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ABSTRACT

Literature on insect photoreceptors is reviewed, It is concluded
that the visual capacities of both compound eyes and of Lepidopteran
lateral ocelli are based largely upon a capacity to detect intensity changes

resulting from movement,

The structure of the lateral ocelli of fifth instar larvae of Pieris
brassicae is investigated using histological and electron microscope
sections. The contents of the crystalline lens are investigated histo-
chemically, Variations between the structure of the divided rhabdomes
of the six pairs of ocelli are noted. Retinula cell axons are traced through
the developing adult lobes to the neuropile of the brain. Refractive
indices of dioptric components are obtained from electron microscope
sections. Radii of curvature and linear measurements are obtained from

frozen—cut tissues,

Angular irtensity curves for polarised and non-polarised light crossing
the surface of the unipartite corneal lens are derived from mathematical
models, Angular intensity curves for the distal and proximal rhabdomes
and for single distal retinula cells are derived, The actual ocellar intensity
curve, derived electrophysiologically, is compared with the theoretical
curves, Between O - 17% off-axis the properties of the ocellar intensity
curve may be explained in terms of geometrical optics., Outside these limits,
non-diffracted light scattered by the dioptric system becomes progressively
more important, Peak sensitivities of single distal retinula cells occur

6.5°% off the lateral ocellar primary axis,

" Fresnel reflection is considered to be an unlikely source of sensitivity
to plane of polarisation in Lepidopteran larvae, On the basis of angular
relationships between ocellar primary axes, marked overlap is demonstrated
between fields of sensitivity, On the basis of a model of overlap between
fields of sensitivity of compound eye ommatidia (included as a separate paper)
it is concluded that overlap between lateral ocellar fields of sensitivity
increases the capacity of the visual systewm to perceive movement, The
sensitivity of Lepidopteran larvae to vertical silhoue-ttes is described as

a property of the receptor mosaic and the perception of intensity changes

during klinotaxis,
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1. INTRODUCTION

Whilst the work described in this thesis deals primarily with the
lateral ocelli of Lepidopteran larvae, much recent information emphasises
the clese relationship between the structure and function of all insect
photoreceptors. This fact is held to justify a general introduction which
summarises some of the more recent work on arthropod compound eyes

as well as the much smaller volume of information on lateral ocelli.

1:1 HISTORICAL

The classical histology of the nineteenth and early twentieth centuries
produced much information about the structure of insect photoreceptors.,
During this period it became apparent that three main classes of eye could
be distinguished morphologically, These were the compound eyes, the
lateral ocelli or stemmata, and the dorsal ocelli, In parallel with such
studies, simple behavioural observations and analyses were conducted on
the responses of insects to visual stimuli. Such studies provided a quali-
tative framework from which later and more elaborate experimental studies
were derived. During this early period, all types of eye were investigated
in similar histological and behavioural detail. Work of a comparable type,
although containing information of greater qualitative and quantitative
precision, continued to be published until the 1940's; Here, the impact of
new and rapidly developing methods of approach, experimental technigque and
analysis began to exert their effect on the study of insect vision. Such methods
emerged into the disciplines of statistical analysis, cybernetics and electro-
phys.iology. In the study of insect vision they have culminated in present
attempts, on one hand, to record from single neuronal units of the optic
lobes and brain and to map their qualitative and quantitative properties; on
the other hand, to predict by cybernetic techniques the mechanisms of nervous
integration and correlation of the visual input, Both techniques represent a
general shilt of interest away from the photoreceptors tliemselves and towards
the niethods by which visual information originating in the photoreceptors is

processed, Both techniques have been used almost exclusively to investigate



2.
the functioral organisation of the compound eye and the adult central nervous

system,

1:2 THE STRUCTURE AND ORGANISATION OF INSECT PHOTO-
RECEPTORS

The structure of the insect photoreceptor is reviewed by Imms (1957).
The photoreceptor is built from standard structural units which are defined
in some detail by Ruck (1 954), A group of modified epidermal cells is
responsible for the secretion of a cuticular covering to the photoreceptor,
this covering usually taking the form of a concavo /conve}: or biconvex lens

(the corneal lens), A further group of modified epidermal cells is

typically responsible for the formation of a second or accessory lens, which
may vary in both size and shape, This lens is produced either through

secretion (the crystalline lens or body of Endopterygote larvae; the

crystalline cone of the compound eye) or as an aggregation of cells (eg. the

cellular lens of the dorsal ocellus). Accessory pipgment cells may also be

present in or around the retina, varying in their position, number and

screening properties. In the compound eye, layers of tracheac and tracheoles

are present, reflecting light in various ways.

The retinal layer is composed of a variable number of retinula cells

arranged in any of a number of possible ways. Where only a small number

of retinula cells are present these are arranged radially around a single
axis. The group of cells may all be identical or may differéntiate along their
longitudinal axis (eg. the superposition compound eye). They may also be
stratified into two (eg. Lepidopteran lateral ocelli) or more (eg. Dytiscus

lateral ocelli) layers or they may be semistratified (eg. the cockroach ommati-

dium and many ommatidia with eccentric cells). The position along the central

longitudinal axis of the group of retinula cells is occupied by an elongated

refractile structure, the rhabdome. The rhabdome is a composite structure

derived from a group of membranous rhabdomeres, each rhabdomere the
product of a single retinula cell. These rhabdomeres may be anatomically in
contact (eg. in the ommatidia of Locus_j:_e_t_) or may be anatomically isolated

from each other (eg. in the ommatidia of Cyclorrhaphan Diptera). Alternative
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arrangements of retinula cells occur where these are present in larger
numbers. The cells may form a number of groups, each with its own
rhabdome (as in many dorsal ocelli) or be arranged without grouping in
such a way that each retinula cell produces a rhabdomere which is anatom-
ically distinct from all others. In the latter case, the rhabdomere may be
located along the internal axis of the cell, may cap its distal end, or may
surround the cell completely. Single photoreceptiors may also possess
combinations of these arrangements (eg. the lateral ocellus of Acilius -

Patten, 1888).

The number of photoreceptors, defined by the number of corneal lenses
serving groups of retinula cells, varies greatly amongsti different species,
different stages in the life history, and often between sexes., In compound
eyes, the number of ommatidia may be as great as 10,000, each ommatidium
with typically six to eight retinula cells arranged in a group. In some forms
(eg. some worker ants), the number of ommatidia may be reduced to six or
less on either side of the head. The lateral ocelli of larval Lepidoptera,
with a structure similar to that of the ommatidium, also number six on either
side of the head. The lateral ocelli of some other larval endopterygotes show
structural reduction of one or more of the lateral ocelli, and in some species
(eg. Tenthredinidae -~ Corneli, 1924) only one photoreceptor is present on
either side of the head. In Diptera the lateral ocelli of larvae may be so
reduced as to consist of little more than a photosensitive cell under a region

of unmodified cuticle (Constantineunu, 1930),

The innervation of photoreceptors also varies greatly with respect to
the fate of the retinula cell axons, to the presence of interconnecting fibres
between retinula units {(eg. Patten, 1888), and to subsequent connections and

types of neurones in the optic lobes and central nervous system,

Little of this variation has been related to function, The dorsal ocelli
of adult {lying insects, whilst incapable of image formation, have been shown
to be responsible for measurement of rapid intensity changes in the immediate
environment and conveying that information to the centres responsible for

changes in stimulus /behavioural response thresholds in the central nervous
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system, However, the great structural variety in cAompound eyes and larval
lateral ocelli has not been correlated with function, It is generally accepted
that the number of photoreceptors is related to visual acuity, but is is also
known that species with only a few photoreceptors (eg. many Endopterygote
larvae) are capable of reacting to variations in their optical environment which
indicate a much higher capacity to differentiate between objects in their visual
fields than is indicated by a comparative study of photoreceptor structure.
Similarly, functional interpretations of the ecnormous structural variety between
different types of photoreceptors are almost completely absent, Does such

structural variety have a functional significance?

1:3:1 Behaviour:

Early analysis of the insect visual system was conducted through obser-
vation of experimentally induced behavioural responses to various classes of
optical stimuli, Such behavioural experiments were most successfully applied
to a study of the total properties of the visual stimulus /response system (ie.
form and movement perception, wavelength discrimination, distance perception,
_perception of the plane of polarised light and light/dark adaptation). Quanti-
tative values for the sensitivity of the total system to various classes of
optical stimuli have been obtained through the use of obligatory responses
(taxes , kineses and optomotor responses), In one instance (the honey bee)
learned responses have also been employed. The literature on the compound
eye is reviewed by Wigglesworth (1 965) and some of its conclusions Eriefly

summarised below,

1:3:1:1  The compound eye:

Experiments have shown a high sensitivity to movement and visual flicker
in all insects studied. Responses of such insects as bees vary to objects
according to (1) contrast against the background; (2) the division of the

figure; and (3) arrangement of the figure contours. Solid figures of similar

is proportional to the attraction exerted by the figure. Relative movement

of the object (eg. flowers in the wind) or of the insect (eg. scanning or flight)
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enhances the attractiveness of the object. Perception of form is apparently
limited to perception by the retina of different degrees of visual flicker.

Evidence for the perception of detailed form is ambiguous and may be inter-
preted as the perception of different distributions, intensities and temporal

sequences of flicker.

Distance assessment has been demonstrated in certain predatory (eg.
mantids) and jumping (eg. Locus@_) insects. Sensitivity to the plane of

polarisation has been demonstrated in ants, bees and wasps.

Colour vision has been investigated exhaustively in the honey bee and
demonstrated in many other insects. The visual spectrum ranges from the
ultraviolet to the near red, Ultraviolet sensitivity is present in nearly all
species ex'hibiting colour vision, but red sensitivity varies greatly and is
only present in a limited number of species. The "luminosity" of regions
of the spectrum, as measured by specific behavicural responses, varies
between species and according to the physiological age of the individual,
The honey bee distinguishes between four spectral regions (300-400 mil;
400470 mp; 470-510 my; and 510-650 my ). In addition, bee purple
(350 mp -+ 540 my ) and bee white can be distinguished. Any monochromatic
colour can be matched with appropriate mixtures of 360 mpu, 440 mu and
588 mu. The bee reacts according to the phenomenon;)f éimultaneous
contrast, where grey surrounded by yellow appears as blue, and grey
surrounded by blue appears as yellow., However, bees are able to recognise
objects by their colour under conditions of illumination which differ in
spectral composition (Mazokhin—Porshnjakov, 1965). Other species have not
. been investigated in such detail, Some may show variation in the spectral
sensitivity of different parts of the compound eye. Some can see colour
under low intensity stimulus conditions, others react to colour only under
conditions of strong illumination. A small number of species, the larvae
in particular, possess only one pealk of spectral sensitivity and are effect—

ively colour blind.



1:3:1:2 The simple eyes of Endopterygote larvae:

By contrast with the compound eye, very little is known of the visual
capacities of Endoptlerygote larvae, and no review is available. For this
reason, relevant papers are outlined in greater detail below than for the

preceding section on the compound eye.

The larvae of Cicindelids (Friedrichs, 1931) possess six lateral
ocelli on either side of the head. These mediate behavioural responses
only to movements of objects., The lateral ocelli represent a unified
optical system, but possess different fields of sensitivity with some degree
of overlap, There appears to be a crude form of distance assessment, in
that larvae respond differentially to small and near or to large and distant
objects. .Specific lateral ocelli are connected with specific behavioural
sequences, where lateral ocellus 4 is responsible for control of the head
position in the burrow, lateral ocelli 1 and 3 are responsible for viewing
the "horizon" and potential prey, and lateral ocellus 2 initiates seizure of

the prey.

More work has been conducted on the simpler visual system of
L epidopteran larvae. Here, analysis of behavioural responses to specific‘
stimull is complicated by physiological factors which must be understood.
Phototactic responses are typically positive in sign, although this may not
be so for some subterranean species (Plateau, 1888). Where the sign is
positive, it changes gradually during larval life from strongly photopositive
immediately after hatching, to neutral or photonegative in the prepupa
(Vanessa - Gotz, 1936; Lymantria - Brandt, 1937). The strength of the
photonegative reaction at pupation is probably species~-specific. Temporary
negative phototaxis also appears immediately before and after each ecdysis,
being stronger before (_]_E_u}groctis - Schmitt-Auracher, 1923; Smerinthus -

de Ruiter and van der Horn, 1957; Pieris brassicae ~ Barrer, 1964),

Positive phototaxis is stronger nearer the beginning than the end of an
instar, These changes from positive to negative phototéxis in the larva
correspond to shifts from the production of neotenin in favour of ecdyson

(Bea tsma, de Ruiter and de Wilde, 1 962). The activity of the larva is
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influenced both by moisture and by temperature, In addition, reversal

of sign from photopositive to photonegative takes place at specific tempera-
tures between 30° and 40 °C (Wellington, 1960). Wealk negative geotaxis
may also influence the response (Lammert, 1926), Close to stimulating
objects, chemical and tactile senses take over the direction of behaviour
from visual stimuli (Plateau), During feeding, the visual responses of
larvae are completely inhibited (Vanessg_ - Gotz, 1936; Lymantria — Brandt,
1937). In some species this inhibition may only be lost where the larva has

not fed for a period (Pieris brassicae - Barrer, 1964),

Telotaxis is the typical orientation response of Lepidopteran larvae
to most visual stimuli (Lammext, 1926; Goiz, 1936). In addition, menotaxis
may play a role in strong sunlight, A further orientation response is
demonstrated by larvae of Lymantiria, which move towards two equally strong
light sources along the midline between the two, only deciding for one oxr
the other when the two sources converge at an angle of 115 ° (Brandt, 1937).
Klinotaxis may be observed continually during locomotion, the larva swinging
its head from side to side regularly., An additional form of scanning movement
may be observed where locomotion is temporarily arrested (Plateau, 1888;
Barrer, 1 964-), the larva making an apparently random set of sweeps of the
total available visual field, Dethier (1 94«3) discusses klinotaxis in relation

to temporal summation and increase in visual acuity.

Some indication of the capacities of the Lepidopteran larval visual
system has been obtained through obsexrvation of orientation and attraction
responses, A limited capacity for form perception is indicated in such
active larvae as those of Lymantria, although "detailed" form apparently
plays no role in attraction., Platean (1888) investigated form perception at
very short distances, Hundertmaxrk (1937Db) at intermediate distances and
de Lepiney (1928) at greater distances, In all experiments, relative attrac-
tiveness was equated with the perception of differences between stimulating
objects., Gauged in this way, high and narrow objects are more easily seen
than low and broad ones, de Lepincy obtained limits for attraction reactions

in Lymantria, the minimum attractive width of an objeét being 3°, the
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maximum being 110°% and the minimum attractive height being 9% Hundert-
mark showed that at intermediate distances (here, 30 cms), the same larvae
could detect angular differences in width of 2% up to a limit of 23 ° for
rectangles of the same height., Attractiveness increased with angular

width until angular widths of between 23 % and 35 ® were presented, when

the objects were not differentiated between, Objects of greater widths
became progressively less attractive, At very large angular widths, larvae
orientated towards the lateral edges of rectangles. Similarly, angular
differences in height of 1.5° could also be detected by larvae, at least to

a height of 209, in rectangles of the same angular width., Greater heights
were not investigated by Hundertmark, although de Lepiney showed.that ‘
increase in height increased attractiveness., Where rectangles of equal
area (100 cms?) but with varying ratios between width and height were
presented to-the larvae at 30 cms, those with a ratio of 1:6 were preferred.
Where isosceles triangles of the same area were presented, those with a
base to height ratio of 1:8 were preferred. The 1:8 triangle was in turn
preferred to the 1:6 rectangle. Inveried triangles lost their attractiveness,

as did objects suspended more than 159 above the horizontal surface.

As would be expected, the luminosity of objects and bdackground also
exertéd an effcct on their attractiveness to Lymantria larvae, Dark objects
were the most attractive and bright objects the least, Luminous white
tended to repel. Nevertheless, attraction was not uniquely towards objects
which were darker than the background (de Lepiney, 1928). Although
background contrast was relatively independent of the attractiveness of
objects (except where luminosity of object and background were matched),
dark backgrounds allowed ecasier distinction between cbjects of neighbeuring

shades of grey (Hundertmark, 1937a).

Whilst colour vision has been suggested in several species (eg. Vanessa
G8tz, 1936), it has been demonstrated only in larvae of Lymantria
(Hundertmark, 1937a). Here a colour vision system is present which
distinguishes between three wavelength ranges: orange /yellow /grccn;

blue—-green; and ice-blue /olue Aiolet, There is no sensitivity to red.
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C
However, Geispits (1957) claims that A cronyfa is sensitive in the red region

of the spectrum, whilst agreeing that other species (Picris brassicae,

Dendrolimus and Leucoma) are not,

Malacosoma and both photopositive and photonegative Choristoneura

larvae orientate primarily according to the solar compass position
(Wellington, Sullivan and Green, 1957). Where the sun is obscured, the
plane of polarisation pattern of the sky is made use of, This pattern is
modified by clouds of smoke and ice crystals, with corresponding changes
in orientation., Alternatively, a piece of polaroid may be substituted for
the polarisation pattern, where rotation of the axis of polarisation through
90°% produces the most marked changes in the direction of travel. Photo-

positive Choristoneura and Malacosoma larvae respond to such shifts when

the sun is present. However, photonegative Choristoneura larvae apparent-

ly never reorientate to shifts in the axis of polarisation when the sun is not

obscured.

Finally, Hundertmark (1 937b) showed that variably sized sucfaces of
similar shape but subtending the same angle when presented to Lymantria
larvae are not distinguished, From this he deduced that no faculty for
distance assessment at intermediate distances exists in the larvae, However,
~ the maximum distance of attraction of 12 metres found by de Lepiney (1928)
for objects of otherwise sufficient angular dimensions, suggests a very crude
form of distance assessment possibly based on the inverse square law of

intensity and distance,

1:3:1:3 Optomotor experiments and cybernetics:

Through careful arrangement of experimental conditions and equally
careful analysis of results, optomotor reactions have been employed to '
demonstrate detailed properties of the stimulus /response system of compound
eyes. Experiments leading to the development of a formal principle for the
evaluation of optical information by the insect's central nervous system were

conducted initially on the weevil Chlorophanus (ego Hassenstein, 1951, 1958;
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Hassensiein and Reichardt, 1953, 1956). Some results of these and other
behavioural studies on the connection between stimulus and optomotor response

are indicated briefly in the following paragraphs,

Signals representing movement in the optical environment are derived
from small groups of photoreceptors. These groups are limited to pairs of
adjacent ommatidia or to pairs of ommatidia separated by only one ommatidium
(Hassenstein, 1958; McCann and MacGinitie, 1 965). Within the hexagonal
array of ommatidia several types of pairs may be formed under these conditions,
cach pair type having a different effective ommatidial angle (Thorson, 1966a).

"saturable'" sunmmation of these unit

The total response is given by simple
interactions, producing a very high signal to noise ratio for the nervous system
and enabling insects to detect movement of patterns of quite low intensity and

contrast (McCann and MacGinitie, 1 965). Local signals from these unit inter—

actions are weighted uniformly in their combination (Thorson, 1966a).

Early experiments indicated that physiological mechanisms exist within
the central nervous system, which link sensory inputs with motor outputs by
a process in accordance with the mathematical operation of multiplication,
Trom these experimental findings was derived a minimum mathematical model
describing the relation between stimulus input and reaction output (Reichaxrdt,
1957; Reichardt and Varju, 195 9). In the model, stimuli received by the
ommatidia were linearly transformed and their interaction in the central
nervous system took place in accordance with the principle of "first order
correlation”, The linear transformations were investigated in detail by
Reichardt and Varju (1959), Hassenstein (195 9) and Varju (1959). G8tz (1964
and 1965) investigated optical transfer properties of the ommatidia in
Drosophila and McCann and MacGinitie (1965) investigated the optomotor
responsec in Locusta, both proposing slight modifications to the theory as

developed for Chlorophanus. Small signal analysis applied to an obligatory

optomotor reflex of the locust by Thorson (1 965a) indicated that with appropriate
test patterns, optomotor responses should depend upon "the phase relations
of superposed Fourier spatial components, whether the events of motion
perception involve correlation or not". Further analysis of the reflex

(Thorson, 1966b) resulted in the conclusion that "the multiplicative motion
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perception topology of Hassenstein and Reichardt, shown previously to
account for gross gain and phase properties of the small signal locust
response, is judged an inappropriate description of the data presented in
the paper, since decisive gain and phase properties are more plausibly
accounted for by intensity dependent adaptation than by the properties of

the model underlying the original projection. However, the multiplicative
model facilitates electrophysiological search for neural correlates of
motion perception; it is shown that dynamic interaction of receptor channels

via lateral shunting inhibition is indistinguishable from it in a useful sense'.

With regard to optical transfer characteristics of the photoreceptors,
the following information has been obtained through the use of obligatory
optomotor reflexes of the types used above, The ommatidial optical field
intensity curve approximates to a Gaussian distribution whose distribution
properties can be expressed in the form of its angular diameter at half
maximum value (Fig. 30). This angular diameter may be measured approxi-
mately through optomotor experiments (eg. G8tz, 1964; McCann and MacGinitie,
1965; Thorson, 1966a), and has been shown in most cases to exceed the
interommatidial angle, thereby indicating overlap between adjacent ommatidial
optical fields. During the change from light to dark adapted states, changes
in optomotor efficiency can be related to corresponding changes in optical
field dimensions and temporal changes in screening pigment position within
the ommatidia (McCann and MacGinitie, 1965). Intensity changes within the
ommatidial optical field in response to movement of a series of stripes can
be calculated from the distribution properites of the intensity curve and the
spatial period, contrast and mean-brightness of the striped pattern. Such
calculations indicate that under optimum stimulus conditions, extremely small
intensity changes (less than 1%) can be responsible for the optomotor response_w
(eg. McCann and MacGinitie, 1965, Thorson, 1966a). The interommatidial
angle and ommatidial optical field intensity distribution together influence
the resolving power of the compound eye. Acuity, as measured by optomctor
experiments at high spatial frequencies of brightness distributions in the
object space, indicates that the expected limits, corresponding approximately
to the angular half-value of the ommatidial intensity distribution curve, are

not exceeded. Finally, experiments indicate conclusively that detection of
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movement by the optomotor system is not a product of its capacities for
resolving the form of objects in the optical environment. Under optimum

conditions the optomotor response can be correlated with extremely small

angular movements (ie. in the order of less than a minute of arc for Locusta -
Thorson, 1966a). Perception of motion within ommatidial pairs depends on
temporal and not spatial phase relations between periodic intensity variations
resulting from movement of a striped pattern (GBtz, 1964). However,
perception of motion is carried out in the nervous system before any temporal

and /or spatial coincidences of two or more quanta take place (Reichardt, 1965).

1:3:2 Optics:

A basic factor in the functioning of all optical systems is the refractive
index of its components. Emphasis was placed on the corneal lens in early
investigations where the refractive index was measured by such experimenters
as Homann (1924). Developing awaréness of the significance of variations in
refractive index within the photoreceptor later prompted estimates for various
structures. Such estimates as those of de Vries (1 956) and de Vries and
Kuiper (1958) were based on what was already known of the refractive index
of cuticle, cytoplasm, saline and aqueous solutions of proteins and carbo-
hydrates. Horridge (1965) used the classical measurements of Sidman (1957)
on refractive index in vertebrate rods and cones as a likely parallel for the
rhabdome. Nevertheless, the need for accurate quantitative information on
refractive indices of structural components within the insect photoreceptor

has not yet been fulfilled,

The functional behaviour of thedioptric apparatus has been investigated
from several viewpoiunts. Ilelatively little is known of the detailed geometrical
optics of the photoreceptor. The situation is confused by considerable
structural variation, Exner (1891) investigated both apposition and super-
position ommatidia, although many of his conclusions have since been questioned
(eg. Kuiper, 1962)., For example, the presence of a lens.cylinder of any form
(1:4:1) bas not been verified, except in the special case of Lampyris (Horridge,
1968). The dorsal ocellus has been investigated for image formation by

Homann (1 924), Parry (1 947) and Cornwell (1 955) amongst others, with the
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conclusion that a functional retinal image is not formed., Lateral ocelli

have been investigated by Friedrichs (1931} and Dothier (1 912, ‘1943), where
focal point and image have been shown to be significant factors., It is generally.
concluded that for Lepidopteran lateral ocelli and compound eye ommatidia the

focal point occurs at some point near the base of the crystalline lens or cone,

Because of the small dimensions of most photoreceptors, emphasis has
been placed on the effects of diffraction in relation to image formation within
the photoreceptor and on resulting limits imposed on the visual acuity of the
total visual system, Most investigators consider that acuity must ultimately
be governed by the directional sensitivity of individual sampling units and their
angular separation., Barlow (1 952), de Vries (1 956), de Vries and Kuiper
(G 958), Palka (1965) and Barlow (1965) amongst others have considered image
formation and visual acuity from this viewpoint, Bottema and Kuiper (1964)
and Kuiper (1965) have computed the effect of diffraction upon intensity distri-
bution within a photoreceptor from a point source stimulus on the optical axis.
They conclude that the directional sensitivity of a rhabdome or rhabdomere is

determined by the diffraction pattern at its tip,

Calculations based on geomeirical and diffraction optics suggest that the
angle subtended between adjacent ommatidia of the compound eye is less than
the optical field of an ommatidium (de Vries and Kuiper, 1958). This has been
conf{irmed through direct observation by Kuiper (1962) and Weidemann (1 965),
where directional sensitivity was shown within the ommatidial field and where
the field limits were considerably greater than the interommatidial angles.
Such a situation implies overlap between adjacent ommatidial optical fields,
Dethier (1942, 1943) calculates that no such overlap takes place between the

lateral ocelli of Lepidopteran larvae.

Although the observations of Kuiper and Weidemann were conducted at
the level of the rhabdome, little is known of the optical behaviour of the
rhabdome and rhabdomeres., Work conducted upon vertebrate rods and cones
indicates that the optical properties of such structures has some bearing on
the directional sensitivity of the sampling unit of the phoioreceptor, here the
retinula cell. In 1933, Stiles and Crawford discovered directional sensitivity

within vertebrate retinal cones. O'Brien (1 946) explained this’'in terms of
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total internal reflection within the cone, Jean and O _’Brien (1 919) tested the
theory using a scale model of the cone and microwave radiation, In the
same year Toraldo di Francia proposed the action of the cone as that of a
waveguide rather than that described in the theory of O _'Brien. Enoch (1 961)
established that energy is transferred in the form of waveguide modal patterns
in the retinal receptors of several vertebrate species, where directional
sensitivity and the funneling action of retinal receptors were readily observed.
» [A. survey of the literature on retinal receptors were readily observed] A
survey of the literature on retinal receptors (Enoch, 1963) concludes that
"the configurations, diameters and indexes of the rcceptors give rise to the
waveguide modal-pattern form of energy transfer. 7This results in non—
uniform distributions of energy in and about receptor outer segments. These
distributions and their transmissivity vary within single and between different
retinal receptors as a function of wavelength and angle of incidence of light.
The roles played by these phenomena in vision (particula.rly the wavelength

separation mechanism) require evaluation',

Exner (1891) suggested that the rhabdome of the inscct photoreceptor
would act as a light trap through total internal reflection, As a result of the
work conducted on vertebrate rods and cones, this idea is now well-established
(eg. de Vries and Kuiper, 1 958) but has not been tested fully, Detailed
observation and analysis might well suggest functional potentialities similar
to those of vertebrate rods and cones, Waveguide modal patterns might be of
particular relevance to the problem of whether rhabdomeres of composite
rhabdomes possess different fields of sensitivity and whether the polarisation
analyser present in many photoreceptors is a property of the rhabdome itself
or the orientation of photopigment molecules. Kuiper (1962) and Weidemann
(1965) have established regular angular variation between main axes of fields
of sensitivity of the rhabdomeres of a single Dipteran ommatidium., Here,
however, the rhabdomeres are siructurally isolated from one another, Do
the rhabdomercs of a composite rhabdome maintain any degree of optical
independence? And does layering in the stratified or seﬁi—stratified retinula
possess a similar functional significance? Indications of the answers to these

problems may be obtained through direct optical observation of waveguide

modal-patterns through the photorcceptor,
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One further factor with a bearing on directional sensitivity is that of
optical light [dark adaptation as distinct from physiological adaptation.
Pigment migration within insect photoreceptors has been described in many
species (eg, Bernhard and Ottoson, 1960, 1954; Héglund, 1965), Suggestions
have been made that pigment migration, besides controlling directly the
dimensions of critical apertures and light entry from adjacent photoreceptors
(de Vries, 1956), may also affect the efficiency of the rhabdome as a light
guide by increasing or decreasing the refractive index of the cytoplasm
immediately outside the rhabdome (de Vries and Kuiper, 1 958). This is
achieved in the locust ommatidium (Horridge and Bai‘nard, 1964; Horridge,

1965) by differential movements of mitochondria and vacuoles.

1:3:3 Excitation Process:

The first event in visual excitation is the absorption of light energy by
photopigment molecules within the photoreceptor unit, The site of the photo-
pigment molecules is considered to be within, or at a distance of a fraction
of a wavelength from the rhabdomere (Ruck, 1964), Retinal (retinene1 or
Vitamin Ay aldehyde) has been extracted from the compound eyes or heads
of the Hymenoptera, Diptera, Orthoptera, Odonata, Coleoptera and Lepidoptera
(reviewed by Goldsmith, 1 964), Evidence indicating that the chromophore
of the photopigment molecule is retinal was obtained when Goldsmith and

Warner (1 964) showed that concentrations of retinal retinol within the

compound eye changed during light /dark adaptation, The implication is

that retinal was converted to retinol (Vitamin A,) through the action of

light, Iurther evidence was obtained by Goldsmith, Barker and Cohen (1 964),
who measured the electroretinogram of houseflies raised from surface
sterilised eggs and larvae fed on carotenoid-free diets. The sensitivity of

the electroretinogram response was greatly reduced, particularly at shorter
wavelengths. Further experiments demonstrated that the sensitivity threshold
rose through four log units in successive generations where Vitamin A supplies
from food and microbial recontamination were prevented. Langer and Thorell
{(1965) measured microspectrophotometrically the absorption spectra of single
Calliphora rhabdomeres. Six of the seven rhabdomeres of a single ommatidium

showed absorption maxima at 350-380m; and 510my. The seventh
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rhabdomere showed absorption maxima at 350-380 u and 470 mu . The
curves obtained compared well with the theoretical curves for rhodopsins
published by Dartnall (1 957), implying the presence of retinal/bl‘otein
molecules within the rhabdomeres, Detailed comparison of spectral sensi-
tivities of receptors with spectral absorption of isolated visual pigments has
not met with much success, firstly because the absorption spectrum depends
partly upon the protein molecules combined with retinal and secondly because
of optical artefacts within the photoreceptors (eg. snatial sunuration in the
red region - Goldsmith, 1965), Insect and other invertebrate photopigment

proteins differ from those of vertebrates,

Most information regarding the physico-chemical events leading to
receptor excitation in insects is taken from the still poorly understood
processes studied in vertebrates, It is known that the only action of light
on retinene, the chromophore of insect photopigments, is to isomerise it
from the ll-cis to the all-trans configuration. This change causes the electric
tension between chromophore and pro.tein molecule to disappear, subsequently
revealing the parts of the protein molecules which were belore covered by
the chromophore (Wald, Brown and Gibbons, 1963). This second process
exposes two to three sulphydryl groups per protein molecule and a "proton—-

binding'" group with a pK., of 6.6,

Reconversion of all-trans retinene to rhodopsin may take place along
several pathways involving retinol (Wald, Brown and Gibbons, 1963),
Alternatively, visual excitation may be bypassed completely, where light
re-isomerises the all-trans retinene directly back to its ll-cis configuration,
The importance of the exposed sulphydryl groups and all-trans or ll-cis
retinal or retinol in subsequent stages of visual excitation is not understood,
Guilio (1965) concluded that the rcle of the sulphydryl groups is closely
related to the first photochemical events of vision., It is evident that as
absorption of one photon by one molecule of photopigment may stimulate the
electrical response under certain conditions, some large amplification process
must be present between the action of absorption and the appearance of the

generator potential, This process may be an enzymatic catalysis or the

consequeices of puncturing a critical membrane.



1:3:4 Electrophysiology of the Photoreceptor:

The waveform (electroretinogram) resulting from optical stimulation
of the retina or of single retinula cells has been studied in some detail by
a number of authors in all types of insect photereceptor. The papers of
Autrum (1 950, 1958), Bernhard (i 942), Burkhardt and Autrum (1960), Naka
and Eguchi (1 9623), Naka and Kuwabara (195 9), Naka (1961 ), Ruck (1951 ,
1962) and Washitzu (1964) are of interest for the compound eye. Ruck (1957,
1958, 1961a, b and ¢, 1965), Metschl (1963) and Autrum and Metschl (1963)
have studied the electroretinogram of dorsal ocelli, and Ishikawa and Hirao
(1960a and b) have studied the electroretinogram of the Lepidopteran larval

lateral ocellus.

Analysis of the electroretinogram has indicated the presence of several
component potentials. These differ in size, speed of response at stimulus
"on'", ability to maintain a sustained discharge during stimulation, and rate
of decay at stimulus "off". In addition, rapid components representing
stimulus "on" and "off" are frequently encountered. Seleclion of recording
sites alters the waveform significantly., The isolation of sites of component
potentials (eg. receptor cell-body, receptor axon or optic ganglion) has been
a subject for much experimentation and is discussed together with the problem

of sites of ionic diffusion channels by Ruck (1964, 1965).

Photic sensitivity within the insect photoreceptor is achieved through
variation in the size of the electroretinogram components, This variation is
not linear but forms a more complicated sigmoid function when voltage response
is plotted against log. stimulus intensity. The curve flattens out as the respons
becomes saturated. At the opposite end of the curve a threshold is in evidence,
below which the properties of prepotentials have been studied by Scholes
(1964 , 1965) and Kirschfeld (‘l 965). Absolute limits of sensitivity in certain
receptor cells appears to correspond to an input of only one or two quanta
(Kirschfeld, 1955). The electrical response at this level appears to take the
form of either discreie or graded monophasic potentials, the latter being more
sensitive (Kirschx‘eld, 1965). Kirschfeld aiso discusses the possibility of

both temporal and spatial summation at this level,

Through application of a flickering light stimulus, two physiological
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types of photoreceptor are indicated (Autrum, 1950, 1958), Of these the

"eye possesses a flicker fusion frequency

electroretinogram of the "slow'
below 60 cycles /sec, and is apparently typical of slow moving species. The
electroretinogram of the "fast" eye possesses a flicker fusion frequency
above 200 cycles /sec. The flicker fusion frequency is a measure of the
specd of response and partial recovery of the photoreceptor to rapid stimulus
intensity changes, and is thus of considerable significance in relation to

perception of rapid movements,

As was indicated optica.lly; the ommatidial photoreceptor unit of the
compound eye is directionally sensitive., This has been conclusively demonstra-
ted and’measured by Kirschfeld (1 965a); Burkhardt and Streck (1 965); -
Washitzu, Burkhardt and Streck (1 964-); Vowles (1 966) , and Tunstall and
Horridge (1967) in .several species., In shape the directional sensitivity curve
for either the ommatidium or a retinula cell typically possesses a single peak,
although small irregularities are common and cells possessing several peaks
have been reported (Shaw, 1967). Stimulus intensity curves within the
rhabdome or rhabdomere are calculated either from the directional sensitivity
curve of the photoreceptor and the response voltage /log. stimulus intensity
curve (where physiological conditions have remained constant throughout the
period of measurement) or through the adjustment of stimulus intensity to
provide a constant voltage response, thereby eliminating the effects of variation
in states of adaptation., Such curves approximate to Gaussian distribution
functions, although the peak is sharper {(Tunstall and Horridge, 1967).
Horridge (1965) points out a dirsct relationship between the shape of the
sensitivity curve and absolute limits for visual acuity, with the threshold for

detection of intensity changes within the photoreceptor as the limiting factor,

Light /dark adaptation is a feature of all photoreceptors so far studied.
Where investigated in detail (eg. Bernhard, Hoglund and Ottoson, 1963;
Horridge and Barnaxrd, 1965) the dark adaptation process has a diphasic course
The first stage has been shown to correspond to physiological changes due[tcg]
either to the recovery of bleached photopigment molecules and for changes
in the membrane depolarisation threshold. The second stage has been shown
to correspond primarily to physico-oplical changes in the photoreceptor
structure, Near absolute sensitivily (x1000 or more light adapted sensitivity)

is achieved typically within a period of 1-5 minutes, although the total time
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course takes longer. An increase in opiical field dimensions of approxi-
mately X2 toX3 has been described as accomparying the change from light
to dark-adapted state (I‘[orridge, 1965). Kirschfeld (1 965b) shows that the
voltage /log. intensity curve does not charge shape during the process of
dark adaptation, where adjustments of data are first made to correct for
shifts in the base-line, The flicker fusion frequency does undergo some
modification during light /dark adaptation. Any effect of state of adaptation

on other stimrulus /response' parameters has not been reported,

Spectral sensitivity curves have been obtained during investigations of
the electroretinogram in a numbker of species (Autrum, 1955; Walther, 1958).
These curves show more than one peak, indicating not only variation in
relative spectral sensitivity but also the possibility of true cclour vision.
Variation in spectral sensitivity may occur in different parts of the compound
eye (V\"alther, 1958). More recent measurements on single retinula cells in
both Diptera and the honey bee (Autrum and Burkhardt, 1961; Autrum and
von Zwehl, 1962, 1963, 1964; Burkhardt, 1962, 1964 ; Goldsmith, 1960,
1961) have indicated the presence of two-peaked sensitivity curves for single
cells. Of these peaks, the first was constant at 345 my. The cells could be
classified into several types according to the position of the second peak.
This seems to indicate an obvious basis for colour vision, Contrary results k
were obtained by Bennett, Tunstall and Horridge (1967) for the locust, where
all cells showed a peak at 430 mu , and a seccend peak at 515 mu which varied
from 15-100% of the maximum sensitivity. These results were interpreted as
corresponding to the effect of two visual pigments per cell, where their
relative concentrations varied according to gross spectral sensitivity. Attempts
to relate the two sets of results to a similar system are likely to be nzisledding.
The spectral sensitivity curves for Diptera (eg. Goldsmith, 1 965) show a
further peak in the red. This has been convincingly interpreted (Goldsmith
and Fernandez, 1 965) as an optical artefact due to inequalities in the effect
of the screening pigment. Although no similar conclusions have been drawn
in the literature fcr the presence of the ultraviolet peak, it seems possible
that this may be an artefact due to increasing efficiency of transmission of

short waves aleng the waveguide rather than a direct result of photopigment

sensitivity.
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Sensitivity of compound eye retinula cells to plane of polarisation has
been demonstrated electrophysiologically by Autrum and von Zswehl {1 962),
Burkhardt and Wendler (1 960), and Kuwabara and Naka (1959). Shaw (1 967)
investigated locust retinula cells of the same ommatidium in which the anrgles
of maximum sensitivity were inclined at 60° to each other, The conclusion
from these experiments is that the analyser exists within the rhabdome or

rhabdomere rather than at some point higher in the system.

1:3:5 Electrophysiology of the Central Nervous System:

Extensive recordings of responses to visual stimuli from units within the
central nervous system have not so far been achieved. Hence electrophysio-
logical information connecting photoreceptor responses to optomotor responses

is scattered and incomplete,

Nevertheless, several features have been established. Information from
single photoreceptor units of the compound eye is abstracted and integrated
along numerous parallel lines within the optic lobes (Horridge, Scholes, Shaw
and Tunstall, 1965). This is frequently accompanied by an increase in field
size, including units whose field of sensitivity covers the total visual field of
one eye (Horridge et al, 1965; DBurtt and Catton, 1960; Bishop and Keehn,
1967; Ishikawa, 1962), Direct interaction between the optic lobes on either
side via the optic chiasma results in units with binocular fields (Horridge et al,

1965),

Within the optic lokes, responses of units to visual stimulation may vary
according to the position, size, contrast and shape or pattern of the visual
stimulus, The illumination potential of the retina is translated into spike
potentials within the optic lobes. The units may or may not possess a background
discharge, which may be increased or inhibited by the visual stimulus. A
unit may show varying degrees of sensitivity to stimulation, where increase in

stimulation increases the size of the response.

Units within the optic lobes may also show more complicated properties.
Rhythmic sinusoidal activily, reverberation, rebound, post flash depression and
transient inhibition or slow acceleration at "on" have all been reported (Horridge

. - Mo s IR
et al, 1965), Responses may be "spontaneously" variable, transient ox



21.

sustained, show stabilily or fatique to repeated stimulation, show habituation
with a habituation memory time, and show either fast or slow adaptation,
Where a unit has many inputs, habituation of one input will usually leave the

others unchanged,

Stimulus properties from one o1 more photorcceptors may be abstracted
in units to give "on"-transients, "off"-transients, net luminosity responses,
net luminosity increase responses and net dimming responses, or combinations
of two or more of these, Higher order units are present which respond speci-
fically to movement within a field, direction of movement, or centrifugal
movement possibly representing either increase or decrease in the size of the
stimulus. A small number of units show lateral inhibition. In some units,
visual modes may converge with auditory or tactile modes, (Horridge et al,

1965).

From the optic lobes both excitatory and inhibitory inputs enter the medial
protocerebrum where binocular fields are frequent. Here units have been
investigated on the basis of inhibitory interaction (Blest and Collett, 1965a),
spike frequency dependence on stimulus repetition rate, and latency (Blest and
Collett, 1965b), Within the tritocerebrum, excitatory units which respond to
movement in the contralateral visual field have been described by Rowell and
Horn (1968a.and b). These units show directional sensitivity to movement,
sensitivity to relative movement only within the total visual fieid, possess
largely unexplained habituation and dishabituation properties, and occasionally

show diurnal variations in their responsiveness to visual stimulation,

Within the ventral nerve cord, responses of axons have been investigated
by Burtt and Catton (1 954) and Cosens (1 966), Response to visuel stimulatioﬁ
appear to be nonspecific once again, Inhibitory processes influencing visual
responses in a fibre of the ventral nerve cord have neveriheless been demon-—
strated by Palka (1967), Measures of sensitivity changes with adaptation
through ventral nerve cord responses {Cosens, 1966) have indicated that
control of sensitivity may result partially from neural factors. Motoneuron
responses to visual stimuli have been investigated in metathoracic leg nerves,

where tonic discharges varying in intensity and duration were shown to be

related to changes in light intensity and frequency of stimulation (Chapple, 1966).
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1:4 THEORIES OF INSECT VISION:

Of theories of insect vision, four are of interest, The first of these,
the mosaic theory of Milller (1826) and Exner {1391 ), has only recently been
rejected and is still quoted in such standard physiology texts as that of
Wigglesworth (1966). The remaining three theories are attempts to bypass

objections raised to the mosaic theory,

1:4:1 The mosaic theory and apposition/superposition eyes:

Very briefly, the claims of this theory are as follows, Each ommatidium-
in the apposition and light-adapted superposition compound eye is sensitive
only to light entering within the angle subtended by the single ommatidium,
More oblique light rays are absorbed by a pigment sleeve. A lens cylinder is
present within the ommatidium, consisting of the corneal lens and crystalline
cone, the refractive index of which is greatest along the longitudinal axis of
the lens cylinder and decreases in concentric layers towards the periphery,
This forms an effective focussingdevice, in apposition eyes an inverted image “
being formed by it through the presence of the focal point at the base of the
crystalline cone. In superposition eyes, the cone was believed to be two
focal lengths long and hence to form an erect image. In both, therefore, an
image exists at the level of the retina of the compound eye and consisting of ”
a mosaic of average intensities of individual ommatidia, In the dark adapted
superposition eye the pigment sleeve has migrated upwards, thus allowing
light to enter an ommatidium through those ommatidia adjacent to it, By this
means a superposition image is formed near the base of the retina, increasing
the light gathering power and sensitivity of the superposition compound eye,

but decreasing acuity.

From the theory it was correctly deduced that superposition.eyes are an
adaptation to dim light, and that the minimum angle of resolution of the
apposition-type eye corresponds closely to the angle subtended between the
axes of a pair of adjacent ommatidia, the interommatidial angle., Serious
objections were not raised to the theory until it was found that the field of
sensitivity of a single apposition eye ommatidium was very much larger than
the ommatidial angle {(eg. Burtt and Catton, 1954), Before this, however,

other points had been discovered, indicating insufficiencies in the theory.
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Both erect and inverted images were observed in different apposition—-iype
ommatidia, Functional superposition images could only be identified in a
very few dark-adapted superposition eyes (eg. Lampyris and several related
species), Lens cylinders were not subsequently identified in any eyes,

except of a modified form in the exocone eye of Lampyris (Horridge, 1968).

Meanwhile, it was tacitly assumed that the simpler forms of visual
apparatus, such as those of endopterygote larvae, functioned on the basis
of the formation of a very crude apposition iniage by a small number of lateral
ocelli, Dethier (1 942, 1943) produced evidence which supported this assumption
in the lateral ocelli of Lepidopteran larvae, demonstrating by geometrical
optics that the "visual" field of a single lateral ocellus did not overlap signi-
ficantly with any other, and suggesting that the resulting crude mosaic image
formed by the six lateral ocelli on either side of the head was further

supplemented by a process of temporal summation during locomotion.

1:4:2 The Diffraction Image Theory:

Burit and Catton's 1954 experiments also indicated a completely unexpec-
ted level of acuity in the compound eye., Values at least three times as high
as expected were obtained through electrophysiological recording, 1In 1962
they presented an explanation for this high acuity, based on their observation
of high resolution diffraction "images', These images were obtained at various
distances behind a compound eye slice containinga mosaic of lenses, It was
suggested that the images were present in the intact compound eye under the
conditions of illumination present during their experiments, and that the
images were ponsible for the veniral nerve cord response to movements,
behind a window, of a serics of stripes of angular separation 0.5 ®, Rogers
(1962) presented a theoretical treatement for the images obsexrved by Burtt
and Catton (1961 s 1 962) in which he indicated the conditions under which such
images could be formed. Subsequent publications by Burtt and Catton (1964,
1965, 1966) interpret further data of a general nature, in the light of their
diffraction image theory of compound eye vision. They conclude (1966) that
diffraction images can only be responsible for movement perception and not

for form vision,
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Several important objections have been raised to the theory. Movement
of striped cylinders at the appropriate stripe widths around an insect does
not produce an optomotor response., However, when the original experimental
conditions were repeated, Palka (1 965) and Barlow (’l 965) showed that
movement of stripes behind a window produces a flickering effect along the
vertical edges and at angular stripe widths below those which can be reéolved
by either the insect or the human eye., This flicker can be explained by a
process involving interaction between intensity changes in small areas at the
edge of the window, and photoreceptors directed at these areas., This
particular objection was answered by Burtt and Catton (1965) when they obtained
similar results to those of their earlier experiments, after rotation of
radia.ting patterns. However, rather similar edge effects may also be produced
with radiating stripes in a window. A further objection is raised to the
presence of a functional image in the intact compound eye. Passage of light
rays between ommatidia must be accompanied by considerable scattering., The
presence of a pigment "sleeve" within and around the retinula cells must
further attenuate the light by absorption. Hence, any diffraction image must
also be greatly attenuated, The elongated rhabdome is not adapted to respond
to light intensitlies in one small part of it, so that any diffraction image formed
must be completely masked by light passing through the normal channels,
Finally, many objects do not produce recognizable diffraction images, so that
not only is the presence of functional diffraciion images in doubt for a series
of stripes, but any images so formed must have a very limited funciional
significance., They will not be present at all in such simple visual systems as

those of Endopterygote larvae.

1:14:3 Lateral Inhibition:

The remaining theories are attempts to explain visual processing through
i
patterns of neural organisation, 7The first of these is based on neural mech-
anisms in the retina of the Arachnid Limulus, and has been suggested as a

possible basis of insect neural processing by such workers as Kuiper (1 962).

The neural organisation in the Limulus compound eye has been reviewed

by Ratliff (1961 ), and is briefly as follows., The ommatidizl eccentric cell
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transmits impulses from its own retinula cells to the central nervous system,
The axons of the eccentric and retinula cells branch profusely to form a
plexus of interconnecting fibres. The frequency of eccentric cell discharge
depends primaxrily on the ommatidial stimulus intehsity, but also on inhibitory
i'nteractions exerted by other stimulated cmmatidia and carried by means of
the nerve plexus. The magnitude of inhibition exerted on a particular eccen-
tric cell discharge frequency depends upon the intensity, arca and configura-
tion of the pattern of illumination on the retina. Thus, the greater the light
intensity on neighbouring ommatidia, the greater is the inhibition they exext
on the test receptor; the greater the number of neighbouring ommratidia
illuminated, the greater is the inhibition exerted on the test receplor; and,
illumination of ommatidia near the test receptor results in greater inhibition
than does illumination of more distant ommatidia. Inhibition exerted on each
of two eccentric cell axons, above a threshold, is a linear function of the
degree of activity of the other (Hartline and Ratliff, 1957). Thus the inhibi-
tory effect produced by the combined influences of several groups of ommatidia
acting together is less than the sum of the inhibit.oryveffects produced by each

group illuminated alone (Hartline and Ratliff, 1958, 195 9).

I'rom these data, it is evident that differences in activity of elements
will be exaggerated on either side of a boundary between differences in intens-
ity in the visual field. The discontinuity in the pattern of illumination will
consequently be accentuated in the pattern of neural responses. The transient
dynamic phasecs of the inhibitory interaction will also accentuate the optic
nerve response to temporal changes in illumination, Thus these interactions
accentuate contrast at sharp spatial and temporal gradients, and discontinuities
in tllle retinal image., Borders and contours beconie sharp in their neural

representation,

Finally, Kirschfeld and Reichardt (i 964) have considered theoretically
the transfer characteristics of Limulus photoreceptors and the nervous
interactions comprising the lateral inhibition system., They conclude that the
overall transfer characteristic of the Limulus eye guaréntees a one to one
correspondence between patterns in the optical surround and excitation

distributions in the optic rnexrve.
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It can be scen that the neural processes outlined above also present
a plausible hypothesis for neural processing in the insect compound eye.
In spite of the fact that Limulus ommatidial fields overlap markedly (Waterman,
1954—a), diffraction is not responsible (Reicila.rdt, 1961) - suggesting that
overlap is a functional adaptation, Burtt and Catton (1966) review evidence
for the presence of a similar inhibitory system in the insect compound eye,
However, there is at present little electrophysiological evidence for more
than a small amount of lateral inhibition in the insect retina or optic lobes
(1:3:5). Similarly, behavioural studies on the locust (Horridge, 1966a and b)
indicate that the opltomotor response shows no preference for edges as opposed
to areas in the stimulus field, This indicates that lateral inhibition is of
little significance in the locust's neural representation of its optical environ-—

ment,

1144 Cybernetic Theories:

The theory of Hassenstein, Reichardt, McCann, MacGinitie and Thorson
(1:3:2) represents the most comprehensive approach to description of the total
visual system so far formulated. It defines, through information theory,
minimum theorctical relationships between a stimulus, the ommatidia and the
optomotor response. However, the units postulaied have not been identified
electrophysiologically, and stimuli considered have been of a simple type -
either linear movements within or total movements throughout the visual field,
The higher order abstraction units defined electrophysiologically (1:3:5) must
be the result of more complicated integrative mechanisrﬁs, which have not so
far been studied through behavioural and cybernetic techniques, Behavioural
experiments (1:3:1) also indicate neural representations of the optical environ-

ment which cannot be accounted for by the theory as it stands at present,

1:5 DISCUSSION

In conclusion, of the three types of insect eye investigated by experimenters
in the past century and a half, the compound eye has been studied in by far the
greatest detail. Here the photoreceptor array varies according to the number

and directional properties of individual sampling units, These units may
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correspond to single ommatidia or to single retinula cells, Within single
ommatidia light is focussed on the rhabdome by the dioptric system.

Diffraction, and possibly other properties of the dioptric system, leads to
overlap between the optical fields of adjacefit ommatidia, Light reaching

the outer end of the rhabdome is transmitted along its length, through its
action as a waveguide. Retinal, within or immediately outside the rhabd‘ome,
is responsible for absorption of light quanta and the initiation of subsequent
evenis in visual excitation, Optical and for physiological events within the
rhabdome are responsible for the differential sensitivity of surrounding
retinula cells to the wavelength and plane of polarisation of the optical
stimulus. Optical and physiological events are also responsible for adaptation
of seﬁsitivity to weak or strong mean stimulus intensity conditions, Visual
excitation le;ads to an electrical response in the retinula cell, This response
is more or less maintained during visual stimulation, but varies non-linearly
with stimulus intensity. The electrical response is transmitied along the
retinula cell axon into the optic lobes, Information entering the optic lobes
therefore differs between individual retinula cell axons according to (1) the
position and dimensions of the field of sensitivity; (2) the directional sensi-
tivity within this field; (3) the stimulus intensity; (4) the stimulus wavelength(s);
(5) the plane(s) of polarisatiér.- of the stimulus. The capacity of the optic lobes
to detect changes in these parameters is highly developed. Marked overlap

between the fields of sensitivity of individual sampling units is maintained.

Within the central nervous system, this input may be processed to confer
on the total system the following properties: (1) poor visual acuity; (2) high
capacity for movement perception; (3) spatial localisation; (4) colour vision;
(5) sensitivity to the plane of polarisation in different areas cf the field;

(6) some capacity for distance assessment, Electrophysiological and cybernetic
investigation of units within the central nervous system indicates that (1 ) the
fields of sensitivity of singleretinularsampling units are not reduced by means
of lateral inhibition; (2) mean intensities in different parts of the visual
environment are of relatively little importance; 3) intensity changes are of
much greater importance; (4) small linear movements are detected early on

in the system; (5) more complex types of movement occurring in the visual

environment are reconsiructed neurally; and (j) optokinetic memory plays a

b
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Significant role. Thus it appears that most of the essential features of

the visual environment (excluding wavelength and plane of polarisation)

are represented not by mean intensities at any moment of time, but by intensity
changes in space and time, Perception of f(.)rln is probably a propexrty of the
perception and localisation of different spatial and temporal patterns of inten—

sity changes.

In the relatively unexplored visual systems of larval Endopterygotes,
what parallels can be drawn between these and those of the compound eyes ?
The simple eyes of larvae of different groups of Endopterygotes vary in
structure. These structural variations imply corresponding differences in
neural processing, However, the larval eyes of Lepidopiera are in many l\
respects similar to the ommatidia of the compound eyes, Their elecirical
responses to stimulation are also similar., The tolal visual system is
responsible for rudimentary form discrimination through klinotactic movements,
for rudimentary colour vision, and for sensitivity to the plane of polarisation
in different aveas of the visual field, In this respect, gross properties of
the two visual systems differ only in degree. The number of sampling units
available to Lepidopteran larvae is very much less than in the typical compound
eye. However, lateral ocelli possess only a rudimentary capacity for form
discrimination - a capacify which should be closely related to the numbex of

spatially distinct sampling units available,

It therefore seems possible that the main features of the organisation of
compound eye neural processing will be pa_rallelléd, in a simpler form at least,
in Lepidopteran larvae. In the compound eye it was suggested that form
perception and discrimination were largely properties of the detection and
localisation of spatial and temporal patterns of intensity changes, The import—
ance of klinotaxis in the discriminatory reactions of L.epidopteran larvae
indicates that these possess a similar basis to their neural processing., The
basis of form perception in the compound eye is primarily "visual® flicker
in single photoreceptors; and within Lepidopteran larval photoreceptors
an essential part of the optical input must also be "visual' flicker, The
awareness shown by Lepidopteran larvae of areas of flicker provided by the

edges of silhouettes in the optical environment indicates both (1) spatial
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localisation of these areas, and (2) mechanisms of correlation and discrim-
ination between different areas of flicker. Such informaticen can be economic-
. ally derived through the employment of units similar to the movement percep-
tion units of the compound eye, relating optiéal input in one paxrt of the visual

field to optical input in another,.

1:6 AIMS

The small amount of information on the larval visual system in Lepidop-
tera, relative to that of the compound eye, suggests that a more detailed study
of Lepidopteran lateral ocelli might be of value. Similarities observed between
the two systems suggests that detailed investigation of the simpler system of
larval Lepidoptera might provide a basic insight into the perception and
processing of visual data in the compound eye., However, detailed electro-
physiological and cybernetic analyses of the processing of visual data from
the lateral ocelli cannot be undertaken before the amount of potential informa-
tion, obtained by the lateral ocelli from the visual environment, has been
defined. Inthe compound eye, much of the difficulty in formulating and testing
models of neural processing arises from the marked overlap present between

neighbouring ommatidial fields of sensitivity.

It is proposed in the following sections to investigate in detail the structure

of the lateral ocelli of fifth instar larvae of Pleris brassicae, the mechanisms

involved in the production of fields of sensitivity of the lateral ocelli, to
measure the properties of these fields and to consider some of the properties
of the total photoreceptor array. It is hoped that these data may provide the
basis of an explanation of some of the properties of the visual systems of both

the lateral ocelli of larval Lepidoptera and of the compound eye.
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2. THE STRUCTURE OF THE LATERAIL OCELLI OF FIFTH INSTAR
LARVAE OF PIERIS BRASSICAE

2:1 INTRODUCTION

A study of the structure of the lateral ocelli of larvae of Pieris brassicae

is a necessary starting point for more detailed physiological investigations of
both experimental and theoretical kinds, As was indicated in Section 1, the
photoreceptor is responsible for channelling light energy inito a photosensitive
volume, the rhabdome, and for visual excitation within this volume leading to
the electrical response, Theoretically, deduction of all the properties of the
photoreceptor should be possible from a study of its histological, ultramicro—
scopic and biochemical structure, In practice, such deductions can only be
made on a gross level, and then in conjunction with physiological experiments
to check their validity. Access to much of the necessary structural information
is not possible for reasons well appreciated in biology, Nevertheless, the
description of all structural features encountered in such a study as this must

be of potential value for the reasons outlined above,

The following Section describes the results of a histological and electron
microscope investigation on the structure of the lateral ocellus, Particular
emphasis is placed upon structural properties of the rhabdome likely to effect
its optical properties and performance, and on a comparative study of the
rhabdomes of the six lateral ocelli in relation to possible parallels and dilfer-
ences in their optical pexformances, Structural implications will be considered

in the General Discussion (Seetion 6).

2:2 DBIBLIOGRAPHY

One of the earliest studies on the structure of Lepidopteran larvae lateral
ocelli was made by Landois (1 866), whose interpretations are of historical
interest only. He reported a complex iris structure in the lateral ocelli of

Vanessa, Gasiropacha and Pieris brassicae; knoblike nerve endings surrounded

by a yellowish tube in the centre of each eye (1ater shown to be the crystalline
lens and rhabdome); eight pigmented enveloping cells surrounding this

structure (the seven retinular cells); and ganglion cells and nuclei at the base



of the knoblike nerve endings, He also described muscle fibrillae in the
corneagen cells, and an optic ganglion immediately behind the six lateral
ocelli on either side of the head. Pankrath (1 890) studied the histological
structure of lateral ocelli of Gastropacha with greater accuracy and in

much more detail, suggesting that L.andois' interpretations were largely

the result of fixation artefacts. Pankrath showed that each of the five or

six lateral ocelli on either side of the head possessed a tripartite corneal
lens mounted upon a short cuticular rostrum and secreted by three pigmented
corneagen cells which were not muscular, The corneagen cells enveloped

a tripartite crystalline lens; secreted by three small cells, The crystalline
lens was sharply delimited proximally by a club-shaped retinula consistiﬁg
of seven pigmented cells in two layers. The uppermost layer of three cells
was centred on the rhabdome., The axons from these cells in turn surrounded
the lower layer of four retinula cells, also centred on a rhabdome of
different structure to that above it, He pointed out that there was no iris
diaphragm and no optic ganglion ixi‘:mediate].y below the lateral ocelli, His
detailed description contradicts others only in the structure of the rhabdome,

which may have been f:ffected by fixation artefacts,

Similar studies were made in less detail by Grenacher (1879), Plateau
(1 888), Hesse (1901) and Busselman (1934). These covered a number of
species and agreed essentially with the description above. Busselman (1934)
also reported on the development of the lateral ocelli from epidermal cells,
Schmitt—-Auracher (1 923) claimed to have observed (corneagen cell?) pigment
migration in the lateral ocelli of Euproctis, but a more detailed investigation

by L.ammert (1926) could detect no such movements in this or other species.

The most recent and probably the most familiar study on the structure
of Lepidopteran lateral ocelli was made on Isia by Dethier (1942, 1943). His
observations with regard to the optics of lateral ocelli are widely reported

in reviews of insect vision,



2:3 HISTOLOGY

2:3:1 MATERIAL AND METHODS

Fifth instar larvae of Pieris brassicae were obtained from the

college field station at Silwood Park, and from Watkins and Doncaster
(Welling, Kent), No difficulty was encountered in keeping spocimens virus-
free where they were provided with adequate food and kept in dry frass—

free conditions,

Specimens were normally decapitated in fixative, In a number of
preparations, the removal of air from air sacs and tracheae, together with
more rapid penetration of fixative were achieved by the use of a vacuum
pump (moto:irised or water—pressure). Two fixatives were used for the bulk
of histological investigations, namely Alcoholic Bouin and Gilson's Iluid.
The latter was found extremely useful for fine cytoplasmic detail. Carnoy,*
Formaldehyde /Calcium /Cadmium, Regaud's I'luid,* Champy's I'luid * and
buffered isotonic Osmium Tetroxide were also used as the occasion demanded.
"Diaphanol" (G.T. Gurr) was frequently used to soften the heavily sclerotised
head cuticle and to bleach retinular pigment, Specimens were normally
embedded in Ester Wax (1960) in order to avoid the worst aspects of ribbon
electrification, and sectioned at between 2 to 6 microns on a Reichardt Rotary
Microtome. I'or thin sections, the use of a Wigglesworth Blade Holder was

found most convenient,

The bulk of staining to show normal histological detail was conducted
in either Altmann's Aniline [Acid Fuchsin, ¥ Mallory's Triple Stain*¥ or
Fraser Rowell's Silver Stain (Fraser Rowell, 1963) at pH 8.7. Each of these
proved highly satisfactory, although because of the time taken for preparation,
the latter is not advocated as a cytoplasmic stain unless details of the central
nervous system are also required. It was frequently used in conjunction with
gold chloride or Halmi's Light Green /Chromotrope Counterstain (Halmi, 1952).
In addition, Heidenhaim's Haematoxylin,* Regaud's Haematoxylin¥* and

Methyl Green with Pyronin® were used less exiensively as stains,
y y .

* H.J, Conn, M,A, Darrow and V.M, Emmel (1960),
%% H,M. Carleton (1957).
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For the central nervous system, considerable success was obtained
with Fraser Rowelll"s Silver Stain., The method is extremely versatile and
shows a strong specificity for the retinular cell axons within the brain at
pH 7.8. Increcase in pH decreases specificity, so that where pH is varied
a relatively complete picture of axon tracts of various axonal diameters may
be obtained. Such a picture differs markedly in detail from those obtained
by other methods, for example Wigglesworth's Osmium Tetroxide /Ethyl
Gallate (Wigglesworth, 1958, 1 954), In addition, Blest's Modification of
Holme's Silver Method (Blest, 1961) with both pyridine and lutidine was used
with some success, and also the Golgi /Cox Method,* The latter did not prove

satisfactory for axon tracts.

An alcohol series leading to xylene was normally employed for dehydration
and clearing, although dioxan was occasionally used for dehydration of fixed
unsectioned specimens. Canada Balsam was used as the section mountant
unless specific methods required otherwise. Specimens were drawn with the

aid of an eye piece graticule.

2:3:2 The Corneal Liens:

In the intact larval head, the six lateral ocelli are in evidence as six
corneal lenses arranged approximately in a circle and situated on the lateral
region of the head, above the gena (Figure 1). The corneal lens of lateral
ocelli 1, 2, 3 and 4 is a unipartite biconvex structure, raised as much as 80 p
above the surface of the surrounding head cuticle by a cyzicular cylinder or.
rostrum (Figure 2A), The corneal lens of lateral ocellus 5 (Figure 2B) is of
the tripartite type described by Dethier (1942), and is raised only a little
above the surrounding head cuticle, Lateral ocellus 6 (Fig‘ure 2C) possesses
a corneal lens of tripartite structure in which one of the three component
"lenses'" is greatly reduced to accommodate the longitudinal axis of the lateral

ocellus. This axis is almost parallel to the head cuticle above it,

The cuticular layers of the rostrum are well defined. The bulk of the
structure consists of strongly sclerotised exocuticle, and only a thin layer of
endocuticle (6-—10}¢) is present below it, The base of the rosirum may be

strongly reinforced and thickened. In comparison, the cuticular layers of

¥ H,J, Conn, M.A. Darrow and V.M, Emmel (1960).
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the corneal lens are difficult to differentiaie. In most staining solutions

the lens stains as a homogeneous entity, and only in Hughesdon /Mallory
does the exocuticle appear as a distinct layer of almost uniform thickness
(3-8 u) over the surface of the lens, Some thickening of the exocuticular
layer may occur in the centre of the unipartite lens, a relict of its tripartite
origin, The endocuticle forms the main bulk of the lens, however, and

contributes to the biconvex shape,

Attempts to define the thickness of the lamellae within the lens were
not particularly successful, The lamellae of the cuticular rostrum could be
detected in suitable sections (Figuro 9C). In the lens, however, they were
much more diffuse, so that only cutting artefacts indicated their presence in
normal sections. Digestion of the lens in alkali suggested that the number. of
lamellae contributing to the lens wasidentical to the nuirber forming the
rostrumn, despite a great difference in depths of the two structures., These
two points suggest that no significant changes of refractive index occur within
the lens other than the gradual transision from higher to lower values observed
between the upper and lower surfaces of the lens in later experiments with

the interference microscope.

2:3:3 The Corneagen Cells;

Three corneagen cells are present immediately below the corneal lens,
and apparently responsible for its secretion. They are arranged in the
tripartite fashion of the corneal lens, so that each cell is in contact with the
two other cells, (Figure 9A and B). The corneagen cells are extended
proximally to envelop all the other eye elements (Figure 29A), and taper to
foiin a thin sheath arcund the retinular axons as they leave the lateral ccellus.
This corneagen cell "membrane' terminates with the junction of the individual

lateralocellar nerves to form the common optic nerve (Figure 17).

Each cell is consequently very large, and possesses a large, presumably
polyploid nucleus of elongate kidney shape extending from just below the
level of the crysialline lens-secreting cell nuclel to t
rhabdome (Figure 29A). The nuclei stain strongly witﬁ silver, aniline Jacid

fuschin or iron haematoxylin to show a large number of chromatin granules of
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variable size, There are apparently no large nucleoli, although a number of

small ones may be present amongst the chromatin granules,

The cytoplasm is perhaps a little more dense than typical epidemal cells.
Histological sections often show an orientated appearance of the fine structure
in the longitudinal plane of the cells, particularly in the region between the
corneal and crystalline lenses (Figu:re 27E). This may be an artefact resulting
from contraction during fixation, A second possible artefact may be observed
in the presence of numerous fairly small vacuoles in the cytoplasm immediately
below the corneal lens (Figure 9A and B). Such small vacuoles may be observed
occasionally in epidermal cell cytoplasm below the endocuticle. There is some
indication that the size of the vacuoles increases together with a decrease in

the number of vacuoles as the larva approches the prepupal stage.

The corneagen cells of the lateral ocelli show strong structural affinities
with the trichogen cells of the large head macrotrichia, This is evident in
the similar large nuclei and staining properties of the cytoplasm of the two
types of cell, and also in the presence of a thin sheath of pigmented epidermal
cells surrounding the corneagen cells (Figures 9C; 4) and probably responsi-
ble for the secretion of the cuticular rostrum. The reddish pigment in these
latter cells corresponds cloéely in colour and in affinity for Sudan Black to

that of the tormogen cells of the head macrotrichia,

2:3:4 The Crystalline Lens and Crystalline Lens-Secrcting Cells:

The crystalline lens is situated below the centre of the corneal lens,
but separated from it by approximately its own depth of corneagen cell cytoplasm,
The lens is the product of three crystalline lens~secreting cells, each of which
constitutes one third of the total siructure, Like the distal corneagen cell
cytoplasm, the three crystalline lens-secreting cells converge along a portion
of the longitudinal axis of the lateral ocellus. The cells are always orientated
in such a way that their longitudinal axes are halfway betwe en those of two
corneagen cells (Figures 29B; 9C, D and E). Each cell consists primarily
of material which contributes to the complete lens., A thin sheet of cytoplasm
may be observed lateral to this lens material, but the main volume of cytoplasm

is distal and {o a lesser extent proximal to it (Figure 10), The proximal
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cytoplasm extends to the base of the distal rhabdome and may possibly
contribute to the inner layer of the proximal rhabdome, The main body of
the lens is cupped laterally and ventrally by the distal rhabdome (Figures

113 29A), The distal cytoplasm of the erysialline lens-secreting cell also
in width

surrounds a nucleus approximately 12 u/a.nd 5 u in depth (Figure 10D, K,
F, G and H). The nucleus is often inserted into a cup-shaped cavity set

in the distal portion of the crystalline lens (Figure 10G and H).

The crystalline lens is not easily fixed in Pieris brassicae larvae,

In shape, however, it appears to approximate to that of an egg or an inver-
ted cone. (Figure 10). Histologically there is some evidence that it is '
more or less clearly divided into three similar structural units, each the
product of a single crystalline lens~secreting cell. In most cases, however,
it seems to be a single unit and always appears thus in fresh frozen sectlions.
In this state it is a completely transparent structure with tough elastic
properties similar to those of newly secreted endocuticle. In histological .
sections the contents are unstable. Two principal artefacts may be observed
under these circumstances, altering significantly the outline and appearance .
of the structure., The first, a fixation artelact, consists of globule-like
extrusions of the contents of the crystalline lens into the surrounding retinular
tissue (Figure 10E), This appeared in every instance at the top of the distal
rhabdome immediately below the junction of corneagen cell cytoplasm, distal
retinular cell cytoplasm and the crystalline lens secreting cytoplasm. The
extrusions are highly irregular in size and shape, often superimposed one
upon the other, and frequently forming an almost continuous girdle around the
lens. The second artefact, of more variable appearance, results from the
leaching of the lens contents by the fixative or other histological reagents
(FPigure 10D and E), In Pasteel's and Leonard's fixative this may be
accompanied by a separation of the constituents of the lens into two separate

fractions (Figure 10A, B and C).
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2:3:5 Histochemical Analysis of the Crystalline Lens:

2:3:5:1 Introduction:

Fyg (1960) and Suzuki (1962) both suggest that the crystalline cones of
certain adult ommatidia are glycogen, Chang-\Whan (1961) states that the

adult crystalline cone of Pieris rapac consists of a mucopolysaccharide /protein

complex. The histochemical tests used by Fyg may be criticisced as ambiguouls

(Pearse, 1960), In the crystalline lens of Pieris brassicae larvac, the

contents are not stabilised by glycogen fixatives, so that in the hope of
obtaining a more accurate picture of its structure an :ﬂ;te;}pt was made to
define the chemical nature of the crystalline lens, Standard histochemical
techniques were used for this purposc. No attempt at a less empirical bio-
chemical approach was made, so that in common with most other histochemical
analyses the results are to some extent ambiguous., The authorities referred
to are Pearse (1 960), Casselman (1 95 9) and Carleton and Drury (1 957 ) The
following sectiion consists of a short semi-tabulated account of the results and

a discussion,

2:3:5:2 Methods and Results:

A, Sudan Black B (Casselman) - Used on gelatine embedded frozen scciions
fixed in Baker's FFormaldehyde /Cadmium /
Calecium,
- Results, negative for all structures within
the lateral ocellus, The epidermal pigment
cells surrounding the lateral ocellus took up

the stain strongly.

B. Alcian Blue (Pearse) ~ Used on fresh frozen sections.
- Results negative for all structures within

the lateral ocellus.

C. Alkaline Neotetrazolium (Gomori's Method — Casselman)

- Used on paraffin sections fixed in 5% mercuric
chloride,
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C. (contd.) - Results, rhabdome and corneal lens,

positive (+++) crystalline lens and corneagen
cell cytoplasin, positive (+) retinula cell

cytoplasm, negative.

D. Millon Reaction (Bensley and Gersh Modification — Pearse)

E, Best's Carmine (Pearse) -

Used on paraffin sections fixed in 5%
mercuric chloride.

Results, corneal lens, positive (44+) .
rhabdome and endocuticle, positive (+++) .
crystalline lens, positive (++).

cytoplasm, positive (+).

Used on paraffin sections fixed in Pasteel's
and Leonard!s Glycogen fixative (Carleton
and Drury).

Results, crystalline lens, positive (++++),
All other structures within the lateral ocellu
negative.

(Fat cells of fat body, positive (++++) ).

F', Periodic acid/Schiff Technique (Carleton and Drury).

Used on paraffin sections fixed in Pasteel's
and Leonard's fixative.

Results, crystalline lens, positive (4+t)
corneagen cell, and rhabdome; positive (++)
crystalline lens-secreting cell and corneal
lens, positive (+).

retinula cells and nerve axons, negative,

(Fat cells of fat body, positive (+4-4).,)

G. Diastase/P.A.S. - As for P,A.S, technique, but incubated in 1% malt

diastase in 1% saline at room temperature

for 30 minutes (Pearse).

- Results, as for P,A.S., except that the

positive response of the fat cells was

reduced in strength (+ to ++),
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PEARSE'S TABLE 15 - THE IDENTIFICATION OF CARBOHYDRATES 40,
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2:3:5:3 Discussion and Conclusions:

Of the results indicated above, two were relatively inconclusive.,
The efficiency of the alkaline neotetrazolium reaction was poor, structures
which were obviously protein and presumably possessed sulphydryl and
disulphide groups only stained weakly. Nevertheless, the crystalline lens
gave a weakly positive response to the stain., Incubation of the crystalline
lens in malt diastase for 30 minutes did not reduce the intensity with which
the material reacted with leucofuchsin, The incubation time should have
been more than adequate to remove any glycogen present in the crystalline
lens, and as fixation does not block the action of diastase, the purity of the
diastase sample may be in doubt., However, P.A.S,-positive material
within the larval fat body was greatly reduced., The continued retention of
some P,A,S,-positive material within the fat body can be attributed to the
presence of unsaturated lipids., The contents of fat cells, which are normally
lost in paraffin sections fixed in Gilson's Fluid, for example, were clearly
retained in these section, This fixation of fatty tissue was probably due to

the presence of 4% formaldechyde in the Pasteel's and Leonard's fixative ,

A positive response to the empirically specific Bestl’vs Carmmine indicates
the presence of glycogen within the crystalline lens, This is contradicted
by the absence of any loss of stainability after diastase incubation, The
reaction of Best'_s Carmine is not understood and as Pearse points out its
use to indicate the presence of glycogen must be supplemented with
incubation in diastase. Here we may conclude-that glycogen is not present

within the crystalline lens in appreciable quantities,

‘With the elimination of glycogen and lipids as possibilities for the consti-
tuents of the crystalline lens, only carbohydrate /protein complexes will
explain the positive results with P,A.S, Pearse's Table 15 indicates that
these constituents must either correspond to a neutral mucopolysaccharide/
protein complex, to mucoprotein or to glycoprotein. As hexose values can
be correlated with the intensity of the P,A.S. reaction; and glycoproteins
have by definition a low hexose value, glycoprotein niay be excluded from
the list of possibilities, The epidermal origin of th‘e' crystalline lens-—

secreting cells is not in contradiction to the possibility of either a neutral
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mucopolysaccharide /protein complex of unspecified bonding, or mucoprotein,
Chitin, a neutral mucopolysaccharide, is secreted by epidermal cells
together with protein ,4 these later becoming associated by means of covalent
bonds to form a mucoprotein (Hackman, 1 964—). There is also a possibility
that free chitin is present in the cuticle, held only very loosely by hydrogen
bonds. In the crystalline lens, the P.A.S.-positive reaction indicates that
the neutral mucopolysaccharide chitin is not present, Whatever polysaccha-
ride is present, it is evident that the bonding of components is not strong
since certain fixatives (Figure 10A-E) allow the contents of the lens to
become either lost, divided into two fractions, or divided into two fractions
of which one is lost, It is also probable that where the selective loss of
small parts of the lens occurs after fixation in alcoholic Bouin or Gilson"s
fluid, .the polysaccharide components of the lens are only partially polymerised

unlike the more complete polymerisation in the adult crystalline cone (k. Chang
Whan, 1964),

We may conclude, then, that the constituents of the crystalline lens
from a loosely bonded neutral mucopolysaccharide /pl*otein complex, in which
the polysaccharide is only partially polymerised and is not glycogen, and in
which the mucopolysaccharide is not chitin, It has been shown, empirically,
that the most complete fixation of the lens is cbtained by the use of buffered
isotonic osmium tetroxide, and to a lesser degree with Champy's fluid,
(Figui‘e 10G and H), Neither of thesec fixatives gave entirely satisfactory
results when used together with paraffin wax, so that the alternative use of

araldite resin is indicated for any future work on the subject.

2:3:6 The Retinula Cells:

The retinula of the lateral ocellus consists of seven cells, of which
three form the distal retinula and four form the more eclongated proximal
retinula, The cells of the distal retinula envelop the sides of the crystalline
lens, their diameter being greatest at this point (approximately 15 ;_1.) . They
narrow proximally to form a thin sheath surrounding the proximal retinuia.

Towards the base of the lateral ocellus the distal and proximal retinula cells

become greatly contracted and leave the lateral ocellus as axons of uniform
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size (Fig‘ure 22A-C),

Each retinula cell possesses an ellipsoid nucleus of approximately
14 1 length and 8y width, No further nuclei, such as those of the eccentric
retinula cells of certain adult ommatidia, are to be found, The positions
of the seven nuclei are not constant, but typically the distal nuclei are
present in the region just before the distal retinula narrows, whilst the

proximal nuclei are to be found in the lower half of the proximal retinula.

The cytoplasm of the retinula cells is extremely delicate, and is easily
destroyed by overfixation. The cells are densely packed with reddish-brown
pigment granules which appear black en masse. These granules are sulfi-
ciently small (0.75-1 H ) to show Brownian movement in appropriate fresh
preparations, Measurement of the transmission spectrum of a thin film of
these granules showed that light of wavelengths below 5,100 ,?\ was completely
blocked, At 5,200 62" the amount of transmitted light was greater, rising

to a peak at 5,300 A which extended at a fairly steady level into the infra-

red,

Neurofibillar tracts within the cytoplasm of thinly sectioned retinula
cells may be detected through the marked absence of pigment granules., In
favourable sections the passage of numbers of such tracts (diameter 0.5-1 1)

may be traced from the Schalizone into the axon (Figure 16B),

In diaphanol treated sections, granular material may be observed
scattered throughout the retinula cells., This is concentrated in greatest
density arcund the Schaltzone, and in less density around the outside bound-

aries of the cells,
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2:3:7 The Rhabdome:

As with the retinula cells of the lateral ocellus, the rhabdome is
divided into corresponding distal and proximal regions. The distal part
of the rhabdome envelopes the lower half of the crystalline lens and extends
proximally for between 6 and 10 p as a short thick stalk (Figure 29A). The
proximal part of the rhabdome extends down from the distal rhabdome with
the elongated appearance typical of the Arthropod rhabdome. The diameter

near its base is one half to one third that of its distal end.

The importance of rhabdome structure on the optical properties of the
photoreceptor was briefly mentioned in the General Introduction, 7The rhab-

dome of Pieris brassicae larval lateral ocelli is unusual for a number of

features, and is described in some detail below,

2:3:7:1 Lavers of the Rhabdome:

Three layers of rhabdome may be identified in tissues fixed and stained
in a variety of ways (2:3:1). The first and outermost layer was included as
part of the rhabdome because of its likely effect on the optical properties of
the main body of that structure., It might alternatively have been incorporated
under the heading of the structure of the retinula cell, of which both it and

the rhabdome proper are parts.

Layer 1 - The outermost layer, the Schaltzone of various authors (Figure
16A) stains as does normal cytoplasm, It is characterised in optical sections
by the complete absence of pigment granules, or granules of any kind (eg.
mitochondria), The layer thus appears optically homogeneous except for a
distinct radial orientation possibly reflecting the orientation of neurofibrillar
" tracts converging on the main body of the rhabdome., No vacuoles such as
have been described by Horridge (1965 ) and Horridge and Barnard (1965) in

the retina of the locust were discernible here.

The relatively irregular outside boundary of the layer apparently lacks
any form of limiting membrane. In depth the layer is thus variable, but

-~ PURRYS IW s Vo 4 - - R - ~ -~ - ~t ~ . 3
apparentily never iess than 2 4 . It extends along the total 1::11%"(.11 of the main

body of the rhabdome, from the region where the distél rhabdome thins so

as to become almost indistinguishable from the outside membrane of the
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crystalline lens-secreting cells, to several microns below the end of the

proximal rhabdome.

Layer I - The central layer, the main body of the rhabdome or the
rhabdome proper,- consists of a dense mass of more or less radially
orientated fibrils (Figure 128 and C). These fibrils are distinct from
the neurofibrils of the retinula cell, and have diameters normally below
the limit of resolution of the light microscope. They may be identified by
light-microscopy only where clumping occurs as a result of the fiXillg/
staining process. The regular well-defined inne» boundary marks the
innermost lirit of the fibrils, which take up most stains in fairly heavy
concentrations. High power light-microscope observations suggest that
the boundary between the rhabcome proper and the Schaltzone is often
slightly irregular, The shape ard dimensions of this layer are discussed

below,

present in the proximral rhabdome, maintains a degree of separation of
rhabdomeres. It stains lightly and appears completely homogencous except
for the occasional presence of a darkly staining membranous structure in

its centre, This structure (Figure 13) consists of three or four strands of
varying length and joined at the centre. The other ernds of the strands either
maintain a central position within the innermost layer, or are attached to

the boundary of this layer with the rhabdome proper. The shape and dimen-
sions of this layer are discussed below, together with those of the rhabdome
proper., It should be noted that in width the layer often approaches the
theoretical limit of resolution of the light microscope, and thus can most

easily be detected in thirly cut ccetions,

2:3:7:2 Relationship between retinula cell and rhabdomerc membranes:

The relationship between the submicroscopic membranes involved in

the structure of the rhabdome and rhabdomere was not investigated with the

3 1 3SR R iam e et AT~ 1 mxral 34 ae- ot B o% DN « 3
ILCTOSCope, OUL O a gross Cyid:dgitan level it was Pos3icie 18 See it a

light i
number of differently orientated sections through the lateral ocellus that

the innermost layer (IH) described in the paragraph abeve is a direct continu-
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ation of the boundary between the retinula cells (Figure 12). This

relationship is summarised in Figure 14A, B, C and D,

2:3:7:3 Relationship between distal and proximal rhabdomes:

Figure 11 demonstrates the asymmetrical nature of the junction between
the threc distal and four proximal rhabdomeres in the longitudinal plane,
where the junction of boundaries between adjacent cells of the two retinulae
may differ over a range of 6 u, The proximal rhabdome is wedged into the
stalk of the distal rhabdome, so that for some distance the rhabdomeres of
both may be observed in the same transverse plane (Figure 12C)° The
three distal rhabdomeres are always orientated in approximately the same
way with respect to the four proximal rhabdomeres, This relationship
reflects that of the corresponding retinula cells, which is summarised in

Figure 29E,

2:3:7:4 Orpanisation of the distal rhabdome:

The three rhabdomeres of the distal rhabdome display a iriradial
symmetry in all transverse planes along their length, Xach rhabdomere
is equally developed with respect to the two others (Figure 12A). In sections
showing the crystalline lens the riiabdome appears as a thin layer surrovnd-
ing that siructure and 1-3 u in width. A rhabdomere thickens gradually as
it reaches the base of the crystalline lens, developing a width of 3-6 u,
but adjacent rhabdomeres are still separated by the three narrow and
densely staining filaments of the crystalline lens secreting cells. It
should be noted that the Schaltzone, whilst reflecting the shape of the

distal rhabdome proper, may be much deeper than that structure.

2:3:7:5 Organisaiion and structural variation of the proximal rhabdome:

The proximal rhabdome shows variability in its organisation, between [(
different individuals, between rhabdomes of the same individual, and along
the length of a single structure. This differentiation occurs in boil the

rhabdome proper and the innermost layer (111) described above., The only

definite pattern emerging from a comparison of the same rhabdomes in
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different individuals is a tendency toward particular types of structure

for each of the six lateral ocelli,

As has already been stated, the innermost layer reflects the anatomical
organisation of the rhabdome proper - a natural result of its position in
separating rhabdomeres. Iis appearance thus shows considerable variation
also, as is illustrated diagrammatically in Figure 15. The more differenti-
ated structures tend to occur in the distal regions of the proximal rhabdome,
the simpler structures towards the base. Thus, X and H shapes are more
characteristic of the part of the proximal rhabdome near the crystalline lens,

I | and broken shapes may occur anywhere along the length of a proximal
rhabdome, whilst the | and O shapes are most characteristic of the poorly

developed basal part of the proximal rhabdome,

The rhabdomere proper surrounds the innermost layer, Itvaries
considerably in depth, from approximately 0.5 |1, particularly near the base,
to 3 or 4 . The greater depths of rhabdomere where they occur, do so in
the relatively distal levels of the proximal rhabdome., It should be noted
that in transverse sections of thin layers of rhabdomere, the width may be
ten or more times greater than the average depth., In Pieris larval ocelli
there may be considered to be two types of rhabdomere, ribbon-like and
rod-like, with gradations in between often merging from one to the other in
the same structure (eg. Figure 15A and D). A rod-like rhabdomere may be
divided partially or completely into two separate units for some distances
along its length. It may also, lacking the presence of the innermost layer
at some point, be in intimate physical contact with two or more of its neigh-
bours, A ribbon-like rhabdomere may be bent along its longitudinal axis inio
a U-shape, similar (Figure 15E) to that of the partially divided rod-like

rhabdomere (Figure 15B),

The proximal rhabdome is normally bilaterally symmetrical in cross
section along most of its length., Thus it consists of two pairs of identical
opposing rhabdomeres. One such pair may exert dominance in development
over the other for part or the whole length of the proximal rhabdome, Near
the base of the proximal rhabdome the dominated pair bmay disappear,

leaving only two opposing rhabdomeres. Less frequently only one rhabdomere
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‘may be absent near the base,

2:3:7:6 Comparison of rhabdomes of the six lateral ocelli:

The only pattern emerging from such a comparison from a number of
larvae concerns the parameters: rhabdomere-pair dominance; type of
rhabdomeres; and the axis of the dominant pair, Even here considerable

variation occurs, and the description below may be inadequate.

(i) Rhabdomere-pair dominance — Lateral ccelli 5 and 6 show practically

no dominance, Both are based on the X-structure which is maintained
for most of the length of the rhabdome, Near the base, however, one
pair may achieve dominance over the other. Lateral ocellus 4 shows

" weak initial dominance of one pair, but this is rapidly lost in an X
struc;ture until near the base, Lateral ocelli 1, 2 and 3 show a
variable degree of dominance. Lateral ocelli 1 and 3 are based on
the H and I [ structures, Distally these may show only weak dominance,

~ In the lower levels of the proximal rhabdome strong dominance may,
however, occur, particularly where distal dominance of one pair was
not too weak., Lateral ocellus 1 in particular may develop the

-structure of pronounced dominance. Lateral ocellus 2, based on

the H-structure, usually shows only weak dominance distally, but this
may become accentuated after a very short distance, The H-structure

is still, however, maintained,

(ii) Type of rhabdomere ~ In lateral ocelli 1, 2 and 3 both rod-shaped

and ribbon-shaped rhabdomeres are present., In lateral ocelli 1 and 3

. the ribbon-shaped rhabdomeres become physically dominant over the
rod-shaped rhabdomeres, consisting of a greater cross-secctional area.
In lateral ocellus 2 the 1rod-shape dominates the ribbon-shape. In
ocelli 4, 5 and 6, the U-shaped ribbon is universal from a short

distance below the junction of distal and proximal rhabdomes.

It might be noted here that the rod- or ribbon-shape of the rhabdomeres
is only a guide to the depth of the structure when considered together
with dominance and position along the length of the rhabdome. Thus,

a dominant rod structure is typically 3-4 (1 in diameter near the



(1ii)

49.

junction of distal and proximal rhabdomes, In transverse secticn,
a dominant ribbon structure is typically 1-3 u in depth and 5-8 y
microns in width at the same point, These dimensions become
progressively smaller as the base of the proximal rhabhdome is
approached, As a rough guide, where dominance is maintained, the
dimensions of the rhabdomeres are reduced to approximately two
thirds the distal value at half way down the proximal rhabdome, and one
third at the base., Where there is no dominance of one rhabdomere
pair over the other, then the depth of such a rhabdomere may be a
little lJess than that of a dominant one, Where a rhabdomere pair is
dominated strongly, then the depth of a constituent rhabdomere may

vary from one to one half a micron, or less.

Main axis of the dominant rhabdome pajr - The axes of the corneagen

and retinula cells remain much the same between lateral ocelli, making
allowances for their difference in position on the head. I'or example,
a series showing approximately transverse sections through lateral
ocelli 1, 2, 3, 4, 5 and 6 show corneagen and retinula cells in

similar positions with respect to the centre of the lateral ocellus. It
was apparent, however, that the rhabdomes of such lateral ocelli did
not maintaiﬁ the same orientation. Two factors contributed to this
state. Where dominant rhabdomere pairs are present, such dominance
will be found in different rhabdomere pairs in different lateral ocelli,
Thus, referring to I'igure 14, the dominant rhabdomere pair in lateral .

ocellus 1 is developed from retinula cells b and d, In lateral ocelli 2

~and 3, the dominant rhabdomere pair is developed from retinula cells

a and c, The second factor contributing to differences in axes of
dominant rhabdomes results in asymmetrical development of the rhab-
domeres with respect to retinula cell membranes, This is demonstrated

in Figure 14, lateral ocelli 1 and 3, A and C,

The net result of such factors appears to affect only lateral ocelli
1, 2 and 3. Here lateral ocelli 1 and 3 have rhabdomes whose main
axes of dominance are approximately at right angles to each other,.
In lateral ocellus 2, the main axis of dominance may be parallel to

that of lateral ocellus 1, or inclined to it at some angle.
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It should be stressed again that the forcgoing observations are only
very approximate, and whilst they are not quantitative, should suffice for

the presentation of a model if required,.

2:3:7:7 Dissection of the rhabdome:

In lateral ocelli removed from fresh, unfixed heads of fifth insta.r

Pieris brassicae larvae and teased to separate the rhabdome from the

surrounding retinular cytoplasm, both the distal and proximal rhabdomes
are easily identifiable (Figure 5). Thesc preparations also show that the
fresh rhabdome is not homogeneous in structure but consists of at least two
layers, one inside the other, In some instances the proximal rhabdome may
be teased into two separate but parallel "rhabdomeres'". The whole
rhabdome shows considerable mechanical strength coupled with some
elasticity. When fresh the rhabdome shows a greenish-yellow fluorescence,
particularly obvious in dim light, This fluorescence has been described

by Fisher and Kon (1959), and atiributed to the possible action of photo-
pigment, However, all small {ransparent structures differing appreciably
in refractive index from their surroundings show a similar phenomenon

under the microscope in weak light,

2:3:8 The Enveloping Membrane:

The enveloping membrane surrounds the retinula cells of the latexral
ocellus and in turn is surrounded by the corneagen cells. The membirane is
cellular, extending from thes glial cells of the nerve sheath (with which it is
apparently homologous) to the crystalline lens (Figure 11). The possibility
that the enveloping membrane contributes to the structure of the rhabdome
vas investigated with some care. From sections stained for collagen
(Mallory's) and some sections stained with Fraser Rowell!s, there was an
indication that the membrane envelopes at least the upper part of the crystallin:
lens., However, the membrane at this point becomes too thin to distinguish it
from the retinula cell membrane and the upper regions (;f the distal rhabdome,
so that it was concluded that the junction of the enveloping membrane with the

distal rhabdome corresponds to its distal limit,
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Proximally, the membrane is still extremely thin and often difficult
to detect. It thickens considerably only at points where nuclei are present.,
These nuclei are flattened to a disc-like shape, and vary considerably in
size and capacity to take up stain, recalling the properties of the normal
glial cell nuclei of the cells of Schwann (Figure 18). It is considered probable
that like the neuroglia the enveloping membrane is syncitial, although because

of its average depth of approximately 0.5-1 y, this was difficult to establish,

Towards the base of the lateral ocellus, the enveloping memb rane
becomes thickened to adopt the typical appearance of the neuroglia, with which
it is continuous., The nuclei in this region become correspondingly less

compressed,

2:3:9 The Optic Nerve:

Each lateral ocellus is extended proximally to form a short single ocellar
nerve of approximately 15-20 y in diameter, The six ocellar nerves converge
in pairs (ocellar nerves 1 and 6, 2 and 3, 4 and 5) after a short distance, and
then converge all together to form a compound nerve, the optic nerve (Figures
3 and 17) of diameter 30-40 microns. The optic nerve then travels inwards
for a short distance, bends around the mandibular adductor muscles towards
the centre of the head at an angle of 25° to the clypeal plane, and then moves
directly backwards to the brain (Migures 6 and 8). The optic nerve is about
1 min. in total length, and enters the brain above and in front of the point of

origin of the circumoesophageal connective,

Structure and histology:

The optic nerve consists of an outermost neurilemma enclosing a

neuroglial syncitium, swith both layers surrounding a central core of axons,

2:3:9:1 The Neurilemma:

This is a dense homogeneous layer, typically 0,75-1 u thick, which
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stains a uniform darkish grey with silver, but with darker staining at the
inner and outer boundaries. It has no cellular structure of its own, but
certain extrinsic structures may be seen within it, (1) Tracheae and
tracheoles, occasionally passing directly through the neurilemma (Figures

18, 19 and 21) although normally running some distance within the membrane
(Figure 20). The tracheae vary in size from large struclures passing

through into the axon mass, to small tracheae which can only be distinguished
from tracheoles by the presence of thin cuticular rings, (2) Tracheal

cells, present where the neurilemina has become greatly thickened to surround
them (Figure 19), The tracheal cell nuclei are surrounded by a minimum of
cytoplasm, and in size approximate to the glial cell nuclei from which they
may be distinguished by the presence of only one nucleolus and by less
densely staining nucleoplasm or chromatin granules (Figure 21). (3) Occasion-
ally, glial cell nuclei apparently project into the neurilemma, but close
observation indicates only the displacement of the membrane by the nuclei,
The neurilemma of the nerve is continuous with the neurilemma of the brain,

and also with the basement membrare of the epidermis,

2:3:9:2 The Neuropglia:

This consists of a syncitial layer inside the neurilemma, and is
presumably responsible for secreting the latter. Two types of nuclel are
apparent within the layer (Figure 18). {1) Small rounded or ellipsoid glial
cell nuclei, between 3-5 @ in depth, and with 2, 3 or 4 small nucleoli.
(2) Large polyploid Schwann cell nuclei, often 20 u or more in length,
ellipscid or disc-like in shape, and with a large number of nucleoli. The

nucleoplasm stains densely,

Neuroglial cytoplasm may be detected occasionally, together with
isolated Schwann cell nuclei, between individual axons of the axon mass
(Figure 17). The main layer of the neuroglia varies ccnsiderably in thickness,
being typically that of a glial cell nucleus plus some quantity of cytoplasm,
but varying from 2-15 u . In certain regions of the nerve, especially where
the ocellar nerves join to form the optic nerve, the neuroglial syncitium may

appear as two separate layers, one inside the other. The presence of this
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second layexr can be attributed to an infolding of the neuroglial cytoplasi
to separate individual axons, but in many cases it appears that the enveloping

membrane of the retinula cells originates from this layer., Tracheae may

occasionally be observed, particularly in this area.

2:3:9:3 The Axons:

Each lateral ocellus gives rise to seven axons of approximately 3-4 u
diameter (Figure 22A, B and c). Approximately forty—two axons of similar
diameter may be detected entering the brain (Figure 22E), It appears that
the retinula axons are continuous all the way to the neuropile of the brain;
no synaptic junctions were observed in any sections, retinula pigment granules
may be observed for as much as one third of the way along the optic nerve,
and Fraser Rowell!s Silver stain at pH 7,8 stains the total length of the optic
nerve to the neuropile in a distinctive way nct demonstrated by other axons.

In transverse section, the axons are three, four or five sided, Whilst the
axoplasm stains relatively uniformly at all times, neurofibrillar tracts can

occasionally be delected, particularly in the region of the ocellar nerves.

2:3:9:4 The fate of the Optic Nerve:

The passage of the optic nerve axons through the outer regions of the
brain to the neuropile can be followed easily using Frazer Rowell's Method,
The position of the junction of the optic nerve with the brain has already been
described, The axons after entry immediately turn through an angle of ninety
degrees to move upwards along the surface of the brain immediately below the
neurcglia, which at this point is a layer one or two cells thick., Here the
forty~-two axons are spread out into a thin flat layer ounly & few axons in
diameter (Fjgures 23 and 25), Approximately half way back along the length
of the brain the axon bundle divides into six smaller bundles which plunge in
towards the neuropile of the larval optic lobes, passing as they do so through
the developing adult optic lobes., (Figures 24 and 25). In this region, the
axons from the lateral ocelli become surrounded by large numbers of much
smaller axons from the neurones of the developing adult optic lobes. They

appear, however, to maintain their separate identity until they are {inally
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lost within the neuropile. The main axon tracts, glomeruli and neurone

layers of ithe latter stages of the fifth instar Pieris brassicae larva are

indicated in Figure 26, Attempts at detailed description were considered
to be outside the scope of the present work., It may be pointed out that the
use of the Fraser Rowell Silver Stain gave a different emphasis to the
structure of the larval brain from that indicated by the usc of other staining
procedures (eg. Ali, 1967). The figures are sufficient to indicate the
complexity of the neuronal connections in even the larval brain, which
consists largely of developing adult optic lobes, Elements of the larval

optic lobes were not distinguished from the rest of the neuropile.

2:3:10 The Tracheal Supply:

The gross anatomy of the tracheal supply to the head conforms to that
of Figure 28, Two large iracheae supply the optic nerve and lateral ocelli,
The first of these tracheae is concerned primarily with the supply to the
brain, but divides before it reaches it so that the lesser branch becomes
intimately involved with the posterior portion of the optic nerve. The second
of these tracheae originates as an early branch from one of two tracheae
concerned with the supply to the mandibular adductor muscles, This second
branch ultimately divides into two near the region of the lateral ocelli,
sending one trachea to these structures and the other to the anterior portion
of the optic nerve, There is some evidence that the branches supplying the
posterior and interior portions of the optic nerve are continuous, Each of
them sends off many small tracheae into the tissues of the optic nerve, The
branch supplying the lateral ocelli divides many times before it reaches them,
the subsequent small tracheae developing a highly convoluted appearance in
the region of the epidermal basement membrane before they send off even
smaller tracheae and tracheoles to the cells of the epidermis and to the
lateral ocelli, Small tracheae of approximately one micron diameter may be
frequently observed between the enveloping membrane and retinula cells of

the lateral ocellus.



24  ELECTRON MICROSCOPY

Electron micrographs of the lateral ccelli of Fieris brassicae were

prepared from material fixed in isotonic cacodylate buffered glutaraldehyde
and post fixed in veronal acetate buffered osmium tetroxide (Smith, 1966).
The fixed tissue was dehydrated in aleohol and embedded in Araldite resin

(C,I.B.A..), sectioned with a diamond knife and stained in lead citrate.

Results:

The micrographs supported information obtained from normal histolo-
gical material, The gross stiructure of the rhabdome appeared as has
alre'ady been described. The inner layer of the rhabdome appeared as a
homogeneéus electron—-dense ground tissue (Plate 1). The inner layer of
normal histological sections is probably produced by separation of adjacent
rhabdomeres as differential volume changes take place during fixation,

The membranes described in 2:3:7:1 and shown in Figure 13 are probably

the remains of the real inner layer., The main differences cbserved between
histological and electron microscope sections were in the lack of a well
defined Schaltzone and the close proximity of pigment granules to the
rhabdome., As the specimens were prepared in strong direct sunlight, this
is interpreted as possible evidence supporting retinula pigment migration

of the type found in apposition—-type compound eyve ommatidia,

2:4:1 The Crystalline Lens:

Fine granular cytoplasm surrounds the whole structure and separates
the three component lenses (Plate 2, layer A). The main bulk of the lens
;onsists of coarse aggregations of granules in a finely—-granular background
(layer C). Between the cytoplasm and the main bulk of the crystalline lens
is a transitional layer of large, evenly distributed granules (layer B).
Within this layer may be found mitochondria and dense spherical aggregates
of granules (Plate 3). There does not appear to be a cléa,r membrane
separating the crystalline lens from the rhabdome, although the finely granular

boundary layers shows a longitudinally orientated endoplasmic reticulum,
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2:4:2 The Rhabdome:

The ulirastructure of the rhabdome corresponds to that described
for typical compound eye ommatidia (eg. Fernandez -~ Moran, 1958;
Goldsmith, 1 962). Each rhabdomere consists of a large number of approxi-
mately radially orientated tubules (the microvilli) of diameter 500-1,000 ./g‘ .
These are packed to resemble a honeycombe in cross—section. I¥ach tubule
consists of an electron-opaque outer wall with granular deposits on the
inside and a more or less clear area in the centre (Plate 4), The tubules
are separated by a very narrow electron-transparent space, In the distal
rhabdomne, the tubules may occur in groups separated by small arcas of
electron—-opaque material (P1ate 2), similar to the inner layexr of the proximal
rhabdome . Also within the distal rhabdome, the length of groups of tubules
may vary on the side of the crystalline lens (Plate 2). One or more tubules
may also be followed for some distance outside the main body of the rhabdome
as they pass into the retinula cell cytoplasm (Plates 5 and 2). At opposite
sides of a single proximal rhabdomere, tubules may be orientated at angles

of between 502 and 140 ? with respect to each other.

At the retinular cell end of each tubule, one of several situations may
be observed, particularly in the proximal rhabdome (Plate 1), The tubule
may be closed or open. If open, it may merge into an elongated vesicular
structure which at a distance from the rhabdome (Pla.te ?') may achieve a
diameter of 5,000 X . The contents of this vesicle are electron-transparent
or weakly granular, but may include densely opaque bodies (Plate 1). The
walls of the vesicle are electron-opaque. It is not clear whether one or
more tubules merge into a vesicle, The vesicles are orientated approximately
;adially, and are probably responsible for the orientated appearance observed
in the Schalizone and occasionélly the retinula cell cytoplasm under the light
microscope. The Schaltzone of normal histological sections may be an
artefact resulting from swelling of these vesicles. Swelling of such a series
of tubules radiating from the rhabdome would cause pigment granules between

them to be pushed away from the rhabdome, thereby creating the Schaltzone.

It is also possible that such a mechanism might correspond to the actual

method through which pigment movements of this kind take place during 1'lght/
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dark adaptation, The distance such vesicles extend into the retinula cell
corresponds to the depth of the Schaltzone in histological material,
Electron micrographs of the dark-adapted Locusta ommatidium (Horridge,
1965) show vacuoles which might also be attributed to a similar mechanism,
In addition to these vesicles, fine neurotubules of approximate diameter
200 /2. may be occasionally observed radiating from the rhabdome. The
vesicles and the neurotubules can rarely be identified at more than a short
distance from the rhabdome. Four desmosomes (Plates 7 and 8) may be
observed immediately outside the rhabdome at each of the four boundaries
between adjacent proximal retinula cells., Desmosomes were also observed

in the distal retinula,

2:4:3 The Retinula Cell:

Within the cytoplasm of the retinula cell, spherical pigment granules
(diameter 2-14 ) and mitochondria can be observed, together with other
structures which arc not as easily identified. Pigment granules are densely
packed around the distal rhabdome for a distance of perhaps 2~10 U .
Further from the rhabdome they may be sparsely distributed. They also
surround the proximal rhabdome for some distance, although they are less
densely packed, There is no evidence of an unusual concentration of
mitochondria around the rhabdome. These are scattered throughout the
retinula cell, but found in greatest numbers near the centre., When likely
sites of energy transfer are considered (cell boundaries and the rhabdomc),

this distribution of mitochondria is not to be expected,

* The mitochondria vary in dimensions, ofien reacgling a length of 2 y
.or more. In diameter they are typically about 3,000 A, (Plates 9 and 10),
The cristae are not as regularly arranged as in many mitochondria. The
mitochondria themselves often present a swollen appearance in which cristae
are partly absent (Plates 11 and 12). The endoplasmic reticulum was not
defined well in the sections, However, both granular and agranular reticulum
may be seen (Plate 9). In addition, the reticulum may occasionally be
arranged into concentric circles or spiral whorls (Pla‘ce 9 ) Endoplasmic

reticulum cisternae (Plate 10) are fairly frequently encountered., Present
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throughout the cell are numbers of electron-opaque, spherical bodies,
containing spherical electron-transparent areas arranged in a fairly

regular honeycomb pattern (Plates 11 and 13). These may be multi-

vescular bodies, although the internal contents do not resemble closely

any of those described in the literature (eg. Smith, 1968). Within the
electron-transparent areas are granules which may be regularly arranged.
These "honeycomb" bodies vary in size and may exceed 1 | diameter.

The diameters of the electron-transparent areas inside are fairly constant
at about 700 1(-‘)& . A second common organelle which has also not been identified
from the literature, is represented by elongated or cigar-shaped bodies.
These bodies consist of two pairs of membranes, one enveloping the other
and separated by a distance of electron-transparent material, The central
core is also electron-transparent. The length of these organelles may

be greater than { U, with a diameter of 2,000 X . Plates 6 and 12 show
them in both longitudinal and transverse sections, A third organelle obser-
ved only once (Plate 1) apparently consists of four concentric double

membranes connected to the rhabdome by a strand of electron-opaque material,

The lateral ocellar enveloping membrane (a glial cell membrane) sends
a series of ine branching processes some distance into the cytoplasm of
ihe retinula cell (Plate 14), Within the larger of the processes are mito-
chondria. The endoplasmic reticulum of the processes is evenly granular
and occasionally appears as broad lengths of membrane on the outside of
which are regularly spaced granules, In the retinula cell are large aggre-—
gates of finely granular material which may be glycogen, underlining the

transport and nutritive functions of the enveloping membrane,
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3, MEASUREMENT OF OPTICAL PARAMETERS IN THE LATERAL CCELLUS

3:1 REFRACTIVE INDICES

3:1:1 Introduction:

A knowledge of the refractive index values of all structures concerned
with the channelling of light energy to the photosensitive volume is a crucial
factor in any attempt to gain insight into the optical behaviour of a photo-

receptor. Within the lateral ocellus of the larva of Fieris brassicae, refrac—

tive index values must be obtained for the layers of the corneal lens, for the
corneagen cell cytoplasm between the corneal and crystalline lenses, for the
crystalline lens and for the different layers of the rhabdome (including the

Schaltzone).

Sidman (1957) obtained refractive index measurements for the components
of rods and cones from the retinas of a representative group of tetrapod
vertebrates, As was indicated in 1:3:2, no such measurements have been
obtained for components of an insect photoreceptor, although several authors
(eg. Homann, 1924; Kuiper, 1965) have obtained values for the corneal
lenses of compound eye ommatidia and adult ocelli, Horridge (1965) assumed,
by analogy with vertebrate rods and cones, that the refractive index of the
rhabdome in Locusta is 1.39-1.,40, Other authors have estimated the refractive
indices of rhabdomes and crystalline cones through the use of similar analogies,
Such a lack of real information may seem surprising where interest in visual
optics is so pronounced, but it will be seen from the paragraphs below that
the problems in obtaining reproducible measurements of refractive index within

the softer tissues of the insect photoreceptor are somewhat complex.

3:1:2 Methods and Preliminary Results:

In general, methods for measuring refractive indices may be considered
as belonging to three types, Of these, the first involves quantitative measure—
ment of any simple optical properties depending upon refractive index, eg.
apparent depth, critical angle for total internal reflection, and focal point.
The second type depends upon direct observation of the presence or absence

of a phase difference between the surrounding medium and the object whose
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refractive index is to be determined., Lack of a phase difference, detected
either through the absence of a Becke line or through equal luminosities
under a phase coantrast microscope,. indicates identical refractive indices,
The third type involves the precise measurement of phase difference
between the object and surrounding medium through the usc of any of a

number of interferometric optical systems,

The application of these methods to measurements of refractive indices
of structures within the lateral ocellus is considered in some detail below,

All values given are the mean values, + half the range obtained.

3:1:2:1 Critical angle and focal point:

When a ray of light travelling from a more optically dense to a less
optically dense medium strikes the interface between the two media at an
angle so that the ray is just reflected, then the sine of the critical angle,
the angle between the incident light ray and the normal to the interface,
is equal to the refractive index of the less dense medium divided by the
refractive index of the more dense medium, Any experimental procedure
based on this relationship must be qualified by a knowledge of the refractive
index of one of the media, together with a knowledge of the oricntation of
the incident light ray relative to the surface of the object whose relfractive
index is to be measured. With the small, delicate and inaccessible structures
considered here, there is apparently no practical way of controlling these

factors,

Similarly, accurate determination of the focal point of a beam of light
passing through any of these structures must also be rejected as impractical,
beyond, perhaps, the special case of the corneal lens, In the larval ocellus
of Pieris, observation of frozen scalps showed an extremely diffuse focal
point due to spherical aberration and to scattering and reflection phenomena,
so that measurement of focal length could not be accurate even for this

special case,
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3:1:2:2 Apparent depth:

The relationship between real depth, apparent depth and refractive index
is well known, Two authors in particular have considered application of the
relationship to biclogical material under the microscope. Addey (1922)
formulated the conditions for normal histolopgical preparations, whilst Galbraith
(1955) considered the practical limitations of the method in greater detail,
Lange and Engstrdm (1954) surveyed various methods for obtaining the real

depth of histological and cytological samples,

A preliminary attempt was made here to use the method to determine the
mean refractive index of the corneal lens, Specimens were prepared by the
removal of the head of a caterpillar under anaesthetic and placing it upon the
well-illuminated stage of an obsecrvation microscope with calibrated vertical
movement. The apparent depth of the corneal lens was measured first by
focusing on the centre of the lower surface of the corneal lens, possibly
because of the difference in optical texture of the lens and the cytoplasm
beneath, and then moving the focus through a calibrated distance to focus on
the centre of the upper surface of the lens., Several measurements were
made for each lens, and their mean taken as the true value, For ten lenses
measured in air in this way, the mean value obtained was 39,702 u -+ 1,824 .

Using the formula

n (object) real depth of the object

R —

n (immersion medium) apparent depth of the object,

wherée the real depth of the lens is 61 1 (Table 13), the refractive index
range obtained for the corneal lens was 1.4734 -1.6149 with & mean value of
1.5365. It was evident that the estimate of the refractive index of the lens,
under the conditions outlined above, could only be approximate. More

accurate calibration would have improved accuracy but was not available.

Measurement of the apparent depths of other structures within the
lateral ocellus was considered, but not attempted for the following reasons,
0 . . : :
Brattgard (1 953), using a precisely calibrated Leitz Ortholux microscope

at a magnification of X1500, showed that the standard error of this method
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under the carefully controlled conditions of his experiment was + 0,156 u.
Within the lateral ocellus, sections of the rhabdome could only be 2-5 u
thick, and on the assumption that accuracy of the order of Brgxttgardfs
could be achieved, this would mean a standard error of apparent depth
measurement of + 5-1 0%, which in turn could only give meaningless values
when converted to refractive index. A sccond factor is the problem of
determining the real depth of microtome-cut sections. It is known (eg.
Glimstedt and I-Iglcaxlsson, 1951) that the calibration of the microtome is

a very poor criterion for the depth of sections cut upon it.

3:1:2:3 The Becke line and phase contrast microsccopy:

As has already been stated, the Becke line method depends upon the
elimination of optical boundary effects between the object whosc refractive
index is to be measured and the medium in which it is immersed. These edge
effects will disappear only when the refractive indices of the object and the
medium are identical, The method has been applied with success in mineral-
ogy where optically homogeneous crystals are immersed in a series of
organic solvents or oils until a matching refractive index is found., The use
of such immersion media is excluded where the physical composition and
structure of biological materials are liable to be altered on immersion,
Equally, the use of aqueous solutions of most electrolytes and non-electrolytes

causes profound alterations to living tissues,

In spite of these difficulties, earlier measurements of refractive index
were obtained by this method (eg. Cornwell, 1955), Its application to hard
biclogical materials such as cuticle (Richards, 1 951) probably introduced
only slight distortion of the tissues after prolonged immersion, although
relatively soft endocuticle must allow fairly rapid penetration. Measurement
of the refractive index of the corneal lens of the lateral ocellus of Pieris by

this method gave a value of 1.525,

Barer and Joseph (1955a) and Barer (1 957) found that tissue cultures
would survive for considerable periods of time in an agucous solution of
bovine plasma albumin of low or intermediate concentration (ie. below concen-

trations of 20-30% w /V). This protein may be dissolved in distilled water
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up to a concentration (w /\) of 55%, giving a refractive index of approximately
1.435. It is thus ideal as an immersion medium for refractive indices of
between 1.3329 and 1.4347 for the purposes above, Barer (1957) points out,
however, that "phase contrast microscopy is undoubtedly one of the most
sensitive methods of refractometry', so that there appears to be little point
in making use of the Becke line method where a phase contrast microscope is

available.

With this in mind, a series of solutions of different concentrations of
bovine plasma albumin (Armour Pharmaceutical Co. Ltd., Eastbourne) were
prepared, Fach solution was adjusted with an appropriate weight of sodium
chloride to give an osmotic pressure equivalent to that of 0.9% saline (Barer
and Joseph; 1955b). A Wild M,20 Phase Contrast Microscope with dark field
was used for observation of matching media. Problems were encountered in
the reduction of unwanted tissue surrounding structures whose refractive
indices were to be measured, and also with anchoring these structures during
changes of plasma albumin, Difficulty was also encountered in deciding the
match of a tissue as a result of the halo effect described by Barer and Joseph
(1955b). Nevertheless, the refractive index of the corneagen cell was found to
approximate that of a 15% solution of bovine plasma albumin, giving a corres-
ponding refractive index of 1.36074 where the refractive increment of protein
is taken as 0,00185., The refractive index of retinula cell cytoplasm plus
the screening pigment granules appeared to correspond to a 40% albumin
solution with a refractive index of 1,40699, and the crystalline lens cytoplasm
to a 43% solution of refractive index 1.41254, Other structures, the crystalline
lens, corneal lens and rhabhdome did not undergo reversal in solutions of up
to 50% albumin, suggesting that their refractive indices wexre higher than
1.42549,

It shouid be noted that these values are not entirely to be expected where
comparisons are made with the experimenial and estimated values of other
authors. For example, the refractive index of cytoplasm is normally quoted

at 1.35426, the equivalent of an 11.5% protein solution. In addition, values

[@)]

could not be obtained for the refractive indices of the main optical component

of the lateral ocellus, Consequently, further information must be sought
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through the use of other methods — namely phase change measurements by

means of the interference microscope.

3:1:2:4 Interference microscopy:

The interference microscope is capable of measuring the phase difference
between an object and the surrounding medium to a high degree of accuracy
where conditions are ideal (Ross, 1967). It may be used for measurements on
both living and sectioned material. ‘Besides the lack of a need to match the
refractive index of the immersion medium with that of the object being measured,
interference microscopy has advantages over phase contrast microscopy in
that it allows the measurement of refractive indices of cell inclusions, and in
that optical artefacts are largely eliminated. The use of the interference
microscope for refractive index measurements on biological material has
been dealt with in book form by a number of authors. In particular, Hale (1958)
and Ross (1967) have summarised the techniques and limitations of interference

microscopy.

Formulae:

Two basic formulae for the relationship of phase change to refractive
index are mentioned below, together with several more important formulae

derived from them.

(1) Hale's equation 37, for tissue of refractive index Iy immersed in a
non-penetrating medium of refractive index no. Am is the optical retarda-

tion observed in the object of depth t.

= n - .
a o= (n_ -n )t

From this formula may be derived Hale's equation 38, where t cannot be
measured, and instead the optical retardation Aw is measured again between

the object and a second immersion medium of refractive index Hw .




and Halc's equation 40,

(2) Hale's equation 50, for tissues of solid content of refractive index
np , the tissue being completely penetrated by the immersion medium of
refractive index noe t is the thickness of the object being measured,
(1——f) is the fraction of the volume of the solid content to the total volume,

and Am is the optical retardation observed in the tissue penetrated by the

immersion medium,

AL v e -1)
Hale's equation 37 was used in attempts to measure the refractive

index of optical components of the lateral ocellus from frozen sections of

unfixed tissue. These experiments are discussed immediately below. An

alternative method using fixed material is outlined in 3:1:3.

Results from frozen sections:

Frozen sections were prepared as in 3:3:2:3, and also under more
rigorous conditions using facilities made available by the Nuffield Institute
of Comparative Medicine, London, and by the Department of Zoology,
University College, London, Sectioned tissue was subsequently transferred
on slides to the microscope either in saline, in the dried condition, or in a
"stabilised" state with 0.1% formaldehyde in saline, Readings from most
groups of sections indicated refractive index variations over unacceptably
wide ranges, Such variation was atiributed to (a) lack of control over
section depth, where a variation of + 0.5 {4 is critical; (b) mechanical
and chemical disintegration of sectioned material which was only partially
reduced by "stabilisation"; (c) artefacts occurring during preparation of
sections for the microscope (eg. during drying and rehydration). Control
of this variation was possible in sections of dense tissue such as cuticle
or vertebrate liver, Refractive index values for the corneal lens of the

lateral ocellus are given in Table 1, where variation in the values obtained
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is well within acceptable limits. The unsupported tissues of the lateral
ocellus continued to give refractive index values which were largely
unacceptable in spite of repeated attempts to reduce the variation. Never-
theless, results from two groups of sections which showed relatively little
variation are given in Table 2. These refractive index values must be
considered as being of doubtful significance in the absence of some indication

as to the size of errors between real and experimental values,

It was evident that the introduction of agar or gelatine into. the head
before sectioning would have increased the support for tissues of the lateral
ocellus, However, because this would have demanded preliminary fixation
to stabilise the detached tissues during impregnation and because of the
basic inadequacies of thin frozen sections, the alternatives of wax or araldite

embedded tissues were considered more seriously.
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REFRACTIVE INDEX OF THE CORNEAL LENS (FROM FROZEN SECTIONS):

Specimens cut at 5u ,

observed in light of A = 546.1 mu.

mounted in medium of refractive index 1.3450

Specimen

Phase retardation (in degrees)

(in degrees)
-+ half range.

No. Epicuticle Exocuticle Endocuticle

1 371 340 259

2 377 333 257

3 362 308 191

4 369 301 192

5 371 354 271

6 368 348 283

7 356 334 282

8 350 300 223

9 347 291 211
Mean phase
retardation 363 £15 323 +32 241 +46

Mean
refractive
index,

+ half range.

1.5650+ 0,0091

1.5407 + 0,019%

1.4910 + 0.0279




TABLE 2,

REFRACTIVE INDICES FROM FROZEN SECTIONS

Observed in light of X = 546.1 mpu, mounted in either medium A

(refractive index 1 .3329) or medium B (refractive index 1 .3450).

Section Phase Retardation Refractive
Thickness Medium (in degrees) Index

Corneagen 5 U A 54 1.3656

Cell

Cytoplasm. 5 1 A 50 1.3632
5 K A 52 1.3644
5 u A 52 1.3644
5 K A 50 1.3632

Mean refractive index for corneagen cell cytoplasm = 1,3642

(+0.0012 half range).

Crystalline 6 u B 259 1.4758

Lens., 5 1 A 230 1.4723

Mean refractive index for crystalline lens =1 ,4741 (i-_ 0.0018 half range).

Schaltzone, 5 U A 147 1.4220
5 M A 185 1.4450
4 1 A 132 1.4329

Mean refractive index for Schaltzone = 1.4333 (+0.0120 half range),

Rhabdome 5 1 A 240 1.4783
5 K A 239 1.4767
5 A 255 1.4874
6 U B 215 1.4536
6 B 230 1.4612
6 u B 260 1.4763
6 u B 265 1.4788

Mean refractive index for rhabdome = 1.4732 (+0,0169 half range).
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3:1:3 The Measurement of Refractive Index of Living Tissue from

Electron Microscope Sections:

3:1:3:1 Theory:

It has already been implied (3:1:2:3) that the volumes of cells and cellular
organelles change during normal histological fixation, and that refractive
index measurements on such fixed material are consequently likely to be
inaccurate. Material for the electron microscope, however, is fixed and
prepared under exceptionally rigorous conditions in order to reduce physical
changes in the cytoplasm to a minimum., It may be assumed that volume
changes during this preparation are minimal or absent, and hence that the
refractive index of the tissue embedded in araldite is simply related to the

refractive index of the fresh tissue by Hale's equation 50,

If it is assumed that the refractive index (n ) of the solid content of a
tissue is similar when fixed in any good cytological fixative, then the value of
n_ in Gilson's fluid or formaldehyde (for example) is identical to that in
isotonic buffered glutaraldehyde. Thus, whilst the value of n_ in an electron
microscope section cannot be determined directly because of tli)e permanence
of the embedding medium, it may be determined from normal histological

sections with the equation

n = A1‘n2 - A2un1 'ooco (1)

A‘l - Ag

derived from Hale's equation 50 as was Hale's equation 38 from equation 37,
where Ay is the phase change resulting from an object permeated by a medium
of refractive index n;, and A, 1is the phase change resulting from the same

objecil permeated by a second medium of refractive index n,,

It follows, then that by measuring the phase change (A3) of a tissue
prepared for electron microscopy, we should be able to find the {fraction of

solid content to total volume of that tissue, (1 -1).

eg. Q-1) = A, (2)

(np - na) t
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which is simply Hale's equation 50, where n is the refractive index of the

embedding medium, and np has already been found (equation 1).

However, the thickness of microtome cut sections (t) is variable and
extremely difficult to calibrate accurately with normal techniques (Galjaard
and Szirmai,l 965). The thickness of an individual section may be determined

from Hale's equation 37

-

eg. t = A

veo. (3)

(0 -n,)

where A, is the phase change measured between the embedding medium of

refractive index n, and a surrounding medium of refractive index nj,

With values for t, (1 - f), np, n_s N3 and &, D2y N, Ay We are now
able to calculate the hypothetical phase change (&) the tissue would undergo

in saline of refractive index n_, where

A = (np—ns)t. (1-1) cee. (4)

and because the refractive index calculated for the tissue in saline should

correspond to the refractive index (n) of the living tissue

cee. (5)

= +
n .15\_ ns
t

Inserting equations 2, 3 and 4 into equation 5, we have

n == (np—ns)t(l—-f) + n

S

t

= (n -n ) A3 4 n
S S~ B s

(np—-na) t

= (np—-ns) As (na--n3) + n

s ceo. (6)
(np—na) A4

where n, is given by equation (1).



3:1:3:2 Lxperimental Technigue and Results:

As was indicated in the outline of the theory, three sets of measurements
are required, These are (1 ) the refractive index (n ) of the solid content of
the structures being measured; (2) the refractive index of polymerised
araldite; and (3) the phase retardations of the araldite impregnated structures

and of the pure araldite of the same thickness.

The refractive index of the solid content of normal and "cartohydrate-
impregnated" cytoplasm was found by measuring the phase retardations of
the corneagen cell cytoplasm and of the crystalline lens, previously fixed in
Gilson's fluid and for the measurements immersed consecutively in distilled
water and in glycerine. The sections were obtained by cutting in ester wax,
care being then taken to remove all traces of wax (Nedzel, 1951 ) . Removal
of wax was achieved by bringing the sections from xylene to water and back,
several times. The results (Table 4-) gave values of n_ both for normal
cytoplasm (1 .6284) and for the crystalline lens (1 .624-0). Equation (1) of

3:1:3:1 was used to calculale these values,

The refractive index of polymerised araldite was found using Hale's
equation 38 on measurements of phase retardation in both air and distilled
water. The results are summarised in Table 3 and give a mean refractive

index (na) for araldite of 1.5384 + 0,0038,

Sections for measurements of phase retardations of araldite~impregnated
tissue were fixed and embedded as for electron microscopy (2:4). A diamond
knife was used to cut sections at depths of between 1 and 3 u, the sections
being subsequently mounted loosely on glass slides. Readings were obtained
by setting the crossed polarisers cf the Zeiss interference photomicroscope
at zero for air, measuring the linear phase difference between the araldite
and araldite-impregnated tissues (A3). Phase differences greater than one
wavelength (546.1 mu or 180°%) were measured with the aid of a guartz wedge.,
Equation (6) of 3:1:3:1 was used to calculate the refractive indices of the
living structures of the lateral ocellus from these measurements, where n
was taken as 1.3430 and n, as 1.0000, The results are summarised in
Tables 5 - 10,
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THE REFRACTIVE INDEX OF ARALDITE (na_)_;

Ain air) A (in watér) n (araldite)
mp my
1886.46 127.8 1.54217
1850.1 706.59 1.53876
1834.,95 691 .44 1.53453
1841.01 694 .47 1.53470
1856,16 712.65 1.54155
1844 .04 709.62 1.54130
1934, 94 730,83 1.53545
1847.07 703.56 1.53788
1656.18 633.87 1.53947
n = Mean refractive index for araldite = 1.,5384 (j-_ 0,0038 half variation).

This variation will result in a range of error for the estimated thickness of

sections., For example, where the real section thickness is 3 U, a range of

30 ° phase difference is possible, Thus the range of error for estimated

thickness will give a mean of + 1 .23% where 1.5384 is taken as the refrac-—

tive index of the araldite,.
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TABLE 4,

THE REFRACTIVE INDEX OF SOLID CONTENT OF CYTOPLASM (np)_:

np = A1 . Ny = As, n4
A1 - &2
Ay (1__E_’>~Q )for water A, 180 )for glycerine np
546.1 546.1
Corneagen cell, 4490 230 1.6284

Crystalline lens, 130° 67° 1.6240
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TABLE 5,

THE REIFRACTIVE INDEX OF THIE CORNEAGEN CELL,

A (araldite) A (tissue)

583 ° - 591 0

540 ° - 5480

542° - 550 0 Mean 540.93° -  519,36° (8,43°)
5820 - 591 ©

4920 - 500 ©

5579 - 563 °

607 ° - 614 ° . . refraclive index = 1.3614,
4620 - 4730 '

5409 - 548 °

5790 - 588 0

5300 - 537 °

5630 - 5730
567 ° - 57690
429° - 439°

THE

TABLE 6,

REFRACTIVE INDEX OF THE CRYSTALLINE LENS-SECRETING CELL

(CYTOPLASM)

540 0 - 567 ©
5420 - 5640 Mean 538.8° - 566,29 (27.49)
5820 - 61579

5790 - 6129

45190 S 4730 ,'. refractive index = 1.,4234,
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THE REFRACTIVE INDEX OF THE CRYSTALLINE,LENS—SECRETING CELL

(NUCLEUS)
A (araldite) A (tissue)

540 ° - 586 9

5420 - 588 0 Mean 435,2%5 472° (36,89)

2430 - 263°

2759 - 299°

576 ° - 624 ° .". refractive index = 1.4826,
TABLE 8.

THE REFRACTIVE INDEX OF THE SCHALTZONE

582 0 - 602°
4920 - 520° Mean 546.6° - 570,6° (24°)
5790 - 602 0

. 5660 - 586 °

514 © - 543 0 .'. refractive index = 1.4112.



A (araldite)

4460
5839
540 ©
54290
5409
5799
5300
567 0
566 °
4290

Mean 532.2°

- . X ! 1 T )
A (cr3 stalline lens) 400 50
- 478°
- 627°
- 573 ° o o
o}

- 5739
- 570°
- 62709
- 560 ¢
- 616°
- 600°

- 46579

- 568.9° (36,79
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Only a calculated 22% of the variation

-shown above may be attributed to

observed differences in the refractive
index of the araldite,

The remaining 78% must largely be due
to .

(a) real variation in the refractive index
of the crystalline lens, or.

(b) the result of a loss of part of the
content of the lens during preparation of
the material,

or both (a) and (b).

Such variation was occasionally noted in
sections, which however were not used to

obtain the measurements above.
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TABLE 10,

THE REFRACTIVE INDEX OF THE RHABDOME

A (araldite)

504 ©
4380
54.0°
542 0
582 °
579 °
563 0
376°
514 °
4700

Mean 510,89 -

. ) . refractive index = 1.4833
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A calculated 66% of the variation shown
above may be attributed to observed
differences in the refractive index of

the araldite,

DIFFERERENCE —>




TABLE 11.

SUMMARY OF REFRACTIVE INDEX MEASUREMENTS
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Method CORNEAL LENS ‘Corneagen *Crystalline Crystalline
of Measurement] Whole Cell Lens-secreting | Lens-secreting| Crystalline
Lens .Epicuticle Exocuticle Endocuticle Cytoplasm Cell Cytoplasm Cell Nucleus Lens Schaltzone | Rhabdome
Apparent 1.537
Depth, +
Ol071
Becke
Line 1.525
Phase
Contrast >1.425 1.361 1.413 >1.425 >1.425
Frozen 1.565 . 1.541 1.491 1.364 1.474 1.433 1.473
5| Sections + + + s T + s
8 0.009 0.019 0.028 0.001 0,002 0.012 0,017
8
&
9
P
Araldite
& Sections 1.361 1.423 1.483 1.459 1.411 1.483
+ +
) = =
b 0.026 0.011
T
)
+
=
np. 1.628 1.624

NOTE: Values given are the mean values, * the half range of values obtained.,
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3:1:4 Discussion of Results:

Refractive index values obtained by the methods described above are

summarised for comparison in Table 11,

Within limits normal for biological material and for such differences
in method, the refractive index values obtained for t%}e components of the
lateral ocellus are not contradictory. The refractive index measurements
obtained for the corneal lens are within the range of values obtained by other
authors. For example, Dethier ('I 942, 1 943) obtained values of 1.56 - 1.57
for the epicuticle, 1,53 for the exocuticle and 1.52 approximately for the
endocuticle of the lateral ocellar corneal lens in Isia larvae, The values

obtained for the endocuticle in Pieris brassicae are lower than those of

Isia, but are not outside the range given by Richards (1951 ). However, the
refractive index values obtained for the corncagen cell ecytoplasm, the
crystalline lens, the rhabdonme and other structures are consistently higher
than previous estimates (eg. Sidman, 1957; and Ross, 1 967) have indicated .
In spite of the marked correspondence between values obtained here by

different methods, can the results be treated as approximately correct?

Barer and Joseph (1955¢) state that the refractive increment of cyto-
plasm (protein) is 0.00185 and that of a carbohydrate /protein complex may
be taken as 0,00170. From the first value, the percentage solid of the lateral
ocellar corneagen cell cytoplasm (expressed in grams /100 cc. solution) is
estimated as 15.7% for a refractive index of 1.361. Typical values quoted
by Ross (1967) are in the region of 12% for cytoplasm, but may be very much
higher in specialised cells. Thus the value obtained here for the refractive
index of corneagen cell cytoplasm is well within acéeptable limits, The
percentage solid of the crystalline lens equivalent to a refractive index range
of 1.433 - 1,485 is 58.8 - 87%, and that of the rhabdome equivalent to a
refractive index range of 1.472 - 1.494 is 75.1 - 87%. As 100 cc. of protein
weighs approximately 130 g., a 130% protein "solution" is the maximum
possible. The percentage solid ranges calculated for both the crystalline
lens and the rhabdome are well inside this range. In addition, the chemical
and mechanical consistency of the crystalline lens is rather similar to that

of newly -secreted endocuticle, whilst the rhabdome shows high mechanical
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strength (2:3:5 and 2:3:7:7 respectively), so that high refractive indices
might be expected on these bases. Thus whilst the values obtained for

the refractive indices of optical components of the Pieris brassicae larval

lateral ocellus are higher than was expected, the ranges indicated are

likely to be approximately correct.

The values obtained for the refractive indices of the solid contents of
both the corneagen cell cytoplasm and the crysialline lens are also unexpectedly
high, The results obtained by the method outlined in 3:1:3 may be criticised
for this reason. In fact the refractive index of pure dehydrated protein is
usually given as 1.54 -1.58 (Ross, 1967), where these values have heen
obtained by measurement of the index of the total tissue, including the spaces
between protein fibres and between the elongated protein molecules.
Dehydration can reduce but not eliminate the effect of these spaces and aqueous
molecules occupying them. The refractive index value obtained here {n_) is
for the solid content of protein not penetrated by aqueous molecules, As
the penetration of water and unpolymerised araldite at 50 °C, into a tissue
are likely 1o be similar (see Galjaard and Szirmal, 1965), the refractive
index of dehydrated protein cannot be equated with that of the solid content of
protein — the latter representing a limit which can only be hypothetically

reached by the former.
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3:2 RADII OF CURVATURE - BENCH METHODS

3:2:1 Introduction:

Standard bench methods for measurement of the radius of curvature
of the surface of a lens were inadequate because of the problems inherent
in the small dimensions of the structures to be measured. However, Homann
(1924) used a formula involving the ratio of the reflected image diameter /
object diameter to determine the radius of curvature of the upper surface of
the dorsal ocellar lens of Eristalis. This formula was later modified by

Cornwell (1951) for Locusta and Calliphora. An attempt was made here to

use both formulae to measure the radius of curvature of the upper surface of

the lateral ocellar corneal lens of Pieris brassicae larvae, but for theoretical

reasons outlined in the text below the values obtained did not correspond to

those indicated by direct measurement of frozen sections,
Homann's formula,
2.by.X

a - 2.b1

where a, by and X are defined as in Figure 338, assumes that the radius of
curvature is equal to twice the focal length, This is approximately correct
where the angle of incidence (Figure 31) is very small, However, for a thick
lens as the angle of incidence increases the focal length decreases to zero

and becomes negative until, as the angle of incidence approaches 909, the
focal length approaches negative infinity. It is apparent that errors will be
present in determinations of radii of curvature using this formula unless the
reflecting surface has a very large radius of curvature relative to the diameter
of the image length being measured. This cannot be satisfactorily achieved

with a very small lens and using the experimental arrangement outlined in
3:2:3,

Cornwell's modification of Homann's formula,

2(X - Y)

a l"l]
by by

R =
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makes the same assumption as does Homann"‘s, together with a second
condition based upon it — that the focal point at distance X from the object
plane is identical to the focal point at distance Y. The latter condition
explains the large discrepancy observed in Table 12 between. R as determined
by Homann's formula and R as determined by Cornwell's formula. A simple
solution to the problems indicated above is outlined in the following text,
Table 12 is sufficient to show the close agreement between resulis using

the new formula and values obtained from frozen sections,

3:2:2 Theory:

Consider an object in the form of a point source B (Figure 32). An
obsérver, A, situated at some point over the centre of the reflecting lens
surface wi'il only see an image By where the reflected light rays (CBI ) are
parallel to the primary axis AO of the lens, Where the angle subtended
between incident and reflected light rays is €, the angle of reflection is
equal to the angle of incidence is equal to —S . The line representing the
normal to the surface at the point of incidence, C, is extended to O, the
centre of curvature of the lens surface, Now the primary axis AO of the lens.
also passes through the centre of curvature of the lens surface, so that the
centre of curvature is the point at which BC and AO intersect. IFrom these
relationships a formula is derived below giving the radius of curvature of

the lens surface,

Assuming that the distances a, X and b (representing AB, AD and DC
respectively) are known, and that AB is almost exactly equal to By B Gi.e.
the "diameter " of the image is negligible compared with the distance between
the object and the axis between the observer and the centre of curvature of

the lens), the following argument applies.

Qal CB tan™t [

&

i
-

IB :I ’ and very nearly = tapn ! [AB

C AC
& &
= tan”!' _a _
15
. LBICN = EB‘CN = 3 .tan"1[ a] , and because BIC//AO
5{' .

= [ NOA

!
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As sin NOA

I

DC , and R and b correspond to OC and DC respectively
ocC

R = b coe. (7)

sin(l . tan ‘I%] )

For larger lenses, this formula may be modified slightly so that the
conditions made above, where AB very nearly equals BIB’ need no longer

apply.

Here EICB = tan —1[3»_:13_} , and as before
X
R = b c LI N (8)
sin(%.tan"’“a—b] )
- __X .

3:2:3 Apparatus and Experimental Procedure:

The apparatus was set up as in Figure 33A with two light bulbs supported
by a solid metal rod, The rod was attached to the mount of a binocular micro-
scope and could be moved through a known distance along either a horizontal or
vertical axis., The surface of the corneal lens was observed through an obs;er—
vation microscope. By using the same focus on the observation microscope, the
filaments of the two light bulbs were adjusted until they were in the same hori-
zontal plane, The height X of the filaments above the specimen was determined
by focussing first on the corneal lens :‘3urface and then moving the focus through
a calibrated distance to the filament plane, By moving the metal rod horizon-
tally through a calibrated distance so that first one and then the other bulb
filament moved through the visual field of the microscope, the distance (2.a)
between the two filaments was determined. The two light bulbs were then set
at equal distances from the upper surface of the corneal lens by halving the
distance 2.a and adjusting the metal rod along its horizontal axis accordingly.
When the bulbs were illuminated, light from each was reflected by the lens
surface to form two separate images. The distance (2_.b1) between the two

reflections was measured using a scale micrometer eyepiece on the observation
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microscope., After changing the vertical height of the two lights to Y, a

second series of relevant measurements (2.b2) was undertaken,

3:2:4 Discussion of Results:

In Table 12, experimental measurements obtained in the manner
described above arc used to calculate the radius of curvature of the upper
surface of the corneal lens (P), using Homann's formula, Cornwellfs
formula and equation (7) Comparison with the values obtained for R in
3:3:241 (Table 13) shows an exact correspondence hetween these (61 ut 5 u)
and the ones obtained from equation (7) (61 u 4 4.75 _u). The values obtained
using Homann's and Cornwell'!s formulae are very different, for the reasons

outlined in . 3:2:1.
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_RADIUS OF CURVATURE OF UPPER SURFACE OF CORNEAL LENS

85.

Homann's formula = R(H) = 2.bg.X or = 2.ba.Y
" a-2.b4 a-2.b2
Cornwell's formula = R(C) = 2(X-Y)
by b2
Rg) = — or = o2
- a
sin(f.tan ™1 [%'(]) stn(}.tan 1[-3-(_] )
Nomer am) | Xum) | brelomm) | Yiom) | balomm) | Rygpimm) | Regylmm) | Regtmm)
Number a\mm mm b4 caamm 2\gqa (H) (C) (B)
2 25.5 13.5 0.0510 0.0621
1 ’ 6.5 21.5 0.0207 0.1019 0.0563
. 13.5 0.0515 0.0625
(Un;partite) 3 212 9.0 20 0.0267 0.1029 0.0568
21.5 22 15 0,0478 0.1079 0.0617
9.0 22 0.0287 0.0617
Mean for 4 g .
Ocellus No.1 0.0377 10,1042 0.0602
24,4 13.5, 0.0488 0.0603
2! 6.5 22 0.0212 0.0926 0.0576
21 22, 15 0.0500 0.0635
(Unzipartite) 1 ’ 9.0 22 0.0233 0.0943 8.82218
23,7 28.25 14.5 0.0538 .065
11,25 22 0.0325 0.0948 0.0639
Mean for
Ocellus No,2 00,0383 0.,0939 0.0622
2 24,4 13 0.0470 0.0581
1 8,0 22 0.0261 0.0771 0.0602
3 21 22.5 15 0,0500 0.0943 0.0635
(Unipartite) . 9,25 22 0.0302 g .8222
23.7 28.25 14,5 0.0538 0.0993 .062
12.25 21.5 0.0346 0.0642
Mean for ‘
Ocellus No.3 0.0403 0.0902 0.0624
21 24 14 o 0.0496 0.0618
4 7.8 21 0.0243 0.1044 0.0571
Unipartite) | 21 23,5 13.5 0.0460 0.0588
(Unip : 10.5 18 0.0280 0.1038 (0.0530%)
Mean for :
Ocellus No 4 - 0,0370 0.1041 0.0592
Mean for all
Unipartite 0.0383 0,0981 0.0610
Ocelli.
| 25 10.5 0.0388 0.0476
(Trispartite 3 10.0 15 0.0221 0.0981 0.0436
4 0. 0.0372 | 0.0463
e i i 1o 10.25 14.5 0.0218 0.0774 0.0426
a sing e 0.0483
6, 0 0.0391 .
component) | 21 204 1 10.25 15 0.0227 0.0744 0.0440
Mean for | 1 0.0303 0.0833 0.0454
Ocellus No.5

¥ Excluded in Estimate of Mean Values.
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3:3 RADII O CURVATURE AND LINEAR VEASUREMENTS - SECTICNS

3:3:1 Introduction:

The bench method described above could not be used to measure the
radii of curvature of the easily dehydrated lower surface of the corneal lens
or of the crystalline lens, The use of sections pref)ared after fixation was
not considered as a serious alternative because of volume changes undergone
during preparation. Instead, measurements were made on frozen sections.
Several factors had to be considered in order to obtain representative measure-
ments, however, and in practice it was found convenient to make use of a
number of methods. The factors and their effect on the validity of measure-

ments arc indicated in the following paragraph,

In the living larva, the lateral ocellus is kept in a state of physical
tension through its attachments to the cuticle and the optic nerve, being
otherwise unsupported. This state of tension is necessary to prevent move-
ment of the structure through muscle contraction and blood cddy currents and
thus to prevent alterations in the position and size of the visual field. Loss
of either of the two Supports durmg sec'tidning or dissection results in relaxa-
tion of the lateral ocellus with corresponding shortening and thickening along
the longitudinal axis, Some way to overcome such distertion in the dimensions
of the lateral ocellus was necessary. A second factor, the difficulty in
obtaining sections along the primary longitudinal axis of the diopiric system
could result in large errors where radii of curvature and linear dimensions
of structures were concerned., A third factor, the need to provide substitute
support for thin frozen sections in order to prevent tissue collapse oxr
breakdown, is a problem not ordinarily encountered during soctioriing of more

compact tissues.,

3:3:2 Methods and Results:

The mean values summarised in Table 13 were obtained by the use of

one or more of the following methods.
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3:3:2:1 Handcut I'rozen Sections:

This method was used to obtain measurements of the dimensions and
radii of curvature of the unipartite corneal lens. Heads were removed
from larvae and frozen at the appropriate orientation on a Pelcool Freezing
Microtome Stage. A razor blade cooled to below O °C. with frozen carbon
dioxide was used to cut sections through the corneal lens. Sectioning was
done by hand under an observation microscope instead of by freczing micro-
tome, because of easier control of the sectioning angle. As thick sections
were preferable, relative lack of control over the section thickness was not
important, Sections were prepared so that their plane edges were some
distance from the primary longitudinal axis of the lens. Transfer of the
sections to a small drop of saline on a microscope slide was achieved without
allowing them to dry out. Under the microscope, accurate drawings of the
lens at its thickest point were obtained with the use of a graticule, This
eliminated the problems inherent in a single focal depth of either camera
lucida or photography. Examples of drawings are shown in IMigure 34,
Radii of curvature were measured by comﬁass and regular curves were evi-

denil in most cases .

3:3:2:2 Frozen Scalps:

The effects of relaxation of the lateral ocellus after dissection have
already been mentioned., They were particularly apparent where attempts
were made to measure the distance between the corneal lens and crystalline
lens - the corneagen cell cytoplasm proving liable to considerable distortion
when its.tension was reduced, This was overcome by a method essentially
similar to that described above. Frozen heads at the correct crientation
were pared down with a cold razor blade until the total length of the rhabdome
of a lateral ocellus was exposed. The length of the exposed and still frozen
rhabdome was assumed to correspond to the longitudinal axis of the lateral
ocellus, and so the distances between the various ocellar structures in the
plane of the exposed scalp would correspond exacily to those 1-equir—e‘d. The
freezing stage was reorientated so that the plane of thé exposed scalp was at
right angles to the visual axis of the observation microscope. The very rapid

growth of ice crystals from the surface of the scalp was reduced by a steady
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curreut of low humidity air directed upon it. The exposed lateral ocellus
was then photographed with a 35 mm. single lens reflex camera attached to
one of the eyepieces of the binocular observation microscope. These
photographs were of sufficient clarity to allow measurement of the distance

between the corneal and crystalline lenses in the unrelaxed state.

3:3:2:3 Microtome—-cut Frozen Sections:

The dimensions of the crystalline lens were obtained by reference to
several methods, Photographs of frozen scalps were not of sufficient clarity
to provide more than a rough indication of radii of curvature, the depth of
the lens and its width at the top. Such information was supplemented by
measurements obtained from sections cut on a freezing microtome., It was
found that the contents of the crystalline lens were sufficiently rigid to resist
significant distortion after loss of tension through severence of the optic

nerve.

A Wigglesworth bladeholder with a Schick injector blade was used for
sectioning., The blade was cooled by means of attached alloy dishes containin
solid carbon dioxide., Heads were frozen at the correct orientation onto the
Pelcool stage which in turn was attached to a Bausch and Lomb Rotary Micro-
tome. The microtome was tilted so that the blade was horizontal, and final
adjustment of the sectioning angle made under a binocular observation micro-
scope, Sections were cut at between 4 and 20 U and normally lifted off the
edge of the blade using a cooled glass slide, Alternatively the blade was
kept at just above 0°C, and a thin layer of distilled water spread along the
cutting edge. As a result, cut sections immediately unfroze on contact
with the distilled water and remained uncurled and relatively intact inside
the water droplet, Drops of distilled water needed to be sufficiently small
not to flood the specimen on the freezing stage, and also the complete blade-

holder had to be removed in order to transfer a section,

Because of the loosc nature of the packing of contents of the larval head,
disintegration of the section was rapid unless it was first dried onto the
glass slide. Drying frequently resulted in tearing and volume changes in

the sectioned cytoplasm, which recovered only partially on irrigation with
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saline or distilled water. Consequently sections were transferred direct
to saline, and whilst disintegration of the cytoplasm often occurred, the

crystalline lens remained intact,

Further measurements were obtained from tissue fixed for 24 hours
in 10% formaldehyde, 1% calcium chloride and 1% cadmium chloride. Such
tissues were then embedded in gelatine blocks which were hardened iﬁ the
solution above and finally washed for 24 hours*. Tissue prepared in this way
‘and subsequently sectioned showed some cytoplasmic contraction, but this

did not effect the crystalline lens significantly.

M_easurements obtained in the ways described above were fairly uniform,
and were used together to give the dimensions of the crystalline lens as they

stand in Table 13,

* NOTE: The presence of fixative in the frozen specimen caused marked
disintegration of sections. This disintegration resulted from the peculiar
crystal formation of frozen fixative where large, elongate blade-like crystals
were observed, all denédy barbed., Their development'may be observed in

a drop of fixative cooled by solid carbon dioxide on a glass slide. The crystals
are not compacted together, but retain apparently unfrozen solution between
them so that sectioning of a frozen specimen must cause movement of the
crystals, completing laceration of the tissue in which they have developed
Significant traces of fixative were not apparent after increasing the washing

time of 2 hours, recommended by Steedman (1 960), to 24 hours,
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RADII OF CURVATURE AND LINEAR MEASUREMENTS OF THE LATERAL OCELLUS
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Method of Measurement,

Mean for all Unipartite
Lateral Ocelli m.m.)

Lateral Ocellus

No. 1.

Lateral Ocellus

No, 2.

" Lateral Ocellus

No. 3.

i Handcut Frozen
Diameter of Lens:— {Sections of Lens -
"Camera Lucida" Drawings.

Aperture Diameter:~{Micrometer Eyepiece

Depth of Lens in Centre:-

Radius of Curvature
(upper surface):—

Radius of Curvature
(Iower surface):

Corneal Lens

Simple:—

Compound,
Central Area:-

Compound,
Outer Area:-

Compound,
. Diameter Central Area:

Handcut Frozen Sections of Lens -
"Camera Lucida'" Drawings.,

Distance Between Corneal JPhotographs of Hand-
and Crystalline Lenses:— |cut Frozen Scalps.

{ Radius of Curvature,

(upper surfaces):—

Radius of Curvature, '
(side surfaces):-

rystalline Lens

Diameter Upper Surface:-

C
Cut Frozen Sections
(Fixed and Unfixed).

Combination of mea-
surements from:
Handcut Frozen
Scalps, Microtome

| Depth of Lens in Centre:—

Measurements of whole Lens),

0.116 +0.010
0.098 +0.,012

0,061 + 0,008

0.061 + 0,005

0.086 + 0,017
0,066 + 0,025
0.248 + 0,080

0.046 + 0,008

0.050 + 0,018
0.019 + 0.005
0.040 + 0,007

0,038 + 0,005

0.048 + 0,010

0.111 + 0,007

0.059 + 0.006

0.059 + 0,005

0.081 +0.014
0.066 + 0,010
0.260 + 0,040

0.048 + 0,007

0.119 + 0,004

0.063 + 0,005

0.061 +0.004

0.082

0,068 + 0,023

0.270 + 0,030

0.047 + 0,004

0.118 + 0,002

0.061 + 0,004

0.062 + 0,002

0.096 + 0,001
0.065 + 0.016
0,207 +0.040

0.045 + 0,008

NOTE:- Values given are the mean values, + the half range of values obtained,
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4. THE UNIPARTITE LATERAL OCELLUS AS AN OPTICAL UNIT

From the refractive index measurements of 3:1, a number of general
conclusions may be drawn with regard to the functioning of the dioptric system.
Scattering of light through optical inhomogeneitics (Stokes, 1963) is controlled
through several features., Corneagen cell nuclei are located outside the path
of the dioptric system, Crystalline lens—-secreting cell nuclei are
partially inserted into the crystalline lens and are also surrounded by cyto—

- plasin of intermediate refractive index, The high density of contents of the
crystalline lens coupled with the small size of particles (2:4) results in what is
probably an optically homogeneous medium,. Irregularities across refractive
index transitions below the surface of the corneal lens are minimised in effect
through gradual and /or small refractive index transitions, The refractive
index of endocuticle relative to that of corneagen cell cytoplasm (1.095) marks
the highest refractive index transition below that of the upper surface of the
corneal lens, Others are very much smaller, It is apparent, then, that -
scattering and reflection of light across abrupt refractive index transitions is
greatly reduced cxcept at the upper surface of the corneal lens, It also seems
probable that focussing of light within the dioptric system is primarily a prop—
erty of the corneal lens. This interpretation of the importance of the upper
surface of the corneal lens in particular is reinforced by the small degree of
variation shown in radius of curvature measurements made upon it (3:2 and 3:3).
Later levels in the dioptric system must be considered to act primarily as

stops or apertures limiting the angle from which light may influence the rhabdome.

In the following section, it is proposed to consider the main features of
the lateral ocellar dioptric system with regard to properties and limits imposed
upon the angular intensity curve of the rhabdome, and hence of the lateral

ocellus as an oplical sampling unit,

4:1 THE OPTICAL INPUT INTO THE LATERAL OCELLUS

4:1:1 Absolute Limits Imposed on Angle of Input:

It can be seen from I'igure 35 that the first facior limiting the light input
into the lateral ocellus must be the radius of curvature of the outer surface of

the corneal lens. A value for the anguler limits imposed on this input is derived
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from an assumption of gcometrical optics, that light may cross the lens at
any angle of incidence between 0% and 90°, The radius of curvature of the
upper surface of the lens therefore imposes strict geometric limits on the

optical field of the lateral ocellus,

In Figure 35, 360°% o gives the linit of the optical field, and as

cos g = S_Z_?:_ , the limits L of the optical field are given by
2 T

L = 360°-2,cos™ 2%) ceen (9)
Where the maximum diameter of the lens aperture is taken as 110 and
the radius of curvature of the upper surface of the corneal lens has a radius
of curvature (r)of 60 y, the maximum possible angle through which light can
enter the unipartite lateral ocellus is approximately 313 % This angle must
be effectively reduced by the presence of the bead capsule (Figure 36) to an
angle a little greater than 1809, depending upon the height of the upper surface
of the corneal lens above the surrounding heap capsule, and also on the radius

of curvature of the head capsule,

Here, however, a second féxctor must be considered. The radius of
curvature execrts control over the intensity of light energy which enters the
lens within the limits of equation (9). This capacity is independent of the
focussing ability of the lens and functions through its properties as an aperture.
The apparent change in size and shape of this aperture (Figures 37-39) must
be considered as a light beam passing through the aperture moves to an
oblique angle.. In considering angular sensitivity and the quantitative limits
imposed on the light input by various parts of the lateral ocellus, such changes

in aperture dimensions correspond to the first factor to exert direct control,

This quantitative variation in intensity is considered below under
conditions of constant\intensity of illumination and where the variable is
angular inclination of the incident light beam, It is assumed initially that
the area of the plane wavefront touching the surface of the lens will give a
direct measure of absolute light intensity entering the lateral ocellus, The
procedure followed to obtain a quantitative value for the area of this wave-

front involves the algebraic description of a graphical construction cf the
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wavefront, A formula is derived which is later used to obtain an angular
intensity curve for the upper surface of the corneal lens, Results are

discussed in 4:1:5,

4:1:2 To find the area of the wavelront of a beam of licht of known orientation

which influences the surface of a lens (the unipartite corneal lens):

4:1:2:1 Explanation of Diagrammatic Projections of Lens and Wavefront:

In Figures 37, 38 and 39, the projection is formed by assuming the
continuation of the upper surface of the lens to form a sphere, where r is the
radius of curvature of the leus and hence of the sphere. The sphere is
represented in the figures as a plane projection, the circle MANB, whose
centre X is also the centre of the sphere. The upper surface of the lens,
the lens cap of diameter d, is represented by the arc AMB. Light rays forming
the beam of light make an angle p (IMXZ) with the primary optical axis of
the lens cap. A B, represcnts one dimension of the plane wavefront influencing
the lens cap. It is obtained in Figure 37 by the direct projection of the line
AB (corresponding to the external limit of the lens) on a diameter of the circle
MANB at right angles to the direction of the light rays., In Figures 38 and 39
it is obtained similarly, but A4 is obtained by the intersection of the diameter
with the circumference of the circle. Cj is the projection of C on A B,

C4C, represents half the major axis of the plane wavefront, It corresponds to
a line from C af right angles to the chord AB and the plane of the paper, the
line being limited at its point of intersection D, with the surface of the circle.
Conseguently, its length is d/2. C4C; is thus obtained in the projéction by
rotation of the complete wavefront, [rom ils real plane at right angles.to the
plane of the paper, to the plane of the paper. A B, is the axis of this rotation,
A B, is a diameter of the circle parallel to the chord AB. Dy is the point of
intersection of a line, at right angles to A;B, from D,, with the circumference
of the circle., V is the point of intersection of a line, through C and parallel

‘to A4B,, with the line EB;. Hence, the shaded area represents half the

=S

wavefront as 1t influences the sur
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4:1:2:2 Derivation of Formulae:

A, Tofind C{B; in Figures 37, 38 and 39:

LXD1C = g(=180-8 where g >909
Z_BC\
Now, CvV = C; = CB.cosZ_BCV
and CB = d.
2
. CiBy = d.cos 8(_ d.cos {180- p) where B>90°)
2 2
B. - C4C, = d. in Figures 37, 38 and 39,

C. To find C;D, in Figures 38 and 39:

' _gi_)z a4 ) 2
Cby = __ X = /r2-GB/ | = /x? 2/ where g§>90°
tanQ(D C tan @ L an'(1 8§0-5)
SJ.CDy = cos 2.2 -( )2 = cos B, N2 - where £>90°
) tan § tan (1 80 3 ) -

D, To find DD, in Figures 38 and 39:

/7 dNz a5 "‘
DX = ___*‘_(;DJ = 2 —C2 ) =/ r2-\p ) where B> ¢0°
cos/\’D_.l _sin B sin(180~-3 ) _J
d —.——-—E‘______.. -
SJeDD, = 2 / "(—5 2 A,z 5 ) 2
T re - 2_;__,,\,_ where R3>90°
A sin B8 ) sin{180-3 R ,J

E., To find &1XD2 in Figures 38 and 39:

cos Z;A1XD2 = DX

[ d
. /_/\1XD2 = cos 1 l\/gg_?' <5> (T)Cl)? _%
J

T. sin(’l 80—;3)

L
il
0
o
7
]
-t
H
n
1

where 3>90°
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Now, the total area of the wavefront in Figure 37 is equal to twice the shaded

ared,
.*. the required area (A(B)) = 1. C4B,. C,C,
= T, (g‘ 2, cos B ... (10)

The total area of the wavefront in Figures 38 and 39 is also equal to
- twice the shaded area. Now, the area of the elliptical zone between the axis
C,C, and the parallel chord DyD,, at a distance apart C4Dy (from Mark's

Mechanical Engineers Handboolk, page 2).

' CyD,
= C{D,;. DD, + CB,. C{C,, sin~1( Z1_1 coes (11)
_ CiD)

The area of the half ellipse, twice C4C,By = I, C;B,.C4C, veee (12)

and the area of the segment (twice A 1D1D2) 2 of a circle, where twice
LA1XD2 is the angle between the two radii in degrees = r. 2 Z_{MXDz -
r2,sin 2. [A,XD, oo (13)
5 = S :

" In Figure 38, the required arca = equation (11) + equation (12) + equation (13

il

In Figure 39, the required area = equation (11) - equation (12) + equation (13

However, because for angles greater than 90%, sin 8 = sin (180~ B),
cos B = -cos(1 80—3) and tan 8 = ~tan (1 80—8), in both Figures 38 and 39 the

required area (A( 8))

. d rd
= cos 3,/r? —-<§>2 . %2- ‘Az_‘{‘é“)z * + (%)2 cos B.sin"/xr (2>
3 in B

m_._..._.._——

';-'.tan 3

E4

+ 'g" (%)2 cos B + 1.7 cos"1[, —(%>2] .sin 2 cos ~'?
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/ a2
Thus in Figures 38 and 39, where z = r?-—(_2 > s the required area (A( B\).
. o/

=cosBz./r " 7 2 A+ d\z.COSBo sin 71 + I
tan B sm B d tan 3 2

-k 2. =1 7 —l. .- . - !
r [cos ( 4 7 .S1In2.cos —-«-—%—«-——-)] (14)

r.sin B r.sin 8

SUMMARY:

Whexre B is the angular inclination of a light source off axis, d is the

diameter of the lens aperture, r is thc radius of curvature of the upper

surface of that lens, and z = /r?- \Z ) , then the area of a plam, wavefront
influencing the lens is equal to 1l . (2 ?,cos g, where B <cos (2., (equation
10) or cosB.z /r-— ) (d 2cos Be. [bln“‘l_‘___?_ _____ >+ I ]

tan 8 sm B d . tan

' 2

2 1 z . 1 . - -7 - d
+ 1 [cos < v ) ., Sin 2.c08 T where cos
* r.sin g/ * r.sin 87/)? B = 2.

( equation (1 4 ))

4:1:3 To find the Total Light Energy rcfracted across the surface of a lens

(the Unipartite Corneal Lensl_j‘rom an Unpolarised Licht Beam of known

orientation:

4:1:3:1 . Introduction:

The assumption that all light incident upon the surface of a lens is trans-
mitted across its surface is not strictly correct, Reflection of a portion of
the incident light takes place., The corneal lens may be considered as a
dielectrie, and as such Fresnel's equations (Longhurst, 1.957) will indicate
the quantity of incident light energy refracted across the lens surface, However,
these equations involve two variables - the angle of incidence and the plane of

polarisation of the light at the surface between the two media. The use of the
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IF'resnel equations also assumes the absence of a corneal nipple array such
as has been described by Bernhard and Miller (1962) in the compound cye of
some insects, DBecause of an obvious capacity to reflect light from the upper
surface of the corneal lens, the nipple array may be assumed to be absent in

the lateral ocelli of Pieris brassicae larvae, although no electron microscope

investigation has been made to conlirm this, Where incident light energy
shows no particular plane of polarisation, then plane of polarisation may be
avoided as a variable (‘see below), However, the angle of incidence of light
rays from a parallel beam of light will vary over the surface of the lens, a
factor which must be taken into account in any attempt to define quauntitatively
the amount of light energy refracted across the lens surface at any angle of
inclination of the incident beam, The two formulae derived above cannot be
modified for this purpose, as angle of incidence is not considered as being
more than a limiting factor., Because there is no indication whether or not
reflection will alter the shape of the incident intensity curve derived from the
formulae above, a second set of formulae is developed below in which angle
of incidence at the lens surface and angle of inclination of the incident beam
are both variables. I"rom this it will be possible to show quantitatively whether
or not I'resncl reflection alters in any way the shape of the incident intensity

curve,

Again the derivation of the set of formulae follows a fairly simpie set
of steps. I'rom IMigure 40A it will be scen that the surface of the lens cap
may be subdivided by a set of parallelw at right.angles to the direction of
the light beam, each arc defining an associated strip ol infinitesimal breadth
(ds) over which the angle of incidence is constant (1) These areas are
determined algebraically, coaverted to corresponding areas paraliel to ithe
plane wavefront, and multiplied by the fraction of light energy refracted across
the surface at that angle of incidence. Integral calculus is then used to obtain
the total light energy refracted across the surface at any angle of inclination
of the incident light beam., Resulits, when the formula is applied to the uni-

partite corneal lens, are discussed in 4:1:5.
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4:1:3:2 Explanation of Figures:

The following points relate to Figures 4045,

AEDB (Figure 40) represents the upper surface of a lens, of radius

of curvature r; perpendicular depth at the centre, x; refractive index,
s and surrounded by a medium of refractive index u . The lens cap

ALLB is envisaged as moving freely over the surface of a sphere of identical
radius of curvature. Ay, Az, ... A_; By, Bay veee Bn; Eyy Eqy .uss En
and Xy, X5 ... Xn (Figures 41-44) represent A, B, E and X at specific
rotations of the lens cap. The light source can be treated as stationary,
consisting of a parallel beam passing horizontally from right to left in
Figures 4044, Any ray of light fcrms an angle, B, with the main perpendi-
cular axis of the lens cap, this axis being represented by a line from the
centre of the sphere, O, through the centre of the lens cap surface, E, The
surface of the right hand hemisphere may be thought of as a series of parallel
strips (Figure 40) at right angles to the light beam, each strip of infinitesimal
width, ds, subtending an infinitesimally small angle, di, at the centre of the
sphere. Hence each strip represents an area of the spherical surface at
which light strikes the surface at an angle of incidence, i, and is refracted
across the surface at an angle of refraction, i7 Looking at the sphere of
T'igure 40 from the direction of the light rays, it will be seen (Figure 45) that
the lens cap intersects a number of these strips at any angle of rotation of
the cap, resulting in a length, 2 , of the arc of intersection. Each arc of
intersection (Figure 45) may be considered as a segment of perpendicular
height at the centre, y; radius of curvature, R, and angle © subtended at
the centre of its inscribed strip. For every angular rotation of the lens
cap on the surface of the sphere (li‘igures 42—44), there is a minimum angle of
incidence, i4, and a maximum angle of incidence, i,., For certain rotations
of the lens cap (Figures 43 and 44), a further angle of incidence may be
differentiated from iy. This angle, ig, is the maximum angle of incidence on

the opposite side of normal incidence (i1) to i,
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4:1:3:3 Derivation of Formulae:

In Figure 40A:- considering any arc of intersection, the area of the

associated strip breadth ds per unit length of the arc

= ds
circumference di 2. I,r.di
21, B 211
= 7r.di.

The resolved strip area per unit length of arc normal to the beam,

ds, cos 1

= r.di.COS i e e o e (15A)

Let the fraction of light refracted fjhrough this strip of unit length be f(i)'
Then the total light energy entering per unit time along the whole length

of the arc

= I, f(i)' (r.di.cos i). 4 (i, B, x)

(where Iis the amount of light energy falling per unit time on unit area normal
to the beam, and 4 is some function of i, B ,and x).

The total light energy entering the whole accessible surface of the lens
cap is then

1o .
= I.I‘. J. f(i)g »g,(i, S’X). COSi. di e e v e (15B)
1

B, Fraction of licht energy refracted zcross the lens surface for incidence i:

Relevant Fresnel's equations for the magnitude and direction of electric

vectors at the surface between two media (Figure 40B) are:

7
2.8ini, cos 1

A 2 = A 7 . A Y, . .
SRS 14 sinli + i), cos(i - 1)
» l/ -
A A 2.,sini, cos 1
a3 T or sin{i + i7.
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Incident and reflected beams are in the same medium.

Because intensity is defined as energyin unit time crossing unit area
perpendicular to the direction of propagation, the ratio of the squares of the
amplitudes is equal to the ratio of the intensities and is equal to the ratic of
the energy fluxes since the two beams have the same cross-sectional area,
On the other hand, when a beam is refracted the cross-sectional area is
increased by a factor u% _c_:_g_s__i_’,‘ so that the total energy in the refracted

beam is proportional to cos 1 the intensity multiplied by Wy cosifd It

‘should be noted that it is the total energy fluxes in the reflecied cos 1 and
refracted beams which are complementary, not the intensities nor the squares

of the amplitudes.

Thus f(i y = 2.sini, cosi N2 . cosi”. sini | where _glz sin i and =1
T (sin (i +i7) J cos i sin i7 M osin i~
= Sin Zi.Sin 2 i/ e e s e (16A)
sin? (i + i7)
similarly f(. ) = .sin 2i,sin 2i7 voee (16B)
T sin? (i +i%).cos %(i-i”)
and f(i) = sin 2i,sin2i” + sin 2i,sin2i” ]
sin2(i + i) sin?(i + i7).cos?{ +i7)
= 51n21 sin2i” |, [1 + 1 .... (16C)
sin® <1+1) Cos (i —i7)

. ' . . L - . .
whilst at normal incidence, where p and u” are the refractive indices of the

two media

LN BN BN (16D)

and .°. f(i) = 2, 2uU >2.u
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C. To determine the values of i and i, at any given value of B:

Case I - Figures 41 and 42, where gvaries between lens cap orientations

Ay By (i.e. no light touches the lens cap) and A; Bs,

(1) To find the value of iy:

(a) Lens cap orientation A;Bj: LEOB:, = 180°%i,
and [B,PO = B-90°
. [PB30 = iy-(p-90°)
Now, sin [EB;,O:_Q_)SJ = r-x = 1 =X ....017A
OB, iy r
S.sin [iq -(B-909] = 1 -x
r
and iy = sin"1(1~§')+(,8—900) e (1713)

(b) Similarly with lens cap orientations A;By, AyBja, A,B, and AsBj
of IMigure 41,

(2) To find the limits of a2 for this Case:

(a) Lens cap orientation A;B4, wherei, = 90 0, substituting into

equation (1 TB),

B = 180%sin~1(1-F) .. (184)

(b) Lens cap orientation A sBs, wherei; =0 0, substituting into

equation (17B).

B = 900—5]._1'1—1(1 "':E.)'{_) o e e (I SB)
(3) i, = 909 for all these lens cap orientations.
Case Il - Figures 41 and‘43, where 8 varies between lens cap orientations
A5B5 andA7B7.
(1) iy, = 0 0 for all these lens cap orientations,

(2) ig 90 ° for ali these orientations.



102,

(3) To find the value of i

(a) Lens cap orientation A4Bg: insoBG = B--}‘ ig
JfEeBO = 90°-(8 + i)
Now, sin [ XBgO = OXg = r=x = 1 -
OBg r
s .sin [900-(B+ig)] = 1 -3
andi, = (90-p)-sin"1 (1—1—).()
ceen (19)

(b) Similarly with lens cap orientations AsBs to A ¢B g of Figure 41.

(4-) To find the limits of 8 for this Case:

(a) Lens cap orientation AsBs, as determined in equation (18B).

(b) Lens cap orientation A;By;, where i, = 90°.
[X7087 = i,-8
o [XeA0 = 90°-(i5-3)
as before, i, = (90%38)-sin=1(1-%)

coer (204)
(similarly with lens cap orientations AgBg and A ¢Bg of Figures 41 and 44)
substituting =~ i, = 90° into equation (20A).
B = sin~t(1-%).... (20B)

Case IIl - Figures 41 and 44, where B varies between lens cap orientations
A7B7 andA 9Bgo

(1) i, = o°
(2) i, = (90°% 8)-sin 1 (1 —}f:) (equation (2OA.) ),
(3) ip = (90 °- :E%)--sin"1 (1 _315‘.) ) (equation(1 9) ).

(4) The limits of g for this Case are given by lens cap orientation A;B7 and

Ag¢Bg, i.e. Bvaries between sin ! (1 —%) (equation (20B) ) and 0°,
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D, To find the length, £ . of the arc of intersection:

(1) General expression:

(a) Where 1 >1ig (i.e. all of Case I and parts of Cases II and III).

In Figure 45, circumference = 2,T.R = ¢

211 2.1 o

8= 2,cos™1 (1 —ﬁ') eess (21)

- and 4= 2.R.cos ' (1 *I—%)

In Figures 41-44, R = r.sini ceee (214)
S 4= 2.r.sini.cos"1(1“g-) eeo. (21B)
(b) Where i < io,v 4 = circumference = 2, IT.R
S A= 2,0.r.sini coos (21C)

(2) To find y, the sector depth, and hence the full expression for {4 where

i >14:

(a) m Figure 42, VZ = r.sin i

OZ = r,cos i
In similar A's POU, PZW, WZ = PZ = PO+ 0Z = 1 +02
U0 PO PO PO
e W2 = UO[1+_Q_Z_]
PO
In AB,UO, /B,U0 = g
. [UBs0 = i-(8-90°)
By the sine rule, OB, _ Uo
sin/B,U0 =~ sin [UB;0

S . UO = r,sin{i,-[3-90°])
sin g
also, PO = UC, tan {180°-g) = r.sin(i;=[2-90°1).tan (180°%-=)

P

sin B
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S.WZ = r.sin(i;-[8-90°]). 1 +cos i, sin B
sin B ) sinli,;-[8-90"]).tan(180°%-p)

Asr,sini -WZ = VW = y

y = r.[sini—sin(i1—[8—900]) + cos i vees (22)
sin @B tan B

Substituting equations (17B) and (22) into equation (21 B)

X
2.r.sini.cos"’[ (1 -r) - __c__ot.i]
sin B. sin i, tan B

-1

X
2.r.sini,cos ™1 [(1 -T) - cos i.cos B] eeoe (23)

sin'i,sin B
(b) In FPigures 43 and 44, gives equation (23) similarly, including where

VW, = V,Z, + Z,W,, because W;Z, = OU(%%ﬁ - 1)
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4:1:3:4 Summary of Formulae:

Case I (where B is any angle between 180 %-sin—1 [1 -}f‘c- ] and 90° - sin~1 [1 —%] ).
iz = 900
- m i . B X .
E(g) = 2.Lr? sin2i.sin2sin ™" [ [1+ ! ||-sini.cosi. cos™1 L (1 -F)-cos i.cos Eil. di coer (23)
sin?(i+sin~1 [Sln ﬂ) cos 2(i--sin"[—sﬁr,}—l'])

iy = sin—1 (1-—)+(B— 0)

sin i.sin B

Case II (where B is any angle between 90 %-sin~1 [{ - ] and sin~1 [1-2 ] ).

i’2 — 900 ‘ .
e me . . ?m i ) 1 x ] .
E( ) =2,I.r2 . sin2i, sin2sin ~ ] 1+ — ,sin i.cos i.cos ~1 (1 -r)—cos i.cos B . di
> cos?(i

<
sin?(i+sin~ 1 [Sln 1 1) i-sin~1[222] sin i,sin B

o
ig= (90—6)—sin 1(1 —;).

P io= (90-g)-sin=1(1-%),

. sin2i.sin2sin ~1 [._.I_l-..l. 1
+ 11 11+ L
sin®(i+sin 71 [sm 1] ) I: cos 2(i-sin 71 [—SIHIIJ T tcos e @ (24)

~ u ]
Ji,=0°

Case III (where B is any angle between sin~ 1 (1 -%] and 09),

E as for Case II, except that i, = (90+[3)—sin"1 (1 _}’5) instead of 9009, (s

NOTE: Where i =0, the section in{ }brackets becomes 2. ]
(u )
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4:1:4 To find the total light energy refractced across the upper surface of a

lens (the unipartite corneal lens) from a light beam of known orientation

and plane of polarisation:

4:1:4:1 Introduction:

The formulae derived in the previous scction are valid only for the case
of non-polarised light as it is refracted across the upper surface of a lens,.
Where a light beam is partially or completely plane polarised a further geomet-
rical factor must be considered. On the arcs of intersection referred to in
the previous section it will be observed (Figures 46 and 47) that for any plane
of polarisation the angle Y, formed between the plane of polarisation and the

tangent to the surface, changes with position along the arc,

Hence a second series of formulae, based on those of the previous secction,
are developed below. These give the amount of light energy from a plane polar-—
ised beam, of known orientation with respect to the lens, which is refracted
across the exposed upper surface of the lens. Two cases are considered, the
first where the plane of polarisation is identical to the plane bisected both by
the main axis of the lens and by the main longitudinal axis of the light beam
as it concerns the lens; the second where the plane of polarisation is at right
angles to the plane for the first case, I’rom these formulae are computed
angular "intensity" curves for the two cases, where the orientation of the
light beam moves from g = O ¥ to the maximum limit where light may still effect

the lens,

4:1:4:2 Derivation of Formulae:

The first stage is to find a relationship between the plane of polarisation
and the amount of light energy refracted across the surface of the lens at any

point, This is defined below:
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In Figure 49K, the amplitude of the light in the plane of polarisation is
represented by A(x), and its resolved components tangential and vertical to

the surface of the lens are represented by amplitudes Alr) and A(2) respect-

ively.
Hence, Alr) = A(x) cos Y
and A({,) = A(x) sin ¥y
Where y = 0% Ale) - A(r)Y:Oo = Alx)
C.oAaly) = A(r)y_Oo cos Y
Similarly, where Y =909 A({,) - A'(L)y=9O° = A.(x)

it
>
Claam ¥
s
s

oA v =900 sin vy

However, A(x)2 = A.(r)2 + A,(L) =(A(r) Y;Oo cos y)2 + (A({,)Y=9O°sin y)2

Hence Alx) :/(A.(r)Y:O(,cos y )2+ (A.(zf,)yz%osin y )2

Substituting the relevant I'resnel equations summarised on Page100where

Ay = Alr) v =007 Asyp = A(&)Yz%o and Ay = A4qp = 1, we have

2

A.(x) = 2.sin i cos i. cos Y]2 + 2.sin i% cos i. sin v
sinli + i”) sin(i + i”), cos(i - 1”)

And converting amplitude A.(X) to total energy E(x), we have

E(x) = 2.sin i% cos i, cos y] 242 ,sin i% cos i. sin Y] . COS 1. sin i 1
sin (i + i) sin (i + i) cos i - i”) cos i, sin i’

= sin 2i. sin2i”. [ cos?y + sin? oo, (26)
sin? (i +1i7) cos *(i - 1)

The rest of the formula may be obtained through a similar procedure
to that undertaken in the previous section, An arc of intersection, of radius
of curvature R, length 4 aﬁd subtending an angle 0 at its centre of curva-
ture, is represented by a strip whose resolved area per unit length of arc

is r.cosi, di (equation (15A) ). For length d{ of the strip, the area
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therefore equals d4.r. cosi. di.

‘Now, Asdt = 20R,
de 201
dt = R.dO

and .’ from equation (21) r.sini. de,
Also d® = dy (from Figures 46 and 47).

So that df4 = =r.,sini. dy.

The élement of area of strip about a point on the arc of intersection therefore
= r2%,sini, cosi, dy. di
Hence, the polarised light energy E(B) refracied across the surface of a lens
i, Y2
= rz.J J E(x). sini. cos i. dy. di
: Y1

As the values of y depend upon the value of i at any point, but not vice versa

pla ~pYe
E(B) = r?, sin i.cos i, E(x).dy.:] di

J iy - : Y Yy
ply A

= r?2, sini.cosi. sin2i , sin 2i”, [coszy+ sin? ].d'y. di
Jigs L J Yy cos 2(i-i”)
pig Ya

= 2r?, sin®i, cos?i, sin2i’. [coszy + sin? ].dy. di
di, sin®(i + i”) Y4 cos 2(i - i) N

een. (27)

The limits i, and i, for the second integral were defined in the previous

section, The limits y4; and y, for the first integral are derived below for

two cases. Case A, where the plane of polarisation is identical to the plane
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of rotation of the light beam. Case B, where the plane of polarisation is at
right angles to the planc of rotation of the light beam. The limits are derived
in terms of the angle 8 , for which an expression is derived from the previous

section (equations (21% and (23) ).

Case A:
In Figure 46 A)and B) it can be seen that Ys = 90° eer. (28)
By simple algebra (A.), Yo = S0 0-—-9_
2
(where 6 590°9) ceee (29)
2
and also by simple algebra (B), Yy = 6 -90°
2
(where 8 =290 0) eo.. (30)
2
Casec B:
In Figure 47 A)and B) it can be seen that y3 = 0° eenee (31)
By simple algebra (A.), Y2 = 9
: 2
(\Vh.ere .e_g 90 0) N (3 2)
2
and also by simple algebra (B), v; = 180°%8@
2
(Where 9 = 90 °) cses (33)

2

An expression for © is derived from equations (21) and (23) of the

) . 2 4 [(1-%)- cosi. cos B
previous section, where € = cos X

2 sin i, sin B

Finally, in both Cases A and B, v4 replaces y, where 8 becomes greater
than 90° The value of i, at this point must now be det}ermin?'ed. This is taken

from FPigure 48 which is based on the observation that where 8 = 90° the arc

2
of intersection corresponds to a half circle.



In Figure 48 where Z_,/_-\.DO

AO

Hence, OB

and sin L(_)CB

- Jocn

Hence, ig
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% .
sin=t (1 =r) (equation (17A) ).

r.sin.sin~1 (1 = 7)

~

r.(1 -7

It

r.(1 -1

cos B

r.(1 “}I‘i)

cos B T

X
sin™1 [G - r)]
cos B
[ mew

X
90 - sin—1 [(_1_—_;_)

cos B

vees (34)

The final formulae may now be laid out with the help of Figure 49, A~D,




4:1:4:3 Summary of Formulae:

Case A (where plane of polarisation is identical to plane of rotation of light beam).

x x
A 1) (where 8 is any angle between 180 °=sin™1[1 = r ] and 90 %~sin 1 (1 -] ).

ni, =900

_<
A}
Il
&
=y

g gt e

sin i
E(B) = 4,I,r?%, | y sin®i.cos?.sin2.sin 1[ u’]

51n
sin (l + sin”

.di....(35)

.
O A T T T SR ;-L...::-

TR L'-?vV

cos?y+ sin?y dy
PPy Vi
cos (i - sin™ 7
N x

< iy=sin"*(1 -r) + (B-909) (j Y2 =90%~-cos™! [(1 — 1) - cos i cos B]

sin i.sin B

N

*LEL
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A 1I) (where B is any angle between sin~1[1- % ] and 09,

E(B) as for A 1II), except that i, = (9O°—B)—sin—1[1—-fj] instead of 90° eee. (37)

Case B (where plane of polarisation is at right angles to plane of rotation of light beam). . (38), (39) and (40)

B I), B II) and B III) identical to A I), A II) and A III) respectively, except that:

Ya = 90 °
vs = 0°
Y2 =

cos“I:D——%] -cos i. cos B]

sin i, sin R

and vy 180° - cos 1 [[1—%] - cos i, cos B:l
sin i, sin B

NOTE: X

= perpendicular depth of the lens cap at the centre (i.e. s the distance along the primary axis of the lens between
the upper surface of the lens and the line defining the diameter of the lens aperture.
r = radius of curvature of upper surface of the lens.

M = refractive index of upper surface of the lens.,



114,

4:1:5 Discussion of Results:

Results are indicated graphically in Figures 50 to 55. The integrals
in equations (23)-(25) and (35)-(40) were evaluated by Mr, R.G, Davies
between the required limits on an IBM,7094 computer using a modification
of FORTRAN programs given by Pennington (1965)., These programs are
bascd on Simpson's rule for numerical integration, either by the standaxd
procedure or with automatic selection of interval size such that the difference
in the value of the integral finally computed and that using half the number
of intervals is less than 0,1%. The radius of curvature of the upper surface
of the lens (r) was taken as 60 | and the aperture diameter (d) taken as its
maximum possible value, 110 u . The refractive index of the surface of the

corneal lens (Ll) was taken as 1.55.

The optical field limits in the figures are as indicated by equation (9).
As was suggested in 4:1:1, the amount of light energy at the surface of the
corneal lens alters markedly with change in angular orientation of the light
source with respect to the primary axis of the lens (Figure 50, curve A(B))'
The resulting angular intensity curve is highest on-~axis, drops slowly for
the first 10° off~axis, then drops more rapidly to approximately half-value
(789) off-axis where the rate of change slows again, The curve is almost
linear from 30 to 100 off-axis., It is evident that the limitations imposed
in this way on the optical input into the lateral ocellus must significantly

effect the dimensional propertiés of the ocellar field of sensitivity.

The second factor considered, Fresnel reflection at the surface of
the lens, alters the quantitative values of the input as was expected (4:1:3).
Figure 50, curve E( 8) indicates the relative values of non—polé.rised light
energy refracted across the surface of the lens, Comparing the two curves,
the fraction of total light energy refracted across the surface at any stimulus
angle to light energy available at the same angle remains almost constant
until about 90° off~axis (Figure 51 ), where the difference between the two
curves becomes greater. However, Fresnel reflection does not alter
markedly the shape of curve A(

(Figure 52), so that where A( and E(B)

8) 8)
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are both expressed as percentages of the maximum on-axis, the two curves
are very. similar and may be treated for many purposes as being identical in
the Pieris lateral ocellus, It may be assumed on this basis that Fresnel
reflection across the surface of the corneal lens does not alter the input
properties of the corneal lens for non-polarised light, other than by reducing
in a fairly constant way for most stimulus angles off-axis the number of quanta

available within the photosensitive volume (the rhabdome).

Results of the calculations for two planes of polarised light at right
angles to each other are summarised in IFigure 53 . As absolute values of
light energy refracted across the surface of the corneal lens, there'is little
difference between the two curves (Case A and Case B). However, plotting
the difference between the two curves as a fraction of the mean energy (E(B))
available at any angle off-axis, a different picture emerges (Figure 54), The
percentage intensity change -FS(B) diff x 100 , with rotation of the plane of
polarisation through 90 0, L(B) starts from 0% on-axis and very slowly
accelerates to 100% at the limits of the field, Expressing the figures in the
form of the real change in light energy with rotation of the plane of polarisation
through 90 ° (Figure 55), the maximum change in light energy crossing the
surface of the corneal lens takes place at 98° off-axis, This angle off-axis
corresponds closely to the limits derived in 4:1:1 for the maximum possible
dimensicns of the optical field, It seems possible, therefore, that Fresnel

reflection might be responsible for sensitivity of the larva of Pieris brassicae

to the plane of polarisation of stimulating light energy. This possibility is

discussed in a broader context in the general discussion (Section 6),
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4:2 THE VISUAL FIELD OF THE LATERAL OCELLUS

4:2:1 Introduction:

It has been shown in 4:1:1 that whilst the corneal lens possesses an
optical field of 314 9, this angle is functionally reduced to little more than
180°, The amount of light entering the lateral ocellus from within this angle
has been defined in a quantitative manner (4:1:2 = 4:1:5) and shown to drop
considerably towards the outer angular limits. However, it is unlikely that
all light entering the lateral ocellus across the surface of the corneal lens
will be channelled to the rhabdome, It is proposed in the following section
to define the limitations imposed at more proximal levels in the dioptric
system on the optical input through the corneal lens, where the main function
of these levels is considered to be that of a series of apertures limiting access
of light rays to the rhabdome from more oblique angles of the optical field of
the corneal lens. The dimensions and properties‘ of the visual fields at
progressive levels are measured both experimentally (the crystalline lens
aperture) and theoretically. In addition, the bench method used on the
crystalline lens aperture also allowed accurate measurement of the angular
relationships between primary optical axes of the six pairs of larval lateral

ocelli,

4.:2:2 Bench measurement of the visual field within the crystalline lens, and

measurement of the angular relationships between lateral ocelli:

4:2:2:1 Theory:

The pseudopupil of the insect compound eye has been mentioned by a
number of authors. Yagi and Koyama (1963) have described its appearance in
detail within the Lepidoptera, whilst Burtt and Catton (1954) used pseudo-
pupillary extent in Locusta as a measure of overlap between optical fields of
adjacent ommatidia in the compound eye. The pseudopupil appears as a dark
area covering a number of ommatidia whose primary axes are within a few
degrees of normal to the observer. Surrounding these darkened ominatidia
and covering the rest of the compound eye is a light area. Burtt and Catton
assumed that light entering the ommatidium at an angle close to the primary axis

is transmitted down the system with no observable reflection, Outside the optical

field of the ommatidium, light passes outside the rhabdome and an appreciable
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quantity is reflected back to the observer, This interpretation of the pseudo-
pupil gives a measure of the optical field of an ommatidium and also of the

degree of overlap between adjacent fields,

A similar phenomenon may be observed in the lateral ocelli of Lepidop-
teran larvae, although owing to the small number of ocelli involved it is not
immediately apparent. A single lateral ocellus observed close to its optical

axis presents a dark non-reflecting appearance., In Pieris brassicae where

the lateral ocelli are observed from a distance with strong incident illumina-
tion, the dark area (pseudopupil) is surrounded by a lighter area. Movement
of the observer's gaze along the optical axis of the lateral ocellus alters the
ratio of the two areas, where movement towards the ocellus results in an
increase in the relative size of the pseudopupil at the expense of the light area.
Anatomical considerations indicate that the dark image is that of the crystalline
lens and possibly some of its retinular pigment diaphragm, Movement of the
observer's vision through a sufficient angle will cause the pseudopupil to
disappear., The point at which the pseudopupil is just extinguished will corres-
pond to one limit from which incident light can no longer pass through the
corneal lens to the crystalline lens and its pigment diaphragm, A point on the
other side of the ocellar optical axis will correspond to its opposite limit, so
that the two points and the angle between will represent the visual field at the

level of the crystalline lens,

4:2:2:2 Apparatus and Experimental Procedure:

In order to measure accurately the coordinates of primary optical axes
of different lateral ocelli relative to each other, and to determine the extinction
limits of the "pseudopupil", it was necessary to move the specimen through
large measured angles along two independent axes of rotation. An attempt was
made to construct such a piece of apparatus in the laboratory, capable of being
mounted on the substage of a binocular microscope. Due to engineering problems
however, only a prototype was constructed and later discarded in favour of a
goniometer, Initial attempts were made to obtain satisfactory measurements on
several modern two-circle goniometers, but these were limited to rotations

through fairly small angles and were not capable of adjustment to encompass
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measurements from several foci without disturbing the specimen, A three-
circle gohiometer was eventually employed through the courtesy of the
Mineralogy Department of the British Museum (Nat, Hist.), and this proved

highly satisfactory.

The goniometer (Figure 56), consisted of mounting, centering, rotating,
observing and illuminating components, Accurate centering of the specimen
was achieved through coarse and fine adjustments on the mounting axis of the
goniometer., Calibrated rotation of the specimen was available along the
three axes, The first, rotation of the specimen and the other two circles,
took place through 270 ° of tke horizontal plane. The second, rotation of the
specimen and the third circle, took place through 270 ? of the vertical plane.
The third, independent rotation of the specimen only took place through 360°
in any plane between vertical and horizontal, and hence could be used to
supplement either of the other rotations, A mounted telescope with interchange-
able eyepieces allowed observation of the specimen, which was illuminated by
a small light source and independent focusing system, Rotation of the specimen
could thus be measured through 3609 in either horizontal or vertical planes to

an accuracy of half a degree,

The specimen was prepared after anaesthetisation by removal of the head
(together with the prothorax to reduce blood loss) from the body and insertion
onto the goniometer mounting pin. After careful centering of the specimen, the
primary optical axis of a lateral ocellus was determined roughly by centering
of the pseudopupil. The angular limits within which the pseudopupil could still
be detected were thenmeasured accurately along two axes at right angles to
each other, using the previously determined primary optical axis of the lateral
ocellus as a reference point to eliminate the measurement of great circles,
Owing to the long observation distances used, it was not found necessary to
recentre the specimen before each new reading, Consequently, data adjustments

to accominodate several foci were not needed.



TABLE 14, 19

THE OCELLAR AXES

_ ) Horizontal Axis Vertical Axis
Ocellus No. Head No., Reading. Reading.
1 1 1199 64 ©
2 119° 65 °
3 719 92°
4 101 ° 65 °
5 97 ° 61°
6 118° 68°
Mean reading 104 ° 69°
Variation 48 %13%) 31°
2 1 96 ° 65°
2 920 669
3 58 ° 699 .
4 719 60 °
5 75° 56 ©
6 90 ° 67 ° B
Mean reading 81° 64 °
Variation - 389%10.5%) 13%(3.8%)
3 1 749 78°
2 69° 75°
3 449 490
4 4790 49°
5 48° 50 °
6 65 ° 69°
Mean reading 58 ° 629
Variation 30 9(8%) 29%7.8%)
4 1 7° 358°
2 12° 3570
3 169 364.©
4 119 3600
5 119 3730
6 990 3719
Mean reading 119 366°2=69
Variation 99%2.5%) 16 °(4 .4%)
5 1 82° 3509
2 810 3529
3 900 356°
. 4 919 361 °
5 850 3540 :
6 85 ° 3569 ?
Mean reading 86 ° 355 ° '
| Variation 109(2.75%) 11 °(3%) |
6 1 177° 18° !
2 1610 230 :
3 204 ° 90
4 170° 28°
5 168 ° 100
6 177° 90
Mean reading 176 ° 160
Variation 43° (12%) 19°(5.25%) |

1




TABLE 15.

OCELLAR FIELDS OF VISION

Ocellus Head Horizontal Tangential Vertical °
Number: Number. Reading. Reading. Heading.
1 1 46° 44°

2 60° 489

3 510 520

4 47° 50 °

5 5270 59°

6 530 589

Mean readings - 510 529
Variation 149 159

2 1 529 50 ©
2 49° 51°

3 520 529

4 489 500

5 58 ° 55 °

6 48° 55 °

Mean readings 51 ° 52°

Variation 109 50

3 1 590 689
2 510 67 0

3 50 © 53 0

4 54.0 66°

5 56 ° 59°

6 530 689

Mean readings 54.° 63 °

Variation 90 159

4 1 580 500
2 70° 550

3 56 9 559

4 580 54 0

5 590 569

6 569 580 56 0

Mean readings 56 © 609 549

Variation 14 0 60

5 1 989 96 © 11290
2 90 ° 102° 104. 9

3 113° 120°

4 o4 0 104 °

5 _ 112° 12190

6 107 ° 1022 19°

Mean readings 089 1030 13°

Variation 1790 190 179
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4:2:2:3 Results and Discussion:

Results are given in Tables 14 and 15, The visual fields of the six
lateral ocelli on either side cf the head (as defined by goniometric experiments)
fall into three types (Table 15) which correspond to the observed morphological
types of corneal lens, Lateral ocelli1, 2, 3 and 4 represent the first type
which possesses an approximately circular field of mean angular limits of 55 °,
The second type, represented only by lateral ocellus 5, possesses a tripartite
field with mean angular limits of 100 ? along each of the three shortest axes
through the centre, and 115 along each of the three loxlgeet axes. The third
type, for which no accurate measurements were made, is represented by
lateral ocellus 6, Crude observations showed an approximately bipartite field
whose angular limits along the minor axis were approximately 60°, and along the

major axis, 1159,

The six pairs of lateral ocelll contribute to form a compound visual field
of 3609 in the horizontal plane and approximately 300 % in the vertical planc of
the larvae. In contradiction to the calculations of Dethier (1 943), many of the
lateral ocelli show pronounced overlap between their visual fields, Similar
overlap between the pseudopupillary fields of other species (eg. A.ntherae-a

pernyi, Lymantria dispar, Plieris rapi) was observed but not measured. In

Pieris hrassicae, pronounced overlap (Figures 57 and 58) occurs between the

fields of lateral ocelli 1 and 4 on either side of the head, The field of laieral
ocellus 2 is overlapped by the fields of lateral ocelli 1 and 3 to the extent that
fieids 1 'aud 3 overlap each other in the centre of field 2. Ovéi*lap also occure
between the fields of most other adjacent pairs of ocelli, i,e., 1-6, 1-5, 2-5,
4-5 and 3—4, It is apparent, however, that overlap between pseudopupillary
fields is most pronounced in an approximately oval area (Figures 57 and 58) of
the compound visual field, in front of and above the walking larva, The angular
length of the vertical axis of this area is approximately 150 % and of the hori-

zontal axis, perhaps 120°9,

In an animal with so few spatial sampling units, such overlap between the
sampling fields of individual sampling units would be expected to lead to reduct-
ion in the clarity of any images formed by the total visual system. It is there-

fore necessary to check the values obtained for field dimensions in the experi-

ments above, and to consider in some detail their relationship to the optical
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fields of the rhabdome and rhabdomeres.

4:2:3 Geometrical Optics of the Lateral Ocellus:

The ray diagrams in Figures 59, 60 and 61 were drawn with the aid of -
information obtained in 3:1 and 3:3, The mean refractive index of the corneal
lens was taken as 1.,50; the radius of curvature of the upper surface of the
corneal lens as 60 1, that of the lower surface as 90 |1, the refractive index
of the corneagen cell cytoplasm as 1.36; the depth between the two lenses as
50 u; the refractive index of the crystalline lens as 1.47; the radius of
curvature of the upper surface of the crystalline lens as 20 [, those of the
sides as 40 [; the depth of the crystalline lens as 50 |y and its width at the
top as 38 u . The dimensions of the rhabdome were taken from histological
material, where the diameter of the distal rhabdome at its base was 8 1 and
the depth along the sides of the crystalline lens varied from 1-4 u. From

these diagrams a number of observations and measurements may be mnade,

4:2:3:1 The Visual Field at the level of the Crystalline Lens:

Figure 61 shows that light enters the crystalline lens from stimulus
angles of up to 30°? off-axis, Defined by geometrical optics only, rays are

concentrated in the following approximate proportions:

0 5 10 15 20 25 30 35 - degrees off axis

Bhas | Bas [ 243 Chs | 2A3] "As| YA3| o] - number of rays.

and may be expressed as an intensity curve such as that of Figure 62, curve A,
According to these approximate values, the unipartite lateral ocellus should
possess a maximum visual field, within the crystalline lens, of 60°, This is
approximately what was found by goniometer (55 %) and provides support for

the application of geometrical optics to the determination of the properties of

the dioptric system.
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4:2:3:2 The Focal Point:

For chiects at infinity the focal point is located near the base of the

i

crystalline lens., Where the refractive index of the crystalline lens is
considered together with the coineal lens and corneagen cell cytoplasm,
the focal length is 91 4 and the {ocal point occurs 9 u above the base of
the crystalline lens., For objects closer than infinity the focal point moves

towards the proximal rhabdome,

4:2:3:3 The Visual Field at the surfaces of the Distal and Proximal Rhabdomes

Light rays reaching the upper surfaces of the distal and proximal
rhabdomes were counted from I'igure 61, and are concentrated in the follow-

ing approximate proportions:

0 5 10 15 20 25 30 - degrees off axis,

number of rays at
Bas | PAs | "W As | 2A3] 243 "A3 | VA3 | - the surface of the
distal rhabdoine,

number of rays at
> /13 2/13 1 /13 - the surface of the
) proximal rhabdome

Relative intensity curves of an approximate nature may be derived from this
table after the values above have been modified minimally to provide smooth
curves, In Figure 62, curve B represents the relative intensity curve for
light entering the distal rhabdome, and curve C, that for light entering the

proximal rhabdome,

4:2:3:4 The Optical Field of a Single Distal Retinula Cell:

In 2:3:7 it was indicated that the three distal retinula cells are arranged
around the lower regions of the crystalline lens, The rhabdomere of each
cell is separated from its two neighbours by the crystalline lens, except

along its lateral edges and in the short stalk-like proximal part of the
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distal rhabdome. Similarly, the proximal rhabdome is divided for most of
its length into 2, 3 or 4 anatomically distinct structures. Are these anatomic-
ally distinct units of the rhabdome capable of maintaining spatially distinct
optical fields? The answer depends largely upon properties of wave optics in

the lateral ocellus.

Of these properties, the most important is the effect of diffraction at the
corneal lens aperture, The resolving power (0) of a lens is given by the
formula sin® =1:22.A ., Where X is taken as 500 my and d as 98 u, the
minimum angle of redsolution obtained for the corneal lens is 0°21, Although
the angle has not been measured experimentally, the lateral ocellar unipartite
corneal lens shows an unexpectedly high capacity for resolving images , and
so this value may be considered as approximately correct. Where the
resolving power of the lens is converted to the diameter of the Airey disc,
(the focal length being 91 u ), this diameter is 0.58 u . It is evident from
these values that the resolving power of the system is sufficiently high to
allow good resolution by the distal rhabdome (aperture diameter 38 u) and
_possibly the proximal rhabdome (aperture diameter 6-8 ), It is not proposed
here to consider resolution within the proximal rhabdome, which depends upon
the capacities of its parts to maintain optical independence as they function as
wave-guides. However, information obtained from geometrical optics should be
sufficient to indicate differences between the primary optical axes of single
distal retinula cells, The relative intensity curve in Figure 63 was obtained
in the same manner as the curves of Figure 62. It represents the relative
intensity of light falling on one side of the cup-shaped distal retinula, and
hence must correspond fairly accurately to the relative intensity of light
falling on a single distal retinula cell. Peak intensity is achieved at between
6 and 6% © off primary optical axis of the lateral ocellus, and so, according
to geometrical optics,the peak sensitivities of single retinula cells in one
plane through the optical axis of the lateral ocellus are separated by

angular distances of 12-13 9,
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4:2:4 An Angular Intensity Curve for the Lateral Ocellus:
4:2:4:1  Introduciion:

Construction of a detailed mathematical model to derive the angular
intensity curve of the lateral ocellus cannot be undertaken because much
of the necessary information is not accessible. However, a simplified model
of the intensity curve may be develeoped after several assumptions and approxi-
mations have been made. For this purpose threec groups of properties are
considered belows (1) the angular sensitivity of the dioptﬁc system with
regard to the apertures formed by the upper surfaces of both distal and proximal
rhabdomes; (2) the mean distance travelled by light rays from any stimulus
angle, within the distal and proximal rhabdomes; and (3) the mean sensitivity
per unit volume of the distal and proximal rhabdomeres. The angular inteﬁsity
curve derived below will be compared later with the real curve derived by

electrophysiology (5:3:2),

4:2:4:2 Discussion:

(1) Approximate relative intensity angular distributions of light rays entering
the distal and proximal rhabdomes were derived above by geometrical optics,
for a plane section through the dioptric system, The essential information
regarding this distribution is given in Figure 62. However, such values do
not represent actual relative intensities for a stimulus at different angles off
axis, In4:1:3 it was shown that some light will be reflected from the surface’
of the corneal lens, in particular where light rays strike the surface at high
angles of incidence. Referring to Figures 59 and 60, it will be evident that
for stimulus angles of between 0-10? off-axis the ratio of actual light intensity
striking the upper surface of the distal rhabdome to apparent intens.ity will be
approximately constant. For stimulus angles of between 15-30° off-axis the
ratio will change as light entering the lateral ocellus does so on average at
much higher angles of incidence, Correction must be applied {for this, and to
provide for a two-dimensional input across the surface of the corneal lens,

As a very approximate correction factor; the intensity curves of Figure 62 may

be modified by multiplying by the fraction of relevant light energy entering the
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eye, obtained in 4:1:3 and given in Figure 50, curve E(B)" Subsequent
inaccuracies will only occur close to the edge of the visual field, where values
will be smaller than those obtained here. A further factor which may result in
differences between the real and calculated intensity curves is the result of
scattering by the dioptric system. This may be brought about by scattering at
apertures (4:2:3:4) through diffraction, by irregularities on the surfaces and
within the dioptric system, and by reflection from the inside of the cuticular

rostrum upon which the corneal lens is mounted.

(2) Within the cup-shaped distal rhabdome, wave-guide optics do nct apply and.
light rays pass straight through the narrow layer. The mean distance travelled
by light rays from all stimulus angles, obtained from Figure 61, is 3.2 u,
Within the proximal rhabdome the mean distance travelled by a light ray depends
upon the efficiency of the proximal rhabdome as a light-guide. Because of the
high refractive index of the rhabdome relative to its surroundings (3:1 :3:2),
and because of the observed efficiency of the rod-shaped rhabdome with regard
to light transmission in other species (Kuiper, 1962; Langer and Thorell,
1-965), it will be assumed that within the proximal rhabdome of the lateral ocellus

of Pieris brassicae only a negligible amount of light is lost to the surrounding

cytoplasm before the proximal end of the light guide is reached, Thus, the mean
distance travelled by a light ray in the proximal rhabdome will correspond

closely to the length of the rhabdome between 70 and 100 1, with a mean of 80 u .

(3) In deriving angular intensity curves for the lateral ocellus from electro-
Vphysiologically- defined angular sensitivity curves, the mean a'ngular sensitivity
of the total rhabdome will be related to the mean sensitivity to intensity of the
total rhabdome at a steady state of 1ight/dark adaptation., Any values obtained
in this way for the lateral ocellus will be the mean from the seven retinula cells
which comprise the distal and proximal retinulae, It is possible that the mean
sensitivity per unit volume of rhabdome of one group of cells may not be identical
to the mean sensitivity per unit volume of rhabdome of the other, Such variations
in mean sensitivity might arise from mean differences in the distribution, size
and number of photopigment molecules per unit volume of rhabdome; mean
differences in sensitivity of photopigment molecules to wavelength and plane of

polarisation per unit volume of rhabdome; and mean differences in the sensitivity
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of the electrical response per unit photopigment excitation per unit voiume
of rhabdome. It is assumed here that the final mean sensitivities of the
distal and proximal retinulae are similar per unit volume of rhabdome, where

a white non-polarised stimulus is employed.,

4:2:4:3 The Formula:

From the very general discussion above, approximate duplication of
the angular intensity curve may be achieved through the use of the following

formula:

g = BayrMg-d + N da)

where I(B) is the relative intensity within the total rhabdome for a stimulus
at 3% off-axis and at infinity; E(B) is the correction factor for area and
reflection at the surface of the corneal lens (4:1:3, Figure 50, curve E(B))
at the relevant stimulus angle; M( 9) is the relative intensity of light,

before correction, entering the distal rhabdome from the relevant stimulus
angle (Figure 62, curve B); d; is the mean distance travelled by a light ray
within the distal rhabdome (3 2 M ); N( B) is the relative intensity of light,
before correction, entering the proximal rhabdome from the relevant stimulus
angle (Figure 62, curve C); and d, is the mean distance travelled by a ray

of light within the proximal rhabdome (80}\1).

4:2:4:4 Results:

The curves for the distal and proximal rhabdomes, as finally calculated
(Figure 64, curves A and B respectively), show a reversal in dominance
with regard to the relative sizes of curves derived for the angular intensity
of light entering the two rhabdomes (Figure 62). Because of the gfeat length
of the proximal rhabdome, it makes greater use of light entering it than does
the distal rhabdome., Where the two curves are expressed as relative intensi-
ties , the peak intensity of the distal rhabdome becomes only 10,5% of that

of the proximal rhabdome.

The two curves are combined to form a single angular intensity curve
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for the lateral ocellus in Figure 65, The final angular dimensions of the
calculated field are approximately 70-75°% The curve is very approximately
Gaussian in shape, except that a small but distinet hump is centred at about
60 off;axis, due to the effect of the distal rhabdome on the smoother curve of

the proximal rhabdome.

Where the mean distance travelled by light rays entering the proximal
rhabdome is taken as 40 1 instead of 80 u, the resulting angular intensity
curve for the lateral ocellus remains very similar to that derived using 80 .
(Figures 65 and 78), It is evident that whilst the ratio of the mean distance.
travelled by light rays through the proximal rhabdome to that througﬁ the distal
rhabdome remains disproportionately large (i.e. between 80 /3.2 and 40 /3 .2),
large variations in the mean distance travelled by light rays in the proximal
rhabdome do not significantly alter the shape of the intensity curve for the |
lateral ocellus, the only difference being a slight increase in the size of the
hump centred at 6° off-axis where the ratio is reduced, The actual value of

the ratio is not critical within quite large limits of variation,

It is unlikely that the curve is particularly accurate outside 150 off-axis
for reasons outlined in 4:2:4:2, Reflection at the surface of the corneal lens
should reduce values between 15 % and 35 ? off-axis, whilst scattering within
the dioptric system should increase them, The angular intensity curve obtained
here will be compared with that obtained electrophysiologically in the next

section,
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5. ELECTROPHYSIOLOGY OF THE LATERAL OCELLUS

5:1 INTRODUCTION:

The lateral ocelli of larval Lepidoptera have been investigated
clectrophysiologically only by Ishakawa and Hirao (1960, a and b, 1961),
Working on the electroretinogram (E.R.G.) of mature larvae of Bombyx
meri, their results are typical of "slow" eyes, (1:3:4), Summarised, their

findings are as follows.

The E.R.G, consisted of a small negative deflection at "on", followed
immediately by a rapid and prominent positive potential, succeeded in turn
by a slow negative potential, The negative potential was never prominent
where the stimulating light was weak or of short duration, For long light
pulses the peak of the positive wave was maintained during illumination,
usually with a short overshoot at "off", Analysis of the E,R,G., from short
pulses suggested that the E,R,G., was the algebraic sum of two components.
The first was responsible for the rapid rise in the positive potential and
dropped again after a short overshoot at "off", The second was a slow
positive potential which degenerated only slowly at "off", Degeneration of

the preparation resulted in the reduction and eventual loss of the first compo-

nent.

The height of the E.R.G, increased as a sigmc;id function with the
1oéarithm of light infensity between 0,5 and 5,000 lux, The flicker—fusion-
frequency occurred between 25 and 30 flashes per second. Progressive
dark-adaptation of the preparation caused the height and duration of the
E.R.G. to.increase. Full adaptation took one hour although the half-value
was reached within 5 to 10 minutes. The period of light-adaptation was shown
to be shorter than that of dark-adaptation; an illumination intensity of

1,600 lux resulted in light-adaptation in 10 minutes.

he following section describes the apparatus and techniques used to
determine the dimensions and properties of the fields of sensitivity of single

unipartite lateral ocelli in fifth instar larvae of Pieris brassicae., Whilst

the primary aim of the experiments was to obtain angular response curves
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describing the angular sensitivity of single lateral ocelli and to derive from
this the intensity curve for the rhabdome, it was also hoped to repeat some
of the experiments whose results are described above and to measure the
sensitivity of the lateral ocelli to stimulus wavelength and plane of polari-
satidn. For this reason, the apparatus described below is more elaborate

than was demanded by the relatively limited range of cxperiments undertaken,

Results obtained in this section are compared in detail with those of

4:2:4 in 5:3:2:4 and implications considered in Section 6,

5:2 APPARATUS

As considerable electrical apparatus was used during experiments for
both stimulating and recording it was necessary to house the electrodes,
micromanipulator and part of the non-electrical stimulating and recording
apparatus inside a heavily screened light box, (Figure 66). This was
constructed from light alloy sheets and "Handy-Angle", The walls, top and
floor were coated in non-reflecting black velvet, and all metallic contents
were coated in black matt paint. Access to the specimen before and after
experiments was achieved through the readily removable screening sheet (r)

in front of the box,

Further electrical protection was provided by surrounding the light box
and preamplifier with a cage of copper mesh, The floor of the cage was lined
with heavy metal sheeting, providing some protection against magnetic inter-
ference. The whole cage was covered in heavy black sailcioth in order to

prevent stray light entering the light box through the removable front.

5:2'1 The Recording System:

Some time was spent initially in attempts to record from the optic nerve
using a Copland D,C, Preamplifier and a Cossor Dual-Beam Oscilloscope,
Although a D,C, amplifier poésesses obvious advantages for recording
generator potentials of long duration, the apparatus did not prove sufficiently
sensitive for low voltage extracellular potentials of the type eventually found,
The final recording system is described in the following pages with

details of preparations where relevant,
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5:2:1:1 Llectrodes:

Tungsten microelectrodes were used for most recording, although
stainless steel insect pins (Green, 1958) were also used with some success.
The tungsten microelectrodes were prepared largely as described by Hubel
(1 957), but sodium nitrite was used instead of potassium nitrite, Initially
a motor and system of levers were used to drive the wire up and down in
the electrolysing solution,. but this proved to be an unnecessary refinement
and tapering was later controlled manually, Foi the type of recording
required here, electrode tips of between 5 and 10 microns gave the most
satisfactory results, although tips of less than 1 micron could casily be
prepared. The tungsten wire was then inserted into a Luer 20 or 27 gaugé
stainless steel hypodermic needle, which was in turn bent through 45 ° to
improve electrical contact and to allow entry of the electrode into the
dorsally exposed head, Various insulating coats were used, including
shellac, vinyl lacqﬁei‘ (Hubel, 1957) and glass (Ballintijn, 1961)9 Azraldite
(C.1.B.A.) gave the best results, however, providing a suitable combina-
tion of mechanical rigidity with tensile strength. Thin coats were prepared
by dipping the cleaned electrode into araldite at 50°C, Thickness was
controlled by reversing the effects of gravity several times during early
polymerisation. The point of the completed electrode was carefully bent
into a hook (between 30 and 50 9l diameter) with a pair of fine entomological

forceps.

5:2:1:2 Micromaunipulator and Supporting Apparatus:

It was counsidered necessary for the electrodes, clectrode holders,
specimen support and micromanipulator to subtend as small an angle as
possible with respect to the lateral oc’ellar opfical fields, Conve'ntional
micromanipulators are bulky structures, and although they may be stripped
down or counstructed from components according to individual specifications,
a laboratory built micromanipulator (Figures 66 and 67) was used for the

experimental work here.
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This consisted of a standard microscope stage slide manipulator (M)
attached to a strong alloy plate (A.P.)in sucha way (H, .A) that it could
be pivoted through 40°, thereby controlling the angle of approach of the
electrode to the specimen, To the micromanipulator was attached the sensory
electrode (SE) holder, allowing precision movement (S.E.A..(H.—I— V.) ) along
two axes at right angles to each other. The spccimen (s.) was pinned to a
vertical, narrow cork platform (c.p.) supported by metal at the back and
with attachment to the plate independent of the micromanipulator, Crude
manipulation of this specimen support for centering purposes was achieved by
means of four screws which moved it towards or away from the plate (HZ.A..).
The reference clectrode (R E) was positioned manually, a limited degree of
movement of the electrode being possible through its attachment to the speci-
mens support via a ball and socket joint, The attachment was such that limited

movement along the third axis was also available,

Vertical centering of the specimen was achieve'd by means of an adjustable
base to the plate, where two bolts (V.A.) could be inserted into any of a series
of holes on the plate and thence attached to the support. These bolts also
allowed the whole structure to be removed from' the light box and to be mounted
outside under a binocular dissecting microscope where the specimen was
prepared and the electrodes inserted. The support, and hence the specimen,
electrodes and micromanipulator could be rotated manually through a calibrated

3600 (H.s. °) by means of a revolving floor (S.H.R..) to the light box,

"It should be noted that whilst this device serve admirably for initial work,
precise centering of the specimen was difficult and very fine manipulation of
the electrodes was not possible. Further experimentation should make use of

more sophisticated machinery,

5:2:1:3 Amplifving and Recording Apparatus:

Sensory and reference leads (Figures 66 and 67, 2 and 1 respectively)
passed into a well screened junction box. From this a short screened double
cable led to a Tektronix Type 122 Preamplii‘ier; (Figure 70). This is an
a.c,-coupled, three—stage; push-pull operated amplifier of voltage gains

X100 and X1000, with an input stage noise level of 25 microvolts or less and
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a flat adjustable frequency response between 0,2 cycles to 40 kilocycles [sec.
Most of the work was done using the preamplifier powered by batteries although

a Type 125 Power Supply was obtained shortly before termination of the

experiments,

Responses of the optic nerve to visual stimulation were observed on two
Telequipment Dual-Beam Oscilloscopes (Type D.53) with Types HD-2 and CD
vertical deflection amplifiers, Rosponses were recorded by means of the
5-channel Ultra Violet Recorder (Type SE.2005) of S,E, Lakoratories (Engin-
eering) Litd., Feltham, Middlesex, The galvanometers used were of Type
B.100 (Flat frequency response up to 60 cycles [sec., , sensitivity 0,0025 mA Jem.
and 0,20 mV /em. ). Type B.450 (Flat frequency response up to 300 cycles [sec.
sensitivity 0,05 mA Jem., and 6 mV Jem.) and Type A..1600 (Flat frequéncy ‘
response up to 1000 cycles /sec. , sensitivity 1.0 mA Jem. and 85 mV /em.).

The type B.100 galvanometer was used in conjunction with an attenuator
(FPigure 70-A) designed by Mr, D; Alger of the Chemistry Department at
Imperial College. The attenuator circuit is given in Figure 71. The recorder
allowed immediate and critical comparison of responses, with the resultant
possibility of adjustment of the stimulus spatial coordinates to pass through the

centre of the optical field of the lateral ocellus in short-lived specimens.

A block diagram of the main electrical connections and components of the

recording and stimulating systems is given in Figure 70,

5:2:2 The Stimulus System:

The primary aim during construction of the system was to provide the
specimen with a point-source stimulus whose optical parameters were under
independent control, A point-source stimulus was used because of it5s "non-
dimensional” properties and hence clear relationship to position in the optical
or visual fields, The parameters considered were (a) luminous intensity,

(b) luminous duration, (c) wavelength, (a) degree and angle of polarisation,
(e) spatial coordinates of stimulus with respect to the lateral ocelli. In
addition a record of the quantitative values of each parameter during time was |

required .,
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5:2:2:1 Light Source:

Three types of light source were considered initially. Tungsten filament
lamps, high pressure discharge lamps,and lasers. The latter, although
possessing properties which would have been of considerable value in the
present work, were excluded. The use of a conventional optical system
implied the need for a compact powerful light source, Ideally this source
should have possessed a light output sufficiently high over the required spectral
range to maintain saturation of the lateral ocellar electrical response aflter
extensive use of narrow limit monochromatic filters, The use of a higher
pressure discharge lamp (xenon or mercury) was indicated for these purposes,
in spite of a high infra-red output and the presence of a number of narrow
bandwidth spikes in the spectral power distribution, It is probable that a
feedbhack system between a photocell and an optical wedge could have been
used to control spectral encrgy of any wavelength reaching the lateral ocellus.
In fact these conditions were not fulfilled in the present experimental work,
The measurement of optical fields was conducted with a 24 volt, 150 watt quartz
iodine lamp (Figure 70-S,L.) which was found satisfactory for the purposes

of these experiments where complete saturation of response was not required,

5:2:2:2 The Opticél System:

The light energy was introduced into the light box in the form of a 4 inch
"point" source providing a beam with a divergence angle of between 15 and 20°,

The optical system used to accomplish this is as follows . (Figure 69).

The condenser lenses (c.) possessed a short focal length on the light
source side and gave a high degree of light gathering efficiency. The remaining
two lenses were chosen to conform to the condenser focal length and the
collecting angle (209) of the fibre optics light guide respectively. Between
these two lenses was an almost parallel beam which allowed efficient use of
interference filters, etc. Light was focussed at a very narréw angle (129
on the input end of a Barr and Stroud standard flexible fibre optics Light Guide
of diameter % inch. This was passed into the light box as in Figure 66, where

an Alflex-A-UV plane mirror (Baltzer's High Vacuum, Ltd,, Berkhamsted,

. 0
Herts ) with a 90% reflection from 2400 A upward reflected light (M.) from the
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output end of the light guide onto the specimen and photocell,

Independent control of optical parameters (other than wavelength) was
achieved in the following ways. The spatial coordinates of the stimulus were
variéd by the attachment of the waveguide and mirror to a rotating arm of
light alloy tubing. (Figure 66). This was driven at constant speeds by a
synchronous motor (Figure 70 - A.,M;) and gears (Figure 638), Electrical
insulation was provided by a fan belt. Rotation of the specimen along an
‘axis at right angles to that of the light source has already been mentioned;
Neutral density filters (Figure 69 - N,D,) (Barr and Stroud) and polaroid
(where the light transmitted varies with the square of the cosine of the included
angle between the axes of the two polarisers, P) were used to control intensity.
The alternative of voltage adjustment of the light source power was not consid-
ered because of resulting changes in colour temperature and hence relative
spectral emission., Polaroid filters (circular and plane) inside the light box
could be used to obtain polarised light of known properties. Control over the
duration of light pulses and gaps between them presented certain problems.
The use of time switches working directly on the light source voltage was not
considered satisfactory because of the appreciable fraction of a second taken
for a light to become fully on and hence the lack of a square or rectangular
pulse and changes in colour temperature, Alternatives in the form of mechan-
ical, electro-optical (eg. Kerr effect), and magneto—optical (eg, Faraday offect)
shutters were considered. The latter two possessed disadvantages other than
high cost in that very high voltages are required, and at least in the standard
Kerr Cell that overheating occurs if the cell functions for longer than sub-
microsecond periods at a time. The mechanieal shutters, whether based on
rotating, oscillating or diaphragm mechanisms are relatively slow by compari-
son and appear to offer greater possibilities for control over the duration of
the pulse and gaps between in the time ranges required for this Woi*k. 0]
these mechanical systems, the rotating shutter was chosen as the simplest
system of high performance whose properties could be easily defined and
varied within the required limits., It was driven by a small electric motor
(Figure 70 -~ S.M.) and gearing gave the required number of revs. /min.

Some of its more important properties with respect to the shape and duration

of the light pulses are indicated in Appendix 1.
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5:2:2:3 Stimulus Parameters:

Recording stimulus parameters automatically was only necessary
where they were under automatic control, and was accomplished as

follows:

The angle of rotation of the light source was measured by centering
a fixed, linear 50 w. 18 K. potentiometer (Figures 66 and 70 - P) on the
axis of rotation of the light and attaching a moving contact (Figure 66 -R,C.)
to the rotating spindle. A potential difference across the potentiometer
was supplied by a 6 volt battery and a circuit was provided to limit current

to within the range required by the U,V, Recorder galvanometer,

Intensity and duration of light pulses were recorded using a Mullard
BPX,25 silicon planar phototransistor with a linear light meter circuit,
The phototransistor was attached to the rotating light arm within the stimu-
lating beam at the same distance from the stimulus "source'" as the specimen

(Figures 66 and 70 ~ Ph,).
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Ut

:3 METHODS AND RESULTS

31 Experimential Method:

Ul

Tungsten and stainless steel sensory hook electrodes were used to
. obtain extracellular recordings from the lateral ocellar optic nerve in

fifth instar Pieris brassicae larvae, The elecirodes were inserted dorsally

after the larva had been dissected as in Figure 7. Recordings from single
lateral ocelli were obtained after the remainder had been coated in a thick
light-excluding film of saturated carbon black in dilute aqueous glycerine
jelly. The hydrophobic properties of the epicuticular wax layer necessi-
tated a viscous aqueous medium, Alternatives of non-water based media
(eg. Johnson's Matt Black) were not used after it was observed that pene-
tration of the medium into the tissues produced pronounced effects on the °
generator potential and where cracking of the coat occurred after evapofa—-

tion of the solvent,

Reference electrodes (tungsten or stainless steel) were inserted into
the muscle-stripped prothoracic body wall and irrigated with blood. Inscrtion
closer to the sensory electrode was not possible because of difficulties in
manipulation, Hence outside interference and widespread body potentials
only could be eliminated from the record. Localised head potentials were
included in the record in the form cf slow random fluctuations. These were
eliminated with the a-c preamplifier low frequency cut-off, However, this
‘excluded obser‘ve.xtion of respbnses to light pulses-larger than one per sécdnd,
and most work was conducted at ten pulses per second, A double- or
triple-barrelled electrode (Figure 72) was later designed to increase the
efficiency of the push-pull stage in the preamplifier, but was not used before

the experiments were terminated.

Two further problems resulted in a low ratio of satisfactory recordings
from the optic nerve., The thickness of the neurilemma and neuroglial layers
surrounding the nerve provided a high degree of insulation between the

sensory electrode and the potential being recorded, LExtra-cellular recording

from the ocellar nerves of the locust is very difficult for this reason
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(Hoyle, 1955). In Pieris, slight sitretching of the nerve cccasionally
resulted in very good recordings (up to 3.6 mV) although most potentials
obtained were in the order of 300-500 4V, The signal to noise ratio obtained
\rax:ied greatly with a range between 27 Vi , Ol one occasion, to a more typical
5/1. The second factor affecting the number of useable recordings was the
short life of most preparations. An occasional good preparation maintained
a steady response for 30 minutes or more, although more typically rapid
degeneration of recording conditicns occurred over a period of a few minutes
(Figure 73, Recording No. 10). No obvious change in the shape of the
potentials recorded was observed during this degeneration, it resulting
evidently from dehydration of the optic nerve, The use of liquid paraffin

to reduce the rate of evaporation also insulated the nerve from the recording
apparatus. The alternative of raising the relative humidity inside the light

box was more effective,

The optic nerve response was a generator potential consisting simply
of a rise to maximum which was maintained after "on" and a drop by the same
voltage at "off". There was no evidence in the limited experiments conducted
of the diphasic response described by Ishakawa and Hirao (1960) in Bombyx
larvae, The use of short term light pulses simulated spike discharges in the
optic nerve and allowed recording of the type described with the a-c preampli-

fier,

Measurement of lateral ocellar fields of sensitivity should ideally have
been conducted with occasional pulses' of light whose intensity was varied at
various points across the field to produce a constant electrical response.
Similarly, the relationship between stimulus intensity. and response should
have been found by subjecting the preparations only to occasional pulses in
order to maintain a steady state of 1ight/dark adaptation, Owing to the short
life of most preparations, however, this was not possible, Instead all larvae
were introduced into the apparatus at approximately the same stége of thi/
dark adaptation, Stimulation took place for some minutes before recording
was commenced and the response before recording was generally constant,

In the several cases where the response before and during recording was not

constant, this proved to be the result of degeneration of the preparation whose

electrical response (including "noise" from surrounding tissues) rapidly
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disappeared. It was assumed, therefore, that the recordings were mace

" under conditions of similar and almost steady states of 1ight/dark adapta-
tion, In addition, measurement of the relationship between stimulus intensity
and the response was conducted under identical conditions, so that any
changes in the state of adaptation should have been cancelled out where the
two sets of results were used to derive the intensity curve for the lateral

ocellus.

5:3:2 IExperimental Results:

5:3:2:1 Measurement of Field Dimensions:~ Angular Response Curves.,

The point of maximum response of a lateral ocellus to the stimulus was
found after progressive adjustments of the light arm and the specimen support.
The stimulus intensity remained constant throughout the experiment and
variations in the size of the generator potential were measured in the form
of an E,.R,G, during transit of the light arm through 340 ° (eg. Plate 15).
Niné of the best recordings were analyéed further affer transfer to graph
paper to make handling easier (Figure 73). Bach E,R.G. was considered to
répresent the compound response of the seven retinula cells of a single
lateral ocellus. E.R.G's. were only obtained from lateral ocelli 1, 2, 3
and 4, The limits of the response were defined arbitrarily as the points at

which the response was lost in background noise,

. The diameters of fields so defined varied between 144 % and 196°, The
diameter of the half-value response varied between 28 % and 709, although
63% of recordings occurred within the range of 40 % and 55 © with an overall
mean of 44 ® (Figure 74). The slope of the curve changed from predominantly
vertical to predominantly horizontal between 34 % and 39° off-axis, being
predominantly vertical nearer the axis. The peak on the axis was typically
a fairly pointed structure. All response curves except one showed a single
peak of sensitivity, In this one instance (Figure 73 - recording no, 5) two
small peaks occurred 2.5°% on either side of the main axis. Curves on either
side of the main axis were not mirror images of each other (eg. recording

no. 12). The slope of the curve was not regular where 50% showed a pair
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of "shoulders" between 5% and 12.5°% on either side of the main axis (eg.
recording no, 9), and most showed evidence of at least one more hump
between 20° and 300 off-axis, On a number of occasions a series of small
irregular humps were observed outside the main limits of the response, A
similar phenomenon has been described in most accounts of sensitivity curves
of compound eye ommatidia, No significant differences were observed between

angular response curves of lateral ocelli 1, 2, 3 and 4,

5:3:2:2 Relationship between Stimulus Intensity and Response:

Accurate measurement of the required relationship was not achieved in
the time available, However, a preliminary run on a particularly long-lived
specimen under the conditions outlined above suggested that it was similar.
to other insect eyes, giving an S-shaped log. intensity/response curve (Figure
75) which was almost linear over only one third of the log, intensity range

used for the experiments (3 log. units).

5:3:2:3 Flicker-fusion Speed:

_ Again only preliminary results are available, However, these indicate
that the {lickexr-fusion speed in Pieris lateral ocelli is somewhere in the
region of 30 pulses /second (Figure 76). This agrees well with the results
Ishakawa and Hirao (1960) obtained for Bombyx larvae, where the flicker-

fusion speed %32 pulses /second.

5:3:2:4 The Angular Intensity Curve for the Lateral Ocellus:

The angular intensity curve derived for the unipartite lateral ocellus
from the electrophysiological data summarised in Figures 74 and 75 is given
in Figure 78, curve A, The curve so obtained possesses a sharp peak on axis
and drops rapidlyAt-,o a small hurhpAwhich first becomes apparent at approximat-
ely 5 off axis.The overall spread of the curve is considerable, reaching 84 °
off axis. Most of this spread (i.e. between 15 % and 84 ° off a}:is) oceurs at

light intensities of less than 10% of the maximum on axis.

When considered with data derived elsewhere in the thesis, the angular
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intensity curve of I'igure 78 indicates threc important features, (1) The
angular orientation of lateral ocellar primary axes (4:2:2:3) indicates
pronounced overlap between visual fields where light enters single lateral
ocelli over an angle of 1689, (2) Comparison of the curves based on the
theoretical model (3:1:2:4) and that derived from electrophysiological measure—
ments indicates that the two agree closely for between 0%and 179 off axis
(Figure 78), the range predicted in 4:2:4:2, Outside this limit, the electro-
physiologically derived curve shows higher relative intensities than those

of the theoretical model. These intensity differences never exceed 3% of

the maximum intensity on axis (Figure 77). However, whilst the broad limits
of the electrophysiologically defined intensity curve did not exceed the absolute
maximum {4:1:1 ), they were not predicted in the theoretical model and it must
be assumed that scattering phenomena of various types are responsible for
the difference. he combined effect of diffraction at the corneal and crystall-
ine lens apertures should result in an Airey disc of diameter no greater than
1.5u. This is too small to account for the difference between the two curves.,
Scattering through optical inhomogeneities is minimised in the lateral ocellus
(Section 4), but might be a significant factor. However, scattering of oblique
rays from the inside of the cuticular rostrum appears to be the most likely
single cause (Figure 60), (3) The close agreement between the two curves
(Figure 78) for 0°-179 off axis includes the presence of the hump at 6.5 0

off axis, This very close agreement suggests that the reasoning behind the
theoretical model is approximately correct within the limits. predicted; and
by implication, that the other fecature predicted from geometrical optics - the
difference between angular inclinations of the three distal retinula cell peak
sensitivities - is also valid. The implications of such differences in angular

inclination of optical axes will be discussed in Section 6,
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6. CONCLUSION

6.1 GENERAL DISCUSSION

A number of features arising from data given in both the introducticn
and the subsequent text may be discussed in fuller detail than was possible
at those points, The following pages are the result of a more detailed
consideration of some of these features, in particular the optical behaviour
of the dioptric system and rhabdome and attempts to isolate some of the
properties of the neural processing of visual information in the visual
system of larval Lepidoptera, Where at all relevant, information obtained
elsewhere {from the ommatidia of adult insects and from other Sourcés has
been used to support arguments where specific information on lateral ocelli
is not available., Tor this reason, many of the general conclusions are
tentative and unless otherwise stated, may appiy equally to the compound

eye.

A paper, prepared during the course of the work described in the
preceding thesis, is included as Appendix 2. The text of this concerns an
attempt to analyse a possibly significant feature of overlap between adjacent
ommatidial fields of sensitivity in relation to the extraordinary capacity of
the compound eye to detect small angular movements, No experimental

attempt has been made to determine the significance of the principle descri-
bed.,

6:1:1 The Rhabdome as a Light—guide:

[t was suggested in 1:3:2 that waveguide properties of the insect
rhabdome might account for a number of the photoreceptor sensitivity
properties with regard to angle, wavelength and plane of polarisation of the
optical stimulus, In the discussion below it is proposed to considei' data,
obtained in earlier sections of the thesis, in the light of a very general
resumé of some of the properties of {ibre optics light-guide. This resumé
is presented in the paragraphs immediately below, Conclusions subsequently
drawn as to the properties of the rhabdome are qualitative and hence may
ultimately prove to possess little functional importance in determining the

sensitivity of the lateral ocellus to various optical parameters. Assessment
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of their quantitative significance is a subject for experimental investi- -

gation at some future date,

6:1:1:1 Iibre Optics:

In an isolated fibre of diameter greater than a few wavelengths, of
refractive index n4 and surrounded by a second medium of refractive
index na< ny4, rays travelling down the fibre are totally internally reflec-
ted at the fibre /second medium interface if their angles of incidence at
this interface are greater than the critical angle, 6= sin™? (n, /n1). As
a result, the energy associated with these rays is conducted down the
fibre. Energy is lost through variations in the fibre diameter, imperfections
in the fibre /second medium interface and by absorption in the fibre material

(Kapany, 1957).

Energy and phase properties of incident, refracted and reflected
waves at the interface indicate that there is a boundary disturbance in the
second medium (Longhurst, 1967). This boundary wave is such that at any
instant there are regions on the interface at which energy leaves the denser
medium, alternating with regions at which energy re-enters it. There is
thus no net transfer of energy across the interface unless a third medium
of refractive index n3> n,, is brought into close proximity., Where such a
medium is brought into close proximity, the magnitude of the flux leakage
into it (through frustrated total internal reflection) depends upon the refractive
indices of the three media, theé thickness »f the intermediate layer, the
angle of the incident light beam and its plane of polarisation (Kapany, 1959).
Flux leakage curves follow different patterns for the two planes of polari-—
sation (the electric vector in, or perpendicular to the plane of incidence)
as a function of intermediate layer thickness and angle of incidence of the
plane wave., This difference is most marked at high angles of incidence and
at narrow intermediate layer thickness (eg. A to )\/1 6), where leakage
is less in the piane of polarisation parallel to the interfaces than perpendi-
cular to them (Kapany, 1959). At angles of incidence close to the critical

angle and the Brewster's angle, flux leakage curves are modified because
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of polarisation and interference phenomena,

Th.e principles of geomectrical optics are found to hold for most
calculations on the conduction of light through isotropic rods and
fibres, providing that their diameters are many times the wavelength
of light (Kapany, 1957). As diameter decreases to approach \,
diffraction effects become predominant and fibres act as waveguides.
At such diameters, the differences between the geometrical (Kapany,
1959) and waveguide (Kapany and Burke, 1961) theories are: (1) The
geometrical theory neglects phase information and thus cannot predict
interference phenomena, and (2) Whereas the more rigorous waveguide
theory demonstrates that not all rays in the range of angles from I /2
to the critical angle are possible, the geometrical approach assumes that
they are. Ior [ibres more than a few times the wavelength of light, the
differences between predictions made from the two approaches will not
be great under most optical conditions., IFor small fibres, however,
where only a few permissable characteristic angles exist and an appreci-
able degree of coherence is attainable, the differences become apparent

(Kapany and Burke, 1961),

For waveguides, "characteristic waves" or modes made up of elementary
plane waves, are propogated at discrete angles (greater than the critical
angle) down the fibre. These angles are determined by the characteristic
equations of the waveguide (Kapany and Burke, 1961).- F}“om expressions
derived for the energy distribution inside and outside the fibre, the diameter
of the area within which 99% of the energy is conducted by the fibre (the
"optical diameter") may be calculated. The number of allowed characteristic
angles and the optical diameter are dependent upon the "fibre-characteristic
term", R, which is simply the fibre numerical aperture (/ ny%-n,? ), times
the ratio of its diameter to the wavelength, times T . The larger the value
of R, the larger the number of permissible angies and the smaller the optical
diameter of a given mode. Experimental results indicate that glass fibres,
of high numerical aperture (as great as 1.1 5)and of diameters down to 1 Moy,

can yield high image quality when combined in bundles. Whereas long isolated
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fibres down to 0,1 u diameter have conducted light, they are not efficient
for image transmission because their optical diameter is large \Kap'xny and
Burke, 1961 ). This implies that fibres with R-values as low as 7.25 act
as efficient waveguides with small optical diameters, whilst fibres with

R-values as low as 0.73 still demonstrate waveguide properties,

6:1:1:2 The Rhabdome:

The shape and structure of the rhabdome have already been described
in detail (2:3:7 and 2:4:2), Nevertheless, several featurés may be restated

in the light of the general statemcnts above,

(1) The inner layer observed in both histological and electromicroscope
sections may be excluded as a likely source of optical isolation of adjacent
rhabdomeres. The layer was not detected in interference microscope |
sections mounted in araldite, indicating the lack 6f any marked refractive
index difference between it and the rhabdome proper, In addition, the
diameter of the layer is sufficiently close to A to allow considerable exchange
of light energy between the rhabdomeres it separates, where the "numerical

aperture" of the layer is low,

(2) The interface between the rhabdome and the retinula cell is not perfectly
regulaf, -indicating reduced efficiency of the rhabdome as a light-guide
functioning through either total internal reflection or through wave-guide
optlcs. Such surface irregularities were observablo under the light
microscope as well as in electron microscope secuons, but apparently never

exceeded 0.5 y in either "height" or "width",

(3) The distal rhabdome will not function as a light-guide, except for the
short proximal stalk (5-15 u length) of circular cross-section., The p]"o*cimal
rhabdome may xunctlon as a light-guide along its total length (2120 u).
cross—seclion the 110 ht~0u1de varies in shape from circular or rectangular
to elliptical, ll—shaped, IHH-shaped or X-shaped., Calculations of R-values
for different diameters of rhabdome and different wavelengths of light,

(see Table followlng),. indicate that the rhabdome will function efficiently as
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nq (rhabdome) 1.48
{ n, (Schaltzone) 1.42 1.36

X d 8 u 1.5 u 8 u 1.5 u
| 300 mu R = 35 R =6.6 R =41,2 R =9
{ 600 mu R =17.5 R =3.3 R =20.6 R =4,5

a wave-guide along most of its length, this efficiency depending ultimately,
however, upon the diameter of the Schaltzone. Under conditions resulting
in the larger R-values, geometrical optics may be sufficient to account for
most properties of the light-guide. It thus seems probable that the stalk
of the distal rhabdome and the upper regions of the proximal rhabdome will
function primarily through total internal reflection, whilst in the more

proximal regions of the rhabdome, diffraction effects will become significant.

A detailed analysis of the functioning of the rhabdome as a light-guide
is outside the scope of the present work, owing to the considerable complexity
of the phenomena involved. Nevertheless, a number of general features may
be expected from the structure of the proximal rhabdome. These features

are outlined below.

The rhahdome is surrounded by a dense screen of retinular pigment
granules, The granules vary in their proximity to the rhabdome, probably
cdepending upon the state of light fdark adaptation of the lateral ocellus (Section
2 - although this has not been examined c‘ritically). Such movements during
adaptation, if they take place, will result in (1) variation in the depth of the
Schaltzone (from 5 4 to 0.5 u or less) and possibly (2) variation in the
refractive index of the Schaltzone (From 1.42 to 1.36? - see Horridge, 1965).
The pigment granules under these conditions will function by absorbing some
of the light energy of the boundary disturbance., Changes in the depth of the
Schaltzone will result in changes in the efficiency of total internal refleection
and hence of the rhabdome as a light-guide. Similarly, changes in the

refractive index of the Schaltzone, if they occur, will result in changes of

the critical angle. This in turn may alter the dimensions of the ficld of
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sensitivity of the rhabdome, where the collecting angle at the top of the
rhabdome is sufficiently broad (ie. the collecting angle for the rhabdome,
controlled by the critical angle, is similar in the dark adapted condition

to tﬁe angle subtended by the corneal lens aperture), and will also alter
the optical diameter of the rhabdome. It is calculated theoretically that

a change in the refractive index of the Schaltzone from 1.36 to 1.42,
accompanying light adaptation in the Pieris lateral ocellus, will signifi-
cantly decrease the area of the surface of the corneal lens through which
light may be channell ed by geometrical optics to pass down the rhabdome,
This decrease in available surface areas will exclude the area of surface
through which more oblique stimulus angles affect the rhabdome (Figure 59),
and will result in (1) reduction of the limits of the field of sensitivity of the
rhabdome and (2), nen-linear depression of the off-axis sensitivity within
the reduced limits. These alterations in the dimensions of the lateral
ocellar field of sensitivity could be treated more precisely if refractive
index changes in the Schaltzone were shown to be more than an hypothesis,
Such events, however, most probably account for the changes described

by Tunstall and Horridge (1967) in the dimensions of the field of sensitivity

of the locust immatidium during 1ight/dark adaptation.

The optical diameter of the rhabdome must vary as a function of A,
being greater at the 600 my end of the visible spectrum than at the 300 my
end. The pigment granules surrounding the Schaltzone should result in
a higher degree of frustrated total internal reflection at the red end of the
spectrum than at the U-V end,; and hence U-V light may be transmitted most
efficiently down the rhabdome. Such a mechanism might account in part for
the marked sensitivity shown by most insect retinula cells to light of wave-
length 345mpu (143:1:1 and 1:3:3), and also for the reduction in sensitivity
to short wavelengths in particular when insects are fed on carotenoid-free
diets, Presumably a carotenoid-starved insect would automatically become
dark-adapted, and by reducing the effect of retinular pigment granules,
would reduce or eliminate the superior efficiency of U-V transmission down

the rhabdome, Relative spectral sensitivity in the light—- and dark-adapted
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- states could be measured to test this hypothesis,

A further feature, possibly specific to the rhabdome of the Pieris

larval lateral ocellus, may result from bias in the orientation of the
interface between the rhabdome and retinula cell, In Figure 81, B, C

and D (the proximal rhabdomes of lateral ocelli 1, 2 and 3) are shaped in
such a way that the surface of almost the total rhabdome is orientated in

one direction only (XY). Where frustrated total internal reflection is
considered, it is evident that light polarised in the plane XY should be
conducted more efficiently along the rhabdome than light bolarised in the
plane MN, A (Figure 81) represents only a short transitionary staﬁe between
the stalk of the distal rhabdome and the main length of the proximal rhabdome,
and hence will contribute little to the E,R,G, of either the lateral ocellus

or of single proximal retinula cells, In lateral ocelli 4, 5 and 6 (Figure 81 -—E),
the surface of single rhabdomeres is orientated in two planes at right angles
to each other. It seems possible, but not likely, that this would result in
peak sensitivity of the lateral ocellus to planes of polarisation every 90°,
with troughs at an angle midway between each peak, This argument might
apply to the rhabdome of the locust ommatidium, in which peak sensitivity

to plane of polarisation for a single cell occurs in one plane only, where
adjacent retinula cells possess peaks at polarisation angles of 60°% with
respect to those of their neighbours (Shaw, 1 967), and where the rhabdome

is approximately triangular in cross-section (Horridge, 1965),

The partial or complete separation of the proximal rhabdome into two
units ("compound rhabdomeres') indicates the possibility of different angles
of péak sensitivity for different proximal retinula cells, where, optical
isolation between the compound rhabdomeres is complete. Diffraction effects
in the dioptric system are apparently sufficiently small (4:2:3:4 and 5:3:2:4
- maximum diameter Airey disc is 1.5 IJ) to allow good resolution at the
‘top of the stalk of the distal rhabdome (diarr.-eter 8 u). However,' total
internal reflection within the undifferentiated portion of the rhabdome will
probably reduce resolution at the top of the differentiated portion of the
proximal rhabdome to such a degree that little or no differentiation occurs

between angles of peak sensitivity of single proximal retinula cells,
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- 6:1:2° Iresnel Reflection and Sensitivity to Plane of Polarisation:

rergy transmission for two planes of polarisation
at right angles to each other have been described as light crosses the
upper surface of the corneal lens (4:1:5). It was suggested that such a
process might provide the basis of lateral ocellar sensitivity to plane of
polarisation. Such sensitivity has been described in the larvae of several
Lepidopteran species (1:3:1:2), The effects of Fresnel reflection at the
upper surface of the corneal lens may be considered theortetically with
regard to two further processes in the lateral ocellus: (1) The effect of
Fresnel reflection at other refractive index boundaries further down the
dioptric system; and (2) the attenuation of light energy focussed onto the
rhabdome from the upper surface of the corneal lens and from wide stimulus

angles off axis.,

Where boundaries between media of different refractive indices are
considered, the air/corneal lens boundary represents the most abrupt
transition inrefractive index of media through which light passes to reach
the rhabdome. The surface of the corneal lens possesses a refractive index
of 1.565 with respect to air (3:1 :2:4). The next highest transitions which
could result in 'resnel reflection are those of the corneagen cell /crystalline
lens—-secreting cell boundary and the crystalline lens-—secreting cell/crystalline
lens boundary, which represent transitions in refractive index of 1.044 and
1.035 respectively., The amount of light reflected from these boundaries
for any plane of polarisation will thus be very much less thaﬂ that already
calculated for the surface of the corneal lens., Other boundaries, i.e,
between the lamellae of the corneal lens and between the crystalline lens and
rhabdome will not display measurable reflection. It may therefore be
assumed that the values for percentage intensity changes across the upper
surface of the corneal lens,resulting from rotation of the plane of polarisation
through 90° (Figures 53, 54 and 55),do not increase greatly after inclusion
of the effects of other boundaries, and that these values will serve as approxi-
mations for all light lost through Fresnel reflection at refractive index

boundaries in the dioptric system,

It may further be assumed that the minimum intensity change which can
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be detected by the compound eye of Locusta (Thorson, 1966a — 1:3:1 :3) )
also marks the absolute limit for the lateral ocellus., Referring to Figure

55, this minimum intensity change takes place at 48 % off axis for the

unipartite lateral ocellus (where -AI-L for Locusta = ; E‘i(ﬂ%l(%lﬁ-) .100).

Between 48 0 off axis and the outer limits of the ocellar field of sensitivity

at 84 0 off axis, the intensity change increases with rotation of the plane of
polarisation through 90 0; so that it is within this range of stimulus positions
that the possibility of detection of plane of polarised light through Fresnel
reflection must be considered. Referring to Figure 54, the intensity changes
during rotation of the plane of polarisation vary between 0.5% and 5.,5% of

the mean angular intensities for stimuli at angles between 48 % and 84 © off
axis., Whilst these values suggest initially that detection of plane of polari-
sation through IFresnel reflection is possible at large stimulus angles off axis,
such intensity changes only take place across the surface of the corneal lens,
Because they represent intensity changes at large stimulus angles off axis,
they will be attenuated to a small fraction of their original intensity by the
time they enter the rhabdome (--compare Figures 53 and 78), i.e. the 5.5%
intensity change at the surface of the corneal lens for a stimulus angle of

819 off axis is not detected at all by the rhabdome, whilst the 0,5 % intensity
change at 48° off axis must be attenuated to a real intensity change probably
very much less than the minimum real intensity value of A“iI‘- detected in

Locusta under optimum conditions,

It tllel“éfore appears highly unlikely tﬁat Fresnei rcfléctiorf can be
responsible for the sensitivily to plane of polarisation observed in at least
some Lepidopteran larvae. The interaction of rhabdome surface orientation
and frustrated total internal reflection to produce differential transmission of
different planes of polarisation along the rhabdome (6:1:1:2) presents a much
more attractive hypothesis, Experimental observation of light transmission

along the rhabdome may confirm this,
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6:1:3 TFields of Sensitivity of Single Retinula Cells:

In Pieris brassicae larvae, single unipartite lateral ocelli are

sensitive to light over a mean range of 1689, indicating a very high
degree of overlap between fields of sensitivity of single unipartite lateral
ocelli, However, whilst these field dimensions are known, those of single
retinula cells of a lateral ocellus are not. Geometric considerations
presented in the thesis strcengly suggest that peak sensitivities of single
distal retinula cells are inclined at angles of 12-13? to.each other
(4:2:3:4), whilst the light-guide properties of the rhabdome suggest that
proximal retinula cells share the same fields of sensitivity with peaks on
the optical aiis of the lateral ocellus (6:1:1:2), There is no indication,
however, at what angles off axis the field limits of single retinula cells
are located, other than that some reach 84 % off axis., Do they all? If the
suggestion is correct that reflection from the inside walls of the cuticular
rostrum is largely responsible for the wide field limits (5:3:2:4), the
critical angle of the proximal rhabdome should limit the dimensions of the
fields of sensitivity of single proximal retinula cells to angles little larger
than those defined by geometrical optics, Also, the distal retinula cells
would show strongly asymmetrical field limits. Fields of sensitivity for
single retinula cells must therefore be determined by single cell (intracellu—
lar) electrophysiological recording, In the absence of such recordings it
is possible to state with assurance only that the fields of sensitivity of
retinula cells ‘within single lateral ocelli will show pronounced overlap and
that at least some retinula cells of different lateral ocelli will also show

such pronounced overlap,

6:1:4 Variation in the Dimensions of the Response Sensitivity Curve:

From the data in Figures 75 and 78 (curve A.), curves can be plotted
(Figure 82) representing voltage response sensitivity for different intensities
of stimulus in a unipartite lateral ocellus at a steady state of 1ight/dark
adaptation. From these (calculated) sensitivity curves, two properties

become apparent. (1) The sensitivity curve becomes more pointed close to

axis as stimulus intensity decreases, The value of the angular half-response(ss
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in Figure 82) decreases with decrease in stimulus intensity. (2) As
stimulus intensity and the response voltage decrease, real voltage

values (eg. Z in Figure 82) move closer to the axis.

Where investigated behaviourally (1:3:1) or electrophysiologically
(1 :3:4—), all insect photoreceptors have shown light [dark adaptation when
exposed to new mean stimulus intensities over a period of time. Where
investigated in detail, decrease in mean stimulus intensity has resulted in
both increase in photoreceptor sensitivity (X2 log units, or more) and

increase in angular dimensions of the intensity curve (X2 to 3).

The two sets of properties described above exert opposing effects on
the angular dimensions of the response sensitivity curve., It is probable
that they react tcgether during the process of light/dark adaptation by
maintaining a tendency towards a respouse sensitivity curve of standard
dimensions for optimum stimulus intensities over an optimum range of light/
dark adaptation stages., Maintenance of constant dimensions and limits in
the response sensitivity curve over a range of mean stimulus intensity
conditions would have an obvious value in reducing ambiguities during the
processing of optical information in the C.N.,S, If future measurements do
show a significant correspondence between response curves for certain
stimulus intensities at different stages of adaptation, they will provide
information as to optimum stimulus intensities and voltage response at any
stage of light fdark adaptation, and further may provide indications of the
values’ of the functional angular limits of the photoreceptor field of sensitivity

with regard to processing in the C,N,S, and evertual behavioural responses.

6:1:5 The Significance of Overlap in Neural Processings:

Overlap between the fields of sensitivity of neighbouring ommatidia is
a general feature of the compound eye (1:3:2 and 1:13:4), From information
presented in 5:3:2:1 and 4:2:2, it is evidenut that pronounced overlap is also

the rule between the fields of sensitivity of the lateral ocelli of Pieris brassicae

larvae, and if observations on the pseudopupil are a sufficient guide, of many

other Lepidopteran larvae including Lymantria (4:2:2:2). It seems significarit

that in Pleris the lateral ocelli directed forward and upward (lateral ocelli
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1, 2, 3 and ‘4) are not only separated by angles very much smaller than
those heiween lateral ocelli 5 and 6, and those sepavrating them from
lateral ocelli 5 and 6, but also maxk the area of the visual field in which
overlap is best developed, FIFrom their relative density of distribution and
their position on the head, lateral ocelli 1, 2, 3 and 4 are those which
should be most concerned with the perception of objects in the visual
environment. As in the compound eye, it must be concluded that optical
information obtained by the lateral ocelli of Lepidopteran larvae is not
adequately described by the Mosaic Theory of Milller, Tﬁis is in direct
contradiction to the conclusions drawn by Dethier (1 943) and Wiggleéworth
(1967). The paragraphs below describe a preliminary attempt to analyse
theoretically the possible significance of overlap between adjacent lateral

ocellar fields of sensitivity in the neural processing of optical information.

Both the small dimensions of the dioptric apparatus and the action of
the rhabdome as a light-guide impose directional sensitivity upon the ficlds
of sensitivity of compound eye ommatidia and of the lateral ocelli of Lepidop-
teran larvae., 'This directional sensitivity is manifested as a decreasing
sensitivity of the generator potential to optical stimuli off axis, Where the
absolute limits of the field of sensitivity ( £°) are defined by the angle subtended
between the axes of adjacent photoreceptors (a” in such a way that g == q
(c.f. the Mosaic Theory), then under many stimulus conditions the functional
field of sensitivity of the photoreceptor must correspond to an angle less than
a, a situation which is short of optimuxﬁ. IPor this reason it may be assumed
. that in a visual system whose photoreceptors exhibit directional sensitivity,
an increase in sensitivity to stimulus inténsity may be obtained without a
corresponding decrease in resolution by allowing a certain degree of overlap
between the absolute limits of the fields of sensitivity of neighbouring
photoreceptors. Increase of these limits allows more light to entexr the photo-
receptor and consequently confers an increased sensitivity to mean intensity
(c.f. Superposition Theory), with a resulting drop in the threshold stimulus

intensity or intensity change which the photoreceptors can react to,

Optomotor experiments have stressed the importance of small intensity

changes within single compound eye ommatidia (1:3:1:3), In Lepidopteran

larvae, intensity changes occurring during klinotaxis must be an important
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part of the visual input into the lateral ocelli (1:5 ). The capacity of the
photoreceptor to respond to small stimulus intensity changes induced by
movement of low contrast stripes across the field of sensitivity is highest
when the diameter of the stripes approach the diameter of the field of
sensitivity (eg. McCann and MacGinitie; 1965; Thorson, 1966a) and becomes
progressively reduced as the diameter of the stripes decrease, It is evident,
change induced in the photoreceptor will not be less than the intensity change
induced in a field of sensitivity of smaller diameter, On this basis it seems
probable that the dimensions of the photoreceptor field of sensitivity are the
result of a balance between the need to detect small mean intensity changes

in the optical environment, and the need for high resolution,

The capacity of groups of large photoreceptbr fields (i.e. the compound
eye) to detect very slow angular movements suggests that the sensitivity of
single photoreceptors in detecting small intensity changes either increases
with the time over which the intensity change takes place or is independent
of it, rather than that the capacity decreases with time, This is of parti-
cular significance in relation to the argument presented in the paper in
Appendix 2, where the capacity of the compound eye to detect very small
angular movements is described as being proportional to the amount of overlap
between adjacent ommatidial fields of sensitivity, but only in a situation where
the capacity of single photoreceptors to detect intensity change does not
decrease with increase in time, The conclusions of Appendix 2 will be

discussed later in relation to Pieris lateral ocelli,

Cybernetic theories based on experimental observations of the optomotor
response separate spatial localisation and resolution from the éapacity to
detect intensity changes and to react to them, Ior this reason, experiments
which determine "resolution" through optomotor reactions must be considered
as being ambiguous. Nevertheless, orientation in the optical environment
demands a degree of spatial lo/calisation within the optical environment,

This is particularly apparent in the complex orientation behaviour shown by
the adults of many Hymenopteran species, although-it is by no means clear

whether such localisation can be attributed only to different temporal and



spatial sequences of flicker within different photoreceptors, or whether’
more precise information concerning the shape and changing position of
stimulating objects is abstracted via the overlapping ommatidial fields of

sensit{vity and within the optic lobes, In larvae of Pieris brassicae, where

fields of sensitivity may reach angular diameters greater than 168 0  intensity
changes on their own do not seem adequate to account for the level of reso-
lution indicated by behavioural experiments on other Lepidopteran species

in which rectangles of 29 difference in width are distinguished (1:3:1:2).

Whilst the resolving power of a visual system is typiéally a property of
the photoreceptor array and not of single photoreceptors, attempts to define
the limits of resolution,or the potential resolving power of a group of photo-
receptors,must concern themselves ultimately with the properties of single
photoreceptors, The presence of overlap between fields of sensitivity of '
neighbouring photoreceptors underlines this point. In addition Oehmig (1939)
reports that Lepidopteran larvae are capable of a complete set of orientation
reactions where only a single lateral ocellus is functioning., The importance
of movement in the orientation reactions of both adult insects and larval
Lepidoptera suggests that it too may be a significant feature in visual reso-
lution. Combinations of these two pairs of "resolution parameters' are
considered individually below for both the compound eye and the "simple"

visual system of larval Lepidoptera.

Single photoreceptor — stationary, and with stationary stimuluss

The optical input into the photoreceptor shows directional sensitivity,
where sensitivity decreases off axis. The absolute limits of the photoreceptor
field of sensitivity (B %) are defined by the angular limits at which light ceases
to enter the rhabdome. These limits may be functionally reduced for certain
stimulus conditions by the imposition of high threshold transmission-voltages
at synapses immediately below the photoreceptor axon. Beyond decreasing:
the overall sensitivity of the photoreceptor, such high synaptic transmission
thresholds would not block responses for high stimulus intensities near the
outer limits of 3, so that the thresholds would be extremely limited in their

capacity to reduce field of sensitivity limits.
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Where the photoreceptor is defined as the basic sampling unit, it
has no capacity for resolving the position and shape of stationary objects

within its field of sensitivity.

Photoreceptor array - stationarv, and with stationary stimulus.

Here, resolution at the level of the photoreceptors is some function
of 8, the slope of the directional sensitivity curve, and the angular
separation of adjacent photoreceptor axes (o %) in the photoreceptor array.
In the ideal situation, where f=q (i.e. there is no significant overlap),
the modified Sampling Theorem developed for a hexagonal array of fibre—
optics light~guides by Kapany et al, (1957) should express the resolving
power of a densely packed photoreceptor array (~the compound eye). The
resolving power of the photoreceptor array is reduced at the level of the -
photoreceptors where the fields of sensitivity overlap., This loss of reso-
lution must depend ultimately upon the relative sensitivity of individual
photoreceptors in the area of overlap. At levels in the visual system below
the photoreceptor array, i.e, in the post-retinal visual system, it is
possible that the loss of resolution resulting from overlap may be partially
or completely reversed through excitatory and /or inhibitory lateral inter-
actions between the generator potentials of individual photoreceptors. Such
a system, involving lateral inhibition, is known to exist in the compound eye
of the Arachnid Limulus, and has been described briefly in 1:4:3, Several
types of lateral inhibition have been investigated theoretically (eg. Furman,
1 965), but there is little evidence for the presence of lateral inhibitory
processes in the eyes of insects, in spite of several attempts to isolate
such systems in the compound eye (eg. Horridge, Scholes, Shaw and
Tunstall, 1965; Horridge, 1966b). In Lepidopteran larvae, it is difficult
to imagine the efficient functioning of such systems where there are so few
photoreceptors, and where the field dirhensions of individual retinula cells of
the lateral ocellus and the q -angles between adjacent retinula cells or
lateral ocelli vary so markedly. In addition, the capacity of the Lepidopteran
visual system to initiate a normal series of orientation reacticns with only
a single functional lateral ocellus almost certainly excludes such lateral

interactions,
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Single photoreceptor — moving, or with moving stimuluss

For Lepidopteran larvae, this is apparently the most significant
grouping of "resolution parameters" . Adequate functioning of the visual
system during klinotaxis and with only a single functional ocellus must
be shown to be capable of initiating all the basic orientation responses,
Considering the lateral ocellus as the basic photoreceptor unit, the

following conditions apply.

During klinotaxis the generator potential rises and falls, depending
upon the mean intensity of light reaching the rhabdome at any particular
moment during the klinotactic sweep. The relative size of the generator
potential at any such moment depends upon the relative size and intensity
of stimulating objects within the field of sensitivity, and their position
relative to the axis of peak sensitivity of the lateral ocellus., When the
‘centre of the stimulating object is on axis, the generator potential will
reach a temporary peak or trough, depending upon whether the stimulus
intensity is +ve or -ve relative to its surroundings., Behavioural experi-
ments on Lymantria and other species (1:3:1 :2) indicate that stimuli
significant in orientation vary from a point source, thrpugh objects of
varying height and width, to one of a pair of vertical intensity boundaries
separated by angles greater than 110°%, Considering the two extreme cases,
a point source and a vertical intensity boundary, thé generator potential
responds in two distinct ways during klinotaxis. In Figure 83B, Curve (a)
is the type of response curve to be expected as the lateral ocellus moves
through an angle greater than its field of sensitivity with an intensity
boundary along the axis MN, Curve (b) is the type of response curve obtained
as the lateral ocellus moves through the same angle with a point source on
the axis MN, A series of response curves can be calculated for a series of
objects of angular width between B and a point source, These curves will
vary in shape between a pair of Curve (a)"‘s (one the mirror image of the
other) and Curve (b). It is evident that these curves, unmodified, do not
provide sufficient information concerning the spatial organisation and
localisation of intensity boundaries in the total visual field to allow behavioural
reactions of the descriminative properties indicated in {:3:1:2, (a.lthough

the properties relative to the stationary photoreceptor have been greatly
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improved (c.1. ""dynamic scanning" in fibre optics - Kapany et al., 1957) ).
It therefore seems likely that the larval visual system processes the data
from a single lateral ocellus in such a way as to allow more precise local-

isation of stimulating objects.

As lateral interactions are apparently excluded between basic photo-
receptor units (though single retinula cells of the lateral ocellus do possess
different axes), the only other possible interaction available to units below
the lateral ocellus is in time. It has already been shown that the generator
potential changes in time., Simple units may be derived theoretically which
abstract from the generator potential (V) information regarding velocity of
intensity change (U) and acceleration of intensity change (A) during time
(Figure 83A). Such theoretical units might be expected to possess properties
similar to those found by Burtt and Catton (1 960) and Horridge, Scholes,

Shaw and Tunstall (1965) in the locust optic lohes, where many units responded
to net luminosity increase, net dimming, or stimulus "on-off", In Figure 838,
Curve (b) is the velocity curve derived from Curve (a) (generator potential
for an intensity boundary) and Curve (c) is the acceleration curve for Curve (a),
whilst Curve (c) is the velocity curve derived from Curve (b) (generator
potential fcr a point source) and Curve (d) is the acceleration curve for Curve
(b). It (as in Figure 83A) the acceleration curve, A, inhibits the generator
potential curve, V, then the resulting information regarding stimulus intensity
and position is much more precise, particularly for objects larger thana

point source., The theoretical system so defined can in addition accentuate

the intensity boundary (where A is negative, V- -A =V + A)., Such "accel-
eratory inhibition" can further provide information regarding a series of
objects of different size or intensity, although its final properties depend
largely upon the relative inhibitory capacity of the aeceleration voltages. It
is evident that the capacity of the system to reduce the effects of overlap on
resolution, without decreasing sensitivity to stimulus intensity, deserves
detailed theoretical and experimental analysis at some future date. It might
also be applied to the compound eye, where the relative stimulating efficiency

of objects is proportional to movement,
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Photoreceptor array — moving, or with moving stimulus:

In Pieris larvae, the photoreceptor array is primarily aligned along
a vertical axis (i.e. lateral ocelli 1 s 2, 3 and 4). Where klinotaxis is
absent, the vertical alignment of the photoreceptor array allows a degree
of sensitivity only to horizontally orientated objects and intensity boundaries,
where the mean ¢ —angle between adjacent cells along the vertical axis is
8% and varies from 6° to 22 ° (Figure 84). Overlap greatly reduces this
small resolution potential along the horizontal axis. As was suggested by
Dethier (1 943), klinotaxis compensates for the relative lack of photoreceptors
aligned along the horizontal axis (the wide, and probably flat-field properties

of tripartite lateral ocelli 5 and 6 are ignored in the following argument).

Locomotory klinotaxis must result in a disproportionate sensitivity to
vertically orientated objects and intensity boundaries, If this is supplemented
by acceleratory inhibition, the resolution accorded to such objects and
boundaries will be far in excess of that accorded to horizontally aligned stimuli.
It is evident that whether or not acceleratory inhibition is available, the high
sensitivity to vertically aligned objects and intensity gradients should be
reflected strongly in the behavioural responses of the larva., Higher order
abstractions such as movement perception (1:3:1:3) should result in a sirilar
bias towards vertically aligned objects and boundaries. This is exactly what is

found (1:3:1:2).

Exploratory Runota}cls, where locomotion is arrested and apparently

—

random khnc‘);z-ictlc sweeps occur along any axis from horizontal to vertical,
suggestis that the relative sensitivity to vertically aligned objects should be
decreased but not lost. TIor example, klinotactic sweeps in the vertical plane
would eliminate the advantage gained by the vertical alignment of lateral ocelli
1, 2, 3 and 4. Oblique sweeps would maintain the advantages conferred by
receptor alignment, and allow more detailed information to enter the C.N,S,

with regard to horizontally (or obliquely) aligned objects and houndaries.



6:1:6  The Elements of Neural Processing:

Acceleratory inhibition, or a similar principle, can only have signi-
ficance in larval behaviour after further processing to direct the motor
response, Wigglesworth (1967) states that the behavioural responses of
Lepidopteran larvae to visual stimuli can best be explained if it is assumed
that the stimulus is fixed on one region of the retina. During klinotaxis,
however, this cannct apply. If klinotaxis were compensated for in a form
of "neural retina" of wide limits of sensitivity (360°) then this objection
would be superseded. In this situation, the klinotactic sweep would repre-
sent the horizontal width of the field of sensitivity of any photoreceptor.
Information regarding the relative position of the photoreceptor during the
klinotactic sweep might be achieved through either of two very dissimilar
methods, (1) Proprioreceptors in the neck might report on the position of
the head relative to the body axis. (2) Movement perception units of the kind
described in 1:3:1:3 might report on the relative direction and velocity of
movement during the klinotactic sweep. This latter case implies the presence
of a receptor mosaic to measure movement accurately, and therefore appears
unlikely where only one functional lateral ccellus is sufficient for orientation
reactions. As an example of the former, Mitielstaedt (1 962) describes in a
Mantid a situation where information from the proprioreceptors of the neck
reacts with visual information to control motor responses, The major
relationships bétw een stages in a theoretical visual system for Lepidopteran
1afvae, one which should allow orientations of the types described in 1:3:1:2,
is given in the form of the block diagram in Figure 85. No more detailed
properties can be ascribed to this model without further experimentation, both
behavioural and possibly electrophysiologic'al. The possible presence of
higher order abstraction units within the system, for example movement
perception units with various directional properties, is not excluded on the
basis of the relatively small number of photoreceptors available, However,
the slow reaction time of the system (i.e. > time for one klinotactic sweep), and
the relatively simple orientation behaviour of Lepidopteran larvae suggests
that such units could only be of very limited value. It therefore appears
unlikely that the conclusions drawn in Appendix 2 can have any real signi—

ficance in the functioning of the visual system of larval Lepidoptera.
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6:2 SUMMARY
(1) Literature on the visual properties of the insect compound eye ard

the lateral ocelli of Lepidopteran larvae is reviewed (Section 1).

(2)  Anatomical, histological and electronmicroscope investigations lead
to the conclusion that the structure of the six pairs of lateral ocelli of

fifth instar larvae of Pieris brassicae is typical of that of other Lepi-

dopteran larvae (Section 2).

(3) The corneal lenses of four lateral ocelli are unipartite in structure,
whilst two are tripartite, The ccrneal lens is biconvex and in the uni-
partite state is mounted on a short, heavily sclerotised cuticular rostrum.
(2:3:2). V

(4) The corneal lens is separated from the crystalline lens by a
‘considerable depth of corneagen cell cytoplasm., The three corneagen
cells envelop the other eye-elements, extending as a thin sheath for some
distance along the lateral ocellar nerve., The cell nuclei are displaced

outside the path of the dioptric system, (2:3:3),

(5) The crystalline lens is the internal secretory product of three
crystalline lens-secreting cells, The nuclei of these cells are partially
inserted into the material of the lens. The crystalline lens is oval in

shape, being narrowest at the proximal end. (2:3:4.~). Histochemical
analysis (2:3:5) shows that the unstakle contents of the lens form a loosely-
bonded neutral mucopolysaccharide/protein complex, in which the poly-
saccharide is not glycogen and in which the mucopolysaccharide is not
chitin, The contenis are finely granular under the electronmicroscope

(2:4:1).

(6) Retinula cells are arranged along-the longitudinal axis of the lateral
ocellus in two layers. Three distal retinula cells envelop the sides and

base of the crystalline lens, and taper proximally to envelop the four

proximal retinula cells. Each retinula cell forms an axon which leaves the
lateral ocellus as part of a short lateral ocellar nerve. The retinula cells
are densely packed with large, reddish-brown pigment granules which possess

a slow absorption spectrum cut—off at around.-5,100 A . (2:3:6). Several
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unidentified structures are described from electronmicrographs of

retinula cell cytoplasm. (2:4:’3).

(7)  The two groups of retinula cells form a rhabdome along the longi-
tudinal axis of the lateral ocellus. The distal rhabdome is cup-shaped
to envelop the base of the crystalline lens, and extends proximally as

a short stalk of circular cross-section. 7The proximal rhabdome conti-
nues as an elongated structure from the proximal end of the distal
rhabdome. (2:3:7), The cross—secctional structure of the proximal rhab~
dome varies between different lateral ocelli and along the length of a
single lateral ocellus. This variation is described in some detail,
(2:3:7:5 and 2:3:7:6), The ultrastructure of the rhabdome is described

from electronmicrographs, (2:4:2).

(8) A narrow layer, possibly of crystalline lens-secreting cell cytoplasm,
partially separates individual rhabdomeres along most of the length of the

proximal rhabdome. (2:3:7:1 and 2:4:2).

(9) The rhabdome is surrounded by a Schaltzone, (2:3:7:1) the depth

of this layer possibly varying with the state of light/dark adaptation of

the lateral ocellus, The contents of the Schaltzone show a radial orienta-
tion due to the presence of greatly elongated vesicles radiating from the
rhabdome. These vesicles vary in diameter under the electronmicroscope.
It is suggested that expansion and contraction of the vesicles might result
in changes in the depth of the Schaltzone, during light/dark adaptation.
(2:4:3).

(10) The retinula is surrounded by a thin cytoplasmic enveloping membrane
which is continuous with the neuroglia of the lateral ocellar nerve. The
membrane is occasionally thickened to include disc-shaped nuclei. (2:3:8).
The membrane sends fine cytoplasmic processes some distances into the
cytoplasm of the retinula cells, Large granular deposits are found in the

retinula cell immediately outside these processes. (2:4:3).

(11) The six lateral ocellar nerves on one side of the head, each nerve
of seven axons, combine together in pairs and then form one of a pair of

common optic nerves. The optic nerve travels directly to the brain.
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Retinula cell axons extend all the way into the neuropile without
interruption, passing through the developing adult optic lobes as

they do so, (2:3:9:4),

(12) The optic nerve consists of approximately forty-two axons of
equal size, The axon mass is surrounded by a ncuroglial layer of
variakle depth, containing neuroglial and Schwann cell nuclei, The

neurilemma is frequently invaded by tracheae and tracheal cells, (2:3:9),

(13) The main tracheae supplying the lateral ocelli, the optic nerve

and the brain are described, (2:3:10).

(14) Several stardard procedures are employed to measure the refractive
index of components of the lateral ocellar dioptric system. (311 :2)‘. In
addition, a method is developed to allow interferometric measurements

of refractive index from sections prepared for the electronmicrosccpe.,
(3:1:3).

(15) Mean refractive index values obtained are 1 .565 for the epicuticle,
1.541 for the exocuticle and 1.491 fcr the endocuticle of the corneal lens;
1.362 for the corneagen cell cytoplasm; 1.418 for the crystalline lens~-
secreting cell cytoplasm; 1.466 for the crystalline lens; 1.478 for the

rhabdome; and 1.422 for the light-adapted "Schaltzone.

(16) Radii of curvature and linear measurements of comporents of the
dioptric system are obtained from frozen sections, (3:3), A method is
developed for accurate measurement of the radii of curvature of either

"thick" or "thin'" lenses of small dimensions. (3:2),

(17) A combination of bench method, (4:2:2) extrécellular electrophysio-
logical recordings (Section 5) and theoretical calculations (Section 4)
leads to various conclusions concerning the functioning of the lateral
ocellar dioptric system. The upper surface of the corneal lens appears
to be the most important single feature of the dioptric system, Lower
levels in this system, including the crystalline lens, function primarily
as apertures limiting the amount of light from different stimulus angles

" reaching the rhabdome aftei refraction across the upper surface
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of the corneal lens,

(18) Angular limits are defined within which light may enter the

lateral ocellus, (4~:1 | ).

(19) Quantitative properties of the upper surface of the corneal lens are
derived theoretically with respect to "directional sensitivity" (4:1 :2)
and IFresnel reflection of light energy in two planes of polarisation at
right angles to each other, (4:1:3 and 4:1:4), It is shown that at oblique
stimulus angles, rotation of the plane of polarisation appreciably alters

the amount of light energy refracted across the surface of the lens, (4:1 :5).

(20) The geometrical optics of the lateral ocellus are considered.(4:2:3),
It is shown that the primary focal point of the dioptric system is located

immediately above the base of the crystalline lens, (4:2:3:2).

(21) A theoretical intensity curve is derived for the lateral ocellus (4:2:4)
and compared with one derived from electrophysiological recordings.

(5:3:2:4),

(22) Significant scattering is demonstrated in the dioptric system, (5:3:2:4),
It is described as resulting from three factors; diffraction; optical
inhomogeneities; and reflection from the inner walls of the cuticular
rostrum, It is concluded that the latter provides the most important single

source of off axis sensitivity of the lateral ocellus.,

(23) Between 0% and 179 off axis, lateral ocellar angular sensitivity may
be described through the principles of geometrical optics, DBetween 17 0

and 35° off axis, scattered light becomes increasingly significant, DBetween
359 and the electrophysiologically defined limits of the lateral ocellar

field of sensitivity at 84 ° off axis, scattered light is entirely responsible

for continued optical sensitivity. (5:3:2:4),

(24) The angular intensity curve for the lateral ocellus shows a single
peak on axis, and then drops rapidly to only 7% of the intensity on axis
at 209 off axis. A second hump cccurs between 5 ¢ and 10 % off axis. This

second hump is described as resulting from the sensitivity curve of the
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distal rhabdome, whilst the proximal rhabdome is responsible for the

peak sensitivity on axis, (4:2:4:4).

(25) Agreement betwecen geometrically and electrophysiologically defined
sensitivity curves (4:2:4:4) leads to the conclusion that single distal
retinula cells possess peak sensitivities at around 6.5 off-axis (4:2:3:4),
whilst single proximal retinula cells possess peak sensitivities on axis.
(é:1 1:2), It is suggested that single cell electrophysiological recording
may show asymmetrical visual ficlds for single distal retinnla cells, and
variation between the field limits of distal and proximal retinula cells,
(6:1:3 and 6:1 1),

(26) A number of features to be expected from the functioning of the rhabdome
as a light-guide are outlined, (6:1:11). These expected features concern
changes in sensitivity and shape of the angular sensitivity curve during -
1ight/dark adaptation, and also differential transmission of different wave-

lengths and planes of polarisation along the rhabdome,

(27) It is suggested that the sensitivity of Lepidopteran larvae to plane of
g8
polarisation is not a property of Fresnel reflection, but of differential

transmission of planes of polarised light along the proximal rhabdome (6:1:2).

(28) Measurement of the angular inclination of different lateral ccelli with
respect to each other (4:2:2) leads to the conclusion that pronounced overlap
exists between lateral ocellar fields of sensitivity. (6:1:5). This is
particularly evident between the four pairs of unipartite lateral ocelli, which,
from their structure and position in the visual field, are the lateral ocelli

most concerned with the detection of stimuli in the optical environment.

(29) The significance of overlap in the neural processing of optical informa-
tion is considered, (6:1:5). A simple neural model is developed which allows
precise localisation of visual stimuli in the optical environment during
klinotaxis, without a corresponding reduction in lateral ocellar sensitivity.
The model inveolves temporal inhibition and depends ultimately for its

properties on photoreceptor directional sensitivity. It is suggested that a
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similar mechanism might serve in the compound eye, where visual flicker

increases the stimulatory efficiency of objects.

(30). The sensitivity of Lepidopteran larvae to vertical silhouettes is
described as a property of the photoreceptor array and visual flicker

during klinotaxis. (6:1:5).

(31) Ttis suggested that vision in Lepidopteran larvae during klinotaxis
must involve sensory apparatus capable of defining the position of the
head with respect to the body axis at any moment of time. IFeedback of
this information should interact with sensory input from any lateral
ocellus to direct it into a precisely defined position in some form of

"neural retina", (6:1:6).
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APPENDIX 1, Rotary Shutter:

(1) To tind the rise time (T, of Figure 79B):

Where the rotary shutter disc (Figure 66) of radius r rotates at a speed
_of n revs, /sec. , any point F on the circumference will move at a speed of
2. [Lr.n, units of distances /sec. Hence it will take that point d/2. [l.r.n,

seconds to move through a distance d.

The rise time T4 is the time taken for the shuiter to expose an aperture
of diameter d, and where 2r = D = the diameter of the disc minus the diameter

of the light guide aperture, T, = d/H.D.n.

(2) Thus (a) The rise time of a light pulse is independent of the radial width
and length of the shutter aperture where these are greater than
d.

(b) The ratio of shutter aperture length multiplied by the number of
apertures on the disc /the cirumference of the shutter disc equals
light /light plus dark, and hence will give an indirect measure of
the total illumination occurring during specimen stimulation over

a period of time,

(c) Ata constant number of revs. /sec. and where d is a constant,

the variables are:

i, Diameter of shutter disc,
ii. Length of shutter aperture.

iii, Number of shutter apertures around circumference

of disc,

This gives a constant rise and fall time for each pulse, but
allows variation of the time of each light pulse and the number -
of pulses per second.

(a) Varying the number of revs, /sec. allows alteration of the rise
and fall time for the pulses, and may also be used to lengthen

the pulses or gaps between to values beyond those possible

at constant revs, /sec._
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(3) To find the optimum diameter of the rotary shutter disc, a short rise
time must be considered, Using the formula derived in (1 ), and given that
d =% inch (the diameter of the light guide aperture), the graph in Figure 80
indicates that a disc diameter of 12 inches is optimal, At3 revs. /sec., the
rise time is approximately 1 m.sec,, whilst at {1 rev. /sec., the rise time is
3.3 m.,sec, Such rise times are still far from those which may be obtained
using Kerr Cell, but were considered close enough to vertical for the purposes

envisaged here in the "slow" eye of Fieris,

(4) To find the shape of the intensity curve during the rise time by finding
the area of a segment of a circle, given the radius of the circle and the perpen-

dicular distance of the chord from the centre of curvature.

In Figure 79A, as S = /T2-x?, and the area of a triangle e quals half

the base times the perpendicular height, the area of AABC = x,/rz--x_z. Also,

X

as the area of a sector of a circle = [.r%, 8 5y = r’.cos ! [;] , and the

area , a, of the segment equals the area of the sector minus the area of A ABC,

- X 2
a = r2,cos 1[1,] <./ r? -x?

From this formula the intensity curve during T may be determined as in the

graph in IMigure 79C,
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APPENDIX 2

OVERLAP BETWEEN OMMATIDIAL OPTICAL FIELDS IN THE INSECT
COMPOUND EYE IN RELATION TO THE PERCEPTION OF MOVEMENT
OI" A POINT-SOURCLE STIMULUS

P.M, Barrer

(Department of Zoology and Applied Entomology,

Imperial College of Science and Technology, London)

SUMMARY:

The inscct compound eye is considered as a complex of ommatidia
whose optical fields overlap markedly. A simplified graphical projection
is developed and analysed in relation to optical field boundaries., A
hypothetical optic lobe neurone is postulated which responds to change in
light intensity within any ommatidial optical field, The minimum average
angular movement of a point-source stimulus necessary to elicit a response
in the neurone is considered in relation to some properties of stimulus/
neurone connectivity, It is concluded that if the model conditions hold,
overlap between adjacent ommatidial optical fields must greatly increase
the capacity of the insect compound eye to perceive small angular movements

of a point-source stimulus.
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1. INTRODUCTION

In recent yecars, strong evidence has been presented to indicate that
the Mosaic Theory and the Apposition/Superposition Theory both provide
a misieading description of the properties of the photoreceptor array in
Arthropod compound eyes. Of such evidence, the most significant concerns
the dimensions of the field of sensitivity of single ommatidia and of single
retinula cells, Electrophysiological measurement of such field dimensions
(eg. Washitzu, Burkhardt and Streck, 1964; Vowles, 1966; Tunstall and
Horridge, 1 967) together with anatomical measurement of the interommatidial
angle (eg. G8tz, 1 964) indicate that considerable overlap exists between
the fields of sensitivity of adjacent photoreceptors in the photoreceptor array. :
On the basis of similar measurements, Kirschfeld (1965) calculates that less
than 12% of the mean effective light flux is received from the anatomically -
determined visual field of the Musca ommatidium, whilst similar calculations
for Calliphora and the Arachnid Limulus result in values of less than 20%

and 19% respectively.

Lateral inhibition in Limulus has been shown to eliminate the effects
of overlap on visual resolution (Ratliff, 1961 ). A similar process has been
proposed for the insect compound eye (Kuiper, 1 962), but to date, evidence
suggests that lateral inhibition plays at the most only a minor role in the
neural processing of optical information (Horridge, Scholes, Shaw and
Tunstall, 1965; Horridge, 1966). It is apparent from the optomotor response
that field of sensitivity dimensions are not significantly reduced bhefore
neural abstraction of movements in the visual environment. In particular,
measurement of optomotor responses to movement of a series of stripes of
different widths allows calculation of the contrast transfer of single ommatidia
(G8tz, 1 964) and confirms electrophysiologically defined values for field of
sensitivity dimensions. Indications of the angular limits of the field of sensi-
tivity are also obtained from such experiments in Locusta (eg. McCann and
MacGinitie, 1 965) where maximum sensitivity may be equated with maximum

contrast transfer at stripes of period 20~45°, This indicates field limits
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at between 10%and 22,5 % for Locusta, which possesses an inter—
ommatidial angle of 1 % in the vertical plane and 2.4 ° in the horizontal

(Burtt and Catton, 1954).

It therefore appears probable that overlap is significant in deter-
mining the visual properties of the compound eye. Unambiguous experi-
mental measurement of the resolving power of the compound eye has not
been achieved, but values obtained (eg. vor Gavel, 1939; Hecht and
Wolf, 1929; Jander and Voss, 1 963 ) suggest that the minimum angle of
resolution approximates to the interommatidial angle or less. Such
resolution is difficult to explain if overlap is maintained., By contrast,
the capacity of the compound eye to detect movement is extraordinarily
high, where Burtt and Catton (1 954—) have obtained ventral nerve cord '
responses in Locusta to movements of a point source through 0.1 9,
Thorson (1966a) has described obligatory optomotor responses in Locusta

to movements of stripes through 0,005°% and Hassenstein (1958) has

obtained optomotor responses in Chlorophanus to movements of O.OZ‘O/SGC.
The significance of overlap in the neural proces‘ses defining such respouse
sensitivities is not understood. Cybernetic models have been developed in
order to explain the properties of the optomotor response (eg. Reichardt,
19613 Thorson, 1966a and b), but clectrophysiological searches for neural

analogues of postulated units have so far met with little success,

In the following description and discussion it is proposed to consider
the theoretical possibility that overlap resulting from ommatidial fields of
sensitivity greater than the interommatidial angle may confer on the insect
compound eye the basis of a heightened capacity for the perception of small
angular movements. A quantitative model is derived for what are considered
significant features of the overlapping array, limitations of the model are

defined and an analysis is made for movement of a simple point-source stimulus,



2. A GRAPHICAL PROJECTION OIF OVERLAP:

A, Conditions:

In order to simplify the initial argument, a number of assumptions
are made concerning the regularity of the ommatidial arrangement within
a compound eye, Ommatidia are assumed to be distributed in the form
of a hexagonal lattice over the regular hemispherical surface of the eye,.
The optical axis of an ommatidium coincides with the normal from the
surface of the eye, and is separated from each of the six immediately
adjacent ommatidial axes by an angle, o, the interommatidial angle, -
This angle is equal to the ommatidial angle, i.e. the angle subtended by
a single ommatidium at the centre of curvature of the eye surface, The
ommatidial optical field is defined at its sensory limits by an angle, R
(Figure 1), All o angles are taken as being identical in all possible
directions over the whole eye?\". The same condition applies to all 3
angles. Thus these angles may be considered as defining cones, the
Qa -cone representing the ommatidium and the 8 -cone representing the total
ommatidial optical field. The apex of a R-cone occurs a short distance
below the surface of the compound eye, and the cone itself extends to
infinity (eg. Figures 1 and 2). The angle defining the sensory limits of
the ommatidial optical field is grecater than the ommatidial angle by a

factor, m, the overlap factor.

i.e. T] = % ¢ 0 s 00 (1)

From the conditions outlined above, two types of geometrical projections
of overlapping systems may be constructed. The first, a plane projection

of axial sections through x~ and 3 -cones, is familiar to those working on

ek

NOTE: Over a spherical surface, a hexagonal lattice centred on a regular

hexagon loses itsregularity with angular distance from the central hexagon.
However, within the angles necessary for the projection the change in o

is only 2-5%, depending on the conditions of distortion, and may be ignored
for all practical purposes.
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insect vision (Figure 1B). Its value is limited, however, in that it

o+

cnly describes two~dimensional properties of

he system and cannot
be satisfactorily extended to include the third dimension, The second,
a spherical projection whose construction is described below, provides

a basis for investigation of some properties of overlap in this dimension.,

A necessary condition for this spherical projection is that the
omimatidium should correspond to a point source., The limits within
which this condition is achieved may be determined in Pigure 2 where

gj becomes nearly equal to “g" . It can be seen from the figure that:

2.17.v arc AB

360, o (2)

Also, as the arc AB = q.r (where o is expressed in radians).

and the chord AB = 2.r.sin g

2
arc AB a —_
= 1 for small values of a ... (3)
Chord AB 2.sin

2

(Substitution shows that even where a = 30°? there is still only slightly
more than 1% difference between the lengths of the arc and the chord).

Thus, from equations (2) and (3):

360,chord AB
a.2.0

Similarly, at any distance S above the eye:

360.,D
o .2.10

(+ +8) =

and as an identical argument may be applied to 33

(R +3) _ 360.d
B.2.0
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Thus (BESS , ceer. (@)

(r + S)a D

2

Where S is much greater than r or R, (r + S) and (R + 8) are very nearly

equal, so that

R )

2im
wifel

The graph in igure 3 shows that equation (5) is satisfied at distances
greater than 1 cm. from the surface of a typical compound eye. At such

distances the ommatidium may be treated as a point "source” of cones.

B. The Projection:

Consider a hypothetical observer located at the centre of curvature
of the compound eye surface and capable of seeing in all directions at once,
Under these circumstances, no part of the surface of the compound eye
would differ visually from any other. Should part of the surface be divided
into a series of regular hexagons, then to the observer no one hexagon
would differ in either size of shape from any other, The same would apply
to a series of cones of equal size, each originating at some point along the

central axis of an ommatidial hexagon,

The projection is therefore based on a hexagonal lattice, a point in
the centre of each hexagon representing the longitudinal axis of the ommati-
dium, and the distance between two such adjacent points representing the
interommatidial angle, It has already been demonstrated in equation (5) that
at working distances the ratio of the diameter of the ommatidial optical field
to the diameter of the ommatidial projection is _8/(1, a constant, The
diameter of the optical field is calculated from this relationship, and each
field is then represented by a circle, the centre of which coincides with
the centre of a hexagon. In the resulting projection (Figure 5), all angles
are represented by distances, and the actual distances separating ommatidia

are ignored.
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Movement of a point source stimulus through an angle is represented

th

i J  =eil

in the pfojection (_Figure 5) by a line of corresponding len
representing the ommatidial angle % is touched or intersected by the
boundaries of a number of f-cones, Over very short distances, the number
of intersections varies with orientation of the line, The average number

of times a line is touched or intersected is directly proportional to its
length times the overlap factor. Thus, the average number of optical field
boundaries, Na , affected by movement of a point source stimulus through

an angle a 1is directly proportional to the overlap factor,

i,e. Na = Kn where K is the "overlap constant", whose approximate

value is determined below,

C. The Overlap Constant:

Figure 4A indicates the number of times B-cones boundaries’
touch or intersect the diameter of a central B~cone, In the figure, each of
the three circles (centred at A , Oand B respectively) represents a trans-
verse plane section of a B~cone of radius p. The line AB represents the
diameter of the central 8-cone, and the shaded area represents the maximum

area influencing this line, It may be seen that

p = n.a, and where a= 2 /3 (see Figure 4B)

2
p =mn./3 cenen (6)

The total area Ay of the figure consists of the area of square UVWX + %,

the arca of the circle of centre A + %, the area of the circle of centre B,

A (2.p)2 + M.p?, and from equation (6) above,

il

(12+3.1).n2
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Now the area of the figure divided by the area of the hexagon will give
the approximate numbers of hexagons (a-cones) centred within the figure,

and thus the approximate number (N_ )ot 3-cone boundaries touching or

g1

intersecting the line AB,

2
NB1 = (12 +3 H)On o s . (7)

6./3

However, equation (6) does not take into account those 3~cone boundaries
which intersect the line AB twice. Such B-cone boundaries will originate
within the heavily shaded area of Figure 4A, This area (A,) consists of
the arca of square UVWX - half the area of the circle of centre A - half

the area of the circle of centre B,

Az

(2.p)2 - MI.p?, and from equation (6) above,

(12 -3 m.n?

And the number of hexagons within this area:

- 2
N, = (12 =3 1).n2, (3)

B 6./3

The total numbexr N[_3 of times B8-cone boundaries touch or intersect the

line AB may be obtained by adding equations (7) and (8),

N - 2=x3ml)n® . (2=-31).w?
3 6./3 6. /3
= 2,309.n?
and as n = B8
&
N, = 2.309.n eeen (9)

It can be observed from graphical constructions (Figure 5) that the true

~ value of NOL oscillates around the value given above,
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D, Variation in Parameters over the Compound Eve:

f the model is that the properties aund arrangement of

A criticism o
the ommatidia over the compound eye are subject to variation. Thus the
interommatidial angle alters with position on the eye surface (Vowles, 1966;
etc.) and the divection of measurement (Burtt and Catton, 1954, ctc.).

Waterman (1954) described in the peripheral areas of the Limulus eye a

marked deviation between the optical axis of the corneal lens and the normal

to the surface, The angular dimensions of the optical field also vary., Where
investigated, the ommatidium possessed a field oval or elliptical in cross-
section, (Vowles, 1966; Tunstall and Horridge, 1967; Washitzu et, al., 1964;
Kirschfeld, 1965).

These differences have not been taken into account in the present model
in order to avoid confusing the main issues. As noted earlier, it is intended
here to investigate only some potentialities of overlap as an apparently general

property of ommatidial organisation,

3, THE OPTIC LOBES AND MOVEMENT PERCEPTION:

As single ommatidia possess directional sensitivity (eg. Washitzu,
Burkhardt and Streck, 1 964), movement of a stimulus through the field of
sensitivity results in change in the mean stimulus intensity and hence of the
generator potential. Optomotor experiments (eg. Reichardt, 1961) indicate
that a pair of ommatidia must be stimulated by identical mean intensities
within an optimum time period to initiate an optomotor reaction., Horridge,
Scholes, Shaw and Tunstall {(1966) and Bishop and Keehn (1967) attempted
to eliminate the effects of intensity change in the electrophysiological identi-
fication of optic lobe movement perception units, Nevertheless, movement
perception units do not respond in a stationary field where two ommatidial
stimulus intensities are identical, indicating that both mean intensity and

change in intensity are involved in the neural definition of moving stimuli,

Considering mean stimulus intensity, the all or nothing nature of spike

discharges of the acticn potential implies the presence of a threshold change

in intensity before two mean intensities may be distinguished by optic lobe
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movement perception units, Thus whether movement perception units
are ultimately concerned with mean intensity in time, intensity change
with time, or both, the relationship between moving stimrulus, a single
ommatidiun and optic lobe movement perception is a differential one.
This relationship may be expressed most simply in the form of a hypo-
thetical optic lobe neurone whose response to movement of an optical
stimulus across any ommatidial optical field is a series of spike potentials
of equal size. The number and temporal spacing of potentials occurring
during stimulus passage is equal to the number and temporal spacing of
the differential steps of the angular sensitivity curve of the ommatidial
generator potential (Figure 6A). Each spike potential (Figure 6B) will
thus correspond to movement of the constant intensity stimulus through
an angle, the angle being some function of the change in the generator

potential from the time of the last spike,

Assuming the regular fields of the projection described above, the
original angular response may be represented as a group of spike potentials;
the ommatidial optical field then appears as a series of concentric "subfields"
(Figure.6C) whose angular positions off-axis are defined by the generator
potential differential; and hence the overlap model may bhe considered as

a series of overlapping "subfields".
Na (equation (9) ) of the projection now becomes Na , which equals:

2-31 (q1+n2'*‘n3+on-oona;»oocoo;a-oocco +nm) LI (lo)

where M¢, N2, N3, etc. are expressed corsecutively as: twice the angle
between spike 1 and the ommatidial axis, divided by the ommatidial angle;
twice the angle between spike 2 and the ommatidial optical axis, divided by

the ommatidial angle; etc,, until N is the nearest value above 1.,

Thus, where 1jp is the number of spikes occurring within the ommatidial
angle of the ommatidial optical field, the average argular distance a point
source stimulus must travel before producing a spike in the hypothetical

optic lobe neurone is:
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o = o veos (11)

Inserting arbitrary values into this equation; where a = 20; and
spikes occur consecutively at 109, 6 °, 4% 2%9% 1%5%and 10 off axis,
; 1is approximately equal to 0,036°, Thus, under these arbitrary condi-
tions, the minimum angle necessary for a point source stimulus to move
through the overlap model and produce a response is approximately 2 min,

of arc.

Some differences in the capacities for movement perception between
the model showing overlap and a model showing no overlap are outlined below,
In a model of the compound eye where there is no overlap (i.e. ns 1 ), the
number of spike potentials a single ommatidium must produce in the hypo-
thetical optic lobe neurone to achieve a capacity for movement perception

equivalent to that of a model showing overlap is
6 2 = Na + 'r]o o0 e (i 2)

where Na and no are as already formulated (equations (‘10) and (11) in

the model showing overlap, Referring to the arbitrary values defined above,
a single ommatidium whose optical field does not overlap those adjacent

must produce in the optic lobe neurone approximately 44 more spike potentials
to movement of a point source stimulus than does an ommatidium in the

overlap model,

A better measure of the greater "sensitivity" of an ommatidium in the
overlap model may be obtained from the ratio of its average angular distance
per spike potential to the average angular distance per spike potential in a
model without overlap and whose capacity for movement perception is identical,

This "sensitivity" is:

81 52 e a0 (13)

w
|
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where 5 4 is the number of spikes per ommatidium in the overlap model of
optical field width 3,; and 5, is the number of spikes per ommatidium in
the non—overlap model of optical field width 3, (Equation (12) ). For the
overlap model whose arbitrary values were defined above, and where 3 ; =

CI,’Z :20’ 8:4‘6070

The sensitivity of the ommatidial generator potential /ilypothetical unit
response (expressed as the number of differential steps in the gencrator
potential for any constant intensity moving stimulus) could either increase
with time, decrease with time, or be independent of time., It is evident that
whezre this sensitivity decreases with time, the advantages conferred by
overlap will be reduced or lost,

The capacity of the model to respond to movement of stripes across
the total visual field is a subject for more detailed analysis at another time,
Preliminary observation of the model indicates a moxre complicated situation
in which the effective area of the stimulating source changes with movement
across the ommatidial optical field as well as the position of the total stimulus
movement in relation to the ommatidial optical axis., The value of 1 under
these conditions will be a variable, unlike 11 undexr conditions of a point

source stimulus.
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DESCRIPTION OF FIGURES:

Figure 1.

The angular sensitivity curve expressed in A, as percentage generator
potential on the abcissa and degrees off axis on the ordinate. The total
diameter (i.e. the diameter between field limits) is 3 , represented in B, by
the inverted cones — each of which originates from a point some distance
below the surface of the compound eye and each of which is separated from

its two neighbours by an angle o , the interommatidial angle.

Fipgure 2.

R is an inverted cone of infinite height and representing the angular
limits of the ommatidial optical field., 7 is a second inverted cone of infinite
height representing the ommatidial angle extended above the surface of the
compound eye (radius of curvature r.) R is the radius of curvature of a
circle inscribed through A and B, points at the surface of the eye on opposite
sides of the ommatidium, D and d ave the diameters of the ¢ and 3 cones

respectively, at some distance S above the surface of the eye.

Figure 3,

Graph showing at what distance above the surface of the eye d/D‘

corresponds closely to B/a , i.e, at what distance above the surface of the

eye the ommatidium may be considered as a point source, Wlhere a = 1 °,
8 = 20%and the diameter of the corneal lens = 35 um, this distance is less
than 1 cm.

Ligureo.

A 'spherical! projection showing overlap between adjacent ommatidial
optical fields, where the lines represent the angular limits of each optical
tieldn = /o =3 (inA.)=6(inB.)=12 (in C.).

Figure 6,

The angular sensitivity curve A, in relation to the hypothetical optic

lobe neurone response B, and the "subfields" of a single ommatidium C,
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