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1. Introduction

Photoreceptors are specialised cells evolved for high sensitivity to
light. The light absorbing molecule is a dipole embedded in a protein
molecule. This chromophore-protein complex, the rhodopsin molecule, is
part of the cell membrane, where it is free to undergo lateral and
rotational diffusion. The high quantum capture property of highly
evolved photoreceptors is the result of several molecular, fine and
gross structural mechanisms: (1) The concentration of rhodopsin mole-
cules within the membrane is extremely high; (2) The membranes holding
the rhodopsin molecules are organised in closely packed stacks of discs
(vertebrate photoreceptors) or dense packages of tubes (rhabdomeric
invertebrate photoreceptors); (3) Light is contained within the light
absorbing structure as the result of the high optical density of these
membrane stacks (light guide).

Besides these facts the quantum capture property of the whole light ab-
sorbing structure of a photoreceptor is very sensitive to the orienta-
tion of the dipole molecule relative to the light path. In general,

the dipole absorber molecule must be perpendicular to the light path

for highest absorption. This is indeed found in the membrane stacks

of the vertebrate rod outer segment (ROS). However, the dipoles need
not be randomly orientated in the plane perpendicular to the light

path for maximal absorption of unpolarised light. The concept derived
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here shows that the organisation of the whole light guiding and light
absorbing structure determines how the chromophore dipoles should be
arranged for maximal absorption of unpolarised light. In essence we
come to the same conclusion as in a previous paper (SNYDER et al.,
1973): that the arrangement of the light absorbing molecules is prim-
arily an evolutionary adaptation for optimal absorption of unpolarised
light, and that dichroic absorption of single visual cells in arthro-
pods is a by-product of this general mechanism.

This paper has three principal objectives:

1) We review briefly contemporary knowledge of photoreceptor (fluid)
membrane with special emphasis on the factors that contribute to its
dichroism (Section 2).

2) We derive theoretical expressions for the dichroism of vertebrate
outer segment disc membrane and rhabdomeric membrane (Section 3). It
is shown that the dipoles are orientated in the membrane to provide
three diverse photoreceptor types with maximum sensitivity to unpolar-
ised light (Section 4). The theory follows that of SNYDER and LAUGHLIN
(1975) but here we provide a more physical or intuitive derivation of
their results.

3) We develop a unified photoreceptor membrane theory applicable to
all highly developed photoreceptors both vertebrate and invertebrate.
The unifying concept is that membranes have evolved to provide photo-
receptors with the maximum absolute sensitivity to unpolarised light.
This theory explains the mechanism for dipole alignment in some rhab-
domeric membrane (Section 3.2.5).

2. The Vertebrate Photoreceptor Membrane

In order to understand how dichroic chromophores can be incorporated
into a membranous organelle so as to produce a dichroic structure we
need to make several assumptions about the manner in which the chromo-
phore is incorporated into the membrane. Our knowledge of the retinal-
opsin bond (DE GRIP et al., 1973) and the dynamic state of rhodopsin
in the membrane has advanced recently through the study of vertebrate
rod outer segments (CONE, 1972; POO and CONE, 1974). Unfortunately
there is at present little understanding of the equivalent properties
of invertebrate rhabdomeric membranes (rev. ABRAHAMSON and FAGER, 1973;
HAMDORF and SCHWEMER, this vol.). However it will be shown below that
the behaviour of rhodopsin in rod outer segment (ROS) disc membranes
conforms exactly with the general model proposed by NICHOLSON and
SINGER (1972). It is for this reason that we will discuss the vert-
ebrate membrane in some detail and use it as the basis of an invert-
ebrate polarisation analyser.

2.1 The Binding of Rhodopsin

Direct microspectrophotometric (MSP) measurements show that rhodopsin
and its associated photoproducts are localised within the outer seg-
ments of rods (rev. LIEBMAN, 1972). Electron microscopy demonstrates
that each outer segment is a stack of membrane discs. Each disc con-
sists of a single contiguous membrane enclosing a broad flattened
intracellular vacuole (Fig. 1). Rhodopsin is essentially a membrane
lipo-protein (WALD, 1973); it can only be extracted using detergents
and it requires a proportion of bound lipids to show its normal activ-



