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Involvement of central opioid systems in human interferon-o
induced immobility in the mouse forced swimming test
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1 We investigated the mechanism by which human interferon-o (IFN-2) increases the immobility
time in a forced swimming test, an animal model of depression.
2 Central administration of IFN-a (0.05—50 IU per mouse, i.cist.) increased the immobility time in
the forced swimming test in mice in a dose-dependent manner.
3 Neither IFN-f nor -y possessed any effect under the same experimental conditions.
4 Pre-treatment with an opioid receptor antagonist, naloxone (I mgkg™', s.c.) inhibited the
prolonged immobility time induced by IFN-u (60 KIU kg~!, i.v. or 50 IU per mouse. i.cist.).
5 Peripheral administration of naloxone methiodide (1 mg kg~', s.c.), which does not pass the
blood—brain barrier, failed to block the effect of IFN-«, while intracisternal administration of
naloxone methiodide (1 nmol per mouse) completely blocked.
6 The effect of IFN-a was inhibited by a p,-specific opioid receptor antagonist, naloxonazine
(35 mg kg~', s.c.) and a p,/u, receptor antagonist, f-FNA (40 mg kg~', s.c.). A selective 5-opioid
receptor antagonist, naltrindole (3 mg kg™', s.c.) and a «k-opioid receptor antagonist, nor-
binaltorphimine (20 mg kg~', s.c.), both failed to inhibit the increasing effect of IFN-c.
7 These results suggest that the activator of the central opioid receptors of the yu;-subtype might be
related to the prolonged immobility time of IFN-o, but 6 and x-opioid receptors most likely are not
involved.
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Introduction

Interferons (IFNs) are multifunctional cytokines and compo-
nents of host defence against viral and parasitic infections and
certain tumours. There appear to be three major classes of
human IFNs: o, f and y. These IFNs produced by infected cells
prevent the multiplication of viruses and also induce immune-
mediated clearance of viruses (Gisslinger et al., 1993; Pestka et
al., 1987; Sen & Lengyel 1992). Thus, IFN therapy is useful in
the management of a variety of chronic viral infections and
malignant diseases (Dianzani et al., 1990; Steinmann et al.,
1993).

In therapeutic usage of IFNs, central nervous system
(CNS), respiratory and cardiovascular system, renal function,
and autoimmune side effects have been observed (Quesada et
al., 1986; Vial & Descotes 1994). Recently, the frequency of
CNS side effects of IFNSs, including drowsiness, sensory
hypersensitivity, motility disorder, hallucinations and depres-
sion, has increased markedly (Adams et al., 1988; Merimsky et
al., 1990; Meyers et al., 1991; Rohatiner et al., 1983; Smedley et
al., 1983). Interestingly, the incidence of CNS side effects, in
particular that of psychosis with IFN-o appears to be higher
than that with IFN-f and IFN-y (Bocci, 1988; 1994; Takagi
1995; Vial & Descotes, 1994), but the mechanisms by which
IFNs induce CNS side effects are not well understood.

Depression is a serious CNS side effect which sometimes
results in patient suicide during interferon therapy (Prasad et
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al., 1992; Renault et al., 1987). Our previous studies have
shown that human IFN-¢ but not human IFN-f or -y,
increased the immobility time in the mouse and rat forced
swimming test, which is regarded as a model of depression
(Porsolt et al., 1977; 1978), suggesting that human [FN-« has a
greater potential for inducing depression than human IFN-f
and -y (Makino et al., 1998; 2000).

In clinical trials, most patients with psychosis during IFN-
therapy reveal electroencephalogram (EEG) changes including
a slowing of the dominant a-rhythms and the occasional
appearance of diffuse 0- or intermittent 0-activity has been
reported (Mattson et al., 1983; Rohatiner et al., 1983; Suter et
al., 1984). In animal studies, human IFN-o enhanced EEG
slow-wave activity in rabbits (Krueger et al., 1987), and the
modified cortical EEG activity and increased EEG synchroni-
zation induced by human IFN-o in rats were reversed by
naloxone, an opioid antagonist (Birmanns et al., 1990).
Furthermore, human IFN-z but not IFN-f or -y, exerts
opioid-like effects in the CNS, and similarities have been
demonstrated among the structures of IFN-o proopiomelano-
cortin. ACTH and f-endorphin (Blalock & Smith 1980; 1981;
Jornvall et al., 1982). In support of this suggestion, human
IFN-o has been shown to bind to rat brain tissue membranes
(Janicki 1992) and it inhibits the binding of naloxone to rat
brain membranes (Menzies et al., 1992). These clinical and
animal model observations suggest that opioid systems likely
play a key role in the CNS side effects induced by IFN-o and
the possibility exists that human IFN-o induced depression
might be mediated by central or peripheral opioid systems.
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In the present study, we used the mouse forced swimming
test to evaluate whether the immobility induced by human
IFN-o might be due to a central or peripheral action and
whether human IFN-o induced depression is mediated by
central or peripheral opioid receptors. Furthermore, we
evaluated the type of opioid receptors involved in the increase
in the immobility induced by human IFN-a.

Methods

Animals

Male Slc: ddY mice (Japan SLC, Hamamatsu, Japan),
weighing 22~ 30 g were used. The mice were housed in an
animal room under the following conditions: room tempera-
ture. 23 +2°C: relative humidity, 55+20% with a 12 h/12 h
light-dark cycle (lights on at 0800 h). Each mouse was fed a
mouse/rat diet (F-2, pellet form. Funabashi Farm, Funabashi,
Japan), and allowed tap water ad [libitum. All experimental
procedures were performed in accordance with in-house
guidelines of the Institutional Animal Care and Use
Committee of Daiichi Pharmaceutical Co., Ltd.

Drugs and treatments

The following drugs were used: IFN-o (recombinant human
IFN-o-2b: Intron A", Yamanouchi Pharmaceutical - Schering
Plough, Tokyo, Japan), IFN-f (human fibroblast IFN-f:
Feron®™. Daiichi Pharmaceutical, Tokyo, Japan), IFN-y
(recombinant human IFN-y-la: Imunomax-y®. Shionogi
Pharmaceutical. Osaka, Japan), naloxone hydrochloride
(SIGMA, St. Louis, MO, U.S.A.), naloxone methiodide (RBI,
Natick, MA, U.S.A.), naloxonazine (RBI), f-funaltrexamine
hydrochloride (f-FNA, RBI), naltrindole hydrochloride
(RBI), nor-binaltorphimine dihydrochloride (nor-BNI, RBI).
The drugs were dissolved in 0.9% physiological saline (Fuso
Yakuhin Kogyo, Osaka, Japan), except for naloxonazine, f3-
FNA and naltrindole which were dissolved in 0.1 N
hydrochloride (Kishida Chemical, Osaka, Japan) and then
diluted in 0.9% physiological saline.

Forced swimming test

The procedure previously reported was used (Makino et al.,
1998). Briefly, mice were forced to swim for 6 min inside a
vertical acrylic cylinder (height, 25 cm; diameter, 12 cm)
containing water about 15 cm deep at 20°C. The total duration
of immobility time during the 6 min was measured. During the
swimming exposure, the mouse was judged to be immobile
whenever it remained floating motionless except for movement
necessary to keep its head out of the water. Peripheral
administration of IFN-o was administered intravenously into
a tail vein 15 min prior to testing. This treatment time and dose
of IFN-o were selected taking into account our previous study,
in which IFN-z (0.6—60 KIU kg~', i.v.) dose-dependently
increased the immobility time and the effect was peaked at
15 min after administration (Makino er al., 1998). Central
administration of IFNs were administered intracisternally
5 min prior to testing. This treatment time of IFNs used was
selected taking into account our preliminary study, in which
the effect of IFN-a (50 IU per mouse, i.cist.) was peaked at
5 min after administration. Naloxonazine and S-FNA were
administered subcutaneously 24 h prior to testing nor-BNI
was administered subcutaneously 2 h prior to testing. The
other opioid antagonists were administered subcutaneously

30 min prior to testing. These pre-treatment time and doses of
antagonists were selected in accordance with the previous
reports, in which these antagonists were adequately effective
(Carr et al., 1993; Kamei et al., 1995; Paul et al., 1989; Scoto &
Parenti, 1996). Animals of the control group received 0.9%
physiological saline through injection sites identical to the
experimental animals. Separate groups of mice were used in
each study.

Locomotor activity

Mice were placed individually into a wheel cage (MIP-012,
Muromachi Kikai, Tokyo, Japan). The number of rotations of
the cage was measured as an index of spontaneous locomotor
activity. Mice which rotated the cage over 200 times in a 30-
min period were selected for the study at 24 h prior to the
experiment. Mice were administered intracisternally with
IFNs, and the spontaneous locomotor activity was measured
S min after administration. The number of revolutions was
recorded at 10-min intervals for a period of 30 min. Animals of
the control group were administered 0.9% physiological saline
and separate groups of mice were used in each study.

Statistical analysis

Data from the forced swimming test and the locomotor
activity test were analysed by the one-way layout and multiple
comparison method of Dunnett.

Results

Effects of IFNs in the forced swimming test and the
spontaneous locomotor activity

Intracisternal administration of IFN-a (0.05-50 IU per
mouse) dose-dependently increased the immobility time in the
forced swimming test in mice (Figure 1). At 50 IU per mouse,
this effect was statistically significant (Figures 1 and 2A).
Neither IFN-f nor IFN-y (50 IU per mouse, i.cist.) changed
the immobility time (Figure 2A). At the highest concentration
studied, none of IFNs (50 IU per mouse, i.cist.) changed
locomotor activity (Figure 2B) and caused abnormal
behaviour in mice.
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Figure 1 Effect of IFN-o on the immobility time of the forced
swimming test in mice. Saline (control) or IFN-o (0.05-50 IU per
mouse. i.cist.) was administered 5 min before measurement of
immobility time. Each value represents the mean +s.e.mean (n=10).
*P<0.05 vs control group.
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Figure 2 Effects of IFNs on the immobility time of the forced
swimming test (A) and locomotor activity (B) in mice. Saline
(control) or IFNs (50 IU per mouse, i.cist.) were administered
5 min before measurement of immobility time and locomotor
activity. Each value represents the mean+s.e.mean (n=10).
*P<0.05 vs control group.

Effects of naloxone and naloxone methiodide on the
effect of IFN-o in the forced swimming test

Intravenous administration of IFN-a (60 KIU kg~') also
increased the immobility time. Pre-treatment with naloxone
(1 mg kg™', s.c.) blocked the effects of IFN-o administered
either intravenously or intracisternally (50 IU per mouse)
(Figure 3). On the other hand, naloxone methiodide
(I mg kg™', s.c.) was ineffective, but pre-treatment with
naloxone methiodide administered intracisternally (1 nmol per
mouse) blocked the increasing effect of IFN-« (Figure 4).
Either drug alone had no effect either the immobility time
(Figures 3 and 4) or the spontaneous locomotor activity in
mice (data not shown).

Effects of selective opioid antagonists on the effect of
IFN-o. in the forced swimming test

Pre-treatment with naloxonazine (35 mg kg~ ', s.c.) or f-FNA
(40 mg kg~', s.c.) blocked the IFN-z (60 KIU kg~', i.v.)
induced increase in the immobility time (Figure 5). In contrast,
neither naltrindole (3 mgkg~', s.c) nor nor-BNI
(20 mg kg~', s.c.) had any effect (Figure 6). None of the drugs
administered alone changed the immobility time (Figures 5
and 6) or the spontaneous locomotor activity in mice (data not

shown).
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Figure 3 Effects of naloxone on the effect of IFN-o in the forced
swimming test in mice. (A) Saline (control) or IFN-o (60 KIU kg~ !,
i.v.) was administered 15 min before measurement of immobility
time. (B) Saline (control) or IFN-a (50 IU per mouse, i.cist.) was
administered 5 min before measurement of immobility time. Nalox-
one (I mg kg™', s.c.) was administered 30 min before measurement
of immobility time. Each value represents the mean+s.e.mean
(n=10). **P<0.01 vs control group.

Discussion

The data obtained in this study confirm our previous
observations, in that human IFN-o but not human IFN-f or
-y, has the potential for inducing depression (Makino et al.,
1998). The increasing effect of human IFN-o in the mouse
forced swimming test was apparent following both central and
peripheral administration. The penetration of IFNs into the
brain from plasma is limited by its low cerebrovascular
permeability and its rapid elimination from plasma (Bocci,
1994; Vial & Descotes, 1994). Despite the achievement of high
plasma IFN levels after systemic administration, little or no
IFN is detectable in the cerebrospinal fluid (Jordan et al., 1974,
Rohatiner et al., 1983; Martino & Singhakowinta 1984).
According to Wiranowska et al. (1989), however, IFNs might
enter the brain at low levels through areas lacking the blood —
brain barrier, such as the area postrema, median eminence and
infundibular recess. Some reports concerning the pharmaco-
kinetics of IFN in CNS indicate that the brain/plasma ratio of
IFN-« intravenously administered in rats is 0.002 (Greig et al.,
1988). The cerebrospinal fluid/serum ratio of IFN-o after
intravenous or intramuscular administration in monkeys is
0.03 (Habif et al., 1975), and the ratio for IFN-o after
intravenous administration in humans ranged from 1/550 to 1/
1100 (Smith et al., 1985). These reports also suggest that the
brain levels of IFN-u are very low, <20 IU ml~' of the
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Figure 4 Effect of naloxone methiodide on the effect of intravenous
administration of IFN-« in the forced swimming test in mice. Saline
(control) or IFN-o (60 KIU kg~', i.v.) was administered 15 min
before measurement of immobility time. (A) Naloxone methiodide
(1 mg kg~ !, s.c.) was administered 30 min before measurement of
immobility time. (B) Naloxone methiodide (1 nmol per mouse, i.cist.)
was administered 30 min before measurement of immobility time.
Each value represents the mean+s.e.mean (n=10). **P<0.01 vs
control group. NLX Met.: naloxone methiodide.

cerebrospinal fluid level in animals. In the current study,
central administration of IFN-« (50 IU per mouse, i.cist.)
significantly increased the immobility in the mouse forced
swimming test, consistent with our previous studies with IFN-
o (60 KIU kg~', i.v.). Although we did not measure the brain
IFN-a levels after peripheral administration, it is likely that the
very low levels of IFNs entering the brain are enough to
increase the immobility in the mouse forced swimming test. In
contrast to IFN-o, neither IFN-f nor -y increased the
immobility time in the forced swimming test even after central
administration, suggesting that IFN-f and -y have less ability
to act in CNS than IFN-a.

It is unlikely that the increasing effect of IFN-« in the forced
swimming test following both central and peripheral admin-
istration was due to motor dysfunction, such as decreased
locomotor activity and ataxia, since IFN-o did not affect the
locomotor activity of mice under the same treatment regimen
and conditions as those used for the forced swimming test,
consistent with our previous study with peripheral adminis-
tration of IFN-« (Makino et al., 1998).

Electrophysiological and other studies have indicated that
human IFN-« acts upon opioid receptors (Birmanns et al.,
1990; Blalock & Smith 1981; Daffny er al., 1988; Daftny,
1998; De Sarro et al., 1990; Saphier et al., 1993), and this
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Figure 5 Effects of naloxonazine (A) and -FNA (B) on the effect of
IFN-o in the forced swimming test in mice. Saline (control) or IFN-o
(60 KIU kg~ !, i.v.) was administered 15 min before measurement of
immobility time. Naloxonazine (35mgkg™!, sc) or B-FNA
(40 mg kg~!, s.c.) was administered 24 h before measurement of
immobility time. Each value represents the mean+s.e.mean (n=10).
*P<0.05. ¥*P<0.01 vs control group. NXZ: naloxonazine.

viewpoint is substantiated by the ability of IFN-o, but not
IFN-f or -y, to inhibit the binding of naloxone to brain
membrane of rats and mice (Blalock & Smith 1981; Menzies
1992). In the present study, central and peripheral adminis-
tration of human IFN-a induced an increase in the forced
swimming test and this effect was blocked by naloxone, an
opioid receptor antagonist, supporting the hypothesis that
opioid systems play a key role in the effect of IFN- in this test.
Since opioid receptors are found to be widely expressed in the
CNS region and several peripheral tissues of the body
(Mansour et al., 1995; Wittert et al., 1996), either one or both
sites might be related to the increasing effect of IFN-o. In this
study, naloxone methiodide administered peripherally, which
does not pass the blood—brain barrier, failed to block the
effect of human IFN-«, but intracisternal administration of
naloxone methiodide com-pletely blocked the effect. These
results suggest that the increase in the immobility induced by
human IFN-« in the forced swimming test could be mediated
by the central opioid receptors, rather than receptors expressed
in tissues.

Based on pharmacological studies, at least three classes of
opioid receptors have been defined and are known as u, é and
k receptors (Reisine & Bell, 1993). These receptors are known
to be widely distributed in the CNS (Mansour et al., 1995). To
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Figure 6 Effects of naltrindol (A) and nor-BNI (B) on the effect of
IFN-« in the forced swimming test in mice. Saline (control) or IFN-«
(60 KIU kg™, i.v.) was administered 15 min before measurement of
immobility time. Naltrindol (3 mgkg™', sc) or nor-BNI
(20 mg kg™, s.c.) were administered 30 min or 2 h before measure-
ment of immobility time, respectively. Each value represents the
mean +s.e.mean (n=10). **P<0.01 vs control group.

determine the role of centrally located p, 6 and k opioid
receptors in the immobility increased by human IFN-a we
evaluated the effects of their specific receptor antagonists. The
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