
Pergamon 
0042-6989(95)00116-6 

Vision Res. Vol. 36, No. 1, pp. 19-26, 1996 
Copyright © 1995 Elsevier Science Ltd 

Printed in Great Britain. All rights reserved 
0042-6989/96 $9.50 + 0.00 

Disproportionate Distribution of Field 
Potentials Across the Toad's Tectal Visual 
Map in Response to Diffuse Light ON 
and OFF Stimulations 
W. W. SCHWIPPERT,* T. W. BENEKE,* J.-P. E W E R T * t  

Received 16 January 1995; in revised form 10 March 1995 

In toads Bufo marinus and Bufo bufo spinosus, field potentials (FPs) were recorded from the surface 
of  the optic tectum at different sites of  the visual map in response to a sudden diffuse darkening (OFF) 
and lightening (ON) of  the visual field of  the contralateral eye. The OFF and O N  responses were 
differently pronounced or even failed to occur. The latency of the former was significantly less than 
the one of the latter. FP amplitudes of  the OFF and O N  responses were strongest in the representation 
of  a horizonto-superior anterio-lateral portion of  the visual field and weakest toward the posterior field 
of  vision. This phenomenon suggests various interpretations for subsequent experiments. 
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INTRODUCTION 

The non-foveated retina in amphibians provides the 
brain with visual information preprocessed under 
various aspects and transmitted via special channels 
along the axons of ganglion cells. Lettvin, Maturana, 
McCulloch and Pitts (1959) recorded from the superfi- 
cial layer of the frog's optic tectum responses of four 
types of  retinal ganglion cell fibres distinguished by: the 
sizes of  the excitatory receptive fields (ERF), the degree 
of  sensitivity to moving objects, the presence of a 
sustained response when a moving object was suddenly 
stopped in the ERF, the erasability of such sustained 
response after a sudden darkening (OFF) and diffuse 
lightening (ON) of  the visual field, the response property 
to brisk diffuse light OFF and ON stimulations, and the 
adaptation to repetitive ERF traverses by a stimulus 
object. Quantitative studies have further specified these 
classes 1-4 (Grfisser & Grfisser-Cornehls, 1976; Ewert, 
1976), later termed R1-R4 (Ewert, 1984), whereby in 
toads the Rl- type seems to be rare or even missing 
(Ewert & Hock, 1972). Information provided by the 
different classes is present from any locus of  the visual 
field in accordance with the retinotectal map. 

Since it is known that the anatomic retinotectal pro- 
jection in amphibians (e.g. see Glaze, 1958) deviates 
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from linearity much less than the one in mammals (e.g. 
Sprague, Berlucchi & Rizzolatti 1973), in the present 
paper we ask how retinotectal activity is distributed 
across the retinotectal map. Toward a first global ap- 
proach in toads, we recorded the field potential (FP) 
from different sites of the tectal surface to alternating 
onset and offset of diffuse light. FPs express the postsyn- 
aptic activities of tectal neurons at their dendritic trees, 
reaching the superficial laminae, in response to visual 
input. 
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MATERIALS AND METHODS 

Experimental animals 

Twenty-three European common toads Bufo bufo 
spinosus and South American cane toads Bufo marinus 
were kept in vivaria under species relevant conditions. 
Since European amphibians are now protected in 
Germany by federal laws, our experiments, initially 
started with B. b. spinosus were continued with the 
South American B. rnarinus which is not protected 
regarding its broad distribution and massive propa- 
gation. A comparison of  the data obtained from 
both species in the present investigation revealed no 
remarkable differences. 

Preparation 

Toads were anaesthetized with 100 mg/kg Ketavet R. 
After exposing the dorsal brain surface in the region 
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of the mesencephalon, the first two meninges (dura 
mater  and arachnoidea) were locally cut and carefully 
retracted. The experimental animal was then placed in 
a chamber equipped with head/body holders and a 
special cooling and ventilation procedure. (For details 
see Schwippert, Beneke & Ewert, 1995.) 

Visual stimulation 

Retinal stimulation was carried out by switching 
roomlights on and off. The light intensity was 98 Ix at 
ON and 21x at OFF.  Change of illumination was 
registrated with a photoelement.  Repetitive OFF  and 
ON stimuli lasted 20 sec each, or 3 sec. White cardboard 
surrounded the experimental set-up. 

Recording 

Field potentials (FPs) were recorded successively from 
different sites of  the surface of the optic tectum (Fig. 1) 
by means of glass microelectrodes of  a tip diameter of 
10 12 pm,  produced with a Sutter P-87 puller, and filled 
with a solution comparable  to Frog-Ringer  serving as 
electrolytic conductor. The step-motor driven recording 
electrode, fixed in the micromanipulator,  was oriented 
perpendicular to the dorsal tectal surface and positioned 
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onto the pia mater  at slight pressure. The FPs, pream- 
plified and filtered at 0.3-1000.0Hz (in the case of  
multi-unit recording at 300-1000Hz),  were fed to an 
oscilloscope, digitalized by a CED 1401-plus interface, 
stored on hard-disc of  a 486 PC, and processed by means 
of the CED-internal and free-programmable signal 
analysing software "Spike 2". 

RESULTS 

General considerations 

Field potentials, FPs (Fig. 2, see outlet), express the 
sum activity of neuronal populations in the neighbour- 
hood of the recording electrode. After the FP theory of 
laminated structures (Vanegas, Williams & Essayag, 
1984), synaptic excitation (EPSP) is due to a decrease 
and synaptic inhibition (IPSP) to an increase of  extra- 
cellular positive charges. Since the laminated optic tec- 
turn (OT) contains the dendritic trees mainly in the 
superficial layer and the corresponding somata in 
deeper layers, synaptic input leads to different electric 
dipoles arranged perpendicularly to the tectal surface. 
Negative waves, N, of  FP recorded from the tectal 
surface, therefore, indicate postsynaptic excitatory pro- 
cesses and positive waves, P, inhibitory processes (e.g. 
Jassik-Gerschenfeld & Hardy,  1984; Leung, 1990). 

In cane toads B. marinus and common toads B. b. 
spinosus, FPs were recorded from the surface of OT in 
response to diffuse light ON and O F F  stimulations of  
the contralateral retina, while the ipsilateral eye was 
covered with a tiny opaque hemisphere. According to a 
previous study, in which the optic nerve was stimulated 
electrically (Schwippert et al., 1995), nine equidistant 
tectal recording sites (A I) served as a standard grid for 
FP mapping [Fig. I(C)]. At the beginning of the exper- 
iments, animals were adapted to light (98 lx). Altogether 
27 FP maps were established in response to OFF  and 
ON stimulations, n = 18 maps from i = 13 B. b. spinosus 
and n = 9 maps from i = 9 B. marinus. 
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F I G U R E  1. Projection of the visual field of  the left eye (A) onto the 
dorsal surface of  the common  toad's  right optic tectum (B) (after Ewert 
& Borchers, 1971). The s tandard grid of  sites A l, from which tectal 
FPs were recorded in this paper, are shown below (C). The sites 
displaying strongest FP responses correspond approximately to the 

black indicated portion in the visual field. 

F P  components 

Figure 2 (see outlet) shows FP records to diffuse light 
ON and O F F  stimulations in B. marinus. OFF and ON 
responses started with a small positive initial component  
PI* followed by two main negative waves N1 and N2, 
interrupted by a positive wave P2 and terminated by P3. 
The FP wave pattern was observed in both toad species. 
From this basic pattern more complex ones (see Fig. 2) 
can be derived, regarding additional deflections (N2 
and/or P3 waves) and oscillations (starting during the P3 
wave of the O F F  response). This complexity, most 
obvious in the O F F  responses, was surprisingly constant 
at a given recording site as the superimposed traces of  
subsequent records at 20 sec intervals show. The initial 
PI* component  did not clearly emerge in all FP records. 

With respect to the different degrees of  complexity of  
the FP pattern, our latency measurements concerned in 
particular the N I wave from recording site E. Switch- 
ing room light, it started to OFF  stimulation after 
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F I G U R E  2. Distribution of  tectal FPs in response to diffuse light ON and OFF  stimulations across the recording grid A- I  
as depicted in Fig. t(C). Repetitive stimuli lasted 20 sec; superimposed traces for the initial three respective stimuli are shown. 
Examples of  three cane toads. Outlet: main  components  of  tectal FPs to ON and OFF  stimulation: P 1", N 1, P2, N2, and N3. 

For explanations see text. 
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5 6 . 2 + 3 . 6 m s e c  (n =59 ,  i = 9 )  and to ON after 
154.7 + 2.9 msec (n = 87, i = 10). 

Records across the tectal visual map 

The FPs recorded across the tectal surface revealed 
disproportionalities regarding the amplitudes and the 
pattern of  the wave components.  Depending on the 
recording site, the N1 wave amplitudes in response to 
ON and O F F  stimulation were almost equally strong 
(e.g. site E) or O F F  dominated (e.g. site A) or both 
extremely weak (e.g. site I). At most sites the entire FP 
response was stronger to O F F  stimulation. Figure 2 
exemplifies this for FP maps of  three cane toads. Within 
a map,  the different wave patterns were remarkably 
constant as the superimposed traces at each recording 
site for subsequent O N / O F F  stimulations in 20sec 
intervals demonstrate.  A comparison of  the maps from 
the three individuals shows certain consistencies: re- 
sponses from the site E were very strong, from sites I and 
C very weak. The fact that FPs of the remaining sites 
displayed differently strong responses can be explained 
by methodological reasons, since it was not possible to 
hold the recording grid in all individuals exactly congru- 

ent. Site E which generally displayed maximal O N / O F F  
responses belongs to a response area spreading towards 
A, B, and D. The closer or farther the recording sites 
deviate from this tectal region in different preparations, 
FP responses may emerge more or less stronger (for 
example, cf. responses from sites D and F). The main FP 
response area in the tectum represents a portion of the 
frontolateral visual field of  the contralateral eye, as 
Fig. I(A) shows. 

In the experiments described so far, the repetitive 
ON and O F F  stimuli lasted 20sec each. For  stimu- 
lations >20  sec, the FP pattern showed no obvious 
change. However, if the ON and O F F  periods were 
reduced to 3 sec, the response latencies of the FPs 
increased and the wave pattern became simpler (sub- 
components were attenuated). Figure 3 shows super- 
imposed traces of  responses to the 4th, 5th, and 6th 
ON and OFF  stimulations, respectively; the com- 
parison between B. b. bufo and B. marinus reveals 
no obvious species differences. 

Control experiments 

A reason for the different FP activities across the 
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FIGURE 3. Rapid change of ON and OFF stimulations each one lasting 3 sec, and distribution of tectal FPs across the 
recording grid A-I in a common toad B.b. spinosus and a cane toad B. marinus. Superimposed traces for the 4th, 5th, and 

6th respective stimulus. 
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tectal surface may be locally different resistances 
between the tip of  the electrode and the pia mater. 
This possibility could be excluded by appropriate 
impedance measurements, yielding 8 _  1 M ~  for all 
recording sites. 

The disproportionate distribution of FP activities to 
the O N / O F F  stimuli could be an artifact caused by light 
intensity gradients due to silhouet'ces of  micromanipu- 
lators, electrodes, and other pieces of  the equipment 
within the toad's visual field. To test this argument, 
the distribution of  tectal FPs was recorded in three 
different set-ups. (1) The toad's contralateral eye was 
exposed to a bulb that actually produced a diffuse 
gradient. (2) A light conducting system was placed onto 
the cornea to assure a silhouette-free illumination. (3) A 
miniature perimeter consisting of a white diffuse trans- 
parent hemisphere, surrounding the toad except a small 
hole for recording and reference electrodes, was illumi- 
nated diffusely from outside; light intensity measure- 
ments at the inside of  this arrangement showed a 
gradient-free illumination of the retina. In all cases 
(1)-(3), the differences of the FP activities across OT 
were maintained as exemplified in Figs 2 and 3. 

Mul t i -un i t  recordings 

Different classes of  retinotectal inputs terminate in 
different depths of the OT. After penetration of  the tectal 
surface, to ON and OFF stimulation short bursts of  
spikes were recorded at a depth of  200/~m when the 
bandpass filter was in the range of  300-1000 Hz. The 
O FF  response was slightly pronounced indicating multi- 
units from R3 terminals. By the same electrode, FPs 
were recorded from this position when the filter was in 
the range of  0.3-1000 Hz. Regarding the course and the 
components, these FPs corresponded to those recorded 
from the tectal surface [Fig. 4(a, b)]. According to their 
latencies, the multi-unit and the FP responses showed 
that R3 inputs contribute at least to the excitatory 
postsynaptic N1 components. R3 multi- units can be 
recorded from every site of  the tectal surface, mainly the 
region including E or B and less from C, G, or I. A 
comparison between records from site I [Fig. 4(a)] and 
site E [Fig. 4(b)] shows that R3 input in the former case 
is much less than in the latter and that in both cases the 
strength of  R3 input corresponds to the amplitude of  the 
NI wave [see arrows in Fig. 4(a, b)]. The question arose, 
whether also disproportionalities regarding the response 
to different ON/OFF-frequencies exist. In preliminary 
experiments, R3 multi-units were recorded from site E 
and site I in response to alternating ON- and OFF-  
stimuli whose frequency was adjusted by a rotating 
sector. As preliminary data in Fig. 4(c, d) for representa- 
tive examples shows, the R3 responses followed at the 
site E to higher ON/OFF-frequencies than at the site I. 

DISCUSSION 

The FPs recorded from toad's tectal surface in re- 
sponse to diffuse light ON and OFF  stimulations show 
the main sequential components comparable to the ones 

obtained in response to quantitative electrical stimu- 
lation of  the contralateral optic nerve (Schwippert et al., 
1995): a more or less pronounced initial positive deflec- 
tion PI*, expressing presynaptic axonal inputs, and 
subsequent alternating negative and positive waves, ex- 
pressing postsynaptic excitatory (NI,  N2) and inhibitory 
processes (P2, P3). FPs were always finished by a strong 
positive wave P3 often displaying small oscillations, 
probably resembling reverberatory excitatory and 
inhibitory events (see also Debski & Constantin-Paton, 
1990). 

Regarding retinotectal inputs to diffuse light ON and 
OFF stimulations, previous studies reported that retinal 
ganglion cells of  class R2 show mostly no or a weak ON 
response, R3 neurons display phasic ON and OFF 
responses, whereas R4 neurons discharge phasic-tonic 
OFF responses. Hence, R2 and R3 (terminating at a 
depth of  100-300 ~tm) contribute to FP's ON response, 
whereas R3 and R4 are responsible for the OFF re- 
sponse [cf. also Fig. 4(a)] (Chung, Bliss & Keating, 1974; 
Gr/isser & Grfisser-Cornehls, 1976; Ewert, 1984). 

Since the difference in FP's OFF and ON response 
latencies is also observed in the ON/OFF response 
displaying R3 neurons (Barlow, 1953; Tomita, 
Murakami, Hashimoto & Sasaki, 1961), it must be 
attributed to intraretinal processing (Aho, Donner, 
Helenius, OlesenLarsen & Reuter, 1993). Latencies a l so 
depend on the color of the diffuse light (Donner & 
Reuter, 1976), its intensity, the previous light or dark 
adaptation (Varju & Pickering, 1969), and the room 
temperature (Aho et al., 1993). 

Not  only contralateral retinal input but also ipsilateral 
pretectal and isthmic visual inputs contribute to optically 
evoked FPs (Wang & Matsumoto 1990). We demon- 
strated that the N1 wave of  the tectal FP in response to 
electrical stimulation of  the contralateral optic nerve is 
attenuated by preceding electrostimulation of  the ipsilat- 
eral pretectal Lpd/P area (Schwippert et al., 1995). 
Evidence of  ipsilaterally pretectotectal projecting visual 
widefield neurons was provided by neurophysiological 
(Buxbaum-Conradi & Ewert, 1995; Schwippert & Ewert, 
1995) and histochemicat investigations (Kozicz & Lfiz~r, 
1994) suggesting pretectal presynaptic inhibitory influ- 
ences on contralateral retinal input in superficial tectal 
laminae mediated by the neuropeptide-Y. The declining 
oscillations of  the large inhibitory P3 wave to OFF 
stimulation indicate either inputs of  repetitive bursting 
R4 neurons or alternating postsynaptic excitatory and 
inhibitory loop-operations of  tectal extrinsic (e.g. pretec- 
tal) and intrinsic origin. The latter is consistent with the 
hypothesis that tectal excitatory reverberatory processes 
in response to visual input are under inhibitory control 
(Ewert, 1976, 1989, Sz6kely & Lfizfir, 1976). 

Returning to the introductory question of  this paper, 
we can confidently say that disproportionalities of  FPs 
to ON and OFF stimuli exist across the tectum. This 
disproportionality is not congruent with the one seen 
in the visuotectal projection of  anuran amphibians (e.g. 
Levine, 1984): there, a horizontal nasal/temporal strip in 
the visual field--corresponding to the retinal area 
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FIGURE 4. (a) Multi-unit activities of retinal R3 fibre endings and tectal FPs in response to ON and OFF stimulations, 
recorded with the same electrode 200/~m below the tectal surface at site I, and filtered at 300 1000 and 0.3 1000 Hz, 
respectively; the duration of the repetitive ON and OFF stimuli was 3 sec for each; FP represents the averages of 3 records; 
arrow points to the NI wave. (b) Same experiment as in (a) for the tectal recording site E. (c, d) Following ability of R3 
multi-unit responses to alternating ON and OFF stimuli at different frequencies, recorded from sites I (c) and E (d), respectively. 

Representative examples. 

s t r i a t a - - i s  represented in a larger region of the tectum 
than  a por t ion  of an appropr ia te  size from the horizon-  
ta l /super ior  visual field. The results of  the present  study 
allow us to present  the following four hypotheses for 
future investigations.  

First,  it is reasonable  to suggest that  retinotectal 
project ing R2, R3, and  R4 neurons  display different 
response propert ies to diffuse light O N  and  O F F  stimu- 
lat ions with reference to the tectal visual map.  Since 
retinal  gangl ion  cells with in termediate  properties (e.g, 

Backstr6m & Reuter,  1975) and subclasses (Ewert & 
Siefert, 1974; Tsai & Ewert, 1987) appear  to exist, the 
quest ion of funct ional  con t inua  is discussed (Gail lard 
& Garcia,  1991). For  example, among  R3 n e u r o n s - -  
phasically discharging to onset and offset of  diffuse 
light either the O F F  response dominates  the ON re- 
sponse, or the latter is absent  or both fail to occur. 
Teeters, Arbib ,  Corbacho  and Lee (1993) presented a 
model  of the a n u r a n  ret ina which simulates experimental  
da ta  relating to toad 's  and frog's R2, R3, and R4 
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neurons ,  for  example ,  with respect  to O N  and  O F F  
responses.  In  Tee te r ' s  model ,  R3 neurons  d i sp lay ing  
O F F  > ON,  O F F  > ON,  and  O F F  = O N  responses  can 
be s imula ted  by ad jus t ing  the relat ive weight  o f  the 
depo la r i z ing  t rans ient  amacr ine  cell (ON)  channels  and  
the hype rpo la r i z ing  t rans ien t  amacr ine  cell ( O F F )  chan-  
nel. Such weights  cou ld  d i sp lay  differences in re t inotec ta l  
i n fo rma t ion  t ransfer  with reference to the visual  field 
(Ga i l l a rd ,  1982; Dowl ing ,  1990). But O N  = O F F  = zero 
could  no t  be s imula ted  except  by suppress ing  the O F F -  
channel  inpu t  in the model .  

Second,  a l ternat ive ly ,  we infer that  different  O N  and  
O F F  response  d i sp lay ing  R - t y p e  n e u r o n s - - a c c o r d i n g  to 
Teeter ' s  mode l  with different  weights  o f  the O N -  
and  O F F - c h a n n e l s - - a r e  equal ly  d i s t r ibu ted  across  
the tectal  visual  map .  The  d i s p r o p o r t i o n a l i t y  o f  the 
FPs  might  result  f rom a d i sp ropo r t i ona l i t y  o f  inter-  
ac t ions  between exc i ta to ry  and  inh ib i to ry  processes  
( F r e e m a n  & N o r d e n ,  1984). F o r  example ,  c o m p a r i n g  
the records  f rom sites I and  E [Fig. 4(a, b)], the small  
spike ampl i tudes  o f  R3 te rminals  and  the co r r e spond ing  
weak  N1 ampl i t ude  in I might  resul t  f rom presynap t i c  
inhib i t ion  o f  re t ino tec ta l  input  (e.g. see Schwipper t  & 
Ewert ,  1995), and  the re la t ively large P1 and  P3 ampl i -  
tudes m a y  be due to s t rong  inh ib i to ry  pos t synap t i c  input  
to OT.  

Thi rd ,  a c o m p a r i s o n  between R3 mul t i -un i t  spike 
activi t ies and  FPs  recorded  f rom tectal  sites I and  E 
[Fig. 4(a, b)] might  suggest  tha t  the difference in F P  
ampl i tudes  ( regard ing  NI wave)  results  f rom a different  
dens i ty  o f  re t ino tec ta l  p ro jec t ing  R3 fibres. Differences 
in th ickness  o f  the tectal  s t ructure ,  however ,  do  not  
p r o b a b l y  accoun t  for  the observed  F P  d i sp ropor t i ona l i -  
ties, since such differences fail to occur  in response  to 
electr ical  s t imula t ion  o f  the opt ic  nerve (Schwipper t  
et al., 1995). 

F o u r t h ,  it should  be cons idered  tha t  F P  ampl i tudes  
might  depend  on the o r i en ta t ion  o f  the te rmina l  ar- 
bo r i za t ions  o f  re t inal  afferents (George  & M a r k s ,  1974), 
on the synapt ic  s t ructure  o f  the tectal  dendr i tes ,  and  on 
the way  afferents con tac t  the tectal  dendr i tes  ( G r a n t  & 
Let tvin,  1991). 

This  leaves open  the ques t ion  o f  the b io logica l  rel- 
evance o f  such d i s p r o p o r t i o n a t e  proper t ies .  D i s p r o p o r -  
t ionate  r ep resen ta t ion  o f  s t imulus  pa rame te r s  is an 
i m p o r t a n t  fea ture  o f  sensory  m a p s  (Scheich, 1983). 
B iosona r  f requency represen ta t ion  in mus tached  ba t  
a u d i t o r y  cor tex  (Suga,  1990) and  the over - represen ta t ion  
o f  f requency  bands  in horseshoe  ba t ' s  a u d i t o r y  system 
sui table  for  the de tec t ion  o f  f lut ter ing insects (Schni tzler  
& Oswald ,  1983) are  two i l lus t ra t ive  examples .  The  fovea 
centra l is  o f  the m a m m a l i a n  re t ina  is a classical  example  
o f  a d i s p r o p o r t i o n a t e  r ep resen ta t ion  o f  s t imulus  analy-  
sis. The  re t ina l ly  non- fovea ted  amph ib i ans  show a var-  
iety o f  o ther  d i s p r o p o r t i o n a t e  o rgan iza t ions ,  such as the 
densely  p a c k e d  dis t inct  classes o f  t ec to -bu lba r / sp ina l  
descending  neurons  with reference to t h e  f ronta l  visual 
field (Ewert ,  1989), or  the b lack /whi te  and  whi te /b lack  
preferences  regard ing  the dorsa l  vs ventra l  visual  field 
(Ewert  & Siefert,  1974), or  a po r t i on  o f  the f ron ta l  visual  

field p r e suma b ly  sui table  for t empora l  reso lu t ion  (as the 
present  s tudy,  for  example ,  suggests).  

REFERENCES 

Aho, A.-C., Donner, K., Helenius, S., OlesenLarsen, L. & Reuter, T. 
(1993). Visual performance of the toad (Bufo bufo) at low light 
levels: Retinal ganglion cell responses and prey-catching accuracy. 
Journal of Comparative Physiology A, 172, 671-682. 

B~ickstr6m, A.-C. & Reuter, T. (1975). Receptive field organization of 
ganglion cells in the frog retina: Contributions from cones, green 
rods and red rods. Journal of Physiology London, 246, 79-107. 

Barlow, H.-B. (1953). Summation and inhibition in the frog's retina. 
Journal of Physiology, London, 119, 69-88. 

Buxbaum-Conradi, H. & Ewert, J.-P. (1995). Pretecto-tectal influences 
I. What the toad's pretectum tells its tectum: an antidromic stimu- 
lation/recording study. Journal of Comparative Physiology A, 176, 
169-180. 

Chung, S. H., Bliss, T. V. P. & Keating, M. J. (1974). The synaptic 
organization of optic afferents in the amphibian tectum. Proceedings 
of the Royal Society of London B, 187, 421-447. 

Debski, E. A. & Constantine-Paton, M. (1990). Evoked pre- and 
post-synaptic activity in the optic tectum of the cannulated tadpole. 
Journal of Comparative Physiology A, 167, 377-390. 

Donner, K. O. & Reuter, T. (1976). Visual pigments and photoreceptor 
function. In Llinfi.s, R. & Precht, W. (Eds), Frog neurobiology 
(pp. 251277) Berlin: Springer. 

Dowling, E. (1990). Functional and pharmacological organization of 
the retina: dopamine interplexiform cells and neuromodulation. In 
Cohen, B. & Bodis-Wollner, I. (Eds), Vision and the brain (pp. 1-18). 
New York: Raven Press. 

Ewert, J.-P. (1976). The visual system of the toad: Behavioral and 
physiological studies on a pattern recognition system. In Fite, K. V. 
(Ed.) The amphibian visual system: A multidisciplinary approach 
(pp. 141202). New York: Academic Press. 

Ewert, J.-P. (1984). Tectal mechanisms that underlie prey-catching and 
avoidance behaviors in toads. In Vanegas, H. (Eds), Comparative 
neurology of the optic tectum (pp. 247 416). New York: Plenum 
Press. 

Ewert, J.-P. (1989). The release of visual behavior in toads: Stages 
of parallel/hierarchical information processing. In Ewert, J.-P. 
& Arbib, M. A. (Eds), Visuomotor coordination: Amphibians, 
comparisons, models, and robots (pp. 39-120). New York: Plenum 
Press. 

Ewert, J.-P. & Borchers, H.-W. (1971). Reaktionscharakteristik yon 
Neuronen aus dem Tectum opticum und Subtectum der Erdkr6te 
Bufo bufo (L.). Zeitschrift fiir vergleichende Physiologie, 71, 165-189. 

Ewert, J.-P. & Hock, F. J. (1972). Movement sensitive neurones in the 
toad's retina. Experimental Brain Research, 16, 41 59. 

Ewert, J.-P. & Siefert, G. (1974). Neuronal correlates of seasonal 
changes in contrast-detection of prey catching behaviour in toads 
(Bufo bufo L). Vision Research, 14, 431-432. 

Freeman, J. A. & Norden, J. J. (1984). Neurotransmitters in the optic 
tectum of non mammalians. In Vanegas, H. (Ed.), Comparative 
neurology of the optic tectum (pp. 469-546). New York: Plenum 
Press. 

Gaillard, F. (1982). Tectal processing of visual signals from the caudal 
most part of the frog visual field. Vision Research, 22, 347 351. 

Gaillard, F. & Garcia, R. (1991). Properties of retinal and retino- 
tecto-isthmo-tectal units in frogs. In Arbib, M. A. & Ewert, J.-P. 
(Eds), Visual structures and integrated functions (pp. 75-94). Berlin: 
Springer. 

Gaze, R.M. (1958). The representation of the retina on the optic lobe 
of the frog. Quarterly Journal of Experimental Physiology, 43, 
209 -214. 

George, S. A. & Marks, W. B. (1974). Optic nerve terminal arboriza- 
tions in the frog: Shape and orientation inferred from electrophysio- 
logical measurements. Experimental Neurology, 42, 467-482. 

Grant, A. C. & Lettvin, J. Y. (1991). Sources of electrical transients 
in tectal neuropil of the frog, Rana pipiens. Brain Research, 560, 
106-121. 



26 W.W.  SCHWIPPERT et al. 

Griisser, O.-J. & Grfisser-Cornehls, U. (1976). Neurophysiology of the 
anuran visual system. In Llin~is, R. & Precht, W. (Eds), Frog 
neurobiology (pp. 297 385). Berlin: Springer. 

Jassik-Gerschenfeld, D. & Hardy, O. (1984). The avian optic tectum: 
Neurophysiology and behavioral correlations. In Vanegas, H. (Ed.), 
Comparative neurology of the optic tectum (pp. 649-686). New York: 
Plenum Press. 

Kozicz, T. & L~z~.r, G. (1994). The origin of tectal NPY immunoposi- 
tive fibers in the frog. Brain Research, 635, 345-348. 

Lettvin, J. Y., Maturana, H. R., McCulloch, W. S. & Pitts, W. H. 
(1959). What the frog's eye tells the frog's brain. Proceedings of the 
Institut of Radio Engineering, 47, 1940-1951. 

Leung, L.-W. S. (1990). Field potentials in the central nervous 
system--recording, analysis, and modeling. In Boulton, A. A., 
Baker, G. B. & Vanderwolf. C. H. (Eds), Neuromethods 15. Neuro- 
physiological techniques: Applications to neural systems 
(pp. 277-312). Clifton, N.Y.: Humana Press. 

Levine, R. (1984). Neuronal plasticity in the optic tectum of amphib- 
ians. In Vanegas, H. (Ed.), Comparative neurology of the optic tectum 
(pp. 417-467). New York: Plenum Press. 

Scheich, H. (1983). Sensorimotor interfacing. In Ewert, J.-P., 
Capranica, R. R. & Ingle, D. J. (Eds), Advances in vertebrate 
neuroethology (pp. 7-14). New York: Plenum Press. 

Schnitzler H.-U. & Oswaldt, J. (1983). In Ewert, J.-P., Capranica, 
R. R. & Ingle, D. J. (Eds), Advances in vertebrate neuroethology 
(pp. 801-827). New York: Plenum Press. 

Schwippert, W. W. & Ewert, J.-P. (1995). Effect of neuropeptide-Y on 
tectal field potentials in the toad. Brain Research, 669, 150-152. 

Schwippert, W. W., Beneke, T. W. & Ewert, J.-P. (1995). Pretecto- 
tectal influences II. How retinal and pretectal inputs to the toad's 
superficial rectum interact: A study of electrically evoked field 
potentials. Journal of Comparative Physiology A, 176, 181-192. 

Sprague, J. M., Berlucchi, G. & Rizzolatti, G. (1973). The role of the 
superior colliculus and pretectum in vision and visually guided 
behavior. In Autrum, H., Jung, R., Loewenstein, W. R., MacKay, 
D. M., & Teuber, H. L. (Eds) Handbook of sensory physiology, 

Iiol. VII~3, Central processing of visual information Part B, visual 
centers in the brain. (Chapter 14, pp. 27 101). Berlin: Springer. 

Suga, N. (1990). Biosonar and neural computation in bats. Scientific 
American, 262, 60-68. 

Szrkely, G. & Lfi.z~r, G. (1976). Cellular and synaptic architecture of 
the optic tecturn. In Llin~is, R. & Precht, W. (Eds), Frog neurobiology 
(pp. 407 434). Berlin: Springer. 

Teeters, J. L., Arbib, M. A., Corbacho, F. & Lee, H.B. (1993). 
Quantitative modeling of responses of anuran retina: Stimulus shape 
and size dependency. Vision Research, 33, 2361-2379. 

Tomita, T., Murakami, M., Hashimoto, Y. & Sasaki, Y. (1961). 
Electrical activity of single neurons in the frog's retina. In Jung, R. 
& Kornhuber, H. (Eds), The visual system: Neurophysiology and 
psychophysics (pp. 24-31). Berlin: Springer. 

Tsai, H.-J. & Ewert, J.-P. (1987). Edge preference of retinal and tectal 
neurons in common toads (Bufo bufo) in response to worm-like 
moving stripes: the question of behaviorally relevant 'position 
indicators'. Journal of Comparative Physiology A, 161, 259 304. 

Vanegas, H., Williams, B. & Essayag, E. (1984). Electrophysiological 
and behavioral aspects of the teleostean optic rectum. In Vanegas, 
H. (Ed.), Comparative neurology of the optic teetum (pp. 121 161). 
New York: Plenum Press. 

Varjfi, D. &Pickering, S.G. (1969). Delayed responses of ganglion cells 
in the frog retina. Kybernetik, 6, 112-119. 

Wang, S. R. & Matsumoto, N. (1990). Postsynaptic potentials and 
morphology of tectal cells responding to electrical stimulation of the 
bullfrog nucleus isthmi. Visual Neuroscience, 5, 497-488. 

Acknowledg~,ments--The work is supported by the Bundesministerium 
fiir Forschung und Technology (BMFT), Deutsche Forschungsanstalt 
ffir Luft- und Raumfahrt e.V., DLR, Projekttr/iger des BMFT ffir 
Informationstechnik (Neuroinformatik), Verbundprojekt "SEKON" 
(Sensomotoric Coordination of Robotic Movements with Neuronal 
Nets), No. 413-5839-01-1N 104 C/4 (Ewert). We gratefully 
acknowledge the helpful comments by two anonymous referees. 


