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Although the neural mechanisms regulating vomiting are well understood, the
neurobiology of nausea is not. Unlike conditioned taste avoidance (CTA), conditioned
disgust (indicated by orofacial gaping reactions) is a model of nausea-induced behaviour
in rats because it is selectively produced by emetic drugs and anti-emetics attenuate it.
Treatments that reduce serotonin (5-HT) availability selectively interfere with
conditioned gaping (Limebeer and Parker, 2000; 2003) and forebrain serotonin is critical
for the production of disgust reactions (Grill and Norgren, 1978b; Limebeer et al., 2004).
The insular cortex (IC) is a site of taste-illness associations and is involved in the
sensation of nausea and vomiting in humans (Penfield and Faulk, 1955; Fiol et al., 1988;
Catenoix et al., 2008) and other animals (Kaada, 1951; Contreras et al., 2007).
Therefore, we investigated the relationship between serotonin, conditioned gaping and
CTA in the insular cortex.
Systemic pretreatment with the classic anti-emetic ondansetron (OND) reduced
both LiCl-induced unconditioned malaise (assessed by lying on belly) and conditioned
gaping reactions, without modifying CTA. These experiments demonstrate that

decreases in serotonin availability interfere with conditioned gaping and unconditioned
malaise as well as provide further evidence of the validity of the conditioned gaping
model.
Rats with bilateral NMDA lesions of the agranular IC showed attenuated CTA
learning but conditioned gaping reactions were unaffected. This finding suggests that the
agranular IC, a site of gustatory input, may be required for CTA learning.
Partial serotonergic depletion of the IC attenuated conditioned gaping reactions,
suggesting that serotonin in the IC is required to establish conditioned gaping. A double
dissociation in the regulation of disgust and taste avoidance, by selective 5-HT3 receptor
antagonism/agonism in the visceral (granular) IC and the gustatory (agranular) IC was
observed. Infusion of OND into the visceral IC attenuated conditioned gaping but spared
CTA. Additionally, administration of the 5-HT3 receptor agonist mchlorophenylbiguanide (mCPBG) enhanced LiCl-induced conditioned gaping reactions
(which was prevented by intracranial administration of OND), but spared CTA. In
contrast, intracranial OND pretreatment in the gustatory IC attenuated CTA and mCPBG
infusions produced CTA, but neither affected the nausea-induced behaviour of
conditioned gaping.
Together, these studies shed light on the neurobiology of nausea. These results
suggest that 5-HT activity (at the 5-HT3 receptor) in the visceral IC may selectively
produce the nausea-induced reactions of conditioned disgust, while activity in the
gustatory IC may be involved in the production of CTA learning.
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CHAPTER 1
General Introduction
Considerable evidence suggests that conditioned taste avoidance and
conditioned taste aversion are two distinct, independent processes (e.g., Parker,
2003) and therefore may be mediated by different brain regions. It has been
suggested that conditioned taste aversion is best represented as conditioned disgust
reactions (primarily gaping reactions) that are elicited during intraoral infusion of a
tastant previously paired with an emetic treatment (Grill and Norgren, 1978a).
Although taste avoidance and conditioned disgust (aversion) appear to represent
different processes, our understanding of neural processes involved in taste-nausea
associations are almost exclusively based upon the finding of hundreds of studies
that employ the methodology of conditioned taste avoidance learning. The
experiments reported here evaluated the role of regions of the insular cortex (visceral
cortex, gustatory cortex) in the rat in the mediation of conditioned disgust and
conditioned taste avoidance elicited by a flavor paired with lithium chloride (LiCl).

Conditioned disgust, but not conditioned avoidance, may reflect nausea in rats
A classic experiment by Garcia et al. (1974) demonstrated that an animal
who experiences nausea in response to a novel taste paired with a toxin will later
avoid that taste. Early research called this phenomenon “conditioned taste aversion
learning”. Traditionally flavour-illness associations are assessed by the amount a
subject (usually a rat) consumes in a consumption test. In this paradigm a rat
approaches a bottle with a flavoured solution and consumes the liquid. Suppressed
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fluid intake is considered to reflect an association between the taste and illness.
However, avoidance of a taste is not exclusively produced by emetic drugs.
Conditioned taste avoidance is also produced by rewarding doses of drugs of abuse
(such as amphetamine, Berger, 1972) that do not produce nausea. Therefore taste
avoidance is not necessarily a reflection of the nauseating properties of a drug.
Another measure of a flavour-nausea association is the conditioned disgust
reaction that rats display in response to an intraoral infusion of the nausea-paired
flavour during the Taste Reactivity (TR) test, devised by Grill and Norgren (1978a).
In this paradigm, rats undergo surgery to implant an intraoral cannula before testing.
In each trial rats are infused with a novel tasting solution for 1-5 min and their
orofacial reactions are recorded. Afterwards rats are injected systemically with a
nausea-inducing agent. During the intraoral infusion of a nausea-paired taste, rats
display conditioned disgust reactions such as gaping, chin rubbing and paw treading
which are specific and direct measures of conditioned taste aversion (Grill and
Norgren, 1978a). The most reliably produced response is gaping (a wide opening of
the mouth with lower incisors exposed, see Figure 1, left image) and inter-rater
reliabilites in scoring this reaction are consistently higher than 0.90 (e.g., Tuerke et
al., 2012). These nausea-inducing agents include: LiCl ( e.g., Parker 1982),
cyclophosphamide (Limebeer and Parker, 1999), high doses of nicotine (Parker and
Carvell, 1986), apomorphine (Parker and Brosseau, 1990), the CB1 inverse agonist
AM251 (McLaughlin et al., 2005), naloxone-precipitated morphine withdrawal
(McDonald et al., 1997), fenfluramine (Parker, 1998), full body rotation (Ossenkopp
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et al., 2003), fluoxetine (Limebeer et al., 2008), rolipram (Rock et al., 2009) and
paroxetine (Tuerke et al., 2009).
Conditioned disgust reactions are a more selective measure of nausea than
conditioned taste avoidance because they are selectively produced by emetic drugs
(e.g., Parker, 1998). The selectivity of conditioned disgust reactions to nausea
producing treatments was demonstrated by Pelchat et al. (1983). Rats were
conditioned to associate a sucrose solution with either footshock, lactose (lower
intestinal distress that produces a gaseous sensation) or LiCl-induced nausea and the
rats’ orofacial and somatic responses were measured. The strength of each
unconditioned stimulus (US) was controlled to produce equal strength conditioned
sucrose avoidance in a traditional consumption test. However, when the rats were
intraorally infused with the sucrose in a subsequent test, those that had received
pairings of the sugar solution with either footshock or lactose did not display disgust
reactions, whereas those that had received pairings of sucrose with LiCl-induced
nausea did display disgust reactions. Nausea was necessary to establish conditioned
disgust. The authors suggested that taste avoidance may result from the flavor
signaling danger, but conditioned disgust is only produced by a nauseating
treatment.
More recently, in a series of experiments, Parker (1982; 1995; 2003)
demonstrated that, in contrast to LiCl, when rats were conditioned with doses of
rewarding drugs (such as amphetamine, cocaine and morphine) they did not display
conditioned disgust reactions to an intraoral infusion of the flavored solution. Rats
did however show a strong conditioned taste avoidance. Therefore, like shock,
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rewarding drugs produced conditioned taste avoidance (decreased consumption), but
not conditioned taste aversion. In fact, even when the dose of amphetamine was
adjusted to produce stronger taste avoidance in a consumption test than a low dose of
lithium, the rats only displayed conditioned disgust reactions to the LiCl-paired
flavor, but not the amphetamine-paired flavor (Zalaquett and Parker, 1988).
Therefore conditioned disgust reactions, but not conditioned taste avoidance, are
reliable and selective measures of nausea in rats.
Another animal model we use in our laboratory is the house musk shrew,
Suncus murinus. It is an excellent animal model of vomiting because it is one of the
few species that can vomit in response to toxins, such as nicotine (Matsuki et al.,
1988; Matsuki et al., 1990; Torii et al., 1991; Smith et al., 2001; Nakayama et al.,
2005; Parker et al., 2009), cisplatin (Matsuki et al., 1988; Matsuki et al., 1990; Torii
et al., 1991; Sam et al., 2003; Lau et al., 2005; Parker et al., 2009) and LiCl (Smith
et al., 2001; Parker et al., 2004) and is therefore a practical laboratory species to use
for vomiting research. This species also vomits in response to motion stimulus,
making it a useful model for studying motion sickness as well (Ueno et al., 1988;
Torii et al., 1991; Okada et al., 1994; Javid and Naylor, 2006; Cluny et al., 2008).
Interestingly, the conditioned disgust reaction of gaping uses the same orofacial
musculature that is required for vomiting in emetic species (Parker, 2003; Travers
and Norgren, 1986). The similarities between the rat gape and shrew pre-vomiting
oral response can be seen in Figure 1.
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Conditioned Gaping in Rats Reflects Nausea “Incipient Vomiting Response”

Rat Gape

Shrew pre-vomiting oral response

Figure 1. The orofacial characteristics of the rat gape are very similar
to those of the shrew retch. Unlike the rat, the shrew is able to vomit in
response to emetic stimulation.

Serotonin (5-hydroxytryptamine; 5-HT) and Nausea and Vomiting
Serotonin (5-hydroxytryptamine; 5-HT) is a neurotransmitter that is
synthesized from the amino acid tryptophan in two enzymatic steps. Serotonin acts
mainly at G-protein coupled receptors (except 5-HT3) and has been implicated in
many processes such as sleep, appetite, mood, aggression, pain, anxiety, emotion
and emesis. Drugs that act on 5-HT receptors have been shown to be effective in a
number of psychiatric disorders such as: depression, schizophrenia, anxiety
disorders, and eating disorders. Serotonin influences many different behavioural and
physiological systems through a variety of different mechanisms. Serotonin
receptors can be divided into seven groups – 5-HT1 to 5-HT7 with further subtypes
of each. Two serotonergic receptors that play an important role in emesis are the 5HT3 and 5-HT1A receptors.
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5-HT3 receptors
5-HT3 receptors are unique in comparison to all other serotonin receptors
because they are the only ligand-gated ion channel receptor superfamily. In
particular they are part of the Cys-loop family of ligand-gated ion channels, which
also include nicotinic acetylcholine receptors, GABAA receptors and glycine
receptors. In rodents the 5-HT3 receptor has two functional subunits, 5-HT3A and 5HT3B, but recent research has cloned the 5-HT3C, 5-HT3D and 5-HT3E-like subunits
from human samples (Niesler et al., 2003; Karnovsky et al., 2003).
5-HT3 receptors are expressed in the gastrointestinal tract (GI) as well as the
peripheral and central nervous systems (Kilpatrick et al., 1987). 5-HT3 receptors are
distributed throughout the brain including the cortical, limbic and brainstem regions
(Kilpatrick et al., 1987; Waeber et al., 1990; Gehlert et al., 1991). They are located
in high densities in the area postrema (AP), nucleus tractus solitarius (NTS) and the
dorsal motor nucleus of the vagus nerve which are key to the initiation and
coordination of the vomiting reflex (see Hsu, 2010). Lower densities of 5-HT3
receptors have also been found in forebrain regions such as the hippocampus,
nucleus accumbens, cerebral cortex, hypothalamus, putamen, caudate, amygdala and
insular cortex (see Tecott et al., 1993; Morales and Bloom, 1997; Hannon and
Hoyer, 2008; Walstab et al., 2010). 5-HT3 receptors are well known to be involved
in the regulation of GI function and play an important role in the regulation of the GI
motility, visceral sensation, secretion processes and changes in visceral function. 5HT3 receptors residing on the intrinsic afferents of the vagus nerve directly
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contribute to the crosstalk between the gut and brain via the brain-gut axis (Gershon,
2004; 2005).
Cisplatin and other toxins produce emesis by inducing 5-HT release from
enterochromaffin cells located in the small intestine (Andrews et al., 1988; Hsu,
2010). This released 5-HT then acts upon 5-HT3 receptors located on the terminals
of intestinal (Horn et al., 2004) vagal afferent fibers (Andrews et al., 1988; Hsu,
2010). 5-HT3 receptor antagonists such as OND may reduce emesis by blocking the
binding of 5-HT to the 5-HT3 receptors, centrally in the dorsal vagal complex, and/or
peripherally via the vagus nerve of the gastrointestinal tract (Naylor and Rudd,
1992).
With the use of 5-HT3 receptor antagonists such as OND, control of
chemotherapy-induced emesis in humans has been more successful than the
suppression of nausea (Morrow et al., 1995; Morrow et al., 1998; Gralla et al.,
1999), with the most profound anti-emetic response being seen on the first day of
chemotherapy and declining in effectiveness thereafter (Cubeddu et al., 1990; Fox et
al., 1993). 5-HT3 antagonists are not only effective at reducing emesis in humans
but they are also very effective anti-emetics agents in animal models. The S.
murinus retches and vomits when exposed to a toxin such as cisplatin and these
reactions are reduced by pretreatment with classic 5-HT3 receptor antagonists
(Matsuki et al., 1990; Torii et al., 1991; Sam et al., 2003; Kwiatkowska et al., 2004;
Lau et al., 2005; Nakayama et al., 2005). 5-HT3 receptor antagonists attenuate
cisplatin-induced Fos expression in the NTS and DMN (hindbrain structures of the
emetic pathway) at 6 h in the shrew (De Jonghe and Horn, 2009). 5-HT3 receptor
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agonists dose-dependently induce emesis in Cryptotis parva (the least shrew,
Darmani, 1998) and the 5-HT3 receptor antagonist tropisetron prevented cisplatininduced emesis and retching in C. parva (Darmani, 1998).
In the ferret, 5-HT3 receptor antagonists, such as OND, FK1052, GR38032F,
ICS205-930, BRL43694 and MDL72222 have been shown to reduce cisplatininduced vomiting (Miner and Sanger, 1986; Costal et al., 1986; Miner et al., 1987;
Bermudez et al., 1988; Higgins et al., 1989; Rudd and Naylor, 1994; Nakayama et
al., 2005). A study by Stables et al. (1987) found that systemic injections of
GR38032F effectively inhibited vomiting induced by cyclophosphamide and a high
dose of whole body radiation. Injections of 5-HT3 receptor antagonists into the AP
have prevented cisplatin-induced emesis (Higgins et al., 1989). Together these
studies suggest 5-HT3 antagonists have a potential central site of action, as well as a
peripheral site of action. Additionally, the selective 5-HT3 receptor agonist 2-methyl5-HT and cisplatin caused a concentration-dependent increase of 5-HT in the ferret
ileum, which was significantly reduced in a concentration-dependent manner by
various 5-HT3 receptor antagonists (Endo et al., 1998; Endo et al., 1999).
Additionally, in the cat, administration of zacopride (a 5-HT3 receptor
antagonist) blocked cisplatin-induced emesis when administered iv or icv (Smith et
al., 1988). Taken together, these studies suggest a central role for the 5-HT3 receptor
in modulating emesis (acute) in a species capable of this response. Zacopride, when
administered iv or po, is also effective at inhibiting emesis induced by cisplantin,
cancer chemotherapy agents (dacarbazine, mechlorethamine, adriamycin,
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actinomycin D) or peptide YY in dogs (Smith et al., 1989). Granisetron has also
been shown to antagonize radiation-induced emesis in the dog (Harding et al., 1988).
In the non-emetic rat, the selective 5-HT3 receptor agonist 2-methyl-5-HT
caused a concentration-dependent increase of 5-HT in the rat ileum, which was
significantly reduced by the selective 5-HT3 receptor antagonist granisetron (Minami
et al., 1995). Behaviourally, OND interferes with LiCl-induced conditioned disgust
reactions elicited by a taste, but not with LiCl-induced taste avoidance in rats (Rudd
et al., 1998; Limebeer and Parker, 2000), reaffirming that avoidance and aversion
are two distinct processes. As in the emetic shrew and vomiting, the 5-HT3 receptor
also modulates this nausea-like behaviour in the rat. Interestingly, OND does not
interfere with the expression of conditioned gaping elicited by a context previously
paired with LiCl (Limebeer et al., 2008; Rock et al., 2008). This finding suggests
that OND does not interfere with anticipatory nausea-like behaviour in rats once it
has developed, which parallels reports with humans (Morrow et al., 1998).
The involvement of 5-HT3 receptors and antagonists on emesis is clear. 5HT3 antagonists, like OND, are the gold standard in the treatment of chemotherapyinduced vomiting and also effective anti-emetics in animal models capable of
vomiting (Walstab et al., 2010). Although administration of OND to the AP has
been shown to interfere with vomiting in ferrets (Higgins et al., 1989), there has
been little investigation of the potential of central administration of OND to
forebrain regions that may regulate nausea (e.g., Limebeer et al., 2004; Grill and
Norgren, 1978b). The experiments described in this dissertation specifically
evaluated the role of 5-HT3 receptors in the insular cortex in the production of
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conditioned gaping and conditioned taste avoidance in rats (e.g., Tuerke et al.,
2012).
5-HT1A receptors
5-HT1A receptors are located throughout the central nervous system. Large
numbers of 5-HT1A receptors have been identified in the limbic regions such as the
hippocampus and frontal cortex, and especially in the raphe nuclei of the brainstem
(Verge et al., 1986; el Mestikawy et al., 1991). These 5-HT1A receptors mediate
inhibitory responses and serve to self-regulate release of 5-HT (e.g. Galligan, 1996).
Specifically, 5-HT1A autoreceptors, located on serotonergic cell bodies and dendrites
(Sotelo et al., 1990; Riad et al., 2000) in the rat median raphe nucleus (MRN) and
dorsal raphe nucleus (DRN), regulate 5-HT release (Verge et al., 1986) at terminal
forebrain regions by decreasing the rate of firing of the neurons (see Blier et al.,
1998).
Activation of 5-HT1A autoreceptors leads to opening of cell membrane
potassium channels and hyperpolarization of the cell, which then leads to reduced
cell firing (Blier and de Montigny, 1987; Sprouse and Aghajanian, 1987). Serotonin
released locally in the raphe nuclei reduces neuronal firing, producing negative
feedback regulation of neurotransmitter release (Adell and Artigas, 1991; Artigas et
al., 1996). Release of 5-HT from in vitro preparations of rodent brain tissue was
inhibited by 5-HT receptor agonists (Chase et al., 1969; Farnebo and Hamberger,
1971) and in vivo, 5-HT receptor agonists reduce the electrical activity of 5-HT
neurons in the DRN (Aghajanian, 1972). Therefore stimulation of this
somatodendritic 5-HT1A autoreceptor results in a decrease in 5-HT availability.
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8-hydroxy-2-(di-n-propylamino) tetralin (8-OH-DPAT), a highly selective
and centrally active potent ligand (Arvidsson et al., 1981; Hjorth et al., 1982) that
preferentially binds to the somatodendritic (Hjorth and Magnusson, 1988) 5-HT1A
autoreceptor (Middlemiss and Fozard, 1983). Systemic 8-OH-DPAT causes a dosedependent reduction in 5-HT synthesis rate, a decrease in 5-HIAA (Sharp et al.,
1989) and inhibits 5-HT neuronal firing in the DRN (Sinton and Fallon, 1988;
Sprouse and Aghajanian, 1988; Blier et al., 1989) thereby reducing 5-HT release in
the brain (Hjorth et al., 1982; Hjorth and Magnusson, 1988) without interfering with
dopamine or noradrenaline (Hjorth et al., 1982). 5-HT1A receptors are also important
modulators of 5-HT neuron firing. When microinfused into the DRN, 8-OH-DPAT
(0.5 μg) reduced 5-HT release in the ventral hippocampus, decreased 5-HT synthesis
in the hippocampus and the rest of the brain (Hutson et al., 1989) and also reduced
5-HIAA in the frontal cortex, hippocampus and hypothalamus (Higgins et al., 1988).
The behavioural effects of 8-OH-DPAT are dose-dependent (Hjorth et al.,
1982), such that low doses (0.015-0.06 mg/kg) preferentially activate the
somatodendritic autoreceptors, decreasing the metabolism of 5-HT and increasing
feeding (Dourish and Hutson, 1985; Dourish et al., 1985a; Dourish et al., 1985b).
High doses (0.25-4 mg/kg) on the other hand, activate postsynaptic 5-HT receptors
and produce the 5-HT-related behavioural syndrome (Dourish et al., 1985a; Dourish
et al., 1985b).
Evidence suggests involvement of the somatodendritic 5-HT1A autoreceptor
in the regulation of emesis and nausea. In humans, administration of buspirone
resulted in a reduction of self-report nausea scores in healthy human patients
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participating in a nutrient drink test to assess gastric functioning (Chial et al., 2003).
In the nutrient drink test, participants consume the maximum tolerated volume of a
nutrient drink at the rate of 30 ml/min. Thirty minutes later, symptoms of bloating,
fullness, nausea, and pain are assessed on a rating scale. Buspirone selectively
suppressed nausea in this test.
5-HT1A autoreceptor agonists such as 8-OH-DPAT, buspirone, and
LY228729 have been found to suppress vomiting in emetic species such as pigeons
(Wolff and Leander, 1994; Wolff and Leander, 1995; Wolff and Leander, 1997), S.
murinus (Okada et al., 1994; Javid and Naylor, 2002), cats (Lucot and Crampton,
1987; Lucot and Crampton, 1989; Lucot, 1990) and dogs (Gupta and Sharma, 2002).
In addition, 8-OH-DPAT has been shown to interfere with the establishment
and expression of conditioned gaping to a LiCl-paired flavour in rats, but as with
OND, 8-OH-DPAT had no effect on conditioned taste avoidance (Limebeer and
Parker, 2003). 8-OH-DPAT also interfered with the establishment of fluoxetineinduced conditioned gaping in rats (Limebeer et al., 2009). Finally, 5,7Dihydroxytryptamine (5,7-DHT)-induced lesions of the median and dorsal raphe
nuclei which depleted forebrain 5-HT, interfered with the establishment of LiClinduced conditioned gaping, but not conditioned taste avoidance (Limebeer et al.,
2004). This finding lends further support to the idea that nausea is forebrain
mediated because when forebrain 5-HT was eliminated via 5,7-DHT lesions, so too
was conditioned gaping. In addition, these findings also further support the idea that
somatodendritic 5-HT1A autoreceptor agonists, which reduce 5-HT release in
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forebrain terminal regions, result in the alleviation of toxin-induced nausea and
vomiting.

Neural dissociations of conditioned disgust and avoidance
The neural representation of a flavor-illness association has been mostly
assessed using a standard taste avoidance procedure but there has been relatively
little investigation of the neural mechanisms involved in the establishment and/or the
expression of conditioned disgust reactions, which reflect conditioned nausea in rats.
Within the brainstem, lesions of the area postrema (Eckel and Ossenkopp, 1996) and
the parabrachial nucleus of the pons (Flynn et al., 1991), but not the nucleus of the
solitary tract (Flynn et al., 1991) prevented both LiCl-induced conditioned disgust
and taste avoidance. However, forebrain mechanisms are also essential for the
establishment/or expression of conditioned disgust reactions (Grill and Norgren,
1978b). Decerebrate rats failed to display conditioned disgust reactions when
intraorally infused with a lithium-paired tastant, although they did respond with
disgust to an unconditionally bitter tastant. Since the decerebrate rats were unable to
drink, they were not tested in a taste avoidance procedure (Grill and Norgren,
1978b). Furthermore, Limebeer, Parker and Fletcher (2004) found that 5,7-DHT
lesions of the dorsal and median raphe nuclei (depleting forebrain 5-HT) prevented
the establishment of LiCl-induced conditioned disgust but not taste avoidance.
Since the amygdala plays an important role in the acquisition of emotionally
relevant material, it has been the subject of considerable investigation as a site
responsible for conditioned taste avoidance learning (see, Reilly and Bornovalova,
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2005 for review), but its involvement in conditioned disgust has only recently been
evaluated. Within the amygdala there are two subregions that have been shown to
contribute to fear learning and the expression of learned fear responses. The
basolateral complex of the amygdala (BLA) is where CS and US information
converge and become associated (resulting in fear memory), and the central nucleus
of the amygdala (CEA) translates this information into behavioral fear responses
(e.g., Fendt and Fanselow, 1999). In the taste conditioning literature, although the
results are mixed (see Reilly and Bornovalova, 2005 for review), neurotoxin-induced
and electrolytic lesions of the BLA generally have been shown to attenuate
conditioned taste avoidance, but lesions of the CEA consistently spare conditioned
taste avoidance. However, in contrast to conditioned taste avoidance, lesions of
either the CEA (Galaverna et al., 1993; Rana and Parker, 2008) or the BLA (Rana
and Parker, 2008) have no effect on the establishment/expression of lithium-induced
conditioned disgust reactions. As suggested above, conditioned taste avoidance may
be at least partially motivated by conditioned fear, but conditioned disgust may be
motivated by conditioned sickness; therefore, it is conceivable that the BLA lesions
reduced the capacity of LiCl-paired saccharin to signal danger but not illness.
Therefore, the amygdala does not appear to be a forebrain structure that is critical for
the establishment of conditioned disgust reactions in rats. Indeed, current human
research using functional magnetic imaging (fMRI) studies confirms that the
amygdala (which is activated by fear eliciting stimuli) does not appear to process the
emotional experience of disgust elicited by pictures of disgusting foods (e.g. Calder
et al., 2001; 2007).
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Considerable human research suggests that, unlike the amygdala, the insular
cortex and the putamen/pallidum are involved in the emotional reaction of disgust
(e.g., Calder et al, 2007). The insula and pallidum are engaged in humans who view
facial expressions of disgust and pictures of disgusting scenes (Phillips et al, 1997,
2000; Murphy et al, 2003; Wicker et al, 2003) or exposure to disgusting smells
(Heining et al, 2003; Wicker et al., 2003). Penfield and Faulk (1955) observed that
electrical stimulation of the insula of conscious human patients undergoing surgery
produced sensations of nausea, unpleasant tastes and sensations in the stomach.
Rozin and Fallon (1987) claim that disgust developed from a more primitive system
involving distaste. Calder et al. (2000) report that a patient, NK, with damage to the
insula showed a marked and selective impairment in recognizing the facial
expression and vocalization of disgust, as well as his own responsiveness to disgustprovoking scenarios.
Neurotoxin-induced or electrolytic lesions of the insular cortex usually
attenuate CTA (Balleine and Dickinson, 2000; Bermudez-Rattoni and McGaugh,
1991, Braun et al., 1972; Cubero et al., 1999; Desgranges et al., 2009; Dunn and
Everitt, 1988; Roman and Reilly, 2007) with only a few reports of no effects of taste
avoidance (Geddes et al., 2008; Mackey et al., 1986; Yamamoto et al., 1993; 1995).
In the single study that has evaluated the role of the insular cortex on conditioned
disgust in rats, Kiefer and Orr (1992) showed that rats with complete bilateral
ablation of the insular cortex learned to avoid drinking sucrose and salt that was
paired with LiCl (albeit at a slower rate than controls), but they failed to display
aversive reactivity to the tastes. This was not a function of their inability to make
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aversive responses or to detect aversive tastes, because they showed normal
reactivity to quinine solution. Therefore, rats lacking an insular cortex learned to
avoid the taste, but not because it was conditionally disgusting. Contreras et al.
(2007) recently reported that inactivation of the visceral insular cortex (granular)
attenuated LiCl-induced malaise in rats as measured by flattened lying on belly
(LOB; Parker et al., 1984; Bernstein et al., 1992; Tuerke et al., 2012), which is also
attenuated by lesions of the area postrema (Bernstein et al, 1992). Contreras et al.
(2007) suggested that this region (which is also involved in craving for drugs (Naqvi
et al., 2007) may be responsible for sensing strong deviations from a “well being
state”. Both human and rat data, therefore, suggest a dissociation between the role of
the amygdala in processing the emotion of fear (which may also be the motivation of
conditioned taste avoidance) and the insular cortex in processing the emotion of
disgust (conditioned taste aversion—conditioned disgust reactions in the TR test).
Indeed, these structures are reciprocally connected in the visceral and gustatory
pathways (Saper, 2004).

Organization of the insular cortex in the rat
The insular cortex is comprised of the granular (visceral) and the agranular
(dorsal agranular = gustation) regions (Lundy and Norgren, 2004). There is
considerable convergence between gustatory and visceral input in the CNS with
topographical representation at the nucleus of the solitary tract (NTS), parabrachial
nucleus of the pons (PBN), the thalamus and the insular cortex (see Figure 2). First,
the gustatory pathway will be evaluated. Gustatory input synapses on the NTS
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(rostral region). The primary projection site of NTS neuron is the PBN (medial
region). Retrograde labeling studies (e.g., Fulwiler and Saper, 1984; Halsell, 1992)
indicate that the axons of the gustatory PBN neurons synapse preferentially in the
thalamus, but others project to the ventral forebrain (primarily, hypothalamus and
amygdala). The PBN taste neurons projecting to the thalamus are the afferent source
for a specific sensory relay to the cortex (Lundy and Norgren, 2004). The projections
to the thalamus concentrate in a small area, the thalamic gustatory relay, called the
ventral posteriomedial thalamus, parvicellular part (VPMpc). The cortical terminal
fields of neurons in the thalamic gustatory relay are located in the dorsal agranular
insular cortex, a narrow band just dorsal to the rhinal fissure (Kosar et al, 1986).
This field maps onto a histologically distinct cortical subdivision that: (1) overlies
the claustrum and (2) lacks a distinct layer of granule cells (Lundy and Norgren,
2004). Both cortical and subcortical regions form reciprocal connections with each
of the taste relays that are afferent to them as well as with one another. The dorsal
agranular cortex sends projections back to its thalamic gustatory relay and also send
axons directly to the PBN and the NTS (Norgren and Grill, 1976). Additionally,
neurons in the gustatory (dorsal agranular) cortex have reciprocal connections with
ventral forebrain areas that are implicated in gustatory function (i.e., the amygdala
and HT). The amygdala and hypothalamus also project back to the PBN and the
NTS, but not to the gustatory thalamus (e.g., Norgren 1985).
The visceral input to the NTS is vagal and from the AP. The NTS sends
descending projections to the dorsal motor vagal nucleus (DMNX) part of the dorsal
vagal complex (DVC) controlling emesis. The largest single ascending projection of

17

the NTS is to the PBN, which is topographically organized (e.g., Saper, 2004). The
taste and visceral neurons in the NTS send axons to different terminal fields in the
PBN (gustatory = medial; visceral= lateral; Reilly and Bornalova, 2005), this order
is preserved in projections to the thalamus and the insular cortex. PBN
gastrointestinal fibres project to the ventral forebrain regions (including the central
nucleus of the amygdala) and to the ventroposterior lateral parvocellular nucleus of
the thalamus (VPLpc; Cechetto and Saper, 1987), located adjacent to the gustatory
thalamic relay. The VPLpc visceral neurons project to the granular insular cortex in
a topographical manner, with the neurons responding to gastrointestinal stimuli
placed most rostrally and dorsally, adjacent to the taste (dorsal agranular) cortex
(Saper, 2004).
Descending projections from the insular cortex back to the HT, PBN and
NTS mainly originate in the agranular field (Saper, 2004). Electrical or chemical
stimulation of the agranular insular cortex produces increased gastric motility (e.g.,
diarrhea - Ruggiero et al., 1987; Yasui et al., 1991). The agranular insular cortex
also innervates the infralimbic (of the PFC) area. Therefore, visceral sensory
afferents to the insular cortex terminate in the granular fields, whereas the primary
efferent projections from the insular cortex to autonomic structures arise from the
agranular field (Allen et al., 1991), suggesting considerable communication and
differentiation of function between areas of the insular cortex.
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Figure 2. A schematic diagram of a horizontal cross-section
through the rat brain, illustrating both the afferent inputs (left)
and efferent outputs (right) to and from the insular cortex
(Williamson et al., 2006)

Although the rat insular cortex can be differentiated (agranular [gustatory]
and granular [visceral]) there is a considerable extent of anatomical convergence of
gustatory and visceral information at the level of the IC (Saper, 2004). Accolla and
Carleton (2008) evaluated the effect of a visceral malaise on taste representations in
the rat gustatory cortex. Using in vivo intrinsic optical imaging to map functional
activity of gustatory cortex, they showed that inducing a conditioned taste aversion
to a sweet taste induced plastic rearrangement of its cortical representation,
becoming more similar to that of a bitter taste representation. Furthermore changes
in intake of the conditioned aversive solution were directly related to maps in the
plasticity of the GC. The authors suggest that visceral malaise produced plastic
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reshaping in the GC associated with the behavioural shift in the stimulus hedonic
value (conditioned disgust).

Proposed Experiments
Although both electrolytic (Kiefer et al., 1984; Lasiter and Glanzman, 1982;
1985; Yamamoto, 1993; Schafe and Bernstein, 1998) and neurotoxic (BermudezRattoni and McGaugh, 1991; Dunn and Everitt, 1988; Roman and Reilly, 2007)
lesions of the insular cortex do not completely eliminate conditioned taste avoidance
learning, there is considerable evidence that these lesions attenuate the strength of
taste avoidance, as do electrolytic (Nachman and Ashe, 1974) and neurotoxic
(Morris et al, 1999; Rana and Parker, 2008; St Andre et al., 2007; Yamamoto et al.,
1995) lesions of the BLA which receive input from the IC. Therefore manipulation
of this region may affect the strength of conditioned taste avoidance in rats.
However, as in the experiment by Keifer and Orr (1992) these lesions have generally
been non-selective, large lesions of the IC rather than more selective lesions of the
various distinct regions of the IC. Conditioned disgust reactions, but not conditioned
taste avoidance are exclusively produced by emetic treatments, suggesting the
visceral (granular) IC may play a more prominent role in the establishment of
conditioned disgust reactions than the gustatory IC. Indeed, Contreras et al (2007)
reported that inactivation of the visceral IC attenuated LiCl-iduced malaise in rats as
measured by LOB, but Mackey et al. (1986) reported that lesions of this region did
not interfere with LiCl-induced taste avoidance. On the other hand, the gustatory IC
(dorsal agranular) is the gustatory sensory cortex which may hold the representation
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of a palatability shift in the evaluation of the taste paired with emetic treatment.
Finally, the primary efferent projection from the IC arise from neurons in the
agranular IC as evidenced by innervated gastric motility produced by stimulation of
the region (Ruggiero et al., 1987). Therefore, this region may be critical for the
expression of conditioned disgust reactions.
The experiments to be conducted in this thesis are aimed at evaluating the
role of serotonin availability in the insular cortex on the establishment of conditioned
disgust and conditioned taste avoidance. The experiments in Chapter 2 replicated
and extended the previous finding that systemically administered ondansetron
selectively interferes with the establishment of conditioned disgust, but not taste
avoidance. It also investigated the effect on OND pretreatment on Lying on Belly
(Parker et al., 1984; Bernstein et al., 1992; Contrearas et al., 2007), an
unconditioned measure of nausea. Ondansetron pretreatment reduced LOB duration
compared to controls, suggesting that conditioned gaping reactions are a valid
measure of nausea-induced behaviours in rats. The experiment in Chapter 3
investigated the effect of bilateral NMDA lesions of the agranular IC on conditioned
gaping and CTA. Despite the small sample size, the agranular lesions attenuated
CTA learning in the two-bottle test. This experiment provides insight into the role
of the agranular IC on CTA learning as well as verifies guide cannula co-ordinates
for the GIC. The experiments in Chapter 4 evaluated the role of insular cortex
serotonin on conditioned gaping and CTA. Partial serotonergic depletion attenuated
conditioned gaping reactions with no effect on CTA. Microinfusions of a 5-HT3
antagonist and agonist revealed a double dissociation between the regions of the IC
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(VIC and GIC) on conditioned gaping and CTA. The production of nausea seems to
be mediated by the VIC, whereas the GIC appears to be involved in the production
of CTA.
Together, these studies shed light on the role of serotonin in the neurobiology
of nausea. These results suggest that 5-HT activity (at the 5-HT3 receptor) in the
VIC may selectively produce the nausea-induced reactions of conditioned disgust,
while activity in the GIC may be involved in the production of CTA learning.
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Rats display conditioned gaping reactions selectively when re-exposed to flavors
previously paired with nausea-inducing treatments and drugs that reduce nausea also
reduce these reactions, suggesting that they represent a model of nausea-like
behavior in rats. However, these reactions rely upon learning, they are not
unconditional malaise-induced reactions. Here we compared the effectiveness of the
anti-nausea drug, ondansetron (OND) to interfere with the establishment of
conditioned gaping reactions and the unconditional malaise-induced reaction of
lying on belly (LOB). Pretreatment with OND significantly reduced both LiClinduced LOB and conditioned gaping reactions, without modifying conditioned taste
avoidance. The frequency of gaping and duration of LOB were highly correlated.
These results provide additional support for the validity of the conditioned gaping
model as a rodent model of nausea-like behavior.
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Introduction
Nausea is a common side effect associated with many therapeutic treatments,
but little is known about the mechanisms underlying this distressing symptom. One
reason for this has been the lack of a reliable animal model. Traditionally, tasteillness associations have been investigated using the conditioned taste avoidance
paradigm (CTA). In this paradigm, a rat approaches a bottle with a flavored solution
that has been previously paired with a drug and either consumes the solution or not.
Suppressed intake (i.e. avoidance) is considered to reflect taste-nausea associations.
Paradoxically, avoidance of the taste is not exclusively produced by emetic drugs as
even rewarding drugs, such as amphetamine, will also elicit a CTA (Berger, 1972;
Parker, 1995; Grigson, 1997). Therefore CTA is not necessarily a reflection of the
nauseating properties of a drug.
Considerable recent evidence suggests that conditioned gaping reactions in
the Taste Reactivity (TR) test developed by Grill and Norgren (1978a; 1978b) may
serve as a preclinical rodent model of nausea-like behavior. Unlike CTA,
conditioned gaping is selectively produced by emetic agents (Parker, 1995; Parker,
2003) and prevented by anti-emetic drugs (Limebeer and Parker, 2000; Limebeer
and Parker, 2003). Therefore, conditioned gaping may reflect conditioned nausealike behavior in rats.
The most effective available anti-emetic drugs are 5-HT3 antagonists such as
ondansetron (OND). OND reduces chemotherapy-induced nausea and vomiting in
humans (Beck, 1995; Fox et al., 1993) as well as drug-induced vomiting in cats,
dogs, ferrets and Suncus murinus (Higgins et al., 1989; Torii et al., 1991). OND has
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also been shown to interfere with the establishment of conditioned gaping, but not
CTA, in rats (Limebeer and Parker, 2000) produced by a single pairing of saccharin
with a high dose of LiCl. It was suggested that OND attenuated the nausea produced
by LiCl, thereby interfering with the establishment of conditioned gaping reactions.
OND did not attenuate unconditional gaping elicited by bitter quinine solution. As
well, it did not interfere with learning per se, because the OND pretreated rats still
learned to avoid the LiCl-paired saccharin solution.
However, the preclinical animal model of conditioned gaping in rats relies
upon conditioning and is therefore an indirect measure of nausea-like behavior. Rats
do not gape while experiencing LiCl-induced nausea unless it has previously been
paired with a flavor or with a context (Limebeer et al., 2008). When LiCl is paired
with a flavor, a single conditioning trial is necessary for the expression of
conditioned gaping, but when LiCl is paired with a contextual stimulus, at least 3
conditioning trials are necessary for the expression of conditioned gaping (Limebeer
et al., 2008; Rock et al., 2008). Although rats do not gape unconditionally to an
injection of LiCl, they display the behavior of Lying on Belly (LOB) which is
reflective of unconditioned malaise (Parker et al., 1984; Meachum and Bernstein,
1992; Contreras et al., 2007); that is, rats lie with a flattened belly pressed against
the floor of their cages following. If OND reduces the establishment of LiCl-induced
conditioned gaping by interfering with LiCl-induced nausea, then it should also
reduce LiCl-induced LOB. In order to answer this question, rats were pretreated
with OND or Saline prior to each of two pairings of saccharin and LiCl or Saline to
produce robust conditioning. Immediately after the LiCl or Saline injections they
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were placed in an observation chamber to measure LOB; the first conditioning trial
assessed the potential of OND to interfere with this unconditional malaise-induced
behavior. Because rats display conditioned gaping to a context following several
conditioning trials (Limebeer et al., 2008), an initial control experiment also
evaluated whether the LOB test immediately following the saccharin conditioning
trial would interfere with the saccharin-LiCl association.
Materials and methods
Animals and housing
Male Sprague-Dawley rats were obtained from Charles River Canada, QC
and singly-housed in polycarbonate cages (44×25×21 cm). Subjects were provided
with food pellets (Highland Rat Chow) ad libitum. The animal quarters were kept on
a reversed 12-h light/dark cycle (lights on from 19:00 to 07:00 h) and maintained at
22 ± 2ºC and 45 ± 20% relative humidity. All animals were handled prior to testing
and the guidelines set out by the Canadian Council on Animal Care and the Animals
for Research Act were strictly followed. The experiments were approved by the
University of Guelph Animal Care Committee.
Apparatus
A clear Plexiglas chamber (22.5 × 26 × 20 cm) with an opaque Plexiglas lid
was placed on a table with a glass top for TR procedures. A mirror beneath the
chamber on a 45o angle facilitated viewing of the rat’s ventral surface. The room was
dark with two 60 W white lights on either side of the chamber. A video camera
(Sony DCR-HC48) with firewire feed to a computer was used to record the behavior
from the mirror beneath the chamber. For the LOB test, four black opaque Plexiglas
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chambers (22.5 × 26 × 20 cm) with black opaque lids were placed on a table with a
glass top for the LOB procedure. Four cameras (Panasonic WV-CP484) were placed
directly under each chamber to record the rats’ ventral surface and behavior.
2.3. Procedure
2.3.1 Experiment 1: Does post-LiCl LOB chamber exposure interfere with
saccharin-LiCl association?
All rats were surgically implanted with intra-oral cannulae as described by
Limebeer et al. (2010). Three days later, the rats received two adaptation trials to
the Taste Reactivity (TR) procedure. The rats were placed individually into the
chamber with their cannulae attached to an infusion pump (Model KDS100; KD
Scientific, Holliston, MA) via an infusion tube inserted through the lid of the
chamber. The rats were placed in the chamber and after a 3 min adaptation period
they were infused with reverse osmosis water for 3 min at a rate of 1 ml/min.
Following the infusion they were returned to their home cages. Twenty-four hours
later the rats underwent a second adaptation trial to minimize any conditioning to the
context.
During the two TR conditioning trials (spaced 72 hr apart) rats were
individually placed in the TR chamber for a 3 min adaptation phase followed by a 3
min intra-oral infusion of 0.1% saccharin solution at a rate of 1 ml/min. The rats’
orofacial and somatic responses were video-recorded. Immediately following the
saccharin infusion, the rats were injected with 20 ml/kg of 0.15 M LiCl (i.p.). One
group of rats, Sac-LiCl-LOB, (n=8) was immediately placed in the black opaque
LOB chambers for 30 min and the duration (s) of LOB was recorded. The other
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group, Sac-LiCl-HC, (n=7), was returned to their home cages. These groups
determined if exposure to the LOB chamber following the LiCl injection would
interfere with the saccharin-LiCl association.
Seventy-two hours following the second conditioning trial the rats underwent
a drug-free TR test trial. Rats were placed in the TR chamber and after a 3 min
adaptation period were intra-orally infused with the 0.1% saccharin solution for 3
min (1 ml/min). Their orofacial and somatic responses were video-recorded but
unlike the conditioning trials, no LiCl injection was administered at the end of the
trial. They were returned to their home cage immediately following the TR test.
For two days following the test trial, the rats received two consumption tests,
a two-bottle test followed by a one-bottle test, to assess conditioned taste avoidance.
At 8 a.m. on the first day, having been water deprived for 16 h, the rats each
received two graduated drinking tubes, one with the 0.1% saccharin solution and one
with water. The tubes were placed on the lids of the home cages, in the usual
location of their water bottles, and the amount of each solution consumed was
recorded at 15, 30, 60, 120, 240, and 360 min to obtain a measure of taste avoidance.
On the second day, after a 16 hr period of water deprivation, the rats were given an
identical test, except that they received only one drinking tube with the saccharin
solution, and consumption was measured at the same time intervals.
Experiment 2: Effect of OND on LOB, conditioned gaping and taste
avoidance
Experiment 2 was conducted similarly to Experiment 1. The rats received
two adaptation trials as in Experiment 1. Thirty min prior to each conditioning trial,
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they were pre-treated with either SAL or OND (0.5 mg/kg, s.c.). On each
conditioning trial (separated by 72 hr) following a 3 min adaptation to the TR
chamber, the rats were intra-orally infused with 0.1% saccharin solution for 3 min (1
ml/min) and were then injected with either LiCl or saline. Immediately after each TR
conditioning trial, all rats were placed in the LOB chambers for 30 min and their
behavior was videorecorded. Seventy-two hr after the final conditioning trial, all
rats received a drug free TR test trial as in Experiment 1. The groups were as
follows: SAL–saline (n=8), SAL-LiCl (n=8), OND-saline (n=8), or OND-LiCl
(n=9).
Behavioral measures
The videotapes from the TR conditioning and test trials were scored by
observers blind to the experimental condition using “The Observer” (Noldus, NL)
event-recording program. The behavioral measure of interest was gaping, the most
reliable measure of conditioned nausea (Breslin et al., 1992). Gaping is defined as
large openings of the mouth and jaw, with lower incisors exposed.
Immediately following each TR conditioning trial, the amount of time the
rats spent lying on belly (LOB) was measured. LOB was defined as the rats pressing
their abdomen (area between the forepaws and hindpaws section) onto the floor.
The durations (s) of LOB during conditioning trials was recorded.
Conditioned taste avoidance was assessed in both a two-bottle test and a
single-bottle test. For the two-bottle test, the amount consumed of 0.1% saccharin
solution, and water was transformed into a saccharin preference ratio which was
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defined as the amount of saccharin solution consumed divided by the total amount of
saccharin and water consumed (saccharin solution / [saccharin solution + water]).
Data analysis
In Experiments 1 and 2, the number of gapes displayed by each rat on the TR
conditioning and test trials were analyzed. In Experiment 1, the number of gapes
was entered into a 2×3 mixed-factors analysis of variance (ANOVA) with the
between-groups factor of post TR context (LOB chamber or home cage) and the
within-groups factor of trial (C1, C2 and Test). In Experiment 2, the number of
gapes was entered into a 2×2×3 mixed-factors ANOVA with between-groups factors
of pretreatment (OND or saline) and conditioning drug (LiCl or saline) and the
within-groups factor of trial (C1, C2, and Test). In each experiment, the saccharin
preference ratio (two-bottle test) and the saccharin consumption (one-bottle test)
measures were entered into mixed factors ANOVAs; in Experiment 1 both measures
were entered into a 2×6 mixed factors ANOVA with the between group factor of
post TR context and the within group factor of time, and in Experiment 2 both
measures were entered into a 2×2×6 mixed factors ANOVA. LOB duration in
Experiment 2 was entered into a 4×2 mixed-factors ANOVA with the between group
factor of group and within group factor of conditioning trial. Additionally, in
Experiment 2, as a measure of unconditioned malaise behavior, LOB duration only
on the first conditioning trial was assessed in a 2×2 ANOVA. Significance was
defined as p<.05.
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Results
Experiment 1: Does post-LiCl LOB chamber exposure interfere with
saccharin-LiCl association?
Placing rats in the LOB chamber after the TR conditioning trials did not
modify conditioned gaping elicited by LiCl-paired saccharin solution (see Figure 1).
The 2×3 mixed-factor ANOVA only revealed a significant main effect of trial, F(2,
26) = 18.72; p< .001. Rats displayed significantly more gaping reactions across
trials, but this effect did not vary by post TR context condition (i.e. LOB chamber
and home cage).
Placing rats in the LOB chamber also did not alter saccharin taste avoidance
in either the two-bottle or one-bottle test (see Figure 2). The 2×6 mixed-factor
ANOVA for neither the saccharin preference ratios (2A) nor saccharin consumption
(2B) in the one-bottle test revealed effects of post TR context. However, for the one
bottle test only there was a significant main effect of time, F(5, 65) = 20.91; p< .001,
with amount of saccharin intake increased across time.
Experiment 2: Effect of OND pretreatment on gaping, LOB, and taste
avoidance
Conditioned gaping
OND attenuated but did not eliminate the establishment of LiCl-induced
conditioned gaping. Figure 3 presents the mean number of gapes on each trial
displayed by the various groups. The 2×2×3 ANOVA revealed significant effects of
pretreatment, F(1, 30) = 61.8; p<.001, conditioning drug, F(1, 30) = 7.6; p=0.01,
pretreatment ×conditioning drug interaction, F(1, 30)=9.6; p=0.004, trial, F(2, 60) =
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16.0; p<.01 and a conditioning drug×trial interaction, F(2, 60) = 17.7; p<.001.
Subsequent LSD comparison tests revealed that pooled across all trials, Group SalLiCl displayed significantly more gapes than any other group (p’s <.05). However,
OND did not completely block the establishment of conditioned gaping, because
group OND-LiCl displayed more gaping than either groups OND-Sal or Sal-Sal (p’s
< .025).
LOB
Rats receiving LiCl showed significantly longer durations of LOB than saline
controls and this effect was attenuated by pretreatment with OND, as seen in Figure
4. The 2×2×2 mixed-factor repeated measures ANOVA revealed significant effects
of pretreatment, F(1, 30) = 5.9; p=.027, conditioning drug, F(1, 30) = 127.8; p
<.001, and pretreatment×conditioning drug, F(1, 30) = 5.4; p = .027. LSD
comparisons revealed that pooled across both trials the Sal-LiCl group displayed
significantly more LOB than any other group (all p’s < .01). As well, OND did not
completely block LOB because the OND-LiCl group significantly differed from SalSal and OND-Sal (p’s < .05). Since only the first conditioning trial is a true test of
unconditioned malaise, a 2×2 ANOVA was conducted on this trial alone. The
results revealed the exact pattern of findings as revealed by analysis of both trials.
Finally, there was a significant correlation (r = .73; p < .001) between the
number of conditioned gapes displayed on the test trial and the mean seconds of
LOB displayed on the conditioning trials (pooled across both trials).
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Taste avoidance
OND did not attenuate the strength of LiCl-induced conditioned taste
avoidance in either the two-bottle test or in the one-bottle test. Regardless of the
OND or Sal pretreatment, rats conditioned with LiCl displayed significantly greater
avoidance of saccharin. The upper section of Figure 5 (5A) presents the mean
saccharin preference ratio at each interval of drinking for the various groups in
Experiment 2. The 2×2×6 ANOVA for saccharin preference ratio in the two bottle
test revealed a significant effect of conditioning drug, F(1, 29)= 126.9; p <.001, time
F(5, 145) = 15.3; p <.001, and conditioning drug×time F(5, 145) = 20.5; p <.001.
Groups Sal-LiCl and OND-LiCl displayed significantly lower saccharin preference
ratios than both saline conditioned groups at each interval of testing (p’s < .01). The
bottom half of Figure 5 (5B) presents the mean saccharin intake in the one-bottle test
for each test measure for all groups. The 2×2×6 ANOVA for saccharin consumption
in the one bottle test revealed a significant effect of conditioning drug, F(1,29) =
126.9; p <.001, time, F(5, 145) = 103.1; p <.001 and conditioning drug×time, F(5,
145) = 20.5; p <.001. Consistent with the results of the two-bottle test, Groups SalLiCl and OND-LiCl did not significantly differ at any time of drinking. On the other
hand both LiCl conditioned groups drank significantly less saccharin than both
saline conditioned groups at each interval (p’s <.01). Most importantly, there was no
evidence that OND interfered with the establishment on LiCl-induced conditioned
taste avoidance.
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Discussion
Not only did OND interfere with the establishment of robust LiCl-induced
conditioned gaping reactions, but it also interfered with the unconditional malaise
behavior of LOB (see Contreras et al., 2007; Parker et al., 1984) on conditioning
trial 1 (as well as on trial 2). The results of the experiments reported here confirm
previous reports (Limebeer and Parker, 2000) that pretreatment with OND
selectively interferes with the establishment of LiCl-induced conditioned gaping
reactions in rats, but not CTA, even when a more robust association is produced
following two conditioning trials, rather than a single trial. The suppression of
conditioned gaping reactions by OND pretreatment appears to be the direct result of
OND reducing the nausea produced by LiCl, because it also attenuated the behavior
of LOB that followed LiCl injections during conditioning. Interestingly, the
frequency of gaping during the TR test trial correlated highly with the duration of
LOB, providing further evidence that conditioned gaping reactions in rats is a valid
measure of nausea-like behaviors.
The failure of OND to modify the strength of CTA, regardless of assessment
by a two-bottle or one-bottle test, indicates that conditioned avoidance does not
reflect conditioned nausea as does conditioned gaping reactions. Indeed, other antiemetic treatments, including direct and indirect cannabinoid agonists (Δ9Tetrahydrocannabinol, Limebeer and Parker, 1999; HU-210, Parker et al., 2003; and
URB597, Cross-Mellor et al., 2007) and 5-HT1A autoreceptor agonists (8-OHDPAT, Limebeer and Parker, 2003; and cannabidiol, Rock et al., 2011) have also
been reported to selectively interfere with the establishment of LiCl-induced
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conditioned gaping reactions, but not CTA. The few reports of attenuation of CTA
by anti-emetic pretreatment have relied on extremely weak CTA, produced by a low
dose of an emetic and a single conditioning trial (e.g., Gorzalka et al., 2003;
Wegener et al., 1997) with more robust associations others have also reported that
anti-emetic pretreatments do not modify CTA (Goudie et al., 1982; Grant, 1987;
Rabin and Hunt, 1983; Rudd, et al., 1998). CTA appears to be produced by a
different mechanism (potentially conditioned fear rather than nausea) than is
conditioned gaping reactions (for review see Parker et al., 2008; Parker et al., 2009).
The finding that OND not only interferes with the establishment of LiClinduced conditioned gaping reactions, but also with the malaise-induced behavior of
LOB, provides additional support that these reactions reflect nausea-like behaviors
in rats. Interestingly, when the visceral insular cortex is temporarily inactivated by
lidocaine in rats, LiCl-induced LOB is reduced (Contreras et al., 2007). As well,
ablation of the insular cortex prevents the establishment of conditioned gaping in
rats, with less of an effect on CTA (Kieffer and Orr, 1992). Considerable evidence
indicates that lesions of the gustatory insular cortex attenuate LiCl-induced CTA
(e.g., Bermudez-Rattoni and McGaugh, 1991; Braun et al., 1972; Dunn and Everitt,
1988), but lesions of the more posterior granular regions (visceral) of the insular
cortex may not attenuate LiCl-induced CTA (Mackey et al., 1986; Geddes et al.,
2006). However, little work has evaluated the role of the insular cortex in
conditioned disgust reactions in rats. Current work in our laboratory is evaluating the
role of this cortical structure in the establishment of conditioned nausea-like
behavior of gaping in rats.
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Figure 1. Mean number (± SEM) of gaping reactions elicited by a 3
min infusion of a 0.1% saccharin solution across trials for both groups
of rats placed either in the LOB chamber or home cage following SacLiCl conditioning trials. All rats were conditioned with LiCl.
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Figure 2. Mean (± SEM) 0.1% saccharin preference ratio
(A: saccharin solution/[saccharin solution + water]) in the
two-bottle test and ml saccharin consumed (B) in the onebottle test at 15, 30, 60, 120, 240, and 360 min for rats that
were placed in either the LOB chamber or home cage
following Sac-LiCl conditioning trials. Both groups were
conditioned with LiCl.
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Figure 3. Mean number (± SEM) gaping reactions elicited by a 3 min infusion of
a 0.1% saccharin solution across trials for rats pretreated with Sal or OND (0.5
mg/kg, i.p.) and conditioned with LiCl or SAL.
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Figure 4. Mean LOB duration (± SEM) during conditioning trials for rats
pretreated with Sal or OND (0.5 mg/kg, i.p.) and injected with SAL or LiCl.
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Figure 5. Mean (± SEM) 0.1% saccharin preference ratio (A: saccharin
solution/[saccharin solution + water]) in the two-bottle test and ml saccharin
consumed (B) in the one-bottle test at 15, 30, 60, 120, 240, and 360 min for all
conditioning groups in Experiment 2.
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CHAPTER 3

Effect of Agranular Insular Cortex Lesions on Conditioned Gaping and Conditioned
Taste Avoidance
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An experiment evaluated the effect of bilateral lesions of the agranular
insular cortex on conditioned gaping/disgust and conditioned taste avoidance (one
bottle test and two bottle test). Additionally, to determine the effect of the lesion on
the sensory detection of a bitter taste, rats received a TR test with 0.01% quinine
solution the day following the final avoidance test. Finally, the effect of the lesion on
LiCl-induced lying on belly (LOB), an indicator of nausea in rats (Parker et al.,
1984; Meachum and Bernstein, 1992; Contreras et al., 1995), was assessed. Two
experiments were conducted with different stereotaxic co-ordinates. In Experiment
1, the stereotaxic coordinates for the bilateral agranular insular cortex infusions
relative to bregma were AP +1.2 mm and ML +5.0 mm with infusions at DV -6.9
mm from the dura, the DV coordinate was aimed at the dorsal agranular region. In
Experiment 2, the stereotaxic coordinates for the bilateral agranular insular cortex
infusions relative to bregma were AP +1.0 mm and ML +3.8 with an angle of 15˚
with infusions at DV -6.6 from the dura. The histology results indicated that the first
set of coordinates produced lesions of the IC, whereas the second set of coordinates
did not. Therefore, only the results of Experiment 1 will be discussed.
Method
Subjects
Male Sprague-Dawley rats were obtained from Charles River Canada, QC.
and singly-housed in polycarbonate cages (44 × 25 × 21 cm). Subjects were
provided with food pellets (Highland Rat Chow) and water ad libitum throughout the
experiment. The animal quarters were kept on a reversed 12-h light/dark cycle
(lights on from 19:00 to 07:00 h) and maintained at 22 ± 2ºC and 45 ± 20% relative
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humidity. All animals were drug naïve and acclimatized to the animal quarters as
well each subject was handled for a minimum of two days prior to testing.
Behavioural testing was conducted during the dark cycle from 7:00 to 18:00 h. The
guidelines set out by the Canadian Council on Animal Care Committee and the
Animals for Research Act were strictly followed in the treatment of the subjects. The
experiments were approved by the University of Guelph Animal Care Committee.
Surgery
Bilateral Agranular Insular Cortex lesions. At time of surgery rats weighed
between 301 and 348 g. Thirty minutes prior to surgery all rats were subcutaneously
injected with an antibiotic (Depocillin: 100 000 IU). Rats were anaesthetized with
isoflurene gas and administered Carprofen (5mg/kg, s.c.; Merial), a non-steroidal
anti-inflammatory drug (NSAID) with analgesic properties prior to being placed into
the stereotaxic frame (KOPF instruments). The stereotaxic frame used non-traumatic
ear bars to secure the rat’s head into the frame for the duration of the surgery. An
incision was made along the midline of the scalp and the skin was retracted to
expose the skull. A small burr hole was then drilled above each target regions. The
stereotaxic coordinates for the bilateral agranular insular cortex infusions relative to
bregma were AP +1.2 mm and ML +5.0 mm with infusions at DV -6.9 mm from the
dura. Lesions were created using NMDA (13.23 mg/ml) dissolved in phosphate
buffered R/O water (PBS). A volume of 0.8 μl NMDA was infused over 3 min and
the cannula was left in place for an additional 5 min post infusion before being
withdrawn. Sham subjects were injected with 0.8 μl PBS over 3 min and the cannula
remained in the brain for an additional 5 min before it was withdrawn.
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Intraoral Cannulation Surgery. Immediately after the bilateral agranular
insular cortex lesions all of the experimental animals were implanted with intra-oral
cannulae. While rats were still anaesthetized, a thin walled (15-gauge) stainless steel
needle was inserted at the back of the neck and then directed subcutaneously around
the ear and brought out behind the most caudal molar in the mouth. A 10 cm length
of Intra Medic plastic tubing with an inner diameter of 0.86 mm and an outer
diameter of 1.27 mm was then drawn through and the needle is subsequently
removed. Two-2 cm square elastic discs were placed over the exposed end of the
tubing at the back of the neck and drawn tight against the skin to maintain the
cannula’s position. Immediately after surgery the rats were placed into a Plexiglas
shoebox cage with a heating pad underneath until the anaesthesia wore off.
Following this the rats were placed into a new home cage with four food pellets
placed in the bottom of the cage with bedding. For five days following surgery the
rats were weighed, monitored and the cannulae flushed daily with the anti-septic
chlorhexidine.
Apparatus
Testing was conducted in a square Plexiglass chamber (22.5 × 26 × 20 cm).
The rat’s cannula was attached to an infusion pump (Harvard Appartus, South
Natick, MA) through a hole in the top of the chamber via an infusion tube. A mirror
was placed at a 45o angle under the testing chamber to allow viewing of the ventral
surface of the rat. The observations were recorded using a videocamera attached to a
computer.
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Procedures:
TR Test. Rats were randomly assigned to one of the following two groups lesion (n=8) or sham (n=6). Ten days post surgery, the rats underwent an adaptation
trial where they were placed in the TR chamber with their cannula attached to the
infusion pump for fluid delivery. Water was infused over a period of 2 min at the
rate of 1 ml/min after which they were returned to their home cage.
Twenty-four hours following the adaptation trial, the conditioning trials
began. The rats received three conditioning/testing trials. The trials were 72 h apart.
During each trial, the rats were individually placed in the TR chamber and then
intraorally infused with 0.1% saccharin solution for 2 min at a rate of 1 ml/min.
During the infusion, the rats’ orofacial and somatic responses were captured using a
video camera from a mirror at a 45o angle below the TR chamber. On trials 1 and 2,
but not trial 3, immediately following the saccharin infusion, the rats were injected
i.p. with 20 mg/kg LiCl and returned to their home cage.
A rater blind to the experimental conditions scored the videotapes using “The
Observer” (Noldus Information Technology, Sterling, VA) event recording program
for a number of taste reactivity measures. These measures included the number of
the disgust reactions of gaping (large amplitude opening of the mandible with
retraction of the corners of the mouth), chin rubbing (chin or mouth in direct contact
with the floor or wall and projecting the body forward) and paw treading (sequential
extension of one forepaw against the floor or wall of the chamber while the other
forepaw is being retracted). As gaping tends to be the most reliable of these disgust
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reactions (see Parker, 2003), this reaction was analyzed separately; as well, the three
disgust reactions will be summed to provide a total disgust reaction measure.
Conditioned Taste Avoidance. The following day after the taste reactivity test
the rats were given a 1 bottle conditioned taste avoidance test. Water bottles were
removed from the home cage 16 h prior to the test. On the day of the test, rats were
given a 0.1 % saccharin solution and intake measures were taken 15, 30, 60, 120,
240 and 360 min later. The total amount (ml) was recorded.
On the following day, 16 h after the one bottle test, rats were given a 2 bottle
test in with 0.1% saccharin solution in one bottle and water in another bottle and
intake measures were taken at 15, 30, 60, 120, 240 and 360 min. The data was
converted to saccharin preference ratios: (mean ml saccharin solution
consumed)/(mean ml saccharin + water consumed).
Quinine TR Test. The day after the two bottle taste avoidance test, the rats
were placed in the TR chamber and infused with 0.01% quinine for 2 min. During
the infusion the rats’ orfacial and somatic responses were recorded. Immediately
afterwards the rat’s cannula was flushed with RO water. The videotapes were
later scored for frequency of gaping and total disgust reactions.
Lie on Belly. The next day, the rats were removed from their home cage
and injected (i.p.) with 20 mg/kg LiCl and immediately placed into the TR
chamber for 30 min. Latency to onset and total duration of lying on belly was
recorded using a video camera from a mirror at a 45o angle. Lying on belly (LOB)
was characterized by immobility and the abdomen (i.e. belly) region between the
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forepaws and hindpaws was pressed flatly against the clear, Plexiglas bottom
(Parker, et al 1984).
Perfusion and Histology
The location and extent of the neurotoxin-induced lesions were verified
following the behavioral testing. Rats were deeply anaesthetized with sodium
pentobarbital and perfused transcardially with 0.9% saline, followed by 10%
buffered formalin. The brains were removed and stored in 10% formalin for
approximately 24 h, then transferred and stored in 30% sucrose solution at 4 ◦C.
Following an incubation period, the brains were frozen and sectioned coronally at 60
μm with a cryostat. Every second section throughout a 4–5mm region surrounding
the dorsal agranular IC was mounted onto gelatin-coated glass slides and stained
with cresyl violet. Sections were taken over a large area, both anterior and posterior
to the target areas (dorsal agranular IC), in order to assess the extent of damage
within the insular cortex and (possibly) adjacent regions. A microscopic examination
of all brain slices was performed using a Leica DMR/HC microscope with Leica DC
300 digital camera to assess the extent of all lesions. Satisfactory agranular insular
cortex lesions had to have: (a) bilateral and almost complete cell loss of at least 85%
of the dorsal agranular IC; and (b) no to minimal damage to the granular IC.
Results
Histology
Among the 8 lesioned rats, there were 4 rats with bilateral lesions of regions
the agranular insular cortex; 3 rats had rather large bilateral lesions of the IC
including dorsal and ventral agranular IC and a single rat had a lesion localized
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bilaterally to the ventral agranular region. Therefore, the final n for the analyses
below were 4 lesioned rats and 6 sham. Figure 1 represents a typical bilateral
NMDA agranular insular cortex lesion seen in this experiment.
Conditioned gaping/conditioned disgust
The lesion did not modify conditioned gaping or total conditioned disgust
reactions (gaping + chin rubbing + paw treading) elicited by LiCl-paired saccharin
solution, as seen in Figure 2. The mean number of gaping reactions and total disgust
reactions elicited by the LiCl-paired saccharin solution was entered into a 2
(lesion/sham) × conditioning/testing trial. The analysis of either gaping alone or total
disgust reactions revealed only a significant effect of trials (Gaping: F(2, 16) = 40.3;
p < .001; Total Disgust: F(2, 16) = 14.6; p < .001). Rats displayed significantly more
gaping reactions across trials, but this effect did not vary by lesion condition.
Conditioned Taste Avoidance
One bottle test. Rats in the lesion group tended to drink more LiCl-paired
saccharin during the later min of testing than did rats in the sham group, as seen in
Figure 3. The 2 × 6 repeated measures ANOVA across intervals of testing revealed a
significant effect of interval of testing, F(5, 40) = 23.2; p < .001 and a lesion
condition × interval interaction, F(5, 40) = 2.9; p < .025. The lesion condition only
approached statistical significance, F(1, 8) = 3.6; p = .094. Although both groups
drank more saccharin over time, within a 6 h interval, the lesion group tended to
drink more saccharin than the sham group, although the difference was not
significant, t(8) = 2.0; p =.087.
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Two bottle test. The two bottle test on the day following the one bottle test
demonstrated that the sham group showed a stronger conditioned saccharin
avoidance than the lesion group across all intervals of testing. The 2 × 6 repeated
measures ANOVA revealed only a significant effect of lesion condition, F(1, 8) =
11.3; p <.01.
Quinine Test
The number of gaping reactions and total aversive reactions elicited by
quinine solution did not differ among the groups (gapes t(8) = .6; total disgust t(8) =
1.0), as can be seen in Figure 4.
Lying on Belly
The groups did not significantly differ in duration of lying on belly ( t(1, 8) =
2.8; p =.13) or latency to begin lying on belly, t(1,8) = 0.8; p = .4, following an
injection of LiCl, as can be seen in Figure 5.
Discussion
The results of the preliminary study suggest that bilateral NMDA lesions of
the GIC (agranular) interfere with the two-bottle CTA test but not with conditioned
gaping reactions. Lesions of the GIC also did not affect taste reactivity to quinine
or duration of unconditioned malaise as assessed by LOB.
The observation that NMDA lesions of the GIC interfered with CTA is
consistent with the large body of research demonstrating that the GIC is necessary
for the establishment and/or expression of CTA (Balleine and Dickinson, 2000;
Bermudez-Rattoni and McGaugh, 1991, Braun et al., 1972; Cubero et al., 1999;
Desgranges et al., 2009; Dunn and Everitt, 1988; Roman and Reilly, 2007). Other
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studies using co-ordinates aimed at a more posterior region of the IC have reported
that the IC is not involved in CTA (Geddes et al., 2008; Mackey et al., 1986;
Yamamoto, 1993; Yamamoto et al., 1995). A study by Nerad et al (1996)
investigated the effects of bilateral NMDA lesions of three different sites of the IC –
anterior (+3.7 mm AP), central (GIC; +1.7 mm AP) and posterior (-0.3 mm AP) on
CTA learning. They found that only lesions at the GIC (central IC) disrupted CTA
learning. Lesions to the extreme anterior and posterior IC did not affect CTA
learning. This study demonstrates the heterogeneity of the IC. Therefore, the
discrimination between studies could be the result of the location of the lesion in the
IC. Those studies reporting attenuation of CTA have lesions located in agranular
(GIC) region of the IC, whereas, those reporting no effects have lesions located in
the granular region of the IC. This more posterior region of the IC is a site of
visceral input and may be important for conditioned gaping reactions.
The IC is a site of gustatory and visceral input and based upon its
cytoarchitecture includes the agranular IC (GIC) and the granular IC (VIC). There is
considerable convergence between the gustatory and visceral input and information
is represented topographically. Taste cells which are innervated by cranial nerves
VII, IX and X project to the primary gustatory nucleus in the brainstem, NTS (GalBen-Ari and Rosenblum, 2012). The NTS sends information to the dorsal pons
(PBN) which in turn send axons to the VPMpc and ultimately to the anterior part of
the IC (Gal-Ben-Ari and Rosenblum, 2012). The PBN also sends information to
amygdala, hypothalamus and bed-nucleus of the stria terminalis. Visceral input to
the NTS is vagal and from the area postrema (Saper, 2004). The NTS sends
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descending projections to the dorsal motor vagal nucleus (DMNX) part of the dorsal
vagal complex (DVC) controlling emesis. Visceral information is projected to the
granular cortex in a topographical manner, with neurons responding to
gastrointestinal stimuli placed most rostrally and dorsally, adjacent to the taste
(dorsal agranular) cortex (Saper, 2004). NMDA lesions of the VIC may interfere
with conditioned gaping reactions.
A study by Contreras et al. (2007) found that temporary lesions of the
interoceptive insula (VIC) interfered with malaise (lying on belly - LOB). Although
rats do not gape unconditionally to an injection of LiCl, they display the behaviour
of LOB which is reflective of unconditioned malaise (Parker et al., 1984; Meachum
and Bernstein, 1992; Contreras et al., 2007). As well, electrical stimulation of the
macaque monkey insula during different moments of spontaneous feeding produced
rejection reactions of the food (Caruana et al., 2011). For example, if the monkey
had food in its hand at the time of stimulation it threw the food away immediately –
even food that the monkey liked most. If the insula was stimulated when the food
was in its mouth, the monkey produced a facial grimace (gape) and spat the food out.
Therefore, future studies should examine lesions of the more posterior IC (VIC) as
that site may interfere with conditioned gaping reactions.
Impairment of CTA learning was only observed with the two-bottle test and
not the one-bottle test. This could have happened for a variety of reasons. First of
all the size of the lesion group is very small (n = 4). Secondly, the two-bottle CTA
test is more sensitive to group differences in CTA and finally perhaps the lesions
were not selective enough.
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The results of this preliminary study suggest that bilateral NMDA lesions of
the GIC do not interfere with conditioned gaping reactions but do attenuate CTA as
assessed by the two-bottle test. Lesioned and sham animals did not differ in their
duration of LOB and both groups displayed normal taste reactivity as assessed by an
intraoral infusion of quinine. Therefore the GIC may affect CTA learning.
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A

B

Figure 1. A: Representation of the bilateral agranular IC lesion sites (circles) for rats
lesioned with NMDA. Number indicates A-P section relative to Bregma. B: A
close-up image of an agranular IC lesion in the left hemisphere.
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Figure 2. Mean number of gapes and total disgust reactions
elicited by LiCl-paired saccharin solution among rats with lesions
of the agranular IC or sham controls.
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Figure 3. Mean amount of saccharin consumed (top) and saccharin
preference ratio (bottom) for the rats among the rats conditioned with
LiCl with agranular lesions of the IC and shams.
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Figure 4. Mean number of gapes and total disgust reactions elicited
by 0.01% quinine solution among the rats with agranular insular
cortex lesions and sham controls.
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Figure 5. Mean duration (sec) of LOB and mean latency to first bout of
LOB among the rats with agranular lesions of the IC and shams.
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A taste associated with emetic drugs produces conditioned disgust reactions in rats
(predominantly gaping), unlike non-emetic drugs which can still produce
conditioned taste avoidance but not conditioned disgust. That difference suggests
nausea is a prerequisite for learning disgust reactions to tastes. Depletion of
forebrain serotonin (5-HT) by 5,7-dihydroxytryptamine (5,7-DHT) lesions of the
DRN and MRN prevents LiCl-induced conditioned disgust reactions (Limebeer et
al., 2004). Here we demonstrate that partial depletion of 5-HT in the insular cortex
(IC) prevents LiCl-induced conditioned disgust reactions. Furthermore, a double
dissociation occurred in the partial regulation of disgust and taste avoidance, by
selective 5-HT3 receptor antagonism/agonism in the visceral (granular) region of the
IC (VIC) and the gustatory (dorsal agranular) region of the IC (GIC), respectively.
Intracranial administration of the 5-HT3 receptor antagonist, ondansetron (OND), to
the VIC impaired the establishment of LiCl-induced conditioned gaping reactions,
but not LiCl-induced conditioned taste avoidance (CTA). Likewise, VIC
administration of the 5-HT3 receptor agonist m-chlorophenylbiguanide (mCPBG)
enhanced the establishment of LiCl-induced conditioned gaping and produced
conditioned gaping on its own (which was prevented by intracranially administered
OND), with no effect on CTA. On the other hand, GIC administration of OND
partially reduced the establishment of LiCl-induced CTA and mCPBG produced a
weak CTA, both without effect on gaping. These results suggest that activation of 5HT3 receptors in the VIC are important for the production of nausea-induced
conditioned disgust reactions, while activation of 5-HT3 receptors in the GIC are
involved in the production of CTA.
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Keywords: 5-HT3 receptor, nausea, 5,7-dihydroxytryptamine, lithium, ondansetron,
m-chlorophenylbiguanide, conditioned disgust, gaping, conditioned taste avoidance,
gustatory and visceral insular cortex.
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Introduction
Although rats are incapable of vomiting, considerable evidence indicates that
conditioned disgust reactions (primarily gaping) elicited by an illness-paired flavour
(e.g., Grill and Norgren, 1978a; Parker et al., 2008, 2009) or an illness-paired
context (Limebeer et al., 2008; Rock et al., 2008) represent a model of nauseainduced behavior in rats. Unlike the traditionally employed measure of conditioned
taste avoidance (CTA), conditioned gaping reactions are exclusively elicited by
flavours paired with emetic treatments (but not by rewarding drugs, Parker, 1995),
and when systemically administered, anti-emetic treatments more effectively
attenuate conditioned disgust than CTA (see Parker et al., 2008, 2009 for reviews).
Effective anti-emetic (e.g. OND) treatments attenuate vomiting (Matsuki et al.,
1997) and the establishment of conditioned disgust (Limebeer and Parker, 2000) by
reducing serotonin availability at the 5-HT3 receptor (Limebeer and Parker, 2000,
2003). Forebrain serotonin plays a crucial role in the generation of these reactions,
because selective 5,7-dihydroxytryptamine (5,7-DHT) lesions of the dorsal raphe
nucleus (DRN) and median raphe nucleus (MRN) which reduced forebrain serotonin
by more than 85% (assessed in striatum and hippocampus) prevented LiCl-induced
conditioned disgust, although CTA was spared (Limebeer et al., 2004; see also Asin
et al.,1980).
The forebrain structure critical for the production of nausea-induced
conditioned disgust may be the insular cortex (IC), an area involved in the sensation
of nausea in humans (Penfield and Faulk, 1955; Fiol et al., 1988; Catenoix et al.,
2008) and other animals (Kaada, 1951; Contreras et al., 2007). Ablation of the IC

63

prevents LiCl-induced conditioned disgust reactions (Keifer and Orr, 1992), without
modifying unconditioned disgust elicited by quinine. The IC is the site of
topographical input of visceral (granular IC; Cechetto and Saper, 1987; Allen et al.,
1991; Saper, 2004) and gustatory (dorsal agranular IC; Kosar et al, 1986; Lundy and
Norgren, 2004) neural input. Although most gastrointestinal visceral sensory
afferents to the insular cortex terminate in the posterior granular field (albeit
anterior/dorsal region of this field [Cechetto and Saper, 1987]), most efferent
projections from the insular cortex to autonomic structures originate in the more
anterior agranular field (Saper 2004; Allen et al, 1991; Bagaev and Aleksandov,
2006). Neurotoxin-induced lesions of the region of the anterior IC consistently
interfere with the establishment of LiCl-induced CTAs (e.g. Nerad et al., 1996;
Reilly, 2009 for review), but lesions of the more posterior region of primary visceral
input to the IC (posterior IC or interoceptive IC [Contreras et al., 2007]) do not
interfere with LiCl-induced CTAs (Mackey et al., 1986; Nerad et al., 1996) – yet
temporary lesions to the posterior IC do reduce behavioral signs of malaise induced
by LiCl (Contreras et al., 2007). Here in a double dissociation, we demonstrate that
5-HT activity (at the 5-HT3 receptor) in the posterior IC may selectively produce the
nausea-induced reactions of conditioned disgust, while activity in the anterior IC
may be involved in the production of CTA learning.
Materials and Methods
Subjects. Male Sprague-Dawley rats were obtained from Charles River Canada, QC
and singly-housed in polycarbonate cages (44×25×21 cm). Subjects were provided
with food pellets (Highland Rat Chow) ad libitum. The animal quarters were kept
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on a reversed 12-h light/dark cycle (lights on from 19:00 to 07:00 h) and maintained
at 22 ± 2ºC and 45 ± 20% relative humidity. All animals were handled prior to
testing and the guidelines set out by the Canadian Council on Animal Care
Committee and the Animals for Research Act were followed. The experiments were
approved by the University of Guelph Animal Care Committee.
Drugs. LiCl (Sigma) was prepared in a 0.15 M solution with sterile water and was
administered intraperitoneally (i.p.) at a volume of 20 ml/kg (127.2 mg/kg).
Ondansetron (Sigma) was prepared in sterile SAL at both 0.1 µg/µl and 1 µg/µl and
intracranially microinfused into either the anterior IC or posterior IC, at a rate of 1
µl/min for 1 min. The drug mCPBG (Research Biochemicals International) was also
prepared in sterile SAL at 10 µg/µl and 30 µg/µl and intracranially microinfused at a
rate of 1 µg/min into either the anterior IC or posterior IC.
Surgical Procedures: Bilateral 5,7-DHT Insular Cortex Lesion.

Thirty minutes

prior to surgery, rats were pretreated with desipramine (10 mg/kg mixed in 0.9%
[wt/vol] NaCl and administered at a volume of 1 ml/kg i.p.; Sigma, St. Louis, MO)
to inhibit the uptake of 5,7-DHT (5,7-DHT creatinine sulphate, free base; Sigma) by
noradrenergic neurons and prevent depletion of norepinephrine (Baumgarten et al.,
1978). The neurotoxin 5,7-DHT is taken up by 5-HT-containing neurons and results
in degeneration of axons and terminals containing 5-HT. Rats were anesthetized with
isoflurane gas (4–5% induction, 1.5% maintenance in O2) and the skin was prepared
by cleaning with soap (Bacti-Stat; Ecolab, St. Paul, MN, USA) and wiping with 70%
isopropyl alcohol followed by 7% Betadine solution (Purdue Products L.P.,
Stamford, CT, USA). The rat was then administered a 5 mg/kg injection (i.p.) of the
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anti-inflammatory/analgesic drug carprofen (Rimadyl; Pfizer Canada Inc., Kirkland,
QC, Canada) and a local anaesthetic (0.1 mL; s.c.; Marcaine; Hospira, Montreal,
QC, Canada) on either side of the skull. Once the rat was stabilized in the flat skull
position (according to Paxinos and Watson, 2007) in the stereotaxic frame, a 30gauge stainless steel cannula was bilaterally lowered to 3 sites in the IC, and 6µg/2µl
5,7-DHT (creatinine sulphate, free base) dissolved in a 0.1% ascorbic acid vehicle
and delivered in a total volume of 0.7 µl, was infused over a period of 2 min. The
cannula was then left in place for 4 min following infusion before being raised and
moved to the next two bilateral IC sites, where the same infusion procedure was
followed, after which the cannula was removed. The sham-lesioned rats underwent
the same surgical procedure except that 0.1% ascorbic acid vehicle was infused in
place of the neurotoxin. The coordinates relative to bregma were: +1.2 mm
anteroposterior (AP), +5.2 mm mediolateral (ML), -4.6 mm dorsoventral (DV) (site
1); 0.0 mm AP, +6.0 mm ML, -4.8 mm DV (site 2); and -1.2 mm AP, +6.2 mm ML,
-4.8 mm DV (site 3). Immediately following completion of the surgical procedure
and recovery from anaesthesia, the rats were returned to their home cage and
monitored daily for the duration of the experiment. They were allowed to recover for
one week prior to surgical implantation of an intraoral cannula as described by
Limebeer et al. (2010).
Bilateral Cannulation of the VIC or GIC.

Rats were implanted with

bilateral indwelling guide cannulas into either the VIC (Experiment 2a, 3 and 4a) or
the GIC (Experiment 2b and 4b). The stereotaxic surgery procedure was similar to
that of Experiment 1 except that in Experiments 2a, 3 and 4a, the guide cannulas (22
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G, 6 mm below pedestal) were set at a divergent 10o angle and lowered into the VIC
using the following coordinates from Bregma: -0.5 mm AP; +5.0 ML; -4.5 DV
(Contreras et al., 2007), and in Experiments 2b and 4b, the stainless steel guide
cannulas (22G, 6 mm below pedestal) were lowered into the GIC using the following
coordinates from Bregma: +1.5 mm AP, +5.0 mm ML, -4.5 mm DV. All guide
cannulas were stabilized by six screws secured in the skull and dental cement. Once
the dental cement had hardened, a stainless steel obdurator was inserted in the guide
cannula to maintain patency. Immediately following removal from the stereotaxic
frame, the rats were surgically implanted with an intraoral cannula (as described in
detail by Limebeer et al., 2010).
Behavioural Procedures.
Experiment 1: Effect of bilateral 5,7-DHT IC lesions on LiCl-induced conditioned
gaping
Three days after the implantation of the intraoral cannula all rats received two
adaptation trials to the Taste Reactivity (TR) procedure separated by 24 hr. The rat
was placed into a clear Plexiglas TR chamber (22.5 × 26 × 20 cm) sitting on a table
with a glass top. The room was dark with two 60 W lights on either side of the
chamber. The rat’s intraoral cannula was attached to an infusion pump (Model
KDS100; KD Scientific, Holliston, MA) via an infusion tube inserted through the
opaque lid of the chamber. Three min after being placed in the chamber, the rat was
infused with water for 3 min at a rate of 1 ml/min. The first conditioning trial
occurred 24 hr later.
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During the two TR conditioning trials (spaced 72 hr apart) the rat was placed
in the TR chamber and 3 min later was intra-orally infused with 0.1% saccharin
solution at a rate of 1 ml/min. The orofacial and somatic responses were videorecorded (Sony DCR-HC48) from a mirror beneath the chamber placed at a 45o
angle which facilitated viewing of the rat’s ventral surface. Immediately following
the saccharin infusion, the rat was injected with LiCl. The final groups after tissue
analysis were: Sham/LiCl (n = 4) and Lesion/LiCl (n = 4). There were no saline
control groups in this experiment, because rats do not display conditioned gaping
reactions when infused with a saline-paired saccharin solution (e.g., Parker, 1988),
therefore there would be no gaping reactions to be reduced by 5,7-DHT lesions.
Seventy-two hours following the second conditioning trial each rat received a TR
test trial. The rat was placed in the TR chamber and 3 min later was intra-orally
infused with the 0.1% saccharin solution for 3 min (1 ml/min) and its orofacial
reactions were recorded. Seventy-two hours later, the rats received a quinine TR test
to determine if the lesions modified the rats’ reactivity to an unconditionally aversive
taste. The rats were individually placed into the TR chambers and infused (1
ml/min) with a 0.05% quinine solution for 2 min. The rats’ orofacial and somatic
responses were video-recorded.
Experiment 2: Effect of bilateral intracranial (2a: VIC, 2b: GIC) administration of
OND on establishment of LiCl-induced conditioned gaping and CTA. Experiment
2a (VIC) and 2b (GIC) were conducted similarly to Experiment 1, except that the
rats were administered intracranial microinfusions of the 5-HT3 antagonist OND or
VEH immediately prior to both conditioning trials. Following 2 adaptation trials
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separated by 24 hr, the rats received two conditioning trials and a test trial each
separated by 72 hr. On each of the two conditioning trials, the rats were bilaterally
microinfused with VEH, 0.1 μg/µl OND or 1 μg/μl for 1 min into the VIC
(Experiment 2a) or the GIC (Experiment 2b) . The injector was then left in place for
1 min following the infusion before being removed. Immediately after the infusions,
the rats were conditioned as in Experiment 1; that is, 3 min following placement in
the TR chambers, they received a 3 min intraoral infusion of 0.1% saccharin
solution, followed immediately by an injection of LiCl. The drug-free TR test was
conducted 72 hr later. In Experiment 2, the rats also received a 120 min two-bottle
consumption test 24 hr after the TR test trial and having been water deprived for 16
hr. The finals groups (following histology) were: Experiment 2a (VIC): VEH (n =
8), 0.1 OND (n = 9), 1 OND (n = 8) and Experiment 2b (GIC): VEH (n = 8), 0.1
OND (n = 9), 1 OND (n = 8).
Experiment 3: Effect of intracranial (VIC) administration of mCPBG on the
establishment of LiCl-induced conditioned gaping and CTA . Experiment 3 was
conducted similarly to Experiment 2a, with the exception that the rats were
microinfused with 30 µg/µl mCPBG (a 5-HT3 agonist) immediately prior to both
conditioning trials. During conditioning, three min following placement in the TR
chamber, all rats received an intraoral infusion of 0.1% saccharin solution for 3 min,
followed immediately by an injection of LiCl. The drug-free TR test was conducted
72 hr later. As in Experiment 2, the rats received a 120 min two-bottle consumption
test 24 hr after the TR test trial and having been water deprived for 16 hr. Following
histology, the final groups were 30 µg mCPBG (n = 7) and VEH (n = 8).
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Experiment 4: Effect of intracranial administration (4a: VIC and 4b: GIC) of
mCPBG following saccharin exposure on the production of conditioned gaping and
CTA. Experiment 4a investigated whether microinfusions of the 5-HT3 agonist,
mCPBG, into the VIC would induce conditioned gaping. Therefore after the
intraoral saccharin infusion on both conditioning trials all rats were microinfused
with either 0 (VEH), 10 or 30 µg mCPBG instead of receiving LiCl injections.
Three minutes following placement in the TR chambers, all groups received a 3 min
intraoral infusion of 0.1% saccharin, followed immediately by an microinfusion of
either 0 µg (VEH), 10 µg or 30 µg mCPBG, a 5HT3 agonist. In addition, a separate
group was pretreated with 0.1 µg OND immediately before the intraoral saccharin
infusion which was followed by an infusion of 30 µg mCPBG. A drug-free TR test
was conducted 72 hr later. As in Experiments 2 and 3, the rats received a 120 min
two-bottle consumption test 24 hr after the TR test trial and having been water
deprived for 16 hr. Following histology, the finals groups were: VEH (n = 10), 10
µg mCPBG (n = 10), 30 µg mCPBG (n = 9), and OND-30 µg mCPBG (n = 10).
Experiment 4b was identical to Experiment 4a, except that following the
intraoral saccharin solution infusion, the rats were microinfused into the GIC with
either VEH or with 30 µg mCPBG. Following histology, the final groups were:
VEH (n = 8) and 30 µg mCPBG (n = 8).
Behavioural Measures. The videotapes from the TR conditioning and test trials
were scored by observers blind to the experimental conditions using “The Observer”
(Noldus, NL) event-recording program. Disgust reactions were defined by the
gaping (large openings of the mouth and jaw, with lower incisors exposed) which is
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the most sensitive and predominant conditioned disgust reaction (Breslin et al.,
1992; Parker, 1995) that is reliably scored by raters with an inter-rater reliability
greater than r = 0.90. As well, the amount of time that rats spent displaying hedonic
reactions (tongue protrusions [extensions of the tongue out of the mouth] and mouth
movements [movement of the lower mandible without opening the mouth]) and
locomotor reactions (forward locomotion and horizontal rearing) were measured.
However, in none of the experiments did our manipulations of interest modify
hedonic or locomotor reactions; therefore, they will not be presented in the results or
discussed. The amounts of saccharin and water consumed in the 120 min two-bottle
CTA tests were converted to saccharin preference ratios: (saccharin/ [saccharin +
water]).
Verification of 5,7-DHT lesions and histology. In Experiment 1, following
completion of behavioral testing, rats were decapitated and their brains were
removed. The IC, medial prefrontal cortex, hippocampus and striatum were
dissected on ice, rapidly frozen over dry ice, and stored at a temperature of -80° until
high performance liquid chromatographic assays were conducted, using the Waters
600 multisolvent pump (Waters Corporation, Milford, MA), a Hichrom 250 × 4.6mm column with ODS2 5-µm packing material (Hichrom, Theale, Berkshire, UK),
an ESA Coulochem 5100A detector with a 5020 guard cell and a 5011 analytical cell
(ESA, Chelmsford, MA), a TSP AS3000 refrigerated autosampler (Thermal
Separation Products, Herts, UK) and a Spectra Physics SP4290 integrator (Mountain
View, CA). The extent of the 5,7-DHT lesions was determined indirectly by
measuring 5-HT, 5-hydroxyindole acetic acid (5-HIAA), dopamine (DA), and
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noradrenaline (NE) levels in each of these brain regions following extraction in 0.1
N perchloric acid containing 2 µM sodium bisulphate as an antioxidant. Biochemical
verification of lesions was defined as 5-HT levels less than 40% of mean sham
control levels in the IC (see Tran-Nguyen et al., 2001); a total of 3 rats in the
lesioned group did not reach this level and were excluded from the analysis.
In Experiments 2 - 4, cannula placements into the VIC and GIC were
evaluated by histology. Rats were deeply anaesthetized using an 85 mg/kg injection
of Euthansol (Intervet Canada Corp., Kirkland, QC, Canada) followed by
transcardial perfusion with phosphate buffered saline (0.1 M) and 4% formalin. The
brains were removed and stored at 4°C in 4% formalin solution for 24–48 hr after
which they were placed in a 20% sucrose solution overnight at room temperature.
The brains were then sliced in 60 µm sections using a CM1850 Leica cryostat and
relevant sections were mounted on glass microscope slides. The tissue was stained
with cresyl violet 24 hr later and examined for accurate cannula placement using a
Leica MZ6 Stereomicroscope with a Leica DFC420 Digital Camera and Leica
Application Suite software. Rats with improper cannula placements, such as those
located outside of the target region or were not bilateral, were excluded from the
behavioural analyses. Accurate bilateral VIC placements (Experiment 2a, 3 and 4a)
were between -0.24 and -0.72 mm posterior of bregma. Accurate bilateral GIC
placements (Experiment 2b and 4b) were between 1.68 mm and 1.20 mm anterior to
bregma.
Data Analysis. For Experiment 1 independent t tests between lesion and sham
groups were conducted on the levels of 5-HT, 5-HIAA, DA, and NE in the IC, dorsal
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striatum, medial prefrontal cortex and hippocampus. In each of the experiments, the
number of gapes was analyzed as a factorial analysis of variance (ANOVA) with
group as a between groups factor and trials as a within group factor. In Experiments
2-4, the saccharin preference ratios from the two-bottle CTA test were analysed as a
single factor ANOVA. Bonferroni post-hoc tests were conducted as appropriate.
Significance for all analyses was defined as p < 0.05. Non-significant F values are
not reported.
Results
Experiment 1: Effect of bilateral 5,7-DHT IC lesions on LiCl-induced conditioned
gaping Bilateral 5,7-DHT lesions of the IC significantly and exclusively reduced 5HT and 5-HIAA levels in IC. As seen in Table 1, treatment with 5,7-DHT reduced
IC 5-HT levels by 76% compared to shams, (t(6) = 4.1, p = 0.006), an effect that is
supported by the significantly lower concentration of the 5-HT metabolite, 5-HIAA,
in the same area, (t(6) = 3.2, p = 0.019). The reduction of 5-HT and 5-HIAA was
exclusive to the IC as there were no significant decreases in the dorsal striatum,
mPFC or hippocampus. There was no effect of lesion on the levels of either DA or
NE in the IC, dorsal striatum, mPFC or hippocampus.
Bilateral 5,7-DHT IC lesions impaired the establishment of LiCl-induced
conditioned gaping reactions. Figure 1 presents the mean number of gapes displayed
on each trial by the various groups. The 2 × 3 mixed factors ANOVA revealed
significant effects of group, F(1, 6) = 10.2; p = 0.018, trial, F(2, 12) = 33.0, p <
0.001, and group × trial, F(2, 12) = 9.1, p < 0.004; on both conditioning trial 2 (p <
0.05) and the test trial (p < 0.01), the sham group displayed significantly more gapes
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than the lesioned group, indicating that bilateral 5,7-DHT IC lesions impaired the
establishment of conditioned gaping. When the number of gapes was evaluated as a
single factor repeated measures ANOVA across trials for each group, both
Sham/LiCl F (2, 6) =22.1; p = 0.002, and Lesion/LiCl, F (2, 6)=14.5; p =0.005,
displayed a significant effect of trials; both groups displayed more gaping on the test
trial than on C1 (p’s < 0.05), but only Group Sham/LiCl displayed more gaping on
C2 than on C1 (p < 0.05). Therefore, the partial lesions did not completely block the
establishment of LiCl-induced conditioned gaping reactions.
The final quinine TR test revealed that lesioned rats and sham rats did not
differ in reactivity to an unconditionally aversive test (Mean (± SEM) number of
gapes elicited by 0.05% quinine solution: Lesion/LiCl=15.2 ± 4.1; Sham/LiCl
=17.5± 2.4; t(6) =0.5, ns).
Experiment 2: Effect of bilateral intracranial (2a: VIC, 2b: GIC) administration of
OND on establishment of LiCl-induced conditioned gaping and CTA.
Experiment 2a (VIC): The accurate injector tip placements (circles) in the
VIC are presented in Figure 2A. The tips of the injectors were bilaterally located in
the VIC between -0.24 mm and -0.72 mm posterior to bregma for total of 25 rats.
Fifteen rats were excluded from the analysis because the rats either had inaccurate
placements which were located either outside of the VIC or were not bilateral.
Microinfusions of the 5-HT3 antagonist, OND, into the VIC during conditioning
impaired the establishment of conditioned gaping elicited by LiCl-paired saccharin
solution, but did not affect CTA. The mean number of gapes displayed by all groups
across trials is presented in Figure 3A. The 3 × 3 ANOVA revealed a significant
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effect of group, F (2, 22) = 3.3, p = 0.05, trial, F(2, 44) = 17.1, p < 0.001, and group
× trial, F(4, 44) = 2.9, p = 0.03. Single factor ANOVAs for each trial revealed a
significant group effect only during the drug-free TR test trial, F(2, 24) = 3.7, p =
0.04; on the test trial the rats receiving bilateral microinfusions of either dose of
OND to the posterior IC during conditioning gaped significantly less than saline
controls (p’s < 0.05). As well the data for each group across trials was assessed as a
single factor repeated measures ANOVA. Groups VEH (F[2, 14]= 9.3; p = 0.003)
and 1.0 OND (F[2, 14]=4.2; p = 0.038) displayed a significant effect of trials; and
the trials effect for Group 0.1 OND was marginally significant (F [2, 16] = 3.4; p =
0.057). Each group displayed more gaping reactions on the test trial than on C1 (p’s
< 0.05) and only Group VEH displayed progressively more gaping on each trial in
succession (p’s <0 .05). Therefore, although OND delivery to the VIC impaired the
establishment of LiCl-induced conditioned gaping, it did not prevent this
conditioned disgust reaction.
When delivered to the VIC, OND did not modify the establishment of CTA
(Figure 3B). The groups did not significantly differ in their saccharin preference in
the 120 min two-bottle conditioned taste avoidance test.
Experiment 2b (GIC): The accurate injector tip placements (circles) in the
GIC are presented in Figure 2B. The tips of the injectors were bilaterally located in
the GIC between 1.68 mm and 1.20 mm anterior to bregma for total of 25 rats. A
total of 14 rats either had placements outside of the anterior IC or were not bilateral.
In contrast to Experiment 2a, intracranial microinfusions of the 5-HT3 antagonist,
OND, into the GIC did not interfere with the establishment of conditioned gaping
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elicited by a LiCl-paired saccharin solution, but did attenuate CTA. The mean
number of gapes displayed by all groups across all trials is presented in Figure 4A.
The 3 × 3 ANOVA revealed only a significant effect of trial, F(2,44) = 27.8, p <
0.001, with the number of gapes increasing across trials for all groups. However,
neither the dose nor the dose × trial interaction was significant.
On the other hand, as seen in Figure 4B, intracranial administration of OND
to the GIC attenuated LiCl-induced CTA, with a significant effect of group, F (2, 22)
= 3.4, p = 0.05; subsequent comparison tests revealed that at a dose of 1 µg, but not
0.1 µg, OND pretreated rats displayed a weaker CTA than VEH pretreated rats (p =
0.05).
Experiment 3: Effect of intracranial VIC administration of mCPBG on the
establishment of LiCl-induced conditioned gaping and CTA. The tips of the
injectors were bilaterally located in the VIC between -0.24 mm and -0.72 mm
posterior to bregma for total of 15 rats. A total of 10 rats were excluded from the
analysis because their placements were either inaccurate or not bilateral. Bilateral
intracranial microinfusions of 30 µg mCPBG into the VIC during conditioning trials
significantly enhanced conditioned gaping reactions to a LiCl-paired saccharin
solution, but did not affect LiCl-induced CTA. The mean number of gapes
displayed by both groups is presented in Figure 5. The 2 × 3 repeated measures
ANOVA revealed only significant main effects of group, F(1, 13) = 6.7, p = 0.02,
and trial, F(2, 26) = 28.9, p < 0.001, with no interaction. Overall, rats pretreated
with the 5-HT3 agonist, mCPBG, displayed significantly more LiCl-induced gaping
than controls. When 30 µg mCPBG was delivered to the VIC it did not modify the
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strength of the LiCl-induced CTA. Group mCPBG/LiCl (Mean [+SEM ] = 0.07
[0.007]) did not significantly differ from Group VEH/LiCl (Mean [+SEM] =0.10
[0.03]) in preference for LiCl-paired saccharin (t (13) =0.97, ns).
Experiment 4: Effect of intracranial administration (4a: VIC and 4b: GIC) of
mCPBG following saccharin exposure on the production of conditioned gaping and
CTA
Experiment 4a (VIC):

The tips of the injectors were bilaterally located in

the VIC between -0.11 mm and -0.83 mm posterior to bregma for total of 39 rats. A
total of 15 rats were excluded from the analysis because their placements were either
inaccurate or not bilateral. When paired with a saccharin solution, bilateral
intracranial microinfusions of 30 µg mCPBG into the VIC produced conditioned
gaping reactions and this effect was blocked by 0.1 µg OND pretreatment, but it did
not produce a CTA. The mean number of gapes displayed by all groups is presented
in Figure 6A. The 4 × 3 ANOVA revealed a significant effect of group, F(3, 35) =
10.0, p < 0.001, trial, F(2,70) = 6.5, p = 0.003, and group × trial, F(6,70) = 4.8, p <
0.001. Subsequent single factor ANOVAs for each trial, revealed that the number of
gapes significantly differed among groups on C2, F(3, 35) = 7.0, p = 0.001, and
during the drug-free test trial, F(3, 35) = 6.9, p = 0.001. Rats receiving bilateral
microinfusions of 30 µg of mCPBG into the VIC gaped significantly more than all
other groups on C2 (p’s < 0.01) and Test (p’s < 0.01). The single factor ANOVA of
saccharin preference ratios (Figure 6B) among the groups, however, was not
significant. When delivered to the VIC mCPBG did not produce a CTA.
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Experiment 4b (GIC): The tips of the injectors were bilaterally located in the
GIC between +1.68 mm and +1.20 mm anterior to bregma for total of 23 rats. A
total of 6 rats were excluded from the analysis because their placements were either
inaccurate or not bilateral. When explicitly paired with saccharin solution, bilateral
intracranial microinfusions of 30 µg mCPBG into the GIC produced a very weak
CTA relative to Group VEH, but not conditioned gaping. The 2 × 3 repeated
measures ANOVA of the gaping reactions revealed no significant effects (Figure 7).
However, rats receiving pairings of a saccharin solution with GIC infusions of 30 µg
mCPBG (Mean [±SEM]) = 0.65 [±0.053]) displayed significantly lower saccharin
preference ratios (t(14) = 2.3, p = 0.039) than those conditioned with VEH (Mean
[±SEM] = 0.80 [±0.033]) .
Discussion
Conditioned disgust reactions are a more selective measure of the nauseainducing effects of drugs than is conditioned taste avoidance (see Parker et al., 2008
for review). Partial depletion of serotonin in the entire IC impaired (but did not
completely prevent) the establishment and/or expression of LiCl-induced
conditioned disgust reactions in rats, but did not modify unconditioned gaping
elicited by bitter quinine. Saline controls were not included in the experiment
because rats do not diplay conditioned gaping when re-exposed to a saline-paired
flavour (e.g., Parker 1988). Application of 5,7-DHT to the IC substantially reduced
5-HT levels in that region. The fact that 5-HT levels were not significantly altered in
the striatum, hippocampus and mPFC suggests that the toxin was successfully
confined to the intended target site. The results provide strong evidence that 5-HT
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projections to the insula are required for the conditioned gaping response, although
we cannot rule out the possibility that damage to putative collateral projections of
these serotonergic neurons to other brain regions may also contribute to this effect.
Experiments 2-4 evaluated the regional specificity in the establishment of
these behavioural reactions. The results of Experiment 2 revealed a regionally
specific double dissociation in the effects of the 5-HT3 antagonist, OND, on LiClinduced conditioned gaping reactions and on LiCl-induced CTA. That is, when
administered to the region of the IC with primary visceral input, the VIC, both doses
of OND (0.1 and 1 μg) attenuated (but did not completely prevent) the establishment
of LiCl-induced conditioned gaping, but did not modify CTA. On the other hand,
when administered to the region with primary gustatory input, the GIC, OND (1 μg
but not 0.1 μg) produced a very weak attenuation of the strength of a LiCl-induced
CTA, but did not modify conditioned gaping. Given that intracranial administration
of OND to the VIC reduced LiCl-induced conditioned gaping reactions, Experiment
3 evaluated whether infusion of the 5-HT3 agonist mCPBG into the VIC would
enhance the establishment of these reactions. Indeed, activation of the 5-HT3
receptors enhanced the gaping reactions elicited by LiCl-induced saccharin solution.
Since the 5-HT3 antagonist reduced LiCl-induced gaping and the 5-HT3 agonist
enhanced LiCl-induced gaping when administered to the VIC, it is reasonable to
suggest that activation of 5-HT3 receptors is a factor that plays a role in the
generation of the sensation of conditioned disgust within this region of the IC
(Penfield and Faulk, 1955; Contreras et al., 2007).
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In Experiment 4, administration of the 5-HT3 agonist, mCPBG, to the VIC or
to the GIC was explicitly paired with an intraorally infused saccharin solution.
Bilateral microinfusions of 30 µg mCPBG into the VIC produced a low level of
conditioned gaping (which was blocked by 0.1 µg OND pretreatment), but did not
produce CTA. In contrast, bilateral microinfusions of 30 µg mCPBG relative to
VEH into the GIC produced a suppression of saccharin preference, but did not
produce conditioned gaping reactions. Since conditioned gaping reactions are
selectively produced by emetic treatments and are attenuated by systemic
administration of anti-emetic drugs (e.g., Parker et al., 2009), the results of the
present experiments suggest that the activation of 5-HT3 receptors in the VIC by 5HT may be necessary for the establishment of these nausea-induced behaviours in
rats. Indeed, Contreras et al. (2007) reported that temporary lesions of this region of
the IC also attenuate the LiCl-induced malaise reaction of lying on belly (see Parker
et al., 1984; Tuerke et al., 2012) in rats. This region of the IC monitors interoceptive
input that regulates homeostasis (Craig, 2002; Saper, 2004). Although most
gastrointestinal visceral sensory afferents to the IC terminate in the posterior
granular field (albeit anterior/dorsal region of this field [Cechetto and Saper, 1987]),
most efferent projections from the IC to autonomic structures (including the NTS)
originate in the more anterior agranular field (Saper, 2004; Allen et al, 1991; Bagaev
and Aleksandov, 2006).
The finding that OND delivered to the anterior IC selectively attenuated CTA
is consistent with the literature regarding effects of IC lesions on CTA learning.
Damage to the GIC has been reported to attenuate (but not eliminate) LiCl-induced
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CTA (e.g., Braun et al., 1972; Hankins et al., 1974; Lasiter, 1982; Lasiter and
Glanzman, 1985; Dunn and Everitt, 1988; Bermúdez-Rattoni and McGaugh, 1991;
Nerad et al, 1996; Roman and Reilly, 2007), but damage to the VIC has been
reported to be ineffective in attenuation of LiCl-induced CTA (Mackey et al., 1986;
Nerad et al., 1996). The effects of 5-HT3 antagonism in the GIC mirror the effects
of NMDA lesions of the basolateral amygdala (BLA) on gaping and CTA (Rana and
Parker, 2008); that is, reduced CTA, but not gaping. Indeed, the GIC and the BLA
are directly interconnected (Allen et al., 1991), and they are functionally interrelated
in the acquisition and retention of CTA (Burešová, 1978; Burešová et al., 1979;
Yamamoto et al., 1981).
Functional magnetic resonance imaging (fMRI) investigations have shown
that the human insula responds to images of disgusting stimuli, including foods,
scenes, smells or facial expressions of disgust that evoke sensations of illness
(Phillips et al., 1998; Calder et al., 2001; 2007; Heining et al., 2003; Murphy et al.,
2003). Penfield and Faulk (1955) observed that electrical stimulation of the human
insula produces sensations of nausea, unpleasant tastes and sensations in the
stomach. Calder et al. (2000), report that a patient, NK, with damage to the insula
showed a marked and selective impairment in recognizing the facial expression and
vocalization of disgust, as well as his own responsiveness to disgust-provoking
scenarios.
The VIC has recently been shown to be essential in drug craving as well as
malaise in rats (Contreras et al., 2007; Hollander et al., 2008; Forget et al., 2010)
and in humans damage to the insula promotes termination of cigarette smoking
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(Naqvi et al., 2007) immediately with no relapse (Naqvi et al., 2007). Inactivation
of the VIC also produces decreased nicotine self-administration under both fixed and
progressive ratio schedules without affecting the self-administration of food (Forget
et al., 2010). As well, this inactivation prevented reinstatement following extinction
of nicotine seeking induced by nicotine-associated cues or by a nicotine prime, but
not reinstatement of food seeking. The effect on addiction related behaviour is not
specific to nicotine maintained responding, because Contreras et al. (2007)
demonstrated that temporary inactivation of the VIC also prevented the urge to seek
amphetamine in a place preference task. These authors suggest that this region of
the IC may serve as a gauge of deviations from a “well being state” that are present
in states of addiction or nausea-inducing treatments. Nausea may therefore be
produced by the activation of 5-HT3 receptors in the VIC, which weakly produces
conditioned gaping reactions in rats that are re-exposed to the flavour with which it
was paired. On the other hand, serotonin activation in the GIC appears to be at least
partially involved in the production of CTA. Delivery of the 5-HT3 antagonist,
OND, directly to this region resulted in a weak attenuation of a LiCl-induced CTA
and central administration of the 5-HT3 agonist, mCPBG, to this region produced a
weak CTA.
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Table 1
Levels (ng/mg wet tissue weight) of 5-HT, 5-HIAA, DA, and NE in the Insular
Cortex, Dorsal Striatum, Medial Prefrontal Cortex, and Hippocampus Following
5,7-DHT Treatment
Structure

Group

5-HT

5-HIAA

DA

NE

Insular Cortex
Sham
Lesion
% depletion

0.2731 ±
0.0479
0.0617 ±
0.0183
76%***

0.1610 ±
0.0302
0.0639 ±
0.0051
60%*

0.0886 ±
0.0270
0.0536 ±
0.0097
29%

0.1904 ±
0.0284
0.1869 ±
0.0120
2%

0.3213 ±
0.0208
0.2698 ±
0.0222
16%

0.3270 ±
0.0204
0.3136 ±
0.0230
4%

4.0486 ±
1.1504
4.9253 ±
1.2689
-17%

0.2463 ±
0.0388
0.1713 ±
0.0317
30%

0.1228 ±
0.0224
0.1051 ±
0.0160
14%

0.2181 ±
0.0414
0.2861 ±
0.0429
-14%

0.1006 ±
0.0321
0.0743 ±
0.0069
26%

0.2286 ±
0.0341
0.2816 ±
0.0228
3%

0.2754 ±
0.0138
0.2472 ±
0.0202
11%

0.1770 ±
0.0074
0.1846 ±
0.0147
-4%

0.0101 ±
0.0010
0.0104 ±
0.0010
-3%

0.2812 ±
0.0190
0.2467 ±
0.0169
12%

Dorsal Striatum
Sham
Lesion
% depletion
mPFC
Sham
Lesion
% depletion
Hippocampus
Sham
Lesion
% depletion

Note. mPFC = medial prefrontal cortex; 5-HT = serotonin; 5-HIAA = 5hydroxyindole acetic acid; DA = dopamine; NE = norepinephrine; 5,7-DHT = 5,7dihydroxytryptamine.
***p <0.001; * p <0.025
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Mean (± SEM) Number of Gapes

50
Lesion-LiCl
Sham-LiCl
Saline Control

40

***

30

20

*

10

0
C1

C2

Test

Trial

Figure 1. A: Mean (± SEM) number of gapes elicited by a 3 min
intraoral infusion of LiCl-paired 0.1% saccharin solution across trials
for groups Lesion/LiCl (n = 4), Sham/LiCl (n = 4) and Saline
Controls in Experiment 1. Group Lesion/LiCl displayed fewer gapes
than Group Sham/LiCl on C2 (*p < 0.05) and Test (*p < 0.001), but
did not differ from Saline Controls.
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A: VIC

B: GIC

Figure 2. A: Traces of infusion sites in the VIC (circles) for
rats in Experiment 2a on drawings of coronal sections.
Numbers indicate A-P sections relative to Bregma. B: Traces
of infusion sites in the GIC (circles) for the various groups in
Experiments 2b on drawings of coronal sections. Numbers
indicate A-P sections relative to Bregma.
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A

VIC: Taste Reactivity

Mean (± SEM) Number of Gapes

30
25
VEH
0.1 OND
1.0 OND

20
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10
5
0
C1

C2

Test
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B
VIC: 2 Bottle Taste Avoidance
Mean Saccharin Preference Ratio

0.3

0.2

0.1

0.0
VEH

0.1

1

Dose of Ondansetron

Figure 3. A: Mean (± SEM) number of gapes elicited by a 3
min infusion of a LiCl-paired 0.1% saccharin solution across
trials for VIC Groups 1 µg OND (n = 8), 0.1 µg OND (n = 9)
and VEH (n = 8) in Experiment 2a. Both doses of OND (0.1 µg
and 1 µg) significantly reduced the number of gapes during the
drug free test compared to VEH (*p’s < 0.05). B: Mean (±
SEM) saccharin preference ratio (saccharin solution/[saccharin
solution + water]) in a 120 min two bottle consumption test for
VIC Groups 1 µg OND (n = 8), 0.1 µg OND (n = 9) and VEH (n
= 8) in Experiment 2a. There were no group differences.
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A

GIC: Taste Reactivity

Mean (± SEM) Number of Gapes

50

40

VEH
0.1 OND
1.0 OND

30

20

10

0
C1

C2

Test

Trial

B
Mean (± SEM) Saccharin Preference Ratio

GIC: 2 Bottle Taste Avoidance
0.3

*
0.2

0.1

0.0
VEH

0.1

1

Dose of Ondansetron

Figure 4. A: Mean (± SEM) number of gapes elicited by a 3 min
infusion of a LiCl-paired 0.1% saccharin solution across trials for
GIC Groups 1 µg OND (n = 8), 0.1 µg OND (n = 9) and VEH (n =
8) in Experiment 2b. The groups did not differ significantly on any
trial. B: Mean (± SEM) saccharin preference ratio (saccharin
solution/[saccharin solution + water]) in a 120 min two bottle
consumption test for GIC Groups 1 µg OND (n = 8), 0.1 µg OND
(n = 9) and VEH (n = 8) in Experiment 2b. Intracranial
administration of 1 μg OND weakly attenuated LiCl-induced CTA
relative to infusion of VEH (*p < 0.05).
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Mean (± SEM) Number of Gapes

50

40

VEH-LiCl
30 ug mCPBG-LiCl
*

30

20

10

0
C1

C2

Test

Trial

Figure 5. A: Mean (± SEM) number of gapes elicited by a 3 min
infusion of a LiCl-paired 0.1% saccharin solution across trials for
VIC Groups 30 µg mCPBG (n = 7) and VEH (n = 8) in Experiment
3. Bilateral infusion of mCPBG significantly enhanced the number
of gapes elicited by LiCl-paired saccharin solution pooled across
trials compared to VEH (*p< 0.05).
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A

VIC: Taste Reactivity
Mean (± SEM) Number of Gapes

5
VEH
10 ug mCPBG
30 ug mCPBG
OND-30 ug mCPBG

4

3

**

2

**

1

0
C1

C2

Test

Trial

Mean (± SEM) Saccharin Preference Ratio

B

VIC: 2 Bottle Taste Avoidance
1.0

0.8

0.6

0.4

0.2

0.0
0

10

30

OND-30

Dose of mCPBG (ug)

Figure 6. A: Mean (± SEM) number of gapes elicited by a 3 min
infusion of a 0.1% saccharin solution that was paired with VIC
administration of VEH (n = 10), 10 µg mCPBG (n = 10), 30 µg
mCPBG (n = 9) or 0.1 µg OND-30 µg mCPBG (n = 10) in
Experiment 4a. Bilateral infusion of 30 µg mCPBG produced more
gaping than to the 10 µg mCPBG and VEH on C2 (p < 0.01) and
on the test trial (p < 0.01), which was blocked by OND
pretreatment. B: Mean (± SEM) saccharin preference ratio
(saccharin solution/[saccharin solution + water]) in a 120 min two
bottle consumption test for VIC Groups VEH (n = 10), 10 µg
mCPBG (n = 10), 30 µg mCPBG (n = 9) and 0.1 µg OND-30 µg
mCPBG (n = 10) in Experiment 4a; the groups did not differ.
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Mean (± SEM) Number of Gapes
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VEH
30 ug mCPBG
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1
0
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C2

Test

Trial

Figure 7. A: Mean (± SEM) number of gapes elicited by a 3
min infusion of a 0.1% saccharin solution that was paired with
GIC administration of 30 µg mCPBG (n = 8) and VEH (n = 8)
in Experiment 4b. The groups did not differ significantly on
any trial.

91

CHAPTER 5
General Discussion
Together, this series of experiments shed light on the role of serotonin on
conditioned gaping reactions and conditioned taste avoidance (CTA). We provide
further evidence that conditioned gaping and CTA are two distinct processes and that
conditioned gaping is a valid measure of nausea. The double dissociation between
the regulation of conditioned gaping and CTA by serotonin availability within the
insular cortex demonstrates that activation of 5-HT3 receptors in the VIC is
important for the production of nausea-induced gaping reactions but not CTA,
whereas, activation of 5-HT3 receptors in the GIC is at least partially involved in the
production of CTA but not conditioned gaping reactions. Therefore the VIC may be
the site responsible for the generation of nausea.

Relationship between nausea-induced conditioned gaping and lying on belly
Systemic pretreatment with the classic 5-HT3 receptor antagonist,
ondansetron (OND) interfered with the establishment of LiCl-induced conditioned
gaping and unconditioned malaise, as assessed by LOB (Parker et al., 1984;
Meachum and Bernstein, 1992; Contreras et al., 2007). This finding confirms
previous reports (Limebeer and Parker, 2000) that after a single conditioning trial
(on C2) with LiCl, OND pretreatment prevented LiCl-induced conditioned gaping.
The suppression of conditioned gaping reactions by OND pretreatment appears to be
the direct result of OND reducing the nausea produced by LiCl, because it also
attenuated the behaviour of LOB (unconditioned malaise) that followed LiCl
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injections during conditioning. Consistently, the frequency of gaping during the TR
test trial correlated highly with the duration of LOB. The failure of OND to modify
the strength of CTA, when assessed by the one- or two-bottle tests, suggests that
CTA does not reflect conditioned nausea.
Unlike, CTA, conditioned gaping reactions are produced by emetic agents
and reduced by anti-emetics. Treatments that reduce serotonin availability
selectively interfere with conditioned gaping reactions (Limebeer and Parker, 2000;
2003; Limebeer et al., 2004) but no studies have investigated their effects on
unconditioned malaise. In Chapter 2, we demonstrated that OND pretreatment not
only interferes with the establishment of LiCl-induced conditioned gaping reactions
but also with the malaise-induced behaviour of LOB. This finding provides further
evidence that conditioned gaping reactions in rats is a valid measure of nauseainduced behaviours and not the result of impaired learning. Lying on belly has great
face validity as a measure of nausea in rats but it can be difficult to discriminate
LOB from other measures of inactivity, especially by treatments that produce
inactivity (Parker et al., 1984). Unlike LOB, conditioned gaping reactions are highly
reliable, easy to score and produced exclusively by emetic agents (Parker, 1995;
Parker et al., 2008). Therefore conditioned gaping reactions may be a preferable and
more reliable measure of nausea in rats.

Forebrain regulation of nausea-induced conditioned gaping
Examining the neural systems that regulate conditioned gaping reactions may
provide a better understanding of the neurobiology of nausea. Forebrain
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mechanisms are critical for the establishment of conditioned gaping (Grill and
Norgren, 1978b) as decerebrate rats failed to display conditioned gaping reactions
when they were intraorally infused with a lithium-paired tastant. The rats were able
to gape to an unconditioned bitter taste (quinine) but CTA could not be assessed
because decerebrate rats are unable to drink (Grill and Norgren, 1978b). Depletion
of forebrain serotonin (a putative trigger for nausea) by 5,7-DHT induced lesions of
the dorsal and median raphe nuclei interfered with the establishment of LiCl-induced
conditioned gaping but not CTA (Limebeer et al., 2004). Together these studies
demonstrate that an intact forebrain and serotonergic innervation is necessary for the
establishment of lithium-induced conditioned gaping reactions.
One forebrain structure that may be involved in conditioned gaping reactions
is the insular cortex (IC). The IC receives both gustatory and visceral input,
suggesting that it may be an important site for the establishment of flavour-illness
associations. The IC can be divided into the agranular (gustatory) and granular
(visceral) regions (Cechetto and Saper, 1987; Lundy and Norgren, 2004). That is,
neurons in the anterior (GIC) region respond to taste stimulation and those in the
posterior (VIC) portion respond to visceral stimulation. Despite the functional
localization there is considerable convergence between gustatory and visceral input
in the CNS with topographical representation at the nucleus of the solitary tract
(NTS), parabrachial nucleus of the pons (PBN), thalamus and the IC.
The gustatory input begins in the oral cavity. Taste cells are innervated by
cranial nerves VII, IX and X which project to the NTS (rostal region). The primary
projection of the NTS is the PBN (medial region) which in turn sends axons to the
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parvocellular part of the ventralis postmedial thalamic nucleus of the thalamus
(pVPMpc), which ultimately relays gustatory information to the GIC (Lundy and
Norgren, 2004; Fulwiler and Saper, 1984; Halsell, 1992). The visceral input into the
NTS is vagal from the AP. The NTS then sends descending projections to the dorsal
motor vagal nucleus part of the vagal complex controlling emesis. The largest
ascending projection from the NTS is to the PBN with input preserved in a
topographical representation by projections to the thalamus and IC (Saper, 2004;
Reilly and Bornalova, 2005). It has been shown anatomically that neurons in the IC
project to the amygdala, hypothalamus, and caudal region of the nucleus solitary
tract (Allen et al., 1991; Cechetto and Sapter, 1987; Ruggiero et al., 1987) and
receive convergent inputs from visceral, limbic and association cortex (Krushel and
Kooy, 1988). These two regions of the IC are likely important roles for tasteaversion behaviour.
Neurotoxic and electrolytic lesions of the rat GIC have largely been reported
to attenuate CTA (Roman and Reilly, 2007; Nerad et al., 1996; Bermudez-Rattoni
and McGaugh, 1991; Dunn and Everitt, 1988; Balleine and Dickinson, 2000; Cubero
et al., 1999; Yamamoto et al., 1981) whereas a few studies with lesions posterior to
the GIC report no effects (Mackey et al., 1986; Geddes et al., 2008). Chapter 3
investigated the effect of bilateral NMDA lesions of the GIC (agranular) on
conditioned gaping reactions and CTA. We found that bilateral GIC lesions did not
modify conditioned gaping reactions but did attenuate LiCl-induced CTA in a twobottle consumption test. Our finding is consistent with the large majority of reports
(Braun et al., 1972; Hankins et al., 1974; Lasiter, 1982; Lasiter and Glanzman, 1985;
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Dunn and Everitt, 1988; Bermúdez-Rattoni and McGaugh, 1991; Nerad et al, 1996;
Roman and Reilly, 2007) that GIC lesions impair CTA. Lesion studies that do not
report a CTA impairment tend to use more posterior co-ordinates (MacKey et al.,
1986; Geddes et al., 2008). A study by Nerad et al. (1996) examined the differential
effects of bilateral NMDA lesions to the anterior, central and posterior IC. Only
lesions of the GIC (AP +1.7 mm) disrupted acquisition of CTA learning, confirming
the functional heterogeneity of the IC. The extent of the lesion can also impact the
strength of the CTA (Schafe and Bernstein, 1998) because rats with bilateral GIC
lesions did not acquire a CTA but those with unilateral lesions did. Learning to
avoid tastes paired with toxins appears to be mediated by the GIC. Accolla and
Carleton (2007) showed that inducing CTA to a sweet stimulus induced a plastic
rearrangement of its cortical representation to become similar to that of a bitter and
unpleasant taste representation.
In the single study that evaluated the role of the IC on conditioned gaping
reactions, Keifer and Orr (1992) showed that rats with bilateral IC ablations showed
a CTA (albeit learned at a slower rate than controls), but failed to display
conditioned gaping reactions to lithium-paired tastes. Rats with bilateral ablations
still showed normal taste reactivity. Contreras et al. (2007) demonstrated that
inactivation of the VIC attenuated LiCl-induced malaise, assessed by LOB
(Bernstein et al., 1992; Parker et al., 1984) and suggested that it may be responsible
for sensing deviations from a “well-being state”. Visceral information is projected
to the VIC in a topographical manner, with neurons responding to gastrointestinal
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stimuli placed most caudually and dorsally, adjacent to the taste (dorsal agranular)
cortex (Saper, 2004).
Given the role of the IC and importance of serotonin in taste-illness
associations, Chapter 4 evaluated the role of serotonin availability in the IC on
conditioned gaping and CTA. Partial depletion (76%) of serotonin in the entire IC
suppressed the establishment and/or expression of LiCl-induced conditioned disgust
reactions in rats, but did not modify LiCl-induced CTA. These findings build upon
Keifer and Orr’s (1992) finding that bilateral ablation of the entire IC abolished
conditioned gaping reactions but not CTA. Therefore, serotonin in the IC is critical
for the establishment and/or expression of conditioned gaping reactions but not
CTA.

Regional specificity in the insular cortex
The regional specificity of the IC on the establishment of these behavioural
reactions was assessed using selective 5-HT3 receptor antagonism/agonism in the
VIC and GIC. A double dissociation in the regulation of disgust and taste avoidance
was observed. Intracranial administration of the 5-HT3 receptor antagonist,
ondansetron (OND), to the VIC prevented the establishment of LiCl-induced
conditioned gaping reactions, but spared the establishment of LiCl-induced CTA.
Administration of OND to the GIC attenuated the establishment of LiCl-induced
CTA without affecting conditioned gaping reactions. This double dissociation
between the regions of the IC on conditioned gaping and taste avoidance provide
further evidence that these behaviours are independent and distinct processes (see
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Parker 2003 for a review). Additionally, pretreatment with the 5-HT3 receptor
agonist m-chlorophenylbiguanide (mCPBG) into the VIC potentiated LiCl-induced
conditioned gaping.
Furthermore, a parallel double dissociation was observed when the 5-HT3
receptor agonist mCPBG was delivered to the VIC and GIC. Administration of
mCPBG to the VIC enhanced the establishment of LiCl-induced conditioned gaping
and produced conditioned gaping on its own (which was prevented by the
intracranial administration of OND), with no effect on CTA. Whereas,
administration of mCPBG to the GIC produced a weak CTA, without affecting
conditioned gaping. That is, activation of 5-HT3 receptors in the interoceptive
region of the IC produces the nausea-induced reaction of gaping, but activation of 5HT3 receptors in the gustatory region of the IC produced a weak CTA, a finding
consistent with lesions to this area (See Reilly, 2009 for review).
The finding that OND delivered to the GIC selectively interfered with CTA
is consistent with previous reports of the effects of IC lesions on CTA learning. The
GIC is the recipient of gustatory information (Saper 1982a, 1982b) and projects
extensively to the regions of the NTS involved in gustatory function (Lowey, 1990).
Damage to this region attenuates LiCl-induced CTA (Braun et al., 1972; Hankins et
al., 1974; Lasiter, 1982; Lasiter and Glanzman, 1985; Dunn and Everitt, 1988;
Bermúdez-Rattoni and McGaugh, 1991; Nerad et al., 1996; Roman and Reilly,
2007), but damage to the posterior IC has been reported to be ineffective in
attenuating LiCl-induced CTA (Mackey et al., 1986; Nerad et al., 1996).
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When systemically administered, OND and 8-OH-DPAT (which reduces
forebrain 5-HT) attenuate the establishment of weak CTAs produced by low doses of
LiCl (Balleine et al., 1995; Wegener et al., 1997), but not strong CTAs produced by
high doses of LiCl, although they both prevent high dose LiCl-induced gaping
reaction (Rudd et al., 1998; Limebeer and Parker 2000; Limebeer and Parker, 2003;
Tuerke et al., 2012). Bilateral 5,7-DHT lesions (Chapter 4, Experiment 1) did not
affect CTA but these lesions only produced partial serotonergic depletion and
perhaps greater depletion is required.
The effects of 5-HT3 antagonism in the GIC mirror the effects of NMDA
lesions of the basolateral amygdala (BLA) on gaping and CTA (Rana and Parker,
2008); that is, reduced CTA with no effect on gaping. If CTA is not motivated by
conditioned nausea then perhaps it may be motivated by conditioned fear (Parker et
al., 2008); therefore, it is conceivable that the BLA lesions reduced the capacity of
LiCl-paired saccharin to signal danger but not illness. The amygdala plays an
important role in the acquisition of emotionally relevant material and has been a site
of investigation for CTA learning (Reilly and Bornovalova, 2005). Within the
amygdala there are two subregions that have been shown to contribute to fear
learning and the expression of learned fear responses. The basolateral complex of the
amygdala (BLA) is where CS and US information converge and become associated
(resulting in fear memory), and the central nucleus of the amygdala (CEA) translates
this information into behavioral fear responses (e.g., Fendt and Fanselow, 1999).
Rana and Parker (2008) investigated the effect of neurotoxic-induced lesions of the
BLA and CEA on LiCl-induced conditioned gaping and CTA. Lesions to neither
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region attenuated the display of conditioned gaping reactions but lesions of the BLA
(but not the CEA) attenuated CTA. This finding suggests that the BLA is critical for
the display of CTA to a lithium-paired taste, but not nausea-induced conditioned
disgust. Therefore, BLA lesions may interefere with the fear based avoidance
response, but not the nausea-induced disgust reaction. Since BLA lesions have been
reported to interfere with shock motivated instrumental avoidance, but not Pavlovian
conditioned suppression responses (Killcross et al., 1997), it is also possible that the
BLA lesion may have interfered with instrumental avoidance of the spout of the
bottle, while sparing Pavlovian conditioned disgust reactions (Rana and Parker,
2008).
The GIC and the BLA are directly interconnected (Allen et al., 1991), and
they are functionally interrelated in the acquisition and retention of CTA (Burešová,
1978; Burešová et al., 1979; Yamamoto et al., 1981). Recent studies combining
brain lesions with cFos immunohistochemistry have shown that the amygdala and
GIC play critical roles in CTA learning (Schafe and Bernstein, 1996; 1998). In
particular they are both involved in the acquisition and/or expression of a CTA. The
BLA is also active during novel taste processing (Yefet et al., 2006). Studies show
that the amygdala is necessary for CTAs conditioned using the I/O method (Cubero
et al., 1999; Schafe et al., 1998) like that employed in Chapter 4. Therefore, the
attenuated CTA observed after OND pretreatment to the GIC may have been the
result of an interaction between the GIC and amygdala. Future experiments should
investigate the relationship between the GIC and BLA on CTA.
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The amygdala does not appear to be necessary for the establishment of
conditioned nausea/disgust reactions in rats and parallel findings are seen in human
research. A study by Phillips et al. (1998) used functional magnetic resonance
imaging (fMRI) to assess the neural responses of humans to facial and vocal
expressions of fear and disgust. Similar to animal research, the human insula
(equivalent to animal IC) responded exclusively to facial and vocal expressions of
disgust and the amygdala was stimulated by facial and vocal expressions of fear.

Insula and Disgust in Humans
Disgust has been recognized as a basic human emotion since Darwin
(1872/1965). Like other basic emotions, it can be easily recognized by a distinct and
characteristic facial expression (i.e. slightly narrowed brows, a curled upper lip,
wrinklying of the nose and visible protrusions of the tongue), appropriate action
(distancing of the self from an offensive object), a distinctive physiological
manifestation (nausea) and a characteristic feeling/state of revulsion (Ekman and
Friesen, 1975; Izard, 1971; Rozin and Fallon, 1987; Rozin et al., 1994). Oro-facial
expressions of disgust are conserved cross-culturally and across species (Ekman and
Friesen, 1969; Izard, 1994; Steiner et al., 2001).
Core disgust is thought to have originated from the more primitive system of
distaste (Rozin and Fallon, 1987; Rozin et al., 2000), an oral rejection response to an
unpleasant taste (Rozin et al., 2000; Chapman and Anderson, 2012). Oro-facial
rejection responses have been observed in humans (neonates and adults) as well as
rats, apes and monkeys (Grill and Norgren, 1978; Steiner, 1973; Steiner et al., 2001).
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Biological toxins are commonly used by prey species as a defense mechanism.
Since many toxins are bitter (Garcia et al., 1975) this taste may serve as a signal of
future harm or injury (Chapman and Anderson, 2012). Therefore, core disgust
represented by distaste helps the organism detect, avoid and reject potential threats
and illness from harmful or contaminated foods.
Other disgust mechanisms have been discussed with the purpose of
defending the organism from body vioilations and disease, including infections by
bacteria and viruses. Detecting and avoiding disease is a difficult process so
organisms must be able to recognize and avoid stimuli that are reliably associated
with contamination by parasites (Chapman and Anderson, 2012). It has been argued
that these forms of disgust are less reliant on the sense of taste to diagnose potential
threats because many other modalities can provide information about disease cues.
These cues include odour (i.e. smell of decay) as well as tactile and visual cues (i.e.
slime, mould, worms, feces and sick conspecifics). Factors that relate to biological
fitness, such as violations to the body (i.e. injury, blood) can also elicit disgust
reactions (Curtis et al., 2004). Therefore, some forms of disgust may function as a
protective mechanism by minimizing contact with pathogens to reduce the risk of
disease.
The insular cortex has been strongly implicated in perceiving as well as
experiencing many forms of disgust. Human fMRI investigations on patients have
shown that the insula responds to images of disgusting stimuli, including foods,
scenes, smells or facial expressions of disgust that evoke sensations of illness
(Phillips et al., 1998; Calder et al., 2001; 2007; Heining et al., 2003; Murphy et al.,

102

2003; Wicker et al., 2003). Electrical stimulation of the insula produces
visceromotor reactions. Patients reported sensations of nausea, unpleasant tastes and
sensations in the stomach following stimulation of the anterior insula (Penfield and
Faulk, 1955). Calder et al. (2000), report that a patient, NK, with damage to the
insula showed a marked and selective impairment in recognizing the facial
expression and vocalization of disgust, as well as his own responsiveness to disgustprovoking scenarios. Wicker et al. (2003) found that the anterior insula was
activated by both videos of facial disgust and personal experiences with an
unpleasant odour. Similarly, overlapping regions of the anterior insula were
activated when participants viewed videos of actors tasting an unpleasant liquid,
when they personally tasted unpleasant liquids and when they imagined physically
disgusting events (Jabbi et al., 2008). Interestingly, in the human literature core
ingestive-related (smelling, eating and mock vomiting a mixture of foul smelling and
visually repulsive food) disgust videos induced signficiantly greater concurrent
feelings of nausea than body violation (clips of surgical operations) videos and these
core disgust videos also produced a greater magnitude of gastric responses (Harrison
et al., 2010). Of most relevance to the results of the present thesis, the ingestive core
disgust videos produced a different pattern of insula activations than did the body
violation disgust videos; that is the core disgust videos activated the more posterior
cortical region of mid anterior insula, whereast the body violation disgust videos
activated the more anterior primary sensory-motor cortices. Like the rat IC (Chapter
4), the human insula is critical for processing the emotional experience of disgust.
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Together, these findings provide further support that there is a link between the
insula, experience of disgust and related aversive visceral sensations.

Cannabinoids and Nausea and Vomiting
Another system that is important for the establishment of conditioned gaping
reactions is the endocannabinoid (eCB) system, which may function as an
endogenous anti-nausea system (e.g., Parker and Limebeer, 2008). CB1 agonism
suppresses vomiting, which is reversed by CB1 antagonism, and CB1 inverse
agonism promotes vomiting in species capable of vomiting (reviewed in Parker et
al., 2005; Parker and Limebeer, 2008). Cannabinoid agonists (∆9-THC, HU210) and
the fatty acid amide hydrolase (FAAH) inhibitor, URB-597, suppress conditioned
gaping reactions to cues (flavours or contexts) paired with nauseating treatments
(Parker and Limebeer, 1999; Parker et al., 2002; Parker et al., 2003; Rock et al.,
2008), but they do not interfere with the establishment of CTA. Similar to
treatments that reduce serotonin availability, those that activate the endocannabinoid
system interfere with the establishment of conditioned disgust reactions produced by
emetic treatments in rats, presumably by interfering with toxin-induced nausea
during conditioning but do not modify the establishment of CTA.
Studies investigating the gastrointestinal effects of cannabinoids have
concluded that cannabinoid agonists act mainly via peripheral CB1 receptors to
decrease intestinal motility (Pertwee, 2001), but may also act centrally to attenuate
emesis (Van Sickle et al., 2001). The DVC is involved in the vomiting reactions
induced by vagal gastrointestinal activation or humoral cytotoxic agents. The DVC
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consists of the area postrema (AP), nucleus of the solitary tract (NTS) and the dorsal
motor nucleus of the vagus (DMNX) in the brainstem of rats, ferrets and the least
shrew. CB1 receptors have been found in areas of the brain involved in emesis,
including the DMNX (Van Sickle et al., 2001) and the IC (Moldrich and Wenger,
2000).
Very few studies have investigated the role of cannabinoids on conditioned
gaping or CTA in the IC. A study by Limebeer et al. (2012) investigated the effect
of central administration of the CB1 agonist, HU-210, to the GIC and VIC on
conditioned gaping and CTA. Only administration of HU-210 to the VIC (not the
GIC) suppressed the establishment of conditioned gaping reactions but not CTA.
This suppression of conditioned gaping was CB1 mediated because it was prevented
by co-administration of the CB1 antagonist/inverse agonist, AM-251, into the VIC.
Administration of AM-251 into the VIC, at doses as high as 20 μg, did not produce
conditioned gaping reactions on its own. This study suggests that the nausea
relieving effects of CB1 agonists, but not the nausea-inducing effects of CB1 inverse
agonists, is mediated in part by their action at the VIC. The effects of HU-210 in the
VIC parallel those seen with OND as described in Chapter 4, suggesting that the
VIC may be the site that regulates nausea.
Interestingly, a study by Kobilo et al. (2007) investigated the role of the CB1
receptor in the GIC on CTA. Microinfusions of the CB1 agonist, WIN 55, 212-2,
into the GIC interfered with the acquisition of the CTA compared to controls. In
contrast, microinfusions of the CB1 antagonist SR141716, into this region intensified
the CTA compared to vehicle-treated rats. This study suggests that activation of the
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CB1 receptor in the GIC inhibits CTA acquisition and that blockage of the CB1
receptor promotes memory of the CTA. The CTA results of this study contrast those
by Limebeer et al. (2012) despite both studies using identical co-ordinates. Clearly
more investigation is required to determine the effect of CB1 receptor agonists on
CTA in the GIC.
Manipulations that elevate the endogenous cannabinoids, anandamide and 2arachidonoyl glycerol (2AG), have previously been found to interfere with the
establishment of LiCl-induced conditioned gaping in rats (Cross-Mellor et al., 2007;
Sticht et al., 2012). The role of the VIC in mediating endocannabinoid-suppression
of nausea remains unknown. Therefore, current work in our lab (Sticht & Parker, in
preparation) investigated the potential of intra-VIC 2AG administration to interfere
with the establishment of conditioned gaping in rats. A series of experiments (Sticht
et al., 2012) evaluated the effects of pretreatment with exogenous 2AG prior to
administration of the illness-inducing drug, LiCl. Rats received an intraoral infusion
of 0.1 % saccharin (3 min) followed immediately by an intra-VIC infusion of 2AG
(0, 0.5, 1.0 μg), and an injection of LiCl 15 min later. Rats were subsequently reexposed to saccharin 72 hr later in a drug-free taste reactivity test, in which
conditioned gaping was assessed. It was found that an intra-VIC infusion of 2AG
dose-dependently suppressed conditioned gaping in rats but had no affect on CTA
(as measure by a one- or two- bottle test). Interestingly, the ability of intra-VIC
2AG administration to interfere with LiCl-induced conditioned gaping does not
appear to be mediated by CB1 receptors, as pretreatment with the CB1 antagonist,
AM251 (1 μg, intra-VIC), did not reverse the anti-nausea-like effects of 2AG. These
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findings suggest that manipulations that elevate intra-VIC 2AG may have antinausea potential, and that, consistent with the effects of systemic administration
(Sticht et al., 2012) downstream metabolites of 2AG may be partially responsible for
mediating the anti-nausea effects of exogenous administration. Future studies will
assess the effects of intra-VIC anandamide administration, and its mechanism of
action. These studies are needed to better understand the functional role of the
endocannabinoid system and related metabolic products in the regulation of nausea.

Potential serotonin-endocannabinoid interactions in regulation of nauseainduced conditioned gaping
Recent findings indicate that the cannabinoid system interacts with the 5-HT
system in the control of emesis (Darmani and Johnson, 2004). The DVC contains
both CB1 and 5-HT3 receptors (Himmi et al., 1996; 1998), and is a potential site for
the anti-emetic effects of 5-HT3 antagonists. Cannabinoid receptors are also coexpressed with 5-HT3 receptors in some neurons in the CNS (Hermann et al., 2002).
Recent studies have found that both CB1 and 5-HT3 receptors are located in the VIC
and activation of either of these receptors interferes with the
establishment/expression of conditioned gaping reactions (Limebeer et al., 2012;
Tuerke et al., 2012). Cannabinoids have been shown to reduce the ability of 5-HT3
agonists to produce emesis (Darmani and Johnson, 2004) and this effect was
prevented by pretreatment with rimonabant. Cannabinoids may act at CB1
presynaptic receptors to inhibit the release of newly synthesized 5-HT (Schlicker and
Kathman, 2001; Howlett et al., 2002; Darmani and Johnson, 2004). Darmani et al.
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(2003) reported that rimonabant (which produes vomiting in the shrew) increases
brain 5-HT levels and turnover at doses that induce vomiting in the shrew. Studies
should explore the interaction of the serotonergic and endocannabinoid systems on
conditioned gaping and CTA in the IC.
Unlike other cannabinoids, the anti-emetic effect of cannabidiol (CBD) does
not appear to be mediated by its action at CB1 receptors because it is not reversed by
the CB1 antagonist, rimonabant (Kwiatkowska et al., 2004; Rock et al., 2012).
Recent reports indicate that CBD may act as an indirect agonist on the 5-HT1A
autoreceptors, to reduce the availability of 5-HT (Russo et al., 2005; Rock et al.,
2012). As previously reported, known 5-HT1A autoreceptor agonists such as 8-OHDPAT, buspirone and LY228729, have been shown to suppress vomiting in species
capable of emesis such as pigeons (Wolff and Leander, 1994; 1994; 1995; 1997),
shrews (Okada et al., 1994; Andrews et al., 1996; Javid and Naylor, 2006), cats
(Lucot and Crampton, 1989; Lucot, 1990) and dogs (Gupta and Sharma, 2002).
Russo et al., (2005) demonstrated that CBD displaced the agonist [3H]-8-OH-DPAT
from a cloned human 5-HT1A receptor in a concentration-dependent manner. Further
evidence that CBD acts as an agonist at the 5-HT1A receptor can be seen by its’
increased GTP binding to the receptor coupled G protein, Gi, which is characteristic
of a receptor agonists. CBD has also been shown to reduce cAMP production,
another characteristic of Gi activation (Rock et al., 2012). Rock et al. (2012)
investigated the mechanism of action for the anti-emetic effects of CBD. Consistent
with previous work, low doses of systemically administered CBD were effective in
suppressing nicotine-, LiCl- or cisplantin-induced vomiting in the S. murinus
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(Kwiatkowska et al., 2004; Parker et al., 2004; Rock et al., 2012) and LiCl-induced
conditioned gaping in rats (Parker et al., 2002). Interestingly, this CBD-induced
suppression of vomiting and conditioned gaping was reversed by systemic
pretreatment with 5-HT1A receptor antagonists (WAY100135 and WAY100635),
suggesting that the anti-emetic effect of CBD may be mediated by activation of
somatodendritic autoreceptors. When WAY100635 was infused directly into the
DRN, but not in adjacent structures, the CBD-induced suppression of gaping was
also attenuated. The effectiveness of CBD itself to suppress nausea-like behaviors
when administered to the DRN and the reversal of this effect by systemic
administration of WAY100635 provides additional evidence that the anti-nausea-like
action of CBD is produced by its action on 5-HT1A receptors in the DRN (Rock et
al., 2012). The DRN is a site of the somatodendritic 5-HT1A autoreceptors and
stimulation of these receptors causes a reduction in the firing rate of 5-HT afferents
to terminal forebrain regions (Verge et al., 1985; Sotelo et al., 1990), ultimately
reducing the release of forebrain 5-HT (Blier and de Montigny, 1987). It is this
reduction in 5-HT release that is probably mediating CBD’s anti-emetic effects.

VIC as a detector of deviations from ‘well being”
The VIC may be essential for drug craving as well as detection of nausea in
rats (Contreras et al, 2007; Hollander et al., 2008; Forget et al., 2010) and in humans
damage to the insula promotes termination of cigarette smoking (Naqvi et al., 2007).
Smokers with brain damage to the insula (an area implicated in conscious urges)
were more likely to quit smoking easily, immediately, without relapse and without
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persistent urges to smoke than smokers with brain damage not involving the insular
(Naqvi et al., 2007). Inactivation of the VIC decreased nicotine self-administration
under both fixed and progressive ratios without affecting the self-administration of
food (Forget et al., 2010). This inactivation also prevented the reinstatement, after
extinction, of nicotine seeking induced by nicotine-assocatiated cues or nicotine
priming without modifying the reinstatement of food. The effect of the VIC on
addiction-related behaviour is not specific to nicotine as temporary inactivation of
the VIC disrupts drug seeking for amphetamine in the place preference task
(Contreras et al., 2007). Therefore, it has been suggested that the IC responds to
strong deviations from “well-being” such as in states of addiction or under nauseainducing treatments.

Future Directions
Activation of 5-HT3 receptors in the VIC produced conditioned gaping
reactions and inactivation of these receptors decreased conditioned gaping reactions.
However, no experimental evidence was conducted to verify that the VIC was
specifically activated by visceral stimuli. Studies of the early gene product, c-Fos,
have shown that c-Fos labelling is a powerful anatomical tool to identify active
neurons (Sager et al., 1988; Ceccatelli et al., 1989; Sager and Sharp, 1990; Koh and
Bernstein, 2005). Changing the amount of taste-illness pairings across groups would
affect the strength of the taste-illness association and therefore should change the
amount of c-Fos activation present in the VIC (if it is a site of malaise). Rats with
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more saccharin-LiCl pairings should form a stronger association and have greater
activation than those with one or no pairings.
This technique could be used to assess the amount of c-Fos mRNA
expression present in the VIC following each trial of the taste reactivity test. Rats
would never be injected with LiCl on the day they are sacrificed. For example, all
rats would be injected with LiCl after their intra-oral infusion except for those being
sacrificed after the first trial. This first group would be the control and determine
how much activation is present in the VIC to the taste alone. The next group would
be sacrificed after the second trial (one saccharin-LiCl pairing) and the final group
would be sacrificed after the test (two saccharin-LiCl pairings). If the VIC is a site
of input of visceral afferents (as suggested by Cechetto and Saper, 1987), then one
would expect to see an increase in c-Fos activation as the number of trials increases.
Chapter 4 examined the relationship between serotonin availability and
conditioned gaping in the VIC. Administration of the 5-HT3 agonist, mCBPG
increased conditioned gaping reactions most likely by increasing the amount of 5HT availability at the receptor. Conversely, OND pretreatment decreased
conditioned gaping reactions by decreasing serotonin availability at the 5-HT3
receptor. This hypothesis could be tested using in vivo microdialysis. In this
experiment dialysate could be collected from the IC before and after an i.p. injection
of either LiCl or SAL. If our hypothesis is correct, one would expect to see an
increase in 5-HT levels in the LiCl group, relative to controls after the injection. If
VIC 5-HT levels increase after an i.p. of LiCl then OND pretreatment should
decrease 5-HT levels.
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Conclusion
Together this thesis sheds light on the role of serotonin on conditioned
gaping reactions and CTA. We provide further evidence that conditioned gaping
and CTA are two distinct processes and that conditioned gaping is a valid animal
measure of nausea. The double dissociation between the two regions of the IC
demonstrated that nausea may be produced by the activation of 5-HT3 receptors in
the VIC and that nausea can also be reduced by inhibition of 5-HT3 receptors.
Additionally, serotonin activation of the GIC appears to be involved in production of
CTA, where 5-HT3 antagonists attenuate CTA and 5-HT3 agonists produce CTA.
Therefore the VIC may be the site responsible for the generation of nausea.
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