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Abstract: The mustached bat (Pteronotus parnellii) is a mammalian model of cortical hemispheric
asymmetry. In this species, complex social vocalizations are processed preferentially in the left
Doppler-shifted constant frequency (DSCF) subregion of primary auditory cortex. Like hemi-
spheric specializations for speech and music, this bat brain asymmetry differs between sexes (i.e.,
males>females) and is linked to spectrotemporal processing based on selectivities to frequency mod-
ulations (FMs) with rapid rates (>0.5 kHz/ms). Analyzing responses to the long-duration (>10 ms),
slow-rate (<0.5 kHz/ms) FMs to which most DSCF neurons respond may reveal additional neural
substrates underlying this asymmetry. Here, we bilaterally recorded responses from 176 DSCF neu-
rons in male and female bats that were elicited by upward and downward FMs fixed at 0.04 kHz/ms
and presented at 0–90 dB SPL. In females, we found inter-hemispheric latency differences consistent
with applying different temporal windows to precisely integrate spectrotemporal information. In
males, we found a substrate for asymmetry less related to spectrotemporal processing than to acoustic
energy (i.e., amplitude). These results suggest that in the DSCF area, (1) hemispheric differences
in spectrotemporal processing manifest differently between sexes, and (2) cortical asymmetry for
social communication is driven by spectrotemporal processing differences and neural selectivities for
amplitude.

Keywords: primary auditory cortex (A1); Doppler-shifted constant frequency (DSCF); mustached
bat; sex differences; amplitude; spectral; temporal; hemispheric specialization; social communication;
frequency modulation (FM)

1. Introduction

A left-hemispheric advantage for receptive language in general and especially speech
perception [1,2] is characteristic of the human auditory cortex. Numerous studies of
healthy [3–9] and clinical [10–15] human populations report that the left auditory cortex
(AC) displays high temporal resolution relative to the right. This enhanced temporal
resolution enables left AC to better process speech sounds containing rapid formant
transitions, which are comparable to frequency modulations (FMs) [16,17]. Conversely,
these [6–8,14,17] and other [18–22] studies report that the right AC has enhanced spectral
resolution relative to the left. The right AC has a greater contribution to pitch discrimi-
nation [14,18,19,21] and musical processing [22–25] along with the detection of speaker
identity and prosodic variation [26,27] than the left due to this higher spectral resolution.
Multiple domain-general hypotheses [28,29] attribute these findings to the acoustic uncer-
tainty principle, which states that there is an inverse relationship between temporal and
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spectral resolution governed by the same mathematics underlying Heisenberg’s quantum
uncertainty principle [30,31]. Some caveats to these domain-general explanations include:
(1) this asymmetry for speech and language processing is often reported to be less pro-
nounced in females than in males [9,32–35], and (2) these explanations do not preclude
additional perceptual underpinnings for this asymmetry.

Hemispheric specialization for speech and language was traditionally considered to
be unique either to humans [36] or to mammals with large brains [37]. However, there is
substantial evidence of hemispheric specialization for conspecific communication sounds
(i.e., social calls) in relatively large and small non-human primates [38–43]. Further, the
number of studies reporting hemispheric specialization for social calls across avian [44–49]
and small mammalian [50–53] species is growing [54–57]. Indeed, there is evidence that
sea lions [58] and frogs [59] display hemispheric specialization for conspecific social calls.
There is even evidence that such lateralization can occur for non-conspecific social com-
munication since domesticated dogs display hemispheric biases for processing human
speech [60,61]. Studies of dogs and other domesticated animals report that the right and
left hemispheres process vocalizations differently based on their emotional valence and
their acoustic structure [62,63]. An increasing number of studies also provide evidence
for hemispheric differences in temporal and spectral processing in the non-human mam-
malian auditory cortex [52,53] or its avian homologues [64,65]. There are even reports of a
sex-dependent asymmetry for temporal processing in rodents [66] and other mammals [67].

Processing of social calls in the primary AC (A1) of the mustached bat (Pteronotus
parnellii) is known to be lateralized to the left side [50]. Previously, we provided evi-
dence for sex-dependent hemispheric asymmetries for processing constant frequencies
(CF or tone-bursts) and FMs in the Doppler-shifted constant frequency (DSCF) processing
area [67], a subfield encompassing ~46% of mustached bat A1 [68]. These results must
be contextualized within the broader scope of mustached bat echolocation and social
communication to fully grasp its implications. During echolocation, mustached bats emit
biosonar pulses composed of a fundamental CF, a downward frequency modulation (FM),
and three harmonics thereof (Figure 1). Subfields of AC in this species have evolved to
extract orientation and environmental information from the pulse, echo, CF (CF1–4), and
FM (FM1–4) components of these biosonar signals [69]. For example, neurons in the FM-FM
processing area use the delay between the pulse-FM1 and echo-FM2–4 to compute the target
range [70,71]. In contrast, neurons in the DSCF area compute relative target velocity [68]
and/or aid in maintaining distance from background objects during foraging [72] by firing
in response to the returning echo-CF2 but remaining unresponsive to the emitted pulse-CF2.
DSCF neural responses are facilitated when CFs in the echo-CF2 range (60–63 kHz in P.p.
parnellii [68] and 57.5–60 kHz in P.p. rubiginosus [73]) are paired at the onset with CFs in
the pulse-FM1 range (23–27 kHz) [74,75]. Interestingly, neurons in these same subfields
also process conspecific social calls during communication [76–80]. The conspecific social
calls of mustached bats are characterized by a phonetic-like syntax and have high acoustic
complexity relative to the calls of most other mammalian species [81]. Despite their long-
established specialization for processing echolocation, neurons in the DSCF area, FM-FM
area, and other mustached bat auditory cortical subfields are responsive to complete social
calls and their acoustic components. Furthermore, cortical FM-FM neurons are selective
for the natural phonetic syntax in social calls [76], and DSCF neurons have a directional
preference for upward FMs that exist primarily in social calls [80].
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Figure 1. (A) Schematized spectrogram of the mustached bat’s echolocation signal. H1–4 refers to harmonics 1–4 of the
echolocation pulse and/or echo. Note that the H1–4 signal is composed of constant frequency (CF1–4) and frequency-
modulated (FM1–4) components present in the pulse and echo (e.g., pulse-FM1 or echo-CF2). (B) The organization of
functionally defined subdivisions of the mustached bat auditory cortex. Regions showed here include A1-anterior (A1a),
A1-posterior (A1p), CF/CF area, dorsal fringe (DF) area, dorsal medial (DM), Doppler-shifted constant frequency (DSCF),
and FM-FM areas. Map of functional areas was adapted from Suga (1985) [69] and Fitzpatrick et al. (1998) [82]. (C) Map of
mustached bat auditory cortex superimposed on a lateral view of an MRI-based 3D reconstruction of the bat’s brain. All
recordings in the present study were obtained from the DSCF area, which occupies nearly 50% of A1 and represents narrow
ranges of frequencies centered around the echo-CF2 (57.5–60 kHz) and pulse-FM1 (23–27 kHz). 3D-rendering adapted from
Washington et al. (2018) [83].

Left DSCF neurons are generally more responsive to conspecific mustached bat social
calls than those on the right [50]. To understand the neuro-acoustic basis of this finding,
we investigated how DSCF neural selectivities for CFs and linear FMs differ between
hemispheres, taking into account the sex differences commonly observed in hemispheric
asymmetries in songbirds, rodents, and humans [67]. Left DSCF neurons in male bats
were generally selective for shorter linear FMs with faster rates and responded to CFs and
FMs with shorter latencies than those on the right, suggesting relatively higher temporal
resolution amongst left DSCF neurons. Conversely, right DSCF neurons in male bats are
selective for FMs with longer durations and relatively narrow bandwidths, suggesting a
higher spectral resolution. Left DSCF neurons in female bats selected for shorter FMs and
responded to them with shorter latencies than those on the right, but otherwise displayed
fewer significant hemispheric differences than males [67]. The evolutionary pressures
and underlying mechanisms for this sex difference remain elusive. However, acoustic
uncertainty represents a potential evolutionary pressure for the asymmetry amongst DSCF
neurons overall [84]. Specifically, the temporal resolution required for DSCF neurons to
process mustached bat social calls likely conflicts with the refined spectral resolution they
need to calculate Doppler shifts during echolocation. Separating temporally and spectrally
refined DSCF neurons into different cerebral hemispheres could alleviate this conflict.

Here, we focus on asymmetrical processing of long, slow (<0.5 kHz/ms) FMs to which
neurons in the DSCF areas in both hemispheres are highly responsive [67,80]. These types
of FMs are commonly present within CF-like whistling sounds (termed long, quasi-CF or
QCFl calls) as well as True CF or TCF call types that are frequently produced by male bats
within a colony [81,85]. We, therefore, hypothesized that latencies and other characteristics
of DSCF neural responses to slow FMs would differ between hemispheres and/or sexes. To
test this hypothesis, we compared DSCF neural responses to linear upward and downward
FMs with rates of 0.04 kHz/ms (duration = 131.25 ms; bandwidth = 5.25 kHz) across sound
levels (i.e., amplitudes) in both males and females.
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2. Methods
2.1. Surgery and Electrophysiological Recordings

The Georgetown University Animal Care and Use Committee (GUACUC Protocol
#04-075) approved all methods presented here. These surgical and electrophysiological
recording procedures have been described previously [74,79,80]. Six (four male) wild-
caught mustached bats (Pteronotus parnellii rubiginosus) were used in these experiments.
Bats were housed in one of two humidity (>60%) and temperature (~20–30 ◦C) controlled
flight rooms with dimensions of either 6.6 or 4.3 m2 (ceiling height = 3 m). Bats were
fed a daily diet of nutrient-enriched mealworms. Under an anesthesia mixture of isoflu-
rane/air (medical grade, Anaquest, Murray Hill, NJ, USA), we made an incision in the
skin along the midline of each bat’s head and glued a 2-mm-diameter metal post caudal to
the sagittal-coronal suture intersection. Each bat was allowed >3 days to recover before
electrophysiological recordings began. Bats were awake and restrained throughout record-
ings. Restraints entailed clamping the metal headpost while allowing the body to hang
in a Styrofoam mold stabilized by rubber bands in a sound-proof and echo-attenuated
chamber (IAC 400A) heated to 31 ◦C. Bats sat undisturbed in this recording set up for a day
or two prior to recording so that they could be acclimated to the experimental environment.
Careful to avoid the recording site, we treated the skin and muscle of the wound area
with medetomidine (Domitor) during the acclimation period and in subsequent experi-
ments. We used sharpened, vinyl-coated tungsten-microelectrodes (>1 MΩ) to perform
electrophysiological recordings from the AC at a depth of 300–650 µm through a small
(50µm) hole bored into the skull. We placed another microelectrode (< 1 MΩ) onto the
dura mater of a non-auditory region of the cortex to establish a reference for differential
recording. Electric signals acquired through the recording electrode were then amplified
and band-pass filtered between 300 and 3000 Hz before being converted to digital format
via SciWorks 3.0 software (Data Wave, Sequim, WA, USA).

2.2. Acoustic Stimuli

We used constant frequencies (CFs or “tone burst”) and frequency modulations (FMs)
to study neural responses within the DSCF processing area of the mustached bat primary
auditory cortex (A1). CFs were created using analog function generators. A customized
SIGNAL 3.0 script (Engineering Design) was used to generate FMs [86]. All CFs were 30
ms in duration and tapered (0.5 ms) at both ends. FM duration ranged between 0.4 and
131.5 ms and was tapered only when their durations were greater than 2 ms. CFs were
presented via loudspeaker, and FMs were presented via the leaf-tweeter speaker.

Constant Frequencies: We first presented CFs to determine the frequencies that elicited
peak responses from each neuron in order (A) to determine if the neuron was a DSCF
neuron and (B) to determine the best frequency on which to center FMs. We classified a
neuron as a “DSCF neuron” if it had a peak response to a CF between 57.5 and 60 kHz
(best high frequency, or BFhigh, within the echo-CF2 range), and this peak response was
facilitated when paired at the onset with a CF between 23 and 28 kHz (best low frequency,
or BFlow, within the pulse-FM1 range). Neurons generally showed only a small response to
CFs at BFlow alone, and the facilitation criteria were as described previously [74,75]. CFs
in the 57.5–60 kHz ranged paired with those in the 23–28 kHz were presented to facilitate
responses per established DSCF neural tuning properties [74,75]. Amplitudes of CFs were
also adjusted to obtain the best frequencies at their best amplitudes (BA).

Frequency Modulations: FMs were linear modulations of frequency (f ) in the echo-CF2
(57.5–60 kHz) range. We detailed the procedure for studying FM response characteristics
elsewhere [80]. Linear FMs are defined by the following four parameters: duration (∆t)
in ms, bandwidth (∆f ) in kHz, rate of modulation (∆ƒ/∆t) in kHz/ms, and the central
frequency (f ) of an FM in kHz. We generated 14 FM stimuli (or an FM rate array), changed
the rates of those FMs between 0.04 and 4.0 kHz/ms, kept FM bandwidth constant at
5.25 kHz, and allowed FM duration to co-vary with rate. Each FM rate array was presented
100 times and had its amplitude decreased by 10 dB SPL every 10 repetitions (i.e., from
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90 to 0 dB SPL). All FMs in the rate arrays were paired at the onset with a CF at BFlow in
order to facilitate response magnitude. We presented two types of FM arrays, one where
all the FMs were upward and a second where all FMs were downward, to determine the
FM directional preference for each neuron [86]. The magnitudes of peak responses (10 ms
bin) to FMs in the rate array were used as the criterion for determining the “best-FM rate”
for a given neuron. Other arrays were generated to assess the “best-FM bandwidth” and
“best-FM central frequency” for each neuron [67,80].

The present study focuses primarily on the responses of 176 DSCF neurons (Left Male
= 43; Left Female = 40; Right Male = 35; Right Female = 58) to upward and downward FMs
within the FM rate array modulated at 0.04 kHz/ms, repeated 100 times, from 0–90 dB SPL.
Neural responses of 64 DSCF neurons to 200 repetitions of FMs modulated at 0.04 kHz/ms
were also measured. These 64 neurons (Left Male = 4; Left Female = 10; Right Male = 17;
Right Female = 33) all had best-FM rates equal to 0.04 kHz/ms and were presented at their
respective BAs, best-FM bandwidths, best-FM central frequencies, and best-FM directions.
These “best-FMs” were paired at the onset with a 30 ms CF at the BFlow of the respective
neuron.

2.3. Data Analysis

Each FM rate array was a series of 14 FM stimuli totaling 3750 ms in duration. Specif-
ically, the FM rate arrays were composed of an initial 250 ms period without a stimulus
(“null” stimulus period) in the echo-CF2 range followed by 14 linear FMs (presentation
rate 4/s or one presentation every 250 ms) centered on the BFhigh of the neuron under
study and increasing in modulation rate from 0.04–4.0 kHz/ms. Here, we extracted and
analyzed only neural responses to the 250–500 ms section of each FM rate array. This
250–500 ms section corresponded to the presentation of FMs with modulation rates of
0.04 kHz/ms. Sound-level (i.e., amplitude) decreased by 10 dB SPL every 10 trials (100
trials total). All stimuli in the FM rate array were paired at the onset with a 30 ms CF at
the BFlow of the neuron under study. An example of a DSCF neuron’s responses to the14
FM stimuli is provided in Figure 2A. Data corresponding to 0.04 kHz/ms (250–500 ms
range) are highlighted to emphasize that this is the focus of the present study. Note that
in the expanded view of this range in Figure 2B, the example neuron’s response latency
increases as the sound level decreases, a typical “latency shift” common to most auditory
neurons [87].
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Figure 2. (A) A matrix of responses to an array of 14 linear FMs presented for 100 trials each (right
vertical axis). The presentation rate was 4/s or one presentation every 250 ms for a total of 3750 ms
(top horizontal axis). FMs had bandwidths of 5.25 kHz, durations of 131.25 ms, and increased in rate
from 0.04 to 4.0 kHz/ms (bottom horizontal axis). The sound level (i.e., amplitude) decreased by
10 dB SPL every 10 trials from 90 to 0 dB SPL (left vertical axis). A 250 ms period with no stimulus
(“null”) preceded the presentation of the 14 FM for a series of 15 stimuli total. Presentations of linear
FMs were performed in the upward and downward directions such that, for each neuron, there was a
matrix of responses to 14 upward FMs and another to 14 downward FMs, both sets repeated 100 times
at different sound levels. Rasters shown above correspond to the responses of a right-hemispheric
DSCF neuron from a male bat elicited by a series of 14 upward FMs. Above, the 0–250 ms and
500–3750 ms time periods corresponding to the presentation of a “null” stimulus control and FMs
with rates >0.04 kHz/ms are deemphasized to highlight this study’s focus on neural responses to
the 0.04 kHz/ms FMs presented during the 250–500 ms time period. (B) Spike density function
generated by performing a 2D convolution between the 250–500 ms time period of the response
matrix in “A” with a rotationally symmetric Gaussian lowpass filter (size = 25 × 25, sigma = 5). Spike
density functions were generated for the 250–500 ms time periods for upward and downward FM
rate arrays of each of 176 neurons. Spike density functions were then grouped as upward (N = 176),
downward (N = 176), left (N = 93), right (N = 83), male (N = 78), and female (N = 98) prior to any
analyses.
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Single unit recording data were converted from SciWorks to MATLAB format and then
sorted into matrices corresponding to responses elicited by either upward or downward
FMs (i.e., upward and downward response matrices). Response matrix dimensions were
100 × 250 × 176, corresponding to “number of trials” × “duration in ms” × “number
of neurons.” Every 10 trials corresponded to the same sound level, so we grouped the
100 trials into 10 bins corresponding to 10 sound levels (10 × 250 × 176 = sound level
× duration × neuron). We generated a rotationally symmetric Gaussian lowpass filter
(size = 25 × 25, sigma = 5) and then performed a 2D convolution between the Gaussian
filter and the response matrices of each neuron. Convolved response matrices (i.e., spike
density functions) were then grouped by hemisphere and sex (Left Male, Left Female, Right
Male, and Right Female) and statistically compared via two-sample Kolmogorov–Smirnov
goodness-of-fit tests. Absolute maxima in the spike density functions were used to find
peak response latencies (duration/time axis), best amplitude (sound level), and response
magnitude (firing intensity). Effect sizes for significant findings were assessed using Cohen’s
d, which we symbolize here with “|d|” because the directionality of the Cohen’s d statistic
is irrelevant for our purposes.

Peak response magnitudes and latencies of DSCF neural responses to “best FMs” were
elicited by CFs at BFlow, and best FMs paired at onset (BFlow + best FM) and presented
200 times at BA. Responses to these 200 repetitions of BFlow + best FM were recorded in
the form of peri-stimulus time histograms (PSTHs). These histograms, calculated online
by summation of spike trains over repeated trials, were used to measure the neuronal
response that represents a stimulus-locked change in peak response magnitude and latency.
Here, we selected 64 neurons that had best-FMs rates of 0.04 kHz/ms.

3. Results

The data presented here are a reanalyzed subset of previously reported data [67,80].
Our previous results demonstrated that there are sex-dependent hemispheric differences
for processing FMs in the DSCF neural population [67]. Thus, we organized our data
into four groups (Left Male, Right Male, Left Female, and Right Female) to test a prior
hypothesis based on the sex-dependent asymmetries and combined these groups whenever
the need to test other related hypotheses arose. Responses to downward and upward
FMs were analyzed separately before being analyzed in their “best directions” (i.e., the
direction of the FM that elicited the greatest neural response magnitude). Figure 3 displays
mean spike density functions for DSCF neural responses elicited by FMs with rates of
0.04 kHz/ms in the upward and downward FM directions in male bats. Figure 4 displays
the corresponding data in female bats.
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Figure 3. Mean spike density functions based on DSCF neural responses elicited by 100 trials of FMs with rates of
0.04 kHz/ms presented at 0–90 dB SPL and recorded from male mustached bats. (A) Top: Schematic of an upward FM
(black) paired at the onset with a 30 ms CF (white) at BFlow (23–27 kHz). The upward FM had a bandwidth of 5.25 kHz, a
duration of 131.25 ms, and a central frequency equal to the BFhigh (57.5–60 kHz) of the individual DSCF neuron under study.
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The FM and CF had an onset delay of 10 ms. Bottom left: Mean spike density function of DSCF neural responses to FMs
with rates of 0.04 kHz/ms in the left hemispheres of male bats (N = 43). “X” marks the location of peak firing (88 ms, 30 dB
SPL) in the spike density function, and the hatched line corresponds to the horizontal coordinate. Bottom right: Color bar
encoding the firing rate intensity in the spike density function at left. (B) Top: Schematic of a CF and upward FM identical
to those depicted in “A.” Bottom left: Mean spike density function of DSCF neural responses to upward FMs with rates of
0.04 kHz/ms in the right hemispheres of male bats (N = 35). “X” marks the location of peak firing (93 ms, 50–60 dB SPL) in
the spike density function, and the hatched line corresponds to the horizontal coordinate. Bottom right: Color bar encoding
the firing rate intensity in the spike density function at left. (C) Top: Schematic of a downward FM (black) paired at the
onset with a 30 ms CF at BFlow (white). All other parameters identical to “A.” Bottom left: Mean spike density function of
DSCF neural responses to downward FMs with rates of 0.04 kHz/ms in the left hemispheres of male bats (N = 43). “X”
marks the location of peak firing (84 ms, 10 dB SPL) in the spike density function, and the hatched line corresponds to the
horizontal coordinate. Bottom right: Color bar encoding the firing rate intensity in the spike density function at left. (D) Top:
Schematic of a CF and downward FM identical to those depicted in “C.” Bottom left: Mean spike density function of DSCF
neural responses to downward FMs with rates of 0.04 kHz/ms in the right hemispheres of male bats (N = 35). “X” marks
the location of peak firing (20 ms, 80–90 dB SPL) in the spike density function, and the hatched line corresponds to the
horizontal coordinate. Bottom right: Color bar encoding the firing rate intensity in the spike density function at left. (E) Top:
Schematic of an FM (gray or black at 51% opacity) paired at the onset with a 30 ms CF (white) at BFlow (23–27 kHz). Opacity
denotes that the “best direction” for 51% of the neurons in this sample (22/43) was upward. Otherwise, stimuli are identical
to those depicted in “A” and “C.” Bottom left: Mean spike density function of DSCF neural responses to 0.04 kHz/ms FMs
modulated in the “best directions” of each neuron in the left hemispheres of male bats. “X” marks the location of peak firing
(87 ms, 30 dB SPL) in the spike density function, and the hatched line corresponds to the horizontal coordinate. Bottom
right: Color bar encoding the firing rate intensity in the spike density function at left. (F) Top: Schematic of an FM (gray
or black at 69% opacity) paired at the onset with a 30 ms CF (white) at BFlow (23–27 kHz). Opacity denotes that the “best
direction” for 69% of the neurons in this sample (24/35) was upward. Otherwise, stimuli are identical to those depicted
in “A” and “C.” Bottom left: Mean spike density function of DSCF neural responses to 0.04 kHz/ms FMs modulated in
the “best directions” of each neuron in the right hemispheres of male bats. “X” marks the location of peak firing (93 ms,
50–60 dB SPL) in the spike density function, and the hatched line corresponds to the horizontal coordinate. Bottom right:
Color bar encoding the firing rate intensity in the spike density function at left. No responses occur in the last 50 ms, so they
are omitted to provide greater detail.
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Figure 4. Mean spike density functions based on DSCF neural responses elicited by 100 trials of FMs with rates of
0.04 kHz/ms presented at 0–90 dB SPL and recorded from female mustached bats. (A) Top: Schematic of an upward FM
(black) paired at the onset with a 30 ms CF (white) at BFlow (23–27 kHz). The upward FM had a bandwidth of 5.25 kHz, a
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duration of 131.25 ms, and a central frequency equal to the BFhigh (57.5–60 kHz) of the individual DSCF neuron under study.
The FM and CF had an onset delay of 10 ms. Bottom left: Mean spike density function of DSCF neural responses to FMs
with rates of 0.04 kHz/ms in the left hemispheres of female bats (N = 40). “X” marks the location of peak firing (97 ms,
20 dB SPL) in the spike density function, and the hatched line corresponds to the horizontal coordinate. Bottom right:
Color bar encoding the firing rate intensity in the spike density function at left. (B) Top: Schematic of a CF and upward
FM identical to those depicted in “A.” Bottom left: Mean spike density function of DSCF neural responses to upward FMs
with rates of 0.04 kHz/ms in the right hemispheres of female bats (N = 58). “X” marks the location of peak firing (89 ms,
30 dB SPL) in the spike density function, and the hatched line corresponds to the horizontal coordinate. Bottom right: Color
bar encoding the firing rate intensity in the spike density function at left. (C) Top: Schematic of a downward FM (black)
paired at the onset with a 30 ms CF at BFlow (white). All other parameters identical to “A.” Bottom left: Mean spike density
function of DSCF neural responses to downward FMs with rates of 0.04 kHz/ms in the left hemispheres of female bats
(N = 40). “X” marks the location of peak firing (77 ms, 30–40 dB SPL) in the spike density function, and the hatched line
corresponds to the horizontal coordinate. Bottom right: Color bar encoding the firing rate intensity in the spike density
function at left. (D) Top: Schematic of a CF and downward FM identical to those depicted in “C.” Bottom left: Mean spike
density function of DSCF neural responses to downward FMs with rates of 0.04 kHz/ms in the right hemispheres of female
bats (N = 58). “X” marks the location of peak firing (92 ms, 40 dB SPL) in the spike density function, and the hatched line
corresponds to the horizontal coordinate. Bottom right: Color bar encoding the firing rate intensity in the spike density
function at left. (E) Top: Schematic of an FM (gray or black at 43% opacity) paired at the onset with a 30 ms CF (white) at
BFlow (23–27 kHz). Opacity denotes that the “best direction” for 43% of the neurons in this sample (17/40) was upward.
Otherwise, stimuli are identical to those depicted in “A” and “C.” Bottom left: Mean spike density function of DSCF neural
responses to 0.04 kHz/ms FMs modulated in the “best directions” of each neuron in the left hemispheres of female bats. “X”
marks the location of peak firing (95 ms, 20 dB SPL) in the spike density function, and the hatched line corresponds to the
horizontal coordinate. Bottom right: Color bar encoding the firing rate intensity in the spike density function at left. (F) Top:
Schematic of an FM (gray or black at 66% opacity) paired at the onset with a 30 ms CF (white) at BFlow (23–27 kHz). Opacity
denotes that the “best direction” for 66% of the neurons in this sample (38/58) was upward. Otherwise, stimuli are identical
to those depicted in “B” and “D.” Bottom left: Mean spike density function of DSCF neural responses to 0.04 kHz/ms
FMs modulated in the “best directions” of each neuron in the right hemispheres of female bats. “X” marks the location of
peak firing (89 ms, 30 dB SPL) in the spike density function, and the hatched line corresponds to the horizontal coordinate.
Bottom right: Color bar encoding the firing rate intensity in the spike density function at left. No responses occur in the last
50 ms, so they are omitted to provide greater detail.

There were highly sex dependent hemispheric differences in peak response latency. In
males, there were no significant hemispheric differences in peak response latency in the
upward (D (43,35) = 0.1495, p = n.s.), downward (D (43,35) = 0.1814, p = n.s.), or best (D
(43,35) = 0.1761, p = n.s.) FM directions. Likewise, peak response latencies were similar
between hemispheres in the downward (D (40,58) = 0.1250, p = n.s.) and best (D (40,58)
= 0.2414, p = n.s.) FM directions in females. However, peak response latencies differed
between hemispheres in the upward (D (40,58) = 0.3543, p = 0.0037; |d| = 0.5221, medium
effect) FM direction in females, such that latencies of responses to upward FMs were
shorter on the left (mean ± s.e.m.: 64.37 ms ± 7.45) than on the right (89.94 ms ± 6.59).
Across sexes overall, latencies differed between hemispheres in the upward (D (83,93) =
0.2493, p = 0.0068, |d| = 0.3579, small-to-medium effect) but not downward (D (83,93) =
0.0963, p = n.s.) FM direction, such that responses to upward FMs had shorter latencies on
the left (57.04 ms ± 4.96) than on the right (74.71 ms ± 5.48). There was a trend toward
interhemispheric latency differences for the best FM direction across sexes (D (83,93) =
0.1929, p = 0.0667).

Further, latencies generally differed between sexes. Specifically, latencies of responses
in the left hemisphere were shorter in males (48.11 ms ± 5.72) than in females (66.94 ms
± 7.05) in the downward (D (43,40) = 0.3366, p = 0.0135, |d| = 0.4587, small-to-medium
effect) FM direction. There was a similar trend in the left hemisphere for the upward (D
(43,40) = 0.2640, p = 0.0925) FM direction, indicating a tendency towards shorter latencies
in males (50.22 ms ± 6.51) than in females (64.37 ms ± 7.45). Interestingly, there was
neither a difference nor a trend for the best (D (43,40) = 0.2355, p = n.s.) FM direction
between males (49.38 ms ± 5.74) and females (61.82 ms ± 6.60) in the left hemisphere. In
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the right hemisphere, there was a trend for the downward (D (43,40) = 0.2714, p = 0.0656)
FM direction that likewise indicated a tendency towards shorter latencies in males (58.93
ms ± 8.34) than in females (68.84 ms ± 6.76). However, latencies of responses to upward
FMs in the right hemisphere were substantially different between sexes (D (43,40) = 0.5650,
p = 7.42 × 10−7, |d| = 0.8214, large effect), again driven by shorter latencies in males (49.46
ms ± 8.06) than in females (89.94 ms ± 6.59). Likewise, responses to FMs modulated in
the neuron’s best (D (43,40) = 0.3414, p = 0.0090, |d| = 0.4666, small-to-medium effect)
direction differed in latency between males (55.05 ms ± 8.39) and females (78.38 ms ± 6.59)
in the right hemisphere. Overall, latencies differed between sexes in the upward (D (78,98)
= 0.4063, p = 6.48 × 10−7, |d| = 0.6180, medium effect), downward (D (78,98) = 0.2700, p
= 0.0027, |d| = 0.3262, small-to-medium effect), and best (D (78,98) = 0.2889, p = 0.0011;
|d| = 0.4301, small-to-medium effect) FM directions. These differences were due to males
(49.88 ms ± 5.06) having shorter latencies to upward FMs than females (79.50 ms ± 5.08),
and males (52.96 ms ± 4.90) likewise had shorter latencies to downward FMs than females
(68.06 ms ± 4.91).

There were highly sex dependent hemispheric differences in best amplitude (BA). In
males, there were hemispheric differences in BA that were more marked in the upward (D
(43,35) = 0.5136, p = 3.83 × 10−5; |d| = 1.0159, large effect) and best (D (43,35) = 0.4100, p =
0.0020; |d| = 0.7219, medium-to-large effect) FM direction than in the downward (D (43,35)
= 0.3063, p = 0.0420; |d| =0.5853, medium effect) direction. Specifically, for the upward
FM direction in males, BAs were lower amongst left (38.51 dB SPL ± 3.10) than right
(57.04 dB SPL ± 2.58) DSCF neurons. Likewise, BAs were lower amongst left (38.13 dB SPL
± 3.07) than right (50.38 dB SPL ± 3.70) DSCF neurons for the downward FM direction
in males. In females, there were trends towards hemispheric differences for BAs in the
upward (D (40,58) = 0.2586, p = 0.0698) and downward (D (40,58) = 0.2526, p = 0.0815) FM
directions that were significant for the best (D (40,58) = 0.3069, p = 0.0177; |d| = 0.1882,
minute-to-small effect) direction. However, in the upward FM direction in females, this
trend indicated a tendency for BAs to be greater amongst left (38.02 dB SPL ± 3.36) than
right (33.24 dB SPL ± 2.24) DSCF neurons. Likewise, there was a tendency for BAs to be
greater amongst left (42.92 dB SPL ± 2.85) than right (38.91 dB SPL ± 2.34) DSCF neurons
in the downward FM direction in females. Largely due to these diametrically opposed
tendencies between sexes, BAs showed no overall hemispheric differences in either the
upward (D (83,93) = 0.1283, p = n.s.), downward (D (83,93) = 0.1347, p = n.s.), or best (D
(83,93) = 0.1347, p = n.s.) FM directions.

BAs differed substantially between sexes. BAs were generally greater in males
(43.62 dB SPL ± 2.19) than in females (40.55 dB SPL ± 1.81) in the downward (D (78,98)
= 0.2449, p = 0.0088, |d| = 0.1882, minute-to-small effect) FM direction. Similarly, BAs
were greater in males (46.83 dB SPL ± 2.06) than in females (35.19 dB SPL ± 1.91) in the
upward (D (78,98) = 0.2449, p = 3.43 × 10−4; |d| = 0.5945, medium-to-large effect) FM
direction. These same differences were reflected in the BAs for FMs modulated in the best
(D (78,98) = 0.2658, p = 0.0033; |d| = 0.3984, small-to-medium effect) direction of each
neuron. Separating analyses by hemisphere provided greater detail to the sex-dependent
hemispheric differences in BA described above. Specifically, BAs were similar between
males (38.13 dB SPL ± 3.07) and females (42.92 dB SPL ± 2.85) in the downward FM
direction in the left hemisphere (D (43,40) = 0.2686, p = n.s.). However, BAs were greater
between males and females in the downward FM direction in the right hemisphere (D
(35,58) = 0.4562, p = 1.2876 × 10−4;|d| = 0.5899, medium-to-large effect). BAs were similar
between males (38.51 dB SPL ± 3.10) and females (38.02 dB SPL ± 3.36) for the upward
FM direction in the left hemisphere (D (43,40) = 0.1674, p = n.s.). Again, there was no such
similarity in the right hemisphere for upward FMs (D (35,58) = 0.6616, p = 3.0550 × 10−9;
|d| = 1.4495, large-to-huge effect) where BAs were greater in males (50.38 dB SPL ± 3.70)
than in females (38.91 dB SPL ± 2.34) for upward FMs. Following from these results, BAs
were similar between sexes in the left (D (78,98) = 0.1186, p = n.s.) but not the right (D
(78,98) = 0.5700, p = 5.7264 × 10−7, |d| = 0.9413, large effect) hemisphere when FMs were
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modulated in the best direction for each neuron. These results underscore that, amongst
DSCF neurons, BAs for linear FMs with rates of 0.04 kHz/ms differ between sexes, but
these sex differences in BA are largely driven by the right hemisphere.

Figures 3 and 4 reveal latency shifts that coincide with decreases in sound level in
the upward FM direction. On average, response latencies increased by nearly 50 ms as
the sound level decreased in the upward FM directions in both hemispheres of males and
females. However, this latency shift in response to upward FMs occurred at a greater
sound level (around 20 dB SPL louder) on the right in males than on the left in males or in
either hemisphere in females. This pattern is similar for the downward FM direction in
males, though a prominent second response peak is also visible after 150 ms (i.e., a possible
offset response) and at 50–70 dB SPL. Changes in sound level for downward FMs yielded
a variety of response patterns in the male right hemisphere and bilaterally in females.
Right-hemispheric responses to downward FMs in males did not shift in latency, despite
decreases in sound level, and these responses largely ceased for sound levels <40 dB SPL.
Unlike the other groups, the average peak response to downward FMs amongst right-
hemispheric neurons in males occurred at the highest sound levels and near stimulus onset
(20 ms or 10 ms post-stimulus onset). Left and right-hemispheric responses to downward
FMs in females were characterized by a quasi-tonic firing pattern most prominent at lower
sound levels (≤40 dB SPL).

Previous research established that DSCF neurons are generally more responsive to
upward than to downward FMs when the FMs were optimized for rate, bandwidth, central
frequency, and BA [80]. In our sample, 101/176 (57%) DSCF neurons had greater responses
to upward than to downward FMs when FM rates were all equal to 0.04 kHz/ms and the
sound level changed by 10 dB SPL every 10 out of 100 trials. In males, maximal responses
to FMs with rates of 0.04 kHz/ms were found in the upward direction in 51% (22/43) of left-
hemispheric and 69% (24/35) of right-hemispheric neurons. In females, maximal responses
to FMs with these same rates were found in the upward direction in 42.5% (17/40) of
left-hemispheric and 66% (38/58) of right-hemispheric neurons. As stated above, previous
research employed more optimal measures to assess the general directional preference of
DSCF neurons and thus provides a better guide to this filter property. Nonetheless, these
results show that a general upward FM directional preference in DSCF neurons is present
even when assessed using FM stimuli not optimized for rate, BA, and other FM parameters.

Lastly, we selected 64 DSCF neurons with best-FM rates of 0.04 kHz/ms and measured
their responses to 200 presentations of their best-FMs (optimized for rate, bandwidth,
central frequency, and direction) at BA (Figure 5). This relatively small number of neurons
(Left Male = 4; Left Female = 10; Right Male = 17; Right Female = 33) yielded no significant
differences when compared across hemispheres and sexes via two-sample Kolmogorov–
Smirnov tests. However, descriptive statistics reveal notable patterns across hemispheres
and sexes. In males, latencies of responses to best-FMs with rates of 0.04 kHz/ms tended to
be shorter on the left (14.75 ms ± 2.21) than on the right (31.68ms ± 6.08), and BAs tended
to be greater on the right (74.71 dB SPL ± 3.11) than on the left (22.5 dB SPL ± 7.5). In
females, response latencies were closer in time between hemispheres but still tended to be
shorter on the left (22.00 ms ± 4.89) than on the right (31.38 ms ± 5.26). Further, in females,
BAs were also closer in loudness between hemispheres, tending to be slightly greater on
the left (44.00 dB SPL ± 5.42) than on the right (38.48 dB SPL ± 3.70).
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Figure 5. Mean peak response latencies and best amplitudes (BAs) of DSCF neurons
selective for 0.04 kHz/ms. (A) Mean (± standard error of the mean) latencies (left column)
and BAs (right column) of DSCF neuronal responses recorded from 64 neurons in male
and female bats and elicited by 200 repetitions of their “best FMs” (optimized for BA, FM
rate, FM bandwidth, FM central frequency, and FM direction). Recordings were from left
(blue, N = 14) and right (red, N = 50). In this 64-neuron sample, 57.14% (8/14) of best
FM directions for the left DSCF neurons and 64% (32/50) of best FM directions for the
right DSCF neurons were upward. (B) Same depiction as “A” for responses recorded
from 21 DSCF neurons (left, N = 4; right, N = 17) in male bats. In this 21-neuron sample,
50% (2/4) of best FM directions for the left DSCF neurons and 82.35% (14/17) of best
FM directions for the right DSCF neurons were upward. (C) Same depiction as “A” for
responses recorded from 43 DSCF neurons (left, N = 10; right, N = 33) in female bats. In
this 43-neuron sample, 60% (6/10) of best FM directions for the left DSCF neurons and
54.54% (18/33) of best FM directions for the right DSCF neurons were upward. The lower
number of left DSCF neurons across this sample reflects an earlier finding that, when
presented with FM rates ranging from 0.04 to 4.0 kHz/ms, right DSCF neurons (especially
in males) are far more likely to respond maximally to 0.04 kHz/ms than those on the
left [67].
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4. Discussion

Slow linear FMs (rate = 0.04 kHz/ms; bandwidth = 5.25 kHz; duration = 131.25 ms)
when presented at sound levels ranging from 0 to 90 dB SPL (in 10 dB SPL attenuation steps)
revealed sex-dependent hemispheric asymmetries in DSCF neural peak response latency
and best amplitude (BA). Two results support our hypothesis that DSCF neural responses
to slow linear FMs differ by hemisphere and sex. First, left DSCF neurons responded to
slow, upward FMs with shorter latencies than right DSCF neurons, particularly in females.
Second, BAs of right DSCF neurons responding to slow upward and downward FMs
were greater than those of left DSCF neurons in males but not females. In other words, in
males, DSCF neurons respond at their peak firing rates to quieter FM sounds on the left
compared to the right. Furthermore, right DSCF neurons in males have higher minimum
thresholds for slow upward and downward FMs than left DSCF neurons. With respect to
sex differences, peak response latencies to both upward and downward FMs were generally
shorter in males when compared to females. These results from 176 DSCF neurons are
largely corroborated by responses from a subset of 64 DSCF neurons selective for FM rates
of 0.04 kHz/ms elicited by 200 repetitions of optimized FM stimuli (i.e., best FM rate,
bandwidth, center frequency, and direction) presented at BA.

Here, we reported results for the upward, downward, and best FM directions to
provide greater detail and a wider scope. Though some results were more significant for
downward FMs (e.g., shorter response latencies in males than in females for downward
but not upward FMs), the majority of our findings were either significant for both FM
directions or more significant for upward FMs. This aspect is critical to the interpretation of
our results because DSCF neurons, in general, prefer (i.e., respond with greater magnitude
to) upward FMs [80], and the data presented here reflects that same directional preference.
Best FM results largely reflected those of the upward FM direction combined with some
aspects of the downward direction.

The hemispheric differences in peak response latency primarily observed in female
bats exist in the absence of any significant differences in BA. Hemispheric differences in
temporal and spectral resolution, hypothesized to underlie speech and music processing
in the human auditory cortex [28,29], operationally match those hypothesized to underlie
social communication and echolocation in the DSCF area [50,67,84]. Though not direct
evidence for this assertion, a longer peak response latency to a slowly modulated, long-
duration FM signal could be elicited from a neuron tuned to a specific, narrow frequency
band contained within the FM or a short segment of the FM itself, suggesting a relatively
longer temporal integration window (i.e., low temporal resolution coinciding with high
spectral resolution). Conversely, a shorter latency in response to a long, slow FM signal
could be elicited from a neuron tuned to a broader range of frequencies contained within the
FM, with earlier firing resulting from faster integration times (i.e., low spectral resolution
but with a high temporal resolution, allowing the neuron to follow frequency changes
across shorter time windows than those possible on the right).

Previous research suggests that interhemispheric temporal versus spectral processing
differences in mustached bats [67], rodents [66], and humans [9] would either be more
pronounced in males or similar between the sexes. A closer examination of previous sex-
dependent asymmetry results in the DSCF area in the mustached bat, however, provides
additional details. Left DSCF neurons in males are selective for FMs with faster rates
and shorter durations than their right-hemispheric homologues or either hemisphere in
females [67]. In females, whereas left DSCF neurons were selective for FMs with shorter
durations than their right-hemispheric homologues, they had no significant hemispheric
differences in FM rate selectivity. Despite these sex-dependent hemispheric differences
in FM selectivity, left DSCF neurons responded to their best FMs (i.e., optimized for rate,
bandwidth, central frequency, direction, and BA) nearly 10 ms faster than right DSCF
neurons in both sexes. As reported here, peak response latencies were generally longer for
females than males. These results, when contextualized by previous results, suggest that
interhemispheric spectral versus temporal processing differences are present yet manifest
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differently within both sexes. Specifically, in males, the left-hemispheric advantage for
temporal processing amongst DSCF neurons manifests as an enhanced ability to detect and
quickly respond to short duration, rapidly changing FMs relative to those on the right. In
females, on the other hand, a left-hemispheric temporal processing advantage results in
earlier responses to FMs with slow-to-moderate rates relative to the right as opposed to
selectivity for faster FM rates. Thus, hemispheric differences in peak response latency to
best-FMs would appear similar in both sexes with potentially longer latencies in females
overall, as reported previously [67].

The amplitude-related asymmetry observed amongst DSCF neurons in males, on the
other hand, does not conform as elegantly to the theoretical framework of spectral versus
temporal processing. Hemispheric differences in neural selectivity for amplitude (dB SPL)
can be restated as hemispheric differences in acoustical energy or power (i.e., energy per
unit time). In other words, right DSCF neurons in males required greater acoustic energy
to respond to long-duration FMs with slow rates than did those on the left. This point
is made even clearer when observing “latency shifts” within the recorded population of
DSCF neurons. With the rare exception of auditory neurons that display “paradoxical
latency shifts,” neurons throughout the auditory system typically increase their latencies
as the sound level (i.e., intensity or loudness) decreases [87]. Such latency shifts are
observed in both hemispheres and sexes, especially in the upward FM direction. Our
group analyses, however, demonstrate that the latency shifts that commonly accompany
decreasing amplitude in auditory neurons are evident even after relatively slight amplitude
decreases amongst right DSCF neurons in males. These high amplitude latency shifts likely
explain why there are hemispheric differences in peak response latencies in males for the
subset of DSCF neurons selective for 0.04 kHz/ms (N = 21 in males), to which we presented
best FMs 200 times at BA, but not in the larger population (N = 78), where we presented
FMs with rates of 0.04 kHz/ms across sound levels from 0 to 90 dB SPL.

The results above add new details to the previously reported hemispheric differences
for processing social calls in the DSCF area of the mustached bat auditory cortex [50].
Comparisons between social calls and pulse–echo CF pairs revealed that left DSCF neurons
responded equally well to both stimulus types, whereas right DSCF neurons were more
responsive to pulse–echo CF pairs than to social calls. Subsequent comparisons between
CF pairs and linear FMs revealed that right DSCF neurons only responded to CFs and
relatively slow FM rates (<0.5 kHz/ms), left DSCF neurons responded to CFs and a wider
range of FM rates, and this hemispheric difference appeared to be more pronounced in
males than in females [67].

Most mustached bat social calls often contain FMs with rapid rates, so a lack of the
right DSCF neural responses to many social calls is in accordance with their general lack of
responses to rapid FMs. The robust responses of DSCF neurons in both hemispheres to
slow FM rates (0.04 kHz/ms) of upward FMs also does not correspond to the gradually
increasing Doppler shifts (<0.01 kHz/ms) of the CF in echoes returning from approaching
targets (Mueller and Kanwal, unpublished). CF and quasi-CF calls emitted by mustached
bats, however, do contain slow modulations near 0.04 kHz/ms in the echo-CF2 range [81].
Further, CF and quasi-CF calls, particularly the QCFl call, are frequently emitted by males
during their affiliative interactions between other males and females [85]. Our results of
shorter peak response latencies and lower BAs for slow FMs on the left, therefore, support
the left-hemispheric specialization for processing social calls [50] though sex differences
in call processing need further investigation. We propose that studies of hemispheric
specialization for social calls in mammals, typically restricted to tests at single sound levels,
could benefit from testing wider amplitude ranges and FM rates present in conspecific
social calls. Future investigations can also help determine whether the amplitude-related
asymmetry observed here is a direct consequence of an asymmetry for spectral versus
temporal processing or whether they are independent aspects of auditory processing
asymmetries in highly social and vocal species, including humans.
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One potential limitation to our study is that functional hemispheric asymmetries, in
general, can be modulated over time by stress [88,89]. Such stress-related changes on func-
tional hemispheric asymmetries have been found in classes as diverse as Chondrichthyes,
Osteichthyes, amphibians, aves, and mammals (humans included). The influence of stress
on functional hemispheric asymmetries can be attributed either to steroid hormones (e.g.,
androgens, estrogens, progestogens, glucocorticoids, and mineralocorticoids), hemispheric
differences in emotional processing, or an interaction thereof. For instance, it has been
suggested that the regulation of cortisol secretion during stress is regulated by right-
hemispheric neural circuitry [90]. Further, the relationship between stress and functional
hemispheric asymmetries may also depend on the developmental stage along with the
type of stressor and its duration [91]. Experimental conditions such as those used in
highly invasive techniques such as single-unit recording or even non-invasive techniques
predicated on confined environments such as fMRI have the potential to induce stress.
Certain functional hemispheric asymmetries in mustached bats reported above and pre-
viously [67] are highly sex-dependent, suggesting that such asymmetries are subject to
changes in sex hormones. It is thus likely that other steroid hormones, such as those
regulated by stress, would similarly impact the cortical asymmetries observed in mus-
tached bats. The mustached bats used in our study were free to fly and socialize in a
temperature and humidity-controlled environment that simulates the caves they naturally
inhabit. Nonetheless, keeping these bats in a confined environment may have caused them
stress and influenced their hemispheric differences in a multitude of ways. Thus, designing
experiments to assess the influence of stress on hemispheric asymmetries for processing
social calls in mustached bats represents a key future direction.

It is important to contextualize these and previous findings in mustached bats with
hemispheric specializations reported in other species. One classic paper employed clado-
graphic comparisons to identify vertebrate orders for which there is evidence supporting
or negating lateralization of conspecific social call production and/or perception [57]. This
extensive review details evidence from the literature supporting hemispheric specialization
for conspecific social calls in species as diverse as fish, frogs, songbirds, parrots, eagles,
horses, dogs, seals, rodents, and primates. Interestingly, based on the literature at the
time of its publication, this review stated that “no general left-hemispheric dominance
for the auditory perception of conspecific vocalization comparable to humans exists in
bats . . . ”, apparently because a stereological study of Nissl-stained cells failed to find
hemispheric differences between the left and right DSCF areas [92]. This conclusion was
revised after two neurophysiological studies revealed functional hemispheric differences
in the processing of social calls vs. echolocation signals [50] and linear FMs [67] in that
same area.

Despite their exclusion from that cladographic analysis, mustached bats have much
to offer the field of comparative cortical lateralization for social communication. First, the
auditory cortices of mustached bats have evolved to process both their stereotypic biosonar
signals during echolocation [68–71,93] and also to process their acoustically diverse social
calls [76–80]. Thus, maps of the mustached bat auditory cortex reflect the stereotypic
nature of their biosonar signals, making it one of the best-established auditory cortex
maps amongst all mammals studied to date. Second, central and peripheral auditory
structures evolved to be hypertrophic in mustached bats [83] and other high-duty cycle (i.e.,
CF-FM) chiroptera [94], making them relatively easy to probe and/or image. Third, the
review described above advocates for neuroimaging (e.g., fMRI) approaches to studying
hemispheric specialization for audiovocal communication in animals. Here, mustached
bats have the advantage that the acoustic frequencies of MRI scanner noise largely fall below
this species’ range of hearing [95]. Thus, the results presented above and previous findings
suggest that mustached bats have much to offer from their unique position amongst animal
models of hemispheric specialization for auditory social communication.
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