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(1) 191–200, 1998.—Elevated G protein abundance
and/or function has been implicated in the pathophysiology and pharmacotherapy of bipolar affective disorder. To test the
interactions between chronic lithium and carbamazepine on behavioral changes induced by cholera toxin (CTX), which cata-
lyzes ADP-ribosylation and constitutively activates G

 

a

 

s/olf, rats were given chronic dietary lithium, carbamazepine (CBZ),
or regular food (REG) and injected bilaterally in the nucleus accumbens (nACC) with CTX (400 ng/ml/side) or vehicle. Lo-
comotor activity was tested daily for 2 weeks after the injection. CTX increased locomotor activity, but a significant interac-
tion between drug treatment and CTX reflected a two- to threefold increase of CTX-induced hyperactivity in the lithium-
treated group. In contrast, on day 1, the CBZ-CTX group was significantly more active than the the LI-CTX and REG-CTX
groups, both of which had suppressed locomotor activity. There was a significant reduction in CTX-catalyzed ADP ribosyla-
tion of G

 

a

 

s (52 kDa and 45 kDa) in the nucleus accumbens in all three CTX-treated groups. The potentiation of the behav-
ioral effect of CTX by lithium supports the hypothesis that lithium interacts with G proteins; however, the mechanism of in-
teraction appears to be more complex than direct attenuation of G

 

a

 

s function, as previously suggested. © 1998 Elsevier
Science Inc.

Bipolar affective disorder Carbamazepine Cholera toxin G protein Lithium

 

Locomotor activity nucleus accumbens

 

ALTERATIONS in the abundance or function of the het-
erotrimeric guanine nucleotide binding (G) proteins have
been reported in patients with bipolar affective disorder (BP)
(18,46,56,57) and, conversely, G proteins have also been pro-
posed to be a putative site of action for the two major mood
stabilizers, lithium and carbamazepine (CBZ) (2,3). One line
of evidence derives from comparisons of G protein abun-
dance or function in blood cells of BP patients and control
subjects. Unmedicated BP patients were found to have ele-
vated levels of agonist-induced [

 

3

 

H] 5

 

9

 

-guanylylimidodiphos-
phate (Gpp(NH)p, a guanosine triphosphate [GTP] analogue)
binding to both cholera toxin (CTX)-sensitive and pertussis
toxin (PTX)-sensitive G proteins in leukocytes (46). This in-
crease was not observed in manic patients treated with lith-
ium, suggesting that elevated [

 

3

 

H] Gpp(NH)p binding was a
state variable alleviated by lithium (46). Two studies have
found elevations in the immunoreactivity levels of the stimu-

latory G protein 

 

a

 

 subunit (G

 

a

 

s) in leukocytes of BP patients
(31,57). In the study by Young et al. (57), patients were either
lithium-naive or had been free of lithium for at least a year,
thus permitting no inferences about possible effect of lithium
on the level of G

 

a

 

s immunolabeling; however, Manji et al. (31)
found no difference between untreated and lithium-treated
patients in G

 

a

 

s immunolabeling, suggesting that the elevation
of G

 

a

 

s in peripheral tissue was not affected by lithium.
While G protein abnormalities in blood cells have also

been found in patients with cardiac disease (26), the specific-
ity and relevance of G protein changes in BP patients was
strongly supported by evidence of elevated levels of the 52
kDa form of G

 

a

 

s in the postmortem cerebral cortex of BP pa-
tients (56), but not in unipolar depressed (15) or schizophrenic
patients (56). The most pronounced elevations were observed
in the occipital and temporal lobes of the cortex and no
changes in G

 

a

 

s were observed in cerebellum, thalamus, or
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hippocampus. The 45 kDa form of G

 

a

 

s was also significantly
elevated in the occipital lobe, but not in other brain regions.
Forskolin-induced adenylyl cyclase (AC) activity was also ele-
vated, although no changes were found in basal AC activity or
guanosine 5

 

9

 

-O-3-thiotriphosphate (GTP

 

g

 

S)-stimulated activ-
ity. Thus, while several studies have reported increased levels
or function of G

 

a

 

s proteins in BP patients, there is no conclu-
sive clinical evidence that the therapeutic action of lithium is
related to restoration of normal G

 

a

 

s function.
The ability of lithium to block both agonist-induced stimu-

lation and inhibition of adenosine 3

 

9

 

5

 

9

 

-cyclic monophosphatase
cAMP formation (8,17,36,38,39) has been attributed to its in-
hibition of both stimulatory (Gs) and inhibitory G proteins
(Gi) linked to AC. This was supported by the fact that GTP
reversed the lithium-induced inhibition of agonist-stimulated
cAMP formation in vitro (37). Preclinical studies have at-
tempted to complement the clinical studies by examining the
effects of chronic treatment with mood stabilizers on the func-
tion or abundance of G proteins in the brain. However, these
studies yielded inconclusive results (32). Chronic lithium re-
duced muscarinic-, adrenergic- (1), and serotonergic-stimu-
lated (54) GTP binding to G proteins. Carbamazepine or elec-
troconvulsive shock (2) also disrupted agonist-induced GTP
binding in rat brain.

Chronic dietary lithium in rats decreased G

 

a

 

i

 

1

 

, G

 

a

 

i

 

2

 

, and
G

 

a

 

s mRNA levels, but had no effect on the abundance of
these G protein subunits in rat cerebral cortex (28,30). Colin
et al. (14) found reduced G

 

a

 

i

 

1/2

 

 mRNA levels and reduced
abundance of G

 

a

 

i

 

1/2

 

, but no change in immunoreactivity lev-
els of G

 

a

 

s and G

 

a

 

o subtypes or G

 

b

 

. In rat hypothalamus and
hippocampus, G

 

a

 

i was elevated by chronic dietary lithium
(28). Chronic lithium also had no effect on the phosphoinosi-
tide C-linked G protein 

 

a

 

 subunits, G

 

a

 

q/11

 

, in rat brain, al-
though there was evidence for translocation of protein kinase
C (PKC) from the cytosolic to the membrane fraction (29).
Chronic treatment with CBZ in rats reduced G

 

a

 

s in the neo-
striatum and G

 

a

 

i in the hypothalamus, neostriatum, and fron-
tal cortex (28). In contrast, Li et al. (30) reported no effect of
CBZ on G protein 

 

a

 

 subunit levels or mRNA in rat cerebral
cortex.

It has also been suggested that lithium acts by stabilizing
G

 

a

 

i/o in its undissociated form, because (PTX)-stimulated ad-
enosine diphosphate (ADP) ribosylation was enhanced by
lithium in rats treated chronically with lithium (33), as well as
in the platelets of normal volunteers treated with lithium for
14 days (20,44).

The investigation of the role of G proteins in BP disorder
has been limited by the dearth of behavioral studies on animal
models of BP disorder that involve direct perturbation of G
proteins and their function. Because both lithium and CBZ
have multiple effects on signal transduction, it is critical to
show that the effects of mood stabilizers on G proteins can be
correlated with the behavioral effects of these agents. A prom-
ising model in which to study the behavioral effects of Gs hy-
perfunction is the hyperactivity induced by injection of CTX
into the nucleus accumbens (nACC) (16,34), striatum (24), or
ventral tegmental area (VTA) (7) of rats. Because injection of
CTX into the nACC enhanced cocaine-induced hyperactivity
(16), and conditioned reward (23), this behavioral effect may
involve postsynaptic dopamine (DA) receptors. Lithium has
been shown to attenuate the behavioral manifestations of
functional enhancement of DA receptor sensitivity following
6-hydroxydopamine (6-OHDA) lesions in the nACC (51) or
following chronic haloperidol treatment (4,42,50), and de-
layed recovery from contralateral neglect following 6-OHDA

lesions in the VTA (27). However, DA receptor binding (8,
27,42) was not altered by lithium, suggesting a postreceptor
site of action. Lithium, but not CBZ, also attenuated the de-
velopment of behavioral sensitization to repeated cocaine
treatment (43). Accordingly, the present study examined the
long-term effects of lithium on CTX-induced hyperactivity to
determine if the interaction between lithium and G

 

a

 

s is rele-
vant to the therapeutic effect of lithium.

A further objective of the present study was to examine
the ability of CBZ to modulate CTX-induced hyperactivity.
Although several studies (2,11,28) have suggested similarities
between lithium and CBZ in their mode of action on G pro-
teins, other studies (30,43) suggest that these agents may have
different mechanisms of action.

 

METHOD

 

Male Sprague–Dawley rats (Charles River Co., St. Con-
stant, QC), weighing 220–300 g were divided into three treat-
ment groups and fed either regular lab chow, lithium chow
(0.22% lithium carbonate), or CBZ chow (0.25% CBZ for the
first 5 days followed by 0.5% CBZ) (Bioserve Ltd., French-
town, NJ). The drug diets were maintained for 3 weeks prior
to the surgery, and 2 weeks following the surgery (except
where indicated below). Body weight was monitored daily,
and rats on the lithium diet that lost more than 5 g/day were
supplemented with 5 g regular food.

On the 21st day of the diet, each treatment group was subdi-
vided into control or CTX groups and administered a bilateral
injection of vehicle or CTX in the nACC. Rats were pretreated
with 0.06 mg/kg atropine and anesthetized with 55 mg/kg so-
dium pentobarbital intraperitoneally (IP). Due to cross-toler-
ance between CBZ and pentobarbital, the dose of sodium pen-
tobarbital was increased to 90 mg/kg for the CBZ-treated rats.

CTX (Sigma) was dissolved in a 50% solution of glycerol
and deionized water to make a stock solution of 2 mg/ml. This
solution was diluted with artificial CSF to a concentration of
400 ng/

 

m

 

l. The coordinates for the nACC injection were 1.6
mm rostral to bregma, 1.4 mm lateral from midline, and 7.5 mm
ventral to dura, with bregma and lambda on the same plane
(41). Injections were made using 28-gauge stainless steel tub-
ing via a length of polyethylene tubing connected to a 1 

 

m

 

l
Hamilton microsyringe. Injections were made manually over
5 min and the cannula was left in place for an additional
minute at the end of the injection. Rats were treated with a
long-acting antibiotic (Penlong), intramuscularly following the
surgery. All procedures were approved by the institutional
Animal Care Committee.

Rats injected with CTX generally lost weight and had to be
supplemented with wet mash, 6 ml isotonic saline, and 6 ml
isotonic sucrose until spontaneous feeding resumed (usually
on the third day after the injection). During the period in
which spontaneous feeding was impaired, the lithium-treated
CTX rats received a single daily dose of 60 mg lithium chlo-
ride solution by gavage, the CBZ-treated CTX rats received a
single daily dose of 150 mg CBZ, 25 mg carboxymethyl cellu-
lose, and 0.125 ml glycerol in deionized water (total volume of
suspension 5 ml), and the regular-diet rats received an equiva-
lent volume of saline.

 

Behavioral Testing

 

The rats were tested for activity in automated activity moni-
tors (Med Associates Inc.) constructed of transparent acrylic
41.9 

 

3

 

 41.9 cm, with a white PVC floor. Sixteen sensors facing
16 detectors, 2.54 cm apart were placed on opposite sides of the
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box to measure locomotion and an additional array of sensors
was placed 13.9 cm above the floor to measure rearing activity.

The rats were placed in the activity box 30 min once daily
for 2 days prior to the surgery. These two sessions were aver-
aged as the baseline activity measure for each rat. The day fol-
lowing the surgery, the rats were placed once daily for 14 days
in the same box in which they had been habituated and activ-
ity was recorded for 30 min. All feeding procedures and injec-
tions mentioned above were done after the animals had been
tested for locomotor activity and all testing took place be-
tween 0800–1400. Due to the large number of groups, the be-
havioral experiment was carried out in two replications of five
to seven animals per group.

 

Histology and Drug Level Measurements

 

Rats were anesthetized with sodium pentobarbital and
perfused with 20 ml physiological saline and 40 ml 10% forma-
lin, and brains were removed and stored in a formalin/sucrose
solution. Prior to the perfusion, cardiac blood from the lith-
ium and CBZ rats was collected into heparinized test tubes
for determination of plasma drug levels. Plasma lithium levels
were determined by a standard clinical procedure using an
ion-selective electrode (45). CBZ and its 10,11 epoxide me-
tabolite were determined by reversed-phase liquid chroma-
tography on a Partisil C

 

18

 

 column (Whatman, Clifton, NJ)
eluted with acetonitrile/phosphate (36/64 by volume) buffer
(10 mmol/l, pH 5.8) and detection by absorbance at 214 nm as
previously described (49).

Brains were frozen and cut into 40 

 

m

 

m sections on a cry-
ostat and then stained with cresyl violet. Sections were exam-
ined under a microscope while the experimenter was blind to
the treatment group. Rats that did not have both cannulae in
the accumbens were eliminated from the study.

 

CTX-Catalyzed ADP Ribosylation

 

The treatment conditions of the first experiment were rep-
licated in a separate group of 41 rats. Rats were divided into
three groups and treated for 24 days with regular, lithium, or
CBZ chow. Baseline activity was tested on days 19 and 20 of
the diet, as described above. On day 21, half the rats in each
group were injected with CTX or vehicle bilaterally in the
nACC as described above. Rats were tested for activity for 30
min daily for 3 days following the injection. On the third day
they were decapitated, the brains were rapidly removed, and
the nACC was dissected on a cold plate and frozen at 

 

2

 

70

 

8

 

C
until assayed. Blood from the cervical trunk was collected for
analysis of serum lithium or CBZ levels, as described above.
Two CBZ-treated rats were excluded due to toxic drug levels
(59.8 and 79 

 

m

 

mol/l CBZ).
CTX-catalyzed ADP-ribosylation was assayed by a mod-

ification of previously described procedures (52,55). After
thawing on ice, nACC samples (10–25 mg) were homoge-
nized in 5 vol ADP-ribosylation buffer (RB) containing 10
mM thymidine, 20 mM isonicotinic acid hydrazide (INH),
1 mM 3-acetylpyridine adenine dinucleotide (APAD), 10 mM
DTT, 0.1 mM, 5

 

9

 

-guanylylimidodiphosphate sodium salt
(Gpp(NH)p), and 0.1% Triton X in 150 mM potassium phos-
phate, pH 7.0. The protein concentrations were determined
by the Bradford method (6). CTX (2 mg/ml in 50% glycerol)
was preactivated by incubation for 15 min at 37

 

8

 

C in 20 mM
dithiothreitol (DTT) and 0.5% sodium dodecyl sulfate (SDS).
[

 

3

 

2P] ADP-ribosylation was performed in duplicate in 25 

 

m

 

l
RB containing 2 

 

m

 

M [

 

32

 

P]NAD (3.0 

 

m

 

Ci; New England Nu-
clear, Boston, MA), homogenate (40 

 

m

 

g protein), 20 mM ade-

nosine 5

 

9

 

-diphosphoribose sodium salt, and activated CTX 40
mg/ml. The reaction mixtures were incubated at 30

 

8

 

C for 60
min and reactions terminated by the addition of 3 

 

m

 

l cold
100% trichloroacetic acid (TCA) (100% w/v). After incuba-
tion at 4

 

8

 

C for 15 min, samples were then centrifuged (15000 

 

3

 

 g,
10 min) and supernatants discarded. Pellets were washed
twice with 50 mM Tris (pH 8.0) buffer containing 3 mM ben-
zamide, 1 mM DTT, 6 mM MgCl

 

2

 

, 1 mM EDTA, 5% sucrose
(w/v) and 1 

 

m

 

g/ml soybean trypsin inhibitor (SBTI), resus-
pended by homogenizing in 75 

 

m

 

l 50 mM Tris-HCl containing
5% SDS, 50 mM DTT, and heated [90

 

8

 

C, 5 min). Samples
were then incubated with 7.5 

 

m

 

l gel loading buffer (4% SDS,
5 mM EGTA, 3 mM EDTA, 10% 

 

b

 

-mercaptoethanol, 10%
gylcerol, 250 mM Tris-HCl, (pH 6.8)]. The resulting mixture
was heated at 100

 

8

 

C for 5 min. Proteins were resolved by
SDS-polyacrylamide electrophoresis with 10% acrylamide/
0.27% bisacrylamine gels as previously described (6). The gels
were dried and autoradiographed with intensifying screens at

 

2

 

70

 

8

 

C and the bands corresponding to G

 

a

 

s (52 kDa and 45
kDa) quantified by densitometry using an MCID (St. Cath-
arines, Ont.) image analysis system as previously described
(56). Linearity of detection relative to protein concentration
was determined by assaying a range of sample protein concen-
trations (25–50 mg) processed in parallel with the experimen-
tal samples. Immunodetection and quantification of G

 

a

 

s lev-
els was performed using G

 

a

 

s specific antiserum (RM/1, NEN-
Dupont, Boston, MA) as previously described (56).

 

Statistics

 

Three-way ANCOVA was conducted for the effects of Diet
(regular, lithium, or CBZ), CTX (vehicle or CTX), and days [1–
14] for the two dependent variables, ambulatory activity and
rearing, with daily body weight as a changing covariate. If signif-
icant interactions were found between the CTX and diet, fur-
ther analysis of the interaction between mood stabilizers (diet)
and CTX on a daily basis was done by two-way ANCOVAs and
post hoc Scheffé tests. Statistical tests with 

 

p

 

-values 

 

,

 

0.05 were
taken as statistically significant. The two presurgery sessions
were averaged for each rat. A two-way ANOVA was conducted
to determine if there were significant differences in baseline am-
bulatory or rearing activity prior to the CTX injections.

Drug levels were analyzed by 

 

t

 

-tests between CTX and
control groups for lithium- and CBZ-treated rats. CTX-ADP
ribosylation was analyzed by two-way ANOVA for the effects
of DIET and CTX for the 52 kDa and 45 kDa forms of G

 

a

 

s.

 

RESULTS

 

CTX elicited an increase in activity, accompanied by initial
weight loss, and occasionally, transient clonic seizures during
the first 4–5 days after injection. Animals had to be main-
tained on a wet mash diet and supplemented with IP injec-
tions of saline during this period (see above). In some ani-
mals, there was a marked reduction of activity during the first
day or two before the onset of hyperactivity, which was not
related to change in body weight. Data were analyzed only for
those animals that had bilateral placements in the nACC
(Fig. 1).

 

Body Weight

 

Three-way ANOVA was conducted for the effect of DIET
and CTX on body weight with days as a repeated measure.
There was a main effect of diet, 

 

F

 

(2, 46) 

 

5

 

 43.46, 

 

p

 

 

 

,

 

 0.000001,
CTX, 

 

F

 

(1, 46) 

 

5

 

 15.24, 

 

p

 

 

 

5

 

 0.0003, and days, 

 

F

 

(13, 598) 

 

5
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109.22, 

 

p

 

 

 

,

 

 0.000001, and significant interactions between
CTX 

 

3

 

 days, 

 

F

 

(13, 598) 

 

5

 

 10.15, 

 

p

 

 

 

,

 

 0.000001, and diet 

 

3

 

days, 

 

F

 

(26, 598) 

 

5

 

 1.77, 

 

p

 

 

 

5

 

 0.01) (Fig. 2). Because of the sig-
nificant changes in body weight, weight was used as a covari-
ate in the subsequent analyses.

 

Ambulatory Activity

 

There were no main effects of either CTX or diet for base-
line ambulatory activity and no interactions between these fac-
tors (inset Fig. 3). Three-way ANCOVA for ambulatory be-
havior, with weight as a covariate, showed a significant main
effect of CTX, 

 

F

 

(1, 47) 

 

5

 

 8.27, 

 

p

 

 

 

,

 

 0.007, and significant inter-
actions between diet and CTX, 

 

F

 

(2, 47) 

 

5

 

 8.83, 

 

p

 

 

 

,

 

 0.006, diet
and days, 

 

F

 

(26, 611) 

 

5

 

 4.06, 

 

p

 

 

 

,

 

 0.000001, CTX and days,

 

F

 

(13, 611) 

 

5

 

 2.23, 

 

p

 

 

 

,

 

 0.01. A three-way interaction was found
for diet, CTX, and days, F(26, 611) 5 4.41, p , 0.000001.

Further analysis was conducted using two-way ANCOVA
(CTX 3 diet) for each day, with body weight as a covariate,
followed by post hoc Scheffé tests to determine the differ-
ences between individual groups if the interaction was signifi-
cant. The major finding was that there was a significant inter-
action between diet and CTX on days 3–10 and day 12 (Table
1). Post hoc analysis showed that the LI-CTX group had sig-
nificantly elevated activity compared with the other CTX-
treated and control groups on days 3–9 (Fig. 3).

Rearing

A three-way ANCOVA for the effects of diet, CTX, and
days with weight as a covariate was conducted for the number

of rears. There was a main effect of CTX, F(1, 47) 5 11.69,
p , 0.002, and a significant interaction between CTX and
days, F(13, 611) 5 3.06, p , 0.0003. The level of rearing fluc-
tuated greatly between bouts of rearing and running with no
rearing. No consistent interaction between the mood stabiliz-
ers and CTX was found; therefore, further statistical analysis
was not conducted for rearing (Fig. 4). There was a significant
diet effect for baseline rearing, F(2, 48) 5 5.59, p , 0.01,
which contrast analysis showed to be due to the fact that lith-
ium-treated rats had lower levels of rearing (p 5 0.002), as
has been shown previously (25).

Drug Levels

Plasma lithium levels were 0.98 6 0.42 mmol/l (mean 6
SD) for the vehicle-injected group and 1.12 6 0.62 mmol/l for
the lithium-CTX group. There was no significant difference
between the groups (t 5 0.53). Levels of the CBZ 10,11 ep-
oxide metabolite for the two CBZ groups were 38.89 6 6.99
for the vehicle-injected group and 41.67 6 9.26 for the CTX
group. There was no significant difference between these
groups (t 5 0.72).

CTX-Catalyzed ADP Ribosylation

To confirm that CTX injection resulted in ADP-ribosyla-
tion of Gas 52 and 45 kDa, CTX-catalyzed ADP ribosylation
was tested 3 days after rats had been injected bilaterally with
CTX. CTX-catalyzed ADP ribosylation in the nACC was sig-
nificantly lower for the 52 kDa Gas, F(1, 33) 5 17.9, p 5
0.0002, and for the 45 kDa Gas, F(1, 30) 5 34.5, p 5 0.000002,

FIG. 1. Cannula placements of rats tested for locomotor activity. The gray and black circles represent sites for injections of the vehicle and
CTX, respectively, for each of the pretreatment groups. Atlas sections are from the Paxinos and Watson atlas (41) from the top to bottom, as
follows: 2.20 mm, 1.70 mm, 1.60 mm, 1.20 mm, 1.00 mm, 0.70 mm and 0.48 mm anterior to bregma.
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in rats injected with CTX (Tables 2 and 3). Gas immunolabel-
ling was reduced (25% 6 13.9 mean 1 SEM for the 52 kDa
Gas and 20.1% 6 13.2 for the 45 kDa), similar to findings in
cultured cells following long-term treatment with CTX (9).
However, a comparison of the percent reduction of CTX-cat-
alyzed ADP-ribosylation for randomly matched pairs of con-
trol and CTX treated animals (regular diet) with the percent
reduction in the abundance of Gas, indicated that the decre-
ment in ribosylation was significantly greater (t-tests for de-
pendent samples, t 5 3.76, p 5 0.002 for the 52 kDa and t 5
3.19, p 5 0.007 for the 45 kDa). This confirms that CTX effec-
tively ADP-ribosylated Gas in this region. As in the previous
group of animals, CTX significantly enhanced locomotor ac-
tivity on the day the brains were removed (day 3 after the in-
jection) F(1, 33) 5 12.2, p 5 0.001; however, in this experi-
ment there was no interaction between the mood stabilizers
and CTX on day 3. Plasma lithium levels were 0.85 6 0.23
mmol/l (mean 6 SD) for the vehicle-injected group and 0.73 6
0.30 mmol/l for the lithium-CTX group. There was no signifi-
cant difference between the groups (t 5 0.77). Levels of the
CBZ 10,11 epoxide metabolite for the two CBZ groups were
21.94 6 7.96 for the vehicle injected group and 19.46 6 13.46
for the CTX group. There was no significant difference be-
tween these groups (t 5 0.40).

DISCUSSION

The major finding in the present study is that lithium pro-
longed and potentiated the hyperactivity induced by intra-
nACC injection of CTX. CBZ neither attenuated nor en-

hanced the hyperactivity induced by CTX, but CBZ-treated
animals did not show the the initial depression of locomotor
activity on the first day after the injection that was observed in
REG-CTX and LI-CTX groups. Locomotor activity was de-
pressed below 50% of baseline in 8 of 10 rats of the REG-
CTX group, 6 of 7 of the LI-CTX group, and only 1 of 9 of the
CBZ-CTX group.

Because both lithium and CBZ diets resulted in slower
weight gain in rats, the possibilty that lower body weight af-
fected locomotor activity was controlled for by using weight
as a covariate. Although the effect of injecting CTX in the ac-
cumbens on food consumption was not studied, the weight
loss in the first 2 days was presumed to result from a prepon-
derance of behaviors that may interfere with feeding, such as
hyperactivity and forepaw padding. Electrolytic lesions of the
accumbens have been found to disturb meal patterning, with-
out significantly affecting body weight, except for an occa-
sional and transitory loss of about 5% of body weight (13).
Thus, the weight loss was more likely to be related to the en-
hancement of behaviors that were incompatible with feeding
than to a nonspecific lesion effect.

The enhancement of CTX-induced hyperactivity in lith-
ium-treated rats up to 4 days following injection was reported
in a preliminary study (22); however, the present study found
that the effect of lithium endured 2 weeks, and persisted after
normal eating and grooming behavior had recovered. This
finding does not support the hypothesis that the therapeutic
effect of lithium is related to its ability to dampen hyperactiv-
ity mediated by enhanced Gas levels or function, as was sug-
gested in previous studies (1,56), and is unexpected in light of

FIG. 2. Daily body weight (mean 6 SEM) in grams for the treatment groups following the bilateral injection of vehicle (CTL) or cholera toxin
(CTX). The X axis represents days following the injection. The number of Ss per group was: REG-CTL [9], REG-CTX [10], LI-CTL [10], LI-
CTX [7], CBZ-CTL [9], and CBZ-CTX [9].
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the antagonism between lithium and drugs such as forskolin
and rolipram, which elevate cAMP levels (36,38,48). The ef-
fectiveness of the intra-accumbens injection of CTX on ADP
ribosylation of G

 

a

 

s was confirmed in a second experiment, in
which the animals were sacrificed 3 days after the injection.
All three CTX-treated groups showed behavioral hyperactiv-
ity and a concomitant decrease of CTX-catalyzed ADP ribo-
sylation and immunolabelling for both forms of G

 

a

 

s. The re-
duction in immunolabelling confirms, ex vivo in brain tissue,
previous findings of marked reductions in G

 

a

 

s immunoreac-
tivity in cultured cells after application of CTX. However, in
vitro, AC was maximally active even with a reduction of G

 

a

 

s
immunolabeling up to 90% following CTX (9).

The mechanism whereby lithium enhanced the CTX-induced
locomotor hyperactivity is unclear. Lithium pretreatment
does not enhance the substrate availability for CTX-catalyzed

ADP ribosylation (14,28,30 and present study), and is known
to reduce forskolin-induced stimulation of AC (36,38), sug-
gesting that neither the catalytic subunit of AC or the G

 

a

 

s
protein are the sites at which the enhancement takes place.
Alternatively, lithium could induce a compensatory increase
in G protein-AC coupling, similar to that which was shown
following chronic treatment with tricyclic antidepessants (12,40).
The overall effect would then be a synergistic interaction be-
tween lithium and CTX on AC and cAMP production, similar
to that reported by Masana et al. (33) in a microdialysis study
from rat frontal cortex.

An alternative explanation is that lithium might enhance
the CTX-induced hyperactivity by attenuating the action of
inhibitory G proteins, rather than by acting directly on G

 

a

 

s.
Chronic lithium enhanced PTX-catalyzed ADP ribosylation
in rat brain (33) and in platelets of normal volunteers (20,44).

FIG. 3. Ambulatory activity (mean 6 SEM) in 30 min as percent of baseline activity (Y axis) for 14 days following the injection of vehicle
(CTL) or cholera toxin (CTX). The Ns are the same as in Fig. 2. The inset shows the mean 1 SEM of the baseline activity (average of two
preinjection sessions). The individual group differences, determined by post hoc Scheffé tests, are shown as follows: *LI-CTX had higher activity
than each of the other groups; #LI-CTX had higher activity than each of the other groups, except the REG-CTX group. Circled “x:” LI-CTX
had higher activity than each of the other groups, except the CBZ-CTX group.
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Both chronic in vivo lithium or in vitro lithium attenuated the
5-HT–induced reduction in PTX-catalyzed ADP ribosylation
(54), and recently it was reported that 5-HT–induced reduc-
tion in PTX-catalyzed ADP ribosylation is enhanced in fron-
tal cortex of postmortem brains of bipolar patients (18). Rats
treated with chronic lithium also showed enhanced CTX-stim-
ulated and reduced PTX-stimulated increments in the accu-
mulation of cAMP in the dialysate from the frontal cortex of
rats (33). These data led Manji et al. (32) to propose that lith-
ium stabilizes Gi/o in the inactive heterotrimeric form. The
potentiating effect of lithium may be mediated by attenuation
of the increased sensitization of Gi/o, which has been reported
to be one of the consequences of prolonged CTX exposure in
vitro (5). It is conceivable that lithium acts both on Gs and Gi/o
under physiological conditions, but that CTX-induced ADP-
ribosylation may alter the conformation of the a subunit so
that lithium can no longer act on it. If this were the case, then
only the lithium inhibition of the function of Gi/o would mani-
fest itself under conditions of constitutive activation of Gas,
resulting in potentiation of the behavioral effect of CTX.

The lithium potentiation of the behavioral effects of intra-
accumbens CTX suggests that locomotor hyperactivity follow-
ing intra-accumbens CTX is not a pharmacologically valid ani-
mal model for mania, even though CTX enhances conditioned
reward (23) and increases locomotion (16). However, the
effects of increased cAMP activity on locomotor behavior are
region specific. The cAMP analogue, 8-bromo-cAMP, en-
hanced cocaine-induced behavioral sensitization in the accum-

TABLE 1
MAIN EFFECT OF CTX AND INTERACTIONS BETWEEN CTX
AND DIET FOR EACH OF 14 DAYS FOLLOWING INJECTION

OF CTX OR VEHICLE IN THE nACC (TWO-WAY ANCOVA
FOR THE EFFECTS OF DIET AND CTX WITH WEIGHT

AS A  COVARIATE)

Day Effect F-score p-Value

1 NS*
2 CTX F (1, 47) 5 6.18 0.02
3 CTX

CTX 3 DIET
F (1, 47) 5 9.79
F (2, 47) 5 7.69

0.005
0.002

4 CTX
CTX 3 DIET 

F (1, 47) 5 14.35
F (2, 47) 5 6.62

0.0005
0.003

5 CTX
CTX 3 DIET

F (1, 47) 5 7.96
F (2, 47) 5 6.73

0.01
0.003

6 CTX
CTX 3 DIET

F (1, 47) 5 5.72
F (2, 47) 5 6.16

0.03
0.005

7 CTX 3 DIET F (2, 47) 5 6.74 0.003
8 CTX 3 DIET F (2, 47) 5 8.32 0.001
9 CTX 3 DIET F (2, 47) 5 4.58 0.02
10 CTX 3 DIET F (2, 47) 5 4.18 0.03
11 NS
12 CTX 3 DIET F (2, 47) 5 5.16 0.01
13 NS
14 NS

*No significant effects.

FIG. 4. Mean number of rears in 30 min for 14 days following the injection of vehicle (CTL) or cholera toxin (CTX). No significant interactions
were found between CTX and DIET. The Ns are the same as in Fig. 2. The inset shows the mean 1 SEM of the baseline activity (average of two
pre-injection sessions). *Main effect of DIET, p , 0.01.
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bens (35), and the cAMP phosphodiesterase inhibitor rolip-
ram, in the nACC of rats, potentiated the locomotor activity
induced by DA agonist, lisuride hydrogemaleate, although ro-
lipram alone in the nACC decreased locomotor activity (53).
In contrast, systemic rolipram attenuated the hyperactivity and
locomotion induced by DA agonists (21). An inverse relation
was found between noradrenaline-sensitive cAMP and loco-
motor activity in whole brain of inbred strains of mice (19). A
correlation between locomotor activity and cAMP levels in
striatum and midbrain was reported, but an inverse correlation
was shown with cAMP levels in rat cortex (47). Conceivably, in
regions other than the nACC, activation of Gi/o may actually
induce “manic-like” symptoms, which would be attenuated by
a drug that functionally stabilizes Gi/o in its inactive form.

The decreased activity observed on the first day following
CTX administration had not been reported previously. Miller
and Kelly (34) used a higher dose of CTX than that used in
the present experiment, while Cunningham and Kelley (16)
injected CTX and measured activity 2 h after the animals had
been in the activity meter, which may have resulted in a
“floor” effect of low baseline activity. In the present study,
most animals in the lithium and control CTX-treated groups
showed a marked decrease in activity, whereas those pre-
treated with CBZ did not. CBZ has been reported to reduce
Gas in the neostriatum (28), but is not likely that a similar ef-
fect in the nACC could account for the findings in the present
study because there was no difference between the CBZ-CTX
and other two CTX groups in the degree of CTX-ADP ribosy-
lation in the second experiment. Moreover, CBZ did not pre-
vent the hyperactivity induced by CTX. The dissociation be-
tween the effects of lithium and CBZ concur with the findings
of Post and colleagues (43) who reported a dissociation be-
tween lithium and CBZ on cocaine-induced behavioral sensi-

tization and on the induction of kindled seizures in the
amygdala. The behavioral data obtained in this study also do
not support the contention that lithium and CBZ share a com-
mon mechanism of therapeutic action via G proteins (3). How-
ever, both CBZ (11) and sodium valproate (10) have been
found to attenuate forskolin-induced stimulation of cAMP in
rat C6 glioma cell cultures, although in the case of sodium val-
proate, this attenuation was accompanied by a reduction of
b-adrenergic receptors. The role of CBZ should be explored
further in the first 24 h following the CTX injection, as rats
treated with CBZ did not have suppressed locomotor activity
on day 1, as was seen in the majority of the lithium and con-
trol groups injected with CTX. At present, it is not clear how
this suppression is related to changes in cAMP levels.

Behavioral studies on the interaction between mood stabi-
lizers and G proteins are critical in determining the relevance
of the multifarious biochemical actions of mood stabilizers for
their therapeutic mechanism and in testing novel substances.
Behavioral antagonism has been reported between lithium
and inositol (25), forskolin, dibutyryl cAMP (unpublished),
and rolipram (48), all of which could be critical to the thera-
peutic effect of lithium. The data in the present study suggest
that elevated Gas immunoreactivity in the cortex of bipolar
patients (31,56) may not be the direct site of lithium’s thera-
peutic effect, but may be consequent to another pathophysio-
logical process that is directly affected by lithium.
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