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In the process of adapting adequately to the world, aaeran amphibians preseat
very sterestyped cognitive and motor bebaviors, e.g., prey-catching and prodater-
avoldance behaviors. Neuroethological studies bave shown that there are innate
mechanisms n froge azd toads that recognise key-stimuli to elicit tho proper
motor response.

In this dissertation, wo prescat and analyse a nearal net “family-modsi®, based
on empirical grounds, that ralses specific bypotheses of how different physiological
events occurring during prey-catching and predator-avoldance behavior might be
carried out by the nteractions among different brain regions ( i.e., Retina, Optic
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CHAPTER 1

INTRODUCTION

Introduction

Survival is one of the most Impartant concerns in any animal’s, Including
a human’s, life. Animals ensure survival by controlling their interactions with
both their external and internal worlds. Interactions with the external world are
nmudbythmxﬁndkndmoq-mhrpmm.aﬂmhmiw
anhmmtbmdﬁyumbmwitbmbmhe.

For many years scientists from different disciplines, such as philosophy, phys-
Iology, anatomy, ethology and brain theory, have studied sensory-motor phenom-
ena invalved in animal e, Sensory-motor processes are controlled by the Central
Nervous System (CNS), henceforth referred to as “the Brain® or CNS without
distinction. Thus the understanding of these phenomena can be reduced to the
understanding of how the CNS, based on its internal representation of the world,
carries out the coordination of motor behaviors,

Empiﬁalmdthmﬁduudiahvepmedtheudmdhgdthebnh
at different levels of analysis. At one extrems, there are analyses trying to explain
behavb:intamdfun:ﬂondmlhnpmﬂngpaupﬂommd actions of the
animal, At the other extrems we find analyses correlating behavior with peural
mechanisms, In this dissertation we emphasise the importance of the interplay of

3 T3 T3

empirical and theoretical efiorts in seeking neural mechanisms underlying sensory-
motor coordination.

In this Chapler we firat discuss twosimilar approaches to the understanding of
processes involved iz sensory-motor coordination. One of them is empirical (Neu-
roethology), and the other is theoretical (Braln Theory). Then, our research goals
are summarised by defining our approach, and methodology, to the understand-
Ing of visuomotor coordination in anuran amphibia. We also place our approack
within the scope of Brain Theory. Finally, to guide the interested reader, the
organisation of this dissertation is described, polnting out the most important
polnts prescated in the following Chapters and Appendices.

Sensory-Motor Coordination 1 Neurocthology and Brain Theory

Neuroethology, whose concern is the experimental analysis of releasing and
control mechanisms of behavior [Ewest, 1080, 1084; Bwert, Ingle & Capranica,
1083; Griisser & Griisser-Comehls, 1076; Grilser-Cornehls, 1984; Ingle, 1976b,
1983}, and Brain Theory, whoee concern is the study of the CNS's function via
mathematical modelling and computer simulations [Arb3b, 1072, 1081a, 1581b;
Reichardt & Poggio, 1679}, follow similar interdisciplinary approaches, at different
levels of analysis, in studying the processes of perception and motor control.

Mu&eﬁdthﬂmimah'mbmmthewmmof&eprwuﬁngof
information that takes place within neural networks in the CNS, Neuroethology
and Brain Theory address similar issues in neurcecience and share a concern
for developing new methodologies, both experimental and theoretical, to identify
neural mechanisms subserving specific bebaviors.

The agimal's bebavioral Interactions with the environment require that ex-

—3 73 73 773 T3 73 T3 73
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ENVIRONMENT

STIMULI RESPONSE

CENTRAL NERVOUS SYSTEM (CNS)

(Idantlﬂcaﬁou 1

|1 Tt |
—|Organs k!.ocalintion py (Motor Effectors

K Motivational }
State ‘

FPigure 1: An organiam interacting with its environment
Information processing steps in the Central Nervous System (CNS) leading to
a behavioral action in response to an external situation (adapted from Bwert
(1980]).
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ternal stimull be sensed by organs (cye, ear, skin, etc.), and thea Incorporated
into an internal representation of environmental situations through different lev-
els of neural activity. Sensce organs transmit this preprocessed information to
Primary Sensor Centers (PSC), brain regions receiving direct input from sense
organs, which participate in the processes of etimull identification and localisa-
tion. PSC's send, directly or indirectly, effcrents to Motor Ceaters (MC), brain
structures that decide the animal’s next movement, whose function is to produce
the most appropriate behavior to Interact with the current situation. MC's ac-
tivate particular groups of muscles that contract according to a Motor Program
{MP) yielding spatio-temporal coordinated patterns of movement, that is, behav-
ior. New stimuli update the internal state of the organism, modifying the animal’s
perception of its situation and Its declolon as to what to do next, forming in this
way an Action-Perception cycle [Arbib, 1981a). The eficacy of external stimuli
to release a form of bebavior, Le., the activation of a MP, has been found to be
dependent on the animal’s “Motivational State®. Thus, theso animals’ goals are
defined by the CNS itself and can be influenced by the bormonal system or by
covironmental signals, i.e. scasonal changes, food smelling, threatening stimulus,
ete. (see Fig. 1).

One approach to Brain Theory, Arbib's Schema Theory [Arbib, 1981a, 1981)),
suggests that Sensory-motor Coordination is usefully decomposed into three dif-
ferent types of entity (see Fig. 3):

1. Perceptual Schemaes (P8) are defined as the units of knowledge that rep-

resent, within the brain, a situation of the environment the animal may
interact with.

2. Motor Schemas (ALS) are defined as the units of motor control that use
information generated by one or several P8's to direct az animal’s action to
adequately interact with the current situation. Thus, PS’s generate param-
ctere to be used by MS’s, but need not activate such MS's. Furthermore,
there may be different P8’s active at the same time which may cooperate or

T3



compete with each other in giving the necessary coaditions to control the
activation of MS's.

3. Pianning is defined as a mechanism that selects information from activated
PS'e in order to activate the proper MS’s in accord with the organism’s
current goals.

Neuroethologists have also tried to establish correlations between data gen-
erated by different empirical disciplines. Data found in some of them, such as
neurophysiology and anatomy, should explain results obtained in others, such as
ethology. In brain modelling, similar approaches are found and may be classified
into three different groups:

1. The Top-Down approach is mainly concerned with explaining overall behav-
for in terms of interacting computations, without 3 great deal of concern
for phyriological or anatomical detail at the level of neural circnits [House,
1684; Arbib & House, 1083; Lara et ol, 1085; Marr & Poggio, 1979].

2. The Botiom-Up approach is generally concerned with the analysis of mod-
els of neural networks [An der Helden & Roth, 1083; Byrue, 1980, 1082;
Hodgkin-Huxley model; Lara, Arbib & Cromarty, 1882},

3. The Middle-Out analysis proceeds via integrated cycles of top-down and
bottom-up modelling, as initial top-down hypotheses are modified in the
light of neural data [Didday, 1970, 1976; Ewert & Von Seelen, 1874; Arbib
& Lara, 1982; Lara & Arbib, 1882]. All the lovels that fall in between the
§irst two extremes of neural modelling, fit in this category [Arbib, 1084).

In summary, that Neuroethology and Brain Theory chare interests in the 203l-

ysis of important izzues in neuroscience that explore the following main questions :

1. In what way is sensory-motor coordination carried out by the CNS?

2. deomnm(andhah)dﬂmmbehnvmnyimpoﬂntmm-
uli from non-important ones?

3. me&cwhuondmdsﬁmnﬁvithhtheﬂs?
4. How does the CNS identify different stimuli patterns?
8. How does the CNS localise stimuli in the environment?

-3 -3 .3 13
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STIMULI ACTIONS

CENTRAL NERVOUS SYSTEM (CNS)

°
S T8 ° Plann
)

Effectore |-

Figure 2: Sensory-motor coordination aceording to Schema Theory
The internal state of the organism Is updated by new stimuli, whooe internal
representation (Perceptual Schema) is used by the organism (Planner) to decide
what action (Motor Schema) should be produced next. This forms an Action-
Perception cycle [Arbib, 1981a].
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6. What are the means of perceiving, storing and retrieving information in the
CNS§?

7. How ia the release of bebavioral patterns modulated by the motivational
state of the animal?

Research Ohjectives

Our goal in this research is to offer a conceptual analysis of some of the neural
mechanioms used by the CNS during sensory-motor coordination. The available
cmpirical evidence makes it very difficult to deal with the general question of
how inpute from differeat sense organs are Integrated by the CNS to control the
animal’e interactions with the environment, 8o, in this dissertation, we restrict
our analyais to processes occurring during Vissomotor Coordination. To do so,
data from studies on frogn and toads, Le., anuran emphibians, were chosen to
lay the empirical basis of a family of models of visually guided behaviors in
vertebrates.

The visual systems of frogs and toads has been extensively studied from dif-
fereat points of view, such as anatomical, neurophysiological, ethological and
theoretical. These animals present very stereotyped behaviors which are relsased
by relatively simple visual key-stimuli. When they confront visual stimuli with
o high probability of representing a prey or a predator, innate mechanisms rec-
ognise the key-stimules and elicit the most adequate motor behavior, such as
prey-catching or predator-avoidance. Additionally, anurans are vertebrates and
their nervous systems share interesting paraliels to the way In which higher ver-
tebrates, Including humans, coordinate their actions according to what they see.

In this dissertation, we develop and analyse a family of models of the parallel
distributed interactions among retina, optic tectum and pretectum that subserve

3 3% 3 T3 73 T3 T3 T3 T3 T3 T3

asuran’s visuomotor coordination. These models represent the latest stage of
an evolving model, defined by Asbib [1982] as Bans Compulatriz, of frog and
toad’s visuomotor eystem. The features of the modelling siylc embodied in Rane
Computatriz at each stage are:

1. New phenomena are addressed by refining and expanding the modela cre-
ated in previous stages. That is, now models, subsuming previous models
a8 subunits, are used to explin a wider range of behaviars in a manner
cozsistent with current neuropbysiological and anatomical data.

2. To produce a new “model” In the scquence, wo design, based on empirical
grounds, and analyse a “family of models®. Computer simulations are coa-
ducted to choose the set of parameters (connectivities, synaptic weights, and
time and membrane constants) that yield the neural dynamics compatible
with available data.

3. These choices are constrained by experimental results when available, When
empirical information is oot available, we make choices posing explicit by-
potheses which may serve to stimulate new experiments. Results from those
experiments, in turn, are to be used to refine and develop the models ac-

cordingly.

The firet stage of Rana Computfalrizs was a neural model of a single “Tectal
Column® [Lara, Arbib & Cromarty, 1882), abstracted from anatomical studies
in frogs [Soékely & Lisér, 1976), which analyzes physiological data {Ingle, 1975]
for prey-catching facilitation. The second mode! [Lara & Arbib, 1882 was a
unidimensional array of only 8 tectal columns. It explains the increass in the
response of pyramidal cells when o *worm-like® stimulus is elongated, and the
facilitation to double stimuli moved aloag the direction of motion with the animal
preferring to orient to the leading of the two objects. In the third stage [Arbib &
Lars, 1982], some notions of Didday (1070, 1076] and Amari and Arbib [1977] were
incorporated to develop a model of retino-tectal-pretectal interactions underiying
prey-selection [Ingle, 1068].

In this work, three of the main advantages of braia modelling are exploited.



Firet, our models, built upon Mju&dﬁm’bed,mbmdonmﬁnﬁcrpaﬁﬂ
and temporal neuronal interactions. These models are used to analyse neuro-
physiological and etbological data (Bwest, 1976, 1980, 1084; Griisser & Grisser-
Cornehls, 1076; Griisser-Cornebls, 1984; Roth & Jordan, 1882] in a way that
postulates explicit bypotheses about neuronal connectivity within the tectum
azd about the spatio-temporal tectal ontfiow. Here, the objective is to explain a2
wider range of phenomena not addressed by previous models, such as:

1. How the spatio-temporal characteristics of visual etimuli are used by the
animal’s brain to release patteras of movement,

2. How the tectal architecture subserves physiological responses, in the pres-
ence and in the absence of inkibition, of different tectal units, i.e.,
Ewert's tectal cells of type T5{2) and T5(3)-

3. How the levels of activity in those units contribute to the elicitation of a
wider range of behaviors in pattern m@ﬁmhﬁo@udwads,mchu
eworm-antiworm® discrimination, npise-preference, prey-catching orienting
and predator-avoidance bebaviors.

4. Muhuhmbywhichkctalpynmidalunmmightbcvdodtyde

pendent.

Second, computer aimulations are used to test different bypotheses that may
clarify the suitability of epecific interpretations of experimental data, and to ex-
plain data beyond those which specifically eatered into the models’ design, pre-
dicting In this way new results that may be tested experimentally. We design our
models to be flexible enough so that the results of those experiments can be used
to refine and develop tbe models accordingly.

And third, using Noa-linear Systems Theory techniques, a stability analysis is
mewmmaqammaxm model of Lara et of [1082}
to changesin different parameters. This analysis is conducted in combination with
computer simulations to learn more about why the hypotheses embedded in the
models yield the appropriate behaviors, and what are the critical situations under
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which these behaviors are displayed. Results obtained from this analysis should
slimulate new experiments that may be tested empirically.

Organisation of the Dissertetion

mwnhomnhdhb&mmhm(cwma.dmds).
Each one of these parts has enough material to be read independently from the
others witbout affecting its underetanding. Emplrical and theoretical studies,
wﬂdmbacmnndmmd(ormmmpw,mduﬁwhmz.
Additionally, all three parts are complemented by material contained in Appen-
dl:uA,BandC.hChpmt.wamiew anatomical, ncurophysiological and
ethological studies of the anuran’s visual system which are relevant to the un-
derstanding of bow visuomotor coordipation is carried cut by the animal’s brain.
These studies lay the basis of our models of nenral substrates subserving visually
guided bebaviors in vertebrates. Special attention bs paid to studies of the retina,
optic tectum and pretectum and their interactions, which have beea suggested
to play a prominent role during aworm-antiworm” discrimination, prey-eelection,
prey-catching orienting and predator-avoidance behaviors. We also review previ-
ous [Didday, 1670; Ewert & Von Seclen, 1074] and alternative [an der Heiden &
Roth, 198S) models of the retino-tectal-pretectal interactions. In later Chapters,
these models are compared and contrasted with our models.

hPml(Chapma).weprmNhedevdopmtudaulylbd;hmnyd
seural models of the retino-tectal-pretectal interactions. Perception of visual in-
formation in the CNS starts whea the light pattern representing external stimull
bits photoreceptors of the retina. Thus, » model of neural substrates subserving
visuomotor coordinstion requires 2 model of the retinal preprocessing of informa-
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tion. In this Chapter we describe a Black Bos, curve fitting, retina model that,
according to the specification of external stimuli, produces the corresponding
lovels of activity of ganglion cells R3, R3 and R4 in response to different con-
figurations of *dummy”™ stimuli, such as horisontal and vertical rectangles, and
squares of different sises. This model reproduces physiological data (curves) re-
ported by Ewert [1976, 1080]. It also considers the effects of varying the stimulus
velocity and coatrast according o the exponeatial formulas obtained by Griisser
and Griisser-Cornehls (1676], Finkelstein and Grilsser [1965), and Ewert (1976,
1880].

The models presented in this Part embody hypotheses about tectal architec-
ture and its role in the processing of visual information. Here, using a refined
versioa of the Tectal Column model of Lara ¢f al [1982)] as a subunit, we present
a two-dimensional model of the retino-tectal-pretectal Interactions subserving
physiological responses, in the presence aad in the aboence of pretectal inbibi-
tion, during the behaviors of “worm-antiworm® discrimination, size-preference
and prey-catching orienting. The only efferent element of the Tectal Column
model, the pyramidal (PY) cell, is suggested to be equivalent to the tectal cell
T5(2) defined physiologically by Ewert [1976]. In this model we postulate that
direction invariance of *worm-antiworm® discrimination is a consequence of the
tectal architecture, and that sige-preference and respoase latency depend on the
motivational state of the animal.

Finally, ip the discussion of this Chapter we describe cur bypothesea of how
“worm-like® and “antiworm-like® stimuli are represented (Perceptual Schemas)
by the anuran’s brain through levels of neural activity of different units within the
retina, the optic tectum and the pretectnm, as well as how this representation is
used by Motor Centers, such as the spinal cord, medulla oblongata, and probably

3 T3
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reticular formation and cerebellum, to activate the proper motor behavior {Motor
Schemas).

Given that in Part I a model that reproduces satisfactorily empirical observa-
tions bas been developed, now, we want to explore the model-family to determine
what range of models, different parametric combinations, is acceptable. There-
fore in Part I (Chapter 4), we analyse a refined version of the model of a single
tectal column proposed by Lara ¢f ol [1082]. Based on the model characteristics
and the introduction of new tectal units [Cervantes-Péres, Lara and Arbib, 1085},
we redefine it 23 the Facilitation Tectal Column (FTC) model. We poiat ont the
main bypotheses embodied in the model of how the tectal architecture and in-
teractions among tectal elements account for prey-catching facilitation. Thean,
otability and parameter-sensitivity analyses of the model are conducted to es-
tablish the ranges of parameter values within which the FT'C still bebaves in a
manper that is consistent with the available physiological results.

In Part Il (Chapter 5) compater simulations of the the models developed in
Part I are used to design new physiological and bebavioral experiments that raise
new bypotheses about nenral mechanisms subserving visuomotor coordination in
frogs and toads. These experiments are posed to be tested empirically, so we
outline possible experimental paradigms to test them. We analyse in detail the
controversial issue (e.g. the controversy between the assertions of Ewert (1080,
1984) and of Roth and collaborators [Luthardt & Roth, 1979; Himstedt & Roth,
1980; Roth & Jordan, 1982; Roth, 1976, 1882]) abont whether or not stimull
preference in PY cell’s response Is Invariant to the stimulus velocity.

Finally, in Chapter 6, we present a summary of our models® contributions to
the understanding of how processes related to visuomotor coordinatioa in frogs
and toads are carried out by the CNS. Our models are compared and contrasted

3
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with a previocus mode] developed by Ewert and Von Seelen (1974] and aa alter
native model proposed by An der Heiden and Roth [1983] polnting out the scope
of the hypotheses that cach model can explain. Additionally, possible future
extensions of this research are outlined in detall.

The information presented in the Appendices, about the mathematical rep-
resentation of our models and its computer implementation, is intended to show
bow the results reported in this dissertation can be reproduced. In Appendix
A we describe the mathematical representation of the models and provide tables
with the final cholces of values of thresholds, time constants, membrane constants
and synaptic weight coupling factors. Finally, in Appendix B we analyse different
numerical metheds for solving systems of first order differential equations. Here
we define what numerical methods are well suited to solve the eystem of first
crder differential equations that represents the dynamics of the neural pet model.
These methods are compared according to the eriteria established by Hull et of
{1972}, where the cost of a particular method applied to a particular problem is
measured by both the number of function calls and the overhead cost.
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CHAPTER 1I

VISUOMOTOR COORDINATION IN FROG AND TOAD

Introduction

In this Chapter we provide an overview of data generated by empirical and
theoretical studies related to processes of visuomotor coordination in frogs and
toads. Here, our aim is threefold: first, to present the theoretical and exper-
imental findings that were considered in the development of the family-models
described o this dissertation (see Chapters 3, 4 and 5); second, to provide enough
background material to facilitate the understanding of the models and of the type
of information processing carried out by the anuran’s brain to coatrol the animal’s
behavior; and third, to introduce material required to outline further research in
our cfforts to elucidate the neural mechanisms underlying visuomotor coordina-
tion in frog and toad.

So far, our models have been used to explain phenomena related with prey-
catching and predator-avoidance behaviors. Therefore, in this Chapter we restrict
our review to data from studies related to events ocurring during the elicitation of
these behaviors. Thus, cur review begins with the discussion of ethological stud-
fes which describe the sequence of events that take place during prey-catching
and aveidance behaviors, as well as the key-stimuli that release them. Then,
proceeding from the outside to the inside, we discuss results from studies of dif-
ferent brain regions along the visual system of froge and toads. Our review starts
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with the eye and the retina, followed by data from studies of the cptic tectum,
henceforth referred to as *tectum® for shert, and the thalamic pretectal pe/pl
region, henceforth referred to as “pretectum® for short. Brain lesion and braln
point stimulation experiments, whose goal is to identify those brain structures
that seem most likely to be responsible for the activation of particular behavicral
events, have pointed to the two latter regions and their interactions as playing a
prominent role in the elicitation of prey-catching orienting and predator-avoidance
bebaviors. Thus, we review current anatomical and physiclogical studies that an-
alyse the intrinsic organisation of the tectum and pretectum, and the nature of
the interactions among their elements. In addition we also include data on the
effects of retinal axon terminals impinging upon tectal and pretectal elements.
Finally, our review ends with a survey of previous and alternative theoretical
models of the anuran visual systemn. In Jater Chaplers, scme of these models
will be compared and contrasted with our models, which seck to explain how dif-
ferent physiological events ocurring during prey-catching and predator-avoidance
bebaviors might be released by the conjoint sctivity of different brain regions,
cach one computing specific features of the world.

Neuroethology of the Anuran’s Visnal System

Oue of the advantages of working with amphibians, such as frogs and toads,
is that they have a limited repertoire of behaviors. These animals present fixed
action patterns, which can be repetitively elicited, when a key-stimulus appears
in the visual field. Griisser and Griisser-Cornehls [1976] classified the visually

guided behaviors in anuraos into seven categories:
1. general visual crientation In the habitat,

2. prey-catching behavior,
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3. avoidance and hiding responses,

4. responses of the eye (accommodation, dilation or constriction of the pupil,
and eye movements),

§. sbort-latency vegetative responses to visual stimuli, such as respiration and
beart beat,

8. long-latency vegetative responses to visual stimuli, such as annual rhythms
and hormonal variations associated with these rythms, and

7. changes in skin color of animals under different illumination or on different
backgrounds.

The bebavioral patterns of each category depend on visual etimulation, on in-
formation coming from other senses and on the motivational state of the animal
[Ewert, 1980, 1984; Griisser and Griisser-Cornehls 1976; Comer and Grobstein,
1981a, 1681b, 1981c; Ingle, 1976a, 1981]. The models developed in this disserta-
tion relate only to two of those categories, prey-catching and predator-avoidance.
That is, cur approach to visuomotor coordination starts with two basic behaviors
of the animal — it will attack *prey-like® objects, and it will avoid “predator-like”
objects.

Proy-Catching Bobhavior

Prey-catching bebavior is elicited by different types of natural prey objects in
frogs and toads. Toads catch earthworms, slugs, beetles and other small insects;
while frogs catch mainly fiies [Ewert, 1884]. In both animals prey-catching in-
volves the execution of a fixed sequence of motor actions [Griisser-Cornebls, 1584;
Ewert, 1984]. This bebavior is very similar in both species, differing only in few
parts of the sequence. Before a stimulus appears in the animal’s visual field, froga
wait motionless in their hunting habitat; while toads search for prey behaving as
“hunters”®. Fig. 3 shows the stimulus-response chain presented by toads when a
prey-like object appears somewbere in ita visual field {Ewert, 1980}:

3 3y 3y -3 .- 3 _1
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Piguro 3: Behavioral patterns of the prey-catching sequence.
See text for explanation [from Ewert, 1080].
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1. Toads (and frogs) exhibit an “orienting® response toward the prey.

2. When the orienting response brings the prey candidate into the binocular
vhudﬁ;ld,theulmd‘appmachu’thcwbydﬂking(ﬁoadonby
jumping).

8. When the prey is in the binocular part of the visual field and within a
certain distance, then “binocular fixation® ocurrs.

4. Once the prey is at a reaching distance, the animal “spaps” at it.

5. Then, there comes the “swallowing®.

6. Finally, the animal wipes its mouth and readjusts to a new hunting position.

In this chain, each response generates a now situation whoes perception triggers
the next proper response in the chain. It Is clear, that in performing the en-
tire sequence of prey-catching behavior an action-perception cycle [Arbib, 1081a,
1081b] takes place.

Behavioral studies bave shown that prey-catching bebavior In frogs and toads
is released by relatively simple key-stimuli. The fret characteristics these stim-
uli must bave are movement and contrast [Ewest, 1976, 1850, 1084; Griisser &
Griisser-Cornehls, 1076; Griisser-Cornehls, 1084; Ingle, 1076b]. Ewert and collab-
oratore [Ewert, 1976, 1980, 1034; Schiirg-Pleiffer & Ewert, 1981] have studied in
detail one of the action patterns in prey-catching, the ®orienting® bebavior. They
showed that both the sise of 2 moving stimulus s0d its geometry in relation to
the direction of motion play a prominent role in the prey-catching behavior of the
animal: rectangular objects whose longest axis moves in the direction of motion
(“worm-like®) are treated as prey; while if the same objecta are moved with their
longitudinal axis perpendicular to the direction of movement (“antiworm-like®),
the animal does not exhibit prey-catching orienting behavior, or may assume a
freesing posture, or may even exhibit avoidance bebavior (see Fig. 4Ba).
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Figure 4: Turning behavior to different configurational stimull.
A) Turning reaction to the stimulus preseatation. D: effective angular displace-
ment of the etimulus {p); T: angle of turning movements. B) Orienting activity
to three stimolus coanfigurations, horisontal (“worm®: type a) and perpendicu-
lar (“anti-worm®: type b) rectangies, and squares (type ¢). B.a) Normal toad’s
response; B.b) Responte of toads with pretectal lesion [from Ewert, 1076}
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Ewert et al, [1970) showed that in toads this *worm-antiworm® discrimination
is invariant to both the direction of motion and to the velocity function of the
stimulus, When the shape, sise and background contrast of a prey-like otimulus
were kept constant, the orienting rate activity R varied depending on the velocity
function v as follows:

R=k,-o

where k, and & are constants. In the same way, when the contrast ¢ is varied
while all other parameters are held constant, the orienting activity changes as
follows:

R=k,-c

where k, and o are constants.

It is interesting to note that the search for these invariant bebavioral oper-
ations has created some controversies between different laboratories. In wrode-
les, Luthardt and Roth {1979] reported that in Salamandra Salamandra worm-
antiworm discrimination varies with the velocity, the animal preferring *worm-
like® to *antiworm-like® stinuli at low velocities, while at high velocities the
“antiworm-like® stimulus is more effective. However, Himstedt {1082] argues that
this phenomenon is not observed in all salamanders, and that it probably depends
on the animal's experience with certain types of prey; while Ewert (personal com-
manication) has not fourd such change of preference.

Ingle and coworkers [Ingle, 1973a, 1976a, 1982a; Inglo & Cook, 1977} in frogs
and Ewert and collaborators [Ewert, 1980; Ewert & Burghagen, 19783 in toads
have shown that the releasing value of prey stimuli can change depending on the
motivational etate of the animal. They sbowed that animals highly motivated
(i.e. with hunger or by smelling worms) had low response thresholds and increase
the response rate to prey stimuli, even to those normally ineffective. Ingle showed
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that under these conditions, when a pair of “worm-like” stimuli (i.e., cylindrical
objects attached to wire holders moving with their longitudinal axis paralle] to
the direction of moticn) are present in the monocular receptive field, frogs prefer
stimuli subtending a visual angle of 16 degrees to the normally preferred stimulus
subtending a visual angle of 6 degrees, and present a lower latency in the response.
That is, animals under an increased motivational state present an enbanced re-
sponsc readiness and 3 reduced response latency. Ewert and Burghagen [1970a)
showed that altkough the prey-catching activity is greatly increased in motivated
animals, the sise selection phenomenon (j.c., determination of the optimal prey-
#ize to be preferred) remains almost the same for, within certain limits, changes
in the motivational state of the animal.

Predator-Avoldance Responso

Although frogs and toads act as predators, they are proyed upon by other
animals jn their environment, such as snakes and birds [Brodie, 1977; Ewert,
1980, 1984; Ewert and Traud, 1975]. Frogs and Toads may show a variety of
respouses in the presence of a large dark (i.e., “predator-like®) moving object.
Depending on the stimulus parameters (e.g., shape and sise) and its location in
the visual field, the animal could present any of the following responses [Ewert,
1976, 1080, 1984; Ewert and Rehn, 1969; Ewert and Traud, 1979; Ingle, 19763,
1976b; Grilsser and Griisser-Cornebls, 1976):

1. When confronted with a *threatening cbject®, such as a rectangle moving
as an antiworm, the animal sits without moving any part of the body.

2. If attacked by 3 “ground enemy” then the animal may tura away and jump
or it may run from the stimulus. A toad may also stand up and inflate its
lymphatic sackns making its body look bigger than normal.

3. Enemies flying over evoke ducking or jumping. When ducking the animal
assumes 3 defensive pesture, and before jumping it turns away from the
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Pigare 5: Directed avoldance bebaviors in R. Pipiens.
See text for explanation [from Ingle, 1976a).

fying object.

4. Toads confranting a snake display a particular type of avoidance behav-
Jor: stiff-legged posture with inflated Emphatic sacks, presenting the dorsal
surface or flank of the body towards the head of the predator.

Griisser and Griisser-Cornehls [1976] observed that the avoidance rezponse is
not pecessarily directed away from the threatening stimulus. Frogs confroating a
bird regularly turn towards a refuge (i.e., water ditch) even if they have to jump
towards the fiying enemy.

Ingle [1976a, 1976b] proposed that, within the laboratory, the direction of the
avoidance jump, whea the animal is confronted with a loomirg black disc, depends
oD a compromise between the forward direction and the direction opposite to the
direction of the threatening object. As can be obeerved in Fig. SA, when the
disc approached the frogs at 135 deg from their frontal midline, they jumped
stralght forward. If the disc was presented at 90 deg from the frontal midline
then they jumped with s direction at 45 deg from the frontal midline into the
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oppoeite visual field (Fig. 6B). Finally, frogs avoid a disc coming at 45 deg from
the frontal midline by jumping farther into the opposite visual field (Fig. 5C).

In toads, Ewert and Rehn [1069] determined an optimal sise for a prey-like
stimulus, These authors showed that when black discs of different sises were
rotated within a horisontal plane 10 e above the toad’s head, those of 47 deg
diameter released maximal escape response (see Fig. 6A). Then they tested the
effects of reducing the surface area of the disc (see Fig. €6B) and different disc-based
patterns. They found that circular rings of 10 deg width and 50 deg diameter
and a pattern of four discs of 10 deg diameter arranged in a square patters with
30 deg between adjacent discs were equally effective as the disc of optimal sise.

Griizser and Grisser-Cornehls [1076] and Ewert [1071, 1976] determined that
avoldance behavior also depends on the stimulus velocity. In toads, Ewert found
an approximately linear relationehip between the avoidance activity and the stim-
ulus velocity v for 1degfaec < v < 50deg/acc. In frogs, Griisser and Grisser
Coruehls found that, in a range of 1deg /sec < v < 60deg /aec, the probability
of eliciting an avoidauce response increases as the stimulus velocity increases. In
toads, enemy objects with a velocity function of 200deg /sec or more do not elicit
an avoidance respoase [Ewert, 1076]; whereas in frogs in their natural habitat,
avoidance responses to stimuli moving at 300deg /scc can be observed [Griisser
& Griisser-Cornebls, 1976).

Neural Mecbanizms for Prey-Catehing and Avoidance behavior

The ultimate goal of neuroethology is to explain behavior in terms of levels
of activity within neural networks. Thus, once the behaviors to be studied have
been indicated and classified, the next step ia to go inside the animal’s brain and
try to identify the neural mechanisms underlying such behaviors. This goal is

-3
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Pigure 6: Key-stimuli for relensing Avoldance behavioz.
A) Discs of different siscs, B) different stimulus patterns. Sce text for explanation
{trom Ewert, 1676).
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pursued by brain lesion and brain point etimulation experiments in combination
with anatomical and physiological etudies.

The Eye. In anurans, the sise of the eyes is considerable and their periscopic
position provides the animal with a large visual field. Using optical methods,
Schneider [1054] and Fite and coworkers|Fite, 1973; Fite and Scalia, 1976 showed
that in some species of frog the visual field sublends approximately 360 deg.
Additionally, an extensive part of this field is binocular, it may extend some
40-55 deg below the horisontal meridian and some 160-170 deg over the lead.
Electrophbyeiologically, Gase and collaborators [1859, 1862] measured the optic
tectum moanocular visual field. Their findings correspond rather well with results
obtained by the optical methods.

The Retina. The Central Nervous System (CNS) starte processing visual
information whea light patt hit the photoreceptors in the retina. The cell
perikarya of the retina are organised into three layers [Dowling, 1976; Griisser and
Griisser-Cornebls, 1076): the “outer nuclear layes® (ONL), which Is compoeed by
the perikarya of the receptor cells; the “inner nuclear layer® (INL), which coatains
the perikaryaof bipolar, horizontal and amacrine cells; and a third layer consisting
of the ganglion cells. The synapses among retinal elements are mainly confined
in two lnyers: the ®onter plexiform® layer (OPL) containing synapses among
receptors, and horizontal and bipolar cells; and the Sinner plexiform® layer (IPL)
involving synapees among bipolar, amacrine and ganglion cells.

The synaptic organisation of the frog retina Is shown in Fig. 7. Processes
from bipolar and horisontal cells make synaptic contacts with the receptors. The
OPL also contains synapses between processes of the horisoantal cells with dea-
drites of the bipolar cells, as well 33 with other horisontal cells processes (not
shown o the figure) [Dowling, 1076]. The IPL contains synapses between bipolar
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Pigure 7: Synaptic contacts in the frog retina.
RT-receptor terminals; H-horisontal cell; B-bipolar cell; A-amacrins cell; G-
ganglion cell [from Dowling, 1976].
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terminals and amacrine cell processes, bipolar cell terminals and ganglioa cell
dendrites, amacrine processes and ganglion cells dendrites, and serial synapees
between processes of morphologically identical amacrine cells.

In the present work we are interested caly in the physiological properties of
the ganglion cells, so the interested reader is referred to Shepherd [1979], Werblin
and Dowling [1969] and Dowling [1976] for a detailed anatomical and physiological
study. Additionally, an extensive review of the literature is found In Lee [1985).

Electrophysiological studies in froge have classifiod different types of retinal
ganglion cells according to their receptive fields or their responses to either simplo
flashes or complex stimulus patterns. Hartline {1940], recording from the retina,
defined three types of ganglion cells: ®on® neurons, “en-of® neurons and “off*
peurcas; whereas, Maturana ef ol [1960] recording from the optic tectum, defined
four types: “sustained edge” detectors, “convex edge® detectors, "changing con-
trast® detectors and “dimming” detectors. Griisser and Grisser-Cornehls [1076),
using the classification of Maturana et al [1960] with some modifications, defined
six types of ganglion cells:

1. CLASS 0 neurons (“on® neuros). These cells respond to the onset of the
stimulus, presenting a strong transient response to red light and s sustained
response, which might last up to one minute, to blue light. It bas an excita-
tory receptive field (ERF) of 4-15 deg of visual angle, and the simultancous
stimulation of the ERF and the inhibitory receptive field (IRF) yields a weak

depolarisation. It responds to stimulus with velocities above 1deg /sec, and
it echows no directional senajtivity.

2. CLASS 1 peurons. This type of cells corresponds $o the “edge” detector of
Maturana ef ol [1960). It shows no response to changes in diffuse Hlumine-
tion, and a sustained “on-activity” to a small spot projected anto its ERF.
The ERF extends from 1.5 to 4 deg, and is surrounded by an IRFof 540 6
deg minimum.

3. CLASS 2 neurons. These cells are the “convex® detectors of Maturana ef
of [1960). They have an ERF of 2.5 to 4 deg surrounded by an IRF which
extends, depending on the type of stimulus, from 20 o 45 deg. The maximal
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sentitivity of these cells lies in the center of the ERF. These units show no
response to off stimulation of the whole receptive field, and, unlike class §
peurons, they do not resume firing when the illumination is restored. The
respoase of thees units, for stimull large enough to cover both the ERF and
the IRF, is more strongly inhibited by the etimulus expansion perpendicular
to the direction of motion. In addition, black stimuli oa a white background
are more effective than white stimuli on a black background.

. CLASS 3 neurons. These cells are Hartline’s [1840] "on-off* neurons, which

are also Maturana’s [1060] “changing contrast® detectors. The ERF is of
6-10 deg and it has in most cases an oval shape. The IRF extends from 12
to 20 deg in diameter. As long 2s the etimulus is smaller than the ERF,
thempomdthuecdhdqnndlontbemn&herthuon&haohapco{
moving stimuli. These units respond to both the onset and the termination
of the stimulus. These neurons have their maximal seasitivity in the ceater
of the ERF, and white stimuli on 2 black background are equally effective
as black stimuli on a white background.

. CLASS 4 neuroas. These cells correspond to the “off* neurons of Hartline

[1940], which are also called “dimming® detectors by Lettvin et al [1959].
These upits respond with an increase in impulse rate to a reduction in
llumination. The ERF of these cells is of 10 to 15 deg. Any stimulus that
dims the ERF evokes 2 response regardless of the eise.

CLASS § peurons. Maturana ef of [1960] clazaified these cells as “dark®
detectors, they respond continuously and their activity increases as the
{llumination decreases. They respond slowly to changes in background il-
lumination and show no respoase to dark moving stimuli. These units are
rarely observed i the retioa or in the tectum.

Ewert has shown that in toads [Ewert, 1976, 1980, 1984] the response of retinal
ganglion cells of type R2, R3 and R4 depends o the sise, shape and geometry
with respect to the direction of motion (see Fig. 8). The notation used by Ewert is
equivalent to the one proposed by Griisser and Grisser-Cornehls [1976), differing

only

in an R before the cell’s class number. The three types of ganglion cells

respend almost with the sams intensity to *worm-like® stimuli, rectangles moving
along their lopgitudinal axis (type a in Fig. 8), of different sises. To “antiworm-
like®, rectangles moving perpendicular to thelr longest axia (type b), or “square®
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Figure 8: Response of toads retinal ganglion cells
Rapoueolpnglionedlsclwm RS and R4 to different configurations (type
a, b and c) of maving stimuli with 3 visual angular velocity of 7.6 deg /oec [From
Ewert, 1076].
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stimuli (tywc).mdionuﬂsdmmmkahmthdtmo{mpomup
to their respective receptive field slses and then progressively decrease for larger
objects; whereas cells class R4 increase their rate of response as the stimulus sise
hcmnu,givinstheﬁmngutmmtonqnmmmnli.

Mhﬂpngiionunmpomhlhonmﬁﬁvehﬁnulodtyfucﬁoa [Ew-
ert, 1976; Finkesltein & Griisser, 1965; Griisser et of, 1967; Griisser & Grissar-
Coruchls, 1976, contrast [Griisser & Griisser-Cornehls, 1976; Ewert, 1976, 1080},
udchmmﬂicwmpodﬁondthomvinglﬁmnlulcrimm&&nn-
ders, 1981a,b]. The quantitative relationship between average impulse rate R of
pnslbnuﬂsdaﬂchumdthadhnﬂuamhrvdodtymhapmedu
follows:

B=kv

where & and & are constants, & depeading on other stimulus parameters, such
as sise, shape and contrast with respect to the background. Similacly, the rela-
tionship between the firing rate R and the etimulus contrast with respect to the
background can be expressed by

BRskd

whmkudﬂmeommb,md,wn,kdependlon the otber parameters of the
stimulus, Somemgnancel]schukzudnauhouhibilmongamomfon
pasticular movement direction [Ewert & Hock, 1072; Ewert, Krug and Sch3oits,
1679]. From now on, when referring to ganglion cells, we wil follow Ewert’s
notation.

Retinotopical Projections. In the frog, the retina projects to fivo different
regions in the brain. dem&enmammehwmkm
nucbuudthpmﬂnmnmmwh&odhuphba;whm
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the other two, the optic tectum and the basal optic root, are in the mesen-
cephalon (Ssékely & Lisdr, 1076; Scalia & Fite, 1074; Scalla, 1076; Fite & Scalia,
1076, This can be observed in Fig. 9. Ganglion cells of different classes project
retinctopically to both the tectum and the thalamic pretectal region [Griisser &
Griisser-Cornehls, 1076; Ewert, 1076, 1980; Fite & Scalia, 1076). The retino-
tectal projection is contralateral; while the retino-pretectal is both coatralateral
and ipsilateral, though the contralateral projection is stronger. Neurosnatomi-
cal and neuropbysiological studies in frogs [Potter, 1969, 1972; Lisir & Ssékely,
1969; Ssékely & Lissr, 1976; Witpaard & Keurs, 1975; Maturana ef of, 1060} and
in toads [Ewert & Hock, 1972; Ewert, 1976, 1050; Griisser & Grilssor-Cornehls,
1076] have shown that the optic tectum receives axon terminals from retinal gan-
glion cells R2, R3 and R4, while the pretectum is activated by classes B3 and
R4.

The Optic Teetum. A great deal of research has been aimed at trying to
find the neuronal mechanisma responsible for visually guided bebaviors. Thus,
the next step is to study the Primary Visual Centers (PVC), thosa brain regiozs
that receive topographical mape from the retina. In this section we explore the
work done in the optic tectum, whils in the next section studies of the thalamic
pretectal region are reviewed.

In toads, lesion experiments [Ewert, 1976,1980; Comer & Grobetcin, 1931a,
1081b] have been used to show that prey-catching orienting and avoidance bebav-
iors are disrupted when the tectum is destroyed. Furthermore, as might be ex-
pected, sinco the tectum receives information from the retina in a retinotopic way,
electrical brain point stimulation experiments [Ewert, 1076, 1980) have shown
that the stimulation of a specific tectal region, via an hmplanted microelectrode,
elicits the prey-catching orienting response to the corresponding retinal projec-

-3
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Figure 0: Retinal projections in the anuran brain
A) Labeling convention of the four quadrants of the eye: T—temporal, D—doreal,
N—nasal and V—ventral. B) The retina projects to the optic tectum (0), nuclens
of Bellonci (B), lateral geniculate nuclens (C), thalamic pretectal neuropil (P) and
basal optic root (X) [from Secalia and Fite, 1974).
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tion. This points to the tectum a3 playing a prominent role in eliciting visually
guided behavior. Comer and Grobatein’s {18813, 1981b] experiments ehowed that
in atectal animals the orienting bebavior could be elicited by touch stimulation.
This suggests that the activation of motor programs does not takes place in the
tectom, but In a subsequens stage in the visual chain,

The optic tectum is the main visual center in the anuran’s brain. Its main
input consists of afferents fibres from the contralateral retina. Depending on the
clasa, these fibres project to different depths of the most superficial tectal layers.
Axon terminals from retinal ganglion cells class R2 reach the tectum at the most
superficial part of layer 9 (see below), from class R3 deeper and class R4 even
deceper into the sams layer [Maturana et o, 1960; Gase & Keating, 1068; Potter,
1969, 1972; Griisser & Griisser-Coruehls, 1076; Griizser-Cornehls, 1084; Székely
& Lisir, 1076; Lisdr, 1984; Witpaard & Keurs, 1875).

In addition to the fibres from the contralateral retina, the tectum receives
afferent fibres from other non-visual and visual centers. This can be observed
in Fig. 10. Its ipsilateral input is comprised by fibres from the rostral thala-
mus, the nuclene posterolateralis thalami, the doreal posterior nucleus thalami,
the nucleus geniculate lateralis, the large-celled pretectal nucleus, and the an-
terodorsal, posterodorsal and posteroventral tegmental fields. Its contraletral
input consiets of fbres from the nucleus posterolateralis thalami, the dorsal pos-
terior nucleus thalami and the optic tectum. Additionally, the tectum receives
afferent fibres bilaterally from the nucleus isthmi, the ventral preoptic hypothala-
mus and the suprapeduncular nucleus{Rubinson, 1868; Lis4r, 1960, 1984; Scalia
& Fite, 1074; Trachtenberg & Ingle, 1974; Griizser & Griisser-Cornehls, 1076;
Griisser-Cornehls, 1084; Wicsynski & Northcutt, 1977; Grobetein of ol 1078,
1982; Székely & Lisfr, 1076; Fite & Scalia, 1076; Gruberg & Udin, 1978; Moat-

3 .3 3 .3 3 .3
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Figure 10: Projections from other brain regions to the tectum
BlockdiwoﬂheptojecﬁomﬁomthaMiuudotherbra!nno‘mto!he
optic tectum [from Grilsser-Cornehls, 1884).

gomery, Fite & Grigonis, 1935},

The intrinsic architecture of the tectum has been the center of attention of
many neurcanatomical studics since the time of Ramon y Cajal. Lissr and col-
laborators [Ssékely & Lisdr, 1076; Lisir, 1083; Lisdr, 1084] have conducted
detailed Golgi and HRP studles of the frog optic tectum (see Fig. 11). The op-
tic tectum of anuran amphibians is composed of nine differeat layers, which are
numbered with arabic numerals kn the left part of Fig. 11. Layer 9 is divided into
scven sublayers, identified with capital letters in the same Sgure. The number
of cells inside each tectum b of approximately 450,000 in Rone Escalenta. I is
interesting to note that this number corresponds rather well with the number of
retinal ganglion cells found by Maturana [1960).

8sékely and Lésdr, [1076] identified as mauy as seven different types of cells,
which were classified according to their shape:

1. Large Pear-Shaped cells. These cells are located in layers 2, 4 and 6,
and form two subgroups on the basis of the dendritic arborisation Selds.
Group type (a): with narrow deadritic tree, a single ascending dendrite that
reaches layer 9, tiny basal dendrites, and an axon that originates from the
main dendrite and ascends to layer 9 (marked with number 1 in Fig. 11).
Group type (b): with a larger cell body and larger basal dendrites than type
(a), they present an ascending single apical dendrite that rarely breaks up
into two main branches, and do not bave axons (marked with number 2 in
Fig. 11).

2. Small Perar-Shaped cells. These cells constitute moet of the cellular pop-
ulation in layer 8. The soma and the deadritic arborisation of these cells
is very similar to those of large pear-shaped cells, but smaller and rarely
present basal dendrites. Tho axon may originate from the perikarion op-
posite to the apical dendrite (marked with pumber 5 in Fig. 11), descend
for a while and then turn back and terminate in the lower part of layer 9;
or from the thicker dendrite and arborise within the dendritic tree (marked
with sumber 6 in Fig. 11).

3. Bipolar cells. These cells are located in layers 8 and 9, and can be crisnted
vertically or horisontally. They obtain the form from the two maln dendrites

i —3 3 T3 3 T3 T3 773
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Figure 11: Intrinsic organisation of the Frog Optic Tectum.
Numbers on the left indicate the different tectal layers, while the letters indi-
cate the sublayers of the most superficial layer 9. Tectal aeurons are classified
according to their shape, and labeled with numbers. (1) Large Pear-shaped cell
with dendritic appendages and ascending axon. (2) Large Pear-shaped cell with
dendritic collaterals. (3) Large Pyramidal neuron with axon projecting outside
the tectum. (4) Large tectal Ganglionic neuron with efferent axon. (5~6) Small
Pear-shaped cells with descending and ascending axons respectively. (7) Bipolar
neuron. (8) Stellate neuron. (9) Amacrine cell. (10) Axon terminals from reti-
nal ganglion cells. (11) Assumed evidence of Diencepbalic fibres [from Sxékely &
L4s4r, 1976).
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that originate in the opposite poles of the soma. In the vertical bipolar cells
the axon originates from a dendrite and descends to layer 6 (marked with
number 7 in Fig. 11); whereas in the horizontal bipolar cells it originates
from the perikarion or from a deadrite and courses into layer 9.

4. Stellate neurons. These cells constitute the biggest part of the cellular
population in layer 9. They bave a few short dendrites, and thin axon-
like processes that originate from such dendrites (marked with number 8 in
Fig. 11).

§. Amacrige cells, These cells are also located in layer 8. They have small
oval perikarya with their long axis perpendicular to the surface. These cells
bave only a single short process which splits iato two or three branckes, and
are axonlese (marked with number 9 in Fig. 11).

6. Pyramidal cells. They are found abundantly in layer 6. The perikarion s
pyramidal or ovoid. These cells present a thick apical dendrite, which sends
branches to the decper sublayers of layer 9, and dendrites arising from the
base of the cell body giving it a pyramidal form. The axon originates from
the main or secondary dendrite, and at layer 7 it turns laterally, or medially
if the neuson is close to the midline, and leaves the tectum. Therefore, this
type of cell is regarded as an efferent element of the tectum (marked with
number 3 in Fig. 11).

7. Large Ganglionic cells. These are the largest cells of the tectum. The diam-
eter of their dendritic arborisation can reach up to lmm. Large ganglionic
cells can be found in the boundary of layer 8 and layer 9.Their axon origi-
nates from the cell body and descends to layer 7 where It leaves the tectum.
Thus they are also regarded as effereat elements of the tectum {marked with
number 4 in Fig. 11).

Other anatomical studies have suggested that more tectal cells project outeide
the tectum. Using the technique of retrograde filling with HRP, Gruberg and
Lettvin [1880] reported that almost all types of tectal neurons became stained
after an HRP injection in the nucleus isthmi; while Lisar et af |1983), using the
technique of cobalt filling, identified two types of small pear-shaped cells in layer
8 a projecting to the nuclous isthmi.

As seen above, the tectum receives afferents fibres from the retina and from

other brain regions. Diencephalic (marked with number 11 in Fig. 11) and retinal
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Inpute (marked with sumber 10 in Fig. 11) arrive at the superficial layer 9 of
the optic tectum. Thalamic axon terminals can be seen in the most superficial
sublayers, though they may ramify into deeper layers [Ssékely & Lisdr, 1976}.

Other classfications of tectal cells are the result of electropbysiological record-
ings [Lettvin et ol, 1061; Ewert, 1876, 1080, 1984; Griisser & Grisser-Cornehls,
1076; Griisser-Cornehls, 1984; Ingle, 1073b, 1075; Roth & Jordan, 1082]. Lettvin
et ol [1961] were the first In giving a classification of tectal cells on the basis of
their phyaiological responses. They identified two types of cells:

1. “Newness® nourons. These cells have receptive fields of about 30 deg in di-
ameter, with great overlap with thosc of other newness cells, They produce
small responses to sharp changes in illumination, and their rate frequency
Increased whea the stimulus presented a “jerky™ movement. They babituate
rapidily, and habituation Is erased with a step of darkness.

2. “Sameness” neurons. The receptive field of these cells includes the whole
visual field of one eye, but a “blind® epot. They do not respond to changes
in llumination. They respoad to the presence of an object in their receptive
field by generating a pulse train of low frequency. They present the maximal
response to stimull of 3 deg in diameter. When presented with several
stimull simultaneously, they focus their attention on the one with the most

Irregular movement.

Ingle {1073b, 1075} studied bebavioral and physiological correlates involved
in prey-catching facilitation in frogs. He observed, and classified as ®attention®
units, two tectal neurons whose firing response accounted rather well for such a

facilitation phenomenon:

1. Neurona giving  first burst of activity when the stimulus was presented,
then a period of silence followed by a second buret of activity after the
stimulus was removed, i.e., these cells presented rebound excitation.

2. Cells preseating a slow steady discharge for 3 to 6 seconds with a delay of
1 or 2 seconds after the stimulus was removed from the visua) field.

Ingle {1673b] also obeerved that these cells were found more easily in animals with
thalamic/pretectal lesions than in normal ones.

T3 3 3 T3 73 T3% T3 —3 ~3 T3 T3 A I I T3 T3 TI T3
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FPigure 12: Schematic dlagram of different tectal eells.
Classes (1 to 7) of tectal neurons found in Rans Esculents [from Griisser-Cornebls,
1984},

Griisser and Griisser-Cornebls [1076] provided a wider classification of tectal
cells on the basis of their electropbysiological work on Rana Pipiens, Rana Escu-
lenta, Bufo Bufo and Hyla septentrionalis. They found evideace for at least seven
main classes of tectal cells in the anuran optic tectum (see Fig. 12):

1. Class T1. These cells have an oval ERF that extends from 15 to 30 deg over
the binocular part of the visual field. They are located in the anterior and
lateral part of the deeper tectal layers. Despite the location of their ERF, a
subgroup of these cells is activated only by etimulation of the contralateral
eye, another subgroup respoads to monocular stimulation of the ipailateral
or contralateral eye, and a third subclass to the simulianeous stimulation of
both eyes. Class T1 neurons respond to black or white stimull moving on
a contrast background, and becoms inactive when the stimulas is stopped
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inside the ERF. The firing response of these cells depends on the velocity
function of the etimulus, it increases as the stimulus velocity increases.

Class T2. The ERF of these cells extends more than 80 deg, Including the
binocular past. Despite including the binocular visual field, the response of
T2 cells is drives monocularly by the contralateral eye when small objects
subtending 2-15deg of visual angle are presented. A cubclass of these neu-
rons exhibits directional selectivity whereby the preferred direction points
from the temporal to the nasal part of the visnal field. Frequently, these
cells display spontaneous activity. M the stimulus is stopped within the
ERF then the neuronal response decreases to the epontaneous level within
1 to 2 sec. Likewise class T1 peurons, the response of T2 cells depends on
the velocity of the etimulus.

Class T3. The ERF of theae neurons is located predominantly in the nasal
part of the vioual field. Class T3 cells are found in the deeper regions
of the anterior and lateral tectum. They present a short weak on-off or
off response or pope at all to changes in illumination. A strong neuronal
response is produced by stimuli bigger than 3 deg moving along the s-axis
towards the contralateral eye; whereas stimuli moving along the g-axis away
from the apimal yield no rezponse.

. Class T4. These cells are located in the deeper layers of the tectum, eope-

cially in the medial and caudal parts. Their ERF extends throughout the
entire visual feld, or a major part of it. Class T4 neurons are activated
by small (less than 5 deg) or large (up o 30 deg) moving objects. Theee
neurons display strong neuronal adaptation, which is limited to the part of
the visual field stimulated during the last 30-50 sec.

. Class T5. These cells have an oval ERF of 8 to 30 deg. They are probably

the ®newness® cells of Letttvin et ol [1961]. A subclass of T5 neurons
exhibits directional selectivity to an extent that varies from cell to cell;
this subclass may correspond to the T5(1) neurons of Ewert [1976] (see
below). A second subclass of T§ cells have o “striated” receptive field with
excitatory sones interrupted by “silent” sones (perhaps equivalent to the
blind spots of the newness cells of Lettvin et af [1959)). Class T5 neurons
have been extensively studied from the physiological point of view, and later
we discuss some of those studies In detail.

Class T6. The ERF of these neurons is located above the animal, and
covers large monocular regions for both eyes. Therefore, a response of these
cells is elicited by the left or right eye depending on the focation of the
etimulas within the visual field. A stronger neuronal response is obtained

.3
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i the stimulus is larger than 8 deg In diameter and its velocity is above
sdeg /sec. The ERF of these cells extends frontocaudally at least 120 deg
and left to right 00 deg. Neurons of this claes are located in the medial and
deeper layers of the tectum.

7. Class T7. These neurcns bave a very small receptive field of about 2t0 §
deg in diameter. These cells bave been recorded within the superficial layer
of the optic tectum. Therefore, it is 28sumed that the recorded impulses
are *dendritic spikes®. Clazs T7 cells do not respond to diffuse light on or
off. They respond best to small moving objects with a side length of 1-2
deg. The response of these ncurons increases 23 the stimulus velocity and
contrast with the background increase.

Tectal cells of type T5 have been extensively studied. It has been reported that
in toads |Ewert, 1976, 1980; Roth & Jordao, 1082] and in frogs |Schiirg-Pfeiffer
& Ewert, 1981] 3 subgroup of these cells, clasified as T5(2} by Ewert following
Grisser and Griisser-Cornehls’ potation, responded to different configurations of
moving stimuli with an overall iring leve! that resembled the probability that the
stimulus under investigation fitted the prey category (oee Fig. 13C). Moreover,
when pretectal ablation occure, the overall response of this tectal cell (T5(2)) also
ressmbled the behavioral response of the animal to the different stimuli. That
is, It responded indiscriminately to any moving object crossing ite receptive field.
(eee Fig. 13D and compare it with Fig. 4Bb).

Ewert and collaborators [Ewert, 1980,1984; Ewert ef af, 1979} found that the
response preference of T5(2) cells was invariant to the stimulus direction of motion
and velocity; whereas the responze of T5(1) were directionally sensitive.

Other anthors have reported a larger number of response type neurons with
respect to the stimulus geometry and velocity. They found five different types of
cells in the tectum of toads [Roth & Jordan, 1082] and of salamanders [Himstedt
& Roth, 1080), soms of which showed changes in their stimulus preference as the
stimulns velocity was varied. The stimuli used during this study were moved hor-

3 3 .3 .31 13 1 3 .3
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Pigure 13: Response of Tectal and Pretectal cells to dummy stimuli.
Tectal and pretectal cella response, in common toads, to different configurations
of moving etimuli. A) Responss of a pretectal neuron TH3. B) Response of a
tectal cell T5(1). C) Response of tectal nenron T5(2). D) Response of both tectal
cells (T6(1) and T5(2)) after thalamic pretectal lesions [From Ewert, 1676).
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Isontally, and were “squares” (S), aud horisoatal (H) and vertical (V) rectangles
. That is, the latter were rectangles moved as *worm-like® or *antiworm-like”
stimuli, respectively. They classified these cells as follows (see Fig. 14):

1. Neurons with prefercace S > H > V (Fig. 14A). At low velocities, these
cells preferred the square to the borisontal rectangle, and this stimulus to
the vertical rectangle.

2, Neurons with preference § > V > H (Fig. 14B). This group of cells also
preferred best the square to the other stimull, but pow the vertical rectangle
was preferred to the horisontal one. These cells are equivalent to the T5(1)
of Ewert.

3. Neurons with preference H > § > V (Fig. 14C). The best stimulus for these
cells at all velocities was the horisontal rectangls, then the square and the
weakest response was given to the vertical rectangle. This cells correspond
to the T5(2) of Ewert.

4. Neurons with preference inversion & x § > V (Fig. 14D). At low velocities,
these cells preferved the horisontal rectangle to thoe square, but at higher
velocitics this preference switched. At all velocities the vertical rectangle
was the least effective.

5. Neurons with preference inversion § > V x H. These anthors claimed that
at low velocities the horisontal rectangle was the least effective stimulus,
while at high velocities the response to this stimulus increased such that
it became as effective 2s the square, which was the best preferred by these
cells. However, this inversion is not very casy to observe in Fig. 14E.

Axouns from efferent tectal cells leave the tectum through layer 7 [Ssékely
& Lisir, 1076; Lisér ef ol 1083; Lis4r, 1084]. Grisser-Cornebls [1984] has
summarised the anatomical work that has shown the ipsilateral and contralat-
eral projections of the optic tectum. These projections occur through two main
pathways (eee Fig. 15): one ascending and one descending. The ascending path
reaches, ipsilaterally, the nucleus of Bellonci and the corpus geniculatus lateralis,
ipsilaterally and coatralaterally, the pretectum and the nucleus medial thalami,

and contralaterally, the nucleus isthmi. Through the descending path, the tec-
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tum projects ipsilaterally to the tegmentum, the nucleus isthmi and the caudal
brainstem (Ingle, 1882b; Grobatein, 1082; Lis4r, 1084},

The Protectum. The interactions among tectum and pretectum, both re-
ceiving retinal input, have been hypothesized to be the neural substrata for prey-
predator discrimination {Ewert, 1980, 1084; Ingle, 1073b, 1880]. In addition, the
pretectum has also been postulated to be involved in horisontal optokinetic ays-
tagmus [Montgomery et af, 1081]. Ewert (1070, 1676 has shown that in toads
leslons of the dorsal pc/pl region within the thalamic-pretectal region (i.c., “pre-
tectum®) disrupt the ability of the animal to discriminate different configurations
of the stimulus (cee Fig. 4Bb). He also observed that apimals with pretectal ab-
lation snap indiscriminately any moving object regardless of the sise and ehape,
they switched their preference from white to black moving visual stimuli, asd
they lost sise selectivity. He postulated an inhibitory effect from pretectum upon
tectum as crucial the mechanism used by the animal to discriminate between
different configurational stimuli. The hypothesis of Ewert that pretectal neu.
rons modulate tectal activity through an inhibitory effect has been confirmed in
frogs by Ingle and collaborators [Ingle, 1973b,1982b; Trachtenberg& Ingle, 1974).
These authore also found that there was some recovery of the avoidance behavior
within a few weeks of the lesion. Although the animal never completely recovers
its pormal discriminatory ability, this suggeats that, in addition to the pretectal
inhibitory mecbanism, there must be other mechanisms that in the absence of the
pretectum inhibit tectal activity when large objects appear in the visual feld.

Anatomically, using HRP and Golgi technigues, Montgomery ef al [1085) con-
ducted adetailed analysis of the morphology of pretectal neurons in Rona Pipiens.
They established that, in addition to the retinal input, the pretectum receives af-
ferents from other primary visual centers, e.g., tectum and the nuclsus of the
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basal optic root. They found four types of neurons within the pretectal region
{sce Fig. 16):

1. “Large” nsurons with elongated soma 25 pm in diameter. Theso cells have
long apical dendrites with second and third order branches occurring at
an average of 30 um and 150 um from the soma. They also present basal
dendrites emerging from the soma.

2. “Fusiform” peurons also with elongated somata 12 um in diameter, These
cells have a single apical dendrite and two basilar dendrites.

3. *Stellate” penroas with round somata 10 gm in diameter and two or three
spineless dendrites which termlnate in an ead-bulb from which fine processes
emerge.

4. A smaller class of cells 7.5 ym in diameter, which may be glial cells.

The pretectum projects to the optic tectum, the ventral bralnstem, the op-
posite pretectum and the nucleus of the basal optic root [Fite and Scalia, 1076;
Ewert, 1080; Ingle, 1980, 1082; Grilsser and Griisser-Cornehls, 1976; Grobstein,
1082; Montgomery et al, 1085]. The large and fusiform cells project to the ip-
silateral optic tectum, terminating In layers 7, 8 and 9 [Ssékely & Lésér, 1076;
Montgomery et al, 1985}

Neuropbysiologically, ten different types of cells that respond to visual stim-
ulation bave been described {Ewert, 1971, 1984]. Here, we oaly describe one
of them, TH3, which has been postulated by Ewert [1976, 1980 to exert an
inhibitory effect upon tectal cells during the process of prey-predator discrimina-
tion. The Interested reader is referred to the original paper of Ewert [1071) or to
the reviews done by Ewert [1084] and by Griisser and Griiaser-Cornehls, [1076).
The pretectal cells THS, defined phyelologically by Ewert {1971], are movement
sensitive cells with relatively emall visual receptive fields. These cells have an
ERF of 15 to 30 deg and respond to diffuse light only with a brief off burst.
They were activated malnly by stimull of at least 10 deg of visual angle moving
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Pigure 16: Protectal Neurous.
Types of cells within the pretectal sucleus lentiformis mesencephali of Rana Pip-
iens a0 determined from HRP staining. a—large cells; b—elongated cells; c—
gtellate peurons {from Montgomery ef of, 1985].
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through their ERF. Their maximal response was to stimuli that covered the eatire
80 deg of the ERF. When presenting different configurational (*dummy®) stimuli,
Ewert (1676, 1980] found that these cells responded moatly to non-prey stimuli
(Fig. 18A). They preferred squares to antiworm-like stimuli, and the weakest re-
spouse was to worm-like stimuli. Ewert suggested that this type of cell may exert
ap Inhibitory effect upon tectal coll activity when the animal Is confronted with
large objects, allowing the animal, in this way, to orient towards the proper prey
stimulus.

The pretectal effect upon the tectum is modulated by other brain structures.
Ewert [1976] bas shown that after an ablation of the forebraln, prey-catching
behavior failed to occur, while predator-avoidance bebavior was facilitated. K,
in addition to ablation of the forebrain, the pretectal region was also lesioned
then the animals recovered the capability of presenting prey-catching behavios,
while predator avoidance was completely eliminated. Ewert suggested that the
Jevel of the pretectal inhibitory effect over the tectum is being modulated by the
forebrain, which receives information from other senses, and so might be a result
of the motivational state of the animal.

Theorctical Models of Visuomotor Coordinstion in Anurans

Models of processes related to visuomotor coordination in frogs and toads have
beea developed to conduct analyses at different levels. In this eection we discuss
two models (House, 1084; Ewert & Von Seelen, 1074] that follow a Top-Down
approach, secking o explain behavior in terms of interacting computation units,
which may be classified as “schemas” [Arbid, 1881a], and two models [Didday,
1970, 1976; An der heiden & Roth, 1883] that exemplify the Middle-Out analysis,
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secking $0 relate functions described at the bebavioral level to mechanisms defined
at the neural level. Our models bulld upon a series of models of the anuran optic
tectum and its interactions with the retina and pretectum developed by Lara and
collaborators [Lars, 1082; Lara, Arbib & Cromarty, 1082; Lara & Arbib, 1982;
Arbib & Lara, 1982]. These models will be diacussed in detail in Chapter 3 and
Chapter 4.

Didday's Model

Didday [1070, 1976] developed a theoretical model of the frog's optiz tectum
that accounts for the phenomenon of prey-selection. His motivation came from
Ingle’s [1068] study of the frog’s snapping response when confronted with two
*gy-like” stimull. Ingle observed that if two fly-like objecte, either of which ia
attractive enough that it alone could produce a snapping response, were presented
in the animal’s visual field then the frog could either snsp at one of the stimuli,
not suap at all, or snap in between the two objects at the *average fly®. Didday’s
mode] suggested that differeat regions, arranged in layers, of the tectum compete
in such a way that only the loci receiving the strongest stimulation from the retina
oends an above-threshold signal to the motor output. He considered two layer of
cells, the *foodness” layer receiving a retinotopic mapping from the retina and the
“masked® layer that is in topographical correspondence with the foodness layer,
aud that produces the input to the motor centors (see Fig. 17). The masked layer
Interacts in a retinotopic correspondence with a population of “sameness® cells.
Each “sameness” cell recelves information from all the cells in the masked layer
bat the ones corresponding to its projection. That is, it contains » blind spot. At
the same time, the sameness cell inhibits the activity of those cells in its region
proportionally to the level of activity outside its region. This guaranties that a
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“Foodness layer™ “Relatve foodness Layer™
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Pigare 17: Didday’s model of proy-selection
See text for explanation ffrom Arbib, 1973).

locus of activity reaches the motor centers only if its neighboring arcas do not
contaip sufficiently bigh activity to connteract it.

With this network, Didday was able to explain the three poasible bebaviors
observed by Ingle. That i, if the activity in one regions is much stronger than
the the actlvity of any other region, then this region eventually overwhelms all
other regions aud a message to produce a suapping response at the corresponding
space in the visual field is seat to the motor centers. If two regions are very ac-
tive thea two thing may occur: they may both, provided that they are very cloee,
overwhelm all the other regions and a peak of activity would be produced in the
overlapping region, which will yield a snapping response at the space correspond-
Ing to the region between the two original regions; or, if they are far apart, they
may simply counteract each other's activity, as well as the activity of all other
regions, in which case there will be no response at all.

1
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Pach element, *neuron-like®, in Didday’s model is represented by a lumped
mode], and so did not address the lesne of of how the intrinsic tectal architecture
might produce the prey-recognition required prior to the process of prey-selection.
In the light of new empirical evidence, Lara and Arbib [Lara, 1982; Lara & Arbib,
1982} (see Chapters 3 and 5) redefine Didday’s model so that the sampess cells,
instead of being inside the tectum, were located in the pretectum. That is, they
postulated that prey-selection Is the outcome of a closed loop interaction between
tectum and pretectum. Additionally, these authors considered the anatomical
architecture of the optic tectum and the Interactions between tectal and pretectal
elements. Thus, they postulated a neural network that explained how the internal
architecture of the tectum might subserve prey-recognition and prey-selection.

House’s Model

House [1984] developed a model of depth perception in toads and frogs. This
model is composed by four different layers (see Fig. 18):

1. Layer A. An accommodative depth inference gystem, whose concern is to
provide the model with monocular depth cues from lens accommodation.

2. Layer D. A disparity depth inference system which job is to provide the
model with binocnlar depth cues from disparity matching.

3. Layer M. This layer represents a spatially organized field (Monocular Ac-
comodative driven field) over which a depth mapping process based on
monocular cues operates, This field sends to and receives from layer S exci-
tatory connections, mapping in this way each local reglon in one layer onto
the corresponding local region of the other layer. There is also competition
mngdepthesﬁma!awithinthhﬁeld,hamnernhnihrtothat used
by Didday’s model (see above).

4. Layer S. This layer represents a spatially organised field (Stereoscopic Dis-
parity driven field) over which a depth mapping process based on binocular
cues operates. As seen above, this layer has reciprocal excitatory connec-
tions with layer M, cooperating In this way to enhance the level of activity
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Figure 18; House’s model of depth pereeption
See text for explanation [from House, 1084].
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of the regions where both fields agree in their depth estimates. Similarly,
there is competition among local regions inside this field.

In this model, the two depth mapping processes cooperate to create a single
depth map, whose sccuracy is governed by binocular cues and the lens accom-
modation cues are used to disambigusate the correspondence problem of stereop-
sis. Based on computer simulations, House suggested that frogs and toads use
the mechanisms embodied in his depth perception model to navigate through
the environment. This autbor [House, 1084) presented a second model, within
the Top-Down approach, that explores how the processes of prey-eelection and
lens-accommodation might interact to correct incorrect binocular matches. Both
models are high-level models, which seek to explain behavior in terms of the
spatial distribution of response, but they do not present the details of temporal
processing.

Ewert and von Seclen’s Model

Ewert and von Scclen [1074] developed o theoretical model to analyse how the
interactions among retina, optic tectum and pretectum would suffice for the phys-
jological responses exhibited by tectal cells T5(2) to rectangular moving objects.
As described carlier in this Chapter, Ewert [1976] found that this cell responds
better to *worm-like” stimuli than to “square” or “antiworm-like® etimuli. Addi.
tiopally, brain lesion experimente have shown that toads [Ewert, 1976, 1980] and
frogs {Ingle, 1073b] with pretectal lesions will attack large moving stimuli which
2 pormal animal will avold. These observations suggested that prey-predator dis-
crimination may be the result of an inhibitory effect from pretectum upon tectum.
In Ewert and von Seelen’s model, retinal output was passed to a tectal “worm
filter”, and to a “pretectal filter®, with the cutput of the latter inhibiting tectal
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(T5(2)) activity which was excited by the former. Their model can be cbserved
in Fig. 19A. Fig. 10B shows how a worm-like stimulus would tend to produce a
strong excitation of the worm flter and Little inhibition of the the pretectal an-
tiworm filter, thus yielding & vigorous T5(2) response; while in Fig. 10C we can
obeerve that an antiworm-like object would have the opposite effect on the filters
yiclding a very weak activity in T5(2). The square would produce an intermedi-
ate behavior, as can be observed In Fig. 19D. Ewert and von Seelen were able to
adjust the model parameters to fit the emplrical data over a linear subrange of
the results. However their model was “lumped® in both space and time. Thus,
while the level of activity of the output properly reproduces the average level of
activity of T5{2), which correlates well with the average turning rate of the toad,
their model cannot explain the spatio-temporal of the animal's behavior.

An der Heiden and Roth's Model

An der Heiden and Roth [1083} have proposed a lateral inhibition model of
tectum which can reproduce important properties of *worm-antiworm® discrimi-
natiop. This mode] unlamps Ewert and von Seelen’s model a step farther, though
it still does not address the issue of of intrinsic tectal architecture, nor does it coa-
sider the tectal-pretectal Interactions defined by Ewert [1976] and Ingle [1073b).
The essential feature of their model (see Fig. 20) is that it postulates that the
response of the tectum is the outcome of the spatio-temporal summation of the
activity of retinal ganglion cells type R2 and RS, and of lateral recurrent inhibi-
tion among tectal elements. With this mode), they were able to adjust the level of
Iateral inbibition required to reproduce the response of tectal cells T5{2}, obtained
by Ewert [1076,1980), to squares or antiworm-like objects. Becauso of the tectal
architecture proposed in their mode), the response of T5(2) cells increases as the
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Figure 19: Ewert and von Seclen’s model of prey-predator discrim-

ination.

A) The retina, tectum and pretectum act as filters. Oue tectal cell Is a “worm
filter” and a pretectal neuron (TH-3) Is an “antiworm filter®; whereas another
tectal neuron (T5(2)) receives excitation from the tectal filter and inhibition from
the pretectal filter. B) When a *worm-like” object is preseated, the tectal Elter
response is strong and there is almost no pretectal activity, so the level of activity
of T5(2) is high. C) The response of tectal and pretectal filters is strong when a
square” stimulus is presented, 8o that T5(2) response becomes weaker. D) When
an “antiworm-like” object is presented, the pretectal filter activity is strong and
the tectal filter response is almost null, thus T5{2) presents almost no response
|from Ewert, 1074).
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Pigure 20: An der Helden and Roth’s model.

Tectal elements (T'C) receive axon terminals from retinal ganglion cells (RGC),
a8 well as from other tectal elements [from An der Heiden and Roth, 1983].
stimulus sise increases, so T5(2) response to large prey objects is not reproduced.
The authors suggested that an influence, from thalamic or pretectal cells, upon
the tectum could be assumed in the presence of non-prey objects. Additionally,
for the same reason, their mode! could not explain the disinhibitory effect in the
tectum, after pretectal lesion, observed by Ewert [1976, 1980) in toads and by
Ingle {1973b) in frogs.
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Lara and Arbib {1862],these authore incorporated some notlons of Didday {1970,
1976] and Amari and Arbib [1977] to form a one-dimensional model of Interac-
tions among retina, optic tectum and pretectum for prey selection. With the
expansion to two dimensions, in the present project, we have been able to repro-
duce prey-predator recognition and changes in response latency depending on the
motivational state of the animal, all this being independent of the direction of
motion of the stimulus. This work, then, offers tho latest stage in ths ecofstion-
ary development of a computational model of increased hierarchical complexity
showing how different regions cf the anuran brain may interact with each otker
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to control the animal's behavior [refer to Arbib, 1982},

Ethological studics [Ewert, 1976, 1980; Griisser & Griiszer-Coruebls, 1976;
Ingle, 1076; Schiirg-Pleiffer & Ewert, 1081) have shown that there are fixed ac-
tion patterns in frogs and toads reloased by relatively simplo key-stimuli. Both
the size of 3 moving stimulus and its geometry in relation to the direction of
motion play a prominest role in the prey-catching bebavior of the animal: rect-
angular objects whase longest axis moves in the direction of motion {*worm-like®)
are treated as prey; while if the same objects are moved with their longitudinal
axis perpendicular to the direction of movement (“antiworm-like®), the animal
does not exhibit prey-catching orienting behavior, or may assume a freesing pos-
ture, or may even exhibit avoldance bebavior [Ewert, 1676] (eee Fig. 21Ba). In
toads this *worm-antiworm® discrimipation is invariant to both the direction of
motion [Ewert et al, 1679] and to the velocity function of the etimulus [Ewert,
1076, 1080]. Luthardt and Roth [1070] reported that in Salamandra Salaman-
dra worm-antiworm discrimination varies with the velocity, the animal preferring
sorm-like® to "sntiworm-like® stimuli at low velocities, while at bigh velocities
the “antiworm-Bke® stimulus is more effective. However, Himstedt [1982] argues
that this phenomenon Is not observed in all calamanders, and that it probably
depends on the animal's experience with certain types of prey, apd Ewert (per-
sonal communication) bas not found such change of preference. In Chapter § we
analyse this controversy in detail.

Ingle and coworkers [Ingle, 1973, 1976, 1081; Ingle & Cook, 19877) in frogs
and Bwert and collaborators [Ewert, 1980; Ewert & Burghagen, 1979)] in toads
have ehown that the releasing value of prey stimuli can change depending on the
motivational state of the animal. They showed that animals highly motivated
{i.e. with hunger or by smelling worms) had low response thresholds and in-
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crease the respoase rate to prey otimuli, even to those normally ineflective. Ingle
ghowed that under these conditions, when a pair of “worm-like” stimull (cylindri-
cal objects attached to wire holders moving with their longitudinal axis parallel
to the direction of motion) are present in the monocular receptive field, frogs
prefer stimuli sublending a visual angle of 16 degrees to the normally preferred
stimulus subtending 2 visual angle of 6 degrees, and present a lower latency in
the response. Following Ewert's hypothesis of pretectal inbibition upan tectal
activity, Ingle suggested that changes in sise preference and in response lateacy
could also be modulated by the pretectum. He postulated that for small objects
tectal cells are mostly guided by retinal ganglion cells of type R2, and the effects
of ganglion cells type R3 and R4 upon the optic tectum (henceforth referred to as
Stectum® for short) are normally counteracted by a pretectal inhibitory effect. He
suggested that R2 cells overcome pretectal inhibition through a facilitatory effect,
which is a consequence of recurrent excitatory activity, though this response has
a longer latency. In this way, he explained why animals normally prefer small
stimuli. Whenever pretectal inhibition is decreased, eitker by an increased moti-
vational state or by 2 lesion, tectal response Is now coatrolled by ganglion cells
that respoad to larger objects (class R3 and R4}, i.c., cells with bigger receptive
fields, thus increasing the responss readiness and reducing the response latency.

Ewert [1080] showed that prey-catching activity Is greatly Increased in moti-
vated animals. He and Burghagen {1970] argue that the aise selection phenomenon
(determination of the optimal prey-size to be preferred) remains almost the same
for, within certaln limits, changes In the motivational state of the animal (seo
Fig. 33A).

A great deal of research has been aimed a$ trying to find the neuronal mech-
anisms responsible for these processes. In toads, lesion experiments [Ewert,
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1976,1080; Comer & Grobatein, 1981] have been used to show that prey-catching
orienting behavicor Is disrupted when the tectum is destroyed. Purthermore, as
might be expected, since the tectum recelves information from the retina in a
retinstopic way, electrical brain polnt stimulation experiments [Ewert, 1976, 1980}
haveshown that the stimulation of a specific tectal region, via an implanted micro-
electrode, elicits the prey-catching orienting respause to the correspondirc retinal
projection. This points to the tectum as being involved, playing a prominent role,
in this sort of behavior.

Ewert (1670, 1076) has also shown that in toads lesions of the dorsal pe/pl re-
gion within the thalamic-pretectal region (benceforth referred to as *pretectum®
for sbort) disrupts the ability of the animal to discriminate different configurations
of the stimulus (seo Fig. 21Bb). He also cbeerved that animals with pretectal ab-
lation snap indiscriminately to any moving object, they switched their preference
from white to black moving visual stimuli, and they lost sise selectivity. This
suggesied that interactiocs among retina, tectum and pretectum may be the nea-
ral substrata for processes like prey-predator discrimination, response lateacy,
sise selection, and sise constancy. The hypothesis of Ewert that pretectal neu-
rons modulate tectal activity through an inhibitory effect has been confirmed in
frogs by Ingle and collaborators [Ingle, 1973b,1082b; Trachtenberg: Ingle, 1074).
They found that there was some recovery of the bebavior within a few weeks of
the lesion, although the animal never completely recovers its normal discrimina-
tory abllity. This suggests that there must be other mechanisms, probably inside
the tectum itsel, which in addition to the pretectum exert an inhibitory offect
upon the tectum, giving the animal the ability to discriminate between worm and
antiworm stimuli. These mechanisms somehow must increase their participation
in tho absenco of pretectal activity, and so might In this way be respoasible for
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Figure 31: Prey-catehing orienting bebavior
Prey-catching orienting bebavior to different configurations of the stimulus. A)
Turning reaction to the etimulus presentation. D: effective angular displacement
of the stimulus (p); T: angle of turning movements. B) Orienting actlvity to three
etimulus configurations, horisontal (*worm®: type a) and perpendicular ("anti-
worm®: type b) rectangies, and squares (type c). B.s) Normal animal's response
becomes more frequent if dimension (H) of a stimulus type a Is larger, whereas
response frequency rapidly drops to cero if dimension (V) of a type b stimulus
is larger, and a sort of summatica of these two responses is obsalaed when both
dimensions of stimulus type ¢ are incremented. B.b) This discrimination is lost
in toads with pretectal lesions [From Ewert, 1076].

T3



63

the recovery. Ewert {1076, 1080] reported a cell in the optic tectum (T5(3)) that
was most sensitive $o large stimuli which, through interactions with other tectal
cells, is 2 good candidate for being such a mechanism. This cell bas also been
postulated to be involved in avoidance behavior and will be fully discussed in a
fature report [Cervantes-Péres et al, 1985].

Tryiog to establish the role that each one of these brain regions may play in the
control of these behaviors, physiological studies {Bwert, 1971, 1976, 1980; Ewert
& Hock, 1972; Ewert, Krug & Schanits, 1971; Griisser & Griisser-Cornehls, 1076;
Griisser-Cornehls & Saunders, 1081a,b; Griisser-Coruehls, 1084; Roth & Jordan,
1963] bave been conducted at the retinal, tectal and pretectal levels to analyse
neural responses to changes in different parameters of visual stimuli. It has been
shown that in toad and frog, retinal ganglion cells of type R2, R3 and R4 respond
with almost the same intensity to a *worm-like® stimulus (type a in Fig. 22). To
an “antiworm-like” or a square stimulus (same figure, types b and ¢ respectively)
the response rate of ganglion cells type R2 and R3 initially increased up to the
sise of their respective excitatory receptive ficlds (ERF) and then progressively
decreased for larger objects [Butenandt & Griisser, 1068; Ewert, 1976, 1980;
Schilrg-Pleiffer & Ewert, 1081); while R4 ganglion cells increase their response
when the sise of stimuli of type b or ¢ is extended (see Fig. 22C), giving the
strongest response to 3 stimulus of type c. Gauglion cells R2, R3 and R4 also
increase their rate of response depending on the angular velocity of the object
[Ewert, 1976; Griisser & Griisser-Cornehls, 1976]. There are class R2 and R3
ganglion cells exhibiting stronger response for a particular movement direction
[Ewert & Hock, 1072; Ewert ef al, 1978b]. However, almost no cells have beco
recorded showing null-directions. Thus, directional sensitivity at this level may
not significantly contribute to the processing of visual signals,
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Pigure 22: Retinal ganglion cells response

R2, R3, and R4 ganglion cells response to different configurations (type a, b and
¢) of moving stimuli with a visual angular velocity of 7.6 deg /sec. Left, they
present a receptive field formed by a central excitatory (ERF) and a peripheral
inhibitory (IRF) area. The three ganglion neurons respond almost with the came
intensity to stimulus type a of different aises. For stimulus type b and ¢, ganglion
cells R2 and R3 increase their rate of response up to their respective receptive
ield sizes and then drop it down, whereas R4 cells increase their rate of response
as the stimulus sise increases, giving the strongest rezponse to stimuli of type ¢
{From Ewert, 1876].



~ 3

3 3 T3 T3 —“3 T3 3

65

At the tectal lovel, it bas been reported that in toads [Ewert, 1076, 1980;
Roth & Jordan, 1082} aud in frogs [Grilsser & Grisser-Comnebls, 1976; Grisser-
Cornebls, 1084; Schiirg-Pleiffer & Ewert, 1081] some cells, classified as T5(2)
by Ewert following Grilsser and Griisser-Cornebls’® notation, responded to mov-
ing configurational visual stimuli with an overall firing level that resembled the
probability that the etimulus under investigation fitted the prey category (see
Fig. 23C). Moreover, when pretectal ablation occurs, the overall respoase of thia
tectal cell (T5(2)) also resembled the bebavioral response of the animal to the
different stimull. That is, it respoaded indiscriminately to any moving object
croasing Its receptive field. (see Fig. 23D and compare it with Fig. 21Bb),

Ewert et of [1970a] also showed that T5(2) cells could discriminate between
prey and non-prey stimull independently of the direction of motion while other
tectal neurons, classified as TE(1), were directionally sensitive. Based on these
results, following Ewert's original hypothesis, it is suggested that tectal neuron
type T5(2) must play an important role In the discrimination between prey and
nou-prey stimull and in jnditating the position to which the animal should orient
next. T5(2) neurons perform this bebavior throngh combined activity with pre-
tectal cells, possibly through an inhibitory eflect [Bwert & von Seelen, 1074], both
regions receiving retinal input. Ope of the pretectal cells, classified ae TH3 by
Ewert [1071], responded moetly to non-prey stimuli (Fig. 23A), and 80 it has been
Muh&edbmimhhibiwrydectnponw“nmhﬂywhmlugeobjm
are presented, thus allowing the animal to orient to the proper prey stimulus.

Other authors [Lathardt & Roth, 1579; Himstedt & Roth, 1980; Roth & Jor-
dan, 1982} claim to bave found different types of neurons in the tectum whose
stimulus preference varies with changes In stimulus velocity. These authors sug-
gest that the properties of prey-orienting and prey-catehing behavior are the out-
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Figure 23: Tectal and Pretectal cells response
Tectal and pretectal cells response, in common toads, to different configurations
of moving etimuli (eee Fig. 21 legend). A) Response of a pretectal neuron TH3
which Is mostly sensitive to large (type c) and perpendicular (type b) stimuli.
B) Response of a tectal cell T5(1) which is most seusitive 1o stimuli typo ¢ than
to type a or type b. C) Response of tectal neuron T5(2) that prefers mostly
stimuli type 3 to type ¢, and gives a very weak response to type b. This neuron’s
Tesponse resembles the animal's behavior (eeo Fig. 21B). D) Response of both
tectal cells (T5(1) and T5(2)) after thalamic pretectal lasions. It shows bow the
discriminative abilities of thess colls are lost (From Ewert [1076}).
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come of the jolnt activity of several neurons, rather than the response of a single
neuron. Ewert and coworkers [Ewert, 1080; Schirg-Pfeiffer & Ewert, 1981] also
postulate a theory of coordination of motar schemas, where there are recognition
units for prey stimull but they need the activity of other neurons or neural units,
such as binocularity or depth perception neurons, to control prey-catching orient-
ing behavior. Our model bas been focussed on the behavioral corvelates of activity
in singls cells, but in the Discussion of this chapter we propose a preliminary hy-
potbesin of how the activity of scveral neurons, including the prey-recognition
units, conld control prey-catching orienting bebavior. However, further studies,
both theoretical and empirical, should clarify the real nature of these processes.

Modslling Procedures

The description of the mode} is divided into four parts; a brief explanation
of the proposed architecture for the two-dimensional model of the tectum, 3
description of the dlack boz model of the retina that supplies the retinal input
corresponding to different visual stimull, the description of pretectal cell TH3,
and the proposed interactions among retina, tectum and pretectum subeerving
prey-predator recogaition, sise preference and response latency.

Two-dimmsional Model of the Optic Teectum

Previously, Lara, Arbib and Cromarty [1682] analysed anatomical data from
8s&kely and Lésér {1976}, which emphasised the vertical organisation of the tec-
tum, with a local verfical somple of the tectum being referred to 83 a tectal column
= though with no suggestion of the sharp transitions between properties of ad-
jacent columns saggested by some studies of mammalian cortex. Thene authors

offered a family of mathematical models of the tectal column (Fig. 24). Bach col-
umn of the model comprises oae glomerulus (GL), ono large (LP) and one small
(SP) pear shaped cell, one stellate neuron (SN) and one pyramidal (PY) cell, the
only efferent cell of the column (see Chapler 4). In their model they bypothesise
that PY corvesponds to the neuron classified as T5(2) by Ewert. The present
two-dimensional model of the optic tectum (sec Fig. 25), is composed of an array
of 8 by 8 tectal columns receiving retinal input from ganglion cells clacses R2,
R3 and R4. For this model the number of cells and their interactions has greatly
increased. Here, the most important considerations are briefly described.

The main retinal input to the tectum Is represented by ganglion cells R2 with
excitatory receptive feld (ERF) aises of 2-4 deg [Grilsser et of [1976); Ewert,
1980}, 80 it is proposed that every column bas a focal receptive field equal to the
maximum ERF of ganglion cells R2 (4 deg) and a non-focal (8 deg) overlap with
its neighbors’ receptive fields. The receptive field of each element of the column
is calculated according to their lateral interaction with neurons of other columns
(sce below). The interconnections among cells of a column are shown in Fig. 24,
while lateral connections amoag cells of neighboring columns are all indicated in
Table 1:

Table 1: Lateral interactions among tectal columns
"~ Cells of columa (1]) Teceive atlerents from cells of neighbor columss. |
Cells of neighboring columns to (i,

that im; upoa its neurons.
"Cells of colums (1)) 6L % SP

GL + +
LP + -
8P +
SN +
PY +
- 3 3 2 .3 3 3 .3
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TECTAL COLUMN

Figure 24: Interconneetions among cells of a tectal column
mnnmiddmu(PY)bumbyhme(LP)udmm(sP)mlbw
cells, 'I'heltclhtenenm(sﬂ)hmdkdonlyby&ehl’all. The SP cell
receives excltatory afferents from the glomerulus (GL), and it is inhibited by the
SNnﬂuon.TheLPuﬂhudtedbyboththeSPcallmdtluGL,mdﬂhaho
inhibited by the SN neuron. GL receives afferents from recurrent axons of LP
and SP cells. GL, LP and 8P also receive afferents from retinal ganglion cells
Rz, wberml’Ynedvaﬁmm,mudRA[ﬁonhnnd Arbib, 1032] (sco
Fig. 26 and Fig. 26B).
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a) The glomerulns (GL) is a synaptic complex comprising specific connections
amopg axonal terminals from retinal ganglion cells, diencepbalic regions, and
recurrent axcas (from LP and SP cells) and dendritic arborisations from tectal
neurons, both from its own column as well as from nelghboring oaes. Each
glomerulus has a receptive field of 12 deg, 4 focal deg plus 8 deg of overlap. This
azsumption is based on the fact that retinotectal axons project to a receptive feld
no larger than 15 deg [Ingle, 1973a).

b) Each small pear-shaped cell (SP) is activated by retinal ganglion cells of
type R2 through the glomerulus and interglomerular dendrites both from its own
and from peighboring columns. This cell is also inhibited by tho sicllate nearcn
(SN) from its own column. Thus, each 8P cell has a receptive iald of 16 deg, which
Is in accordance with physiological evidence that showed that tho receptive fald
of superficial tectal cells range between 16 and 20 deg [Ingle, 1073b, 1083]. The
role of the SP cell is the integration of tho general state of activity in the tectal
column $o determine the proper time(s) for vertical recrultment of excitatisn to
facilitate a response in the efferent (PY) neuron.

c) Each large pear-shaped cell (LP) receives afferents from retinal ganglion
cells of type R2, both through the glomerulus and through its dendrites along the
length between glomerulus aad cell body, from the SP cells of its own column as
well as of nelghboring columns, and it Is inhibited by the 8N of its own and of
aeighboring columns. Lateral connections make its receplive Seld approximately
24 deg, which Is in agreement with the obeerved recoptive field for some cells
in layer 6 of the tectum. Such a cell maintains both the activity level of its
own column (glomerulus) and the stato of excitation of neighboring glomerull
through collateral axons, thus spreading the excitation acroes the tectum when a
“prey-like® stimalus is present.

3 T3
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d) The stellate neuron (SN) receives afferents from the LP cell, both from its
own column and from neighboring columns. This cell is a candidate to produce
iobibition {Ssékely & Lixir, 1976, so it is proposed as the only inhibitory cell in
the model Its function is to control the level of tectal activity.

¢} The pyramidal cell (PY) is tbe only effereat of the tectal column model. It
receives afferents from ganglion cells of type R2, B3 and R4, from the SP and LP
cells of its own column and from the LP cell of neighbering columns, expanding its
receptive field to approximately 28 deg, which agrees with physiological findings
of Ewert [1976, 1980} for T5(2) cells.

For farther details about empirical basis for elements of the tectal column and
their roles in the processing of information refer to Lara et ol {1982].

Black Box Model of the Retina

Visuomotor coordination in frogs and toads Involves interactions among brain
structures receiving a direct (Primary Visual Centers (PVC)) or indirect (some
of the Modulatory Regions (MR)) topographic projection from the retina. Op-
tic tectum and Pretecium are among those PVC's, while Nucleus Isthmi is an
example of 2 MR and it is activated by visual information through its retino-
topic mapping with the tectum. Thus, aay model of PVC’s and their interactions
with other PVC’s or MR’s requires a model of the retinal processing of visual
information.

Our models of the retino-tectal-pretectal interactions eubserving prey-
predator discrimination consider anatomical and neurophysiological experiments
in frogs [Potter, 1069, 1972; Lisir & Ssékely, 1969; Ssékely & Lissr, 1976; Wit-
paard & Keurs, 1975; Maturana ¢f al, 1960] and in toads [Ewert & Hock, 1072;
Ewert, 1978, 1980; Griisser & Grisser-Cornchls, 1976]) which showed that the
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optic tectum receives axon terminals from retinal ganglion cells R2, R3 and R4,
while the pretectum is activated by classes R3 and R4. Additicnally, our study is
concentrated on specific configurations of woving “dummy® etimuli. Therefore,
a retina model that gencrates the proper response of ganglicn cells R2, R3 and
R4 to such stimuli is required.

In this Chapter, a Black Boz (curve fitting) retina model is described. This
model generates the overall firing rates of R2, R3 and R4 in response to different
configurational moving stimuli. It includes the fact that retinal ganglion cells are
sensitive to several stimulus characteristics, such as sise, geometry in relation to
the direction of motion, angular velocity function, contrast [Griisser & Griisser-
Cornehls, 1976; Ewert, 1976, 1680), and chromatic composition of the moving
stimulus [Griisser-Cornebls & Saunders, 1981a,b). So far, we have only considered
black stimuli on s white background, so the last two were treated as constants
during the simulations.

Our Black Boz model of different ganglion cells (types R2, R3, and R4) is based
on the curves obtained by Ewert for their responses to different configurational
stimuli (see Fig. 22), and the angular velocity function obtained by Griisser and
collaborators [Finkeltein & Griisser, 1965; Griisser & Griisser-Cornehls, 1976] and
Ewert [1976, 1980]. That is, tke model simply defines the average respouse rate
(as distlnct from the course of firing) of ganglion cells R2, R3 and R4 depending
on the stimnlus size, geometry and velocity; the first with Ewert’s graphs and the
second with the equation

BRo ks

where k and § are constants and v is the angular velocity function of the object;
k depending on other stimnlus parameters, such as sise, shape and contrast with
respect to the background. R is the frequency response of the retinal cell.
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Ganglion cells project retinolopically to each tectal and pretectal columa
[Grisser & Grisser-Cornebls, 1976; Ewert, 1076; Ssékely & Lisdr, 1976]. In
the present model we bave not coasidered the spatial represcutation of the differ-
eat retinal receptive fields; we have oaly assumed that the axon of each type of
retinal cell projects to a specific column, and excites the surrounding acighbors
with less intensity, either in the tectum or in the pretectum (see Fig. 25).

Stimulus parameters (ie., stimulus hozisontal and vertical dimension, initial
location in tbe visual field, and velocity and direction of motion) are specified by
the modeler at the beginning of the simulation. The unit to specify them is the
“column®, for example, the velocity bas to be specified in columns per second.
The values of the exponent § were taken from Griisser and Grisser-Cornebls
[1076), being

gy =0.7; gy =1.2; and Sgy= 1.1
Constaot & was determined, for each of the types of ganglion cells (R2, RS and
B4), based on the curves obtained by Ewert [1976] (see Fig. 32) for black dummy
stimull moving in a white backgrousd. Thus, with the stimulus sise and velocity
three differont levels of activity (overall firing rates) can be dotermined, oae for
cach type of ganglion cell. Whereas with the initial lncation of the stimulus,
its velocity fonction aud its direction of motion, we can determine the changing
pattern of saptio-temporal activity during the simulation time. That is, these
parameters are used to determins what tectal columns in the two-dimensional
model are belgn activated by the active ganglion cells at a given time. The level of
excitation also depends on the assutned retino-tectal projection (see Pig. 25). The
stimulus motion through the model's receptive field is simulated by a stepwise
movement. Tho cffect of ganglion cells R2, B3 and R4 upon a specific tectal
column s kept constant for the period of time the stimulus remains In the column’s
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Figure 35: Retino-tectal projection.
Representation of the two-dimensional model of the optic tectum, constituted
of an array of 8 by 8 columns, which cover a receptive field of approximately
32 by 32 deg (soe text for explanation), and receive focal as well as overlapping
Information from retical ganglion cells of classes R2, B3 and R4. For simplicity
we oaly show the retinotople projection to one tectal column and ite nelghbors.
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receptive field. Additionally, the stimulus “jumps® from the receptive field of a
group of columns to the next according to its sise, shape, velocity function and
direction of motion. A more detailed model of the spatio-temporal pattern of
retinal activity, rather than the overall firing rates, is a target of current research
in our group [Lee & Arbib, 1983; Lee, 1985) (see also an der Heiden and Roth
|1883] for an *intermediate® model of retinal activity).

Two-dimensional Model of the Pretectum

Because of the limited data about the anatomy of the pretectal region, the
pretectum is simply modelled as a two-dimensicnal array of models of Ewert’s
(1976, 1980) THS cell. This neuron integrates information received from ganglion
cells type R3 and R4 [Grileser & Griisser-Cornehls, 1976; Ewert, 1976; Ssékely &
L4s4r, 1978], in such a way that it gives a stronger response to square stimuli and
to “"antiworm-like” stimuli than to “worm-like® atimuli {(see Fig. 23A). This neuron
is also postulated to be responsible, and bere we hypothesize, for modulating
changes in the latency of response of PY cells through a mechanism which is
the outcome of a tonic inhibitory effect that is a function of the motivational
state of the animal. That is, the behavior of these cells depends on two different
mechanlsms; one, which remains constant during normal conditions and varies
with the animal’s motivational state, is responsible for controlling the response
latency; the other , which depends only on retinal input, gives tectal cells the
capability for prey-predator recognition.

Interactions among Retina, Tectum and Pretectum

Fig. 26A ehows the two-dimensional neural model of the interactions among
retina, optic tectum and pretectum. For a better understanding of these connec-
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Pigure 26: Interactions among Retina, Tectum and Protectam.
The retina cends fibres in a retinotopical fashion to both optic tectum (class
R2,R3 and R4), and pretectum {class R3 and R4)(see Fig. 25). A) TH3 neurons
also project retinotopicaly to the optic tectum. For simplicity we only show the
projection of three rows of TH3 cella projecting upon the tectal columns. B) A
closer look of the interactions among retinal, tectal and pretectal cells, Pretectal
cell TH3 inhibita LP, SP and PY cells of the tectal column corresponding to its
retinotopic projection.
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tions, in this figure, only three rows of pretectal cells projecting upon the tectal
columns are shown. Fig. 26B presents a closer look at the projections from pre-
tectal cells (arranged also In columnar fashion) to the cells of their corresponding
tectal column. This figure abows that the retina projects retinotopically to both
tectum (ganglion cells of class R2, B3 and R4) and pretectum (class R3 and RB4)
{Griisscr & Griisser-Cornebls, 1076; Ewerd, 1976; Ssékely & Lisdr, 1076]. Every
THS3 pretectal cell inhibits the activity of LP, SP and PY neurons of the tectal
column corresponding to its projection. Finally, each PY cell's activity is posed
to define the stimulus spatial location, the direction of the prey-catching arient-
ing response and the prey-predator discriminative abilities of the tectum. When
several PY cells are active, the target location of a response is determined by the
average of their target loci as weighted by their activity.

‘The mathematical description of each of the neurons considered in this model
of the retino-tectal-pretectal interactions is given in the Appendix A.

It Is important to point out that the neural aschitecture proposed for the in-
teracticas among these brain regions takes into account the anatomical data pow
available with the purpose of cbtaining the one that best reproduced empirical
results. This mode] is tho fourth stage of Rana computatriz [Arbib, 1882], an
evolving model of neural circuitry subserving, through interactions of neural ac-
tivity distributed over several brain regions, visually guided behavior In anurans.
At each stage, 2 family of models is developed that becomes a subaunit in the
family of models analysed in the next stage which is developed to explain a wider
range of phenomena.

Arbib and Lara [1982) studied how lateral excitation and inhibitioa among
neighboring tectal columes in a unidimensional array may account for the epatio-
temporal facilitation of tectal activity to a emall moving object. Lara and Arbib
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(1052] showed in the unidimensional model that the best configuration for the
Inbibitory projection from pretectum upon tectum, in terms of hysteresis offects
aud latency of response, was that pretectal Gbers project to LP, SP, and PY
cells. Now with the expansion of the model to two dimensions and by including
the effect of ganglion cells of class B3 and R4 in the interactions among retina,
tectum and pretectum, the goal is to explain how the spatio-temporal response of
tectal units may give the animal tho ability to discriminate among *worm-Eke®,
“antiworm-like” and square stimuli, with a pattern of response independent of
the stimulus direction of motion, and with changes in pretectal inhibition, due to
changes in the motivational state of the animal, mndulating the latency and the
response rate.

A symmetric architecture bas boen proposed for the lateral interactions among
tectal columes. In an earlier study [Lara, Cervantes & Arbib, 1982h), a model
of asymmetric connections among tectal units was analysed. In both cases sim-
ilar results were observed, but the use of symmetric connections simplified the
model’s structure, acd made the response invariance to tbo direction of motion
of the stimulus an Immediate consequence of the form of the tectal architec-
ture. This avoids the postulate of the more complex innate wiring process ia the
amphibian brain presupposed by ssymmetric connections. It seems to be more
plausible that asymmetric coanections among tectal columns are used by other
types of tectal units that process other kinds of information, perhaps by T5(1) to
process directional eeasitivity [Ewert ot al, 1979a]. Finally, in order to simulate
chaunges in response Iatency and in tho number of pulses discharged by PY cells,
we postulated that the PY neuron is excited, directly and through LP and SP
cells, by ganglion cells R2, RS, and R4 and inhibited by the pretectum (THS).
A family of models, represented by different values of tho weights from these
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various neurons upon the PY cell, has been analysed. The goal was to ensure
that without pretectum the respoase of the PY cell ehould be controlled by the
activity of ganglion cells with larger receptive fields (classes R3 and R4) in such
2 way that it emulates the preference for stimulus type ¢ over those of type a or
type b (see Fig. 23D); whereas in the presence of pretectal inhibition the PY cell’s
sensitivity to a “worm-like” stimulus was the cutcome of a facilitation of tectal
column response through recurrent activity which responds best to objects rep-
resenting potential preys. In this case, the choice had also to include the weight
value eelection for the inhibitory effect of TH3 upon tectal activity to reproduce
the overal) bebavior presented by PY cells, that is, a preference for “worm-like”
stimuli (type a) over those of type ¢, and a poor response to “anliworm-like”
stimull (type b) (see Fig. 23B).

Results

Results of computer simulation are presented in two ways. Firet, in four-
dimensionn graphs, showing the response of PY cells of all 64 columns in the
model during o specific computer experiment, combined with two-dimensional
mphMoﬂuacluubokd&cPYceumpomdthe(ith.ikh) tectal
column to better appreciate the response rate and latency. Second, graphs with
the same coordinates as those used to exprees experimental data, that is, graphs
that may be directly compared with physiological and bebavioral results. In
the first cass, the two-dimesional plane formed by the x and y axes represents
the spatial location of the columns. This plane ls divided into 64 sections, each
one representing in the horizontal dimension the ecals for the simulation time,
while the s axis of the graph represents PY cell activity. This activity is shown

through the PY membrane potential, and whenever this potential reaches the
threshold value it is indicated with spikes. The generation of action potentials
is not simulated in our neurons but we simply used a threshold rule to provide
results that could easily be compared with experimental data. These figures
also show the experiment description (stimulus type, direction of motion with
respect to the stimulus geometry, angular velocity, etc.). Both ways of showing
the actual bebavior of the model allow us to make analogies and comparisons
with experimental observations.

For different simulations three types of stimuli were used: rectangles whose
longest axis moves in the direction of motion, rectangles whooe longest axis moves
perpendicular to the direction of motion, and squares of different sises, designated
as type a, b and ¢ respectively in the figures. The speed of the stimulus Is defined
as the time required to go from one column to the next, and the velocity value
in moat of the experiments was 2 columns per uait of time of simulation (uts),
which is equivalent to 8 deg per unit of time (from above, each column receives
4 focal deg).

Behavior of Pretectal Cell TH3

The purpose in simulating the response of TH3 to diffcrent stimuli was to
show how the combined interaction of ganglion cells R3 and R4 could generate
their properties. Trying different weights (see Table 8 in tho Appendix A for
the final values) the response of this cell to different types of stimuli is chown in
Fig. 27A. Once the membrane potential of this nearon reaches the threshold, its
response is modeled to be proportional to its input (eee Appendix A), otherwise it
is equal to a tonic activity. The units of the vertical axis in this figure (Amplitude
of Response) represent the overall effect thot this cell exerts upon tectal activity.
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As can be seen in this figure, the response of this cell to differeat types of stimuli
Is very aimilar to that of the pretectal cell that was suggested to be related to
prey-predator recognition (see Fig. 23A for comparison). The response of this
nmhammdmmtmuwlwqmlﬁmun(typee)mnb
“antiworm-like® (type b), whilo the response to *worm-like® stimuli (type a) does
not change much.

Behavior of PY Tectal Cells without Pretectal Inhibition

The response of the PY cell to the different types of stimuli when we simulated
only the tectum Is shown in Fig. 37D. It can be scen that it responds better to
etimuli of type ¢ than to those of type a or those of type b. This behavior
reproduces in genrral the observed bebavior of tectal cells (T5(2)) in animals
without pretectum (seo Fig. 23D for comparison). Fig. 28 presents the activity of
the 64 tectal columns, while Fig. 20 shows the respanse of the PY cell of ons tectal
eolmn.hthenﬁaum.theumcﬁmhspm{m.jmdacﬂbed,hom.
Thath.thmhabdmmpombaqmolmdegm&qud”C)m
bamhnglcd&:dngmvedua'worm-ﬁh’dhmha(ﬂa.ﬁAud”A).
and the weakest respouse is to the same rectangle moved as an “antiworm-like*
stimulus (Fig. 26B and 20B). Here, we must point out that the overall tectal
response is also stroager to type ¢ stimulus (Fig. 25C) because it covers a larger
area in the animal's receptive feld, while in the case of a *worm-Iike® stimules
the tectal responss is lower and concentrated in a parrower area. In these figures
tho maximal tectal cell respenso shifts in time as the stimulus moves across the
retins, and it coincides with the time In which the stimolus is on its receptive
field.
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Figure 37: Stmulation of tectal and pretoctal cells response.
Computer simulation of the tectal and pretectal cells’ response to different coa-
igurations of moving stimuli (visual angular velocity of 8 deg /sec). A) Pretectal
THS3 cell response: it is mostly sexsitive to stimuli type ¢ and b, B) Overall re-
sponse of the tectum to the three types of stimulus (2, b and c): tectum response
is mostly scnsitive to stimulus type a and it is weaker to stimulus type b. C) PY
cell response to the three different stimuli: it respond better to stimulus type a
than to type c, and it gives a very weak response to a stimulus of type b. This
curve ls equivalent to B. D) PY response when pretectum ablation occurs: these
cells are mostly sensitive to stimali of type c or a, and less to those of type b.
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Pigure 28: PY cells response when pretectal abletion is simulated.
Figures (28) and (29) preseat a computer simulation of the PY cell response to
different configurations of moving stimuli when pretectal ablation occurs: All
etimuli are moved from left to right with a visual angular velocity of 8 deg /sec.
Fig. 28 shows four-dimensional graphe, where the x and y axes are used to rep-
resent the epatial localisation of the (ithjth) column. The y axis of this plane
is also used to show the time scale for the response of every column’s PY cell,
while the vertical axis (s axis) represents its local membrane potential. In the
grapb when the PY local potential is above the threshold, this is indicated by
epikes. Fig. 20 offers a closer look at the response of PY cell of column (4,5) for
different configurations of stimuli. In both graphs: A) response to a *worm-like”
stimulus (type a) of 8x2 deg; B} to the same stimulus moved as “antiworm-like”
{type b); and C) to a equare stimulus (type c) of 8x8 deg. At the level of one PY
cell, tectal response is etronger for stimulus ty<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>