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INOUE, T., K. TSUCHIYA AND T. KOYAMA. Serotonergic activation reduces defensive freezing in the conditioned
fear paradigm. PHARMACOL BIOCHEM BEHAYV 53(4) 825-831, 1996. —Our previous study showed that conditioned
fear stress (CFS) increased serotonin (5-HT) metabolism in the medial prefrontal cortex and induced freezing behavior.
Although these results could support the 5-HT hypothesis of anxiety, the functional significance of the 5-HT response to
stress is unclear. In this study, the effects of S-HT reuptake inhibitors, agonists, antagonists, and diazepam on freezing
behavior induced by CFS were examined using a time-sampling procedure. Various doses of test compounds were administered
subcutaneously to rats 24 h after the last session of repeated foot-shock for 5 days. Rats were again placed in the shock
chamber without shocks 20 min after injections of drugs, and observed. Diazepam (1 mg/kg) and the 5-HT,, agonist
ipsapirone (0.5-10 mg/kg) significantly inhibited freezing behavior. L-5-Hydroxytryptophan (with benserazide) and the selec-
tive 5-HT reuptake inhibitor citalopram (10 mg/kg) reduced freezing behavior. The 5-HT, antagonists 1C1169,369 and
ketanserin failed to change freezing behavior. p-Chlorophenylalanine (200 mg/kg) administered 15 h before the test did not
affect freezing. The effect of ipsapirone was not modified in rats with lesions of 5-HT neurons, produced by p-
chloroamphetamine (2 x 10 mg/kg). In conclusion, these results suggest the anxiolytic potential of ipsapirone and citalo-

pram, and support the hypothesis that the facilitation of 5-HT neurotransmission decreases anxiety.
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RECENTLY, we have found that conditioned fear stress
(CFS), an animal model of anxiety without physical stimuli,
selectively increased serotonin (5-HT) metabolism in the me-
dial prefrontal cortex (mPFC) and produced marked freezing
behavior, regarded as an index of fear (26). Furthermore, in
another study, we showed that the augmentation of CFS in-
creased 5-HT metabolism not only in the mPFC, but also in
the nucleus accumbens and amygdala, and enhanced fear-
related behavior, such as freezing (27). These findings support
the hypothesis that the 5-HT neuron system is closely related
to anxiety, and are consistent with the clinical evidence that
various 5-HT-related drugs are effective in anxiety disorders
(13,29). However, it is not clear whether CFS-induced brain
S-HT activation reflects emotional reaction (anxiety) to, or
coping with, stress.

It is widely accepted that 5-HT neurons promote anxiety in
humans as well as in animal models (20). However, this classi-
cal hypothesis of 5-HT function in anxiety is inconsistent with
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a large number of recent clinical and animal data, which indi-
cate that facilitation of 5-HT neurotransmission prevents anx-
iety (13). Several clinical placebo-controlled studies have con-
sistently revealed that drugs assumed to facilitate 5-HT
neurotransmission, such as serotonin reuptake inhibitors (SRI),
monoamine oxidase inhibitors (MAOI), and 5-HT precursors,
are effective in the treatment of anxiety disorders (8,13,28,29).
These clinical data support the hypothesis that facilitation of
serotonergic nerve transmission decreases anxiety. Such a hy-
pothesis makes it possible to interpret CFS-induced brain
S-HT activation as reflecting coping with stress rather than an
emotional reaction to stress.

On the other hand, new anxiolytic 5-HT, , receptor agonists
such as buspirone and ipsapirone have complex actions on
S-HT,, receptors, which are located on both presynaptic and
postsynaptic neurons (18). Some authors have suggested that
the ability of 5-HT,, receptor agonists to decrease central
5-HT function via presynaptic 5-HT,, receptors is related to
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their antianxiety properties (5,7,10-12,22,37). However, as
mentioned before, this classical hypothesis conflicts with the
clinical effects of SRI and MAOI in the treatment of anxiety.
Furthermore, there are some data implicating postsynaptic
5-HT,, receptors in the anxiolytic effects of these agonists
(6,10,30,34,36). Unfortunately, because there are few studies
that have demonstrated the anxiolytic effects of both 5-HT,,
receptor agonists and SRI in the same animal model of anxiety
(7), it is difficult to explain these differences between studies.

In an attempt to clarify the relationship between 5-HT neu-
rotransmission and anxiety, the present study examined the
effects of diazepam and various 5-HT-related agents, such as
a 5-HT,, agonist, selective 5-HT reuptake inhibitor, 5-HT
precursor, and 5-HT, antagonists (31), on CFS-induced freez-
ing behavior. Moreover, the anxiolytic effect of a 5-HT,, ago-
nist was also studied in rats with lesions of central 5-HT neu-
rons induced by p-chloroamphetamine (PCA). Preliminary
results of the present experiments have been reported pre-
viously (25).

METHODS
Animals

Male Sprague~Dawley rats (Shizuoka Laboratory Animal
Center, Shizuoka, Japan), weighing 250-300 g, were used.
The rats were housed four per cage and maintained ina 12 L :
12 D, temperature-controlled environment, with free access to
food and water. All experiments were performed between
0800 and 1300 h.

Drugs

The following drugs were used diazepam (Yamanouchi
Pharmaceutical Co., Tokyo, Japan); ipsapirone HCl (Bayer Ya-
kuhin Ltd., Japan); L-5-hydroxytryptophan (L-5-HTP; Tokyo-
kasei, Tokyo, Japan); benserazide HCI (Hoffman-La Roche,
Basal, Switzerland); citalopram HBr (H. Lundbeck A/S, Co-
penhagen, Denmark); ICI 169,369 HCI (Imperical Chemical
Industries, Macclesfield, UK); ketanserin tartrate (Janssen
Pharmaceutica, Beerse, Belgium); DL-p-chlorophenylalanine
methyl ester HCl (PCPA; Sigma, St. Louis, MO); and
p-chloroamphetamine (PCA; Sigma). Ipsapirone, IC1169,369,
citalopram, L-5-HTP, benserazide, ketanserin, PCPA, and
PCA were dissolved in 0.9% NaCl solution. Diazepam was
used as the commercially available solution Horizon diluted
with 40% propylene glycol. Drugs were injected subcutane-
ously (SC) in a volume of 1 ml/kg except for PCA and PCPA,
which were injected intraperitoneally.

Conditioned Fear

Rats were individually subjected to 30 min inescapable elec-
tric foot-shock [2.5 mA of scrambled shock, on a variable
interval schedule with a mean intershock interval of 60 s (35-
85 s) and shock duration of 30 s] in a chamber with a grid
floor (19 x 22 X 20 cm; Medical Agent Co., Kyoto, Japan)
for 5 days. Twenty-four hours after the last session, the rats
were again placed in the shock chamber and observed for 10
min without shocks. Drugs or vehicle were administered 20
min before testing except for L-5-HTP (30 min) and PCPA
(15 h). L-5-HTP was injected 30 min after peripheral amino
acid decarboxylase inhibition by means of benserazide (SC, 25
mg/kg). During these observational periods, freezing behavior
was recorded using a time-sampling procedure (15). Every 10 s,
the behavior that the animal was currently engaged in was
classified as either freezing or activity. Freezing was defined
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as the lack of all observable movements of the body and the
vibrissae except those related to respiration. The percentage
scores for freezing were calculated for a 10-min observation pe-
riod. These procedures were approved by the Hokkaido Univer-
sity School of Medicine Animal Care and Use Committee.

Open Field Activity

The open field consisted of a square arena 1.22 x 1.22 m
with opaque walls 45 ¢m high. The floor was divided by lines
into 16 equal squares. Twenty minutes after an SC injection
of citalopram (1 mg/kg) and ipsapirone (1 mg/kg) or 30 min
after an SC injection of L-5-HTP (20 mg/kg, 30 min after
benserazide, 25 mg/kg, SC), rats were taken from their cages
and placed in a corner of the open field facing the apparatus
wall. The number of squares crossed during 5 min was taken
as a measure of locomotor activity. After removal of each
animal, the open field was thoroughly cleaned.

Biochemical Determinations

The following brain regions were punched out with small
stainless-steel needles according to the method of Palkovits et
al. (33): mPFC, amygdala and hippocampus. 5-HT, 5-hy-
droxyindoleacetic acid (5-HIAA), dopamine, and noradrena-
line were determined by high-pressure liquid chromatography
with electrochemical detection (HPLC-ECD), as described
previously (26,27).

Data Analysis

All data are presented as the means + SEM of the individ-
ual values of the rats from each group. Statistical differences
between two groups were made using an unpaired /-test (two-
tailed). Multiple group comparisons were made using one-way
analysis of variance followed by Duncan’s test.

RESULTS

Conditioned fear stress induced marked freezing behavior
(Block 1, 72.1 + 12.2%; Block 2, 58.8 + 14.2%), whereas
freezing was not observed during a 10-min observation period
in the control group [Block 1, p < 0.001; Block 2, p < 0.01
(unpaired t-test)].

Diazepam (1 mg/kg) produced a significant reduction in
the duration of freezing induced by conditioned fear [F(3, 31)
= 3.93, p < 0.02] (Fig. 1). The 5-HT,, agonist ipsapirone
(0.5-10 mg/kg) dose-dependently reduced freezing [F(4, 35)
= 19.99, p < 0.0002} (Fig. 1). Citalopram (10 mg/kg) signifi-
cantly attenuated freezing behavior [F(5, 58) = 3.53, p <
0.01] (Fig. 2). In addition, when a 10-min observation period
was further divided into two 5-min periods, citalopram (1, 2,
and 10 mg/kg) had a significant effect on freezing on the
final 5-min block [F(5, 58) = 5.01, p < 0.001] (Fig. 2). The
administration of L-5-HTP (20 mg/kg, after benserazide) sig-
nificantly reduced freezing [F(4, 39) = 5.16, p < 0.002] (Fig.
2), whereas L-5-HTP (20 mg/kg) without benserazide did not
change freezing (data not shown). The 5-HT, antagonists
1C1169,369 (5-20 mg/kg) and ketanserin (0.1-5 mg/kg) had
no effect on freezing at any dose tested (data not shown).
PCPA (200 mg/kg) did not change freezing (data not shown).
PCPA reduced the cortical concentrations of 5-HT and 5-
HIAA by about 40-50% and reduced the cortical dopamine
concentrations by about 30%, but not the brain noradrenaline
concentrations (data not shown).

The effect of ipsapirone (I mg/kg) was not modified in
animals with lesions of 5-HT neurons produced by PCA (2 x
10 mg/kg) (Fig. 3). PCA reduced the 5-HT and 5-HIAA
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FIG. 1. Effects of diazepam (A) and ipsapirone (B) on freezing. Data
represent the mean percentages + SEM of freezing scored for a 10-
min observation period. Behavior was sampled at 10-s intervals. The
number of rats per group for each experiment were: diazepam, 7-12;
ipsapirone, 8; *p < 0.05; **p < 0.01 vs. vehicle controls.

concentrations in the mPFC, amygdala, and hippocampus by
about 70-80% (data not shown), but did not affect the dopa-
mine and noradrenaline concentrations in any of the brain
regions (data not shown).

In the open field test, effective doses in the conditioned
fear test of ipsapirone (1 mg/kg), citalopram (1 mg/kg), and
L-5-HTP (20 mg/kg after benserazide) were administered to
rats. These drugs did not affect locomotion compared with
vehicle controls (Table 1).

DISCUSSION

A number of paradigms have been developed to evaluate
the anxiolytic potential of new compounds in animals. Among
them, conflict tests are very sensitive to benzodiazepines and
have been widely used for screening tests of anxiolytic agents.
However, there are some problems with the conflict tests (38).
First, demonstrating anticonflict activity for the 5-HT,, ago-
nists selective SRI and MAOI was not always possible
(7,10,20); these have been found to be effective agents in the
treatment of anxiety. In particular, there have been only a few
animal studies concerning the anxiolytic effects of selective
SRI and MAOI until now (20). The second problem is that the
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conflict tests are inappropriate for investigating the relation-
ship between the neurochemical changes and anxiety, because
animals receive nonspecific physical stimuli (electric shocks)
in these models. For these reasons, to investigate the anxiolytic
effects of various 5-HT compounds, we chose the conditioned
fear model, which has no physical stimuli at time of testing
and does not use appetitive or consumatory behaviors.

Several studies have shown that CFS produces a number of
neurochemical, endocrinologic, and behavioral changes,
which are related to anxiety and fear (2,3,9,15,21,26,27,39).
Until now, there have been only two studies that used CFS
to investigate the anxiolytic effects of benzodiazepines and a
5-HT,, agonist (16,35). The present study also demonstrated
that the classical anxiolytic diazepam reduced CFS-induced
freezing behavior, which is considered to be an excellent index
of fear and anxiety (2,3). These results are consistent with
those of Fanselow and Helmstetter (16), who found that ben-
zodiazepines (midazolam, chlordiazepoxide, and diazepam)
decreased conditioned freezing.

The present study showed that both the selective SRI citalo-
pram (24) and the S-HT precursor L-5-HTP reduced condi-
tioned freezing. In other animal models of anxiety, there have
only been a few studies investigating the anxiolytic effects of
selective SRIs (7). Handley and McBlane (20) reported that
acute treatment with fluoxetine was anxiolytic in the conflict
test but anxiogenic in the elevated X-maze test, whereas other
studies failed to show the anxiolytic effects of selective SRIs
in the conflict test and elevated plus-maze test (7). Previous
studies have shown both anxiolytic and anxiogenic effects of
L-5-HTP in conflict tests (13). Thus, the previous data con-
cerning the effects of L-5-HTP and selective SRIs obtained in
animal models of anxiety have been contradictory. However,
clinical placebo-controlled studies have demonstrated that se-
lective SRIs and L-5-HTP are effective in the treatment of
anxiety disorders (1,8,28). Our results are consistent with these
clinical data and suggest that facilitation of 5-HT neurotrans-
mission decreases anxiety, because citalopram and L-5-HTP
are assumed to increase the output from the serotonin syn-
apse.

L-5-HTP after benserazide (25 mg/kg) significantly re-
duced conditioned freezing, whereas L-5-HTP (20 mg/kg)
alone (without benserazide pretreatment) did not change con-
ditioned freezing. Because a low dose of benserazide was re-
ported to enhance and reduce L-5-HTP-induced increases in
5-HT levels in the brain and the periphery, respectively (14),
the present results suggest that the effects of L-5-HTP on con-
ditioned freezing are mediated by central mechanisms but not
peripheral mechanisms.

5-HT,, agonists reduce anxiety in animal and human stud-
ies without producing sedative side effects (10,19,23). In the
present study, the selective 5-HT,, agonist ipsapirone (31) pro-
duced a dose-dependent reduction in conditioned freezing,
consistent with the results of Rittenhouse et al. (35). Further-
more, that a high dose of ipsapirone (10 mg/kg) also reduced
freezing behavior is consistent with the clinical findings that
ipsapirone has a negligible effect on psychomotor perfor-
mance (23). Ipsapirone is a partial 5-HT,, agonist, and its
intrinsic activity is lower than that of 5-HT (18,31). In our
unpublished data, the full 5-HT,, receptor agonist 8-OH-
DPAT also reduced conditioned freezing, whereas the selec-
tive 5-HT,, receptor antagonist WAY100135 did not change
it. These suggest that ipsapirone’s effect on conditioned freez-
ing is due to its agonistic activity at 5-HT, receptors. In addi-
tion, in the open field test, effective doses in the conditioned
fear test of ipsapirone, citalopram, and L-5-HTP did not af-



828
100}
o
£
o
o 50
} =
u
°\°
O.J
0-5 min 5-10 min
100
o
£
N
o
]
t
w
*

--plus

Benserazide

INOUE ET AL.

(A)

Dose of
Citalopram
Vehicle
0.1 mg/kg
0.5 mg/kg
1 mg/kg
2 mg/kg
10 mg/kg

EONEER

R

0-10 min

(B)

25mg/kg--
Dose of L-5-HTP (mg/kg)

FIG. 2. Effects of citalopram (A) and L-5-hydroxytryptophan (L-5-HTP) (B) with benserazide
on freezing. Data represent the mean percentages + SEM of freezing scored for a 10-min
observation period. Behavior was sampled at 10-s intervals. The number of rats per group
for each experiment were: citalopram, 8-12; 1-5-HTP, 8. *p < 0.05; **p < 0.01 vs. vehicle

controls.

fect locomotion compared with vehicle controls. These find-
ings suggest that the reduction in freezing observed with these
agents appears to be independent of any effects on motor
activity at doses required to reduce freezing significantly.

The present study showed acute effects of citalopram and
ipsapirone on conditioned fear-induced freezing. However,
clinical studies have suggested that chronic but not acute treat-
ment with these agents reduces anxiety, whereas benzodiaze-
pine efficacy is observed earlier (4). Unfortunately, several
previous studies have reported that acute treatment with 5-
HT,, agonists is effective in animal models of anxiety; there
are few studies to investigate the chronic effects of these
agents (7,10,20). Therefore, animal models of chronic anxiety

might be necessary to understand possible reasons for the dif-
ferences between animal models of anxiety and human anxiety
disorders in response to treatment with serotonergic agents.

The 5-HT, antagonists 1CI169,369 and ketanserin were not
effective in the conditioned fear paradigm. Other previous
studies reported the effects of 5-HT, antagonists on animal
models of anxiety, but the anxiolytic activity of 5-HT, antago-
nists in animals has not been consistently observed by several
investigators (7). The differences between studies in the anxio-
lytic effects of 5-HT, antagonists may be attributable to dif-
ferences between paradigms. However, clinical studies have
not yetascertained the anxiolytic effects of 5-HT, antagonists
(13,29).



SEROTONIN AND CONDITIONED FEAR

100 -

% Freezing

PCA

Ipsapirone -

829

+ +

FIG. 3. Effect of p-chloroamphetamine (PCA) on the anxiolytic action of ipsapi-
rone. PCA (2 x 10 mg/kg) was given intraperitoneally 12 and 11 days before the
test. Ipsapirone (1 mg/kg) was subcutaneously injected 20 min before the test. Data
represent the mean percentages + SEM of freezing scored for a 5-min observation
period. Behavior was sampled at 10-s intervals. **p < 0.01 vs. control group. N =

6-8 rats per group.

Several studies have investigated the mechanism of action
of anxiolytic effects of 5-HT,, agonists (10). A number of
studies of the role of serotonergic transmission have been re-
lated to the question of the relative contribution of pre- and
postsynaptic 5-HT, , receptors to the anxiolytic effects of these
compounds. However, whether presynaptic or postsynaptic
5-HT,, receptors are involved in the anxiolytic effects of these
drugs remains a matter of controversy (10). In some models,
it is suggested that the anxiolytic effects of 5-HT,, agonists
are mediated by both pre- and postsynaptic 5-HT,, receptors
(10). On the other hand, Eriksson and Humble (13) concluded
that a large number of clinical studies, which demonstrated
the anxiolytic effects of selective SRI, MAOI, 5-HTP, and
5-HT,, agonists, indicate that the facilitation of 5-HT neuro-
transmission decreases anxiety. In the present study, the ad-

TABLE 1

EFFECT OF IPSAPIRONE, CITALOPRAM,
AND L-5-HYDROXYTRYPTOPHAN (L-5-HTP) ON
LOCOMOTION IN THE OPEN FIELD TEST

Locomotion

(No. of

Drug Dose  No. of Squares

(mg/kg) Rats Crossed)
Saline (1 ml/kg) 16 45.1 + 5.0
Ipsapirone 1 8 41.6 £ 9.5
Citalopram 1 16 599 + 6.9
Benserazide + vehicle 8 73.6 + 7.6
Benserazide + L-5-HTP 20 8 65.6 + 5.1

In no case were statistical significant differences observed.

ministration of PCA, which reduced the concentrations of
5-HT and 5-HIAA in the mPFC, amygdala, and hippocampus
by about 70-80%, did not modify the anxiolytic effect of
ipsapirone. Because PCA causes degeneration of 5-HT axon
terminals arising from dorsal raphe nuclei but not from me-
dian raphe nuclei (17), it is likely that the 5-HT,, receptors in
the dorsal raphe are not associated with the effect of ipsapi-
rone on conditioned freezing. Our finding is in line with the
results of Chojnacka-Wdjcik et al. (6), who reported the lack
of effect of the 5-HT lesion induced with PCA on the anticon-
flict action of ipsapirone; however, it is inconsistent with other
studies (10). Taken together, these effects of ipsapirone, cita-
lopram, and L-5-HTP suggest that the anxiolytic effect of
ipsapirone in the conditioned fear model might be mediated
by postsynaptic 5-HT, receptors, and support the hypothesis
of Eriksson and Humble (13).

Our previous studies demonstrated that CFS produced
5-HT activation in the mPFC (26), and the enhancement of
CFS intensity further activated the 5-HT metabolism in the
mPFC, nucleus accumbens, and amygdala (27). The func-
tional significance of this 5-HT activation during CFS remains
unclear. Nevertheless, because the present results suggest that
facilitation of 5-HT neurotransmission decreases conditioned
fear, it is possible to postulate the hypothesis that 5-HT activa-
tion in those regions during CFS reflects coping with stress
rather than an emotional reaction to stress. This idea could
explain the present result that PCA did not reduce conditioned
freezing despite a significant reduction in brain 5-HT levels
(up to 70-80%), indicating that 5-HT lesions produced by
PCA did not reduce anxiety. On the other hand, the finding
that PCA did not enhance freezing suggests that the extent
of 5-HT activation during conditioned fear is not enough to
attenuate freezing acutely in this experimental condition. In-
terestingly, in line with this view, a recent study showed that
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mPFC lesions interfered with the extinction of conditioned
fear responses elicited by conditioned stimuli (32). However,
this hypothesis obviously needs further experimental support
such as lesion studies.

In summary, the present results showed that diazepam,
ipsapirone, citalopram, and L-5-HTP are effective in reducing
conditioned freezing, an index of fear and anxiety. These are
consistent with clinical evidence that these drugs are effective
in the treatment of anxiety. Thus, CFS is a simple and useful
model for detecting the anxiolytic potential of 5-HT-related
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drugs and investigating the relationship between 5-HT neuro-
transmission and anxiety. Furthermore, the present data sup-
port the hypothesis that facilitation of 5-HT neurotransmis-
sion decreases anxiety.
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