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ABSTRACT. 1. Stimulated by a moving object or two stationary, oscillating spheres at different positions to 
the fish, extracellular recordings were obtained from 77 units in the torus semicircularis of a catfish (Ancistrus 
spp.). 2. Five mechanosensory units showed complex filter properties, e.g. they responded exclusively to complex 

hydrodynamic stimuli caused by the moving object, but not to oscillating spheres independent of location, 
amplitude and phase. 3. Particular midbrain units reacted only to certain stimulus features and responded I) only 
to the visible vortices following the moving object with a latency of about 300, 900 or 2800 ms depending on 

the speed of the moving object (n = 8); II) only to a preferred direction of object motion (n = 12); III) only 
to an exclusively contralateral sphere stimulus, not to a simultaneously bilateral stimulation (n = 3). 4. Seven 

units have shown a long-lasting response to the moving object (2.3, 10 and 20 cm/set) with one or two zones 
of inhibition, which reminds one of OFF- or ON-center units in the visual system. 5. The present findings let 

us assume the existence of filter properties of toral neurons in lateral line processing, which calls to mind “feature 
detectors” reported in other sensory systems. It can be regarded as evidence for complex perception of the hydro- 
dynamic environment in fish. COMP BIOCHEM PHYSIOL 114A;3:257-263, 1996. 
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INTRODUCTION 

An organism’s perceptual world is influenced critically by 
the nature and the fidelity of its sensory systems as these 
constitute the basis for any mental representation of its en- 
vironment. Which sense is most vital differs from organism 
to organism. Our conceptions of a sensory system are usually 
connected to perceptions in modalities familiar to us, such 
as vision, audition or olfaction. Because humans have these 
senses, it is easy to imagine an animal’s perception of the 
environment with these same modalities-even if the fi- 
delity of their sensory organs differs considerably from ours. 
However, it is very difficult to imagine the bat’s representa- 
tion of its environment via echolocation (31) or that of 
weakly electric fish via electrical field analysis (7). An ex- 
traordinary but lesser known sensory system is the mechano- 
sensory lateral line organ in fish and some amphibians that 
enables the detection of minute water movements in the 
immediate environment. Dijkgraaf (12) described this sen- 
sory system as “distant-touch sense” (“Femtastsinn”) and 
Platt, Popper and Fay (30) proposed the verb “sven” for the 
assumed perception of this unique sense. 
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The lateral line consists of a set of individual neuromasts 
on the surface of fish; each neuromast comprises up to sev- 
eral hundred mechanosensory hair cells, which register wa- 
ter movements. The cilia of the hair cells, protected by a 
gelatinous cupula, may extend 50 microns into the sur- 
rounding water. Neuromasts can occur in isolation (free- 
standing neuromasts) or in recessed groups that form a canal 
system with several branches over the head and the body 
(canal neuromasts). The lateral, often pigmented rows of 
canal pores that give the organ its name are clearly visible 
in many species of fish (3,lO). 

Except for few studies (6,26), the lateral line of a mid- 
water bony fish has been examined exclusively with artifi- 
cial stimuli consisting of stationary fixed, oscillating spheres 
(dipole) that elicit a predictable sinusoidal movement in 
the medium. Earlier studies have yielded results about the 
physiology of hair cells and their afferent connections 
(5,11,14,17,23,27) or medullary units (35). While sinusoi- 
dal stimuli are well suited for characterizing the peripheral 
sensory cell with regard to its absolute threshold and its 
transmission behavior, they tell us little about the role of 
the lateral line in discriminating the kind of complex high- 
amplitude stimuli that are typical of the natural habitat, 
where fish usually sense spatially complex water move- 
ments, often against a background of high-velocity flow. 
The present study differs from previous work not only in 
concentrating on central nervous processing but also by em- 
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playing more ecologically valid stimuli in the form of mov- 
ing objects. The goal was the use of a complex hydrody- 
namic stimulus, which shows at least a few similarities to a 
hydrodynamic event comparable to swimming or a startle 
response of a fish nearby. 

MATERIALS AND METHODS 

Ancistrus spp. (Loricariidae, Siluriformes), a bottom-dwell- 
ing catfish from the Amazon, were obtained from a commer- 
cial dealer (Glaser, Rottgau) and kept in 200 1 aquaria at 
26 + 2°C at a 12-12 hr light-dark cycle daily. Thirty-nine 
animals of both sexes, measuring about 12 cm in length, 
were used. After surgery and exposing the midbrain for elec- 
trode placement under anesthetic (tricaine methanesulfo- 
nate immersion, 1: 15,000) the fish were anesthetized lo- 
cally with 10% aqueous lidocaine hydrochloride solution 
(Xylocaine, Asta), immobilized with 0.1 pug/g body weight 
pancuronium bromide (Organon-Teknika) and perfused 
through the mouth with running water (70 ml/mm). To 
reduce stimulation by surface waves, the fish body was com- 
pletely submerged. The electrodes reached the brain via a 
short plastic cylinder glued to the head. To produce more 
natural, complex hydrodynamic stimuli than sinusoidal vi- 
brations, a rod (14 X 8 mm) that extended 1 cm into the 
water was moved along a defined circular course (0 = 160 
mm) (Fig. 1A). To compare the responses to this novel 
stimulus with responses to those previously used to excite 
the lateral line, two oscillating spheres (0 = 6.3 mm), gen- 
erating sinusoidal vibrations were positioned on each side 
of the fish in a 15mm distance. The two oscillating spheres 
were mounted on micro manipulators that allowed a vari- 
able position parallel to the length body axis of the fish. To 
create stimulus intensities comparable to the moving object 
the amplitude of the oscillating spheres could be varied up 
to 10 mm. Indium-filled glass microelectrodes (19) were 
used to record extracellularly from lateral line neurons in 
torus semicircularis. A battery of stimuli was used to identify 
the different modalities (25). Testing lateral line input: wa- 
ter jet, water movement of a falling drop (with latency); 
electrosensory tests: moving DC-field with 500-700 ,&‘/ 
cm, moving steel needle; auditory tests: sound of a falling 
drop (without latency), airconducted noise like sinusoidal 
tones (50-15,000 Hz), pink noise, speech, or hand clapping; 
optical tests: diffuse light, moving light bulb in darkness; 
tactile tests: water jet, touching with a glass fiber (0 = 125 
pm) and a tuft of hairs; vestibulary test: tapping on the tank 
or ground. 

stimuli, respectively. Due to the mechanical circumstances, 
the movement of the rod was neither linear nor was the 
created water movement uniform. However, especially the 
slight non-linearity in the movement of the rod and 
the randomized vortices are responsible for this kind of com- 
plex stimulus. The stimulus is defined only as complex water 
movement caused by a continuously moved rod in the water 
next to the fish. Other than using oscillating spheres, these 
complex stimuli induced by a moving rod are very difficult 
to control in an experiment. For this reason only a two- 
dimensional measurement with a hotfilm rheometer and the 
object position to the fish can be given. In each diagram 
the fish indicates object position and moving direction in 
relation to the x-axis, which corresponds to one object revo- 
lution. The water particle movement was measured with a 
custom-made (P. Meyer) rheometer by monitoring the tem- 
perature of the rheometer wire, which is comparable to the 
system used by Coombs, Fay and Janssen (9). By keeping 
the wire at the same temperature, changes in heating power 
indicate the relative movement of surrounding water. 

The rod stimulus moving at either 2.3 cm, or 10 or 20 
cm/set generated repeated water movement along the body 
of the fish. It was driven by a DC-motor equipped with a 
transmission, operated in three speeds. On its circular 
course, and when the rod was next to the fish, the transient 
water movement reached maximum intensity every 2.5, 5 
and 22 seconds for 20 cm/set, 10 cm/set, and 2.3 cm/set 

RESULTS AND DISCUSSION 

The moving object used in this study is clearly a strong and 
non-uniform stimulus for the lateral line, which is in the 
same range as water movement caused by a swimming fish. 
Because the hair cells have very low thresholds, with values 
as low as 0.01 to 5 pm p-p displacement, even unavoidable 
background noise in flowing water leads to an increased ac- 
tivity of spontaneously active afferents (4,18,27). An object 
moving along the rostro-caudal axis of a fish is clearly a 
strong stimulus that lasts for seconds (6,26). Although the 
moving object in this experiment works as a repetitive stim- 
ulus on a circular course (Fig. lA), the generated stimuli 
are non-uniform. Moving at 20 cm/set, 10 cm/set, or 2.3 
cm/set at a distance of 2 cm from the fish, one should expect 
unpredictable distributions of local particle activity despite 
uniform movement of the stimulus object (Fig. 1B). These 
are caused by alternating eddies, which lead to complex hy- 
drodynamic effects and are visible with the naked eye. The 
vortices behind the moving object did not show any visible 
regularity in their location but certain responding neurons 
did show almost identical responses to the moving ob- 
ject. This may indicate that, despite the variability of the 
water movement, some identical properties of the stimuli 
exist. 

Previous recordings of lateral line nerves have shown that 
primary afferents are spontaneously active (6,14). But, in 
the midbrain torus semicircularis, which contains at least 
third-order neurons of the lateral line system, resting activ- 
ity is very low (mostly about 0 to 2 Hz), and cells may react 
exclusively to certain components of the complex hydrody- 
namic stimulus. From 77 neurons recorded in the torus 
semicircularis of the midbrain, 40 had a mechanosensory 
lateral line input. Toral lateral line neurons were found that 



Feature Detection in Fish 259 

Orbit of the c:, moving object 

a 0 0.5 1 .O 1.5 2.0 2.5 

Time [s] 

I * 
FIG. 1. A) Sketch of the relation between the fish size and moving object orbit. The asterisk corresponds to the position in 
Figures B and C. B) Diagram of the water movement induced by the moving object, measured with a hotfilm rheometer in 
fish position. The induced water currents are shown for one revolution in posterior/anterior direction. Even this only two* 
dimensional representation of water particle movement over time shows the enormous variability of such an apparently uni- 
form stimulus, in addition to the disturbances caused by the actual shape of the fish body, which acts as an obstacle. Traces 
recording 10 revolutions of the moving object are shown, as well as their mean curve (bold line). The hydrodynamic stimulus 
of the moving object is most uniform when it is closest to the fish (asterisk), the amplitudes of the whirl patterns running before 
and after the object are unpredictable. C) Specificity to vortices: Action potentials of a toral neuron that reacts exclusively to 
the visible vortices following the moving object and to the complex water movement caused by it, independent of the object 
speed. The response to the medium object speed (10 cmlsec) is shown. By the time the object itself passes the fish, only 
discharges of other neurons are visible as “hash” (arrow). 

reacted exclusively to the complex water movement caused 
by the moving object (Fig. 1C). These response characteris- 
tics were typical for each neuron and were independent of 
the tested speed of the moving object. These neurons 
showed identical response patterns to object speeds of 20, 
10 and sometimes even 2.3 cm/set, which shows that the 
response was related to the vortices and not merely a de- 
layed response to the moving rod. The complex patterns of 
the vortices passing the fish body were clearly visible and 
the time between the rod and its trailing vortex was up to 
2800 ms. Even though the stimulus itself is still strong and 

non-uniform, a subset of neurons only show a response to 
the trailing vortices, i.e. a time-locked, short burst of activ- 
ity. Only when the vortices reach the fish body did the re- 
sponse occur, at which time the object had long passed the 
fish (about 300, 900 or 2800 ms). Before that, at the time 
the object itself passed the fish, only discharges of other 
neurons are visible as so-called hash (Fig. lC, arrow). 

The tested 28 neurons could not be divided into specific 
groups in terms of preferred direction. However, a subset of 
neurons responded exclusively to a preferred direction of 
the moving object. For example, neuron No. 7 (posterior/ 
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FIG. 2. Motion direction specificity of certain neurons: A) 
The relative direction preferences for moving objects of 28 
tested toral neurons of the lateral line. Although most neu- 
rons do not have a preferred moving direction, some neu- 
rons are highly sensitive for the moving direction. Each 
point in the figure is a quotient of the maximal discharge 
rate for both directions of object movement. The solid line 
means no direction preference, while each dashed line rep- 
resents a spike relation of 2 : 1 for each motion direction. B) 
Example of a neuron with extreme sensitivity for motion di- 
rection (neuron No. 26, arrow) that responded exclusively 
to the object moving from anterior to posterior. 

anterior) and neuron No. 26 (anterior/posterior) in Figure 
2A. While single hair cells and neuromasts do have a cer- 
tain directionality, until now there had been no evidence 
for a topographic projection for directionality in fish. In ad- 
dition, recordings from primary fibers don’t show a move- 
ment directionality (6). Nevertheless, on the midbrain 
level, some units respond very sensitively only to the pre- 
ferred direction of a moving object. 

Three of nine bilateral sensitive neurons responded only 
to a contralateral sphere-stimulus, not to simultaneously bi- 
lateral stimulation, independent of the stimulus intensity 
(Fig. 3). During simultaneous stimulation on both sides of 

the fish the contralateral stimulus was no longer responded 
to by these neurons. This test was conducted while the 
spheres oscillated in and out of phase, at different locations 
to the fish body and with amplitudes up to 10 mm. These 
response characteristics during stimulation with bilateral os- 
cillating spheres may be important for eliminating self-in- 
duced water movement and show similarities to the noise 
cancellation (common mode rejection) in the electrosen- 
sory system of the thomback ray (21,22) and to the inhibi- 
tion of lateral line input during the startle response in gold- 
fish (32). 

A further indication of the stimulus specificity of a subset 
of toral neurons (n = 5) follows from the observation that 
sinusoidally oscillating spheres (50-200 Hz), which were 
placed in different positions on the fishes’ body length axis, 
triggered no responses in the tested amplitude range of 15 
dB, but the moving object stimulus did. This shows that 
more natural and complex hydrodynamic stimuli are essen- 
tial for examining the lateral line information processing in 
the central nervous system, at least at the midbrain level. 

Other than neurons, which react to the moving object 
with a long-lasting increasing and decreasing response (n 
= 8), five neurons did show a short phase of response inhibi- 
tion before the response maximum. Furthermore, two neu- 
rons showed an inhibition before and after the response 
maximum. As shown in Figure 4, such a response behavior 
points to the existence of receptive fields of torai lateral line 
neurons, strongly reminding one of OFF-center behavior of 
visual units. Other units have shown an ON-center behav- 
ior (25). This response characteristic has not been reported 

l- 
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I 

contralateral bilateral ipsilateral 

FIG. 3. Inhibition caused by bilateral stimulation: Inhibition 
of the contralateral response of a neuron while simulta- 
neously stimulated on both sides of the fish body through 
laterally fixed, sinusoidally oscillating spheres (50 Hz). The 
bar diagram shows the average discharge rate per second and 
standard deviation for a total of 62 trials, including contralat- 
eral, bilateral and ipsilateral stimuli. The dashed line shows 
the resting activity. In the tested range of the oscillation am- 
plitude (17 dB), the detection inhibition was independent of 
the amplitude, the phase or the location of the spheres. 



Feature Detection in Fish 261 

I 
I 

I  ‘I  
l l  

I  I  
I  

I l l  

Time [s] 

FIG. 4 . OFF-center neuron: Example of ten responses of a toral neuron to object movements of 10 cmlsec (anterior/posterior) 
are represented in a line display. Each line represents a single action potential, each row of lines one revolution of the stimulus. 
The histogram of frequency is given (class width 20 ms) below the diagram. The scaled fish indicates the closest object position. 
This type of response with a centered inhibition lets us assume that the object crossed a receptive field with an OFF-center 
(arrows). 

for lateral line neurons, so far. Testing the receptive field 
dimensions with water jets and a tuft of hairs yielded sizes 
of half or whole body length, mostly from the mouth up to 
a point behind the pelvic fin. Unfortunately almost nothing 
is known about the distribution and anatomy of the periph- 
eral receptors in Ancistrus, until now. In addition to lateral 
line cells showing an ON/OFF-center like response behav- 
ior, there is also evidence for complex bimodal filters in the 
torus; e.g., mechano- and electrosensitive as well as visual 
and electrosensitive units, functioning analogous to the 
technical AND-, OR-, and NAND-gates (25). This relates 
to earlier findings on bimodal units in trout (28,34) indicat- 
ing that complex neuronal filters in lateral line processing 
exist as early as in third order neurons in the torus semicir- 
cularis. 

In addition to possessing well-developed olfactory and 
hearing senses, Ancistrus has both a mechanosensory lateral 
line and an electrosensory lateral line (the ampullary or- 
gans). Although endowed with several discriminating 
sensory organs, Ancistrus is not highly specialized, so the 

present findings are likely to extend to other bony fish as 
well. No sex-related differences in lateral-line processing 
could be observed. The lateral line does not function solely 
in the registering of simple laminar flow but also in the per- 
ception of complex hydrodynamic events involved in 
schooling behavior (29), predation (2,24), intra-species 
communication (13,33), and general orientation (8). The 
response behavior of toral lateral-line neurons seems to 
show complex filter properties, which reminds one of fea- 
ture detectors in other sensory systems as in the visual (15) 
and the acoustic system (16). Presumably, these neurons 
perform spatial and temporal analyses of complex hydrody- 
namic events, which afford an internal representation of 
the environment, as assumed previously by Dijkgraaf (12) 
and Kuiper (18). Results from oceanographic research show 
that hydrodynamic events are not necessarily short-lived. 
Oceanic internal and surface waves can be traced far back 
in time by satellite cameras and are used for tactical pur- 
poses (20). Also, small ships generate whirl tracks more 
than 40 kilometers in length, which are clearly visible from 
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space and may allow a speed and directional analysis for 
hours (1). Fish, likewise, generate complex whirl tracks by 
their swimming movements (4,18), and these may remain 
constant for several minutes or longer and can be perceived 
as whirl tracks by other fish. Showing responses of toral neu- 
rons, which react only to complex stimuli, this study pro- 
vides electrophysiological evidence that bony fish perceive 
complex hydrodynamic events. However, this study also 
showed that it is very difficult to control such complex hy- 
drodynamic stimuli in an experiment. Further experiments 
have to be carried out in order to gain a more analytical 
insight into the physical properties of the stimuli. Further- 
more, in future experiments real fish showing a startle re- 
sponse nearby for example could be used for stimulating the 
lateral line, which would deliver even more complex and 
perhaps non-uniform but really natural stimuli. 
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lateral line research and for his valuable support. My thanks also go to 
Drs. J. King, M. Kutas, T. H. Bullock, B. Class and three anonymous 
referees for their helpful comments on a oreuious version of the manu- 
script and Ms. G. De/any fey imProving rhe English. This research uas 
sponsored by a grant from the German Science Foundation (DFG) to 
H. Bleckmann. 
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