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a b s t r a c t

Ultrasonic vocalization at 55 kHz (55 kHz-USVs) by rodents has been proposed to be a behavioral manifes-
tation of affectively positive incentive motivation. To examine the extent to which 55 kHz-USV emissions
correlate with cocaine-induced locomotor activity, we measured cocaine-induced 55 kHz-USVs and their
relationship to cocaine-induced locomotor sensitization in rats. We demonstrate that similar to locomo-
eywords:
ocomotor sensitization
ltrasonic vocalization
motion
otivation

tor responses, 55 kHz-USVs are also sensitized by exposure to cocaine. Furthermore, we show that the
magnitude of cocaine-induced 55 kHz-USV sensitization is positively correlated with that of locomotor
sensitization. Moreover, we demonstrate that rats selectively bred for high rates of 55 kHz-USVs exhibit
higher levels of cocaine-induced 55 kHz-USV sensitization than animals selectively bred for low levels of
55 kHz USVs. These results suggest that the neural circuits underlying 55 kHz-USV, which may directly

ce/mo
ddiction
ocaine

reflect affective experien
sensitization.

hen rodents experience or anticipate positive affective stimuli
e.g. rewards), they emit frequent short (∼50 ms) ultrasonic chirps
ypically at a frequency of ∼55 kHz [3,9,11,14]. Since such ultra-
onic vocalizations (55 kHz-USVs) are observed at maximal levels
n the midst of rough-and-tumble play or during manual stimula-
ion (“tickling”), and secondarily in anticipation of positive rewards,
hey have been interpreted as an ancestral form of ‘laughter’ or
nticipatory eagerness; accordingly USVs have been suggested to
e unconditional indicators of positive emotional and motivational
tates that can be rapidly conditioned to reward predictive stimuli
4,10,15,16]. Therefore, 55 kHz-USVs may serve as a potential direct

easure of affective states that are produced by drugs of abuse
6,12,17]. To explore this possibility, we evaluated whether 55 kHz-
SVs behave in a manner similar to locomotor responses, a widely
sed measure for the changing sensitivity of the neural substrates
pon exposure to addictive drugs.

Drug addiction is mediated by normal as well as pathological

motional and motivational internal states, which are difficult to
irectly monitor in animal models [14,18]. The addictive state has
een predominantly assessed by drug-induced measurable behav-

oral output, including locomotor responses, conditioned place
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tivation, can be sensitized by cocaine in a way that resembles locomotor

© 2009 Elsevier Ireland Ltd. All rights reserved.

preference behavior, and operant conditioning behavior [21]. More
recently, 55 kHz-USV as a relatively new and direct measure has
been used in detecting addiction-related emotional states [6,12,17].
For example, it has been shown that chronic administration of
methylphenidate or self-administration of amphetamine produces
a long-lasting sensitization of 55 kHz-USVs [1,18]. Here, we report a
novel form of cocaine-induced sensitization of 55 kHz-USVs in juve-
nile rats (postnatal 22–23 days, Sprague Dawley and Long Evans).

We contrasted cocaine-induced sensitization of 55 kHz-USVs
and cocaine-induced locomotor sensitization to explore the poten-
tial connections as well as disconnections between these two
measurements. It has been hypothesized that the neural circuits
mediating drug-induced locomotor sensitization are overlapping
to a great extent with the neural substrates that mediate drug-
associated emotional and motivational states [19–21]. As such,
sensitization is typically interpreted to reflect a gradual heighten-
ing of drug-desire with repeated experiences with addictive drugs.
Thus, drug-associated affective drives, when up-regulated, may be
manifested in sensitized 55 kHz-USVs and parallel changes in sensi-
tized locomotor responses [19–21]. By determining the relationship
between the cocaine effects on 55 kHz-USVs and locomotor sensi-
tization, we sought to determine whether 55 kHz-USVs can be used
as a convenient behavioral variable to gauge drug-elicited affective
drive.
Using a cocaine-induced locomotor sensitization paradigm, we
concurrently measured cocaine-induced 55 kHz-USVS in Sprague
Dawley rats. Briefly, we used a 5-day cocaine paradigm, in which
rats received an intraperitoneal injection of cocaine (15 mg/kg)
once daily for five consecutive days. Rats were placed into loco-

http://www.sciencedirect.com/science/journal/03043940
http://www.elsevier.com/locate/neulet
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otor boxes (16 in. L × 16 in. W × 12 in. H, Accuscan Inc., Columbus,
H) prior to cocaine injections to measure their basal (sponta-
eous) locomotor activity (scored as photocell beam breaks during
he entire 5-min baseline period) and 55 kHz-USVS (scored as the
umber of 55 kHz-USVs within the same period using the Avisoft
ioacoustic Ultrasoundgate, system 116 – 200, Berlin, Germany).
ats were then treated with either cocaine or saline and placed into
he same boxes to measure cocaine-induced locomotor responses
scored as the number of photocell beam breaks over the entire 15-

in period following cocaine injection) and 55 kHz-USVs (scored
s the number of 55 kHz-USVs within the same time period; the
uration of 55 kHz-USVs was 50.2 ± 4.0 ms among rats of differ-
nt lines/treatments). Following 2 days of withdrawal during which
ll animals received saline injections, a challenge cocaine injection
12 mg/kg) was given to all animals (cocaine treated and saline con-
rols alike). All animals entered the test series at the age of 22–23
ays.

To investigate the effects of repeated drug administration, type
f treatment (cocaine/saline) and selectively bred rat lines (high line
nd low line; see Fig. 2), repeated measures analyses of variance
ANOVA) were computed with test session (day) as the within-
ubjects variable and treatment condition (cocaine/saline) and line
high line/low line) as the between-subjects variables. Greenhouse
eyser adjustment was employed when the assumption of spheric-

ty was violated (for ease of reading corrected degrees of freedom
ere rounded down to whole numbers and the Greenhouse Geyser

psilon (ε) is reported. Post hoc comparisons were controlled with
he Bonferroni method. t-Tests were employed for simple compar-
sons. Actual p values are reported throughout, however, p values
maller than 0.001 are reported as p < 0.001. Bonferroni controlled
omparisons are reported as p < 0.05.

Consistent with previous results, the 5-day cocaine paradigm
nduced locomotor sensitization (Fig. 1) when compared to the
aline treated control group (two-way ANOVA with “day” as
ithin and “treatment” (cocaine/saline) as between subjects factors

day: F(2, 38) = 6.0, p = 0.002; treatment: F(1, 14) = 100.2, p < 0.001,
ay × treatment: F(2, 38) = 4.0, p = 0.016; ε = 0.69; n = 8 for each

roup; Fig. 1A). When challenged by a cocaine injection following 2
ays of withdrawal, cocaine-pretreated rats exhibited a clearly sen-
itized locomotor response compared to saline-pretreated animals
t-test: t(14) = 5.3, p < 0.001). Usually, USVs started ∼3 min after the

ig. 1. Cocaine-induced sensitization of locomotor response and 55 kHz-USVs (first 5 da
summary showing cocaine-induced locomotor sensitization. (B) A summary showing

ifferential time courses of cocaine-induced locomotor sensitization and 55 kHz-USVs sen
5 kHz-USVs (E) were not significantly altered along the course of cocaine and vehicle exp
ters 453 (2009) 31–35

onset of the increase in locomotor activity. In addition, whereas
the increased locomotor activity lasted for the entire 15 min ses-
sion, USVs did not. The repeated cocaine injections from day 1 to
day 5 also produced a gradual increase in the number of 55 kHz-
USVs with significant main effects for day (F(2, 29) = 15.9, p < 0.001),
treatment (F(1, 14) = 23.2, p < 0.001) and a significant interaction of
day × treatment (F(2, 29) = 12.0, p < 0.001, ε = 0.53; Fig. 1B). Similar
to locomotor activity, 55 kHz-USVs after 2 days of drug withdrawal
increased significantly in response to a single challenge dose of
cocaine (t-test cocaine/saline: t(14) = 2.64, p = 0.019). Although both
the locomotor response and 55 kHz-USVs were sensitized, their
developmental time courses were substantially different. Whereas
we observed a robust acute effect of cocaine on locomotor activity
(t-test: t(14) = 6.84, p < 0.001) on the first day of treatment, the acute
effect of cocaine treatment on 55 kHz-USVs appeared to be more
subtle (t(14) = 2.25, p = 0.041, Fig. 1A and B). Furthermore, when
data were normalized (average locomotor activity and 55 kHz-USVs
were normalized to the averages on day 1 of cocaine injection), the
differential developmental time courses between locomotor and
55 kHz-USV sensitization became even more evident (Fig. 1C).

Moreover, while basal locomotor activity showed a steady
increase over the entire course of the experiment (days 1–8) in
both cocaine- and saline-treated animals, no significant group dif-
ferences were observed between treatment and control groups
(two-way ANOVA with “day” as within and “treatment” as between
subjects factors (day: F(3, 47) = 4.59, p = 0.005; treatment: F(1,
14) = 2.9, p = 0.11, day × treatment F(3, 47) = 0.78, p = 0.53; ε = 0.49).
Similarly the basal rate of 55 kHz-USVs increased over the course
of the experiment but group differences, again, did not reach
statistical significance (day: F(3, 43) = 5.91, p = 0.002; treatment:
F(1, 14) = 3.45, p = 0.084, day × treatment: F(3, 43) = 1.67, p = 0.19;
ε = 0.49).

Taken together, these results indicate that with differential
temporal properties, both 55 kHz-USVs and locomotor activity
are sensitized by repeated exposure to cocaine. Baseline calling
rates and locomotor activity significantly increased over time, yet
remained unaltered by cocaine exposure. The increase in baseline

activity and calling may be related to handling, accumulating odor
cues or increasing familiarity with the test environment. It should
be noted that over the first 6 days of treatment a non-significant
trend towards increased 55 kHz-USVs was observed in the cocaine

ys, followed by 2 vehicle control days, and a final cocaine test for all animals). (A)
cocaine-induced sensitization of 55 kHz-USVs. (C) Normalized data showing the

sitization. (D) and (E) Summaries showing that the basal locomotor activity (D) and
osure in non-treated animals.
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ig. 2. Cocaine-induced locomotor response and 55 kHz-USVs in HL and LL rats. (A
ere not significantly altered in HL rats along the course of cocaine exposure. (C) an

ensitization (D). (E) and (F) Summaries showing that the basal locomotor activity (E
xposure. (G) and (H) Summaries showing cocaine-induced locomotor sensitization

aseline, which may reflect gradual development of anticipatory
ocalizing (Fig. 1E).

In a second experiment, we compared, within the same
aradigm, two genetic lines of Long Evans rats. These rat lines dif-

er in the number of 55 kHz-USVs emitted in response to socially
ewarding ‘tickling’ stimulation, which was either substantially
igher (high line, or HL) or modestly lower (low line, or LL) than
hat observed in normal unselected Long Evans rats [8]. 55 kHz-
SVs from HL and LL exhibited similar frequency, duration, and
ther characteristics as observed in Sprague Dawley rats.

As summarized in Fig. 2B and F, the spontaneous basal 55 kHz-
SVs did not differ between HL and LL animals. An ANOVA
omparing the baseline calling rates between the saline treated
ontrol groups of both, high and low line failed to show significant
ain effects for day (F(7, 63) = 0.45, p = 0.87) and line (F(1, 9) = 1.92,
= 0.2). As summarized in Fig. 2A and E, there were also no baseline

ocomotor differences between the two lines (day: F(7, 63) = 0.73,
= 0.65; line: F(1, 9) = 0.03, p = 0.866).

Both, HL and LL rats showed increased and sensitized 55 kHz
alling and locomotor responses after cocaine treatment (Fig. 2C,
, G and H). High line animals emitted an increasing number
f 55 kHz-USVs over the course of the experiment illustrated
y a significant main effect for day of treatment (F(1, 15) = 21.1,
< 0.001) and treatment condition (cocaine/saline: F(1, 9) = 20.2,
= 0.001) which was accompanied by a significant interaction

day × treatment: F(1, 15) = 20.2, p = 0.001; ε = 0.44). The effect
f repeated cocaine injections on locomotor activity in HL rats
as similar with a significant main effect for day (F(1, 13) = 7.4,
= 0.01), a significant effect of treatment (cocaine/saline: F(1,
) = 76.6, p < 0.001) and a significant interaction (day × treatment:
(1, 15) = 10.3, p = 0.003; ε = 0.38). Repeated administration of
ocaine to low line animals resulted in a superficially similar
attern. Low line animals responded to repeated cocaine admin-

stration with increased calling rates over days (F(4, 48) = 6.14,
< 0.001), a significant main effect for treatment (cocaine/saline:
(1, 12) = 8.6, p = 0.013) and a significant interaction of day and treat-
ent (F(4, 48) = 5.4, p = 0.001). The locomotor response of low line

nimals was also amplified by cocaine treatment yielding a sig-

ificant main effect for day (F(4, 48) = 5.1, p = 0.002) and treatment
ondition (cocaine/saline: F(1, 12) = 51, p < 0.001).

However, the magnitude of 55 kHz-USV sensitization differed
ramatically between high line and low line animals (Fig. 2D and H).
ocaine-treated HL rats averaged 1519(±242) calls on the 5th day of
(B) Summaries showing that the basal locomotor activity (A) and 55 kHz-USVs (B)
Summaries showing cocaine-induced locomotor sensitization (C) and 55 kHz-USVs
55 kHz-USVs (F) were not significantly altered in LL rats along the course of cocaine
nd 55 kHz-USVs sensitization (H).

treatment whereas LL rats averaged only 471(±102, X ± S.E.M.) calls
(t-test: t(12) = 4.39, p = 0.001). At the same time, the HL and LL rats
differed only marginally in locomotor activity (day 5, beam breaks:
LL, 15,215 ± 1326; HL, 19705 ± 1613, t-test: t(12) = 2.17, p = 0.051). In
other words, a more than 200% terminal difference in 55 kHz-USVs
between HL and LL rats, corresponded to a less than 25% difference
in locomotor activity.

Upon the final cocaine challenge, locomotor sensitization was
observed in both, HL and LL rats. An ANOVA yielded signifi-
cant effects for both “line” and “treatment” (line: F(1, 21) = 10.9,
p = 0.003; treatment: F(1, 21) = 22.31, p < 0.001). In contrast to the
similar locomotor response, the two lines differed substantially in
their 55 kHz USV response to cocaine challenge. A two-way ANOVA
between the lines yielded a significant main effect for “line” (F(1,
21) = 81.48, p < 0.001) illustrating the above differences in absolute
calling rates between high line and low line animals after cocaine
stimulation. The comparison also yielded a significant main effect
for “treatment” (F(1, 21) = 14.82, p = 0.001) indicating a differential
reaction of cocaine and saline pretreated animals to cocaine chal-
lenge. Unlike the locomotor activity data, the analysis of 55 kHz
calling also resulted in a significant treatment × line interaction
(F(1, 21) = 14.3, p = 0.001). Follow-up testing revealed that this inter-
action was due to a lack of 55 kHz USV sensitization in the low line.
The number of 55 kHz vocalizations emitted by low line animals did
not differ statistically between saline and cocaine pretreated ani-
mals (t-test: t(12) = 0.07, p > 0.05). Within the high line, however,
cocaine pretreated animals called significantly more than saline
pretreated controls (t-test: t(9) = 4.15, p < 0.05; Bonferroni). This dif-
ference is also illustrated in Fig. 2D and H.

Finally, when the data from all three rat lines (HL/LL Long Evans,
and Sprague Dawley) were pooled, we found a positive correlation
between cocaine-induced 55 kHz-USVs and the associated locomo-
tor responses (Spearman: r = 0.67, p < 0.001, n = 22; Fig. 3). On the
other hand, the saline-pretreated rats showed a more modest pos-
itive correlation after cocaine challenge (r = 0.46, p = 0.049, n = 19).

In summary, the line comparison indicates that 55 kHz-USVs
sensitize differentially in HL and LL rats. This is especially inter-
esting because locomotor sensitization appears to be comparable

between the two lines. Low line animals called much less than
high line animals in response to cocaine stimulation and they
lacked the characteristic increase in 55 kHz-USVs observed in both
HL Long Evans and typical Sprague Dawley rats when presented
with a cocaine challenge. HL and LL rats did not differ statistically
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ig. 3. A summary showing that cocaine-induced 55 kHz-USVs sensitization is pos-
tively correlated with cocaine-induced locomotor sensitization.

n their baseline locomotor or calling activity indicating that the
bserved differences are related to some aspect of cocaine expo-
ure. Given the accumulating evidence suggesting that 55 kHz-USVs
orrespond to a positive affective state and our hypothesis that HL
nd LL rats represent different affective phenotypes [4,10,15,16], it
s tempting to interpret the observed differences as differences in
ffective state that are not reflected to the same extent in locomotor
ctivity.

The mesolimbic dopamine system, which is highly conserved
mong mammals, mediates basic as well as pathologically altered
motional and motivational urges such as the addictive state [7,13].
t has been hypothesized that repeated exposure to drugs of abuse
auses plastic changes within the mesolimbic dopamine system,
esulting in increasingly stronger, or sensitized, drug-associated
ffective drives [20,21]. It has long been known that during the
ourse of repeated exposure to drugs of abuse, the enhancing
ffect of drugs on locomotor activity becomes increasingly stronger
20,21]. Given its similar temporal and anatomical properties to the
evelopment of addiction, drug-induced locomotor sensitization
as been hypothesized to be mediated by the same or similar neural
hanges that mediate the sensitization of drug-related emotional
nd motivational urges [19–21]. Given that dopamine release in the
ucleus accumbens is tightly linked to 55 kHz-USVs [3], it is possi-
le that the neural circuits underlying 55 kHz-USVs may also be in
art mediated by the mesolimbic dopamine system.

The most straightforward interpretation of emotional and moti-
ational state would be that our experimental animals express what
hey experience affectively, especially affect related to arousal of
he mesolimbic dopamine system [2,5,17]. Although other animals
annot communicate affect in the same way as humans do, they
o have a variety of vocalizations that may be putative readouts
f their affective states [3,4]. Indeed, a series of seminal findings
ndicate that rats emit chirps at ∼55 kHz when they are in pos-
tive emotional and motivational states [9,10,15,16]. It has been
ostulated that such vocalizations may directly reflect the underly-

ng positively valanced appetitive states that are relevant for drug
ddictions [17]. Past work has shown that the frequency of 55 kHz-
SV emission is increased by various positive incentives and is

educed by negative incentives [10,15,16]. The present findings pro-
ide further support that 55 kHz-USVs can be a relatively direct
easure for drug-elicited emotional and motivational arousals.
long with this hypothesis, the sensitization-like process of 55 kHz-
SVs upon repeated exposure to cocaine (Fig. 1B and Fig. 2D) may
e interpreted as a gradual increase in the arousal of cocaine-related
motional and motivational drives.

A key question is whether cocaine-induced 55 kHz-USV sen-
itization is functionally equivalent to locomotor sensitization.

ur results suggest that cocaine-induced 55 kHz-USV sensitization

hares some core features with locomotor sensitization, but that it
lso differs in several important aspects. The commonalities include
i) both 55 kHz-USVs and the locomotor response can be sensi-
ized by repeated exposure to cocaine (Figs. 1 and 2); and (ii) the
ters 453 (2009) 31–35

magnitude of 55 kHz-USV sensitization and locomotor sensitiza-
tion are positively correlated at the single animal level (Fig. 3). On
the other hand, the most apparent distinction between cocaine-
induced 55 kHz-USV sensitization and locomotor sensitization is
their developing time course over repeated trials. Compared with
locomotor sensitization, 55 kHz-USV did not promptly increase on
the first cocaine test, but exhibited a gradual increase along the
entire test series (Fig. 2C and D).

As demonstrated at the molecular and cellular levels, drug-
induced adaptive changes in the mesolimbic dopamine system
occur sequentially [22]. If 55 kHz-USVs is a valid index of the affec-
tively experienced aspect of emotional and motivational arousal,
the initial dormant phase of 55 kHz-USV activation (i.e., lack of acute
effect of cocaine on the first day of testing) may indicate that the first
injection has both positive and negative affective properties, which
precludes the arousal of a clear elevation of 55 kHz-USVs. If true, the
locomotor response appears to be insensitive to this period of mixed
affect. Finally, a substantial difference in 55 k Hz-USVs between
HL and LL rats was accompanied by only a marginal difference in
locomotor activity and although both lines showed locomotor sen-
sitization when challenged with a single dose of cocaine on day 8, LL
rats did not respond with a corresponding increase in 55 kHz-USVs.
Our selectively bred lines are temperamentally disposed to respond
to positive stimuli with either high or low rates of 55 kHz-USVs.
If the observed differences in calling correspond to differences in
affect, these differences are not reflected to the same extent in the
locomotor response.

Collectively, the results from this study suggest that 55 kHz-
USVs are an independent and relatively direct measure to assess
drug-induced emotional and motivational drives, which remain to
be adequately characterized at the psychological level [18]. With
this novel approach, which may directly tap into the underlying
psychoneurobiological processes of addiction [2,17], future studies
may be more able to explore the molecular and cellular basis under-
lying the gradual enhancement of drug-associated emotional and
motivational affective arousals.
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