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Summary. 1. Recordings were made from 135 single 
inferior colliculus neurons of  the Greater horseshoe 
bat, Rhinolophusferrumequinum.  These bats emit So- 
nar signals which are characterized by a long constant 
frequency (CF-) component and a terminal frequency 
modulated (FM-) component. The responses of the 
units to CF- and FM-stimuli with different modula- 
tion heights, durations and directions were studied. 

2. The majority of single units studied had 
minimum thresholds that were either equal for CF- 
and FM-signals of the same duration or lower for 
the CF-stimulus. Only rarely was the sensitivity for 
FM-signals higher than for a CF-signal. 

3. With FM-signals the response properties of un- 
its with best frequencies between 65-81 kHz, i.e. in 
the frequency range of the FM-component  of the 
echolocation call, did not differ significantly from 
units with best frequencies in lower frequency ranges. 
Relatively many units with best frequencies in the 
filter region of the audiogram (81-88 kHz) required 
FM-signals with particular modulation heights and 
rates to elicit excitatory responses. 

4. Response patterns and spike count functions 
were found to differ with CF- vs. FM-signals. The 
most common difference was a smaller number of 
impulses per stimulus and a temporally more restrict- 
ed ( 'phasic ')  discharge pattern to FM-signals than 
to CF-signals. Greater discharge activity to FM-sig- 
rials occurred in only a few units. 'Latency constant '  
and 'FM-specialized'  neurons, as reported for other 
species were also found. 

5. Inhibition was frequently observed with FM- 
stimuli in spontaneously active neurons. An accurate 
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prediction of a neuron's response to FM-signals from 
knowledge of the excitatory and inhibitory response 
areas to CF-signals was not always possible. 

6. The responses of 'FM-specialized'  neurons to 
the FM-component  of a CF-FM-stimulus was not 
significantly altered by the presence of a CF-compo- 
nent in the filter region of the audiogram. 

7. Responses of single units to signal and noise 
combinations are described. 

8. Data are discussed in relation to results on 
the processing of FM-signals in other bats. 

Introduction 

The Greater horseshoe bat, Rhinolophus ferrumequin-  
um, uses echolocation for orientation and hunting 
insects. Its orientation call consists of  a 10 to 100 ms 
long constant frequency (CF-) component with fre- 
quencies around 83 kHz followed by a brief frequency 
modulated (FM-) component sweeping downward to 
about 65 kHz. The duration of  the FM-component  
is approximately 1 / l l th  to 1/14th of the call length. 
Sometimes, the echolocation calls start with an up- 
ward sweeping FM (Schnitzler, 1968). 

The two signal components carry different infor- 
mation (Novick, 1971; Simmons et al., 1975). The 
long CF-component  is well suited for measurement 
of Doppler shifts introduced by relative velocities of 
bat and target and for detection of a target. In re- 
sponse to upward frequency shifts of the echo, Rhino- 
lophus lowers the frequency of the emitted call so 
that the frequency of the echo CF-component  is kept 
constantly within a narrow frequency band around 
83 kHz (' Doppler shift-compensation' ; Schnitzler, 
1968 ; Schuller et al., 1974). Echolocation theory sug- 
gests that the broadband FM-component  is well suit- 

0340-7594/81/0141/0249/$03.20 



250 M. Vater: Collicular Responses to Frequency-Modulations in the Greater Horseshoe Bat 

ed for t h e  determinat ion o f  target size, shape, surface 
structure, spatial locat ion and in part icular  for mea- 
surment  o f  the distance between bat  and target. It 
is fur thermore  stated that  only the F M - c o m p o n e n t  
o f  CF-FM-echo loca t ion  sounds is used for  range de- 
terminat ion (Simmons,  1973; Schnitzler, 1968). 

Behavioral  (Long and Schnitzler, 1975) and neu- 
rophysiological  (Neuweiler, 1970) investigations have 
shown that  the audi tory  system of  horseshoe bats 
is sharply tuned to the frequency range of  the CF-  
component .  Single units with best frequencies (BFs; 
the frequency in the frequency-threshold-curve (FTC) 
where the min imum  threshold is reached) in the fre- 
quency band  between 81 to 88 kHz  typically possess 
tuning sharpness expressed in Qlo aB (BF divided by 
the bandwid th  o f  the F T C  at 10 dB above m in imum 
threshold) greater than 20 and  even up to 500 (Suga 
etal . ,  1976; M611er e ta l . ,  1978). They are largely 
overrepresented th roughou t  the ascending audi tory  
pa thway (Suga et al., 1976; Schuller and Pollak, 1979) 
as compared  to neurons  with BFs in other f requency 
ranges. 

The processing of  linear FM-st imul i  in the audito-  
ry system of  Rhinolophus has only been studied in 
recordings o f  gross evoked potentials in the inferior 
colliculus ( IC;  Schuller et al., 1971 ; Schuller, 1972). 
On the other  hand,  a considerable a m o u n t  of  neu- 
rophysiological  data  exists about  single unit  responses 
o f  the IC to linear FM-st imul i  in other  species o f  
bats emitting FM-or ien ta t ion  calls (Myotis; Suga, 
1973), short  CF-FM-ca l l s  (Molossus;Vater and Schle- 
gel, 1979) and  FM-,  CF-,  and short  CF-FM-cal l s  de- 
pending on orientat ion situation (Tadarida; Pollak 
et al., 1978). 

Bats employing different echolocat ion signals can 
be distinguished by the propert ies o f  their peripheral  
and central audi tory  nervous system (Grinnell, 1970, 
1973; for review see Neuweiler,  1977). Such differ- 
ences mainly  concern  the tuning sharpness of  the au- 
d iogram and the tuning properties o f  single units. 
The best known  examples o f  sharply tuned neurons  
are those concerned with the processing of  the long 
C F - c o m p o n e n t  of  the or ientat ion calls in Rhinolophus 
(Suga et al., 1976; M611er et al., 1978) and Pteronotus 
(Suga et al., 1975). The neurons  o f  bats using short  
CF-FM-ca l l s  (Molossus; Vater et al., 1979) or FM-  
calls (Myotis; Suga, 1973) show only modera te  de- 
grees o f  tuning sharpness. The echolocat ion calls o f  
mos t  bats conta in  FM-sweeps  and it has been shown 
in behavioral  experiments that  the per formance  in 
range discrimination tasks o f  bats with long CF-FM- ,  
short  C F - F M -  and FM-signals  closely follows the 
predicted per formance  of  a receiver using the cross- 
correlat ion funct ion o f  the F M - s o n a r  signal. I t  was 
p roposed  that  the central  processing of  FM-signals  

should follow similar principles in different bat  spe- 
cies (Simmons et al., 1975). Fur thermore ,  since at- 
t achment  o f  a long CF-signal  to a FM-signal  reduces 
the target range resolving power o f  the whole signal, 
it was speculated that  in Rhinolophus a separate pro-  
cessing of  CF-  and F M - c o m p o n e n t s  takes place (Sim- 
mons  et al., 1975). 

The present study investigates single unit re- 
sponses to linear upward  and downward  FM-sweeps  
in the IC  o f  Rhinolophus. The same signals (i.e., up- 
ward  and downward  sweeps o f  two different dura-  
tions) as in the IC-s tudy on Molossus (Vater and 
Schlegel, 1979) were used to allow for direct compar i -  
son between bats belonging to different genera and 
emitting structurally different echolocat ion calls. 
Combined  CF-FM-s t imul i  simulating the echoloca-  
t ion call o f  Rhinolophus, were also used. 

Methods 

5 male R. ferrumequinum (weight 20-27 g) were anaesthetized for 
surgery with intraperitoneal injections of Nembutal (2.5-3.5 mg/ 
100 g). Recordings from the IC of the awake bats started at the 
earliest 24 h after surgery to allow for full recovery from anaesthe- 
sia. The same bat was studied on consecutive days. in some sessions 
a neuroleptic agent (Droperidol, 4 mg/kg) was administered. 

Recording and stimulation equipment has previously been de- 
scribed by Neuweiler and Vater (1977). CF- and FM-pulses with 
rise-decay times of 0.5 ms and different durations (mostly 2 ms 
and 20 ms or longer) were delivered to the contralateral ear at 
repetition rates of 2-4 Hz under freefield conditions. The condenser 
loud speaker (Machmerth et al., 1975) had a flat frequency response 
( + 2 dB between 15 and 90 kHz). The linear upward and downward 
sweeping signals had modulation heights of 40, 20, 10, 5 and 
2.5 kHz. Each sweep lasted throughout the pulse and was centered 
at each neuron's BF. The orientation call of Rhinolophus was simu- 
lated by a combined CF-FM-stimuhis. The duration of the CF- 
component was varied between 5 and 45 ms, the modulation started 
at a frequency between 80-85 kHz and swept down 20 kHz in 
2 ms. Pseudorandom noise of 20 kHz bandwidth centered at a 
neuron's BF was shaped into pulses of 80 ms duration with rise-fall 
times of 1 ms and added to the signals (CF or FM) which were 
delayed 20 ms relative to noise onset. 

Single unit activity was recorded with 3 M KC1 micropipettes 
(resistance between 8 and 12 MOhm) in electrode penetrations pre- 
ferentially made through medial portions of the IC directed rostro- 
laterally. 

Action potentials converted into unitary pulses were fed 'on- 
line' to a PDP 11/40 computer for Post-Stimulus-Time (PST)- 
histogram acquisition. Histograms were constructed from 40 or 
50 stimulus presentations with 0.1 to 0.5 ms binwidth in 200 bins. 
Data were stored on magnetic discs for "off-line" processing (Plot- 
programs PLOHIS, PERHIS, Z611er, H.) 

Thresholds of single units were measured with audiovisual 
criteria or judged from PST-histograms. For measurement of the 
FTCs, 20 ms long CF-signals were used. For determination of 
threshold-signal/noise-ratios (Threshold-SNRs), noise of increasing 
intensity was added to the CF- or FM-signals (equal intensity, 
20 to 40 dB above minimum threshold) until in PST-histograms 
the response to the signal just disappeared. 

The amplitude of the acoustic signals is expressed in dB SPL 
(sound pressure level referred to 0.00002 N/m2). 
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Frozen sections of brains fixed in formaldehyde were cut in 
frontal plane at 60 to 80 gm and stained with cresylviolet for 
crude histological verification of electrode tracts, 

Results 

135 neurons of the IC of R. ferrumequinum were tested 
with linear FM-signals. Particular attention was paid 
to neurons with BFs in the FM-frequency range of 
the audiogram (65-81 kHz; N=53). The sample fur- 
thermore comprises 53 low frequency neurons (BF < 
65 kHz), 24 filter neurons (BF 81-88 kHz) and one 
high frequency neuron (BF 89.5 kHz). The classifica- 
tion of neurons according to frequency range follows 
the one given by Neuweiler and Vater (1977). All 
neurons, with the exception of 5, which had BFs in 
the filter region, responded to linear FM-signals of 
modulation heights of 10 kHz or larger. Four neurons 
did not respond to CF-signals. 

Comparison of Threshold Values 
for D~ferent Signals 

At a unit's BF, threshold values obtained with CF- 
signals were compared with those obtained with FM- 
signals of equal duration. For CF- and FM-signals 
with similar duration there was a strong dependence 
of minimum thresholds on the type of signal used, 
as also reported by Vater and Schlegel (1979) for 
molossids. 

Table 1 summarizes the findings for R. ferrume- 
quinum. For signal durations of 20 ms, the majority 
of neurons responded with lower thresholds to CF- 
signals (36%) or with equal thresholds (within _+ 

5 dB) to both FM- and CF-signals (60%). Only 4% 
of the neurons possessed lower thresholds for the 
FM-stimulus. This distribution did not significantly 
change, when the signal durations were shortened to 
2ms. Twentynine percent and 65%, respectively', 
reached lower thresholds for CF-signals or equal 
threshold values for both signal types, 6% were more 
sensitive to FM-stimuli. 

By comparing the threshold values obtained for 
FM-signals of different modulation rates, it was 
found that 50% had equal threshold for both rates, 
42% had lower thresholds for 20 ms FM-signals and 
8 % had lower values for 2 ms signals. 

Threshold values to CF-signals of 20 ms and 2 ms 
duration were equal (57%) or lower for the longer 
duration (42%), only one neuron possessed lower 
thresholds for short CF-stimuli. 

Furthermore, the sensitivities of single units to 
downward and upward sweeping FM-signals were in- 
vestigated for 20 ms and 2 ms stimuli and the data 
are summarized in Table 2. Most neurons reach equal 
thresholds (+ 5 dB) for both sweep directions. Asym- 
metries in the responses to upward and downward 
modulations became apparent in only few units, 
where threshold differences of up to 50 dB were 
found. 

In addition to the units described so far, which 
in terms of threshold either did not distinguish be- 
tween signal types or showed different sensitivities 
to the stimuli, a small population of 'selective' neu- 
rons was encountered that did not respond with exci- 
tatory discharge activity to a particular signal (see 
Tables 1B, 2). For example, some units only re- 
sponded to one sweep direction or to one sweep rate, 
similar to the findings of Suga (1973) and Vater and 

Table 1. A Comparison of minimum thresholds to constant-frequency (CF-) and downward sweeping frequency-modulated (FM-) stimuli 
of equal duration; downward sweeping FM-stimuli of different modulation rates (constant modulation height, but different duration) 
and CF-stimuli of different durations for sin~e inferior collicnlus neurons. B List of neurons not responding to particular signals. 
N total number of neurons. CF-signals were at best frequency, atl FM-signals were centered at best frequency 

Stimulus comparisons A Equal (_+ 5 dB) Lower for Lower for B No response No response No response 
FM 20 ms CF 20 ms to FM to CF to both 

Minimum thresholds 

CF 20 ms vs. FM 20 ms N=97  58 (60%) 4 (4%) 35 (36%) N=16  12 -- 4 

Equal (_+5 dB) Lower for Lower for No response No response No response 
FM 2 ms CF 2 ms to FM to CF to both 

CF 2 m s  vs. FM 2 ms  N=82  53 (65%) 5 (6%) 24 (29%) N=23 15 4 4 

Equal (_+ 5 dB) Lower for Lower for No response No response No response 
FM 20 ms FM 2 ms to FM 20 ms to FM 2 ms to both 

FM 2 m s  vs. FM 20 ms N=66  33 (50%) 28 (42%) 5 (8%) N = 9  1 3 5 

Equal (_+ 5 dB) Lower for Lower for No response No response No response 
CF 20 ms CF 2 ms to CF 20 ms to CF 2 ms to both 

CF 20 ms vs. CF 2 ms N=84  48 (57%) 35 (42%) 1 (1%) N = 8  - 4 4 
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Table 2. Comparison of minimum thresholds to upward and down- 
ward sweeping FM-stimuli of equal duration (20 ms, 2 ms, respecti- 
vely) for single IC-neurons 

Response of units FM-pulse duration 

20 ms 2 ms 

Equal threshold ( + 5 dB) 33 24 
More sensitive to downward FM 3 4 
More sensitive to upward FM 3 4 
No response to downward FM 1 3 
No response to upward FM 6 5 
No response to upward and 9 5 

downward FM 
N 55 45 

Table 3. Comparison of response patterns of single inferior collicu- 
lus neurons to CF- and FM-signals of equal duration (Total N =  74 
for 20 ms duration, 85 for 2 ms duration). For classification of 
response patterns as judged by PST-histograms see text 

Response of units Response of units to FM 

to CF N Burst On Negative 

Tonic 20 ms 31 17 5 9 
2 ms . . . .  

Burst 20 ms 19 17 2 - 
2 ms 26 10 14 2 

On 20 ms 19 3 15 1 
2 ms 51 2 42 7 

Negative 20 ms 5 - - 5 
2 ms 8 - 4 4 

Schlegel (1979). In general, units not responding to 
FM-stimuli were more common than units not re- 
sponsive to CF-signals (Table 1). However, 4 units 
were found which appeared to be selective for fast 
sweeping FM-signals; they were neither excited by 
CF-signals of a ny  duration nor by slowly sweeping 
FM-signals. These neurons shall be described in more 
detail later. 

The BFs of neurons not responding to particular 
FM-signals were scattered throughout  the audiogram 
of R. ferrumequinum. However, in the sample of filter- 
neurons, the proport ion of units only responding to 
a limited set of  FM-signals was relatively high: 9 
out of 24 filterneurons required a particular sweep 
direction or sweep rate to be excited by FM. Further- 
more, all 5 neurons not excited by any FM-signal 
of modulation heights of 10, 20 or 40 kHz had BFs 
in the filter region. The term 'CF-specialized'  (Suga, 
1973) is not appropriate for these neurons, since by 
limiting the modulation height to values of 5 kHz 
or below, firings could be elicited. Therefore, it is 
more appropriate to call these neurons selective for 
narrowband signals. 

Response Patterns and Spike Count Functions 

In order to investigate the response behavior of single 
units to suprathreshold CF- and FM-stimuli, the re- 
sponse patterns were determined as PST-histograms 
to stimulus intensities between 10 to 30 dB above 
minimum thresholds. 

The units' response patterns to CF-signals of 
20 ms or longer were classified into tonic and phasic. 
A further distinction of  the phasic neurons was made 
(see also Pollak et al., 1978 ; Vater and Schlegel, 1979). 
Based on the number of spikes per stimulus, 'burs t '  
units, discharging 3 or more impulses were distin- 

guished from 'phasic-on'  units having only one or 
two impulses per stimulus. The 'negative'  pattern 
refers to a suppression of spontaneous discharge ac- 
tivity (Neuweiler and Vater, 1977) or to no response 
to the signal in non-spontaneous or weakly spontane- 
ous active neurons. 

The response patterns to CF- and FM-signals are 
compared in Table 3 for signal durations of 20 ms 
and 2 ms, selected examples of response patterns to 
CF-, downward and upward sweeping FM-signals are 
illustrated in Fig. 1. 

The temporal pattern of activity to CF- and FM- 
signals can differ, some unit types show systematic 
changes in discharge activity. Neurons with tonic re- 
sponses (Fig. 1 A) to 20 ms CF-signals most common- 
ly possessed a 'burs t '  pattern to FM-signals of equal 
duration. Rarely, a transition to 'phasic-on'  activity 
was seen. The alteration from excitatory response pat- 
tern to CF-signals to 'negative'  pattern to FM-signals 
is shown for a tonic neuron in Fig. 1 B. The majority 
of 'burs t '  neurons and 'phasic-on'  neurons displayed 
similar patterns to FM-signals (Fig. 1 C, D). It was 
often observed that the response latency relative to 
stimulus onset was longer for 20 ms FM- than for 
CF-signals (Fig. 1 D), due to the delayed occurrence 
of effective frequencies in the long FM-signals. 

Short (2 ms) CF-stimuli led to a 'burs t '  or 'phasic- 
on '  activity in all tonic neurons. Most 'phasic-on'  
neurons did not change their pattern to 2 ms FM- 
signals. 'Burst '  neurons could either stay in the 
' burst '  category or change to ' phasic-on'. Most inter- 
estingly, out of the 'negative'  responders to 2 ms CF- 
signals, 4 neurons responded with ' phasic-on' activity 
to short FM-signals (Fig. 1 E). 

Two 'phasic-on'  neurons with BFs in the FM- 
frequency range of the audiogram were found which 
discharged one spike per stimulus with a latency vari- 
ation of only +200 gs for CF- and/or FM-signals 
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Fig. 1 A-E. Response patterns (PST-histograms) of single IC-neurons (A-E) to constant-frequency (CF-) stimuli at best frequency (BF) 
(upper row), downward sweeping frequency-modulated (FM-) stimuli (middle row) and upward sweeping FM-stimuli (lower row) centered 
around BF. Intensity is equal for CF- and FM-stimuli for the particular unit as indicated. Stimulus duration is marked by bars. 
df modulation height of the FM-signal; BMF 'best center frequency' of the FM-signat. Histograms were taken with a binwidth of 
500 gs, except for unit IC 68 (D, upper, middle histograms, 100 ~ts) in 200 bins to 40 or 50 stimulus presentations 

Table 4. Comparison of discharge activity (number of spikes per 
50 or 40 stimuli) at 10 to 30 dB above minimum threshold of 
single inferior colliculus neurons 

Response of units 

Equal Greater Greater N 
( + 20 %) discharge discharge 

activity to CF activity to FM 

20 ms 21 31 7 59 
2 ms 27 35 10 72 

(Fig. 1 D), they thus display characteristics similar to 
the 'phasic constant latency responders' found in 
other species of bats, Myotis (Suga, 1970), Tadarida 
(Pollak et al., 1977a, b, 1978) and Molossus (Vater 
and Schlegel, 1979). 

The discharge activity measured in terms of 
number of spikes per stimulus at intensities of 10 dB 
to 30 dB above minimum threshold was compared 
for CF- and FM-signals (Table 4). Activity to both 
signals was called equal if the number of spikes per 

stimulus to FM-signals was within + 20% of the ac- 
tivity elicited by CF-signals. For both short and long 
signal durations most units showed equal discharge 
activity to CF- and FM-stimuli or possessed greater 
activity to CF-pulses. However, some units were more 
strongly activated by long FM-signals (N=7)  or by 
short FM-signals (N= 10) as compared to CF-signals. 

Therefore, there is a tendency for most neurons 
to have a smaller discharge activity per FM-stimulus 
and to fire in a more temporally restricted pattern 
(i.e., tonic to phasic, 'burst '  to 'phasic-on') in re- 
sponse to FM-stimuli than to CF-stimuli. 

Inhibitory influences became more obvious with 
FM-stimulation than with CF-stimulation as shown 
by the increased number of 'negative' response pat- 
terns (Table 3) or by strong suppression of discharges 
during or after the stimulus. These inhibitory pro- 
cesses as a reaction to FM-stimulation become 
especially clear when the neurons' responses over a 
larger intensity range were observed. Taking into ac- 
count the intensity parameter, it is clear that the clas- 
sification of neurons into tonic and phasic is an over- 
simplification. Depending on intensity, complex 
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Fig. 2. Response patterns of  a single IC-unit  to CF-st imuli  (left) and downward sweeping FM-st imul i  (right) of  20 ms duration and 
different intensities 

changes in discharge patterns can be observed in 
many units ( 'complex'  responders, M611er et al., 
1978); see for example the neuron in Fig. 2 which 
responds to low CF-stimulus intensities with tonic 
activity, but the discharge activity is restricted to a 
'burst '  with increasing stimulus intensity; at 25 dB 
SPL a ' triphasic'  pattern occurred with inhibition 
of spontaneous activity at stimulus onset, followed 
by a 'bell-shaped' excitation pattern, terminated by 
inhibition. With further increase in stimulus intensity, 
an 'upper threshold' is reached for the excitatory 
response component. 

Spike count functions of single units (N=  43 for 
20 ms; N = 4 4  for 2 ms CF- and FM-signals) were 
measured and termed according to Rose et al. (1963) 
monotonic, non-monotonic and 'upper threshold', 
which is an extreme case of a non,monotonic func- 
tion. The intensity where maximal discharge activity 
occurs in non-monotonic neurons is termed 'best in- 
tensity' (BI; Suga, 1978). Selected examples of spike 
count functions to CF- and FM-stimuli showing the 
observed changes in response properties are presented 
in Fig. 3, data are summarized in Table 5. 

Non-monotonic neurons when stimulated with 
long CF-signals most commonly had a similar spike 
count function to FM-signals or restricted their dy- 
namic range by reaching an 'upper threshold' or re- 
sponded only with 'negative' pattern to FM. One 
non-monotonic neuron altered to a monotonic func- 
tion with FM-signals, but without increasing the dis- 

charge activity to values higher than at BI. Two 'up- 
per threshold' neurons extended their dynamic range 
and became non-monotonic with FM-signals, but 
again without significantly increasing their discharge 
activity to values higher than at the BI. All monotonic 
neurons remained monotonic with FM-stimulation. 
When using short signal durations, there were similar 
alterations in the spike count functions with the two 
signal types. However, out of 4 neurons which did 
not show excitatory discharge activity to CF-signals, 
two responded with 'upper threshold' functions to 
FM-signals and two responded with non-monotonic 
functions. 

Influence of Inhibitory Response Areas 
on the Response to FM-Signals 

In some spontaneously active IC-neurons of R. fer- 
rumequinum, it was possible to measure inhibitory 
side areas of the excitatory FTC with one-tone-stimu- 
lation. The closer examination of these neurons is 
especially interesting, because inhibitory side areas 
were shown to influence the processing of FM-signals 
and furthermore, their arrangement was used to pre- 
dict the neurons' response to FM-signals (Suga, 1973). 

Figure 4 shows a 'complex'  neuron with a BF 
of 70.7 kHz, in the FM-frequency range of the audio- 
gram. The excitatory FTC is flanked on both sides 
by inhibitory areas (Fig. 4A). Downward and upward 
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Table 5. Comparison of spike count functions of single IC-neurons to CF- and FM-stimuli of equal 
duration 

Spike count functions 
to CF 

Spike count functions to FM 

' upper Non- Monotonic Negative N 
threshold' monotonic 

Monotonic 20 ms - 
2 ms 

Non-monotonic 20 ms 8 
2 ms 5 

'Upper  threshold' 20 ms 5 
2 ms 2 

Negative 20 ms - 
2 ms 2 

- 7 - 7 

- 1 2  3 15 

13 1 2 24 
13 2 2 22 

2 - 1 8 
- - 1 3 

- - 4 4 

2 - - 4 

sweeping FM-signals of 20 kHz modulation height 
and 20 ms duration evoked excitation with thresholds 
similar to CF-signals. The excitatory discharge activi- 
ty to FM-signals is followed by a clear inhibition 
of spontaneous activity noticible also with CF-signals 
(Fig. 4C left, right). The unit responds with a phasic 
discharge to short CF-signals (Fig. 4D left), the sup- 
pression of spontaneous activity is equally as long 

as that to long CF-signals. Spike count functions are 
illustrated in Fig. 4B. Short FM-siguals, however, 
were not able to evoke excitatory discharge activity: 
the response only consisted of a suppression of spon- 
taneous activity (Fig. 4D, right). The effect of the 
inhibitory side areas of this unit therefore depends 
on modulation rate, a behavior not predictable by 
the FTC. 
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The neuron shown in Fig. 5 possessed asymmetri- 
cal inhibitory areas, the threshold of the high fre- 
quency area was 35 dB lower than the threshold of 
the low frequency inhibitory region and partly cover- 
ed the excitatory field at high stimulus intensities 
(Fig. 5A). The spike count functions to CF-signals 
(Fig. 5 B) therefore followed a non-monotonic course. 
The response behavior of  this unit to upward and 
downward sweeping FM-signals of  20 ms duration 
can be predicted from the arrangement of the inhibi- 
tory fields: downward modulations were only effec- 
tive in evoking discharge activity in intensity ranges 
of 0 to 5 dB SPL, higher intensities inhibited the neu- 
ron, because the modulation height of 10 kHz reached 
into the inhibitory FTC-area, an 'upper  threshold'  
was reached (Fig. 5 C, B). Upward modulations gave 
rise to a 'burs t '  activity (Fig. 5 C), which in contrast 
to CF-stimuli follows only a weak non-monotonic 
function (Fig. 5 B). The duration of the ' silent' period 
after stimulus offset became longer with increasing 
stimulus intensity. However, in contrast to the unit 
described before (see Fig. 4), the high frequency inhib- 
itory area did not cancel the response to short down- 
ward sweeping modulations: the neuron responded 
with a phasic pattern (Fig. 5D) following a non- 
monotonic spike count function (Fig. 5B). Short up- 
ward modulations were also excitatory. Again, this 
response behavior to FM-signals is not predictable 
from the FTC. 

Other neurons with inhibitory areas on both sides 
of the excitatory response area responded to both 
long and short FM-signals of both sweep directions 
with excitation. 

'FM-Selective' Neurons 

As already mentioned, IC-neurons were found that 
did not respond to CF-signals, but responded well 
to short FM-signals. These neurons will now be de- 
scribed in more detail. 

By changing the center frequency of the FM-stim- 
ulus, the frequency range of the best response (mini- 
mal threshold at the 'best center frequency') was de- 
termined, or the excitatory response area of the neu- 
ron was measured. Two of these units had minimum 
thresholds in the FM-frequency range of the au- 
diogram (i.e. 77 .7kHz and 75.4kHz). The 'best 
center frequencies' of  the other two units were 
81.9 kHz and 47.2 kHz. 

None of these units was excited by long upward 
or downward FM-signals. Only one unit responded 
to short upward sweeps. Three units were tested with 
noise bursts of 20 kHz bandwidth, only one unit was 
excited by this stimulus. 

The excitatory response area of unit 106 is shown 
in Fig. 6A, measured by changing the center fre- 
quency and intensity of a short downward sweeping 
FM-signal of 20 kHz modulation height. The re- 
sponse area was closed, i.e. high stimulus intensities 
were unable to elicit excitatory discharge activity (' up- 
per threshold'). The response patterns to an FM- 
stimulus around 'best center frequency' are shown 
in Fig. 6 B. 

In these units it is of particular interest to investi- 
gate the effect of a long CF-component preceding 
the FM-component,  since this signal mimicks the ori- 
entation call of R. ferrumequinum. The responses to 
a combined CF-FM-signal of variable intensity, with 
the CF-component at 83.0 kHz, sweeping down to 
63 kHz are shown in Fig. 6C. As demonstrated by 
the corresponding spike count functions (Fig. 6B), 
the addition of a long CF-component (43 ms, 18 ms) 
prior to the 2 ms downward sweep does not change 
the unit's response to the FM-component,  the func- 
tions possess the same minimum thresholds, BIs and 
' upper thresholds'. 

Signal to Noise Experiments 

Masked thresholds (threshold-SNR) for the excita- 
tory response component to CF- and FM-signals were 
measured for 21 neurons with long signal durations 
and for 25 neurons with short signal durations by 
adding noise (20 kHz bandwidth, centered at BF) of 
variable intensity to the fixed suprathreshold signal. 

Most units possessed equal threshold-SNRs for 
both FM- and CF-signals (N =  15 for 20 ms, N =  13 
for 2 ms signals). In other neurons, threshold-SNRs 
could be lower for the FM-stimuli (N =  5 for 20 ms, 
N =  5 for 2 ms signals) or for CF-stimuli (N =  1 for 
20 ms, N =  7 for 2 ms signals). 

The sample is too small to indicate a general trend. 
However, in some neurons interesting mechanisms 
for processing a signal in noise interference were seen, 
which will be described more thoroughly by the exam- 
ple of two neurons. 

As described in previous sections, the response 
patterns to FM-signals may contain strong inhibitory 
components. This FM-evoked inhibition proved to 
be an effective 'marker '  of  the signal in the noise- 
evoked tonic discharge activity. Figure 7 illustrates 
an example by comparing the response patterns of  
a neuron to combinations of CF-signal (Fig. 7, left) 
and FM-signal (Fig. 7, right) with noise of different 
intensities. Increase in noise intensity reduced the ex- 
citatory response to the CF-signal until the masked 
threshold was reached at an intensity combination 
of 35/40 dB. The excitatory response component to 
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the FM-signal was already masked at a signal to noise 
ratio of  35/25 dB. However, the FM-evoked inhibi- 
tion marked this signal in noise to a much lower 
SNR, reaching the same value as the CF-signal. 

Unit 91 with a BF of 80,9 kHz (Fig. 8) showed 

facilitation of  the response to the signal, when noise 
was added. The response patterns to CF and FM- 
signals alone are shown in the upper histograms. At 
the particular signal intensity (60 dB SPL) used to 
measure masked thresholds, this unit exhibited a weak 
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phasic response to CF-signals alone and no response 
to the FM-stimulus alone. Addition of a low intensity 
noise (35 dB SPL) lead to a more than 50% increase 
in discharge activity to the CF-signal, and also facili- 
tated an excitatory response to the FM-signal. The 
excitatory responses to the signals can be seen up 
to intensity combinations of 60/45 dB for CF-signals 
and 60/40 dB for FM-signals. 

Discussion 

This report on single unit responses in the IC of 
R. ferrumequinurn to linear FM-signals is mainly 
based on recordings from FM-frequency and low fre- 
quency neurons. The population of filterneurons, ex- 
pressing the adaptations of horseshoe bats' auditory 
system to CF-signals, in this sample is relatively small, 
because preferentially medial, anteriorly directed elec- 
trode penetrations were made, aiming for neurons 
with BFs below 80 kHz. This intentionally introduced 
bias necessarily leaves some open questions concern- 
ing the role of filterneurons in the processing of the 
FM-component  of emitted call or echo, which are 
raised in the reports on gross evoked potentials in 
the IC of  Rhinolophus to linear FM-stimuli (Schuller 
et al., 1971; Schuller, 1972). 

In the following, the data from IC-neurons of 
Rhinolophus will be discussed in relation to the find- 
ings in Molossus (Vater and Schlegel, 1979) and Ta- 
darida (Pollak et al., 1978). An attempt is made to 
work out differences in the processing of  FM-signals 
among bats employing different orientation calls. 
However, one has to keep in mind that restricted 
samples of single units are compared, so that conclu- 
sions can only be drawn tentatively. 

A comparison of minimum thresholds of single 
units to different signal types revealed similar tenden- 
cies in both Rhinolophus and Molossus. Minimum 
thresholds to CF-signals of different durations were 
either equal or lower for the longer CF-pulse which 
reflects the effect of temporal integration. The majori- 
ty of neurons was either equally sensitive to CF- and 
FM-signals of  20 ms duration or more sensitive to 
the CF-signal. But in contrast to the findings in Mo- 
lossus and Tadarida, where more than 20% of the 
neurons were found to possess lower thresholds for 
short (2 ms) FM-signals than to CF-signals of equal 
duration, only 6% of the IC-neurons of Rhinolophus 
showed this response behavior. The BFs of these neu- 
rons were not restricted to the FM-frequency range 
of the audiogram. Again, in the comparison of thresh- 
old values to different modulation rates of the FM- 
signal, only 8% in Rhinolophus had lower thresholds 
for fast sweeping FM-stimuli which mimic the FM- 

component of the orientation call than to slow modu- 
lation rates, while about 25% of the IC-neurons in 
Molossus were more sensitive to the fast sweeps. 

The response patterns and the course of spike 
count functions to CF- and FM-signals differed in 
many neurons. Similar alterations were found in Rhin- 
olophus as in IC- neurons of Molossus. However, since 
the sample from Rhinolophus contains more tonic cells 
(42%) than that of Molossus (4-5%), the most com- 
monly observed transition in response patterns was 
a temporally more restricted pattern to FM-pulses 
(' phasic') with a smaller number of spikes per stimu- 
lus. A greater discharge activity or an enlarged dy- 
namic range of the spike count function to FM-signals 
than to CF-signals was only seen in a few units with 
'burs t '  or 'phasic-on'  patterns to CF-signals and BFs 
not restricted to the FM-frequency range. It was not 
as common as in Molossus, where changes from a 
'phasic-on'  pattern to CF-signals to a 'burs t '  pattern 
to FM-signals with a drastic increase in discharge 
rate were frequently found. 

'Latency-constant '  neurons to both CF- and FM- 
signals as described in the IC of Myotis (Suga, 1970), 
Tadarida (Pollak et al., 1977a, b; 1978) and Molossus 
(Vater and Schlegel, 1979) which can provide sharp 
time marks for distance measurement were also ob- 
served in Rhinolophus. 

These results suggest that there are quantitative 
differences between Rhinolophus on the one hand and 
Tadarida and Molossus on the other hand in the rela- 
tive proportions of units especially sensitive or with 
greater discharge activity to FM-signals which simu- 
late the FM-component  of the orientation calls. Dif- 
ferences among species would probably become more 
obvious if the sample from Rhinolophus contained 
more filterneurons. In the IC of Rhinolophus, as in 
the auditory system of other bats (Suga, 1973; Pollak 
et al., 1978) and cats (Whitfield and Evans, 1965), 
neurons were found that did not respond to FM- 
signals of particular directions and sweep rates. But 
interestingly, many of the filterneurons of Rhinolophus 
tested, required particular FM-signals to elicit excita- 
tion. Furthermore, all neurons that did not respond 
to modulation heights greater t h a n  5 kHz had BFs 
in the filter range, they expressed a selectivity for 
narrowband signals, like FM-signals of small modula- 
tion height and CF-stimuli. 

The response properties of neurons with higher 
sensitivity and greater discharge activity to FM-sig- 
rials are advantageous, i f  the bat is confronted with 
a detection problem. For theoretical reasons, the long 
CF-component of the orientation call of Rhinolophus 
is better suited for target detection than the FM- 
component, which is probably used for measuring 
target range (Simmons et al., 1975; Schnitzler, 1968). 



262 M. Vater: Collicular Responses to Frequency-Modulations in the Greater Horseshoe Bat 

Rhinolophus regulates the duration of the FM-compo- 
nent according to the orientation situation: it is shor- 
tened when the bat closes in on a target and its intensi- 
ty is increased (Schnitzler, 1968). In this situation, 
where a precise measurement of  distance is required, 
there is no detection problem since the echoes are 
strong. Therefore, the relative lack of an increased 
sensitivity to FM-signals is not necessarily a disadvan- 
tage. Furthermore,  the thresholds to FM-stimuli of 
units equally sensitive to both CF- and FM-signals 
and even the thresholds of most units more sensitive 
to CF-signals than to FM-signals were low enough 
to be of value for echolocation. 

A higher sensitivity and a greater discharge activi- 
ty of single units to FM-sweeps similar to those occur- 
ring in the species specific orientation call can be 
considered to represent adaptations between sender 
and receiver system. In Rhinolophus, one would expect 
that especially neurons with BFs in the frequency 
range of the FM-component  of the echolocation call 
would show this response behavior. However, this 
was not the case: these neurons did not appear to 
be specifically adapted for the processing of FM-sig- 
nals, in the sense that the above mentioned response 
properties were more often found than among neu- 
rons in other frequency ranges. Neurons displaying 
a high selectivity for FM-stimuli, as reported in cat's 
auditory cortex (Whitfield and Evans, 1965) and IC 
and cortex of Myotis (Suga, 1973) were also found 
in the IC of Rhinolophus. These neurons did not re- 
spond to CF-signals and required particular sweep 
rates and directions of the FM-signal to respond. 
But again, these neurons were not confined to the 
FM-frequency range of the audiogram. Furthermore,  
neurons not responding to fast sweeping FM-stimuli 
were also found  in the frequency range between 65 
and 81 kHz. With the stimulus paradigm used in this 
study, no positive evidence for a specific adaptation 
of units in the relevant frequency range to FM-signals 
mimicking the FM-component  of the echolocation 
call of  RhinoIophus could be found at the integration 
level of the IC. Such a correlation might exist at 
higher levels of the auditory system, since it is known 
that the selectivity of single units for particular signals 
increases from peripheral to central stations and that 
in the auditory cortex of  the bat Pteronotus parnellii 
rubiginosus these neurons are functionally organized 
(for review see Suga, 1978). 

Neuronal mechanisms responsible for the re- 
sponse to FM-signals, like temporal integration, inhi- 
bition and summation/facilitation have been dis- 
cussed by several workers (e.g. Suga, 1973). The influ- 
ence of inhibitory processes on the response behavior 
of single IC-neurons of Rhinolophus to FM-stimuli 
will now be described in more detail, since due to 

the more frequent occurrence of high spontaneous 
activity as compared to Molossus, inhibition could 
be observed during single tone stimulation. Stimula- 
tion of inhibitory side areas of the FTC prior to 
the excitatory area by the FM-sweep may be made 
responsible for the observed suppression of spontane- 
ous activity or for the excitation to only one sweep 
direction in some units. 

However, the action of the inhibitory surround 
turned out to be complex and particularly dependent 
on the rate of modulation, so that a straightforward 
prediction of  a neuron's response to FM-signals on 
the basis of the arrangement of excitatory and inhibi- 
tory areas of the 'static '  FTC measured with CF- 
pulses was not possible. For  example, a change to 
faster modulation rates keeping modulation height 
constant could lead to phasic responses to downward 
sweeping FM-signals in a neuron with a high fre- 
quency inhibitory area, which only responded with 
a 'negative'  pattern to slowly sweeping FM-signals. 
This could be due to the measurement procedure, 
which by mapping the inhibitory areas with 20 ms 
CF-stimuli neglects temporal aspects, like sequential 
stimulation at different frequencies or time constants 
of excitation and inhibition. For  example, if the inte- 
gration time of inhibition is longer than that of excita- 
tion, it can be expected that no inhibition occurs 
at fast sweep rates; and vice versa, due to a long 
integration time of excitation, fast sweep rates will 
not lead to excitatory responses. It is known that 
the extent of inhibitory areas can change depending 
on the measurement paradigm used. Inhibitory areas 
measured with single tone stimulation are not always 
congruent with those measured with two tone stimula- 
tion in the same unit (M611er, 1977). In two tone 
stimulation experiments, the extent of  inhibitory areas 
depends on the intensity of the test tone (Suga, 1973). 

Inhibitory processes turned on by FM-stimulation 
became also very clear in the combined stimulation 
with signal and noise. The FM-evoked suppression 
of discharge activity led to a sharp 'contrast '  between 
the inhibitory response to this signal and the tonic 
response to noise. Threshold-SNRs were found to 
be smaller for the inhibitory response component than 
for the excitatory response component to FM-signals 
in some units. 

The stimulation with CF-FM-stimuli derserves 
further comment. From the work of Suga (1973) it 
is known that an additional component in a complex 
stimulus can modify or even cancel the response of 
'FM-specialized'  units; for example, inhibitory re- 
sponse areas to CF-components could be measured 
using the ' best '  FM-component  as test signal. Howev- 
er, if the frequency of the CF-component  corre- 
sponded to the initial frequency of the FM-sweep, 
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as in a CF-FM-orientation call, the response to the 
modulation was not affected, i.e. the initial frequen- 
cies of the FM were always outside of the inhibitory 
area. A similar mechanism might also be responsible 
for the response of the 'FM-specialized' neurons in 
the IC of Rhinolophus. It was found that CF-compo- 
nents of different durations with frequencies in the 
filter range of the audiogram did not alter the re- 
sponse to the final FM-sweep of the CF-FM-signal. 
The processing of the FM-component seemed to be 
separated and independent of the CF-component in 
these units. 

In summary, no qualitative differences in the re- 
sponse properties to FM-signals of IC-neurons of 
Rhinolophus and other bat species like Molossus 
(Vater and Schlegel, 1979), Tadarida (Pollak et al., 
1978) and Myotis (Suga, 1973) have been found. 'FM- 
selective' neurons and latency-constant neurons, 
which due to their temporal precision of firing can 
serve as time markers of emitted pulse and echo and 
thereby provide a means of measuring target distance 
have now also been reported for the long CF-FM-bat 
Rhinolophus. Except for the differences in the relative 
proportions of units with higher sensitivity and 
greater discharge activity to FM-sweeps similar to 
those occurring in the species specific orientation calls 
between Rhinolophus and Molossus or Tadarida, the 
processing of FM-signals at the integration level of 
the IC seems to be basically similar in all the bats 
studied. 

I thank the members of the Arbeitskreis Neuro- und Rezeptorptly- 
siologie for their interest and discussions, D1?. O.W. Henson for 
correction of the English version and Heike Hahn for valuable 
technical assistance. 
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