tis, and reticularis tegmenti pontis were
also selectively activated (Fig. 2). Nucle-
ar components in the small medulla and
spinal cord were too close to the thresh-
old of the method to allow reliable as-
sessment. Bilateral decreases were
noted in cerebellar deep nuclei and sub-
stantia nigra. Intense uptake (4+) was
present in bilaterally symmetrical patch-
es of frontal and cingulate cortex, ven-
trolateral and anterior dorsalis nuclei of
the thalamus, and the striatum, but high
levels of deoxyglucose uptake in these
regions were also found in freely moving
control mice. Low activity (1+) was ob-
served in both mutant and control mice
in hippocampus, entorhinal or temporal
cortex, septal nuclei, amygdala, and hy-
pothalamic nuclei.

No morphological expression of the 7g
mutation has yet been recognized. Pre-
liminary neuropathological studies at the
light microscopic level revealed no le-
sions in the adult rg/tg cerebrum, cere-
bellum; spinal cord, dorsal-root ganglia,
or sciatic nerves. Although adult rg mu-
tants weighed an average of 7 g less than
normal adults, brain weights were equal
to those of normal littermates. It is worth
noting that other alleles at the tg genetic
locus (leaner, 7g'®, and rolling mouse
Nagoya, rg”) have been reported to
show loss of Purkinje neurons, pre-
dominantly in the anterior lobe of the
cerebellar cortex (7).

The abnormal patterns of cerebral ac-
tivation during behavioral seizures in the
tottering mouse are of considerable theo-
retical and practical significance with ref-
erence to human epilepsy. The murine
spike-wave seizure disorder described
here resembles in many, but not all, re-
spects the electroencephalographic, clin-
ical, and developmental characteristics
of the recurrent centrencephalic absence
seizures of human childhood 8). Heredi-
ty has long been thought important in the
etiology of ‘‘genuine’’ or ‘‘essential’’
seizure disorders in man, but the genetic
components of these clinical syndromes
have been difficult to isolate and inter-
pret. Our data show that a spontaneous,
paroxysmal electrocorticographic dis-
order of the centrencephalic type accom-
panied by behavioral arrest and partial
motor seizures can, in principle, be in-
herited as a simple autosomal recessive
trait in mammals.

The evidence suggests that a presum-
ably single gene mutation at the g locus
in the mouse alters specific central ner-
vous system pathways at critical stages
of maturation. The tg/tg mutant provides
an opportunity to identify the nature of
the defect in neuronal organization, its
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biochemical and electrophysiological
features, and the pharmacological sensi-
tivity of naturally occurring, spontane-
ous paroxysmal discharges in the brain.
This genetically defined model of spike-
wave epilepsy provides a rational ba-
sis for a search to identify a gene product
at the molecular level that might be
used in the detection and prophylaxis
of this neurological disease at preclinical
stages.
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Department of Neuropathology,
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Perception of Echo Phase Information in Bat Sonar

Abstract. Echolocating bats (Eptesicus fuscus) can detect changes as small as 500
nanoseconds in the arrival time of sonar echoes when these changes appear as jitter
or alternations in arrival time from one echo to the next. The psychophysical function
relating the bat’s performance to the magnitude of the jitter corresponds to the half-
wave rectified cross-correlation function between the emitted sonar signals and the
echoes. The bat perceives the phase or period structure of the sounds, which cover
the 25- to 100-kilohertz frequency range, as these are represented in the auditory
system after peripheral transformation. The acoustic image of a sonar target is ap-
parently derived from time-domain or periodicity information processing by the ner-

vous system.

The biological sonar of bats in the sub-
order Microchiroptera is currently under
intense scientific study as a relatively
well-defined example of a biological
communication system (/, 2). Behavioral
observations have established that echo-
location enables bats to detect, identify,
and track prey; to avoid obstacles; and
to navigate the near environment. Psy-
chophysical experiments have shown
that bats can perceive a variety of dif-
ferent target features by extracting infor-
mation from echoes (/-5), although only
a few of these studies have revealed any-
thing directly about how sonar signals
are processed in the brain (2, 4, 5). Many
aspects of the auditory and neural basis

0036-8075/79/0622-1336$00.50/0 Copyright © 1979 AAAS

of orientation by echolocation have been
explored physiologically (6), and neu-
rons within the bat’s auditory system re-
spond in ways relevant to target per-
ception by sonar. I now report new psy-
chophysical data from bats on the
perception of changes in target distance
(or range), data that provide conceptual
order to many diverse observations on
echolocation and that identify the form
of the acoustic image of a target to a bat.
Two echolocating bats (Eptesicus fus-
cus) were trained with food as a reward
to choose between a simulated station-
ary target represented by echoes arriving
3.087 msec after the sonar transmission,
corresponding to a target range of about
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5.3 cm, and a simulated target under-
going small step changes in range repre-
sented by echoes arriving 3.087 = Atz
msec after the transmission. These step
changes in arrival time were on the order
of a few microseconds. The arrival time
of these shifting echoes changed back
and forth from the shorter to the longer
delay on alternate sonar emissions that
the bat directed at whichever of the two
channels of the target simulator system
was presenting the systematically ‘‘jit-
tering”’ echo on that particular experi-
mental trial. The simulated target was
thus presented to the bat as alternating
by a distance of a millimeter or so from
one range to another. The data consist of
the performance of bats at detecting
which of the two simulated echoes was
jittered as a function of the size of the
jitter, 2At.

The bats were initially trained to dis-
criminate between two flat Plexiglas tar-
gets, one at a range of 45 cm and the oth-
er at a range of 50 cm; the two-choice
procedures have been described (5). Af-
ter learning this target range discrimina-
tion to a criterion of 90 percent correct
responses, the bats were transferred to
discriminating electronically produced
echoes that simulated targets at 45 and
50 cm (echo delays of 2.6 and 2.9 msec,
respectively). The simulated echoes
were —34 dB at the bat’s location with
respect to the peak sound pressure emit-
ted by the bat (100 to 110 dB sound-pres-
sure level) measured 12 cm in front of the
bat’s mouth (Bruel and Kjaer model 4135
condenser microphones). The entire tar-
get simulator system for two-choice si-
multaneous presentation of stimuli has
been described (5). The frequency re-
sponse of the system was = 5 dB from 25
to 80 kHz, and differences in response
between the left and right channels at
any given frequency were less than 1.5
dB.

After the bats learned to discriminate
echo delays of 2.6 and 2.9 msec to crite-
rion, this delay difference was reduced in
20-usec stages while the closer ‘‘target’
(earlier echo) was also jittered by + 40
usec. By a psychophysical fading proce-
dure (7) the bats were brought to dis-
criminate fixed echoes at 3.087 msec
from echoes appearing on alternate bat
sonar transmissions at delays of 3.047
and 3.127 msec. An electronic switching
circuit changed the delay of these echoes
from one value to the other 5 msec after
the simulated echo had passed to the bat,
when electronic switches in the left and
right channels of the target simulator had
attenuated all signals by at least 100 dB
to suppress any possible switching tran-
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sients from emerging as acoustic arti-
facts. The left and right channels were
electrically and acoustically the same;
both incorporated delay-jittering switch-
es. The magnitude of jitter delay ranging
from + 40 usec down to 0 usec, which
served as the positive stimulus, and the
jitter magnitude of 0 wusec, which served
as the negative stimulus, were alternated
from the left to the right channel accord-
ing to a pseudorandom schedule (5). Af-
ter the bats learned to choose the = 40-
usec jitter to criterion, data were collect-
ed for 50 trials at each echo jitter for jit-
ters of = 40 usec down to 0 usec in small
steps. The data are in the form of per-
centage errors at each of these jitter val-
ues. Two bats completed the entire pro-
cedure.

One feature of the target simulator de-
serves mention. During discrimination
trials the bat scanned back and forth
while examining the targets being simu-
lated. The bat typically emitted from 1 or
2 to 20 sonar signals at each channel be-
fore making a decision. These signals
were produced at a repetition rate of 10
to 30 sounds per second and were 1 to
1.5 msec long, containing two or three
harmonics of a fundamental sweep from
55 to 23 kHz (5). The microphone for the
channel toward which the bat aimed its
head received a louder signal than the
other microphone as a result of the direc-
tional pattern of sound emission (5). A

Fig. 1. Performance (percent-
age of errors) of one Eptesicus
fuscus at detecting which of
two simulated echoes is jitter-
ing compared with the auto-
correlation: function of the
bat’s sonar signals. The bat’s
performance is shown with
data points [dotted lines in (b)],
the autocorrelation function
(ACR) is a solid line, and the
envelope of the autocorrela-
tion function (ENV) with mini-
mal smoothing is a dashed
line. (a) The entire ACR is |

voltage comparator determined which of
the two channels received the stronger
signal and enabled only the channel at
which the bat was aiming to return any
echoes. The bat never received any sim-
ulated echoes simultaneously from the
left and right but was presented with on-
ly one channel at a time. The bat scanned
the channels during each data-collecting
trial to determine which contained the
jitter. Since the jitter was accomplished
by alternating the echo delay on succes-
sive sonar transmissions, the bat re-
ceived only one stimulus echo per trans-
mission. Neither temporal overlap of jit-
tered echoes nor overlap of echoes from
the left and right channels occurred. The
bat had to use memory to determine
which channel contained the jitter. The
other objects present, either close, such
as the microphones at 12 cm, or far
away, such as the loudspeakers at 88 cm,
produced extraneous echoes that were
more than 30 dB lower and occurred ei-
ther earlier or later than the simulated
echoes returned by the stimulus system.
The bats used sonar sounds (5) 1 to 1.5
msec in duration, and these extended
across 34 to 52 cm in space. The total
path lengths between simulated targets
and extraneous targets exceeded 75 cm.
No temporal overlap between the extra-
neous echoes and the discrimination
stimuli occurred. Furthermore, the bat’s
head movements produced changes in

shown with data points super-
imposed over a time span of
+ 500 usec. (b) The details of
the data, the ACR, and the 50
ENV are shown for an ex-
panded span of + 50 wusec.
The jitter is plotted as 2At;
thus, for a jitter of = 15 usec,
the graphs show + 30 usec.
The relationships between
vertical performance and auto-
correlation axes are shown in
(b). The vertical axes are the
same in (a) and (b). The two
bats performed similarly. The
bat’s  performance  corre-
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the arrival times of these extraneous
echoes that were much larger than the
jitters in the stimulus signals. The stimuli
were thus temporally isolated replicas of
the bat’s sonar transmissions and were
presented individually.

The performance of each of the bats
(percentage of errors) in the jitter-detec-
tion experiment was a cyclical, decaying
function of the size of the jitter, which is
shown as 2 At or the total span of the jit-
ter on the horizontal axis of Fig. 1. Two
features of these data are especially sig-
nificant. First, Eptesicus can detect very
small changes in target distance (echo ar-
rival time) on the order of 0.1 mm (0.5
usec) (8). Since the bats emitted their
echolocation signals at repetition rates of
10 to 30 sounds per second, the stepwise
jittering echoes crudely simulate the flut-
tering of insect wings over surprisingly
small distances. Bats using broadband
echolocation with frequency-modulated
(FM) signals can therefore detect insect
fluttering motions as a consequence of
highly acute acoustic imaging of target
position. Bats using narrowband sonar
with constant-frequency (CF) signals are
known to detect fluttering motions from
slight amplitude modulation and frequen-
cy modulation of CF echoes (9), thus ac-
complishing much the same perceptual
task by a different strategy.

Previous experiments have shown that
Eptesicus can detect small differences
(6°) in the size of horizontal angles sepa-
rating targets (/0) and small differences
(0.6 mm) in the depths of holes in targets
(11). The data reported here suggest that
information about echo arrival time
could have served as cues for the bat in
both of these studies, although additional
cues cannot be ruled out. It may be that
bats using broadband echolocation
sounds use temporal information for
most, if not all, perceptual tasks; the ex-
treme acuity (Fig. 1) is provocative.

The second significant feature of the
jitter-detection data involves a com-
parison of the bat’s performance with the
autocorrelation function of the sonar sig-
nals used for the task (Fig. 1). The bats
performed as though they perceived a
half-wave rectified version of the auto-
correlation function of the echoes or the
cross-correlation function of the trans-
missions and the echoes; the functions
are identical for stationary targets that
reflect well at all frequencies, such as the
targets simulated here. [The autocorrela-
tion function describes the period struc-
ture of a signal in much the same way the
power spectrum describes the frequency
content of a signal. One reads the auto-
correlation function in Fig. 1 by noting
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that the time interval between peaks is
the average period of the signal—in this
instance about 30 usec. As the heights of
the peaks show, if one moves away from
any given point in the bat’s FM sonar
sound by a time interval corresponding
to more than three or four average cy-
cles, the frequency sweep is sufficiently
rapid and its bandwidth sufficiently
broad that there is little correlation with-
in the waveform across this interval. Be-
cause of the sound’s harmonic structure,
the average period in the autocorrelation
function is not simply the reciprocal of
the average frequency in the signal (/2).]

The bats made more errors in deter-
mining which of the simulator channels
carried the jittering echoes if the jitter
was a small integral multiple of the sig-
nal’s average period than if the jitter was
either smaller or larger. For example, the
bat in Fig. 1 made only 2 percent errors
at 10 usec and 6 percent errors at 50 usec
but 16 percent errors at 30 usec (8). The
bats achieved perfect performance for
jitters not corresponding to a small num-
ber of average signal periods. These re-
sults demonstrate that Eptesicus per-
ceives very small time intervals well
enough to sense phase information in so-
nar signals and echoes and that Epte-
sicus experiences perceptual ambiguities
for time intervals corresponding to aver-
age periods.

Fibers in the auditory nerves of mam-
mals respond to sounds only on alternate
half-cycles of the stimulus waveform. In
cats and primates, however, phase lock-
ing and the associated half-wave rectifi-
cation have been observed only for stim-
ulus frequencies up to a few kilohertz
(13). From the data presented here it is
evident that, to preserve stimulus period
information for perception, sufficient
phase locking of discharges in peripheral
auditory neurons must occur in bats over
the range from 25 to 100 kHz. The regis-
tration by neural discharges of the time
of occurrence of any particular frequen-
cy in the FM sweep of an echolocation
sound is very precise in parts of the bat’s
auditory pathways (/4). Some neurons
respond selectively to sonar echoes at
particular delays (/5), and such ‘‘delay
tuning’’ may be the neural equivalent of
cross-correlation of transmissions and
echoes.

If the time interval between a sonar
signal and an echo is represented by in-
terspike intervals between nerve-fiber
discharges excited by the emission and
by the echo (at each frequency across
the range of frequencies contained in the
FM sweeps of the sounds), a neural cor-
relation-like system for extracting an en-

coding or displaying these interspike in-
tervals would produce average interval
histograms resembling the data in Fig. 1.
Such a neural mechanism would extract
intervals between sonar sounds and
echoes with lengths varying by a small
number of average periods of the sonar
signals. A time-domain mechanism of
this kind would arrive at period esti-
mates for complex sounds based on the
fundamental period or harmonic inter-
val, even if the first harmonic itself were
absent from the acoustic waveform.
JaAMES A. SIMMONS
Departments of Psychology and Biology,
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