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ABSTRACT 

The microstructure of the excitatory field of the crayfish sus­

taining fiber 038 was studied by Wiener kernel analysis. By treating 

the receptive field as a multi-input single-output system, Volterra's, 

and Wiener's, nonlinear functional formalisms for such systems could 

be invoked to define the canonical types of interactions that could, 

and do, underlie the field. 

A light emitting diode/fiber optic stimulus package was developed 

for these experiments to:provide the required spatial configurations 

of independently (noise-} modulated sources; optimally excite the 

crayfish 1s yellow-sensitive visual system; and to eliminate the 

artifacts that might arise from conventional light sources' spectral 

dependence on drive current. 

The second-order cross kernels computed from 2-, and 4-input ex­

periments indicate that a lateral excitation phenomenon is predominant 

in the field. Evidence for lateral jnhibition (between yellow channels) 

is indirect, but suggestive that inhibition rianifests itself through a 

third-order cross term. 038 does receive inputs from yellow and blue 

channels, and their is evidence of yellow channel inhibition of the 

blue channel. Periodic structure found in 038 1 s spike train response 

to multiple stimuli can _be~modelled by first and second-order self 

kernels without the use of cross terms. 

Analysis of the kernel dynamics leads to a model of the functional 

microstructure subserving 038 1s excitatory field. 
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Chapter l 

INTRODUCTION : THE MICROSTRUCTURE OF RECEPTIVE FIELDS 

1 .1 Basic Concepts 

Visual systems are comprised of two basic parts: a photoreceptor 

layer of l ight sensitive cells which transduce photon absorption into 

electrical signals; and a cascaded plexus of cells which process those 

signals into a representation of the visual environment of interest to 

the animal. That representation is determined by the "receptive field" 

properties of those afferent cells which transmit the processed signals 

from the animal's eye to its brain . A receptive field for a visua l 

system cell is defined in terms of the locus of points on the photo­

receptor array whose stimulation by light induces a response in the 

particular cell under study. To "decipher" the messages used by an 

animal in reconstructing its visual environment it is necessary to 

study the spatial and temporal encoding properties of the component 

receptive fields comprising its visual system and providing the sole in­

puts to the animal's brain. 

Receptive fields were first described for the retinal ganglion 

cells of vertebrates by Hartline (1938), and since then most concepts 

on the organization of receptive fields have evolved from the particu­

lars found in the vertebrate system, thus making comparisons with 

other systems (i .e. , invertebrate and non-biological) based on uni­

versal processing concepts difficult . In the vertebrate eye the most 

commonly found receptive field structure is that of the center-on 
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surround-off variety which consists of two concentric circular regions 

on the retina. Light stimulation of the 11 center 11 region induces an 

excitation in the cell; stimulation of the surrounding annulus in­

hibits the cell. Architectures exist with the roles of center and 

surround reversed, with slightly different geometries, or with the 

regions individually displaying more complex, or, perhaps, not so 

well delineated, behaviors. 

Most of the early functional studies on receptive fields concen­

trated on the temporal properties of the center and surround and the 

mutual antagonism between them. In such studies a sinusoidal light 

stimulation is presented diffusely over the entire field of a particu­

lar receptive field unit, or selectively to the field's center or 

surround, and the ganglion cell's response is recorded as a function of 

stimulus temporal frequency. The mutual interaction between a center 

and surround is studied by observing changes in the center's (surround's) 

dynamic response induced by presentation of a stationary illumination 

to the surround (center). In such experiments the sinusoid signals have 

had a low depth of modulation to insure the linearity of the system. 

Vision, however, in all but the simplest biological systems, is 

a two-dimensional spatial process charged with the detection of forms, 

textures, and motions which involve processing techniques not easily 

analyzed by a single temporally fluctuating signal. Textural informa­

tion, for example, is contained in the two-dimensional spatial joint 

probability distributions of a pattern's luminance flux: camouflage is 

a widely employed survival technique which takes advantage of a preda-
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tor's inability to discriminate between an object and a background 

when both share certain statistical similarities in their luminance 

compositions . 

When receptive fields are viewed from this perspective, i.e., 

their ability or inability to encode properties of incident patterns, 

all previous barriers to comparisons between vertebrate and inver­

tebrate systems disappear. For now the object of a receptive field 

study is not the elucidation and study of a particular architecture, 

but of the basic information and signal processing schemes which deter­

mine the types of patterns that can be processed by a visual system. 

Consider, for exampl~, Rodieck's (1965) model of retinal receptive 

fields in which a ganglion cell's response results from a linear summa­

tion of the excitation and inhibition within the field, and weighed by 

appropriate sensitivity coefficients. Such systems have been exten­

sively studied by Minsky and Papert (1969) in their work on the non­

biological pattern recognition devices known as perceptrons, and have 

been shown to be severely limited in their ability to encode geometri­

cal features of patterns. Such linear summation mechanisms cannot 

detect connectivity or certain topological invariants (under rotation), 

nor can these systems separate overlapping figures from one another 

(Abelson, 1977). A visual system constructed as Rodieck envisioned 

would suffer from severe processing limitations. Perhaps nature's 

awareness of the simplicity of this scheme is demonstrated by the 

existence of "Y 11 -type ganglion cells in the cat retina, which possess 

widespread nonlinear summation properties throughout their receptive 

fields (Enroth-Cugell & Robson, 1966; Hochstein & Shapley, 1976a,b). 
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As yet, Minsky and Papert's (1969) approach to analyzing geometrical 

encoding limitations has not been extended to these types of non-

1 inear systems. 

The neural substrate of visual systems is involved in a great 

amount of lateral signal processing among disparate retinal regions 

for the extraction of spatio-temporal relationships from the induced 

electrical activity in photoreceptors to reflect real world objects 

and events. What the exact nature of these interactions is largely 

unknown. Attention has been turning from overall temporal field 

properties to the local functional microstructure from which receptive 

fields are built. This has involved the use of small spot stimuli or 

sine-wave gratings positioned within a particular subregion to examine 

the "summation" properties of the field (Stone & Fabian, 1968; Easter, 

1968; Grusser, et al, 1970; Glantz, 1971; Levine & Abramov, 1975; 

Hochstein & Shapley, 1976a,b). Such studies have important implica­

tions for the understanding of the processing capabilities and limita­

tions of receptive fields in encoding information about the structure 

of patterns incident upon them. 

·1.2 Nonlinear Summation Phenomena 

In most studies on the spatial summation properties of receptive 

fields the experimental procedure has been to stimulate two (equisensi­

tive) areas of a receptive field subregion (usually an on-center region) 

independently and then simultaneously, and to observe the ganglion 

cell's response, R, to each situation (Stone & Fabian, 1968; Easter, 

1968; Grusser, et al, 1970; Levine & Abramov, 1975). The two stimulated 
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areas of the center are identified by the nomenclature "area 111 and 

"area 211
, and the light intensity incident on each is r1 and I2, 

respectively. Ri denotes the ganglion cell's response (in spikes per 

second) when "area i" is illuminated with Ii. R1+2 is the response 

when areas l and 2 are illuminated simultaneously (with r1=r 2). The 

objective of such experiments has been to compare R1+2 to the algebraic 

sum of the R .. If 
l 

(l.2.1) 

then the system is said to be linear, and no interactions appear to be 

taking place between the two areas in the receptive field. If, however, 

(1.2.2) 

then the receptive field summation is said to be nonlinear, because 

superposition (i.e., addition) of the two areas' elicited responses 

did not occur. Equation 1.2.2 is rewritten as 

(1.2.3) 

where 6 is a distortion factor reflecting the nonlinear interaction be­

tween the two areas. If 6 > 0, then an increase in the spike rate has 

occurred, indicating a ·facilitory (i.e., excitatory) interaction be­

tween the two areas. If, however, 6 < 0, then R1+2 reflects a reduc­

tion in the spike rate which could indicate: 1) an inhibitory inter­

action between the two areas; or 2) a spike rate compression resulting 

from the cell's inability to exceed a maximum firing rate, Rmax' due 
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to its refractory period (i.e., R1 + R2 > Rmax ~ R1+2). For 6 < 0 the 

source of the nonlinear summation needs to be determined and various 

strategies have been used to accomplish that (Grusser, et al, 1970; 

Abramov & Levine, 1975; Levine & Abramov, 1975). 

Such multi-spot paradigms have been used to examine the micro­

structure of the cat (Stone & Fabian, 1968; Grusser, et al, 1970), 

the goldfish (Easter, 1968; Abramov & Levine, 1975; Levine & Abramov, 

1975), and a crustacean's retinal receptive fields (Glantz, 1971). 

Cats appear to have extensive lateral interactions in the receptive 

fields of their Y-type ganglion cells (e.g., Hochstein & Shapley, 

1976a), but the source of the goldfish's nonlinear surranation appears to 

be spike compression (Abramov & Levine, 1975). That different results 

should be found in animals from different environments is not sur­

prising, but other than identifying a nonlinear sunmation and its pos­

sible source, these experiments have provided little insight into the 

encoding properties of receptive fields, nor do they freely yield any 

information about the interactions' dynamics. Their limited scope of 

interpretability has stenmed, in part, from the absence of a formalistic 

conceptual framework for defining and classifying canonic types of 

interactions that might exist within a visual system and for examining 

the processing capabilities of each. How, for example, might a 4-spot 

stimulus used by Grusser, et al (1970) differ from a 2-spot configura­

tion in its theoretical and practical effectiveness in exciting and 

extracting functionally distinct interaction phenomena in a receptive 

field? Such a question cannot be posed nor examined without an appro-
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priate formalism in which to set such a question. 

1.3 Volterra Descriptors for Receptive Field Interactions 

The Volterra series expansion for multi-input systems is an ap­

propriate formalism for describing the rich variety of spatial inter­

actions in a visual system through the mechanism of "cross kernels". 

The need for cross kernels is underscored by the fact that even the 

simple eye of Limulus has lateral inhibition containing a second-order 

nonlinearity (Barlow & Lange, 1974) with nontrivial properties (Barlow 

& Quarles, 1975). For a system with a single input x(t), the output 

y(t) can be written as a Volterra series of the form 

00 00 

y( t) = ~ f ... Jg h,, ... T) ~ x(t-T.)dT
1

···dT 
n=l -oo -oo n n j=l J n 

(1.3.l) 

where the kernels gn(T1,T2,•••,Tn) describe the system's response for 

any input. In such a single input system there are no other input chan­

nels for cross-channel (i.e., lateral) interactions to take place, 

hence there is no need for "cross kernels". For a system with N input 

channels, the Volterra series expansion for y(t) includes such interac­

tion terms and is written as 

y(t) 
N 

= L 
k =O 1 

00 00 

J.J 
-00 -co 
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(1.3.2) 

(In this notation a zero subscript, i.e., ki~o~ eliminates the corres~ 

ponding integration and input (Parente, 1970).) 

Such a notation, however, is cumbersome: the elegance and utility 

• of the Volterra series for multi-input systems is better realized by 

rewriting equation 1.3.2 as a sum of nonlinear interactions of lower 

order (Poggio & Reichardt, 1976): 

(1.3.3) 

where 

00 00 

g p -f J k, ••• k * xk ... zk ~ . . gk k ( ... ) 
p l p -oo -oo 1··· p Tl' ,Tp 

(l . 3.4) 
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(The de term, g0, can be eliminated from this expansion if one wishes to 

avoid the possibility of a system response without a causative input 

(Bedrosian & Rice, 1971).) 

In equations 1.3. l and 1.3.3 the kernels gk k are the self-
1 • • • n 

kernels (of order n) for channel r when all the subscripts are identi-

cal (i.e., k1=k2= ... =kn=r) and describe ~he system response Rr of the 

previous section. In this manner the notation for the (n-) order of 

the kernel is indicated by the number of subscripts. Hence, gk k 
l ••• n 

of equations 1.3.l and 1.3.3 is identical to gn of equation 1.3.l 

when k1=k2= ... =kn=l. The second term of equation 1.3.3 contains ker­

nels with only one subscript and reflects the first-order 11 self 11 

kernels for each of the N input channels. Interaction among chan­

nels can only occur when there are two or more input channels to the 

system. Interaction terms, i.e., cross kernels, are defined by those 

terms gk k (n ~ 2) possessing different subscripts, and reflects 
1 • • • n 

the "distortion" previously denoted by II. Hence gij(T1,T2) describes 

the second-order interaction between channels i and j; 

gijk(T1,T2,T3) describes a third-order interaction between channels i, 

j, and k; giij(T1,T2,T3) describes a third-order interaction between two 

channels (i and j). The p-order of a system (Poggio & Reichardt, 1976; 

Abelson, 1977) is defined as the number of different channels providing 

inputs to an interaction term: giij(T1 ,T2,T 3) is a third-order (i.e., 

n-order 3) kernel of p-order 2. 

The Volterra series of equation 1.3.3 can be truncated to any desired 

value of n to reflect the degree of the highest nonlinearity of interest. 
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Hence for n=l, equations 1.3.l and 1.3.3 reflect the convolution in­

tegral of linear systems theory, and is the system that Minsky and 

Papert (1969) studied (the threshold mechanism included in their 

perceptron is easily incorporated by cascading the pulse encoder des­

cribed in Chapter 3). Discussions of the Volterra kernels' avail ­

ability (through the closely related non- linear G-functionals of 

Wiener (1958)) are deferred until Chapter 3. 

Retinal receptive fields, composed of multiple (photoreceptor) 

inputs and a single cell's output, may be thought of as multi-

input single-output systems with their own Volterra series expansions. 

The cross kernels of equation 1.3.3 reveal that such a system's res-

ponse may depend on interactions among signals arising from various 

combinations of input ports. If multi-spot "response-surrmation" 

experiments, described in Section 1.2, used sufficiently small stimuli 

to stimulate single (or, practically, very small numbers of) input 

channels, then equation 1.3.3 suggests that there are classes of 

interactions (of p-order 3 and greater) which, if existent within a 

tested system, could not be excited nor detected by 2-spot configura­

tions. How many of these higher p-order interactions are actually 

operating in a visual system is a question that has not been widely 

or directly studied in the past . Poggio and Reichardt (1976) have 

speculated extensively on the nature of the neural interactions that 

underlie certain aspects of the optokinetic response of flies . They have 

postulated on p-order 4 lateral inhibitory networks subserving the posi­

tion dependent component of the fly's pattern fixation behavior, and on 

similar networks underlying the fly's ability to discriminate between a 
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fig~re and ground, but no neurophysiological experiments have been per­

formed to confirm their speculations. (p-order 2 cross kernels, under­

lying motion detection in flies, have been identified by Marmarelis 

and McCann (1973).) 

Julesz (1975), in a set of experiments specifically designed to 

examine such processing limitations (vis -a-vis a particular visual proc­

essing task),used pairs of computer-generated "random" textures to examine 

the classes of textures that a (human) visual system could not process. 

He was able to deroonstrate that two textures were distinguishable from 

each other if they differed in either their first-, or second-order 

luminance probability distributions; if, however, the textures were 

identical in their first-, and second-order statistics, but differed 

in their third-order distributions, then they were indistinguishable 

from each other. This set a surprisingly low upper limit on the num-

ber of adjacent points whose luminance patterns a (human) visual system 

could keep track of. Julesz was unable to ascertain whether this 

limitation was cortical in origin or stemmed from retinal receptive 

field properties. Julesz (1975) suggested a simple experiment to 

distinguish between the two possibilities: that his computer generated 

textures be presented to a retinal receptive field whose response to 

each could be examined to determine which textures the field saw as 

different or the same. Thus far his suggestion has not been taken up 

by vertebrate researchers. 

The closest a neurophysiological study has come to examining 

higher p-order interactions in a receptive field was Grusser et al 's 
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(1970) which used a 4-spot stimulus (arranged in a square configura­

tion) and its 15 permutation subsets to examine nonlinear summation 

on the cat ganglion cell receptive fields. Grusser found nonlinear 
j j 

summation (i.e., R E ; E R., j = 2,3,4) and conjectured that it 
i=l i=l l 

arose from lateral interactions within the field and not from spike 

compression. (From the second harmonic contents in y-cell responses 

to sinusoid grating stimuli, Hochstein and Shapley (1976b) have 

postulated a network of 11 small field" 11 rectifier 11 elements, of other­

wise nondescript nature, subserving nonlinear spatial summation in cat 

receptive fields.) 

Aside from these investigations and the extensive studies on 

lateral inhibition in the horseshoe crab Limulus (cf. Ratliff, 1974) 

which have provided the basic insights into the microcosm of interac­

tions that subserve visual systems, no other studies have concerned 

themselves directly with identifying the extent and nature of the 

n- ~ and p-, order interactions in a receptive field and their effect 

on encoding stimulus parameters. This thesis attempts to partially fill 

that void by a direct study of the Volterra (-~/iener) kernels subserving 

a receptive field especially suited for dissecting the type of micro­

structure that has been alluded to. 

1.4 The Compound Eye for Functional Microstructure Studies 

The compound eye of certain invertebrates (i.e., the arthropods) 

is an ideal system for studying neural interactions underlying organi­

zational phenomena common to many visual systems. Its highly patterned 
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geometrical array of ornmatidial facets (cf. Chapter 2) permits easy 

access to, and stimulation of, the eye 1 s input channels, via optic 

fibers, individually or in combination, with a precision and flexi­

bility that is unavailable in the inverted retina structure of the 

vertebrates. With such control over the stimulated input port con­

figurations, subtle microstructures of neural interactions can be 

dissected: lateral inhibition (in Limulus (Ratliff, 1974)) and motion 

detection (in flies (McCann and Marmarelis, 1973)) are two classic 

examples of the types of processes whose study has been greatly 

facilitated in the compound eye. 

When compared with the vertebrate eye, the compound eye appears, 

at first, deceptively simple. Such a conclusion is quickly negated 

when the latter's form and motion detection capabilities are realized, 

as represented by the pattern recognition ability of bees , and chasing 

behavior of flies. That such neural processing is localized to discrete 

foveal regions which utilize only a part of the eye's total ommatidial 

pool, makes the compound eye particularly interesting for studying the 

differences in neural activity (and interaction paths) introduced by 

specific permutations of stimulus configurations onto these restricted 

parts of the eye. 

Although receptive fields, per se, have not been a primary area 

of research in the compound eye, they certainly do exist therein, and 

to some degree resemble the organizations found in vertebrates eyes 

(Arnett, 1972; Wiitanen, 1974). The receptive fields of a particular 

class of visual interneurones in the crustacean, Procambarus clarkii 

(the swamp crayfish--a moderately evolved arthropod) have been particu-
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larly well studied by Wiersma and his colleagues (e.g., Wiersma & 

Yamaguichi, 1968; Wiersma & Mccann, in preparation). These inter­

neurones, known as sustaining fibers (cf. Chapter 2) generate spike 

trains and may be thought of as analogous to the ganglion cells found 

in vertebrate retina. Their receptive fields display nonlinear sum­

mation phenomena (Glantz, 1971} which, from studies on the bursting 

properties of sustaining fibers (Glantz and Nudelman, 1976), are 

thought to arise from a rich lattice of lateral (inhibitory) inter­

actions (cf. Chapters 5 and 7). 

The well studied properties of the sustaining fibers, coupled 

with the general experimental advantages afforded by the compound eye 

(and several attributes discussed in Chapter 2) make the crayfish eye 

a particularly amenable preparation for studying how a receptive field 

organization is built up from the microstructure of interactions identi­

fied by the Volterra formalism of Section 1 .3. 

Using the crayfish eye, this thesis undertakes, for the first 

time, a concerted study of such interactions subserving a particular 

fiber ( 11 038 11
, cf. Wiersma & Yamaguichi, 1967; cf. Chapter 2) through 

the use of Wiener's nonlinear G-functionals (Chapter 3) and a specially 

designed optic fiber/LED package for optimally eliciting the responses 

of interest (Sheby & McCann, 1976; cf. Chapter 2). 

The optic fiber stimulus configurations presented to the crayfish 

include various geometrical arrangements as well as the "patterns" 

of Julesz (1975) to demonstrate the universality of the approach to re­

ceptive field studies initiated here. 
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Using various combinations of (l-,)2-, 3-, and 4-optic fibers for 

presenting appropriate 11 white noise 11 stimuli (cf. Chapter 3) the 

order, dynamics, and extent of signal processing interactions sub­

serving a higher order (arthropod) visual interneuron become available 

through Wiener kernels (cf. Chapter 3) in a manner previously unavail­

able to past investigations. In particular, the characteristics of 

the dynamics of cross talk between two (or more) input channels can be 

examined for changes as additional retinal regions are excited with 

controlled stimulus configurations. The ability to examine the effect 

and structure of equation l.3.3's cross kernels introduces a new 

technique for examining the complexities of (multi-input) single­

output (spike generating) systems invisible to the past investigations 

of nonlinear spatial summation phenomena. 

1.5 Thesis Outline 

Chapter 2 reviews the physiology of the crayfish's visual system to 

introduce the stimulus package used in the following experiments. 

Chapter 3 reviews basic concepts of Wiener and Volterra kernels and 

their inter-relationship, with special emphasis on how lateral inter­

actions and spike train data affect kernel analyses. 

Chapter 4 studies the basic properties of the single channels 

underlying 038's receptive field and Chapter 5 studies dual channel 

interactions. Chapter 6 extends dual channel interactions to color 

interactions; and Chapter 7 studies the interactions underlying 038's 

response to 3-, 4-, and multi-spot configurations. Chapter 8 discusses 
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and summarizes the results. 
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Chapter 2 

THE PHYSIOLOGY AND STIMULATION OF THE CRAYFISH EYE 

2. 1 The Crayfish Eye 

2. l. l Overview of the Crayfish Visual System 

The crayfish (Figure 2.1. l) is a freshwater decapod crustacean 

whose visual system is primarily located in two eye stalk structures that 

protrude laterally from the animal 1s head. At the distal end of the 

stalk is a hemispheroidally-shaped compound eye (Figure 2.1.2) which, in 

the fully grown adult, is composed of about 2500 ommatidia (Roach & 

Wiersma, 1974). An ommatidium is the functional sensory unit of the com­

pound eye and consists of a transparent lens system (the dioptric 

apparatus) for collecting and directing light to its underlying cluster of 

eight photoreceptors (i.e., retinular cells, denoted as Rl-R8, cf. Figure 

2. 1.3) known collectively as retinula. The retinula are surrounded by 

pigment cells containing screening pigments which migrate with changes in 

environmental illumination, thus controlling the amount of light reaching 

the photoreceptors (e.g., Arechiga, et al, 1974). Seven of the retinular 

cells surround a structure known as the rhabdom, which is the ohotosensi­

tive part of the ommatidium. The rhabdom is composed of tightly packed 

microvilli projections of the retinular cell membranes and contains the 

visual pigments. The eighth retinular cell forms a separate rhabdom 

(Nassel, 1976). The corneal facets are the surface elements of the diop­

tric apparatus and, in the crayfish, are square-shaped with diameters 

ranging from 45 microns (Eguichi, et al, 1973) to 61.5 microns (Wald, 1968). 
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Fig. 2.1.l An adult crayfish 



Fig. 2. l . 2 
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Compound eye of the crayfish 
(from Waterman and Fernandez (1970)) 
A. anterior view; B. dorsal quadrant 
038's field is to right of indentation 
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The facets are arranged in two orthogonally oblique rows (cf. Figure 

2. 1.4b) which, in small eye regions, appear as an array of squares. 

Behind the retina lie four cascaded neural ganglia and two hor­

monal storage sites (the X-organ and the sinus gland). The first and 

most distal of the optic ganglia is the lamina ganglionaris, followed 

by (in increasingly proximal order) the medulla externa, the medulla 

interna, and the medulla terminalis (Figure 2.1.5). Exiting each eye 

stalk and entering the brain are approximately 17,000 fibers (Nunnemacher, 

et al, 1962), a small subset of which has been electrophysiologically 

studied by Wiersma and Yamaguichi (1966) and classified into four func­

tional groups. One of these groups, the sustaining fibers, is composed 

of 14 visual interneurones whose axons run together in a single bundle 

(Wiersma & Yamaguichi, 1966; D. Rafuse, unpublished). These sustaining 

fibers are characterized by their response to a step in illumination con­

sisting in an initial high frequency burst (with a rate of about 200-500 

spikes per second) resulting in a steady-state firing rate. The firing 

rate of the initial burst and subsequent steady-state, as well as the 

latency of the response,depends on the intensity of the stimulus: the 

higher the intensity, the shorter the latency and the higher the firing 

rate. Each sustaining fiber has its own distinctive receptive field 

(Wiersma & Yamaguichi, 1966) which is used to uniquely define the fiber 

studied (e.g., cf. Woodcock & Goldsmith, 1973). The sustaining fibers are 

identified by a nomenclature consisting of a one or two digit code pre­

ceded by the letter 110 11 (Wiersma & Yamaguichi, ]966). 

The most commonly found, and presumably the largest, of the sus­

taining fibers is known as 038. 038 1 s receptive field consists of an 
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a. 

b. 

c. 

Fig . 2.1 .4 a) array of 20µ diameter optic fibers; b) 20µ fiber 
against a single ommatidium; c)array against eye 
( not on 038) 
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Fig. 2.1.5 Crayfish Optic Ganglia and Schematized Representation of 038 
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ovoid region running along the dorso-posterior (i.e., upper rear) rim of 

the eye (Figure 2.1.6). The length of the field is about 1600 microns 

and it extends, maximally, in width for about 800 microns (cf . Chapter 

4). Illumination within the ovoid's boundaries excites the sustaining 

fiber; illumination beyond the ovoid results in inhibition of the fiber 

(Wiersma & Yamaguichi, 1967). 

The sustaining fibers are thought to arise from the medulla ex­

terna (Wiersma, unpublished; D. Rafuse, unpublished) but beyond that 

little else is known about their synaptic contacts with other neural ele­

ments. 

038 was chosen as the object of study in these experiments because 

of its size, physical durability, and quickly identifiable characteris­

tics (all of which minimizes time consuming and damage-inflicting micro­

electrode probing), and its well reported behavior in the literature. 

With 038 as the representative sustaining fiber a greater number of ex­

perimental controls could be placed on the experiments to analyze the 

constituent microstructure of its field, thus eliminating the need to 

examine possible differences among sustaining fiber types. 

2. 1.2 Spectral Sensitivity of the Retinular Cells 

The crayfish compound eye contains two types of retinular cells: 

a yellow(-green) receptor with a maximum spectral sensitivity at 565-570 

nm (or possibly at 594 nm}; and a blue-violet cell with a peak sensitiv­

ity at 430-460 nm. Nosaki (1969), in intracellular recordings of 

retinu1ar cells, found the peak spectral sensitivity of the yellow recep­

tor to be at 560 nm (in winter, and to be greater than 600 nm in summer); 
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and the blue receptor to have a peak sensitivity at 460 nm. l~aterman and 

Fernandez (1970), also using intracellular recordings, found the yellow 

receptor to have an average peak sensitivity at 594 nm . Their blue cells 

responded maximally at 440 nm. Typical spectral sensitivities for their 

cells are shown in Figure 2. 1.3c. l~aterman and Fernandez (1970) did not 

observe the seasonal variability in the yellow-sensitive cells as re­

ported by Nosaki (1969). Ultraviolet sensitivity has not been observed 

in the crayfish eye (Goldsmith, 1972). 

The higher penetration rate of yellow cells in intracellular 

recordings (90%, Nosaki, 1969; 81 %, Waterman & Fernandez, 1970) as com­

pared with the lower penetration rate (10-19%) for the blue-violet, has 

suggested that the yellow-sensitive retinular cells are the predominant 

variety present in the crayfish. 

In an elaborate measurement of the densities of certain cytoplas­

mic organelles resulting from selective chromatic light adaptation, 

Eguichi, et al (1973) have attempted to identify which retinular cells in 

an ommatidium are the blue-, and yellow-sensitive cells. They concluded 

that R3 and R4 (cf. Figure 2. 1.3) were violet-sensitive and that the 

other retinular cells (Rl ,2,5,6,7) were yellow-sensitive (RS was not 

studied) . They divided the ye 11 ow-sensitive group into two categories: 

pure yellow receptors (Rl and R?); and a class of cells that seemed to 

have mixed sensitivity to both yellow and violet (R2,5,6). Eguichi, et 

al (1973) pointed out, however, that a mixed yellow-violet group was in­

consistent with other studies: 95% of all intracellularly recorded cells 

had single peak wavelength sensitivities and only 5% had double peaks. 



27 

The presence of 3 mixed yellow-blue receptors (out of 7) should have 

resulted in at least 42% of all intracellular penetrations to reveal 

double peaks. Hence, Eguichi, et al (1973) offered an analysis of their 

data suggesting that the yellow-blue grouping arose from an inconsis­

tency in the violet cells' localizations in one ommatidium to another. 

Goldsmith (in press) has performed extensive microspectrophoto­

metric experiments on the isolated crayfish rhabdom (bleached and un­

bleached) and has found all absorption spectra to match the spectral 

sensitivity curves for the yellow receptors. Hence, it may be that Rl­

R7 are all yellow sensitive and that R8 is the blue receptor: such a 

scheme would account for the recording rates of the two cells. 

2. 1.3 The Spectral Sensitivity of the Sustaining Fiber (038) 

The spectral sensitivity of the sustaining fibers of the crayfish 
' 

(Procanbarus) has been extensively studied (Trevino & Larimer, i970; 

Woodcock & Goldsmith, 1970, 1973) and, fortuitously, the characteristics 

of 038 have been examined in all of these investigations. 

In the dark-adapted state, 038 is maximally sensitive in the 

yellow-green (Amax= 575 nm, Trevino & Larimer, 1973; Amax= 560-580 nm, 

Woodcock & Goldsmith, 1970) and upon adaptation with red light its sensi­

tivity shifts to the blue (A = 465 nm, Trevino & Larimer, 1970). These max 
findings suggest that 038 receives inputs from the crayfish's two types 

of retinular cells. Woodcock and Goldsmith (1970) reported two 038 

units, in different animals, which had peak (dark adapted) sensitivities 

in the blue, and later reported (Woodcock & Goldsmith, 1973) that about 

10% of all sustaining fibers (without a breakdown of their types) 
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demonstrated a peak sensitivity at 460-480 nm. It should be noted 

that all 36 sustaining units studied by Trevino and Larimer (1970) con­

sistently demonstrated peak sensitivities in the yellow (e.g., \max for 

sus tai ni ng fiber 11 01 11 was 565 nm). 

Using two test wavelengths (473 and 573 nm), Woodcock and 

Goldsmith (1973) examined the constancy of the sustaining fibers' spec­

tral sensitivity within different regions of their receptive fields. 

While they found no major differences within a field, they did find a 

slight preference for yellow in those receptive field parts falling in 

the ventral regions of the eye, and a slight increase in blue sensit :i v­

ity for field regions falling within the dorsal half of the eye. Noting 

that 038 1 s field is along the dorso-posterior rim, it is essent"ia ·1 to 

explain the differences of these findings in view of the yellow sensi­

tivity previously described (Trevino & Larimer, 1970; Woodcock & 

Goldsmith, 1970). Woodcock and Goldsmith have attempted to explain these 

different findings via differences in the experimental procedures they 

used versus those used by Trevino and Larimer (1970). 

Woodcock and Goldsmith (1973) measured the average number of im­

pulses in a sustaining fiber's response to a 1 second stimulus. Such a 

measure erases all the fine structure of a spike train (cf. Chapter 3). 

Hence, they could not observe contributions in a spike train that might 

be spectrum related as did Trevino and Larimer (1970; see below). 

Woodcock and Goldsmith have pointed out that test stimuli with 

wavelengths 473 and 573 nm that they used, do not selectively 

excite the blue and yellow sensitive photoreceptors, respectively. 

Instead, the spectral sensitivity curves of both retinula cell types 
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(Fig.2. 1.3) show that 473 nm excites both classes of photoreceptors, but 

a yellow stimulus at 573 nm has less effect on blue sensitive receptors 

than does its reciprocal experiment (i.e., 473 on yellow-sensitive cells). 

Hence, any measurement of response to blue light based solely on spike 

count reflects the activity of both the blue and yellow sensitive cells, 

but a response to yellow light primarily reflects the activity of the 

yellow sensitive cells (see Chapter 6). 

Trevino and Larimer (1970) studied spectral sensitivity in the 

"hotspot" (i.e., center) of a field in two ways. For the dark-adapted 

spectral sensitivity curve of 038 they measured the energy re-

qui red of a 20 msec light pulse to elicit two spikes in a dark-adapted 

animal. They chose that near-threshold condition so that they cou1d ex­

amine the contribution of the blue receptors to 038; Goldsmith and 

Fernandez (1968) found that the blue sensitive retinulae saturated only 

1.5 log units above threshold. A second method examined the fine temporal 

pattern of the sustaining fibers' spike trains. In the dark-adapted 

state, 038's response to the brief flash of red or blue light is a burst 

of spikes. When the eye is red-adapted (thus decreasing the sensitivity 

of the yellow photoreceptors) the sustaining fibers' response to a blue 

flash breaks into two components: a late and an early phase (Trevino & 

Larimer, 1970). The response of a red-adapted fiber to a flash of red 

light lacks the late burst; in a dark-, or violet-adapted eye, the late 

burst is also absent. This suggests that the late burst is a contribution 

from blue-sensitive retinular cells. Such an observation could not be 

made by the gross spike counting procedure employed by Woodcock and 
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Goldsmith (1973). Woodcock and Goldsmith 1s finding of a favored blue 

sensitivity in the dorsal regions of the crayfish eye cannot easily be 

reconciled with the literature indicating a preponderant population of 

yellow-sensitive retinular cells as inputs to the sustaining fibers. The 

question of color channels is explored further in Chapter 6. 

2.2 Light Stimulus 

2.2. l Introduction to Optic Fibers and LEDs 

Single and pairs of optic fibers have been extensively employed as 

light guides in studies of arthropod visual systems (e.g., Barlow, 1969; 

Shapley, 1971) . The experimental procedures and designs used in those 

applications were, unfortunately, unsuited for the purposes of this 

thesis. For example, the sources used were often incandescent lamps whose 

spectra were current dependent or extremely broad banded (e.g., 400-700 

µm). Section 2. l 1 s discussion of the crayfish eye 1 s spectral sensitivity 

suggests the misinterpretations thatcould result when 038 1 s response is 

correlated to a stimulus of varying intensity that also fluctuates in 

spectral composition. To overcome this problem, and the nontrivial task 

of presenting nonrandom configurations of multiple small spot stimuli to 

the restricted area of 038 1 s receptive field, a specially designed optic­

fiber, light-emitting diode (LED) stimulus was built (Sheby & Mccann, 

1976), with particular care to exploit both 038 1 s and the retinula 1 s 

predominant yellow sensitivity. 

Step index optic fibers are composed of a glass core 

of uniform refractive index, n1, surrounded by a glass cladding of 
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slightly lower index of refraction, n2. Light launched into the fiber 

core at an angle less than the critical acceptance angle, emax (the numer­

ical aperture) is internally reflected upon striking the core-cladding 

interface and continues to propagate down the fiber core. The numerical 

aperture is the basic parameter for describing the characteristics of an 

optic fiber. The numerical aperture is defined by 

(2.2.1) 

where n0 is the index of refraction of a uni form medium located between 

the fiber core and the incident (or exit) beam of light. 

When an electromagnetic field propagates in an unclad fiber, the 

field extends beyond the boundary of the transmitting glass and any mate­

rial in contact with the fiber would disrupt the field. When unclad 

fibers are packed close together in an orderly array, light will pass 

from one to the other, because evanescent waves that exist close to the 

fiber surface can be trapped by an adjacent fiber. This optical cross­

talk is highly undesirable when it comes time to compute the (Wiener) 

kernels of the system (Chapter 3); it can also result in the accidental 

stimulation of a region that was to remain unexcited during an experiment. 

The amount of light that can be launched into an optic fiber is 

limited by the number of modes, N, that the fiber can support. N is 

determined by a dimensionless parameter, V, where 

(2.2.2) 
and 

(2.2.3) 
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and Dis the fiber core diameter, and A is the wavelength of the incident 

light. For V < 2.5 only one mode can be supported on the fiber. 

High radiance light emitting diodes are ideal sources for fiber 

optic systems. Their Larrbertian radiance profiles can excite a great num­

ber of modes in an optic fiber. Their nearly linear drive current-output 

light intensity relationship allows them to be accurately and simply con­

trolled by direct amplitude modulation of their drive current (Figure 

2.2.1 ). The Gaussian white noise intensities required for Wiener kernel 

analyses (Chapter 3) are easily obtained by connecting the LEDs 1 current 

sources to the appropriate noise generator(s) Most 

important, the LEDs' spectra do not shift with drive current as do other 

incandescent sources (Figure 2.22 ). Hence, all visual phenomena studied 

with LEDs are intensity dependent and not spectrum dependent. Furthermore, 

LEDs are inexpensive and have half-lives approaching 100,000 hours. 

Unlike other incandescent sources, LEDs convert electrical energy 

directly into light without the production of heat and intermediate con­

version from thermal energy; thus the need for heat absorbing filters is 

eliminated. 

Optic fibers are easily coupled to LEDs by butting the input fiber 

end directly against the emitting surface of the LED. Since LED surface 

emitting areas are usually larger than that of a fiber core, only a 

fraction of the LED's total radiated light can be coupled to the fiber. 

The efficiency, n, of a fiber optic-lED coupling is proportional to 

the numerical aperture, i.e., 

n a: A. (NA) 2 /A fiber source (2.2.4) 



m 
0 

<I: 

->- (/) 
I- ~ -z 
~ ::) 

w >-
1- 0::: 
Z<I: 

0::: 
I- I­I­
(.9 Cl) 
- 0::: 
_J <I: 
~ 

0::: -10 
l-
o 
w 
n.. 
(/) 

0::: -20 w 
~ 
0 
n.. 

33 

DRIVE CURRENT (MA) 
40 

LED drive current vs. output fiber 
intensity. 

Power spectrum of output fiber 
intensity. 

-30 '::----------------------.:.:ll 
.2 

Fig. 2.2.1 

FREQUENCY, HZ 

OUTPUT FIBER INTENSITY 
(ARBITRARY UNITS) 

(c) Gaussian distribution of output fiber 
intensity. 

Characteristics of Output Intensity from an Optic 
Fiber 



a. 

b. 

c . 

34 

500 540 580 

5P..?nm 4()nrr. 

I"\ 

I \ 
,--------__} ''----· 

500pW 20r.:S 

500 540 580 

569nm 4()nr:: 

(\ 

/ \ 
I \ 
I \ __ ,_,__ __ / \ .. 

---
SOCpW ?.Orr.:J 

500 540 580 

Powe r 
Output 

\ ( nm ) 

Fig. 2.2.2 Spectral Characteri s tics of LED and Glow Tube 
a) LED at 20 ma; b) LED at 40 ma; c) glow tube at l ) 10 ma 
2) 30 ma, 3) 50 ma. 



35 

where Afiber and Asource are the areas of the fiber core and the LED's 

emitting surface areas, respectively. Typically, coupling efficiencies 

of only a few percen t are possible (Hudson, 1974). For a fi xed choice 

of LED type and fiber size the only way to increase coupling is by choos­

ing a fiber with as large a numerical aperture as possible. 

Despite the poor coupling efficiency, the effectiveness of a LED 

as a light source is greatly enhanced by choosing one whose nearly mono­

chromatic spectrum (half power bandwidth approximately 30 nm) matches the 

region of maximum spectral sensitivity, \ max' of the stimulated visual 

system ' s photopigment(s) of interest. Despite the fact that a conven­

tional incandescent source might be capable of generating more total 

power than can be coupled into an optic fiber, the LED makes up for this 

by insuring that nearly 100% of its coupled light optimally stimulates 

the eye. For example, the stimulus package developed in this thesis in­

corporates yellow GaAsP LEDs (Hewlett Packard #5082-4558) whose peak 

emitted wavelength, \ pk' is at 583 nm, thus insuring maximal stimulation 

of the crayfish's yellow-sensitive retinular cells (see Figure 2. 1.3d) 

and 038, both of which have relative sensitivities of over 95% at 583 nm. 

Blue GnN LEDs ( \ pk= 428 nm) (supplied by Dr. J. Pankove of RCA Labora­

tories) were used to excite the crayfish's blue system. 

For the experiments, fibers with core diameters of either 20 or 60 

microns were used, but had numerical apertures of .5 for optimizing the 

coupling efficiency and light-carrying capacity of the fibers. The size 

of the cone emerging from the fiber and stimulating an ommatidium can be 

reduced, as suggested by equation 2.2. l,by using a medium such as mineral 

oil with an index of refraction n0 > l. 
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In some assemblies light leaves the fiber at the exit aperture 

from the cladding. This occurs when light is launched into the cladding 

when the numerical aperture of the exit beam of the source is greater 

than the fiber's numerical aperture. These unwanted II cladding modes II can 

be eliminated by placing a mode stripping liquid between the fiber and 

the input source. Mineral oil or special fiber coupling epoxies with a 

refractive index close to that of the cladding can be used to eliminate 

th i s prob 1 em. 

The package for the LED-fiber optic stimulus must provide protec­

tion against mechanical damage inflicted by the experimenter or the 

animal and must provide and maintain the alignment of the optic fiber(s) 

and LED(s) for optimal coupling. The construction of the stimulus pack­

age is described in Section 2.2.2. 

Direct fiber-LED coupling allows permanent one alignment adjust­

ment and the ability to individually control the light intensity emanat ­

ing from each fiber independent of local coupling efficiency, via appro­

priate gain control and biasing of the LEDs' drive current. This 

eliminates the periodic realignments required when fibers are coupled to 

incadescent sources via lens-micromanipulator systems. 

2.2.2 The Stimulating System: LED and Fiber Preparation 

The Hewlett-Packard diodes are of the edge-emitting variety, 

mounted within a metallic reflector and covered with a protective epoxy. 

For these diodes it is necessary to grind through the epoxy and reflector 

into the diode's edge using SiC (grits 400 and 600) and Al 203 (.3 µm). 

The diode is polished with serium oxide. All grinding and polishing is 
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done on a modified lathe system. 

A disposable plastic syringe (20 cc, Becton-Dickinson #5661) 

houses the fiber-LED ensemble. The polished LEDs are mounted by thread­

ing their leads through holes drilled into the four walls emanating 

radially from the syringe's plunger. Four LEDs can be mounted in a 

single syringe this way. Eight LEDs can be mounted using a tier system. 

A modified version, with the LEDs mounted on a platform attached to the 

syringe body, can support 30 LEDs with individual fiber couplings 

mounted in a field of remaining fibers coupled to a common source (Figure 

2.1.4) . 

The fiber ends are ground and polished for optimal coupling to the 

LEDs. Several fibers can be prepared simultaneously, using the above 

procedure, by inserting them in ,,a glass tubing (A. Gover, personal com­

munication). Mishandling during the coupling process occasionally neces­

sitates repairs of broken fiber ends with a diamond knife. 

The fibers are cemented together into an array of the desired geo­

metric configuration (Figures 2. 1.4, 2.2.4, and insert of 2.3.1) for about 

one-half of their length. The fibers are inserted, polished ends first, 

into a syringe through a previously mounted ground hypodermic needle. The 

polished fiber ends are individually held by tweezers mounted on micro­

manipulators (Figure 2.2.4) and are carefully brought into contact with 

the polished diodes. To facilitate coupling, the LEDs are on and a photo­

diode is connected to a digital voltmeter which monitors the light emitted 

at the needle tip indicating when maximum coupling is achieved. 

The peak drive currents used determine the choice of epoxy. Occa­

sionally peak currents of 80-100 ma are used for high light intensities 
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(a ) ( b ) 

( c ) 

( d ) 

Fig. 2.2.4 LED -fiber assembly. a) Components used in assembly. 
b) Coupling optic fibers to LEDs. c) Close-up of fiber 
(arrow) - LED coupling. d) Partially completed assembly 
showing four optic fibers co~pled to individual LEDs 
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which produce sufficient heat to melt the epoxy and upset the coupling. 

This is overcome with a two-step procedure. First, a five-minute clear 

. epoxy (Hysol 608) is used for epoxying an initial coupling. A silicone 

adhesive (Dow-Coming #3140) is then applied over the fiber-epoxy-LED 

interfaces, and it is this adhesive, capable of withstanding temperatures 

to 400°F, that maintains the fiber-diode coupling. One 24-hour curing 

period is required for the entire fiber-LED ensemble which has otherwise 

been completed within several hours. 

The syringe is sprayed with black paint and is checked for light 

leaks with all diodes turned on. The fiber ends emanating from the 

needle shaft are ground and polished to minimize the divergence and ir­

regularities in the beam, due to tiny flaws, at the exit aperture. During 

grinding, the fibers maintain their geometric configuration because they 

have been cemented with the silicone adhesive. 

The drive currents of each of the LEDs are i ndi vi dually control led 

using a 4-channel current modulator built by D. 

Aranovich of our laboratory. This device pennits one to individually set 

the currents for any combination of output light intensities, equal or 

otherwise, of the fiber array independent of the differences in the i ndi -

vidual fiber-diode coupling efficiencies (Figure 2.2.5). Special purpose 

white noise and sinusoid signal generators provided the appropriately 

modulated input signal to the current modulators; oftentimes the signals 

were generated by a PDP/1145 digital computer (Digital Equipment Co., 

Maynard, Mass.) which also collected all data in real time (Figure 2.2.6). 
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2.3 Methods 

2.3.l Electrophysiology 

All experiments were performed on intact adult (4 11 length) speci­

mens of the swamp crayfish Procambarus clarkii (Dahl Co., Berkeley, Ca.). 

The rostrum was removed at least 24 hours in advance before use to pro­

vide access to the animal 1 s optic tract. All animals were kept in an 

aerated aquarium in a light controlled room with a 12-12 hour (light-dark) 

cycle. The animals were fed once a week. Since the crayfish is a noc­

turnal animal (Arechiga, et al, 1973) all experiments were performed 

between 6 p.m. and 4 a.m. to take advantage of the greater sensitivity of 

the sustaining fibers at that time (Arechiga, et __ al, 1973). 

Extracellular recording electrodes were etched from stainless steel 

insect pins (size 000) as described by Wiersma and Yamaguichi (1966). 

Their i nsul ati on procedure, however, was imp roved. It was found 

that the synthetic resin polyglycol phthalate was a good insulator that 

provided excellent protection against mechanical damage to the electrode 

tip. The polyglycol phthalate is easily liquified, and the electrode is 

dipped into it. The resin immediately hardens and eliminates the time 

consuming multiple dippings and dryings required by other metal electrode 

preparation techniques. The electrode tip diameters were 2-10 microns . 

The sustaining fibers are known to have nonvisual inputs which can 

affect their activity. In particular, they are extremely active when the 

animal enters an 11 excited 11 state. Hence, it is necessary to minimize all 

nonvisual stimuli (e.g., vibrations) and to keep the animal as immobile 

as possible. To achieve this the legs and tail were securely tied 
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together with rubber bands, the animal wrapped with moist tissue paper 

and securely clamped around the posterior carapace (cf. Chapter 4). 

The electrode was then positioned in the optic nerve and moved 

around until it recorded activity from one or more sustaining fibers. 

Quite often 038 was obtained as the first identified sustaining fiber, 

thus assuring us of minimal damage to the visual system. 

A sustaining unit was identified as 038 in a three-step procedure. 

First, with a large plastic optic fiber (250 micron diameter), a flash­

ing light stimulus was presented to the dorso-posterior rim so that the 

electrode could search for a cell responding to the stimulus. When a 

cell was found it was next checked for sustaining behavior by presenta­

tion of long duration flashes to insure that it did not habituate. 

Third, the cell 1s receptive field position was then matched with those 

mapped and categorized by Wiersma and Yamaguichi (1966). This is the 

standard method for identifying crayfish sustaining fiber types (e.g., 

Woodcock & Goldsmith, 1970). After an 038 was found, the electrode was 

glued in place and the eyestalk was immobilized by gluing it to the cara­

pace with Eastman 910 adhesive. 

The signals were fed into a NFl preamplifier (Bioelectric Instrum. 

Inc.) in series with another (Tektronix FMl-2). The output from the 

second preamp was then fed into a broad-band filter (Spencer-Kennedy 

Laboratories, Model 308A) whose low and high pass characteristics could 

be adjusted selectively to filter extraneous signals and noise (Figure 

2.2.6). Typically the band 600 Hz-5500 Hz proved satisfactory for 

isolating 038 units with good signal-to-noise ratios. The output from 
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the filter was then fed into an oscilloscope trigger (Tektronix 2B67) 

for spike spearation and the resultant trigger signal was sent to a 

PDP 11/45 computer where its time of occurrence was recorded. 

The optic fiber LED stimulus of Section 2.2 was calibrated before 

each experiment. A sawtooth or sine wave current was fed into each LED 

that was to be used in an experiment, and the output of its coupled 

fiber was monitored by a pin diode (United Detector PIN-10, Santa Monica, 

Ca.), the output of which was fed into a preamplifier (UDT model 101A) 

and then into an oscilloscope and the PDP 11/45 computer through a 

special bank of A/D converters used in our laboratory. At the same time 

the current feeding the LED was fed into the computer and a transfer 

function relating the input current and output light intensity was run 

for each LED-fiber configuration. During an experiment the computer­

generated white noise (cf. Chapter 3) feeding the LEDs was monitored, 

but for kernel computations the current was converted into the actual 

intensity by the transfer function computed for each individual fiber-LED 

pair. Hence, any artifacts arising from unequal fiber couplings were 

eliminated. For example, even though the two light intensities from two 

fibers might be equal, the current necessary to achieve the respective 

intensity in each LED-fiber pair might be unequal (Figure 2.2.5). If the 

currents' power levels were unequal and used for computing kernels 

(cf. Chapter 3) misleading results would occur because the input signals 

would not be of equal power. 

The reference electrode was positioned in a small hole punctured 

in the anterior lateral carapace of the animal. After a unit was located 
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and the animal 1 s eyestalks (and the electrode) were glued in place , the 

experimental eye of interest was aligned in the center point of a goniom­

eter in which the optic fibers are mounted (Figure 2.3. l) . This permitted 

the fibers to be rotated around the eye in great circular sweeps and 

aligned with the ommatidial axes in 038 1 s field. The choice of 20 µm 

fibers allows one to build up an array of fibers which can be selectively 

coupled to permit, for example, every second or every third fiber to be 

aligned with a distinct ommatidium (Figure 2. 1.4). 

2.3.2 Optics of the Compound Eye 

While the nocturnal nature of the crayfish eye has been utilized 

advantageously for some experimental procedures, it does cause some in­

convenience in others. Shaw (1969) studied the light scattering proper­

ties of various compound dyes, using optic fibers. For the crayfish 

Procambarus, he found that about 12% of the light directed at one 

ommatidium scattered onto an adjacent ommatidium (i.e . , 50% into the 

nearest four neighbors), and only a small fraction of that excited the 

retinular cells two ommatidia away. 

The scattering results from the physical structure of the eye. 

Recently it has been demonstrated (Land, 1976) that decapod crusta­

ceans have highly silvered reflective pigments surrounding each 

ommatidium, which direct entering light into neighboring ommatidia . This 

phenomenon can be partially minimized by injecting into the crayfish a 

light adapting hormone which pushes the pigment into a light adapted 

state , thus absorbing much of the light before it excites neighbors . 
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Fig . 2. 3. 1 Experimental Setup: Alignment of Optic Fibers to Crayfish 
Eye 



47 

Contributing to the light spread was the type of optic fibers 

that Shaw (1969) used: the un clad variety . In unclad fibers, 

and instead of n1-n2 = .001 , n1-n 2 = .5 resulting, as 

can be seen from equation 2.2.l, in large exit numerical 

apertures (and diverging light cones). Shaw's use of black paint to 

coat his fiber only kept visible light from exci ting the fib er sides-­

it would not change the numerical aperture of his fiber if, as is 

highly probable, air pockets existed between the paint and fiber sur­

faces. 

Attempts were made in this thesis to optically neutralize the ef­

fects of the reflective medium by focusing the light directly onto the 

rhabdoms. The strategy employed here was to melt, with the assistance 

of Professor N. George, the end of a fiber with a HeNe laser to produce 

a spherical lens (Paek & Weaver, 1975). Such a lens would be formed on 

a 85 µm diameter fiber (Figure 2.3 . 2) which could focus to a spot size 

of about 10 µm with a focal length of about the diameter of the fiber . 

While the approach holds great promise, it had to be abandoned , since 

the lenses were subject to extensive damage during construction of the 

LED-optic fiber stimulus package (Section 2. 2.2). A torch flame could 

not be well controlled to produce the lenses afte r the fibers had been 

mounted in the syringe package. 

2. 3. 3 Field Maps 

To be able to compare results obtained from different animals 

necessitated the development of a technique for recording the identity 

(i . e., location) of the ommatidia stimulated . Originally each ommatidiurn 
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a. 

b. 

Fig. 2.3.2 Lens Formation on Optic Fiber End 
Upper: Unprepared Fiber End 
Lower: Spherical Lens Produced 
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stimulated was identified after the experiment, and photographic records 

kept . But this proved cumbersome . 

Fortuitously , Dr . Donald Rafuse (Loma Linda University) found 

another method for recording sites of ommatidial stimulation . Along 

the dorso-posterior rim comprising the edge of 038 1 s field lies only one 

region where a group of ommatidia (10-15 in number) lie in a straight 

line . This site is consistent among all animals studied . The central 

ommatidium of this cluster was designated as row 0, column 1 on the eye 

and all adjacent ommatidia to it were labeled 2, 3, These numbers 

identified the label for the column of ommatidia that run perpendicular 

to row O in the dorso posterior direction (Figure 2.3 . .3). Column 20 

served a special purpose, for the ommatidia in it were labeled and iden­

tified all 11 rows 11 in 038 1 s receptive field . Any point could then be 

identified by a column row designated by recording which ommatidial rows 

and columns it intercepted with column 20 and row 0, respectively . 

2. 3.4 White Noise Stimuli 

In all experiments, unless otherwise noted, the absolute output 

mean intensity was 40 µw/cm2 on each fiber used . . This was done so that 

all kernel results could be compared with each other free of the side 

effects that plague Wiener analyses : power-level contamination (cf. 

Chapter 3) ; and adaptational changed in the animal . This also eliminates 

the need to report all kernel results in absolute units for the type of 

experiments perfonned herein : they are only concerned with relative 

kernel amplitudes and dynamics at a fixed stimulus intensity. 
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Fig . 2.3.3 Map used to identify ommatidial regions (courtesy of 
Dr. D. Rafuse, Loma Linda University) 
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Also, unless stated otherwise, each LED's driving current was a 

white noise with a bandwidth of .2-25 Hz. 

2.4 Dark Adaptation 

2.4. l Systems Analysis and Dark Adaptation 

When optic fibers (or other sources) are used to present small 

spot stimuli to an eye to study its microstructure of (lateral) inter­

actions, an interesting and nontrivial question arises: should these 

experiments be performed in darkness, presumably so that the animal can 

"see" and respond to the individual spots of light emanating from the 

fiber ends, or should the eye be tested with the spots in an environment 

with a constant background of illumination (i.e., in a light-adapted 

state?) 

McCann, et al (1976) studying temporal responses in fly photo­

receptors, present evidence that studies performed on dark-adapted ani­

mals reflect complex experimental conditions, since the eye normally 

operates in a visual environment composed of an average constant back­

ground light level. To support this, Mccann et al (1976) present data 

revealing high order nonlinearities (i :e·, 31st harmonic) in the response 

~ata collected from dark adapted photoreceptor cell responses to sinus­

oidal light stimulation at 4 Hz; the higher order harmonics were absent 

in light-adapted eyes. These data are interesting, but the source for 

this nonlinearity has been difficult to interpret. A possible cause 

might be localized if responses to sinusoid signals at other frequencies 

also revealed 31st harmonics. If the 124 Hz component \vas present at 
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all other stimulus frequencies then it might arise from a lamina sou rce . 

While it is true that the dark-adapted state is not the usual operating 

state for a diurnal animal like the fly, it is less "abnormal" for a 

nocturnal animal like the crayfish. 

The Volterra series for multi-input systems (equation l.3.3) sug­

gests another possible disadvantage for using a background light l evel 

for light adapting an animal. It is quite possible that the illumination 

of a broad retinal field can set up lateral interactions of p-order 2 or 

greater, throughout the illuminated region, which can inhibit the cells 

within this stimulated region and subsequently minimize their mutual in­

teractions with each other. In Limulus such a phenomenon has been 

thought to be responsible for the discrepancy in the lateral field pro­

files measured by stimulation of large neighboring retinal regions (Barlow, 

1969) versus that found in precision single-ommatidial stimulation 

(Johnson & Wachtel, 1976). 

The differences between the experimental results in light- versus 

dark-adapted animals (Mccann, et al, l976)are made more urgent to under­

stand when it is realized that some of the nonlinearities detected in 

dark-adapted animal experiments turn out to be of fundamental importance 

in modifying conceptions about basic neural processes. For example, 

Barlow and Lange (1974) using 76 micron diameter optic fibers, stimulated 

single ommatidia in Limulus and rreasured the eccentric cell's sensitivity 

to lateral inhibition arising from a neighboring stimulated region of 4 

ommatidia as a function of its own excitation. The result was that the 

cell's sensitivity was a nonlinear function of its own excitation, thus 

necessitating the modification of the Hartline-Ratliff equations; in 
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comparisons of computer simulations of the equations versus actual meas ­

urements of Mach Band phenomena it was demonstrated (Barlow & Quarles , 

19 75) that this nonlinear modification nontrivially improved the predic­

tive power of the Hartline-Ratliff equations . 

More important for this present investigation, however, is the 

fact that background illumination wiped out 038 1 s response to individual 

fiber stimulation . 

Figure 2. 3.4 shows the results of having no background , a background 

equal to the fiber in total flux , a background flux one-half that of the 

fiber's 40 µw/cm 2, and a background greater than 40 µw/cm 2. 
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FIBER INTENSITY = 40µw/cm2 

BACKGROUND = 3 µw/cm2 

= 21µw/cm2 

= 40 µw/cm 2 

= 200µw/cm2 

0 
T (seconds) 

.25 

Fig. 2.3.4 Response of 038 to Fixed Fiber Intensity as Function 
of Background 
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Chapter 3 

VOLTERRA AND WIENER KERNELS, AND NEUROPHYSIOLOGICAL SPIKE DATA 

3.1 Volterra and Wiener Kernels 

The Volterra series expansion for multi-input single-output 

systems was introduced in Chapter l as a convenient mechanism for 

classifying the different types of functional interactions that might 

exist within receptive fields . It, and the better known expansion for 

single-input systems , are generalizations of a power series expansion, 

in that they provide for handling memory in nonlinear systems. 

The Volterra kernels are canonic descriptors of a nonlinear system: 

knowledge of them yields the system's response to any arbitrary input 

signal x ( t) . Two systems, G and F, with Volterra kernels g (T1, . . . T) n . n 

and fn(T 1, ... ,Tn), respectively, are functionally equivalent if 

g. = f. for all i (Parente, 1970). Unfortunately, the biological 
l l 

systems studied do not have known analytic forms: they are true "black 

boxes" whose dynamics are to be identified. At present no general 

method exists for determining the Volterra kernels of a completely un­

known system unless restrictive simplifying assumptions are made about 

the system's structure. 

Not all systems are susceptible to analysis by Volterra kernels 

(cf. Yasui, in preparation;) if a system has a Volterra series expansion 

there is no guarantee that the series will converge (Yasui, in prepara­

tion). Such . questions are fortuitously bypassed by the necessity to 

view the Volterra kernels of neural systems through a set of related 
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kernels developed by ~iiener (1958), which exist for even the hardest 

nonlinearities (Yasui, in preparation). 

As part of his general studies on Brownian motion, ~iiener (1958) 

studied the response of a nonlinear device excited by a Gaussian white 

noise, and introduced the Volterra series expansion for characterizing 

nonlinear systems. Wiener's use of Gaussian white noise as an ideal 

stimulus for studying nonlinear systems was motivated by two considera­

tions; 1) the signal's ''whiteness" would assure that the device (system) 

would be equally excited by all frequencies within the bandwidth of the 

stimulus, and 2) the Gaussian nature of the signal provided ~ith 

finite probabilit~, that the device would be excited by segments of 

input signal comprising all possible wave shapes (Nisio, 1958). 

Wiener (1958) reasoned that with such a rich stimulus, much information 

should be contained in the system's response about the nonlinearities 

comprising it. To study them, Wiener reformulated the Volterra series 

expansion in equation 1.3. l 

of the form 

00 

y(t) ~ E Gn[hn;x(t)J 
n-=O 

into a new series of functionals 

(3.1.l) 

where the G and h are the Wiener G-functionals and Wiener kernels, n n 
respectively, and x(t) is a Gaussian white noise input with power level 

P, i.e., 

(3.1.2) 
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where the superbar denotes time average. 

The Wiener functionals are orthogonal to each other, in that the 

time averages of products of two functionals of different order are zero 

{Wiener, 1958), i.e., 

G G ;:: 0 form t n m n (3.l.3) 

Wiener developed the functionals from a straightforward application of 

the Gram-Schmidt orthogonalization procedure: The first functional G
0 

(of zero-order) is a constant, h
0

, representing the average (i.e., de) 

component of the system response y(t), i.e., 

G ;:: h ;:: y(t) 
0 0 

The first order functional is of the general form 

co 

where K must be determined so that 
0 

That condition is satisfied when K
0 

is zero, hence 

co 

(3.l.4) 

(3.l.5) 

(3.1.6) 

(3.1.7) 
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The second order functional is of the general form (Wiener, 1958) 

00 

G2[h2;x(t)J =J J h2(T1 ,T2) x(t-T 1) x(t-T2)dT1dT 2 
- 00 

00 

(3.1.8) 

- oo 

* where K1 and K
0 

must be determined so that 

( 1. 1 . 9a) 

and 

( 3. 1. 9b) 

The second order Wiener G-functional becomes 

00 00 

- 00 -oo 

(J.1.10) 

where Pis the white noise stimulus' power level as previously defined. 

Wiener (1958) developed an unwieldy scheme for determining his kernels 

in terms of a set of Laguerre orthogonal functions. Lee and Schetzen 

(1965) developed a greatly simplified cross-correlation scheme for deter­

mining the Wiener kernels, i.e., 
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(3.1.11) 

where E denotes expectation. 

Wiener's G-functionals and Lee and Schetzen's cross-correlation 

algorithm have been extended to multi-input systems by P. Marmarelis 

(Marmarelis & Mccann , 1973 ; Marmarelis and Naka, 1973, 1974) . For a 

single output system with two independent power spectral densities 

p and P , respectively, P. Marmarelis expanded the system response, 
X U 

y(t) , by a series of Wiener G-funct i onals with the form 

00 

y(t) = I Gn[hn;x(t) , u(t)J 
n=O 

(3.1.12) 

where the first three functionals are 

00 00 

G1[h1;x(t) ;u(t)] =f h1x(T) x(t-T) dT + J h1u(T)u(t-T) dT (3 . l.13b) 
- 00 - 00 

00 

- oo 
00 

00 

+ ff hzuu( T1,T2) u(t- T1) u(t-TtdT1dT 2 - P Jh2 (T,T)dT u uu 
- 00 - 00 

00 00 

+ ff h2xu(T1,T2) x(t- T1) u(t-T2) dT,dT2 -PxJ h2xxh,T)dT (3.l.13c) 
~ oo 
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where hlj and hZjj are the first and second order Wiener kernels, respec­

tively, of the channel whose input is j (see Section 3.3 for a slightly 

different notation to identify these kernels from those computed for the 

one-input case). hZjj is symmetric, but the cross kernel hzxu describing 

the interactions between 2 channels is, in general, asymmetric, al-

though Koblasz (1975) has described some interesting cases where it is 

not. Direct analog of Lee and Schatzen's cross-correlation algorithm 

exist (cf. P. Marmarelis & Naka, 1973) for computing the kernels re­

sulting from multi-input experiments, for example 

hzxu(Tl ,1
2

) ;:: PJ_P_ E[y(t)x(t-T
1 

)u(t-T
2

)J 

X U 

A "multi-input" experiment stimulates a system's channels with 

independent Gaussian white noise stimuli (Figure 3. 1 .1) and identifies 

self kernels of all orders (for all channels) as well as all inter­

channel "cross-talk" terms, thus greatly reducing and simplifying the 

experimental effort otherwise required to study such interaction pheno­

mena. Care, however, must be exercised in interpreting the self 

kernels from such experiments; the reason for that is explored in 

Section 3.3. 

3.2 Relationship of Wiener and Volterra Kernels 

th Then order Volterra and Wiener kernels, a and h , of a non-~n n 

linear system are, in general, not identical (Yasui, in preparation), 
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i . e. ' 

g (Tl, ... ,T ) , h (T,, ... ,T ) n n n n (3.2.l) 

for example, consider a third-order, single-input nonlinear system 

whose output, y(t), has a Volterra expansion of the form 

3 f 00 

y(t)= L ... r 9 (T1, ... ,T) ~ x(t-T.)dT1 ... dT 
n = l - oo • n n j = l J n 

(3 .2.2) 

The first order Wiener kernel is computed by the Lee-Schetzen algorithm: 

(3.2.3) 

Substituting y(t) of 3.2.2 into (3. l. 11) and recognizing that 

00 

G
0 

= f g2(T, T)dT (3.2.4) 
-oo 

yields 

00 

(3.2 . 5) 
- oo 

Yasui (in preparation) was the first to realize the nonequivalence 

between Wiener and Volterra kernels of identical order and to 

establish their interdependence relationship: 
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• 00 

= ; ( - l) i + l P 
1 

( n+2i) ! f f 
1

:::Q 2i I ·1 ••• 9n+2i n. l , 
- oo 

i times 

( -r 1 , ... , -r n , a 1 , o 1 , o 2 , a 2 , ... , o i , o i ) do 1 ... do i (3.2.6) 

Prior to Yasui 's work, there was no realization of the differences be-

tween these two kernel types (e.g., Schetzen, 1974, p. 597; Goldman, 1973). 

These results have had important implications in re-evaluating the 

utility and interpretation of results obtained from Wiener kernel 

analyses. Equation (3.2.6) reveals how any nth order Wiener kernel 

contains power level-dependent contamination from higher order Volterra 

kernels. By exciting a system with stimuli of different power levels, 

and comparing the shapes and amplitudes of the resultant first order 

kernels, the presence of higher order nonlinearities can be detected. 

But this same phenomenon impedes the ability to examine the effects of 

adaptation on a visual system's response without seeing kernel artifacts 

arising from different stimulus power levels (Naka, 1975). 

3.3 Wiener Kernels and Lateral Interactions 

Experimental results (reported in Chapter 5) suggested a need to 

re-evaluate (with the assistance of Dr. V. Marmarelis) the correctness 

of the notion that the Wiener self kernels obtained from multi-input 

experiments are identical to the self kernels extracted from single 

tnput experiments (cf. P. Marmarelis & Naka, 1973; 1974). 
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Consider, for example, a system S with: linear channels A and 

B with first order Volterra kernels glA and g18 , respectively; and 

a third order interaction term between A and B of the form g3AAB 

Hence, S's output, y(t), is described by the Volterra series: 

00 00 

y(t) =f glA(T)xA(t-T)dT + f g18 (T)x8(t-T)dT 
0 0 

00 

+ fff g3AAB(T1 ,T2,T 3)xA(t-T1)xA(t-T2)x8(t-T3)dT1dT 2dT 3 
0 

(3.3. l) 

where xA and x
8 

are the input signals into channels A and B, respec­

tively. Let hlA be the first-order Wiener kernel identified for S when 

only A is excited by a Gaussian white noise xA ; h18 is the ~liener 

kernel when only Bis excited by noise x8. When Sis excited by the 

independent noises xA and x8 simultaneously, then the resultant 

first order Wiener kernels are hlA(B) and hlB(A) for channels A and B, 

respectively. 

It has been widely assumed that the conditions 

(3.3.2a) 

and 
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(3,3 . 2b) 

are always true. Chapter 5's data, however, showed the above not to be 

true in the crayfish's eye. The mechanism that explains the exrerimen­

tal finding, for example, that 

(3.3.3) 

derives from the Volterra interaction terms (i.e., cross kernels) of 

order 3 (or greater (cf. Section 1.3) which can affect lower-order self 

~Jiener kernels in a manner analogous to that described in Section 3. 2. 

If only channel A is excited (by xA in a single-input experiment) 

then glA is the sole contributor to y(t). and 

3.3.4) 

However, when channels A and Bare simultaneously excited in a two-input 

experiment, g3AAB is "activated" and contributes to y(t), yielding 

where 

CX) CX) 

Q = PA( J g3AAB( o,a,r)da + J g3AAB(a, T,a)da 

0 
CX) 

+ / g3AAB(T ,a,a)do) 
Jo 

0 

(3.3.5) 
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and PA is the power spectral density of the Gaussian white noise stimu­

lus xA(t). Q could be simplified in form if g3AAB were symmetric in 

its arguments; also, g3AAB is not equivalent to the term g388A (if it 

exists). Clearly then, the inequality of (3.3.3) exists and in general 

all odd (even) order Wiener self kernels, identified from multi-input 

experiments, are contaminated by all higher order odd (even) Volterra 

cross kernels, in a manner similar to the single-channel Volterra-

Wiener kernel relationship defined by Yasui. This, however, has the 

benefit of revealing (vaguely and indirectly) the presence of such 

higher order interaction terms without resorting to lengthy computations 

to identify them. 

3.4 Volterra and Wiener Kernels for Castaded Systems 

Consider two networks, F and G, cascaded with 

output signals, y(t) and z(t) , which can be expressed in Volterra series 

of the form 

00 

y(t} ;:; ; f · .. Jfn(Tl, .. Tn) -~ x(t-Tj) dT 1 . . . dTn 
n=l ' J=l 

(3.4.la) 

0 

and 

z(t) (3.4. lb) 

respectively. The first two kernels .of the cascaded system K=F*G are: 
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kl(,) ~ f g,(v)f,(T-V)dv 

0 

00 

k 2 (T 1 'T 2 ) ;;:; J[ g 2 ( V 1 ' V 2 )fl (T l - V l ) fl ( T 2- V 2) d y 1 d y 2 
0 

00 

+ J g1(v1)f2h 1-v1, T 2-v1)dv1 
0 

(3.4.lc) 

From equation (3.4.lc) we see that even if both F and G contain 

quadratic nonlinearities (i.e., first and second order Volterra kernels), 

then the cascaded S)StEm K will have a cubic Volterra term capable of 

contaminating its first order Wiener kernel. 

3.5 Spike Data and Wiener Kernels--An Introduction 

Some of the most important visual neurons are those which transmit 

their processed signals over long distances through trains of action 

potentials (i.e . , spikes , pulses), p(t), of the form 

(3.5 . 1) 

where P(t) is the shape of an action potential and tk is the time of oc­

currence of the kth spike. Typical of such systems are the vertebrate 

retina's ganglion cells and the crayfish's sustaining fibers. Neurophy­

siologists generally agree, however, that the shape , amplitude, and 
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(brief} duration of P(t) does not change with time or the neuron's in­

put signal, thus making these parameters unlikely candidates for en­

coding and transmitting information. The only available parameter for 

encoding appears to be tk. Consequently the standard procedure for 

collecting neurophysiological spike data for analysis obliterates all 

spike parameters but tk; P(t) is replaced by the Dirac delta function, 

6(t), in representations of p(t), i.e .• 

p(t) ;:: I o (t-t ) 
k 

k 

(3.5.2) 

Such systems, however, present several problems not found in con­

tinuous output systems when attempts are made to analyze them by \1/iener 

functionals. For example, to overcome questions of existence and con­

vergence of the functionals, the spike tarin p(t) must be converted 

into a smooth signal p*(t) via a transformation T that will, hopefully, 

preserve in p*(t) the information of p(t). A correct choice for T 

precludes a knowledge about the encoding schemes employed by the neural 

system which often is a matter of speculation (cf. Perkel & Bullock, 

1968, for a discussion of various neural codes thought to underlie 

various systems). 

Fortunately, the choices for Tare limited by the fact that 

neurophysiological spike trains fall within the realm of point processes 

(i.e., collections of times (tk) with the property that tk<tk+l) whose 

properties fall within two categories only: 1) counting properties which 

involve the number of points (spikes), N(t,T); and 2) interval statis-
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tics which concern the relative spacing between points, i.e. , 

tk ::: tk - tk-l" In neurophysioloqy two popular choices have evolved 

for T, reflective of each of the above properties: spike density N(t,r) 

and instantaneous frequency, the reciprocal of the interval 

between successive pulses, i.e., f(tk) = 1/tk. (Algorithms exist for 

smoothing instantaneous frequency onto a continuous function of time, 

f(t) (cf. Shapley, 1971)). 

The choice of transformation determines what the subse~uently 

computed Wiener kernels will predict: either the distributions of the 

spike density or the intervals between spikes. The two properties of 

a spike train are not identical (Jowett & Vere-Jones, 1972) . Consider 

for example a point process whose points are Poisson distributed in 

time with parameter, s. Then the probability of having exactly m spikes 

in the interval (t,t+T} is also Poisson-distributed, i.e., 

prob(N(t,t+T) = m) = e6T(BT)m 

m! 

The interval distribution between pulses, however, is not Poisson, 

but is of the form (Coggshall, 1973); 

Cn(T) = B(ST)n-le-BT 

( n-1) ! 

where Cn(T) is the distribution function for the length of n successive 

intervals, and for the first order (n=l) the interval distribution is 
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exponential . From c1(t) the probability distribution for the instan­

taneous frequency is, in turn, Bexp(-B/f)f-2, where f denotes instan­

taneous frequency, Real spike trains are rarely Poisson, and have 

counting and interval statistics that differ in more complex manners. 

In general it is not simple to derive counting statistics from interval 

statistics or vice versa: typically, all the moments of an interval 

property will require knowledge of all the distributions of the counting 

properties (Daley & Vere-Jones, 1972). Furthermore, stationarity is 

usually defined in terms of counting statistics, since interval statis­

tics rarely are stationary (Daley & Vere-Jones, 1972). 

Furthermore, the Volterra kernels for the two transformations are 

unequal. Spike density can be extracted by a simple zero-order hold 

device which only has a first-order Volterra kernel. Instantaneous 

frequency requires a second-order kernel to examine the interval between 

spike pairs. Bode plots of the two transformations ~cKean, et al ,1970), 

as a function of a pulse train's average firing rate, reveal differences 

too. The gain for spike density is constant with no phase shift; the 

gain and phase relations for instantaneous frequency depend on the 

average spike rate. 

Hence, the Wiener kernels computed for a spiking neuron are for 

the neuron cascaded with an additional signal processing stage T. 

furthermore, the neuron itself may be thought of as a cascaded network 

F*G, where G is the spike generating mechanism, and F represents all 

the neural processing stages (of the cell and/or presynaptic inputs to 

the cell) preceding spike initiation. 
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Several interesting and nontrivial questions now arise about the 

interpretation of kernels computed for spiking neural systems which 

in fact represent the cascade F*G*T ; 

l) How well do the kernels for F*G*T reflect the dynamics of the 

system F so that spike data can be compared with kernels for continuous 

output systems? 

2) Experience has consistently demonstrated higher mean square er­

rors associated with kernels computed from spike data than those com­

puted from analog data. Is that due to higher-order nonlinearities 

associated with the spike generating mechanism, G, (or data conversion 

step, T) insufficiently handled by low-order models, or does it result 

from noise inherent in spike data? 

3) Are there differences in the resultant models computed from 

different choices for T? Can this lead to confusion if different inves­

tigators, studying identical systems, process spike data differently? 

3.6 Computer Simulations 

To answer some of the questions raised about spike trains and 

Wiener kernels, it was decided to analyze some basic properties of spike 

data derived from a noise-free environment, i.e . , a computer simulation 

of a known spike generating mechanism cascaded with a nonlinear network 

of known characteristics. 

The spike generating network had to have some physiological basis-­

a criterion that could not be absolutely satisfied, since the mechanisms 

of spike generation are still a matter of continued study and contra-
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versy. For simplicity, the simple integrate and fire spike encoder 

(also known as the integral pulse frequency modulator, IPFM) was 

chosen (see Figure 3.6.1). It consists of three basic parts: an 

integrator which integrates an input signal, z(t), to produce an output 

signal, A(t). a comparator and pulsing circuit which examines the value 

of A(t) against a threshold value, e. When A(t) equals e at time tk' 

a pulse is produced and a feedback loop resets the integrator's inte­

grand to zero . 

The integrate and fire model has been used extensively as a model 

of spike encoding in Limulus eccentric cells (Knight, 1969,1972) and 

other neural systems (e.g., Gordon, 1975). The integrate and fire model 

is an extremely simple model, but it has interesting characteristics. 

The rate of generation of nerve impulses will be directly proportional 

to the average value of z(t). This model behaves linearly for all 

deterministic time varying input signals as long as the input, z(t), pro­

duces a monotonically increasing integrator output A{t) . A decrease in 

A(t) cannot generate pulses, hence it demonstrates characteristics of a 

rectifier. Despite the IPFM's simplicity, an analytical analysis of the 

model is extremely difficult in all cases except where the input , z(t), is 

a sinusoid with a low depth of modulation, m. 

V. Marmarelis and McCann (1975) briefly examined the last question as 

a byproduct in their study of ways to minimize the mean square errors in 

their sustaining fiber 038. They found that only minor differences 

existed between the kernels computed for 038 when its spike data were 

converted into spike density or instantaneous frequency. Furthermore, 
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both transformations yielded nearly identical mean square errors when an 

"optimal'' bin size of 0.04 sec was used: 34 . 91 % for the former , 34 .05% 

for the latter . These results come as a surprise in view of the previous 

discussions . 

Question l could be answered if a spike generating neuron could be 

excited intracellularly with an appropriate noise source, and the resul­

tant spike train recorded to determine the kernels for G. Bryant and 

Segundo (1975,1976) have incorporated this technique on abdominal 

ganglion cells of Aplysia , but the technique is not, at present , easily 

applicable to 038, due to a protective sheath around the fiber which 

prevents microelectrode penetrations (D. Rafuse, personal communication). 

Bryant and Segundo's (1975,1976) analyses have been limited to identi­

fying first-order Wiener kernels , thus making their interpretation 

limited. The fact that higher order nonlinearities exist (Bryant & 

Segundo, 1975 ,1976) means that their first order kernels are contaminated 

by higher order Volterra kernels. This might explain why th e kernels ap­

pear to be so sluggish, i . e . , slow in their peak rise time (about 40 msec) 

although Aplysia is known to produce long duration action potentials 

(i.e., 20 msec) . Also, there is no reason to expect that Alypsia ab­

dominal ganglion cells need replicate the mechanisms or dynamics of 

visual neurons of more evolved animals with different information-

handling requirements. 

The family of simulated nonlinear systems consisted of a linear 

system, L (with impulse response g( T)) cascaded with a squarer. The 

squarer's output, z(t), defined by 
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00 

z(t) ::: J J g(T1) g(T2) x(t-T1) x(t-T 2) dT1 dT 2 
0 

(3.6.l) 

fed into an IPFM to produce a spike train, p(t), which, in turn, was 

converted to pd(t) or pf(t) by either a spike density or an instantane­

ous frequency transformation, respectively. 

In the simulations the input signal to L, x(t), consisted of a 

100 second presentation of bandlimited (.2-50 Hz) Gaussian white noise, 

whose mean and standard deviation could be modified to produce desired 

characteristics in p(t)'s average firing rate. 

Because the simulations were not intended to become an indepen­

dent study of IPFM's, only those results relevant to kernel interpreta­

tion vis-a-vis spike data will be presented here. 

Consider the system defined by L: 

I I I I 

a z + a 2 11 +a z + a z = x 3 2 l o (3.6.2) 

where a1 
-4 -2 

= l .44xl0 , a2 = 3.29xl0 , a
3 

:::1583, and a
0 

= 60, such that 

g(T)::: 0.2652(exp(-180t) - exp(-24t)(cos(41 .58t)-3.753 sin(41.58t))) 

(3.6.3) 

Other system parameters are xTfY = 12.5 (arbitrary units), pTTT 

::: 25 spikes/sec, and e = .5 (arbitrary units). 
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Second order Wiener kernels were computed from 

(3.6.4) 

These kernels, depicted in figure 3.6.2, all appear remarkably similar 

(except that h2d' the spike density kernel, is a bit noisier). Longer 

simulations would have yielded smoother kernels without affecting the 

upcoming results; those conclusions , however, would not have been readily 

extendable to the data reported in later chapters that were derived from 

experimentally necessitated short duration white noise runs . In an unre­

lated study on Wiener kernels, featuring a diode-RC filter-IPFM cascade, 

French (1976) presents second order kernels (his Figures 2 and 5) sup­

porting the observation in figure 3.6.2 that spike generating and conver­

sion mechanisms minimally mask the dynamics of a (neural) sy stem 1 s pre­

spike stages in the Wiener kernels computed for the total system cascade. 

Furthermore , the two different spike-to-analog conversion schemes do not 

appear to result in significantly different kernels for the total cascade 

despite their different Volterra kernel decompositions. Interestingly, 

Marmarelis and Mccann (1975) observed a similar equivalence in kernels 

computed for 038 when its spike train was processed spike density or 

instantaneous frequency transformations . 
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The accuracies of h2d and h2f as system descriptors are reflected 

by the mses' of their model predictions outlined in Table 3.6.l. The 

kernel h2f results in a lower mse (16.83%) than does h2d (65.45%). This 

is due in part to h2d•s noisier nature, but horizontal cuts along the 

kernels (Figure 3.6.l) shows that h2f is noisy too. Other causes, then, 

must contribute to the poor "modeling" performance of h2d, the most 

probable being the use of mse as an error measurement. 

The error criterion used to evaluate the effectiveness or accuracy 

of a Wiener kernel model is the mean square of the difference between 

the model's predicted output (ypred(t)) versus the output of the actual 

neuron (y(t)) for the same input signal, x(t). The error, e(t), is then 

defined as 

where ypred(t) (3.6.5) 

The spiking neuron's output is a train of delta functions, and the pre­

dicted response ypred(t) is a continuous, smoothed signal. When com­

paring y{t) (in spike train) to the continuous signal y(t)~ a serious 

weakness becomes apparent in the mean square error criterion. It is 

sensitive to "isolated noises", i.e., data points which deviate from 

the majority by large amounts. For most t, y(t) will consist of no 

signal, but Ypred(t) will always have some value. Hence, any (small) 

number of bad data points, with large errors, are made larger by squar­

ing and can contribute much more than any number of good data points, 

since the area of the good spike signal y(t) usually will not cancel the 
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large area of Ypred(t). Hence, to minimize the error it is necessary 

to decrement the portion of y(t) with zero signal. That is why, in 

part, it is advantageous for Wiener kernel analysis to increment bin­

width of the signals used for computing mean square errors. 

Marmarelis and Mccann (1975) noted that one way to decrease the 

mse of the kernel models was to re-bin the kernel model responses 

(computed from fine temporal resolution kernels) and to recompute their 

mean square errors against appropriately re-binned spike data. (New 

kernels were not computed at these new bin sizes: if they would be, no 

improvements in the mse's would be seen--cf. Table 3.6.1).For their 

data a bin size of 0.04 seconds was found to result in nearly identical 

minimal mean square errors for h2d's and h2f 1 s model responses (34.91% 

and 34.05%, respectively). When the data underlying Table 3.6.l were re­

binned, the mse's of Table 3.6.l were found. In general, Table 3.6.1 's 

data generally followed the expectations set by Marmarelis and Mccann 

(1975), but dual mse minima for each of the spike conversion schemes 

were found at different bin sizes which did not bear obvious relationships 

with the mean interspike interval (0.041 sec) of the unprocessed raw spike 

data. Table 3.6.l reveals similar results taken from 038 data. That an 

optimal (data smoothing) bin size can be found is certain, but it does 

not appear to manifest itself in a consistent manner. In any event, 

the improved mean square errors for the kernel model responses do not 

increase the information already contained in the fine resolution ker­

nels. 
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These data can now supply answers t o the previously posed ques ­

tion: 

l) (Conjecture) The kernels computed from spike data very closely 

reflect the dynamics of the neural system just prior to it s spike 

generation stage . 

2) High mean square errors for kernel models developed from/for 

spike data result from two sources; a) the inappropriate us e of mse 

as an error measurement between spike data and the smooth output of 

kernel models; and b) an inherent noisiness in kernels computed from 

sparse spike data. 

3) (Surprisingly, and as yet inexplicably) Instantaneous fre­

quency and spike density transformations result in kernels with almost 

identical dynamics . 

These results have important implications for the experiments de­

scribed in the following chapters in which many regions on a retina 

have to be tested within a short time (thus eliminating the luxury of 

long duration tests for low mse kernel models) . The above results 

suggest that (for spike data) poor mean-square-error kernel models do 

not mean that the identified kernels are 11 worthless 11
; instead , much 

relative information about the system's dynamics can still be extracted 

from them . 
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Chapter 4 

SINGLE INPUT EXPERIMENTS 

4.1 Double Pulse Experiments 

The invocation of any form of the single- or multiple-input Volterra 

series expansion to study a system presumes the presence of nonlinearities 

whose characteristics cannot be examined by linear systems theory. A 

similar rationale applies to the crayfish . Hence, one must first test for 

a superposition pri~ciple, or lack of one, in the crayfish sustaining 

fibers single input channels response to brief pulses of light intensity 

to determine if the system is worthy of nonlinear analysis. 

The nearly instantaneous rise time of the LEDs permits arbitrarily 

brief duration light pulses to be presented to the crayfish eye . By 

averaging, for example, 038' s response to fifty or one hundred 1-mil 1 i -

second pulses (with an interpulse interval of 5 seconds) an "average 

impulse response" function for 038 can be extracted . With this average 

response 038's linearity or nonlinearity can be examined by a tvrn-fold 

procedure. First , superposition is assumed, and predictions are madP. of 

038's response to two identical pulses separated in time by T seconds. 

This is achieved by a simple algebraic summation of 038's average impulse 

response with a time- delayed version of itself. That prediction is then 

compared with results obtained from an actual two-impulse experiment. If 

the predicted responses coincide with the experimental results, then 

038's behavior is linear and no need would exist to proceed with Wiener 

kernel analyses of it. If, however, linear summation does not predict 

actual experimental data, then, as discussed in Chapter l , one is 
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confronted with a nonlinearity whose source and nature must be determined. 

Figure 4.1.1 presents the results of such a comparison between simulation 

and experiment. 

Figure 4.1. la shows the actual impulse response function. It is, 

as often described, characterized by an initial high frequency burst of 

spikes with a frequency of 200-500 impulses per second, which decays in 

approximately 40 milliseconds to a steady state discharge of approxi­

mately 20-100 spikes per second. The transient response usually consists 

of approximately 10 closely spaced spikes separated by about 2 milli­

second intervals, followed by a variable number of spikes in the steady 

state dependent on the stimulus intensity and duration. The latency of 

response vari~s from 45 to 65 milliseconds, depending on the stimulus 

intensity. 

Figure 4.1. lb compares predicted (superposition responses) linear 

summation responses with actual 038 response to two 1 millisecond pulses 

separated by 5 milliseconds. The figure shows that the predicted re­

sponse and actual response are dramatically different from each other. 

As will be noted from Figures 4. 1.lb, c, and d, the real experimentally 

obtained data demonstrate a higher initial spike frequency than predicted 

by simple superposition. This result disposes of the proverbial two 

birds with one stone, by establishing that: 1) superposition does not 

hold; and 2) a spike compression mechanism has not been confronted. The 

5 millisecond pulse separation reveals two interesting aspects of the 

second order interaction in 0_38: 1) there is an initial excitatory phase 

(reflected in the experimental data 1 s higher spike rate than that of the 
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predicted response); 2) followed by an inhibitory phase, reflected by 

the observation that the steady state rate of the experimental data is 

well below that predicted by superposition. Pulse separations of 30 and 

40 milliseconds reflect similar phenomena. The 60 millisecond pulse 

separation data mark a start of the experimental data to begin to follow 

the predicted response: 100 millisecond pulse separation suggests that 

the memory of the system has just about faded, but it is still in the 

midst of an inhibitory phase (Figure 4. l. lf). 

From the data presented in Figure 4. 1. 1 and the above discussion, 

we may conclude that: 

l. The 038 system is nonlinear, independent of any spike compres­

sion mechanisms (Figure 4.1.lb); 

2. The nonlinearity is at least second order and is characterized 

by an initial excitatory phase followed by an inhibitory phase, 

the nature of which is examined in Section 4.3; 

3. The memory of the 038 system is at least 100 milliseconds; 

4. The latency of the 038 system is at least 40 milliseconds; 
I 

5. The initial excitatory phase lasts for at least 60 milliseconds 

(Figure 4. 1. le). 

4.2 Single Channel Sine Wave Excitation 

To efficiently test 038 with white no1se, in the next section it 

is necessary to determine the bandwidth of temporal frequencies that 038 

responds to. This is accomplished by recording 038 response (i.e., 

total spike production) to sinusoidal variations of light intensity. 
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Tab le 4. 2. l shows the averaged noma l i zed response of ten 038 

fibers at different stimulus frequencies with respect to the number of 

spikes produced at one hertz. (The nomalized response for a single 

fiber is shown in Figure 4.2. 1.) Peak sensitivity is localized around 

1-2 hertz and falls off rapidly after 5 hertz. The almost constant re­

sponse between 8 and 15 hertz reflects phase locking phenomena which 

makes computation of phase angles meaningless (cf. Gordon, 1975). 

Figure 4.2.2 shows a basic difference in the response pattern of 

038 to stimuli above and below l hertz: for 3 and 5 hertz (Figure 4.2.2) 

038 1 s response is characterized by spikes occurring at one particular 

point in the stimulus cycle. For l hertz and below the spikes produced 

by 038 have a broader distribution throughout the stimulus cycle. This 

phenomenon was first observed by Gordon (1975) who classified .2-1 hertz 

as 038 1 s linear range: between 2-3 hertz, 038 begins to take on the 

characteristics of a half-wave rectifier. 

Figure 4.2.2 also shows a phenomenon first observed by Gordon 

(1975): 038 appears to fire on the rising slope of the sine v1ave. From 

the data contained in Table 4.2.1 we can conclude that white noise with 

a frequency of 20 hertz will sufficiently cover the major operating range 

of 038. 

4;3 White Noise Experiments 

The double-pulse experiments of Section 4.1 established the pres­

ence, and some minimal characteristics, of (at least) second-order non­

linearities within 038'~ excitatory field. Wiener kernels, reflecting 

structure underlying these dynamics are readily computed from 038's 
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Tab le 4. 2.1 

RELATIVE FREQUENCY RESPONSE OF 038 (NORMALIZED AT l Hz) 

Relative Response 
Hi (Total Spikes in l Cycle of Stimulus) 

l 1.0 
2 . 84 
3 .58 
4 .54 
5 . 40 

6 . 40 
7 . 29 
8 . 25 
9 . 25 

10 .20 
11 . 21 
12 .20 
15 . 11 

20 .07 
25 .04 
30 .04 
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response to appropriate stimulus regimes of the type and with the pro­

cedures described in Chapters 2 and 3. The sinusoid response data of 

Section 4.2 revealed 038 1 s low-frequency operating range as sufficiently 

narrow to be effectively excited by a bandlimited noise of .2-25 hertz. 

A typical set of 11 daytime 11 first- and second-order Wiener kernels 

(h 1 and h2), computed for 038 from spike-density transformed data, are 

shown in Figure 4.3. l. The accuracy and effectiveness of these kernels 

as descriptors of 038 1 s behavior are measured by the mse between 1 h1 and 

h2
1 s combined predicted, and 038 1 s actual response to an identical 

stimulus: Figure 4.3.2 shows a .segment of Figure 4.3.1 's kernels' 

(i.e., h0, h1, and h2) predicted response compared with a corresponding 

segment of (spike-density) processed 038 data. The mse between the two 

responses is 63.8%. 

The high mse may be suspected, from Chapter 3, as a premature de­

tractor of these kernels' reliability as 038 descriptors. Examination 

on a finer time scale (Figure 4.3.3) of the model responses (decomposed 

as h0+h 1 and h0+h 1+h 2 combinations), and 038 1 s unprocessed spike train 

reveals the zeal with which the kernels follow the dynamics of 0381 s 

spike train . . (The h0+h 1 combination yields an mse of 93.2%. ) 

A third order kernel, h3, was comput~d for 038 for which the 

-r 3 = .050 sec cut is shown in Figure 4.3. le, but which contri butes a 

negligible 2% to the total model response (61.9%). The third order self­

kernel does not appear to be a significant entity in 038. Figure 4.3.4 

shows the result of stimulating 038 in one animal, with white noise of 

different power levels (cf. Section 3.2). The maximum amplitude of h1 
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Fig. 4.3.3 Fine Detail of 038's Response~ h1 and h1 + h2 Model Responses 
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undergoes an excursion of about 13% for the range o = 1 through 
X 

a = 5. 
X 

(More often than not, however, the results of such an experi -

ment were not that clear). Hence, it appears that 038 is adequately 

described by a set of first- and second-order Wiener kernels despite 

mean square errors indicating otherwise. (Note: P. Mannarelis (1972) 

obtained 20% mse's for spike data that had been low-pass filtered after 

it had been spike-density transformed.) 

From h1 and h2 some global aspect~ of 038's functional organiza­

tion begin to materialize. First, a scaled horizontal cut of h2 (at 

T2 = .05 seconds) overlaid on h1 (scaled) reveals identical dynamics in 

the two kernels (Figure 4.3. 1). This suggests that single channels 

within 038's excitatory field can be conceptualized initially as being 

composed of a linear system (described by h1), followed by some form of 

zero-memory nonlinearity (ZNL; cf. Figure 4.3.5) (Caughey, 1975; Mccann, 

et al, 1976). Similar results and conclusions were reached by Mccann 

and Wiersma (unpublished) from kernels computed from full field excita­

tion of 038. 

The time course of h1 (Figure 4.3. 1) appears to follow that of 

a damped sinusoid of the fonn e-at sin bt. The period of h1 can be 

directly measured from the spacing between its zero crossings (approxi­

mately 65 msec), yielding 7. 7 hertz; fitting by eye yields a= 15, so 

that h
1 

_may be approximated by the function 

h~(t) = e-l 5t sin(48.38t) (4.3.1) 

Figure 4.3. l shows h* overlaid on h1 (but shifted 20 msec to compensate 
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for the latter's latency) . That, however, is for a kernel computed for 

an experiment performed at 12:00 hours. Kernels computed for experi ­

ments performed between 20:00 and 04:00 hours in the midst of the 

animal's active period are faster and less damped with approximations 

of the form 

hi(t) = e-35 t sin(69.8lt) (4.3.2) 

Figure 4.3.6 shows h1 and horizontal and vertical cuts of h2. These 

kernels are highly reproducible as the kernels of Figures 4.3.6 reflect­

ing experiments performed at one month intervals attest (although the 

relative amplitudes between kernels may vary, indicating individual 

differences in sensitivity among the animals). 

These Wiener kernels can now be used to predict 038's response 

to sine wave data: Figure 4.3.7 shows the (h 1+h 2) model response to a 

3 hertz signal compared against 10 superimposed responses of 038's ac­

tual spike response to such data. Obviously a half-wave rectifier is 

being simulated at 3 hertz. Interestingly, when a l hertz signal is 

passed through the kernels, the predicted output is nearly a sine wave , 

flattened sufficiently to show an effect by h2. The important point is 

that the kernel accurately mimics the broad (nearly) linear response of 

038 at l hertz. 

The output of 038's kernel models can be passed into an IPFM 

whose threshold can be adjusted so that a spike train output is pro­

duced with the same general timing characteristics of 038's. The 3 

hertz data passed through an IPFM are shown in Figure 4.3. 7. 
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These kernels confirm the conjectures developed in Section 4. l: 

1) nonlinear, frequency dependent, behavior in 038; 

2) significant second-order kernels exist--both h1 and h2 have initial 

excitatory dynamics followed by inhibitory dynamics; 

3) the kernels' dynamics die after approximately 200 msec; 

4) the peak . response in the first order kernel occurs between 54 and 

70 msec; 

5) the inhibitory phase begins at about 86 milliseconds. 

4.4 038 Field Plots 

For the multi-spot experiments in later chapters it will be neces­

sary to stimulate 038 in regions of equisensitivity for the reasons out­

lined in Section 1.2. 

Equisensitivity curves for 038 1 s field are 11 easily 11
, if laboriously, 

compiled from the maximum amplitude of first-order kernels computed at 

various locations within 038 1 s receptive field. For each of 20 animals, 

approximately 30 points were stimulated along horizontal and vertical 

axes of 038 1s field. Each set of kernels was normalized with respect to 

the maximum value of h1 (found in that experimental sequence) which in­

variably was located at an ommatidium 2 to 3 columns (i.e., ommatidia) 

away from the rim (Figure 4.4. 1). This is seen in Figure 4.4. 1 as the 

long vertical strip running along 038 1 s rim boundary. Sensitivity, as 

measured by maxJh 1(T)I fell by about 20% every 2-3 ommatidia cuts for 
T 

points A and Bon Figure 4.4.2. 038 1 s hot spot fan may be identified 

from dorso-posterior cuts along Figure 4.4.2 (i.e., max sensitivity= l). 
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This appears near the indentation which is the famous landmark for 038 . 

The hot spot consists of approximately 10-15 ommatidia and is used by 

experimentalists to iden~ify 038. The dorso-posterior cut along column 

4 (see Chapter 2 for notation) identifies the hot spot as being located 

at approximately column 4, rows 19-23. From Figure 4.4.1 we can iden ­

tify an area of maximum equisensitivity for 038 (.9-1.0) as being 

columns 3-5, rows 19-25 (approximately 21 ommatidia), or if we define 

it as 0.8-1.0, then the area becomes columns 1-4, rows 19-25 (i.e. , 

about 30 ommatidia). The inset in Figure 4.4. 1 shows typical kernels 

computed for column 4, rows 18(A), 8(B), 4(C), and -2(0) (taken from 

Sheby & Mccann, 1976). 

The general contours of dorso-posterior and rim-to-center-of-eye 

cuts reveal profiles very similar to those found by Woodcock and Goldsmith 

(1973) in their study of spectral sensitivities in sustaining fibers. 

4.5 Models of 038's Dynamics 

Despite the fact that 038 has been directly studied in nearly 

every investigation of crayfish sustaining fibers, few models of the 

mechanisms underlying its temporal dynamics have evolved. Most studies 

have been satisfied with substantiating Wie~ma and Yamaguichi 's (1967, 

1968) observations of 038's exponentially decaying response to step 

functions of light, and the inhibitory interactions between points 

lying outside and inside of 038's excitatory field (e . g., Arechiga & 

Yanagisawa, 1973). Along the latter's lines, Yamaguichi and Ohtsuka 

(1973) have presented a model of a connectivity scheme to explain their 
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observations of mutual antagonistic interactions between sustaining 

and dimming fibers, but have not attempted to model any of the system's 

dynamics. 

Glantz (1971) simultaneously recorded the responses of a sustain­

ing fiber and a retinular cell to a 20~second stimulus, and concluded 

that the two systems were ac-coupled as a result of the farmer's faster 

peak rise time and subsequent decay (to one-half peak value) compared 

with the latter's. As a result of this observation, and the sustaining 

fibers 1 "preferred di recti ona l II response to s i nusoi da l stimuli (Section 

4.2; Gordon, 1975), Gordon (1975) developed a "nonlinear" model of the 

"general to time-varying light intensity within its excitatory field. 11 

Gordon's model is depicted in Figure 4.5.1. It consists of two summed 

input channels. Channel 1, containing a differentiator and an integra­

tor, collectively referred to as H1(s) (cf. Figure 4.5. l) extracts 

information proportional to changes in the input stimulus. Channel 2 

extracts information about the present level of illumination. The outputs 

of both channels sum into a common linear element, H2(s), whose output 

feeds into a half-wave rectifier (with breakpoint X8), which in turn is 

cascaded with an IPFM. The output of the IPFM is converted into instan­

taneous frequency. 

Gordon's motivation in constructing the model was to formulate a 

network capable of: l) compensating for the 11 slower 11 photoreceptor 

dynamics reported by Glantz (1971); and 2) responding to the instantan­

eous value of illumination (or photoreceptor activity). By appropriate 

manipulation of the parameters T1, T2, G1 and G2 in the collective linear 
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filter H(s) (cf. Figure 4.5.l ), Gordon was able to match his model's 

responses to the sustaining fibers' response to step changes and sinu­

soidal variations in intensity in the range . l-15 Hz. Each change in 

stimulus, however, required a change in parameter values capable of best 

fitting the sustaining fibers' actual responses; Gordon (1975) admitted 

that some undefined sustaining fiber dynamics had not been incorporated 

into his model. Gordon (1975) did not test the crayfish sustaining fibers 

with double pulse experiments, hence the only nonlinearity that he con­

cerned himself with was the half-wave rectifier to extract the appropri­

ately rectified responses to sinusoidal inputs. 

Since Gordon's model is the only extensive analysis of the cray­

fish sustaining fiber 038 (and 014) outside of this work, a Volterra ­

Wiener kernel analysis of his model was performed to compare its behavior 

with the results of Section 4.3. 

4.5.l Gordon's Model 

Two approaches were used to examine the properties of Gordon's 

model: The Volterra kernels of his model were computed directly; and a 

simulation of his model was compared with experimental results obtained 

from crayfish sustaining fibers . 

H(s) in Figure 4.5. 1 can be simpli f ied to the form 

H ( s ) = G ( s + a ) / ( s 2 + as + B ) (4 . 5. l) 

which can be inverted directly (Roberts & Kaufman, 1966, p. 200) to yield 

an impulse response function of the form 
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h(t) e
-r1t -rlt 

= (G(a-r1) - (a-r2) e )/(r2-r
1

) 

where -r1 and -r2 are roots of s2+ as+ B = 0, and 

a = (T1+ T2)/(T1T2) 

B = (T1 T2)-l 

(4 . 5. 2) 

(4 . 5. 3) 

Incorporation of typical values for the various parameters (e . g. , 

G1 = .29 , G2 = . 33, Tl = .003, T2 = .04: Gordon, 1975, p. 106) reduces 

h(t) to 

h(t) = 2.613(-.07 e-25 t + 1.07 e-333 •33t) (4.5.4) 

which is plotted in Figure 4.5,l (curve a). The characteristics of h( t ) , 
-rt 

determined primarily by thee 1 term, resembles a delta function near 

the origin . 

The parameters used in the threshold device were not explicitly 

stated, but from Figure 4. 5. l we may assume it to be of the form 

f( X) = X - X e (4.5 . 5) 

= 0 

in which case the Volterra kernels for f(x) can be found by expanding in 

some interval [-b,b] (b > x0) into a power series expansion of any degree . 

i . e. , 
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(4.5.6) 

Then f(x) will have Volterra kernels f (T,,•··,T) of the form (Bedrosian& n n 
Rice, 1973) 

Cascading the threshold device (which is a zero memory nonlinearity) with 

h(t) yields an amplitude scaled version of h(t) as the first order kernel 

of the cascaded system (Smith, 1966, p. 22). 

Probing H(s) with the band-limited white noise used in crayfish 

experiments is equivalent to cascading a l9w pass filter in front of 

Gordon's model: the first order Volterra kernel for such a cascaded sys­

tem will have greater memory than that of h(t). Direct cross-correlation 

of input with output yields the first-order kernel shown in Figure 

4.5. l (curve b). 

These two tests demonstrate that the theoretical and computed 

first-order kernel for Gordon's model do not match those experimentally 

extracted for 038 in Section 4.3, nor do they match any of the require­

ments set by the double pulse experiments. 

If h(t) was of the fonn described by equation 4.5.4, then the 

Wiener technique would have detected it; such systems have been identi­

fied in spike generating networks (in the guitarfish semicircular canal) 

by O'Leary and Honrubia (1976). Hence, it appears that Gordon's net­

work has not modeled the full range of dynamics of the sustaining fiber's 

system. More will be said about Gordon's model in Chapter 8. 
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4.6 Conclusion 

The first- and second-order kernels identified in Section 4.3 

accurately model the dynamics of the individual channels comprising 038 1 s 

field. These channels 1 dynamics appear to be homogenous throughout the 

field (Figure 4.4.1) but their gains are different. 

Al though Gordon's model for 038 does not reveal the dynamics and 

nonlinearities identified in this chapter, his idea, based on Glantz 1 s 

(1971) data, of 038 as ac-coupled to the retinula cells is very interest­

ing. Mccann, et al (1976) have already described (insect) retinula 

cells as linear-ZNL cascades which operate in a much higher frequency 

band than does 038. Perhaps, then, something else is cascaded between 

the retinula cells and 038, but the details of this will be deferred 

until Chapter 8, where a model for 038 1s functional microstructure is 

presented. 
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Chapter 5 

TWO-INPUT WHITE NOISE TESTS 

5. 1 Introduction 

i· 1. 1 Limitation of Conventional Stimuli for Studying Lateral Interactions 
in Visual Systems 

Chapters l and 3 discussed the use and i den ti fi cation of cross ker­

nels used for classifying lateral interactions within visual systems. But 

misinterpretations can arise about the characteristics of a cross kernel 

of a lateral interaction when conventional stimuli consisting of pulses 

or steps of illumination are employed to extract information about lateral 

i nteracti ans. 

If lateral interaction phenomena could be simply described by scalar 

coefficients, K .. , of the type used by Hartline and Ratliff (1961) for 
lJ 

describing the relative strength of interactions between channels i and 

j in a system, then pulse and step stimuli would be able to identify the 

interaction's characteristics. Barlow and Lange (1974), however, demon­

strated that in Limulus each channel's susceptibility to interaction from 

another channel was a function of its own activity. To describe such a 

mechanism requires at least a second order cross kernel. The complete 

identification of the kernel would not be possible by simultaneous presen­

tations of pulses to both channels; only the main diagonal of the kernel 

would be extracted. Full identification would require presentations of 

pulses on both channels separated in time by T seconds (for all 

T = T1-T2 and T = T2-T 1, since in general hij t hji) to identify the 

diagonals. Stimulating both channels hij(T1,T2) with a constant 
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illumination k would result in an interaction phenomenon of the form 

00 

Equation 5.1.1 clearly hows that different manifestations 

of the kernel can arise depending on the stimulus used. 

(5 .1.l) 

5.1.2 The Lateral Interactions Subserving 038 1 s Excitatory Field 

Two types of lateral interaction appear to subserve the sustain­

ing fibers of the crayfish. The first is an inhibitory interaction that 

any eye region outside of a fiber 1 s excitatory field appears to exert on 

the excitatory field. For example, 038 1 s response to a (.6 mm diameter) 

spot of light positioned within its excitatory field can be inhibited by 

a second spot positioned at the opposite (i.e., ventral-anterior) pole 

of the eye (Wiersma & Yamaguichi, 1967) . 

The second form of interaction appears to be excitatory and mani­

fests itself when two 200 micron spots are simultaneously presented to 

the excitatory field . In that case, for example, 038 1 s response is an 

11 excitatory surrvnation 11 (Wiersma & Yamaguichi, 1967) of the two stimulated 

areas. However, when one of the stimuli is ceased, the sustaining fiber 

experiences a brief inhibition in its response to the remaining stimulus 

(Wiersma & Yamaguichi, 1967). 

Glantz (1973) has raised the possibility that lateral inhibitory 

interactions may subserve the sustaining fibers 1 excitatory fields. 

Glantz (1973) compared the relative response of large field sustaining 

fibers (e.g., 01 and 022) to small diameter stimuli (i.e., l.85°, 3. 9°, 
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6,9°, 9.4°, and 11.9°: an ommatidium's diameter= 1.85° (Glantz, 1973)) 

as a function of stimulus intensity. Different R-log I curves were 

found for the very small diameter stimuli: however, the curves for the 

8.6° and 14° stimuli superimposed on each other. Glantz (1973) sug­

gested that this phenomenon was arising from either a lateral inhibitory 

interaction within the excitatory field; or from the 14.6° stimulus ex­

ceeding the diameter of the sustaining fiber's most sensitive region in 

the field. Glantz discounted the latter because of the large field sizes 

of the sustaining units used. He postulated that a lateral inhibitory 

network within the sustaining fiber's excitatory field was responsible 

for his observations. 

Additional support for this hypothesis was provided by summation­

response experiments of the type described in Section 1.2 in which 

Glantz (1973) found an inhibitory effect (i.e., 6 < 0) whenever R1 + R2 

was less than 40 spikes/second. 

Recently Glantz (Glantz & Nudelman, 1976; Nudelman & Glantz, 

1977) has invoked some very indirect evidence for lateral inhibition 

within the sustaining fibers (including 038 1 s) excitatory field. In the 

presence of high intensity illumination (i.e., 102-10 3 times threshold 

(.3-4 ITM/cm2) the crayfish's sustaining fibers rhythmically discharge 

(burst) independent of the light's intensity and the fiber's mean firing 

rate (Glantz & Nudelman, 1976). By examining the autocorrelation of 

single and cross correlation between simultaneously recorded pairs of 

rhythmically bursting sustaining fibers, Glantz and Nudelman (1976) 

have noticed that the burst cycle among all studied sustaining fibers is 
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approximately the same (within 2%) with an average natural frequency 

(for 14 sustaining fibers) of 7.35 Hz; and that the sustaining fibers 

burst in approximate synchrony. From these observations Glantz and 

Nudelman (1976) concluded that the entire population of sustaining 

fibers are driven by a common presynaptic inhibitory network. To explain 

the bursting phenomena and to support their hypothesis they invoked the 

theoretical work of Coleman and Renninger (1974) which predicted the 

ability of a recurrent network of lateral inhibition (of the type found 

among Limulus' eccentric cells) to support, in the presence of steady 

high illumination, cycles of stable bursting and alternating quiescent 

periods of activity. Nudelman and Glantz (1977) envisioned the crayfish 

sustaining fibers as being driven by such a recurrent lateral i nhi bi tory 

network. 

According to the Coleman-Renninger (1974) model, the burst dura­

tion of Limulus' eccentric cells should equal the system's inhibitory 

delay . These parameters were measured in the crayfish and found to be 

10-15 msec and 6- 17 msec, respectively (Glantz & Nudelman, 1976). The 

close agreement of times was interpreted as indirect evidence for the 

correctness of the i nhi bi tory network hypothesis. 

If such lateral interactions do exist, then their effect (inhibi­

tory or otherwise) should be captured by the cross kernels computed from 

multi-input white noise experiments. 

5.2 Two-Input White Noise Tests: Lateral Excitation in 038's Excitatory 

Field 

Figure 5.2. l. l shows segments of the two independent Gaussian (25 

hertz band limited) "white" noise used to excite two ommatidia within 
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Q38's excitatory field (column 4, rows 21 and 25 and 038's binned re­

sponse to the simultaneous presentation of the two stimuli . 

For each of the ommatidial channels (denoted as i and j) firs t­

and second-order self Wiener kernels were computed (i . e., h1 .(i), . J 
h2j(i), h1;(j), h2i(j)). The self kernels resembled those of Chapter 4, 

depending on the time of the experiment. In addition, the cross kernel 

h2 .. was computed. 
lJ 

For each of the channe 1 s a combined first- and second-order model 

response was computed from its kernels; the two predicted responses are 

shown in Figure 5.2. l.2. Comparison with 038's response reveals that 

neither model matches 038 1 s response completely, although at times one 

or the other of the channels appears to be the major contributor to 038 1 s 

response . 

To predict 038 1 s response to both stimuli, however, dictates that 

the model responses of both combined first- and second-order channel 

models have to be summed to get a complete (self kernel) model of 038. 

The result of that summation is shown in Figure 5.2. l.3 in v-1hich the 

model's excellent prediction of 038 1 s actual response is immediately 

seen . The mean square error of the model at this point is 57.3%; indi ­

vidually each channel model had a mean square error of approximately 

82.7%. 

The two-input model is, however, incomplete without the contribu­

tion from the cross kernel h2ij' Figure 5.2.2 shows a contour of h2ij 

and immediately it is noticed how symmetric the kernel is. The symmetric 

cross kernel implies that the two points within 038 1s excitatory field 
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act on each other with mutual strength and dynamics. There is, for 

example, no preferred direction of motion sensitivity in this part of 

the receptive field. 

A cut through this cross kernel reflects another interesting 

property: it overlays the dynamics of h1 and those of h2 (see Chapter 

8). 
The computed model response for h2ij is shown in Figure 5. 3. 1. 4c 

Adding this to the modal respons~ of Figure 5.2. 1. 3 yields the total 

second order model shown in Figure 5.2. 1.5 with a mean square error of 

51.1 %, thus increasing the accuracy by about 3%. 

Comparisons of Figures 5.2. 1.3 and 5.2. 1.5 show that the primary 

contribution of the cross kernel is an excitatory effect at the points 

of peak responses in 038 1 s actual spike train and self kernel model . 

Little hint of a lateral inhibitory phenomenon is manifested in the 

contribution of h2 .. ; this is not to say that lateral inhibition does 
lJ 

not reside within 038 1s excitatory field, but that it is not manifested 

in the behavi or of h2 . . . 
l J 

5.3 The Extent of Lateral Interactions within 038's Excitatory Field 

The strength and extent of lateral interactions underlying 038's 

behavior can easily be identified by varying the position and distance 

between the optic fibers introducing white noise stimuli onto 038 1 s ex­

citatory field . "Strength" of the interaction can easily be extracted 

by simply observing the maxi mum amplitude of h2 .. as a function of 
lJ 

interommatidial distance . Such a field diagram for 038's hot spot is 

depicted in Figure 5. 3. l. However, the advantage of computing h2ij is 
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that one can 11 see 11 the dynamics of h2i j as the i nterommati di al distance 

changes. Figure 5.2.2 displays such kernel contours and reveals a sur­

prising consistency in the kernels 1 dynamics for 500 microns. At 650 

microns the amplitude of the kernel appears to be diminished. The func­

tional utility of these kernels can also be computed as a function of 

interommatidial distance by simply computing h2ij 1 s relative mean square 

error for the appropriate kerne1 1 s models. Figure 5.3. 1 shows the 

averaged mean square errors for the "hot spots II of 10 different 038 

units--over 7 ommatidia the relative contribution of h2 .. appears to be 
lJ 

approximately 2-3%. 

Outside 038 1 s "hot spot" the cross kernels become markedly asym­

metric. Figure 5. 3.2 shows a set of kernels taken through a horizontal 

cut across 038 1 s excitatory field (i.e., row 4, columns 3-10); Figure 

5.3.3 shows a similar result taken across a vertical slice of the field 

(column 15, rows 1-21). For such asymmetric kernels a maximum amplitude 

may not occur at the same point in time. Hence, only mean square error 
; 

can be used to measure the functionality (i.e., strength) of these cross 

kernels. Figure 5.3.1 shows that in both directions these cross kernels 

also contribute about 3% to a 2-input white noise test. 

For stimuli presented within two ommatidia of each other, the re­

sulting cross kernels take on an extremely symmetrical characteristic. 

This is probably due to light scattering of the type described by Shaw 

(1969). Because these (3 ommatidial distant) cross kernels are contami­

nated with each channel 1 s second order kernels (cf. Chapter 5 of Koblasz 

(1976)), their maximum amplitude and mean square error are not compared 

with other cross kernels of Figure 5. 3. 1. 
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5.4 Higher-Order Lateral Interactions within 038's Excitatory Field? 

Although the above results do not negate the presence of lateral 

inhibition within 038's excitatory field, they appear to eliminate its 

appearance in second cross kernels. 

An interesting phenomenon does occur in the 2-spot tests that 

suggests that higher order Volterra kernels, e.g., g ... or g ... may 
11 J JJl 

exist within 038's excitatory field which might possibly subserve a 

lateral inhibitory interaction mechanism: the first order kernels hli(j) 

and hlj(i) consistently are of smaller amplitude than are the first order 

kernels computed for the channels in one input tests (Figure 5.4. l). As 

discussed in Chapter 3, this result can only originate from underlying 

higher order (odd) interaction processes: increases in light flux 

increase first order kernel amplitude--not decrease it (Figure 5.4.1 ). 

5.5 Conclusions 

Definitive conclusions for this chapter will be postponed until 

the results of Chapter 7's multi-spot experiments are presented. 
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Chapter 6 

BLUE CHANNELS AND 038 

That the crayfish visual system has two photopigments makes it a 

candidate for possessing color vision. Optokinetic experiments record­

ing the crayfish eye 1 s tracking of red and blue stripes in a rotating 

drum have been interpreted to suggest a color discrimination ability 

(Olivo, et al, 1975). Color vision, in turn, would suggest a more ac­

tive role for blue channels in crayfish than has been documented to 

date, although the neural circuitry for it need not manifest itself in 

the sustaining fibers. 

That a blue channel into 038 may exist has not been disputed; but 

its functional significance is a matter of continued concern for under­

standing the sustaining fiber 1 s field microstructure considering its 

predominant yellow sensitivity. This is particularly so in view of 

Woodcock an.d Goldsmith 1 s (1973) puzzling finding of a greater, however 

slight, blue sensitivity in dorsal eye regions because of 038 1 s field 

location along the dorso-posterior rim. While past studies have 

examined 038 1 s response to either blue or red light alone (cf. Section 

2. 1), none have looked for interactions that might exist between two 

color channels leading into it. 

Such interactions can be studied with two independently (Gaussian 

white noise) modulated monochromatic .light sources directed onto 038 1 s 

field. A duel channel incandescent/xenon arc lamp configuration (Figure 
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6. 1. 1) (described by Mccann, et al (1976)) was used to produce (pa ral -
' 

lel) beams of monochromatic blue (463 nm) and red (600 nm) ligh t, 

t • l t l 2 • l • respec 1ve y , on o a common cm c1rcu ar region. A crayfish was 

positioned in this field so that 038's field intercepted the beams ; all 

but a narrow rim region of the studied eye (columns 10 and beyond , 

intact rows 5- 33) was blackened to prevent excitation of 038 ' s inhibi ­

tory field, and to facilitate comparisons with optic fiber tests . The 

entire contralateral eye was also blackened . Both beams were i ndepen­

dently calibrated to have mean intensities of .3 x 10-6 watts/cm2. 

600 nm was chosen to minimally excite any blue channels (cf . Figu re 5 

in Wald (1968)); excitation of the 11 yellow channels 11 by 463 nm is 

unavoidable due to the photoreceptors' sensitivity (cf. Section 2. 1) . 

6.2 Two-Color Input Tests 

6.2 . 1 Single Pulse Responses 

As a first step in i den ti fyi ng the characteristics of any bl ue 

channel into 038, a regime of one hundred 1-millisecond duration pulses 

of 463 nm wavelength light (with peak intensities of . 3 µw/cm2), with 

5-sec interpulse intervals, was presented to five different eyes that 

had been dark-adapted for 3-4 hours. After the 463 nm presentation , 

the eyes were dark adapted for 30 minutes, and an identical regime of 

600 nm pulses was presented to the same eye region. Figure 6. 2. l a 

shows a typical averaged response of 038 to each of the stimulus 

regimes. 

The immediately noticed difference in the two responses is the 

l anger latency secondary smaller background spike trai n present in the 



Small para !lei beam 
• with two sources 

coincident . 

126 

Variable Color 
and Grey Filters 

\ ~ Incandescent 
Light Source 

□ ... 4---Control Signal 

Slit Rotation 
System 

Color and Grey 
Filters (Quartz) 

. / I 

Quartz Lenses 

/ 
Light Source 

I 
□1 ... ◄1----- Control Signal 

Slit Rotation 
System 

Fig. 6.1.l Stimulus Configuration for Full Field Two-Color 
Tests. 



u 
w 
(I) 

"-(I) 
w 
~ 

Q_ 
(I) 

127 

1000 ,---------------------- - - --
a 

600 NM 

0 
1000 

463NM 

b 

0 
Tl ME ( seconds) 

Fig . 6.2.1 038's Averaged Response to 100 1 msec. Presentati ons 
of 600 nm and 463 nm Light. Upper Scale : 1 second. 
Lower Scale: .3 seconds. 

3 



128 

blue response, but absent in 038 1 s red response. Figure 6.2 . lb reveals 

the finer structure of the two responses. 

The latency of the 463 nm response is 70.5 msec and the secondary 

response begins another 70 msec after that. The 600 nm response has a 

latency of 50 msec and is about 20% greater in amplitude (i . e., spike 

count) than the blue response. Other than the blue response's longer 

latency there appear to be no major discernible differences in the 

dynamics of the two impulse responses. 

No differences of the type observed by Trevino and Larimer (1970, 

their Figure l;cf. Chapter 2) could be seen in responses obtained 

from identical pulse regimes presented to several eyes that had been 

(selectively) chromatically adapted (for l hour) to 463 nm or 600 nm 

light. This may be due to an insufficient strength of the adaptation 

stimulus: Trevino and La rimer's (1970) adapting stimuli (e.g., 660 nm 

at 3.2 x ,o- 3 w/cm2) were approximately 4 log units more intense than 

h . • ( l -7 2) t e maximum used here 3 x O w/cm . 

If functional differences exist between blue and yellow channels 

feeding into 038, they should, hopefully, be detected in Wiener kernels 

computed from 1- and 2-color input 11white 11 noise experiments. 

6. 2.2 Wiener Kernels: 1- and 2-Color Inputs (Whole Field Tests) 

For comparison with the pulse results, the same animals of the 

preceding section's tests were again dark adapted for 1 hour, after 

which time the yellow channel was tested with the 600 nm source , driven 

by the noise sources of Chapter 2. First and second order kernels hlr 
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and h2r were computed from 038's response to the 600 nm noise excita­

tion . 038 1 s presumed "blue" input channel was then excited with the 

463 nm source alone, driven by another , but independent, noise signal , 

and kernels hlb and h2b were computed from the response . 

038's response to simultaneous presentation of independently 

modulated 463 nm and 600 nm sources resulted in kernel pairs hlr(b) 

and h2r(b) , and hlb(r) and h2b(rr computed for the "channels" under­

lying 038 ' s yellow and blue related responses, respectively . 

Figure 6. 2.2 compares the kernels hlr (curve l) and hlb (curve 

2). Two differences are immediately noticeable: hlr's greater ampli ­

tude and h1b 1 s greater latency . Slight differences also appear to 

exist in the kernels' envelopes. 

Figure 6.2.3 presents the results of the 2-color input test : 

there is a distinct kernel hlr(b) indicative of a red (i . e . , yellow) 

channel , but the blue-dependent hlb(r) appears to have disappeared ! 

Initially , it appears as if 038 has responded only to the 600 nm stimu-

1us; the blue stimulus appears to have had no input into (i .e. ~ effect 

on) 038. 

To check the effectiveness of the various kernels, the model re -

sponses for hlr(b)' h2r(b)' hlb(r), and h2b(r), and the cross term 

h2rb (indicative of any red-blue interchannel interactions) were com­

puted with and without the de response, h0. Table 6.2.l contains 

typical percent mean square errors computed for the various kernel 

models against 038 1 s actual response. 

Table 6.2. l reveals that 038 is functionally responsive to two­

color stimulation , but only to the red signal. The figure compares 
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Tab le 6. 2 . l 

Term % mse 

hlR(B) 97% 

I a: hlR(B) + ho 88% 

lb: h2R(B) + la 69% 

hlB(R) 98% 

hlB(R) + ho 98% 

I I: h2B(R) + hlB(R) + ho 97% 

II I: lb+ II - ho 74.2% 

h2RB 93% 

I II + h2RB 76% 
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models lb (yellow response) and II (blue response) (from Table 6.2. l) 

with 038 1 s actual response. One or two possible interpretations are 

available for the data at this point: l) that blue inputs to 038 are 

inhibited in the presence of yellow-channel excitation; or 2) that a 

strictly "red" response derived from the majority of yellmv-sensitive 

receptors is "swamping" any blue contribution (Olivo, personal commun­

ication). 

6.2.3 Wiener Kernels: 1- and 2-Color Inputs (Small Field Tests) 

A variant of the above experiment was performed to take advantage 

of results in Chapter 5 to assist in discriminating between explana ­

tions for Section 6.2.2's results. Instead of simultaneous red and 

blue light excitation of the whole (excitatory) field, Chapter 51 s optic 

fibers were used to bring independent blue and yellow light sources 

directly onto two ommatidia (separated by three ommatidia) . Hence these 

experiments (5 animals) are identical in format to some of those of 

Chapter 5, except that one yellow LED (\pk= 583 nm) has been replaced 

by a GaN blue LED(\ k = 423 nm) (the mean intensity out of each fiber 
p 

30 µw/ cm2) . As in the previous section, kerne 1 s were computed for: 

single - channel (i.e., ommatidium) yellow input, single-channel blue 

input, and combined 2-input (i.e., yellow and blue) excitation. 

Figure 6.2.4 displays the resultant kernels; they match the re ­

sults of the preceding section except for the mi nor differences that 

the dynamics of the two channels appear identical. 
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6.3 Data Analyses 

6. 3. l The 11 Swampi ng 11 Hypothesis 

As a first step in interpreting the above results, assume that a 

11 swamping 11 phenomenon is at work. Intuitively this would suggest that 

the (dark-adapted) system's response to excitation by monochromatic 

red or blue light should reflect the properties of the dominant majority 

yellow-sensitive photoreceptor population (which is sensitive to both 

11 red 11 and 11 blue 11 wavelengths). Simultaneous excitation by red and blue 

light should, again, reflect only the overwhelming activity of the yel-

l ow receptors 11 swampi ng 11 any blue-channel response. 

Such a conclusion, however, is inconsistent with the analytic pre­

diction(s) of this model; to understand why, consider the system 

physiology depicted in Figure 6.3.1. A system S, composed of two 

populations of photoreceptors (yellow-sensitive [system Y] and blue­

sensitive [system BJ) pool their outputs into a ~imple summing point 

(038) . System Y, the dominant system in the dark adapted eye (Wald , 

1968) is sensitive to both 600 (or 583) nm light (xy(t)) and 463 (or 

2f2j) nm (xB(t)) with relative sensitivities of a and b, respectively. 

(B's sensitivity coefficient to 463 nm, k, is extractable , for example, 

from Wald's (1968) Figure 5). Y has Volterra kernels h1y (and h2y); 

B's kernels are hlB (and h2B). No assumptions are made, as yet, con­

cerning the equality between Y's and B's kernels of the sa me order. 

Assume, for the moment, that Y and B are linear (i.e ., they do not pos­

sess second order kernels). 

Excitation of system S with monochromatic 600 (or 583) nm light 

would excite sub -system Y only resulting, upon appropriate cross-
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correlation between the system response and xy, in a computed Wiener 

kernel h(S) for S, reflecting its yellow sensitive channel. Monochroma-ly 

tic blue light excites both Y and Band results in a Wiener kernel 

h~~). Simultaneous excitation with red and blue light results in kernels 

h{;(b) and h~~iy)' reflecting the red and blue channels of S, respec­

tively. Appropriate cross-correlations between input signals and system 

responses result in the relations: 

and 

(S) = 
hly(b) 

h(S) - h(S) = bhlY + khlB lb(y) - lb 

(6.3.1) 

(6. 3.2) 

If a swamping mechanism was at work, then equation 6.3.l correctly pre­

dicts the Y-system's first order kernel. The kernel h(S) would also lb 
reflect the yellow system's dominance if k < b. For the two-input ex-

(S) periments, however, the data unequivocally show that hlb(y) is unequal to 

h18 ; in fact, h~;-c{y) appears to be non-existent--a result unexpected and 

unacceptable for the swamping hypothesis! 

The fact that second-order kernels have been observed in the above 

experiments, and that reti nul a ce 1 ls are known to contain second-order 

nonlinearities (Mccann, et al (1976)) suggests that second-order kernels 

be considered in the swamping model even though the second-order contribu­

tion is small. In that case the first-order Wiener kernels, hi;ib) and 

hi~iy) remain unchanged but now we have the second-order kernels: 

and 

h(S) = 
2y(b) (6.3.3) 



138 

(6 . 3. 4) 

and a cross-kernel of the form 

= (6 . 3.5) 

As before, swamping hypothesis predictions for monochromatic 

single-input experiments are upheld by the observed results, but for 

the 2-input test h~~~y) disappears, and more important, there is no sign 

of the cross kernel composed (entirely) of the dominant yell ow recep-

tors I second-order kernel h2y . [cf. Koblasz's (1976) 

Chapter 5 for related discussions about color cross kernels taken from 

human EEG analyses]. 

6.4 Miscellaneous Comments 

If blue channel inhibition by yellow channels is what is witnessed, 

it would not necessarily conflict with the limited observations conce rn­

ing color discrimination in the crayfish . First, it has not been estab­

lished that 038 provides any input (major or minor) into the optokinetic 

response , hence the behavior of its color channels need not affect the 

outcome of such experiments. If 038 did provide an important input , 

then it might be possible that resultant phenomena from the inhibition 

(such as 11 blank 11 field portions indicative of blue objects) might be 

behaviorally relevant; hence, discrimination between red and blue stripes 

results in a response to red stripes separated by 11 blank 11 fields. 

Recently, Olivo (unpublished, personal communication) has examined 

the spectral sensitivity of the crayfish's optokinetic response while 
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the rotating drum was flooded with a background red adapting light . 

Under these conditions the spectral sensitivity of the response demon ­

strated a peak in the blue (near 460 nm), which otherwise resembled 

the sensitivity curve for the dark-adapted crayfish ERG. The blue peak 

(presumably resulting from a depressed activity from red adapted yellow 

receptors) should not be expected, if yellow channels in the entire 

visual system inhibited blue channels. Olivo's comments apply to my 

observations as well. If the described inhibition phenomenon is global , 

it might be possible that a strong background adaptation can suffici­

ently depress the yellow channels' inhibition so as to allow the blue 

channels to operate undisturbed. 

Furtherroore, it must be remembered that 038 is an area obse rved 

by Woodcock and Goldsmith (1973} to be particularly blue sensitive . 

Hence there is plenty of freedom for establishing the relative weighting 

of the coefficient k with respect to a and b (Figure 6.3.l) in develop­

ing any models (cf. Woodcock and Goldsmith's (1970) Figure 2) of crayfish 

color processing . 

One phenomenon that is not observed in the kernels for blue -only 

excitation is the long after-discharge component seen in "blue" impulse 

responses ( Trevino and Larimer's (1970) Figure 1) . First 

and second-order Wiener kernels were computed fort values up to 250 

milliseconds without indications of the mechanism underlying the after­

discharge. There is no explanation as yet for its absence . 

An interesting observation is that the kernel dynamics of the 

small and large field experiments appear nearly identical except for a 

scaling factor. 
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6.5 Conclusion: Inhibition versus Swamping--An Additional Test 

If 038's blue response is determined by the yellow-sensitive re­

ceptor population, then the 2-input fiber optic experiments eliminate 

"swamping" as an explanation for the above results. From values taken 

off spectral sensitivity curves for dark adapted isolated eyestalk 

preparation (Wald, 1968) the differences in the Y-system's sensitivities 

to 583 nrn and 423 nm light is 0.6 log units (i.e., a fourfold difference) . 

A different type of two ~input test was performed to determine if 

the differences in quantal absorption explained the above results. 

The sources feeding into the two fibers were both yellow LEDs, but they 

were driven with different bi as currents such that a fourfold difference 

existed in their emitted intensities at their respective fiber exit 

apertures (50 µw/cm2 and 12.5 µw/cm2). The LEDs were driven by indepen­

dent noise sources. 

Figure 6.5.l shows the kernels computed from the simultaneous pre­

sentation of the unmatched yellow intensities to 038. The kernels for 

each excited channel do not disappear, although they are unequal in 

amplitude due to the mismatched intensities exciting each channel . 

Hence it appears that 038 is fed by a discrete blue channel that 

is inhibited by 038's input yellow channel (when both are simultaneously 

excited) although it is not clear from the available data, how or where 

this is done . Possible interactions that might lead to these results 

are explored in Chapter S's model for 038's receptive field microstructure. 
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Chapter 7 

3-, 4- , AND MULTI-INPUT TESTS 

Most investigations on lateral interactions in visual systems have 

been limited to studying the interaction of, at most , two independently 

excited retinal regions. When three or more spots have been introduced 

to the eye, they have been modulated by a common source (e . g. , Hartl i ne , 

et al. (1961)), usually de, and the underlying neural "dynamics" have 

been observed by noting gross changes in the optic nerve's firing pattern . 

The limitations of such a methodology have been discussed in Chapter 5. 

Recently , Von Seelen and Hoffman (1976) attempted to stimulate the cat's 

visual system with multiple random stimuli constructed from a Julesz 

random texture driven by a single Gaussian white noise source . This ap ­

proach assures that the intensity seen, at any moment, by any poi nt on 

the retina is "different" from that seen by any other point, but the 

problem with such an approach is that the time course of the signals is 

identical . Hence , each point source of white noise falling on the eye is 

merely a scalar variant of the noise falling on any other retinal area . 

Stimulation with such a common source makes computation of cross ke rnels 

impossible : Von Seelen and Hoffman (1976) were only able to compute 

(noisy) first order self kernels for single or small clusters of retinal 

point s and to compare among them their kernels' amplitudes and dynamics 

(cf . Figures 10-13 in Van Seelen and Hoffman (1976)). 

To compute cross kernels describing the interactions among multiple 

retinal channels it is necessary to drive each retinal area (channel) 
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with an independent Gaussian white noise stimulus . Such a capability 

is inherent with the LED/fiber optic stimulus package used throughout 

this thesis(cf. Figure 7.1.l). 

7.2 Four Spot Stimuli--Symmetric Configurations 

As a first step in studying the lateral interactions induced by a 

pattern incident upon the eye, four small stimulus spots arranged in a 

square configuration were presented to ommatidia at coordinates 

A= (2,27), B = (8,26), C = (2,21), and D = (7, 12), such that each side 

of the square measured 5 ommati di al widths. Upon simultaneous exci.tati on 

of all four ommatidia, four first order self kernels, four second order 

self kernels, and six second order cross kernels were computed from 038's 

response. A model response for each kernel was then computed and the pre­

dicted responses for all the first order kernels were summed together to 

form a single first order model. Similarly, the second order self and 

cross kernel models were summed together. 

Figure 7.2 . la shows a one-second record of 038's binned response to 

simultaneous excitation by the four stimuli of Figure 7. l .1: the first 

order model (Figure 7.2. lb) reveals a poor ability to mimic 038's 

response. The mse for that model is 87.3%. The combined first and 

second order model (Figure 7.2. le), however, shows a remarkable improve­

ment in following 038's responses: all false firings have been eliminated 

and every burst from 038 is well represented in the model. The mean 

square error is reduced to 60.5%. The effect of the cross kernels is 

noted in Figure 7.2. ld. They narrow the width of the model's predicted 

peak firing pattern to more closely follow the time course of 038's 
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bursts. The cross kernels greatly add to the amplitude of the response 

to match 038 1 s peak activity as well as smooth the silent periods be­

tween bursts . The cross kernels also add 6.7% to the model's accuracy , 

thus bringing the total mse to 53.8%. 

Figure 7. 2.2 compares, with greater clarity, 038 1s response with 

the responses predicted by the: h1; the h1+h2; and h1+ht cross kernel 

models. In fact an interesting observation is made in Figure 7. 2.2: 

038 appears to be firing in regular bursts at a rate of almost seven 

per second in the second order model without the cross kernels. A histo ­

gram of 038 1 s interspike interval indicates this phenomenon (Figure 

7.2.3a) by a minor peak at 120 msec (i.e., 8.3 Hz); however, an autocor­

relation of 038 1 s raw spike response to the four stimuli does not reveal 

any long term cyclic behavior. The power spectrum of 

O38 1s spike response, however, indicates a definite peak at 6.47 Hz 

(Figure 7. 2. 3 ) . 

The kernels underlying this behavior closely resemble those com­

puted for 2-input tests. The six cross kernels representing the inter­

actions between AB, AC, AD, CD, BD and BC are shown in Figures 7. 2. 4a -f . 

There appear to be no major differences among the amplitudes or shapes 

of these kernels except that the two sets of diagonal kernels (AD and 

BC) appear to undershoot slightly more than the remaining 11 edge kernels 11
• 

The standard deviation for a typical cross kernel is shown in Figure 

7.2 . 5. The second order kernels for each spot resemble the cross 

kernels--a typical kernel is shown in Figure 7.2. 5. Interestingly, the 

dynamics of the first order kernels match those of the second order self 
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and cross terms (Figure 7.2.5). 

Changing the circular orientation of the four spots in 20 shifts 

did not result in any obvious changes in the self or cross kernels . 

Changing the configuration of four spots does, however, change the cross 

kernels when their fiber geometries are asymmetric. 

7.3 Four Spot Excitation--Asymmetric Configuration 

To completely identify 038's spatial characteristics, one would 

have to theoretically, exhaustively test it with all possible configura­

tions of 1 ,2,···, and n spots. To eliminate that exhaustive (and ex­

hausting) necessity, an attempt was made to stimulate 038 with the white 

spatio-temporal noise scheme recently introduced by Yasui (1975). 

Unfortunately, 038 would not respond to the field of noise presented to 

it and the reasons for this are unknown. Hence 038 1 s response to a few 

representative configurations was tested to ascertain the basic spatial­

dependent characteristics of the system. 

One question of interest is how asymmetric stimulus configurations 

affect the dynamics of the various lateral interactions previously com­

puted for symmetric configurations. One way of studying this is to move, 

for example, point C along the paths AC or BC of the last section's 4-

spot square configuration. As C is moved towards B along the path BC 

through the center of the square, the cross kernels AD and CB remain 

symmetric, but channel B's second order self kernel is systematically 

reduced . ;as C moves away from B the 1 atter I s second order 

self kernel once again increases in amplitude. That B's amplitude 
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decreased as C approached it is very surprising, since Chapter 5's 

2-spot experiments gave no hint of a lateral inhibition between two 

close spots. Hence, it appears that some other interaction involving 

spots A and Dis manifesting itself on the second order kernel of chan­

nel B. 

These results suggest a strong lateral 

inhibitory network probably exists in the sustaining fiber's excitatory 

field but that its effects are minimally seen due to symmetric cancel ­

lations in the presence of symmetric stimulus configurations. Appropriate 

asymmetric stimulus configurations appear to be able to set up unequal 

strengths of mutual inhibition in different directions that can cancel 

each other but also enhance other effects. 

As spot C is moved along the path AC (parallel to BO) the cross 

kernel AC takes on completely new characteristics. As C moves towards 

A we see that the kernel AC diminishes in amplitude but that it takes on 

very definite asymmetric dynamics (Figure 7.3.2) not related to unequal 

light fluxes entering points A and D. (The basic shape of the cross ker­
nel is of the form 

where a and B ( a 1 B) are channel gains reflecting unequal light flux 

inputs.) For unequal light fluxes we would expect the gain of the first 

order kernels to be different, thus keeping the basic topology of the 

kernel but making its amplitude distribution asymmetric. Again the re­

duced amplitude is suggestive of an inhibition phenomenon. The kernel 
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also appears to take on a double peak near the origin but this may be 

due to noise resulting from the kernel's greatly reduced amplitude . 

Surprisingly the first order kernels are not greatly affected; Figure 

7.3.l showsthe first order kernels computed for spots A, B,C, and D. 

D's kernel is slightly greater in amplitude, but both A's and C's share 

equal heights. In all cases the dynamics remain the same. Model 

responses for these kernels do not indicate any inhibitory behavior from 

any of the self or cross kernels. 

Under no circumstances could a 4-spot configuration within 038's 

hot spot be found to alter the basic dynamics found in the self kernels 

(first or second order). 

7.4 Three~Channel Inputs 

Symmetric configurations of 3-spots in 038's hot spot yielded sym­

metric kernels with characteristics similar to those presented in the 

preceding section. An interesting phenomenon, however, is clearly 
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D 

Fig. 7.3.3 Self Kernels in 4-Spot Tests (See Text) 
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indicated with three fibers (column 4, row 19) and (column 4, row 25), 

that is not so clearly shown with four. When two spots are excited 

within 038's hot spots, a typical cross kernel of Chapter 5 results. 

When a third spot was introduced right on the rim (column 4, row 19) 

with an output light intensity of 65 w/cm2 the cross kernel for the 

other two spots could be wiped out completely (Figure 7.4. l ). Figure 

7.4. l however, reveals that there is still some minor activity in its 

cross kernel. This phenomenon begins to explain some of the observations 

in the previous section providing certain assumptions are allowed. 

Assuming that ommatidia near the rim do not receive strong inhibition 

from the rim where there is no neural network, it is conceivable that 

they exert a powerful inhibitory influence on the ommatidial channels 

immediately adjacent to them. This inhibition is not second order as 

we know from Chapter 5. It appears to be at least third order (which 

also means that it is capable of demonstrating complex dynamics). 038's 

hot spot is right next to the rim and it is possible that the changes in 

second order kernels as a function of stimulus configuration are setting 

up strong or weak effects .from the rim region. Ideally, one would hope 

to map these interactions as a function of all ommatidial configurations. 

The ultimate question, however, would be--what is this interaction's 

functional significance? The next section hopes to provide some insight 

into this question. 
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Fig . 7.4. l See Text 
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7.5 Multi-Spot Experiments 

Ideally one would hope to have a complete catalog of interactions 

underlying 038's receptive field so that predictions could be made of 

038's response to various stimuli. Glantz (Glantz and Nudelman, 1976; 

Nudelman and Glantz, 1977) has forwarded the idea that 038 might he able 

to encode the properties of various stimuli as a. function of its bursting 

properties. 

An alternative method for testing 038 1 s receptive field uses the 

idea of Julesz 1 s random textures introduced briefly in Chapter 1. To test 

for such a capability in 038, and to unify the results of the preceding 

sections with the ideas of Chapter 1, 038 was tested with a special con­

figuration of "random" textures designed by Julesz (1975) for human 

texture discrimination experiments. 

If the cross kernels of 038 play any role in encoding patterns then 

we would like to see 038 respond to two different sets of patterns. From 

the field plots of Chapter 4, this can be achieved if one or two ommatidia 

are selectively stimulated at widely disparate retinal regions. What 

happens, though, when 038 sees a full field pattern? 

To test 038 1 s spatial encoding ability two 11 random" textures were 

designed so that accidental stimulation of 038 in a preferred horizontal. 

or vertical direction would not occur. The patterns were constructed 

from the fiber optic array shown in Figure 2. 1.4a in which selective com­

binations of sixteen LEDs could be driven to mimic any spatial configu­

ration desired . All sixteen LEDs, however, were driven by a common source 

signal so that the temporal properties at each point were the same. 
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The random features used were taken from subregions of the textures 

that Julesz (1975; his page 9, left pattern, middle row) designed and 

used for his studies on the texture discrimination ability of humans. The 

patterns, when complete, ideally have identical first and second order 

statistics (i.e., the probability of nearest neighbors being close) but 

the third order statistics are different. When a small subregion of the 

type shown in Figure 7.5. l is used, these relations fall apart but they 

serve as an easily duplicated standard for other investigators to use .. 

When presented to 038 1 s asymmetric field profile (Chapter 4) any remain­

ing statistical similarities quickly disappear. 

To test for 038 1 s discrimination ability the two textures, desig ­

nated l and 2, were presented in ten different orientations within the 

area of 038 1 s field delineated by the points (column 3, row 9) , (column 

10, row 10), (column 3, row 27), and (column 14, row 19). For each 

stimulus presentation 038 1 s interspike interval distribution was computed 

and the averages of these ten distributions were taken. Figure 7.5.1 

shows nearly identical results except that pattern 2 appears to result 

in a slightly greater concentration of interspike intervals of 30 msec. 

When compared, however, to the average+ l standard deviation histogram 

of texture l, it is seen that there is no difference in 034 1s response to 

the two patterns. 

A closer analysis of 038 1 s firing pattern response to the identical 

temporal signal driving the two different patterns show that 038 1 s 

response is nearly identical to both! 
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It appears then that 038 cannot tell large field objects apart 

from each other and is primarily concerned with the presence of light. 

From this rather coarse test it would seem that there is little justi­

fication to pursue a cataloging of 038 1 s highei order interactions 

since, en toto, they do not appear to assist the animal in telling pat­

terns apart. 
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Chapter 8 

SUMMARY AND CONCLUSIONS: A MODEL FOR 038's RECEPTIVE FIELD MICROSTRUCTURE 

8. l Introduction 

The Wiener kernels identified in the previous chapters have proven to 

be excellent descriptors of 038's functional characteristics as evidenced 

by their ability to accurately predict 038's response to various stimuli. 

The match in dynamics between 038's first order kernels and cuts through 

to higher order kernels suggests that the single channels of 038 can be 

"modeled" as a linear system cascaded ~-1ith a zero order nonlinearity 

(Caughey, 1975; McCann, et al, 1976). While such a model is mathematically 

correct in that it yields kernels of equivalent orders and properties as 

038's, it offers little insight into the actual anatomical substrate under­

lying the sustaining fiber system. A biologist may wish to know, for 

example, which of the neural elements lying between, and including the 

retinular cells (delineating 038 1 s receptive field) and 038 itself , is 

associated with the model's linear system and memoryless nonlinearity . 

Upon examining the literature he may find that retinular cells have been 

modeled by this linear-nonline~r cascade (Mccann et al, 1976) and wonder 

how a higher-order neuron is modeled like its own first stage . Hhile 

such questions may seem naive to the nonlinear systems analyst , they are 

the real barriers to the widespread acceptance of the techniques used in 

this thesis . 

This chapter attempts to combine the results of Chapters 3 through 

7 in a comprehensive model of 038 1 s receptiv~ field microstructure . In 
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addition to presencing the results in Chapter l 1 s kernel formalism, an 

attempt will be made to identify the various interactions that reside in 

the crayfish's visual system. All the results will be shown to be con­

sistent with what is actually known about the crayfish or reasonably 

extrapolated from studies on other arthropods. 

8.2 The Single Channels of 038: A Model 

The first stage of data processing in the crayfish sustaining fiber 

system takes place in the retinular cells, whose functional characteristics 

determine the signals processed by the more distal regions of the visual 

sys tern. 

Unfortunately, however, the frequency response of crayfish retinular 

cells have not been reported in the literature. It is not unreasonable, 

however, to suspect that their frequency characteristics do not differ 

significantly from those reported for other arthropods (e.g., insects; 

Wiersma, personal communication). Thus far, however, flies are the only 

arthropods whose retinula have been studied by Wiener kernels. In an at­

tempt to understand what contribution a retinular cell has on 038 1 s system 

kernels, a typical set of first and second order kernels identified for 

the fly Calliphora were studied. It is important to emphasize that these 

fly kernels were extracted in experimental conditions closely related to 

those used on the crayfish (i.e., a light with absolute intensity 

30 x 10-6 µw/cm2. These kernels were pmv i ded by Dr. Mccann and are known 

to accurately model the fly's retinular cell to frequencies beyond 100 Hz 

(R. Fargason, personal communication). The total mse for these kernels 
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is about 5% and the second order kernel h
2 

contributes only about 10-15% 

to the total model response (R. Fargason, personal communication). 

Compared to 038's narrow band characteristics, the retinular cell 

appears to act as a wide band-pass filter. Compared to the kernels com­

puted for 038, the retinular cell's first order kernel appears to resemble 

a delta function. If the retinular cell were strictly linear, then it 

could be modelled by a Dirac delta function (as far as 038 is concerned). 

But the retinular cell has a second order kernel; could this be the source 

for the second order kernel obtained for 038? It appears unlikely. The 

fact that h2 contributes so little, at the experimental light levels, 

suggests that the retinular system in toto is acting as a linear filter, 

thus insuring that any Gaussian signal passing through it comes out 

Gaussian. Figure 8.2. lc shows the amplitude distribution of a signal ex­

citing the retinular cell's kernels and Figure 8.2. ld shows the amplitude 

distribution of the kernels' predicted response which is also Gaussian. 

How can we be certain that the linearity criterion is satisfied in 

the crayfish? To do so requires some effort. In their study on bursting 

properties of sustaining fibers, Glantz and Nudelman (1976, p . 1264) used 

stimulus intensities of .35 mw/cm2 - 4.79 mw/cm2 which were 100 to 1000 

times the threshold needed to excite 038 (Glantz and Nudelman , 1976, 

p. 1257). This means that the 038 kernels were computed (using Glantz's 

numbers) about l log unit above threshold. Comparison of 038's relative 

th res hold with that determined for an i ntrace ll ul a rly recorded crayfish 

retinula cell (cf. Figures 1 and 3 in Glantz, 1971) suggests that the 

crayfish retinula cells are working in a fairly linear range at the stimu­

lus intensities used in these experiments. 
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Hence we expect the crayfish 1 s retinular cells to behave linearly 

in the intensity range studied. From comparison with the overall system 

kernels for 038 (Figure 8.2.2b) it looks as if the retinula cell can be 

treated as a signal processing box whose impulse response is a delta 

function (at these light intensities). This result suggests that the 

effect of the retinular cells on 038 1 s dynamics are minimal--that only 

those cells postsynaptic to the retinula are reflected in 038 1 s kernels. 

Can we localize the sources contributing to the kernels? 

Figure 8.2. la shows 038s h1 compared to the retinular cell 1 s h1; 

if 038 1 s kernel is time compressed by a factor of 5, then we see the 

res u lt i n Fi g u re 8 . 2 . 1 b . If the retinula cell 1 s h
1 

could be considered 

an impulse, then 038 1 s kernel resembles that of a unit doublet impulse-­

the sign of a differentiator. 

It is easily shown that in linear systems a differentiator 

response to a square pulse stimulus will Laplace transform 

-as -bs 
e - e 

s 

is 
. -as -bs e - e 

(8.2.1) 

(8 .2 .2) 

i.e., an upward impulse at time a and a downward impulse at tin~ b. 

It is well known that the monopolar cells in a large variety of 

orthropods (e.g., bees, flies, and locusts) respond to square pulses of 

light with a triphasic hyperpolarization that is characterized by the up­

ward and downward spike phenomena described in equation 8.2.2 (e.g ., 

Laughlin, 1973; Menzel, 1974) 
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It is not unreasonable, therefore, to suppose that the monopolar cells 

in the lamina of the crayfish display a similar behavior. But those cells 

would need dynamics to match those dictated by equation 4 . 3.1. It is not 

unreasonable to attribute these dynamics to the lamina for two reasons. 

First, there appears to be a general tendency for the memories of neurons 

to increase as does their position order in a visual system (cf. Fiqure 

3c in Mccann (1974)) . Secondly, kernels with approximately the same 

dynamics have been found for third order neurons (i.e., horizontal cells) 

in vertebrate eyes (cf. Fukurotani & Hara, 1975; Marmarelis & Maka, 1975b). 

A source for a second order nonlinearity is now required for the 

lamina. This mechanism can manifest itself in any number of v1ays: rec ti fi -

cation by a synapse, or multiplication by correlation units of the type 

envisioned by Mccann (1974). 

It seems unlikely that the second order kernel arises in 038 . The 

reason for this stems from Chapter 4. It was commented that the amplitude 

profiles for the second order kernels matched those for the first order 

kernels. Histological investigations in the crayfish eye reveal no inhomo­

geneous concentration of laminar neuron types that would explain the 

receptive field profile found for 038 (Nassel, personal communication; 

Niersma, personal communication). Hence it appears likely that the sensi­

tivity profiles arise from a skewness in 038 1 s dendritic tree which sums 

inputs from neurons in the lamina. If the relative weight of each dendri­

ti c branch preceded a second order nonlinearity in 038, then the profile 

for the h
2 

amplitudes would be a quadratic function. But the profile for 

h
2 

amplitudes appears to fall off linearly. 
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Let's assume, for simplicity, that 038's dendritic branch concen­

tration is some linear function of position in the optic ganglia. If we 

assume that 038 1 s dendritic branch is nonlinear, we would have to invoke 

some complex summing functions in 038 1 s dendritic tree, preceding the 

nonlinearity, that would give the impression of a linear falloff in sensi­

tivity. Hence the profile data suggest that 038 sees a nonlinearity before 

its dendri tic tree. 

The only available neuroanatomy left, assuming the previous assump­

tions to be correct, is the complex plexus of lateral interactory pathways 

perfusing the crayfish lamina (Nassel 1976, 1977; Hafner, 1973) 

Although the previous discussion is based on speculation, the specu­

lation is not specious. The model then envisioned for each channel of 

038 is that depicted in Figure 8.2.2. It consists of a retinular cell 

which essentially senses the input light stimulus and converts it into an 

electrical signal for processing in the lamina. The lamina cells act as 

differentiation and their output feed into local rectifiers of as yet 

unknown nature. The various dendri tic branches of 038 samples the 

inputs from cells presynaptic to 038 in a linear fashion. A simple IPFM 

would be all that is required to generate spikes (cf. Chapters 3 and 4) . 

An interesting aspect of the model is that it supports Gordon's 

(1975) notion that a differentiator exists in the 038 system as evidenced 

by Glantz's (1973) results, indicating AC coupling between 038 and the 

retinular cells. Furthermore, the model suggests that the basic resonant 

phenomenon of 038's spike train bursts resides in a process already con­

tained in the single channels. If 038 1 s dynamics are modeled hy a second 
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order differential equation 

Bd 
X ( t ) - K ( t ) - ·~ 

y dt 

then it is well known that the damping coefficient is what controls 

oscillations in the impulse response of 038 1 s first order kernel as the 

dynamics of an underdamped system. If, however, the section is undamped , 

the system oscillates with a frequency of sin bt, where bis defined by 

( K/M) l /2 

(Hence it seems that if a lateral inhibitory system could set B to zero 

then sustained bursting in 038 could be observed.) 

Modeling such a system electrically, however, would require an in­

ductor--something hard to imagine in a neuron. Is there another way that 

one can get the dynamics observed herein? The answer, again speculative, 

may lie in the kernels that Mccann and Gemperlein (1974) published. They 

bear a striking resemblance to the kernels computed for horizontal cells 

in the carp by Fukurotani and Hara (1975) when a very small size stimulus 

(with respect to the size of the receptive field) was used. As the 

stimulus size increased so did the first order kernels change into a form 

closely resembling that of equation 4.3. l . Fukurotani and Hara postulated 

that feedback loops between neighboring horizontal cells were becoming 

activated. Perhaps a similar mechanism is at work in the crayfish lamina. 

There the neural component underlying each retinul ar eel l of the retina is 

composed of a minimum of 5 monopolar cells and two wide field tangential 

cells--one of which branches for 300µ on all sides. 
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The cell types found in the crayfish lamina are depicted in Fiqure 

8. 3.1, demonstrating the complex anatomy available for supportinq almost 

any conceivable type of lateral interaction. 

8.4 Color Phenomena 

Woodcock and Goldsmith (1973) reported an unusual blue sensitivity 

in the dorsal regions of the crayfish eye. It is known that other 

arthropods have structural specializations in the dorsal regions in their 

compound eyes. Bees, for example (Schinz, 1975) have distinct structural 

specializations in that eye region as manifested by: 1) microvilli 

arranged in more than two directions, and 2) the 9th retinula cell (which 

is ultraviolet sensitive) and its microvilli are not restricted to the 

distal part of the rhabdom but extend over the full length of the retinula . 

Recent work by Goldsmith (unpublished communication) has suggested 

that the 8th retinula cell in the crayfish compound eye is the blue sensi ­

tive retinular cell, and that Rl-7 (Eguichi (1971)) are all yellow sensi­

tive. Such a conclusion would be welcomed to this study. It is well 

known that RS in crayfish projects into the (lamina and) medulla separately 

from Rl -R7 . 

In bees it is known that the monopolar cells respond to square wave 

retinal illumination with triphasic hyperpolarization. Although most 

inputs to these monopolar cells come from the bee's dominant blue and 

green receptors, there are indications of low sensitivity in the ultra­

violet. The blue and green receptors supply excitatory inputs to the 

monopolar cells with equal weighting: the ultraviolet receptors appear to 
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supply an inhibitory input of less weight than those of the other recep­

tors. 

From bee data we can draw two conjectures about 038's color chan ­

nels . First, the similarity in dynamics between the yellow and blue 

channels (Chapter 6) suggests that the processing of yellow and blue 

light processes in similar stages. The evidence that the triphasic 

(i.e., di fferenti ati ng) behavior in monophase ce 11 s is activated by the 

bees small retinular cell R9 suggests that the crayfish's RS cell may 

also feed into the lamina. That the two channels can have opposite ef­

fects on the monopolar cells suggests that it is not unreasonable to 

suspect a similar laminar mechanism in the crayfish. 

The inhibition of channels must be accomplished by a process greater 

than second order. A mechanism for that is as yet unknown, since there 

is no way to tell where the inhibition is coming from. 

Conjecture l is easily tested by histological studies . Recently, 

Nassel (1976) reported finding two distinct types of retinular cell 

endings terminating in the lamina cartridges. Although RS is well known 

to project directly into the medulla, Nassel (1976) suggests the real 

possibility that RS might be in the lamina. This, coupled with Menzel's 

work (1974) yields a nonzero possibility of finding a laminar interaction 

responsible for the color inhibition described herein. 

8.5 Lateral Interactions in 038 

Aside from the color interactions that have been described there 

appear to be at least two other types of lateral interactions subserving 
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038 1 s receptive field . The first is the excitatory interaction captured 

in the cross kernels computed in Chapters 5 and 7. The se cond interac­

tion is observed indirectly; it is seen through its effect on h1
1 s 

amplitude (Chapter 5) and h2
1 s dynamics (Chapter 7). If p-orde r 2 

cross kernels of n order 3rd or 4th could be computed (they can't due to 

the algorithms not being currently running in our computer) then their 

existence might be verified. 

What role the interactions play in contributing to 038 1 s encoding 

behavior is still a niatter of speculation, but some ideas can be advanced 

about it. First, lateral inhibition appears to play a minor role in the 

sustaining fiber as evidenced by the inability to detect inhibition in 

the second order cross kernel. While it is true that most oth er studi es 

on sustaining fibers have found evidence for a lateral inhibition field 

connecting a sustaining fiber's excitatory field to an inhibitory surround, 

none, with the exception of Glantz (1971), have studied the details of 

038 1 s excitatory field as has this thesis . 

Secondly, all studies on crayfish fibers have studied th e dynamics 

of sustaining fibers through crude counting methods on the sus taining 

fibers' spike train. With Wiener kernels we have gotten to the heart of 

the system's dynamics with a powerful probing technique . 

The fact that the four input white noise was able to excite a 

rhythmic spike output in 038 and that the 4 sets of self kernels and 6 

sets of cross kernels were able to model it suggests that inhibition, of 

the type envisioned by Glantz and Nudelman, is not required to explain 

bursting in the sustaining fibers. 
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The kernels of Chapter 4 clearly show that the 7 Hz natural fre­

quency described by Glantz and Nudelman is found in Wiener kernels 

computed from light stimuli 10-100 times less bright than required by 

them to observe bursting. 

It would be very interesting, however, to place a microelectrode 

in a large field fiber such as a laminar tangential cell to ascertain , 

by Wiener kernel analysis, if the excitatory phenomena observed were lo­

calized to this cell. 

8. 6 The Model : Underlyi nq Neuroanatomy 

riqure 8.2.2 is a schematic of the interactions conjectured to 

underlie 038 1 s excitatory field, incorporatinci knovm physioloC1y and the 

speculations arising from this thesis. The retinular cells act as ideal 

delta functions (for a narrow intensity range) and project their outputs, 

through 3 axon bundles (R8 is not included) (Nassel , 1975) to three adja­

cent cartridges composed of the cell types shown in Figure 8. 3. l. (This 

may account for the strong cross kernels for small interommatidial dis­

tances alluded to in Chapter 5. ) The cartridges, in toto , supply the 

e-at sin bt dynamics invoked in Chapter 4 (and possibly incurred throuqh 

complex feedback loops). The larqe lateral extent of the excitatory in­

teraction requires a pathway capable of subservinq the observed distances : 

the wide-field tanaential cells of Figure 8.3.l are, herein , imagined to 

be capable of supporting such a function. It is also conjectured that 

some as yet unknown mechanism underlies the excitatory cross kernel in 

these cells, and the second order self nonlinearity. It is assumed that 
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the lateral inhibition seen indirectly throuqh first order kernels is 

also at work through some as yet unknown pathway LI 1, and that a second, 

independent, pathway LI 2 exists for the color channel interaction ob­

served in Chapter 6. Furthermore, 038's dendritic field is envisioned 

to be asymmetric with a distribution following the profile schematized 

in Figure 8.2.3. Until more is known about the physiology and histoloqy 

of the cell types in the crayfish lamina, it is difficult to speculate 

with any qreater specificity than has been done thus far. 

8.7 Conclusion 

This thesis has introduced a new approach to Wiener kernel analysis. 

By recoqnizing how hiqher order kernels manifest themselves, one can do 

an extensive analysis on the system in a brief period of time and extract 

information of a hiaher quality than previously available to the field. 
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