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a b s t r a c t

Bats use a large repertoire of calls for social communication, which are often characterized by temporal
amplitude and frequency modulations. As bats are considered to be among the few mammalian species
capable of vocal learning, the perception of temporal sound modulations should be crucial for juvenile
bats to develop social communication abilities. However, the post-natal development of auditory pro-
cessing of temporal modulations has not been investigated in bats, so far. Here we use the minimally
invasive technique of recording auditory brainstem responses to measure the envelope following
response (EFR) to sinusoidally amplitude modulated noise (range of modulation frequencies: 11e130 Hz)
in three juveniles (p8-p72) of the bat, Phyllostomus discolor. In two out of three animals, we show that
although amplitude modulation processing is basically developed at p8, EFRs maturated further over a
period of about two weeks until p33. Maturation of the EFR generally took longer for higher modulation
frequencies (87e130 Hz) than for lower modulation frequencies (11e58 Hz).

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Human speech and animal communication sounds are charac-
terized by, among other sound features, temporal amplitude and
frequency modulations (Gaucher et al., 2013; Nourski and Brugge,
2011). This holds also true for species-specific communication in
bats, which exhibit a rich vocal repertoire (Bohn et al., 2008;
Kn€ornschild, 2014; Kn€ornschild et al., 2014; Lattenkamp et al.,
2019). Furthermore, bats are among the few mammals species
considered to be capable of vocal learning (Boughman, 1998;
Kn€ornschild, 2014; Prat et al., 2015). For the bat Phyllostomus
discolor, it has been reported that contact calls important for
mother infant communication show a less prominent amount of
temporal modulations in hand-reared pups compared to pups
reared together with their mothers (Esser and Schmidt, 1989).
Therefore, the ontogeny of the auditory system in these bats should
reflect the need for processing of temporal sound modulations.

Generally, hearing onset is defined as the point during the
maturation of an animal, where behavioral (Moore, 1982) or
neuronal (Sonntag et al., 2009) responses can by elicited by sound
pressure levels within physiological ranges. Common model
pel).
animals are typically born deaf, e.g. gerbils (hearing onset at p11-
p12, Heil et al., 1995; Magnusson et al., 2005), rats (hearing onset
at p11, Smith et al., 2000) andmice (hearing onset at p12, Mikaelian
and Ruben, 1965; Kraus and Aulbach-Kraus, 1981). In bats, hearing
onset seems to vary between different species. However, for most
species hearing onset is reported to occur within the first week if
not as early as on postnatal day p1-p2 (p7-p8, Antrozous pallidus,
Brown et al., 1978; Razak and Fuzessery, 2007; p1-p2, Pteronotus
parnellii, Vater et al., 2010 and Carollia perspicillata, Sterbing, 2002;
first and second postnatal week, Hipposideros speoris& Rhinolophus
rouxi, Rübsamen et al., 1989). P. discolor was shown to react to
maternal directive calls within the first day after birth (Esser and
Schmidt, 1990), which is supported by data from Linnenschmidt
and Wiegrebe (2019), who showed that hearing onset in this bat
has already occurred at p5. It should certainly be clear, that an early
hearing onset is of advantage in mother-pup communication.

The post-natal development of processing of temporal modu-
lations has been already investigated in several mammalian spe-
cies, e.g. gerbils (Heil et al., 1995; Khurana et al., 2012), mice (Müller
et al., 2019), harbour porpoises (Linnenschmidt et al., 2013) and in
humans (Draganova et al., 2018; Rance et al., 2006; Walker et al.,
2019). However, data for bats are lacking so far. In order to
analyze the development of temporal modulation processing abil-
ity in bats, we recorded envelope following responses (EFRs) from
pups of P. discolor.
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The EFR is a subclass of auditory brainstem response (ABR)
evoked by periodic auditory stimuli. As the EFR is typically phase-
locked to the waveform and/or the envelope of a periodic stim-
ulus (Moushegian et al., 1973), it has been used in animals as well as
in humans to quantify the temporal processing abilities of the
auditory system (Dimitrijevic et al., 2016; Prado-Gutierrez et al.,
2012; Venkataraman and Bartlett, 2013).

More generally, the ABR signal reflects the summed electrical
response potentials of both the auditory nerve fibers and nuclei of
the ascending auditory pathway (Burkard et al., 2007). ABR re-
cordings are ideal for measuring ontogenetic changes of the audi-
tory pathway for mainly two reasons: first, the ABR waveform
generally changes substantially during the ontogeny of the animal,
reflecting the changes during the maturation of the auditory
pathway. Second, being a minimally invasive recording method, it
allows for long-term observations from the same animal and is
especially suited for newporn pups, whichmight not be suitable for
more invasive techniques.

ABR recordings have been utilized in bat auditory research
several times (e.g. Myotis lucifugus & Plecotus townsendii, Grinnell,
1963; Noctilio leporinus, Wenstrup, 1984; Lasiurus borealis, Obrist
and Wenstrup, 1998; Pipistrellus abramus, Simmons et al., 2015;
Eptesicus fuscus, Simmons et al., 2016 and Phyllostomus discolor,
Linnenschmidt and Wiegrebe, 2019), but the EFR has not been
recorded in bats, so far.

Here we describe the EFR of juvenile Phyllostomus discolor at
ages between p8 and p72. EFRs of individual animals showed a
considerable amount of variability. In two out of three animals, the
EFR developed with age, showing an increase in peak amplitude
within the ABRs modulation spectra. Age related changes were
stronger for highmodulation frequencies (87e130 Hz) compared to
lower modulation frequencies (11e58 Hz).
2. Methods

2.1. Animals

All the experiments complied with the principles of laboratory
animal care and were conducted following the regulations of the
current version of the German Law on Animal Protection (approval
ROB-55.2-2532.Vet_02-17-218, Regierung von Oberbayern). The
bats (Phyllostomus discolor; two juvenile females, one juvenile
male, aged p8 on the first day of experiments) originated from a
breeding colony situated in the Department Biology II of the
Ludwig-Maximilian University of Munich. For experiments, ani-
mals were kept together with their mothers under semi-natural
conditions (12 h day/12 h night cycle, 65%e70% relative humidity,
28 �C) with free access to food and water.
2.2. Anaesthesia

The bats were anaesthetized using a combination of medeto-
midine (Dorbene®, Zoetis), midazolam (Dormicum®, Hoffmann-La
Roche) and fentanyl (Fentadon®, Albrecht) at a dosage of 0.4, 4.0
and 0.04 mg/g body weight, respectively.

The anaesthesia was antagonized with a mixture of atipamezole
(Alzane®, Novartis), flumazenil (Flumazenil, Hexal) and naloxone
(Naloxon-ratiopharm®, Ratiopharm), which was injected subcu-
taneously (2.5, 0.5 and 1.2 mg/g body weight, respectively). During
the experiments, the eyes of the animals were covered with a
vitamin A cream (VitA POS®, Ursapharm) to prevent them from
drying, whereas the puncture wounds of the ABR electrodes were
treated with panthenol (Bepanten®, Bayer).
2.3. Acoustic box setup

The setup used during the experiments is a close copy of the
setup used by Linnenschmidt and Wiegrebe (2019). All recordings
were made in a small, heavily sound-attenuated box (outside di-
mensions 34x34 � 34 cm) constructed from veneer plywood (4 cm
thick) and covered with a removable acrylic glass lid (2.5 cm thick).
The walls and floor were covered in 2 cm acoustic foam to dampen
unwanted reflections of the stimuli. During the experiments, the
bats were placed on a styrene foam block on axis with the loud-
speaker. Two heating pads (11.0 � 7.7 cm, 12V, 12 W, thermo
Fl€achenheizungs GmbH, Rohrbach, Germany) were located on
either side of the animal. These were supplied by an external power
supply (Voltcraft LPS 1153, Conrad Electronics SE, Hirschau, Ger-
many). The temperature was monitored by an analogue ther-
mometer tucked under the wing right next to the body of the bat
and maintained at 37 �C air-temperature.

2.4. Acoustic stimulation

In order to measure the ABR properties to sinusoidally ampli-
tude modulated (SAM) sounds, we followed the procedure used by
Linnenschmidt and Wiegrebe (2019). First, the response threshold
was established by presenting short, broadband (4e96 kHz, flat
power spectrum, 256 repetitions) click stimuli to the animals. The
stimuli were presented at nine different sound pressure levels (SPL)
ranging from 40 to 120 dB (peak-equivalent, re 20 mPa) in 10 dB
steps with every second stimulus played phase-inverted.

To evaluate the envelope following properties of the auditory
brainstem a 200 ms frozen noise carrier (2e95 kHz, flat power
spectrum) was modulated with seven different modulation sinu-
soids logarithmically spaced from 11 to 130 Hz. This range of
modulation frequencies (MF) is most prominent in the temporal
envelope of communication sound of P. discolor (H€orpel and Firzlaff,
2019).The modulation depth was 100%. The modulation fre-
quencies were each randomly presented 256 times (every second
stimulus was phase-inverted) at a level of 80 dB RMS (99 dB peSPL).
The repetition rate was approximately 1.2 Hz.

All acoustic stimuli were computer-generated (Matlab®, 2018b;
Mathworks, Natick, MA, USA), digitaleanalogue converted (Fireface
400, RME, Haimhausen, Germany; sampling rate 192 kHz), ampli-
fied (AX-396, Yamaha Music Foundation, Tokyo, Japan) and pre-
sented via free-field loudspeaker (R2904/700000, Scan-Speak,
Videbæk, Denmark). The loudspeaker had been calibrated for linear
frequency response between 1 kHz and 96 kHz and was positioned
on the midline roughly 8 cm from the bats ears.

2.5. Electrophysiological recordings

To record the auditory brainstem responses, the setup was
connected via small alligator clips to three subdermal electrodes
(clipped 0.3 � 12 mm hypodermic needles, Henry Schein Inc.,
Melville, USA), which were pushed through the skin of the animal.
The recording electrodewas placed centrally at the base of the skull
above the brainstem (Nape) while the reference electrode was
placed centrally on top of the skull at the height of the foremost
edge of the ears (Vertex). A ground electrode was inserted into the
tissue caudally of the base of the right ear. The signals were initially
amplified by 20 dB (DAM80, World Precision Instruments, Sarasota,
USA) with the amplifier set to its widest filter settings
(0.1 Hze10 kHz band-pass filter). A HumBug (Quest Scientific,
North Vancouver, Canada) was used to remove noise from the po-
wer mains, but did not affect the ABR signal. The signals were then
analog-to-digitally converted (Fireface 400; 192 kHz sampling
rate), additionally amplified by 10 dB and down-sampled 10 times



Fig. 1. Influence of stimulus level and age on click evoked ABR waveforms in P. discolor
in Bat 1 (a, b) and Bat 2 (d, e). c, f. Summary data for ABR RMS amplitudes for all
recording dates for Bat 1 and Bat 2, respectively. Analysis window for RMS calculation
was from 0.2 to 7 ms.
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to reduce the amount of required storage. Then, each of the 256
repetitions per stimulus and sound level was saved into one com-
bined file for offline analysis.

2.6. Data analysis

In order to establish click evoked ABRs waveforms recorded
from the 256 stimuli, the repetitions were averaged and filtered
(100 Hze3000 Hz band-pass). To determine click evoked ABR SPL
thresholds, we utilized a bootstrap analysis as described in Lv et al.
(2007) and used by Linnenschmidt and Wiegrebe (2019). An
analysis window of 6.8 ms (0.2 mse7 ms after stimulus onset) was
chosen. The bootstrap method is based on repeatedly drawing
random samples of that window size (with replacement) from the
original data (500 repetitions). It is then assessed in which per-
centage of cases the RMS of the resampled waveform exceeds the
RMS of the original waveform. An ABR is considered significant
when more than 99% of resampled waveforms have a lower RMS
than the original waveform (Linnenschmidt andWiegrebe, 2019; Lv
et al., 2007).

ABRs evoked by SAM-noise were also established by averaging
the recorded waveforms to 256 stimulus repetitions (but no
filtering occurred). We then analyzed the modulation spectra of the
averaged waveforms. In detail, we calculated the FFT (Fast Fourier
transform, Matlab®) of the waveforms Hilbert envelope. EFRs were
quantified by the height of the peak in the modulation spectra
within the MF frequency range. However, the ABR amplitude (and
thus the height of the envelope modulation spectra peaks) may not
only be influenced by undesired factors like small differences in the
positions of the recording electrode, but also by growth of the an-
imal during post-natal development (Linnenschmidt and
Wiegrebe, 2019; Walsh et al., 1986). Therefore, as a check, we also
analyzed the EFR based on root mean square (RMS)-normalized
average waveforms.

3. Results

In total, we recorded ABRs on 24 different occasions (3 animals,
8 recordings spread over 3 months from day p8-p72).

3.1. Development of click evoked ABRs

Click evoked ABRs with stable waveforms withmultiple positive
peaks were obtained for all animals. Examples of click evoked ABRs
from two different bats are shown in Fig. 1a,b,d,e for different
presentation levels ranging from 40 dB peSPL up to 120 dB peSPL.
For the highest presentation level, thewaveform typically consisted
of 7 distinguishable waves and one pre-potential. The pre-potential
occurred ca. 0.8 ms after stimulus onset, while the dominant waves
IeV followed between 1.7 and 5 ms. Waves I and II were partly
merged, i.e. they were protruding from each others rising or falling
flanks. The same was observed for waves III-V. This waveform
pattern was most prominent in early stages of the juvenile devel-
opment (Fig. 1 a,d), and became more ambiguous in older bats
(Fig. 1b,e). During development of the juveniles, the overall RMS
amplitude of the click evoked ABRs generally decreased (Fig. 1c,f)
for higher presentation levels, although this trend was not strictly
linear in all three bats. For example, in Bat 1 (Fig. 1c) the ABR RMS
amplitude resulting from the loudest presentation level increased
slightly until p15 before a strong decrease was observed over the
following period of juvenile development up to p69.

In Bat 3 click evoked ABR waveforms showed less distinguish-
able waves (Supplement S1). Contrarily to Bat 1 and 2, waves I and
II were barely indistinguishable from each other and wave VII was
missing.
Using click stimuli, significant ABRs could be evoked for pre-
sentation levels as low as 50 dB SPL in all three animals. This
threshold did not change during development (Fig. 1a,b,d,e; S1),
but fluctuated between 50 dB SPL and 60 dB SPL in all three
animals.
3.2. Envelope following response

When comparing Fig. 1 with Fig. 2, the differences in fine
structure between the ABR waveforms resulting from click stimu-
lation or amplitudemodulated noise stimulation become apparent:
While the ABR waveform evoked by clicks is of limited duration
(~7 ms, see Fig. 1a,b,d,e), the SAM evoked waveform is longer and
more complex. Moreover, single waveform components within the
click ABR waveform get less distinguishable and the overall RMS
amplitude decreases during development (see Fig. 1a,b,d,e).
Contrarily, age dependent changes in the waveform structure
visible for the SAM-noise ABR waveform show the opposite trend.

Fig. 2 (left column) shows a 90 ms excerpt (i.e. one modulation
cycle), of a SAM-noise evoked ABR waveform for a modulation
frequency of 11 Hz, with the envelope of one modulation cycle of
the stimulus (frozen noise) shown in the top panel. As the stimulus
was frozen noise, the envelopes are not smooth, but show different
numbers of prominent peaks within one modulation period. This is
somewhat reflected in the evoked EFRs which accordingly also
show a different structure of response peaks in one modulation
cycle. For a lower modulation frequency, the number of structural
peaks within one modulation period is of course higher than for a
higher modulation frequency. At an early age (p8), no prominent
waveform component is visible throughout the whole modulation



Fig. 2. Development of SAM noise evoked ABR waveforms for two MFs in Bat 1. In the
top panel, the envelope of one modulation cycle of the respective stimulus is plotted.
The waveforms corresponding to only one modulation cycle are shown in the lower
three panels. Note different time scales of the abscissa of the left column and the right
column.
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cycle. For recordings on later days of juvenile development, large
waveform components appear around the middle of the modula-
tion cycle i.e. when the modulated stimulus reaches its peak-
amplitude. The same can be observed for the SAM evoked ABR
waveform for a modulation frequency of 26 Hz (Fig. 2, right
column).
3.3. Development of the EFR

Fig. 3 illustrates the development of EFRs in Bat 1 for the seven
different modulation frequencies. The ABRwaveforms (Fig. 3, row 1
to 3) show changes in both shape and structure with increasing age
of the juvenile bat. Typically, the waveforms show more distinct
peaks in the responses to single modulation cycles and thus the
envelope becomes more distinct for older bats. Additionally, RMS
amplitude values of the waveform typically increase during post-
natal development of the bats (Fig. 4) at least for higher MFs.
Consecutively, these effects lead to an increase in the peak
magnitude of the envelope modulation spectra in the frequency
band corresponding to the modulation frequency (Fig. 5).
The development of the peak magnitude of the modulation
frequency’s envelope spectra in Bat 1 is shown in Fig. 3 (bottom
row). Although peakmagnitudes show some degree of fluctuations,
for most modulation frequencies, the peak magnitude increases
with age until it reaches a plateau. An exception to this trend can be
seen for the modulation frequencies of 17 and 26 Hz, where the
peak magnitude constantly decreases until p69 after a preliminary
increase between p11 and p15. The peak magnitude values reached
during the plateau-phase are in the same range for all MFs while
the peak magnitude at p8 is lower for the highest MF (130 Hz).

The same developmental, age-dependent EFR pattern can be
seen in the ABR measurements for Bat 2 (Fig. S2), with the excep-
tion, that for the MF of 130 Hz, peak magnitude values do not reach
the same level reached for other MFs. In Bat 3, peak magnitudes of
envelope modulation spectra for MF below 87 Hz remain at about
the same level over the whole period of measurements (Fig. S3).
Only for the MFs of 87 and 130 Hz an increase in peak magnitude is
seen during juvenile development, which is strong for 87 Hz but
only weak for 130 Hz.

In some cases, the ABR RMS amplitude displayed fluctuations
over developmental time (see Fig. 4). We analyzed the EFR based on
RMS-normalized averaged waveforms in order to guarantee that
the nature of above-mentioned changes in the EFR were due to
differences in its temporal fine structure and not only due to an
increased ABR RMS amplitude.

The results show that the above-described age-dependent EFR
pattern is also observable for normalized waveforms (Fig. 6 and
Supplement S4). Thus, the fine structure of the SAM-noise evoked
ABR waveform contributes substantially to the peak magnitude of
envelope modulation spectra and to the maturation of the EFR,
consequently.

3.4. Time course and amount of EFR maturation

As can be seen in Fig. 3, the chronological progression of the ERF
maturation was different for the various MFs. In Bat 1, the increase
of the peak magnitude of envelope modulation spectra reached a
plateau on p15 for MFs up to 58 Hz. For higher MFs (87 and 130 Hz),
the plateau-phase was reached later in time on p33. Differences
between the different MFs can also been seenwhen comparing the
range by which the peak magnitudes of envelope modulation
spectra increased from the first measurement to the last recording
day (Fig. 7, dark grey bars). For high MFs (87 and 130 Hz) an overall
increase of 24 and 30 dB, respectively, was observed, whereas for
lower MFs (11e58 Hz) peak magnitudes did not increase more than
18 dB. Therefore, the EFR in Bat 1 seems to be already stronger
developed in early stages of the juvenile development for lower
MFs compared to higher MFs.

In Bat 2, the same trend can be observed (Fig. 7, medium grey
bars): Except for the MF of 38 Hz (16 dB peak magnitude), the peak
magnitude changes for lower MFs was lower (range: �1 to 5 dB)
than for the two highest MFs (25 and 10 dB, respectively). In Bat 2,
the plateau-phase of peak magnitudes was reached at p20 for all
MFs (Fig. S2).

The EFR to MFs up to 58 Hz showed little to no maturation in Bat
3 (Fig. 7, light grey bars). Consequently, the increase of peak mag-
nitudes over timewas low to non-existent and fluctuated in a range
of �6 to þ3 dB. Contrarily, MFs of 87 and 130 Hz showed an overall
increase in the peak magnitude of the modulation spectrum (18
and 7 dB, respectively), which, however, was still less when
compared to the increase observed in Bat 1 and Bat 2. In summary,
at least in two animals, the maturation of the EFR was stronger and
took longer for modulation frequencies above 87 Hz than for lower
MFs, for which the EFR could be quite robust already at early stages
of the post-natal development (from p8 on).



Fig. 3. Age-dependent development of the EFR in P. discolor (Bat 1) for seven different MFs. Row 1e3 show the SAM-noise evoked ABR waveforms over a duration of 250 ms. Row 4
shows the peak magnitude of the waveform-envelope modulation spectra. Black dots represent the postnatal days on which the waveforms shown in row1-3 were recorded.

Fig. 4. Age-dependent development of the RMS amplitude of the SAM-noise evoked ABR waveforms.

S.G. H€orpel, U. Firzlaff / Hearing Research 388 (2020) 107904 5
4. Discussion

We measured EFRs during juvenile development of three
P. discolor pups. EFRs were already present on p8. In two out of
three animals, peak magnitude of envelope modulation spectra of
SAM evoked ABRs increased consistently during development for
most MFs, whereas the maturation of the EFRwas slower for higher
MFs.



Fig. 5. Top: Modulation spectrum for the SAM (MF ¼ 38Hz) evoked EFR recorded on
p69 in Bat 1. The resulting spectral peak at 38 Hz is indicated by an arrow. Bottom:
Age-dependent development of this spectral peak.

Fig. 6. Comparison of the age dependent development of the EFR in Bat 1 for non-
normalized (left column, replotted from Fig. 3) and RMS-normalized SAM-noise

S.G. H€orpel, U. Firzlaff / Hearing Research 388 (2020) 1079046
4.1. Waveform and development of click evoked ABRs

Wemeasured click evoked ABRs to assess basic hearing abilities
of the pups and as a quality check for recording conditions. The
overall waveforms and duration of click evoked ABRs recorded in
the present study were quite similar to those recorded by
Linnenschmidt and Wiegrebe (2019) in the same species and up to
seven waves were identifiable. Slight differences in the positioning
of the electrodes might have contributed to the small differences
observed in our recordings (e.g. ABRWave II was as strong as Wave
I) when compared with the results of Linnenschmidt andWiegrebe
(2019). Hearing thresholds established by click ABR fluctuated be-
tween 50 and 60 dB, which is 10e20 dB lower than measured by
Linnenschmidt and Wiegrebe (2019), but still in a comparable
range. Again, these differences might be due to slight differences in
the recording set up e.g. in the positioning of the bats relative to the
speaker. . Click ABR amplitudes typically decreased during juvenile
development of the pups, however, as discussed in Linnenschmidt
and Wiegrebe (2019), this effect is most probably due to growth of
the head and attached muscles by which the electrodes become
located in larger distance to the brain.
evoked ABR waveforms (right column).
4.2. Development of the SAM-noise evoked ABR waveform and the
EFR

As a trend, the RMS amplitude of the EFR increased with age at
least for higher MFs. This finding falls in line with reported studies
in rats and humans (e.g. Nodarse et al., 2012; Prado-Gutierrez et al.,
2012) and can most likely be attributed to an increasing number of
sensitive neurons and/or increasing neuronal temporal firing pre-
cision during post-natal development (Venkataraman and Bartlett,
2014).
The increasing “peakyness” shown in Fig. 2 and described in 3.2
has also been shown in humans (Rance et al., 2006). Similar to our
findings with click evoked ABRs, the threshold level of tone-burst
evoked ABRs did not change and strong, “peaky” waves in the
ABR responses emerged during maturation of the child.

In our study, the observed shape of SAM-noise evoked ABR
waveforms to higher MFs corresponded to thewaveforms shown in
Venkataraman and Bartlett (2014). The observed changes in the
ABRwaveform shapemight be explained bymaturation of nuclei of



Fig. 7. Quantification of the MF dependent changes of the EFR during maturation for
all three bats.
Changes in peak magnitude were calculated between the p8 and p69 (Bat 1), p72 (Bat
2) and p71 (Bat 3).
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the ascending auditory pathway involved in amplitude modulation
coding.

As a general trend, the fidelity by which ABR could follow noise
envelope modulations increased during post-natal development in
P. discolor pups. This was especially the case for the range of higher
modulation frequencies tested in our study. Our findings corrobo-
rate earlier studies showing increasing best MFs to SAM stimuli
(both tonal and noise carriers) and click-trains during the juvenile
development of EFRs in rats (Prado-Gutierrez et al., 2012;
Venkataraman and Bartlett, 2013) and for neuronal spike activity in
the inferior colliculus (IC) of gerbils (Heil et al., 1995) and the
auditory cortex of cats (Eggermont, 1993, 1991). Responsiveness to
higher click-rates also increased in the cochlear nerve and the IC in
mice (Sanes and Constantine-Paton, 1985).

The above-described development-dependent changes can be
contributed to maturational processes of the cochlea (Johnson
et al., 2005) and the ascending auditory pathway (e.g. increasing
number of action potentials (AP) in stellate cells or decreasing AP
duration in bushy cells (Müller et al., 2019)). Additionally, the
myelination of axons and maturation of mechanisms underlying
synaptic transmission also add to said changes (Brenowitz and
Trussell, 2001; Müller et al., 2019; Prado-Gutierrez et al., 2012;
Shu Hui Wu and Oertel, 1987; Venkataraman and Bartlett, 2013). In
cats, the onset of myelination occurred at p5 and reached a rate of
70% by p10 (Ryugo et al., 2006). The endbulbs of Held undergo a
reorganization into smaller compartments while increasing the
volume fraction of the mitochondria and the synaptic vesicle
density during the postnatal development of the animal. These
changes ensure time-precise synaptic transmissions with short
delay, which should be important for the encoding of high modu-
lation frequencies (Ryugo et al., 2006).

The strong individual differences observed in the EFRs especially
in Bat 3 might be contributed to differences in the electrode posi-
tioning, which is extremely intricate in bat pups of this young due
to the small head size. This is supported by differences in the wave
components of the click evoked ABRs (compare Figs. 1 and S1).
Furthermore, we can of course not exclude developmental deficits
of the auditory pathway in individual animals, although physically
all three pups developed and behaved similarly.

In gerbils, a decrease of magnitude in the modulation spectrum
with increasing modulation frequency has already been described
(Dolphin and Mountain, 1992). In the range of 20e100 Hz modu-
lation frequency, the peak magnitude fluctuated by ±3e4 dB,
whereas for modulation frequencies greater than 100 Hz a decrease
of 7e20 dB was observed. Similar findings have been reported for
Fisher-344 rats, were strong decreases in the peakmagnitude in the
modulation spectrum were observed for modulation frequencies
greater than 100 Hz (Parthasarathy et al., 2014). In our data, two out
of three bats also displayed decreases in the peak magnitude of the
modulation spectrum for frequencies larger than 100 Hz (compare
Figs. S2 and S3, bottom row). However, in Bat 1 such a decrease was
not observable. Therefore, it is not clear if this decrease might still
be an effect of individual maturation, even though all three animals
were of comparable age when measured.

As described by Dolphin et al. (1995), cetacean species do not
show a drop-off in magnitude at such low modulation frequencies.
The false killer whale Pseudorca crassidens showed no strong drop-
off of the magnitude in the modulation spectrum for modulation
frequencies of up to 1300 Hz, although a smaller drop-off occurred
between 300 and 450 Hz. Similar findings were reported for the
bottlenosed dolphin Tursiops truncatus, where the strong drop-off
was shown for frequencies larger than 1500 Hz, with a slip dip in
magnitude between 250 and 400 Hz modulation frequency.
Therefore, there might be a preadaptation for high-fidelity tem-
poral processing in echo locating animals, which might explain the
differences in cut-off modulation frequency compared to rats and
gerbils.
4.3. Functional implication for vocal development and species-
specific communication

The here described developmental changes in the EFR (i.e. the
improved responsiveness of the auditory brainstem to temporal
modulation of sound envelope), although only observed in two of
three juveniles of the bat P. discolor, might have (if generally
applied) consequences on the development of vocal communica-
tion of this species. New born P. discolor pups reared without their
mothers showed an altered structure (i.e. a reduced amount of
temporal modulations) of the contact calls, typically used to
communicate with their mothers (Esser and Schmidt, 1989). Other
studies reported changes in fundamental frequency of the vocal
communication repertoire of juvenile bats, which had been reared
in isolation from adult conspecifics (Prat et al., 2015).

According to Esser and Schmidt (1989), communication be-
tween pups and mothers is, of course, bidirectional. The mother
emit directive calls with resemble the contact/isolation calls
emitted by the pups in their basic spectro-temporal structure. As
described by Esser and Schmidt, the structure of the directive call
influences the development of the isolation calls. Directive calls
typically show frequency modulation, but also lesser degrees of
amplitude modulation (Lattenkamp et al., 2019). However, in a
natural social environment, pups also experience all other types of
communication calls emitted by other group members. These
include strongly amplitude modulated calls e.g. aggression calls
(H€orpel and Firzlaff, 2019; Lattenkamp et al., 2019). Especially for
vocal learning, auditory feedback is important to produce sounds
that match a heard sound template (Brainard and Doupe, 2000;
Nordeen and Nordeen,1992; Tyack, 2016). Thematuration period of
the auditory system of P. discolor, and, regarding the prominent
amount of temporal modulations in the communication calls of this
species, especially the maturation of the EFR, therefore constitutes
an important period during which the development of the vocal
repertoire is accomplished. The fact, that at least for lower modu-
lation frequencies the EFR can already be present (although not
fully developed) at early ages of juvenile development (p8) would
further support a possible role of processing of temporal modula-
tion in mother infant communication.
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