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cialized for echo ranging. 

For echolocation, some insectivorous 
bats emit tone pulses which are vari- 
ously modulated in frequency and am- 
plitude (1). Echoes coming back from 
objects at different places overlap and 
show complex envelopes and structures 
which are quite different from those of 
the outgoing sounds. The bats analyze 
these complex echoes from different 
aspects in order to echolocate. One of 
the fundamental aspects is echo rang- 
ing. A basic clue for measurement of 
the distance to an object is given by the 
time lag between the outgoing orienta- 
tion sound and the returning echo (2). 
This time lag is presumably coded in 

Fig. 1. Responses of an inferior collicular 
neuron which was not specialized for 
echo ranging. Responses to repeated pres- 
entations of the same tone pulse are shown 
by a dotted pattern in which one dot cor- 
responds to the peak of one action poten- 
tial. The sweep of a cathode-ray oscillo- 
scope was displaced vertically before each 
stimulus. The dots to the left mark the 
start of the sweep. The sound simulus is 
represented by a horizontal bar and square 
wave at the bottom of each dotted pattern. 
(A) The amplitude of a 29.7-khz tone 
burst with a 0.5-msec rise-decay time and 
a 40-msec duration was attenuated from 
86 db to 11 db. (B and C) The rise time 
of a 29.7-khz tone burst with a 100-msec 
duration was changed, as indicated by the 
number to the left of each dotted pattern. 
The decay time was always 0.5 msec. The 
peak amplitude of the tone burst was 
(B) 80 db and (C) 20 db. Note the 
changes in the latency of response and 
number of impulses. (D) Four samples of 
the 100-msec tone bursts used are shown. 
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the difference in time between the re- 
sponse of a neuron to the outgoing 
sound and that to the echo. 

The latency of response of a neuron 
to a stimulus generally changes as a 
function of stimulus amplitude and rise 
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time. If the amplitude of a stimulus 
such as an outgoing sound is very large, 
and quickly reaches the threshold of a 
neuron, the latency of response of the 
neuron will be short. If the amplitude 
of a stimulus such as an echo is just 
above the threshold of the neuron, or 
if it slowly increases up to the thresh- 
old, the latency of response will be 
long. When this occurs, a large error 
will be introduced into distance mea- 
surement. For echo ranging, there must 
therefore be neurons which show rela- 
tively constant latency regardless of 
stimulus amplitude and rise time. If 
such neurons discharge multiple im- 
pulses in response to a single stimulus, 
there will be no way to distinguish be- 
tween one strong echo and a few weak 
echoes. There must therefore be neu- 
rons with constant latency which do 
not fire repetitively. Furthermore, the 
neurons must be spontaneously inac- 
tive. Any neurons which satisfy the 
above requirements may be considered 
to be specialized for the measurement 
of distance, and may be called echo- 
ranging neurons. 

Neurons in the cochlear nucleus of 
bats fire repetitively in repsonse to a 
tone burst, and some of them are spon- 
taneously active (3). Therefore, echo- 
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Echo-Ranging Neurons in the Inferior Colliculus of Bats 

Abstract. Bats measure the distance to an object in terms of the time lag be- 
tween their outgoing orientation sounds and the returning echo. For measurement 
of the time lag, the latency of response of a neuron to a stimulus must be nearly 
constant regardless of the stimulus amplitude and envelope. Otherwise, a large 
error would be introduced into the measurement. Bats have neurons that are spe- 
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ranging neurons have not been ob- 
served in this nucleus. 

The inferior colliculus of bats re- 
ceives impulses from the lateral lemnis- 
cus which synchronize remarkably with 
shortly spaced tone pulses (4, 5). Se- 
vere bilateral ablation of the inferior 
colliculus causes failure in echoloca- 
tion, in spite of an unusually frequent 
emission of orientation sounds (5). 
Unlike the cochlear nuclear neurons, 
most neurons in the inferior colliculus 
show no spontaneous discharges and 
fire only a few impulses at the onset of 
a sound stimulus (3). Therefore, if 
echo-ranging neurons exist, they are to 
be found in the inferior colliculus. The 
superior olivary complex of bats is an- 
other area which should be investigated 
in this context. This complex has not 
yet been studied electrophysiologically. 

In the present experiments, the little 
brown bat (Myotis lucifugus) and the 
Indiana bat (Myotis sodalis), anesthe- 
tized with pentobarbital sodium, were 
mounted on a small platform in a 
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sound-proofed room in which the tem- 
perature was maintained at about 35?C. 
A small hole was made in the skull 
covering the inferior colliculus, and a 
glass micropipette electrode filled with 
3M KC1 was inserted into the colliculus 
through the hole while sound stimuli 
were delivered at a rate of two per sec- 
ond from a loudspeaker located 68 cm 
in front of the head. When the action 
potential of a single neuron was re- 
corded with conventional electronic 
instruments, its tuning curve (or ex- 
citatory area) was measured with a 40- 
msec tone burst that had a 0.5-msec 
rise-decay time (6). The best frequency 
of the neuron was also determined. A 
100-msec tone burst at the best fre- 
quency was then delivered. The ampli- 
tude increased linearly with time at the 
onset. The rise time was changed from 
abrupt to 98 msec, but the decay time 
was kept at 0.5 msec (Fig. 1D). A 
study was made of the effect of the 
changes in the rise time and peak 
amplitude of the stimulus on the re- 
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Fig. 2. Responses of an echo-ranging neuron in the inferior colliculus. (A) The ampli- 
tude of a 43.7-khz tone burst with a 0.5-msec rise-decay time and a 40-msec duration 
is attenuated from 96 db to 31 db. (B and C) The rise time of a 43.7-khz tone burst 
with a 100-msec duration was changed, as indicated by the number to the left of each 
dotted pattern. The decay time was always 0.5 msec. The peak amplitude of the tone 
burst was (B) 80 db and (C) 50 db. Note that the number of impulses is always one 
or less than one, and the latency of the response does not fluctuate more than - 1.0 
msec, even if the probability of response decreased down to 0.5. 
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sponse of the neuron. The peak ampli- 
tude of the stimulus was expressed in 
sound pressure level (decibels referred 
to 0.0002 dyne/cm2 root-mean-square). 

Responses of 57 inferior collicular 
neurons to the tone bursts were studied. 
Most of the neurons studied discharged 
only a few impulses during the rising 
phase of the stimulus amplitude, but 
did not fire during the falling phase. In 
terms of latency of responses to tone 
bursts with different amplitudes and rise 
times, there were at least two types of 
phasic on-responding neurons. 

In about 32 percent of the phasic 
neurons studied, the latency of response 
changed more than 60 msec as a func- 
tion of stimulus amplitude and rise 
time (Fig. 1). The number of impulses 
per stimulus was either monotonically 
or nonmonotonically related to stimu- 
lus amplitude. When the impulse-count 
function was nonmonotonic, the la- 
tency of reponse sometimes changed 
nonmontonically. In Fig. 1A, the la- 
tency is 15.7 ?1.51 msec at 86 db, 
13.4 ? 0.67 msec at 46 db, and 26.3 ? 

5.23 msec at 16 db, 5 db above the 
threshold. Since the rate of change in 
amplitude is a function of both rise 
time and peak amplitude, tone bursts 
with different peak amplitudes have 
different rates of change in ampli- 
tude for the same rise time. In Fig. 1, 
B and C, the rise time of a tone burst 
is changed, but the peak amplitude is 
kept at 80 and 20 db, respectively. 
Large changes occur in the number of 
impulses and in the latency of response 
with rise time. The threshold of re- 
sponse of such a neuron did not in- 
crease more than 10 db with a change 
in rise time from 0.5 to 98 msec (Fig. 
3c). This type of neuron was not at all 
specialized for echo ranging. 

In about 34 percent of phasic neu- 
rons, the latency of response was nearly 
constant, regardless of the stimulus 
amplitude (Fig. 2A). The change in 
latency with rise time was also very 
limited (Fig. 2, B and C). The number 
of impulses per stimulus changed mono- 
tonically, or slightly nonmonotonically, 
with the stimulus amplitude. When the 
rise time increased, the number of im- 
pulses per stimulus decreased, and 
sometimes no impulses at all were dis- 
charged for a sound with a rise time 
of longer than 60 msec, even at the 
maximum amplitude available (Fig. 
2B). When the rise time was less than 
0.2 msec, an acoustic transient ap- 
peared which could be heard by a hu- 
man at 5 cm from the loudspeaker. 
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Therefore, there was a possibility that 
the good responses to tone bursts with 
a short rise time were due to the acous- 
tic transient. The threshold of the re- 
sponse was, however, not lower for a 
tone burst with an abrupt rise time 
than for one with a rise time of 0.5 
msec. Furthermore, the neuron showed 
a very high threshold for a click sound 
produced by a 0.5-msec square pulse. 
The responses to rapidly rising tone 
bursts were therefore not due to the 
acoustic transient. 

When the rise time was lengthened, 
the threshold of the response of such a 
neuron increased. The difference in 
threshold between responses to a 100- 
msec tone burst with a 0.5-msec rise 
time and that with a 98-msec rise time 
was less than 10 db in 32 percent of 
the total phasic neurons studied, 10 to 
30 db in 34 percent, and more than 30 
db in 34 percent. The threshold mea- 
sured with a 4-msec tone burst having 
a 0.5-msec rise-decay time was the 
same as that measured with a 100-msec 
tone burst having the same rise-decay 
time. Therefore, the increase in thresh.. 
old that occurred with a slow rise was 
not due to the decrease in the total en- 
ergy of the tone burst, caused by 
lengthening the rise time, but was due 
to the slow rise time itself. 

The minimum slope of the stimulus 
envelope necessary for excitation of 
the neuron was obtained by plotting 
the threshold of the response against 
the rise time (Fig. 3). In Fig. 3, 
curves a and b make contact at 4 to 
5 msec with the straight dashed lines, 
which indicate the minimum slope. This 
means that the neuron can respond 
only to a tone burst with an amplitude 
which reaches the threshold within 4 
to 5 msec, and that the "critical latency 
shift" due to the rise time is 4 to 5 
msec. The smallest critical latency shift 
obtained was 1 msec. Since only a tone 
burst which quickly increased in ampli- 
tude could excite the neuron, the 
change in latency that accompanied an 
increase in rise time was very limited 
in these neurons. These phasic on-re- 
sponding neurons may be called "la- 
tency-constant units." 

The latency-constant neurons usually 
did not show spontaneous discharges 
during an observation period of more 
than 10 minutes. They were, however, 
not necessarily echo-ranging units, be- 
cause some of them discharged more 
than one impulse per stimulus. Only 
less than 20 percent of the neurons 
studied appeared to be echo-ranging 
23 OCTOBER 1970 
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neurons. The responses of one of them 
are described in detail below. 

The neuron in Fig. 2 had a best 
frequency of 43.7 khz and a threshold 
of 31 db for a 43.7-khz, 40-msec tone 
burst with a 0.5-msec rise-decay time. 
The Q value was 11 (7). The number 
of impulses was always one or less than 
one per stimulus, regardless of stimulus 
frequency, amplitude, and rise time. 
This extremely phasic response of the 
echo-ranging neuron can be explained 
by forward inhibition (8) or accom- 
modation. At 96 db, ,the latency of the 
response was 5.7 ? 0.27 msec. Even if 
the amplitude was attenuated down to 
56 db (one one-hundredth), the latency 
was 6.2 ? 0.20 msec. Both the latency 
of response and the number of impulses 
per stimulus changed only a little, sol 
the neuron can hardly code stimulus 
amplitude in this range. If an outgoing 
sound of 96 db at the oval window and 
a returning echo of 56 db are assumed, 
the error in distance measurement for 
this neuron, due to amplitude differ- 
ence, would be 8.6 cm on the average. 
Further attenuation from 56 db re- 
duced the number of impulses per stim- 
ulus and lengthened the latency of 
response. The latency at 36 db (5 db 
above the threshold) was 9.0 ? 1.1 
msec (Fig. 2A). The error, 8.6 cm, is 
large compared with the minimum dis- 
criminable difference in distance, which 
is shown by bats trained for tests of 
distance discrimination (2). A neuron 
which shows a much smaller change in 
latency than does the 'above example 
may be found in the future. In Fig. 2, 
B and C, the peak amplitude of a 100- 
msec tone burst was kept at 80 and 50 

db, respectively, and the rise time was 
changed. The threshold of the response 
increased and the number of impulses 
per stimulus decreased with a lengthen- 
ing of rise time, but the latency stayed 
nearly constant. When the number of 
impulses per stimulus decreased down 
to about 0.5, the latency was still 7.6 ? 
1.0 msec at 80 db, and 7.8 ? 0.87 msec 
at 50 db. The shift in critical latency 
of this neuron was not very short-10 
msec. 

The inferior colliculus of bats re- 
ceives impulses which are remarkably 
synchronized with the outgoing sound 
and with echoes coming back shortly 
after it (4, 5). The collicular neurons 
are generally differentiated for process- 
ing echoes returning from differen.t dis- 
tances because they show various types 
of recovery cycles (9). This also ap- 
pears to be true in the echo-ranging 
neurons. The echo-ranging neurons are 
particularly specialized for processing 
information about distance. The time 
lag between their responses to an out- 
going sound and its returning echo is 
an accurate clue for echo ranging. 

NOBUO SUGA 

Department of Biology, 
Washington University, 
St. Louis, Missouri 

References and Notes 

1. D. R. Griffin, Listening in the Dark (Yale 
Univ. Press, New Haven, 1958). 

2. J. A. Simmons, thesis, Princeton University 
(1968). 

3. N. Suga, J. Physiol. 172, 449 (1964). 
4. A. D. Grinnell, ibid. 167, 67 (1963); H. O. 

Henson, in Animal Sonar Systems, Biology 
and Bionics, R. G. Busnel, Ed. (Jouy-en- 
Josas, France, 1967), p. 949. 

5. N. Suga, J. Physiol. 203, 707 (1969). 
6. The response of an auditory neuron to a 

stimulus can be either an augmentation or a 

451 

u 

o 

'O 
e~ 



suppression of background activity, if any Suga, R. A. Suthers, J. Cell. Physiol. 67, 319 
exists, so that the area above the tuning (1966). 
curve may be called the excitatory or inhibi- 10. Supported by NSF research grant GB-13904 
tory response area. Here, the excitatory re- and PHS health science advancement award 
sponse area is simply called the excitatory FR-504 and biomedical sciences support 
area. grant FR-07054. I thank Drs. J. W. Hopkins 

7. The Q value is the best frequency divided by and T. T. Sandel for their kind arrangements 
the band width of an excitatory area at 10 db for my laboratory, and Mrs. B. Lavender for 
above the minimum threshold. her assistance. I thank Drs. R. R. Pfeiffer and 

8. N. Suga, J. Physiol. 181, 671 (1965); ibid. R. M. Arther for reading this manuscript. 
200, 555 (1969). 

9. -- , ibid. 175, 50 (1964); J. H. Friend, N. 1 June 1970 e 

Coagulation Inhibitor Elicited by Thrombin 

Abstract. A protein fraction present in bovine prothrombin complex, or in pro- 
thrombin-free preparations obtained from serum, is converted by thrombin into an 
anticoagulant that strongly interferes with the intrinsic pathway of blood coagu- 
lation and with thrombin formation, initiated also by the extrinsic mechanism. If 
one assumes that a similar phenomenon takes place in vivo, the association between 
thrombosis and hemorrhage may be better understood. 

suppression of background activity, if any Suga, R. A. Suthers, J. Cell. Physiol. 67, 319 
exists, so that the area above the tuning (1966). 
curve may be called the excitatory or inhibi- 10. Supported by NSF research grant GB-13904 
tory response area. Here, the excitatory re- and PHS health science advancement award 
sponse area is simply called the excitatory FR-504 and biomedical sciences support 
area. grant FR-07054. I thank Drs. J. W. Hopkins 

7. The Q value is the best frequency divided by and T. T. Sandel for their kind arrangements 
the band width of an excitatory area at 10 db for my laboratory, and Mrs. B. Lavender for 
above the minimum threshold. her assistance. I thank Drs. R. R. Pfeiffer and 

8. N. Suga, J. Physiol. 181, 671 (1965); ibid. R. M. Arther for reading this manuscript. 
200, 555 (1969). 

9. -- , ibid. 175, 50 (1964); J. H. Friend, N. 1 June 1970 e 

Coagulation Inhibitor Elicited by Thrombin 

Abstract. A protein fraction present in bovine prothrombin complex, or in pro- 
thrombin-free preparations obtained from serum, is converted by thrombin into an 
anticoagulant that strongly interferes with the intrinsic pathway of blood coagu- 
lation and with thrombin formation, initiated also by the extrinsic mechanism. If 
one assumes that a similar phenomenon takes place in vivo, the association between 
thrombosis and hemorrhage may be better understood. 

Thrombin, the basic procoagulant 
and the unique clotting factor that ac- 
counts for fibrin formation, when in- 
fused or continuously released into cir- 
culation brings about a reaction in 
which bleeding rather than thrombosis 
is a predominant symptom (1, 2). The 
marked hemorrhagic tendency is often 
manifested by a prolongation of clotting 
time to the limit of uncoagulability, for 
which the accepted knowledge of 
hemostasis does not provide a sufficient 
explanation. The decrease of platelets 
and coagulation factors is not great 
enough to delay the clot formation that 
extensively, and the presence of heparin 
in blood was never convincingly dem- 
onstrated. Fibrinolysis with formation 
of breakdown products does not occur 
regularly and, at least in some experi- 
mental thrombinemias, was ruled out 
as a cause of impaired clotting (2). The 
present study, although made in vitro, 
may clarify certain mechanisms under- 
lying abnormalities in coagulation under 
circumstances in which thrombin is 
present in the blood. 

An earlier observation (3) indicated 
that a coagulation inhibitor can be iso- 
lated by chromatography from prepara- 
tions of bovine prothrombin complex 
treated with a small amount of throm- 
bin or converted into thrombin in strong 
salt solutions. Since in both cases pro- 
thrombin undergoes functional and 
structural alterations (4, 5), the anti- 
coagulant that became evident at this 
stage was considered to be a prothrom- 
bin derivative that inhibits prothrombin 
conversion on a competitive basis. I 
have now obtained evidence that a pro- 
tein fraction normally present in bovine 
blood, and independent of prothrombin, 
is converted by thrombin into a clot- 
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retarding factor of great potency. The 
precursor (proinhibitor) absorbs to- 
gether with the vitamin K-dependent 
coagulation factors from plasma and 
serum and is therefore present in prep- 
arations of prothrombin complex. 

For study, preparations were ob- 
tained according to the method de- 
scribed previously (5), with the use of 

Table 1. Influence of inhibitor on coagulation 
tests in bovine plasma. TPLN, thromboplastin. 

Clotting time (sec) 
of bovine 

Reagents used plasma (0.1 ml) 
in the test Plus Plus 

saline inhibitor* 
(0.1 ml) (0.1 ml) 

Calcium 74 190 
Partial thromboplastint 58 720 
Partial TPLN + kaolin 51 380 
TPLN (bovine brain)t 18 28 
Stypvent 24 27 
Stypven - 

phospholipidt 13 48 
Factor Xat 31 40 
Factor Xa + 

phospholipidt 17 83 
Thrombin (purified) 15 15 
* Fraction from chromatography of serum product 
activated with thrombin. f Calcium also pres- 
ent. 

Table 2. Bovine inhibitor in coagulation of 
plasmas from different species. 

Partial thromboplastin time (sec) 
of species plasma (0.1 ml) 

Species Plus Plus 
saline inhibitor* 

(0.1 ml) (0.1 ml) 

Cow 57 > 600 
Man 61 50 
Dog 21 42 
Horse 85 61 
Sheep 50 > 600 
Goat 48 420 
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barium carbonate or barium sulfate for 
the initial absorption of proteins. The 
starting material was either oxalated 
bovine plasma or normal bovine serum. 
From the chromatograms shown in Fig. 
1, it is evident that inhibitor activity 
was elicited by thrombin in regular pro- 
thrombin preparations absorbed from 
plasma, as well as in prothrombin-free 
preparations obtained in a similar man- 
ner from serum. Thrombin as a pro- 
coagulant was eluted early from the col- 
umn, and then a spectacular clot-retard- 
ing activity became evident. It is not 
represented by a distinct protein peak 
in chromatograms; therefore, it may be 
assumed that the corresponding protein 
fraction was rather small. I was also 
able to separate first the proinhibitor 
from nonactivated preparations as a 
fraction trailing the prothrombin peak 
(fraction 2) and subsequently activate 
it with thrombin. The prothrombin por- 
tion from the same ion exchange pro- 
cedure (fraction 1) generated no anti- 
coagulant activity upon contact with 
thrombin. Nonactivated serum prepara- 
tions contained a weak and preformed 
clot-retarding activity, probably elicited 
by thrombin during blood clotting. Ad- 
ditional contact with thrombin brought 
about a severalfold potentiation of in- 
hibitor. Prolongation of partial throm- 
boplastin time in bovine plasma with 
inhibitor-containing fractions was often 
over 20 minutes. In many assays only 
a partial clot appeared first, and a solid 
one formed several minutes later. In 
those samples, the prothrombin con- 
sumption was greatly impaired. One 
hour after coagulation the two-stage 
determination indicated 75 to 100 units 
of residual prothrombin per milliliter 
(less than 10 units in the control). 

The new anticoagulant also interferes 
with other coagulation tests in bovine 
plasma (see Table 1). In all the assays, 
only the thrombin time remained un- 
disturbed. Of interest is the almost para- 
doxical fact that the clotting mechanism 
was much more inhibited in the pres- 
ence of lipids than in their absence. 
There was also a striking inhibition of 
the thromboplastin generation test com- 
posed of bovine reagents. Certain frac- 
tions of activated proinhibitor (Fig. 1), 
when used as a diluent for one of the 
four components, gave less than 1 per- 
cent of the original activity in the test. 
Human plasma was used as a substrate 
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