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PREFACE 
Retinal Cell Biology: Past, Present, and Future 

It is d i f f i c u l t at t imes to d e f i n e the f i e l d o f c e l l b i o l o g y . O n e n e e d o n l y a t tend 

the annua l mee t i ng o f the A m e r i c a n S o c i e t y f o r C e l l B i o l o g y to e x p e r i e n c e the 

e n o r m o u s b read th o f th is f i e l d . N o n e t h e l e s s , m a n y w o u l d d e f i n e c e l l b i o l o g y i n a 

v e r y gene ra l w a y as a c o m b i n a t i o n o f m i c r o s c o p i c a n a t o m y , b i o c h e m i s t r y , p h y s -

i o l o g y , a n d p a t h o l o g y . 

T h e c o n f l u e n c e o f these d i s c i p l i n e s in to a u n i f y i n g f i e l d d i d no t r e a l l y o c c u r 

un t i l the 1950s, bu t w e c a n t race the a n c e s t r y o f the d i s c i p l i n e to M a t t h i a s 

S c h l e i d e n , T h e o d o r S c h w a n n , a n d R u d o l f V i r c h o w , the bo tan i s t , h i s t o l o g i s t , a n d 

p a t h o l o g i s t , r e s p e c t i v e l y , w h o are g e n e r a l l y c r e d i t e d w i t h the d e v e l o p m e n t o f the 

ce l l t h e o r y i n 1839. S o m e w h a t la ter in that c e n t u r y the s t u d y o f re t ina l ce l l s w a s 

in i t ia ted . U l t i m a t e l y , M a x S c h u l t z e (1867 ) set f o r t h the d u p l i c i t y t h e o r y f o r 

p h o t o r e c e p t o r f u n c t i o n t h r o u g h h is o b s e r v a t i o n that c o n e s are the recep to r s f o r 

b r i gh t l i gh t a n d c o l o r a n d that r o d s f u n c t i o n in d i m l i gh t . S u b s e q u e n t l y F r a n z 

B o l l (1877) o b s e r v e d that the p h o t o c h e m i c a l e v e n t u n d e r l y i n g l i gh t d e t e c t i o n w a s 

the b l e a c h i n g o f
 4

' v i s u a l p u r p l e " n o w k n o w n as r h o d o p s i n . H e a lso s u g g e s t e d 

that a c a r o t e n o i d m i g h t be a p r e c u r s o r f o r th is p h o t o p i g m e n t . H i s c o n t e m p o r a r y , 

W i l l y K ü h n e (1878 ) w a s the f i rs t to s o l u b i l i z e p h o t o p i g m e n t s i n b i l e salts t h e r e b y 

demons t ra t i ng the i r h y d r o p h o b i c na tu re . S a n t i a g o R a m o n y C a j a l (1894 ) s o o n 

thereaf ter m o d i f i e d m e t h o d s sha red b y f e l l o w N o b e l laureate C a m i l l o G o l g i a n d 

d i s p l a y e d the n e u r o n a l n e t w o r k o f the re t ina i n s u c h b rea th tak ing de ta i l that h is 

w o r k se rves as the s tandard e v e n to th is d a y . T h e r e f o r e , b y the t u rn o f the 

c e n t u r y , the s t u d y o f re t ina l ce l l s b y rep resen ta t i ves o f the separate d i s c i p l i n e s o f 

m i c r o s c o p i c a n a t o m y , b i o c h e m i s t r y , a n d p h y s i o l o g y w a s w e l l e s t a b l i s h e d . 

R e t i n a l r esea rch w a s g r a c e d b y i n v e s t i g a t o r s o f e q u i v a l e n t i n t u i t i on a n d 

c r e a t i v i t y d u r i n g the f i rs t h a l f o f th is c e n t u r y . T h e d i s c i p l i n e s o f e l e c t r o p h y s i o l o -

g y and b i o c h e m i s t r y , e x e m p l i f i e d b y R a g n a r G r a n i t , H a i d a n e H a r t l i n e , a n d 

G e o r g e W a l d , p r o d u c e d i ns igh ts i n to re t ina l e lec t r i ca l a c t i v i t y , ce l l i n t e rac t i ons , 

and p h o t o c h e m i s t r y w o r t h y o f the N o b e l P r i z e so a p p r o p r i a t e l y b e s t o w e d u p o n 

t h e m . T h e c o n t r i b u t i o n s o f these g i f t e d sc ien t is ts a n d the i r c o n t e m p o r a r i e s d r e w 
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into the field a new generation of capable scientists armed with new and powerful 
techniques. Fritiof Sjostrand, Eichi Yamada, Adolph Cohen, Brian Boycott, 
John Dowling, and many others began the systematic examination of retinal cells 
by electron microscopy. The application of tissue autoradiographic technique to 
retinal studies by Richard Sidman, Richard Young, and Bernard Droz in the 
early to mid 1960s added a dynamic component to microscopy. It was possible 
for the first time to mark retinal birth dates and to study the metabolism of 
individual cell types. 

Particularly suitable for autoradiographic studies were the photoreceptors with 
their highly compartmentalized structure and their prodigious biosynthesis and 
assembly of membranes. By virtue of this technique, an entirely new role was 
discovered for retinal pigment epithelial cells, the phagocytosis and photorecep-
tor outer segment membranes. Furthermore, a new research strategy began to 
emerge. Whereas scientists of the past had adhered rather strictly to their chosen 
disciplines each of which drew upon a rather limited constellation of methods, 
the new approach was to combine the methods of multiple disciplines in order to 
address problems of ever-increasing complexity. This is the essence of cell 
biology and, with the advent of this approach, retinal cell biology came into full 
bloom. 

A subject that benefited greatly from this philosophy was the study of mem-
brane biosynthesis in photoreceptors. Michael Hall and I combined radio-
biochemical and autoradiographic methods in the study of rhodopsin bio-
synthesis and assembly into outer segment disk membranes, and David 
Papermaster and Barbara Schneider applied high-resolution immunocytochemi-
cal methods to plot membrane trafficking from sites of synthesis to sites of 
assembly within the cell. 

Another area that was aided tremendously by this combined approach was that 
of retinal neurotransmitter studies. Relatively little progress was made on this 
subject until the introduction of autoradiographic and immunocytochemical tech-
niques. Autoradiographic analysis of high-affinity-uptake sites for neurotrans-
mitters as initiated by Berndt Ehinger and Dominic Lam combined with immu-
nocytochemical localization of enzymes involved in neurotransmitter synthesis 
have been very illuminating as have studies introduced by Harvey Karten and 
Nicholas Brecha on the localization of the myriad of peptides that are now known 
to exist either as neurotransmitters or neuromodulators in the amacrine cells of 
the retina. Immunocytochemical techniques are now employed by a growing 
number of retinal cell biologists and, when applied at high resolution in particu-
lar, will add significantly to our understanding of the molecular division of labor 
among retinal organelles. 

Research during the 1970s has featured another group of exciting topics. The 
subject of photoreceptor transduction has been hotly debated among proponents 
who favor the hypothesis that calcium serves as the internal messenger during 
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signal amplification, as first proposed by William Hagins and Shuko Yoshikami, 
and the adherents of cyclic guanosine monophosphate, as initially suggested 
from the work of Mark Bitensky and collaborators. Whatever the outcome, it 
appears likely that the photoreceptors will be the first sensory cells in which the 
mystery of transduction is solved. Furthermore, the contributions of Debora 
Farber and Richard Lolley and their collaborators have shown how cyclic nu-
cleotide metabolism, when perturbed, can lead to photoreceptor degeneration of 
the type observed in some animal models for retinitis pigmentosa. 

Rhythmic phenomena in the retina, pioneered by Matthew LaVail through his 
observations on cyclic outer segment disk shedding, have also been a subject of 
intense investigation resulting in the discovery by several laboratories that these 
activities are controlled intraocularly rather than by remote tissues such as the 
pineal gland. The development of an in vitro preparation by Joseph Besharse for 
the study of the molecular basis of rhythmic activity has already moved us 
significantly toward an understanding of these processes. Superimposed upon 
these metabolic studies has been exciting progress in our understanding of the 
role of extracellular adhesion and matrix molecules in retinal development and 
trophic interactions. The recent work of Ruben Adler and associates now pro-
vides us with the capability to study the differentiation of photoreceptors in 
culture. 

Another informational leap is now occurring in retinal cell biology, spawned 
by the technology that has impacted so favorably on other tissues as well, 
namely, recombinant DNA research. Some of the most exciting observations are 
so new that they have not yet appeared in print. The first application of recombi-
nant DNA methods to retinal research has involved the amino acid sequencing of 
proteins involved in phototransduction. The sequencing of bovine rhodopsin by 
conventional methods was initiated by Paul Hargrave and his colleagues shortly 
after this protein was purified by Joram Heller in 1968. 

About 15 years of intensive work were required before the primary structure of 
this hydrophobic membrane protein was solved. Utilizing this important se-
quence information, the fact that the vertebrate photopigments are well con-
served, and rapid nucleotide sequencing developed independently by the labora-
tories of Frederick Sanger and Walter Gilbert, Jeremy Nathans and David 
Hogness have sequenced human rhodopsin and all of the human cone opsins in 
the space of just a few years. Additionally, the primary sequences of all of the 
subunits of the G protein and light-activated cyclic nucleotide phosphodiesterase 
thought to be involved in phototransduction will probably be solved in several 
laboratories by the time that these books (Parts I and II) appear in print. With this 
information in hand we will have, for the first time, the opportunity to determine 
the molecular basis of several forms of inherited photoreceptor degeneration that 
are thought to involve one or more of these proteins. 

We are currently experiencing a fast-moving and exciting period for the retinal 
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cell biologist and the opportunities appear almost limitless at this time. It is 
therefore most fitting that a two-part series entitled The Retina: A Model for Cell 

Biology Studies should be made available to those who already have an interest in 
this subject and to others who may be inspired to join us. We hope that you find 
the subject as inviting and rewarding as we have during the past two decades. 

D E A N B O K 
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2 P. MICHAEL IUVONE 

I. Introduction 

Intercellular communication in the nervous system of vertebrates is believed to 
occur primarily by chemical messengers. These messengers are usually cate-
gorized as neurotransmitters or neuromodulators. A ' 'neurotransmitter" is gener-
ally considered to be a substance that is synthesized and released from a spe-
cialized part of a neuron, usually a presynaptic axon terminal. This substance 
diffuses across a relatively narrow synaptic cleft where it binds to a specific 
receptor located on the postsynaptic membrane. Binding of the neurotransmitter to 
the receptor elicits an electrophysiological response that typically has a rapid onset 
and a short duration (milliseconds). The action of the neurotransmitter is termi-
nated by enzymatic degradation of the substance or by its reuptake into the 
presynaptic terminal. Identification of a substance as a neurotransmitter at a 
particular synapse requires a demonstration of (1) its synthesis and release, (2) its 
postsynaptic action, and (3) a mechanism for the rapid termination of its postsyn-
aptic action. In addition, the pharmacological demonstration of synaptic mimicry 
and antagonism by selective receptor agonists and antagonists, respectively, 
provides powerful approaches to the identification of the transmitter. The term 
"neuromodulator" is used to describe endogeneous substances that are released 
from neurons, or possibly from glia, that produce effects on neural cells that are 
distinct from the rapid, short duration effects of neurotransmitters. For example, a 
neuromodulator might (1) act postsynaptically to alter the electrophysiological 
response to a neurotransmitter while having no electrophysiological effect of its 
own, (2) act presynaptically to modulate the synthesis, release, or reuptake of a 
neurotransmitter, or (3) produce long-term changes in cellular metabolism. A 
neuromodulator could act locally on adjacent cells or diffuse through the extra-
cellular space to act on distant neurons in the tissue. A neuromodulator might also 
affect its cell of origin, modulating that cell's response to other transmitters. 

The retina of vertebrates has many characteristics that make it a useful model 
for studying regulatory mechanisms involved in intercellular communication by 
neurotransmitters and neuromodulators. The retina contains several anatomically 
and functionally distinct classes of neurons that are arranged in distinctive layers. 
The tissue is accessable to microdissection. It can be dissociated into suspensions 
of single viable cells for the purpose of disrupting synaptic interactions, and the 
various cell types can be isolated from the suspensions to study their biochemical 
and electrophysiological properties. The retina is a relatively thin neural tissue 
which in many species receives its nutrients by diffusion through the extra-
cellular fluid. As a consequence, the retina is accessible for in vitro as well as in 
vivo experimentation and can be readily manipulated chemically and phar-
macologically by the administration of substances into the vitreous fluid in vivo 
or into incubation media. Perhaps most important is the ability to reproducibly 
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stimulate or inhibit various neurons in the tissue by a physiological stimulus, 
light. 

The purpose of this article is to review the current evidence for the role of 
putative neurotransmitters at particular synapses in the retina. In addition, pre-
and postsynaptic regulatory mechanisms and the interactions of neurotransmit-
ter-neuromodulatory systems will be discussed. The article will conclude with a 
discussion of some novel cellular effects of putative neurotransmitters and neu-
romodulators that might influence the directions of future research into inter-
neuronal communication and neural integration. 

II. Putative Neurotransmitters and Neuromodulators of 
Retinal Neurons 

The vertebrate retina is composed of six major classes of neurons: photorecep-
tors, horizontal cells, bipolar cells, amacrine cells, interplexiform cells, and 
ganglion cells (Fig. 1). Each of these classes has subtypes defined by their 
morphology, by physiology, and in some cases by their neurotransmitter. For 
many of the neuronal subtypes, there exists substantial evidence that a particular 
substance acts as a neurotransmitter. However, for other neuronal subtypes, and 

FIG. 1. Cellular organization and putative neurotransmitters and neuromodulators of the retina. 
The letters in the cell nuclei are abbreviations of the cell type as follows: A, amacrine cell; B, bipolar 
cell; C, cone photoreceptor cell; G, ganglion cell; H, horizontal cell; I, interplexiform cell; R, rod 
photoreceptor cell. The vertical position of the listed transmitters and modulators corresponds ap-
proximately to the retinal layer in which they are localized. 
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in some cases entire classes of neurons, no good transmitter candidate has been 
identified. Furthermore, there is considerable species variation in the cellular 
localization of putative retinal neurotransmitters that may be significant. 

In addition to the six classes of neurons, the retina contains two other types of 
cells that play important roles in retinal function. Müller cells are the main type 
of glial cell in the retina. They are large cells that traverse most retinal layers, 
extending from the innermost border of the retina to the photoreceptor cells. The 
retinal pigment epithelial cells form a sheet of cells that surround the photorecep-
tor outer segments. They provide several support functions to retinal neurons, 
particularly to photoreceptor cells (see Clark, this volume, for a discussion of 
pigment epithelial cell function). 

A. Photoreceptors 

Photoreceptor cells in the vertebrate retina are subclassified into rods and 
cones on the basis of morphology and the visual pigments they contain. These 
cells make synapses with horizontal cells and bipolar cells in the outer plexiform 
layers (Fig. 1). In darkness, photoreceptors are partially depolarized (Hagins et 
al., 1970) and the photoreceptor neurotransmitter(s) are apparently released con-
tinuously onto the bipolar and horizontal cells. Light hyperpolarizes the pho-
toreceptors and, by suppressing transmitter secretion from their terminals (Dowl-
ingandRipps, 1973; Ripps etal., 1976; Schacher et al., 1974, 1976), causes the 
hyperpolarization of horizontal cells and one subtype of biopolar cell, referred to 
as the hyperpolarizing bipolar or OFF bipolar cell. The other subtype of bipolar 
cell, the depolarizing bipolar or ON bipolar cell, depolarizes in response to light. 
Thus, a candidate for a photoreceptor neurotransmitter should be released from 
the photoreceptor in darkness and should depolarize horizontal and OFF bipolar 
cells while hyperpolarizing ON bipolar cells. 

1. ASPARTATE AND GLUTAMATE 

Several lines of evidence suggest that the acidic amino acids glutamate and 
aspartate may be neurotransmitters released from photoreceptors. For nearly 
three decades, it has been known that high concentrations of L-asparate elimi-
nated the response of inner retinal neurons to light without blocking the hyper-
polarizing response of the photoreceptor itself (Furukawa and Hanawa, 1955). 
L-Asparate and L-glutamate were subsequently found to mimic the natural trans-
mitter on horizontal cells (Cervetto and MacNichol, 1972; Murakami et al., 
1972; Wu and Dowling, 1978) and bipolar cells (Murakami et al., 1975). In 
these studies, which employed intact retinas, high concentrations (0.3-10 mM) 
of the amino acids were required to produce the effects. However, much lower 
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concentrations (20-50 μΜ) of L-glutamate are required to depolarize horizontal 
cells that are isolated from dissociated retinas (Lasater et al., 1982; Ishida et al., 
1983). The difference in sensitivity to glutamate in the two preparations is 
probably due to the efficient removal of the amino acid from the extracellular 
space by a high-affinity transport mechanism. This hypothesis is supported by 
the observation that D-aspartate, an inhibitor of glutamate uptake, potentiates the 
effects of L-glutamate on horizontal cells of intact retina (Ishida and Fain, 1981). 

The postsynaptic action of many neurotransmitters is terminated by removal of 
the transmitter from the synaptic cleft by high-affinity transport into the pre-
synaptic terminal. Localization of high-affinity transport sites is often used to 
identify cells that utilize a particular putative transmitter. Thomas and Redburn 
(1978) reported the high-affinity uptake of L-glutamate and L-aspartate into a 
subcellar fraction from bovine retina that was enriched with synaptosomes from 
photoreceptors. Autoradiographic localization of high-affinity L-[3H]glutamate 
and L-[3H]aspartate uptake also supports the presence of such transport sites in 
photoreceptors. Marc and Lam (1981) demonstrated a clear accumulation of 
L-[3H]glutamate and L-[3H]aspartate into rods of goldfish retina. The uptake of 
L-glutamate into rods was approximately 30 times greater than that for L-aspar-
tate indicating a high degree of selectivity. L-[3H]Glutamate and L-[3H]aspartate 
were also accumulated by cones, but the uptake mechanism for cones did not 
appear to discriminate between glutamate and aspartate. In most mammalian 
species examined, Bruun and Ehinger (1974) found uptake of [3H]glutamate 
primarily into retinal glia; however, in retinas of cat, cynomolgus monkeys, and 
humans, there was also some accumulation of label in rods and cell bodies of the 
outer nuclear layer. Labeled D-aspartate was also accumulated by cones and rods 
of goldfish (Marc and Lam, 1981) and by cones in guinea pig and rabbit retinas 
(Ehinger, 1981). In human retina, [3H]aspartate was accumulated by rods to a 
greater extent than by cones (Lam and Hollyfield, 1981). Identification of high-
affinity transport sites in photoreceptors does not prove a transmitter role for 
these acid amino acids but does fulfill one of the criteria, a mechanism for 
terminating the action of synaptically released transmitter. 

The localization of cells that utilize glutamate or aspartate as their neurotrans-
mitter has been hampered by the lack of a specific histochemical marker for these 
substances. However, Altschuler et al. (1982) and Mosinger (1983) recently 
reported on the use of immunohistochemistry to localize aspartate aminotrans-
ferase (EC 2.6.1.1), the enzyme that catalyzes the reversible conversions of 
oxaloacetate to aspartate and of a-ketoglutarate to glutamate. A high concentra-
tion of aspartate aminotransferase-like immunoreactivity was localized to cones 
in guinea pig retina, while in the retina of cynomolgus monkeys aspartate ami-
notransferase-like immunoreactivity was found in rod photoreceptors. Future use 
of this immunohistochemical methodology may enhance attempts to localize 
retinal neurons that are rich in the glutamate- and aspartate-snythesizing enzyme. 
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As described above, the photoreceptor transmitter should be released in the 
dark, and its release should be suppressed by light. Neal et al. (1979) found that 
flashes of light (3 Hz) inhibited the release of aspartate from the rabbit retina, 
suggesting release from photoreceptor cells. However, the cellular source of the 
released aspartate was not identified. This is of some importance because aspar-
tate-accumulating cells and cells with aspartate aminotransferase-like immu-
noreactivity have also been observed in the inner retina (see Section II,D). In 
order to identify putative neurotransmitters released from photoreceptor cells, 
Miller and Schwartz (1983) studied the Κ +-evoked release of substances from 
toad (Bufo marinus) retinas that had been previously incubated with neurotoxins 
to destroy most inner retinal neurons while sparing the photoreceptors. The 
release of aspartate, glutamate, iV-acetylhistidine, putrescine, and cadaverine 
was stimulated by Κ + in the presence of Ca 2 + . The ability of these compounds 
to stimulate the release from isolated horizontal cells of 7-aminobutyric acid 
(GABA), a putative neurotransmitter of a subclass of horizontal cell, was exam-
ined to evaluate their possible postsynaptic action. Aspartate and glutamate, but 
not Af-acetylhistidine, purtrescine, and cadaverine, stimulated the release of 
[3H]GABA. These results support the involvement of one or both of these amino 
acids in synapses between photoreceptors and horizontal cells. The lack of effect 
of N-acetylhistidine, putrescine, and cadaverine on GAB A release suggest that 
these compounds have no postsynaptic effect or that they are involved in syn-
apses between photoreceptors and bipolar and/or horizontal cells that do not 
secrete GAB A. 

Additional evidence for aspartate and/or glutamate being a neurotransmitter in 
photoreceptors comes from pharmacological and electrophysiological studies. 
Wu and Dowling (1978) reported that L-glutamate and L-aspartate depolarized H ! 
horizontal cells of carp retina. Hj horizontal cells, also referred to as luminosity 
(L) cells, receive synaptic input from cones and respond to light with hyperpolariz-
ing responses (Kaneko, 1970). Glutamate- and aspartate-induced depolarization 
was observed when cobalt was present to block synaptic transmission. Aspartate 
was considerably more potent than glutamate at depolarizing the Hl horizontal 
cells, and the effect of aspartate was blocked by α-aminoadipate, a relatively 
selective antagonist of aspartate receptors. α-Aminoadipate also blocked the 
response to the endogenous cone neurotransmitter. In contrast, L-glutamic acid 
diethylester, a relatively selective antagonist at some glutamate receptors, had no 
effect on the Hl cell membrane potential alone, nor did it block the effect of 
aspartate. From these observations, Wu and Dowling (1978) concluded that 
aspartate or an aspartate-like substance may be the transmitter at the synapse of 
cones onto Hj horizontal cells. 

In a series of experiments, Slaughter and Miller (1981, 1983a,b) have charac-
terized the transmitter receptors mediating cone responses in the second-order 



RETINAL NEUROTRANSMITTERS AND NEUROMODULATORS 7 

neurons of the mudpuppy (Necturus maculosus). Kainic acid, a glutamate ana-
log, mimicked the photoreceptor transmitter at all three types of second-order 
neurons: horizontal, ON bipolar, and OFF bipolar cells. TV-Methylaspartate was 
much less potent than kainate on the second-order neurons but did have effects in 
the inner retina (see Section II,D). The receptors on the horizontal and OFF 
bipolar cells are apparently distinct from those on the ON bipolar cells, although 
both types of receptors are sensitive to glutamate and kainic acid, cis-2,3-
Piperidinedicarboxylic acid (PDA), an excitatory amino acid antagonist, blocks 
the cone input to sign-conserving second-order neurons (Slaughter and Miller, 
1983a). PDA hyperpolarized horizontal and OFF bipolar cells, mimicking the 
effect of light, and blocked the depolarizing effect of kainic acid on the horizon-
tal cell. In contrast, PDA had no effect on the depolarizing response of ON 
bipolar cells. Another glutamate analog, 2-amino-4-phosphonobutyric acid 
(APB), also distinguishes between the receptors on the ON bipolar cells and 
those on the OFF bipolar and horizontal cells (Slaughter and Miller, 1981). APB 
mimicked the effect of the photoreceptor transmitter on the ON bipolar cell, but 
had no effect on OFF bipolar cells, horizontal cells, or photoreceptors. In con-
trast to the effects of the glutamate analog APB, the corresponding analog of 
aspartate, 2-amino-3-phosphonopropionic acid, had no effect on the ON bipolar 
cells. In addition, α-aminoadipate, an aspartate antagonist, did not hyperpolarize 
horizontal cells or attenuate their response to light. These results have led the 
authors to suggest that glutamate rather than aspartate is the photoreceptor trans-
mitter in mudpuppy and that the receptors for the photoreceptor transmitter on 
the sign-conserving and sign-inverting second-order neurons are different. 

To summarize, aspartate and glutamate fulfill many of the requirements for 
neurotransmitter candidates at photoreceptor synapses onto second-order retinal 
neurons in some vertebrate species: (1) high concentrations of aspartate ami-
notransferase, an aspartate- and glutamate-synthesizing enzyme, appear to be 
localized in photoreceptor cells; (2) aspartate and glutamate have been shown to 
be released from toad photoreceptors by high concentrations of K + , and the 
release of aspartate from the rabbit retina is decreased by light, a response that 
would be expected for a photoreceptor transmitter; (3) high-affinity uptake of 
aspartate and glutamate into rods and cones of several species has been demon-
strated, suggesting a mechanism for terminating the action of the released trans-
mitter; (4) postsynaptic receptors for these compounds have been identified on 
second-order retinal neurons, and the postsynaptic response of the three types of 
neurons to glutamate and aspartate are the same as those to the natural pho-
toreceptor transmitter; and (5) relatively selective antagonists of glutamate or 
aspartate receptors have been reported to block responses to the natural transmit-
ter. Thus, aspartate and/or glutamate are probably neurotransmitters in some 
types of photoreceptors. 
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2. TAURINE 

Taurine (2-aminoethanesulfonic acid) appears to play a role in photoreceptor 
function, possibly as a neuromodulator, but the exact function of this amino acid 
is not clear. Taurine is the most abundant amino acid in the vertebrate retina 
(Kubicék and Dolenék, 1958; Pasantes-Morales et al., 1972; Cohen et al., 1973; 
Starr, 1973). By microdissection of the frog retina, Kennedy and Voaden (1974) 
determined that 80% of the total retinal taurine content was localized to the 
photoreceptor layer. The photoreceptor layer also contains the highest concentra-
tion of taurine in retinas of cat, rat, rabbit, monkey, pigeon, and chicken (Orr et 
al., 1976; Kennedy et al., 1977; Voaden et al., 1977). Iodoacetate-induced 
lesions of rat retinal photoreceptors significantly decreased the levels of taurine 
and the activities of the taurine-synthesizing enzymes cysteine oxidase and cys-
teine sulfinate decarboxylase (Salceda et al., 1979), suggesting that photorecep-
tors in this species contain the synthetic machinery to make at least some of the 
taurine in these cells. However, treatment of rats with guanidinoethyl sulfonate 
(GES), an inhibitor of taurine transport, decreased the content of retinal taurine, 
presumably by blocking taurine transport across the blood-retinal barrier (Lake, 
1981). This study and the observation that systemically administered taurine was 
accumulated by photoreceptors of several species (Lake et al., 1977; Pourcho, 
1977; Salceda et al., 1979) indicate that a portion of the taurine in the pho-
toreceptors is derived from systemically synthesized or nutritional sources. The 
nutritional source of taurine is particularly evident in the cat, which apparently 
does not synthesize taurine at appreciable rates (Schmidt et al., 1976). 

The importance of taurine in photoreceptor function is suggested by observa-
tions on the effects of taurine-free diets or treatment with GES. Feeding cats a 
taurine-free casein diet resulted in disruption of photoreceptor outer segment 
structure, photoreceptor cell death, and eventually complete loss of the elec-
troretinogram (ERG) (Hayes et al., 1975; Schmidt et al., 1976). Similarly, 
treating rats with GES, the taurine transport inhibitor, decreased retinal taurine 
and caused photoreceptor degeneration and a progressive loss in the ERG (Lake, 
1982). These findings suggest that taurine is involved in the maintenance of 
photoreceptor function and viability, but the mechanism of action of taurine in 
this regard is unknown. 

3. MELATONIN AND SEROTONIN 

Melatonin (5-methoxy-N-acetyltryptamine) may also function as neu-
romodulator that is secreted from photoreceptor cells. Melatonin-like immu-
noreactivity has been detected in the retinas of amphibians, birds, and mammals, 
including man (Bubenick et al., 1976; Pang et al., 1977, 1982; Hamm and 
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Menaker, 1980; Reiter et al, 1981, 1983; Vivien-Roels et al, 1981; Osol and 
Schwartz, 1984). In chicken retina, the identification of the melatonin-like im-
munoreactivity as authentic melatonin was confirmed by high-pressure liquid 
chromatography with electrochemical detection (HPLC-EC) (Reppert and Sagar, 
1983). Identification of melatonin in human retina was confirmed by gas chro-
matography-mass spectrometry (Leino et al, 1984). 

Melatonin-like immunoreactivity in the retina persists after removal of the 
pineal gland (Hamm and Menaker, 1980; Yu et al., 1981; Reiter et al, 1983), 
the major source of circulating melatonin. The enzymes for the synthesis of 
melatonin from serotonin, serotonin N-acetyltransferase (EC 2.3.1.5) and hy-
droxyindole (9-methyltransferase (EC 2.1.1.4), have been identified in retina 
(Baker et al, 1965; Quay, 1965; Cardinali and Rosner, 1971a; Binkley et al., 
1979; Hamm and Menaker, 1980; Miller et al., 1980; Iuvone and Besharse, 
1983). Furthermore, the synthesis of radiolabeled melatonin from radiolabeled 
serotonin in retina has been demonstrated (Cardinali and Rosner, 1971b; Gern 
and Ralph, 1979). These studies strongly suggest that melatonin is synthesized in 
retina. Melatonin-like immunoreactivity has been localized primarily in the outer 
nuclear layer (Bubenik et al., 1974, 1976; Vivien-Roels et al., 1981). In addi-
tion, hydroxyindole O-methyltransferase-like immunoreactivity has recently 
been observed in the outer nuclear layer and photoreceptor inner segments 
(Wiechmann et al., 1985). Based on the homology between retinal and pineal 
photoreceptors in certain lower vertebrates, Gern (1980) has suggested that pho-
toreceptors are the site of retinal melatonin biosynthesis. The release of 
melatonin-like immunoreactivity from guinea pig retina has been reported (Yu et 
al., 1982), and, consistent with the hypothesis that melatonin is released from 
photoreceptors, release was greater in darkness than in light. Pharmacological 
application of melatonin produces effects on rods, cones, and inner retinal neu-
rons (see Sections IV,A, V,A, and V,B), supporting a neuromodulatory role for 
melatonin in the retina. 

Recently, Redburn (1984) reported that photoreceptor terminals of hooded rats 
accumulate [3H]serotonin. Accumulation of [3H]serotonin was greater in light 
than in darkness. The rat retina synthesized [3H]serotonin from [3H]tryptophan 
and metabolized it to 5-[3H]hydroxyindoleacetic acid. Synthesized [3H]serotonin 
was released by depolarizing concentrations of Κ + . The endogenous concentra-
tion of serotonin in retina increased when rats were exposed to constant light for 
24 hr and decreased during a 24-hr period of darkness. The decreased accumula-
tion of [3H]serotonin and decreased levels of the endogenous amine in darkness 
suggest that the system is physiologically modulated. Thus, serotonin may be a 
candidate for a photoreceptor transmitter. Alternatively, serotonin may be pre-
sent in the photoreceptors of the hooded rat as a precursor to melatonin. This 
question awaits further biochemical and electrophysiological analysis. 
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B. Horizontal Cells 

Horizontal cells are involved in the lateral processing of information in the 
outer plexiform layer (Fig. 1). In certain fish, amphibians, and birds, GABA 
may be the transmitter of one of the subclasses of horizontal cells. Immu-
nohistochemical studies on goldfish retina indicate that Hl horizontal cells con-
tain the GABA-synthesizing enzyme glutamic acid decarboxylase (GAD, EC 
4.1.1.15), and the synthesis of GABA in isolated cone horizontal cells from 
dissociated goldfish retina has been demonstrated (Lam, 1975; Lam et al, 
1979). Hj horizontal cells of goldfish accumulate [3H]GABA by high-affinity 
transport, and evidence has been presented for the stimulation of GABA release 
from these cells in darkness (Marc et al.t 1978) and by glutamate (Yazulla and 
Kleinschmidt, 1983). Interestingly, the glutamate-induced release of GABA 
from horizontal cells is not C a 2 + dependent, but rather appears to occur by a 
Na +-dependent carrier-mediated process (Yazulla and Kleinschmidt, 1983). 
This novel release mechanism may be related to the apparent absence of synaptic 
vesicles in the presynaptic processes of these horizontal cells (Stell, 1967; 
Witkovsky and Dowling, 1969). 

Horizontal cells of frog, toad, catfish, pigeons, and chickens also accumulate 
[3H]GABA (Marshall and Voaden, 1974; Voaden et al., 1974; Lam et al., 1978; 
Hollyfield et al., 1979; Schwartz, 1982). Using a preparation of isolated hori-
zontal cells prepared by lesioning other retinal neurons with veratridine and an 
antibody directed against photoreceptor outer segments, Schwartz (1982) dem-
onstrated that horizontal cells from toad (B. marinus) retina release [3H]GABA 
in response to stimulation with glutamate. This release, like that from goldfish 
horizontal cells (Yazulla and Kleinschmidt, 1983), is C a 2 + independent, and 
requires sodium or lithium. Glutamate also stimulates the release of [3H]GABA 
from intact chicken retina in a Ca 2 + -independent, Na +-dependent manner (Tap-
ia and Arias, 1982; Morân and Pasantes-Morales, 1983). While not directly 
demonstrated, it was suggested that the horizontal cells may be the site of the 
Ca 2 +-independent GABA release in this species (Morân and Pasantes-Morales, 
1983). 

Electrophysiological studies support a role for GABA in horizontal cell-medi-
ated feedback onto cones of fish retina. Application of GABA to isolated carp 
retina hyperpolarized cones and Hl horizontal cells and reduced the response to 
light (Wu and Dowling, 1980). The GABA antagonist bicuculline depolarized 
Hj horizontal cells and increased the magnitude of the light response. The effect 
of GABA on the horizontal cell was cobalt sensitive, suggesting that it was 
mediated by an action of GABA on photoreceptors. Inotophoretic application of 
GABA to the dendrites of bipolar cells in the carp retina produced a small 
depolarization of ON bipolar cells and a small hyperpolarization of OFF bipolar 
cells (Kondo and Toyoda, 1983). Similar to the effects on Hl cells, these re-
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sponses were concluded to be due to an action of GABA on photoreceptors 
because the responses were blocked by cobalt. 

GABA does not appear to be the neurotransmitter of horizontal cells in mam-
malian retinas. Horizontal cells of the mammalian species examined to date 
neither accumulate [3H]GABA nor possess GAD activity (e.g., Bruun and 
Ehinger, 1974; Brandon etaL, 1979; Pourcho, 1980). Thus, GABA may be the 
transmitter of some horizontal cells (Hj) in retinas of fish and possibly in those of 
other nonmammalian vertebrates. However, the identification of the transmitter 
in other types of horizontal cells in mammalian and nonmammalian retinas 
awaits further investigation. 

Stone et al. (1983) reported that a subpopulation of horizontal cells in cat 
retina were stained with an antiserum against α-melanocyte-stimulating hormone 
(a -MSH). However, the antigen in the horizontal cells was not biochemically 
characterized and did not cross-react with other anti-a-MSH antisera. These 
results suggest that a compound similar, but not identical, in structure to a-MSH 
may be present in some horizontal cells. Recently, cholecystokinin-like immu-
noreactivity has been observed in cat horizontal cells, but this immunoreactivity 
has also not been biochemically characterized (Thier and Bolz, 1985). 

C. Bipolar Cells 

Bipolar cells transmit visual information from the outer plexiform layer to the 
inner plexiform layer (Fig. 1). They receive input from photoreceptors, horizontal 
cells, and interplexiform cells and have synaptic connections in the inner plex-
iform layer with dendrites of ganglion cells and processes of amacrine cells. The 
transmitter(s) of the bipolar cells is not known, but electrophysiological studies 
suggest that it is excitatory rather than inhibitory (Naka, 1977; Dacheux et al, 
1979). Ikeda and Sheardown (1982a) have suggested that in the cat retina aspartate 
is the transmitter released from both ON and OFF bipolar cells onto "sustained" 
ganglion cells (cells that respond to a stationary spot at the center of the visual field 
with a sustained increase in firing). Visually evoked excitation of all sustained 
ganglion cells recorded was mimicked by microiontophoretic application of 
aspartate, and the effects of applied aspartate and of photic stimulation were both 
antagonized by 2-amino-5-phosphonovalerate (APV), an antagonist of the excit-
atory amino acid receptor that is preferentially stimulated by N-methyl-D-aspar-
tate. Application of L-glutamate did not have consistent stimulatory effects. The 
influence of L-aspartate and APV occurred in both ON-center and OFF-center 
sustained ganglion cells. However, neither L-aspartate nor APV influenced the 
activity of "transient" ganglion cells, leading to the suggestion that excitation of 
the transient ganglion cells involves another neurotransmitter. A subsequent study 
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(Ikeda and Sheardown, 1982b) suggested that some of those cells receive their 
excitatory input from acetylcholine-secreting amacrine cells (see Section II,D). 

Slaughter and Miller (1983b,c) have suggested that an excitatory amino acid, 
possibly L-glutamate, is the neurotransmitter of both OFF and ON bipolar cells 
of the mudpuppy retina. 7V-Methylaspartate and kainic acid both depolarized 
amacrine and ganglion cells. PDA, the excitatory amino acid antagonist that 
blocked the photoreceptor input to horizontal cells and OFF bipolar cells but not 
that to the ON bipolar cell (Slaughter and Miller, 1981), was found to block 
light-evoked transmission from ON bipolar cells to amacrine and ganglion cells. 
This result suggested that ON bipolar cells secrete an excitatory amino acid 
transmitter. A low dose of PDA appeared to have a greater ability to block the 
OFF ganglion cell than the OFF bipolar, suggesting that PDA may also inhibit 
the effects of the transmitter released from the OFF bipolar cell. However, as the 
authors point out, this effect of PDA could be explained by other mechanisms. 
PDA does not distinguish between aspartate-preferring and glutamate-preferring 
receptors. Application of selective antagonists of the N-methylaspartate receptor, 
α-aminoadipate and α-aminosuberate, had no effect on light-evoked transmis-
sion to most ganglion cells but did block some sustained OFF ganglion cells 
(Slaughter and Miller, 1983b). These results suggest that most of the receptors 
involved in bipolar cell transmission are not of the aspartate-preferring type and, 
because they are stimulated by kainic acid, may be of the glutamate-preferring 
variety. 

Both the studies of Ikeda and Sheardown (1982a) and those of Slaughter and 
Miller (1983b,c) suggest that aspartate and/or glutamate may be bipolar cell 
neurotransmitters. Furthermore, Mosinger (1983) recently reported the localiza-
tion of aspartate aminotransferase-like immunoreactivity in bipolar cell terminals 
of the cynomolgus monkey retina. However, it should be emphasized that there 
is little histological evidence for aspartate- or glutamate-accumulating bipolar 
cells. Autoradiographic studies have indicated that these amino acids are accu-
mulated by photoreceptors, glia, and some amacrine cells, but not by bipolar 
cells (Brunn and Ehinger, 1974; Ehinger, 1981; Marc and Lam, 1981). Thus, 
related compounds that can act on the same receptors as aspartate and glutamate 
may be the natural bipolar cell neurotransmitter(s). 

D. Amacrine Cells 

Amacrine cells are retinal neurons that have cell bodies in the proximal portion 
of the inner nuclear layer and processes that extend into the inner plexiform layer 
(Fig. 1). Amacrine cells have synaptic connections with bipolar cell terminals, 
other amacrine cells, interplexiform cells, and ganglion cells. In many cases, 
these connections represent reciprocal synapses. Morphological and physiologi-
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cal studies indicate a wide variety of subtypes of amacrine cells, and the apparent 
heterogeneity of this class of retinal neurons is supported by the large number of 
putative neurotransmitters and neuromodulators that have been localized in 
amacrine cells. 

1. ACETYLCHOLINE 

There is considerable biochemical, morphological, and physiological evidence 
that acetylcholine (ACh) is the neurotransmitter of a subclass of amacrine cells. 
ACh and its synthetic enzyme choline acetyl transferase (EC 2.3.1.6) are present in 
significant amounts in the retinas of most vertebrate species, as is the ACh-
degrading enzyme acetylcholinesterase (EC 3.1.1.7) (reviewed by Graham, 
1974). Microdissection studies have demonstrated that choline acetytransferase 
activity is highest in the inner plexiform layer (Graham, 1974; Ross and 
McDougal, 1976). Histochemical localization of acetylcholinesterase indicates 
that this enzyme is also concentrated in the inner plexiform and inner nuclear 
layers, principally within amacrine cells (Nicholas and Koelle, 1968). Retina 
possesses a high-affinity choline uptake mechanism (Neil and Gilroy, 1975; 
Baughman and Bader, 1977; Vivas and Drujan, 1980) which has been localized by 
autoradiography to photoreceptors, to cells in the inner nuclear and ganglion cell 
layers, and to processes in the inner plexiform layer (Baughman and Bader, 1977; 
Masland and Mills, 1979). The choline taken up by photoreceptor cells was 
converted principally to choline-containing phospholipids, while that taken up 
into neurons of the inner nuclear and ganglion cell layers was converted primarily 
to ACh. The heavily labeled cells in the inner nuclear layer appear to be amacrine 
cells (Masland and Mills, 1979), while those in the ganglion cell layer may be a 
subclass of amacrines referred to by Cajal (1893) as displaced amacrine cells 
(Baughman and Bader, 1977; Hayden et al., 1980). Comparison of the choline-
labeled amacrine and displaced amacrine cells with Golgi-stained cells suggests 
that ACh is the transmitter of an amacrine subtype referred to as "starburst" 
amacrine cells (Famiglietti, 1983). Similar cells in the inner plexiform and 
ganglion cell layers that stain with antisera directed against choline acetyltransfer-
ase have also been identified (Eckenstein et al., 1983). 

Both evoked release of ACh and the presence of functional cholinergic recep-
tors in retina provide support for a neurotransmitter role for ACh in amacrine 
cells. Photic stimulation increased the biosynthesis and release of retinal ACh 
(Masland and Livingston, 1976; Massey and Neal, 1979; Vivas and Drujan, 
1980), suggesting that the activity of cholinergic amacrine cells is modulated by 
light. Depolarizing concentrations of K + also evoked ACh release from retinal 
amacrine cells (Baughman and Bader, 1977), and both light- and Κ +- evoked 
release were C a 2 + dependent, suggesting a specific synaptic event. Ligand-
binding studies have provided evidence for the presence in retina of both mus-
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carinic and nicotinic cholinergic receptors (Yazulla and Schmidt, 1977; Hruska 
et α/., 1978; Moreno-Yanes and Mahler, 1979). In addition, the presence of 
muscarinic and nicotinic cholinergic receptors is supported by electrophysiologi-
cal experiments. Microiontophoretic application of ACh altered the activity of 
most ganglion cells of the carp retina (Negishi et al, 1978). Of the cells that 
responded to ACh, the firing rate of 85% was increased and that of 15% was 
decreased. Excitation was blocked by hexamethonium, a nicotinic cholinergic 
antagonist, while inhibition was blocked by atropine, a muscarinic cholinergic 
antagonist. Light-evoked activity of ganglion cells was also inhibited by nic-
otinic antagonists (Glickman et al, 1982). Rabbit ganglion cells with ON-center 
or directionally selective receptive fields were found to be activated by ACh 
(Masland and Ames, 1976). The spontaneous activity and response of ganglion 
cells to light was also enhanced by physostigmine, an acetylcholinesterase inhib-
itor, presumably by increasing the concentration of endogenously released ACh 
at its receptors (Masland and Ames, 1976; Ariel and Daw, 1982). Dihydro-ß-
erythroidine, a nicotinic receptor antagonist, inhibited the response of these cells 
to light, as well as those to exogenous ACh and to physostigmine. Similarly, the 
light-evoked excitation of a subpopulation of transient ganglion cells of cat retina 
was enhanced by ACh and suppressed by dihydro-ß-erythroidine (Ikeda and 
Sheardown, 1982b). 

Thus, ACh is probably an amacrine cell transmitter. It is synthesized in 
amacrine cells and is released as a consequence of physiological stimulation or 
Κ +- induced depolarization. It acts on specific receptors to produce elec-
trophysiological responses in other retinal neurons, and antagonists of these 
receptors have been shown to affect the response to light and to exogenous ACh 
in a similar fashion. 

2. DOPAMINE 

Most of the classical criteria for establishing dopamine (DA) as a retinal 
neurotransmitter have been met and recent evidence also supports a neu-
romodulatory role for this catecholamine in retinal function. Shortly after the 
development of the formaldehyde-induced histofluorescence method for visu-
alizing catecholamine-containing cells (Falck, 1962), the presence of cate-
cholamine-containing neurons in the retinas of rats and rabbits was discovered 
(Malmfors, 1963; Haggendal and Malmfors, 1964). Subsequently it was deter-
mined that DA was present in retinal neurons of many vertebrate species 
(DaPrada, 1977). Various methods have been used to localize the DA-containing 
retinal cells, including catecholamine histofluorescence and autoradiography fol-
lowing preincubation with [3H]dopamine. In most species examined, including 
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rat, rabbit, chicken, dog, cat, mouse, frog, and several primates, DA is localized 
predominantly to a subclass of amacrine cells (Malmfors, 1963; Haggendal and 
Malmfors, 1965; Ehinger, 1966; Laties and Jacobowitz, 1966; Ehinger and 
Falck, 1969; Kramer et al, 1971; Sarthy et al, 1981). In other species, DA is 
localized primarily in interplexiform cells (see Section ΙΙ,Ε). Retina contains the 
enzymes for the synthesis of DA from tyrosine, tyrosine hydroxylase (EC 
1.14.16.2) and aromatic L-amino acid decarboxylase (EC 4.1.1.28) (Lam et al., 
1976; Schwarcz and Coyle, 1977; Iuvone et al, 1978b; Parkinson et al., 1981; 
Parkinson and Rando, 1983a; P. M. Iuvone, unpublished observations), and 
tyrosine hydroxylase-like immunoreactivity has been specifically localized to 
retinal cells with the same shape, size, and distribution as those observed with 
formaldehyde-induced histofluorescence (Nguyen-Legros et al., 1981, 1984; 
Brecha et al, 1984; Versaux-Botteri et al, 1984). 

Light stimulates the biosynthesis and turnover of retinal DA (DaPrada, 1977; 
Iuvone et al, 1978a; Morgan and Kamp, 1980; Parkinson and Rando, 1983a,b). 
DA release from amacrine cells is enhanced by photic and electrical stimulation 
and by potassium-induced depolarization (Kramer, 1971; Thomas et al, 1978; 
Sarthy and Lam, 1979; Bauer et al, 1980; Pasantes-Morales et al, 1980; Du-
bocovich and Weiner, 1981; Sarthy et al, 1981). The light-evoked activation of 
DA-containing amacrine cells is apparently mediated transsynaptically by pho-
toreceptors, bipolar cells, and GABA-containing amacrine cells (Morgan and 
Kamp, 1980, 1983a; Marshburn and Iuvone, 1981; Frucht et al, 1982). A 
subpopulation of amacrine cells, presumably DA-secreting cells, possess a high-
affinity uptake mechanism for the putative transmitter, providing a potential 
mechanism for terminating its postsynaptic action (Ehinger and Falck, 1971; 
Kramer et al, 1971; Ehinger and Floren, 1978; Thomas et al, 1978; Sarthy et 
al, 1981). The enzymes for the degradation of DA are present in retina, and 
light increases the concentration of DA metabolites in this tissue (Mustakallio, 
1967; Frucht et al., 1982; Gibson et al., 1982; Cohen et al., 1983). Radioligand-
binding studies with agonists and antagonists have provided evidence for the 
presence in the retina of DA receptors (Magistretti and Schorderet, 1979; 
Shaeffer, 1980; Makman et al, 1980; Redburn and Keyes, 1980). These recep-
tors appear to mediate the effects of dopamine on electrical activity of retinal 
neurons and on the regulation of adenylate cyclase activity (Brown and Makman, 
1972; Schorderet, 1977; Spano etal, 1977; Jagadeesh and Sanchez, 1981; Dyer 
et al, 1981; Jensen and Daw, 1983). 

Biochemical and electrophysiological studies indicate that DA influences 
transmission from the retina to the brain. Administration of the DA receptor 
agonist apomorphine, through an action on the retina, increased the uptake of 
2-deoxyglucose into rat superior colliculus (McCulloch et al, 1980), suggesting 
that stimulation of retinal DA receptors increased the metabolic activity in axon 
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terminals or postsynaptic cells in this brain area. In addition, haloperidol, a DA 
receptor antagonist, and a-methyl-/?-tyrosine, an inhibitor of DA biosynthesis, 
increased the latency of early peaks in flash-evoked potentials recorded from 
visual cortex, lateral geniculate nucleus, and optic tract of the rat, but had no 
effect on evoked potentials caused by electrical stimulation of the optic tract 
(Dyer et al., 1981). Application of DA to isolated rabbit retina increased the 
spontaneous activity of OFF-center ganglion cells and increased 4'break-
through" during light inhibition (Ames and Pollen, 1969). In contrast, DA 
decreased the spontaneous activity of the majority of ON and ON-OFF cells. 
More recently, Jensen and Daw (1983) reported that apomorphine increased the 
spontaneous activity of OFF-center ganglion cells, while DA receptor antag-
onists, haloperidol and fluphenazine, decreased spontaneous activity and the 
" o n " response of these cells to diffuse light. Recordings from ON-OFF direc-
tionally sensitive cells demonstrated a decreased response to the leading edge of 
a moving stimulus with haloperidol. Thus, retinal DA appears to be involved in 
the processing of visual information in the retina. The influence of DA on 
ganglion cell activity is probably indirect because DA-containing amacrine cells 
have been observed to synapse with other amacrine cells but not with ganglion 
cells (Dowling and Ehinger, 1978; Holgrem-Taylor, 1982). Interestingly, the 
DA-containing cells appear to receive input only from amacrine cells; no con-
tacts with bipolar terminals have been observed. Thus, DA appears to be a 
transmitter involved in an interamacrine cell network. 

DA may also function in retina as a neuromodulator, influencing the response 
of cells to other putative neurotransmitters. Using an in vitro preparation of 
acetylcholine-secreting amacrine cells grown on striated muscle cells, Yeh et al. 
(1983, 1984) examined the effects of DA and 8-bromo cyclic AMP on gluta-
mate-evoked cholinergic transmission. At an early stage in the functional matu-
ration of the retinal cell-muscle synapse, acetylcholine release, as determined by 
the electrophysiological response of the muscle cell, was spontaneous and could 
not be evoked by microiontophoretic application of L-glutamate. However, fol-
lowing microiontophoretic application of dopamine for 3 -7 min, glutamate-
evoked cholinergic transmission was reproducibly observed (Yeh et al., 1984). 
The effect of DA on glutamate-evoked transmission was reversible and could be 
blocked by haloperidol. DA stimulated the accumulation of cyclic AMP in 
cultured retinal cells, and application of 8-bromo cyclic AMP mimicked the 
effect of DA on glutamate-evoked transmission (Yeh et al., 1983, 1984), sug-
gesting that dopamine produced its effect through a cyclic AMP-dependent 
mechanism. These studies demonstrate that DA can influence the response to 
another putative transmitter in a developing synaptic system in vitro, but it 
remains to be determined if it plays a similar role in vivo and if it can influence 
transmitter responsiveness at mature synapses. 
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3. EPINEPHRINE AND NOREPINEPHRINE 

Recent studies have suggested that DA is not the only catecholamine present in 
bovine and rat retinas. In bovine retina, epinephrine and norepinephrine have been 
detected by HPLC-EC (Nesselhut and Osborne, 1982; Osborne and Nesselhut, 
1983). The levels of norepinephrine and epinephrine in bovine retina were found 
to be similar to those of DA. The conversion of [ 1 4C]DA into [1 4C]norepinephrine 
in bovine retina was also demonstrated (Osborne, 1981a; Nesselhut and Osborne, 
1982), as was the presence of phenylethanolamine N-methyltransferase (PNMT; 
EC 2.1.1.28) (Osborne and Nesselhut, 1983), the enzyme that converts nor-
epinephrine to epinephrine. Binding sites for [3H] norepinephrine and 
[3H]clonidine, an adrenergic agonist, on bovine retinal membranes have been 
described, and pharmacological characterization of the binding sites suggests the 
presence of a2-adrenergic receptors in retina (Bittinger et al., 1980; Osborne, 
1982a). 

Norepinephrine and epinephrine have also been detected in rat retina (Wyse 
and Lorsheider, 1981; Hadjiconstantinou et al., 1983). In contrast to bovine 
retina which contains similar levels of the three catecholamines (Nesselhut and 
Osborne, 1982a; Osborne and Nesselhut, 1983), the concentrations of nor-
epinephrine and epinephrine in rat retina appeared to be approximately 20-fold 
lower than that of DA (Hadjiconstantinou et al., 1983). Rat retina also contains 
PNMT activity. Photic stimulation caused a transient increase in the concentra-
tion of epinephrine (Hadjiconstantinou et al., 1983), suggesting that the epi-
nephrine-containing cells in rat retina are modulated by light. Pharmacological 
studies have provided evidence for the presence in rat retina of functional a 2 -
adrenergic receptors (Iuvone and Rauch, 1983; Hadjiconstantinou et al., 1984a; 
see Section IV,A). 

Most of the norepinephrine in rat retina is probably associated with sym-
pathetic nerve terminals, while epinephrine is apparently contained in intrinsic 
retinal cells. Surgical removal of the superior cervical ganglion, which provides 
sympathetic input to the eye, decreased the concentration of norepinephrine in rat 
retina but had no effect on that of epinephrine or on the activity of PNMT 
(Hadjiconstantinou et al., 1983). In addition, PNMT-like immunoreactivity has 
been localized to a subclass of amacrine cells in rat retina that are morphological-
ly distinct from the DA-containing cells, providing strong evidence that the 
epinephrine-containing retinal cells are amacrine cells (Hadjiconstantinou et al., 
1984b). Norepinephrine-accumulating amacrine cells have been described in 
both rat and bovine retinas (Osborne, 1981a; Fukuda et al., 1982), but it is not 
clear if these cells are epinephrine-containing cells or a separate subclass of 
amacrine cell. 

These observations suggest that epinephrine may be a neurotransmitter or 
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neuromodulator in a subclass of amacrine cells in rat and possibly bovine retina. 
Its presence in amacrine cells of other vertebrate species awaits further investiga-
tion. 

4. SEROTONIN 

Retinas of most vertebrate species contain amacrine cells that accumulate 
serotonin and related indoleamines (e.g., Ehinger and Floren, 1976; Floren, 
1979; Ehinger et al, 1981; Negishi et al, 1981; Redburn and Thomas, 1981; 
Mitchell and Redburn, 1985). The indoleamine-accumulating amacrine cells 
could usually be observed by either autoradiography or by formaldehyde-induced 
histofluorescence. However, the cells could be detected by the histofluorescence 
technique only after incubation with an indoleamine. No histofluorescence due to 
endogenous serotonin could be detected in these cells, even following phar-
macological manipulations that increase serotonin fluorescence in the brain (Flo-
ren, 1979). Using a more sensitive immunohistochemical technique, amacrine 
cells with endogenous serotonin-like immunoreactivity have been observed in 
chicken, pigeon, frog, and goldfish, but not in any of several mammalian species 
(Osborne, 1982b; Osborne et al, 1982; Tornqvist et al, 1983). Similarly, 
quantitative analysis of the serotonin content in retina indicated high levels in 
chicken, frog, and pigeon, but low levels in rat, rabbit, and cow (Floren and 
Hanson, 1980; Osborne et al, 1982; Tornqvist et al, 1983; Mitchell and Red-
burn, 1984). Thus, the indoleamine-accumulating amacrine cells in retinas of 
nonmammalian species may contain endogenous serotonin. The cellular localiza-
tion of endogenous serotonin in mammalian retina has not been determined, but 
dissection of bovine retina suggests that serotonin is localized to the inner nu-
clear-inner plexiform layers, possibly in indoleamine-accumulating amacrine 
cells (Osborne et al, 1982b). 

The synthesis of [3H]serotonin from [3H]tryptophan in bovine and chick retina 
has been demonstrated (Osborne, 1980; Parkinson and Rando, 1981), as has the 
Κ +-stimulated, Ca 2 +-dependent release of [3H]serotonin previously accumulat-
ed by high-affinity uptake (Thomas and Redburn, 1979, 1980; Osborne, 1980, 
1982b; Mitchell and Redburn, 1985). The high-affinity binding of [3H]serotonin 
to membranes of bovine retina suggests the presence of serotonin receptors 
(Osborne, 1981b). Binding was enriched in a subcellular fraction containing 
synaptosomes from inner retina. Binding studies with rabbit retinal membranes 
also support the presence of serotonin receptors and suggest the presence of two 
subtypes of binding sites, 5 - H ^ and 5-HT2 (Mitchell and Redburn, 1985). 

There is very little electrophysiological data to support a neurotransmitter role 
for serotonin in retina. Application of serotonin to isolated rabbit retina increased 
spontaneous and light-evoked activity of ganglion cells (Ames and Pollen, 
1969). In contrast, infusion of serotonin into the carotid artery inhibited the 
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activity of ganglion cells in cat retina (Straschill, 1968). This latter effect may 
have been indirect, as serotonin would not be expected to freely cross the blood-
retinal barrier. Furthermore, microiontophoretic application of serotonin had no 
significant effect on cat retinal ganglion cells (Straschill and Perwein, 1969). 
Clearly, additional physiological studies are required to determine the role of 
serotonin in both mammalian and nonmammalian retinas. 

5. GAB A 

The presence of high concentrations of GAB A in the retinas of several ver-
tebrate species was first reported by Kojima et al. (1958) and Kubicék and 
Dolenék (1958). As described in Section II,B, GABA is a transmitter candidate 
in a subpopulation of horizontal cells in retinas of some nonmammalian verte-
brates. In addition, GABA is a neurotransmitter candidate of a subpopulation of 
amacrine cells in retinas of most vertebrates, including mammals. Microdissec-
tion studies have demonstrated that GABA and the biosynthetic enzyme GAD 
are concentrated in the inner plexiform layer (Kuriyama et al, 1968; Graham, 
1972; Berger étal, 1977; Kennedy and Neal, 1977). Histochemical localization 
of GAD-like immunoreactivity has provided direct evidence for the presence of 
the GABA-synthesizing enzyme in both horizontal cells and amacrine cells in 
fish and frog retinas but only in amacrine cells in retinas of rabbits and rats (Lam 
et al, 1979; Brandon et al, 1979, 1980; Vaughn et al., 1981; Zucker et ai, 
1984). In rat retina, the GAD-positive amacrine cells receive synaptic input 
primarily from bipolar cells and synapse upon bipolar, amacrine, and ganglion 
cells (Vaughn etal, 1981). 

GABA is accumulated in amacrine cells by high-affinity uptake. In fish, frogs, 
and birds, [3H]GABA was found to be accumulated by subpopulations of 
amacrine cells, as well as into horizontal cells (Voaden et al., 1974; Marshall 
and Voaden, 1974; Marc et al., 1978; Hollyfield et al, 1979). In most mam-
malian species examined, [3H]GABA was accumulated by Müller cells, obscur-
ing the detection of neuronal uptake (Neil and Iversen, 1972; Bruun and Ehinger, 
1974; Ehinger, 1977). However, subpopulations of amacrine cells that accumu-
late GABA have been detected in cat and guinea pig (Bruun and Ehinger, 1974; 
Pourcho, 1980; Freed et al, 1983). 

The release of previously accumulated GABA supports a transmitter role for 
the amino acid. Depolarizing concentrations of K+ increase the Ca 2 + -dependent 
release of [3H]GABA from subcellular fractions enriched in synaptosomes from 
inner retina (Redburn, 1977). Glutamate and kainic acid also stimulate the 
Ca 2 +-dependent release of GABA from isolated rat retina (Kamada et al, 
1981). The release of [3H]GABA from preloaded rabbit retinas is increased by 
photic stimulation (Bauer and Ehinger, 1977), suggesting the presence of 
GABA-secreting amacrines that are activated by light. In addition, phar-



20 P. MICHAEL IUVONE 

macological and electrophysiological experiments have presented evidence for 
GABA neurons in retinas of rabbit, rat, and mudpuppy that tonically release 
GABA in darkness (Miller et al., 1981; Marshburn and Iuvone, 1981; Kamp and 
Morgan, 1981; Massey and Redburn, 1982; see Section IV,A and B). Thus, 
several subpopulations of amacrine cells may release GABA. This hypothesis is 
supported by the morphological identification of four different types of amacrine 
cells in cat retina that accumulate GABA (Pourcho, 1989; Freed et al, 1983). 

The neurons that accumulate a putative transmitter by high-affinity transport 
are usually considered to also be the neurons that synthesize and secrete that 
putative transmitter. This appears to be the case for the GABA-accumulating 
horizontal cells but, surprisingly, not for the GABA-accumulating amacrine cells 
of goldfish retina. Using a double-label technique to localize GAD-like immu-
noreactivity and [3H]GABA accumulation, Zucker et al. (1984) noted very few 
amacrine cells in which the two histochemical markers were colocalized. In most 
cases, [3H]GABA accumulation was found in amacrine cell processes that sur-
round GAD-positive processes. Only when two GAD-positive processes were 
juxtaposed were [3H]GABA uptake and GAD-like immunoreactivity colo-
calized. Thus, while identification of high-affinity uptake of a putative transmit-
ter provides evidence for a mechanism to terminate the action of the compound, 
uptake sites may not always be good markers for localizing the neurons that 
synthesize and secrete a particular transmitter. Although the observations of 
Zucker et al. (1984) pertain directly only to GABA-accumulating amacrine cells 
of goldfish retina, they raise the possibility that the release of previously accumu-
lated GABA from retinal cells of other species may not have occurred from the 
cells that secrete endogenous GABA. 

High-affinity binding of [3H]GABA and of [3H]muscimol, a GABA receptor 
agonist, has been observed in mammalian retina, suggesting the presence of 
GABA receptors (Enna and Snyder, 1976; Redburn et al., 1979; Redburn and 
Mitchell, 1981). Electrophysiological effects of GABA and GABA antagonists 
also support the presence of functional GABA receptors. GABA and its antag-
onists influence the ERG (Starr, 1975; DeVries and Friedman, 1978), and 
GABA inhibits the spontaneous and light-evoked activity of ganglion cells 
(Straschill and Perwein, 1969). Studies with GABA antagonists suggest that 
inhibition of ON-center ganglion cells is mediated by GABA (Ikeda and Shear-
down, 1983), and that GABA bestows the properties of directional selectivity to 
directionally selective ganglion cells (Wyatt and Daw, 1976; Caldwell et al., 
1978). 

Pharmacological effects of GABA receptor agonists and antagonists on other 
putative retinal transmitters also support a transmitter or modulatory role for 
GABA in the retina. GABA and the GABA receptor agonist muscimol were 
found to inhibit the light-evoked release of ACh from amacrine cells (Massey 
and Neal, 1979; Massey and Redburn, 1982). In contrast, the GABA antagonists 
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bicuculline and Picrotoxin increased the light-evoked and spontaneous release of 
the putative transmitter, suggesting that GABA tonically inhibits ACh-contain-
ing amacrine cells. DA-containing amacrine cells also appear to be subject to 
tonic inhibition by GABA in darkness, but not in light (Morgan and Kamp, 1980; 
Marshburn and Iuvone, 1981; Kamp and Morgan, 1981; see Section IV,A). 

In summary, the majority of evidence suggests that GABA is an amacrine cell 
transmitter. It is synthesized in and probably released from amacrine cells. It 
influences the activity of retinal neurons that receive synaptic input from GAD-
positive amacrine cells, and specific GABA receptor antagonists influence the 
responses of retinal ganglion cells to physiological stimuli. 

6. GLYCINE 

This putative inhibitory neurotransmitter is present in the vertebrate retina at 
concentrations that are similar to those found elsewhere in the central nervous 
system (Pasantes-Morales et al., 1972; Starr, 1973; Berger et al., 1977; Kennedy 
et al., 1977). The highest concentrations of glycine within the retina are found in 
the amacrine cell, inner plexiform, and ganglion cell layers (Berger et al., 1977; 
Kennedy et al., 1977; Chin and Lam, 1980). Retina accumulates [3H]glycine by 
a high-affinity active uptake system (Bruun and Ehinger, 1972; Neal et al., 
1973), and autoradiographic analysis indicates that [3H]glycine is concentrated 
primarily in amacrine cells, although in some species interplexiform cells are 
also labeled (Ehinger and Falck, 1971; Marshall and Voaden, 1974b; Voaden et 
al., 1974; Bruun and Ehinger, 1974; Pourcho, 1980; Lam and Hollyfield, 1980; 
Marc and Lam, 1981b; Rayborn et al., 1981). Potassium-stimulated calcium-
dependent release from retina of accumulated [3H]glycine and of endogenous 
glycine has been reported (Kennedy and Neal, 1978; Lopez-Colome et al., 1978; 
Chin and Lam, 1980; Kong et al., 1980; Coull et al., 1981). In addition, photic 
stimulation has been observed to increase the release of [3H]glycine from retinas 
of cats and rabbits (Ehinger and Lindberg, 1974; Ehinger and Lindberg-Bauer, 
1976) and that of endogenous glycine from retinas of pigmented rats (Coull and 
Cutler, 1978). In goldfish retina, modulation of [3H]glycine uptake into ama-
crine cells suggests that the glycine-accumulating amacrine cells may be red-
hyperpolarizing/green-depolarizing neurons (Marc and Lam, 1981b). 

Glycine influences the activity of retinal ganglion cells by a receptor-mediated 
mechanism. Application of glycine inhibits spontaneous and light-evoked ac-
tivity of ganglion cells, while strychnine, a glycine antagonist, increases gang-
lion cell activity (Ames and Pollen, 1969). Glycine-secreting amacrine cells may 
provide inhibitory input to OFF-center ganglion cells (Wyatt and Daw, 1976; 
Miller et al., 1981 ; Ikeda and Sheardown, 1983). The presence in retina of high-
affinity-binding sites for [3H]strychnine further supports the existence of synap-
tic glycine receptors (Borbe et al., 1981). However, all of these results need to 
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be interpretted with caution because taurine also inhibits ganglion cells in a 
strychnine-sensitive manner (Cunningham and Miller, 1976). 

Most evidence supports a neurotransmitter role for glycine in retinal amacrine 
cells. It is accumulated by specific amacrines, is released, and has physiological 
effects. Availability of specific antagonists of glycine receptors would greatly 
facilitate a more conclusive assessment of glycine's role in retinal function. 

7. OTHER AMINO ACIDS 

Aspartate aminotransferase-like immunoreactivity has been localized to a sub-
population of amacrine cells in monkey and guinea pig retina (Altschuler et al., 
1982; Mosinger, 1983), suggesting that high concentrations of glutamate and/or 
aspartate may be present in these cells. In mudpuppy retina, application of N-
methylaspartate depolarized amacrine cells and hyperpolarized sustained OFF 
ganglion cells (Slaughter and Miller, 1983b). The effects of N-methylaspartate 
were blocked by the antagonists α-aminoadipate and α-aminosuberate. In addi-
tion, α-aminosuberate inhibited the sustained light-evoked hyperpolarization of 
the sustained OFF ganglion cell. Because Af-methylaspartate did not appear to 
mimic the bipolar cell transmitter, it was suggested that it mimicked an amacrine 
cell transmitter. Other than these observations, there is little to suggest that 
aspartate or glutamate are amacrine cell neurotransmitters at this time. 

Taurine is accumulated by processes in the inner plexiform layer and by cell 
bodies in the amacrine cell layer (Lake et al., 1977, 1978; Pourcho, 1981), and 
monosodium glutamate-induced lesions of inner retinal neurons decreased the 
activity of the taurine-synthesizing enzymes (Salceda et al., 1979). Thus, taurine 
may be present in amacrine cells as well as in photoreceptors. The role of taurine 
in the inner retina is unknown. Taurine has been shown to inhibit the b wave of 
electroretinogram and the activity of retinal ganglion cells (Pasantes-Morales et 
al, 1972, 1973; B o n a v e n t u r a s / . , 1974; Starr, 1975; Cunningham and Miller, 
1976). The electrophysiological effects of taurine were blocked by the antagonist 
strychnine, indicating that the effects were receptor mediated. However, it is not 
clear if taurine acted on specific taurine receptors or if its actions were mediated 
by glycine receptors. 

8. NEUROPEPTIDES 

In the past few years, immunohistochemical studies have provided evidence 
for the presence in subpopulations of amacrine cells of several neuropeptides, 
including enkephalin, vasoactive intestinal polypeptide (VIP), luteinizing hor-
mone-releasing hormone (LHRH), substance P, glucagon, somatostatin, neu-
rotensin, and cholecystokinin (e.g., Karten and Brecha, 1980; Brecha et al., 
1981, 1982;Eskayefö/. , 1981; Fukuda et al, 1981, 1982; Morgan et al, 1981; 
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Osborne et al, 1981, 1982b; Yamada et al, 1981; Altschuler et al, 1982b; 
K u w a y a m a ^ a / . , 1982; Tornqvist et al, 1982; Terubayashi et al, 1983; Torn-
qvist and Ehinger, 1983). The substance P-like immunoreactivity of rat, mon-
key, and chick retinas was shown to comigrate with the synthetic substance Ρ in 
HPLC (Eskay et al, 1981). In contrast, the substance P-like immunoreactivity in 
frog and carp retina did not cochromatograph with the synthetic peptide. The 
somatostatin-like immunoreactivity purified from rat and human retinas had 
biological activity (inhibited growth hormone secretion from pituitary cells) 
(Rorstad et al, 1979, 1980), and sequence analysis of the peptide from bovine 
retina indicated an apparent identity to authentic somatostatin-28 (Marshak et 
al, 1983). The biosynthesis of a somatostatin-like substance from radiolabeled 
amino acids in frog retina has been demonstrated. The radiolabeled substance 
was shown to have somatostatin-like immunoreactivity and to cochromatograph 
with synthetic somatostatin-14 (Yamada and Basinger, 1982). The biosynthesis 
of cholecystokinin-like immunoreactivity has also been demonstrated to occur in 
frog retina (Yamada et al, 1981). 

Potassium-induced, Ca 2 + -dependent release from frog retina of somatostatin-
like and substance P-like immunoreactivities has been demonstrated (Eskay et 
al, 1980). These studies suggest that retinal neuropeptides may have synaptic 
actions, but very little is known about the electrophysiological effects of the 
peptides in retina. Microiontophoretic application of neurotensin and substance Ρ 
increased the firing rate of mudpuppy ganglion cells, while (D-Ala 2, Met 5)-
enkephalinamide (DALA), an enkephalin analog, inhibited ganglion cell activity 
(Dick and Miller, 1981). In goldfish retina, DALA was observed to reduce the 
spontaneous and light-evoked activity of OFF-center ganglion cells, while it 
increased the activity of ON-center cells (Djamgoz et al, 1981). 

Several peptides appear to modulate adenylate cyclase activity in retina. 
Glucagon and VIP increase cyclic AMP in retina (Kuwayama et al, 1982; 
Watling and Dowling, 1983). Some of the increase of cyclic AMP levels may 
have occurred in neuronal cells, because isolated horizontal cells responded to 
VIP with an increase of cyclic AMP and with membrane depolarization (Watling 
and Dowling, 1983; Lasater et al, 1983). However, VIP and glucagon also 
increased cyclic AMP in isolated cultured Müller cells and retinal pigment epi-
thelium (Koh and Chader, 1984; Koh et al, 1984). Thus, some of these peptides 
may have modulatory effects on metabolism of several retinal cell types instead 
of or in addition to neurotransmitter roles. 

E. Interplexiform Cells 

The term "interplexiform" has been applied to a class of retinal neurons with 
cell bodies in the amacrine cell layer that have processes extending into the inner 
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plexiform layer and other processes that project centrifugally through the inner 
nuclear layer (Gallego, 1971; Fig. 1). These latter processes ramify in the outer 
plexiform layer where they are presynaptic to horizontal and bipolar cells. The 
interplexiform cell is unique among retinal neurons in its apparent ability to 
feedback information from the inner retina to the outer synaptic layer. 

1. DOPAMINE 

In some species, most notably in teleost fish and some New World monkeys, 
DA may be the neurotransmitter of some of the interplexiform cells. Examina-
tion of retinas from these species for formaldehyde-induced catecholamine histo-
fluorescence indicated the presence of catecholamine-containing processes in 
both synaptic layers (Laties and Jacobowitz, 1966; Ehinger et al., 1969; Laties, 
1972). These interplexiform cells in goldfish and Cebus monkey retinas have 
been characterized by electron microscopy (Dowling and Ehinger, 1975). They 
were found both pre- and postsynaptic to amacrine cells in the inner plexiform 
layer, and presynaptic to bipolar and horizontal cells in the outer plexiform layer. 
They apparently do not receive synaptic input in the outer plexiform layer. 

Binding studies with DA receptor antagonists have suggested the presence of 
dopamine receptors in teleost retina (Redburn et al., 1980), and DA-sensitive 
adenylate cyclase activity in this tissue has been described (Watling et al., 1979; 
Redburn et al., 1980; Watling and Dowling, 1981). The DA receptors were also 
found on isolated horizontal cells (Van Buskirk and Dowling, 1981, 1982). 
Photic stimulation increased cyclic AMP accumulation in the teleost retina, and 
the light-evoked increase of cyclic AMP was blocked by the DA receptor antag-
onist haloperidol (Dowling and Watling, 1981). 

DA modulates the receptive field properties of cells in the outer nuclear layer of 
teleost fish. Application of the putative transmitter augmented the central response 
to light of the bipolar cell, while depressing the surround response (Hedden and 
Dowling, 1978). DA produced a similar effect on cone-driven horizontal cells 
(Negishi and Drujan, 1979a). It also contracted the receptive field size of horizon-
tal cells (Laufer et al., 1981), while haloperidol and 6-hydroxydopamine, a 
neurotoxin that destroys the DA-containing interplexiform cells (Ehinger and 
Nordenfelt, 1977), increased the receptive field size (Teranishi et al., 1983; 
Cohen et al., 1983). Thus, it appears that DA is probably a neurotransmitter or 
neuromodulator of interplexiform cells of teleost fish. 

Autoradiographic analysis of DA accumulation and tyrosine hydroxylase im-
munohistochemistry have provided evidence for dopamine-containing interplex-
iform cells in rat, mouse, and human retina (Nguyen-Legros et al., 1981, 1984; 
Frederick et al, 1982; Versaux-Botteri et al., 1984). However, DA-containing 
amacrine cells appeared to predominate over the DA-containing interplexiform 
cells in retinas of these species, and there is no electrophysiological evidence to 
support a transmitter role for dopamine in their outer plexiform layers. 



RETINAL NEUROTRANSMITTERS AND NEUROMODULATORS 25 

2. GLYCINE 

In some species, other putative inteiplexiform cell transmitters have been 
identified. In retinas of goldfish and frog (Xenopus laevis), glycine was accumu-
lated by cells with processes that ramify in both plexiform layers, and these cells 
have been considered to be a subtype of interplexiform cell (Chin and Lam, 
1980; Marc and Lam, 1981b; Rayborn et ai, 1981). In the outer plexiform layer, 
the glycine-accumulating cells were found presynaptic to horizontal cells. In the 
goldfish, they were also postsynaptic to H, horizontal cells (Marc and Lam, 
1981b), which distinguishes them from the DA-containing interplexiform cells 
of this species that appeared to receive synaptic input only in the inner plexiform 
layer (Dowling and Ehinger, 1975). Application of glycine hyperpolarized some 
goldfish horizontal cells and depressed their response to red light (Wu and 
Dowling, 1980), suggesting a possible functional role for glycine in the outer 
plexiform layer. 

3. GAB A 

In cat retina, a subtype of interplexiform cell accumulated [3H]GABA and 
[3H]muscimol, a GABA analog, and it has been suggested that GABA may be 
the transmitter of this cell (Nakamura et ai, 1980; Pourcho, 1981b). The 
GABA-accumulating interplexiform cell synapsed on bipolar processes in the 
outer nuclear layer. In the inner plexiform layer, the cells appeared to be pre-
synaptic to amacrine and bipolar cells and postsynaptic to amacrine cells. Lo-
calization of GAD to these cells would provide more direct evidence that these 
cells actually synthesize GABA. 

F. Ganglion Cells 

Retinal ganglion cells have their cell bodies located in the innermost cell layer 
of the retina (Fig. 1). Their dendrites synapse with bipolar cell terminals and 
amacrine cell processes in the inner plexiform layer, and their axons form the 
optic nerve, which projects to various visual areas of the brain. Ganglion cells 
are morphologically and physiologically heterogeneous and little is known about 
the transmitters secreted by them. 

1. GLUTAMATE AND ASPARTATE 

Several lines of evidence suggest that aspartate and/or glutamate may be 
neurotransmitters in some of these cells. Berger et al. (1977) found that the 
concentrations of aspartate and glutamate were higher in the ganglion cell layer 
of monkey retina than in any other retinal layer. However, the concentration of 
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these putative neurotransmitters was low in the optic nerve. Perhaps, these amino 
acids or their synthetic enzymes are rapidly transported from the cell bodies to 
the synaptic terminals. Alternatively, the high concentrations of aspartate might 
be localized in displaced amacrine cells or in Müller cells, which have a high 
proportion of their cytoplasm in the ganglion cell layer (Rasmussen, 1972). 

The best evidence for aspartate or glutamate being a ganglion cell transmitter 
comes from work on the pigeon retinotectal projection. Approximately 5-10% 
of cells in the ganglion cell layer accumulated D-[3H]aspartate following intra-
vitreal injection (Ehinger, 1981), and the accumulated D-aspartate was trans-
ported to layers 1-7 of the contralateral optic tectum, confirming its accumula-
tion by ganglion cells (Beaudet et al., 1981). The transported D-aspartate could 
be released from the tectum by depolarizing concentrations of K + , and the 
D-aspartate release was C a 2 + dependent. Ablation of the pigeon retina decreased 
the V m ax of high-affinity L-glutamate uptake and the concentrations of endoge-
nous glutamate and aspartate in the tectum (Henke et al., 1976; Fonnum and 
Henke, 1979), suggesting the presence of high concentrations of these amino 
acids in ganglion cell terminals. In addition, optic nerve stimulation caused an 
increase in the release of endogenous aspartate and glutamate in optic tectum, 
and had no effect on the release of GABA (Canzek et al., 1981). Furthermore, 
electrical stimulation of the optic nerve or microiontophoretic application of 
glutamate increased the firing of tectal neurons, and the effect of optic nerve 
stimulation was reduced by a glutamate receptor antagonist, glutamic acid di-
ethylester (Wang et al., 1978). 

Similar ganglion cells may exist in retinas of other species. D-Aspartate-
accumulating cells have also been observed in the ganglion cell layer of guinea 
pig and rabbit retinas (Ehinger, 1981). Aspartate aminotransferase-like immu-
noreactivity has been found in cells in the ganglion cell layer of guinea pig and 
monkey retinas (Altschuler et al., 1982a; Mosinger, 1983). In addition, uni-
lateral enucleation of chicks resulted in a large reduction in the ability of the 
tectum to accumulate L-glutamate (Bondy and Purdy, 1977). 

2. ACETYLCHOLINE 

Acetylcholine may be a ganglion cell transmitter in the toad B. marinus. The 
toad optic nerve and tectum were found to contain significant amounts of acetyl-
choline and choline acetyltransferase activity (Oswald et al, 1979). The levels 
of these two markers for cholinergic neurons was decreased in the tectum follow-
ing enucleation. Furthermore, antagonists of nicotinic cholinergic receptors, d-
tubocurarine and α-bungarotoxin, decreased the presumed postsynaptic potential 
evoked by photic stimulation of OFF ganglion cells synapsing in the tectum 
(Freeman, 1977). 

It is likely that many ganglion cells utilize transmitters other than acetylcho-
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line, glutamate, or aspartate, and based on the proliferation in the number of 
putative transmitters identified in other retinal cell types, it is likely that other 
ganglion cell transmitter candidates will soon be identified. Indeed, a prelimi-
nary report indicates that a neuropeptide related to α-MSH may be localized in 
some ganglion cells of cat retina (Stone et al., 1983). 

G. Summary 

Information regarding the nature of the neurotransmitters of the various retinal 
cell types is increasing rapidly, but at present our knowledge is fragmentary. 
Glutamate and/or aspartate appear to be good candidates for neurotransmitters in 
photoreceptors, but wide species variability may exist in use of these substances 
as photoreceptor transmitters. This is exemplified by observations on the ac-
cumulation of D-aspartate and the localization of aspartate aminotransferase-like 
immunoreactivity selectively in cones of some species and selectively in rods of 
others. In nonmammalian vertebrates, one subtype of horizontal cell appears to 
utilize GABA; the transmitter of other types of horizontal cells in both mam-
malian and nonmammalian retinas has not been identified. Excitatory amino 
acids such as aspartate and glutamate may also be transmitters in bipolar and 
ganglion cells while a large number of transmitter candidates have been identi-
fied in amacrine cells. An emerging picture is that at least some of the direct 
pathways from photoreceptor to visual centers in the brain may involve excitato-
ry amino acids, while lateral processing of visual information within the retina is 
subserved by a wide variety of excitatory and inhibitory transmitter substances. 

Visual function may also be influenced by neuromodulators, such as mela-
tonin, and some substances may have both neurotransmitter-like and neu-
romodulator-like functions. This possibility will be discussed in more detail in 
Section V. 

III. Pre- and Postsynaptic Regulatory Mechanisms 

The retina provides unique opportunities for the study of synaptic regulatory 
mechanisms, primarily because of the ability to modulate the activity of neuro-
transmitter and neuromodulator systems with light. Despite this fact, the reg-
ulatory mechanisms of only a few systems have been examined in any detail. As 
examples of the potential of retina for regulatory studies, this section will discuss 
the pre- and postsynaptic regulatory mechanisms of the dopamine neuronal sys-
tem of retina and will describe recent studies on the regulation of the biosynthesis 
of the putative retinal neuromodulator melatonin. 
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A. Regulation of Dopamine Biosynthesis 

DA is synthesized from the amino acid tyrosine by the sequential actions of 
tyrosine hydroxylase (TH) and aromatic L-amino acid decarboxylase (Fig. 2). TH, 
which requires molecular oxygen and a reduced pteridine as cofactors, hydroxy-
lates the 3 position of the phenol ring of L-tyrosine to form L-3,4-dihydroxy-
phenylalanine ( D O P A ) (Nagatsu et al., 1964). Aromatic L-amino acid decarboxy-
lase, a pyridoxyl-requiring enzyme, removes the carboxyl moiety from L - D O P A 
to form dopamine. The first reaction, the hydroxylation of tyrosine, appears to be 
the rate-limiting step in catecholamine biosynthesis (Levitt et al., 1965). 

In many vertebrate species, the DA-containing neurons of retina are transsynap-
tically activated by light. Photic stimulation increases the release and turnover of 
retinal DA and increases the levels of the DA metabolites 3,4-dihydroxy-
phenylacetic acid (DOPAC) and homovanillic acid (HVA) (Kramer, 1971 ; Iuvone 
etal, 1978a; Morgan and Kamp, 1980; B a u e r n « / . , 1980; Frucht et al, 1982; 
Cohen et al., 1983; Parkinson and Rando, 1983a,b). However, light does not 
decrease the steady-state concentration of DA in the retina. Thus, an increase in 
DA biosynthesis occurs in the activated retinal DA-containing neuron. Measure-
ments in rat retina demonstrated a fourfold increase of DA biosynthesis following 
exposure to white light at intensities of greater than 32 lux (Iuvone et al., 1978; 
Proll etal, 1982). 

Concomitant with the increase of dopamine biosynthesis is an activation of TH 
that can be measured in homogenates following exposure of the retina to light 
(Iuvone et al, 1978a,b). Figure 3 illustrates the activity of the enzyme measured 
in vitro in retinal homogenates prepared from rats sacrificed at various times 
during a 12-hr light : 12-hr dark cycle. Activity was relatively constant during 
the dark phase of the light-dark cycle, but increased rapidly following light onset 
and remained elevated throughout the light phase. Activation of the enzyme 
occurred rapidly and could be demonstrated to occur in isolated eyes within 60 
sec of photic stimulation (Iuvone et al, 1978a). Activation was not strictly 
dependent on photoperiod, as it was delayed by keeping the animals in the dark 
beyond the time of normal light onset and could be elicited by light exposure 
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FIG. 2. Reactions in the biosynthesis of dopamine. B H 4 , Tetrahydrobiopterin; B H 2 , di-
hydrobiopterin; DR, dihydropteridine reductase. 
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FIG. 3. Diurnal rhythm of retinal tyrosine hydroxylase activity. Lights were on from 12 to 24 hr. 
(Reproduced from Iuvone et al, 1978a.) 

during the dark phase (Iuvone et al., 1978a; P. M. Iuvone, unpublished observa-
tions). 

Light-evoked TH activation may involve synaptically induced depolarization 
of the DA-containing neurons. Activation was elicited by incubating suspensions 
of viable cells from dissociated retinas in medium containing depolarizing con-
centrations of potassium (Iuvone and Marshburn, 1982). The experiment was 
conducted on cell suspensions in which greater than 95% of the cells were 
present as single cells so that direct, rather than transsynaptic, effects of po-
tassium might be examined. In addition, muscimol, which inhibits neurons that 
contain GABA receptors (Krogsgaard-Larsen et al., 1975), decreased ΤΗ ac-
tivity in the cell suspensions (Marshburn and Iuvone, 1981; see Section IV,A). 

Kinetic characterization of the light-evoked activation of TH 1 indicated that 
light exposure decreased the apparent Km of the enzyme for the synthetic pteridine 
cofactors 2-amino-4-hydroxy-6-methyl-5,6,7,8-tetrahydropterin (6MPH4) and 2-

*Two types of TH activation in retina have been characterized. The type described here occurs in 
response to relatively short-term stimulation. The other type of activation is characterized by an 
increased Vmax and occurs only following several days of constant light exposure (Iuvone et al, 
1978b, 1979). 
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amino-4-hydroxy-6J-dimethyl-5,6,7,8-tetrahydropterin (DMPH4) (Iuvone et 
al, 1978b, 1982), as well as that for the presumed natural cofactor, 6(R)-5,6,1 ,-8-
tetrahydro-L-biopterin (BH4) (P. M. Iuvone, unpublished observation). No signif-
icant effect on the apparent Vmax of the reaction was observed with any of these 
cofactors. The apparent Km for tyrosine was also not altered (Iuvone et al., 
1978b), but the apparent Km for tyrosine was only determined with DMPH 4 as 
cofactor, and the possibility that it might be different when measured with the 
natural cofactor cannot be excluded. Nevertheless, the change of apparent Km for 
the pteridine cofactor suggests that an increased affinity for the cofactor may be 
responsible for the light-evoked stimulation of DA biosynthesis. 

For this mechanism to be operative, one would not expect the enzyme to be 
saturated with endogenous cofactor in situ in the dark-adapted state. To test these 
hypotheses, B H 4 was administered intravitreally and retinal DOPA accumulation 
following pharmacological inhibition of aromatic L-amino acid decarboxylase 
was measured as an index of in vivo tyrosine hydroxylation (Iuvone et αϊ., 1985). 
Administration of B H 4 during the last hour of the dark phase of the light-dark 
cycle increased retinal DOPA accumulation to a level that was comparable to that 
in vehicle-injected light-exposed eyes. In contrast, administration of B H 4 during 
the first hour of light had no significant effect on retinal DOPA accumulation. 
Thus, tyrosine hydroxylase appears not to be saturated with endogenous cofactor 
in dark-adapted retinas, while following light exposure the enzyme becomes 
more nearly saturated, probably as a consequence of the increased affinity for the 
cofactor. It is possible that a light-induced increase of endogenous B H 4 in the 
DA-containing cells might have contributed to the apparent saturation of the 
enzyme. However, measurements of B H 4 in whole retina indicated that light 
under these conditions had no effect on either the level of endogenous B H 4 or the 
concentration of B H 4 following intravitreal injection of the cofactor. 

The disposition of the substrate tyrosine may also play a role in the regulation 
of retinal DA biosynthesis. Systemic administration of large doses of tyrosine to 
light-exposed rats increased the concentrations in retina of tyrosine and DOPAC 
and stimulated the accumulation of DOPA following decarboxylase inhibition 
(Gibson et al., 1983; Fernstrom et al., 1984, 1986). In contrast, tyrosine admin-
istration to dark-adapted rats had no effect on DOPAC levels or DOPA ac-
cumulation, although it did increase the concentration of tyrosine in retina. Thus, 
it appears that exogenous tyrosine can selectively stimulate tyrosine hydroxyla-
tion and DA metabolism in active DA-containing neurons, those which contain 
the activated form of TH. The mechanism responsible for this selective stimula-
tion is not known. Kinetic analysis of activated TH demonstrated no change in 
the affinity for tyrosine that could explain these observations (Iuvone et al., 
1978b; P.M. Iuvone, unpublished observations). Exogenous tyrosine might act 
to replenish a strategic pool of tyrosine that is partially depleted by the activated 
TH in the light-exposed retina and that is sufficient in concentration to saturate 
the enzyme in the dark-adapted retina. 
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Several lines of evidence suggest that photic stimulation and presumably con-
sequent depolarization of the DA-containing neurons elicit the activation of TH 
by a mechanism that involves protein phosphorylation. Dilution and gel filtration 
of retinal extracts do not diminish the activation of the enzyme elicited by prior 
exposure of the retina to light (P. M. Iuvone, unpublished), implicating strong 
hydrophobic interactions or covalent modification of the enzyme. TH purified 
from several tissues is a substrate for cyclic AMP (cAMP)-dependent protein 
kinase (APK) (Raese et al, 1977; Joh et al, 1978; Yamauchi and Fujisawa, 
1979; Vulliet et al., 1980; Markey et al, 1980), and TH in extracts of dark-
adapted retinas is activated by cAMP-dependent protein phosphorylation (Iuvone 
et al, 1982; Iuvone and Marshburn, 1982). Figure 4A illustrates the effect of 
preincubating retinal extracts in the presence of cAMP, ATP, and magnesium. 
The activation produced by such preincubation required the presence of all three 
substrates for APK and was completely blocked by the heat-stable inhibitor of 
APK described by Walsh et al (1971). TH activation could also be elicited by 
incubation of cell suspensions of dissociated retinas with 8-bromo cAMP (Fig. 
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FIG. 4. Cyclic AMP-dependent activation of tyrosine hydroxylase. (A) Supernatant fractions of 
homogenized rat retina were preincubated for 7 min at 37°C under control (10 mM Mg

2+
, 1 mM 

adenosine) or phosphorylating (10 mM M g
2
+ , 1 mM ATP, 0.15 mM cAMP) conditions prior to 

determination of TH activity. (B) Cell suspensions were incubated for 30 min at 37°C under an 
atmosphere of 95% 0 2/ 5 % C 0 2 with control Ringer's solution or Ringer's solution containing 1 mM 
8-bromo cAMP. TH activity was subsequently assayed in cell extracts. Data are expressed as mean ± 
SEM in pmol/min/mg protein. *p < 0.01. (Reproduced from Iuvone and Marshburn, 1981). 
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4B), providing evidence that retinal DA-containing neurons contain sufficient 
APK in the appropriate subcellular compartment to activate the enzyme in situ. 

The activation produced by photic stimulation in vivo was similar to that 
produced by cAMP-dependent protein phosphorylation in vitro (Iuvone et al., 
1982). Phosphorylation and photic stimulation decreased the apparent Km for 
6MPH 4 to the same value and produced the same change in the relationship of 
assay pH to enzyme activity, that being to decrease the decline in activity with 
increasing pH above the optimum. 

The activations produced by phosphorylation and photic stimulation were both 
reversible in vitro. Incubation of the extracts containing activated TH at 25°C 
resulted in a time-dependent inactivation of the enzyme that was complete in 5 0 -
60 min (Iuvone et al., 1982). Following inactivation, the enzyme could be 
completely reactivated by phosphorylation. The inactivation of the enzyme fol-
lowing activation by photic stimulation or by phosphorylation was decreased by 
including in the incubation mixture sodium pyrophosphate, an inhibitor of phos-
phoprotein phosphatase. These observations, although simple correlations, sup-
port the hypothesis that retinal TH is regulated by a mechanism that involves 
phosphorylation and dephosphorylation. This hypothesis is also supported by the 
observation that the activation produced by cAMP-dependent phosphorylation is 
not additive to that elicited by light (Iuvone et al., 1982). A demonstration of 
light-induced phosphorylation of the enzyme would provide more direct evi-
dence for this hypothesis. The hypothesis and the observations supporting it do 
not exclude the involvement of protein kinases other than APK that produce a 
similar molecular modification. It is noteworthy in this regard that recent studies 
have demonstrated a calcium-dependent activation of TH in extracts of corpus 
striatum that presumably involves a calcium-dependent protein kinase (El Mes-
tikawy et al., 1983; Iuvone, 1984). Should a protein kinase prove to be involved 
in the activation of tyrosine hydroxylase by photic stimulation, it will be of 
interest to establish the molecular link between membrane depolarization and 
activation of the kinase. 

The regulation of DA biosynthesis, release, and metabolism is also influenced 
by a dopamine receptor-mediated feedback mechanism. Administration of 
dopamine receptor antagonists to rats increased retinal DOPA accumulation, TH 
activity, and the concentrations of DOPA and H VA (Westerink and Korf, 1976a; 
DaPrada, 1977; Scatton et ai, 1977; Cohen et al., 1981, 1983; Iuvone, 1983; 
Malamed et al., 1983). In addition, DA receptor antagonists were found to 
increase electrical stimulation-induced release of [3H]DA from isolated rabbit 
retina (Dubocovich and Weiner, 1981; Dubocovich, 1984). DA receptor agonists 
have been reported to inhibit all of these indices of dopaminergic function. The 
ability of some agonists and antagonists with a high degree of selectivity for the 
D 2 subtype of DA receptors to elicit these effects implicates D 2 receptors in this 
feedback mechanism, and it has been suggested that the effects are mediated by 
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"autoreceptors" that are located on the membranes of DA-containing neurons 
(Dubocovich, 1984). Selective stimulation of D 2 dopamine receptors in other 
tissues has been reported to decrease adenylate cyclase activity (Cote et al., 
1981; Onali et al., 1981), and it is tempting to speculate that some of the effects 
of these drugs in retinal DA-containing neurons, particularly those on TH ac-
tivity, may be due to changes in cAMP. 

B. Regulation of Dopamine Receptors and Dopamine-Stimulated 
Adenylate Cyclase 

According to the classification of Kebabian and Calne (1979), the D t subtype 
of DA receptors is linked to adenylate cyclase in a stimulatory manner. In the 
retina, DA is a potent stimulator of adenylate cyclase activity (Brown and Mak-
man, 1972), and it has been suggested that Dx receptors are the predominant 
subtype of DA receptor in the vertebrate retina (Watling et al., 1979). In the carp 
retina, 6-hydroxydopamine, a neurotoxin that causes the degeneration of retinal 
DA-containing neurons, failed to decrease DA-stimulated cAMP accumulation, 
suggesting that the D, receptors are postsynaptic rather than autoreceptors (Wat-
ling et al., 1982). Accumulation of cAMP in carp retina has been shown to be 
stimulated by DA, by depolarizing concentrations of potassium, and by flashing 
red light (Dowling and Watling, 1981). The effects of both potassium and photic 
stimulation were blocked by haloperidol, a DA receptor antagonist, suggesting 
that they were mediated by synaptically released dopamine. The effect of po-
tassium was also blocked by cobalt, which inhibits neurotransmitter release. 

Dopamine-stimulated adenylate cyclase activity in retinas of other vertebrate 
species is also influenced by photic stimulation. For example, the accumulation 
of cAMP in isolated rabbit retina was shown to be stimulated by incubation with 
the DA precursor L - D O P A , and the L-DOPA-stimulated accumulation was great-
er in retinas incubated in light than in darkness (Sovilla and Schorderet, 1982). 
The effect of L - D O P A on cAMP accumulation in intact retina was blocked by the 
decarboxylase inhibitor benzserazide, and L - D O P A had no direct effect on ade-
nylate cyclase activity in tissue homogenates. These observations suggest that 
the accumulation of cAMP is mediated by DA which is synthesized from 
L - D O P A and released. 

Dopamine receptor-stimulated andenylate cyclase activity is down-regulated 
by persistent occupation of the receptor by the putative transmitter. Incubation of 
cultured retinal cells from chick embryos with DA for 5-48 hr followed by 
washing with DA-free medium dramatically decreased the subsequent ability of 
DA to stimulate cAMP accumulation (DeMello et al., 1982). The stimulation of 
cAMP accumulation by DA was also much lower in retinas of chicks that were 
exposed to constant light for several days than in retinas of light-deprived chicks, 



34 P. MICHAEL IUVONE 

and the effect of constant light was reversed by administration of fluphenazine, a 
DA receptor antagonist (DeMello et al., 1982). Constant light exposure also 
decreased the number of binding sites for the dopamine receptor antagonist 
[3H]spiroperidol. Thus, it appears that prolonged release of DA and subsequent 
occupation of postsynaptic receptors trigger regulatory processes in the 
postsynaptic cells that decrease the responsiveness to the putative transmitter. 
Conversely, light deprivation for 65 hr increased DA-stimulated cAMP forma-
tion in the rat retina (Spano et al., 1977), suggesting that a lack of receptor 
occupancy leads to receptor supersensitivity. 

A rapid down-regulation of DA-stimulated adenylate cyclase has recently been 
demonstrated in bovine retina (Gnegy et al., 1984a). DA-stimulated adenylate 
cyclase activity was significantly lower in a washed particulate (membrane) 
fraction prepared from retinas that were preincubated in light for 20 min than in 
that prepared from retinas that were preincubated in darkness. Basal adenylate 
cyclase activity in this preparation was not influenced by prior exposure of the 
retina to light or dark. Preincubation in light or dark altered the apparent V m ax of 
DA-stimulated activity without changing the ΚΆ for DA. Addition of DA to the 
preincubation medium decreased DA-stimulated adenylate cyclase activity of 
samples preincubated in darkness to the same level as that in samples preincu-
bated in light, and had no additive effect with light. Thus, transmitter-induced 
alterations in postsynaptic responsiveness can occur rapidly. 

Calcium and calmodulin may be involved in the regulation of DA-stimulated 
adenylate cyclase activity. Microdissected inner plexiform layer of rabbit and 
ground squirrel retinas contains adenylate cyclase activity that is stimulated by 
dopamine and inhibited by the calcium chelator ethylene glycol tetraacetate 
(EGTA) (DeVries et al., 1982). In the mouse retina, basal adenylate cyclase 
activity was inhibited by low concentrations of EGTA (50 μΜ), and DA-stimu-
lated activity was inhibited by higher concentrations ( > 1 mM) of the chelator 
(Ferrendelli etal, 1982). 

Calcium significantly influences the DA receptor/adenylate cyclase complex 
in isolated horizontal cells of carp retina (Van Buskirk and Dowling, 1982). 
Raising the concentration of calcium in the culture medium increased DA-stimu-
lated cAMP accumulation in the horizontal cells, presumably by increasing 
intracellular calcium levels. Calcium did not influence basal cAMP accumulation 
or the sensitivity to DA, but increased the magnitude of the maximal response to 
the putative transmitter. In addition, calcium decreased the sensitivity of the cells 
to DA receptor antagonists with respect to their ability to inhibit DA-stimulated 
cyclic AMP accumulation. L-Glutamate, which depolarizes and produces a pro-
longed Ca 2 + -dependent action potential in isolated horizontal cells (Lasater and 
Dowling, 1981), also decreased the sensitivity to the antagonists, presumably by 
increasing intracellular C a 2 + (Van Buskirk and Dowling, 1982). 

Calmodulin may play a role in modulating DA-stimulated adenylate cyclase 
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activity in retina. Calmodulin has been shown to stimulate, in a calcium-depen-
dent manner, adenylate cyclase activity in an EGTA-washed particulate fraction 
of homogenized bovine retina (Gnegy et al, 1984b). In addition, calmodulin 
doubled the maximal stimulation of cyclase activity by DA. Preincubation of 
retinas for 20 min in light or dark altered calmodulin-stimulated activity in a 
manner that was analogous to the effects of light and dark on DA-stimulated 
activity (Gnegy et al., 1984a). The Vmax values of calmodulin-stimulated ac-
tivity and that of DA-stimulated activity were both lower in samples that had 
been preincubated in light than in those preincubated in darkness. Light and dark 
had no effect on the apparent Ka for calmodulin or on the sensitivity of the 
enzyme to DA. Furthermore, preincubation in darkness in the presence DA 
reduced the maximal stimulation of activity by calmodulin to the level of that in 
retinas preincubated in light, while addition of DA in light had no effect. These 
observations suggest that light, by stimulating dopamine release and receptor 
occupancy, decreased calmodulin-stimulated adenylate cyclase activity and indi-
cate that calmodulin may be a modulator of DA-sensitive adenylate cyclase. 

C. Regulation of Melatonin Biosynthesis 

As described above, the putative neuromodulator melatonin is synthesized in 
the retina, and the site of synthesis has been proposed to be photoreceptor cells 
(see Section II,A). Melatonin is synthesized from serotonin by the sequential 
actions of serotonin N-acetyltransferase (NAT) and hydroxyindole 0-meth-
yltransferase (Fig. 5). In the pineal gland, NAT is thought to be the rate-limiting 
enzyme (Klein and Weiler, 1971), and this enzyme may play a key role in the 
retina as well. In many mammalian and nonmammalian species, the concentra-
tion of melatonin and the activity of NAT fluctuate in the retina in a rhythmic 
fashion, with peak enzyme activity and melatonin content at night (Bubenick et 
al., 1978; Binkley et al, 1979, 1980; Hamm and Menaker, 1980; Miller et al, 
1980; Pang et al, 1982; Iuvone and Besharse, 1983). In the chicken and the 
African clawed frog (X. laevis), and probably other species as well, the rhythm 
of retinal NAT activity is circadian (Hamm and Menaker, 1980; Binkley et al, 
1980; Iuvone and Besharse, 1983). The rhythm of NAT activity was shown to be 
entrained by light and dark, and following entainment, to persist for several days 
in constant darkness. In contrast, constant light for several days abolished the 
rhythm, and exposure to light during the dark phase of the light-dark cycle 
inhibited the rise in enzyme activity and melatonin levels in the retina. 

Experiments have recently been conducted to determine if the biological clock 
that controls the rhythm is localized in the eye or if it is dependent upon endo-
crine or neural input. Frogs (X. laevis) were entrained to a 12-hr light-12-hr dark 
cycle. Eye cups were then prepared and cultured in vitro in cyclic light or 
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FIG. 5. Reactions in the biosynthesis of melatonin. AcCoA, Acetyl coenzyme A; CoA, co-
enzyme A; SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine. 

constant darkness (Besharse and Iuvone, 1983). Figure 6 shows that a rhythm of 
NAT activity similar to that observed in vivo persisted in vitro in both cyclic light 
and in constant darkness. In another experiment, eye cups were cultured for 48 hr 
on a light-dark cycle that was the inverse of the original entrainment cycle. The 
rhythm of NAT activity was subsequently examined during a 30-hr period of 
constant darkness and was found to be completely shifted to the new entrainment 
cycle (Besharse and Iuvone, 1983). Thus, both the clock and the entrainment 
mechanism appeared to be localized to the posterior portion of the eye, possibly 
in the retina. 

The eye cup preparation has also been used to study potential regulatory 
factors that influence the expression of NAT activity. Protein synthesis, possibly 
enzyme induction, may be involved in the stimulation of NAT activity. The 
protein synthesis inhibitors cycloheximide and puromycin blocked the nocturnal 
rise in NAT activity (Iuvone and Besharse, 1983). However, because of potential 
toxic effects of the protein synthesis inhibitors, these observations must be in-
terpreted with caution. 

Calcium plays an important role in the stimulation of NAT activity by dark-
ness (Table I). The dark-induced increase of NAT activity was completely abol-
ished when eye cups were incubated in calcium-free medium (Iuvone and Be-
sharse, 1986a). The calcium channel blockers, nifedipine and D600, as well as 
magnesium and cobalt, which inhibit neurotransmitter release by interfering with 
depolarization-induced calcium influx, also inhibited the nocturnal rise in NAT 
activity. The site of the action of calcium is not known. Perhaps the NAT-
containing cells have an endogenous rhythm of membrane potential with conse-

FIG. 6. Circadian rhythm of retinal serotonin N-acetyltransferase activity in eye cups maintained 
in culture. Eye cups of X. laevis, which had been entrained to a light cycle of 12 hr light-12 hr dark, 
were prepared 2 hr prior to the time of normal light offset (1200 hr). Eye cups were subsequently 
cultured in cyclic light or constant darkness for 1-3 days. Retinas were removed and assayed for 
NAT activity at 6-hr intervals. Open circles represent retinas prepared in light; solid circles represent 
those prepared in dim red light (Kodak Wratten No. 2 filter). The first time point (1200 hr) represents 
samples taken 2 hr after preparation of the cultures in A and B, and 50 hr after preparation in C. 
Statistically significant rhythms of NAT activity were observed under all three conditions (p < 0.01). 
(Reproduced from Besharse and Iuvone, 1983, by permission from Nature, Vol. 305, No. 5930, pp. 
133-135. Copyright © 1983 Macmillan Journals Limited.) 
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T A B L E I 

THE ROLE OF CALCIUM IN THE STIMULATION OF 

RETINAL N-ACETYLTRANSFERASE ACTIVITY
0 

Percentage 
Condition Ν stimulation 

Control 15 150 
C a

2 +
 omission 5 0 

Nifedipine, 3 μΜ 5 49 
D600, 0.1 mM 5 49 
Cobalt, 0.5 mM 5 7 
Magnesium, 15 mM 5 0 

a
 Eye cups were incubated in the dark for 6 hr. Data 

are expressed as the stimulation of activity that occurred 
during the 6-hr period. Control medium and media with 
nifedipine, D600, cobalt, and magnesium contained 1.8 
mM CaCl2. All manipulations significantly inhibited 
stimulation of activity, ρ < 0.01. 

quent calcium influx during depolarization. The rhythm might then be generated 
by a clock localized within the NAT-containing cell and could be independent of 
synaptic influences. Alternatively, calcium might be required to maintain neuro-
transmitter release, and the regulation of the enzyme might be subject to trans-
synaptic influences. Pharmacological evidence for neurotransmitter-mediated 
neural control of NAT activity and of photoreceptor metabolism will be dis-
cussed below (see Section IV,B, V,A, and V,B). 

Retinal NAT activity is stimulated by increased levels of intracellular cyclic 
AMP. When eye cups were incubated under light during the subjective dark 
phase of the light-dark cycle, the rise in NAT activity was blocked (Iuvone and 
Besharse, 1983; Iuvone and Besharse, 1986b). Addition of dibutyryl cyclic AMP 
(db cAMP) or 8-bromo cAMP to the incubation medium under these conditions 
stimulated NAT activity, while addition of dibutyryl cyclic GMP, 5'-AMP, or 
adenosine was without effect. The stimulation of NAT activity by db cAMP was 
not additive to that produced by darkness (Fig. 7), suggesting the involvement of 
similar mechanisms. Increased levels of endogenous cyclic AMP elicited by 
forskolin, an activator of adenylate cyclase, or by 3-isobutylmethylxanthine, a 
phosphodiesterase inhibitor, also mimicked darkness by stimulating NAT ac-
tivity. The effects of db cAMP and forskolin did not require calcium in the 
medium, suggesting that the site of action of cAMP was within the NAT-
containing cell or in a cell that communicates with it in a Ca 2 +-independent 
manner. 

Based on these observations it is tempting to speculate that darkness or a 



RETINAL NEUROTRANSMITTERS AND NEUROMODULATORS 39 

2 0 0 

^ 2 1501 

ü δ 
<

 ü 

< α 

Ζ ο 
t. * 

1 0 0 

|C0NTR0L| db cAMP 
L I G H T D A R K 

FIG. 7. Effects of db cAMP on serotonin N-acetyltranferase activity of retinas cultured in light or 
dark. Eye cups were prepared just prior to light offset (1200 hr) and were subsequently cultured for 4 
hr in light or dark, with or without 2 mM db cAMP. Data are expressed as percentage of preculture 
control, which was the activity in retinas prepared at the time of light offset, but not subsequently 
cultured. *p < 0.01. (Reproduced from Iuvone and Besharse, 1983.) 

stimulus provided by the clock elicits the Ca 2 +-dependent release of a neuro-
transmitter or neuromodulator that stimulates adenylate cyclase activity in the 
NAT-containing cell. However, a candidate for such a mediator has not yet been 
identified. Alternatively, an endogenous rhythm of adenylate cyclase activity, 
possibly mediated by an endogenous rhythm of C a 2 + influx, might regulate 
NAT activity. The inhibitory effect of light might be a direct effect of light on the 
NAT-containing cell, which may be a photoreceptor, or could be mediated by a 
transmitter-modulator that is released by other cells in response to light. With 
respect to this latter possibility, dopamine has been identified as a possible 
mediator of the effect of light (see Section IV,B). 

IV. Interactions of Neurotransmitters and Neuromodulators 

With an increased understanding of the localization of putative transmitters 
and modulators in retina, it has been possible to examine pharmacologically the 
interactions of various synaptic mediators. Knowledge of these interactions 
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should facilitate the elucidation of the functional synaptic circuitry of the retina 
and the processing of visual stimuli. In addition, the utility of the retina as a 
pharmacological model with transmitter systems that can be experimentally mod-
ulated by a physiological stimulus cannot be overemphasized. To illustrate some 
approaches that can be used to study interactions in retina, this section will 
discuss studies that attempt to understand the nature of the input to the DA-
containing and melatonin-containing cells of retina. 

A. Dopamine 

DA-containing neurons of retina are activated by photic stimulation, and a 
number of putative transmitters and modulators have been examined as potential 
mediators of the effects of light and dark on their neuronal activity. DA-contain-
ing neurons in the retina of teleost fish are primarily interplexiform cells (see 
Section II,E). They have been shown to alter the receptive field properties of 
bipolar and horizontal cells and to inhibit the carrier-mediated release of GABA 
from H 2 horizontal cells (Hedden and Dowling, 1978; Negishi and Drujan, 
1979a; Yazulla and Kleinschmidt, 1982). Acetylcholine, carbachol, a cho-
linergic agonist, and substance Ρ were found to produce a contraction of the 
receptive field of cone-driven horizontal cells that was similar to that elicited by 
DA (Negishi and Drujan, 1979b; Laufer et al., 1981). The effect of these agents 
were blocked by phentolamine and haloperidol, suggesting that their influence 
on horizontal cells was mediated by DA released from interplexiform cells. This 
hypothesis is supported by histochemical studies that demonstrated a decreased 
catecholamine histofluorescence in retinas inbucated with carbachol or substance 
Ρ (Negishi et. al., 1980). There is also evidence for the involvement of serotonin 
in the regulation of DA-containing interplexiform cells of fish retina. Serotonin 
stimulated the release of [3H]DA from a particulate fraction of fish retina (Kato 
et al., 1982). The serotonin-induced release of [3H]DA was C a 2 + dependent and 
could be simulated by serotonergic agonists, 5-methoxytryptamine, 5-meth-
oxy-A^N-dimethyltryptamine, and tryptamine. In contrast, DA had no effect on 
the release of [3H]serotonin. Thus, serotonin, substance P, and ACh may influ-
ence the activity of DA-containing interplexiform cells of fish retina. 

In rat and rabbit retinas, where the DA-containing neurons are primarily 
amacrine cells (see Section II,D), ACh does not appear to influence DA neuronal 
activity. Carbachol had no effect on [3H]dopamine release from rabbit retina 
(Bauer et al., 1980). In rat retina, the cholinergic agonists carbachol, ox-
otremorine, and nicotine, as well as atropine, an antagonist, had no effect on TH 
activity (P. M. Iuvone, unpublished observations). Oxotremorine was also found 
to be without effect on the levels of the DA metabolite HVA (Westerink and 
Korf, 1976) and atropine had no effect on DA turnover (Kamp and Morgan, 
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1981). However, ACh may influence the postsynaptic response to dopamine. 
Carbachol and oxotremorine produced a large potentiation of DA-stimulated 
cyclic AMP accumulation in rat retina and the potentiation was blocked by 
atropine (Brown and Rietow, 1981). The effects of the muscarinic cholinergic 
agonists and DA were synergistic and did not require calcium in the incubation 
medium, suggesting that the cholinergic drugs were not producing their effects 
by stimulating the release of other neurotransmitters. The synergism was appar-
ently due to an effect of the cholinergic agonists on cyclic AMP formation rather 
than breakdown, because it was not attenuated by high concentrations of phos-
phodiesterase inhibitors. These observations suggest that DA and ACh may 
interact to regulate adenylate cyclase activity in cells that are postsynaptic to both 
cholinergic and DA-containing amacrine cells. 

Dopamine-containing amacrine cells are apparently activated by light (see 
Section II,D), but the nature of the stimulatory input to these cells is not known. 
α-MSH has been reported to increase the release of [3H]dopamine from rabbit 
retina (Bauer et al., 1980), but without specific α-MSH receptor antagonists, it is 
difficult to determine if this peptide plays a role in the light-induced activation. 
Quisqualate, a glutamate analog, stimulated in vivo tyrosine hydroxylation, an 
index of DA synthesis, in the dark-adapted rat retina (Kamp and Morgan, 1983). 
This stimulatory effect was not produced by the excitatory amino acid analogs 
kainate and /V-methyl-D-asparate. Thus, glutamate or a related compound may 
play a role in the regulation of DA-containing amacrine cells. However, excitato-
ry amino acid antagonists that specifically block the effects of quisqualate and of 
light on the dopamine neurons have not yet been identified. 

Several types of receptors have been identified that mediate inhibition of the 
DA-containing amacrine cells. As described in Section III,A, DA synthesis and 
release are modulated by a DA receptor-mediated feedback mechanism that may 
involve inhibitory autoreceptors. In addition, a2-adrenergic receptors, GABA 
receptors, and opiate receptors appear to be involved in the inhibitory input to the 
DA-containing amacrine cells. 

Radioligand-binding studies have suggested the presence in retina of a 2-adre-
nergic receptors (Bittinger £i #/., 1980; Osborne, 1982). Systemic administration 
of yohimbine, an a2-adrenoceptor antagonist, increased the activity of TH (Table 
II), the turnover of DA, and the concentration of DOPAC in retinas of dark-
adapted or light-exposed rats (Iuvone and Rauch, 1983; Hadjiconstantinou et al., 
1984a). Similar effects on TH activity and DOPAC levels were observed with 
another selective a2-antagonist, piperoxan, but not with prazosin, an α l-adre-
noceptor antagonist, or propranolol, a ß-adrenoceptor antagonist. The effect of 
the a2-adrenoceptor antagonists were apparently mediated within the retina. A 
low dose (2 nmol) of yohimbine injected into the vitreous was extremely effec-
tive in activating retinal TH (Iuvone and Rauch, 1983). The maximally effective 
dose (10 mg/kg, ip) of systemically administered yohimbine and the E C 5 0 (4.5 
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T A B L E II 

EFFECTS OF CLONIDINE AND YOHIMBINE ON RETINAL TYROSINE 

HYDROXYLASE ACTIVITY IN LIGHT AND D A R K
0 

Condition Tyrosine hydroxylase activity 

Dark 
+ Saline 4.3 ± 0.3 
+ Clonidine 4.7 ± 0.7 
+ Yohimbine 11.0 ± 1.9 
+ Clonidine and yohimbine 7.1 ± 0.8 

Light 
+ Saline 9.8 ± 0.8 
+ Clonidine 5.6 ± 0.5 
+ Yohimbine 14.4 ± 0.5 
+ Clonidine and yohimbine 11.5 ± 0.8 

a
 Dark-adapted rats injected ip with Clonidine HCl and yohimbine HCl 

45 and 30 min, respectively, prior to sacrifice either in darkness or follow-
ing 10-30 min of light exposure. Adapted from Iuvone and Rauch (1983). 

mg/kg, ip) for activating retinal TH were similar to those observed for activating 
TH in noradrenergic neurons in brain (Iuvone and Rauch, 1983), where a2-
adrenergic autoreceptors are thought to be involved in the regulation of neuronal 
firing rate (Cedarbaum and Aghajanian, 1976, 1977). Administration of Cloni-
dine, an a2-adrenoceptor agonist, inhibited the effect of yohimbine (Table II). 
Clonidine administered alone had no effect on retinal TH activity or DOP AC 
levels in darkness, but decreased these measures of dopaminergic activity in light 
(Iuvone and Rauch, 1983; Hadjiconstantinou etal., 1984a). Two other relatively 
specific a2-adrenoceptor agonists, naphazoline and oxymetazoline, were also 
effective in reducing retinal DOP AC in the light, while phenylephrine, which is 
relatively selective for αl-adrenoceptors, had no effect (Hadjiconstantinou et al., 
1984a). 

a2-Adrenoceptors have also been reported to modulate the electrical stimula-
tion-evoked release of [3H]DA from rabbit retina (Dubocovich, 1984b). Cloni-
dine, epinephrine, norepinephrine, dopamine, and apomorphine all inhibited the 
evoked release of [3H]DA. The effect of Clonidine was blocked by yohimbine. In 
contrast, the inhibitory effect of apomorphine, a DA receptor agonist, was block-
ed by DA receptor antagonists, but not by yohimbine (Dubocovich and Weiner, 
1981; Dubocovich, 1984). 

These observations provide evidence for an endogenous neurotransmitter or 
neuromodulator in the retina that acts through a2-adrenoceptors to inhibit the 
activity of DA-containing amacrine cells. The ability of a2-adrenoceptor ago-
nists to decrease retinal TH activity and DOP AC levels in light but not in 
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darkness, combined with the effectiveness of the antagonist in both conditions 
(Iuvone and Rauch, 1983; Hadjiconstantinou et al, 1984a), suggests that the 
relevant a2-adrenoceptors may be maximally stimulated by the endogenous 
ligand in the dark and only partially occupied in the light. The recent discovery 
of epinephrine-containing amacrine cells in rat retina (Hadjiconstantinou et al., 
1983, 1984b; see Section II,D) has led to the suggestion that epinephrine, which 
is a potent activator of a2-adrenoceptors (Starke et al., 1975), may be the 
endogenous ligand of these receptors (Iuvone and Rauch, 1983; Hadjiconstan-
tinou et al, 1984a). 

Enkephalin analogs and morphine have also been shown to inhibit the evoked 
release of [ 3H]DA from isolated rabbit retina (Dubocovich and Weiner, 1983). 
Naloxone, an opiate receptor antagonist, had no effect alone on [3H]DA release, 
but stereospecifically blocked the inhibitory effects of opiate peptides and mor-
phine. Thus, an endogenous opiate-like compound might influence the activity 
of dopamine-containing amacrine cells in rabbit retina. However, the possible 
involvement of an opiate system in rat retina is less clear. A high dose of 
morphine had no effect on HVA levels and produced a small increase in the 
levels of DOPAC in rat retina (Westerink and Korf, 1976; Barbaccia et al, 
1982). In contrast, morphine elicited large increases of both DOPAC and HVA 
in the corpus striatum of rat brain (Westerink and Korf, 1976b; Barbaccia et al., 
1982), and the effective dose of morphine that elicited the increase in striatal 
DOPAC was substantially lower than that required to increase DOPAC in retina. 
The ability of naloxone to block the effect of morphine on retinal DOPAC levels 
was not reported. Thus, it is not clear that the effect of morphine on retinal 
DOPAC was mediated by specific opiate receptors. 

Substantial evidence supports an inhibitory influence of GABA on the DA-
containing amacrine cells in the dark-adapted rat retina. Systemic administration 
of muscimol, a GABA receptor agonist, inhibited the light-evoked increase of 
DA turnover in retina (Morgan and Kamp, 1980). This effect was apparently 
mediated by retinal GABA receptors because intravitreal administration of 
GABA or muscimol inhibited the activation of retinal TH by light (Marshburn 
and Iuvone, 1981; Fig. 8), and the inhibitory effects of both systemically admin-
istered or intravitreally administered muscimol were blocked by the GABA 
antagonist picrotoxin. Increasing the concentration of endogenous retinal GABA 
in the extracellular space by administering inhibitors of GABA uptake and of the 
GABA-metabolizing enzyme GAB Α-transaminase also inhibited in vivo tyrosine 
hydroxylation in light-exposed retinas (Proll and Morgan, 1983). Intravitreal 
administration of the GABA antagonists bicuculline and picrotoxin (2 nmol or 
greater) activated TH and increased in vivo tyrosine hydroxylation and dopamine 
turnover in dark-adapted retinas (Marshburn and Iuvone, 1981; Kamp and Mor-
gan, 1981; Morgan and Kamp, 1983). Thus, GABA-containing amacrine cells 
appear to exert a tonic inhibitory influence on the dopamine-containing neurons 
in the dark. 
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FIG. 8. Effect of muscimol and picrotoxin on retinal tyrosine hydroxylase activity. (A) Dark-
adapted rats were injected subcutaneously with saline or picrotoxin (4 μπιοΐ/kg). Ten minutes after 
the subcutaneous injection, the subjects were injected intravitreally with saline or muscimol (0.4 
nmol) in a volume of 5 μΐ. Retinas were dissected and frozen 25 min after intravitreal injection, 
following 12-18 min of light exposure. Tyrosine hydroxylase activity was measured at 37°C in the 
32,000 g supernatant fraction of retinal homogenates (Marshburn and Iuvone, 1981). (B) Viable cell 
suspensions of dark-adapted retinas were prepared by a modification of the technique of Sarthy and 
Lam (1979). The cell suspensions were incubated for 30 min at 37°C under an atmosphere at 95% 
0 2/ 5 % C 0 2 in Ringer's solution with muscimol (1 μΜ) and picrotoxin (20 μΜ). Following incuba-
tion, the suspensions were centrifuged at 250 g to pellet the cells. The pellets were frozen, homoge-
nized, and assayed for tyrosine hydroxylase activity. Activity is expressed as pmol/min/mg protein. 
*p < 0.01. (Adapted from Iuvone and Marshburn, 1981, and unpublished data.) 

In addition to this inhibitory role of GABA, there is some evidence that 
stimulation of some GABA receptors in retina may facilitate the light-evoked 
activation of DA-containing amacrine cells (Marshburn and Iuvone, 1981). 
Dose-response studies of the effects of intravitreally administered muscimol on 
light-evoked TH activation indicated that muscimol produced a dose-related 
biphasic effect. Low doses of the GABA agonist (35 and 60 pmol) enhanced the 
light-evoked activation of TH, while higher doses (>120 pmol) were inhibitory. 
A dose of 300 pmol completely inhibited the light-evoked activation of the 
enzyme. In contrast, neither low nor high doses of muscimol influenced TH 
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activity in dark-adapted retinas. The GABA antagonists bicuculline and picro-
toxin at low doses (0 .4-0 .5 nmol) produced a small inhibition of the light-
evoked activation of the enzyme, while at higher doses they activated the enzyme 
in the dark and attenuated the further activation of the enzyme by light. 

In order to investigate the possibility that the inhibitory or the facilitatory 
actions of muscimol might be mediated by receptors located on the DA-contain-
ing neurons, dark-adapted retinas were dissociated into suspensions of viable 
cells (Marshburn and Iuvone, 1981). TH activity in these suspensions, which 
were composed largely of single cells, was higher than in dark-adapted retinas, 
suggesting that dissociation released the enzyme from a tonic inhibitory influ-
ence. Addition of muscimol over a large concentration range produced a con-
centration-dependent decrease in TH activity. Augmentation of activity was not 
observed. As was the case in vivo, the inhibitory effect of muscimol was blocked 
by picrotoxin (Fig. 8). 

These observations suggest that the dopamine-containing amacrine cells pos-
sess inhibitory GABA receptors. The significance of the apparently indirect 
facilitatory effect of muscimol is not known. Immunohistochemical localization 
of GAD- and GAB Α-containing amacrine cells in rat retina indicate that they are 
postsynaptic to bipolar cells and provide synaptic inputs to bipolar cells, to 
unlabeled amacrine cells, and to other GAD-positive amacrine cells (Vaughn et 
al, 1981). Perhaps the low doses of muscimol act preferentially at GABA 
autoreceptors involved in synapses between GABA-containing processes and act 
to decrease the release of GABA onto the DA-containing neurons. Such a mech-
anism would be plausable if GABA autoreceptors are more sensitive than are the 
GABA receptors located on the DA-containing neurons. Regardless of the mech-
anism of the facilitatory effect of muscimol, it is clear that the DA-containing 
neurons of rat retina are subject to tonic inhibition in the dark that appears to be 
mediated by synaptic input from GABA-containing amacrine cells. 

Dopamine-containing amacrine cells may also be subject to inhibition by the 
putative neuromodulator melatonin. Melatonin inhibited the stimulation-evoked 
release of [3H]DA from isolated rabbit retina in a concentration-dependent man-
ner (Dubocovich, 1983). Melatonin was remarkably potent and inhibited Ca 2 + -
dependent evoked release by 50% at a concentration of 9 pM (Fig. 9). The 
melatonin precursor N-acetylserotonin was approximately three orders of magni-
tude less potent than melatonin, while the putative neurotransmitter serotonin 
was ineffective as an inhibitor of [ 3H]DA release. Of the other related methoxy-
indoles tested, only 5-methoxytryptamine inhibited [3H]dopamine release, and it 
was substantially less potent than melatonin; 5-methoxy-7V,J/V-dimethyltryp-
tamine and 5-methoxytryptophol were inactive at the concentrations tested 
(Dubocovich, 1984c). Thus, a melatonin-like receptor appears to influence 
[3H]DA release. Melatonin may participate in the inhibition of DA-containing 
amacrine cells in the dark, when melatonin release from retinal cells is appar-
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FIG. 9. Effect of serotonin, iV-acetylserotonin, and melatonin on the spontaneous and calcium-
dependent release of [

3
H]dopamine from rabbit retina. Ordinates: (A)

 3
H-labeled overflow is the 

percentage of total tissue radioactivity released by field stimulation above the spontaneous levels of 
release. Results are expressed as the ratio obtained between the second (S2) and the first (Si) 
stimulation periods within the same experiment. The calcium-dependent release of [

3
H]dopamine 

was elicited by a 1-min period of field stimulation at 3 Hz (20 mA, 2 msec). In the controls, the 
percentage of the total tissue radioactivity released after the first 1-min period of stimulation (SO was 
1.49 ± 0.21% (n = 8). The radioactivity retained by the control tissue after 120 min superfusion was 
47.3 ± 4.8, nCi/chamber (n = 8). (B)

3
H-labeled outflow is the percentage of total tissue radioac-

tivity release in the 4-min sample preceding the second (Sp2) and the first (SpO period of field 
stimulation, expressed as the ratio S P 2 : SPj. In the controls, the spontaneous outflow calculated as 
the percentage of total tissue radioactivity released during the 4-min preceding the first period of 
stimulation (Spi) was 1.65 ± 0.13% (n = 8) and the second stimulation (Sp2) was 1.17 ± 0.14% 
(n = 8). The ratio SP 2 : SPj was 0.88 ± 0.02. Abscissas: Molar concentrations of the drugs 
(logarithmic scale). Drugs were added 20 min before S 2. Only one concentration of each drug was 
tested per experiment: O, control; # , melatonin; N-acetylserotonin; • , serotonin. Shown are 
mean values ±SEM of three to eight experiments per group. */? < 0.05; **p < 0.001 when 
compared with the corresponding control. (Reprinted from Dubocovich, 1983, by permission from 
Nature, Vol. 306, No. 5945, pp. 782-784 . Copyright © 1983 Macmillan Journals Limited.) 
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ently elevated (Yu et al., 1982). It is not known if melatonin acts directly on the 
DA-containing cells or if its actions are mediated transsynaptically through the 
release of other neurotransmitters or modulators. 

In summary, DA-containing amacrine cells have been shown to be activated 
by α-MSH and by quisqualate, a glutamate analog, and to be inhibited by DA, 
GABA, a2-adrenergic agonists, opiate receptor agonists, and melatonin. The 
effect of GABA appears to be direct and appears to provide a tonic inhibitory 
input to the DA-containing cells in the dark. The synaptic regulation of the 
dopamine-containing amacrine cells of rabbits and rats show similarities, but 
interspecies differences may also exist. 

B. Melatonin 

Knowledge of the regulation of the retinal melatonin-synthesizing cells of 
retina is still relatively scarce; in fact the retinal cell type that synthesizes 
melatonin has not been conclusively identified. Based on the histochemical 
localization of melatonin-like immunoreactivity and on the homology between 
photoreceptors and pinealocytes of some lower vertebrates, a type of photorecep-
tor is a likely candidate for the melatonin-synthesizing cells of retina (see Section 
II,A). Although there is little evidence for synaptic input to photoreceptors, 
several lines of evidence suggest that the regulation of retinal serotonin N-
acetyltransferase activity is influenced by humoral factors, possibly neurotrans-
mitters or neuromodulators. For example, the stimulation of NAT activity in 
darkness is a calcium-dependent process that may involve voltage-gated Ca 2 + 

channels, as does neurotransmitter release, and the effects of darkness are mim-
icked by increasing levels of cyclic AMP, which is a second messenger for 
several neurotransmitters and hormones (see Section III,C). Although other ex-
planations for the calcium dependency and apparent involvement of cyclic AMP 
cannot be excluded, the involvement of neurotransmitters or neuromodulators in 
NAT regulation is an attractive hypothesis. 

A candidate for a stimulatory modulator that increases NAT activity has not 
yet been identified, but the activity of the enzyme appears to be suppressed by a 
catecholamine receptor-mediated mechanism. Intraocular injection of a large 
dose (23 mg/kg) of isoproterenol, a ß-adrenergic receptor agonist, decreased 
NAT activity in chick retina (Binkley et ai, 1980). In isolated eye cups of X. 
laevis, all three endogenous catecholamines, DA, epinephrine, and norepineph-
rine, were effective in inhibiting the dark-induced increase of retinal NAT ac-
tivity when present in the incubation medium at a concentration 50 μΜ (Besharse 
etal, 1984; Table III). Tests with a low concentration (1 μΜ) of several agonists 
that are selective for different types of catecholamine receptors indicated that 
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only the dopamine receptor agonists were effective in suppressing the stimulato-
ry effect of darkness; selective agonists of a r , a 2- , and ß-adrenergic receptors 
were without effect (Iuvone and Besharse, 1986c; Table III). In addition, the DA 
uptake inhibitor benztropine was an effective inhibitor of the dark-induced stim-
ulation of enzyme activity, presumably by raising the extracellular concentration 
of endogenous DA. 

Concentration-response studies indicated that exogenous DA inhibited the 
stimulation of NAT activity in eye cups by 50% at a concentration of approx-
imately 0.3 μΜ. In contrast, addition of 100 μΜ DA to retinal homogenates had 
no effect on NAT activity, indicating that the catecholamine does not directly 
inhibit the enzyme. This observation, coupled with the pharmacological specific-
ity of the response, suggests the involvement of a dopamine receptor in the 
inhibition of the dark-dependent increase of the enzyme in retina. 

Pharmacological studies to characterize the subtype of dopamine receptor 
involved in the regulation of NAT suggest that the effect of dopamine is medi-
ated by a D 2 dopamine receptor (Iuvone, 1986). LY171555, a selective D 2 

receptor agonist, inhibits the dark-dependent increase of retinal NAT activity, 
with half-maximal inhibition at 75 nM. In contrast, SKF38393, a D, receptor 
agonist, had no effect on NAT activity at 1 μΜ. Furthermore, the effect of 
dopamine on NAT activity was antagonized by spiroperidol, a D 2 receptor 
antagonist, but not by SCH23390, a Dj receptor antagonist. 

The effects of DA on the stimulation of NAT activity by dibutyryl cyclic AMP 

TABLE III 

INHIBITION OF THE DARK-INDUCED STIMULATION OF RETINAL SEROTONIN 

N-ACETYLTRANSFERASE BY CATECHOLAMINES AND RELATED D R U G S " 

Drug Mechanism 
Percentage 
inhibition 

Dopamine, 50 μΜ 92* 
Norepinephrine, 50 μΜ — 70* 
Epinephrine, 50 μΜ — 70* 
Apomorphine, 1 μΜ Dopamine receptor agonist 94* 
Bromocriptine, 1 μΜ Dopamine receptor agonist 67* 
Phenylephrine, 1 μΜ a)-Adrenoceptor agonist 0 
Clonidine, 1 μΜ a2-Adrenoceptor agonist 0 
Isoproterenol, 1 μΜ ß-Adrenoceptor agonist 17 
Benztropine, 0.1 mM Dopamine uptake inhibitor 76* 

a
 Eye cups were cultured for 6 hr beginning at the time of light offset. Data are 

expressed as percentage inhibition of the increase in activity that occurred in controls 
cultured in the dark. Each group had four to five eye cups. 

* Significant inhibition, *p < 0.01. 
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and by IBMX in eye cups incubated in light were also examined (Iuvone, 1986). 
DA was found to be effective in blocking the stimulatory effect of the phos-
phodiesterase inhibitor IBMX, which presumably is mediated by accumulation 
of endogenously synthesized cyclic AMP. However, DA had no effect on the 
increase in activity elicited by dibutyryl cyclic AMP. Thus, the effect of 
dopamine on NAT activity appears to be mediated by a decrease in cyclic AMP 
formation. Whether this effect of DA is produced by a direct interaction with DA 
receptors on the melatonin-synthesizing cell or through a transsynaptic mecha-
nism is not known. There is no evidence for synaptic input to photoreceptors 
from DA-containing neurons, making a direct interaction seem unlikely. Howev-
er, the possibility that dopamine diffuses through the extracellular space to its 
site of action should not be overlooked. It is noteworthy that DA is effective at 
blocking the effect of IBMX in medium from which C a 2 + has been omitted to 
block synaptic transmission. The functional role of DA in the regulation of 
serotonin N-acetytransferase activity is unknown. As described above, light 
suppresses the nocturnal rise in enzyme activity and appears to activate dopamine 
neurons. Perhaps dopamine mediates the inhibitory effect of light. 

V. Cellular and Morphological Effects of Neurotransmitters 
and Neuromodulators 

The effects of neurotransmitters and neuromodulators are generally thought of 
in terms of changes in the electrical activity of single cells, usually through the 
opening or closing of selective ion channels in the neuronal plasma membrane. 
However, recent studies on first- and second-order retinal neurons indicate that 
transmitters and modulators may also elicit morphological changes in neurons 
that influence their function in the system. This section will deal with a few 
examples of the effects of putative neurotransmitters and neuromodulators on 
cellular structure and function, including studies on cone photoreceptor move-
ment, outer segment membrane turnover of rod photoreceptors, and the regula-
tion of gap junctions between horizontal cells. 

A. Cone Retinomotor Movement 

In retinas of several lower vertebrate species, cone photoreceptors elongate at 
night and contract during the day, presumably to position the photosensitive 
membrane for optimal function in dim or bright light (see Burnside, Part I for a 
detailed discussion of the mechanism and regulation of cone movement). These 
retinomotor movements persist in constant darkness, indicating regulation by a 
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circadian clock (Welsh and Osborne, 1937). In the sunfish retina, cone move-
ment has been shown to be influenced by intraocular injection of catecholamines 
(Dearry and Burnside, 1984). Intraocular administration of DA or epinephrine 
caused cones in the dark-adapted retina to contract. DA also inhibits cone 
elongation induced by forskolin and IBMX in isolated cultured retinas (Dearry 
and Burnside, 1985). 

The regulation of cone retinomotor movements in isolated Xenopus eye cups 
also is influenced by DA (Pierce et al., 1984; Pierce and Besharse, 1985). In 
addition, there is evidence for the involvement of melatonin and GABA recep-
tors. Frogs were exposed to constant light for 4 days to abolish the rhythm of 
melatonin biosynthesis. When eye cups prepared from constant-light-treated 
frogs were incubated for 3 hr in darkness their cones elongated and were more 
than twice the length of cones in eye cups that were incubated for 3 hr in light 
(Table IV). Addition of DA to the incubation medium prevented the elongation 
in darkness, and thus mimicked the effect of light (Table IV). Dopamine addition 
following preincubation in the dark, when cones were already partially elon-
gated, caused the cones to contract. 

Addition of melatonin to eye cups incubated in the light mimicked the effect of 
darkness, i.e., cone elongation (Table IV). Dopamine also inhibited the mela-
tonin-induced elongation. Based on the observation that melatonin inhibited 
retinal DA release and decreased the concentration of DOP AC (Dubocovich, 
1983; Pierce et al., 1984), it has been suggested that melatonin may produce its 

T A B L E I V 

E F F E C T S O F D O P A M I N E , M E L A T O N I N , A N D M U S C I M O L O N C O N E 

R E T I N O M O T O R M O V E M E N T S
0 

Cone length 
Conditions Additions (% dark control) 

Dark 100 
Light 4\b 

Dark Dopamine, 50 μΜ 45
 b 

Light Melatonin, 0.5 μΜ 80' 
Light Melatonin + dopamine AA

d 

Light Muscimol, 50 μΜ 95 <· 
Light Muscimol + dopamine 4\j 

a
 Eye cups were prepared from constant-light-treated X. laevis and were 

incubated for 3 hr under the conditions indicated. 
b
 ρ < 0.01 vs dark control. 

c
 ρ < 0.01 vs light control. 

d
 ρ < 0.01 vs same condition without dopamine. 
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effect on cone length by preventing the action of endogenous DA (Pierce et al., 
1984). 

In addition to melatonin, the GABA receptor agonist muscimol was observed 
to stimulate cone elongation in light-exposed eye cups, and, similarly the mus-
cimol-induced elongation was inhibited by DA (Table IV). Muscimol appears to 
be an inhibitor of DA-containing neurons of retina (see Section IV,A). Thus, 
muscimol, and possibly endogenous GABA, may influence cone movement by 
modulating the release of DA. Alternatively, DA may directly block the postsyn-
aptic or transsynaptic actions of muscimol on the cones or other cells that com-
municate with them. 

B. Rod Outer Segment Disk Shedding 

Membrane turnover of rod outer segments is a complex process that involves 
disk assembly at the base of the outer segment, displacement of the disks distally 
by newly formed disks, and finally shedding of the distal tips of the outer 
segments and their phagocytosis by the retinal pigment epithelium (see Besharse, 
Part I, for a review of these processes). The final process of rod disk shedding 
and phagocytosis occurs in the early morning shortly after light onset (LaVail, 
1976). It has been suggested that changes in the threshold of the rod ERG 
observed in humans at this time may reflect this process (Birch et al., 1984). In 
retinas of several vertebrates, including rat and Xenopus, rod disk shedding is a 
circadian process that occurs in constant darkness and is blocked by constant 
light (LaVail, 1976; Besharse etal., 1977). In cyclic light, disk shedding appears 
to require processes that occur during darkness and is subsequently triggered by 
light onset (reviewed in Besharse, 1982). Disk shedding and the regulation of 
melatonin biosynthesis are similar in that they both are rhythmic and are influ-
enced in the same manner by alterations in the light-dark cycle. 

Addition of melatonin to isolated eye cups can stimulate disk shedding (Be-
sharse and Dunis, 1983). Light-evoked disk shedding in eye cups prepared from 
Xenopus that had been maintained on a regimen of 12 hr light-12 hr dark was 
activated by melatonin (Besharse and Dunis, 1983; Besharse et al., 1984; Fig. 
10). Melatonin-activated shedding required preincubation with the methoxyin-
dole in the dark prior to the stimulation of shedding by light. In addition, 
melatonin mimicked the effect of darkness in stimulating shedding in eye cups 
from constant-light-treated frogs (Besharse and Dunis, 1983). 5-Methoxy try p-
tophol and 6-chloromelatonin were also effective in stimulating disk shedding, 
but the melatonin presursors serotonin and jV-acetylserotonin were not. Initial 
studies in which media contained the solvent dimethylsulfoxide (DMSO) and no 
antioxidants suggested that 5-methoxytryptophol was more potent than mela-
tonin (Besharse and Dunis, 1983). However, it was subsequently noted that 
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FIG. 10. Activation of disk shedding by melatonin. Eye cups were prepared in red light from X. 
laevis before light onset and were preincubated for 45 min before light treatment for 2.5 hr. Open 
bars represent samples cultured in normal medium (Besharse and Dunis, 1983), and stippled bars 
indicate normal medium supplimented with 10 μΜ ascorbic acid and various concentrations of 
melatonin (expressed as micromolar). Disk shedding was evaluated by counting large phagosomes 
within the retinal pigment epithelium (RPE) as described by Besharse et al. (1980). These pha-
gosomes represent rod outer segments tips that were shed and internalized by the RPE. *p < 0.05. 
(Reproduced from Besharse et al., 1984, with permission from Federation Proceedings, Federation 
of American Societies for Experimental Biology. ) 

melatonin was a significantly more potent activator of disk shedding in medium 
containing ascorbic acid, but lacking DMSO (Besharse et al., 1984). These 
observations suggest that melatonin or a closely related compound may play a 
role in the regulation of disk shedding. 

Light-evoked shedding may also be influenced by inner retinal transmitters or 
modulators. Disk shedding in vitro appears to require millimolar concentrations 
of calcium (Greenberger and Besharse, 1983), possibly to support the release of 
a mediator. In addition, Basinger and Gordon (1982) noted that stimulation of 
small areas of the retina with light elicited a shedding response that was uniform 
throughout the retina and considered the presence in retina of a "diffusable 
factor" as a possible initiator of shedding. To examine the possible involvement 
of the inner retina, the ability of aspartate to block light-evoked shedding was 
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investigated (Heath and Basinger, 1983). The use of aspartate was based on the 
rationale that because the amino acid abolishes the b wave of the ERG (Furakawa 
and Hanawa, 1955), it isolates photoreceptor activity from that of the inner 
retina. Aspartate did not abolish light-evoked shedding and it was suggested that 
synaptic activity in the inner retina is not necessary for shedding to occur (Heath 
and Basinger, 1983). However, aspartate and glutamate were later found to 
stimulate shedding (Greenberger and Besharse, 1985). The glutamate analog 
kainic acid was also a potent activator of disk shedding. These excitatory amino 
acids produced morphological signs of neurotoxicity in the inner retina, but no 
morphological effects on the photoreceptor-pigment epithelial complex were 
observed, other than the apparent increase in shedding. Although direct effects 
on the photoreceptor or pigment epithelium cannot be excluded, the observations 
raise the possibility that shedding may be stimulated by these amino acids as a 
consequence of their action on the inner retina. 

C. Horizontal Cell Gap Junctions 

Horizontal cells in retinas of lower vertebrates are electrotonically coupled 
(Naka and Rushton, 1967; Kaneko, 1971; Kaneko and Yamada, 1972; Simon, 
1973). The electrical coupling is probably mediated by gap junctions that have 
been observed between horizontal cells of the same subclass (Witkovsky et al., 
1979). The functional connectivity of horizontal cells by gap junctions is also 
supported by the movement of intracellularly injected dye from injected horizon-
tal cells to neighboring horizontal cells, a phenomenon termed "dye coupling" 
(Stewart, 1978), and by a correlation between the extent of dye coupling and the 
spatial properties of horizontal cells (Piccolino et al., 1982; Teranishi et al., 
1983). 

Recently, it has become apparent that electrical coupling resistance and dye 
coupling between horizontal cells may be modulated by neurotransmitters or 
neuromodulators. Bicuculline and picrotoxin, GABA antagonists, have been 
shown to contract the receptive field profile of large-field horizontal cells in 
turtle retina (Piccolino et al., 1982). The effect of the GABA antagonists on 
receptive field properties was not accompanied by any significant change in the 
dark membrane potential of the horizontal cells, but was associated with an 
apparent increase in coupling resistance. GABA had an effect on receptive field 
that was opposite to that of the antagonists. GABA antagonists also caused a 
dramatic reduction in the diffusion of intracellularly injected Lucifer yellow 
between horizontal cells, but did not restrict diffusion of the dye within the 
injected cell. These observations are consistent with the hypothesis that endoge-
nous GABA functions at least in part to regulate the receptive field properties of 
horizontal cells by increasing the coupling between cells via gap junctions. 
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As described above (Section ΙΙ,Ε), DA-containing interplexiform cells modu-
late the receptive field properties of cone-driven horizontal cells in fish retina. 
Dopamine application contracted the receptive field, while treatment with 6-
hydroxydopamine, which causes the DA-containing interplexiform cells to de-
generate, increased receptive field size (Negishi and Drujan, 1979a; Teranishi et 
al, 1983; Cohen et ai, 1983). The effects of DA on the receptive field proper-
ties were correlated with increases of membrane and coupling resistances (Laufer 
and Salas, 1981) and may be mediated by gap junctions. Lucifer yellow injected 
into a horizontal cell of control retinas spread into several cells (Teranishi et al., 
1983). However, following application of DA the dye was confined within a 
single cell. In contrast, the dye spread to a greater number of cells in 6-hy-
droxydopamine-treated retinas than in controls. 

Haloperidol blocked both the DA-mediated receptive-field contraction and the 
elimination of dye coupling (Teranishi et al., 1983), suggesting the involvement 
of dopamine receptors. DA receptors on horizontal cells are linked to adenylate 
cyclase (Van Buskirk and Dowling, 1981), and the effects of DA on horizontal 
cell coupling may be mediated by cyclic AMP. Application of dibutyryl cyclic 
AMP and IBMX had similar effects to DA on the spatial properties of horizontal 
cells and on dye coupling (Teranishi et al., 1983). Thus, DA may alter the spatial 
properties of horizontal cells through a cyclic AMP-dependent mechanism that 
involves uncoupling gap junctions. 

These examples illustrate that neurotransmitters and neuromodulators, in addi-
tion to their role in chemical synaptic transmission between cells, may also 
influence intercellular communication by altering electrotonic coupling of cells 
via gap junctions. 

VI. Concluding Remarks 

This review has summarized the current evidence that various putative neuro-
transmitters and neuromodulators function in the different cell types of the verte-
brate retina. Many compounds that have been proposed to be transmitters or 
modulators in other parts of the central nervous system have been identified in 
amacrine cells, and excitatory amino acids may be transmitters in some pho-
toreceptor, bipolar, and ganglion cells. However, putative transmitters have not 
been identified for many cell subtypes, including most subclasses of horizontal 
cells in submammalian vertebrates and all subclasses of horizontal cells in mam-
mals. The number of putative transmitters and modulators identified in retina has 
increased dramatically in the last few years, and it is anticipated that more will be 
identified in the near future. The use of isolated cell types, such as isolated 
horizontal cells, should prove useful in the identification of new transmitter 
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candidates that might be overlooked using more complex systems. Studies have 
also been reviewed that examine the interactions of transmitter and modulator 
systems and the approaches that can be taken to examine direct and polysynaptic 
interactions and regulatory mechanisms involved in synaptic transmission. 

Recent work conducted on the biology of intercellular communication in the 
retina suggests that chemical mediators may act in several ways to influence the 
flow of information through the system. Transmitters and modulators can appar-
ently influence membrane turnover, cellular motility, gap junctions, and perhaps 
other cellular events that are important in the reception and transfer of informa-
tion. 
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I. Introduction 

To many biologists, psychophysics might appear to be a cryptic discipline that 
is protected from the unwashed by an impenetrable shield of eponyms, laws, and 
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mathematical models. To other biologists, who fail to be impressed or intimi-
dated by these deterrents, psychophysics might seem to be a 4 4soft science," a 
discipline that concerns itself with "subjective" phenomena rather than the hard 
"objective" stuff of the biological sciences. Although it is true that psycho-
physicists must solicit the cooperation of their experimental subjects in order to 
study the properties of vision, psychophysical observations are no less empirical, 
objective, or reproducible than other biological observations. There are inherent 
limitations, however, and probably more so than other aspects of biology, psy-
chophysics leans heavily on theory to understand observed phenomena. 

The major limitation of vision psychophysics is inherent in the fundamental 
question being addressed, "How do we see?" Seeing, or vision, is a personal, 
subjective, and private phenomenon about which each of us has knowledge only 
through our own experience and introspection. Vision is strictly a mental event, a 
phenomenon of the mind that has no physical properties. Thus, vision per se is 
not a proper subject of the physical sciences; it is a subject that falls within the 
purviews of psychology and philosophy. Only solipsists would deny that external 
and internal physical events play a crucial role in determining our visual experi-
ences. However, vision, the phenomenon of interest, is inaccessible to public 
measurement and the only way we can obtain information about vision is to ask 
the experimental subject to describe or act on the basis of what is seen. Thus, the 
so-called subjective aspect of psychophysics is a necessary part of the science. 
Vision cannot be studied any other way because vision, by its nature, is not 
measurable in the traditional sense. 

It is now taken for granted that the retina and the brain are responsible for 
transducing light into vision. This assumption, which we call psychoneural 
congruency, provides the basis for drawing conclusions about retinal cell func-
tion from psychophysical studies. By employing appropriate physiological-psy-
chophysical linking hypotheses (Brindley, 1970), we can study cell system be-
havior in vivo using noninvasive techniques. The purpose of this article is to 
introduce vision psychophysics to the cell biologist and show how psychophysics 
can be used to study the functioning of cells in the retina. 

II. The Systems Approach of Psychophysics 

Psychophysics approaches the study of vision as an input-output problem (see 
Massof and Bird, 1978; Bird and Massof, 1978). That is, the input, light, is 
manipulated in order to determine its effect on the output, vision; the information 
obtained is used to deduce the properties of the visual system. Thus, psycho-
physics treats the visual system like a "black box . " The aim of psychophysics is 
to understand and describe the logic of that black box, rather than to understand 
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and describe its structure. Necessarily, the logic of the visual system is repre-
sented and modeled mathematically. To make sense out of psychophysics, it will 
be necessary to venture somewhat into the mathematics. However, to be merciful 
we will take a predominantly intuitive approach in this presentation. 

A. Inputs, Outputs, and Black Boxes 

Light is the input to the visual system, but light alone is not enough. To be an 
effective stimulus to vision, light must be absorbed by the visual pigments 
located in the outer segments of the photoreceptors. There are two major types of 
photoreceptors in the human retina, the rods and the cones. The rods contain the 
visual pigment rhodopsin, and the cones contain one of three different cone 
visual pigments (see Boynton, 1979). One cone pigment, which we will call the 
S pigment, absorbs light maximally in the short wavelengths (A. m ax ~ 440 nm). 
The second cone pigment, which we will call the M pigment, absorbs light 
maximally in the middle wavelengths ( X m ax ~ 530 nm). The third cone pigment, 
which we will call the L pigment, absorbs light maximally in the long wave-
lengths ( X m ax « 570 nm). 

Light is quantal in nature, and one quantum absorption is sufficient to pho-
toisomerize a visual pigment molecule and activate the chain of neural events 
leading to vision (Hecht et al, 1942). To specify the number of light quanta that 
will be absorbed by the visual pigment, we simply multiply the number of 
incident quanta at each wavelength by the absorption coefficient of the photopig-
ment at the respective wavelength. The number of incident quanta can be spec-
ified by the light energy at each wavelength, Px. The absorption coefficients of 
the photopigments at each wavelength are specified as LK, Mx, and Sx for the 
long- , middle- , and short-wavelength-sensitive cone pigments, respectively, 
and Rx for rhodopsin. Thus, for example, the total quanta absorbed by the L 
pigment, ß L , integrated over the spectrum, would be specified as 

The distribution of light energy will vary spatially and temporally over the 
retinal image. That is, spectral light energy is a function of space (x,y) and time 
(0, i.e., Px(t,x,y). The spectral absorption coefficients of the photopigments also 
may vary with retinal position (x,y) and, because of pigment bleaching and 
regeneration, the absorption coefficients also may vary with time (r). Thus, with 
both light energy and photopigment absorption coefficients depending on space 
and time, the total quantum absorptions (integrated over wavelength) will be 
dependent on space and time 

(1) 
ο 
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Ô L (t,x,y) = j PK{t,x,y) LK(t,x,y) dk (2a) 
ο 

oo 

QM(t,x,y) = j PK(t,x,y) MK(t,x,y) dk (2b) 
ο 

oo 

Qs(*.x.y) = / Px(*>x.y) SK(t,x,y) dk (2c) 
0 

QR(t,x>y) = / Px(t,x,y) Rx(t,x,y) dx (2d) 
ο 

for the L, M, and S cone pigments and rhodopsin, respectively. 
The advantages of Eqs. (2a)-(2d) is that the input to the visual system is made 

explicit in terms of the spatiotemporal distribution of the light energy in the 
retinal image and the absorption spectra of the visual pigments. Although these 
equations provide a compact and complete notation for specifying the visual 
stimulus, we can be even more succinct by recognizing that a given distribution 
of light energy in the retinal image will give rise to a set of quantum absorptions. 
Thus, the input to the visual system can be summarized with the vector field 
notation1 (Fig. 1) 

Q(t,x,y) = IQ&x.y), QM(t,x,y), Qs(t,x,y), QR(t,x,y)] (3) 

where the vector function Q(t,x,y) simply refers to the quantum absorptions 
occurring in a set of visual pigments as a function of space and time. 

Turning to the other end of the problem, the output of the visual system is 
visual sensation. The objects we claim to see actually are not objects at all, but 
are patches of colors and brightness. Indeed, all of our visual experience can be 
reduced to the abstract concept of color and brightness varying over space and 
time. Spatial variations in color and brightness are responsible for our percep-
tions of shape and form; temporal variations in color and brightness are responsi-

1
The term "vector field" is jargon designed to obfuscate an otherwise very simple concept. The 

"field" part of the term is what you might expect—a cornfield is a good example. The term 
"vector" simply means that there are components that can be independently manipulated. Anytime a 
system has components that can be independently manipulated the system can be represented geo-
metrically, as illustrated in Fig. 1 A. Each axis on the diagram represents a different component of the 
system. A set of values of the components will determine a unique direction and magnitude of a 
resulting vector in that diagram. Thus, a vector field is simply a field in which each point can be 
represented by a vector. If we were to specify the height, color, and number of worms for each 
cornstalk, we would be talking about a "vector cornfield." In the more general sense, fields need not 
be specified by only spatial coordinates; any variables, including time, will do. 
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F I G . 1. (A) Three-dimensional vector space representing quantum absorptions among the three 
cone types. One dimension corresponds to the quantum absorptions in the L cone, <2L, a second 
dimension corresponds to the quantum absorptions in the M cone, QM, and the third dimension 
corresponds to quantum absorptions in the S cone, Qs- (The quantum absorptions in the rods would 
be represented by a fourth dimension.) Any particular light stimulus would produce some combina-
tion of quantum absorptions among the three cone types that can be summarized by the resulting 
vector, Q. The direction of the vector would be determined by the spectral composition of the light 
and the length of the vector would be determined by the intensity of the light. (B) Three-dimensional 
vector space representing the components of visual sensation (the fourth component is shown in C). 
One dimension, V r g, corresponds to "red" for positive values and corresponds to "green" for 
negative values. A second dimension, Vyh, corresponds to "yellow" for positive values and corre-
sponds to "blue" for negative values. A third dimension, V w, corresponds to "white" and is only 
positive. "Black" is represented by a fourth positive dimension (C). Every visual sensation can be 
described in terms of some amount of "red" or "green," some amount of "blue" or "yellow," 
some amount of "white," and some amount of "black" (C). Thus, each visual sensation can be 
represented in a four-dimensional space by a vector V, whose direction corresponds to color and 
whose length corresponds to brightness. Color is decomposed into hue, saturation, and lightness 
which are represented by the angles η , δ, and λ (C), respectively. 
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ble for our perceptions of motion and change. Thus, color and brightness and 
their spatial and temporal dependence may be regarded as the elementary blocks 
out of which all of vision is built. 

Brightness cannot be reduced to more elementary concepts, since it is simply a 
description of the strength of visual sensation. Color, on the other hand, is a 
complex component of visual experience that can be reduced to simpler catego-
ries, namely, hue, saturation, and lightness. Hue refers to the primary chromatic-
ness of a color. For example, red and green differ in hue; red and pink do not. 
Saturation refers to the difference of a color from white. For example, baby blue 
is less saturated than royal blue, pink is less saturated than red; also, cutting 
across hue, pink is less saturated than royal blue. Lightness refers to the dif-
ference of a color from black. For example, yellow is lighter than brown and 
kelly green is lighter than olive (see Boynton, 1979; Hurvich, 1981). 

Another way to specify color is to reduce it to elemental color names. All hues 
can be expressed as combinations of red, yellow, green, and blue. For example, 
lime green can be described in terms of yellowish-green, purple in terms of 
reddish-blue, aqua in terms of greenish-blue, and orange in terms of yellowish-
red. Red and green are mutually exclusive sensations—we cannot experience 
reddish-green or greenish-red. Blue and yellow also are mutually exclusive sen-
sations—we cannot experience bluish-yellow or yellowish-blue. These two pairs 
of mutually exclusive hues are called opponent colors (Hurvich, 1981). 

Red, green, blue, and yellow are regarded to be elemental sensations; we 
cannot describe these sensations in simpler terms. Two other elemental sensa-
tions are white and black. Although white and black are often thought of as 
opposite, they are not mutually exclusive. For example, gray can be described as 
whitish-black (Heggelund, 1974). Because white and black are not hue names, 
they are called the achromatic colors. 

The six elemental colors vary in space and time to make up the visual scene 
that we experience. However, the space and time that are used to describe visual 
sensations are not the same as physical space and time. Rather, they are sensory 
space and time, that is, coordinates that describe the ordering of sensory events. 
As far as we know, sensations per se do not necessarily occupy any physical 
space. To make the distinction between physical space and time and sensory 
space and time explicit, we employ the notation t, x, y for physical coordinates 
and t', x', y' for sensory coordinates. 

At this point, we are skirting the edge of the mind-body problem, a topic that 
makes many of us uncomfortable when brought up in a serious scientific dis-
course. Most biologists enjoy the luxury of not having to deal with this issue, but 
for the psychophysicist, the problem must be squarely addressed. By necessity, 
and namesake, psychophysics must be dualistic in its approach. The input to the 
visual system is clearly physical, but the relevant output can be described only in 
psychological terms. To avoid nonproductive parlor room debates, the problem 
is converted to a mathematical one: visual sensation is treated as a vector field. 
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Each of the elementary color names makes up a component of visual sensa-
tion. Since red and green are mutually exclusive, they can be regarded as op-
posite poles of a single bipolar visual sensation component we will call Vrg. 
Similarly, the mutually exclusive yellow and blue elemental sensations can be 
regarded as opposite poles of a single bipolar visual sensation component we will 
call Vyb. The elemental colors of white and black each would be represented by a 
monopolar visual sensation component, Vw and Vbk, respectively. Using these 
visual sensation components as orthogonal axes, visual sensation at a given 
instant and point could then be represented geometrically as shown in Fig. IB 
and C. That is, visual sensation is represented by the vector V with components 
V w, V r g, V y 5, and Vbk. Referring to Fig. 1, hue would correspond to the angle η , 
saturation to the angle δ, lightness to the angle λ, and brightness to the vector 
magnitude |V|. 

Each of the visual sensation components is a function of sensory space (x' ,y') 
and sensory time (ί ') . Thus, there would be a sensory vector V for each point of 
sensory space and each instant of sensory time. That is, the visual sensation 
vector is a function of sensory space and time 

W,x',y') = [VJt',x',y'), Vbk(t',x',y'), V(t\x\y'), Vyb(t
f,χ',y')] (4) 

Equation (4) is the notation for the vector field that represents the visual system 
output, visual sensation. 

The input to the visual system, the set of quantum absorptions denoted by Eq. 
(3), is a vector field, and the output of the visual system, the set of visual 
sensation components denoted by Eq. (4), is a vector field. Thus, mathematically 
we may think about the visual system in terms of the operations required to 
transform the quantum absorption vector field into the visual sensation vector 
field. A function transforms one set of numbers into another set of numbers, 
whereas an operator transforms one set of functions into another set of functions. 
Since the visual system is transforming one set of functions, Eq. (3), into another 
set of functions, Eq. (4), we can substitute a mathematical black box for the 
visual system. That is, the visual system is thought of in terms of a set of 
operators. To remind us that these operators are stand-ins for the physiologic 
operations of the visual system, we employ the notation Φ· 

Since visual sensation is represented by a vector field, there will be an operator 
that transforms the entire visual system input, the quantum absorption vector 
field, into each vector component of visual sensation. In mathematical notation, 

ν^ί',χ',γ') 

Vyb(t',x',y') 

<IUQ(^30] 

<ï>rg[Q(^,y)] 

Φνΐ,Κΐί'^)] (5d) 

(5b) 

(5c) 

(5a) 
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where Q(t,x,y) is the quantum absorption vector field defined by Eq. (3) and 
Vw(t',x

r,y')> Vbk(t'>x'>y')> e t c- a re t ne vi s u a^ sensation vector components that go 
into defining the visual sensation vector field; there is a separate operator on 
Q(t,x,y) for each visual sensation component. Thus, the visual system black box 
can be represented by a set of operators, 

For the psychophysicist, the entire problem of vision can be summarized by 
one simple equation derived from the above arguments, 

which, in words, says that the space- and time-dependent components of visual 
sensation are equivalent to a set of operations on the space- and time-dependent 
components of light absorption in the visual pigments. Equation (7) not only 
obviates the mind-body problem, it also provides a compact notation for the most 
basic assumptions of visual science. However, Eq. (7) provides only a framework; 
it is the task of psychophysics to give substance to the theory by building and 
experimentally testing mathematical models of the physiological operators Φ . 

B. Linking Neural Cellular Behavior to 
Psychophysical Phenomena 

A guiding principle in linking psychophysical measures of vision to the prop-
erties of cells in the visual system is the concept that visual performance reflects 
the performance of visual system cellular components. Teller formalizes this 
concept by introducing psychophysical "linking propositions" (Teller, 1984). 
These propositions consist of categories of arguments that link psychophysical^ 
measured phenomena to physiologically measured cell behavior. The five major 
linking propositions elucidated by Teller are Identity, Similarity, Mutual Ex-
clusivity, Simplicity, and Analogy. 

The Identity proposition is perhaps the strongest argument for linking psycho-
physical phenomena to cell behavior. The Identity proposition states that stimuli 
that produce identical physiological responses produce identical sensations, or 
the converse, that identical sensations imply identical physiological responses at 
some level of neural processing. All experiments in which the observer is asked 
to report whether stimuli appear to be identical or appear to be different (i.e., 
threshold and discrimination experiments, which will be described later) are 
interpreted in terms of the Identity proposition. 

The Similarity proposition asserts that similar physiological responses will 

Φ = ΓΦ Ou, Φ Φ J (6) 

W,x',y') = ΦΚΧί,χ,γ)] (7) 
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produce similar visual sensations, or the converse, that similar visual sensations 
imply similar physiological responses. The Mutual Exclusivity proposition 
makes the same assertions about the relationship between mutually exclusive 
sensations and mutually exclusive physiological responses. The Simplicity prop-
osition asserts that simple neural states will result in simple sensations, and the 
converse implication. Similarity, Mutual Exclusivity, and Simplicity proposi-
tions are related to each other in that they all refer to the linking of visual 
sensation components to putative corresponding neural components. In a sense, 
these three propositions underlie the linking of physiological responses of cells to 
the physiological operators of Eq. (6). 

The Analogy proposition is perhaps the most used proposition in vision psy-
chophysics and, logically, it is perhaps the weakest proposition in vision psycho-
physics. The Analogy proposition asserts that if data from physiological studies 
4'look l ike" data from psychophysical studies, then the physiological phe-
nomena explain the corresponding psychophysical phenomena. That is, if the 
results of physiological studies of neural cellular behavior can be mapped onto 
the results of psychophysical studies of visual sensation, or the converse, then we 
tend to believe that the particular cellular behavior determines the corresponding 
properties of visual sensation. As discussed in detail by Teller, such a belief 
entails many other subsidiary beliefs, most of which are not made explicit by the 
theorist employing the Analogy proposition. Although the Analogy proposition 
is a powerful tool for developing models of the physiological operators in Eq. 
(6), care must be taken not to rely literally upon conclusions drawn from such 
reasoning without other supporting arguments for establishing the linking. 

In principle, psychophysics is not formally concerned with the linking of 
visual sensation to physiological measures. Rather, psychophysics is concerned 
with deducing the operations required to explain the observed input-output 
relationships. However, physiological measures provide a rich source of hypoth-
eses for modeling the physiological operators, and consequently linking proposi-
tions are of constant practical concern to psychophysicists. From the other point 
of view, physiologists who study the visual system with the aim of explaining the 
substrate of vision are working on a problem that requires them to employ linking 
propositions to explain how visual sensation depends upon the observed physio-
logical phenomena. In this case, psychophysics provides the data base and the 
mathematical laws and models that constrain the physiologist's explanations. For 
example, to explain properties of color vision in terms of ganglion cell behavior, 
the physiologist must be concerned with the mutual exclusivity of the opponent 
colors, the simplicity of the elemental colors, and the space-time field nature of 
visual sensation, not to mention the various empirical laws. Most importantly, 
the physiologist must offer some suggestion on what the relevant signal from the 
cell under study is (e.g., spike frequency) and how that signal is mapped onto the 
sensory components. 
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C. Mathematical Models of the Physiological Operators 

The most heavily relied-upon data in vision psychophysics are the results of 
visual threshold and visual discrimination measures. 2 These measurements, 
called class A measurements by Brindley (1970), require the observer to report 
that presented stimuli appear identical or that they appear different in the case of 
discrimination studies or to report the presence or absence of stimuli, in the case 
of threshold studies. All class A experiments require the observer to detect a 
perturbation. As with many other dynamic systems, the visual system tends to 
respond linearly to small perturbations, like the perturbations typically employed 
in threshold and discrimination studies (Massof, 1985). 

If we consider the situation in which a steady and spatially uniform stimulus is 
imaged on the retina, the stimulus will produce a set of quantum absorptions in 
photoreceptors that we will call Q. Assuming the receptor spectral sensitivities 
do not change over the space and time of interest, Q will be space-time constant; 
i.e., Q will be a set of numbers rather than a set of functions of space and time. If 
the physiological operations are invariant over the space and time of interest, 
then we expect the resulting set of visual sensations V also to be steady and 
spatially uniform. That is, under these circumstances, V also can be thought of as 
a set of numbers rather than as a set of functions of space and time. In this case, 
the physiological operators may be regarded as transforming one set of numbers 
into another set of numbers, which is the description of a function. Therefore, we 
may replace the operator notation of Eq. (7) with a simple functional notation 

where f( ) refers to a set of functions that describes the behavior of the set of 
physiological operators under the constraints of steady and uniform stimulation 
leading to steady and uniform visual sensations. The forms of the functions will 
depend on the spatial parameters of the stimulus. 

In the case of a discrimination experiment, the observer is asked to report 
when the sensations produced by one stimulus, say Q p no longer appear identi-
cal to the sensations produced by a reference stimulus, say Q0. Using Eq. (8), the 
first stimulus will produce the set of visual sensations \ x and the reference 
stimulus will produce the set of visual sensations V0. The difference between 
these sensations, which forms the basis for the observer's judgment, is 

2
Threshold refers to the "threshold of visibility." For example, absolute threshold is defined as 

the lowest stimulus energy that produces a visual sensation. Discrimination refers to a "just notice-
able difference" between stimuli. For example, color discrimination is the smallest difference 
between stimuli that would first make them appear perceptibly different in color. 

V = f(Q) (8) 

AV = V, - V 0 = f(Q,) - f(Q0) (9a) 
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or if we define AQ as the difference between Q, and Q 0, 

AV = f(Q0+AQ) - f(Q0) (9b) 

If the stimulus perturbation AQ is sufficiently small then 

AV lim 
AQ-+0 

f(QQ + AQ)-f(QQ) = 

f'(Qo) (10) 

which says that the slopes of the lines describing V as a function of Q, over the 
interval AQ (i.e., AV/AQ), are approximately equal to the derivatives of f(Q) at 
Q0, i.e., f'(Q0). Equation (10) can be rewritten as 

which, since we are taking the derivative of a vector with respect to a vector, is a 
set of linear equations. The constant weighting coefficients in these equations, 
f'(Q0), are partial derivatives of each of the components of f(Q) with respect to 
each of the components of Q. Since we are linearizing around a point determined 
by the reference stimulus, a change in the reference stimulus Q 0 will produce a 
new set of weighting coefficients in the linear equations. 

The Identity proposition would say that at detection or discrimination thresh-
old AV is not zero and that implies that the set of physiological responses are not 
the same for the two stimuli, i.e., f(Qx) ^ f(Q0)- From physiological measures, 
we might propose specific functions for f(Q). These proposed functions could 
then be evaluated psychophysical^ by collecting threshold or discrimination data 
that would test the specific predictions of Eq. (11). The linking between the cell 
behavior that inspired the choice of functions for f(Q) and the psychophysical 
results of threshold discrimination measures would then rely on the Analogy 
proposition. Several such examples linking retinal cell behavior to such psycho-
physical measures, using the above-described approach, will be discussed in 
detail in the next sections. 

D. The Nature of Psychophysical Experiments 

There are two major categories of psychophysical experiments. For one cate-
gory, both the dependent and independent variables are physical parameters. For 
the other category, the independent variable is a physical parameter, and the 
dependent variable is a description by the observer of some aspect of visual 
sensation. 

AV - f (Q0) AQ (11) 
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One example from the first category is the classic increment threshold experi-
ment. This experiment consists of presenting the observer with a steady and 
uniform stimulus, say a circle subtending 5° visual angle, 3 for which the light 
intensity / is variable. This steady and uniform stimulus is called the "back-
ground." After the background has been on for some period of time to allow the 
visual system to achieve a steady state of adaptation, a second stimulus is 
presented, superimposed on the background. This second stimulus, say a 2° 
diameter circle centered on the background, is called the " tes t " stimulus. The 
test stimulus is physically added to the background; therefore, it produces an 
increment in the background intensity Δ/. The object of the experiment is to 
determine the minimum value of Δ/ required for the test stimulus to be just 
visible on the background. In other words, an increment threshold is obtained. 
The independent variable in this experiment is the intensity of the background. 
Thus, AI for detection threshold is measured as a function of /. Figure 2 illus-
trates typical data from such an experiment, plotted on double logarithmic coor-
dinates. The linear part of the function in Fig. 2 is called Weber's law, i.e., ΔΙ/Ι 
= constant. 

The task of the experimental subject in the increment threshold experiment is 
simply to detect a perturbation in visual sensation AV in response to a perturba-
tion in stimulus intensity Δ/, as a function of /. Thus, the data in Fig. 2 would be 
understood in terms of Eq. (11). Further elaborations of the increment threshold 
experiment consist of manipulating the spectral composition of the background 
stimulus and the spectral composition of the test stimulus. Such manipulations of 
spectral parameters make it possible to study properties of the different compo-
nents of the vector function in Eq. (8) (Guth et al., 1980). 

One model for Eq. (11) that accounts for the data in Fig. 2 is 

M = TT«j) ( , 2) 

where / is a scalar variable, since all quantum absorptions Q will scale with /, C 
is a constant, and σ(/) is an adaption function (Geisler, 1981). 

The function in Eq. (12) is only one of many functions that would produce a 
satisfactory description of the data. The choice of this particular function was 
inspired by physiological studies of retinal photoreceptor response characteristics 
(Boynton and Whitten, 1970). In order to link psychophysical measures of 
increment thresholds to photoreceptor response characteristics, we would have to 
assume that (1) Eq. (12) is an empirical description of the photoreceptor re-

3
Visual angle refers to the size of an image on the retina. The visual angle is defined as the angle 

subtended by the image at the eye's posterior nodal point. The moon subtends a visual angle of 30'. A 
35-cm-diameter circle will subtend a visual angle of 2° at 1 m. The same circle will subtend a visual 
angle of 60° at viewing distance of 20 cm. 
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FIG. 2. Increment threshold function plotted as log AI, intensity increment for test stimulus 
threshold, versus log /, intensity of the continuous background stimulus. (The notation AL and L 
appear in this figure and refer to stimulus luminance, which is the same as intensity.) The portion of 
the function that is linear with unit slope is referred as Weber's law (AI/I = constant). (From Brown 
and Mueller, 1965.) 

sponse, (2) the relevant component of visual sensation V upon which the ob-
server's threshold response is based is a function of the photoreceptor response, 
i.e., 

V = glftl)] (13) 

and (3) the function g[ ] , which characterizes the transformation of the receptor 
response by the rest of the visual system, is slowly varying with respect to the 
receptor response. Thus, from the linearization approximation, we would write 
for the increment threshold experiment 

w ^ M m m Δ/ ( 1 4 a) 

df(I) dl u ; 

which, from postulate 3, could be simplified to 

k V ^ k ^ A l (14b) 

Equation (14b) explicitly states that the visual perturbation AV as a function of 
background intensity / is determined by the response function of the photorecep-
t o r , ^ / ) . The weakest assumption in the linking argument is the third postulate, 
which in effect is a restatement of the original wishful thought that inspired Eq. 
(12). 

For the second category of psychophysical experiments, the independent vari-



86 ROBERT W. MASSOF 

able, as above, is a physical parameter of the stimulus, but the dependent vari-
able is some subjective description by the observer of visual sensation. One 
classic example of an experiment in this category is magnitude estimation of 
brightness (see Marks, 1974). In the brightness magnitude estimation experi-
ment, the observer is presented with only the background stimulus of variable 
intensity / and is asked to assign a number to the brightness produced by the 
stimulus. The only requirement of the observer is that the numbers be assigned in 
such a way that they maintain equal ratio relations to brightness. In other words, 
if one light appears twice as bright as another light, the number assigned to that 
light should be twice as large, etc. Therefore, no matter which numbers are used 
by different observers, the scales ought to all be identical for all observers when 
transformed to logarithms. 

Typical data from a brightness magnitude estimation experiment are plotted on 
double logarithmic coordinates in Fig. 3. That is, the log brightness rating 
assigned by the observer is plotted as a function of log stimulus intensity. The 
straight-line fit to the data has a slope of 1/3 and implies the relation 

F I G . 3. Log estimated magnitude of brightness plotted as a function of log stimulus intensity. 
The straight-line fit to the data has a slope of 1/3. (From Stevens, 1967.) 
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log V = έ log / + k (15a) 

which is the same as 

V = CIl/3 (15b) 

Equation (15b) is the famous Stevens power law (Stevens, 1961) which many 
psychophysicists take to represent /( /) in Eq. (8). 

There is another aspect of psychophysical experiments that we have not yet 
discussed, an aspect that bears strongly on the above-mentioned issues. This 
aspect of psychophysics is not too different from a problem faced by other 
biologists. I have been told that there are gremlins in the cell biology laboratory 
who capriciously and mischievously alter the temperature of controlled tem-
perature baths, add unknown ingredients to cell culture media, etc. Having to 
deal with these gremlins leaves one in constant doubt about whether experiments 
are revealing properties of nature or revealing properties of gremlins. Although 
control experiments often are designed to put in investigator at greater case, such 
controls rarely are successful at outwitting clever gremlins. 

Psychophysicists tend not to have too many problems with gremlins. Gremlin 
activity generally is restricted to misaligning optical systems and forcing light 
sources out of calibration. However, psychophysicists do have to deal with a 
closely related problem—human subjects. The fact that human subjects have the 
capacity to behave like gremlins is a major source of the distrust of many types of 
psychophysical data. Psychophysical experiments in the second category, such 
as magnitude estimation of brightness, are the least trusted, because the human 
subject has the greatest control over the outcome of the experiment. Psycho-
physical experiments in the first category, such as increment threshold measures, 
are the most trusted because the experimenter can trick the subject by occasion-
ally not presenting the stimulus, thereby checking the subject's honesty. There 
are, of course, intermediate types of experiments, such as matching the bright-
ness of lights that are not the same color, that warrant intermediate levels of trust 
in the data. 

Because psychophysicists have, in effect, invited gremlins into the laboratory, 
a great deal of attention has been given to characterizing the decision-making 
behavior of the subject. This concern over decision-making behavior constitutes 
the subdiscipline known as Signal Detection Theory. 

Consider again the increment threshold experiment that I described earlier. 
The subject is viewing the steady background stimulus and is instructed to 
respond when he first sees the test stimulus. If the test stimulus is extremely 
bright, the subject will probably report seeing it on 100% of the stimulus presen-
tation trials. If the test stimulus is extremely dim, the subject may never admit to 
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having seen it. At intermediate intensities, the subject may report seeing the test 
stimulus on 50% of the trials. Therefore, how do decide which intensity is the 
increment threshold? Obviously, it would be straightforward to choose the 50 or 
75% point (like an L D 5 0) , but this simple choice does not take into consideration 
the gremlin properties of the subject. 

Imagine yourself as the subject in an increment threshold experiment. We 
have made an impression of your teeth in dental compound which is attached to 
an x,y,z positioner. This device is called a bite-bar and when you bite on it, your 
head does not move (assuming that you have your own teeth). Thus, you become 
a precisely aligned part of our precisely aligned optical system. Your hand is on a 
rocker switch and you have been instructed to press the switch to the right if you 
see the test stimulus flash on, and to press the switch to the left if you do not see 
it. The presentation of the test stimulus will be cued by a beep. After each of your 
responses you will be told whether or not the test stimulus actually was present-
ed. The experiment begins and the first test stimulus flash is very obvious, you 
confidently press the switch to the right, and you are told what you already 
know—the test stimulus flash occurred. The beep sounds again, you thought you 
might have seen something, but maybe you had blinked at the time, or maybe 
you just imagined seeing something—whatever it was, it certainly didn't look 
like the first flash. You press the switch to the left. The voice says that there was 
a flash that time. You think to yourself, " I guess what I saw really was a flash. 
The next time I see something like that I will respond yes . " Again the beep 
sounds, and again you think you might have seen something happen, but you just 
can't be sure. But, last time that same "something" occurred, it was the flash, 
so you press the switch to the right. You are told that you are wrong! There was 
no flash on that trial. You think to yourself, "Does the experimenter think I lied? 
Does he think I'm stupid?" You readjust your criterion for a yes response; you 
will wait next time until you are more certain. Eventually, you settle on a 
criterion with which you can live. 

An example of your data is shown in Fig. 4A, in a frequency-of-seeing curve. 
You did very well despite all of your concerns. However, to be on the safe side 
we will try the experiment again, but now we are going to employ a different 
psychophysical technique. This technique is called the two-alternative forced-
choice procedure. This time each stimulus presentation trial will have two beeps. 
You are told that the test stimulus flash will occur after either the first beep or 
after the second beep. Which beep the test stimulus flash follows will be deter-
mined randomly. You are instructed to press the switch to the right if you think 
that the test flash occurred after the first beep and press the switch to the left if 
you think that the test flash occurred after the second beep. You must respond by 
pressing the switch to the left or right for every trial, even if you are absolutely 
sure that you did not see a test flash in either interval. In this case, if does not 
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F I G . 4. (A) Frequency-of-seeing curve for an increment threshold experiment. The data points 
represent the percentage of test stimulus presentations reported seen by the subject as a function of 
log test stimulus intensity. As test stimulus intensity is increased, the frequency of detection in-
creases. (B) Results of increment threshold measures using a forced-choice procedure. The data 
points represent the frequency of choosing the correct interval as a function of log test flash intensity. 
Chance performance is 50%. (C) Results of an increment threshold measure for one test stimulus 
intensity employing the rating scale procedure. The fraction of stimulus trials on which the subject 
responded with each rating, or greater, is plotted against the fraction of blank trials on which the 
subject responded with that rating or greater. The solid curve drawn through the data is an ROC 
curve. 

matter what you think, in that you will end up choosing the interval with the most 
visual activity. 

An example of your data is shown in Fig. 4B. The experimenter kept track of 
the number of correct responses that you made and the results in Fig. 4B are 
plotted as frequency correct as a function of log test stimulus intensity. At test 
stimulus intensity levels below vision threshold, you performed at chance. If you 
had acted mischievously, your performance might have fallen below chance. 

Another technique we might have employed is called the rating scale method. 
In this case, you would have been given five switches with which to record your 
response. You would have been instructed to press switch 5 if you were certain 
that the test stimulus was presented; press switch 4 if you were not sure, but you 
think that the test stimulus probably was presented; press switch 3 if you could 
not decide whether or not the test stimulus was presented; press switch 2 if you 
were not sure, but you think the test stimulus probably was not presented; and 
press switch 1 if you were certain that the test stimulus was not presented. In this 
case, a large number of trials would be blanks, i.e., no test stimulus would be 
presented. 

For each test stimulus intensity, a graph such as the one in Fig. 4C would be 
plotted. The frequency of responding with a certain rating or greater on stimulus 
trials is plotted on the ordinate, and the frequency of responding with a certain 
rating or greater on blank trials is plotted on the abscissa. Thus, the lowest point 
is the fraction of stimulus trials on which you responded with rating 5 versus the 
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fraction of blank trials on which you responded with the rating 5. The second 
point is the fraction of stimulus trials on which you responded with rating 4 or 
greater (i.e., 4 or 5), versus the fraction of blank trials on which you responded 4 
or greater.The last point necessarily plots at 1.0 on both axes, because on all of 
the trials you would have responded with a rating of 1 or greater. The curve 
drawn through the data is called a receiver operating characteristic (ROC) curve. 

All of these experiments can be understood and interrelated within the frame-
work of signal detection theory (Nachmias, 1972). Following the same argu-
ments that were used to derive Eqs. (8) and (9), let us say that the background 
light produces the value V0 in visual sensation component V. However, in this 
case we recognize that there are likely to be fluctuations in neurophysiological 
response characteristics which will cause fluctuations in V0. Thus we would 
consider V0 to be a stochastic variable. The density function for V0 might look 
like that shown in Fig. 5, with a mean of V0 and variance of σ§. The test stimulus 
added to the background would produce a new value V{9 in visual sensation 
component V. As for V0, V\ also would be a stochastic variable. The density 
function for Vx might look like that illustrated in Fig. 5, with a mean of Vx and 
variance of σ\. The subject in the increment threshold experiment may now be 
thought of as having a statistical problem to solve: was the visual sensation on 
any given trial from the V0 distribution or was it from the Vx distribution? 

In the first experiment, in which you were asked to press the switch to the right 
if you saw the test stimulus and press the switch to the left if you did not see the 
test stimulus, we would assume that you chose a criterion value for V, as shown 
in Fig. 5, and responded "not seen" for all values of V that were less than the 
criterion and responded " seen" for all values of V that were equal to or greater 
than the criterion. Referring to Fig. 5, the area under the Vl distribution to the 
right of the criterion value corresponds to the true positive rate, i.e., the frequen-
cy of responding " seen" for that particular stimulus. The area under the V0 

distribution to the right of the criterion value corresponds to the false-positive 
rate, i.e., the frequency of responding " seen" on blank trials. It can be seen 
from this analysis that changes in the criterion will produce changes in both the 
true positive rate and the false-positive rate. That is, the rates of true positives 
and false-positives will covary with changes in the subject's criterion. This 
covariance can be summarized by an ROC curve. 

For a given pair of visual sensation density functions V0 and Vl9 we can 
construct an ROC curve by continuously varying the criterion from zero to 
infinity. Conversely, we can deduce the parameters of the underlying density 
functions for V0 and Vx from experimentally determined ROC curves. Returning 
to the experiment that employed the rating scale method, each rating from 1 to 5 
corresponds to a different criterion. Theoretically, we assume that the subject has 
partitioned the visual sensation continuum V into five zones. As illustrated in 
Fig. 6, when V is equal to or less than Va, the subject would respond 1. When V 
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FIG. 5. Density functions for V0, visual sensations produced by the background stimulus, and for 
Vi, visual sensations produced by the test stimulus added to the background. The means of the 
density functions are V 0 and Vx, respectively. The line Vc refers to the criterion visual sensation set 
by the subject. Values of V greater than or equal to Vc would be called "test stimulus" and values of 
V less than Vc would be called "background." 

is greater than Va, but less than or equal to Vh, the subject would respond 2. 
Similar descriptions would apply to ratings 3 and 4. When V is greater than Vd 

the subject would respond 5. The expected frequency of responding 5 on blank 
trials is the area under the V 0 density function from Vd to infinity, and the 
expected frequency of responding 5 on stimulus trials is the area under the 
density function from Vd to infinity. Similarly, the expected frequency of re-

F I G . 6. In interpreting the rating scale experiment, it is assumed that the subject chooses four 
different criteria. The subject responds 1 when V is less than or equal to Va, responds 2 when V is 
greater than Va but less than or equal to Vb, responds 3 when V is greater than Vb but less than or 
equal to Vc, responds 4 when V is greater than Vc but less than or equal to Vd, and responds 5 when V 
is greater than Vd. 
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sponding 4 or 5 on blank trials is the area under the V0 density function from Vc 

to infinity, and the expected frequency of responding 4 or 5 on stimulus trials is 
the area under the V{ distribution from Vc to infinity, etc. Thus, the results of the 
rating scale experiment can be thought of as sampling different parts of the V0 

and V, distributions by using different criteria. 
Because the true positive rate axis and the false-positive rate axis on the ROC 

curve may be thought of as cumulative frequency distributions of the V, and V0 

density functions, respectively, we can replot the ROC curve in terms of Ζ 
scores. The Ζ score corresponding to the true positive rate is defined as 

and the Ζ score corresponding to the false-positive rate is defined as 

where σ 0 and σ, are the standard deviations of the distributions V0 and V,, 
respectively and assuming that both density functions are Gaussian. Since both 
Eqs. (16) and (17) are functions of V, we can rewrite those equations to yield an 
expression for the ROC curve 

σ, 
Ζ -

 V
' -

 V
o (18) 

Thus, the ROC curve is a straight line when plotted on normal deviate coordi-
nates. The slope of the ROC curve is equal to the ratio of the standard deviations 
of the two distributions, σ 0/ σ , , and the horizontal intercept is proportional to the 
difference between the means of the two distributions, (νχ — ν0)/σ0. 

This short introduction to signal detection theory is intended only to give the 
reader an appreciation for the approach employed to understand the decision-
making characteristics of the experimental subject. However, we have not yet 
talked about the factors that control the subject's criterion, what signal detection 
theorists call costs and values. If we hold a gun to the subject's head and tell him 
that he will be shot if he says he sees the stimulus when none was presented, we 
can be sure the subject will adopt a very high criterion. Indeed, unless we 
balance this cost with some value, such as offering $1000 for every correct 
response, the subject is likely to adopt a strategy of saying "not seen" on every 
trial. Conversely, if we took away the gun, but left the $1000 reward, the subject 
is likely to adopt a strategy of saying " seen" on every trial. These extreme 
examples illustrate that costs can be used to lower the false-positive rate and 
values can be used to increase the true positive rate. The subject generally will 
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adopt a strategy that maximizes the payoff, i.e., minimizes the costs while 
maximizing the value. 

In addition to consideration of the costs and values, the subject will employ 
knowledge of a priori probabilities in designing a strategy to maximize the 
payoff. For example, if the subject knows that the stimulus will be presented on 
98% of the trials, a different strategy will be employed than the one that would be 
used if the subject knew that the stimulus would be presented on only 2% of the 
trials. Thus, the subject's knowledge of a priori probabilities of stimulus and 
blank trials (or guesses about these probabilities), as well as the relative costs 
assigned to false-positives and the relative values assigned to true-positives, will 
determine the subject's choice of a criterion. 

The design of a psychophysical experiment must take into consideration the 
decision-making behavior of the subject. The yes-no paradigm of the first exam-
ple will give a single point on the ROC curve, the rating scale method will allow 
one to construct the entire ROC curve, and the two-alternative forced-choice 
procedure is a criterion-free measure for which the resulting frequency of correct 
response corresponds to the area under the ROC curve (Green and S wets, 1966). 
Most subjects restrict their capricious activity to a personal choice of criterion, 
which can be determined by the experimenter. If the gremlin comes out in the 
subject and he chooses to act irrationally or destructively, this will be recognized 
by comparing the subject's performance against the expectations of signal detec-
tion theory. Appropriate manipulations of costs and values generally can bring 
even the most unruly subject into line. This control might be one reason why 
psychophysical research is sometimes so expensive. 

III. Psychophysical Studies of Photoreceptor Physiology 

One of the classic success stories of vision psychophysics has been the deduc-
tion of rod and cone visual pigment absorption spectra from psychophysical 
measures of spectral sensitivity and color mixture functions. Another important 
and more recent psychophysical contribution to the understanding of photorecep-
tor function is the evaluation of rod photoreceptor transduction kinetics, em-
ploying psychophysical measures of afterimages. In this section, I will elaborate 
on these two psychophysical contributions in order to illustrate the role psycho-
physics plays in the study of retinal cellular physiology. 

A. Rod and Cone Pigment Absorption Spectra 

We already have accepted the premise that light must be absorbed by the 
photopigments before it can be an effective stimulus to vision. This premise led 
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to the quantum absorption expressions of Eqs. (2a)-(2d). We also will accept 
without argument that there are three different cone photopigments (L, M, S) and 
the rod pigment, rhodopsin. This specific assumption is formally stated in Eq. 
(3). Finally, I will ask you to believe without proof that under dark-adapted 
conditions, for certain stimulus configurations, all vision is mediated by rods and 
under light-adapted conditions, for certain other stimulus conditions, the rods 
make no contribution to vision, only cone responses are relevant (see Boynton, 
1979). These last premises are based primarily on a large body of psychophysical 
data. 

In order to determine the absorption spectrum of rhodopsin, R(\), we will 
employ a variation on the increment threshold experiment described in the pre-
ceding section. In this case, the subject is allowed to adjust to the dark for 
approximately 1 hr, so only the rods will be used, the background intensity / is 
zero, and the test stimulus is monochromatic. In other words, an absolute thresh-
old spectral sensitivity curve from such an experiment typically is plotted as log 
Δ/ versus wavelength, as shown in Fig. 7. 

To understand the spectral absolute threshold curve that is plotted in Fig. 7, we 
again turn to Eq. (11). In this case, AV refers to one sensory component (rod-
mediated vision is achromatic) and Δ β refers only to the rod component of the 
quantum absorptions. Thus, we would rewrite equation (11) as 

F I G . 7. Absolute threshold spectral sensitivity for rod-mediated vision. Log test stimulus inten-
sity required for detection by the subject is plotted as a function of test stimulus wavelength. (From 
Wald, 1945, reproduced with permission of Science. Copyright 1945 by the A A AS.) 
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AV=f(QR)AQR (19a) 

or, since QR = 0 for absolute threshold, and AQR = R(X)AI(X) for monochro-
matic stimuli 

AV = kR(X) AI(X) (19b) 

where k is f'(QR) for the fully dark-adapted state of the visual system (sin-
gularities are not tolerated). Since Δ/(λ), as measured in the experiment, is not 
specified at the retina, we must take into consideration the spectral transmission 
of the eye, τ(λ), and modify Eq. (19b) to read 

AV = kR(X) τ(λ) Δ/(λ) (19c) 

Regardless of which experimental method we employ, and regardless of the 
subject's criterion, from signal detection theory we presume that the measured 
threshold will correspond to a constant value of AV. Thus, the value of AV at 
threshold will be independent of wavelength, i.e., Δν = C. This strong assump-
tion leads to the derivation of the rhodopsin absorption spectrum from Eq. (19c), 
using the absolute threshold spectral sensitivity data, 

= r Ä ö ö ( 2 0 a ) 

or, in terms of log spectral sensitivity 

log R(X) = - l o g Δ/(λ) - log τ(λ) + c (20b) 

Figure 8 illustrates the rhodopsin log absorption spectrum predicted from Eq. 
(20b), using the absolute threshold data plotted in Fig. 7 for Δ/(λ), and using 
known τ(λ) values. These predictions are plotted along with the log absorption 
spectrum of extracted rhodopsin, as ascertained by spectrophotometry (Corn-
sweet, 1970). 

The important point of the comparison in Fig. 8 is not so much that the 
psychophysical predictions are in agreement with the measured absorption spec-
trum of rhodopsin, but the converse; the measured absorption spectrum of rho-
dopsin is in agreement with tbe psychophysical measures. If there were disagree-
ment between these two measures, we would be forced to reexamine our 
estimates of τ(λ), or more importantly, question the relation of the absorption 
spectrum of extracted rhodopsin to the in vivo rhodopsin action spectrum. That 
is, there must be agreement with psychophysics if the measured properties of 
rhodopsin are to be used to explain the properties of vision. 
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F I G . 8. Data points are log sensitivity (inverse of threshold intensity) plotted as a function of 
wavelength. The measured sensitivity values have been corrected for the spectral transmission of the 
eye. The solid curve is the log absorption spectrum of rhodopsin. (From Wald, 1945, reporduced 
with permission of Science. Copyright 1945 by the AAAS.) 

It is not as straightforward as it was for the rod photopigment to derive the 
cone photopigment absorption spectra from psychophysical data. This is because 
there are three cone pigments, all of which contribute to vision under light-
adapted conditions. However, there is an indirect way of deriving the cone 
photopigment absorption spectra by employing color mixture data from indi-
viduals with normal color vision and from different types of color-blind indi-
viduals (Vos and Walraven, 1971). 

A fundamental characteristic of normal color vision is that any light, of arbi-
trary color and brightness, can be matched identically by a suitable mixture of 
red, green, and blue lights. This property of vision is called trichromacy. The 
red, green, and blue lights are called primaries and the only requirement that 
must be met by the lights chosen is that none of the three lights can be matched 
by a mixture of the other two. For example, red, yellow, and green lights would 
not constitute a set of primaries because the yellow light can be matched by a 
mixture of the red and green lights. 

Two stimuli that match psychophysical^, but differ physically are called 
metamers. When a spectral red is mixed with a spectral green to match a spectral 
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yellow, the match is metameric. An important set of empirical properties pertain-
ing to color matching is summarized by Grassmann's laws (Boynton, 1979). 
These laws state that (1) metamers are additive, (2) metamers are invariant under 
scalar multiplication, and (3) three primaries are necessary and sufficient to make 
any metameric match. 

The first law, additivity, refers to the fact that if the same stimulus is added to 
both sides of a metameric match, the resulting stimuli will remain matched. For 
example, if we have adjusted a mixture of red and green lights to identically 
match a yellow light, and then add some blue light to the red-green mixture, and 
add the same blue light to the yellow light, the resulting red + green + blue 
mixture will identically match the resulting yellow + blue mixture. The second 
law, scalar multiplication, refers to the fact that if both sides of a metameric 
match are changed in intensity by the same factor, the resulting stimuli will 
remain matched. Returning to our example, if we increase the intensity of the red 
+ green mixture by a factor of 10 and also increase the intensity of the yellow 
light by a factor of 10 (for example, by removing one log unit neutral density 
filters from the optical paths) the resulting stimuli, although now much brighter, 
will still match identically. The third law refers to trichromacy. That is, as 
mentioned earlier, any stimulus can be matched identically with an appropriate 
mixture of three primaries. Two primaries are not sufficient, and a fourth prima-
ry would be superfluous. 

Grassmann's laws allow us to treat color matching as a set of linear operations. 
In other words, if A{, A2, and A3 represent three primary colors, and X is an 
arbitrary stimulus that we want to match, then we can write 

where a{, a2, and a3 refer to the intensities of the three primaries, respectively. 
Equation (21) is a restatement of trichromacy in which the pluses refer to phys-
ical mixtures of light, the coefficients refer to physical light intensities, and the 
equals sign refers to an identity match. For an arbitrary stimulus C, Grassmann's 
additivity law is written as 

and for a change in intensity by an arbitrary factor k, Grassmann's law of scalar 
multiplication is written as 

alA[ + a2A2 + tf3A3 = X (21) 

alA] + a2A2 + a3A3 + C = X+C (22) 

kaxAx + ka2A2 + ka3A3 = kX (23) 

A new set of primaries, Ζ?,, Z?2, and B3, can be written in terms of the old set of 
primaries as a system of linear equations 
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Bx = anA{ + al2A2 + al3A3 (24a) 

B2 = a2lAl + a22A2 + a23A3 (24b) 

# 3 = ß 3 1Aj + a32A2 + Ö33A3 (24c) 

since each of the new primaries can be identically matched by a mixture of the 
old primaries. Thus, we say that any set of primaries is a linear transformation of 
any other set of primaries. 

If we choose a set of primaries and perform matches to monochromatic stimuli 
spanning the spectrum, we will obtain a set of coefficients in Equation (21) 

αι(λ)Αι + α2(λ)Α2 + a3(k)A3 = X(k) (25) 

If we define Ax(k) = al(k)Al, A2(k) = a2(k)A2, and A3(k) = a3(k)A3, then we 
can think of the spectral matching experiment as giving rise to functions that are 
analogous to spectral sensitivity functions. These functions, Α ^ λ ) , A2(k), and 
Α 3(λ) , are called spectral distribution functions. From Eqs. (24a)-(24c), we see 
that spectral distribution functions for one set of primaries are a linear transfor-
mation of spectral distribution functions for another set of primaries 

Bx(k) = αηΑ^) + al2A2(k) + al3A3(k) (26a) 

B2(k) = a2lAx(k) + a22A2(k) + a23A3(k) (26b) 

B3(k) = a3lAx(k) + a32A2(k) + a33A3(k) (26c) 

If we could produce a set of primaries, FX,F2, and F 3 , for which Fx stimulated 
only the S cone, F2 stimulated only the M cone, and F3 stimulated only the L 
cone, then we would be able to compute the photopigment absorption from the 
spectral distribution functions. This set of primaries, which we will call funda-
mental primaries, is not physically possible to produce because the absorption 
spectra of the cone photopigments overlap each other. However, if they could be 
produced, the measured fundamental spectral distribution functions would be 
identical to the cone photopigment absorption spectra. For example, in a spectral 
color matching experiment each wavelength of intensity /(λ) would be identi-
cally matched by a mixture of the Fx, F 2 , F3 primaries. For the identity match to 
occur, the quantum absorption vectors on the two sides of the match must be the 
same. Thus, ß L for the monochromatic light is equal to g L for the F3 primary 
(remember that Fl and F2 do not stimulate the L pigment). Similarly QM for the 
monochromatic light is equal to QM for the F2 primary, and Qs for the mono-
chromatic light is equal to Qs for the Fx primary. If refers to the quantum 
absorptions in the L pigment from the monochromatic light of intensity /(λ) and 
ß p ) refers to the quantum absorptions in the L pigment from the F3 primary, 
then we can write 
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= L(X) /(λ) (27a) 

and 

= a3(\) F3 (27b) 

Since gf^ = Q£> for a metameric match, from Eqs. (27a) and (27b) 

L(X)I(K) = a3(K)F3 (28a) 

or 

L(X) = mp3 (28b) 

which is an expression of the L cone spectral absorption function in terms of the 
psychophysically and physically measured parameters, /(λ) and α3(λ) (F3 is a 
constant). Similar expressions for the M and S cone pigments are derived in the 
same way, 

M(\) = ^§F2 (29) 

and 

(30) 

The only problem with the above argument is that we cannot perform the 
experiment that we so carefully designed because Fl9 F2, and F3 are not phys-
ically realizable stimuli (they would require negative energy). However, F p F2, 
and F3 are mathematically real and, because they are primaries they can be 
derived from any set of physically realizable primaries. Thus, if I(X) is held 
constant (i.e., equal energy spectrum), then by definition [from Eqs. (28)-(30)] 
L(X), Μ(λ), and S(k) are spectral distribution functions for the fundamental 
primaries. Since one set of primaries is a linear transformation of another set of 
primaries, we can conclude that 

L(\) = ^ Λ ( λ ) + cl2A2(X) + cl3A3(\) (31a) 

Μ(λ) = c^A^K) + c22A2(k) + c23A3(X) (31b) 

S(K) = c 3 1A 1 ( \ ) + c32A2(k) + c33A3(k) (31c) 
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following the same reasoning that led to Eqs. (26a)-(26c). Thus, the problem is 
reduced to one of finding the values of the nine unknown coefficients cijy in order 
to solve Eqs. (31a)-(31c). 

Over the past 100 years, many attempts have been made to solve the funda-
mental color mixture equations (Thomson and Wright, 1947; Vos and Walraven, 
1971; Smith and Pokorny, 1975). Six of the nine required solution equations are 
obtained from data collected on color-blind individuals. There are three types of 
color blindness: protanopia, deuteranopia, and tritanopia (Boynton, 1979). Pro-
tanopes have the normal M and S cone pigments, but lack the L cone pigment. 
Deuteranopes have the normal L and S cone pigments, but lack the M cone 
pigment. Tritanopes have the normal L and M cone pigments, but lack the S cone 
pigment. Color matching data collected on these three types of color-blindness 
provide the six solution equations, two for each type of color blindness. 

The remaining three solution equations for deriving the cone pigment absorp-
tion spectra are obtained from psychophysical measures of spectral sensitivity 
using a technique called heterochromatic flicker. In the heterochromatic flicker 
experiment, a monochromatic stimulus is alternated in time with a white refer-
ence stimulus at a frequency of about 15 Hz. At this frequency there is no color 
flicker, and the field appears to be a uniform color. However, there still is a 
brightness flicker. The subject's task is to adjust the intensity of the monochro-
matic stimulus so that the light appears steady. Because there is no color flicker, 
the resulting spectral sensitivity curve may be thought of as representing the 
weighted sum of the three cone photopigment absorption spectra. This interpreta-
tion of the heterochromatic flicker spectral sensitivity curve gives rise to the three 
solution equations for the derivation of the cone photopigment absorption spectra 
(Vos and Walraven, 1971). 

Figure 9 illustrates the cone photopigment relative absorbance spectra derived 
from Eqs. (31a)-(31c) (Boynton and Wisowaty, 1980). As for the predicted 
rhodopsin absorption spectrum, these relative absorbance spectra are corrected 
for the spectral transmission of the eye, τ(λ). Also plotted in Fig. 9 are the 
relative absorbance spectra of human cone photopigments, as ascertained by 
microspectrophotometry (Dartnall et al., 1983). The agreement between the two 
measures is encouraging. However, unlike the case for the derivation of the 
rhodopsin absorption spectrum, several vulnerable assumptions are required for 
the derivation of the nine transformation coefficients. Thus, the disagreements 
between the psychophysical predictions and microspectrophotometric measures 
can be blamed on either side. Yet, the psychophysics of color matching imposes 
a strong constraint on the interpretation of physical measures of cone photopig-
ment absorption spectra; that is, the measured spectra must be a linear transfor-
mation of color mixture primaries if they are to be interpreted as relevant to the 
visual process. 
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F I G . 9. Cone photopigment relative absorbance spectra derived from color mixture data for 
short- ( · ) , middle- (Δ) , and long- (O) wavelength-sensitive cones plotted along with cone photopig-
ment relative absorbance spectra measured by microspectrophotometry (solid curves). The color 
mixture data were corrected for the spectral transmission of the eye. 

B. Rod Internal Transduction Kinetics 

Once light has been absorbed by the visual pigment, there must be a chain of 
events within the photoreceptor cell that is responsible for transducing the photon 
absorptions into neural signals. These internal transduction steps have been the 
subject of intensive physiologic research over the past several years and many of 
the known details are described in other articles in these two volumes (Färber and 
Shuster, Part I). We need not go too deeply into the specifics here; however, four 
fundamental assumptions are required in order to establish a linking between 
psychophysical studies and internal photoreceptor transduction. First, we assume 
that the photoreceptor membrane potential reflects the relevant photoreceptor 
neural signal. It is not necessary to assume that the membrane potential actually 
is the neural signal, but we assume that it determines, or parallels, the neural 
signal. Second, we assume that some blocking agent is released or created in 
response to a photon absorption. This agent travels to the photoreceptor mem-
brane and blocks the ion channels. The term blocking agent may refer collec-
tively to several different molecules and numerous biochemical steps. Third, we 
assume that the effects of the blocking agent on the membrane are reversible. 
That is, the blocking agent is degraded over time so that it no longer blocks the 
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ion channels, thereby producing recovery of the photoreceptor response. Fourth, 
we assume that the kinetics of photoreceptor response recovery is a rate-limiting 
process in the visual system. That is, none of the other components of the visual 
system are slower to recover than are the photoreceptors. This fourth assumption 
says that the dynamics of the relevant aspects of the visual process are governed 
by the dynamics of the photoreceptor. 

Geisler and Adelson (Geisler, 1980; Adelson, 1982) independently employed 
the above-described linking postulates to develop a general model that explains 
psychophysical measures of rod afterimage kinetics in terms of the kinetics of 
internal photoreceptor transduction steps. Their arguments are interesting, ele-
gant, and a model of simplicity. However, before getting into the esthetics, allow 
me to describe first the phenomenon and the psychophysical experiment that the 
model purports to explain. 

Returning to the increment threshold experiment, we will make the following 
changes: (1) the background stimulus color is changed to red and the test stim-
ulus color is changed to blue-green (these changes will maximize the contrast for 
rods and increase the likelihood that rods will subserve detection of the test 
stimulus), (2) the subject is allowed to fully dark-adapt before each stimulus trial, 
and (3) the background and test stimuli are flashed on and off together for an 
exposure duration of 100 msec. Depending on the intensity of the background 
and test stimuli, during the initial flash the subject will see only the background 
stimulus. For several seconds after the flash, the subject will see a persistent 
afterimage, such as is frequently experienced when someone takes your pho-
tograph using a flash camera. At first only the circular background is visible in 
the afterimage. However, after a few seconds, the square test stimulus becomes 
visible on the background. Then with additional time, the two images fade 
together. The greater the intensity of the test and background stimuli, the longer 
the delay before the test stimulus appears in the afterimage. 

The object of the experiment is to measure the time required for the subject to 
see the test stimulus on the background (in the afterimage), as a function of the 
intensity of the background and test stimuli. However, the first step in the 
experiment is to determine the increment threshold. That is, we would first 
measure the minimum intensity of the test stimulus required to make the square 
just visible sometime in the afterimage. Once the increment threshold for detec-
tion of the square in the afterimage is determined, the ratio of test stimulus 
intensity (AI) to background intensity (/) is set to a fixed value, i.e., All I = 
constant. As the background intensity is varied during the course of the experi-
ment, the test stimulus intensity is changed by the same factor. The rationale for 
holding the ratio of these two intensities constant will be made clear later in this 
section. 

The main experiment consists of flashing the test and background stimuli on 
and off together for an exposure duration of 100 msec. The background stimulus 
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is set to some intensity / and the test stimulus is set to AI, which is a fixed 
proportion of /, as determined earlier by the increment threshold measurement 
(actually AI is set to about 0.1 log unit greater than the increment threshold so 
that the square will be clearly visible, rather than being at the threshold of 
visibility). Initially the subject will see only the background. However, the 
square eventually will become visible during the decay of the afterimage. The 
subject responds by pressing a switch, as quickly as possible, when the square is 
first seen. The experimenter records the time elapsed from the beginning of the 
flash until the subject presses the switch. This measure of the subject's reaction 
time is made over a wide range of stimulus intensities. 

Geisler employed the above-described reaction time technique, Adelson em-
ployed a somewhat more elaborate procedure. In Adelson's experiment, a beep 
was presented at some time after the 100-msec flash. The subject was required to 
press a switch to the right if the beep occurred after the appearance of the square 
in the afterimage, and to press the switch to the left if the beep occurred before 
the appearance of the square in the afterimage. Depending on the subject's 
response, the delay of the beep was adjusted to a longer or shorter time. After 
repeated trials the beep eventually was made coincident with the appearance of 
the square in the afterimage. The delay time for the beep was then taken as the 
dependent measure in the experiment, that is, time to the appearance of the test 
stimulus in the afterimage. 

Figure 10 illustrates the data from Adelson's experiment for three subjects. 
The results are plotted as time in seconds for detection of the square in the 
afterimage as a function of log background intensity. Remember that the test 
stimulus intensity was always a fixed proportion of the background intensity. 
The results of Geisler's experiments were similar to Adelson's results. Terry 
Benzschawel and I also performed this experiment (Benzschawel et al., 1983) 
employing both the reaction time procedure and Adelson's coincident beep tech-
nique. As shown in Fig. 11, the two techniques yield identical results. This 
comparison of techniques is important because Adelson's approach, although 
considered to be more rigorous, is very time-consuming (e.g., an 8-hr experi-
mental session for the coincident beep technique versus a 2-hr experimental 
session for the reaction time measures). Therefore, the coincident beep technique 
is not suitable for detailed parametric studies, especially with clinical patients, as 
will be described in the next section. 

Various physiological experiments have led to the conclusion that the amount 
of blocking agent released, or manufactured is proportional to the number of 
rhodopsin molecules bleached (see Witkovsky, 1980). Consequently, the con-
centration of blocking agent is proportional to the stimulus intensity. The degra-
dation of blocking agent, i.e., receptor response recovery, would scale with the 
blocking agent concentration; thus, receptor response recovery also will scale 
with stimulus intensity. After a flash of light, the buildup and degradation of 
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F I G . 10. Time (in seconds) before the square is seen in the afterimage as a function of log 
intensity of the background stimulus. Data are plotted for three different subjects. [Reprinted with 
permission from (Vision Res., 2 2 , Ε. H. Adelson, The delayed rod afterimage), Copyright (1982), 
Pergamon Press.] 

blocking agent will follow some time course. We can specify this time-depen-
dent change in blocking agent concentration as 

c(t) = Ig(t) (32) 

where / is the intensity of the light flash and g(t) is the function describing the 
relative time course of blocking agent concentration following a flash (i.e., the 
function for a unit amount of blocking agent). 

The change in receptor membrane potential will follow the concentration of 
the blocking agent, up to a limit. In other words, there are only a finite number of 
ion channels on the membrane that can be blocked, so the receptor response has a 
ceiling. Thus for examples illustrated in Fig. 12A, the membrane potential will 
follow the blocking agent concentration up to a limit and then stay at a constant 
level until the blocking agent falls below the critical level. As shown in Fig. 12b, 
we say that the receptor response follows a saturating nonlinearity. Empirically, 
this nonlinearity in the receptor response R(t) has been expressed as 
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F I G . 1 1 . Scatter plot of time to detection of test stimulus in the afterimage, using reaction time 
and the coincident beep (double staircase) techniques. The slope of the best fit line is 1 . 

m = kffi (33a) 

where Rmax is the ceiling or maximum receptor response and σ is the half-
saturation constant [if c(t) = σ, then R(t) = hRmax]. Substituting Eq. (32) for 
c(t) in Eq. (33a) we obtain 

κ ' } Ig{t) + Σ
 K } 

which is an explicit expression of the receptor response in terms of both time and 
stimulus intensity. 

From our first linking postulate, we say that the relevant component of visual 
sensation is a function of the receptor response 

V(t') = f[R(t,I)] (34) 

Similar to the line of reasoning leading to Eq. (11), we say that the red back-
ground intensity / 0 produces the visual sensation V0(t') and the blue-green square 
of intensity Δ/, superimposed on the red background, produces the visual sensa-
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Time 

F I G . 12 (A) Schematic representations of rod membrane potential changes (solid curve) in 
response to flashes of stimuli of two different intensities. The dashed curves represent the changes in 
blocking agent concentration that exceed the response capacity of the rod membrane potential. The 
two curves describing the change in blocking agent concentration are identical in shape; they simply 
are scaled differently according to the fractional differences in intensities. (B) Receptor response as a 
function of log stimulus intensity. Because the response achieves an asymptote at high stimulus 
intensities, we say the receptor follows a saturating nonlinearity. (C) Differences between the pairs of 
receptor responses illustrated in (B), plotted as a function of time after the flash. 
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tion Vx{t'). Remembering that the rod system does not care about the color of the 
lights, except to the extent that it scales the intensity by a constant, we can write 

AV(tf) = f[R(t,I0 + AI)] - f[R(t,I0)] (35a) 

for the difference between the two visual sensations. From the assumption that 
we will keep AV(t') relatively small, we can employ the linear approximation 

m n « vmm wj} M ( 3 5 b) 

oR ol 

which is identical to Eq. (14a). Taking the derivative of R(t,I0) as expressed in 
Eq. (33b), we can rewrite Eq. (35b) as 

Figure 12C illustrates a schematic of the time course of AV, which is simply 
the difference between the two receptor responses in Fig. 12B. We assume that 
during the first part of the experiment, when an increment threshold for detection 
of the square in the afterimage is measured, the subject is basing his decision on 
the maximum value of AV(t'), i.e., the peak of the difference function in Fig. 
12C. To locate the peak of AV(t'), we differentiate Eq. (35c) with respect to 
time. 

From the fourth linking postulate, we can say that df[R(t,I0)]/dR = constant; 
thus, Eq. (35c) becomes 

m n ~k uRJSf+(UAI (35d) 

in which g(t), the function describing the time-dependent change in the relative 
concentration of the blocking agent, is the only parameter that controls the time 
course of AV(t'). Differentiating AV(tf) with respect to time leads to 

dàvif) _kR dg(t) Ί ^ - %{ty ) 
—dT- -kR™*° IF I [ W W J ^ ( 3 6 ) 

At the maximum value of AV(t'), dAV(t')/dt = 0, which, from Eq. (36), leads to 

g(t0) = σ/1 (37) 

where t0 is time at which the maximum value of AV occurs. 
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If we substitute Eq. (37) for g(t) in equation (35d), we obtain 

AV(Q - K(AI/I) (38) 

where AT is a collection of all the constants. Given the assumption that the subject 
will choose a criterion value of AV for threshold, Eq. (38) states that our linking 
postulates require Weber's law (i.e., AI 11 = constant) to hold for increment 
thresholds measured on the basis of detecting the test stimulus in the afterimage. 
On double logarithmic coordinates, Weber's law requires a straight-line rela-
tionship between log / and log AI, with a slope of one. As illustrated in Fig. 13, 
this prediction from the linking postulates is verified. 

Given the experimental verification of Weber's law, we now see that if we set 
AI to a fixed proportion of /, then the maximum value of AV(t') will not vary 
with /. However, the time at which the maximum value of AV occurs, i 0, is a 
function of /. Thus, by measuring the latency to detection of the square in the 
afterimage, while holding AIII fixed, we obtain a direct measure of t0 as a 
function of /. This interpretation of the experiment follows from Eq. (37), which 
can be reexpressed as 

t0 = g (σ/7) (39) 

ο 
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F I G . 1 3 . Log test flash intensity (AI) for first detection of the square in the afterimage is plotted 
as a function of log background intensity. The solid line fit to the data is Weber's law (AI/I = 
constant). 
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where g( ) 1 is the inverse function of g(t0). For example, if g(t) is an exponen-
tial decay, 

g(t) = e~t/x (40a) 

then from Eq. (37) 

e - t 0 / x = σ /Ι (40b) 

and solving for r 0, by taking the natural logarithm of both sides of Eq. (40b) (note 
that the natural logarithm is the inverse function of the exponential), we obtain 

t0 = τ In / + C (40c) 

Equation (40c) predicts a straight-line relationship between the time to detection 
of the square in the afterimage and log background intensity. The slope of this 
straight line is equal to the time constant τ (Geisler, 1980; Adelson, 1982). 

The dashed line in Fig. 10 is the prediction of g(t) expressed by Eq. (40a). To 
the extent that the results of the experiment are better characterized by two 
straight lines of different slopes, Adelson argued that g(t) is better characterized 
by a double exponential 

g(t) = A , * - '
/ T

I + A2e~^2 (41) 

where Ax and A2 are amplitude constants and τχ and τ 2 are the two time con-
stants. The solid curve fit to the data in Fig. 10 was generated from Eq. (41) with 
time constant values of τ 1 = 180 msec and τ 2 = 1.5 sec. Thus, we would 
conclude from this interpretation of the data that the degradation of the blocking 
agent consists of a fast process (τ,) and a slow process (τ 2) . 

Up to this point the linking arguments have followed mainly from the Identity 
proposition. That is, we assumed that while the rod response is saturated there is 
no difference between the responses of rods under the background stimulus and 
the responses of rods under the test stimulus superimposed on the background. 
Thus, we infer that there is no difference between the visual sensations, i.e., AV 
= 0. 

To further illustrate the linking arguments, we also can turn to the Analogy 
proposition. Penn and Hagins recorded electrical responses from rat rods to 
different light flash intensities (Penn and Hagins, 1972). By measuring the time 
required for the rod response to recover to a criterion value, as a function of 
stimulus intensity, Adelson was able to directly compare rat rod recovery to the 
psychophysical measures of human rod recovery. Figure 14 illustrates latency to 
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F I G . 14. Data from afterimage detection latencies shown in Fig. 10 (O) are compared to rat rod 
receptor responses (A, H) and cat horizontal cell responses ( · ) . [Reprinted with permission from 
(Vision Res., 22, Ε. H. Adelson, The delayed rod afterimage), Copyright (1982), Pergamon Press.] 

recovery of the rod response in seconds as a function log intensity for both rat 
rods (squares and triangles) and human rods (open circles). The intensity axis is 
expressed in units equivalent to quantum absorptions by rhodopsin, so the data 
can be compared on an absolute basis. Steinberg made similar electrophysiologic 
measures on cat horizontal cells (Steinberg, 1969). Those data also are plotted in 
Fig. 14 (solid circles). To the extent that the recovery of the rod response is a 
rate-limiting process, the dynamics of the horizontal cell response will reflect the 
dynamics of the rod response. 

The comparisons in Fig. 14 show remarkable agreement between psycho-
physical and physiological measures. Although this agreeement does not for-
mally prove the linking propositions, it does increase our confidence in accepting 
these propositions as true. Thus, we find ourselves on firm footing when in-
terpreting results of psychophysical afterimage detection latency study in terms 
of internal photoreceptor transduction processes. In the next section, we will 
extend this experiment and analysis to the study of pathological processes in 
retinal disease. 



VISION PSYCHOPHYSICS AND RETINAL CELL BIOLOGY 111 

IV. Psychophysical Studies of Abnormal Retinal 
Physiology in Retinitis Pigmentosa 

Once we have established linkings between psychophysical and physiological 
properties of the visual process, we then can employ psychophysics to study new 
aspects of, or altered, retinal cellular function. This application of psychophysics 
has been of particular importance to the study of retinal pathophysiology. Retinal 
diseases, such as retinitis pigmentosa, do not lend themselves well to most 
laboratory studies of retinal cell biology because fresh tissue from such patients 
rarely is available. Even when donor tissue does come into the laboratory, the 
patient often is not well-described clinically and the disease often is in an ad-
vanced and less informative state. Furthermore, the systemic condition of the 
patient usually is poor prior to enucleation. That is, the patient typically has had a 
serious disease that caused death and has received pharmacological agents that 
frequently are retinotoxic. Except in a few extraordinary cases, the tissue is not 
acquired until several hours postmortem. This delay precludes most physiologi-
cal studies of the retina. 

Psychophysical measures that are linked to retinal cellular physiology can 
provide us with a means of studying the physiology, dynamics, and diversity of 
retinal disease in human patients. In order to illustrate what can be learned about 
retinal pathophysiology from psychophysics, I will review two studies that we 
conducted on patients with retinitis pigmentosa. These two studies employ the 
experiments and analyses presented in the preceding section on photoreceptor 
physiology. 

A. Overview of Retinitis Pigmentosa 

Before reimmersing ourselves in psychophysics, I would like to provide a 
brief overview of retinitis pigmentosa (RP) for the purpose of orientation. Many 
cell biologists are familiar with animal models of RP, such as the RCS rat or the 
rd mouse, and that familiarity can be misleading. We know far less about human 
RP than we know about most of the animal models for RP. In fact we know so 
little about RP that it is not clear which, if any, of the inherited retinal degenera-
tions in laboratory animals is an appropriate surrogate for the human conditions. 
Indeed, with the recent surge of interest in the study of RP (recent in the sense 
that RP was first described in 1855 by Donders), much of what we thought we 
knew about RP has come under attack. For example, it was long widely accepted 
that all RP is inherited. There clearly are familial forms of RP with patterns that 
follow classic Mendelian genetics. In the United States, about 22% of all RP 
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patients have family histories of RP that are consistent with an autosomal domi-
nant mode of inheritance, and about 6% of all RP patients have family histories 
consistent with X-linked recessive inheritance. Another 22% of all RP patients 
have only affected siblings or some scattered relatives with RP. This group of RP 
patients is labeled multiplex and often they are presumed to reflect an autosomal 
recessive mode of inheritance. However, 50% of all RP patients have no other 
family history of the disorder. These patients are called simplex, and although in 
the past these patients have been presumed to have autosomal recessive disease, 
formal tests of the genetic hypothesis through segregation analysis have led to a 
rejection of that presumption (Boughman et ai, 1980; Massof et ai, 1982). 

The problem with RP is that as a clinical entity it is defined by a set of 
nonspecific characteristics. If a patient exhibits or is expected to exhibit night 
blindness, a progressive loss of peripheral vision while retaining relatively good 
visual acuity, abnormally narrow retinal arterioles, and the characteristic intra-
retinal, black, spicule-shaped pigment deposits that give RP its name, then the 
patient is a candidate for the RP diagnosis. The diagnosis is not established, 
however, until the clinician is confident that there is no known systemic meta-
bolic, inflammatory, dietary, toxic, or traumatic cause of the signs and symp-
toms. That is, RP is defined by exclusion; it is idiopathic by definition. 

B. The Relation of Rod Loss to Cone Loss in RP 

Night blindness in RP indicates that rod-mediated vision is impaired. The 
progressive loss of peripheral and eventually central vision argues that cone 
function also becomes affected. The first question we asked about RP was, 
4'How is rod function in RP lost relative to the loss of cone function?" We 
wanted to know (1) if rods and cones were affected together or if one receptor 
type was affected before the other, (2) if the retinal degeneration was diffuse 
throughout the retina or if it was regionalized and spread from specific retinal 
areas, and (3) if the relation of rod sensitivity loss to cone sensitivity loss was the 
same in all RP. 

In order to psychophysical^ study rod loss relative to cone loss in RP, we 
exploited the difference between the absorption spectrum of the rod pigment, 
R(k), and the absorption spectra of the cone pigments, L(X), Μ(λ), and S(\) 
(Massof and Finkelstein, 1979, 1981a,b). For the normal eye that is totally dark 
adapted, absolute visual thresholds will be determined by the rods. Conse-
quently, absolute threshold spectral sensitivity measures, as discussed earlier, 
will be determined by the absorption spectrum of rhodopsin (see Fig. 8). On the 
other hand, if the rods were missing or nonfunctional, then absolute visual 
thresholds would be determined by the cones. In this case, absolute threshold 
spectral sensitivity measures would be determined by some combination of the 
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L, M, and S cone photopigment absorption spectra. Turning the argument 
around, if absolute visual threshold spectral sensitivity measures fit the rhodop-
sin absorption spectrum, we would conclude that visual detection was mediated 
by rods. If the absolute visual threshold spectral sensitivity measures fit some 
combination of the absorption spectra of the L, Μ, and S cones, then we would 
conclude that visual detection was mediated by cones. 

Because of time and endurance constraints, it is not practical to measure 
complete absolute threshold spectral sensitivity functions at different retinal loca-
tions in RP patients. However, if the underlying rod-determined and cone-deter-
mined spectral sensitivity functions are known a priori, it is sufficient to measure 
absolute visual thresholds at only two wavelengths. As shown in Fig. 15A, rod-
determined spectral sensitivity is about 3 log units greater for a 500-nm stimulus 
than it is for a 650-nm stimulus. As shown in Figure 15B, cone-determined 
spectral sensitivity is about 1 log unit greater for a 500-nm stimulus than it is for 
a 650-nm stimulus. Thus, if we measure absolute visual thresholds for a 500-nm 
stimulus and for 650-nm stimulus and find that there is a 3 log unit difference 
between the threshold intensities for the two stimuli, we would conclude that 
rods mediated visual detection. On the other hand, if we found a 1 log unit 
difference between the threshold intensities for the two stimuli, we would con-
clude that cones mediated visual detection. If we obtain a difference between the 
threshold intensities for the two stimuli that is greater than 1 log unit, but less 
than 3 log units, we would conclude that rods mediated visual detection of the 
500-nm stimulus and cones mediated detection of the 650-nm stimulus. This 
conclusion assumes a relation between rod- and cone-mediated spectral sen-
sitivities that is similar to the one shown by the overlapping curves in Fig. 15C. 

Within limits, the difference between the log threshold intensities for the 500-
nm and 650-nm stimuli can provide information about rod sensitivity relative to 
cone sensitivity. Figure 16 illustrates the predicted difference between the log 
threshold intensities for the two stimuli as a function of the difference between 
the maximum log sensitivity of rods and the maximum log sensitivity of cones . 4 

The graph in Fig. 16 may be thought of as the result of sliding the rod and cone 
log spectral sensitivity curves in Fig. 15A and Β up and down relative to each 
other, and determining the log threshold intensities for the 500-nm and 650-nm 
stimuli from the resulting composite curve. For example, the relation of max-
imum rod sensitivity (peak of the rod curve) to maximum cone sensitivity (peak 
of the cone curve) for the overlapping curves in Fig. 15C would plot at 0.5 log 
units on the abscissa and —0.1 log units on the ordinate of the graph in Fig. 16. 

4
We specify threshold intensities in luminance units. That is, the stimulus energy is weighted 

according to its effectiveness in stimulating cones. Thus, by definition the theshold luminances are 
the same for the two stimuli if detection is mediated by cones. For rods, the threshold luminance 
difference is 2 log units. 
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FIG. 15. (A) Schematic rod-determined spectral sensitivity curve. As shown by the arrows, rods 
are 3 log units more sensitive to a 500-nm stimulus than to a 650-nm stimulus. (B) Schematic cone-
determined spectral sensitivity curve. This curve represents a weighted sum of the L, Μ, and S cone 
sensitivities. As shown by the arrows, the cone system is 1 log unit more sensitive to a 500-nm 
stimulus than it is to a 650-nm stimulus. (C) Schematic representation of a composite rod- and cone-
determined spectral sensitivity. In this case the rods are more sensitive than the cones at 500 nm and 
the cones are more sensitive than the rods at 650 nm. (From Massof and Finkelstein, 1981b.) 

Figure 17 illustrates how peak rod sensitivity and peak cone sensitivity change 
with retinal position. The abscissa of the graph in Fig. 17 is degrees of visual 
angle away from the center of fixation along a horizontal line extending from the 
extreme edge of the nasal visual field to the extreme edge of the temporal visual 
field. The point labeled 0° corresponds to fixation (i.e., the fovea), and the blank 
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FIG. 16. Predicted difference between log threshold luminances for different relationships be-
tween the log sensitivities or rods and of cones. (From Massof and Finkelstein, 1981b.) 
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FIG. 17. Peak rod sensitivity ( · ) and peak cone sensitivity (O) for six normal subjects are 
plotted as a function of visual field eccentricity in degrees. (From Massof and Finkelstein, 1981b.) 
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FIG. 18. Difference between log threshold luminances for the 650-nm stimulus and the 500-nm 
stimulus for nine normal subjects (points). The solid curve through the data is the prediction from the 
function in Fig. 16, using the average rod and cone sensitivity values from the data in Fig. 17. (From 
Massof and Finkelstein, 1981b.) 

area from 10° temporal to 20° temporal is the blind spot and corresponds to the 
location of the optic nerve head. By taking the difference between points on the 
log sensitivity curve for rods and corresponding points on the log sensitivity 
curve for cones, we can generate a prediction from the curve in Fig. 16 of the 
difference between log threshold intensity for the 500-nm stimulus and log 
threshold intensity for the 650-nm stimulus as a function of retinal eccentricity. 
This prediction, along with the data from ophthalmologically normal subjects, is 
plotted in Fig. 18. These results verify the consequences of our reasoning and 
lend support to the assumptions that underlie our interpretation of data from RP 
patients. 

Much to our surprise, we learned that there are two distinct categories of RP 
when considering only the relation of rod loss to cone loss. For one group, what 
we call type 1 RP, we measured cone-determined absolute threshold spectral 
sensitivity functions at all retinal positions. Figure 19 illustrates the sensitivity 
profile of one representative, a young type 1 RP patient. The cone sensitivities 
are near normal throughout the visual field and, as illustrated in the upper panel 
of Fig. 19A, we could not measure any rod contributions to visual detection. A 
full absolute threshold spectral sensitivity curve for this type 1 RP patient, 
measured at 50° in the temporal visual field is shown in Fig. 19B (solid circles). 
The curve drawn through the patient's data is the normal cone-determined spec-
tral sensitivity function. The open circles in Fig. 19B are average normal spectral 
sensitivity values at the same visual field position. The curve drawn through the 
normal data is the normal rod-determined spectral sensitivity function. 
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For another group of patients, what we call type 2 RP, we measured rod-
determined absolute threshold spectral sensitivity functions, despite very large 
(2-5 log unit) sensitivity losses. Figure 20 illustrates the rod and cone sensitivity 
profile of one representative, a young type 2 RP patient. In this case, both the rod 
and cone sensitivities are depressed in the affected parts of the visual field. Thus, 
as shown in the upper panel of Fig. 20A, the rods and cones are lost in the same 
proportion, thereby preserving the normal difference between the log absolute 
thresholds for the 500- and 650-nm stimuli. A full absolute threshold spectral 
sensitivity curve for this type 2 RP patient, measured at 40° in the temporal visual 
field, is shown in Fig. 20B (solid circles) along with the average normal values at 
the same visual field position (open circles). The normal rod-determined spectral 
sensitivity curve is drawn through both the patient's data and the average normal 
data. 

We found for some RP patients that the absolute threshold profiles were 
different from the patterns shown in Figs. 19 and 20. However, by applying the 
same analysis to the results, we concluded that these patients fell on a continuum 
with type 1 RP. The two lower panels of Fig. 21A illustrates the rod and cone 
sensitivity profiles of one such young RP patient. In this case, as illustrated in the 
upper panel of Fig. 21 A, all the retinal rods were depressed in sensitivity 2 log 
units more than the cones were depressed. Thus, at visual field positions outside 
of 10°, the rods mediated detection of the 500-nm stimulus and the cones medi-
ated detection of the 650-nm stimulus. This result is further illustrated by the 
complete spectral sensitivity curve for this patient at 30° in the temporal visual 
field, which is plotted in Fig. 2IB (solid circles). The two curves drawn through 
the data are the normal rod- and cone-determined spectral sensitivity functions. 
The average normal spectral sensitivity data at the same visual field position are 
plotted for comparison (open circles). The curve drawn through the normal data 
is the normal rod-determined spectral sensitivity function. 

We have concluded that patients like the one whose data are illustrated in Fig. 
21 belong to the type 1 subgroup of RP. Thus, we argue from our analysis that 
type 1 RP is characterized by a retinally diffuse and uniform loss of rod sen-
sitivity, whereas type 2 RP is characterized by a combined and regionalized loss 
of rod and cone sensitivity. We now are using these measures and analyses to 
determine the nature of the progression of the retinal degeneration in these two 
types of RP. 

C. Rod Internal Transduction Kinetics in RP 

There has been considerable speculation that cyclic nucleotide metabolism 
may be abnormal in RP (Schmidt and Lolley, 1973). As described by Färber and 
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FIG. 1 9 . (A) Log sensitivities for a young RP patient (Ο) as a function of visual field eccentricity 
for the 500-nm stimulus (lower panel) and the 650-nm stimulus (middle panel). Average normal log 
sensitivities (Δ) are plotted for comparison. The upper panel illustrates this patient's log threshold 
luminance differences for the two stimuli as a function of visual field eccentricity (points) in 
comparison to the average normal values (Δ). These difference values are at the cone level through-
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out the visual field. (B) A complete spectral sensitivity function measured at absolute threshold at 50° 
in the temporal visual field for this same patient ( · ) . The solid curve is the normal cone-determined 
spectral sensitivity function. The average normal spectral sensitivity for this same visual field 
position is plotted for comparison (O). The curve drawn through the normal data is the rod-
determined spectral sensitivity function. (From Massof and Finkelstein, 1981b.) 
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FIG. 20. Same as Fig. 19, but for a type 2 RP patient. Note that, unlike the patient data in Fig. 
19, the log threshold luminance differences are nearly normal (points in upper panel of A). Thus, as 
reflected by this patient's full spectral sensitivity function measured at absolute threshold, rods still 
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mediate detection despite large losses in sensitivity (points in B). The solid curve fit to the patient's 
spectral sensitivity data is the rod-determined spectral sensitivity function. (From Massof and 
Finkelstein, 1981a.) 



122 ROBERT W. MASSOF 

π 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 r 

D i f f e r e n c e 

_ l I I 1 I— 
—

1
 8 0 7 0 6 0 5 0 4 0 3 0 2 0 10 0 10 2 0 3 0 4 0 5 0 6 0 7 0 8 0 

Nasa l (Degrees) Temporal 

8 0 7 0 6 0 5 0 4 0 3 0 2 0 
Nasal 

10 0 10 2 0 3 0 4 0 5 0 6 0 7 0 8 0 
(Degrees) Temporal 

_ l I L. 

Blue - G r e e n 

_ l I I I I I L. 
8 0 7 0 6 0 5 0 4 0 3 0 2 0 10 0 10 2 0 3 0 4 0 5 0 6 0 7 0 8 0 

Nasal (Degrees) Temporal 

FIG. 21. Same as Fig. 19, but for a type 1 RP patient who exhibited intermediate rod sensitivity 
losses ( · ) . As illustrated in the upper panel of (A), the log threshold luminance difference values 
ascended toward the rod level with increasing eccentricity (points). The solid curve drawn through 
the patient's data in this upper panel is the prediction of the function in Fig. 16 if all the retinal rods 
were depressed in sensitivity two log units more than the cones were depressed. (The open circles are 
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data for this patient's mother.) (B) An illustration of the complete spectral sensitivity function for this 
patient at absolute threshold at 30° temporal visual field ( · ) . The two curves fit to the patient's data 
are the rod-determined and cone-determined spectral sensitivity functions. (From Massof and Finkel-
stein, 1981b.) 
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Shuster in Part I, there now is evidence that the activity of phosphodiesterase 
may be abnormal in the rods of mice with inherited retinal degenerations. If such 
an abnormality also occurs in human RP, then we might expect to see an 
abnormality in rod transduction kinetics. 

We employed the afterimage experiment, described earlier, to obtain measures 
of rod afterimage latencies from type 2 RP patients (Benzschawel and Massof, 
1984). Using the formal theoretical arguments specified by Eqs. (32)-(41), we 
felt that we could interpret RP afterimage detection latencies in terms of rod 
internal transduction kinetics. However, it was first necessary to establish that 
the linking postulates held for the RP patients. 

From the arguments leading up to Eq. (38), the linking postulates require 
Weber's law (i.e., ΔΙΙΙ = constant) to hold for increment thresholds measured 
on the basis of detecting the test stimulus in the afterimage. Therefore, we 
obtained measures of increment thresholds for detection in the afterimage from 
each RP patient. As illustrated for a representative RP patient in Fig. 22, 
Weber's law (straight-line fit to the data) does hold. 

We found that rod afterimage detection latencies for RP patients were signifi-
cantly prolonged. As illustrated for an early RP patient in Fig. 23, the second 
branch of the function is considerably steeper than normal. Using Adelson's 
double exponential model in Eq. (41), we find that T j = 180 msec and τ 2 = 3.5 
sec for this RP patient, whereas ίχ — 180 msec and T 2 = 1.5 sec for the average 
normal rods. Thus, we would conclude that this RP patient's fast recovery 

Background ( log sco top ic t d - s e c ) 

FIG. 22. Log test flash intensity (AI) for first detection of the square in the afterimage as a 
function of log background intensity for a representative RP patient. The straight-line fit to the data is 
Weber's law (i.e., AIII = constant). 
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FIG. 2 3 . Latency (seconds) to detection of the square in the afterimage as a function of log 
background intensity for a patient with early RP. The solid curve is the prediction of the double 
exponential model [Eq. ( 4 1 ) ] with T j = 1 8 0 msec and τ 2 = 3 . 5 sec. 

process has normal kinetics, but the slow recovery process is markedly pro-
longed. Such a conclusion would be in agreement with a putative abnormality in 
phosphodiesterase activity. 

V. Retinal Cell Biology from a Psychophysicist's Perspective 

Within a very short period of time, our knowledge of the retina has grown 
from anatomical descriptions and studies of gross electrical potentials to detailed 
descriptions of specific biochemical processes within specific organelles of reti-
nal cells. In the recent past, the retina was studied with the aim of describing the 
machinery of vision. Now, because of the remarkable advances in retinal cell 
biology, the retina has become an entity of study unto itself. That is, where once 
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vision was the prior concern of retinal anatomists and physiologists, now the 
retina is the prior concern. The objective of retinal cell biology is to understand 
the retina for its own sake. 

Modern retinal cell biology is the natural consequence of a reductionistic or 
top-down approach. If we trace the history of work on the fundamental question 
of visual science, "How do we see? ," we find that it took until 800 AD to 
determine that the retina is the relevant structure for transducing the light image 
into vision (prior to that time, the lens was considered to be the relevant struc-
ture). With both light and attention focused on the retina, the next step was to 
obtain a more detailed microscopic description of this ocular tunica. With the 
discovery of interconnected retinal cells, of a pigment in the retina that bleaches 
upon exposure to light, and of light-controlled electrical potentials that are gener-
ated by the retina, we were provided with better explanations of how the retina 
could serve to transduce light into vision. The amazing accomplishments of this 
century have given us detailed descriptions of the ultrastructure and function of 
individual retinal cells, Now, as evidenced by the work described in this book, 
retinal cell biology has carried us into the next level of understanding. That is, 
we are explaining the retina in molecular terms. From an extrapolation of this 
reductionistic approach, we might expect that sometime in the future our level of 
understanding could be described as an elementary particle physics of the retina. 

An alternative to the reductionistic approach is the systems approach. Whereas 
retinal cell biology is a consequence of the reductionistic approach applied to the 
fundamental question of "How do we see? ," psychophysics is a consequence of 
the systems approach applied to the same question. The finding that the retina, 
not the lens, is the relevant structure to vision is of no formal concern to 
psychophysics, just as long as we agree on the equations for transducing light 
into vision. 

Although vision psychophysics and retinal cell biology seem to have parted 
company several hundred years ago, a complete visual science would require the 
establishment of formal connections between the disciplines. That is, the objec-
tive of visual science would be to describe the physiological operators of psycho-
physics in terms of physiological subsystems. To meet this objective, it would be 
necessary to develop a systems theory for each level of understanding. For 
example, retinal network behavior would be described in terms of cellular sub-
systems and individual retinal cell behavior would be described in terms of 
biochemical subsystems. Ultimately, through such nested descriptions, the phys-
iological operators of psychophysics could be described in terms of the bio-
chemical subsystems. To a small extent, we already have done this in our 
modeling of rod afterimages using the blocking agent postulates. 

Retinal cell biology is still largely descriptive. As more information is ac-
quired, emergent properties of the biochemical processes will become evident. It 
is these emergent properties that constitute a system. Thus, it is likely that retinal 
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cell biology will soon become more concerned with the logic of the cell, in 
addition to being concerned with detailed descriptions of cell structure and phys-
iology. Descriptions of the logic at a biochemical level will provide building 
blocks for describing the logic of the next level of organization and so on. 
Ultimately, we would achieve a level of organization where psychophysical^ 
measured properties of vision could be connected to the finest level of under-
standing. 
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I. Summary of RPE Cell Structure and Functions 

The retinal pigment epithelium (RPE) is situated between the choroidal blood 
supply and the photoreceptor cell layer. When viewed enface, the RPE cell 
appears to be hexagonally shaped and darkly pigmented (Fig. 1). However, most 
of the important structural features of the cell can be best appreciated by examin-
ing it in cross section (Fig. 2). Like other epithelial cells, the RPE cell displays a 
differentiation of its plasma membrane or cell asymmetry. This asymmetry is 
essential for many of the functions carried out by the cell. At its apical surface 
(that which faces the retina), the RPE cell elaborates both long and short micro-
villi. Short microvilli ensheath rod and cone outer segments, while the long ones 
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FIG. 1. R P E cells, enface view. 

project like fingers along the lengths of outer segments. The plasma membranes 
of the photoreceptor and RPE cells do not have any points of contact, but rather 
are separated by a very thin layer of extracellular matrix material, called the 
interphotoreceptor matrix. Although the mechanism of retinal adhesion is still a 
mystery, it is currently believed that the interdigitation of photoreceptor and RPE 
cell plasma membranes, together with keeping the space between the membranes 
very small, are essential for good adhesion. There is evidence that the RPE 
maintains this thin layer by actively transporting ions and water out of the 
subretinal space. Close proximity of a large surface area of the photoreceptor and 
RPE cell plasma membranes facilitates exchange of nutrients and wastes between 
the two cell types. 

At the lateral surface, each RPE cell is joined to adjacent cells by a continuous 
belt of tight intercellular junctions. This junctional complex (also called the 
terminal bar) is located near the apical region of the plasma membrane and 
prevents diffusion of large molecules through the space between adjacent RPE 
cells. The terminal bar is thought to be the main structure responsible for the 
blood-retinal barrier at the level of the choroidal blood supply. 

The basal plasma membrane of the RPE cell contains many infoldings. As 
with the apical surface, these infoldings increase the surface area of the mem-
brane, thus facilitating exchange of wastes and nutrients between the RPE cell 
and the choroidal blood supply. At its basal surface, the RPE cell secretes a 
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FIG. 2. RPE cell, cross-sectional view. A, Microvilli of apical plasma membrane; B, pho-
toreceptor outer segment; C, interphotoreceptor matrix; D, tight junctions; E, infoldings of basal 
plasma membrane; F , basement membrane of the RPE cell; G, basement membrane of a choroidal 
capillary; H, Bruch's membrane; I, phagosome; J, melanin granule. 

basement membrane to which it is firmly attached. The RPE basement mem-
brane is separated from the basement membranes of the choroidal capillaries by a 
loose network of collagen fibers and other structural proteins. This composite 
structure of two basement membranes, separated by a layer of collagen, has been 
traditionally referred to as Bruch's membrane. Bruch's membrane is permeable 
to small molecules and some maeromolecules. Recent studies suggest that it, 
too, may contribute to the blood-retinal barrier, at least in rats (Pino et al., 1981, 
1982). 

There are some distinctive features of the RPE cytoplasm. Phagosomes, con-
taining recently ingested photoreceptor membranes, are characterized by the 
lamellar appearance of their contents. As lysosomal digestion of a phagosome 
proceeds, residual contents may form a lipofuscin granule. RPE cells of many 
species contain oil droplets in which a reserve of vitamin A (retinol), esterified to 
fatty acids, is stored. Melanin (pigment) granules are thought to increase pho-
toreceptor efficiency by absorbing excess, scattered light. 

Very generally, the main functions of the RPE cell are (1) to participate in the 
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nurturing and renewal of the photoreceptor cell layer, (2) to promote retinal 
adhesion, and (3) to absorb scattered light. In this article, I have selected topics 
from categories 1 and 2 that serve as good illustrations of how the RPE cell might 
be used as a model for studying biological problems of current interest. Some of 
these problems include phagocytosis (encompassing cell-cell recognition, 
cytoskeletal structure and function, and lysosomal systems), aging, transcellular 
transport, the secretion and function of specialized extracellular matrix compo-
nents, and the structure and function of blood-tissue barriers. Furthermore, I 
have emphasized areas of new developments since the publication of The Retinal 
Pigment Epithelium (1979), edited by Zinn and Marmor. 

I. Cellular Processes That Have Been Studied in the RPE 

A. Phagocytosis 

An important RPE cell function is to remove wastes from the photoreceptor 
cells. The best characterized example of this process is the phagocytic uptake of 
shed photoreceptor outer segment (OS) membranes by the RPE cell (Young and 
Bok, 1969). By analogy with the model put forth for the macrophage (Rabino-
vitch, 1967), phagocytosis of OS membranes can be described as a multistep 
process (Fig. 3). 

The first step is binding of the OS tip to the RPE cell plasma membrane. In the 
macrophage, particles are bound for phagocytosis by two basic mechanisms. 

1. Particles coated (opsonized) with IgG, IgM-complement (C3b), or fibro-
nectin are bound to the macrophage surface via specific plasma membrane recep-
tors that recognize IgG (Fc region), C3b, and fibronectin, respectively (Man-
tovani et al, 1972; Griffen, et al, 1975a,b, 1976; Gudewicz et α/., 1980). 
Uptake of particles bound via specific cell surface receptors is called receptor-
mediated phagocytosis. 

2. Particles, such as latex and some nonopsonized biological materials, are 
bound to the cell surface by a little understood mechanism that is unlikely to be 
mediated by specific receptors (Griffen and Silverstein, 1974). This mode of 
binding may possibly be mediated by favorable hydrophobic or charge charac-
teristics of the particle surface (van Oss, 1978). Uptake of particles bound in this 
manner is sometimes referred to as nonspecific phagocytosis. 

In the macrophage, receptor-mediated and nonspecific phagocytosis are meta-
bolically distinct processes (Michl et ai, 1976). Similarly, recent evidence sug-
gests that the RPE phagocytizes latex spheres and other inert substances by a 
nonspecific mechanism that is distinct from the mechanism (receptor mediated?) 
by which OS are phagocytized (Philp and Bernstein, 1981). 
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FIG. 3. Model for receptor-mediated phagocytosis (Silverstein and Loike, 1980). 

Binding is followed by firm attachment and ingestion of the OS membranes. 
Once inside of the RPE cell, ingested OS membranes (now called phagosomes) 
combine with lysosomes and digestion of the phagosome contents occurs. 

Since the phagocytosis of shed OS membranes is a multistep process, interrup-
tion of any of these steps can have dire consequences for the health of the retina. 
A dramatic example of this point is found in the RCS (dystrophic) rat (Bourne et 
ai, 1938; Dowling and Sidman, 1962). The RCS mutation affects the RPE cells 
(Mullen and LaVail, 1976) such that their ability to phagocytize OS membranes 
is impaired (Herron et al, 1969; Bok and Hall, 1971; Goldman and O'Brien, 
1978). As OS continue to elongate in the limited subretinal space, the tips 
become distorted, creating a layer of OS debris between the photoreceptor and 
RPE cell layers. It has been proposed that the accumulation of OS debris in the 
subretinal space causes an interruption of flow of nutrients between the RPE and 
photoreceptor cell and hence contributes to photoreceptor death (Herron et al., 
1969). The RCS mutant should prove to be a valuable tool for studying the 
molecular basis for the mechanism of phagocytosis. 

In the past 10 years, there have been many studies of phagocytosis by the 
RPE. Often, it is difficult to compare the results of these studies because of the 
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variety of particles that have been chosen for the phagocytic assay and the 
condition of the RPE cells at the time of feeding. The various particles have 
included OS, latex spheres, carbon, and bacteria to name a few. These particles 
have been injected into the subretinal space (in vivo RPE) or incubated with 
cultured RPE expiants or monolayers of pure RPE cells, cultured on plastic. 
Studies of phagocytosis by RPE cells in vivo and by RPE cell expiants are 
discussed in the following section, while studies employing cultured RPE cell 
monolayers are primarily discussed in Section ΙΙΙ ,Β,Ι . 

1. BINDING/RECOGNITION 

a. Particle Specificity. One question that early studies of binding/recognition 
addressed was whether the process of phagocytosis of OS by the RPE is a highly 
specific process or whether the RPE is a generalized phagocytic cell that ingests 
OS as well as other particles. Hollyfield and Ward (1974a) injected polystyrene 
spheres into the subretinal space of developing Rana pipiens and found that large 
numbers of the spheres were phagocytized by the RPE. In a subsequent study, 
Hollyfield and Ward (1974b) injected both polystyrene spheres and the bacteria 
Sarcina subflava into the subretinal space of R. pipiens. Under these circum-
stances, the polystyrene spheres were phagocytized, while the bacteria were not. 
This was the first evidence that the RPE displays selectivity with regard to the type 
of material that it will engulf. These results further showed that, like the mac-
rophage (Griffen and Silverstein, 1974), the RPE cell is capable of engulfing one 
type of particle in the presence of an unpalatable particle without coingesting the 
second particle nonspecifically. 

Custer and Bok (1975) injected carbon particles into the subretinal space of 
both normal and dystrophic rats and compared phagocytic uptake by the RPE of 
the two animals. They found that the RPE of dystrophic rats (which displays 
impaired ability to phagocytize OS) phagocytized carbon particles in the same 
quantities as did the RPE of normal rats. Similarly, Reich-D'Almeida (1976) 
found that the RPE of dystrophic rats was capable of phagocytizing carbon 
particles. These studies suggested for the first time that the RPE, like the mac-
rophage, possesses two types of phagocytic capabilities: (1) a nonspecific pro-
cess by which the RPE may phagocytize various particles (such as latex) very 
slowly (2-3/hr) and (2) a specific process by which the RPE cell phagocytizes 
50-300 OS tips (Bok and Young, 1979) within 1-2 hr of availability (LaVail, 
1976a,b; Basinger et al., 1976). 

This point was clearly made by Philp and Bernstein (1981), who presented a 
careful comparison and characterization of the two types of phagocytosis 
[nonspecific uptake of latex and specific uptake of rod outer segments (ROS)] in 
cultured RPE cell expiants from normal rats. The first point that they made is that 
uptake of OS by RPE of adult rats occurs much more rapidly than uptake of latex 
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beads. In the RPE expiants from adult rats, phagocytosis of OS peaked at 2 hr 
after onset of feeding and then declined. At the peak of this phagocytic activity, 
the RPE ingested 9 times more OS than latex beads. In contrast, phagocytosis of 
latex displayed a lag for the first 6 hr of feeding, followed by a slowly increasing 
rate of uptake for the next 24 hr of expiant culture. [An even longer lag, 12-17 
hr, in the rate of latex ingestion was observed by Essner et al. (1978) in explants 
of rabbit and calf RPE.] 

Philp and Bernstein also compared the phagocytic capabilities of RPE from 
neonatal rats and adult rats. They found that RPE from adult rats phagocytized 
about 80 times more OS than did RPE from 10-day-old neonates. In contrast, 
RPE from 10- and 15-day-old rats phagocytized almost 2 times as many latex 
spheres as did RPE from adults. Therefore, since (1) the capabilities of the RPE 
to phagocytize latex and OS are expressed at different times in development and 
(2) phagocytosis of latex and OS occur at different rates in adult rat RPE, these 
results strongly support the conclusion that latex spheres and OS are pha-
gocytized by two different mechanisms. 

b. The Possible Role of Carbohydrates in Binding!Recognition. With re-
gard to the processes of shedding and phagocytosis of OS membranes by RPE 
cells, there are at least two proposed mechanisms. One model suggests that 
shedding and phagocytosis of OS tips are one and the same process, i.e., that 
RPE cells pinch off OS tips in response to a chemical change in the environment 
of the photoreceptor-RPE complex (Spitznas and Hogan, 1970). The second 
model (Young, 1971) proposes that shedding and phagocytosis occur sequen-
tially. The second model implies that the RPE is capable of phagocytizing OS 
membranes at all times and that only the shedding process is under cyclic modu-
lation (LaVail, 1976a,b; Basinger et al., 1976). (A more detailed exploration of 
these concepts may be found in the article by Besharse in Part I). Since RPE cells 
display selectivity with regard to phagocytosis (Section I I ,A, l ,a) , both models 
require that there be some sort of mechanism by which the RPE recognizes OS 
membrane material in order to bind and ingest it. 

In 1976, O'Brien reported that a small fraction of rhodopsin molecules in 
bovine ROS can be labeled with [3H]fucose and [3H]galactose by endogenous 
glycosyl transferases (i.e., this is apparently a "post-inner segment processing" 
modification). O'Brien suggested that modification of rhodopsin in the highly 
localized region of the plasma membrane at the tip of the OS by addition of 
terminal sugars (fucose and galactose) might be the signal which initiates shed-
ding and phagocytosis of the OS tip by the RPE. O'Brien's suggestion that 
carbohydrates might be the key to this recognition process, together with accu-
mulated evidence that carbohydrates play a role in other cell-cell recognition 
phenomenon, led some investigators to explore this question more closely. 

Initial studies focused on simply characterizing exposed sugar residues on the 
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external surfaces of both OS and RPE cell plasma membranes with the aid of 
plant lectins (Hall and Nir, 1976; Nir and Hall, 1979; Bridges and Fong, 1979; 
McLaughlin and Wood, 1980). Hall and Nir (1976) compared binding of ferritin-
conjugated concanavalin A (Con A) to plasma membranes of both RPE and ROS 
in normal and dystrophic (RCS) rats. They found no differences in the density of 
Con A (specific for a-D-Man, α-D-Glc, and α-D-GlcNAc) binding in mutant and 
normal tissues. McLaughlin and Wood (1980) carried out a more extensive 
study, using peroxidase-conjugated wheat germ agglutinin (WGA), Ricinis com-
munis agglutinin (RCA), Con A, and Lens culinaris agglutinin (LCA). The 
results of this study suggested that the surfaces of microvilli of normal RPE 
contain more LCA-binding sites than microvilli of dystrophic RPE. Due to the 
fact that the RPE of the dystrophic rats fails to phagocytize OS membranes, the 
authors suggested that LCA (specific for a-D-Man, α-D-Glc, and a-D-GlcNAc) 
binding sites on the RPE plasma membrane may be involved in the specific 
phagocytic uptake of ROS. The apparent discrepancy between the findings of 
Hall and Nir (1976) and McLaughlin and Wood (1980) may be due to differences 
in the microspecificities of Con A and LCA. LCA binds preferentially to man-
nose chains that contain fucose (Kornfeld, 1981). 

Plant lectins were subsequently used to block exposed sugars on the surfaces 
of OS and RPE in order to study the effect on phagocytosis. Hall and Quon 
(1980) found that WGA, Con A, RCA, and soybean agglutinin (SBA) signifi-
cantly reduced phagocytosis of ROS in cultured rat RPE cells only when both the 
RPE and ROS surfaces were coated with lectin prior to the phagocytic assay. 
Philp and Bernstein (1980) reported that pretreatment of isolated ROS with Con 
A inhibited subsequent ingestion by rat RPE expiants by 50%. They further 
found that pretreatment of RPE with Con A had no effect on the phagocytosis of 
OS, but did inhibit uptake of latex beads. 

It is reasonable to assume that if the RPE recognizes specific sugars on the 
surface of the OS, then it should be possible to inhibit this recognition by adding 
an excess of the sugar to the subretinal space or millieu in which the RPE and OS 
are making contact. Philp and Bernstein (1980) reported that treatment of RPE 
cell explants (rat) with 0.1 M mannose or 100 μg of yeast mannan/ml resulted in 
a 50% reduction in the ability of the cells to phagocytize ROS. This treatment 
had no effect on the phagocytosis of latex, suggesting a possible specificity for 
the effect. Heath and Basinger (1983) examined the effect of various simple 
sugars on disc shedding and phagocytosis in in vitro eyecup preparations from R. 
pipiens. They found that L-fucose, α-methyl-D-mannopyranoside, and D-man-
nose (at 50 mM) each inhibited disk shedding and phagocytosis, with L-fucose 
being the most potent inhibitor. This inhibition seemed to be a specific effect 
since a variety of other sugars (including D-fucose and L-mannose) were also 
tested and found to have no significant effect on shedding and phagocytosis. The 
authors emphasized that the inhibitory sugars affected both shedding and phago-
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cytosis. If only phagocytosis were inhibited, then one would expect to find a 
number of shed but uningested disc packets (or an increase of what the authors 
called "incipient phagosomes") in the subretinal space. Such was not the case. 
Therefore, this study lends support to a model proposing that shedding and 
phagocytosis are inseparable processes. 

It was mentioned earlier that normal RPE cells phagocytize latex spheres more 
slowly than OS. Seyfried-Williams and McLaughlin (1983) coated latex spheres 
with mannose and fucose in order to enhance the "OS-l ike" quality of surfaces 
of the spheres. This, they expected, might stimulate uptake of the latex by the 
rapid mechanism by which OS are phagocytized. Surprisingly, sugar-coated 
latex spheres were ingested at a reduced rate as compared to uncoated latex 
spheres. Mannose-coated beads were taken up at about half the rate of uncoated 
beads, while fucose-coated beads were not ingested at all. The authors in-
terpreted these results in the following way. Latex was ingested by phagocytic 
cells by a mechanism that may involve a hydrophobic interaction between the 
spheres and cell membranes (van Oss, 1978). When the hydrophobic sites were 
covered with fucose, the beads were not ingested. Therefore, simple fucose is 
not "recognized" by a specific phagocytic process that may be responsible for 
ingestion of OS. Mannose-coated beads were ingested (at a slower rate) because 
either the hydrophobic sites were incompletely masked by the mannose coating 
or mannose is recognized by a specific phagocytic process. The former explana-
tion is more likely, since the rate of latex ingestion was depressed, not stimulated 
by mannose coating. 

If carbohydrates are involved at all in recognition of OS by RPE, it is most 
likely that a complex carbohydrate (possibly containing mannose and fucose) is 
the moiety that is recognized. By using high (but not toxic) concentrations of 
simple sugars, Heath and Basinger (1983) may have been forcing some inter-
ference with the fucose- or mannose-binding region of a carbohydrate recogniz-
ing receptor for OS. At the relatively low concentrations of latex-bound simple 
sugars used by Seyfried-Williams and McLaughlin, they would have found little 
or no "forced recognition." In future pursuits of this line of research, it may be 
fruitful to examine the ability of various oligosaccharides (containing mannose 
and fucose in common linkages) to competitively inhibit the phagocytosis of OS 
by RPE. 

c. Possible Role of Serum Components in Binding/Recognition. Analogies 
between the macrophage and the RPE cell led to the speculation that some 
opsonizing factor might also be responsible for specific binding of OS to the RPE 
cell. Newsome and Bowles (1979) demonstrated the presence of Fc receptors on 
canine RPE cells. In 1981, Einer et al. published a more detailed report which 
confirmed Newsome's findings. RPE cells were isolated from monkey eyes and 
allowed to attach to a glass surface for 2 hr. Attached cells were presented with 
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human erythrocytes which had been (1) untreated, (2) pretreated with anti-
erythrocyte IgG, or (3) pretreated with F(ab)2 fragments (lacking an Fc region) of 
anti-erythrocyte IgG. The IgG-coated erythrocytes bound to the RPE cell sur-
faces in a rosette formation, while untreated or F(ab)2-treated erythrocytes did 
not bind. IgG, but not F(ab)2 fragments, were effective in preventing rosette 
formation. Some phagocytic uptake of IgG-coated erythrocytes was also ob-
served. Similar experiments showed that the RPE cell also bound IgM- and C5-
coated erythrocytes with apparent specificity. Thus, the RPE cell surface con-
tains receptors which specifically recognize the Fc region of IgG and the C5 
fragment of complement. 

In a similar vein of thought, McCann et al (1983) examined the effect of 
tuftsin on phagocytosis of latex beads by RPE cell expiants. [Tuftsin is derived 
from the Fab portion of the immunoglobin molecule by the action of leuko-
kinase, a protease bound to the surface of neutrophils. Tuftsin acts more like a 
hormone than an opsinin in its effect of stimulating phagocytosis by neutrophils 
(Najjar and Nishioka, 1970).] McCann et al reported that tuftsin caused a 
fourfold stimulation of binding and ingestion of latex spheres by RPE cell ex-
plants. It will be of interest to know if tuftsin stimulates uptake of OS as well, or 
if tuftsin only stimulates the "nonspecific" process by which latex beads are 
ingested. As yet, there is no evidence that IgG, complement, or tuftsin are 
normal components of the interphotoreceptor matrix. 

2. INGESTION 

Once the OS is specifically bound to and recognized by the RPE cell surface, 
some sort of transmembrane-signaling mechanism must tell the RPE to begin the 
ingestion process. Nothing is known about this hypothetical signaling mecha-
nism and little is known about the parameters controlling the ingestion process 
itself. The information that is available comes mainly from morphological obser-
vation of the ingestion process. Burnside (1976) first suggested a role for the 
RPE cytoskeleton in the ingestion phase of phagocytosis. She reported evidence 
(transmission electron microscopy) that RPE microvilli, which ensheath OS, 
contain microfilaments. Furthermore, RPE processes surrounding a newly in-
gested packet of shed OS discs near the apical RPE cell surface were shown to 
contain microfilaments. Recently, Besharse (1984) has further documented the 
role of the cytoskeleton in the formation of special processes (distinct from 
microvilli) which form at the apical surface of aspjirtate-treated RPE (in vitro 
eyecup preparation of Xenopus laevis) and appear to play a role in shedding and 
phagocytosis of the OS tip. 

McLaughlin et al (1983) examined by scanning electron microscopy (SEM) 
the morphology of microvilli in surface replicas of RPE cells (RPE expiants) in 
the process of ingesting latex spheres. As the beads were engulfed, microvilli 
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FIG. 4. Ingestion of particles by rat RPE cells, (a) Surface replicas of rat RPE ingesting latex 
beads in expiant culture, showing "Venus' flytrap array" of microvilli (McLaughlin et al., 1983). 
(b) Rat RPE cells ingesting isolated ROS in cell culture, showing saucer-shaped cell surface structure 
(Chaitin and Hall, 1983). 

flattened and formed a "Venus ' flytrap array" around the latex sphere. This is in 
contrast to the report of Chaitin and Hall (1983b), who observed by SEM a 
saucer-shaped structure forming on the surface of cultured rat RPE cells during 
the ingestion of isolated ROS (Fig. 4). The difference may be due to use of 
cultured cells vs RPE cell expiants or to differences in preservation of the surface 
obtained by surface replica vs standard SEM sample preparation. However, it 
may also reflect a difference inherent in the mechanisms by which latex and OS 
are ingested (Philp and Bernstein, 1981). 

Future research will no doubt delve into the biochemical control mechanisms 
that are responsible for the mobilization of the RPE cytoskeleton for the ingestion 
phase of phagocytosis. It is possible that these mechanisms are the same for both 
specific and nonspecific phagocytosis, but that they can be triggered either by 
receptor-mediated transmembrane signaling or by charge-related disturbances of 
the plasma membrane. 

3. DEGRADATION OF PHAGOSOME CONTENTS 

a. Specialized Hydrolase Activities? Studies of the digestion phase of 
phagocytosis in the retinal pigment epithelium began with attempts to identify 
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hydrolytic enzymes in subcellular organelles, both by electron microscopic histo-
chemistry (Ishikawa and Yamada, 1970; Hollyfield and Ward, 1974c) and by 
assay of subcellular fractions (Berman, 1971; Swartz and Mitchell, 1973; Hay-
asaka et al., 1975, 1977; Rothman et al., 1976). Many of the hydrolytic enzymes 
that have been identified in lysosomes of other tissues have also been found in 
the RPE. (This work was reviewed in 1979 by Berman.) 

More recently, work in this line has been directed toward identifying systems 
of hydrolases that might be specially adapted for degrading the rather unique 
protein and lipid constituents of photoreceptor outer segments. The possible 
existence of such a specialized degradative machinery in the RPE was proposed 
by Feeney (1973). Regan et al. (1980) showed that rhodopsin in disc membranes 
is degraded by a protease with cathepsin D-like activity, which copurifies with a 
"dense" (special?) lysosomal fraction in sucrose gradients. Zimmerman et al. 
(1983) isolated lysosomes from bovine RPE, liver, and retina. They compared 
the relative hydrolytic activities of these lysosomal fractions, using ROS mem-
branes and hemoglobin as substrates. Whereas lysosomes from liver and retina 
degraded rhodopsin in ROS and hemoglobin at the same rate, lysosomes from 
the RPE degraded ROS-bound rhodopsin at twice the rate of hemoglobin. There-
fore, lysosomes from the RPE seem to be specially adapted for the degradation of 
rhodopsin in ROS membranes. The RPE lysosomal fraction also displayed great-
er phospholipase Ax plus A 2 activities when compared to lysosomes from the 
liver and retina. The authors tentatively proposed that it is the combination of 
high phospholipase A, plus A 2 activity together with cathepsin D (Regan et al., 
1980) that is responsible for the enhanced ability of RPE lysosomes to degrade 
membrane-bound proteins (e.g., rhodopsin). 

Hara et al. (1983) have identified a rhodopsin-cleaving enzyme in homoge-
nates of bovine RPE. This protease activity degraded purified rhodopsin more 
readily than bovine serum albumin (BSA). The specific activity of the rhodopsin-
cleaving enzyme was greatest in the RPE when compared to other tissues (ROS, 
liver, and spleen). Whether the rhodopsin-cleaving activity is due to a spe-
cialized protease or the cathepsin D activity reported by Regan et al. ( 1980) is 
not clear. This same research group analyzed the carbohydrate structure of an 
acidic glycopeptide that was produced by the action of the rhodopsin-cleaving 
enzymes in RPE cell homogenates upon purified rhodopsin (Kean et al., 1983). 
The oligosaccharide chains in the glycopeptide fragment were identical to those 
in intact purified rhodopsin. The authors speculated that the carbohydrate struc-
ture of rhodopsin is perhaps conserved during degradation. However, the ac-
tivities of various sugar hydrolases is likely to be quite different in RPE cell 
homogenates than in the special environment of the phagolysosomal compart-
ment. Perhaps these questions will be better answered by analyzing the contents 
of purified rhodopsin-containing phagolysosomes. 
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b. Role of Microtubules. Burnside (1976) has proposed that microtubules 
might be involved in movement of phagosomes through the RPE cytoplasm and 
fusion of phagosomes with lysosomes. Recently, Herman and Steinberg 
(1982a,b) reported the effects of colchicine on the movement and degradation of 
phagosomes in the tapetal RPE of opossum. They observed that soon after 
ingestion, phagosomes were moved from the apical to the basal portion of the RPE 
cell. This movement was blocked by treatment of the tissue with colchicine, 
suggesting that phagosome movement is mediated by microtubules. The authors 
also reported that phagosomes were degraded only within the basal half of the RPE 
cell. Acid phosphatase activity also appeared to be localized in the basal RPE. 
Phagosomes that were trapped near the apical surface of RPE cells by colchicine 
treatment did not appear to undergo degradation. In summary, the study showed 
that fusion of phagosomes with lysosomes is mediated by microtubules and occurs 
only in the basal portion of opossum RPE. 

c. Lipofuscin Formation. Recent evidence suggests that the oxidative state 
of the retina (specifically, photoreceptor outer segments) can ultimately affect 
the ability of the pigment epithelium to degrade phagocytized OS membranes. 
The predominant fatty acid in ROS membranes is the polyunsaturated 2 2 : 6 
docosahexaenoate (Anderson and Risk, 1974; Berman et al., 1974). Polyunsatu-
rated lipids are susceptible to cross-linking in the presence of free radicals that 
may, in the retina, be produced by light or high oxygen tension. Chio et al. 
(1969) demonstrated that autooxidative damage to polyunsaturated fatty acids in 
membranes contributes to formation of the autofluorescent age pigment, 
lipofuscin. It has been proposed that autooxidized, cross-linked macromolecules 
in photoreceptor membranes cannot be completely degraded by the RPE's pha-
golysosomal system. In the aging RPE, undigestible contents of phagolysosomes 
form residual bodies, which under some circumstances, have the fluorescent 
property of lipofuscin (for a review, see Feeney and Berman, 1976). 

Vitamin Ε is present in photoreceptor OS (Dilley and McConnell, 1970) and 
provides protection against oxidative damage to OS membranes in vitro (Farns-
worth and Dratz, 1976). There is evidence that vitamin Ε may also prevent 
oxidation of vitamin A (Robison et al., 1980) in photoreceptor membranes. In 
1974, Hayes reported that monkeys fed vitamin Ε-deficient diets developed 
disruption of disc membrane structure in photoreceptor OS and degeneration of 
photoreceptor cells in the macular area only. Additionally, the RPE of the 
experimental animals accumulated large quantities of residual bodies. In studies of 
the interaction of vitamins Ε and A in maintaining retinal health, Robison et al. 
(1979) observed a similar disruption of disc structure and accumulation of residual 
bodies in the RPE of rats fed a vitamin Ε-deficient diet. These authors have also 
presented evidence that the fluorescent property of lipofuscin granules is contrib-
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uted by the vitamin A (retinol) content of ingested OS membranes (Robison et al., 
1980). Thus, it appears that vitamin Ε deficiency can accelerate formation of 
lipofuscin (a normal effect of aging) in the RPE of relatively young animals. 

Katz et al. (1978) have taken these studies further by attempting to create a 
more extreme antioxidant deficiency in rats. Young rats were fed diets not only 
deficient in vitamin Ε (which blocks autooxidation of polyunsaturated lipids 
directly) but also lacking selenium, sulfur-containing amino acids, and chro-
mium (dietary components that are necessary for proper functioning of the glu-
tathione peroxidase system for converting oxidized lipids back to hydroxy fatty 
acids). After 32 weeks on the deficient diet, retinal vitamin Ε levels were signifi-
cantly reduced, and the RPE accumulated autofluorescent lipofuscin pigment. 
Control rats of the same age lacked the fluorescent pigment. 

Recently, Katz et al. (1982) carried out a morphological study of the eyes of 
rats fed the deficient diet to determine if they developed other signs of aging 
besides the accumulation of lipofuscin. Young albino rats fed the deficient diet 
developed a buildup of residual bodies with a concomitant accumulation of 
fluorescent material in the RPE. The experimental rats also developed some 
classic pathological changes found in aging eyes, such as irregularity of RPE cell 
height, the separation of some RPE cells from Bruch's membrane, and the 
separation of the RPE from the photoreceptor cell layer. The last change oc-
curred especially in the macular region of the retina. Control animals of the same 
age did not display any of this pathology. These diet-induced alterations in the rat 
retina and RPE bear a striking similarity to changes that accompany macular 
disease in the aging human eye (Hogan, 1972; Sarks, 1976; Green and Key, 
1977). 

Katz et al. (1982) proposed that the accumulation of lipofuscin in aging RPE 
may be due to a gradual failure, with age, of the retina's mechanisms for dealing 
with oxidized lipids. Lipofuscin accumulation in the RPE is associated with 
some hereditary retinal degenerative diseases, also (Kolb and Gouras, 1974; 
Aguirre and Laties, 1976). Katz et al. suggested that in the future, it may be 
possible to slow or stop the progress of some retinal degenerative diseases by 
stimulating or augmenting the retina's natural antioxidative protection mecha-
nisms. 

Although lipofuscin accumulation is associated with the occurrence of senile 
macular degeneration, a cause and effect relationship between the two has not 
been established. It has been proposed that when the amount of lipofuscin-free 
cytoplasmic space falls below a critical point, the aging RPE can no longer carry 
out many of the functions (e.g., transcellular transport of nutrients and wastes 
and phagocytosis) that are essential to the health of the retina. However, since all 
aging human RPE accumulate lipofuscin (Feeney et al., 1963) but not all aging 
human eyes develop senile macular degeneration, the etiology of the disease 
must be more complex. The painstaking characterization of age-related auto-
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fluorescent pigments in human RPE that has been carried out by Feeney et al. 
(1978, 1984) may ultimately shed more light on the relationship, if any exists, 
between incomplete digestion of phagosomes and retinal degeneration. 

Feeney et al. (1978) pointed out the distinction between lipofuscin granules 
(residual bodies or incompletely digested phagosomes) and melanolipofuscin 
(formed by the fusion of melanin wth lipofuscin), both of which have auto-
fluorescent properties. A third nonfluorescent particle, resulting from the fusion 
of melanin with lysosomes (melanolysosomes), was also identified. This study 
also showed that lipofuscin present in the RPE of individuals over 50 years of age 
may contain more extensively cross-linked macromolecules than lipofuscin in 
younger RPE. More recently, Feeney-Burns et al. (1984) carried out a computer-
assisted morphometric analysis of postmortem human eyes spanning 10 decades 
of life. The amount of lipofuscin, complex granules, melanin, and free cytoplas-
mic space was quantitated in macular, equatorial, and peripheral RPE. The 
results suggest that, while the numbers of lipofuscin and complex granules 
(melanolipofuscin and melanolysosomes) increase with increasing age, the 
number of normal melanin granules decreases. The authors proposed that the loss 
of melanin could make the retina more susceptible to free radical formation from 
light. Macular areas of the RPE contained the most complex granules, while 
lipofuscin accumulation was more evenly distributed in macular, equatorial, and 
peripheral RPE. The study also revealed that lipofuscin accumulation is well 
under way in the second decade of life. This information reinforces the impor-
tance of characterizing both kinds and quantities of RPE pigment granules when 
examining the relationship between RPE pigment content and disease. 

B. Transport 

1. RETINOL TRANSPORT AND STORAGE 

This topic will be summarized briefly due to the recent proliferation of very 
thorough reviews (Goodman and Blaner, 1984; Goodman, 1984; Chytil and 
Ong, 1984; Bridges et al, 1983; Chader et al., 1983; Chader, 1982). The RPE 
cell acts as a mediator in the transport of dietary vitamin A (retinol) from the liver 
to the photoreceptor cells, where (after being converted to 1 l-ds-retinaldehyde) 
it becomes incorporated into the light-capturing pigment, rhodopsin. Retinoids 
are obtained from the diet, either in the form of β-carotene from yellow vegeta-
bles or directly from meats. Dietary retinol is stored in the liver, esterified to 
fatty acids, until it is released into the bloodstream in complex with a carrier 
protein (synthesized in the liver) called serum (or plasma) retinol-binding protein 
(RBP) (Muto et al., 1972; Hirosawa and Yamada, 1973; Smith et al, 1973). In 
complex with transthyretin (previously called prealbumin), serum RBP trans-
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ports all-irans-retinol to various tissues in the body, including the RPE (Kanai et 
al, 1968). 

The retinol-RBP complex leaves the blood supply of the choriocapillaries via 
the diaphragmed fenestrae of the endothelial cells, travels by diffusion through 
Bruch's membrane, and apparently binds to a specific receptor at the lateral and 
basal plasma membranes of the RPE cells (Heller, 1975; Bok and Heller, 1976). 
There is evidence to suggest that RBP facilitates transport of retinol across the 
plasma membrane into the RPE cell cytoplasm without entering the RPE cell 
directly (Maraini and Gozzoli, 1975; Chen and Heller, 1977). Presumably, RBP 
returns to the bloodstream without transthyretin and is lost by filtration through 
the kidney. 

What happens to the retinol once it enters the RPE cytoplasm has not yet been 
completely worked out. It is known that retinol, normally very toxic to cells due 
to lytic action on membranes, is stored in RPE cells in the form of relatively inert 
fatty acid esters (Bridges, 1975; Alvarez et al, 1980; Bridges et al, 1982). In 
invertebrate RPE cells and some vertebrates, these esters accumulate in oil 
droplets (Robison and Kuwabara, 1977). There is evidence that in mammalian 
RPE cells, fatty acid esters of retinol are stored in "chylomicron-like" protein-
lipid complexes (Heller, 1976; Heller and Bok, 1976). Similar complexes, dis-
playing retinol transfer and esterase activity, have been isolated from rat liver 
cytosol (Chen etal, 1981). Additionally, there are the cytosolic retinoid-binding 
proteins: CRBP, which binds alWrans-retinol (Wiggert and Chader, 1975; Saari 
et al, 1977), and CRALBP, which binds 11 -cw-retinal (Saari et al, 1982). It 
has been proposed that the cytosolic retinoid-binding proteins shuttle retinol and 
retinal from the basal side to the apical side of the RPE cell and back. To date, 
the process by which retinol is transferred across the apical plasma membrane to 
the subretinal space is unknown. Evidence of a RPE plasma membrane-associ-
ated retinoid-binding protein has been reported by Maraini et al (1977). The 
interphotoreceptor retinoid-binding protein (IRBP) may play a role in shuttling 
retinol across the subretinal space to the photoreceptors (for regeneration of 
bleached rhodopsin and synthesis of new rhodopsin) and back to the RPE cell 
(after a strong bleach of rhodopsin) (Bridges, 1976; Chader et al, 1983). 

2. N a + , K + -ATPase, WATER TRANSPORT, AND RETINAL 
ADHESION 

N a + ,K + -ATPase is confined to the apical plasma membrane of the RPE cell 
(that which faces the retina). Indirect evidence for the asymmetric distribution of 
N a + ,K + -ATPase in the RPE cell plasma membrane came from the observation 
made by Steinberg and Miller (1973) that ouabain, when applied to the apical 
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RPE cell surface, altered membrane potentials (depolarized the apical plasma 
membrane). This effect was not seen when ouabain was applied to the basal 
(choroidal) cell surface. Additionally, net flux of N a + from the choroidal to 
retinal side of the RPE was inhibited by application of ouabain to the apical cell 
surface (Miller and Steinberg, 1977). Flux of K + from the retinal to choroidal 
surface was also inhibited (Miller et al, 1978). Ouabain did not affect trans-
cellular N a + and K + fluxes when applied to the basal surface of the RPE. 

More direct evidence has confirmed the localization of N a + ,K +-ATPase on 
the apical RPE cell plasma membrane. Ostwald and Steinberg (1980) micro-
dissected the RPE cell layer in frog and assayed both apical and basal portions for 
N a + , Κ + - A T P a s e activity. Seventy-five to 100% of total cellular N a + , K + -
ATPase activity was consistently found in the apical portion of the RPE cell layer 
(80% of the total cellular activity was associated with pelletable membrane 
fractions). Additionally, Bok (1982) has demonstrated by electron microscopic 
autoradiography that [3H]ouabain binds predominantly to the apical plasma 
membrane of bullfrog RPE cells. 

Current theory proposes that the RPE cell contributes to retinal adhesion, due 
to its ability to actively transport ions (and accompanying water) out of the 
subretinal space. Removal of water from the interphotoreceptor matrix is essen-
tial for keeping the space between the RPE cell and photoreceptor outer segment 
plasma membranes very thin, thus promoting retinal adhesion. This activity also 
influences the overall composition of the interphotoreceptor matrix in ways that 
could influence communication between the RPE cell and photoreceptor cell 
(Miller etal, 1978). 

The ability of the RPE to remove water from the subretinal space is dramatically 
illustrated by the phenomenon of subretinal fluid resorption. Net flow of water 
from the subretinal space to the choroid occurs relatively quickly and appears to be 
an energy-dependent process (Marmor et al, 1980; Miller et al, 1982; Negi and 
Marmor, 1983). The theory to explain this fluid flux proposes that ion pumps, 
located in the RPE cell plasma membrane, are responsible for active transport of 
ions (and accompanying water) from the subretinal space to the basal surface of the 
RPE. The asymmetric distribution of N a + , K +-ATPase in the RPE cell apical 
plasma membrane is opposite to that found in other epithelia (for example, 
Stirling, 1972; Stirling et al, 1973). Therefore, N a + ,K + -ATPase is unlikely to 
be responsible for the net movement of fluid from the retinal to the choroidal side 
of the RPE. In support of this contention, Miller et al (1982) have found that the 
net fluid movement across the RPE from the retina to the choroid is not affected by 
ouabain. Transport of ions and fluid across the RPE is inhibited by elevated 
intracellular concentrations of cAMP, suggesting that cAMP may modulate the 
rate of ion and water transport (Miller et al, 1982; Miller and Färber, 1984; 
Hughes etal, 1984). 
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3. TAURINE 

Taurine is a sulfur-containing amino acid that is actively taken up and concen-
trated by the retina (Lake et al, 1975; Kennedy and Voaden, 1976). Although 
the physiological role of taurine in the retina is currently unknown, it seems to be 
essential for retinal function. In the cat, the photoreceptor cells are dependent 
upon dietary taurine (Schmidt et al., 1976, 1977; Berson et al., 1976). Auto-
radiographic studies suggest a role for the RPE in delivery of dietary taurine to 
the photoreceptor cell layer (Young, 1969). Additionally, there has been a report 
that release of taurine into the subretinal space is triggered by light (Pasantes-
Morales, 1973). Therefore, it is of interest to determine what role is played by 
the RPE in mediating the flux of taurine to and from the retina. 

Miller and Steinberg (1976) demonstrated that the RPE in frogs is capable of 
mediating a net flux of taurine from the retina to the choroid. Taurine flux is 
inhibited by ouabain (when applied to the apical cell surface), suggesting that 
transport of taurine from the apical to basal surface of the RPE is dependent upon 
Na4" ,K +-ATPase activity. This conclusion was further supported by the obser-
vation that taurine flux is affected by extracellular N a + and K + concentrations 
(Miller and Steinberg, 1979). Ostwald and Steinberg (1981) have studied various 
components of taurine flux across the RPE (inward and outward fluxes at both 
apical and basal plasma membranes). The results of this work supported previous 
evidence that taurine is cotransported with N a + (down the Na + gradient that is 
created by the activity of N a + , K + -ATPase) through the apical plasma mem-
brane into the RPE cell. Ostwald and Steinberg presented additional data sug-
gesting that flux of taurine into the RPE through the basal plasma membrane 
occurs via a Κ +-dependent mechanism. 

Net fluxes of other ions (Ca 2 + , H C 0 3 ~ , Cl ~ ) across the RPE have been 
observed, but these systems are not well characterized (for a summary see 
Steinberg and Miller, 1979). 

C. Extracellular Matrix Biosynthesis and Composition 

The R P E cell secretes components for two highly specialized extracellular 
matrices: the interphotoreceptor matrix at the apical cell surface and a basement 
membrane at the basal cell surface. 

1. THE INTERPHOTORECEPTOR MATRIX 

The interphotoreceptor matrix ( I P M ) normally fills the subretinal space, ex-
tending from the apical surface of the R P E to the outer limiting membrane of the 
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neural retina. As was mentioned in Section I, the plasma membranes of RPE 
cells and photoreceptor cell outer segments do not have any points of contact. 
Therefore, molecules (nutrients and wastes) that are exchanged by the RPE and 
photoreceptors must pass through the IPM. It is generally believed now that the 
IPM is not simply an inert space-filling substance, but that the molecules com-
prising the IPM play a role in facilitating exchange of materials between the RPE 
and photoreceptors. Additionally, the IPM may contribute slightly to the overall 
mechanism of retinal adhesion. Thus, there has been intermittent interest in 
analyzing the chemical composition of the IPM. 

Early theories to explain retinal adhesion placed great emphasis upon the 
adhesive properties of the IPM. Therefore, initial studies of the composition of 
the IPM focused upon the "s t icky" glycosaminoglycan components. Berman 
and Bach carried out detailed analyses of the mucopolysaccharides that could be 
gently rinsed from isolated retinas in saline solution (Berman, 1965; Berman and 
Bach, 1968; Bach and Berman, 1971a,b). This work culminated with the identi-
fication and characterization of various types and quantities of glycosaminogly-
cans in the IPM (mainly bovine). No particular biological function for any of 
these molecules was uncovered. New information about the role played by 
glycoproteins in cell recognition and adhesion has recently stimulated interest in 
purification and characterization of glycoprotein components of the IPM. These 
studies have been hampered by the technical difficulty of extracting IPM that is 
not contaminated by proteins from damaged photoreceptor or RPE cells. 

Adler and Severin (1981) analyzed protein and glycoprotein components of 
bovine IPM by one-dimensional SDS gel electrophoresis. The authors attempted 
to rule out possible contamination by proteins from other tissues by comparing the 
protein pattern of the IPM with that of vitreous, serum, homogenized ROS, and 
homogenized RPE. The major protein components of their IPM preparation 
appeared to be unique (based upon Rf in SDS gels) when compared to those of 
surrounding tissues. Eleven polypeptides were detected, two of which (140,000 
and 90,000 MW) were glycoproteins. In a subsequent report, Adler and Klucznik 
(1982) showed that the 140,000-MW glycoprotein could be purified by affinity 
chromotography on concanavalin A-Sepharose. Soon afterward, the 140,000-
MW protein was demonstrated to be a subunit of a 7 S retinoid-binding protein 
(RBP), first discovered by Wiggert et al. (1976) in "retinal homogenates." The 
IPM localization of the 7 S RBP was reported by Adler and Martin (1982) in cattle 
and by Lai et al. (1982) in rabbits. The native molecule has an estimated MW of 
290,000 (Pfeffer et al., 1983) and has been named IRBP (Lai et al., 1982). IRBP 
contains a greater quantity of endogenous retinol when purified from light-adapted 
retinas than when purified from dark-adapted retinas (Wiggert et al., 1979; Adler 
and Martin, 1982; Lai et al., 1982). This observation suggests that IRBP may bind 
retinol that is released from bleached photoreceptors and mediate the well-known 
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transport of retinol to the RPE (Dowling, 1960). It has been demonstrated that 
IRBP is synthesized by the retina in monkey (Wiggert et al, 1984), Xenopus 
(Rayborn et al, 1984), human (Hollyfield et ai, 1984), and rat (Gonzalez-
Fernandez et al., 1984) tissues. 

As yet, no specific functions have been assigned to any other IPM proteins. 
Adler (1982) detected a 17,000-MW RBP in her preparations of bovine IPM. 
This IPM preparation was obtained by rinsing the apical surface of the RPE and 
retinas, following separation of the two tissue layers. Pfeffer et al. (1983) subse-
quently developed a method for rinsing IPM from the subretinal space without 
mechanically detaching the retina from the RPE. When this procedure (which is 
less likely to result in breakage of RPE or photoreceptor cells) was used, IRBP 
was the only retinoid-binding protein that could be found in the extracted IPM. 
These authors argued that the 17,000-MW RBP reported by Adler was CRBP 
(cytosolic RBP) which leaked out of damaged RPE into the IPM. However, 
species differences (cow vs monkey) may also have contributed to the discrep-
ancy. 

There has been some effort to determine which IPM components are synthe-
sized by the RPE. Berman (1964) showed that freshly isolated bovine RPE cells, 
incubated in the presence of [1 4C]glucose, secreted labeled mucopolysaccharides 
and glycoproteins. Adler (1981) compared the glycoproteins secreted by freshly 
isolated bovine RPE and retinas during brief incubation in the presence of 
[3H]glucosamine or [3H]leucine. She found that 6 of the 11 putative IPM pro-
teins were synthesized by the RPE. A difficulty with these studies is the ever-
present question of tissue integrity. Further information about the contribution of 
RPE to the IPM may come from study of the secretion of IPM components by 
isolated RPE cells cultured in vitro (see Section III,B,2). 

The discovery of a protein component of the IPM with seemingly real biolog-
ical activity is only the beginning of an exciting new chapter of research into 
mechanisms by which the RPE and photoreceptor cells communicate. Future 
research efforts will, no doubt, be directed toward determining if other IPM 
proteins display enzymatic, adhesive, or ligand-carrying activities. The RCS 
(rdy) rat may prove to be a useful tool for identifying a biological function for 
one or more IPM proteins and/or glycosaminoglycans. LaVail et al. (1981) has 
shown that the IPM of the RCS rat is deficient in colloidal iron-staining compo-
nents) at postnatal day 12 (the time at which photoreceptor shedding begins, but 
before any morphologically observable degeneration of the retina has occurred). 
These results suggest that changes in the IPM of the RCS rat may be a contributo-
ry cause (rather than an ultimate effect) of retinal degeneration. Such changes 
may either directly or indirectly interfere with the ability of RPE to phagocytize 
OS membranes. It will be of interest to determine which components of the RCS 
rat IPM are altered, and if these are synthesized by the RPE or retina. 
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2. BASEMENT MEMBRANE COMPONENTS 

As was mentioned in Section I, Bruch's membrane consists of two basement 
membranes (one that is elaborated by the RPE and another that is synthesized by 
the choriocapillaris endothelium) that are separated from each other by a loose 
mesh work of structural proteins. Recent evidence suggests that this structure has 
molecular-sieving properties and that it may help to regulate the flow of materials 
from the choroidal circulation to the RPE (see Section II,D,2) (Lyda et al., 1957; 
Pino and Essner, 1981; Pino et al., 1982a). Furthermore, firm attachment of the 
RPE must surely be influenced by the composition of its basement membrane. 
Some pathological conditions involve changes in the RPE basement membrane 
(Farkas et al., 1971). In order to identify the molecular basis of these patholog-
ical changes, it will be necessary to characterize the molecular structure of 
normal RPE basement membrane. 

One approach to this problem has been the identification of anionic-binding 
sites in Bruch's membrane of the rat (Pino et al., 1982b). By utilizing the 
cationic probes ruthenium red and native lysozyme, the authors demonstrated 
that anionic sites are prevalent on the basement membranes of both the RPE and 
choriocapillaris endothelium (EN). Heparinase preferentially removed anionic 
sites from the RPE basement membrane, suggesting that heparin is a major 
constituent. Anionic sites in the EN basement membrane were more sensitive to 
the activity of chondroitinase. These experiments demonstrated a distinct dif-
ference in the chemical compositions of the basement membranes of the RPE and 
EN. 

Robey and Newsome (1983) analyzed the proteoglycan composition of 
Bruch's membrane from monkey eyes and found that heparin sulfate-containing 
proteoglycans were the most abundant. Smaller amounts of chondroitin and/or 
dermatin sulfate and hyaluronic acid were also found. Biosynthesis of these 
proteoglycans was examined by incubating eye organ cultures in media contain-
ing [3H]glucosamine and N a 2

3 5S 0 4 . The labeled proteoglycans that could be 
extracted with 4 M guanidine-HCl ranged from 100,000 to 150,000 in M W . 
Removal of the protein component by treatment with papain yielded a 44,000-
MW glycosaminoglycan structure. The newly synthesized proteoglycans were 
65% chondroitin and/or dermatin sulfate and only 35% heparin sulfate. If the 
glycosaminoglycan composition of Bruch's membrane of the monkey is similar 
to that of the rat, then these results imply that the basement membrane of the EN 
turns over more quickly than that of the RPE. Preliminary studies by the same 
research group have revealed changes in Bruch's membrane proteoglycans, asso-
ciated with aging and retinitis pigmentosa (Hewitt et al., 1984). Analysis of the 
composition of the RPE basement membrane may be facilitated by growth of 
pure, highly differentiated RPE cells in tissue culture (see Section III,B,2). 
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D. Blood-Tissue Barriers—the Blood-Retinal Barrier 

1. T H E JUNCTIONAL COMPLEX OF THE RPE 

The junctional complex (or terminal bar structure) contributes to the ability of 
RPE to regulate the flow of molecules from the choroidal circulation to the retina 
in two ways. First, it prevents diffusion of most substances between adjacent 
RPE cells. Second, the junctional complex of epithelial cells, in general, may be 
responsible for maintaining the "macromolecular differentiation" of the apical 
and basal plasma membranes (Pisam and Ripoche, 1976), which is essential for 
epithelial cell transport activities. Breakdown of the RPE component of the 
blood-retinal barrier is associated with many retinal diseases (Cunha-Vaz, 1976, 
1979). The RCS rat has proven to be a useful model for studying the pathology of 
the RPE cell junctional complex. This animal, which bears an inherited retinal 
degeneration, experiences a loss of tight junction integrity (evidenced by in-
creased permeablity to extracellular tracers) (Bok in LaVail, 1979). Caldwell et 
al. (1982) carried out freeze-fracture analysis of the structure of tight junctions in 
RCS rats at various lengths of time after birth. They observed morphological 
changes in the junctional complex of RPE cells as early as 3 weeks postnatal 
(while photoreceptor degeneration is still in progress). At later stages of retinal 
degeneration, tight junctional strands break and form an unordered array; gap 
junctions are no longer concentrated in the junctional complex area, but migrate 
to other areas of the RPE cell plasma membrane. RPE cell tight junctions also 
become permeable to horseradish peroxidase and lanthanum tracers as early as 3 
weeks (pink-eyed animals) postnatal, just as degenerating photoreceptors begin 
to appear (Caldwell and McLaughlin, 1983). 

Owaribe and Masuda (1982) have isolated cirumferential microfilament bun-
dles from chicken RPE cells. The authors believe that these bundles are associ-
ated with the zonula adherens of the cells. The isolated filament bundles were 
composed primarily of three proteins having molecular weights of 200,000, 
55,000, and 42,000. In the future, similar techniques may be used to study the 
biochemical changes that underly the morphological changes observed in RPE 
cell junctional complex pathology. 

2. FILTRATION BY THE CHORIOCAPILLARIS ENDOTHELIUM 

AND BRUCH'S MEMBRANE 

Historically, the blood-retinal barrier at the level of the choroidal circulation 
has been attributed solely to the RPE junctional complex. However, studies of 
the relative permeabilities of Bruch's membrane and choriocapillaris endo-
thelium in rats, to various proteins, has shown that there is a distinct size cutoff 
for free passage of macromolecules across these structures (Lyda, 1957). A more 
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recent study was conducted by injecting various-sized heme proteins into the 
bloodstreams of rats, and then examining the choriocapillaris, Bruch's mem-
brane, and RPE cell layer for evidence of penetration of each probe (Pino and 
Essner, 1981; Pino et al, 1982a). Horseradish peroxidase (MW of 40,000, 
radius of 30 A) passed through Bruch's membrane, and penetrated the basal 
infoldings of the RPE cell plasma membrane. Hemoglobin (MW 68,000, 32 Â 
diameter) only passed partially through Bruch's membrane, while catalase (MW 
240,000, diameter 52 Â) failed to pass through the choriocapillaris endothelial 
cells. Controls demonstrated that these observations were most likely due to the 
size rather than the net charge of the probes chosen. 

These results showed that the rat, at least, is an exception to the rule about 
unlimited permeability of the choriocapillaris and Bruch's membrane. The authors 
make an interesting speculation concerning the possible advantage of size selec-
tivity of the fenestrated endothelium of the choriocapillaris and Bruch's mem-
brane. They propose that the size selectivity could function to regulate the flow of 
carrier proteins from the blood to the RPE. To illustrate their hypothesis, the 
authors chose the example of transport of dietary retinol from the blood to the 
RPE. The retinol-RBP-transthyretin complex has a radius of 37 Â, and thus 
would be retarded by Bruch's membrane in the rat. Therefore, only retinol-RBP 
that dissociates from transthyretin would be able to cross Bruch's membrane and 
reach the basal surface of the RPE. In this way, the selectivity of the diaphragmed 
fenestrae of the choriocapillaris endothelium and Bruch's membrane could serve 
to regulate the supply of retinol-RBP to the RPE. A similar mechanism for 
selective filtration of blood components by the kidney was put forth by Farquhar 
(1975). Therefore, Pino et al have suggested that the RPE-Bruch's membrane-
choriocapillaris endothelium be considered a complex structural unit that is 
responsible for selective filtration of blood components that ultimately reach the 
retina. 

III. Use of Cultured RPE Cells to Study Cellular Processes 

A. Update on Culturing RPE Cells 

The ability to culture pure colonies of RPE cells has opened new possibilities 
for the study of the aforementioned cellular processes on a molecular level. 
Primary cultures of pure RPE cells from rat (Edwards, 1977a; Mayerson et al, 
1984), human (Albert et al, 1972; Mannagh et al, 1973; Flood et al, 1980; 
DelMonte and Maumenee, 1980; Aronson, 1983; Boulton et al, 1983; Pfeffer 
and Newsome, 1983), monkey (Pfeffer and Newsome, 1983), swine (Francois et 
al, 1971; Dorey et al, 1983), cat (Stramm et al, 1983), cattle (Basu et al, 
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1983), and chick (Newsome and Kenyon, 1973; Newsome et al., 1974) appear 
to retain a morphologically differentiated state in vitro. Cultured RPE cells have 
been reported to elaborate microvilli, basal infoldings, intercellular junctions, 
and pigment granules. The morphological appearance (i.e., maintenance of dif-
ferentiation) of cultured RPE cells has been improved by growth of the cells on 
collagen matrices (Hall and Quon, 1981) and by utilization of defined growth 
medium (Pfeffer and Newsome, 1983). More importantly, RPE cells continue to 
express some specialized biological activities in vitro. There have been reports 
that cultured RPE cells continue to melanize under certain conditions (Newsome 
et ai, 1974; Aronson, 1983; Dorey et al., 1983). It has been observed that 
confluent monolayers of cultured RPE cells form " d o m e s " (patches of mono-
layer which are raised up from the culture dish), suggesting that the cells con-
tinue to carry out unidirectional transport of ions and water in cell culture (Pfeffer 
and Newsome, 1983; Aronson, 1983). [In support of this possibility, Misfeldt et 
al. (1976) have demonstrated that cultured intestinal epithelial cells are capable 
of unidirectional movement of water to the basal cell surface.] 

B. Processes That Are Being Studied in Cell Culture 

1. PHAGOCYTOSIS 

Another activity of interest which RPE cells continue to express in vitro is 
specific phagocytosis of OS membranes. This process is being studied quite 
extensively in cultured rat and chick RPE cells. 

a. Specificity. RPE cells display selectivity with regard to particle binding 
and phagocytosis in vitro, as they do in vivo. Effron et al. (1981) examined the 
ability of cultured RPE from normal and dystrophic (RCS) rats to phagocytize 
synthetic phospholipid vesicles and latex beads. They found that dystrophic RPE 
is capable of phagocytizing latex and phospholipid vesicles containing phos-
phatidylinositol and phosphatidylserine. However, dystrophic cells reject vesi-
cles containing phosphatidylcholine and phosphatidylethanolamine, the most 
abundant phospholipids in bovine ROS (Anderson and Maude, 1970). In con-
trast, normal RPE phagocytize phospholipid vesicles of all composition. These 
data suggest that RPE cells continue to express in vitro the capacity for both 
"nonspecific" phagocytosis (e.g., of latex) and the very selective phagocytosis 
of OS-like membranes, defective in the dystrophic RPE (Edwards and Szamier, 
1977) (see Section II ,A,l ,a) . 

Mayerson and Hall (1983) have performed quantitative analyses of the ability 
of cultured normal rat RPE to bind and ingest various non-OS particles as 
compared to OS. They found that cultured RPE cells bind (to the cell surface) 
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25-44 times more rat ROS than red blood cells, 30 times more OS than algae 
(Botrycoccus brauni), and 5 times more rod OS than yeast (Saccharomyces 
cerevisiae), bacteria (Staphylococcus aureus), or latex. Furthermore, very few 
algae or bacteria were ingested as compared to ROS ( < 1 % of the total). Yeast 
were ingested to some extent (29% of the total), possibly due to the high con-
centration of mannose in the cell coat. Mannose has been implicated as a possible 
recognition component in the phagocytosis of ROS (Philp and Bernstein, 1980; 
Heath and Basinger, 1983) (see Section I I ,A, l ,b) . 

b. The Dystrophic Rat RPE. In cell culture, dystrophic RPE cells continue 
to express (as in vivo) a greatly reduced capacity for phagocytosis of photorecep-
tor OS membranes (Edwards and Szamier, 1977). By employing a double immu-
nofluorescent staining procedure, which allows differential visualization of ex-
ternally bound vs already ingested ROS, Chaitin and Hall (1983a) found that 
cultured dystrophic RPE cells carry out the first stage of phagocytosis normally. 
The dystrophic cells bind purified rat ROS to the plasma membrane as avidly as 
do normal RPE cells. Therefore, the genetic lesion in the dystrophic RPE must 
affect the ingestion phase of phagocytosis. 

In macrophages, the uptake of particles by phagocytosis requires a mobiliza-
tion of cytoskeletal elements in order to form pseudopodia which engulf the 
particle. Burnside and Laties (1976) proposed that the actin filaments which they 
found in the apical processes of human and monkey RPE cells might play a role 
in the phagocytic ingestion of shed OS membranes. Chaitin and Hall (1983b) 
investigated the structure of microfilaments in cultured normal and dystrophic 
RPE cells by immunofluorescent staining of the cells with anti-actin antibodies. 
Within the limitations of the technique, the results showed that dystrophic RPE 
cells form normal microfilament arrays. Furthermore, dystrophic RPE cells form 
an actin "feltwork" cup structure beneath the plasma membrane at the site of 
ROS binding, as do the normal cells. [Similarly, Irons and Kalnin (1984) exam-
ined the microtubule arrays of normal and dystrophic rat RPE in vitro and found 
essentially no differences that would be discernible by immunofluorescent stain-
ing techniques.] The authors concluded that the dystrophic RPE cells are able at 
least to carry out the initial cytoskeletal reorganization required for phagocytosis 
of ROS. Therefore, the dystrophic RPE cell may be deficient in some component 
of a transmembrane-signaling mechanism which initiates ingestion of plasma 
membrane-bound OS. This defective signaling mechanism might involve an 
internal second messenger and enzymatic amplification. Alternatively, the dys-
trophic RPE cell may lack or carry a defective version of a plasma membrane 
receptor needed for initiation of a transmembrane signal. 

Further research is required to identify plasma membrane components in-
volved in specific binding and phagocytosis of OS by cultured RPE cells. Cohen 
and Nir (1983) have carried out a quantitative analysis of anionic sites on the 
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surfaces of normal and dystrophic rat RPE cells in vitro. Anionic sites were 
labeled with cationized ferritin and quantitated in electron micrographs. RPE 
cells from the RCS rat contain 20% more cationized ferritin-binding sites at the 
apical cell surface than do RPE from normal rats. Some, but not all, of the excess 
anionic sites may be contributed by sialic acid. The authors speculated that an 
increased surface charge density in the dystrophic RPE might diminish the ability 
of the RPE to phagocytize OS membranes. 

Efforts to map, catalog, and identify biological functions for proteins of 
cultured RPE cells are now under way. Haley and Flood (1983) have analyzed 
total cellular proteins from cultured human RPE cells by two-dimensional elec-
trophoresis and have determined that a major cellular protein is actin. Three 
major plasma membrane proteins in cultured rat RPE have been partially charac-
terized by cell surface radioiodination and subcellular fractionation (Clark et al., 
1984). These three iodinatable cell surface proteins (MW of 152, 138, and 123K) 
become cross-linked to (or tightly associated with) the Triton X-100-insoluble 
cytoskeleton when cells are treated with anti-RPE cell antiserum or concanavalin 
A. The three cell surface proteins also become labeled when [3H]fucose or 
[3H]glucosamine are included in the growth medium, indicating that they are 
glycoproteins. Whether they are involved in binding and ingestion of OS remains 
to be determined. Additionally, the major glycoprotein components of a plasma 
membrane-enriched fraction from cultured rat RPE have been mapped by two-
dimensional electrophoresis and autoradiography (Clark and Hall, 1986). Cell 
surface labeling by lactoperoxidase-catalyzed radioiodination has confirmed the 
plasma membrane location of a number of these glycoproteins (Fig. 5). Recently 
developed methods for the isolation of plasma membranes from freshly isolated 
RPE cells (Braunagel et ai, 1985) may also be applicable to purification and 
characterization of plasma membrane components in cultured RPE cells. 

c. Cyclic Nucleotides. An early study of the effect of Bu 2cAMP on phago-
cytosis of latex spheres by bovine RPE-choroid expiants suggested that cAMP 
stimulates phagocytic uptake of the spheres (Feeney and Mixon, 1976). Edwards 
and Bakshian (1980) examined the effect of cAMP and cGMP on phagocytosis 
of rat ROS by cultured rat RPE cells. They reported that phagocytosis is inhibited 
by cAMP and unaffected by cGMP. A criticism of both of these studies is that 
very high (nonphysiological and possibly toxic) concentrations of cyclic nu-
cleotides were employed (1-25 mM). 

A more recent investigation of the effect of cyclic nucleotides on phagocytic 
uptake of latex spheres by cultured chick RPE cells showed that cAMP inhibits 
phagocytosis and that cGMP can reverse the effect of cAMP (Ogino et al., 
1983). The effect of cAMP was observed in the presence of extracellular con-
centrations as low as 1 0 ~ 1 0 M, while cGMP reversed the cAMP effect at an 
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a plasma membrane-enriched fraction from cultured rat RPE. Spot numbers 2 - 1 3 , 15, 31, and 37 
were also labeled by surface radioiodination of intact cells, indicating that they are located at the cell 
surface. Positions of MW markers are indicated to the left. The highly reproducible spots were 
assigned numbers. Solid lines and spots represent major spots, while dotted lines represent lighter 
spots in the autoradiogram. 

extracellular concentration of 1 0 - 6 M. In this same paper, it was also reported 
that melatonin (at 1 0 - 1 6 M) inhibits phagocytosis by 50%. The effect of 
melatonin could be potentiated by IBMX (an inhibitor of phosphodiesterase; see 
article by Färber and Shuster, Part I), to produce a final inhibition of 75%. This 
IBMX effect suggested that melatonin inhibits phagocytosis by stimulating an 
increase in intracellular concentrations of cAMP in the RPE. Additionally, tau-
rine effectively reversed the inhibition of phagocytosis by melatonin or cAMP. It 
will be important to determine if these reported effects of cyclic nucleotides upon 
phagocytosis of latex spheres apply also to phagocytosis of OS. It is possible that 
the mechanisms for phagocytosis of latex and OS differ only at the level of the 
cell surface and that common intracellular amplification pathways are utilized 
after transmembrane signaling has occurred. 

d. Energy Kequirements. Masterson and Chader (1981) investigated the rel-
ative contributions of three major glucose-degrading metabolic pathways to ener-
gy that is utilized during phagocytosis of bovine ROS by cultured chick RPE 
cells. Their results suggest that the tricarboxylic acid (TCA) cycle and cyto-
chrome pathway provide the bulk of the energy consumed during phagocytosis 
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(by cultured chick RPE cells). The glycolytic pathway alone did not provide 
sufficient energy to support maximal phagocytic activity. Stimulation of the 
hexose monophosphate shunt decreased phagocytosis, possibly by diminishing 
the supply of glucose to the other pathways. Phagocytosis did not increase the 
rate of transport of 3-0-methyl-D-glucose into the cultured cells, indicating that 
the cells do not increase uptake of glucose during phagocytosis. The authors 
point out that further studies are required to determine if these observations apply 
to the RPE cell in vivo. 

2. SYNTHESIS AND FUNCTION OF THE EXTRACELLULAR MATRIX 

Pure cultures of RPE cells are now being used to investigate the synthesis and 
production of extracellular matrix (ECM) on a molecular level. Production of 
ECM at the basal surface of cultured chick embryo RPE has been described by 
Newsome and Kenyon (1973). RPE cells isolated from younger embryos pro-
duced basal ECM more quickly (within 4 -14 days of in vitro culture) than those 
isolated from 21-day-old embryos, which synthesized no basal ECM until 3 
weeks of in vitro culture. The authors observed the formation of collagen-like 
fibrils in the basal ECM of some of the cultured RPE cells. Identification of 
collagen was based upon morphological appearance of the fibers; no chemical 
characterization of the "basement membrane" was reported. 

More recently, Li et al. (1984) have chemically and morphologically charac-
terized the collagen produced at the basal surface of feline RPE cells in vitro. Like 
RPE cells isolated from older chick embryos (Newsome and Kenyon, 1973), RPE 
cells from adult cats produced a basal ECM very slowly in vitro. Although the 
cultured cells were confluent at 14 days in vitro, synthesis of an ECM which filled 
the space between the basal plasma membrane of the RPE and the tissue culture 
dish was not complete until 145 days in vitro. For chemical characterization, 
cultured RPE cells were labeled metabolically with [1 4C]proline and the labeled 
collagen species (pepsin solubilized) were identified by carboxymethyl cellulose 
chromatography and SDS gel electrophoresis. The analysis showed that the cat 
RPE produces aj(IV) and a 2( IV) collagen in vitro. In contrast, cultured 
choroidal-scleral fibroblasts (possible contaminants of RPE cell cultures) synthe-
sized α!(I), ß 1 2( I ) , and a 2( I ) collagen. These results showed that (1) cultured 
feline RPE cells continue to synthesize and secrete new collagen in vitro and (2) 
the collagen deposited at the basal surface of feline RPE in vitro is primarily type 
IV, a common component of basement membranes in vivo. 

Closely related to the problem of extracellular matrix production and secretion 
is the synthesis of interphotoreceptor matrix (IPM) components. As the compo-
nents of the IPM (e.g., carrier proteins) are identified and characterized, it will 
be of interest to know which are synthesized by the RPE, as opposed to the 
neural retina. Use of cultured RPE cells may simplify the investigation of this 
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question if the cells continue to secrete IPM proteins in vitro. In a recent prelimi-
nary report, Edwards and Brandt (1984) presented a partial characterization of a 
31,000-MW glycoprotein, of unknown function, that is secreted into the growth 
medium by cultured human RPE cells. 

Glycosaminoglycans are components of both the RPE basement membrane 
and the IPM. Edwards (1982) has studied the production of glycosaminoglycans 
(hyaluronic acid, chondroitin sulfate, and dermatin sulfate) by cultured human 
RPE cells. These preliminary studies have shown that human RPE cells continue 
to produce the same types and relative amounts of glycosaminoglycans through 
18 passages. Therefore, expression of this trait is stable in cell culture. Further-
more, types and quantities of glycosaminoglycans synthesized by the RPE cells 
were quite distinct from those produced by cultured choroidal cells and fibro-
blasts. 

3. RETINOL UPTAKE AND STORAGE 

Flood et al. (1983) have studied the ability of cultured human RPE cells to 
take up extracellular all-irarcs-retinol and to synthesize and store retinyl esters. 
Comparison of vitamin A content in freshly isolated human cells with that of 
cultured RPE cells showed that cultured cells rapidly lost endogenous vitamin A. 
After 48 hr in vitro, vitamin A content decreased to 20% of that found in freshly 
isolated cells, and by 11 days fell to 1% of normal levels. Vitamin A content 
could be restored to normal levels in primary cultures by supplementing the 
medium with all-irarcs-retinol bound to bovine serum albumin. Subcultured 
cells, when grown in retinol-supplemented medium, were able to achieve only 
5-10% of normal cellular levels of all-ittmy-retinyl esters. 

Freshly isolated RPE cells contained primarily the palmitate ester of retinol, 
while cultured cells made relatively more oleate ester (proportion of oleate ester 
in subcultured cells > primary cultured cells > freshly isolated cells). These 
results showed that cultured human RPE cells undergo changes both in the ability 
to take up and/or store vitamin A and in the relative usage of various fatty acid 
substrates for the esterification reaction. The degree of change seemed to corre-
late with length of time in culture. Therefore, young primary cultures of human 
RPE cells most closely resembled the in vivo situation with respect to chemistry 
of vitamin A storage. Cultured cells did not produce any of the 11-cw-retinyl 
esters, which are found in freshly isolated cells. 

It will be of interest to study receptor-mediated uptake of retinol, delivered by 
its natural carrier, serum retinol-binding protein (RBP) in cultured RPE cells. 
The type of retinol uptake observed by Flood et al. was likely due to nonspecific 
endocytosis of BSA-bound retinol at the apical cell surface. Whereas the retinol 
uptake observed by Flood et al. was very slow (18-24 hr), Maraini and Gozzoli 
(1975) reported that during a 2-min incubation, freshly isolated bovine RPE cells 
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took up 1000 times more [3H]retinol when retinol was presented to the cells 
bound to RBP, than when [3H]retinol was presented in the free state. Following 
the initial rapid uptake, bovine RPE cells continued to take up [3H]retinol from 
RBP more slowly during a further 2-hr incubation. The initial rapid uptake of 
[3H]retinol, stimulated by RBP, was likely to be mediated by the RBP receptors 
that are located on the basal plasma membrane of the RPE cell (Bok and Heller, 
1976). Pfeffer et al. (1984) have recently demonstrated that cultured human RPE 
cells express serum RBP receptors at the basal cell surface. With the use of 
cultured RPE cells, it should be possible to study the mechanism of RBP recep-
tor-mediated transport of vitamin A across the basal RPE cell plasma membrane. 
Receptor-mediated uptake of retinol through the apical RPE plasma membrane 
may also occur in vivo. The availability of cultured RPE cells should eventually 
make it possible to study both modes of transmembrane retinol transport on a 
molecular level. 

IV. Summary and Future Research 

The RPE cell plays a pivotal role in the nourishment and renewal of the 
photoreceptor cell layer. As such, it carries out many complex activities that 
make it a good model system for the study of cell biological problems of current 
interest. Some questions that future research may address are the following: 

1. What is the biochemical basis for the cell surface recognition process that 
results in specific binding and phagocytic uptake of OS membranes by the RPE 
cell? What is the mechanism by which recognition at the cell surface signals a 
cytoskeletal rearrangement, resulting in ingestion of bound OS membranes? Do 
cyclic nucleotides play a role in this signaling process? 

2. Is there a direct relationship between complex pigment granule accumula-
tion in aging RPE and some forms of retinal degeneration? 

3. What are the molecular mechanisms by which ions, nutrients, and water 
are transported across the RPE? These activities are integral to the process by 
which the RPE exchanges nutrients and wastes with the photoreceptor cell layer 
and promotes retinal adhesion. 

4. Do glycoprotein components of the interphotoreceptor matrix (other than 
IRBP) possess enzymatic, adhesive, or ligand-carrying activities that are impor-
tant for communication between the RPE and photoreceptor cells? If so, by 
which cell type are they synthesized, and how is synthesis regulated? 

5. How does the composition of the RPE basement membrane affect firm 
attachment of the RPE and contribute to the regulation of flow of materials from 
the choriocapillaries to the RPE? Can changes in the RPE basement membrane 
composition contribute to some kinds of retinal pathology? 
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6. What is the biochemical composition of structural proteins that make up 
the tight intercellular junctions between adjacent RPE cells? How does this 
structure maintain the molecular differentiation of the RPE cell plasma mem-
brane? Are changes in these proteins involved in junction breakdown in some 
forms of retinal pathology? 

Investigation of these and other questions on a molecular level will be aided by 
recent improvements in techniques for culturing very pure, highly differentiated 
RPE cells in vitro. 
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I. Introduction 

Extracellular matrices are usually composed of three classes of molecules: 
collagens, proteoglycans, and glycoproteins. Once thought to be inert, it has now 
become apparent that these complex mixtures of molecules have important roles 
in development and maintenance of tissue integrity and function. Each group of 
molecules has specific functions within the matrix: collagens act as structural 
elements; proteoglycans provide spacing between collagens and thus influence 
matrix permeability; some glycoproteins are involved in cell attachment, while 
others transport molecules through the matrix. Molecules belonging to each of 
these groups may show certain structural similarities while still exhibiting chem-
ical and structural differences. Consequently, extracellular matrices have a vari-
ety of physiological functions in mature tissue, based on their composition. For 
example, they may function as structural and support elements (bone and car-
tilage), filters (glomerular basement membrane, Bruch's membrane), or light-
transmitting, transparent structures (extracellular matrix of the cornea). Extra-
cellular matrices are also important for growth and phenotypic maintenance of 
the cells producing the matrix, and developmentally regulated changes in matrix 
composition may be essential for the formation of functionally normal adult 
tissues. 

The last portion of this article will describe what is known about retinal 
extracellular matrices and the effects of matrix components on retinal neurons. 
While these topics are the main goal of this discussion, we will first provide 
some general background about extracellular matrix molecules and their influ-
ence on growth and differentiation. Most examples will unavoidably be from 
sources other than retina, but it is hoped that they will provide necessary insight 
to investigators involved in retinal research. 

II. Extracellular Matrices 

A. General Composition 

1. COLLAGENS 

Collagenous proteins have a widespread distribution in the body. These pro-
teins are unique in that every third amino acid is glycine, with hydroxyproline 
and proline also being abundant. This unusual composition allows collagen to 
form long, rigid, triple helical molecules (Bornstein and Sage, 1980; Kühn, 
1982). Because of this structure, collagens are resistant to most proteases, al-
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though they are degraded by specific proteases, the collagenases (Gross and 
Nagai, 1965; Peterkofsky and Diegelmann, 1971; Gross et al., 1974; Miller et 
al, 1976;Horwitzeia/ . , 1977; Liotta έ?ί a/., 1979, 1981; Mainardi et al., 1980). 
Collagens are, for the most part, insoluble under physiological conditions. They 
are secreted as longer, soluble molecules (procollagen) and then enzymatically 
processed for deposition as fibers in the extracellular matrix (Lapière et al., 
1971; Prockop et al., 1979; Kühn, 1982). There are five well-characterized, 
genetically distinct collagen types, each composed of three polypeptides, called 
α-chains, arranged in a helical configuration (Table I). The most abundant is 
type I collagen, found in skin, tendon, bone, and most other tissues. It consists of 
two identical chains and a chemically different third chain, and is designated as 
[a l (I)] 2 a 2 . It forms large, highly ordered, extensively cross-linked fibers 
arrayed in parallel bundles (Gross, 1974; Gay and Miller, 1978). Type II col-
lagen consists of three identical α-chains, [ a l (II)] 3, which differ from those 
found in type I (Miller and Matukas, 1969). It occurs as thin, short, randomly 
arrayed fibers and is found primarily in cartilage (Miller and Matukas, 1969; Hay 
et al., 1978; Kühn and von der Mark, 1978), although a type II-like collagen has 
been identified in the vitreous (Swann et al., 1972; Smith et al., 1976; Schmut et 
al., 1979). Type III collagen, [ a l (III)] 3, is found as thin fibers, usually associ-

T A B L E I 

COLLAGEN TYPES 

Representative 
associated Tissue 

Designation cell types distribution 

Type I Fibroblasts, osteoblasts, Skin, bone, tendon, cornea, 
stromacytes widespread in interstitial 

connective tissues 
Type II Chondrocytes, notochord cells, Cartilage, vitreous, notochord, 

neural retinal cells chick cornea, nucleus pulposus 
Type III Fibroblasts, muscle cells Skin (more prominent in fetal 

skin), blood vessels, sclera, 
parenchymal organs, "reticulin 
fibers" (?) 

Type I V Epithelial and endothelial cells, 
Schwann cells 

Basement membranes 

Type V Smooth muscle cells, skeletal Widespread (may be pericellular), 
muscle cells, osteoblasts placental membranes, smooth 

muscle, skeletal muscle, blood 
vessels, some basement 
membranes, corneal stroma, 
bone 
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ated with cells in blood vessels, in the parenchyma of internal organs, and in skin 
and sclera (Chung and Miller, 1974; Hpstein, 1974; Schmut, 1978). It probably 
corresponds to the "reticular fibers" of classical literature. Type IV collagen has 
been found only in basement membranes (Timpl et al, 1978; Kefalides et al., 
1979) and is composed of two distinct chains (Kresina and Miller, 1979; Robey 
and Martin, 1981). However, unlike type I collagen, the α ϊ (IV) and α2 (IV) 
chains may occur in separate triple helical molecules (Robey and Martin, 1981). 
These molecules are often considered procollagen-like because they are longer 
and more soluble than the interstitial collagens and are incorporated into the 
basement membrane without extensive processing (Timpl et al., 1978, 1981; 
Tryggvason et al., 1980). Type IV collagen is more sensitive to proteases be-
cause its helical portion is interrupted by globular domains. This structure allows 
for a more open continuous network rather than a fibrous structure (Timpl et al., 
1981 ; Kühn, 1982). Type V collagen is also composed of two types of chains and 
is found in skin, placenta, bone, cartilage, and smooth muscle cells (Burgeson et 
al, 1976; Chung et al, 1976; Rhodes and Miller, 1978; Sage and Bornstein, 
1979), often associated with the cell surface (Gay et al, 1981). [For a more 
detailed discussion of these collagens and the increasing number of minor col-
lagens, see reviews by Linsenmayer (1981), Kühn (1982), Timpl (1982), and 
Mayne (1984).] 

2. PROTEOGLYCANS 

These macromolecules are ubiquitous in extracellular matrices and have also 
been demonstrated in association with cell membranes (Kjellén et al, 1980). 
They are composed of a core protein to which sulfated polysaccharides, called 
glycosaminoglycans, are covalently bound (Table II). Sulfation makes these 
molecules highly negatively charged (Hascall and Sajdera, 1970; Antonopoulous 
et al, 1974). Glycosaminoglycans are polymers of repeating disaccharide sub-
units, the composition of which defines the glycosaminoglycan as chondroitin 
sulfate, dermatan sulfate, keratan sulfate, or heparan sulfate (Hascall and 
Hascall, 1981). Proteoglycans are often named on the basis of their glycosamino-
glycan portion. Thus, "chondroitin sulfate proteoglycans" can be found in 
cartilage, cornea (Hassell et al, 1979), brain (Kiang et al, 1981), retina (Aqui-
no et al, 1984a), and Bruch's membrane (Robey and Newsome, 1983). Howev-
er, most of these proteoglycans are not identical since their core proteins repre-
sent different gene products. Normally, only one type of glycosaminoglycan is 
found attached to a core protein. The exception (once thought to be the rule) is 
the cartilage proteoglycan which contains both chondroitin sulfate and keratan 
sulfate attached to the same core protein (Hascall and Hascall, 1981). 

The size, type, degree of sulfation, number of side chains, and chemical 
nature of the core protein give a great deal of diversity to these macromolecules, 
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T A B L E II 

EXAMPLES OF PROTEOGLYCANS 

Molecular weight" 

Type/tissue Overall Core protein GAG'' 

Chondroitin sulfate 
Cartilage' 2 - 3 x 10

6 
350,000 20,000 

Cornea 150,000 80,000 55,000 
Keratan sulfate 

Cornea 80,000 40,000 6,000 
Heparan sulfate 

EHS-sarcoma 0 .5-1 x 10
6 

350,000 70,000 
Glomerular basement membrane 130,000 26,000 26,000 
Liver plasma membrane 80,000 24,000 14,000 

a
 Values represent approximate average molecular weights. 

b
 Glycosaminoglycan. 

c
 Cartilage proteoglycan is predominantly chondroitin sulfate, although keratan sulfate is often 

present attached to the same core protein. In other tissues, only one type of glycosaminoglycan is 
linked to a core protein. 

which are often tissue specific (e.g., see Stow et al, 1985, for a striking example 
of diversity and differential distribution of heparan sulfate proteoglycans). These 
properties permit specific interactions of proteoglycans with other matrix compo-
nents (Hascall, 1977; Kleinman et al, 1983; Woodley et ai, 1983), which may 
be important in defining whether they function as structural, hydration, or filtra-
tion elements. [For a more extensive review of structure and function, see 
Hascall and Hascall (1981).] 

3. GLYCOPROTEINS 

This is probably the largest, most varied, and least understood and charac-
terized category of extracellular matrix components. While many potentially 
important glycoproteins have been found in different matrices, their functions 
frequently remain obscure. Attachment proteins, which anchor cells to their 
matrix, represent one family of glycoproteins with a defined function (Hewitt 
and Martin, 1984). Fibronectin is a large (Mr 440,000), elongated glycoprotein 
composed of two disulfide-linked chains (Mosesson et al., 1975; Yamada et al., 
1977). Various domains along the fibronectin molecule interact with other mole-
cules, such as collagen, heparin, and cell surface molecules (Balian et al., 1979; 
Hahn and Yamada, 1979a,b; Kleinman et al., 1979; Ruoslahti et al, 1979; 
Ruoslahti and Eng vail, 1980; Yamada al, 1980, 1981; Spiegel al, 1985). 
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Besides being found in serum (Yamada and Olden, 1978), fibronectin is found in 
many connective tissues (Linder et al, 1975; Stenman and Vaheri, 1978; War-
tiovaara et al, 1979), where it functions as an attachment protein for cells, such 
as fibroblasts (Klebe, 1974; Pearlstein, 1976), myoblasts (Chicquet et ai, 1979), 
or neural crest cells (Greenberg et al., 1981). Fibronectin is a chemoattractant for 
a number of cell types, including fibroblasts, neural crest, and smooth muscle 
cells (Gauss-Müller et ai, 1980; Seppä et al, 1981; Greenberg et al, 1981; 
Grotendorst et al, 1981, 1982). This function may have important implications 
during development and wound healing. 

Laminin (Mr 1 x 106) is produced by epithelial, endothelial, and glial cells 
and is found in basement membranes (Timpl et al., 1979; Foidart et al., 1980a,b; 
Laurie et al., 1982; Liesi et al, 1983; Cornbrooks et al., 1983; McGarvey et al, 
1984). It consists of two different-sized chains (Mr 400,000 and 200,000), ar-
ranged in a cross configuration (Timpl et al., 1979; Engel et al., 1981). Different 
binding sites localized in specific, distinct domains allow laminin to interact with 
other matrix components and with cells (Terranova et al, 1980, 1983; Sakashita 
et al, 1980; Del Rosso et al, 1981; Woodley et al, 1983; Kleinman et al, 
1983). Laminin mediates endothelial and epithelial cell attachment to type IV 
(basement membrane) collagen (Terranova et al, 1980). 

Chondronectin (Mr 175,000), the chondrocyte attachment factor, is found 
pericellularly in cartilage, as well as in serum and in vitreous (Hewitt et al, 
1980, 1982a). Although all three attachment proteins interact with proteogly-
cans, only chondronectin appears to have a specific proteoglycan requirement for 
its attachment activity (Hewitt et al, 1982b). It is likely that there are other 
"adhesion" molecules with varying cell and substrate specificities. [For a more 
thorough discussion of attachment proteins, see Kleinman et al. (1981), 
Ruoslahti et al (1981), Hynes (1981), Hynes and Yamada (1982), Timpl 
(1982), and Hewitt and Martin (1984).] 

A number of other glycoproteins, some of which may be tissue specific, have 
been identified, but the functions of only a few have been well characterized. For 
example, cartilage link protein stabilizes huge proteoglycan aggregates formed 
by proteoglycan monomers and hyaluronic acid (Hascall, 1977). Osteonectin, a 
bone-specific protein that interacts with both collagen and hydroxy apatite, may 
be involved in initiating mineralization of skeletal tissue (Termine et al, 1981). 
Directly relevant to the retina is the retinol-binding protein of the in-
terphotoreceptor matrix (see Section ΙΙΙ,Β). These are just a few examples of the 
large number of glycoproteins in different extracellular matrices. Many of these 
vary during development, or may be quantitatively or qualitatively altered in 
genetic mutants or in pathological conditions. However, to date, most matrix 
glycoproteins are no more than bands on the biochemists' gels and, conse-
quently, they represent an exciting area of investigation. 
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B. Correlation of Supramolecular Structure and Function 

Stoichiometrically specific interactions of these different macromolecules are 
important because they give matrices their characteristic organization, structure, 
and function. For example, in the cornea, the properties of the small keratan 
sulfate and chondroitin sulfate proteoglycans enable them to fit within the highly 
ordered pattern of type I collagen. This allows for the hydration of this tissue and 
possibly also for its transparency (Trelstad and Coulombre, 1971; Hassell et al, 
1979; Hascall and Hascall, 1981). In basement membranes, the specific interac-
tion of a large heparan sulfate proteoglycan intercalated between laminin and the 
large open network of type IV collagen creates a negatively charged shield 
against the passage of similarly charged macromolecules (Kanwar and Farquhar, 
1979; Hassell et al, 1980; Kanwar et al, 1980; Timpl et al, 1981). Patholog-
ical conditions can result from disruptions of these interactions caused by im-
paired synthesis, injury, or some other insult. For example, increased degrada-
tion of the basement membrane heparan sulfate proteoglycan in diabetes causes 
compensatory synthesis not only of the proteoglycan, but also of laminin and of 
type IV collagen, resulting in an abnormally thick basement membrane (Rohr-
bach et al, 1982). 

C. Cellular Responses to Extracellular Matrices 

1. ATTACHMENT AND GROWTH 

Most normal cells require anchorage to a substratum in order to proliferate. 
Attachment and proliferation are influenced by extracellular matrices which in 
some cases are produced by the cells themselves. For example, spreading and 
proliferation of connective tissue cells are inhibited if they are cultured on tissue 
culture plastic in the presence of ds-hydroxyproline, a proline analog that pre-
vents collagen secretion. This is not a toxic effect, since growth is not affected by 
ds-hydroxyproline if the cells are plated on a preformed collagenous substrate 
(Liotta et al, 1978). Other ECM molecules are probably also capable of support-
ing proliferation. Some cells grow much faster when cultured on complex extra-
cellular matrices elaborated by other cells than on either tissue culture plastic or 
collagen-coated plastic (Gospodarowicz et al, 1978, 1980). In certain cases, 
attachment factors, such as laminin, will enhance the growth of cells dependent 
on that factor for attachment (McGarvey et al, 1984). Regulation of growth has 
also been attributed to certain heparan sulfate proteoglycans which are synthe-
sized by postconfluent smooth muscle cells and have an antiproliferative effect 
(Fritze etal, 1985). 
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2. DEVELOPMENT 

It is becoming increasingly apparent that matrix components, either indi-
vidually or in appropriate combinations within a supramolecular complex, can 
influence developmental processes. In some cases, these effects can be region-
ally specific. Thus, cartilage formation by cranial neural crest cells is stimulated 
by the extracellular matrix derived from retinal pigmented epithelium (New-
some, 1976). Similarly, differentiation of catecholamine-containing cells is stim-
ulated by somite-produced ECM, which neural crest cells encounter during their 
migration (Cohen, 1972; Norr, 1973), as well as by fibronectin alone (Sieber-
Blum et al, 1981), which has been demonstrated along crest migration routes 
(Newgreen and Thiery, 1980). Collagen can act as a promoter and stabilizer of 
stroma production by corneal epithelium (Dodson and Hay, 1974; Meier and 
Hay, 1974) and of cartilage formation by embryonic chick somites (Kosher and 
Church, 1975; Lash and Vasan, 1978). In other cases (i.e., salivary gland and 
lung morphogenesis), both collagen and basal lamina proteoglycans are involved 
in epithelial-mesenchymal intereactions (Grobstein and Cohen, 1965; Bernfield 
and Banerjee, 1978; Spooner and Faubion, 1980). 

Heterotypic cell interactions are often important in establishing an ECM and in 
regulating development. For example, laminin stimulates Schwann cell attach-
ment and proliferation (McGarvey et al., 1984) and will also elicit neurite 
outgrowth by sensory ganglia and retinal neurons in culture (Baron-Van Ever-
cooren et al, 1982; Adler and Hewitt, 1983; Adler et al, 1985; Manthorpe et 
al, 1983; Rogers et al, 1983; Smalheiser et al, 1984). Since the neuronal cells 
do not produce laminin, it is possible that the laminin produced by adjacent glial-
like cells is inducing this response in neurons. 

In many organs and tissues, there appears to be a distinct developmental 
timetable for the regional appearance and disappearance of some matrix mole-
cules. For example, fibronectin is present at early stages of cerebellar develop-
ment, but is lost at later stages (Hatten et al, 1982). There are also developmen-
ta l^ controlled alterations in the distribution of other ECM molecules, such as 
the chondroitin sulfate proteoglycan in the brain (Aquino et al, 1984b). It is 
possible that the presence or removal of one ECM molecule acts as a cue for the 
next stage of a differentiative sequence, as appears to be the case for myogenesis 
(Chen, 1977; Furcht et al, 1978; Podleski et al, 1979; Foidart et al, 1980b; 
Tomesek et al, 1982). 

3. MAINTENANCE OF PHENOTYPIC EXPRESSION 

Cell behavior can be modified by disruption of normal interactions between 
the cells and their extracellular matrix or by alterations in the molecular composi-
tion of the latter. This is particularly evident when cells, removed from their in 
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vivo microenvironment and plated on tissue culture plastic, undergo alterations 
of their phenotypic expression (i.e., loss of marker enzymes, switching of col-
lagen type or other ECM molecules synthesized, and/or altered morphology). 

In recent years, some success has been achieved in restoring or maintaining 
normal phenotypic expression by modifying the substrate on which cells are 
grown. Phenotypic expression of chondrocytes is maintained more efficiently 
when grown on an exogenous ECM than on tissue culture plastic (Kata and 
Gospodarowicz, 1985). Also, in several neuronal systems, substrate-bound mol-
ecules, such as PNPF, laminin, and fibronectin, are capable of stimulating neu-
nte production (see Section IV,B) (Akers et al., 1981; Adler, 1982; Manthorpe 
et ai, 1981, 1983; Rogers et al., 1983). "Biomatrix," a substratum prepared 
from extracts of the parent tissue, is also useful for the long-term culture of some 
types of differentiated cells (Rojkind et al., 1980). This would suggest that there 
are tissue-specific matrix components which are important for the long-term 
retention of phenotype in culture and, presumably, the maintenance of phe-
notypic expression and localization of cells in situ as well. 

III. Retinal Extracellular Matrices 

In this section, we will review extracellular matrices associated with the reti-
na. Studies in this area are relatively scant, but growing interest in extracellular 
matrices and their effects on differentiation and maintenance of phenotypic ex-
pression suggest that this aspect of retinal research will provide much needed 
information in the near future. 

A. Bruch's Membrane 

While Bruch's membrane is not universally accepted to be part of the retina, 
this structure is strategically located between the outer retina-RPE complex and 
their primary source of nutrition, the choriocapillaris. It functions as a support 
element and attachment site for pigmented epithelium cells and also appears to 
provide a selective filtration barrier for nutrients reaching the retina via the 
choriocapillaris. 

1. STRUCTURE 

Bruch's membrane can be ultrastructurally divided into five parts (Fig. 1): (1) 
the retinal pigmented epithelium basement membrane, (2) the inner collagenous 
zone, (3) the central elastin-bearing layer, (4) the outer collagenous zone, and (5) 
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FIG. 1 . Schematic representation of Bruch's membrane. This complex structure between the 
retinal pigmented epithelium (RPE) and the choriocapillaris (CC) is composed of two basement 
membranes (BM), each with its component lamina lucida (LL) and lamina densa (LD), an inner and 
an outer collagenous layer (ICL and OCL, respectively), and a thin elastin-bearing layer (EL). 
[Reprinted from Robey and Newsome ( 1 9 8 3 ) . Invest. Ophthalmol. Visual Sei. 2 4 , 8 9 8 - 9 0 5 , with 
permission.] 

the choriocapillaris basement membrane. The same basic structure has been 
found in all animals studied, with some alterations in animals bearing a tapetum 
lucidum (Nakaizumi, 1964a,b). 

a. Light Microscopy and Immunocytochemistry. Bruch's membrane is peri-
odic acid-Schiff stain (PAS) positive, the reaction becoming more intense with 
increasing age (Hogan and Alvarado, 1967; Hogan etal., 1971; Feeney, 1973b); 
this increase appears to be correlated with increased ground substance seen with 
EM (Hogan et al., 1971). In man, areas of basophilia also become evident with 
age. Immunofluorescent studies in human Bruch's membrane (Fig. 2) have 
demonstrated the ubiquitous basement membrane components, type IV collagen, 
laminin, and the basement membrane heparan sulfate proteoglycan. Similar stud-
ies detect collagen types I and III between the basement membrane portions of 
Bruch's membrane (P. G. Robey and D. A. Newsome, unpublished observa-
tions). Antibodies against the brain-derived chondroitin sulfate proteoglycan 
(Kiang et al., 1981) also react with murine Bruch's membrane (Aquino et al., 
1984a). 

b. Electron Microscopy. The outer layers of Bruch's membrane have the 
ultrastructural appearance of typical basement membranes (Nakaizumi, 1964a,b; 
Nakaizumi et al., 1964; Hogan et al., 1971; Feeney, 1973b). They stain with 
phosphotungstic acid while the collagenous layers do not (Feeney, 1973b). Both 
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FIG. 2. Laminin immunoreactivity in human Bruch's membrane. Frozen section of Bruch's 
membrane from the eye of a 76-year-old donor was reacted with antibodies against laminin. Note the 
dual lines of fluorescence, representing the two basement membranes of Bruch's membrane. Note 
that the surface of drusen (arrow) also react with the antibodies. Fluorescence in the choroid is 
associated with the basement membranes in vessel walls. X200. (Courtesy of Dr. David A. 
Newsome.) 

collagenous layers are composed of loosely arranged, interwoven collagen fibrils 
generally, but not exclusively, oriented parallel to the outer retina. Collagen 
fibrils appear to be continuous through the elastic layer. Within the collagenous 
zones, collagen fibrils are embedded in granular ground substances (Nakaizumi, 
1964a; Hogan et al., 1971). Cationic markers, such as polyethyleneimine and 
ruthenium red, bind at regular intervals along the length of the collagen fibrils 
(Pino et al., 1982; Essner and Pino, 1982), suggesting the presence of poly-
anionic molecules, such as proteoglycans. 

The elastic layer of Bruch's membrane is a continuous, regular meshwork of 
long, thin, straight fibers. Numerous vesicles, electron-dense structures, and 
collagen fibrils lie in the spaces between and are closely associated with the 
intersecting elastin fibers (Hogan et al., 1971). 

Bruch's membrane undergoes as much as a threefold thickening with age 
(Mishima et al., 1978), apparently resulting from an accumulation within the 
collagenous layers of short-segment, long-spacing collagen and other unknown 
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substances (Hogan and Alvarado, 1967; Hogan et al., 1971). In man, crystal 
formation and calcification in the macular portion of the elastic layer are often 
associated with aging (Nakaizumi et al., 1964; Hogan and Alvarado 1967; Sarks, 
1980). 

2. BIOCHEMISTRY 

There have not been many direct biochemical studies of Bruch's membrane 
components, although, as we have seen, some information has been inferred by 
histochemical and immunochemical procedures. In confirmation of the immu-
nofluorescence studies, extracts of human and monkey Bruch's membranes con-
tain collagen types I, III, and IV as well as small amounts of type V collagen (P. 
G. Robey and D. A. Newsome, unpublished observation). 

Both heparan sulfate and chondroitin sulfate proteoglycans have been extracted 
from human and nonhuman primate Bruch's membrane. As expected for a 
basement membrane, the heparan sulfate-containing proteoglycans are predomi-
nant (greater than 60%) in unlabeled human and monkey Bruch's membrane, with 
the remainder being chondroitin/dermatan sulfate (Robey and Newsome, 1983). 
However, when Bruch's membrane proteoglycans are radiolabeled in vitro, 
chondroitin sulfate represents 75-80% of the labeled proteoglycans with the 
remainder being heparan sulfate (Robey and Newsome, 1983; Hewitt and New-
some, 1983, 1985a). In contrast, heparan sulfate predominates in glomerular 
basement membranes and Reichert's membrane labeled under similar conditions 
(Kanwar et al., 1981; Hogan et al., 1982). This difference, which probably 
reflects variations between the two systems in rates of synthesis and/or turnover, 
emphasizes the uniqueness of Bruch's membrane as a basement membrane. The 
synthesis of Bruch's membrane proteoglycans is altered in patients with retinitis 
pigmentosa. Radiolabeled Bruch's membranes show a higher molecular weight 
proteoglycan as well as a two- to threefold increase in the proportion of heparan 
sulfate (Hewitt et al., 1985a). It is possible that altered proteoglycan synthesis 
could adversely affect the flow of nutrients from the choriocapillaris to the RPE 
and outer retina. Consequently, proteoglycans and Bruch's membrane should not 
be overlooked when studying RP and other pathological conditions of the retina. 

3. FUNCTION 

The location of Bruch's membrane between the RPE and the choriocapillaris 
suggests that this structure might act as a filtration barrier. Canine Bruch's 
membrane-choroid preparations (Lyda et al., 1957) and murine choriocapillaris 
(Pino and Essner, 1981) have been shown to have a net negative charge and act 
as a molecular barrier. EM histochemical studies with a number of cationic 
probes have established that these anionic sites, due to the presence of at least 
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two proteoglycans, can be visualized as a regular staining pattern along both of 
the basement membrane components, as well as in a semiregular network within 
the collagenous layers (Pino et al, 1982; Essner and Pino, 1982). Differential 
enzyme treatments suggested that heparan sulfate is associated primarily with the 
RPE basement membrane and chondroitin sulfate with the basement membrane 
of the choriocapillaris and the collagenous layers (Pino et al, 1982). 

Bruch's membrane also functions as a support element and attachment site for 
retinal pigmented epithelial cells. The presence of type IV collagen and laminin 
juxtaposed to the RPE is structurally significant, since these cells use laminin to 
attach to type IV collagen (Terranova et al, 1980). Collagen from the inner 
collagenous layer merges with filaments coming from the RPE basement mem-
brane. Fine filaments on the inner surface of the RPE basement membrane in turn 
merge with the plasma membrane of the RPE cells (Hogan et al, 1971). All of 
these interactions could explain the strong bond between the RPE and Bruch's 
membrane. Perturbation of this firm interaction could affect phenotypic ex-
pression by RPE cells and lead to RPE cell migration and loss of differentiated 
function as seen in massive periretinal proliferation (Machemer et al, 1978; 
Newsome et al, 1981), abnormal periretinal collagen deposition (Laqua, 1981), 
and retinitis pigmentosa (Szamier and Berson, 1977). Such changes in the RPE 
could have far-reaching effects on the retina, since it is thought that, when the 
RPE or its normal function is lost, so are overlying photoreceptors (Sarks, 1976; 
Green, 1980). 

B. Interphotoreceptor Matrix 

1. STRUCTURE 

a. Light Microscopy. The interphotoreceptor matrix (IPM) lies in the space 
between the pigmented epithelium and the outer limiting membrane, an un-
usually large extracellular space for neural tissues. In 1909, Kolmer (as dis-
cussed in Röhlich, 1970) described an intercellular substance in the layer of rods 
and cones. Metachromatic staining of a substance between the photoreceptors 
(Wislocki and Sidman, 1954) as well as positive staining with alcian blue (Sid-
man, 1958; Zimmerman and Eastham, 1959) and colloidal iron (Fine and Zim-
merman, 1963; Hall et al, 1965; Ocumpaugh and Young, 1966) suggested the 
presence of glycosaminoglycans in the interphotoreceptor matrix. 

b. Electron Microscopy. The interphotoreceptor matrix can have either an 
amorphous or filamentous appearance in the electron microscope depending on 
the fixation and staining procedures used (Röhlich, 1970). Lanthanum binding of 
the extracellular space around rods indicates the presence of amorphous material 
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(Cohen, 1968). In contrast, uniform staining of the cell surface and strands of 
material in the interphotoreceptor space can be seen in the murine eye with 
colloidal iron and with ruthenium red, a cationic dye that binds to polysaccha-
ride-rich macromolecules. Alcian blue, on the other hand, shows intermittent 
dense regions on cell surfaces and matrix materials. With periodic acid-silver 
methanamine stain, there is a reaction with strands within the matrix and on the 
surfaces of cells bordering the space in the adult, but not in the early murine 
embryo (Feeney, 1973b). The binding of these reagents to the interphotoreceptor 
matrix and to cell surfaces (Cohen, 1968; Röhlich, 1970; Feeney, 1973b) can be 
compared to the sialic acid-containing coating of many cells (Benedetti and 
Emmelot, 1967; Rambourg and Leblond, 1967). Alcian blue and colloidal iron 
staining also indicates the presence of acidic groups in the matrix, probably 
representing sulfated molecules, such as glycosaminoglycans (Zimmerman, 
1958; Fine and Zimmermen, 1963; Röhlich, 1970; Feeney, 1973b). The pres-
ence of glycosaminoglycans and sialic acid-containing molecules has been con-
firmed by biochemical analyses (see below). 

2. BIOCHEMICAL ANALYSIS 

While there is only a small amount of interphotoreceptor matrix per eye [from 
less than 10 μΐ in murine eyes to 100 μΐ in bovine eyes (Hogan et al., 1971; 
Röhlich, 1970; Adler and Severin, 1981)], it is easily extracted using phosphate-
buffered saline. This can be done by rinsing either dissected retinas and RPE 
surfaces (Berman and Bach, 1968; Bach and Berman, 1970, 1971a,b; Adler and 
Severin, 1981; Adler and Klucznik, 1982a; Berman, 1982) or by cannulation and 
lavage of the interphotoreceptor space (Pfeffer et al., 1983), the latter being 
particularly useful when large amounts of material are not required. Using these 
procedures, a great deal of information has been obtained regarding the carbohy-
drate and glycoprotein composition of the IPM. 

a. Complex Carbohydrates. Approximately 75% of the polysaccharides in 
bovine IPM contain uronic acid and are hyaluronidase sensitive [15% hyaluronic 
acid, 45% partially sulfated chondroitin, and 15% fully sulfated chondroitin 
(Berman and Bach, 1968; Bach and Berman, 1971a)]. Human IPM has a similar 
composition, but lacks fully sulfated chondroitin (Edwards, 1982). IPM sulfated 
glycosaminoglycans also contain the neutral sugars galactose and xylose (Bach 
and Berman, 1971b), which are normally found in the carbohydrate-core protein 
linkage region of proteoglycans. With their low amino acid content and an 
average molecular weight of 9200 (Bach and Berman, 1971b), a size suggesting 
free glycosaminoglycans, it would appear that what are thought of as intact 
proteoglycans are not being extracted by the procedures used. 

The remaining 25% of IPM complex carbohydrates are unsulfated and are 
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resistant to Hyaluronidase. They lack uronic acid and are composed of galac-
tosamine, glucosamine, sialic acid, fucose, and neutral sugars, with sialic acid 
and fucose being localized in terminal positions. They have an average molecular 
weight of approximately 5000. Alkaline-labile O-glycosidic bonds are the pre-
dominant linkages between the carbohydrate and peptide portions of these mole-
cules (Berman and Bach, 1968; Bach and Berman, 1970, 1971a,b). This group 
of molecules was originally classified as sialoglycans because of their low pro-
tein and high sialic acid content. However, because of their size and structure, 
this group would appear to represent the oligosaccharide portions and small 
peptide fragments of the glycoproteins found in the interphotoreceptor matrix. 

b. Glycoproteins: General Findings. When extracted from dissected eyes 
with saline and analyzed by SDS-polyacrymide gel electrophoresis under reduc-
ing conditions, the interphotoreceptor matrix is composed of 11 major proteins 
and a number of minor proteins ranging in molecular weight from about 20,000 
to 140,000. In unreduced gels, only one protein (Mr 64,000) is affected, indicat-
ing that it probably is not albumin and also that the other proteins are not 
disulfide-linked subunits of larger molecules. Only the PAS-positive protein with 
MT 140,000 binds to a Con A-Sepharose affinity column (Adler and Severin, 
1981; Adler and Klucznik, 1982a). In this glycoprotein the oligosaccharides are 
linked through asparagine (Adler and Klucznik, 1982a) rather than serine and 
threonine as was found for most IPM carbohydrates (Bach and Berman, 1970). 
Fewer proteins are extracted with in situ lavage of the interphotoreceptor space 
(Pfeffer et al., 1983). The reason for this is not clear, although it is possible that 
either the in situ procedure is too gentle to extract more tightly bound molecules 
or that the standard procedure extracts contaminants from broken cells and/or the 
vitreal surface of the retina. Regardless of the procedure used, however, the 
extracted proteins are distinct from those found in homogenates of either rinsed 
pigmented epithelium or retina as well as from those found in pathological 
subretinal fluid (Adler and Severin, 1981). Bovine IPM is also distinct from 
serum proteins (Adler and Severin, 1981), although human IPM appears to 
contain some serum protein contaminants (Adler and Evans, 1985a). 

The interphotoreceptor matrix contains approximately 10% of the acid pro-
teases in the re t ina-IPM-RPE functional unit (Adler and Martin, 1983). While 
their exact function in the IPM is not clear, there is some histochemical evidence 
that photoreceptor outer segment disk membranes may be partially hydrolyzed 
prior to phagocytosis by the RPE (Bernstein, 1980). 

Neither rhodopsin nor fibronectin are components of the IPM (Adler and 
Klucznik, 1982a). Interestingly, collagen also appears to be absent. Although 
collagen would not be soluble under the conditions used to extract this matrix, 
EM studies also do not show any typical collagen fibrils in the interphotoreceptor 
matrix. Pigmented epithelial cells in culture have been shown to synthesize 
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collagen (Newsome and Kenyon, 1973; Li et al, 1984) and to release it into the 
medium (Li et ai, 1984). RPE cells will also deposit collagen under certain 
pathological conditions when they become detached from Bruch's membrane 
(Machemer et ai, 1978; Laqua, 1981). It is possible that, under normal condi-
tions in vivo, any collagen synthesized is directed basally toward Bruch's mem-
brane and not toward the interphotoreceptor matrix. 

c. Interphotoreceptor (Interstitial) Retinol-Binding Protein (IRBP). The 
IRBP is the most abundant and best characterized IPM glycoprotein. Its presence 
was hypothesized based on changes in retinol levels in the retina and RPE during 
the light-dark cycle (Dowling, 1960; Berman et al., 1979), the lability of free 
retinol, and the potentially toxic effects of free vitamin A (Dewar et al., 1975; 
Meeks etal, 1981). 

IRBP corresponds to the Con Α-binding glycoprotein mentioned in the pre-
vious section (Adler and Klucznik, 1982a; Adler and Evans, 1983). It accounts 
for approximately 5% of the total IPM protein extracted from bovine eyes (Adler 
and Evans, 1985a). Molecular weight determinations have varied depending on 
the technique used, with estimates of approximately 140,000 from SDS-gel 
electrophoresis (Adler and Klucznik, 1982a; Adler and Evans, 1983; Hollyfield 
et al., 1984; Rayborn et al., 1984; Redmond et al., 1985; Saari et al., 1985) and 
between 250,000 and 290,000 from gel filtration (Adler and Martin, 1982; Liou 
etal., 1982; Lai etal., 1982). Sedimentation equilibrium centrifugation analyses 
resolved this discrepancy with molecular weight estimates between 103,000 and 
134,000 (depending on species) and by indicating that IRBP is an elongated 
molecule, a property which can influence behavior on a gel filtration column 
(Adler and Evans, 1984, 1985b; Redmond et al, 1985; Saari et al, 1985). This 
may also, in part, explain why IRBP cannot penetrate the external limiting 
membrane which is permeable to some proteins (Bunt-Milam and Saari, 1984). 

Binding studies using [3H]retinol and IPM derived from washing dissected 
retinas and analyzed either by sucrose density gradients or by gel filtration give 
two peaks of retinol-binding activity, at 2 S and 7 S (Adler and Martin, 1982; Lai 
et al, 1982; Liou et al, 1982). The 2 S activity corresponds to the cellular 
retinol-binding protein (Mx 17,000) that is common to many tissues including 
retina and RPE (Wiggert and Chader, 1975; Saari and Futtermen, 1976; Good-
man, 1980) and is not present when IPM is obtained by in situ cannulation and 
lavage (Pfeffer et al, 1983). The retinol-binding activity due to the larger mole-
cule is specific for the IPM and is associated with the photoreceptor outer 
segment, since it is not present either before outer segment development (Wig-
gert et al, 1978) or when outer segments are absent as in retinitis pigmentosa 
(Bergsma et al, 1977). In addition, the concentration increases when outer 
segments are partially purified (Lai et al, 1982). These findings and the immu-
nological localization of IRBP selectively to the interphotoreceptor matrix (Bunt-
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Milam and Saari, 1983, 1984) suggest that this glycoprotein may represent a 
peripheral protein which is loosely associated with the outer surface of the rod 
outer segments. 

While the amount of IRBP in the IPM is not altered by light or dark adaptation 
(Adler and Evans, 1985a), retinol binding to IRBP is sensitive to light adaptation 
with more ligand being bound in the light and being depleted of bound retinol in 
the dark (Adler and Martin, 1982; Lai et al, 1982; Liou et al., 1982; Adler and 
Evans, 1983, 1985a). Retinol binds less tightly to IRBP (dissociation constant, 
10 ~ 6 M) than to the cellular retinol binding protein (dissociation constant of 
1.6 x 1 0 ~ 8 M) (Adler and Evans, 1983, 1984), indicating that retinol can be 
transferred from the matrix retinol-binding protein to the cellular retinol-binding 
protein during the visual cycle. In addition to binding retinols, IRBP also binds 
retinals with more of the latter being bound in dark-adapted eyes (Adler and 
Spencer, 1985). Consequently, IRBP is capable of binding all of the retinoid 
isomers involved in the visual cycle. 

3. ORIGIN OF THE IPM 

a. General Findings. The interphotoreceptor space forms between the walls 
of the optic cup following invagination of the optic vesicle and, consequently, 
corresponds to the ventricular space in the brain. Early in development, the 
extracellular matrix corresponds primarily to a cell coat, although weblike 
strands accumulate as the slit undergoes rapid expansion and the photoreceptor 
outer segments project into the space (Feeney, 1973a). In the adult, there are 
three possible sources for the matrix, since the space is bordered by the pig-
mented epithelium, the photoreceptors, and the slender processes of Müller cells. 
Over the years, studies using a variety of cytochemical techniques have at-
tempted to elucidate the source of the IPM based on either the close proximity of 
stained material to a cell or the presence of similarly reacting material both in the 
interphotoreceptor space and intracellularly. Consequently, both the retina (e.g., 
Johnson, 1934; Fine and Zimmerman, 1963) and the RPE (e.g., Kolmer, 1909; 
Zimmerman and Eastham, 1959; Rohlich, 1970) have been cited as contributors 
to the IPM. Indeed, all three cell types lining the space may contribute to the 
IPM, since their cell coats lie in the interphotoreceptor space (Feeney, 1973b). 

Autoradiography of murine neural retina incubated with 3 5S 0 4 showed an 
initial incorporation into photoreceptors followed at later stages by movement of 
label toward extracellular spaces. This study indicated that photoreceptor inner 
segments can synthesize glycosaminoglycans and secrete them into the in-
terphotoreceptor space (Ocumpaugh and Young, 1966). This study, however, 
did not include the pigmented epithelium for comparison. Similar studies label-
ing with [3H]fucose indicated a rapid labeling of all retinal layers and the pig-
mented epithelium. With time, there was a decrease of label within the pig-
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merited epithelium and the inner segments, suggesting that labeled material 
moved to the cell coats within the interphotoreceptor matrix (Feeney, 1973c). 

The concept that cells on both sides of the interphotoreceptor space contribute 
to the matrix is supported by several biochemical studies. The glycosaminogly-
cans synthesized by cultured RPE cells are similar to those found in the in-
terphotoreceptor matrix and include hyaluronate and undersulfated chondroitin 
sulfate (Edwards, 1982). Chick neural retinas labeled in organ culture also pro-
duce chondroitin sulfate (Morris et al., 1977), although less than 2% of the total 
glycosaminoglycans are undersulfated chondroitin (Morris and Ting, 1981). 
Thus, it is possible that the glycosaminoglycans found in the IPM are synthesized 
both by the pigmented epithelial cells as well as in the neural retina. All of the 
IPM proteins were accounted for as being produced by either the pigmented 
epithelium or the neural retina, by comparing the IPM proteins to those in either 
retina- or RPE-conditioned medium. While initial comparisons were based on 
size and do not necessarily assure identity, they suggested that the neural retina 
and RPE contribute different glycoproteins to the IPM (Adler and Severin, 
1981). 

b. Synthesis and Retrieval of IRBP. Immunoprecipitation of metabolically 
labeled IRBP from separate cultures of retina and pigmented epithelial cells have 
demonstrated that this molecule is synthesized by the retina (Bridges et al., 1983; 
Fong et al., 1984a,b). Pulse-chase autoradiography with [3H]fucose demon-
strated uptake by many cells within the retina. There was little or no loss of label 
from Müller cells with time. However, the intense labeling over the Golgi 
apparatus of rod inner segments was displaced with time into the interphoto-
receptor matrix and could be immunoprecipitated from the medium, indicating 
that IRBP is synthesized by the inner segments of the photoreceptors (Hollyfield 
etal, 1984, 1985a). 

Apropos of its role in the transport of retinoids across the IPM, both pho-
toreceptors and RPE cells internalize colloidal gold-coated IRBP. In the pho-
toreceptors, IRBP colocalizes with acid phosphatase activity in multivesicular 
bodies, suggesting that it is not recycled by these cells. In RPE cells, however, 
IRBP is found in small, acid phosphatase-negative vesicles near the apical sur-
face. It is tempting to speculate that IRBP is delivering and/or acquiring its 
ligand in these small vesicles before returning to the photoreceptors for its final 
utilization (Hollyfield et al., 1985b). 

4. FUNCTIONS 

Because of its location between the photoreceptors and the pigmented epi-
thelium, the interphotoreceptor matrix could be important for the normal devel-
opment and maintenance of the visual process. Nutrients or other important 



EXTRACELLULAR MATRIX MOLECULES 187 

factors from the choroidal vessels must cross the space. It has been proposed that 
rod outer segments may need a coating of interphotoreceptor matrix in order to 
be phagocytized by the pigmented epithelium cells (Feeney and Mixon, 1976; 
Mixon and Feeney, 1977). Also, it has been demonstrated that the pigmented 
epithelium is required for the development of the retina (Hollyfield and Witkov-
sky, 1974). What molecules are required and whether or not these molecules 
exert a " t rophic" influence in the adult eye is not clear, although there is a loss 
of retinal function in areas where the retina has become detached from the 
pigmented epithelium (Kroll and Machemer, 1968). 

A number of studies have focused on the role of the interphotoreceptor matrix 
in the attachment of the retina to the pigmented epithelium. The energy required 
to separate bovine retina from the RPE is greater in pigmented areas compared to 
regions with a tapetum lucidum (Zauberman and Berman, 1969) and is lower in 
tissue treated with hyaluronidase compared to buffer-treated controls (Berman, 
1969). This suggested that glycosaminoglyeans, or more correctly proteogly-
cans, may influence the strength of adhesion between the retina and pigmented 
epithelium, perhaps by interactions with other macromolecules in the in-
terphotoreceptor matrix. 

Other studies disagree with these traction experiments regarding the role ma-
trix components on adhesion. Adler and Klucznik (1982b) used rotary aggrega-
tion of pigmented epithelium and rod outer segments to test the effect of in-
terphotoreceptor matrix components on reaggregation of RPE cells and photore-
ceptors. Lack of quantitative differences suggested that the glycoproteins and 
glycosaminoglycans of the interphotoreceptor matrix are not involved in rod 
outer segment-pigmented epithelium interactions, although it should be empha-
sized that these studies investigated the initiation of adhesion and not its mainte-
nance. It was hypothesized that adhesion proteins exist in the adult as integral 
membrane components similar to the developmentally regulated retina-specific 
mediators of cell-cell interactions (Hausman and Moscona, 1975, 1976; Thiery 
etal, 1977). 

While this is entirely possible, the role of interphotoreceptor matrix molecules 
should not be ruled out for, despite the lack of quantitative affects, there were a 
number of qualitative effects on the cell interactions. For example, when incu-
bated at 37°C for 24 hr, IPM will form long strands of a gelatin-like precipitate 
(Adler and Klucznik, 1982a). If the precipitate is allowed to form before adding 
cells, there appears to be an increased rate of aggregate formation, primarily with 
the strands as focal points. If the precipitate is removed, the supernatant had no 
affect on aggregation. Interestingly, the presence of intact rod outer segments 
consistently reduced the size of the pigmented epithelium cell aggregates even 
though the outer segments did not bind to the pigmented epithelial cells under 
these conditions (Adler and Klucznik, 1982b). These results are certainly sug-
gestive that the interphotoreceptor matrix can influence cell interactions. It is 
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possible that other experimental designs may provide more clear-cut evidence 
regarding the role of IPM molecules in adhesion interactions. 

The functions of most IPM components are not clear. A powerful tool for 
investigating these molecules is to radiolabel them either metabolically or by 
iodination. The latter procedure has been used to demonstrate the specific bind-
ing of a 20,000-Da protein specifically to RPE cells (Varner and Holly field, 
1985). The use of molecules metabolically labeled either in whole eye organ 
culture (Robey and Newsome, 1983; Hewitt and Newsome, 1985a) or in cell 
culture (Edwards, 1982, 1984; Hewitt and Newsome, 1985b) could also prove 
useful in answering such questions as whether the interaction of interphotorecep-
tor matrix proteins with cell membranes is sensitive to light and dark (as has been 
demonstrated for some photoreceptor disk membrane proteins; Kühn, 1978, 
1980), and whether the synthesis of a component by one cell type is dependent 
on the interaction with a component produced by another cell type. 

C. Internal Limiting Membrane 

There appear to be three horizontal, membrane-like structures within the reti-
na: the internal, the middle, and outer limiting membranes. Of these, the middle 
and outer limiting membranes are indicative of synapses and cell junctions, 
respectively. Only the internal (or inner) limiting membrane (ILM) is a true 
extracellular matrix, with the ultrastructural appearance of a basement membrane 
in close association with collagenous fibrils of the cortical vitreous on one side 
and the branch processes of the Müller cells on the other (Sigelman and Ozanics, 
1982). 

1. STRUCTURE 

a. Light Microscopy and Immunocytochemistry. The ILM is PAS positive 
and stains deep blue with the Mallory triple stain, suggesting the presence of 
glycoproteins and collagen, respectively (Hogan et ai, 1971). While it is diffi-
cult to do biochemical analyses on these structures, immunocytochemical studies 
have been helpful in elucidating its composition. Laminin has been localized by 
immunofluorescence in bovine (Kohno et al., 1983) and chick (Jerdan et al., 
1984; Adler et ai, 1985) internal limiting membrane (Fig. 3). Antibodies to 
fibronectin also react with the ILM as well as with fine filaments projecting from 
the ILM into the vitreal cortex (Kohno et al., 1983). The fine reactive fibrils 
within the vitreoretinal juncture may provide links between hyaluronate and 
collagen in the vitreous and ILM collagens. The ILM is also positive for the rat 
brain chondroitin sulfate proteoglycan (Aquino et al., 1984) and, at least in the 
embryonic chick retina, for type II collagen as well (von der Mark et al., 1977). 



FIG. 3. Laminin immunoreactivity in embryonic chick internal limiting membrane. (A) Phase-
contrast microscopy of an 8-day retina showing the retinal neuroepithelium, the internal limiting 
membrane (ILM), the retinal pigmented epithelium (RPE), and associated Bruch's membrane (BM). 
(B) Same section reacted with antibodies against laminin. Note immunoreactivity in the ILM (long 
arrows) and Bruch's membrane (short arrows). ( C ) Section through the eye of a 3-day embryo, 
demonstrating positive immunoreactivity in the ILM and Bruch's membrane (BM). There is also 
strong reactivity around the developing lens (L). (A, B) x443; ( C ) x 110. (Reprinted from Adler et 
al., 1985, with permission.) 
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In a study analyzing the molecular development of ocular basement mem-
branes, a series of four monoclonal antibodies were reacted with ocular tissues 
from chick embryos at different developmental stages (Fitch and Linsenmayer, 
1983). These antibodies showed different patterns of reactivity with the ILM: 
two antigens were continually reactive throughout development, one was not 
present at all, and the fourth made only transitory appearances. Moreover, for 
comparison, Bruch's membrane showed a strikingly different pattern of reac-
tivity. Although the exact chemical nature of the antigens recognized by these 
antibodies is not known, it is apparent that different retinal-related basement 
membranes differ in composition and that they undergo developmentally regu-
lated changes that are recognizable immunocytochemically. 

b. Electron Microscopy. The general EM appearance of the ILM resembles 
that of other basement membranes. It is composed of a lamina rara interna which 
lies between the Müller cells and the lamina densa. A poorly defined layer, the 
lamina rara externa, lies on the vitreal side of the lamina densa. While the vitreal 
surface of the ILM is smooth, the surface facing the retina follows the terminal 
extensions of Müller cells to form the uneven, but continuous, border of attach-
ment between the basement membrane and the cell surface (Hogan et al., 1971 ; 
Tolentino et al., 1976). 

There is a great deal of topographic variation between species. The rabbit ILM 
has a uniform thickness over the entire retinal surface (Matsumoto et al., 1984). 
This is in contrast to the regional variations in thickness seen in human (Hogan et 
al., 1971; Tolentino et ai, 1976) and cynomolgus monkey (Matsumoto et al., 
1984). In primate eyes, the internal limiting membrane is thin in the area of the 
ora serrata and thickens as it extends toward the equatorial and posterior zones, 
but is markedly thin in the fovea (Foos, 1972; Matsumoto, 1984). 

The internal limiting membrane is closely associated with sparse, thin collagen 
fibers and a relatively thick layer of complex carbohydrates, both along the 
vitreoretinal juncture in the cortical vitreous (Magalhäes and Coimbra, 1972; 
Rhodes, 1982; Matsumoto et al., 1984). The complex carbohydrates appear to 
be of two types. One class is represented by a fine filamentous network (Strep-
tomyces hyaluronidase resistant), which is often associated with collagen fibrils 
and probably represents a network of noncollagenous glycoproteins. The other is 
hyaluronic acid of intermediate electron density (Streptomyces hyaluronidase 
sensitive) (Rhodes, 1982). Since large amounts of hyaluronic acid are a charac-
teristic of some embryonic basement membranes that is lost in the mature struc-
ture (Trelstad et al., 1974; Cohn etal., 1977), the presence of hyaluronic acid on 
the surface of the ILM suggests that this structure differs from other mature 
basement membranes (Riepe and Norenburg, 1977; Rhodes, 1982). 
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2. FUNCTION 

a. Attachment Site for Vitreous. The retina and vitreous are adherent to 
varying degrees along their entire interface, with the vitreous base and optic disc 
being the areas of strongest attachment. Attachment in the posterior fundus is the 
most tenuous so that vitreous detachment can easily occur in this area due to 
trauma or aging (Rhodes, 1982). Inflammatory retinal conditions affecting 
Müller cell morphology or conditions resulting in cortical vitreous contraction 
can cause wrinkling of the ILM due to these interactions. The most logical 
mechanism for this association is the insertion of the vitreal collagen into the 
ILM. Indeed, several studies on the human eye have shown collagen-like fibers 
from the vitreous penetrating the ILM to about one-half the thickness of the 
basement membrane (Hogan et ai, 1971; Foos, 1972; Tolentino et al., 1976). 
However, there may be regional and species differences with regard to collagen 
orientation. Cynomolgus vitreal collagen was not inserted into the lamina densa 
of the ILM, and the majority of the collagen was excluded from the ILM 
altogether and ran parallel to the retinal surface. In the rabbit eye, collagen fibrils 
in the posterior fundus also run parallel to the retinal surface and only appear to 
be inserted into the lamina densa within the pars plana. In regions with a parallel 
orientation of cortical vitreal collagen, there appear to be fine strands of Alcian 
blue-reactive material joining the collagen fibrils to the ILM (Matsumoto et al., 
1984). 

In human and nonhuman primate, there is an age-related thickening of the 
ILM. The thin ILM of young individuals gives rise to a thicker membrane 
characterized by complex foldings along the surface of the Müller cells (Foos, 
1972; Matsumoto et al., 1984). This is found primarily in the posterior fundus 
(the region of the weakest interaction) so that the thickening may represent an 
attempt at strengthening the interaction. 

b. ' 'Barrier' ' Functions. It appears appropriate to define the functional unit 
separating the vitreous from the retina as the structure comprising the ILM, a 
layer of hyaluronic acid, and a network of glycoproteins and collagen fibers 
(Rhodes, 1982). This region could be involved in control of solute flow (Fowlks, 
1963; Rodriquez-Peralta, 1968) and of regulating factors involved in healing 
processes (Foos and Gloor, 1975; Constable et al., 1981). 

It has been suggested that this vitreoretinal juncture may represent a negatively 
charged barrier to sequester the vitreous from general circulation or to act as a 
filter in the vitreous-retina-blood route of solutes (Rodriquez-Peralta, 1968; 
Rhodes, 1982). Its effectiveness as a barrier is questionable, however, since 100 
Â electron-dense thorium dioxide particles injected into the vitreous can pene-
trate the ILM and diffuse into the narrow intercellular clefts between Müller cells 
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down to synaptic processes (Smeltzer et al., 1965). This would suggest that there 
is essentially no chemical barrier to prevent the free exchange between retinal 
cells and the vitreous of metabolites or noxious agents. On the other hand, the 
structure could prevent cell movement through the high concentrations of 
hyaluronic acid (Morris, 1979). Localized trauma removing part of this barrier 
could promote migration of cells involved in inflammatory reactions and healing 
or in the formation of epiretinal membranes (Rhodes, 1982). 

D. Neural Retina 

1. STRUCTURAL OBSERVATIONS 

a. General Comments. The central nervous system (CNS) has long been 
considered to be essentially devoid of an ECM because of the relatively small 
amount of intercellular space. By electron microscopy, however, these spaces, 
which appear as only narrow clefts between closely packed cells, are filled with 
material of detectable density (Wald and deRobertis, 1961). The retina is no 
exception, being composed of closely packed neurons and nonneuronal cells, 
such as Müller cells (Smeltzer et al.} 1965; Magalhäes and Coimbra, 1972). 
Müller cells extend from the inner surface of the retina, where they are involved 
in the formation of the internal limiting membrane, to the retinal border of the 
interphotoreceptor space. They also display many structural similarities to brain 
astrocytes, such as straight bundles of microfilaments, numerous glycogen parti-
cles, dense bodies, and a marked plasticity of the cell membrane to fit the 
irregularities of neighboring cells. In addition to providing mechanical support 
and physiological insulation, these cells also have important metabolic functions, 
such as carbohydrate storage, glycogen and protein synthesis, and various en-
zymatic activities (Magalhäes and Coimbra, 1972; Moscona and Linser, 1983). 
It is certainly possible that Müller cells have the ability to provide an environ-
ment permissive to the expression of phenotype by retinal neurons. Considering 
the small intercellular spaces in the retina, molecules found in these spaces are 
theoretically of great interest for functions other than structure. 

b. Microscopy. Research done to date has been dominated by studies of 
proteoglycans found in the retina. Electron microscopic and histochemical obser-
vations on the vertebrate retina have indicated the presence of glycosaminogly-
cans not only in the interphotoreceptor matrix but also in the synaptic layers and 
on both surfaces of the retina (Röhlich, 1970). Autoradiographic and histological 
analyses of murine retinas suggest that glycosaminoglycans are present in the 
plexiform and optic nerve fiber layers, but are most heavily concentrated in the 
photoreceptor zone where production becomes significant when the outer seg-
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ments start to develop. Enzyme susceptibility suggests that most of the labeling 
is due to chondroitin sulfate (Hall et al., 1965; Ocumpaugh and Young, 1966). 

While one does not normally think of proteoglycans as being intracellular, a 
CNS chondroitin sulfate proteoglycan (Kiang et al., 1981) has been localized 
intracellularly in both the brain and the retina (Aquino et al., 1984a), although it 
is also found extracellularly during development (Aquino et al., 1984b). 
Cytoplasmic chondroitin sulfate has also been demonstrated histochemically in 
neurons of the human central nervous system (Alvarotto and Castejon, 1984). 
These authors have suggested that, in addition to an extracellular function, 
proteoglycans may serve some physiological function within cells of the central 
nervous system, perhaps as neurotransmitter storage sites, in synaptic transmis-
sion, or in maintaining cell turgor. 

It is unlikely that proteoglycans are the only matrix molecules within the 
retina. However, because of the small amounts of material present inter-
cellularly, it is likely that more sensitive EM cytochemical techniques will be 
required for their detection. 

2. BIOCHEMICAL ANALYSES 

a. Proteoglycans. Unlike the proteoglycans found in most tissues, which 
require guanidine for extraction, a significant proportion of CNS proteoglycans 
can be extracted in saline. Consequently, in addition to a heparan sulfate pro-
teoglycan and a chondroitin sulfate proteoglycan extracted from brains using 
standard procedures (White, 1977, 1978; White and Hudson, 1977), a different 
chondroitin sulfate proteoglycan can be isolated from brains using only phos-
phate-buffered saline (Kiang et al., 1981). 

Similar studies on the retina have demonstrated a partitioning of proteoglycans 
into three subfractions (Morris and Ting, 1981). When embryonic chick retinas 
(day 14) were labeled in organ culture with 3 5S 0 4 and [3H]glucosamine, 25% of 
the labeled material was released into the medium, 39% was extracted by ho-
mogenization in phosphate-buffered saline, 32% was released by subsequent 
extraction with guanidine, and 4% was unextracted. Analysis of the glycosam-
inoglycan portions in each of these fractions indicated that the ratio of 
chondroitin sulfate to heparan sulfate was four to seven times higher in the 
saline-soluble fractions than in the guanidine extracts, indicating an enrichment 
for heparan sulfate in the latter (Morris and Ting, 1981). The retinal pro-
teoglycans are predominantly of low-buoyant density and do not form aggregates 
with hyaluronic acid (Morris et al., 1984). Some of the retinal proteoglycans did 
form large complexes of low-buoyant densities with most of the label in unsul-
fated molecules, suggesting that some of these proteoglycans associate with 
glycoproteins, but because neither associative nor dissociative conditions had 
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any effect on the buoyant density of the proteoglycans, there is probably a low 
ratio of glycosaminoglycan to protein in these molecules (Morris et al., 1984). 

These studies have shown that the retinal proteoglycans released into the 
medium and those extracted with balanced salt solutions are rich in chondroitin 
sulfate. It is possible that those proteoglycans in the medium represent molecules 
of the extracellular matrix, while those extracted by homogenization in saline 
represent loosely associated extracellular proteoglycans as well as cytoplasmic 
proteoglycans (see above and Aguino et al., 1984a). The guanidine extracts of 
retinal residues are enriched in heparan sulfate. These heparan sulfate pro-
teoglycans are probably associated with the cell membranes as has been shown in 
other cell types (Kjellén et al., 1980). Cell-associated proteoglycans may be 
important for interactions between cells within the retina. 

The biochemical and microscopic investigations on adult retinal are in general 
agreement that chondroitin sulfate is the dominant glycosaminoglycan in mature 
retina. However, proteoglycan synthesis does undergo changes during retinal 
development. Heparan sulfate is the predominant glycosaminoglycan in the 
young, highly mitotic chick embryo retina (days 5-7) . As tissue specialization 
progresses, the proportion of heparan sulfate decreases. At the same time, the 
proportion of chondroitin-4-sulfate relative to chondroitin-6-sulfate also in-
creases (Morris et al., 1977). This change is inhibited by 5-bromo-2'-deoxy-
uridine, a thymidine analog that interferes with cell differentiation (Morris and 
Dorfman, 1976). It is also possible that there are developmental changes in the 
compartmentalization of these proteoglycans (Aquino, 1984b). 

b. Collagens. It has been stated that there is no collagen within the retina 
based on the absence of hydroxyproline (Schmut, 1978). This may be due to low 
sensitivity of the procedure because collagen has been detected in retinal vessels 
by immunofluorescence (Jerdan and Glaser, 1985) and in the ILM by histo-
logical and immunofluorescence techniques (Hogan et al, 1971 ; von der Mark et 
ai, 1977). However, the immunofluorescence studies appear to confirm the 
absence of collagen in the retina per se. This is surprising considering the 
demonstrated ability of the retina to synthesize collagenous proteins. In studies 
with embryonic chick eyes, the retina was found to contribute the majority of the 
type II-like collagen found in the vitreous (Newsome et al., 1976; Smith et al., 
1976) as well as vitreal glycosaminoglycans (Smith and Newsome, 1978). It is 
also now generally assumed that the Müller cells contribute vitreal collagen in 
the adult as well (Swann, 1980). This seems reasonable considering the ability of 
glia in the peripheral nervous system (PNS) to synthesize several collagen types 
(Bunge et ai, 1983). The ability of cells within the retina to direct the secretion 
of synthetic products in a specific direction is not an uncommon trait and can be 
found in such polarized cells as RPE. Indeed, we have already discussed the 
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synthesis of IRBP by photoreceptors and its directed secretion into the IPM 
(Hollyfield etal, 1984, 1985). 

Consequently, it appears that retinal cells can synthesize collagen, but do not 
deposit it within the retina. The absence of collagen from the neural retina is 
probably quite fortuitous, since this no doubt contributes to the transparency of 
the normal retina. This becomes apparent in certain pathological conditions, such 
as lattice degeneration and retinal detachments, which are characterized by "reti-
nal sclerosis" in the area of the lesions (Witschel, 1981; Laqua, 1981). In many 
cases, the deposition of collagen within the retina appears to be contributed by 
glia and has the EM appearance of vitreal collagen. 

IV. Effects of Extracellular Matrix Molecules on Retinal 
Neurons 

A. General Comments 

As we have seen in the preceding sections, there is an increasing body of 
evidence regarding the presence of extracellular matrix molecules in the retina. 
However, the functions of most of these molecules and, more specifically, their 
effects on retinal neurons are not known with great certainty. There have been 
more studies along this line in the PNS because of the abundance of extracellular 
matrix material found there compared to the CNS. Particularly well worked out 
are the Schwann cell-neuron interactions required for the establishment of the 
basal lamina characteristic of the PNS. Schwann cells in vivo exhibit basal 
lamina only when in contact with axons (Billings-Gagliardi et al., 1974), and 
basal lamina production by Schwann cells in vitro initially requires the presence 
of nerve cells (Bunge et al., 1982). Schwann cells in culture, even in the absence 
of neurons, will produce laminin (Cornbrooks et al., 1983). However, type IV 
collagen is not secreted unless the Schwann cells are cultured in the presence of 
neurons or an established extracellular matrix (Carey and Bunge, 1981; Carey et 
ai, 1983), although this molecule is present intracellularly in the absence of 
neurons (McGarvey et al., 1984). The haptotactic effect of laminin on certain 
types of cells in the PNS (McCarthy et al., 1983) as well as the effects of 
fibronectin and laminin on PNS neurons have important implications both during 
development and in regeneration. It is possible that the framework, which is laid 
down by Schwann cells, can interact with axons during regeneration as they 
grow through the spaces previously filled by damaged axons (Bunge and Bunge, 
1983). 

By analogy, ECM molecules could have similar effects in the CNS. The 
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general absence of regeneration in adult CNS might be explained by the dimin-
ished capacity of cells in the central nervous system to synthesize certain extra-
cellular matrix molecules. Astrocytes, for example, lose their ability to synthe-
size and secrete laminin with age (Liesi et al., 1983). Although regeneration is 
not a characteristic of CNS neurons, similar mechanisms for neurite extension, 
migration, and guidance may take place during development when there are 
abundant spaces throughout the CNS. For example, fibronectin is present during 
cerebellar development along the route of granual cell migration, but disappears 
after formation of the external granular layer. Attachment of these cells to fibro-
nectin is also stage specific (Hatten et al., 1982). 

An example of extracellular matrix effects specifically regarding the retina is 
the involvement of the retinal pigmented epithelium in photoreceptor outgrowth 
during development (Hollyfield and Witkovsky, 1974). Since these two layers of 
the developing eye are not in contact prior to photoreceptor outgrowth (Feeney, 
1973a), it is likely that the RPE cells are elaborating a component for the 
interphotoreceptor matrix that is required for the outgrowth of the photorecep-
tors. In some animal mutants with RPE/IPM defects, such as the RCS rat, there 
can be associated retinal degeneration (LaVail, 1981). It is also possible that 
some component in the interphotoreceptor matrix is important for maintenance of 
the photoreceptors since retinal detachment will lead to a loss of photoreceptor 
function (Kroll and Machemer, 1968). 

It has been proposed that extracellular matrix molecules may be involved in 
axonal guidance during development. A highly structured extracellular matrix is 
present ahead of growing axons in embryonic optic tectum, and it may have an 
effect on the guidance of optic fibers, although a more specific mechanism than 
mechanical guidance may be at work (Krayanek, 1980). Unidirectional factors in 
the chick retina may guide fibers toward the optic nerve (Goldberg, 1977), and 
components of the inner limiting membrane may be important for the guidance of 
axons in the retina (Halfter et al., 1983; Faster et al., 1984). The presence of 
laminin in the chick embryonic ILM (Fig. 3) (Jerdan et al., 1984; Adler et al., 
1985) and the ability of this molecule to promote neurite extension from retinal 
neurons (see next section) support this hypothesis and suggest a dynamic role for 
laminin in retinal development as opposed to simply a structural role. 

B. Neurite Extension 

One possible effect of matrix molecules is the guidance of neuronal processes. 
Perhaps more fundamental than the ability to guide neuronal processes is, in fact, 
the ability of matrix components to induce neurite extension. Many factors have 
been found which will promote neurite extension in PNS and CNS neurons since 
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the finding that modification of a substratum in vitro can influence the ability of 
cells to adhere and to extend neuntes (Letourneau, 1975). Fibronectin, for exam-
ple, has been found to be effective in promoting neurite extension by PNS 
neurons (Baron-Van Evercoorens, 1982; Rogers et al., 1983), but is without 
effect on CNS neurons (Manthorpe et al., 1983; Rogers et al., 1983; Adler and 
Hewitt, 1983; Adler et al., 1985). Its ability to elicit neurite outgrowth from 
retinal aggregates (Akers et al., 1981) probably is due to the influence of hetero-
typic cell-cell interactions within the aggregate. One might not expect fibronec-
tin to have an influence on CNS neurons since, with the exception of its transient 
presence in developing cerebellum (Hatten et al., 1982), fibronectin does not 
appear to be associated with either neurons or glia in the CNS in general (Linder 
et al., 1975; Schachner et al., 1978) or more specifically in the developing 
neural retina (Kurkinen et al., 1979). 

Laminin, on the other hand, is efficient in stimulating neurite outgrowth in 
both PNS and CNS neurons to include retinal neurons (Fig. 4) (Adler and 
Hewitt, 1983; Adler et al., 1985; Manthorpe et ai, 1983; Rogers et al., 1983; 
Smalheiser et al., 1984; Liesi et al., 1984). This response on retinal neurons is 
dose dependent and inhibited by antibodies against laminin. When these in vitro 
experiments are done under serum-free conditions, laminin will only induce 
extension of neuntes from retinal neurons when bound to a polyornithine sub-
stratum. Laminin bound to tissue culture plastic is not effective even though 
similar amounts of laminin bind under both conditions (Table III) (Adler and 
Hewitt, 1983; Adler et al., 1985). It is possible that the presence of the highly 
charged polyornithine induces a conformational change in the laminin molecule 
which is required for it to interact with the surface of the neurons. 

The laminin effect is similar to that obtained using Schwannoma-conditioned 
medium which contains, in addition to laminin (Palm and Furcht, 1983), a 
polyornithine-binding, neurite-promoting factor (PNPF) (Manthorpe et al., 
1981). It is effective on both PNS and CNS neurons, although its distribution 
within the CNS as well as whether it is a matrix or cell surface component has not 
been determined. The conditioned medium effect does not appear to be due to 
laminin, since it is not inhibited by anti-laminin antibodies (Manthorpe et al., 
1983; Adler and Hewitt, 1983; Adler et al., 1985). However, these antibodies do 
precipitate a molecule the size of the smaller laminin subunit (Davis et al., 
1984). PNPF is found in medium conditioned by several types of cells including 
heart, glia, and Schwannoma cells (Collins, 1978; Adler and Varon, 1980; 
Manthorpe et al, 1981; Adler et al., 1981). This molecule is a large, highly 
negatively charged, protein-containing molecule (Manthorpe et al., 1981). The 
charged properties of PNPF suggest that it contains a proteoglycan portion. 
Recent evidence suggests that there is at least one molecule with neurite-promot-
ing activity that is a heparan sulfate proteoglycan (Lander et al., 1982). Howev-
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FIG. 4. Effect of modified substrata on the projection of neuntes from 8-day chick embryo neural 
retina cells. Dissociated cells were cultured for 6 hr in N-l supplemented, serum-free medium on (A) 
untreated polyornithine, (B) fetal calf serum-treated polyornithine, ( C ) fibronectin-treated polyor-
nithine, and (D) laminin-coated polyornithine. Only laminin-treated polyornithine supported exten-
sive neurite development and the presence of growth cones and filopodial processes (open arrows). 
Neurite extention was minimal or absent in the other conditions. Note the degree of cell spreading on 
fibronectin ( C ) and untreated polyornithine (A) and the extensive vacuolization of some cells in the 
latter (solid arrows). Bar, 25 μιτι. (Reprinted from Adler et al., 1985, with permission.) 

er, it is possible that such an active molecule is actually an aggregate of a 
proteoglycan and some other molecule (Matthew and Patterson, 1983). This type 
of interaction between a protein and a heparan sulfate proteoglycan has also been 
demonstrated as a mediator of chick neural retina cell-substratum adhesion 
(Cole etal, 1985). 
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T A B L E III 

EFFECT OF SUBSTRATUM ON LAMININ-INDUCED RETINAL NEURON NEURITE EXTENSION" 

Tissue culture plastic Polyornithine 

1 μg Ln
b 

5 μg Ln
b 

1 μg Ln
b 

5 μg Ln
b 

Laminin bound per well 0.16 μ β 1.00 μξ 0.20 μ Ε 0.85 μg 
Number of cells attached ( x 10 ~

5
) 6.0 1.0 6.1 5.8 

Attached cells with neuntes (percentage of 0 0 70 100 
maximum) 

a
 Tissue culture plastic and polyornithine-coated wells (16 mm) were incubated with various 

concentrations of
 1 2 5

I-labeled laminin for 3 hr at 37°C. Wells were washed extensively to remove 
unbound laminin before removing bound laminin with 1 Ν NaOH. Samples were assayed in a liquid 
scintillation counter and compared to a dilution series of labeled laminin. In other experiments, both 
with and without labeled laminin, the number of cells attached and percentage of cells with neuntes 
were also determined. Experiments were performed at least twice in triplicate, and the numbers 
shown represent the means of values which did not differ by more than 10% (adapted from Adler et 
al, 1985). 

b
 Amount of laminin (Ln) added per well in 0.5 ml of medium. 

C. Comments on Future Research on Retinal ECM 

As this area of research becomes more popular and retinal extracellular matrix 
molecules are identified and characterized, one might expect more experimental 
approaches to define the roles of ECM molecules in development and mainte-
nance of phenotypes within the retina. While retinal organ culture systems might 
be expected to be useful in determining the types of molecules that are being 
synthesized by cells within the retina, the use of "purified" cell cultures will be 
more important in determining the effects of ECM molecules on specific types of 
retinal cells. This is becoming a more practical approach with the advent of 
defined medium culture systems for specific cell types. Within just the past few 
years, it has become possible to separate the neuronal from nonneuronal cells in 
embryonic retinas (Adler et ai, 1982). Conditions have also been worked out to 
further subdivide the neuronal cells by establishing conditions which favor the 
expression of photoreceptors (Adler et al., 1984). The prospect of testing the 
effects of known ECM molecules, subfractions of interphotoreceptor matrix, 
medium conditioned by flat cells, etc. on purified cultures of retinal neurons is 
quite exciting. Will components of the interphotoreceptor matrix influence the 
outgrowth of photoreceptor outer segments? Will these molecules influence such 
putative behavior as neurotransmitter uptake and/or storage? Will depletion of 
intracellular proteoglycans affect the ability of neurons to maintain neuritic pro-
jections or to store neurotransmitters? (See article by Ruben Adler in Part I). 
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The use of animal mutants with degenerative retinal conditions may also be 
useful in gaining an understanding of normal processes. A number of mutants 
have been described, one of which, the RCS rat with inherited retinal dystrophy, 
is manifested by the reduced ability of RPE cells to phagocytize outer segments 
and an associated degeneration of photoreceptors. This particular mutant has an 
obvious extracellular matrix defect, since altered staining characteristics of the 
interphotoreceptor matrix become evident before the degeneration of the pho-
toreceptors takes place (LaVail et al., 1981). This is followed by a decrease in 
IRBP (Gonzalex-Fernandez et al., 1984). 

Many of the other mutants, however, such as rd (Blanks et al., 1974; LaVail, 
1981) and pcd (LaVail et al., 1982; Blanks et al., 1982) mice, may not have 
ECM differences which are as readily apparent as those in the RCS rat. In the rd 
mouse, for example, Alcian blue staining of the interphotoreceptor matrix re-
mains unaltered even after photoreceptor degeneration has begun (Zimmerman 
and Eastham, 1959). Even in cases such as these, however, there may be a defect 
in a histochemically "invisible" matrix factor that is important for either differ-
entiation or maintenance of photoreceptors. The use of various cell culture tech-
niques, such as either those described above, the coculturing of cells from 
normal and mutant animals, or the culturing of cells in the presence of medium 
conditioned by normal or mutant cells, may be useful in determining if extra-
cellular matrix molecules are altered in these degenerative conditions and, conse-
quently, if they are important for normal differentiation. An important caveat in 
such studies is that the matrix molecules produced may be normal but the cells 
may not be properly equipped to respond to their microenvironment because of 
abnormal surface properties. Consequently, studies of cell surface properties also 
offers an exciting area of research. 

V. Concluding Comments 

In this article we have described the various classes of molecules found in 
extracellular matrices and have discussed their roles not only in providing 
strength, stability, and structure to tissues but also in their abilities to influence 
morphology, growth, and phenotypic expression of cells. Also described is what 
is known regarding extracellular matrices found in association with the retina. In 
some cases, such as within the retina itself, very little is known about the 
molecules found intercellularly and even less is known about their functions. 
With today's rapidly advancing technology, the isolation and characterization of 
molecules from the small amounts of material available, although challenging, 
provide an exciting area of research for the biochemist. However, as has been 
found in many areas of endeavor, no one specialty will provide the final answers. 
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As was so elegantly demonstrated by the work on IRBP, it will take a concerted 
effort by those in all subspecialities now included under the term "cell biology" 
to elucidate the role of ECM molecules in the retina. 
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I. Introduction 

The process of new blood vessel formation and growth (commonly termed 
neovascularization) has been found to play an important role in an ever increas-
ing number of biological phenomena. Neovascularization may be found at vari-
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ous sites within the eye, depending upon the nature of the underlying disorder 
(Henkind, 1978). Retinal and optic disk neovascularization occur in diabetic 
retinopathy, venous occlusive disorders, sickle cell retinopathy, retrolental fibro-
plasia, and chronic inflammatory disorders. Subretinal pigment epithelial neo-
vascularization occurs in disorders, such as senile macular degeneration and the 
presumed ocular histoplasmosis syndrome. Iris neovascularization (rubeosis 
irides) is most commonly found associated with proliferative diabetic retinopathy 
and central retinal vein occlusion. 

A great deal has been learned about the factors that influence the formation 
and growth of new blood vessels. However, many questions still remain. In the 
following pages, we will review the current concepts and controversies regarding 
the biology of endothelial cells, key elements in the phenomenon of intraocular 
neovascularization. 

II. New Vessels from Preexisting Vessels 

One of the earliest questions to be addressed by scientists studying neo-
vascularization was to determine the origin of the new blood vessels found in 
various situations. In the earliest stages of embryologie development, new blood 
vessels must, no doubt, arise de novo. The origin of new blood vessels which 
form during later stages of development and under various circumstances in the 
mature animal has been the subject of considerable study. At the end of the 
eighteenth century, it was thought that new blood vessels arise de novo within 
wounds without relation to preexisting vessels. John Hunter (1812), in a treatise 
published in 1812, reported observing many spots of red blood within wounds 
which he could not inject with mercury. He concluded that these were areas of de 
novo synthesis of vessels and red blood cells, independent of the existing circula-
tion. The theory of de novo synthesis of new blood vessels within wounds was 
challenged in 1826 by Gendrin. He performed a series of experiments in which 
he surgically created skin flaps. These flaps were promptly reapplied and al-
lowed to heal. After various periods of time, the edges of the flaps were reçut in 
such a way that they remained attached to the surrounding skin only by the newly 
formed tissue filling the wound. Serial histologic studies demonstrated branches 
from adjacent preexisting vessels extending through the wound and into the skin 
flaps. 

In 1852, Joseph Meyer studied the process of capillary formation and found 
that the growth of capillaries proceeds from preexisting vessels. He also felt that 
the red dots and lines thought by previous investigators to be site of de novo new 
blood vessel formation were extravasates. In addition, Meyer observed that 
arteries and veins always develop from simple capillary tubes. Auerbach in 1865 
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observed that capillaries are cellular tubes. Golubew (1869), Arnold (1871), and 
Rouget (1873) are among the many investigators who subsequently performed 
microscopic studies of the vasculature of the transparent fin expansion of the 
tadpole tail. These investigators all observed that new blood vessels begin as tiny 
cellular sprouts extending from existing capillaries. These sprouts gradually 
extend until they meet and anastomose with other sprouts or capillaries. As these 
sprouts extend, a lumen gradually forms. This process occurs entirely without 
the interposition of other cells, such as fibroblasts or macrophages. Numerous 
subsequent studies supported these findings (Thomas, 1893; Ziegler, 1905; 
Evans, 1909). Therefore, by the beginning of the twentieth century, it was well 
established that, except for the earliest stages of embryologie development, new 
blood vessels form from preexisting vessels. 

There are several key steps that have been found to occur during the develop-
ment of new capillary sprouts. One of the earliest steps is the localized fragmen-
tation of the basement membrane surrounding the parent capillary, presumably at 
the sight where the new sprout is to develop. Secondly, vascular endothelial cells 
from the wall of the parent vessel migrate through openings in the surrounding 
basement membrane to form a capillary bud. This capillary bud then gradually 
extends into the surrounding tissue. The advancing tip of this sprout consists of 
migrating endothelial cells which do not seem to be dividing. The more proximal 
portions of the advancing sprout, which contain dividing cells, provide building 
blocks to link the advancing tip to the parent vessel. A discussion of these 
important aspects of capillary sprout formation follows. 

III· Steps in Capillary Formation 

A. Basement Membrane Fragmentation 

The presence of a condensed zone of connective tissue completely surrounding 
mature capillaries was first described more than a century ago. The term "base-
ment membrane" was applied to this condensation of connective tissue (Kra-
kower and Greenspon, 1959). The basement membrane is composed of a tightly 
matted array of fine (30-40 A) fibrils embedded in a finely granular matrix 
(Palade and Burns). Several investigators have isolated protein components from 
basement membranes which meet the chemical and physical criteria for col-
lagens. However, basement membrane collagen (type IV) (Kefalides, 1973) 
appears to have some characteristics which differentiate it from the so-called 
interstitial collagens (types I, II, and III). More recently a glycoprotein, laminin, 
has been isolated from murine basement membrane (Timpl et al., 1979; see also 
the article by Hewitt, this volume). 
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In 1963, Schoefl reported an extensive series of electron microscopic studies 
of neovascularization in muscle wounds and silver nitrate-induced corneal burns. 
One of the most important aspects of this study was the discovery of numerous 
gaps or discontinuities in the basement membrane surrounding the capillaries, 
seen very early in the course of new blood vessel development. Cytoplasmic 
extrusions arising from the outer aspect of the vascular wall and projecting 
through the gaps in the basement membrane were common. In 1976, Ausprunk 
and Folkman studied tumor-induced capillary proliferation in the rabbit cornea. 
In these studies, V2 carcinoma was implanted into the clear cornea of the rabbit, 
1 mm from the vascular plexus. Within 1 day of tumor implantation, before 
capillary sprouts developed, the normally continuous basement membrane sur-
rounding existing vessels became fragmented. Within 2 days, endothelial cells 
extended large pseudopods through gaps in the basement membrane. On the 
basis of these observations, it has been concluded that fragmentation of capillary 
basement membranes constitutes one of the earliest steps in the formation of new 
capillary sprouts. It has been hypothesized that initial gaps in the basement 
membrane provide exit sites through which the endothelial cells will later mi-
grate to form capillary buds and sprouts. 

Recent studies (Kalebic et al., 1983) have demonstrated that fetal bovine 
aortic endothelial cells in vitro, when stimulated by angiogenic preparations, are 
capable of producing an enzyme which can fragment type IV collagen. Under 
similar conditions, fibroblasts and smooth muscle cells are unable to produce 
such an enzyme. The endothelial cell type IV collagenase may play a role in 
basement membrane fragmentation early in the course of new blood vessel 
formation. 

The early occurrence of basement membrane fragmentation during capillary 
sprout formation makes this phenomenon an important subject for future 
research. 

B. Capillary Endothelial Cell Migration 

The following experimental evidence has led to the conclusion that after gaps 
develop in the basement membrane surrounding a parent capillary, vascular 
endothelial cells migrate from the vessel wall to form new capillary buds. The 
migratory activity of the vascular endothelial cells continues to be important as 
the capillary sprout elongates. 

In 1955, Van den Brenk made detailed observations of new blood vessel 
formation in rabbit ear chambers. After prolonged observation, he was unable to 
demonstrate any mitotic activity in the vascular endothelium of newly formed 
capillary sprouts. He observed, additionally, that the vascular endothelium was 
capable of migrating with great facility. From these observations, he concluded 
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that endothelial cell migration plays a primary role in neovascularization. 
Schoefl (1963) observed numerous endothelial cell cytoplasmic processes at the 
distal end of capillary sprouts. These processes were interpreted as pseudopodia, 
which were thought to indicate active cellular migration at the advancing capil-
lary tip. In 1970, Yamagami performed an electron microscopic study of corneal 
neovascularization in response to alkali burns. Careful observation of serial 
sections revealed that the advancing tips of new capillary sprouts are composed 
of a closely associated group of endothelial cells. Tight junctions were observed 
between cells composing this distal tip of the capillary sprout. However, endo-
thelial cells located 40-60 μηι proximal to the tip were only loosely approxi-
mated to one another and allowed the extravasation of blood cells and Throtrast 
particles. Mitotic figures were frequently found in the endothelial cells of this 
more proximal portion of the capillary sprout. In contrast, mitotic figures were 
never observed in the cells of the distal tip of the capillary sprout. These observa-
tions were felt to suggest that new capillary sprouts are composed of two regions, 
a distal region composed of migrating cells and a more proximal region com-
posed of dividing cells. Ausprunk and Folkman (1977), in their electron micro-
scopic studies of neovascularization found that vascular endothelial cell migra-
tion precedes tritiated thymidine incorporation and cell division during the 
formation of new capillaries. 

The importance of vascular endothelial cell migration in the formation of new 
capillary sprouts has prompted several investigators to develop methods for 
studying vascular endothelial cell migration in vitro. Albrecht-Buehler (1977, 
1975) has devised a system to analyze the movement of cultured fibroblasts in 
vitro. In this system, fibroblasts are first plated onto glass coverslips that have 
previously been coated with tiny particles of gold. As the cells move on the 
surface of the coverslips, they remove the gold, leaving bare areas or tracks that 
serve as a record of their movement. The phenomenon thus measured is termed 
phagokinesis. McAuslan (1979) has recently modified this technique to study 
vascular endothelial cell phagokinesis. He found that various fractions from 
Walker carcinoma extracts are capable of stimulating adult bovine aortic endo-
thelial cell phagokinesis. Zetter (1980) used the above technique to study the 
phagokinetic activity of capillary endothelial cells. 

Since the ability of cells to form detectable tracks depends on both phagocyto-
sis and migration, it is difficult to determine which of these two components is 
being affected by a given substance under study. Investigators have therefore 
developed assays which measure endothelial cell migration more directly. Glaser 
et al. (1980) have developed an assay which measures the ability of vascular 
endothelial cells to migrate through a thin porous membrane. The apparatus used 
for this assay consists of two wells (an upper well and a lower well) separated by 
a porous membrane. The lower well of this apparatus is filled with tissue culture 
medium containing a known concentration of the substance to be tested. The 
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upper well is filled with tissue culture medium in which is suspended a predeter-
mined number of vascular endothelial cells. The apparatus is then incubated for 7 
hr at 37°C during which time the cells attach to the upper surface of the mem-
brane, migrate through the pores, and then attach to the lower surface of the 
membranes. At the end of the experiment, the cells on the upper surface of the 
membrane are removed with a cotton swab. The endothelial cells which have 
migrated through the membrane attach to the lower surface where they are fixed 
and stained. Migration is quantified by counting the number of cell nuclei on the 
lower surface of each membrane. 

Utilizing this technique, Glaser et al. (1980) have shown that adult mam-
malian retina contains a stimulator (or stimulators) of vascular endothelial cell 
migration. During the development of new blood vessels, the capillary sprouts 
appear to be oriented so that they advance toward the inciting stimulus (Aus-
prunk and Folkman, 1977). Very few capillary sprouts are ever seen to advance 
in a direction away from the inciting stimulus. It has been suggested that the 
migration of endothelial cells at the tip of the capillary sprout toward the stimulus 
may be due to a preferential migration of cells from lower to higher concentra-
tions of a mediator. Such concentration gradient-dependent cellular migration 
has been termed Chemotaxis. Glaser et al. (1980) have utilized the migration 
apparatus described above to study vascular endothelial cell Chemotaxis in vivo. 
Various amounts of a substance to be tested for chemotactic activity are added to 
both the upper and the lower wells of the migration chambers to produce a series 
of concentration gradients across the membranes. Migration is then studied as a 
function of the concentration gradient across the membrane. In this manner, 
adult mammalian retina was found to contain a substance (or substances) which 
is chemotactic for fetal bovine aortic endothelial cells in vivo. 

Vascular endothelial cell migration appears to play an important role in neo-
vascularization. Further study of this phenomenon in both in vivo and in vitro 
systems will, hopefully, shed additional light on the factors and conditions which 
modulate new blood vessel formation. 

C. Proliferation of Capillary Endothelial Cells 

Wise et al. (1971) studied the replication rate of cells composing the retinal 
capillary bed of the adult rat and found this to be approximately 0.09%. Enger-
man et al. (1967) performed a similar study in mice and found a replication rate 
of 0 .01%. With the onset of new capillary sprout formation, Ausprunk and 
Folkman (1977) have demonstrated an increase of the capillary endothelial cell 
replication rate to a peak of 8%. It is interesting to note that Yamagami (1970) 
has demonstrated that these dividing endothelial cells are confined to the prox-
imal regions of the advancing capillary sprouts. The tip of the capillary sprouts 
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appears to be composed of nondividing endothelial cells with tight intercellular 
junctions and an ameboid shape. In contrast, the proximal region of the capillary 
sprout, where cell division occurs, is also the area where the endothelial cells 
have lost their tight junctions and have become separated by intercellular gaps 
(Yamagami, 1970). Ausprunk and Folkman (1977) have suggested that the cell 
division found in this region might be secondary to a loss of contact inhibition 
rather than the effect of specific growth stimulators. They base this hypothesis on 
studies (Ross and Glomset, 1976) of the mitotic behavior of endothelial cells in 
large vessels, which show that a group of endothelial cells adjacent to an area of 
desquamation will continue to divide until the defect becomes covered by a 
continuous monolayer of endothelial cells. The cessation of replication when 
cells reach a confluent monolayer, with each cell completely bordered by cell 
membranes of adjacent cells, is termed contact inhibition. Endothelial cells 
grown in tissue culture have also been found to cease replicating when a con-
fluent monolayer of cells develops (Haudenschild et al., 1976). 

The study of the factors and conditions which affect vascular endothelial cell 
replication with subsequent comparison of the effects of these factors on neo-
vascularization will help shed light on the role of vascular endothelial cell rep-
lication in new blood vessel formation. 

IV. Maturation of the Vascular Bed 

A. Capillaries Mature to Form Arteries and Veins 

We have thus far described the process of capillary sprout formation and 
growth. The tip of the capillary sprout advances until it encounters another 
capillary sprout. When this occurs, the two capillary sprouts merge to form a 
capillary loop (Clark, 1918, 1939). Capillary loop formation leads to the devel-
opment of a extensive capillary plexus. The subsequent maturation of this newly 
formed capillary bed to include arteries and arterioles connected by a capillary 
plexus to venules and veins has been studied by several investigators. In 1893, 
Thomas reported his studies of the extraembryonic yolk sac vessels of chick 
embryos. From a series of injected specimens, he concluded that the capillaries 
within the newly formed plexus, which are located so that the greatest amount of 
blood flows through them, enlarge to become arteries. Later studies by Mall 
(1906) and Evans (1909) utilizing injected mammalian embryos confirmed the 
observation that arteries and veins are derived from previously formed capillar-
ies. 

Up to this point, most of the observations of the development of arteries and 
veins were made utilizing fixed tissue specimens. Clark, in 1918, was one of the 
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first to study the complete growth of a portion of the vascular system by observ-
ing the same vessel from day to day over a period of several weeks. Clark (1918) 
studied the developing vessels of the transparent tail fin of the tadpole and made 
the following observations regarding maturation of the vascular plexus. A capil-
lary, once formed, may have one of several fates; it may enlarge to form an 
arteriole or venule, which then may become an artery or a vein, or it may remain 
a capillary or it may retract (Clark, 1918). The size of the vessel which the 
capillary ultimately develops into was felt to be dependent upon the volume of 
blood flow through it. Ashton presented data suggesting that the periarteriolar 
capillary free zone found in mature retina develops by a process of capillary 
regression which probably occurs by the same mechanism described by Clark 
(1918). 

Therefore, the mature vascular pattern develops by successive stages begin-
ning with capillary sprout formation from existing vessels. These capillary 
sprouts link to form a dense immature capillary plexus. The capillaries, which 
are positioned within the plexus so that they carry greater blood flow, enlarge to 
form arterioles and venules and later arteries and veins. Those capillaries, which 
are positioned so that they carry less blood flow, eventually regress. The factors 
and conditions that dictate which vascular channels in the immature capillary 
plexus carry greater flow and which carry a lesser flow are not yet fully under-
stood. 

B. Capillary Endothelial Cells ν s Large Vessel Endothelial 
Cells: Differences and Similarities 

A major unanswered question related to the study of neovascularization is 
whether capillary endothelial cells are intrinsically different from endothelial 
cells lining large blood vessels, such as arteries and veins. The fact that the 
endothelial cells lining the large blood vessels are derived from capillary endo-
thelial cells, as discussed previously, would suggest that the endothelial cells in 
both these locations have many similarities. Indeed, both capillary and large 
blood vessel endothelial cells form tight intercellular junctions (Engerman et al., 
1967), contain Weibel-Palade bodies (Weibel and Palade, 1964; Folkman et al., 
1979), contain factor VIII antigens (Folkman et al, 1979; Bloom et al, 1973; 
Hoyer et al, 1973; Tuddenham et al, 1974; Jaffee et al, 1973), produce 
angiotensin-converting enzyme (Folkman et al, 1979; Hill et al, 1979), form a 
thromboresistance vascular lining (Spaet and Stemerman, 1972), and have base-
ment membrane adjacent to the basal cell surface (Weiss and Greep, 1977). In 
addition to the observation that capillaries can develop to form arteries and veins, 
there exists data to suggest that endothelial cells lining large vessels can form 
capillaries. Michaelson (1948) has presented data which suggests that, during the 
development of the retinal vasculature, venules can be the source of new capil-
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lary sprouts. In addition, the source of capillaries growing into a thrombus 
occluding a vein, although never definitively identified, are most likely derived 
from the endothelium lining the wall of the vein (Flane, 1968). 

The differences between endothelial cells from capillaries and those from large 
blood vessels have been determined predominately from studies of their in vitro 
behavior. Although techniques for the long-term culture of endothelial cells from 
large blood vessels have become well established in recent years, attempts to 
establish long-term growth of capillary endothelial cells in culture have met with 
less success (Folkman et al., 1979). Indeed, those techniques which have proved 
successful for culturing capillary endothelial cells require considerably more 
stringent conditions than are necessary for the growth of large blood vessel 
endothelial cells (Folkman et al., 1979; Buzney and Massicotte, 1979; Frank and 
Kinsey, 1979). This may either be due to an intrinsic difference between the 
endothelial cells from these two sources or it may be secondary to anatomically 
determined difficulties in harvesting large numbers of capillary endothelial cells 
uncontaminated by other cell types. Large blood vessels, lined by a sheet com-
posed of thousands of cells separated from other cell types by a continous 
basement membrane, provide an ideal situation for harvesting large numbers of 
cells for tissue culture. Techniques for harvesting equally large numbers of 
capillary endothelial cells uncontaminated by other cell types have yet to be 
developed. Therefore, the stringent growth requirements needed to establish 
capillary endothelial cells in culture may be secondary to the small number of 
cells available. Several investigators have shown that when large blood vessel 
endothelial cells are grown at low densities, they too require very stringent 
conditions for growth (Gospodarowicz et al, 1976; McAuslan et al., 1980). 

Folkman et al. (1979) and Zetter (1980) have recently reported that the growth 
and migration of established lines of capillary endothelial cells are affected 
differently by various factors than are established lines of large vessel endothelial 
cells. Again, it is not clear whether these differences arise from intrinsic dif-
ferences in the endothelial cells derived from the two sources or if they result 
from a selection process created by the more stringent conditions necessary to 
establish the capillary cell lines. For instance, Zetter (1980) reported that capil-
lary endothelial cells in vitro are stimulated to migrate by tumor-conditioned 
media. This may be due to intrinsic differences between capillary and large blood 
vessel endothelial cells or it may be due to the fact that the techniques used to 
harvest and isolate capillary endothelial cells may select for endothelial cells 
which migrate in response to tumor-conditioned media. Zetter (1980) harvested 
capillary endothelial cells by placing isolated capillary segments in culture dishes 
with tumor-conditioned medium. Those capillary endothelial cells which were 
able to migrate from the capillary onto the surface of the culture dish were then 
grown to confluence. These conditions may select for cells which migrate in 
response to tumor-conditioned media. 

Folkman and Haudenschild ( 1980) have recently reported the exciting obser-
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vation that under certain conditions, cloned capillary endothelial cells in culture 
form tubes which by light and electron microscopy resemble capillaries in vivo. 
However, large blood vessel endothelial cells in culture also form capillary tubes 
(Maciag et al, 1982; Sato et al, 1984, 1985). Further studies of these phe-
nomena may prove invaluable in advancing our understanding of capillary for-
mation. Recently Buzney and Massicotte (1979) and Frank have independently 
developed techniques to isolate and grow retinal capillary endothelial cells from 
fetal and newborn animals. The extension of these techniques to the long-term 
culture of adult retinal and choroidal capillaries from human eye bank eyes with 
various ocular disorders will be of great help in the study of these disorders. 

Whether capillary endothelial cells are the same or different from endothelial 
cells of large blood vessels has not as yet been determined. 

V. Factors Influencing Capillary Sprout Formation 

The control of new blood vessel formation is likely to be dependent upon a 
shift in the balance between stimulating and inhibitory factors. A discussion of 
the factors thought to participate in this balance follows. 

A. Stimulators of Neovascularization 

1. MECHANICAL FACTORS 

The identification of factors which modulate the development and growth of 
new capillary sprouts has long been a central issue in the study of neovasculariza-
tion. In the nineteenth century, several reports appeared which suggested that 
new blood vessel growth is largely controlled by mechanical factors. Gendrin, in 
1826, suggested that neovascularization during wound healing resulted from the 
reopening of the cut ends of arterioles, so that blood is forced into the clot and, 
thereby, hollows out a channel. This "tunneling" process would allow the 
vessels to extend throughout the substance of the wound. In 1893, Thomas 
proposed that the growth of new capillary sprouts depends upon the pressure 
within them. His hypothesis was challenged by studies of developing embryos 
which documented new blood vessel development before the onset of a heart-
beat. Sabin, in 1917, found that part of the aorta, the two vitelline veins next to 
the heart, and parts of the cardinal veins were formed in chick embryos prior to 
the onset of circulation. In addition, several reports appeared at the turn of the 
century describing studies performed on embryos whose heartbeat had been 
eliminated experimentally by either surgical removal or chemical inhibition 
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(Loeb, 1893; Knower, 1951; Patterson, 1909; Stockard, 1915). All of these 
studies found that embryologie neovascularization can proceed for several days 
following the cessation of circulation. 

In 1918, Clark presented his studies on the developing vasculature of the 
transparent tail fin of the tadpole. In one series of experiments, he removed the 
heart of tadpoles before it began to beat. He subsequently studied the develop-
ment of the tail fin vasculature for at least 12 days after the removal of the heart. 
He observed that vascularization proceeded by the usual process of capillary 
sprouting and that the resultant capillary plexus was not significantly different 
from what was observed in normal tadpoles with an actively beating heart. The 
one difference he did find was that the capillaries, once formed, showed no 
tendency to further differentiate into arterioles or venules. He concluded from 
these observations that capillary sprout formation is not dependent upon blood 
pressure or flow but that the later development into larger vessels is probably a 
function of these mechanical factors. 

Lewis (1931) studied expiants of skin and subcutaneous tissues from 7- and 8-
day-old chick embryos grown in tissue culture. In 35% of these cultures, out-
growths appeared which, on microscopic examination, appeared to be capillary 
sprouts. In some instances, he was able to trace a direct connection of these 
outgrowths to blood vessels in parts of the expiants. Motion pictures reportedly 
showed peripheral migration of the endothelial cells in these capillary sprouts in 
a manner similar to what had been observed by other investigators in vivo. 
Additional evidence suggesting that intraluminal blood pressure and flow are 
probably not key factors modulating the formation of new capillary sprouts 
comes from the recent studies demonstrating that vascular endothelial cells 
grown in tissue culture are capable of forming tubes which, on light and electron 
microscopic examination, appear similar to capillaries (Folkman and Haudens-
child, 1980; Sato et al., 1984, 1985). These observations argue against the 
notion that blood pressure is the driving force in new blood vessel development. 

Wolbarsht and Landers (1980) have recently hypothesized that vascular tone 
has a role in modulating intraocular neovascularization. Landers and Wolbarsht 
(1980) measured tissue oxygen levels at the vitreous surface of the retina in 
normal and photocoagulated eyes of rhesus monkeys and cats. In both cats and 
monkeys, the oxygen levels of the normal and photocoagulated retinas were 
approximately the same. However, when the central retinal artery was blocked 
by pressure on the disk, with the choroidal circulation remaining intact, the 
oxygen level in both parts of the retina dropped, but was much lower in the 
normal nonphotocoagulated portion of the retina than in the laser photocoagu-
lated area. From this, they suggested that panretinal photocoagulation in the 
diabetic may result in an increase in retinal oxygen tension. This increased 
oxygen tension is hypothesized to constrict the retinal vasculature, including 
those vessels which feed neovascular fronds. The investigators suggest that 
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vasoconstriction may be responsible for the regression of neovascularization. 
Significantly more data must be accumulated before the validity of this hypoth-
esis can be determined. 

2. CHEMICAL FACTORS 

Over the years, numerous investigators have speculated on the role of chem-
ical mediators in the formation and growth of new blood vessels. Leber in 1888 
suggested that new capillaries may be formed in response to the action of a 
specific "chemotactic" substance or substances. In 1893, Loeb suggested that 
chemical mediators might explain the growth of the new blood vessels that he 
observed in fish embryos whose heartbeat was eliminated. Michaelson in 1948 
proposed that a chemical factor might be responsible for controlling the growth 
and development of the retinal vasculature. According to Michaelson (1948), the 
proposed "factor" would have the following characteristics: 

1. The factor is present in the extravascular tissue of the retina. 
2. It is present in a gradient of concentration such that it differs in arteriole 

and venous neighborhoods. The factor possibly is, therefore, of a biochemical 
nature. 

3. Its action is on the retinal veins predominately. 
4. The factor initiating capillary growth from veins probably determines the 

distance to which the capillary growth will extend, the initiation and cessation of 
growth depending on variation and concentration of the factor. 

a. Role of 02 and Retinal Perfusion. In 1952, Patz et al. ( 1952) reported the 
results of a controlled study designed to determine the effects of high oxygen 
therapy on the eyes of newborn infants. They discovered that grade III and grade 
IV retrolental fibroplasia occurred in 25% of those infants receiving constant 
high oxygen. In contrast, none of the 37 infants receiving lower oxygen con-
centrations progressed beyond grade II changes. Ashton and co-workers, in 
1954, reported the experimental production of retrolental fibroplasia in kittens. 
Patz et al., in 1953, produced retrolental fibroplasia in several species, indicating 
the general susceptibility of the immature retina to oxygen. Ashton's group 
discovered that oxygen in high concentrations exerted an obliterative effect on 
the developing retinal vessels of newborn kitten (Ashton et al., 1954). These 
obliterated vessels reopened only partially when the animal was transferred to 
air. If the animal was kept in air over the ensuing weeks, a disordered and 
profuse proliferation of new vessels extended into the retina and the vitreous 
from the junction between the obliterated and patent retinal vasculature. This 
pathological process is comparable to what has been observed in the early stages 
of retrolental fibroplasia. In order to explain these findings, Ashton et al. (1954) 
postulated that, upon transfer to air after oxygen exposure, the retina served by 
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the obliterated vessels becomes anoxic. In response to this anoxia, the retina 
releases a vasoformative factor. They suggested that this factor might be related 
to the substance proposed by Michaelson (1948) which was thought to be respon-
sible for the normal growth of new blood vessels in the developing mammalian 
retina. In 1956, Wise reviewed the available information regarding retinal neo-
vascularization and presented his theory on its pathogenesis. He concluded that 
"retinal neovascularization is stimulated by the presence of what we may call 
retinal tissue factor X, intimately associated with tissue anoxia." 

In the 1970s, observations utilizing the techniques of fundus fluorescein an-
giography expanded our understanding of intraocular neovascularization. Gold-
berg (1971) and Raichand et al. (1977), in a series of fluorescein angiographic 
studies of eyes with various stages of sickle retinopathy, showed that peripheral 
vasoocclusion always precedes the development of peripheral neovasculariza-
tion. Furthermore, the neovascular fronds were almost always found to be adja-
cent to the areas of capillary nonperfusion. Shilling and Kohner (1976) found 
that optic disk and retinal neovascularization are almost always associated with 
pronounced retinal capillary nonperfusion in eyes with vein occlusions. They 
suggested that the areas of nonperfused retina liberate a vasogenic substance as 
proposed earlier in the case of retrolental fibroplasia. Kohner et al. (1976) 
studied fluorescein angiograms of patients with diabetes mellitus and observed 
that retinal capillary nonperfusion seemed to be associated with the development 
of new vessels. More recently, Shimizu et al. (1981) found a good correlation 
between the presence of retinal capillary nonperfusion and the occurrence of 
proliferative diabetic retinopathy. As mentioned previously, many investigators 
have proposed the existence of a retina-derived vasoproliferative substance re-
leased by ischemic retina to explain the common association of intraocular neo-
vascularization with retinal capillary nonperfusion. Henkind (1978) gave a com-
prehensive and critical review of ocular neovascularization in his Krill Memorial 
Lecture published in 1978. Gartner and Henkind (1978) have provided an in-
depth review of iris neovascularization, and Jampol and Goldbaum (1980) have 
recently reviewed the peripheral proliferative retinopathies. 

Several recent studies have documented that scatter photocoagulation of reti-
nal tissue can result in the regression of intraocular neovascularization in eyes 
with proliferative diabetic retinopathy (Taylor and Folkman, 1982; Jampol and 
Goldbaum, 1980) and in eyes with iris neovascularization associated with central 
retinal vein occlusions. The relationship of these observations to the patho-
genesis of intraocular neovascularization has not yet been determined. Retinal 
photocoagulation has been found to have its major destructive effect on the outer 
retina, the retinal pigment epithelium, and the choriocapillaris (Diabetic Reti-
nopathy Study Research Group, 1978). In contrast to the site of action of pho-
tocoagulation, retinal capillary nonperfusion associated with intraocular neo-
vascularization primarily affects the inner retinal layers. 

Several hypotheses have been proposed to reconcile these observations. One 
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explanation is based upon the finding that the photoreceptor-retinal pigment 
epithelial complex accounts for two-thirds of the total oxygen consumption of the 
retina (Little et al., 1976). The destruction of the photoreceptors by pho-
tocoagulation may allow more oxygen to reach the inner retinal layers and 
thereby counteract the effects of capillary nonperfusion. The improved ability of 
inner retinal tissue to receive oxygen and nutrients from the choroid might then 
shut off the stimulus to produce a vasogenic substance. Another explanation for 
the effect of retinal photocoagulation is based upon the observation that the 
normal retinal pigment epithelial barrier to the diffusion of various substances is 
altered after photocoagulation (Zweng et al., 1966). It has been hypothesized 
that this altered barrier allows the escape of vasogenic substances thought to be 
responsible for intraocular neovascularization. Obviously, considerably more 
data must be accumulated to evaluate these hypotheses further. 

b. Tumor Angiogenic Factors. Studies of the vascularization of growing 
tumors have also suggested that chemical mediators may play a role in modulat-
ing new blood vessel development. In 1945, Algire et al. reported their observa-
tions on the vascularization of tumor transplants in the transparent skin chamber 
of mice. They demonstrated that tumor cells had the capacity to continuously 
elicit the growth of new capillaries. In 1971, Folkman et al. reported a series of 
experiments which suggested that a soluble factor capable of stimulating neo-
vascularization in vivo is extractable from human and animal tumors. This factor 
was named tumor angiogenesis factor (TAF) (Folkman et al., 1971). Subsequent 
studies (Folkman, 1974; Brem et ai, 1972; Klagsbrun et ai, 1974; Gimbrone 
and Gullino, 1976; Weiss et al., 1979) demonstrated that the substance (sub-
stances) extractable from several different tumors is capable of stimulating neo-
vascularization on the chick embryo chorioallantoic membrane and in the rabbit 
cornea. These methods [i.e., the chick chorioallantoic membrane (CAM) assay 
and the corneal pocket assay] have since been used repeatedly by many investi-
gators to study the vasoproliferative activity of numerous substances. More 
detailed descriptions are available in the literature (Folkman, 1974; McAuslan 
and Hoffman, 1979; Gimbrone et al., 1974). 

The development of these relatively simple, reproducible assays of vas-
oproliferative activity represented a great advancement in the study of neo-
vascularization. Utilizing these assays it became possible to study the effects of 
numerous substances on the process of neovascularization. Recently, Weiss et 
al. (1979) utilized the chick chorioallantoic membrane assay to isolate a low 
molecular weight angiogenic factor from rat Walker tumors. The active molecule 
has a molecular weight of approximately 200 and is stated not to be a prostaglan-
din, a protein, a peptide, or a nuclei acid. McAuslan and Hoffman (1979) have 
recently isolated a similar substance from the same tumor using a somewhat 
different assay. Fenselau et al. (1981) and Fournier et al. (1981) have recently 
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identified a tumor-derived small molecular weight substance capable of stimulat-
ing neovascularization when implanted in the cornea. In addition, this substance 
stimulates vascular endothelial cell proliferation in vitro (Ryu and Albert, 1979; 
Fournier et al., 1981). Recently, investigators have found that a tumor-derived 
growth factor that stimulates capillary endothelial cell proliferation has a strong 
affinity for heparin (Shing et al., 1980). This heparin affinity has made it possi-
ble to purify the growth factor to a single-band preparation. The purified growth 
factor is a cationic polypeptide with a molecular weight of about 18,000. 

c. The Search for Intraocular Factors Stimulating Endothelial Cell Prolifera-
tion. Finkelstein et al. (1977) became interested in the recently identified tu-
mor-derived vasoproliferative substance (or substances) and began to investigate 
its action on retinal vessels. Nodules of rabbit V2 carcinoma were implanted into 
the vitreous cavity of the rabbit eye. Retinal vessels invaded only those tumor 
nodules which actually touched a vascularized area of the retina. Tumor nodules 
separated from the retinal vessels even by only a small distance did not cause 
retinal neovascularization. This is an interesting contrast to studies performed 
earlier in which tumor nodules were implanted in the rabbit cornea at a distance 
of 1 - 2 mm from the limbal vascular plexus and were able to induce new blood 
vessels to grow through the avascular cornea and infiltrate the tumor nodule 
(Folkman, 1974). A possible explanation for the inability of tumor nodules to 
induce neovascularization at a distance when placed in the vitreous cavity was 
that the vitreous itself might contain an inhibitor of neovascularization. Studies 
to investigate this possibility will be discussed in the following section. 

To begin the study of retina-derived vasoproliferative substances and their 
relationship to proliferative ocular disorders, Glaser et al. (1980) studied the 
vasoproliferative activity of extracts of mammalian retina. They obtained fresh 
bovine eyes, removed the retinas, and placed the intact retinas in balanced salt 
solution for 2 - 3 hr. The suspended retinas were then removed and the resultant 
balanced salt solution retinal extract was tested for vasoproliferative activity on 
the chick chorioallantoic membrane. These retinal extracts proved to be potent 
stimulators of neovascularization. Similar extracts of adult bovine skeletal mus-
cle, heart muscle, and liver failed to produce significant neovascularization on 
the chick chorioallantoic membrane. Retinal extract was also found to stimulate 
the replication of fetal bovine aortic endothelial cells in culture. This response 
was found to be dose dependent. Studies are currently underway to further purify 
and characterize the active substance or substances. The relationship of this 
retina-derived vasoproliferative substance (or substances) to human ocular dis-
ease must be determined by further investigations in progress. 

Federman et al. ( 1980) have recently implanted pieces of retina obtained from 
one eye of a rabbit into the cornea of the fellow eye and observed the resultant 
vascular response. They found that the vascularized portion of the rabbit retina 
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stimulated corneal neovascularization, but the avascular portion of the rabbit 
retina did not cause corneal neovascularization. Since the anatomy of the rabbit 
retina differs significantly from that of human retina, it is difficult to interpret the 
relationship of these findings to human disease. Further study of this phe-
nomenon, however, may provide important information about the mechanism of 
neovascularization. 

Tano et al. (1981) have recently shown that the intravitreal injection of auto-
logous fibroblasts in the rabbit results in intravitreal neovascularization. The 
relationship of this finding to human ocular disease is currently unknown. 

Although a great deal has been learned utilizing the in vivo assay of neo-
vascularization described previously, there exist certain inherent limitations in 
the use of these assays. These in vivo assays do not provide a way to determine if 
a given substance is acting directly on the vascular endothelial cells to induce 
sprouting or if the substance under consideration is acting via adjacent cells, such 
as inflammatory cells or fibroblasts, that then produce secondary substances 
which elicit the neovascular response. In other words, utilizing in vivo assays one 
cannot differentiate between a substance which acts directly on the vascular 
endothelial cells or indirectly via neighboring cells. In order to overcome this 
limitation, several investigators have developed in vitro assays which are de-
signed to measure the direct effect of substances on the endothelial cell functions 
known to be essential to new blood vessel formation. The two most commonly 
tested functions have been endothelial cell migration and proliferation. Assays 
designed to study these functions have been detailed in Sections III,Β and C. 

As a result of studies which demonstrate a close association of mast cells with 
capillary sprouts invading solid tumors, Azizkhan et al. (1980) have studied the 
effect of several isolated mast cell products. Only heparin reproducibly stimu-
lated phagokinesis of capillary endothelial cells. The addition of protamine con-
sistently inhibited this heparin-induced phagokinesis. Glaser et al. (1980) have 
recently demonstrated that extracts of adult mammalian retina contain a sub-
stance or substances with chemotactic activity for fetal bovine aortic endothelial 
cells in vitro. In subsequent studies, Glaser et al. (1980) have shown that intra-
ocular fluid samples obtained from patients with proliferative diabetic retinopa-
thy stimulated fetal bovine aortic endothelial cell migration in vitro and neo-
vascularization on the CAM, whereas intraocular fluid samples obtained from 
control eyes without evidence of intraocular neovascularization lacked similar 
activity. 

In addition to tumor and retina, several other sources of vasoproliferative 
activity have been investigated over the past several years. Corneal neovasculari-
zation has often been associated with the corneal inflammatory disorders, such as 
interstitial keratitis, alkali burns, and graft rejection (Henkind, 1978). In addi-
tion, disk neovascularization has been found in patients with chronic uveitis and 
no evidence of retinal nonperfusion (Glaser et al., 1981). Fromer and Klintworth 
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(1975, 1976) performed a series of experiments which demonstrated that poly-
morphonuclear leukocytes could elaborate chemical mediators capable of induc-
ing new blood vessel formation when implanted into the cornea. Polverini et al. 
(1977) have demonstrated that activated macrophages, when injected into the 
guinea pig cornea, can stimulate neovascularization. Ben-Ezra (1978) has re-
cently demonstrated that intracorneal pellets containing prostaglandins stimulate 
neovascularization. Whether the prostaglandins act directly on the limbal vessels 
to induce capillary sprout formation or whether they act via intermediary cells, 
such as white blood cells of fibroblasts, has yet to be determined. Shabo and 
Maxwell (1976) have shown that intravitreal injections of insulin cause intra-
ocular inflammation and associated neovascularization in monkeys which were 
previously sensitized by repeated intradermal injections of insulin. The rela-
tionship of this observation to human ocular disease is so far unknown. Further 
investigations are necessary to elucidate the exact factors responsible for the neo-
vascularization associated with inflammation. 

Numerous other sources of vasoproliferative stimulators have been identified 
in recent years. Among them are corpus luteum (Shabo and Maxwell, 1976), 
salivary gland (Gospodarowicz and Thakral, 1978), and epidermis (Hoffman et 
al.y 1976). Purification and characterization of vasoproliferative factors from the 
numerous sources discussed in this section will most likely advance our under-
standing of the process of new blood vessel formation. 

B. Inhibition of Neovascularization 

The ability to control new blood vessel formation will, no doubt, have applica-
tions in many branches of medicine. Folkman (1974, 1971) has shown that the 
ability to limit the growth of new blood vessels supplying tumors may result in 
the ability to control tumor growth. There are numerous ocular disorders in 
which neovascularization has devastating effects. The list of such disorders 
includes corneal neovascularization associated with conditions, such as alkali 
burns and graft rejection, iris neovascularization and its associated rubeotic 
glaucoma found predominately in central vein occlusion and proliferative diabet-
ic retinopathy, and intravitreal neovascularization associated with proliferative 
diabetic retinopathy, venous occlusive disorders, retrolental fibroplasia, and 
sickle cell retinopathy. Additionally, neovascularization has an important role in 
the disciform macular disorders, such as senile macular degeneration associated 
with drusen and the presumed ocular histoplasmosis syndrome. The ability to 
control neovascularization in these ocular disorders would, most likely, play a 
significant role in combating blindness. For these reasons, many investigators 
have been studying the factors and conditions which show promise of controlling 
and inhibiting neovascularization. 
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1. CARTILAGE-DERIVED INHIBITORS 

In 1973, Eisenstein et al. reported a series of experiments which were de-
signed to determine if normally avascular tissues, such as hyaline cartilage or 
cornea, are more resistant to capillary invasion than are tissues which are nor-
mally vascularized. When small pieces of tissues, such as skeletal muscle, car-
diac muscle, or kidney, were implanted on the chick chorioallantoic membrane 
(CAM), they rapidly became vascularized. However, when small pieces of 
hyaline catilage were implanted on the CAM, no blood vessel invasion occurred. 
Interestingly, corneal stroma was readily invaded by new blood vessels, but 
Descemet's membrane appeared to be resistent to capillary invasion. In later 
experiments, they found that, after extraction with guanidine, cartilage becomes 
susceptible to blood vessel invasion. The guanidine extract of cartilage was 
found to inhibit growth of vascular endothelial cells in culture (Eisenstein et al., 
1973; Sorgente et ai, 1975). 

Subsequently, Brem and Folkman (1975) implanted pieces of cartilage in 
rabbit corneas so that they were positioned between the limbal vasculature and an 
implanted piece of tumor. The cartilage inhibited the tumor-induced neo-
vascularization. If the cartilage was boiled prior to implantation in the cornea, 
neovascularization proceeded toward the tumor pellet in a normal fashion. Sever-
al laboratories are now working to purify and characterize the putative cartilage 
inhibitor of vasoproliferation. Langer et al. (1980) have recently infused partially 
purified cartilage inhibitor into the bloodstream of rabbits with corneal tumor 
implants. The infusion of the partially purified inhibitor causes a significant 
inhibition of the tumor-induced corneal neovascularization. This is the first dem-
onstration that the infusion of a substance into the bloodstream can inhibit neo-
vascularization occurring at a remote site. Eisenstein et al. (1979) have recently 
identified a low molecular weight fraction extracted from bovine aorta which is 
capable of inhibiting corneal neovascularization in rabbits when administered 
either subconjunctively or topically as long as 48 hr after injury. Langer et al. 
(1976) isolated a fraction from cartilage which inhibits the proliferation of blood 
vessels in the rabbit cornea and also inhibits the activity of the enzyme trypsin. 
Sorgente and Dorey (1980) extracted a substance from cartilage which inhibits 
the growth of vascular endothelial cells in culture. This substance did not inhibit 
trypsin. They did isolate a trypsin inhibitor from cartilage, but it had no effect on 
endothelial cell proliferation. 

2. VITREOUS-DERIVED INHIBITORS 

As discussed previously, the observation that tumor nodules implanted within 
the vitreous cavity of the rabbit could only induce neovascularization if they were 
touching the vascularized portion of the retina suggested that the surrounding 
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vitreous may contain inhibitors of neovascularization. Following up on this 
observation, Brem and co-workers (1977) carried out the following experiments. 
Vitreous was removed from adult normal rabbit eyes, centrifuged, dialyzed, and 
lyophilized. The lyophilized powder was then impregnated into Elvax pellets. 
Elvax is a polymer which allows the gradual and sustained release of mac-
romolecules which are dissolved within it (Brem et al., 1977). Elvax pellets 
containing vitreous extracts were placed in a corneal pocket between the limbus 
and an implanted piece of tumor. As was observed in the case of cartilage 
implants, the pellets containing vitreous extract inhibit tumor-induced corneal 
neovascularization. Control pellets without vitreous extract do not interfere with 
tumor-induced corneal neovascularization. More recently, these investigators 
have repeated these experiments using retinal extract as the vasoproliferative 
stimulator and obtained similar results (Langer and Folkman, 1976). Charac-
terization and purification of this vitreous-derived angiogenic inhibitor are cur-
rently underway. 

3. CHEMICALLY DEFINED SUBSTANCES 

As discussed previously, Azizkhan et al. (1980) have performed in vitro 
studies which suggest that heparin plays a role in enhancing the rate of migration 
of capillary endothelial cells. It is well known that protamines, a group of 
arginine-rich peptides, avidly bind to heparin, and they have been used clinically 
to counter the anti-coagulative effect of heparin. Taylor and Folkman (1982) 
recently performed studies to determine if protamine could interfere with neo-
vascularization in vivo. Taylor and Folkman (1982) have shown that slow-release 
pellets containing protamine placed between a tumor implant and the corneal 
limbus almost completely inhibits the tumor-induced blood vessel growth. In 
another study, these investigators inoculated mice intramuscularly with mela-
noma cells. These mice were then injected subcutaneously each day with pro-
tamine or saline at a remote site. All tumors grew at the same rate in both 
protamine- and saline-treated mice until the tumors were large enough to require 
vascularization. The protamine-treated tumors then gradually stopped growing 
and all of them eventually regressed. In saline-treated controls, tumors grew 
continuously. These same melanoma cells in tissue culture were not affected by 
large doses of protamine. These data suggest that protamine administered sub-
cutaneously acts to inhibit the tumor-induced neovascularization necessary for 
the continued growth of the melanoma. 

Unfortunately, these data do not rule out the possibility that protamine may be 
acting predominantely via another mechanism in this experiment. To determine 
whether protamine could inhibit neovascularization that was not induced by 
tumor, Taylor and Folkman implanted silica particles in the cornea of rabbits. 
The implantation of silica particles results in a marked inflammatory and neo-
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vascular response. In eyes which received a pellet containing protamine im-
planted between the silica and the corneal limbus, a marked inhibition of vessel 
growth occurred. These data suggest that protamine may be capable of inhibiting 
new blood vessel formation regardless of its cause. Further research will be 
necessary to determine the mechanism of action of protamine and its true effec-
tiveness as an inhibitor of neovascularization. 

4. LENS-DERIVED INHIBITORS 

Williams et al. (1984) have recently demonstrated that inhibition of vascular 
endothelial cell growth can be extracted from the ocular lens. 

5. RETINAL PIGMENT EPITHELIAL CELL-DERIVED INHIBITORS 

As discussed above, most inhibitors of neovascularization so far identified 
have been extracted from tissues that are avascular, i.e., cartilage, vitreous, and 
lens. Unfortunately, the study of these inhibitors is severely limited by the fact 
that only small quantities of active material can be extracted from these sources 
(Williams et al., 1984). 

It has been suggested that diabetic intraocular neovascularization is less likely 
to occur in eyes with chorioretinal scars (Lee and Langer, 1983). This has led to 
the widespread use of argon laser and xenon photocoagulation to therapeutically 
induce chorioretinal scar formation. The production of these scars often results in 
the rapid regression of intraocular neovascularization in eyes with proliferative 
diabetic retinopathy (Lee and Langer, 1983; Beetham et ai, 1969). Regression 
occurs even when photocoagulation and resultant chorioretinal scaring are lo-
cated in areas remote from the new blood vessels. Retinal pigment epithelial cells 
(RPE) are one component of these scars. It has recently been discovered that 
human RPE cells in culture release a substance (or substances) that causes the 
regression of new blood vessels on the chick embryonic yolk sac and inhibits 
vascular endothelial cell proliferation in vitro (Maciag et al., 1982). 

Chorioretinal scars occurring in response to photocoagulation are mainly com-
posed of astrocytes, retinal pigment epithelial cells (RPE), and possibly fibro-
blasts (Doft and Blankenship, 1984; Wallow et ai, 1973). The ability of these 
cell types to release substances that cause new blood vessels to regress was 
therefore tested on the growing embryonic vessels of the chicken egg, using a 
modification of the technique described by Lutty et al. (1980). Capillaries appear 
in the yolk sac of the chicken egg at 48 hr and grow rapidly over the next 6 -8 
days. Disks of filter paper soaked in medium conditioned by RPE cells (RPE-
CM) when placed on the surface of the vascularized yolk sac caused regression 
of adjacent capillaries, resulting in a localized avascular zone. Histologic exam-
ination of yolk sac vessels adjacent to RPE-CM soaked filters showed vessels 
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occluded by platelets and packed RBC. This is similar to the appearance of 
regressing vessels in the cornea (Wallow and Davis, 1979). In contrast, media 
conditioned by either astrocytes (astro-CM) or fibroblasts (fibro-CM) did not 
affect the adjacent vasculature. Before testing, the conditioned media were con-
centrated fivefold using ultrafiltration membranes with a 10,000 molecular 
weight cutoff. To determine if RPE-CM is toxic to vascular endothelial cells, 
fetal bovine aortic endothelial cells (FBAE) were grown in concentrated RPE-
CM for 24 hr. RPE-CM, at concentrations used on the chick vasculature, showed 
no toxicity for FBAE as determined by cell counts and trypan blue exclusion. 
The ability of RPE-CM to cause regression of vessels is lost after boiling for 10 
min and trypsin treatment. 

Extracts of cartilage, vitreous, lens, and aorta have been found not only to 
inhibit neovascularization, but also to inhibit the growth of vascular endothelial 
cells in vitro. Therefore the effect of RPE-CM on vascular endothelial cell 
proliferation was studied. It has previously been demonstrated that an extract of 
adult bovine retina stimulates both neovascularization on the chick chorioallan-
toic membrane and proliferation of fetal bovine aortic endothelial cells (FBAE) 
in culture (Pätz, 1980). RPE-CM inhibits the proliferative response of FBAE to 
retinal extract. In contrast, astro-CM and fibro-CM not only fail to inhibit FBAE 
proliferation in response to retinal extract, but act to enhance the proliferative 
response. Furthermore, astro-CM itself stimulates FBAE proliferation. The abil-
ity of RPE-CM to inhibit FBAE proliferation in response to retinal extract is 
enhanced by pretreating the FBAE with RPE-CM for 24 hr prior to adding the 
retinal extract. 

The removal of RPE-CM restored the rate of FBAE proliferation to that of 
control cultures growing without RPE-CM. Therefore, the inhibitory effect of 
RPE-CM is reversible. In another series of experiments, the effect of RPE-CM 
on FBAE prelabled with [1 4C]thymidine was studied. The loss of [1 4C]thymidine 
from prelabeled cells provides an estimate of cell death (Ausprunk et al., 1978). 
The addition of RPE-CM to FBAE did not result in the loss of label. In order to 
study the effect of RPE-CM on a cell type other than FBAE, bovine corneal 
fibroblasts were studied. In contrast to its effect on FBAE, RPE-CM causes a 
marked stimulation of fibroblast proliferation. The previous series of experi-
ments suggests that RPE-CM does not act as a cell toxin, but acts as a relatively 
specific inhibitor of vascular endothelial cell proliferation. 

Cell-cell interactions play an important role in a large number of biologic 
processes including those occurring during development, wound healing, and 
tumor growth and spread. The establishment and control of an adequate blood 
supply has a role in all of these processes. Cell-cell interactions are also likely to 
be involved in controlling new blood vessel formation and regression during 
these processes. The inhibition of vascular endothelial cell proliferation and the 
regression of new blood vessels caused by a substance released by RPE lie 



236 BERT M. GLASER 

between the extremely vascular choroid and the avascular outer retina. RPE in a 
laser-induced chorioretinal scar may release the same substance into the vitreous 
cavity to cause regression of intraocular new blood vessels. 

The fact that we are dealing with a population of cells that can be maintained 
in culture and continuously release the active substance(s) provided a significant 
advantage over most previous studies of factors capable of inhibiting or causing 
regression of new blood vessels. First of all, the amount of material for study can 
be significantly increased using currently available techniques for mass cell 
culture. Second, the ability to culture the cell producing the inhibitor provides 
the opportunity to isolate the DNA coding for the active substance, introduce it 
into bacteria or other vehicles, and achieve large-scale synthesis of the active 
molecule. Therefore, our current finding allows investigators to overcome a 
major obstacle (i.e., lack of significant quantities of active substance) that has 
impeded research into factors causing the regression of new blood vessels 
(Williams etal., 1984). 

VI. Conclusion 

The major currently available pieces to the puzzle of neovascularization out-
lined in this review are as follows. New blood vessels arise from preexisting 
blood vessels except in the earliest stages of embryologie development. Further-
more, there is good evidence to suggest that one of the earliest steps in the 
formation of new blood vessels from preexisting vessels is the localized break-
down of the vascular basement membrane. Basement membrane fragmentation 
appears to be followed by the migration of endothelial cells from the wall of the 
parent vessel into the surrounding interstitial space. These migrating endothelial 
cells form capillary sprouts. The tips of these newly formed capillary sprouts 
appear to be composed of migrating vascular endothelial cells, whereas the more 
proximal regions contain dividing endothelial cells. Therefore, vascular base-
ment membrane fragmentation, vascular endothelial cell migration, and pro-
liferation all seem to play an important role in new blood vessel formation. The 
relative importance of these individual processes must await further study. There 
is some evidence that basement membrane fragmentation and endothelial cell 
migration occur at an earlier stage than endothelial cell proliferation. 

Another important piece to the puzzle is the finding that capillaries mature to 
form arteries and veins. The question naturally arises as to whether capillary 
endothelial cells are intrinsically the same as large blood vessel endothelial cells. 
It is known from in vivo studies, that capillary endothelial cells and large blood 
vessel endothelial cells occasionally perform different functions. Whether this is 
a result of intrinsic differences between these two endothelial cell types, or 
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whether their different function is dictated by their different environments has yet 
to be determined. 

Many investigators have studied the effect of chemical and physical factors on 
neovascularization. Neovascularization has been found to be associated with 
inflammation, tumors, and ischemia. The interrelationships among these three 
conditions are yet to be determined. Substances from tumors and inflammatory 
cells have been shown to stimulate neovascularization under specific experimen-
tal conditions. Furthermore, substances from these sources have been shown to 
affect vascular endothelial cell migration and proliferation. Substances from 
other tissues, among them retina, have also been shown to have similar ac-
tivities. It is also of interest that fluid samples from eyes of patients with intra-
ocular neovascularization have been found to stimulate neovascularization and 
vascular endothelial cell migration and proliferation. The relationship among the 
substances from these various sources remains to be determined. Hopefully, the 
study of these various phenomena will improve our understanding and perhaps 
our ability to control neovascularization. 

Substances which appear to inhibit neovascularization have been extracted 
from various sources, among which are cartilage, vitreous, lens, aorta, and RPE. 
The relationship of these substances to in vivo neovascularization also needs 
further clarification. These inhibitors will hopefully lead us to new ways to 
control the blinding complications of neovascularization which occur in several 
disorders. 

We currently have several important pieces of the puzzle of neovasculariza-
tion. New pieces are constantly being added. We believe that the future holds the 
promise of being able to pharmacologically control new blood vessel formation, 
so that clinicians may be able to enhance neovascularization when beneficial, 
and inhibit neovascularization when harmful to the patient. 
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The development of any nervous structure and its functional integration with 
the rest of the adult nervous system appear to the observer as an often bewilder-
ing cascade of interrelated and interdependent events. The clear delineation of 
cause from effect is rarely easy and always tempered with uncertainty. The other 
articles in these volumes deal with the various surgical, biochemical, and physio-
logical approaches to the task of untangling these interconnections as they apply 
to the form and function of the retina. The goal of this article is to illustrate the 
ways in which genetic mutations and genetic mosaics can be used to complement 
these other studies. 

The philosophy of this approach is founded in the tenet that, ultimately, the 
genome of an organism must contain all of the molecular instructions needed to 
build an adult eye and to maintain its function. The hope is to be able to view the 
eye from the perspective of the DNA of the cell rather than solely from the 
vantage point of its three-dimensional cellular structure or final physiological 
performance. Since the genome is large but finite [~3 x 10 9 base pairs in human 
beings, which could code for roughly 2 -20 x 105 genes (see discussion in 
Lewin, 1980)] and since the organism must also build and maintain two kidneys, 
a liver, two gonads, millions of hair follicles, etc., one might reasonably expect 
that a manageable number of genetic instructions (i.e., genes) would be suffi-
cient to shape an eye from the clay of the developing organism. 

The existence of a normal gene is usually discovered by the occurrence of a 
mutation or variant. These genetic lesions alter or eliminate the coding function 
of a given stretch of DNA, and therein lies the essence of the genetic approach. 
By observing the consequences (i.e., the phenotype) of violating a single 
"ground rule ," insight is gained into the genetic logic of the form and function 
of the eye. The challenge then becomes to accumulate as comprehensive a set as 
possible of these violations and to assemble them into subsets based on function. 
It cannot be stressed enough that this is not a quick and easy, foolproof way to 
unlock the mysteries of the eye. Even with the application of the awesome power 
of molecular genetics (e.g., Sorge et al., 1984), the answers to some of our most 
pressing questions could well have epigenetic explanations. That is to say, many 
of the events we study may result from the interactions of gene products created 
at earlier times for other specific reasons. The genetic approach is best viewed 
not in isolation, but as one of several ways to approach the study of the retina. 

I. A Modest Catalog of Known Mutations Affecting the Eye 

From the preceding discussion, it should be clear that neurological mutants 
affecting eye development are valuable neurobiological resources. What is prob-
ably less well appreciated is that a substantial collection of mutations already 
exists. The reasons for the length of the list in Table I probably include the fact 



GENETIC MOSAICS: TOOLS FOR RETINAL STUDY 247 

TABLE I 

MUTATIONS AFFECTING THE DEVELOPMENT OF THE EYE 

Broad-spectrum developmental disorders
0 

blebbed (bl), chromosome 5 
Undescribed since the 1970 personal communication in Mouse News Letter 4 2 , 26

h 

blind (Bid), chromosome 15 
Watson (1968) .

b
 Incomplete penetrance. Homozygotes die before midgestation 

blind sterile (bs), chromosome 2 
Undescribed since the 1977 personal communication in Mouse News Letter 5 6 , 40; 5 7 , 21 * 

cataract and small eye (Cts), unknown linkage 
Harata et al. (1978).* Semidominant 

coloboma (Cm), chromosome 2 
Undescribed since the 1966 personal communication in Mouse News Letter 3 5 , 27; 3 7 , 34* 
May be an allele of Dey 

Dickie's small eye (Dey), chromosome 2 
Theiler et al. (1978).* Homozygotes die before midgestation 

eye blebs (eb), chromosome 10 
Beasly and Crutchfield (1969).^ Incompletely penetrant with a wide range of defects 

eye lens obsolescence (Elo), chromosome 1 
Oda et al. (1980).* Homozygotes have not been described 

eye opacity (Eo), unknown linkage 
Undescribed since the 1953 personal communication in Mouse News Letter 8 (Suppl.), 14* 

eyeless (ey-1; ey-2), unknown linkage 
Chase and Chase (1944); Silver and Robb (1979) .

b
<

c
 Incompletely penetrant. Uncertain 

whether these are formally two single genes 
gaping lids (gp), unknown linkage 

Kelton and Smith (1964).* Lens hypertrophy followed by eye opacity 
eye ear reduction (le), X chromosome 

Noted only in Mouse News Letter 5 0 , 51, as personal communication. Ielle and Ie/Y are 
anophthalmia 

lid gap (lg), unknown linkage 
Ricardo and Miller (1967).* Incomplete penetrance. Several alleles known 

micropinnia-microphthalmia (Mp), unknown linkage 
Undescribed since 1965 personal communication in Mouse News Letter 3 2 , 6 8 .

b
 Heterozygotes 

have microphthalmia. Homozygotes are anophthalmic 
microphthalmia (mi), chromosome 6 

Interallelic heterozygotes have variable changes in eye defects 
microphthalmia (mi) 

Gruneberg (1948).* Semidominant; heterozygotes have iris pigment defects. Eye defects 
correlated with hyperplasia of pigment epithelium (Packer, 1967) 

red-eyed white (Mi™) 
Undescribed since the 1974 personal communication in Mouse News Letter, 5 1 , 23* 

white (Mi
wh
) 

Gruneberg (1953); Deol (1967)* 
ocular retardation (or

J
 and or), unknown linkage 

Theiler et al. (1976); Truslove ( 1 9 6 2 ) . *
c
 See further discussion in text (Section V,B) 

open eye lids with cleft palate (oel), unknown linkage 
Undescribed since the 1961 personal communication in Mouse News Letter, 2 5 , 12* 

(continued) 
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TABLE I—(Continued) 

sightless (Sig), chromosome 6 
Deol (1976).* Homozygotes presumed to die at birth 

small eye (Sey), unknown linkage 
Roberts (1967).* Homozygotes die before birth. Heterozygote expression is variable 

Defects of cornea or lens
d 

recessive cataract (cac), unknown linkage 
Konyukhov and Wachtel (1963)* 

dysgenetic lens (dyl), unknown linkage 
Sanyal and Hawkins (1979) 

etopic (ec), unknown linkage 
Beasley (1963)* 

lens opacity (Lop), chromosome 10 
Lyon etal. (1981) 

lens rupture (Ir), unknown linkage 
Fraser and Herer (1948)* 

Nakano cataract (net), unknown linkage 
Hamai et al. (1974)* 

nuclear cataract (nuc), unknown linkage 
Reported only in a 1981 personal communication in Mouse News Letter 64 , 59 

vacuolated lens (v/), chromosome 1 
Undescribed since the 1967 personal communication in Mouse News Letter 36 , 39* 

Defects of neural retina 
cribriform degeneration (cri), chromosome 4 

Green et al. (1972).* Broad spectrum of CNS defects. Retina shows intracellular vacuoles in 
inner nuclear layer 

Purkinje cell degeneration (ped), chromosome 13 
Mullen and LaVail (1975).* Slow photoreceptor degeneration; the mutant was originally 
isolated because of its cerebellar ataxia 

nervous (nr), chromosome 8 
Mullen and LaVail (1975).* Slow photoreceptor degeneration; the mutant was originally 
isolated because of its cerebellar ataxia 

retinal degeneration (rd), chromosome 5 
Tansley (1954) .*

r
 Common in many inbred lines of mice. Described in text (Section III, B) 

retinal degeneration slow (rds), chromosome 17 
Demant et al. (1979); Van Nie et al. (1978)« 

" These mutations lead to defects ranging from total anophthalmia to microphthalmia. Many of 
these mutations have pleiotrophic effects elsewhere in the organism. A substantial group of 
mutations leading to anencephaly and other major structural defects have not been listed. 

* Described in Green (1981). 
c
 Described in Sidman et al. (1965). 

d
 Most defects in this group are adequately described by their name. 



GENETIC MOSAICS: TOOLS FOR RETINAL STUDY 2 4 9 

that disturbances in the structure of the eye are easily seen by casual observation 
of the animal, and the fact that the loss of visual function is not life threatening in 
the laboratory and often not even noticeable. Most people are surprised to learn 
that perfectly "normal" inbred lines of mice, such as many strains of C3H, are 
missing nearly all of their photoreceptors. The listing in Table I is not meant to 
provide a comprehensive description of each mutant. Comments are added only 
if the name of the gene is insufficient description. Any mutant for which there is 
uncertainty whether it is extinct has not been included. The references provided 
are usually to the earliest reference to the mutation. For more details, the reader 
is referred to Mouse News Letter, Vol. 70 (February, 1984). Other general 
references which may be of value in obtaining additional information are Sidman 
et al. (1965), Green (1966), and Green (1981). 

Those mutations for which the position on the map of the mouse genome is 
known have been illustrated in Fig. 1. This figure illustrates that, as with muta-
tions of all other organ systems, the eye-related genes appear to scatter randomly 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 X Y 

Dey 

Sig 

bl 
r d 

p c d 

eb;i_op 

I 

Mel 

F I G . 1 . Map position of the genes affecting eye structure for which linkage information is 
available. The solid lines represent the chromosomes and the length of each bar is proportional to the 
observed cytological lengths. The details of the means by which these genes have been positioned is 
contained in Roderick and Davisson ( 1 9 8 1 ) . 
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across the 1600 cM of mouse genome. The position for eye-ear reduction (le) is 
not known; as it is X linked, however, it is noted at the bottom of the chromo-
some. The linkage data illustrated here are taken from Roderick and Davidson 
(1981). 

In addition to the three groups listed in Table I, there is a fourth group that 
deserves mention without listing. A large number of genetic loci are known that 
affect the pattern of pigmentation in the mouse (Silvers, 1979). As shown by 
many authors, nonpigmented animals tend to have more or less abnormal visual 
projections from the retina. Specifically, the number of fibers projecting ip-
silaterally (i.e., uncrossed) is greatly reduced. The precise mechanism by which 
the pigment disorder relates to axonal projections is unknown, but it is the degree 
of pigmentation in the eye rather than the coat that varies most consistantly with 
the number of crossed or uncrossed fibers (LaVail et al., 1978). The focus of this 
book is the cell biology of the retina. Thus while the pigmentation mutants, in a 
sense, affect retinal ganglion cell development, a thorough discussion of this 
fascinating problem of axon guidance will be left to others. 

II. Genetic Mosaics: A Primer 

When studying a genetic mutation, questions arise whether any one observed 
effect is produced directly by the intracellular action of the mutation or indirectly 
through interference with the function of a distant cell. These questions can often 
be approached through the study of genetic mosaics. Experiments such as these 
have been described by Mullen (1975) as searching for the 4 'site of gene action. " 
With a few known exceptions, all of the genes of a mouse are physically present 
in all cells. Clearly, the site of mutant gene action is not defined simply by the 
presence of the mutated DNA sequence. Less obvious, however, is that the 
presence of gene expression (RNA transcription of the gene) does not, in and of 
itself, define the site of gene action either. This is an important distinction. While 
the mutant gene may be expressed in many cells, only those cells in which this 
leads to a malfunction important in the creation of the mutant phenotype are 
considered a site of gene action. For example, if a mutation leads to a severalfold 
reduction in the activity of an enzyme, this reduction will be expressed in all cells 
that normally contain the enzyme. If, because of the differences in normal 
physiology, this reduction produces a significant pathology in only one cell type, 
then this is the only cell type that we would consider to be a primary site of gene 
action. This is, therefore, a functional rather than a molecular distinction. 

Because the cells of the CNS interact extensively with each other and with 
other cell types, a second important distinction concerning the site of gene action 
is made. The mutant phenotype may include one or more obviously affected cell 
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types. Each of these aspects of the phenotype must be individually assessed to 
determine whether the effect on a particular cell is the direct result of the 
genotype of that cell. If so, that cell type is a primary site of gene action. If the 
phenotype of a cell (mutant or normal) can be uncoupled from the genotype of 
that cell, then the phenotype must be caused by factors influencing events outside 
of the affected cell itself and thus that cell would not be a primary site of gene 
action. 

Two different types of genetic mosaics have been used to study the role of the 
genome in the biology of the eye: X-inactivation mosaics and chimeric mice. 
Early in the development of most eutherian mammals, genetic females undergo a 
process known as X inactivation (Lyon, 1961; Gartler and Riggs, 1983). In each 
cell of the embryo proper, one of the two X chromosomes, chosen at random, 
becomes condensed (heterochromatic), late replicating, and transcriptionally in-
active. Since this event happens early, is apparently random in any one embryon-
ic cell, and is stable over many mitoses, the adult female will be a functional 
mosaic for any allele that differs on her two X chromosomes. If a small piece of 
an autosome is translocated to the X, the inactivation process spreads into the 
autosome and inactivates the autosomal genes. One such event, Cattenach's 
translocation, carries the wild-type gene for the albino locus. If a female mouse 
carries only copies of the mutant albino gene in the rest of her genome, then she 
will display albino-pigmented mosaicism. This condition is readily visible in the 
coat. It is also useful in the study of the retina, as it is visible in the pigment 
epithelium, the sclera, and the iris (see Deol and Whitten, 1970). This type of 
mosaic is unfortunately limited in its application to only those genes located on 
the X chromosome. 

The second type of genetic mosaic, which has been used far more extensively 
in the study of the retina, is the experimental aggregation chimera. These animals 
are created by the aggregation of two embryos that differ at one or many loci in 
their genetic makeup. The manipulation is performed when the embryos are 
preimplantation and consist of only eight cells. Maintained at 37°C, the two 
embryos adhere and after overnight culture they develop into blastocysts which 
are of normal proportions but double in size. These are returned to a receptive 
uterus where they implant in the uterine wall, adjust in size, and finish develop-
ment normally. The resulting chimeric animals are fine-grained mosaics of cells 
for any genetic trait that differed between the two original embryos. 

It should be evident that in studying the site of mutant gene action with a 
genetic mosaic it is important to have some way to determine the genotype of a 
cell regardless of its phenotype. To do this effectively an independent genetic 
cell marker is needed. One ideal cell marker is the albino mutation. In albino <-» 
pigmented mosaic animals, the presence or absence of melanin serves as an 
unambiguous, cell-autonomous indication of the genotype of any normally pig-
mented cell. As we shall see below, this marking system is quite useful if one 
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needs to know the genotype of the retinal pigment epithelium. Unfortunately, it 
cannot be used to mark any of the neuronal or glial cell populations of the retina. 
Of the other marking systems available, most have only limited utility in the 
retina. Differences in ß-glucuronidase activity between GushIGush (high ac-
tivity) and GushIGush (low activity) alleles as well as antigenic differences in 
glucose phosphate isomerase allozymes coded for by the Gpi-la and Gpi-lh 

alleles have been the two markers used predominantly in the CNS. Both are most 
successfully applied to larger cells (both enzymes are cytoplasmic), whereas in 
cells such as photoreceptors with only scant amounts of cytoplasm in their 
perikarya, detection of the enzymes is more elusive, especially for the glucuroni-
dase marker. To date, neither marker has been used in prenatal experiments. 

In spite of these difficulties, significant advances in our understanding of 
retinal genetics have been made through mosaic analysis. The remainder of the 
article describes studies on the mechanism of action of four genes, three in 
mouse and one in rat. Also discussed is our current knowledge of the role of cell 
lineage in retinal development. Finally, preliminary results of studies of a fifth 
mutant (from the mouse) are described. 

III. The Study of the Site of Gene Action 

A. The Retinal Dystrophy (rdy) Rat 

After the discussion of mouse mutants in the previous section, it may be a bit 
surprising to begin this section with a discussion of a rat mutation. This choice is 
made in order to introduce the techniques of mosaic analysis with a gene defect 
whose interpretation is fairly straightforward. The RCS rat strain carries a muta-
tion for inherited retinal dystrophy (rdy) as well as the mutation pink-eye (p). 
The latter results in the absence of pigment in the cells of the retinal pigment 
epithelium, but normal pigmentation in coat melanocytes. Rats which are homo-
zygous rdy Irdy show an initially normal development of the retina. Beginning on 
about postnatal day 20, however, and continuing until the end of the second 
postnatal month, the population of photoreceptor cells completely degenerates. 
To understand how the mutant gene brings about this dramatic phenotype, one 
must first engage in a bit of forensic genetics. Is the observed death a suicide or a 
murder? In this case, circumstantial evidence implicates a malfunction in the 
pigment epithelium as the cause of the demise of the photoreceptor. Preceding 
their degeneration, the rod outer segments become distorted due to the accumula-
tion of whorls of membrane debris. As emphasized in other articles in this 
volume (see especially Clark), the pigment epithelium in normal animals pha-
gocytizes the distal rod outer segments as they are shed (Young and Bok, 1969), 
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while in rdylrdy animals this process appears absent (Herron et al., 1969; LaVail 
and Sidman, 1972; Bok and Hall, 1969). 

It is tempting to speculate from these observations that the gene acts by 
disabling the pigment epithelial cell in such a way that it can no longer pha-
gocytize the rod outer segments. This, in turn, produces the observed accumula-
tion of debris and finally the death of the photoreceptor cells. Such a sequence of 
causes must be assigned cautiously, however, since it is equally possible that the 
rod outer segments are altered by the mutation in such a way that the otherwise 
normal cells of the pigment epithelium no longer recognize them as candidates 
for phagocytosis. Alternately, a circulating toxin might poison the interaction 
between the two cell types. In this case, the primary site of gene action would be 
the cells that were the source of the toxin. 

This mystery has been solved most convincingly by an astute pair of genetic 
detectives, Mullen and LaVail (1976). By aggregating wild-type and rdylrdy rat 
embryos and allowing the composite embryos to develop to term, they created 
two pip rdylrdy <-» + / + + / + chimeras. (Recall that the RCS rat is also homo-
zygous pink-eye.) Each of the four eyes examined showed evidence of mosa-
icism in both the pigment epithelium and neural retina. The neural retina consist-
ed of regions in which retinal cytoarchitecture was indistinguishable from the 
wild type and other regions in which the photoreceptors were either missing or 
appeared highly abnormal. Likewise, the pigment epithelium was a mixture of 
nonpigmented {rdylrdy pip) and pigmented ( + / + + / + ) cells. 

The key to the analysis was the spatial relationship between the two phe-
notypes in the neural and pigment retina. In the words of Mullen and LaVail, 
"Most strikingly . . . patches of abnormal and degenerated photoreceptors were 
present only opposite rdylrdy pigment epithelial cells and not opposite normal 
pigment epithelial cells. . . . Furthermore, of the more than 200 patches of 
mutant pigment epithelium examined that were greater than 2 cells in length, we 
found degenerated and abnormal photoreceptors opposite a l l . " The conclusions 
are clear. The phenotype of the photoreceptor layer (normal or degenerate) is 
tightly coupled to the genotype of the immediately adjacent pigment epithelium. 
This situation is illustrated in Fig. 2. Given the way in which the eye develops, 
the odds of this apposition occurring by chance are infinitesimal. Therefore, 
hypotheses that either the photoreceptor cell or a circulating toxin causes the 
disease must be discarded. The pigment epithelial cell emerges clearly as a 
primary site of rdy gene action. This knowledge is an important step in our 
understanding of the mechanism of gene action. It does not, however, reveal 
why the accumulation of shed outer segments leads to the photoreceptor cell 
death. 

It is important to point out early in this discussion the careful way in which 
sentences concerning site of gene action must be phrased. Notice that we de-
scribed the pigment epithelial cell as a, not the, primary site of gene action. This 
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FIG. 2. A schematic representation of the retina in a rat rdy I rdy <-> + / + chimera. The genotype 
of the cells in the pigment epithelium (PE) is denoted by the presence {rdy I rdy) or absence ( + / + ) of 
an "r." The genotype of these cells is assessed by the presence ( + / + ) or absence {rdy I rdy pip) of 
melanin pigment. Note the perfect correspondence between the phenotype of degeneration of the 
photoreceptor and the genotype of the overlying PE. See text for further details. OS, Outer segments; 
ONL, outer nuclear layer; ISL, inner synaptic layer. 

is done to remind both the reader and ourselves that (1) knowledge of whether a 
gene acts directly or indirectly must be gained independently for each affected 
cell type and (2) knowledge that one or a few cell types are affected by a 
mutation does not prove that no other cells are involved elsewhere in the orga-
nism (i.e., the gene is pleiotrophic). For the rdy gene we can say that, of all the 
known affected cell types (two) in the rdylrdy rat, the pigment epithelial cell is 
the only one that is a primary site of gene action. These distinctions may seem 
petty in the context of the rdy mutation; however, as we discuss the mouse 
mutants that have been studied via mosaic analysis, these issues become in-
creasingly important. 

B. The Retinal Degeneration (rd) Mouse 

Superficially, the rd mouse mutation closely resembles the rat rdy disease. 
Relatively late in the development of the eye (postnatal day 10) the photoreceptor 
cells begin to degenerate such that by the end of the third postnatal week the 
outer nuclear layer is reduced to an incomplete row of photoreceptor cells which, 
during the next few weeks, will also disappear. The cytological details of the 
degeneration, however, are totally different from those in the RCS rat. No 
whorls of debris are found and the pigment epithelial cells seem capable of 
phagocytosis (Sanyal and Bal, 1973). Further, abnormalities are detected in the 
photoreceptor cells of rd/rd mice before the period of degeneration (Sanyal and 
Bal, 1973). Tissue culture experiments demonstrate that the defect is intrinsic to 
the eye (Sidman, 1961), but, given the interrelatedness of the cells, it is difficult 
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to be sure from these data which cell type(s) in the eye is a primary site of gene 
action. 

The rd mutation has been examined in chimeric animals by a number of 
laboratories (Mintz and Sanyal, 1970; Mintz, 1974; Wegmann et al, 1971; 
LaVail and Mullen, 1976; West, 1976). The work has helped to narrow the 
possible site of gene action to the neural retina, but the answers to many ques-
tions concerning further details of the action of the rd gene remain elusive. All of 
the above-cited authors agree that in rdlrd <-» + / + chimeras the outer nuclear 
layer is patchy; that is, regions of normal or nearly normal retina are found in the 
same eye together with regions in which no outer nuclear layer exists. This 
pattern of mosaicism makes it unlikely that the mutant phenotype is caused by a 
widely circulating toxin (or absent nutrient). If this were the cause, the expected 
pattern would be a uniformly normal, mutant, or intermediate eye. Beyond this 
conclusion, the only other direct piece of information concerns the involvement 
of the pigment epithelium in the etiology of the disease. 

The detailed study of LaVail and Mullen (1976) carefully examined the rela-
tionship between the genotype of the cells of the pigment epithelium (using the 
absence of pigment in albino cells as a cell marker) and the phenotype of the 
underlying photoreceptor cells. Mintz and Sanyal (1970), Mintz (1974), and 
Sanyal and Zeilmaker (1976) had previously noted in single-section analyses that 
pigment epithelial cells of both rdlrd and + / + genotypes could be found over 
both normal and degenerate retina. LaVail and Mullen added important informa-
tion based on a reconstruction of one entire chimeric retina from a set of serial 10 
μπι wax sections. The animal whose eye they examined was a C57BL/10 <H» SJL 
chimera. The SJL strain is both albino (clc) and rdlrd; C57BL/10 is wild type at 
both loci. The reconstructed chimeric retina was found to have patches that could 
be hundreds of micrometers in size in which wild-type pigment epithelial cells 
overlay a totally degenerated outer nuclear layer. Similarly, there were large 
areas consisting of exclusively mutant pigment epithelial cells overlying either 
normal or intermediate neural retina (one to four rows of photoreceptor nuclei). 
Further, both mutant and wild-type pigment epithelial cells were found to contain 
phagosomes and hence both genotypes seem capable of clearing shed rod outer 
segments. 

The total absence of correlation between the genotype of the pigment epi-
thelium and the phenotype of the underlying photoreceptors is illustrated in Fig. 
3. Note that the only difference between this arrangement and that shown in Fig. 
2 is the placement of the mutant ( " r " ) pigment epithelial cells with respect to the 
degenerated and normal outer nuclear layer. This observation has several im-
plications. First, it reemphasizes the importance of the perfect correlation be-
tween pigment epithelium genotype and retinal phenotype observed in the 
rdylrdy <^> + / + rat chimeras. For the rd mutation, these results eliminate the 
possibility that the pigment epithelium is a primary site of gene action. The 
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FIG. 3 . A schematic representation of the retina of a mouse rdlrd <-» + / + chimera. The symbols 
and abbreviations have the same meaning as in Fig. 2 . Note the absence of correlation between the 
genotype of the pigment epithelium (PE) and the phenotype of the photoreceptor layer. A normal 
ONL can be found under either wild-type mutant ("r") PE, and degenerated ONL is found under 
both genotypes as well. See text for further discussion. 

presence of normal neural retina underlying mutant pigment epithelium com-
bined with the presence of degenerate neural retina adjacent to wild-type pigment 
epithelium shows that the genotype of the pigment epithelium is neither neces-
sary nor sufficient to assure the presence of mutant phenotype in the neural 
retina. Combined with the tissue culture experiments (Sidman, 1961), these data 
narrow the possibilities for site(s) of gene action to the neural retina. Whether the 
photoreceptor cell is the primary target or whether its degeneration results from a 
failed interaction with a second cell type in the neural retina cannot be deduced 
from the data. 

As is frequently the case in the examination of mosaic tissue, these observa-
tions raise additional questions that were not anticipated originally. A good case 
in point is the observation of "intermediate" retina, areas in which the outer 
nuclear layer is thin but not absent. Mullen (1978) discusses two ways in which 
these intermediate patches could arise. In the first, discrete patches of rdlrd cells 
exist in the beginning but, following their death, the resulting gap in the outer 
nuclear layer is filled by the lateral spreading of cells from the surrounding 
normal tissue. A second mechanism that would explain the occurrence of inter-
mediate retina is that there is an early intermingling of + / + and rdlrd cells 
during development (i.e., before the photoreceptor degeneration). In areas where 
cells of both genotypes coexist, the degeneration of one genotype (rdlrd) would 
produce a region of intermediate phenotype. A set of similar possibilities can be 
generated if one assumes that the photoreceptor is not a primary site of gene 
action. While the most direct way to address this issue would be with an indepen-
dent cell marker appropriate for photoreceptor cells, none exists. The evidence 
that has been accumulated to date strongly suggests that both developmental cell 
mixing and postnatal cell spreading occur in the chimeric eye. Cell mixing is 
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discussed in greater detail below. Suffice it to say here that its existence compels 
one to consider that cells can interact during retinal development in a fashion that 
would be difficult to predict solely from the study of nonmosaic tissue. 

The existence of cell spreading is argued for most compellingly by West 
(1976). In his analysis of six chimeric eyes, West examined the entire neural 
retina and noticed that its depth was "fairly uniform throughout." This situation 
existed even in the presence of patchiness in the outer nuclear layer. In regions 
where the photoreceptor layer thinned, "the underlying inner nuclear area was 
corresponding thicker." In regions where the photoreceptor layer was normal, 
the inner nuclear layer "often appeared thinner than usual ." If these observa-
tions are correct, they suggest that despite the highly ordered radial organization 
of the developing retina, cell movement occurs in the tangential direction, at 
least in the inner nuclear layer. West shows neither pictures nor measurements to 
document these provocative conclusions, and the numerous photomicrographs of 
LaVail and Mullen (1976) largely crop the inner nuclear layer. Some informative 
figures (e.g., Fig. 10 in LaVail and Mullen, 1976) support West's assertions 
while others (e.g., Fig. 3) appear contradictory. The resolution is important, but 
the issue is raised here primarily to illustrate the point that the juxtaposition of 
mutant and normal cells during the development of a single organism often 
reveals cellular potentials that are neither intuitively obvious nor easily addressed 
in other experimental systems. 

C . The Purkinje Cell Degeneration (pcd) Mouse 

This mutant was originally isolated because of its locomotor difficulties. The 
mutation causes a remarkable collection of postnatal neuronal degenerations 
including cerebellar Purkinje cells (as its name suggests), olfactory bulb mitral 
cells, certain thalamic neurons, and photoreceptor cells (Mullen et al, 1976; 
Mullen and LaVail, 1975; O'Gorman and Sidman, 1980). In addition, male 
pcd/pcd animals are sterile due to severe abnormalities of their sperm (Mullen et 
al, 1976). The retinal degeneration in pcd/pcd is slow, taking approximately a 
year to complete. The progress of the retinal disease has been described in detail 
by LaVail et al (1982) and Blanks et al (1982). At the ultrastructural level, 
abnormalities are present in both the photoreceptor cell (beginning with the inner 
segments) and the Müller cells (Blanks et al, 1982). Once again the assignment 
of site(s) of gene action through analysis of chimeras is hampered by the absence 
of a good independent cell marker. As with the rd mutation, the use of albino as a 
pigment epithelial cell marker revealed no correlation between the genotype of 
the pigment epithelium and the phenotype (degenerate or normal) of the underly-
ing photoreceptors. (Mullen, 1984). Thus the degeneration is not caused by a 
defect intrinsic to the pcd Ipcd pigment epithelial cells. 
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D. The Nervous (nr) Mouse 

The nervous mutation, like pcd, was originally detected because of its ataxia. 
Affected animals lose most, but not all, of their Purkinje cells (Sidman and 
Green, 1970), and the loss continues at a slow rate throughout the life of the 
animal (Sotelo and Triller, 1979). The photoreceptor cells also undergo a slow 
and progressive loss over the course of the first year of life. One hallmark of the 
disease in both Purkinje cells (Landis, 1973a,b) and photoreceptors (Mullen and 
LaVail, 1975) is the presence of abnormal, swollen mitochondria. Whorls of 
outer segment membrane are present, but the mutant pigment epithelial cells 
appear to be capable of phagocytosis (White et al., 1982). Those chimeras that 
have been examined to date (Mullen, 1984) have illustrated how difficult deter-
mining a site of gene action can be. The chimeric outer nuclear layer does not 
appear patchy but instead it seems to be either uniformly normal or abnormal. 
This observation, as well as others, has led Mullen (1984) to suggest that the 
defect may be caused by a circulating toxin or nutrient deficiency. The only 
certainty about the disease process is that further study is needed. 

IV. The Study of Cell Lineage 

A. Cell Lineage: A Primer 

When one attempts to view the retina from the perspective of the DNA of a 
cell, it becomes apparent that an important means of conveying information both 
during and after development is through lineage. Early in development when the 
entire nervous system is made up of only a few thousand of cells, profound but 
invisible changes take place that prescribe much of the fate of the progeny of 
these early cells. The eye, as other nervous structures, can trace its origin back to 
small regions of the neural plate. Two bilaterally symmetrical regions are fated to 
produce the eyes if left undisturbed (Jacobson, 1959), and in addition the mitotic 
progeny of these cells will develop into optic structures even if they are moved to 
a different location (e.g., Boterenbrood, 1970). Thus, it appears as if many of 
the cell biological events that unfold during the development and function of the 
eye are consequences of a regulatory decision or decisions made in a small 
number of progenitor cells and passed stably to the mitotic progeny of these 
cells. 

The molecular bases of these regulatory events are not even dimly perceived. 
In recent years, it has been demonstrated that the DNA of many vertebrates can 
be covalently modified (e.g., by methylation) or frankly rearranged (e.g., in the 
genes of the immune system). These modifications are found to be developmen-
ta l^ regulated, they are passed stably to all the mitotic progeny of any cell in 
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which the modification occurs, and they are often associated with significant 
alterations in the activity of the gene involved. While DNA modifications are an 
attractive hypothesis, consistent with the known facts, noncovalent modifica-
tions or cytoplasmic factors could easily be involved. Nonetheless, from a func-
tional standpoint and regardless of the mechanism, the lineage history of a cell 
must be one factor in the determination of its final form and function. The 
question facing students of the cell biology of the retina is what are those 
properties of retinal cells that can be explained by an understanding of their 
lineage. 

This question does not have a known answer. What follows is a brief overview 
of what information has been assembled on the patterns of cell lineage in the eye, 
and some comments on what role for cell lineage is suggested by these patterns. 
In the cell types examined to date, there is a strong tendency for a basic pattern of 
radiating sectors to be observed. In and of itself this is not surprising, given the 
manner in which the retina develops. As one looks closer, however, it is equally 
clear that the sector organization of the retina is blurred considerably by the 
occurrence of areas of substantial intermingling of the two genotypes. Both 
patterns are evident in the iris of the pigmented «-> albino chimera shown in Fig. 
4. Since the pigment cells of the iris are also neuroectodermal in origin, their 
deployment serves to illustrate the situation found in pigment retina. Clear sec-
tions are seen in which the predominant genotype is albino, yet, even in the 
center of these sections, cells of the pigmented genotype can be found. This 
coexistence of order and chaos has been documented in sensory and pigment 
retina as well. The interpretation of the pattern has been the subject of some 
debate. 

B. The Pigment Retina 

It should be no surprise, given the ease with which albino/pigmented dif-
ferences in genotype can be seen, that the pigment retina is perhaps the best 
studied of all neural tissues. (Mystkowska and Tarkowski, 1968; Mintz and 
Sanyal, 1970; Deol and Whitten, 1972; Sanyal and Zeilmaker 1976, 1977; 
Mullen and LaVail, 1976; West, 1976, 1978). Of these studies, the most detailed 
is that of Sanyal and Zeilmaker (1977). Figure 5 is a representation of 2 of the 20 
chimeric eyes that were serially reconstructed by these authors to show the 
relationship of the pigmented and albino pigment epithelial cells. The observa-
tion of broad sectors of tissue consisting of significantly different ratios of the 
two genotypes is repeated here. In each of these eyes, the pigmented cells appear 
only in a restricted area of the pigment epithelial layer. Yet even in the regions 
where pigmented cells are most dense, albino cells are commonly found. 

Different authors emphasize different features of this pattern. Mintz and 
Sanyal (1970), Mintz (1974), and Sanyal and Zeilmaker (1977) emphasized the 
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FIG. 4. Pattern of pigmentation in the iris of an AKR/J (c/c) <-» C57BL/6 ( + / + ) chimera. 
Although the iris melanocytes are derived from neural crest, they emulate the pattern of mosaicism 
reported in both pigmented and neural retina. A broad sector organization is apparent with a predomi-
nantly albino (c/c) region shown between the arrowheads. This organization is significantly disrupted 
by cells of the opposite genotype, i.e., albino cells in pigmented patches and pigment cells in albino 
patches. 

FIG. 5. A representation of the cells of the pigment epithelium from the two eyes of a mouse 
albino <-> pigmented chimera, specifically the left and right eyes of chimera number 2 of Sanyal and 
Zeilmaker (1977). These eyes illustrate the features of broad sector organization combined with 
significant mixing of albino cells into mostly pigmented areas. 
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broad sectors. In this view, each sector represents a clone of cells; no one clone is 
a perfect pie-shaped wedge but the composite image is that the pigment epi-
thelium consists of about a dozen of these wedges and therefore descends from 
about a dozen progenitor cells. The lack of congruence between the broad sectors 
in the pigment retina and similar sectors in the neural retina has led to the 
suggestion (Mintz, 1974) that " the pigment and visual layers of the retina are 
probably determined in separately compartmented groups of clonal lineages." 

West (1976, 1978), rather than emphasizing the broad sectors, emphasized the 
mixing. Based on a one-dimensional statistical analysis applied to wax sections 
of chimeric retina, he suggested that, at the time in embryogenesis when the 
pigment epithelium first accumulates melanin, the distribution of the cells of the 
two genotypes is close to random. A similar analysis in the adult suggested that 
the average coherent clone (contiguous cells of like genotype beyond what is 
expected from a random mixture) is approximately six to eight cells. The sug-
gestion is that extensive mixing is followed by a period of limited clonal growth. 
To these data, West (1978) added Sanyal and Zeilmaker's (1977) observation of 
chimeras with contributions of one genotype as small as 0.4% of the cells of the 
pigment epithelium. He argued that, taken together, these results suggest a much 
larger number of clones (—250) of smaller size as being most representative of 
the clonal organization of the eye. While McLaren (1976) and Mullen (1978) 
have thoughtfully discussed these two views, no acceptable resolution of these 
fundamentally opposite pictures has emerged. 

C. The Neural Retina 

The pattern of cell lineage in the neural retina is no clearer than that of the 
pigment epithelium. The same two research groups argue from the same basic 
difference in perspective. Based on a comprehensive study in which 20 chimeric 
retina were reconstructed from serial sections, Mintz and Sanyal (1970) and 
Mintz (1974) concluded that "an underlying developmental archetype or 
'theme' with numerous 'variations' or development perturbations [appears]. The 
theme seemed to consist of 10 sectors of visual cells radiating from a center in 
each retina; each sector was interpreted as a separate cell lineage or clone in 
which specificity of differentiation was stable throughout a long proliferative 
history." The mixing is dismissed as "developmental 'noise. ' " 

West (1976) again stressed the mixing. As described above, there are consid-
erable areas in rdlrd <^ + / + chimeras in which the outer nuclear layer appears 
intermediate, with 1-4 rows of photoreceptor nuclei instead of 8-10 as in the 
wild type. West concluded from the resulting cytoarchitecture that cell move-
ment occurs after the degeneration of the rdlrd cells. "If cell movement does 
occur in this way, retinal degeneration [rdlrd] is clearly not a suitable marker for 
the analysis of clonal development in the chimeric neural retina, using adult 
eyes ." 
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D. Discussion 

One almost has the impression of the rdlrd <-> + / + and clc «-» + / + mice 
grinning like Cheshire cats while various groups of scientists argue over their 
essence. Although we cannot add anything to help resolve the basic dilemma, we 
add a few thoughts that should also be considered. The first concerns the analysis 
of neural retina using the rd mutation. As discussed above, the evidence to date 
only eliminates the pigment epithelium as a primary site of gene action and 
narrows the possible site(s) to the neural retina. There is not any direct evidence 
that the photoreceptor cell itself is the site of gene action. Most authors assume 
that this is the case, but we feel that this uncertainty, more than any other, makes 
rdlrd an unsuitable choice for analysis of retinal cell lineage. If for example the 
Müller cell turns out to be the primary site of gene action in the retina, all of the 
preceding discussion is rendered moot. 

A second comment concerns whether cell lineage is used by the CNS as a 
source of information in the creation neuronal specificity. The cells of the gang-
lion cell layer project with remarkable specificity to highly restricted locations in 
the diencephalon, based on their position in the retina. As described in preceding 
sections, it is apparent (whether or not sectors exist) that there is a profound 
mixing of cells of the various lineages in the retina (pigment and neural). This is 
reminiscent of other nervous structures analyzed in chimeras, in which the cells 
of the two genotypes appear highly dispersed (e.g., the Purkinje cells; Mullen, 
1978; Oster-Granite and Gearhart, 1981). Since the lineage relationships among 
cells appear to restrict only broadly their spatial position, and since spatial 
location is a key element in receiving the proper neuronal connections, it follows 
that it is fairly unlikely that specific connections of a cell are determined by its 
lineage. This is not to say that the broad pattern of connectivity (retina projects to 
thalamus) is unrelated to lineage. Rather it seems unlikely that the highly specific 
retinotopic map is based primarily on the mitotic ancestry of the cells involved. 
As we stated in the introduction, many problems of retina biology will be solved 
most satisfactorily through epigenetic explanations. What little we know about 
cell lineage relationships in the retina suggests that retinal target specificity may 
well be one of those. 

V. The Study of Embryonic Retinal Development 

Studies of adult mosaics, as we have seen, can lead to important conclusions 
concerning sites of gene action and the contributions of cell lineage to a given 
nervous structure. Genetic mosaics can also be used, however, to learn about the 
genetic events that are needed to form the eye during embryogenesis. While 
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some information can be gained from analysis of adult tissue, observations made 
on embryonic chimeric retina can be a powerful additional source of insights into 
the cell biology of ocular development. This final section deals with some 
preliminary observations we have made of embryonic wild-type <-> ocular retar-
dation (orJ) chimeras. These studies have only just begun and yet they are 
already providing important clues to the logic of several important embryonic 
cell-cell interactions. 

A. Features of Normal Development 

In a general sense, the very early developing retina, like many other primitive 
brain regions, contributes two major classes to the neural apparatus, neurons and 
glia. In the retina, neuroepithelial cells that become neuroblasts differentiate as 
photoreceptors as well as the various other light stimulus-transducing elements 
(Sidman, 1961). Neuroepithelial cells that are destined to become retinal glio-
blasts differentiate most often as Müller cells (a form of radial astrocyte) (Lem-
mon and Rieser, 1983); however, depending on the species, retinal glioblasts can 
differentiate into a variety of other types (Ramon y Cajal, 1893). Importantly, 
neuroepithelial cells in the disk region of the retina and optic stalk mature solely 
into glia (Raff et al., 1983; Juurlink and Federoff, 1980). Within recent years it 
has become apparent that in very young embryos the presumptive retinal glia in 
the region of the optic disk (in embryos this region is known as the optic fissure) 
have a specific interaction with the optic nerve axons as they exist the eye. 
Remarkably, one particular part of the primitive glial cell, its vitreal end-foot, 
becomes specialized during development to carry out this important function 
(Silver and Sidman, 1980; Silver, 1984). 

Three observations suggest that retinal ganglion cell growth cones adhere 
preferentially to primitive glial end feet at all levels along their pathway, even in 
the presence of other axons. First, within any given developing optic fascicle still 
in the process of accumulating axons, growth cones are usually positioned imme-
diately adjacent to the outer limiting glial membrane (Silver and Sapiro, 1981; 
Krayanek and Goldberg, 1981). Growth cones are never found suspended in the 
extracellular space or extracellular matrix; i.e., they always touch membranes of 
other cells. Second, in tissue fixed in severely hypertonic solutions, axons and 
end feet remain more tightly apposed to one another than do other surrounding 
tissues (Krayanek and Goldberg, 1981; Holley and Lasek, 1986). Third, after 
chemical digestion of the vitreal end-foot margin, growing axons become totally 
disoriented (Halfter and Deiss, 1984). It has recently been suggested that the 
tight association that occurs between optic axons and end feet may be mediated 
by a well-characterized neural cell adhesion molecule (N-CAM) (Silver and 
Rutishauser, 1985). The N-CAM molecule is localized on growth cones as well 
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as on glial end feet located along the presumptive route of axonal migration. 
Furthermore, injections of anti-NCAM Fab into the early developing eye of 
chicks causes the optic fibers to dislocate from the glial limitans as they exit from 
the globe (Silver and Rutishauser, 1985). 

These observations illustrate the close developmental interaction between the 
retinal ganglion cells (through their axonal growth cones) and the embryonic glia 
(through their end feet). The significance of this association is increased by 
recent three-dimensional analyses of primitive glial end feet at the disk region of 
the retina. These studies have revealed a terrain with a strikingly well-ordered 
geometry, even at preaxonal stages (Silver and Sidman, 1980). Here, at the first 
critical junction where optic fibers must turn in one correct direction to success-
fully enter their nerve, the N-CAM-coated end feet are arranged in multiple 
parallel rows, forming a radiating network of channels oriented in the proper 
direction. Importantly, although end feet throughout the optic pathway contain 
N-CAM, the optic disk (i.e., optic fissure) is the only region along the entire 
route that has such a well-organized cellular alignment. N-CAM is not dis-
tributed in an obvious gradient fashion, in the direction of the tectum. 

Another unusual phenomenon suggests that the glial cells may actually prepare 
in advance for their interaction with the ganglion cell axons. Associated only 
with end feet in the vicinity of the preaxonal fissure is the elaboration of very 
large amounts of extracellular space. After routine fixation of embryonic retinas 
in mixed aldehydes, the size of the extracellular spaces between end feet is 
always greatest in this region. In the most satisfactorily fixed tissue, much of the 
extracellular space produced as an artifact elsewhere in the tissue and at the 
margin can be eliminated. However, even in the best fixed specimens, the widest 
bored spaces always remain along the glial end-foot margin where axons will 
eventually grow. After the first wave of optic fibers is generated and (while 
clinging only to end feet) passes through the extracellular openings to exit the 
eye, these spaces become obliterated, leaving each fascicle ensheathed on either 
flank by radially arranged columns of glial partitions. A similar columnar type of 
axon-glia topology has also been reported in the developing folia of the mouse 
cerebellum (DeBlas, 1984). Is the extracellular space between young end feet 
real, or might some substance fill these openings during normal development? 
Although most routine fixatives tend to dissolve extracellular matrices, when 
embryonic tissue is processed though solutions that are designed to perserve 
extracellular material, a fibrous or flocculent substance can be maintained. In 
chick, such material has been shown along the route of the developing optic 
projection (Krayanek, 1980; Krayanek and Goldberg, 1981). 

Many important questions remain concerning the role of glia-neuron interac-
tions in providing growth and guidance cues to axons. What determines the 
amount and localized distribution of the extracellular material between glial end 
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feet? What role, if any, does the matrix, in addition to N-CAM, play in growth 
eone-glial adhesion? Does the matrix itself provide any guidance information 
beyond its potential ability to structure water (Bondareff and Pysh, 1968) and 
thereby maintain a portal large enough through which growth cones may migrate 
freely? Finally, and perhaps most important, are axons still capable of growing 
when the extracellular space or its matrix is experimentally or genetically 
eliminated? 

B. The Ocular Retardation Mutant 

Ocular retardation (or and orJ) is a recessive gene mutation in mice which 
causes micro- or anophthalmia associated with aplasia of the optic nerve and a 
progressive cataractous degeneration of the lens. The first isolated allele at this 
locus (or) was described by Truslove (1962), who observed that or I or neonates 
lacked optic nerve fibers from birth. However, it was not until recently that 
studies of orJlorJ embryos have begun to shed light on the developmental 
mechanisms that might be involved initially in creating the optic nerve aplasia 
during embryonic stages. Theiler et al. (1976) and Silver and Robb (1979) 
observed that the first morphological deviation from normal in orJlorJ embryos 
was a conspicuous reduction in the regular number of necrotic cells within the 
optic anläge. In the absence of normal cell resorption, there is a continuing 
increase in the number of cells within the eye rudiment but, interestingly, with-
out a concurrent increase in the outer diameter of the globe. This results in a 30% 
increase in cell density per unit area and a progressive decrease in the amount of 
extracellular space to levels well below normal. The reduction in extracellular 
space is especially noticeable at preaxonal stages and is most striking in the 
region of the optic fissure. 

In the orJlorJ eye, although ganglion cells are generated on schedule and 
axons are produced intraocularly, the fibers repeatedly fail to exit from the globe. 
Instead, they usually take an irregular course through the retina and often appear 
in great whorls within the retina pigment epithelium interface, resulting in expan-
sive areas of retinal detachment. The total absence of nerve outgrowth from the 
retina is thus correlated with the absence of cell death and with the much 
diminished volume of extracellular space (or, more likely, the extracellular mate-
rial that usually fills these openings during normal development). The genetic 
removal of extracellular space in the mutant and the devastating consequences of 
its removal on axon outgrowth show how vitally important the normal extra-
cellular material may be. Indeed, the orJlorJ mutation is far more detrimental to 
the optic system than is the intraocular injection of anti-NCAM Fab. In eyes 
injected with anti-NCAM the early optic nerve fibers, although devoid of normal 
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neighborly topography, still maintain the ability to exit from the retina (Silver 
and Rutishauser, 1 9 8 5 ) . It remains to be determined if N - C A M (as well as the 
extracellular space between glial end feet) is also absent in the orJlorJ mutant. 

C. Ocular Retardation Chimeras and the 
Study of Axon-Glia Interactions 

Initially, our interest in generating chimeras of orJlorJ and wild-type embryos 
was to answer some very broad but intriguing questions about retinal develop-
ment and the nature of the orJ gene. Would such chimeric offspring have a nerve 
or eye when even the smallest number of orJlorJ cells were present? If no eye or 
nerve ever formed, this might suggest that orJlorJ cells release a very potent 
deleterious diffusible substance into the retinal anläge. If small or normal eyes 
formed, would they contain nerves and if nerves were generated would they be 
constituted by normal or orJlorJ ganglion cells? We were most interested to 
learn what the preaxonal terrain might look like, especially in regard to the 
presence of extracellular space and cell death. In chimeric embryos, would 
extracellular openings be generated in centrifugally radiating groups that reflect a 
clonal history of retinal cell generation (Fig. 4) or would the channels assume an 
intermediate size but with a uniform distribution? Would the pattern of cell death 
also reflect the distribution of orJlorJ and + / + cells and, in turn, the channel 
pattern, and, finally, the configuration of the nerve fascicles themselves? Clear-
ly, whatever patterns emerged we believed that such chimeras might shed some 
light on the guidance mechanisms that axons normally use as they exit from the 
eye. 

1. CELL DEATH 

Serial l-μιη plastic section analyses of orJlorJ <-» + / + chimeric embryos at 
various pre- and postaxonal stages have revealed that at preaxonal stages 
(El 1 . 0 - 1 1 . 5 ) , cell deaths within chimeric retinas tend to be located within 
discrete necrotic zones around the optic fissure (Fig. 6 A and B). The size and 
distribution of the pycnotic centers vary from small, fulminant patches, to ne-
crotic hemiretina, and finally to normal symmetric patterns of cell death sur-
rounding the entire fissure region. Such patchy collections of necrotic debris 
have not been reported in either + / + or orJlorJ embryos. 

The observation of patches of cell death rather than uniformly intermediate 
amounts of necrosis suggests that the cell death is a localized event and is not 
caused by a widely circulating substance. To understand the site(s) of orJ gene 
action, it is critical to know whether the dying cells are exclusively one genotype 
or whether the phenotype of death does not respect genotype in these animals. 



F I G . 6. A and Β are coronal sections through the posterior retina of chimeric embryos (A) and 
control embryo (B) at El 1.0, a preaxonal stage. In A, note the single cluster of necrotic cells (N) 
adjacent to a large extracellular opening (arrow). In B, note the increase in size of extracellular spaces 
and scattered clusters of necrotic cells. C and D are coronal sections through the posterior retina of a 
"chimeric" embryo (C) and control embryo (D) on day 13 of gestation. Note the smaller number of 
fibers in the "chimeric" eye. Except for the reduction in nerve fibers, all other morphological 
features of the two eyes were comparable. 



268 KARL HERRUP AND JERRY SILVER 

This question unfortunately requires an embryonic retinal cell marker and none 
exists. Even in the absence of this marker, however, the appearance of the 
chimeric retinas provides several additional insights into retinal development. 

2. EXTRACELLULAR SPACE 

The distribution and size of the retinal extracellular spaces in chimeric em-
bryos also varied from animal to animal. The presence of large extracellular 
openings was sometimes, but not always, strictly correlated with areas that were 
undergoing necrosis (Fig. 6A). Characteristically, however, the overall amount 
of extracellular space in chimeras (i.e., animals with patchy zones of cell resorp-
tion) was reduced. In most chimeric animals, the extracellular space tended to be 
evenly distributed around the fissure but intermediate in volume between orJlorJ 

and normal embryos fixed under identical conditions (Fig. 6A and B). 
These observations suggest that there may be an indirect relationship between 

cell death and the elaboration of retinal extracellular space or extracellular mate-
rial. Also, if one hypothesizes that the absence of cell death is an adequate 
marker for orJlorJ cells, then it would follow that orJlorJ cells in chimeric 
retinas (where the normal cell population would undergo appropriate cell death) 
do have the ability to elaborate extracellular space or extracellular substances. 
Exactly how the production of necrotic cells or their removal is geared to the 
processes which lead to the formation of extracellular space is unknown. Further 
analysis orJlorJ <^ + / + chimeras may shed light on this question. 

3. NERVE FIBER PATTERNS 

Some chimeric eyes did contain optic nerves, when examined at two postax-
onal stages (El3 and Ε15). Such eyes and their retinas were classified as being 
chimeric because the nerves that they generated were quite unusual. Presumed 
chimeric optic nerves were obviously small when compared to controls of the 
same developmental stage (Fig. 6C and D). In some embryos at E l 5 , a large 
neuroma was present in the same eye with a small, developing nerve (Fig. 7A 
and B). The small nerves usually emerged through the pigment epithelium in a 
region immediately adjacent to the point where the neuroma was forming (Fig. 
7A). Exhaustive serial-section analysis of the retinas of such animals revealed 
that nerve fibers originated from all regions of the retina, and not from radially 
oriented slices. However, as fibers approached the disk region (i.e., optic fis-
sure) many began to meander and, instead of exiting the eye, became incorporat-
ed into the neuroma. Other fibers (possibly those generated earliest) passed 

FIG. 7. Coronal section through a chimeric eye on day 1 5 of gestation. Note the unusual presence 
of a nerve (arrow in B) and a neuroma (asterisk in A and B) in the same eye. 
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through the neuroma to enter the nerve. Although the optic fibers in the nerve 
appeared to be completely scrambled, they were able to grow along the stalk and 
as far as the tract by Ε15. In some "chimeric" animals, no nerves and only 
neuromas were present whereas, in others, normal-looking nerves occurred. 
Preliminary analysis of adult chimeras suggests that at least some orJlorJ gang-
lion cells are capable of forming an appropriate central connection. 

These results, taken together with the previous observations that channel size 
is variably reduced in chimeric mice, suggest that there may be a threshold 
amount of extracellular space or material needed to provide a portal large enough 
to accommodate the entire contingent of optic axons normally produced in the 
first few days of axonogenesis. It is conceivable, of course, that other factors 
besides a decline in the available amount of extracellular space causes optic 
axons to whorl. Since it has been established that optic growth cones adhere 
preferentially to neuroepithelial end feet (Silver and Rutishauser, 1985) as they 
exit from the eye, it might be suggested that a critical mass of this specialized 
growth-promoting membrane is constantly required during axonal exodus. Thus, 
it is possible that surface features of the end-feet membranes, in addition to the 
extracellular molecules they produce, are abnormal in orJ animals or under-
produced in chimeric animals. In other words, several features of the end feet 
may be essential to build a normal nerve. 

4. A PROSPECTUS 

Once a suitable orJ or normal retina ganglion cell marker is developed, one 
can determine definitively whether all orJlorJ ganglion cells in chimeras have, 
indeed, grown to the brain. The preliminary data show that it is not only the wild-
type ganglion cells in chimeric retinas that exit the globe, and such marker 
studies will be necessary to better resolve this issue. If it is determined that 
orJiorJ ganglion cells do maintain their normal potential to constitute an optic 
nerve, then the reason they normally do not must reside in the nonneuronal 
environment. 

What the exact nature of the orJ guidance abnormality is remains unknown, 
but we believe that the orJlorJ <H> + / + chimera can provide a useful tool with 
which to study axon-glia interactions during development. For example, how do 
the central connections of the small, scrambled nerves sort out? Does the pattern 
of ipsi- vs contralateral projection change? Why does the failure of optic axon 
outgrowth lead to the total degeneration of the orb? 

VI. General Conclusions 

We have presented a view of the large (and growing) number of mutations that 
disrupt the development and function of the eye. Alone these congenital defects 
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are a fascinating glimpse at the way in which the genome views the eye. Coupled 
with the ability to produce mutant <-» wild-type chimeras they offer a powerful 
analytical tool to aid in the dissection of the mechanisms that are responsible for 
creating and maintaining ocular function. Genetic mosaics offer both the poten-
tial for uncovering a site or sites of gene action as well as the ability to create 
unique juxtapositions of cells of two genotypes during normal development and 
thus allow the more thorough assessment of those epigenetic factors that are 
involved in the cell biology of the retina. 
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Although the retina is a central nervous system (CNS) derivative, and CNS 
neurons, it is well known, do not regenerate readily, the retina represents an 
opportune system for the study of regeneration. Even in mammals, the retinal 
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ganglion cells can regenerate their axons (Ramon y Cajal, 1928; Goldberg and 
Frank, 1980; So and Aguayo, 1985). A much more impressive capacity for 
regeneration, however, is seen in the retinal ganglion cells of some lower spe-
cies, including fish and amphibians, in which regenerating optic axons can 
reestablish their appropriate pattern of synaptic connections with the neurons of 
the optic tectum, culminating in the recovery of vision (Sperry, 1943, 1948; 
Attardi and Sperry, 1963; Jacobson and Gaze, 1965). In these species, even 
regeneration of the whole retina may occur in some circumstances (Burgen and 
Grafstein, 1962; Grafstein and Burgen, 1963; Grafstein, 1964; Reyer, 1977; 
Schmidt et al., 1978; Maier and Wolburg, 1979). The presence of this high 
degree of regenerative capacity may be related to the fact that the retina in these 
animals continually enlarges with increasing age and body size. This requires not 
only the generation of new retinal neurons in adult life (Johns and Easter, 1977; 
Meyer, 1978), but also the development of new synaptic connections in the 
retina (Fisher and Easter, 1979) and continual reorganization of the retinotectal 
connections (Meyer, 1978). Consideration of the adult retina as a regenerating 
organ therefore leads us to confront some fundamental problems of ontogenetic 
development as well as nervous system repair. 

The present article is concerned primarily with one such issue, which will be 
considered mainly in the context of neuronal responses to injury, but which is 
equally important as a basic element of neuronal differentiation during on-
togenetic development—the relationship between axonal outgrowth and the met-
abolic activities of the nerve cell body. 

When an axon is injured, the part separated from the cell body degenerates. 
Reconstitution of the axon proceeds from the point of injury, with the requisite 
materials being supplied for the most part by axonal transport from the cell body 
(Grafstein and Forman, 1980), because the axon itself has only a very limited 
capacity, if any, for protein synthesis. Regeneration may therefore entail signifi-
cant alterations in the exchange of materials and metabolic signals between the 
cell body and the axon. Thus the response to injury in a neuron capable of axonal 
regeneration involves not the axon alone, but also the cell body. Another impor-
tant element in regeneration is the environment in which the emerging axon finds 
itself. The axons of the retinal ganglion cells offer a dramatic demonstration of 
the importance of the environmental factor: in most mammalian species, these 
axons do not ordinarily regenerate after injury (Grafstein and Ingoglia, 1982), 
but successful outgrowth may be seen when their environment is altered by a 
graft of peripheral nerve (Politis and Spencer, 1982; So and Aguayo, 1985). 

For studies of interactions among members of this "regenerative t r iad"— 
axon, cell body, and axonal environment (Grafstein, 1983)—the ganglion cells 
of the retina have the advantage that they represent an anatomically well-defined 
system which is readily accessible for morphological, biochemical, and func-
tional studies. For example, the cell bodies of the retinal ganglion cells can be 
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reproducibly subjected to pharmacological treatment by intraocular injection and 
can be readily located for histological examination. The axons of these cells, 
which constitute the optic nerve, run for most of their length in a separate 
physical compartment from the cell bodies and hence can be sampled or sub-
jected to various experimental manipulations independently of the cell bodies. 
The properties of the glial cells surrounding the optic axons can likewise be 
independently studied in an excised length of optic nerve, and if necessary, the 
optic axons can be eliminated from this sample if they are caused to degenerate 
by removal of the retina. Finally, the terminal field of the optic axons, being 
confined to relatively circumscribed regions of the brain, can be separately 
sampled or experimentally perturbed; moreover, the functional status of the 
terminals can be assayed by electrophysiological or behavioral tests. These are 
some of the features that make the visual pathway especially suitable for studies 
on the correlation of events occurring in different parts of the regenerating 
system. 

The present review will focus mainly on the characteristics of regeneration in 
the optic axons of the goldfish. Numerous studies of regeneration in the visual 
system of other species have contributed greatly to our understanding of the 
process of regeneration. For example, some outstanding studies have been car-
ried out in amphibians, particularly with respect to the problem of reestablish-
ment of the retinotectal connections (e.g., Gaze, 1970). Recent success in pro-
moting regeneration of axons from mammalian retina (So and Aguayo, 1985) 
promises that our understanding of this system will soon also increase signifi-
cantly. Nevertheless, it is studies in the goldfish that have provided the most 
coherent picture of the morphological and biochemical changes in both the axon 
and the cell body of a regenerating neuron. One reason is that the goldfish retinal 
ganglion cells (Fig. 1) show an unusually dramatic reaction to axotomy (Murray 
and Graf stein, 1969; Graf stein and Murray, 1969), which makes it easier to 
relate the features of this reaction to the progress of regeneration. In addition, the 
normal parameters of axonal transport have been extensively explored in this 
system (McEwen et al., 1971; Elam and Agranoff, 1981; McQuarrie, 1984), 
providing an essential background for corresponding studies during regeneration. 
Most of these investigations of axonal transport have been based on the method 
(introduced by Taylor and Weiss, 1965) of injecting a radioactively labeled 
precursor into the eye and then measuring the rate of appearance of labeled 
transported materials in the optic nerve and optic tectum (Grafstein, 1975). This 
technique has not only been applied in elucidating the dynamics of transport 
during regeneration, but has also been used in measuring axonal outgrowth 
(McQuarrie and Graf stein, 1981; Sparrow et al., 1984), supplementing out-
growth measurements based on morphological criteria (Grafstein, 1971; Mc-
Quarrie and Grafstein, 1981; McQuarrie, 1985). The study of factors that influ-
ence axonal outgrowth has also been advanced by observations on fragments of 
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the retina maintained in tissue culture (Agranoff et al., 1976; Landreth and 
Agranoff, 1979), a technique that owes much to the fact that the survival and 
outgrowth capability of goldfish retinal ganglion cells are greatly enhanced by a 
prior ("conditioning") lesion (McQuarrie and Grafstein, 1973, 1981) made a 
few days before the retina is explanted. Thus there is now a wide array of data 
available about the characteristics of regeneration and the metabolic changes 
accompanying regeneration in the goldfish retinal ganglion cell. This leads us to 
attempt to define the conditions that are essential for the success of this neuron as 
a regenerating system, particularly as a basis for comparison with the corre-
sponding cell in mammals. 

II. Characteristics of Regenerating Goldfish 
Retinal Ganglion Cells 

A basic strategy in the study of the regenerating neuron is to correlate the 
sequence of events in the growing axon itself with the concurrent changes in the 
cell body, which are presumably essential for the production of materials neces-
sary for regeneration, and with changes in axonal transport, which is essential for 
conveying these materials to the site at which they will be utilized. 

A. Axonal Regeneration 

The goldfish retinal ganglion cells are remarkable not only because they show 
vigorous axonal outgrowth under conditions in which the corresponding mam-
malian neurons do not, but also because this outgrowth results in the restoration 
of a correct pattern of point-to-point connections between the retina and the optic 
tectum (Attardi and Sperry, 1963). The mechanisms involved in the reestablish-
ment of the retinotopic map, however, are largely outside the scope of the 
present article, since the correlation between the topography-determining mecha-
nisms (e.g., Stuermer and Easter, 1984; Edwards et al., 1985) and metabolic 
events in the cell body is still relatively unexplored. The present treatment of the 
characteristics of axonal regeneration is therefore largely confined to those fea-
tures that are related to the physical reconstruction of the axon and its terminals, 
with relatively little attention being given to the problems of direction of out-

FIG. 1 . Inner layers of the retina from ( A ) normal goldfish optic nerve and (B) 28-day regenerat-
ing nerve. The retinal ganglion cell layer (g) consists of cells that are greatly enlarged and hyper-
chromic in the regenerating condition, whereas cells of the inner nuclear layer (n) do not show any 
marked differences. Bar, 10 μιη. 
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growth (Sperry, 1963) or the ultimate modifications of structure and function that 
may be required for recovery of vision. 

1. INITIATION OF OUTGROWTH 

Injury of the goldfish optic nerve results in rapid retrograde degeneration of 
the axons ("traumatic" degeneration; Ramon y Cajal, 1928) for a short distance 
from the site of the lesion. This distance probably does not exceed 250 μιτι 
(McQuarrie and Graf stein, 1981), except for the small number of axons in the 
largest size group, the tips of which can usually be found about 300 μπι further 
back toward the eye (Grafstein, 1971). Within 24 hr after the lesion, the axons 
develop terminal bulbs, containing a tangle of neurofilaments surrounded by an 
accumulation of various cellular organelles (Grafstein, 1971; Lanners and Graf-
stein, 1980a). Most of the terminal bulbs have disappeared by 2 - 4 days, but they 
may persist on the large axons in an altered form for several months (Grafstein, 
1971). 

By 48 hr, some signs of regeneration may be detected by electron microscopy, 
including the presence of some small bundles of unmyelinated axons, which are 
up to 1-2 μπι in diameter and closely apposed to one another (Lanners and 
Graf stein, 1980a). These processes are unusual not only because they are rela-
tively large in size, but also because they appear to be filled with intermediate 
filaments and have few microtubules, in contrast to the usual picture of develop-
ing or regenerating optic axons, which are a fraction of a micrometer in diameter 
and contain a prominent array of microtubules, but very little filamentous mate-
rial (Peters and Vaughan, 1967; Murray, 1976). In fact, bundles of regenerating 
axons of this latter type are detectable by 3 days, although they are not common 
before 6 days (Lanners and Graf stein, 1980a). This sequence suggests that the 
plump filament-filled processes represent an initial response to injury, which is 
superseded by the thin microtubule-filled configuration as the axons elongate. 
With light microscopy bundles of regenerating axons can be detected in silver-
stained sections by 3-4 days (Grafstein 1971), but it is not clear whether the stain 
can reveal the initial filament-filled processes. Growth cones of the type com-
monly observed at the tips of growing axons (Ramon y Cajal, 1928; Bunge, 
1973) are not usually seen within the goldfish optic nerve. However, under 
conditions of greatly accelerated outgrowth, as may occur during regeneration 
following a series of two lesions (see Section ΙΙΙ,Α,Ι) it has been possible to 
observe prominent terminal structures resembling growth cones in their mor-
phology (particularly their content of smooth endoplasmic reticulum) and in their 
capacity for pinocytosis (Lanners and Graf stein, 1980b). 

2. AXONAL ELONGATION 

The advancing axons are initially grouped in small bundles, with the most 
rapidly extending axons often arranged in isolated pairs, although individual 
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axons may sometimes be seen penetrating the crush zone in the earliest stages 
(McQuarrie, 1 9 8 5 ) . Each bundle of axons is closely surrounded by glial cells and 
degenerating debris (Murray, 1 9 8 2 ) . In the course of regeneration, the number of 
axons in the optic nerve increases considerably above normal (Murray, 1 9 8 2 ) . At 
a point 0 . 5 mm from the site of the nerve crush (on the cranial side of the lesion), 
nearly three times the normal number of axons is observed at 3 - 5 weeks after the 
lesion, and a maximum increase to nearly fourfold normal is seen at 6 - 1 2 weeks. 
This suggests that the regenerating axons undergo multiple branching, especially 
at the level of the lesion. 

Initially, the regenerating axons constitute a very small proportion of the nerve 
mass. The total protein content of the optic nerve, which decreases by 4 5 % 
within 1 week of optic nerve crush as the axons degenerate (Perry et al, 1 9 8 5 ) , 
only begins to recover after 2 weeks. Some individual axon proteins may con-
tinue to decrease until 5 weeks. 

Following an initial delay of 4 - 5 days, the regenerating axons normally ad-
vance at a rate of about 0 . 2 - 0 . 4 mm per day (measured at 2 0 ° C ) (Grafstein and 
Murray, 1 9 6 9 ; McQuarrie and Grafstein, 1 9 8 1 ; Edwards et al., 1 9 8 1 ; McQuar-
rie, 1 9 8 5 ) . The extension of the axons involves the insertion of newly synthe-
sized glycoproteins into the membrane just behind the growth cone (Feldman et 
al., 1 9 8 1 ) , as well as the addition of subunits to the cytoskeleton (McQuarrie, 
1 9 8 4 ) . The axons begin to enter the contralateral lobe of the optic tectum, their 
principal site of synaptic termination, at about 1 2 - 1 8 days after the optic nerve 
has been crushed a few millimeters behind the eye (Ingoglia et al., 1 9 7 3 ; Ed-
wards et al., 1 9 8 1 ; Heacock and Agranoff, 1 9 8 2 ) , or about 1 0 - 1 4 days after the 
optic tract has been cut (Murray, 1 9 7 6 ; Edwards et al., 1 9 8 1 ; McQuarrie and 
Graf stein, 1 9 8 1 ) . In the subsequent 2 weeks, the axons extend over the whole of 
the optic tectum (Meyer, 1 9 8 0 ; Schmidt et al, 1 9 8 2 ) . 

The regenerative process is very temperature sensitive and when the tem-
perature is raised from 2 0 to 3 0 ° C , the regeneration rate approximately doubles, 
with some innervation of the tectum seen as early as 7 - 8 days after optic nerve 
crush, and coverage of the whole tectum occurring by 1 2 - 1 5 days (Springer and 
Agranoff, 1 9 7 7 ; Springer, 1 9 8 0 ; Sbaschnig-Agler et al, 1 9 8 4 ) . (All values 
given in the remainder of this article will apply to regeneration at 2 0 ° C , unless 
otherwise indicated.) 

3 . GROWTH WITHIN THE OPTIC TECTUM 

As the axons traverse the optic tectum, they progress only about half as fast as 
in the optic nerve, and their growth cones are readily detectable (Gambetti et al, 
1 9 7 8 ) . Initially, the axons in the tectum, as in the optic nerve and tract, are 
arrayed in bundles, closely circumscribed by glial cells (Murray, 1 9 7 6 ) . The 
formation of these bundles appears to be dominated by axon-to-axon interac-
tions, rather than by confinement of the axons to preformed glial channels 
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(Edwards and Murray, 1985). Within the tectum profuse axonal branching oc-
curs, resulting in a large increase in the total volume of retinal axons (Murray and 
Edwards, 1982; Murray, 1976). At its maximum, seen at 3 -5 weeks after nerve 
crush, the total axon volume appears to be about nine times normal (calculation 
based on data of Murray and Edwards, 1982). The disparity between axon 
numbers in the normal and regenerating conditions is even greater, about 20-
fold, because of the relatively smaller mean size of the regenerated axons. Most 
of these axons are unmyelinated at this stage, whereas the normal population of 
axons is almost entirely myelinated. Most of the axons are still unmyelinated at 5 
months. The mean diameter of the regenerating axons is about 0.1 μιη when they 
first enter the tectum and increases to about 0.5 μπι at 42 days and 0.7 μιη at 90 
days (Murray, 1976). 

4. SYNAPSE FORMATION AND RECOVERY OF VISION 

a. Tectal Innervation. Axons begin to form some synapses as soon as they 
enter the tectum. Terminals may be seen in the rostral pole of the tectum as early 
as 17 days after optic nerve section (Stuermer and Easter, 1984). Some terminals 
apparently become functional very rapidly, since postsynaptic potentials evoked 
by stimulation of the optic nerve may be detectable in the rostral pole by 20 days 
and throughout the tectum by about 28 days after optic nerve crush (Schmidt et 
ai, 1982). The development of synaptic effectiveness may also be gauged from 
the recovery of food localization, a behavioral pattern that depends on the optic 
tectum. At 20°C, this behavior usually has a mean recovery time of about 35-40 
days following optic nerve crush (Edwards et al., 1981; Springer and Agranoff, 
1977), which presumably indicates that by this time there are not only effective 
synapses, but some degree of retinotopic order in their arrangement. At about the 
same time, an orderly retinotopic projection can be discerned by electrophysio-
logical mapping (Schmidt and Edwards, 1983; for additional references see 
Edwards et al., 1985), in spite of the fact that there appear to be many incorrectly 
projecting axons (Meyer, 1980; Stuermer and Easter, 1984). Further improve-
ment of the topographical precision of the connections apparently continues for 
some time thereafter (Meyer, 1980; Edwards et al., 1985). It has been proposed 
that this progressive refinement is the result of coordinated electrophysiological 
activity in functionally related groups of retinal ganglion cells (see Section 
ΙΙΙ,Β,Ι). This phase of elimination of inappropriate axonal connections may be 
associated with a reduction in the number of excess unmyelinated axon profiles 
(Murray et al., 1982; Murray and Edwards, 1982). Axonal regression, rather 
than autolytic degeneration, is thought to be responsible for the elimination of the 
excess branches (Edwards and Murray, 1985). 

While the reestablishment of the pattern of retinotopic connections depends on 
mechanisms impinging on the presynaptic axons, it appears that the postsynaptic 
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elements determine the final synaptic density. Even if the volume of target tissue 
available to each retinal axon is decreased by removal of part of the tectum, the 
final density of synapses in the tectal remnant has been found to be normal 
(Murray et al., 1982). In the absence of tectal lesions, recovery of normal 
numbers of retinotectal synapses requires 3 months or more from the time of 
optic nerve crush (Murray and Edwards, 1982). A similar extended time course 
has been observed for the recovery of α-bungarotoxin-binding sites in the optic 
tectum (Schechter et al., 1979). These receptors are thought by some workers to 
represent nicotinic cholinergic receptors involved in transmission at retinotectal 
synapses (Freeman et al., 1980), but the view that acetylcholine is the principal 
transmitter at these synapses is not unanimously accepted (Tumosa and Stell, 
1986). 

b. Innervation of Nontectal Centers. Some visual reflexes that do not in-
volve the participation of the optic tectum recover earlier than food localization, 
e.g., a mean of about 12-14 days for the startle reaction to a bright light or 
shadow and about 20 days for the dorsal light reflex (Springer and Agranoff, 
1977; Edwards et al., 1981). The early recovery of these reflexes may indicate 
that they are mediated by pretectal centers which are innervated earlier than the 
tectum or that these reflexes do not require a very highly ordered innervation 
pattern. Some diencephalic centers become innervated later than the tectum 
(Murray, 1977) in spite of their shorter distance from the site of the lesion, 
indicating that the time course of regeneration is not identical for all axons. It has 
been suggested (Edwards et al., 1981) that various populations of retinal gang-
lion cells may each have a characteristic recovery time before they can become 
functional following a lesion (see Section ΙΙΙ ,Α,Ι) . 

Β. Features of the Cell Body Reaction to Axotomy 

Chromatolysis, i.e., dispersal of the rough endoplasmic reticulum (Nissl, 
1892), which has been considered to be a hallmark of the reaction to axotomy in 
many neurons (Lieberman, 1971), does not occur in its typical form in goldfish 
retinal ganglion cells. Instead, the sequence of changes initiated by axotomy in 
these neurons, whether viewed from a morphological or a biochemical perspec-
tive, may be seen as a series of events leading to increased protein synthesis. 

1. MORPHOLOGICAL CHANGES 

a. Nucleolar Mass. The earliest morphological change thus far recognized 
in these cells is an increase in the amount of nucleolar material. This may be 
readily detected, for example, by determining the incidence of nucleoli seen in 
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the light microscope. Normally, only about 20-40% of the cells can be seen to 
contain nucleoli, but by 3 days after a lesion of the optic nerve or optic tract, this 
proportion has risen to over 50% and continues to rise until about 7 days, when 
nucleoli may be seen in virtually all the cells (Murray and Graf stein, 1969; 
McQuarrie and Graf stein, 1982b). Even after this, however, the nucleolar mass 
continues to increase as the individual nucleoli enlarge to about twice their 
normal size and some cells acquire two, and occasionally three, nucleoli (Murray 
and Graf stein, 1969). 

b. Cell Body Size. Like many axotomized neurons (Lieberman, 1971), the 
goldfish retinal ganglion cells show enlargement of their cell bodies. In the 
classical picture, as originally described for mammalian hypoglossal neurons 
(Brattgard et al., 1957), the axotomized cell enlarges very rapidly, apparently as 
a result of increased water content. The goldfish retinal ganglion cells show a 
slower enlargement, which does not become obvious until about 6 days after 
axonal injury and which represents an increase in cell mass, with concomitant 
changes in organelle content (Murray and Graf stein, 1969; Murray and Forman, 
1971; Whitnall and Graf stein, 1983). There is some evidence that an even earlier 
increase in size (possibly representing cell swelling) may occur (Marani and 
Ruigrok, 1984). 

c. Cytoplasmic Features. Far from showing chromatolysis, the goldfish ret-
inal ganglion cell manifests increasingly intense Nissl staining over a period of 
several weeks following axotomy (Murray and Graf stein, 1969). Ultrastructural 
analysis has revealed that this is due to an increase in polyribosomes. During the 
first week, the increase is primarily in free polyribosomes, and there may even be 
a slight reduction in the amount of rough endoplasmic reticulum (RER), although 
the RER does not show any major disturbance (Whitnall and Grafstein, 1983). 
Subsequently both the RER and the free polyribosomes increase in amount 
(Murray and Forman, 1971), but the relative volume of the RER remains con-
stant; i.e., it keeps pace with the increase in cell size, whereas the increase in free 
polyribosomes is proportionately greater (Whitnall and Grafstein, 1982, 1983). 
The volume of the Golgi system also increases in tandem with the total volume of 
the cell. Non-Golgi smooth membranes, on the other hand, show a massive and 
rapid proliferation, doubling their relative volume within 6 days after axotomy. 
Somewhat later, large increases in dense-cored vesicles, microtubules and neu-
rofilament bundles are also seen (Murray and Forman, 1971; Whitnall and Graf-
stein, 1982, 1983). The dense-cored vesicles, which become a prominent feature 
in the regenerating axons by 10 days after axotomy, reach a maximum at 28 days 
and have virtually disappeared by 42 days. They may play a role in axon 
elongation (Murray, 1976). 
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2. BIOCHEMICAL CHANGES 

The evidence from the morphological studies showing that injury to the optic 
axons elicits a massive increase in RNA synthesis (evident from the nucleolar 
enlargement) followed by an increase in protein synthesis (manifested in an 
increase in cell size and organelle proliferation) has been confirmed by bio-
chemical determinations. Many of the biochemical changes are large enough to 
be detectable by measurements made on the whole retina, even though only the 
retinal ganglion cells have been injured. However, since the ganglion cell 
changes would be superimposed on the background of total synthesis in all 
retinal elements and since the retinal ganglion cells constitute a relatively small 
proportion of the retinal mass, whole retina measurements are not always ade-
quate for evaluating the status of ganglion cell metabolism. Measurements of 
incorporation of radioactive precursors into retinal ganglion cells by means of 
autoradiography is usually a better approach, although it is difficult to analyze 
the behavior of specific molecules this way. Another approach is to examine the 
axonally transported proteins that appear in the axons of these neurons in the 
optic nerve (see Section I I ,C,2) . 

a. RNA Synthesis and Metabolism of RNA Precursors. An increase in the 
incorporation of [3H]uridine into RNA in the retinal ganglion cells is detectable 
as early as 3 days after axotomy by means of autoradiography (Murray, 1973). 
Incorporation of [3H]uridine into RNA in the whole retina has also been seen to 
be elevated beginning at 2 - 3 days (Burrell et al., 1978; Dokas et al., 1981). 
Peak incorporation occurs at 4 - 7 days (Murray, 1973; Dokas et al., 1981), when 
the total retinal content of RNA also reaches a peak (Burrell et al., 1978). This 
indicates that the increased precursor incorporation is due to a net increase in 
RNA synthesis rather than an increase in turnover. This increase persists for 
more than 28 days following optic nerve crush (Murray, 1973; Dokas et al., 
1981). 

The increased RNA synthesis is precisely correlated with the onset of nu-
cleolar enlargement (see Section I I ,B, l ,a) , which presumably reflects an in-
crease in the supply of ribosomal RNA. In confirmation of this, isolation of 
ribosomal RNA reveals a corresponding time course of labeling, with the in-
crease in the specific activity of labeled RNA in free ribosomes greatly exceeding 
that in membrane-bound ribosomes (Burrell et al., 1978). Synthesis of cytoplas-
mic poly(A)-containing RNA, including the messenger RNA (mRNA) fraction 
coding for tubulin, shows a large increase (Burrell et al., 1979). The increased 
synthesis of tubulin mRNA has also been demonstrated by the use of labeled 
cDNA probes (Neumann et al., 1983). There is evidence that in addition to a 
change in mRNA production, there is an alteration in posttranscriptional process-
ing of mRNA (Burrell et al., 1978). 
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The increase in RNA synthesis is closely paralleled by an increase in ac-
cumulation of acid-soluble RNA precursors (Dokas et al., 1981), which is char-
acteristic of cells undergoing a growth response (reviewed by Plagemann and 
Richey, 1974; Levine et al., 1974). Peak uptake of nucleoside, which occurs at 
4 - 7 days, has been calculated to reflect a more than 10-fold elevation in nu-
cleotide kinase activity in the ganglion cells, and even by 21 days, this effect still 
persists at a level of about 30% of its peak value (Dokas et al., 1981). These 
changes are evidently not due to an increased transport of nucleosides across the 
cell membrane, since the uptake of a corresponding nonmetabolizable precursor 
was not altered (Dokas etal., 1981). Rather, the enhanced nucleoside incorpora-
tion appears to be due to increased nucleoside phosphorylation (Kohsaka et al., 
1981a). This can in turn be attributed to increased synthesis of nucleotide 
kinases, since the enhancement of nucleoside uptake was blocked by intraocular 
injection of actinomycin D (Kohsaka et al., 1981a). 

b. Ornithine Decarboxylase Activity. Ornithine decarboxylase is the rate-
limiting enzyme in the formation of polyamines, which appear to play a role in 
growth processes that require increased synthesis of macromolecules (Russell, 
1980). The activity of this enzyme was found to be significantly enhanced at 3-7 
days after a crush of one optic nerve in goldfish, with a maximum level of more 
than twice normal on day 5 (Kohsaka et al., 1981b). Although these changes 
correlate well with the time course of changes in RNA synthesis in the ax-
otomized cell (see previous section), inhibition of the enzyme did not have any 
effect on the morphological or biochemical events in the retinal ganglion cells or 
on regeneration of their axons (Kohsaka et al., 1982). Moreover, an increase in 
enzyme activity (though of smaller magnitude) was also seen in the contralateral 
(unlesioned) retina in fish in which one nerve had been crushed or one eye had 
been enucleated and in other parts of the nervous system, as well as in the 
kidney. These changes appeared to be attributable to systemic effects arising 
from the nerve lesion rather than to surgical stress. It has been suggested that 
they may be a consequence of degenerative processes in the lesioned nerve 
(Kohsaka et al., 1982), possibly leading to production of antibodies to nerve 
constituents, such as gangliosides (Schwartz et al., 1982b). 

c. Protein Synthesis. Most of the studies of protein synthesis in the retina 
depend on measurements of incorporation of radioactively labeled amino acids. 
An increase in incorporation may not necessarily indicate an increase in net 
synthesis. It may indicate an increase in the turnover of protein, or a change in 
the specific activity of the amino acid precursor pool. A study of how protein 
labeling in goldfish retinal ganglion cells varies with the concentration and 
specific activity of the applied precursor has revealed that during regeneration a 
larger proportion of the amino acid incorporated into protein comes from extra-
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cellular sources (Whitnall and Graf stein, 1981). A change in the amino acid 
precursor pool can also be inferred from the increase in the labeling of the 
axonally transported amino acid fraction, which develops within 24 hr after an 
optic nerve crush (Grafstein and Alpert, 1976). Subsequently, however, this 
fraction does not show any marked changes whereas the labeling in the protein 
fraction continues to increase many fold. These observations, together with the 
fact that the goldfish retinal ganglion cells increase in size and organelle content, 
indicate that the increase in incorporation of labeled amino acid during regenera-
tion represents an increase in protein synthesis. 

i. Total protein. Autoradiographic studies on the incorporation of radioac-
tive amino acid into protein in individual ganglion cells have shown that an 
increase in incorporation begins 4 days after an optic tract lesion (Murray and 
Graf stein, 1969), i.e., a short time after the onset of the increases in RNA 
synthesis and accumulation of RNA precursors (see Section II,B,2,a). In the 
early stages, some of the increased incorporation represents increased synthesis 
of nucleoprotein in the nucleus and nucleolus (Whitnall and Graf stein, 1983). 
Peak protein synthesis, representing a three- to fivefold increase above normal, 
has been reported at 14-20 days (Murray and Grafstein, 1969; McQuarrie and 
Graf stein, 1982a) and normal levels are not restored for over 60 days (Murray 
and Graf stein, 1969). 

From electron microscopic autoradiography, it is evident that the change in 
protein synthesis is qualitative as well as quantitative (Whitnall and Graf stein, 
1983). For example, although the protein synthesis in both RER and free poly-
somes was seen to be increased, the proportion of protein synthesized in the RER 
relative to that in the free polysomes increased from 6 to 30 days. An increased 
proportion of newly synthesized protein was found to be routed through the 
Golgi apparatus, and very large amounts of label collected in the smooth mem-
branes, particularly during the first week of regeneration. These changes indicate 
that, in addition to increased synthesis of cytoskeletal elements, there is a large 
increase in the synthesis and processing of membranous material that is presum-
ably destined to be conveyed to the axons by fast axonal transport (see Section 
II,C,2,a). Also, there is a greatly increased turnover of the plasma membrane of 
the cell body, especially at 2 weeks after axotomy (Whitnall and Graf stein, 
1982). 

//. Tubulin and associated proteins. A large proportion of the increased 
protein synthesis is attributable to the synthesis of tubulin, which occurs mainly 
on free polysomes (Gilbert et al., 1981), and which begins to increase as early as 
5 days after the lesion (Heacock and Agranoff, 1976; Giulian et al., 1980). 
Measured in the whole retina, a maximum increase of about threefold was 
observed (Heacock and Agranoff, 1976), although isolated retinal ganglion cells 
showed a somewhat larger change (Giulian et al., 1980). This increase includes 
tubulin in both the soluble fraction and the particulate (apparently membrane-
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associated) fraction (Heacock and Agranoff, 1982). There are some indications 
that, at least in the soluble fraction, the β subunit of tubulin is increased more 
than the α subunit. This has been correlated with the possibility that ß-tubulin 
may have a specific role in neurite extension (Neumann et al., 1983). The 
increased synthesis of tubulin results from an increase in synthesis of mRNA for 
tubulin (see Section II,B,2,a). 

The increased synthesis of tubulin has been shown to be accompanied by an 
increase in synthesis of two microtubule-associated proteins of the tau group with 
a molecular weight of about 70,000 (Neumann et al., 1983). 

in. Other proteins. Increased synthesis of other retinal proteins has been 
demonstrated (Heacock and Agranoff, 1982), particularly a cluster of soluble 
proteins of 68,000-70,000 molecular weight and pi 4 .8 -4 .9 , features that re-
semble those of one of the subunits of neurofilaments in mammals. 

C. Axonal Transport during Regeneration 

Regeneration is likely to entail alterations in axonal transport: in addition to 
materials to be laid down to form the new axon, some transported material is 
required to compensate for metabolic turnover, which may be increased even in 
the undamaged portions of the regenerating neurons (Whitnall and Graf stein, 
1982, 1983). Axonal transport may also convey various molecules that may play 
a role in regulation of regeneration (Willard and Skene, 1982) or in communica-
tion between the growing axons and contiguous cells (Ingoglia et ai, 1982). 

Unlike some other neurons in which regeneration proceeds with little change 
in axonal transport (reviewed by Forman, 1983), goldfish retinal ganglion cells 
show marked changes in axonal transport during regeneration, including in-
creases in the velocity and amount of both fast and slow transport. This elevation 
in transport may possibly be related to the fact that the mass of the new axons is 
much greater than normal, since multiple new branches are produced by each 
regenerating neuron (see Section II,A,2). 

Changes in axonal transport velocity that occur during regeneration may reflect 
alterations in local axonal mechanisms involved in transport. Changes in the 
amount of transported material, on the other hand, may reflect either a change in 
the capacity of the transport system within the axon or a change in the supply of 
various materials that are to be conveyed from the cell body to the axon. 

A critical point in evaluating the significance of regeneration-associated 
changes in axonal transport is whether such changes are being measured in the 
retinal stump—the nerve segment between the cell body and the lesion, which 
contains the original axon trunks that have remained connected to their cell 
bodies—or in the cranial stump—the nerve segment between the lesion and the 
synaptic target, which contains the newly formed portions of the regenerating 
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axons. Changes in the amount of axonal transport in the retinal stump represent a 
modification of the supply of materials made available by the cell body to the 
growing branches, e.g., a change in the synthesis of such materials or in their 
release into the axon. Measurements of axonal transport in the cranial stump 
represent an evaluation of the amount of material incorporated into the growing 
axons. In the goldfish, with optic axons only a few millimeters in length, optic 
nerve samples taken in experiments involving optic tract lesions will contain the 
retinal (original) axon segments, whereas in experiments involving optic nerve 
lesions, the nerve samples will contain the cranial (newly formed) segments, 
except when special precautions are taken to ensure that measurements are con-
fined to the length of nerve between the lesion and the eye. In either kind of 
experiments, however, measurements made on the optic tectum will monitor 
changes in the growing portions of the axons. 

1. RNA AND ASSOCIATED MATERIALS 

a. RNA. A striking characteristic of regeneration in goldfish optic neurons is 
the axonal transport of large amounts of 4 S RNA (Ingoglia et al., 1975; In-
goglia, 1982). Although small amounts may be transported in normal axons 
(Ingoglia et al., 1973), there is an increase of about 20-fold during regeneration, 
as measured in the optic tectum (Ingoglia, 1982). The material involved is 
probably transfer RNA (Zanakis et al., 1984), which may be involved in post-
translational modification of axonally transported proteins, a function that it 
appears to serve in the axoplasm of the giant axon of the squid (Ingoglia et al., 
1983). 

b. RNA Precursors: Axonal Transport. The amount of radioactively labeled 
RNA precursors (including various nucleosides and nucleotides) that is delivered 
to the optic tectum by axonal transport is increased during regeneration (Ingoglia 
et al., 1975, 1982). An average level of about three to four times normal is seen 
at 24-25 days after optic nerve crush, although this value varies somewhat for 
different nucleotides (Ingoglia, 1982; Ingoglia et al., 1982). To some extent, this 
increase undoubtedly reflects an increase in total nucleoside accumulation in the 
retinal ganglion cells (see Section II,B,2,a); whether there is also a greater 
diversion of nucleosides to the regenerating axons remains to be determined. 

c. RNA Precursors: Transcellular Transfer. Some of the axonally trans-
ported RNA precursors are released along the course of the optic axons and at the 
axon terminals and become incorporated into RNA in the periaxonal cells, in-
cluding both neurons and glia in the tectum (Ingoglia et al., 1975, 1982; Ed-
wards and Grafstein, 1985). Since the transported material is less readily de-
graded than comparable material reaching the neurons via the circulation, the 
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transcellularly transferred material may serve a special function in providing the 
tectal cells with RNA precursors, particularly during some phases of regenera-
tion (Ingoglia, 1982). It has been suggested, therefore, that this transport might 
participate in trophic regulation by the axons of adjacent glial cells and postsyn-
aptic neurons (Ingoglia et al., 1982). 

d. Poly amines. Polyamines, which play a role in the synthesis of RNA and 
proteins, also show altered axonal transport during regeneration. In regenerating 
nerves, there is an increased transport of spermidine (and an increased conver-
sion of spermine to spermidine) and also some transport of putrescine, which 
appears not to be transported in normal nerve (Ingoglia et al., 1977). Some of the 
transported polyamines are transferred to surrounding cells. Spermidine is trans-
ferred to both neurons and glia, whereas putrescine appears to be transferred only 
to periaxonal glia and not to radial glia or neurons in the tectum. It has been 
proposed that polyamines, like nucleosides, may play a role in trophic regulation 
by axons of periaxonal glia and neurons (Ingoglia et al., 1982). 

2. AXONAL TRANSPORT OF PROTEINS 

Axonally transported proteins necessary for reconstitution of the new axon 
would include membrane components, which are normally conveyed by fast 
axonal transport and cytoskeletal and cytoplasmic elements, normally associated 
with slow transport (Grafstein and Forman, 1980). Both types of transport are 
altered during regeneration of goldfish optic axons. 

a. Fast Transport. An increase in the total amount of labeled protein in fast 
axonal transport may be detected in the intact segment of the optic axons on the 
retinal side of an optic tract lesion as early as 1-2 days after the lesion (Grafstein 
and Alpert, 1976; Perry et al., 1986a). This change in transport may precede the 
increase in protein synthesis in the cell bodies (see Section II,B,2,c) and hence 
may represent an increased diversion of material into the axon. 

The labeling of total transported protein reaches a maximum at 2 weeks, with 
an increase of 8-25 times normal reported with labeling intervals from 2 to 24 hr 
(McQuarrie and Grafstein, 1981; Heacock and Agranoff, 1982; Perry et al., 
1986a). The velocity of fast transport in the intact segments of the axons is also 
increased by a factor of about two (Grafstein and Murray, 1969; McQuarrie and 
Grafstein, 1982a), so that the increase in the rate of delivery of transported 
materials to the growing axons may be even greater than might be inferred from 
instantaneous determinations of axonal content of the labeled materials. 

Quantitative analyses of the labeling of transported proteins separated by two-
dimensional gel electrophoresis have shown that, in the goldfish optic axons, 
there do not appear to be any new proteins induced during regeneration and that 
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all proteins containing sufficient radioactivity to be measured in normal nerves 
show significantly increased labeling within 1 week after axotomy (Perry et al., 
1986a). The changes observed in various proteins, however, are different in time 
course and magnitude. 

The largest change thus far reported has been an increase of close to 100-fold 
in a protein (or group of closely related proteins) with a molecular weight of 
about 45,000 and a p / of about 4.5 (Benowitz et al, 1981; Benowitz and Lewis, 
1983; Heacock and Agranoff, 1982; Perry et al., 1985). A significantly in-
creased labeling of this protein (designated Β in Perry et al., 1985, and no. 4 in 
Perry et al., 1986a) is already evident in the original segment of the goldfish 
optic nerve by 2 days after an optic tract lesion. The labeling of this protein 
reaches its peak at about 2 weeks after the lesion, falls abruptly in the next week, 
and then declines more slowly, returning to about twice normal by 8 weeks. The 
increased labeling of this protein, indicating an elevated synthesis, is accom-
panied by an increase in its abundance in the regenerating segment of nerve 
(Perry et al., 1985), indicating that it is probably an important constituent of 
newly formed axons. A similar protein, with 43,000 molecular weight and acidic 
pi, which shows greatly increased labeling during regeneration, has been de-
tected in toad optic nerve (Skene and Willard, 1981a,b). Because it is present in 
very small amount in normal axons and its synthesis increases so dramatically 
during regeneration, this protein has been considered to be one of a small group 
of "growth-associated proteins" (GAPs), the induction of which may be critical 
for regeneration (Willard and Skene, 1982). In the goldfish optic axons, several 
other proteins show the same time course of labeling as the 45,000-molecular 
weight protein, although they do not show as large an increase relative to their 
normal levels (Perry et al., 1986a). The early induction of changes in this group 
of proteins, the large magnitude of the changes, and the prominence of these 
proteins in both the original and regenerating axon segments during axonal 
outgrowth (Perry et al., 1986a) suggest that they may be characteristic of the 
smooth endoplasmic reticulum (SER). This would be consistent with the early 
massive proliferation of smooth membranes in the regenerating neurons (Whit-
nall and Grafstein, 1983) and with the prominence of SER in growth cones of 
goldfish optic axons in vivo (Gambetti et al., 1978; Lanners and Grafstein, 
1980b) and in axonally transported organelles of neuntes emerging from goldfish 
retinal explants (Koenig et al., 1985). 

Four other groups of axonally transported proteins showing coordinated 
changes during regeneration have been recognized, and it is possible that they 
may each be characteristic of a different type of organelle (Perry et al., 1986a), if 
it is assumed that most of the proteins in the membrane of each type of organelle 
are unique. For example, specific groups of proteins may represent constituents 
associated with synaptic terminals or with plasma membrane. One of the groups 
of proteins contains the cytoskeletal proteins, a- and ß-tubulin and actin. AI-
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though these elements are usually assigned to slow transport (see Section 
II,C,2,b), their initial rate of appearance in the regenerating nerve would imply a 
much faster maximum transport velocity. 

The question of whether there are any axonally transported proteins that may 
play a specific role in initiating or regulating regeneration (Levine et al, 1981 ) is 
still unanswered. The fact that no new proteins appeared during regeneration (as 
has also been observed in regeneration of frog optic nerve; Szaro et al., 1985) 
may reflect the fact that new retinal ganglion cells are constantly being added to 
the retina (Johns and Easter, 1977; Meyer, 1978), and hence, the optic nerve 
always contains a small proportion of regenerating axons. Nevertheless, the 
evidence for the presence of specific regulatory proteins is still not strong. In 
view of the multiple patterns of changes seen in various groups of proteins, it 
may be necessary to think in terms of the regulation of a series of different 
events, rather than a single regeneration-initiating mechanism. 

b. Slow Transport. As in other systems (Hoffman and Lasek, 1975), slow 
axonal transport in goldfish optic axons consists of two subcomponents, SCa, 
which normally advances 0.02 mm/day, and SCb, which normally advances 
0.2-0.4 mm/day (McQuarrie, 1984). SCa conveys neurofilament proteins, 
whereas SCb conveys actin and, unlike mammalian axons, also most of the 
axonal tubulin (McQuarrie, 1984). 

Assessing the changes in the amount of transported material that occur during 
regeneration is more difficult for slow than for fast transport. A basic problem is 
that it takes much longer for the transported material to invade the nerve segment 
that is to be analyzed, so that the measurements cannot be very precisely timed in 
relation to particular phases of the regeneration cycle. Another problem is that a 
significant increase in the velocity of SCb is a characteristic of regeneration in 
goldfish optic axons (Grafstein and Murray, 1969; Graf stein, 1971), although it 
is not clear that this happens in other systems or species (Forman, 1983). 

The velocity of SCb begins to increase at about 6 -8 days after axotomy 
(Grafstein, 1971) and reaches a maximum of about 1 mm/day at 14-17 days 
(Grafstein and Murray, 1969). [It is not yet known whether all the proteins in this 
transport component are uniformly altered in velocity. Also, it is possible that 
there may be no change in the rate at which individual proteins traverse the axon, 
but a relative increase in the labeling of somewhat more rapidly moving constitu-
ents of the transported population (cf. Hoffman and Lasek, 1975).] The change 
in velocity, whether real or apparent, makes it difficult to determine whether the 
amount of material transported is independently affected. However, there is 
some increase in the amount of transported material beginning 1-3 days before 
the velocity changes (B. Grafstein, unpublished observations), and it seems 
unlikely that the more than fivefold increase in slow-transport protein labeling 
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that has been observed in the original segments of the axons at 4 - 5 weeks after 
axotomy (Perry et al., 1986c) would be due to the velocity change alone. 

Among individual transported proteins, tubulin has received the most atten-
tion, since it constitutes a large proportion of both the protein content of the 
nerve and the transported material (Heacock and Agranoff, 1982; Giulian et al., 
1980; Skene and Willard, 1981a). An increase of nearly 100-fold in labeling of 
tubulin has been observed in the intact segment of nerves sampled at 5 weeks 
after optic tract lesions with a 1-week labeling interval (Perry et al., 1986c). In 
consequence of these changes, tubulin comes to represent about 70% of the total 
slow-transported label in regenerating axons, as compared with 25% in normal 
axons. Some recovery is seen by 7 -8 weeks, but normal levels are not yet 
restored even at 11-12 weeks. 

The labeling of the tubulin that becomes incorporated into the growing seg-
ment of the axons is also greatly increased. In 10- and 30-day labeling patterns 
from the tectum of animals receiving intraocular injections of [3H]proline at 2 
weeks after nerve crush, the amount of label in tubulin was 40 -50 times normal 
(Heacock and Agranoff, 1982), but had returned to normal in animals injected at 
7 weeks. 

Labeling of other slowly transported proteins seen with a 1-week labeling 
interval (i.e., probably mostly SCb) is also increased, although not as much as 
for tubulin (Perry et al., 1986c). These proteins include actin and also the ON 
proteins, which may be related to intermediate filaments (Quitschke and Schle-
chter, 1983, 1984), as well as some other less well-characterized axonal proteins 
(Perry et al., 1985; Heacock and Agranoff, 1982). It is difficult, however, to 
differentiate constituents labeled by slow axonal transport from those labeled by 
local incorporation of molecules released from the axons (Strocchi et al., 1984; 
Perry et al., 1985). Some proteins that are known to originate at least partially 
from local synthesis, e.g., the intermediate filament-like proteins ON3 and ON4 
(Quitschke and Schechter, 1983; Perry et al., 1985) and W2 and W4, which may 
be associated with myelin (Perry et al., 1985), show increased labeling with a 
time course that is not obviously different from that of proteins known to be 
axonally transported. 

The slowest transport component, SCa, has not yet been investigated in detail. 
Its velocity does not appear to increase during regeneration; the amount of 
labeling does not increase and may even decrease (McQuarrie and Lasek, 1981; 
McQuarrie, 1984). A decrease in labeling of the neurofilament fraction of SCa 
might be associated with a decrease in caliber of the axons between the cell body 
and the lesion (Hoffman et al., 1984). 

c. Retrograde Transport. Retrograde axonal transport conveys both ex-
ogenous constituents, which are mainly taken up by endocytosis at the axon 
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terminal, and endogenous constituents that are initially conveyed to the terminal 
by anterograde transport. 

Retrograde transport in the goldfish optic axons has received relatively little 
attention, possibly because the short length of the axons makes it difficult to 
design appropriate quantitative experiments. In the normal nerve, about 40% of 
the glycoproteins reaching the optic tectum by fast anterograde transport return 
toward the cell body by retrograde transport with a lag time in the terminals of 
not more than 1-2 hr (Whitnall et al., 1982). However, the material that enters 
the retrograde stream may differ in composition from that arriving by the ante-
rograde transport (Bisby, 1984), and different proteins may be conveyed at 
different retrograde velocities (Williams and Agranoff, 1983). 

During regeneration, an increase of about fivefold was observed in the amount 
of retrogradely transported material (Whitnall et al., 1982). It is not yet clear 
whether this change is entirely accounted for by the increase in materials arriving 
via the enhanced anterograde transport. 

3. LIPIDS 

Lipids are conveyed by fast axonal transport in association with protein, 
possibly in the form of an assembled membrane structure (Grafstein et al., 1975; 
Currie et al., 1976). Unlike the protein, however, the transported lipid appar-
ently originates from a large presynthesized pool and is therefore relatively 
slowly released from the cell body. 

The transport of lipids is increased during regeneration. For example, the 
amount of [3H]mannosamine-containing gangliosides transported to the optic 
tectum in regenerating axons was found to be increased to more than twice 
normal (Sbaschnig-Agler et al, 1984). For glycerophospholipids, the increase 
was even larger (Sbaschnig-Agler et al, 1984), particularly in the case of the 
serine- and inositol-glycerophospholipids, which normally contain a relatively 
small proportion of the total transported phospholipid label. During regeneration, 
they underwent a 20-fold increase in labeling in the tectum (Sbaschnig-Agler et 
al., 1984, 1985). Corresponding determinations in the optic nerves (cranial 
stump, containing the newly formed portions of the regenerating axons) showed 
even larger changes than in the tectum. These changes, moreover, were con-
sistently larger than the changes in glycoproteins under the same conditions 
(Sbaschnig-Agler et al., 1984), which may be taken to support the hypothesis 
that the proportion of lipids to proteins in the membrane of growing axons is 
higher than in mature axons (Small et al., 1984). 

Axonal transport of cholesterol shows about a fourfold increase in amount 
during regeneration, with no change in rate of accumulation (Heacock et al., 
1984). 
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III. Conditions That Modify Axonal Outgrowth 

Among the various mechanisms that might regulate axonal outgrowth, some 
are indigenous to the nerve cell (including both cell body and axon), and others 
arise in the neuronal environment. Neuronal mechanisms that may regulate out-
growth include the following: 

Synthesis of appropriate molecules. In addition to constituents necessary for 
reconstitution of the axon, regeneration may require the production of specific 
regulatory components, such as the postulated "growth-associated proteins" 
(Willard and Skene, 1982). 

Axonal transport. The delivery of the requisite regulatory and structural mate-
rials to the site of growth is presumably mediated by axonal transport. The close 
correspondence between the rate of axonal outgrowth and the velocity of one 
component of slow axonal transport (SCb) in a number of regenerating systems 
has led to the suggestion that slow axonal transport of the cytoskeleton may be 
the primary rate-limiting process in axonal elongation (Lasek et al., 1981 ; Wujek 
and Lasek, 1983). Fast transport must also play a role, however, at least to the 
extent of providing new membrane components, which are inserted not only at 
the axon tip, but all along the regenerating segment of axon (Griffin et al., 1981 ; 
Tessler et al., 1981), and even in the cell body (Whitnall and Grafstein, 1982). 

Disposition of the available materials. Axonal elongation involves a continual 
reorganization of the tip of the axon, which contains its own mechanism of 
locomotion (Shaw and Bray, 1977). As long as the growth cone remains in 
continuity with the axon trunk, its advance depends on the insertion of new 
membrane elements into the axon immediately behind the tip (Feldman et al., 
1981), as well as on the assembly of microtubules (Daniels, 1972; Yamada et 
al., 1970), a process that can apparently also be regulated by conditions at the 
site of growth (Letourneau, 1982; McQuarrie, 1983). 

Environmental mechanisms of outgrowth regulation may include the 
following: 

Surface contact relations. Contact guidance (Weiss, 1934) by other cells in the 
environment, including adjacent axons, is important in determining the rate of 
axonal outgrowth, as is evident, for example, in the acceleration of outgrowth 
that occurs on longitudinally oriented substrates. Another influence is the ad-
hesivity of the substrate, which may affect the frequency of axonal branching, as 
well as the rate of elongation (Letourneau, 1975), and which may be determined 
by cell-surface glycoproteins (Fraser et al., 1984). Finally, the presence of 
specific growth-directing surface components may be assumed (Sperry, 1963). 

Diffusible agents. The nonneuronal cells in the vicinity of a growing axon are 



296 BERNICE GRAFSTEIN 

likely to be the source of various factors that have either a trophic effect, 
promoting regeneration by stimulating neuronal metabolism, or a tropic effect, 
modifying the direction of outgrowth. An example of an agent that is apparently 
capable of both these kinds of effects is nerve growth factor (Gundersen and 
Barrett, 1979; Thoenen and Barde, 1980). 

Electrical fields. A weak electrical field applied to neuntes in tissue culture 
can accelerate their growth (Patel and Poo, 1982), possibly by affecting ac-
cumulation of axonally transported proteins at the axon tip (Mayes and Freeman, 
1984). The presence of inward C a 2 + currents of considerable magnitude at the 
tips of regenerating axons (Freeman, 1985) may play a significant role in nerve 
growth. 

The degree to which these various factors might contribute to goldfish optic 
nerve regeneration is not completely clear, but identification of some of the 
factors indigenous to the goldfish retinal ganglion cell that can modify outgrowth 
has come from studies on the effects of a "conditioning lesion" (which acceler-
ates axonal outgrowth), the effects of abolishing electrophysiological activity 
(which interferes with outgrowth), and application of various biologically active 
materials. In addition, there is a growing body of evidence for significant influ-
ences exerted by nonneuronal elements in the optic nerve and by tectal cells. 

A. Conditioning Lesion Effects 

Regeneration in response to a lesion of the goldfish optic axons can be acceler-
ated by a previous ("conditioning") lesion. It is evident, therefore, that the rate 
of outgrowth normally observed during regeneration is not the maximum that 
these neurons are capable of. This experimental paradigm offers us the oppor-
tunity to investigate some of the factors that may normally limit outgrowth. 

1. CHANGES IN AXONAL OUTGROWTH 

As a result of the conditioning lesion effect, the initial delay before the onset 
of axonal sprouting is reduced, and the rate of axonal elongation is accelerated 
(McQuarrie and Graf stein, 1981). The magnitude of the effect is related to the 
interval between the standard "test ing" lesion (from which the rate of regenera-
tion is measured) and the prior conditioning lesion. The minimum effective 
interval is between 2 and 7 days. The optimum interval, which has been deter-
mined to be 14 days (Edwards etal., 1981), was found to reduce the initial delay 
by about half (i.e., from 4.3 to 2.5 days) and to double the rate of axonal 
elongation, from 0.34 to 0.74 mm/day (McQuarrie and Grafstein, 1981). Under 
conditions of accelerated growth, the initial axon sprouts are very thin and, 
unlike normally regenerating axons, have prominent growth cones that show 
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morphological features associated with vigorous pinocytosis (Lanners and 
Grafstein, 1980b). The time required for the axons to reach the optic tectum is 
shortened (McQuarrie and Graf stein, 1981), but the time between the arrival of 
the axons in the tectum and the onset of cell recovery is not reduced (J. Reich and 
D. Burmeister, unpublished observations), which suggests that the establishment 
of functional synapses in the tectum may not be accelerated by the conditioning 
lesion. Also, the time required for recovery of tectally mediated visual reflexes, 
as exemplified by the food localization response, is not reduced (Edwards et al., 
1981). One interpretation of this finding is that the reestablishment of synaptic 
function may require a constant period of recovery after each lesion. [The recov-
ery of some visual reflexes that do not involve the tectum is accelerated in 
accordance with the faster axon outgrowth (Forman et al., 1981; Edwards et al., 
1981). Possibly, the duration of the reaction to axotomy is shorter in populations 
of retinal ganglion cells involved in reflexes that recover more ranidlv.] 

2. METABOLIC ALTERATIONS ASSOCIATED WITH THE 

CONDITIONING LESION EFFECT 

The enhanced axon outgrowth produced by the conditioning lesion is accom-
panied by increases in protein synthesis and in both fast and slow axonal trans-
port of proteins. Although the cell body does not enlarge significantly beyond the 
maximum reached during normal regeneration, the rate of incorporation of la-
beled amino acids into the cell body is increased. Between 1 and 8 days after a 
testing lesion preceded by a conditioning lesion 14 days earlier, incorporation per 
ganglion cell increases to nearly twice that normally seen during regeneration 
(McQuarrie and Graf stein, 1982b). The fast axonal transport of labeled proteins 
increases within 1 day after the testing lesion by about 70% over the level at the 
time of the lesion (this increase in transport, which is seen before the synthesis 
has increased, presumably represents an increased diversion of material into the 
axon, as also occurs immediately following the initial axotomy; see Sections 
II,B,2,c and IV,A,2). By 8 days after the testing (second) lesion, transport has 
decreased again to the level seen at 8 days after a single lesion, and for at least 2 
weeks thereafter, it follows the sequence of changes seen at the same intervals 
following a single lesion. This has led to the view that fast transport is unlikely to 
be a critical factor in the increased rate of elongation, which appears to be 
maintained even when fast transport has returned to the level seen with a single 
lesion. Slow transport, which has been less intensively investigated than fast 
transport, also shows an initial rapid two- to threefold increase in labeling fol-
lowing the second lesion, but remains elevated for at least a week thereafter 
(McQuarrie and Graf stein, 1982b). The velocity of slow transport is also in-
creased beyond the elevated values seen during normal regeneration to reach 
values of up to 2 mm/day (McQuarrie, 1984). It has been suggested that the 
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increase in slow transport velocity, as well as the increase in transport amount, 
contributes to the enhanced rate of axonal elongation seen with a conditioning 
lesion (McQuarrie, 1984). 

3. CONCLUSIONS FROM EXPERIMENTS WITH 

CONDITIONING LESIONS 

The results of the conditioning lesion experiments represent a strong argument 
in favor of the view that the reaction of the cell body to axotomy is a direct 
determinant of the capacity for axonal outgrowth (Grafstein and McQuarrie, 
1978). Many of the experiments on the goldfish optic axons and in other systems 
have been designed to eliminate the influence of local events at the site of the 
conditioning lesion, e.g., by placing this lesion some distance from the site of the 
testing lesion where the rate of outgrowth will eventually be determined. Thus, 
although there are some indications that axonal outgrowth may be accelerated if 
it occurs along a predegenerated pathway (Bisby, 1984), this does not fully 
account for the conditioning lesion effect. The basis for this effect, therefore, 
seems to be that the conditioning lesion alters the metabolism of the cell body, 
which is then able to respond more vigorously to the testing lesion. 

The conclusion that the alteration in slow axonal transport ultimately deter-
mines the outgrowth rate is in line with evidence in other systems (reviewed by 
McQuarrie, 1984; Wujek and Lasek, 1983), showing that the rate of axonal 
elongation is proportional to the velocity of SCb, the component of slow trans-
port that is responsible for conveying actin and much of the tubulin in regenerat-
ing axons (Hoffman and Lasek, 1975, 1980; McQuarrie, 1983). Nevertheless, 
the velocity of this component in the regenerating goldfish optic axons, as in 
some other systems, appears to be significantly faster than the elongation rate 
under equivalent circumstances. This suggests that these two processes may be 
regulated by the same underlying mechanism, even if they are not causally 
related. 

B. Inhibition of Electrophysiological Activity by 
Application of Tetrodotoxin 

In ontogenetic development, the importance of physiological activity has been 
unequivocally demonstrated. Although the basic patterns of neuronal organiza-
tion may be established by a developmental timetable that is independent of 
functional activity, many interneuronal connections may break down or fail to 
develop completely in the absence of such activity (Jacobson, 1978, pp. 2 5 6 -
270, 422-433). Whether physiological activity also plays a significant role in 
regeneration is a relatively unexplored question. The regenerating optic nerve 
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lends itself particularly well to the investigation of this issue, since physiological 
activity can be relatively easily modified in the visual system. For example, 
physiological activity can be abolished for a controlled period of time by inject-
ing tetrodotoxin (TTX) into the eye. In the goldfish, a single intraocular injection 
abolishes activity in the optic nerve for 2 - 3 days, and repeated injections can be 
used to keep activity blocked for several weeks (Edwards and Graf stein, 1983). 

In normal nerves, TTX treatment has no discernible effect on either fast or 
slow axonal transport of proteins labeled with radioactive amino acids (Edwards 
and Grafstein, 1984; Grafstein et al, 1981; Grafstein and Alpert, 1982; 
Grafstein and Edwards, 1982). However, the amount of transported glucosa-
mine-labeled glycoproteins and, even more, glycolipids, is reduced, as is their 
rate of turnover in the optic axon terminals (Edwards and Graf stein, 1984). There 
is also a decrease in the axonal transport of nucleosides and nucleotides and in 
the transcellular transfer of these materials into tectal cells (Grafstein and Ed-
wards, 1982; Edwards and Grafstein, 1986). 

1. EFFECTS OF TTX ON REGENERATION 

Intraocular TTX treatment interferes with goldfish optic nerve regeneration 
and probably in more than one way. One important long-term consequence of 
TTX treatment during regeneration is an abnormal organization of the terminal 
arbors of the optic axons (Schmidt and Edwards, 1983). This is evident from an 
increase in the size of multiunit visual receptive fields recorded in the tectum, 
which lasts for at least several months after the TTX treatment is discontinued. 
This effect was not observed if the TTX was injected during the early stages of 
regeneration, i.e., the first 2 weeks after a nerve crush, but was elicited if the 
TTX injections were confined to the 20- to 34-day period (Schmidt and Edwards, 
1983; Schmidt and Eisele, 1983). Enlarged multiunit receptive fields have also 
been seen in fish that were maintained in either constant darkness or flashing 
light throughout regeneration (Schmidt and Eisele, 1983). A current hypothesis 
is that, if activity is abnormal during regeneration, the terminal arbors of the 
regenerating axons fail to undergo a final degree of refinement, which is nor-
mally produced by patterned physiological input (Schmidt and Edwards, 1982; 
Meyer, 1983). It has been suggested that this refinement may be a function of 
competition for synaptic space among the regenerating axons, in which asyn-
chronously active retinal ganglion cells are at a disadvantage (Schmidt, 1982). 
The mechanism is apparently the same as that involved in formation of alternat-
ing bands of innervation from different eyes projecting to a single optic tectum, 
which appears to depend on some feedback from the activity of postsynaptic 
neurons in the tectum (Constantine-Paton and Law, 1982; Schmidt, 1982). 

Although TTX treatment early in regeneration does not alter receptive field 
properties, it does affect other aspects of regeneration. One consequence is a 
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reduction in either the size or number of regenerating axons in the optic nerve, 
although the maximum rate of elongation is unaffected (Edwards and Grafstein, 
1983). This deficit is presumably the basis for the increased latency of evoked 
electrophysiological activity in the optic tectum of the TTX-treated animals 
(Schmidt et al., 1982) and also for the delayed recovery of behavioral responses, 
which is observed with either late or early TTX treatment (Edwards and Graf-
stein, 1983; Sparrow etal., 1986). 

2. METABOLIC EFFECTS 

TTX treatment during regeneration had significant effects on axonal transport. 
For example, it reduced the amount of [3H]proline-containing protein conveyed 
by fast axonal transport (Sparrow et al., 1986), which was surprising in view of 
the fact that transport of this material in normal nerve is completely unaffected by 
TTX (Edwards and Graf stein, 1984). In the original segment of the regenerating 
nerves, the decrease in transport due to TTX treatment begun at the time of optic 
nerve crush became evident between 5 and 8 days after the lesion, and with 
maintained treatment, a maximum transport deficit of about 30-50% was seen, 
lasting at least 28 days (Sparrow et al., 1986). There was no difference in the 
magnitude of the decrease produced by TTX treatment confined to either 0 -13 
days after the lesion or 20-33 days after the lesion, and in each case, the changes 
were no longer evident by 15-20 days after cessation of treatment. Incorporation 
of [3H]glucosamine into axonally transported glycoproteins and glycolipids, 
which is reduced in normal nerves as a consequence of TTX treatment (Edwards 
and Graf stein, 1984), was also reduced in the regenerating nerves to about the 
same degree (Sparrow et al., 1986). These deficits in protein and glycoprotein 
transport may explain the defects of axonal outgrowth and recovery of vision, 
which are produced by either early or delayed TTX treatment. Moreover, some 
recent experiments in which individual axonally transported proteins were exam-
ined by two-dimensional gel electrophoresis indicate that the delayed TTX treat-
ment produces a relatively greater reduction in the synthesis of certain glycopro-
teins (E. Antonian, unpublished results). This suggests that altered transport of 
glycoproteins may be involved in the production of the long-term elec-
trophysiological abnormalities that are caused by TTX treatment confined to the 
late period of regeneration. 

3. CONCLUSIONS FROM EXPERIMENTS WITH INHIBITION 

OF PHYSIOLOGICAL ACTIVITY 

The TTX treatment appears to interfere with two separate events in regenera-
tion, one occurring soon after the nerve lesion and the other during innervation of 
the tectum. At least the first of these events appears to involve a reduction in the 
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number or diameter of the regenerating axon branches in the optic nerve. This 
might also be associated with defective myelination, since the number of axons 
reaching the critical size for myelin formation (Berthold et al, 1983) would be 
reduced. 

The defect produced by TTX treatment during innervation of the tectum may 
likewise be attributable to a reduction in axonal branching, particularly within 
the optic tectum (Murray and Edwards, 1982). This might interfere with the 
refinement of the retinotectal connections by reducing the opportunity for com-
petitive interactions among the regenerating axons, which are thought to be the 
basis for elimination of incorrect connections (see Section ΙΙΙ ,Β,Ι) . Reduction of 
the population of regenerating axons by other means has been shown to reduce 
the precision of the retinotectal map (Udin and Gaze, 1983). 

A basic problem is how the effects of TTX on axonal outgrowth are related to 
its known properties in blocking physiological activity. It is to be expected that 
intraocular injection of TTX will block N a + channels mediating action poten-
tials in the intraocular portion of the retinal ganglion cell axons, so that activity is 
eliminated from the whole axon, including the terminals. In addition, it is likely 
that the cell body and dendrites of the axotomized cells would develop elec-
trogenic patches of membrane (Kuno and Llinas, 1970) that would presumably 
be blocked by the TTX. Thus the outgrowth-limiting effect of TTX might be due 
to an alteration in either the cell body or axon. In either case, the elimination of 
action potentials would result in a change in N a + fluxes, which might have a 
significant effect on axonal outgrowth by altering Na +- l inked processes, such as 
phosphorylation of proteins or membrane transport of organic solutes (Siegel et 
al., 1981). Another possibility is that the elimination of action potentials may 
interfere with C a 2 + entry into the growing axon tip, since action potentials at the 
growth cone involve inward C a 2 + current (e.g., Spitzer, 1979). It has been 
postulated that such Ca 2 + currents might have a direct effect on outgrowth 
(Llinas and Sugimori, 1979), although it has recently been found that Ca 2 + 

influx is not essential for neurite elongation (Bixby and Spitzer, 1984). 
A third possibility is that, since action potentials in the cell body of regenerat-

ing (as well as developing) neurons may involve Ca 2 + (for references see Ed-
wards and Grafstein, 1983), TTX treatment might affect cell body C a 2 + content. 
This could influence the passage of materials through the Golgi system and hence 
their availability for fast axonal transport (Hammerschlag et al., 1982). This 
mechanism would explain the observation that TTX interferes with glycolipid 
and glycoprotein transport (Edwards and Graf stein, 1984). The fact that the 
Ca 2 +-mediated action potentials are more prominent in the cell bodies of grow-
ing neurons than mature ones would presumably account for the greater efficacy 
of TTX on axonal transport in regenerating goldfish retinal ganglion cells, com-
pared to normal ones. Although the most detailed observations of transport 
changes in regenerating neurons concern glycoproteins, it is possible that 
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changes in glycolipid transport may be at least as significant. The availability of 
gangliosides, in particular, might be an important determinant of the degree of 
branching of regenerating axons (see Section III,C,3,a). 

C. Application of Other Biologically Active Materials 

Various drugs have been applied to the regenerating goldfish visual system in 
an attempt to analyze the critical mechanisms involved in regeneration, as well as 
to assay various materials that might have a growth-promoting effect (Grafstein 
et ai, 1983). One of the advantages of the visual system in such studies is the 
possibility of testing the effects of various agents separately on the cell body (by 
intraocular injection) or at the site of the lesion (by local application). Because 
the goldfish optic nerve is only a few millimeters long, however, appropriate 
caution must be exercised to ascertain that the action of material applied by 
intraocular injection is confined to the cell body. This is especially critical in the 
case of an optic nerve lesion, which is quite close to the eye. 

1. INHIBITORS OF METABOLISM 

a. Cycloheximide. Retinal protein synthesis can be blocked by intraocular 
injection of cycloheximide. A dose of cycloheximide sufficient to abolish the 
production of materials for fast axonal transport also arrests the advance of 
previously synthesized materials conveyed by slow axonal transport (Grafstein 
and Alpert, 1982). When this treatment was instituted at the time of optic nerve 
crush or within 2 days before or after the lesion, elongation of the axons pro-
ceeded at an apparently normal rate for 8 days after the lesion and then ceased 
(Sparrow et al., 1985; C M . McGuinness and B. Graf stein, unpublished re-
sults). Labeling of axonally transported protein in the regenerating axons was 
greatly reduced as a result of the cycloheximide treatment, although it was still 
about twice that seen in normal axons. Protein synthesis in the glial cells of the 
optic nerve, on the other hand, was not significantly affected. These results show 
that the increase in synthesis of axonally transported proteins that occurs during 
regeneration is not the limiting factor for axonal elongation during the early stage 
of regeneration, but that it becomes essential for outgrowth after about a week. 

b. Monensin. Monensin, which interferes with glycosylation mechanisms, 
blocks fast axonal transport of proteins and lipids by preventing the newly 
synthesized material from gaining access to the fast transport system at the level 
of the Golgi apparatus (Hammerschlag et al., 1982). Upon intraocular injection 
in the goldfish, monensin produces a long-lasting but reversible block of fast 
transport. In addition, either as a direct consequence of the monensin action or as 
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a result of inhibiting a fast-transported constituent required for maintenance of 
slow transport (Grafstein and Alpert, 1982), the drug causes a reduction in the 
amount of slowly transported protein, although with no change in transport 
velocity (J. Sparrow, unpublished results). With axonal transport thus reduced, 
axonal outgrowth following an optic nerve crush proceeded at a normal rate for 
about 8 days, but then was essentially completely arrested (Sparrow et al., 1985; 
J. R. Sparrow and B. Graf stein, unpublished results). Even when outgrowth was 
accelerated by a conditioning lesion, presumably requiring a greater supply of 
transported material, axonal elongation was little impaired by the monensin 
treatment for at least 5 days after the lesion. These results, like those obtained 
with a block of protein synthesis by cycloheximide (see above), indicate that 
axonal outgrowth can be supported initially by the reserves of material in the 
axotomized neuron, but that a supply of newly synthesized materials eventually 
becomes necessary. 

c. Tunicamycin. Tunicamycin inhibits glycosylation of proteins and lipids 
by blocking the assembly of the oligosaccharide core prior to its attachment to 
macromolecules (Heacock, 1982). It uniformly decreases the amount of carbo-
hydrate incorporated into virtually all retinal glycoproteins, without grossly alter-
ing their pattern of synthesis (Heacock, 1982). Upon intraocular injection it 
blocks fast axonal transport to some extent, but more slowly and not as effective-
ly as monensin (J. R. Sparrow, unpublished results). When tested on expiants of 
goldfish retina in vitro, it was found to inhibit neurite outgrowth reversibly, and 
those neuntes that were formed were deficient in glycoprotein (Heacock, 1982). 

d. Diazacholesterol. Intraocular injection of 20,25-diazacholesterol, which 
eliminated both cholesterol synthesis in the retina and axonal transport of choles-
terol, left the rate of axonal outgrowth in vivo unaffected (Heacock et al., 1984). 
Axonal transport of proteins and glycoproteins was also unimpaired. However, 
inhibition of cholesterol synthesis in retinal expiants by adding diazacholesterol 
to the culture medium inhibited neurite outgrowth. These findings suggest that 
cholesterol is essential for axonal outgrowth, but that cholesterol derived from 
sources other than axonal transport is available for regeneration in vivo. 

2. NERVE GROWTH FACTOR 

Nerve growth factor (NGF) applied by intraocular injection has been found to 
enhance axonal outgrowth following a crush of goldfish optic nerve (Yip and 
Grafstein, 1982; Grafstein et al., 1983). NGF pretreatment in vivo is also effec-
tive in stimulating subsequent neurite outgrowth from goldfish retinal explants in 
vitro (Turner et al., 1980). Moreover, the outgrowth in vitro is inhibited by anti-
NGF (Turner et al., 1981). 
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In vivo, the intraocularly injected NGF is effective only if it is given at the time 
of nerve crush, and direct application of NGF to the lesion site is also effective 
(Yip and Grafstein, 1982; Yip and Johnson, 1983). The NGF appears to be taken 
up into the goldfish optic axons at the site of the lesion (with intraocular injec-
tion, it probably reaches the lesion via the cerebrospinal fluid circulation in the 
optic nerve), and the NGF is then retrogradely transported to the retinal ganglion 
cell bodies, where it presumably exerts its effect. The uptake of NGF into injured 
goldfish optic axons is not dependent on the presence of NGF receptors in the 
membrane, and there is no specific NGF transport system (Yip and Johnson, 
1983). 

Although it has been reported that the NGF treatment may elicit some changes 
in the cell bodies of the goldfish retinal ganglion cells (Turner et al., 1980), it has 
been found that the enhanced regeneration is not necessarily accompanied by 
hypertrophy of these cells beyond that normally observed during regeneration 
(Yip and Graf stein, 1982). This raises the possibility that the amount of material 
normally available for reconstruction of the axon during regeneration may be 
adequate to support the faster than normal rate of axonal elongation that is 
elicited by NGF treatment. 

3. GANGLIOSIDES 

Gangliosides constitute a considerable proportion of the lipids of the neuronal 
plasma membrane and are believed to play a significant role in axonal outgrowth, 
since it has been shown in a number of different systems that gangliosides can 
support neuronal survival and differentiation and also promote regeneration (re-
viewed by Ledeen, 1984). For example, gangliosides applied to the site of a 
lesion in a mammalian nerve may increase the number of axon branches pro-
duced, even though the maximum rate of axonal elongation is not enhanced 
(Sparrow and Grafstein, 1982). 

a. Application of Gangliosides. Application of exogenous gangliosides has 
been found to enhance axonal outgrowth from goldfish retinal ganglion cells in 
vivo. Following a crush of the optic nerve, the rate of regeneration, as monitored 
by the rate of recovery of vision, was accelerated by treatment with small doses 
of gangliosides given either by intraocular injection or by direct application to the 
lesion site (Grafstein et al., 1983). However, larger doses of ganglioside by 
either method of application were either deleterious to regeneration or had no 
effect. It is interesting that gangliosides have also been found to have a con-
centration-dependent bimodal effect in activation of N a + ,K +-ATPase (Leon et 
al., 1981). The reason for this bimodal action of gangliosides is not yet under-
stood. One proposed mechanism of action is that the gangliosides may promote 
influx into the neuron of C a 2+ (Gorio et al., 1983), which in small amounts may 
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promote regeneration (see Section III ,C,4) , but in large amounts may disturb the 
axoplasm (Schlaepfer and Zimmerman, 1984). Another possibility is that an 
increase in concentration of applied ganglioside may change its membrane-
binding properties (Leon et al., 1981). 

It is not yet clear whether, as in the case of NGF, gangliosides are effective 
only at the site of the lesion, regardless of whether they are applied by either the 
intraocular or local route. It has been suggested (Gorio et al., 1983, 1984) that 
gangliosides might have separate effects on metabolic processes in the cell body 
and on sprouting events in the axon. 

b. Anti-Gangliosides. As might be predicted from the regeneration-promot-
ing effects of exogenous gangliosides, antibodies to gangliosides interfere with 
outgrowth of goldfish optic axons in vivo following optic nerve crush (Sparrow et 
al., 1984). Outgrowth from retinal expiants in vitro was also inhibited by the 
anti-gangliosides, both when they were added to the culture medium (Spirman et 
al., 1982) and when they were applied to the retina by intraocular injection 
before the expiants were made (Spirman et al., 1984). Antibodies to the GM1 
ganglioside were the most effective (Spirman et al., 1984; Sparrow et al., 1984). 

Here again, it is not clear whether the action is on the axon or the cell body. In 
vivo, a series of antibody treatments beginning close to the time of the lesion 
were not more effective than those beginning a few days later, suggesting that 
axonal elongation was impaired but the initial sprouting was probably not inter-
fered with (Sparrow et al., 1984). Intraocular injection of anti-ganglioside re-
duced retinal protein synthesis following optic nerve crush (Spirman et al., 
1984), although it increased axonal transport of glycoproteins and glycolipids in 
normal goldfish optic nerve (Sparrow et al., 1984). These results suggest that the 
antibody can have an effect on synthetic mechanisms in the cell body (perhaps 
indirectly, via a feedback from ganglioside receptors on the plasma membrane). 
However, transport of glycosylated materials in the regenerating neurons was not 
significantly altered by the anti-ganglioside treatment (Sparrow et al., 1984). It 
is clear, therefore, that the anti-ganglioside effect does not involve a gross 
inhibition of axonal transport of glycosylated materials, like that produced, for 
example, by monensin (see Section I I I ,C , l , b ) . 

4. CALCIUM MODULATORS 

A possible role for calcium in goldfish optic nerve regeneration is evident from 
the observation that the ionophore A-23187, which permits free movement of 
calcium and other divalent ions across the cell membrane, decreased the time 
required following optic nerve crush for recovery of a startle reaction to a bright 
light (Grafstein et al., 1983; Meiri and Grafstein, 1984). The ionophore was 
effective upon either intraocular injection or local application to the lesion site. 



306 BERNICE GRAFSTEIN 

Local application of DMSO had a similar effect, and the effect of either agent 
was abolished by the simultaneous application of a calcium-chelating drug, 
suggesting that an increase in intracellular calcium was probably involved in both 
cases. 

The mechanism by which the regeneration-promoting effects of the calcium 
modulating agents were produced is not known. Undoubtedly, regulation of 
intracellular calcium ions at the tips of developing and regenerating axons is 
important in neuronal growth and differentiation (for references see Meiri and 
Grafstein, 1984). Also, C a 2 + fluxes in the cell body are likely to affect the 
availability of axonally transported materials processed in the Golgi system 
(Hammerschlag et al., 1982). However, the basis for the faster recovery pro-
duced by calcium-modulating agents applied to goldfish retinal ganglion cells is 
not clear, since there was no obvious increase in the rate of axonal outgrowth or 
delivery of axonally transported materials (Grafstein et al., 1983; Meiri and 
Grafstein, 1984; H. Meiri, unpublished observations). Local application of these 
agents to the nerve might have affected primarily the nonneuronal elements in the 
nerve. This may be the reason for the increased packing density of the regenerat-
ing axons that was observed (Meiri and Graf stein, 1984), which might conceiv-
ably be sufficient eventually to cause a more efficient restoration of the synaptic 
pattern. 

5. CYCLIC NUCLEOTIDES 

Cyclic AMP has been found to promote neurite formation in at least some 
types of nerve cells (for references, see McQuarrie and Grafstein, 1983). Also, 
forskolin, an activator of adenylate cyclase, has been found to promote regenera-
tion of sensory axons in frog sciatic nerve (Kilmer and Carlsen, 1984), possibly 
via an action on the cell body. In the goldfish, intraocular injection of forskolin 
sufficient to produce a concentration within the eye of 10 - 8 M enhanced axonal 
outgrowth in the optic nerve (J. R. Sparrow, unpublished results), although it did 
not produce any alteration in fast axonal transport. However, 10- and 100-fold 
higher concentrations reduced both outgrowth and fast transport. This would be 
consistent with the finding that repeated intraocular injection of dibutyryl cyclic 
AMP on days 6 -8 after an optic nerve crush inhibited axonal outgrowth (Mc-
Quarrie and Grafstein, 1983). 

6. CONCLUSIONS FROM EXPERIMENTS WITH LOCAL APPLICATION 

OF BIOLOGICALLY ACTIVE MATERIALS 

A number of agents, including NGF, gangliosides, a calcium ionophore, and 
an activator of adenylate cyclase, have been found to have some effect in pro-
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moting regeneration. Most of these were effective both when they were applied 
to the retina and when they were applied to the site of the lesion, but, because of 
the limitations of the system, it cannot be assumed that they were capable of 
acting at both sites. Another complication was that some of the drugs ceased to 
be effective, or even reversed their effect, as the dose was increased. In some 
cases, the mechanism of action of the drug may be bimodal with respect to its 
effects on regeneration; another possibility is that the mechanism may be differ-
ent at different sites on the neuron. 

Nevertheless, these experiments, particularly those involving drugs that block 
metabolism, have led to the establishment of some general principles relating to 
the role of the cell body in regeneration: 

1. The neuron normally contains sufficient material to sustain axonal out-
growth for about a week after the synthesis of new proteins has been arrested. 

2. To maintain axonal outgrowth beyond the initial 1-week period, a level of 
protein synthesis considerably in excess of normal is required. 

3. The metabolic changes that normally occur during regeneration are suffi-
cient to sustain a faster rate of axonal outgrowth than is normally seen. 

D. Factors in Extraretinal Tissues That 
May Influence Regeneration 

There are now many indications that the normally vigorous regeneration of the 
goldfish optic axons may depend to some extent on factors other than local 
conditions within the axon or the metabolic status of the retinal ganglion cells. 
For example, it is possible that regeneration may be influenced by soluble factors 
released by the glial cells (or other elements in the optic pathway) into the 
extracellular environment. 

1. CHANGES IN METABOLIC ACTIVITY OF NONNEURONAL CELLS 

The changing activity of nonneuronal cells during regeneration may affect 
axonal outgrowth. Cellular proliferation along the course of the optic axons 
(Giulian, 1978) and protein synthesis by these cells (Maxwell and Elam, 1980) 
increase in two phases, with maximum rates of change at 1-5 days and 10-14 
days. Although it has been shown that glial cell metabolism may be stimulated 
by contact with regenerating axons (Bunge, 1983), both phases of increased 
synthesis are seen in the goldfish optic tract even in the absence of axonal 
regeneration (Maxwell and Elam, 1980). In the optic tectum, two corresponding 
phases of glial cell proliferation are seen in the layers containing the trunks of the 
optic axons (stratum opticum) and their principal site of termination (stratum 
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fibrosum et griseum superficiale, SFGS) (Stevenson and Yoon, 1978). Prolifera-
tion of the deeper-lying radial glia, on the other hand, occurs later and is depen-
dent on the arrival of the regenerating axons (Stevenson and Yoon, 1978). 

In addition to the changes in nonneuronal cell activity that occur independently 
of axonal regeneration, there are likely to be changes in the glial cells related to 
myelination, which begins very early (some axons in the optic nerve already 
show thin myelin sheaths at 1 week after nerve crush), and continues for up to 3 -
9 months (Murray, 1982). Most myelination occurs after the axons reach layer 
SFGS and may be associated with synaptogenesis, since the myelin appears to 
advance from the axon terminals toward the eye (Murray, 1976; Wolburg, 
1978). 

Axonal regeneration has been seen to be modified when the proliferation of the 
nonneuronal cells was abolished by X-irradiation. Increased outgrowth ability of 
the retina (tested in vitro) was seen with irradiation at 7 days after optic nerve 
crush, whereas irradiation at 10 days impaired the capacity for outgrowth in vitro 
and in vivo (Neuman et ai, 1983). The 10-day irradiation did not interfere 
qualitatively with the changes in protein synthesis (particularly increased tubulin 
synthesis) that characteristically occur in the retina during regeneration, but did 
reduce protein synthesis as well as cellular proliferation along the route of the 
optic axons (Neuman et ai, 1983). These experiments have been interpreted as 
indicating that axonal regeneration is affected by two phases of nonneuronal cell 
proliferation: the first, presumably at the site of injury, interferes with axonal 
elongation; the second, distal to the lesion zone, promotes regeneration, possibly 
by providing an appropriate physical substrate or trophic factors. 

2. EXTRACELLULAR FACTORS RELEASED BY NONNEURONAL 

CELLS DURING REGENERATION 

A number of specific proteins (probably glycoproteins) have been found to be 
synthesized by the cells of the goldfish optic nerve and released into the extra-
cellular space beginning as early as 3-5.5 hr after nerve crush (Deaton and 
Freeman, 1983). These findings may be related to the demonstration that after 
nerve injury mammalian glial cells begin to release an acidic 37-kDa soluble 
protein which is also seen during development (Skene and Shooter, 1983; Politis 
et ai, 1983; Snipes and Freeman, 1984). At least one of the proteins originating 
from the cells of the goldfish nerve (with a molecular weight of 30,000) binds to 
a specific receptor on axonal membranes, suggesting that it might interact with 
injured axons and influence their growth. A few other polypeptides that show 
increased synthesis during regeneration, and several that show decreased syn-
thesis, have been detected by in vitro translation of mRNA from the optic nerve 
(Rachailovich et al, 1984). 

The production of laminin, a basal lamina constituent that appears around 
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large axon bundles in the goldfish optic nerve, is increased during regeneration 
(Agranoff et al., 1984). The potential importance of laminin in regeneration is 
emphasized by the finding that addition of laminin to the substrate on which 
goldfish retina expiants are grown affects the direction and profusion of neurite 
outgrowth (Agranoff et al., 1984). 

An intriguing recent finding is that when regenerating goldfish optic nerves are 
excised and placed in a culture medium for a few hours, and this medium is then 
applied to a crushed rabbit optic nerve, changes are induced in the rabbit retinal 
ganglion cells that resemble those occurring during regeneration in the goldfish. 
Thus the rabbit retinas attached to nerves that have been crushed and treated with 
exudate from regenerating goldfish nerves show an increase in protein synthesis 
and an increased capacity for production of neuntes when fragments of these 
retinas are placed in tissue culture, while the treated nerve itself shows an 
abundance of axon sprouts detectable by electron microscopy (Schwartz et al., 
1985). These results imply that the regenerating goldfish nerves may release a 
powerful growth-promoting factor (probably emanating from glial cells) that is 
capable of stimulating regeneration in a mammalian CNS pathway. This factor 
may be a polypeptide of less than 10,000 molecular weight (Schwartz et al., 
1985). 

There is evidence that, in addition to growth-promoting factors, the glial cells 
in regenerating goldfish optic nerve may produce other factors that inhibit re-
generation (Rachailovich and Schwartz, 1984), so that conditions must be care-
fully controlled in order to demonstrate maximum growth-promoting effects by 
optic nerve extracts. 

3. GROWTH-PROMOTING FACTORS FROM THE OPTIC TECTUM 

Evidence of diffusible growth-promoting factors in the tectum comes from the 
observation that, when fragments of goldfish tectum are cultured together with 
retinal expiants, they promote the growth of neuntes from the retinal tissue 
(Mizrachi and Schwartz, 1982). Also, outgrowth from retinal expiants can be 
stimulated by extracts of tectum (Johnson and Turner, 1982; Schwartz et al., 
1982a). The possibility that nerve growth factor (NGF) or a closely related 
molecule might be involved is suggested by the following evidence: (1) goldfish 
brain extract gives a positive reaction in standard assays for NGF (Weis, 1968; 
Benowitz and Greene, 1979; Schwartz et al., 1982), (2) NGF stimulates neurite 
outgrowth from goldfish retinal ganglion cells in vivo and in vitro (see Section 
III,C,2), and (3) in vitro outgrowth from retinal expiants is impaired by anti-
serum to NGF (Turner et al., 1980). The effects of the goldfish brain extract are 
not identical with those of NGF, however, since the brain extract can replace 
serum in supporting neurite outgrowth from expiants of the retina, a property that 
is not shared by NGF (Schwartz et al., 1982). (Extracts of retina also lack this 
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property.) Thus the outgrowth-promoting activity in goldfish brain extract may 
be due to a factor resembling NGF or in addition to NGF. One brain-derived 
factor that has been characterized to some extent is a 13-kDa glycoprotein which 
promotes neurite outgrowth even after it has been absorbed onto a tissue culture 
substrate; another factor, which may act without binding to the substrate, has 
also been recognized (Mizrachi et al., 1986). 

Extracts of optic tectum may also induce aggregation of acetylcholine recep-
tors on cultured muscle cells (Schwartz et al., 1981). This effect is maximal in 
tecta taken at 5-14 days after optic nerve crush, i.e., just prior to reinnervation 
of the tectum. Conceivably this may indicate the presence of a trophic factor that 
plays a role in optic nerve regeneration. 

Recently it has been shown that a soluble peptide constituent produced by the 
optic tectum can stimulate protein synthesis in both the astrocytes and oligo-
dendrocytes of the optic nerve (Giulian, 1984). The production of this material, 
which has a molecular weight of 14,000, is increased following optic nerve 
crush, whereas ablation of the tectum reduces the biosynthetic activity of the 
glial cells, presumably as a consequence of eliminating the critical peptide. It is 
not clear whether this factor acts directly on the glial cells, or indirectly by 
stimulating axonal growth, which then activates the glial cells. 

IV. Regulation of the Cell Body Reaction 

A. Initiation of the Reaction 

In view of the evidence presented above showing that the cell body reaction to 
axotomy plays an essential role in regeneration, it becomes important to consider 
how this reaction is initiated. At present, we do not know the nature of the 
initiating event or how the cell body is informed that this event has occurred. A 
widely held current view is that the signal is conveyed to the cell body by 
retrograde axonal transport (Forman, 1983; Singer et al., 1984). One hypothesis 
is that the reaction is triggered when the cell body is invaded by retrogradely 
transported exogenous materials that have entered the axon at the site of injury 
(Kristensson, 1984); another is that endogenous materials reaching the site of the 
lesion by anterograde transport are returned to the cell body altered in timing, 
amount, or composition, because the length of axon that they must traverse has 
been shortened (Bisby, 1984) or the axon terminals have been removed (Aletta 
and Goldberg, 1984); a third is that the interruption of the axon prevents the 
access to the cell body of trophic materials normally emanating from the target 
cells (Purves and Njâ, 1976). Another mechanism that has been suggested is that 
the initiation of axon sprouting is the cell body-triggering event (Watson, 1969; 
Grafstein and McQuarrie, 1978). 
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A problem inherent in this issue is how to determine whether a critical change 
has been evoked in the cell body. In the past, the cell body alterations have 
frequently been equated with chromatolysis (e.g., Cragg, 1970). It is now clear, 
however, that chromatolysis is only one possible manifestation of the array of 
changes that may be elicited by axotomy (Grafstein, 1983) and that the presence 
of chromatolysis is not necessarily correlated with the initiation of changes 
essential for axonal regeneration. These regeneration-inducing changes have 
been categorized as "restorative" events, in distinction to (1) the "disruptive" 
events that represent the nonspecific consequences of cellular injury and (2) the 
"regulative" events that constitute a homeostatic response to the perturbation of 
cellular function produced by amputation of the axon (Grafstein, 1983). 

The changes elicited by axotomy of the goldfish retinal ganglion cell appear to 
be strongly biased toward the restorative component. This is what makes this 
neuron particularly suitable for investigating the problem of the initiation of 
those aspects of the cell body reaction that are relevant for regeneration. In this 
cell, for example, the criteria to determine whether the restorative component of 
the cell body reaction has indeed been initiated would include some prominent 
changes, such as the increase in nucleolar size, the increase in synthesis and 
axonal transport of protein, and the capacity to support accelerated axonal out-
growth in response to a lesion made after the reaction to axotomy has already 
been initiated (conditioning lesion effect). 

1. RELATIONSHIP BETWEEN THE CELL B O D Y 

REACTION AND AXONAL SPROUTING 

The onset of axonal sprouting may be identified with the appearance adjacent 
to the lesion of groups of closely apposed filament-filled processes, which begin 
to be seen at 2 days after the lesion (see Section II,A, 1). Widespread axonal 
sprouting, however, only becomes evident by 3 - 6 days (Lanners and Graf stein, 
1980). Thus, axonal sprouting appears to coincide very closely with the onset of 
changes in the cell bodies, which show clear evidence of altered RNA synthesis 
by 3 days after the lesion (see Sections I I ,B, l ,a and II,B,2,a). Because of this 
close timing, it has been difficult to decide whether the onset of sprouting might 
be important in initiating the changes in the cell body. It is clear, however, that 
there is no significant degree of axonal elongation preceding the cell body 
changes. 

2. ONSET OF CHANGES IN AXONAL TRANSPORT 

Within 24 hr after axotomy, a significant increase in fast axonal transport of 
radioactively labeled proteins is detectable in the original segment of the optic 
axons (Grafstein and Alpert, 1976). Some of this effect may be due to alterations 
in the labeled amino acid pool (Whitnall and Graf stein, 1981) and in the altered 
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dynamics of transport resulting from the shortening of the axon (Bisby, 1984), 
but these do not completely account for the change. It appears, therefore, that 
there may be an increase in fast axonal transport preceding any change in protein 
synthesis. A similar increase in protein transport that cannot be ascribed to an 
increase in synthesis has been seen at 1 day after a testing lesion preceded 2 
weeks earlier by a conditioning lesion (see Section ΙΙΙ,Α,Ι). These changes 
therefore appear to represent an increase in the diversion of cell body products 
into the axon. The changes in routing of axonal transport may be related to those 
that have been seen in the axon of an Aplysia neuron following amputation of one 
of its branches (Aletta and Goldberg, 1984). 

3. CONDITIONS THAT M A Y EVOKE OR MODIFY THE 

CELL BODY REACTION 

a. Application of Microtubule-Disrupting Agents. A cell body reaction re-
sembling that produced by axotomy is elicited when vincristine, a drug that is 
known to depolymerize microtubules and cause aggregation of tubulin subunits 
(for references see Ben-Ze'ev et al., 1979), is locally applied to the optic nerve 
or optic tract (White and Grafstein, 1974; C . M. McGuinness, unpublished 
results). The intensity and time course of this reaction are similar to that pro-
duced by axotomy: the nucleolar incidence may begin to increase within 4 days 
after the application, and by 5 days, cell size and incorporation of labeled amino 
acid may also be increased. Similar cell body changes are also seen after applica-
tion of colchicine, a drug that disrupts the microtubules by a somewhat different 
mechanism, which results in an accumulation of unpolymerized subunits of 
tubulin (for references, see Ben-Ze'ev et al., 1979). With either colchicine or 
vincristine, the initiation of the cell body reaction is not necessarily accompanied 
by axonal degeneration on the cranial side of the axonal transport block, even 
though the axons have presumably been deprived of transported material. 

When vincristine is applied to the optic tract, the amount of labeling in fast 
axonal transport and the velocity of slow axonal transport have been found to be 
increased in the intact portion of nerve between the eye and the site of application 
of the drug ( C M . McGuinness, W. C . White, and B. Graf stein, unpublished 
results), as they are following axotomy. If vincristine is applied to the optic tract 
2 weeks before an optic nerve crush, axonal outgrowth following the crush is 
greatly enhanced above normal; i.e., the vincristine application resembles ax-
otomy in its ability to act as a conditioning event for regeneration. 

When vincristine or colchicine is injected into the eye (White and Grafstein, 
1974), the reaction it produces includes an increase in nucleoli, but little increase 
in cell size and no increase in protein synthesis. This may be due to the fact that 
microtubule-disrupting agents may inhibit protein synthesis in the retina (White 
and Graf stein, 1974). 
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b. Depolarization. Veratridine, which causes membrane depolarization by 
promoting Na + influx (Minchin, 1980), can block axonal transport (Grafstein 
and Forman, 1980). It did not, however, elicit a nucleolar reaction in goldfish 
retinal ganglion cells either upon local application to the optic nerve or upon 
intraocular injection, even though it produced a substantial block in fast antero-
grade transport (C. M. McGuinness, unpublished results). [The status of retro-
grade transport was not ascertained in these experiments, but it is known that 
batrachotoxin, which appears to act by the same mechanism as veratridine 
(Grafstein and Forman, 1980), can block retrograde transport as well as both fast 
and slow anterograde transport (Boegman and Riopelle, 1980).] Intraocular in-
jection of veratridine potentiated slightly the nucleolar reaction produced by an 
optic nerve crush (C. M. McGuinness, unpublished results). 

c. Interference with Axonal Sprouting. Taxol, a drug that "stabilizes" mi-
crotubules (Schiff and Horwick, 1980), inhibits sprouting of the goldfish optic 
axons if it is applied to the axons a few days prior to an optic nerve crush ( C M . 
McGuinness, unpublished results). Nevertheless, cell size and axonal transport 
are increased just as they are during normal regeneration. Also, delaying the time 
course of sprouting by excising the tip of the axon shortly after the initial lesion 
had no effect on the enlargement of the nucleoli (McGuinness and Graf stein, 
1985). These experiments suggest that the sprouting of the axons is not a critical 
event in the initiation of the cell body reaction. 

d. Conclusions from Experiments on Initiation or Modification of the Cell 
Body Reaction. Contrary to previous suggestions (Grafstein, 1975), the cell 
body reaction evoked by means other than axotomy (e.g., interruption of micro-
tubules) is not a partial one, but appears to have the same characteristics whether 
or not axonal outgrowth occurs. This indicates that, once the reaction is initiated, 
its development requires little if any feedback from the growing axon, at least 
until the later stages (see Section IV,B,2). Apparently, the characteristics of the 
reaction are determined by the metabolic status of the nerve cell at the time that 
the initiation signal is received and by a (presumably) genetically determined 
pattern that governs the unfolding of the reaction. Also, the intensity of the 
reaction might be affected by concomitantly evoked cell body changes; e.g., 
depolarization of the cell body may potentiate the reaction. 

As to the nature of the initiating signal, the experiments described here indi-
cate that the initiation of a cell body reaction resembling the reaction produced by 
axotomy does not require (1) severance of the axon, (2) degeneration of the axon 
beyond the level of the lesion, (3) depolarization of the axon or cell body, or (4) 
axon sprout formation. Moreover, it has been shown that the initiation of the 
reaction does not necessarily occur when axonal transport, at least in the antero-
grade direction, is blocked (e.g., by veratridine). These observations appear to 
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eliminate many of the most obvious mechanisms that have been proposed for the 
initiation of the cell body reaction (Cragg, 1970; Grafstein, 1975; Grafstein and 
McQuarrie, 1978). One possibility that has not been previously considered, 
however, is that the critical event in the initiation of the reaction may be an 
alteration in the status of the microtubules at the lesion site, whether produced by 
axotomy or by the application of vincristine or colchicine. Conceivably, this 
might lead to a change in cell body metabolism via the mechanism that governs 
synthesis of microtubule protein, which is currently believed to be regulated by 
the concentration of tubulin monomer (Cleveland et al., 1981; Olmstead et al., 
1984). How this mechanism functions in nerve cells, in which the concentration 
of monomer in the axon and in the cell body might both be important in regulat-
ing synthesis, is not yet clear—possibly retrograde transport of a sample of the 
axonal monomer pool might be involved. Another suggestive observation is that 
agents that interfere with microtubule function can cause fragmentation of the 
Golgi system (Wehland et al., 1983; Sandoval et al., 1983), which is reminis-
cent of the changes in this system that are frequently seen with axotomy (Lieber-
man, 1971). Further experiments are still required, however, to test the micro-
tubule disruption hypothesis. 

B. Termination of the Cell Body Reaction 

1. NORMAL TIME COURSE OF CELL BODY REACTION 

The cell body reaction reaches its apex at 2 - 3 weeks after axotomy, as indi-
cated by a number of criteria, e.g., overall level of protein synthesis, amount and 
velocity of fast and slow axonal transport, and cell size (Murray and Grafstein, 
1969; Grafstein and Murray, 1976; McQuarrie and Grafstein, 1982a; Burmeister 
and Grafstein, 1985; Perry et al., 1986a). The decline of the reaction begins at 
about the time that the axons begin to penetrate into the optic tectum, although 
recovery of the cell body is not complete until 12-26 weeks after the lesion 
(Burmeister and Graf stein, 1985; D. W. Burmeister, unpublished results), which 
corresponds to the time required for restoration of the normal number of reti-
notectal synapses (Murray and Edwards, 1982). This suggests that the process of 
tectal innervation may regulate the cell body reaction, at least in its declining 
phase. 

In spite of the close correspondence between innervation of the tectum and 
regression of the cell body reaction, some features of the reaction begin to 
decline even before the regenerating axons reach the tectum. The peak of RNA 
synthesis, for example, has been observed at 4 - 7 days after the lesion (see 
Section II,B,2,a), and the labeling of some fast axonally transported proteins 
apparently shows a sharp decline after 1 week (Perry et al., 1986a). These 
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observations suggest that the termination of the cell body reaction depends on a 
number of different mechanisms, some of which may be acting early in the 
course of the reaction. 

2. EFFECTS OF REMOVAL OF THE TARGET (HOMOTOPIC) 

LOBE OF THE OPTIC TECTUM 

a. Time Course of Regeneration. When one lobe of the optic tectum has 
been removed (Sharma, 1973; Lo and Levine, 1980; Burmeister and Grafstein, 
1985), the regenerating axons that would ordinarily project to this lobe of the 
tectum (i.e., those originating in the contralateral eye) produce a very dense 
innervation of the pretectal regions on both sides and also form a large neuroma 
in the midbrain under the site of ablation (Burmeister and Grafstein, 1985). 
Some of the axons continue growing into the brainstem to reach several milli-
meters beyond their original length. A substantial proportion of the axons grow 
across the midline to innervate the remaining (heterotopic) tectal lobe, first 
appearing there about 3 -4 weeks after the operation (Lo and Levine, 1980; G. 
W. Perry and D. W. Burmeister, unpublished results), and completely covering 
this lobe of the tectum by 6 -8 weeks (Lo and Levine, 1980; Sharma, 1973; 
Levine and Jacobson, 1975). At least some of the retinotectal connections be-
come functional within 4 - 6 weeks (Easter and Schmidt, 1977), but mature 
synapses (as judged by morphological criteria, including clustering of synaptic 
vesicles at the presynaptic membrane) are not frequently seen until later times 
(Airhart and Norden, 1985). Eventually the synaptic terminals formed by the 
regenerating axons become confined to narrow bands that alternate with similar 
bands of innervation formed by the axons indigenous to the heterotopic lobe 
(Levine and Jacobson, 1975; Spinger and Cohen, 1981); in our own studies this 
"banding" phenomenon did not appear until nearly 26 weeks following a crush 
of the optic nerve in animals kept at 20°C (Burmeister and Grafstein, 1985), i.e., 
long after most of the axons had established their initial synapses. The establish-
ment of the banding pattern may resemble the process of refinement of the 
retinotectal projection by elimination of incorrect synaptic connections that nor-
mally occurs during reinnervation of the target (homotopic) lobe of the tectum 
(see Sections II,A,4 and ΙΙΙ ,Β,Ι) . 

b. The Cell Body Reaction in the Absence of the Target Lobe of the Tec-
tum. In the early stages of regeneration, changes in cell body size appear to be 
affected very little if at all, by the removal of the target lobe of the tectum 
(Burmeister and Graf stein, 1985). The enlargement of the cell body occurs with 
the same time course as during normal regeneration. The retinal ganglion cells 
remain enlarged, however, long beyond the time at which they would be ex-
pected to return to normal. They show little recovery in size by 10-12 weeks 



316 BERNICE GRAFSTEIN 

(Burmeister and Graf stein, 1985), and they retain their enhanced capacity for 
axonal outgrowth when the retina is placed in tissue culture (Mizrachi et al., 
1984). Thus the cell body reaction, at least in its later stages, is normally 
modifiable by conditions encountered by the axon. 

When only the homotopic lobe of the tectum has been removed, recovery of 
cell size to normal may be seen by 26-36 weeks at 20°C (D. W. Burmeister, 
unpublished results). This appears to correspond to the time required for forma-
tion of the banding pattern of retinotectal synapses in the remaining (heterotopic) 
lobe of the tectum (see Section IV,B,2,a). Recent experiments indicate that 
conditions that delay the formation of the banding pattern (e.g., injection of TTX 
into both eyes) also retard the time course of recovery, whereas removal of the 
indigenous innervation of the heterotopic lobe of the tectum (by removal of the 
heterotopic eye) accelerates the recovery of cell body size (D. W. Burmeister, 
unpublished results). In spite of these indications that recovery of the cell body 
depends on establishment of connections in tectal tissue, some degree of recov-
ery is seen even when both lobes of the tectum have been removed (D. W. 
Burmeister, unpublished data), suggesting that another factor may be involved. 
It is not yet clear whether this represents recovery due to formation of abnormal 
synapses in other parts of the brain or long-term atrophy due to the failure to form 
synapses. 

c. Changes in Fast Axonal Transport. Labeling of individual fast axonally 
transported proteins, as seen by two-dimensional gel electrophoresis, reveals 
virtually no effect of removal of the target lobe of the tectum for up to 3 weeks 
after axotomy (Perry et al., 1986b). In the original axon segment, proteins 
showing a sharp peak at 1-2 weeks after the lesion, for example, also do so in 
the absence of the contralateral lobe of the tectum. After 3 weeks, however, the 
labeling declines more slowly than usual, or even shows a renewed increase, 
with a peak at 5 -8 weeks. Almost all the proteins examined show significantly 
higher labeling than during normal regeneration until at least 12 weeks after the 
lesion. Highly elevated levels of labeling are also seen in the new segment of 
axon, especially after 5 weeks. Nearly all of the proteins that have been found to 
increase during regeneration can therefore be considered to be regulated by 
contact with the tectum. This includes even those proteins that show an early 
peak in labeling, presumably indicating early regulation by another mechanism 
as well. An example of this is seen with the 45,000-molecular weight protein 
described in Section II,C,2,a, which shows an early decrease in labeling that is 
independent of reconnection with the tectum (Benowitz et al., 1983), but a 
subsequent slow decline that occurs only in the presence of the target lobe of the 
tectum (Perry et al., 1986b). 

Fast-transported proteins that show enhanced labeling only upon contact with 
the optic tectum, and hence might be specifically associated with synap-
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togenesis, appear to be rare, but decreased labeling of some fast-transported 
proteins (140,000-155,000 MW) in the absence of the tectum has been reported 
(Benowitz et al., 1983; Benowitz, 1984). 

d. Changes in Slow Axonal Transport. Most of the individual proteins in 
slow axonal transport that show increased labeling during regeneration (see 
Section II,C,2,b) show an even higher level of labeling in the absence of the 
homotopic tectal lobe. The differences appear at 4 - 5 weeks after the lesion and 
last until at least 10-12 weeks (Perry et aL, 1986c). This includes tubulin, actin, 
and the ON proteins. It does not, however, include the W proteins (35-45 kDa, 
pi 6 .5-7.0) , the labeling of which is depressed below the levels normally seen 
during regeneration. These observations are consistent with the idea that the W 
proteins may be associated with myelin (see Section II,C,2,b), and that myelina-
tion, which is accelerated when the axons arrive in the tectum (Murray, 1976; 
Wolburg, 1978), may not proceed normally in the absence of the tectum. It has 
also been reported that labeling of a slowly transported 300-kDa protein, which 
normally appears during innvervation of the tectum, fails to occur when the 
tectum has been removed (Giulian, 1984b). 

e. Conclusions from Experiments on Target Removal. Cell body recovery 
normally begins with the entry of the regenerating axons into the optic tectum, 
and this recovery is delayed when the target lobe of the optic tectum has been 
removed. This indicates that the cell body reaction is normally not a self-limiting 
event, but depends on some extrinsic signal. However, the nature of the recovery 
signal is still not clear. The following conclusions can be drawn. 

1. The reaction is not necessarily terminated when the axons regain their 
normal length. 

2. Contact with the (heterotopic) tectal tissue is not sufficient for recovery. 
Hence a diffusible trophic factor produced by the normally innervated tectum 
cannot be responsible for recovery. 

3. Synaptogenesis per se is not adequate for complete recovery, since the 
regenerating axons establish synapses (in the heterotopic tectal lobe) only a few 
weeks later than they normally would (in the homotopic lobe). 

The apparently weak affect of the heterotopic tectal lobe in providing a signal 
for recovery may, however, be due to one or more of the following causes. 

1. Many of the neurons with axons entering the heterotopic tectal lobe may 
also have branches that fail to find an appropriate target, so that the recovery 
signal from the tectum may be diluted or counteracted. 

2. The recovery signal may be different on the two sides of the brain, the 
signal from the remaining tectal lobe being less effective for axons that belong on 
the other side. 
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3. The sensitivity of the regenerating axons to the recovery signal may have 
declined by the time they reach the heterotopic tectal lobe, because of the longer 
time required to get there. 

4. Recovery-promoting trophic factors may be produced by the tectum only 
when it has been denervated. 

The various possibilities that might account for delayed recovery of the retinal 
ganglion cells in the absence of the homotopic tectal lobe have not yet been 
completely explored. Nevertheless, the experiments showing that recovery of 
cell body size is correlated with the appearance of the banding pattern in the 
retinotectal projection is a persuasive argument in favor of the view that the 
competitive interactions thought to be involved in the establishment of banding 
pattern (see Section IV,B,2,a) are also responsible for the recovery of cell body 
characteristics. This is an important finding, because it provides for the first time 
a common ground for the analysis of problems of retinotectal specificity and 
retinal ganglion cell metabolism. 

V. General Conclusions 

A. Comparison of the Goldfish Retinal Ganglion 
Cell with Other Regenerating Neurons 

Are the regeneration-associated changes displayed by the goldfish retinal 
ganglion cell unique to this neuron or do they occur in other regenerating neurons 
as well? The answer to this question requires a consideration of the salient 
characteristics of the regenerating goldfish retinal ganglion cell: 

1. The goldfish retinal ganglion cell responds to axotomy with very little 
disruption of the rough endoplasmic reticulum and little if any other evidence of 
deleterious consequences of the injury. Thus this neuron may be expected to 
reveal the changes associated specifically with regeneration more clearly than 
neurons that show more prominent nonspecific injury effects (Grafstein, 1983). 

2. The reaction to axotomy in the goldfish retinal ganglion cell involves a 
rapid increase in the supply of virtually all major axonally transported proteins 
(as well as lipids, nucleosides, polyamines, and probably other still-uninvesti-
gated constituents). In other regenerating neurons, such a pervasive increase is 
not seen (reviewed by Forman, 1983). Frequently there is a decrease, at least in 
the synthesis of membrane-associated materials (Reis et al, 1978) or neurofila-
ments (Hoffman et al., 1984). In some neurons there is no net change in protein 
synthesis and axonal transport, possibly because the transport of some proteins 
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may be increased, while the transport of others is decreased; in some neurons a 
net decrease occurs. Sometimes increased synthesis appears only in association 
with synapse formation and maturation of the axon (Engh et aL, 1971). Thus, in 
many cases the normal level of transport may be adequate to support most of the 
materials needed for regeneration—conceivably the materials normally utilized 
for maintenance of the segment of the axon that has been amputated may be 
sufficient to supply the regenerating sprouts, or the deposition of materials in the 
undamaged part of the axon may be reduced. It is possible, however, that even 
when total protein synthesis is reduced, there may be an increase in materials 
specifically associated with regeneration (Skene and Willard, 1980a,b). 

3. The regenerating goldfish retinal ganglion cell shows increased transport 
of tRNA. Although qualitatively similar changes have been observed in other 
regenerating axons (e.g., rat sciatic nerve; Lindquist and Ingoglia, 1979), the 
effect is much more prominent in the goldfish optic axons. It is not yet clear, 
however, whether these changes, which may be important in posttranslational 
modification of proteins, are critical for regeneration. 

4. The axonal transport of cy to skeletal elements, including tubulin and ac-
tin, is accelerated during regeneration in goldfish retinal ganglion cells. This 
may represent either an increase in transport velocity of these elements or an 
increase in the amount of a relatively rapidly transported fraction of these constit-
uents. In regenerating mammalian sciatic nerve, there is an increase in the 
magnitude of a relatively rapidly transported fraction of tubulin (Hoffman and 
Lasek, 1980), resulting in the association of a significant amount of tubulin with 
component SCb of slow transport, whereas most of the tubulin is conveyed in 
SCa under normal conditions (Hoffman and Lasek, 1975). In the goldfish retinal 
ganglion cell, much of the tubulin transport occurs in component SCb, even 
under normal conditions. It has been proposed that cotransport of tubulin with 
other SCb constituents, particularly actin, may be an important determinant of 
regeneration (McQuarrie, 1983). 

5. In the goldfish retinal ganglion cell, as in other neurons, the mechanism 
that initiates the cell body reaction is still unknown. It has been suggested that the 
initiating event may involve a disruption of the microtubules, possibly leading to 
alterations in the Golgi system (see Section IV,A,3). Conceivably, one factor in 
the failure of mammalian CNS neurons to regenerate (Barron, 1983) may be the 
absence of this initiating event. Possibly, conditions at the site of the lesion in the 
CNS may be inappropriate for producing the requisite change in the micro-
tubules. Or perhaps the microtubule change alone may not be sufficient to 
produce the cell body reaction, but may require, in addition, the presence of a 
trophic factor that may be produced by the nonneuronal cells of the injured 
goldfish optic nerve (see point 11, below), but not by mammalian glial cells. The 
idea that two independent conditions, namely, axon damage and the presence of 
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appropriate trophic factors, are required for successful regeneration of the axon 
has also been invoked to explain the phenomenology of growth of mammalian 
CNS axons into grafts of peripheral nerve (Aguayo, 1985). 

6. The early stages of cell body reaction in the goldfish retinal ganglion cells 
(probably including the period in which the most rapid axon elongation normally 
occurs) are unaffected by whether or not axonal outgrowth takes place. Thus the 
characteristics of the cell body reaction, at least during the early stages, are 
uninfluenced by feedback from the axon. They may be influenced, however, by 
other changes that might be concomitantly produced by the lesion, such as 
depolarization of the cell body. If these properties are true also for other re-
generating neurons, they might explain the differences in the reaction produced, 
for example, by lesions placed close to or far from the cell body (Watson, 1968). 

7. Outgrowth of the goldfish optic axons can commence even when neuronal 
protein synthesis has been inhibited. This indicates that all the proteins that are 
necessary for the transition from a normal neuron to one that is regenerating are 
probably already being synthesized under normal conditions. Thus, it appears 
unlikely that new genes need to be turned on. Whether this is also true in other 
neurons remains to be determined. 

8. Increased synthesis and axonal transport of proteins are essential if out-
growth of the goldfish optic axons is to continue beyond a few days. That the cell 
body reaction is important for the maintenance of regeneration has also been 
demonstrated in frog sciatic axons (Carlsen, 1984). 

9. An enhanced rate of outgrowth of the goldfish optic axons resulting from 
a prior conditioning lesion is correlated with potentiation of the cell body reac-
tion. These findings indicate that, although axonal sprouting may be initiated in 
the absence of any contribution from the cell body (Bray et al., 1978), the degree 
of metabolic support that the cell body provides eventually becomes an important 
determinant of the rate of regeneration. 

10. Regeneration of the goldfish optic axons can be promoted by extra-
cellular factors produced by the glial cells and other nonneuronal elements. The 
isolation and identification of such growth-promoting factors (and also some 
growth-inhibiting factors) are likely to be accomplished very soon, and it will be 
interesting to see how the factors in goldfish optic nerve compare with corre-
sponding factors released from the supporting cells in other regenerating systems 
(Varon and Adler, 1981). What still remains to be determined is how important 
such factors may be for the normal regeneration in vivo, relative to the intrinsic 
regenerative capacity of the nerve cell. 

11. Regeneration can be influenced by physiological activity. Reduction of 
the level of physiological activity in goldfish retinal ganglion cells reduces the 
number (and/or size) of the regenerating axons, an effect that has not yet been 
described in other regenerating systems. It has also been found that the final 
stages of restoration of the retinotectal connections depend on the pattern of 
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electrophysiological activity in the retina. This mechanism has been shown to be 
important in normal development of the visual pathway in other species, includ-
ing mammals (for references see Edwards and Grafstein, 1983). 

12. Recovery of the axotomized goldfish retinal ganglion cells is not com-
plete until the regenerating axons reestablish functionally appropriate connec-
tions in the optic tectum. The nature of the mechanisms involved is not yet clear, 
but this is an important finding in that it reveals a possible role of physiological 
events at the axon terminals in modifying biochemical events in the cell body. 
This possibility needs further careful exploration in normal as well as regenerat-
ing systems. 

B. Comparison of the Effects of Axotomy on the Retinal 
Ganglion Cell in the Goldfish and in the Mammal 

Injury of the optic nerve in adult mammals usually results in only very limited 
regeneration (Ramon y Cajal, 1928; Richardson et al., 1982; Grafstein and 
Ingoglia, 1982). In the rat, for example, some axonal sprouting has been de-
tected following an intracranial lesion of the optic nerve, including the formation 
of structures that resemble growth cones at 2 weeks after the lesion (Richardson 
et al., 1982). The bundles of unmyelinated sprouts extended only to about 0.5 
mm from the lesion, however, and even the axons that showed the regenerative 
response appeared to degenerate eventually. 

Why does injury of the optic nerve in the mammal produce such poor re-
generative results compared to the goldfish? 

1. Preservation of the blood supply of the nerve and survival of glial cells. A 
lesion of the optic nerve in the mammal usually produces intense ischemic 
necrosis in the center of the retinal nerve stump, in some cases extending almost 
to the eye (Grafstein and Ingoglia, 1982; Richardson et al, 1982). Even the 
relatively small proportion of optic axons that survive at the periphery of the 
nerve show evidence of poor blood supply in the failure of axonal transport at 
their tips (Grafstein and Ingoglia, 1982). In the goldfish, on the other hand, the 
glial cells and most of the axons remain viable almost up to the level of the 
lesion. The superior survival of the goldfish glial cells may be due to better 
preservation of the blood supply in the region of the lesion, and possibly also to 
better resistance of the glial cells to local ischemia. The importance of the 
vasculature in regeneration is also brought out by the fact that when a nerve is led 
to grow through an artifical conduit in vivo, the elongating axons follow a strand 
of vascular elements and supporting cells which forms before the axons arrive 
(Madison et al., 1983). Conceivably, the successful regeneration of mammalian 
optic axons into peripheral nerve grafts (So and Aguayo, 1985) may be due to a 
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susceptibility of these grants to invasion by vascular elements. It is possible also 
that the Schwann cells are more resistant to anoxia than glial cells are. 

2. Production of growth-modulating factors by glial cells. The glial cells of 
the goldfish optic nerve release factors that can promote regeneration of optic 
axons not only in goldfish but also in mammals. Thus when extracts of regenerat-
ing fish optic nerve are applied to the crushed optic nerve in adult rabbits, 
metabolic changes resembling those associated with regeneration are evoked in 
the rabbit retina (Schwartz et al., 1985; see Section III,D,2), and axonal sprout-
ing may be detected (Lavie et al., 1985). Extracts of neonatal rabbit optic nerve 
can elicit a similar response, whereas extracts of the adult nerve cannot (Hadani 
et al., 1984). It appears, therefore, that the ability of the optic glia to produce 
growth-promoting factors is present in mammals as well as lower vertebrates, but 
is lost in mammals during maturation, although the optic neurons retain their 
sensitivity to such factors. It is possible that similar factors liberated by Schwann 
cells are at least partly responsible for the ability of peripheral nerve grafts in the 
orbit to support mammalian optic nerve regeneration (So and Aguayo, 1985). 
These factors, however, are not able to sustain the long-term functional viability 
of the regenerating mammalian cells that remain disconnected from their synap-
tic target (Keirstead et al., 1985). 

Regeneration may be adversely affected by inhibitory factors produced by the 
glial cells. Even in the goldfish optic nerve such factors have been detected 
(Rachailovich and Schwartz, 1984), and there is some evidence that mammalian 
optic nerve glia release inhibitory factors in vitro, since the processes of cultured 
neurons avoid optic nerve expiants (Schwab and Thoenen, 1985). 

3. Survival of neurons. Almost all the goldfish retinal ganglion cells survive 
axotomy, whereas many of the mammalian retinal ganglion cells die. Some of 
the mammalian cells die almost immediately—about 20% disappear by 3 days 
after an intracranial optic nerve lesion in the mouse (Grafstein and Ingoglia, 
1982). Others take longer to die—about 50% have disappeared by 2 - 3 months in 
the mouse (Grafstein and Ingoglia, 1982), and an even larger proportion may 
disappear in other species, although more slowly (for references see Misantone et 
al., 1984). Those that survive usually shrink in size, at least initially. These 
changes, especially those that take a long time to occur, have been attributed 
to the lack of a trophic factor normally derived from the target tissues (e.g., 
Misantone et al., 1984). Apparently, the goldfish neurons are less dependent on the 
putative trophic factor. Even when both lobes of the goldfish optic tectum have 
been removed and the retinal ganglion cells fail to make their normal connec-
tions, very few of them are lost over a period of months following the lesion 
(D. W. Burmeister, unpublished results). The loss of axotomized neurons from the 
retina probably does not account for the poor regenerative ability of mammalian 
optic nerve, since the cell loss is so long delayed. Nevertheless, the mechanisms 
leading to this loss may be related to those that interfere with regeneration. 
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4. The cell body reaction to axotomy. It is clear that the cell body changes 
elicited in goldfish retinal ganglion cells by axotomy contribute to the tremen-
dous capacity for regeneration that these cells possess. Whether a similar reac-
tion can be evoked in mammalian retinal ganglion cells still remains to be 
determined. Preliminary indications are that the mammalian neurons may en-
large during regeneration promoted by peripheral nerve grafts (So and Aguayo, 
1985). It has not yet been established, however, whether even under optimal 
conditions the intense regenerative potential of the goldfish retinal ganglion cells 
will be matched by the mammalian neurons. It is likely that this problem will be 
resolved before long, with further development of techniques for promoting 
regeneration in the mammalian central nervous system. 
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in retinitis pigmentosa 

type I, 116-119, 122-123 
type II, 117, 120-121 

Cornea, neovascularization 
cartilage-derived inhibitors and, 232 

Cyclic AMP (cAMP) 
axonal regeneration stimulation, 306 
NAT activity and, 3 8 - 3 9 , 47, 49 
water transport in RPE and, 145 

Cycloheximide, axonal transport during re-
generation and, 302 

Cytoskeleton, RPE 
in phagocytosis ingestion phase, 138-139 

D 

"Diffusable factor", retinal 
disk shedding in ROS and, 52 

Dimethylsulfoxide 
axonal regeneration stimulation, 306 

C a
2 +

 transport and, 306 
Dopamine 

in amacrine cells 
conversion to norepinephrine, 17 
as neuromodulator, 16 

in amacrine cells as neurotransmitter 
localization, 14-15 
regulation by 

ot2-adrenergic receptors, 4 1 - 4 3 
GABA receptors, 43 -45 
melatonin, 4 5 - 4 7 
a-MSH, 41 
opiate receptors, 43 
quisqualate, 41 

synthesis, photic stimulation, 15, 
41 

transmission to brain, 15-16 
visual information and, 16 

biosynthesis, regulation, 28 -33; see also 
Tyrosine hydroxylase 

cone elongation inhibition 
in dark, 50 
melatonin-induced in light, 50-51 
muscinol-induced in light, 50-51 

horizontal cell gap junctions and, 54 
in interplexiform cells, teleost 

adenylate cyclase and, 24 
effect on receptive fields in 

bipolar cells, 40 
horizontal cells, 24, 40, 54 
outer nuclear layer cells, 24 

neurotransmitter function, 24, 40, 54 
receptor-mediated binding, 24 
release, Ca

2 +
-dependent regulation, 

40 
NAT activity and, 4 7 - 4 9 
release from retina, rabbit 

yV-acetylserotonin and, 4 5 - 4 6 
melatonin and, 45 -47 
serotonin and, 46 

Dopamine receptor antagonists, tyrosine hy-
droxylase and, 32 -33 

Dopamine receptors 
in amacrine cells, 15, 41 
D 2, NAT regulation and, 48 
dopamine-stimulated adenylate cyclase and, 

33 -34 
in interplexiform cells, 24 
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Ε 

Electron microscopy 
Bruch's membrane, 178-180 
internal limiting membrane, 190 
interphotoreceptor matrix, 181-182 
neural retina, 192 

Endothelial cells 
capillary and large vessel 

differences, in vitro study, 223-224 
similarities, 222-223 

growth in vitro, RPE-derived inhibitors and, 235 
migration 

Chemotaxis in retina, 220 
neovascularization and, 218-219 
phagokinesis in vitro and, 219 
through porous membrane, 219-220 

retinal capillary, proliferation, 220-221 
type IV collagenase, 218 

Epinephrine 
in amacrine cells 

conversion from norepinephrine by 
PNMT, 17 

detection, 17 
functions, 17-18 

Extracellular matrices, retinal 
Bruch's membrane, 150-151, 177-181 
future research, 199-200 
internal limiting membrane, 188-192 
interphotoreceptor matrix, 147-148, 156-

157, 181-188 
neural retina, 192-195 

Extracellular matrix 
collagens, 170-172 
effect on neurons 

in PNS, 195 
fibronectin and, 197 
laminin and, 197 

functions 
cell proliferation support, 175 
development regulation, 176 
phenotypic expression maintenance, 176-177 

glycoproteins, 173-174 
macromolecule interactions, 175 
proteoglycans, 172-173 

F 

Fibronectin 
in internal limiting membrane, 188 
neurite outgrowth stimulation in PNS, 197 

G 

GABA, see 7-Aminobutyric acid 
GABA receptors, in amacrine cells, 2 0 - 2 1 , 

43 -45 
GAD, see Glutamic acid decarboxylase 
Ganglion cells 

acetylcholine, 26 -27 
aspartate and glutamate, 2 5 - 2 6 
-gl ia interaction, embryo, 263-265 

in ocular retardation chimeras, 270 
inhibition by glycine from amacrine cells, 

2 1 - 2 2 
Ganglion cells, goldfish 

axonal regeneration, 277-283 
elongation, 280-281 
growth within optic tectum, 281-282 

synapse formation, 282-283 
nontectal center innervation, 283 
outgrowth initiation, 280 
regulation, see Optic axons, regeneration 

axonal transport, see Axonal transport 
cell body response to axotomy 

biochemistry, stimulation of 
ornithine decarboxylase, 286 
protein synthesis, 286-288 
RNA precursor accumulation, 286 
RNA synthesis, 285-286 
tubulin synthesis, 287-288 

initiation 
axonal sprouting and, 311 
axonal transport increase and, 311-312 
hypotheses, 310-311 
microtubule role, 314 
taxol-inhibited axonal sprouting and, 

313 
veratridine-induced membrane de-

polarization and, 313 
vincristine-induced microtubule de-

polymerization and, 312 
morphology, increase of 

free polyribosomes, 284 
Golgi system, 284 
nucleolar mass, 283-284 
size, 284 

termination 
removal of optic tectum target lobe 

and, 315-318 
time course, 314-315 

regeneration-associated changes, 318-321 
comparison with mammalian, 321-323 
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regeneration regulation, see Regeneration, 
ganglion cells, goldfish 

Ganglion cells, mammalian 
response to axotomy, comparison with gold-

fish, 321-323 
Gangliosides, axonal outgrowth block, 3 0 4 -

305 
reversal by anti-gangliosides, 305 

Genetic mosaics, retinal 
chimeras 

mouse, 251-252 , 255-256 , 261-262 
albino-pigmented, 259-261 
ocular retardation, embryo, 266-270 

rat, 253-254 
X-inactivation, 251 

Glial cells 
-ganglion cell interaction, embryo, 263-265 

in ocular retardation chimeras, 270 
proliferation, axonal regeneration and, 3 0 7 -

308 
Glucagon, in amacrine cells, functions, 23 
Glutamate 

in amacrine cells, 22 
disk shedding in ROS and, 53 
in ganglion cells 

high content, monkey, pigeon, 2 5 - 2 6 
neurotransmitter function, 26 
uptake and release, pigeon, 26 

in photoreceptors, 4 - 7 
analog strong effects on second order neu-

rons, mudpuppy, 6 - 7 
GABA release from horizontal cells and, 

6 
high affinity uptake, 5 
horizontal cell depolarization, 6 
neurotransmitter function, 7 
release, light and K+ effects, 6 

Glutamic acid decarboxylase (GAD) 
in amacrine cells, 19-21 
in horizontal cells, goldfish, 10 

Glycine 
in amacrine cells 

ganglion cell inhibition, 2 1 - 2 2 
high-affinity uptake, 21 
light-evoked release, 21 

in interplexiform cells, 25 
Glycine receptors, in amacrine cells, 2 1 - 2 2 
Glycoproteins 

axonal transport durig regeneration, 300 
in extracellular matrix, 173-174 
in interphotoreceptor matrix, 147, 183 

in RPE plasma membrane, 154, 155 
secretion by RPE in culture, 157 

Glycosaminoglycans 
in interphotoreceptor matrix, 147, 182 
in neural retina, 192 
secretion by RPE in culture, 157 

Goldfish, retinal regeneration, see Axonal 
transport, Ganglion cells, Optic axons, 
Regeneration 

Golgi system, in regenerating ganglion cells, 
284 

H 

Healing, internal limiting membrane and, 191, 
192 

Heparin, neovascularization stimulation, 230 
Horizontal cells 

effects of aspartate and glutamate from pho-
toreceptors, 6 

GABA as neurotransmitter 
in amphibians and birds, 10 
in fish H! cells, 10-11 

GAD, goldfish, 10 
gap junctions 

dopamine and, 54 
GABA and, 53 

a-MSH-like substance, cat, 11 
receptive field, dopamine and, 24, 40, 54 

I 

Immunocytochemistry 
Bruch's membrane, 178-179 
internal limiting membrane, 188-190 

Immunoglobulin IgG, Fc region, recognition 
by RPE, 138 

Inflammation, neovascularization stimulation, 
230-231 

Internal limiting membrane 
functions 

attachment site for vitreous, 191 
in healing processes, 191, 192 
in solute flow control, 191-192 

structure 
electron microscopy, 190 
light microscopy and immunocytochemis-

try, 188-190 
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Interphotoreceptor matrix 
biochemistry 

glycoproteins, 147, 183 
IRBR, 184-185 
sulfated glucosaminoglycans, 182 
unsulfated complex carbohydrates, 182-

183 
components secreted by RPE, 148 

in cell culture, 156-157 
functions 

in ROS phagocytosis by RPE, 187 
ROS-RPE interactions and, 187-188 

glycosaminoglycans, 147 
origin 

photoreceptor inner segment and, 185, 
186 

RPE and, 185-186 
photoreceptor outgrowth and, 196 
proteins, 147-148 

IRBR, 147-148, 184-185 
structure 

electron microscopy, 181-182 
light microscopy, 181 

Interphotoreceptor retinol-binding protein 
(IRBP) 

in interphotoreceptor matrix, 147-148, 184-
185 

secretion by photoreceptor inner segment, 
186 

Interplexiform cells, 2 3 - 2 5 , 40 
dopamine, 24, 40 
GABA, 25, 40 
glycine, 25 

Ionophore A23187 
axonal regeneration stimulation, 305 

C a
2 +

 transport and, 306 
IRBR, see Interphotoreceptor retinol-binding 

protein 

L 

Laminin 
in Bruch's membrane, 178, 179 
in internal limiting membrane, 188-189 
in neurite outgrowth stimulation 

in CNS and PNS, 197 
in retina, polyornithine substraum and, 

197-199 
production during optic axon regeneration, 

308-309 

Latex spheres, phagocytosis by RPE 
in cell culture 

cAMP and, 154-155 
by normal and dystrophic cells, rat, 152— 

153 
ingestion, 138-139 
sugar coating and, 137 
tuftsin and, 138 

Lectins, plant, ROS phagocytosis by RPE and, 
136 

Lens, neovascularization inhibitors from, 234 
Lipids, axonal transport during regeneration, 

294 
Lipofuscin, formation in RPE 

aging and, 142-143 
vitamin Ε deficiency and, 141-142 

Lysosomes, in RPE, phagosome degradation, 
140 

M 

α-Melanocyte-stimulating hormone (a-MSH) 
dopamine release in amacrine cells and, 41 
-like substance, in horizontal cells, 11 

Melatonin 
biosynthesis, regulation, 35-39; see also 

Serotonin 7V-acetyltransferase 
cone elongation induction in light, 50-51 

reversal by dopamine, 50-51 
disk shedding in ROS and, 5 1 - 5 2 
dopamine release from retina and, 45 -47 
in photoreceptors 

identification, 8 - 9 
neuromodulatory function, 9 
synthesis from serotonin, 9 

Melatonin receptors 
in amacrine cells, 45, 47 

5 -Methoxy tryptophol 
disk shedding in ROS and, 51 

Microtubules 
in ganglion cells 

cell body response to axotomy and, 314 
depolymerization by vincristine, 312 

in RPE, phagosome movement to 
lysosomes, 141 

Monensin, axonal transport during regeneration 
and, 302-303 

Muscarinic receptors, in amacrine cells, 13-14 
Muscimol 

cone elongation induction in light, 50-51 
reversal by dopamine, 50-51 
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tyrosine hydroxylase inhibition, 4 3 - 4 4 
reversal by picrotoxin, 4 3 - 4 4 

Mutations, affecting eye, mouse, see also spe-
cific mutations 

broad-spectrum developmental disorders, 
247-248 (table) 

cornea of lens defects, 248 (table) 
gene position on genome map, 249-250 
neural retina defects, 284 (table) 
pigmentation defects, 250 

Ν 

NAT, see Serotonin N-acetytransferase 
N-CAM, see Neural cell adhesion molecule 
Neovascularization 

basement membrane fragmentation and, 
217-218 

capillary endothelial cell proliferation, 2 2 0 -
221 

endothelial cell migration and, 218-220 
inhibition by 

cartilage-derived inhibitors, 232 
lens-derived inhibitors, 234 
protamine, 233-234 
RPE-derived inhibitors, 234-236 
vitreous-derived inhibitors, 232-233 

from preexisting vessels, 216-217 
stimulation by 

anoxia-associated factor, 226-227 
blood pressure, during later development, 

224-225 
heparin, 230 
inflammation, 230-231 
nonperfused retina-released substance, 

227 
ocular disorders, 231 
retinal extracts, 229-230 
tumor angiogenic factor, 228-229 
vasoconstriction, 225-226 

vascular bed maturation, 221-224 
Nerve growth factor (NGF) 

axonal regeneration and, 303-304 
release by optic tectum, 309-310 

Nervous (nr) mouse 
photoreceptor loss, 258 
Purkinje cell loss, 258 
RPE phagocytosis normal, 258 

Neural cell adhesion molecule (N-CAM) 
retinal embryogenesis and, 263-265 

Neural retina 
biochemistry 

collagens, 194-195 
proteoglycans, 193-194 

cell lineage, mouse, 261 
structure 

electron microscopy, 192 
histochemistry, 192-193 

Neuromodulators 
definition, 2 
in photoreceptors, 8 - 9 , 45 -47 
in retinal neuron layers, 3 - 4 

Neurotransmitters 
in amacrine cells, 12-23 , 4 0 - 4 7 
in bipolar cells, 11-12 
definition, 2 
in ganglion cells, 25 -27 
in horizontal cells, 10-11 
in interplexiform cells, 2 3 - 2 5 , 40 
in photoreceptors, 4 - 9 , 4 7 - 4 9 
in retinal neuron layers, 3 - 4 

NGF, see Nerve growth factor 
Nicotinic cholinergic receptors, in amacrine 

cells, 13-14 
Norepinephrine 

in amacrine cells 
conversibn to epinephrine by PNMT, 17 
detection, 17 
synthesis from dopamine, 17 

Nucleolus, in regenerating ganglion cells, 
283-284 

Ο 

Ocular disorders, neovascularization devastat-
ing effects on, 231 

Ocular retardation chimeric embryo, mouse 
cell death, 266-268 
extracellular space, 268 
nerve fiber pattern, 268-270 
axon-glia interaction, 270 

Optic axons, regeneration, goldfish 
conditioning lesion effects 

elongation acceleration, 296-297 
protein synthesis and transport increase, 

297-298 
inhibition by 

cycloheximide, 302 
diazacholesterol, 303 
monensin, 302-303 
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tetrodotoxin, 299-302 
tunicamycin, 303 

regulation 
environmental mechanisms, 295-296 
neuronal mechanisms, 295 

stimulation by 
calcium modulators, 305-306 
cAMP, 306 
gangliosides, 304-305 

reversal by anti-gangliosides, 305 
NGF, 303-304 

Optic nerve, goldfish 
axotomy, effects on ganglion cells, see 

Ganglion cells 
conditioning lesions, axonal regeneration 

and, 296-298 
regenerating, regulatory protein release, 

308-309 
Optic tectum, goldfish 

growth-promoting factors for neuntes, 3 0 9 -
310 

regenerating retinal axon growth in, 281 — 
282 

synapse formation, 282-283 
target lobe removal, effect on 

cell body reaction, 315-316 
fast axonal transport, 316-317 
regeneration time course, 315 
slow axonal transport, 317 

Ornithine decarboxylase, in regenerating gang-
lion cells, goldfish, 286 

Outer nuclear layer cells, receptor field, 
dopamine effect, 24 

Oxygen, retinal vessel obliteration and, 226 

Ρ 

Peripheral nervous sytem (PNS) 
neurite outgrowth stimulation by 

fibronectin, 197 
laminin, 197 
PNPF, 197-198 

Phagocytosis 
by macrophages, mechanisms of, 132 
by RPE 

fast specific of ROS membrane, 132-143, 
152-156; see also Retinal pigment 
epithelium 

slow nonspecific of latex spheres, 134-
135 

ingestion, 138-139 
sugars and, 137 
tuftsin and, 138 

Phagosomes, in RPE 
degradation by lysosomes, 140 
lipofuscin formation 

aging and, 142-143 
vitamin Ε deficiency and, 141-142 

movement by microtubules, 141 
Phenylethanolamine N-methyltransferase 

(PNMT) 
norepinephrine conversion to epinephrine, in 

amacrine cells, 17 
Photoreceptors 

in nervous mouse, 258 
neuromodulators 

melatonin, 8 - 9 , 45 -47 
serotonin, 9 
taurine, 8 

neurotransmitters aspartate and glutamate, 
4 - 7 

outgrowth, interphotoreceptor matrix and, 
196 

in Purkinje cell degeneration, mouse, 257 
in retinal degeneration, mouse, 254 
in retinal dystrophy, RCS rat, 252-253 

Physiological operators, mathematical model, 
82 -83 

Picrotoxin, tyrosine hydroxylase and, 4 3 - 4 4 
PNMT, see Phenylethanolamine N-

methyltransferase 
PNPF, see Polyornithine-binding neurite-pro-

moting factor 
PNS, see Peripheral nervous system 
Poly amines, axonal transport, regeneration 

and, 290 
Polyornithine-binding neurite-promoting factor 

(PNPF) 
in PNS and CNS, 197-198 
in retina, 198 

Polyribosomes, free, in regenerating ganglion 
cells, 284 

Potassium ion 
transport in RPE, 145 

taurine transport and, 146 
Protamine, neovascularization inhibition, 2 3 3 -

234 
Protein kinase 

cAMP-dependent, tyrosine hydroxylase and, 
31 -32 
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Proteins 
axonal transport during regeneration 

fast, 290-292 
tectum target lobe removal and, 3 1 6 -
317 

retrograde, 293-294 
slow, 292-293 

tectum target lobe removal and, 217 
tetrodotoxin effect, 300 

in interphotoreceptor matrix, 147-148 
Protein synthesis, in ganglion cells, goldfish 

increase during regeneration 
membrane, 287 
soluble, 288 
total, 286-287 

Proteoglycans 
chondroitin sulfate-containing, in neural reti-

na, 193-194 
age-related changes, 194 

heparan sulfate-containing, in Bruch's mem-
brane, 178, 180, 181 

in extracellular matrix, 172-173 
in RPE basement membrane, 149 

Psychophysical experiments 
brightness magnitude estimation, 86-87 
decision making behavior, 87 

frequency-of-seeing curve, 88 -89 
rating scale method, 89 -90 
receiver operating characteristic curve, 

90 -93 

increment threshold, 84-85 
Purkinje cell degeneration ipcd), mouse 

Müller cell abnormality, 257 
photoreceptor abnormality, 257 
RPE genotype and, 257 

Purkinje cells, loss in nervous mouse, 258 

Q 

Quisqualate, dopamine release in amacrine 
cells and, 41 

R 

Regeneration, ganglion cells, goldfish 
axonal growth, 277-283; see also Ganglion 

cells, goldfish 
axonal transport, 288-294 

cell body response, 283-288; see also 
Ganglion cells, goldfish 

regulation by 
calcium modulators, 305-306 
cAMP, 306 
conditioning lesions, 296-298 
extraretinal tissues, 307-310 

glial cell proliferation, 307-308 
optic nerve-released protein, 308-309 
optic tectum-released factors, 309-310 

gangliosides, 304-305 
laminin from basement membrane, 3 0 8 -

309 
metabolism inhibitors, 302-303 
NGF, 303-304 
tetrodotoxin, 298-302 

Retina 
capillary maturation, 222 
cell biology, vision psychophysics and, 125— 

127 
cell lineage, mouse, 258-260 
embryogenesis 

normal, ganglion cell—glia interaction, 
263-265 

ocular retardation mutant, mouse, 2 6 5 -
266 
chimeras, 266-270; see also Ocular 

retardation chimeric embryo 
nerve growth absence, 265 

endothelial cells 
capillary, proliferation, 220-221 
Chemotaxis, 220 

neovascularization 
anoxia-associated factor and, 226-227 
high oxygen concentration and, 226 
nonperfused retina-released substance and, 

227 
photocoagulation and, 227-228 
retinal extracts and, 229-230 
vasoconstriction and, 225-226 

neuron layers 
neuromodulators, 3 - 4 
neurotransmitters, 3 - 4 

nonperfused, vasogenic substance release, 
227 

Retinal degeneration (rd), mouse 
neural retina as primary site of gene action, 

256-267 
photoreceptor degeneration, 254 
RPE genotype and, 255-256 



346 INDEX 

Retinal dystrophy (rdy), RCS rat 
photoreceptor degeneration, 252-253 
RPE 

latex sphere phagocytosis, 152-153 
as primary site of gene action, 253-254 
ROS phagocytosis deficiency, 152, 153 
tight junction pathology, 150 

Retinal pigment epithelium (RPE) 
cell lineage, mouse, 259-261 
cell structure, 129-131 
functions, 131-132 
in nervous mouse, 258 
phagocytosis of ROS membrane, 132-143 

binding, recognition of 
carbohydrates, 135-137 
serum components, 137-137 

ingestion, cytoskeleton role, 138-139 
phagosome degradation, 139-143 

lipofuscin formation and, 141-143 
lysosomes and, 140 
microtubules and, 141 

photoreceptor outgrowth and, 196 
interphotoreceptor matrix role, 196 

protein flow from blood 
Bruch's membrane and, 150-151 
choriocapillaris endothelium and, 150— 

151 
tight junctions and, 150 

pathology in RCS rat, 150 
in Purkinje cell degeneration, mouse, 257 
rdy gene action primary site, RCS rat, 2 5 3 -

254 
in retinal degeneration, mouse, 256 
secretion of components for 

basement membrane, 149 
in cell culture, 156-157 

interphotoreceptor matrix, 148 
in cell culture, 156-157 

transport of 
Na + and K

+
 from retinal surface, 145 

Na+ ,K
 +
-ATPase and, 144-145 

retinol from liver, 143-144 
taurine, 146 
water from subretinal space, 145 

retinal adhesion and, 145 
Retinal pigment epithelium, cell culture 

-conditioned medium, induction of 
adjacent vessel regression, 234-235 
endothelial cell growth inhibition, 235 

phagocytosis 
energy requirements, 155-156 

of latex spheres, cyclic nucleotides and, 
154-155 

plasma membrane components and, 153-
155 

of ROS, deficiency in RCS rat, 152, 153 
specificity, 152-153 

retinol storage, 157 
retinol uptake, 157-158 
secretion of 

collagen, 156 
interphotoreceptor matrix proteins, 156-

157 
glucosaminoglycans, 157 

Retinitis pigmentosa 
cone and rod spectral sensitivities 

in type I, 116-119, 122-123 
in type II, 117, 120-121 

inheritance, 111-112 
pathology, 112 
rod transduction kinetics, 117, 124-125 

phosphodiesterase abnormality and, 124, 
125 

Retinol 
free and bound, uptake by RPE in culture, 

157-158 
storage in RPE, 144 

in cell culture, 157 
transport from liver to RPE, 143-144 

Retinol-binding protein 
in interphotoreceptor matrix, see In-

terphotoreceptor retinol-binding protein 
retinol transport to RPE, 143-144 

crossing Bruch's membrane, 151 
Rhodopsin 

predicted log absorption spectrum, 9 5 - 9 6 
quantum absorption, 76 
in ROS membrane, degradation by RPE 

lysosomes, 140 
spectral absolute threshold curve, 94 

equations for, 95 
RNA, in regenerating ganglion cells, goldfish 

axonal transport, 289 
synthesis in cell body, 285-286 
tubulin mRNA increase, 285, 288 

RNA precursors, in regenerating ganglion cells 
accumulation in cell body, 286 
axonal transport, 289 
transcellular transfer, 289-290 

Rod outer segment (ROS) 
disk phagocytosis by REP 

ingestion, 138-139 
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plant lectins and, 136 
simple sugars and, 136-137 

disk shedding, stimulation by 
aspartate and glutamate, 53 
C a

2
+ , 52 

6-chloromelatonin, 51 
melatonin, 5 1 - 5 2 
5-methoxytryptophol, 51 
retinal "diffusable factor", 52 

Rods 
internal transduction kinetics, 101-110 

blocking agent release, 103-107 
detection of square in afterimage, 108— 

109 
comparison with electrical response, 
109-110 

reaction time technique, 102-105 
spectral sensitivity 

normal, 112-116 
in retinitis pigmentosa, 117, 124-125 

phosphodiesterase abnormality and, 
124-125 

type I, 116-119, 122-123 
type II, 117, 120-121 

ROS, see Rod outer segment 
RPE, see Retinal pigment epithelium 

S 

Serotonin 
in amacrine cells 

functions, 18-19 
high-affinity binding, 18 
localization and content, 18 
synthesis from tryptophan, 18 

effect on dopamine release from 
interplexiform cells, 40 
retina, 46 

in photoreceptors 
light-induced accumulation, 9 
melatonin synthesis from, 9 
possible function, 9 

Serotonin N-acetyltransferase (NAT), retinal 
circadian rhythm, 35 

biological clock, Xenopus, 35 -37 
dark-stimulated, 35, 47 

Ca
2
 + and, 36, 47 

cAMP and, 3 8 - 3 9 , 47, 49 
D 2 dopamine receptors and, 48 
dopamine and, 48 

endogenous catecholamines and, 4 7 - 4 8 
in melatonin synthesis, 9, 3 5 - 3 6 

Signal detection theory, 9 0 - 9 3 
Sodium ion, transport in RPE, 145 

taurine cotransportation with, 146 
Somatostatin, in amacrine cells, 22 -23 

release, Κ + -evoked, Ca
2
 + -dependent, 23 

Substance Ρ 
in amacrine cells, 22 -23 

function, 23 
release, Κ + -evoked, Ca

2 +
-dependent, 23 

dopamine release from interplexiform cells 
and, 40 

Sugars, ROS phagocytosis by RPE and, 136— 
137 

Τ 

Taurine 
in amacrine cells, 22 
flux into PRE 

cotransportation with N a + , 146 
Κ + -dependent mechanism, 146 
Na+,Κ + -ATPase and, 146 

in photoreceptors 
decrease causing degeneration, 8 
high concentration, 8 

Taxol 
axonal sprouting inhibition, 313 
cell body reaction to axotomy and, 313 

Tetrodotoxin 
optic axon regeneration inhibition, 299-300 

axonal transport and, 300 
mechanisms of, 300-302 

optic nerve physiological activity and, 2 8 9 -
299 

Tubulin, in regenerating ganglion cells, 
goldfish 

slow axonal transport, 293 
synthesis in cell body, 287-288 

Tumor angiogenic factor 
isolation and characterization, 228-229 
neovascularization stimulation 

in vitro, 229 
in vivo, 228 

retinal vessels uneffected by, 229 
Tunicamycin, axonal transport during re-

generation and, 303 
Tyrosine hydroxylase, retinal 

in amacrine cells, 15 
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dopamine synthesis 
c AMP-dependent phosphorylation and, 

31 -32 
diurnal rhythm, 28 -29 
dopamine receptor antagonists and, 32 -33 
light activation, 2 8 - 3 0 
saturation with cofactor, 30 
tyrosine administration and, 30 

inhibition by GABA and muscimol, 4 3 - 4 4 
reversal by picrotoxin, 4 3 - 4 4 

in interplexiform cells, 24 
yohimbine-stimulated, 4 1 - 4 2 

clondine effect, 42 

V 

Vasoactive intestinal polypeptide (VIP) 
in amacrine cells, functions, 23 

Vasoconstriction, neovascularization and, 2 2 5 -
226 

Veratridine 
cell body membrane depolarization, 313 
regeneration not affected by, 313 

Vincristine 
microtubule depolymerization in ganglion 

cell body, 312 
comparison with axotomy effect, 312 

VIP, see Vasoactive intestinal polypeptide 
Vision, goldfish 

retinal axon regeneration and, 283 
Vision psychophysics 

photoreceptor physiology, 93 - 1 1 0 , 112-116 
in retinitis pigmentosa, 111-112, 116-

123 
retinal cell biology and, 125-127 
systems approach, 74 -93 

Visual sensations 
density functions for, 9 0 - 9 2 
neural processing and, 80-81 
vector field as function of space and time, 

76 -80 
color specification and, 7 7 - 7 8 

Vitamin E, dietary deficiency 
lipofuscin formation in RPE and, 141-142 

Vitreous 
attachment to internal limiting membrane, 

191 
neovascularization inhibitors from, 232 

W 

Water, transport from subretinal space to RPE 
cAMP and, 145 
retinal adhesion and, 145 

X 

Xenopus laevis 
isolated eye cups 

cone retinomotor movements, 50-51 
ROS disk shedding, melatonin and, 5 1 -

52 
retinal serotonin N-acetyltransferase, biolog-

ical clock and, 35-37 

Y 

Yohimbine, tyrosine hydroxylase stimulation, 
4 1 - 4 2 

reversal by clondine, 42 


