reduction in the male capture in the
male-plus-female-baited traps was caused
by a male-to-male inhibitory pheromone
that interfered in some way with the nor-
mal approach response of males to fe-
males that were releasing sex phero-
mone (/4).

Interactions among male moths prob-
ably occur only at those times when two
or more males approach and attempt to
copulate with the same female simulta-
neously. Thus, the biological signifi-
cance of this male-produced pheromone
might be associated with the increased
reproductive efficiency that results when
multiple males are prevented from com-
peting for a single female.

Electrophysiological evidence indi-
cates that males of a variety of noctuid
species may be able to sense their own
scent-brush odors (/, 4, 15). Whether
such scents could be dispensed into the
air of fields containing males and females
of certain pest lepidopterous species, so
as to prevent mating and thus provide a
selective means of pest control, remains
to be determined.

K. Hirar*
H. H. SHOREY
LyLE K. GASTON
Division of Toxicology and Physiology,
Department of Entomology,
University of California, Riverside 92521
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Echo Detection and Target-Ranging Neurons in

the Auditory System of the Bat Eptesicus fuscus

Abstract. Some of the neurons in the nucleus intercollicularis and auditory cortex
of the echolocating bat Eptesicus fuscus respond selectively to sonar echoes occur-
ring with specific echo delays or pulse-echo intervals. They do not respond for a wide
range of other types of sounds or for sonar echoes at longer or shorter pulse-echo
intervals; they may, therefore, be specialized for detection and ranging of sonar

targets.

We have made single-unit recordings
from the auditory cortex, inferior collic-
ulus, and nucleus intercollicularis in
lightly anesthetized bats of the species
Eptesicus fuscus (big brown bat, Vesper-
tilionidae). These bats orient themselves
and seek prey by echolocation. The re-
sponses of neurons were studied with
pairs of acoustic stimuli simulating sonar
sounds and echoes, and several types of
response patterns were observed. Some
of these neurons responded exclusively
to echoes following more intense pulses
and then only when the echo time delay
or pulse-echo interval was within a re-
stricted range. These units exhibited
properties that were expected from
knowledge of echolocation behavior and
the acuity of target range (echo time
delay) perception by bats (/).

Each bat was initially anesthetized
with sodium pentobarbital (25 mg per
kilogram of body weight). The top of the
skull was exposed and dried, the head of
a small nail was glued to the skull with
acrylic adhesive (Eastman 910) and den-
tal cement, and a small hole was made

through the skull to insert a recording
electrode. The bat was placed in a Plexi-
glas holder, which was suspended from
an aluminum rod with a rubber band to
absorb mechanical stress from the bat’s
movements, and the bat’s head was rig-
idly held by clamping the attached nail to
another aluminum rod. Both rods were
mounted on a small steel platform used
for supporting the preparation. The bat
and the platform were placed in a sound-
proof room at 34°C for 3 to 4 hours be-
fore physiological recordings were be-
gun. Generally, the bat’s eyes were
open, and pinching a leg elicited a with-
drawal reflex, indicating that the bat was
lightly anesthetized or awake. Either a
tungsten microelectrode (tip diameter 2
to 5 wm) insulated with Insl-X, or a 3M
KCl-filled glass micropipette (tip broken
to about 1 um diameter) was then low-
ered onto the surface of the brain over-
lying the desired recording site. Sub-
sequent advance of the electrode into
brain tissue was controlled from outside
the soundproof room with a calibrated
hydraulic microdrive. The stability of
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this preparation frequently permitted
recording from a single neuron for as
long as 2 to 3 hours.

Acoustic stimuli consisting of pure-
tone bursts or frequency-modulated
(FM) bursts were presented singly or in
pairs to simulate the bat’s own echo-
location sounds and echoes. Sounds
were delivered with varying intensities
and time intervals through an elec-
trostatic loudspeaker (2) placed 18.5 cm
away from the bat’s left ear, which was
contralateral to the recording site (right
hemisphere). The stimuli used to search
for units as the electrode was advanced
were sequences of pulse-echo pairs with
the echo 20 dB weaker than the initial
pulse. These signals were three-harmon-
ic FM bursts 1.6 msec in duration with
the first harmonic sweeping linearly
downward from 60 to 23 kHz. The
sounds had a nearly uniform (+ 3 dB)
power spectrum from 23 to 90 kHz and
were similar to orientation sounds used
by Eptesicus (Fig. 1). The repetition rate
of the pulse-echo pairs and the pulse-

1 § Il 1 {

echo time interval or echo delay were
varied to simulate the series of sounds
that might be heard by a bat while detect-
ing and pursuing prey or approaching an
obstacle (3) (Fig. 1c). Only neurons re-
sponding to these biologically relevant
search stimuli are reported here.

Neural responses and acoustic stimuli
were recorded on an instrumentation
tape recorder (Lockheed Store-4D) and
analyzed subsequently with a computer
(PDP-11/40) or a storage oscilloscope.
The bat was killed after 1 or 2 days of
recording sessions, and the electrode
tracks in brain tissue were identified his-
tologically.

Three classes of neurons and neural
response patterns were observed. Mem-
bers of the first class responded to pulse-
echo pairs at certain intensities, but their
responses appeared to be a consequence
of responsiveness to the pulses alone.
Most of these neurons responded to indi-
vidual FM bursts only when they were
separated by rather long time intervals,
and they were characterized as having

Fig. 1. The waveform (a) and
time-frequency structure (b) of
the simulated Eptesicus sonar
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search for neurons and to
study responses of neurons.
Such sounds were presented
in pairs, using time intervals
within and between pairs that
simulated the sequence of
sounds encountered by a bat
approaching a sonar target as
shown in (¢). The graph show-
ing pulse-echo intervals or
echo delays and interpulse in-
tervals is to be read in succes-
sive horizontal sections from
the top down. Beginning at the
top left, the first pulse occurs
at zero time, followed by its
echo (20 dB weaker) at 40-
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long recovery cycles. Nevertheless, a
number of these neurons, particularly in
the nucleus intercollicularis, responded
to both the pulse and the echo if the echo
intensity was sufficiently large and the
pulse-echo interval sufficiently long.
These particular neurons exhibited low-
intensity thresholds, near the behavioral
thresholds for Eptesicus ). Their occa-
sional response to echoes reflected their
general sensitivity and recovery from a
refractory state and was not a response
to the *‘pairness’” of pulses and echoes
as such.

Neurons in class 2 also responded
to individual FM bursts. In the pres-
ence of a weaker echo this response
was suppressed in some cases for short
pulse-echo intervals (<10 msec) and in
other cases for long pulse-echo intervals
(> 20 msec). The range of pulse-echo in-
tervals for which suppression of the re-
sponse to the pulse occurred varied from
neuron to neuron and was sometimes
small.

The neurons of class 3 are interest-
ing because they responded to the paired
nature of the pulses and echoes and
because they responded selectively to
a restricted range of pulse-echo inter-
vals or echo delays (5). These neurons
never responded to a single pure-tone or
FM burst, regardless of intensity, but re-
sponded reliably to pulse-echo *‘pairs’’
over a wide range of intensities when the
pulse-echo interval fell within a particu-
lar range. Figure 2 (a to d) shows histo-
grams representing responses of one of
these echo-sensitive neurons located in
the intercollicular nucleus. This neuron
was silent unless stimulated by appropri-
ate pulse-echo pairs, never firing sponta-
neously or to individual sounds during
our observations. The presence of an
echo 7 to 15 msec after the puise always
led to one or two spikes about 8 msec
after the echo (Fig. 2e). Changes in rela-
tive echo amplitude did not much influ-
ence the range of pulse-echo delays char-
acteristic of the neuron (Fig. 2, a to ¢), but
the delay range shifted slightly when the
pulse’s absolute amplitude changed (Fig.
2, b and d). High echo amplitudes gener-
ally led to reduced responsiveness (Fig.
2a). Data in Fig. 2 were obtained with the
search stimulus sequence (Fig. 1c); the
separate manual control of pulse repeti-
tion rate and echo delay indicated that
pulse-echo delay determined the selec-
tivity of the neuron’s response, but the
repetition rate of the pair or the sequence
of presentation of different echo delays
did not. These neurons all responded to
the echo, but the responses were condi-
tioned by the presence of the pulse at a
specific range of earlier times.
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The “‘paired’’ character of the pulses
and echoes was a feature required to dis-
charge neurons in the third class, and the
units were ‘‘tuned’’ to particular ranges
of pulse-echo delays, different from one
neuron to another. The responses of
these neurons suggests that echo delay,
the acoustic cue for target range to the
bat (1), is processed in the time domain
(6), and that some of the neurons in-
volved may also respond exclusively to
echoes. These results additionally sug-
gest that bats may not need an efferent
copy of their sonar emissions to deter-
mine range; the directly heard sonar
sounds may constitute an afferent signal
as reference for processing of echoes to
determine target distance. The location
of these neurons in the intercollicularis
nucleus is not surprising. Spatial infor-
mation associated with visually, tac-
tually, and acoustically guided behavior
is represented in the midbrain (7), and
target range is a spatial feature that is im-
portant to echolocating bats.

Some neurons in the auditory cortex
also responded selectively to echoes at
certain pulse-echo intervals. However,
cortical neurons in our sample were
more difficult to study because they re-
sponded infrequently. In contrast, those
neurons in the intercollicular nucleus
fired for every appropriate pulse-echo
pair. Firing preferences for certain pulse-
echo delays were observed at ranges
from 4.5 to 20 msec in different neurons,
corresponding to targets at ranges from
0.75 to 3.5 m. Target range may thus be
encoded by a neural ‘‘place’” mechanism
incorporating different delay-tuned neu-
rons in the central nervous system, pre-
sumably at levels above the inferior col-
liculus. We have searched for this type of
neuron in the inferior colliculus, but all
neurons encountered were of class 1 or
class 2, and none exhibited selective re-
sponses to pulse-echo delays. Rather,
they tended to respond to both the pulse
and weaker echoes at a wide range of
delays.

Neurons of class 3 that occur in the
intercollicular nucleus and auditory cor-
tex clearly differed from neurons located
in the inferior colliculus that have been
described previously (8). Neurons in the
inferior colliculus respond precisely to
the timing of stimuli and may exhibit
some sensitivity to echoes as a con-
sequence of recovery cycles, but they do
not show the rigid response to paired
stimuli at certain pulse-echo delays that
characterizes class 3 neurons here. It is
possible that the neurons described pre-
viously and perhaps class 2 neurons in
our sample are prerequisite to the selec-
tivity to echoes, to tuning to pulse-echo
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time intervals, and to the precision in fir-
ing latency shown by class 3 neurons.
The neurons of class 3 unambiguously
extracted echoes at certain delays as fea-
tures of acoustic stimuli that are of bio-
logical relevance to bats. They are
among the more sophisticated feature-
detecting neurons yet described in the
auditory system. We have used artificial
sounds, the bat’s echolocating pulse, and
echoes in a simulation that differs from
the normal situation in that the first pulse
is not generated by the bat. It is conceiv-
able that the sensitivity of the neurons
we have studied would be altered by the
active emission of orientation sounds, as
has been demonstrated previously (9). It
would be interesting to study the neural

responses in behaving bats when they
actually emit echolocating pulses to
hunt.

Hearing is a sense superbly capable of
small temporal discriminations, for ex-
ample, in sound localization and in per-
ception of periodicity phenomena (/0).
The preservation of time information in
sounds as they are processed in the pe-
ripheral and central auditory system is
well documented at the single-unit level
@, 11), but few data exist on the neural
encoding of temporal information as dis-
tinct from preservation. The neurons de-
scribed in class 3 here may reveal some-
thing about the neural basis for per-
ception of temporal aspects of sounds.
The clear behavioral significance of
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Fig. 2. Histograms of responses of a neuron in
the nucleus intercollicularis to search stimuli
simulating approach to a target (a to d). This
neuron always responded with a latency of
about 8 = 0.15 msec after the echo (e). The
unit required a pair of stimuli separated by 7
to 15 msec for a response to occur. Stimulus
intensity is expressed as dB re 10 N/m?, ap-
proximately the intensity of the emitted orien-
tation sound of the bat. Pulse intensity, I =
—20 dB, corresponds to the intensity of the
emitted pulse as the bat hears it, and Al is the
further attenuation of the echo below the level
of the initial pulse. Note that decreasing echo
strength relative to pulse strength increases
the unit’s response to the pair of sounds here
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sometimes affected the echo delay tuning of the neuron slightly (d). The unit responded with a
constant latency (At) after the echo (e) and appeared to be locked to the echo, but conditioned
by the requirement that the pulse occur 7 to 15 msec earlier. The unit responded to every echo
with one or two spikes per echo when the echo delay was appropriate and was otherwise not
active at all. This neuron responded to echo delays corresponding to target ranges of 1.2 t0 2.6

m. Graph (e) shows the data of histogram (c).

647



pulse-echo intervals in orientation by
bats makes this example a good illustra-
tion of the use of temporal information,
and the neurons observed here may
eventually lead to detailed knowledge of
further neural mechanisms in echo-
location. The role of these neurons with-
in the totality of the bat’s auditory sys-
tem is not known from our data.
A. S. FENG*
Department of Physiology
and Biophysics, Washington University
School of Medicine,
St. Louis, Missouri 63110
J. A. StMmMoONs
S. A. Kick
Department of Psychology,
Washington University,
St. Louis 63130

References and Notes

1. J. A. Simmons, J. Acoust. Soc. Am. 54, 157
(1973); , D. J. Howell, N. Suga, Am. Sci.
63, 204 (1975).

2. J. A. Simmons, M. B. Fenton, W. R. Ferguson,
M. Jutting, J. Palin, in preparation.

3. D. R. Griffin, Listening in the Dark (Yale Univ.
Press, New Haven, Conn., 1958); , F. A,
Webster, C. R. Michael, Anim. Behav. 8, 141
(1960). Recordings of bats pursuing prey made
by J. A. Simmons were used to generate the

time intervals for the search stimulus pattern.

4. J. 1. Dalland, Science 150, 1185(1965); ______,J.
A. Vernon, E. A, Peterson, J. Neurophysiol. 30,
697 (1967).

5. Twenty-three class 2 and nine class 3 neurons
were characterized from our sample in the nu-
cleus intercollicularis.

6. R. A. Johnson and E. L. Titlebaum, J. Acoust.
Soc. Am. 60, 484 (1976); J. A. Simmons, in Rec-
ognition of Complex Acoustic Signals, T. H.
Bu7llc))ck, Ed. (Dahlem Konferenzen, Berlin,
1977).

7. U. C. Drager and D. H. Hubel, J. Neurophysiol.
38, 690 (1975); A. S. Feng, in preparation; E. I.
Knudsen and M. Konishi, Science 200, 795
(1978); B. G. Wickelgren, ibid. 173, 69 (1971); G.
E. Schneider, ibid. 163, 895 (1969); J. Syka and
Straschill, Exp. Neurol. 28, 384 (1970); J. E.
Rose, N. B. Grass, D. C. Geisler, J. E. Hind, J.
Neurophysiol. 29, 288 (1966).

8. G. D. Pollak, D. S. Marsh, R. Bodehamer, A.
Suther, J. Neurophysiol. 40, 926 (1977); Science
196, 675 (1977); N. Suga, ibid. 170, 449 (1970).

9. N. Suga and P. Schlegel, Science 177, 82 (1972).

10. J. O. Nordmark, in Foundations of Modern
Auditory Theory, J. V. Tobias, Ed. (Academic
Press, New York, 1970), vol. 1, p. 55; A. M.
Small in ibid., vol. 1, p. 1; A. W. Mills, in
ibid., vol. 2, p. 301; J. V. Tobias, in ibid.,
vol. 2, p. 463.

11. N. Y.-S. Kiang, D. K. Morest, D. A. Godfrey,
J. J. Guinan, Jr., E. C. Kane, in Basic Mecha-
nisms in Hearing, A. R. Moller, Ed. (Academic
Press, New York, 1973), p. 455;J. E. Rose, J. F.
Brugge, D. J. Anderson, J. E. Hind, J. Neuro-
physiol. 30, 769 (1967).

12. Supported by NSF grant BNS 76-23670 and by
NIH grants 1T32-NS-0705701 and GM 1900.

* Present address: Department of Physiology and
Biophysics, University of Illinois, Urbana
61801.

16 January 1978; revised 26 July 1978

Hamster Refractoriness: The Role of Insensitivity of

Pineal Target Tissues

Abstract. Hamsters exposed to short days undergo gonadal collapse followed by
recrudescence and insensitivity to the regressive effects of such photoperiods. This
refractoriness may be due to exhaustion of the pineal gland or desensitization of its
target. Hamsters whose gonads had spontaneously recrudesced were injected with
melatonin (25 micrograms per injection) once daily (known to induce regression in
intact hamsters) or thrice daily (reported to arrest reproduction in pinealectomized
hamsters) for 7 weeks. In neither case did refractory hamsters respond to melatonin
treatment. The gonads of intact hamsters treated with melatonin for 21 weeks re-
gressed and spontaneously recrudesced along a normal time course. These results
indicate that gonadal refractoriness is due to insensitivity of the target tissues of the
pineal gland and imply that melatonin participates in photoperiodic regulation of

reproduction in the golden hamster.

The seasonal breeding cycles of many
vertebrates include a period of refractor-
iness to stimuli that induce gonadal re-
gression at other phases (/). Photope-
riods of less than 12.5 hours of light per
day induce reproductive quiescence in
the Syrian golden hamster, Mesocricetus
auratus (2). Either pinealectomy or ex-
posure to long days accelerates recovery
of reproductive competence in hamsters
whose gonads have regressed, but even
the gonads of hamsters maintained on
short-day photoperiods recrudesce spon-
taneously (3). Such spontaneous re-
growth is thought to account for the re-
turn of reproductive activity in nature
).

Hamsters whose testes have recru-

desced remain insensitive to the regres-
sive effects of short photoperiods unless
they are exposed to at least 10 weeks of
long days (5). Two alternatives have
been offered to account for refractor-
iness to short days: (i) termination of
production of the pineal gland’s anti-
gonadal factor (pineal exhaustion hy-
pothesis) or (ii) desensitization of the
pineal’s target tissues (presumably in the
brain) to its hormone (target insensitivity
hypothesis) ).

Melatonin, an indole whose rhythmic
synthesis is largely restricted to the pine-
al, has been implicated in photoperiodi-
cally induced gonadal regression in both
sexes. Daily injections of 10 or 25 ug of
melatonin shortly before the end of the
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light phase induce testicular regression
and arrest of the estrous cycle within 7
weeks in intact hamsters maintained in
14-hour photoperiods (LD 14:10) ©6).
Pinealectomized animals are unrespon-
sive to such treatment. Three daily injec-
tions of melatonin at 3-hour intervals be-
ginning 4 hours after the onset of light in-
duce testicular regression in pineal-
ectomized but not in intact animals.
These differences in sensitivity of intact
and pinealectomized hamsters may re-
flect an interaction between endogenous
and exogenous melatonin or a role of the
pineal in phasing the responsiveness of
target tissues to pineal hormones (6).

In the experiments described here I
exploited the differences in responsive-
ness of intact and pinealectomized ham-
sters to exogenous melatonin in order to
determine the etiology of postregression
testicular refractoriness. If pineal ex-
haustion accounts for the insensitivity of
the testes to short days, refractory ham-
sters should be functionally pinealecto-
mized and therefore induced to regress
only by thrice daily injections of melato-
nin. If refractoriness results from in-
sensitivity of target tissues to pineal hor-
mones, such animals should be unre-
sponsive to exogenous melatonin re-
gardless of the timing of its administra-
tion. The target insensitivity hypothesis
further predicts that the gonads of ham-
sters induced to regress by melatonin
treatments will recrudesce if such injec-
tions are continued for several additional
weeks. Such an outcome would also im-
ply that spontaneous recrudescence re-
sults from the same physiological change
responsible for testicular refractoriness.
The results of the experiments indicate
that the pineal’s target tissues do become
insensitive to the action of its anti-
gonadal hormone.

Sexually mature male golden hamsters
(LAK-LVG) were purchased from the
Lakeview hamster colony (Newfield,
N.J.) or were bred in our laboratory from
similar stock. Animals were housed in
groups and maintained under conditions
of LD 14:10 (lights on at 0700 hours) pri-
or to experimental use; they were caged
singly thereafter (7). Testicular condition
was monitored by periodic laparotomies
@).

Experimental hamsters (N = 44) were
laparotomized and divided into two
groups matched for body weight and tes-
tis index. After an interval of 47 days,
one group was transferred to a photope-
riod of LD 10:14 (lights on at 1000 hours)
while the other was placed in constant
darkness (9). Laparotomies performed
39 and 210 days later documented regres-
sion and spontaneous testicular recru-
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