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Encoding of Palatability and Appetitive Behaviors by
Distinct Neuronal Populations in the Nucleus Accumbens

Sharif A. Taha and Howard L. Fields
Department of Neurology, University of California, San Francisco, San Francisco, California 94143, and Ernest Gallo Clinic and Research Center, University
of California, San Francisco, Emeryville, California 94608

Obesity is a major public health problem. Palatability (i.e., the reinforcing value of food, derived from orosensory cues) is a significant
factor in determining food intake and contributes to increased consumption leading to obesity. The nucleus accumbens is a ventral
striatal region that is important for both appetitive and consummatory behaviors and has been implicated in modulating palatability. In
this study, we investigated palatability encoding in the firing of nucleus accumbens neurons in rats. Nucleus accumbens neurons with
significant changes in firing rate during consummatory behavior displayed one of two principal firing patterns. Firing in one class of
nucleus accumbens neurons was correlated with the palatability of sucrose reinforcers; changes in neural activity in this class consisted
primarily of excitations. Within this group of neurons, a subset was sensitive to the relative value of sucrose reinforcers, as assessed by a
behavioral contrast paradigm. A second and distinct population of nucleus accumbens neurons, with changes in firing that were pre-
dominantly inhibitions, was not sensitive to reinforcer palatability; rather, these inhibitions were present even during unreinforced bouts
oflicking. In addition, the onset of these inhibitions typically occurred before the initiation of the licking behavior itself. We propose that
two primary classes of nucleus accumbens neurons contribute to neural processing immediately before and during reinforcer consump-
tion: inhibitions related to initiation and maintenance of consummatory behaviors and excitations that encode reinforcer palatability.

Key words: nucleus accumbens; palatability; obesity; striatum; appetitive behavior; consummatory behavior

Introduction

Obesity is a major threat to health in industrialized nations, and
its prevalence is rapidly increasing in developing nations (World
Health Organization, 2000). Weight gain results when caloric
intake exceeds energy expenditure, and obesity results when this
imbalance occurs over a sustained period of time. Food palatabil-
ity (i.e., the reinforcing value of food derived from sensory qual-
ities such as taste and texture) is one factor that potently pro-
motes food intake (Saper et al, 2002). Because the sensory
qualities associated with palatability typically signal high energy
density, palatability-driven feeding provides an important safe-
guard against food scarcity by promoting consumption of
energy-dense foods. In the present context of extraordinary food
abundance and accessibility, however, the same mechanism is
likely a significant cause of the rapid and recent increase in obe-
sity (Hill and Peters, 1998). Identifying the neural mechanisms
through which palatability is represented in the brain and pro-
motes food intake is an important step in developing novel ther-
apies to combat obesity.
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The nucleus accumbens (NAcc) is a ventral striatal nucleus
with a critical role in both appetitive and consummatory phases
of behavior (Berridge and Robinson, 1998). In particular, elegant
pharmacological experiments have shown that endogenous opi-
oid signaling in the NAcc contributes significantly to consumma-
tory behaviors (Kelley et al., 2002), likely through modulation of
the palatability of consumed reinforcers. In support of this hy-
pothesis, opioid microinfusion into the NAcc is particularly ef-
fective in increasing the intake of energy-dense foods (Pecina and
Berridge, 2000; Zhang and Kelley, 2002). Conversely, opioid an-
tagonists injected into the NAcc can block the intake of normally
preferred reinforcers without affecting consumption of less pal-
atable alternatives (Kelley et al., 1996).

Elucidating the mechanisms that underlie these pharmaco-
logical effects requires a better understanding of neural encoding
in the NAcc. Specifically, is the palatability of natural reinforcers
represented in the firing of NAcc neurons, and if so, how? Cer-
tainly, it is clear that the sensory properties of reinforcers can
affect firing in the NAcc. For instance, the neural activity in the
primate ventral striatum, including the NAcc, encodes the mag-
nitude and identity of a juice reward (Williams et al., 1993; Hassani et
al., 2001; Cromwell and Schultz, 2003). In contrast, studies of the
rodent NAcc have emphasized the relative paucity of units that dis-
criminate between different natural reinforcers (Carelli et al., 2000,
2002; Carelli and Wondolowski, 2003). Thus, despite strong phar-
macological evidence suggesting the NAcc plays an important role in
modulating palatability, the nature of palatability encoding in the
firing of NAcc neurons remains poorly understood.
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Here, we recorded from NAcc neurons in rats consuming
sucrose reinforcers to determine whether the activity of NAcc
neurons in the rodent encodes reinforcer palatability and
whether firing in NAcc neurons tracks the changing relative value
of a reinforcer in a behavioral contrast paradigm.

Materials and Methods

Experimental subjects. Male Long—Evans rats (n = 19; Charles River Lab-
oratories, Wilmington, MA) were used for electrophysiological record-
ing. Rats were food restricted to maintain 90% ad libitum body weight
and water restricted, with 2 h ad libitum access to water after daily exper-
imental sessions.

Behavioral paradigms. Behavioral paradigms were conducted in Plexi-
glas chambers (42 X 53 X 40 cm) equipped with a white noise generator
(Med Associates, St. Albans, VT). Each chamber contained a single lick
spout with attached photobeam lickometer (Colbourn Instruments,
Allentown, PA), which was used to detect and timestamp individual licks.
Three different solutions could be delivered from the lick spout without
mixing, because three separate tubes were housed within the outer diam-
eter of the lick spout and extended to the tip of the spout. There was no
dead space associated with switching solutions. Gravity flow delivery of
solutions was independently computer controlled by two-way solenoid
valves (Fisher Scientific, Pittsburgh, PA) using commercial software
(MedPC, Med Associates).

Two behavioral paradigms were used in this study. The sucrose dis-
crimination task was used to test for the presence of neurons modulated
by reinforcer palatability. In each trial, rats could obtain one of three
solutions (0, 3, or 10% sucrose solution) by delivering licks to a single
spout. The availability of the solution was signaled by a white noise cue,
which was turned off with the first lick delivered to the spout. The white
cue was identical for all three solutions. Thus, animals were never cued to
the identity of the solution available, which was selected semirandomly
(up to three successive presentations of any particular solution were
allowed). After an initial lick delivered to the spout, the solution was
available for an interval lasting 1.0, 1.5, or 2.0 s. Duration of reward
availability was randomized to avoid expectation-driven behaviors that
might influence NAcc neural activity. During the period of reward deliv-
ery only, each lick delivered to the spout triggered the delivery of ~10 ul
of solution. Animals were required to abstain from licking the spout for a
period of 5 s to initiate a new trial. Rats were trained on this task until they
completed =100 trials in a single behavioral session.

In the second behavioral task, a contrast paradigm was used to deter-
mine whether firing in NAcc neurons encodes the relative value of a 3%
sucrose solution. Trial timing and initiation were identical to the first
paradigm. However, only the 0 and 3% sucrose solutions were delivered
for the first ~60 trials of each session. Thereafter, only the 3 and 10%
sucrose solutions were made available for consumption. This paradigm
robustly decreased the reinforcing value of the 3% sucrose solution, as
measured behaviorally.

Surgical techniques. After training, rats were stereotaxically implanted
bilaterally with eight-wire electrode arrays (NB Labs, Denison, TX) di-
rected at the nucleus accumbens (anteroposterior, 1.2—1.5; mediolateral,
0.7-1.2; dorsoventral, 7.0-7.5). Arrays were composed of blunt-cut
stainless-steel 50 wm wires in a 2 X 4 arrangement.

Single-unit recording and discrimination. Neural signals were recorded
with a unity head stage amplifier, amplified 10,000-fold, and captured
digitally using commercial hardware and software (Plexon Instruments,
Dallas, TX). Discrimination of individual units was performed off-line
using principal component analysis of waveform shape.

Single units were identified by waveform shape, interspike interval,
and firing characteristics. In many instances, single units were stable
across multiple days. In these cases, only the data gathered from the first
day of recording of that unit was included in analyses of firing properties
to ensure that the aggregate data did not over-represent stable single
units.

Data analysis: sucrose discrimination. Lick bouts were defined to cap-
ture periods of near-continuous licking. The first lick delivered to the lick
spout after trial onset defined the beginning of each lick bout. The con-
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clusion of a lick bout was defined either by the time of the last lick
delivered during the period of reinforcer delivery (i.e., the last reinforced
lick) or the onset time of the first interlick interval exceeding 0.5 s, which-
ever yielded the longest bout. The 0.5 s threshold for interlick interval was
chosen because it corresponds to a deep trough in the power spectral
density of licking, below a strong peak of ~7 Hz (data not shown), and
thus served to identify discrete bouts of licking. The last reinforced lick
was used as the criterion to define the minimum reinforced bout length
to ensure that reinforced licks were never included in unreinforced bouts
(UBs).

Often, rats engaged in licking behavior during the intertrial interval,
when no liquid was ever delivered. The 0.5 s interlick interval criterion
was used to define discrete bouts of licking confined entirely to this
intertrial interval (designated UBs). Interlick intervals >0.5 s marked the
conclusion of one lick bout and the initiation of the subsequent lick bout.

Significant changes in neural activity occurring during lick bouts were
identified in two ways. First, firing during all reinforced lick bouts occur-
ring in a single session was grouped and compared with firing during a
baseline period, a 2 s interval beginning 4 s before licking bout onset. This
baseline period occurred during the obligatory pretrial interval in which
no licks occurred and excluded the 2 s just before the onset of lick bouts,
when transient modulations apparently related to approach behaviors
were common. Significant inhibitions and excitations were identified
using the nonparametric Mann—-Whitney rank sum test using commer-
cial software (SigmaStat; SPSS, Chicago, IL). Second, single units with
neural firing discriminating between sucrose concentrations were iden-
tified using nonparametric one-way ANOVA (Kruskal-Wallis test),
comparing firing rates during lick bouts for different solutions. For all
neurons showing significant results in the ANOVA, Dunn’s post hoc test
was used to identify significant pair-wise differences ( p < 0.05).

Some NAcc neurons showed especially transient phasic excitations or
inhibitions confined to bout onset. In cases in which the change in firing
rate in the first second of the bout was at least threefold more than the
change calculated over the entire bout, the firing rate in the first second
after bout onset was used for statistical analysis.

Very brief lick bouts (<<1 s) had the potential to greatly increase the
trial-by-trial variability in spike frequencies calculated over the duration
of the lick bout. In NAcc neurons with typically low firing rates, spike
rates calculated for these brief bouts varied between low values (usually
0) and very high values (as division by a time interval <1 s inflated
calculated spike rate). To avoid this problem, all lick bouts <0.6 s were
discarded.

Relative reward encoding. Intervals defining lick bouts and baseline
periods used for analysis of firing rates were defined as above (Data
analysis: sucrose discrimination). Single units encoding relative rein-
forcer value were identified using the Mann—Whitney rank sum test by
comparing firing during 3% sucrose consumption during the first and
second parts of the behavioral session, when that solution was paired
with 0 and 10% sucrose, respectively. Firing was normalized to baseline
firing rate for this comparison to correct for baseline drift over the course
of the behavioral session. Single units in which spike rate was not changed
by relative value were tested for modulation by sucrose concentration by
comparing firing across lick bouts for 0, 3, and 10% sucrose (combining
bouts of 3% sucrose consumption during the first and second parts of the
session).

Correlation of bout length/firing rate with time. Satiety encoding in
NAcc single units was investigated by calculating changes in normalized
firing rate over the course of the behavioral session. Statistical compari-
son was performed using two-way ANOVA (firing rate vs time in session
for each of the three sucrose reinforcers). Time in the behavioral session
was binned into “early” and “late” time periods before and after the
midpoint of the entire session time, respectively.

The analysis described above detects changes in firing rate occurring
over the behavioral session but does not relate the magnitude of any such
changes to the magnitude of satiety-related behavioral changes occurring
during that time frame. To more explicitly examine potential covariation
of firing rate and bout length over behavioral sessions in the entire pop-
ulation of palatability-modulated units, a two-part analysis was used. For
each unit, the correlation coefficient relating firing rate and time elapsed
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in the session was calculated for each sucrose reinforcer. This calculation
was repeated for bout length versus time. The correlation between these
coefficients was then calculated. Correlation coefficients, rather than raw
slope values, were used in this comparison, because the correlation coef-
ficient provides a bounded measure of the strength of the association
between the correlated variables. Spearman’s rank order correlation was
used to test for correlations between bout length/firing rate and time.

Onset/offset of changes in neural activity. To examine the timing of
changes in NAcc neural firing relative to the initiation of licking behav-
ior, onset and offset times of significant changes in neural firing rate were
calculated from all lick bouts lasting 2 s or longer. This allowed analysis of
neural firing during well defined, prolonged periods of consummatory
behavior. The mean firing rate during the time window of 2—4 s before
the onset of licking served as the baseline firing rate. For each neuron, a
smoothed (boxcar filter with 0.3 s kernel) perievent histogram (100 ms
bins) was constructed around the beginning of the lick bout. The onset
time of the change in neural activity was defined as the timestamp of the
first bin after the baseline period, of eight or more successive bins, with
firing rates more than three SDs from the baseline firing rate. This algo-
rithm ensured that only sustained periods of inhibition or excitation
were considered in defining onset times. Units that did not meet this
requirement (those with noisy histograms or very transient changes in
firing rate) were not included in this analysis. Of the total number of units
recorded in the sucrose discrimination task, 36 NAcc inhibitions and 24
excitations met the criterion for inclusion in this analysis. A similar pro-
cedure was used for calculating offset times, using the timestamp of the
last bin of eight or more successive bins with firing rates more than three
SDs from the baseline firing.

Calculation of firing rate during unreinforced licking. For NAcc neurons
inhibited before and during lick bouts, we determined how neural firing
rate varied as a function of unreinforced licking behavior, which oc-
curred between periods of reinforcer delivery. To do so, we first defined
the time interval in each trial that included only bouts of unreinforced
licks (unreinforced interval); this period began with the last lick of a
reinforced lick bout and ended with the first lick of the subsequent rein-
forced lick bout. For each neuron, we calculated both firing rate and lick
rate in a 4 s time window beginning at the onset of this unreinforced
interval. We then advanced this 4 s window in 1 s increments across the

Sucrose concentration

Sucrose discrimination paradigm and behavioral performance. A, Schematic of task structure. The first lick delivered
after trial initiation, signaled by white noise onset, resulted in a brief period of reinforcer availability. Subjects were required to
withhold licking for 5 s to initiate a new trial. Bouts designate licking episodes during reinforcer delivery, and unreinforced bouts
indicate licking episodes during which no reinforcer was delivered. B, Mean bout length increased monotonically with increasing
sucrose concentration ( p << 0.05 for all post hoc comparisons) for 0, 3, and 10% sucrose reinforcers. C, Mean intertrial interval
increased with increasing sucrose concentration ( p << 0.05 for all post hoc comparisons; data taken from 22 behavioral sessions

Behavior in the sucrose

discrimination task

Multiple measures of behavior in the su-
crose discrimination task (Fig. 1A) con-
firmed that the palatability of sucrose rein-
forcers increases monotonically with
increasing sucrose concentration. For re-
inforced lick bouts, mean bout time aver-
aged 3.2 = 0.03 s for 10% sucrose (mean *
SEM), decreased to 2.4 * 0.05 s for 3%
sucrose, and decreased further to 2.1 *
0.07 s for 0% sucrose (Fig. 1B). Bouts of
unreinforced licking (termed unreinforced bouts) were shortest,
averaging 1.3 * 0.8 s. All differences were significant (F(; 4051y =
1358.1, p < 0.001, one-way ANOVA; p < 0.05 for all post hoc
comparisons). The sucrose discrimination task required an
obligatory 5 s period without licking to initiate each new trial;
thus, the intertrial interval, measured from the end of a rein-
forced lick bout to the onset of a new trial, was determined by the
animals’ ability to withhold licking for this period. Intertrial in-
tervals varied significantly as a function of the palatability of the
reinforcer delivered (F,, 4790y = 304.6; p < 0.001). Intertrial in-
tervals were longest after 10% sucrose delivery (23.6 = 1.0 s) and
significantly shorter for 3 and 0% sucrose (19.6 = 0.6 and 16.6 =
0.5 s, respectively; p < 0.05 for all comparisons).

Overview of neural firing patterns in the sucrose
discrimination task

We recorded a total of 220 single units in 19 rats performing the
sucrose discrimination paradigm (Table 1, sucrose discrimi-
nation paradigm). Of the units with significant changes in
neural activity occurring during consumption, inhibitions (62
units) were more common than excitations (27 units).

NAcc neurons encode reinforcer palatability

Of the 220 neurons recorded in the sucrose discrimination para-
digm, a total of 27 were modulated by reinforcer palatability:
firing rate in these neurons varied as a function of the reinforcer
consumed. Somewhat surprisingly, given the relative rarity of
excitations in the total population, a majority of these firing pat-
terns were excitations (20 of 27; 74%) (Fig. 2A-E). Inhibitions
encoding reinforcer palatability were less common (Fig. 2F),
comprising 19% (5 of 27) of the units sensitive to palatability.
Firing in two units was sensitive to sucrose concentration but not
significantly different from baseline levels overall.
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Palatability-driven changes in neural activity typically began
at short latency after bout onset (onset time, 150 = 176 ms;
mean = SEM) and subsided before the termination of the bout
(offset, 644 *+ 234 ms before bout termination). There was con-
siderable diversity in the nature of the response occurring during
lick bouts. The example unit shown in Figure 2 A responded to all
sucrose reinforcers at very short latency after bout onset, with the
excitatory response peaking ~350 ms after bout onset. In contrast,
the example unit shown in Figure 2 D responded more selectively,
with significantly elevated firing rates occurring only during 10%
sucrose consumption, and at longer latency, with peak response
~1.7 s after bout onset. Almost all units (25 of 27; 93%) showed
increased firing with increasing sucrose concentration. In the re-
maining two units, both of which were inhibited during lick bouts,
inhibition increased with increasing sucrose
concentration and was maximal during 10%
sucrose consumption. A

Rats frequently licked the lick spout
during intertrial intervals. These unrein-
forced bouts allowed us to dissociate the
impact of sensory and motor variables on
NAcc firing rates, because sucrose rein-
forcers were never available during these
licking episodes. Changes in neural activity
occurring during unreinforced bouts of
licking were uncommon, occurring in only
two of the total 27 units. Thus, for the large
majority of palatability-encoding units,
changes in neural activity were exclusively
driven by sensory information and not by
the act of licking itself.
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il \||\
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Satiety effects on NAcc neurons
encoding palatability

Food intake is tightly regulated by antago-
nistic neural pathways promoting and sup-
pressing eating (Smith, 1996). The latter
include feedback pathways originating in
the periphery that signal gastric distention
after food ingestion (Berthoud, 2002).
Such satiety signals are important modula-
tors of palatability (Foster et al., 1996; Yeo-
mans et al., 2001). Thus, we sought to de-
termine whether firing in NAcc neurons
encoding reinforcer palatability was also
influenced by satiety developing over the
course of experimental sessions.

Two behavioral measures suggested
that the reinforcing value of sucrose solu-
tions declined over the course of the exper- 0 8
imental session, consistent with increasing
satiety. Mean latency to begin licking after
trial initiation increased significantly over
the course of the behavioral session (Fig.
3A) (main effect of time, two-way
ANOVA, F; »550) = 5.886; p < 0.001). In
addition, mean bout length decreased sig-
nificantly over the course of the behavioral
session (Fig. 3B) (main effect of time, two-
way ANOVA, F(g 5s50) = 8.659; p < 0.001). The decline in bout
length was significant for each of the three sucrose concentrations
( p < 0.05, within factors comparison).

In the majority of palatability-encoding units (24 of 27), firing

Firing rate (Hz)

Firing rate (Hz)

Figure 2.

Time (s)
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Table 1. Summary of firing patterns

Palatability Not palatability
modulated modulated Total
Sucrose discrimination paradigm (n = 220 units)”
Excitation 20 7 27
Inhibition 5 57 62
None 2 2
Total 27 64 91
Contrast paradigm (n = 237 units)®
Relative value 8
Palatability 16
Total 24

“Modulations recorded in the sucrose discrimination paradigm. The first column shows type of modulation relative
to baseline firing.

®Modulations recorded in the contrast paradigm.

B

3% 1 0%

UB 0%

3% 10%

0 8 0 8
Time (s)

Nucleus accumbens neurons are modulated by reinforcer palatability. A—F, Example units. Each panel shows a raster plot
(top) and histogram (bottom) constructed around the onset of licking bouts (¢ = 0; red line) for (left to right) UB, 0, 3, and 10% sucrose
reinforcers. Rasters are rank ordered by bout length, with the terminal lick of each bout shown (red circles). Bar charts show 25th, median,
and 75th percentile spike rates for (left to right) UB, 0, 3, and 10% sucrose. Significant differences ( p << 0.05; post hoc comparisons) in
firing are indicated in the top portion of each bar chart (horizontal bars). A-E illustrate excitatory responses typical of NAcc neurons
modulated by reinforcer palatability. F illustrates an example unit inhibited during sucrose consumption.

rates remained stable over the course of the behavioral session.
This was true even in cases in which lick bout lengths devoted to
sucrose consumption declined substantially over the same period
(Fig. 3C). In a single neuron, firing decreased significantly, in



Taha and Fields « Palatability Encoding in the Nucleus Accumbens

A

o

- N
w (=}
wv

w

0% 3% 10%

Bout length (s)
N

O 0%
O 3%
® 10%

Latency to lick (s)
)

(%

Reinforcer in O 0%
O 3%

previous trial ©10%
0 . . . : ; 01—

J. Neurosci., February 2, 2005 « 25(5):1193-1202 = 1197

lick bouts; compared with 36% longer
bouts for 10 vs 3%, and 55% longer bouts
for 10 vs 0% sucrose). It was also variable
over behavioral sessions, because bout
lengths devoted to 3% sucrose consump-
tion were significantly longer than those
for 0% sucrose in only 7 of 22 behavioral
sessions (compare with 18 of 22 sessions in
which 10% bouts were significantly longer
than 3% bouts). These findings raised the
possibility that NAcc firing is closely
aligned with preference and not with the
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sensory properties of the reinforcer per se.
To explore this issue explicitly, we tested
NAcc firing using a behavioral contrast
paradigm.

Behavior in the contrast paradigm

Contrast paradigms provide a simple ex-
perimental means of manipulating the rel-
ative value of a reinforcer (Flaherty et al.,
1994). To probe NAcc encoding of relative
reinforcer value, we adapted our initial su-
crose discrimination task, presenting only
0 and 3% sucrose during the initial period
of each behavioral session and 3 and 10%
sucrose subsequently (Fig. 5A). This con-
trast paradigm significantly decreased the

)

O 0%
O 3%
@® 10%

o4

-0.8
early late
Time in session

Figure3.

-04

Correlation coefficient
(bout length vs.time)

Satiety signaling in nucleus accumbens neurons. 4, Mean latency to lick after trial initiation increased over the course
of the behavioral session as a function of the reinforcer received in the previous trial. Inset shows mean latency for each of the three
reinforcers. B, Mean bout length devoted to consumption of each of the three sucrose reinforcers declined significantly over the

0.0 oa  reinforcing value of the 3% sucrose solu-

tion, as assessed by the significant decrease
in bout lengths devoted to 3% sucrose
consumption across these periods (Fig.
5C) (main effect of solution, F; 30,6y =
322.2, p < 0.001; p < 0.05 for all post hoc
comparisons).

behavioral session (all p << 0.05). €, In a typical palatability-modulated neuron, firing rate remained constant over the course of

the behavioral session, even as mean lick bout length diminished significantly (all p << 0.05 for bout lengths; all p > 0.05 for spike
rates; squares indicated bout lengths; circles indicate firing rates). D, In the entire population of palatability-modulated units,
firing rate and bout length did not covary over the course of the behavioral session (r = 0.07; p > 0.05).

parallel with declining lick bout lengths; spike rates increased in
two units, even as lick bout lengths declined significantly (data
not shown). In the population of palatability-encoding neurons,
there was no tendency for firing rate and bout length to covary
during behavioral sessions (Fig. 3D) ( p > 0.05). The absence of
consistent correlations in NAcc firing with behavioral measures
of satiety suggests that satiety-related inputs are mostly absent
from NAcc palatability-encoding units.

Palatability encoding in the nucleus accumbens

The mean response of all 27 NAcc units modulated by reinforcer
palatability is shown in Figure 4. Analysis of the mean change in
neural activity confirmed a significant main effect of the rein-
forcer consumed on neural firing in this population of neurons
(F, ., = 278.52;p < 0.001). All pair-wise comparisons were signif-
icant ( p < 0.05), except for firing during 0 versus 3% sucrose.

It is interesting to note that the similar level of neural activity
evoked by 0 and 3% sucrose was mirrored by behavioral mea-
sures showing small differences in preference for these two rein-
forcers. Overall, bout length was significantly longer during con-
sumption of 3% sucrose (Fig. 1 B). However, preference for 3%
sucrose relative to 0% sucrose was small (averaging 14% longer

NAcc neurons encode relative

reinforcer value

We recorded from a total of 237 single
units in the NAcc of 19 rats during perfor-
mance in the contrast paradigm (Table 1,
contrast paradigm). Twenty-four units (10%) showed firing rates
that varied significantly as a function of sucrose concentration.
Of these, 8 units (30%) showed changes in firing rates, which
varied as a function of the relative value of the 3% sucrose solu-
tion. In all of these units, responses during 3% sucrose consump-
tion were greatest in the first part of the behavioral session (when
paired with 0% sucrose) and diminished during consumption of
3% sucrose paired with 10% (Fig. 6). As for palatability-encoding
units recorded in the sucrose discrimination task, responses be-
gan at short latency after the onset of licking. Spike rates in the
majority of units were not significantly different from baseline
during unreinforced licking; a single unit was excited during un-
reinforced bouts. Analysis of the population response of all units
encoding relative reinforcer value (n = 8) confirmed that the
mean excitatory response was significantly smaller during con-
sumption of the devalued 3% sucrose solution (paired with 10%
sucrose), relative to 3% paired with 0% sucrose (Fig. 6F) (p <
0.05 for post hoc comparison). Because we found few correlates of
satiety encoding in palatability-encoding neurons (Fig. 3C,D),
this decrease in the mean firing rate is unlikely to have been
driven by the development of satiety. Furthermore, although the
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mean neural activation occurring during
3% sucrose consumption declined when
10% sucrose was made available, re-
sponses occurring during 10% sucrose
were robust during this period, consistent
with NAcc encoding of relative value.
Firing in the remainder of the palatability-
encoding units recorded in the contrast
paradigm was driven by the sensory prop-
erties of sucrose reinforcers rather than
changes in the relative value of sucrose re-
inforcers (Fig. 6 E). These data suggest that
NAcc neurons represent sensory informa-
tion at multiple hierarchal levels of sensory
processing. Although encoding in a subset
of neuronsreflects the sensory properties of a
given reinforcer, firing in a distinct subset is

Firing rate (Hz)
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related specifically to the relative value of
that reinforcer, information that might be
used to more directly guide behavior.

-2

Onset of NAcc inhibitions precedes
initiation of consummatory behavior
Of all firing patterns identified during the
sucrose discrimination task, inhibitions
occurring during lick bouts were by far the
most common (62 of 91; 68%). Two fea-
tures of this class of NAcc neurons were
particularly distinctive. First, inhibitions
were much less likely to be modulated by
palatability than excitations. Second, in con-
trast to excitations, the onset of inhibitions
typically preceded the initiation of licking.
Firing in most inhibited NAcc neurons
did not vary with reinforcer palatability 4.
(Fig. 7). Only five of 62 units (8%) were
sensitive to reinforcer palatability (com-
pare with 20 of 27 excitations encoding
palatability, 74%, a significantly higher
proportion; p < 0.001, X test). As a class,
inhibitions did not discriminate between o
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Figure4. A, Histogram of mean firing for all units modulated by reinforcer palatability (n = 27) constructed around bout onset
(t = 0). B, Median firing for units modulated by reinforcer palatability. Box plots show 25th, median, and 75th percentile spike
rates for each bout type, with significant differences shown with horizontal bars ( p << 0.05; post hoc comparisons).
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from that occurring during reinforced
licking (Fig. 8 B) (p > 0.05). These units
were inhibited during licking behavior, in-
dependent of the receipt of any reinforcer.

Figure5. Schematicof contrast paradigm. A, Zero or 3% sucrose was delivered in the first portion of the behavioral session and
3 or 10% sucrose in the second part of the session. B, Bout lengths devoted to 3% sucrose consumption in an example session
declined rapidly when the paired solution was switched from 0 to 10% sucrose (broken line). ¢, Mean bout length devoted to
consumption of 3% sucrose declined significantly when paired with 10% sucrose, relative to pairing with 0% sucrose ( p << 0.05
for all post hoc comparisons, one-way ANOVA; 19 behavioral sessions in 10 rats).

Although the amplitude of inhibi-
tions occurring during reinforced and
unreinforced lick bouts did not differ, mean activity in the
period before unreinforced bouts was substantially lower than
that occurring during the baseline period before reinforced
lick bouts (Fig. 8 A). We reasoned that this difference in firing
might reflect differences in licking behavior occurring during this
period. Although licking before unreinforced bouts was com-
mon, the design of the behavioral paradigm precluded licking
during the baseline period preceding reinforced bouts. We exam-
ined this issue explicitly by calculating the firing rate in these
neurons during periods of unreinforced licking only (see Mate-
rials and Methods). Indeed, the mean firing rate during this pe-

riod showed a strong inverse relationship to the lick rate (Fig. 8 D)
(Fla,100133) = 2048.6; p < 0.001 for one-way ANOVA, comparing
all groups). When unreinforced lick rates were high (>3 Hz), the
amplitude of the inhibition in these neurons (firing rate, 51.7 =
0.5% of baseline firing) was very similar to that occurring during
reinforced lick bouts (firing rate, 51.9 * 1.4% of baseline firing).
Thus, the low mean firing rate that occurred before unreinforced
bouts reflects licking occurring during this period. More impor-
tantly, this analysis underscores the absence of sensory modulation
in this class of neurons; changes in licking behavior alone fully ac-
count for changes in the neural activity of this group of neurons.
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recording sites), nor did firing properties,
such as baseline firing rate and peak

—  evoked firing rate, differ significantly be-
tween core and shell recording sites (all
p > 0.05).

. Discussion

g#  In this study, we describe a population of
NAcc neurons that encode the palatability
of sucrose reinforcers. Furthermore, neu-
ral activity in a subset of these neurons is
not a simple function of the orosensory
properties of the reinforcers (i.e., sucrose
= concentration) but closely tracks the ani-
mals’ preference for a given reinforcer, as
assessed by a behavioral contrast para-
digm. In the majority of NAcc units, exci-
tations observed during consumption of
sucrose were not related to the motor act
of consumption, because they failed to re-
spond during periods of unreinforced
licking.

A distinct population of NAcc neurons
exhibited inhibitions during bouts of con-
summatory behavior. Firing rates in most
NAcc inhibitions were not differentially
modulated by reinforcers varying in palat-
ability; indeed, the magnitude of these in-
hibitions remained unchanged during un-
reinforced bouts of licking. In addition, in
sharp contrast to the excitations, the onset
of NAcc inhibitions most often occurred
before the initiation of the licking behavior
itself. Thus, we propose that two primary

Time (s)

Figure 6.

differences in firing rate ( p << 0.05, post hoc comparisons, one-way ANOVA).

The onset of NAcc inhibitions typically occurred before initi-
ation of licking behavior. This was true for a significant majority
of all inhibited neurons (75%; 27 of 36 units meeting analysis
criteria; p < 0.05, x* test) (see Materials and Methods) (Fig. 8C).
The mean time of inhibition onset across inhibited neurons pre-
ceded the initiation of licking by 425 * 100 ms and recovered to
baseline firing levels just before bout termination (—47.3 = 161
ms, relative to bout offset). The timing of NAcc inhibitions was
generally similar for all lick bouts, including unreinforced bouts
(see example neurons in Fig. 7).

Recording sites

Histological analysis was used to confirm placement of electrodes
in the NAcc (Fig. 9A). Recording sites included both the core and
the shell of the NAcc. All of the firing patterns reported here were
encountered in both the core and the shell regions; there was no
statistical tendency for preferential localization to either of these
compartments (all p > 0.05; x* analysis comparing shell vs core

0%  3%(0%)
Sucrose concentration

Nucleus accumbens neurons are modulated by relative reinforcer value. A-D, Example units show a significant
change in firing during 3% sucrose consumption as a function of the paired sucrose reinforcer. Responses to 0% sucrose, 3%
(paired with 0%), 3% (10%), and 10% sucrose are shown in each panel; all other conventions are identical to those in Figure 2.
Spike rates in bar charts are normalized to baseline firing. £, Example unit in which firing is not altered by contrast paradigm. F,
Median firing for all units modulated by the relative value of 3% sucrose solution (n = 8). Horizontal bars show significant

1'0% classes of NAcc neurons make distinct
contributions to neural processing imme-
diately before and during reinforcer con-
sumption: excitations that encode rein-
forcer palatability and inhibitions related
to the initiation and maintenance of con-
summatory motor behaviors.

Findings from some previous studies
suggest that the sensory properties of nat-
ural reinforcers play a minimal role in
modulating NAcc neural activity. For in-
stance, a comparison of the NAcc neural
correlates of water and ~20% sucrose consumption concluded
that most NAcc units do not discriminate between these natural
reinforcers (Roop et al., 2002). In a different study, firing
patterns related to reward receptacle entry occurred indepen-
dent of the delivery of the reinforcer itself (Nicola et al.,
2004b). These results agree well with the functional properties
that we described in the class of NAcc neurons inhibited dur-
ing consummatory behavior. We have shown that the ampli-
tude of inhibition in this class of neurons is independent of the
sensory properties of the reinforcer. Instead, the amplitude of
inhibition is tightly correlated with licking behavior, and fur-
thermore, the onset time of these inhibitions precedes licking
behavior itself (Fig. 8). These characteristics converge in sug-
gesting that these neurons encode information related to the
motor act of initiating and sustaining a consummatory bout
rather than the sensory properties of consumed items.

3% 10%)
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Pharmacological studies are consistent
with a role for these neurons in guiding the
initiation of consummatory behavior. Inhi-
bition of activity in the NAcc shell, through
blockade of glutamatergic signaling or appli-
cation of GABA receptor agonists, induces
feeding reminiscent of lateral hypothalamic
stimulation (Maldonado-Irizarry etal., 1995;
Stratford and Kelley, 1997). These pharma-
cological results, together with the present
electrophysiological findings, suggest that
the class of NAcc neurons with inhibitions
beginning before licking bouts exerts tonic
inhibition on downstream areas controlling
food intake; under normal conditions, this
inhibition must be relieved to permit initia-
tion of a feeding bout. Pharmacological inhi-
bition of these neurons, then, would drive
feeding through sustained disinhibition of
neural loci controlling food intake. Evidence
suggests these target areas include the ventral
tegmental area, lateral hypothalamus, and
nucleus of the solitary tract (Will et al., 2003).
Intriguingly, two recent reports suggest that
this class of NAcc inhibitions interface with
hypothalamic brain regions signaling hunger
and satiety. Infusion of muscimol into the
NAcc shell results in an increase in c-fos la-
beling in lateral hypothalamic neurons con-
taining orexin (Baldo et al., 2004) and a con-
comitant decrease in c-fos labeling in
proopiomelanocortin-containing neurons
in the arcuate nucleus, which comprise a crit-
ical node in the neural pathways signaling
satiety (Zheng et al., 2003).

Schultz and collaborators have shown
that excitations in neurons of the ventral stri-
atum of primates can be finely tuned to the
sensory properties of reinforcers, because
they are correlated with both the magnitude
and identity of a juice reward (Apicella et al.,
1991; Hollerman et al., 1998; Hassani et al.,
2001; Cromwell and Schultz, 2003). Findings
from Hassani etal. (2001) are particularly in-
triguing in suggesting ventral striatal encod-
ing of preference, because preferred juice re-
inforcers often elicited more firing than
nonpreferred counterparts (Hassani et al.,
2001). Our results show that when reward
preference is explicitly varied using a contrast
paradigm, a subset of NAcc excitations is
sensitive to the relative value of a sucrose re-
inforcer. Representation of preference in the
NAcc suggests this nucleus may closely guide
behavior, consistent with the well known
proposal that the NAcc serves as a limbic-
motor interface (Mogenson et al., 1980).

NAcc units encoding relative reinforcer
value comprise a relatively small fraction
of the total sample of units we isolated.
These findings are consistent with previ-
ous studies of striatal encoding, in that
only a small fraction of all neurons is mod-
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Figure9. A, Location of recording sites. Anteroposterior coordinates are shown to the right
of each coronal section. B, Model for modulation of feeding by the nucleus accumbens. Inhibi-
tion (1) onset typically precedes the onset of feeding and thus may gate initiation of consum-
matory behaviors through disinhibition of downstream areas controlling feeding. Excitations
(E) modulated by reinforcer palatability may promote or maintain consumption for especially
palatable reinforcers.

ulated by any given task element (Cromwell and Schultz, 2003;
Nicola et al., 2004a).

It is possible that changes in the periphery, such as adaptation
of gustatory receptor signaling, could contribute to the changes
in NAcc firing that we observed in the contrast paradigm. We
cannot rule out this possibility, but we think it unlikely for two
reasons. First, adaptation in the neural response of taste cells to
the second of two successive sweet stimuli is much reduced by
including a control rinse between deliveries of the stimuli (Cum-
mings et al., 1993). However, contrast effects are not diminished
when a water rinse is included between alternating trials in a
simultaneous contrast paradigm (Grigson and Norgren, 1995).
Second, simultaneous contrast effects can be obtained using tas-
tants (e.g., sucrose and polycose) that show little peripheral cross-
adaptation (Cummings et al., 1993; Rehnberg et al., 1996).
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We did not find evidence of satiety-driven changes in the
firing rate of palatability-encoding neurons (Fig. 3C,D). This re-
sult argues that satiety effects do not contribute to the decrement
in excitatory responses during 3% sucrose consumption in the
contrast paradigm (Fig. 6). However, our results do not rule out
the possibility that satiety signaling may drive firing in NAcc
neurons. Rats in our experimental paradigm consumed a rela-
tively small caloric load (mean, 3.8 = 0.4 kcal) over experimental
sessions lasting up to 2 h. Studies manipulating palatability
through preloading typically use a more caloric load infused in a
single bolus (Zhao and Cabanac, 1994; Hajnal et al., 1999). Stud-
ies of the effects of similar large, acutely administered preloads on
NAcc firing are needed to further explore a potential role for
satiety signals in modulating palatability encoding in this brain
region.

NAcc units encoding palatability represent a potential electro-
physiological substrate for the pharmacological effects of opioids
on feeding behavior. Both systemic and intra-NAcc infusion of
p-opioid receptor agonists specifically increase intake of espe-
cially palatable reinforcers and increase positive taste-reactivity
displays (Gosnell et al., 1990; Pecina and Berridge, 2000; Kelley et
al., 2002). Endogenous opioids in the NAcc modulate palatability
under normal conditions, because the nonspecific opioid antag-
onist naloxone reduces sucrose (but not chow) intake when in-
fused directly into the NAcc (Kelley et al., 1996). We hypothesize
that opioids exert their behavioral effects by acting on the class of
NAcc neurons modulated by reinforcer palatability, presumably
by increasing neural activity in this class of excitations. Although
the direct effects of opioid ligands are characteristically inhibi-
tory, net excitatory effects could result through disinhibitory cir-
cuit mechanisms, as has been demonstrated in the ventral teg-
mental area (Johnson and North, 1992) and the nucleus raphe
magnus (Pan et al., 1990).

In our experiments, palatability-encoding excitations were
not present during bouts of unreinforced licking, in contrast to
recent findings of reward-independent excitations occurring
during reward receptacle entry in a discriminative stimulus task
(Nicola et al., 2004b). We speculate that cue-driven reward ex-
pectation may account for the difference between these findings.
The auditory cue signaling reinforcer availability in our sucrose
discrimination task was never predictive of reinforcer identity, in
contrast to the tone predictive of reward used in the discrimina-
tive stimulus task. Thus, cue-driven expectation is likely to play
an important role in NAcc firing patterns occurring during the
time of expected reinforcer delivery. This proposal is consistent
with a recent report of novel NAcc reward receptacle-related ex-
citations that appear during the extinction phase of a reinstate-
ment paradigm (Janak et al., 2004).

NAcc neurons that are inhibited before and during feeding
bouts may, in addition to controlling feeding bouts through dis-
inhibition, promote competing behaviors, as proposed by Nicola
et al. (2004). There is experimental evidence supporting this hy-
pothesis, as in rats performing an operant task for sucrose reward,
~50% of the NAcc neurons possessing operant-related phasic
excitations were also inhibited during reinforcer consumption
(Nicola et al., 2004b).

The results we present here, along with many recent findings
from other investigators (Kelley et al., 2002; Zheng et al., 2003;
MacDonald et al., 2004), highlight the critical role of the ventral
striatum in guiding food intake, particularly that which is driven
by palatability. Our data, together with previous behavioral work,
are consistent with a simple model positing a dual role for the
accumbens in modulating food intake (Fig. 9B). NAcc neurons
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that are inhibited before and during consummatory behaviors
could serve to gate the initiation of feeding bouts by disinhibition
of target areas controlling food intake. Consequently, NAcc exci-
tations could serve to maintain feeding when especially palatable
foods are detected. Medium spiny projection neurons in the
NAcc are GABAergic; thus, the presumptive excitatory effects of
these palatability-encoding units on target areas are hypothesized
to occur through a disynaptic circuit involving an additional in-
hibitory synapse.

Palatability-driven food intake is one factor importantly
linked to obesity. Our results underscore the value of additional
study of the role of the ventral striatum in controlling consum-
matory behavior, because elucidation of function in this brain
region could provide novel targets for obesity treatments.
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