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Abstract

In bats, which express a complex vocal repertoire and are considered vocal learners,

the frontal auditory field (FAF) is supposedly placed in a frontal cortico-striatal net-

work for vocal–motor control. The FAF receives input from the auditory cortex (AC)

and other auditory nuclei via multiple pathways. However, not much is known about

the transition of information on vocalizations from the AC to the FAF. The bat AC con-

sists of different subfields, among which the dorsal fields (dAC) are characterized by

precise coding of the temporal envelope of vocalizations. The dAC should, therefore,

be a major source of auditory feedback information about self-produced or perceived

vocalizations to the FAF. Our study aimed to investigate the specificity of encoding for

different types of vocalizations in FAF and dACneurons. Using extracellular recordings

in anesthetized Phyllostomus discolor, we describe basic response properties in both

cortical areas and compare responses to different types of prerecorded vocalizations.

The specificity of encoding for different behaviorally relevant call categories and single

calls was higher in dAC than in FAF neurons, both in terms of temporal firing patterns

and response strength. These findingshighlight the importanceof thedAC in theneural

network for control of vocal communication in bats.
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INTRODUCTION

Bats express a rich vocal repertoire for social communication and

are among the few mammalian species capable of vocal learning.1−4

Extensive work on the ascending auditory pathway has been under-

taken in bats, mostly investigating bio-sonar-related functions (e.g.,

Ref. 5). By contrast, considerably less research has investigated frontal

cortical areas that might be involved in control of vocalizations or

serving higher auditory functions in bats. However, these are partic-

ularly relevant as the prefrontal cortex is considered an important

region in the network enabling volitional control of vocalizations in
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mammals (both primate and nonprimate)6 and consequently is also

considered an important substrate for vocal learning in mammals.7 In

bats, most work on frontal cortical areas responsive to auditory stim-

ulation have focused on the frontal auditory field (FAF) of Pteronotus

parnellii,8−10 Carollia perpicillata,11−14 Tardarida brasiliensis,15 Roustet-

tus aegyptiacus,16 and Phyllostomus discolor.17 Neuroanatomical tracer

studies in P. parnellii demonstrated direct projections from a division

of the auditory thalamus, the supra-geniculate nucleus, to the FAF,8

therefore, labeling the FAF as a target region of the extra-lemniscal

pathway.9 In P. discolor, localization of the FAF and parts of its con-

nectivity to cortical and subcortical areas have been described.17 In
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general, these data show that the FAF may broadly serve to link audi-

tory and motor systems as it projects to the superior colliculus,8 a

major hub for sensory-motor integration18 but also to the pyrami-

dal tract, a known motor-control pathway.17 However, the FAF also

receives direct input from the auditory cortex (AC).8,17,19 As the

AC is the highest stage of the ascending auditory pathway and a

major hub for auditory processing, it should also play an important

role in the cortico-striatal network for audio-vocal–motor integra-

tion. Interaction between frontal and auditory cortices may contribute

to mechanisms that compare intended and actual vocal outputs dur-

ing vocal communication and learning.20 Furthermore, García–Rosales

et al.13 demonstrated coherent sound-onset evoked gamma oscilla-

tions in the FAF and the AC, suggesting a functional coupling between

these two auditory brain regions.

So far, not much is known about the transition of information on

vocalizations from the AC to the FAF. Therefore, we aimed to com-

pare the basic response properties of neurons in the FAF and the

dorsal auditory cortex (dAC; defined as the anterior-dorsal field and

the posterior-dorsal field of the AC)21 as well as responses to different

types of prerecorded vocalizations (echolocation calls and two types

of communication calls) in anesthetized P. discolor. We focused on the

dAC as neurons in this region often show precise spike timing and can

encode fast amplitude modulation patterns of communication calls.22

Furthermore, dorsal cortical areas in bats often show precise spike

timing, as they are partly involved in processing echo-delay informa-

tion important for target distance detection during echolocation. The

precise measurement of the delay between call and returning echo

might also favor the processing of combinations of different syllables in

vocal communication.23,24 In addition, areas located dorsally to the pri-

mary auditory cortex (A1) in themouse are sensitive to communication

sounds,25 especially in the behavioral context of pup retrieval.26

In particular, we investigated if neurons in both areas could specif-

ically encode calls from a particular call category. This is of special

interest, as García–Rosales et al.27 showed that the dynamics of infor-

mation flow between the FAF and the AC predicted the purpose

of a vocalization (communication or echolocation) in vocalizing bats,

indicating call category-specific neuronal mechanisms. While Macias

et al.15 found the FAF in T. brasiliensis to be more selective for com-

munication calls than the A1, our results in P. discolor suggest the

opposite—responses in the FAFwere less specific for call categories or

single calls than neurons in the dAC.

METHODS

Surgery

All 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_02-13-147, Regierung vonOberbayern). The bats (P. discolor;

three adult females, oneadultmalewereused for recordings in theFAF,

three adult females and one adult male bat for the dAC recordings)

originated from a breeding colony situated in the Department Biol-

ogy II of the Ludwig-MaximilianUniversity ofMunich. For experiments,

animals were kept separated from other bats under semi-natural con-

ditions (12 h day/12 h night cycle, 65%–70% relative humidity, 28◦C)

with free access to food andwater.

The surgical procedures are described in detail in previous

publications,21,22 and details of the stereotaxic device and the proce-

dure used to reconstruct the recording sites are described.28 Briefly,

the bats were anesthetized using a combination of medetomidine

(Dorbene; Zoetis), midazolam, (Dormicum; Hoffmann-La Roche), and

fentanyl (Fentadon; Albrecht) at dosages of 0.4, 4.0, and 0.04 µg/g body

weight, respectively. Anesthesia was maintained through additional

injections containing two-thirds of the initial dose every 1.5 h. The skin

overlying the skull was opened along the midline, and the skull surface

was freed from tissue. A small metal tube was then fixed to the skull

using a microglass composite to fix the animal to a stereotaxic device.

The alignment of the animal’s skull and the underlying brain within the

stereotaxic coordinate system was measured by scanning the charac-

teristic profile lines of the skull in the parasagittal and frontal planes.

These profiles were then digitally fitted to a standardized skull profile

in a standardized coordinate system.

To alleviate postoperative pain, an analgesic (0.2 µg/g body weight;

meloxicam, Metacam, Boehringer-Ingelheim) was administered after

the surgery for 4 postoperative days. The anesthesia was antagonized

with a mixture of atipamezole (Alzane, Novartis), flumazenil (flumaze-

nil, Hexal), and naloxone (Naloxon-ratiopharm, Ratiopharm), whichwas

injected subcutaneously (2.5, 0.5, and 1.2 µg/g body weight, respec-

tively). The bats were treated with antibiotics (0.5 µg/g body weight;

enrofloxacin, Baytril, Bayer AG) for 4 postoperative days.

Acoustic stimulation

Acoustic stimuliwere presented using eitherBrainWare (Tucker-Davis

Technologies, TDT) for recordings in the dAC or AudioSpike (HörTech

gGmbH) for recordings in the FAF.

All acoustic stimuli were computer-generated (MATLAB; TheMath-

Works), digital–analog converted (either RX6 [TDT] or Fireface 400,

RME; sampling rate 195.312 Hz with the RX6 or 192 kHz with the

FireFace 400), amplified (AX-396, Yamaha Music Foundation) and

presented via free-field loudspeaker (R2904/700000, Scan-Speak).

The loudspeaker had been calibrated for linear frequency response

between 1 and 96 kHz using a ¼ inch ultrasonic reference microphone

(Type 4939 microphone attached to a Type 2610 measuring amplifier,

Brüel & Kjær). The loudspeaker was positioned contralaterally ∼30◦

off the head midline at a distance of ∼20 cm. Stimuli to search for

neuronal activity (typically social communication calls or noise signals)

were presented with a repetition rate of 2 Hz.

A frequency response curve of a neuron under study was estab-

lished by presenting pure tone stimuli of 20 ms duration, with a

frequency range from5 to 80 kHz (logarithmically spaced in 1/8 octave

steps) at sound pressure levels (SPL) from 80 to 15 dB re 20 µPa. The

pure tones were presentedwith a 2Hz repetition rate in random order

and repeated 10 times. Each stimulus presentation was preceded by a

50ms silent interval.
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Additionally, each neuron was presented with P. discolor echoloca-

tion and communication calls with 20 repetitions per call in random

order at a level of 15−20 dB above the neuronal response threshold.

The calls were selected out of a database recorded in the P. discolor

colony at the Department of Biology II of the Ludwig Maximilians

University Munich. The selected calls were acoustically representa-

tive of the most common call types associated with social behaviors

(aggressive and nonaggressive social interactions) and echolocation

(see below).

A total of 15 calls (Figure 1) was grouped into three categories,

roughly following the classification of Lattenkamp et al.29 and on the

basis of differences in several acoustic parameters such as duration,

fundamental frequency F0, roughness, and occurrence of amplitude

and frequency modulations in the call envelope and spectrogram,

respectively.

Category 1 (Figure 1, first column) consisted of typical echolocation

calls, therefore, short in duration (<3 ms) and multiharmonic down-

ward frequencymodulated in the rangebetween approximately 90 and

40 kHz.

Category 2 (Figure 1, second column) calls had a duration between

25 and 46 ms, had a strongly harmonic spectrum with a funda-

mental frequency of about 17 kHz, and displayed shallow frequency

modulations. The calls were very similar to mother–pup contact or

appeasement calls, as shown by Esser and Schmidt,30 and also resem-

bled those labeled as “SFM” in Lattenkamp et al.29 that were reported

to be used in nonaggressive social interactions.

Category 3 (Figure 1, third column) consisted of long (134−271ms)

calls with a varying number of short broadband sound elements sep-

arated by approximately 8 ms and thus also giving rise to strong

amplitudemodulations. In contrast to category 2, category 3 calls had a

lower fundamental frequencyof approximately7.5–13kHz. These calls

are usually associatedwith aggressive behavior toward conspecifics.29

We analyzed and compared four acoustic call features: spectral cen-

troid, temporal centroid (i.e., the centroid of the temporal envelope),

duration, and harmonic ratio, which indicates the ratio of energy in

the harmonic portion of the call to the total energy of the call. Figure

S1 shows that for each of these acoustic features, at least one call

category forms a separate cluster. Thus, the call categories arewell dis-

tinguishable based on these parameters. There is also some degree of

inner-category variability of acoustic call features.

Earlier studies on neural coding of communication calls made use

of pitch-shifted variants of calls (e.g., Ref. 31) to cover the interindi-

vidual variation of fundamental frequencies of calls. As this might be

more important for constant frequency bats such as P. parnellii than for

frequency-modulated (FM) bats such as P. discolor, we have refrained

from using this method here.

Electrophysiological recordings

After initial surgery, experiments were conducted in a sound-

attenuated and heated (∼35◦C) chamber. Extracellular recordings

were made with parylene-coated tungsten microelectrodes (5MOhm

F IGURE 1 Spectrograms of the 15 prerecorded Phyllostomus
discolor vocalizations used for acoustic stimulation. Vocalizations are
grouped into three categories (echolocation, appeasement, and
aggression) based on the behavioral context during which they are
typical emitted by the bats (see Lattenkamp et al., 2019 for details).
Note the different time scales for the different call categories.
Abbreviation: cat., category.

impedance; Alpha Omega) in anesthetized bats (see Surgery). Note

that the responses recorded from cortical units under this anesthesia

regime reflect the behavioral performance of P. discolorwell.32 Record-

ing sessions took place 3 days per week for up to 8weeks (with at least

1 day off between consecutive experiments) and could last up to 5 h

per day. Dorso-ventral electrode penetrations in the dAC and the FAF

were run obliquely to the brain surface with different mediolateral

and rostrocaudal angles. The electrode signal was recorded using

an analog-to-digital converter (TDT RA16) and either a combination
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of RX5 and Brain Ware (sampling rate 25 kHz, bandpass filter 400–

3000Hz, TDT) or a FireFace400 andAudiospike (sampling rate 24 kHz,

bandpass filter 400–3000 Hz). The action potentials were threshold

discriminated and saved for later offline analysis. We tried to isolate

single neurons whenever possible; however, it was not always possible

to clearly discriminate the activity of a single neuron. Therefore, the

term “unit” is used in this article to describe the collective activity of

one to three neurons recorded at a recording site.

After the experiments were completed, a neuronal marker (BDA

3000; Sigma-Aldrich; 1 mg/20 µL phosphate buffer) was pressure-

injected (Nanoliter 2010 injector; World Precision Instruments) into

thebrains to reconstruct thepositionof the recording sites in standard-

ized stereotaxic coordinates28 of a brain atlas of P. discolor.33 Finally,

the animalswereeuthanizedbyan intraperitoneally applied lethal dose

of pentobarbital sodium (0.16 mg/g body weight) and transcardially

perfused with 4% paraformaldehyde for later histological processing.

Brains were stored at −80◦C. Forty micrometer slices were done with

anHM440Emicrotom (MicromGmbH). Slices weremounted on slides

coveredwith chromalaun gelatine (Sigma-Aldrich) and dried overnight.

Nissl stainings were done with 1.5% cresyl-violet (pH 3.9, Roth). In

detail, slices were rinsed three times for 1 min with distilled water

and stained with 1.5% cresyl-violet for 15 s. Slices were dehydrated

for 30 s in 95% ethanol (CLN GmbH) and two times for 30 s in 100%

ethanol (CLN GmbH). The alcohol was removed by rinsing two times

for 5 min in xylol (CLN GmbH). Slices were cover slipped with DPX

(Sigma-Aldrich).

Data analysis

Responses to pure tones

All analyses were done with MATLAB. Initially, we calculated both the

best frequency (BF, frequency with the strongest neuronal response)

and characteristic frequency (CF, frequency at which a given unit

responds to the lowest sound intensity) with their respective SPL val-

ues. This was achieved by calculating the median neuronal response

rate (over 10 repetitions) for every frequency and SPL tested. The neu-

ronal latency was quantified using the peri-stimulus time histogram

(PSTH) of a neuron, by measuring the time from stimulus onset to an

increase of neuronal activity above spontaneous activity (50ms before

stimulus presentation). Response duration was also calculated from

the PSTH as the time stimulus-evoked neuronal activity was above

the level of spontaneous activity. Statistical testing was done with a

Matlab two-sided two-sample t-test (“t-test2”) for normally distributed

data, or a Matlab two-sided Wilcoxon rank sum test for independent

samples (“ranksum”) for not-normally distributed data. For comparing

more than two data sets, a one-way ANOVA (Matlab “anova1”) with

a correction for multiple testing (Tukey’s honestly significant differ-

ence procedure). For all statistical tests, the significance level was set

at p<0.05, if not stated otherwise. Mean values are presented with ±
standard deviation values.

Response selectivity to echolocation and
communication calls quantified by response strength

In a first step, we analyzed if units in the FAF and dAC responded

selectively to call categories or single calls within each category by

means of response strength. Following the method described in Ref.

15, we calculated the maximum number of spikes per bin evoked by

either each call or call category. In detail, the PSTH (2 ms bin-width)

evoked by the 20 presentations of the calls from the three categories

was extracted in a window set to match the longest response duration

evoked by one of the 15 calls included in the three categories. Start and

endof the responsewindowwasdefinedby the time in thePSTHwhere

the response was stronger than the prestimulus activity recorded in

the first 50 ms preceding the call presentation. A category preference

index (PIcat) was computed as the number of categories in which the

response summed over all calls within this category was at least 50%

of the maximum evoked by the summed response in all categories.

The PIcat could, therefore, have values between 1 (highest selectivity)

and 3 (no selectivity). To quantify response selectivity for single calls

within each category, a call preference index (PIcall) was calculated

separately for the three categories. It was computed as the number of

calls within a category for which the response was at least 50% of the

maximumresponseperbin evokedbya callwithin a category. ThePIcall

could, therefore, have values between 1 (highest selectivity) and 5 (no

selectivity).

Response selectivity quantified by the overall
response pattern (confusion matrices)

The above-described PIs only quantify if a unit is selectively respond-

ing to a certain call category or call within a category by means of the

response strength. However, although calls from different categories

might evoke the same number of spikes per presentation in a unit,

the temporal response pattern might be different for the two types of

calls. To take this into account and to test how specific units in the FAF

and dAC responded to calls from the three categories, we constructed

confusionmatrices.

A confusion matrix quantifies the probability by which the neural

response to a call can be specifically assigned to one specific call or call

category (e.g., Ref. 34). This is based on the reproducibility of the spike

response pattern evoked by a call or call category; if reproducibility is

high for repeated call presentation, the response pattern can be cor-

rectly assigned to the corresponding call or call category. Otherwise,

assignments will be random.

In detail, the PSTH (1 ms bin-width) evoked by one of the 20 pre-

sentations of a single call (the test call) was extracted in a window set

to match the longest response duration evoked by one of the 15 calls.

Start and end of the response window was defined by the time in the

PSTH where the response was stronger than the prestimulus activity

recorded in the first 50 ms preceding the call presentation. This PSTH

was compared to PSTHs in the same window randomly drawn from all
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other call presentations and the PSTH evoked by the same call by a dif-

ferent presentation within the 20 repetitions (to avoid that the spike

sequence was compared to itself). The similarity of two spike patterns

was quantified as the Euclidian distance, and the test call was assigned

to that call category for which PSTH comparison resulted in the small-

est Euclidian distance. If the PSTH comparison yielded two or more

equal values for the Euclidean distance from different call categories,

the PSTH was randomly assigned to one of those categories (forced

choice). This procedure was repeated 10,000 times and all category

assignments were collected, summed up, and the probability of correct

assignments was calculated. If assignments were made to the correct

category (i.e., the category of the test call), probability values would be

highest along the diagonal line of the confusionmatrix.

It is to be expected that the probability of correct assignments to

the different categories will also depend on the temporal binning of

the spike pattern (i.e., the temporal resolution with which the pat-

tern is looked at). Therefore, we convolved the PSTH with a Gaussian

window of 2- or 200-ms duration and compared the probabilities of

correct assignments for both temporal resolutions. To analyze if the

correct classification of neural responses evoked by the test call were

achieved for only one call category or for more than one, we calculated

a selectivity index (SI) from the probability for correct assignments:

SI = maximum probability value—(mean + standard deviation of

remaining values)

TheSI takes into account both the absolute probability of the assign-

ments as well the relative difference of the probability of assignments

between all call categories. The highest possible SI value is 1. In addi-

tion to the confusion matrices for call category classification, we also

constructed confusion matrices from the assignments of a response to

the five calls within each category (within-category classification).

RESULTS

We recorded activity in response to acoustic stimulation (pure tones

and/or prerecorded vocalizations) from 92 units in a locally confined

region of the frontal cortex (the FAF) in both hemispheres of four anes-

thetizedP. discolor (three females, onemale). In detail, 23out of 92units

(25%) in the FAF were recorded from the right hemisphere. To initially

locate the FAF, the anterior sulcus was used as a landmark. Neurons

responsive to acoustic stimulation were located in the region around

this sulcus. Thereafter, stereotaxic coordinates guided the electrode

penetrations. The position of the FAF in P. discolor roughly corresponds

to the area in which the FAF is located in other bat species (e.g., P.

parnellii,8 C. perspicillata,11,12 T. brasiliensis15). A frontal section showing

the location of the FAF is presented in Figure S2.

Recordings from 142 units in the P. discolor dAC (from both hemi-

spheres of four anesthetized bats; three females, one male) stem from

the data set published by Hörpel and Firzlaff,22 but none of the anal-

yses or results presented here are part of this former publication. In

detail, 30 out of 142 units (21%) in the dAC were recorded from the

right hemisphere. The localization of recording sites in the FAF and the

dAC are shown in Figure 2A.

F IGURE 2 Recording sites and basic response properties. (A)
Recording sites in the frontal auditory field (FAF) and the dorsal
auditory cortex (dAC) of P. discolor. The dAC is defined as the
anterior-dorsal field and the posterior-dorsal field of the auditory
cortex. The total number of units was 92 in the FAF and 142 in the
dAC. (B–F) Basic response properties of FAF and dAC units to
pure-tone stimulation. Abbreviators: ADF, anterior dorsal field; AVF,
anterior ventral field; BF, best frequency; PDF, posterior dorsal field;
PVF, posterior ventral field.
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General response properties of FAF and dAC units

Frequency tuning

Representative examples of frequency–response areas (FRAs) from

the FAF and the dAC, and their corresponding PSTHs, are shown

in Figure S3. Of the dAC units, 94.4% (134/142) showed significant

responses to stimulation with pure tones. In comparison, only 63.0%

(58/92) of FAF units showed significant responses to stimulation with

pure tones. In addition, 16.3% (15/92) of FAF units were only weakly

responsive to pure-tone stimuli and showed a patchy response pattern,

that is, no consistent frequency-response area was observed, but sin-

gle frequency and SPL combinations did evoke responses (see Figure

S3C).

The distribution of characteristic frequencies (CFs, frequency at

which a given unit responds to the lowest sound intensity) in the FAF

and the dAC is shown in Figure 2B. In the dAC, 38% (54/142) of units

showed lowCFsbelow20kHz,while only a fewFAFunits responsive to

pure tones (14%, 8/58) had aCF this lowandmost had aCFbetween40

and90kHz. Consequently, themeanCFof the FAFunitswas 56.74 kHz

± 20.7 kHz, which was significantly higher than the mean CF of the

dAC units, which had amean CF of 36.2 kHz± 24.5 kHz (t(174)= 4.42,

p<0.001). The sharpness of tuning of FRA measured as Q10dB was

generally low in the FAF and the dAC (meanQ10dB: 4.4± 2.7 and 3.8±
2.7, respectively) and showed no significant difference (t(174)= 1.27, p

= 0.2), although the distribution of Q10dB values in the dAC showed a

higher proportion of low values (Figure S4).

The distributions of best frequencies (BFs, frequency with the

strongest neuronal response) and BF threshold values in the FAF and

dAC are shown in Figure 2C,D, respectively. Mean BF of the FAF units

(51.8 kHz ± 25.7 kHz with a threshold of 49.4 dB ± 17.7 dB) was also

significantly higher (t(174) = 5.42, p<0.001) than the results from the

dAC units, which had a mean BF of 27.6 kHz ± 22.9 kHz with a thresh-

oldof40.4dB±16.0dB. Thresholdswere significantly lower in thedAC

than in the FAF (t(174)= 2.28, p<0.05).

Response latency and duration

Most units in the dAC had short latencies up to 10 ms, whereas

the latency distribution for the FAF units peaked around 30−40 ms

(Figure 2E). As the latencies in the dAC show a non-normal distribu-

tion, we show median and 25th and 75th percentile values. Median

response latency of FAF units was 35.0 ms (27.0/74.1 ms), whereas

dAC units showed a significantly shorter median response latency of

5.8 ms (4.6/8.2 ms; Wilcoxon rank sum test, z = 9.38, p<0.001). FAF

units typically showed long, tonic responses to acoustic stimulation

even to short pure tones (Figure 2F). Mean response duration was

94.8 ms ± 36.4 ms ranging from 41 to 192 ms. In contrast, units in

the dAC showed significantly shorter responses with a mean response

duration of 48.5 ms ± 45 ms ranging from 7 to 187 ms (t(189) = 6.42,

p<0.001).

Selectivity quantified by response strength

Next, we investigated the response of the FAF and dAC to call cat-

egories to determine if these regions were selective for calls with

different functions (echolocation vs. communication) or social valence

(appeasement, aggression) from the P. discolor repertoire. In addi-

tion, we investigated if units could encode for individual calls within

these categories or if responses to all calls within a category were

the same. Figure 3A shows an example of a raster plot of an FAF

units response to the three call categories. The normalized maximum

response for this unit per 2ms bins summed up over all five calls within

a category (Figure 3B) reveals that aggression is the best responded

call category, while the summed responses for the echolocation call

and appeasement call category each make up less than 50% of the

response evoked by the aggression call category. An example of a unit

from the dAC (Figure 3J,K) shows the same response behavior: the

summed responses evoked by a call from the aggression call cate-

gory are stronger, while the response strength is less than 50% in the

two other categories. Therefore, these examples of FAF and dAC units

were selectively responding to only one call category (PIcat = 1, see

Methods).

However, when looking at all units in both regions, it was clear that

only a small proportion of units were selectively responding to calls

from a single category (Figure 3C,L). In the FAF, 88% (81/92) of units

responded to calls from two or three categories (“combi”), while only

12% (11/92) of units selectively responded to calls from only one cate-

gory (Figure 3C). In detail, 7% (6/92) were selective for appeasement

calls and 5% (5/92) were selective for aggression calls. None of the

92 units recorded in the FAF selectively responded to echolocation

calls. In the dAC, only slightly more (14%, 20/142) units selectively

responded to calls from only one category (Figure 3L). In detail, 13%

(19/142) of units were selective for the aggression call category, while

only 1% (1/142) of units were selective for the echolocation call cat-

egory. The remaining 86% (122/142) of units responded to calls from

two or three categories (“combi”).

When looking at the response selectivity for single calls within each

of the different categories (echolocation, appeasement, aggression),

the results show that the majority of FAF units did not selectively

respond to single calls within the three categories. This is exemplified

in Figures 3D–F for the unit shown in Figure 3A. The PIcall is at least 3

for each of the categories, that is, at least three calls evoked a response

of at least 50% of the maximum spikes per 2 ms bin. In summary, in the

FAF, 71% (65/92), 86% (79/92), and 74% (68/92) of units responded to

all of the five calls (PIcall = 5) within the echolocation, appeasement,

and aggression call category, respectively (Figures 3G–I).

Selectivity for single calls quantified by response strength was

higher in the dAC than in the FAF. Although for the dAC unit shown

in Figure 3J, the PIcall for the aggression category was 5 (Figure 3O),

the two other categories had a PIcall of 1 (echolocation call category)

and 2 (appeasement call category; Figure 3M,N). Note that a PIcall

of 1 indicates the highest preference, that is, the unit was selective

for one call within a category (see Methods). In summary, in the dAC,
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F IGURE 3 Selectivity quantified by response strength. (A–I) and (J–R) Responses of an FAF and a dAC unit, respectively, to calls of the three
categories. (A, J) Spike responses are shown as raster plots. (B, K) Quantification of response strength (normalized to 100%) for the summed
maximum response per 2-ms bins for categories. Beginning and end of the analysis window for spike response quantification are shown by vertical
black lines in (A) and (J). Stimulus onset was at 50ms (black arrow). (C, L) Percentage of units selective for only one call category (PIcat= 1) or
combination of categories (PIcat= 2 or 3) in the FAF and the dAC, respectively. (D–F) and (M–O)Quantification of response strength (normalized
to 100%) for the summedmaximum response per 2-ms bin of individual calls within the categories for the FAF unit shown in (A), and the dAC unit
shown in (J), respectively. (G–I, P–R) Summary-plots of call-preference (PIcall) of all units for single calls within the three call categories in the FAF
and the dAC, respectively. The total number of units was 92 in the FAF and 142 in the dAC. Abbreviations: aggr., aggression; app., appeasement;
combi, combinations of two or three categories; dAC, dorsal auditory cortex; echo., echolocation; FAF, frontal auditory field.

only 54% (77/142), 32% (46/142), and 56% (79/142) of units had a

PIcall value of five (Figures 3P–R) for the three different call cate-

gories, respectively. The higher within-call category selectivity is also

illustrated by the number of units selectively responding to only one

call within a call category (PIcall = 1), especially when looking at the

echolocation and appeasement call categories. While in the dAC, 13%

(18/142) and 10% (14/142) of units showed a PIcall of 1 for echoloca-

tion calls and appeasement calls, respectively (Figure 3P,Q), in the FAF,

only 2% (2/92) and 1% (1/92) of units had a PIcall of 1 for these types

of calls (Figure 3G,H). In contrast, only in the aggression call category,

the number of units with a PIcall of 1 was higher in the FAF (7%, 6/92)

than in the dAC (2%, 3/142, Figure 3I,R). In summary, selectivity quan-

tified by response strength was slightly higher in the dAC than in the

FAF, both for call category andwithin-category comparison.
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F IGURE 4 Spike response patterns and confusionmatrix for category assignments. (A–C) Response pattern evoked by the 15 prerecorded
calls from the three categories in an FAF unit and confusionmatrices after convolution of the spike pattern with a 200- and 2-ms integration
window. (D–F) Same for a dAC unit. Beginning and end of the analysis window for spike response quantification are shown by vertical black lines in
(A) and (D). Stimulus onset was at 50ms (black arrow). FAF unit (A): CF= 78 kHz, BF= 85 kHz; dAC unit (D): CF= 48 kHz, BF= 17 kHz.
Abbreviations: aggr., aggression; app., appeasement; dAC, dorsal auditory cortex; echo., echolocation; FAF, frontal auditory field, integr.,
integration.

Confusion matrices: Call category classification based
on spike patterns

The above-described neuronal selectivity was based on response

strength. Next, we assessed the temporal responses since although

calls from different categories might evoke the same number of spikes

per presentation in a unit, their temporal response pattern may still

be different for the two types of calls. Call types could then be dis-

criminated based on the temporal response pattern, while this would

not be possible based on the mere spike count. Figure 4A shows the

responses of a unit in the FAF to calls of the three categories. Each

of the five calls within the three call categories evoked a strong tonic

response. These patterns were not distinctive for a given call type and

consequently, the probability by which the response to a call could be

assigned to a call category is low in the confusion matrix (Figure 4B,

200-ms integration window for PSTH convolution, see Methods). By

contrast, the example of the dAC unit (Figure 4D) shows a distinctive

response pattern for each of the three call categories, both in terms

of response duration and temporal spike pattern. Therefore, the con-

fusion matrix (Figure 4E) displays very high probability values (>90%)

for category-specific assignment of responses along the diagonal, that

is, the spike response pattern evoked by a single call presentation could

be assigned to the correct category in most cases and with almost

similar probability. Using a shorter (2-ms) integration window had no

effect for the FAF unit call assignment probability (Figure 4C). Prob-

abilities of assignments to the categories were still low. For the dAC

unit, correct assignment can still be made with high probability using

a shorter integration window (Figure 4F). However, the probability of

correct assignment for the aggression and the appeasement categories

is lower as for the confusion matrix was constructed using a 200-ms

integrationwindow,while the probability of correct assignment for the

echolocation category had even increased.

Figure 5 summarizes the responses from all units in the FAF and

dAC. In both the FAF and dAC, the maximum values for the proba-

bility of correct category classification from the confusion matrices

(i.e., the probability values for the best category) were significantly

higher for the 2-ms integration window than for the 200-ms inte-

gration window (Figure 5A,B; t-test, p<0.001 for both regions, FAF:

t(182) = −4.14, p<0.001 and dAC: t(282) = −3.83, p<0.001). This is
also reflected in the histograms for the probability of best category

classification (Figure 5C,D). The histogram distribution shifts to the

right toward higher probability values in both regions when a 2-ms
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F IGURE 5 Quantification of best category assignments in
confusionmatrices for FAF and dAC units. (A, B) Values for probability
of best assignments to a category in the FAF and the dAC compared
for the 200-ms (gray line) and the 2-ms (black line) integrationwindow.
(C, D) Histogram distribution of the values shown in (A) and (B). (E, F)
Comparison of themean probability values for best category
assignment for the 200-ms (gray bars) and the 2-ms (black bars)
integration window in the FAF and dAC, respectively. (G, H)
Comparison of percentage of units showing best assignment for one of
the three call categories for 200-ms (gray bars) and 2-ms (black bars)
integration window in the FAF and dAC, respectively. (I, J) Comparison

(Continues)

F IGURE 5 (Continued)

of themean probability values for best category assignment in the FAF
and the dAC for the 2-and 200-ms integration window, respectively.
Abbreviations: aggr., aggression; app., appeasement; cat., category;
dAC, dorsal auditory cortex; echo., echolocation; FAF, frontal auditory
field, integr.-w., integration window; prob., probability.

integration window was used. These differences were statistically

significant when comparing the values for best probabilities for cor-

rect classification for 2- and 200-ms integration windows in the FAF

and the dAC (Figure 5E,F, t-test, p<0.001 for both the FAF (t(182) =
−4.14, p<0.001) and dAC (t(282) = −3.83, p<0.001). As can be seen

from Figure 4E,F, the length of the integration window (i.e., the tem-

poral integration of response pattern) could have an influence on the

assignment of response to the three different call categories. When

analyzing this inmore detail, the results show that for the 200-ms inte-

gration window best probability of correct classification values in FAF

units were equally distributed over the three call categories. However,

there was a preference (>50% of units) for echolocation calls when a

2-ms integration window was applied (Figure 5G). For dAC units, dif-

ferences were even more pronounced: most units (>50%) show the

best probability of correct classification values for the aggression calls

using a 200-ms integration window, while most units show best classi-

fication values for echolocation calls using a 2-ms integration window

(Figure 5H).

So far, we have looked at the influence of the temporal integration

window on the probability of correct classification of neural responses

to the three call categories. However, Figure 5A,B also indicates that

the values for best category classification are higher in the dAC than

in the FAF. Quantified in more detail for both the 2- and 200-ms inte-

gration window conditions, the values for best category classification

are significantly higher for the 2-mswindow (t(232)= 10.83, p<0.001)

and for the 200-ms window (t(232) = 12.19, p<0.001) in the dAC than

in the FAF (Figure 5I,J). In summary, units in the dAC can more reliably

classify calls fromdifferent categories thanunits in theFAF. Inboth cor-

tical areas, classification performance is best when the temporal spike

pattern is analyzedwith a high temporal resolution.

Confusion matrices: Within-category classification
based on spike pattern

Although a unit could show a high probability of correct response

assignments for oneormoreof the three call categories, it cannot auto-

matically be inferred that response classification within a category can

also be reliably done. The response patterns evoked by the single calls

might be different for calls from the different categories, but relatively

similar for calls from the same category. This is analyzed in detail in the

following.

Figure 6A shows the spike raster plot and confusion matrices

for within-category classification for an FAF unit showing a strong

response to the appeasement call category. Although for this unit the

probability for correct assignment was high for the appeasement calls,
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F IGURE 6 Spike response patterns and confusionmatrix for within-category call assignments in an FAF unit (A–G) and a dAC unit (H–N). (A)
Response pattern evoked by the 15 prerecorded calls from the three categories in an FAF unit. (B, D, F) Confusionmatrices of this unit for the five
calls within each call category after convolution with a 200-ms integration window. (C, E, G) Same for the 2-ms integration window. (H) Response
pattern evoked by the 15 prerecorded calls from the three categories in a dAC unit. Beginning and end of the analysis window for spike response
quantification are shown by vertical black lines in the raster plot. Stimulus onset was at 50ms (black arrow). (I, K,M) Confusionmatrices of this unit
for the five calls within each call category after convolution with a 200-ms integration window. (J, L, N) Same for the 2-ms integration window.
Abbreviations: aggr., aggression; app., appeasement; cat., category; dAC, dorsal auditory cortex; echo., echolocation; FAF, frontal auditory field.
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F IGURE 7 Comparison of themean probability values for best
within-category assignment in the dAC and the FAF for the 200-ms
integration window (A) and the 2-ms integration window (B).
Abbreviations: aggr., aggression; app., appeasement; cat, category;
dAC, dorsal auditory cortex; echo., echolocation; FAF, frontal auditory
field; n.s., not significant; prob, probability.

at least for the200-ms integrationwindow (Figure S5),within-category

probability for correct assignment were always low for both the 200-

ms (Figure 6B,D,F) and the 2-ms integration window (Figure 6C,E,G).

In other words, none of the five calls from each category evoked a

distinguishable response pattern in this unit. In contrast, in the dAC

unit (Figures 6H–N; previously shown in Figure 4D), within-category

classification probabilitywas high for all five calls in the aggression cat-

egory for the 2-ms integration window (Figure 6N) and for one call for

the 200-ms integration window (Figure 6M). For the 2-ms integration

window, at least one appeasement call spike response pattern could be

assigned correctly with high probability (Figure 6L).

We compared the values for best category classification for the

responses evoked by each of the five single calls fromeach category for

units in the dAC and the FAF (Figure 7). For both integration windows,

the mean of the values for best classification within a category in

the dAC was lowest for the echolocation calls, intermediate for the

appeasement calls, and highest for the aggression calls (Figure 7A,B)

for the2-ms (F(2,423)=70.82,p<0.001) andF(2,423)=43.33,p<0.001

for the 200-ms integrationwindow). For FAF units, the valueswere not

significantly different across call categories (F(2,273) = 2.11, p≥0.05

for the 2 ms and, F(2,273) = 2.47, p≥0.05 for the 200-ms integration

window). For both integration windows, the values for best classifica-

tion within a category were significantly higher for appeasement and

aggression calls in the dAC than in the FAF for the 200-ms window

(appeasement: t(232) = 6.66, p<0.001; and aggression: (t(232) = 8.47,

p<0.001) and for the 2-ms window (appeasement: t(232) = 5.92,

p<0.001; and aggression: t(232)=9.18, p<0.001). For the echolocation

call category, a significant difference was only present between dAC

and FAF for the 200-ms integration window (t(232) = 2.49, p<0.05). In

summary, as already shown for category classification, within-category

classification of single calls is more reliable in the dAC than in the FAF.

Confusion matrices: Call category and
within-category selectivity based on spike pattern

The SI shows if correct classifications of neural responses in the con-

fusion matrices were achieved for only one call category or single calls

within a category (high SI) or for more than one (low SI; see Methods

for details on the calculation of the SI). Figure 8A,B, shows an example

of a dAC unit with a relatively high SI of 0.34.While short echolocation

calls as well as the longer appeasement calls evoked an onset response

only, aggressions calls evoked adistinct but category-specific spike pat-

tern for each of the five calls (Figure 8A). Consequently, the probability

of correct classification of neural responses was higher for the aggres-

sion call category than for the twoother call categories (Figure 8B). The

overall range of SI for call categories in the dACwas from−0.10 to 0.86
and−0.03 to 0.39 for 2- and 200-ms integrationwindows, respectively

(Figure 8C,D). The FAF ranged from −0.06 to 0.05 and −0.04 to 0.27

for 2- and 200-ms integration windows, respectively. Comparing the

SIs from units in the dAC and the FAF, we found that dAC units gen-

erally showed a higher selectivity for a certain call category than units

in the FAF for both integration windows (Figure 8C,D, Wilcoxon rank

sum test, z = 4.29, p<0.001 and p< 0.001, z = −5.24, p<0.001 for the

2-and-200ms integrationwindow, respectively). However, the integra-

tion window had a profound effect on the SI of units in both the dAC

andFAF. Selectivitywas alwayshigherwhena2-ms integrationwindow

was applied (Figure 8E,F, Wilcoxon rank sum test z = −6.48, p<0.001,
and z=−5.98, p<0.001, respectively, for the dAC and the FAF).

When looking at within-category call selectivity, SIs for aggression

calls in the dAC were significantly higher than in the FAF for both

integration windows (Figure 8G,H; Wilcoxon rank sum test, z = 3.12,

p<0.01, and z = 5.61, p<0.001 for the 2- and 200-ms window, respec-

tively). In addition, SIs for appeasement calls were higher in the dAC

for the 200-ms integration window (Wilcoxon rank sum test, z = 3.48,

p<0.001; Figure 8H), while echolocation calls showed the smallest

SIs for both integration windows and showed no significant differ-

ence between the FAF and the dAC (Wilcoxon rank sum test, z-value

= −0.5724 p≥0.05, and z = 1.19, p≥ for the 2- and 200-ms window,

respectively; Figure 8G,H). To summarize, selectivity for call categories

was generally higher in the dAC than in the FAF, with SIs being highest

for responses evoked by aggression calls.
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F IGURE 8 Selectivity indices (SIs) for call category confusion
matrix assignments in FAF and dAC units. (A) Raster plot and (B)
confusionmatrix for category assignment of a dAC unit. Beginning and
end of the analysis window for spike response quantification in (A) are
shown by vertical black lines in the raster plot. Stimulus onset was at
50ms (black arrow). The unit has an SI of 0.34 (seeMethods for details
on the calculation of the SI). (C, D) Comparison of themedian SI for
best category assignment in the dAC and the FAF for the 2- and
200-ms integration window, respectively. (E, F) Comparison of the
median SI for best category assignment for the 2- and 200-ms
integration window in the dAC and the FAF, respectively. (G, H)
Comparison of themedian SI for within-category confusionmatrix call

(Continues)

F IGURE 8 (Continued)

assignments in the dAC and the FAF. (G)Median SI for calls within the
three categories for the 2-ms integration window and (H) the 200-ms
integration window. Abbreviations: aggr., aggression; app.,
appeasement; cat., category; dAC, dorsal auditory cortex; echo.,
echolocation; FAF, frontal auditory field; integr.-w, integration
window; n.s., not significant.

DISCUSSION

The present study investigated the basic response properties of units

in the FAF and the dAC of the P. discolor bat and compared neu-

ral responses to a library of 15 echolocation and communication

calls in these regions. A special focus was put on comparing call

selectivity across regions and asking if response patterns of FAF and

dAC units allowed call classification individually or by category. Neu-

ronal responses showed that dAC units are capable of high-fidelity call

selectivity, both in identifying call categories but also individual calls.

By contrast, the performance of FAF units in these tasks was of lesser

quality.

Basic response properties

In the FAF, neuronal responses evoked by pure tone stimuli were char-

acterized by long latencies and tonic response patterns. Furthermore,

response variabilitywas high, for example, first-spike latencies, and the

overall response pattern differed strongly throughout stimulus pre-

sentations. Frequency response areas often showed complex, patchy

shapes. Thirty-seven percent of FAF units were unresponsive to pure-

tone stimulation. Our results, therefore, support earlier findings in the

FAF of other bats.10−12,15 In contrast to the FAF responses, dAC units

showed more precise phasic response pattern with shorter latencies

and shorter durations. The large percentage of units with CF below

20 kHz in the dACwas somewhat unexpected as the dorsal fields of the

AC (the anterior dorsal field [ADF] and the posterior dorsal field [PDF])

are considered to contain mainly neurons tuned to high frequencies.21

Thismightbedue toabias coming fromusingdifferent stimuli to search

for neuronal activity (pure tones in Ref. 21 and communication calls in

the present study). In addition, some of the dAC units were located at

the borders to the ventral fields, especially the posterior ventral field

(PFV, see Figure 2A). We, therefore, might have picked up some units

from the low-frequency part of the tonotopic representation in this

field.

Call-category or within-category classification

The above-described differences in the basic response properties also

seem to be reflected in the differences seen in the probability for cor-

rect call-category or within-category classification of FAF and dAC

units. As dAC units often responded with distinct spike patterns to

echolocation and communication calls (in accordance with the pha-

sic responses evoked by pure-tone stimulation), single spike trains
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could be more often assigned correctly to the corresponding call cat-

egory in the dAC than in the FAF. This effect was most prominent

for the 2-ms integration window which yielded higher probabilities of

correct category classification than the 200-ms integration window.

While this observation is not surprising regarding the distinct tem-

poral spike patterns often observed in the dAC, the finding that the

2-ms temporal integration widow yielded higher classification proba-

bility for the call category in the FAF, too, is somewhat counterintuitive.

This is because the tonic responses of FAF units typically lack a dis-

tinct temporal patterning that might facilitate classification when a

short integration window is used. A relief from this inconsistency

might be found when looking at Figure 5G. For the 2-ms integration

window,most units showed the highest probability of correct category

classification for the short echolocation calls but not for the long

aggression calls, in both the FAF and the dAC. Therefore, short

responses evoked by echolocation callsmight favor high response clas-

sification probabilities when the short 2-ms integration window is

applied. For long responses evoked by the longer aggression call, how-

ever, the 200-ms integration window is most effective for category

classification. The results for the within-category classification can be

interpreted in the same way; the distinct phasic spike pattern of dAC

units facilitated the within-category classification of one or more calls

compared to the FAF, especially for short integration windows.

It has been shown that communication calls are analyzed by P. dis-

color based on short temporal integration times.35 In addition, Schnupp

et al.34 showed that neurons in A1 of ferrets efficiently represented

vocalizations through temporal spike pattern codes when analyzed at

short timescales of 10−50ms. The fact that temporally integrating calls

in 2-ms intervals yielded higher probabilities of correct classification

than for the 200-ms integration windows in P. discolor is in line with

these earlier findings. However, it is not clear if the increased accuracy

over short integration times is due to physiological mechanisms in the

neocortex such as membrane voltage fluctuations in the gamma fre-

quency band (20–70Hz, i.e., at periods of 14−50ms36) as suggested by

Schnupp et al.34 Short integration times may simply be favored by the

distinct pattern of spike response peaks caused by envelope fluctua-

tions found especially in the aggression calls of P. discolor. This notion is

supported by the inter- and within-category variability of call duration

and temporal envelope for these calls (see Figure S1).

Call-category or within-category selectivity

In our experiments, we quantified selectivity by response strength or

by the probability of correct classification. In both cases, units in the

dAC and the FAF typically did not show high selectivity. Few units

in both areas were selective for only one of the three call categories

or single calls within these categories. However, whereas no differ-

enceswere observed for the selectivity for a certain category based on

response strength (PIcat), units in the dAC showed significantly higher

SIs for call category classification based on the probability of correct

classification (see Figure 8) than units in the FAF. For within-category

classification, the dAC units were more selective for single calls than

FAFunits, bothwhen looking at the response strength (PIcall) aswell as

for selectivity indices on the probability of correct classification based

on spike patterns. As already discussed above, one can assume that

thesedifferences canbeattributed to the ability of dACunits to encode

call envelopes more precisely because of their phasic response pat-

tern and their ability to follow fast amplitude modulations22 than FAF

units and, probably, A1 neurons, too. Therefore, dAC units may also

translate differences in call envelop into larger differences of overall

response strength than neurons in A1 and, therefore, might show a

slightly stronger preference for certain single calls.

Functional relevance of our findings

Based onour results, it is difficult to speculate on the precise functional

role of the dAC and the FAF in the frontal cortico-striatal network

for vocal–motor control. Although the localization of the FAF in the P.

discolor cortex has been described,17 it is not fully clear if additional

frontal areas exist that might also receive auditory input. It, there-

fore, might well be that our recordings did not cover responses from

neurons of all cortical regions relevant to this network. For exam-

ple, Gooler and O’Neill37 reported that communication calls could be

elicited bymicrostimulation froma region in the anterior cingulate cor-

tex in the bat (P. parnellii). Interestingly, the anterior-most cingulate

cortex shows significant functional connectivity with dorsal regions of

the left AC in P. discolor,38 which was not observed for the right hemi-

sphere. This would be in line with earlier findings in other bats, which

hint toward a preference for the processing of social calls in the left

hemisphere.39 As the number of units recorded from was not evenly

distributed across both sides in the FAF and the dAC in our study,

we did not report here on possible hemispheric specializations for the

processing of communication sounds.

However, the findings of our study imply that units in the dAC

encode call category as well as single calls from the same category

of behavioral context more reliably than units in the FAF. For exam-

ple, the dAC unit shown in Figure 4 was responsive to all calls from

all three categories; however, the response pattern allowed for precise

classification of call categories as well as classification of responses to

individual calls, at least for the aggression call category (see Figure 6N).

This type of unit could, therefore, play a role in the identification of

vocalizations and might be important for feedback control (i.e., tem-

plate matching) during vocal learning.40 Other units in the dAC were

more selective at encoding a single category of calls, and, therefore,

might represent a second stage of more generalized processing of

auditory information. Interestingly, call category-selective neurons are

already present in the inferior colliculus of bats,41 and social context

enhances neuronal population responses to social vocalizations in that

area.42 Thus, the organization of callmeaning already seems to start on

subcortical levels. In the FAF, a response behavior as seen in the units of

the dACwas less frequently observed in our study. Call selectivity was

almost absent and call category selective units were rare, too. This was

mainly due to the tonic response patterns, which lacked precise coding

of the spectro-temporal envelopes of vocalizations. However, at least

some units in the FAF could selectively code for a certain call category

although within-category classification of a single call was not possible
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based on the spike response pattern or spike response strength (see

raster plot of the FAF unit shown in Figure 6A). The confusion matrix

for call category classification based on spike patterns for that unit is

shown in Figure S5. This type of response behavior of FAF units would

support the notion that higher processing stages becomeprogressively

more tolerant of variation of calls carrying the samemeaning.

It should be noted that our findings that dAC units weremore selec-

tive at encoding call category as well as individual call types than FAF

units in P. discolor is opposite to the results obtained in the Mexican

free-tailed bat byMacias et al.,15 who found the FAF to be more selec-

tive than A1. This suggests that the processing of acoustic features

related to echolocation and communication calls might be different in

the different fields of the AC. The dorsal cortical fields (the ADF and

the PDF in P. discolor21) are known to feature units capable of fast and

precise temporal processing for coding of echo-delay aswell as for cod-

ing envelope fluctuations of complex stimuli such as communication

calls.22,43 Therefore, the dAC might be preadapted to serve a role for

encoding call meaning within a cortico-striatal network.

It is difficult to say how the transition from precise response pat-

terns from the dAC to the more “noisy” pattern in the FAF occurs.

The FAF receives input not just from the AC but also via the extra-

lemniscal pathway8 bypassing the AC. López-Jury et al.12 suggested

that slow, subthreshold, synaptic dynamics are underlying the long-

lasting, less precise spiking pattern of neurons in the FAF of bats. It

remains unclear how theFAF can fulfill a role on vocal–motor control in

communication and even more so in echolocation, which requires fast

and precise motor actions to adjust ear movement and fast call repe-

tition rate. It is likely that anesthesia is having an influence on spiking

pattern in the FAF, as at least for FM sweeps, response duration was

shorter and, therefore, more precise in the FAF than in the A1 in awake

bats.15 It is also possible that the precision of spike response in the FAF

could increase when bats are engaged in a behavioral-relevant task.

On the other hand, it can be speculated that long and noisy responses

might serve sensory motor integration as sensory input of different

modalities that can be integrated over time, as discussed by López-Jury

et al.12

CONCLUSION

In conclusion, the data presented here support the notion that the dAC

plays an important role in the neural network for processing and con-

trol of vocal communication in bats. The precise timing of responses

encode temporal envelope properties of individual calls as well as

call categories, and, therefore, precise information about the auditory

input in a vocal communication context could be relayed upstream in

the cortico-striatal network.

AUTHOR CONTRIBUTIONS

S.G.H. and U.F. conceived and designed the research; S.G.H. performed

experiments; S.G.H. and U.F. analyzed data; S.G.H. and U.F. inter-

preted results of experiments; U.F. prepared figures; U.F. and S.G.H.

drafted the manuscript; S.G.H., S.C.V., and U.F. edited and revised the

manuscript;U.F. andS.C.V. approved the final versionof themanuscript.

ACKNOWLEDGMENTS

We thank Ali Roustazadeh and StefanWeigel for inspiring discussions.

We owe special thanks to Susanne Radtke-Schuller for valuable help in

locating the FAF.

Open access funding enabled and organized by Projekt DEAL.

FUNDING

This work was supported by Human Frontier Science Program Grant

RGP0058 to U.F. S.C.V. was supported by a UKRI Future Leaders

Fellowship (MR/T021985/1), and S.C.V. and S.G.H. were supported

by an ERC Consolidator Grant (101001702; BATSPEAK) awarded to

S.C.V.

COMPETING INTERESTS

No conflicts of interest, financial or otherwise, are declared by the

authors.

DATA AVAILABILITY STATEMENT

Research data are not shared.

ORCID

UweFirzlaff https://orcid.org/0000-0003-2803-3587

REFERENCES

1. Knörnschild, M. (2014). Vocal production learning in bats. Current
Opinion in Neurobiology, 28, 80–85.

2. Esser, K. H. (1994). Audio-vocal learning in a non-human mam-

mal: The lesser spear-nosed bat Phyllostomus discolor. Neuroreport, 5,
1718–1720.

3. Lattenkamp, E. Z., Vernes, S. C., & Wiegrebe, L. (2018). Volitional con-

trol of social vocalisations and vocal usage learning in bats. Journal of
Experimental Biology, 221, jeb180729.

4. Lattenkamp, E. Z., Vernes, S. C., & Wiegrebe, L. (2020). Vocal produc-

tion learning in the pale spear-nosed bat, Phyllostomus discolor. Biology
Letters, 16, 20190928.

5. Covey, E. (2005). Neurobiological specializations in echolocating bats.

Anatomical Record Part A, 287A, 1103–1116.
6. Hage, S. R., & Nieder, A. (2013). Single neurons in monkey pre-

frontal cortex encode volitional initiation of vocalizations. Nature
Communications, 4, 2409.

7. Hage, S. R. (2018). Dual neural network model of speech and language

evolution: New insights on flexibility of vocal production systems and

involvementof frontal cortex.CurrentOpinion inBehavioral Sciences,21,
80–87.

8. Kobler, J. B., Isbey, S. F., & Casseday, J. H. (1987). Auditory pathways

to the frontal-cortex of themoustache bat, Pteronotus parnellii. Science,
236, 824–826.

9. Casseday, J. H., Kobler, J. B., Isbey, S. F., & Covey, E. (1989). Cen-

tral acoustic tract in an echolocating bat—An extralemniscal auditory

pathway to the thalamus. Journal of Comparative Neurology, 287,
247–259.

10. Kanwal, J. S., Gordon,M., Peng, J. P., &Heinz-Esser, K. (2000). Auditory

responses from the frontal cortex in the mustached bat. Neuroreport,
11, 367–372.

11. Eiermann, A., & Esser, K. H. (2000). Auditory responses from the

frontal cortex in the short-tailed fruit bat Carollia perspicillata.Neurore-
port, 11, 421–425.

12. López-Jury, L., Mannel, A., García-Rosales, F., & Hechavarria, J. C.

(2020). Modified synaptic dynamics predict neural activity patterns

in an auditory field within the frontal cortex. European Journal of
Neuroscience, 51, 1011–1025.

https://orcid.org/0000-0003-2803-3587
https://orcid.org/0000-0003-2803-3587


130 ANNALSOF THENEWYORKACADEMYOF SCIENCES

13. García-Rosales, F., López-Jury, L., González-Palomares, E., Cabral-

Calderín, Y., & Hechavarría, J. C. (2020). Fronto-temporal coupling

dynamics during spontaneous activity and auditory processing in the

bat. Frontiers in Systems Neuroscience, 14, 14.
14. García-Rosales, F., López-Jury, L., González-Palomares, E., Cabral-

Calderín, Y., Kössl, M., & Hechavarria, J. C. (2022). Phase-amplitude

coupling profiles differ in frontal and auditory cortices of bats. Euro-
pean Journal of Neuroscience, 55, 3483–3501.

15. Macias, S., Bakshi, K., Troyer, T., & Smotherman, M. (2022). The pre-

frontal cortex of the Mexican free-tailed bat is more selective to

communication calls than primary auditory cortex. Journal of Neuro-
physiology, 128, 634–648.

16. Rose, M. C., Styr, B., Schmid, T. A., Elie, J. E., & Yartsev, M. M. (2021).

Cortical representation of group social communication in bats. Science,
374, eaba9584.

17. Vernes, S. C., Devanna, P., Hörpel, S. G., Alvarez Van Tussenbroek,

I., Firzlaff, U., Hagoort, P., Hiller, M., Hoeksema, N., Hughes, G. M.,

Lavrichenko, K., Mengede, J., Morales, A. E., & Wiesmann, M. (2022).

The pale spear-nosed bat: A neuromolecular and transgenic model

for vocal learning. Annals of the New York Academy of Sciences, 1517,
125–142.

18. Valentine, D. E., & Moss, C. F. (1997). Spatially selective auditory

responses in the superior colliculus of the echolocating bat. Journal of
Neuroscience, 17, 1720–1733.

19. Eiermann, A. (2000). Kolokalisation auditorischer und (prä-)motorischer
Funktionen im präfrontalen Cortex der Brillenblattnase, Carollia perspicil-
lata. Universität Ulm.

20. Tsunada, J., & Eliades, S. J. (2024). Frontal-auditory cortical interac-

tions and sensory prediction during vocal production in marmoset

monkeys. bioRxiv.
21. Hoffmann, S., Firzlaff, U., Radtke-Schuller, S., Schwellnus, B., & Schuller,

G. (2008). The auditory cortex of the bat Phyllostomus discolor: Local-
ization and organization of basic response properties. BMC Neuro-
science [Electronic Resource], 9, 65.

22. Hörpel, S. G., & Firzlaff, U. (2019). Processing of fast amplitude mod-

ulations in bat auditory cortex matches communication call-specific

sound features. Journal of Neurophysiology, 121, 1501–1512.
23. Esser, K.-H., Condon, C. J., Suga, N., & Kanwal, J. S. (1997). Syntax

processing by auditory cortical neurons in the FM-FMarea of themus-

tached bat Pteronotus parnellii. Proceedings of the National Academy of
Sciences of the United States of America, 94, 14019–14024.

24. Kanwal, J. S. (2007). Auditory cortex of bats and primates: Managing

species-specific calls for social communication. Frontiers in Bioscience,
12, 4621–4640.

25. Geissler, D. B., & Ehret, G. (2004). Auditory perception vs. recognition:

Representation of complex communication sounds in the mouse audi-

tory cortical fields. European Journal of Neuroscience, 19, 1027–1040.
26. Fichtel, I., & Ehret, G. (1999). Perception and recognition discriminated

in the mouse auditory cortex by c-Fos labeling.Neuroreport, 10, 2341–
2345.

27. García-Rosales, F., López-Jury, L., González-Palomares, E., Wetekam,

J., Cabral-Calderín, Y., Kiai, A., Kössl, M., & Hechavarría, J. C. (2022).

Echolocation-related reversal of information flow in a cortical vocal-

ization network.Nature Communications, 13, 3642.
28. Schuller, G., Radtke-Schuller, S., & Betz, M. (1986). A stereotaxic

method for small animals using experimentally determined reference

profiles. Journal of NeuroscienceMethods, 18, 339–350.
29. Lattenkamp, E. Z., Shields, S.M., Schutte,M., Richter, J., Linnenschmidt,

M., Vernes, S. C., & Wiegrebe, L. (2019). The vocal repertoire of pale

spear-nosed bats in a social roosting context. Frontiers in Ecology and
Evolution, 7, 116.

30. Esser, K. H., & Schmidt, U. (1989). Mother−infant communica-

tion in the lesser spear-nosed bat Phyllostomus discolor (Chiroptera,
phyllostomidae)—Evidence for acoustic learning. Ethology, 82, 156–
168.

31. Washington, S. D., & Kanwal, J. S. (2008). DSCF neurons within the

primary auditory cortex of themustached bat process frequencymod-

ulations present within social calls. Journal of Neurophysiology, 100,
3285–3304.

32. Firzlaff, U., Schörnich, S., Hoffmann, S., Schuller, G., & Wiegrebe,

L. (2006). A neural correlate of stochastic echo imaging. Journal of
Neuroscience, 26, 785–791.

33. Radtke-Schuller, S., Fenzl, T., Peremans, H., Schuller, G., & Firzlaff, U.

(2020). Cyto- and myeloarchitectural brain atlas of the pale spear-

nosed bat (Phyllostomus discolor) in CT aided stereotaxic coordinates.

Brain Structure & Function, 225, 2509–2520.
34. Schnupp, J. W. H., Hall, T. M., Kokelaar, R. F., & Ahmed, B. (2006). Plas-

ticity of temporal pattern codes for vocalization stimuli in primary

auditory cortex. Journal of Neuroscience, 26, 4785–4795.
35. Hörpel, S. G., Baier, A. L., Peremans, H., Reijniers, J., Wiegrebe, L.,

& Firzlaff, U. (2021). Communication breakdown: Limits of spectro-

temporal resolution for the perception of bat communication calls.

Science Reports, 11, 13708.
36. Azouz, R., & Gray, C. M. (1999). Cellular mechanisms contributing to

response variability of cortical neurons in vivo. Journal of Neuroscience,
19, 2209–2223.

37. Gooler, D. M., & O’neill, W. E. (1987). Topographic representation of

vocal frequency demonstrated by microstimulation of anterior cingu-

late cortex in the echolocating bat,Pteronotus parnelli parnelli. Journal of
Comparative Physiology A-Neuroethology Sensory Neural and Behavioral
Physiology, 161, 283–294.

38. Washington, S. D., Shattuck, K., Steckel, J., Peremans, H., Jonckers, E.,

Hinz, R., Venneman, T., van den Berg, M., van Ruijssevelt, L., Verellen,

T., Pritchett, D. L., Scholliers, J., Liang, S., Wang, P. C., Verhoye, M.,

Esser, K.-H., van der Linden, A., & Keliris, G. A. (2024). Auditory corti-

cal regions show resting-state functional connectivity with the default

mode-like network in echolocating bats. Proceedings of the National
Academy of Sciences of the United States of America, 121, e2306029121.

39. Kanwal, J. S. (2012). Right-left asymmetry in the cortical processing

of sounds for social communication vs. navigation in mustached bats.

European Journal of Neuroscience, 35, 257–270.
40. Brainard, M. S., & Doupe, A. J. (2000). Auditory feedback in learning

and maintenance of vocal behaviour. Nature Reviews Neuroscience, 1,
31–40.

41. Lawlor, J., Wohlgemuth, M. J., Moss, C. F., & Kuchibhotla, K. V. (2023).

Spatially clustered neurons encode vocalization categories in the bat

midbrain. bioRxiv.

42. Salles, A., Loscalzo, E., Montoya, J., Mendoza, R., Boergens, K. M., &

Moss, C. F. (2024). Auditory processing of communication calls in

interacting bats. Iscience, 27, 109872.
43. Bartenstein, S. K., Gerstenberg, N., Vanderelst, D., Peremans, H.,

& Firzlaff, U. (2014). Echo-acoustic flow dynamically modifies the

cortical map of target range in bats.Nature Communications, 5, 4668.

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Hoerpel, S. G., Vernes, S. C., & Firzlaff,

U. (2025). Representation of vocalizations in the frontal

auditory field and the dorsal auditory cortex of bats. Ann NY

Acad Sci., 1547, 116–130. https://doi.org/10.1111/nyas.15336

https://doi.org/10.1111/nyas.15336

	Representation of vocalizations in the frontal auditory field and the dorsal auditory cortex of bats
	Abstract
	INTRODUCTION
	METHODS
	Surgery
	Acoustic stimulation
	Electrophysiological recordings
	Data analysis
	Responses to pure tones
	Response selectivity to echolocation and communication calls quantified by response strength
	Response selectivity quantified by the overall response pattern (confusion matrices)


	RESULTS
	General response properties of FAF and dAC units
	Frequency tuning
	Response latency and duration

	Selectivity quantified by response strength
	Confusion matrices: Call category classification based on spike patterns
	Confusion matrices: Within-category classification based on spike pattern
	Confusion matrices: Call category and within-category selectivity based on spike pattern

	DISCUSSION
	Basic response properties
	Call-category or within-category classification
	Call-category or within-category selectivity
	Functional relevance of our findings

	CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING
	COMPETING INTERESTS
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES
	SUPPORTING INFORMATION


