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The ways that the visual sense is concerned in broad problems of ecology
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ABSTRACT
This thesis focuses on the visual capabilities of three species of
marsupials with differing lifestyles to assess the adaptability of their visual
organisation in relation to ecological pressures.

Combining anatomical,

behavioural, physiological and ecological investigations, the study aimed to
identify

inter-relationships between

environment

in

the

arhythmic

visual perception, behaviour
fat-tailed

dunnart

and

(Sminthopsis

crassicaudata), crepuscular honey possum (Tarsipes rostratus) and diurnal
numbat (Myrmecobius fasciatus).
Measurements of visual fields of view revealed extensive panoramic
and binocular fields in the fat-tailed dunnart and honey possum, while the
strong binocular vision of the numbat imposed restrictions on monocular
fields.

The wide panoramic vision of the fat-tailed dunnart and honey

possum correlated with their status as prey. In contrast, priorities selecting
for the extent of binocular fields differed, reflecting prey catching in the
former and arboreal locomotion and nectar collection, in the latter. The
entire visual field of the numbat, resulting from a compromise between
monocular and binocular vision, was presumably related to the ancestral
lifestyle of the species.
Pupillary mobility in response to light fluctuation was found to vary
greatly between the three marsupials, from a highly reactive pupil in the
fat-tailed dunnart to a static aperture in the numbat. The response in the
honey possum was intermediate. The extent and speed of pupillary mobility
of each species were consistent with the light conditions and fluctuations to
which they are exposed.
Similar to visual field dimensions, retinal ganglion cell distributions
reflected visual priorities associated with behavioural ecology. In the fattailed dunnart, a pronounced area centralis and visual streak optimised
sampling in regions of the environment scanned during predator and prey
detection. A concentric arrangement of retinal ganglion cells in the honey
possum was consistent with tree climbing and nectar feeding.
numbat, ganglion

cells arranged

in a bilayer, formed

In the

a remarkably

pronounced

and

extensive

area

centralis.

Although

the

unusual

specialisation suggested a selection pressure for high acuity only in the
frontal field, it did not correlate with the species' present ecology, and m a y
instead reflect the retention of a plesiomorphic state.
Visual acuity correlated with retinal topography, with similar values
obtained

using

anatomical

and

behavioural

methods.

However, the

capability did not appear to be critical for the three marsupials. Although
the

numbat

was

found

to

have

the

greatest

acuity

yet

reported

in

marsupials, its ecological significance m a y again be related to the species'
ancestral carnivorous predatory habits.
The organisation of the photoreceptor layer of the three marsupials
suggested ancestral diurnal lifestyles and photopic visual systems, with low
rod to cone (fat-tailed dunnart: 40:1, honey possum: 20:1, numbat 2-3:1)
and

convergence

ratios (30:1, 12:1 and

2-3:1, respectively) and

cone

morphology resembling that found in diurnal sauropsid retinae.
Microspectrophotometry provided evidence for the presence of three
cone visual pigments in the two species investigated using this technique.
M e a n wavelengths of m a x i m u m absorbance (A.max) were found at 535, 509
and 347 n m in the fat-tailed dunnart, and 557, 505 and 362 n m in the honey
possum, representing sensitivity to long- ( L W S ) , mediumultraviolet ( U V S ) wavelengths, respectively.

(MWS)

and

The A-max °f the rod visual

pigment in the two species was 512 n m (fat-tailed dunnart) and 502 n m
(honey possum).

M W S - c o n e visual pigments, possibly retained from the

reptilian ancestral retinal design, provide the basis for a trichromatic colour
system that differs from that of primates.
with negligible absorbance.

Oil droplets were transparent

Immunohistochemistry revealed M / L W S - c o n e

distributions correlating with retinal ganglion cell topographies over most
retinal regions, while S W S l - ( U V S ) cones were found to be scarcer with
varying distribution between the three species.
Observations both in the field and in captivity related findings with
lifestyles and associated photic environments and visual scenes. In the case
of the honey possum, such observations did not support earlier reports of

ii

strong nocturnality.

Field studies, undertaken to establish the periods of

activity of the honey possum

in its natural environment, revealed a

crepuscular habit, with some diurnal activity.

This thesis provides evidence for the major influence of both
ancestral and current constraints of ecology in the acquisition of visual
information, shaping the visual organisation of marsupials. The cone types
providing the basis for trichromacy, a colour system more sophisticated
than in non-primate eutherians, were presumably

conserved

from the

reptilian ancestral retinal design. Consequently, the visual capabilities of
marsupials are not poor or uniform, as generally assumed. Furthermore, it
is possible that the retention of the sauropsid retinal prototype reflects a
divergence of evolutionary trends and constraints between marsupials and
eutherians.
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CHAPTER ONE
General Introduction

CHAPTER ONE:
G E N E R A L INTRODUCTION

Awareness of their surroundings is essential for animals to carry out
specific tasks dictated by the demands of their ecological niches. Vision is
a major sense, sometimes the primary one, affording such a faculty. In any
environment, each object has several visual attributes, such as size, shape,
brightness, colour, motion and distance, providing crucial cues for species
whose survival depends upon their ability to translate the information
(Lythgoe, 1979). Thus, by enabling accurate evaluation of objects in the
environment, the visual system supplies data vital for specific activities,
including detection of predators, prey or mates (Archer, 1995).

Animals have evolved mechanisms that are best-suited to specific
visual

tasks, related

Dominique, 1977).

to

their

environment

and

lifestyles (Charles-

The mammalian radiation has dispersed the numerous

species to a wide array of habitats and equipped them to adopt various
lifestyles

encompassing

a

complete

range

of

photic

environments

(Bowmaker, 1991; 1998; Jacobs, 1993).

Amongst mammals, marsupials are of particular interest due to their
evolutionary uniqueness (Archer, 1984).

Their visual systems are also

distinctive since they possess ocular structures reminiscent of their
reptilian ancestors (O'Day, 1935; Walls, 1942; Jacobs, 1993; Ahnelt and
Kolb, 2000), combined

with a functional organisation resembling of

eutherian mammals (Silveira et al., 1982; Ahnelt and Kolb, 2000). In the
Southern Hemisphere, evolution resulted in the isolation of marsupials from
competition by eutherians (Archer, 1984), with species adopting a wide
range of ecological niches (Calaby, 1960; Johnson and Strahan, 1982;
Friend and Burrows, 1983; Christensen et al., 1984). However, little is yet
known about the role of vision in the sensory ecology of marsupials and
1

about species-specific visual capabilities. Due to a generalisation, shown
in this thesis to be overstated, that marsupials are strongly nocturnal, they
are often thought to have minimal visual requirements, and consequently,
poor visual capabilities.

1.1. Visual Fields
Generally, visual capabilities relate to the detection, recognition and
discrimination of objects comprising the visual world of an animal.
Perception of the visual world is highly dependent on the position of the
eyes in the head. For instance, frontality maximises the binocular field but
reduces the panoramic vision afforded by a wide monocular field (Fig. 1.1).
Similarly, a wide field is afforded at the expense of binocularity (Fig.1.1).
In the binocular field, the same visual scene is sampled from a slightly
different angle in each eye. Some species have the capability to integrate
both images, resulting in accurate distance (or depth) perception (Lythgoe,
1979).

1.2. Pupillary Mobility
Variation in light intensity is important to animals since any change
in the adaptation

of the eye, towards

unsuitably

darker or lighter

conditions, results in the reduction of visual capabilities (Lythgoe, 1979,
1984).
M a n y non-mammalian species, such as teleost fish, frogs and birds
have a special retinal mechanism to allow efficient retinal activity at a wide
variety of illumination levels (Tansley, 1965). The process, termed retinal
photomechanical movements, consists of changes of position of both retinal
pigments and photoreceptors in response to varying light intensity (Walls,
1942). In these species, the processes of the pigment epithelial cells extend
between the photoreceptors as far as to the external limiting membrane.
Within the processes, pigment migrates in response to changing light
intensity. In photoreceptors, the photomechanical changes are regulated by
organelles rich in contractile proteins, the myoids, constituting one of the

2

three regions forming the inner segment of rods and cones (Fein and Szuts,
1982).
In mammals, the amount of light reaching the photoreceptors is
regulated through pupillary mobility.

The mechanism optimises visual

performance in various light conditions by allowing the retina to adjust to
changes in illumination (Lythgoe, 1979; Douglas et al., 1998). According
to Walls (1942) and Tansley (1965), the extent of pupil contraction and
dilatation are indicative of the illumination preferences of an animal. For
instance, the pupil of strictly nocturnal species may not need, or have, the
ability to react to bright illumination, as the species has no requirement to
be active in the daytime. Similarly, strictly diurnal animals may not show
pupil movements. The need for a substantial range of pupil size is greater,
the

more

the

animal

attains

an

arhythmic

lifestyle, being

opportunistically during day or night (Walls, 1942).

active

In short, the more

constant the illumination-conditions in which an animal prefers to be
active, the less mobility the pupil exhibits.

1.3. Visual Acuity
T w o major aspects are thought to define visual performance; these
are sensitivity and acuity (Walls, 1942).

Nocturnality requires greater

sensitivity to light, afforded by a preponderance of rod photoreceptors in
the retina, and resulting in low acuity (Walls, 1942; Rodieck, 1973; Muntz,
1974). In diurnal species, the less sensitive cone photoreceptors are present
in higher numbers than rods, resulting in a marked increase in visual acuity,
at the sacrifice of sensitivity. The relative level of visual sensitivity and
acuity will influence visual capabilities. However, visual acuity alone has
often been taken to represent the most significant measure of functional
integrity of a visual system (Westheimer, 1975). The ultimate limits upon
acuity are set by the structure of the retina, and more specifically of the
retinal ganglion cell layer (Rodieck, 1973; Hughes, 1977).

Consequently,

the initial step in determining visual acuity consists of investigating the
retinal ganglion cell layer in relation to the overall dimensions of the eye.

3

1.4. Retinal Ganglion Cell Layer
The vertebrate retina consists of an approximate hemisphere of neural
tissue (Fig. 1.2) upon which images of the outside world are projected and
mapped (Lythgoe, 1977, Collin, 1999). The visual image is transformed by
the photoreceptors into electrical activity and relayed via cells of the inner
nuclear layer to the ganglion cell layer, which represents the last stage of
visual information processing at retinal level (Rodieck, 1973; Hokoc and
Oswaldo-Cruz, 1979). Parts of the retina are subserved by greater numbers
of cells and greater complexity of circuitry than others, resulting in
optimised acuity in regions of particular significance (Lythgoe, 1979).

A

regional increase in ganglion cell density results in a proportionately
greater representation of this area throughout the visual pathway (Hoko9
and Oswaldo-Cruz, 1979).
From a phylogenetic point of view, the distribution of ganglion cells
across the retina is one aspect that reflects an animal's adaptation to its
visual environment (Hughes, 1977; Peichl, 1992).

Retinal ganglion cell topography has been studied throughout the
vertebrate phylum, with similar specialisations being represented in diverse
species spanning from fish to mammals (Collin, 1999). A high degree of
diversity (Table 1.1) is seen amongst the marsupials as for the eutherians
(Hughes, 1975; Freeman and Tancred, 1978; Tancred, 1981, W o n g et al.,
1986; Harman et al., 1986; Dunlop et al., 1987; Dunlop et al., 1994; Arrese
et al., 1999).

Similar to non-primate eutherians and other vertebrate

classes, two major types of regional specialisations have been identified.
One is a concentric distribution of ganglion cells, increasing to a peak,
defined as an area centralis.

Such a specialisation represents the region of

high visual acuity, irrespective of whether it is centrally or peripherally
located (Frisen and Frisen, 1976).

A horizontally extended band of high

ganglion cell density, across the retinal meridian, is referred to as the
visual streak and corresponds to the retinal image of the horizon (Hoko9
and Oswaldo-Cruz, 1979).

4
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Fig. 1.1: Schematic representation of monocular (clear) and binocular
(shaded)fieldsin representative species of birds and mammals. (Modified
fromKardong, 1995).

photoreceptor]
cone

direction of
light

cornea

pigment epitheliurr

Fig. 1.2: Schematic representation of the vertebrate eye and retina. The ganglion cell layer
includes ganglion and displaced amacrine cells, the inner nuclear layer includes bipolar,
horizontal and amacrine cells. (Modified from Raven and Johnson, 2002).
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Table 1.1: Retinal ganglion cell densities in the area centralis (AC) and
mid-dorsal retina (M-D) of several species of marsupials. (From Dunlop et
al., 1988)
Species

Cell densities
(per m m 2 )

AC M-D

Ratio of
AC: M-D
densities

Reference

a) Area centralis and strong visual streak
Macropus rufus
6000
Macropus fuliginosus
6000

250
250

24
24

Hughes 1974
Dunlop et al. 1987

b) Area centralis and visual streak
Macropus eugenii
5600
Macropus eugenii
5600
Setonix brachyurus
5000

250
250
500

22.4
22.4
10

Tancred 1981
W o n g et al. 1986
Beazley and Dunlop
1983
Freeman and Tancred
1978
Tancred 1981

Trichosurus vulpecula

4000

500

Lasiorhinus latifrons

3200

250

12.8

c) Area centralis and weak visual streak
Tliylogale billiardierii
4900
Sarcophilus harrisii
4700
Dasyurus hallucatus
2600
Isoodon obesulus
2400

500
250
960
500

d) Area centralis and no visual streak
Dendrolagus doriana
4000
Didelphis marsupialis
2300

500
250

8
9.2

400

7.3

Didelphis virginiana

2900

8.5
18.8

2.7
4.8

Tancred 1981
Tancred 1981
Harman et al. 1986
Tancred 1981
Hughes 1974
Hokoc and
Oswaldo-Cruz 1979
Rapaport et al. 1981

to as the visual streak and corresponds to the retinal image of the horizon
(Hokoc and Oswaldo-Cruz, 1979). The increased density of ganglion cells
provides the potential for a local increase in visual acuity by decreasing
neural convergence; that is the number of photoreceptors that input onto
one retinal ganglion cell (Hughes, 1977). Thus, by analysing the horizon,
the visual streak provides a higher acuity in this important region of the
visual world. Although usually horizontally aligned, visual streaks may be
vertically aligned as in sloths, presumably reflecting their mode of
locomotion, climbing horizontally through tree branches (Collin, 1999).
Yet more unusual, is the organisation of the elephant (Loxodonta africana).
In addition to a horizontal visual streak, a vertical strip of high retinal
ganglion cell density is presumably related to ensuring high acuity of the
visual streak representing the trunk (Stone and Halasz, 1989).

6

The "Terrain Theory" proposed by Hughes (1977), is based on a
correlation between retinal specialisations and behavioural ecology.

It

suggests that the distribution of ganglion cells reflects the symmetry of the
visual world.

The author associates concentric ganglion cell topography

with arboreal conditions, and defines the presence of a visual streak as
common

to terrestrial species whose field of view is not completely

obscured by nearby vegetation.

1.5. Photoreceptor Layer
The perception of objects within the visual field is based on
information extracted from a two-dimensional image of the environment
projected onto photoreceptors (Bowmaker, 1991; 1998). These specialized
neurons form the outermost layer of the vertebrate retina (Fig. 1.2) and
represent the first elements in visual processing (Lythgoe and Partridge,
1989; Locket, 1999). All information conveyed to the brain to interpret the
visual environment originates in the number of photons absorbed by a small
number of photoreceptor types, which are themselves characterised by their
spectral sensitivity (Lythgoe and Partridge, 1989). In mammals, including
marsupials, photoreceptors are specialised for the absorption of light and
the transmission of their electrical output to cells of the inner nuclear layer,
and in turn to the ganglion cell layer (Fein and Szuts, 1982). Distinguished
from other visual neurons in their proliferation of specialised membranes,
photoreceptors are constructed upon the same basic plan (Fig. 1.3), with an
outer segment containing visual pigments; an inner segment, a cell nucleus,
and a synaptic termination (Rodieck, 1973). The outer segment, comprised
of membranous infoldings, is the site of phototransduction, where light
energy is converted into electrical signals (Rodieck, 1973).

The inner

segment has two distinct regions; the ellipsoid and the myoid, where
biosynthetic and oxidative processes are localised (Rodieck, 1973).
synaptic

termination

is the site of information

The

transfer, where the

photoreceptor makes synaptic contact with horizontal and bipolar cells
(Rodieck, 1973).
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cone
Synaptic terminal

Inner segment

Outer segment

Fig. 1.3:

Basic organisation of vertebrate photoreceptors. Upper is

towards the vitreal surface, down towards the pigment epithelium.

Photoreceptors are classified into two categories, rods and cones, on
the basis of morphological, biochemical and functional criteria (Cohen,
1972). In mammalian retinae, rod outer segments are cylindrical and tend
to be long, compared to cones. The greater volume of pigment containing
membranes is an intrinsic reason in their higher sensitivity to light, with
more photosensitive material being traversed by each unit of light (Jacobs,
1993). Subsequently, the sensory stimulus is greatly amplified, and, at low
illumination levels, sufficient chemical changes take place for an effective
impulse to reach the rod-bipolar neurons. Thus, rods are the predominant
photoreceptor mediating scotopic or night vision; as at higher light levels,
graded rod signals are lost as a result of the saturation of receptor signals
(Jacobs, 1993).

Cones respond to higher, photopic intensities of light than rods, and
mediate colour vision (Rodieck, 1973). In the outer segments, cone discs

differ from those of rods in that they are continuous and are exposed to the
extracellular space (Luvone, 1995).

Various

cone types have been

identified on the basis of the amino-acid sequence of the opsin molecule
composing their visual pigment (Archer, 1995).

The variation generates

differences in the shape of the opsin molecule, affecting the spectral
absorbance.
than

Individual cones are approximately five times less sensitive

rods, and

cannot

signal the

absorption

of individual

photons

(Bowmaker, 1991).

1.6. Visual Pigments
In polychromatic environments, such as terrestrial habitats, many
visual tasks consist of distinguishing between objects of closely matched
colours, such as locating concealed prey (Lythgoe, 1984; Lythgoe and
Partridge, 1989; Jacobs, 1993, Bowmaker, 1998). Conversely, colours used
in display as a method of signalling have a spectral radiance differing from
that of their background (Lythgoe and Partridge, 1989).
The ability to distinguish different wavelengths of light, thereby
mediating colour vision, is underlied in the multiplicity of cones (and their
associated pigments), the minimum requirement being at least two types of
cones, each most sensitive to different regions of the light spectrum
(Lythgoe, 1984; Jacobs, 1993; Bowmaker, 1998; Peichl et al., 2001).
Additionally, the spectral location of visual pigments may be important not
only in the perception of colour, but also in the perception of brightness
and contrast (Lythgoe and Partridge, 1989).
According to Bowmaker (1991; 1998), mammalian photopic vision
can be divided in three categories: limited colour vision, a highly developed
two-pigment photopic system and trichromacy of primates. However, there
is a lack of knowledge regarding colour vision in marsupials, perhaps as a
result of misconceptions attributing them poor visual capabilities. As such,
marsupials are generally thought to lack colour vision (Hemmi and Griinert,
1999; H e m m i et al., 2000).

9

1.7. Significance of the Thesis
Eutherian mammals have provided most of the knowledge of visual
anatomy and capabilities. However, relatively little is known about the
visual capabilities of marsupials. Moreover, there are no studies for either
marsupial or eutherian mammals that integrate anatomical, behavioural and
ecological data on the visual system. Considering that marsupial mammals
have radiated into many ecological niches, it is not unreasonable to assume
that they show a great diversity in their visual organisation. Furthermore,
whilst often specialised in their lifestyle, Australian marsupials are
considered to have conserved some retinal ancestral features (Ahnelt and
Kolb, 2000).
The aim of the present study is to examine the visual systems of three
marsupial

species, the fat-tailed dunnart (Sminthopsis

crassicaudata),

honey possum (Tarsipes rostratus) and numbat (Myrmecobius fasciatus),
integrating their anatomical and functional organisation and adaptive
features with lifestyle (Fig. 1.4). The species were selected because they
occupy very different ecological niches and are not closely related. O n the
basis that visual adaptations are expected to reflect the photic environment
in which they live, giving rise to differing visual capabilities, the following
issues are addressed:

1. Chapter 3: extent of visual fields is measured to determine spatial
representation of the environment. It is assumed that the configuration of
the visual fields is related to feeding strategies and whether animals are
prey and/or predator.

2. Chapter 4: pupillary mobility is monitored as an initial indication of
illumination preferences.

3. Chapter 5: retinal ganglion cell topographies are compared and discuss
in the context of visual priorities.

10

4. Chapter 6: visual acuities are assessed using anatomical and behavioural
approaches, and their significance discussed in the context of ecology and
phylogeny.

5. Chapter 7: photoreceptor layers are investigated and compared, includi
rod to cone and convergence ratios, dimensions of outer segments and
presence of oil droplets. Data are related to activity patterns.

6. Chapter 8: identity and spectral sensitivities of retinal visual pigme
are assessed to determine the colour vision capability.

7. Chapter 9: activity patterns of the honey possum, are monitored in the
natural environment, and considered in the context of visual ecology.

11
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Fig. 1.4 - legend:

1 - Morton et al. (1989)
2 - Morton (1978)
3 - Morton (1982)
4 - Morton et al (1983)
5 - Arrese et al. (1999)
6 - Russell and Renfree (1989)
7 - Kitchener and Chapman (1975)
8 - Bradshaw and Bradshaw (1999)
9 - Arrese and Runham (2002)
10 - Friend (1989)
11 - Calaby (1960)
12 - Christensen et al. (1984)
13 - Connell and Friend (1985)

13

CHAPTER T W O :
GENERAL M E T H O D S

2.1. Animals
Animals were obtained from breeding colonies (Table 2.1) or
collected in their natural environment (Chapter Nine) under licence from
the Department

of Conservation

and

Land

Management

(licence

SF003577). Additionally, eyes were donated from animals euthanised
due to illness that did not affect the nervous system or for a separate
study. All experiments were approved by the Animal Ethics Committee
of the University of Western Australia (Approval number 99/008/E57).

Table 2.1: Source and number of animals.
Fat-tailed

Honey

dunnart

possum

Anatomy

3*

3**

3****

Behaviour

3*

3***

2****

Immunohistochemistry

3**

3***

i * * * *

Microspectrophotometry

3*

3 * **

0

Ecology

0

^2***

2** *

*

Numbat

From the breeding colony established in the Department of Surgery

in the Queen Elizabeth II Medical Centre, University of Western
Australia, and by the Animal Services Division of the University of
Adelaide.
**

Donated under licence

*** Captured in natural environment
**** Animals provided by the Native Species Breeding Program of the
14

Perth Zoological Garden and Alice Springs Desert Park.

Due to the

endangered status of the species, access to material was strictly limited.
Behavioural studies were performed in the numbats' enclosure at the
Perth Zoological Gardens in accordance with quarantine regulations, and
ecological studies were conducted under the supervision of Dr Tony
Friend, Principal Research Scientist ( C A L M ) .

2.2. Animal Maintenance and Diet
Fat-tailed

dunnarts

and

honey

possums

were

housed

in the

Department of Zoology, U.W.A., in an indoor enclosure simulating their
natural environment, with light and temperature regimes as close as
possible to natural conditions. The floor of the enclosure was covered
with sand, which was replaced as necessary. A network of branches was
provided to allow animals to climb.

i) Fat-Tailed Dunnart
Animals were fed daily with an alternate diet of mealworms,
cockroaches,

cat

biscuits

soaked

in

water

and

scrambled

eggs.

Approximately 10 g of food were provided per adult daily and water was
continuously available.

ii) Honey Possum
Animals were fed an artificial diet consisting of 810 ml water, 240
ml honey, 64 g Complan (Glaxo Laboratories - N e w Zealand.), and 60 g
pollen.

Food was presented at the rate of 6ml per animal per day, in

plastic disposable dishes placed on the floor of the cage.

Water was

provided as for the food mixture. Fresh inflorescences of Proteaceae and
Myrtaceae were placed on the cage floor to provide additional food and
cover.

2.3. Anaesthetics for Anatomical Studies
Fat-tailed

dunnarts

and

honey

possums

used

for

anatomical

experiments were initially sedated with Halothane by inhalation, and
then terminally anaesthesised with 0.1 ml/lOg of body weight, i.p 1 0 0 %
15

Saffan (for 10 m L : 90 m g
equivalent
Absence

to
of

25.5
a

mg

corneal

alphaxalone, 30 m g

alphadolone acetate,

alphadolone, Pitman-Moore
reflex

confirmed

an

Laboratories).

appropriate

level

of

anaesthesia.

2.4. Perfusion with Fixative
Animals

were perfused

transcardially with heparinised saline

(0.9% saline containing 500 L U . Heparin/100 ml), followed by fixative
(Karnovsky's solution, 2.5% glutaraldehyde, 1 % paraformaldehyde in
0.1M of cacodylate buffer p H 7.4 with 2 % dimethyl sulphoxide, 0.32%
calcium

chloride

paraformaldehyde

and
act

as

5%

sucrose).

fixatives

(Appendix

maintains osmolarity to retain cell dimensions.
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Glutaraldehyde
III), while

and

sucrose

CHAPTER THREE
Visual Fields

CHAPTER THREE:
VISUAL FIELDS OF VIEW **

3.1. Introduction
The extent of an animal's visual field scanned instantaneously without
head movements delimits the portion of space in which visual control of
behaviour is possible (Hughes, 1977).
A large monocular field-of-view is characteristic of animals preyed
upon, allowing a large sweep of the environment to detect potential threats
from most directions. By contrast, predators or animals grasping objects
for manipulation at close range require an accurate estimation of depth and
distance (Lythgoe, 1979).

A frontal position of the eyes maximises the

region where monocular fields-of-view overlap and depth perception is
made possible by the disparity between the view of the external world seen
via each eye (Hughes, 1977).

Many theories have attempted to explain the evolution of binocular
vision in mammals.

These range from phylogeny (Johnson, 1901) to the

visual predation hypothesis (Cartmill, 1972, 1974).

However, a more

pertinent explanation is that the relative extent of the panoramic and
binocular fields is determined by the interaction of selective pressures that
predominate in particular lifestyles (Hughes, 1977; Lythgoe, 1979; Martin,
1999).

The general assumption is that the binocular and panoramic field

dimensions are inversely related (Johnson, 1901; Parsons, 1927; Walls,
1942; Polyak, 1957).

However, investigations of the visual fields in the

fat-tailed dunnart (Rodger et al., 1998) demonstrated that the two aspects
are not always mutually exclusive. Measurements of visual fields revealed
a remarkably extensive entire field (360°, Fig. 3.1), excluding only the area
" Published in Brain, Behaviour and Evolution: 55 (2000) and Journal of Zoology (London): 256 (2002b).
See List of Publications.
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directly beneath the nose and that obstructed by the body and tail. The
monocular field of the dunnart spans over 270° and the binocular overlap
reaches 140° (Rodger et al., 1998), enabling simultaneous depth perception
and a panoramic view of the environment. The dimensions of the binocular
overlap are comparable to values of 120° in the eutherian cat, and 124-140°
in primates (Duke-Elder, 1958), but exceed considerably those in eutherian
rodents (Drager and Olsen, 1980; Jeffery et al., 1981), as well as raptors
(hawks, kestrels, eagles: Prince, 1956).

Fig. 3.1: Composite map of monocular and binocular fields in the fat-tailed
dunnart, represented in three-dimensional space (modified from Rodger et
al., 1998).

In this chapter, the extent of the monocular and binocular fields in the
honey possum and the numbat are assessed and compared to those of the
fat-tailed dunnart (Rodger et al., 1998).
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3.2. Materials and Methods

The extents of the monocular and binocular visual fields were
measured anteriorly and posteriorly for three honey possums and two
numbats using standard procedures (Fite, 1973; Grobstein et al., 1980). N o
anaesthetic or sedative was required as the animals were tame. The animals
were placed in a bag (a small sock was used with the honey possums), with
only their head exposed and maintained in a constant position using a chin
support, at the centre of a visual perimeter arc (Aimark 33 cm diameter) in
a darkened room. Light reflected from the retina, visible as a bright orange
glow, was

viewed

through

an ophthalmoscope

positioned

along the

perimeter arc. The arc was moved through a series of 15° intervals. For each
position, the eccentricity was recorded at which the edge of the retina could
just be detected.

The anterior visual field was assessed with the head facing towards
the centre of the perimeter. For the posterior field, the head was placed at
the geometrical center of the perimeter, but facing directly outwards. The
visual field of each animal was mapped twice to ensure experimenter
reliability. Composite maps were constructed to include monocular and
binocular regions of the anterior and posterior fields.

3.3. Results

i) Entire Visual Field:
The visual field of the honey possum is extensive and comparable to
that of the fat-tailed dunnart. Along the horizontal axis (Appendix I), the
maximum width reaches 240°-260°. Along the lateral meridian, on each
side of the body (separating anterior from posterior regions, Appendix I)
the visual field spans over 300° (Fig. 3.2 A ) . In comparison, the entire
visual field of the numbat is more restricted, particularly in the posterior
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and inferior regions.

Along the horizontal axis, the maximum

width

reaches 220°. Along the lateral meridian, the visual field is restricted in
the ventral dimension and spans over 220°-240° (Fig. 3.2 B).

ii) Monocular Field:
W h e n assessed directly above the head, in the vertical plane, the
monocular field (Appendix I) spans over 200-220° in the honey possum, and
over 170°, in the numbat. W h e n assessed along the horizontal meridian
(defined as passing through the centre of both eyes, Appendix I), the
breadth of the monocular field reaches 190° in the honey possum and 150°
in the numbat (Fig. 3.2 A and B).

iii) Binocular Field:
The honey possum has a remarkably wide binocular field. Similar to the
monocular field, it extends ventrally and posteriorly (Fig. 3.2 A ) . The
binocular overlap extends 70° on either side of the vertical meridian
(defined as bisecting the interocular distance), for a total of 140°, and is
maintained below the horizontal axis for an angle of 60°.

Above the

horizontal axis, the anterior binocular field expands to a maximum width of
140° directly above the head, and gradually decreases posteriorly, to a limit
of 50° caudal to midpoint between the nape of the neck and the tail.

The binocular vision of the numbat is much more restricted than in
the fat-tailed dunnart and honey possum. The overlap extends 40° on either
side of the vertical meridian, for total of 80°, and is maintained below the
horizontal axis for an angle of only 30° (Fig. 3.2 B). Above the horizontal
meridian, the binocular overlap spreads to a maximum of 80° directly above
the head, and terminates approximately 20° caudal to a midpoint between
the nape of the neck and the tail.
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Fig. 3.2: Representation of the three-dimensional visual field in the honey possum (A) and
numbat (B), showing differences of monocular field and binocular overlap between the two
species. The monocular field is shown in green and the binocular overlap, in blue. Areas
that are not seen by the animals are represented in white.

3.4. Discussion
The configurations of binocular, monocular, and entire fields indicate
that spatial representation of the environment is closely associated with
specific visual demands of each species.
The fat-tailed dunnart has the most extensive entire visual field,
equivalent to that of humans (140°, Lythgoe, 1979). Such a comprehensive
view of the environment, including a large binocular field, suggests that
much of the behaviour is initiated and determined by vision. The species is
both predator and prey.

As with most predators, the binocular overlap

presumably maximises accuracy when attacking and manipulating prey. In
addition, it would allow compensation for evasive movements of prey, as
suggested for cats and primates (Cartmill, 1974). The position of the eyes
and their lateral protrusion from the head, also allows a panoramic view of
the environment via the extensive monocular fields. The configurations of
binocular

and

monocular

fields provide crucial cues concerning the

approach and location of predator and prey. Thus, the dunnart can hunt
prey whilst simultaneously detecting threats from terrestrial and airborne
predators.

The strong binocular overlap of the honey possum is comparable to
that of the dunnart, while monocular and entire fields of view are restricted
by the narrow interocular distance.

Although not a predator, the honey

possum has a strong requirement for binocular vision, with specific aspects
of ecology such as feeding strategies and locomotion putting a premium on
an accurate depth perception.

Observations in the field and in captivity

indicated that while climbing, digits and tail may be used for gripping,
allowing animals to move

upside down, along the lower surface of

branches. W h e n climbing downwards, the honey possum always proceeds
head first, thereby visually guiding its descent. Additionally, in the wild,
the species can jump for more than one meter from one tree to the other
(Russell, 1986).

Detection of airborne predators would be sub-served to
22

some extent by binocular vision, but also by the lateral and ventral
monocular regions.

The position of the numbat's eyes is neither entirely lateral nor
frontal, as if compromising between binocularity and panoramic vision.
The numbat feeds on live termites and is not a hunting predator. Scanning
of the surroundings for the detection of threats is likely to constitute a
greater visual preoccupation than depth perception. In addition, the eyes
are set relatively high on the head, so the whole superior visual hemisphere
may

be

kept

under

surveillance, affording

detection

from

airborne

predators, such as raptors. However, while feeding on termites collected
from subterranean galleries, the head is confined to a downward position.
Consequently, detection of airborne predators becomes impaired during
food acquisition, an activity that occupies much of the species' periods of
activity (Friend, 1989).

In contrast, the fat-tailed dunnart and honey

possum use the manus to manipulate food, thereby maintaining an upright
head position that is more likely to allow predator detection via the
extensive visual field.

Additionally, the position of the numbat's eyes,

combined with their relative size and the shape of the head, restricts the
ventral field of view. Such constraint may constitute a further disadvantage
by

excluding

the possibility of detecting predators such as snakes,

including the commonly encountered python (Morelia spilota). Numbats
spend a substantial part of the day basking in the sun on logs (Calaby,
1960), favoured ambush sites for pythons (Ehmann, 1993).

Sun basking

may compensate for their low thermoregulatory ability (Friend, 1989),
itself a consequence of the low energy derived from termites (Griffiths,
1968; M c N a b , 1984).

The position of the eyes in the head of the numbat does not appear to
afford

maximum

predator

detection

capability, as

found

in "true-

herbivorous" prey, such as the rabbit or sheep (Hughes, 1977). A possible
explanation is that the visual fields may reflect an ancestral condition of
23

the species (see Chapter Four).

The ancestral numbat m a y have been a

predator, but prey also, with a visual field resulting from a compromise
between binocular vision and panoramic vision, similar to the fat-tailed
dunnart today. However, the large size of the eye compared to the body in
the dunnart optimizes both capabilities, whereas in the numbat, diurnality
places a restriction on retinal area (Pettigrew, 1993), hence on eye size, and
ultimately results in a more restricted visual field.

Finally, the comparison of the three species' binocular and monocular
fields also challenges the concept that they invariably restrain each other.
Although it is generally true that the frontal position of the eyes reduces
panoramic vision, and that eyes located laterally reduce binocular vision,
the two parameters do not always correlate negatively.

The fat-tailed

dunnart, with the wider binocular field, along with the most extensive
panoramic

vision, provides

a strong

illustration

of the

discrepancy.

Similarly, two species m a y have equivalent total fields of view; but their
binocular overlap m a y differ in size.

In that respect, two other factors

exert an important impact on the breadth of the visual field, namely relative
eye size and head shape, both of which are subject to selection pressure.

In conclusion, the relative extents of the panoramic and binocular
fields are determined by the interaction of distinct selection pressures that
predominate in each species' lifestyles. A s such, the wide binocular field
of the fat-tailed dunnart fulfills specific needs not shared by the honey
possum. Evidently, the priority selecting for similar binocular angles in the
fat-tailed dunnart and honey possum

is not simply predation per se.

Consequently, it is crucial to understand specifically the aspects of ecology
that determine the pressure for the configuration of the binocular and
monocular fields.
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CHAPTER FOUR
Pupillary Mobility

CHAPTER FOUR:
PUPILLARY MOBILITY **

4.1. Introduction
Light intensity fluctuates considerably in terrestrial habitats,
imposing constraints on the visual system of animals (Lythgoe, 1979;
Martin, 1999). In addition, animals are exposed to rapid changes in light
levels when moving between areas of different illumination (Martin, 1999).
The visual system must adapt to the prevailing light conditions to function
most efficiently (Lythgoe, 1979; Crescitelli, 1972; Douglas et al., 1998).
Thus, visual performance is optimised when the eye is adapted to the light
intensity of the environment, a process facilitated by pupillary mobility
(Walls, 1942; Lythgoe, 1979; Douglas et al., 1998). Little is known about
pupillary mobility across the mammals, the c o m m o n assumption being that
the pupil constricts in bright light and dilates in darkness.

Moreover,

nocturnal species are thought to possess a wide immobile pupil (Walls,
1942; Tansley, 1965; Mcllwain, 1996; Oswaldo-Cruz, Hokoc &

Sousa,

1979; Warrant, 1999). In the past, marsupials have been considered to be
nocturnal (Tyndale-Biscoe, 1973, 1979; Eisenberg, 1981; Strahan, 1983;
Lee & Cockburn, 1985) and by association are assumed to lack pupillary
responses.

However, personal observations revealed obvious pupillary

responses in species such as the mardo (Antechinus flavipes) and quenda
(Isoodon obesulus) in their natural environment, and the fat-tailed dunnart
in captivity (Bolwell, 1997).
The aim of this chapter is to compare pupillary mobility in the fattailed dunnart, honey possum and numbat, assessing both the extent and
speed of response.

The results are discussed in relation to the known

activity patterns of each species and the associated illumination levels.

Published in Brain, Behaviour and Evolution: 55 (2000) and Journal of Zoology (London): 256 (2002a).
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4.2. Materials and Methods

i) Animals
Assessment in the fat-tailed dunnart and honey possum (n = 3 for
each) was conducted at a controlled temperature in an acoustic chamber to
minimise distracting stimuli. Testing of numbats (n = 2) was performed at
the Perth Zoological Gardens, in accordance with quarantine regulations,
and in identical conditions to those of the two previous species. Animals
were accustomed to handling and no anaesthetic or sedative was required.

ii) Image Capture
Pupillary mobility was assessed using a standard black and white
C C D camera with an infra red (IR) filter, equipped with a 2 0 m m extension
tube and a 7 5 m m zoom lens. Oblique IR light was used to illuminate the
iris and emphasise the contrast between the iris and pupil, both being darkcoloured in the three species, and therefore difficult to distinguish.

The

focal length of the zoom lens was kept constant throughout so that the
magnification of the image did not vary and the pixel dimensions were
comparable between images. The animal was held approximately 5cm from
the aperture of the video camera, which was connected to a video recorder
and monitor.

Continuous monitoring allowed the fine adjustment of the

animals' position to maintain optimal focus.
Animals were initially dark-adapted for 30 minutes, to allow for
maximum pupil dilatation. The period was selected to represent the time
with which the light intensity falls as day passes into night in Southern
Australia. Pupil shape and size were first recorded in the dark (4 lux) for
five minutes. While still recording, bright light (10,000 lux) was switched
on and pupillary reaction was videotaped for ten to twenty minutes,
depending on the time necessary to complete the response. Finally, animals
were

again

subjected

to instant darkness, while recording pupillary

responses. The procedure was repeated three times consecutively.
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iii) Image Analysis
Images from the videotape were digitised to a computer hard disk,
using a Matrox Meteor Frame Grabber.

Images were grabbed every 0.20

seconds and adjustments of brightness and threshold were performed using
Image Enhancement Technics of the computer software O P T I M A S , Version
6.2 (Media Cybernetics).

Measurements were taken along the naso-

temporal axis, from the nasal to the temporal limbus.

The width of the

pupil along this axis was then assessed, and the mean ratio of the pupil
width to the width of the eye ( P W : E W ) , calculated.

The procedure

eliminated errors introduced by the change in magnification as the animal's
position changed relative to the camera. Additionally, in species in which
the pupil is not circular, dimensions were measured along the horizontal
and vertical axes, and means calculated.

iv) Comparative Measurements
To allow comparison of rate and magnitude of pupillary responses
and dilatation between species, pupillary dimensions were expressed as
percentage change per unit time. The value was calculated by expressing
maximum P W : E W as 1 0 0 % and changes in pupillary dimensions were in
relation to the transformed ratio.

4.3. Results

i - Fat-Tailed Dunnart:
The fully dilated pupil was found to be circular and wide, as
indicated by the P W : E W of 0.73 (Fig. 4.1 A ) . Both magnitude and speed of
pupillary mobility were high.

Upon exposure to light, the pupillary

response was rapid, with the ratio decreasing to 0.61 within 0.2 seconds.
Maximal constriction to a ratio of 0.10 (Fig. 4.IB) was reached in 1.6
seconds, at a rate of change of 5 4 % per second. Correspondingly, at the
onset of darkness, dilatation was initiated after 0.2 seconds.

However,

maximal dilatation ( P W : E W = 0.73) was achieved at a slower rate than
28

maximal constriction, the completion time being 5.4 seconds, as a result of
1 6 % change per second. At this stage, a slight fluctuation in pupillary size
was observed, with the P W : E W

oscillating between 0.70 and 0.73 for

approximately 1 to 2 seconds before reaching a constant of 0.73

(Fig.

4.1C).

ii - Honey Possum:
In light conditions, the pupil was found to be oval, with a width
reaching 7 3 % of the height, the long axis being vertically aligned. After
prolonged dark exposure, the P W : E W was found to be substantial at 0.56,
with

a width

remaining

73%

of the height

(Fig. 4.ID). Pupillary

constriction began 0.6 seconds after exposure to light, reaching maximal
constriction after 4.8 seconds. Constriction was limited as indicated by the
P W : E W of 0.46 (Fig. 4.IE), and the percentage change was 4 % per second.
Dilatation in darkness also began at 0.6 seconds, reaching the maximum
P W : E W of 0.56 after 5.4 seconds.

Throughout, the rate of change was

found to be 3 % per second (Fig. 4.IF).

iii - Numbat
The numbat was found to possess a remarkably wide and static,
circular pupil. However, unlike the eyes of the fat-tailed dunnart and the
honey possum, which have a circular shape, those of the numbat are
considerably elongated (Fig. 4.1G).

The morphology of the eyes has the

effect of increasing the distance between the nasal and temporal limbus.
Consequently, although the size of the pupil appears large, the calculated
ratio is comparatively smaller. N o constriction or dilatation was observed
in response to changes in light level.

After 30 minutes exposure to

darkness, the P W : E W ratio was 0.53 (Fig. 4.1G).

O n exposure to light,

pupil shape and size did not vary (Fig. 4.1H), and the pupil to eye width
ratio remained unchanged (Fig. 4.11).
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Fig. 4.1: Digitised video images of pupillary mobility in the fat-tailed dunnart, in
darkness (A) and in bright light (B). The graphic representation ofthe mean extent
and m e a n speed of changes in response to the onset and offset of light shows a
more rapid rate of constriction than dilatation (C). In the honey possum, the pupil is
oval and substantially wide in darkness (D), with a limited constriction after exposure to light (E). Both constriction and dilatation occurred relatively slowly (F). The
wide pupil of the numbat remains static in darkness (G) and in bright light (H). The
graphic representation (I) demonstrates the absence of any response.
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4.4. Discussion
Marked differences in pupillary mobility were found between the
three marsupials. Contrary to previous assumptions, pupil may or may not
react to changing light levels, and the speed and extent of the response are
variable.

The findings accord with the species' lifestyles, period(s) of

activity and the associated light environments.

The dunnart, as an opportunistic arhythmic species,may be active
during day or night, depending on seasonal and environmental conditions.
It may also experience rapid changes of illumination between areas of light
and shade, when hunting or avoiding a predator. In such conditions, visual
performance is optimised if maintained at a wide range of light levels.
Rapid constriction serves two purposes. Firstly, it reduces photoreceptors
saturation in bright light. Secondly, in shielding the retina and maintaining
it in a relatively dark-adapted state, the mechanism

enables a faster

adaptation to darkness. Consequently, when the animal returns to sheltered
conditions, high sensitivity and contrast discrimination are preserved
(Frankenberg,

1978,

communication).

Douglas

et

al., 1998;

Braekevelt,

personal

However, for pupillary mobility to provide an efficient

adaptation, a duplex retina is also required. A widely dilated pupil would
be detrimental to a highly rod-dominated retina, and a greatly constricted
pupil would be ineffectual in the case of strong cone predominance. Such
adaptability is afforded by the photoreceptor distribution in the retina of
the fat-tailed dunnart (Chapter Seven).

The maintenance of sensitivity and contrast discrimination is vital
also to the honey possum, which is primarily active at dusk and dawn, but
also during the day (Chapter Nine). Although much less mobile than that
of the dunnart, the pupil of the honey possum provides suitable adaptation
to the gradual changes in its light environment.

The pupillary response

affords optimal photon capture in the range of light levels experienced.
W h e n light intensity is low, sensitivity combined with enhanced photon
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capture optimises the detection of movement, and therefore of predators.
Furthermore, when active during the day, the honey possum remains
mostly exposed to a relatively uniform light environment, due to its habitat
and diminutive size.
In the numbat, the absence of pupillary mobility reflects the species'
diurnal disposition in a constant level of illumination. Typically, diurnal
species are active over a smaller range of light levels than nocturnal ones,
respectively 4 and 7 orders of magnitude (Martin, 1999). In addition, the
numbat inhabits tall forests, with ambient light filtered by the canopy.
According to Endler (1993) in a forest environment where the canopy is
closed or with small or few gaps, all incident light is either reflected from
or transmitted through the vegetation and no light comes directly from the
sun. Although light intensity inside a hollow log is unknown, we would
expect differences between the regions deep within, and those nearer the
entrance of the log.

Similarly, we may expect less fluctuation between

light levels within the log and under a filtering canopy, than between a log
and open habitats. Thus, unlike the other species studied, the numbat has a
lesser requirement
performance

for a responsive pupil.

However, peak visual

in such conditions might require a constant, maximum

pupillary dilatation to enhance photon capture.

The mechanism is

possible, as the numbat's strongly cone-dominated retina (Chapter Seven)
can support vision in high intensities of light. It would be interesting to
assess pupillary mobility in other strictly diurnal species. However, such a
condition is unusual, with most mammalian species being active at a
greater range of light intensities.

Comparison with diurnal birds and

reptiles would be of interest.
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C H A P T E R FIVE
Retinal Ganglion Cell Layer

CHAPTER FIVE:
RETINAL GANGLION CELL L A Y E R **

5.1. Introduction

The "Terrain Theory" (Hughes, 1977, Chapter One) contributed
considerably to define the role retinal ganglion cells play in behavioural
ecology.

It is now understood that retinal ganglion cell topography is

specialised for various visual tasks, with the nature of specialisation
depending on which part of the environment the animal needs to sample
more accurately (Hughes, 1977).

The "Terrain Theory" also denies a

correlation between phylogenetic status and ganglion cell topography. For
instance the retinal topography of two closely related species such as the
two-toed

and

three-toed

sloths

(Choloepus didactylus and

Bradypus

variegatus) differ significantly, each reflecting the species' lifestyle. The
observation is also true for closely related marsupial species (Hughes,
1975); with a prominent visual streak (Fig.5.1) present in the red kangaroo
(Macropus rufus), and an area centralis, in the tree kangaroo (Dendrolagus
doriana).

Fig.5.1: A pronounced visual streak is present in the retina of the red
kangaroo (A), while ganglion cells are arranged concentrically in the tree
kangaroo (B). Modified from Hughes (1975).

** Published in Brain, Behaviour and Evolution: 53 (1999) and Brain, Behaviour and Evolution: 55 (2000).
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However, the patterns of ganglion cell distribution reported in several
species do not support Hughes' "Terrain Theory" (brush-tailed possum:
Freeman and Tancred, 1978; wombat: Tancred, 1981; brown bandicoot:
Chase and Graydon, 1990; koala: Schmid et al., 1992).

Although habitat

may be reflected in the ganglion cell distribution, other aspects of a species'
ecology may prevail.

This chapter compares the distribution of retinal ganglion cells in the
three chosen species. Pilot data for the fat-tailed dunnart were collected in
partial requirement for an Honours degree.

Additional data have been

generated and subsequently assessed and, along with the pilot data, are
reported here. The retinal topography of the honey possum was described by
Dunlop et al. (1994), but was not discussed in regard to the species' ecology
or phylogeny.

The results of Dunlop et al. (1994) are integrated in the

thesis for comparative purposes and interpreted, as with the fat-tailed
dunnart and numbat, in the context of lifestyles.

5.2. Materials and Methods

i) Preparation of Retinal Wholemounts
Retinae (n = 2 each, for fat-tailed dunnart and numbat) were separated
from the remainder of the eye by cutting around the periphery of the cornea
and removing the lens and vitreous. The sclera was then dissected, exposing
the retina and attached pigment epithelium. The retina was flattened onto a
subbed microscope slide (dipped twice in a solution of 5 % gelatine and 0.5%
chrome alum and dried thoroughly overnight), having made a series of radial
cuts around the retinal circumference. As much of the pigment epithelium
as possible was removed, as its presence impairs visualisation of ganglion
cells. The preparations were stained with cresyl violet (Appendix II).
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Wholemounts

were

viewed

in the

light microscope

at a final

magnification of 1000, using an oil immersion lens. Calibrated drawings of
the wholemounts were made, both before and after processing and retinal area
was measured, using the computer software O P T I M A S Version 6.2 (Media
Cybernetics). Areal shrinkage was less than 1 0 % , and was restricted to the
cut edges.

ii) Retinal Ganglion Cell Identification
Ganglion cells were identified according to the standard criteria of
large somas, which were often of irregular shape, and clumped Nissl
substance in the cytoplasm (Stone, 1965). By contrast, displaced amacrine
cells were distinguished by their smaller soma size, scarce cytoplasmic
inclusions and smooth outline. Lying superficial to the ganglion cell layer,
glia were recognised and were excluded.

To support cell identification

within individual animals, estimates of total ganglion cell numbers were
compared to those for optic axons within individual animals. Axon numbers
were assessed following standard procedures (Dunlop et al., 1994; Arrese et
al., 1999), from tissue prepared for electron microscopy (Appendix III).
Ultra-thin sections were photographed at a magnification of 3,200x and
printed at approximately 17,000x. Myelinated and unmyelinated axons were
counted separately.

Counts included those axons that overlapped the left

hand and upper borders, but excluded those overlapping the right hand and
lower borders. The cross-sectional area of the optic nerve was measured
from an adjacent semi-thin section, in an Olympus Bx50 microscope, using
O P T I M A S software.

The system was regularly calibrated using a stage

micrometer (Graticule Ltd, U K ) . A correction was made for differences in
area between ultra-thin and semi-thin section, a value less than 0.1%.
Total

ganglion

cell

and

axon

numbers

were

estimated

by

proportionality and approximated to the nearest 100 (Braekevelt et al.,
1986).

35

iii) Retinal Ganglion Cell Counts
Cells were counted in sample square grids with sides of 0.1 m m as
defined by an eyepiece graticule. Counts were made systematically in rows
and columns to sample 2 5 % of retinal area along the visual streak and within
the area centralis, and 4 % in the periphery. Cells overlapping the left and
upper borders of the sample area were included, while those overlapping the
right and lower borders were excluded.

Total numbers of cells in each

sample square were first determined, then ganglion and displaced amacrine
cells were counted separately, so as to verify the accuracy of counts.

iv) Retinal Ganglion Cell Topography
A n outline drawing of the wholemounted retina was made on a grided
transparency, using a camera lucida, and salient features, including the optic
nerve and blood vessels, were marked to aid identification of sample areas.
A n isodensity map was constructed from the drawing and the sample counts.
Isodensity contours were drawn to enclose areas in which the density
equaled or exceeded the density value attributed to the line.

5.3. Results

i) Retinal Ganglion Cell Distribution
a - Fat-Tailed Dunnart:
Retinal area was calculated to be 3 6 m m

(SD ± 4, n = 3). The total

number of ganglion cells, estimated at 81,400 (SD ± 3,360, n - 3), was
supported by the close correspondence (within 4%) to numbers of optic
axons (83,500 ± 3,870).
Retinal ganglion cells formed a pronounced area centralis, located in
mid-temporal retina, embedded in a strong visual streak extending along a
naso-temporal axis (Fig. 5.2A).

Peak density was found to be 8,300

cells/mm2. Ganglion cell diameters ranged from 5-29 |im.

Cells were

smallest in the mid-temporal retina (5-16 u m ) and largest (9-29 \xm) in the
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ventral and dorsal retina (Fig. 5.3A). In the periphery, ganglion cells were
distributed in a single layer, but displayed a staggered arrangement towards
the area centralis. Displaced amacrine cells outnumbered ganglion cells by
a ratio of 2:1 and were more evenly distributed.

b - Numbat
Retinal area was found to be 276 m m 2 (SD + 11). The total number of
ganglion cells was estimated to be 832,800.

The estimate matched the

number of optic axons (within 5 % ) , reaching 810,000, with 9 9 % being
myelinated.
Topography revealed a pronounced area centralis located in the midtemporal retina (Fig. 5.2B). Ganglion cell density decreased concentrically
in a strong gradient, from a peak of 8100 cells/mm2 in the area centralis, to
1300 cells/mm2 in the far periphery.

There was no evidence of a visual

streak.
Diameters for ganglion cell somas ranged from 6-21 p,m, with cells
being smallest (6-17 p.m) in the mid-temporal retina and largest (9-21 |am) in
the mid-nasal retina (Fig. 5.3B). In the area centralis, ganglion cells formed
a bilayer (Fig. 5.4A), decreasing to a monolayer in the far periphery (Fig.
5.4B).

Displaced amacrine cells represented approximately 60% of the cells
in the ganglion cell layer and outnumbered the ganglion cells in all but the
area of highest density, with a ratio of displaced amacrine to ganglion cells
ranging from 1:1 in the area centralis, to 2:1 in peripheral regions.
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Fig. 5.2: Retinal ganglion cell topography of the fat-tailed dunnart retina
(A), showing a pronounced area centralis and visual streak. In the numbat,
retinal ganglion cells form a pronounced area centralis in the mid-temporal
retina (B). Numbers refer to retinal ganglion cell density x 10 / m m . Scale
bars = 1 cm. The asterisks indicate the position of the optic nerve head.

38

Fat-tailed dunnart
Nasal

Temporal (Area centralis)

O

50 i

50 -,

40

40 -

30

30

20

20

10

10 ^

III-..

1 •| M I II I II I II I'-I"I

0 4

g

1 1 1 1 1 1 1 1 1 1 1 r

IllIillI. ••

0

0 2 4 6 8 10 121416 18 20 22 24 2628 30 32 34 36 38 40

0 2 4 6 8 10 12 1416 18 20 22 24 26 28 30 32 34 36 38 40

Ventral

<D Dorsal
£ 50

50

40

40

30 H

30 H

20

20

10

10

0

~i

i

i

r n

i

i

i

i

n — i — i — r

~ i — i — i — r

0 2 4 6 8 10 121416 18 20 22 24 2628 30 32 34 36 38 40

J

IJ l.li.-.•* i — i — i — i — i — r
r'r
r- r.

0 2 4 6 8 10 12 1416 18 20 22 24 26 28 30 32 34 36 38 40

Diameter (urn)

Numbat

B

Nasal

Temporal (Area centralis)
50

50-,

«H

10

30

30

20

20-1

10

10

£g o" 0

1

Uu

lllln •

0

2 4 6 8 10 121416 18 20 22 24 26 28 30 32 34 36 38 40

0 2 4 6 8 10 12 1416 18 20 22 24 26 28 30 32 34 36 38 40

0)

o

Ventral

Dorsal

50-,

fe 5 0 n
40

40-

30

30

20

20

10

10

0

ii all.

I

IL
0
0 2 4 6 8 10 121416 18 20 22 24 26 28 30 32 34 36 3840
0 2 4 6 8 10 12 1416 18 20 22 24 26 28 30 32 34 36 38 40

Diameter (urn)

Fig. 5.3: Histograms representing retinal ganglion cell diameter in different regions of the retina
in the fat-tailed dunnart (A) and numbat (B).
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Fig. 5.4: Semi-thin radial section of the numbat retina showing
the bilayer of ganglion

cells in the area centralis (A)

decreasing to a monolayer towards the far periphery (B).
Sections of 1-2 urn were taken from tissue prepared for electron
microscopy (Appendix III), and stained with toluidine blue
(Appendix

IV). Scale bar =

50um.

Photoreceptors are

uppermost and ganglion cell layer down.

5.4. Discussion

Retinal ganglion cell topographies of the three species illustrate the
variety in distributions related to habitats and lifestyles.

a - Fat-Tailed-Dunnart
Of three species, only the fat-tailed dunnart possesses both area
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centralis and visual streak, an arrangement also found in other arhythmic
marsupials, such as the red kangaroo (M. rufus: Hughes, 1975) and grey
kangaroo (M. fuliginosus: Dunlop et al., 1987). In the area centralis, the
high densities and smaller size of ganglion cells would subserve high
resolution and binocular vision, as for the cat (Fukuda and Stone, 1974;
Saito, 1983).

The small size suggests a preponderance of X class retinal

ganglion cells, whose characteristics are associated with high resolution
(Boycott and Wassle, 1974; Fukuda, 1977; Saito, 1983).

In contrast, the

larger ganglion cells, distributed mostly across the periphery, particularly in
ventral and dorsal regions, may respond to rapidly moving features (Fukuda
and Stone, 1974; Saito, 1983).
classes.

These cells are likely to be of Y and W

Studies using specific staining procedures or single cell filling

would address the issue.
The distribution is consistent with the species being both a predator
and prey, affording a simultaneous sampling of the forward (for prey
catching) and panoramic fields of view (for predator avoidance).
The presence of a pronounced visual streak cannot entirely be
explained by Hughes' "Terrain theory" (1977). The species displays great
habitat flexibility.

It is known to occur equally in habitats of dense

vegetation, including forests, shrubs, heath and grasslands (Fox, 1982;
Morton et al., 1983), and open environments (Morton, 1978, 1982), in which
a visual streak would be an advantage to scan the horizon. It is possible that
the specialisation evolved as vegetation became increasingly sparse when
aridity rose in Australia (Archer, 1984). During the climatic transition that
began less than 15 million years ago and peaked about 17,000 years ago
(Archer, 1984), dasyurids, particularly the genus Sminthopsis, radiated into
dry environments (Clemens et al., 1989).

b - Numbat
Retinal ganglion cell number is at the high end of the range for
marsupial, in comparison with the brush-tailed possum (280,000: Freeman
and Tancred, 1978), South American opossum (77,000: Hokoc and Oswaldo41

Cruz, 1979), North American opossum (100,000: Rapaport et al., 1981),
quokka wallaby (365,000: Beazley and Dunlop, 1983), tammar wallaby
(360,000: W o n g et al., 1986), and grey kangaroo (533,000: Dunlop et al.,
1987).

The value is strikingly high when compared to marsupials with

retinal areas similar to that of the numbat. For instance, the retina of the
quokka, spreading over 225-250mm 2 (Beazley and Dunlop, 1983), and that
of brush-tailed possum, over 2 6 0 m m 2 (Tancred, 1978), contain two to three
times fewer ganglion cells than the numbat. Although the value is an initial
indication of high visual acuity, as would be expected for a diurnal retina,
other parameters, such as the posterior nodal distance (Chapter Six) and
summation of the photoreceptors on the retinal ganglion cells (Chapter
Seven) are required to confirm the assumption. A clear illustration of this
concept lies in the comparison of peak densities of retinal ganglion cells
between the fat-tailed dunnart and northern native cat (Dasyurus hallucatus:
Harman et al, 1986). While the density of retinal ganglion cells is lower in
the latter, both species have a visual acuity calculated to be 2.3 cycles per
degree.
Similar to the fat-tailed dunnart, the greater number and smaller size
of ganglion cell in the area centralis would subserve high resolution and to
some extent, binocular vision (Fukuda and Stone, 1974; Saito, 1983). In
contrast, the distribution of larger ganglion cells responding to rapidly
moving features (Fukuda and Stone, 1974; Saito, 1983) in the mid-nasal
region

would

enhance

predator

detection,

a

visual

task

occurring

independently of visual acuity.
The topography of ganglion cells is also unusual for a marsupial.
The area centralis is pronounced

and extensive, with ganglion cells

arranged in a bilayer. Although an area centralis is c o m m o n in marsupials,
such

a pronounced

specialisation

has

not previously

particularly in the absence of a visual streak.

been reported,

The strong area centralis

conferring a good visual acuity in the frontal field (Chapter Six) is
compatible with a diurnal lifestyle. However, it does not appear to correlate
strongly with the present ecology of the numbat, and may indicate the
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retention of a plesiomorphic state. The numbat is phylogenetically closest
to the dasyurids (Kirsch, 1968; Archer 1984; Friend, 1989), the large
majority of which are insectivorous or carnivorous predators (Morton et al.,
1989). Furthermore, a series of plesiomorphic features, such as the vestigial
dentition (Calaby, 1960; Friend, 1989) and the glandular lining of the
stomach (Griffiths, 1968), a characteristic of carnivorous marsupials, point
towards ancestral predatory habits. Consequently, the ancestral numbat may
well have been a predator, and have required a pronounced area centralis.
The retention of a pronounced area centralis in absence of selective
pressure would contrast with findings in relation to domestication in
eutherian mammals.

Comparison of retinal specialisations between wolf

(Canis lupus) and dog (Canis lupus familiaris: Peichl, 1992), and between

domestic cat (Felis catus) and wild cat (Felis silvestris tartessia: Williams
et al., 1993), indicate high density areas of retinal ganglion cells can be
rapidly lost in the absence of strong selective pressures.

Alternatively,

aspects of the visual ecology of the numbat may require a pronounced area
centralis. More detailed analysis of behavioural patterns of activity would
be necessary to address the issue (see also Chapter Six).

c - Honey Possum
The shallow concentric topography of ganglion cells, with a peak
density (9000 cells/mm2) in the central retina (Dunlop et al., 1994, Fig. 5.5),
indicates that vision is focussed in the frontal field, consistent with the tree
climbing and feeding habits of the species.
The

absence

of

a

visual

streak, correlating

with

a foliated

environment, complies with Hughes' "Terrain theory". The arrangement is
similar to that of arboreal marsupials (Fig. 5.6), such as the South American
(Hokoc and Oswaldo-Cruz, 1979) and North American opossums (Rapaport
et al., 1981).

In conclusion, retinal ganglion cell topographies in the fat-tailed
dunnart and honey possum accord with Hughes' "Terrain theory". Further
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research is necessary to determine the significance of the pronounced area
centralis in the numbat.

Dorsal

Temporal •«-

•*- Nasal

Ventral

Fig. 5.5: Retinal map

of the honey possum.

Numbers indicate

ganglion cell density x 10 / m m . The asterisk indicates the position of the
optic nerve head. Scale bar = 1mm. Modified from Dunlop et al. (1994).

Fig. 5.6: Retinal topographies of the North American (A) and South
American opossums (B) showing concentric arrangements of ganglion cells
related to arboreal condition. Modified from Rapaport et al. (1981) and
Hokoc et al. (1979)
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C H A P T E R SIX: VISUAL ACUITY:
A N A T O M Y A N D BEHAVIOUR **

6.1. Introduction
Visual acuity and retinal ganglion cell density are closely associated;
the greater the density, the greater the number of channels coding visual
information to the brain, hence the higher the acuity. Consequently, it is
possible to estimate visual acuity from peak ganglion cell density. A more
direct and

probably

more

accurate approach, however, is to use a

behavioural assessment. A threshold of acuity is estimated by presenting
stimuli in which some critical feature can be reduced in size until it no
longer elicits a response. Evidence suggests that anatomical estimates of
visual acuity exceed those determined behaviourally (Pettigrew et al.,
1988). According to Muntz (1974), the best tests of visual acuity require
the subject to detect a separation between two parts of the test object, such
as a black and white grating.

The separation is then reduced until

discrimination breaks down. The rationale for using gratings as test objects
is that they will be resolved when the retinal images of the parallel lines are
sufficiently far apart that a row of unstimulated cones remains between
them.
Visual acuities have been anatomically estimated for the honey
possum (0.75 cycles/degree; Dunlop et al., 1994) and fat-tailed dunnart
(2.30 cycles/degree; Arrese et al., 1999).

A strong correlation between

anatomical and behavioural values was found for the latter.

In the fat-

tailed dunnart, the value determined behaviourally (2.36 cycles/degree),
unusually, was reported to be higher than the anatomical estimate (Arrese et
al., 1999).

However, the posterior nodal distance had been determined

using the constant for a nocturnal eye (0.52, Pettigrew et al., 1988).
Published in Brain, Behaviour and Evolution: 53 (1999) and 55 (2000), and Journal of Zoology (London):
256 (2002b).
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The objectives of this chapter are:
- to reassess the anatomical estimate of visual acuity in the fat-tailed
dunnart, using the constant for an arhythmic eye (Pettigrew et al., 1988).
- to assess behaviourally the visual acuity of the honey possum and compare
the information with the previously determined anatomical estimates.
- to assess anatomically and behaviourally visual acuity of the numbat.

6.2. Materials and Methods

i) Anatomical Assessment
a - Axial length and Posterior Nodal Distance (PND)
The eyes of perfused animals (n = 2) were dissected intact, after the
dorsal location was marked by a suture. The diameter of each eye, across
the horizontal axis, was measured using a light microscope fitted with an
eyepiece micrometer. The eyes were placed in dry ice with a small amount
of ethanol, allowing the tissue to freeze rapidly and evenly. Once frozen,
the eyes were set on a sledge microtome fitted with a freezing stage (Peltier
heat-exchange device), attached to a light microscope.

Phosphate-buffer

saline (PBS, 0.1M, p H 7.4, containing 3 0 % sucrose) was added to the ice to
prevent ice crystal formation. The eyes were then coated with a few drops
of P B S containing India ink, to delineate the retina. Serial sections were
cut at 20 p,m in the horizontal plane, and photographs were taken of the
remaining

block

using

a camera

mounted

on

the light microscope.

Sectioning continued until the lens thickness decreased, thereby indicating
when the area of greatest lens thickness had been included.

b - Calculation of PND
Each section was photographed (black and white, 100 A S A film,
exposure times of 0.1 to 1 second) along with a graticule (Fig. 6.1).
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Fig. 6.1: Radial section of a dunnart eye to estimate P N D (white arrow =
axial length).

The section with the greatest lens thickness was used to measure
P N D , a value determined by multiplying the axial length of the eyeball by a
constant.

The constant is considered to be 0.52, 0.57 and 0.67 for the

nocturnal, arhythmic and diurnal eyes respectively (Pettigrew et al., 1988).

c - Estimates of Visual Acuity
Visual acuity is measured in cycles per degree of visual angle. The
distance on the retina that subtended one degree of the visual angle (retinal
magnification factor, R M F ) was evaluated, using the value for the P N D , in
the following formula:

RMF = 2 7t x PND
360

The number of retinal ganglion cells per linear degree was considered
to be the square root of the peak density (Chapter Five).

Acuity was

estimated as half the number of cells per linear degree (Pettigrew et al.,
1988).
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ii) Behavioural Assessment
a - Gratings
Black and white square gratings of equal width were used as stimuli.
Grating widths were calculated to span the value of acuity determined
anatomically.

Gratings, generated with the computer software package

Microsoft Power Point, were printed on A 4 paper and laminated, so they
could be washed and reused. In this way, biases arising from olfactory cues
were avoided.

b - Training
Positive reinforcement rather than aversive training was used. Four
young adult honey possums and two adult numbats were initiated to the task
of discriminating a grating from a grey stimulus of the same average
luminance, by placing food on the grating.

The procedure enabled the

animals to associate a grating with food. Once the animals responded to the
grating by running to it, even in the absence of food, they were initiated to
the jumping stand (honey possums) or the Y-shaped maze (numbats). The
devices were designed differently to comply with the species' size and
locomotion, whilst providing equivalent testing procedures, with a grating
presented on one side and a uniform grey field in the other. The order and
side in which the grating stimuli were presented were random (numbers
generated from a random number table).

c - Jumping Stand (Honey possums) and Y-Shape Maze (Numbats)
For the honey possums, the apparatus consisted of a narrow jumping
platform and a landing base divided into two halves by a wooden partition
and surrounded by 40cm high sides (Fig. 6.2). A grating was presented in
one half and a uniform grey field in the other. Training continued until the
animals distinguished between grating and grey stimulus, and jumped onto
the grating prior to receiving food as a reward.
With the numbats, the tests were performed at the Perth Zoological
Gardens, in the animals' enclosures. Based on the same principle as the
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jumping stand, the Y-shape maze consisted of a wooden corridor with a
decision area at one end, and a bifurcation at the other end (Fig. 6.3). The
animals were placed in the decision area, and the gratings and grey control
were presented at the end of each arm of the bifurcation.

d - Testing Sessions
In each case, animals responded to the randomly presented stimuli by
jumping onto or running towards the side with the grating if they could
discriminate it.
Experiments with the honey possum were carried out at three light
intensities, to simulate daylight (1,500 lux), moonlight (150 lux) and
starlight (10 lux). Intensities were measured with a Luna 6 lightmeter.
Direct Current illumination was used to avoid effect of flicker generated by
Alternative Current sources (Tansley, 1965). A rheostat was used to adjust
light intensity.

However, since numbats are strictly diurnal and do not

leave their nest after dark, the experiments were necessarily conducted only
in natural daylight.
During

the test sessions, the spatial frequency was varied by

changing the grating. W h e n discrimination broke down and the animals no
longer made consistently correct responses, the limit of visual acuity was
assumed to have been reached.

For the honey possum, an initial experiment was conducted with
seven spatial frequencies (0.45, 0.50, 0.55, 0.60, 0.65, 0.70. 0.75 cycles per
degree).

To obtain a more accurate estimate, a second experiment used

gratings with smaller increments (0.61, 0.62, 0.63, 0.64, 0.65 cycles per
degree). For each light level, the gratings were presented 10 times in
random order, and the animals tested twice a day (at the same time of each
day). A total of 300 trials each were conducted for each animal.

For the numbats, 12 gratings (with spatial frequencies of 1.86, 2.61,
2.90, 3.26, 3.73, 4.36, 5.22, 6.52, 7.46, 8.77, 9.43, 13.05 cycles per degree)
were used. Testing sessions were conducted during the prescribed feeding
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times and the numbats were tested twice each day, for three weeks, with a
total of 120 trials each. A second experiment to define visual acuity more
accurately was not possible as animals were in a breeding program and
could not be disturbed further.

e - Statistical Analysis
In the same way as when throwing a coin, the distribution of the
number of heads in n throws should equal the number of tails, the chance of
the animals jumping or running onto the correct gratings is 5 0 % , when they
can no longer discriminate between stimuli. O n this basis, the probability
for the number of correct jumps due to chance was assessed using a
Binomial Distribution Table. The procedure allowed a criterion to be set to
differentiate correct jumps from those due to chance.

6.3. Results

i) Reassessment of Anatomical Visual Acuity in the Fat-Tailed Dunnart
From the measurements of axial length of the eye (5.5 m m ) and using
the constant of 0.57 (Pettigrew et al., 1988), the P N D was found to be 3.13,
indicating a R M F

of 55 |-im.

Based on the R M F

and the peak retinal

ganglion cell density (i.e. 9.13 cells per linear 100 p m ) , one degree of
visual angle falls on 55 p m of the retina, and thus, on 5.02 retinal ganglion
cells. Consequently, the upper limit of visual acuity was estimated to be
2.51 cycles per degree.

ii) Anatomical Assessment of Visual Acuity in the Numbat
From the axial length of the eye of 11.7 m m and the P N D estimated at
7.84 (using the constant of 0.67 for diurnal eye, Pettigrew et al., 1988), the
R M F was calculated to be 140p.m.

R M F and peak retinal ganglion cell

density (i.e. 9.13 cells per linear 100 p m ) , indicated that one degree of
visual angle falls on 140 p m of the retina, thus, on 12.6 retinal ganglion
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Fig. 6.2: Jumping stand used in the behavioural
assessment ofvisual acuity ofthe honey possum

Fig. 6.3: N u m b a t in the Y-shape maze during a training session
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cells. The upper limit of visual acuity was calculated to be 6.3 cycles per
degree.

iii) Behavioural Assessment of Visual Acuity in Honey Possum and Numbat
The results revealed a correlation between

the anatomical and

behavioural estimates of acuity.
In both species, when gratings exceeded the threshold of visual
acuity, behaviour changed noticeably. Initially, at low spatial frequencies,
animals responded with very short latencies and achieved the criterion
performance.

At higher frequencies, latencies increased as the animals

committed longer periods of time to inspecting the two stimuli before
responding.

a - Honey possum
Honey possums performed at 80-100% accuracy for the four spatial
frequencies up to 0.60 cycles per degree.

In experiment 1, the spatial

frequency greater than the threshold was 0.65 cycles per degree, and at this
stage, performances fell to chance (Fig. 6.4A). However, in experiment 2,
using smaller increments, animals performed slightly better under brighter
light conditions than in moonlight and starlight. The cut-off frequencies
was found to be 0.60 cycles per degree in starlight and moonlight, and
reached 0.63 cycles per degree in daylight (Fig. 6.4B).

b - Numbat
Animals reached criterion performance at spatial frequencies up to
5.22 cycles per degree.

Performance fell to chance at 6.52 cycles per

degree and at higher frequencies (Fig. 6.5). For a critical value of 5 0 % , the
p-value

obtained

from

the Binomial

Distribution

Table

indicated a

significant difference (d.f. = 19, p = 0.00) between performance due to
chance and that due to discrimination.

52

100^

A

daylight
moonlight

80j

starlight
60
Vi

o

'o
o

40
20

0

Vi
Vi

0.45

<D
O
O
=3
Vi

O
<u
Ctf)
+->

10

0.50

0.55

0.60

0.65

0.70

0.75

B

8

C
CD

61
4
2

0

0.61

0.62

0.63

0.64

0.65

Spatial frequencies

Fig. 6.4: Jumping performances of the honey possums, showing 80-100%) accuracy up to 0.60
cycles per degree at all light levels (A). Using smaller increments, performance was found to
slightly better in daylight, with a cut-off point at 0.65 cycles per degree (B).

100
Vi

<D
O
• . — <

o
•s
Vi
Vi
ID

O

50

CO
<4-l

O
<U

8P

8

0
2.61

2.90

3.26

3.73

4.36

5.22

6.52

8.70

9.57

Spatial frequencies
Fig. 6.5: Performances of numbats. The animals reached the criterion performance at all spatial
frequencies below 6.52 cycles per degree.
53

6.4. Discussion
In the three species investigated, estimates correlate for visual acuity
obtained by the anatomical and behavioural methods.

a - Fat-Tailed-Dunnart
Using a constant for the arhythmic eye (Pettigrew et al., 1988) the
anatomical estimate was behavioural value. The similarity supports the fattailed dunnart being arhythmic rather than nocturnal (Arrese et al., 1999).
The visual acuity of the fat-tailed dunnart is relatively high for a
small m a m m a l , exceeding estimates for species of comparable size, such as
the domestic mouse (Mus musculus, 1.4 cycles per degree: Drager and
Olsen, 1981), golden hamster (Mesocricetus auratus, 1.0 cycle per degree:
Finlay and Berian, 1984) or honey possum. Unlike the honey possum and
numbat, the predatory lifestyle of the fat-tailed dunnart relies on visual
acuity, enabling accurate strikes at prey.

Nonetheless, prey size is

relatively large, in comparison to body size. As revealed by the retinal
topography (Chapter Five), visual acuity is not uniquely channeled in the
frontal field, but also across the horizon, allowing detection of both prey
and predator.

b - Honey possum
Anatomically and behaviourally derived estimates of visual acuity for
the honey possum place the species at the low extreme of the marsupial
scale. The value is lower than that found in the Northern quoll (2.3 cycles
per degree: Harman et al., 1986), South American opossum (2.4 cycles per
degree: Silveira et al., 1982) and brush-tail possum (4.3 cycles per degree:
Freeman and Tancred, 1978). Although performance improved slightly in
daylight conditions, honey possums do not appear to rely strongly on visual
acuity. Presumably, the highly specialised lifestyle requires other visual
capabilities such as spectral sensitivity (Chapters Seven and Eight).
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c - Numbat
The combination of large ocular dimensions, high ganglion cell
density, and strong dominance of cones (Chapter Seven) accords with the
greatest visual acuity yet reported in marsupials. The highest anatomical
estimate previously reported is that of the tammar wallaby (6.0 cycles per
degree: H e m m i

and

Mark, 1998), and far exceeds values for other

marsupials of comparable size (Table.6.1).

Table

6.1:

Anatomical

estimates

of

visual

acuity

in

medium-size

marsupials.
Species

Visual acuity (cycles per degree)

Brush-tailed possum

4.8 (Freeman and Tancred, 1978)

Northern quoll

2.6 (Harman et al., 1986)

South American opossum

1.25 (Silveira et al., 1982)

In eutherians, an equivalent value is found in the Beagle domestic
dog (7 cycles per degree; Murphy et al., 1997). Although compatible with
diurnality, the ecological significance of the numbat's relatively high visual
acuity is uncertain, as no aspect of the species' lifestyle seems to critically
depend on such a capability.

For example, the feeding strategy of the

species does not involve pursuit of prey or hand-to-eye coordination. In
addition,

visual

independently

tasks

associated

with

predator

of acuity (Crescitelli, 1972; Fukuda

detection
and

occur

Stone, 1974;

Hughes, 1977; Saito, 1983; H e m m i and Mark, 1998). Tree climbing does
not require a strong visual acuity as demonstrated by the low anatomical
estimate for the honey possum (Dunlop et al., 1994), South American
opossum (Silveira et al., 1982) and Northern quoll (Harman et al., 1986).
The aspect of vision required during fast terrestrial locomotion relates to
time rather than space. Similar to the tammar wallaby (Hemmi and Mark,
1998), when escaping a predator the numbat may rely to a greater extent on
chronological (temporal) acuity.
using

its visual

acuity, as

Nonetheless, the numbat is capable of

demonstrated
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during

behavioural tests.

Furthermore, observations in the field suggest that occasionally, numbats
locate individual termites on a log before retrieving them with their tongue
(Friend, personal communication), a task requiring high visual acuity.
Nonetheless,

morphological

features

associated

with

myrmecophagy,

including elongated snout and tongue (Friend, 1989), enlarged salivary
glands (Ford, 1934), and a series of transverse epithelial ridges on the
palate (Griffiths, 1968) indicate that clusters of termites, which are located
by scent (Calaby, 1960), are collected by protrusion of the tongue coated of
saliva (Friend, 1989), into deep, winding galleries.

Such a specialised

feeding strategy does not rely on visual acuity.
Thus, it is difficult to relate the relatively high visual acuity of the
numbat to its specialised lifestyle, and the survival of the species does not
appear to be critically dependent upon the capability. Nonetheless, aspects
of ecology that may be related to high visual acuity, may currently be
unknown.
As discussed in Chapter Five, the plesiomorphic features of the
modern numbat may indicate that its ancestors may have been carnivorous
predators.
vision

and

Predatory species have the greatest need for a high acuity of
accurate

depth

perception, capabilities

mediated

by

the

pronounced area centralis, and enhancing hunting efficiency.

In summary, the findings indicate that high visual acuity is not
required in the fat-tailed dunnart, honey possum or numbat, suggesting that
other visual capabilities are more crucial to their survival, one of which is
probably spectral sensitivity (Chapters Seven and Eight).
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C H A P T E R SEVEN:
P H O T O R E C E P T O R DISTRIBUTION

7.1. Introduction
Evidence suggests that specific adaptations in the distribution of
photoreceptor types are related to behaviour and ecology (Walls, 1942;
Tansley, 1965; Crescitelli, 1972; Rodieck, 1973; Lythgoe, 1979; Fein and
Szutz, 1982; Bowmaker, 1998, Ahnelt and Kolb, 2000). As an example, the
rod to cone ratio indicates rhythmicity, with rod proportions being highest
in nocturnal species (Walls, 1942; Crescitelli, 1972; Rodieck, 1973; Fein
and Szutz, 1982; Szel and Rohlich, 1992; Peichl and Moutairou, 1998) and
lowest in diurnal ones (Muller and Peichl, 1989; Peichl and GonzalesSoriano, 1994; Kryger

et al., 1998).

Furthermore, convergence of

photoreceptors to a single retinal ganglion cell via cells of the inner nuclear
layer varies greatly in relation to an animal's requirement for sensitivity or
acuity (Walls, 1942; Crescitelli, 1972; Rodieck, 1973; Fein and Szutz,
1982). Rods are connected in large numbers to individual bipolar cells (and
thus to ganglion cells), whilst cones tend to have more isolated connections
(Lythgoe, 1979).

In weak illumination, a single cone or rod would not

carry an impulse of sufficient strength to stimulate a bipolar cell and
provide input to a retinal ganglion cell. Photon capture in dim light can be
improved if signals from neighbouring channels are summed (Warrant,
1999).
Photic environments are also reflected in photoreceptor dimensions.
In nocturnal mammalian species, the inner and outer segments of both rods
and cones are slender and long, increasing chance of converting light to
electrical activity, and therefore sensitivity in low light levels (Ahnelt and
Kolb, 2000).

In contrast, diurnal mammals have shorter and wider cones,

** Published in Brain, Behaviour and Evolution: 53 (1999) and 55 (2000), and in Journal of Zoology
(London): 256 (2000b).
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and rods tend to be relatively short. Based on inner segment dimensions,
mammalian cones have been classified into three main groups: cluster I,
with slender, long "rod-like" cone inner segments is dominant amongst
eutherian mammals; cluster II, characterised by relatively shorter, but much
wider cones, is c o m m o n in cone dominant, diurnal retinae; cluster III, with
extreme elongation of both inner and outer segments, is found only in
primate foveas (Ahnelt and Kolb, 2000).

In this chapter, the distribution of photoreceptor types, their
convergence to retinal ganglion cells, and dimensions are investigated and
related to the lifestyles. The specific objectives are:
- to assess the ratio of rods to cones
- to determine convergence ratios upon ganglion cells
- to measure the length and diameter of rods and cones.

7.2. Materials and Methods

i) Tissue Preparation.
Eyes were excised (n = 3 for each species) and the cornea, lens and
vitreous removed to expose the eye-cup.

The retina was dissected and

prepared for electron microscopy (Appendix III). Semi-thin sections were
stained with toluidine blue and cover-slipped.

ii) Rod to Cone Ratio
Semi-thin tangential sections (1-2 m m ) of the outer retina were taken
within the regions of peak ganglion cell density as well as dorsal, ventral,
temporal and nasal mid- and far-peripheries. Photoreceptor types identified
by outer segment morphology (Ahnelt and Kolb, 2000), were counted
separately, at 1,000 magnification, following a procedure similar to that
previously described for retinal ganglion cells (Chapter Three).

For each

retina, ten sample areas in the region of peak ganglion cell density, ten in
the mid-dorsal, mid-ventral, mid-nasal and mid-temporal peripheries, and
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ten in the far peripheries were investigated. Mean ratios were calculated
for each region.

iii) Convergence Ratio
In the fat-tailed dunnart and honey possum, the convergence of
photoreceptors to the retinal ganglion cells was determined using semi-thin
tangential sections of the retina.

Serial sections were cut from the

photoreceptors to the ganglion cell layer.

Photoreceptor counts were

performed in the region of highest ganglion cell density. Ten sample areas
of photoreceptors and ten of ganglion cells, superficial to them (identified
as in Chapter Five), were averaged.
In the numbat, the convergence ratio was determined using semi-thin
radial sections, because of the bilayer of retinal ganglion cells in the area
centralis (Chapter

Five).

Ten

photoreceptor

and

the corresponding

ganglion cell counts were performed in the area centralis, and the mean
calculated.

iv) Dimensions of the photoreceptors
Ultrastructure of the photoreceptor layer was examined in radial
ultra-thin sections (110-150 n m ) , using standard procedures (Braekevelt,
1986).

The grids were examined using electron microscopy and the

photoreceptor layer was photographed at a magnification of 3,200x and
printed at approximately 17,000x. Due to poor fixation, a limited number
of ultra-thin sections were taken from the numbat retina, although some
data could still be collected.

The dimensions of the photoreceptors,

including diameter and length of the outer and inner segments, were
measured

with the computer software O P T I M A S

Version 6.2 (Media

Cybernetics). Calibrations were performed using a graticule with divisions
of 5pm. In each retina, 30 rods and 30 cones were assessed, except in the
numbat where measurements were limited to 15 rods due to their lower
number.
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7.3. Results

Rods dominated the retinae of the fat-tailed dunnart and honey
possum, although to different extents.

In contrast, cones dominated the

numbat retina. Differences in rod to cone and convergence ratios as well as
dimensions

of

the

photoreceptors

were

observed

between

species,

correlating with their lifestyles.

i) Rod to Cone Ratio
a - Fat-tailed dunnart
With a rod to cone ratio of 40:1 in the area centralis (Table 7.1, Fig.
7.1A-C), the fat-tailed dunnart has the highest rod density of the three
species.

The cone distribution varies across the retina and radiates out

from a high-density horizontal streak in the central retina (Fig. 7.1 A),
correlating with the highest density of retinal ganglion cells (Chapter Five).
Furthermore, cone proportion is lower in the ventral retina (rod to cone
ratio = 80:1, Table 7.1), than in the dorsal region (rod to cone ratio = 70:1),
with a sharper density step in the mid-ventral retina (Fig. 7.1 A).

b - Honey possum
The rod to cone ratio in the region corresponding to the peak
ganglion cell density is half that of the fat-tailed dunnart (20:1, Table 7.1,
Fig. 7.ID). Cones are arranged in a central density peak (Fig. 7.IE and F)
and decline concentrically with eccentricity. As in the fat-tailed dunnart,
the pattern is similar to that of the retinal ganglion cell distribution
(Chapter Five). The transition from central to peripheral retina is gradual,
with a lower cone density for mid-retina found in the dorsal region (rod to
cone ratio = 30:1, Table 7.1). Cone density decreases significantly in far
dorsal retina, with a rod to cone ratio of 60:1.

c - Numbat
The retina is highly unusual for a mammal, with a rod to cone ratio of
1:13 in the area centralis (Table 7.1). Peak cone density found in this
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region shows a gradual concentric centroperipheral decrease (Fig. 7.1G).
In far-peripheries cones appear evenly distributed, with a ratio of 1 rod to 7
cones (Fig. 7.1H).

Table 7.1: Rod to cone ratios in different regions of the retina of the three
species. The standard deviation applies to the mean rod counts, for the fattailed dunnart and honey possum, and to mean cone counts for the numbat.
Region of the retina

Fat-tailed dunnart

Honey possum

Numbat

Central

45:1 ±1.5

20:1 ±1.1*

1:10 + 0.6

Mid-dorsal

50:1 ±3.3

30:1 ±1.0

1:10 ±0.8

Mid-ventral

60:1 ±2.7

25:1 ±1.4

1:10 ±1.3

50:1 ±1.3

25:1 ±1.2

1:10 ±1.3

40:1 ±1.6*

25:1 ±0.9

1:13 ±0.7*

Far-dorsal

70:1 ±1.4

60:1 ±1.1

1:8 ±1.2

Far-ventral

80:1 ±1.0

40:1 ±1.5

1:7 ±0.9

Far-nasal

70:1 ±1.8

40:1 ±1.5

1:7±1.1

Far-temporal

70:1 ±1.5

40:1 ±1.3

1:7 ±1.0

~

Mid-nasal
Mid-temporal

* Regions corresponding to peak ganglion cell densities (area centralis for
fat-tailed dunnart and numbat).

ii) Convergence Ratios
In the fat-tailed dunnart and honey possum, the convergence of
photoreceptors to retinal ganglion cells was considerably lower than that of
nocturnal species.

Ratios assessed in the regions corresponding to peak

ganglion cell density were 30:1 for the dunnart and 12:1 for the honey
possum.

The convergence ratio for the numbat was considerably lower,

with a value of 2-3:1.
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Fig. 7.1: Distribution of photoreceptors in the fat-tailed dunnart (A-C), honey possum (D-F)
and numbat (G, H ) . Variation in rod to cone ratios across the retina (A, D and G ) are indicated
by variation in colours within species. However colours differ between species as values are
not comparable. Semi-thin tangential (B) and radial (C) retinal sections show the density of
cones in the area centralis of the fat-tailed dunnart. Cone density in the central retina of the
honey possum shown in ultra-thin tangential (E) and radial (F) sections. The arrows in E
indicate cones sectioned above or below the oil droplet. Semi-thin radial section ofthe numbat
retina, showing a cone dominance (H). Seim-thin sections (1-2 p m ) are stained with toluidine
blue. Micrographs in C, F and H are presented with the retinal pigment epithelium side uppermost and retinal ganglion cell layer, lowermost. Scale bars = 1 Oum.

iii) Dimensions of the photoreceptors
Rods were found to be slender and relatively long in the fat-tailed
dunnart and honey possum (Table 7.2).

However, both rod and cone

dimensions differed between these two species. In contrast to the dunnart
and honey possum, cones were longer than rods in the numbat.

a - Fat-Tailed Dunnart
Dimensions
segments, showed

of the rods and cones, and their inner and outer
some

degree of variation between

individuals, as

indicated by the standard deviations (Table 7.2). Mean rod length was
found to be 26. 76 pm, with a mean rod inner segment length of 9.21 pm,
and outer segment length of 16.55 pm. The rod outer segment width was
2.1 p m (Table 7.2). Cones had a total length of 22 pm. The mean length of
their inner segment was 16.77 p m and that of their outer segment, 5.21 pm.
The widest part of the cones was at the location of the oil droplets, with a
width of 5.02 pm. Basal cone width was 4.17 p m (Table 7.2).
The measurements of the photoreceptor dimensions vary somewhat
from

those published

in Arrese

explanations for the difference.

et al. (2001).

There

are several

The published data relate to a limited

number of samples from only one animal and the retinal area sampled is
uncertain. Furthermore, the original sample was of a dark-adapted animal,
whereas the subsequent analyses were of light adapted animals. Although
retinomotor movements do not occur in eutherian mammals, they may take
place in marsupials, resulting in a variation in photoreceptor length.
However, a detailed comparison between dark- and light-adapted animals
would be necessary to confirm the possibility.

b- Honey Possum
Photoreceptors were slightly shorter than those in the fat-tailed
dunnart. The mean total length of the rods was 22.08 pm, with the inner
segment accounting for an average of 9.27 pm, and the outer segment, for
12.81 pm, Table 7.2). Outer segment width measured approximately 2.4
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pm. Cones had a mean total length of 20.97 pm. The average length of the
inner and outer segments was 17.4 p m and 3.57 pm, respectively. At the
level of the oil droplet, the mean cone width was 4.84 pm. At the base,
cone width reached 4.22 p m (Table 7.2). There may be two populations of
oil droplets, distinguished on the basis of their size, possibly suggesting at
least two types of cones. The smaller (mean diameter = 2 p m ) and larger
oil droplets (mean diameter = 3.5 p m ) represented two and one third of the
population respectively. However measurements of oil droplets from fresh
material is required to verify the possibility.

c- Numbat
The mean rod length of 30.09 p m was shorter than the mean cone
length of 38.16 p m (Table 7.2). The average length of the rod inner
segments, at 18.15 pm, was slightly greater than that of the outer segments,
at 11.94 pm.

Rod outer segment width could not be assessed from the

radial sections. T w o types of cone outer segments were distinguished (Fig.
7.1.H), one broad, short (X = 6.06 p m ) and tapering, the other, narrower
and longer (X = 8.67 p m ) . Mean inner segment length varied between
30.55 p m and 31.70 pm.

The mean cone width, at the level of the oil

droplet, reached 7.4 p m and 7.28 p m at the base (Table 7.2).

7.4. Discussion

Cone proportions in the fat-tailed dunnart and honey possum are
considerably higher than expected for species commonly

described as

nocturnal. By comparison, in nocturnal marsupials such as the North and
South American opossums, rods outnumber cones by 50-120 fold (Kolb and
Wang, 1985) and 130 fold (Ahnelt et al., 1995) respectively.
The rod to cone ratio of the fat-tailed dunnart is compatible with an
arhythmic lifestyle (Peichl et al., 2000), while that of the honey possum
reflects an activity pattern incorporating diurnality (Chapter Nine).
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For

instance, some diurnal species have a higher (domestic sheep: 30-40: 1,
Braekevelt, 1983; rabbit: 25:1, Vaney et al., 1991), or similar ratio to
(humans: 20:1, Walls, 1942) that of the honey possum.

Table 7.2: Comparison of rod and cone dimensions (in pm) between the
three species, including inner segment (IS) and outer segment (OS) length.
Rod outer segment width and cone width at the location of oil droplets are
also presented.
Fat-tailed

Honey possum

Numbat

dunnart

Mean total
length
Mean IS
length
Mean O S
length
Rod OS
width
Width at oil
droplet
Basal width

length/

Rod

Cone

Rod

Cone

Rod

Cone

26.76

22

22.08

20.97

30.09

38.16

(± 2.20)

(± 1.62)

(± 1.40)

(± 2.21)

(± 0.43)

(± 1.23)

9.21

16.77

9.27

17.40

18.15

(± 1-34)

(± 1.98)

(± 0.63)

(± 1.05)

(± 1.27)

31.70(±2.02)
30.55(±2.93)

16.55

5.21

12.81

3.57

11.94

6.06(±0.11)

(± 1.89)

(± 0.85)

(±1.11)

(± 0.48)

(± 1.03)

8.67(±0.16)

2.1

2.4

(± 0.06)

(±0.02)
5.02

4.84

7.4

(± 0.29)

(± 0.39)

(± 0.87)

4.17

4.22

7.28

(± 0.19)

(± 0.06)

(± 0.68)

5.2

5.0

5.2

width ratio
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Although the rod to cone ratio in the fat-tailed dunnart is twice that
in the honey possum, cone density in the two marsupials is comparable
(Chapter Eight), suggesting that rods are more numerous in the former.
Thus, in the fat-tailed dunnart, cone to cone spacing is increased by the
greater number of rods and the convergence ratio of photoreceptors to
pathways is higher.
Amongst

marsupials, the numbat

investigated with a cone dominance.

is the

only

species

so far

Such distribution is similar to that

reported only in diurnal sciurids (prairie dog: 1:10, West and Dowling,
1975; ground squirrels: 1:20, Jacobs et al., 1976; Jacobs, 1993), and
scandentids (tree shrew: 1:20, Muller and Peichl, 1989).

These species,

considered exceptions in terms of mammalian photoreceptor organisation
(Walls, 1942, Jacobs, 1993), are said to show the most extreme level of
diurnal adaptation (Ahnelt and Kolb, 2000).

Nonetheless, despite a cone

dominated retina and similar to these species, the numbat has not evolved a
fovea.

In the three marsupials studied, cone distribution across the retina is
essentially similar to that of the retinal ganglion cells (Chapter Five). In
the fat-tailed dunnart, the rod to cone ratio is higher in the ventral retina
than in the dorsal region. The photoreceptor arrangement is consistent with
visual fields most used for prey and predator detection and during
locomotion in the chosen habitat. By contrast, cones are more numerous in
the ventral retina of the honey possum and vision is focussed in the frontal
and upward field.

The pattern correlates with the species' lifestyle,

specifically with tree climbing and feeding habits.

Although cones are

dominant in the numbat, their pattern of distribution across the retina
resembles that of the honey possum, with a concentric distribution
correlating with vision in the frontal field, and reflecting an arboreal
lifestyle and the proposed phylogeny (Chapter Five).

The cones of the three marsupials differ from those of non-primate
eutherian mammals in that they are much wider and relatively shorter. The
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resulting length/width ratio is lower, similar to those of diurnal sauropsids,
with the exclusion of foveal cones (Ahnelt and Kolb, 2000).
non-primate
undergone

eutherians, marsupials
extreme

thinning

and

lack

a fovea, where

elongation, for optimum

Similar to
cones have
resolution.

Consequently, cone dimensions further support the inference that high
visual acuity is not of prime importance for the three species (Chapter Six).

The distribution, convergence and dimensions of the photoreceptors
in the fat-tailed dunnart are consistent with its arhythmicity and the related
photic environments.

Sensitivity is afforded in low light levels by the

numerous rods, while the ratio and dimensions of the cones maintain photon
capture in daylight.
In the honey possum, the relatively low rod to cone ratio, low degree
of convergence and photoreceptor dimensions are indicative of a diurnal
visual organisation.

It is conceivable that visual acuity may have been

selected against in a crepuscular environment, where the acquisition of
nectar and pollen occurs independently of acuity.

In contrast, depth

perception required for an arboreal condition, was maintained through
strong binocularity.

Although acuity is reduced, a lower cone density

would be detrimental to the honey possum, as other visual capabilities
would be compromised. The jumping ability of the species (Russell, 1986),
crucial during locomotion and predator avoidance (which occurs in a
sequence of jumps), may necessitate a high cone proportion to allow for
spatial and temporal processing (Ahnelt, pers.com., Berry II et al., 1999).
Such efficiency is not permitted by rod vision, which divides time into
larger units than does cone vision (Gegenfurtner et al., 1999). Moreover,
the visual performances of strongly diurnal or nocturnal predators are
impaired in twilight conditions (Crescitelli, 1972), potentially decreasing
the risk of predation for the honey possum.

Photoreceptor distribution and dimensions in the numbat are
characteristic of a strongly diurnal retina, and are consistent with its
lifestyle. As in sciurids and scandentids, such organisation is reminiscent
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of that of diurnal reptilian ancestors, with

cones

occupying larger

proportions of retinal space, and rods being shorter than cones (Ahnelt and
Kolb, 2000). Cone based vision also provides more than one spectral type
of cone, affording colour discrimination.

The capability may be more

crucial to the species' survival than is visual acuity (Chapter Eight).
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CHAPTER EIGHT:
VISUAL PIGMENTS **

8.1. Introduction
The variability of visual pigment spectral sensitivity provides the
basis for colour vision, with a minimum requirement of two spectrally
different pigments located in two separate cone types (Chapter One). In
nature, the potential for variability has been well exploited, with visual
pigment sensitivities of cones ranging from the ultra-violet through to the
far-red.

For instance, birds, reptiles and fish, may possess up to four

spectrally distinct cone types (Das et al., 1999; Wilkie et al., 2000; Hart,
2001). In non-primate mammals, however, the basic organisation is reduced
to two types, a low density of short-wavelength-sensitive cone combined
with a much higher density of middle-to-long-wavelength-sensitive cones
(Jacobs, 1993; Szel et al., 1996; Peichl, 1997).
The

development

of techniques such as microspectrophotometry

(MSP), immunohistochemistry and molecular genetic analyses has extended
the characterisation

of photoreceptors.

Based

on

compositions, vertebrate visual pigments are now

their amino

acid

classified into five

evolutionarily distinct clusters, one rod and four cone types. However, a
critical problem of nomenclature resulted from the advancement of the
knowledge provided by such techniques. Referring to pigments as "blue",
"red" or "green" is fraught with difficulties. For instance, three members
within the five families of visual pigments are termed "green".

These

include the human "green" cone pigment, the chicken "green" cone pigment
and the frog "green" rod pigment. O n the other hand, referring to human
"green" pigments as M-cones (middle-wavelength-sensitive) causes some
confusion, as M-cones are derived from different evolutionary processes in

" Published in Current Biology (2002): 12.
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mammals, compared with other vertebrate classes.

Furthermore, human

"green" and "red" pigments, also described as M - and L-pigments, belong to
the same family whereas those of reptiles or birds have a low level of
identity.

However, for the purpose of this thesis, the nomenclature

described by Ebrey and Koutalos (2001, Fig. 8.1) in their phylogenetic tree
of vertebrate opsin, will be used.

The availability of the antibodies JH455 and JH492 by Nathans
(1986) has allowed the identification and topographic mapping of two cone
types in the retina of numerous eutherian species. JH455 was raised against
the human S W S 1 - pigment (with a wavelength of maximum absorbance at
420 n m ) , while JH492 was raised against the human M / L W S - pigments
(absorbing maximally

530 and

560 n m ) .

However

JH492

does not

discriminate between human M - (530 n m ) and L-pigments (560 nm).

The JH455 and JH492 antibodies were found to label SWS1- and
M / L W S - cones selectively in several eutherian species such as the macaque
(Goodchild et al., 1996), horse (Sandmann et al., 1996), marmoset, tamarin,
orangutan and chimpanzee (Chan and Grunert, 1998), and the tenrec and
shrews (Peichl et al., 2000). In addition, several studies have reported the coexpression of S W S 1 - and M/LWS-opsins in the same cone (Rohlich et al.,
1994; Glossmann and Ahnelt, 1998; Glossman et al., 1999; Hack and Peichl,
1999; H e m m i and Grunert, 1999; Parry and Bowmaker, 2002).

However,

immunolabelling does not provide information concerning the wavelength of
maximum

absorbance (A,max) °f visual pigments, or whether one or two

spectrally distinct classes are present in the M / L W S group.

Consequently,

additional methods, such as M S P or behavioural tests are necessary to obtain
a more representative picture of colour discrimination abilities.

With the exception of an immunohistochemical and behavioural study
(Hemmi and Grunert, 1999; Hemmi, 1999) in the tammar wallaby, there is
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no information on spectral properties of cone visual pigments, or their oil
droplets, in Australian marsupial mammals.
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of representative vertebrate visual pigment

sequences (from Ebrey and Koutalos, 2001).

This chapter investigates colour discrimination in the fat-tailed

dunnart, honey possum and numbat, in view of their phylogeny and lifesty
The aims of the study are to:
determine the spectral absorbance of the rods, cones and the associated
oil droplets, using MSP.
characterise type and distribution of cones with anti-opsin
immunolabelling.
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8.2. Materials and Methods

i) Microspectrophotometry
a - Retinal Preparations
Fat-tailed dunnarts and honey possums (n =

2 for each) were

maintained in darkness overnight, before being terminally anaesthetised and
decapitated, still in darkness. Due to the requirements of the experimental
design, suitable material was not available and the numbat could not be
included into the microspectrophotometrical investigation.
With the aid of an infrared image converter (FJW, Industries U S A ) ,
eyes were removed and transferred into a Petri dish containing phosphatebuffer saline (PBS; Dulbecco A tabletised P B S made to a concentration of
370mOsm/Kg, p H 7.3). The retinae were dissected from the eyecup pieces
placed on a microscope coverslip.

W h e n necessary, excess saline was

removed by blotting with filter paper.

A drop of PBS, containing 1 0 %

dextran (Sigma 250k R M M ) was added. The retinal tissue was teased apart
with mounted needles to dissociate the photoreceptors and covered with a
coverslip. The edges of the coverslip were sealed with clear nail varnish to
prevent

dehydration, before

being

transferred

to

the

stage

of the

microspectrophotometer.

b - Measurement of Absorbance Spectra
The absorption characteristics of the photoreceptor outer segments
were

measured

with

a

single-beam

wavelength-scanning

microspectrophotometer. The equipment has been described previously by
Partridge et al. (1992), with recent modifications improving the optics and
hence the transmission of short wavelengths to the specimen (Shand et al.,
2001).

Light from a quartz-halogen bulb was directed onto a holographic

grating monochromator and the output focused by a series of fused-silica
lenses and a Zeiss Ultrafluar (x32, N A 0.4) objective into the plane of the
specimen on a micrometer-manipulated microscope stage. A Zeiss Neofluar

72

objective (xlOO, N A

1.2) located above the stage directed the measuring

beam onto the photocathode of a multiplier (R928, Hamamatsu, Japan).
The signal from the photomultiplier was digitised and recorded by a
C T M 0 5 counter timer board in a PC, controlling also the scanning process.
The measuring beam, at 750 nm, was aligned onto the sample, illuminated
with background infrared light. The image, when directed to an infraredsensitive camera, was viewed by a video monitor.
Spectral absorbance was measured by placing the outer segment in the
path of the measuring beam and scanning wavelengths between 350 to 750
nm. Data were recorded at each odd wavelength on the "downward" longwavelength to short-wavelength spectral pass, and at each even wavelength
on the "upward" short-wavelength to long-wavelength spectral pass.
For each cone outer segment and oil droplet (n = 61: fat-tailed
dunnart, n = 59: honey possum) and for each rod (n = 13: fat-tailed dunnart,
n = 26: honey possum), one sample scan was combined with two different
baseline scans from an area adjacent to the outer segment.

The two

absorbance spectra were then averaged to improve the signal-to-noise ratio
of the absorbance spectra used to determine the X m a x value for each outer
segment.

Outer segments were bleached with white light from the

monochromator for two minutes. Another set of sample and baseline scans
was performed as previously. The post-bleach average spectrum obtained
was deducted from the pre-bleach average to produce a difference spectrum
for each outer segment.

c - Data Analysis
Baseline and sample scans were converted to absorbance values at 1
n m intervals. The upward and downward scans were averaged together by
fitting a weighted three-point running average to the absorbance data (Hart
et al. 2000). Absorbance spectra (sample minus baseline) were normalised
to the peak and long-wavelength offset absorbances obtained by fitting a
variable-point unweighted running average.

Following the method of

MacNichol (1986), a regression line was fitted to the normalised absorbance
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data between 3 0 % and 7 0 % of the normalised m a x i m u m absorbance. The
regression equation was used to predict the wavelength of maximum
sensitivity (A,max) following the methods described by Govardovskii et al.
(2000). Scans meeting selection criteria (Levine and MacNichol, 1985, see
Partridge et al., 1992 for details) were averaged and used for display with
mathematical spectra of an Ai visual pigment template with the same A,max
generated using the equations of Govardovskii et al. (2000).

The A,max

values obtained from scans meeting criteria, were plotted as frequency
histograms.

ii) Immunohistochemistry
a - Tissue Preparation
The eyes of each species (n = 3 each for fat-tailed dunnart and honey
possum, n = 1, numbat) were removed immediately after death and immersed
in 4 % paraformaldehyde in 0.1 M phosphate buffer (PB) at p H 7.4 for 30
minutes. After fixation, the eyes were transferred into P B S for wholemount
preparations and to 1 5 % sucrose for cryosections.
Retinal wholemounts were prepared as described for retinal ganglion
cell topographies (Chapter Five), and placed on a microscope slide,
photoreceptor layer uppermost.
honey

possum

cryoprotection.

eyes were

For cryosections, fat-tailed dunnart and

immersed

into

15%

sucrose overnight for

They were then embedded in Tissuetek medium (Sakura)

and sectioned at 20 p m on a freezing cryostat (-20°C). Sections were stored
at -80°C.

b - Primary Antibodies
The two affinity purified rabbit antisera, JH455 and JH492, used in
this study were supplied by Dr J. Nathans, from the Johns Hopkins
University School of Medicine, Baltimore (Maryland, U S A ) . In this study,
JH455 (raised against the human "blue-cone" opsin) was used at a dilution
of 1:25000, and JH492 (raised against the human green- and red-cone opsin)
at 1:6000. Incubation (Appendix V ) was performed on retinal wholemounts
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and semi-thin cryosections (for the numbat, material was available for
wholemounts only).

c - Antibody Visualisation
For single labelling of antibodies, D A B was used (Appendix V ) . Coexpression of opsins in the same cone photoreceptor was assessed using
double labelling, where D A B and fluorescence were used sequentially (Fig.
8.8), due to the primary antibodies being from the same species (rabbit). For
double labelling, wholemounts previously treated with JH492 or JH455 were
washed in P B S (3 x 10 m n ) and incubated overnight (at 4°C) with JH455 and
JH492, respectively.

Wholemounts were then washed again in PBS, as

before, and incubated with Alexa-tagged anti-rabbit IgG diluted 1:400 in
PBS for two hours. Following the last series of washes, wholemounts were
mounted in glycerol and viewed in a fluorescence microscope.

d - Topography of Staining (Single Labelling)
A n outline drawing of the wholemounted retina was made using a
camera lucida, following the procedure described for retinal ganglion cell
topography (Chapter Five). The nerve head and blood vessels were used as
landmarks with the fat-tailed dunnart and numbat. Since the retina of the
honey possum is largely avascular, the optic nerve and pigmentation of the
retina were used as salient features. For each wholemount, samples were
taken at regular intervals throughout the retina. Sampling was adjusted to
the density gradients and was increased in regions where cone density was
higher. Counts were performed at lOOOx with an oil immersion objective, as
for ganglion cells (Chapter Five).
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8.3. Results

i) Microspectrophotometry
Three cone types were identified in the fat-tailed dunnart and honey
possum, with spectral characteristics of visual pigments differing between
the two species (Fig. 8.2A and 8.3A, Table 8.1). The cone types were
classified as L W S , M W S and U V S .

In the fat-tailed dunnart, LWS-cones

had pigments sensitive to shorter wavelengths (Fig. 8.2B), than in the honey
possum (Fig. 8.3B).

However, the A,max of MWS-cones was at longer

wavelengths in the fat-tailed dunnart than in the honey possum (Fig. 8.2C
and 8.3C). In the two species, and similar to what is expected for the rods,
the post-bleach absorbance spectra of MWS-cones showed the presence of a
photoproduct build-up below 430 nm.

The UVS-cones were found to contain a pigment with a A.max at
approximately 350 n m in the fat-tailed dunnart (Fig. 8.2D) and honey
possum (Fig. 8.3D). However, due to the low number of samples and limits
of the M S P , w e cannot assume that a peak absorbance was reached. Partial
bleaching in these cones was achieved as shown by the maximum corrected
absorbance, which was about 76-80% that of the pre-bleach sample scan.
Comparison of the running average for pre- and post bleaching scans and
difference spectra indicated that the pigments were photolabile.

LWS- or MWS-visual pigments were found in either single or double
cones, but not as L W S / M W S pairings. U V S records were from single cones
only.

The rod spectral sensitivity also differed between the two species
(Table 8.1).

The rod pigment of the fat-tailed dunnart was maximally

sensitive at 512 n m (Fig. 8.2E), a value exceeding the A,max of 500 n m found
in rods of most mammals. In contrast, the honey possum had a rod pigment
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Fig. 8.2 and 8.3: Frequency histograms (A) and normalized averaged absorbance spectra ofvisual pigments in the
retina ofthe fat-tailed dunnart (8.2 B-E) and honey possum (8.3 B-E). Each graph shows the average pre-bleach
spectra (coloured upper traces) with best-fitted visual pigments templates (solid lines) and average post-bleach
spectra (lower traces) with their running averages (solid lines). Because the average pre-bleach spectrum ofthe
UVS-cones was not fitted well by the ultraviolet visual pigment template, its running average absorbance is displayed
instead. All cones possessed an oil droplet. Optical densities are shown in Table 8.1.
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with a A,max at 502 nm (Fig. 8.3E). As expected for rods, a photoproduct
build-up was also observed below 400 nm in both species. Oil droplets were
found to be transparent in the two species (Fig. 8.4 A and B), as indicated
by their negligible absorbance, lower than 0.002 across the spectrum.
Consequently, the spectral sensitivity of the cones must be determined only
by their visual pigments.

Table 8.1: Spectral absorbances and optical densities (OD) for cones and
rods.

LWS-cone

MWS-cone

SWS-cone

Rod

Fat-tailed dunnart

Honey possum

535 nm (n = 38)

557 nm (n = 39)

O D = 0.016

O D = 0.009

509 nm (n = 20)

505 nm (n = 16)

O D = 0.019

O D = 0.016

app. 350nm (n = 3)

app. 350 nm (n = 4)

O D = 0.02

O D = 0.005

512 nm (n = 13)

502 nm (n = 26)

O D = 0.012

O D = 0.021

ii) Immunohistochemistry
a - Fat-Tailed Dunnart
The M/LWS-cone population was composed of single and double
cones bearing oil droplets (Fig. 8.5A and B). Their distribution decreased
concentrically, from a high density streak in the central retina (31200
cells/mm2). The lowest density, estimated at 21000 cells/mm2, was found in
the dorsal periphery. Single cones were more numerous in the central retina
(Fig. 8.5C), whereas double cones were mainly found in mid- and farperipheries (Fig. 8.5D). Similar to the South American opossum (Ahnelt et
al., 1995) and the tammar wallaby (Hemmi and Grunert, 1999), M/LWScone distribution correlated with that of the retinal ganglion cells over most

79

retinal regions. However, areas of uneven distribution were observed, as the
decreasing density was found to rise again in far and mid-temporal, -ventral
and -nasal regions. SWSl-cones appeared to be single (Fig. 8.5E and F),
although the presence of an oil droplet in all cones of this type remains to
be verified. The density of SWSl-cones was found to be higher in dorsotemporal retina, with a value estimated at 2300 cells/mm . Lowest density
was found in ventral retina, with a value of 1500 cells/mm .

b - Honey Possum
The

M/LWS-cone

distribution was

dense throughout the retina,

radiating out from a peak in the central and mid-ventral regions (36700
cells/mm2, Fig. 8.6A and B). Similar to the fat-tailed dunnart, M/LWS-cone
density decreased in a weak concentric gradient and rose again in the
periphery. The lowest concentration of M/LWS-cones was found in the middorsal periphery (26200 cells/mm ). Across the retina, several cones were
unlabelled by JH492 (Fig. 8.6C). SWSl-cones were distributed regularly,
although their density was higher in the peripheral (3100 cells/mm , Fig.
8.6D and E), than in central regions (2700 cells/mm ).

c - Numbat
The pattern of distribution of M / L W S - and SWSl-cones was difficult
to assess due to the presence of numerous patches of pigment epithelium
that resisted bleaching.

Consequently, the sampling regime precluded

complete assessment of cone distribution. The results presented here are
preliminary

and

further immunolabelling

topography of cone types.

is required to establish the

It was however possible to determine the

presence of M/LWS-cones (Fig. 8.7A) throughout the retina. Similar to the
fat-tailed dunnart, SWSl-cones appeared to be more numerous in the dorsal
and temporal retina (Fig. 8.7C and D ) than in the ventral region. N o S W S l cones were found in the far-nasal region.
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Fig. 8.5: Cross-sections of the fat-tailed dunnart retina treated with JH492, with arrows showing single (A) and double (B) M/LWS-cones. Retinal wholemounts showing the high density of single M/LWS-cones in the central retina (C). Higher magnification showing M/LWS-double cones (arrows), more numerous in the periphery (D).
High magnification of a single S WS-cone labelled with JH455 (E), the outer segment
is indicated by an arrow. L o w magnification of wholemount showing distribution of
S W S 1 -cones (arrows) in dorsal retina (F).
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Fig. 8.6: Distribution ofM/LWS-cones in the mid-ventral retina ofthe honey possum, in
wholemount (A) and cross-section, photoreceptors uppermost (B). Unlabelled cones
(arrows) in retina stained with JH492. S WS-cone distribution in ventral periphery in
wholemount, with arrows indicating unlabelled cones (D). Cross-section showing S W S cones, with outer segments indicated by arrows (E).
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Fig. 8.7: Retinal wholemounts ofthe numbat, incubated with JH492,in the
mid-dorsal retina (A), a few labelled outer segments are indicated by arrows. Single M/LWS-cone atxlOO magnification (B, small arrow: outer
segment, large arrow: inner segment). Oil dropletsfromunlabelled cones are
visible on the left side (below asteriks). Wholemount stained with JH455,
showing density of S W S 1 -cones(arrows) in the central region (C) and nasal periphery (D).
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Honey possum

Fig. 8.8: Double labelling on retinal wholemounts of the fat-tailed dunnart (A and B ) and
honey possum (C and D ) . In the micrographs A and C, tissue was incubated first with
JH455, selecting S WS-cones, and visualised using D A B (black reaction product). The
tissue was then incubated with JH492, selecting M/LWS-cones, and visualised using fluorescence (bright green label). In the micrographs B and D, JH455 (fluorescent) was
applied on tissue previously stained with JH492 (dark). N o double labelling was observed, indicating an absence of co-expression of M / L W S - and S WS-opsinsin the same
cone.
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Immunofluorescence analysis did not reveal double labelling of cones
in the fat-tailed dunnart (Fig. 8.8A and B) or honey possum (Fig. 8.8C and
D). Co-expression of M / L W S - and SWSl-opsins in the same cone therefore
does not occur, although it has been

reported for several mammalian

species including the mouse, (Glossmann and Ahnelt, 1998), European mole
(Glossman et al., 1999), rabbit (Hack and Peichl, 1999), tammar wallaby
(Hemmi and Grunert, 1999) and Guinea pig (Parry and Bowmaker, 2002).

8.4. Discussion

This study provides the first evidence for the presence of three cone
visual pigments

in non-primate

mammals.

The

cone

types exhibit

diversification in spectral sensitivity and topography between the three
species, implying

functional

specialisations

reflecting

species-specific

influences. The M S P analysis enabled further characterisation by allowing
the identification of the wavelength of maximum
pigments sensitive to U V
wavelengths (LWS).

(SWS1), medium

sensitivity of visual

(possibly R H 2 ) and long

These pigments could not have been distinguished

solely by immunolabelling.

The three spectrally distinct cones not only

extend the spectral range of the fat-tailed dunnart and honey possum into the
near ultraviolet, but also provide the potential for trichromatic colour
vision. Such findings extend those reported by H e m m i and Grunert (1999)
describing

the tammar

wallaby

as a typical cone

dichromat.

The

identification of cone types is based on immunohistochemistry using
antibodies that can distinguish only between S W S - and M/LWS-cones, hence
additional pigment classes would have remained undetected. Similarly, the
behavioural study conducted by Hemmi, (1999) was designed around the
available immunohistochemical data and did not investigate other regions of
the spectrum, including ultraviolet. By such criteria, the fat-tailed dunnart
and honey possum would have been considered to be dichromats.
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MSP

analyses in tammar wallabies are necessary to determine if similarly they are
trichromats.

The absorption characteristics of the three cone types reflect the
species' visual environments and visual tasks. For instance, in the case of
the honey possum, the spectral positioning of M W S and LWS-cones would
allow perception of yellow and red colours. In contrast the visual pigments
of the fat-tailed dunnart are likely to enable discrimination between objects
of green and brown colours, while foraging or pursuing cryptically coloured
insects or small reptiles.
In both species, the absorbance of MWS-cones behave in a similar
way to that of the rods.

They have a similar ^max, with a post-bleach

photoproduct build-up observed below 430 nm.

T w o inferences emerge

from the observation, the first relating to ecological, the second, to
evolutionary significance.
The advantage of possessing rods and cones of similar sensitivities is
their potential for use at different levels of illumination.

Because rod

signals are lost as a result of saturation at high light levels, they would be
used only in twilight conditions or at night. In contrast, MWS-cones, which
cannot operate efficiently in dim light, would be used during the day. The
assumption is supported by reports that rod signals can be used in
conjunction with cone signals to gain some colour discrimination capacity at
twilight (Jacobs, 1993).

Although the mechanisms that allow rods to

contribute to colour vision are not known, evidence shows that signals from
rods and cones share a common pathway from the level of retinal ganglion
cells onwards (Jacobs, 1993).

Nonetheless, the mechanism is consistent

with the lifestyles of the two species, including activity in daytime and after
dark.

The evolutionary inference is based on the high level of molecular
identity between RH2-cones and rods (RH1) that has been demonstrated in
non-primate

vertebrates

such

as birds
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(Bowmaker

and

Hunt, 1999;

Yokohama, 2000). A number of studies (Okano et al., 1992; Heath et al.,
1998, Das et al., 1999) have proposed that the rod opsin class arose from the
R H 2 opsin class (referred to as M W S cone opsin by the authors) subsequent
to the appearance of the different cone classes.

Consequently, we may

assume that MWS-cones represent the vertebrate photoreceptor ancestor.
MWS-cones have been lost in eutherians, including primates, and their
presence in marsupials indicates that trichromacy in this group differs from
that of primates. Furthermore, given the close molecular homology of RH1and

RH2-opsins

(Yokoyama, 2000) and

the

similar

absorbance

and

photochemical properties for M W S - and rod pigments in the fat-tailed
dunnart and honey possum, it is possible that their MWS-cones belong to the
RH2-opsin class. The point argues against the possibility that the M W S cones found in marsupials originated from the duplication of a LWS-opsin
gene as in primates. However, molecular structure of the opsin is required
to verify the two assumptions. The evolutionary inference will be developed
further in the General Discussion (Chapter Ten).
The scarcity of U V S - (SWS1) cones and their A.max around 350-370 n m
(at the limit of the spectral range available to our equipment) made their
detection and analysis difficult. As reported by Das et al. (1999), pigment
bleaching was partially successful, possibly due to photoproducts absorbing
maximally below 400 n m and lack of U V light from our M S P bulb.
Because of the limitations of human colour vision, it is difficult to
suggest visual functions that are specific to U V sensitivity. However, there
is no doubt that visual information in the near U V is available to species
with U V S cones. U V vision is known to be used in social signalling (lizard,
Fleishman et al., 1993), hunting (kestrel: Viitala et al., 1995), nectar
localisation (birds: Burkhardt, 1982) and mate selection (zebra finch:
Bennett et al., 1996), functions that are all crucial to the marsupials studied
here.

This aspect will be developed further in Chapter Ten.

It is also

conceivable that the transparent oil droplets contribute to the transmission
of U V wavelengths, as well as gather and focus light onto the cone outer
segments, rather than act as spectral filters (Young and Martin, 1984).
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In light of the phylogenetic tree of vertebrate opsins and the presence
of four cone opsins in sauropsids, it is possible that a scarce population of
SWS-cones, belonging to the SWS2-opsin class, is present in the retina of
the fat-tailed dunnart and honey possum. However, such population may not
have been detected by M S P due to inadequate sampling.

W e may also

consider that the antibody JH455 may have labelled U V S - (SWS1) and
SWS2-cones, due to their close homology (Bowmaker and Hunt, 1999).
Chiu et al. (1994) reported the high homology of the genes encoding for the
respective visual pigments.

The expression of a gene encoding a visual pigment with a A.max
around 420 is highly conserved across vertebrates, including mammals
(Petry and Harosi, 1990; Bowmaker, 1991; Jacobs and Deegan, 1994;
Rohlich et al., 1994; Glossman and Ahnelt, 1998). The only exceptions are
marine mammals such as whales and seals, in which SWSl-cones are absent
(Peichl et al., 2001).

The authors proposed that the loss of SWSl-cones in

marine mammals from distant orders occurred at an early stage of evolution,
when their ancestors inhabited coastal waters with a light field shifting to
longer wavelengths. In contrast, S W S 1 cones were conserved in terrestrial
species living in spectrally richer environments (Peichl et al., 2001).
Amongst eutherian species, the spectral positioning of cones invariably
includes a short-wavelength sensitive pigment in the 420-450 n m range
(Jacobs, 1993), which was also indicated in a marsupial, the tammar wallaby
(A.max at 420 nm, H e m m i (1999), using behavioural techniques. O n the other
hand, the S W S 1 class of opsin displays a wide degree of variation in A.max.
In mammals SWSl-cone spectral sensitivity ranges from 430 n m in primates
to 370 n m in rodents. The range is similar in birds, with sensitivity around
420 n m in chicken and duck and 365 n m in canary and budgerigar (Wilkie et
al., 2000). Consequently, it is difficult to determine whether a SWS2-opsin
with a A.max around 430-450 nm, as found in sauropsids and fish, is to be
expected in marsupials without the application of techniques such as D N A
sequencing or behavioural tests.
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Immunofluorescence results argue against the possibility that S W S l cones may contain a significant amount of M/LWS-opsin in the fat-tailed
dunnart

and

honey

possum.

Furthermore, broad

absorbance curves,

revealing expression of more than one opsin in the same cone, were not
inferred from M S P analysis. Consequently, the co-expression of two visual
pigments in the same cone (Rohlich et al., 1994; Glossmann and Ahnelt,
1998; Glossman et al, 1999; Hack and Peichl, 1999; H e m m i and Grunert,
1999) cannot account for the topography of M/LWS-cones observed in the
two marsupials, where the decreasing density surrounding the peak was
found to increase again towards the periphery.

Similarly, the possibility

that RH2-cones may have been labelled by JH492 is not supported by the
low molecular homology between R H 2 - and M/LWS-opsins (Yokohama,
2000).

If it did occur, the intensity of the staining should have been

different between the two cone types. Nonetheless, until molecular analysis
of MWS-opsins in the fat-tailed dunnart and honey possum is carried out,
we cannot rule out the possibility that their MWS-cones originated from the
duplication of LWS-opsin genes, and hence are likely to be labelled by
JH492.

The interpretation of the two species' cone topographies will be
discussed in terms of distribution of S W S 1 - and M/LWS-cones, as revealed
by immunolabelling.
Cone topography of the fat-tailed dunnart revealed three distinct
regions, similar to those reported for the tammar wallaby (Hemmi and
Grunert, 1999).

The dominance of M/LWS-cones in the central region

correlates with the high density of retinal ganglion cells (Chapter Five).
The arrangement would provide the source for high acuity pathways (Kolb,
1994). Since SWSl-cones are thought to contribute essentially to spectral
sensitivity (Ahnelt et al., 1995), their high density in dorso-temporal retina,
combined with the moderate M/LWS-cone density would optimise hue
discrimination for objects in the inferio-central visual field. Conversely, in
the ventral retina, the low ganglion cell but relatively high M/LWS-cone
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density, resulting in a higher convergence ratio at the expense of high
resolution, would contribute to high contrast sensitivity. Such capabilities
are compatible with the predator and prey status of the fat-tailed dunnart.
Spectral sensitivity and visual acuity in the frontal and lower fields of view
are necessary to detect and catch prey, while contrast sensitivity in the
superior field is important for predator detection.

The arrangement of SWS1- and M/LWS -cones in the retina of the
honey possum

suggests the importance of spectral sensitivity for the

crepuscular species. The capability, although retina-wide, is optimised in
the most significant directions of vision for the species, namely the frontal
and upward fields (Chapter Three).

The arrangement provides a means of

maximising contrast when viewing objects silhouetted against down-welling
light (Levine et al., 1979). As in the fat-tailed dunnart, the topography of
M/LWS-cones is similar to that of the retinal ganglion cells, with a shift of
peak density towards the mid-ventral retina. However, while the resulting
low convergence ratio would confer high visual acuity, the capability was
probably essential to an ancestral diurnal honey possum.

In the extant

species, acuity may have been selected against, but the combination of a
high ganglion cell density with a balanced ratio of S W S 1 - to M/LWS-cones
remains essential for colour discrimination. The capability complies with
the specialised feeding habit and rhythmicity of the species, suggesting a
strong reliance on visual signals for food acquisition. While olfactory cues
may provide a general estimate of the location of flowers, visual detection
through colour discrimination would presumably supply more accurate
information concerning the precise location and identification of maturity of
flowers. This aspect will be discussed further in Chapter Ten. Nonetheless,
increased accuracy in locating resources represents significant energy
savings for a diminutive species whose protein requirements entail visiting
about 2400 flowers each day (Turner, 1984).
In view of the correlation between M/LWS-cone and ganglion cell
densities in the fat-tailed dunnart, honey possum and tammar wallaby
90

(Hemmi and Grunert, 1999), it is reasonable to assume that a similar
organisation occurs in the numbat. Consequently, we may infer that in the
species, M/LWS-cone topography is based on a peak density located in midtemporal retina decreasing in concentric contours. The pattern would also
imply that M/LWS-cone distribution is related to the ancestral lifestyle of
the numbat (Chapter Five).
Additional immunolabelling is required to determine the topography
of SWSl-cone distribution. However, we may assume that, considering the
diurnal lifestyle of the species and the prevalence of cones in its retina,
SWSl-cones would be distributed across the retina. As such, they would
contribute to high spatial and temporal acuity in the central and midtemporal regions (Chapter Six), while maintaining high spectral sensitivity
through out the retina.

Similarly, on the basis of the species' phylogeny,

we may expect M W S - (possibly RH2-) cones to be present.

In conclusion, the combination of immunohistochemistry and MSP
was essential to determine the basis of colour vision in the species studied.
Although additional techniques, such as identification of the generic basis
of colour vision are required to provide a more complete picture, a pattern
distinguishing colour vision in marsupials from that of eutherians has
emerged. The evolutionary implications will be discussed further in Chapter
Ten.

Furthermore, we now

have evidence that the three species of

marsupials possess the potential for trichromacy, and that colour vision,
afforded by cone distributions and spectral sensitivities, reflects their
ecology and phylogeny.
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CHAPTER NINE:
PERIODS OF ACTIVITY OF THE H O N E Y POSSUM

9.1. Introduction
The honey possum has been described as strongly nocturnal (Wooller
et al., 1981; Russell, 1986). However, during fauna surveys and trapping in
the region of Jurien Bay, several animals were observed in the morning and
before dusk.

Further observations in the field confirmed that animals,

particularly active at dawn and dusk, were also foraging during the day.
Similar patterns of activity during cooler, cloudy weather were reported by
Hopper and Burbidge (1982). So far, no study has addressed the species'
periods of activity.

Furthermore, as argued in Chapter Six, retinal

organisation is not compatible with a nocturnal lifestyle. The monitoring
of the periods of activity of the honey possum in its natural environment is
reported here.

9.2. Materials and Methods

i) Study Area
Mount Lesueur Nature Reserve, approximately 20 kms North-East of
Jurien (250 kms North of Perth) is situated in a deeply dissected part of the
northern Kwongan or sandplain region of Western Australia.
The study area (Fig. 9.1) is located west of the Cockleshell Gully
Road, at the foot of the western slope of Mount Lesueur. The site consists
of a heathland, considered to be among the most species-rich vegetation
communities of the world, with a high level of species endemism (Lamont
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et al., 1984). Some 123 plant species are recorded on the slopes of Mount
Lesueur (Griffin and Hopkins, 1985), comprising 46 species of Proteaceae
and 33 of Myrtaceae. Present soil patterns reflect the landscape stability
and aridity during and since the Pleistocene (Griffin and Hopkins, 1985).

In the study area, the vegetation of significance for the honey possum
includes species such as Banksia, Calothamnus (Fig. 9.2), Dryandra and
Adenanthos species.

Other common species are Xanthorhroea pressii,

Kingia australis along with Hakea, Eremaea, Melaleuca and Petrophile
species.

ii) Trapping Methods
P V C piping with a depth of 400 m m and a diameter of 200 m m were
used as pitfall-traps. A grid often trap-lines was established, consisting of
four traps separated by approximately 4 m and equipped with a drift-fence
(Fig. 9.3). Traps were unbaited. Captured animals were measured and
weighed and the pouch of females was checked. Following measurements,
animals were fed a mixture of honey, pollen and water.

iii) Radio-Tracking
The study was conducted during two experimental periods (summer
and winter) and over two years (2000, 2001).

Small-sized one-stage

transmitters (LTM, 0.4 g, Titley Electronics) were attached using surgical
adhesive onto the back of the animals, between the shoulder blades (Fig.
9.4).

No

collar was used.

Radio-signals from the transmitters were

detected using a tracking receiver (Biotelemetry Tracking Australia, R X 3 )
connected to a "H-frame" antenna.

During each tracking period, three

animals were radio-tracked over three consecutive days and nights.

In

total, six males and six females were monitored. Animals were released in
the morning and their location through radio-telemetry was not assessed
before the following afternoon, approximately two hours before sunset.
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Fig. 9.1: Study site in Mount Lesueur Nature Reserve, Jurien Bay,
during winter.

Fig. 9.2: Examples of plant species providing the honey possum with nectar and pollen: (A) Banksia grandis, (B) B.
attenuata, (C) Calothamnus quadrifidus (D) C. villosus.
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Fig. 9.3: Pit-fall trap with drift fence

Fig. 9.4: Honey possumfittedwith a radiotransmitter
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iv) Tracking Regime
Once location was established, animals were radio-tracked every
hour, day and night. Variable and static signals were used as indications of
movements and inactivity, respectively.

In case of static signals, the

approximate location of the animal was determined using the receiver
"near-by" mode, then by using the receiver without the "H-frame" antenna.
The procedure enabled an estimate within one to two meters. When
two static signals were obtained consecutively, the location of the animals
was confirmed by sighting.

9.3. Results

During summer and winter, the activity pattern was clearly
crepuscular, with movement occurring mostly around dawn and dusk (Fig.
9.5A and B).

Some diurnal activity was however observed in winter (Fig.

9.5B). Nonetheless, no activity was recorded during the darkest hours of
the night, whether in winter or summer. Periods of activity did not differ
between females and males, although in summer, males appeared to move
greater distances than females. In summer, distances between successive
tracking varied between 20 to 80 m for females, and 50 to 200 m for males,
whilst in winter, distances were often doubled.

9.4. Discussion

This study reveals the activity patterns of the honey possum and
illustrates

the

capabilities.

importance

of

such

data

when

investigating

visual

In the case of the honey possum, erroneous assumptions

concerning its periods of activity resulted in the underestimation of its
visual capabilities.

The more recent studies of retinal organisation

(Chapters Seven and Eight) indicate that visual capabilities are consistent
with more diverse activity patterns. The optimal light environment is at
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dawn and dusk, rather than strictly scotopic. The inference is supported by
the field observations of Hopper and Burbidge (1982), although diurnal
activity of the honey possum does not necessarily appear to be restricted to
cooler weather conditions.
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CHAPTER TEN:
G E N E R A L DISCUSSION

The studies demonstrate the malleability of the marsupial retinal
design, producing visual capabilities strongly related to specific lifestyles
and light environments. Visual priorities, which differ between the species
studied, namely the fat-tailed dunnart, honey possum and numbat, are
fulfilled by various adaptive mechanisms optimising visual performance.

The matching of the species' retinal organisation with their visual
world constitutes the major theme of this thesis, providing an insight into
selective pressures placed upon the arrangement of ganglion cells and
photoreceptors. Furthermore, the assessment of extra-retinal features, such
as visual fields and pupillary mobility, revealed their high degree of
adaptability

in response

to diverse

and

dynamic

environments

and

behaviours.

From retinal ganglion cell and photoreceptor distribution to

configuration of visual fields, the fat-tailed dunnart, honey possum and
numbat exemplify the major influence of current constraints of ecology, and
presumably of ancestry, in the visual system.

The most significant finding perhaps was the demonstration that the
three marsupials

possess

colour vision.

Moreover, the cone types

underlying their colour vision were found to differ both in number and
absorbance, from those in eutherians.

The three cone visual pigments,

presumably conserved from the reptilian ancestral retinal design, provide
the species studied with the basis for trichromacy.
sophisticated

than

in non-primate

The system is more

eutherians, which

are reduced to

dichromacy. It follows therefore that the visual capabilities of marsupials
are not poor or uniform, as generally assumed.

The evolutionary issues

raised by m y findings will be discussed further in this chapter.
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Investigation of the mammalian retinal photoreceptors has provided a
tremendous

advancement

in the understanding

of visual capabilities.

However, the majority of studies have been concerned with eutherians,
drawing inferences that erroneously were extended to marsupials.

This

thesis begins to redress the balance in showing that the organisation of the
retina, and more specifically of the photoreceptors, is not comparable in
marsupials

and

eutherians.

Subsequently, I propose

that different

evolutionary pressures have shaped the photoreceptor arrangements of the
two groups.

It is generally accepted that early mammals switched to a nocturnal
activity pattern as a result of selective pressure from diurnal saurian
competitors and predators. The shift to a nocturnal niche, permitted by
their ability to maintain body temperature, also offered protection against
diurnal predators. Such selective pressure was probably the most important
factor for shaping the development of the mammalian visual system, and
more specifically the retina (Ahnelt and Kolb, 2000).

However, being on

different continents, the adoption of nocturnal niches may have been less
compelling for marsupials than for eutherians. After the separation of the
Southern and Northern palaeocontinents, marsupials became isolated from
competition

by

eutherian

counterparts.

Additionally, the ancestral

Australian mammalian fauna comprised a large number of megafauna and
arboreal species, with comparatively few large predators (Archer, 1984).
Fossil records show that of the 60 mammals whose body weight exceeded
ten kilos, three only were carnivores: the marsupial lion (Thylacoleo
carnifex), Tasmanian tiger (Thylacinus cynocephalus) and the giant ratkangaroo (Propleopus oscillans, Flannery, 1997). Consequently, the switch
to nocturnality may have occurred to differing extents in the two groups.
The disparity would have affected the evolutionary transitions involved in
the transformation from the ancestral sauropsid retinal design to that of
modern mammals.
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The retina of sauropsids shows a variety of features, including high
cone densities and diverse spectral sensitivities, that reflects a long history
of diurnal lifestyles and photopic visual systems. The retention of certain
reptilian ancestral (or symplesiomorphic) features in the marsupial retina,
such as double cones and oil droplets, has been known for some time.
However, the discovery of the potential for trichromacy indicates that
marsupials, from primitive to highly specialised lifestyles, share more
retinal features with their diurnal sauropsid ancestors than previously
thought.

Cone morphology and rod to cone ratio in the fat-tailed dunnart,
honey possum
aspects.

and numbat, presumably exemplify such plesiomorphic

Cones that became slender and "rod-like", with fusiform inner-

segments and long outer-segments, are said to prevail in the majority of
mammals.

Such cones evolved to subserve nocturnal vision (Ahnelt and

Kolb, 2000).

However, the cones of the three marsupials studied, with

wider basal diameters and shorter outer segments, resemble those in diurnal
sauropsid retinae (Ahnelt and Kolb, 2000).

Rods in the three species

appear shorter and wider than those found in nocturnal eutherians, but
resemble the rods of strongly diurnal species, such as the tree shrews
(Ahnelt and Kolb, 2000).

Similarly, the rod-to-cone ratios of the three

marsupials, which are not comparable to those found in nocturnal retinae,
may reflect the divergence of evolutionary trends and constraints undergone
by marsupials and eutherians.

Importantly, such trends presumably gave rise to separate bases for
colour vision between marsupials and eutherians, as the former conserved
aspects of the ancestral sauropsid prototype. The inference is based on the
identification of MWS-cones (possibly from the RH2-opsin class) in the
retina of the fat-tailed dunnart and honey possum, species that are not
closely

related,

being

polyprotodont

respectively.
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and

diprotodont

marsupials

Recent evidence indicates that the ancestral vertebrate photoreceptor
appeared to be cone-like, with a A.max close to 500 n m (Bowmaker and Hunt,
1999).

Approximately 500 million years ago, prior to the evolution of

mammals and sauropsids from therapsid reptiles (about 200 million years
ago), it is thought that five spectral types of visual pigments began to
diverge, with long-wave pigments

separating

first and rod pigments

evolving at a later stage (Bowmaker and Hunt, 1999). The early evolution
of four cone opsins provided the basis for tetrachromatic colour vision in
vertebrates. All four, described as M / L W S , SWS1-, S W S 2 - and RH2-cone
opsins, are retained in the modern sauropsids (Okano et al., 1992; Das et
al., 1999; Hart 2001) and fish (Vihtelic et al., 1999). However, other than
that of rods, only two opsins (SWS1- and M / L W S - ) are found in the cones
of modern mammals. Mammalian dichromacy results from the loss of R H 2 and SWS2-cones (Saitou and Nei, 1987; Ahnelt and Kolb, 2000).

The

relatively recent evolution (between 30-45 mya) of trichromacy in primates
involves the divergence of M/LWS-red and M/LWS-green cones from the
ancestral longer-wave group (Bowmaker and Hunt, 1999).

Considered for a long time to lack colour vision, marsupials have
recently been described as having a similar dichromatic system to that of
eutherians (Ahnelt et al., 1995; H e m m i , 1999).

However, this thesis

demonstrates that marsupials have the potential for colour vision beyond
dichromacy. Furthermore, the presence of MWS-cones with a similar A,max
as rods in the fat-tailed dunnart and honey possum indicates a different
origin from that of the primate trichromacy. The proposal is supported by
the presence of RH2-cone pigments closely related to rod opsins (RH1) in
sauropsids. By contrast, the homology with M / L W S - and SWSl-opsins is
only about 4 0 % (Bowmaker and Hunt, 1999).

If the light absorption threshold of marsupial MWS-cones were
insufficient

to

subserve

colour

vision, it would

make

little sense

evolutionary and ecologically to possess them as well as rods, since their
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spectral absorbances overlap. Additionally, their prevalence in the three
marsupials studied here, as indicated by M S P for the fat-tailed dunnart and
honey possum, supports their role in hue discrimination. It is reasonable to
infer that such cones (as well as S W S 2 cones) have been selected against in
eutherians as a result of their switch to nocturnality.

A similar scenario would apply to the oil droplets, another feature
belonging to the ancestral sauropsid retinal design.

In the modern

sauropsids, oil droplets are thought to enhance colour contrast (Ohtsuka,
1985). As eutherians moved towards nocturnality, w e may assume that the
concentration of pigment in the droplets decreased and eventually, the
entire oil droplet was lost (Walls, 1942).

In marsupials, the loss of

coloured pigment from the oil droplets may have been one of the first steps
in the trend towards increasing sensitivity under mesopic conditions. In the
process, their function was modified, and it is now thought that they play a
role in light collection (Douglas and Marshall, 1999, Locket, 1999).

The determination of the specific function for marsupial trichromacy
and ultraviolet sensitivity, in particular, would benefit from behavioural
experiments.

Nonetheless, the capacity is presumably related to their

visual requirements. Additionally, colour vision beyond dichromacy would
have allowed the exploitation of a wide range of niches. While advantages
are evident for foragers of food with characteristic colour cues (Lythgoe
and Partridge, 1989), trichromacy may have different adaptive values that
are not necessarily exclusive to animals feeding on flowers. Animals and
plants display a wide range of colours and patterns, sometimes invisible to
the human eye. With such variability, the survival of animals depends not
only on their capability to evaluate accurately their surroundings, but also
on their capacity to use their body colours. As such, body colours play a
role in camouflage while avoiding predators and in signalling for sexual
display (Hinton, 1973); Fleishman et al., 1993; Bennett et al., 1996). Other
functions have been related to mimicry and warning (Yokoyama, 2000).
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In the three marsupial species studied, visual information provided by
colour vision is critical for numerous aspects of their lifestyles.

For

instance, in the case of the fat-tailed dunnart, prey detection involves
distinguishing between objects of similar colours (Chapter Eight).

The

capability is afforded by the spectral characteristics of the cones, which
would enable the detection of cryptically coloured insects in the litter or on
leaves. Additionally, prey localisation could be facilitated by ultraviolet
vision. Insects use their body colour as a mean of camouflage on foliage.
However leaves reflect ultraviolet light (Loew and Lythgoe, 1985; Lythgoe
and Partridge, 1989), and by interfering with reflectance, insects would
become visible to the fat-tailed dunnart.

The highly specialised lifestyle of the honey possum suggests a
strong requirement for colour vision, particularly for food acquisition.
Cone spectral sensitivity and distribution in the honey possum would allow
discrimination of flowers in twilight and daylight conditions.

Endler

(1993) demonstrated that objects signalling in twilight are yellow for
maximum contrast, and red for maximum brightness. Moreover, a number
of red flowers reflect strongly in the ultraviolet (Lythgoe and Partridge,
1989). The authors suggest that the shapes, patterns and colours of flowers
have co-evolved with the visual system of their pollinators, with pollen
guides being visible to species with ultraviolet sensitivity.

Nectar

localisation would thus occur independently of visual acuity, which may
have been reduced when the honey possum became exclusively nectarivore.
Additionally, it is also possible that patterns on animals' pelt, such as the
markings on honey possums and numbats, have substantial ultraviolet
reflectance. In this species, sensitivity to ultraviolet would be important in
enhancing the visibility of such patterns (Partridge, pers. comm.) and could
contribute to mate-choice decision.

Until MSP is performed, the extent of colour vision in the numbat is
uncertain.

However, it is likely that the capability is developed in the

species, as the retina is cone-dominated, and
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immunohistochemistry

indicates at least two visual pigments.

It is more difficult to determine

whether the presumed colour vision enables the numbat to exploit food
resource or other aspects of its present niche.

However, the capability

would have been crucial for the predatory habits of the ancestral species.
Furthermore, it is conceivable

that the numbat

would

benefit

from

ultraviolet sensitivity not only for mate selection, but also for predator
detection. A s suggested by Szel et al. (1996), the density of SWSl-cones
m a y render the retina sensitive to the ultraviolet, used w h e n screening the
sky for predators.
Similarly, it would have been beneficial to measure the absorbance of
oil droplets in the numbat to determine whether they retained

some

pigmentation since the species did not m o v e towards a nocturnal niche.

In any case, it is plausible that the three species to retain at least part
of the ancestral sauropsid colour vision system for it greatly enhances the
perception

of

their

environment.

While

olfactory

cues

allow

the

identification of the chemical nature of objects, they cannot provide
accurate information concerning their size, shape, and position, or, stage of
maturity in the case of flowers located on trees. Jacobs (1993) suggested
that the "signal significance" of an object allows the evaluation of their
utility. Consequently, even a sensitive sense of olfaction cannot substitute
for colour vision (Lythgoe, 1979).

The accuracy in locating resources is

crucial for survival as it is cost efficient and reduces exposure to predators
during

foraging.

Similarly, audition helps in spatial representation,

however, the detection of predators, particularly airborne species, is more
accurately afforded through visual information.

In contrast to colour vision, and possibly due to well-developed
colour systems in marsupials, visual acuity appears to play a less crucial
role in the

acquisition

of visual

information

by

the three species.

Moreover, a low visual acuity does not exclude the contribution of vision in
the sensory ecology of a species. For instance, visual tasks associated with
the highly specialised lifestyle of the honey possum occur independently of
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visual acuity. Similarly, the capability, found to be highest in the numbat,
is retained from an ancestral condition, and bears a limited ecological
significance in the species' current lifestyle. Consequently, we may infer
that visual acuity (or conversely visual sensitivity) is not the only major
factor defining the bounds of performance

in the visual system of

marsupials.
Further observation and monitoring of the species in their natural
habitat proved crucial to define aspects of their visual behaviour and
understand the ecological significance of their differing visual capabilities.
As such, field studies have no substitute.

It is clear from the present study that the three marsupial species
highlighted the diversity of their retinal adaptations extending also to their
colour vision system. Their respective lifestyles placed a premium on the
conservation of a well-developed colour vision while tuning cone spectral
sensitivity to environmental spectral profiles.

The discovery of trichromacy in the fat-tailed dunnart and honey
possum provides several avenues of investigation. As a starting point, the
determination

of cone photoreceptor

spectral characteristics must be

extended to a wider range of marsupial species, including strictly nocturnal
species.

Such studies will determine whether trichromacy is a general

feature of the marsupial class.
Importantly, the sequence analysis of MWS-opsins is required to
confirm the assumption that the MWS-cones of the fat-tailed dunnart and
honey possum belong to the RH2-opsin class.

DNA

analysis should be

extended to the identification of opsin genes expressed in marsupial retinae
and thus the amino acid structure of marsupial opsins.

Furthermore,

sequencing would allow evolutionary comparisons between eutherian and
marsupial mammals, as well as the determination of genetic relationships
between marsupial species. The design of anti-bodies labelling selectively
M W S - a n d SWS2-opsins will enable the accurate mapping of photoreceptor
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distribution in the retina and the identification of regional specificity of
cones with different spectral sensitivities.
Measurements of the spectral reflectance of objects of interest for the
fat-tailed dunnart and honey possum are required to correlate cone spectral
tuning to environmental parameters and ecological demands.
interest include

several nectar-producing

Objects of

plant species, insects, small

reptiles, leaves, and other aspects of the species' visual environment.
The

behavioural

assessment

of colour discrimination

in several

marsupial species with differing lifestyles would further confirm their
colour vision capability.

While this thesis provided initial insights into the visual capabilities
of marsupials, the mentioned future investigations will contribute to fill the
gap

in our

understanding

of the marsupial

"brighter" light on its evolutionary origin.
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APPENDICES

Appendix I: Measurements offieldsof view

A

superior
posterior *

B

•• anterior
inferior

D
Each sphere represents a three-dimensional schematic drawing of an animal's
visual fields, identical to the composite maps presented in the results. A s shown
in Fig. 3.2, the eyes and snouts of the animal are facing towards the right.
Binocular and monocular fields are indicated as in the maps. T h e red arrows
represent the axes along which measurements were taken.
123

Appendix II: Cresyl Violet Staining

3 minutes in each of the following:
5 0 % ethanol
7 0 % ethanol
9 5 % ethanol
2 x 1 0 0 % ethanol
2 x 5 minutes in xylene
3 minutes in each of the following:
100% ethanol
9 5 % ethanol
7 0 % ethanol
5 0 % ethanol
DH20

5 minutes in cresyl
1 minute in 9 5 % glacial acetic acid
Rinse in 9 5 % then 2 x 1 0 0 % ethanol

10 minutes in xylene

Coverslip

Cresyl Violet Solution:
Cresyl Violet: 2.5gms
Sodium acetate: 4.08gms
Glacial acetic acid: 9.84 mis
D H 2 0 : 500mls
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Appendix III: Preparation for Electron Microscopy

Modified Karnovsky's Fixative:
prepare immediately before use:
for 100 ml:
add 1 gm paraformaldehyde powder to 20 ml dH20
heat to 60°C with stirring
clear with 2-3 drops of 1M N a O H and cool to room temperature
add the following:
10 ml of 2 5 % glutaraldehyde
2.5 ml of D M S O
0.03 gm of CaC13
50 ml of 0.2 ml Cacodylate buffer
5 gm sucrose
make up to 100 ml with dH20 and adjust pH to 7.2 with HC1 or N a O H

Osmication:
in 1% in Os04 on 0.2M Cacodylate or 0.26M 04.

Dehydration:
50% ethanol 10 mn
7 0 % ethanol 10 mn
95% ethanol 10 mn
100% ethanol 15 mn (2)

Resin Mixture
10 parts Procure: 10 parts Araldite: 24 parts D M S A : 0.4 part Accelerator
BMP40
Allow embedded tissue to polymerise at 60° C for 24 hours.
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E M sections (using a L K B Nova ultramicrotome)
Make glass knives from strips of glass using L K B knife breaker.
Cut into a square + bissect at 45° to form 2 knives.
Mount glass knife on microtome, surround cutting edge with black
waterproof tape, seal base with wax. Alternatively, use Diatome diamond
knife.
Fill collecting vessel with d H 2 0
Cut sections (ultra-thin = 110-150 n m ) and place on hot plate at about 9095°C to dry

Staining:
Place dried sections onto uncoated copper microscope grids (200 mesh)
and stain in 5 % uranyl acetate in 1 5 % acetic acid for 15 mn. Wash and
stain for 15 m n in saturated aqueous uranyl acetate and stain in with lead
citrate for 2-5 mn. For semi-thin sections: stain with 1 % Toluidine 1 %
Borax blue for about 15 seconds on hotplate, rinse, air blow dry and
replace on hotplate.
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Appendix IV: Toluidine Blue Staining

Mount sections onto a drop of water onto slide
Dry onto slide using warm (not hot) heating plate
Place a drop of toluidine blue onto section, replace onto heat
W h e n distinct silver edge is visible around toluidine blue droplet, rinse
off with d H 2 0

To differentiate or remove excess stain from tissue, place into 60%
alcohol for 1-2 minutes, shaking gently.
Allow to dry
Dried slides can be coverslipped without dehydration

Toluidine blue solution:
lgm di-sodium tetraborate (Borax)
lgm toluidine blue powder
100ml d H 2 0
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Appendix V: Immunohistochemistry - Opsin Protocol

Adhere tissue onto subbed slides (5% gelatin)
Place in moist container overnight at 4°C
Rinse in PBS briefly, air dry for 5 m n
Ring tissue with P A P pen, air dry for 5 m n

Incubate in endogenous peroxidase blocking: 1% H202 in PBS for 15 min
(room temperature)
Wash in PBS 10 m n x 3

Incubate in serum blocking: 10% BSA in 0.5% triton X-100/PBS for 2 hr
(room temperature)
Wash in PBS 10 m n x 3
Apply primary antibodies:
- JH455 (SW) @ 1:25,000 [stock is @ 1:100, .-.require a 1:250 dilution]
- JH492 ( M L W ) @ 1:6,000 [stock is @ 1:100, .-. require a 1:60 dilution]
made up in 5 % B S A in 0.5% triton X-100/PBS
cover slides to minimise evaporation/condensation + incubate at room
temperature for 1 hr. Leave in 3-4 days

Bring tissue to room temperature
Wash in PBS, 30 min x 3 with gentle shaking

Visualisation
- a) D A B colour development for light microscopy
Incubate in 1:3 biotinylated anti-rabbit (LSAB2 kit, Dako) for 1 hour
Wash in PBS, 30 min x 3, with gentle shaking
Incubate in streptavidin linked to horseradish peroxidase (LSAB2 kit, Dako)
for 1 hour
D A B (Pierce) for 15 min, with gentle shaking. (Omit this step for double
labelling). Rinse, dehydrate, coverslip.
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- b) Fluorescent secondaries for fluorescent microscopy
Incubate in Alexa-anti-rabbit (IgG diluted 1:400, Molecular Probes) for 2
hours.
Wash in P B S 10 min x 3
Coverslip in glycerol: water 1:10
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