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Abstract

The concept of reward is central to psychology, but remains a cipher for neuroscience.
Considerable evidence implicates dopamine in the process of reward and much of the data derives
from the nucleus accumbens. Gustatory stimuli are widely used for animal studies of reward, but
the connections between the taste and reward systems are unknown. In a series of experiments, our
laboratory has addressed this issue using functional neurochemistry and neuroanatomy. First,
using microdialysis probes, we demonstrated that sapid sucrose releases dopamine in the nucleus
accumbens. The effect is dependent on oral stimulation and concentration. We subsequently
determined that this response was independent of the thalamocortical gustatory system, but
substantially blunted by damage to the parabrachial limbic taste projection. Further experiments
using c-fos histochemistry confirmed that the limbic pathway was the prime carrier for the
gustatory afferent activity that drives accumbens dopamine release.
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The Problem of Reward

Reward is a psychological construct still in search of neural mechanisms. The problems
associated with this pursuit arise because the construct itself has several definitions. Natural
rewards are produced by sensory stimuli but they are not synonymous with them.
Physiological conditions and experience influence, even reverse, the reward value of stimuli.
Non natural rewards are produced by drugs and electrical stimulation acting directly on the
brain. This provides strong evidence that reward is a central phenomenon. Despite this, the
most widely accepted definition of reward is psychological, i.e. a stimulus that increases the
probability of a closely antecedent behavior occurring again. This definition is preferred
because it is operational but it involves learning and thus becomes entwined with a related
concept, incentive motivation [1]. A second definition is introspective, i.e. any stimulus that
‘feels good.” This is not actually a definition, but a category and, of course, the items in that
category vary for each of us. In the neural search, however, this approach has utility because
some stimuli are broadly agreed by humans to be in that category and their reward value
does not require experience, but they nevertheless do support operant learning. This
confluence of definitions permits the inference that animals experience reward from these
stimuli much the same way as do humans. This inference underlies research on the neural
bases of reward and, perhaps because it is usually left unstated, results in some confusion.
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Reward mechanisms in the brain began with the discovery of electrical self-stimulation by
Olds and Milner [2] and, for 20 years, they were assigned to the lateral hypothalamus along
with biological motivation [3]. The hegemony of the hypothalamus crumbled under
evidence from three disparate sources -- the capacity of the isolated brainstem to organize
ingestive behavior [4,5], the importance of the vagus in hypothalamic feeding syndromes
[6], and the discovery of the mesolimbic dopamine system [7]. Since that low point in the
1970s, motivation has been reinstated slowly in the hypothalamic-preoptic continuum.
During this period, neural analysis of female sexual behavior in rodents maintained the
credibility of this traditional viewpoint by outlining the neural pathways from the
hypothalamic ventromedial nucleus that regulated the spinal mechanisms of the
consummatory behavior, lordosis [8]. Subsequently, the number of peptides and peptide
hormones involved in energy balance regulation burgeoned and their interactions are
centered in the hypothalamus [9].

The hypothalamic mechanisms of reward, however, never recovered their prominence. The
dopamine theory of reward shifted attention to the mesencephalic-striatal systems, primarily
to its mesolimbic component and the nucleus accumbens [10,11]. Although a great deal is
now known about these systems, their roles in reward and motivation remain in flux. At
least four theoretical stances vie for position, each supported on substantial empirical bases
[11-17]. Much of these data arise from paradigms using complex stimuli, often food, and
learning. In some instances, simpler stimuli, such as sucrose, are employed and non-learned
responses observed. Regardless, the data consist of some measure of neural activity within
the nigrostriatal system or its mesolimbic parallel [18-20]. Theoretically, these systems
translate motivation into motor responses, i.e. behavior, but their functions have yet to be
clearly determined. Coupled with this, the sensory signals they utilize are even less well
understood. Given this synaptic remoteness from the sensory receptors or the motor
effectors, it is not surprising that the data are open to interpretation.

Taste as Reward

The research reviewed here attempts to reduce this remoteness by tracing a well
characterized sensory system, taste, to the neurons of the nucleus accumbens whose activity
appears to track reward value. The first task was to determine if a normally rewarding
gustatory signal, sucrose, released DA in the accumbens. Mark and his colleagues [21]
demonstrated that saccharin intake increased dopamine flux in the NAc. More importantly,
when they rendered the saccharin aversive by associating it with a toxin, licking the stimulus
not only failed to elicit dopamine release from the NAc, but actually reduced it. The most
obvious interpretation of these data is that accumbens dopamine levels track the reward
value of the stimulus, but other possibilities exist. Both the volume ingested and the
ingestive behavior change when the stimulus switches from rewarding to aversive.

In a similar experiment, we trained rats to ingest water and sucrose and, once they were well
practiced, measured dopamine flux in the NAc using microdialysis while they sampled both
stimuli. Although food and fluid deprived overnight, the rats licking water did not stimulate
NAc dopamine release. In these same animals, however, licking 0.3 M sucrose increased
accumbens dopamine up to 300% ([22]). In a subsequent study, we used only water
deprivation (14 h overnight), different concentrations of sucrose, fixed fluid volumes, and
sham ingestion. These experiments determined that NAc dopamine overflow was a positive
function of sucrose concentration, but not of the volume consumed or gastrointestinal
feedback (Fig. 1A & B; [23]). With these data, we controlled for the novelty of the stimulus,
the amount of behavior elicited, and its nutritional value. This sidelined the most obvious
confounding variables and left the relative reward value of the sucrose to account for its
effect on NAc dopamine [16,17].
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Although the reward value of sucrose is correlated with dopamine release, it is not clear
where in the process the hedonic tone of the afferent message is determined. For taste, it
might begin on the periphery, at least for reward values dictated by motivation. Sodium
depletion sufficient to induce a salt appetite changes the response characteristics of chorda
tympani axons [24-26]. Despite these alterations and further coding changes in the in the
nucleus of the solitary tract [27-29], when sodium depleted, chronic decerebrate rats do not
alter their behavioral responses to NaCl [30]. This implies that the forebrain is needed to
determine the reward value of the afferent activity elicited by the consummatory stimulus.
The case for forebrain participation is even stronger for learned changes in reward value,
such as conditioned taste aversions [4,5, 31].

The Central Gustatory System

The Logic

In order for the forebrain to participate in assigning hedonic value to afferent activity, the
sensory systems involved must interact with the neural mechanisms that elaborate reward
and aversion. This interaction might occur in forebrain reward areas, such as the mesolimbic
dopamine system, or in the sensory nuclei themselves. For taste, there is evidence for both,
but only the former is addressed here in any detail. The first central synapse for the gustatory
system is in the rostral half of the nucleus of the solitary tract (NST), an area that also
receives primary afferent intraoral trigeminal axons [32]. In rodents, second order taste
neurons ascend from the NST largely ipsilaterally to the pontine parabrachial nuclei (PBN;
33-35]. From the PBN, third order taste neurons take two routes to the forebrain [36]. One
projection terminates bilaterally in a medial extension of the thalamic trigeminal relay.
Thalamic gustatory neurons then ascend to the cortical taste area, a thin strip of agranular or
dysgranular cortex straddling the middle cerebral artery just dorsal to the rhinal fissure
[37,38]. This thalamocortical system is supported by unambiguous anatomical evidence and
electrophysiological confirmation of its gustatory function. Two other reported connections
in this system -- one directly from PBN to taste cortex, the other from the gustatory thalamus
to the amygdala -- are less consistently supported by the anatomical evidence and have no
electrophysiological confirmation whatsoever (see Lundy and Norgren [39], for a review).

The second projection from the parabrachial nuclei is mostly ipsilateral, more extensive, but
probably less gustatory. Its major targets are the central gray, hypothalamus, amygdala, and
bed nucleus of the stria terminalis [36]. Of these, incontrovertible evidence that PBN axons
convey gustatory afferent activity is available for the amygdala, lateral hypothalamus, and
the bed nucleus of the stria terminalis [36, 40-42]. In these experiments, PBN neurons that
responded to sapid stimuli were antidromically invaded from stimulating electrodes in these
nuclei. Parabrachial neurons project less robustly to other areas in the limbic forebrain, such
as the ventral tegmental area, preoptic area, and substantia innominata, but their sensory
functions have not been tested. The gustatory function of the PBN ventral projections is an
issue because the majority of these axons probably carry visceral afferent information rather
than taste (see Saper [43], for a review).

of Taste Reward

In the present context, the bifurcated central taste projection provides two potential routes by
which gustatory afferent activity could interact with central reward systems. Our research
has focused on which of these routes supports the release of dopamine from nucleus
accumbens when rats are licking sucrose. We chose this index because the evidence
reviewed above indicates that NAc dopamine tracts the reward value of substances that taste
sweet to humans. To test the route of afferent activity from the tongue to NAc, we
conducted two sets of experiments that used different dependent variables -- NAc dopamine
flux and immunohistochemical staining of the protein product of the immediate early gene
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c-fos. The logic for both is similar. If the gustatory afferent activity that influences
accumbens dopamine requires cortical processing, then bilateral lesions of the thalamic taste
relay should block the response. If the dopamine release during sucrose licking depends on
the direct limbic projections, then thalamic lesions should have little effect, but parabrachial
gustatory lesions should interfere with the response.

We first repeated the NAc dialysis experiments summarized earlier but did so in separate
groups of rats that had ibotenic acid lesions of either the thalamic taste relay or the
parabrachial nuclei. Because these lesions can influence ingestive behavior differently, we
also had separate groups of control rats that had surgery identical to the experimental rats
but had intracerebral infusions of saline rather than ibotenic acid. During sucrose licking, the
rats with sham lesions in either gustatory relay produced a spike of accumbens dopamine
equivalent to that in unoperated animals. Given the same sapid stimulus, rats with lesions of
the thalamic taste area also released similar levels of accumbens dopamine. In rats with
bilateral parabrachial lesions, however, licking 0.3 M sucrose elicited a significant, but
much blunted NAc dopamine response. It measured only one third that of the PBN controls
(Fig. 1C; [44]). Given that accumbens dopamine tracts the reward value of sapid sucrose, it
appears that much if not all of the gustatory afferent activity needed for that response is
carried by the parabrachial limbic projection.

The second set of experiments used the same logic but, for technical reasons, required a
more elaborate design [45]. Although the dopamine release occurs during sham licking of
sucrose, the visceral axons in the PBN limbic projections raised the possibility that vagal
afferent activity contributed to the accumbens response. To control for this, two sets of PBN
lesions were included -- one medial, centered on taste neurons, the other lateral, aimed at the
visceral afferent relay. In addition, unlike accumbens dopamine, which is modulated on a
second by second time scale [46], c-fos requires stimulation over many minutes to reach
detectable levels. Therefore, the rats needed to be trained to sham drink sucrose and water
for an hour. This required implanting chronic gastric cannulas, overnight food and water
deprivation, and training for more than a week to achieve stable sham intake. To control for
experience, each rat had 0.6 M sucrose one day and water the next. Thirty minutes after the
last sham drinking session, the rats were sacrificed and their brains processed for
immunohistological localization of the c-fos protein.

The brains of control rats that sham licked sucrose contained substantially more c-fos label
in a distinct nuclear pattern than did those of control rats ingesting water [45]. As expected,
the central gustatory relays each contained significantly more label when rats licked sucrose.
More surprisingly, so did some limbic areas that receive direct projections from the
parabrachial nuclei, including the central nucleus of the amygdala and the bed nucleus of the
stria terminalis (Fig. 2A & B). Perhaps most telling, compared with water, sham sucrose
licking increased the number of c-fos labeled cells in the shell of the nucleus accumbens, but
not in its core. After bilateral thalamic lesions, the differential label disappeared in the
gustatory cortex but, in the other areas, licking sucrose still produced a significant increase
in c-fos. Lesions in the lateral, non-gustatory PBN had no significant effect on forebrain c-
fos label provoked by sham ingestion of water or sucrose (Fig. 2D). As might be expected
from the anatomy of the central taste system, similar lesions centered more medially in the
gustatory PBN eliminated differential c-fos label in the thalamic taste area and the gustatory
cortex. The same lesions also blocked the c-fos response to sham sucrose intake in the
amygdala, bed nucleus, and the accumbens shell (Fig. 2C).
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Discussion

Taken with the dialysis data, these results add weight to the inference that the sensory
activity produced by sapid sucrose reaches the nucleus accumbens via the parabrachial
limbic projections rather than the thalamocortical route. The fact that all the rats were sham
feeding confirms that the differential activation elicited by sucrose was due to oral sensory
stimulation. The group with lateral, visceral afferent PBN lesions, which had little if any
effect on c-fos labeling, adds emphasis to this claim. Aside from distinguishing between the
two gustatory projections to the forebrain, however, neither the dialysis data nor the c-fos
experiments determine the synaptic organization of the gustatory influence on accumbens
dopamine.

Indeed, the data present an embarrassment of riches. The limbic areas most affected by the
gustatory PBN lesions, the amygdala and the bed nucleus of the stria terminalis, both have
direct and indirect connections to nucleus accumbens [47,48]. In addition, there are areas
that receive projections from the PBN in which sucrose licking failed to produce differential
c-fos labeling such as the lateral hypothalamus and the ventral tegmental area. The lateral
hypothalamus has reciprocal connections with NAc and, of course, the ventral tegmental
area contains the neurons whose activity releases dopamine in the accumbens. These
possibilities are amenable to experimental sorting but the possibility of a simple solution,
say a monosynaptic excitatory projection from the PBN to the ventral tegmental dopamine
neurons, seems unlikely. In most neural systems, when a variety of potential possibilities
exist, further analysis usually reveals a role for all of them.
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Figure 1.

Dopamine release from the nucleus accumbens shell before, during, and after licking 0.3 M
sucrose expressed as a percentage of prestimulus baseline. Dopamine was collected by
microdialysis in 20-min samples and measured with high performance liquid
chromatography. The dotted lines indicate the sample taken during sucrose licking.
Statistically significance differences from baseline (p < 0.05) are indicated by asterisks. A.
Concentration-response functions using 0.03 M, 0.1 M, and 0.3 M sucrose during sham
feeding. Only one solution was tested per day, but most rats were tested over at least 2 days
and thus licked more than one concentration. B. Sham feeding a fixed volume of either 0.03
M or 0.3 M sucrose. The volume was 75% of the average that the rats ingested of the 0.03 M
stimulus during a 20 min sham feeding session. C. The effect of central gustatory lesions on
dopamine release in nucleus accumbens while ingesting 0.3 M sucrose. Abbreviations:
PBNx — Bilateral lesions of the parabrachial nuclei; Sham. Op. - Combined data from 2
groups of full surgical controls; TTAX — Bilateral lesions centered on the thalamic taste
relay. The data are published elsewhere in a different form [23, 44].
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CTRL + SUC
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Figure 2.

Digital photomicrographs of c-fos immunohistochemical staining in the coronal brain
sections through the central nucleus of amygdala (CeA) from rats elicited by 1-h sham
drinking of distilled water (dH,O) or 0.6 M sucrose (SUC). The c-fos positive neurons are
shown in a control (CTRL) animal given dH,0O (A), sucrose (B). The mPBNXx (C) vs. IPBNx
(D) rats were given with sucrose. Calibration bar = 50 pum.

Physiol Behav. Author manuscript; available in PMC 2011 June 14.



