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Abstract
Devaluation of natural rewards is a devastating consequence of drug addiction. Drugs
of abuse hijack the innate reward system and reorient it towards drug-seeking and drugtaking to the detriment of behaviors involving the seeking of standard natural rewards.
In the animal model of reward devaluation, rats avoid intake of an otherwise palatable
saccharin solution when it predicts the availability of a drug of abuse (e.g., morphine,
cocaine or heroin). Greater avoidance predicts greater drug-seeking and taking. That
being said, it is not immediately clear why rats avoid the saccharin cue. One hypothesis
is that the taste cue simply become aversive as a result of its association with drug. If
so, the neurochemical response elicited in the nucleus accumbens by the drug-paired
cue should parallel that obtained following intraoral delivery of a known aversive
stimulus such as quinine (QHCl). Therefore, the goal of this thesis is to determine the
neurochemical profile for rewarding (i.e., sucrose and saccharin) and aversive (i.e.,
quinine) stimuli and to compare those profiles with those obtained for a saccharin cue
that was paired with the opportunity to self-administer heroin or cocaine. To this end,
Chapter 2 collected samples from the nucleus accumbens (NAc) using microdialysis
and analyzed those samples with a new method of ultra performance liquid
chromatography and tandem mass spectrometry (UPLC-MS/MS) that allows for the
measurement of several neurochemicals from a single sample. The collection will occur
while the animals consume, or are intraorally infused with, a sucrose or a quinine
solution. The results of this experiment revealed different profiles for a rewarding and an
aversive taste stimulus. Chapter 3 studied the neurochemical response in the NAc to a
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saccharin cue that was paired with the opportunity to self-administer a drug of abuse
(i.e., heroin, cocaine). Following a series of such taste-drug pairings, microdialysis
samples were collected while the animals received intraoral infusions of the drug-paired
cue. Samples were analyzed using the same method as described in Chapter 2. The
results showed changes in dopamine and other neurochemicals such as histamine,
serine, glutamate, GABA and serotonin when rats were exposed to a drug-associated
taste cue, particularly following an extended abstinence period. These patterns were
similar to those found in response to quinine. Taken together, these data suggest the
existence of a different neurochemical profile for a putatively rewarding and a putatively
aversive taste stimulus and that a drug-paired cue shows changes similar to those
observed in an aversive-like profile, particularly when tested following an extended
period of abstinence. The drug-paired taste cue, then, may become aversive following
abstinence and/or the cue may elicit the onset of an aversive withdrawal state.
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Chapter 1: GENERAL INTRODUCTION

PREVALENCE AND COST (LOST PRODUCTIVITY)
According to the 5th Edition of the Diagnostic Statistical Manual (DSM-5), substance-use
disorder occurs when the recurrent use of drugs causes a significant clinical or
functional impairment (health problems, disability, failure to meet responsibilities, etc.)
(American Psychiatric Association 2013). This is a progressive, chronic, relapsing
disorder (Leshner and Koob 1999). Addiction is the most severe stage of substance-use
disorder (SUDs) where compulsive taking of the drug leads to loss of self-control. Both
substance abuse and drug addiction are a major economic and health issue in the
United States (Substance Abuse and Mental Health Services Administration 2015). In
2014, the percentage of Americans older than 12 years of age that were current illicit
drug users was the highest since 2002, reaching 10.2% (27 million people).
Approximately 21.5 million of these people had developed substance use disorder
(National Drug Intelligence Center 2011; Substance Abuse and Mental Health Services
Administration 2015). In the United States in 2007, the estimated cost of illicit drug use,
including direct and indirect public costs related to crime, health and lost productivity
was above 193 billion dollars (National Drug Intelligence Center 2011; Substance
Abuse and Mental Health Services Administration 2015). Health care expenses and
loss of productivity are the biggest costs incurred by America due to substance abuse.
Health care costs related to drug use are greater than $11 billion, including costs related
to medical intervention, such as in-patient drug treatment, emergency services, drug
use prevention and treatment research. On the other hand, the estimated cost due to
lost productivity, alone, exceeds $120 billion per year. Although lost productivity
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includes people confined in residential treatment programs, hospitals or prisons, the
most significant single factor in lost productivity is reduced labor participation, which
costs society an estimated $49 billion each year (National Drug Intelligence Center
2011).

DEVALUATION OF NATURAL REWARDS
This lost productivity is linked to a much more threatening condition - devaluation of
natural rewards such as food, sex, work, money, etc. In support, studies have
demonstrated that human addicts will invest more time and resources in seeking and
taking drugs than in other activities. Addicted individuals often provide insufficient care
to their children (Nair, Black et al. 1997), exhibit decreased efficiency and loss of
productivity in the workplace (Jones, Casswell et al. 1995), and demonstrate a
decreased sensitivity to monetary rewards (Goldstein, Tomasi et al. 2007; Wilson,
Sayette et al. 2008). In addition, drug addicted individuals frequently are undernourished, anorexic and show wasting of muscle mass along with immunosuppression
(Santolaria-Fernandez, Gomez-Sirvent et al. 1995), thus showing symptoms of
behavioral as well as physiological manifestations of drug abuse. Drug availability also
can devalue natural rewards in lower animals. For example, female rats exposed to
cocaine showed greater preference for stimuli associated with cocaine than for stimuli
associated with their own pups (Seip and Morrell 2007). Likewise, hungry and thirsty
rats will avoid intake of a palatable solution (e.g., saccharin) when predicting the
availability of a drug of abuse (Twining, Freet et al. 2016). This avoidance behavior has
been reported when saccharin serves as a cue predicting access to either CNS
depressants (e.g., morphine and heroin; (Cappell and LeBlanc 1977; Grigson, Twining
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et al. 2000)) or CNS stimulants (e.g., cocaine, amphetamine and nicotine; (Le Magnen
1969; Cappell and LeBlanc 1971; Grigson and Twining 2002)).

DEVALUATION OF NATURAL REWARDS: CONDITIONED TASTE AVERSION OR
REWARD COMPARISON?
The first interpretation of this phenomenon (avoidance of the drug-paired cue) was that
the aversive properties of the drug elicited a conditioned taste aversion (CTA;
(Nachman, Lester et al. 1970)). Conditioned taste aversion occurs when intake of a
palatable gustatory conditioned stimulus (CS) is reduced as it comes to predict an
aversive unconditioned stimulus (US) such as x-radiation or LiCl (Garcia, Kimmeldorf et
al. 1955; Garcia, Kimeldorf et al. 1961; Smith, Morris et al. 1964; Nachman and Ashe
1973). According to this account, rats suppress intake of the drug-paired taste cue
because the cue predicts the aversive properties of the drug (Nachman, Lester et al.
1970; Riley and Tuck 1985). However, it was observed that the same animals that
suppressed intake of the amphetamine-paired cue immediately pressed the lever to get
the drug (Wise, Yokel et al. 1976). Likewise, rats that avoided the saccharin solution
that predicted amphetamine availability showed a conditioned place preference for the
location associated with the drug (Reicher and Holman 1977) and greater avoidance of
the drug-paired cue was associated with faster running speed in the runway to the
location of drug delivery (White, Sklar et al. 1977). Paradoxical findings of this nature
supported the postulation of a new theory.
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REWARD COMPARISON
A reward can be defined as a sensory stimulus or event, either psychological or
neurobiological, that is desired by the organism because it produces a conscious or
unconscious subjective pleasant experience (Berridge, Robinson et al. 2009).
Rewarding stimuli can improve memory by strengthening learned stimulus-response
associations (Mishkin and Petri 1984; Packard, Hirsh et al. 1989). For example,
rewarding and aversive stimuli can be paired to a specific behavior in order to increase
or reduce the probability that the animal will repeat that action. This process is called
reinforcement and is defined as the increase or decrease of the likelihood of an action
due to a paired consequence. Hence, a positive reinforcement will increase the
probability of certain action (e.g. lever/pressing, spout licking) due to the presentation of
something rewarding (e.g. food). Negative reinforcement, on the other hand, increases
the likelihood of a certain behavior in order to avoid something aversive (e.g. electric
foot shock).

In order to evaluate the outcome and to decide in which behavior to engage, the animal
must compare past, present and future rewards. The principle of incentive relativity
states that this decision-making process does not occur as an isolated event. Instead,
the value of a reward is determined by the context in which each reward is obtained, the
emotional and physiologic state of the animal, as well as the intrinsic and absolute
properties of the given reward (Flaherty 1996). This comparison elicits a modification in
the behavior that can result in what is referred to as a contrast effect. There are three
animal models of contrast: simultaneous, successive and anticipatory contrast.
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Simultaneous contrast involves an exaggerated increase (positive contrast) or decrease
(negative contrast) in responding for a given stimulus as a result of the opportunity to
compare the disparate stimuli (e.g., a low and a high concentration of sucrose) closely
in time (Flaherty and Largen 1975). Successive negative contrast involves reduced
responsiveness to a lesser reward (e.g., a low concentration of sucrose) as it compares
to the memory of a highly preferred reward (e.g., a high concentration of sucrose)
having been received previously. This is a retrograde comparison process (Flaherty and
Rowan 1986). Finally, an anticipatory negative contrast effect occurs when rats avoid
intake of a lesser valued reward (e.g., a low concentration of sucrose or saccharin)
when it comes to predict, via once daily pairings, the availability of a highly preferred
reward (e.g., a high concentration of sucrose). This phenomenon is the result of an
anterograde comparison process (Flaherty and Rowan 1985) and is thought to most
closely parallel conditioned avoidance of a drug-paired cue. Hence, in anticipatory
contrast experiments as well as in drug-induced devaluation of a saccharin cue, the
effect of the US (the consequence) on the intake of the CS (the saccharin cue) depends
on the nature and intensity of the stimuli (Flaherty, Turovsky et al. 1994; Grigson 1997;
Grigson 2008; Huang and Hsiao 2008), the deprivation state of the animal (Grigson,
Lyuboslavsky et al. 1999), and an intact gustatory thalamus and gustatory cortex
(Grigson, Lyuboslavsky et al. 2000; Geddes 2004; Schroy, Wheeler et al. 2005;
Geddes, Han et al. 2006; Geddes, Han et al. 2008).
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MORE THAN DEVALUATION: CUE-INDUCED CRAVING AND WITHDRAWAL
While there is some evidence that the saccharin cue may be devalued in anticipation of
drug delivery, avoidance of the drug-paired taste cue is not the only outcome observed.
When the taste cue is paired with drug access, it also comes to serve as the best
predictor for the availability of drug. This association may shift the perceived value of
the saccharin cue from a rewarding to an aversive stimulus. In accordance, avoidance
of the drug-paired cue was associated with the onset of aversive taste reactivity
behaviors (i.e. gapes) following intraoral delivery of the drug-paired cue (Wheeler,
Twining et al. 2008). Alternatively, exposure to the drug-paired cue may elicit the onset
of a conditioned aversive state involving craving and/or withdrawal (Grigson 2008). In
support, avoidance of the drug-paired saccharin cue is associated with the release of
the stress hormone corticosterone (Gomez, Leo et al. 2000), blunted levels of the
‘reward’ neurotransmitter, dopamine ((Grigson and Hajnal 2007) see below), a loss of
body weight (Nyland and Grigson 2013) and the emission of 22 kHz ultrasonic
vocalizations (unpublished data). Importantly, greater avoidance of the drug-paired taste
cue, and where tested, greater aversive taste reactivity, is associated with greater drugtaking, greater drug-seeking during periods of signaled drug non-availability, greater
load-up on drug, a greater willingness to work for drug, and greater drug-induced
reinstatement (Grigson and Twining 2002; Wheeler, Twining et al. 2008; Twining, Bolan
et al. 2009; Colechio, Imperio et al. 2014). This is true for heroin and for cocaine and
suggests that onset of the conditioned aversive state is corrected by the taking of drug.
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TASTE PATHWAY
The value in the model, then, is two-fold: (1) It serves as a model for drug-induced
devaluation of natural reward and (2) it serves a model where avoidance/aversion of the
taste cue can be used to reliably predict drug-seeking and drug-taking behavior. To
what, then, do we attribute this reduction in saccharin intake? As alluded to, there is
some evidence (e.g., the onset of gaping behavior) that the drug-paired saccharin cue is
perceived as an aversive, rather than a rewarding, stimulus. As a sapid stimulus,
saccharin would be perceived primarily via the gustatory pathway (Figure 1.1).
Gustatory information from the tongue is carried via the chorda tympani branch of the
VIIth nerve, the glossopharyngeal (IX) nerve, and the vagus (X) nerve to the brain
(Norgren 1984). In rodents, the first relay is the rostral nucleus of the solitary tract
(NST). From there, in the rodent, projections ascend to the medial pontine parabrachial
nucleus (PBN). From the PBN, a dorsal pathway projects to the posteromedial ventral
thalamus (VPMpc) and then to the insular gustatory cortex. A second pathway, the
ventral pathway, projects to the lateral hypothalamus, the bed nucleus of the stria
terminalis, and the central nucleus of the amygdala in the limbic forebrain (Norgren
1984; Kosar, Grill et al. 1986). The NST, the PBN, and the VPMpc also receive visceral
and olfactory information (Van Buskirk and Erickson 1977; Bereiter, Berthoud et al.
1981; Hermann and Rogers 1985) and descending feedback from the gustatory cortex,
amygdala and hypothalamus (Saper and Loewy 1980; Shipley and Sanders 1982;
Takeuchi, McLean et al. 1982; Norgren 1984; van der Kooy, Koda et al. 1984). The
complexity and reciprocity in this system, then, would allow for experience to change
the perceived hedonic value of a given stimulus (Cabanac 1971). In support, it was
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observed that sodium deficiency alters not only the ingestive response to sodium
containing solutions, but also the neural coding of NaCl in brainstem nuclei (Flynn, Grill
et al. 1991; Cone, Fortin et al. 2016).

Figure 1.1. Taste pathway in the rodent. The chorda tympani branch from the VIIth nerve, the
glossopharyngeal (X) and the vagus (X) nerves carry the gustatory information from the tongue to the
brain. The nucleus of the solitary tract (NST) is the first relay in rodents and projects to the medial
pontine parabrachial nucleus (PBN). From this nucleus, the dorsal pathway projects to the posteromedial
ventral thalamus (VPMpc) and then to the insular gustatory cortex. In addition, the ventral pathway
projects to the lateral hypothalamus (LH), the bed nucleus of the stria terminalis (BNST), and the central
nucleus (CN) of the amygdala in the limbic forebrain. In addition, the gustatory cortex, the amygdala and
the hypothalamus send feedback to the NST, PBN, and VPMpc (blue arrows). Visceral and olfactory
information (red arrows) also project to these three nuclei.

REWARD PATHWAY
Although it is not possible to determine, based on the aforementioned data, whether the
drug-paired saccharin cue is or is not perceived as an aversive stimulus (e.g., like
quinine, QHCl), it would appear, at the very least, that the saccharin cue has been
devalued. Perceived reward, at least for a gustatory stimulus, depends not only upon
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the taste pathway, but also upon the reward pathway. Some of the first hints regarding
reward substrates involved experiments employing electrical brain stimulation,
otherwise referred to as intracranial self-stimulation (Olds and Milner 1954; Wise 1996).
In this model, an increase in the operant behavior (lever pressing) for brain stimulation
is observed when specific areas of the brain are targeted. The major areas identified
were the lateral hypothalamus, the medial forebrain bundle containing the ascending
dopaminergic projections from the ventral tegmental area (VTA) to the nucleus
accumbens (NAc), the septal nuclei and the raphe nuclei in rats. In humans, the reward
and aversion systems have been studied through positron emission tomography and
fMRI neuroimaging. Interestingly, the brain regions that respond to diverse rewards
(food, sex, drugs, music) overlap with those that respond to aversive stimuli (money
loss, mild shock, unpleasant odor or taste). These structures comprise the NAc, ventral
pallidum (VP), amygdala, and prefrontal cortical areas (the orbito-frontal cortex (OFC),
the insular cortex, and the anterior cingulate cortex (ACC; (Kringelbach and Berridge
2009)) (Figure 1.2).

That said, the major substrate mediating the perception of reward involves the
ascending mesocorticolimbic dopamine system that forms part of the medial forebrain
bundle and connects the VTA to the ventral NAc and dorsal striatum (see Floresco,
2015, for review). This dopaminergic system is critical for processing information and
learning approach behaviors towards a reward. For example, dopamine receptor
blockade or dopaminergic lesions reduce the rewarding impact of intracranial selfstimulation and reduce the rewarding effects of drugs, including cocaine and
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amphetamine (Fouriezos and Wise 1976; Wise and Rompre 1989). Data of this nature
supported the first theory, the hedonia and anhedonia hypothesis, explaining how
dopamine codes reward (Wise 1978). This hypothesis served as the foundation of
theories of motivation, reinforcement and addiction. It postulates that, not only does an
increase in mesocorticolimbic dopamine have a major role in the subjective pleasure
associated with rewards, but also that a decrease in mesocorticolimbic dopamine
mediates a loss of pleasure. In keeping, presentation of a drug-paired cue is associated
with a full blunting (Grigson and Hajnal 2007), even a decrease (Wheeler, Aragona et
al. 2011), in dopamine levels in the NAc and presentation of a sweet is associated with
an increase in NAc dopamine and presentation of quinine a reduction (Wheeler,
Aragona et al. 2011).
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Figure 1.2. Structures of the reward system in the brain. Sagittal view of structures associated with incentive salience (gray)
and hedonic hot spots (red) in rat brain. These structures are the ventral tegmental area (VTA), nucleus accumbens, ventral
pallidum, dorsal striatum, parabrachial nucleus, lateral hypothalamus, amygdala, insular cortex and orbitofrontal cortex. The
mesocorticolimbic dopamine system (red arrow) projects from the VTA to the nucleus accumbens. Figure adapted from
Berridge and Kringelbach 2015.

Over the past twenty years, however, data have challenged the theory linking NAc
dopamine to simple hedonia or anhedonia (Wise 2008; Berridge and Kringelbach 2015).
In fact, evidence suggests that the hedonic component of rewards is the result of a
much larger integrative process that involves, in addition to taste, the emotional state,
and the associative history of the individual (Berridge 1996). As a result, reward is not a
single process, but instead it comprises several neurobiological and psychological
components that can be behaviorally manipulated. The motivational component (i.e.
appetite), related to the willingness of the animal to approach and execute
consummatory behaviors, is termed “wanting”; while the component related to the
affective value of the reward (i.e. palatability) is termed “liking” (Berridge 1996).
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Generally, these two components of reward correlate with each other. However, taste
reactivity experiments have shown that they are dissociable components that are under
different neural controls (Berridge 1996). Taste reactivity tests (i.e., measurement of
orofacial responses) are meaningful because the affective responses to sweet and bitter
tastes are conserved across species. Humans, chimpanzees and even rats present
immediate stereotypic oromotor expression when the tastes are placed in the mouth
(Grill and Norgren 1978; Steiner 1979). In taste reactivity experiments, a small quantity
of the taste solution is infused directly into the oral cavity, while a videotape records the
behavior of the freely moving rat and allows for the analysis of the behavior and the
facial responses to the solution. Through the use of this technique, it was possible to
observe that sweet tastes provoke rhythmic mouth movement and tongue protrusions,
distinctive lateral tongue protrusions and continued lapping at the target. In addition, it
was observed that bitter tastes elicit gapes, a triangular shaped mouth opening where
the lower lip retracts to show the lower incisors, rearing, shakes of the head, shaking
the paws and wiping of the face or the substrate with the forelimbs (Grill and Norgren
1978). By eliminating the operant component of the task (i.e., approach), these taste
reactivity experiments helped to dissociate the affective component of reward from the
motivational component and the underlying substrates for each were found to differ. For
example, while the isolated brainstem is sufficient for appropriate acceptance and
rejection of gustatory stimuli once placed in the oral cavity, forebrain connections with
this structure are required for the initiation of intake (Grill and Norgren 1978).
Results obtained through taste reactivity experiments also have challenged the hedonia
and anhedonia hypothesis by showing that positive orofacial expression to sucrose as
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well as the aversive reactions to quinine remained, even after a 99% depletion of DA
neuron fibers in the NAc and neostriatum (Berridge and Robinson 1998). However, DA
depletion did reduce the motivation of the animal to seek and approach the solution
(Wise and Raptis 1986). Moreover, lesions with the neurotoxin, 6-OHDA, in the NAc
induce aphagia, but do not block food preference (Berridge, Venier et al. 1989). These
observations, which are consistent with the decerebrate data, conflict with a simple
hedonia and anhedonia hypothesis, and led to propose a new theory. In the incentive
salience hypothesis, the function of dopamine is to transform sensory information
associated with rewards (i.e., cues) into attractive and desired incentive and, thereby, to
promote behavior. Therefore, dopamine is more strongly related to the anticipatory,
preparatory, and reward seeking phases than to the consummatory phase of ingestive
behavior (Salamone 1996; Berridge and Robinson 1998; Ikemoto and Panksepp 1999).

In the present model, as discussed, the taste cue is not simply devalued, but appears to
elicit the onset of an aversive state that precedes subsequent drug-seeking and drugtaking behavior. Onset of this conditioned aversive state is accompanied by a shift in
the neural code in the NAc from one of reward to one of aversion (Wheeler, Twining et
al. 2008) and, importantly, a greater shift in the neural code to the sweet is associated
with greater drug-taking behavior. This finding is consistent with other published data
showing how dopamine neurons in the NAc track reward differential. Specifically, the
reward prediction error (RPE) hypothesis (Schultz 1998; Schultz 2007; Schultz 2007)
explains how dopamine codes both the learning and the action components of reward.
In this theory, dopamine neurons code the inconsistency between the predicted reward
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and the actual reward. It has been observed that unpredicted reward outcomes elicit a
rapid phasic firing in dopamine neurons (positive prediction error) and the magnitude of
this response increase with reward potency. Aversive stimuli, on the other hand,
produce a decrease in the firing rate of dopamine neurons. Finally, phasic firing is
suppressed if the reward is omitted (negative prediction error) (Ungless, Magill et al.
2004). Thus, if the expectation does not match with the outcome, dopamine-mediated
plasticity is elicited, which modifies synapses and neural circuitry resulting in changes in
predictions and behavior until the prediction finally matches the behavioral outcome and
learning is ended (Schultz, Dayan et al. 1997).

Therefore, the steady activation of the midbrain dopamine system can promote goaldirected behaviors and the phasic activation of this system will trigger reward-related
learning processes (Schultz 2007). Drugs of abuse are thought to hijack this system
generating an acute reinforcing effect through an aberrant incentive salience by
abnormally increasing dopamine levels, reorienting the system towards drug-related
cues and drug-seeking (Kalivas and Volkow 2005; Hyman, Malenka et al. 2006). All
drugs of abuse exert their effects directly or indirectly through activation of the
mesolimbic dopamine system (Imperato and Di Chiara 1986). However, the nucleus
accumbens is, as described, a widely interconnected structure and, as such, is subject
to regulation by neurochemicals other than dopamine (Koob 1992; Nestler 2005).
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NUCLEUS ACCUMBENS
The nucleus accumbens is part of the ventral striatum and it serves as a vital structure
within the reward circuitry in the brain. It gives salience to stimuli in order to generate
motivationally relevant goals, increasing the likelihood of those behaviors intended to
achieve those goals, whether they are things worth having (rewards) or worth avoiding
(aversive consequences) (Floresco 2015). The NAc consists of the core and the shell
regions, segregated according to distribution of certain neuropeptides (Zaborszky,
Alheid et al. 1985; Groenewegen, Vermeulen-Van der Zee et al. 1987; Zahm and
Heimer 1990; Voorn, Brady et al. 1994; Meredith, Pattiselanno et al. 1996;
Groenewegen, Wright et al. 1999). These two regions appear to differentially regulate
behavior induced by cues associated with rewards. While inactivation of the NAc core
disrupted cue-induced reinstatement, inactivation of the NAc shell enhanced
instrumental responding for reward-related cues (Floresco, McLaughlin et al. 2008). The
NAc works as an interface between cognition, emotion and actions, and as such,
integrates information from numerous structures via different neurotransmitters.
Glutamatergic projections are most prevalent. Information related to memory,
recognition of novelty, spatial navigation and relationships between stimuli comes from
the hippocampus (Floresco, Seamans et al. 1997; Ito, Robbins et al. 2008; Mannella,
Gurney et al. 2013); perceived value of neutral stimuli or its association with rewarding
or aversive consequences come from the basolateral amygdala (Everitt, Morris et al.
1991; Floresco, McLaughlin et al. 2008; Shiflett and Balleine 2010; Fernando, Murray et
al. 2013); and integration of information across contexts, attention or evaluation of
costs/benefits come from cortical regions (Floresco, Braaksma et al. 1999; Christakou,
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Robbins et al. 2004; Hauber and Sommer 2009). In addition, cholinergic inputs reach
the NAc from the caudate-putamen, serotonergic inputs from the raphe nucleus, and
GABAergic inputs from the globus pallidus among others (Noori, Spanagel et al. 2012).
The NAc integrates information from a wide variety of systems, allowing for the
determination of the best course of action at any given time.

The most studied input related to reward-coding into the NAc has been the ascending
dopamine projections from the substantia nigra and VTA. DA transmission to the NAc
can occur in a “phasic” or in a “tonic” manner. The fast (less than seconds) and
localized “phasic” signaling elicited by conditioned rewards is involved in the prediction
error that underlies reward-related learning (Schultz, Dayan et al. 1997; Schultz,
Tremblay et al. 1998). On the contrary, “tonic” transmission refers to the slow (minutes)
changes in extrasynaptic DA levels due to the overall activity of DA neurons (Howland,
Taepavarapruk et al. 2002; Floresco, West et al. 2003). The latter, as it is extrasynaptic
in nature, can modulate an extensive number of pre and postsynaptic neurons within
the NAc, regulating its overall activity (Yang and Mogenson 1984; Nicola and Malenka
1997; Howland, Taepavarapruk et al. 2002; Charara and Grace 2003; Floresco, West et
al. 2003). Tonic DA can modulate excitable inputs that come from the limbic and cortical
regions (Pennartz, Groenewegen et al. 1994; O'Donnell and Grace 1996; HernandezLopez, Bargas et al. 1997; Hjelmstad 2004). Thus, as the NAc receives converging
information from different systems, tonic DA changes may serve as the gating
mechanism that will amplify one subset of inputs, while attenuating others and thereby
influence the direction of behavior in the face of sometimes opposing information
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(Pennartz, Groenewegen et al. 1994; Floresco 2007; Niv 2007; St Onge, Ahn et al.
2012).

To a lesser extent, the role of other neurotransmitters in the reward system have been
studied. Glutamate, for example, was linked to motivated appetite (Reynolds and
Berridge 2003; Faure, Reynolds et al. 2008; Reynolds and Berridge 2008) and to
cocaine-related neuroplasticity (Pierce and Kalivas 1997). In addition, changes in GABA
concentration in the NAc shell have been shown to modify the affective reactions to
sweet and bitter tastes in taste reactivity experiments (Reynolds and Berridge 2002).
Furthermore, increased GABA concentration in the NAc through microinjections or
optogenetics has been shown to modulate reward-seeking behavior induced by cocaine
and cocaine-predictive cues (Cousins, Roberts et al. 2002; Wang, Shen et al. 2014).
Acetylcholine, on the other hand, has been proposed to have an opposing role to DA in
the reward system. For example, microinjection of acetylcholinesterase demonstrated
that elevated levels of acetylcholine is sufficient to trigger the onset of a conditioned
aversive state (Hoebel, Avena et al. 2007). As observed, all these neurochemicals have
been studied in different experiments, using different paradigms, and in different
laboratories. Additionally, some of them have been studied in response to natural
rewards and others in response to cocaine or cocaine-predictive cues. More
importantly, the simultaneous dynamics of release and uptake of these and other
neurotransmitters and neurochemicals in the NAc during motivated behaviors has never
been studied.
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SUMMARY
Devaluation of natural rewards is a devastating consequence of drug addiction. The
animal model consisting of a taste cue paired with the opportunity to self-administer
drug is an important tool to study this phenomenon and to help to develop new
treatments and/or ways to prevent such an affliction. The reward system always has
been of major relevance in the evolution and survival of animals. Presently, the way in
which our brain processes rewards and analyzes outcomes of behaviors allowed us to
successfully interact with other people and to function well as a society. Impairments in
this system promote aberrant behaviors and responding to natural rewards. The NAc
serves as an interface between cognition, emotion, and actions within the reward
system. This nucleus receives information from a wide variety of structures via different
neurotransmitters. Mesocorticolimbic DA projections from the VTA to the NAc are the
main component responsible for orchestrating and coordinating the extensive inputs
and outputs in the NAc. Thus, an impairment of the normal function of such an
important, nodal system would lead to a major change in the carefully regulated
interaction between inputs. That said, it is expected that responses related to the
devaluation of natural reward, such as avoidance of a palatable taste cue paired with a
drug, is not solely mediated by changes in DA. On the contrary, changes in the DA input
into the NAc will lead to a variety of changes in release and uptake of a number of
neurotransmitters and neurochemicals within this structure. However, as indicated,
research has focused mostly on the role of DA in the reward system and to a lesser
extent on other neurochemicals such as GABA, glutamate, and acetylcholine. No study,
so far, has examined the concerted, simultaneous response of several neurochemicals
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and neurotransmitters to stimuli that are rewarding or aversive, due to innate or learned
processes. The purpose of this thesis, then, is to study the underlying neurochemical
profile elicited by reward and aversion and to use this information to understand the
neurochemical changes that characterize reward devaluation. To do so a new method
of ultra-performance liquid chromatography (UPLC) coupled with tandem mass
spectrometry (MS/MS) and benzoyl chloride derivatization will be used to
simultaneously detect changes in a range of neurotransmitters and metabolites in the
NAc. Chapter 2 will use this new method to study the normal and orchestrated response
of different neurotransmitters and neurochemicals in the NAc to taste stimuli of different
hedonic valences when ingested and when intraorally infused. This will allow us to
characterize, for the first time, the full neurochemical profile in the NAc to a putatively
rewarding and aversive gustatory stimulus. Once the normal response to rewarding and
aversive stimuli is assessed, Chapter 3 will use the same method to study the
neurochemical response in the NAc to a reward that has been paired with the
opportunity to self-administer drug. It is expected that the rewarding and the aversive
stimuli will elicit different neurochemical profiles. In addition, it also is expected that the
profile in response to the drug-paired cue will change from a reward-like profile to an
aversion-like profile. This will allow us to determine the dynamic interaction that occurs
amongst a range of neurochemicals during drug-induced devaluation of a natural
reward, cue-induced craving and withdrawal, and during individual vulnerability to
subsequent drug-seeking and taking.
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Chapter 2: The neurochemical profile elicited by rewarding and aversive stimuli differs in
the nucleus accumbens in the rat

2.1. INTRODUCTION
Devaluation of natural rewards is a devastating consequence of drug addiction. Drugs
of abuse hijack the innate reward system and reorient it towards drug-seeking and drugtaking to the detriment of behaviors involving normal, natural rewards (Kalivas and
Volkow 2005). Devaluation of natural rewards makes drug addiction particularly difficult
to treat because a disturbed reward system that does not respond correctly to natural
rewards also is more susceptible to relapse following abstinence (Huhn, Meyer et al.
2016).

As described, in the animal model employed here, rats avoid intake of an otherwise
palatable saccharin solution when it predicts the availability of a drug of abuse, such as
morphine, cocaine or heroin (Cappell and LeBlanc 1971; Cappell, LeBlanc et al. 1973;
Vogel and Nathan 1975; Sherman, Pickman et al. 1980; Miller, Kelly et al. 1990;
Grigson, Twining et al. 2000; Grigson and Hajnal 2007). Greater avoidance predicts
greater drug-seeking and taking (Grigson and Twining 2002; Twining, Bolan et al. 2009;
Imperio and Grigson 2015). That being said, it is not immediately clear why rats avoid
the saccharin cue. As alluded to in the introductory chapter, there is some evidence that
the taste cue become aversive. For example, rats will emit aversive taste reactivity
behavior (i.e., gapes) if the drug-paired taste cue is infused directly into the oral cavity
(Wheeler, Twining et al. 2008; Colechio and Grigson 2014; Colechio, Imperio et al.
2014). We have hypothesized that the rats make aversive faces because the drug-
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paired cue elicits the onset of an aversive state, such as conditioned withdrawal
(Grigson 2008). While there is some evidence for this interpretation (Gomez, Leo et al.
2000; Nyland and Grigson 2013), it also is possible that the taste cue has simply
become aversive as a result of its association with drug or that it is aversive because of
its association with withdrawal (McDonald, Parker et al. 1997). If so, the response
elicited by the drug-paired cue should parallel that obtained following intraoral delivery
of a known aversive stimulus such as quinine (QHCl).

The nucleus accumbens (NAc) is the main component of the reward system in the
brain. As explained in Chapter 1, the nucleus accumbens is the conduit between
external cues, the relative value of reward, and goal directed behaviors. As such, this
structure integrates a great deal of information from other areas of the brain that
reaches the NAc through several inputs that release a range of different
neurotransmitters.

Understanding the underlying neurochemical changes in response to stimuli of different
hedonic valences is of crucial importance in its own right. However, this information also
may reveal novel avenues for the development of new drugs or treatments to reverse
reward devaluation in drug addiction and to allow the addict to respond to natural
rewards and to experience pleasure in a normal, everyday environment. To do so, it is
critical to determine which neurochemicals and neurotransmitters are involved in coding
reward and aversion. So far, most of the research has been focused on the role of
dopamine in the reward system and, to a lesser extent, the role of acetylcholine and
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glutamate. No research so far has studied the concerted response of several
neurotransmitters in one paradigm and at the same point in time in a single experiment.
A new methodology of microdialysis and Ultra Performance Liquid Chromatography
(UPLC) coupled with tandem mass spectrometry (MS/MS) and benzoyl chloride
derivatization allows for such an assessment of the neurochemical profile associated
with reward and aversion. This new UPLC-MS/MS technique allows for the
simultaneous measurement of dopamine, 3-Methoxytyramine (3-MT), 3,4Dihydroxyphenylacetic acid (DOPAC), norepinephrine, Homovanillic acid (HVA),
serotonin (5-HT), 5-Hydroxyindoleacetic acid (5-HIAA), glutamate, glycine, gammaAminobutyric acid (GABA), histamine, aspartate, acetylcholine, normetaneprhine and
taurine from the same sample.

In this Chapter, I will utilize the new UPLC-MS/MS technique to analyze changes in
neurotransmitter concentration in the NAc to characterize the neurochemical profile for
a putatively rewarding (i.e., sucrose and saccharin) and aversive (i.e., quinine, QHCl)
stimulus. Thus, analysis of the neurotransmitters released in the NAc in response to
sweet and aversive stimuli will reveal the neurochemical profile for ‘reward’ and
‘aversion’. These data, then, will be compared to those obtained following exposure to a
saccharin cue paired with the opportunity to self-administer heroin or cocaine in Chapter
3.
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2.2. EXPERIMENT 1

2.2.a. MATERIALS AND METHODS

Subjects
The subjects were 12 naive, male Sprague-Dawley rats delivered from Charles River
(Wilmington, MA) weighing between 300 – 400g at the start of the experiment. All
subjects were housed individually in standard, suspended, stainless steel cages. The
environment in the animal care facility room had controlled humidity and temperature
(21 °C), with a light/dark cycle that consisted of 12 hours of light and 12 hours of dark,
starting the light cycle at 7:00 am. All experimental manipulations were conducted
during the light phase of the cycle. After one week of acclimatization to their home
cages, rats were habituated to experimenter handling by daily weighing. Food and water
was available ad libitum, except when noted otherwise.

Solutions
Sucrose and quinine (QHCl) were obtained from Sigma, St. Louis, MO. All the solutions
were made by mixing either sucrose or quinine in filtered water 24 hrs prior to use and
were presented at room temperature. The sucrose solution (0.5M sucrose) was made
by mixing 85.5 g of sucrose up to 500 ml of filtered water. The quinine solution (0.003M
QHCl) was prepared by dissolving 5.4135 g of quinine hydrochloride up to 500 ml of
filtered water.

24

Microdialysis Guide Cannula Implant
Rats were anesthetized with intramuscular (im) ketamine (70 mg/kg) and xylazine (14
mg/kg). Their heads were shaved and the skull exposed. Three anchor screws were
attached to the skull and fixed with dental cement (C&B-Metabond®, Parkell Inc.). One
screw was located rostral to the location where the cannula was inserted, while the
other two were located caudally. Then, a 12-gauge stainless steel guide cannula was
implanted stereotaxically above the right posterior medial NAc (A 1.2 mm, 1.2 mm from
midline, and V 5.0 from the surface of the skull) as described by Hajnal et al. (2004) and
Grigson and Hajnal (2007). Finally, a metal protector was located around the cannula
and a head cap was made with dental acrylic in order to fix all the components in their
place.

Apparatus
Testing was conducted in one of six identical operant chambers (MED Associates, St.
Albans, VT) with sipper spouts as described in Grigson and Hajnal (2007). Each
chamber measures 29.3 cm in length × 24.0 cm in width × 27.0 cm in height, and is
individually housed in a light- and sound-attenuated cubicle. The front and back walls
are clear Plexiglas; the side walls are aluminum and the floor is stainless steel. Each
chamber is equipped with three retractable sipper spouts that enter through 1.3-cm
diameter holes, spaced 16.4 cm apart (center to center).
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Microdialysis
Microdialysis probes (CMA/Microdialysis AB, Stockholm, PAES membrane, 3 mm
membrane length, 0.5 mm membrane OD, 20 kDa cut-off, 14 mm shaft length) were
perfused with artificial cerebrospinal fluid (145 mM NaCl, 2.7 mM KCl, 1.2 mM CaCl2,
1.0 mM MgCl2, 2.0 mM Na2HPO4, pH 7.4) at a flow rate of 1.0 μl/min through a 2channel counterbalanced swivel (Instech Laboratories, Plymouth Meeting, PA). The
microdialysis probe was connected to a syringe pump on the side of the chamber via
the swivel. PE50 tubing (Becton Dickinson and Co., Sparks, MD) connected the pump
to the swivel and the swivel to the microdialysis probe on the head of the animal. FEP
tubing connected the outlet arm of the microdialysis probe with an Eppendorf tube
where the samples were collected (SciPro Inc., Sanborn, NY). Both the PE-50 and FEP
tubing inside the chamber were protected by a metal spring tethered with a clip and
secured with a plastic collar to the metal protector on the head of the animal.

Behavioral Procedures

Solution Training
Once recovered from the surgery, water was removed and rats started training in a
water deprivation regimen for seven days. All rats were adapted to drinking a solution
through a spout located in the front of their home cage. Each day, animals had 20 min
access to either 0.5M sucrose (n=6) or 0.003M QHCl (n=6) in the morning; all rats then
received 2 hrs access to water in the afternoon to rehydrate. Solution training was
conducted daily for 4 days in the home cage (Days 1-4). Rats were then moved to the
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microdialysis chambers where they continued with the same training protocol for an
additional three days (Days 5-7).

Figure 2.1. Training protocol. The animals were divided into two groups, one that had access to 0.5M sucrose and
another that had access to 0.003M QHCl. All rats had 20 min access to the taste solution from a spout located on
the front of the home cage for four days (Days 1-4). On day 5, the animals were moved to the microdialysis
chamber. In these chambers, rats had 3 more days (Day 5-7) of 20 min access to the taste solution. On day 8,
microdialysis samples were collected before, during, and after the rats had access to the tastant.

Microdialysis Collection
The night before the test, rats were briefly anesthetized with an intramuscular injection
of ketamine (70 mg/kg) and xylazine (14 mg/kg) and unilateral microdialysis sampling
probes were inserted through the guide cannula to reach the target area. Probes were
kept continuously perfused with an ACSF solution at a rate of 1μl/min throughout the
study using microsyringe pumps (model R99E; Razel Scientific Instruments, Stamford,
CT). On the subsequent test day (Day 8), eight microdialysis samples were collected,
one every 20 minutes. The pretreatment samples (samples 1-4) were averaged and
used to create a baseline (BL). All data were normalized to each rat’s baseline and
transformed to percent change. During the fifth sample (sample 5), rats had 20 min
access to either sucrose or QHCl. Three additional 20 min samples (samples 6-8) were
taken thereafter in order to assess recovery.

Figure 2.2. Microdialysis collection. On the collection day (Day 8), eight microdialysis samples were collected from
the NAc shell of the rats. The first four samples (Samples 1-4) were averaged to create a baseline. During sample
5, animals had access to either 0.5M sucrose or 0.003M QHCl. The last three samples (Samples 6-8) were
collected to assess recovery.
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Benozylation Reaction
10 µL of the sample was mixed with 5 µL borate buffer (sodium tetraborate, 100 mM)
and vortex. Then, 5 µL benzoyl chloride (2% in acetonitrile, v/v) was added to the
mixture and vortexed again. The samples were maintained on ice and then stored at 80o, until analyzed. Just prior to the UPLC-MS/MS analysis, 5 µL of internal standard
was added to the mixture.

HPLC Tandem Mass Spectrometry
HPLC tandem mass spectrometry analysis was performed by the Core Facilities
following the protocol described in Song et al. (2012).

Perfusion and Histology
In order to evaluate the correct placement of the probes in the NAc shell, rats were
deeply anesthetized with 0.5 ml ketamine/0.5 ml xylazine and perfused transcardially.
Following opening of the thoracic cavity and exposure of the heart, a 21G needle
connected to a perfusion pump was inserted into the left ventricle and the right atrium
was then cut to allow for outflow. The rat was perfused with a 0.9% saline solution for 8
minutes, followed by 10% formalin for 20 minutes. After fixation was finished, the
animals were decapitated, the head cap was removed, the muscle was cleaned and the
brain exposed by removing the skull. The brain was then removed and stored in 10%
formalin and sucrose for cryopreservation. When the brains sank, they were frozen and
serially sectioned at 50 μm with a microtome, mounted onto slides, and stained with
cresyl violet for examination under a light microscope.
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Data Analysis
Dependent measures included: (1) intake volume during training (2) intake volume
during perfusate collection and (3) a full profile of the neurochemical response in the
NAc, including dopamine, acetylcholine, serotonin, 3-MT, NE, aspartate, glutamate,
GABA, histamine, HVA, 5-HIAA, and DOPAC (100 nM range); glycine, serine, and
taurine (1000 nM range). All data were analyzed using mixed factorial and one-way
analysis of variance (ANOVA) tests, as well as Student’s t-tests. The Newman-Keuls
post-hoc test with α=0.05 was used when appropriate.

2.2.b. RESULTS

Histology
Histological analysis revealed that all microdialysis probes assessed were placed within
the NAc shell. No rat had to be discarded due to a misplacement of the probe.
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Figure 2.3. Representative coronal section of probe placement stained with cresyl violet. The probe was located
on the NAc shell (red circle).

Intake Analysis
The intake data (ml/20 min) were analyzed using a 2 x 7 mixed factorial ANOVA varying
group (sucrose vs. QHCl) and trials (1-7). The results revealed a significant main effect
of group, F (1,10) = 66.7, p<0.001), indicating that the sucrose group consistently
consumed more solution than did the QHCl group overall (see Figure 2.3A). Figure 2.3B
shows water intake during the daily 2 h rehydration period where rats in the 0.003M
quinine group consistently consumed more than the sucrose group. This observation is
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supported by a 2 x 7 mixed factorial ANOVA and a significant main effect of group, F
(1,10) = 8.95, p<0.01. Interestingly, there was no significant main effect of group when
total liquid consumption was analyzed (Figure 2.3C), indicating that overall consumption
was equal between the two groups. Finally, consistent with intake across the
experiment, a one-way ANOVA, F(1,10) = 50.29, p<0.05, revealed that the 0.5M
sucrose group consumed significantly more solution than the group given access to
0.003M QHCl during Day 8, the microdialysis sample day (Figure 2.3D).

Figure 2.4. A. Mean (+/- SEM) intake of 0.5M Sucrose (n=6) and 0.003M quinine (n=6) across the experiment
(Days 1-7). B. Mean (+/- SEM) 2 hr afternoon water intake across the experiment (Days 1-7). C. Mean (+/- SEM)
total liquid intake across the experiment (Days 1-7). D. Mean (+/- SEM) intake of 0.5M Sucrose or 0.003M
Quinine during microdialysis collection (Day8)
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Neurochemical Results

Dopamine (DA)
Ingestion of a palatable natural reward typically is associated with a clear increase in
NAc dopamine (Hajnal, Smith et al. 2004). In accordance, a significant increase was
observed in the relative concentration of DA 20 and 40 minutes (see Figure 2.4) after
the rats consumed sucrose (i.e., in samples 6 and 7), as determined by Student’s t-tests
(ps<0.05). On the contrary, no significant increase of this neurotransmitter was
observed in the quinine group. Moreover, a 2 x 5 mixed factorial ANOVA did not find a
significant main effect of group between quinine and sucrose groups or a significant
group x sample interaction, F (1,9) = 1.03, p>0.5.

Figure 2.5. Mean (+/- SEM) level of dopamine (percentage of baseline, BL) in the nucleus accumbens shell
across five 20-min bins for rats that received either a 0.5M sucrose (n=6) or 0.003M quinine (n=6). The rats had
20 min access to the taste solution during sample 5 (gray line). *p<0.05: sucrose vs. sucrose BL.

Dopamine Metabolites
The new technique of benzoyl derivatization and UPLC-MS/MS can be utilized to
analyze the products of dopamine metabolism and assess if the variations observed in
DA levels correspond to the levels of the metabolites. We looked at changes in the
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levels of 3-Methoxytyramine (3-MT) and 3,4 Dihydroxyphenyl-acetic acid (DOPAC),
products of the enzymes cathecol-O-methyl-transferase (COMT) and monoamine
oxidase (MAO) respectively. In addition, we also analyzed the levels of homovanillic
acid (HVA), the final product of the DA metabolic pathway. Finally, we studied
norepinephrine, a neurotransmitter that can be a by-product of DA metabolism or be
produced independent of this pathway.

Figure 2.6. Mean (+/- SEM) level of dopamine metabolites (percentage of baseline, BL) in the nucleus accumbens
shell across five 20-min bins for rats that received access to either 0.5M sucrose (n=6) or 0.003M quinine (n=6).
The animals had 20 min access to the taste solution during sample 5 (gray line). A. Neurochemical profile of
DOPAC. B. Neurochemical profile of 3-MT. C. Neurochemical profile of HVA. D. Neurochemical profile of NE.
*p<0.05: sucrose vs. sucrose BL

Figure 2.5 shows the variation in the levels of different DA metabolites where statistical
analysis showed no significance. However, the trends for DOPAC and 3-MT are similar
to those observed in response to DA. After the animals consumed the solutions, an
increase is observed in DOPAC to 150% of the BL in response to quinine (Figure 2.5A),
while a smaller increase (118%) was seen in the sucrose group. Similar to DA, values
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for the quinine group reversed back to baseline after 20 minutes. On the contrary,
DOPAC levels for the sucrose group reached sig peak by this time (142%), delayed by
20 mins compared to DA, and maintained those values until the end of collection, where
it reached significance (ps<0.05). 3-MT showed more pronounced changes (Figure
2.5B). Levels of 3-MT for the quinine group reached 172% of baseline when the rats
ingested the solution, and the return to the baseline was much slower than that shown
for DA. Moreover, 60 min post exposure to quinine, levels of 3-MT fell below baseline,
as low as 65% of baseline. Conversely, in the sucrose group, levels of 3-MT slowly
increased to the maximum of 135% in the last sample. HVA concentration, shown in
Figure 2.5C, does not show any change across the experiment for either solutions.
Finally, Figure 2.5D shows changes of NE in response to the solutions. Although the NE
profile is somewhat similar to those shown with DA, DOPAC and 3-MT, it is important to
note that NE not only is a DA metabolite, but also can function as a neurotransmitter.
When the rats were exposed to quinine, NE rose up to 140%, returning to baseline after
20 mins. However, in response to sucrose, NE levels presented a steady increase until
the 7th sample, where it reached a maximum of 205% of baseline. This increase was
statistically significant (ps<0.05).

Serine, Glutamate, Glycine, Histamine and Serotonin.
Five neurochemicals showed increased trends in response to 0.5M sucrose. Figure 4
shows the profile of serine (ser), glutamate (glu), glycine (gly), histamine (hist),
serotonin (5-HT) and 5-hydroxyindoleacetic acid (5-HIAA) in the NAc shell in response
to 0.5M sucrose and 0.003M quinine. Although no statistical differences were observed,
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interesting trends for the sucrose group appeared whereas ser, glu and gly presented
no changes in response to quinine, exhibiting levels similar to baseline throughout the
experiment. Serine. Serine showed an increase of 137% in response to sucrose (Figure
2.6A) and it recovered to baseline after 20 minutes. Glutamate. Of these four
neurochemicals, glutamate showed the greatest increase to sucrose (155%).
Interestingly, glutamate levels decreased lower than baseline 20 minutes after the rats
were exposed to the solution, and its concentration was almost half of the baseline
(59%) 1 hour after exposure. Glycine. Glycine showed trends similar to, but less drastic
than, glutamate as shown in Figure 2.6C. When the rats were exposed to sucrose,
glycine concentrations increased (117%). Then, 20 minutes after, its levels went below
baseline to 69% 1 h after exposure. Histamine. From this set of neurochemicals, only
histamine showed a clear increase with access to quinine (Figure 2.6D). In fact, when
the rats were exposed to the bitter tastant, histamine levels rose to a maximum of 196%
40 minutes after access. These histamine values were much higher than those elicited
by sucrose (max: 166%). Histamine levels returned to baseline 40 minutes after the rats
consumed the solution. The sucrose group, on the other hand, showed a slower
increase that stabilized at around 150% even though it did not reach levels as high as
the quinine group. Serotonin. Serotonin (5-HT), in contrast, showed a delayed increase
in response to both quinine and sucrose (Figure 4E). Serotonin levels increased 20
minutes after the animals consumed the solutions and recovered to baseline by the 7th
sample (40 min after exposure). 5-HIAA. Figure 2.6F shows the profile of the serotonin
metabolite, 5-HIAA. Consistent with the profile for 5-HT, 5-HIAA levels have a delayed
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and modest increase in sample 6 (20 min after exposure to sucrose) and, by 40 minutes
after solution access, the concentrations returned to baseline.

Figure 2.7. Mean (+/- SEM) level of Neurochemicals (percentage of baseline, BL) that showed an early increase
in response to sucrose. Levels of neurochemicals in the NAc shell across five 20-min bins for rats that received
either 0.5M sucrose (n=6) or 0.003M quinine (n=6). The animals had 20 min access to the taste solution during
sample 5 (gray line). A. Neurochemical profile of serine (ser). B. Neurochemical profile of glutamate (glu). C.
Neurochemical profile of glycine (gly). D. Neurochemical profile of histamine (Hist). E. Neurochemical profile of
serotonin (5-HT). F. Neurochemical profile of the 5-HT metabolite 5-HIAA. *p<0.05: sucrose vs. sucrose BL.
#p<0.05: 0.5M sucrose vs. 0.03M QHCl.
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Aspartate
Of all the neurochemicals, the only one that showed a negative change in response to
quinine was Aspartate (Asp) as shown in Figure 2.7. When the rats were exposed to the
bitter solution, a decrease greater than 50% was observed (44%). Although its levels
tend to fluctuate and rise in sample six, aspartate levels were around 60% of baseline at
the end of the experiment. Interestingly, aspartate levels did not change immediately in
response to sucrose. In contrast, 20 minutes after the rats consumed the solution, its
level dropped down to 55%. In this group, the levels of this neurochemical stayed low
until the end of the experiment. Using t-tests, these changes in Asp were found to be
statistically significant (ps <0.05).

Figure 2.8. Mean (+/- SEM) level of aspartate (Asp) (percentage of baseline, BL) in the nucleus accumbens shell
across five 20-min bins for animals that received either 0.5M sucrose (n=6) or 0.003M quinine (n=6). The animals
had 20 min access to the taste solution during sample 5 (gray line). *p<0.05: sucrose vs. sucrose BL. +p<0.5:
QHCl vs. QHCl BL

GABA and Taurine
GABA and taurine (tau) did not respond to access of either 0.5M sucrose or 0.003M
quinine and their profiles are shown in Figure 2.8.
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Figure 2.9. Mean (+- SEM) level of Neurochemicals that showed no change in response to either 0.003M quinine
(n=6) or 0.5M sucrose (n=6) (percentage of baseline) in the nucleus accumbens shell across five 20-min bins.
The animals had 20 min access to the taste solution during sample 5 (gray line).

As observed in Figure 2.8 A and B, both neurochemicals showed no change across
time. Although, a small decrease occurred for GABA during sample 7 (40 min after
exposure) in response to sucrose, its levels returned to baseline by sample 8 (60 min
after exposure). The changes observed for Tau were different. After sample 7 (40
minutes after exposure to quinine), a small increase was seen in the concentration of
Tau, but by sample 8 it was back to baseline levels.

2.3. EXPERIMENT 2

While the data are interesting, and the first of their kind, interpretation of the results
obtained in Experiment 1 is complicated by low intake in the QHCl group. Traditional
methods for studying perceived palatability of stimuli, such as the intake study
performed in Experiment 1, require that the animal initiate and maintain the
consummatory behavior, which is particularly difficult when the stimulus is not palatable
and, therefore, not spontaneously consumed. As observed, the rats that had 20 minutes
access to quinine did not drink the solution. In an effort to circumvent this short-coming,
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in the next experiment, the neurochemical data will be reevaluated when directly
infusing the gustatory stimuli into the oral cavity via indwelling intraoral (IO) cannulas.

2.3.a. MATERIALS AND METHODS

Subjects
The subjects were 12 naive, male Sprague-Dawley rats delivered from Charles River
(Wilmington, MA). The animals weighed between 300 and 400 g at the beginning of the
experiment. All rats were housed and acclimatized individually as described in
Experiment 1, Chapter 2.2.a.

Solutions
0.5M sucrose and 0.003M quinine were prepared and used as described in Experiment
1, Chapter 2.2.a.

Intraoral Surgeries

Intraoral cannulas
Intraoral cannulas were custom-made in our laboratory as described in Colechio et al.
(2014) . PE 100 tubing was cut into 8-cm segments, flared at one end, and fitted with a
nylon washer. Special needles were custom-made by clipping off the plastic cap of a
21-gauge needle and a 16-gauge needle and then threading the 21-gauge needle into
the 16-gauge needle.
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Intraoral cannula placement
Rats were anesthetized with im ketamine (70 mg/kg) and xylazine (14 mg/kg). Hair was
then removed from the head, particularly between the ears and eyes, and the area was
cleaned with betadine and ethanol. Intraoral cannulas were rinsed with distilled water
and attached to the bottom part of the custom-made needle. The needle was then used
to advance the cannula gently between the cheek and the jaw, lateral to the first
maxillary molar and held secure with the nylon washer (Product Components Corp.)
flush against the side of the cheek. The cannula also was secured at the excision point
on the top of the head with a PTFE washer, VetBond, and superglue (Colechio and
Grigson 2014; Colechio, Imperio et al. 2014). Two cannulas were inserted in each rat,
one in each side, and were maintained by daily inspection and flushing with distilled
water.

Microdialysis Guide Cannula Implant
Microdialysis surgery was performed as described in Experiment 1, Chapter 2.2.a.

Apparatus
Each rat was trained in one of four identical operant chambers (MED Associates, St.
Albans, VT). Each chamber measured 29.3 cm in length × 24.0 cm in width × 27.0 cm in
height, and was individually housed in a light- and sound-attenuated cubicle. The floor
and back wall were clear Plexiglas and the sidewalls were aluminum. Each chamber
was equipped with three retractable sipper spouts that entered through 1.3-cm diameter
holes, spaced 16.4 cm apart (center to center). A stimulus light was located 6.0 cm
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above each tube. Each chamber also was equipped with a house light (25 W), a tone
generator (Sonalert Time Generator, 2900 Hz, Mallory, Indianapolis, IN), and a speaker
for white noise (75 dB). A coupling assembly attached the syringe pump to the cannula
on the top of the head of each rat and entered through a 5.0-cm diameter hole in the top
of the chamber. This assembly consisted of a metal spring protecting the passage of
Tygon tubing from rat interference. The tubing was attached to a 2-channel
counterbalanced swivel assembly (Instech, Plymouth Meeting, PA) that, in turn, was
attached to the syringe pump through another piece of Tygon tubing. Events in the
chamber and collection of data were controlled on-line with a Pentium computer that
uses programs written in the Medstate notation language (MED Associates, St. Albans,
VT).

Video Collection
An angled mirror was located below the floor, allowing for a view of the ventral surface
of the rat. A high-speed camera was positioned below the floor of the chamber looking
at the mirror. This camera recorded orofacial responses during IO infusion of the
gustatory stimuli throughout the experiment. The video was collected at 100 frames/sec
as a CVI file, which later was compressed to AVI format. Lighting for video was provided
by 2 fluorescent lights (2 at 9W and 2 at 8W) located below the chamber, and a green
panel light (0–500 lux; CleverSys, Inc., Reston, VA) that serves as the chamber’s
ceiling. Taste reactivity behaviors (i.e., gapes) were manually scored after the
conclusion of the experiment.
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Behavioral Procedures
Once recovered from the surgery, all rats were adapted to 15 min intraoral access to
either 0.5M sucrose or 0.003M QHCl in the morning in the operant chambers for seven
consecutive days. On the eighth day, microdialysis samples were collected.

Figure 2.10. Training protocol. The animals were divided into two groups. Each group received a 15 min intraoral
infusion of either 0.5M sucrose or 0.003M QHCl. Every day rats were transferred to the operant chambers where they
received the tastant. When the training was finished, the animals were returned to their home cages. On day 8,
microdialysis samples were collected while the animals had access to the tastant.

Intraoral Infusion and Microdialysis Collection
The night before the test, rats were anesthetized with an im injection of a mixture of
ketamine (70 mg/kg) and xylazine (14 mg/kg) and unilateral microdialysis sampling
probes were inserted through the guide cannula to reach the target area. Probes were
continuously perfused with an ACSF solution at a rate of 1μl/min throughout the study
using microsyringe pumps (model R99E; Razel Scientific Instruments, Stamford, CT).
On the test day (Day 8), eight microdialysis samples were collected, one every 15
minutes. The pretreatment samples (samples 1-4) were averaged and used to reflect a
baseline (BL). All data were normalized to baseline and transformed to percent change.
During the fifth sample (sample 5), rats received a 15 min intraoral infusion of either
sucrose or QHCl and videos were recorded in order to analyze taste reactivity
behaviors. Three additional samples (samples 6-8) were taken in order to assess
recovery. During the experiment, dependent measures included: (1) a full profile of the
neurochemical response in the NAc and (2) Taste reactivity behaviors (gapes) in
response to the intraorally delivered stimuli.
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Figure 2.11. Microdialysis collection. On the collection day (Day 8), eight, 15 min microdialysis samples were
collected from the NAc shell of the rats. The first four samples (Samples 1-4) were averaged to create a baseline.
During sample 5, animals received intraoral infusion of either 0.5M sucrose or 0.003M QHCl. The last three
samples (Samples 6-8) were collected to evaluate recovery.

Benzoylation and HPLC Tandem Mass Spectrometry.
Benzoylation and sample analysis was performed as described in Experiment 1,
Chapter 2.2.a.

Perfusion and Histology
Animal perfusion and histological sections were performed as described in Experiment
1, Chapter 2.2.a.

Data Analysis
All data were analyzed using mixed factorial and one-way analysis of variance (ANOVA)
tests, as well as Student’s t-tests. The Newman-Keuls post-hoc test, with α=0.05, was
used when appropriate. Dependent samples Student t-tests were used to analyze
differences between samples and baseline. Finally, independent samples Student ttests were used to analyze the difference between groups at each time point.

2.3.b. RESULTS

All the animals that were trained to receive an intraoral infusion of 0.5M sucrose except
one, lost the head-cap that protected and maintained in place the microdialysis probe,
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or their IO cannulas were not patent. This problem reduced the sample number for
sucrose to n=1. In order to overcome this problem and to make possible a statistical
analysis of the data, control data from the final experiment described in full in Chapter 3
were added to the 0.5M sucrose data. Specifically, data were used from three rats that
were given 15 min IO delivery of 0.15% followed by the opportunity to self-administer
saline. The microdialysis collection protocol was the same as the one performed in this
experiment, with the exception that 0.15% saccharin was used instead of 0.5M sucrose.
Before combining the data, we assured that the profile from the rat that was exposed to
sucrose and those from the rats exposed to saccharin were similar. Once this was
done, these data were combined and, as such, comprised the ‘sweet’ group.

Behavioral Results
The analysis of the orofacial response of the rats in the taste reactivity test showed a
difference between the group that received an intraoral infusion of QHCl and the group
that received a sweet taste solution. As observed in Figure 2.9, rats that were exposed
to the infusion of the bitter showed more aversive reactions (gapes) than the group that
was exposed to the sweet. This is supported by a one-way ANOVA, F (1,8) = 9.57,
p<.015, confirming that the QHCl group elicited significantly more gapes than the sweet
group during the 15 minutes IO infusion.
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Figure 2.12. Mean (+/- SEM) number of gapes elicited during 15-min intraoral
infusion of either a sweet solution (0.5M sucrose or 0.15% saccharin) or
0.003M quinine. #p<0.05: sweet vs. QHCl.

Neurochemical Results

Dopamine
The first profile to be analyzed was the dopamine profile in response to either
quinine or a sweet solution. Figure 2.10 shows the relative change in DA
concentration in response to both solutions. As observed, the levels of DA increased
in response to both the sweet and the bitter tastants. Moreover, DA concentration in
the quinine group tended to remain elevated throughout the experiment. In contrast,
in the sweet group, the increase in DA for the QHCl group was significantly greater
than BL (p<0.05) 15 minutes after the infusion (sample 6) and was not statistically
different than BL by sample seven.
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Figure 2.13 Mean (+/- SEM) level of dopamine (percentage of baseline, BL) in
the nucleus accumbens shell across five 15-min bins for rats that received
intraoral (IO) infusion of either a sweet solution (0.5M sucrose or 0.15%
saccharine) (n=4) or 0.003M quinine (n=5) during sample 5 (black line).
*p<0.05: sweet vs. sweet BL.

Dopamine Metabolites
In order to analyze whether relative changes in DA concentration correspond to the
levels of the product of its metabolism, Figure 2.12 shows the profile of DOPAC, 3MT, HVA and NE.

Figure 2.14. Mean (+/- SEM) level of dopamine metabolites (percentage of baseline, BL) in the nucleus
accumbens shell across five 15-min bins for rats that are intraorally infused with either a sweet solution (0.5M
sucrose or 0.15% saccharin) (n=4) or 0.003M quinine (n=5) during sample 5 (black line). A. Neurochemical
profile of DOPAC. B. Neurochemical profile of 3-MT. C. Neurochemical profile of HVA. D. Neurochemical profile
of NE.

46

No significant main effect of group or interaction was observed for any of the DA
metabolites. However, the trend for most of the metabolites was a rise in concentration
in response to quinine, similar to what occurred to DA levels. DOPAC (Figure 2.13A)
showed an immediate increase to 200% of BL and maintained the elevated
concentration throughout the experiment. HVA (Figure 2.13C) also rose immediately,
but it reached 200% above BL 30 min after the infusion of the tastant (sample 7). On the
other hand, NE (Figure 2.13D) reached 200% above baseline 15 min after the infusion
(sample 6), and was observed at 150% of baseline by the end of the experiment. 3-MT
(Figure 2.13B) showed a late increase, starting 15 minutes after the quinine infusion
(sample 6), peaking at 134%. In the sweet group, there was no increase greater than
150%; both DOPAC and 3-MT showed an immediate increase to around 130% and
returned to BL by the end of the experiment. HVA, on the other hand, showed an
immediate increase but it remained elevated throughout the experiment. NE
concentrations, on the other hand, fluctuated around the BL throughout. NE levels
showed an immediate increase in response to quinine that remained throughout the
experiment.

Serine, Glutamate, Glycine, Histamine, Acetylcholine
In Experiment 1, serine, glutamate, glycine and histamine showed an immediate
increase in response to 0.5M sucrose when the delivery method was free access.
Interestingly, when the delivery method was intraoral infusion, ser, glu, gly, hist and ACh
increased in response to 0.003M quinine (Figure 2.14). Moreover, for all these
neurochemicals, the general response to sucrose was a decrease in concentration
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compared to levels obtained in rats infused with QHCl. These conclusions were
supported by the results of 2 x 5 mixed factorial ANOVAs indicating significant main
effects of group for these neurochemicals (ser: F(1,8)=11.87, p<0.009; glu:
F(1,8)=11.32, p<0.01; hist: F(1,8)=5.61, p<0.045; gly: F(1,8)=9.34, p<0.016; Ach: F(1,7)
= 9.79, p<0.017). Serine. Serine showed a significant increase in response to QHCl that
peaked at 150% of baseline 30 minutes after the animals received the infusion (sample
7) (Figure 2.14A). In contrast, the sweet group evidenced a significant decrease,
reaching the lowest point (56%) also during sample seven. When a student’s t-test was
performed, serine levels were found to differ between the sweet and QHCl group in
samples six and seven (ps<0.05). Glutamate. Glutamate showed an immediate
increase in response to QHCl as well, peaking 164% of BL by sample 7 (Figure 2.14B).
In response to a sweet solution, glutamate decreased to 50% of BL, beginning 15 min
after the infusion (sample 6) and continuing at these low levels across samples 6, 7 and
8 (p<0.05). Glycine. Figure 2.14C shows the relative concentrations of glycine in
response to both tastants. Here, we observe that glycine levels immediately decreased
to 50% of the baseline when the rats received infusion of a sweet solution. In contrast,
in response to QHCl, glycine levels slowly increased to a maximum of 160% 30 mins
after the infusion of the bitter solution (sample 7). Furthermore, a significant difference
was observed between the sweet group and the QHCl group in samples five, six and
seven (s5, s6, s7: p<0.05).
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Figure 2.15. Mean (+/- SEM) level of neurochemicals (percentage of baseline, BL) in the nucleus accumbens
shell across five 15-min bins for rats that received either a sweet solution (0.5M sucrose or 0.15% saccharin)
(n=4) or 0.003M quinine (n=5) infused intraorally during sample 5 (black line). A. Neurochemical profile of serine
(ser). B. Neurochemical profile of glutamate (glu). C. Neurochemical profile of glycine (gly). D. Neurochemical
profile of histamine (hist). E. Neurochemical profile of acetylcholine (Ach). *p<0.05 sweet vs. sweet BL; +p<0.05
quinine vs. quinine BL; #p<0.05 sweet vs quinine.

Histamine. Histamine levels are represented in Figure 2.14D. Histamine levels rapidly
increased following the intraoral infusion of QHCl, reaching a maximum at 383% 15
mins after the infusion (sample 6) and remaining elevated during the course of the
experiment. In response to the sweet, histamine levels decreased gradually, becoming
stable at around 50% of BL. Acetylcholine. Finally, Figure 2.14E shows the profile of
Acetylcholine in the NAc in response to the intraoral delivery of the sweet and the bitter
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solutions. Once again, an immediate increase was observed in response to QHCl, while
values in the sweet group decreased to a minimum of 78% fifteen minutes after the
infusion (sample 6). Interestingly, only sample six showed a significant difference
between rats in the sweet vs. QHCl groups (ps<0.05).

Serotonin, GABA and Taurine.
Serotonin, GABA and taurine presented trends of increasing concentration in response
to QHCl, but they did not show statistical differences compared with the sweet group.
Serotonin (5-HT). Figure 2.15A shows the profile of 5-HT in response to both solutions.
The sweet tastant did not have an effect on this neurochemical, as its values stayed
around BL throughout the experiment. Quinine, on the other hand, tended to elicit a
small increase that peaked at 135% of BL 30 min after the IO infusion (sample 7). 5HIAA. When 5-HIAA, a product of 5-HT metabolism, was analyzed, a higher increase
was observed. In response to QHCl, 5-HIAA values reached as high as 225% of BL.
Interestingly, the sweet group also tended to increase immediately (130%), returning to
baseline 45 minutes after the infusion (sample 8). GABA. GABA showed opposite
profiles for both tastants (Figure 2.15C). The group that consumed QHCl showed a
constant increment and reached 441% forty-five min after the infusion (sample 8). The
sweet group, on the other hand, showed a significant decrease in GABA levels, to a
minimum of 55% in sample 7 (p<0.5). Taurine (tau). Both the sweet and the bitter
solutions elicited an increment in tau (Figure 2.15D). In the sweet group, levels of tau
tended to increase (121%) and then returned to baseline 30 min after the IO infusion. In
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response to the intraoral delivery of QHCl, tau levels significantly tended to increase
until a maximum of 187% of baseline in the last sample taken during the experiment.

Figure 2.16. Mean (+/- SEM) level of neurochemicals (percentage of baseline, BL) in the nucleus accumbens
shell across five 15-min bins for rats that received either a sweet solution (0.5M sucrose or 0.15% saccharine)
(n=4) or 0.003M quinine (n=5) intraorally infused during sample 5 (black line). A. Neurochemical profile of
serotonin (5-HT). B. Neurochemical profile of 5-HT metabolite, 5-HIAA. C. Neurochemical profile of GABA. D.
Neurochemical profile of taurine (Tau) **p<0.05 sweet vs. sweet BL.

Aspartate and Normetanephrine
Aspartate and the norepinephrine metabolite normetanephrine tended to decrease in
response to both solutions. Aspartate (Asp). Asp showed an immediate decrease
when the solutions where infused (Figure 2.16A), reaching 60% in the sweet group, but
only the QHCl group exhibited a significant decrease relative to baseline (p<0.05).
Thereafter, levels stayed constant in the group that consumed the sweet tastant. In the
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QHCl group, on the other hand, aspartate levels increased and finally stabilized around
baseline by the end of the experiment.

Figure 2.17. Mean (+/- SEM) level of neurochemicals (percentage of baseline, BL) in the nucleus accumbens
shell across five 15-min bins for rats that received either a sweet solution (0.5M sucrose or 0.15% saccharine)
(n=4) or 0.003M quinine (n=5) intraorally infused during sample 5 (black line). A. Neurochemical profile of
aspartate (Asp). B. Neurochemical profile of normetanephrine (NM). *p<0.05 sweet vs. sweet BL; +p<0.05
quinine vs. quinine BL. # p<0.05 sweet vs. quinine.

Normetanephrine (NM). Figure 2.16B shows the data obtained for NM. A decrease of
this neurochemical was observed in response to a sweet solution in sample 7 (ps<0.05),
stabilizing around 50% of BL. In response to QHCl, however, the relative concentration
of NM increased to a maximum at 132% thirty minutes after the infusion of the solution
(sample 7). The results of a mixed factorial ANOVA revealed a significant main effect of
group for MN, F(1,3)=51.35, p<0.005, and a Students t-test showed MN levels to be
higher in the QHCl vs. sweet group on sample 7 only (p<0.05).
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2.4. CONCLUSION
The data in Experiment 1 showed an increase in DA in response to intake of a
rewarding stimulus as seen in previous experiments (Hajnal, Smith et al. 2004; Grigson
and Hajnal 2007). In addition, quinine also tended to increase DA levels (see Table 2.1).
Other neurochemicals showed trends that are worthy of discussion. NE, for example,
reached statistical significance 20 minutes after the animals had access to sucrose,
showing an increase of this neurochemical in response to the sweet solution. In
addition, serine, glutamate and glycine showed a trend to increase immediately in
response to intake of a rewarding stimulus. However, 40 and 60 minutes after access to
sucrose, glutamate and glycine levels, decreased below baseline. Additionally,
histamine showed an increase in response to both solutions, but only reached
significance in the group that received access to QHCl. On the contrary, aspartate
showed a significant decrease when given access to either solution.

Table 2.1. Trends observed in the different neurochemicals in response to either intake or intraoral infusion of a
0.5M sucrose or a sweet (0.003M quinine or 0.15% saccharin)
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Unfortunately, the hypothesis that there is a different neurochemical profile in the
nucleus accumbens in response to a putatively rewarding and aversive gustatory
stimulus was not statistically supported by the intake data. However, there are some
aspects of the experimental design that may be helpful in understanding these data.
Interestingly, the profile from most neurochemicals in the QHCl group did not tend to
move from baseline. When consummatory behavior is used to study the neurochemical
response to a solution that is not consumed spontaneously, intake avoidance becomes
an obstacle. In order to elicit ingestive behavior, a water deprivation regimen was
implemented. Thus, this deprivation state also could affect the general homeostatic and
emotional state of the rat, influencing the release of neurotransmitters and the
concentration of neurochemicals. However, when daily consumption of fluid is analyzed,
the rats with access to quinine, even though they did not drink the bitter solution,
showed similar total fluid intake as the sucrose group, suggesting the absence of overall
differences in levels of fluid intake and, thus, in hydration state.

Nevertheless, to avoid the water restriction protocol and to ensure that the rats receive
the solution, Experiment 2 was performed by infusing the tastant directly into the oral
cavity. The results of Experiment 2 showed that the intraoral infusion of a rewarding,
sweet solution increased DA in the shell of the NAc. Somewhat surprisingly, the
intraoral infusion of the bitter solution also produced an increase in NAc dopamine, but
this effect was delayed by 15 minutes. That said, when the entire neurochemical profile
was compared, many differences between groups were observed (see Table 2). Mainly,
serine, glutamate, glycine, acetylcholine, normetanephrine, and histamine showed
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opposite profiles for the rewarding and the aversive stimulus. A sweet solution triggered
a decrease in the concentration of these neurochemicals relative to baseline, while the
bitter solution caused an increase; and the response elicited by the sweet was
significantly different from the one elicited by quinine. Moreover, as explained earlier,
the approach towards the reward and the affective reactions to rewards are separate
processes that might be coded differently in the brain. This is evidenced by studies
showing that lesions in the amygdala eliminate a conditioned taste aversion (CTA) if the
taste cue is delivered intraorally but not if it is presented in a bottle (Schaffe et al 1998).
Thus, analyzing the neurochemical profile under different behavioral paradigms can be
the starting point to determine which are involved in coding both components of reward
(i.e., approach and ingestion/rejection). Dopamine, for example, showed an increase in
response to both solutions independent of the delivery method. Histamine and serine
showed a decrease when the tastant was infused, but their levels did not change during
intake. Aspartate, on the other hand showed a decrease only during real drinking, but
not during intraoral infusion. Norepinephrine showed an opposite profile depending on
the delivery method of the sweet. NE levels increased while the rats were drinking
sucrose and decreased in response to the intraoral infusion of a sweet.

The results obtained in Chapter 2 show that there are several neurochemicals in the
NAc (histamine, serine, GABA, glutamate and glycine) that are highly sensitive to the
valence of the gustatory stimulus infused – i.e., a different profile clearly emerged for
the sweet vs. the bitter. Chapter 3 will use this information to test whether a similar,
aversive quinine-like pattern of neurochemical activity will be elicited to a saccharin cue
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that has been paired with the opportunity to self-administer heroin (Experiment 1) or
cocaine (Experiment 2).
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Chapter 3: Neurochemical profile to a devalued natural reward cue predicting the
opportunity to self-administer drug

3.1. INTRODUCTION
Data from the National institute on Drug Abuse shows that 66.9 million (M) Americans
were current users of tobacco, 139.7 M of alcohol, 22.2 M of marijuana, 1.2 M of
hallucinogens, 1.5 M of cocaine, and 435,000 of heroin (Substance Abuse and Mental
Health Services Administration 2015). Drug use can lead to substance use disorder
(SUDs) and addiction which have a devastating impact on the addict, his or her family,
and on society as a whole. Specifically, for the addicted individual, focus is shifted away
from natural rewards towards drug use so that the addicted individual fails to fulfill
obligations at work, school or home, and gives up important social activities to continue
use of the drug (Jones, Casswell et al. 1995; Santolaria-Fernandez, Gomez-Sirvent et
al. 1995; Nair, Black et al. 1997; Goldstein, Cottone et al. 2006; American Psychiatric
Association 2013).

The animal model to study drug-induced devaluation of natural rewards involves the use
of rats that are given brief access to a palatable sweet solution followed by access to a
drug of abuse (e.g., morphine, cocaine or heroin). After consecutive daily pairings, rats
that received the taste-drug pairings start avoiding intake of the sweet cue compared to
control rats that received the same saccharin solution paired with saline. As explained in
Chapter 1, this phenomenon was originally interpreted as a conditioned taste aversion,
similar to that induced by the illness-inducing agent, LiCl (Lester, Nachman et al. 1970;

57

Davis and Riley 2010). However, avoidance of the drug-paired cue was later
reinterpreted as an anticipatory contrast effect in which, at least in part, the animals
avoid intake of the taste cue because it pales in comparison to the more rewarding drug
that is expected in the very near future (Grigson 1997). Moreover, the sweet cue also
elicits the onset of a conditioned aversive state related to craving and withdrawal
(McDonald, Parker et al. 1997; Hotsenpiller, Giorgetti et al. 2001; Coffey, Barker et al.
2013). In support, avoidance of the drug-paired cue is accompanied by elevated
corticosterone in blood (Gomez, Leo et al. 2000), blunted or reduced dopamine levels in
the NAc (Grigson and Hajnal 2007; Wheeler, Aragona et al. 2011), and the onset of
aversive taste reactivity behavior following the intraoral delivery of the taste cue
(Wheeler, Twining et al. 2008). Importantly, greater avoidance of the taste cue, and
greater aversive taste reactivity behavior (i.e., greater gaping behavior), serve as
reliable predictors of greater drug taking in rats (Grigson and Twining 2002; Wheeler,
Twining et al. 2008; Twining, Bolan et al. 2009). Thus, responsiveness to the taste cue
provides information about drug-taking behaviors (i.e., who will take drug, when, and
how much).

In Chapter 3, I will utilize this sensitive animal model and the new microdialysis
technique described above to assess the response of different neurochemicals and
neurotransmitters in the NAc to a natural reward that was paired with the opportunity to
self-administer a drug of abuse. In a small pilot study, Experiment 1 uses intraoral
delivery to evaluate aversive taste reactivity behavior, and the NAc neurochemical
profile, to a Kool-Aid-adulterated saccharin cue following pairings with the opportunity to
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self-administer heroin. The Kool-Aid flavor was included because earlier pilot studies
failed to find evidence of aversive taste reactivity behavior to a saccharin cue paired
with heroin under some conditions. In addition, a long period of abstinence was used
(i.e., post incubation of cue-induced seeking for heroin) in order to assess long-lasting
changes in the neurochemical profile that might be associated with sustained
vulnerability to relapse. Experiment 2 was conducted similarly, but paired intraoral
delivery of a saccharin cue with the opportunity to self-administer cocaine after a shorter
period of abstinence. As alluded to above, rats readily gape following intraoral delivery
of a saccharin cue paired with cocaine (Wheeler, Twining et al. 2008; Colechio and
Grigson 2014).

3.2. EXPERIMENT 1

3.2.a. MATERIALS AND METHODS

Subjects
The subjects were eight naive, male, Sprague-Dawley rats delivered from Charles River
(Wilmington, MA) at approximately 90 days of age, weighing between 300 – 400g at the
start of the experiment. All subjects were housed individually in standard, suspended,
stainless steel cages. The environment in the animal room had controlled humidity and
temperature (21 °C), with a light/dark cycle that consisted in 12 hours of light and 12
hours of dark, starting at 7:00 am. All experimental manipulations were conducted
during the light phase of the cycle. After one week of acclimatization to their home
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cages, rats were habituated to experimenter handling by a daily weighing. Food and
water were available ad libitum, except when noted otherwise.

Solutions
Sodium saccharin was obtained from Sigma, St. Louis, MO, prepared 24 h prior to
testing, and presented at room temperature. The Kool-Aid adulterated saccharin
solution was made by dissolving 0.4685 g of unsweetened grape Kool-Aid in 250 ml of
0.15% saccharin (prepared by mixing 1.5 g of saccharin in 1 liter of distilled water).
Heroin was made by dissolving 0.075 g of heroin in 250 ml of 0.9% saline.

Intraoral Cannulas and Surgeries
Intraoral and intraoral surgeries were performed as described in Experiment 2, Chapter
2.3.a.

Self-Administration Catheter
Intra-jugular catheters were custom-made in our laboratory. The longer part of guide
cannulas (Plastics One Inc., Roanoke, VA, Cat. No. C313G-5UP) was bent in a rounded
fashion forming a 90-degree angle. The tip of a 14 cm long, 0.012 in ID silicon
laboratory tubing (Fisher Scientific, Waltham, MA, Cat. No. 11-189-14) was soaked in
Citrisolv clearing agent (Fisher Scientific, Waltham, MA) in order to expand its diameter
and then the curved end of the guide cannula was inserted in it. Then, 6 cm long pieces
of 0.025 in ID laboratory tubing (Fisher Scientific, Waltham, MA, Cat. No. 11-189-15B)
were soaked in Citrisolv clearing agent to expand. When they expanded enough, the
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tubing attached to the guide cannulas was inserted until the outer tubing touched the
plastic part of the cannula. The catheter molds were coated with cooking spray and the
catheters were positioned in it. After tightening the molds’ screws, acrylic cement (Lang
Dental Manufacturing Co., Inc., Wheeling, IL) was poured into the mold to fill it to the top
and round pieces of Polypropylene Mesh (Small Parts Inc., Hialeah, FL) were placed on
top. Finally, 1-minute epoxy (Devcon, Danvers, MA) was used to reinforce the catheters
and ½ cm diameter silicone balls were made 4 cm away from the bottom of the tubing.

Jugular Catheterization Surgery
Rats were anesthetized with intramuscular (im) ketamine (70 mg/kg) and xylazine (14
mg/kg). Each rat received 20,000 units of GPenicillin (subcutaneous, s/c) at the
beginning of the procedure, and 5 mL saline (sc) when it is complete. Rats were shaved
from the neck down to the end of the rib cage on the dorsal side and from the collar
bone to jaw bone on the right, ventral side. These areas were then cleaned with
Betadine. Three incisions were made. The first two were made in the dorsal side: the
first one was a 2 cm incision 1 cm above the bottom of the rib cage and the second one
a 0.5 cm incision on the midline 1 cm below the shoulder blades. On the ventral side, a
1 cm incision was made 0.5 cm left to the midline. Then, a metal rod was inserted in the
dorsal incision and the beaded end of the catheter was inserted into the opening in the
center of the spear. Subsequently, the spear was pulled out on the ventral incision
carrying the catheter with it. The jugular vein was located and isolated by putting a small
harpoon underneath it and a small hole was made in the vein with venous scissors. The
catheter was then inserted in the vein up until the silicon ball. The catheter was secured
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with 4-0 silk suture over and below the silicon ball. The same suture was then used to
close the muscle layer and skin. The cannula was pushed through the upper, dorsal
incision and the mesh was located underneath the skin on the back of the rat. Finally,
the lower incision was closed with wound clips and rats received a sub cutaneous
injection of penicillin G procaine. Patency of the catheters was maintained through daily
examination and flushing using heparinized saline (0.2 ml of 30 IU/ml heparin). Catheter
patency was verified by flushing 0.2 ml of propofol (Diprivan 1%) administered
intravenously when necessary.

Microdialysis surgery
Microdialysis surgeries occurred four days before sample collection. Surgeries were
performed as described in Chapter 2.2.a.

Apparatus.
This experiment was performed in the same four operant chambers described in
Experiment 2, Chapter 2.3.a.

Video Collection
The equipment and methods to analyze taste reactivity behavior were the same as
described in Experiment 2, Chapter 2.3.a.
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Behavioral procedures
Habituation
The animals experienced three days of habituation to the self-administration chamber to
learn the behavioral task (spout licking). One day before the first habituation session, ad
lib water was removed. The animals then had a 10 min habituation session on each of 3
days, starting 2 h into the light phase. During this 10 min period, water was available in
one of the three spouts, varying the location each day (left, middle, right). The center
spout was the future “inactive” spout on which responding led to no consequence, and
the rightmost spout was the future “active” spout where completion of a given number of
contacts will lead to an iv infusion of drug or saline. Each day rats had overnight access
to 20 ml distilled water at the front of the home cage, beginning about 45 minutes after
finishing the self-administration procedure in order to maintain proper hydration. This
water restriction regimen continued throughout testing.

Taste-Heroin Pairings
Twenty-four hours later, rats were placed in the self-administration chambers where
they received a 30 minute intraoral infusion of a sweet solution (grape flavored KoolAid/0.15% saccharin solution), delivered at a rate of 1 infusion (0.2 ml delivered over 3.5
s) per minute. During this period, videos were recorded and the chamber lights were
manually turned on in the beginning and off at the end of the 30-minute period.

Figure 3.1. Self-administration protocol. All rats were subjected to 10 days of 30 minutes of intraoral infusion of
Kool-Aid/saccharin followed by 6 h self-administration of either 0.6 mg/2ml of heroin (n=6) or saline (n=2).
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Thereafter, the middle and right empty spouts advanced and completion of a fixed
number (FR=1) of contacts on the active (right) empty spout led to a 6s IV infusion of
saline (n=2) or 0.06 mg/0.2 ml heroin (n=6) for a 6 h period. The protocol is represented
in Figure 3.1. Each infusion was followed by a 20 s time out period, during which time
the cue light was turned off, the house light was turned on, a tone sounded, the spouts
retracted, and additional responses on the active spout were not rewarded. Rats were
tested using this protocol 5 days/week for a total of 10 days.

Abstinence and Microdialysis Surgery
After 10 days of Kool-Aid/saccharin-heroin self-administration, rats underwent a 44-day
abstinence period. On the 45th day, the subjects underwent microdialysis surgery and
then were given 3 days to recover. On the third night, microdialysis sampling probes
were inserted as described in Chapter 2. On the fourth day after surgery, microdialysis
samples were collected.

Intraoral Infusions and Microdialysis Collection
The intraoral infusion and the microdialysis collection were performed as described in
Chapter 2, Experiment 2. However, the gustatory cue used in this experiment was the
Kool-Aid/saccharin solution used during training.

Benzoylation and UPLC Tandem Mass Spectrometry
Benzoylation and sample analysis was performed as described in Experiment 1,
Chapter 2.2.a.
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Perfusion and Histology
Animal perfusion was conducted and histological sections were prepared as described
in Experiment 1, Chapter 2.2.a.

3.2.b. RESULTS

Group Stratification
By analyzing the mean number of infusions or the mean terminal number of infusion
(days 9 and 10) it was not possible to stratify the group into high- and low-drug takers,
as all of the rats in the heroin condition took more infusions than did the saline controls.
In addition, stratification of the groups into high- and low-gapers also was not possible
as there was a small sample size and no correlation between drug infusion and gaping
behavior.

Drug-Taking Behavior.
Figure 3.2A shows that rats in the Kool-Aid adulterated saccharin-heroin group selfadministered more infusions than did the Kool-Aid adulterated saccharin-saline controls.
This conclusion is supported by a 2 x 10 mixed factorial ANOVA and a significant main
effect of group, F (1,5) =8.32, p<0.034. Moreover, when the latency to the first infusion
is analyzed (log10 latency), a significant group x trial interaction is observed, F (9,45) =
2.28, p<0.033, indicating that rats were faster to self-administer heroin than saline,
overall (see Figure 3.2C). To assess drug escalation, the number of infusions self-
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administered during the first h of access was analyzed (see Figure 3.2D). A mixed
factorial ANOVA showed a significant group x trial interaction, F (9,45) = 2.65, p<0.015),
but post hoc tests found no points of significant difference between the groups (p < .05)

Figure 3.2. Heroin extended access. Figure 3.2A. Mean (+/- SEM) number of saline or heroin (0.06 mg/0.2ml) infusions/6 h
over 10 trials. Figure 3.2B. Mean (+/- SEM) number of gapes emitted during 30 minutes intraoral infusion of the KoolAid/saccharin solution over 10 trials. Figure 3.3C Log 10 latency to first infusion over 10 trials. Figure 3.2D. Mean (+/- SEM)
number of saline or heroin (0.06 mg/0.2ml) infusions during the first hour of self-administration over 10 trials. KA/Saccharin-saline: blue line; K/A saccharin-heroin: red line. #p<0.05: saline vs. heroin.

Taste Reactivity Test
The taste reactivity behavior was used to analyze the oromotor response of the animals
to the taste cue that was previously paired to the drug. When the mean number of
gapes was analyzed using a 2 x 10 mix factorial ANOVA, no significant main effect of
group, F(1,4)=1.12; p>0.05, or group x trial interaction, F(9,36)=0.78; p>0.05, was
observed (Figure 3.2B). During collection of the perfusate, one of the rats that had the
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taste cue paired with heroin emitted six gapes, while the other two rats did not show any
aversive behavior.

Neurochemical Results
From the eight rats that began this experiment, only three (2 heroin and 1 saline) had
patent cannulas and catheters at the time of microdialysis testing. Thus, only these
three subjects served in this phase of this pilot experiment. Patterns, then, will be
presented but statistical analyses are not possible.

Dopamine
Dopamine levels increased following intraoral infusion of the Kool-Aid-adulterated
saccharin cue in both groups of rats (Figure 3.3). The animals that had the opportunity
to self-administer saline after the IO access to taste cue showed a greater increase in
comparison to the group that had a history of Kool-Aid/saccharin-heroin selfadministration. The control animal also showed a sustained increase in DA throughout
the experiment. In the Kool-Aid/saccharin-heroin subjects, on the other hand, NAc DA
levels returned to baseline by the end of the experiment.
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Figure 3.3. Mean (+/- SEM) level of dopamine (percentage of baseline, BL) in the nucleus accumbens shell across five
15-min bins for rats that had the taste cue paired with either saline (blue lines; n=1) or heroin (red lines; n=2). The rats
had a 15 min intraoral infusion of the Kool-Aid/saccharin cue during sample 5 (black line).

Dopamine Metabolites
Figure 3.4 shows the change of DA metabolites in response to the taste cue for both
groups. NE was undetectable in these samples. The overall increase in concentration of
3-MT, HVA and DOPAC in both groups is consistent with DA changes. For the control
animal, an increase is observed in 3MT, HVA and DOPAC. In each case, the levels
peaked 15 minutes after the infusion of the tastant. For the taste-heroin group, lesser
changes were observed in comparison with the saccharin-saline animal. In this group,
all the metabolites also peaked 15 minutes after the infusion of the tastant. As observed
in Figures 3.4A and 3.4C, HVA and DOPAC showed similar profiles, reaching around
150% as a maximum, and returning to baseline by the end of the experiment in both the
taste-saline and taste-heroin subjects.
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Figure 3.4. Mean (+/- SEM) level of dopamine metabolites (percentage of baseline, B:) in the nucleus accumbens shell across five
15-min bins for rats that had the taste cue paired with either saline (blue lines; n=1) or heroin (red lines; n=2). The rats had a 15
min intraoral infusion of the Kool-Aid/saccharin cue during sample 5 (black line). A. DOPAC profile. B. 3-MT profile. C. HVA profile.

Serine, Glutamate, Glycine, Taurine and Serotonin
These neurochemicals showed an almost opposite profile for the rats in the taste-heroin
condition vs. the taste-saline control subject (Figure 3.5). Serine. The taste-heroin
group showed an increase in serine that peaked at 181% during the 6 th sample and
stayed up throughout the experiment (Figure 3.5A). The control animal, in turn, showed
a decrease in levels and reached the lowest (72%) also during the 6th sample.
Glutamate. Glutamate levels also were elevated in rats with a history of taste-heroin
pairings, reaching 150% during the IO infusion and maintaining those levels until the
end of the experiment where they returned to baseline (Figure 3.5B). The animal that
infused saline maintained glutamate levels around baseline until the last sample where
the concentration of the neurotransmitter dropped to 51%. Glycine. Figure 3.5C shows
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that the taste-heroin group also showed elevated levels of glycine after the infusion of
the tastant. Glycine concentrations reached 200% 15 minutes after the infusion (sample
6) and stabilized at 150% in the last sample. The control animal, on the other hand,
showed an instant decrease in glycine levels which was maintained at 70% of BL until
the last sample, where it abruptly dropped to 41%. Taurine. Similar to glycine, the
taurine profile in the taste-heroin group showed an increase in response to the IO
infusion that peaked around 200% during the 6th sample (Figure 3.5D). By the end of
the experiment, tau levels were still above 150%. On the other hand, the taste-saline
control showed a decrease to 70% during the intraoral infusion and maintained similar
levels until the end of the collection. Serotonin. 5-HT also showed an immediate
increase in response to the taste cue in the rats with a history of taste-heroin pairings
(Figure 3.5E). This neurotransmitter peaked at 150% fifteen minutes after the rats
received the IO infusion (sample 6) and returned to baseline by the end of the
experiment. The taste-saline control subject showed an immediate decrease to 50% in
serotonin concentration that lasted until the end of the experiment.
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Figure 3.5. Mean (+/- SEM) level of neurochemicals (percentage of baseline, BL) in the nucleus accumbens shell
across five 15-min bins for rats that had the taste cue paired with either saline (blue lines; n=1) or heroin (red
lines; n=2). The rats had a 15 min intraoral infusion of a Kool-Aid/saccharin cue during sample 5 (black line). A.
Serine profile. B. Glutamate (Glu) profile. C. Glycine (Gly) profile. D. taurine (tau) profile. E. Serotonin (5-HT)
profile. F. 5-HIAA profile. G. GABA profile.

5-HIAA. 5-HIAA levels paralleled those seen with 5-HT for the taste-heroin group, as
observed in Figure 3.5F. Thus, infusion of the taste cue triggered an increase in 5-HIAA
in the taste-heroin group that reached a maximum at 190% and then decreased to
131% by the end of the experiment. The response of 5-HIAA, however, is not
consistent with the changes observed in 5-HT in the saline animals. 5-HIAA showed a
gradual increase in concentration until a maximum of 135% fifteen minutes after the IO
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infusion (sample 6) and then returned to baseline. GABA. Figure 3.6G shows that
GABA did not change in response to the IO infusion in the taste-saline control subject.
On the other hand, in the taste-heroin group, an increase in GABA was observed and
this increase was maintained until the end of the experiment.

Histamine and Aspartate
Figure 3.6 shows these neurochemicals to have increased in both groups. Histamine.
Histamine showed elevated levels in response to the taste cue in the animals that
received heroin, reaching a maximum of 360% fifteen minutes after the IO infusion
(sample 6), and returning to baseline by the end of the experiment (Figure 3.6A). The
control group, on the other hand, showed a delayed increase that reached 162% in the
6th sample. Thereafter, histamine levels gradually decreased until reaching 20% of
baseline in sample eight. Aspartate. Figure 3.6B reflects changes in aspartate levels
where the taste-heroin group showed a non-significant increase in aspartate
concentration in response to the saccharin solution and dropped to 87% in the last
sample. The taste-saline control subject, on the other hand, showed a gradual decrease
in aspartate until reaching 38% of baseline in the last sample.

Figure 3.6. Mean (+/- SEM) level of neurochemicals (percentage of baseline, BL) in the nucleus accumbens shell across five
15-min bins for rats that had the taste cue paired with either saline (blue lines; n=1) or heroin (red lines; n=2). The rats had
a 15 min intraoral infusion of the Kool-Aid/saccharin cue during sample 5 (black line). A. Histamine (Hist) profile. B.
Aspartate (Asp) profile.
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The results obtained in this pilot experiment provide interesting information about
possible long lasting changes in the neurochemical response in the NAc to a heroinpaired taste cue. The paired animals showed opposite changes to those observed in the
control animal in several neurochemicals such as ser, glu, gly, tau, 5-HT and GABA.
Moreover, the profile observed in these animals is similar to the one observed in
response to QHCl in the second experiment of Chapter 2. The fact that this change to a
quinine-like profile persists over time, more importantly, beyond the two weeks that
characterize the incubation period of cue-induced seeking of heroin (Fanous, Goldart et
al. 2012), suggests that these neurochemicals may contribute to sustained vulnerability
to relapse.

3.3. Experiment 2
Using a larger group of subjects, Experiment 2 will study the neurochemical changes
produced by devaluation of a natural reward once paired with the opportunity to selfadminister a drug. Specifically, rats will receive a 15 minutes intraoral infusion of a nonadulterated saccharin solution followed by two h to self-administer cocaine. Saccharin
was used as previous experiments show that, contrary to heroin, conditioned gaping
does occur when a saccharin cue is paired with the opportunity to self-administer
cocaine (Wheeler, Twining et al. 2008; Colechio and Grigson 2014; Colechio, Imperio et
al. 2014). In addition, short access to drug will allow us to test a large enough
population of rats to examine individual differences in the neurochemical response to
the drug-paired cue. This is important because previous data from our lab observed
blunted levels of dopamine following just a single saccharin-morphine pairing (Grigson
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and Hajnal 2007), but due to the low number of animals the study did not have the
statistical power to examine individual differences. Addressing individual differences in
responding to a gustatory cue is of critical importance as it predicts vulnerability to drugseeking and drug-taking. In addition, Experiment 1 suggested that after a long
abstinence period, the neurochemical profile resembles the one elicited by quinine,
including an increase in dopamine. However, studies have shown that dopamine is
blunted in response to saccharin when it was paired with morphine (Grigson and Hajnal
2007) or cocaine (Wheeler, Twining et al. 2008). A shorter abstinence period will let us
assess if the change to an aversive-like neurochemical profile also will occur during
devaluation of a cocaine-paired saccharin cue using a larger cohort of rats.

3.3.a. MATERIALS AND METHODS

Subjects
The subjects in this experiment were 16 naive, male, Sprague-Dawley rats delivered
from Charles River (Wilmington, MA) at approximately 90 days of age and weighing
between 300 – 400g at the start of the experiment. All subjects were housed individually
in standard, suspended, stainless steel cages. The environment in the animal care
facility had controlled humidity and temperature (21 °C), with a 12/12 h light/dark cycle.
Light onset occurred at 7:00 am and all experimental manipulations were conducted
during the light phase of the cycle. After one week of acclimatization to their home
cages, rats were habituated to experimenter handling by a daily weighing. Food and
water were available ad libitum, except when noted otherwise.
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Solutions
Sodium saccharin was obtained from Sigma, St. Louis, MO. 15% saccharin solution
was made as described in Experiment 1, but the solution was not adulterated with KoolAid because conditioned gaping behavior occurs when using a saccharin cue paired
with the opportunity to self-administer cocaine (Colechio and Grigson 2014; Colechio,
Imperio et al. 2014). The concentration of cocaine used was 0.33 mg/infusion. The drug
was obtained by dissolving 1.653 g of cocaine in 200 ml of 0.9% saline.

Self-Administration Catheter
Intra-jugular catheters were custom-made in our laboratory as in Experiment 1, Chapter
3.2.a.

Jugular Catheterization Surgery
Jugular catheterization surgery was performed as described in Experiment 1, Chapter
3.2.a.

Microdialysis Guide Cannula Implant
Microdialysis surgeries were performed as described in Experiment 1, Chapter 2.2.a.
four days before sample collection.

Apparatus.
The apparatus was the same as that described in Experiment 2, Chapter 2.3.a.
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Video Collection
The equipment and methods to analyze taste reactivity behavior were the same used
and described in the Experiment 2, Chapter 2.3.a.

Behavioral Procedures
Habituation
The habituation protocol was the same as that used in Experiment 1, Chapter 3.2.a.
Rats were returned to ad libitum water after the 3-day habituation period.

Saccharin-Cocaine Pairings
Rats were placed in the self-administration chambers where they received a 15 min
intraoral infusion of a sweet solution (0.15% saccharin), delivered at a rate of 1 infusion
(0.2 ml delivered over 3.5 s) per minute. During this period, orofacial responses were
recorded and the chamber lights were manually turned off at the end of the 15 min
period. Thereafter, the middle and right empty spouts advanced and completion of a
fixed number (FR=1) of contacts on the active (right) empty spout led to a 6s IV infusion
of saline (n=4) or 0.33 mg/0.2 ml cocaine (n=12) for a 2 h period. The protocol is
depicted in Figure 3.7.

Figure 3.7. Saccharin-Cocaine self-administration protocol. All animals were subjected to 10 days of 30 minutes of intraoral
infusion of 15% saccharin followed by 2 h of self-administration of either 0.33mg/0.2ml of cocaine (n=12) or saline (n=4).

Each infusion was followed by a 20 seconds time out period, during which the cue light
was turned off, the house light was illuminated, a tone sounded, the spouts retracted
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and additional responses on the active spout were not rewarded. Rats underwent this
protocol for 10 consecutive days.

Microdialysis Surgery and Sample Collection
The day after the 10th cocaine self-administration day, the animals underwent the
microdialysis surgery as described above and then were allowed to recover for 3 days.
The night before the collection, unilateral microdialysis sampling probes were inserted in
the guide cannula as explained in Chapter 2, Experiment 1. On the fourth day after
surgery, the neurochemical profile to the tastant was studied in the same operant
chambers as the self-administration procedure. Microdialysis samples were collected
while the rats received intraoral infusions of the 0.15% saccharin solution once/min over
15 min as described in Chapter 2.2.a.

3.3b. RESULTS
Group Stratification
Rats that had the opportunity to self-administer cocaine were divided into 2 groups, high
and low drug-takers, based upon the number of cocaine infusions averaged across the
terminal two conditioning trials (trail 9 and 10; Figure 3.8). As has been reported
previously, these subjects fell into distinct groups, with high drug-takers clearly taking
significantly more cocaine during the last 2 taste-drug pairings than low drug-takers
(35.3±1.64 vs. 1.85±1.27 infusions per session, F(1,6) = 13.22;p<0.005).
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Figure 3.8. Mean (+/-SEM) number of infusions/2h averaged across terminal trials 9 and 10. The mean number of terminal
infusions in this experiment allowed for the stratification of 3 different groups. The saccharin-cocaine group was separated
into two groups: High drug takers (HDT: red n=3) and low drug takers (LDT: green bar n=7). The saccharin-saline group was
used as a control (blue bars n=3)

Drug Taking Behavior
Figure 3.9A shows that the high drug takers (HDT) infused more drug during each day
than low drug takers (LDT) and the control group. This conclusion was supported by
post hoc tests of a significant group x trial mixed factorial ANOVA showing a significant
main effect of group, F(2,8) = 36.97, p< 0.001.

Taste Reactivity Behavior During the Neurochemical Assessment
When the taste reactivity behavior was analyzed during microdialysis collection, it was
observed that the high drug takers elicited more gapes in response to IO delivery of the
saccharin cue than the other two groups (see Figure 3.9B). This was confirmed by post
hoc tests of a significant one-way ANOVA, F(2,10) = 5.03, p<0.03, showing that the
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high drug takers exhibited greater aversive taste reactivity behavior (i.e., more gapes)
than the low drug takers (p=0.012) and the saline controls (p=0.025).

Figure 3.9. Saccharin-Cocaine. Figure 3.9A. Mean (+/- SEM) number of saline or cocaine (0.0 mg/0.2ml of heroin) infusions/2
h over 10 consecutive trials for saline (blue lines), low drug takers (LDT, green lines) and high drug takers (HDT, red lines).
Figure 3.9B. Mean (+/- SEM) number of gapes emitted during 15 minutes intraoral infusion of the saccharin solution during
microdialysis collection. Figure 3.9C Latency to first infusion over 10 trials. Saccharin-saline animals: blue line; saccharinheroin HDT: red line; saccharin-heroin LDT: green line. #p<0.05: saline vs. heroin. #p<0.05: HDT vs saline. $p<0.05: HDT vs
LDT

Neurochemical Results
Dopamine
Figure 3.10 shows the variation of DA in response to the sweet taste cue. Both LDT and
the control group showed an immediate increase in DA in the NAc during intraoral
infusion of the saccharin solution. In the control group, DA peaked 15 minutes after the
tastant was delivered (sample 6), showing a significant difference when compared to
baseline. Thereafter, DA levels returned to baseline by the end of the experiment
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(sample 8). In the high drug takers, dopamine peaked at 136% and returned to baseline
by the end of the experiment. On the other hand, DA in the LDT showed a significant
increase only during the intraoral infusion (sample 5), but then stayed elevated
throughout the experiment. HDT, on the other hand, showed a decrease in the relative
concentration of DA. In this group, DA reached the lowest point at 79% during the 6th
sample, and returned to baseline 15 minutes later. This finding is consistent with a
similar blunting in NAc DA following saccharin-morphine pairings (Grigson and Hajnal
2007).

Figure 3.10. Mean (+/- SEM) level of dopamine (percentage of baseline, BL) in the nucleus accumbens shell across five 15min bins for saline (blue lines), low drug takers (LDT: green lines) and high drug takers (HDT: red lines). The rats had
intraoral infusions of saccharin (1/min for 15 min) during sample 5 (black line). &p<0.05: LDT vs. LDT BL

Dopamine Metabolites
Figure 3.11 shows the change in the relative concentration of dopamine metabolites.
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Figure 3.11. Mean (+/- SEM) level of dopamine metabolites (percentage of baseline, BL) in the nucleus accumbens shell
across five 15-min bins for saline (blue lines), low drug takers (LDT: green lines) and high drug takers (red lines). The rats had
intraoral infusions of saccharin (1/min for 15 min) during sample 5 (black line). A. DOPAC profile. B. 3-MT profile. C. HVA
profile. D. NE profile. $p<0.05: HDT vs. LDT.

As observed in Figure 3.11 A and C, DOPAC and HVA showed a similar profile. Both
metabolites were elevated in response to the taste solution in the control group and
returned to baseline by the end of the experiment. Additionally, LDT showed a gradual
increase in these metabolites throughout the experiment. On the other hand, DOPAC
and HVA showed an immediate decrease in HDT in response to the drug-paired cue
that returned to baseline by sample eight. 3-MT exhibited a similar profile as DOPAC
and HVA. In the control group, 3-MT levels increased in response to saccharin but
recovered to baseline 15 minutes after the infusion. LDT showed a delayed increase in
3-MT, but this time it returned to baseline levels by sample 7. HDT, on the other hand,
showed a significant decrease in the relative concentration of 3-MT that did not recover
at any point during sample collection. Moreover, a 2 x 5 mixed factorial ANOVA followed
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by post-hoc analysis showed a significant main effect of group, F (2,8) =5.00, p<0.05,
with 3-MT being lower in the HDT vs. the LDT, but no difference between the LDT and
the control group or the control group and the HDT. Norepinephrine (NE). Figure
3.11D shows the changes in the relative concentration of NE. Both the control group
and high drug takers showed an immediate increase followed by a recovery to baseline.
The control group maintained levels similar to baseline until the end of the experiment,
but HDT NE showed a reduced concentration relative to baseline in sample eight (68%).
Group LDT, on the other hand, showed a small decrease in response to the taste cue
that was reversed by sample 7 (120%) and returned to baseline by sample 8.

Serotonin and Taurine
Serotonin and taurine belong to the group of neurochemicals that showed an increase
in both LDT and the control group, and a decrease in the HDT. Serotonin (5-HT).
Figure 3.12A shows that the control group presented a small increase (108%) in 5-HT
levels in response to intraoral delivery of the cocaine-paired saccharin solution that
returned to baseline 30 min after the rats received the cue (sample 7). Low drug takers,
showed a small increase 15 min after the intraoral infusion (sample 6) that remained
constant around 110% of BL until the end of the experiment. On the other hand, high
drug takers showed a small decrease in this neurochemical (91%) in response to the
taste cue that was maintained at those levels until the end of the experiment.
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Figure 3.12. Mean (+/- SEM) level of neurochemicals (percentage of baseline, BL) in the nucleus accumbens shell across
baseline (BL) and five 15-min bins for saline (blue lines), low drug takers (LDT: green lines) and high drug takers (HDT: red
lines). The rats had intraoral infusions of saccharin (1/min for 15 min) during sample 5 (black line). A. Serotonin (5-HT)
profile. B. 5-HIAA profile. C. Taurine (Tau) profile.

5-HIAA. The serotonin metabolite, 5-HIAA, showed an immediate increase in the
control group in response to the tastant (Figure 3.12B). Levels peaked at 137% of
baseline during the infusion and gradually returned to baseline levels by sample eight.
In the LDT, the relative concentration of this metabolite progressively increased until it
reached 125% of baseline 45 minutes after the infusion (sample eight). Compared to
levels of 5-HT, 5-HIAA levels were greatly reduced in the HDT. This metabolite dropped
to 70% during the infusion of the tastant and gradually returned to baseline by sample
seven. Moreover, by the end of the experiment this metabolite showed levels higher
than baseline (141%). Taurine. Taurine showed a similar profile to 5-HT and 5-HIAA
(Figure 3.12C). In control animals, tau peaked at 137% of baseline during intraoral
infusion and gradually returned to baseline by the end of the experiment. LDT, on the

83

other hand, showed a progressive increase in Tau until reaching a maximum (130%) 45
minutes after the infusion. Lastly, HDT showed an immediate decrease to 64% in
response to the cue. Moreover, this decrease was statistically different from LDT.
Thereafter, tau levels in HDT increased until reaching baseline levels 30 minutes after
the infusion (sample 7).

GABA, Serine, Glycine and Aspartate
GABA, serine, glycine and aspartate showed an immediate increase in response to the
taste cue in HDT and a subsequent recovery to baseline (Figure 3.13). GABA. The
relative concentration of GABA in the HDT was elevated during the infusion of the drugpaired taste cue (139%) (See Figure 3.13A). Fifteen minutes later, GABA levels
dropped to 73% and reached a minimum at 55% during sample 7, almost recovering by
the end of the experiment (80% of BL). The control group showed a decrease from
baseline in GABA concentrations that reached significance in samples six and seven
relative to baseline, p<0.05. LDT showed an increase in GABA levels to 179% fifteen
minutes after the infusion (sample 6) and was maintained elevated throughout the
experiment. Moreover, a Student’s t-test showed that the concentration of GABA at this
time point was significantly different from the control group. Serine. Figure 3.13B shows
that in HDT, serine peaked to 186% during the intraoral infusion and then returned to
baseline in sample 6. The control group showed a late decrease that started 15 minutes
after the exposure to the cue (sample 6) and it reached a minimum at 57% during
sample 7. A Student’s t-test showed that this decrease was significant in both samples
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(p<0.05). Finally, by sample eight, serine levels returned to baseline in the control
group.

Figure 3.13. Mean (+/- SEM) level of neurochemicals (percentage of baseline, BL) in the nucleus accumbens shell across
baseline (BL) and five 15-min bins for saline (blue lines), low drug takers (HDT: green lines) and high drug takers (LDT: red
lines). The animals had intraoral infusions of saccharin (1/min for 15 min) during sample 5 (black line). A. GABA profile. B.
Serine (Ser) profile. C. Aspartate (Asp) profile. D. Glycine (Gly) profile. $p<0.05: HDT vs. LDT. &p<0.05: LDT vs. LDT BL.
*p<0.05 saline vs. saline BL.

Glycine. Glycine also showed an immediate increase (183%) in HDT in response to
intraoral delivery of the tastant, and returned to baseline by sample six (Figure 3.13C).
The control group showed a decrease in glycine concentration during the intraoral
infusion that reached significance in sample seven (p<0.05). By the end of the
experiment, glycine levels returned to baseline. LDT, on the other hand, showed a
fluctuation of glycine levels around baseline. Aspartate. Figure 3.13D shows changes
in aspartate levels in response to the taste cue. Again, HDT showed an immediate and
significant increase (236%) in response to the cue, and recovered to baseline 15
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minutes later (sample 6). The control group showed a gradual decrease in aspartate
concentration that reached significance 30 minutes after the infusion (sample 7). LDT,
on the other hand, showed a fluctuation around baseline throughout the experiment. A
statistical difference was found between HDT and LDT in sample 5 (p<0.05).

Glutamate, Histamine, Acetylcholine and Normetanephrine.
Glutamate, histamine, acetylcholine and normetanephrine belong to the group of
neurochemicals that showed a decrease in both the HDT and the control group in
response to the intraoral infusion of the saccharin cue. Glutamate. Figure 3.14A shows
an immediate decrease to 39% of baseline in glutamate levels in HDT. However, 15
minutes later (sample 6), this group showed an increase to 150%, and then decreased
to levels below baseline (41% BL) by sample eight. On the other hand, a delayed
decrease of glutamate levels in the control group was observed, that reached
significance by sample 6 and stayed below baseline throughout the experiment. LDT
also showed an immediate decrease (60%) in glutamate concentration and a return to
baseline at sample seven, 30 minutes after the infusion. Histamine. Figure 3.14B
shows changes of histamine in response to the taste cue. HDT showed a delayed
decrease that started 30 minutes after the intraoral infusion (sample 7) and reached
51% of BL by the end of the experiment. The control group, on the other hand,
presented a gradual decrease that reached significance in sample eight (p<0.05). LDT
showed a delayed increase to 137% fifteen minutes after the intraoral infusion of the
cocaine-paired saccharin cue (sample 6), and a return to baseline by sample seven.
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Figure 3.14. Mean (+/- SEM) level of neurochemicals (percentage of baseline) in the nucleus accumbens shell across
baseline (BL) and five 15-min bins for saline (blue lines), low drug takers (LDT: green lines) and high drug takers (HDT: red
lines). The animals had 15 min intraoral infusions of saccharin during sample 5 (black line). A. Glutamate (Glu) profile. B.
Histamine (Hist) profile. C. Acetylcholine (Ach) profile. D. Normetanephrine (NM) profile. &p<0.05: LDT vs LDT BL. *p<0.05
saline vs saline BL .£p<0.5 LDT vs saline.

Acetylcholine (ACh). The ACh profile is shown in Figure 3.14C. HDT showed an
immediate decrease in response to intraoral delivery of the cocaine-paired taste cue.
Ach concentration in this group was constant at around 75% until the end of the
experiment where it showed an increase above baseline (148%). The control group
reached a minimum of 71% during the infusion of the tastant (sample 5). Thereafter,
Ach levels started to gradually increase until they returned to baseline in sample seven.
Contrary to HDT and controls, LDT showed an immediate increase (125%) in response
to saccharin, maintaining levels around 120% until the end of the experiment.
Normetanephrine (NM). Figure 3.14D shows changes in the normetanephrine profile.
High drug takers showed a variable profile for NM. The concentration of this metabolite
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decreased to 67%, recovering to baseline 15 minutes after (sample 6). Thereafter, NM
levels started to gradually decrease until they reached the lowest point at 66% in
sample 8. Control animals showed a constant decrease in NM concentration that
reached significance in the last two samples (sample 7 and sample 8), ps < 0.05. Low
drug takers showed a fluctuation around baseline for this metabolite. NM levels initially
increased in response to the cue (110%) and then gradually decreased. During sample
seven, the NM concentration showed a significant difference from baseline, BL. By the
end of the experiment (sample 8), NM showed levels above baseline (109%). A
Student’s t-test revealed a significant difference between LDT and the control group in
samples 8 (p<0.05).
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3.4. CONCLUSION
In the first experiment of this chapter, rats self-administered more heroin than saline,
with no clear indication of low or high drug-takers. Additionally, the group that received
the drug escalated self-administration behavior compared to the group of rats that
received saline, as shown by an increase in infusions during the first hour of access.
Moreover, the rats that self-administered heroin exhibited a shorter latency to take the
first infusion. Thus, all of the rats given the opportunity to self-administer heroin
demonstrated a high motivation for drug. However, devaluation of the drug-paired taste
cue did not attain statistical significance, as there was only a trend for the rats in the
taste-heroin condition to evidence more gapes to the drug-paired cue than the saline
controls. Furthermore, the taste reactivity behavior did not correlate with addiction
behaviors (infusions, escalation, latency, etc.) as some animals that presented with a
higher number of gapes did not self-administer more drug or vice-versa.

In this chapter, a model of devaluation of natural rewards previously developed in our
lab was used to assess the neurochemical changes observed when a taste solution was
paired with the opportunity to self-administer a drug of abuse. Self-administration
protocols of drugs of abuse allow for the differentiation of the rats according to their
drug-taking behavior (Colechio, Imperio et al. 2014). The results in this thesis show that
such stratification was evident for the animals that had short access to cocaine, but not
for the animals that had extended access to heroin. It has been observed that the major
limitation of the extended access model is that it produces a homogenous population of
subjects, as most studies using this model reported no stratification of groups according
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to their drug taking behavior (Edwards and Koob 2013). However, previous work from
our laboratory has successfully showed separation of groups in extended access to
heroin both in their avoidance of the drug-associated cue and the drug-taking behavior
(Imperio and Grigson 2015). The difference between our previous results and the ones
reported here might be due to the low number of rats used in the present experiment.

Moreover, when a natural reward is paired with drug self-administration, the former
palatable stimulus elicits aversive responses in the taste reactivity test. Furthermore, the
increase in aversive taste reactivity, measured by the number of gaping behaviors is
associated with a decreased latency to the first cocaine infusion, increased escalation
and increased drug taking. In this way, the associated cue appears to elicit the onset of
a conditioned aversive state related to drug craving and withdrawal and can only be
corrected with drug use (Grigson 2008; Wheeler, Twining et al. 2008; Colechio and
Grigson 2014). In the present study, this has been true for the rats that had the
opportunity to self-administer cocaine. Moreover, the rats that took more cocaine
infusions and showed a shorter latency to the first infusion were the ones that elicited
more gapes in response to the drug-paired saccharin cue during microdialysis
collection. Unfortunately, this has not been observed in the rats that had access to
heroin. Previous data in our laboratory showed that avoidance of a drug-paired cue
developed more slowly when heroin was used instead of cocaine (i.e., trial 5 vs trial 3;
(Imperio and Grigson 2015)). Moreover, acquisition of aversive taste reactivity is also
different when heroin is used instead of cocaine in a similar protocol. When a cocainepaired saccharin cue is intraorally infused, rapid, robust and sustained conditioned
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aversive taste reactivity is observed (Colechio and Grigson 2014; Colechio, Imperio et
al. 2014). On the other hand, taste reactivity to an intraoral delivery of a heroin-paired
cue is more difficult to obtain, less robust, more transient and context dependent, and is
less predictive of drug seeking and taking vulnerability (Grigson, Alexander et al. 2016).

Table 3.1.Trends observed in the different neurochemicals in response to intraoral infusion of
either Kool-Aid/sac - heroin (n-6) or Kool-Aid/sac – saline (n=2) in Experiment 1.
Neurochemical trends observed in response to either sac-cocaine (-High drug takers- n=3) or
sac-saline (n=3) in Experiment 2

When the neurochemical data were analyzed during intraoral infusion of the heroinpaired Kool-Aid flavored saccharin cue, some trends were observed (see Table 3.1), but
it was not possible to support them with any statistical tests due to the low number of
animals (2 heroin, 1 saline) with patent cannulas and catheters following the 49 day
abstinence period. Dopamine and its metabolites showed an increase in the taste-saline
control subject. Taste-heroin animals also showed an increase in dopamine, but it was
smaller than the one observed in taste-saline control. Serine, glutamate, glycine,
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taurine, 5-HT and GABA all showed opposite profiles in each group with the rats with a
history of taste-heroin pairings exhibiting a marked increase in all of these
neurochemicals, while the control subject exhibited a decrease for the same. Histamine
tended to increase in the saline group and Kool-Aid/saccharin-heroin group and to
decrease in response to the IO infusion of the cocaine-paired saccharin cue.
Even though some trends have been seen in this experiment, no definitive conclusion
should be made due to the low number of animals. That being said, should these
patterns hold up (i.e., the neurochemical differences found following 49 days of
abstinence between rats with a history of taste-saccharin vs. taste-heroin pairings), a
number of neurochemical candidates (not necessarily including dopamine) may be
identified as potential contributors to long-term vulnerability to relapse.

In Experiment 2, it was possible to stratify the groups according to the amount of drug
the animals self-administered throughout the experiment. HDT systematically infused
more cocaine than LDT and sac-saline animals. LDT, even though they were subjected
to the same protocol and access as HDT, did not consume drug in large quantities and
they did not show any difference when compared with the control group. These
individual differences in drug self-administration have become standard in our
laboratory and occur, given enough experimental subjects, with cocaine and heroin
(Grigson and Twining 2002; Twining, Bolan et al. 2009; Colechio and Grigson 2014;
Colechio, Imperio et al. 2014; Imperio and Grigson 2015). Along with having selfadministered more drug, HDT also showed significantly more aversive taste reactivity
responses to the cocaine-paired saccharin cue than the LDT and the control group
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throughout training and on the collection day. Thus, the animals that self-administered
more cocaine, perceived the sweet cue as aversive, while the other two groups did not.
When the neurochemical profile was analyzed for each group, DA showed an increase
in both the LDT and the control animals, as would be expected for a sweet gustatory
stimulus (Hajnal, Smith et al. 2004). Interestingly, HDT showed a decrease in DA,
though the effect did not attain statistical significance. As alluded to, this reduction in DA
to the drug-paired cue, relative to saline controls, is consistent with that which has been
reported previously (Grigson and Hajnal 2007; Wheeler, Aragona et al. 2011).
Furthermore, when the results of Experiments 1 and 2 are compared, some trends
might guide our way to understand which neurochemicals are involved in coding reward
and its devaluation during drug addiction. First, consistent with previous studies, DA
showed an increase in response to the saline-paired Kool-Aid/saccharin cue and the
saccharin only cue (Hajnal, Smith et al. 2004; Grigson and Hajnal 2007). In addition, it
has been demonstrated that a reversal in that pattern (i.e., dopamine levels were
reduced) occurred when the taste stimulus was paired with the drug of abuse (Grigson
and Hajnal 2007). In fact, the Kool-Aid/saccharin cue elicited a lesser increase when
paired with heroin, while the saccharin only cue triggered a decrease in this
neurotransmitter when paired with cocaine in the high drug takers. Drug-paired cues
also elicited a decrease in 3-MT and an increase in 5-HIAA. Serine, glutamate, glycine,
and GABA showed a marked increase in response to the heroin-paired cue, and little or
no effect in response to the cocaine-paired cue. Moreover, both histamine and taurine
showed opposite patterns, increasing in response to the Kool-Aid/saccharin cue paired
with heroin and decreasing in response to the cocaine-paired cue. Specifically, while

93

intraoral delivery of the taste cue paired with heroin led to a marked increase in serine,
glutamine, glycine, taurine, GABA, and histamine, intraoral delivery of the taste cue
paired with cocaine had either little effect (serine, glutamine, glycine, 5-HT) or an
opposite effect (taurine, histamine) on these neurochemicals. Thus, these results
obtained in Chapter 3 prove to be a first step to begin to identify the neurochemicals
and neurotransmitters that are involved in coding reward devaluation during the
development of drug addiction. Patterns may differ between cocaine and heroin or,
alternatively, they may differ as a function of the length of the abstinence period. Follow
up studies are required to determine the impact of each.
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Chapter 4: DISCUSSION
The ultimate objective of this thesis was to understand the underlying neurochemicals
involved in the process of reward devaluation in drug addiction in the NAc, a pivotal
nucleus in the reward pathway. Reward devaluation is a key feature in the development
of substance use disorder and drug addiction, as the failure to respond normally to
everyday rewards and personal responsibilities further promotes the seeking and taking
of the drug-- the main objective of an addicted person (Jones, Casswell et al. 1995;
Santolaria-Fernandez, Gomez-Sirvent et al. 1995; Nair, Black et al. 1997; Goldstein,
Tomasi et al. 2007; Seip and Morrell 2007; Wilson, Sayette et al. 2008). Like humans,
rats avoid intake of an otherwise palatable gustatory cue when it had been paired with a
drug of abuse (Twining, Freet et al. 2016) and greater avoidance is associated with
greater drug-seeking and taking (Grigson and Twining 2002; Twining, Bolan et al. 2009;
Imperio and Grigson 2015). In our lab, it was hypothesized that the rats avoid intake of
the drug-paired taste cue because it elicits the onset of an aversive state involving
conditioned withdrawal (Grigson 2008). While there is evidence for this interpretation
(Gomez, Leo et al. 2000; Grigson and Hajnal 2007; Nyland and Grigson 2013; Colechio
and Grigson 2014; Colechio, Imperio et al. 2014), it also is possible that the taste cue
cue simply has become aversive as a result of the association. Were this simple
hypothesis correct, then the neurochemical profile elicited by a drug-paired gustatory
cue should parallel that elicited by exposure to a putatively aversive gustatory stimulus
such as quinine.

95

Therefore, in an effort to test this hypothesis, it was first necessary to determine how
this substrate (the NAc) responds to putatively rewarding and aversive gustatory stimuli.
As such, Chapter 2 used a novel method of microdialysis and UPLC/MS/MS to
determine the neurochemical profile in the NAc following ingestion of (Experiment 1) or
intraoral infusion of (Experiment 2), sucrose or quinine. Where the sample size was low,
saccharin control subjects were added to the sucrose group for an assessment of the
neurochemical response to sweet vs. bitter in Experiment 2. In the intake study, rats, of
course, drank more sucrose than quinine and quinine intake was, in fact, almost null.
Overall fluid intake (including water intake), however, was not different, removing
deprivation state as a factor. With ingestion of the sweet, dopamine levels were
elevated, as were levels of DOPAC and NE, while levels of glutamate, glycine, and
aspartate were reduced (see Table 4.1. Intraoral delivery of the sweet also was
accompanied by an increase in dopamine and a decrease in glutamate and glycine, but
levels of NE, serine, histamine, acetylcholine, and NM also were reduced. Intake of the
aversive tastant, quinine was associated with a trend toward an increase in dopamine in
the NAc, along with an increase in histamine and a decrease in aspartate. Intraoral
infusion of the aversive stimulus also tended to increase dopamine levels in the NAc
and increased levels of histamine, but along with these, also were elevated levels of
serine, glutamate, glycine, GABA, acetylcholine, taurine, and NM. Neurochemical
patterns following IO delivery of the sweet and the bitter, then, were similar for
dopamine (an elevation or a trend for an elevation), but in an opposite direction (i.e.,
reduced for the sweet and increased for the bitter) for histamine, serine, glutamate,
glycine, serine, acetylcholine, and NM.
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Table 4.1. Summary of neurochemical trends observed in Chapter 2. Neurochemical trends observed in response to either
0.5M sucrose (n-6) or 0.003M quinine (n=6) in Experiment 1. Neurochemical trends observed in response to either 0.5M
sucrose (n=4) or 0.003M quinine (n=6) in Experiment 2

Traditional methods for studying perceived palatability of sapid stimuli, such as the one
performed in Experiment 1, Chapter 2, require that the animal initiate and maintain the
consummatory behavior which is particularly difficult when the stimulus is not palatable
and, therefore, not spontaneously consumed. Additionally, when using intake as the
measure of perceived palatability, one also must consider other factors that might alter
results such as fatigue and motor-coordination. In an effort to circumvent these shortcomings, perceived palatability has been inferred from ingestion and rejection of a
gustatory stimulus following direct infusion (i.e., intraoral delivery) into the oral cavity
(Grill and Norgren 1978; Grill and Norgren 1978). Such experiments, (i.e., taste
reactivity test) have been used to study the affective response of rats to different tastes
just by assessing the rat’s innate oromotor response to different taste stimuli, without
the necessity of initiating any action (Grill and Norgren 1978). Thus, infusion of a
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palatable taste provokes rhythmic mouth movement and tongue protrusions, distinctive
lateral tongue protrusions and continued lapping at the target; while infusion of a bitter
tastant elicits gapes (a triangular shaped mouth opening where the lower lips retracts to
show the lower incisors), rearing, shakes of the head, shaking the paws and wiping of
the face with the forelimbs or on the substrate (Grill and Norgren 1978). In this thesis,
the analysis of gaping behavior was used to study the affective response toward, not
only a sweet, but toward an aversive stimulus for which even thirsty rats will not initiate
intake. Additionally, the intraoral delivery of the taste solution assures that the stimulus
is tasted by the animal. However, there is evidence showing that neuronal regulation of
the two responses is not similar. For example, lesion experiments of some of the
primary gustatory nuclei showed differential taste reactivity responses between intake
and intraoral delivery of ascending concentration of taste solution (Flynn, Grill et al.
1991). Moreover, conditioned taste aversion (CTA) studies showed that when the
amygdala is lesioned, CTA is completely eliminated if the taste is delivered intraorally
but not if it is presented in a bottle (Schafe, Thiele et al. 1998). This is consistent with
the results observed in Chapter 2, which showed a differential response to the same
taste between Experiment 1 and Experiment 2 as a function of the mode of delivery.
More importantly, the differences observed not just in DA, but also in other
neurotransmitters, suggest that it is of central importance to look beyond dopamine
when studying the underlying neurochemical response to rewarding and aversive
stimuli.
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The extended neurochemical profile in the NAc in response to a specific behavior
appears to be complex; however, the role of several of these neurochemicals in the
reward system has been studied in previous experiments. For example, the DA results
found in this work are consistent with previous findings showing that rewarding stimuli
elicit a release of dopamine in the NAc (Hajnal, Smith et al. 2004). Interestingly, our
results also show an increase of dopamine in response to the aversive solution,
regardless of the delivery method used. Studies of the dopamine response in aversion
are far less frequent and the results are much less uniform than when rewarding stimuli
are used. For example, while a tail pinch or a foot shock produced an increase in
accumbens dopamine (Kiyatkin 1995; Young, Ahier et al. 1998; Budygin, Park et al.
2012) , quinine infusion or the infusion of a cocaine-paired saccharin solution showed a
decrease in response to the stimuli when assessed on a subsecond level using
voltammetry (Roitman, Wheeler et al. 2008; Wheeler, Aragona et al. 2011). The
contradictory results may reflect that the different response of DA to aversive stimuli
may correspond to the activity of different pools of dopamine neurons (McCutcheon,
Ebner et al. 2012). In this experiment and in our preliminary data, the trend of DA was
always to increase; nonetheless, further investigation needs to be done.

The histaminergic system also has been proposed to serve a role in reinforcement
processes involved in learning and memory (Huston, Wagner et al. 1997) . This was
evidenced in experiments that showed that lesions in the tuberomammillary nucleus
(the main source of histamine in the brain) facilitated memory and learning and
enhanced brain self-stimulation (Huston, Wagner et al. 1997)). Moreover, unilateral
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histamine injections in the lateral hypothalamus specifically suppressed brain selfstimulation behaviors when stimulation occurred on the same side as the injection
(Cohn, Ball et al. 1973). In addition, morphine conditioned place preference was
attenuated with the injection of a histamine precursor (histidine), while depletion of
histamine facilitated this behavior (Suzuki, Takamori et al. 1995; Gong, Lv et al. 2007).
These results indicate that the histaminergic system has negative influence over the
reward system by decreasing the value of the reinforcer. This is consistent with the
results shown in Chapter 2 in which histamine showed different profiles to the different
tastes when they were infused intraorally. Our results suggest that, while the reduced
levels of histamine elicited by sucrose would not be having a main effect on the affective
response to the taste cue, the increase in histamine elicited by quinine may be
associated with a decreased value of the stimulus.

The role of glutamate in the NAc shell has been linked to motivated appetitive and
fearful behaviors (Reynolds and Berridge 2003; Faure, Reynolds et al. 2008; Reynolds
and Berridge 2008). A previous experiment showed that blockade of AMPA receptors in
the medial shell of the NAc stimulates feeding behavior, triggering a motivated ‘wanting’
to eat, but did not alter the hedonic valence of a taste solution (Faure, Richard et al.
2010). In this context, the decrease of glutamate observed in both experiments in
response to sucrose may be related to the onset of motivated behavior to reach for the
food. On the other hand, the increased levels of this neurotransmitter in response to the
intraoral infusion of the aversive tastant might be associated with an avoidance
response.
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GABA release in the NAc has been associated with affective value of the reward. It has
been observed that stimulation of GABA A receptors in the NAc via muscimol
microinjections generated shifts in the affective reactions to sweet and bitter tastes.
When the microinjection occurred in the caudal half of the shell, a bitter-sweet solution
triggers exclusively aversive taste reactions and positive reactions were suppressed. On
the other hand, the reverse effect was observed when muscimol was injected in the
rostral shell, increasing the number of positive responses and decreasing the number of
aversive responses to the bitter-sweet taste. The microdialysis cannulas in our
experiments were placed 1.2 mm anterior to bregma, the location in which the muscimol
microinjection elicited aversive reactions to the solution. Therefore, the increase in
GABA concentration triggered by quinine observed in this thesis is consistent with the
placement of the cannula.

Opposing effects of dopamine and acetylcholine have been observed in both the dorsal
and the ventral striatum. Tonically activated acetylcholine interneurons in the nucleus
accumbens serve as neuromodulators, regulating behaviors elicited by increases in
dopamine levels (Hoebel, Avena et al. 2007). For example, acetylcholine released in the
nucleus accumbens is involved in the onset of satiation (Mark, Rada et al. 1992; Avena,
Rada et al. 2006). Moreover, during conditioned taste aversion, acetylcholine is
released in response to the taste that was paired with the malaise-producing agent
(Mark, Weinberg et al. 1995). In fact, microinjection of an acetylcholinesterase inhibitor
demonstrated that elevated Acetylcholine is by itself sufficient to trigger taste aversion
(Hoebel, Rada et al. 1999). This is consistent with the results observed in this thesis
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when the tastant was delivered intraorally. Here, the sweet solution did not elicit any
change in acetylcholine, while quinine infusion provoked an increase in the
concentration of this neurotransmitter.

Although these experiments have provided useful information about the neurochemical
response to tastants of different hedonic valence in different paradigms, some
experimental characteristics make a direct comparison of the two experiments difficult.
To begin with, in the intake study, rats were trained for four days in their home cage and
then they were moved to the microdialysis chamber where they continued the training
until the collection day. On the contrary, the rats in the taste reactivity experiment were
moved to the chamber every day only for the period that the training took place. In fact,
due to the low number of animals in this group, rats from a subsequent saccharin-saline
study, with a much different protocol, were pooled with the sucrose rat to from the
‘sweet’ group. Additionally, the floor of the operant chambers in the intake study of
Experiment 1 was stainless steel, while in the floor in the IO study of Experiment 2 was
clear Plexiglas. Finally, the collection time also was different for each experiment, being
20 minutes long in the intake experiment and 15 minutes long in the intraoral
experiment. Hence, further experiments must be performed with less contextual
variables in order to be conclusive.

Under almost all conditions tested, whether deprived or not deprived, real intake or
intraoral delivery, sweets elicit an increase in levels of dopamine in the NAc (Hajnal,
Smith et al. 2004; Grigson and Hajnal 2007). As described, this was the pattern
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reported in Chapter 2. This also was the pattern found here in Chapter 3 following
intraoral delivery of the saline-paired Kool-Aid/saccharin cue or the saline-paired
saccharin only cue (see Table 4.2). Interestingly, and consistent with previously
published data (Grigson and Hajnal 2007), this pattern was reversed (i.e., dopamine
levels were reduced) when the same stimuli predicted the opportunity to self-administer
heroin or cocaine, particularly in the high drug takers. Levels of the dopamine
metabolite (3-MT) also were reduced following intraoral infusion of the drug- (heroin or
cocaine) paired cue, while 5-HIAA levels were elevated. There ended the similarities
between the heroin- and the cocaine-paired cue. Specifically, while intraoral delivery of
the taste cue paired with heroin led to a marked increase in histamine, serine,
glutamate, glycine, GABA and taurine, intraoral delivery of the taste cue paired with
cocaine had either little effect (serine, glutamine, glycine, 5-HT) or an opposite effect
(taurine, histamine) on these neurochemicals in the high drug takers.

Interesting trends have been observed in Chapter 3 when evaluating the neurochemical
profile elicited by a devalued reward. Importantly, a quinine-like response was observed
when the taste cue was paired to heroin but not cocaine. However, a comparison
between both experiments would be risky as not only the drugs are different, but also
the protocols included different taste cues, different access periods and, importantly,
different abstinence periods. Thus far, when the animals were infused with the heroinpaired taste cue long after the incubation period was over, the cue appears to elicit an
aversive-like neurochemical response, similar to the one observed in response to
quinine. Interestingly, the aversive-like neurochemical profile elicited by the heroin

103

paired cue after such a long period, does not appear to be associated with aversive
taste reactivity during the IO test. These are promising results, despite the fact that the
number of rats in this experiment was too low to make a conclusive statement, as it
suggests persistent and marked brain changes after a long period of abstinence. Even
though incubation of cue-induced seeking has been established to be two weeks of
abstinence for heroin individuals are subject to relapse following months and even years
of abstinence (Fanous, Goldart et al. 2012). The data presented here suggest the
possibility that conditioned (i.e., learned) differences in several of these neurochemicals
persist, and are in fact exaggerated, following an extended period of abstinence. These
continued brain changes may be related to vulnerability to relapse, and such a funding
would reveal novel avenues for potential intervention (e.g., glutamate, glycine, serine,
histamine).

Table 4.2. Summary of neurochemical trends observed in Chapter 3. Neurochemical trends observed in response
to Kool-Aid/sac - heroin (n-6) or Kool-Aid/sac – saline (n=2) in Experiment 1. Neurochemical trends observed in
response to either sac-cocaine (-High drug takers- n=3) or sac-saline (n=3) in Experiment 2
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The original hypothesis to be tested was that the taste cue becomes aversive following
taste-drug pairings and, as such, will elicit a similar pattern of neurochemical activation
as a putatively aversive stimulus (i.e., quinine). While there is no evidence for this for
the rats tested in the saccharin-cocaine study (where conditioned gaping behavior, I
might add, is more robust, particularly in the large suppressors), there are multiple
parallels between the quinine data and those obtained with the rats tested in the KA/saccharin-heroin experiment (e.g., both lead to elevated glutamate, glycine, serine,
and histamine). However, additional studies are needed to test whether the elevations
are due to pairings with heroin (as opposed to cocaine) or due to the extended length of
the abstinence period (e.g., 48 d vs. 3 days).

The results obtained in this thesis are unique as they are the first in showing an
orchestrated response of several different neurochemicals at the same time during a
motivational behavior. These data will have a big impact once fully replicated, as they
will help us understand how reward and aversion are coded in the brain by not just one
neurotransmitter, but by many, during ongoing innate and learned behavior. Finally,
understanding of the underlying neurochemical regulation of reward devaluation may
aid in the development of new treatments to prevent drug-induced devaluation and
relapse and to promote recovery from drug addiction. As mentioned before, histamine
and its precursor histidine negatively affect the reward system, which means a
histamine antagonist or blocker could potentially help improving natural reward
valuation in a recovering individual. In addition, decreasing cholinergic levels in the NAc

105

could potentially help to reduce the aversive state produced by drug withdrawal.
Moreover, drug addiction produces changes not only in neurotransmitter levels but also
in other systems like the stress-related HPA axis which has been associated with
relapse. Therefore, it is important to thoroughly understand the combinatorial role of
these neurochemical components during the craving and withdrawal stages of drug
addiction in order to block or enhance these neurochemical responses that will allow us
to effectively develop a treatment to re-generate a normal response to natural rewards.
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