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Fig. 1. (A) Behavioral setup for recording natural echolocation call ap-
proach sequences in the laboratory. (B) Three categories of sound stimuli:
natural stimulus (blue), linear sweep stimulus (red), and white noise
stimulus (green). Spectrograms in Right show the spectral properties of
each stimulus. (C) The bat is awake and head-restrained at the center of
an array of 14 speakers. Shaded speakers indicate stimulus presentations
in the contralateral hemifield (green recording probe in the opposite
hemisphere).

evoking a maximum response (Fig.@). Auditory unit responses
to the brief stimulus elements were phasicHig. S1 and found
across all recording depths (from 300 to 1,050m), showing that

SC neurons also showed differences in auditory response se-
lectivity across stimulus categories. Response selectivity was
higher for spectrotemporally structured stimuli than for the
white noise stimuli. For example, the neuron shown in Fig. R-F
responds to fewer individual sound elements in the natural and
linear sweep stimuli than the white noise stimulus, respectively.
Moreover, the patterns of responses (i.e., which sound elements
elicited a response) were also different between the three stim-
ulus categories. Across all recording sites, neural responses to
the natural stimulus showed the highest stimulus selectivity
(Fig. 2D, blue line) (mean selectivity index= 0.817) followed by
responses to the linear sweep stimulus (FigE2red line) (mean
selectivity index= 0.807) and responses to the white noise stim-
ulus (Fig. ZF, green line) (mean selectivity index= 0.713). For all
sites, the mean response selectivity of the natural stimulus was
significantly greater than response selectivity to the white noise
stimuli [Kolmogorov-Smirnov (KS) test;P = 0.03], but no other
pairwise comparisons yielded significant differences. Interestingly,
we found that auditory selectivity dffered across recording depths.
At more dorsal locations, auditory selectivity was found to be
higher in response to the natural stimuli than the linear sweep
or white noise stimuli (Fig. S3 dorsal) (permutation test; P <
0.001). In ventral SC, however, auditory response selectivity was
comparable across stimuli fig. S3 ventral) (permutation test;

P > 0.05). A more detailed analysis of the differences in selectivity
throughout the layers of the SC is presented below.

Changes in auditory selectivity for each stimulus set category
from dorsal to ventral SC are revealed by arranging neural re-
sponses in order of increasing recording depth. Normalized ac-

auditory activity can be elicited from neurons across the func- tivity heat plots for all auditory responses to a set of the natural

tional subdivisions in the bat SC.

(Fig. 3A), linear sweep (Fig. 8), and white noise stimuli (Fig. &)

Shown in Fig. 2A-C are example responses to each stimulus Show a gradual decrease in selectivity with recording depth. Data

category (natural, linear sweep, and white noise in Fig. 2-C,

respectively) for a single neuron. SC neurons generally had very
low levels of spontaneous activity and were typically active only
in response to acoustic stimulation. Auditory activity evoked by
each of three stimulus sets included a large onset response to the
first element followed by time-locked responses to individual

from the same neuron are displayed along the same row in each
panel of the activity heat plots for the three stimulus sets; red
indicates a large evoked response, and blue indicates no re-
sponse (Fig. 3). Responses to the natural stimulus (FigA3show

a pronounced decrease in response selectivity as a function of
increasing recording depth: fewer individual sonar pulses of the
natural stimulus evoke responses in dorsal layers compared with

elements in the stimulus sequence. Response latencies varietheyrons in ventral layers. SC responses to the linear sweep
significantly across the stimulus categories. The shortest latencystimulus also exhibit a decrease in auditory response selectivity
responses were elicited by white noise stimuli followed by natural with increasing recording depths (Fig. B), but responses to the

stimuli, with the longest latencies to linear sweep stimuliHig. S2
(Wilcoxon sign rank test;P < 0.0001 for all comparisons).

SOUND B C
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white noise stimulus set show little selectivity, with robust re-
sponses at both dorsal and ventral recording sites (FigC3.

Fig. 2. (A, Top) Oscillogram of natural stimulus (blue).
(A, Middle ) One example of raw neural response to the
natural stimulus. (A, Bottom ) Raster plot of 30 trials of
the natural stimulus presentation. (B) The same as in
A but for the linear sweep stimulus (red). (C) The
same as in A but for the white noise stimulus (green).
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(D-F) Auditory response selectivity across (D) natural
(blue), (E) linear sweep (red), and (F) white noise
stimuli (green). (D) The natural stimulus evoked the
highest selectivity (mean = 0.817) and was significantly
greater than selectivity to (F) the white noise stimulus
(mean = 0.71; Kolmogorov-Smirnov test; P = 0.03)
but not (E) the linear sweep response selectivity
(mean = 0.807; KS test; P = 0.20). Differences in re-
sponse selectivity between the linear sweep stimulus
and the white noise stimulus were also not significant
(KS test; P=0.20). Arrows on each histogram represent
mean values.
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afferents convey a combination of signals to ventral SC and leading the original recording. The second manipulation to the natural stimulus was a

to larger response profiles. Selgivity to FM sweeps may, there-
fore, be imparted to SC neurons through projections from the in-
ferior colliculus, auditory cortex, and other brain regions as well as
generated intrinsically through lateral inhibitory connections.

substitution of band-pass white noise for each recorded sonar pulse referred
to as the white noise stimulus. The frequency band of the white noise stimulus
was the same as the linear sweep stimulus (20 —100 kHz) and also matched the
time —amplitude profile of the natural stimulus. The linear sweep and white
noise stimuli were designed to create acoustic stimuli with matching duration,

Response selectivity arises through networks within SENSOrY phandwidth, amplitude, and repetition rate of the natural stimuli but differing

systems. In birds, for example, discrimination and identification

in spectrotemporal parameters. Stimulus sets were based on five recorded

of conspecific song require auditory processing to extract relevant echolocation sequences, yielding five natural, five linear sweep, and five white
acoustic features for social interactions (43). Previous research in noise sequences (15 stimuli in total), each with individual variations in the

the avian brain has identified multiple areas with neurons specif-
ically tuned to the spectrotemporal features of bird song (43).
Neural recordings from auditory areas of the avian brain reveal

that tuning is dependent on the acoustic stimulus, with responses

to artificial, simplified stimuli only approximating responses to the

natural, acoustically complex song (44). In one study examining

timing and amplitude of signals. The stimuli were presented to the bat
through an array of 14 custom-made electrostatic speakers (Fig. 1 C). The
peak amplitude of each stimulus set was 85-dB sound pressure level (SPL),
but because of the amplitude changes in the natural stimulus, the amplitude

of the signal elements within each set ranged from 78 to 85-dB SPL.
Extracellular recordings were taken from auditory neurons in the SC of five
ake, passively listening bats. On the day of the experiment, the bat was

differences in auditory responses to complex, natural sounds and pjacedin a custom holder, its head was fixed in position with a head post, and
responses to simpler, artificially generated sounds, it was reported a craniotomy was performed over the SC. In the bat, the SC sits on the dorsal
that auditory neurons exhibit extraclassical receptive fields arising surface of the brain beneath two layers of skull. On the day of the head post

through nonlinear tuning properties (13). We have also found
nonlinear tuning properties in neurons found in the dorsal SC, and
similar mechanisms are likely to operate in shaping auditory re-

sponses of SC neurons in this study. Our results motivate future
research that assays SC function with stimulus parameters that are

behaviorally relevant to the study animal to illuminate the natural
processing of sensory stimuli for the purpose of selection.

Here, we report on auditory response selectivity in the bat SC,
which holds relevance for this animas natural behavior, namely
the processing of echo returns to guide goal-directed orienting
movements. We show that neurong dorsal layers exhibit prop-
erties that support the selective proessing of natural sensory sig-
nals, an important component of parsing and analyzing incoming
sensory information (45) to enablerapid species-specific orienting
behaviors (1). A lack of auditory selectivity in ventral locations of
the bat SC may reflect the integration of auditory information to

surgery, the first layer of skull is removed. On the day of the experiment, a
craniotomy is made with a small burr attached to a dental drill in the second
layer of skull. Making the craniotomy in this fashion is very fast and precludes
the need for anesthesia; therefore, no postanesthesia effects on neural re-
sponses were of concern during the day of the experiment. The recording
device was a silicon probe from Neuronexus that had a4  x 4 arrangement of
recording sites (total size of 300- m wide and 375- m deep, 100 m between
shanks, and 125- m spacing between recording sites on each shank). The
order of the stimuli as well as the speaker broadcast position were ran-
domized to avoid any possible effects of repeatedly presenting a stimulus
from the same location. Auditory sites studied with at least 20 presentations

of each stimulus category were analyzed.

The recorded extracellular potentials were analyzed using MATLAB 2012b.
We first determined if the recordings were extracellular potentials of single
neurons or multiple neurons. The single units were sorted by performing a
principal components analysis on the spike waveforms (as described in ref.
48). The principal components analysis-based clustering resulted in single
units that matched with qualitative assessments of spike waveforms and

activate goal-directed orienting behaviors. These findings have estimates of single-unit isolation based on spike refractory periods.

implications for a broader undersanding of the functional role of
the midbrain in stimulus selection for sensorygrasg across ani-
mal systems. Future research usingthologically relevant stimuli
can further elucidate neural mebanisms for processing and at-
tending to natural stimuli.

Methods

Big brown bats, E. fuscus collected in the state of Maryland under a permit
issued by the Department of Natural Resources served as subjects in behavioral
and neurophysiological studies. The University of Maryland s Institutional
Animal Care and Use Committee approved all of the procedures used for
this study.

Behavioral studies yielded acoustic data for neurophysiological experi-
ments. Three big brown bats were trained to rest on a platform and track a
tethered insect, whose motion was controlled by a pulley system (Fig. 1 ~ A).
The bat was rewarded at the end of each trial with the insect that it had
tracked. Recordings were made of the bat ’s sonar vocalizations during insect
approach with a Briiel and Kjeer 1/8-in Calibrated Microphone and sampled
at a rate of 500 kHz (National Instruments M-Series A/D Board; NI-DAQ)
(example recording is shown in Fig. 1 B, Top).

Five example recordings of echolocation call sequences taken from three
bats were used to create a set of natural acoustic stimuli for neurophysiological
experiments. In all recordings, the bats adaptively adjusted the time ~ —frequency
features of their vocalizations in response to prey location (46, 47). These re-
cordings were then used as auditory stimuli and are referred to as the natural
stimulus set.

We constructed a set of artificial stimuli with modifications to the spec-
trotemporal characteristics of the bats ' sonar vocalizations (Fig. 1 B). The first
manipulation was a substitution of a single harmonic, linear FM down sweep
for each multiharmonic, hyperbolic natural sonar vocalization. This stimulus
is referred to as the linear sweep stimulus. The frequency range of the indi-
vidual sound elements in the linear sweep stimulus was fixed at 20 -100 kHz,
matching the mean power of sonar pulses produced by bats tracking insects.
Each sonar pulse in the natural stimulus was substituted with the artificially
constructed linear FM sweep, maintaining the same time  —amplitude profile as

2512 | www.pnas.org/cgi/doi/10.1073/pnas.1517451113

Auditory responses from the speaker location eliciting the largest response
(number of spikes) were used for subsequent analysis ( S| Methods and Fig. S6.
The first analysis examined auditory response selectivity across three stimulus
categories: natural, linear sweep, and white noise stimuli. Neural responses
were analyzed in a 50-ms window starting at the onset of each sound element
in a stimulus. When the interval between successive sound elements was less
than 50 ms, spikes were counted only within the interval between the indi-
vidual sound elements. The spike count in each response window was then
converted into a spike rate value. For this study, we defined selectivity as the
inverse proportion of the full stimulus response greater than or equal to the
half-maximum response. As an example of this analysis, if a stimulus contained
30 individual sound elements, we determined which of those individual sound
elements elicited the highest spike rate and then, calculated how many of
the other 29 sound elements in a sequence elicited a response greater than or
equal to one-half of the maximum response. If, for instance, 10 sound ele-
ments (these sound elements do not need to be consecutive in time for this
analysis) in a 30 element stimulus sequence produce a response greater than
or equal to one-half of the maximum response, the selectivity index would be
1.0-0.33 or 0.66. Other criteria were tested, such as examining responses greater
than or equal to 25% or 33% of the maximum response, and these criteria
generated similar results. The half-ma ximum response was ultimately chosen,
because this threshold has been used in previous works to evaluate auditory
tuning of SC neurons (49, 50). We also exa mined whether the speaker broadcast
location affected response selectivity across the stimuli ( Fig. S and found little
to no effect.

In an effort to determine how well responses to one stimulus category
predicted responses to a different stimulus category, a GLM built on linear
sweep responses was used to calculate predicted natural stimulus responses.
For each neuron recorded, the predictors ( X) for the GLM were five of the
spectral features outlined in  SI Methods: the amplitude, duration, amplitude
slope, spectral peak, and end frequency of the sweep. An iterative process
was used to determine which of 10 total spectrotemporal features to include
in constructing the GLM. All combinations between 2 and 10 features were
tested to determine how well the GLM calculated from the linear sweep
responses predicted the observed natural stimulus responses. The different
feature combinations were tested by performing a cross-correlation between

Wohlgemuth and Moss
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This analysis was done in a similar fashion to that described above for linear
sweep stimulus response predicting natural stimulus responses using a GLM.

ACKNOWLEDGMENTS. We thank Ninad Kothari and Susanne Sterbing-
D’Angelo for valuable feedback on an earlier version of the manuscript and
Lauraline Logiaco for assistance with data collection. This research was sup-
ported by a fellowship through National Institute on Deafness and Other
Communication Disorders Training Grant in Comparative and Evolutionary
Biology of Hearing T32-DC00046 (to M.J.W.), National Science Foundation Re-
search Grant 10S-1010193 (to C.F.M.), and Human Frontiers Science Program
Research Grant RGP0040 (to C.F.M.).

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Luo F, Metzner W, Wu F, Zhang S, Chen Q (2008) Duration-sensitive neurons in the
inferior colliculus of horseshoe bats: Adaptations for using CF-FM echolocation pulses.

J Neurophysiol 99(1):284-296.

Razak KA, Fuzessery ZM (2009) GABA shapes selectivity for the rate and direction of
frequency-modulated sweeps in the auditory cortex.  J Neurophysiol 102(3):1366-1378.
Williams AJ, Fuzessery ZM (2010) Facilitatory mechanisms shape selectivity for the
rate and direction of FM sweeps in the inferior colliculus of the pallid bat.

J Neurophysiol 104(3):1456-1471.

Kanno S, Okada Y (1988) Laminar distribution of GABA (gamma-aminobutyric acid) in
the dorsal lateral geniculate nucleus, Area 17 and Area 18 of the visual cortex, and
the superior colliculus of the cat. Brain Res451(1-2):172-178.

Munoz DP, Istvan PJ (1998) Lateral inhibitory interactions in the intermediate layers
of the monkey superior colliculus. J Neurophysiol 79(3):1193-1209.

Trappenberg TP, Dorris MC, Munoz DP, Klein RM (2001) A model of saccade initiation
based on the competitive integration of exogenous and endogenous signals in the
superior colliculus. J Cogn Neurosci 13(2):256-271.

Behan M, Appell PP (1992) Intrinsic circuitry in the cat superior colliculus: Projections
from the superficial layers. J Comp Neurol 315(2):230-243.

Wallace MT, Wilkinson LK, Stein BE (1996) Representation and integration of multiple
sensory inputs in primate superior colliculus. J Neurophysiol 76(2):1246-1266.
Mendelson JR, Cynader MS (1985) Sensitivity of cat primary auditory cortex (Al) neurons
to the direction and rate of frequency modulation. Brain Res 327(1-2):331-335.

Dear SP, Fritz J, Haresign T, Ferragamo M, Simmons JA (1993) Tonotopic and func-
tional organization in the auditory cortex of the big brown bat, Eptesicus fuscus.

J Neurophysiol 70(5):1988-2009.

Winkowski DE, Knudsen EI (2006) Top-down gain control of the auditory space map
by gaze control circuitry in the barn owl.  Nature 439(7074):336-339.

Mysore SP, Knudsen EI (2013) A shared inhibitory circuit for both exogenous and
endogenous control of stimulus selection. Nat Neurosci 16(4):473-478.

Di Chiara G, Porceddu ML, Morelli M, Mulas ML, Gessa GL (1979) Evidence for a
GABAergic projection from the substantia nigra to the ventromedial thalamus and to

the superior colliculus of the rat.  Brain Res 176(2):273-284.

Hikosaka O, Wurtz RH (1983) Visual and oculomotor functions of monkey substantia
nigra pars reticulata. IV. Relation of substantia nigra to superior colliculus. J Neurophysiol
49(5):1285-1301.

Bajo VM, Nodal FR, Bizley JK, King AJ (2010) The non-lemniscal auditory cortex in ferrets:
Convergence of corticotectal inputs in the superior colliculus. ~ Front Neuroanat 4:18.
Theunissen FE, et al. (2004) Song selectivity in the song system and in the auditory
forebrain. Ann N Y Acad Sci 1016:222-245.

Sen K, Theunissen FE, Doupe AJ (2001) Feature analysis of natural sounds in the
songbird auditory forebrain.  J Neurophysiol 86(3):1445-1458.

Wurtz RH, Mohler CW (1976) Organization of monkey superior colliculus: Enhanced
visual response of superficial layer cells. J Neurophysiol 39(4):745-765.

Surlykke A, Moss CF (2000) Echolocation behavior of big brown bats, Eptesicus fuscus,
in the field and the laboratory. ~J Acoust Soc Am 108(5 Pt 1):2419-2429.
Moss CF, Surlykke A (2010) Probing the natural scene by echolocation in bats.
Behav Neurosci 4:33.

Sober SJ, Wohlgemuth MJ, Brainard MS (2008) Central contributions to acoustic
variation in birdsong. J Neurosci 28(41):10370-10379.

Wise LZ, Irvine DR (1985) Topographic organization of interaural intensity difference
sensitivity in deep layers of cat superior colliculus: Implications for auditory spatial
representation. J Neurophysiol 54(2):185-211.

Sterbing SJ, Hartung K, Hoffmann K-P (2002) Representation of sound source di-
rection in the superior colliculus of the guinea pig in a virtual auditory environment.
Exp Brain Res142(4):570-577.

Covey E, Hall WC, Kobler JB (1987) Subcortical connections of the superior colliculus in
the mustache bat, Pteronotus parnelli. J Comp Neurol 263(2):179-197.
Bodenhamer RD, Pollak GD (1981) Time and frequency domain processing in the
inferior colliculus of echolocating bats. Hear Res5(2-3):317-335.

Wohlgemuth MJ, Sober SJ, Brainard MS (2010) Linked control of syllable sequence
and phonology in birdsong. J Neurosci 30(39):12936-12949.

Front

PNAS | March 1,2016 | vol.113 | no.9 | 2513

NEUROSCIENCE



