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Figure 3 shows the data from four ex- 
periments. In each case, rotation pre- 
dominated over elongation, compared to 
the results of control experiments. We 
often found that right after strain hard- 
ening we could measure significant rota- 
tion rates but no elongation rate (Fig. 3, 
b and d). This is predicted by the fibril 
reorientation model (the ratio of rotation 
to elongation increases as q decreases). 
As shown in Fig. 3, this relative increase 
in rotation stems from a disproportionate 
decrease in elongation after strain hard- 
ening rather than an increase in the rota- 
tion rate. The net decrease in both rota- 
tion and elongation is also consistent 
with the reorientation model, as shown 
in Fig. lb: Dt and Ds both decrease in 
magnitude as 0 decreases, but Ds de- 
creases faster. Finally, we note that the 
increase in the ratio of the rotational to 
the elongational growth rate measured 
after strain hardening is similar to that 
observed in the lower region of the grow- 
ing zone (6). It is also in agreement with 
the concept that the right-handed spiral 
configuration of microfibrils is becoming 
less flat in the lower region of the grow- 
ing zone; that is, q is progressively de- 
creasing toward the lower region of the 
growing zone. In conclusion, our data 
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formation-bearing elements (1). For- 
mants-that is, constant-frequency (CF) 
components, are essential for recogni- 
tion of vowels. Fills-noise bursts-are 
important for recognition of some frica- 
tive consonants. Transitions-frequen- 
cy-modulated (FM) components-and 
voice onset time are important for recog- 
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nition of plosive consonants and some 
fricative consonants combined with 
vowels. There are also FM components 
in other phonemes (glides). The CF, FM, 
and noise burst elements are found in 
animal sounds as well (2). 

In response to sound, mammalian 
cochlear nerve fibers can send impulses 
into the brain in stimulus-locked (or 
phase-locked) fashion when the frequen- 
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cy or repetition rate is less than 5 kHz 
(3). Therefore it is conceivable that al- 
most all information-bearing elements 
and their combinations lower than 4 kHz 
are processed in the form of phase- 
locked discharges of many auditory neu- 
rons in the brain. This may be consid- 
ered an extension of the volley theory 
proposed for the neural basis of frequen- 
cy discrimination (4). Several papers, 
however, demonstrate that auditory neu- 
rons in the cerebral cortex are commonly 
phasic (5) and show poor phase-locked 
discharges to sounds above 1.0 kHz (6), 
and that some of them are specialized to 
respond best to particular sounds (2, 6- 
8). 

Therefore an alternative hypothesis 
(9) is that acoustic signals are represent- 
ed by neurons arranged in coordinates of 
frequency and amplitude. When the am- 
plitude spectra of the acoustic signals 
vary with time, the spatial pattern of the 
neural activity in this coordinate system 
would vary accordingly (the spatiotem- 
poral pattern theory). In still another hy- 
pothesis, acoustic signals are eventually 
processed by feature detectors, and the 
activity of the feature detectors leads to 
the categorization of acoustic signals in 
the brain (the detector theory). These 
theories are not mutually exclusive, be- 
cause the auditory system appears to use 
all three principles in processing acoustic 
signals (6-9). The data supporting the de- 
tector theory are, however, very limited. 
The major purpose of this report is to 
demonstrate neurons that assemble har- 
monically related components in animal 
sounds (10) and accordingly favor the de- 
tector theory. 

To study the neural basis of acoustic 

pattern recognition, it is essential to 
know the physical properties and biolog- 
ical significance of the acoustic signals 
used by the species and to employ these 
signals or their information-bearing ele- 
ments as stimuli, because the auditory 
system has evolved to detect and pro- 
cess biologically significant sounds. In 
the mustache bat, Pteronotus parnellii 
rubiginosus, the biosonar signals (also 
called orientation sounds or pulses) are 
stereotyped, moderately complex, and 
essential for survival. The biological sig- 
nificance of individual signal elements is 
known (11). Furthermore, individual in- 

formationi-bearing elements in ultrasonic 
signals cannot be coded by the volley 
principle. The mustache bat is thus an 
ideal animal in which to study neural 
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formationi-bearing elements in ultrasonic 
signals cannot be coded by the volley 
principle. The mustache bat is thus an 
ideal animal in which to study neural 
specialization to detect particular infor- 
mation-bearing elements or combina- 
tions of them. In this report, we describe 
the response properties of harmonic-sen- 
sitive neurons in the auditory cortex of 
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Harmonic-Sensitive Neurons in the Auditory 
Cortex of the Mustache Bat 

Abstract. Human speech and animal sounds contain phonemes with prominent 
and meaningful harmonics. The biosonar signals of the mustache bat also contain up 
to four harmonics, and each consists of a long constant-frequency component fol- 
lowed by a short frequency-modulated component. Neurons have been found in a 

large cluster within auditory cortex of this bat whose responses are facilitated by 
combinations of two or more harmonically related tones. Moreover, the best fre- 
quencies for excitation of these neurons are closely associated with the constant- 

frequency components of the biosonar signals. The properties of these neurons make 
them well suitedfor identifying the signals produced by other echolocating mustache 
bats. They also show how meaningful components of sound are assembled by neural 
circuits in the central nervous system and suggest a method by which sounds with 

important harmonics (or formants) may be detected and recognized by the brain in 
other species, including humans. 
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the mustache bat to demonstrate that 
neural processing of complex sounds is 

performed by assembling information- 

bearing elements in different combina- 
tions. We also discuss a possible func- 
tion of harmonic-sensitive neurons in 
echolocation. 

The mustache bat produces biosonar 
signals, each consisting of a long CF 
component followed by a short FM com- 
ponent (Fig. 1A). Each component often 
contains four harmonics (H1_4). There- 
fore, in total there are eight definable 
components in each pulse (CFi_4; 
FM1_4). When the bat is not compensat- 
ing for a Doppler shift the CF1 of the first 
harmonic (H1) is 30 to 31 kHz, and its 
FM, sweeps down from the CF, frequen- 
cy by 5 to 6 kHz. The second harmonic 
(H2) is always predominant in the orien- 
tation sound (12-14) and is used for a fas- 
cinating acoustic behavior called Dop- 
pler-shift compensation (12). While in 
flight, the mustache bat produces pulses 
at various repetition rates (5 to 100 per 
second) and durations (5 to 40 msec) (12, 
15). 

The auditory cortex of the mustache 
bat consists of functional divisions for 
processing the biosonar signals accord- 
ing to differences in the biological signifi- 
cance of individual signal elements. In 
the Doppler-shifted-CF-processing area 
(Fig. 1B, area c), neurons are arranged in 
a coordinate system with axes represent- 
ing the relative velocity and subtended 
angle of a target (13, 16). In contrast, the 
FM processing area (Fig. lB, area b) is 
composed of clusters of neurons sensi- 
tive to particular combinations of FM 
components in the emitted biosonar sig- 
nals and Doppler-shifted echoes. A ma- 
jority of neurons in this area are special- 
ized for processing target-range informa- 
tion (8, 17). Anterior to this FM pro- 
cessing area is the CF/CF processing 
area (Fig. 1B, area a) containing harmon- 
ic-sensitive neurons, which are de- 
scribed below. 

For recording action potentials, 11 
Panamanian mustache bats were pre- 
pared as described in previous reports 
(8, 17). Most experiments were per- 
formed on unanesthetized bats (18). A 
tungsten-wire recording electrode (7- to 
15-tcm tip) was inserted into the FM and 
CF/CF processing areas obliquely, 
through a small hole in the skull. Acous- 
tic stimuli were delivered mimicking 
pulses (emitted biosonar signals), Dop- 
pler-shifted echoes, and their individual 
elements from a condenser loudspeaker 
placed in front of the bat (8, 17). When 
the response of a single neuron or a clus- 
ter of a few neurons was recorded, it was 
first determined which component or 
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components of the pulse-echo pair were 
essential for excitation. When the neu- 
ron was sensitive to particular combina- 
tions of components, individual parame- 
ters (CF frequency or FM frequency 
sweep and amplitude) of the essential 
components and their temporal relation- 

ships were systematically varied to de- 
termine the degree of specialization for 

responding to a particular acoustic pat- 
tern. Responses were expressed by peri- 
stimulus-time or cumulative histograms, 
or both (for instance, see Fig. 1C) 
Threshold was measured audiovisu- 
ally. 

As described previously (8, 17), a ma- 

jority of neurons in the FM processing 
area showed remarkable facilitation 
when pulses and Doppler-shifted echoes 
were paired with particular delays. The 
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most essential components for facilita- 
tion were the FM component of the first 
harmonic (FM1) of the pulse and one or 
more FM components of the higher har- 
monics (FM2_4) of the Doppler-shifted 
echo; that is, the echo FM2_4 was at a 
slightly higher frequency than the har- 
monics of the pulse FM,. Neurons sensi- 
tive to different combinations of FM 
components formed separate clusters 
within the FM processing area. 

Anterior to the FM processing area, 
we found groups of neurons that showed 
remarkable facilitation when the CF 
component of the first harmonic (CF,) 
was simultaneously delivered with one 
or more CF components of higher har- 
monics (CF2_4). Again, neurons sensitive 
to different combinations of CF com- 
ponents formed different clusters. When 

40 60 

Amplitude (dB SPL) 

Fig. 1. (A) Schematized sonagrams of a synthesized mustache bat biosonar signal (solid line) 
and an echo (dashed line) in the search phase. The three harmonics (H1_3) each contain a long 
CF component (CF,-1) followed by a short FM component (FM1i_). The fourth harmonic (H4) is 
not shown. (B) Primary auditory cortex of the left cerebral hemisphere, indicating the (a) CF/ 
CF, (b) FM, and (c) Doppler-shifted-CF processing (DSCF) areas. Numbers and lines show the 
distributions of best frequencies (in kilohertz) of single neurons. (C) Peristimulus-time histo- 
grams of responses of a single CF1/CF2 facilitation neuron. The response to the CF1 alone is 
shown at the top of the right column, and the responses to CF2 alone and CF2 with CF1 are 
shown in the left and right columns, respectively. The acoustic stimuli (AS) are 34 msec in 
duration with a 0.5-msec rise-decay time. The CF, is 29.75 kHz and 46 dB SPL, and the CF2 is 
59.26 kHz and either 26, 36, 46, 56, 66, 76, or 86 dB SPL. Each peristimulus-time histogram 
consists of neural activity for 100 presentations of the same sound. (D) Impulse-count functions 
of the CF1 alone, CF2 alone, CF1 with CF2 of 51 dB SPL, or CF2 with CF1 of 46 dB SPL. The 
number of impulses per stimulus was counted for 200 msec after the onset of the 34-msec-long 
tone burst delivered 100 times. 
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the recording electrode was inserted 
obliquely, it was clear that neurons that 
assemble different elements of emitted 
pulses and echoes were found in sepa- 
rate groups located in identifiable regions 
of the auditory cortex. In the following, 
the response properties of some CFi/CF 
facilitation (or specialized) neurons are 
explained. 

To date, we have studied the response 
properties of 44 CF/CF facilitation neu- 
rons consisting of five types: CF1/CF2, 
CFi/CF3, CF1/CF2,3, CF1/CF3,4, and CF2/ 
CF3 (19). Almost all of them responded 
to one or two individual components de- 
livered alone at amplitudes greater than 
80 dB SPL (sound pressure level). Re- 
sponses were often not prominent or 
consistent, and the latency was usually 
long and fluctuating. When two or more 
components were combined in an appro- 
priate frequency, amplitude, and tem- 
poral relationship, however, their re- 
sponses became prominent and consist- 
ent and the response latency shorter and 

a- 
U) 

0 
V) 

I- 

more constant. Figure 1C demonstrates 
facilitation of responses of a CF1/CF2 
neuron. The neuron responded very 
poorly to a CF1 of 29.75 kHz and 46 dB 
SPL and did not respond to a CF2 of 
59.26 kHz below 76 dB SPL. When the 
CF1 and CF2 were delivered simulta- 
neously, however, the neuron responded 
strongly and the latency was short, 6 to 8 
msec. 

The principle that the larger the ampli- 
tudes of combined components, the 
larger the facilitation, did not hold. In- 
stead, maximum facilitation was com- 
monly evoked when two or three com- 
ponents were in a particular amplitude 
relationship unique to the individual neu- 
rons. In Fig. 1C, for instance, maximum 
facilitation occurs when the CF1 and CF2 
are 46 and 56 dB SPL, respectively. An 
impulse-count function, which relates 
stimulus amplitude to the number of im- 
pulses per stimulus, clearly demon- 
strates this point. In Fig. ID, for in- 
stance, CF2 should be 56 dB SPL and 

Frequency (kHz) 

Fig. 2. Excitatory (dashed lines) and facilitation (solid lines) areas of four neurons (that is, the 
areas above or surrounded by tuning or facilitation-tuning curves). An excitatory area was 
measured by delivering a 34-msec-long CF tone, and a facilitation area was measured by deliv- 
ering a 34-msec-long CF tone simultaneously with another 34-msec-long CF tone (conditioning 
tone) at a fixed frequency and amplitude. (A) A CF1/CF2 facilitation neuron recorded from an 
anesthetized bat 7 to 9 hours after Nembutal administration. The conditioning sound used to 
measure the CF, facilitation area was 59.39 kHz and 60 dB SPL; for the CF2 facilitation area it 
was 29.75 kHz and 70 dB SPL (these are indicated by x's). (B) A CF,/CF3 facilitation neuron 
recorded 7 to 10 hours after Nembutal administration. (C) A CF1/CF3 facilitation neuron from an 
unanesthetized animal. (D) A CF1/CF2,3 facilitation neuron from an unanesthetized animal. Con- 
ditioning sounds used for the data in (B), (C), and (D) are also indicated by x's. 
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CF1 should be between 50 and 70 dB 
SPL for maximum facilitation. The dif- 
ference in threshold was small, 31 dB 
SPL for CF1 alone and 23 dB SPL for 
CF1 with CF2. However, the magnitude 
of response (number of impulses per 
stimulus) to CF1 with CF2 was much 
larger than to CFi alone at less than 80 
dB SPL. At maximum facilitation, the 
number of impulses per stimulus was 76 
percent more than the maximum number 
of impulses evoked by the CF1 alone. 
Compared with CF2 alone, the threshold 
for CF2 with CFi was 53 dB SPL lower 
and the response magnitude was four 
times larger. According to our definition, 
facilitation always involves an increase 
in number of impulses, but it is not nec- 
essarily associated with a decrease in 
threshold (20). 

Facilitation properties vary among 
neurons: facilitation with a dramatic de- 
crease in threshold, facilitation without a 
decrease in threshold, and so on. Ex- 
amples of tuning curves and facilitation- 
tuning curves of four single neurons are 
presented in Fig. 2. A CF1/CF2 facilita- 
tion neuron in Fig. 2A responded poorly 
to single tones, with minimum thresholds 
of 58 dB SPL at 28.91 kHz and 74 dB 
SPL at 60.55 kHz. However, it respond- 
ed vigorously to CF1/CF2, with minimum 
thresholds of 31 dB SPL at 29.75 kHz 
and 37 dB SPL at 59.39 kHz. It should be 
noted that the thresholds for CF1 and 
CF2 were both lowered by facilitation 
and that the best frequencies of CF1 and 
CF2 were harmonically related. A CF1/ 
CF3 facilitation neuron in Fig. 2B re- 
sponded poorly to single tones, with 
minimum thresholds of 76 dB SPL at 
29.10 kHz and 43 dB SPL at 91.53 kHz. 
(In spite of the low threshold for a 91.53- 
kHz tone, the response to it was poor 
and fluctuated widely.) The neuron re- 
sponded strongly to CF1/CF3, with mini- 
mum thresholds of 38 dB SPL at 28.91 
kHz and 34 dB SPL at 91.53 kHz. The 
decrease in threshold by facilitation was 
prominent for CF1 but small for CF3. Fig- 
ure 2C represents a CF,/CF3 facilitation 
neuron whose properties were different 
from those in Fig. 2B. Its single-tone 
threshold and facilitation threshold were 
the same for CF1, but different by 65 dB 
for CF3. In both neurons in Fig. 2, B and 
C, the best frequencies for facilitation 
were roughly harmonically related. 

A large cluster of CF1/CF2 facilitation 
neurons was found dorsal to a cluster of 
CF1/CF3 facilitation neurons. At the cen- 
ter of each cluster, facilitation was most 
prominent. Between these two clusters 
there were CF1/CF2,. facilitation neurons 
forming either an independent cluster or 
a transitional area between clusters. Fig- 

SCIENCE, VOL. 203 



ure 2D represents the tuning and facili- 
tation-tuning curves of a CF1/CF2,3 facili- 
tation neuron. The response of this neu- 
ron was facilitated when CF1 was de- 
livered together with CF2 or CF3. The 
threshold for CF3 decreased by 73 dB 
with the facilitation, and the thresholds 
for CF, and CF2 decreased by 14 and 27 
dB, respectively. CF2/CF3 evoked no fa- 
cilitation. The response was largest 
when these three tone bursts were deliv- 
ered simultaneously at the amplitudes in- 
dicated by the three x's in Fig. 2D. The 
best frequencies for facilitation, 30.13, 
60.63, and 90.26 kHz, are harmonically 
related. 

The precision of the harmonic rela- 

tionship among CF best frequencies for 
facilitation was examined after normal- 
izing to the mean best frequency of CF1, 
29.66 + 0.66 kHz (N = 43). The mean 
and standard deviation are 59.70 ? 0.98 
kHz for CF2 (N = 33), and 90.03 ? 2.31 
kHz for CF3 (N = 21). We estimate that 
our error in measuring the best frequen- 
cy is 0.05 to 0.10 percent, less than the 
standard deviations. Thus the harmonic 
relationship among the best frequencies 
for facilitation is precise. 

CF,/CF facilitation neurons showed 

poor or no facilitation to simultaneous 

delivery of two or three harmonically re- 
lated FM sounds, and were clearly spe- 
cialized for harmonically related CF 
tones. Their responses became poor 
when a delay was introduced between 
the two (or three) CF tones. Unlike FM1- 
FM and H1-FM facilitation neurons, 
CF1/CF facilitation neurons were thus 
not suited for ranging (8, 17). However, 
CF1/CF facilitation neurons might be 
used for the detection of conspecific 
bats. The CF signals produced by other 
mustache bats would be perceived at 
longer distances than FM signals be- 
cause of the high concentration of sound 

energy at discrete frequencies. 
In CF/CF facilitation neurons, CF1 

was always an essential component. In 
the orientation sounds of the mustache 
bats recorded in our laboratory, the sec- 
ond harmonic is always predominant and 
the amplitudes of the first and third har- 
monics are about 12 and 6 dB lower, re- 

spectively. As recently found in the long- 
eared bat (Plecotus phyllotis) (21), the 
mustache bat may enhance the first har- 
monic of the orientation sound while fly- 
ing in the open, but may emphasize the 
higher harmonics in a confined environ- 
ment such as our laboratory. Also, there 
is less atmospheric attenuation for lower 
frequencies. The first harmonic may thus 
be detected at amplitudes appropriate for 
facilitation. 

As demonstrated in Figs. 1D and 2, 
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CF1/CF facilitation neurons are tuned to 

particular combinations of CF sounds. 
The best frequencies and best ampli- 
tudes of sounds for facilitation are dif- 
ferent from neuron to neuron. Such vari- 
ation is probably important for the detec- 
tion of conspecific bats, which emit 
orientation sounds differing in amplitude 
spectrum. During echolocation, the mus- 
tache bat produces sounds at repetition 
rates between 5 and 100 per second. All 
CF1/CF facilitation neurons studied re- 

sponded to orientation sounds delivered 
at a rate of 5 to 40 per second, mimicking 
the search and approach phases of echo- 
location. Some of them responded to 
sounds delivered at a rate of 100 per 
second, corresponding to the terminal 

phase. Thus these neurons can function 
in all phases of echolocation (22). 

During echolocation, sounds of other 
bats may be masked by self-vocalized 
sounds. As shown in Fig. 2 and in (23), 
neurons with best frequencies near the 
CF components (in particular CF2) of the 
orientation sound are very sharply 
tuned, so that the masking effect of vocal 
self-stimulation would be greatly re- 
duced by any difference in amplitude 
spectrum at the two ears between self- 
vocalized biosonar signals and signals 
emitted by other bats. Muscular (24) or 
neural (25) mechanisms for attenuation 
of vocal self-stimulation would also play 
a role in reducing the masking effect. 

In conclusion, the bat's auditory sys- 
tem contains neural circuits that in- 

tegrate signal components in different 
combinations at different identifiable 
places in the brain. We believe that our 
results demonstrate one of the most im- 
portant neural mechanisms for process- 
ing biologically significant sounds. Hu- 
man speech and animal sounds share 
several acoustic elements. Among dif- 
ferent species and human groups, how- 
ever, the acoustic parameters of the indi- 
vidual elements and the combinations of 
these elements are different and may car- 
ry different information. This implies 
that the functional organization of the 
auditory system should differ according 
to the type of signal processing. This 
speculation has some support from re- 
cent discoveries about functional organi- 
zation which go beyond tonotopy (8, 9, 
16, 17, 26). In humans, the neural mecha- 
nisms that process verbal sounds might 
appear to be unique, but they are derived 
from those that process nonverbal 
sounds. Therefore, some of the mecha- 
nisms in humans can be explored in- 
directly by comparative auditory neu- 
rophysiology. The auditory system of 
echolocating bats is specialized for pro- 
cessing biosonar signals. It may show us 

the advanced state to which the system 
can be specialized for processing certain 

types of information and give us insight 
into the neural mechanisms for process- 
ing other types of information. Accord- 

ingly, this research will contribute to un- 
derstanding the auditory mechanisms in 
other animals and humans. If, as in the 
mustache bat, neural processing of com- 

plex sounds in other animals is per- 
formed by neurons assembling their 
information-bearing elements, combi- 
nation-sensitive neurons may suggest 
the possibility that vowels, vowel-like 
sounds, certain consonants, and their 
combinations in speech are processed by 
analogous neurons assembling formants 
or transitions, or both (27). 
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threshold tasks (5). Stereopsis, inter- 
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tion are believed to depend on binocular- 
ly driven cells, and their combined ab- 
sence in stereoblind humans suggests 
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also have more than the usual number of 
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Fig. 1. Percent correct on a two-alternative, forced-choice task on which observers reported 
which one of the two eyes received a briefly presented, vertical grating pattern. Each point is 
based on at least 100 trials, and the dotted line denotes the level of performance expected purely 
on the basis of chance. (A) Representative results for three observers with good stereoacuity. 
The values under each observer's initials refer to stereoacuity in seconds of arc and the percent- 
age of interocular transfer (IOT) on a conventional threshold-elevation aftereffect. Subject P.T. 
was the best performer of the seven normal subjects tested; K.B. was the worst. (B) Results 
from three stereoblind observers on the same task. 
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uals possess proportions of monocular and binocular cortical cells similar to those of 
cats and monkeys deprived of early binocular visual experience. 
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