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Basal and Stimulated C-fos mRNA Expression
in the Rat Brain: Effect of Chronic

Dietary Lithium

Jeannette C. Miller, Ph.D., and Aleksander A. Mathé, M.D., Ph.D.

The mechanisms underlying the therapeutic efficacy of
lithium in affective disorders are poorly understood;
however, previous studies have established an influence of
lithium on receptor-coupled and postreceptor signal
transduction mechanisms, including the transcription
factor c-fos. We investigated the effect of chronic lithium on
basal, stress-, muscarinic-, and haloperidol-induced c-fos
mRNA expression in various rat brain regions. Chronic
lithium produced significant reductions in basal c-fos
expression in the frontal cortex and hippocampus,
confirming our previous report. Stress-induced c-fos was
significantly attenuated in the frontal cortex, hippocampus,
and pituitary, was increased in the occipital cortex, and
unchanged in the hypothalamus by chronic lithium.
Pilocarpine-induced c-fos was significantly reduced in the
frontal cortex and hippocampus by chronic lithium, but was
enhanced in the occipital cortex and hypothalamus.
Haloperidol-induced c-fos was augmented in the striatum
and pituitary, but reduced in the frontal cortex by chronic
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Lithium is effective in the treatment and long-term pro-
phylaxis of patients with affective disorder. Although
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lithium treatment. In regions in which haloperidol did not
induce fos expression in control animals, fos levels after
haloperidol were reduced after chronic lithium. One week
after discontinuation of the lithium treatment, basal c-fos
levels remained significantly lower in the frontal cortex and
hippocampus, whereas the effects of stress, pilocarpine, or
haloperidol on fos were normalized in most regions, except
in the hippocampus, where the attenuated fos response to
injection stress persisted. We suggest that repression of
basal fos expression and inhibition and activation of
inducible fos may be factors to be considered in the longer-
term effects of lithium, leading to changes in expression of
genes that regulate fos and are regulated by Fos, and
ultimately to alterations in the functional activity of neural
systems involved in the pathophysiology of affective
disorder. [Neuropsychopharmacology 16:408-418,
1997] © 1997 American College of
Neuropsychopharmacology

the neurochemical and molecular mechanisms underly-
ing the mood-stabilizing effects of lithium are un-
known, lithium’s acute actions, to reduce signaling
through the phosphoinositol-protein kinase C (PI/PKC),
and cAMP-protein kinase A (PKA) second-messenger
systems are well documented (Manji and Lenox 1994;
Maniji et al. 1995 for reviews). These actions of lithium
on second-messenger signaling suggest that further
downstream effects may also be significant in lithium’s
mood-stabilizing effects. A common effector of signaling
through the PI/PKC and cAMP/PKA pathways is the
proto-oncogene c-fos. The fos and jun genes are mem-
bers of a group of genes, the immediate early genes
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(IEGs), that encode nuclear phosphoproteins known to
play a role in cellular differentiation (Angel and Karin
1991). IEGs also are induced in the central nervous sys-
tem (CNS) in response to a variety of extracellular stim-
uli, including neurotransmitters, growth factors, and
stress (Sheng and Greenberg 1990; Morgan and Curran
1991). Members of the Fos and Jun family of proteins
are believed to play a prominent role in the long-term
changes in neuronal function in response to these stimuli
by altering the expression of genes containing activator
protein-1 (AP-1) sequences that bind Fos:Jun het-
erodimeric or Jun:Jun homodimeric complexes (Franza
et al. 1988; Rauscher et al. 1988).

A possible influence of lithium on fos expression was
first indicated in a study by Kalasapudi et al. (1990)
who showed that fos expression was induced in PC12
cells by acute lithium. In that study, it also was demon-
strated that lithium enhanced fos expression induced by
protein kinase C (PKC)-linked muscarinic cholinergic
agonist stimulation. In other studies in PC12 cells, Divish
et al. (1991) provided evidence that lithium enhanced fos
expression through receptors and postreceptor activators
of PKC, but not through receptor activators of the cAMP
pathway. Subsequently, Weiner et al. (1991) extended
the findings in PC12 cells to the rat cortex, where it was
shown that acute lithium pretreatment enhanced pilo-
carpine-induced fos, whereas subchronic (6-day) lith-
ium treatment also augmented the fos response but less
than after acute lithium exposure.

An important criterion for defining a mechanism for
the therapeutic action of lithium or for any psychotropic
drug requires investigating the drug’s biological effects
in a time frame relevant to its clinical action in humans.
Only recently have there been reports utilizing chronic
treatment paradigms to study the effects of lithium on
signal transduction processes involving alteration of
transcription factor gene expression. Williams and Jope
(1994) found small increases in cortical and hippocam-
pal c-fos and junB in animals given a low subconvulsant
dose of pilocarpine. After chronic lithium treatment, the
fos response to this low dose of pilocarpine was un-
changed in the cortex but reduced in the hippocampus;
however, a 6-fold higher pilocarpine dose, which pro-
duced seizure activity in combination with the lithium,
enhanced c-fos expression in the cortex (Williams and
Jope 1994).

In a previous report, we presented evidence that the
basal expression of c-fos was significantly reduced in
cortical, hippocampal, and hypothalamic brain areas of
rats fed dietary lithium for 4 weeks (Mathé et al. 1995).
To investigate further the effect of chronic lithium treat-
ment on brain fos expression, we examined fos mRNA
induction in various rat brain regions after cholinergic
stimulation with a subconvulsant dose of pilocarpine
and also after treatment with a therapeutic dose of the
dopamine (DA), D, receptor antagonist, haloperidol.
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The interest in the DAergic system stems from studies
suggesting that DA plays a role in the therapeutic ef-
fects of lithium (Gottberg et al. 1988; Diehl and Gershon
1992; Baptista et al. 1993; Carli et al. 1994) and observa-
tions that some neuroleptic drugs (D, antagonists) use-
ful in the treatment of mania (Kane 1988) induce fos and
Fos protein in the striatum and nucleus accumbens of
the rat brain (Dragunow et al. 1990; Miller 1990; Robert-
son and Fibiger 1992).

METHODS
Drugs

Haloperidol hydrochloride and pilocarpine hydrochlo-
ride were from Sigma (St. Louis, MO). Haloperidol was
solubilized in dilute lactic acid (pH 4.5) and brought to
a concentration of 5 mg/ml with normal saline (final
pH 5.5). Pilocarpine was dissolved in normal saline (pH
6) to a concentration of 5 mg/ml. Vehicle solutions, pre-
pared as a control for haloperidol or for pilocarpine,
were pH-matched and identical volumes were adminis-
tered as the drug solutions. The haloperidol dose (1
mg/kg) was chosen on the basis of clinical equivalence
to an average dose of 15 mg/day in humans (Seeman et
al. 1976), its fairly selective action for DA, D, receptors
at this dose (Meltzer et al. 1989), and the ability to in-
duce fos mRNA in some brain regions in rodents (Miller
1990). The low pilocarpine dose (5 mg/kg) was chosen
to minimize the possibility of seizure activity, which
can occur in animals receiving lithium and because this
dose has previously been used in studies of the effects
of lithium on cholinergic stimulated fos responses in the
brain (Weiner et al. 1991; Williams and Jope 1994).

Chronic Lithium Treatment

Male Sprague-Dawley rats, initially 35 to 37 days of
age, were obtained from ALAB (Solna, Sweden). The
animals were kept in standard temperature and light
conditions (21 = 1°C) with a 12-hour light-dark cycle,
in accordance with the Karolinska Institute’s Guide-
lines for Animal Care and were allowed 7 to 8 days to
accommodate to their new environment prior to initiat-
ing the lithium treatment at 6 weeks of age. The rats,
housed 5 per cage, had free access to water, standard
rat food, or lithium supplemented in the rat chow. The
amount of lithium-supplemented diet consumed by in-
dividual animals could not be determined with these
housing conditions; however the amount of food con-
sumed by rats receiving the lithium diet or the normal
diet was monitored daily and was about the same
among the cages. Along with regular tap water, all lith-
ium-exposed animals had free access to a bottie con-
taining 0.9% NaCl to prevent lithium toxicity (Ellis and
Lenox 1990). We have previously shown in other inves-
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tigations using an identical lithium dose but shortened
time (4 weeks) that the mean serum lithium concentra-
tion ranged from 0.4 to 0.9 mEq/l (Mathé et al., unpub-
lished data). In one recent study it was 0.53 * 0.15
mEq/1 (Mathé et al. 1994) for the rats fed lithium. These
serum lithium levels are within the range of therapeutic
maintenance dose levels (0.4 to 0.8 mM/1) in humans
(Gelenberg et al. 1989).

One group of animals (17 = 15) received normal labo-
ratory rat chow for 7 weeks, and a second group (n = 30)
received identical amounts of rat chow to which lithium
sulfate (Astra AB, Sodertalje) in a dose of 2.19 g/kg was
admixed. At the end of the 6 weeks, a subgroup of lith-
ium-treated animals (1 = 15) was randomly selected
and continued to receive the lithium diet for an addi-
tional 6 days. On the 7th day, these rats were randomly
divided into five treatment groups (n = 3 each) and re-
ceived the following: no treatment; a single IP injection
of vehicle and sacrificed 30 minutes postinjection (con-
trol for haloperidol); haloperidol (1 mg/kg, IP) and sac-
rificed 30 minutes postinjection; vehicle (IP) and sacri-
ficed 45 minutes postinjection (control for pilocarpine);
pilocarpine (5 mg/kg IP) and sacrificed 45 minutes
postinjection. The remaining 15 lithium-treated rats
were withdrawn from the lithium diet at the end of the
sixth week and on the 7th day postlithium discontinua-
tion were randomly selected to receive identical acute
vehicle or drug treatments as described for the lithium-
continued group. The rats receiving normal food during
the 7-week period also were injected on the last experi-
mental day with either vehicle, pilocarpine, or haloperi-
dol, as described for the lithium groups. All drugs and
vehicle solutions were administered on the same day of
sacrifice. Sacrifice of all of the animals was conducted
between 8:30 and 11:00 A.M. on the same day to mini-
mize the influence of diurnal variation in basal fos ex-
pression (Grassi-Zucconi et al. 1993).

The 30-minute time point after haloperidol or corre-
sponding vehicle injection was based on previous stud-
ies of the time course of fos induction in the striatum,
prefrontal cortex, or cerebral cortex (Miller et al. 1989;
Miller 1990; Bing et al. 1991). Williams and Jope (1994)
previously studied the time course of pilocarpine’s ef-
fect on fos in the cortex and hippocampus and found
peak fos induction at 30 minutes and 1 hour, respec-
tively. We chose a 45-minute time point after pilocarpine
as a compromise because of the multiple brain regions
studied. A comparison of vehicle-treated animals 30 or
45 minutes before sacrifice to uninjected animals also
served as a measure of lithium’s effect on the fos response
to injection stress (Gubits et al. 1989; Bing et al. 1991).

All animals were sacrificed by decapitation, the
brains quickly removed, and regions dissected accord-
ing to the method of Glowinski and Iversen (1966). The
tissues were immediately frozen in liquid nitrogen and
stored at —80° C until shipment for analysis of c-fos
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mRNA expression. The frontal cortex, occipital cortex,
hippocampus, hypothalamus, striatum, and pituitary
were selected because these areas are enriched in neu-
rotransmitters that have in one way or another been im-
plicated in affective disorders (norepinephrine, seroto-
nin, dopamine, acetylcholine) and have been shown to
be relevant sites for the action of lithium and because
impairment in receptor:effector G protein—coupled ac-
tivity in these areas has been suggested to contribute to
the pathophysiology of mood disorders (Bunney and
Garland-Bunney 1987; Swerdlow and Koob 1987; Young
et al. 1991; Manji et al. 1991a, 1991b; Calabresi et al. 1993).

The study was approved by the Ethical Committee
for Animal Experiments, Karolinska Institute. In all
experiments, the rats groomed normally, and no gross
behavioral changes or signs of lithium toxicity were ob-
served. No significant effects of the chronic lithium regi-
men were observed in the weights of each brain region
(probability range, 0.67 to 0.97) or body weights among
the dietary treatments (one-way ANOVA, F = 3.9917,
df 2,6, p = .079), although the lithium and lithium-with-
drawn group showed about 10% weight loss. Periph-
eral organ weights were not assessed in this study;
howevér we previously observed no changes, except for
urinary bladder weight, due to the lithium diet (Mathé
et al. 1994, 1995).

Northern Analysis of c-fos mRNA Expression

Total RNA was prepared using the guanidinium isothio-
cyanate (GITC)-acid-phenol procedure of Chomcyznski
and Sacchi (1987) for tissues above 150 mg and by a
GITC-LiCl precipitation procedure modified for small
brain regions. Briefly, tissue ranging from 10 to 100 mg
was homogenized in 0.5 ml 4M GITC containing 10 mM
EDTA, 50 mM Tris-HCl (pH = 7.5), and 100 mM of
B-mercaptoethanol. Nonidet P-40 (20 ul) was then
added, the tissue was rehomogenized for 15 s, and 0.5
ml 4 M LiCl added and placed at 4° C overnight. The
homogenate was centrifuged for 30 minutes at 14,000
rpm in a microfuge, and the RNA-containing pellet was
resuspended in 400 pl 3 M LiCl, vortexed for 1 minute,
then centrifuged for 20 minutes. The pellet was resus-
pended in a solubilizing buffer [0.05 M Tris, pH = 7.5,
0.1% SDS (sodium dodecyl sulfate), 10 mM EDTA, and
100 mM B-mercaptoethanol], vortexed for 5 minutes,
placed on dry ice for;1 minute, then revortexed for 10
minutes. The mixture was extracted twice with diethyl-
pyrocarbonate (DEPC)-saturated phenol:chloroform:
isoamyl alcohol [1:1:(24:1)] and once with chloroform.
RNA was precipitated in 0.3 M sodium acetate (pH =
5.5), pelleted, washed twice with 75% ethanol, and re-
suspended in DEPC-treated MilliQ-Plus water contain-
ing 0.05 mM EDTA. RNA concentration was determined
from the optical density at 260 nM. Northern analysis
was performed as previously described (Miller 1990;
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Mathé et al. 1995). Prehybridization and hybridization
conditions with a 1.0-kb Pst I fragment of c-fos cDNA
radiolabeled with *P-dCTP (Random Primer Extension
System, Dupont, Boston, MA) were as previously de-
scribed (Miller 1990). The specific activity of the c-fos
probe ranged from 1.3-2 X 10° dpm/pg. RNA quantity
and quality for each sample was assessed by simulta-
neously probing samples with a random primed *P-
dCTP-labeled 564-bp fragment of rat cyclophilin cDNA
as a control “unregulated” gene. Filters were washed to
a stringency of 0.2 X standard saline citrate buffer [1 X
SSC = (0.15 M NaCl, 15 mM Na,Citrate-2H,0)] in 0.1%
SDS for 1 hour at 55° C, sealed in plastic bags, and ex-
posed to Fuji RX film for 18 to 36 hours.

Data Analysis

The intensity of hybridization for the mRNA species
was quantitated by video densitometric analysis of the
autoradiograms using an Image Analysis Video System
and Collage™ software for the Macintosh. The pixel in-
tensity (minus background) for c-fos and for cyclophilin
was determined for each sample. To ensure that the
lithium diet and various acute treatments had no effect
on the expression of cyclophilin, the cyclophilin data
for each brain region were subjected to a two-factor
ANOVA, GB-STAT for MS Windows, with factor-A =
chronic diet treatments (normal diet, lithium diet, lith-
ium diet + discontinuation of lithium), and factor B =
acute drug challenge (no treatment; vehicle, 30 minutes;
haloperidol, 30 minutes; vehicle, 45 minutes; and pilo-
carpine, 45 minutes) as main effects (see Results). The
data for fos were then corrected for quantity of RNA by
calculating a fos:cyclophilin ratio for each sample and
mean * SD for each treatment group. The fos:cyclophi-
lin ratios determined for each region for each of the
three diet treatment conditions and five acute drug or
vehicle treatments outlined in the Methods were statis-
tically evaluated using a two-factor ANOVA (factors A
and B above as main effects). Post hoc comparisons
were made with Tukey’s t-test.

RESULTS

Effect of Chronic Lithium, Lithium Discontinuation,
and the Acute Drug Treatments on Cyclophilin
mRNA Expression

The pixel intensities obtained for cyclophilin in each of
the brain regions from rats receiving the various diets
and acute treatments were analyzed as described in
Data Analysis. Neither a significant effect of the lithium
diets or acute drug or vehicle treatments or a significant
interaction between the diet condition and acute treat-
ments was observed in cyclophilin expression in any
brain area.
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Figure 1. Relative fos/cyclopholin expression (mean = SD)
in the frontal cortex of rats receiving 7 weeks of a normal
diet, a lithium diet, or 6 weeks of a lithium diet followed by 1
week of a normal diet and various acute treatments as
described in Methods. Two-factor ANOVA was used. Main
effects, Factor A and Factor B are as described in Methods:
(factor A, F,3, = 55.8564, p < .0001; factor B, F,3, = 18.6105,
p < .0001; A X B, Fg3 = 9.4803, p < .0001). Tukey’s t-test:
lithium effects, *p < .05, **p < .01 vs. normal diet; injection
stress effects, *p < .05, **p < .01, V30 or V45 vs. correspond-
ing no drug diet controls, *p < .05 vs. normal diet, **p < .01
vs. lithium diet; haloperidol effects, *p < .05, vs. correspond-
ing V30 diet controls, *p < .05, #p < .01 vs. normal diet after
haloperidol; pilocarpine effects, *p < .05, **p < .01 vs. corre-
sponding V45 diet controls, "p < .05, *p < .01 vs. normal
diet after pilocarpine. Open bars, normal diet; solid bars, lith-
ium diet; cross-hatched bars, lithium withdrawal. Representa-
tive Northern blot is shown in Figure 7.

Effect of Chronic Lithium and Lithium
Discontinuation on Basal and Stress-Induced
c-fos Expression

Lithium significantly reduced basal c-fos in the frontal
cortex and hippocampus (Figures 1 and 3). After discon-
tinuation of lithium for 1 week, basal c-fos expression re-
mained statistically lower than in control animals in
these regions. As can be seen in Figures 1 to 6, animals
treated with a normal diet showed a significant fos
response after a single injection at 30 minutes but not at
45 minutes in all brain regions except the striatum (Fig-
ure 5). In animals fed the lithium diet, fos also was induced
after vehicle injection in the frontal cortex, occipital cortex,
and hypothalamus, but not in the hippocampus. After
lithium was discontinued for 1 week, fos induction by
vehicle injection was observed in the hippocampus as
well as in the frontal cortex and hypothalamus, whereas
no evidence of induction was observed in the occipital
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Figure 2. Relative fos/cyclophilin expression (mean * SD)
in the occipital cortex. See legend to Figure 1. Two-factor
ANOVA (factor A, F, 3, = 23.5043, p < .0001; factor B, F 3, =
34.4864, p < .0001; A X B, Fy3, = 7.0257, p < .0001). Tukey’s
t-test: injection stress effects, *p < .05, **p < .01, V30 or V45
vs. corresponding no drug diet controls, *p < .01 vs. normal
diet, *p < .01 vs. lithium diet; haloperidol effects, **p < .01, vs.
V30 lithium diet control; pilocarpine effects, **p < .01 vs. corre-
sponding V45 diet controls, *"p < .01 vs. normal and lithium
withdrawal diets after pilocarpine. Open bars, normal diet; solid
bars, lithium diet; cross-hatched bars, lithium withdrawal.

cortex at 30 or 45 minutes. Vehicle injection did not in-
duce fos expression in the pituitary or striatum of the
lithium-treated or lithium-discontinued groups.

In comparison to non-lithium-treated stressed con-
trols fed the normal diet, the injection stress-induced fos
response was markedly attenuated in the frontal cortex
and hippocampus (Figures 1 and 3), but was aug-
mented in the occipital cortex (Figure 2) of chronically
lithium-treated rats. Stress-induced fos in the pituitary,
evidenced in animals fed a normal diet, was inhibited
in animals fed the lithium diet (Figure 6). Although the
fos response to stress was enhanced in the hypothalamus,
it was equally enhanced in rats fed a normal diet, a lith-
ium diet, or rats discontinued from the lithium diet
(Figure 4). After discontinuation of the lithium diet, the
attenuation of the stress-induced fos response persisted
in the hippocampus, but was no longer evident in the
frontal cortex, where fos levels were no different from
those seen in injected animals fed the normal diet. In
the occipital cortex, the fos response 30 minutes after in-
jection stress was now significantly lower than that seen
in the lithium-treated stressed animals but was not dif-
ferent from the response observed in non-lithium stressed
controls.
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Figure 3. Relative fos/cyclophilin expression (mean * SD)
in the hippocampus. See legend to Figure 1. Two-factor
ANOVA (factor A, F, 5, = 107.9004, p < .0001; factor b, F, 3, =
24.8551, p < .0001; A X B, Fy3 = 36.4718, p < .0001). Tukey’s
t-test: lithium effects, **p < .01 vs. no drug normal diet; injec-
tion stress effects, **p < .01, V30 vs. corresponding no drug
diets, **p < .01 V30 or V45 vs. normal diet; haloperidol
effects: **p < .01 vs. corresponding V30 diet control, *p < .05,
#p < .01 vs. normal diet haloperidol; pilocarpine effects:
*p < .05, **p < .01 vs corresponding V45 diet controls, *p <
.01 vs. normal diet pilocarpine. Open bars, normal diet; solid
bars, lithium diet; cross-hatched bars, lithium withdrawal.

Effect of Chronic Lithium and Lithium
Discontinuation on Pilocarpine-Induced
c-fos Expression

In comparison to the corresponding 45-minute injection
of vehicle in controls, pilocarpine significantly induced
fos in the frontal cortex, occipital cortex, hippocampus,
and hypothalamus of rats fed a normal diet (Figures 1
to 4). In rats fed the lithium diet, pilocarpine also signif-
icantly induced fos in the occipital cortex and hypothal-
amus, but did not significantly induce fos in the frontal
cortex and hippocampus compared with their corre-
sponding 45-minute vehicle-treated controls. After lith-
ium discontinuation, induction of fos by pilocarpine was
observed in the frontal cortex, occipital cortex, hippoc-
ampus, and hypothalamus, compared to their corre-
sponding 45-minute vehicle-treated controls.

The induction of fos was significantly lower in the
frontal cortex and hippocampus of chronically lithium-
treated rats (Figures 1 and 3) than in the normal diet
controls receiving pilocarpine; however, after lithium
discontinuation, fos induction by pilocarpine was no
longer attenuated and was significantly higher than the
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Figure 4. Relative fos/cyclophilin expression (mean * SD)
in the hypothalamus. See legend to Figure 1 and also Figure
7. Two-factor ANOVA (factor A, F, 3 = 0.6970, p = .506; fac-
tor b, Fy3 = 22.0766, p < .0001; A X B, Fy, = 43104, p =
.0015). Tukey’s t-test: injection stress effects, *p < .05, **p <
.05 V30 or V45 vs. corresponding diet control, *p < .05 vs.
V45 normal diet; haloperidol effects: **p < .01 vs. corre-
sponding V30 diet control, ¥p < .01 vs. normal diet after
haloperidol, *p < .01 vs. lithium diet after haloperidol; pilo-
carpine effects; **p < .01 vs. responding V45 diet controls;
AMp < .01 vs. normal diet pilocarpine, "p < .05 vs. lithium
diet after pilocarpine. Open bars, normal diet; solid bars, lith-
ium diet; cross-hatched bars, lithium withdrawal.

fos levels seen after pilocarpine in animals fed the normal
diet. A fos response to pilocarpine, not seen in rats fed
lithium continuously, also was observed in the hippo-
campus of rats after lithium discontinuation; however,
this response to pilocarpine was not different from that
seen in the hippocampus of rats fed the normal diet. In
contrast to the attenuated fos expression seen in the
frontal cortex and hippocampus after chronic lithium,
fos expression in response to pilocarpine was higher in
the occipital cortex and hypothalamus (Figures 2 and 4)
than in non-lithium-treated control animals receiving
pilocarpine. After lithium discontinuation, these en-
hanced effects on fos were no longer evident. Pilo-
carpine had no effect on striatal or pituitary fos expres-
sion in rats fed a normal diet, a lithium diet, or in rats
withdrawn from the lithium diet (Figures 5 and 6).

Effect of Chronic Lithium and Lithium
Discontinuation on Haloperidol-Induced
c-fos Expression

The major effects of haloperidol on ¢-fos were observed
in the striatum and pituitary, regions containing a high
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Figure 5. Relative fos/cyclophilin expression (mean * SD)
in the striatum. See legend to Fig. 1. Two-factor ANOVA
(factor A, F,3, = 6.8893, p = .0035; factor B, Fy; = 96.3213,
p <.0001; A X B, Fg3 = 10.9912, p < .0001). Tukey’s t-test:
haloperidol effects; **p < .01 vs. corresponding V30 diet con-
trol; #p < .01, *p < .05 vs. normal diet after haloperidol,
Ap < .01 vs. lithium diet after haloperidol. Open bars, nor-
mal diet; solid bars, lithium diet; cross-hatched bars, lithium
withdrawal.

concentration of DA, D, receptors. Haloperidol was
found to induce fos expression 7-fold in the striatum
(Figure 5) in rats fed the normal diet, as previously
demonstrated (Miller 1990) and 2-fold in the pituitary
(Figure 6). We also observed an induction of c-fos in the
striatum and pituitary of animals fed the lithium diet
and in the striatum, but not in the pituitary of animals
discontinued from the lithium diet for 1 week. The ha-
loperidol-induced fos response in the animals fed the
lithium diet was 2.6-fold higher in the striatum and 1.6-
fold higher in the pituitary than the haloperidol-
induced fos response of animals fed a normal diet. After
lithium discontinuation, the haloperidol-induced fos re-
sponse was significantly lower in the striatum and pitu-
itary than in animals fed the lithium diet, although the
fos levels were significantly higher in the striatum, and
significantly lower in the pituitary, than fos levels after
haloperidol in rats fed the normal diet.

In rats receiving the normal diet, fos expression was
unaltered by haloperidol in the occipital cortex or hypo-
thalamus; however, fos expression was induced by
about 36% in the frontal cortex, and fos levels in the hip-
pocampus after haloperidol were 70% lower than in
non-lithium-treated rats injected with vehicle (Figures
1 to 4). After lithium treatment and haloperidol chal-
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Figure 6. Relative fos/cyclophilin expression (mean = SD)
in the pituitary. See legend to Fig. 1. Two-factor ANOVA
(factor A, Fy3 = 21.6177; factor B, F 3, = 126.8263, p < .0001;
A X B, Fg3 = 41.7244, p < .0001). Tukey’s t-test: injection
stress effects; **p < .01 V30 vs. no drug normal diet control,
“p < .05, " "p < .01 vs. V30 normal diet; haloperidol effects;
“p < .01 vs. corresponding V30 diet control; #p < .01 vs.
normal diet after haloperidol, ~"p < .01 vs. lithium diet after
haloperidol. Open bars, normal diet; solid bars, lithium diet;
cross-hatched bars, lithium withdrawal.

lenge, fos levels in the frontal cortex, occipital cortex, and
hypothalamus were lower than their corresponding 30-
minute vehicle controls. In comparison to rats receiving
the normal diet and haloperidol, fos levels after halo-
peridol administration to lithium-treated rats were also
significantly lower in the hippocampus, frontal cortex,
and hypothalamus. This reducing effect of haloperidol
on fos expression was no longer observed in these re-
gions after discontinuation of lithium. Although halo-
peridol elicited a robust fos response in the hippocampus
of the lithium-discontinued animals when compared with
rats injected with haloperidol who were fed the normal
diet or lithium continuously, the level of fos expression
was not significantly different from the vehicle-injected
group fed the normal diet.

DISCUSSION

In this report we confirm our previous findings of sig-
nificantly diminished basal levels of c-fos in the frontal
cortex and hippocampus of chronically lithium-treated
rats (Mathé et al. 1995) and also show that the reduction
in basal fos expression in these regions persists after dis-
continuation of lithium. The mechanism by which basal
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fos expression appears to be stably repressed by chronic
lithium in the frontal cortex and hippocampus, but not
in other areas examined, is not known. However, a re-
cent study of the expression of Fos in fos-lacZ transgene
mice has shown that fos expression increases during
neonatal brain development, declining to adult values
at about 15 to 21 days postnatally, except in CA1 and
CA3 neurons of the hippocampus and in some cortical
neurons, where fos appears to be continuously expressed
at 5% to 25% of early-development levels (Smeyne et al.
1992). These authors suggest that this low, but continu-
ous, expression of basal fos may involve tonic activation
of fos transcription or inhibition of mechanisms involved
in fos repression. Chronic lithium exposure may inter-
fere with the mechanisms underlying the sustained
level of fos expression in these areas.

In addition, basal and inducible fos transcription is
cell-type specific and is subject to stringent regulatory
control, requiring a concerted action by a number of
factors on multiple control elements directing fos pro-
moter activity (Gilman et al. 1986; Verma and Sassone-
Corsi 1987; Sassone-Corsi et al. 1988; Lucibello et al.
1991). There is much evidence that chronic lithium ad-
ministration impairs PI/PKC- and AC-mediated signal
transduction (Hudson et al. 1993; Maniji et al. 1995, for
reviews), and both cellular pathways are involved in
the regulation of c-fos transcription. Thus long-term
lithium-induced changes in the transducing function of
these two pathways may alter in a cell-specific manner
any of the multiple interdependent factors regulating
fos transcription, such as AP-1, serum response factor,
or cAMP regulatory element binding protein (CREB);
for example, CREB in its phosphorylated form is an im-
portant regulator of fos (Sassone-Corsi et al. 1988; Shaw
et al. 1989; Lucibello et al. 1991). These and other factors
may, in turn, also regulate multiple other genes. As yet,
there are no reports of effects of lithium on nuclear fac-
tors regulating fos. Other factors, such as changes in the
stability of fos mRNA or Fos protein, also may be im-
portant and need to be considered.

We also present evidence that chronic lithium ad-
ministration has profound effects on the fos response to
stress, muscarinic cholinergic stimulation, or DA, D, re-
ceptor antagonism. The induction of fos by various
types of stress is well established (Gubits et al. 1990;
Bing et al. 1991; Schreiber et al. 1991; Titze-de-Almeida
et al. 1994). In the regions where fos was induced by in-
jection stress, an identical rapid and transient temporal
course was observed, irrespective of dietary treatment.
This finding suggests that the temporal course for fos in-
duction by injection stress is not affected by chronic lith-
jum treatment. The changes observed in stress-induced
activation of fos in the frontal cortex, hippocampus, and
occipital cortex may reflect postreceptor modifications in
G protein function and the PI/PKC and AC/PKA sec-
ond-messenger systems reported to occur with chronic
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Figure 7. Northern blots of c-fos
and cyclophilin mRNA expres-
sion in the frontal cortex and
hypothalamus of rats receiving
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lithium administration (Manji and Lenox 1994; Manyjii et
al. 1995 for reviews). It is notable that after discontinua-
tion of lithium, fos induction by injection stress was still
significantly attenuated only in the hippocampus. This
selective effect on stress-induced changes in hippocam-
pal fos may reflect an important, stable adaptive change
in neural activity associated with hippocampal func-
tion. From our limited data, it is not possible to assess
the role of the multiple receptor systems mediating
stress responses in the changes in fos elicited by chronic
lithium treatment. However, the biogenic amine systems
have been implicated in one way or another in stress re-
sponses and a variety of antidepressant treatments (Du-
man et al. 1994 for review), as well as in the action of lith-
ium (Manji et al. 1995 for review). The effectiveness of
lithium as an antidepressant has been questioned, but it
is of interest to note that the attenuation of fos induction
by acute stress seen in the frontal cortex of chronically
lithium-treated animals also is seen in the frontal cortex
of animals chronically administered electroconvulsive
shock treatment (ECT) or several different classes of an-
tidepressant drugs (Winston et al. 1990; Morinobu et al.
1995). These observations may offer some insight into
the ability of lithium to treat both the manic and depres-
sive aspects of bipolar disorder.

Previous studies have suggested that reduced mus-
carinic cholinergic neurotransmission is a factor in mania,
prompting the hypothesis that lithium may produce its
antimanic activity by enhancing cholinergic neurotrans-

v4s P

mission (Janowsky et al. 1980; Dilsaver 1986). Although
there is evidence that enhancement of muscarinic stim-
ulated fos in cell culture and in the cortex occurs acutely
(Divish et al. 1991; Weiner et al. 1991), we now provide
evidence that chronic lithium treatment has a differen-
tial, regional effect on muscarinic stimulated fos expres-
sion. Our observations of attenuation of pilocarpine-
induced fos expression in the frontal cortex and hippo-
campus are in sharp contrast to those of a previous re-
port showing enhanced fos induction in the hippocam-
pus and cerebral cortex in chronically lithium-treated
animals after 5 mg/kg pilocarpine as compared to con-
trols (Williams and Jope 1994). Although the underly-
ing basis for these differences is not known, several dif-
ferences in the experimental paradigm of Williams and
Jope are noteworthy: (1) These authors examined the
entire cortex, while we studied two specific areas of cor-
tex, frontal and occipital, where opposite effects of
chronic lithium on fos were found; (2) A shorter chronic
treatment paradigm and lower dose of lithium was
used (4 weeks of 1.7 gm/kg versus our 7 weeks of 2.19
gm/kg); (3) N-methyl-atropine was also administered
along with pilocarpine; (4) The effect of vehicle injection
or N-methyl-atropine on fos was not reported. Inas-
much as we examined only one time point after pilo-
carpine, the regional differences observed may be at-
tributed in part to regional differences in the kinetics of
the fos response to pilocarpine. Nonetheless, our studies
show that chronic lithium treatment profoundly influ-
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ences muscarinic-initiated changes in fos expression
and suggests the possibility that lithium’s efficacy in bi-
polar disorder may involve enhancement as well as in-
hibition of cholinergic initiated signal transduction.

The modification of cholinergic mediated fos expres-
sion by lithium does not appear to be stable, as the ef-
fects of pilocarpine normalized in most regions. Whether
the enhanced fos expression seen after lithium with-
drawal in the frontal cortex reflects an important longer-
term effect of lithium or simply a rebound increase due
to removal of lithium’s influence on factors mediating
fos transcription or posttranscriptional effects on fos
mRNA stability remains to be established.

Although noradrenergic, serotonergic, and cholin-
ergic mechanisms have been implicated in the action of
lithium and in the pathophysiology of mood disorders
(Maniji et al. 1995 for review), a role for DA is unclear.
Dopamine appears to play an inhibitory role in the reg-
ulation of fos expression in the striatum (Miller 1990).
The ability of haloperidol to induce c-fos in the striatum
is complex, but probably involves removal of D, inhibi-
tory control on excitatory neurotransmitters, GABA
and on DA, D, receptor-mediated activity (Miller 1990;
Guo et al. 1992; Ziolkowska and Hollt 1993; Decker et
al. 1995). The enhanced fos expression in the striatum af-
ter chronic lithium treatment may reflect further loss of
striatal D,-mediated inhibitory control. Evidence to
support this derives from a study by Carli et al. (1994)
showing that striatal dopaminergic activity is dimin-
ished by chronic lithium, possibly through impairment
of G protein coupling to AC. However, changes in PI/
PKC coupling to D, and D, receptors (Di Marzo et al.
1993; Simpson and Morris, 1995), the possibility of sig-
nificant “cross talk” between the AC/PKA and P/PKC
second-messenger systems (Houslay 1991), as well as
changes in postreceptor coupling mechanisms of other
neurotransmitters also may be considered as additional
factors contributing to the enhanced haloperidol-induced
fos response elicited by chronic lithium in the striatum
and pituitary. The mechanism involved in lithium’s in-
hibitory influence on fos expression after haloperidol in
the frontal cortex, occipital cortex, hippocampus, and
hypothalamus remains unclear; however, some of the
effects may be related to a dampening of fos induction
by injection stress, mediated in part, by the dopaminer-
gic system or other systems with which the DA system
interacts. The observation that removal of lithium from
the diet resulted in fos responses to haloperidol in the
frontal cortex, occipital cortex, and hypothalamus simi-
lar to that seen in animals fed the normal diet provides
some support for this notion. In addition, although lev-
els of fos in the hippocampus after lithium withdrawal
and haloperidol were actually higher than in normal diet
controls receiving haloperidol, the levels were about the
same as those seen in rats fed the normal diet that only
received vehicle.
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The biological consequences and significance of lith-
ium’s chronic effects on fos are not yet known; however,
our findings of persistent effects in the frontal cortex
and hippocampus are of particular interest because
these regions are known to be involved in brain func-
tions regulating mood, level of arousal, and attention.
Reduction in basal fos expression in these regions by
chronic lithium may alter the threshold for inducible fos
that would have an impact on the expression of multi-
ple genes regulated by Fos. Our results reinforce the no-
tion that lithium’s complex actions involve multiple
neurotransmitter-receptor and postreceptor interactions
and that the longer-term behavioral changes believed to
be associated with its therapeutic action ultimately re-
quire changes in the regulation of neuronal gene ex-
pression. Thus the therapeutic effects of lithium cannot
be attributable to its initial inhibitory action on P1/PKC
signaling but rather to its repeated action at this initial
target producing important adaptations that may alter
the brain’s response to a variety of stimuli, not only at
the initial target but also at other interrelated targets.
These adaptations may not only involve quantitative
changes in signaling but also result in qualitative
changes, such as the ability of the brain to respond, for
example, to stress. Our observations that chronic lith-
ium administration produces selective effects in the
brain on basal fos and may produce differential effects
on inducible fos, depending on region and on whether
they are mediated by excitatory or inhibitory neural
systems, may be relevant to lithium’s effectiveness in
the treatment of both mania and depression. Identifica-
tion of the gene products that regulate Fos, that are reg-
ulated by Fos, and that are stably affected by chronic
lithium may provide a basis for the development of bet-
ter treatment strategies, a better understanding of the
molecular basis of affective disorder, as well as provide
new insights into the mechanisms underlying lithium'’s
antimanic and mood-stabilizing action.
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