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Abstract
The present study examined c-Fos expression in selected brain areas consequent to administration
of lithium chloride, the typical illness-inducing agent used in laboratory studies of conditioned taste
aversion. The results replicated previous findings of significant c-Fos expression in the parabrachial
nucleus, the central nucleus of the amygdala and the basolateral amygdala. New findings indicate
significant lithium-induced c-Fos in the gustatory region of the thalamus and the bed nucleus of the
stria terminalis but not in the insular cortex. The results are discussed with respect to the neural
substrates of conditioned taste aversion.
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1. Introduction
Conditioned taste aversions (CTAs) develop when consumption of a novel taste is followed
by transient gastrointestinal malaise (unconditioned stimulus, US). On subsequent encounters,
the taste (now termed a conditioned stimulus, CS) is avoided because of the acquired
association with the aversive US (e.g., Garcia & Ervin, 1968; Garcia, Kimeldorf, & Koelling,
1955; Revusky & Garcia, 1970). A large literature has examined the behavioral and biological
mechanisms involved in this fundamental learning process that protects against the repeated
self-administration of poisonous foods (e.g., Barker, Best & Domjan, 1977; Braveman &
Bronstein, 1985; Bures, Bermudez-Rattoni & Yamamoto, 1998; Milgram, Krames & Alloway,
1977). Although the neural substrates of CTA have been investigated for over 30 years, to date
no consensus has emerged regarding the component structures of the central CTA system. The
general approach to this issue has been to examine CTA acquisition following placement of
lesions in a selected brain structure. Unsurprisingly, the choice of brain structures has tended
to be nonsystematic. A complementary approach involves the imaging of c-Fos expression to
determine the areas involved in (1) processing of the visceral illness that constitutes the US,
(2) processing of the novel gustatory stimulus that will become a CS, and (3) the processing
of the CS (i.e., a taste cue that has previously been paired with the US). The present paper,
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which examined c-Fos expression consequent to an injection of a lithium chloride (LiCl)-
induced US, represents our first step in this 3-stage enterprise.

Although traditional tract tracing methods have been used to assess the components of the
ascending viscerosensory system, the picture, particularly with regard to structures higher in
the brain, is far from clear. More recently, imaging c-Fos expression has been employed. The
c-Fos protein represents an immediate early gene lasting only a few hours after transcription
(Dragunow & Faull, 1989; Fenelton, Poulain, & Theodosis, 1993; Sagar, Sharp, & Curan,
1988). Thus, neuronal activation can be quantified and correlated to an activity, behavioral or
physiological, of interest occurring within a constrained timeframe using this technique. It
should be acknowledged, however, that c-Fos expression is related to neuronal excitation not
inhibition (Hughes & Dragunow, 1995; Sheng & Greenberg, 1990). Thus, while c-Fos positive
cells provide definitive evidence that the neuron/nucleus is, in some way, involved in the target
activity, the absence of c-Fos expression provides no information relevant to the functional
involvement of a neuron or nucleus. A clear demonstration of the importance of this latter issue
can be seen with regard to the neural substrates of successive negative contrast, the exaggerated
underresponding to a low value reward in a situation where a high value reward was expected
(Flaherty, 1996). While Pecoraro and Dallman (2005) found no evidence of c-Fos activation
in the gustatory thalamus (GT; parvicellular region of the ventral posteromedial nucleus) during
the reward downshift trials, neurotoxic lesions of the GT completely prevent the occurrence
of successive negative contrast (Reilly & Trifunovic, 1999; Reilly & Trifunovic, 2003).

Because CTA is a taste-guided behavior, our selection of target structures to examine for LiCl-
induced c-Fos expression was based on the components of the central gustatory system (for a
review see Lundy & Norgren, 2004). In particular, we were interested in the following
structures: the parabrachial nucleus (PBN), the central nucleus of the amygdala (CNA), the
basolateral nucleus of the amygdala (BLA), the GT, the bed nucleus of the stria terminalis
(BNST) and the insular cortex (IC).

Prior studies have found increased c-Fos activity within the PBN after LiCl administration
(Lamprecht & Dudai, 1995; Swank & Bernstein, 1994), with some researchers noting increased
activity primarily within the lateral subnuclei (Yamamoto et. al, 1992). These findings are
consistent with the conclusions derived from lesion studies that examined the role of the PBN
in CTA (e.g., Reilly, 1999). Although the roles of the CNA and BLA in CTA are not fully
understood (Reilly & Bornovalova, 2005), these structures show elevated c-Fos activity after
a LiCl injection (Lamprecht & Dudai, 1995; Gu et al., 1993; Spencer & Houpt, 2001;
Yamamoto et. al, 1992; Yamamoto et. al, 1997). The remaining structures innervated by the
PBN (GT, BNST, IC) have been examined to a much lesser degree typically in experiments
in which lithium was administered as a control condition (e.g., LiCl-only) and therefore was
not the focus of the investigation. These studies suggest (1) little involvement of the IC (Billig,
Yates, & Rinaman, 2001; Ferreira, Ferry, Meurisse, & Lévy, 2006) and (2) that the medial
BNST may express c-Fos following lithium treatment in the ferret (Billig et al., 2001); to our
knowledge the GT has not been investigated. The purpose of this study is to confirm these
prior findings and to explore additional structures implicated in LiCl-induced viscerosensory
information processing.

2. Results
Due to histological as well as immunohistochemical techniques not all nuclei of interest were
obtained from each rat. Missing data was estimated using SPSS Missing Value Analysis
standard regression method with residual correction, a method that is both robust and reliable
(Little & Rubin, 1987). A 2 (Condition: saline, LiCl) X 6 (Area: PBN, CNA, BLA, GT, BNST,
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IC) mixed design of variance on total c-Fos counts was conducted, with condition treated as a
between subjects factor and area as a within subjects factor.

Statistical analysis revealed a significant main effect of condition, F (1, 10) = 50.97, p < .001,
ω2 = .81, with LiCl inducing more c-Fos expression than saline. A significant main effect of
area was also found, F (5, 50) = 21.37, p < .001, ω2 = .51. Tukey's HSD post hoc comparisons
revealed the CNA to have significantly more LiCl-induced c-Fos expression than all other areas
(see Figs. 1 - 4). No other areas differed significantly. Finally, a significant interaction was
found, F (5, 50) = 21.37, p < .01, ω2 = .51.

Planned comparisons of the simple main effects were conducted to follow-up the significant
interaction. As shown in Table 1, significantly more c-Fos expression was found for the LiCl
condition than the saline condition in the PBN, F (1,50) = 46.46, p < .01, CNA, F (1,50) =
199.67, p < .01, BLA, F (1,50) = 7.53, p < .01, GT, F (1,50) = 22.84, p < .01, BNST, F (1,50)
= 27.87, p < .01; however, significant differences were not found in the IC (F < 1).

3. Discussion
The present experiment confirmed that administration of LiCl, the quintessential illness-
inducing agent in CTA research, caused c-Fos expression in the PBN, BLA and CNA. We also
established that LiCl-induced c-Fos occurred in the GT and BNST. There was, however, no
significant difference between the number of c-Fos positive nuclei in the IC following IP
administration of saline or LiCl.

The expression of c-Fos in the lateral subnuclei of the PBN is consistent with results obtained
from lesion-behavior studies that indicate that the lateral PBN has a significant role in the
processing of ascending viscerosensory information. For example, a number of reports show
that lateral PBN lesions prevent the acquisition of CTAs (Mungarndee, Lundy, & Norgren,
2006; Navarro & Cubero, 2003; Reilly & Trifunovic, 2000a, 2001; Trifunovic & Reilly,
2002). Similarly, lateral PBN lesions using ibotenic acid prevent the acquisition of calorie-
based conditioned flavor preferences (Reilly & Trifunovic, 2000a) and disrupt the
concentration-dependent intake of sucrose (Reilly & Trifunovic, 2000b). Collectively, these
neurobehavioral data suggest that the lateral subnuclei of the PBN are involved in the
processing of aversive and appetitive ascending viscerosensory information.

In terms of absolute numbers the BLA had the lowest count of c-Fos positive nuclei (42.61)
and the CNA the highest (553.00). Although these numbers suggest that the CNA is much
more important for processing lithium-related information than the BLA, lesion-behavior
studies have yielded results that do not seem to afford important roles to either area in taste
aversion learning. In a recent review of the influence of permanent lesions of the amygdala on
CTA, Reilly and Bornovalova (2005) found little evidence that the CNA has any role in taste
aversion learning. Although these numbers suggest that the CNA is much more important for
processing lithium-related information than the BLA, axon-sparing lesion-behavior studies
have yielded results that provide little evidence that either structure serves such a function in
taste aversion learning (St. Andre & Reilly, 2007).

The novel finding of LiCl-induced c-Fos expression in the GT is an intriguing result that is not
easy to interpret. Early research favored a role for the GT in CTA acquisition (e.g., Lasiter,
1985; Loullis, Wayner, & Jolicoeur, 1978; Yamamoto, 1993; Yamamoto & Fujimoto, 1991;
Yamamoto et al. 1995). However, more recent research, using electrolytic lesions that caused
minimal damage beyond the boundaries of the GT, finds no evidence that discrete GT lesions
disrupt first-order CTA (e.g., Flynn, Grill, Schulkin, & Norgren, 1991; Grigson, Lyuboslavsky,
& Tanase, 2000; Reilly & Pritchard, 1996). Although ibotenic acid GT lesions do disrupt CTA
acquisition when multiple CSs are involved (Reilly, Bornovalova, Dengler, & Trifunovic,
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2003), the deficit cannot be interpreted as a disruption in the processing of US-related
information.

The BNST is a forebrain recipient of ascending gustatory information from the PBN (Alden,
Besson, & Bernard, 1994; Saper & Loewy, 1980) and receives additional projections from the
CNA, a component of the extended amygdala (Alheid, 2003; Alheid & Heimer, 1988). Two
aspects of the BNST data are noteworthy, First, our findings differs from those reported by
Billig et al. (2001) which found activation within the medial portion of the BNST work on
ferrets whereas we found none. Second, in the present study the BNST, particularly the anterior
part of the lateral region, was implicated in the processing of ascending LiCl-induced
viscerosensory information. This finding encourages the view that the nucleus may have a role
in the associative integration of the CS and US that underlies CTA acquisition. A definitive
test of this hypothesis would be afforded by examining the effects of BNST lesions on CTA
acquisition.

A surprising aspect of the IC data concerns the high number of c-Fos positive cells in the saline
condition which was 3-5 times greater (with a corresponding high degree of variance) than the
baseline in the other target areas. Thus, despite the fact that the c-Fos count in the IC was the
third highest in any brain area (after the PBN and BNST) there was no significant treatment
effect in the IC. It would appear, then, that the IC is not involved in visceral processing induced
by ip administration of LiCl. This interpretation is strengthened by comparably low omega
squared value (0.153), which was half the size of the next smallest value (0.344 for the BLA).

Future research will continue to examine the neural underpinnings of CTA formation using c-
Fos imaging. The response to taste stimulus only and to a CS (a taste previously paired with
lithium toxicosis) will be studied. Prior studies have examined c-Fos activity in some of the
structures currently under examination consequent to ingestion of novel or familiar taste
solutions. Elevations of activity were found within the CNA and IC (but not the PBN, BLA or
NST) when novel salt and saccharin solutions were consumed relative to familiar solutions
(Koh, Wilkins & Bernstein, 2003; Barot & Bernstein, 2005). These additional studies will help
identify a taste aversion neural network based upon: US only condition, taste only condition,
and CS condition.

Most drugs have multiple influences (i.e., side effects) beyond their selected target effect. For
example, lithium, which is also used in the treatment of bipolar disorder (Fountoulakis, Vieta,
Sanchez-Moreno, Kaprinis, Goikolea, & Kaprinis, 2005), inhibits glycogen synthase kinase-3
(Lin, Wang, Klein, & Lazar, 2006), which, in turn, regulates the circadian rhythms of many
functions including body temperature, metabolism, and sleep. The many systems that are
influenced by lithium likely have different, or at least overlapping, neural substrates relative
to CTA. It is, then, hardly surprising that some brain structures that express LiCl-induced c-
Fos (i.e., BLA, CNA, and GT) are not, as determined by lesion-behavior studies, involved in
taste aversion learning. This is a useful reminder that the identification of functional neural
systems (in the present case, the central CTA system) benefits from an approach that
emphasizes converging lines of evidence from a number of complementary methods.

4. Experimental procedures
4.1. Subjects

A total of 12 Sprague-Dawley CD IGS rats (Charles River Laboratories, Wilmington, MA)
served as subjects. Animals were individually housed in stainless steel hanging cages and were
maintained on a 12 h: 12 h light-dark cycle (lights on at 0700). Food and water were provided
ad libitum. Animals weighed between 257-267 g on the experimental day.
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4.2 Procedure
On the day of the experiment animals were weighed and food and water removed. Two hours
later rats received ip injections of either 0.4 M LiCl or physiological saline at 1.0 ml/100 g.
The pattern and magnitude of c-Fos expression has been found to be the same following
administration of 0.15 M or 0.4 M NaCl (Ferreira, Ferry, Meurisse, & Lévy, 2006). Therefore,
0.15 M saline was used in the control condition of the present study.

Ninety min after injections animals were deeply anesthetized using sodium pentobarbital and
transcardially perfused with phosphate buffered saline (PBS) followed by 37%
paraformaldehyde in 0.1 M phosphate buffer. Brains were removed and postfixed for two days
followed by two days in PBS containing 20% sucrose.

4.3. c-Fos Immunohistochemistry
Coronal sections were sliced at 60 μm using a cryostat and placed in PBS. Tissue was first
treated for 20 min in 0.3% H2O2 PBS to block endogenous peroxidase activity, rinsed, and
incubated for 30 min in 3% normal goat serum, and 0.5% Triton X-100 in PBS. Without rinsing,
sections were transferred to c-Fos primary antibody (Santa Cruz Biotechnology, Santa Cruz,
CA) containing c-Fos antibody (1:10,000), 1% normal goat serum, and 0.5% Triton X-100 in
PBS. Slices were refrigerated in primary antibody solution for 48 h, rinsed, and placed in a
secondary antibody containing biotinylated goat anti-rabbit IgG (1:1,000), 1% normal goat
serum, and 0.5% Triton X-100 in PBS and refrigerated for an additional 2 h. Sections were
rinsed, processed using the ABC method (Vector Laboratories, Burlingame, CA) and rinsed
again. Reaction was visualized using a 3,3′-diaminobenzidine (DAB) kit (Vector Laboratories,
Burlingame, CA), rinsed, mounted on subbed slides, rehydrated, and cover-slipped. All rinses
were done three times at five minutes per rinse in PBS.

4.4 Data Analysis
Representative digital photomicrographs were taken at the same A/P coordinate for each
nucleus of interest using a Zeiss Axioskop 40 microscope equipped with a Q-Imaging Camera
running Q-Capture software (Quantitative Imaging Corporation, Burnaby, BC).
Photomicrographs were scored by four blind raters who recorded total number of c-Fos reactive
nuclei. Raters' scores by area were significantly positively correlated, r > .95, p < .01. Scores
were averaged after results indicated no significant differences between raters.
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Fig. 1.
Representative photomicrographs of c-Fos activity within the parabrachial nucleus (PBN) after
saline (A) or lithium chloride (LiCl) injection (B) and the central nucleus of the amygdala
(CNA) after a saline (C) or lithium chloride (D) injection. All nuclei in the LiCl condition
showed significant elevations in c-fos expression compared to the Saline control condition.
Abbreviations: basolateral nucleus of the amygdala, BLA; central nucleus of the amygdala,
CNA; lateral parabrachial nucleus, LPB; medial parabrachial nucleus, MPB; optic tract, opt;
superior cerebellar peduncle, scp
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Fig. 2.
Representative photomicrographs of c-Fos activity within the basolateral amygdala (BLA)
shown at low magnification after saline (A) or lithium chloride (LiCl) injection (B). Figures
C and D are magnifications of images A and B with approximate site of magnification indicated
by a dashed box. LiCl treated rats showed increased c-Fos expression compared to the Saline
condition. Abbreviations: central nucleus of the amygdala, CNA; dorsal endopiriform nucleus,
Den.
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Fig. 3.
Representative photomicrographs of c-Fos activity within the gustatory thalamus (GT) after
saline (A) or lithium chloride (LiCl) injection (B) and the bed nucleus of the stria terminalis
(BNST) after a saline (C) or lithium chloride (D) injection. The GT and BNST showed
significant elevations in c-fos expression in the LiCl condition compared to the Saline controls.
Abbreviations: posterior portion of the anterior commissure, acp; fasciculus retroflexus, fr;
gustatory thalamus, GT; internal capsule, ic; lateral division of the bed nucleus of the stria
terminalis, STL; medial division of the bed nucleus of the stria terminalis STM.

St. Andre et al. Page 10

Brain Res. Author manuscript; available in PMC 2008 March 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
Representative photomicrographs of c-Fos activity within the insular cortex (IC) shown at low
magnification after saline (A) or lithium chloride (LiCl) injection (B). Figures C and D are
magnifications of images A and B with approximate site of magnification indicated by a dashed
box. No differences were found between LiCl and Saline conditions. Abbreviations: external
capsule, ec.
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