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Abstract
Rationale Adult rat 22- and 50-kHz ultrasonic vocalizations (USVs) are commonly considered as indices of negative and positive
affect, respectively. More specifically, we have proposed that positive affective states are revealed by a predominance of trill over
flat 50-kHz call subtypes. However, the 50-kHz call subtypes emitted during aversive drug states remain largely uninvestigated.
Objectives To determine whether acute morphine withdrawal affects 50-kHz call rates or alters the relative prevalence of
trill and flat calls.
Methods In experiment 1, adult male rats were given saline or morphine (6 mg/kg SC), then acutely challenged 4 h later with
saline or naloxone (1mg/kg SC), and recorded 10–30min post-injection. In experiments 2 and 3, rats received saline or morphine
(6 mg/kg), followed 4 h later by acute saline or naloxone (0.1 mg/kg) challenge; USVs were subsequently recorded during 30-
min place conditioning sessions.
Results Naloxone (0.1 mg/kg) produced a strong conditioned place aversion only after acute morphine pretreatment, consistent
with antagonist-precipitated morphine withdrawal. The morphine-naloxone combination decreased the relative prevalence of
trills and promoted flat calls. Naloxone given alone (0.1 and 1 mg/kg) inhibited trill calls but did not significantly alter the
prevalence of flat calls, whereas morphine given alone (4 h pre-session) was largely without effect. Fifty-kHz call rates were
inhibited by naloxone given alone, but otherwise unaffected. Twenty-two-kHz calls were sparse.
Conclusions The 50-kHz call subtype shift seen during antagonist-precipitated morphine withdrawal was opposite in direction to
that previously associated with rewards, and hence may reveal negative affect.
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Introduction

Ultrasonic vocalizations (USVs) emitted by adult laboratory
rats fall into two broad categories: 22- and 50-kHz calls
(Brudzynski 2015; Wohr and Schwarting 2013). Twenty-
two-kHz Balarm^ calls are often made during aversive situa-
tions and are principally thought to reflect negative affect
(Brudzynski 2015). In contrast, 50-kHz calls occur in a

number of positive social and pharmacological conditions
(for reviews, see Burgdorf et al. 2011; Simola 2015), suggest-
ing that positive affective states can be revealed by the rate of
50-kHz calling (Knutson et al. 2002), or more particularly by
the rate of frequency-modulated 50-kHz call emission
(Burgdorf et al. 2011). On close inspection, 50-kHz vocaliza-
tions are highly heterogeneous, with at least 14 identified call
subtypes, most of which are frequency-modulated (Wright
et al. 2010). The most common call subtypes are the Bflat^
(constant frequency) call and a narrowly defined Btrill^ cate-
gory. Based on findings with euphorigenic drugs, we have
hypothesized that positive affect is reflected by an increased
relative prevalence of trill calls, either considered alone
(Wright et al. 2010) or in relation to a reciprocal decline in
flat calls (Best et al. 2017; Wright et al. 2012b).

Although 50-kHz calls have been widely observed in re-
warding contexts, little is known about their occurrence in
aversive situations. The rate of 50-kHz calling was reported
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to be reduced by several aversive manipulations, notably pain-
ful electric footshock (Schwarting et al. 2007), footshock-
predictive cue (Burgdorf et al. 2000), omission of electrical
brain stimulation (Burgdorf et al. 2000), and acute naloxone
challenge (Burgdorf et al. 2001), although not by acute lithium
administration (Pereira et al. 2014). To our knowledge, 50-
kHz call categories have only been studied in relation to acute
lithium administration (Pereira et al. 2014) and electric
footshock (Taylor et al. 2017). In the earlier study, lithium
did not significantly alter the relative prevalence of flat or trill
calls, whereas in the later study, flat calls appeared to be asso-
ciated with a mildly negative affective state. In these studies,
however, 50-kHz calls were subjected to a three- or four-way
categorization, as opposed to the 14-subtype scheme used in
our own work (Best et al. 2017; Wright et al. 2010, 2012b).

The present study therefore seeks to address a critical
knowledge gap: what kinds of 50-kHz calls are emitted in
aversive situations? Here, we investigated two opioid-related
aversive states. The first occurs after acute administration of
the opioid receptor antagonist naloxone, in subjects having
little or no experience of morphine (Tzschentke 2007). The
second is associated with morphine withdrawal (Harris and
Gewirtz 2005). In a previous study (Vivian and Miczek
1991), rats that were undergoing spontaneous morphine with-
drawal were found to emit both 22- and 50-kHz calls, but
these vocalizations were not categorized further. In the present
study, we chose to investigate acute (i.e., single-dose) opioid
withdrawal, produced by giving rats a precipitating dose of
naloxone a few hours after a pretreatment injection of mor-
phine (Harris and Gewirtz 2005). Human subjects experience
dysphoria during acute antagonist-precipitated morphine
withdrawal, and also after high-dose naloxone administered
alone (Cohen et al. 1981; Harris and Gewirtz 2005; Martin del
Campo et al. 1997). In laboratory rats, these two drug states
are associated with conditioned place aversion (CPA)(Azar
et al. 2003; Bals-Kubik et al. 1989; Harris and Gewirtz
2005; Mucha and Herz 1985; Parker et al. 2002; Tzschentke
2007), and hence, this measure was used to confirm that our
drug treatments were aversive.

The present study had three main goals. Specifically, we
sought to determine whether aversive drug conditions: (1) re-
duce the 50-kHz call rate, (2) shift the 50-kHz call subtype
profile in the opposite direction to rewarding drugs, and (3)
concurrently promote or suppress other 50-kHz calls subtypes.

Methods

Animals

Subjects were 48 male Long-Evans rats (Charles River
Laboratories, St. Constant, Quebec, Canada). At the start of
testing, they were drug-naïve and weighed 275–301, 261–

343, and 292–350 g (in experiments 1–3, respectively).
Animals were housed 2–3 per cage in a humidity- and
temperature-controlled colony room at the McGill
University Animal Resources Centre. Home cage bedding
consisted of laboratory grade SaniChips (Harlan
Laboratories, Indianapolis, IN). Rats were maintained on a
reverse 12:12-h light/dark cycle with lights off at 0700 h,
and all testing was performed during the dark phase of the
cycle. Food and water were available ad libitum except during
testing. Rats were each handled once daily for 2min, for 3 days
prior to the first habituation day. All procedures were ap-
proved by the McGill Animal Care Committee in accordance
with the guidelines of the Canadian Council on Animal Care.

Testing apparatus

Behavioral testing and recordings were performed in acousti-
cally isolated operant conditioning chambers (experiment 1)
or place conditioning boxes (experiments 2 and 3).

The four operant conditioning chambers (ENV-007CT, Med
Associates, St Albans, VT) were as described previously (e.g.,
Wright et al. 2012a). Thus, each chamber was enclosed in a
melamine compartment lined with sound-attenuating acoustic
foam (Primacoustic, Port Coquitlam, British Columbia). A con-
denser ultrasound microphone (CM16/CMPA, Avisoft
Bioacoustics, Berlin, Germany) was securely inserted through a
small (5 cm diameter) hole located centrally in the top panel of
each chamber, so that themicrophonewas 15–30 cm from the rat
during testing. The two operant levers were retracted at all times.

Locomotor activity and CPAwere both tested in four place
conditioning boxes, each comprising a rectangular arena
(58 cm long × 29 cm wide) enclosed by melamine walls
(53 cm high), as described previously (Wright et al. 2012a),
except where noted below. Two floor textures were used as
conditional stimuli: a mesh grid (1-cm2 stainless steel wire
mesh) and a metal panel containing small holes (4.8 mm diam-
eter, set 6.4 mm apart). Rats do not show spontaneous prefer-
ence for either floor texture (T. Scardochio and P. B. S. Clarke,
unpublished observation). Square (29 × 29 cm) tiles made of
either flooring were mounted on melamine frames; two adja-
cent tiles completely covered the bottom of each CPP cage. In
the present study, as an additional refinement, the place condi-
tioning boxes were each equipped with an 8-mm-thick clear
Plexiglas™ lid, and the microphone was inserted through a
small (9 cm × 6 cm) recess cut halfway along one long side.
Avideo tracking system (EthoVision v 3.0, Noldus Information
Technology, Leesburg, VA, USA) measured total horizontal
distance moved (conditioning sessions) and the time spent on
each floor texture (CPA test day). To minimize visual cues,
conditioning and testing were conducted under far-red
(wavelength > 650 nm) illumination using a Kodak GBX-2
safelight filter (Vistek, Toronto, Ontario, Canada).
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Acquisition and acoustic analysis of ultrasonic
vocalizations

Broadband recordings and acoustic analysis were performed as
detailed in our recent publications (e.g., Scardochio and Clarke
2013). Briefly, rats were recorded individually in the acousti-
cally isolated testing apparatus, via an ultrasonic microphone
connected to an UltraSoundGate 416H data acquisition device
(Avisoft Bioacoustics). The sampling rate was 250 kHz with
16-bit resolution. Spectrograms were generated by fast Fourier
transform (512 points, 75% overlap, FlatTop window, 100%
frame size) using Avisoft SASLab Pro (Version 5.2.07). Calls
were manually selected from spectrograms by a single individ-
ual (L.Z. in Experiment 1 and YQ.C.L.in Experiments 2 and 3)
blinded to the treatment conditions. All calls in a given session
were selected; hence, time-sampling was not used. Twenty-
two-kHz calls were counted, and 50-kHz calls were categorized
according to our 14-subtype scheme (Wright et al. 2010), as
indicated in the Fig. 2 legend (below).

Drugs

Test drugs were morphine sulfate pentahydrate (6 mg/kg,
Sandoz, Boucherville, Quebec) and μ-opioid antagonist nal-
oxone hydrochloride dihydrate (0.1 or 1 mg/kg; Sigma-
Aldrich, Oakville, Ontario). The doses of morphine and nal-
oxone, and the 4-h injection interval, were based on published
findings (Azar et al. 2003; Harris and Gewirtz 2005; Schulteis
et al. 1997). Both drugs were dissolved in sterile 0.9% saline,
given by subcutaneous (SC) injection in a volume of 1 ml/kg.
All doses are expressed as the free base. The saline vehicle
served as a control for each drug condition.

General testing procedure (all experiments)

On each test day, rats were transported from the colony room,
weighed, and then left in their home cages for 15 min to
acclimatize to the testing room. Rats were then pre-treated
with saline or morphine, 4 h before a challenge injection of
saline or naloxone. After the challenge injection, rats were
returned to the home cage for 10 min to allow time for with-
drawal onset (Harris et al. 2004), before being placed in the
test chamber and recorded for 20 min (experiment 1) or
30 min (experiments 2 and 3). In experiments 1 and 3, all rats
received all drug conditions. In experiment 2, rats received
two out of the four conditions, as imposed by the CPA design.
Drug tests were given in counterbalanced order.

Experiment 1: antagonist-precipitated morphine
withdrawal: USV emission

Habituation (days 1–3) On day 1, rats (n = 12) were subjected to
an injection-free habituation session in the test apparatus, lasting

20 min. This procedure was repeated on days 2 and 3, except
that rats now first received a vehicle injection in the home cage
and were placed in the test apparatus 10 min post-injection.

Test phase (days 4–11) Each rat received one test session on
each of the 8 test days. These test days occurred 48 h apart and
were arranged in two consecutive blocks (i.e., day 4–7 and 8–
11). Each block comprised a 2 × 2 design, in which each rat
received each of four drug conditions, i.e., all four combina-
tions of pretreatment (saline or morphine 6 mg/kg SC) and
challenge (saline or naloxone 1 mg/kg SC). Rats were placed
in test chambers 10 min after the challenge injection and were
recorded for 20 min.

Experiment 2 antagonist-precipitated morphine
withdrawal: USV emission and CPA

This experiment used a greater number of drug treatments, in
order to produce a more intense form of acute withdrawal. All
sessions occurred in the CPA apparatus. A lower (0.1 mg/kg)
dose of naloxone was chosen, which is reported to produce
withdrawal CPA in morphine-pretreated animals, without pro-
ducing significant CPAwhen given alone (see BDiscussion^).
The following steps occurred on 10 consecutive days.

Habituation (1 day) One session was given, with no injec-
tions. Rats (n = 24) were placed in test boxes for 20 min.

Conditioning phase (days 2–9) Rats were randomly allo-
cated to two groups (n = 12). Throughout this period of 8
consecutive days, groups 1 and 2 received daily home cage
pretreatment injections of saline and morphine (6 mg/kg SC),
respectively. Four hours after a home cage injection, each rat
was challenged with saline or naloxone (0.1 mg/kg SC), and
these two challenges occurred on alternating days, i.e.,
SNSNSNSN or NSNSNSNS (counterbalanced within group).
Ten minutes after the challenge injection, rats were placed in
the CPA boxes for 30min. For a given rat, one of the two floor
textures was paired with saline and the other with naloxone,
and this pairing was counterbalanced within each group.
During these conditioning sessions, USVs were recorded
and the rats’ movements were tracked by video recording.

Test phase (day 10) All rats were subjected to a single drug-
free 15-min test session in which their movements were video-
tracked. Each test box contained the two floor textures that
had been used during conditioning, and these textures were
positioned in a counterbalanced fashion. At the start of the
session, each rat was placed on the midline, straddling the
two floor textures.

Experiment 3 morphine administered alone: USV
emission and CPA

The purpose of this experiment was to determine whether mor-
phine alone, given 4 h in advance of the session,would produce a
CPA. The same procedure was used as in experiment 2, except

Psychopharmacology (2018) 235:1945–1953 1947



that (1) there was now a single group of rats (n = 12), and (2)
during the conditioning phase, one floor texture was paired with
saline and the other with morphine (counterbalanced across rats).

Data analysis and statistics

Subjects were assigned to groups and conditions in a random-
ized or counterbalanced manner. Drug solutions were coded
so that experimenters were blind to drug conditions. Data
were analyzed using Systat v11 software (SPSS, Chicago,
IL) and figures were generated using Prism 4 (GraphPad
Software, La Jolla, CA). Primary measures were the 50-kHz
call rate, the percentages of flat and trill calls, and CPA mag-
nitude. The remaining 50-kHz call subtypes were also of in-
terest (see BIntroduction^). Fifty-kHz call profiles were de-
fined by the proportional contributions of all 14 call subtypes
(Wright et al. 2010). Locomotor activity provided an addition-
al behavioral measure, measured as the distancemoved during
conditioning sessions. For data collected in two test sessions
performed under the same drug conditions, a mean value was
computed, unless otherwise stated.

Parametric tests were used, unless underlying assumptions
were violated; this was the case only for 50-kHz call rates,
which were positively skewed. Factors were as follows: in
experiment 1, morphine and naloxone (both within-subject);
in experiment 2, morphine (between-subject) and naloxone
(within-subject); and in Experiment 3, morphine (within-sub-
ject). Interactions between naloxone andmorphinewere tested
by two-way repeated measures ANOVA, except in the case of
50-kHz call rates. For the latter, a naloxone-saline difference
score was computed for each rat and this variable was then
compared between the saline and morphine groups using a
nonparametric (Mann-Whitney U) test. The other main statis-
tical comparisons were between the saline-saline (SS) condi-
tion and the other morphine (M) and naloxone (N) conditions,
i.e., SS vs. MS (effect of morphine alone), SS vs. SN (effect of

naloxone alone), and SS vs. MN (drug combination). For all
variables except 50-kHz call rates, these specific comparisons
were made using paired or independent t tests (or Welch’s t
test in cases of heteroscedasticity). For 50-kHz call rates, com-
parisons were made with nonparametric tests, i.e., Wilcoxon
rank-sum or Mann-WhitneyU tests (indicated in the text by Z
and U values, respectively). No adjustment was made for
multiple comparisons, but the alpha level was set at 1%
(two-tailed) throughout.

Results

In all three experiments, 50-kHz calls were much more prev-
alent than 22-kHz calls. Specifically, the total numbers of 22
and 50-kHz calls emitted in experiments 1–3 were, respective-
ly, 0 and 2004, 8 and 5484, and 1 and 8948. The nine 22-kHz
calls were emitted by five rats in eight sessions; four of these
nine calls occurred after morphine pretreatment followed by
saline challenge, and the remaining five calls occurred after
morphine pretreatment followed by naloxone challenge. The
main findings are summarized in Table 1. Absolute emission
rates for individual 50-kHz call subtypes were not analyzed,
but are presented in Supplementary Tables S1–S3.

Experiment 1 antagonist-precipitated
morphine withdrawal: USV emission

50-kHz call rate Call rates, shown in Fig. 1a, were reduced by
naloxone (1 mg/kg) when given alone (SS vs. SN: Wilcoxon
test: Z = 2.67, p = 0.0076), but not by morphine alone (SS vs.
MS), or by the morphine-naloxone combination (SS vs. MN).
Morphine appeared to blunt the inhibitory effect of naloxone,
as defined by naloxone-saline difference scores (saline vs.
morphine pretreatment, Z = 2.00, p = 0.0454).

Table 1 Effects of morphine and
naloxone on 50-kHz call
emission: main findings

Drug
conditions Experiment

Morphine
(mg/kg)

Naloxone
(mg/kg)

Call
rate

% Flats % Trills

SN vs. SS 1 1 ↓ - ↓

SN vs. SS 2 0.1 ↓ - ↓? (p = 0.0130)

MS vs. SS 1 6 - ↑?
(p = 0.0136)

-

MS vs. SS 2 6 - ↑ ↓

MS vs. SS 3 6 - - -

MN vs. SS 1 6 1 - ↑ ↓?
(p = 0.0102)

MN vs. SS 2 6 0.1 - ↑ ↓

Pretreatments and treatments are abbreviated as follows: S saline,Mmorphine, N naloxone. Thus, BMS^ refers to
morphine given 4 h before saline challenge. Stimulatory and inhibitory effects of drug treatments are shown by ↑
and ↓ symbols, respectively (i.e., p < 0.01). An added question mark (e.g., ↓?) denotes a statistically non-signif-
icant trend (i.e., p = 0.01–0.05). A dash (i.e. B-^) indicates no trend. n/a, not applicable, since not tested
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50-kHz call profile Overall, flat and short calls were the most
prevalent, with trills accounting for only 11% of all calls even
in the saline-saline condition (Fig. 2, left column). The per-
centage of flat calls was significantly increased by the
morphine-naloxone combination (t11 = 3.36, p = 0.0064), with
a similar trend for morphine given alone (t11 = 2.93, p =
0.0136), but this measure appeared unaffected by naloxone
alone. The percentage of trill calls was suppressed by nalox-
one alone (t11 = 3.94, p = 0.0023), with a similar trend for the
drug combination (t11 = 3.09, p = 0.0102), but this measure
appeared unaffected by morphine alone. There was no detect-
able two-way (morphine × naloxone) ANOVA interaction for
either flat or trill calls. No other 50-kHz call subtypes were
significantly altered.

Experiment 2 antagonist-precipitated
morphine withdrawal: USV emission and CPA

50-kHz call rate As in experiment 1, call rates (Fig. 1b) were
not significantly affected by morphine alone or by the
morphine-naloxone combination, but were reduced by nalox-
one when given alone (SS vs. SN: Wilcoxon Z = 2.98, p =
0.0029). Naloxone differentially affected call rate in the saline
and morphine groups (comparison of naloxone-saline differ-
ence scores: U = 14.00, p = 0.0008), such that naloxone ap-
peared to increase calling when given after morphine injection
(MS vs. MN: Z = 2.04, p = 0.0413).

50-kHz call profile The most common call subtypes were flat,
trill, and short (Fig. 2, middle). The percentage of flat calls
was unaffected by naloxone alone (SS vs. SN), but increased
by morphine alone (SS vs. MS: t22 = 4.41, p = 0.0002), and by

the morphine-naloxone combination (SS vs. MN: t22 = 6.90,
p = 0.0001); there was no significant morphine × naloxone
ANOVA interaction. The percentage of trill calls was reduced
bymorphine alone and by the drug combination (respectively:
t15 = 3.81, p = 0.0016; t11 = 4.98, p = 0.0004), with a similar
trend for naloxone alone (t11 = 2.96, p = 0.0130). There was
no detectable morphine × naloxone ANOVA interaction, pos-
sibly reflecting a Bfloor^ effect (Fig. 2, middle column). No
other 50-kHz call subtypes were significantly altered.

Place conditioningAs shown in Fig. 3a, naloxone (0.1 mg/kg)
produced a strong CPA in the morphine-pretreated group
(t11 = 18.19, p = 0.0001), with a trend in the saline-pretreated
group (t11 = 2.00, p = 0.0709). The two groups differed signif-
icantly in the percentage of time spent on the naloxone-paired
side (Welch’s t13 = 4.14, p = 0.0011); respective mean ± SEM
values were 16 ± 2 and 39 ± 5%.

Locomotor activity After initial inspection, data were col-
lapsed across test day pairs (Fig. 3b). Distance moved was
reduced by the morphine-naloxone combination (SS vs.
MN: t22 = 5.82, p = 0.0001), but not by morphine or naloxone
given alone. However, there was no detectable morphine ×
naloxone ANOVA interaction.

Experiment 3 morphine administered alone:
USV emission and CPA

50-kHz USVsMorphine did not detectably affect the number of
50-kHz calls emitted (Fig. 1c) or the percentage of flat calls
(Fig. 2, right column), but tended to decrease the percentage of

Fig. 1 50-kHz call rate (experiments 1–3, panels a–c, respectively). Rats
received an injection of saline (S) or morphine 6 mg/kg (M), followed by
acute saline or naloxone injection (N: 1mg/kg in experiment 1 and 0.1mg/kg
in experiment 2). Each line represents a single rat. In experiments 1 and 3,

each rat was tested under all drug conditions (n= 12 rats). In experiment 2,
each rat received either saline or morphine pretreatment (n = 12 rats per
group) and was then challenged with both saline and naloxone
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trills (t11 = 1.99, p = 0.0722). No other 50-kHz call subtypes
appeared affected (Fig. 2, right column).

Place conditioning Morphine pretreatment induced neither a
CPA nor a CPP (t11 = 1.51, p = 0.1602), with rats spending 55
± 4% (mean ± SEM) of the time on the morphine-paired side
(Fig. 3c).

Locomotor activity The effect of morphine depended on test day
pair (two-way interaction F3,33 = 12.60, p = 0.0001; Fig. 3d),
such that morphine significantly inhibited locomotion only when
the drug was first tested (t11 = 4.24, p = 0.0014).

Discussion

Main findings

The main findings are summarized in Table 1. In the present
study, the morphine-naloxone combination produced a strong
CPA, as expected. By this measure, the naloxone-alone con-
dition also appeared somewhat aversive, whereas pretreat-
ment with morphine (4 h pre-session) was not. The 50-kHz
call rate was largely unchanged by drug administration, except
for an inhibitory effect of naloxone alone. The morphine-
naloxone condition produced the most marked effect on 50-

Fig. 2 50-kHz call subtype profiles (experiments 1–3). Rats received an
injection of saline (Sal) or morphine 6 mg/kg (Mor), followed by acute
saline or naloxone injection (Nal: 1 mg/kg in experiment 1 and 0.1 mg/kg
in experiment 2). Y-axes show the relative prevalence of each subtype,
expressed as the mean ± SEM percentage of all 50-kHz calls. Each rat
was tested under each drug condition, except that in experiment 2,
separate groups received saline and morphine pretreatment. Hence, n =

12 rats for each group and drug condition in all experiments. Flat (FL) and
trill (TR) calls are shown by gray bars. Call subtype abbreviations: CX
complex, UR upward ramp, DR downward ramp, FL flat, SH short, SP
split, SU step-up, SD step-down, MS multi-step, TR trill, FT flat-trill, TJ
trill with jumps, IU inverted-U, CS composite, UC unclear, MI
miscellaneous
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kHz call profile, increasing the relative prevalence of flats at
the expense of trill calls. Naloxone alone also decreased the
proportion of trills, but did not promote flat calls. The effects
of morphine pretreatment alone were inconsistent across ex-
periments. No other 50-kHz call subtypes were consistently
associated with any drug condition, and 22-kHz calls were
virtually absent in any drug condition.

Naloxone-induced conditioned place aversion

Naloxone was initially tested in operant conditioning cham-
bers (experiment 1). Here, we used a dose of 1 mg/kg, which
is reported to produce a CPA in the majority of studies that
have used at least three drug pairings (Bals-Kubik et al. 1989;
Mucha and Herz 1985; Tzschentke 2007). In experiment 2,
we selected a lower dose of naloxone (0.1 mg/kg), which was
intended to have little or no aversive effect when given alone
(Bals-Kubik et al. 1989; Mucha and Herz 1985; Mucha and
Iversen 1984; Shippenberg et al. 1988), while still being ca-
pable of precipitating morphine withdrawal (Azar et al. 2003;
Schulteis et al. 1997; Young 1986). Correspondingly, in the
CPA procedure of experiment 2, naloxone 0.1 mg/kg by itself
produced only a non-significant aversive tendency, while it
precipitated a strong CPA in rats that had been acutely
pretreated with morphine.

Effects of morphine alone

The morphine-alone condition produced mixed results on 50-
kHz call emission across experiments (Table 1). Significant
effects were observed only in experiment 2. Here, morphine
pretreatment by itself decreased the percentage of trills and
increased the percentage of flat calls, the same kind of change
as seen in the highly aversive morphine-naloxone condition.
This finding was unexpected since, at 4 h after injection of
morphine, the drug’s acute rewarding effects would likely
have dissipated and any aversive effects associated with spon-
taneous withdrawal would also have been weak (Altarifi and
Negus 2011; Eisenberg 1982; Harris and Gewirtz 2005; Liu
and Schulteis 2004). In this experiment, the effect of morphine
alone appears attributable to the particularities of the experi-
mental design, based on the following considerations. Rats in
this experiment were allocated to two groups: both groups
were conditioned with naloxone, but only one group was
acutely pretreated with morphine (i.e., 4 h in advance of each
conditioning session). The two groups can be summarized
thus: (1) SS vs. SN, and (2) MS vs. MN. Only the latter group
had the opportunity to experience the intense aversiveness of
the MN condition, and this aversiveness may have partially
generalized to the MS condition over the course of multiple
conditioning sessions. Accordingly, the final experiment (ex-
periment 3) was designed to test whether the morphine-alone

Fig. 3 Place conditioning and
locomotor activity in experiments
2 (panels a and b) and 3 (panels c
and d). Panel a shows the time
spent on the side previously
paired with naloxone (Nal),
which was given after either
saline (Sal) or morphine (Mor)
pretreatment. The solid and dotted
horizontal lines represent,
respectively, the group mean and
the indifference point of the 900-s
test session. Each symbol
represents an individual rat. Panel
b refers to the same two
pretreatment groups and shows
the mean ± SEM distance moved
(m) during the 30-min place con-
ditioning sessions. Panel c
shows the time spent on the side
previously paired with morphine
(given approx. 4 h pre-session),
and panel d shows the locomotor
activity data from the
corresponding conditioning
sessions. n = 12 rats per group or
condition. **p < 0.01,
***p < 0.001
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condition would be aversive in rats that were never exposed to
the MN condition. In these rats, no CPA occurred, and the
relative prevalence of flat and trill calls was also unaffected
by the drug.

22-kHz vocalizations

Rat 22-kHz vocalizations have been reported in a variety of
aversive situations and are commonly used as an index of
negative affect (Brudzynski 2015; Portfors 2007). However,
in the present study, 22-kHz calls were very infrequent, even
in the highly aversive morphine-naloxone condition. This ob-
servation adds to published findings suggesting that not all
negative emotional states are accompanied by 22-kHz calls,
at least in singly tested subjects (for review, see Schwarting
and Wohr 2012). For example, adult rats tend not to emit 22-
kHz calls during the receipt of aversive electric shock, but
rather between such stimuli (Schwarting and Wohr 2012;
van der Poel and Miczek 1991); such calls potentially reflect
anticipation of punishment and may also signal fear
(Brudzynski 2015). In other studies, rats failed to make 22-
kHz calls after administration of lithium or after a painful
intraperitoneal injection of acetic acid (Pereira et al. 2014;
Portavella et al. 1993). To our knowledge, only two groups
have reported on 22-kHz call emission during morphine with-
drawal (Kalinichev and Holtzman 2003; Vivian and Miczek
1991). In the more recent study, morphine withdrawal was
found to inhibit 22-kHz calling evoked by a startle stimulus.
In contrast, Vivian and Miczek (1991) reported that 22-kHz
calling increased during withdrawal, but only when animals
were tested in pairs; singly tested animals made few 22-kHz
calls, as in the present study.

Study limitations

The use of single acute doses of morphine and naloxone repre-
sents an obvious limitation, but served to reproduce aversive
drug states that have been extensively characterized in the liter-
ature (Harris and Gewirtz 2005). Another limitation is that ani-
mals were tested in isolation; to the extent that ultrasonic vocal-
izations serve to communicate between conspecifics, the present
findings may not necessarily generalize to group settings.

50-kHz call subtypes in relation to aversion

Based on the present CPA results and the wider literature, our
drug conditions can be considered to range from neutral to
highly aversive, as follows: morphine alone (4 h pre-session),
naloxone 0.1 mg/kg, naloxone 1 mg/kg, and the morphine-
naloxone combination. The following pattern then emerges.
Prior administration of morphine alone did not change the
relative prevalence of flat or trill calls (experiment 3). The
low-dose naloxone-alone challenge, which was minimally

aversive, appeared to reduce the percentage of trill calls, but
this did not reach our significance level (set at 1%, two-tailed).
The high dose naloxone-alone challenge, reported to be reli-
ably aversive, reduced the percentage of trill calls while leav-
ing flat calls unaffected. Finally, the highly aversive
morphine-naloxone combination shifted the 50-kHz calls pro-
file in the predicted direction, promoting flat calls at the ex-
pense of trill calls. An increased relative prevalence of Bcon-
stant-frequency^ calls has also been reported after the repeated
delivery of mild footshock (Taylor et al. 2017), but these vo-
calizations were defined more broadly (bandwidth < 10 kHz)
than our narrowly defined flat call subtype.

Our findings, taken together, suggest that drug aversion
may be reflected in an increased prevalence of flat calls and
a reduced prevalence of trill calls, with the latter being a po-
tentially more sensitive marker. However, given the limited
scope of the present study, it will be necessary to extend this
work across multiple drug doses, to other aversive drug states,
and to pair- or group-tested animals.
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