of the elevated plus-maze and peripheral
plus central areas of the open field; and (3) the number
of instances of rearing in the elevated plus-maze and
open field. The performance of each rat in the experi-
mental groups, in each measure, was expressed as a
percentage relative to the averaged score of the control
group. We then averaged the percentage scores of all
the measures into a behavioral index for each rat. High
score on the behavioral index was indicative of high
levels of anxiety.

 

Radioligand Binding Assay

 

Twenty-four hours after the last exposure to the water
maze, the rats were decapitated and the adrenal glands,
kidneys, and hippocampus were dissected, snap-frozen
in liquid nitrogen, and stored at –70

 

�

 

C until further use
Weizman et al. 1989, 1990a,b). The adrenal glands (n 

 

�

 

8), kidneys (n 

 

�

 

 8), and hippocampus (n 

 

�

 

 6) were
weighed and homogenized separately in 20 ml of 0.05
M Tris-HCl buffer, pH 7.4, at 4

 

�

 

C with a Kinematica
Polytron (setting 5) for 15 seconds. The homogenate
was centrifuged at 37,000 g for 15 minutes at 4

 

�

 

C, and
the pellet was suspended in 50 volumes of 0.05 M po-
tassium phosphate buffer, pH 7.4, and used for binding
studies for PBRs.

[

 

3

 

H]PK 11195 binding to PBRs in the above organs
was measured as described by Fares and Gavish (1986).
The final volume of the binding assay was 500 

 

	

 

l and

 

contained 400 

 

	

 

l of the suspension of the membranes
(30–700 

 

	

 

g protein) and 25 

 

	

 

l [

 

3

 

H]PK 11195 (six con-
centrations from 0.19 to 6.0 nM) in the absence (total
binding) or presence (non-specific binding) of 75 

 

	

 

l
unlabeled PK 11195 (final concentration 1 

 

	

 

M). After
incubation for 60 minutes at 4

 

�

 

C; the reaction was ter-
minated by filtration through Whatman GF/C filters,
which were then washed three times with 5 ml of 50
mM potassium phosphate buffer, pH 7.4. The filters
were placed in vials containing 5 ml of Opti-Fluor
(Packard, Groningen, The Netherlands) and counted
for radioactivity after 12 hours. Equilibration dissocia-
tion constant (K

 

d

 

) and maximal number of binding
sites (B

 

max

 

) were determined by Scatchard analysis of
saturation curves of [

 

3

 

H]PK 11195 binding. The bind-
ing parameters were analyzed for each subject indi-
vidually.

 

Statistical Analysis

 

One-way analysis of variance (ANOVA) followed by
Student-Newman-Keuls 

 

post hoc

 

 multiple comparison
tests were used as indicated. All tests were two-tailed.
Results are presented as means 

 

�

 

 SEM.

 

RESULTS

Experiment 1: Comparison Between the Behavioral 
Consequences of ASS and RSS and Their Effects 
on PBR Density

 

Behavioral Effects of ASS (n 

 

�

 

 12) and RSS (n 

 

�

 

 12).

 

The stressor effects were evaluated by the behavioral
index (Figure 1). One-way ANOVA revealed a signifi-
cant treatment effect (F[2,33] 

 

�

 

 16.317; 

 

p

 

 

 




 

 .0001). 

 

Post
hoc

 

 Student-Newman-Keuls tests revealed that the RSS
procedure significantly increased the anxiety level rela-
tive to the control (

 

p

 

 

 




 

 .001), while the ASS procedure
resulted in a significantly higher anxiety level than both
the control (

 

p

 

 

 




 

 .001) and RSS (

 

p

 

 

 




 

 .05) groups.

 

Comparison between Effects of ASS and RSS and PBR
Density in Adrenal Gland, Kidney, and Hippocampus.

 

Under the conditions described, analysis of [

 

3

 

H]PK
11195 binding to adrenal membranes showed that spe-
cific binding was around 80% of total binding. One-way
ANOVA revealed a significant treatment effect in the
adrenal gland (F[2,21] 

 

�

 

 68.59; 

 

p

 

 

 




 

 .0001; Figure 2,
Panel A). Comparing ASS animals to control animals
revealed a significant 30% decrease in [

 

3

 

H]PK 11195
binding density (B

 

max

 

 

 

�

 

 32,037 

 

�

 

 488 vs. 45,490 

 

�

 

 888
fmol/mg protein; 

 

p

 

 

 




 

 .001), with no significant differ-
ence in the apparent affinity (K

 

d

 

 

 

�

 

 3.3 

 

�

 

 0.3 vs. 3.8 

 

�

 

 0.3
nM). Likewise, a significant 28% reduction in density
was found in ASS vs. RSS rats (B

 

max

 

 

 

�

 

 32,037 

 

�

 

 488 vs.
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44,189 

 

�

 

 1,175 fmol/mg protein; 

 

p

 

 

 




 

 .001), with no sig-
nificant difference in the apparent affinity (K

 

d

 

 

 

�

 

 3.3 

 

�

 

0.2 vs. 3.4 

 

�

 

 0.2 nM).
Regarding [

 

3

 

H]PK 11195 binding to renal mem-
branes, specific binding was around 90% of total bind-
ing, under the conditions described. One-way ANOVA
also revealed a significant treatment effect on renal PBR
density (F[2,21] 

 

�

 

 210.78; 

 

p 
 .0001; Figure 2, Panel B).
Scatchard analysis of [3H]PK 11195 binding to renal
membranes from ASS vs. control animals revealed a
significant 37% decrease in density (Bmax � 5,998 � 121
vs. 9,447 � 138 fmol/mg protein; p 
 .001), with no sig-
nificant difference in the apparent affinity (Kd � 2.06 �
0.13 vs. 2.07 � 0.13 nM). Likewise, there was a signifi-
cant 23% reduction in density in ASS vs. RSS rats (Bmax �
5,998 � 121 vs. 7,769 � 92 fmol/mg protein; p 
 .001),
with no significant difference in the apparent affinity
(Kd � 2.06 � 0.13 vs. 1.9 � 0.2 nM). [3H]PK 11195 bind-
ing to renal membranes from RSS vs. control rats re-
vealed a significant 18% decrease in density (Bmax �
7,769 � 92 vs. 9.447 � 138 fmol/mg protein; p 
 .001),
with no significant difference in the apparent affinity
(Kd � 1.9 � 0.2 vs. 2.07 � 0.13 nM).

In the hippocampus, we found that specific [3H]PK
11195 binding was around 60% of total binding, under
the conditions described. Similarly to the adrenal and
kidney, one-way ANOVA revealed a significant treat-
ment effect on PBR density in the hippocampus (F[2,15] �
227.72; p 
 .0001; Figure 2, Panel C). Scatchard analy-
sis of [3H]PK 11195 binding to hippocampal mem-
branes from ASS vs. control rats revealed a significant
141% increase in density (Bmax � 222 � 7 vs. 92 � 5

fmol/mg protein; p 
 .001), with no significant differ-
ence in the apparent affinity (Kd � 2.2 � 0.1 vs. 2.3 � 0.2
nM). In contrast, [3H]PK 11195 binding to hippocampal
membranes from RSS vs. control animals revealed a
significant 23% decrease in PBR density (Bmax � 71 �

Figure 1. Behavioral effects of ASS and RSS. Forty minutes
after the last exposure to ASS or RSS, rats were tested in the
elevated plus-maze and open field, and a behavioral index
for anxiety was calculated (see Methods for details). The
behavioral index of both the ASS and the RSS groups was
significantly higher than that of the controls (***p 
 .001).
The ASS group showed the most robust increase in behav-
ioral index (*p 
 .05, vs. RSS group).

Figure 2. Effects of ASS and RSS on PBR density in adrenal
gland (Panel A), kidney (Panel B), and hippocampus (Panel
C). Twenty-four hours after the last exposure to stress, the
effects of ASS or RSS on Bmax values of [3H]PK 11195 were
measured in each organ. In the adrenal gland (Panel A),
only in the ASS was there a significant reduction in Bmax val-
ues (***p 
 .001). In the kidney (Panel B), both ASS and RSS
resulted in a reduction in Bmax values compared with con-
trol, but the ASS was significantly more potent than the RSS
(***p 
 .001). In the hippocampus (Panel C), the RSS group
showed a reduction in Bmax values, but the ASS group
showed an opposite effect (*p 
 .05, ***p 
 .001).
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4 vs. 92 � 5 fmol/mg protein; p 
 .001), with no signifi-
cant difference in the apparent affinity (Kd � 2.0 � 0.2
vs. 2.3 � 0.2 nM). Comparison of ASS with RSS animals
showed a significant 213% increase in density (Bmax �
222 � 7 vs. 71 � 4 fmol/mg protein; p 
 .001), with no
significant difference in the apparent affinity (Kd � 2.2 �
0.1 vs. 2.0 � 0.2 nM).

ASS and RSS Behavioral Index Correlated with Alter-
ations in PBR Density. The anxiety level of the ASS
animals, as evaluated by the behavioral index, showed
a significant negative correlation with PBR density
change in the adrenal gland (r � -0.84; p 
 .001, Pearson
test). Likewise, a significant negative correlation was
found between the ASS behavioral index and the PBR
density change in the kidney (r � -0.87; p 
 .0001, Pear-
son test). In contrast, the correlation between the ASS
behavioral index and the PBR density change in the
hippocampus was significantly positive (r � 0.85; p 

.0005, Pearson test). The only significant (and negative)
correlation for the RSS group was found between the
RSS behavioral index and the PBR density change in the
kidney (r � -0.72; p 
 .0009, Pearson test).

Experiment 2: Temporal Profile of ASS Effects
on Behavior and PBR Density

In the first experiment, rats were exposed to either ASS
or RSS. Both stress protocols affected behavior as well
as PBR density. However, the ASS resulted in more se-
vere behavioral effects and more robust alterations in
PBR density, suggesting that adaptation processes may
also play a role in the repeated stress procedure. There-
fore, in the second experiment we characterized the
temporal profile of PBR density alterations 1, 24, and 72
hours following ASS. To simplify the experimental de-
sign, and since our main interest was the HPA axis, we
focused on the adrenal gland and hippocampus in this
second experiment.

Temporal Profile of ASS Effects on Behavior. In order
to examine the temporal profile of ASS effects on be-
havior, rats were tested 1, 24, or 72 hours post-ASS.
One-way ANOVA revealed a significant time effect on
behavior (F[3,27] � 20.878; p 
 .0001; Figure 3). Post hoc
Student-Newman-Keuls tests revealed that the ASS
procedure significantly increased the level of anxiety,
as measured by the behavioral index 1 hour post-stress,
relative to controls (p 
 .001). However, the behavioral
index of rats 24 hours post-ASS was significantly lower
than that at 1 hour (p 
 .001), although still higher than
controls (p 
 .001). Likewise, at 72 hours post-ASS, the
behavioral index was significantly higher than controls
(p 
 .01), but significantly lower than that at 1 hour
post-ASS (p 
 .001).

Temporal Profile of ASS Effects on PBR Density in
Adrenal Gland and Hippocampus. In order to assess

the temporal profile of ASS effects on PBR density, the
adrenal gland and hippocampus were dissected 1, 24,
or 72 hours post-ASS, and the tissues were processed
for binding assays. The percentage of specific binding
of [3H]PK 11195 vs. total binding was similar to what
was found in experiment 1.

One-way ANOVA revealed a significant time effect on
PBR density in the adrenal gland (F[3,27] � 42.525; p 

.0001; Figure 4, Panel A). Post hoc Student-Newman-
Keuls tests revealed that the ASS procedure significantly
decreased PBR density, as measured 1 hour post-stress,
relative to the controls (62%; p 
 .001). Twenty-four
hours post-ASS, the decrease in PBR density was much
less, but still significantly lower than controls (33%; p 

.001). In addition, the PBR density of rats 24 hours post-
ASS was significantly higher than that of the rats 1 hour
post-ASS (1%; p 
 .001). Seventy-two hours post-ASS,
PBR density was still significantly lower than controls
(17%; p 
 .01), but significantly higher than that of the
rats 1 hour post-ASS (54%; p 
 .001) and animals 24
hours post-ASS (24%; p 
 .001).

One-way ANOVA revealed a significant time effect
on PBR density in the hippocampus (F[3,27] � 173.03; p 

.0001; Figure 4, Panel B). Post hoc Student-Newman-
Keuls tests revealed that the ASS procedure had a bi-
phasic effect on PBR density in the hippocampus. It sig-
nificantly decreased PBR density at 1 hour post-stress
(64%; p 
 .001), but PBR density 24 hours post-ASS was
significantly higher than that of the controls (65%; p 

.001). At 72 hours post-ASS, although still significantly
higher than controls (50%; p 
 .001), PBR density was
significantly lower than at 24 hours (42%; p 
 .001).

DISCUSSION

The results of the current study provide evidence of
marked changes in PBR density in various tissues as a
result of exposure to a behavioral stressor. In addition,

Figure 3. Anxiety level of ASS group as evaluated by the
behavioral index 1, 24, and 72 hours after exposure to the
ASS procedure. **p 
 .01, ***p 
 .001, vs. control group.
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the results demonstrate significant differences between
the effects of acute or repeated stress. These changes are
tissue-specific, as previous observations indicated
(Drugan et al. 1986; Basile et al. 1987; Novas et al. 1987;
Rägo et al. 1989; Ferrarese et al. 1991; Holmes et al.
1992). In particular, the present results shed light on the
nature of PBR reactivity to swim stress in both brain
and peripheral tissues, i.e. hippocampus vs. adrenal
and kidney.

Experiment 1 of our study showed that the ASS
rather than the RSS procedure resulted in the most
prominent alterations in behavior and PBR density, as
measured 24 hours post-stress, in the adrenal gland,
hippocampus, and kidney. Both the ASS and the RSS
induced a significant elevation of anxiety level, as mea-
sured in the elevated plus-maze and the open-field test.
In addition, the ASS induced a significant reduction in
renal and adrenal PBR density, but a significant eleva-
tion of hippocampal PBR density. The RSS procedure
induced a significant reduction in renal and hippo-
campal PBR density 24 hours post-stress, but did not al-
ter PBR density in the adrenal. Thus, while the results
from the ASS procedure suggest that PBR density in the

adrenal gland, hippocampus, and kidney may be corre-
lated with anxiety levels after acute stress, the results
from the RSS procedure suggest that only the renal and
hippocampal PBR density may be related to anxiety
levels after chronic stress.

The reduction in renal PBR density 24 hours follow-
ing RSS is consistent with previous data indicating a re-
duction in renal PBR density following repeated or
chronic stress (Drugan et al. 1986, 1987; Weizman et al.
1990a; Rägo et al. 1991). In particular, Burgin et al.
(1996) previously found a reduction in renal PBR after
rats were subjected to 21 days of forced daily swim-
ming. The selective decrease in renal PBR may be as-
cribed to activation of the renin-angiotensin system
during repeated stress, as suggested by Holmes et al.
(1992) and Holmes and Drugan (1994). This reduction
in renal PBR density 24 hours after RSS also might be
related to the repeated pattern of exposure to the swim
stress. This repetition might activate a habituation pro-
cess that tends to an adaptive decrease in sympathetic
tone (Burgin et al. 1996). As suggested by Drugan (1996),
the reduction may represent a compensatory shift in re-
ceptors to accommodate a new behavioral/physiologi-
cal baseline in comparison with normal controls.

The reduction in hippocampal PBR density 24 hours
following RSS was somewhat surprising, since to our
knowledge the effect of chronic stress on hippocampal
PBR density was not reported previously. Nonetheless,
upregulation of hippocampal PBR density following
acute stress and downregulation following chronic
stress is consistent with what has been reported previ-
ously regarding the effects of acute and chronic stress
on PBR density in the CNS in general (for review, see
Gavish et al. 1999). Interestingly, Drugan et al. (1995) re-
ported that hippocampal PBR binding is up-regulated
following an injection of an anxiogenic beta-carboline.
The up-regulation suggests that such injections pro-
voke acute stress. Furthermore, the hippocampus ap-
pears to be a brain region in which PBR density is par-
ticularly sensitive to systemic neurotoxic challenges
(Lallement et al. 1993; Guilarte et al. 1995; Kuhlmann
and Guilarte 1997; Veenman and Gavish 2000). Thus,
our behavioral stress model may provide a relevant
paradigm for the study of stress-related changes in ner-
vous tissue.

Since ASS was the more effective stress protocol in
the first experiment, we examined the temporal profile
(at 1, 24, or 72 hours post-stress) on anxiety levels after
ASS in a second experiment. Since our primary interest
was a potential relationship between the role of PBRs in
the HPA axis and behavior, the tissues of choice in the
second experiment were the adrenal and hippocampus.
One hour post-stress, the ASS procedure induced a
strong and significant elevation in anxiety level, which
was less profound but still significant 24 and 72 hours
post-stress. Furthermore, ASS induced a significant re-

Figure 4. Temporal profile of ASS effects on PBR density in
the adrenal gland (A) and hippocampus (B). The effects of
the ASS on Bmax values of [3H]PK 11195 in each organ were
examined after 1, 24, and 72 hours and are presented as a
percentage of the control group (**p 
 .01, ***p 
 .001).
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duction in adrenal PBR density 1 hour post-stress that
was still significant 24 and 72 hours post-stress.

Interestingly, ASS induced a biphasic change in PBR
density in the hippocampus: a significant reduction in
PBR density 1 hour post-stress, followed by a signifi-
cant elevation 24 hours post-stress that was still signifi-
cant 72 hours post-stress. While the behavioral index
temporal profile was similar to that of the PBR density
alterations in the adrenal, this was not obvious for the
PBR density change in the hippocampus. These results
suggest that the changes in PBR density in the adrenal
are closely related to the alterations of behavior in the
present study, while the change in hippocampal PBR
density presents a more complex picture. Since the re-
sults of experiment 1 suggested that the hippocampus
may be a structure representative of PBR changes in the
CNS due to stress, we believe that the relevance to be-
havior of PBR density changes in the hippocampus
merits further study.

Considering the PBR synthesis cascade (Zilz et al.
1999; Papadopoulos et al. 1997), the duration until
novel synthesis and expression of PBRs can be expected
to require more than one hour. This time frame sug-
gests that changes in PBR ligand binding density in the
adrenal and hippocampus within the first hour follow-
ing stress, as reported in the present study, are rather
due to recruitment or disbanding of functional PBRs
than to modifications in PBR synthesis. Studies in our
laboratory regarding PBR composition following vari-
ous treatments suggest that PBR function, including PK
11195 binding, is related to the relative abundance of
the 18kDa isoquinoline binding protein (IBP) PBR sub-
unit within the PBR complex (Veenman and Gavish
2000; Golani et al., 2001). For example, castration of
female rats by chronic administration of the GnRH ago-
nist Decapeptyl (triptorelin-D-Trp6-lHRH) resulted in
reduced PBR ligand binding in the adrenal accompa-
nied by changes in PBR subunit composition (Golani et
al., in press). Apparently, changes in PK11195 binding
possibly may be due to association of more or fewer IBP
subunits to the PBR complex. For short term changes
this may imply that more or fewer “free” IBP present in
the mitochondrial membrane may be transferred into
the PBR complex. Longer term changes may include
changes in PBR protein synthesis.

Interactions between corticosteroids and PBRs are
often considered in responses to stress (for reviews, see
Gavish et al. 1999; Veenman and Gavish 2000). PBRs
appear to play a major role in the control of adrenal ste-
roidogenesis during exposure to acute and chronic en-
vironmental stress (Gavish and Weizman 1997). Abun-
dant evidence shows an increase in corticosterone
following swim stress (Nagy et al. 1983; Cox et al. 1985;
Shors et al. 1999; Shors 2001), including forced swim
stress (Gonzalez et al. 1990; Moura and De Moraes 1994;
Connor et al. 1997). Purdy et al. (1991) found that

within 70 minutes after acute swim stress, increases in
allopregnalonone and allotetrahydydrodeoxycorti-
costerone peaked in the cerebral cortex and in the hypo-
thalamus of rats. This time course of corticoid synthesis
in the CNS may correlate with the reduction of PBR
binding found in first hour after acute swim stress in
the hippocampus in our present study. A question re-
maining is whether this correlation in time is due to an
actual effect of corticosteroids on PBR function.

Interestingly, it was also found that both GABA and
benzodiazepine receptor levels were positively corre-
lated with circulating corticosterone levels in female
rats, but this was not true for male rats (Wilson and Bis-
cardi 1994). In accord, one previous study showed that
GABA-A and GABA-B receptors in hippocampus, cere-
bral cortex and cerebellum of male rats are not affected
by either acute and repeated swim stress (Motohashi et
al. 1993). In mice, in vivo binding of [3H]Ro15-1788 to
benzodiazepine receptors was decreased in the hippoc-
ampus, cerebral cortex, striatum, hypothalamus, and
midbrain after repeated swim stress (Weizman et al.
1989). Such effects were not observed in adrenalecto-
mized animals (Weizman et al. 1990b). Thus, only in
some instances corticosteroids may affect GABA recep-
tor and CBR function. In male rats, however, no obvi-
ous correlation appears to exist between changes in
CBR, PBR and corticosteroid levels due to acute and re-
peated swim stress.

In conclusion, we suggest that PBR density in the ad-
renal gland and kidney is sensitive to environmental
stress associated with significant threats to the organ-
ism and that these changes may play a role in the phys-
iological and behavioral responses to stress. The role of
the changes observed in the hippocampus is as yet un-
clear, but may be associated with the neuroendocrine
response to stress.
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