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Abstract

Rationale—Previous studies have suggested that chronic food restriction (FR) increases sensitivity
of a neural substrate for drug reward. The neuroanatomical site(s) of key neuroadaptations may
include nucleus accumbens (NAc) where changes in D-1 dopamine (DA) receptor-mediated cell
signaling and gene expression have been documented.

Objectives—The purpose of the present study was to begin bridging the behavioral and tissue
studies by microinjecting drugs directly into NAc medial shell and assessing behavioral effects in
free-feeding and FR subjects.

Materials and methods—Rats were implanted with microinjection cannulae in NAc medial shell
and a subset were implanted with a stimulating electrode in lateral hypothalamus. Reward-
potentiating effects of the D-1 DA receptor agonist, SKF-82958, AMPAR antagonist, DNXQ, and
polyamine GIuR1 antagonist, 1-na spermine, were assessed using the curve-shift method of self-
stimulation testing. Motor-activating effects of SKF-82958 were also assessed.

Results—SKF-82958 (2.0 and 5.0 ug) produced greater reward-potentiating and motor-activating
effects in FR than ad libitum fed (AL) rats. DNQX (1.0 pg) and 1-na spermine (1.0 and 2.5 pug)
selectively decreased the x-axis intercept of rate-frequency curves in FR subjects, reflecting increased
responding for previously subthreshold stimulation.

Conclusions—Results suggest that FR may facilitate reward-directed behavior via multiple
neuroadaptations in NAc medial shell including upregulation of D-1 DA receptor function involved
in the selection and expression of goal-directed behavior, and increased GluR1-mediated activation
of cells that inhibit nonreinforced responses.
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INTRODUCTION

Food restriction facilitates the acquisition and maintenance of drug self-administration
behavior (Carroll and Meisch 1984) and enhances the reward-potentiating effects of abused
drugs as measured in rate-frequency and progressive ratio protocols of intracranial self-
stimulation (ICSS) (Cabeza de Vaca and Carr 1998; Cabeza de Vaca et al. 2004). Intracerebral
mapping studies have localized reinforcing and reward-potentiating effects of many abused
drugs to the nucleus accumbens (NAc) medial shell (e.g., Carlezon and Wise 1996; McBride
et al. 1999; Rodd-Henricks et al. 2002; Ikemoto et al. 2005). While numerous pre- and
postsynaptic neuroadaptations have been identified in the mesoaccumbens DA pathway of
food-restricted (FR) rats — including changes in rate of tyrosine hyroxylation (Pan et al.
2006), DA transporter function (Zhen et al. 2006), and D-1 receptor-mediated cell signaling
and transcriptional responses (Carr et al. 2003; Haberny et al. 2004; Haberny and Carr
2005a; Haberny and Carr 2005b) - subregional analyses of NAc have generally not been
performed. One exception is the report of higher extracellular DA concentrations in NAc core,
but not shell, of FR relative to ad libitum fed (AL) rats injected with amphetamine and cocaine
(Cadoni et al. 2003). However, postsynaptic upregulation of D-1 DA receptor function also
appears to be a behaviorally important neuroadaptation to FR in so far as systemic and
intracerebroventricular injections of D-1 agonists produce reward-potentiating and locomotor-
activating effects that are greater in FR than AL rats (Carr et al. 2001; Carr et al. 2003). It is
not known whether the NAc locus of upregulated cellular responses to D-1 receptor stimulation
also mediates the upregulated behavioral responses. Consequently, the first aim of the present
study was to determine whether microinjection of the D-1 DA receptor agonist, SKF-82958,
in NAc medial shell produces reward-potentiating and locomotor-activating effects that differ
between feeding groups.

The DA innervation of striatum is convergent with glutamatergic inputs from several limbic
forebrain regions (Groenwegen et al. 1999; Kalivas et al. 2005). Among the ionotropic
glutamate receptor types coexpressed with DA receptors in striatal medium spiny neurons
(MSN; Bernard et al. 1997; Wang et al. 2006), AMPA receptors mediate fast excitatory
synaptic transmission (Barry and Ziff 2002). DA acting via D-1 receptors modulates excitatory
responses of MSNs to glutamatergic input and may play a fundamental role in the selection of
neuronal ensembles that mediate specific forms of goal-directed behavior and suppression of
competing alternatives (Pennartz et al. 1994; Surmeier et al. 2007). Simultaneous voltammetric
and electrophysiological recordings in NAc shell during ICSS behavior revealed anticipatory
DA surges and coincident changes in neuronal firing patterns that were predominantly
inhibitory (Cheer et al. 2007). Moreover, both the neuronal firing patterns and ICSS behavior
were blocked by local infusion of the D-1 DA receptor antagonist, SCH23390. Coordinated
electrophysiological and behavioral analyses have suggested that neuronal inhibition in NAc
is generally involved in the permissive gating of reward-directed responses (Taha and Fields
2006). Consequently, blockade of AMPA receptors in NAc shell might be expected to
potentiate ICSS. This possibility is supported by findings that microinjection of the AMPA/
kainate antagonist, DNQX, in NAc shell disinhibited lateral hypothalamic neural activity and
induced a robust eating response (Maldonado-Irizarry et al.1995). While feeding and ICSS are
not equivalent, a close association is indicated by findings that noncontingent electrical
stimulation delivered via lateral hypothalamic ICSS electrodes often elicits feeding behavior
(Margules and Olds 1962; Wise 1974). Further, as might be predicted from the DNQX/feeding
study and the association between feeding and ICSS, viral vector-mediated overexpression of
AMPA GIuR1 in NAc shell decreased lateral hypothalamic ICSS (Todtenkopf et al. 2006).
The second aim of this study was therefore to determine whether microinjection of the broad
spectrum AMPA/kainate antagonist, DNQX, and/or the selective polyamine antagonist of
Ca%*-permeable AMPA receptors (i.e., GluR2-lacking), 1-naphthylacetyl spermine (e.g.,
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Takazawa et al. 1996), potentiate lateral hypothalamic ICSS and do so to a greater extent in
FR than AL subjects.

Materials and methods

Subjects and Surgical Procedures

Subjects were mature male Sprague-Dawley rats (Taconic Farms, Germantown, NY) initially
weighing 375-425 g. Food (pelleted Purina rat chow) and water were available ad libitum
except when FR conditions applied. Animals were individually housed in clear plastic cages
with bedding under a 12 h light:dark photoperiod with lights on at 0700 h. Several days after
arrival in the central animal facility, rats were anesthetized with ketamine (100 mg/kg, i.p.)
and xylazine (10 mg/kg, i.p.) and those to be used in Experiments 1, 2 and 4 were stereotaxically
implanted with a 0.25 mm diameter monopolar stimulating electrode (Plastics One, Roanoke,
VA) in the lateral hypothalamic medial forebrain bundle (skull flat coordinates: 3.0 mm
posterior to bregma, 1.6 mm lateral to the sagittal suture, and 8.5 mm ventral to skull surface).
An anterior ipsilateral stainless steel skull screw served as ground. All rats were implanted
with two chronically indwelling guide cannulae (26 ga) which, in Experiments 1, 3 and 4, were
placed bilaterally 2.0 mm dorsal to injection sites in the NAc medial shell (1.6 mm anterior to
bregma; 2.1 mm lateral to the sagittal suture, tips angled 8° toward the midline, 5.8 mm ventral
to skull surface). In Experiment 2, cannulae were placed bilaterally 2.0 mm dorsal to injection
sites in the NAc core (1.6 mm anterior to bregma; 2.9 mm lateral to the sagittal suture, tips
angled 8° toward the midline, 5.6 mm ventral to skull surface). The electrode, ground, cannulae,
and three additional mounting screws were then permanently secured to the skull by flowing
dental acrylic around them. Experimental procedures were approved by the Institutional
Animal Care and Use Committee at the New York Univesity School of Medicine and were
consistent with the Principles of Laboratory Animal Care (NIH Publication no. 85-23).

Feeding regimens

During the second week of training in the ICSS protocol (see below), approximately half of
the rats in Experiments 1, 2 and 4 were switched from unlimited access to food to a single 10-
g meal each day, representing 40-50% of the ad libitum intake. The daily meal was delivered
at approximately 1700 h in the home cage. This food restriction regimen continued until body
weights decreased by 20% (approximately two weeks). ICSS training continued throughout
this period. For the remainder of each experiment, daily feeding was titrated to maintain body
weights at 80% of the initial value, typically requiring an upward adjustment to 12—-14 grams.
Drug testing did not begin until rats in the FR group had been stabilized for one week at their
target body weight (i.e. 80% of pre-restriction body weight). This FR regimen is identical to
that used in all prior behavioral and tissue studies of this laboratory (for review see Carr
2007).

Half of the subjects in Experiment 3 (motor activity testing) were similarly food-restricted but
were simply habituated to transport and handling during the several week period required to
attain and stabilize at the target body weight.

Self-stimulation (ICSS) apparatus

Brain stimulation training and testing were conducted in eight standard test chambers (26 x 26
x 21 cm) placed within sound attenuating cubicles. Each chamber had a retractable lever
mounted on one wall and a house light mounted on the opposite wall. Four constant current
stimulators (PHM-152B/2; Med-Associates, Georgia, VT), with dual outputs, were used to
deliver trains of 0.1 ms cathodal pulses, which were conducted to implanted electrodes by way
of commutators and flexible cables. Electrical stimulation, contingencies, and data recording
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were controlled through Dell XPS R400 computers and interface (Med-Associates). All
stimulation parameters were monitored on Tektronix (TAS 455) oscilloscopes.

Self-stimulation procedures

After one week of postsurgical recovery, rats were trained to lever press for 0.5 s trains of
electrical stimulation at a frequency of 100 pulses per second (pps). The initial stimulation
intensity of 120 pA was systematically varied to locate, for each rat, the lowest intensity that
maintained vigorous lever pressing. On subsequent days, rats were trained in a discrete-trials
procedure. Each training session consisted of twenty four 60-s trials. Extension of the lever
and a 2-s train of ‘priming’ stimulation initiated each trial. Each trial was terminated by
retraction of the lever and followed by a 10-s intertrial interval. Each lever press produced a
1-s train of stimulation, except for those presses emitted during the stimulation train, which
did not increase reinforcement density. The number of lever presses and reinforcements were
recorded for each trial.

Discrete trials training was followed by rate-frequency training, which continued for
approximately two weeks. Rate-frequency curves were generated by presenting 12 trials in
which the frequency of brain stimulation decreased over successive trials (approximately 0.05
log units each trial) from an initial frequency of 100 pps to a terminal frequency of 28 pps. At
least two such series were presented in each training session. During the second week of
training, subjects were divided into two groups matched for body weight and M-50 (the brain
stimulation frequency that supported 50% of the maximum reinforcement rate) and one of the
groups was placed on the FR regimen described above. Training and mock microinjection test
sessions (see below) continued, at least twice per week, for all rats, during the ensuing ~3 week
period during which the FR group achieved and then stabilized at the target body weight.

Intra-NAc microinjection procedure

For microinjections, solutions were loaded into two 30 cm lengths of PE-50 tubing attached
at one end to 25-pl Hamilton syringes filled with distilled water and at the other end to 31-
gauge injector cannulae, which extended 2.0 mm beyond the implanted guides. The syringes
were mounted on the twin holders of a Harvard 2272 microliter syringe pump which delivered
the 0.5 pl injection volumes over a period of 100 sec. One minute following completion of
injections, injector cannulae were removed from guides, stylets were replaced, and animals
were returned to test chambers where the post-injection test began 5-min after completion of
the microinjections.

Experimental testing

Each test session began with a pre-injection test consisting of three rate-frequency series (42
min). The first series in a session was considered a ‘warm-up’ and data were excluded. This
was followed by intra-NAc microinjections which were followed, in 5 min, by a post-
injection test consisting of two rate-frequency series (28 min). For each rate-frequency series,
the number of reinforcements obtained as a function of brain stimulation frequency was
recorded. For each rat, the two series from each test were averaged to yield a single rate-
frequency function per test.

Data analysis

For each test, the rate-frequency function was used to derive three parameters. The maximum
reinforcement rate, described by a line that parallels the x-axis, was defined as the mean of all
consecutive values within 10% of the highest rate for the curve. All remaining values comprised
the descending portion of the curve, with the lowest point being at the highest frequency to
produce fewer than 2.5 reinforcements per minute. Regression analysis of the descending
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portion of the curve was used to calculate the M-50 and theta-0 reward thresholds which are
defined as the log pulse frequency sustaining half the maximum reinforcement rate and x-axis
intercept of the regression line, respectively. For threshold parameters, antilog transformations
were applied and natural frequencies were used to calculate the percentage change occurring
in post-injection tests relative to a pre-injection test. The M-50 is a conventional threshold
measure in this protocol, though the theta-0 indicates the lowest frequency at which stimulation
becomes rewarding. Changes in the reinforcing efficacy of stimulation produced by drugs of
abuse are typically reflected as parallel leftward shifts in the rate-frequency curve with similar
effects on the M-50 and theta-0 measures (Wise 1996).

Motor activity testing

Histology

Drugs

Experiment

Activity was monitored in a Lucite test chamber (25.4 x 30.5 x 30.5 cm) with a textured plastic
floor. Automated data collection, including distance travelled and vertical (rearing) activity,
was accomplished by 12 infrared photo beam detectors along the length of the test chamber
plus 12 beams on the vertical axis (Accuscan, Columbus, OH). Rats were microinjected with
SKF-82958 or vehicle immediately prior to placement, for 30 min, in the test chamber. The
chamber used was designed for training and testing of conditioned place preference; thus, half
of the subjects in each feeding condition received SKF-82958 in a chamber containing walls
with horizontal white stripes while the remaining half received SKF-82958 in a chamber
containing walls with vertical white stripes. The motor activity data recorded and reported here
are from the first pair of training sessions of a conditioned place preference pilot study. That
study is in progress and place conditioning results are not reported.

Upon completion of all behavioral testing, rats were euthanized with CO, and decapitated.
Brains were removed and fixed in 10% buffered formalin for at least 48 hr. Frozen coronal
sections, 40 um thick, were cut on a Reichert-Jung Cryostat, thaw-mounted on gelatin-coated
glass slides and stained with cresyl violet. Electrode placements and injection sites were
determined by visual inspection of sections under an Olympus SZ40 microscope. In order for
arat’s behavioral data to be included in the analysis, cannula placements for subjects in
Experiments 1, 3 and 4 were required to be judged as bilaterally accurate within the NAc shell
(with several placements on the shell/core and shell/olfactory tubercle borders included).
Placements in Experiment 2 were required to be bilaterally placed within the mid to lateral
NAC core.

SKF-82958 (Sigma-Aldrich) was dissolved in asmall volume of DMSO and diluted with sterile
0.9% saline (final DMSO concentration 5%) and microinjected bilaterally in doses ranging
from 0.25t0 5.0 ug in 0.5 pl in Experiments 1-3. D-amphetamine (Sigma-Aldrich, St. Louis,
MO) was dissolved in sterile 0.9% saline and microinjected bilaterally in doses of 5.0 pg in
0.5 ulin Experiment 1, and 2.0 pug in 0.5 pl in Experiment 2. SCH-23390 (Sigma-Aldrich) was
dissolved in 0.9% saline and injected systemically at a dose of 0.01 mg/kg (i.p.) in Experiments
1 and 2. DNQX (Tocris, Ellsville, MO) was dissolved in DMSO and diluted with sterile 0.9%
saline (final DMSO concentration 20%) and microinjected bilaterally in a dose of 1.0 pg in
0.5 pl in Experiment 4. 1-naphthylacetyl spermine (Sigma-Aldrich) was dissolved in sterile
0.9% saline and microinjected bilaterally in doses of 1.0 and 2.5 pg in 0.5 pl in Experiment 4.

1 ICSS: Intra-NAc shell microinjection of SKF-82958

a. 7 AL and 8 FR rats with cannulae in the NAc medial shell were tested in four sessions
over a 10 day period to determine the effects of SKF-82958 on ICSS. Test sessions
were separated by at least 3 days and the two SKF-82958 treatment sessions were
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preceded and followed by vehicle test sessions. Results of the two vehicle treatment
sessions were averaged for purposes of data analysis.

b. Five days after completion of “a” above, subjects were tested in two additional
sessions, three days apart. In both sessions all animals received intra-NAc
microinjection of d-amphetamine (5.0 pg) 5 min prior to the post-injection test. In
one session this was preceded by injection of the D-1 DA receptor antagonist,
SCH-23390 (0.01mg/kg, i.p.; 10 min prior), and in the other session by injection of
saline vehicle. The order of the two treatments was counterbalanced and matched
between groups.

Experiment 2 ICSS: Intra-NAc core microinjection of SKF-82958

a. 6 AL and 6 FR rats with cannulae in the NAc core were tested in five sessions over
a 13 day period to determine the effects of SKF-82958 on ICSS. SKF-82958 testing
began with the lower dose used in Experiment 1 (i.e., 2.0 pg). Upon observing a strong
response and possible ceiling effect in the two feeding groups, two lower doses were
subsequently tested in counterbalanced order. Vehicle treatment sessions preceded
and followed the series of SKF-82958 sessions and results were averaged for purposes
of data analysis.

b. Five days after completion of “a” above, subjects were tested in two additional
sessions as in Experiment 1 except that the intra-NAc dose of d-amphetamine was
decreased to 2.0 ug

Experiment 3 Motor activity: Intra-NAc shell microinjection of SKF-82958

To further elucidate effects observed in Experiment 1, two new groups of 7 AL and 7 FR rats
with cannulae in NAc medial shell were tested for effects of the 2.0 pg dose of SKF-82958
and vehicle on distance moved and vertical activity.

Experiment 4 ICSS: Intra-NAc shell microinjection of AMPAR antagonists

a. 12 AL and 12 FR rats with cannulae in NAc shell were tested in two sessions at least
3days apart. In one session animals received intra-NAc shell microinjection of DNQX
(1.0 pg) 5 min prior to the post-injection test and in the other session received
microinjection of vehicle. The order of microinjection treatments was
counterbalanced and matched between feeding groups.

b. At least 5 days after “a” above, the 12 AL rats and 11 FR rats were tested in three
sessions spaced at least 3 days apart to test effects of intra-NAc shell microinjection
of 1-na spermine at doses of 1.0 and 2.5 pg. The 1.0 pg dose was tested first in all
subjects and the two 1-na spermine test sessions were preceded and followed by
vehicle test sessions, the results of which were averaged for purposes of data analysis.

Results

Experiment 1 ICSS: Intra-NAc shell microinjection of SKF-82958

For illustrative purposes average rate-frequency curves, based on M-50, theta-0, and maximum
response rate values, are displayed in Figure 1. As suggested by these curves, SKF-82958
decreased the M-50 reward threshold (F, 26=18.3, p<.001) with a greater effect in FR than AL
subjects (F1,13=5.8, p=.03; Fig. 2 top). The significant interaction between drug treatment and
feeding condition (F, 26=3.4, p=.05), followed by Fisher LSD tests, indicated that both the 2.0
Mg (p<.01) and 5.0 pg (p<.001) doses lowered threshold in FR rats while only the 5.0 pg (p<.
01) dose lowered threshold in AL rats. Moreover, the 5.0 pg dose had a greater threshold-
lowering effect in FR than AL rats (p<.02). Similar results were obtained for the theta-0
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measure, with SKF-82958 decreasing the threshold (F; 26=11.8, p<.001) to a greater extent in
FR than AL subjects (F1 13=6.7, p=.02; Fig. 2 bottom). Post-SKF-82858 rate-frequency curves
displayed parallel leftward shifts as indicated by the absence of effect of SKF-82958
(F2,26=1.0), feeding condition (Fq 13=0.7), or their interaction (F 26=1.1) on slopes. In four
FR subjects whose cannulae were deliberately placed 2.0 mm dorsal to the NAc shell
placement, in medial caudate-putamen adjacent to the lateral ventricle, a 2.0 pg dose of
SKF-82958 was tested and produced the relatively small mean changes of —1.85% and —7.4%
in the M-50 and theta-0 measures, respectively.

In the second part of this experiment, microinjection of d-amphetamine produced a greater
threshold-lowering effect in FR than AL rats as reflected in both the M-50 (t14=2.7, p<.02) and
theta-0 (t14=2.3, p<.05) measures. However, when preceded by systemic administration of
SCH-23390, the effects of d-amphetamine were diminished and feeding groups did not differ
on either measure (Fig. 3).

Representative histology and a schematic diagram indicating microinjection sites are provided
in Fig. 4 & Fig 5).

Experiment 2 ICSS: Intra-NAc core microinjection of SKF-82958

SKF-82958 decreased the M-50 reward threshold (F3 30=32.4, p<.001) with no difference
between FR and AL subjects (Fig. 6 top) and no interaction between drug treatment and feeding
condition. Similar results were obtained for the theta-0 measure, with SKF-82958 decreasing
the threshold (F3 30=15.3, p<.001) with no difference between FR and AL subjects (Fig. 6
bottom) and no interaction between drug treatment and feeding condition.

Because testing in this experiment began with the 2.0 pg dose which produced a greater than
expected, and possible ceiling, effect in the two groups, a second analysis of results was
performed that was limited to the two subsequent lower doses. Nevertheless, the effect of
SKF-82958 on the M-50 (F3 20=38.6, p<.001) and theta-0 (F, 20=17.0, p<.001) measures
remained unaccompanied by a difference between feeding groups.

In the second part of this experiment, microinjection of d-amphetamine produced a greater
threshold-lowering effect in FR than AL rats as reflected in theta-0 (t19=2.3, p<.05) with the
difference between groups on the M-50 measure failing to meet criteria for statistical
significance (t19=1.86, p<.10). When preceded by systemic administration of SCH-23390, the
effects of d-amphetamine were not diminished and feeding groups differed on both the theta-0
measure (t10=2.3, p<.05) and M-50 measure (t190=2.66, p<.05) of reward threshold (Fig. 7).

A schematic diagram indicating microinjection sites is provided in Fig. 8.

Experiment 3 Motor activity: Intra-NAc shell microinjection of SKF-82958

A significant interaction between drug treatment and feeding condition (Fj 1,=15.2, p<.01)
followed by Fisher LSD tests indicated that SKF-82958 induced greater vertical activity in the
FR than AL group (p<.001; Fig. 9 top). Similarly, a significant interaction (F1 1,=6.67, p<.
025) followed by Fisher LSD tests indicated that SKF-82958 induced a greater increase in
distance moved in FR than AL rats (p<.01; Fig. 9 bottom).

Experiment 4 ICSS: Intra-NAc shell microinjection of AMPAR antagonists

The 1.0 pg dose of DNQX did not affect the M-50 measure of reward threshold in either feeding
group but did decrease the theta-0 measure (F1 2,=9.7, p<.01; Fig. 10). The significant
interaction between factors (F1 2,=4.1, p=.05), followed by Fisher LSD tests indicated that the
effect of DNQX was only significant in the FR group (p<.01). As implied by the selective
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effect on theta-0, DNQX produced a significant decrease in slope of rate-frequency curves
(F1,22:17-71 p<.001).

In the second part of this experiment 1-na spermine was found to have no effect on M-50.
While the main effect of drug treatment on the theta-0 measure was not significant, there was
a main effect of feeding condition (F1 21= 9.2, p<.01), with FR subjects showing a greater
threshold-lowering effect (theta-0) than AL subjects in response to both the 1.0 (p<.01) and
2.5 ug (p<.01) doses (Fig. 11). This difference was supported by a significant effect of feeding
condition on slope of the rate-frequency curves (Fy 21=4.8, p<.05).

A schematic diagram indicating microinjection sites is provided in Figure 12.

DISCUSSION

While previous studies provided evidence of increased behavioral and striatal cellular
responsiveness to d-amphetamine and SKF-82958 in FR rats, the present results begin to
connect the behavioral and tissue studies by demonstrating that direct injection of either drug
into the NAc medial shell exerts a reward-potentiating effect that is enhanced by FR. In
addition, elimination of the enhanced response to d-amphetamine by pretreatment with a low
dose of SCH-23390 suggests that upregulation of postsynaptic D-1 DA receptor function may
be sufficient to explain the enhanced behavioral response to released DA as well as direct D-1
DA receptor stimulation.

Convergent results of in vivo microdialysis, microinjection mapping, and intracerebral drug
self-administration studies attribute a critical role to NAc medial shell DA transmission in the
primary reinforcing effects of abused drugs and the incentive motivational processes via which
amphetamine invigorates instrumental responding reinforced by contingent, or potentiated by
noncontingent, delivery of conditioned stimuli (Pontieri et al. 1995; Carlezon and Wise
1996; McBride etal. 1999; Parkinson etal. 1999; Taylor and Horger 1999; Wyvell and Berridge
2000; Rodd-Henricks et al. 2002; Ikemoto et al. 2005). Physiologically, D-1 DA receptors in
NAC appear to be fundamentally involved in the selection of neuronal ensembles that encode
specific goal-directed behaviors (Pennartz et al. 1994; Surmeier et al. 2007). In the absence of
DA input, responses of NAc neurons to environmental cues —and cue-elicited behavioral
responses- are abolished (Yun et al 2004b). A substantial proportion of NAc neurons display
a significant change in firing rate in association with initiation of goal-directed behavior. Taha
and Fields (2006) have described a subpopulation distributed among recording sites in medial
shell and medial core that displayed long-lasting inhibition that preceded the initiation and
continued through completion of sucrose-seeking and sucrose-licking, whether the behavior
was spontaneous or learned. They also identified NAc neurons that fired prior to and during
reward-directed movements with directional selectivity (Taha et al. 2007). In the particular
case of lever pressing for rewarding electrical brain stimulation, DA surges and coincident
firing patterns in NAc shell precede and continue through each ICSS response (Cheer et al.
2007). Local infusion of the D-1 DA receptor antagonist, SCH-23390, blocked the ICSS-
related neuronal firing as well as the ICSS behavior. Thus, the present finding that D-1 DA
agonist microinjection in NAc shell enhances ICSS and does so to a greater extent in FR than
AL rats may reflect an upregulated mechanism for selection and expression of goal-directed
behavior.

Past microinjection mapping and lesion studies have produced conflicting results as to which
NAc subdivision mediates the motor-activating effects of psychostimulants and DA receptor
agonists (e.g., Parkinson et al. 1999; Sellings and Clarke 2003). However, a previous striatal
mapping study using SKF-82958 identified NAc shell as the subregion most responsive to
locomotor-activating effects (Swanson et al. 1997). The present findings are consistent with
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NAc shell localization of D-1 receptor-mediated locomotor activity. Further, the finding that
a 2.0 pg dose of SKF-82958 was adequate to potentiate reward and induce hyperactivity in FR
subjects, but was without effect on either measure in AL subjects, strengthens the conclusion
that FR is associated with behaviorally significant changes in D-1 DA receptor function in NAc
shell. Moreover, the selective efficacy of 2.0 pg SKF-82958 in potentiating reward and
increasing motor activity in FR rats is suggestive of a common neural basis of reward-
potentiating and motor-activating effects, both of which may reflect facilitation of the
“approach” behavior that is prepotent in the corresponding context.

Microinjection of SKF-82958 into NAc core was also effective in lowering the ICSS threshold
and this tissue site appeared more sensitive than shell based on the magnitude of response to
the 2.0 g dose. However, sensitivity did not differ between feeding groups. On the other hand,
d-amphetamine which reverses the DA transporter and increases extracellular DA
concentrations produced a reward-potentiating effect that was greater in FR than AL rats,
though it was insensitive to the low dose of SCH23390 that reversed the effect in NAc shell.
This finding suggests that behaviorally important neuroadaptations are present in NAc core
but differ mechanistically from those in shell, as previously suggested by the finding of
increased extracellular DA in NAc core, but not shell, of FR rats injected systemically with d-
amphetamine (Cadoni et al. 2003). A limit to interpretation of the present results is the absence
of data relating to D-2 DA receptor function. Transmission at D-1 DA receptors in NAc
interacts cooperatively with transmission at D-2 receptors. For example, rats will self-
administer a mixture of D-1 and D-2 receptor agonists into NAc shell, but will not self-
administer the agonists individually (Ikemoto et al. 1997). Similarly, a mixture of agonists
elicits locomotor activity more effectively than either agonist alone (Plaznik et al 1989).
Changes in D-2 receptor function could plausibly be a factor in the ICSS experiments; ICSS
(Cheer et al. 2007) and noncontingent rewarding electrical stimulation in lateral hypothalamus
(Hernandez et al. 2008) increase DA release in NAc and inevitably entail stimulation of D-2
receptors. Moreover, systemic and intraventricular injection of the D-2 DA receptor agonist,
quinpirole, produces enhanced reward-potentiating and motor-activating effects in FR relative
to AL rats (Carr et al. 2001; Carr et al. 2003). Thus, tentative conclusions regarding increased
postsynaptic D-1 DA receptor function in NAc shell and presynaptic neuroadaptations in NAc
core must be tempered by the lack of information regarding D-2 (and D-3) receptor function.

The DA innervation of medial shell arises from cell bodies in the posteromedial VTA and
appears to be fundamentally involved in incentive motivational states that invigorate reward-
directed behavior (for recent review, see Ikemoto 2007). The inferred upregulation of
postsynaptic D-1 DA receptor function in FR subjects may represent compensation for a
decrease in basal DA transmission which adaptively conserves behavior and energy, except
when signals relating to contexts or cues associated with a possibility of food acquisition are
positively gated to the pathway. Whether past findings consistent with decreased DA neural
activity in FR subjects (Pothos et al. 1995; Haberny and Carr 2005b; Pan et al., 2006) are
localized to medial shell is not known.

The DA innervation of NAc core arises from lateral VTA and appears to be particularly
involved in reward-directed associative learning (e.g., Kelley 2004) and instrumental
responding maintained by conditioned stimuli (Fuchs et al. 2004; Floresco et al. 2008). If
medial shell is viewed as an amplifier of reward-directed responses (Ito et al. 2004),
neuroanatomically upstream from NAc core in the hierarchy of information flow (Haber et al.
2000), a decrease in basal DA tone in medial shell may be sufficient to increase the amount of
cytoplasmic DA in NAc core (Pothos et al. 1995) based on long term decreased DA release,
and thereby increase the amount of DA released per storage vesicle in exocytosis (Pothos
2002). This may contribute to the increased behavioral response to locally applied d-
amphetamine in the absence of increased D-1 receptor sensitivity.
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Cellular inhibition in NAc medial shell is a predominant D-1 DA receptor-dependent
underpinning of ICSS (Cheer et al. 2007), and neuronal inhibition in NAc has been proposed
to permissively gate appetitive and consummatory responses (Taha and Fields 2006). Several
compatible pharmacological findings suggest the release of reward-directed behavior by
widespread inhibition of neurons in NAc. Microinjection of the AMPA/kainate receptor
antagonist, DNQX, in NAc shell elicited a strong feeding response (Maldonado-Irizarry et al.
1995), and microinjection of CNQX plus AP-5 (concurrent blockade of AMPA/kainate and
NMDA receptors) in shell or medial core disinhibited uncued and nonreinforced lever pressing
in a cue-evoked food-seeking task (Yun et al 2004a). In addition, inactivation of NAc medial
shell with combined microinjection of GABA-A and GABA-B agonists enhanced cue-induced
reinstatement of instrumental responding for sucrose (Floresco et al. 2008) and cocaine (Di
Ciano et al. 2007) during extinction. These results may illuminate the present finding that
DNQX and 1-na spermine selectively lowered the theta-0 reward threshold in FR subjects. The
decrease in slope and x-axis intercept (theta-0) of rate-frequency curves is indicative of a
preferential increase in responding for low frequency, previously subthreshold, brain
stimulation. The similar effects of DNQX and 1-na spermine indicate that blockade of GIuR1
may be sufficient to reproduce the effect of the broad spectrum AMPA/kainate receptor
antagonist. One interpretation of this result would be that AMPAR blockade selectively
increased the reward efficacy of weak stimulation in FR subjects. An alternative, in line with
the NAc shell inactivation studies, is that the stimulation remained subthreshold but GIuR1
blockade disinhibited cue-induced responding for nonrewarding stimulation. In this case, the
increased involvement of GIuR1 in regulation of ICSS in FR subjects might lead to the
prediction that slopes of FR subjects’ pre-injection rate-frequency curves would be steeper
than those of AL subjects. This was not observed, but an unbiased test of this prediction was
precluded by the training protocol in which brain stimulation intensities were adjusted with
the goal of matching baseline rate-frequency curves of all subjects.

The inferred increase in GIuR1 involvement in ICSS of FR subjects may reflect an upregulation
of basal GIuR1 channel conductance and/or surface expression, or a transient DA-dependent
increase during ICSS responding. DA, amphetamine, and sucrose ingestion all lead to
phosphorylation of NAc GIuR1 (Snyder et al. 2000; Rauggi et al. 2005) which enhances AMPA
currents and facilitates rapid insertion into the postsynapse (Barry and Ziff 2002; Man et al.
2007; Snyder et al. 2000). Recently, this laboratory observed that systemically administered
SKF-82958 led to greater phosphorylation of GIuR1 in NAc of FR relative to AL rats (Carr,
Chau, Gustafson, in progress). Consequently, a primary upregulation of D-1 receptor function
may secondarily increase involvement of GIuR1 in regulating ICSS in FR subjects.

Together, results of the present experiments raise the possibility that neuroadaptations induced
by FR in NAc medial shell increase the focus and vigor of reward-directed behavior in two
ways: by upregulating D-1 DA receptor function involved in selection and expression of goal-
directed behavior, and increasing GIuR1-mediated activation of cells that suppress
nonreinforced behavior. The net effect of this combination would have clear adaptive value in
the energy-deficient subject. However, it may also contribute to the enhanced ability of abused
drugs to usurp brain reward circuitry (Volkow and Wise, 2005) and reinforce self-
administration.
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Figure 1.

Average post-injection ICSS rate-frequency curves of ad libitum fed (n=7; top) and food-
restricted (n=8; bottom) rats. The average pre-injection rate-frequency curves (not shown) are
essentially superimposable on the post-vehicle curves (see Fig. 2 for % change in key
parameters following vehicle injection). Bilateral microinjection of SKF-82958 in nucleus
accumbens medial shell produced greater leftward-shifts in curves of food-restricted relative
to ad libitum fed subjects (see text for details). Points indicated by symbols correspond to mean
theta-0 (x-axis intercept), M-50 (frequency supporting 50% of maximum reinforcement rate)
and maximum/asymptotic reinforcement rate.
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Figure 2.

Mean (+ s.e.m.) percentage changes in the M-50 (top) and theta-0 (bottom) measures of reward
threshold, derived from ICSS rate-frequency curves, following microinjection of 0.0, 2.0, and
5.0 pg SKF-82958, bilaterally, in NAc medial shell of ad libitum fed (black fill) and food-
restricted (gray fill) rats. *p at least <.05 as compared to the ad libitum fed group (see text for
details).
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Figure 3.

Mean (+ s.e.m.) percentage changes in M-50 (top) and theta-0 (bottom) measures of reward
threshold following microinjection of d-amphetamine (5.0 pg) bilaterally in NAc medial shell
of ad libitum fed (black fill) and food-restricted (gray fill) rats. D-amphetamine microinjections
were preceded (10 min) by systemic injection of SCH-23390 (0.01 mg/kg, i.p.) or vehicle. *p
at least <.05 relative to the ad libitum fed group.
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Figure 4.
A representative stained coronal section displaying bilateral microinjection sites in NAc shell.
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Figure 5.
Schematic diagrams adapted from Paxinos and Watson (1998), indicating microinjection sites
in NAc shell of subjects tested in Experiment 1.
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Figure 6.

Mean (+ s.e.m.) percentage changes in the M-50 (top) and theta-0 (bottom) measures of reward
threshold, derived from ICSS rate-frequency curves, following microinjection of 0.0, 0.25,
0.75, and 2.0 pg SKF-82958, bilaterally, in NAc core of ad libitum fed (black fill) and food-
restricted (gray fill) rats.
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Mean (+ s.e.m.) percentage changes in M-50 (top) and theta-0 (bottom) measures of reward
threshold following microinjection of d-amphetamine (2.0 pg) bilaterally in NAc core of ad
libitum fed (black fill) and food-restricted (gray fill) rats. D-amphetamine microinjections were
preceded (10 min) by systemic injection of SCH-23390 (0.01 mg/kg, i.p.) or vehicle. *p at least
<.05 relative to the ad libitum fed group.
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Schematic diagrams adapted from Paxinos and Watson (1998), indicating microinjection sites
in NAc core of subjects tested in Experiment 2.
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Figure 9.

Vertical activity (top; mean £s.e.m. counts/30 min) and distance moved (bottom; mean £s.e.m.
¢m/30 min) induced by of NAc medial shell microinjection of SKF-82958 (2.0 ug) versus
vehicle in ad libitum fed (black fill) and food-restricted (gray fill) rats. Food-restricted subjects
were more active than ad libitum fed subjects following SKF-82958, but not vehicle,
microinjection. *p at least <.01.
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Figure 10.

Mean (+ s.e.m.) percentage changes in M-50 (top) and theta-0 (bottom) measures of reward
threshold following microinjection of DNQX (1.0 pg) or vehicle bilaterally in NAc medial
shell of ad libitum fed (black fill) and food-restricted (gray fill) rats. *p <.01 relative to vehicle
treatment.
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Figure 11.

Mean (x s.e.m.) percentage changes in the M-50 (top) and theta-0 (bottom) measures of reward
threshold following microinjection of 0.0, 1.0, and 2.5 pg 1-naphthylacetyl spermine,
bilaterally, in NAc medial shell of ad libitum fed (black fill) and food-restricted (gray fill) rats.
*p at least <.01 as compared to the ad libitum fed group.
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Figure 12.
Schematic diagrams adapted from Paxinos and Watson (1998), indicating microinjection sites
in NAc shell of subjects tested in Experiment 4.
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