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Abstract
Otsuka Long-Evans Tokushima Fatty (OLETF) rats lack the CCK-1 receptor and are hyperphagic
and obese. CCK-1 receptors play a role in prepulse inhibition (PPI) by modulating mesolimbic
dopamine transmission, a modulator of sensorimotor gating. Therefore, the present study assessed
the effects of brief, daily sucrose access on PPI and acoustic startle response (ASR) in OLETF rat
and age-matched non-mutant Long-Evans Tokushima Otsuka (LETO) rats. The results revealed that
OLETF rats with sucrose access showed an increased ASR [F(1,16) = 6.84; P < 0.01)], relative to
sucrose receiving LETO rats. No significant sucrose effect (P = 0.283) on PPI was noted in OLETF
rats, whereas sucrose receiving LETO rats had a significantly lower (P < 0.05) PPI percentage than
non-sucrose controls. In contrast, sucrose-receiving OLETF rats expressed significantly higher PPI
percentage than LETO rats with identical sucrose presentation (P < 0.01). Taken together, these
results suggest that sucrose access alters PPI and ASR in general, and the CCK-1 receptors play a
modulatory role in facilitating or inhibiting these responses, respectively. A similar effect may be
contributory to the hyperphagic behavioral phenotype of obese animal models with altered central
dopamine regulation.
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1. Introduction
Cholecystokinin (CCK) is one of the most widely studied endogenous gut peptides controlling
satiation signaling and feeding behavior in rodents (see [25] for review). It is well established
that of the two known CCK receptors, CCK-1 and CCK-2, the inhibitory feeding effects of
CCK are mediated mainly via CCK-1 receptors [24]. In addition to its role in peripheral
satiation signaling, CCK found within specific brain regions can play a modulatory role in the
activity of several neurotransmitters, including dopamine (DA). Specifically, CCK stimulates
DA release by acting on CCK-1 receptors [4], while activation of the CCK-2 receptor confers
an inhibitory effect on DA release [22]. In contrast to the ubiquitous presence of CCK-2
receptors throughout the brain, populations of central CCK-1 receptors are only known to exist
within limited regions, such as the dorsomedial hypothalamus [23,30] and striatum [10], with
specifically high intensity in the caudo-medial shell of the nucleus accumbens (NAcc) [17,
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20]. In the caudal NAcc, DA and CCK are co-released in vivo after administration of drugs
that increase DA neuronal firing rate [4,19]. A similar co-release of DA and CCK in the
somatodendritic area of the mesoaccumbens DA system, in the ventral tegmental area (VTA),
has also been shown to affect DA cell firing rate [16].

Natural and transgenic CCK receptor mutant animal models offer a unique opportunity for
studying interactions between DA and CCK systems. The Otsuka Long-Evans Tokushima
Fatty (OLETF) rat is an outbred strain of Long-Evans Tokushima (LETO) rat established as a
model for dietary induced obesity and non-insulin dependent diabetes mellitus (NIDDM)
[18]. These animals lack expression of the CCK-1 receptor due to a recently discovered
spontaneous 6.8 kb deletion in the CCK-1 receptor gene [29]. Therefore, the OLETF rat
represents a potentially important model to assess mesolimbic DA transmission in vivo where
effects of CCK-1 receptor activation are absent. Indeed, recent data from Feifel and colleagues
have demonstrated that OLETF rats exhibit enhanced amphetamine (AMPH) and cocaine-
induced increases in NAcc DA release relative to LETO controls [9].

Prepulse inhibition (PPI) of acoustic startle reflex (ASR), where a brief loud burst of noise is
immediately preceded (50–500 ms) by a softer non-startling sound, has been previously
recognized as an operational measure of sensori-motor gating [28]. The mesolimbic DA
pathway is one of the crucial systems in the brain that contributes to PPI response [27].
Specifically, DA agonists such as AMPH can disrupt PPI by inhibiting the normal reduction
of startle response due to the prepulse [21]. Participation of CCK-1 receptors in mediating PPI
responses has also been documented. For example, cerulein, a CCK agonist with preferential
affinity for CCK-1 receptors partially reverses AMPH-induced reductions in PPI [7]. The
CCK-1 receptor antagonist, devazepide, but not the CCK-2 antagonist, L-365,260, blocked
cerulein’s effect on PPI, suggesting CCK-1 receptor mediation of CCK effects on PPI [7].
Furthermore, CCK-1 receptor deficient OLETF rats are unresponsive to AMPH-induced
decreases in PPI compared to LETO rats, which show a disruption of PPI consistent with
AMPH treatment in non-mutant animals [8].

Our laboratory has recently demonstrated that OLETF rats have an increased preference for
both real and sham feeding of sucrose solutions [5]. The effects of sucrose on dopaminergic
transmission are well recognized. Sham feeding sucrose in rats triggers NAcc DA release as a
function of sucrose concentration [15]. When given intermittent access to sugar solutions, non-
mutant rats exhibit increased binding of D1 DA receptors in the NAcc [3]. Despite the emerging
indication of enhanced DA signaling through sucrose consumption, only the effects of sucrose
on ASR have been addressed [6], where high sucrose feeders exhibit altered ASR relative to
low sucrose feeders in response to acoustic stimuli. The impact of sucrose treatment on PPI
remains unknown. Furthermore, the role of CCK-1 receptors in mediating ASR and PPI
responses following repeated sucrose consumption has not been examined.

Therefore, the goal of the present study was twofold: (1) to test the effects of repeated brief
sucrose access on ASR and PPI responses in general; and (2) to determine the specific
involvement of CCK-1 receptors in this modulation by assessing strain differences in startle
responses in OLETF and LETO rats after sucrose consumption.

2. Materials and methods
2.1. Subjects

Fourteen-week old male OLETF and LETO rats were obtained as a generous gift of the
Tokushima Research Institute, Otsuka Pharmaceutical, Tokushima, Japan. All animals were
individually housed in mesh-floored, stainless-steel hanging cages in a temperature-controlled
vivarium while maintained on a constant 12:12-h light–dark cycle (lights on at 0600). Rats

De Jonghe et al. Page 2

Brain Res. Author manuscript; available in PMC 2007 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



were handled daily for a minimum of 1 week prior to the onset of experimental procedures.
Tap water and pelleted rat chow (Purina 5001) were available ad libitum throughout
experiments. All protocols used were approved by The Pennsylvania State University
Institutional Animal Care and Use Committee.

2.2. Procedures and experiments
2.2.1. Habituation to startle chamber—Twenty rats (10 OLETF and 10 LETO) with
average body weights of 452.6 ± 10.84 g and 367.5 ± 2.3 g, respectively, were divided in two
groups (n = 5 per strain) matched for body weight within each strain. All rats were acclimated
to an SR-LAB (San Diego Instruments, San Diego, CA) acoustic startle chamber (ASC) three
times prior to experimental onset. Rats within the same stimulus group were run on the same
day, i.e., sucrose (SUC) rats (n = 5) alternated daily with control, non-sucrose (NON), rats (n
= 5).

2.2.2. Sucrose training—For sucrose regimen, we have adapted a protocol from our
previous studies that demonstrated potency of brief, daily 20-min sucrose access on altering
feeding behavior as well as cause functional and histological alterations in dopamine markers
as early as after 6 days [12]. Following habituation to the startle chamber, SUC rats within
each strain were trained to drink 10.0 ml of 0.3 M (10.3% w/v) sucrose during a brief 20 min
access period, while the NON group never received sucrose access at any time. Three additional
days of sucrose training occurred once each SUC rat consumed all 10 ml within the 20 min
allotted period. Sucrose was presented at either 0900, 1000, or 1100 h during these three
training days in order to dissociate any specific time cues of expectation associated with sucrose
access. Starting at 0800 h on training day 4, all rats were tested in startle chambers. For SUC
rats, this occurred immediately following sucrose access, while NON rats were tested at
simultaneous intervals without sucrose access. Each rat was presented with 10 ml of 0.3 M
sucrose. Immediately following consumption, the rat was placed in the ASC for testing. Rats
within treatment groups and strain were randomly selected for time of testing.

2.2.3. Acoustic startle protocol—For testing ASRs, the rats were placed in the startle
chamber for a 5 min acclimation period with a 65 dB background noise. Each rat was tested
according to the same predetermined pseudo-randomized sequence of startle trials. The trial
series consisted of: (1) a 120 dB, 40 ms noise burst presented alone, or (2) the same 120 dB,
40 ms noise burst preceded 100 ms by one of three prepulses (20 ms noise burst) that were 4,
8, or 12 dB above background. Each test session consisted of 7 presentations of the 4
experimental trials as described above, presented in a pseudo-randomized order. Variable inter-
trial intervals averaged 8 s (range 4–12 s). The mean value of all 7 trials within each pulse-
pairing was used as the rat’s value for each pulse-pairing. If the number of usable trials within
a pulse-pairing was less than 4, then that pulse-pair was excluded from subsequent analyses.

2.2.4. Statistical analysis—The startle response computer output file contains two main
values of interest: Vmax and Tmax. Vmax is the maximum amplitude spike that occurs during
each trial, while Tmax is the time at which this value is recorded. In our protocol, Tmax occurs
at ~20 ms (for pulse alone) or ~120 ms (for all prepulse-pulse pairings) after trial recording
begins, which corresponds to the timeframe immediately following the 120 dB acoustic stimuli
at 20 ms after recording (pulse alone trial) or the 120 ms mark after recording (for all prepulse
paired trials). In a few cases, Tmax values occurred prior to the initiation of any acoustic stimuli,
indicating that the displacement measured was not due to the acoustic stimuli, and thus was
not a measure of startle response. In all, less than 10 such cases were recorded for individual
trials, appearing randomly among the four experimental groups. These data were excluded
from subsequent analyses.
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PPI is defined as the percent reduction in startle amplitude in the presence of the prepulse
stimulus compared to the amplitude in the absence of the prepulse stimulus [100 − (100 ×
amplitude on prepulse trial/amplitude on 120 dB pulse trial alone)]. ASR and PPI were
calculated by two-way repeated measures analysis of variance (rmANOVA) with strain and
sucrose treatment as main factors. ANOVA results were subsequently analyzed by Tukey’s
honestly significant difference (HSD) test post-hoc tests when applicable. All data are
expressed as means ± SEM. Differences were considered statistically significant if P < 0.05.
All statistical analyses were carried out with PC-SAS (version 8.02, SAS Institute, Carey, NC).

3. Results
A significant interaction [F(3,16) = 4.84; P < 0.05] of strain × sucrose access on acoustic startle
response was observed. As shown in Fig. 1, there were no significant difference in baseline
(i.e., with no sucrose) ASR between OLETF and LETO rats (137.5 ± 26.1 mV and 224.3 ±
37.0 mV for LETO and OLETF rats, respectively), although there was a trend toward higher
ASR in OLETFs (P = 0.0867). In contrast, in animals receiving brief access to sucrose, a
significant genotype main effect [F(1,16) = 6.84; P < 0.01)] was observed as OLETF rats
receiving sucrose had significantly higher (P < 0.01) ASR than LETO rats receiving sucrose
(174.6 ± 21.8 mV and 364.7 ± 53.0 mV for LETO and OLETF rats, respectively).

This experiment also yielded a significant genotype × sucrose treatment interaction on prepulse
inhibition [F(3,16) = 7.93; P < 0.02]. Fig. 2A shows that while non-sucrose receiving controls
(NON) exhibited statistically identical prepulse inhibition percentages (45.5 ± 5.8% and 47.7
± 2.3% for LETO and OLETF rats, respectively), LETO rats receiving sucrose treatment had
a significantly lower PPI percentage (P < 0.01) than OLETF rats receiving the same treatment
(32.4 ± 2.3% and 57.7 ± 3.1% for LETO and OLETF rats, respectively). Additionally, sucrose
receiving LETO rats had a significantly lower (P < 0.05) PPI percentage than non-sucrose
controls (32.4 ± 2.3% and 45.5 ± 5.8% for sucrose and non-sucrose treatments, respectively).
No significant sucrose effects on overall PPI (P = 0.283) were noted in OLETF rats (57.7 ±
3.1% and 47.7 ± 2.3% for sucrose and non-sucrose treatments, respectively). Fig. 2B illustrates
the results of post-hoc analyses which revealed that LETO rats exhibited significantly reduced
PPI across all three levels of prepulse intensity [P < 0.05, for PPI-4 and PPI-8 trials; P < 0.01,
for PPI-12 trials], while OLETF rats showed no response [all Ps > 0.05].

4. Discussion
These results show that short, repeated access to a palatable sucrose solution can disrupt PPI
in non-mutant rodents. Furthermore, we demonstrated that using a sucrose access model, rats
lacking CCK-1 receptors are insensitive to the PPI effects of sucrose across three levels of
prepulse intensity compared with their non-mutant LETO controls. Additionally, the present
data demonstrate that brief access to sucrose resulted in higher ASR in OLETF rats compared
to LETO rats.

The specific mechanisms through which sucrose affects PPI are unknown, although several
lines of evidence point to the activation of the mesolimbic DA system. For example, sucrose
consumption produces a rise in NAcc DA [11]. Furthermore, bilateral lesions in the pontine
parabrachial nucleus (PBN), the second major relay in the gustatory pathway, attenuate
sucrose-related DA responses in the NAcc, while similar lesions to the gustatory thalamus do
not [13]. This finding demonstrates a functional connection between gustatory information
processing and accumbens DA, while also suggesting that these actions occur within the
brainstem and/or limbic DA systems, rather than the thalamo-corticostriatal circuitry. Thus, it
is likely that sucrose consumption could alter PPI via increased mesoaccumbens DA release.
Evidence supporting this notion comes from studies using AMPH or cocaine challenge [9].
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For example, OLETF rats show enhanced DA release and do not respond to drug-induced
disruptions of PPI from AMPH or the NMDA receptor antagonist, dizocilpine [8]. Overall,
these data indicate that OLETF rats may have abnormalities secondary to the inborn absence
of CCK-1 receptors that may impair DA autoregulation. Therefore, it is possible that impaired
sucrose-induced DA signaling due to the lack of CCK-1 receptor in OLETF rats could account
for the blocked sucrose PPI response in these animals. However, this hypothesis remains to be
directly tested.

There are also data suggesting cross-sensitization effects of sucrose and AMPH. Rats
previously sensitized to AMPH showed increased locomotor activity after brief sucrose access
than rats that were prior treated with saline [1]. A similar cross-sensitization was also observed
where rats receiving intermittent sucrose access exhibited higher subsequent locomotor activity
by AMPH challenge, compared to rats that did not receive AMPH injections [2]. Additionally,
rats having higher baseline consumption of sucrose show increased AMPH-induced dopamine
overflow in the posterior nucleus accumbens relative to low sucrose feeders [26]. This is
consistent with our recent results demonstrating a greater sensitization to AMPH in OLETF
compared to LETO rats after access to sucrose [14] and may explain our findings of an
increased preference for sucrose in OLETF rats [5].

We also showed that sucrose access resulted in increased ASR in OLETF, but not LETO rats.
To our knowledge, this is the first observation of increased ASR using brief access to sucrose
as a stimulus. The results are in overall agreement with previous data showing a higher
magnitude of dopamine agonist-induced ASR in OLETF relative to LETO rats [8]. Our finding
of a trend toward increased baseline ASR in OLETF compared to LETO rats parallels those
by Feifel and colleagues, although we did not achieve statistical significance. However, it is
important to emphasize that the lack of statistical difference between the groups cannot be
interpreted as evidence of a lack of effect of sucrose. It is possible that a larger sample size
would have born out an effect.

It is well known that ASR is a commonly used model of anxiety, where increased ASR signifies
greater anxiogenic effect. Yamamoto and colleagues recently observed that OLETF rats exhibit
higher anxious behaviors in an elevated plus-maze test relative to LETO controls [31]. Thus,
is it possible the higher anxiety may explain increased ASR in the OLETF rat. How this
behavior would interact with sucrose access to promote a genotype-dependent increase in ASR
is not known; however, it is possible that altered sensitivity to the rewarding properties of
sucrose may differentially affect the basal anxiety state in OLETF and LETO rats. In these
studies, although baseline ASR in OLETF rats was somewhat higher than in LETO, baseline
PPI was identical between strains, while sucrose treated OLETF rats showed both higher ASR
and PPI relative to LETO rats. The different directional change in ASR and PPI measures in
the LETO rats is not surprising since previous data also show that ASR and PPI can change
independently. Some caution in the interpretation of these results is warranted, in particular
due to the modest sample size. However, the magnitude of the effect size was sufficient to
detect statistical differences between main effects. A larger sample size, combined with a
detailed careful study of the time course of the reported effects across different sucrose
concentrations, is necessary for the interpretation of the reported findings. Despite this, the
present findings do support a role of CCK-1 receptors in modulating sucrose-induced
alterations on PPI and ASR responses.

Taken together, this study has identified repeated brief sucrose access as a stimulus model able
to disrupt prepulse inhibition. While the exact mechanism for this effect is not yet known, it is
likely that the mesolimbic dopamine system, that also mediates affective characteristics of
palatable sucrose, is compromised in disruption of PPI by sucrose ingestion. In the sweet-
preferring OLETF rats, sucrose had no effect, that is PPI was unaltered after sucrose access in
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these animals. Therefore, it is possible that developmental defects due to the congenital lack
of CCK-1 receptor leads to alterations in DA signaling that becomes manifest by stimulation
from sucrose ingestion which, in turn, leads to altered startle responsiveness. These changes,
together with reported deficits in satiation signals of OLETF rats, may be responsible for the
hyperphagia and obesity that characterize this model.
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ASR  

Acoustic Startle Response

PPI  
Percent Pre-Pulse inhibition

De Jonghe et al. Page 7

Brain Res. Author manuscript; available in PMC 2007 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 1.
OLETF rats receiving sucrose had a higher ASR magnitude than LETO rats receiving sucrose.
In contrast, there were no differences in baseline ASR between OLETF and LETO rats. (*P <
0.05 between strains).
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Fig 2.
(A) LETO rats receiving sucrose treatment had a lower overall PPI percentage than OLETF
rats, while non-sucrose receiving controls exhibited similar PPI percentages. Additionally,
sucrose receiving LETO rats had lower PPI percentage than non-sucrose LETO rats. (**P <
0.01, between strains; #P < 0.05 within strain). (B) When examining specific effects of prepulse
intensity on PPI of baseline and sucrose-induced changes in PPI, LETO rats show decreased
PPI at all levels of prepulse intensity, while OLETF rats are unresponsive. (**P < 0.01, *P <
0.05; between strains).
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