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• Individual differences in anticipatory activity to food predict cue-induced USVs.
• Re-exposition to reward cues elicits USVs and invigorated appetitive behaviors.
• Reward-experienced rats show behavioral cross-tolerance on amphetamine-induced USVs.
• Rats prone to attribute incentive salience to cues respond weakly to DAergic drugs.
• Prone rats still emit USVs to food cues even after being totally sated.
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Reward-related stimuli come to acquire incentive salience through Pavlovian learning and become capable of
controlling reward-oriented behaviors. Here, we examined individual differences in anticipatory activity elicited
by reward-related cues as indicative of how animals attribute incentive salience to otherwise neutral stimuli.
Since adult rats can signal incentive motivation states through ultrasonic vocalizations (USVs) at around 50-
kHz, such callswere recorded in food-deprived rats trained to associate cueswith food rewards,whichwere sub-
sequently devalued by satiation.We found that the extent to which animals developed conditioned anticipatory
activity to food cues while food deprived determined the level of cue-induced appetitive USVs while sated. Re-
exposure to reward cues after a free-testing period reinstated USVs, invigorated reward seeking and consump-
tion, and again, increases in calling occurred only in animals with high levels of cue-induced anticipatory activity.
Reward-experienced rats systemically challenged with the catecholamine agonist amphetamine or with the do-
pamine receptor antagonist flupenthixol showed attenuated responses to these drugs, especially for USVs and in
subjects with high levels of cue-induced anticipatory activity. Our results suggest that individuals prone to attri-
bute incentive salience to reward cues showed heightened reward-induced USVs which were reliably expressed
over time and persisted despite physiological needs being fulfilled. Also, prone subjects seemed to undergo par-
ticular adaptations in their dopaminergic system related with incentive learning. Our findingsmay have transla-
tional relevance in preclinical research modeling compulsive disorders, which may be due to excessive
attribution of incentive salience to reward cues, such as overeating, pathological gambling, and drug addiction.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

In Pavlovian experimental preparations, a localizable visual stimulus
usually evokes approach and consumption behaviors directed toward
the reward cue itself (for review see: [1]), whereas diffuse or non-
localizable stimuli such as a tone or a testing context would instead en-
hance behavioral exploration [2–7]. Both types of non-contingent
Neurociencias, Universidad de
a Rica.
s).
conditioned responses, although quite consistent, are nevertheless
moderated by individual differences [1,8–11]. It has been widely dem-
onstrated that variations in cue-induced conditioned behaviors indicate
how animals attribute incentive salience to otherwise neutral stimuli [1,
4,9,10,12]. From these conditioned responses, anticipatory activity in
the presence of reward-related cues has also traditionally been taken
as evidence of incentive motivation [4,5].

Juvenile and adult rats have a complex repertoire of ultrasonic vocal-
izations (USVs) which differ in their fundamental peak frequencies and
in the contexts where they are usually emitted (for review see: [13]).
Out of these, high-frequency calls (i.e., 50-kHz calls) are normally
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produced in naturalistic rewarding situations such as mating, and rough-
and-tumble play, or triggered by non-naturalistic stimuli such as hetero-
specific play simulated by tickling [14–16], electrical stimulation of the
mesolimbic dopamine (DA) and norepinephrine (NE) pathways [17], or
by psychostimulatory drugs like amphetamine and cocaine [12,18–26].
The production of spontaneous [16,27,28], and reward-induced USVs is
highly dependent on individual differences [29–33]. It has been consis-
tently shown that reward-induced USVs exhibit great individual variabil-
ity [25,29,30], which may rely upon differences in the way mesolimbic
DAergic and NEergic systems encode information about rewards and
their predicting cues [17,29,34,35]. However, the analysis of individual
differences has focused on variations in the utterance of 50-kHz calls, es-
pecially using the ticklingparadigm. The inherently biological background
of such inter-individual variability has been demonstrated by breeding
rats selectively for their levels of tickling-induced appetitive 50-kHz
calls [31,34–37]. At the behavioral and neural levels, high and low callers
have been compared based on diverse parameters relevant for reward,
positive affect, and social behavior [14,17,31–33,38]. In this regard, sub-
jects with high levels of 50-kHz USVs have been found to show greater
reward sensitivity, as indicated by intra-accumbens and systemic
amphetamine-increased calling [29,34], higher sensitization to cocaine-
induced 50-kHz calls [35], and higher electrical [17] and cocaine self-
administration rates [30]. However, the question of whether animals
that already differ in their reward-related behaviors also show height-
ened appetitive 50-kHz calls has not been fully addressed. Efforts have
beenmade toward gauging USV variability by using screening tests of ex-
ploratory activity and unconditioned anxiety [16,21,28,39], however not
through the use of tests related to learning andmotivation. In the present
study, therefore, we asked whether individuals with high levels of condi-
tioned anticipatory activity – elicited by food-related cues – show high
rates of 50-kHz calls, especially when food rewards were devalued by sa-
tiation.We analyzed individual differences in food-deprived rats that had
been trained to anticipate food rewards (normal rat chow vs. sweetened
condensedmilk) under certain cues (experiments 1 to 3), and in rats that
had been instrumentally conditioned to access their daily feeding ration
by running down a runway maze (in experiment 4). In experiment 5,
ratswerepreviously trained in the samePavlovian conditioningparadigm
as in experiments 1 to 3, and after a free-training week, they were re-
exposed to food cues in order to evaluate firstly, the ability of reward
cues to reinstate calling and secondly, to determine whether preceding
individual differences in anticipatory activity still affect rates of USVs. Fi-
nally, reward-experienced rats were challenged with the DAergic (and
NAergic) agonist amphetamine (experiment 6) or with the DAergic re-
ceptor antagonist flupenthixol (experiment 7). In these cases, reward-
experienced rats were expected to show a diminished response to the
particular effect of each drug, with such an effect indicating the occur-
rence of behavioral cross-tolerance between Pavlovian incentive learning
and DAergic-related drugs [40–42]. Secondly, we asked whether the ef-
fects of these DAergic drugs on psychomotor activity and 50-kHz calls
vary along with individual differences in anticipatory activity developed
during previous incentive training. This assumption arises from evidence
suggesting that individual differences in attribution of incentive salience
to reward predicting cues are highly dependent onmesolimbic DA activ-
ity [8,9,43].

2. General materials and methods

2.1. Subjects

Adult male Wistar rats (Harlan-Winkelmann, Netherlands) served
as subjects. In experiment 1, 30 experimentally naïve rats weighing
277–351 g on arrival were used. These rats were used later in experi-
ment 4. Experiment 2 included 24 experimentally naïve rats (weight
on arrival: 231–256 g), which also served as subjects in experiments 5
and 7. In experiment 3, 20 experimentally naïve rats (weight on arrival:
240–265 g) were used, which were also the subjects of experiment 6.
Upon arrival all animals were housed 4–5 per cage (Macrolon type-IV)
in a climate-controlled room with a 12:12 h light–dark schedule (light
on at 07:00 h), where they remained undisturbed during one week be-
fore testing. Food and water were freely available unless otherwise
specified. All procedureswere conducted in accordancewith the ethical
regulations for animal experimentation at the Philipps-University of
Marburg. In all experiments, animal order was counterbalanced within
and across days and experiments to the fullest extent possible.

2.2. Screening cage test

Rats were screened for their levels of spontaneous USVs as recently
described [26]. The test, which was conducted on two consecutive
days (5 min each), consisted of recording spontaneous USVs while a
given rat explored a clean cagewith fresh bedding [16,21,28]. According
to the number of 50-kHz calls emitted on both days, experimental
groups were counterbalanced without excluding subjects.

2.3. Appetitive cage test

As recently described [44], a given rat was put into a clean cage with
bedding, which was then placed on a desk under the microphone,
where the recording session immediately started. Two loudspeakers
(Avemaster 60 PC stereo system, Germany) connected to a personal
computer were placed on either side of the cage. As the conditioned
stimulus (CS), a 3-kHz tone (49.2 dB inside the cage) was used. The un-
conditioned stimulus (UCS) was either normal rat chow (about 20 g) or
sweetened condensed milk (10% fat content diluted 1:3 in tap water,
Milbona, Germany). For the reward groups, the CS predicted either
the start of each daily feeding session (1.5 h access to food per day) or
a 30 min-drinking time (milk). Throughout the whole experiment, re-
ward intake took place in the same testing cage used for a given rat. Dur-
ing thefirst 120 s, animalswere left undisturbed (“context”phase), then
the CS was presented over another 120 s, subsequently followed by the
UCS (food or milk). The overlapping CS–UCS period lasted 30 s once re-
ward intake started. When the tone ended, the animal was allowed to
continue consuming the reward for another 60 s before being
transported back (in the same testing cage) to the adjacent animal
room. A matched control rat was tested simultaneously in a test cage,
where it received the same pairing schedule as the matched reward
rat, except that food or milk was never delivered there. Afterwards,
the pair of control and reward animals was brought back to the animal
room and placed on a rack, with controls on odd and reward rats on
even rows, so that cages from each group were never side by side.
Each control rat remained in its own testing cage while thematched re-
ward rat completed either the 1.5 h-feeding session or 30-min drinking
time. At least 3 h after all controls rats had been brought back into their
own group cages, namely once the night cycle entered, their 1.5 h-daily
feeding session began. In the experiments using milk as reward (2 and
5) all animals were first habituated to the sweetened condensed milk
for oneweek. During this period, control rats hadmilk in the evening to-
gether with their daily food, whereas reward rats had milk in the light
period, coinciding exactly with the time of the day during which they
would be going to be tested. In experiment 3, both during habituation
and testing phases, reward rats had access to their daily food ration
only in the testing room, so that the fact of being fed after a 22.5-h FD
period was specially linked to this environment. Control rats remained
in the testing room during the same time period as reward rats and
they were fed only in the animal room hours later.

2.4. Runway maze

The apparatus was a single U-shaped runwaymaze constructed of black
acrylic, which consisted of two arm alleys (50 cm L × 20 cmW× 24 cmH)
connected by a 20 cm L corridor. The start box (40 cm L) was equipped
with a guillotine door that could be manually lifted from afar using a pulley
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cable. The maze was placed on a desk under a microphone held at 45 cm
above the center of maze floor. At the distal wall of the goal box, a
door was positioned, through which the rat could enter a cage. A
second microphone was affixed at 35 cm above the center of the
cage floor. The testing area was illuminated by red light (about
10 lx inside the maze) and surrounded by curtains. After handling
(see Section 2.6: General procedure), habituation to the runway
was begun. This consisted of taking the rats from their home cages
and placing them in pairs into the start box of the maze (with the
door opened) for about 15 min during three consecutive days. Af-
terwards, rats had access to their daily food exactly as described in
the appetitive cage test. During seven days, starting from the second
day of the runway habituation, animals were given a maze habitua-
tion session followed by the appetitive cage test procedure. On the
next two days, both procedures were combined, that is, single ani-
mals were placed into the maze with the cage attached to it (with
food for reward rats). The final training took place during 10 consec-
utive days and consisted of a single daily trial conducted as follows:
A given rat was confined to the start box for 120 s, and during the
last 60 s, a 3-kHz tone was played, which ended with opening of
the door. Afterwards, rats were free to locomote between runway
and cage for approximately 4 min. Control rats followed the same
procedure but food was never given in the cage. The maze was
thoroughly cleaned between trials and subjects with a 0.1% acetic
acid solution. USVs were recorded during the entire testing period,
since animals often shuttled between runway and cage.

2.5. Behavioral analysis

Locomotion (i.e., the number of cage-halves crossed with three
paws, or the number of 20-cm segments crossed in the runway
maze), rearing frequency (i.e., the number of upright postures sustained
with hind–paws on the floor), eating or drinking times (seconds), and
latencies to consume the reward (i.e., time differences between the pre-
sentation of food or milk and the first eating or drinking bout, in sec-
onds) were manually scored from videotapes using the EthoLog 2.25
software (University of São Paulo, Institute of Psychology SP, Brazil) as
previously described [44]. Fluid intake was determined by weighing
bottles before and after testing.

2.6. General procedure

For all experiments, rats were handled for four days (5 min
each); afterwards, two consecutive screening cage tests were
conducted (see Section 2.2: Screening cage test). Subsequently,
animals were counterbalanced into two groups (i.e., control and
reward) and put on a 22.5-h food deprivation (FD) schedule by
providing free access to their maintenance diet for 1.5 h per day,
starting one week before the appetitive cage test or the habitua-
tion sessions of the runway maze. During these periods, rats
were handled and weighed every other day. Unless otherwise
specified, animals were food deprived (FD) from days 1 to 7, and
thereafter (days 8–10) they obtained food ad libitum (FAL) in
their own home cages.

2.7. Ultrasonic recording and analysis

As previously reported [21,26,28], USVs were monitored with an
UltraSoundGate Condenser Microphone (CM16; Avisoft Bioacoustics,
Berlin, Germany) and recorded with Avisoft Recorder 2.7 software
(sampling rate: 214,285 Hz; format: 16 bit). High resolution spectro-
grams (frequency resolution: .488 kHz, time resolution: .512 ms) were
obtained after a fast Fourier transformation (512 FFT-length, 100%
frame, Hamming window, 75% time window overlap), by using the
Avisoft SASLabPro 4.38 software. Two experienced observers with an
inter-rate reliability over 90% manually counted the USVs off-line from
the spectrograms. Exactly as recently described [26], 50-kHz calls
were further classified into flat, step-calls, and trills according to their
shape and peak frequency (for exemplary sonograms see Figs. 7 and
9). The latter two subtypes were also defined as frequency-modulated
(FM) calls. Call subtypeswere expressed as percentage of total call num-
ber. Since 22-kHz calls were only rarely and non-systematically ob-
served they were omitted from the analysis.

2.8. Statistical analysis

Results are expressed as mean± SEM. Based upon cumulative rear-
ing levels (i.e., on days 1 to 7) during the context phase (i.e., first 2 min)
of the appetitive cage test (in experiments 1 to 3), subjectswere catego-
rized as low rearing (LR) and high rearing (HR) rats using the split me-
dian method, as previously described [46] (for review see: [45]). This
method has long been used in the field of individual differences [9,10,
45,47], especially with small samples which limit the use of more so-
phisticatedmethods.We restricted the analysis of rearing to the context
phase because the highest levels of anticipatory activity and USVs oc-
curred immediately after animals entered the cage (data not shown),
and because during the tone phase rearing might have been triggered
by the UCS itself and not by the CS cues, since the tone was still played
during the CS–UCS overlapping period that lasted 30 s once animals
started eating or drinking. In experiment 4 (i.e., runway maze with a
baited cage attached to it) rats were classified as high returners (sign-
trackers) or low returners (goal-trackers) according to the cumulative
number of maze returns back from the baited cage (i.e., on days 1 to
7). In all experiments analyzing individual differences, groups (G: con-
trols, low, and high ranked rats) were compared with one-way
ANOVA analyses followed by protected low significant difference
(PLSD) post hoc tests, when appropriate. In experiment 5, mixed
ANOVA analyses with groups (G: control vs. reward) as between-
subject factor and testing days (D: days 7, 10, and 17) as within-
subjects factor were computed. Bonferroni post hoc test was used
to adjust multiple within-group comparisons. In experiments 6
(amphetamine) and 7 (flupenthixol) two-way ANOVA analyses with
treatments (T: drug vs. vehicle) and groups (G: controls vs. reward
rats) were computed. In the latter two experiments the 50-kHz call cat-
egories were also analyzed. There, we used mixed two-way ANOVAs
with call subtype (C: flat, step-calls, and trills) as a within subject factor
and treatments and groups as between subject factors followed by
Bonferroni post hoc test, when appropriate. In all experiments, linear re-
gression analysis (R2) between USVs and rearing (e.g., cage test experi-
ments), and betweenUSVs andmaze returns (runway experiment)was
computed. For all statistical tests, significance was defined as p b .05.

3. Experiments 1–3: individual differences in rearing behavior
predict cue-induced 50-kHz calls

3.1. Introduction

In these experiments animals were trained to associate cues with
food rewards through Pavlovian conditioning. Here we particularly fo-
cused on how individuals differ in their ability to attribute incentive sa-
lience to otherwise neutral cues indicated by increases in anticipatory
activity over FD training. Rearingwas chosen since it was the behavioral
parameter that consistently increased in anticipation of reward in a re-
cent study [44], and since it seemed to be contingently and topograph-
ically related to theway food rewards were delivered (data not shown).

3.2. Methods

Experimental subjects and other procedural details were already de-
scribed in the General materials and methods section. Briefly, in exper-
iment 1 (reward group= 20, control group= 10) the tone CS signaled
the start of each feeding session (i.e., 90 min access to their daily food
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ration of normal rat chow), which began in the ultrasonic lab (~2 min)
and ended in the animal room. In experiment 2 (reward group = 12,
control group = 12), the CS now signaled access to a 30 min-drinking
period of sweet condensed milk (~2 min in the cage and the remaining
time in the animal room) in the reward group, whereas in the control
group it signaled access to tap water. Experiment 3 (reward group =
10, control group = 10) was generally the same as experiment 1 with
normal rat chow again used as reward, but contrary to there, both ac-
cess to reward and the completion of the daily feeding session took
place exclusively in the testing room (i.e., 90 min). For all experiments
a control rat was tested simultaneously in an adjacent room, where it
received the same pairing schedule as the matched reward rat, but it
never had accessed to food or milk either in the cage or in the experi-
mental roomwhere testing took place. In experiments 1 and 2, animals
were FD on days 1 to 7 and afterwards they obtained FAL in their home
cages (days 8 to 10). In experiment 3, only the FD phasewas conducted.
Based upon cumulative rearing levels (i.e., on days 1 to 7) of the appeti-
tive cage test (in experiments 1 to 3), subjects were categorized as low
rearing (LR) and high rearing (HR) rats using the split median method.
For all experiments, latencies to approach the rewards, the times spent
consuming them, locomotor activity, and USVs were analyzed.

3.3. Results

In experiment 1, animals with low rearing (LR) differed from con-
trols and high rearing (HR) rats (G: F2,27 = 15.20, p b .0001), which
did not vary from one another (Fig. 1A). The decreased rearing activity
of LR seemed to develop with time, since it was not observable on the
first day of testing. In experiment 2, HR rats differed from LR and con-
trols (G: F2,21 = 13.79, p b .0001), which again did not differ from
each other (Fig. 2A). In experiment 3, rearing increased over days in
both LR and HR subgroups (Fig. 3A) with higher increases in HR rats
(D × G: F6,51 = 6.58, p b .0001), which consequently showed higher cu-
mulative rearing levels than LR rats and controls (G: F2,17 = 6.51,
p b .01). In all experiments latencies to eat and times spent eating
were unaffected by individual differences in rearing behavior (Figs. 1B,
2B, and 3B) (G: all p-values N .05). Similarly, locomotor activity did
not differ between LR and HR rats in experiment 1 (LR: 11.76 ± .55,
mean ± SEM; HR: 13.18 ± .73; G: p N .05), 2 (LR: 16.15 ± 1.69; HR:
16.10 ± .27; G: p N .05), and 3 (LR: 10.15 ± .66; HR: 11.75 ± .91; G:
p N .05). Regarding USVs in experiment 1, LR rats showed less USVs
than controls and HR rats (Reward: R2 = .248, p b .05; Control: R2 =
.146, p N .05; G: F2,27 = 4.66, p b .05), which did not differ from each
other (Fig. 1C). When subsequently tested under FAL conditions, HR
rats emitted more calls than the other groups (Reward: R2 = .278,
p b .05; Control: R2 = .699, p b .05; G: F2,27 = 13.88, p b .0001), which
did not differ from each other (Fig. 1C). Interestingly, the effect on appe-
titive 50-kHz calls was detected even though the previous differences in
Fig. 1. Experiment 1: Effects of individual differences in anticipatory activity on reward-oriente
short access to a low palatable reward (normal rat chow). CO: controls. LR: low rearing. HR: hig
imals were first food deprived (FD, days 1–7) and then provided with food ad libitum in their h
specified. Data are expressed as mean + SEM. **p b .01: significant differences compared to th
rearing behavior between LR (12.13 ± 1) and HR (13.43 ± .94) groups
vanished out once the salience of the UCS was devalued by FAL (G:
p N .05). In experiment 2 (Fig. 2C), HR rats now showedmore appetitive
50-kHz calls than LR and control rats both during FD (Reward: R2 =
.473, p b .01; Control: R2 = .033, p N .05; G: F2,21 = 8.27 p b .002) and
FAL phases (Reward: R2 = .359, p b .05; Control: R2 = .008, p N .05; G:
F2,21 = 5.94 p b .01). Interestingly, in LR rats reward-related cues were
ineffective to augment calling over control levels, despite being provid-
ed with a high palatable reward (Fig. 2C). Again, differences in calling
between LR and HR rats while FAL were still observed even though
they no longer differed in rearing (LR: 14.05 ± 1.49, HR: 14.45 ± .64;
G: p N .05). In experiment 3, increasing the reward density now induced
higher rates of USVs and strengthened the association between antici-
patory rearing and 50-kHz calls during FD as compared with experi-
ment 1 (Fig. 3C), with HR rats showing consequently significantly
more calls than LR and control rats, which did not differ from each
other (Reward: R2 = .823, p b .0001; Control: R2 = .114, p N .05; G:
F2,17 = 8.07, p b .003).

3.4. Discussion

In experiments 1 and 2 individual differences in conditioned antici-
patory activity developed during FD predicted levels of appetitive 50-
kHz calls when FAL. In the second experiment, providing animals with
a highly palatable rewardwhile FD, enhanceddifferences in conditioned
anticipatory activity between LR and HR rats. The latter translated into
higher rates of cue-induced appetitive 50-kHz calls in HR rats. Remark-
ably, in experiments 1 and 2 reward devaluation vanished out the dif-
ferences in anticipatory rearing activity but not in the conditioned
affective responses as indicated by the USV levels. The same occurred
when, in experiment 3, the density of the food reward was enhanced
by providing continued access to food under the same experimental
cues. Again, the individual differences between HR and LR rats became
larger during the deprivation period, as compared to experiment 1. Dif-
ferences between LR and HR rats cannot be attributed to differences in
psychomotor activity, learning, or motivation to consume the rewards,
since locomotion, latencies to approach the rewards, and times spent
consuming them did not vary between these subgroups.

4. Experiment 4: individual differences in sign-tracking behavior
predict cue-induced 50-kHz calls

4.1. Introduction

When a discrete cue or sign is presented repeatedly in anticipation of
a food reward, the cue can become imbued with incentive salience,
leading some animals to approach and engage it, a phenomenon
known as “sign-tracking” [8,9] (for review see: [1]). In contrast to
d behaviors and 50-kHz calls of animals trained to associate incentive Pavlovian cues with
h rearing. A. Rearing behavior. B. Latencies to eat (inset: eating times). C. 50-kHz calls. An-
ome cages (FAL, days 8–10). Bars represent cumulative values while FD unless otherwise
e other two groups.



Fig. 2. Experiment 2: Effects of individual differences in anticipatory activity (rearing) on reward-oriented behaviors and 50-kHz calls of animals trained to associate incentive Pavlovian
cues with short access to a high palatable reward (sweetened condensed milk). CO: controls. LR: low rearing. HR: high rearing. A. Rearing behavior. B. Latencies to drink (inset: drinking
times). C. 50-kHz calls. Animals were first food deprived (FD, days 1–7) and then provided with food ad libitum in their home cages (FAL, days 8–10). Bars represent cumulative values
while FD unless otherwise specified. Data are expressed as mean + SEM. **p b .01: significant differences compared to the other two groups.
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experiments 1–3, here we evaluated individual differences in instru-
mental behavior of reward animals which were trained to run through
a runwaymaze to access their daily food ration in a cage attached to the
end of the goal arm.

4.2. Methods

The same 30 rats used in experiment 1 served as subjects, weighing
361–440 g at the beginning of this experiment, which took place
27 days after the first experiment. Although in the runway maze there
was no localizable sign-stimulus specifically paired with the UCS at
which attention and behavior could be directed, we took advantage of
a pattern that emerged naturally in the runway maze. There, we ob-
served that some animals readily ran down the maze, jumped into the
cage and started eating (goal-trackers, GT), whereas others reached
the cage (often faster), but before and between eating bouts they re-
peatedly returned to explore themaze (sign-trackers, ST). This behavior
gradually increased over testing days in ST subjects, even though it was
unreinforced and opposed to approaching and consuming the food re-
ward, which was only available in the attached cage. Rats were then
classified according to the cumulative number of maze returns back
from the baited cagewhile FD (i.e., on days 1 to 7) using the splitmedian
method.

4.3. Results

As shown in Fig. 4A, the behavior of returning from the food cage to
the runway maze progressively increased over FD days in ST rats (n =
10), with GT (n = 10) and control rats (n = 10) showing about the
Fig. 3. Experiment 3: Effects of individual differences in anticipatory activity (rearing) on rewa
cueswith long access to a lowpalatable reward (normal rat chow). CO: controls. LR: low rearing
Bars represent cumulative values during food deprivation (FD, days 1–7). Data are expressed a
same number of revisits, which decreased over time there (D × G:
F3,81 = 7.22, p b .0001; G: F2,27 = 10.86, p b .0001). Qualitatively, it
was furthermore observed that ST rats often nibbled, licked, and sniffed
parts of the runway maze (data not shown), a behavioral pattern that
eventually extended to the food pellets even while in the FAL phase, al-
beit rats were totally sated now. Out of the 20 reward rats, 8 subjects
(40%) consistently displayed these behaviors and only one of them
was ranked as GT (χ21 = 7.50, p b .01). In contrast, the latencies to eat
(G: p N .05) and times spent eating (G: p N .05) were about the same
in the ST and GT groups (Fig. 4C). In fact, ST rats entered the cage faster
than GT and controls (G: F2,27= 5.71, p b .01) (Fig. 4B), but they did not
engage in eating faster than the GT rats (G: p N .05), perhaps because
they used this extra time to shuttle between maze and cage. Eventually
these rats came back to the cage and then spent as much as time eating
as the GT rats did (G: p N .05). Rearing and locomotion (data not shown)
reduced over days in all groups (D: rearing, F3,81= 102.23, p b .0001; lo-
comotion, F3,81 = 30.46, p b .0001) and at a similar rate (D × G: p N .05).
Regarding USVs (Fig. 4D), none of the subgroups differed from controls
while FD (Reward: R2 = .105, p N .05; Control: R2 = .−390, p N .05; G:
p N .05). In the subsequent FAL condition, the animals that had been
attracted more by the maze itself during FD (i.e., ST), were those that
now called the most (Reward: R2 = .317, p b .01; Control:
R2 =− .112, p N .05; G: F2,27= 4.98, p b .01) differing from GT and con-
trols, which vocalized at similar rates (Fig. 4D). Finally, since these rats
were the same used in experiment 1, we analyzed the concordance of
subjects that were ranked as high or low in both experiments (Fig. 5).
We found that out of the previous 10 HR rats 6 were now ranked as
ST (HR-ST), and from the 10 LR rats 6 becameGT (LR-GT). Four subjects
per group did not fall into the same categories (UNM: unmatched).
When comparing 50-kHz calls in the runwaymaze among these groups
rd-oriented behaviors and 50-kHz calls of animals trained to associate incentive Pavlovian
. HR: high rearing. A. Rearing behavior. B. Latency to eat (inset: eating time). C. 50-kHz calls.
s mean + SEM. **p b .01: significant differences compared to the other two groups.



Fig. 4. Experiment 4: Effects of individual differences in sign-tracking behavior (maze
returns) on reward-oriented behaviors and 50-kHz calls of animals trained to access
their daily feeding ration by running through a runway maze with a baited cage attached
to it. CO: controls. GT: goal-trackers (low returners). ST: sign-trackers (high returners). A.
Returns to the runwaymaze made during food deprivation (FD, days 1–7). B. Latencies to
enter the cage. C. Latencies to eat (inset: eating time). D. 50-kHz calls. Animals were first
food deprived (FD, days 1–7) and then provided with food ad libitum in their home
cages (FAL, days 8–10). Bars represent cumulative values on FDunless otherwise specified.
Data are expressed asmean+ SEM. *p b .05: significant differences vs. ST. **p b .01: signif-
icant differences compared to the other two groups.

Fig. 5. Experiment 4: Fifty-kHz calls emitted in the runway maze by subjects that had ini-
tially been ranked as having low (LR) or high (HR) rearing levels in experiment 1 vs. the
same subject that were further classified as being goal-trackers (GT) or sign-trackers
(ST) in experiment 4. Out of the 10 HR rats, 6 were ranked as ST (HR-ST), and from the
10 LR rats, 6 were also ranked as GT (LR-GT). Four subjects per group did not fall into
the same categories (UNM: unmatched). Controls (CO). Bars represent cumulative values
while fooddeprived (FD) orwhen foodwasprovidedad libitum in their home cages (FAL).
Data are expressed as mean + SEM. **p b .01: significant differences compared to the
other two groups.
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no significant difference was foundwhile FD (Fig. 5), despite HR-ST rats
showing descriptively more calls than the other groups (G: p N .05). In
the FAL condition, call rate in HR-ST rats was now significantly higher
than that in all other groups (G: F3,26 = 7.54, p b .001), which called at
just about the same rate (Fig. 5).

4.4. Discussion

This experiment supports the notion that individual differences in
conditioned anticipatory activity are not restricted to rearing behavior.
Inter-individual variability in sign-tracking, therefore, did not derive
from constitute traits in exploratory behavior, but to incentive learning.
It was clearly demonstrated that when food was not provided from
above, reward animals neither developed conditioned rearing, nor
showed individual differences in such a parameter, with general explor-
atory activity rather decreasing over time in all groups. In the runway
maze, certain individuals developed a sort of somehow counterintui-
tive, unreinforced behavior toward the cues predicting access to food,
which could not be attributed to deficits in learning and motivation in
ST rats, since latencies to eat and times spent eating were about the
same between ST and GT rats. As in experiments 1 and 2, the ability of
reward-related cues to still induce appetitive 50-kHz calls – even
though appetite physiological demands were satisfied – depended on
the levels of conditioned anticipatory activity previously developed
when rewards were valued. Food-rewarded subjects that did not dis-
play sign-tracking behavior while FD, called at equivalent rates as con-
trol rats. Regardless of the time elapsed between experiments and the
differences in the conditioning procedure, 60% of the rats were system-
atically ranked as lowor high in experiments 1 and4.Differences in call-
ing became greater in high-ranked rats, whereas low-rankers and
unmatched rats showed almost the same call rate as controls did. The
latter finding provides evidence for within-subjects stability in attribut-
ing incentive salience to reward cues.

5. Experiment 5: re-exposition to reward cues elicited appetitive
50-kHz calls

5.1. Introduction

Here, we asked whether food cues were able to reinstate Pavlovian
responding in the form of appetitive 50-kHz calls after a period without
exposure to food and food-related cues. Second, we analyzed whether
individual differences in anticipatory activity, developed during the ac-
quisition phase of conditioning, were stable enough to still determine
utterance of reward-related appetitive 50-kHz calls when re-exposed
again to reward cues after a free testing period.

5.2. Methods

The same 24 rats used in experiment 2 served as experimental sub-
jects, with sweetened condensed milk used as reward. As shown in Fig.
6A, before reinstatement animals underwent a 7-day training period on
FD, and a 3-day period with FAL. The ability of cues to induce appetitive
50-kHz calls was determined by retesting animals on day 17, that is, 7
and 10 days after the last FAL and FD tests, respectively (Fig. 6A). The
latter testing days served to compare the effect of cue-induced rein-
statement on day 17. From day 10 to day 17, animals remained undis-
turbed in their home cages with FAL (Fig. 6A). During this period, they
did not experience the rewards or their associated cues. On day 17
and after 24 h of FD, animals were re-exposed to the testing cage.

5.3. Results

On day 17 reward animals approached the milk bottles as fast as
they did on days 7 and 10 (Fig. 6B) (D: p N .05), and spent as much as
the same time drinking as they did before (D: p N .05) (Fig. 6C). The



Fig. 6. Experiment 5: Re-exposition to reward cues reinstated the emission of appetitive
50-kHz calls. Cues predicted access to sweetened condensedmilk as reward. FD: fooddep-
rivation. FAL: food ad libitum. RE: re-exposition. A. Schematic of experiment design. Day 7
and day 10 served as baseline to compare re-exposition on day 17. Twenty-four hours be-
fore reinstatement, animals were food deprived. B. Latencies to drink. C. Drinking times. D.
Fluid intakes. E. 50-kHz calls between testing phases in reward rats. F. 50-kHz calls be-
tween groups. CO: controls. LR: low rearing rats. HR: high rearing rats. Dashed lines indi-
cate the levels of CO group on each parameter. Data are expressed as mean + SEM.
*p b .05: significant differences among all testing phases. **p b .01: significant differences
compared to the other two groups.
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amount of milk consumed (Fig. 6D), however, was lower than that on
the last FD day but higher than that on the last FAL day, oneweek before
reinstatement (D×G: F2,44=73.03, p b .0001). For all these parameters,
reward rats differed significantly from controls (G: for latency, drinking
time, andmilk intake: F1,22= 41.94, p b .0001; F1,22= 263.80, p b .0001;
F1,22 = 235.45, p b .0001). As shown in Fig. 6E, FD and re-exposition to
testing cues increased appetitive 50-kHz calls (Fig. 6E) 130% and 172%
over their own previous FAL and FD levels, respectively (D: F1,22 =
17.97, p b .0001). Also, calling on day 17 in reward rats showed an ele-
vation of 180% over the level of controls (G: F1,22 = 8.25, p b .009),
which showed a dishabituation-like effect in spontaneous USVs when
comparing day 7 and day 17 (data not shown).

The analysis of individual differences in rearing behavior was per-
formed exactly as in experiment 2, using the same classification
(i.e., based on cumulative rearing during the acquisition phase). Again,
we found that locomotor activity did not differ among groups (controls:
14.58± .96, LR: 17±2.21 andHR: 13.67±1.31; G: p N .05). Rearing be-
havior was about the same now between LR and HR rats, but controls
showed less rearing than LR rats (controls: 18.75 ± 1.01, LR: 24.83 ±
2.82 and HR: 22.67 ± .84; G: F2,21 = 4.35, p b .05). Regarding reward-
directed behaviors, LR and HR rats did not differ in the latencies to ap-
proach the milk bottles (controls: 26.12 ± 7.1, LR: 2.34 ± .38 and HR:
2.68 ± .59; G: F2,21 = 5.27, p b .01); however, HR rats spent less time
drinking than LR animals (controls: 23.91 ± 5.09, LR: 114.17 ± 4.76
and HR: 88.75 ± 1.75; G: F2,21 = 95.36, p b .0001), without affecting
the total amount of milk consumed (controls: 5.08 ± .48, LR: 19.5 ±
1.23 and HR: 18.5 ± 2.4; G: F2,21 = 48.95, p b .0001). In these parame-
ters, both reward subgroups differed significantly from controls. As
shown in Fig. 6E, reward cues elicited more 50-kHz calls in HR rats
than in LR and control conspecifics (Reward: R2= .344, p b .05; Control:
R2 = .008, p N .05; G: F2,21 = 9.07, p b .001), which did not differ from
each other.

5.4. Discussion

In this experiment, cues reinstated Pavlovian responding in the form
of anticipatory appetitive 50-kHz calls, but also invigorated reward
seeking (i.e., latencies to drink) and consumption (i.e., drinking times
and to a lesser extent milk intake). Interestingly, reward cues increased
appetitive 50-kHz calls over the previous FD and FAL levels. Since in this
experiment animals did not receive extinction trials, the reinstatement
test was assessing the ability of cues to retrieve reward representations
acquired on previous FD and FAL days. The fact that the last three testing
days took placewhile sated (e.g., FAL days) did not prevent cue-induced
calling to occur on reinstatement. On the other hand, individual differ-
ences in anticipatory activity – developed during the acquisition phase
of conditioning – persisted the time-out period and again, animals
with high levels of anticipatory rearing behavior while FD (i.e., days 1
to 7), showed high rates of reward-induced appetitive 50-kHz calls
when re-exposed to the testing cues (i.e., day 17).

6. Experiments 6–7: food reward led to behavioral cross-tolerance
on amphetamine-induced appetitive 50-kHz calls

6.1. Introduction

Cross-tolerance refers to the expression of a lessened response to a
treatment, even though subjects have never experienced it before [41].
Behavioral cross-tolerance has widely been demonstrated among drugs
with similar mechanism of action (i.e., cocaine vs. amphetamine [48]),
and among drugs and behavioral treatments that recruit similar neuro-
chemical systems (i.e., voluntary exercise attenuating further condition-
ing for cocaine, morphine, or heroin [40–42,49]). In the current
experiment, animals were challenged with the euphorigenic drug am-
phetamine. This drug strongly induces unconditioned appetitive 50-kHz
calls, and these are thought to be indicative of a cathecolamine-
dependent positive affective state in rats [20–26]. We anticipated that
previous reward experience leads to lessened responses to the
psychostimulatory and affective effects of amphetamine. Such a behavior-
al cross-tolerance between food and amphetamine was expected to be
more pronounced in rats with higher levels of anticipatory activity
displayed during the acquisition phase. In order to provide additional ev-
idence of the involvement of the DAergic system in food cue-induced ap-
petitive 50-kHz calls, the effects of flupenthixol, an antagonist of DA D1/
D2 receptors, were also evaluated.

6.2. Methods

In the following experiments, D-amphetamine and flupenthixol
(Sigma St. Louis, MO, USA) were dissolved in vehicle (0.9% NaCl) and
administered ip at a dose of 2.5 mg/kg and 0.8 mg/kg, respectively.
The doses and schedule of administration were chosen based on previ-
ous reports [17,21,26,50]. In experiments 6 and 7 the experimental sub-
jects were the same rats used in experiments 3 and 5, respectively. In
both experiments animalswere handled and habituated to the injection
needle while they continued to being tested for two consecutive days.
One day before drug administration, they were injected with vehicle
(0.9% NaCl) and this measure was used as a baseline. In experiment 6,
animals had already learned to anticipate the delivery of their daily
food ration (1.5 h access) in the testing cage fromdays 1 to 9 (see exper-
iment 3). On the tenth day, D-amphetamine was administered 10 min
before the test, which was conducted exactly as in previous training
days. In experiment 7, animals continued to be tested after the rein-
statement test (e.g., day 17 in experiment 5), and from day 21 onwards
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they randomly received either flupenthixol or vehicle 30 min before
testing following a Latin square design in which drug-vehicle days
were separated by one drug-free testing day.

6.3. Results

As shown in Fig. 7A andB, saline levels of locomotion (G: p N .05) and
rearing (G: p N .05) were about the same between reward and control
groups. When given amphetamine, locomotion (T: F1,18 = 20.96,
p b .0001) and rearing (F1,18 = 30.74, p b .0001) increased in both
groups. These increases, however, were less pronounced in reward
rats (locomotion, T × G: F1,18 = 13.65, p b .002; rearing, T × G:
F1,18 = 13.93, p b .002) (Fig. 7A and B). Regarding reward consumption
under amphetamine, none of the rats even approached the cage grid
where the food was delivered (data not shown), whichmight be attrib-
uted to the well-known anorexic effect of this drug [51]. As depicted in
Fig. 7C, in saline-treated animals cue-induced 50-kHz calls in reward
rats were significantly higher than spontaneous calling in controls (G:
F1,18 = 11.56, p b .003). Under amphetamine, calling increased in both
groups (T: F1,18 = 45.09, p b .0001), and again, previous reward experi-
ence attenuated amphetamine effects, now on 50-kHz calls (T × G:
F1,18= 9.10, p b .007): Relative to saline, increases in 50-kHz calls in re-
ward rats were about 200% lower than in controls (Fig. 7C). In addition
to total call number, we further analyzed the 50-kHz call categories
(Fig. 7D), since amphetamine has the particular ability to increase the
Fig. 7. Experiment 6: Behavioral cross-tolerance between Pavlovian appetitive learning
and the stimulatory effects of amphetamine on psychomotor activity (A–B) and ultrasonic
vocalizations (C–D). A. Locomotion (inset: locomotion under saline). B. Rearing (inset:
rearing under saline). C. 50-kHz calls (inset: 50-kHz call on saline). D. Amphetamine-in-
duced shifts in call profiles. The upper charts show the proportion of calls under saline,
and the lower charts show the proportions under amphetamine. Each area represents
the number of calls of a given subtype, expressed as the percentage of all 50-kHz calls. Ex-
emplary sonograms of the three call subtypes are shown below. Data are expressed in per-
centages as mean + SEM. ** p b .01: control (CO) vs. reward (RE).
relative number of FM calls, especially the trill subtype, an effect consid-
ered as indicative of the strong positive affective state provoked by this
drug [24,25]. Under saline, the analysis of the call subtype revealed, as
expected, that both groups emitted more flat than step-calls, and trills
(Fig. 7D), which did not differ from one another (C: F2,36 = 172.29,
p b .0001). Under amphetamine, the relative amount of FM calls in-
creased in both groups (C: F2,36 = 13.90, p b .0001), this increase
being less pronounced in reward rats, especially regarding the percent-
age of trills (C × G: F2,36 = 7.66, p b .002): In controls, trills represented
~52% of total calls, whereas in reward rats trills accounted for only ~30%
of total USVs (Fig. 7D).

Also, we analyzed whether animals differing in the level of anticipa-
tory activity elicited by reward cues (i.e., rearing behavior during initial
training), also differed in their response to amphetamine. To this aim,
the same subgroups of LR and HR rats already analyzed in experiment
3 were used here. For rearing (G: F2,17 = 5.27, p b .05) and locomotion
(G: F2,17 = 5.18, p b .05), no differences were observed between LR
and HR groups, which differed significantly from controls (Fig. 8A and
B). In the case of USVs, HR rats showed about 65% less amphetamine-
induced 50-kHz calls than LR rats, but the significance level was not
reached (G: p = .051), perhaps due to the inter-individual variability
and the rather small number of subjects per group (Fig. 8C). Despite
being not significant in that group, a detailed within-group exploration
revealed that the association between rearing behavior and USVs was
less pronounced in HR rats (R2 = .348, p N .05) than in LR (R2 = .540,
p N .05) and control counterparts (R2 = .572, p b .01). Again, both re-
ward subgroups differed significantly from controls (G: F2,17 = 5.47,
p b .05). Since amphetamine mainly affected the trill subtype when in-
cluding all reward subjects, we analyzed trills between LR and HR rats
(Fig. 8D). The regression analysis indicated that there were no associa-
tions between rearing behavior and trills calls in controls (R2 = .003,
p N .05). In LR rats the coefficient was higher yet not significant (R2 =
.351, p N .05), in contrast with the strong association found in HR rats
(R2 = .792, p b .05). The averaged percentage of trill calls was signifi-
cantly lower in HR rats as compared to controls (G: F2,17 = 4.58,
p b .05), with LR rats showing no significant differences in relation to
these groups (Fig. 8D).

In experiment 7, the latencies to drink (Fig. 9A), which were signif-
icantly lower in reward rats, were increased after flupenthixol adminis-
tration there (G: F1,44 = 7751.43, p b .0001, T × G: F1,44 = 4.20, p b .05).
However, the previous significant group differences in drinking times
were not affected by the DA antagonist (Fig. 9B) (G: F1,44 = 321.28,
p b .0001, T × G: p N .05). When treated with saline, 50-kHz calls (G:
F1,22 = 5.84, p b .05), rearing (G: F1,22 = 10.16, p b .004), but not loco-
motion (G: p N .05) was significantly higher in reward rats as compared
to controls (Fig. 9C–E). Flupenthixol led to an inhibition of locomotion
(T: F1,44 = 33.31, p b .0001), rearing (T: F1,44 = 17.29, p b .0001), and
USVs (T: F1,44 = 20.97, p b .0001) as compared to vehicle (Fig. 9C–E).
Relative to the saline levels, however, locomotion and rearing appeared
equally reduced in both groups (G: p N .05) (Fig. 9C and D), whereas the
reduction in total call number was less pronounced in reward rats (G:
F1,22 = 5.01, p b .05; Fig. 9E). On the other hand, the analysis of 50-
kHz call subtypes (Fig. 9F) revealed that, as compared to saline levels,
flupenthixol increased the percentage of flat calls (G: F1,22 = 8.28,
p b .009) and reduced the percentage of FM calls (G: F1,22 = 5.24,
p b .05) in control rats (Fig. 9F). In reward rats, conversely, percent in-
creases in flat calls and reductions in FM calls did not reach significance
(G: p N .05). In addition, the analysis of call subtypes under saline re-
vealed, as expected, that both groups emitted more flat than step-calls
and trills (Fig. 9F) (C: F2,44 = 35.01, p b .0001). Under flupenthixol,
the relative amount of flat calls increased in both groups (C: F2,44 =
43.83, p b .0001), this increase being slightly more pronounced in con-
trols (81%) than in reward rats (68%) (C × G: F1,22 = 6.92, p b .002). In
controls, both step-calls and trills were reduced under flupenthixol,
whereas in reward rats the trill subtype was unaffected by the DA an-
tagonist (Fig. 9F).



Fig. 8. Experiment 6: Effects of individual differences in anticipatory activity (rearing) on psychomotor activity (A–B) and ultrasonic vocalizations (C–D) induced by amphetamine. CO:
controls. LR: low rearing. HR: high rearing. A. Locomotion. B. Rearing. C. 50-kHz calls. D. Amphetamine-induced trills calls. Data are expressed in percentages as mean + SEM. *p b .05:
significant differences compared to the other two groups. Xp b .05: significant differences between CO and HR groups.
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Finally, the analysis of individual differenceswas again performed to
determine whether the behavioral cross-tolerance of reward experi-
ence and flupenthixol varies between LR and HR rats. Here, the same
classification based on cumulative rearing displayed during acquisition
Fig. 9. Experiment 7: Behavioral cross-tolerance between Pavlovian appetitive learning and the
50-kHz calls. Cues predicted access to sweetened condensedmilk as reward. A. Latencies to drin
on saline). E. 50-kHz calls (inset: 50-kHz calls on saline). F. Flupenthixol-induced shifts in the c
under saline, and the lower charts show the proportion of calls affected by flupenthixol. Each ar
kHz calls. Exemplary sonograms of call subtypes are shown below. Data are expressed in per
#p b .05: saline vs. flupenthixol.
of conditioning (i.e., experiment 5) was used. We found no significant
group differences for locomotion, rearing, and USVs (G: all p-
values N .05) (Fig. 10A–C). As shown in Fig. 10C, both reward subgroups
showed descriptively less inhibition in call rate as compared to controls.
inhibitory effects of flupenthixol on reward-oriented behaviors, exploratory activity, and
k. B. Drinking times. C. Locomotion (inset: locomotion on saline). D. Rearing (inset: rearing
all profile of different 50-kHz USV subtypes. The upper charts show the proportion of calls
ea represents the number of calls of a given subtype, expressed as the percentage of all 50-
centages as mean + SEM. ++p b .01: control (CO) vs. reward (RE). *p b .05: CO vs. RE.



Fig. 10. Experiment 7: Effects of individual differences in anticipatory activity (rearing) on the inhibitory effects of flupenthixol on psychomotor activity (A–B) and USVs (C–D). CO: con-
trols. LR: low rearing. HR: high rearing. A. Locomotion. B. Rearing. C. 50-kHz calls. D. Flupenthixol-reduced trill calls. Data are expressed in percentages asmean+ SEM. *p b .05: significant
differences compared to the other two groups.
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For the percentage of trill calls (Fig. 10D), there was an association be-
tween such calls and rearing behavior in reward rats (R2 = .374,
p b .05) but not in controls (R2 = .037, p N .05). When comparing all
groups, HR rats were found to show significantly less inhibition than
both LR and control counterparts (G: F1,21 = 4.02, p b .05), which did
not differ from each other.

6.4. Discussion

We found that previous food reward experience dampened the ex-
pected psychostimulatory effect of amphetamine both on exploratory
activity and 50-kHz calls, with this effect being greater for the latter pa-
rameter. When analyzing 50-kHz call categories, the percentage of FM
calls, especially the trill subtype, appeared considerably augmented
after amphetamine administration in both groups. However, reward
rats emitted less trills than controls. When comparing LR and HR rats,
no differences in exploratory activity and in the total number of USVs
were detected. HR rats, however, were more likely to emit trills but at
a lower rate than controls. The administration of flupenthixol led to
the opposite effects of amphetamine; that is, flupenthixol reduced ex-
ploratory activity and 50-kHz calls, and particularly diminished FM
calls by proportionally increasing flat USVs. All these effects, again,
were less pronounced in animals with previous Pavlovian conditioning.
When analyzing individual differenceswithin the reward group, HR rats
showed less inhibition on trill calls.

7. General discussion

The analysis of exploratory activity revealed that rearing behavior
appeared consistently conditioned in anticipation of food rewards
[2–5]. Rearing was not a mere by-product of general psychomotor
arousal induced by experimental manipulations, since locomotion
remained unaffected between LR and HR rats across experiments.
These individual differences in rearing behavior are consistent with
the role attributed to rearing as being indicative of reward-seeking,
emotionality, and reactivity to novelty [45,46]. High rearing animals
have been found to be more efficient in obtaining and consuming food
pellets in a radial-maze [52], and to show earlier behavioral sensitiza-
tion to systemic nicotine [46]. At the neurochemical level, high rearing
rats exhibit enhanced ventral and dorsal striatal DA activity as com-
pared to low rearing counterparts [53]. These individual differences in
rearing behavior appear to be quite stable in unselected male outbred
Wistar rats (for review see: [45]).

In our current experiments, changes in rearing behavior paralleled
those observed in USVs suggesting that they constitute two different di-
mensions of how attribution of incentive salience can be behaviorally
expressed. Individual differences in anticipatory rearing in the cage
test and in sign-tracking behavior in the runwaymaze observed during
FD, predicted cue-induced appetitive 50-kHz calls when animals were
further tested under FAL. Reducing the salience of the UCS by satiation
abolished individual differences in such conditioned anticipatory re-
sponses but not in cue-induced appetitive 50-kHz calls, supporting
our assumption that affective conditioned responses, such as USVs,
can outlast appetitive behaviors driven by impending physiological re-
quirements [44]. In both tests (i.e., cage test and runwaymaze) the abil-
ity of conditioned activity to predict appetitive 50-kHz calls cannot be
attributed to constitutional individual differences either in general ex-
ploratory activity or in learning and motivation to approach and con-
sume the reward, since locomotion, latencies to consume the reward,
times spent eating and drinking did not differ between high and low
ranked rats.

Re-exposing animals to the same environmental stimuli that had
been previously associated with reward serves to test the ability of
cues to trigger reward seeking and affective conditioned responses
[11]. Incentive affective representations, in the form of 50-kHz calls, ac-
quired on previous FD and FAL days, persisted after a period without
experiencing both the food reward and its related cues. The fact that
cue representations were updated while the reward was devalued by
satiation (i.e., FAL days) did not prevent cue-induced calling to occur
when re-exposed again to the testing environment. Before re-
exposition to the cued setting animals were FD for 24 h. The fact of
being hungry at the time of testing may have contributed to retrieve
the hedonic valence of that particular reward (i.e., sweetened con-
densed milk) acquired when it was experienced under a state of need.
In regard to the latter, there is evidence that physiological state changes
can produce unlearned fluctuations or even independent reversals in
the ability of a previously learned reward cue to trigger motivation
[43,54]. For instance, a learned cue for unpleasantness (i.e., oral infu-
sions of 9% NaCl) can become suddenly desired if the US was made
physiologically necessary (e.g., after sodium depletion), despite never
having been tested in such a state of depletion [55]. In our experiment
reward predictability was unaltered because animals were never tested
on extinction. Nevertheless, the time elapsed without being tested
seemed to increase incentive motivation as the reward was now more
salient. In a similar study, 50-kHz calls elicited by cues predicting access
to intravenous cocaine were higher after rats were deprived from cues
and cocaine during only two testing days [56]. Thus, in Maier's study
[56] and in ours, re-exposition to reward cues after a free-testing period
boosted 50-kHz calls. It has been found that reward uncertainty in-
creases the intensity of Pavlovian appetitive motivation toward its
predicting cues [57], which may account for the reinstatement effect
seen on 50-kHz calls. If this holds true for our experiment, such an in-
centive motivation reaction should have been greater in individuals
prone to attribute incentive salience to testing cues. Our data supported
this hypothesis, since rats that had displayed high and prompted levels
of conditioned anticipatory activity while FD, were those that still
showed high rates of 50-kHz calls when tested again one week later
under an appetite physiological state. This evidence, together with
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findings of the concordance between HR and ST rats in experiments 1
and 4, suggests that individual differences in incentive learning are con-
sistent within and between different testing conditions and over time.

On the other hand, when the DAergic system was manipulated by
means of amphetamine or flupenthixol, reward rats responded as if
they had developed a behavioral cross-tolerance to such drugs. It has
been found that rats maintained on a high-fat diet become relatively in-
sensitive to amphetamine reward and also fail to acquire lever-press
responding for sucrose pellets, showing decreased DA turnover in the
nucleus accumbens as well [58]. Other non-food based treatments like
environmental enrichment and running-wheel exercise, which are
rewarding for rodents, also reduce the psycho-stimulant effects of
amphetamine and cocaine [40,42,59] (for review see: [60]). The
cross-tolerance effect of a reward experience was also noted on
amphetamine-induced increases on the relative number of FM
calls and especially on trills, in agreement with reports in which
reward-induced FM calls were particularly sensitive to different
manipulations of the DAergic system [17,23,24]. As expected,
flupenthixol impaired approach responses but not consummatory
behavior coinciding with previous results in which this DA antago-
nist affected the motivation to but not the hedonic valuation of food
[3,50,61]. Spontaneous and reward-induced calling was reduced by
blocking D1/D2 receptors as previously described [17,24]. However,
the ability of flupenthixol to reduce calling was attenuated by previ-
ous reward experience. Anticipatory activity, but not 50-kHz calls,
was affected to the same extent in both groups suggesting that re-
ward experience particularly affected DAergic mechanisms control-
ling conditioned affective reward responses (i.e., USVs), rather than
general psychomotor activity. Further experiments are required to
corroborate these findings. Altogether, these experiments suggest
that prolonged Pavlovian incentive learning may have raised brain
DA activity, which in turn may have induced a desensitization-like
effect by over-stimulating DA receptors [62,63]. There is evidence
indicating that DA levels appear augmented in the nucleus accum-
bens of animals with high Pavlovian conditioned responses [63].
In addition, rat and human studies have shown that food and
other rewarding stimuli, which raise DA activity, down-regulate
DA receptors [62,64,65] (for review see: [66]).

Regarding individual differences, HR rats showed a reduced percent-
age of amphetamine-induced trill calls as compared to controls, where-
as HR rats treated with flupenthixol showed less inhibition in calling
than both LR and control rats. The effect of both drugs supports the no-
tion of trills as being the most consistent USV subtype signaling
catecholamine-induced euphoric states [18,24–26]. Even though the
experiments differed in training schedules and food rewards used,
they led to somewhat coherent results suggesting that animals prone
to attribute incentive salience to reward cues undergo particular adap-
tations in the mesolimbic DAergic system [9]. Regarding total call num-
ber and psychomotor activity, however, no differences between LR and
HR emerged, perhaps because the doses used in our experiments were
too high to discriminate between LR and HR rats. If this holds true, then
these doses would havemasked the effects of amphetamine on broader
behavioral categories such as total 50-kHz calls, or locomotion, and
rearing.

8. Conclusion

In summary, individuals prone to attribute incentive salience to re-
ward cues, indicated by high levels of either rearing activity or sign-
tracking behavior, showed heightened reward-induced affective re-
sponses, namely 50-kHz calls. When re-exposing rats to reward cues
after a non-testing period, USVs were elicited even at higher rates
than before, especially in prone subjects. USVs appeared reliably
expressed over time and persisted despite appetite physiological
needs were fulfilled. Interestingly, USVs were still elicited by reward
cues even though reward-oriented behaviors and exploratory activity
were drastically weakened by reward devaluation. Also, prone subjects
seemed to undergo particular adaptations in their DAergic system relat-
ed with incentive learning as indicated by the effects of DAergic drugs.
Our findings may have translational potential, since in some individuals
excessive attribution of incentive salience to reward cues may lead to
compulsive behavior disorders such as overeating, pathological gam-
bling, and drug addiction.
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