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Clozapine- and Olanzapine-induced Fos
Expression in the Rat Medial Prefrontal Cortex
is Mediated by (3-Adrenoceptors
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The atypical neuroleptics, clozapine and olanzapine, have
superior therapeutic efficacy against the negative symptoms
of schizophrenia, compared with the typical neuroleptics.
Recently, it has been suggested that the ability of clozapine
and olanzapine to induce Fos expression in the medial
prefrontal cortex (mPFC), contribute to their therapeutic
efficacy. However, the mechanisms underlying the
neuropharmacological effects of clozapine and olanzapine in
the mPFC remain elusive. In the present study, we
demonstrate that clozapine- and olanzapine-induced Fos
expression in the mPFC are inhibited by propranolol. We
also show that clozapine and olanzapine induce Fos

expression in the locus coeruleus. These results suggest that
clozapine and olanzapine increase noradrenaline release by
stimulating noradrenergic neuronal activity in the locus
coeruleus and, consequently, increased noradrenaline
induce Fos expression in the mPFC via B-adrenergic
receptors. This postulated sequence may be one of
mechanisms by which clozapine-like atypical neuroleptics
are more effective for the negative symptoms of
schizophrenia. [Neuropsychopharmacology 23:162—
169, 2000] © 2000 American College of
Neuropsychopharmacology. Published by Elsevier Science
Inc. All rights reserved
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Clozapine, a prototype atypical antipsychotic com-
pound, is effective not only against the positive, but
also against the negative symptoms of schizophrenia
(Claghorn et al. 1987; Kane et al. 1988) which are usually
resistant to typical neuroleptics. The mechanisms un-
derlying this action, although investigated intensively,
remain to be established. Recent studies involving the
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Fos protein have demonstrated that clozapine induces a
much larger increase in the number of neurons that ex-
hibit Fos-like immunoreactivity (LI) in the medial pre-
frontal cortex (mPFC) than do typical neuroleptics
(Deutch and Duman 1996; Fink-Jensen and Kristensen
1994; Fink-Jensen et al. 1995; Guo et al. 1995; Kurokawa
et al. 1997; Robertson and Fibiger 1992; Robertson et al.
1994; Wan et al. 1995). This regionally specific clozapine
effect sets it apart from typical neuroleptics.

Although simple neuronal depolarization or increase
in firing rate per se are not enough to induce c-fos in
many neurons, other factors such as phenotype of neu-
ronal cell are also required for c-fos expression, Fos pro-
tein is thought to be a marker of activated neurons in
specified subset of neurons (Sagar et al. 1988; Dra-
gunow and Faull 1989; Grant et al. 1992; Sharp et al.
1993). Therefore, it can be postulate that clozapine may
enhance neuronal activity in the mPFC. In connection
with the hypothesis that hypofrontality may be respon-
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sible for the negative or deficit symptoms of schizo-
phrenia (Weinberger 1988), the preferential induction
of Fos-LI in the mPFC is postulated to be one of the
mechanisms by which clozapine reduces the negative
symptoms of schizophrenia (Robertson et al. 1994). If
this is the case, it is important to determine the neuro-
pharmacological mechanisms by which clozapine in-
duces Fos expression in the mPFC. Although clozapine
is known to have an affinity for various neurotransmit-
ter receptors, such as noradrenergic, dopaminergic, his-
taminergic, muscarinic and 5-hydroxytryptamine (5-
HT) receptors, the precise neuropharmacological action
of clozapine that results in the induction of Fos expres-
sion in the mPFC is unknown. Since clozapine adminis-
tration increases the firing rate of noradrenergic cells in
the locus coeruleus (LC) and noradrenaline release
from nerve terminals in the mPFC (Ramirez and Wang
1986; Li et al. 1998; Westerink et al. 1998), it is possible
that clozapine-induced noradrenaline release activates
cortical neurons in the mPFC.

The recently developed clozapine-like atypical neu-
roleptic, olanzapine, is also effective in treating the neg-
ative symptoms of schizophrenia (Beasley et al. 1996;
Hamilton et al. 1998) and shares similar neuropharma-
cological profiles with clozapine, including receptor
binding (Bymaster et al. 1996a), noradrenaline release
in the mPFC (Li et al. 1998; Westerink et al. 1998) and
preferential Fos induction in the mPFC (Robertson and
Fibiger 1996; Sebens et al. 1998). Previous studies have
shown that Fos expression induced by noradrenaline in
the frontal cortex is mediated mainly by B-adrenocep-
tors (Bing et al. 1992; Stone and Zhang 1995). Therefore,
we hypothesize that clozapine and olanzapine stimu-
late noradrenaline release and induce Fos expression in
the mPFC via B-adrenoceptors. To test this hypothesis,
we examined whether the B-adrenoceptor antagonist,
propranolol, could block clozapine- or olanzapine-
induced Fos expression in the mPFC. We also examined
Fos induction in the LC to confirm that these agents ac-
tivate the noradrenergic neurons in the LC.

METHODS
Drug Treatment

All efforts were made to minimize both animal suffer-
ing and the number of animals used, in accordance with
the Guidelines for Animal Experiments of Okayama
University Medical School. Male Wistar rats (Clea, Ja-
pan; body weight: 250-270 g) were used. The animals
were housed two per cage with a 12-h light/12-h dark
cycle (lights on at 7:00 A.M.), and each rat was adapted
to handling every day for five minutes during the week
prior to the experiment. There were seven treatment
groups (n = 7/group): 1) saline (1 ml/kg, subcutane-
ously (s.c.)); 2) saline followed by 0.2% acetic acid (1
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ml/kg, s.c.); 3) saline followed by clozapine (20 mg/kg,
s.c.); 4) saline followed by olanzapine (5 mg/kg, s.c.); 5)
propranolol (5 mg/kg, s.c.) followed by 0.2% acetic acid
(1 ml/kg, s.c.); 6) propranolol (5 mg/kg, s.c.) followed
by clozapine (20 mg/kg, s.c.); and 7) propranolol (5
mg/kg, s.c.) followed by olanzapine (5 mg/kg, s.c.).

Second treatments were administered thirty minutes
after the first treatments. Clozapine (Sigma, St. Louis,
MO) and olanzapine (generous gift from Eli Lilly Co.,
Indianapolis, IN) was dissolved in 10 pl of 20% acetic
acid and then diluted to 1 ml with distilled water (cloz-
apine; 20 mg/ml, olanzapine 5mg/ml). DL-propranolol
HCI (Sigma) was dissolved in saline (5 mg/ml). Two
hours after the second injection, all of the animals were
anesthetized deeply with pentobarbital. They were then
perfused through the ascending aorta with 200 ml of sa-
line followed by 250 ml of 4% paraformaldehyde in
0.1 M phosphate buffer. Their brains were removed im-
mediately after perfusion and then immersed in the
same fixative. After a 24-h fixation period, coronal sec-
tions (30 wm) were cut from each brain using a Mi-
croslicer (DSK, Kyoto, Japan).

Immunohistochemistry

Sections were incubated with primary antiserum (1:
2500 dilution in phosphate-buffered saline at pH 7.4
containing 0.3% Triton X-100, 0.05% sodium azide, and
2% normal rabbit serum) for 72 h at 4°C. The primary
polyclonal antibody (OA-11-824; Genosys Biotechnolo-
gies, UK) was raised in sheep against residues 2-16 of
the N-terminal region of the Fos protein. Immunoreac-
tivity in the sections was visualized using the diami-
nobenzidine (DAB)-nickel method, described in detail
elsewhere (Hamamura et al. 1997). Since the antibody
recognizes both Fos and some related antigens, positive
staining is referred to as Fos-LI. Sections including the
LC were incubated in a 1:5000 dilution of an anti-
tyrosine hydroxylase monoclonal antibody (Boehringer
Mannheim Biochemica) overnight at room temperature.
Tyrosine hydroxylase-LI in these sections also was visu-
alized using a DAB method. All sections were mounted
on chrome-alum/gelatin-coated slides. Sections includ-
ing the prefrontal cortex were left to dry overnight,
counterstained with neutral red, and then coverslipped.

Quantification

The numbers of neurons showing Fos-LI were counted
in six sequential sections from each of the two areas of
the brain according to the antero-posterior coordinates
specified by Paxinos and Watson (1986) relative to the
bregma and associated structures: +2.7 for cingulate
cortex area 3 (Cg3) and - 10.04 for the LC. In the Cg3,
Fos-LI was quantified at X 95 magnification by count-
ing the number of neurons showing Fos-LI within a 380 X
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380 pm? grid (Figure 1). Fos-LI in the LC was deter-
mined by counting the number of nuclei showing Fos-
LI within tyrosine hydroxylase-positive neurons. Fos-LI
neuronal counts were performed bilaterally on each of
the six sections through each region from each animal
by an investigator who was unaware of the treatment
group. This resulted in a total of 12 determinations of
the number of neurons showing Fos-LI within a speci-
fied region for each animal. The mean of these 12 deter-
minations was used for subsequent statistical analysis.

Statistical Analysis

A one-way analysis of variance was performed on the
number of neurons showing Fos-LI within the Cg3. Post
hoc individual comparisons were performed using
Scheffe’s test. Student’s t-test was used for analysis of
the LC data.

RESULTS

Significant intergroup differences were present for the
Cg3 between the saline, saline + vehicle, propranolol +

Figure1. A drawing of section used for the counting of Fos
-LI nuclei in the cingulate cortex area 3 (Cg3). A drawing is
from Paxinos and Watson (1986).
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vehicle, saline + clozapine, and propranolol + cloza-
pine groups (F(4, 30 = 37.74, p < .0001). A post hoc com-
parison demonstrated that the saline + clozapine group
had significantly more neurons showing Fos-LI than
the saline + vehicle group, whereas pretreatment with
propranolol significantly reduced the number of neu-
rons showing Fos-LI induced by clozapine (Figures 2A,
3A, and 3A’).

Compared with the saline group, the saline + vehi-
cle group showed significantly more Fos-LI-positive
neurons. This vehicle-induced Fos expression probably
reflects the averse stimulation caused by vehicle injec-
tion (0.2% acetic acid). After treatment with propra-
nolol, this increase in Fos expression was largely re-
versed (Figure 2A). For olanzapine treatment, significant
intergroup differences were present for the Cg3 be-
tween the saline, saline + vehicle, propranolol + vehi-
cle, saline + olanzapine, and propranolol + olanzapine
groups (F(4,30) = 42.98, p < .0001). A post hoc compari-
son demonstrated that the saline + olanzapine group
showed significantly more Fos-LI-positive neurons
than the saline + vehicle group, whereas pretreatment
with propranolol significantly reduced the number of
neurons showing Fos-LI induced by olanzapine (Figure
2A). The saline + clozapine group had significantly
more LC neuronal nuclei showing Fos-LI than the sa-
line group (t = 11.43, p < .0001) (Figures 2B, 3B, and
3B’). The saline + olanzapine group had significantly
more LC neuronal nuclei showing Fos-LI than the sa-
line group (t = 13.12, p < .0001) (Figure 2B).

DISCUSSION

Clozapine has an affinity for various neurotransmitter
receptors, including al- and a2-adrenoceptors (Bymas-
ter et al. 1996a), dopamine D1, D2 (Meltzer et al. 1989),
D3 (Sokoloff et al. 1990), and D4 (Van Tol et al. 1991) re-
ceptors, as well as 5-HT2A and 5-HT2C receptors; hista-
minergic receptors (Coward 1992); and muscarinic re-
ceptors (Bolden et al. 1991), however, it has a very low
affinity for B-adrenoceptors (Bymaster et al. 1996a).
Previous studies have shown that, of these receptors,
5-HT2A/2C receptors, al-adrenoceptors, muscarinic
receptors, and dopamine D2 and D4 receptors are not
involved in clozapine-induced Fos expression in the
mPFC (Deutch and Duman 1996; Fink-Jensen et al.
1995). So far, B-adrenoceptors have not been investi-
gated. The results of the present study demonstrate that
the clozapine-induced Fos expression in the mPFC is
mediated by B-adrenoceptors. An early study showed
that clozapine increases the levels of 3-methoxy-
4-hydroxyphenylethyleneglycol (MHPG) in the rat
forebrain (Ader et al. 1980). In addition, Ramirez and
Wang (1986) reported that acute clozapine administra-
tion to anesthetized rats induced a significant increase
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in both the number and the firing rate of spontaneously
active noradrenergic neurons in the LC, from which no-
radrenergic efferents project into the cerebral cortex
(Holes 1990). In agreement with this electrophysiologi-
cal study in anesthetized rats, the present results dem-
onstrate a significant activation of noradrenergic neu-
rons by clozapine in non-anesthetized rats.

Clozapine shows high affinity for the a2-adrenocep-
tor (Bymaster et al. 1996a), and a2-adrenoceptors regu-
late both the firing rate of noradrenergic cells (Cedar-
baum and Aghajanian 1977; Freedman and Aghajanian
1984) and the noradrenaline release from nerve termi-
nals (L'Heureux et al. 1986; Van Veldhuizen et al. 1994).

Therefore, the a2 antagonistic effect of clozapine at ei-
ther nerve terminals or neuronal somata in the LC
would be expected to increase noradrenaline outflow
by blocking negative feedback regulation. Recent dialy-
sis studies have demonstrated that clozapine increases
noradrenaline release in the mPFC of freely moving rats
(Li et al. 1998; Westerink et al. 1998). Thus, we hypothe-
size that clozapine may increase the release of norad-
renaline and induce Fos expression by stimulating
B-adrenoceptors in the mPFC. In contrast, Guo et al.
(1995) reported that 6-hydroxydopamine-induced le-
sions of the dorsal noradrenergic bundle did not affect
clozapine-stimulated Fos induction in the mPFC. These
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Figure 3. Photomicrographs of Fos-LI, A and A’, in the Cg3 region. A: saline + clozapine. A’: propranolol + clozapine. B
and B’: Fos-LI (black nuclei) and stained somata (brown), representing tyrosine hydroxylase-LI in the LC. B: saline. B": saline +
clozapine. Fmi, forceps minor of corpus callosum. Bar = 100 pm.

results could be explained by up-regulation of B-adreno-
ceptors on the postsynaptic membrane acting as a com-
pensatory mechanism after noradrenergic lesions (Cohen
et al. 1985), resulting in no net change in Fos expression
in the mPFC following clozapine administration.

Olanzapine, a clozapine-like atypical neuroleptic,
possesses an affinity for various neurotransmitter re-
ceptors including al-adrenoceptors; dopamine D1, D2,
D3 and D4 receptors; 5-HT2A and 5-HT2C receptors;
histaminergic receptors and muscarinic receptors (By-
master et al. 1996a). It also increases noradrenaline re-
lease in the mPFC (Li et al. 1998; Westerink et al. 1998)
and induces Fos expression preferentially in the mPFC
(Robertson and Fibiger 1996; Sebens et al. 1998).

The present study demonstrated that olanzapine-
induced Fos expression in the mPFC is also mediated
by B-adrenoceptors. Because olanzapine also has a very
low affinity for B-adrenoceptors (Bymaster et al. 1996a),
olanzapine may increase noradrenaline release and
thereby activate neurons in the mPFC via stimulation of
the unblocked B-adrenoceptors. In contrast to cloza-
pine, olanzapine possesses only weak a2-adrenoceptor

antagonistic activity (Bymaster et al. 1996a,b), and
therefore it is unclear how olanzapine induces Fos ex-
pression in the LC. Li and coworkers (1998) speculated
that the mechanism of olanzapine-induced noradrena-
line release may involve al-adrenoceptor antagonistic
activity, because olanzapine possesses the al-adreno-
ceptor antagonistic activity as strong as that of cloza-
pine. However, because prazosin, a potent al-adreno-
ceptor antagonist, does not induce noradrenaline
release in the mPFC (Gobert et al. 1998), this postulated
al-antagonistic mechanism does not seem to be the
case. Further study is required to resolve this matter.
Propranolol is a non specific B-adrenoceptor antago-
nist and possesses 5-HT,, antagonistic activity. So there
is some possibility that either clozapine- or olanzapine-
induced Fos expression in the mPFC is mediated by
5-HT)  receptors. Olanzapine does not possess an affin-
ity for 5-HT,, receptors and does not induce 5-HT re-
lease in the mPFC (Bymaster et al. 1996a; Li et al. 1998),
so the probability of 5-HT;, receptor-mediated Fos ex-
pression is minimal. In contrast, clozapine possesses a
weak 5-HT,, agonistic activity (Bymaster et al. 1996a),
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and Rollema et al. (1997) reported that clozapine affects
the dopaminergic system in the mPFC via 5-HT4 re-
ceptors. However, a2-adrenoceptor antagonistic activ-
ity is apparently stronger than 5-HT}, agonistic activity
(the Ki value is 8 nM for a2-adrenergic and 770 nM for
5-HT;4) (Bymaster et al. 1996a). Thus, the 5-HT,-medi-
ated mechanism is probably a minor effect, if it occurs
atall.

The mPFC is rich in noradrenergic as well as dopam-
inergic and serotonergic nerve terminals (Parnavelas
1990). There is a large body of evidence to suggest that
hypometabolism in the prefrontal cortex contributes to
the negative symptoms of schizophrenia (Weinberger
1988; Weinberger et al. 1988; Wolkin et al. 1992). In ad-
dition, Van Kammen et al. (1986) has reported the
occurrence of decreased noradrenaline and MHPG con-
centrations in the cerebrospinal fluid (CSF) of schizo-
phrenic patients with negative symptoms. Therefore,
these negative symptoms may be attributable to dys-
function of the prefrontal cortex, including hypofunc-
tion of the noradrenergic network (Rao and Moller
1994). To support this, idazoxan, a selective a2-antago-
nist, is reported to augment therapeutic effect of typical
neuroleptics in treatment of schizophrenia (Litman et
al. 1993, 1996).

In accordance with experimental results, clozapine
treatment induces the up-regulation of noradrenaline
turnover and marked increases in noradrenaline levels
in both the CSF (Ackenheil 1989; Picker et al. 1992) and
plasma (Picker et al. 1992; Breier et al. 1994) of human
subjects. Taken together, these results suggest that cloz-
apine and olanzapine increase noradrenaline release
and thereby activate neurons in the mPFC via stimula-
tion of the unblocked B-adrenoceptors which then ame-
liorates the negative symptoms of schizophrenia. How-
ever, further study is needed to refine this hypothesis.
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