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Conditioned taste aversion (CTA) is an adaptive behavior that benefits survival of animals including humans and also serves as a
powerful model to study the neural mechanisms of learning. Memory formation is a necessary component of CTA learning and
involves neural processing and regulation of gene expression in the amygdala. Many studies have been focused on the identification
of intracellular signaling cascades involved inCTA, but not late responsive genes underlying the long-lasting behavioral plasticity. In
this study, we explored in silico experiments to identify persistent changes in gene expression associated with CTA in rats. We used
oligonucleotide microarrays to identify 248 genes in the amygdala regulated by CTA. Pathway Studio and IPA software analyses
showed that the differentially expressed genes in the amygdala fall in diverse functional categories such as behavior, psychological
disorders, nervous system development and function, and cell-to-cell signaling. Conditioned taste aversion is a complex behavioral
trait which involves association of visceral and taste inputs, consolidation of taste and visceral information, memory formation,
retrieval of stored information, and extinction phase. In silico analysis of differentially expressed genes is therefore necessary to
manipulate specific phase/stage of CTA to understand the molecular insight.

1. Introduction

Taste is a unique sensory system as it provides neural infor-
mation leading to the establishment and strengthening of
taste preferences via associations with postingestion signals
from visceral organs. Conditional taste aversion (CTA) learn-
ing is a behavioral paradigm whereby an animal, including
humans, develops an aversion to a food previously associated
with visceral malaise [1]. On fundamental level, the resultant
gustatory memory is used in making a decision on whether
the food stuff is ingested or rejected. The identification of the
genes and network pathways involved in CTA will be crucial
in understanding processes necessary for the initiation and
maintenance of long-term taste memory, as well as how the

brain extracts meaning from the sensory stream that can
promote or discourage consumption.

The amygdala is a forebrain region that has been exten-
sively studied in the context of CTA learning and memory
[2–9]. Lesion studies demonstrate a prominent role for the
basolateral nucleus of the amygdala (BLA) but are not in
full agreement regarding the effects of damage to the central
nucleus (CeA). Some studies unveiled no effect of CeA lesions
on CTA [2, 5, 10], while others have shown that CeA lesions
placed prior to conditioning disrupt learning [11, 12]. Yet
other studies employing transient blockade of gene expres-
sion showed that disruption of cAMP response element-
binding protein (CREB) or c-fos in a region overlapping CeA
impairs learning [8, 13, 14]. Similar results have been observed
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following transient blockade of CREB and c-fos-associated
intracellular signaling cascades such as protein kinase A
and C [15, 16]. Together these studies provide compelling
evidence that neural processing and subsequent activation
of cAMP/Ca2+/CREB pathways in the amygdala (both BLA
and CeA) plays a critical role in CTA. Transcription factor
activation during the early taste/visceral associative phase
of CTA implies that the formation of long-term memory
requires de novo protein synthesis [13]. Despite these recent
advances, a significant gap in knowledge remains regarding
later changes in downstream gene expression.

Based on our study using CTA rat model of learning,
we report that amygdala is an important region in the
brain for taste response and behavior. Therefore in our
previously published study [17] we reported genes that are
differentially altered in amygdala (BLA + CeA) using rat
whole genome chip, and the selected genes with desired cut-
off limits were validated by using quantitative RT-PCR and
Western blotting or ELISA experiments [17]. We used loss-
of-gain function experiments on insulin by blocking insulin
receptor centrally via its peptide antagonist and showed
that blocked insulin receptor delays CTA learning [17].
The molecular level understating in the field of behavioral
sciences is relatively new; therefore, as a significant step
in this study we utilized previously established behavior
model to understand molecular level details. In the present
study we further identified and expanded the scope of the
experimental data published by Panguluri et al. [17] and
performed in depth bioinformatics analysis and provide the
interpretation which provides complete overview of this
area. Two network analysis softwares were used to identify
potential pathways and cellular processes affected by selected
gene sets in addition to direct and indirect interactions
among the differentially expressed genes [18]. We discuss the
bioinformatic tools that can be used to identify networks
and pathways of interest from a large data set. All the
microarray analysis data can be viewed in ArrayExpress
(http://www.ebi.ac.uk/microarray-as/ae/; accession number
E-MEXP-3029).

The results obtained from this study provide detailed
molecular insight into central taste processing and taste
aversion learning, whichmay help us apply this to understand
many eating-related behavioral disorders such as anorexia
and bulimia. In addition, several reports suggest that changes
in food taste lead to aversion which is one of the major
characteristics found in cancer patients [19]. Previous studies
also suggest that about 45% of cancer patients loose at least
10% of their body weight, and more than 82% of patients
with chemotherapy develop taste aversion [20].We also know
that altered conditional taste aversion has been reported in
diabetic models [21], and manipulation of hedonic value for
high-fat diet is very important to reduce obesity.

2. Materials and Methods

2.1. Animal Model. All the experiments in the present inves-
tigation used adult male Sprague-Dawley rats that weighed
200–275 g at the time of CTA. All animals were individually

housed in cages placed in a temperature- and humidity-
controlled room with food ad libitum. All experiments were
performed in the home cage. Experimental protocols were
approved by the institutional committee for this study.

2.2. CTA Treatment. Animals were divided into three differ-
ent groups (sucrose/NaCl, sucrose/LiCl, and LiCl/sucrose).
After 5-day acclimation to fluid restriction where drinking
water from a graduated cylinder fitted with a sipper tube
was available for 15min in the morning and 1 h in the
afternoon, all animals had access to 0.3M sucrose instead
of water in the morning on Day 6. Thirty minutes later,
animals in the sucrose/NaCl group (𝑛 = 5) received an
intraperitoneal (ip) injection of saline (control group), while
those in the sucrose/LiCl group (𝑛 = 5) received ip LiCl
(0.15M, 13.3mL/kg, contingent LiCl group). Animals in the
LiCl/sucrose group (𝑛 = 5) received ip LiCl the day prior
to sucrose intake (i.e., following morning water intake on
day 5; noncontingent LiCl group). For the next two days
animals had access to water for 15min in the morning and 1 h
in the afternoon. This sequence was repeated a second time
followed by an intake test on day 12 where all groups had
access to sucrose for 15min in the morning in the absence
of ip injections. Data were presented as mean sucrose intake
(± SE) and analyzed with repeated measures ANOVA. Post
hoc contrast analyses (LSD) were used to determine the
source of statistically significant differences. 𝑃 values<0.05
were considered statistically significant.

2.3. Tissue Collection. Theanimals were administered a lethal
dose of Nembutal (150mg/kg) immediately following the
sucrose intake test on day 12 and decapitated after termi-
nation of respiration using a laboratory guillotine. Brains
were extracted under chilled (4∘C) oxygenated artificial
cerebrospinal fluid (in mM: 123 NaCl, 5 KCl, 1.2 KH

2
PO
4
, 15

glucose, 30 NaHCO
3
, 1.3 MgSO

4
, and 2.4 CaCl

2
) adjusted to

pH 7.4, blocked for tissue containing the amygdala, rapidly
frozen on dry ice, and stored at −80∘C until further use.
Tissue samples for RNA and protein analyses were obtained
from thick cryostat cut sections (250𝜇m). Both the central
and basolateral nuclei were dissected bilaterally from six
frozen sections using established anatomical landmarks (i.e.,
bounded dorsal by the striatum, medial by the optic tract,
and lateral by the external capsule). In rodents, neural
processing in visual cortex does not play a role in CTA
and, thus, allowed assessment of nonspecific changes in gene
expression; therefore we also collected visual cortex. The
instruments and working area were sprayed with RNase Zap
(Ambion/Applied Biosystems, CA, USA) to ensure an RNA-
free environment.

2.4. Microarray Analysis, Data Processing, Validation, and
Behavioral Characterization. All the materials and methods
related to whole rat genome oligonucleotide microarray
gene chip (Agilent Technologies, USA), data processing, raw
data analysis, validation by quantitative real-time RT-PCR,
Western blot/ELISA, and behavioral characterization have
been published elsewhere [17].
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2.5. Network Analysis. The oligonucleotide microarray data
was initially filtered by two criteria: (1) 𝑃 value with ≤0.05
and (2) fold values (up or down) ≥2. Animals were divided
into three groups with 3 animals each: (1) control group,
which received sucrose intake pairedwith intraperitoneal (ip)
saline; (2) conditioned group, which received sucrose intake
paired with LiCl (0.15M, ip); and (3) pseudoconditioned
group, which received LiCl (0.15M, ip) the day prior to
sucrose intake. Briefly, animals in groups (1) and (3) do not
learn an aversion to sucrose and continue to consume it, while
those in group (2) learn an aversion and subsequently avoid
consuming sucrose [17].

The initial raw data from microarray was processed
by using GeneSpring software (GX 7.3) and normalization
performed using a perchip 75th percentile method, which
allows for comparison among chips. Three experimental
comparisons were made including conditioned versus con-
trol, pseudoconditioned versus control, and conditioned
versus pseudoconditioned. Genes that met our filtering
criteria were processed for interactive network pathways by
IPA (http://www.ingenuity.com) and pathway Studio (PS)
(http://www.ariadnegenomics.com/products/pathway-stu-
dio/). Although PS software can performmicroarray raw data
normalization, for the uniformity across different networking
software, we used processed data. The processed data was
uploaded to IPA and PS with the Agilent IDs, fold values
(observation1), and 𝑃 values (observation1) for building
networks and pathways. Details for uploading data step by
step for IPA and PS can be found in [18].

3. Results

3.1. CTA Inducse Differential Expression of Many Unique
Genes in All Three Groups. The oligo-nucleotide microarray
of amygdala tissue showed 248 genes differentially regu-
lated in conditioned versus pseudoconditioned, 101 genes
in conditioned versus control, and 665 genes in pseudo-
conditioned versus control groups with 𝑃 values ≤0.05 and
fold values ≥2. IPA analyses revealed a lack of commonly
regulated genes among all three groups (Figure 1). However,
eleven genes were commonly regulated between conditioned
versus pseudoconditioned and conditioned versus control,
twenty-nine genes between conditioned versus control and
pseudoconditioned versus control, and another ninety-nine
between conditioned versus pseudoconditioned and pseudo-
conditioned versus control (Figure 1).

3.2. IPA Reveals Regulation of Many Unique Pathways. In
order to understand the interaction between different genes,
we generated canonical pathways using IPA software. Based
on the input information, IPA generates canonical pathways
involving these genes with the 𝑃 value (occurrence) and ratio
(frequency).Though the IPA analysis showed few commonly
regulated canonical pathways in all three groups, there are
many unique canonical pathways regulated within each
group. The top canonical pathways regulated in conditioned
versus pseudoconditioned were cAMP-mediated signaling,

allograft rejection signaling, cytotoxic T-lymphocyte signal-
ing, and G-protein-coupled receptor signaling (Figure 2(a)).
The top biofunctional networks in this comparison were
cell-to-cell signaling, molecular transport, genetic disorders,
neurological diseases, psychological disorders, and develop-
mental disorders (Figure 2(b)). The top canonical pathways
regulated in amygdala of conditioned versus control were
growth hormone signaling, axon guidance signaling, Notch
signaling, type II diabetes signaling, and other immune-
related signaling pathways such as chemokine networks,
NF𝜅B signaling and IL-4 signaling (Figure 3(a)). The top
biofunctions in this comparison were endocrine system
development and function, organ morphology, connective
tissue development and function, skeletal muscle system
development, and nervous system development and func-
tion (Figure 3(b)). Finally, the top-canonical pathways reg-
ulated in amygdala of pseudoconditioned versus control
were G-protein coupled receptor signaling, cAMP-mediated
signaling, TR/RXR activation, neuropathic pain signaling,
CRH/CRF signaling, and other receptor signaling path-
ways (Figure 4). The top biofunctional networks for this
comparison were genetic disorders, neurological disorders,
skeletal andmuscular disorders, psychological disorders, and
behavioral disorders. Although we observed more genes
differentially regulated in pseudoconditioned versus control
compared to other group comparisons, fewer canonical
pathways were revealed.

3.3. Amygdala Plays an Important Role in CTA via Regulation
of Many Pathways. We also generated common networks
based on the connectivity of these genes using IPA and PS
software. Based on the input information, the genes that
are downregulated are shown in green and the upregulated
genes in red. The differentially expressed genes in amygdala
of conditioned groups such as dopamine receptor D2 (-
2), MMP9 (-3), adrenergic receptor (-2.8), oxytocin (6.4),
corticotropin releasing hormone or CRH (-2), IL-2 recep-
tor (-2.8), VIPR2 (-2.8), mitogen-activated protein kinase
kinase kinase 2 or MAP3K (2.7), glucagon (-3.2), EGR2
(-2.6), calcium/calmodulin-dependent protein kinase II or
CAMKIIA (2.7), insulin 1 (3.5), cholinergic receptor, nicotinic
(-2.3), glycine receptor alpha 2 (2.2), and some sodium
channel were used to generate networks and pathways using
IPA. Many of the genes are involved in regulation of cellular
pathways such as Erk signaling, Creb signaling, Mapk signal-
ing, adrenergic receptor signaling (Figure 5), insulin, PI3K,
NFkB, Akt, and CamK signaling (Figure 6), glutamic acid
metabolism, calcium signaling, glutamate receptor signaling
and dopamine receptor signaling.

Pathway Studio revealed that the greatest number of genes
was represented in networks associated with gonadotropin
cell activation,myogenesis control, transcriptional regulation
and protein regulation. Several hormones (CRH, glucagon,
and oxytocin), receptors (DRD2, ADRA1B, ADRA2A, and
ADRA2B), and kinases (CamK2A) function in protein and
transcriptional regulation networks (Figure 7). G-protein
coupled receptors (GqCR) and kinases such as MAPK and
CAMK function in myogenesis networks (Figure 8).

http://www.ingenuity.com
http://www.ariadnegenomics.com/products/pathway-studio/
http://www.ariadnegenomics.com/products/pathway-studio/
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Figure 1: Venn diagram of differentially expressed genes from microarray analysis. The model represents the comparison between the
overlapping map of the number of genes in CTA animal groups. The overview is depicted with circles, green circle: LiCl-sucrose/NaCl-
sucrose conditioning, purple: LiCl-sucrose/pseudoconditioning, and yellow: pseudoconditioning with NaCl and-Sucrose.The genes selected
from each group are with cut-off limits of 𝑃 values ≤0.05 and fold values ≥2.

4. Discussion

In the present report we utilized our previously published
experimental data to identify the gene network pathways
in conditioned taste aversion (CTA). Our previous study
[17] clearly establishes the link between CTA and amygdala.
Although we demonstrated that the differentially expressed
genes in amygdala of CTA-learned animal are specific to
the taste behavior and blocked central insulin signaling can
delay CTA learning in our previous study, characterizing the
role(s) of other genes in behavior is very time consuming and
expensive. Therefore, as a first step to understand the role
of these differentially regulated genes in amygdala of CTA
animal, we explored various bioinformatics tools. Therefore,
the analysis presented in this study will provide an in-depth
view in deciphering the pathways that are likely to be playing
a major role in taste guided behavior. We identify the key
gene regulatory pathways that are altered in theCTAbehavior
groups. The molecular links provided are important for
mechanistic understanding in the field of gustatory behavior.

Identifying the target molecules and their regulatory
networks is the first step for dealing with large sets of gene
array data. As CTA process involves ingestion of sucrose
solution and treatmentwith LiCl, there is a possibility of iden-
tifying genes that are induced by orosensory signals (sucrose),
visceral signals (LiCl), oromotor signals (i.e., continued
sucrose intake in control versus avoidance in CTA animals),
and/or learning. Understanding offered by evaluating these

important regions identifies the genes regulated in learning.
Furthermore we compared gene expression between three
different groups of animals we reasoned that differentially
regulated genes in CTA versus pseudoconditioned animals
would yield genes associated with CTA learning as well as
differences in orosensory signals induced by sucrose intake.
This is because both groups received equal treatment with
LiCl with the exception that pseudoconditioned animals
received noncontingent pairing of sucrose and LiCl and, thus,
did not learn a CTA and continued to consume sucrose. This
approach clearly identifies that effect of sucrose consumption
on behavior and therefore processes occurring at the molec-
ular level identified under these conditions will be useful for
mechanistic understanding. Comparison of the differentially
regulated genes between CTA with control animals would
yield both learning-related genes as well as those associated
with LiCl treatment and differences in orosensory signals
induced by sucrose intake.

4.1. CTA Downregulates Key Pathways in the Brain. Differ-
entially regulated genes in CTA versus pseudoconditioned
animals (Figure 5) revealed that most genes in the amygdala
were downregulated.The selected genes that are differentially
regulated in CTA group compared to pseudoconditioned
were also tested in visual cortex, a brain region unrelated to
taste circuit [22] by qRT-PCR. Our qRT-PCR data showed
that glucagon, dopamine receptor 2,major histocompatibility
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Figure 2: Top networks affected by differentially expressed genes in conditioned group over pseudoconditioned group. (a) Top canonical
pathways affected by conditioned group. The −log (𝑃 values) shown on the 𝑦-axis are the 𝑃 values obtained by IPA software from the
number of genes from the microarray data with the cut-off parameters to the total number of genes present in the particular pathway. (b) Top
biofunctional networks affected by conditioned group. The −log (𝑃 values) shown on the 𝑦-axis are the 𝑃 values obtained by IPA software
from the number of genes from themicroarray data with the cut-off parameters to the total number of genes present in the particular pathway.

complex, class I, C (HLA-C), glycine receptor, alpha subunit
2, insulin 1, and oxytocin did not show any significant
change in visual cortex further confirming their specific role
in CTA learning [17]. One of the key genes upregulated
was oxytocin which is known to be induced by conditions
of hyperosmolarity. Oxytocin-containing parvocellular neu-
rons of the hypothalamic paraventricular nucleus send their
projections to brain regions involved in ingestive behavior
thereby inhibiting intake of osmoles in food and water [23–
25]. In the context of learning oxytocin has been shown
to enhance retention of CTA memory in chicken when
administered intracerebrally [26]. Evidence further supports
a role for oxytocin in behavioral response to anorexic agents
such as cholecystokinin (CCK) through the activation of
CCK receptor alpha [27]. More interestingly, the oxytocin
was found to decrease the expression of CRH, which is
downregulated in our microarray data [17]. As we know that
CRH is involved in stress and taste preference [28–30], it
could be possible that the stress releasing hormone oxytocin
was induced to regulate the expression of CRH [31], which is
downregulated in our microarray data. The Pathway Studio

analysis (Figure 7) also showed that CRH has a direct effect
on oxytocin as a response to stress and oxytocin directly
regulates glucagon. From these observations it was evident
that oxytocin plays an important role in regulating pathways
involved in food and liquid intake, memory retention, and
osmolarity in amygdala during CTA learning.

Cyclic-AMP Response Element Binding (CREB) protein
plays an important role in learning and long-term mem-
ory (LTM) formation, which is comprised of a family of
transcriptional factors that regulate transcription of genes
by binding cAMP response element [32]. The phospho-
rylation of these CREB proteins is a key regulator of its
activation or inhibition by various kinases. Previous reports
also suggest that vasoactive intestinal peptide receptor 2
(VIPR2) can increase the phosphorylation of CREB, which
is downregulated in our microarray data. Although VIPR2
downregulation in our data suggests the reduced activation
of CREB, its effect may be compensated by other CREB
activators such as insulin, MAPK, and CamKII [32, 33]
which are significantly upregulated in our data. The IPA
generated network of genes also suggests that MAP3K is
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Figure 3: Top networks affected by differentially expressed genes in conditioned group over saline group. (a) Top canonical pathways affected
by conditioned group. (b) Top biofunctional networks affected by conditioned group.The −log (𝑃 values) shown on the 𝑦-axis are the𝑃 values
obtained by IPA software from the number of genes from themicroarray data with the cut-off parameters to the total number of genes present
in the particular pathway.
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Figure 4: Top networks affected by differentially expressed genes in pseudoconditioned group over saline group. Top canonical pathways
affected by pseudoconditioned group. The −log (𝑃 values) shown on the 𝑦-axis are the 𝑃 values obtained by IPA software from the number
of genes from the microarray data with the cut-off parameters to the total number of genes present in the particular pathway.
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Figure 5: Network of genes involved in nervous systems development and function. Differentially expressed genes from conditioned group
over pseudoconditioned groupwith the selected cut-off𝑃 values and fold valueswere used to generate interacting networks from IPA software.
The genes shown in green are downregulated in microarray data and those shown in red were upregulated. The intensity of color is in
proportion to the fold values. Genes or molecules without any color are intermediate in the network but not found in our microarray data.
The indirect relations between the genes were shown in dotted or solid arrows which represent direct interaction.The values below the genes
shown here are the fold values.

involved in activation of ERK via activation of Erk kinase
(Mek), which in turn is increased by oxytocin (Figure 5).
The myogenesis control pathway from Pathway Studio also
suggests the interaction of MAP3K with other kinases such
as CAMK and neurotransmitter calcineurin (Figure 8). This
in turn suggests that many of these kinases have direct or
indirect effect onmany transcriptional factors like CREB and
MEF, which regulates multiple pathways including learning,
memory, and myogenesis.

Our microarray analysis of amygdala also shows the
downregulation of early growth response gene (EGR-2),
which is a family of transcriptional factors involved in many
cellular pathways. The recent studies on EGR2 knockout
mice showed that deletion of this gene in mice does not
impair anyCTA learning andmemory; in fact these knockout
mice were found to have improved motor learning and
object recognition memory [34]. Earlier reports also suggest
that the EGR2 is one of the downstream targets of CREB

transcriptional factor [35].Thedownregulation of this gene in
the amygdala of long-term CTA in mice suggests its possible
role in developing object recognition memory and motor
learning as part of the aversion learning paradigm.

The involvement of noradrenergic system in the memory
retention has been noted previously [36, 37]. Adrenergic
receptor antagonists are found to induce activity of nora-
drenergic neurons by blocking autoreceptors [38]. Recent
studies also showed that an𝛼2-adrenergic blocker, yohimbine
(1mg/kg) suppressed the CTA acquisition and retention
in rats [39]. In another study, an alpha-2 adrenoreceptor
antagonist, methoxy-idazoxan (RX821002), was found to
enhance the extinction of CTA in rats by enhancing arousal,
alertness, awareness, or attention [36]. Also the adrenergic
receptor alpha-1B protein was found to involve in expres-
sion of EGR-2, which is also downregulated in our data
[40]. Based on our IPA analysis we suggest that EGR-2
is involved in expression of IL-1 receptor, which is also
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Figure 6: Network of genes involved in cell-to-cell signaling and interaction. Differentially expressed genes from conditioned group over
pseudoconditioned groupwith the selected cut-off𝑃 values and fold values were used to generate interacting networks from IPA software.The
genes shown in green are downregulated inmicroarray data and those shown in redwere upregulated.The intensity of color is in proportionate
with the fold values. Genes or molecules without any color are the intermediate in the network but not found in our microarray data. The
indirect relations between the genes were shown in dotted arrows and solid arrows represent direct interaction. The values below the genes
shown here are the fold values.

downregulated in the microarray data (Figure 5). In addition
to these functions, adrenergic receptors are known to control
blood glucose homeostasis through hormonal and neuronal
actions which influence both glucose production and glucose
disposal. Among them 𝛼2 adrenergic receptors were found
to inhibit insulin levels and increase glucagon secretions
[41, 42]. Recent studies in 𝛼

2
-Adrenoceptors knockout mice

showed lower levels of blood glucose, higher insulin in
plasma when compared to wild type [43]. The increasing
level of glucagon was also reported to induce hepatic glucose
production by phosphorylation of transcription factor CREB
at Ser133 [44]. The authors also suggest that the elevated
levels of glucagon and increasing insulin resistance result
in nonsuppressible hepatic glucose production in type 2
diabetes patients.The IPA analysis also suggests that glucagon
can be induced by CRH. In support of these findings
we observed downregulation of glucagon, CRH, adrenergic
receptor alpha 2b and 1b, and EGR-2 in our microarray data
(http://www.ebi.ac.uk/microarray-as/ae/; accession number
E-MEXP-3029). Pathway Studio also showed direct or indi-
rect relations between adrenergic receptors, dopamine recep-
tors, CRH, MMP9, EGR2, and oxytocin (Figure 7). Though
the actual role of adrenergic receptors in memory retention
is not yet understood, the down regulation of these receptors

may be critical to regulate other important genes such as
EGR-2, glucagon, and CRH which are directly involved in
ingestive behavior.

The microarray analysis of amygdala in CTA-learned
animal also showed the downregulation of a protooncogene
family protein casitas B-lineage lymphoma-like 1 (c-Cbl)
by 92.3 fold (Array Express; E-MEXP-3029). This protein
contains multiple domains including a RING-finger domain
and ubiquitin-associated domain. The Cbl family proteins
recruit ubiquitin-conjugate enzymes to RING-finger domain
and add ubiquitin to the target proteins. Ubiquitination
of target protein can either activate signal transduction or
target protein degradation. The expression levels of these cbl
family genes were found to be expressed in many tissues
including brain [45]. To understand the role of this protein
in neuronal activities including learning and memory, these
authors developed Cbl-b null mice. These null mice were
found to have normal motor coordination and learning in
the Morris water-maze task but enhanced retention of long-
term memory. These results suggest that Cbl-b is a negative
regulator in long-term memory. The authors also suggest
that glutamatergic transmission is facilitated in these Cbl null
mice andmay contribute to the enhanced long-termmemory
retention found in Cbl-b null mice. From these observations

http://www.ebi.ac.uk/microarray-as/ae/
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it was evident that the downregulation of c-Cbl in amygdala
may favor enhanced long-termmemory, which is essential for
CTA learning.

In addition to these we also find the downregulation of an
important metalloprotease, MMP-9 by 3.2-fold. Matrix met-
alloproteinases (MMPs) are family of extracellular matrix-
degrading enzymes which are required for the degradation
of extracellular matrix [46, 47]. Among these MMPs MMP9
(gelatinase B) is found to be very important for synaptic
plasticity, learning, and memory [48]. These authors also

showed that 𝛽-dystroglycan is a synaptic target for MMP-
9. In a separate experiment these MMP-9 levels were found
to be decreased in hippocampus of cocaine abusers [49].
IPA and PS also showed that MMP9 interacts with many
genes in the networks shown in Figures 5 and 7 directly
or indirectly. These authors suggest the downregulation of
these genes involved in extracellular matrix remodeling and
thereby favoring synaptic plasticity. The downregulation of
this gene in microarray suggests that CTA induces plasticity
via regulation of these extracellular matrixes.
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4.2. CTA Affects Synaptic Plasticity, Food Intake, and Long-
TermMemory Formation in Amygdala by Induction of Insulin-
1, MHC-I, and Glycine Receptor. Insulin, a peptide hor-
mone, is a very important hormone for food and energy
balance. In addition to its role in energy balance, insulin
and its receptors are found to involve in control of body
weight and reproduction, learning and memory, axon path
finding, and ethanol response [50–53]. The recent findings
in Drosophila indicated that insulin-like receptor signaling
systems are essential for the dynamic regulation of noxious
food intake according to the animal’s energy state [54]. Also
insulin is found to stimulate both CREB phosphorylation
and transcriptional activation in HepG2 and 3T3-L1 cell
lines, which further demonstrate the insulin regulation of
CREB [33]. IPA analysis also suggested that CD36 (which
is also upregulated by 11-fold) can induce the expression of
insulin (Figure 6). The pathway also showed the activation
of CAMKIIA, an important kinase that activates CREB, by
insulin. Our microarray data also showed the upregulation
of this kinase by 2.7-fold (ArrayExpress; E-MEXP-3029). The
overexpression of insulin in the amygdala of CTA animal
suggests its potential role in modulating energy balance, food
intake and long-term memory formation.

Major histocompatibility complex class I (MHC I)
molecules are the proteins that are important for immune
response to foreign molecules/antigens. These MHC I
molecules were found to be the downstream targets of
transcriptional factor CREB, required for synaptic plasticity.
The expression of these immune complexes was also evi-
dent in neurons that undergo activity-dependent, long-term
structural and synaptic modifications [55]. The authors also
identified that these MHC I expression are very essential for
proper development of central nervous systems otherwise the
genetically deficient mice for MHC I found to have enhanced
NMDA-receptor-dependent long-term potentiation (LTP)
and absence of long-term depression (LTD) in hippocampus
of adult mice. These mutant mice were also found to have
altered synaptic plasticity. The recent experiments in their
laboratory suggest the dual role for MHC I in homeostatic
plasticity which in turn may set limits on the magnitude
and direction of Hebbian synaptic plasticity [56]. The IPA
software showed that this MHC I interacts with NF𝜅B-
signaling pathway, which is also one of the important
immune-related network (Figure 6). The microarray analysis
of amygdala of CTA-learned animal in the current study
showed upregulation of this gene by 97-fold. From these
observations, it can be evident that CTAmay induce plasticity
by regulation of MHC I proteins in amygdala.

5. Conclusions

In this study we have identified that the conditional taste
aversion paradigm is regulated through three major path-
ways, namely, neuronal plasticity, cognition andmemory, and
finally food and liquid intake. The neuronal plasticity may
be manipulated by the regulation of immune complexes such
as MHC-I and other extracellular matrix proteases such as
MMP-9. Then the neuronal plasticity enables the cognition

and memory of the ingested food, which in turn manipulates
the animal’s food and liquid intake. cAMP response element-
binding protein may be acting as a major molecule in
manipulating cognition and memory through the regulation
of various kinases such as CamKII and Map3K. The CREB
may be further regulated by hormones such as oxytocin,
insulin and glucagon in CTA mechanism. The downstream
targets of CREB such as EGR2 and IL-1 may also participate
in regulation of memory formation. Also we observed the
regulation of receptors such as glycine receptor, adrenergic
receptor, and VIP receptors which may further regulate
memory formation via regulation of CREB. As a consequence
of stress induced by noxious agents (LiCl), the stress releasing
peptides such as oxytocin may be involving the regulation of
stress induced peptides like CRH. In addition to these events
some other binding proteins such as cCbl may be involved
in improving animal’s long-term memory required for CTA
learning.
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