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Brain mechanisms in humans group together acoustical frequency
components both in the spectral and temporal domain, which leads
to the perception of auditory objects and of streams of sound
events that are of biological and communicative significance. At
the perceptual level, behavioral data on mammals that clearly
support the presence of common concepts for processing species-
specific communication sounds are unavailable. Here, we synthe-
size 17 models of mouse pup wriggling calls, present them in
sequences of four calls to the pups’ mothers in a natural commu-
nication situation, and record the maternal response behavior. We
show that the biological significance of a call sequence depends on
grouping together three predominant frequency components (for-
mants) to an acoustic object within a critical time window of about
30-ms lead or lag time of the first formant. Longer lead or lag times
significantly reduce the maternal responsiveness. Central inhibi-
tion seems to be responsible for setting this time window, which
is also found in numerous perceptual studies in humans. Further,
a minimum of 100-ms simultaneous presence of the three formants
is necessary for occurrence of response behavior. As in humans,
onset-time asynchronies of formants and formant durations inter-
act nonlinearly to influence the adequate perception of a stream of
sounds. Together, these data point to common rules for time-
critical spectral integration, perception of acoustical objects, and
auditory streaming (perception of an acoustical Gestalt) in mice
and humans.
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hich sound features are important for the perception and

discrimination of acoustic patterns has become a central
and controversially discussed question in research on auditory
psychophysics and perception in humans as explained in detail
by Hirsh and Watson in their 1996 review (1). A stream of
acoustic patterns requires not only auditory analysis but also
grouping together of analyzed spectral and temporal elements
according to their coherence and synchrony to be perceived as
auditory objects, phonemes, and words in speech or instruments
and melodies in music (2-5). The wealth of data on perception
of complex sounds in humans contrasts with the lack of knowl-
edge of the neural mechanisms underlying human auditory
grouping and object perception. On the other hand, neurophys-
iological studies in amphibians, birds, and mammals have shown
that neurons in higher auditory centers respond preferentially to
combinations of spectral and temporal properties of species-
specific communication calls (6—14) or of bats’ own echolocation
sounds (15-19), thus demonstrating neural mechanisms for
acoustic object perception. The integration of animal neurobi-
ology with human perception has led to important insights about
how information-bearing parameters of sounds may be repre-
sented by combination-sensitive neurons in the brain (20, 21).
However, it is still difficult to establish common theories about
processing and perception of acoustic objects by the brain,
because too few behavioral studies in mammals have explicitly
identified information-bearing parameters of sounds, especially
of communication sounds, for acoustical object perception
(22-27).
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Here, we present the behavioral (psychoacoustical) evidence
about time-critical spectral integration for the perception of a
communication call in a mammal. We show a close correspon-
dence of acoustical object perception in mice and men, which
suggests that studying mammalian communication and the re-
lated neural processes in animal models is likely to provide
adequate descriptions of neural representation of complex
sounds up to the perceptual level in the human brain.

Our study deals with the perception of mouse pup wriggling
calls (Fig. 1a) by the pups’ mothers in a natural communication
situation. Wriggling calls are produced by pups struggling for the
mother’s nipples when she is in a nursing position on her litter
(28). The calls reliably release pup-caring behavior in the mother
(29). Wriggling calls have an average duration of 120 ms, cover
a frequency range between about 2 and 20 kHz, and often consist
of a main frequency component (fundamental frequency) near
4 kHz and a minimum of two overtones (Fig. 1a). This basic
harmonic structure may be superimposed by rapid frequency
shifts, amplitude modulations, and noises (24, 28, 29). The
presence of three frequencies at 3.8, 7.6, and 11.4 kHz for 100 ms
(Fig. 1) is necessary and sufficient for wriggling call perception,
i.e., for the release of maternal behavior (24). To stress the
perceptual significance of these three frequencies and the cor-
respondence of wriggling calls with human speech vowels, we will
call them “formants” in this article. Formants define frequency
contours of increased intensity (resonance frequencies of the
vocal tract) important for vowel perception and discrimination in
human speech. Here, we vary the total duration of synthesized
three-formant call models and the onset and offset times of the
first formant (fundamental frequency of the harmonic complex)
relative to the higher ones. Thus, we test the acoustic boundaries
in the time domain for grouping the three formants to a
biologically meaningful acoustic object that leads, if heard in a
sequence, to the release of maternal behavior.

Materials and Methods

Animals. Fifty-eight primiparous lactating house mice (Mus do-
mesticus, outbred strain NMRI) aged 12-16 weeks, with their 1-
to 5-day-old pups (litters standardized to 14 pups) were housed
at an average 22°C and a 12-h light-dark cycle (light on at 7 h).
They lived in plastic cages (26.5 X 20 X 14 cm) that had a circular
hole (@ 9 cm) covered by a fine gauze in the center of bottom
of the cage. Wood shavings served as nest material. Food and
water were available ad libitum.

Synthesis and Playback of Call Models. Results from our study about
the perception of wriggling calls in the frequency domain (24)
are the basis for the design of the frequency and time structure
of the call models used here. All 17 wriggling call models were
synthesized (PC 386, 125 kHz DA /AD card Engineering Design,
SIGNAL SOFTWARE 2.2) to have the three frequencies: 3.8, 7.6, and
11.4 kHz (Fig. 1b). These frequencies were initiated at zero
phase and had rise and fall times of 5 ms within the total
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Fig. 1. (a) Spectrogram of a typical wriggling call of mouse pups (modified

from ref. 28). (b) Synthesized standard call model (model A) with frequencies
at 3.8, 7.6, and 11.4 kHz as a nearly optimum releaser of maternal be-
havior (24).
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presented in which the two higher harmonics always had a

duration of 100 ms and started and ended simultaneously (Fig. 0.3 4

2). The start of the fundamental frequency (3.8 kHz) was varied

systematically with regard to the start of the two higher har- 0.2 -

monics as shown in Fig. 2. It started simultaneously with the

other formants (A), started +10, +20, +30, +35, +40, +50 ms 0.1+

earlier (B, C, D, E, F, G), or started —10, —20, —30, —40, —50

ms later (H, I, J, K, L). In all these cases, the fundamental 0 = o= > > & S
frequency ended simultaneously with the two higher harmonics. ng@ ,\Q@ %Q(S\ Q‘Q@ \x@ Q\fb
In a second series of tests, the three frequencies in the call N ,\QQ’ Y

models were always of equal duration (Fig. 3). Although starting
and ending simultaneously, they had durations of either 50, 70,
or 80 ms (M, N, O). In call models P and Q (Fig. 3), all
frequencies had a 100-ms duration, whereas the fundamental
frequency either started 30 ms earlier (P) or 30 ms later (Q) than
the second and third harmonics.

All call models were played back in bouts of four calls [bouts
of two to five wriggling calls are most frequently produced by 1-
to 5-day-old pups (24)] with intercall intervals of 200 ms relative
to the start and end of the two higher harmonics. The call models
were bandpass-filtered (3-12 kHz, Kemo VBF 8, 96 dB/octave,
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Fig. 3. Average Q value of the standard call model (A) compared with Q
values of call models having shorter durations (M, N, O) or asynchronous on-
and offsets of the fundamental frequency (P, Q). The structures of the call
models are shown in, and the parameter values shown below the respective
bars. Statistically significant differences between Q values are indicated with
*, P <0.05; **, P < 0.01; ***, P < 0.001.

synthesized call models

Fig. 2. Average Q values with standard deviations indicating the effectiveness of the synthesized call models (A-L) for the release of maternal behavior. The
frequency and time structure of each call model is shown in the respective bars. The onset lead and lag times of the fundamental frequency are indicated below
the bars. Statistically significant differences between Q values are indicated with *, P < 0.05; **, P < 0 01; ***, P < 0.001.
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Ziegler Instruments, Monchengladbach, Germany), amplified
(Denon PMA-1060, Froschl Elektro, Ulm, Germany), and sent
to a loud speaker (Dynaudio D28, Dynaudio, Bensenville, IL)
mounted independently of the cage 1 cm below the hole in the
cage of the test mouse. The speaker had a flat =6-dB frequency
spectrum (Nicolet 446B spectrum analyzer) between 3 and 19
kHz measured in the cage. The total intensity of all call models
was 70 dB sound pressure level in the nest area of the cage (Bruel
& Kjaer microphone 4133 plus measuring amplifier 2636; Briiel
& Kjaer Instruments, Marlborough, MA), which is close to the
sound pressure level of natural wriggling calls reaching the ear
of a nursing mother (28). Each frequency had the same sound
pressure level (60.5 dB), all three adding up to 70 dB sound
pressure level.

Recording and Analysis of Maternal Behavior. Observations were
made under dim red light in a sound-proof and anechoic room
between 9-12 and 17-20 h. The cage with the mother and her
litter was suspended in the room at least 1 h before the
observation started. The cover grid of the cage was removed and
its height increased by a 6-cm-high plastic head piece. A video
camera with microphone was fixed above the cage to observe and
record outside the room the behavior of the mother and the
sounds from the cage (natural wriggling calls of the pups,
playbacks of call models).

Playbacks of one of the 17 call models were started only when
the mother was in a nursing position on her litter and while the
pups were not vocalizing wriggling calls. About 50 bouts of one
call model were presented at intervals of 20-120 s, adding up to
a 45-min total observation period. Maternal responses to the
natural calls or synthesized call models were noted if the mother
responded within 3 s after onset of the respective calls with either
“licking of pups,” “changing of nursing position,” or “nest
building” (29). Lack of responses of the mother and the number
of bouts of wriggling calls produced by the litter were also noted.
When the litter produced wriggling calls just when a playback of
a call model had been started, the mother’s response was not
considered. Also, if the mother responded with several maternal
activities to natural or synthesized calls, only the first response
was considered.

The effectiveness of the synthesized calls relative to the
natural calls for the release of maternal behavior was expressed
by a quality coefficient, Q. As explained (24), O was calculated
as the relative number of responses to the bouts of a given call
model presented divided by the relative number of responses to
bouts of the natural calls of the pups produced during the 45-min
observation period. This calibration of the responsiveness to the
call models eliminates influences of variations of actual moti-
vation, attention, and arousal among the mothers during the tests
and, thus, leads to comparable values (Q) of the effectiveness of
different calls models for the release of maternal behaviors (24).
If O = 0, a mother did not respond to a given call model. If O =
1, a mother responded with the same relative rate to a given call
model as to the wriggling calls of her pups.

Ten mothers having 1-, 2-, 3-, 4-, or 5-day-old pups, respec-
tively, were always tested with a given call model, and individual
Q values were calculated. A mother was tested with a maximum
of three different call models on different days. Despite this
repeated testing of several animals, the results showed (see
Appendix A) that the data obtained can be regarded as com-
pletely independent of each other. Hence, the responsiveness to
different call models was compared statistically with tests that
assume independence of the data [H-test analysis of variance,
and U test, both two-tailed (30)].

Results and Discussion

Time Window for Auditory Object Perception. The effectiveness,
expressed by the quality coefficient Q, of the 17 wriggling call
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models to release maternal behavior is shown in Figs. 2 and 3.
The standard is the call model A (all three formants in syn-
chrony) reaching an average Q value of 0.76, which is very similar
to the Q value of the same stimulus obtained in our earlier study
(24) and does not differ significantly from Q values of natural
calls played back from tape (24). O values significantly smaller
than that of call model A can be obtained by changing the
composition or reducing the number of frequency components
in the call models, or shifting the frequencies to a higher range
(24). The importance of time windows and temporal coherence
for spectral integration is shown here. An advancing presenta-
tion of the fundamental frequency (Fig. 2) up to +30 ms (call
models B, C, and D) and a delaying presentation of up to —20
ms (call models H and I) have no significant influence on call
perception (H test, P > 0.1). Lead times of the first formant of
more than +30 ms (call models E, F, and G) and lag times of
more than —20 ms (call models J, K, and L) decreased the
responsiveness of the mothers continuously and significantly (H
test, P < 0.001 in each case), compared with call models A-D or
A, H, I, respectively (Fig. 2). The continuous decrease is
emphasized by the significant differences between respective
pairs of average Q values (U test, at least P < 0.05) as shown in
Fig. 2.

Our data indicate grouping of the three formant frequencies
(3.8, 7.6, and 11.4 kHz) to an optimum wriggling-call percept
within a time window of +30-ms lead time and —20-ms lag time
of the first formant relative to the others. Comparable results on
time-critical perceptual groupings of frequency components to
auditory percepts that differ significantly from other percepts
have been shown in various studies on humans. For example, (i)
a maximum onset lead time of about 32 ms occurs for formant
integration in speech vowels (31, 32); (i) a maximum onset lead
or lag time of about 20 ms occurs for formant integration in a
nonspeech context (33); (iif) a fusion of two frequencies to a
single percept occurs only if both start within about 29 ms of each
other (34); (iv) a critical time window of less than about 35-ms
lead or lag time exists within which a frequency can be integrated
as the second formant into the stream of a three-formant
complex (35); (v) a minimum gap width of about 30 ms exists to
produce normal sounding consonants in a vowel sequence of
speech (36); (vi) a maximum onset lead time of about 40 ms of
a tone occurs to produce a maximum pitch shift in a later starting
frequency complex (37); and (vii) a minimum gap width of
almost 40 ms occurs between a tone ending before a frequency
complex and the complex to prevent a pitch shift of the
complex (38).

These studies just mentioned and further studies on the
detection of gaps in a sequence of different frequencies (39), the
effect of gaps for the perception of auditory streams (40), and
the discrimination of phonemes by voice-onset time in speech
both by humans (41, 42) and animals such as budgerigars (43),
chinchillas (25, 26), and rhesus monkeys (27) all show that
spectral integration across frequency channels may lead to a
particular auditory percept only if all frequency components to
be grouped together start within a £20- to 30-ms time window
or are separated from other frequency components by 20-40 ms.
Thus, a common critical time window exists in mice, other
mammals, birds, and humans for spectral integration or fusion of
frequency components within the time window (formation of an
acoustic object in the frequency domain) and for the separation
of frequency components outside this window (separation of
acoustic objects).

Auditory Scene Analysis and Streaming. If mouse mothers perceive
only a single wriggling call of a favorable frequency composition
and time structure for the release of maternal behavior, they do
not respond. Maternal behavior is elicited only if the wriggling
calls (the acoustic objects) are heard in a sequence of at least two
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calls (G.E. and S. Riecke, unpublished results). Hence, the
condition for the perception of the biological meaning of the
wriggling calls is a stream of adequate acoustical objects, i.e., an
acoustical Gestalt. In our tests we offered such a stream by
always presenting four call models of the same type in a
sequence. In terms of auditory scene analysis (4), wriggling calls
must be perceived as a single stream of adequate acoustical
objects, such as call models A-D, H, and I, to reach biological
significance. In call models E-G and J-L, our mice seem to have
perceived the streams of two acoustic objects, one stream
representing the sequence of the two higher harmonics, and the
other stream representing the sequence of the fundamental
frequency of the call models. Both streams are not adequate to
release maternal behavior; both have an insufficient acoustical
Gestalt. The Q values obtained (Fig. 2) are nearly equal to the
sum of the Q values from responses to the two higher harmonics
(presented together) and to a single frequency as shown in the
previous study (24). These indications of auditory scene analysis
and the perception of auditory streams in mice add significantly
to the few behavioral studies on auditory scene analysis in
animals available for goldfish (44, 45) and starlings (46, 47),
because those animals were trained to discriminate between
auditory patterns representing one or two auditory streams,
whereas our mice were not trained at all and discriminated
acoustical patterns in a natural communication situation.

Perception of Call Duration. Because natural wriggling calls consist
of a minimum of three harmonically related formants (Fig. 1a)
of a duration of 120 * 40 ms (mean * standard deviation) (24,
28), it is conceivable that call models A-D, H, and I with a
synchronous duration of the three formants of at least 80 ms are
the most effective releasers of maternal behavior [Q values are
not significantly different from the Q values obtained with
natural calls played back from a tape (24)]. In the studies cited
(24,31-35, 42), the critical durations of time windows for spectral
integration depended on various other parameters such as the
experience of listeners for the task, the presentation of the
stimuli under high- or low-uncertainty conditions, the spacing of
the frequencies to be integrated (e.g., whether frequency com-
ponents can be spectrally resolved or not), and the total dura-
tions of the sound elements. In this study, we controlled these
parameters, i.e., the mice were not trained for the task, our call
models were presented under high-uncertainty conditions, and
the formant frequencies could be resolved by the critical band
mechanism of the mouse ear (48), and tested how the grouping
of formants to an adequate wriggling-call percept depended on
the duration of the simultaneous presence of the formants. The
results are shown in Fig. 3. A shortening of the call duration from
100 ms down to 50 ms (call models A, O, M, and N) significantly
decreased the effectiveness of the calls for the release of
maternal behavior (H test, P < 0.01). The increase of Q with
increasing call duration (d) is linear (Q = 0.0126d —0.5229;
correlation coefficient r = 0.9152; P < 0.001; 38 df) and the Q
values of all duration steps differ from each other (Fig. 3; U test,
P < 0.05 at least).

The duration in which all formants are present simultaneously
interferes with the duration in which single formants are present,
and with the synchrony of on- and offsets. This interference is
evident from Q values of call models P and Q, which are
significantly larger than the O value of call model N (Fig. 3),
similar to the Q value of call model J, and significantly smaller
than the Q value (U test, P < 0.05) of call model D (Fig. 2).
Combined effects of total duration and on- and offset asynchro-
nies on the inclusion of frequency components in acoustic
streams have been shown for humans (35). Our data indicate a
nonlinear interaction in the perception of call duration and onset
asynchronies by a lag of the first formant. Call models I, J, and
L (Fig. 2) have significantly larger Q values than call models O,
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N, and M, respectively (I vs. O, P < 0.01; J vs. N, P < 0.05; L vs.
M, P < 0.01; U test, two-tailed) although the durations of the
simultaneous presence of the three formants are the same,
namely 80 ms (I, O), 70 ms (J, N), and 50 ms (L, M). Further tests
will have to show which durations of simultaneous presence of
all three formants are necessary for the fusion to an acoustic
object and the formation of one auditory stream depending on
the time lag of the first or the other formants. In the longer-onset
delays of a formant (call models J-L; Fig. 2), results from humans
(4, 35, 37) suggest that more than 80 ms of simultaneous
presence, as in call model I (Fig. 2), is necessary for a perceptual
fusion of the formants and streaming of an optimum wriggling
call.

The continuous type of dependence of wriggling-call percep-
tion on call duration (Fig. 3, call models A, O, N, and M) is
clearly different from categorical perception of ultrasonic calls
by unconditioned mice in a natural communication situation, in
which preferred calls are discriminated from nonpreferred ones
at a sharp (only 5 ms wide) boundary of about 27-ms duration
(49). The very different strategies of call discrimination and
perception with regard to call duration for wriggling calls and
ultrasound in mice stress the fact that auditory percepts in the
time domain do not simply reflect peripheral processes and
resolution but require central mechanisms of integration that
select time intervals and durations of communicative importance
(see discussion in refs. 4, 9, 11, 13, 14, 20, 21, 38, and 39). The
neural selection processes may be determined mainly by the
evolution of ecological adaptations (refs. 20, 21; present work)
or by cognitive strategies evident in speech perception (50, 51).

Neural Correlates of Perception in the Time Domain. The auditory
midbrain (inferior colliculus) most probably is the first level of
the auditory pathway with neurons being selective for sound
duration (52-54). Some of the neurons in the inferior colliculus
show duration tuning that is adapted to the acoustical ecology of
the species. Thus, neurons in bats prefer short-duration sounds
of 1-30 ms that are compatible with their echolocation calls (53,
55-57), whereas neurons in frogs are sensitive to longer sounds
compatible with mating calls (58). A related study of the mouse
inferior colliculus shows that almost 70% of duration-sensitive
neurons prefer long-duration sounds (59). In the auditory cortex,
duration tuning is extended to durations of 100 ms in bats (60)
and more than 200 ms in cats (61). Further, a considerable
number of neurons have a long-pass characteristic with little
responsiveness to durations shorter than about 100 ms and strong
responses to longer-duration sounds (60, 61). If such long-pass
neurons exist in the mouse auditory cortex, they could be the
basis for the preference of wriggling-call models of 100-ms
duration (call model A) against calls of shorter durations (call
models M-O) in the present study.

A considerable body of literature on combination-sensitive
neurons in the inferior colliculus, medial geniculate body, and
auditory cortex has accumulated that cannot be reviewed here in
detail. Neurons have been found to show various kinds of
selectivity to combinations of frequency components or for-
mants and to combinations of spectral and temporal patterns
that all may be important information-bearing parameters for
guiding sound-based behavior in animals (see refs. 6-13, 15-19,
62-68; reviews in refs. 14, 20, 21, and 52). For example,
combinations of formants and formant transitions, together with
arange of delays between pulse and echo, encode within various
neural responses the relative target velocity and target distance,
respectively (15-17, 62-66). Neurons in the auditory cortex of
bats (13, 14) and higher auditory areas in the avian brain (7-10)
are syntax-sensitive, i.e., they respond preferentially to the
temporal order of spectrally defined elements of species-specific
communication sounds or bird’s own song. Such selective re-
sponses concerning the perceived acoustical Gestalt, i.e., the
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auditory scene or auditory streams, are shaped by central
mechanisms of neural facilitation and inhibition. In short, in-
hibitory influences between frequency components of a sound
stream (e.g., observed as forward masking) seem to dominate
over times of about 50 ms or less, whereas facilitatory influences
(e.g., seen as forward enhancement) become important at times
of about 50-200 ms (69-73). In view of these data on neural
mechanisms, our present results on wriggling-call perception
may be interpreted in the following way. The fusion of the
formants of a wriggling call to an acoustic object was disturbed
by inhibitory influences of one or two formants starting earlier
than the other formant(s) of the call for call models E-G, J-L,
P, and Q. Such inhibitory influences from onset disparities of the
formants were not large enough to alter significantly the percepts
of call models B-D, H, and I compared with call model A. The
intervals of 200 ms each between the four calls in a sequence
ensured facilitatory influences of one call to the next so that the
call sequence could be perceived as a biologically significant
stream of relevant acoustic objects.

Appendix A

We tested in a correlation analysis (30) whether the second Q
value obtained from animals used in two tests depended on the
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