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Summary

An important goal of cocaine addiction research is to understand the neurobiological mechanisms
underlying this disease state. Here, we review studies from our laboratory that examined nucleus
accumbens (NAc) cell firing and rapid dopamine signaling using electrophysiological and
electrochemical recordings in behaving rodents. A major advantage of these techniques is that they
allow for the characterization of NAc activity and rapid dopamine release during specific phases of
motivated behavior. Moreover, each approach enables an examination of the dynamic nature of NAc
signaling as a function of factors such as hedonics and associative learning. We show that NAc
neurons differentially respond to rewarding and aversive stimuli and their predictors in a bivalent
manner. This differential responding is modifiable and can be altered by the presentation of other
natural rewards or cocaine. Likewise, the dynamic nature of NAc cell firing is also reflected in the
differential activation of distinct populations of NAc neurons during goal-directed behaviors for
natural versus drug rewards, and the heightened activation of some NAc neurons following cocaine
abstinence. Our electrochemical data also show that rapid dopamine signaling in the NAc reflects
primary rewards and their predictors and appears to modulate specific NAc neuronal responses. In
some cases, these influences are observed in a regionally specific manner that matches previous
pharmacological manipulations. Collectively, these findings provide critical insight into the
functional organization of the NAc that can be used to guide additional studies aimed at dissecting
the neural code underlying compulsive drug-seeking behavior.
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1. Introduction

Dissecting the neural circuitry mediating reward-seeking behaviors is essential for
understanding the manner by which motivational systems become dysfunctional in the disease
of addiction. Drug addiction has been characterized by multiple factors such as withdrawal
(Solomon and Corbit, 1974), hedonics (Wise and Bozarth, 1987), sensitization (Robinson and
Berridge, 1993), and learning (Everitt and Robbins, 2005; Hyman et al., 2006; Wise, 2004). It
is quite likely that all of these components contribute to the pathology. An important part of
this circuit, the nucleus accumbens (NAc), is ideally positioned to be responsive to numerous
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aspects of this disease and to influence motivated behavior accordingly (Mogenson et al.,
1980). In fact, since the discovery that the ventral striatum is necessary to initiate and maintain
motivated behavior, researchers are discovering that the processing of motivation, learning and
hedonics are embedded within it. More recent findings have indicated that there appears to be
subregional specificity in NAc function for stimuli that predict cocaine versus the
pharmacological effects of the drug. That is, the core of the NAc appears to encode cocaine-
associated stimuli while the shell is generally responsive to the primary reinforcing properties
of reinforcers. For example, the core (but not the shell) subregion is necessary for the proper
responses to cues associated with both natural (Parkinson et al., 1999) and drug rewards (Di
Ciano and Everitt, 2001; Fuchs et al., 2004). Furthermore, dopamine function in the core
subregion of the NAc has been implicated in mediating the association of natural reward-related
stimuli (Day et al., 2007; Parkinson et al., 2002) and the proper behavioral responses to stimuli
that predict cocaine (Di Chiara et al., 2004; Ito et al., 2000; Ito et al., 2004). In contrast, the
shell appears to be more responsive to the primary reinforcing or motivational properties of
drugs and natural rewards (Di Chiara et al., 2004; Kelley et al., 2002; Kelley and Swanson,
1997; Pecina and Berridge, 2005); however see (Bassareo et al., 2007; Cheer et al., 2007).

Here, we review electrophysiological and electrochemical research conducted in our laboratory
that examined nucleus accumbens (NAc) cell firing and rapid dopamine release in awake,
behaving rodents. Our findings indicate that the processing of various types of information by
NAC neurons (e.g., hedonic valence, goal-directed behavior and learning) are functionally
segregated within this structure but modulated by each other. As such, our findings provide
crucial insight into the functional organization of the NAc mediating normal reward encoding
and goal-seeking behaviors, and how these factors interact to produce motivated behavior that
becomes pathological in the disease of addiction.

2. Nucleus Accumbens Neurons Exhibit Differential Activity to Rewarding
and Aversive Stimuli

Reinforcing stimuli produce motivated behavior by engaging sensory systems and inducing a
hedonically pleasing feeling. While this feeling must have a neural representation, it is not a
simple task to investigate the neural processing of hedonic information using animal models.
Fortunately, affective state can be assessed in non-humans and investigators have shown that
the NAc modulates the processing of rewarding and aversive stimuli (Mahler et al., 2007;
Pecina and Berridge, 2005; Reynolds and Berridge, 2002, 2003; Roitman et al., 2005; Wheeler
et al., 2008). Most investigations on the role of the NAc in reward processing have examined
this system when animals are engaged in goal-directed behavior (Carelli et al., 2000; Carelli
and Wondolowski, 2003; Nicola et al., 2004; Wise and Rompre, 1989; Yun et al., 2004).
However, for hedonic processing to be investigated separately from reward seeking behavior,
studies must dissociate the two phenomena. To this end, studies have examined NAc activity
during direct application of palatable and unpalatable taste stimuli independent of operant
contingencies (Roitman et al., 2005; Wheeler et al., 2005). These studies employed
electrophysiological recording techniques in awake behaving rodents, as described in detail
elsewhere (Roitman et al., 2005). Briefly, NAc activity was recorded differentially between
active and inactive electrodes using a commercially available neurophysiology system
(multichannel acquisition processor (MAP) system; Plexon Inc., Dallas, TX). After waveform
sorting, firing rates of individual neurons were aligned to the behaviorally relevant event (in
this case, the solenoid opening onset for the intraoral infusion) and analyzed using
commercially available software (NeuroExplorer, Plexon Inc., Dallas, TX). Using this
approach, we showed that intraoral infusions of a palatable sucrose solution are associated,
predominantly, with transiently reduced firing rates for the majority of responsive NAc neurons
(Roitman et al., 2005). This response profile is illustrated in the perievent histogram (PEH)
and raster display for one NAc neuron in Figure 1A. In contrast, NAc neurons display
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predominantly excitatory responses during infusion of an aversive tastant, such as a bitter
quinine solution, as shown for another neuron in Figure 1B. Importantly, in this study rats were
not engaged in goal-directed behavior during electrophysiological recording because the
tastant was directly administered into the oral cavity, yet the differential signal persisted. As
this pattern of neural activity cannot be attributed simply to goal-seeking, it likely reflects the
hedonic valence of the taste stimulus. Moreover, these data suggest that the NAc bivalently
encodes rewarding and aversive stimuli. That is, as illustrated in the piecharts in Figure 1
(bottom), the predominant response (approximately 75%) of all phasically active NAc neurons
to the application of a palatable taste stimulus such as sucrose is a reduction (inhibition) in
firing rate (Figure 1C) while the predominant response of neurons (again, approximately 75%)
to an unpalatable taste stimulus such as quinine is an increase (excitation) in activity (Figure
1D).

Interestingly, we and others have shown that some NAc neurons are modulated not only by
taste palatability, but also by relative reward value (Taha and Fields, 2005; Wheeler et al.,
2005). That is, a small percentage of NAc neurons that exhibit altered firing rates in response
to rewarding tastants such as sucrose, change their activity for the same sweet taste, due to its
devaluation by the presentation of a more palatable sucrose solution. Such findings are termed
“contrast effects” (Flaherty, 1999); an example of this type of a design and one such NAc neural
response are illustrated in Figure 2. In this study, rats were given discrete intraoral infusions
of a palatable 0.05 M sucrose solution (133 pl/infusion over 4 s) at a rate of one infusion per
minute. The rats were next infused with the same solution, but its delivery was alternated with
the presentation of a more palatable 0.5 M sucrose solution (Figure 2A). We showed that the
behavioral and electrophysiological responses for the low concentration of sucrose were
diminished as the sweet taste was devalued by its presentation with the more palatable natural
reward. An example of one neuron showing this dynamic change in firing pattern is illustrated
in Figure 2B. In this case, the cell exhibited a typical inhibitory response during baseline
application of the 0.05 M sucrose solution (Figure 2B, left). However, the same neuron showed
no change in firing rate to the same sucrose solution when presented in alteration with a more
palatable 0.5 M sucrose solution (Figure 2B middle), although the neuron showed a pronounced
inhibitory response during application of the higher concentration (Figure 2B, right). Similar
diminished neuronal responses were found in a small population (approximately 3%) of NAc
neurons (Taha and Fields, 2005; Wheeler et al., 2005) and as such may not dramatically alter
the output of the NAc, especially compared to the response pattern observed during the intraoral
infusion of a bitter and aversive stimulus, such as quinine (see Figure 1B). Nevertheless,
findings that a small population of NAc neurons encodes “contrast effects” involving natural
rewards indicate that this system tracks reward comparison information.

Differential signaling in the NAc for rewarding and aversive stimuli is complex, making
conclusions regarding the behavioral significance and putative output targets difficult to
determine. One proposal is that the predominant inhibitory response of NAc neurons to
rewarding stimuli may function to disinhibit ventral pallidal neurons (the NAc primary
efferent) and thereby gate appetitive behavior (Taha and Fields, 2006). In support,
pharmacological inhibitions of the NAc shell have been shown to promote consummatory
behavior (Kelley, 2004). However, hedonic processing is also known to contribute to appetitive
behavior, and NAc neurons appear to convey hedonic information (Taha and Fields, 2005).
For example, we have shown that inhibitions in NAc cell firing to palatable tastants persist
even when sucrose or saccharin is intraorally infused in the absence of goal-directed behavior
(e.g., Figure 1). Moreover, pharmacological studies have shown that inhibition of the NAc
shell increase hedonic responses to palatable tastants (Reynolds and Berridge, 2002),
suggesting that this inhibitory signal directly modulates consummatory behavior. Together,
these findings suggest an overlap in the encoding of appetitive/consummatory information with
a hedonic signal that modulates motivated behavior. We plan future studies combining
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electrophysiological and pharmacological manipulations to clarify NAc signals and their
downstream targets and determine their relevance to motivated behavior.

2.1 Role of Dopamine and Other Neurotransmitters in Reward and Aversion

The precise role of specific neurotransmitters in the NAc in hedonic processing has been the
subject of some controversy over the last few decades. Early studies incorporating
pharmacological manipulations of this structure gave rise to the view that dopamine release in
the NAc mediates the hedonic impact of rewarding stimuli (Wise et al., 1978). However, the
observation that depletion of NAc dopamine does not reduce hedonic responses (Berridge et
al., 1989) or food intake (Baldo et al., 2002) suggests that dopamine does not mediate primary
reinforcement. Moreover, these same manipulations alter subsequent motivated behavior
creating ‘extinction-like’ effects. For example, under dopamine receptor antagonism, rats will
traverse a runway and consume a food reward but on subsequent trials exhibit retardation of
extinction, behaving as if trained under a schedule of partial reinforcement (Ettenberg and
Camp, 1986). Similar studies suggest that dopamine signaling does not mediate hedonic or
consummatory responses, but instead may influence future motivated behavior (Wise, 2004;
Wise and Raptis, 1986).

While dopamine neurotransmission appears to have a secondary role in primary reinforcement,
other neurotransmitter systems strongly impact hedonic processing. Opioid, GABA, and
cannabanoid agonist microinfusions into the NAc shell increase appetitive behavior and
hedonic responses for gustatory stimuli (Kelley etal., 2002; Kelley and Swanson, 1997; Mahler
etal., 2007; Pecina and Berridge, 2000, 2005; Reynolds and Berridge, 2002). Interestingly,
pharmacological manipulations of the NAc that increase affective oro-facial responses to the
taste of sweet solutions are specific to the dorsal shell subregion, a so called ‘hedonic
hotspot” (Pecina and Berridge, 2005; Pecina et al., 2006). Further, the shell region appears to
be involved in processing the primary reinforcing effects of drugs of abuse (Bassareo et al.,
2007; 1to et al., 2004). Electrophysiological and pharmacological studies of this region have
shown that, generally, increases in motivated behavior for a given stimulus appear to be driven
by decreased activity in the NAc shell (Carlezon and Wise, 1996). As noted above,
electrophysiological studies are consistent with the pharmacological data. That is, findings of
predominantly inhibitory NAc electrophysiological responses to an appetitive stimulus (e.g.,
sucrose), and excitatory responses to an aversive stimulus (Figure 1), have been reported by
our laboratory and others (Nicola et al., 2004; Roitman et al., 2005; Taha and Fields, 2005,
2006). Thus, while the precise role of dopamine in hedonic processing is less clear, the NAc
does indeed encode the hedonic valence of primary reinforcers via other neurotransmitter
actions involving GABA, cannabinoids, and opioids.

3. NAc Neurons Differentially Encode Goal-Directed Behaviors for Natural
and Drug Rewards

As NACc neurons are responsive to rewarding stimuli such as sucrose and saccharin, one might
think that goal-directed behaviors for all rewards are encoded similarly in this region.
Surprisingly, this is not the case. We have shown that NAc neurons exhibit differential,
nonoverlapping firing patterns during goal-directed behaviors for a “natural” reward versus
cocaine (Carelli, 2002; Carelli et al., 2000; Carelli and Wondolowski, 2003). This differential
activity is illustrated for two NAc neurons in Figure 3. In this study, animals were first trained
to press a lever for water reinforcement (delivery into a drinking receptacle next to the lever).
Once trained, animals learned to press a second lever for intravenous cocaine. A multiple
schedule was implemented whereby animals responded on the first lever for water, followed
by a 20 s timeout period (levers retracted) and extension of the second lever for cocaine self-
administration. As shown for one representative neuron in the left panel of Figure 3, the cell
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displayed a clear increase in firing rate within seconds following the response for water
reinforcement (Figure 3A) but shifted to no change in firing (i.e., nonphasic activity) relative
to the cocaine reinforced response (Figure 3B). Another NAc neuron shown in the right portion
of Figure 3 exhibited an opposite firing profile. In this case, the neuron displayed nonphasic
activity during responding for water (Figure 3C), and a dynamic shift to phasic firing during
cocaine self-administration (Figure 3D). In sum, approximately 92% of all phasically active
NAc neurons exhibit differential, nonoverlapping firing patterns relative to lever press
responding for a natural (water, food, sucrose) versus drug (cocaine) reward. Moreover, these
differential firing profiles were observed in animals experiencing repeated cocaine self-
administration training (Carelli et al., 2000) or within the first day of cocaine exposure (Carelli
and Wondolowski, 2003).

We have also shown differential neuronal firing patterns during multiple schedules involving
food and cocaine self-administration (Carelli et al., 2000). These findings are consistent with
a report by Bowman and colleagues (1996) showing differential activation of NAc neurons
during responding for juice and cocaine in nonhuman primates (Bowman et al., 1996).
Moreover, the presentation of cocaine-associated stimuli alone have the capacity to selectively
activate the subset of NAc neurons that process information related to cocaine-seeking
behaviors but not those cells that encode information about water reinforcement (Carelli and
ljames, 2001). So while the NAc is critical for the engagement of motivated behavior for natural
and drug rewards, our studies revealed that this structure is comprised of complex,
heterogeneous ‘microcircuits’ whereby different NAc neurons encode information related to
goal-directed behaviors for natural versus drug reward.

4. Cocaine Experience Dynamically Modulates NAc Activity for Natural

Rewards

In our multiple schedule studies described above, natural and drug reward were not repeatedly
paired. That is, animals were typically trained to press one lever for water, and a second lever
for intravenous cocaine, and only a few sessions involved both reinforcers in the multiple
schedule design. However, others have shown that animals will actually respond less for a
previously palatable natural reward when it comes to predict an abused drug such as cocaine
or amphetamine (Grigson and Twining, 2002; Wise et al., 1976). We characterized this
phenomenon in a recent study and showed that the repeated pairing of a sweet tastant with
cocaine results in an aversive state that is reflected in behavior and NAc neurophysiology
(Wheeler et al., 2008). Specifically, animals were trained to discriminate a sweet taste (e.g.,
orange flavored saccharin solution) that predicted cocaine availability from another equally
sweet taste (e.g., grape flavored saccharin solution of the same concentration) that predicted
saline availability. After several taste-drug and taste-saline pairings the rats developed a strong
aversion to the taste that predicted cocaine. This aversive state was reflected in changes in the
oro-facial expression of the rat during tastant infusion. That is, the tastant paired with saline
elicited classic appetitive taste reactivity while the tastant paired with cocaine elicited aversive
taste reactivity (e.g., gapes).

Moreover, this aversive state was reflected in a shift in the activity of NAc neurons. Unlike the
relatively small neural devaluation of a sweet taste by a more palatable concentration of the
same reward observed in Figure 2, a different and more profound change occurred in NAc
neuronal firing profiles when the tastant was paired with drug. That is, NAc neurons shifted
from predominately inhibitory activity to predominately excitatory firing during infusion of
the sweet tastant paired with cocaine availability. An example of one neuron showing such a
shift is illustrated in Figure 4 (top). In this case, the neuron displayed the typical inhibition in
firing rate during infusion of the sweet tastant paired with the availability to self-administer
saline (Figure 4A). However, this same neuron displayed an increase in firing rate during
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infusion of the other tastant of the same saccharin concentration but that was explicitly paired
with cocaine self-administration (Figure 4B). The piecharts in the bottom of Figure 4 show the
shift in the firing pattern distribution for the population of NAc neurons from primarily
inhibitory during infusion of the tastant paired with saline (Figure 4C) to primarily excitatory
when the tastant was paired with cocaine self-administration (Figure 4D).

We believe that the increase in excitatory responses to the drug-associated tastant is reflective
of multiple phenomena. First, the change in NAc patterned activity resembles the response to
an innately aversive quinine solution (Figure 1B), suggesting a bivalent representation of
rewarding and aversive stimuli in the NAc. That is, when something is perceived as rewarding,
primarily inhibitions in NAc cell firing are observed and the opposite occurs for substances
associated with aversion. Second, the switch to excitations for the cocaine-predictive taste
stimulus likely reflects the learned association with the drug. Of course, these possibilities are
not mutually exclusive. The enhanced activity of NAc neurons to the cocaine-associated
stimulus likely reflects an aversive state that developed as the association with impending drug
availability was learned. The importance of this learned association is highlighted by the
finding that animals were more motivated to consume the drug following the manifestation of
this learned aversive state.

An important issue raised by the aforementioned studies concerns the role of dopamine in
hedonics and reward comparison. As discussed above (section 2.1), a wealth of evidence
suggests that dopamine does not directly mediate the hedonic signal of primary reinforcers,
but instead guides subsequent motivated behavior (Baldo and Kelley, 2007;Wise, 2004).
Electrochemical techniques, such as fast scan cyclic voltammetry (FSCV), are ideally suited
to address this question since chemical changes (e.g., dopamine) can be obtained with excellent
temporal (subsecond) and spatial resolution in behaving animals. FSCV has been described in
detail elsewhere (Heien et al., 2005). Briefly, with FSCV the electrode potential is ramped to
avalue sufficient to oxidize dopamine and then returned to its initial value. Current is measured
during the voltage ramp so that a current-voltage curve, termed a cyclic voltammogram, is
generated. In more recent studies we now apply principal component regression to extract the
dopamine concentration from the voltammetric data (Heien et al., 2005).

Using FSCV, we showed that dopamine is released in the core subregion of the NAc just prior
to responding for natural and drug reward (Phillips et al., 2003; Roitman et al., 2004; Stuber
et al., 2005). An example of this finding is illustrated in Figure 5. In this case, a significant
increase in phasic dopamine was observed within seconds before, and immediately following,
the reinforced response for intravenous cocaine during self-administration sessions. The
increase in dopamine prior to the response is in line with the view that dopamine is necessary
for the promotion of motivated behavior (Nicola et al., 2005; Phillips et al., 2003; Salamone
et al., 2007). Interestingly, more recent work has shown that dopamine is actually diminished
during intraoral infusion of an aversive tastant (quinine) (Carelli, 2005) and devalued natural
rewards (Grigson, 2007). Perhaps this reduced signal then, acts to decrease the likelihood of
future approach behaviors toward an aversive agent. However, it appears that a drug-predictive
taste cue both reduces NAc dopamine and increases subsequent drug seeking (Grigson,
2007; Wheeler et al., 2008). This may appear at odds with the hypothesized role of dopamine
in promoting reward-seeking behavior. The likely reason for this discrepancy is that the drug-
predictive tastant is, itself, a primary reinforcer. We believe the altered dopamine release likely
reflects the devaluation of the tastant and the presence of a negative affective state in
anticipation of drug availability. As such, subsequent drug seeking may result as a way of
correcting this negative hedonic state (Wheeler et al., 2008). Future studies will directly test
this hypothesis.
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4.1 Cocaine Abstinence Alters NAc Cell Firing

Not only does cocaine experience modulate the activity of NAc neurons, but also removal of
cocaine availability following repeated cocaine self-administration (abstinence) has profound
effects on NAc cell firing. For example, West and colleagues reported that the activation of
neurons in the NAc shell by a discriminative stimulus that was previously paired with cocaine
availability is maintained after 3—4 weeks of abstinence (Ghitza et al., 2003). Likewise, in a
series of studies in our laboratory we showed that removal of cocaine availability for one month
has a marked effect on NAc activity. In our initial study (Hollander and Carelli, 2005), rats
were trained to self-administer cocaine in 2 hr daily sessions then divided into two groups. For
one group (controls) NAc activity was recorded during two additional self-administration
sessions completed over the next two days (test sessions 1 & 2). For the second group (1-month
abstinence), NAc activity was recorded during one cocaine self-administration session
completed the next day (test 1), and during a second self-administration session completed one
month later (test 2). During the 1-month abstinence period animals remained in their homecages
(no drug). As in prior reports, a subset of NAc neurons exhibited one of four types of patterned
discharges within seconds of the cocaine reinforced response prior to abstinence. We have
shown that these firing patterns reflect the encoding of information related to instrumental and
Pavlovian contingencies operating within the task (for review see Carelli, 2004). Remarkably,
our findings revealed that the percentage of neurons displaying patterned discharges
dramatically increased (nearly 2-fold) in the core following 1-month abstinence. These findings
revealed an enhanced activation of NAc neurons that encode cocaine-directed behaviors
following prolonged drug abstinence.

In a subsequent study, we also showed that NAc core neurons are more responsive to cocaine-
associated cues following 1-month abstinence (Hollander and Carelli, 2007). In this study,
animals were trained to self-administer cocaine then returned to their home cages without
cocaine access for either 1 day or 1 month. On the test day, all animals were placed back in
the recording chamber, and during the first phase of the study 10 experimenter-controlled
presentations of the tone-houselight stimulus previously associated with cocaine delivery were
presented (no cocaine was given and the lever remained retracted during this phase). We
showed that following 1-month abstinence, animals approached and spent more time in the
quadrant of the chamber that previously contained the cocaine-associated lever following tone-
houselight presentations (Figure 6A). In addition, a population of NAc neurons were either
excited or inhibited by presentations of the tone-houselight stimulus (Figure 6B). Importantly,
this activation was significantly greater following 1-month compared to 1-day abstinence from
cocaine availability (Figure 6C). We further showed that the increased responsiveness of NAc
neurons to cocaine-associated cues following abstinence was maintained in extinction trials
during which rats responded for the cue in the absence of cocaine. Thus, 1-month abstinence
from cocaine increases cocaine-seeking and enhances the activation of NAc neurons in the
core during presentation of cocaine conditioned stimuli regardless of drug availability or
contingency of cue delivery. As these effects were observed only in the core and not the shell
of the NAc they complement previous findings of subregion specificity in NAc function for
stimuli that predict cocaine versus the pharmacological effects of the drug (Di Ciano and
Everitt, 2001; Fuchs et al., 2004; Parkinson et al., 1999).

Abstinence from cocaine self-administration has also been associated with ‘incubation of
craving’ in which animals exhibit enhanced responding during extinction following
experimenter-imposed abstinence (Bossert et al., 2005; Grimm et al., 2001). Clearly, our
electrophysiological recordings support this view. Similar increases in sucrose-seeking
behavior have been observed following sucrose abstinence (Grimm et al., 2002). Conversely,
we failed to observe similar increased responding or an enhancement in NAc cell firing
properties following abstinence from sucrose reinforcement (Jones et al., 2008). However, it
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is important to note that alterations in the dynamics of NAc cell firing following abstinence
from natural rewards may be highly sensitive to experimental protocols and require ‘binge’
access sessions for the emergence of robust behavioral and neurophysiological changes (Avena
et al., 2008). Nevertheless, our findings indicate that the dynamic increases in NAc cell firing
following periods of abstinence are clearly observed for cocaine but not as robustly expressed
for natural rewards.

5. Role of Dopamine in Associative Learning

Considerable evidence has accumulated that links dopamine activity in the NAc to reward
learning. Several hypotheses of dopamine function have been proposed. For example, some
hypothesize that NAc dopamine is essential for reward-related learning (Schultz, 1998; Smith-
Roe and Kelley, 2000), proper responses to incentive cues (Berridge and Robinson, 1998) or
‘stamping in’ reinforcing stimuli (Wise, 2004). These theories of dopamine’s role in motivated
behavior are all alike in they that suggest that dopamine facilitates associative learning, thus
guiding future behavior. In support, dopamine function is critical for the acquisition of food
seeking behavior (Smith-Roe and Kelley, 2000), but not the act of consummatory behavior
(Grill and Norgren, 1978) or the hedonic expression of an animal engaged in consummatory
behavior (Pecina et al., 1997).

One important view of dopamine function has been proposed by Wolfram Schultz and
colleagues. Putative dopamine neurons exhibit increases in firing rates to the presentation of
rewarding stimuli (Mirenowicz and Schultz, 1994). However, this response shifts to predictive
stimuli for fully predicted rewards (Mirenowicz and Schultz, 1994). Conditioned responses of
dopamine neurons are reward-specific and vary based on predicted magnitude and certainty
(Cromwell and Schultz, 2003; Fiorillo et al., 2003; Mirenowicz and Schultz, 1996). Such
findings support a role of dopamine as a reward prediction error signal. This hypothesis predicts
that dopamine signaling is specific to unexpected rewards which constitute an error in reward
expectancy and predicts that the signal shifts to cues that predict rewards. In support, we have
recently shown that rapid dopamine release in the NAc tracks reward-related associations and
subsequent motivated behavior for natural rewards (Day et al., 2007). An example of this
finding is illustrated in Figure 7. Here, animals were trained on an autoshaping task wherein a
lever (the CS+) was extended into the chamber for 10 s followed by sucrose delivery into a
food receptacle. Interspersed between CS+ trials was the presentation of a second lever (the
CS-) that was also extended into the camber for 10s but was not followed by reward delivery.
As shown in Figure 7, rapid dopamine release was observed time locked predominately to the
reward-associated CS+ cue; smaller dopamine release was observed to the CS— lever (likely
related to generalization). Cue-elicited dopamine release events were observed in well-trained
animals while phasic dopamine signals time-locked exclusively to reward delivery were
measured during initial training trials. These findings support the view that NAc dopamine
signaling is essential for reward learning that may function to ultimately guide motivated
behavior for natural and drug rewards.

6. Role of Dopamine in Modulating NAc Cell Firing during Behavior

Animportant question investigated by our research group is how rapid dopamine release events
may come to modulate the activation of NAc neurons during goal-directed behaviors. It has
been proposed that the NAc is comprised of ‘neuronal ensembles’ or groups of cells with similar
functional properties that are activated by synchronous excitation of their inputs (Pennartz et
al., 1994). Clearly, our findings showing distinct subsets of NAc neurons that differentially
process information about natural and drug reward, aversive stimuli, cues paired with cocaine
reward, and reward predictors support this claim.
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How can dopamine activate discrete ‘neuronal ensembles’ in behaving animals? It has been
proposed that dopamine acts as a neuromodulator in the NAc, gating the activation of NAc
neurons by glutamatergic inputs from areas such as the basolateral amygdala, subiculum of the
hippocampus and prefrontal cortex, and thereby influencing the output of the NAc (Carelli and
Wightman, 2004; Mogenson et al., 1980; Nicola et al., 2000; Pennartz et al., 1994). Dopamine
may influence the excitability of striatal and NAc neurons through multiple mechanisms. For
example, medium-spiny neurons (which comprise approximately 90% of all NAc cells;
(Groves and Linder, 1983) exhibit a bistable membrane potential. These cells are typically not
capable of exhibiting action potentials, but periodically exhibit ‘up states’ during which action
potentials occur (O'Donnell, 2003). Dopamine facilitates such ‘up states’ while simultaneously
reducing firing rate (Goto and O'Donnell, 2001). Such action increases the signal-to-baseline
of phasically active NAc neurons thereby resulting in stronger efferent signals. Thus, dopamine
functions to increase the sensitivity of neurons to either excitatory or inhibitory input,
depending on striatal connectivity (Arbuthnott and Wickens, 2007). In fact, it has been recently
been shown that spike-timing-dependent plasticity, wherein single EPSPs and single action
potentials are paired to elicit synaptic plasticity, is dependent upon dopamine (Pawlak and
Kerr, 2008).

In light of this, it is not surprising that our research group has revealed that rapid dopamine
release events and phasic changes in NAc cell firing in behaving animals are coincident.
Specifically, we use a combined electrophysiology/electrochemistry methodology that allows
simultaneous measurements of rapid dopamine release using fast scan cyclic voltammetry and
extracellular recordings of NAc neurons from the same carbon-fiber electrode during behavior
(Cheer et al., 2007; Cheer et al., 2005). Using this approach, dopamine release and neuronal
cell firing can be measured with the same temporal and spatial resolution and examined relative
to discrete behavioral events. We have applied this technology to measure NAc activity and
rapid dopamine release during intracranial self-stimulation (ICSS). For example, in one task,
rats were trained to press a lever for intracranial stimulation following the onset of a distinct
audiovisual cue that signaled lever extension. We show that for the majority of recordings,
phasic cell firing occurred at the same locations in which rapid dopamine release was measured.
An example of this finding is illustrated in Figure 8. In this case, the NAc neuron displayed a
marked inhibition in cell firing during the cue that signaled impending lever extension; this
inhibition continued during lever extension, depression and reward delivery. Interestingly,
rapid dopamine release occurred within the same time period as changes in cell firing. We
further showed that iontophoretic application of the dopamine D1 receptor antagonist,
SCH23390 attenuated phasic cell firing during the task. Moreover, recording sites at which
nonphasic cell firing was observed (i.e., cells exhibited no change in firing rate relative to the
response) were generally the same locations at which no changes in rapid dopamine release
were measured. Collectively, these studies lend strong support for a critical role of dopamine
on a cellular level to modulate the activity of specific ensembles of NAc neurons that may
ultimately function to guide goal-directed behavior. Additional studies are currently underway
to examine if similar relationships between NAc cell firing and rapid dopamine release exist
during goal-directed behaviors for cocaine or natural rewards.

7. Neuroadaptation and Neural Signaling

Experimental manipulations similar to those presented here have been shown to cause
neuroadaptations in the NAc that may underlie the changes in signaling we report. For example,
cocaine experience causes sensitization to cocaine and cocaine-associated cues (Ferrario et al.,
2005; White and Kalivas, 1998; Wyvell and Berridge, 2001). This process is associated with
increased dendritic spine density and surface AMPA expression in NAc neurons (Boudreau et
al., 2007; Boudreau and Wolf, 2005; Robinson and Kolb, 1997, 2004) which suggests
potentiated glutamatergic signaling following abstinence. Consistent with this, increased
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glutamate function is associated with increased drug taking (Boudreau and Wolf, 2005;
Ferrario et al., 2005; McFarland et al., 2003). Analysis of the specificity within NAc signaling
pathways across subregions may aid our understanding of the functional repercussions of such
neuroadaptations. For example, the neuroadaptions underlying sensitization processes that
have been linked to increased drug seeking have been specific to the core (Ferrario et al.,
2005). Such regionally specific responses align with augmented drug-cue responses seen in
electrophysiology studies. As noted above, phasic activation of NAc neurons in response to
cocaine associated cues is potentiated selectively within the NAc core following abstinence
(Hollander and Carelli, 2005, 2007). Thus the augmented signal could be a result of altered
glutamatergic signaling from the prefrontal cortex or the basolateral amygdala to the NAc that
drives drug seeking (Carelli et al., 2003; Kalivas and Hu, 2006; See, 2005).

While some have attributed increased cocaine seeking to sensitization processes, tolerance also
coincides with augmented drug seeking. Chronic cocaine experience induces an elevated
threshold for the self-administration of electrical brain stimulation of midbrain dopaminergic
pathways, indicating a dampening of reward sensitivity (Ahmed et al., 2002; Kenny et al.,
2003). It is thought that an upregulation of “anti-reward” brain systems in the NAc involving
corticotrophin releasing factor and the kappa opioid system increase tolerance to the hedonic
effects of cocaine and other drugs of abuse and promote escalated use (Ahmed and Koob,
1998; Koob and Le Moal, 2008; Walker and Koob, 2008; Walker et al., 2000). In support, it
has been demonstrated that kappa opioid agonists reduce dopamine signaling the NAc (Britt
and McGehee, 2008; Donzanti et al., 1992). It is possible that such alterations may explain the
reduction in dopamine release for taste cues that predict cocaine availability. The continued
investigation of drug-dependent neuroadaptive processes with the simultaneous analysis of
differential signaling in the core and shell of the NAc will tease such motivational signals apart.

8. Concluding Remarks

Electrophysiological recordings in awake, behaving rats have provided important insight into
the underlying cellular mechanisms in the NAc mediating reward, aversion, hedonics and goal-
directed behaviors. Importantly, we have shown that the encoding of reward-related
information is highly dynamic and influenced by a variety of factors including hedonic valence,
reward comparison, cocaine abstinence and associative learning (Hollander and Carelli,
2007; Wheeler et al., 2008; Day et al., 2006; Carelli, 2000). Furthermore, electrochemical
measurements of rapid dopamine signaling in the NAc have provided critical information on
the role of dopamine in these processes. Using this approach, we have shown that in the awake
animal dopamine signaling is not uniform within the NAc but that discrete subregions exist at
which rapid dopamine release events occur (Wightman et al., 2007). Moreover, the release of
dopamine within these discrete locations in behaving animals is also highly dynamic and
influenced by factors such as associative learning. For example, rapid dopamine signaling
occurs in the NAc to environmental cues predicative of natural (e.g., sucrose) reward following
an operant response (Roitman et al., 2004), relative to lever press responding for cocaine as
well as presentation of cocaine-associated cues (Phillips et al., 2003; Stuber et al., 2005) and
during a Pavlovian conditioning task (Day et al., 2007). Furthermore, using a combined
electrophysiology/electrochemistry technique we have revealed that places at which NAc
neurons encode reward-related information are predominately the same locations at which
rapid dopamine release is observed (Cheer et al., 2007; Cheer et al., 2005). As such, dopamine
may function to modulate the activation of discrete functional microcircuits in the NAc that
influence the encoding of reward-related information and ultimately drive goal-directed
behaviors. Future studies will use these approaches to further dissect the neural circuitry
underlying motivated behavior and thus provide a better understanding of the manner by which
this system becomes dysfunctional in the cocaine addicted state.
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Figure 1.

NAC neurons exhibit opposite firing patterns during intraoral infusion of rewarding versus
aversive tastants. Top: The activity of a representative NAc cell that exhibited a decrease in
firing rate during infusion of a sweet sucrose solution (A), and another NAc neuron that showed
a clear increase in activity during intraoral infusions of a bitter quinine solution (B). Pump
onset at time 0 in PEH; horizontal black bar indicates intraoral infusion duration. The piecharts
show the percentage of all recorded NAc neurons that displayed either excitatory or inhibitory
responses to intraoral infusions of sucrose (C) or quinine (D). Figure modified from Roitman
et al. (2005) with permission from Elsevier.
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Figure 2.

Dynamic modulation of NAc cell firing during reward comparison involving two natural
rewards. A. Design of the behavioral task. A low concentration of sucrose (0.05 M) was
repeatedly delivered via intraoral infusion during the baseline period. Next, the same
concentration of sucrose was delivered, but in alternation with a higher, more palatable solution
(0.5 M). Each tick mark represents an infusion of the low (grey) or high sucrose concentration
(black). B. The baseline response of one cell to infusions of the 0.05 M sucrose was a
pronounced reduction in firing rate (left). However, the same cell exhibited no change in
activity to the same sucrose solution (middle) when given in an alternating manner with the
more palatable solution (right). Time O indicates infusion onset; horizontal black bar below
each PEH indicates the duration of the intraoral infusion.
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Figure 3.

NAC neurons exhibit differential, nonoverlapping firing patterns during goal-directed
behaviors for natural (water) versus cocaine reward. Left: PEHs show the activity of a single
neuron that exhibited increases in firing rate immediately following lever press responding for
water reinforcement (A) but no changes in activity (i.e., nonphasic firing) relative to the
reinforced response for intravenous cocaine during the self-administration phase of the multiple
schedule. (B). Right: Another NAc neuron recorded in a second animal exhibited nonphasic
firing during the water-reinforcement phase and a shift to patterned firing during self-
administration. Drug infusion indicated by horizontal lines below bottom PEHSs. R is reinforced
response. Figure modified from Carelli et al. (2003). Copyright 2003 by the Society for
Neuroscience.
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Figure 4.
NAC neurons track a learned aversion to saccharin following its repeated pairing with cocaine.

Top: A: PEH of a representative NAc neuron that exhibited a decrease in firing rate during
intraoral infusion of a distinctly flavored saccharin infusion that predicted availability to self-
administer saline. B: The same neuron shifted its firing profile to an excitatory response during
infusion of a differently flavored saccharin solution of the same concentration that was
repeatedly paired with cocaine self-administration. (Inset) Scale calibration: 26 mV, 100 ms.
Bottom; The piecharts show that the majority of NAc neurons exhibited inhibitory responses
to the tastant paired with saline self-administration (C), but shifted to predominately excitatory
activity during infusion of the tastant paired with cocaine self-administration (D). Figure
modified from Wheeler et al. (2008) with permission from Elsevier.
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Figure 5.

Rapid dopamine release is evident within seconds of reinforced responding for cocaine during
self-administration sessions. Dopamine significantly increased within seconds preceding and
immediately following the cocaine reinforced lever press response (dashed line, time 0). One
representative trial shown. Black bar indicates the duration of cocaine infusion (0.33 mg/inf);
shaded bar indicates the presentation of the drug-associated cues. Asterisks indicate confirmed
dopamine events. Figure modified from Stuber et al. (2005) with permission from Elsevier.
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Figure 6.

One-month abstinence from cocaine self-administration increases the percentage of NAc
neurons that respond to cocaine-associated cues (CS). A. CS-induced behavioral activation
(time in, and number of approaches to, cocaine-associated lever quadrant). B. PEHs show
examples of representative neurons exhibiting excitatory (top) or inhibitory (bottom) responses
to the CS (5 s duration; onset indicated by dashed line labeled ‘CS’ in each PEH). C. Percentage
of NAc neurons that were significantly activated by the CS for 1 d and 1 month cocaine
abstinent rats. **p < 0.01. Figure from Hollander et al. (2007). Copyright 2007 by the Society
for Neuroscience.
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Figure 7.

After training, rapid dopamine release events in the NAc shift from the onset of primary
(sucrose) reward to conditioned stimuli (CS) associated with reward delivery. Top:
Representative changes in dopamine signaling during a trial in which the CS+ (top) signaled
reward delivery (at inverted arrow). The horizontal black bar indicates the duration of the CS
+. Bottom: Smaller dopamine release event during a trial in which the CS— signaled no reward
delivery. The horizontal grey bar indicates the duration of the CS—. Figure modified from Day
et al. (2007) with permission from Nature Publishing Group.
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Figure 8.

Combined electrophysiological and electrochemical measurements reveal similar temporal
dynamics of rapid dopamine release and NAc cell firing during intracranial self-stimulation.
The overlaid trace (grey) shows the time course of extracellular dopamine concentration
changes simultaneously measured at the same location where a NAc neuron was recorded.
Note that changes in rapid dopamine release events occurred during the period at which the
NAc neuron exhibited a phasic inhibition in cell firing. Cue onset at time O; lever extension at
1s; gray symbols in raster represent lever presses; stimulation delivery indicated by symbols
under double arrow in raster display. Figure modified from Cheer et al. (2008) with permission
from Elsevier.
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