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a b s t r a c t
Rodent ultrasonic vocalizations (USVs) are ethologically critical social signals. Rats emit 22 kHz USVs and
50 kHz USVs, respectively, in conjunction with negative and positive affective states. Little is known
about what controls emotional reactivity to these social signals. Using male Sprague–Dawley rats, we
examined unconditional and conditional freezing behavior in response to the following auditory stimuli:
three 22 kHz USVs, a discontinuous tone whose frequency and on–off pattern matched one of the USVs, a
continuous tone with the same or lower frequencies, a 4 kHz discontinuous tone with an on–off pattern
matched to one of the USVs, and a 50 kHz USV. There were no differences among these stimuli in terms of
the unconditional elicitation of freezing behavior. Thus, the stimuli were equally neutral before conditioning. During differential fear conditioning, one of these stimuli (the CS+) always co-terminated with a footshock unconditional stimulus (US) and another stimulus (the CS) was explicitly unpaired with the US.
There were no signiﬁcant differences among these cues in CS+-elicited freezing behavior. Thus, the stimuli were equally salient or effective as cues in supporting fear conditioning. When the CS+ was a 22 kHz
USV or a similar stimulus, rats discriminated based on the principal frequency and/or the temporal pattern of the stimulus. However, when these same stimuli served as the CS, discrimination failed due to
generalization from the CS+. Thus, the stimuli differed markedly in the speciﬁcity of conditioning. This
strikingly asymmetrical stimulus generalization is a novel bias in discrimination.
Ó 2008 Elsevier Inc. All rights reserved.

1. General introduction
Rodent ultrasonic vocalizations (USVs) have been studied for
many decades (Anderson, 1954; Blanchard, Blanchard, Agullana,
& Weiss, 1991; Brudzynski, Bihari, Ociepa, & Fu, 1993; Knutson,
Burgdorf, & Panksepp, 2002; Sales & Pye, 1974; Sewell, 1967;
White, Cagiano, Moises, & Barﬁeld, 1990; Zippelius & Schleidt,
1956). USVs serve as ethologically critical social signals (Brudzynski, 2005; Litvin, Blanchard, & Blanchard, 2007) and offer a unique
window into the emotional state of the animal (Borta, Wöhr, & Schwarting, 2006; Brudzynski, 2007; Knutson et al., 2002; Panksepp,
2007). Rats emit USVs at frequencies of 22 kHz and 50 kHz in
conjunction with negative and positive emotional states, respectively (see Brudzynski, 2007; Knutson et al., 2002). Surprisingly, little is understood about the roles of genetic and environmental
variables in determining the reactivity of conspeciﬁcs to these social signals—a problem that we begin to address in the present
study.
So-called ‘‘22 kHz USVs” range in frequency from 18 to 32 kHz
(Brudzynski, 2005). Common eliciting circumstances include defeat by a conspeciﬁc, confrontation by a predator, or the presence
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of other threatening or aversive stimuli (Blanchard et al., 1991;
Brudzynski & Holland, 2005; Cuomo et al., 1988), which can include conditional stimuli (CSs) that predict aversive outcomes
(Choi & Brown, 2003; Lee, Choi, Brown, & Kim, 2001). Twentytwo kHz USVs are said to function as ‘‘alarm” or ‘‘defeat” signals
(Blanchard et al., 1991; Brudzynski, 2005; Brudzynski, 2007; Knutson et al., 2002; Litvin et al., 2007), but they also occur in association with ejaculation (Barﬁeld & Geyer, 1972; Brown, 1979; Choi &
Brown, 2003). Their elicitation is thought to be controlled by the
muscarinic action of the ascending cholinergic system (Brudzynski,
2007).
So-called ‘‘50 kHz USVs”, which actually range in frequency
from 35 to 72 kHz, are emitted in conjunction with positive emotional states (Brudzynski, 2005, 2007; Knutson et al., 2002), including sexual behavior, rough-and-tumble play, ‘‘tickling”, and the
anticipation of play, food, or rewarding drugs (Burgdorf & Panksepp, 2001; Knutson, Burgdorf, & Panksepp, 1998, 1999; McGinnis
& Vakulenko, 2003; Panksepp & Burgdorf, 2000; Wintink & Brudzynski, 2001). Unlike 22 kHz USVs, 50 kHz USVs are usually associated with increased locomotor activity (Wöhr & Schwarting,
2007). Fifty kHz USVs have been conceived as ‘‘rat laughter” (Knutson et al., 2002; Panksepp, 2007; Panksepp, Burgdorf, & Gordon,
2001). Their production is triggered (Brudzynski, 2007) or modulated (Ciucci et al., 2007) by ascending dopaminergic circuits. The
ratio of 50 kHz USVs to 22 kHz USVs has been effectively used as
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an affective index (Hamdani & White, 2007; Hamdani, Killikelly,
Tuerke, & White, 2006).
The present study examined unconditional and conditional
freezing behavior elicited by USVs and tones. Surprisingly, these
stimuli were equally neutral with respect to the elicitation of
unconditional freezing and equally effective as cues in supporting
conditional freezing. Also unexpectedly, there were remarkable
differences among these stimuli in terms of the speciﬁcity of
conditioning.
2. Experiment 1
Although USVs are thought to be critical social signals in rats
and other rodents, little is known about the role of experience in
determining emotional or defensive responses to these vocalizations. Using naı¨ve rats, Experiment 1 examined unconditional
freezing responses to pre-recorded USVs and some simpler, synthetic stimuli. The results demonstrated that USVs are as ‘‘neutral” as tones in experimentally naı¨ve, male, Sprague–Dawley
rats.
2.1. Materials and methods
2.1.1. Subjects
Fifty-one adult male Sprague–Dawley rats were used (230–
280 g; Charles River Laboratories, Kingston, NY). Subjects were
individually housed, had ad libitum access to food and water, and
maintained on a 12-h dark/light cycle. Experiments were in strict
compliance with Yale University’s Institutional Animal Care and
Use Committee guidelines.
2.1.2. Apparatus
One sound-attenuating recording chamber (25.5 cm width 
29 cm length  32 cm height) and one testing chamber (25.4 cm
width  29.4 cm length  53.34 cm height) were used. The latter
was placed inside a larger sound-attenuating chamber. Both the
recording and testing chambers had a standard grid ﬂoor made
of stainless steel rods. A miniature IR-CCD camera (Circuit Specialists, Mesa, AZ) was mounted on the top of each chamber. The ﬂoors
and inner walls of the testing chamber were sprayed with white
vinegar/water (1:3) solution prior to the experiment. The inner
light was illuminated throughout the experiment.
2.1.3. Auditory stimuli
2.1.3.1. Ultrasonic vocalization recording and playback. Twentytwo kHz USVs were recorded from three naı¨ve rats by presenting
4–7 footshocks (1–1.2 mA for 1 s). Fifty kHz USVs were recorded
from two naı¨ve rats during rough-and-tumble play. The waveforms of the emitted calls were picked up by the high-frequency
microphone (Model 7012, ACO Paciﬁc, Belmont, CA) mounted on
the chamber. The calls were ampliﬁed by a Tucker-Davis Technologies (TDT, Gainesville, FL) MA2 preampliﬁer and were subsequently digitized by an RP2.1 digital signal processor (TDT).
These ﬁve animals were not included in further studies.
Digitization was done at 100 kHz for the 22 kHz USVs and at
200 kHz for the 50 kHz USVs. The 22 kHz USVs were band-pass ﬁltered between 18 and 26 kHz. The 50 kHz USVs were band-pass ﬁltered between 30 and 80 kHz. Further ﬁltering was sometimes
done with auditory editing software (Raven 1.1, Cornell Bioacoustics Lab.; Adobe Audition 2.0, Adobe, San Jose, CA). The ﬁltered
USVs were presented to the animals via the RP2.1 and a high-frequency electrostatic loudspeaker (ES1, TDT) that was driven by
an electrostatic loudspeaker driver (ED1, TDT) and the RPvdEX
software. For the beneﬁt of the experimenter, a heterodyne bat
detector (Mini-3, Noldus Technology) transformed the USVs into
audible frequencies.
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2.1.3.2. Physical characteristics of the USVs and tones. The six stimuli
used in this experiment consisted of four USVs and two continuous
tones. The USVs consisted of a series (or ‘‘bout”) of discrete ‘‘calls”,
each with its unique frequency modulations, amplitude modulations, and duration (see Fig. 1C–F). Three of the USVs were at
22 kHz and one was at 50 kHz. The ﬁrst ‘‘22 kHz USV” consisted
of a bout of 11 calls that lasted 7.91 s. The mean call duration was
0.55 s and the root frequency was 19 kHz (Fig. 1C). To distinguish it
from the others, this vocalization was designated the ‘‘19 kHz
USV”. The second 22 kHz USV had a root frequency of 22 kHz
and a total duration of 8.13 s. It consisted of four longer calls with
a mean duration of 1.92 s (Fig. 1D). This vocalization was designated the ‘‘22 kHz USV”. The third 22 kHz USV lasted 5.71 s, consisted of 10 shorter calls and had a root frequency of about
23 kHz (Fig. 1E). The mean call duration was 0.42 s. This vocalization was designated the ‘‘23 kHz USV”. The fourth USV was at
50 kHz. It differed from 22 kHz USVs not only in root frequency
(53 kHz) but also in terms of the mean call duration (0.06 s; see
Fig. 1F). The 50 kHz USV lasted 6.74 s and consisted of 26 calls,
whose frequencies ranged from 35 to 75 kHz (Fig. 1F). The continuous tones were at 4 kHz (Fig. 1A) and 22 kHz (Fig. 1B). For both
tones, the total duration was 7.91 s, the rise/fall time was 10 ms,
and the amplitude was 65 dBSPL (as measured by an Ultraprobe
9000, UE Systems).
The loudness of the three 22 kHz USVs and the 50 kHz USV
(measured by an Ultraprobe 9000; UE Systems) ranged from 60
to 65 dBSPL. The perceived loudness may have differed between
the 22 kHz USVs and the 50 kHz USV because the behavioral hearing threshold and the electrophysiological detection threshold are
lower for 22 kHz auditory stimuli than for 50 kHz stimuli (Borg,
1982; Kelly & Masterton, 1977; Gourevitch, 1965; Gourevitch &
Hack, 1966; Sally & Kelly, 1988). However, the loudness of all four
USVs was well above the detection threshold, as demonstrated by
subsequent conditioning (see Experiment 2).
2.1.4. Behavioral procedures
Naı¨ve rats were brieﬂy handled for 2 min for 3–5 days upon arrival. The subjects were then assigned to one of six groups based on
the auditory stimulus that was presented. The number of animals
in each of the six groups was as follows: 4 kHz tone (n = 8),
22 kHz tone (n = 8), 19 kHz USV (n = 8), 22 kHz USV (n = 8),
23 kHz USV (n = 8), and 50 kHz USV (n = 6). Each subject was
placed in a chamber and received ﬁve stimulus presentations.
The mean inter-trial interval (ITI) was 3 min. Rats in each of the
six stimulus groups were presented with only one of the auditory
stimuli. The dependent variable, freezing, was measured using video-analysis software (described below). Sixty seconds after the
last auditory stimulus presentation, the animals were returned to
their home cages. The entire experiment was recorded for off-line
analysis.
2.1.5. Data analysis
The video-recorded data were analyzed using custom videoanalysis software (written in Delphi 7, Borland Software Corp.,
Cupertino, CA; see Boguszewski, Bang, & Brown, 2007). Movements
were detected by comparing successive video images (sampled at
5 Hz). Freezing behavior was deﬁned as immobilization that lasts
more than 3 s, excluding minor movements associated with
breathing or the production of USVs. The correlation between the
computer-based analysis and the results of human-scored data
was nearly perfect (r = .97, p < .005).
The amount of freezing was measured before the stimulus presentation (for 1 min), during the stimulus presentation (5.71–
8.13 s, depending on the stimulus), and after the stimulus presentation (for 1 min). For each animal, the total duration of freezing
was calculated for each stage of the experiment (before, during,
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Fig. 1. Spectrograms and amplitude plots of the six auditory stimuli used in this study. (A) A continuous 4 kHz tone (7.91 s). (B) A continuous 22 kHz tone (7.91 s). (C) A
19 kHz USV (7.91 s, 11 calls). (D) A 22 kHz USV (8.13 s, 4 calls). (E) A 23 kHz USV (5.71 s, 11 calls). (F) A 50 kHz USV (6.74 s, 26 calls). The four USVs were recorded from
different rats.

and after the stimulus presentation) and then converted to a percentage score. Mean percentage scores were analyzed using a
three-way analysis of variance (ANOVA), with two within-subjects
factors (stages of the experiment and trials within stages) and one
between-subjects factor (stimulus type).
2.2. Results
Fig. 2 (N = 46) shows freezing levels in response to six different
auditory stimuli. As indicated, separate measurements were made
for each of the three stages of the experiment (before, during and
after the stimulus presentation). The histograms show that the
mean percentage of time spent freezing was low (0–6.12%) for all
six stimuli in all three stages of the experiment. The main effect
for trials was signiﬁcant (F(4,160) = 4.18, p < .01), reﬂecting the general decrease in activity across time. There was no signiﬁcant effect
of experimental stage (F(2,80) = 1.68, p > .05) and no signiﬁcant effect of stimulus type (F(5,40) = 0.91, p > .05). In addition, none of
the interactions were signiﬁcant (p > .05). Clearly there were no
differences among the stimuli in terms of the unconditional elicitation of freezing behavior (Fig. 2).

2.3. Discussion
The six stimuli (three 22 kHz USVs, a 50 kHz USV, a 22 kHz
continuous tone, and a 4 kHz continuous tone) were equally
neutral in terms of unconditional elicitation of freezing
(Fig. 2). A recent study of Sprague–Dawley rats similarly found
no differences between USVs and tones in terms of unconditional freezing (Endres, Widmann, & Fendt, 2007). On the other
hand, earlier studies have reported that 22 kHz USVs can cause
a decrease in locomotor activity or cause ﬂight to an artiﬁcial
burrow (Blanchard, Blanchard, Rodgers, & Weiss, 1990; Brudzynski & Chiu, 1995; Sales, 1991). Some potentially important
differences among these studies include the testing environment, the stimulus intensity, the behavioral measure, available
response options, prior experiences with USVs, and the strain
of rat. The studies cited above that reported defensive reactions
to USVs used Long–Evans or Wistar rats. Unpublished observations suggested that Long–Evans rats are much less likely than
Sprague–Dawley rats to vocalize at 22 kHz. Conﬂicting published data may be complicated by large effects of strain and
context.
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Fig. 2. Experimentally naı¨ve rats fail to freeze in response to USVs and synthetic stimuli. The mean percentage of time spent freezing is plotted before (white box), during
(gray box), and after (black box) the auditory stimulus presentations. The stimuli (see Fig. 1) include a 4 kHz tone (n = 8), a 22 kHz tone (n = 8), a 19 kHz USV (n = 8), a 22 kHz
USV (n = 8), a 23 kHz USV (n = 8), and a 50 kHz USV (n = 6). Error bars represent ±1 standard error (SE).

3. Experiment 2
Genetic variations have been shown to affect the production of
USVs (Brunelli, 2005; Brunelli, Vinocur, Soo-Hoo, & Hofer, 1997;
Burgdorf, Panksepp, Brudzynski, Kroes, & Moskal, 2005; Hahn, Hewitt, Adams, & Tully, 1987; Sales & Smith, 1978), but there have
been few studies of the possible inﬂuence of genetic and environmental variables in determining reactivity to these social signals
(see Allen, Furtak, & Brown, 2007; Brudzynski, 2007; Endres
et al., 2007). Although the stimuli used in Experiment 1 were
equally neutral, as measured by unconditional freezing, they might
differ in terms of salience or efﬁcacy as cues supporting fear conditioning. One might anticipate some degree of ‘‘biological preparedness” (Domjan, Cusato, & Krause, 2004; Mineka & Öhman, 2002;
Öhman & Mineka, 2001; Seligman, 1970; Seligman, 1971; Seligman & Hager, 1972) to associate 22 kHz USVs with aversive events
or negative feelings.
Using a differential fear conditioning paradigm, Experiment 2
searched for evidence of an ‘‘associative bias” (see Davey, Cavanagh, & Lamb, 2003; Garcia & Koelling, 1966; Garcia, Brett, &
Rusiniak, 1989; Gemberling & Domjan, 1982), which refers to the
fact that some stimulus–response associations are more readily acquired than others. The cues were a 22 kHz USV and three simpler
auditory stimuli. The latter captured one or more speciﬁc physical
features of the USV. The goal was to ‘‘deconstruct” the USV into
subfeatures that control either the level or the stimulus speciﬁcity
of conditional freezing. There were in fact no signiﬁcant differences
among the stimuli in terms of the levels of CS+-elicited freezing,
but there were large differences in the stimulus speciﬁcity of conditional freezing.
3.1. Materials and methods
3.1.1. Subjects
A total of 82 male Sprague–Dawley rats were used (230–280 g;
Charles River Laboratories, Kingston, NY). Subjects were individually housed, and kept on a 12-h dark/light cycle. Rats had access
to food and water ad libitum. Experiments were conducted in
accordance with Yale University’s Institutional Animal Care and
Use Committee guidelines.
3.1.2. Apparatus and contexts
A total of six different contexts consisted of two conditioning
chambers and four testing chambers. Each chamber was placed

in a sound-attenuating enclosure that contained a miniature IRCCD camera (Circuit Specialists, Mesa, AZ). Subjects were individually conditioned to one of the two conditioning chambers and then
tested in two of the testing chambers. The two conditioning chambers were rectangular and had slightly different dimensions
(25.4 cm width  29.4 cm length  53.34 cm height versus
27.3 cm width  22.9 cm length  40.6 cm height). Both had a
standard grid ﬂoor made of stainless steel rods. The grid shock
US was delivered by a shock generator (ENV-410, MED Associates)
and grid scrambler (ENV-412, MED Associates). The ﬂoors and inner walls were sprayed with white vinegar/water (1:3) solution
prior to conditioning. The inner light was illuminated during
conditioning.
The testing chambers differed with respect to geometrical
shape, odors, ﬂoorings, and lighting conditions. The chamber shape
was hexagonal (30.5 cm diameter  50.8 cm height), rectangular
(25.5 cm width  29 cm length  32 cm height) or trapezoidal
(ﬂoor: 24.1 cm width  26.7 cm length; height: 29.2 cm). Before
each experiment, the chambers were sprayed with one of three
odors: WindexÒ, FebreezeTM, or herbal scents. Two of the testing
chambers had plastic ﬂoorings covered with pine bedding. The
chambers were illuminated during testing. The other two testing
chambers had plastic ﬂoorings without pine bedding. These chambers were kept in the dark during experiments.
3.1.3. Auditory stimuli
3.1.3.1. 22 kHz ultrasonic vocalization. The 22 kHz USV was the
‘‘19 kHz USV” (Fig. 1C) from Experiment 1. Procedures for the playback of the USV were identical to those in Experiment 1. The loudness of the USV, measured using an Ultraprobe 9000 (UE Systems),
was 60–65 dBSPL (within a bout, some calls were louder than
others).
3.1.3.2. Continuous and discontinuous tones. Three stimuli were created in an attempt to ‘‘deconstruct” the 19 kHz USV into the following subfeatures: the root frequency; the frequency or
amplitudes modulations within calls; and the on–off temporal pattern of the calls. The ﬁrst stimulus consisted of a 19 kHz discontinuous tone (7.91 s, 10 ms rise/fall time, see Figs. 4A–6A) whose on–
off pattern matched the on–off pattern of the 19 kHz USV (Figs. 1C,
3A, and 6A). The temporal matching was done by triggering the
output of the RP2.1 with a software-controlled (Test Point) voltage
relay switch. This stimulus thus preserved the root frequency and
temporal discontinuity of the 19 kHz USV but was stripped of its
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Fig. 3. Differential fear conditioning to a 19 kHz USV and a 19 kHz continuous tone. (A) Spectrograms of the 19 kHz USV (top) and the 19 kHz continuous tone (bottom). (B)
Overall mean percentage of time spent freezing to the CS+ and the CS (N = 24) as a function of time. (C) Mean percent freezing among the subset of subjects (n = 12) that
received the 19 kHz USV (part A, top) as the CS+ and 19 kHz continuous tone (part A, bottom) as the CS. (D) Mean percent freezing among subjects (n = 12) that received the
19 kHz continuous tone as the CS+ and 19 kHz USV as the CS. The baseline level of freezing (before the CS onset) is plotted on the left of the vertical dashed line. Asterisks ()
denote signiﬁcant differences between CS+ and CS. Error bars represent ±1 SE.

amplitude and frequency modulations. The second stimulus was a
4 kHz discontinuous tone (Fig. 5A) with the same temporal structure as the 19 kHz USV. This stimulus preserved the temporal discontinuity of the USV but not the root frequency or modulations.
The third stimulus was a continuous 19 kHz tone (7.91 s, 10 ms
rise/fall time; Figs. 3A and 4A ), which preserved only the root frequency. The amplitudes of all three stimuli were 65 dB SPL (measured using an Ultraprobe 9000; UE Systems).
3.1.4. Four experimental groups
A differential fear conditioning procedure was used in which
one cue (the CS+) was always paired with an aversive footshock
(US) and another cue (the CS) was never paired with a footshock.
Four different stimulus pairs were used. In the ﬁrst group (N = 24),
the stimulus pairs were a 19 kHz USV and a 19 kHz continuous
tone (Fig. 3A). In the second group (N = 24), the stimulus pairs were
a 19 kHz discontinuous tone and a 19 kHz continuous tone
(Fig. 4A). In the third group (N = 16), the stimulus pairs were
19 kHz and 4 kHz discontinuous tones (Fig. 5A). In the fourth group
(N = 18), the stimulus pairs were a 19 kHz USV and a 19 kHz discontinuous tone (Fig. 6A). Discontinuous tones are commonly
termed ‘‘pips” (Blair, Sotres-Bayon, Moita, & LeDoux, 2005), a term
used here. Half of subjects in each group received one member of
the stimulus pair as the CS+ and the other half received the other
member as the CS+. These four stimulus pairs are initial case studies in a large parameter space.
3.1.5. Behavioral procedures
Naı¨ve rats were handled for 2 min for 3–5 days, followed by one
day of differential conditioning and two consecutive testing days.
Each animal was randomly assigned to one of the four conditioning
groups described above. Differential conditioning consisted of 10

CS+ and 10 CS trials that were randomly interleaved
(ITI = 180 ± 60 s). The CS+ always co-terminated with a US footshock (0.4 s, 0.6 mA). The CS never co-occurred with footshock.
After conditioning, animals were returned to their home cages.
Twenty-four and forty-eight hours later, conditional responses to
the CS+ or the CS (counterbalanced among animals) were measured in novel testing chambers. In both CS+ and CS tests, animals
received 6 min of continuous CS presentation following a 2 min
baseline period. Testing sessions were recorded for off-line video
analysis of freezing, which served as the conditional response (CR).
3.1.6. Data analysis
The amount of freezing was measured (as in Experiment 1) during four, successive, 2-min time bins. The ﬁrst 2-min bin measured
the baseline level of freezing. The next three 2-min bins included
the duration of the CS presentation. The total freezing time in each
time bin was converted to a percentage score (100%  freezing
duration/2 min). The results were analyzed using a multi-factor
analysis of variance (ANOVA) and t-tests as needed.
The overall effect size (d; Cohen, 1988) for differential freezing
was calculated as follows:
d¼

ðmean freezing to CSþ Þ  ðmean freezing to CS Þ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
;
ðSDCSþ 2 þ SDCS 2 Þ=2

ð1Þ

where the numerator is the difference in the mean percentage of
freezing elicited by the CS+ and CS and the denominator is a pooled
estimate of the standard deviation of the percent freezing. This statistic combines data in which both members of each cue pair serve
as the CS+. In psychological studies, one rule of thumb is that d = 0.2
is a ‘‘small” effect size, d = 0.5 is a ‘‘medium” effect size and d = 0.8 is
a ‘‘large” effect size (Cohen, 1988). Note that an analogous statistic
(d0 ) is used to index ‘‘discriminability” (Green & Swets, 1966; Irwin,
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Fig. 4. Differential fear conditioning to 19 kHz discontinuous and continuous tones. (A) Spectrograms of the 19 kHz discontinuous tone pips (top) and the 19 kHz continuous
tone (bottom). (B) Overall mean percent freezing to the CS+ and the CS (N = 24). (C) Mean percent freezing among subjects (n = 12) that received the 19 kHz pips (part A, top)
as the CS+ and 19 kHz continuous tone (part A, bottom) as the CS. (D) Mean percent freezing among subjects (n = 12) that received the 19 kHz continuous tone as the CS+ and
19 kHz pips as the CS. The baseline level of freezing (before the CS onset) is plotted on the left of the vertical dashed line. Asterisks () denote signiﬁcant differences between
CS+ and CS. Error bars represent ±1 SE.

Stillman, Hautus, & Huddleston, 1993; Macmillan & Creelman,
1991; Triesman, 2002) and quantify recognition memory (Madden
et al., 1999). To reduce the inﬂuence of extinction, effect sizes were
calculated based on the ﬁrst 2 min of the CS presentation.
In addition to the overall effect size for discrimination (d), the
‘‘partial” discrimination effect sizes (d1 and d2) were calculated
for the separate cases in which each member of the stimulus pair
served as the CS+:
d1 ¼

ðmean freezing to Cue Aþ Þ  ðmean freezing to Cue B Þ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
; ð2Þ
ðSDAþ 2 þ SDB 2 Þ=2

d2 ¼

ðmean freezing to Cue Bþ Þ  ðmean freezing to Cue A Þ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
: ð3Þ
ðSDBþ 2 þ SDA 2 Þ=2

The absolute value of the difference between these partial effect
sizes is an index of ‘‘asymmetrical stimulus generalization” (AG):
AG ¼ jd1  d2 j:

ð4Þ

Large values of AG imply a ‘‘discrimination bias” in which the
amount of differential responding depends on which member of
the cue pair serves as the CS+. When AG is large, the ‘‘speciﬁcity”
of conditioning depends on which stimulus is the CS+. The value
of AG is small when stimulus generalization is ‘‘symmetrical” between the two cues and when the overall discrimination (d in Eq.
(1)) is poor. Small AG implies that differential freezing to the CS+
and CS (d in Eq. (1)) does not depend on which member of the
stimulus pair serves as the CS+.
As deﬁned in Eq. (4), AG conveys information about the magnitude of asymmetrical generalization but not the direction of the effect, which is also important. When generalization from CS1 to CS2
is greater than from CS2 to CS1, the direction of the asymmetry is

here deﬁned as being toward CS2. With respect to CS2, the centripetal spread exceeds the centrifugal spread.
3.2. Results
3.2.1. 19 kHz USV vs. 19 kHz continuous tone cue
Fig. 3 illustrates the overall results of differential conditioning
using a 19 kHz USV and a 19 kHz continuous tone as a cue pair
(N = 24). Asterisks denote signiﬁcant differences between the CS+
and CS (discussed below). In the pooled data (Fig. 3B), the mean
freezing levels were considerably higher during the CS+ than during the CS in all three 2-min testing periods. The differences in
mean freezing levels were 22.01 ± 8.88% during the ﬁrst time bin,
30.81 ± 9.01% during the second time bin, and 27.18 ± 9.17% during
the third time bin. Compared to the pooled results (Fig. 3B), the
percentage differences were greater when the USV served as the
CS+ (Fig. 3C): 41.14 ± 1.50% during the ﬁrst time bin,
44.99 ± 8.92% during the second time bin, and 30.81 ± 10.74% during the third time bin. The group differences were smaller, compared to the pooled results, when the continuous tone served as
the CS+ (Fig. 3D): 2.89 ± 12.64% during the ﬁrst time bin,
16.64 ± 14.95% during the second time bin, and 23.54 ± 15.29%
during the third time bin. During both the CS+ and CS presentations, the mean freezing levels were considerably above the baseline levels (Fig. 3B–D).
ANOVA revealed a signiﬁcant main effect of time interval
(F(3,69) = 48.64, p < .001), indicating that subjects showed a signiﬁcant level of cued fear conditioning (Fig. 3B). Speciﬁcally, posthoc paired t-tests showed that subjects froze signiﬁcantly more
when the CS+ was presented during the ﬁrst (69.17 ± 5.83%; t(23) =
11.05, p < .001), second (65.08 ± 6.67%; t(23) = 9.47, p < .001),
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Fig. 5. Differential fear conditioning to a 19 kHz pips and a 4 kHz pips. (A) Spectrograms of the 19 kHz discontinuous tone pips (top) and the 4 kHz discontinuous tone pips
(bottom). (B) Overall mean percent freezing to the CS+ and the CS (N = 16). (C) Mean percent freezing among subjects (n = 8) that received 19 kHz pips (part A, top) as the CS+
and 4 kHz pips (part A, bottom) as the CS. (D) Mean percent freezing among subjects (n = 8) that received 4 kHz pips as the CS+ and 19 kHz pips as the CS. The baseline level
of freezing (before the CS onset) is plotted on the left of the vertical dashed line. Asterisks () denote signiﬁcant differences between CS+ and CS. Error bars represent ±1 SE.

and third (56.43 ± 8.04%; t(23) = 6.74, p < .001) 2-min bins relative
to the baseline level (3.76 ± 0.85%). There was no signiﬁcant difference (t(22) = 0.87, p > .05) in amount of freezing during the USV CS+
(58.06 ± 9.58%) and the tone CS+ (69.06 ± 8.18%). In this respect,
these two cues were comparably salient or effective in supporting
fear conditioning. During the CS presentation, freezing was also
elevated above the baseline level (4.12 ± 1.33%) during the ﬁrst
(47.16 ± 7.66%; t(23) = 5.62, p < .001), second (34.27 ± 7.75%;
t(23) = 3.98, p < .01), and third (29.26 ± 7.05%; t(23) = 3.53,
p < .01) 2-min time bins.
A signiﬁcant main effect of differential reinforcement of cues
was also detected (F(1,23) = 11.02, p < .01), indicating that rats were
able to discriminate between the two cues. Post-hoc t-tests revealed that there were signiﬁcant differences in levels of freezing
to the CS+ and CS throughout the 6-min cue presentation (denoted by asterisks in Fig. 3B): ﬁrst time bin (t(23) = 2.48, p < .05);
second time bin (t(23) = 3.42, p < .01); third time bin (t(23) = 2.97,
p < .01). There was also a signiﬁcant interaction between differential reinforcement and time interval (F(3,69) = 5.77, p < .01), presumably reﬂecting different extinction rates to the CS+ and CS.
As indicated by the asterisks in Fig. 3C, subjects experiencing
the 19 kHz USV CS+ showed signiﬁcantly higher freezing to the
USV CS+ than to the continuous tone CS during the ﬁrst
(t(11) = 4.04, p < .01), second (t(11) = 5.05, p < .01), and third
(t(11) = 2.89, p < .05) 2-min bins. By contrast, there were no signiﬁcant differences in mean levels of freezing during the continuous
tone CS+ and the USV CS (ﬁrst bin, t(11) = 0.23, p > .05; second
bin, t(11) = 0.26, p > .05; third bin, t(11) = 0.15, p > .05). The overall
signiﬁcant effect of reinforcement (CS+ vs. CS; asterisks in
Fig. 3B) reﬂects freezing in rats conditioned to the 19 kHz USV
CS+ (compare Fig. 3C and D). This pattern of results is what we have
termed ‘‘asymmetrical stimulus generalization” (AG in Eq. (4); also

see Fig. 7). In the present example, fear generalized more from the
tone CS+ to the USV CS than from the USV CS+ to the tone CS.
Equivalently, conditioning to the USV CS+ was more ‘‘speciﬁc” than
conditioning to the tone CS+. All four stimulus pairs are later compared (Fig. 7) in terms of overall and partial effect sizes for differential freezing (Eqs. (1)–(3)).
3.2.2. 19 kHz pips vs. 19 kHz continuous tone cue
Fig. 4 illustrates the overall results of differential conditioning
using 19 kHz tone pips and a 19 kHz continuous tone (N = 24) as
a stimulus pair. Asterisks denote signiﬁcant group differences
(analyzed below). In the pooled data (Fig. 4B), the mean percent
freezing was higher during the CS+ than during the CS presentation. The group differences in mean freezing were 18.15 ± 5.66%
during the ﬁrst time bin, 13.41 ± 5.84% during the second time
bin and 6.91 ± 6.97% during the third time bin. Compared to the
pooled results (Fig. 4B), the percent differences were greater when
the pips served as the CS+ (Fig. 4C). The differences between the
means were 30.12 ± 8.12% during the ﬁrst time bin,
22.85 ± 10.56% during the second time bin, and 11.43 ± 9.31% during the third time bin. The group differences were smaller when
the continuous tone served as the CS+ (Fig. 4D): 6.20 ± 6.51% during
the ﬁrst time bin, 3.98 ± 3.89% during the second time bin, and
2.39 ± 10.61% during the third time bin.
ANOVA revealed a signiﬁcant main effect of time interval
(F(3,69) = 55.21, p < .001; Fig. 4B). Compared to baseline levels of
freezing (9.68 ± 3.93%), animals showed signiﬁcantly more freezing
during the ﬁrst (77.64 ± 6.16%; t(23) = 10.47, p < .001), second
(71.33 ± 7.94%; t(23) = 7.67, p < .001), and third (61.62 ± 8.59%;
t(23) = 5.98, p < .001) 2-min time bins during the CS+ presentation.
Freezing was also elevated during the CS presentation relative to
the baseline period (5.66 ± 3.81%): ﬁrst time bin (59.48 ± 7.29%;
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Fig. 6. Differential fear conditioning to a 19 kHz USV and a 19 kHz discontinuous tone. (A) Spectrograms of the 19 kHz USV (top) and the 19 kHz discontinuous tone pips
(bottom). (B) Overall mean percent freezing to the CS+ and the CS (N = 17). (C) Mean percent freezing among subjects (n = 8) that received 19 kHz USV (part A, top) as the CS+
and 19 kHz pips (part A, bottom) as the CS. (D) Mean percent freezing among subjects (n = 9) that received 19 kHz pips as the CS+ and 19 kHz USV as the CS. The baseline
level of freezing (before the CS onset) is plotted on the left of the vertical dashed line. Asterisks () denote signiﬁcant differences between CS+ and CS. Error bars represent ±1
SE.

t(23) = 5.023, p < .001); second time bin (53.53 ± 10.56%;
t(23) = 4.53, p < .001); third time bin (55.61 ± 9.09; t(23) = 4.92,
p < .001). The effect of differential reinforcement was also signiﬁcant (F(1,23) = 8.53, p < .01), showing that rats can discriminate on
the basis of temporal discontinuity. There was no signiﬁcant interaction between reinforcement and time interval (F(3,69) = 1.28,
p > .05). There was no signiﬁcant difference in the mean freezing
levels during the pips CS+ and the tone CS+ presentations
(t(22) = 0.44, p > .05), indicating that these two stimuli are equivalently effective in supporting delay fear conditioning.
The overall pattern in Fig. 4B–D is similar to that in Fig. 3B–D.
Although the effect sizes are smaller (Fig. 7), the pattern again
shows asymmetrical stimulus generalization. When the 19 kHz
discontinuous tone pips was the CS+ (n = 12), rats showed signiﬁcant discrimination between the two cues during the ﬁrst 2-min
bin of CS presentation (t(11) = 3.72, p < .01), where the mean freezing level was 82.69 ± 6.84% to the CS+ and 52.58 ± 10.99% to the
CS (Fig. 4C). The group differences were not signiﬁcant during
the second and third time bins (p > .05). When the 19 kHz continuous tone was the CS+, rats evidenced no signiﬁcant discrimination
between the two cues during any 2-min time bins (p > .05; Fig. 4D).
Generalization of fear was greater from the tone to the pips than
from the pips to the tone. We classify the direction of the asymmetrical generalization as being toward the pips (see discussion
of Eq. (4)).
3.2.3. 19 kHz pips vs. 4 kHz pips cue
Fig. 5 shows the results of differential conditioning to 19 kHz
pips and 4 kHz pips cues (N = 16). As before, asterisks denote signiﬁcant group differences (analyzed below). In the pooled data
(Fig. 5B), the mean freezing levels were higher during the CS+ than

during the CS presentation in all three 2-min testing periods. The
group differences in freezing levels were 42.59 ± 9.10% during the
ﬁrst time bin, 28.14 ± 11.30% during the second time bin, and
12.64 ± 9.92% during the third time bin. Compared to the pooled
results (Fig. 5B), the percentage differences were larger when the
19 kHz pips served as the CS+ (Fig. 5C): 62.00 ± 12.17% during the
ﬁrst time bin, 56.59 ± 17.42% during the second time bin, and
20.74 ± 41.97% during the third time bin. The percent differences
were correspondingly smaller when the 4 kHz pips served as the
CS+ (Fig. 5D): 23.18 ± 9.94% during the ﬁrst time bin, 0.3 ± 3.58%
during the second time bin, and 4.53 ± 38.26% during the third
time bin. Plots in Fig. 5B–D point to a ‘‘discrimination bias” or
‘‘asymmetrical stimulus discrimination” (see Eq. (4)).
ANOVA found a signiﬁcant main effect of time interval
(F(3,45) = 26.27, p < .01). Subjects froze signiﬁcantly more when
the CS+ was presented during the ﬁrst (76.51 ± 7.26%;
t(16) = 9.999, p < .001), second (60.31 ± 9.76%; t(16) = 5.733,
p < .001), and third (39.23 ± 8.90%; t(16) = 3.936, p < .005) 2-min
bins compared to the baseline level (5.85 ± 2.18%). Animals also
showed signiﬁcantly more freezing to the CS during the ﬁrst
(30.97 ± 7.60; t(16) = 3.689, p < .005), second (28.59 ± 7.51%;
t(16) = 3.588, p < .005), and third (26.75 ± 5.99%; t(16) = 4.629,
p < .001) bins of CS presentation compared to the baseline level
(4.05 ± 2.18%). There was also a signiﬁcant main effect of differential reinforcement of cues (F(1,15) = 10.08, p < .01), indicating that
the rats were able to utilize principal frequency to discriminate between two different cues. The interaction between time interval
and reinforcement was also signiﬁcant (F(3,45) = 6.97, p < .05),
reﬂecting greater decline in freezing across time bins to the CS+.
There was no signiﬁcant difference in the mean freezing level during the 19 kHz pips CS+ (62.05 ± 11.80%) and the 4 kHz pips CS+

208

S.J. Bang et al. / Neurobiology of Learning and Memory 90 (2008) 200–216

more during the ﬁrst (78.38 ± 7.83%; t(16) = 8.518, p < .001), second (57.88 ± 9.90%; t(16) = 5.209, p < .001) and third (7.80 ±
5.64%; t(16) = 3.930, p < .005) 2-min bins of CS+ presentation than
during the 2-min baseline period (7.80 ± 5.64%). Mean percent
freezing during 6 min of CS+ presentation were not signiﬁcantly
different between the two separate cases (t(15) = 0.21, p > .05). Animals also showed signiﬁcant freezing to the CS during the ﬁrst
(74.74 ± 8.32%; t(16) = 8.755, p < .001), second (59.61 ± 10.08%;
t(16) = 5.584, p < .001), and third (45.29 ± 10.03%; t(16) = 4.171,
p < .005) 2-min bins, compared to the baseline (3.80 ± 1.07%).
There was no signiﬁcant main effect of differential reinforcement (F(1,15) = 0.06, p > .05), meaning that rats did not respond differently to the CS+ and CS (Fig. 6B), regardless of which stimulus
served as the CS+ (Fig. 6C and D). The key difference between these
two stimuli is that the pips lack the frequency and amplitude modulations that characterize the USV (see Figs. 1C and 6A). The results
imply that these modulations are not important factors in controlling differential fear conditioning.

Fig. 7. Effect sizes for discrimination and magnitudes of asymmetrical generalization. (A) Overall effect size (d from Eq. (1)) for discrimination between the CS+ and
CS for each of four stimulus pairs. The three horizontal dotted lines denote small
(S), medium (M), and large (L) effect sizes (see Cohen, 1988). (B) The black and
white bars are partial effect sizes for discrimination (d1 and d2 from Eqs. (2) and
(3)). For each cue pair, the partial effect size for the more USV-like stimulus (d1) is
plotted on the right (black bars). The stippled bar is the amount of asymmetrical
generalization (AG from Eq. (4)).

(52.21 ± 10.71%; t(14) = 0.62, p > .05), indicating that both stimuli
support robust fear conditioning.
Subjects (n = 8) that received the 19 kHz pips cue as the CS+ displayed signiﬁcantly higher freezing levels during the ﬁrst
(75.80 ± 12.40%; t(7) = 5.094, p < .05) and second (69.46 ± 14.13%;
t(7) = 3.249, p < .05) time bins relative to the ﬁrst (13.80 ± 3.43%)
and second (12.88 ± 4.24%) bins of the 4 kHz pips presentation
(Fig. 5C). In contrast, subjects (n = 8) that were conditioned to
the 4 kHz pips (Fig. 5D) failed to discriminate between the two
cues during any time bins. Rats showed robust freezing to both
the CS+ (74.27 ± 9.56%) and the CS (51.09 ± 12.60%) even during
the ﬁrst 2-min bin. The difference in the amount of freezing was
not signiﬁcant (t(7) = 2.333, p > .05). In short, both cues were effective in supporting conditional freezing, but rats only responded differentially to the CS+ and CSwhen the 19 kHz pips served as the
CS+. There was no evidence that rats discriminated between the
CS+ and CS when the 4 kHz pips served as the CS+. The results thus
far suggest that discrimination is based on principal frequency and
discontinuity.

3.2.5. Effect sizes for discrimination
The overall effect size (d from Eq. (1)) was calculated for each of
the stimulus pairs (Figs. 3B–6B) and illustrated in Fig. 7A, where
the upper, middle and lower horizontal lines denote ‘‘large”, ‘‘medium”, and ‘‘small” effect sizes, respectively. Rats displayed large
differential responses to cues when they differed in frequency
(19 kHz pips vs. 4 kHz pips, d = 1.37). When the frequency was
controlled, temporal discontinuity remained an important factor
(19 kHz USV vs. 19 kHz tone, d = 0.67; 19 kHz pips vs. 19 kHz tone,
d = 0.55). When root frequency and discontinuity were controlled,
the amplitude and frequency modulations of the USV failed to
emerge as an important factor (19 kHz USV vs. 19 kHz pips,
d = 0.11).
The partial effect sizes for discrimination (d1 and d2 from Eqs.
(2) and (3)) were calculated for each member of each stimulus pair
and plotted in Fig. 7B. For each stimulus pair, the partial effect size
for the USV or the more ‘‘USV-like” stimulus is plotted on the right
(black bars). Two facts stand out in this ﬁgure. First, some of the
partial effect sizes are very large (>0.8). Second, some of them
are quite different for the two members of the stimulus pair (white
bars vs. black bars). This difference in partial effect sizes indexes
‘‘asymmetrical stimulus generalization” (AG from Eq. (4); stippled
bars in Fig. 7B).
The value of AG was largest when the stimulus pairs were a
4 kHz pips cue and a 19 kHz pips cue (AG = 1.68). Frequency per
se clearly contributes to discrimination. Values of AG for the other
stimulus pairs were as follows: 19 kHz USV and 19 kHz tone,
AG = 1.61; 19 kHz pips and 19 kHz tone, AG = 0.78; and 19 kHz
USV and 19 kHz pips, AG = 0.21. Among the four stimulus pairs,
the rank order of AG (Fig. 7B) matched the rank order of the overall
effect size for discrimination (Fig. 7A). Discrimination was always
better (di was always larger) when the USV or the more USV-like
stimulus served as the CS+ (Fig. 7B). Conditioning was always more
speciﬁc when the USV or the more USV-like stimulus served as the
CS+ (Fig. 7B).
3.3. Discussion

3.2.4. 19 kHz USV vs. 19 kHz pips cue
Of the 18 subjects used in this experimental condition, one was
excluded from the analysis due to low-quality video images. Fig. 6
shows the overall results of discrimination between a 19 kHz USV
and a 19 kHz pips cue (N = 17). What is strikingly different in these
plots (Fig. 6B–D), compared to previous ones (Figs. 3–5, parts B–D),
is that all of the curves superimpose. The pooled data (Fig. 6B)
revealed very similar freezing levels to the CS+ and CS. ANOVA
disclosed a signiﬁcant main effect of time interval (F(3,48) = 45.69,
p < .001). Post-hoc t-tests revealed that subjects froze signiﬁcantly

Experiment 2 examined conditional reactivity to a 22 kHz USV
and three simpler stimuli using a differential delay fear conditioning paradigm. All four stimuli supported robust conditional freezing. In this respect, there were no signiﬁcant differences among
them (compare parts C and D of Figs. 3–6). They were equally salient as cues in supporting conditional freezing. However, there
were large differences between the stimulus pairs in regard to
the speciﬁcity of freezing. These differences are immediately obvious from plots of partial effect sizes (Fig. 7B).
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Differential responding to the CS+ and CS only occurred when
the 19 kHz USV (Fig. 3C) or a more ‘‘USV-like” stimulus (19 kHz
discontinuous tone; Figs. 4C and 5C) served as the CS+. Differential
responding was greatly attenuated or did not occur when the
22 kHz USV or USV-like stimulus served as the CS (Figs. 3D–5D).
The ‘‘asymmetrical stimulus generalization” (or ‘‘discrimination
bias”; see Eq. (4) and Fig. 7B) described here appears to be a novel
form of ‘‘biological preparedness” (Domjan et al., 2004; Mineka &
Öhman, 2002; Öhman & Mineka, 2001; Seligman, 1970, 1971;
Seligman & Hager, 1972) in the rat fear memory system.
The results show that discrimination (differential responding)
can be supported by principal frequency and stimulus discontinuity (Figs. 3B–5B). Perhaps surprisingly, differential responding was
not supported by the presence versus absence of characteristic USV
modulations (Fig. 6). In contrast to the other cue pairs, there was
no overall discrimination between a 19 kHz USV and a 19 kHz discontinuous tone pips (d = 0.11; Figs. 6 and 7). In this stimulus pair,
the principal frequency and temporal discontinuity were closely
matched, but the tone pips lacked the frequency and amplitude
modulations that characterize all USVs. The results suggest that
frequency and amplitude modulations play little or no role in differential auditory fear conditioning.
4. Experiment 3
Experiment 2 demonstrated that fear generalizes toward USVlike cues (centripetal spread) more than it does from these cues
(centrifugal spread). Experiment 3 explored what happens when
both cues are USVs. As in Experiment 2, the focus was on how well
the rats discriminated between the cue pairs (d in Eq. (1)) and
whether there was a discrimination bias (AG in Eq. (4)). The ﬁrst
cue pair consisted of two 22 kHz USVs. These were selected from
our library of recorded USVs to differ maximally in terms of call
durations (Fig. 1D and E). The question was whether differences
in call durations can support differential conditioning. The second
stimulus pair was a 22 kHz USV (Fig. 1C) and a 50 kHz USV
(Fig. 1F). These stimulus pairs differed markedly in terms of root
frequency, call durations, inter-call intervals, ‘‘duty cycles” (ratio
of call duration to the call duration plus inter-call intervals), and
AM/FM characteristics. The question was whether these two cues
differ in salience or efﬁcacy in supporting conditional freezing. Just
as rats might be biologically ‘‘prepared” to associate 22 kHz USVs
with an aversive somatosensory US, they might also be ‘‘counter
prepared” to associate 50 kHz USVs with an aversive US. Recall that
50 kHz USVs are normally emitted in conjunction with positive hedonic states (Brudzynski, 2007; Knutson et al., 2002; Panksepp,
2007).
4.1. Materials and methods
4.1.1. Subjects
A total of 40 male Sprague–Dawley rats were used (230–280 g;
Charles River Laboratories, Kingston, NY). Subjects were individually housed, and kept on a 12-h dark/light cycle. Rats had access
to food and water ad libitum. Experiments were conducted in
accordance with Yale University’s Institutional Animal Care and
Use Committee guidelines.
4.1.2. 22 kHz and 50 kHz ultrasonic vocalizations
A total of three 22 kHz USVs and one 50 kHz USV were used. All
of the stimuli and their playbacks were identical to those used in
Experiment 1 (Fig. 1C–F). In the pair of two 22 kHz USVs, one
USV was composed of four long calls (mean duration = 1.92 s) at
around 22 kHz (total duration = 8.13 s; Fig. 8A, bottom). The other
USV in the ‘‘22 kHz USVs” pair had 10 short calls (mean dura-
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tion = 0.42 s) at the frequency of 23 kHz (total duration = 5.71 s;
Fig. 8A, top). In the pair of 22 kHz and 50 kHz USVs, the 22 kHz
USVs was identical to that used in Experiment 2. It had its principal
frequency at 19 kHz, and had a bout of 11 calls (mean duration = 0.55 s; Fig. 9A, top). The 50 kHz USV had its root frequency
around 53 kHz with a total duration of 6.74 s. The USV was composed of 26 short calls with a mean duration of 0.06 s (Fig. 9A, bottom). The amplitudes of all stimuli were 60–65 dBSPL.
4.1.3. Two experimental groups
The procedures were the same as in Experiment 2 except that
all of the stimuli were USVs. In the ﬁrst differential conditioning
group (N = 20), the stimulus pair consisted of two different
‘‘22 kHz USVs”. The two 22 kHz USVs differed from each other in
various physical features such as the number of calls, call durations, and frequency/amplitude modulations (Fig. 8A). In the second group (N = 20), the stimulus pair was a 19 kHz USV and a
50 kHz USV (Fig. 9A). These USVs differed greatly in principal frequency, frequency and amplitude modulations, call durations, inter-call intervals, and duty cycles.
4.1.4. Data analysis
Freezing behavior was measured and analyzed as in Experiment
2.
4.2. Results
4.2.1. 22 kHz USV vs. 23 kHz USV cue
Fig. 8 summarizes the overall results of discrimination between
two 22 kHz USVs (N = 20). In the pooled data (Fig. 8B), the mean
freezing levels were considerably higher during the CS+ than during the CS. As in previous ﬁgures, asterisks denote signiﬁcant differences between the CS+ and CS. Differences in mean freezing
levels across successive 2-min time bins were 19.85 ± 2.06%,
18.37 ± 9.86%, and 14.43 ± 11.72%. Compared to the pooled results
(Fig. 8B), the percent differences were greater when the 23 kHz
USV served as the CS+ (Fig. 8C). Differences in mean freezing levels
across successive bins were 37.33 ± 2.28%, 22.21 ± 16.17%, and
24.82 ± 20.40%. The group differences were smaller when the
22 kHz USV served as the CS+ (Fig. 8D). Differences in mean freezing levels across successive bins were 2.36 ± 11.90%, 14.53 ±
12.08%, and 4.03 ± 11.84%. During both the CS+ and CS presentations, the mean freezing levels were considerably above the baseline levels (Fig. 8B–D).
ANOVA revealed a signiﬁcant main effect of time interval
(F(3,57) = 43.00, p < .001; Fig. 8B). Post-hoc paired-samples t-tests
showed that subjects froze signiﬁcantly more when the CS+ was
presented during the ﬁrst (72.49 ± 6.05%; t(19) = 12.22, p < .001),
second (59.56 ± 8.16%; t(19) = 6.89, p < .001), and third (55.13 ±
7.35%; t(19) = 6.72, p < .001) 2-min bins compared to the baseline
level (5.73 ± 1.56%). Animals also showed signiﬁcantly more
freezing to the CS during the ﬁrst (52.64 ± 8.40%; t(19) =
6.13, p < .001), second (41.19 ± 8.15%; t(19) = 4.79, p < .001),
and third (40.70 ± 9.09%; t(19) = 4.05, p < .05) 2-min bins of the
stimulus presentation relative to the baseline level (4.57 ± 1.61%).
There was also a signiﬁcant main effect of differential reinforcement of cues (F(1,19) = 4.43, p < .05). Signiﬁcant differential responses to the CS+ and CS only occurred during the ﬁrst 2-min
bin (t(19) = 2.38, p < .05) following the cue onset. There was no signiﬁcant interaction between time interval and reinforcement
(F(3,57) = 1.50, p > .05). In addition, independent-samples t-test revealed no signiﬁcant difference (t(18) = 0.58, p > .05) in the amount
of freezing during the 23 kHz USV CS+ (64.54 ± 9.87%) and the
22 kHz USV CS+ (60.24 ± 8.66%) presentations.
As indicated in Fig. 8C, subjects (n = 10) presented with the
23 kHz USV (5.71 s with 10 short calls; Fig. 8A, top) as the CS+
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Fig. 8. Differential fear conditioning to a 23 kHz USV and a 22 kHz USV. (A) Spectrograms of the 23 USV (top) and the 22 kHz USV (bottom). (B) Overall mean percent freezing
to the CS+ and the CS (N = 20). (C) Mean percent freezing among subjects (n = 10) that received the 23 kHz USV (part A, top) as the CS+ and the 22 kHz USV (part A, bottom) as
the CS. (D) Mean percent freezing among subjects (n = 10) that received the 22 kHz USV as the CS+ and the 23 kHz USV as the CS. The baseline level of freezing (before the
CS onset) is plotted on the left of the vertical dashed line. Asterisks () denote signiﬁcant differences between CS+ and CS. Error bars represent ±1 SE.

Fig. 9. Differential fear conditioning to a 19 kHz USV and a 50 kHz USV. (A) Spectrograms of the 19 kHz USV (top) and the 50 kHz USV (bottom). (B) Overall mean percent
freezing to the CS+ and the CS (N = 20). (C) Mean percent freezing among subjects (n = 10) that received the 19 kHz USV (part A, top) as the CS+ and the 50 kHz USV (part A,
bottom) as the CS. (D) Mean percent freezing among subjects (n = 10) that received the 50 kHz USV as CS+ and the 19 kHz USV as CS. The baseline level of freezing (before
the CS onset) is plotted on the left of the vertical dashed line. Asterisks () denote signiﬁcant differences between CS+ and CS. Error bars represent ±1 SE.
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showed signiﬁcantly more freezing to the CS+ (77.15 ± 8.00%;
t(9) = 4.09, p < .05) than to the CS (22 kHz USV in Fig. 8A, bottom;
39.83 ± 10.58%) during the ﬁrst 2-min bin, indicating that subjects
were able to discriminate between the two cues. In contrast, subjects (n = 10; Fig. 8D) that received the 22 kHz USV (8.13 s, consisted of four long calls; Fig. 8A, bottom) as the CS+ and the
23 kHz USV as the CS displayed robust freezing to both the CS+
(67.82 ± 9.24%) and the CS (65.46 ± 12.22%) during the ﬁrst 2min bin, without any signiﬁcant difference (t(9) = 0.20, p > .05).
4.2.2. 19 kHz USV vs. 50 kHz USV cue
Results of the differential conditioning to a 19 kHz USV and a
50 kHz USV are summarized in Fig. 9 (N = 20). Note in Fig. 9A that
the frequency axis for the 19 kHz USV only spans 6 kHz, whereas it
spans nearly 50 kHz for the 50 kHz USV. In the pooled data
(Fig. 9B), the mean freezing levels were higher during the CS+ than
during the CS in all three 2-min time bins of the CS presentation.
The differences in mean percent freezing were 24.02 ± 8.50% during the ﬁrst 2-min, 24.72 ± 9.54%, during the second 2-min, and
15.81 ± 12.27% during the third 2-min bin. Compared to the pooled
results (Fig. 9B), the percent differences were greater when the
19 kHz USV served as the CS+ (Fig. 9C): 36.92 ± 12.01% during the
ﬁrst time bin, 44.91 ± 13.05% during the second time bin, and
41.17 ± 46.71% during the third time bin. The group differences
were smaller, compared to the pooled results, when the 50 kHz
USV served as the CS+ (Fig. 9D): 11.11 ± 11.14% during the ﬁrst
time bin, 4.53 ± 11.11% during the second time bin, and
9.56 ± 16.55% during the third time bin. During both the CS+ and
CS presentations, the mean freezing levels were considerably
above the baseline levels (Fig. 9B–D). Independent-samples t-test
revealed no signiﬁcant difference between these USVs, when serving as a CS+, in total conditional freezing during the testing period
(t(18) = 0.66, p > .05).
ANOVA revealed a signiﬁcant main effect for time interval
(F(3,57) = 38.11,
p < .001)
and
differential
reinforcement
(F(1,19) = 6.05, p < .05), reﬂective of the fact that subjects were
fear-conditioned to the cues and the fact that they were able to display differential responses to the CS+ and CS. Post-hoc paired ttests showed that subjects froze signiﬁcantly more when the CS+
was presented during the ﬁrst (66.63 ± 5.79%; t(19) = 11.22,
p < .001), second (60.63 ± 8.51%; t(19) = 8.89, p < .001), and third
(48.92 ± 9.10%; t(19) = 5.08, p < .001) 2-min bins relative to the
baseline level (1.89 ± 0.71%). During the CS presentation, freezing
was also elevated above the baseline level (2.35 ± 0.88%) during
the ﬁrst (42.61 ± 7.89%; t(19) = 4.93, p < .001), second
(35.91 ± 8.16%; t(19) = 3.92, p < .01), and third (33.12 ± 9.03%;
t(19) = 3.30, p < .01) 2-min time bins. There was also a signiﬁcant
interaction between time interval and reinforcement (F(3,57) = 2.82,
p < .05) that could be due to greater decline in freezing across time
bins to the CS+.
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As indicated by the asterisks in Fig. 9C, subjects showed significantly higher freezing levels during the 19 kHz USV CS+ than during the 50 kHz USV CS. The group differences were signiﬁcant
during the ﬁrst (t(9) = 3.07, p < .05), second (t(9) = 3.44, p < .01)
and third (t(9) = 2.79, p < .05) 2-min bins (Fig. 9C). By contrast, there
were no signiﬁcant differences in mean levels of freezing during
the 50 kHz USV CS+ and the 19 kHz USV CS presentations (ﬁrst
bin, t(9) = 1.00, p > .05; second bin, t(9) = 0.41, p > .05; third bin,
t(9) = 0.58, p > .05; Fig. 9D). The two time series essentially superimpose. This is another example of asymmetrical generalization of
freezing. Fear generalized from the 50 kHz USV CS+ to the 19 kHz
USV CS more than it generalized from the 19 kHz USV CS+ to
the 50 kHz USV CS. Equivalently, conditioning to the 19 kHz
USV was more ‘‘speciﬁc”. This ‘‘discrimination bias” (or AG in Eq.
(4)) thus persisted when the other member of the stimulus pair
was a higher frequency social signal with a larger bandwidth.
The bias does not extend to all auditory social signals, but seems
peculiar to 22 kHz USVs and similar stimuli.
4.2.3. Effect sizes for discrimination
Fig. 10 summarizes the effect sizes for discrimination in both
cue pairs. The pooled results (Fig. 10A) show good overall discrimination between the 19 kHz USV and the 50 kHz USV cues
(d = 0.79). Subjects also discriminated well (d = 0.62) between the
22 and 23 kHz USVs. The amount of asymmetrical stimulus generalization (AG in Eq. (4)) within each cue pair is shown in the stippled bars in Fig. 10B. In the group receiving a 19 kHz USV and a
50 kHz USV as the cue pair, there was greater generalization of fear
toward the 19 kHz USV stimulus (centripetal spread) than from it
(centrifugal spread; AG = 1.15). The principal frequencies of these
two USVs differed by 34 kHz (Fig. 9A). In the group receiving a
22 kHz USV and a 23 kHz USV as the cue pair, there was greater
generalization of fear toward the 23 kHz USV (centripetal spread)
stimulus than from it (centrifugal spread; AG = 1.19). The most
obvious difference between these two stimuli is that the call durations of the 22 kHz USV were unusually long (Fig. 8A). The results
of Experiments 2 and 3 are consistent with the supposition that
principal frequency and temporal discontinuity combine to determine asymmetrical stimulus generalization.
4.3. Discussion
The 22 kHz and 50 kHz USVs were equally salient in supporting
delay fear conditioning (compare panels C and D of Fig. 9). After
several CS–US pairings, there were no signiﬁcant differences between the USVs in terms of CS+-elicited freezing levels. Overall, rats
were able to discriminate between the 22 kHz and 50 kHz USVs
(d = 0.79). Fear generalized from the 50 kHz USV CS+ to the
19 kHz USV CS to a greater extent than from the 19 kHz CS+ to
the 50 kHz USV CS.

Fig. 10. Effect sizes for discrimination and magnitudes of asymmetrical generalization. (A) Overall effect size (d from Eq. (1)) for discrimination between the CS+ and CS for
each of the two stimulus pairs. The three horizontal dotted lines denote small (S), medium (M), and large (L) effect sizes (see Cohen, 1988). (B) The black and white bars are
partial effect sizes for discrimination (d1 and d2 from Eqs. (2) and (3)). For each cue pair, the more USV-like stimulus (d1) is plotted on the right (black bars). The stippled bar is
the amount of asymmetrical generalization (AG from Eq. (4)).

212

S.J. Bang et al. / Neurobiology of Learning and Memory 90 (2008) 200–216

The 22 kHz USV and the 23 kHz USV were also equally salient or
effective in supporting conditional freezing (compare panels C and
D of Fig. 8). Overall, rats were able to discriminate between these
USV pairs (d = 0.62). The generalization of fear from the 22 kHz
USV CS+ to the 23 kHz USV CS was greater than the generalization
of fear from the 23 kHz USV CS+ to the 22 kHz USV CS. These two
USVs differed most prominently in terms of call durations (see
Fig. 8A). Call durations have been suggested to reﬂect the degree
of danger or urgency associated with the USVs (Brudzynski,
2001, 2005). The greatest urgency or danger was proposed to be
associated with 0.4–0.8 s call durations (Brudzynski, 2001). The
mean call duration of the 23 kHz USV (0.42 s) was within this
range. The mean call duration of the 22 kHz USV (1.92 s) was
unusually large. The results show that differential auditory conditioning can be difﬁcult to interpret without knowing both the overall effect size (d in Eq. (1)) and the partial effect sizes (d1 from Eq.
(2) and d2 from Eq. (3)).
Experiments 2 and 3 show that differences in principal frequency or discontinuity can support differential fear conditioning.
Stimulus generalization was always greater when a 22 kHz USV or
a similar stimulus (based on principal frequency and temporal discontinuity) served as the CS than when these stimuli served as the
CS+. When the stimuli consisted of pairs of 22 kHz USVs, stimulus
generalization was greater when the more typical one, which had a
0.4 s mean call duration, served as the CS than when it served as
the CS+. Similarly, when the stimulus pairs consisted of a 22 kHz
USV and a 50 kHz USV, stimulus generalization was greater when
the 22 kHz USV served as the CS than when it served as the CS+.
The prototype for introducing this discrimination bias could be
22 kHz sounds that repeat at 1–3 Hz. Alternatively, there may
be classes of stimuli that simply cannot support differential conditioning (discussed below). One wonders whether 50 kHz USVs
introduce an analogous bias when the US is rewarding.

5.1.2. Auditory stimuli
The 19 kHz and 4 kHz discontinuous tone pips were identical to
those used in Experiment 2. Both discontinuous tones were 7.91 s
with 10 ms rise/fall time (Fig. 11). The loudness of both tones was
65 dBSPL.
5.1.3. Behavioral procedures
The apparatus was identical to that used in Experiments 2 and
3. Upon arrival, naı¨ve rats were brieﬂy handled for 3–5 days. On
the day of pseudorandom conditioning, rats were presented with
a total of 30 trials, consisting of 10 trials each of a 4 kHz pips stimulus, a 19 kHz pips stimulus, and a US footshock (0.4 s, 0.6 mA).
Stimulus presentations were at pseudo-random times (ITI = 120 ±
30 s) with the restriction that none of the stimuli were presented
in more than two consecutive trials.
After conditioning, animals were returned to their home cages.
On the next two days, freezing to the two cues was tested in two
novel testing chambers. CS1 and CS2 testing days were counterbalanced between animals to lessen serial-order or extinction effects.
In each testing session, animals were presented with 6-min of cue
presentation following a 2-min baseline. All testing sessions were
recorded for off-line analysis.
5.1.4. Data analysis
Freezing behavior was measured by automated freezing-recognition software as in the previous experiments. The total amounts
of freezing (during the 2-min baseline period and during the 6-min
of the stimulus presentation) were converted to percentages. Statistical analysis used paired-samples t-tests.

5. Experiment 4
In Experiments 2 and 3, rats displayed asymmetrical stimulus
generalization of fear. The direction of the asymmetry was consistently toward the 22 kHz USV or similar cue (see discussion of Eq.
(4)). In principle, this interesting phenomenon might reﬂect nonassociative sensitization to 22 kHz USV-like stimuli. Experiment
4 asks whether cue-speciﬁc sensitization can account for the discrimination bias. This experiment speciﬁcally evaluated the possibility that rats might become sensitized by the US to ‘‘fear-relevant
stimuli” but not to ‘‘fear-irrelevant stimuli”, where relevance is
based on evolutionary contingencies with other signiﬁcant events.
In Experiment 4, 19 kHz pips and 4 kHz pips cues were presented
as in Experiments 2 and 3. The difference was that neither cue
was presented during the time of the footshock US and neither
cue predicted the US onset. This particular stimulus pair was selected because (in Experiment 2) it was associated with the greatest overall discrimination (d = 1.37) and the greatest asymmetry of
generalization (AG = 1.68). The issue was whether sensitization (or
context conditioning) can selectively increase freezing to the
19 kHz pips cue. The US grid shock was the same as in Experiments
2 and 3.
5.1. Materials and methods
5.1.1. Subjects
Eight male Sprague–Dawley rats were used (230–280 g; Charles
River Laboratories, Kingston, NY). Subjects were individually
housed and had ad libitum access to food and water. They were
kept on a 12-h dark/light cycle. Experiments were in compliance
with Yale University’s Institutional Animal Care and Use Committee guidelines.

Fig. 11. Pseudo-conditioning using 4 kHz and 19 kHz discontinuous tones. This
stimulus pair was selected because it previously resulted in the greatest overall
discrimination (Fig. 7A) and asymmetrical generalization (Fig. 7B). (A) Spectrograms of the 4 kHz tone pips (top; same as Fig. 5A bottom) and the 19 kHz tone pips
(bottom; same as Fig. 5A top). (B) Mean percent freezing during the 2 min baseline
period and during 6 min of cue presentation (N = 8). White and black bars denote
4 kHz pips and 19 kHz pips, respectively. Error bars represent ±1 SE.
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5.2. Results
Fig. 11 shows the mean percentage of time spent freezing during the baseline period and during the 6-min of stimulus presentation. The plot clearly shows that the conditioning procedure had
little or no effect on freezing to either cue and certainly had no
cue-speciﬁc effect. During the 6-min testing session, there was
no difference between the cues in terms of levels of freezing
(t(7) = 0.02, p > .05). Although freezing during the 19 kHz pips
cue (Fig. 11A, bottom spectrogram) was 10.81 ± 8.42% higher than
during the baseline period (where the mean was 3.31 ± 1.23%),
these differences were not signiﬁcant (t(7) = 1.28, p > .05). Similarly, freezing during the 4 kHz pips (Fig. 11A, top spectrogram)
was 12.98 ± 5.95% higher than during the baseline period (where
the mean was 0.98 ± 0.67%), but these differences were also insigniﬁcant (t(7) = 2.18, p > .05). There was no hint of ‘‘cue-speciﬁc”
sensitization or cue-speciﬁc effects of context conditioning
(Fig. 11B).
5.3. Discussion
Experiment 4 evaluated the working assumption that the differences in freezing to the CS+ and CS reﬂect the outcome of associative conditioning to the CS+. Experiment 4 examined the two
alternative possibilities. The ﬁrst is that the asymmetry reﬂects a
form of non-associative sensitization that has cue-speciﬁc effects.
The second is that context conditioning has cue-speciﬁc effects.
Both possibilities suppose that pre-wired circuitry supports the
processing of ‘‘fear-relevant” stimuli and that this circuitry becomes enabled under conditions of high fear, anxiety or arousal
(Gray, 1982, 1987; Lovibond, Siddle, & Bond, 1993). One study of
humans found that an aversive electrical stimulation sensitized
responding to ‘‘fear-relevant” stimuli but not to ‘‘fear-irrelevant”
stimuli (Öhman, Eriksson, & Olofsson, 1975).
Quite clearly, the results of Experiment 4 (Fig. 11) do not support these alternative interpretations. Asymmetrical stimulus generalization in differential cue conditioning clearly emerges from a
pairing-dependent (associative) mechanism. This novel bias on
discrimination/generalization (AG in Eq. (4)) may reﬂect an innate
tendency to generalize auditory-elicited fear toward social-alarmlike signals. Said differently, aversive conditioning to alarm signals
is more stimulus-speciﬁc.
6. General discussion
6.1. Summary of ﬁve main ﬁndings
The present study was the ﬁrst examination of differential fear
conditioning to natural auditory stimuli in rodents. The auditory
stimuli consisted of 22 kHz USVs, a 50 kHz USV, and various synthetic stimuli that were designed to ‘‘deconstruct” the 22 kHz USVs
into simpler acoustic features. We focused on three categories of
auditory features: principal frequency, discontinuity, and frequency/amplitude modulations. Five main ﬁndings emerged.
First, 22 kHz USVs did not differ from 50 kHz USVs, continuous
tones, or temporally matched discontinuous tones in terms of the
unconditional elicitation of freezing behavior (Fig. 2). More specifically, among experimentally naı¨ve Sprague–Dawley rats, there
were no signiﬁcant differences between 22 kHz USVs and any of
the other stimuli in terms of the elicitation of freezing. Based on
freezing behavior, 22 kHz USVs were therefore as ‘‘neutral” as the
other stimuli prior to conditioning, as reported in another recent
study (Endres et al., 2007).
Second, when serving as the reinforced stimulus (the CS+), the
22 kHz USV was no more effective than the 50 kHz USV or the
tones in supporting conditional freezing. Thus, the natural and syn-
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thetic stimuli were equivalently ‘‘salient” or efﬁcacious in supporting delay fear conditioning (compare panels C and D in Figs. 3–6, 8,
and 9). Notably, these experiments were designed to minimize
‘‘ceiling effects” that might otherwise obscure differences among
the cues. We previously compared continuous tones (22 kHz and
50 kHz) and USVs (22 kHz and 50 kHz) in single-cue conditioning
(Tankhiwale, Bang, Allen, Boguszewski, & Brown, 2007). Using this
non-differential conditioning paradigm, there were also no signiﬁcant differences among stimuli in terms of levels of conditional
freezing (Tankhiwale et al., 2007).
The results thus suggest that freezing to 22 kHz USVs is not innate, but instead emerges as a consequence of associative learning.
A recent study of Sprague–Dawley rats reached this same conclusion (Endres et al., 2007). Evidence that adaptive responses to social signals require learning has also been reported in monkeys,
squirrels, and birds (Herzog & Hopf, 1984; Mateo, 1996; Mateo &
Holmes, 1997; McCowan, Franceschini, & Vicino, 2001; Platzen &
Magrath, 2005; Ramakrishnan & Coss, 2000). Rodent USVs appear
to be another example of a social signal whose meaning or significance depends on experience. The present ﬁndings do not challenge well-established views regarding the communicative
signiﬁcance of USVs (Blanchard & Blanchard, 1989; Blanchard
et al., 1991; Brunelli, 2005; D’Amato, Scalera, Sarli, & Moles,
2005; Hofer, Masmela, Brunelli, & Shair, 1998), but they certainly
pique curiosity about how affective or defensive reactions become
associated with these social signals.
Third, rats discriminated between the CS+ and the unreinforced
cue (the CS) based on the principal frequency and/or temporal
discontinuity of the signal (Figs. 3–5), but they failed to discriminate based on the presence or absence of the frequency and amplitude modulations that characterize 22 kHz USVs. In particular, rats
failed to respond differentially to a 19 kHz USV and 19 kHz discontinuous tone pips (Fig. 6). The discontinuous tone was matched to
the USV in terms of loudness, principal frequency, and on–off pattern (Fig. 6A). The discontinuous tone differed in that it lacked the
amplitude and frequency modulations that are characteristics of
22 kHz USVs. The presence/absence of these modulations was
not sufﬁcient to support differential freezing to the CS+ and CS.
These results were anticipated by one prominent hypothesis (Brudzynski, 2001, 2005) about the ‘‘communicative information” in a
22 kHz USV. According to this hypothesis, the principal frequency
of a 22 kHz USV and call durations are the key dimensions for communication, whereas the modulations carry no signiﬁcant information (also see Allen et al., 2007).
Fourth, conditioning to the 22 kHz USV or a similar synthetic
stimulus was more ‘‘cue speciﬁc”. When a 22 kHz USV or similar
stimulus (19 kHz discontinuous tone pips) served as the CS+, there
was less generalization of fear (freezing) to the CS than when
these same stimuli instead served as the CS (compare panels C
and D in Figs. 3–5, and 9). Surprisingly, rats failed to discriminate
between the CS+ and CS when a 22 kHz USV or a similar stimulus
served as the CS. By contrast, they clearly did discriminate when
the 22 kHz USV or a similar stimulus served as the CS+. Thus, the
amount of stimulus generalization (from the CS+ to the CS) depended on which stimuli served as the CS+ or the CS. This asymmetrical stimulus generalization is alternatively viewed as a
‘‘discrimination bias” (Eq. (4) and associated text).
Fifth, asymmetrical stimulus generalization cannot be explained in terms of a non-associative mechanism (‘‘cue-speciﬁc
sensitization”). This possibility was examined using pseudorandom conditioning trials in which animals were exposed to two
cues in the usual manner except that neither cue was explicitly
paired with the US. The results revealed no cue-speciﬁc sensitization (no cue-speciﬁc pseudo-conditioning effect; Fig. 11). These
same results also ruled out cue-speciﬁc effects of context conditioning. Thus, asymmetrical stimulus generalization depends on
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associative cue conditioning. The asymmetrical stimulus generalization reported here appears to reﬂect a novel form of ‘‘biological
preparedness” (see Domjan et al., 2004; Garcia et al., 1989; Mineka & Öhman, 2002; Öhman & Mineka, 2001; Seligman, 1970,
1971; Seligman & Hager, 1972) in the auditory fear conditioning
system.
We do not know whether the outcomes would be identical during testing if the CS presentations were eliminated from the conditioning stage of the experiment. One reason for the uncertainty is
that CS presentations might cause long-term synaptic depression
in the fear circuit (Collins & Paré, 2000). Another reason is that
inhibitory conditioning might accrue to the CS by virtue of its
being explicitly unpaired with the US.
6.2. Potentially relevant ﬁndings in other studies
Asymmetrical stimulus generalization has also been reported in
studies of differential appetitive cue conditioning in honey bees
(Bhagavan & Smith, 1997; Sandoz, Pham-Delègue, Renou, & Wadhams, 2001). The CS pairs were an alarm odor (pheromone) and
a ﬂoral odor. The US was a sucrose reward. The bees showed considerable generalization from the CS+ to the CS when the alarm
odor served as the CS+; whereas they showed little generalization
when the ﬂoral odor served as the CS+ (Sandoz et al., 2001). Thus,
conditioning was more cue-speciﬁc when the CS+ and US were
‘‘congruent”. One presumes that, during the evolution of honey
bees, ﬂoral smells have been more predictive than alarm signals
of sucrose reward. A discrimination bias was also recently reported
in bumble bees subjected to differential odor conditioning (Laloi &
Pham-Delègue, 2004). The present ﬁndings in rats might also be
viewed in terms of CS/US congruency.
Turning to rats, we ﬁrst note that asymmetrical stimulus generalization is not an inevitable consequence of differential fear conditioning. One recent study (Goosens, Hobin, & Maren, 2003)
used a 2 kHz continuous tone and a white noise burst as cues that
were differentially paired with a grid shock US. In contrast to our
results (Figs. 3–5, 8, and 9), they report that differential freezing
to the CS+ and CS did not depend on which stimulus served as
the CS+. Results similar to ours have been reported using pairs of
drugs as interceptive discriminative stimuli. When rats are differentially conditioned to pairs of drugs (acting as the CS+ and CS),
the outcomes are commonly described as exhibiting ‘‘asymmetrical generalization” (Bondareva, Young, & Glennon, 2002) or ‘‘asymmetrical cross generalization” (Desai, Barber, & Terry, 2003; Kelley,
Porter, & Varvel, 1995; Wiley & Martin, 1999).
Studies of monkeys have also found discrimination biases similar to those observed here. In one set of studies (Cook & Mineka,
1989, 1990), monkeys watched a model monkey show fearful reactions to an image of a fear-relevant stimulus (toy snake or toy croco-dile) or a fear-irrelevant stimulus (ﬂowers or a toy rabbit).
When the model monkey displayed fearful responses to the fearrelevant stimuli and not to the fear-irrelevant stimuli, the observer
monkeys developed selective fear reactions to the CS+. However,
when the fear response of the model monkey was paired with a
fear-irrelevant stimulus, the observer monkeys failed to display
differential responses to the CS+ and CS (Cook & Mineka, 1989,
1990). As in the present study, differential responding depended
on which stimulus served as the CS+.
A similar discrimination bias has been reported in humans. One
study found differential skin conductance responses to a CS+ and a
CS when fearful faces served as the CS+, but not when happy faces
served as the CS+ (Orr & Lanzetta, 1980). Other studies failed to detect differential responses when the CS+ and CS were fear-irrelevant (Öhman & Dimberg, 1978; Olsson, Ebert, Banaji, & Phelps,
2005); but see (McNally & Foa, 1986; Merckelbach, van der Molen,
& van den Hout, 1987). It has been suggested that the effects of

fear-relevant and fear-irrelevant stimuli reﬂect an adaptive form
of biological preparedness in humans (Öhman & Mineka, 2001).
7. General conclusions
The asymmetrical stimulus generalization reported here is a novel form of ‘‘biological preparedness” (Seligman, 1970, 1971) in the
auditory fear conditioning system. Rats appear to have a predisposition to generalize acquired fear toward 22 kHz USVs or similar
stimuli. Just as with other preparedness phenomena (see Cusato
& Domjan, 1998; Domjan et al., 2004; Krause, Cusato, & Domjan,
2003), asymmetrical stimulus generalization is unpredicted by
conventional animal learning theories. Our brief survey of the literature shows that related ﬁndings have been reported across phylogeny—from honey bees to humans. In rats, asymmetrical
generalization has now been well documented for both exteroceptive and interoceptive stimuli. The cumulative effect of discrimination biases of the kind described here could be profound. These
biases strongly encourage developmental and neurobiological
studies of emotional responses to social signals. More generally,
they encourage greater concentration on ethologically important
classes of natural stimuli.
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