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The orexigenic neuropeptide ghrelin is an endogeneous ligand for the growth hormone secretagogue
receptor (GHS-R). This orexigen is expressed in both the periphery and in the central system, including
portions of mesolimbic dopaminergic circuitry that play a role in affective behaviors. Here we examined
pharmacological antagonism of GHS-R in motivational incentive learning, as reflected in Pavlovian-to-
instrumental transfer (PIT). Furthermore, it is currently unclear whether the previous effects of ghrelin
on food intake are mediated by pre- and/or postingestive influences on ingestive behavior. Thus, the
authors also conducted detailed analyses of the temporal dynamics of sucrose licking. Mice received low
(50 nmol), moderate (100 nmol), and high (200 nmol) intraperitoneal injections of the GHS-R antagonist
GHRP-6 [D-Lys3] prior to subsequent transfer and sucrose consumption tests. Low and moderate doses
led to an augmentation of PIT, while high dose injections led to generalized performance deficits. In
addition, moderate and high doses of the antagonist resulted in reductions in sucrose intake by reducing
palatability of the sucrose. These results suggest dissociable functions of GHS-R in its influence over
motivational learning and ingestive behavior.
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The discovery that ghrelin—the endogenous agonist for the
growth hormone secretagogue receptor (GHS-R)—acts as an
orexigen, has led to an wealth of research characterizing the central
mechanisms involved in ghrelin-driven ingestive behavior
(Kojima et al., 1999; Wren et al., 2001). Ghrelin is synthesized
both in the periphery and centrally, and crosses the blood–brain
barrier in a bidirectional manner (Banks, Tschop, Robinson, &
Heiman, 2002; Diano et al., 2006). In the central nervous system,
a major target for ghrelin is the arcuate nucleus, from which two
groups of neurons project to the paraventricular nucleus of the
hypothalamus: (1) those that express the appetite-enhancing orexi-
genic neuropeptides, neuropeptide Y (NPY) and agouti-related
protein (AGRP), (2) those that contain the appetite-suppressing
anorexigenic neuropeptides proopiomelanacortin (POMC) and
cocaine-and amphetamine-regulated transcript (CART) (Schwartz
et al., 2000; Tschop, Smiley, & Heiman, 2000). NPY/AGRP-
containing neurons terminate on POMC/CART-containing neu-
rons and release GABA when activated by ghrelin. Thus, ghrelin
directly stimulates NPY/AGRP neurons and indirectly inhibits the
anorexigenic actions of POMC/CART-containing neurons (Cow-
ley et al., 2003; Holst & Schwartz, 2004).

Although it is apparent that ghrelin regulates energy intake via
modulation of CNS feeding circuitry, the GHS-R ligand is also

expressed outside of the hypothalamus (Guan et al., 1997; Zigman
et al., 2006), including in dopaminergic and GABAergic neuronal
subpopulations of the ventral tegmental area (VTA). Ghrelin is
known to increase firing rate of VTA dopamine (DA) neurons, and
DA turnover in the ventral striatal nucleus accumbens (Abizaid et
al., 2006; Guan et al., 1997; Jerlhag et al., 2007). In further support
of its stimulation of mesolimbic dopaminergic circuitry, peripheral
administration of ghrelin can augment cocaine-enhanced locomo-
tor activity and induce cocaine conditioned place preference at
subthreshold doses (Davis et al., 2007; Wellman, Davis, & Nation,
2005). Moreover, GHS-R antagonists directed at the VTA block
the ghrelin-mediated feeding response, while administration of
ghrelin in this region stimulates both locomotor activity and feed-
ing responses (Abizaid et al., 2006; Jerlhag et al., 2006). This
mesolimbic circuitry has long been implicated in reinforcement of
both natural rewards and addictive drugs (Everitt & Wolf, 2002;
Wise, 1981), and thus suggests the mechanism of ghrelin-mediated
hyperphagia is broader than that currently ascribed (Olszewski,
Schioth, & Levine, 2008).

Here we examined whether pharmacological antagonism of
GHS-R affects motivational incentive learning, as reflected in
Pavlovian-to-instrumental transfer (PIT), in which Pavlovian con-
ditioned stimuli modulate the performance of ongoing instrumen-
tal behavior (Rescorla & Solomon, 1967). PIT depends on the
intact function of the mesolimbic system, where GHS-R is ex-
pressed (El-Amamy & Holland, 2007; Murschall & Hauber, 2006;
Wyvell & Berridge, 2000), and thus might be sensitive to GHS-R
activity. In addition, while manipulations of ghrelin have been
shown to lead to changes in ingestive behavior (Asakawa et al.,
2003; Wren et al., 2000) it remains unclear whether these effects
result from changes in gustatory stimulation, orosensory positive
feedback, conditioned/unconditioned negative feedback, or some
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combination thereof (Davis & Smith, 1992; Smith, 2001; Spector,
Klumpp, & Kaplan, 1998). Thus, we performed microstructural
analysis of licking responses for liquid sucrose, to establish which
component(s) of ingestive behavior are influenced by GHS-R
inactivation.

Method

Subjects

Behavioral testing was conducted using male C57BL6/J strain
mice (n � 24), purchased from Jackson Laboratories, and trans-
ferred to the Neurogenetics and Behavior Center, Johns Hopkins
University, Baltimore, MD, at 6–8 weeks of age. On arrival mice
weighed � 30 g, and were housed three to four per cage and kept
under a 12 hr light–dark cycle (lights on 0700 – 1900). All
handling, training, and testing occurred within the light cycle
between 0900 and 1700. Mice were food deprived to 85% of their
ad libitum weight 3 days prior to the start of training, by restricting
food access to a single daily meal. The experiment was conducted
in two replications, under the auspices of the Institutional Animal
Care and Use Committee.

Apparatus

Behavioral training took place in eight identical chambers,
which consisted of aluminum front and back walls, clear polycar-
bonate sides and ceiling, and floor comprised of parallel, stainless
steel rods, all housed in sound-attenuating shells (Med Associates,
St. Albans, VT). Chambers were outfitted with a food cup into
which 0.1 ml of liquid reward could be delivered. Food cups were
connected to programmable vacuums, which could suction off
reward when desired. Infrared photocells installed in the food cup
monitored the time spent and number of entries into the cup. The
food cups also contained lickometers (Schoenbaum et al., 2001),
which used fiber optics to introduce a light beam through the
fluid-air interface of a fluid bolus. This system allowed for the
detection and accurate time-stamping of licks, detected as distur-
bances in the amplified light surface within the interface when the
sucrose fluid was contacted. These data were subsequently ana-
lyzed for licking microstructure (Test Phase 2). Within each cham-
ber, retractable ultrasensitive mouse levers (Med Associates, St.
Albans, VT) were available to the right and left sides of the food
cup. Each chamber also contained a speaker that delivered a 3-kHz
tone (amplitude set at � 80 dB), and a heavy-duty 10-Hz clicker
module mounted outside of the chamber on the opposite side from
the food cup. Ambient light was supplied by a 28-V, 100-mA
house light mounted inside the sound attenuating shell. For test
phase 2, an additional set of eight chambers, identical to the
training chambers, were used. An IBM-compatible computer, with
Med PC Software, controlled the apparatus and recorded data.

Drugs

Prior to the test phases, the GHRP-6 [D-Lys3] ghrelin receptor
antagonist (Phoneix Peptides, Burlingame, CA) was dissolved in
sterile sodium chloride solution (0.9%), and administered 250 �l
intraperitoneally at a concentration of 50, 100, or 200 nmol,
depending on the group allocation for each mouse. For the control
condition, matched volumes of saline were administered intraperi-

toneally. These doses of the antagonist were chosen as the highest
dose (200 nmol) had been previously shown to suppress food
intake in mice (Asakawa et al., 2003).

Behavioral Training Procedures

Initially, mice received a single food cup training session for 2
days, where 60 deliveries of sucrose occurred (0.1 ml at 10%
wt/vol for 10 s) on a random time (RT) 30-s schedule.

Following food cup training, mice received single daily Pavlov-
ian training sessions for 3 days. Each session consisted of 10
pseudorandomly presented 2-min cues: 5 reward-paired (CS�;
either tone or clicker) and 5 nonreward-paired (CS�). For half the
mice, the tone served as CS� and the clicker as CS�, while the
remaining mice received the opposite contingencies. Sucrose was
delivered on an RT 30-s schedule during the CS�, but not during
the CS� trials. Any remaining sucrose at the end of a CS� trial
was removed via the vacuum. Trials were separated by a 2-min
variable intertrial interval (ITI).

Next, mice were trained to perform a lever-press response for
the sucrose reward in three 30-min sessions. At this time both
levers were available; presses on the lever designated active re-
sulted in sucrose delivery, while presses on the other, inactive,
lever did not. Active and inactive lever locations (i.e., left- and
right-side) were fully counterbalanced across mice. To facilitate
lever responding on the first day, a small amount of sweetened
condensed milk solution was placed on the active lever. Each
response on the active lever resulted in sucrose delivery (i.e., a
continuous reinforcement schedule).

Subsequently, mice received Pavlovian and instrumental train-
ing sessions on alternate days. Pavlovian sessions continued as
previously described, while the response-reinforcement schedule
associated with active lever instrumental training increased to a
variable interval (VI) 30 s then, after three more instrumental
sessions to a VI 60 s, and for the final three sessions, mice were
trained on a VI 90-s schedule. Training was complete when mice
received 12 separate sessions of both Pavlovian and instrumental
training.

Test Phase 1: Pavlovian to Instrumental Transfer

Twenty-four hours following the final training session, mice
were divided equally (i.e., n � 8) into groups (50 nmol, 100 nmol,
and 200 nmol) counterbalanced according to previous Pavlovian
and instrumental conditioning histories. Twenty minutes prior to
the PIT test, half the mice from each group were injected with the
ghrelin antagonist, at the dose relevant to their group assignment,
while the remaining mice were injected with saline. In the test,
mice had access to both levers but no rewards were delivered at
any time. Thus the test was conducted in extinction. After a 6-min
initial stimulus-free period intended to reduce and stabilize lever-
press response rates, each cue (CS�, CS�) was presented five
times in a pseudorandom order, separated by a 2-min fixed inter-
val, with the criterion that the same cue would not be repeated
more than twice consecutively. We expected Pavlovian-
instrumental transfer to be expressed as an augmentation of the
rate of ongoing lever-pressing by CS�, but not CS�.
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Test Phase 2: Sucrose Consumption Test

Immediately following the completion of the first testing phase
(approximately 60 min post-injection), mice were transferred to a
new testing chamber and given a 30-min consumption test. During
this test session, the photobeam lickometers were used. Sucrose
was available at the start of the session, and additional reward was
delivered every 25 licks, to allow free sucrose access for the
duration of the test. Due to a computer malfunction, licking mi-
crostructure data for four animals, in 100 and 200 nmol, were lost
for one test day.

Retraining and Test

On completion of test phases 1 and 2, mice received three
additional Pavlovian and instrumental training sessions, prior to a
final PIT and consumption test. These tests were identical to the
previous test phases, with the exception that treatment contingen-
cies (i.e., GHRP-6 [D-Lys3] ghrelin receptor antagonist, or saline)
were reversed for each mouse.

Data Analysis: Lick Microstructure

Microstructure data were analyzed according to previously es-
tablished parameters (Davis & Smith, 1992; Spector et al., 1998).
Total consumption was measured as the total number of licks made
by mice during test phase 2. Interlick intervals (ILIs) were ana-
lyzed in several ways. The majority of ILIs have been shown to fall
�250 ms, and are normally distributed below this interval (Smith,
2001). A second distribution of ILIs 251 ms–500 ms, that reflect
brief interruptions in licking intake have been identified. The third
region ILIs �500 ms describes longer interruptions of licking and
unlike the previous two, this final distribution is skewed.

To measure licking responses associated with the dynamics of
ingestive behavior, we defined two measures: size of licking bursts
and number of licking bursts. A licking burst was defined as two
or more consecutive licks with no ILI exceeding 1 s (Spector et al.,
1998). The size of the burst was calculated by the total number of
licks in all bursts in the meal, while the number of these events
reflected the number of licking bursts. The size of licking bursts
reflects preingestive influences that typically maintain ingestive
behavior via signals that include excitation of gustatory, olfactory,
and trigeminal receptors, whereas the number of licking bursts is
associated with postingestive effects and typically declines as
these influences become more apparent.

Statistical Analysis

The training data (rates of food cup entry and lever pressing)
were analyzed with two-way analysis of variance (ANOVA) with
group (50 nmol, 100 nmol, 200 nmol) as a between-subjects
variable and either cue (CS�, CS�) or lever (active, inactive) as
a within-subjects variable. The PIT test lever press data were
analyzed with three-way ANOVA, with the between-subjects vari-
able of group (50 nmol, 100 nmol, 200 nmol) and within-subject
variables of period (CS�, CS�, ITI) and drug state (antagonist- or
saline-treated). The consumption test licking data were analyzed
with three-way ANOVA, with the between-subjects variable of
group (50 nmol, 100 nmol, 200 nmol) and within-subject variables
of time bin (5-min periods) and drug state (antagonist- or saline-

treated). The three-way ANOVAs were followed by individual
two-way ANOVAs or t tests, as appropriate.

Results

Pavlovian and Instrumental Training

For the mean of the final two Pavlovian training sessions, all
mice showed similar rates of entry into the food cup during CS�
(Entries per min � SEM; 50 nmol � 6.48 � 0.93; 100 nmol �
4.78 � 1.73; 200 nmol � 4.64 � 0.64), as compared with CS�
(50 nmol � 0.88 � 0.15; 100 nmol � 1.07 � 0.21; 200 nmol �
0.61 � 0.16). All data from one subject in the 100 nmol condition
were removed from this and all subsequent analyses because of
excessive entries in the food cup during the CS� (25 entries per
minute, well beyond two SDs above the mean for this group).
Two-way ANOVA with group (50 nmol, 100 nmol, 200 nmol) and
cue (CS�, CS�) as variables, revealed a main effect of cue, F(1,
20) � 52.84, p � .00001, but no effect of group or group 	 cue
interaction (Fs � 1; ps � 0.49).

Similarly, by the end of instrumental training, lever response
rates were significantly greater for the active (50 nmol � 8.75 �
0.93; 100 nmol � 8.47 � 0.99; 200 nmol � 9.64 � 0.87)
compared to the inactive lever (50 nmol � 0.59 � 0.11; 100
nmol � 0.45 � 0.05; 200 nmol � 0.52 � 0.14). Group 	 response
(active, inactive) ANOVA confirmed a main effect of response
only, F(1, 20) � 258.84, p � .00001, with no effects of group or
interaction (Fs � 1, ps � 0.64). Thus, prior to test and adminis-
tration of the D-Lys3-GHRP-6 antagonist, all mice displayed sim-
ilar levels of Pavlovian and instrumental responding.

Test Phase 1: Pavlovian to Instrumental Transfer

The data of primary interest, those from the Pavlovian-to-
instrumental test stage, are depicted in Figure 1a. All groups of
mice displayed a similar PIT effect when under saline-treated
control conditions as evidenced by an increase in active lever
responding during the CS�, compared to responding during the
CS� or ITI (right set of bars in each panel of Figure 1a). However,
the effects of the antagonist on PIT (left set of bars in each panel)
varied as a function of dose, such that mice injected with 50 nmol
or 100 nmol showed an elevation of PIT relative to their saline-
treated control condition. By contrast, mice in the 200 nmol group
showed a reduction in responding to both cues relative to their
saline control condition. A three-way, group (50 nmol, 100 nmol,
200 nmol) 	 period (CS�, CS�, ITI) 	 drug state (antagonist- or
saline-treated) ANOVA indicated no effect of group, F(2, 20) �
2.19, p � .14, or state, F(1, 20) � 3.63, p � .07, but a main effect
of period, F(1, 20) � 60.76, p � .00001, and importantly, a
significant three-way interaction, F(4, 20) � 6.96, p � .001. To
interpret the nature of this interaction, separate period 	 drug state
within-subject ANOVAs were conducted for each group. For the
50 nmol group this analysis revealed no main effect of state, F(1,
7) � 0.19, p � .19, a main effect of period, F(2, 14) � 22.69, p �
.0001, and a significant interaction between the two variables, F(1,
7) � 20.85, p � .0001, with CS�, F(1, 7) � 10.97, p � .01, but
not CS�, F(1, 7) � 0.03, p � .86, or ITI responses, F(1, 7) �
0.25, p � .63, differing as a function of drug state. Similarly for the
100-nmol group, the analysis revealed a main effect of period, F(2,
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12) � 60.26, p � .0001, no effect of drug state, F(1, 6) �
0.11, p � .74, and a significant interaction between the two
variables, F(2, 12) � 12.14, p � .01, with CS� responses, F(1,
6) � 6.06, p � .05, but not CS�, F(1, 6) � 4.2, p � .09, or ITI
responses, F(1, 6) � 2.20, p � .18, differing between antagonist
and saline-treated conditions. Thus, the drug affected only re-
sponding to CS� in these groups. By contrast, the analysis for
mice in the 200-nmol condition revealed a main effect of period,
F(2, 14) � 6.41, p � .01, a main effect of state, F(1, 7) � 15.97,
p � .01, but no interaction between the two variables, F(2, 14) �
1.43, p � .27. In addition, CS�, F(1, 7) � 11.67, p � .01, CS�,
F(1, 7) � 6.04, p � .05, and ITI active lever responses, F(1, 7) �
18.52, p � .01, under the antagonist were significantly reduced
compared to the control condition.

Despite these differences in PIT, the antagonist failed to influ-
ence entries into the food cup, with all mice displaying greater
food cup entries during CS� compared to CS� or ITI (Figure 1b).
Thus, the antagonist affected only motivational learning manifest
in PIT, and not simple Pavlovian approach responses. Three-way
ANOVA revealed a main effect of period, F(1, 20) � 18.12, p �
.00001, with no effect of group or state and no interactions among
any of the variables (largest F value; Group 	 state 	 period
interaction, F(4, 40) � 1.68, p � .17).

Finally, the antagonist was found to have a dramatic effect on
baseline locomotor activity scores when administered at a dose of

200 nmol (Figure 1c). Two-way ANOVAs with group as a
between-subjects variable and drug state as a within-subject vari-
able revealed a main effect of group, F(2, 20) � 6.16, p � .01,
drug state, F(1, 20) � 32.27, p � .001, and interaction between the
two variables, F(2, 20) � 7.43, p � .01, with activity counts under
the 200 nmol drug condition differing significantly from all other
scores ( ps �0.001).

Test Phase 2: Sucrose Consumption Tests, Licking
Microstructure

All mice in the saline-treated control condition displayed a high
rate of initial intake, followed by a steep slope of decline in
ingestion rate (see Figure 2). This initial avid consumption was
inhibited following 50 nmol injections of the D-Lys3-GHRP-6
antagonist (Figure 2a) and was further reduced in 100 nmol and
200 nmol conditions (Figures 2b and 2c). Three-way ANOVA
with variables of group, time bin, and drug state revealed no main
effect of group, F(2, 13) � 1.81, p � .2, a main effect of state, F(1,
13) � 26.69, p � .0001, and time bin, F(5, 65) � 64.02, p �
.00001, and a significant Group 	 drug state interaction, F(2,
13) � 7.47, p � .01. Post hoc comparisons of the significant
interaction revealed significant differences in consumption for 100
and 200 nmol groups when tested under the antagonist, compared
to all other test combinations ( ps �0.01).

Figure 1. Test Phase 1: Pavlovian to instrumental transfer test stage results. (a) Active lever response rates
per minute during presentations of CS� (black bars), CS� (gray bars) or ITI (open bars) for mice injected with
low (50 nmol), moderate (100 nmol), or high (200 nmol) doses of GHS-R antagonist, or saline. (b) Food cup
entries per minute during presentation of CS� (closed bars), CS� (gray bars) or ITI (open bars) following,
saline, low, medium, or high antagonist injections. (c) Locomotor activity levels during period of no stimulus
presentation (ITI) following, saline, low, medium, or high antagonist injections. Error bars indicate standard
error of the mean (SEM).

Figure 2. Test Phase 2: Sucrose consumption test. Sucrose intake (licks/ 5-min) under both antagonist (closed
circles) and saline-treated control conditions (open circles) for (a) 50 nmol (b) 100 nmol, and (c) 200 nmol
groups. Error bars indicate SEM.
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The ILIs were analyzed based on three different temporal re-
gions. The majority of ILIs fall �250 ms; a second region (250
ms–500 ms) reflects brief interruptions of licking; the final region
(�500 ms) describes longer interruptions of licking. Analysis of
the frequency distribution of ILIs showed that the D-Lys3-
GHRP-6 antagonist resulted in a significant decrease in the pro-
portion of ILIs �250 ms, F(1, 13) � 23.94, p � .001, and a
subsequent increase in ILIs 250 ms–500 ms, F(1, 13) � 12.72, p �
.01, and �500 ms, F(1, 13) � 26.41, p � .001 (Figures 3a–c).

An analysis of the overall consumption, as reflected by the total
number of ILIs revealed significant reduction in consumption for
100-nmol, t(3) � 2.91, p � .05, and 200-nmol groups, t(7) � 2.38
p � .04, but not the 50-nmol group, t(3) � 0.59, p � .59, relative
to their saline-treated control condition (Figure 3d). This differ-
ence was related to a reduction in the size of the licking bursts
following administration of the antagonist for both the 100-nmol,
t(3) � 3.09, p � .05, and 200-nmol groups t(7) � 2.44, p � .04,
but not for the number of licking burst episodes for each group:
t(3) � 2.56, p � .09 and t(7) � 1.39, p � .2, respectively. These
two measures are thought to reflect differential properties that
influence meal intake. The size of licking bursts increases as a
function of sucrose concentration (Spector et al., 1998) and is
thought to reflect measures of palatability independent of posting-
estive influence, whereas the number of bursts is believed to reflect
the potency of postingestive negative feedback (Smith, 2001).
These data suggest that the antagonist served to suppress food
intake for 100-nmol and 200-nmol groups by reducing palatability
of the sucrose.

Discussion

This study demonstrates that peripheral administration of a
GHS-R antagonist has dissociable effects on aspects of ingestive

behavior and reward learning in mice. Consistent with previous
data, mice receiving 100-nmol or 200-nmol doses of GHRP-6
[D-Lys3] antagonist showed a general reduction in sucrose con-
sumption, which our licking microstructure analysis suggests may
reflect influences on tastant palatability associated with GHS-R
inactivation. By contrast, 50-nmol and 100-nmol injections of the
antagonist led to a significant increase in PIT test active lever
responding during the CS�, but not CS� or ITI, compared to their
saline-treated control conditions. This outcome suggests that in the
absence of GHS-R mediated activity, the motivational significance
of the Pavlovian excitor is enhanced. It is important that this
enhancement was not simply due to motoric actions of drug
administration because responding to CS� after these doses did
not differ from CS� responding in saline-treated control condi-
tions. Furthermore, there were no changes in other response mea-
sures that might be expected to be sensitive to motor deficits,
including locomotor activity and food cup entries. Finally, 200-
nmol injections of GHRP-6 [D-Lys3] antagonist led to a reduction
in responding to both CS� and CS�, and a substantial reduction
in locomotor activity, indicating nonspecific performance deficits
associated with this dose.

Although most studies have focused on the role of ghrelin in
food intake, previous reports indicate it plays a role in aspects of
reward learning as well. For example, central injections of growth
hormone-releasing factor lead to increases in progressive ratio
breakpoint responding for food (Feifel & Vaccarino, 1990), and
peripheral administration of ghrelin elevates cocaine-enhanced
locomotor activity and induces cocaine conditioned place prefer-
ence at subthreshold doses (Davis et al., 2007; Wellman et al.,
2005). These effects may be linked to GHS-R activity in classical
reward pathways. GHS-R is expressed in mesolimbic dopaminer-
gic circuitry, particularly the VTA and substantia nigra pars com-

Figure 3. Test Phase 2: Licking microstructure for 50, 100, and 200 nmol groups. Frequency distribution of
ILI’s (a) �250 ms, (b) 250–500 ms, and (c) �500 ms. (d) Total number of licks, (e) size of licking bursts, and
(f) number of licking bursts for the sucrose consumption tests. Error bars indicate SEM.
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pacta (Zigman et al., 2006), where its ligand promotes generation
of action potentials and synapse formation in VTA. Notably,
targeted injections of the GHS-R antagonist BIM28163 in this
region block the orexigenic actions of peripherally administered
ghrelin (Abizaid et al., 2006). Since transient inactivation of the
VTA reduces the display of PIT (Murschall & Hauber, 2006), our
observation that GHS-R inactivation augmented transfer was un-
expected. However, other data suggest that VTA’s influence on
PIT within broader neural systems may be more complex. For
example, El-Amamy and Holland (2007) found that functional
disconnection of VTA from the amygdala central nucleus (CeA),
another brain region critical to PIT, rescued the deficit in PIT
produced by unilateral damage to VTA. This result suggests that
VTA and CeA may normally interact in an inhibitory fashion in
PIT, providing a basis for the enhancement of PIT after GHS-R
inactivation in VTA.

We have noted other dissociations between PIT and ingestive
behavior in our laboratory as well. For example, in addition to
facilitating operant responding, Pavlovian cues associated with
food can potentiate ingestive behaviors in food-sated animals,
resulting in consumption of a large amount of food in a relatively
short period of time (Holland, Petrovich, & Gallagher, 2002;
Petrovich, Setlow, Holland, & Gallagher, 2002, Petrovich, Ross,
Gallagher, & Holland, 2007; Weingarten, 1983). Whereas this
cue-potentiated feeding is absent in rats with lesions of the baso-
lateral amygdala (BLA) and unaffected by lesions of the CeA, PIT
was eliminated by CeA lesions but not by BLA lesions (Holland &
Gallagher, 2003). Thus, the different effects of GHS-R antagonist
on PIT and the ingestion of sucrose may reflect different conse-
quences of GHS-R inactivation within distinct brain circuits that
mediate those activities.

The different effects of GHS-R antagonist on PIT and sucrose
ingestion indicate that it is simplistic to describe ghrelin’s effects
as increasing some unitary motivational state such as “hunger” that
drives both procurement and consumption of food. In this regard it
is notable that the results of our licking microstructure analysis
suggest that the antagonist reduced sucrose consumption at least in
part by reducing its palatability—the evaluation of its sensory
properties. By contrast, many investigators have suggested that
when a single reinforcer is used, PIT may instead reflect a cue-
driven shift in general motivational state, unrelated to specific
sensory or palatability aspects of the reinforcer (Berridge, 1996;
Corbit & Balleine, 2005; Holland, 2004). Our observation that
GHS-R inactivation elevated “general PIT” may suggest that food-
paired cues interact with ghrelin and enhance food-procurement
activities by influencing a general arousal state (Szentirmai,
Kapas, & Krueger, 2007). It is notable that general PIT, as exam-
ined in the present study, is often contrasted with a second form of
transfer that is obtained when multiple reinforcers are used. This
“reinforcer-selective PIT,” which unlike general PIT depends on
BLA rather than CeA function (Corbit & Balleine, 2005), reflects
the ability of food-paired cues to enhance responding based on the
specific sensory features (rather than general motivational signif-
icance) of reinforcers (Dickinson & Dawson, 1987). It would be of
interest to determine whether ghrelin antagonist might depress PIT
after training with multiple reinforcers are used, by reducing the
palatability of those reinforcers. While studied mainly in animals,
these differential forms of transfer may also be relevant to human
behaviors associated with food procurement. For instance, food-

related signals (e.g., the golden arches) may come to direct food
procurement by modulating behavior based on the evocation of
motivational states such as hunger (i.e., general PIT), while also
modulating behavior by evoking thoughts or memories of the
specific foods they predict (e.g., a Big-Mac; reinforcer-specific
PIT).

As noted previously, our results suggest that, on contact with
food, ghrelin appears to drive ingestive behavior by altering the
palatability associated with the tastant. Previous studies have
shown peripheral and central injections of ghrelin induce elevated
food intake under a variety of conditions (Bomberg, Grace, Wirth,
Levine, & Olszewski, 2007; Naleid, Grace, Cummings, & Levine,
2005; Tschop et al., 2000; Wren et al., 2000), while antagonism of
its receptor leads to pronounced suppression of ingestive behavior
(Asakawa et al., 2003; Esler et al., 2007). These effects on feeding
have been limited to analyses of consumption across large time
frames, with parameters that usually fail to distinguish between a
variety of pre- and postingestive factors that influence overall
intake. Preingestive factors include measures of palatability, taste
evaluation, and gustatory stimulation that typically maintain in-
gestive behavior via signals that include excitation of gustatory,
olfactory, and trigeminal receptors (Davis & Smith, 1992). On the
other hand, postingestive factors typically provide negative feed-
back leading to a suppression of intake mediated through humoral
and neural stimuli acting on chemosensors in the small intestine
and stomach (Davis & Smith, 1992; Davis, Smith, & Miesner,
1993, Davis, Smith, Singh, & McCann, 1999; Smith, 2001; Spec-
tor et al., 1998). At the microstructural level it is possible to
distinguish between these variables. Preingestive measures are
commonly inferred from the rate with which rodents initiate meal
consumption and the size of discontinuous licking bursts that occur
throughout the feeding session. Both measures systematically in-
crease following increases in tastant concentration and are unaf-
fected by sham-feeding preparations (Davis & Smith, 1992; Spec-
tor et al., 1998). By contrast, the number of interruptions in licking
bursts increases with sham-feeding preparations and displays an
inverted-U-shaped function of concentration with sucrose, indicat-
ing sensitivity to postingestive feedback.

Interestingly, increases in dose of the antagonist led to reduc-
tions in the initial rate of licking, and size, but not number of
licking bursts. These results point to a role for ghrelin in mediating
tastant intake by influencing measures associated with taste eval-
uation and palatability (Smith, 2001). Consistent with these find-
ings GHS-R expression has been identified in nucleus of the
tractus solitarius (NTS) and the lateral parabrachial nucleus (Guan
et al., 1997; Zigman et al., 2006), areas that receive extensive
connections from intralingual taste nerves (the chorda tympani and
the glossopharyngeal nerve; Norgren, 1995; Yamamoto, 2006).
However, given that 200 nmol GHS-R led to significant reductions
in locomotor activity, it is difficult to interpret whether the effects
on food intake noted in the current and past studies (e.g., Asakawa
et al., 2003) are due in part to nonspecific motoric effects at this
dose.

While ghrelin has been shown to elicit voracious feeding under
a variety of conditions (Tschop et al., 2000; Wren et al., 2000),
recent data suggest this ligand plays a role in learning and memory
(Carlini, Gaydou, Schioth, & de Barioglio, 2007; Diano et al.,
2006), reward learning (Davis et al., 2007; Wellman et al., 2005),
and plasticity (Abizaid et al., 2006; Diano et al., 2006). We provide
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additional evidence supporting dissociable roles for ghrelin, where
GHS-R inactivation leads to an augmentation of transfer based on
the general motivational significance of the Pavlovian excitor, and
suppression in consumption due to reductions in taste evaluation
and palatability. Future studies assessing GHS-R function in the
interaction of homeostatic and nonhomeostatic control over food
intake (e.g., cue-potentiated feeding) and procurement (e.g.,
reinforcer-selective PIT) may be particularly informative for elu-
cidating the mechanisms involved in ghrelin-driven behavior.
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Correction to Edwards et al. (2009)

In the article “Sensory Gating Impairments in Heavy Cannabis Users Are Associated With Altered
Neural Oscillations,” by Chad R. Edwards, Patrick D. Skosnik, Adam B. Steinmetz, Brian F.
O’Donnell, and William P. Hetrick (Behavioral Neuroscience, 2009, Vol. 123, No. 4, pp. 894–904),
an incorrect version of the abstract was published. The correct version of the abstract appears below.

Central cannabinoid receptors mediate neural oscillations and are localized to networks implicated
in auditory P50 sensory gating, including the hippocampus and neocortex. The current study
examined whether neural oscillations evoked by the paired clicks (S1, S2) are associated with
abnormal P50 gating reported in cannabis users. Seventeen heavy cannabis users and 16 cannabis
naı̈ve controls participated. Analyses included P50 amplitudes, and time-frequency analyses (event-
related spectral perturbations, ERSPs; intertrial coherence, ITC). Consistent with prior studies,
cannabis users exhibited reduced P50 gating. The ERSP analysis yielded attenuated high frequency
activity in the beta range (13–29 Hz) post-S1 and in the gamma range (30–50 Hz) post-S2 in the
cannabis group, compared with the control group. Greater levels of cannabis use were positively
associated with high P50 ratios and negatively with post-S2 ERSP gamma power. Findings suggest
that heavy cannabis use is associated with aberrant beta and gamma activity in the dual-click
procedure, which corroborates recent work demonstrating disruption of beta/gamma by cannabinoid
receptor (CB1) agonists in a rat analogue of this task and highlights the translational potential of the
dual-click procedure.
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