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Abstract

The Mexican free-tailed bat, Tadarida brasiliensis, is a fast-flying bat that hunts by biosonar at high altitudes in open space.
The auditory periphery and ascending auditory pathways have been described in great detail for this species, but nothing is
yet known about its auditory cortex. Here we describe the topographical organization of response properties in the primary
auditory cortex (AC) of the Mexican free-tailed bat with emphasis on the sensitivity for FM sweeps and echo-delay tuning.
Responses of 716 units to pure tones and of 373 units to FM sweeps and FM-FM pairs were recorded extracellularly using
multielectrode arrays in anesthetized bats. A general tonotopy was confirmed with low frequencies represented caudally and
high frequencies represented rostrally. Characteristic frequencies (CF) ranged from 15 to 70 kHz, and fifty percent of CFs
fell between 20 and 30 kHz, reflecting a hyper-representation of a bandwidth corresponding to search-phase echolocation
pulses. Most units showed a stronger response to downward rather than upward FM sweeps and forty percent of the neurons
interspersed throughout AC (150/371) showed echo-delay sensitivity to FM—FM pairs. Overall, the results illustrate that the

free-tailed bat auditory cortex is organized similarly to that of other FM-type insectivorous bats.
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Abbreviations

AC Auditory cortex

CD Characteristic delay

CF Characteristic frequency

CF-FM Constant-frequency—frequency-modulated
pulses

DRA Delay response area

DSI Direction selectivity index

FM Frequency modulated

FRA Frequency response area

MT Minimum threshold

PSTH  Post-stimulus time histogram

Introduction
The auditory cortex of echolocating bats follows the general

plan for mammals except that it is comprised of neuronal
subtypes and functional areas that encode acoustic cues
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uniquely related to biosonar processing. Echolocating bats
are commonly segregated into those that emit pulses com-
posed of downward frequency-modulated (FM) sweeps ver-
sus those that use some combination of constant-frequency
and FM components. Bats that use CF-FM pulses, such as
the horseshoe bats and mustached bats display auditory cor-
tices with multiple spatially segregated specialized subfields,
including a tonotopically organized primary auditory field
(A1), an area consisting of echo-delay-tuned neurons that
are arranged chronotopically to map target range, and also
an area that maps target velocity relative to the bat (O’ Neill
1995). FM bats also possess echo-delay-tuned neurons but
differ from CF-FM bats in that they are found interspersed
within the primary auditory field (Kossl et al. 2014, 2015),
and while no relative velocity areas have yet been reported,
they possess combination-sensitive neurons that respond
preferentially to complex echo acoustic patterns related
to target shape and size (Dear et al. 1993a; Sanderson and
Simmons 2002). The functional significance of the various
echolocation-related neuronal response properties and audi-
tory subfields may be self-evident, but it remains a mystery
as to how the auditory cortex in bats or any other mammal
reintegrates the parcellated acoustic cues represented by the
auditory cortex subfields to reconstruct the auditory scene.
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Comparative studies can provide critical insights towards
this, but to date a comprehensive mapping of the functional
organization of AC has been completed for only a few bat
species (Kossl et al. 2014, 2015), and from among those only
two FM-type insectivorous bats, the big brown bat Eptesicus
fuscus (Jen et al. 1989; Dear et al. 1993a, b) and the little
brown bat Myotis lucifugus (Wong and Shannon 1988), both
from the family Vespertilionidae.

This study provides the first neurophysiological survey
of the topographical organization of response properties
in primary auditory cortex of the Mexican free-tailed bat
(Tadarida brasiliensis), an FM-type insectivorous bat from
the family Molossidae. The biosonar behavior and pulse
acoustics of T. brasiliensis appear very similar to those of
the big brown bat E. fuscus, but T. brasiliensis also displays
many behavioral and morphological specializations for hunt-
ing prey at high speeds and high altitudes. While echolocat-
ing in transit or open spaces, T. brasiliensis use relatively
long and shallow frequency-modulated (FM) “search” calls,
which are replaced by a series of progressively steeper lin-
early frequency-modulated FM “approach” calls whenever
the bat approaches a target or obstacle (Simmons et al.
1978). An example approach sequence of Tadarida is shown
in Fig. la. Their communication calls are also of interest,
due to their variable durations and diverse spectrotempo-
ral designs including downward, upward, and sinusoidally
modulated FM sweeps (Ma et al. 2004; Schwartz et al. 2007;
Bohn et al. 2008). The repertoire of social calls uttered by
the Mexican free-tailed bat is elaborate and the behavioral
contexts in which the different vocalizations are used have
been well documented (Ma et al. 2004; Schwartz et al. 2007,
Bohn et al. 2008), which helped make T. brasiliensis a suc-
cessful animal model for studying the cellular and synaptic
mechanisms of auditory processing in the brainstem and
midbrain (Pollak et al. 2003; Andoni et al. 2007). However,
so far nothing is known about their auditory neurophysiol-
ogy above the inferior colliculus. Here, we report the results
of our study using microelectrode arrays in anesthetized
free-tailed bats characterizing and mapping the response
properties of neurons within the primary auditory cortex in
the dimensions of frequency representation, selectivity for
direction of FM sweeps and tuning to call echo delay.

Materials and methods

Animals

Electrophysiological recordings from the AC were per-
formed in eight adult (five females, three males) Mexican
free-tailed bats, Tadarida brasiliensis. Animals were group-

housed in an artificial habitat at Texas A&M University
(TAMU) with a reversed light cycle.
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Surgical procedures

All animals were anesthetized with a solution of sodium
pentobarbital (80 mg/kg, Euthasol, Virbac AH, Inc., Texas,
USA) and positioned within a custom-built stereotaxic
apparatus. Body temperature was maintained within nor-
mal ranges using a heating lamp. The skin and temporal
muscles overlying the skull were cut and removed and a
custom-fabricated post was attached to the bone at the mid-
line using cyanoacrylate gel. A craniotomy (~2 X2 mm) was
made using a scalpel blade to expose the left auditory cortex.

Acoustic stimuli

Pure tones were digitally synthesized and controlled using
a custom-written program in Matlab (R2018a, MathWorks,
Natick, MA, USA). Acoustic stimuli were generated at
a sampling rate of 250 kHz with a National Instruments
card (NI USB-6356). The audio signal was transferred to
an audio amplifier (SONY, STR-DE197). The acoustic
stimuli were broadcast to the bat with a calibrated speaker
(DaytonAudio, PTMini-6) centered directly in front of the
head and 10 cm from the bat’s ear. The calibration curve
was obtained with a Briiel and Kjaer sound recording sys-
tem (1/4-inch Microphone 4135, Microphone Preamplifier
2670, Briiel and Kjaer, Naerum, Denmark) connected to
a conditioning microphone amplifier (Nexus 2690, Briiel
and Kjaer, Naerum, Denmark).

To measure the frequency response area, we presented the
animal with a pseudorandomized series of pure tones (10 ms
duration, 0.5 ms rise/fall time) at different sound pressure
levels (step size 10 dB, range 20-80 dB SPL) and frequen-
cies (step size 5 kHz, range 15-70 kHz). Each frequency-
level combination was presented 30 times at an interval of
300 ms. To test for FM sweep directional selectivity, we
recorded responses to downward and upward FM sweeps of
50 kHz bandwidth (between 20 and 70 kHz) over a range
of different durations (1, 2, 3, 5, 10, 25 and 50 ms). All FM
sweeps were broadcasted at a RMS level of 80 dB SPL and
presented 30 times at an interval of 300 ms.

For characterization of the call-echo delay selectivity, we
presented the bat with two downward FM sweeps of 2 ms
duration. The temporal position and amplitude (80 dB SPL)
of the first sweep (call) was held constant, whereas the tem-
poral position and RMS level of a second sweep (echo) were
randomly changed. For example, in a typical recording, the
call onset was set at the beginning of the recording window
and the onset of the echo was randomly changed between 4,
6,8, 12, 16, 24, 30 and 50 ms. RMS level of the echo varied
from 10 to 70 dB SPL in 10 dB steps. Each FM-FM pair was
presented 20 times at an interval of 300 ms.
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Electrophysiological recordings

Experiments were performed in a custom-built sound-
attenuating anechoic chamber. Anesthetized bats were
placed in a body mold made of soft plastic foam and the
head was tightly affixed to the stereotaxic apparatus by a
rod attached to a metal holder. Neuronal recordings were
performed using silicon probes from Cambridge Neurotech
(16 contacts X 2 shanks per probe with 250 pm between

0
10 20 30 40 50 60 70 80 O 160
Characteristic frequency (kHz)

shanks and 50 pm spacing between contact sites along
each shank). Each shank had a thickness of 15 pm. Using
a micromanipulator system (MX7600R, Siskiyou Corp.,
OR, USA), probes were positioned perpendicular to the pial
surface based upon landmarks and stereotaxic coordinates,
and then inserted slowly into the brain through the intact
dura mater to a depth of approximately 900 + 50 pm at the
deepest contact point. Neuronal data were acquired with
an OmniPlex D Neural Data Acquisition System recording
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system (Plexon) at a sampling rate of 40 kHz (per channel)
and 16-bit precision. Synchronization between the neural
recordings and acoustic stimulus broadcasts was achieved
with a TTL pulse output from the National Instrument card
and recorded on one of the analog channels of the Plexon
data acquisition system.

Analysis of neuronal recordings

Responses were analyzed offline using custom-made MAT-
LAB scripts. The raw signal was digitally bandpass filtered
offline (elliptic, second order) between 500 and 3000 Hz to
obtain the spike activity. We used a threshold of 2.5 times
the standard deviation of the baseline noise (30 repetitions
of acoustic stimuli using a dead time of 100 ms) for spike
detection. From the raster plots, representing the spike time
versus the trial number, we measured the number of spikes
in a window of 100 ms after the stimulus onset for each fre-
quency-level combination. Frequency response areas (FRAs)
were visualized as filled contour plots (contourc function,
Matlab). From these, we calculated threshold curves as 25%
of the maximum response. For each response, we calculated
the minimum threshold (MT), characteristic frequency (CF)
(i.e., the frequency and level at the lowest tip of the thresh-
old curve), the minimum and maximum frequencies and
the bandwidth of the tuning curve 10 dB above MT. We
also measured the response duration in the post-stimulus
time histogram of the response at CF at 10 dB above MT.
Response duration was defined as the timespan between
when the response first surpassed and then fell below 25%
of the peak. The time at which the response reached 25% of
the peak was considered the response latency.

A direction selectivity index (DSI) was calculated to
quantify FM direction selectivity (O’Neill and Brimijoin
2002; Razak and Fuzessery 2006, 2008; Morrison et al.
2018). The formula used was:

DSI = (D-U)/(D + U),

where D and U are the maximum response magnitudes for
downward and upward sweeps, respectively. The DSI was
not necessarily calculated at the same sweep rate for the
two directions because the maximum responses sometimes
occurred at different durations for the two sweep directions.
The DSI of each neuron was calculated using upward and
downward sweeps of the same bandwidth. Values of DSI
can range between — 1 and + 1, with more positive values
indicating higher selectivity for the downward direction. DSI
values > 0.6 show that the maximum response to the upward
sweep was > 75% lower than the maximum response to the
downward sweep.

Delay response areas (DRA) were visualized as filled
contour plots using the contourf MATLAB function.

@ Springer

Threshold curves were calculated from DRAs as 50% of
the maximum response. The characteristic delay (CD)
was calculated as the delay at the lowest level sufficient
for reaching 50% of the maximum spike count. The band-
width of responses was calculated as the difference between
maximum and minimum delay calculated in the threshold
curve at 10 dB above the minimum level of the second FM
eliciting a response.

For each bat, coordinates of the recording sites in relation
to a branch of the median cerebral artery were measured
using a calibrated micromanipulator (MX7600R, Siskiyou
Corp.). All cortices were aligned together for the construc-
tion of composite maps using the branches and the median
cerebral artery to determine the orientation of the ordinate
axis of the bi-dimensional Cartesian space of analysis.

Results

Localization of the primary auditory cortex
and basic response properties

Units responding to acoustic stimuli were found at parieto-
temporal portions of the neocortex of Tadarida brasiliensis.
The most consistent external features delineating the loca-
tion of primary auditory cortex (AC) in bats are the middle
cerebral artery and its dorsal branches (Dear et al. 1993a;
Macias et al. 2009). The primary auditory cortical area as
defined by neuronal responses to pure tones was found to
cover a rostro-caudal distance of about 2500 pm and had
a dorso-ventral extension of about 1600 pm in the lateral
view (Fig. 1b).

Extracellular recordings in response to pure tones were
derived from a total of 716 units from five bats. Because
of technical reasons, we were only able to explore the left
hemisphere. The number of units recorded per bat ranged
from 59 to 258 per bat. Recording depths of units derived
from orthogonal electrode penetrations were in the range of
250-1054 pm from the cortical surface. A typical frequency
response area (FRA) with its corresponding frequency tun-
ing curve, calculated as 25% of the maximum response, is
represented in Fig. 1c. In this example, the white circle indi-
cates the measured characteristic frequency (CF) and the
minimum threshold (MT), while the white stars represent
minimum and maximum frequency. Figure 1d shows the
dot raster display (black dots) and the post-stimulus time
histogram (PSTH, red line) for the response at the CF and
10 dB above the MT for the unit represented in Fig. 1c. We
measured the response latency as the time the peristimu-
lus time histogram (PSTH) reached 25% of its maximum.
The difference between the response offset (time the PSTH
falls down to 25% of its maximum) and latency rendered the
response duration.
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As shown in the vertical histogram in Fig. le, CFs of
units ranged from 15 to 70 kHz (n =716 units, 25 kHz; inter-
quartile range 15-35 kHz). Fifty percent of the units (363
of 716) had CFs between 20 and 30 kHz, i.e., in the range
of the dominant frequencies of the echolocation pulses of 7.
brasiliensis. MT in the AC ranged from 20 to 70 dB SPL.
The distribution of MT at CF showed two peaks with a first
maximum at 40 dB SPL and second at 60 dB SPL (horizon-
tal histogram in Fig. 1e). The lowest MT of ~20 dB SPL
were measured at 15-25 kHz. At CFs higher than 25 kHz,
we observed an increase of the neuronal MT with CF. On the
basis of all the thresholds data from the four bats, a neural
audiogram was calculated (continuous red line in Fig. le).
The frequency range of 15-70 kHz was subdivided into
classes of 5 kHz. Within each frequency class, the five low-
est MTs were averaged. Based on the resulting means, the
frequency threshold curve was drawn. The audiogram has a
marked minimum of sensitivity at 20 kHz.

Bandwidth values covered a range between 5 and 41 kHz
(n=716, median = 15.6 kHz; interquartile range 5-25 kHz).
The distribution showed a peak around 15 kHz (Fig. 1f).
Narrower bandwidths are found in units with CFs at
15-20 kHz (Fig. 1f) and increased as CF increased.

Units often exhibited onset responses to pure tones.
The response duration to a 10 ms pure tone at 10 dB above
MT at CF was determined in 697 units and ranged from
2 to 50 ms (Fig. 1g, median = 14 ms; interquartile range
5-30 ms). There was no clear relationships between CF and
response duration. Response latency was measured in 697
cortical units and ranged between 10 and 44 ms (Fig. 1h,
median =17 ms; interquartile range 15-25 ms). There was a
weak correlation (Pearson correlation, R=—0.16, p <0.05)
between latency and CF, where longer latencies were found
in units with lower CF.

Figure 2a shows a composite map with data from the
five bats depicting the organization of CFs within layer IV
(450-600 pm from the cortical surface) of the AC of T. bra-
siliensis (Macias et al. 2019). In the frequency representa-
tion maps, a general tonotopy was found with low frequen-
cies represented caudally and high frequencies represented
more rostrally in all five sampled individuals (Fig. 2a). There
is a frequency gradient of caudally located low CF (blue
colors) to rostrally higher CF (brown colors). To quantify the
tonotopy, we plotted the CF versus the rostro-caudal distance
of the AC (Fig. 2b) and calculated the correspondent cor-
relation coefficient (R, Pearson correlation). The correlation
coefficient was significantly negative between CF and the
rostro-caudal axis with a value of — 0.6 (p <0.05). There was
not a clear topographical organization for MT as that shown
for CF. However, lower MTs were found in the cortical areas
tuned to CF between 20 and 25 kHz and higher MTs for
areas tuned to higher CFs (Fig. 2c). Furthermore, there was
a weak correlation between rostro-caudal distance and MT

(Fig. 2d, R=-0.33; p<0.05). We did not observe any clear
topography distribution for bandwidth, latency and response
duration was not evident (Fig. 2e, g, ). There was no signifi-
cant correlation between these basic response properties and
the rostro-caudal axis (Fig. 2 f, h, j).

Selectivity to direction of frequency-modulated
sweeps

We determined FM direction selectivity by recording the
responses to FM sweeps of various durations (1-50 ms) and
a constant bandwidth of 50 kHz. We plotted the selectivity
of a neuron as a function of FM rate (kHz/ms). FM direc-
tion selectivity was determined in 373 units of three bats. In
these units, CFs ranged between 20 and 50 kHz. From these,
56% (208/373) of the units were selective for the downward
direction of the FM sweep. Direction-selective neurons were
defined as those in which upward sweeps elicited a response
that was <25% of the response to a downward sweep with
the same bandwidth. The response of one example neuron in
shown in Fig. 3a—d. This cortical neuron exhibited a direc-
tion selectivity index (DSI) value between 0.7, demonstrat-
ing strong selectivity for the downward FM sweep direction.
In 164 units (43%), upward sweeps elicited a response that
was > 25% of response to the downward sweep (Fig. 3e-h).
No significant differences in DSI were found across different
CF ranges (¢ test, P> 0.05 for all pairs), suggesting that most
neurons prefer the downward sweep direction, regardless
of frequency tuning characteristics. The distribution of DSI
in the cortical units is shown in Fig. 4a. There was no clear
relation between CF and DSI (Fig. 4b).

The composite map constructed out of the 247 neurons,
recorded at cortical depths between 450—-600 pm, from the
AC of three bats is represented in Fig. 4c. There was no clear
topographical distribution of DSI in the primary auditory
cortex. There was no correlation between DSI and the ante-
rior—posterior cortical axis, although lower DSI, indicating
neurons selective to upward FM sweeps, are found in more
posterior locations (Fig. 4d).

Echo-delay tuning

Delay selectivity was studied in 372 neurons in the audi-
tory cortex of three bats, using pairs of artificial FM
stimuli. Delay selectivity was found in 150 (40%). Fig-
ure 5 shows the response of two example neurons to
FM-FM pairs, with CDs of 4 ms (Fig. 5a, b) and 8 ms
(Fig. 5c, d). All delay-tuned neurons started to fire only
after the presentation of the echo and the latency une-
quivocally increased with the echo delay. An example
response is shown in Fig. 6a. We measured the slope
of the relationship between the response latency and
echo-delay at an echo amplitude 10 dB above the echo
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amplitude threshold. In all 150 neurons, this slope was
higher than 1 (Fig. 6b, mean=1.45 £+ 0.23 ms/ms_delay).
This indicates that in all 150 neurons, the response
latency increases with echo delay and that the response
is locked to the echo. CDs ranged from 4 to 16 ms, with
the highest percentage of neurons (60/150, 40%) having
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anterior <-> posterior (zm)

CDs of 4 ms (Fig. 6¢). Response bandwidth was linearly
correlated with the CD (R=0.62, Fig. 6d). The echo-
delay receptive field of the neurons, in contrast with that
reported in the AC of other bat species (Hagemann et al.
2009, 2011; Hechavarria et al. 2013a, b), was not tilted.
This CD remained constant with changing echo level.
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no evidence of any biases in distribution or correlation

A topographical organization of neurons according to
the CD was not evident in the AC of the free-tailed bat.
Delay-sensitive neurons were intermingled throughout
the tonotopically organized area (Fig. 6e). There was
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between CD and position along the anterior—posterior
axis of the AC (Fig. 6f).
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Discussion
Topography and audiogram of the auditory cortex

The AC in the Mexican free-tailed bat shows an orderly
tonotopic gradient with low frequencies located caudally and
high frequencies rostrally, as assessed with multiunit activity
responses. This orientation of the tonotopic axis is in accord-
ance with findings in the tree shrew (Oliver et al. 1976), the
rat (Horikawa et al. 1988), the gerbil (Scheich et al. 1993;
Thomas et al. 1993), the dog (Tunturri 1962), the cat (Reale
and Imig 1980), the marsupial northern native cat (Aitkin
et al. 1986a), the house mouse (Stiebler et al. 1997) and bats
such as Pteronotus parnellii (Suga and Jen 1976), Eptesicus
fuscus (Jen et al. 1989; Dear et al. 1993a), Rhinolophus fer-
rumequinum (Ostwald 1984), Rhinolophus rouxi (Radtke-
Schuller and Schuller 1995), Carollia perspicillata (Esser
and Eiermann 1999), Molossus molossus (Macias et al.
2009) and Macrotus waterhousei (Macias et al. 2014). How-
ever, it is different from the more ventral-to-dorsal ascending

anterior <--> posterior (um)

tonotopic order of the Al in the cortex of the rabbit (McMul-
len and Glaser 1982), the ferret (Kelly et al. 1986; Shamma
et al. 1993), and the brush-tailed possum (Gates and Aitkin
1982), or the reversed frequency arrangement in the squir-
rel (Merzenich et al. 1976), the guinea pig (Redies et al.
1989), or in monkeys [marmoset: Aitkin et al. (1986b); owl
monkey: Imig et al. (1977); macaque monkey: Morel et al.
(1993); Merzenich and Brugge (1973)].

In the AC of bats emitting CF-FM calls like the mus-
tached bat, Pteronotus parnellii, Rhinolophus rouxi and
R. ferrumequinum, there is an overrepresentation of neu-
rons with characteristic frequencies close to the dominant
frequency of their echolocation calls (O’Neill 1995; Ost-
wald 1980, 1984; Radtke-Schuller and Schuller 1995).
In contrast, in FM bats a fairly uniform representation of
the entire pulse bandwidth was reported in AC. In Ept-
esicus fuscus (Dear et al. 1993a), the frequency band of
search calls (a single harmonic FM sweep dropping from
35 to 20 kHz, compared to 100-20 kHz multi-harmonic
spectrum for approach phase calls) occupied roughly 24%
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of the cortical area, and in M. lucifugus no evidence of
overrepresentation at any particular frequency was evi-
dent (Wong and Shannon 1988). In this study, we found
that the search-phase call bandwidths (30-20 kHz) were
highly overrepresented, accounting for 50% of all corti-
cal neurons. Similar results were reported for the bat M.
molossus, a member of the same family as T. brasiliensis,
for which 49% of the neurons in the AC showed character-
istic frequencies in the range of that species’ search-phase
echolocation calls (Macias et al. 2009). This pattern may
be correlated with the fast flight speeds and high-altitude
hunting styles of these bats, which rely on comparatively
low frequency and long duration pulses for detecting prey
from long distances. The neural audiogram from the AC
of Tadarida (present study) can be described as U shaped
with a marked minimum of sensitivity between 20 and
25 kHz, and the AC audiogram appears notably similar
to neural audiogram derived from the inferior collicu-
lus single units (Pollak et al. 1978) and from auditory
brainstem responses (Smotherman and Bakshi 2019).
In this study, we only used frequencies between 15 and
70 kHz. However, the neural audiogram showed many low
threshold neurons at 15 kHz, suggesting that there is a
low-frequency sensitivity. This finding also suggests that
this species of bat may have substantial low-frequency
hearing, implying that both echolocating and non-echo-
locating signals are represented in the primary AC. The
Mexican free-tailed bat has a rich repertoire of commu-
nication calls (Schwartz et al. 2007; Bohn et al. 2008)
and sensitivity to this vocalizations is worth to explore
in future studies.

Pteronotus parnellii Carollia perspicillata

Myotis lucifugus

Parcellation of the auditory cortex in bats

A comparison of the AC in the free-tailed bat with other
bat species is summarized in Fig. 7. There is a substantial
amount of information about the extent and parcellation of
the AC in bats. In bats like the mustached bat and the rufous
horseshoe bat, both of which are highly specialized insec-
tivorous CF-FM bats, multiple functionally defined fields
are shown (Suga 1965; Suga and Jen 1976; Suga 1977,
O’Neill 1995; Fitzpatrick et al. 1998a; Radtke-Schuller and
Schuller 1995; Hagemann et al. 2009). In the FM bat Carol-
lia perspicillata, there are six functional fields that follows
the nomenclature used in mice (Esser and Eiermann 1999).
Echo-delay-sensitive neurons can be located in dorsal areas
of AC, like in P. parnellii, P. quadridens, R. rouxi, C. per-
spicillata, P. discolor (Suga and Jen 1976; O’Neill 1995;
Fitzpatrick et al. 1998a, b; Radtke-Schuller and Schuller
1995; Hoffmann et al. 2008; Hechavarria et al. 2013a, b). In
species with such dedicated delay-sensitive cortical fields,
there is a gradient of increasing characteristic neuronal delay
towards caudal parts of the AC. Thereby, a chronotopic rep-
resentation of echo delay is created and hence target distance
is established. If a bat approaches a target, and we assume a
successive activation of neurons that have different charac-
teristic delay or best delay due to the pulse—echo pairs of the
final buzz, an activation wave may run from caudal to rostral
in the chronotopic areas. On the other hand, echo-delay-
tuned neurons can be found within the tonotopic framework
of the primary AC where they are interspersed with neurons
that are not delay-sensitive, like in the AC of M. lucifugus, E.
fuscus (Wong and Shannon 1988; Dear et al. 1993a) and the
free-tailed bat (this study). Cortical representation of target

Eptesicus fuscus Tadarida brasiliensis

B Bh © G PR

Characteristic frequency

High T | Low

Fig.7 Comparison of auditory cortex fields in bats. Tonotopy is indi-
cated by grey shading. Echo-delay-sensitive areas are given in blue
with chronotopic gradients in blue shading. Pteronotus parnellii
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(Fitzpatrick et al. 1998a, b; Suga 2012); Carollia perspicillata (Hage-
mann et al. 2009; Esser and Eiermann 1999); Myotis lucifugus (Wong
and Shannon 1988); Eptesicus fuscus (Dear et al. 1993a)
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distance and acoustic scenes in these three latter bat spe-
cies, which predominantly hunt in open uncluttered space,
might be based on the ensemble coding of a large number of
neurons (Dear et al. 1993b; Sanderson and Simmons 2002;
Bates et al. 2011; Simmons 2012). The role of separate delay
processing areas in the AC in the efficient extraction of spa-
tial target distance information is still in debate.

The AC of the free-tailed bat contains a high percentage of
neurons that respond preferentially to downward FM sweep.
This bias to process downward FM sweeps seems to be a gen-
eral feature of the AC of echolocating bats that rely on FM
calls. In the AC of the pallid bat, most of the neurons are tuned
either to the FM down of the frequency range of their echolo-
cation calls or the FM down of the low-frequency noise used
in the passive localization of the prey (Razak and Fuzessery
2002). This is different to that described in the mouse AC,
where neurons with higher DSI, selective to FM down, are
located in anterior cortical locations and there is a decrease of
the DSI in the posterior direction (Zhang et al. 2003).

There are extensive physiological data available about the
ascending auditory pathways of the free-tailed bat (Pollak
et al. 2011). However, nothing is known about the func-
tional organization of their auditory cortex. In this study,
we offer a detailed description of the AC in terms of their
neuronal response properties and topography, with particular
emphasis on the FM direction selectivity and the echo-delay
selectivity. Their biosonar behaviors and diverse repertoire
of social calls makes this species a compelling model for the
study of general properties of auditory processing for vocal
communication and biosonar specializations.
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