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LiCl at doses sufficient to induce conditioned taste aversion
(CTA) causes c-Fos expression in the brain regions implicated
in CTA formation. It has been reported that nitric oxide (NO)
may play a role in CTA learning and LiCl increases both the
synthesis and activity of NO synthase (NOS) in the brain. In
this study, we examined the effect of central N“-nitro-L-
arginine methyl ester (L-NAME) on the brain c-Fos expression
and CTA learning induced by lithium in rats. In the results,
intracerebroventricular L-NAME given prior to lithium did not
change either the lithium-induced CTA or c-Fos in the relevant
brain regions. This suggests that the brain NO system may not
be involved in the neuronal activation during lithium-induced
CTA formation.
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INTRODUCTION

Lithium chloride is conventionally used as an
unconditioned stimulus in the formation of
conditioned taste aversion (CTA), a form of
classical conditionings. Intraperitoneal lithium
chloride at doses sufficient to mediate CTA also
induce c-Fos expression in the brain regions, such
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as the hypothalamic paraventricular nucleus
(PVN), the nucleus tractus of solitarius (NTS),
and the central nucleus of amygdala (CeA), and
c-Fos expression in these brain regions is
considered to be correlated with CTA learning."”
Large populations of neuronal nitric oxide
synthase containing cells and fibers, identified by
NADPH-diaphorase staining, are distributed in
the brain regions implicated in CTA learning.*"
It has been reported that manipulation of nitric
oxide level can produce a CTA,™" modulate
lithium-induced CTA learning,”” and the syn-
thesis and activity of nitric oxide synthase is
increased in the brain treated with lithium.""
We previously found that the neuronal activation
in brain regions, referred by c-Fos expression, by
lithium chloride was significantly attenuated with
the systemic pretreatment of a nitric oxide
synthase inhibitor, N“-nitro-L-arginine methyl
ester (L-NAME)." Previous reports together with
our finding suggest that nitric oxide may be
involved, at least partly, in the neuronal activa-
tion induced by lithium chloride in the brain
regions during the CTA formation. However, it is
still not clear whether the brain or the peripheral
nitric oxide plays a role in lithium- induced CTA,
because the previous studies regarding on the
nitric oxide involvement in CTA learning all has
been done with a systemic injection of the
manipulating agents."™"

In the present study, we examined the lithium-
induced c-Fos expression and CTA formation to
novel sucrose taste in rats after an intracerebro-
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ventricular administration of L-NAME, in order to
define the role of the brain nitric oxide in lithium-
induced CTA learning.

MATERIALS AND METHODS
Animals

The experimental protocol was approved by the
Institutional Animal Care and Use Committee of
Florida State University. Adult male Sprague-
Dawley rats (Charles River Laboratories, Wil-
mington, MA, USA) weighing 300-400g were indi-
vidually housed in polycarbonate cages with
wood-chip bedding with ad libitum access to tap
water and standard rodent chow under 12h/12h
light-dark cycle.

Under chloral hydrate (153 mg/kg) and pento-
barbitol (35 mg/kg) anesthesia, rats were stereo-
taxically implanted with a 22 guage, stainless steel
guide cannula (Plastics One, Roanoke, VA, USA)
aimed towards the lateral cerebral ventricle (1.2
mm caudal to bregma, 1.5mm lateral to the
midline, and 4mm below the skull surface).
Guide cannulas were held in place with dental
acrylic bonded to stainless steel screws anchored
to the skull. An obdurator was inserted into each
guide cannula and remained in place except
during injections when it was removed and
replaced with an injector that extended 1.0 mm
beyond the tip of the guide cannula. After 1 week
of post-operational recovery, the patency and
placement of the cannula was verified by injection
of 100 ng human angiotensin II (Sigma Chemical
Co., St Louis, MO, USA) dissolved in 0.15 M NaCl;
rats with cannulas projecting into the lateral
ventricle responded to the angiotensin injection by
drinking water within 2 min, while rats that failed
to drink were dropped from the study. Cannula
placements were also verified postmortem by
sectioning through the brain.

Drug treatment

N®-nitro-L-arginine methyl ester (L-NAME,
Sigma Co.) was dissolved in aseptic physiological
saline. Rats received an intracerebroventricular
infusion of either L-NAME (250 ug) or isotonic
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NaCl (180 4g) in a volume of 5ul each through
the guide cannulas, delivered over 30 s with a
handheld 50 #1 syringe (IHamilton Co., Reno, NV,
USA). The injector was left in place for 30 s after
the solution delivery. All rats received an intra-
peritoneal injection of LiCl (76 mg/kg, 12 ml/kg
of 0.15M) 30 min after L-NAME or aseptic phy-
siologic saline administration.

Conditioning procedure

Rats had free access to chow pellets, but had
only 5 h of access to water daily (12:00-17:00) as
the only source of fluid during days 1-6 as
training period. On day 7, the conditioning day,
rats were allowed to drink 5% sucrose as the only
source of fluid for 15 min, and then immediately
after sucrose, they (n=7) received an intracerebro-
ventricular infusion of L-NAME (250 pg) or sterile
saline (180 ug) followed by isotonic LiCl (76 mg/
kg) with 30 min of interval. Water was supplied
immediately after the conditioning until 5:00 PM.
On day 9, after 1 day of recovery with 5 h of
water supply, rats had access to 5% sucrose for 15
min at 12:00 PM. The weight of sucrose solution
consumed was recorded and used to quantify the
CTA.

c-Fos immunohistochemistry

Rats (n=6) were overdosed with sodium pento-
barbital 1 h after lithium chloride following the
intracerebroventricular injection of L-NAME or
saline, and transcardially perfused first with 100
ml of heparinized isotonic saline containing 0.5%
NaNO,, followed by 400 ml of ice-cold 4% para-
formaldehyde in 0.1 M sodium phosphate buffer
(PB). The brains were immediately dissected out,
blocked, post-fixed for 2 h, and transferred into 30
% sucrose for cryoprotection. Forty micron coro-
nal sections were cut on a freezing, sliding micro-
tome (IHM440E, Microm Co., Germany). Alternate
sections were collected through the rostral-caudal
extent of the paraventricular nucleus (PVN)
(between bregma - 1.3 mm and - 21 mm), the
central nucleus of amygdala (CeA) (between
bregma -2.2mm and -2.8 mm), and the nucleus
tractus of solitarius (NTS) (between bregma -12.8
mm and - 14.3 mm). All coordinates were based
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on Paxinos and Watson."”

Free-floating tissue sections were washed twice
for 15 min in 0.IM sodium phosphate buffered
saline (P°BS), then permeabilized with 0.2% Triton,
1% bovine serum albumin (BSA) in PBS for 30
min. After washing twice in PBS-BSA, sections
were incubated overnight with rabbit anti-c-Fos
peptide antibodies (1:10,000 dilution, Oncogene
Sciences, CA, USA). Sections were washed twice
in PBS-BSA and incubated for 1 h with bio-
tinylated anti-rabbit IgG (1:200 dilution, Vector
Laboratories, CA, USA), then bound secondary
antibodies were amplified with the ABC kit
(Vectastain Elite Kit, Vector Laboratories, CA,
USA). Antibody complexes were visualized with
0.0% of diaminobenzidine for 5 min. Sections were
mounted in anatomical order onto gelatin-coated
slides from 0.05M PB, air-dried, dehydrated
through a graded ethanol to xylene, and covers-
lipped.

Statistical analysis

c-Fos immunoreactive (-ir) cells in each brain
regions were hand-counted after digitizing 720 X
540 micron images of all consecutive sections
using an Olympus BX-50 microscope (Olympus
Co., Tokyo, Japan) and MCID image analysis
system (M2, Imaging Research Inc., Ontario,
Canada). The number of c-Fos-ir cells in three
sections from the PVN (closest sections to
bregma -1.88 mm), or two sections from the CeA
(closest sections to bregma -230mm) region
from each brain were averaged, respectively. The
NTS was divided into three subregions: caudal
(ventral and caudal to the area postrema),
intermediate (abutting the forth ventricle), and
rostral (where the NTS separates from the forth
ventricle). Each of these three subregions was
represented by approximately six sections of the
NTS sections collected from each rat. Cell counts
for all sections within each region of each rat
were averaged per section, and the individual
mean counts for each region averaged across
rats by region within experimental groups. All
data were analyzed by unpaired or paired t-test
and expressed as mean + s.em. A standard
level of p<0.05 (two-tailed) was used for statisti-
cal significance.

RESULTS

1 h after the intraperitoneal injection of lithium
chloride, large numbers of c-Fos-ir cells were
detected in the paraventricular nucleus (PVN), the
central nucleus of amygdala (CeA), and the nu-
cleus tractus of solitarius (NTS) (Fig. 1). Intracere-
broventricular administration of L-NAME (250
£g/5 u1) 30 min prior to the lithium injection did
not significantly change the number of c-Fos ex-
pressing neurons induced by the lithium injection
in all the brain regions examined (Fig. 2). In one
bottle sucrose test paradigm, the strength of the
CTA acquisition induced by lithium chloride was
not altered by the central L-NAME administration

(Fig. 3).

DISCUSSION

In the present study, neither the lithium-in-
duced CTA nor c-Fos expression was influenced
by an intracerebroventricular L-NAME at a dose
of 250 ng/5 pl given 30 min prior to lithium. It has
been reported that 250 zg or even lower dosage of
intracerebroventricular L-NAME produces its
inhibitory effects on the brain nitric oxide system
within 5-15 min."*® Therefore, the possible as-
sumption which the dose and/or the treatment
time of L-NAME might have been insufficient to
block the enzyme activity of nitric oxide synthase
in this study can be excluded.

Wegener, et al.”® reported that the systemic
administration of nitric oxide synthase inhibitors,
7-Nitroindazole and methylene blue, failed to
influence the aversion produced by lithium. We
also found that the systemic inhibition of nitric
oxide synthase with L-NAME given 30 min prior
to lithium did not influence the acquisition of
lithium-induced CTA. However, the systemic
L-NAME significantly attenuated the lithium-in-
duced c-Fos in the brain regions.”® It has been
reported that the brain c-Fos expression induced
by US correlates with the CTA formation.”’
Taken all together, it was suggested that nitric
oxide may be involved in the neuronal activation
induced by lithium, an unconditioned stimulus
(US), but not in the lithium-induced CTA, an
associative memory acquired by an interaction
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Fig. 1. Microphotographs of c-Fos immunoreactive (-ir) neurons in the hypothalamic paraventricular nucleus (PVN; a, d),
the central nucleus of amygdale (CeA; b, €), and the nucleus tractus of solitarius, intermediate (iNTS; ¢, f) of rats. An
intracerebroventricle injection of L-NAME (250 £g/5 ¢l in saline) or physiologic saline (5 x1) was given 30 min before the
intraperitoneal lithium (76 mg/kg, 12 ml/kg of 0.15M), and the brains were processed for c-Fos immunohistochemistry
I h after lithium chloride. Large numbers of c-Fos-ir cells were detected in the PVN (a), the CeA (b), and the iNTS (c)
of the saline/lithium injected rat. The intracerebroventricular administration of L-NAME 30 min priod to the lithium
injection did not appear to change the lithium-induced c-Fos expression in all three regions (PVN, d; CeA, ¢; iNTS, f).

Scale bar: 100 gzm.

between the visceral illness produced by lithium
and the novel taste, sucrose. Additionally, the
amount of brain c-Fos expression induced by US
may not always refer the strength of CTA forma-
tion. However, the central inhibition of nitric
oxide synthase failed to influence not only the
CTA formation but also the brain c-Fos induced
by lithium in the present study. Thus, it is con-
cluded that the brain nitric oxide may not be
involved in the neuronal activation during the
lithium-induced CTA formation, and that the
peripheral nitric oxide may, at least partly,
mediate the malaise effect of lithium on the
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neuronal activation in the formation of aversive
memory.

Inconsistent results have been reported about
nitric oxide involvement in CTA learning. It has
been reported that nitric oxide donors," or the
inhibitors of nitric oxide synthase all produces a
CTA."" These may reveal that a CTA formation
is a complicated process which numerous parame-
ters are involved. It seems that nitric oxide may
be one of the systemic parameters influencing
CTA learning, because all the previous reports
about the role of nitric oxide in CTA learning
have been made with the systemic administration
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Fig. 2. Number of c-Fos-ir cells in the PVN (a), the CeA
(b), or the NTS (c). L-NAME pretreatment did not change
the number of c-Fos-ir cells induced by lithium chloride in
all brain regions examined (n=6). Rostral NTS tends to
have a reduced number of c-Fos-ir cells with L-NAME
pretreatment, however, a statistical significance was not
found. Data was analyzed by unpaired t-test. Bars repre-
sent mean * s.e.m.

of drugs, and furthermore, in our present study
the central modulation of nitric oxide system was
found to have no effect on a CTA formation.
In conclusion, this study suggests that the brain
nitric oxide may not be involved in the neuronal
activation of the relevant brain regions during
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Fig. 3. Effect of the central L-NAME on the acquisition of
lithium-induced conditioned taste aversion (CTA). An
intracerebroventricle L-NAME (250 g/5u1 in saline) or
physiologic saline (5x1) was given immediately after the
sucrose drinking, and then an intraperitoneal lithium
injection was followed with a 30 min interval on the con-
ditioning day. The sucrose drinking test was performed 2
days after the conditioning. L-NAME pretreatment did not
significantly change the strength of CTA acquisition
induced by lithium chloride (n=7). Data was analyzed by
paired t-test. ***p<<0.001; test day vs. conditioning day.
Bars represent mean * s.e.m.

lithium-induced CTA formation. This is the first
report on the effect of the central inhibition of
nitric oxide synthase in CTA learning.
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