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FOREWORD

History of the ERG Through Early Human Recordings: A Preface
Ragnar Granit* (1900-1991)
Karolinska Institutet for Neurophysiology

It is of some interest to note that the electroretinogram (ERG) was discovered in two inde-
pendent laboratories and that in both cases, it emerged from different but false assump-
tions. The Uppsala physiologist Professor Irithiof Holmgren was inspired by his famous
teacher, DuBois-Reymond of Berlin, who discovered the electrical nature of the nerve
impulse, then known as “the negative variation,” as elicited by an electrical shock to a
nerve." With better recording instruments available in the early 20th century, the more
precise term action polential came to be used, and Holmgren’s question was “Could the
negative variation also be obtained when a natural stimulus such as light was used?”

To this end, he placed recording electrodes on the front and at the back of a frog eye
and was rewarded by observing a response to a light flash. At the time (1865), he thought
that he had recorded an electrical mass discharge from the optic nerve, thus confirming
DuBois-Reymond’s discovery. I assume that Holmgren must have been worried by the fact
that he also saw another electrical response at cessation of illumination, or why otherwise
would he have started shifting his electrodes around the bulb to conclude in 1870 that the
current distribution required the observed responses to have arisen in the retina itself? The
date of understanding what he had recorded is thus 1870, the real birth date of the ERG.

Responsible for an independent discovery of the ERG were two young Scotsmen, Dewar
and McKendrick." The former later became the brilliant physicist Sir James Dewar, head
of the Royal Institution in London, the latter ultimately professor of physiology at the Uni-
versity of Glasgow. The year was 1873, and in that year, photoconductivity in selenium
had been first reported in Great Britain by Willoughby Smith.' The Edinburgh scientists,
not knowing about Holmgren’s findings, wondered whether some similar photoelectric
effect initiated the activity in the retina.

To make a long story short, I quote the greater part of a letter from McKendrick to
Holmgren:

S, 1 send along with this letter a number of papers of which I respectfully beg your acceptance. Among these you will

find a Memoir by My James Dewar and myself on the physiological action of Light, in which we give details regard-
ing an experimental research we made as lo the specific action of light on the retina. This research was begun, carried
on and concluded, and the Memoir was actually printed, before we were aware of your most admirable work as pub-
lished wn the Uppsala Journal. You will observe that at the end of the Memoir we have added an Appendix in which
we at once acknowledge your priority in the discovery. We have had your papers translated from Swedish, and it is sat-
wfactory to know that our independent work corroborates yours in almost every particulas:

. .. Meantime with every sentiment_for you and in admiration of your work.'

* Professor Granit won the Nobel Prize in Medicine in 1967 with corecipients George Wald and Haldan Reffer
Hartline.
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Dewar also succeeded in recording from the human eye, and so 1877 became the year
of birth of the ERG of the human.

The slow galvanometers of that period prevented further development. Actually, the
first author to describe the full phasic display of the ERG was Gotch' in 1903, who used
the capillary electrometer and a frog eye, which, as we know now, is a more complex struc-
ture than that of mammals because it has to operate at a level of precision that the
mammals can achieve only by recourse to cortical centers. But in that same year, Einthoven
developed his string galvanometer, fast and sensitive enough for the recording of both
ERGs and electrocardiograms (EKGs), the latter being Einthoven’s main interest. It came
to dominate instrumentation in electrophysiology for some 20 years, or until electronic
amplification became available, and soon was applied everywhere. The first amplifiers for
ERG were developed by the American physicist Chaffee and his team in 1923." Again the
frog eye was their preparation. From that time on, after sufficient amplification, any fast
recording instrument could be used in neurophysiological experimentation, the most
popular being at first the Matthews oscillograph, later the cathode ray.'

The pioneer Dewar was followed some 45 years later by Kahn and Lowenstein (1924)'
and Hartline (1925). The former pair realized that the Einthoven string galvanometer
made recording of human ERGs possible. Their aim was clinical, but they concluded that
the technique was too difficult for clinical purposes. Hartline, in the course of recording
ERGs from different animals, also included the human. He had some good records but
never returned to ERGs because he became permanently fascinated by the single-fiber
preparation. I have followed his scientific development in the Biographical Memours of Fellows
of the Royal Society.”

In the early 1930s, I was engaged in the Oxford laboratory of Sir Charles Sherrington
in an analysis of the obviously complex EFG. For this end, I employed the more compact
and sturdy Edelmann permanent magnetic string galvanometer, with which the risk of
breaking strings was greatly reduced. It was used with a homemade amplifier base on a
circuit I had received from Hartline, who, I believe, had it from K. S. Cole. E. D. Adrian
had given me good advice on the choice of vacuum tubes. Two of my Oxford friends,
Sybil Cooper and R. S. Creed,' collaborated to make an attempt at the human ERG, and
we had records with b-waves on the order of 0.35mV alike in the central and peripheral
vision. At about the same time, some records were published by Sachs (1929) and Groppel,
Haass, and Kohlrausch (1938)." In 1940 and 1941, Bernhard,' in the course of the elec-
troencephalographic (EEG) work, also recorded ERGs from some subjects. Perhaps the
advent of EEG contributed to making clinically-minded scientists less afraid of electrically
based techniques. This development synchronized happily with the advent of more robust
and easily handled commercial EEGs.

The long latency of the clinical application of around 1925 depended partly upon tech-
nical difficulties. It certainly had to await the advent of electronic amplification. But then,
why did I not, for instance, try to mobilize ophthalmologists in Stockholm to come to my
laboratory for the necessary instructions for clinical application? Actually, I was skeptical
about the outcome. It seemed to me that there might well be significant information within
the virtually monophasic human ERG, but it would be difficult to extract in comparison
with what I had been able to do with the ERGs of cats and frogs 10 years earlier. But
Karpe was insistent and of course received the necessary elementary advice from our
laboratory. The work itself was carried out at the Ophthalmological Department of
Karolinska Institutet. So by dint of hard work, Karpe became the first to prove that
clinical ERG was both possible and worth doing. Thus, a new field of approach to ocular
disease had been opened, and soon it was developed in many directions. We did not know
at the time that during the war the able American psychologist Lorrin Riggs' had designed
a contact lens electrode for the recording of ERG in man. Karpe designed one
independently.

January 10, 1989
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PREFACE TO THE SECOND
EDITION

We are very pleased to present a second edition of 7he Principles and Practice of Clinical Elec-
trophysiology of Vision. It has been a considerable undertaking and has taken 5 years. We
would like to take the opportunity to thank the authors who generously contributed their
fine work and ideas. Most of the chapters have been rewritten, and many new topics have
been added. As before, we have adopted the policy of having some differences of opinion
between authors so that the reader will obtain the benefit of different points of view, and
we have tried to cover a broad perspective, including historical introductions and a wealth
of references for serious students. The first edition of this book sold out in 6 months, which
would have been extremely gratifying to the editors and authors had the original printing
been in a larger quantity! We now have a new publisher who has assured us that it is in
the business for the long run and will keep up with demand. We are pleased with the pub-
lisher’s track record in the field of neuroscience publication.

For the past 15 years, we have been asked repeatedly where any copy of the first edition
could be obtained. The apparent demand for this material and the fact that there is indeed
a great deal of new information in the field of clinical electrophysiology convinced us that
we should try for a second edition despite the proliferation of online information. We have
tried to include material that is likely to become more important in the next decade, in
which period we hope that this edition will be helpful to workers in the field, both to orient
themselves to what is new and to obtain a perspective of the subject and its remarkable
development in the past century. In particular, we have added reports on multi-
focal techniques, the recent advances in analysis of abnormalities in disease, and the
applications of these techniques to the study of genetic abnormalities in humans and
animals.

The high quality of this reference book directly reflects the expertise and broad knowl-
edge of its authors, to whom full credit must be given. Each of them took time from very
full schedules to contribute their chapters, and we thank them most sincerely. We would
also like to thank the many colleagues who contributed to this base of data and made this
volume possible. In addition, the editorial staff at MIT Press (especially Ms. Barbara
Murphy) was most supportive and deserve all our commendations. The role of
ISCERG/ISCEV should be acknowledged in providing organizational support for the
development of the field. The field of clinical electrophysiology has come a long way since
Karpe did his initial human studies in the 1950’s.

Geoffrey B. Arden
John R. Heckenlively
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PREFACE TO THE FIRST
EDITION

“Scribble, scribble, scribble,” said the Duke of Gloucester to the author of The Decline and
Fall of the Roman Empire. “Always another damn thick square book, eh, Mr. Gibbon?” When
we first saw the height of the pillar of our page proofs, our feelings were mixed: pride at
the industry of the contributors competed with wonder that Gibbon had recorded the
thousand-year history of the entire civilized world in considerably fewer pages than seemed
necessary to describe a specialized branch of applied clinical science is barely 50 years old
(and, of course, Gibbon incorporated a much greater number of jokes in his volumes than
do we).

The need for an authoritative text was borne on us by conversations with our colleagues
when the possibility of the book was first raised some 4 years ago. There are several excel-
lent works—some of them in English—that deal with various aspects of clinical electro-
physiology and the eye. None of them completely meets the needs of the worker in the
clinical laboratory, in the sense that detailed practical information on techniques and prac-
tical problems is needed in the same volume as the basic physiology and anatomy, the
theoretical concepts, and the clinical findings. All these disciplines are encountered (if not
mastered) by a practitioner in this field, and, in our experience, a successful practitioner must
refer fairly frequently to such sources to understand and properly utilize the developments
in the field. We have aimed at complete coverage for such persons, but of course we could
not include articles on every topic. Many important aspects of cortical and lateral genic-
ulate structure and function and the biophysics of excitable tissue have not been covered.
We have regretfully not included many fascinating aspects of retinal biochemistry and cell
biology. These we thought to be of lesser clinical relevance than the material on ancillary
and clinical methods of examination.

The itch to be encyclopedic was not to be resisted, when several chapters, received early
in the project, seemed to break ground either in the completeness of exposition or in the
elegance with which difficult subjects were explained. We also were able to include as a
contributor a founder of the field—Ragnar Granit—who recruited Goste Karpe to exploit
the new electrophysiology for the purposes of clinical ophthalmology. This led to the bur-
geoning of the subject. Happily, this process continues, implying that any future book on
this subject must be selective. Today, however, we have been able to present more than one
contribution on the same topic, and thus not stifle discordant opinions, which are to be
expected in so young a discipline. This is not to say we have not edited our contributors’
results to minimize overlap, and we apologize to those of them who are smarting at out
pruning. Our thanks are due to them all, and in reading their contributions we have our-
selves learned a great deal about our own subject.

Our thanks also to our staff who assisted us, colleagues of the International Society for
Clinical Electrophysiology of Vision who encouraged the project, and the people at
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Mosby-Year Book who graciously allowed us to turn a book of 350 pages into one of more
than 800!

Errors of omission are all our own, and especially, in the choice of authors: we have
turned to a considerable extent to the younger contributors in the field, in the confident
expectation that their increasing reputations will add luster to the book.

John R. Heckenlively
Geoffrey B. Arden

XX PREFACE TO THE FIRST EDITION
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1 History of the Electroretinogram

A. F. DE ROUCK

Early discoveries

In 1849, DuBois-Reymond®’ discovered in excised tench (fish)
eyes a potential of about 6mV when using an electrode
placed behind the eye and a similar electrode placed on the
surface of the cornea. He found that the cornea was positive
with respect to the posterior pole of the eye. The existence of
this standing potential was soon confirmed by other authors.

In 1865, Holmgren® discovered that an excised frog eye
showed an electrical response to light, and in 1880 he found
by removing the anterior segment of the eye and placing the
corneal electrode directly on the retinal surface that the
retina itself was the source of the response.***’

About the same time, Dewar and McKendrick®® inde-
pendently reported the discovery of “action currents” with
illumination of the eye; they concluded that there was a rela-
tionship between the amplitude of the electrical response
and the logarithm of the stimulus intensity. Wavelengths that
appeared brightest to the human eye evoked the largest
amplitude response.

In 1877 Dewar® showed that electrical potentials could
be recorded from an intact animal eye by applying the
second (reference) electrode on the abraded skin. He also
reported the first successful recording of a human elec-
troretinogram (ERG). For this purpose, he used an elaborate
instrumental setup.

A small trough of clay or paraffin was constructed around the
margin of the orbit, so as to contain a quantity of salt solution,
when the body was placed horizontally and the head properly
secured. The terminal of a non-polarizable electrode was intro-
duced into this solution and in order to complete the circuit, the
other electrode was connected with a large gutta-percha trough
containing salt solution, into which one of the hands was inserted.

The two electrodes were connected to a sensitive
Thomson galvanometer. The resulting curves, however, were
not published.

In 1880, Kuhne and Steiner,*” working on isolated frog
and fish retinas, claimed that the light-induced action cur-
rents originated in the receptor layer and not in the ganglion
cell layer.

Early recording

The electrical measuring devices at the time, slow gal-
vanometers, were unable to measure rapid changes in poten-

tial accurately. The responses were often practically invisi-
ble. Briicke and Garten'® connected many eyes in series to
construct a living battery to obtain more power. In an exten-
sive series of investigations, they showed that the electrical
responses of various vertebrate eyes were similar.

Gotch® described a capillary electrometer that allowed
him to determine that there was a response in the frog eye
at both the onset and cessation of the light stimulus. He was
the first to call the latter wave the “off-effect” and to note
the early negative portion of the response. He was able to
produce accurate measurements of the latent period and to
show that it decreases when the intensity of stimulation
increases.

Einthoven and Jolly* obtained excellent detailed records
of the frog eye by using a string galvanometer. They were
the first to designate several portions of the ERG by letters
(figure 1.1); an initial negative segment, the a-wave, is fol-
lowed by a larger positive defection, the b-wave, and later,
by another slower positive potential, the c-wave. When the
light stopped, the d-wave, or off-effect, appeared. The
authors stated that the electrical potential is in fact an inte-
grated mass response made up of a number of independent
components.

Piper” realized that there are two main types of retinas;
he found that eyes with large a-waves showed a good off-
effect whereas those with small a-waves had poor off-effects.
Piper’s analysis of the ERG into three components, based
partly on the work of Waller,”” was also accepted by
Kohlrausch."

The first published human electroretinogram

Kahn and Léwenstein® published the first human ERG
curve (figure 1.2) by employing a string galvanometer and
leads from the cornea and a distal temporal point of an anes-
thetized eyeball. They attempted to use the ERG as part of
the clinical examination of the human eye but concluded
that the practical difficulties of their method made it unsuit-
able in the clinical setting.

About this same time, Hartline® used moist thread elec-
trodes and saline-filled goggles to make contact with the eyes.
Since this was uncomfortable for the patient, another
method was developed. A simple cotton wick was applied to
the cornea after local anesthesia, and the reference electrode
was placed in the mouth. The string galvanometer revealed

DE ROUCK!: HISTORY OF THE ELECTRORETINOGRAM 3
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Ficure 1.1
1908; 1:373-416.)

ERG recorded by Einthoven and Jolly (1908). The a-, b- and c-waves are designated. (From Einthoven W, Jolly W: 7 Exp Physiol

w

Frcure 1.2 First human ERG (Kahn and Léwenstein). The
curves are to be read from right to left (squares: 500V, 1.2 seconds).

the same components as previously obtained in animal
records. In 1929 Sachs® showed that the human ERG was
dependent on the scotopic visual system of the retina.

In 1933, Cooper and associates’ recorded the human
ERG with a string galvanometer and a direct-coupled ampli-
fier. They obtained good waves on single and multiple flash
stimulation. Leads were taken from anesthetized conjunctiva
and the mouth.

Groppel et al.”” used a nonpolarizable zinc electrode con-
sisting of a short glass tube that contained an amalgamated
zinc rod in a concentrated watery solution of zinc sulfate.
The part near the eye was filled with Ringer’s gelatin in
which a small cotton wick was inserted. The reference
electrode consisted of a glass funnel that was placed on
the temple and a zinc electrode in Ringer’s gelatin. The
electrical potentials were magnified by a direct-coupled
amplifier and photographically registered by a string
galvanometer.

The development of the vacuum tube amplifier increased
the precision with which an ERG could be obtained. The
measuring instruments became fast enough to follow the
rapid action potentials in nerves.

4 HISTORY AND BACKGROUND TO MODERN TESTING

(From Kahn R, Lowenstein A: Graefes Arch Ophthalmol 1924;
114:304-325.)

Electroretinogram components

Granit’s (1933 to

improved techniques led to the analysis that is still in use.™

1947) extensive investigations with

By the use of chemical agents he was able to modify the
ERG in ways that could be interpreted by postulating the
existence of three processes (or potentials) that he called PI,
PII, and PIII, named for the sequence of disappearance
under ether anesthesia. The properties of these processes
were summarized by Riggs (table 1.1).%®

Granit’s analysis indicated that the fast-developing
corneal negative PIII forms the a-wave. The corneal posi-
tive PII (which is much larger) then develops, and the resul-
tant of the PIII and PII produces the b-wave. As PII
decreases, PI grows slowly and thus produces the c-wave.

Granit believed that PII originated in the neural pathway
between the receptors and the ganglion cells and was cor-
related with optic nerve activity. A possibility suggested by
Bartley'' was that it arose in the bipolar cell layer. The short
latency of PII indicated that it developed very early in the
chain of events constituting retinal activity, probably in the
receptors themselves.



Tasre 1.1
A summary of the properties of electroretinograms and their relation to PIL, PII, and PIII as described by Granit

Process
Property PI PII PIIT
Latency Long Medium Short
Polarity Positive Positive Negative
Electroretinogram wave accounted for c-Wave b-Wave a- and d-Waves
Effect on nerve impulses “Sensitizes” PII Excitatory Inhibitory

Result of light adaptation
Probable site of origin
Effect of asphyxia

Effect of ether

Intensity of light to stimulate
Effect of alcohol

Effect of adrenalin

Effect of KCI

Usually abolished

?

Moderately susceptible
High

)

Enhances and prolongs
None

Abolished first (reversible)

Greatly reduced

Bipolar cells?

Very susceptible

Abolished second (reversible)

Not much change

Rod and cone cells

Highly resistant

Abolished last (irreversible)

Low High

Enhances Diminishes

Diminishes and prolongs ?

Abolishes Enhances, then inhibits

Adapted from Riggs LA: Electrical phenomenon in vision. In Hollaender A (ed): Radiation Biology, vol 3. New York, McGraw-Hill

International Book Co, 1956, pp 581-619.
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Fieure 1.3 Analysis of the I-ERG (frog): upper, dark-adapted;
lower, light-adapted; duration of stimulus, 2 seconds. (From Granit

R, Riddell HA: 7 Physiol 1933; 77:207-240. Used by permission.)

The ERG off-response coincided with the end of PIIT and
the off-response in the optic nerve, and Granit suggested that
PIIT might represent a “central inhibitory state,” release
from which was associated with optic nerve discharge. He
also showed that retinas dominated by cones respond to
photic stimulation by generating a large a-wave (I retinas,
“Inhibitory” type, figure 1.3), whereas those dominated by
rods generate large positive waves (E retinas, excitatory type,
figure 1.4). The E-retina response in flickering light is char-
acterized by a rather low fusion frequency, and the wavelets
consist primarily of b-waves. The I retina responds with a
series of a- and b-waves and has a much higher fusion fre-
quency. However, rod (E) and cone (I) systems possess the

same components, but their relative size may vary a great
deal from species to species.

Noell’" * extensively studied the relationship of the cellu-
lar elements of the retina to ERG components and was
the first to record both the slow and rapid changes associ-
ated with retinal illumination. He used three substances,
sodium azide, iodoacetate, and sodium iodate, each of which
had a specific effect upon the ERG and on the transretinal
potential. Sodium azide increases both the transretinal
potential and the c-wave, but not after the use of sodium
iodate, which causes damage to this layer while leaving the
remaining ERG components relatively unaffected. He
concluded that the retinal pigment epithelium (RPE) devel-
ops the c-wave and the transretinal potential. The negative
PIII could be differentiated into an early and late compo-
nent with different time constants, with the faster arising
from the receptors. The b-wave arose from a region lying
between the inner portion of the receptors and the inner
nuclear layer.

Mcroelectrodes

Intraretinal microelectrodes were first used to analyze the
ERG by Tomita® and by Brindley."* The former discovered
the subdivisions of Granit’s PIII, while the latter docu-
mented the presence of the highly resistive R membrane
formed by the tight junctions of the pigmented epithelium.
These groups worked on amphibia, but Brown and
Wiesel” 7 and later Brown with a number of collaborators
used Kuffler’s closed-eye preparation to investigate the ERG
of cats and primates.

Brown identified the “landmarks” encountered by a pen-
ctrating extracellular microelectrode and was thus able to
judge the position of its tip relative to the RPE and the inter-
nal limiting membrane (ILM). He took advantage of the

DE ROUCK!: HISTORY OF THE ELECTRORETINOGRAM 5



L L]

Millivolt

v

03

oos= -----..I.-_--_

1

G2

v v ¥ p‘L' LA

01

DL Y L g e TR SR S A

(=]

-----.---.--I.I.N

|
10

Fieure 1.4 Analysis of the E-ERG (cat) at two intensities: upper,
14mL; lower, 0.14mL. The a-wave has been broadened slightly out

dual blood supply of the retina and by blocking the central
retinal artery was able to demonstrate that PIII was pro-
duced by the receptor layer. He utilized the anatomy of the
foveola, which contains only photoreceptors, to further iden-
tify PIII and to distinguish between rod and cone receptor
responses.

The generators of the b-wave sought by recording ampli-
tude/depth characteristics of the responses. However, no
clear distinction was made between voltage and current gra-
dients, and the significance of the change in gradient was
not understood; this was unfortunate since the published
results clearly demonstrate that the b-wave 1s generated by
a cell that extends from the outer to the inner limiting mem-
branes, the significance of which was first detailed by Faber”
who recognized the b-wave as a glial potential, which was
confirmed the following year by Miller and Dowling,d‘8 who
recorded intracellular Miiller cell responses from mud puppy
retinas and confirmed the localization by staining and iden-
tifying the cells.

Brown’s group saw a number of other minor ERG compo-
nents that were later described by others and, in particular, dis-
covered the early receptor potential, a charge displacement in
the outer imb due to the chemical changes in rhodopsin that
occur in the first milliseconds after bleaching.

Following this work, intracellular recordings from indi-

13486970 (larified the nature between

vidual retinal neurons
extracellular and intracellular recordings and laid the foun-
dation for the present spate of work on transduction, the

mechanisms of the generation of photoreceptor potentials,

6

of proportion to demonstrate its derivation more clearly. (From
Granit R: 7 Physiol 1934; 81:1-28. Used by permission.)

and the interactions and synaptology of retinal neurons. The
first of these, the discovery of the eponymously named S-
potential by Svaetichin, remained for some years little under-
stood; in fact, only since the recent developments of
intravital staining and analysis of cultured cell recordings are
we beginning to obtain quantitative estimates of retinal
synaptic function.

Steinberg et al.,”” in Brown’s laboratory, investigated the
slower responses from the RPE and demonstrated the mech-
anisms of production of the c-wave, fast oscillation, and the
light peak. The microelectrode experiments also proved the
site of origin of the c-wave and showed that it was caused
by a reduction in potassium ion concentration in the sub-
retinal space, which causes apical polarization of the RPE.

Clinical electroretinography

The development of clinical electroretinography was the con-
sequence of a better understanding of the major components
of the ERG, progress in the recording devices, and the intro-
duction of the haptic (scleral) contact lens electrode by
RiggSSS,W,G
in the contact lens. A fine flexible wire supported by beeswax
was employed as alead from the electrode. When the lens was
inserted into the eyes, the silver made contact with the iso-

% this consisted of a silver disk cemented into a hole

tonic sodium chloride solution between it and the cornea.
The contact lens minimized the influence of irrelevant eye

movements and reflex blinks. Even untrained patients could

wear it because it allowed long experimental sessions without

HISTORY AND BACKGROUND TO MODERN TESTING



Ficure 1.5

discomfort for the subject. Another advantage was that the
potentials were larger than those recorded with previous
types of electrodes.

Karpe and Tansley* used a direct-coupled amplifier that
was connected to an oscillograph with a camera. Later they
used a condenser-coupled amplifier with a time constant of
approximately 1.5 seconds. The records were made on
moving photographic film.

Karpe" introduced ERG as a routine method in the oph-
thalmology clinic and used a similar electrode consisting of a
silver rod screwed into a bottleneck in a plastic contact lens.
The tube was filled with isotonic sodium chloride solution, and
the reference electrode was a chlorided silver plate applied to
the patient’s forehead. Since then many models have been pro-
posed, including those of Burian and Allen," Jacobson,"
Henkes and Van Balen,” and Sundmark.”® In recent years,
however, other types of corneal or scleral electrodes have been
introduced that are generally more comfortable for the
patient; these include soft contact lenses by Galloway® and
Sole et al.,”* a gold foil electrode by Arden et al.,” and a DTL
microfiber electrode by Dawson, Trick, and Litzkow.”

Karpe'* emphasized the importance of the ERG as an
objective record of the function of the retina, one that is not
dependent on the function of the optic nerve or the optic
pathways and is minimally modified by clouding of the optic
media (figure 1.5). He stressed the need for standardized

Contact lens electrode (Riggs).

procedures and established a normal range of response
amplitudes as a function of age. With his technique the light-
adapted ERG was sometimes too small to measure. It was
merely possible to state whether the a-wave was present or
absent. The dark-adapted ERG was much larger and dom-
inated by the b-wave. Changes in amplitude were found to
be clinically useful. Although this technique was important
in the detection of some retinal diseases such as metallosis,
tapetoretinal degenerations, vascular disturbances, and con-
genital functional anomalies, the early restriction of the
human ERG to scotopic visual processes was a serious hand-
icap for both clinical and experimental work.” This defi-
ciency was remedied by Johnson and Bartlett* and Alpern
and Faris,* who introduced intense short stimulus flashes that
yielded photopic responses with durations well below those
that gave maximal scotopic ones.

Another method of distinguishing cone from rod
responses was pioneered by Motokawa and Mita,” who
discovered a smaller positive deflection preceding the
b-wave of the ERG in a moderately light-adapted human
eye. They called it an x-wave but gave no interpretation
of it.

Adrian® rediscovered the phenomenon independently
(figure 1.6) and established that the scotopic b-wave was
absent in red light and in a state of light adaptation, that it
could be isolated in blue light, and that it was augmented

DE ROUCK!: HISTORY OF THE ELECTRORETINOGRAM 7
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Fieure 1.6 Human ERG responses to various wavelengths of
light in the light-adapted (A) and dark-adapted state (B). (From
Adrian ED: 7 Physiol (Lond) 1945; 104:84-104. Used by

permission.)

considerably by dark adaptation. On the other hand, the
x-wave (called “photopic response”), characterized by a
shorter implicit time, was absent in blue light, could be
1solated by red light, and did not increase during the later
part of dark adaptation."” Adrian” showed that it is best
developed in animals with a rich cone population (monkey,
pigeon) and not in animals with few or no cones (cat, rabbit,
guinea pig). Armington’ demonstrated that the x-wave was
augmented during the first minute of dark adaptation. Its
spectral sensitivity did not correspond to the subjective sco-
topic or photopic curves, but had a maximum of 630nm.
Armington and Thiede’ showed that either the x-wave or
the b-wave may be selectively reduced in amplitude if the
eye was adapted to light for which one component or the
other possessed greater sensitivity.

Later studies™ have shown that cone responses to red light
were absent or severely reduced in protanopia and congen-
ital achromatopsia and that cone responses to green light
could be obtained as well.***® The spectral sensitivity curve,
determined by the method of flicker ERG, showed sensitiv-
ity losses at appropriate wavelengths for protanopes and
deuteranopes.”**"**? Blue cone responses could only be iso-
lated with more complex techniques.®"”!

In 1954, Cobb and Morton® described rhythmic wavelets,
now known as oscillatory potentials, on the ascending limb
of the b-wave that appeared when bright flashes were used.
Yonemura et al.”’ proved their clinical importance. They
were absent in disturbances of the superficial retinal layers
and often selectively reduced in circulatory disturbances and
diabetic retinopathy.

8 HISTORY AND BACKGROUND TO MODERN TESTING

In the last five decades, clinical developments have
included an analysis of the timings of ERG components in

disease'?; an analysis of sensitivity from the voltage/log light

intensity function®’; and the use of computer averaging

techniques to obtain small responses and to reduce the effect
of noise, which allowed for the development of the visual
evoked cortical potential and the pattern ERG and
ultimately culminated in the recording of the “scotopic
threshold response.” In addition, technical develop-
ments have led to the possibility of recording focal
responses, pattern responses, and the slow c-wave in clinical
situations; these topics are treated in separate sections of this

book.
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2 History of Electro-Oculography

GEOFFREY B. ARDEN

TaE poTENTIAL voltage difference that occurs between the
cornea and fundus was known to DuBois-Reymond.” The
main site of the voltage is across the retinal pigmented
epithelium  (RPE), and this was demonstrated
by Dewar and Mc’Kendrick,® Kuhne and Steiner,” and
de Haas™—all in the 19th century. Although illumina-
tion was known to affect the potential,"' the capillary
electrometers used in early work were not sufficiently
sensitive or stable to analyze the changes in detail. With
the advent of electronic amplification, condenser coupling
prevented recording the changes caused by light. It was
not until the 1940s that Noell®® was able to employ stable
dc recording systems and follow the slow changes; he
related the c-wave of the electroretinogram (ERG) to the
later and still slower responses and related the effects of
poisons such as iodate and azide to the morphological sites
of action.

The eye movement potential was studied in humans by
numerous authors, some of whom®'*!%2%2%% noted that the
magnitude of the dipole was altered in illumination. The
first complete description of the light-dark sequence was due
to Kris,' but an analysis of the nature of the response and
the recognition of its clinical utility is usually attributed to
Arden."*

Since that time, research has moved along various lines;
in animal work, the nature of the ionic channels and pumps
in the apical and basal surfaces of the RPE has been greatly
extended and related to water movement across the RPE.
The most notable contributions are by Steinberg, Miller,
Oakley, and other collaborators,* and the nature of the
membrane changes that cause the c-wave, the “fast
oscillation,” and the light rise has been worked out in some
detail.

The pharmacology of the dc potential and its relation
to neurotransmitters have recently been reinvestigated by
several authors.'"*"***" The exact mechanisms of control still
prove elusive, but this research has emphasized that inter-
pretations from clinical work, especially the sensitivity to cir-
culatory embarrassment,’ are largely correct.

The eye movement potential in humans has also been fre-
quently studied. It has been shown that cones contribute to

*13, 15-17, 23, 25, 26, 30-37, 39-41, 44, 45, and 48.

the “light rise.”'” There have been attempts to describe the
sequence of changes in terms of mathematical concepts, but
this has not yet led to simplifications or to a reconciliation
with cellular mechanisms. This is perhaps not surprising
given that at least three separate mechanisms for current
production have been identified in animal experiments, each
with their own locations, while at each location, several
different ionic mechanisms may be involved in current
production.

Experimental clinical work has been more successful.
Recently, the relationship of ERG and electro-oculographic
(EOG) changes in inflammatory disease has recently been
analyzed,'® although the major clinical use of the EOG is
that a reduced EOG and normal ERG are a diagnostic
feature of Best’s disease and some other forms of juvenile
macular degeneration, as has been widely reported.*” It is
useful as an ancillary test in retinal degenerations and in
cases of unexplained loss of vision. The influence of other
agents on the EOG (mannitol and acetazolamide, a carbonic
anhydrase inhibitor) has been studied by the Japanese school
and clinical tests developed as a result.””***" Most recently,
extension of this work has suggested that while acetazol-
amide acts directly on the membrane mechanisms, manni-
tol activates a “second messenger” system.””

Finally, continuing efforts have been made to reduce the
population variability of the EOG as a clinical test. Some of
these involve more lengthy periods of recording, but even if
this results in greater precision, it is clinically difficult to
justify. The original method envisaged a 12-minute period
of dark adaptation followed by light adaptation for 10
minutes. The dark adaptation has been whittled down to “a
period of reduced illumination sufficient to stabilize the
voltage changes.” In the author’s experience, this sometimes
takes as long as 60 minutes. Alternatively, more lengthy
periods of dark adaptation have been suggested. Such mod-
ifications have their protagonists. As yet unconfirmed on a
large scale, a recent report* shows that part of the problem
is due to errors in eye movement control. All eye movement
techniques assume that the ocular excursions are precise,
there is a linear relation between voltage and the degree of
eye motion, and that the changes in recorded voltage are due
only to changes in the apparent ocular dipole which
generates the current. If the real ocular excursion is
measured, and appropriate corrections made, variability
decreases.
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3 History of Visual Evoked

Cortical Testing

GRAHAM F. A. HARDING

Human visuaL evoked responses (VERs) have been known
almost since the origin of human electroencephalography
(EEG). In 1934 Adrian and Matthews' demonstrated that
regularly repeated flashes of light elicited electrical responses
from surface electrodes placed over the occipital cortex. By
utilizing a sectored disk in front of a car headlight they
demonstrated that photic following took place at the same
rate as the frequency of the periodically repeated flashes of
light. The rates of stimulation that they used varied between
8 and 12 per second, and their classic paper contains clear
illustrations of the responses from Adrian’s brain. These
results were the origin of what is now known as the “steady-
state evoked potential.”

Early reports of responses to single flashes of light began
with Monnier” who recorded both the electroretinogram
(ERG) and cortical response from the scalp and stated that
the most consistent component of the cortical response was
a slow surface-positive monophasic potential occurring
between 90 and 120ms. He suggested that earlier compo-
nents of the cortical response were much more difficult to
record but consisted of a diphasic potential, initially positive,
with a latency of approximately 40ms. Cobb® following the
development of Dawson’s superimposition technique, pro-
duced averaged responses to 50 flashes of light of high inten-
sity involving the full visual field. The initial components of
the evoked potential appeared at times to vary between 35
and 60ms in different individuals, but in a later study'’ the
evoked potential was identified as a small positive deflection
with a peak latency around 26 ms followed by a negative one
at 45ms and a larger positive wave around 79ms. In a
further study in 1952 Monnier™ recorded cortical responses
by using bipolar derivations around the occiput. The earli-
est visual evoked potential (VEP) component consisted of
a small occipito-positive deflection with a peak latency of
35ms. The highest amplitude and most consistent compo-
nent occurred between 95 and 115ms, being a positive
potential, presumably P2 (see figure 3.1). Monnier intro-
duced the concept of retinocortical time by simultaneously
recording the ERG and determining retinal time by the
latency of the b-wave. The latency to the peak of the first
component of the cortical response was termed cortical time,
and the retinocortical time was derived from subtracting the

retinal time from the cortical time. In 1956 Calvet et al.!
demonstrated an initial positive component around this 35-
ms peak latency. Monnier in a later paper’ also reported a
positive deflection around 37.5ms. There 1s little doubt that
these concepts of retinocortical time were a gross oversim-
plification. There are great difficulties in identifying initial
responses as distinct from gross responses by large groups of
neurons.

Cobb and Dawson studied the occipital potentials evoked
by bright flashes of light in 11 adult subjects. They averaged
between 55 and 220 flashes and demonstrated that the earli-
est component of the VEP had a latency of 20 to 25 ms with
an average amplitude of between 1 and 1.5uV. The follow-
ing negative deflection at 45 ms was slightly larger, and this
component they found to be enhanced when the subject paid
attention to the stimulus. It was Ciganek’ who produced the
first morphological description of the human VEP to light
flashes and the results obtained on 75 subjects; his classic illus-
tration began the principle of labeling the components, and
in addition the components were divided between early or
primary components (waves 0 to III) and late components
(waves IV to VII). The first component was positive at
28.6 ms, the second wave negative at 53 ms, the third wave
positive at 73 ms, the fourth wave negative at 94 ms, the fifth
wave positive at 114 ms, with a later positive wave around 134
ms. Ciganek also described an after-discharge that was some-
times obtained and appeared to be related to the alpha
rhythm of the EEG.® This concept of labeling was quickly
taken up by Gastaut and Regis,” but unfortunately the label-
ing systems were different. They described a typical response
that was similar in form to that of Ciganek; in addition, they
compared the normal VEP reported by a number of previ-
ous investigators.”****>*! They pointed out that although
there was great variation in the presence and shape of many
of the components the major positive P2 component was
almost invariably present between 100- and 150-ms latency.
The components they themselves identified consisted of wave
1, positive at 25 ms; wave 2, negative at 40 ms; wave 3, posi-
tive at 60 ms; and wave 4, negative at 80 ms. They found there
was a good deal of variation between individuals in both
latency and amplitude of these components. Wave 5 was by
far the most constant and significant wave of the VEP, the
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Ficure 3.1 The figure illustrates the “stylized” VEP to flash
stimulation in normal adults. The major positive component,
often referred to as P2, can be seen at approximately at 105 ms.
In this illustration positive is indicated downward and negative
upward. Various systems of nomenclature have been used to
identify the components of the VEP. The top row of alphabetic
nomenclature is that of Dustman and Beck (1969), the second

amplitude appeared to vary between 30 and 50 LV, and it was
usually monophasic, peaking at around 130ms. On some
occasions they found that this wave was biphasic, with an
carly peak at 120 ms, and a later positive peak around 180 ms.

Only 20% of the subjects tested demonstrated a complete
VEP from wave 1 to wave 4, usually waves 1, 2, or 3 were
missing for many of the subjects. For each individual there
was little variability in terms of latency from one recording
session to the next; indeed, for wave 5 the variation in latency
was only +2.5ms. Between individuals, however, this wave
varied by +30ms. They also showed that the separate com-
ponents of wave 5 could be affected by opening and closing
the eyes and by dark adaptation and suggested that the pho-
topic system, that is the fovea, was associated with the early
positive peak of wave 5 and the later positive peak associ-
ated with the scotopic system.

Over the ensuing years the complexity of labeling systems
grew, and it is still not entirely resolved. However, most
systems now identify the component as negative or positive
and use either a mean latency for the wave as a subscript or
alternatively a sequential numbering system. An example of
labeling of a flash VEP is given 1in figure 3.1.

The carly component of the VEP that were frequently
mentioned by the pioneer workers have over subsequent

16

HISTORY AND BACKGROUND TO MODERN TESTING

150 200 250 msec

row of Roman numerals is that of Ciganek (1961), the third row
is that of Gastaut and Regis (1967), and the lowest row is that of
Harding (1974). It is this latter nomenclature that is now quite
commonly used in describing the flash VEP. It should be noticed
that the P2 component (wave 5 of Gastaut and Regis) can
sometimes become a triphasic component showing peaks at both

A and C.

years been the subject of much controversy. Some authors,
for example, Allison et al.,” proposed that many of the carly
components reflect the ERG in view of its high amplitude
and its complete domination of the anterior portions of the
scalp.” However, other authors do not accept this hypothe-
sis’%; indeed, some authors such as Van Hasselt™ suggest that
even early components around 10-ms latency were arising
from the optic nerve. Vaughan and Gross™ suggested that
the early wavelets in the VEP reflected geniculocalcarine
input to the striate visual cortex. Corletto et al.,'"* undertak-
ing depth recordings of the VEP before an ablation of the
occipital poles in humans, noted persistence of initial com-
ponents having peak latencies earlier than 45 ms. Spire and
Hosobuchi,"” using depth recordings, located a flash evoked
potential of 22-ms peak latency in an area just anterior to
the lateral geniculate body.

24-26,42 identi-

In a series of studies Harding and coworkers
fied the components of what they termed the visual evoked
subcortical potential (VESP), which consists of a positive
around 21 ms, a negative at 28 ms, and a positive at 35-ms
latency. They demonstrated that the VESP could be elicited
by both flash and pattern-reversal stimulation. In patients
who had suffered direct optic nerve trauma in whom the

ERG was still present, the VESP was absent when that eye



was stimulated. This indicated, therefore, that the compo-
nents were independent of the ERG. Equally, by a combi-
nation of binocular and monocular stimulation it could be
demonstrated that these potentials were in fact arising
postchiasmally. By using luminance-matched red-green color
checkerboards it was possible to elicit clear responses that
were maximal in response to checkerboards in which each
clement subtended 2 degrees. When black and white
checkerboards were used, the responses were maximal in
response to 12 minutes of visual angle checkerboard and
showed clear tuning. These findings would be entirely con-
sistent with the potential arising in the parvocellular layers of
the lateral geniculate body.

The first study of the flash VEP across the life span was
carried out by Dustman and Beck.” They found that in the
first 6 years of life there was a steady increase in the ampli-
tude of the response followed by a reduction until around
the age of 15 years, after which the amplitude of the
response was not significantly altered until the 60s or 70s.
In older subjects there is an increase in the amplitude of
early components and a decrease in the amplitude of later
components.

Neonatal flash VEPs were first recorded in full-term
infants by Ellingson." However, in 1960"" he published a
comprehensive survey of the VEPs of both full-term and
preterm babies and showed that in full-term infants the VEP
was of relatively simple morphology consisting of an initial
brief positive wave around 180ms followed by a negative
wave of fairly rounded form. However, the preterm infants
prior to 35 weeks’ gestational age showed only a broad neg-
ative deflection that had a longer peak latency than those
seen in full-term infants. The initial positive wave appeared
to develop in babies around 35 weeks’ postmenstrual age
(PMA), although the earliest it was seen was around 32
weeks. Flash VEPs have been recorded from human infants
of 24 weeks’ PMA.>*

The inherent variability between subjects of the flash
VEP and its crudity in representing a response to a gross
change in luminance led to the development of pattern stim-
ulation. Early pattern stimulation utilized the flashing of a
patterned visual field. This technique has since become
known as the flashed-on pattern, and it was by utilizing this
technique that the early studies of the response to the com-
monly used black and white checkerboards or gratings were
first investigated.” Such responses are of course a mixture
of both luminance and contour as well as contrast and show
a much closer correlation between the amplitude of the
evoked potential and visual acuity.” Jeffreys™ attempted to
identify the pattern component of the resulting evoked
potential by subtracting the luminance response from the
flashed-on pattern response. It has also been shown that such
patterns are of great use in studying abnormal evoked
potentials such as those found in epilepsy.”

The type of reversing checkerboard pattern now com-
monly used owes its origin to the work of Spekreijse® and
Cobb et al.'' By utilizing these techniques it became possi-
ble to identify both the average response to a reversing
checkerboard pattern as well as the response to the onset and
offset of patterns. The reversal response is of relatively
simple outline and consists of a negative peak around 75 ms,
a positive component at 100 ms, and a later negative peak at
145 ms. These components are usually known by their polar-
ity and their latency, the positive component therefore
becoming the P100 component. All studies have shown that
these responses have little variability within a subject and
remarkably small variability between normal healthy sub-
jects. This lack of variability has encouraged the use of this
technique for studies of stimulus variables and subjective
parameters in normal individuals and, in addition, in the
clinical development of evoked potential testing. Indeed it

was the paper of Halliday et al.”?

that provided the spur for
many of the evoked potential laboratories that have since
developed.

The response to pattern onset-offset is more complex, and
certainly there are separate responses to both the onset and
offset of patterns.”” To obtain these separate responses
the onset and offset of the stimulus have to be more than
100ms apart, and under these circumstances it can be seen
that the offset response is very similar to the pattern-
reversal response. The onset response consists of three com-
ponents: a positive response around 75ms (C1), a negative
response at 100 ms (C2), and a positive response around 150
ms (C3).”** These components are only present when the
lower half of the field is stimulated. The C2 component
appears to be markedly affected by the contour or sharpness
of the pattern and is most sensitive to defocusing. The C1
component appears to be related to the contrast present in
the pattern.

During the years since their first description all the VEPs
have been shown to be dependent to a greater or lesser
degree on the integrity of the visual pathway and the normal
functioning of the visual cortex. Lesions affecting the optic
nerves may affect all forms of evoked potentials, although
certainly demyelinating diseases are shown to affect the
pattern-reversal response and the pattern onset-offset
response far more than the flash response.” Gross lesions
such as those seen in optic nerve trauma affect all the poten-
tials, and it is under these circumstances and those of major
eye injuries that the flash evoked potential comes into its own
as an electrodiagnostic tool.” With abnormalities affecting
the visual cortex the various types of evoked potentials may
be differentially affected. Certainly, if the lesion involves the
primary visual cortex, there is little doubt that the pattern-
reversal P100 response and the Cl component of the
pattern-onset response are clearly affected. Surprisingly for
extrastriate abnormalities, particularly those affecting the
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association areas, the flash response is often that most
affected.”

Needless to say, many of the early clinical studies imvolved
the flash technique. Ebe et al.'® carried out a study utilizing
both the ERG and the VEP in a variety of patients includ-
ing those with retinal disorders, optic atrophy, as well as
cataracts. They showed that patients with macular losses had
little change in either the ERG or the VEP whereas patients
with retinitis pigmentosa showed reductions in both. In
patients with optic atrophy the evoked potential was unde-
tectable, and the ERG was normal although the patients were
not blind. Vaughan and Katzman® confirmed that a normal
ERG with an absence of the VER was indicative of optic
nerve disease. Gerin et al.?' showed that in patients with optic
nerve lesions the latency of the first peak of the evoked poten-
tial was delayed; this was confirmed by Richey et al."'

Early attempts to relate the asymmetry of the VEP to
hemianopic defects, s by us at least two electrodes, one over
each cerebral hemisphere, began with Cohn.'” He suggested
that there is a prominent amplitude asymmetry in the evoked
response, and this was confirmed by Vaughan and
Katzman.” Many studies followed, including those of Kooi
et al.,” Jacobson et al.,” Harding et al.,” and Oosterhuis et
al." Such findings of course correlate with subjective sensa-
tion in that the patient is complaining of a hemianopic
defect. There is little doubt that in other areas the relation-
ship between flash response and sensation is much less clear.
The development of pattern reversal and, even more,
pattern onset-offset have allowed the precise interrelation-
ship between evoked potentials and sensation to be devel-
oped. Particularly with pattern onset-offset there is a
freedom that allows nongeometric patterns to be investi-
gated, and therefore patterns that carry inherent meaning
can also be studied, although it must be admitted that such
studies are relatively rare.
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4‘ 'The Photoreceptor—Retinal
Pigmented Epithelium Intertace

GREGORY S. HAGEMAN AND LINCOLN V. JOHNSON

Turs cHAPTER DEALS with the interface between the photo-
sensitive outer segments of photoreceptor cells and the
retinal pigmented epithelium (RPE). At this interface, pho-
toreceptor cells and cells of the RPE, both highly polarized,
abut one another. The photoreceptor cells are responsible
for converting light into electrical signals through the process
of transduction, a subject beyond the scope of this chapter;
however, there are a number of excellent reviews that
provide detailed descriptions of the process.””"'"!'® Photore-
ceptor cell outer segments, which contain the photosensitive
visual pigments, are continually renewed through the addi-
tion of new membrane basally and intermittent (daily) shed-
ding of old membrane from their apical tips. Shed outer
segment membrane is ingested by the simple, cuboidal RPE
cells, which are located directly adjacent to the photorecep-
tors and separate them from the choroidal vasculature. Inter-
spersed between these two retinal layers is the interpho-
toreceptor matrix, a unique extracellular matrix that fills the
“subretinal” space (figures 4.1 and 4.3). The matrix is com-
posed of molecules that appear to play a role in mediating
biochemical and physical interactions among the retina,
RPE, and choroidal vasculature. Thus, the photorecep-
tor-RPE interface is an area of crucial importance to proper
retinal function.

Embryological origins of the retina, retinal pigmented
epithelium, and interphotoreceptor matrix

This section focuses primarily on human retinal develop-
ment; references to other species are included where appro-
priate. A number of excellent reviews contain additional
detail ! +#39000799B106.12H 122147 T should be noted that devel-
opmental stages of the human embryo have been defined on
the basis of a variety of parameters including gestational
time, crown-rump length, or heel length, and discrepancies
in the time course of development are common in the liter-
ature. These discrepancies are complicated further by the
fact that (1) the retina differentiates along a central-to-
peripheral gradient, with an approximate 6-week lag,”" (2)
regional variations exist (e.g., the fovea), and (3) in some cases
it 1s difficult to determine from which region of the devel-
oping retina published data have been derived.

DeveropmENT OF THE RETINA  The optic primordium and
optic sulcus are evident within the neural fold of the dien-
cephalon at about 22 days of gestation. The retina develops
subsequently as an evagination from this region at approxi-
mately 25 days (2.6mm) of gestation. This out-pocketing
enlarges to form the primary optic vesicle, which remains
attached to the diencephalon by the optic stalk. At this stage,
the cavity of the optic vesicle (future subretinal space)
remains in communication with the ventricle of the brain
through the optic stalk. The neural epithelium of the optic
vesicle is a columnar epithelium containing an abundance
of mitotically active cells.

During the fourth week of gestation (4.5 mm), the optic
vesicle invaginates upon itself, and this results in the forma-
tion of the optic cup, a structure consisting of two neuroec-
todermally derived epithelial cell layers with their ventricular
surfaces directly apposed. The cavity of the optic vesicle is
all but obliterated during this time and remains only as a
potential space, termed the subretinal or interphotoreceptor space.
Although the molecular events that lead to invagination are
not fully understood, recent evidence suggests that calcium®
and extracellular matrix components'*® may be involved.

Although both layers of the retina differentiate from a
continuous neural epithelium, their subsequent differentia-
tion at both the cellular and molecular levels is quite diverse.
The outermost layer of this neuroepithelium remains a
single cellular layer and becomes the RPE. The innermost
layer, the presumptive neural retina, thickens rapidly and
becomes stratified; by 4 weeks (4 to 4.5 mm) of gestation, the
neural retina is approximately 0.1 mm thick and consists of
cight to nine distinct rows of cells. Both epithelial layers
extend peripherally to form the ciliary body epithelium and
posterior aspect of the iris. During the invagination process,
the choroidal fissure, through which blood vessels pass into
the interior of the eye, is formed along the ventral portion
of the optic stalk.

During cellular differentiation of the neural retina, undif-
ferentiated neuroblasts, which make up the entire thickness
of the retina from the ventricular to the vitreal surfaces,
typically lose their attachment to the vitreal surface and
migrate to the ventricular surface where mitosis occurs. Fol-
lowing cell division, daughter cells migrate toward the vitreal
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Fieure 4.1  Light micrograph of a section of central retina from
a monkey eye depicts the relationship between the choroid (C),
retinal pigmented epithelium (RPE), interphotoreceptor matrix
(asterisks), and neural retina. The neural retina is composed of
a defined number of cell types arranged in a precise lamellar
configuration. The apical surface of the neural retina contains
highly polarized photoreceptor cells that abut the apical surface
of the retinal pigmented epithelium. Interspersed between the
apicies of these two retinal layers is the interphotoreceptor
matrix (asterisks), a unique extracellular matrix that fills the sub-
retinal space. Two types of photoreceptor cells can be identified

morphologically. Cone photoreceptor inner segments (CI) are
large in diameter, and the outer segments (arrows) are broader
basally and tapered toward their apical tips. In contrast, rod pho-
toreceptor inner (RI) and outer (arrowheads) segments retain a rel-
atively uniform diameter that is smaller than that of cone
photoreceptors (OLM = outer limiting membrane; ONL = outer
nuclear layer (contains photoreceptor cell nuclei); OSL = outer
synaptic layer; INL = inner nuclear layer [contains nuclei from
Miiller, amacrine, bipolar, and horizontal cells]; ISL = inner synap-
tic layer; GC = ganglion cell; NFL = nerve fiber layer; ILM = inner
limiting membrane).
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surface and ultimately reestablish connections with it. This
process 1s repeated at each round of cell division, eventually
resulting in the differentiation of a stratified neural epithe-
lium. The glial or Miiller cells can be distinguished at 4
weeks of gestation. By 5 weeks of gestation (5 to 7mm) the
nerve fiber layer is visible in the central retina (although this
layer is lacking in the macula, even at birth®), as are gan-
glion cells."* The layer of Chievitz, a transient fiber layer
that separates the retinoblast layer into two nucleated layers,
also forms during the fifth week of gestation.”'”’

By 7 to 8 weeks (20 to 23 mm) the inner neuroblast layer
separates into two layers of nuclei that consist of potential
ganglion cells (inner layer) and amacrine and Miiller cells
(outer layer). The ganglion cells give rise to nerve fibers that
course toward the future optic nerve and form the nerve
fiber layer. The inner limiting membrane also is clearly
evident by this stage. During the ninth and tenth weeks of
gestation (40 to 50mm), photoreceptor, horizontal, and
bipolar cells begin to differentiate within the outer neuro-
blast layer.””**'* Horizontal and bipolar cells migrate into
the layer of Chievitz and become separated from photore-
ceptor cells by the outer plexiform layer.”® Amacrine and
Miiller cell bodies intermingle with those of horizontal and
bipolar cells, and the transient layer of Chievitz is thereby
obliterated; however, it persists in the macular region until
birth. At this same time extensive junctional complexes,
including gap junctions, macula adherens, zonula adherens,
and zonula occludens, can be observed between cells of the
neural retina and pigmented epithelium.””* Between 12 and
15 weeks of gestation, cellular proliferation in the outer neu-
roblast layer ceases'” except in the macular region.'”* The
development of the macular region slows and begins to lag
behind the development of the extramacular regions at this
time. By 7 months of gestation, all layers except the macular
region, which is not completely developed until 16
weeks postpartum, have assumed adult arrangement and
proportion.

Development of photoreceptor cells

Photoreceptor cells are probably specified within the outer
layers of the neural retina as early as 10 gestational weeks
(40 to 50mm)," but they are difficult to identify. By 12
weeks (83mm) of gestation, however, cone photoreceptors
are easily identified by their relatively large, slightly oval con-
figuration, lightly stained or electron lucent cytoplasm, large
juxtanuclear accumulation of smooth endoplasmic reticu-
lum, and a single cilium.” Rod photoreceptors, which have
distinct, dense nuclei, can be identified conclusively by 15
weeks (120mm) of gestation.®® At 18 weeks (156 mm) of ges-
tation, a single layer of large, pale-staining cone photore-
ceptor cell bodies is visible in the outermost portion of the
neural retina. The smaller rod photoreceptors comprise the

remainder of the outer nuclear layer. Some synapses are
established by cone photoreceptor pedicles by 12 weeks of
gestation; however, synapses are not observed in association
with rod photoreceptor cells until approximately 18 weeks
of gestation. By 24 weeks, both types of photoreceptor cells
are well polarized and have distinct inner segments that
extend approximately 2 um beyond the outer limiting mem-
brane.”! Rudimentary cone outer segments, which begin to
develop at 16 weeks, are numerous and filled with whorls of
tubular structures at this stage.” The majority of cone but
not rod photoreceptor cell outer segments have stacks of disc
membranes by 24 weeks of gestation. In contrast, rod pho-
toreceptor cells contain a mixture of uniform and randomly
oriented discs even at 28 weeks’' and do not resemble adult

outer segments until approximately 36 weeks.'*

DEeveLoPMENT OF THE Fovea  Although it has been recog-
nized for some years that development of the human fovea
lags behind that of the central retina, recent studies have
provided detailed information regarding its develop-
ment.”*" The fovea can be identified at approximately 22
weeks of gestation by the existence of a photoreceptor layer
that contains only cones and by the presence of an unusu-
ally thick layer of ganglion cells. Following birth, the fovea
continues to develop, a process that is characterized by deep-
ening of the foveal depression, narrowing of the rod-free
zone (foveola), and maturation and elongation of foveolar
cone photoreceptor cells, including the differentiation of
outer segments and development of basal axosomal
processes that constitute Henle’s fiber layer. The fovea is not
fully differentiated until the third or fourth postnatal year
(figure 4.2).

DEVELOPMENT OF THE RETINAL PIGMENTED EPITHELIUM =~ At
5 to 6 weeks (15 to 20mm) of gestation the presumptive
retinal pigmented epithelium exists as a pseudostratified
layer of columnar epithelial cells that have a dense cyto-
plasm, oval nuclei, and the first detectable pigment gran-
ules.”® Mitoses are numerous and are located primarily in the
farthest ventricular portion of this epithelium. By 7 weeks
(20mm) of gestation, basal and lateral infoldings of RPE cell
plasma membrane and apical microvilli can be observed.'”
In addition, distinct “terminal bars” consisting of zonula
occludens and zonula adherens, are evident.'” By 8 weceks
(27 to 31 mm) of gestation the RPE is established as a simple
cuboidal epithelium. A close apposition between RPE and
neural retinal cells is attained following invagination of the
optic vesicle. Intercellular junctions, including both gap
junctions and zonula adherens junctions, are present
between these two cell layers at this time.”

The
interphotoreceptor space is the extracellular matrix-filled

DEVELOPMENT OF THE INTERPHOTORECEPTOR SPACE
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Ficure 4.2 Light micrograph of a section of a fovea of a monkey
retina. In contrast to other regions of the neural retina, inner and outer
segments of foveal cones are of a narrower diameter and appear more
rodlike (compared with cones in figure 4.1). In the central fovea, only

remnant of the central cavity of the embryonic optic vesicle.
It is within this interphotoreceptor space that important
interactions between RPE cells and photoreceptor cells of
the neural retina take place. Little information exists in
humans pertaining to the development of the interphotore-
ceptor space or its contents, collectively referred to as the
interphotoreceptor matrix. A.T. Johnson and coworkers,”"
however, have demonstrated that interstitial retinol-binding
protein, a major component of the adult interphotoreceptor
matrix, 1s first detectable in human retinas at approximately
20 weeks of gestation, a time that corresponds to photore-
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cone photoreceptor cell bodies are present within the outer nuclear
layer (ONL). Henle’s layer (H) consists of cone photoreceptor cell axons
(OLM = outer limiting membrane; INL = inner nuclear layer; GCL =
ganglion cell layer; ILM = inner limiting membrane).

ceptor cell outer segment differentiation. Between 15 and 18
weeks of gestation, intercellular junctions that form between
RPE and neural retinal cells earlier in development gradu-
ally disappear, and an obvious interphotoreceptor space filled
with a detectable flocculent material is visible at the tips of
photoreceptor cell inner segments. By 24 weeks, the inter-
photoreceptor space widens, and distinct domains of floccu-
lent interphotoreceptor matrix that are termed cone matrix
sheaths are selectively associated with cone photoreceptor cell
inner and outer segments. Chondroitin 6-sulfate, a major

component of cone matrix sheaths,” is first present between
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17 and 18 weeks of gestation and is solely associated with
cone outer segments. Peanut agglutinin (PNA)-binding gly-
coconjugates, additional major structural components of

cone matrix sheaths, #7273

are present within the interpho-
toreceptor space at the time of its earliest formation. By 17
to 18 weeks of gestation, the interphotoreceptor matrix,
which contains, peanut agglutinin—binding constituents, is
visible as concentrated accumulations that is primarily asso-
ciated with cone photoreceptor cells. It should be pointed out
that the expression of these two major cone matrix sheath—
associated constituents occurs at the time when rudimentary,
outer segments first differentiate, approximately 10 weeks
prior to the appearance of definitive photoreceptor disc
membranes. Possibly cone matrix sheath—associated con-
stituents may be necessary for the subsequent differentiation
and survival of photoreceptor cell outer segments.

Retina—retinal pigmented epithelium—interphotoreceptor
matrix: Morphology, composition, and function

As detailed above (see the previous section) the neural retina
develops as a stratified epithelium, one basal surface bor-
dering the vitreous cavity and the other apical surface in
close association with the RPE. The cellular composition
and organization of a mature retina is described in Chapter
5. Of most interest to this chapter is the scleral surface of
the neural retina (figures 4.1 to 4.3). Microvillous extensions
of Miiller cells form junctional complexes with adjacent
photoreceptor inner segments (known as the outer limiting
membrane [see figure 4.3]) to seal the interphotoreceptor
space lying between the neural retina and the RPE. The
interphotoreceptor space is filled by a specialized extracel-
lular matrix termed the interphotoreceptor matrix (figures
4.1 and 4.3). The apical surfaces of retinal pigmented
epithelial cells contain numerous microvilli and are special-
ized for the phagocytosis of shed packets of photoreceptor
outer segment membranes, one of a number of RPE cell
activities that contribute to photoreceptor cell function.

The RPE has roles

important to the maintenance of retinal, especially pho-
32

RPE CeLL Cyrorocy aNp FuncTion

toreceptor, cell function and homeostasis.

The polygonal cells of the RPE form a simple (one cell
layer thick) cuboidal epithelium with their basal surfaces
attached to a basement membrane, which is part of a
collagen-rich layer of extracellular matrix known as Bruch’s
membrane. Bruch’s membrane separates the retinal pig-
mented epithelium from its primary vascular supply, the
choroidal capillaries, which are the major source of nutri-
ents for the outer retina; numerous basal infoldings of retinal
pigmented epithelial cell plasma membranes facilitate nutri-
ent and waste product exchange. The best characterized of
the transport functions is retinol, which complexes with

opsin in photoreceptor cell outer segments and 1s absolutely
necessary in the process of phototransduction. The RPE
mediates the transport of retinol from the choroidal vascu-
lature to the interphotoreceptor space by utilizing a number
of retinoid-binding proteins as carriers.'”'®

Laterally, RPE cell membranes are joined by inter-
mediate (adhering) junctions, and between adjacent cells
continuous bands of tight junctions prevent paracellular
flow of large molecules to and from the subretinal space,
thus contributing to the blood-retinal barrier (tightly sealed
retinal vasculature also contributes significantly to this
barrier).

Apically, RPE cells have numerous microvilli that project
into the interphotoreceptor space and are closely associated
with photoreceptor cell outer segments. This association
facilitates another major function of the RPE cells, the
phagocytosis and digestion of shed photoreceptor outer
segment membrane produced by ongoing renewal of pho-
toreceptor outer segments; phagosomes involved in the
degradation of phagocytosed membrane are typical com-
ponents of RPE cytoplasm. The dynamic relationship that
exists between the RPE and photoreceptors during outer
segment membrane turnover is well established.” The
molecular mechanisms that regulate shedding and subse-
quent phagocytosis by the RPE have not been elucidated,
although a receptor-mediated process involving both pho-
toreceptors and retinal pigmented epithelium has been
hypothesized.” Studies by McLaughlin and coworkers™ ?/
have demonstrated a loss of certain lectin receptors in shed,
unphagocytosed disc packets in the Royal College of Sur-
geons (RCS) rat (an animal that has a defect in the ability of
the RPE to ingest shed disc), and this suggests that phago-
cytosis may involve a cell surface signal from the photore-
ceptor to the RPE. In other studies, RPE and outer segment
membrane—associated molecules have been identified and
are being characterized as potential participants in receptor-
mediated recognition and/or phagocytosis. The sequence of
morphological events that occurs during shedding and inges-
tion of outer segments has been thoroughly investigated
in monkey and human retinas by transmission electron
microscopy.”*'**"**1! Cone photoreceptors are also known
to shed their discs in a diurnal rhythm, the majority shed-
ding their membranes at night, although species variations
have been reported.

The apical surface membranes of RPE cells are also rich
in Na™-K" adenosine triphosphatase (ATPase) molecules that
mediate ion fluxes and influence the transport of other
molecules into and out of the subretinal space.'”” Abundant
cytoplasmic pigment (melanin) granules are also present in
retinal pigmented epithelial cells; these are also important to
retinal function and serve to absorb scattered light.

Additionally, RPE cells are known to synthesize and secrete
a number of proteins, glycoproteins, and proteoglycans that
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Fieure 4.3 Light micrograph of a region of the section depicted
in Figure 4.1 (left) and a fluorescence light micrograph (right) of a
section of monkey retina that shows the distribution of peanut
agglutinin—binding molecules in monkey retina. Peanut agglu-
tinin—binding molecules in monkey and human retinas are specif-
ically localized to domains of cone photoreceptor cell-associated
interphotoreceptor matrix that have been termed cone matrix

are part of the interphotoreceptor matrix.*"**""*! The
extent to which any of these interphotoreceptor matrix com-
ponents are important to structural or functional interactions
between retinal photoreceptors and the RPE is largely
unknown. However, several recent studies suggest that as yet
undefined factors secreted by RPE cells may be important in
influencing retinal differentiation.”"'**” Additionally it has
been suggested that proteoglycans in the interphotoreceptor
matrix, at least some of which are likely to be products of the
RPE, may be important in retina—RPE adhesion.”**®

ProroreceprorR CrLL Cytorocy aAnp Funcrtion The
highly polarized photoreceptor cells form the outermost

sheaths (asterisks). Chondroitin 6-sulfate containing proteoglycan
and peanut agglutinin—binding glycoconjugates are major con-
stituents of cone matrix sheaths (C = cone photoreceptor cell; R =
rod photoreceptor cell; arrow, cone outer segment; arrowhead, rod
outer segment; RPE = retinal pigmented epithelium; OLM = outer
limiting membrane; ONL = outer nuclear layer; OSL = outer
synaptic layer; INL = inner nuclear layer).

layer of the neural retina (see figure 4.3A). Their cell bodies
form the outer nuclear layer; their axonal processes extend
basally to synapse with bipolar and horizontal cells in the
outer synaptic layer. The scleral portions of photoreceptor
cells, or outer segments (see figure 4.3A), are modified ciliary
structures formed by elaborations of plasma membrane
containing high concentrations of photosensitive, integral
membrane molecules. The most abundant protein of rod
outer segment disc membranes is the rod photopigment
rhodopsin, a glycoprotein with a molecular weight of
approximately 42 kilodaltons (kD) that is present with a
packing density of approximately 30,000 molecules per (im”.
The carboxy terminus of rhodopsin is located in the inter-
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discal space, whereas the amino terminus projects into the
intradiscal space. Another recently discovered outer segment
membrane glycoprotein is the “rim” protein,'?' which has
a molecular weight of 240 to 290kD and is located along
the edges of outer segment discs and incisures. Other
proteins that have been identified in association with outer
segment membranes include peripherin (33-kD dimer),
glyceraldehyde-3-P-dehydrogenase (38kD), a cyclic guano-
sine monophosphate gated channel protein (63kD), and a
spectrinlike protein (240kD) (Molday, unpublished observa-
tions). Other molecular constituents located within photore-
ceptor outer segments participate in phototransduction. The
adjacent inner segments, which contain mitochondria and
the metabolic synthetic machinery responsible for the
biosynthesis and transport of molecules for both the outer
segment and axonal portions of the cell, extend into the
interphotoreceptor space and are surrounded by the inter-
photoreceptor matrix. The photoreceptor inner segment
membrances form junctional complexes with the surround-
ing glial elements of the retina, the Miiller cells. These junc-
tional complexes establish what has been termed the outer
limiting membrane (see figure 4.1), a region thought to act as a
molecular sieve®™ to partially seal the interphotoreceptor
space from the neural retina.

Two types of photoreceptor cells, rods and cones, can be
identified cytologically (see figures 4.1 and 4.3A). Subclasses
of cone photoreceptors have been identified, each possess-
ing different spectral sensitivities, and corresponding differ-
ences in the molecular nature of the photosensitive pigments
concentrated in their outer segments.'”” The outer segments
of rods and cones differ structurally; rod photoreceptor
outer segments retain a relatively uniform diameter from
apex to base, while cone photoreceptor outer segments are
broader basally and taper toward their tips. In both cases,
photoreceptor outer segments are formed by extensive
folding of the photoreceptor cell membrane; in rods these
“disc membranes” are pinched off and enclosed by the cell
membrane.”’ In contrast to the case for rods, however, the
structural relationship between vertebrate cone photorecep-
tor outer segment disc membranes and their enveloping
plasma membrane remains uncertain, especially in primates.
Conventional ultrastructural studies of nonmammalian
species suggest that the majority of cone disc membranes
remain continuous with the plasma membrane, and thus the
intradiscal spaces are open to the interphotoreceptor
space. P+ 15 It hag generally been assumed that most if
not all of the discs in mammalian cones are also continuous
with the plasma membrane, but many of the connections
appear to be extremely small.>'**?"* In several species,
open intradiscal spaces are more easily visualized in the
proximal than in the distal portions of cone outer seg-
ments.” Recent ultrastructural studies of monkey and
human cone photoreceptors have identified novel regions of

outer segments, termed cone notches, that demarcate a site of
abrupt transition between cone photoreceptor discs that are
open to the interphotoreceptor space and those that appear
1solated. These results suggest that at least at some levels the
gross organization of primate cone photoreceptor cell outer
segment membranes may be more similar to that of rod pho-
toreceptor cells. A number of investigators have shown that
the fluorochrome Procion yellow selectively associates with
cone outer segments in a variety of species, including pri-
mates.”"#*% These investigators have suggested that this
staining may represent dye infiltration into open cone discs,
although cone-specific binding of Procion yellow may be a
result of preferential insult to cone membranes rather than
a result of penetration into patent cone discs.

There also appear to be differences in the mechanism of
membrane renewal in the outer segments of rod and cone
photoreceptor cells. Rod cell outer segment discs are added
basally and migrate as intact units toward the apical tip of
the outer segment, where they are ultimately shed. This con-
tinuing assembly at the proximal end of the photoreceptor
outer segment is balanced by continuing shedding of the
distal tip of the outer segment such that the overall length
of the outer segment remains constant. In contrast, cone
photoreceptor cell outer segments renew more randomly
and show no selective incorporation of amino acids into the
basal region of the photoreceptor cell outer segment.'>*'**
For both photoreceptor cell types, however, RPE cells appear
to be responsible for the phagocytosis of shed outer segment
membrane and clearance of the interphotoreceptor space.
Cone photoreceptor cell inner segments are generally larger
than those of rod photoreceptor cells and are densely packed
with mitochondria. Cone photoreceptor cell bodies typically
occupy the outermost layer (nearest the sclera) of the outer
nuclear layer, with the remainder of the outer nuclear layer
being composed of rod cell bodies.

Although rod and cone photoreceptor cells exhibit differ-
ences in their overall structure, function, and susceptibility
to degeneration in various diseases, relatively little is known
concerning the biochemical bases for these differences, espe-
cially with respect to cones. Our lack of knowledge pertain-
ing to the molecular composition of cone photoreceptors is
probably due to an inability to isolate these cells since they
represent only a small percentage of the total population of
photoreceptors in most species and since, until recently, few
cone photoreceptor cell-specific probes have been available
to aid investigators in this purification.

Significant new knowledge about the biochemical and
morphological uniqueness of cone photoreceptor cells and
their surrounding environment is emerging. For example,
new information on compositional differences between rod
and cone photoreceptor cells, including differences in the

53,80

O-subunit of transducin, cyclic guanosine monophos-

phate phosphodiesterase,” neurotransmitters and amino
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acid metabolism, 112!

cytochrome oxidase activity,
vitamin D-dependent calcium-binding protein,'**'** disc
rim protein,'*'” bovine serum albumin-binding molecules,
and carbonic anhydrase, have been documented. In addi-
tion, cone photoreceptors have been shown to accumulate
selectively various sugars, including fucose by goldfish cone

photoreceptor cells,”*

galactose by bovine cone photore-
ceptor cells,”” and 2-deoxyglucose by dark-adapted primate
cone photoreceptor cells.'”® Additional differences in the
molecular composition of cone photoreceptor cells have
been elucidated by monoclonal antibodies. Lemmon™ and
Szél and coworkers'” ¥ have generated monoclonal anti-
bodies that specifically label cone outer segments in a variety
of species, and Bunt-Milam and coworkers have generated
an antibody that binds to the outer segments of certain sub-
classes of cone photoreceptor cells in a number of species.
Similarly, we have generated a monoclonal antibody that
selectively labels cone but not rod photoreceptor cell plasma
and disc membranes in pig, monkey, and human retinas.
These probes should provide powerful tools with which to
continue to establish the molecular bases for differences
between rod and cone photoreceptor cells. More recently,
molecular biological techniques have begun to provide some
insights into compositional differences between rod and cone

4 2
photoreceptor cellg 09102108, 113,141

MtrLer CeLL Cyrorogy AND Funcrion  Miiller cells are
the primary glial elements of the retina. Unlike neurons of
the retina, Miiller cells span almost the entire width of the
retina and extend radially from the inner limiting membrane
at the vitreal surface to just beyond the level of the outer lim-
iting membrane where they form junctional complexes with
adjacent photoreceptor cells; their nuclei are located within
the inner nuclear layer. The scleral surfaces of Miiller cells
border the interphotoreceptor space and extend numerous
microvillous processes into it. Specific membrane-associated
transport systems sequestered in these apical cell membranes
are likely to be involved in controlling to some extent the
composition of the interphotoreceptor matrix.''® Miiller
cells may also participate in retinal carbohydrate metabolism
by serving as a source of stored nutrients in the form of

glycogen,'”" in the degradation of neurotransmitter levels,'*

and in the regulation of extracellular glutamine levels.!'®
Maintenance of appropriate potassium levels in the retina
by the active pumping of potassium ions into the vitreous

also appears to be a major Miiller cell function.'"*

INTERPHOTORECEPTOR MATRIX STRUCTURE AND FuNcTION
As described above (see the section on embryological
origins), the interphotoreceptor matrix is likely to play a
major role in maintaining retinal function by mediating
biochemical interactions between the retina, RPE, and
choroidal vasculature. Ultrastructural studies of the inter-

photoreceptor matrix have confirmed the presence of
amorphous extracellular substance within the interphotore-
ceptor space 1n a variety of species, including monkeys and

humans.*®!"

Thick cuffs of amorphous material are
observed to encapsulate most cone photoreceptor cell outer
segments, in contrast to the finely granular material inter-
spersed between adjacent rod photoreceptors.*®”?

Early investigations identified the presence of anionic,
carbohydrate-containing molecules in the interphotorecep-
tor matrix of a variety of species including monkeys and
humans, #2078 HLIII0 The ohserved susceptibility
of some of these interphotoreceptor matrix components to
specific enzyme treatments indicated that both glycoproteins
and glycosaminoglycans are constituents. More recent
studies employing lectin histochemistry have provided
substantial additional information as to the nature of
carbohydrate-containing molecules within the interphotore-
ceptor matrix,'®7+73707BIIELE OIS Ope of the most strik-
ing contributions of these lectin-based studies has been the
identification of microdomains of interphotoreceptor
matrix glycoconjugates. These studies have demonstrated
that interphotoreceptor matrix components are heteroge-
neously distributed and that the heterogeneities fall into two
basic patterns, those showing apical-basal differences and
those showing photoreceptor cell type—specific differences in
composition. Wheat germ agglutinin-binding glycoconju-
gates in monkeys and humans are present within the inter-
photoreceptor matrix surrounding rod photoreceptors and
are virtually absent in the interphotoreceptor matrix sur-
rounding cone photoreceptor cells.”*'"* Additional evidence
for compartmentalization of some molecules contained in
the interphotoreceptor matrix has been provided by investi-
gations of the distribution of PNA-binding molecules. PNA-
binding molecules in monkey and human retinas are
specifically localized to domains of cone photoreceptor
cell-associated interphotoreceptor matrix. The existence of
cone matrix sheaths in human retinas has been confirmed
by histochemical staining with a cationic copper phthalo-
cyanin dye, cuprolinic blue 08727376143

The majority of studies directed toward biochemical
characterization of the interphotoreceptor matrix have
concentrated on its soluble rather than insoluble compo-
146192 Recently, however, investigations have focused
on characterizing the aqueous, insoluble components of the
interphotoreceptor matrix (figure 4.4). In higher vertebrate
species, including monkeys and humans, these components
appear to constitute a significant portion of the interpho-

nents.

toreceptor matrix as compared with soluble constituents.
The soluble fraction of the interphotoreceptor matrix
from bovine eyes consists predominantly of protein and
glycoprotein (98%) with some glycosaminoglycan (2%). The
most prominent proteins identified by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis include bands of
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Fieure 4.4 Fluorescence light micrograph depicting an isolated
cone matrix sheath exposed to fluorescein-conjugated PNA. Cone
matrix sheaths examined in this manner show a distinct substruc-
ture with numerous longitudinally orientated fibers extending the
entire length of the sheath (arrowheads). These longitudinal struc-
tures appear to be interconnected by a finer anastomosing fibrous
network. In addition, longitudinal fibers appear to insert into dis-
tinct fibrous rings of similar dimension at both the proximal and
distal ends of the sheath (arrows).

47kD and 140kD.*’ Similar proteins have been identified
in the interphotoreceptor matrix of human retinas." The
major soluble glycoprotein (140kD) of the interphotore-
ceptor matrix is an interstitial retinol-binding protein.””*'"
In addition, a number of other soluble interphotoreceptor
matrix proteins and glycoproteins have been identified; these
include mucinlike glycoproteins,” a variety of enzymes,” a
cyclic guanosine monophosphate-phosphodiesterase,'' soluble
antigen,'* trophic factors (Adler and Hewitt, unpublished
data), and a variety of serum-containing proteins, including
immunoglobulins and albumin.®*® In addition, small-molec-
ular weight, soluble glycosaminoglycans have been identi-
fied. These may be degradation products of larger inter-
photoreceptor proteoglycans.

More recent biochemical and immunocytochemical
studies have confirmed that a large proportion of the inter-
photoreceptor matrix is composed of aqueous-insoluble gly-
coconjugates. These include proteoglycans which contain
chondroitin 4-sulfate and chondroitin 6-sulfate.”'"" Chon-
droitin 4-sulfate is distributed uniformly throughout the
matrix, whereas chondroitin 6-sulfate proteoglycan is asoci-
ated specifically with cone matrix sheaths,” and may be a
component of a larger proteoglycan intercalated within the
cone photoreceptor cell plasma membrane. Based on high-
performance liquid-size exclusion chromatography, the
major constituent of cone matrix sheaths is resolved as a
peak approximately 800 kD, which suggests that cone matrix
sheaths are composed of extremely high molecule weight
proteoglycans or proteoglycan aggregates. In addition to
chondroitin 6-sulfate glycosaminoglycan, cone matrix sheath

proteoglycans contain a significant quantity of O-linked
oligosaccharides that bind PNA.

Relatively little is known about the function of most of the
interphotoreceptor matrix constituents. Perhaps the only
interphotoreceptor matrix molecules that have been char-
acterized with respect to function are interstitial retinol-
binding proteins and vitamin A. Preliminary studies in a
OT70IBIOTI0 syogest that cone matrix
sheath—associated constituents may indeed participate in
retinal adhesion, since cone matrix sheaths retain their

number of laboratories

cellular attachments and become extremely elongated in
experiments in which the retina is gently peeled from the
pigmented epithelium immediately following enucleation.
Intravitreal mjection of xylosides (compounds that disrupt
proteoglycan synthesis) results in cone matrix sheath disrup-
tion and localized retinal detachments.” Intravitreal or sub-
retinal injections of chondroitinase or neuraminidase reduce
adhesion by as much as 80% without affecting retinal func-
tion or histology.

It appears that rod photoreceptor cells are the primary
cells involved in the synthesis of interstitial retinol-binding
protein and its subsequent secretion into the interphotore-
ceptor matrix.” > It has also been demonstrated that a
number of interphotoreceptor matrix—containing con-
stituents originate from the systemic vasculature and are
transported into the interphotoreceptor space by the retinal
pigmented epithelium.”'

Pathologies affecting the RPE—photoreceptor—

interphotoreceptor matrix complex

Pathologies affecting the RPE-photoreceptor-interphotoreceptor
matrix interface have been reported in association with
human disease and animal models. Such pathologies may be
the direct result of abnormalities in either RPE or photore-
ceptor cells. Because of their close structural and functional
relationships (see the previous section on structure and function
of the mterface), an abnormality in one of these cell types
might be expected to influence the viability of the other. It can
be speculated that this phenomenon would most often involve
a primary abnormality in retinal pigmented epithelial cells
that secondarily affects photoreceptor cells because of the
numerous functions crucial to photoreceptor homeostasis that
are performed by retinal pigmented epithelial cells. Such is
the case for the RCS rat (see a later section), which exhibits a
retinal pigmented epithelium—based pathology that indirectly
results in photoreceptor cell death. Conversely, in a number
of mutant mouse strains (see the later section on retinal-
degenerative mice) the primary abnormalities are in photore-
ceptor cells themselves.

Our understanding of abnormalities affecting the
RPE—photoreceptor interface comes largely from studies of
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animals, while less is known concerning the cellular bases of
human retinal pathologies. Since a number of comprehen-
sive reviews pertaining to animals exhibiting retinal degen-
eration have been published,’ only a few specific examples
are described below.

RPE-Basep PaTHOLOGIES

RCS rat The best characterized of retinal pigmented
epithelium-based pathologies is that exhibited by the
RCS rat.'”?**% This mutant strain of rat has a defect that
affects the ability of retinal pigmented epithelial cells to
phagocytose shed photoreceptor cell outer segment mem-
brane. Photoreceptor cells develop apparently normally
until about 18 days postnatally, but degenerate thereafter. As
a result, the interphotoreceptor (subretinal) space becomes
filled with membranous debris.””* The recognition and
binding of photoreceptor cell outer segments at the apical
surfaces of RCS retinal pigmented epithelial cells may be
normal, the defect specifically affecting phagocytosis. It has
recently been shown' that rod death can be prevented by
various “sham operations” on the retina and especially by
subretinal or intraretinal injection of basal fibroblast growth
factor (bFGF). This is a constituent of the normal inter-
photoreceptor matrix (personal observations) and therefore
the lack of specific trophic factors, derived from RPE, leads
to the death of rods in the RCS rat.

Mucopolysaccharidosis VI~ Feline mucopolysaccharidosis VI
(MPS VI) is an inherited disease affecting the lysosomal
enzyme arylsulfatase B. Animals with this enzymatic defect
exhibit large intracellular accumulations of dermatan sulfate
owing to their inability to degrade this glycosaminoglycan.™
This abnormality is systemically widespread but especially
notable in cells of the retinal pigmented epithelium, which
because of their highly phagocytic nature accumulate
numerous membrane-bound inclusions containing poorly
degraded glycosaminoglycans.® These inclusions are present
at the time of birth of affected animals, increase in size
and number with time, and ultimately result in massive
hypertrophy of the retinal pigmented epithelium. This
hypertrophy disrupts the normal orientation of adjacent
photoreceptor outer segments but apparently does not
result in photoreceptor cell death.® Retinal pigmented
epithelial cells from cats with MPS VI thus appear to
be capable of continued phagocytosis of shed photore-
ceptor cell outer segment membrane and physiological
support of photoreceptor cells in spite of the fact that
they have an important enzymatic defect and are severely
hypertrophied.

ProtoreCcEPTOR CELL-BASED PATHOLOGIES
Retinal-degenerative mice A number of mutant mouse strains

exhibiting inherited photoreceptor cell degeneration have

been described. The best characterized of these are the
rd (retinal degeneration®®), rds (retinal degeneration
slow''"*'*%) "and ped (Purkinje cell degeneration®). Each of
these mutants exhibits degeneration and death of photore-
ceptor cells, but with differing time courses. For example,
almost all photoreceptor cells degenerate in homozygous rd
mice by 2 months postnatally, while some viable photore-
ceptors remain in 7ds and ped retinas as late as 1 year post-
natally. In each of these mutants, the defect appears to be
expressed in photoreceptor cells and leads directly to their
death and degeneration. Specific biochemical defects have
not been identified for any of these mutants; however, the rd
strain develops abnormally high accumulations of cyclic
guanosine monophosphate,** the result of an abnormality in
the o subunit of the specific rod. Phosphodiesterase, which
hydrolyses cyclic guanosine monophosphate in the matrix is
greatly altered, but there are no known secondary changes
in the RPE.**

Progressive rod-cone degeneration
inherited disease, termed progressive rod-cone degenera-

Miniature poodles exhibit an

tion, that directly affects both rod and cone photoreceptor
cells. This is a late-onset disease occurring after photore-
ceptor cells have fully differentiated in apparently normal
fashion.” Later, individual rod outer segments become
disordered, and die. Similar changes occur in cone outer
segments, but slightly later than in rods. Ultimately,
photoreceptor cell outer segments are completely lost,
and degeneration of photoreceptor cell inner segments
and cell bodies occurs. Late in the disease process, cells
of the retinal pigmented epithelium are observed to
become hypertrophied and may invade the remaining neural
retina.
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5 Membrane Mechanisms of the
Retinal Pigment Epithelium

OLAF STRAUSS

The retinal pigment epithelium (RPE) interacts closely with
photoreceptors, an activity that is essential to maintain
excitability of photoreceptors. The RPE helps to control the
environment of the subretinal space, supplies nutrients and
retinal to the photoreceptors, phagocytoses shed photore-
ceptor outer segments in a renewal process, and secretes a
variety of growth factors, helping to maintain the structural
integrity of the retina. Some of these functions are coupled
to ion fluxes across cell membranes of the RPE. Since move-
ments of charges across the RPE can be monitored in the
electroretinogram (ERG) and electro-oculogram (EOG),
these methods provide insights into these RPE functions.
In this chapter, RPE functions involving ion fluxes across
RPE cell membranes will be described. The first part will
describe ion channels and transporters that are present in
the RPE. In the second part, the interaction of ion channels
and transporters will be put into models of RPE function.

RPE functions that involve the movements of 1ons across
the cell membranes

The ultrastructure of the RPE is characteristic for a trans-
HILOLOZELE2 and adjacent RPE cells form

tight junctions and thus become organized into an apical

porting epithelium,

and basolateral membrane with distinct and often separate
functions. The RPE transports ions and metabolic end prod-
ucts from the retinal to the choroidal (vascular) side.'" Ton
transport serves to control the ion composition in the sub-
retinal space, which is essential for the maintenance of pho-
toreceptor excitability and also drives water transport across
the RPE.”**!'*® The removal of fluid from the subretinal
space (volume transport) ensures that its volume is small and
that photoreceptors and RPE are closely opposed and there-
fore can interact easily. In addition to transport of ions, the
transport of metabolic end products involves the movements
of charged molecules such as lactic acid.””*'* Another RPE
function that is coupled to movements of charges is the
rapid, nearly instantaneous compensation for changes in ion
composition in the subretinal space.””’*""® Stimulation of
photoreceptors by light decreases the potassium concentra-
tion in the subretinal space. To compensate, the RPE
releases potassium ions through the apical membrane into

the subretinal space. Changing from light to dark increases
the potassium concentration in the subretinal space, which
is compensated by the absorption of potassium ions. Both
the capability for epithelial transport and fast instantaneous
compensation can be monitored by ERG or EOG
measurements.

Membrane proteins involved in transporting ions

Tox CHANNELS
The delayed rectifier

channels activate slowly in response to depolarization and

Characterization: Delayed rectifier K*

repolarize the membrane potential back to the resting poten-
tial by developing increasing K* outward current amplitudes
with increasing positive membrane voltages (outward recti-
fication), 1?3125 15013515, \Whether the channels are located
in either apical or basolateral membrane is unclear. The
channels carrying such currents in RPE cells have been
found to be mainly composed of Kv1.3 subunits,'* of which
four assemble a tetramer to form the K" conducting pore.
Function: The role of the delayed rectifier potassium
channel for RPE function is not fully understood. The
delayed rectifier is regulated by protein kinases and has
an activation threshold comparable to that of voltage-
dependent Ca?* channels, i.e., they conduct after membrane
voltage changes to potentials more positive than —30mV.
RPE cells show a resting potential of approximately —40mV.
The RPE cell membrane is maximally depolarized by
+10mV by changes from light to dark. Thus, it is unlikely that
the delayed rectifier potassium channels contribute to ERG
or EOG signals. It is likely that delayed rectifier represent a
functional antagonist to voltage-dependent Ca** channels.
Inward rectifier  Characterization: Inward rectifier channels
are activated by hyperpolarization of the cell and display
increasing inward currents with increasing negative mem-

brane potentials 45.46,64,65,113,115,117,122,130,135,136,141

Depolariza-
tion from very negative membrane potentials can lead to
outwardly directed currents depending on electrochemical
driving forces. The inward rectifier channels in mammalian
RPE cells show mild inward rectification, decreased con-
extracellular K* concentration was

ductance when
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increased, and voltage-dependent inhibition by extracellular
Na* ***" 1517 The channels are mainly composed of Kir7.1
subunits, which are located in the apical microvilli.”'"”

Function: The inward rectifier provides a general potas-
sium conductance and stabilizes the membrane potential.
The location of Kir7.1 subunits in the apical processes imply
additional functions. The ability to conduct potassium in
both directions and sensitivity to extracellular potassium
enable the inward rectifier to compensate for changes in sub-
retinal K™ concentration. Another important role might be
the support of Na®/K*' ATPase activity'” The Kir7.1
subunits colocalize with Na®/K" ATPase in the apical
processes. The inward rectifier provides a K" conductance,
which is open under all physiological conditions, that could
recycle K ions that have been transported into the cell by
Na'/K" ATPase. This cycling of K ions over the apical
membrane supports the ATPase activity in building Na* gra-
dients, because inward rectifiers decrease the K* gradient.
Thus, the inward rectifier plays an important role for the
driving forces of epithelial transport. Since the c-wave of the
ERG is based on changes in the apical K" conductance, it
seems also likely that the inward rectifier is involved in this
ERG signal.*®

Ca* -dependent K channels Characterization: Rises in intra-
cellular free Ca® activate outwardly rectifying K* channels.
RPE cells express large conductance Ca®*-dependent K*
channels" """ (maxi K or BK). Such maxi-K channels are
caused to open by a rise in intracellular free Ca®, which
occurs in response to activation of purinergic receptors.''’
Function: The main function of maxi-K potassium chan-
nels is the modulation of epithelial transport. These chan-
nels can be activated by the Ca* second-messenger system.
The subsequent hyperpolarization of the membrane poten-
tial changes the driving forces for ions over the cell mem-
brane and can, for example, increase Cl™ secretion. This
might be the basis for the effect of purinergic stimulation on

epithelial transport.'"’

M-type currents  Characterization: In bovine and human
RPE cells, another outwardly rectifying K* channel with a
different voltage dependence and sensitivity to K* channel
blockers could be identified.'” With its voltage dependence
and insensitivity to Cs*, this current resembles currents
through M-type K* channels. The term M channels is short-
hand for muscarinic channels, which are known to be
silenced after a period of exposure to muscarinic agonists.
However, such an effect could not be observed in RPE cells.

Function: Since M channels are active over a broad
voltage range, M channels stabilize the membrane potential.
Depolarization leads to activation of M channels. The cor-
responding increase in K™ membrane conductance moves
the membrane potential toward the equilibrium potential for

K", which in turn hyperpolarizes the cell back toward the
resting potential. A contribution to the c-wave of the ERG
is likely but not proven.

Voltage-dependent Ca® channels: L-type channels Characteriza-
tion: L-type Ca’ channels are activated by relatively large
depolarizing voltage changes. They are highly specific for

85,86,107,114,120,121,127-129,138,140 (4 ,2+ pon el are com-

Ca’ ions.
posed of several subunits, of which the largest one, the
o~ or Cay-subunit, forms the Ca*-conducting pore and
determines such Ca® channel properties as voltage-
dependence or sensitivity to Ca®* channel blockers. Four dif-
ferent Cay subunits are known to represent L-type channels:
Cayl.1—the skeletal subtype; Cay1.2—the cardiac subtype;
Cayl.3—the neuroendocrine subtype; and Cayl.4—the
retinal subtype. In the RPE, these channels were identified
as the neuroendocrine subtype of L-type channels composed
of Cay 1.3 subunits.'”'* The L-type channels are regulated
by protein tyrosine kinase and protein kinase C.*'*! In addi-
tion, L-type channels are activated during stimulation of the
InsP3/Ca” second-messenger signaling cascade.™

Function: The function of these L-type channels is not

fully understood. The neuroendocrine subtype of L-type
channels is known to regulate secretion rates and can trans-
duce voltage-dependent changes in gene expression. The
RPE is known to secrete a variety of growth factors. Thus,
it is likely that these Ca®* channels regulate the secretion of
growth factors. Since these Ca’ channels are activated by
depolarization of the membrane potential, L-type channels
could contribute to signals of the EOG. This is most likely
for the light peak that arises mainly from activation of baso-
lateral Cl channels, which leads to depolarization of the
basolateral cell membrane.
Nonspecific cation channels Characterization: So called non-
specific cation channels can conduct both Na* and K* ions.
Nonspecific cation channels in the RPE are coupled to acti-
vation of purinergic receptors.'”!"*!"! Stimulation of RPE
cells by ATP leads to a G-protein-coupled activation of non-
specific cation channels.

Function: The function of these channels is not fully
understood. Activation of Na" and K" conducting ion chan-
nels leads to depolarization. It is likely that these potential
changes modulate driving forces for ions across the cell
membranes and thus epithelial transport.

Chloride channels

Ca* -dependent Cl channels Characterization: These Cl
channels are activated by a rise in intracellular free Ca™,
show outwardly rectifying currents, and can be blocked by
stilbene derivatives such as DIDS.'**!?1* The activation of
these channels requires not only Ca”* but also cofactors such

as tyrosine kinases.'?*'*
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Function: Activation of Ca®*-activated CI channels is
coupled to activation of the InsP3/Ca’* second-messenger
system.'”*'*® Activation of this second-messenger system
requires a Ca”" influx into the cell. The amount of inflow-
ing Ca® is determined by electrochemical driving forces for
Ca*. Activation of Ca”**-dependent Cl channels hyperpo-
larizes the cell, leading to increase the driving force for Ca®
into the cell and to larger rises in intracellular free Ca®
acting as second messenger. On the other hand, activation
of these Cl channels by the InsP3/Ca** second-messenger
system can increase Cl™ outflow and thus increase CI” secre-
tion.""” The light peak originates in an increase in the Cl
conductance in the basal membrane of the RPE.”"* In addi-
tion, this is ultimately caused by a transmitter, probably by
a biogenic amine, which is released by the neuronal retina
during light exposure.”®® Biogenic amines are known to
stimulate the InsP3/Ca” second-messenger system.

Volume-activated Cl channels ~ Characterization: This type of
Cl channel is activated to counterbalance hypoosmotic
swelling.®'** Tt seems that activation of this Cl channel does
not require changes in intracellular Ca™".”

Function: The volume-activated Cl channels help to
control the volume of RPE cells, which is important for the

integrity of the epithelial barrier.

ClC-2 channel ~ Characterization: RPE cells express C1C-2
ClI channels.” CIC (Chloride Channel) is a large family of Cl
channels related to a Cl channel that has been isolated from
the electric organ of the electric ray.’’ The voltage-depend-
ent ClC-2 channels are inactive at the resting potential of
RPE cells and open in response to hyperpolarization.” In
addition, C1C-2 is activated in response to extracellular acid-
ification. Knock-out of the CIC-2 chloride channel in a
mouse model leads to retinal degeneration arising from
absence of epithelial Cl transport by the RPE.

Function: The retinal degeneration in the CIC-2 knock-
out mouse indicates that ClC-2 channels are essential for
epithelial transport of CI™ across the RPE. The transport of
CI might be coupled to transport of lactic acid. This is made
very likely by the finding that C1C-2 channels are very sen-
sitive to changes in extracellular pH.” A failure of Cl and
lactic acid transport by the RPE might be the cause for the
retinal degeneration in the ClC-2 knock-out mouse model.

JoN TRANSPORTERS
ATPases

Na*/K*-ATPase Na'/K*-ATPase is
able to transport Na* and K" against their concentration gra-

Characterization:

dients.* Using the energy of ATP degradation, this enzyme

%9,10,13,15,33,39,49,63,84,96,103,105,106,108,109,116,142

transports Na* to the extracellular space and K* to the cytosol.
These gradients can be used by the cell for Na*-dependent
transport mechanisms. The transport by the Na"/K™-ATPase
is electrogenic. Na"/K™ATPase transports 3mol Na' to the
extracellular space and 2 mol K" into the cell per mol of ATP
consumed. This results in a transmembranal potential of
approximately 10mV. Na"/K"™-ATPase in the RPE is located
in the apical membrane, 819097105 105 15L 12 Thjq §5 2 unique
feature of the RPE. The location is achieved during ontoge-
nesis from the first expression of this enzyme.

Function: Na'/K*-ATPase is the main energy source for
epithelial transport by the RPE. This ensures a close inter-
action between RPE and neuronal retina. The adhesion
forces between both tissues are dependent on the activity of
Na*/K*-ATPase.

Ca**-ATPase Characterization: Ca**-ATPase uses meta-
bolic energy to eliminate Ca’* from intracellular space. This
ATPase can transport Mg®* and Ca®* and was identified as
the plasma membrane (Ca®™ + Mg”)-ATPase (PMCA).”

Function: This transporter terminates rises in intracellu-
lar free Cia’ that are acting as a second messenger.

Na*/ Ca* exchanger ~Characterization: Using the Na* gradi-
ent the Na*/Ca’ exchanger extrudes Ca®" from intracellu-
lar space.”™

Function: This transporter plays a role in the Ca”" second-
messenger system. Together with the Ca’-ATPase, the
Na*/Ca”™ exchanger terminates rises in intracellular free

Ca’ acting as a second messenger.

Na'/HCO;™ cotransporter  Characterization: Using the Na*
gradient established by the Na'/K"™ATPase, the
Na"/HCOj;™ cotransporter serves to transfer HCO;™ ions
into the cell."*'#*67%97 The transporter is located in the
apical as well as basolateral membranes and can be inhib-
ited by stilbene derivatives such as DIDS or SITS. The trans-
port of Na" and HCOj™ is electrogenic. The cotransporter
transports 1 Na* together with 2-3 HCOj™ ions.'57 0987

Function: The Na'/HCO;™ cotransporter accumulates
HCOj 10ns in the cytosol, which is a prerequisite for epithe-
lial transport of HCO;™ and pH regulation.

Na*/H"  exchanger The Na/H' ex-
changer is electroneutral and exchanges Na' ions against
protons.”******7 This amiloride-sensitive transporter is
located in the apical membrane of the RPE.

Function: The ability of the Na*/H" exchanger to use the
Na" gradient to extrude protons from the cytosol gives this

Characterization:

transporter a central role in the regulation of intracellular
pH. Since accumulation of HCO5™ is coupled to the pH reg-
ulation, the Na"/H" exchanger is involved in the transport

Of HCOg_.
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Na*/K*/2 CI” cotransporter  Characterization: The Na*/K*/
2 CI transporter is located in the apical membrane of the
RPE. 2243851557087 Tt s electroneutral and transports 2 CI”
together with 1 Na* and 1 K*. Exploiting the Na" gradient
established by the Na'/K'™-ATPase, the Na'/K*/2 CI°
cotransporter moves K™ and Cl” ions into the cell against the
concentration gradients. The transporter can be inhibited by
bumetanide.

Function: The Na'/K*/2 CI" plays a central role in
epithelial NaCl transport. It mediates the uptake Na®, K,
and CI” over the apical membrane.

CI"/HCOy™  exchanger

basolateral membrane, the

Characterization: Located in the
CI'/HCOys electroneutral
exchanger exchanges CI™ against HCOj™.!®!%2%**7%77 Qince
the exchanger transports HCO3™ ions, it 1s involved in pH
regulation. Intracellular alkalinization is compensated for by
extrusion of HCO;™ from the cytosol.”** Intracellular acid-
ification causes a reduction in the activity of the CI'/HCO;~
exchanger. The CI'/HCOj;™ exchanger is sensitive to DIDS.
CI'/HCO;~
exchanger is to provide an outflow pathway for HCO;™ out
of the cell over the basolateral membrane. This is used for

Function: The main function of the

epithelial transport of HCO;™ and for intracellular pH reg-
ulation. Since extrusion of HCO;™ 1s connected to uptake of
CI', the HCOj™ transport decreases CI” secretion over the
basolateral membrane.

Transporters for lactic acid Characterization: Several trans-
porter systems that are capable of transporting lactic acid
have been described in the RPE.**%7175:9% 16148 Ty trans-
porters belong to the monocarboxylate transporter family.
MCT1 (monocarboxylate transporter 1) is located in the
apical membrane, and MCT3 (monocarboxylate 3) is
located in the basolateral membrane.””!'* Both transporters
function as lactate/H" cotransporters. In the apical mem-
brane, a Na*-dependent transporter for organic ions is also
capable of transporting lactic acid. In addition to these
transporters, an electrogenic Na'-dependent lactate trans-
porter, the Na/lac cotransporter, has been found in the baso-
lateral membrane.” The monocarboxylate transporters are
also able to transport water efficiently.*

Function: All transport systems mediate an epithelial
transport of lactic acid and water from the subretinal space
to the choroid.

RPE functions

Fast CapacitaTIvE COMPENSATION FOR CHANGES IN THE
SUBRETINAL SpAcE Activation of photoreceptors by light
leads to changes of ion composition in the subretinal
space.” 2A0ILBELILINE T maintain the excitability of pho-
toreceptors, these changes have to be compensated for. The

RPE is able to compensate for these changes the moment
they arise. This compensation has to occur very fast.

The origin is a change in the equilibrium potential across
the apical membrane of RPE cells. Activation of photore-
ceptors by light leads to a shutdown of the dark current of
the photoreceptors and a decrease in the potassium con-
centration in the subretinal space because the K" outward
current from the inner segment counterbalancing the Na*
inward current into the outer segment decreases and the
Na*/K*-ATPase removes K" from subretinal space. The

94.95 .
"% of the apical mem-
46,115

consequence is hyperpolarization
brane and activation of inward rectifier K" channels.
This results in potassium outflow into the subretinal space.”
The hyperpolarization also decreases the transport of
CI"*'"! because the decrease in the subretinal K* concen-
tration decreases uptake of CI™ by the Na'/K'/2 CI°
cotransporter. The subsequent decrease in the intracellular
Cl” and K" activity transduces changes in the apical trans-
membranal potential to a hyperpolarization of the baso-
lateral membrane. A decrease in the intracellular
K" concentration results also from K' outflow through
hyperpolarization-activated — inward rectifier channels
because it can be prevented by application of the K" channel
blocker Ba™.**** Light-dependent changes in the photore-
ceptor activity also change the Na" concentration in the sub-
retinal space. These changes are compensated for by uptake
of Na' by the Na/H exchanger and by Na* release by the

Na™/K*"™ATPase.”’

EprrHELIAL  TraNsPOrT  The RPE transports ions and
water volume from the subretinal space to the choroid, espe-
Clally When hght adapted."146,16719,23,38,"11,51,6()‘73,81,87*89,93,101,102,118,137
The transport of ions (see figure 5.1A) drives the transport of
water. Since the RPE shows properties of a tight epithelium,”
most of the water transports occurs via the transcellular route.
Transcellular water transport occurs through aquaporins, water
channels that are present in the apical and the basolateral
membrane.'” A smaller amount of water might be transported
by monocarboxylate transporter, electroneutral Na*/glucose
Na*”/K*/2 CI° CI'/HCO;

exchanger or by ClI channels.* Since the transport of water is

cotransporter, cotransporter,
coupled to transport of ions, the transport of water occurs iso-
tonically. This volume transport is essential and keeps the
volume of the subretinal space very small, enabling a close inter-
action between RPE and photoreceptors. In disease, such as
macular edema, in which this relationship breaks down, func-
tion is lost, and cell death may occur.

Epithelial transport is energized by the activity of the
Na'/K'™-ATPase in the apical membrane of the
RPE, 135943499097 105105.13215 The ATPase eliminates Na' from
intracellular space and establishes a gradient for Na* into
the cell. K" ions are transported into the cell and cycle over
the apical membrane via K* channels.”>**'" This supports

40 PRINCIPLES OF CELL BIOLOGY IN THE VISUAL PATHWAYS



- Retina

- apical

- Choriocapillaris

~ basolateral

(©)5-15mV

Na*
2 CI
K
. CIC-2
Kiry, CFTR
K+
HCO3-
. A
)
K D"
.
MCTI1 l}:c_
Na ek =‘._,’ K CIC-2
HCOS: D . MCT3
Na
K—
Na*
Ca’* L-type
2+
Nat Ca[ i K*  Del. rectifier
< K'  (maxi K)
Ca ATP
Ca®* pMCA
ADP

Freure 5.1 Simplified models of transepithelial transport and
pH regulation. Transporters are drawn with open circles; ATPases
are drawn with closed circles. Arrows indicate stimulation, and
arrows ending with squares indicate inhibition. A (upper panel),

the ATPase to build a Na* gradient because K* channels
decrease the K* gradient.

Uptake of ions over the apical membrane is mediated by
the Na*/K*/2 CI" cotransporter,'”>*”" which uses the Na*
gradient to transport K and CI” into the cell while main-
taining electroneutrality. CI” leaves the cell via Cl channels
in the basolateral membrane.”**”” These Cl channels can
be Ca”*-dependent CI channels'®*'**"* or CIC-2 channels.”
CI” is transported only via the transcellular pathway and rep-
resents the most important part of the epithelial transport
by the RPE. This CI” transport results in a net retinal posi-
tive transepithelial potential of approximately 5-15mV.**

K" ions leave the cells across basolateral membrane via K*
channels.” It is not clear which type of K* channels mediate K*
efflux. They could be Ca**-dependent K* channels"""** or M
channels."” However, whether cither or both of these channels
are located 1n either apical or basolateral membranes (or both)

STRAUSS: MEMBRANE MECHANISMS OF THE RETINAL PIGMENT EPITHELIUM

Epithelial transport of ions across the RPE. Explanations see text.
B (middle panel), Epithelial transport of lactic acid and pH regu-
lation. C (lower panel), Simplified model of intracellular Ca®
homeostasis.

remains unknown. In addition, a part of the K* is transported via
the paracellular pathway driven by the transepithelial potential.
A portion of the Na' is possibly transported via the
paracellular pathway from the subretinal space to the
choroid.” ' This transport is driven by the apical positive
transepithelial potential.”’ The role of the paracellular Na*
transport route is not clear. On one hand, the direction of
transepithelial Na" fluxes is dependent on the transepithelial
potential.*** On the other hand, the RPE was classified as a
tight epithelium, which means that paracellular resistance is
approximately 10 times higher than transcellular resistance.”
This would speak against an important role for paracellular
Na* transport. The portion of the transcellularly transported
Na" is not known, because the efflux pathway for Na* over
the basolateral membrane is not clear. The mechanism could
be the Na*/HCO™ cotransporter, which uses the HCO;~

gradient to extrude Na* from the cytosol.”
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Uptake of HCOj;™ occurs over the apical membrane via
the Na®™/HCO,~ cotransportcr,“‘67’69 and release of HCO;4~
to the CI'/HCO;~
exchanger and possibly by the basolateral
Na/HCO;~ cotransporter.58 However, the release of HCO3~
by the CI'/HCO; exchanger decreases the efficiency of
CI” secretion. This can be used as a resource to enhance

basolateral site occurs via the

18,19,53,54,77

CI” transport. Inhibition of carbonic anhydrase increases
transepithelial CI™ transport and supports the removal of
volume in the treatment of macula edema.'>?" %1% !#5:14 Thjg
can be explained by the fact that the CI'/HCOj™ exchanger
is inhibited by intracellular acidification.”” Inhibition of
carbonic anhydrase leads to a decrease in the HCO;™
concentration and to acidification.”” In consequence, the
CI'/HCOj;™ exchanger is inhibited and no longer counter-
balances the effect of basolateral Cl channels. The result is
an increase in CI” and volume transport from the subretinal
space to the choroid."® Another mechanism to enhance fluid
absorption might be the purinergic stimulation of RPE.
Purinergic stimulation leads to enhancement of fluid absorp-
tion via activation of several types of ion channels.”?>%!°
Furthermore, epithelial transport can be stimulated by
adrenergic stimulation and subsequent increase in intracel-
lular free Ca®* as second messenger.'"”

The transepithelial transport of volume varies with
changes in illumination. The apical Na*/HCO;~ exchanger
is voltage-dependent. Light-induced hyperpolarization of
the apical membrane reduces transport activity and results
in intracellular acidification. Intracellular acidification facil-
itates CI” transport and thus transport of water across the
RPE. Although the physiological relevance of this adaptive
mechanism 1s not clear, the occurrence of light-dependent
transient volume changes in the subretinal space has been

. 40,74
confirmed by in situ measurements.""’

INTRACELLULAR CA™ SiGNALING — Rises in intracellular free
Ca’ serve as a second messenger to regulate many cellular
functions, such as phagocytosis, secretion, or gene expression
(see figure 5.1C). L-type Ca®* channels provide a major
influx pathway for Ca™ into the cell.”® This influx is limited
by voltage-dependent or Ca*-dependent K* channels.
L-type channels are activated by depolarization. Delayed
rectifier K™ channels are activated in paralle]**'?! 12512914014
by depolarization, which leads to hyperpolarization and to
deactivation of L-type channels. Increases in intracellular
free Ca” activate Ca’*-dependent K* channels, which also
hyperpolarizes the cell and deactivates L-type Ca®* channels.
Increases in cytosolic free Ca’ are terminated by Ca®*-
ATPase”” and the Na*/Ca*"-exchanger.”""

RecuraTioN oF INTRACELLULAR PH  The interaction of the
RPE and the photoreceptors includes the digestion of pho-
toreceptor outer segments and the recycling retinal and fatty

acids. In addition, the RPE transports lactic acid from sub-
retinal space to the blood site. The high throughput of
metabolites is based on an efficient pH regulation (see figure
5.1B). Intracellular acidification is compensated for by the
Na'/H" exchanger; intracellular alkalinization is recovered
by the CI'/HCO;~ exchanger.ﬁ’f’d‘

TransporT OF Lactic Acmp  The retina contains high
amounts of lactic acid. The subretinal space shows a much
lower concentration of lactic acid than the neuronal retina
does. This is caused by the transport of lactic acid by
the RPE. 71721018 T actic acid is taken up by the RPE
by a lactate/H" cotransporter (MCT1) and by the Na'-
dependent transporter for organic acids (see figure 5.1B).
Lactic acid leaves the cell via MCT$ and the Na*/lac”
exchanger in the basolateral membrane. Translocation of
lactic acid is coupled to transport of protons. Thus, trans-
port of lactic acid creates a need for pH regulation. This is
enabled by the activity of the CI'/HCO;™ exchanger and
the Na'/H" exchanger.’*" The proper function of the
CI'/HCOj  exchanger requires a recycling pathway for
CI". This recycling pathway is provided by CIC-2 Cl chan-
nels, which are activated by extracellular acidification.’
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6 Functional Organization

of the Retina

HELGA KOLB

THE RETINA 15 A thin, filmy piece of brain tissue (in devel-
opment, the retina arises as outpouching of the embryonic
forebrain) that lines the inside of the eyeball (figure 6.1). It
consists of millions of closely packed nerve cells arranged in
layers with synaptic neuropil between the layers. The retina
is the most important part of the eye, for it contains both
the sensory neurons that are responsive to light and the first
stages of image processing via intricate neural circuits. These
circuits construct an electrical message concerning the visual
scene that can be sent to the brain for further processing and
visual perception. All this takes only a fraction of a second.
Vision is truly a miracle of neural processing. If the retina
is damaged or degenerates owing to disease, the brain
centers cannot be stimulated, and the person or animal is
blind.

The retina is organized the reverse of the way one might
intuitively expect. The sensory cells, the photoreceptors, lie
at the very back of the retina, and light rays have to pass all
the way through the three layers of cells, two layers of
neuropils, and the length of the photoreceptors themselves
before finally finding pigment molecules to excite. The
reason that the photoreceptors lie at the last level of the
retina in terms of light reaching them (although we call it
the first level of excitation) is that some of these important
pigment-bearing membranes of the photoreceptor, known
as outer segment disks, have to be in contact with the
pigment epithelial layer of the eye (also brain-derived tissue).
An amazing exchange of molecules has to take place
between the photoreceptors and the pigment epithelium for
vision to occur. The vital molecule retinal, or vitamin A, has
to be passed from the pigment epithelium to the opsin
molecule in the photoreceptor outer segment membranes to
form the photoactive molecules in rods and cones. The
vitamin A comes from the blood system, so the pigment
epithelium has to be provided with a rich blood source via
the choroid of the eye. Retinal lies embedded in the center
of the opsin molecule, and only the complete rhodopsin
molecule is reactive to photons of light (figure 6.2). A cis-
trans 1somerization occurs in each of the millions of
rhodopsin molecules occurs on exposure to light rays, and
the retinal molecule is shifted back to the pigment epithe-

lium in a different form and is there recycled to return to the
opsin molecule to form new rhodopsin, ready for more
photic activation. The pigment epithelium 1s usually a very
black layer of cells owing to melanin granules contained in
them (except in albino people or animals), and these pigment
granules have a protective role in both absorbing stray
photons that bypass the photoreceptor outer segments and
masking the outer segments from too much constant light
exposure. If the black retinal pigment epithelium layer and
its necessary blood supply, the choroid, were to lie over
photoreceptors at the front of the retina, not much light
would penetrate at all to excite the photoreceptors and
successive chains of neurons in the retina.

All vertebrate species have retinas that contain at least two
types of photoreceptor. Simply put, rods are the photore-
ceptors for low-light vision, and cones are the photorecep-
tor type for daylight, bright-colored vision. Animal species
have adapted their eyes and retinal design according to
the environment in which they live. Most nonmammalian
species have very well-developed cone types as their photo-
receptors of choice. Most fish, frogs, turtles, and birds have
very good color vision too because they have retinas that are
designed to take advantage of daylight. When the time of
the dinosaurs was over, possible owing to climate changes
and extremely long times of darkness because the earth’s
atmosphere was covered with ash and dark clouds, tiny
fur-covered nocturnal mammals evolved that were able to
generate their own heat by well-designed blood supplies.
The earliest mammals were almost certainly nocturnal and
developed visual systems that were most sensitive to dim light
conditions. Their visual systems were dependent on rod
photoreceptor—-dominated retinas. Rodents such as rats and
mice today still have the early rod photoreceptor—driven
retinal design. Their cones are small and slender and form
only 3-5% of the photoreceptor numbers.

Most other mammals have a preponderance of rods in
their retinas too, but often cones are organized in higher
numbers in specialized areas of the retina to deal with
aspects of their visual environment that are important for
their survival. Most mammals have their eyes at the side of
the head with very little binocular overlap and thus little
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depth perception. So most mammals have either totally
unspecialized areas of retina that are nocturnal in design
(rats and mice) or a partial binocularity for daylight vision
with a focusing of the image to a central specialized area
(area centralis) where cones and cone pathways predominate

Choroid

Sclera
Retina

Ciliary body

F1eure 6.1  Schematic diagram of the eyeball cut in half lon-
gitudinally to show the various layers and structure of the human
eye. The retina lines the back of the eye against the pigment
epithelium and choroid. The blood supply to the retina radiates
from the optic nerve; 3.5 mm temporal from the optic nerve lies
the fovea which is the center of focus. The white box shows a
section of retina enlarged and stained and redrawn in Figures
6.4 and 6.5.

(cats and dogs), or they have an elongated horizontal strip of
specialized retina called a visual streak over which movement
and fast actions of predators can be detected (rabbits,
squirrels, and turtles). The ultimate in frontal projecting eyes
and complete binocular overlap is achieved in some birds
and primates. In these cases, the eyes are specialized for good
daylight vision, color, and very fine detail discrimination.
Thus, primates and raptor birds have a fovea and a foveate
design of the retina.

Humans and monkeys have a retina that is specialized to
have the cone-predominant daylight vision in the fovea and
the rod-predominant vision for night-time sensitivity to poor
lighting in the extrafoveal and peripheral parts of the retina
(figure 6.3). We have what is called a duplex retina, and we
can make good visual discriminations in all lighting condi-
tions. Our retina has the ability to adapt to different light-
ing conditions, from using our rods at night to perceive the
slightest glimmer of photons to our cones taking over in
sunlight, allowing us to make color and the finest spatial
discriminations. Three separate cone types in primates
(red-sensitive, green-sensitive, and blue-sensitive) and two
types in most mammals (green-sensitive and blue-sensitive)
sense wavelength, allowing the visual system to detect color.
We can see with our cone vision from gray dawn to the
extreme dazzle condition of high noon with the sun burning
down onto white sand. The daylight adaptation to brighter
and brighter conditions takes place in the cone photo-
receptors themselves initially and then by exclusive circuitry
through the retina. Dark adaptation to lower and lower light

riodopsin N
retinal
ey Mecis

c Rhodopsin molecule

Ficure 6.2 A, Cone photoreceptors of the monkey retina are
stained by using a fluorescein-conjugated antibody to GCAP
(guanylate cyclase activating protein) contained within them. B,
The outer segments of the rods and cones (boxed area) are enlarged
to show their interior structure of stacked doubled-over membrane

disks. C, The disks contain thousands of rhodopsin molecules
embedded in the lipid bilayers of the disks. Each rhodopsin mole-
cule consists of seven transmembrane portions of the protein opsin
surrounding the chromophore (11-czs-retinal).
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F1eure 6.3 The human retina as seen by an ophthalmologist. The
optic nerve head has an array of arteries and veins radiating from
it to nourish every part of the retina. Toward the temporal side of
the optic disk is the fovea, which is the center of vision and binoc-
ular overlap, specialized for high-acuity daylight vision using only
cone photoreceptors.

conditions takes place in the rod photoreceptor—initiated
neural circuitry through the retina. These tasks of the retina
are placed on millions of nerve cells that are specifically con-
nected into specialized neural chains that are able to influ-
ence the output of ganglion cells under constantly varying
light stimuli.

The retina has four to six types of photoreceptor (depend-
ent on species) in the photoreceptor layer, one to four types
of horizontal cell and 11 types of bipolar cell in the second
(inner) nuclear layer, 22 to 30 types of amacrine cell in the
inner nuclear layer, and about 20 types of ganglion cells in
the ganglion cell layer sending the visual messages to the
brain through over a million optic nerve fibers. The photo-
receptors synapse with bipolar and horizontal cell dendrites
in the outer plexiform layer of neuropil, and the bipolar,
amacrine, and ganglion cells talk to each other in the inner
plexiform layer neuropil. To understand the shapes and sizes
of the different cell types, we have had to use different stain-
ing techniques, from old-style Golgi silver staining employed
originally over a hundred years ago by Ramon y Cajal to
modern-day immunocytochemical or gene gun techniques.
We have been able to understand how the different mor-
phological cell types synapse on each other by examining the
synaptic neuropil by electron microscopy to visualize the
actual synapses. A great advance in our understanding came

with the electron microscope description of the retinal
synapses by Dowling and Boycott in 1966. We could recog-
nize different cell-specific synapses made by photoreceptor
terminals on horizontal and bipolar cells and by bipolar cells
on amacrine and ganglion cells. This arrangement of
synapses has been extended now to include staining tech-
niques to reveal gap (electrical) junctions and the neuro-
transmitter receptor molecules and neurotransmitter uptake
transporters. So now we know that the neurotransmitter of
the vertical pathways through the retina (photoreceptors,
bipolar cells, and ganglion cells) is glutamate and the neu-
rotransmitters of the laterally extending horizontal and
amacrine cells are various excitatory and inhibitory amino
acids, catecholamines, peptides, and nitric oxide (figures 6.4
and 6.5).

Electrophysiological investigations of the retina started 60
years ago. Studies of optic nerve discharges showed that
indeed the optic nerve fibers could be stimulated to give tra-
ditional depolarizing spikes. However, the first recordings in
the retina by Svaetichin in the 1950s showed very odd
responses to light. The neurons of the outer retina (it was
not immediately clear which cells were being recorded from)
responded in a slow hyperpolarizing manner and not as
depolarizing spikes. These “S potentials” are now known to
originate with the photoreceptor and to be transmitted with
relatively unchanged waveform to horizontal cells and one
set of bipolar cell. The membrane hyperpolarization starts
at light ON,; follows the time course of the light flash, and
then returns to the baseline value at light OFE. We now know
that the photoreceptors, both rods and cones, release
neurotransmitter during the dark, because under dark
conditions, the membrane of the sensory neuron is in a
depolarized state. Cyclic GMP-gated channels are open to
sodium influx in the dark state. On light exposure, the
rhodopsin molecules undergo their conformational change
as mentioned above, and a resulting phototransduction
cascade closes the membrane channels, sodium is kept out,
and the membrane of the whole cell goes into a hyperpo-
larized state for as long as the light is present. The hyper-
polarizing response can be recorded both in the outer
segment of the photoreceptor by suction electrodes and in
the cell body or synaptic region of the photoreceptor by
sharp microelectrodes. The hyperpolarizing response of a
cone has a small area over which it responds that is not much
bigger than the diameter of the cone. This space over which
the cone gives its response is known as its receptive field
(figure 6.6).

Both rods and cones respond to light with the slow hyper-
polarizing response described above, yet rods and cones
report different image properties. Rod vision typically deals
with a slow type of feature detection in which dim light
against dark is detected. Cones deal with bright signals and
can detect rapid light fluctuations. Cone system signals are

KOLB: FUNCTIONAL ORGANIZATION OF THE RETINA 49



Fieure 6.4 Immunostained monkey retina close to the fovea.
Some neurons of each of the layers are immunolabeled with
antibodies against GCAP (photoreceptors), calbindin (horizontal
cells and some bipolar cells), calretinin (AIl amacrine cells and two
other varieties of amacrine cells), and parvalbumin (ganglion cells).

revealed in forms of feature detection in which bright
against dark (or vice versa) colors or edges are being
detected. Thus, photoreceptors are the first neurons in the
visual chain to decompose the image into separate parts.
However, now the image has to be differentiated into further
component elements. This happens at the first synapses of
the visual pathway: the synapses between photoreceptors
and bipolar cells. Here, different bipolar cell types selectively
express different types of receptors for glutamate, allowing

Photo, photoreceptor layer—rods and cones; OPL, outer plexiform
layer; be, bipolar cells; he, horizontal cells; INL, inner nuclear layer;
amac, amacrine cells; IPL, inner plexiform layer; GCL, ganglion
cell layer; gc, ganglion cells. (See also color plate 1.)

each bipolar type to respond to photoreceptor input in a
different way. Some bipolar cells are tuned to faster and
some to slower fluctuations in the visual signal. Electron
microscopy shows that bipolar cell dendrites make different
types of contact with the cone or rod synaptic region, either
beneath the synaptic ribbon or at more distant basal
contacts.

The types of bipolar cells that make the basal contacts
express cither rapidly desensitizing, rapidly resensitizing
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Fieure 6.5 A drawing of a slice of the human retina showing all
the nerve cells we currently understand on the basis of their shape,
function, and neurocircuitry. The photoreceptors lie deep at the back
of the retina against the pigment epithelial cells (top of drawing), and

AMPA receptors or slowly resensitizing kainate receptors.
Both of these types of receptor are excitatory and are
called ionotropic glutamate receptors (iIGluRs). But the most
extraordinary difference between bipolar cells is that
another, separate group of bipolar cells express inhibitory
glutamate receptors. Inhibitory glutamate receptors known
as metabotropic glutamate receptors (mGluRs) are unique
to the vertebrate retinas. Typically, bipolar cells that make
the central element, ribbon-related contacts with the
photoreceptor synaptic terminal, use these inhibitory
mGluRs. Together, these iGluR- and mGluR-expressing
bipolar cells initiate a set of parallel visual pathways con-

the ganglion cells lie at the superficial surface of the retina (bottom
of drawing). Bipolar cells and horizontal and amacrine cells pack the
middle of the retina with two plexiform layers dividing them, where
synaptic interactions take place. (See also color plate 2.)

necting photoreceptors to ganglion cells, for shadow and for
highlight detection. These are known as OFF (dark-on-light)
and ON (light-on-dark) pathways, respectively (figure 6.7).
This parallel set of visual channels for ON and OFF qual-
ities of the image are fundamental to our seeing. Our vision
consists of the contrast of one image against a different
background. For example, we read black letters against a
white background, actually thereby using the OFF channels
started in the retina. In the retina, the parallel bipolar chan-
nels are maintained by segregated and parallel inputs to gan-
glion cells. The architecture of the inner plexiform layer in
fact becomes demarcated early in development for the
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Ficure 6.6  Physiological response of single cone photoreceptors.
Suction electrodes record the response of the outer segment area.
A brief light flash momentarily hyperpolarizes (by 1-2 millivolts)
the cone cell’s membrane. The intracellular response to a longer
flash of light can be recorded in the cone cell body as a slow hyper-
polarization (20 or more millivolts) that lasts as long as the light

segregation of synaptic input to parallel ON and OFF gan-
glion cell pathways. In the upper inner plexiform layer
(called sublamina a), connections occur only between OFF
1GluR-bearing bipolar cells and OFF ganglion cells; in the
inner part of the inner plexiform layer (sublamina b), the
ON mGluR-bearing bipolar cells contact solely ON gan-
glion cells (figure 6.8).

Thus, the parallel series of ganglion cells have been devel-
oped to receive those segregated bipolar inputs. This has
happened particularly strikingly in the mammalian retina,
where the same morphological type of ganglion cell has
been split into two subtypes: one for the ON pathway and
the other for the OFF pathway. In the cat retina, these are
known as ON or OFF center alpha cells and ON or OFF
center beta cells. In the human (primate), these ganglion cells
are known as ON or OFF center P cells (because they project
to the parvocellular layers of the lateral geniculate nucleus)
and ON or OFF center M cells (because they project to the
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flash. Input from neighboring rods that are coupled to the cone by
gap junctions can also be recorded in the cone response under
certain stimulating conditions (rod input). The receptive field of a
cone is very narrow and is a hyperpolarization (downward direc-
tion) of the cell’s membrane potential.

magnocellular layers of the lateral geniculate nucleus).
The beta and P cells are for carrying ON and OFF views of
the image to the cortex for fine detail discrimination, while
the alpha and M cells inform on larger-sized, fast action ON
and OFF images.

If the retina were simply to inform the brain concerning
these opposite contrast images, one could imagine the result-
ant vision to be rather coarse-grained and blurry. How do
we get our precise edges to the images and our ability to read
and focus on the finest detail? This process of honing of the
image and putting boundaries on it also starts in the retina
and even at the first synaptic level. There are horizontal cells
at the outer plexiform layer that are making their play at the
ribbon synapse of the photoreceptor terminal. Here the hor-
izontal cells receive their excitatory input from the photore-
ceptors; in actual fact in all species, the horizontal cells
receive only input from cones. And they receive input from
a lot of cones, so their collection area or receptive field is
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Fieure 6.7 The photoreceptor endings (rod, cone pedicle)
contact second-order neurons, with horizontal and bipolar cell
dendrites, at specialized synapses. The detailed structure of the
photoreceptor synapse (boxed area) can be understood only after
electron microscopic investigations. The actual glutamate receptors
that are known to be associated with each type of contact at the
synaptic ribbon synapse (black bar) are indicated. Ionotropic glu-
tamate receptors (iGluRs) are of two basic types, AMPA and
kainate (KA), and are associated with excitatory fast transmission

to OFF bipolar cells (OFF bc) and horizontal cells (hc).
Metabotropic glutamate receptors (mGluR6) receptors are on
ON bipolar cell dendrites (ON bc) and are associated with slow
inhibitory transmission in which G proteins and second messengers
are involved in transduction. Horizontal cell processes (hc) are
thought to feed electrical information back to the cone synaptic
area at hemi gap junctions (hemi, crosses) and to bipolar cell den-
drites at GABA receptors (Y, arrows).
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Ficure 6.8 The synaptic contact of the bipolar cell dendrites and
the cone synaptic pedicle determines whether the signal carried by
the bipolar cell stream is detecting light-on-dark (ON pathway) or
dark-on-light (OFF pathway) to the ganglion cells. The former
pathways are initiated at mGluRs and the latter at iGluRs with the
cone synapse. The mGluR-containing bipolar cells send their axons
to lower sublamina b of the inner plexiform layer, while the iGluR-
containing bipolar cells have axons ending in upper sublamina a of

very large. Their collective input gives them a large hyper-
polarizing slow potential response following the time course
of the light ON. The size of their receptive field is very large,
not only because of the large number of cones with their
individual small receptive fields summating but also because
horizontal cells are joined, one to another, at electrical junc-
tions known as gap junctions. Thus, a whole sheet of cells
have their membranes potential sitting at the same hyper-
polarized level, and their response to light is consequently
very large in area. [The receptive field is orders of magni-
tude large that that of a single cone and even that of the
single bipolar cell, which receives input from a handful of
cones and thus has a medium-size receptive field.] Remem-
ber that the bipolar cell receives either excitatory input and
thus responds like the photoreceptor and horizontal cell and
has a hyperpolarizing response (due to iGluRs) or gets an
inhibitory input (due to mGluRs) and gives a depolarizing
response to light.

So a single bipolar cells with its hyperpolarizing (OFF) or
depolarizing (ON) light response would carry a fairly blurry,
large-field response to its ganglion cell were it not for the
horizontal cells adding an opponent surround that is spa-
tially constrictive, puts an edge around the field, and gives
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the inner plexiform layer, thereby continuing segregation of the
pathways into the connections with ganglion cells. The receptive
fields of mGluR containing cells are ON center (depolarizing,
upward-pointing response) with a surround inhibition that
is OFF (hyperpolarizing, downward indentation). The receptive
fields of iGluR bipolar cells is OFF center (hyperpolarizing,
downward pointing) and has a surround of the opposite or ON
polarity.

the bipolar cell what is known as a center surround organi-
zation (figure 6.9). The bipolar center would be of one sign,
L.e., either ON in the center, or OFF in the center, and the
horizontal cell by a feedback mechanism adds an OFF or
ON surround, respectively. There are two means by which
the horizontal cell can add the opponent surround: either by
synapsing, directly on the bipolar cell at a chemical synapse,
which seems to occur in some species, or by feeding back
information to the cone photoreceptor itself, and this
information then feeds forward to the different varieties of
bipolar cell making contact with that cone. Feedback to the
cone itself is now thought to take place by a very novel elec-
trical synapse consisting of half a gap junction. Hemi gap
junctions are thought to change the ionic environment at the
photoreceptor ribbon synapse and cause membrane changes
in the cone photoreceptor and thence in the bipolar cell
dendrite—a complicated circuit that still is a subject of hot
debate in the retinal research community. Horizontal cell
function in general has occupied many vision researchers for
decades, and much is now known of the role of these cells
in the organization of the visual message. Horizontal cells
are influenced by more than photoreceptors that have input
to them though. There is neuronal feedback from inner to
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Fieure 6.9 Cat retina (and most mammalian retinas) contains
two morphological types of horizontal cell (A-type HC and B-type
HC), but they serve the same purpose of interconnecting and mod-
ulating responses of photoreceptors and bipolar cells. Receptive
fields of horizontal cells are very wide owing to electrical coupling
between cells at gap junctions, so the spread of membrane poten-

outer plexiform layer influencing horizontal cell activity as
well. These feedback signals are mostly chemical, coming
from neuroactive substances such as dopamine, nitric oxide,
and even retinoic acid. The end result is that horizontal
cells modulate the photoreceptor signal under different
lighting conditions in addition to shaping the receptive
field of the bipolar cell response. In species in which color
signals are carried by ganglion cells, the horizontal cells
have a major influence on the bipolar cells, often making
them color coded; again, this is all thought to take place
through feedback circuits to the cones at the first synaptic
level.

Now we have learned that the horizontal cell is responsi-
ble for adding the surround mechanism to the bipolar cell
receptive field. This mechanism allows the two sets of cone
bipolar cell channels (i.c., ON center and OFF center) to
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tial is hyperpolarizing (downward pointing) and large in extent.
The model shows how horizontal cells feed back their wide field
responses (black arrows, minus signs) to the cones to influence the
bipolar cell response in the form of an inhibitory surround response
to their OFF or ON center photoresponse.

transmit their center-surround receptive field organization
to the ganglion cells with which they synapse in the inner
plexiform layer. The ON and OFF center ganglion cells
thus have concentric receptive field organization that is often
modeled as the sum of two Gaussian curves in a “Mexican
hat” shape, where membrane potential and center size are
the “peak” and the much wider surround of the opposite
membrane potential direction is the wide “brim” of the hat
(figure 6.10).

Recent research has shown that amacrine cell circuitry in
the inner plexiform layer also adds information to the sur-
round of the ganglion cell, possibly sharpening the bound-
ary between center and surround even further than the
horizontal cell input does. The pair of ON- and OFF-center,
concentrically organized types of the P (beta) and M (alpha)
ganglion cells are highly developed in retinas of mammals
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Fieure 6.10 Ganglion cells are morphologically similar but are
split into two subtypes or paramorphic pairs in mammalian retinas.
The types that branches in sublamina a of the inner plexiform layer
receive input from iGluR-containing bipolar cells and transmit
messages concerning dark on light (OFF responses). The subtypes
of ganglion cell that branch in sublamina b of the inner plexiform
layer receive input from mGluR-bearing bipolar cells and transmit
a message concerning light on dark images (ON responses). The

with area centrales or foveas. In the human retina, these two
types of ganglion cell are extremely well developed and form
the major output of the retina to the higher visual centers
(figure 6.11). The ganglion cells of the fovea are the ultimate
type of P cell. They are called midget ganglion cells because
they have the minutest dendritic trees in a one-to-one con-
nection with a single midget bipolar cell. The midget bipolar
to midget ganglion cell channel carries information con-
cerning a single cone to the brain. Because only a single cone
1s involved, we know that the center response of such midget
bipolar and ganglion cells will be either ON or OFF center
to red or green cone messages. As in the case of bipolar cells
that collect from several cones (diffuse bipolar cells), midget
bipolar cells come in the ON and OFF variety. Thus, from
the center of our focus, the fovea, a dark on light (OFF) or
light on dark (ON) message is sent to the brain for each cone.
If there are 200,000 cones in the central fovea, then 400,000
midget ganglion cells are carrying their message to the brain.
And the message carries both spatial and spectral informa-
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OFF ganglion cell
ON surround
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message that is transmitted to the brain is a burst of spikes when
the light is present for ON center ganglion cells or a burst of spikes
when the light terminates for OFF center ganglion cells (middle
traces). Receptive fields are the “Mexican hat” shape with depo-
larizing membrane potentials (upward going) for ON center cells
and hyperpolarizing (downward going) for OFF center cells. Both
ON and OFF ganglion cells have large and strong inhibitory sur-
rounds (downward or upward responses) in the “brim.”

tion of the finest resolution, because the message from each
cone is both spectrally and spatially opponent.

Electrical recordings indicate that several varieties of gan-
glion cell do not appear to have the concentric organization
of those described above, particularly in retinas with a non-
foveate organization. These would be in most nonmam-
malian species and in mammalian species that have a visual
streak organization to their retinas. These latter species have
a great deal more feature detection going on in the retina itself
rather than postponing this finer honing of the visual message
to the brain. Such species have really well developed direc-
tionally selective, motion selective edge detectors and
dimming detectors already in their retinal ganglion cell
responses. Also, it will be noted by the perceptive that blue
cones have not been mentioned yet. The message concern-
ing blue light is carried by a special pathway of bipolar cells
to a bistratified ganglion cell type in the retina. For some
reason, the blue cones are not part of the dual ON or OFF
pair of midget bipolar/ganglion cell channels described
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Fieure 6.11 A drawing, based on an original from Polyak (1941),
showing the neurocircuitry of the fovea in the primate retina.
Midget or P cell pathways consist of a single cone, two midget
bipolar cells, and two midget ganglion cells. Because P cells carry
information from only one cone, it will also be spectrally tuned. Red
and green cones pass either ON center/ OFF surround information
or OFF center/ON surround information concerning which are
both spectrally and spatially opponent (small red and green circles
and rings). Blue cones have their own pathway through a dedicated

above. The blue system is an older system in evolutionary
terms. Blue cones are found in just about all species retinas.
The absorption peak (428nm) is very different from that of
the red 563nm and green 535 nm cones and so are the opsins.
Color contrast between blue and the others is very strong. By
contrast, the red and green are similar, and this recent evolu-
tionary split permits fine color discrimination in the appro-
priate spectral regions. Even the red and green opsins are so
similar in molecular design that we cannot yet make an anti-
body against each to separate them by immunohistochemi-
cal staining techniques. In mammals, blue and green cones
are the common cone types. Color vision in most nonprimate
mammals consists of contrasting blue (light on dark) against
orange/green or dark shapes (dark on light) so the blue system
has a more spread apart distribution and a convergent and

BLUE/YELLOchIIso

ON center M cells
OFF center M cells

blue ON center bipolar cell feeding to the lower dendrites of a bis-
tratified blue/yellow ganglion cell type. The yellow message carried
to the top tier of the bistratified ganglion cells dendrites comes from
a diffuse bipolar cell (yellow) that contacts green and red cones. M
ganglion cells of the fovea carry a message from diffuse ON center
or OFF center bipolar cells (orange and brown bipolar cells) and
form the parallel OFF and ON center, achromatic channels (gray
and white circles and rings) concerned with movement and contrast
to the brain. (See also color plate 3.)

divergent set of neural interactions. The blue system ganglion
cell responds with a blue ON response and a large receptive
field and gives a yellow OFF response in a spatially coexten-
sive broad receptive field. In other words, one ganglion cell
Is carrying an opposite but superimposed message to the
brain concerning blue and yellow—quite a different organi-
zation from the red and green midget systems!

To understand more about the organization of the gan-
glion cell receptive field, whether it be about concentric
organization or direction and motion detection, we need to
study the organization of the inner plexiform layer in detail.
We need to find out what are the roles of those 22-plus
different varieties of amacrine cell making their synaptic con-
nections with 20 or more different types of ganglion
cells here. Although it was clear from the time of Cajal’s
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description in the nineteenth century that amacrine, gan-
glion, and bipolar cell dendrites and axons were organized
into layers of intermeshing processes (Cajal divided the inner
plexiform layer neuropil into five different strata of layering
of processes), we could not immediately figure out what this
meant and what sort of synapses were going on between the
layered and opposed processes. Using the electron micro-
scope, we began to unravel this neurocircuitry. We now know
something of the input/output relationships of nine differ-
ent types of bipolar cell, 14 different types of amacrine cell,
and eight different types of ganglion cell, so we are halfway
to the goal of understanding the neural interplay between all
the nerve cells of the retina. In the neuropil of the inner
plexiform layer with the higher magnification of the electron
microscope, we can recognize bipolar cell axons by their con-
taining a synaptic ribbon and the amacrine cells on their
vesicle clusters at synaptic sites (figure 6.12).

Much has been learned of the types of neurochemicals
that are contained within different amacrine cells and the
organization of receptors at the different synapses. Gluta-
mate receptors between bipolar cells and ganglion cells are
both NMDA and AMPA types, and amacrine cells are about
equally divided between those that use glycine and those that
use GABA inhibitory neurotransmitters.

Glycinergic amacrine cells are typically small field. Their
processes are usually full of appendages and lobules that are
able to spread interactions vertically across several of the five
strata in the inner plexiform layer. Glycinergic amacrine cells
mostly make a lot of synapses between bipolar axons in
either the OFF layer or the ON layer and feed forward
synapses to ganglion cell dendrites and other bipolar and
amacrine cells. Some glycinergic amacrine cells cross the two
major OFF and ON sublaminae of the inner plexiform to
provide interconnections between ON and OFT systems of
bipolar and ganglion cells. The most famous of these small
bilaminar, glycinergic amacrine cells is called the AII cell.
The AII cell together with a wide-field GABAergic amacrine
cell called A17 is pivotal in the connectivity of the rod path-
ways to ganglion cells and in the circuitry of rod or dim light
vision in the mammalian retina. Both these “rod” amacrine
cell types are not found in nonmammalian species or in
mammalian species that are diurnal and contain very few
rods in their retinas (squirrels, for example).

When we considered the ON and OFF channels and their
separate connectivity through different receptor contacts at
the cone synapses (mGluR- and 1GluR-driven bipolar cells)
and their spatial segregation to the ON and OFF ganglion
cell types, we neglected to talk about the connections of the
mGluR-driven rod bipolar cells. The reason is that, unlike
the direct pipeline from cone to ganglion cell for the cone-
driven ON or OFF channels, rod bipolar cells do not synapse
with ganglion cells at all. These bipolar cells, and there is
only one type that contains an mGluR receptor and hence

1s an ON type, uses the glycinergic All and the GABAergic
A17 amacrine cells as intermediaries to get rod information
to ganglion cells. The small field AII cell collects rod mes-
sages from a group of approximately 30 axon terminals in
the ON sublamina of the inner plexiform layer and passes
this rod sensitivity depolarizing message through a gap junc-
tion with ON cone bipolar cells to ON ganglion cells. At
the same time, the AlI passes rod information to the OFF
system cone bipolars and ganglion cells via direct chemical
inhibitory synapses at their lobular appendages in the OFF
sublamina of the inner plexiform layer. The AIl amacrine
cell seems to have been developed in the rod-dominated
parts of mammalian retinas as an afterthought to the origi-
nal direct cone-to-ganglion cell architecture. The rod system
has inserted the new amacrine cells to piggyback on the
original cone system connections (figure 6.13).

At the same time, the A17 amacrine cell is also collecting
rod messages from, in this case, thousands of rod bipolar axons
to amplify and feed this information back into the Al to cone
bipolar—ganglion cell route. How it does this is not completely
understood yet, although we know this GABAergic wide-field
amacrine type uses the novel GABAc (rho) receptor to feed
back on rod bipolar axons, thus presumably influencing the
whole state of the rod system. The rod pathway with its series
of convergent and then divergent intermediary neurons in the
retina is clearly well designed to collect and amplify on widely
scattered vestiges of light in night and twilight vision. The rod
pathways are solely ON system neural chains that is, designed
to detect light on dark only.

GABA is commonly the neurotransmitter used by wide-
field amacrine cells that stretch laterally across the inner
plexiform layers for hundreds of microns and can interact
with hundreds of bipolar cells and many ganglion cells. Such
amacrine cells are usually stratified in one of the five differ-
ent strata of the retina in beautifully organized mosaics of
elegant meshworks of dendrites (figure 6.14).

Their synaptic interactions would be with other neurons
branching in the same layer or stratum. Frequently,
GABAergic amacrine cells with rather simple, sparsely
branching dendritic trees connect to neighboring homolo-
gous amacrine cells by gap junctions, thus increasing their
field of influence and speed of transmission of signals across
large areas of retina. In many instances, wide-field GABAer-
gic amacrine cells send out even farther-reaching axonlike
processes to other layers of the inner plexiform or to the
inner nuclear and outer plexiform layers and the blood
vessels of the retina. Most GABAergic amacrine cells in the
retina contain at least one other neuroactive substance
besides GABA. The secondary neuroactive substance is
usually acting as a neuromodulator rather than a fast
neurotransmitter. The peptides substance P, somatostatin,
vasointestinal peptide, and cholecystokinin have been
associated with such amacrine cells, as have serotonin,
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F1cure 6.12  The synaptic connections of the different nerve cell
types in the mnner plexiform layer has to be studied by electron
microscopy. Bipolar cells (BC) are detected by their containing a
synaptic ribbon pointing to synaptic output sites, commonly
consisting of a ganglion cell dendrite (GC) and an amacrine
cell process (Am). Amacrine cells synapse on bipolar cells, other
amacrine cells, and ganglion cells (clusters of vesicles at synaptic

sites). The types of receptors for the neurotransmitter glutamate in
bipolar cells and glycine and GABA in amacrine cells have now
been described for such synaptic circuitry. For glutamate transmis-
sion, mGluRs and the iGluRs AMPA and NMDA are present on
ganglion cell and amacrine cell dendrites. For amacrine cells,
glycine receptors and GABA,, GABAg, and GABA¢ have been
detected on bipolar, amacrine, and ganglion cell dendrites.
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Ficure 6.13  Summary of the rod pathways through the mam-
malian retina and how the AIl amacrine cell piggybacks on the cone
pathways because the rod bipolar cells do not have direct synapses
on a ganglion cell of any type. The AIl amacrine cell receives input
from rod bipolar axons (ON rb) and passes that information to OFF

dopamine, acetylcholine, and adenososine. Nitric oxide has
been localized to certain wide-field amacrines as well.
Peptidergic, nicotinic, and muscarinic receptors in addition
to different varieties of GABA,, GABA;, and GABA( recep-
tors have all been found on ganglion and bipolar cells, indi-
cating that such neuroactive agents in amacrine cells are
influencing the organization of the ganglion cell receptive
field. Most of these neuromodulators are not released at
conventional synapses, though, and their release is thought
to influence neurons even at a distance by diffusion in a
“paracrine” manner. We have discovered that frequently, the
role of such neuromodulators in the retina is to influence the
retinal circuitry under changing lighting conditions or even
to stabilize activity to different times of day in the circadian
clock.

Dopamine is released from a specialized amacrine cell
on stimulation of the retina by intermittent light flashing.
Dopamine influences horizontal cell activity by uncoupling
the gap junctions between these cell types, thus reducing
their effective receptive field sizes and consequent expression
of surround size on bipolar cells. Dopamine also directly

cone bipolar (OFF cb) and OFF ganglion cells (OFF GC) at glycinen-
ergic chemical synapses (large open arrows). The AIl amacrine cells
contacts ON cone bipolar cells (ON cb) at gap junctions (large arrow,
asterisk), and the electrical message is passed to the ganglion cells
that those cone bipolar cells contact (ON GC, large arrow).

affects the glutamate receptor on horizontal cells so that the
amplitude of the photoresponse is reduced under different
light conditions. In the inner plexiform layer, dopamine is
particularly effective on gap junctions again, but this time on
the gap junctions that join the AIl amacrine cell in large
coupled networks in the dark state. Light causes dopamine
release, which by diffusion to the lower inner plexiform neu-
ropil affects the gap junctions between neighboring AlT cell
distal processes. This uncoupling of Alls from their dark
network makes the effective field of influence of the rod
system amacrine cell much less significant in the light.
Any large-field rod pathway interference in the direct cone
pathways is thereby removed. Similarly, another wide-field
amacrine cell branching in the center of the inner plexiform
neuropil releases nitric oxide, which uncouples the AII cell
and the ON cone bipolar cell system at that particularly gap
junction (figure 6.15). Again this has an additive effect to that
of dopamine of removing the rod system neurons from the
cone system direct pipeline to ganglion cells, thereby helping
to make the operative image in bright light conditions a
high-contrast, high-acuity signal (figure 6.16).
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Fieure 6.14 A, An immunostained image of rod bipolar cells
immunostained with antibodies against protein kinase ¢ (PKC). B,
Small-field bistratified AIl amacrine cells are immunostained with
antibodies to parvalbumin (PV). C, Dopamine-containing cells are
immunostained with antibodies to tyrosine hydroxylase (TOH) as
seen in a flat mount of the retina. Thousands of dopamine cell
processes cross each other and make a dense network of processes
in the top part of the inner plexiform layer, to synapse on various
cell types, among them the AIl amacrine cell. D, Two mirror sym-
metric amacrine cell populations, known as starburst cells, are
immunostained for their acetylcholine neurotransmitter (ChAT)
and seen in flat mount of retina. One set of starburst cells sits in

the ganglion cell layer, and the other sits in the amacrine cell layer.
Their respective dendritic plexi run and synapse in sublamina b
and sublamina a. Starburst amacrine cells are thought to influence
ganglion cells to be able to transmit messages concerning direction
of movement in the visual field. These cells are particularly well
developed in animals with visual streaks in their retinas. E, A17
amacrine cells immunolabeled with antibodies to serotonin (Ser)
and also to GABA. A17 cells connect rod bipolar axon terminals
in reciprocal GABAc receptor—activated circuits across the entire
retina. (E from Vaney DI: Many diverse types of retinal neurons
show tracer coupling when injected with biocytin or Neurobiotin.
Vision Res 1998; 38:1359-1369.) (See also color plate 4.)
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Ficure 6.15  Nitric oxide—containing amacrine cells form a beau-
tiful network of processes across the middle of the inner plexiform
layer to influence various nerve cells penetrating this network and

So, as can be seen from the above broad sketch of retinal
circuitry and modes of action of the nerve cells into sys-
tematically organized pathways, the retina is surprisingly
more complex than was initially thought, and its function
takes on an increasingly more active role in visual percep-
tion than was originally thought. Although we do not fully
understand the neural code that is sent as trains of spikes
through the ganglion cell axons to the central brain areas,
we are coming close to understanding how consorts of gan-
glion cells respond differently to different aspects of the
visual scene and how receptive fields of influence on partic-
ular ganglion cells are constructed. It seems that much con-
struction of the visual image does take place in the retina
itself, although the final consequence, “seeing,” is indis-
putably done by the brain. Are we finished with the retina?
Do we know all that we need to know to understand the first
stages if vision, or are there more surprises on the horizon?
Earlier surprises included finding that so much information
transfer rested on electrical connections over standard chem-
ical synapses. The major rod pathway is dependent in large
part on electrical connections to get information through the

making synapses or gap junctions in this area of neuropil. The NO-
containing amacrine cells also contain GABA as their conventional
inhibitory chemical messenger.

retina. Some other fast-acting amacrine pathways also use
direct access to ganglion cell at gap junctions. Neuromodu-
lators and gases change the milieu of circuits of neurons but
act from a far distance by diffusion rather than at closely
apposed synapses. Again this is a new and surprising concept
compared to our older view that all neural interactions took
place at specialized isolated patches of membrane apposi-
tion known as synapses by packaged neurotransmitter sub-
stances. The most recent surprise has been the revelation of
a new ganglion cell type in the retina that appears to be able
to function as a giant photoreceptor itself and needs no rod
or cone bipolar mputs to drive it. This ganglion cell’s
membrane contains photoactive molecules known as
melanopsins, so this ganglion cell can respond to light in the
absence of neural circuitry.

In conclusion, we have certainly come far in our under-
standing of the organization of this piece of the brain, the
retina, in the last half’ century. However, we cannot rest on
our laurels. We still undoubtedly have much more to learn
about how the retina creates the first steps of our visual per-
ception—"‘seeing.”
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Fieure 6.16  The retinal circuits that are thought to influence the
ganglion cell message to the brain concerning low light vision and
bright light vision. The AIl amacrine cell is driven in the dark to
pass messages to both ON and OFF center ganglion cells about
very low light levels. The whole network of involved neurons is
designed to be very wide-field and to collect every glimmer of light
through convergence, divergence, and further convegence of
information. Gap junctions between Al cells allows the spread of
rod-driven messages over large areas of retina together with the
A17 cells” convergent input (not shown in this figure). In the light,

the dopamine amacrine cell releases dopamine, and this uncouples
the AIl cell from its electrical network; thus, information
through the cone bipolar to ganglion cell pathways is less conver-
gent, narrower in field, with sharp edge contrast and concerned
more with only bright, cone-initiated messages. At the same time,
amacrine cells containing nitric oxide (NO) as a neurotransmitter
release this nitric oxide to sever the gap junction between All
amacrine cells and ON cone bipolar cells, thus contributing to the
high-contrast, narrow cone-driven messages reaching ganglion
cells.
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7 Phototransduction and

Photoreceptor Physiology

W. CLAY SMITH

Photoreceptors

Vision begins in the photoreceptors of the retina, where light
energy is absorbed and converted to a neural response, a
process known as phototransduction. In vertebrates, this
process occurs in two classes of photoreceptors: rods and
cones, which function in dim and bright light, respectively.
Both rods and cones are polarized, having two biochemically
and morphologically distinct compartments: the inner
segment and the outer segment (figure 7.1).

The outer segment (OS) of photoreceptors is composed
of a dense packing of disk-shaped membranes. In rods, these
disks are pinched off from the plasma membrane. In cones,
the disks form as invaginations of the plasma membrane, as
in rods, but are not pinched off and maintain their conti-
nuity with the plasma membrane. These disks contain a very
high concentration of the visual pigment rhodopsin,
accounting for one third of the dry weight of the OS. In
addition to rhodopsin, the OS are rich in proteins necessary
for the visual transduction pathway as well as structural pro-
teins responsible for maintaining the organization of the OS.

The inner segment contains the metabolic and synthetic
machinery of the cell. The distal end of the inner segment,
known as the ellipsoid, contains a dense packing of mito-
chondria. The mitochondria provide the substantial energy
required by photoreceptors. For a dark-adapted rod, this
requirement has been estimated at 90,000 ATP molecules
per second per cell, ranking it as one of the most energeti-
cally demanding cells of the entire body. The proximal
inner segment, known as the myoid, contains the synthetic
machinery of the cell, including the endoplasmic reticulum
and Golgi complex. Although responsible for providing all
the photoreceptor components, the synthetic machinery is
largely devoted to producing rhodopsin-containing vesicles
to replace the disk membranes that are continuously
phagocytosed at the distal end by the retinal pigmented
epithelium.”!

The inner and outer segments of rod and cone photore-
ceptors are connected by a narrow cilium through which
must pass all components that travel between the segments
(figure 7.2). The basic structure of the cilium is typical of
nonmotile sensory cells, containing a “9 X 2 4+ 0” arrange-

ment of microtubule doublets that extends from the basal
body in the inner segment into the outer segment. The
microtubule doublet composition is quickly lost within the
proximal outer segment with the microtubules projecting as
singlets into the distal outer segment, stopping short of the
extreme distal tip."**"*** This structure is collectively known
as the axoneme and provides a cytoskeletal framework for
structural support and for transporting molecules between
the photoreceptor compartments using kinesin and dynein
motors."*"*#% Microtubules are also abundant in the inner
segment, functioning in the transport of macromolecular
components from the endoplasmic reticulum and Golgi
complex to the connecting cilium. The microtubules that
form the axoneme contain acetylated tubulin and are thus
more stable than the inner segment microtubules.*”" Micro-
tubules also run the length of rod OS along the multiple
incisures of the disks. These incisures are invaginations along
the outer edge of the disks in rods and likely have a struc-
tural role. Interestingly, the number of incisures is quite
variable between species, ranging from just one or a few
invaginations in rodents and cows to several dozen in frogs
and primates (summarized in Ref. 19).

In addition to microtubules, the photoreceptor cytoskele-

ton also utilizes microfilaments.'

12687 Tn the connecting
cilium, these microfilaments have myosin VIla associated
with them, suggesting that they are not simply structural
elements, but also function in moving cellular contents.'*"
In addition to the connecting cilium, microfilaments are also
found in calycal processes. These processes are fingerlike
extensions of the inner segment that project around the
basal portion of the OS. The calycal processes often align
with the grooves formed by the multiple incisures in the OS
disks.”

There are two broad classes of cargoes that move through
the connecting cilium: biosynthetic cargo destined for the
outer segment (for example, phospholipid membranes and
visual pigment) and proteins that show substantial interseg-
mental redistribution in response to light. How some of these
cargoes utilize the ciliary cytoskeleton is beginning to be
revealed. Recent studies have shown that kinesin II is a motor
protein that is located in the cilium® and is at least involved
in the transport of opsin-containing vesicles to the outer
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Fieure 7.1  Schematic representation of rod and cone photorecep-
tors. The outer segments contain the phototransduction machinery

segment.**® A similar role for myosin VIla has also been
demonstrated, although how the two motor proteins func-
tion together, whether in parallel or in series, is uncer-
tain.”**%% Additionally, an intraflagellar transport (IFT)
particle has been identified in photoreceptor cilia, much like
the IFT particles in the sensory cilia of Caenorhabditis and
Chlamydomonas.”® In these organisms, the IFT particle has
been shown to transport cargo along the axoneme, moved by
kinesin in the plus direction and transported by dynein in the
minus direction. The presence of a homologous molecular
“raft” in photoreceptors argues strongly for kinesin transport
of protein/vesicle cargoes on the raft from the inner segment
to the outer segment along the axoneme microtubules.
Further, the ciliary localization of dynein 1b/2° suggests that
the raft may also be used for retrograde transport to the inner
segment. At this point, no specific cargoes have been associ-
ated with the IFT particle in photoreceptors.

Although the basic ciliary structure has been the subject
of decades of study, new components of the cilium and new
roles of ciliary elements continue to be identified. For
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of the cells, and the inner segments perform the metabolic functions
of the cells. The two compartments are joined by the connecting cilia.

example, RP1, RPGR, and RPGRIP are newly recognized
proteins that localize to the cilia and appear to be mvolved
through the 20.65
Further, an immunoscreen of retinal cDNA’s using anti-

in protein/vesicle transport cilium.
axoneme-enriched antibodies identified several potentially
new components of the connecting cilium.”" Clearly, there
is much work to be done before the photoreceptor cilium
and cytoskeleton are fully understood. Importantly, defects
in ciliary proteins can be a significant cause of retinal degen-
eration. For example, RP1 is a member of the doublecortin
family of proteins, and defects in this protein lead to severe
retinitis pigmentosa.”’ This relationship emphasizes the role
that protein trafficking through the cilium plays in the health
of photoreceptor cells.

Phototransduction

Much of what we know about visual biochemistry has been
learned from the rod photoreceptors, owing to their relative
abundance in vertebrate retinas as well as their relatively
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Fieure 7.2 The cytoskeleton of photoreceptors is composed prin-
cipally of microtubules and microfilaments. The axoneme in the
connecting cilium is composed of nine microtubule doublets,
typical of nonmotile sensory cilia, and project to nearly the distal

large size in comparison to cones. The details of the photo-
transduction cascade have largely been established in the last
two decades in a wealth of publications. This chapter can in
no way give proper tribute to all the studies that have con-
tributed to the details of the cascade. Instead, the intention
is to provide the reader with an overview to serve as a
launching site for more in depth studies.

At its simplest, phototransduction is a G-protein-coupled
receptor cascade, initiated by the visual pigment rhodopsin
(figure 7.3). On absorbing light, rhodopsin undergoes a con-
formational change and becomes activated. This activated
rhodopsin then activates the G-protein transducin, inducing
an exchange of nucleotide and a release of inhibitory sub-
units. Activated transducin activates a phosphodiesterase
that rapidly hydrolyzes cGMP. The resultant decrease in
intracellular cGMP causes a closure of the cGMP-gated 1on
channels in the OS, resulting in a hyperpolarization of the
membrane that is propagated as a nervous impulse through
multiple neural layers to the visual cortex of the brain. The
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end of the outer segment. Microfilaments are found in the con-
necting cilia as well. In the inner segment, microtubules form the
molecular train tracks between the Golgi complex and the con-
necting cilium. (See also color plate 5.)

following provides more details on cach of these major steps
in the visual transduction pathway.

RuopopsiN
Activation  'The 1nitial steps of phototransduction in the
visual organs of all animals studied to date are essentially the
same: a retinaldehyde-based visual pigment absorbs light,
becoming activated, which in turn then activates a het-
erotrimeric G-protein.

The visual pigment of rods, known as rhodopsin, is the
prototypical member of the G-protein-coupled receptor
family. This receptor family is responsible for transducing a
host of signals across the cell membrane, including light,
odors, and hormones. Like other GPCRs, rhodopsin’s apo-
protein (known as opsin) contains seven transmembrane-
spanning domains. The recent crystal structure of rhodopsin
shows there to be an additional eighth ¢-helix in the C-
terminus of rhodopsin, lying parallel to the cytoplasmic
membrane surface.”’
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Ficure 7.3 The activation cascade of the phototransduc-
tion pathway. Light is absorbed by rhodopsin (R). Photoacti-
vated rhodopsin (R*) binds heterotrimeric transducin (1),
catalyzing the exchange of GTP for GDP on the o-subunit.

The light absorbing chromophore of rhodopsin, 11-cis
retinaldehyde, is cross-linked to opsin via a Schiff-base on
the €-amino group of the lysine in the seventh membrane
helix. Some animals use other retinaldehyde derivatives
as the chromophore for their visual pigment, including 3-
dehydroretinal (found in amphibians, fish, reptiles, and some
invertebrates—crayfish and squid'®**"**) 3-hydroxyretinal

. . . 74
(common in some species of insects?*’)

, and 4-hydroxyreti-
nal (found in some squid*’). The absorption maximum of the
visual pigment is dictated by several factors, including the
type of chromophore that is used, whether or not the Schiff
base 1s protonated, and the particular amino acids that form
the chromophore binding pocket. These factors combine
to give a range of absorption maxima from 350nm to
570 nm.

On absorption of light, the retinal chromophore
isomerizes around the 11-¢is bond, forming all-zrans retinal.
This change in configuration induces a conformational
change in the surrounding opsin protein. As rhodopsin
changes its conformation, it goes through several spectro-
scopically distinct intermediates, ultimately achieving the
activated or “metarhodopsin” form of the visual pigment.
It 1s this form of rhodopsin that then binds and activates
transducin.

Activated transducin removes an inhibitory subunit from the
c¢GMP phosphodiesterase (PDE), which hydrolyzes cGMP to GMP.
Reduction of ¢cGMP causes the cyclic nucleotide-gated channels to
close. (See also color plate 6.)

Inactivation  Rhodopsin is inactivated in a multistep process,
involving phosphorylation at its G-terminus, followed by
binding of arrestin, untl the all-trans chromophore is
reduced to retinol and released from the opsin protein (figure
7.4). Metarhodopsin is first phosphorylated on its C-
terminus by rhodopsin kinase, a member of the GPCR-
kinase (GRK) family. Serine and threonine residues on the
C-terminus of rhodopsin are targeted by rhodopsin kinase.
Independent studies from several laboratories have shown
that the different serines and threonines are phosphorylated
in a preferential pattern in vitro. In bovine rhodopsin, this
pattern starts with Ser-343 and then includes phosphoryla-
tions at Ser-338 and Ser-334. Studies of phosphorylation in
vivo, also demonstrate that rhodopsin is multiply phosphor-
ylated, although there is some disagreement about the extent
to which multiple phosphorylation occurs (recently reviewed
in Ref. 41).

Phosphorylation of metarhodopsin does not remove the
visual pigment from the activation cascade, although it does
diminish its affinity for transducin approximately sixfold.”'
Rapid quenching of rhodopsin is achieved only by the
binding of arrestin. Arrestin was first identified as a 48-kDa
retinal protein (by SDS-PAGE) involved in experimentally
induced autoimmune uveitis®' and was therefore called S-
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Ficure 7.4 The rhodopsin cycle. Light is absorbed by rhodopsin
(R), becoming photoactivated (R¥). R* is phosphorylated on C-ter-
minal serine and threonine residues by rhodopsin kinase (RK). Phos-
phorylated, photoactivated rhodopsin is bound by arrestin, blocking
the ability of R*P to bind to transducin (T). Arrestin remains bound

antigen. A role for arrestin in phototransduction was subse-
quently identified when arrestin was demonstrated to bind
specifically to photoactivated and phosphorylated rhodopsin
(R*P) and thus terminate rhodopsin’s ability to activate
transducin, presumably through steric interference with
transducin.” Arrestin binds to the cytoplasmic surface of
rhodopsin, utilizing a binding surface contributed by amino
acids from intracellular loops 1-3.°7%

Arrestin requires rhodopsin to be both photoactivated and
phosphorylated to bind with high affinity. Apparently, the
recognition sequences for the activation state and phosphory-
lation state of rhodopsin involve separate mechanisms in
arrestin, since the photoactivation and phosphorylation
requirements can be separated, as has been demonstrated
by using point mutations, serial truncations, and peptide
mimics.”**>7 Interestingly, a naturally occurring splice
variant of arrestin that is found in rod outer segments is a C-

until the all-trans retinal chromophore is reduced by a retinal dehy-
drogenase (RDH) to all-trans retinol and released from the phospho-
opsin. The phospho-opsin is dephosphorylated by protein
phosphatase 2A (PP2A) and opsin regenerated back to rhodopsin by
the binding a new 11-¢is retinal molecule. (See also color plate 7.)

terminal truncation that results in an arrestin that can bind
unphosphorylated metarhodopsin.”**"”*”® The bovine arrestin
splice variant, known as p44, is formed from the use of an alter-
native exon in place of exon 16 that replaces the C-terminal
35 amino acids with a single alanine residue. Although its
precise role in phototransduction inactivation has not been
determined, the arrestin splice variant is hypothesized to inac-
tivate rhodopsin under conditions of low photon flux.®”

Arrestin remains bound to R*P until the all-#rans retinal
chromophore is reduced to all-trans retinol by a retinal dehy-
drogenase.”®® Reduction of the chromophore leads to its
dissociation from the opsin apoprotein. The chromophore is
then cycled out of the photoreceptors to the RPE, where it
1s processed by multiple enzymes in the visual cycle and recy-
cled to 11-cs retinal. Phospho-opsin is dephosphorylated
by a protein phosphatase 2A,”" and then regenerated with
11-¢is retinal to reform rhodopsin.
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TranspUCIN

heterotrimeric
Although aqueous-soluble,
transducin is modified by fatty acelyation, being myristoy-

Activation  Transducin 15 a guanine

nucleotide-binding  protein.

lated on its O-subunit, and farnesylated on its y-subunit,
giving it a propensity to associate with the membrane
surface. Consequently, most transducin in a dark-adapted
rod is membrane bound, associated with the rhodopsin-rich
disk membranes.

In the inactive state, GDP is bound to transducin on the

o-subunit, which is complexed with the B- and y-subunits.
On binding to the cytoplasmic surface loops of photoacti-
vated rhodopsin (R*), the affinity of To for GDP is weak-
ened, and the GDP dissociates. G'TP then binds in the empty
pocket, inducing a conformational change in To. This
change in conformation leads to dissociation of G from
both R* and TRy. The release of the By-subunits allows for
a substantial repartitioning of To-GTP, with a large fraction
moving into the cytoplasmic volume of the OS to activate
the ¢cGMP phosphodiesterase.” Release of To from R*
allows R* to catalyze the activation of additional transducin
molecules. Although this catalysis rate has been widely meas-
ured, an in situ estimation of this rate indicates that a single
R* can catalyze the activation of 120 transducin molecules
per second.” Details of transducin function in phototrans-
duction have been recently reviewed.”
Inactivation  Like rhodopsin, inactivation of transducin is
precisely controlled. The effects of To* on PDE remain
until GTP is hydrolyzed to GDP, at which point Go disso-
ciates from PDE, thus restoring PDE to its inactive state.
Transducin has an endogenous G'TPase activity that serves
to self-limit the lifetime of To-GTP. However, this lifetime
1s approximately two orders of magnitude greater than
the lifetime of the photoresponse when measured in vitro.
Recent studies have reconciled the discrepancy, identifying
a G'TPase activating protein (GAP) in photoreceptors. This
GAP, known as RGS9 (for ninth member of the regulators
of G-protein signaling), acts allosterically on Ta-GTP, sta-
bilizing a conformation in which hydrolysis of GTP is more
favorable (reviewed in Ref. 15), and thus increasing GTP
hydrolysis by 15-30-fold.

PHOSPHODIESTERASE
Activation  'The photoreceptor cGMP phosphodiesterase is a
heterotetramer, composed of two highly homologous cat-
alytic subunits (o and B) and two inhibitory subunits ()"
Even when bound by its inhibitory subunits, PDE has a basal
hydrolysis activity, converting cGMP to GMP. Binding of
To-GTP to a single y-subunit serves to activate one of the
catalytic (o0 or ) subunits, increasing its catalytic activity by
approximately 100-fold. The second catalytic subunit can be
activated by a second To-GTP molecule binding to the

other inhibitory Yy-subunit, effectively doubling the phos-
phodiesterase activity of the holoenzyme. This increased
activity 1s sufficient to deplete the local intracellular cGMP
within 10ms of PDE activation.

Inactivation  Return of the PDE to its basal state requires the
release of the y-subunits from Go-GTP. This occurs when
GTP is hydrolyzed, thus reducing the affinity of Go for
PDEY. As was described previously, this hydrolysis activity is
significantly enhanced by RGS9. Exquisitely, RGS9 binding
to Go-GTP requires the inhibitory subunit of PDE, thus
ensuring that transducin binds and activates PDE before its
GTP is hydrolyzed.”*
c¢GMP-Gatep CHANNELS The ¢cGMP-gated channels of
rods are found in the plasma membrane, concentrated
specifically in the OS and are responsible for the light-
induced change in membrane potential.” These channels
are a tetramer of two O-subunits and two B-subunits, each
of which has a single cGMP-binding site (reviewed in Ref.
92). Consequently, the channel can exist in five different
states with 04 ¢cGMP molecules bound. To be open (the
dark state), the channel must have three or four molecules
of ¢cGMP bound. Channels with 0-2 ¢cGMP molecules are
closed (the light state) to ionic conductance.

In the dark-adapted state, rod photoreceptors are partially
depolarized, owing to the influx of Na* and Ca®* ions
through the open cGMP-gated channels (figure 7.5). Com-
plete depolarization is prevented, and ionic balance is
achieved by the action of an ion exchanger and an ion
pump. In the OS, a sodium/calcium-potassium exchanger
uses the sodium gradient to exchange Ca’* and K* out of
the photoreceptor.”'*" The Na* balance is maintained by
an ATP-requiring Na'/K" pump that actively pumps
sodium ions out of the rod.

In response to light, reduction of the local cGMP con-
centration by activated PDE causes the release of cGMP
from the channel subunits, resulting in closure of the cGMP-
gated channels. This closure blocks the influx of sodium
and calcium ions that normally flow through the channel.
Because the activity of the exchanger and pump are not
altered, the photoreceptor is hyperpolarized by the action of
the Na'/K' pump, and local free Ca® is dramatically
reduced by the Na*/Ca”" exchanger. The hyperpolarization
of the membrane results in a reduction in the rate of gluta-
mate release at the synaptic terminal of the rod. Depending
on the type of cell to which the rod is attached, whether
it is a horizontal cell or a rod bipolar ON or OFF cell, this
reduction in glutamate signaling is propagated as either a
hyperpolarization or a depolarization. Regardless, the pho-
toreceptor has performed its function of converting a
quantum of light energy into a neuronal potential that can
be integrated by the visual cortex.
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Ficure 7.5 Ion circulation across the photoreceptor membrane. In
the dark photoreceptor, cGMP-gated channels are open, allowing
influx of Na* and Ca®* ions. Calcium balance is maintained by the
action of a Na'/Ca® exchanger, which uses the Na® gradient to
extrude Ca”. The sodium balance is maintained by a Na*/K* pump,

OTtHER REGULATORY COMPONENTS  Guanylate cyclase (GC)
is a membrane protein that is responsible for restoring
cGMP levels. In the dark, GC converts GTP to cGMP at a
rate that essentially offsets the catalysis rate of unactivated
PDE. Consequently, restoration of ¢cGMP following a light
response and subsequent channel opening would occur
slowly if there were no activation of the GC. Recently,
a class of calcium-binding proteins was identified that
regulate the activity of GC.” These guanylate
cyclase—activating proteins (GCAP) are normally bound to
GC when occupied by calcium in the dark photoreceptor
(high calcium state). Channel closure, with its concomitant
reduction of intracellular calcium, causes the release of Ca*
from GCAP, which allows GCAP to dissociate from GC.
The release of GCAP results in a tenfold increase in cat-
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which uses ATP to return Na® against its ionic gradient. In response
to light, one or more cGMP-gated channels are closed, resulting in a
hyperpolarization of the cell membrane, since the Na*/K* pump con-
tinues to operate. Membrane hyperpolarization causes a decrease in
glutamate release from the synaptic terminal. (See also color plate 8.)

alytic activity of GG, rapidly increasing the intracellular
cGMP levels and restoring the cGMP-gated channels to the
open state. Experiments using GCAP knock-out mice
suggest that the effect of GCAP on GC is the only Ca™-
sensitive feedback mechanism that affects the dim light or
single photon response of the rod cell.”’

Although the calcium-binding GCAPs are the primary
point for calcium to impact the single photon response,
several other components have been identified in rods that
are influenced by calcium. Recoverin (also known as S-
modulin) is a calcium-binding protein that has been shown
to associate with rhodopsin kinase. At elevated Ca levels
(dark state), recoverin binds rhodopsin kinase and reduces
the kinase activity As calcium is depleted (light state),
calcium-free recoverin dissociates from rhodopsin kinase,
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Calmodulin is another calcium-binding protein found
in the OS. Calmodulin binds to the B-subunit of the cGMP-
gated channel when occupied by calcium. Binding of
calmodulin reduces the affinity of the channel for cGMP,
forming a negative feedback loop.™

Phosducin is a 33-kDa protein that is phosphorylated
through the protein kinase A pathway. This pathway is acti-
vated by calcium, which leads to phosphorylation of phos-
ducin in the dark. When calcium levels drop in response to
light, phosducin 1s dephosphorylated. This dephosphory-
lated phosducin can then bind the TPy dimer. Binding TRy
reduces the pool available to Toi-GDP to regenerate the full
trimeric complex, thus diminishing the potential of the pho-
toreceptor to respond to light.*

Although the intersection of these calcium-sensitive com-
ponents with the transduction pathway has been identified,
their specific function in visual response has not been com-
pletely delineated. Most likely, these elements form part of
the light-adaptation mechanism that regulates the visual
response in background illumination.

Phototransduction in cones

Although much of what we know about the phototransduc-
tion pathway has been learned from rods, it is clear that cone
photoreceptors function in a very similar manner. Most of
the components identified in rods have a cone homologue,
although in some cases, the same protein is utilized in both
types of photoreceptors.”” This being said, it is clear that
cones are different from rods. Aside from the obvious dif-
ferences in response to different light intensity ranges, cones
are approximately 25-100 times less sensitive to light than
rods are but have response kinetics that are two to four times
faster than those of rods. The molecular explanation behind
these differences in the two cell types has not been fully
developed. However, recent use of cone-rich model animals
and increasingly sensitive molecular tools has identified
some of the biochemical differences. For example, cones
contain a much higher concentration of RGS9, suggesting
that GTPase acceleration may be involved in the faster
response inactivation of cones.” Additional biochemical dif-
ferences between rods and cones will undoubtedly create a
more complete picture of the divergences in the transduc-
tion pathways that lead to the different response kinetics of
rods and cones.

Relationshup to electrical activity

The considerations above go a long way toward explaining
the form, duration, and sensitivity of the electrical responses
of rods and cones (figure 7.6)." The important features are

that the responses to the flash of light long outlast the
stimulus, even though the stimulus is weak. Under these
circumstances, adaptation does not occur, and the rise of
the response then reflects the rate of depletion of cGMP.
However, almost immediately, adaptive mechanisms come
into play (see the paragraphs on regulatory components
above), so only the initial portion of the responses is
unaffected.

The change in kinetics of the steps in the cascade could
account for the differing temporal kinetics and sensitivities
of rods’ and cones’ electrical signals. During the declining
phase of the response to intense flashes, the system is desen-
sitized, and the cGMP concentrations presumably rise,
mostly as a result of the combined activity of guanylate
cyclase, GCAP, and RGS9. Step stimuli activate all the reg-
ulatory mechanisms described above, and it is a combina-
tion of these that lead to the increment threshold function
(AL/L = K) (see chapter 37).

The photocurrents that are measured from single recep-
tors represent a large gain between the energy of a photon
and the energy released by R*. In darkness, small transient
voltage changes (“bumps”) can be recorded across photo-
receptor membranes (figure 7.7).° These are presumably
caused by thermal activation of molecules in the excitatory
cascade. However, the entire sequence is rarely activated
because rhodopsin is a very stable molecule. Therefore, these
“thermal” bumps are in general much smaller than the
signals caused by single photon events. In addition, these
changes are “smoothed” at the receptor-bipolar synapse and
receptor-receptor junctions, thus permitting the unambigu-
ous detection of very weak signals. However, this elegant
system demands the continuous use of energy, since every
signal is a reduction of the dark current. Maintaining the
dark current requires high activity in the ATP-requiring
Na'/K" pump and helps to explain why in mitochondrial
diseases, the retina may be disproportionately affected.

Magration of proteins in photoreceptors

Phototransduction was described above as though it were a
cascade that occurs in a static cell. In actuality, the photo-
receptor is a dynamic structure with several proteins that
dramatically change their localization between the inner
and outer segments in response to light (figure 7.8).

1,7,40,43-45,48,49,51-54,63,64,83,88,94
7,40,43-45,48,49,51-54,63,64,83,88.9¢ 1 1 trans-

These include arrestin
ducin. 477859 [ the dark-adapted retina, arrestin is prin-
cipally distributed in the inner segment and quickly moves
to the outer segment in response to light on a time scale of
several minutes. Interestingly, the splice variant of arrestin
does not appear to translocate, remaining in the ROS
regardless of lighting conditions.”* Arrestin migration has
also been documented in cone photoreceptors.”” In
contrast to arrestin translocation, transducin is principally
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Fieure 7.6 Reduction in circulating current through a monkey
rod and a cone that is produced by light flashes. In the dark, there
is an inward current through the outer segment membranes, and
this current 1s reduced by light. The flash intensity was increased
by a factor of about 2, ranging between 3 and 900 photoisomer-
izations in the rod and between 200 and 36,000 in the cone. Timing
of the flash is shown in the lower panel. (Source: From Baylor DA.’
Used by permission.)

localized to the outer segment in the dark, moving to the
inner segment in response to light.

For arrestin, the localization in the dark-adapted rod
seems somewhat counterintuitive, since one would expect
arrestin to be principally localized to the outer segment,
where it quenches photoactivated rhodopsin. The fact that
this 1s not the case suggests that arrestin migration likely
serves an additional role. Perhaps in the case of dim light
(with few rhodopsin isomerizations), either the splice variant
of arrestin performs the role of rhodopsin quenching as
hypothesized previously,”*%"*"*
arrestin is present in the outer segments for rhodopsin

or sufficient full-length

quenching but it is below immunocytochemical detection
limits. However, in the case of brighter lights, perhaps
arrestin/transducin translocation plays a role in rod desen-
sitization. In this scenario, increased arrestin concentration
in the illuminated ROS would effectively reduce the lifetime
of R*P, and decreased transducin would decrease the cou-
pling efficiency between R* and the cGMP PDE. A recent
reinvestigation of transducin migration shows that trans-
ducin decline in the outer segment in response to light
parallels the decline in rod signal amplification.”” This result

30 60
Time (sec}

Fieure 7.7 Fluctuations of the photocurrent of a single rod in
response to dim light flashes. These records show that rods respond
to single photons. Each row is part of that same continuous record.
The timing of the flashes is shown in the trace. (Source: From
Baylor DA, Lamb TD, Yau K-W.* Used by permission.)

suggests that protein translocation may be one of the under-
lying mechanisms for light adaptation, although all the
results are only correlative at this juncture.

Mechanistic studies of protein translocation

Like the function of light-driven protein migration in photo-
receptors, the mechanism that mobilizes the proteins has
remained elusive. There are two broad categories that could
account for the light-induced translocation of arrestin and
other proteins between the inner segment and outer segment
through the connecting cilium: passive migration along a dif-
fusion gradient and active migration requiring a motor-
driven process. The first mechanism appeared intuitive for
arrestin, since light activation and phosphorylation of
rhodopsin would provide a sink, removing free arrestin in
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Fieure 7.8 Translocation of photoreceptor proteins in response
to light. In a dark-adapted Xenopus retina, arrestin (upper panels)
immunolocalizes to the inner segments, axonemes (arrows), and
synaptic terminals. Transducin (lower panels) immunolocalizes to
the outer segments. In response to 45 minutes of adapting light,

the outer segment and drawing more arrestin in from the
inner segment along a concentration gradient. However,
studies using transgenic mice offer evidence that rhodopsin-
driven diffusion is not the mechanism that mobilizes arrestin
from the inner segment to the outer segment. In mice that
are deficient for rhodopsin phosphorylation, either because
they lack rhodopsin kinase or because the C-terminus of
rhodopsin has been mutated to remove the phosphorylation
sites, light-driven arrestin migration between the inner
segment and outer segments occurs in a manner that is indis-
tinguishable from that in wild-type mice.”""*

This evidence eliminates arrestin binding to R*P as the
mechanism for arrestin’s migration into the outer segment,
suggesting that arrestin’s migration is partially controlled

ROS

RIS

| nuclei
T synaptic
——terminal

ROS

RIS
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——terminal

there is a massive translocation of the proteins, with arrestin moving
to the outer segments and transducin moving to the inner segments.
In Xenopus, if the frog is maintained in the adapting light for an
extended period of time (>2 hours), the proteins translocate back to
their respective cellular compartments. (See also color plate 9.)

by a motor-driven process. Support for this motor-driven
hypothesis is provided by Marszalek et al.,*® who showed that
photoreceptors that are made deficient for kinesin-II by Cre-
lox mutagenesis accumulate arrestin at the base of the cilium
in the inner segment. The one potential caveat to this obser-
vation is that rhodopsin also accumulates at a similar site.
Consequently, the misaccumulation of arrestin may simply
reflect arrestin’s binding affinity for rhodopsin rather than
disrupted transportation of arrestin, especially since the mis-
localized rhodopsin is at least partially phosphorylated.™
The light signal that initiates translocation is currently
undefined. Mendez et al.”' and Zhang et al.”* have both
shown that arrestin translocation occurs in the absence of
phototransduction. In transducin knock-out mice (knock-out
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of the 0-subunit), arrestin migrates normally in response to

light. Interestingly, both arrestin distribution and transducin

distribution are disrupted in the RPE65™~ mouse, with no

evidence for light-driven translocation.” This result suggests

that functional visual pigment may be required to promote
arrestin and transducin migration.

Studies such as these highlight the fact that although we

know much about photoreceptor physiology and biochem-
istry, many areas are incomplete and underdeveloped, and

some are likely yet undiscovered.

10.

I1.

12.

13.

14.

15.

16.

17.

REFERENCES

. Agarwal N, Nir I, Papermaster DS: Loss of diurnal arrestin

gene expression in rds mouse retinas. £xp Eye Res 1994; 58:1-8.

. Arshavsky VY, Lamb TD, Pugh EN: G proteins and photo-

transduction. Ann Rev Physiol 2002; 64:153-187.

. Baehr W, Devlin MJ, Applebury ML: Isolation and character-

ization of cGMP phosphodiesterase from bovine rod outer seg-
ments. J Biolog Chem 1979; 254:1169-1177.

. Baylor DA, Lamb TD, Yau K-W: Responses of retinal rods to

single photons. 7 Physiol 1979; 288:613-634-.

. Baylor DA: Photoreceptor signals and vision. Proctor lecture.

Invest Ophthalmol Vis Sei 1987; 28:34-49.

. Besharse JC, Horst CJ: The photoreceptor connecting cilium:

A model for the transition zone. In Bloodgood RA (ed): Ciliary
and Flagellar Membranes. New York, Plenum, 1990, pp 389-417.

. Broekhuyse RM, Tolhuizen EFJ, Janssen APM, Winkens HJ:

Light induced shift and binding of S-antigen in retinal rods.
Curr Eye Res 1985; 4:613-618.

. Bruckert F, Chabre M, Vuong MT: Light and GTP depend-

ence of transducin solubility in retinal rods: Further analysis
by near infra-red light scattering. Fur Biophys J 1988;
16:207-218.

. Cervetto L, Lagnado L, Perry RJ, Robinson DW, McNaughton

PA: Extrusion of calcium from rod outer segments is driven
by both sodium and potassium gradients. Nature 1989;
337:740-743.

Chaitin MH, Bok D: Immunoferritin localization of actin in
retinal photoreceptors. Invest Ophthalmol Vis Ser 1986; 27:
1764-1767.

Chaitin MH, Carlsen RB, Samara GJ: Immunogold localiza-
tion of actin in developing photoreceptor cilia of normal and
rds mutant mice. Exp Eye Res 1988; 47:437-446.

Chaitin MH, Coelho N: Immunogold localization of myosin
in the photoreceptor cilium. fnvest Ophthalmol Vis Sci 1992;
33:3103-3108.

Cohen Al Rods and cones. Handbook of Sensory Physiology 1972;
VII/2:63-110.

Cook NJ, Kaupp UB: Solubilization, purification, and
reconstitution of the sodium-calcium exchanger from bovine
retinal rod outer segments. 7 Buwlog Chem 1988; 263:11382—
11388.

Cowan CW, He W, Wensel TG: RGS proteins: Lessons from
the RGS9 subfamily. Prog Nucleic Acid Res Molec Biol 2000;
65:341-359.

Crescitelli F: The gecko visual pigment: The dark exchange of
chromophore. Vision Res 1984; 24:1551-1553.

Deterre P, Bigay J, Forquet F, Robert M, Chabre M: cGMP
phosphodiesterase of retinal rods is regulated by two inhibitory

subunits. Proc Natl Acad Sci USA 1988; 85:2424-2428.

SMITH: PHOTOTRANSDUCTION AND PHOTORECEPTOR PHYSIOLOGY

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

. Dizhoor AM, Ray S, Kumar S, Niemi G, Spencer M, Brolley

D, Walsh KA, Philipov PP, Hurley JB, Stryer L: Recoverin:
A calcium sensitive activator of retinal rod guanylate cyclase.
Science 1991; 251:915-918.

. Eckmiller MS: Microtubules in a rod-specific cytoskeleton

assoclated with outer segment incisures. Visual Neurosci 2000
17:711-722.

Fesenko E, Kolesnikov S, Lyubarsky A: Induction by cyclic
GMP of cationic conductances in plasma membrane of retinal
rod outer segment. Nature 1985; 313:310-313.

Gibson SK, Parkes JH, Liebman PA: Phosphorylation modu-
lates the affinity of light-activated rhodopsin for G protein and
arrestin. Biochemistry 20005 39:5738-5749.

Goldsmith TH, Marks BC, Bernard GD: Separation and
identification of geometric isomers of 3-hydroxyretinoids and
occurrence in the eyes of insects. Vision Res 1986;
26:1763-1769.

Gorczyca WA, Gray-Keller MP, Detwiler PB, Palczewski K:
Purification and physiological evaluation of a guanylate cyclase
activating protein from retinal rods. Proc Natl Acad Sci USA
1994; 91:4014-4018.

Gorczyca WA, Polans AS, Surgucheva IG, Bachr W,
Palczewski K: Guanylyl cyclase activating protein: A calcium-
sensitive regulator of phototransduction. J Bl Chem 1995;
270:22029-22036.

Gurevich VV, Benovic JL: Visual arrestin binding to
rhodopsin: Diverse functional roles of positively charged
residues within the phosphorylation-recognition region of
arrestin. J Biol Chem 1995; 270:6010-6016.

Hale IL, Fisher SK, Matsumoto B: The actin network in the
ciliary stalk of photoreceptors functions in the generation of
new outer segment discs. 7 Comp Neurol 1996; 376:128-142.
He W, Lu L, Zhang X, El-Hodiri HM, Chen CK, Slep KC,
Simon MI, Jamrich M, Wensel TG: Modules in the photo-
receptor RGS9-1. Gbeta 5L G'TPase-accelerating protein
complex control effector coupling, GTPase acceleration,
protein folding, and stability. 7 Biolog Chem 2000; 275:
37093-37100.

Hisatomi O, Tokunaga F: Molecular evolution of proteins
involved in vertebrate phototransduction. Comp Biochem Physiol
B-Biochem Mol Biol 2002; 133:509-522.

Hong DH, Pawlyk BS, Sokolov M, Strissel KJ, Yang J, Tulloch
B, Wright AE, Arshavsky VY, Li T: RPGR isoforms in pho-
toreceptor connecting cilia and the transitional zone of motile
cilia. Tnvest Ophthalmol Vis Sc: 2003; 44:2413-2421.

Hsu Y-T, Molday RS: Modulation of the cGMP-gated channel
of rod photoreceptor cells by calmodulin. Nature 1993;
361:76-79.

Kaplan MW, Iwata RT, Sears RC: Lengths of immunolabeled
ciliary microtubules in frog photoreceptor outer segments. £xp
Eye Res 1987; 44:623-632.

Kawamura S: Rhodopsin phosphorylation as a mechanism of
cyclic GMP phosphodiesterase regulation by S-modulin. Nature
1993; 362:855-857.

Kito Y, Seki T, Suzuki T, Uchiyama I: 3-Dehydroretinal in the
eye of a bioluminescent squid, Watasenia scintillans. Vision Res
1986; 26:275-279.

Krupnick JG, Gurevich VV, Schepers T, Hamm HE, Benovic
JL: Arrestin-rhodopsin interaction: Multi-site binding delin-
cated by peptide inhibition. J Biol Chem 1994; 269:3226—
3232.

Leskov IB, Klenchin VA, Handy JW, Whitlock GG,
Govardovskii VI, Bownds MD, Lamb TD, Pugh EN,

75



36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

76

Arshavsky VY: The gain of rod phototransduction: Reconcil-
iation of biochemical and electrophysiological measurements.
Neuron 2000; 27:525-537.

Liebman PA, Pugh EN: The control of phosphodiesterase in
rod disk membranes: Kinetics, possible mechanisms and sig-
nificance for vision. Vision Res 1979; 19:375-380.

Liu Q, Zhou J, Daiger SP, Farber DB, Heckenlively JR, Smith
JE, Sullivan LS, Zuo J, Milam AH, Pierce EA: Identification
and subcellular localization of the RP1 protein in human and
mouse photoreceptors. Tnvest Ophthalmol Vis Set 2002; 43:22-32.
Liu X, Vansant G, Udovichenko IP, Wolfrum U, Williams DS:
Myosin VlIa, the product of the Usher 1B syndrome gene, is
concentrated in the connecting cilia of photoreceptor cells. Cell
Motil Cytoskel 1997; 37:240-252.

Liu XR, Udovichenko IP, Brown SDM, Steel KP, Williams DS:
Myosin VIla participates in opsin transport through the
photoreceptor cilium. 7 Neurosct 1999; 19:6267-6274.
Loeffler KU, Mangini NJ: Anti-arrestin immunoreactivity in
the human retina: Difference between light- and dark-
adaptation. Current Eye Res 1995; 14:1165-1168.

Maeda I Imanishi Y, Palczewski K: Rhodopsin phosphoryla-
tion: 30 years later. Prog Retin Fye Res 2003; 22:417-434.
Makino ER, Handy JW, Li T, Arshavsky VY: The G'TPase acti-
vating factor for transducin in rod photoreceptors is the
complex between RGS9 and type 5 G protein beta subunit.
Proc Natl Acad Sci USA 1999; 96:1947—1952.

Mangini NJ, Pepperberg DR: Localization of retinal “48K”
(S-antigen) by electron microscopy. jpn J Ophthalmol 1987;
31:207-217.

Mangini NJ, Pepperberg DR: Immunolocalization of 48K in
rod photoreceptors. Invest Opthalmol Vis Sci 1988; 29:1221—
1234.

Mangini N]J, Garner GL, Okajima TL, Donoso LA,
Pepperberg DR: Effect of hydroxylamine on the subcellular
distribution of arrestin (S-antigen) in rod photoreceptors. Vis
Neurosct 1994; 11:561-568.

Marszalek JR, Liu XR, Roberts EA, Chui D, Marth JD,
Williams DS, Goldstein LSB: Genetic evidence for selective
transport of opsin and arrestin by kinesin-II in mammalian
photoreceptors. Cell 2000; 102:175-187.

Matsui SSM, Uchiyama I, Sekiya N, Hiraki K, Yoshihara K,
Kito Y: 4-Hydroxyretinal, a new visual pigment chromophore
found in the bioluminescent squid, Watasenia scintillans.
Bioshim Biophys Acta 1988; 966:370-374.

McGinnis JE Whelan JP, Donoso LA: Transient, cyclic
changes in mouse visual cell gene products during the light-
dark cycle. J Neurosci Res 1992; 31:584—590.

McGinnis JE, Matsumoto B, Whelan JP, Cao W: Cytoskeleton
participation in subcellular trafficking of signal transduction
proteins in rod photoroeceptor cells. 7 Neurosc: Res 2002;
67:290-297.

Mendez A, Burns ME, Sokal I, Dizhoor AM, Baehr W,
Chen J: Role of guanylate cyclase-activating proteins (GCAPs)
in setting the flash sensitivity of rod photoreceptors. Proc Natl
Acad Sei USA 20015 98:9948-9953.

Mendez A, Lem J, Simon M, Chen J: Light-dependent translo-
cation of arrestin in the absence of rhodopsin phosphorylation
and transducin signaling. 7 Neurosci 2003; 23:3124-3129.
Mirshahi M, Thillaye B, Tarraf M, deKozak Y, Faure J-P:
Light-induced changes in S-antigen (arrestin) localization in
retinal photoreceptors: Differences between rods and cones
and defective process in RCS rat retinal dystrophy. Eur 7 Cell
Biol 1994; 63:61-67.

33.

54.

35.

56.

57.

38.

39.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Nir I, Agarwal N: Arrestin mRNA expression, biosynthesis,
and localization in degenerating photoreceptors of mutant rds
mice retinas. j Comp Neurol 1991; 308:1-10.

Nir I, Ransom N: Ultrastructural analysis of arrestin distribu-
tion in mouse photoreceptors during dark/light cycle. Exp Eye
Res 1993; 57:307-318.

Palczewski K, Hargrave PA, McDowell JH, Ingegritsen TS:
The catalytic subunit of phophatase 2A dephosphorylates
phosphoopsin. Biochem 1989; 28:415-419.

Palczewski K, McDowell JH, Jakes S, Ingebritsen TS,
Hargrave PA: Regulation of rhodopsin dephosphorylation by
arrestin. J Biol Chem 1989; 264:15770-15773.

Palczewski K, Buczylko J, Imami NR, McDowell JH, Hargrave
PA: Role of the carboxyl-terminal region of arrestin in bind-
ing to phosphorylated rhodopsin. J Bl Chem 1991;
266:15334-15339.

Palczewski K, Buczylko J, Ohguro H, Annan RS, Carr SA,
Crabb JW, Kaplan MW, Johnson RS, Walsh KA: Characteri-
zation of a truncated form of arrestin isolated from bovine rod
outer segments. Prot Set 1994; 3:314-324.

Palczewski K, Jager S, Buczylko J, Crouch RK, Bredberg DL,
Hofmann KP, Asson-Batres MA, Saari JC: Rod outer segment
retinol dehydrogenase: Substrate specificity and role in photo-
transduction. Biochem 1994; 33:13741-13750.

Palczewski K, Smith WC: Splice variants of arrestin. Exp Fye
Res 1996; 63:599-602.

Palczewski K, Kumasaka T, Hori T, Behnke CA, Motoshima
H, Fox BA, Le Trong I, Teller DC, Okada T, Stenkamp RE,
Yamamoto M, Miyano M: Crystal structure of rhodopsin: A
G protein-coupled receptor. Sczence 2000; 289:739-745.
Pazour GJ, Baker SA, Deane JA, Cole DG, Dickert BL,
Rosenbaum JL, Witman GB, Besharse JC: The intraflagellar
transport protein, IF1'88, is essential for vertebrate photore-
ceptor assembly and maintenance. J Cell Biol 2002; 157:103—
113.

Peterson JJ, Tam BM, Moritz OL, Shelamer CL, Dugger DR,
McDowell JH, Hargrave PA, Papermaster DS, Smith WC:
Arrestin migrates in photoreceptors in response to light: A
study of arrestin localization using an arrestin-GFP fusion
protein in transgenic frogs. Experimental Eye Research 2003;
76:553-563.

Philp NJ, Chang W, Long K: Light-stimulated protein move-
ment in rod photoreceptor cells of the rat retina. FEBS Lelt
1987; 225:127-132.

Pierce EA: Gene targeted and transgenic models of retinitis
pigmentosa 1 (RP1). Invest Ophthalmol Vis Sct Suppl 2002; 43:1.
Pulvermuller A, Maretzi D, Rudnicka-Nawrot M, Smith WC,
Palczewski K, Hofmann KP: Functional differences in the
interaction of arrestin and its splice variant, p44, with
rhodopsin. Biochemistry 1997; 36:9253-9260.

Raman D, Osawa S, Weiss ER: Binding of arrestin to cyto-
plasmic loop mutants of bovine rhodopsin. Biochemistry 1999;
38:5117-5123.

Raman D, Osawa S, Gurevich VV, Weiss ER: The interaction
with the cytoplasmic loops of rhodopsin plays a crucial role
in arrestin activation and binding. J Newrochem 2003;
84:1040-1050.

Roof D, Adamian M, Jacobs D, Hayes A: Cytoskeletal spe-
cializations at the rod photoreceptor distal tip. 7 Comp Neurol
1991; 305:289-303.

Sale WS, Besharse JC, Piperno G: Distribution of acetylated
alpha-tubulin in retina and in vitro-assembled microtubules.
Cell Motil Cytoskel 1988; 9:243-253.

PRINCIPLES OF CELL BIOLOGY IN THE VISUAL PATHWAYS



71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Schmitt A, Wolfrum U: Identification of novel molecular com-
ponents of the photoreceptor connecting cilium by immuno-
screens. Fuxp Fye Res 2001; 73:837-849.

Schroder K, Pulvermuller A, Hofmann KP: Arrestin and its
splice variant Arr(1-370A) (P-44): Mechanism and biological
role of their interaction with rhodopsin. j Biol Chem 2002;
277:43987-43996.

Smith WC, Goldsmith TH: Phyletic aspects of the distribution
of 3-hydroxyretinal in the class Insecta. J Mol Fvol 1990;
30:72-84.

Smith WC, Milam AH, Dugger DR, Arendt A, Hargrave PA,
Palczewski K: A splice variant of arrestin: Molecular cloning
and localization in bovine retina. J Biolog Chem 1994;
269:15407-15410.

Smith WC: A splice variant of arrestin from human retina. FExp
Eye Res 1996; 62:585-592.

Smith WC, McDowell JH, Dugger DR, Miller R, Arendt A,
Popp MP, Hargrave PA: Identification of regions of arrestin
that bind to rhodopsin. Buwchemistry 1999; 38:2752-2761.
Sokolov. M, Lyubarsky AL, Strissel K], Savchenko AB,
Govardovskii VI, Pugh EN, Arshavsky VY: Massive light-
driven translocation of transducin between the two major
compartments of rod cells: A novel mechanism of light adap-
tation. Newron 2002; 34:95-106.

Suzuki T, Makino-Tasaka M, Eguchi E: 3-Dehydroretinal
(vitamin A2 aldehyde) in crayfish eye. Vis Res 1984; 24:
783-787.

Tai AW, Chuang J-Z, Bode C, Wolfrum U, Sung C-H:
Rhodopsin’s carboxy-terminal cytoplasmic tail acts as a mem-
brane receptor for cytoplasmic dynein by binding to the dynein
light chain Tetex-1. Cell 1999; 97:877-887.

Tsin ATC, Alvarez RA, Fong S-L, Bridges CDB: Use of high-
performance liquid chromatography in the analysis of retinyl
and 3,4-didehydroretinyl compounds in tissue extracts of bull-
frog tadpoles and goldfish. Vision Res 1984; 24:1835-1840.
Wacker WB, Donoso LA, Kalsow CM, Yankeelov JA]J,
Organisciak D'T: Experimental allergic uveitis: Isolation, char-
acterization, and localization of a soluble uveitopathogenic
antigen from bovine retina. 7 Immunol 1977; 119:1949-
1958.

Wen GY, Soifer D, Wisniewski HM: The doublet microtubules
of rods of the rabbit retina. Anat Embryol 1982; 165:315-328.
Whelan JP McGinnis JF: Light-dependent subcellular
movement of photoreceptor proteins. J Neurosci Res 1988;

20:263-270.

SMITH: PHOTOTRANSDUCTION AND PHOTORECEPTOR PHYSIOLOGY

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Whitehead JL, Wang SY, Bost-Usinger L, Hoang E, Irazer
KA, Burnside B: Photoreceptor localization of the KIF3A and
KIF3B subunits of the heterotrimeric microtubule motor
kinesin II in vertebrate retina. Exp Eye Res 1999; 69:491—
508.

Willardson BM, Wilkins JF, Yoshida T, Bitensky MW: Regula-
tion of phosducin phosphorylation in retinal rods by
Ca™/calmodulin-dependent adenylyl cyclase. Proc Natl Acad Sci
USA 1996; 93:1475-1479.

Williams DS: Transport to the photoreceptor outer segment by
myosin VIIa and kinesin II. Vision Res 2002; 42:455-462.
Williams DS, Linberg DK, Vaughan DK, Fariss RN, Fisher
SK: Disruption of microfilament organization and deregula-
tion of disk membrane morphogenesis by cyotchalasin D in
rod and cone photoreceptors. J Comp Neurol 1988; 272:
161-176.

Williams MA, Mangini NJ: Immunolocalization of arrestin
(S-antigen) in rods of pearl mutant and wild-type mice. Curr
Eye Res 1991; 10:457-462.

Wolfrum U, Schmitt A: Rhodopsin transport in the membrane
of the connecting cilium of mammalian photoreceptor cells.
Cell Motil Gytoskel 2000; 46:95-107.

Yau K-W, Nakatani K: Light-induced reduction of cytoplas-
mic free calcium in retinal rod outer segment. Nature 1985;
313:579-582.

Young RW: The renewal of photoreceptor cell outer segments.
J Cell Biol 1967; 33:61-72.

Zagotta WN, Siegelbaum SA: Structure and function of cyclic
nucleotide-gated channels. Annu Rev Neurosct 19965 19:235—
263.

Zhang HB, Cuenca N, Ivanova T, Church-Kopish J, Frederick
JM, MacLeish PR, Baehr W: Identification and light-depend-
ent translocation of a cone-specific antigen, cone arrestin, rec-
ognized by monoclonal antibody 7G6. Invest Ophthalmol Vis Sci
2003; 44:2858-2867.

Zhang HB, Huang W, Zhang HK, Zhu XM, Craft C, Bachr
W, Chen CK: Light-dependent redistribution of visual
arrestins and transducin subunits in mice with defective
phototransduction. Mol Vis 2003; 9:231-237.

Zhang X, Wensel TG, Kraft TW: GTPase regulators and
photoresponses in cones of the eastern chipmunk. 7 Neurosc
2003; 23:1287-1297.

Zhu X, Li A, Brown B, Weiss ER, Osawa S, Craft CM: Mouse
cone arrestin expression pattern: Light induced translocation
in cone photoreceptors. Molec Vision 2002; 8:462-471.

77



This page intentionally left blank



8 Synaptic Transmission: Sensitivity

Control Mechanisms

GERTRUDE FALK AND RICHARD SHIELLS

Our cUrRrRENT understanding about how the signals that are
generated in rods and cones are transmitted through the
retina to the optic nerve has advanced rapidly in recent
years. The basic principles were established from work using
intracellular microelectrodes. More recent advances derive
from using patch electrodes, which have the advantage of
controlling the intracellular biochemistry and permitting
more direct analysis of the properties of membrane ionic
channels. Coupled with other novel techniques, such as
imaging single neurons in retinal slices of both lower verte-
brates and mammals, the advances that have been made in
recent years have been striking. Furthermore, molecular
biological approaches using mutant mice that lack specific
receptors or channels have demonstrated the roles these play
in signal transduction.

Transmatter release from rods and cones

Rod and cone photoreceptors respond to light with a graded
hyperpolarization, which spreads without decrement to their
presynaptic terminals. The rate of release of transmitter L-
glutamate that is stored in synaptic vesicles at the terminal
is controlled by the membrane potential. The hyperpolar-
ization reduces transmitter release, changing the membrane
potential of the postsynaptic horizontal and bipolar cells.

At virtually all synapses, transmitter release is dependent
on intracellular Ca* levels, which increase on depolarization
owing to the opening of voltage-dependent Ca*" channels.
Rods and cones are nonspiking neurons that release trans-
mitter continuously when relatively depolarized in the dark
(membrane potential: <40mV). Hyperpolarization by light
leads to a reduction in intracellular Ca*" in the synaptic ter-
minals. There is a high cooperativity in the action of Ca®
on glutamate release such that, with changes in membrane
potential, glutamate release changes exponentially. Recent
estimates are that for a 6-mV rod hyperpolarization, there
1s a tenfold decrease in release, while a 12-mV light response
reduces release by 100-fold. A 6-mV rod response represents
the limit of the linear response range. The photoreceptor
responses generate the initial part of the electroretinogram
(ERG), the vitreal-negative a-wave.

The actions of glutamate are terminated by uptake mech-
anisms, which actively transport glutamate from the extra-

cellular space into the surrounding cells. Rods and cones and
bipolar, ganglion, and Miiller cells all possess glutamate
transporters. Blocking uptake has been shown to enhance
the potency of exogenously applied glutamate and alter light
response kinetics.

Rods and cones are electrically coupled via low-resistance
gap junctions in lower vertebrates. There is, however, some
question about the extent of coupling in mammals and pri-
mates. Coupling results in spatial averaging, and because
current can spread to adjacent rods, the response to a single
photon in the coupled network is much smaller than that in
an 1solated rod. However, because many rods converge onto
horizontal and bipolar cells, the spread of the presynaptic
signal over many terminals confers an advantage in the
detection of nonuniform illumination. Biasing the rod and
cone membrane potential in the depolarizing direction
in the dark, so that they operate at the most sensitive part of
the relation for transmitter release, optimizes the system
for the detection of dim light signals.

Responses of horizontal and bipolar cells to light

Horizontal and bipolar cells are immediately postsynaptic to
the photoreceptors. Mammalian horizontal cells, with the
exception of those of rodents, can be divided into two types
based on their morphology. Type A cells have a large soma
with relatively thick dendrites radiating to form a circular
receptive field, while type B cells have a smaller soma,
densely branching fine dendrites and a fine long axon which
terminates in an elaborate arborization. The dendrites of
both types are postsynaptic exclusively to cones, while only
the axon terminals are postsynaptic exclusively to rods. Rod
and cone signals can be recorded from both types of hori-
zontal cell, but this mixing is thought to result from electri-
cal coupling between rods and cones rather than via
transmission across the axon.

The light responses of rod horizontal cells consists of a
graded hyperpolarization that is dependent on light inten-
sity,. Horizontal cells possess very large receptive fields
because they are extensively electrically coupled via low-
resistance gap junctions. Wide-field illumination evokes large
horizontal cell responses, while focal illumination yields only
very small responses because of electrical loading by the rest
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of the coupled network. In lower vertebrates, horizontal cells
provide the antagonistic surround, which opposes the center
response of bipolar cells. Horizontal cells are particularly
suited for this because of their large-field characteristics.
Horizontal cells make synaptic contact with bipolar cells
and, by means of the inhibitory transmitter GABA, oppose
the light-induced center response of bipolar cells.

The response to an annulus of light, concentric with the
center of the bipolar cell’s receptive field, is of opposite
polarity to the center response. The antagonistic surround is
abolished by procedures such as applying dopamine to hor-
izontal cells, which removes their electrical coupling, Center
surround antagonism is important for edge detection and in
enhancing contrast sensitivity. It is much reduced in the
dark-adapted retina, in part because transmission of the
center bipolar cell response occurs at a much higher gain
than the surround response mediated by the horizontal cells.
In mammalian retina, rod bipolar cells do not exhibit any
clear antagonistic surround input from horizontal cells. The
center surround organization that is characteristic of gan-
glion cell receptive fields in the rod pathway is thought to be
set up at the level of the inner plexiform layer (IPL) by
inhibitory input from amacrine cells forming the antagonis-
tic surround.

Retinal parallel processing

Mammalian rod bipolar cells depolarize in response to light
that is absorbed within the center of their receptive field
(ON center). Figure 8.1 shows the voltage responses of a
bipolar cells in a pure rod retina to light flashes of varying
intensity. Noteworthy is the very high sensitivity of response
of rod bipolar cells in the dark-adapted retina, such that an
easily recordable response without signal averaging was
evident when only one out of ten rods would have absorbed
a photon.

Cone bipolar cells are of two types: those that depolarize
(ON center) and those that hyperpolarize (OFF center) in
response to central illumination, so called because they
provide excitatory or inhibitory inputs to amacrine or gan-
glion cells in response to light. The retina is thus organized
into two parallel pathways: the ON pathway, which responds
to a local increase in brightness, and the OFF pathway,
which responds to a decrease in brightness. Such parallel
processing enhances the contrast sensitivity of the eye. The
ON and OFT bipolar cells make synaptic contact with
amacrine and ganglion cells in different parts of the IPL.
Figure 8.2 shows a rod ON bipolar cell injected with a flu-
orescent dye after its light responses had been recorded. The
axon terminals of ON bipolar cells extend to the proximal
part of the IPL, while the OFF bipolar cells make their
synaptic contacts within the distal part of the IPL. Although
there is only one type of mammalian rod bipolar cell, rod-

Ficure 8.1  Voltage responses of a single dark-adapted rod bipolar
cell to brief flashes of varying intensity recorded from the all-rod
dogfish retina, using an intracellular microelectrode. Numbers by
the records indicate the mean number of rhodopsin molecules
bleached in each rod by the flash (timing indicated by the lowest
trace). The slow time course of the response arises because record-
ings were obtained at low temperature, about 18°C. Note that depo-
larization is indicated as upward deflection. (Source: From Falk G.*
Used by permission.)

driven ON and OFF responses can be recorded from gan-
glion cells because there is a special rod pathway via
amacrine cells (discussed later in the chapter). In mammals,
bipolar cells receiving exclusive input from rods are the
depolarizing ON type, while cones drive both ON and OFF
bipolar cells. However, recently, it has been shown that there
is an additional pathway for rod signals: via cone OFF
bipolar cells making direct synaptic contact with rods. The
response to light that is selectively absorbed by the cones is
much faster than the rod-elicited response in part because
of more rapid cone phototransduction. The cone-driven
response 1s also much less sensitive (per absorbed photon).

Glutamate receptors and conductance changes

Given that the presynaptic input to horizontal, OFF bipolar,
and ON bipolar cells from photoreceptors is essentially iden-
tical, consisting of a light-induced reduction in glutamate
release, how then are the center postsynaptic responses of
opposing polarities generated? Quite simply, the polarity
depends on the type of glutamate receptors that are
expressed on the postsynaptic membrane of these second-
order cells. The decrease in glutamate is sensed in OFF
bipolar and horizontal cells by ionotropic glutamate recep-
tors (IGluRs), which directly gate nonselective cation chan-
nels. Glutamate that is bound to these receptors opens the
channels, so in the dark, the fraction of channels that are
opened by the tonic release of glutamate is high, and these
cells are relatively depolarized. Light suppresses glutamate
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Ficure 8.2 Radial section of a dogfish retina viewed in a
fluorescence microscope. In the center of the field is a rod bipolar
cell injected with the fluorescent dye in situ after recording light
responses, as in Figure 8.1. In the upper part of the photomi-
crograph, the autofluorescent rod outer segments can be seen.
The larger bipolar cell dendrites extending through the outer

plexiform layer have filled with fluorescent dye. The fine axon
of the bipolar cell can be traced deep into the inner plexi-
form layer, terminating as a bulbous knob (calibration bar
25um). The large size of the cell body enabled stable record-
ings to be made. (Source: From Ashmore JF, Falk G.' Used by per-
mission.) (See also color plate 10.)
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release, so the fraction of open channels is reduced, and the
reduction in inward cationic current results in hyperpolariz-
ing responses. So the polarity of the photoreceptor response
is conserved in OFF bipolar and horizontal cells. On the
other hand, rod ON bipolar cells express a unique
metabotropic glutamate receptor (mGIuR6) that is indirectly
linked to postsynaptic cation channels by a biochemical
cascade, leading to the control of concentration of the inter-
nal messenger, cyclic guanosine monophosphate (cGMP).

The cGMP cascade of the rod bipolar cell

Figure 8.3 illustrates the biochemical cascade linking the glu-
tamate receptor mGluR6 via a GTP-binding protein (G-
protein) to the hydrolysis of ¢cGMP by phosphodiesterase
(PDE). In the dark, when glutamate release from rod
synaptic terminals is high, PDE activity is also high, and
consequently, cGMP levels are low. A large proportion of
cGMP-activated channels, permeable to cations (Na*, KT,
and Ca®) in the dendritic membrane are therefore closed in
the dark, so the bipolar cell is relatively hyperpolarized. On

rod synaptic terminal

I~glutamate 5 O
o

:GTP :

5GMP cGMR__ ||
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on-bipolar cell dendrite

Fieure 8.3 The cGMP cascade of rod bipolar cells. See text.
(Source: Modified from Shiells RA, Falk G."")

the other hand, in the light, when glutamate release falls as
a result of rod hyperpolarization, bipolar cell PDE activity
1s reduced, so cGMP levels rise, opening cGMP-activated
channels, enabling a cation influx, thereby depolarizing the
cell. Cyclic GMP is synthesized by guanylate cyclase, which
in the bipolar cell is the type containing a heme group, acti-
vated by nitric oxide. The analogy of the rod bipolar cell
c¢GMP cascade linked to the glutamate receptor with the rod
phototransduction cascade linked to rhodopsin is illustrated
in figure 8.4. However, the elements of the cascade are dis-
tinct from a molecular standpoint. It is likely that the blue
cone ON bipolar cell also operates via a cGMP cascade, but
evidence for the red and green mammalian ON pathway is
less clear.

Synaptic gain and the light sensitinty of postsynaptic
cells

High visual sensitivity depends not only on the high gain that
is inherent in the process of phototransduction in rods, but
also on amplification of photoreceptor signals by synaptic
events. Tor synaptic transmission to rod horizontal and OFF
bipolar cells, the voltage gain is 5-10, but for rod transmis-
sion to ON bipolar cells, it is at least 100 when dark-adapted.
This difference is reflected in the much greater sensitivity of
the rod ON bipolar cells to light such that an appreciable
signal 1s generated when a photon 1s absorbed by only 1 out
of 40 human rods making synaptic contact with the ON
bipolar cell. Biophysical modeling of synaptic transmission
from rods to ON bipolar cells has shown that such high
amplification at this synapse is possible if the biochemical
gain of the glutamate receptor-linked cGMP cascade
underlying generation of their light responses is sufficiently
high. More simply, the linking of single glutamate receptors
to the control of a large number of cGMP-activated
channels would provide for such large signal amplifica-
tion, while the glutamate receptors of OFF bipolar or
horizontal cells are constrained to the regulation of single
channels.

A second factor in generating higher gain in the rod
bipolar cell is purely electrical. Because most of the chan-
nels are closed in the dark by the action of glutamate, the
voltage change produced in the ON bipolar cell by a given
conductance change will be larger than would be the case if
there were many channels open in the dark. The presence
of open channels would otherwise shunt out the voltage
produced by a given fall in transmitter concentration. The
synapse with ON bipolar cells also behaves as a high-pass
filter, which improves temporal resolution in the rod
pathway. This is now thought to be due to a nonlinear
positive feedback intracellular mechanism operating on the
cGMP-sensitive channels to speed up the rising phase of
their responses.
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Fieure 8.4 Comparison between phototransduction in rods and
synaptic transduction in rod bipolar cells. Light-activated rhodopsin
(Rh*) and the glutamate receptor that is bound to glutamate (R*)
stand in an analogous role in activating a cell-specific G-protein,
transducin (T) in rods and G, in rod bipolar cells, leading to a fall in
c¢GMP by the action of phosphodiesterase (PDE). Because these two

Generation of the b-wave

The large gain in synaptic transmission from rods to ON
bipolar cells accounts for the very large difference in the light
required to elicit the a-wave of the ERG as compared with
the scotopic b-wave. Figure 8.5A shows simultaneously
recorded intracellular rod ON bipolar cell and b-wave
responses to light, showing a clear correlation in time course.
The correlation between the peak amplitudes of the bipolar
cell voltage response and the isolated b-wave, extending over
a range of 10" in light intensity, is shown in figure 8.5B.
Because rod ON bipolar cells possess distinctly different glu-
tamate receptors from OFF bipolar or horizontal cells, it is
possible to selectively block their light responses with the

cascades are in series and glutamate release depends on rod voltage,
the effects of light on cGMP levels are opposite, hyperpolarizing rods
and depolarizing the bipolar cell. The cGMP-sensitive channels are
distinct. Rod channels are blocked by divalent cations, and both
channels can be blocked by L-cis-diltiazem but at different blocking
sites. (Source: From Shiells RA, Falk G."” Used by permission.)

mGIluR6  agonist 2-amino-4-phosphonobutyrate  (APB)
experimentally, which results in a loss of the b-wave.

It was also shown that the DC component of the ERG arises
from plateau rod bipolar cell responses to steps of light. Alarge
part of the delay between the a- and the b-waves of the ERG
arises because of the cGMP cascade of ON bipolar cells.

There have been two theories of how the rod bipolar cells
generate the b-wave. One of these is that the b-wave is a
result of the voltage drop in the extracellular medium as a
result of radial current flow through the ON bipolar cell
membrane. The second idea would attribute the radial
current flow originating from Muller cells as a result of their
depolarization by a rise in K* leaked from bipolar cells.

A diffusional delay would be expected, and the close
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Ficure 8.5 Relationship between light-induced depolarization of
rod bipolar cells and the b-wave. A, The normalized bipolar cell
light responses as a function of log flash intensity compared with
the simultaneously recorded b-waves. The amplitude of the b-
waves at higher light intensities was corrected for the amplitude of
the a-wave (PIII in Granit’s terminology), determined after selec-

agreement in time course of the rod bipolar cell response
and the b-wave would tend to rule out a Muller cell origin.
A further finding that the b-wave is unaffected by blocking
Muller cell K channels also supports this conclusion.

Light adaptation

The gain in synaptic transmission from rods to ON bipolar
cells 1s not fixed but decreases on exposure even to dim back-
ground light that is too weak to desensitize rods. Desensitiza-
tion of rod ON bipolar cell light responses occurs on exposure
to backgrounds that isomerize less than one rhodopsin mole-
cule per rod per second (1 Rh**/s). Figure 8.6A shows a
whole-cell voltage clamp recording from an ON bipolar cell
in the dogfish all-rod retinal slice, with a Ca** buffer added to
the intracellular patch pipette solution. The method allows the
experimenter to alter the diffusible contents of a single cell
and to measure ionic currents, which flow through ionic chan-
nels. The initial downward deflections are inward current
responses (which underly the cell’s typical depolarizing voltage
responses) to a range of flash intensities applied to determine
the cell’s intensity response relation in the dark. On exposure
to a dim light step, the cell responded with a sustained inward

| S—
200 ms

tively blocking the b-wave. Rh* denotes the mean number of
rhodopsin molecules per rod isomerised by the flash. B, The time
course of five rod bipolar cell voltage responses to brief dim flashes
isomerizing 1.8 Rh* compared with the simultaneously recorded b-
waves (noisy traces), scaled to the same peak amplitudes. (Source:
Modified from Shiells RA, Falk G," 1999.)

current, and the superimposed test flashes showed little reduc-
tion. Figure 8.6B shows the same experiment repeated on
equilibration with a patch pipette solution containing no inter-
nal Ca* buffer. At the onset of the light step, there was a tran-
sient inward current that rapidly decayed, returning close to
the dark level despite continued illumination. Test flash
responses were suppressed for 30s by the dim background,
then recovered to about half their initial flash sensitivity. At
step offset, there was a small outward transient, followed by
recovery of flash response sensitivity to control.

Figure 8.6C shows that a light step 10 times brighter than
in figure 8.6B does not elicit a sustained response in the
absence of Ca” buffering. Moreover, the desensitization
that is induced by the background light is more profound,
such that a bright flash (128 Rh*) superimposed on the
background produces almost no response, whereas in the
dark-adapted state, it would have yielded a maximum flash
response. In contrast, a step of light even 10 times brighter
than that in figure 8.6C elicits a sustained response (figure
8.6D) when intracellular Ca” was well buffered. Light of this
intensity is sufficient to produce significant rod desensitiza-
tion, which accounts for the diminished responses to the test
flashes after the offset of the light step.
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Ficure 8.6 Ca® induces light adaptation in rod bipolar cells in a
retinal slice. A, Current responses to a long step of light isomeriz-
ing 1 Rh*/s with a Ca® chelator filling the cell interior, with the
cell voltage-clamped. Downward deflections are inward current
responses to light. In the absence of the voltage clamp, the cell
would have given depolarizing responses proportional to the
current. The numbers below the responses indicate the intensity of
test flashes in rhodopsin molecules isomerized per rod per flash.
Note the sustained response during the light step and the absence
of desensitization. B, The same protocol without Ca®* chelator.

These results indicate that Ca® enters the cGMP-
activated channels when they are opened by light, and the
rise in Ca” acts to desensitize the rod ON bipolar cell.
Similar results have been obtained in mammalian retina.
Subsequent work has shown that this action of Ca*" is medi-
ated by the enzyme Ca’*/calmodulin kinase II (CaMKII),
which phosphorylates the ¢cGMP-activated channels and
reduces their conductance. This form of desensitization
occurs only in the rod pathway. Cone bipolar cells in mam-
malian retina do not show this form of desensitization (with
the possible exception of blue cone ON bipolar cells). This
mechanism underlies network or postphotoreceptor adapta-
tion in the retina, the reduction in synaptic gain extending
the operating range of the rod pathway, which would oth-
erwise saturate at relatively low light levels.

Swgnal pathways from bipolar cells

TransMITTER RELEASE FROM Brrorar Cerrs Like photo-
receptors, bipolar cells also release glutamate as their trans-

mitter. They make highly specialized ribbon and basal

C 10 Rh*/s
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Note the brief transient response at onset of the light step rapidly
decaying despite the continued presence of light. Sensitivity to
superimposed flashes was reduced by a factor of 2-3. C, Responses
to a brighter light step (10 Rh*/s) without Ca* chelator. Note the
large initial response followed by a rapid decay and absence of sus-
tained inward current during the light step. Test flashes (arrow-
heads) even 60 times higher than those used in the dark-adapted
state produced almost no response. D, Responses to a step isomer-
izing 100 Rh*/s when Ca®" is well buffered. (Source: Modified from
Shiells RA, Falk G.")

synaptic contacts with amacrine and ganglion cells. The
presynaptic ribbon (also present in rods) is thought to line up
synaptic vesicles for rapid release, which are then replen-
ished from the vesicular pool. Bipolar cells possess both
sustained and transient Ca®" currents. These mechanisms
participate in forming distinct phasic and tonic components
in the transmitter release process, functioning to speed up
the kinetics and increase synaptic gain on transmission to
third-order cells.

PostsynapTic REsponses oF AMACRINE CELLS  Action
potentials are generated only in the inner retina, in amacrine
and ganglion cells. The synaptic input to amacrine cells from
bipolar cells is mediated primarily by iGluRs, of which there
are two principal types, termed NMDA and AMPA recep-
tors. Many subtypes of amacrine cells have been classified,
according to physiological (e.g, sustained—responding to a
step of light with a maintained discharge—or transient—
responding to a light step with transient changes in firing at
light onset and offset), morphological (e.g., starburst), or

pharmacological criteria (e.g, indoleamine accumulating
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cells (IACs)). Their principal function, rather like that of hor-
izontal cells in the outer retina, is to mediate lateral interac-
tions, particularly in the formation of the inhibitory
surround of the ganglion cell receptive field. Gap junctions
extensively couple these cells and their degree of coupling is
highly dependent on their state of light- or dark-adaptation.
Some amacrine cells release the inhibitory transmitter
GABA to oppose the excitatory actions of glutamate
released by ON or OFT bipolar cells. Amacrine cells make
reciprocal synapses, which feed lateral information back
onto bipolar cell synaptic terminals. It is thought that sus-
tained amacrine cells possess predominantly NMDA-type
glutamate receptors, while transient amacrine cell responses
are mediated by rapidly desensitizing AMPA-type glutamate
receptors.

In mammalian retina, rod bipolar cells make synaptic
contact almost exclusively with IACs and AIl amacrine cells,
there being no direct contact with ganglion cells as in lower
vertebrates. IACs show no antagonistic surround, while the
AII cells have a highly developed surround formed via
inhibitory drive from neighboring amacrine cells. In both the
ON and OFT pathways, rod signals reach the ganglion cells
from the amacrine cells via the synaptic terminals of the
cone bipolar cells. Cone signals follow the much more direct
route, ON and OFF cone bipolar cells driving ON and OFF
ganglion cells directly. Low-resistance electrical junctions
exist between the All cells and the ON bipolar cell of the
cone pathway, so the signal that is conveyed to the AII cell
from the rod bipolar cell is in turn fed directly to the cone
ON bipolar cell and then on to the ON ganglion cell. Rod
signals reach OFF ganglion cells again via the Al cells, but
here the signal is inverted via an inhibitory glycinergic
synapse onto cone OIT bipolar cell synaptic terminals,
which act to reduce glutamate release, forming an OFF
response to light.

Very recently, the role of electrical gap junction synapses
in transmission of rod signals in the mammalian retina has
been demonstrated. Gap junctions are composed of inter-
cellular channels that span the plasma membrane of adja-
cent cells, thereby coupling them with a low-resistance
clectrical pathway. In mice that lack expression of the
protein connexin36, which is essential for gap junction for-
mation in the retina, rod ON signals are not transmitted to
the ON ganglion cells, while cone signals are transmitted
normally. This is because, as is illustrated in figure 8.7, there
are no direct synaptic contacts made between rod ON
bipolar cells and ganglion cells. Instead, rod signals are
relayed to ganglion cells via several indirect pathways, which
are dependent on electrical coupling.

PostsynapTic Responses oF GancrioNn Cerrs  Figure 8.8
shows the spike trains from a single ON center ganglion cell.

As 1s typical for mammalian ganglion cells, there is a main-

tained discharge in the dark, resulting from the spontaneous
thermal isomerization of rhodopsin in the rods within the
receptive field of the ganglion cell. Although rhodopsin is
very stable, there is a small probability that one of the 10°
rhodopsin molecules in each rod will spontaneously isomer-
ize, leading to events identical to those resulting from the
absorption of a single photon. As shown in figure 8.8A, the
ON ganglion cell firing rate promptly increases when a small
spot of light is centered within the receptive field. An
annulus of light (figure 8.8B) suppresses the spontaneous dis-
charge, and when the annulus is removed, there is a tran-
sient increase in the firing rate. Uniform illumination (figure
8.8C)), which stimulates both the center and the surround,
has a lesser effect on the firing rate. When the observations
are repeated with OFF ganglion cells, the firing pattern is
reversed. A small central spot of light inhibits firing, but at
light offset, there is a brisk increase in firing. A bright annulus
increases firing, which is then inhibited at the offset of the
light. Uniform illumination again has much less effect on
firing. Center surround characteristics are much reduced in
the well-dark-adapted retina.

ON and OFT ganglion cells are further classified as sus-
tained or transient. Some ganglion cells are directionally
sensitive, responding only to light moving across their recep-
tive field in a preferred direction and not responding to
stationary light. Other cells act as simple motion detectors.
Others function as edge detectors and have been termed
ON-OFF cells, responding to both light onset and offset with
bursts (or suppression) of action potentials. Many ganglion
cells simply reflect the properties of the bipolar cells that are
presynaptic to them; for instance, color-opponent receptive
fields, developed at the bipolar cell level, can be observed in
ganglion cells. However, a high degree of complexity in the
integration of signals is introduced at the level of the IPL.

Retinal neurotransmatters

Most of the neurotransmitters that are found in the central
nervous system are also found in the retina. Glutamate is
perhaps the most predominant, being released by photo-
receptors, bipolar cells, and probably some amacrine cells.
Glutamate acts on ganglion cells to increase the visually
evoked response of both ON- and OFF-sustained ganglion
cells but not of transient cells. On the other hand, acetyl-
choline enhances the firing of transient ganglion cells and
is released by ON and OFF amacrine cells that have a
characteristic elaborate morphology: the starburst amacrine
cells.

The inhibitory transmitters are Y-amino butyric acid
(GABA) and glycine. Glycine and GABA, receptors open Cl
channels and thus reduce the effect of excitatory transmit-
ters that act on cationic channels. GABA is accumulated by
horizontal cells in some species and mediates surround
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Rod signaling pathways

Freure 8.7  Mammalian retinal signaling pathways. On-pathways
are shown in green, off-pathways in blue (and are labelled ON or
OFF above). Synapses are shown by arrows with (+) indicating sign
conserving and (—) sign indicating reversing. Dark gray cells hyper-
polarize in response to light. Gap junctions are indicated in red.

OFF1

OFF2

Symbols: 1, rod; ¢, cone; rb, rod bipolar cell; AIl, amacrine cell; gc,
ganglion cell; PRL photo-receptor layer; OPL, outer plexiform layer;
INL, inner nuclear layer; GCL ganglion cell layer. Horizontal cells
have been excluded from the diagram. (Source: Reproduced from
Demb JB, Pugh EN.? Used by permission.) (See also color plate 11.)
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Fieure 8.8 Center surround antagonism in an ON center
retinal ganglion cell. The pattern of illumination of the recep-
tive field is shown by the hatched area. A, The large initial
increase in firing rate is followed by a slowing in the rate at
light offset. B, The opposite occurs when only the surround is
illuminated. C, Uniform illumination results in little change in

firing rate. In an OFF center ganglion cell (not shown), the
pattern of response is the reverse of the above: inhibition during
central illumination and increased firing at light offset. Under
scotopic conditions, there is little center surround antago-
nism. (From Kuffler SW., lnvest. Ophthal. 12, 1973. Used by
permission.)
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mnhibition of bipolar cells. ON center ganglion cells receive
inhibitory input from GABA-ergic amacrine cells, while
OFF center ganglion cells receive inhibitory input from
glycinergic amacrine cells.

Dopamine is released by some amacrine cells and inter-
plexiform cells. This transmitter functions as a neuromodu-
lator and is thought to elicit some of the receptive field
changes that occur in horizontal and some amacrine cells
with light adaptation. Dopamine acts on D;-type receptors
on horizontal cells to raise the intracellular level of the
second-messenger cyclic AMP, which reduces the perme-
ability of intercellular electrical gap junction connections.
Light stimulates dopamine release, so horizontal cells show
a reduction in receptive field size with light adaptation and,
consequently, a decrease in the extent of surround antago-
nism of bipolar cell responses. Dopaminergic amacrine cells
make extensive connections with AIl amacrine cells.
Dopamine reduces the light responses of rod bipolar cells
and the b-wave. Many of the effects of dopamine are
exerted at sites that are distant from the initial site of release.
The dispersion of pigment granules of the pigment epithe-
lium in the light is mediated by dopamine that is released
more proximally in the retina.

Nitric oxide (NO) also functions as a neuromodulator in
the retina. Most retinal neurons possess NO synthase, which
is activated by a rise in intracellular Ca*" with depolariza-
tion. NO activates the soluble form of guanylate cyclase,
leading to a rise in intracellular cyclic GMP. NO enhances
ON bipolar cell light responses and regulates gap junction
permeability in horizontal and amacrine cells, elevated
cyclic GMP acting to reduce receptive fields. NO also acts
to increase local blood flow.

Further investigation will determine the role of other
neurotransmitters, such as serotonin, adrenaline, substance
P, and other peptides, in visual processing. There is also now
evidence suggesting a role for neurotrophins such as insulin-
stimulated growth factor in regulating rod sensitivity, while
epidermal growth factor may be involved in regulating the
function of cGMP-activated channels of rod bipolar cells'.
The latter is particularly interesting in view of the auto-
immune disease melanoma-associated retinopathy (MAR),
which specifically involves the failure of ON bipolar cell
responsivity.

Possible relevance to clinical states

We consider cases in which photoreceptor function is normal
or nearly normal but vision and the b-wave of the ERG are
abnormal.

INHERITED NIGHT-BLINDNESS A patient with an absent or
defective gene for the elements of the cGMP cascade linking

the metabotropic glutamate receptor mGluR6 to the unique

cGMP-activated membrane channel of the rod bipolar cell
will be permanently night-blind (see figure 8.3). This gluta-
mate receptor, mGluR6, occurs only in the ON bipolar cell;
it is not expressed elsewhere in either the retina or the
nervous system. On the other hand, the G-protein G, is fairly
ubiquitous, being found in other retinal neurons, the nervous
system, and elsewhere, associated with some second-
messenger systems. We found that incorporating an antibody
raised to the C-terminal intracellular portion of mGIluR6
into rod bipolar cells abolished their light responses. This
result showed the importance of the linkage between the
transmembrane glutamate receptor and the intracellular
G-protein. Knock-out mice lacking the mGluR6 gene have
no b-wave (similar to the b-wave deficiency in night-blind
patients) but are not totally blind, since they avoid objects
using visual cues.

The type of phosphodiesterase expressed in rod bipolar
cells has not been identified, so little can be said about
genetic defects at this site. Other possible defective sites in
the cGMP cascade could be the membrane cGMP channel
or the enzyme that generates cGMP: guanylate cyclase.

MEeLaNoMA-AssocIATED RErmvoratHY (MAR) MAR is an
autoimmune disease in which some patients with cutaneous
melanoma have a circulating antibody to the retinal ON
bipolar cell. Scotopic vision of such patients may be severely
affected, and their dark-adapted b-wave may be markedly
reduced. Injection of immunoglobulin (IgG) from MAR
patients into the vitreous of monkey eyes caused the loss of
the b-wave within 3 hours. As a control, IgG from patients
with cutaneous melanoma but without visual problems had
no effect on the b-wave recorded from monkey eyes.

What the precise relationship is between cutaneous
melanoma and defective bipolar cell signaling has not been
obvious. Our recent work suggests a possible, if speculative,
connection. We discovered an apparent involvement of epi-
dermal growth factor (EGF) in regulating the sensitivity of
the ON bipolar cell cGMP-activated channel. Possible
targets of the antibody in MAR might be the EGF receptor
or the protein tyrosine phosphatase that is known to be
present in rod bipolar cell dendrites. The rod ¢cGMP-
activated channel, which differs from the bipolar cell
cGMP channel (messenger RNA encoding the cone
cGMP-activated channel has recently been identified in ON
bipolar cells), is not affected in MAR. It is interesting to note
that the sensitivity of the rod cGMP channel is also regu-
lated by a growth factor, the insulinlike growth factor.

Cone DysrunctioNn witH Mitp Nycravoria The ERG
results on five patients with cone dysfunction and mild nyc-
talopia compared with normal are shown in figure 8.9. In
these patients, flash sensitivity is lower, by 1 log unit, and the
b-wave increases supralinearly with light intensity, becoming
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Ficure 8.9 Dark-adapted amplitude and temporal characteristics
of the b-wave as a function of flash intensity in five cone dystro-
phy patients with abnormal function of the rod pathway. Circles:
normal values * standard deviations. Note the shift of 1 log unit
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to increased threshold in patients, the supralinear increase in
b-wave amplitude, supernormal b-waves at high light intensity,
and increased implicit times. (Source: Reproduced with permission
from Rosenberg T, Simonsen SE.%)
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supranormal at high light intensity. Normal subjects had a
b-wave that increased linearly with light intensity, then rose
less steeply before reaching maximum at high mntensity. The
rate of rise of the b-wave is slower, and its time to peak
(implicit time) is markedly increased in these patients. A
number of investigators have proposed that this condition
arises from an abnormally high level of ¢cGMP in the retina,
with a number of different loci suggested.

Recent experimental results on the depolarizing rod
bipolar cell, however, suggest that the abnormal b-wave and
sensitivity results could be duplicated by an abnormally low
level of ON bipolar cell cGMP. The current in response to

Dark/20 utM ¢GMP or 8-cpt-cGMP

-
o
o

Light-induced current (pA)
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Ficure 8.10 The potentiating effect on rod bipolar cell light
responses of raising intracellular ¢cGMP by dim background
light or by intracellular addition. A, The effect of inclusion of
cGMP (20uM) in the recording pipette. Current responses to
brief flashes were measured from voltage-clamped rod bipolar
cells. Circles indicate mean responses before diffusion of ¢cGMP
into the cells, triangles on equilibration with cGMP. Note that
both response amplitude and flash intensity (Rh* number of

Light-induced current (pA)

light from a rod bipolar cell at low cGMP and that after the
cGMP level was elevated by dim background light are shown
in figure 8.10. At low cGMP, flash sensitivity was low, and
responses rose supralinearly as the square of intensity. The
rate of rise to peak of the flash responses was slow, and the
peak was delayed. With an increase in cGMP level, flash sen-
sitivity increased by 1 log unit, the responses became linear
at low light levels and the time to peak decreased. The effect
of background light could be reproduced by directly elevat-
ing intracellular cGMP by 20 uM. However, there was no
difference in the maximum current elicited by bright light
flashes.
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rhodopsins isomerized per rod) are plotted on log scales so that the
slopes, close to unity and 2 for raised cGMP and control, respec-
tively, show that with raised cGMP, responses increase linearly with
light, while with low cGMP, they rise as the square of intensity. B,
The effect of dim background light (0.1-0.2 Rh*/s) on responses
to brief flashes. C, The speeding up of flash responses (and
decrease in implicit time) by dim background light. (Source: From

Shiells RA, Falk G.")

0.2 Rh* /s
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The latter result is not necessarily at variance with the
observations of supernormal b-waves in patients with this
cone dysfunction. The b-wave represents the voltage change
across the retina as a result of current flow arising from the
membrane voltage change of rod bipolar cells responding to
light. The experiments described above represent the current
Sflow through the cGMP-dependent channels under voltage
clamp. This current would produce a voltage change whose
magnitude would depend on the impedance of the bipolar
cell. If the dark level of cGMP is low, there would be fewer
open channels than normal and a higher impedance. Con-
sequently, there would be a larger voltage response when all
channels are opened by a bright flash. The situation is more
complicated in b-wave recordings, but one would also expect
a larger maximum b-wave response with low cGMP.
Another factor is the delay between the a- and b-waves. With
low cGMP, the response of the bipolar cell is delayed in com-
parison with normal and hence there is less interference
between the a- and b-wave amplitudes. Another possible
factor is the antagonism between the rod and cone pathways.
It is known that rod signals decrease signals in the cone
pathway. If this occurs normally, any such antagonism would
not occur in the case of cone dystrophy.

There are several ways of testing whether the ERG results
in patients arise as a result of a deficiency in rod bipolar cell
cGMP levels. One way is to raise cGMP by testing in the
presence of a very dim background light, too low to light
adapt the retina, of the order of one to two rhodopsin
molecules isomerized per rod per second. Another is to
raise cGMP by stimulating the bipolar cell enzyme guany-
late cyclase with NO. Rod guanylate cyclase, being a
different type, would be unaffected. Agents that generate
NO in vivo are amyl nitrite by inhalation or nitroglycerine
sublingually. It is important to measure the b-wave over a
wide range of light intensities, from very dim to bright
flashes.
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9 Structure and Function of Retinal
Synapses: Role of Cell Adhesion

Molecules and Extracellular Matrix

WILLIAM J. BRUNKEN, THOMAS CLAUDEPIERRE, MARY K. MANGLAPUS, AND DALE D. HUNTER

RETINAL ORcANIZATION is deceptively simple; its simplicity
and beauty have drawn many a researcher’s attention.
The relationship between structure and function has been
explored since the time of the elegant work of Ramon y
Cajal. Although over 100 years of study has unraveled many
secrets, a complete understanding of retinal function
cludes us.

Nevertheless, the basic principles of retinal organization
and development are understood in greater detail than those
of any other region of the central nervous system. The basic
anatomy and physiology of the retina were discussed in the
foregoing chapters of this edition (see chapters 6, 7, and 8;
see also the Selected Readings). Two questions are the
subject of this review:

1. What is the ultrastructural organization of the synap-
tic layers in the retina?

2. How do cell adhesion and extracellular matrix mole-
cules contribute to the development of connectivity in the
retina?

Basic orgamization of retinal synaptic layers

Anatomically, the retina is a club sandwich: three cellular
layers with two interposing synaptic layers. The cell layer
immediately adjacent to the vitreous humor is the ganglion
cell layer, wherein the cell bodies (nucleus and perinuclear
organelles) of most ganglion cells (and some amacrine cells)
lie. The layer most distant from the vitreous humor, that is,
the outermost layer, contains the cell bodies of the photore-
ceptors and is called the outer nuclear layer (ONL; the pho-
toreceptor nuclei are the most prominent element in the light
microscope). Between photoreceptors and ganglion cells are
the second-order neurons (or interneurons) of the retina,
whose cell bodies are collected together in the middle cell

This chapter is dedicated to the memory of our colleague and
friend Grant W. Balkema (July 1, 1951-Nov 24, 2004), a pioneer
in the understanding of photoreceptor structure and function.

layer, called the inner nuclear layer (INL); these are the
bipolar cells, horizontal cells, and amacrine cells.

Connections  between — photoreceptors  and  retinal
interneurons are confined to a discrete synaptic layer imme-
diately vitreal (toward the vitreous humor) from the ONL in
a plexus known as the outer plexiform layer (OPL). Con-
nections between interneurons and ganglion cells are con-
fined to a larger, more complex synaptic layer called the
inner plexiform layer (IPL). Ramoén y Cajal deduced from
this organization that the information transfer in the
retina was from photoreceptors to bipolar cells (one of the
interneurons) to ganglion cells (see figure 9.1). Moreover, he
understood implicitly that an understanding of retinal func-
tion would come about by unraveling the complex con-
nections among cells in the IPL. He wrote, “in the inner
plexiform layer, the multiplicity of the surfaces of contact or
of the horizontal plexuses seems to be for the purpose of
enabling a large number of distinct pathways to exist within
a small area of the retina.” Indeed, on the basis of his obser-
vations of the termination patterns of bipolar cells and gan-
glion cells, Ramoén y Cajal divided the IPL into five layers.
Since the advent of electrophysiological recordings, first
extracellular, then a variety of intracellular, and now a large
array of techniques, we have learned a vast amount about
retinal connectivity and retinal processing.

One general principle is that there are, in mammalian
retina, separate rod and cone pathways. Rod photoreceptors
terminate within a discrete region of the OPL; cones ter-
minate in another region adjacent to the INL. As was dis-
cussed in chapters 6 and 7, there are direct connections
between rods and cones; nevertheless, the fundamental divi-
sion of rod and cone signals predominates, and the retina
can be described in this duplex fashion. Similarly in the IPL,
rod and cone information at the first stage of processing
is kept separate: Rods connect predominantly to a special
bipolar cell that arborizes tightly in layer 5 of the IPL (adja-
cent to the ganglion cell layer). Here the so-called rod bipolar
cell connects with a specialized amacrine cell, the AIl or
rod amacrine; the output of the AIl amacrine cell is
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Fieure 9.1  Santiago Ramon y Cajal’s schematic drawing of the parafoveal region of the vertebrate retina. In this illustration, Cajal demonstrates his insight into
the connectivity of the retina and the dynamic polarization of retinal neurons and consequently information transfer from photoreceptors to bipolar cells and gan-
glion cells. In addition to vertical organization, Cajal illustrates the lateral pathways. A, Inner and outer segments. B, Outer nuclear layer. C, Outer plexiform layer.
D, Inner nuclear layer. E, Inner plexiform layer. F, Ganglion cell layer. G, Nerve fiber layer. b, rods; a, cones; ¢, horizontal cell; d, cone bipolar cells; e, rod bipolar
cell; g, ganglion cell; h, centrifugal fiber. (Note: Not all suggestions implicit in this prescient drawing have been found correct. For example, rod bipolars do not make
direct contact with ganglion cells—see text.) (Source: The original figure is in the collection of the Cajal Institute, CSIC, Madrid.) (See also color plate 12.)
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Fieure 9.2 Summary diagram of bipolar types in the mammalian
retina; rod bipolar cells (RB) end in layer 5 of the IPL, the innermost
region and are all depolarizing in nature. In each species, a large

predominantly in layer 1 of the IPL. Cones connect to a
large number of specialized cone bipolars cells; these ter-
minate in layers 2, 3, and 4 of the IPL, where they connect
with both ganglion and amacrine cells (figure 9.2).

The earliest recordings of retinal activity demonstrated
that there were two fundamental ganglion cell types: those
that respond to increments in light intensity (ON cells) and
those that respond to decrements in light intensity (OFF
cells). Underlying this duality of function is a fundamental
anatomical division of the retina: ON cells receive informa-
tion in layers 4 and 5 of the IPL, and OFF cells receive infor-
mation in layers 1 and 2 (layer 3 contains processes of both
types). This separation in the processing of incremental and
decremental information is so fundamental to visual pro-
cessing that it 13 maintained to the first levels in primary

GCL

number of cone bipolars cells are found; those terminating above the
dashed line are hyperpolarizing, and those terminating below the
dashed line are depolarizing, (Source Figure 8 from Ghosh KK et al.”)

visual cortex! Rod information and cone information are
also separated, initially in the IPL. The rod bipolar cells, a
single class, end in the deepest layer of the IPL, layer 5,
where they synapse onto the AIl amacrine. The AII or rod
amacrine has output in deep layers of the IPL and in the
upper layers of the IPL. So the IPL can be conceived as a
bit of a rod sandwich.

So far, we have focused on a division in radial connectiv-
ity, that is between primary receptors (rods and cones) and
second-order cells. There is another fundamental functional
organization of the retina that needs to be appreciated: the
tangential array of cells over the retinal surface. The retina
1s a convex spherical detector, much like a satellite dish. For
any given cell type, there is a precise arrangement or mosiac
of this cell type over the retinal surface. Homotypic cells
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(cells of one type—for example, the All rod amacrine or the
dopamine amacrine cell) are arrayed following precise math-
ematical formulae; heterotypic cells (cholinergic amacrine
cells and AIl rod amacrine cell) are apparently arrayed inde-
pendently. This arrangement was studied first in shark retina
and independently in the mammalian retina. Wissle and
colleagues developed the mathematical formulation that is
still used today to analyze this aspect of retinal anatomy.
Thus, one can describe, for example, the distribution of
dopaminergic amacrine cells, type 9 cone bipolar cells, red
cones, or any given subset of retinal ganglion cells. Further
readings on the functional organization of the retina are
given at the end of this chapter.

The mechanisms that guide these developmental pro-
cesses (L.c., lamination and array formation) are not well
understood and are just coming under study. On the other
hand, the mechanisms that guide neurogenesis and retinal
cell fate determination are understood at greater depth (see
the Selected Readings for recent reviews and key papers).
Retinal cell types are born in a characteristic order, with the
generalization that cell types of the inner retina are gener-
ated first, followed by cell types in the outer retina. The
mechanisms that control cell fate appear to be largely in-
trinsic to the progenitor cells; a series of transcription factors
guide the orderly production of cell types, and there is a pro-
gressive restriction of the progenitor cell, limiting the types
of neurons it makes late in development. A thorough
discussion of this process cannot be undertaken here. (Sug-
gested Readings in this area are listed at the end of the
chapter.) The remainder of this chapter will focus on what
we know and what we don’t know about the processes of
lamination in the retina and array formation.

Outer plexiform layer: a model for processing and
synaptic organization

At the first synapse between photoreceptors (rods and cones)
and second-order neurons (bipolar and horizontal cells),
considerable processing is taking place. The divisions be-
tween low-light (rod) and high-light (cone) processing and
between incremental (ON) and decremental (OFF) process-
ing noted above begin at the OPL, the level of the bipolar
cell. As was covered in chapters 7 and 8, photoreceptors
release glutamate continuously in the dark; at light onset,
they hyperpolarize and decrease glutamate release. The ON
and OFT bipolar responses are generated by the expression
of different subclasses of glutamate receptor. All depolariz-
ing (ON) bipolar cells express mGIluR6 receptors, whereas
hyperpolarizing (OFF) bipolar cells use other glutamate
receptors (see the Suggested Readings). Moreover, two types
of photoreceptor-to-bipolar synapses are present in the
outer retina: a flat contact, in which a bipolar cell merely
touches the base of the photoreceptor, and an invaginating

synapse, in which the bipolar cell punches into the base
of the photoreceptor (figure 9.3). In general, outside the
primate fovea, all flat contacts are hyperpolarizing, and
invaginating contacts are depolarizing. There are differences
between the rod and cone synapses as well; for example,
cones make contact with multiple types of bipolar cells (both
ON and OFF), whereas rods in general make contact with
only one type of bipolar cell.

Synaptic communication and signal processing therefore
requires the recognition of synaptic partners (e.g., rod-to-rod
bipolar; cone-to-cone bipolar) and the assembly of proper
components (e.g., mGluR6, metabotropic, glutamate recep-
tors at ON, invaginating synapses and other, ionotropic, glu-
tamate receptors at OFF, flat synapses). Moreover, synaptic
transmission 1s dependent on the proper alignment of pre-
synaptic and postsynaptic elements.

On the presynaptic side of the photoreceptor synapse, the
most prominent feature is the synaptic ribbon, a proteina-
ceous structure that is a docking site for synaptic vesicles.
Although the function of the synaptic ribbon is not com-
pletely understood, it is thought to facilitate the rapid and
continuous release of glutamate that occurs from the pho-
toreceptor terminal. It is generally conceived of as a con-
veyor mechanism to deliver vesicles to the release site, but
some evidence suggests that it may serve to allow for multi-
vesicular fusion. Nonetheless, the ribbon specialization is
found in photoreceptors, other sensory neurons that have a
high-basal rate of release such as hair cells in the ear, and
clectrosensory neurons in fish. In addition to the obvious
ribbon, other elements of the transmitter release cascade are
present in the photoreceptor; these include a variety of
calcium channels, both voltage gated and not, calcium trans-
porters, and proteins that are associated with the fusion of
vesicles and the plasma membrane.

Thus, considerable stable and precisely located cellular
machinery is required for the process of chemical transmis-
sion from the presynaptic terminal. Partly because of this,
the photoreceptor synapse has been thought to be stable and
nonplastic, unlike many synapses in the central nervous
system (CNS) that are plastic and capable of dynamic
remodeling—that is, until recently. Two lines of evidence
demonstrate that photoreceptor synapses are plastic: circa-
dian changes in the photoreceptor terminal (the ribbon) have
been identified, as has transmitter modulation of photore-
ceptor synaptic output.

On the postsynaptic side, the transmitter receptors must
be juxtaposed to the release sites; in addition, other elements
of the response cascade must be localized to the synaptic
region. The molecular identities of these response cascade
clements depend on the type of receptor: ionotropic (ion
channel) or metabotropic (coupled to second-messenger
systems). In the case of the former, voltage-gated ion chan-
nels are likely to be present; in the latter, the enzymes
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F1cure 9.3 Below the representative electron micrographs of cone
and rod terminals are cartoons of the idealized anatomy: In the cone
terminal, two types of synapse are seen. Invaginating synapses are
classically described with three postsynaptic elements: two horizon-
tal cell processes (H) and one central bipolar process (B). More con-
ventional synapses, or flat contacts, are seen between bipolar cells
(B) and the cone. In the rod terminal, only the invaginating synapse

associated with the particular second-messenger cascade will
be present. Moreover, at all chemical synapses, transmitter
action is terminated either by enzymatic degradation of the
transmitter or clearing of the transmitter by high-affinity
transport mechanisms. Transporters may be located on
either side of the synapse; enzymatic degradation of trans-
mitter generally takes place postsynaptically.

Synaptic transmission and signaling in the nervous system
are critically dependent on the precise alignment of all these
molecular species. Moreover, the presynaptic release mech-
anism must be in direct apposition to the postsynaptic
response cascade. In the case of the photoreceptor terminal,
where vesicular release is continuous and occurs at relatively
high rates, there is also concomitant considerable membrane
flux and turnover. Logic dictates that the presynaptic and
postsynaptic cascades should be stabilized relative to each

is found, and the postsynaptic elements, consisting of two horizon-
tal cells (H) and the process of two bipolar cells, are seen. The promi-
nent presynaptic ribbon and its cluster of synaptic vesicles are seen
in invaginating synapses. Bipolar cells making contact with pho-
toreceptors at invaginating synapses are depolarizing (ON center)
whereas those making contact at flat synapses are hyperpolarizing
(OFF center). (Source: Figure 2 from Brandstatter JH, Hack 1.%)

other. That 1s, like boats in a marina, they should be tied up
to a dock.

Molecular mechanisms of synaptic stabilization and
development

What provides for this molecular stability? Cell-matrix and
cell-cell adhesion are involved in various aspects of stabiliz-
ing macromolecular complexes and contributing to changes
in cell shape and cell motility, as well as regulating cell pro-
liferation and death. Recently, molecules involved in cell-
matrix and cell-cell adhesion have also been implicated in
the process of synapse formation (figures 9.4 and 9.5). For
example, the cadherins and associated B-catenin, well known
in the field of epithelial cell biology, are known to be present
at synapses, as are, of course, the well-studied cell adhesion
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Fioure 9.4  Diagrammatic scheme of the molecular organization of
the photoreceptor synapse is shown. The ribbon (large, gray, saclike
structure) 1s studded with synaptic vesicles; in association with the
ribbon are cytomatrix molecules bassoon and piccolo; Muncl3 is seen
at the release site. Ribeye, not shown in this figure, labels the ribbon
itself. Directly opponent to the release site are the molecules of the

molecules (CAM) and the like. New molecules have been
shown recently to be present at CNS synapses, including
synapses in the retina. One class of note is the nectins;
these are members of the IgG superfamily but are Ca**-
independent adhesion molecules. The nectins are coupled to
the actin cytoskeleton via elements of the cytomatrix. They
function, together with cadherins, in stabilizing synapse for-
mation; initial apposition of presynaptic and postsynaptic
cells are stabilized at an adherens junction, and then synap-
tic specializations take place at this point. This sequence of
events involving nectins is most clearly understood at spine
formation in the hippocampus, but other regions of the
CNS, including the retina, express nectins, suggesting that
nectins play similar roles throughout the CNS, including the
retina.

Recently, a novel family of CAMs, sidekicks, have been
shown to be important in lamination in the IPL. These mol-
ecules are homophilic binding molecules and are expressed
by bipolar cells and ganglion cells; they are conceived to
mediate recognition between presynaptic and postsynaptic
target cells. Sidekicks appear to be important in setting up
the division between ON and OFF in the IPL: Sidekick 1 is
expressed in the ON sublamina, and sidekick 2 is expressed
in the OFF sublamina. Sidekicks are differentially expressed
in nonoverlapping subsets of presynaptic (bipolar and ama-
crine) and postsynaptic (ganglion) cells. In heterologous
expression systems, sidekicks mediate cell-cell adhesion; in
vivo, the overexpression of sidekicks in normally sidekick-
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transmitter response cascade; these include both iontropic (IGluR)
and metabotropic (mGluR) glutamate receptors and clustering mol-
ecules. Outside the release area, other molecules are expressed, includ-
ing various cell adhesion molecules and, in the photoreceptor, glumate
receptors. (Source: This figure was kindly supplied by Dr. J. H.
Brandstitter for use in this chapter.) (See also color plate 13.)

negative cells redirects tagged dendrites to a sidekick-
expressing sublamina. Together, these data suggest that side-
kicks in specific and adhesion molecules in general are
critical elements of the molecular mechanism of lamination
in the IPL. Ongoing work in both the zebrafish and the
mouse by the Wong laboratory demonstrates that lamina-
tion of amacrine cell dendrites requires the presence of
retinal ganglion cell dendrites, suggesting that cell-cell recog-
nition mechanisms are critical to the process.

Thus, a picture is emerging of CAM-mediated cell-cell
interactions that guide the lamination and dendritic devel-
opment in the IPL. However, in addition to cell adhesion
molecules, components of the extracellular matrix are also
critical in maintaining the structural integrity of synapses,
including those of the retina. Components of the extra-
cellular matrix and their receptors (including integrins)
are crucial stabilizers at one of the most well-studied of
synapses, the neuromuscular junction (NM]). At the NMJ,
the basement membranes of the components of the synapse,
including the motor neuron, glial (Schwann) cell, and muscle
contain a variety of fixed elements of the ECM that guide
the formation and stabilization of the NM]J. Vital among
these molecules are the laminins, heparan sulfate protogly-
cans (e.g., agrin), and others. These molecules interact with
a variety of cell surface receptors, including integrins and
components of the dystrophin complex.

CNS

However, because integrin modulation of synaptic function

synapses lack obvious basement membranes.
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Fieure 9.5 The process of target recognition and synapse
formation is idealized in this cartoon. Presynaptic terminals express
certain target recognition molecules on their leading processes;
here, these are conceived of as homophilic binding molecules
(such as CAM, nectins, or sidekicks). Target selection is based on
the expression of homophilic partners on the postsynaptic (A to B
transition); on binding to the postsynaptic receptor pair, a variety
of proteins are recruited to the synapse (B, colored circles and

has been well documented, it is likely that extracellular
matrix ligands for integrins exist at CNS synapses. One
obvious candidate is the laminins. Laminins have been
reported in the brain and retina for some time now, and a
model has emerged for their distribution (figure 9.6). The
classical basement membranes of the retina, Bruch’s mem-
brane and the inner limiting membrane, contain classical
basement membrane components, including laminins, type
IV collagens, and nidogen, a molecule that cross-couples
laminin and collagen polymers. In addition, laminins
without either collagen IV or nidogen are present in the
synaptic layers of the retina. Biochemical isolation of
laminins from synapse-enriched preparations (synapto-
somes) supports anatomical evidence for the presence of
laminins in the synaptic layers.

Genetic ablation of at least one laminin gene (Lamb?2)
produces marked synaptic defects in the OPL (figure 9.7).
Electrophysiological data demonstrate that the b-wave of the
ERG in Lamb2 null mice 1s greatly reduced; the a-wave, on
the other hand, while slightly reduced, is statistically unal-
tered from the control animals. In addition to reduction in
the amplitude of the b-wave, the intensity-response function

diamonds); these elements produce a reorganization of the
cytoskeleton (actin and microtubule, gray circles and rods,
respectively) and assembly of the elements of the release mecha-
nism, including the synaptic vesicle (green circles), and proteins of
the release cascade (black ovals). Homophilic molecules and
other molecules (arrows) are recruited to stabilize the synapse.
(Source: Figure 2 from Ackley BD, Jin Y.") (See also color
plate 14.)

of the b-wave is altered. The normal sigmoidal curve,
reflecting Michaelis-Menton kinetics, is replaced with a
linear function. These data suggest that the transfer function
of the photoreceptor to bipolar cell synapse is failing: The
excitation-release mechanism is defective in these mutant
mice. Anatomical inspection of the synapse revealed that the
majority of photoreceptor synapses are malformed. In the
normal mouse, as in human, the photoreceptor has multiple
postsynaptic partners, usually two horizontal cells and a
central bipolar cell, forming the classic triad. The output site
is marked by an electron-dense structure: the ribbon. The
ribbon is studded with synaptic vesicles; as was noted above,
the function of the ribbon is a matter of some debate. Either
it functions to transport vesicles to the release site or it acts
as a common fusion site. In any case, the ribbon facilitates
the high-frequency release of the photoreceptor. In the
Lamb?2 knock-out mouse, the ribbon synapse is disrupted:
The presynaptic ribbon is released from the membrane,
appearing to float in the cytoplasm, and the postsynaptic ele-
ments are disorganized.

The physiological defect in the laminin mutant mouse is
similar to that seen in humans with Duchenne’s muscular

BRUNKEN ET AL.: STRUCTURE AND FUNCTION OF RETINAL SYNAPSES 99



000§

Ficure 9.6 This cartoon illustrates the various cell adhesion com-
partments of the retina; two true basement membranes are illus-
trated (red): Bruch’s (BM) and the inner limiting membrane (ILM).
These basement membranes form the adhesion substrate for the
basal side of the retinal pigmented epithelium (RPE) and the
endfeet of the Miiller cells (black cells). These are known to contain
many elements of epithelial basement membranes, including
collagen type IV, laminins (many), and nidogen. Cell adhesion
molecules expressed here include integrins, CAMs, and cadherins.
In green are the matrices surrounding the photoreceptor; these do
not contain either collagen type IV or nidogen but do contain other
critical ECM molecules, including laminins, usherin, crumbs, and

dystrophy. That disease is caused by a mutation in the mole-
cule dystrophin and results in night-blindness. Dystrophins
are cytomatrix molecules, that is, molecules in the cytoplasm
coupled to the cytoskeleton (actin and intermediate filaments
and microtubules). In muscles, dystrophins are part of the
mechanism by which the excitation cascade of the muscle is
scaffolded in the plane of the membrane.

Putting these observations together suggests that the
release machinery of the photoreceptor synapse may be
anchored by attachment to the extracellular matrix. If such

BM
RPE

0S

ELM

ONL
OPL

INL

IPL

GCL

ILM

various heparin sulfates. Receptor molecules in these compart-
ments include various CAM such as sidekicks, integrins, and
transmembrane collagens. Genetic disruptions of these molecules
lead to photoreceptor dysmorphogenesis and degeneration. The
blue indicates the matrix compartment in the IPL. The matrix
components expressed here are not well established; on the other
hand, some CAM molecules, such as sidekicks, are found here. The
mechanisms that control lamination and dendrite elongation are
just coming under study (see the papers from the Masland and
Wong laboratories). (Source: This figure is taken from the authors’
work; it was published in Libby RT et al.”’) (See also color
plate 15.)

a coupling exists, then there need to be ligands in the ECM,
transmembrane receptors, and scaffolding elements in
the cytomatrix. A complementary observation supports this
hypothesis. Bassoon is a presynaptic cytomatrix molecule
that is found in both conventional and ribbon synapses. In
photoreceptor ribbon synapses, bassoon is associated with
the ribbon-anchoring point, the arciform density; targeted
mutation of bassoon phenocopies some of the aspects of
the Lamb2 knock-out (figure 9.8). For example, presynaptic
ribbons float, and the b-wave is disrupted. However, there is
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Figure 9.7 Laminin gene ablation results in the loss of photoreceptor-to-bipolar signaling. Mice in which a key laminin gene, the laminin 2 gene, was ablated by targeted muta-
genesis have dysmorphic photoreceptors. The outer segments fail to form, and the synaptic structures are altered. In these mice, there is loss of the b-wave of the ERG. Wild-type
(normal) and littermate homozygote nulls mice (laminin B2 deficient) mice are compared. A, Representative ERGs; a single flash intensity is shown above, and a whole intensity series
is shown below. B, Response-intensity functions for both a-wave and b-waves. The mutant mice a-waves overlap those of the wild-type controls and are not significantly different. The
b-waves from normal mice show a nice sigmoidal curve; the intensity-response function of the mutant mice is significantly decreased in amplitude, and the response-
intensity function is linear. These data together suggest that the transfer function of the synapse is failing. The time to peak values for the b-wave were not affected. (Source: This
figure is taken from the authors’ work; it was published in Libby RT et al.')
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F1eure 9.8 The genetic ablation of bassoon produces an anatom-
ical and physiological phenotype similar to that of the laminin knock-
out. A shows normal ERGs and B shows responses from the mutant
for 2 intensities of flash. The b-waves are reduced but the a-waves
are not. In C, the voltage/intensity relation is shown, confirming that
in the knockout mouse the b-wave only is affected. Graph D shows
that the reduction in ERG voltage as background light intensity is
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increased affects the b-wave of the mutant, but not the a-wave. E and
I show that photopic b-waves are also selectively affected. G results
from a more elaborate experiment in which ERG thresholds were
obtained as a function of background illumination. The a-wave
threshold of normal and knockout mice are similar: over a large
range of background intensities but the corresponding functions for
the b-waves are very different. (Source: From Dick O et al.”)
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a more severe disruption in the organization of the bassoon
knock-out retina, where extensive sprouting of neurons and
ectopic synapses are formed. It 1s likely that bassoon is a crit-
ical component of the cytomatrix; together, the available
data suggest that the release cascade of the photoreceptor is
anchored to the ECM via transmembrane receptors that in
turn are coupled to elements of the cytomatrix. What is the
function of this coupling? The lipid turnover and additions
and recycling of membrane make the presynaptic mem-
brane as unstable as the tide levels, whereas the ECM is
more stable. Thus, teleologically, this arrangement would
provide stability to the molecular components of the release
mechanism much like tying a boat to a dock.

The hypothesis that laminins in the ECM serve to anchor
the apposition of transmitter release cascades on the presy-
naptic side of the synapse and the recipient cascade on the
postsynaptic side has several predictions, including that there
are receptors for the laminins in each side of the synapse
and that the laminin receptors are scaffolded with elements
of the transduction cascades. These questions are in active
study in several laboratories at the present. Data from our
laboratory demonstrate that one class of laminin receptors,
a transmembrane form of collagen known as collagen XVII,
is present in photoreceptors, colocalizes with laminin depo-
sition, and binds laminins. Moreover, we have shown that
dystonin, also known as BPAGI, a scaffolding molecule
known to interact with collagen XVII, is present in pho-
toreceptors and is enriched in synaptic regions. In addition,
we and others are studying the distribution of another class
of laminin receptor: the integrins; these receptors have
long been implicated in a variety of retinal and CNS func-
tions, including synaptic plasticity. In the retina, integrins
have been shown to be important in guiding retinal devel-
opment, promoting the adhesion and polarity of retinal pig-
mented epithelium, and the phagocytosis of photoreceptor
outer segments. Interestingly, genetic ablation of several
integrin genes results in dysgenic retinae that display dis-
ruptions in lamination, photoreceptor ectopia, and other
abnormalities.

Within the clinical setting, it is worth noting that the mol-
ccules identified here, collagen XVII, dystonin (BPAGI),
integrins, and laminins form a portion of the anchoring
structure of the epidermis; that is the molecular mechanism
for attachment of the basal layer of epidermal cells to the
basement membrane and underlying hypodermis. Laminins
are found on the basement membrane of the epithelium;
collagen XVII and integrins (at6B4) form the transmem-
brane receptors; and BPAG1 part of the anchoring sys-
tem for the hemidesmosome. Mutations of these genes in
humans result in skin-blistering diseases called junctional
epidermolysis bullosa (JEB); the severity of the phenotype
depends on the gene that is affected (COL17, LAMXx, etc.)

and on the type of mutation (null, truncation, missense, etc.).

It may be that these patients also suffer considerable visual
defects; extensive study of this hypothesis has not been
undertaken, in part because the severity of disease in the JEB
patients precludes some standard electroretinogram (ERG)
methods. Nevertheless, the JEB data suggests a paradigm
for understanding the genetics of ECM-cyotmatrix
stabilization.

Other laminin receptors are likely to play a role in pho-
toreceptor development and organization. Dystroglycan is
another laminin receptor found in retina and CNS. It is the
expression of a single gene from which two proteins are pro-
duced: o-dystroglycan and B-dystroglycan. The former is an
extrinsic membrane protein, and the latter is a transmem-
brane protein; they remain associated under most circum-
stances. Several laboratories have shown that dystroglycan is
expressed in the outer retina. There has been some contro-
versy over the location of the dystroglycan (presynaptic or
postsynaptic); recently, our laboratory has shown that B-
dystroglycan colocalizes with several markers of rod bipolar
cells in the retina, including 0PKC and mGluR6. Moreover,
conditional knock-outs of the dystroglycan gene result in
disrupted brain and retina; in the retina, preliminary reports
demonstrate that the ERG is disrupted in a similar fashion
as in the LamB2 null mouse.

If the laminin hypothesis is valid, then in the laminin-null
animal, we should observe rearrangements of the molecular
components of the scaffolding apparatus. Our laboratory
has recently shown that in the Lamb2-null animal, there is
a misalignment of the release cascade (as measured by
bassoon localization) and the recipient cascade (as measured
by mGluR6 localization) (figure 9.9); these results support
the hypothesis that laminins are critical to stabilizing pho-
toreceptor synapses.

What couples the laminin receptor and transmitter recep-
tors or elements of the release cascade on the postsynaptic
side? Some progress in understanding this scaffolding has
been made. On the postsynaptic side of the synapse, we have
shown that in wild-type retina, mGluR6 and B-dystroglycan
are associated with a cytomatrix molecule: dystrophin. In the
Lamb?2 knock-out animal, this association fails; specifically,
mGIuR6 and B-dystroglycan are no longer colocalized, and
the colocalization of B-dystroglycan and mGIuR6 is also
disrupted. The dystrophin family is a strong candidate for
the linker molecule.

Dystrophin was first described as a 427-kDa protein-
sharing homology with the spectin family of membrane
cytoskeletal protein; the full-length molecule is composed
of four structural domains: an N-terminal domain actin-
binding region with homology to O-actinin, a rod structure
composed of 24 spectrinlike repeats, a cystein-rich domain
with calcium-binding motives, and a C-terminal domain
that interacts with a dystroglycan. These different domains
gave to dystrophin the ability to bridge the cytoskeleton and
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Laminin Mutant

F1Gure 9.9  Laminin deletion results in a disruption of the transsy-
naptic molecular organization of the photoreceptor synapse.
Immunohistochemical localization of the bassoon (red) and
mGluR6 (blue) in wild-type retina demonstrates the normal
arrangement of molecules. Bassoon, associated with the ribbon, is

the extracellular matrix. In addition to the full-length iso-
forms of dystrophin, four internal promoters of the DMD
gene control the expression of short products named in ref-
erence to their respective molecular weight: Dp260, Dp140,
Dpl16, and Dp71. Defective expression of the full-length

directly opponent to mGIluR6, the transmitter receptor that is
expressed in invaginating bipolar cells. In the laminin-mutant (32
null) mouse, both molecules are expressed by mGIuR6 is delocal-
ized and not concentrated at the synapse. (Source: This is taken
from the author’s unpublished work.) (See also color plate 16.)

molecule results in a Duchenne’s muscular dystrophy. This
is a fatal, X-linked disease; affected males suffer from a
variety of retinal defects. Various isoforms of dystrophin
have been identified in retina by molecular and biochemical
methods; some controversy arose in the literature about
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whether dystrophin is expressed by the photoreceptor or the
bipolar cell. Future experiments are needed to sort this
issue out.

In muscle, the dystroglycan-dystrophin complex binds to
laminins in the extracellular space and is thought to couple
ion channels such as Ca®* channels or synaptic receptors in
functional domains. It may be that in retina, the dystrophin-
dystroglycan complex is performing a similar function. Our
laboratory has demonstrated that both dystrophin and
dystroglycan colocalize with markers of the postsynaptic
(bipolar) cell. Specifically, there is colocalization of mGluR6
and both dystrophin and dystroglycan. In the laminin knock-
out animals, there is a profound rearrangement of these
molecules.

Other scaffolding molecules are likely to emerge that link
the ECM to the cytomatrix. Considerable progress has been
made in understanding scaffolding of transmitter receptors;
it is outside the scope of this chapter to discuss these in detail,
and the readers is referred to recent papers in the area. Nev-
ertheless, coupling of signaling cascades, either presynaptic
or postsynaptic, is an area of intensive study. The continued
development in the field combines genetic and proteomic
approaches to the molecular anatomy of the synapse. Nev-
ertheless, these recent studies identify at synapses (both
peripherial and central) elements of the adhesion complexes
in epithelial tissues (laminin, integrins, dystroglycan, cad-
herins, nectins, etc.); they suggest that similar molecular
complexes are formed to stabilize synaptic structure. More-
over, the commonality of these molecular complexes has
consequences for human disease. Genetic disruptions of
many of these genes (laminin, integrin, cadherins) have both
peripheral (epithelial) and central (CNS) defects.

ECM molecules are involved in other aspects of retinal
structure and function. The laminin knock-out animals have
defects in the outer segment formation. Moreover, two other
molecules of great interest have been identified recently:
usherin and crumbs. Both of these molecules contain
laminin motifs in their domain structure, and mutations in
either genes produce blinding illness in humans and dys-
morphic photoreceptors in mice. Usherin is associated with
Usher’s syndrome, and crumbs are associated with one form
of RP (RP12). Interestingly, usherin? is widely expressed in
epithelial tissues outside the retina. Another molecule,
basigin or EMMPIRN; is a member of the IgG super-
family of molecules and is involved in cell-cell, cellECM
interactions. It is expressed in the Miller cells and the
photoreceptor; experimentally produced null mutations of
this gene result in a failure of normal photoreceptor outer
segment formation and retinal degeneration, as well as dis-
ruptions in the ERG. There is some evidence that suggests
that EMMPIRN 1s an ECM, perhaps a laminin receptor.
Retinoschisin is a recently described protein that is related
to the discoidins, a family of transmembrane of secreted

proteins that are involved in cell adhesion and bind to
ECM components, particularly collagens. Retinoschisin I
was 1dentified by positional cloning of the gene that causes
retinoschisis, a blinding illness typified by loss of b-wave
function and loss of retinal integrity resulting in a splitting
of the neural retinal. Experimentally produced mutations in
mice show defects that are similar, though not identical, to
those that cause the human disease and have disruptions in
the photoreceptor-to-bipolar transmission as well as struc-
tural tears at the OPL/INL border. To date, no binding
partner or ligand for RSI has been found.

Summary

Old questions turn new again with the advent of new tech-
nologies. The beautiful lamination of the retina, so elegantly
studied by Ramoén y Cajal, is again the subject of molecu-
lar research. Now the molecular anatomy and mechanisms
of connectivity of the retina are under study. The molecules
that promote lamination and synaptic specificity are not fully
known, but they are likely to share homology with those mol-
ecules that mediate adhesion in nonneural tissues. Moreover,
a complete understanding of the molecules that are involved
in these processes may help us to design rescue and repair
strategies for the retina.
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1 O Central Disorders of Vision in

Humans

CHRISTOPHER A. GIRKIN

Introduction

Ophthalmologists tend to view the striate cortex as an affer-
ent structure that receives visual information mostly from the
lateral geniculate nucleus (LGN). Indeed, most of our efforts
as ophthalmologists center on the preservation or restoration
of these inputs into the visual cortex. However, a wide
variety of visual disorders may occur from damage to the
visual cortex and its occipitofugal connections with associa-
tive visual areas. These syndromes are often called disorders
of hugher cortical function and remind us that the striate cortex
is not the end of the line but the beginning of a complex
system of visual analysis that ultimately leads to global
awareness of the visual environment.

CorticaL VisuaL ArREAs  Over the past 20 years, over 30
visual cortical areas have been isolated in macaque monkeys.
These areas make up almost 50% of the entire cortical
volume. Although the function of most of these areas is
unclear, studies of the visual cortex in lower pri-

25,100.105,109 511 clinical correlation with cerebral lesions
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mates
in patients,
postmortem histologic examinations,
imaging studies,' %
areas that may have clinical importance in humans.

The visual cortex in the macaque was initially divided into

along with electrophysiologic studies,
""" and functional

05 c . . 1
112 have identified several cortical

six subregions named visual areas 1 through 6 (areas
V1-V6). Area V1 is the primary visual cortex and corre-
sponds to the striate cortex in both humans and lower pri-
mates. Areas V2-V6 are extensively interconnected visual
areas that lie anterior to V1 and contain specialized maps of
the visual field. Area V2 is immediately adjacent to area V1
in most primates, including humans. It corresponds to Brod-
mann’s area 18 and was previously called the parastriate cortex.

Hubel and Wiesel initially believed that Brodmann’s area
19, also called the peristriate cortex in humans, was composed
entirely of the human homologue of V3,* but further
studies indicated that the peristriate cortex is composed of
two functionally distinct areas: areas V3 and V3A.”

Area V4 in the macaque lies in the lateral occipital lobe.
While the caudal lingual and fusiform gyri within Brod-
mann’s area 18 are involved in color processing in humans,

GIRKIN: CENTRAL DISORDERS OF VISION IN HUMANS

whether or not it is homologous to area V4 in the macaque
is controversial.”® Area V5, also called arca MT because of
its location in the middle temporal gyrus of the owl monkey,
is located in humans in the gyrus subangularis of the ven-
trolateral occipital lobe.

Area V6 in the macaque has no clear homologue in
humans; however, an area associated with visuospatial pro-
cessing in the posterior parietal cortex is the most likely
candidate. Figure 10.1 illustrates the presumed location of
several of the corresponding visual areas in humans. Only
those cortical areas that are associated with distinct clinical
syndromes will be discussed.

OccrerroruGAL Paraways  On the basis of numerous
studies of lesions in humans,'” functional imaging of
normal subjects,'” and experiments in monkeys, " it is clear
that the information that is processed by the striate cortex
and visual associative areas is projected through two occip-
itofugal pathways: a ventral occipitotemporal pathway and
a dorsal occipitoparietal pathway (figure 10.2)."” The ventral
pathway, often called the “what” pathway; is involved in pro-
cessing the physical attributes of a visual image that are
important to the perception of color, shape, and pattern.
These, in turn, are crucial for object identification and
object-based attention.'”! The ventral pathway originates in
V1 and projects through V2 and V4 to specific inferior tem-
poral cortical areas, the angular gyrus, and limbic structures.
It provides visual information to areas that are involved in
visual identification, language processing, memory, and
emotion.” Thus, a lesion in this pathway may cause a variety
of associative defects, including visual alexia and anomia,
visual agnosia, visual amnesia, and visual hypoemotionality.

The dorsal or “where” pathway, begins in V1 and pro-
jects through V2 and V3 to V5.”"""! From V5, this pathway
continues to additional areas in the parietal and superior
temporal cortex.”” These projections are involved in visu-
ospatial analysis, in the localization of objects in visual space,
and in modulation of visual guidance of movements toward
these objects.”™” Thus, lesions of this pathway may cause a
variety of visuospatial disorders such as Balint’s syndrome
and hemispatial neglect. Although the ventral and dorsal
pathways are clearly involved in the analysis of different
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Freure 10.1  Posterior lateral view of the human visual cortex
showing several of the visual associative areas. The cerebellum has
been removed, and the hemispheres have been separated and dis-
placed to display medial and lateral occipital regions. Area V1 cor-
responds to the primary of striate visual cortex. The other
assoclative visual areas are discussed in the text except V7, V8, and
LO (lateral occipital, which plays a role in object processing),
because these areas have not been associated with distinct clinical
syndromes.

""" they are extensively

aspects of the visual environment,
interconnected laterally and in feedback and feedforward
directions, indicating that the flow of perceptual processing
does not necessarily proceed in a stepwise, hierarchic

‘what” and “where” dichotomy of visual

3

manner.” This
processing is an oversimplification of how these cortical
areas function, but it serves as a useful framework in which
to develop a clinical model of cortical visual processing. A
number of specific syndromes in humans involving the
central processing of visual information can be localized pri-
marily to one of the six visual cortical areas or one of the
two occipitofugal pathways and thus are of clinical value.
These syndromes are summarized in table 10.1.

Syndromes associated with damage to the striate cortex

(area V1)

ANTON SYNDROME Denial of blindness, or Anton syn-
drome, is an uncommon form of anosagnosia that usually
follows extensive damage to the striate cortex.”* Although
Anton syndrome usually occurs with geniculostriate lesions,
it can occur from any etiology, including blindness from
prechiasmal disorders such as optic neuropathies and retinal
detachment.

There are several theories regarding the etiology of Anton

syndrome, but a definitive etiology remains elusive.”

Visual
Cortex

Dorsal Occipitofugal
- "Where" pathway

Ventral Occipitofugal
h "What" pathway

Ficure 10.2  Parallel visual processing pathways in the human.
The ventral or “what” pathway begins in the striate cortex (V1) and
projects to the angular gyrus for language processing (visuo-verbal
pathway), the inferior temporal lobe for object identification (visuo-
visual pathway) and limbic structures (visuo-limbic pathway).
The dorsal or “where” pathway begins in the striate cortex

and projects to the posterior parietal cortex (PPC) and
superior temporal cortex and is concerning with visuospatial
analysis. This pathway continues forward to project to the premo-
tor cortex (PMC) and the frontal eye fields (FEF) to convey visu-
ospatial information used in the guidance of limb and eye
movements.
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Tasre 10.1
Drsorders of central visual dysfunction

1. Area V1
A. Anton syndrome
B. Blindsight
C. Riddoch phenomenon
D. Transient achromatopsia
E. Visual ataxia
2. Area V2 and V3
A. Quadrantic homonymous hemianopia
3. Area V4
A. Cerebral achromatopsia
4. Area V)
A. Akinetopsia
5. Dorsal occipitofugal pathway
A. Balint syndrome
B. Hemispatial neglect
C. Visual allesthesia
D. Environmental rotation
6. Ventral occipitofugal pathway
A. Visual-verbal disconnection
i. Pure alexia
ii. Color anomia
1. Object anomia
B. Visual-visual disconnection
i.  Prosopagnosia
ii. Object agnosia
C. Visual-limbic disconnection
1. Visual amnesia
ii. Visual hypoemotionality

Geschwind noted that patients with this condition often had
altered emotional reactivity with a “coarse and shallow”
affect similar to some patients with frontal lobe lesions. He
attributed the denial of blindness to damage to higher cog-
nitive centers.”” Psychiatric denial may explain other cases.”*
Finally, lesions of the geniculostriate pathway that disrupt
input to the visual cortex may also interfere with output from
the visual cortex to areas that are involved in the conscious
awareness of visual perception. In such cases, the striate
cortex is unable to communicate the nature of the patient’s
visual loss to areas that are concerned with conscious
awareness.”*

BrmvpsicaT  Studies of visually guided behavior following
removal of the striate cortex in monkeys demonstrate defi-
nite preservation of visual sensory function.”” A similar phe-
nomenon is thought to occur in humans who experience
severe damage to one or both occipital lobes.”” Weiskrantz
coined the term blindsight to refer to this rudimentary level of
visual processing that occurs below the level of visual aware-
ness.'” Over the past 20 years, the phenomenon of blind-
sight has been extensively studied in humans and lower
primates. This entity encompasses a wide variety of visual-
processing mechanisms, all occurring without conscious
awareness.”

Higher levels of cortical processing have been evaluated
in humans by both implicit processing, which measures
induced responses to stimuli presented to the blind
field,”*>**1% and direct responses, including forced-choice
experiments, saccadic localization tasks, and manual point-
ing to objects presented in the blind hemifield.” Using these
techniques, researchers have shown that rare patients exhibit
preservation of the ability to detect direction of motion,”!
wavelength,” target displacement,” stimulus presence,'”’
orientation,”' and object discrimination.'”” Behavior studies
in monkeys and humans have demonstrated that this
unconscious discrimination exhibits a learning effect, with
increased accuracy with extensive training.'"” However, the
potential use of blindsight in visual rehabilitation is
controversial.'"?

Although much controversy still surrounds the existence
of blindsight in humans and the pathways that are involved,
the availability of improved functional imaging methods

may help to resolve these conflicts in the future.

Rmpocu PuHEnoMmENON  Since George Riddoch’s initial
description of 10 patients with wounds to the occipital area
who were able to perceive movements within their otherwise
blind hemifield,” several studies of similar patients by other
investigators have confirmed what has become known as the
Ruddoch phenomenon: preservation of motion perception in an
otherwise complete scotoma.” !

The etiology of the Riddoch phenomenon is not clear. It
has been suggested that patients who exhibit this phenome-
non have preserved islands of function within the striate
cortex”’ or that extrastriate areas, area V5 in particular, may
be involved through activation of subcortical pathways that
bypass V1.'!"" Alternatively, statokinetic dissociation may
be related to lateral summation of moving images. It has
been demonstrated in normal subjects that a kinetic target
may be seen more readily in some areas of the visual field
than nonmoving objects of the same intensity and size.”
Variable degrees of dissociation of perception between
moving and nonmoving stimuli have been demonstrated in
normal subjects® and in patients with compression of the

anterior visual pathways.*"'"

Syndromes caused by damage to the parastriate and
peristriate visual cortex (areas V2 and V3)

The effect of lesions of V2 and V3 in humans is unclear.
Horton and Hoyt reported two patients with lesions that
were thought to involve the superior parastriate and peri-
striate cortex.”’ Both patients had homonymous quadrantic
visual field defects that respected the horizontal and vertical
meridians. Of course, a congruous homonymous quadrant-
anopia is not specific to parastriate lesions; it not infrequently
results from striate lesions as well.”
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Syndromes caused by damage to the human color center

(area V4)

PercePTION OF COLOR AND AREA V4  Unlike a camera, the
visual system has the ability to compensate for the changing
spectral components of a light source. Therefore, in most
viewing situations, a red object will appear red regardless of
the wavelength of light that illuminates it, even though the
dominant spectral component that is reflected from the
object may vary with lighting conditions. This effect is called
color constancy. The visual system creates the concept of color
by comparing areas of the visual field. Thus, a red object
appears red not because it reflects long-wavelength light, but
because it reflects relatively more long-wavelength light than
do other objects within the visual field. Physiological exper-
iments, along with lesion studies in macaques, have led some
investigators to conclude that area V4 is the site of color con-
stancy in lower primates.'"

Although the localization of a color center in humans has
been clearly identified,” whether or not this area is homol-
ogous to area V4 in monkeys and whether or not cerebral
achromatopsia in humans is a defect of color constancy
alone are currently unresolved issues."””"”® Many authors
use the term human color center interchangeably with the term
human V4.*® However, the complaints of patients with cere-
bral achromatopsia from damage to this region are not
entirely explained by loss of color constancy.® In addition,
extirpation of area V4 in the monkey does not lead to
achromatopsia, for the animals retain the ability to discrim-
mate and order hues despite clearly impaired form
recognition.””*%7

CEerEBRAL AcHROMATOPSIA  Cerebral achromatopsia is an
acquired defect in color perception that is caused by damage
to the ventromedial visual cortex.'"’ Affected patients
describe a world that looks faded, gray, and washed out or
completely devoid of color, like a black-and-white photo-
graph. Unlike patients with congenital achromatopsia,
patients with acquired cerebral achromatopsia show pre-
served trichromacy and intact cortical responses to chro-
matic visual evoked potentials (VEPs)."® Thus, the chromatic
pathways from the retina to the striate cortex are intact.
Because of preserved function of wavelength-selective cells
in the striate cortex, achromatopsic patients may still retain
the ability to distinguish the border between two adjacent
isoluminant colored patches'™ and may perform well on
testing with pseudoisochromatic plates.®’

Bilateral infarction in the posterior cerebral artery distri-
bution is the most common etiology and is often due to ver-
tebrobasilar ischemia.”” Additional causes include metastatic
tumors," posterior cortical dementia,” and herpes simplex
encephalitis.* Transient achromatopsia may occur with

migraine,”’ focal seizures,’ and vertebrobasilar insuffi-

ciency.” Cerebral achromatopsia is often associated with a
superior homonymous visual field defect from damage to the
inferior striate cortex.”® In such cases, the residual inferior
field on that side is achromatopsic. Bilateral lesions are
required for a complete achromatopsia, whereas unilateral
lesions produce hemiachromatopsia.

Three-dimensional magnetic resonance imaging (MRI) in
patients with cerebral achromatopsia indicates that the crit-
ical lesion involves the middle third of the lingual gyrus or
the white matter posterior to the tip of the lateral ventricle.”'
Zeki and coworkers used functional MRI (fMRI) to define
the representation of the visual field in the human color
center.” This study localized the color center to the lateral
aspect of the collateral sulcus on the fusiform gyrus (figure
10.3). Additionally, these investigators described a retino-
topic organization of the fusiform gyrus, the superior field
being represented within the medial fusiform gyrus and the
inferior field being located more laterally.

If achromatopsia were due solely to defective color con-
stancy, then patients with the condition should not see the
world as gray or desaturated but instead should experience
dramatic fluctuations in color as environmental lighting con-
ditions change. Since this is not the case, the defect in achro-
matopsia may involve more than just color constancy.

Ficure 10.3  View of the ventral surface of the brain with the
cerebellum removed. The posterior fusiform and lingual gyri,
which contain the human color center, are highlighted.
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Indeed, Rizzo et al. have hypothesized that color constancy;,
like lightness constancy, is generated by earlier visual asso-
ciative areas.”” Alternatively, lesions of the fusiform gyrus
may disrupt white matter deep to the collateral sulcus and
disconnect the striate and extrastriate areas from a more
rostral color center, possibly an area that is homologous to
a wavelength-selective inferior temporal area in monkeys
that, when extirpated, produces a deficit similar to cerebral
achromatopsia in humans."

Syndromes caused by damage to area V5

NEeuvroprHysioLocy ofF MotioN PerceprioNn Functional

. c 96,112
Imaging,

and monoclonal-antibody staining;’

experiments using myelin, cytochrome oxidase,
7 and cortical stimula-
tion experiments suggest that the most likely location of area
V5 in humans is the ventrolateral occipital gyrus, a key area
that is involved in the perception of visual motion. However,
the analysis of motion involves a complex system of several
interrelated cortical areas that are involved in processing
various components of motion perception and that may
adapt to the loss of arca V5.2 This would explain the
preservation of some aspects of visual motion perception in
patients with akinetopsia (see below) and the rarity of this
syndrome in humans.

AxINETOPSIA  Akinetopsia is the loss of perception of visual
motion with preservation of the perception of other modal-
ities of vision, such as form, texture, and color. In 1983, Zihl
et al. provided the first clearly described example of akinet-
opsia.'"" L.M., the patient described by these investigators,
is one of only two patients who have been extensively
studied. She developed bilateral cerebral infarctions involv-
ing the lateral occipital, middle temporal, and angular gyri,
secondary to sagittal sinus thrombosis (figure 10.4). She

described moving objects as jumping from place to place. For
example, when pouring tea, she observed that the liquid
appeared frozen like a glacier, and she failed to perceive the
tea rising in the cup. Additionally, subtle deficits in motion
processing in the contralateral hemifield in patients with uni-
lateral occipitoparietal lesions involving area V5 have also
been described.'” This “hemiakinetopsia” is often obscured
by coexistent incomplete homonymous field defects.

The dorsal occipitofugal pathway and visuospatial
processing in humans

NEuroaNATOMY AND NEUROPHYsIOLOGY The dorsal or
“where” pathway receives information primarily from area
MT and, to a lesser extent, area V4.'"' This information is
conveyed along the dorsal longitudinal fascicles to the pos-
terior parietal cortex, frontal motor areas, and frontal eye
fields (FEF). This pathway is concerned with spatial local-
ization, visuomotor scarch and guidance, and visuospatial
synthesis.'” Lesions of the dorsal pathway produce visuo-
motor and attention deficits, in contrast to the visuoassocia-
tive deficits produced by ventral lesions.

The posterior parietal cortex is neither a purely sensory
nor a purely motor area; rather, it combines characteristics
of both. Thus, it serves as a junction between multimodal
sensory input and motor output, linking the afferent and
efferent arms of the visual pathways and providing the
connection that encompasses the entire field of neuro-
ophthalmology, from the eyes to the extraocular muscles.”

SYNDROMES OF THE DORSAL OcCCIPITOFUGAL PATHWAY IN
Humans

Bdlint syndrome  Balint syndrome is classically defined as the
combination of simultanagnosia, optic ataxia, and acquired

oculomotor apraxia, also called psychic paralysis of gaze.""* The

Fieure 10.4  Three-dimensional magnetic resonance imaging
reconstruction’s of bilateral temporo-occipital lesions of a patient
who developed akinetopsia associated with a sagittal sinus throm-
bosis. Left, View of the left posterior brain; Right, View of the right

posterior brain. (Source: Used with permission from Shipp S, de
Jong BM, Zihl J, et al. The brain activity related to residual motion
vision in a patient with bilateral lesions of V5. Bram

117:1023-1038, 1994.)

GIRKIN: CENTRAL DISORDERS OF VISION IN HUMANS 113



components of Balint syndrome are not closely bound
together’” and may occur in isolation or in association with
other disorders of visuospatial perception. Therefore, this
triad has no specific anatomically localizable correlate.'*’
Most authors believe that the concept of Balint syndrome as
a specific clinical entity offers little to the scientific or clini-
cal understanding of visuospatial processing and, although
historically interesting, should be abandoned. We will there-
fore consider the specific components of this “syndrome”
separately.

Patients with dorsal simultanagnosia can perceive whole
shapes, but their perception of these shapes is limited to a
single visual area because they are unable to shift visual
attention. Patients with this condition therefore behave as if
they are blind even though they have intact visual fields.
Dorsal simultanagnosia, although clearly a visualspatial
disorder of attention, is discussed in more detail below
along with apperceptive agnosias and ventral simultanag-
nosia because of the clinical similarities among these
conditions.

Optic ataxia is a disorder of visual guidance of move-
ments in which visual inputs are disconnected from the
motor systems.”* Therefore, patients reach for targets within
an intact field as if they were blind.*’ A complex sensori-
motor network involves the posterior parietal lobe, motor
areas, ventromedial cortical areas, and subcortical structures,
such as the cerebellum, that modulate the control of visu-
ally guided limb movement.” Thus, a variety of lesions that
affect this network can produce optic ataxia.”’ Lesions of
superior parietal cortex are more likely to damage areas that
are involved with limb guidance, whereas inferior parietal
lesions are more likely to affect visual attention and thus
produce neglect syndromes.**”

Spasm of fixation or psychic paralysis of gaze is some-
times erroneously called ocular motor apraxia, thus adding to
the confusion already surrounding this phenomenon. Spasm
of fixation is characterized by loss of voluntary eye move-
ments with persistence of fixation on a target. However, in
contrast to true ocular motor apraxia, saccades are casily
made to peripheral targets in the absence of a fixation target.
Thus, a patient who is asked to fixate an object centrally and
then move the eyes to a peripheral target cannot do so,
whereas a patient who is not fixing on any object in partic-
ular can easily move the eyes to fixate a peripheral target
when asked to do so.

The location of the lesion that causes spasm of fixation is
obscure. The FEF is required for the release of fixation for
voluntary saccades, and lesions of this region may prolong
saccadic latency. Posterior parietal, middle temporal, and
superior temporal areas mediate cortical maintenance of
fixation by inhibition of attention shifts. Thus, damage to
the FEF that spares these regions may prevent the release of
fixation by disinhibiting the inhibitory effect of the substan-

tia nigra pars reticulata on the superior colliculus, thus
sppressing the generation of saccades.”

Henuspatial (hemifield) neglect
stantly bombard the visual system. Because cognitive and

Complex visual scenes con-

motor activities are generally concerned with one object at
a time, these elements of the visual scene must compete for
the limited resources of focal attention.”" Modulation of
attention occurs at many levels in the visual system, even at
the level of area V1.7%'%

Numerous lines of evidence suggest that a complex
network of cortical and subcortical areas primarily in the
dorsal occipitofugal pathway is involved in the modulation of
spatial attention. These include the superior colliculus, the
posterior parietal cortex, the striatum, the pulvinar, and areas
in the prefrontal cortex.'® In particular, the posterior parietal
cortex, the FEE and the cingulate gyrus play key roles in
spatial-based attention mechanisms. The posterior parietal
cortex builds the sensory representation of extrapersonal
space, the FEF plans and initiates exploratory movements,
and the cingulate gyrus provides the motivational potential.'®

Hemispatial neglect involves multiple sensory modalities,
but visual extinction often is the most prominent feature.
Affected patients see stimuli that are presented separately in
cither their right or their left hemifield but ignore stimuli in
the left hemifield when both hemifields are stimulated simul-
taneously. Thus, any patient who appears to have a homony-
mous hemianopia when bilateral simultaneous stimulation
confrontation testing is performed should undergo testing
of each homonymous hemifield separately to determine
whether the apparent field defect is real or the consequence
of hemifield extinction. In patients with full visual fields,
double simultaneous stimulation or testing line bisection is
an excellent bedside examination technique to detect hemi-
field neglect.
Visual allesthesia  Classic visual allesthesia is a disorder of
visuospatial perception in which the retinotopic visual field is
rotated, flipped, or even inverted (figure 10.5, center left and
right sketches). This syndrome localizes to two seemingly
diverse areas of the brain: the lateral medulla and the occip-
itoparietal area, usually on the right side. Although visual
allesthesia is a common component of the lateral medullary
syndrome of Wallenberg” and is usually due to infarction, a
variety of disorders that affect the cerebral cortex can
produce visual allesthesia, including infarction,* neoplasm,
trauma, infection,” and multiple sclerosis.” Transient visual
allesthesia can occur during seizures’” and migraine attacks.*!

Several theories have been proposed to explain visual alles-
thesia; however, an all-encompassing explanation remains
elusive. Jacobs suggested that allesthesia may mvolve trans-
callosal transmission of the contralateral hemifield to the
damaged parietal cortex, with retention of the image as a
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Ficure 10.5 Illustrations on the left show the view and orientation
looking forward. Illustrations on the right show the view and orien-
tation looking to the left. The top left and right figures show a third
person view of the patient’s room indicating the head position and
the orientation of the environment that would be seen by a normal
person looking forward (left) and to the left (right). The center left
and right figures illustrate the appearance of the environment that

palinoptic phenomenon.”  Although this theory might
explain the patient he described who had transposition of the
visual field from left to right, it fails to explain the varieties of
rotational or inverted allesthesia described by other patients.
Alternatively, visual allesthesia may be the result of a dis-
order of integration of visuospatial input. The causative
lesion may disturb the integration of visual and otolithic
inputs at the level of the medulla, as in Wallenberg syn-
drome, in which otolith inputs are interrupted directly, or at
the site of integration in the posterior parietal cortex.”
Environmental rotation ~ Classic visual allesthesia is character-
ized by tilting or rotation of the visual field. However, some
patients have a form of visual allesthesia in which the envi-
ronment rather than the field is rotated. For example, we

would be seen by a patient with classic visual allesthesia looking
forward (center left) and to the left (center right). Note that there is
transposition of the visual field. The bottom left and right figures
illustrate the environmental rotation experienced by our patient in
contrast to the visual field rotation in classic allesthesia. Note that
the rotation in our patient is independent of head position. (Source:
From Girkin CA, Perry JD, Miller NR.* Used by permission.)

reported a patient who experienced transient episodes of
static rotation of the visual environment following a ven-
triculoperitoneal shunt placed through the right occipi-
toparictal cortex for normal pressure hydrocephalus.™
During each episode, the patient noted that the environment
was rotated 90 degrees, independent of head position (figure
10.5, bottom left and right sketches). This visuospatial
derangement abated 6 days after surgery. As was discussed
above, the parietal lobe integrates visual information with ves-
tibular and proprioceptive input to form an internal model
of visual space that represent the “real position” of objects
independent of head-centered coordinates. We believe that
the phenomenon that our patient experienced resulted from
adisorder of the “real position” system® in the posterior pari-
ctal lobe and was caused by irritation from the shunt.
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The ventral occiypitofugal pathway in humans

NEUROANATOMY AND NEUROPHYSIOLOGY

The ventral occipitofugal or “what” pathway is conducted
mainly through the inferior longitudinal fascicles. Lesions of
this pathway were initially divided into three types of dis-
connection syndromes:

1. Visual-visual disconnection that isolates visual
mputs from the inferior temporal areas, producing an
agnosia.

2. Visual-verbal disconnection that isolates the language
centers in the dominant angular gyrus from visual input,
producing alexia and anomia.

3. Visual-limbic disconnection that isolates visual inputs
from the amygdala and hippocampus, producing deficits in

visual memory and emotion.”

Although this disconnection theory was helpful in develop-
ing a general categorization scheme for these defects, it is
inadequate in that it assumes that visual perception, seman-
tic understanding, and memory are all processed in a staged,
modular fashion. This separation is not distinct, and patients
seldom display completely isolated manifestations of these
syndromes. For example, visual-verbal defects may occur in
combination with visual-visual defects, and disorders that
were previously categorized as visual-verbal disconnections,
such as pure alexia, are now considered by some authors as
subtypes of visual agnosia (see below).

Lestons oF THE VENTRAL OccCIPITOFUGAL  PATHWAY
IN Humans

Visual-visual disconnection  Visual information processed in
area V4 projects anteriorly to the temporal cortex, where it
is integrated with stored memory templates.® Lesions of this
pathway may cause true visual agnosia, that is, unimodal
deficits in object knowledge.” In contrast to object anomia,
patients with pure visual agnosia cannot provide the name
or the associative features of an object, thus indicating a
defect in recognition, not just in naming. Neuropsychologists
generally divide the agnosias into two groups: apperceptive
agnosia and associative agnosia.

The term apperceptive agnosia has been applied to patients
with impaired object recognition due to perceptual difficul-
ties in which elementary visual function remains intact. Per-
ception involves the integration of visual information to
form an internal image of an object. Thus, patients may
have good visual acuity, color vision, and brightness dis-
crimination but still be unable to perceive an object because
of an inability to integrate incoming visual information.
These patients often have visual field defects, but their per-
ceptual deficit cannot be explained by their field loss. They
perceive their visual environment in a piecemeal fashion,
being unable to integrate multiple characteristics of a visual

scene into a global perception. Although patients with
apperceptive agnosia might exhibit behavior that is superfi-
cially similar to the behavior of patients with associative
agnosia, the underlying deficit in apperceptive agnosia,
when interpreted in the narrowest sense, applies only to
patients who exhibit a disorder in which only focal contour
is perceived.

Patients with true associative agnosia have intact percep-
tion and can draw and match objects but are unable
visually to identify objects or categories of objects. Tactile
recognition and auditory recognition are intact in these
patients. This condition is most often caused by lesions that
damage the ventral posterior cortex bilaterally and disturb
occipitotemporal interactions responsible for correlation of
visual perception to memory centers involved in object
recognition.”

Agnosias may be generalized or restricted to specific
classes of objects. Prosopagnosia and pure alexia (see the
next section, “Visual-verbal disconnection”) are specific sub-
types of agnosia restricted to individual categories of visual
objects.

Patients with prosopagnosia have impaired ability to rec-
ognize familiar faces or to learn new faces, often relying on
nonfacial clues such as posture or voice to distinguish friends,
colleagues, and family from strangers.” They are usually but
not universally aware of this deficit. The retained ability to
identify people by nonfacial cues differentiates this disorder
from person-specific amnesia, which has been reported in
patients with lesions of the temporal poles and presumably
renders the personal identity nodes inaccessible.” Patients
with prosopagnosia usually can match faces and distinguish
among unfamiliar faces, and some can accurately judge age,
sex, and emotional expression from facial information, indi-
cating that perception of some facial information is intact.”*
However, performance of these tasks is often abnormal,
indicating some degree of perceptual disturbance.”

Generalized object agnosia refers to agnosias that extend
to include a wide variety of classes of objects. The causative
lesions and associated findings in generalized object agnosia
are similar to those of prosopagnosia.”” That agnosias may
be specific to a variety of classes of objects has led many
researchers to assume that object recognition is achieved in
a modular fashion, with specific areas in the brain that are
responsible for recognition of various classes of objects.”
However, it is more likely that these class-specific agnosia
result from differences in the way in which different types of
stimuli are processed in the brain.

Visual-verbal disconnection A visual-verbal disconnection pro-
duces difficulties in naming objects despite intact object
recognition. These deficits must be distinguished from
agnosia, in which identification of objects is defective (see
above).” Three main syndromes of visual-verbal disconnec-
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Ficure 10.6  T2-weighted magnetic resonance image through the
splenium of the corpus callosum of a patient who developed alexia
without agraphia following hypovolemic shock. A well-defined
infarction involving the splenium is evident.

tion have been described in humans: pure alexia (alexia
without agraphia), color anomia, and object anomia (optic
aphasia).

Patients with pure alexia can write and converse normally;
however, they have profound difficulties reading, even words
that they have just written. Because identification of lexical
stimuli is intact by other sensory modalities, patients with
pure alexia might be able to identify words by tracing. The
degree of deficit is variable. Most patients exhibit slow, letter-
by-letter reading; others are completely unable to identify
words, letters, or symbols.® Many cases of pure alexia are
overlooked or wrongly attributed to the hemianopic defects
that are frequently seen in these patients.

The dominant parietal cortex is involved in the evaluation
of lexical symbols. The most common lesions associated
with this deficit damage the left striate cortex and the sple-
nium of the corpus collosum (figure 10.6), although lesions
that damage the left LGN and splenium can also cause this
syndrome.'? Affected patients usually have a right homony-
mous hemianopia. Thus, no visual information is transmit-
ted from the left striate cortex to the ipsilateral (dominant)
angular gyrus. In addition, although their right (nondomi-
nant) striate cortex is intact, information from this region
cannot be transmitted to the dominant angular gyrus
because of the associated damage to the splenium of the
corpus callosum, through which this information is normally
conducted." Lesions in the left subangular white matter may
also cause pure alexia by isolating incoming information at
a more distal level."” Patients with such lesions may or may
not have a hemianopic defect depending on whether or not
the optic radiations are also involved. In cases with hemi-
anopia, the alexia is caused not by the visual field defect but

rather by disruption of visual inputs to higher-order linguis-
tic centers.

Although there are cases in which color is disproportion-
ately affected, most cases of color anomia are part of a more
general visual-verbal defect with coexistent pure alexia.”
Patients with color anomia can match colors and therefore
do not have achromatopsia or an agnostic deficit. Their
semantic recall of color is intact, and they are thus able to
recall accurately the color of known objects (e.g., the color
of a banana or an apple).

Object anomia (optic aphasia) is characterized by a gen-
eralized defect in visual naming. Affected patients are unable
to recall the name of objects presented visually, although
their recall based on tactile and auditory mput is preserved.
Object matching and recognition are also intact. Such
patients may be able to describe the characteristics of an
object and its purpose, but they cannot provide the name of
the object solely on the basis of visual information. Often
deficits in object identification are also present, making the
separation between agnosia and aphasia difficult. The
anatomic bases for color anomia, pure alexia, and object
anomia are not entirely clear but probably represent varia-
tions in the disruption of visual information reaching the
angular gyrus.
Visual-limbic disconnection  'The sensory-limbic system plays a
critical role in processing the emotional impact of sensory
stimuli and in reinforcing certain aspects of multimodal
sensory memory traces that are emotionally relevant
through reciprocal circuits involving the temporal lobe.”’
Thus, lesions of the limbic system may cause multimodal
amnestic disorders that impair recall of the recent past
and an inability to establish new memories. Lesions that
disconnect visual input to this system may cause a modality-
specific deficit. Two such disorders associated with lesions
that disrupt visual axons projecting to the ventromedial
temporal lobe are visual amnesia and visual hypoemo-
tionality. These syndromes are rarely reported because
agnosia or often mask their

object prosopagnosia

presence.

Closing remarks

As investigators uncover the complexities of the higher visual
system, a greater understanding of these clinical syndromes
will emerge. A familiarity with these syndromes will enable
the ophthalmologist to identify patients who have these dis-
orders and perform appropriate testing. Additionally, the
study of higher cortical disorders may provide insight into
the mechanisms of visual awareness and the global sense of
the perception of our environment. Understanding this
crucial function of the mind will be an integral step in
forming a global theory of consciousness.

GIRKIN: CENTRAL DISORDERS OF VISION IN HUMANS 117



10.

11.

12.

13.

14.

15.

16.
17.
18.
19.

20.

21.

118

REFERENCES

. Aldrich MS, Vanderzant CW, Alessi AG, Abou-Khalil B,

Sackellares JC: Ictal cortical blindness with permanent visual

loss. Epilepsia 1989; 30:116-120.

. Andersen RA: Multimodal integration for the representation

of space in the posterior parietal cortex. Philos Trans R Soc Lond
B Biol St 1997; 352:1421-1428.

. Ardila A, Botero M, Gomez J: Palinopsia and visual allesthe-

sia. Int J Neurosct 1987; 32:775-782.

. Argenta PA, Morgan MA: Cortical blindness and Anton syn-

drome in a patient with obstetric hemorrhage. Obstet Gynecol

1998; 91:810-812.

. Barrett AM, Beversdorf DQ, Crucian GP, Heilman KM:

Neglect after right hemisphere stroke: a smaller floodlight
for distributed attention [see comments]. Neurology 1998; 51:
972-978.

. Beason-Held LL, Purpura KP, Van Meter JW, et al: PET

reveals occipitotemporal pathway activation during ele-
mentary form perception in humans. Vis Newrosci 1998; 15:

503-510.

. Beckers G, Zeki S: The consequences of inactivating areas

V1 and V5 on visual motion perception. Brain 1995; 118:
49-60.

. Binder JR, Mohr JP: The topography of callosal reading

pathways: A case-control analysis. Brain 1992; 115:1807—
1826.

. Blythe IM, Bromley JM, Kennard C, Ruddock KH: Visual

discrimination of target displacement remains after damage
to the striate cortex in humans. Nature 1986; 320:619-621.
Blythe IM, Kennard C, Ruddock KH: Residual vision in
patients with retrogeniculate lesions of the visual pathways.
Brain 1987; 110:887-905.

Burkhalter A, Bernardo KL: Organization of corticocortical
connections in human visual cortex. Proc Natl Acad Sci USA
1989; 86:1071-1075.

Celesia GG, Bushnell D, Toleikis SC, Brigell MG: Cortical
blindness and residual vision: Is the “second” visual system in
humans capable of more than rudimentary visual percep-
tion? Neurology 1991; 41:862-869.

Chelazzi L: Neural mechanisms for stimulus selection in
cortical areas of the macaque subserving object vision. Behav
Brain Res 1995; 71:125—134.

Clarke S, Miklossy J: Occipital cortex in man: organization
of callosal connections, related myelo- and cytoarchitecture,
and putative boundaries of functional visual areas. 7 Comp
Neurol 1990; 298:188-214.

Clarke S, Walsh V, Schoppig A, Assal G, Cowey A: Colour
constancy impairments in patients with lesions of the pre-
striate cortex. fixp Brain Res 1998; 123:154—158.

Colby CL: The neuroanatomy and neurophysiology of atten-
tion. J Child Neurol 1991; 6:5S90-118.

Courtney SM, Ungerleider LG: What fMRI has taught us
about human vision. Curr Opin Neurobiol 1997; 7:554-561.
Cowey A, Heywood CA: There’s more to colour than meets
the eye. Behav Brain Res 1995; 71:89-100.

Damasio AR, Damasio H: The anatomic basis of pure alexia.
Neurology 1983; 33:1573-1583.

Damasio AR, Damasio H, Van Hoesen GW: Prosopagnosia:
Anatomic basis and behavioral mechanisms. Neurology 1982;
32:331-341.

Damasio H, Irank R: Three-dimensional in vivo mapping of
brain lesions in humans. Arch Neurol 1992; 49:137—143.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

HISTORY AND BACKGROUND TO MODERN TESTING

Damasio AR, McKee J, Damasio H: Determinants of per-
formance in color anomia. Brain Lang 1979; 7:74-85.
Damasio A, Yamada T, Damasio H, Corbett J, McKee J:
Central achromatopsia: behavioral, anatomic, and physio-
logic aspects. Neurology 1980; 30:1064-1071.

De Haan EH, Young A, Newcombe F: Faces interfere with
name classification in a prosopagnosic patient. Cortex 1987;
23:309-316.

Desimone R, Schein SJ: Visual properties of neurons in area
V4 of the macaque: sensitivity to stimulus form. 7 Neurophys-
w0l 1987; 57:835-868.

Desimone R, Schein SJ, Moran J, Ungerleider LG: Contour,
color and shape analysis beyond the striate cortex. Vision Res
1985; 25:441-452.

Drew WG, Weet CR, De Rossett SE, Batt JR: Effects of
hippocampal brain damage on auditory and visual recent
memory: comparison with marijuana-intoxicated subjects.
Biol Psychiatry 1980; 15:841-858.

Engel SA, Rumelhart DE, Wandell BA, et al: fMRI of human
visual cortex [letter] [published erratum appears in Nature
1994 Jul 14;370(6485):106]. Nature 1994; 369:525.

Essen DC, Zeki SM: The topographic organization of rhesus
monkey prestriate cortex. J Physiol (Lond) 1978; 277:193-226.
Farah MJ: Agnosia. Curr Opin Neurobiol 1992; 2:162-164.
ffytche DH, Guy CN, Zeki S: The parallel visual motion
mputs into areas V1 and V5 of human cerebral cortex. Brain
1995; 118:1375-1394.

Felleman DJ, Van Essen DC: Distributed hierarchical pro-
cessing in the primate cerebral cortex. Cereb Cortex 1991;
1:1-47.

Freedman L, Costa L: Pure alexia and right hemiachro-
matopsia in posterior dementia. j Neurol Neurosurg Psychiatry
1992; 55:500-502.

Friedrich FJ, Egly R, Rafal RD, Beck D: Spatial attention
deficits in humans: a comparison of superior parietal and
temporal-parictal junction lesions. Newropsychology 1998;
12:193-207.

Galletti C, Battaglini PP, Fattori P: Eye position influence on
the parieto-occipital area PO (V6) of the macaque monkey.
Eur J Neurosci 1995; 7:2486-2501.

Gandolfo E: Stato-kinetic dissociation in subjects with normal
and abnormal visual fields. Eur J Ophthalmol 1996; 6:408-414-.
Ghose GM, Ts’o DY: Form processing modules in primate
arca V4. J Neurophysiol 1997; 77:2191-2196.

Girkin CA, Perry JD, Miller NR: Visual environmental rota-
tion: A novel disorder of visiuospatial integration. J Neu-
roophthalmol 1999; 19:13-16.

Goldberg ME, Segraves MA: Visuospatial and motor atten-
tion in the monkey. Neuropsychologia 1987; 25:107-118.
Green GJ, Lessell S: Acquired cerebral dyschromatopsia. Arch
Ophthalmol 1977; 95:121-128.

Greenblatt SH: Alexia without agraphia or hemianopsia:
Anatomical analysis of an autopsied case. Brain 1973; 96:
307-316.

Greenblatt SH: Subangular alexia without agraphia or hemi-
anopsia. Brain Lang 1976; 3:229-245.

Greve EL: Single and multiple stimulus static perimetry in
glaucoma: The two phases of perimetry. Thesis. Doc Ophthal-
mol 1973; 36:1-355.

Hachinski VC, Porchawka ], Steele JC: Visual symptoms in
the migraine syndrome. Neurology 1973; 23:570-579.

Hanley JR, Pearson NA, Young AW: Impaired memory for
new visual forms. Bramn 1990; 113:1131-1148.



46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

63.

Hausser CO, Robert F, Giard N: Balint’s syndrome. Can ¥
Neurol Scr 1980; 7:157-161.

Haxby JV, Grady CL, Horwitz B, et al: Dissociation of object
and spatial visual processing pathways in human extrastriate
cortex. Proc Natl Acad Set USA 1991; 88:1621-1625.

Heo K, Kim §J, Kim JH, Kim OK, Cho HK: Flase lateral-
ization of seizure perceived by a patient with infarction of the
right parietal lobe who showed the neglect syndrome. Fpilep-
sia 1997; 38:122-123.

Heywood CA, Cowey A, Newcombe I: On the role of par-
vocellular (P) and magnocellular (M) pathways in cerebral
achromatopsia. Brain 1994; 117:245-254.

Heywood CA, Gadotti A, Cowey A: Cortical area V4 and its
role in the perception of color. J Neurosct 1992; 12:4056—
4065.

Horton JC, Hoyt WF: Quadrantic visual field defects: A hall-
mark of lesions in extrastriate (V2/V3) cortex. Brain 1991;
114:1703-1718.

Jacobs L: Visual allesthesia. Neurology 1980; 30:1059-1063.
Johnston JL, Sharpe JA, Morrow M]J. Spasm of fixation: A
quantitative study. 7 Neurol Sci 1992; 107:166-171.

Joseph R: Confabulation and delusional denial: Frontal lobe
and lateralized influences. J Clin Psychol 1986; 42:507-520.
Karnath HO: Spatial orientation and the representation of
space with parietal lobe lesions. Philos Trans R Soc Lond B Biol
Set 1997; 352:1411-1419.

Kennard C, Lawden M, Morland AB, Ruddock KH: Colour
identification and colour constancy are impaired in a patient
with incomplete achromatopsia associated with prestriate
cortical lesions. Proc R Soc Lond B Biol Sei 1995; 260:169—
175.

Kertesz A: Visual agnosia: The dual deficit of perception and
recognition. Cortex 1979; 15:403-419.

Knierim JJ, van Essen DC: Neuronal responses to static
texture patterns in area V1 of the alert macaque monkey.
J Neurophysiol 1992; 67:961-980.

Lapresle J, Metreau R, Annabi A: Transient achromatopsia
in vertebrobasilar nsufficiency. 7 Neurol 1977; 215:155-158.
Larrabee GJ, Levin HS, Huff' F], Kay MC, Guinto FC Jr:
Visual agnosia contrasted with visual-verbal disconnection.
Neuropsychologia 1985; 23:1-12.

Lawden MC, Cleland PG: Achromatopsia in the aura of
migraine. J Neurol Neurosurg Psychiatry 1993; 56:708-7009.
Lessel S: Higher disorders of visual function: Negative phe-
nomena. In Glaser J, Smith J (eds): Neuro-ophthalmology. 8 vol.
St. Louis, Mosby, 1975, pp 3-4.

Lueck CJ, Zeki S, Friston KJ, et al: The colour centre in the
cerebral cortex of man. Nature 1989; 340:386-389.

Marcel AJ: Blindsight and shape perception: Deficit of visual
consciousness or of visual function? Brain 1998; 121:1565—
1588.

McFadzean RM, Hadley DM: Homonymous quadrant-
anopia respecting the horizontal meridian: A feature of
striate and extrastriate cortical disease. Neurology 1997; 49:
1741-1746.

McKeefry DJ, Zeki S: The position and topography of the
human colour centre as revealed by functional magnetic res-
onance imaging. Brain 1997; 120:2229-2242.

Meadows JC: Disturbed perception of colours associated
with localized cerebral lesions. Bramn 1974; 97:615-632.
Mestre DR, Brouchon M, Ceccaldi M, Poncet M: Perception
of optical flow in cortical blindness: a case report. Neuropsy-
chologia 1992; 30:783-795.

GIRKIN: CENTRAL DISORDERS OF VISION IN HUMANS

69.

70.

71.

72.

73.

74.

73.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Misra M, Rath S, Mohanty AB: Anton syndrome and corti-
cal blindness due to bilateral occipital infarction. Indian f
Ophthalmol 1989; 37:196.

Mohler CW, Wurtz RH: Role of striate cortex and superior
colliculus in visual guidance of saccadic eye movements in
monkeys. 7 Neurophysiol 1977; 40:74-94.

Morland AB, Ogilvie JA, Ruddock KH, Wright JR: Orienta-
tion discrimination is impaired in the absence of the striate
cortical contribution to human vision. Proc R Soc Lond B Biol
Set 1996; 263:633-640.

Nakajima M, Yasue M, Kaito N, Kamikubo T, Sakai H: [A
case of visual allesthesia]. No To Shinke: 1991; 43:1081-1085.
Ogren MP, Mateer CA, Wyler AR: Alterations in visually
related eye movements following left pulvinar damage in
man. Neuropsychologia 1984; 22:187-196.

Perenin MT, Vighetto A: Optic ataxia: A specific disruption
in visuomotor mechanisms. I. Different aspects of the deficit
in reaching for objects. Brain 1988; 111:643-674.

Poppel E: Long-range colour-generating interactions across
the retina. Nature 1986; 320:523-525.

Poppel E, Held R, Frost D: Leter: Residual visual function
after brain wounds involving the central visual pathways in
man. Nature 1973; 243:295-296.

Riddock G: Dissociation of visual perceptions due to occipi-
tal injuries, with especial reference to appreciation of move-
ment. Brain 1917:15-57.

Rizzo M, Butler A, Darling W: Sensorimotor transformation
inpatients with lateral cerebellar damage. Soc Neurosci Abstr
1995:415.

Rizzo M, Darling W, Damasio H: Disorders of reaching with
lesions of the posterior cerebral hemisphere. Soc Neurosci Abstr
1995:269.

Rizzo M, Nawrot M, Blake R, Damasio A: A human visual
disorder resembling area V4 dysfunction in the monkey [see
comments]. Neurology 1992; 42:1175-1180.

Rizzo M, Rotella D, Darling W: Troubled reaching after
right occipito-temporal damage. Neuropsychologia 1992; 30:
711-722.

Rizzo M, Smith V, Pokorny J, Damasio AR: Color percep-
tion profiles in central achromatopsia. Neurology 1993;
43:955-1001.

Ropper AH: Illusion of tilting of the visual environment:
Report of five cases. J Clin Neuroophthalmol 1983; 3:147—-151.
Safran AB, Glaser JS: Statokinetic dissociation in lesions of
the anterior visual pathways: A reappraisal of the Riddoch
phenomenon. Arch Ophthalmol 1980; 98:291-295.

Sakata H, Taira M, Murata A, Mine S: Neural mechanisms
of visual guidance of hand action in the parietal cortex of the
monkey. Cereb Cortex 1995; 5:429-438.

Schiller PH: The effects of V4 and middle temporal (MT)
area lesions on visual performance in the rhesus monkey. Vis
Neurosci 1993; 10:717-746.

Schiller PH: Effect of lesions in visual cortical area V4 on
the recognition of transformed objects. Nature 1995; 376:
342-344.

Seigel AM: Inverted vision in MS [letter]. Neurology 1988;
38:1335.

Sereno MI, Dale AM, Reppas JB, et al: Borders of multiple
visual areas in humans revealed by functional magnetic
resonance imaging [see comments]. Science 1995; 268:839—
893.

Shipp S, Blanton M, Zeki S: A visuo-somatomotor pathway
through superior parietal cortex in the macaque monkey:

119



91.

92.
93.

94.

95.

96.

97.

98.

99.

100.

101.

120

Cortical connections of areas V6 and V6A. Eur J Neurosct
1998; 10:3171-3193.

Shipp S, Zeki S: Segregation of pathways leading from area
V2 to areas V4 and V5 of macaque monkey visual cortex.
Nature 1985; 315:322-325.

Stoerig P, Cowey A: Wavelength discrimination in blindsight.
Brain 1992; 115:425—444.

Stoerig P, Cowey A: Blindsight in man and monkey. Brain
1997; 120:535-559.

Tiliket C, Ventre-Dominey J, Vighetto A, Grochowicki M:
Room tilt illusion: A central otolith dysfunction. Arch Neurol
1996; 53:1259-1264.

Tootell RB, Mendola JD, Hadjikhani NK, et al: Functional
analysis of V3A and related areas in human visual cortex.
J Neurosci 1997; 17:7060-7078.

Tootell RB, Reppas JB, Kwong KK, et al: Functional
analysis of human MT and related visual cortical areas using
magnetic resonance imaging. 7 Newrosct 1995; 15:3215—
3230.

Tootell RB, Taylor JB: Anatomical evidence for MT and
additional cortical visual areas in humans. Cereb Cortex 1995;
5:39-55.

Torjussen T: Residual function in cortically blind hemifields.
Scand J Psychol 1976; 17:320-323.

Ungerleider LG, Brody BA: Extrapersonal spatial orientation:
The role of posterior parietal, anterior frontal, and infero-
temporal cortex. Exp Neurol 1977; 56:265-280.

Ungerleider LG, Desimone R: Cortical connections of visual
area MT in the macaque. J Comp Neurol 1986; 248:190—
222.

Ungerleider LG, Mishkin M: Two cortical visual systems.
In Ingle DJ, Goodale MA, Mansfield RJW (eds): Analysis of
Visual Behaviour. Cambridge, MIT Press, 1982, pp 549-586.

102.

103.

104.

103.

106.

107.

108.

109.

110.

I11.

112.

113.

114.

HISTORY AND BACKGROUND TO MODERN TESTING

Vaina LM: Selective impairment of visual motion interpre-
tation following lesions of the right occipito-parietal area in
humans. Biol Gybern 1989; 61:347-359.

Vuilleumier P, Landis T: Tllusory contours and spatial neglect.
Neuroreport 1998; 9:2481-2484.

Wang MY, Chen L: [The Balint syndrome]|. Chung Hua Shen
Ching Ching Shen Ko Tsa Chih 1989; 22:84-85, 126.

Watanabe M: [Visual information processing from the retina
to the prefrontal cortex|. Shinrigaku Kenkyu 1986; 56:365-378.
Weiskrantz L: The Ferrier lecture, 1989. Outlooks for blind-
sight: Explicit methodologies for implicit processes. Proc R Soc
Lond B Biol St 1990; 239:247-278.

Weiskrantz L, Warrington EK, Sanders MD, Marshall J:
Visual capacity in the hemianopic field following a restricted
occipital ablation. Brain 1974; 97:709-728.

Zappia R], Enoch JM, Stamper R, Winkelman JZ, Gay AJ:
The Riddoch phenomenon revealed in non-occipital lobe
lesions. Br J Ophthalmol 1971; 55:416-420.

Zeki SM: Representation of central visual fields in prestriate
cortex of monkey. Brain Res 1969; 14:271-291.

Zeki S: A century of cerebral achromatopsia. Brain 1990;
113:1721-1777.

Zeki S, Ffytche DH: The Riddoch syndrome: Insights into
the neurobiology of conscious vision. Brain 1998; 121:25-45.
Zeki S, Watson JD, Lueck CJ, Friston KJ, Kennard C, Frack-
owiak RS: A direct demonstration of functional specializa-
tion in human visual cortex. J Neurosci 1991; 11:641-649.
Zihl J: “Blindsight”: Improvement of visually guided eye
movements by systematic practice in patients with cerebral
blindness. Neuropsychologia 1980; 18:71-77.

Zihl J, von Cramon D, Mai N: Selective disturbance of
movement vision after bilateral brain damage. Bramn 1983;
106:313-340.



[II ORIGINS OF SLOW
ELECTROPHYSIOLOGICAL
COMPONENTS



This page intentionally left blank



1 1 Origin and Significance of the

Electro-Oculogram

GEOFFREY B. ARDEN

Discovery and the furst analyses

The potential voltage difference that occurs between the
cornea and the fundus was discovered by Du Bois Reymond
in 1849.” He showed that it persisted for long periods in the
isolated eye. In 1878, Kiihne and Steiner” and de Haas™
measured the voltages after successively removing the
cornea, iris, lens, vitreous, and retina. Only when the retinal
pigmented epithelium (RPE) had been damaged did the
potential vanish, and this localized the source of the current
production. Although illumination was known to affect the
potential recorded between cornea and fundus,* the capil-
lary electrometers that were used in early work were not suf-
ficiently sensitive or stable to analyze the changes in detail.
With the advent of electronic amplification, condenser cou-
pling prevented recording the changes caused by light. It was
not until the 1940s that Noell”® was able to employ stable
d.c. recording systems and follow the slow changes; he
related the c-wave of the electroretinogram (ERG) to the
later and still slower responses. He used poisons that selec-
tively damaged the RPE, as demonstrated by histological
changes. He found that azide acting on the RPE increased
the “standing potential” and the c-wave of the ERG, while
iodate, which damaged the RPE selectively, not only caused
a fall in the standing potential, but also reduced the azide
increase and reduced the c-wave. Faster changes caused by
illumination, that is, other components of the electroretino-
gram, were less affected.

Development of current fields round the eyes

The RPE consists of a layer of cells connected by tight junc-
tions, so the resistance across the layer (the paracellular
resistance) is quite high. Therefore, voltage developed across
the RPE implies that at its origin, current will flow at each
point normally to the surface, and the return paths are
through the paracellular resistance. Because the RPE follows
the curvature of the globe, the current flow at each point
can be split (formally) into three vectors. One is in the optic
axis, and two are at other axes at right angles to it, pointing
medially or vertically. At the fundus, nearly all the current
flows in the radial vector (in the optic axis). At other posi-

tions, there will be current vectors flowing in the optic axis,
and vectors in the lateral, medial, superior, and inferior
directions will also be developed. Because of the approxi-
mately hemispherical shape of the eye, nonradial current
vectors will approximately cancel. For example, in the nasal
part of the RPE, there will be a temporally directed vector,
which will cancel with the nasally directed vector from the
temporal part of the RPE. Hence, the net current flow will
be due to the vector in the optic axis and appears to be a
dipole in the optic axis, with the cornea positive and the
fundus negative. This explains the name given to the poten-
tial recorded across the eye: the corneofundal potential. The
current flowing from such a dipole will spread symmetrically
in all directions about the optic axis. Therefore, as the eye
moves, the voltages that are recorded between relatively
distant skin electrodes will vary with the angle of rotation of
the eye. This is shown in figure 11.1, which illustrates how
the magnitude of the responses to fixed eye movements can
be used to measure the magnitude of the current produce
by the RPE. This property of the EOG voltage led to
attempts to use it for eye movement recordings. However,
difficulties were found in calibrating such a system because
the apparent magnitude of the dipole was not con-
stant.'>*7%79% [t hbecame apparent that one of the factors
modifying the voltage was light. The first complete descrip-
tion of the human light-dark sequence was due to Kris,” but
an analysis of the nature of the response and the recogni-
tion of its clinical utility are usually attributed to Arden*”
(figure 11.1), who showed that a small reduction in light
intensity provoked a decrease in voltage, the dark trough,
which was not related to the preceding light level, although
the change from dark to light caused a transient rise of
voltage (the light peak), the magnitude of which was linearly
related to the logarithm of retinal illumination.

The full picture of the d.c. ERG

The full sequence of the voltage changes is shown in figure
11.2. The electroretinographic a- and b-waves occur in
about 0.25s; following this, there i1s a slower c-wave. These
responses are considered in chapters that deal with the elec-
troretinogram. Following this sequence, there is a slow
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Fieure 11.1 Diagram to show how eye movements elicit an eye
movement potential (A) and how the eye movement potential
varies in time and with light and darkness in a standard clinical
EOG (B). The ratio of minimum to maximum voltage (arrows) is
an indicator of RPE function. (Source: Modified from Arden GB,

cornea-negative swing, the after-negativity, followed by a
second c-wave and then a still slower and larger increase of
voltage, the lght rise. These changes have been observed in
a number of different mammals. There are species differ-
ences. In humans, even though light continues, this increase
in the corneofundal potential is not maintained but after a
peak at 8 minutes sinks to a trough level at 27 minutes. If a
light-adapted eye is placed in darkness, the potential falls to
a level that is nearly identical to the lowest level reached at
the 22 to 24-minute trough. Following this trough, in light
or in darkness, further slow rhythmic changes in voltage are
seen that may persist for 2 hours or more. The negativity
following the c-wave and the slower voltage changes (the
dark trough, the light peak, and the light trough) are treated

in this chapter as parts of the electro-oculogram.”

Membrane mechanisms of the EOG

Since the original description of the human electro-
oculogram, work in animals, isolated eyes, and isolated RPE
preparations has resulted in a great deal of information
about the nature of the ionic channels, cotransporters, and
pumps in the apical and basal surfaces of the RPE and how
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Barrada A, Kelsey JH: A new clinical test of retinal function based
upon the standing potential of the eye. Br J Opthalmol 1962;
46:449-467; and Arden GB, Kelsey JH: Changes produced by light
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these are related to the electro-oculogram and to ion and to
water movement across the RPE. The pumps in the pho-
toreceptors that maintain the “dark current” slow down in
light, but the sodium entry into the outer limbs is reduced
more rapidly (see chapters 6 to 8). Therefore, in light, the
photoreceptors lose sodium to and gain potassium from
the subretinal fluid. The potassium concentration [K*],, of
the subretinal fluid decreases. The voltage across the apical
surface of the RPE is determined in large part by the potas-
sium channels and is related to the ratio [K™],../ [K'];,. Thus,
following illumination, the potential across the apical mem-
brane of the RPE temporarily increases, producing a c-
wave. (A smaller opposing voltage also occurs across the
Miiller cell junction in the outer limiting membrane.) This
voltage change has the exact timing of the reduction in
potassium concentration.” Following this, the fast trough of
the EOG develops. The mechanism whereby this occurs is
thought to be also indirectly caused by the reduction in
potassium in the subretinal fluid described above. This
reduces the activity of the apical membrane Na, K, 2 Cl
cotransporter (see chapter 5). Consequently, intracellular
RPE chloride activity decreases. The membrane potential of
the basal surface of the RPE is largely controlled by the ratio
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of internal to external chloride concentrations, and as a
result of the change in activity of the cotransporter, the basal
surface of the RPE hyperpolarizes, reducing the transep-
ithelial potential and causing a reduction in the EOG. (The
nature of the chloride channels that are involved is discussed
below.) The mechanisms mentioned above are an oversim-
plification because a variety of channels and pumps and
cotransporters in the apical membrane contribute to main-
taining the constancy of the ionic composition of the sub-
retinal fluid, and there are increases in apical chloride
conductances, which tend to depolarize the apical mem-
brane and may contribute to the reduction in the TEP. The
after-negativity is of clinical interest because the voltage
changes in humans form the basis of another electro-
oculographic test, the “fast oscillation” (see below).

The slower rise in the transepithelial potential in animal
preparations is related to the light rise in the human EOG.
It 1s caused by a depolarization of the basal membrane of
the RPE, so the net difference between apical and basal
membrane voltages increases. This slow rise must be pro-
duced by a second messenger within the cytosol of the RPE.
Therefore, for the light rise, the entire sequence must be that
the retina liberates a light substance that, binding to recep-
tors in the apical membrane of the RPLE, liberates an inter-
nal second messenger. The second messenger causes the
increase in basal chloride conductance. The most notable
contributions are by Steinberg, Miller, Oakley, and other col-
laborators,'*#29 3133354749646577 The nature of the second
messenger has not yet been identified. The light substance
must diffuse through the subretinal space to reach the RPE.
It must be liberated in the outer retina, presumably mostly
by photoreceptors, because the action of the light substance
is limited. Only when relatively large regions of retina are
illuminated does the messenger cause any local change in
basal conductance. Presumably with small spots of light, the
light substance diffuses from its point of origin so rapidly
that the concentration at the RPE does not rise. The recep-
tors on the apical RPE membrane that are satisfied by the
light substance are unknown. However, a variety of sub-
stances—epinephrine, dopamine, and melatonin—have
been shown to indirectly affect the basal chloride conduc-
tance.” They are presumably related to the two major path-

202232 that cause the liberation of intracellular second

ways
messengers. How these second messengers interact with the
basal chloride conductance is unknown, but recent work on
alcohol suggests that some intermediate mechanism in the
RPE determines the time course of the increase in the
TEP.

In animal experiments, two classes of basal RPE mem-
brane chloride conductance can be distinguished. The slow
change in voltage that corresponds to the light rise does
not occur if the posterior surface of the RPE is exposed to
4,4’-diisoethylcyanostilbene-2,2 disulphonate (DIDS), which

inhibits changes in the chloride conductance of a particular
type of chloride channel, one that is activated by a Ca*
inward current and related to inositol-1,4,5-triphosphate,

. . . 9¢
Ca*, and tyrosine kinase mechanisms™* (

see chapter 5).
The second type of chloride channel is cAMP-sensitive and
is determined by the cystic fibrosis transmembrane conduc-
tance regulator protein; this is affected, and the fast oscilla-
tion is suppressed in such patients with cystic fibrosis, but the
light peak remains normal."*****%77 How this finding is
related to the proposed ionic cause of the fast oscillation has
not been explained.

Activation of the second-messenger system involves a
generation of Ca’ influx into the cell. The amount of
inflowing Ca” is determined by electrochemical driving
forces for Ca®*. Activation of Ca’*-dependent chloride chan-
nels hyperpolarizes the cell, leading to increase the driving
force for Ca® into the cell and to larger rises in intracellu-
lar free Ca’ as second messenger.”” While this system can
be implicated in chloride transport and other secretory
mechanisms, including volume transport from retina to
choroid, and regulation of pH, the interactions of RPE
membrane mechanisms are complex and help to maintain
homeostasis. Changes in the EOG voltage have not been
shown to be associated with visual function, and in condi-
tions in which the EOG response to light is abnormal, visual
function may be unimpaired, so over several minutes,
changes in the composition of the subretinal fluid do not
seem to affect the signals that are produced by rods.

Physiological characteristics and pharmacology

The pharmacology of the d.c. potential, its relation to neu-
rotransmitters, and its reliance on changes in metabolism
have been investigated by several authors. The slow light

SHE36691 o5 is shown in

peak is extremely sensitive to anoxia,
figure 11.3, in distinction to the earlier neuronal ERG com-
ponents, and this was early noted in clinic cases in which
retinal blood flow was reduced.” >® Small changes in pH
and pCO, also dramatically reduce the slow potentials. In
view of the complex acid-base regulatory systems that have
been described, it is not surprising that carbon dioxide and

acidification exert differential affects.'®”

51,67 52,68

Acetazolamide” " and changes in osmolarity
slow reduction in the EOG voltages, and these findings are
the basis on which clinical tests have been developed (see
below). In addition, the potentials are influenced by biogenic

amines and other substances.'*'** In particular, the RPE is

cause a

extremely sensitive to epinephrine in nanomolar concentra-
tion,” suggesting that there are specific receptors on the
apical RPE surface for this substance. Although this is inter-
esting in the search for the “light substance,” no recent work
has progressed to its conclusive identification. Recently, it has
been shown that ethyl alcohol affects the human corneo-
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Fieure 11.3  The light peak (on the left) is greatly reduced by
hypoxia, while the electrical responses of the retina, the c-wave
labeled, on the left, and the b and c-waves (inset at a faster time
scale) are relatively unaffected. (Source: Modified from Gallemore
R, Grift E, Steinberg RH: Evidence in support of a photorecep-
toral origin for the “light peak substance.” Tnvest Ophthalmol Vis Sct
1988; 29:566-571; and Linsenmeier RA, Steinberg RH: Mecha-
nisms of hypoxic effects on the cat DC electroretinogram. Invest

Ophthalmol Vs Set 1986; 27:1385-1394.)

fundal potential,*”**'® also at very low dosage. Non-
steroidal anti-inflamatory drugs alter the TEP in isolated
preparations,'* and in doses higher than clinically advisable,
they also affect the human EOG (Arden, unpublished).

Clnical tests utihizing the RPE potential

TecunicaL Detais  An ISCEV standard appended to this
book gives recommendations for standard clinical tests.
The eye movement potential is easily recorded with skin
electrodes placed one on either side of the eye (see chapter 19
for comments on electrodes). The voltage varies considerably
depending on how close the electrodes are placed to the
eye, but 12-301V per degree is usual. Rapid saccadic eye
movements may be made over 30°, so the voltage change
that 1s recorded for such eye movements is ~1mV. This
relatively large signal makes the EOG test technically unde-
manding. Eye movements greater than 30° are not desirable
because they tend to be carried out in two jumps and deter-
mination of the voltage is difficult or impossible. Horizontal
eye movements should be made because otherwise, artifac-
tual voltages associated with lid elevation may also be
recorded. Direct recording of the d.c. voltage between the
two electrodes is possible, but changes in polarization of the
electrodes and slow changes in skin potentials occur, and
interpretation of such slow voltage changes without eye
movement is impossible in clinical conditions. With a.c.-
coupled amplifiers recording eye movement voltages, any
type of surface electrode can be used, including disposable
silver—silver chloride pads or gold cup electrodes. It is desir-
able to lightly abrade the skin on which the electrodes are

placed to reduce contact resistance below 5000 ohms. The
epidermal layers at the lateral fornix are very delicate. The
eye movements can be made in any way that is convenient.
Some workers have advocated that the subject be given two
(red) fixation points and asked to look left and right between
them at any convenient rate. Other workers expose only one
fixation point at a time and alternate the fixation points at a
suitable rate, which should be constant throughout the test.
(Various subjects are most comfortable between one and two
eye movements per second.) More elaborate schemes have
been proposed. For example, a number of closely spaced
fixation points have been used, lit sequentially, and the sub-
jectis asked to follow the moving spot. The fixation points are
so spaced that the angle of gaze varies sinusoidally with time.
The amplitude of the voltage change can be determined pre-
cisely by a suitable software package (Fourier analyzer). In the
author’s experience, the simplest method is preferable.
Tecunicar Dirricurties  Technical problems are very
rare with the EOG. In a very few cases, patients may find it
difficult to make standard eye movements. These include
cases of ophthalmoplegia or nystagmus (muscle paralyses,
Parkinsonism, myasthenia). In certain of these cases, the
patient may attempt to compensate by moving the head,
not the eye. Such problems can usually be overcome by
providing a solid, comfortable head rest and encouraging
the patient to relax the neck muscles.

When the patient is first instructed how to do the test, the
tester should always observe the patient to make sure that
satisfactory eye movements are made. In addition, some
patients’ saccades may undershoot or overshoot, giving spu-
riously large or small responses. These can be dealt with by
averaging (see below) if the subject’s eye movements remain
constant throughout the test period. One condition in which
this may not be the case is when there is local central or
peripheral disease that makes it difficult for the patient to
visualize the fixation points. They may be easy to see in dark-
ness but become invisible against a brightly illuminated
background. When dedicated illuminators are used, a larger
opaque black area should surround the fixation points. In
some patients with very poor vision, it may be necessary to
make extreme eye movements if the fixation targets cannot
be seen. It has been suggested that in such cases, constant
eye movements can be made with the aid of proprioception.
The patient can be seated in a chair with arms, on which
the elbows can rest, and the forearms are placed vertically.
The patient is encouraged to move his or her eyes toward
the position of one thumb and then toward the other.

Finally, if the eye movements displace the electrodes, an
artifactual voltage can be recorded. These rapid deflections
at the beginning or ending of saccades are easily seen
(see the ISCEV standard) but should be absent in clinical
circumstances with an ordinarily competent electrode
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technique. They may be disturbing when passive rotations
of the eye are induced to obtain EOGs in small animals.
With blocking capacitors in the input amplifier giving a time
constant (high-pass filter) of 0.3s, alternating saccades give
a sawtooth response. Measurement of the peak-to-peak
amplitude of the sawtooth is easy, and many software pack-
ages allow horizontal cursors to be adjusted through the
average peak or trough voltages, disregarding any artifactual
voltage or incomplete movements that may occur.

All subjects can continue making eye movements for
about 10s, at I-minute intervals, without fatigue or discom-
fort. The record derived from such recordings is completely
suitable for experimental work. In clinical situations, it is
common either to make records at 2-minute intervals or to
make only a few measurements (e.g, with totally blind
patients). The aim is to determine the lowest level to which
the voltage sinks in darkness (the dark trough) and the peak
in subsequent illumination (the light peak). For further detail,
consult the ISCEV standard. The magnitude of the ratio of
these voltages gives an index of the change in RPE voltage,
which is the end result of the test. However, it is desirable to
provide more detail, and various schemes have been pro-
posed to provide standard traces without the need for meas-
urement and graph drawing. Often, records are made on a
very slow chart recorder (or its virtual equivalent) so that the
individual eye movements merge; the average excursion
during the 10 seconds or so of eye movement during each
minute can be visualized as a thick line, and a graph of
20 or more consecutive lines shows the slow change in
waveform.

In clinical tests, it is important to specify the degree of
dark adaptation and the intensity of the subsequent light
adaptation. Some workers advocate a prolonged pretest
period during which, in constant dim illumination, the
voltage becomes steady. This is desirable but adds to the
duration of the test and is not commonly employed. After
this, the subject is put in complete darkness for 10-12
minutes. This is sufficient time to produce a dark trough.
The time in the dark should be fixed, because when the light
is turned on, there is a relationship between the dark period
and the size of the subsequent rise. Although the maximum
rise 1s not achieved with less than 22 minutes of dark adap-
tation, the development of the light rise is much faster and
approximately exponential, relating to the regeneration of
rhodopsin, and after 12 minutes, the subsequent rise is
greater than 90% maximal.” The response is derived from
the entire retina, and therefore a Ganzfeld illumination with
white light is required. Ganzfeld bowls are recommended,
but (especially in view of the eye movements) ad hoc large-
field viewing (e.g, diffusely and evenly illuminated white
walls floor and ceiling) may suffice. It is important to adjust
illumination to compensate for individual variation and indi-
vidual change in pupil size with illumination. Two alterna-

tives are available. If a very bright light is to be used, then
saturated responses are obtained, and changes in pupillary
diameter compensate for any change in illumination.
Alternatively, the pupils may be dilated and the illumination
may be reduced to obtain a standard retinal illumination.

Even though much information is available from various
manufacturers, it is desirable to establish clinic normal
values of the light peak/dark trough ratio. For most centers,
the mean value will be 2.2 (220%), and the lower limit of
normal will be 1.8. There is some evidence that very large
values (more than 3) are indicative of abnormality.

“Crassic EOG” DEescriptioN  The patient is prepared in
dim lighting. The test begins with a reduction of light inten-
sity to zero. After 12 minutes, the full illumination is turned
on. Recording continues for more than 8 minutes, until the
light peak is past. Measurements are made of the dark
trough voltage, the light peak voltage, and the time to the

peak, which should not be greater than 9 minutes.

“Fast OsciLLation” DescriprioNn  The patients makes
nearly continuous eye movements (at a reduced rate or for
the last 155 of every minute). The illumination is turned on
and off every 60s. Six or more cycles are recorded (figure
11.4). Measurements are taken of eye movement voltages in
the last 10s of recording in each minute, and average values

of dark and light voltages are computed.

VARIANTS: STEADY STATE ~ The patient is maintained in dim
llumination until the voltage appears to be constant. The
full light intensity is turned on untl a light peak and sub-
sequent trough can be seen. The baseline and light peak
voltage are measured, as is the time to the light peak. The
later light trough voltage and time of light trough are not
usually measured in this form of the test.

Nonphotic responses

HYPEROSMOLARITY, ACETAZOLAMIDE, AND BICARBONATE

Tests In these tests, after a period of recording during
which a stable baseline is established, a chemical is infused
intravenously. It is advisable to set up a venous line before
the test begins and to incorporate a two-way tap in the line
so that normal saline can be infused during the pretest
period and the change in infusion can be made without the
subject’s knowledge. Otherwise, changes of recorded voltage
due to anxiety may affect the test.

Recording continues until the decrease in the voltage

reaches a lower level. With acetazolamide®”” and bicarbon-

ate,”¥%* the infusion causes a reduction in EOG voltage
until a trough is reached after 8-10 minutes (figure 11.5).
With hyperosmolar solutions, a rather slower fall
occurs.”*  Following the trough, the potential may

increase slightly if the infusion continues.
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Fieure 11.4  Recordings of the fast oscillation and the light rise
of the EOG, in the normal (top), and in a patient with Best’s disease
(bottom). The smaller solid arrows point to the FO’s (note that light
causes a decrease in voltage). The open broad arrows point to the

The quantity of acetazolamide that is recommended is
8-10mg/kg, given by slow intravenous infusion in a period
of 1 minute. Hyperosmolar solutions that are used consist of
0.9% normal saline with 25% weight/volume (w/v)
mannose added or 15% mannose plus 10% fructose
(1400 mOsmolar). The aim 1s to increase tissue osmolality by
15—20mOsm. In the bicarbonate test, 0.9% saline, to which
sodium bicarbonate 7% w/v has been added, is infused at
the rate of 0.83mg/kg per minute. Alcohol can also be
infused intravenously (see below). In the author’s experi-
ments, 4 g, 10% volume/volume (v/v) in 0.9% saline, can be
given in a period of 25 seconds. The use of several agents
can be combined in a sequence to reduce the number of

28,36,37,59,68,80,85,104
tests, 70 ee080

MEecHANISMS AND USEFULNEsSS — During the hyperosmolarity

trough, the light rise is abolished. However, following admin-
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peak of the light rise, which in Best’s in nearly absent. (Source:
Modified from Weleber RG: Fast and slow oscillations of the
electro-oculogram in Best’s macular degeneration and retinitis pig-
mentosa. Arch Ophthalmol 1989; 107:530-537.)

istration of acetazolamide, the light rise 1s unaffected (figure
11.6), so the two tests must provoke different retinal-RPE
mechanisms.”* Although experimental work on isolated
epithelia has indicated that the hyperpolarization of the
basal membrane may account for the decrease in voltage
associated with these agents, the precise mode of action is
unknown, so any abnormality that is detected is merely phe-
nomenological. The light EOG test depends on the integrity
of the retina, the subretinal space, and the retinal pigment
epithelium, and is thus affected by a wide range of patho-
logical processes. The recorded current is generated by
large regions of the retina/RPE and is often normal when
localized lesions develop.” These factors decrease the value
of the test. It was hoped that the sensitivity of the test to
widespread pathologies could make it useful as a screening
test, but other clinical methods (e.g, fundoscopy, angiogra-
phy, electroretinography, and field testing) provide more
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Fieure 11.5  The reductions in the EOG voltage caused by hyper-
osmolality and acetazolamide. The light peak is unaffected by these
agents. (Source: Modified from Kawasaki K, Yonemura D,

The mechanism of the “light rise”

Light absorbed by photoreceptors

Unknown iight-subsiana‘éﬁberated in subretinal space

Substance binds to receptors on apical surface of RPE

|
“second messengers” liberated into RPE cytosal

8

Chloride channels open‘?ﬁ basal RPE membrane

Ficure 11.6  Steinberg’s diagram of the mechanism of the light
rise. (Source: Modified from Steinberg RH: Interactions between
the retinal pigment epithelium and the neural retina. Doc Ophthal-
mol 1985; 160:327-346.)

detailed information more quickly. A desire to improve the
EOG and obtain a test that is specific for the RPE has driven
workers to investigate nonphotic EOGs. There are various
reported differences between the light EOG and the chem-
ically induced changes. Some are of interest in terms of
pathology. In Best’s disease, the light-EOG i1s “flat,” but the
acetazolamide response continues normally”*!** (see figure
11.4). Since acetazolamide affects carbonic anhydrase in the
RPE and can enter via the choroidal circulation, this lends
some support to the mechanism that has been proposed for
the light EOG. It has been found in small series that the
abnormality that is shown by these agents may be more
severe in cases of retinal degenerations (particularly X-
linked heterozygotes of RP) than is the case for the ERG

Madachi-Yamamoto S: Hyperosmolarity response of ocular stand-
ing potential as a clinical test for retinal pigment epithelial activity.
Doc Ophthalmol 1984; 58:375-384.

or the light rise. In AMD, the acetazolamide response con-
tinues normally until choroidal neovascularization appears.™
However, in advanced cases of RP, the acetazolamide

response is often normal.”

The alcohol EOG

In animal experiments and in humans, a rise in the d.c. level
1.5% Unlike the other agents that
are used to produce nonphotic EOGs, alcohol can be given

occurs after giving alcoho

by mouth. It also has important differences from the results
with the chemically provoked changes described above. Only
recently has there been a comparison of the nature and time
course of the changes caused by light and the change caused
by alcohol. After allowing for the time taken for alcohol to
pass from the gullet to the capillaries, both light and alcohol
appear to provoke exactly the same complex prolonged
voltage changes (within the limit of the experimental preci-
sion). The first peak, the first trough, and the second peak
are all so similar (given the equivalent doses of both agents)
that it seems that the responses to both agents must be
caused in the same manner and by the same mechanisms;
see below (figure 11.7). For low doses, the responses of light
and alcohol sum. For high doses, light and alcohol occlude,
that is, when both agents are given, the response is only very
slightly bigger than when each is given alone. The dose-
response curve for the “peak” and “trough” alcohol
responses are quite different. The latter requires approxi-
mately 20 times less alcohol than the peak. The quantity of
alcohol required to produce minimal changes in the EOG is
very small indeed: about 12mg/kg taken orally in a 7% v/v
solution. When alcohol 1s taken by mouth, the blood level
rises slowly for about 15 minutes, but the RPE voltage
changes are determined by the blood levels in the first few
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Freure 11.7  Addition of responses to weak light and small amounts
of alcohol. The responses to both agents sum. (Source: Modified from

minutes. A standard dose that produces acceptable voltage
changes is 220mg/kg, 20% v/v. With this, the peak blood
level never exceeds 80 mg/ 100 ml, and by the end of the test,
it is less than 40mg/ 100 ml, a level that is widely considered
to be lower than that which reduces motor efficiency and
judgment. The effective minimal blood alcohol concentra-
tion that causes any voltage change is too small to be meas-
urable with standard tests. This suggests that there is an
amplifier between the RPE mechanisms that generate the
voltage changes and the mechanisms that detect the changes
in the alcohol composition of the tissues. Alcohol is known
to act on a variety of tissues, including the central nervous
system, and a number of biochemical pathways have been
described. Very few experiments on the physiological effects
of alcohol have employed such low doses as those that
appear effective in the eye. There is at present no proof that
the isolated RPE responds to alcohol.

MobpeLING  In the absence of information about mecha-
nisms, attempts have been made to construct mathematical
models that would describe the time course of the EOG
changes.*>”” These treat the changes as a damped oscillation.
In view of the descriptions above, which indicate that the
carly rise and the subsequent fall are produced by different
mechanisms, it would be expected that the models would be
complex; in fact, a number of free parameters have to be
introduced before the model predictions correspond to
experimental observations.

Arden GB, Wolf JE: The human electro-oculogram: Interaction of
light and alcohol. Invest Ophthalmol Vis Sci 2000; 41:2722-2729.)

InrFERENCES FROM HUMAN WORK: DETERMINANTS OF SIZE AND
Duration Many experiments on human EOGs yield
interesting results, but without experimental recordings on
isolated tissues, the interpretation has to be the simplest
mechanism possible, and there is no guarantee that this is in
fact the case. The EOG appears to be dose dependent:
There is an approximate linear relationship between the
logarithm of retinal illumination and the magnitude of the
light peak that extends over 3.5 decadic units. More recently,
the same has been observed of the dose dependency of the
response to alcohol. A simple explanation is that the “light
substance” is liberated in quantities that are related to the
light absorptions in photoreceptors and the magnitude of
the effect of light or alcohol 1s governed by the law of mass
action. However, there is no proof of this, and the magni-
tude of the (very similar) voltage response to alcohol is not
related to the instantancous concentration of alcohol in the
blood. It is natural to consider that alcohol may liberate the
“light rise substance” but this is not so, because the effects
of light and alcohol do not interact as they must do if that
were to be the case. Figure 11.8 shows that when illumina-
tion is increased during the alcohol rise, the voltage pro-
duced by light simply sums with the voltage change
produced by alcohol. However, for each agent by itself, there
1s a pronounced effect of prior stimulation. A prior (low)
llumination level suppresses the response to a large step
increase of illumination (figure 11.9). In addition, the pres-
ence of alow concentration of alcohol in the blood prevents
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Ficure 11.8  Weak backgrounds of light greatly reduce the light rise (top left), but the amplitude of the alcohol response is the same in light and in darkness (bottom left). There-
fore alcohol cannot act by causing the production of the light rise substance. The boxes on the right show the comparative experiments: the alcohol response is greatly reduced if at
the time of ingestion there is any alcohol in the bloodstream, but the response amplitude is the same in darkness and in light.
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the development of an alcohol rise. However, the alcohol
response is scarcely affected by illumination, and the light
response 1is scarcely affected by established blood alcohol
concentrations. The time course of the production of the
“light rise substance” is unknown, but the very similar pro-
longed responses that are produced by alcohol can be mim-
icked by the brief mjection of a bolus of alcohol, which
rapidly disappears from the circulation. The simplest way of
accounting for these findings is that the mechanism that
causes the change in potential of the RPE (in this case, the
depolarization of the basolateral surface) is a slow intracel-

Alcohol must operate on the internal second messenger in the
RPE.

lular generator within the RPE cells, and a trigger
mechanism activates the generator. Extracellular change
(of the light substance or alcohol) operates the trigger
mechanisms, which then rapidly become desensitized.
The triggers release two types of second messengers
that activate the generator. A mechanism on the RPE
apical surface is apparently a receptor for epinephrine, at
nanomolar concentration.”” No such receptor has been
demonstrated for alcohol, which is also apparently active
at less than micromolar concentration in the RPE or
retina.
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Clnical utility of EOGs

Although the EOG is a simple test to carry out, all EOGs
are lengthy tests, and this limits their clinical utility. Fur-
thermore, while the light EOG is abnormal in a number of
conditions (e.g, retinal degenerations, retinal vasculopathies)
in which the retina is abnormal, as determined by inspec-
tion or electroretinography, these findings do not add to
diagnostic efficiency or reveal much about the underlying
pathophysiology, because the light rise originates in the
retina. The main exception is in Best’s disease and its vari-
ants, in which the EOG light rise is absent or very much
reduced. This occurs in the absence of severe visual or ERG
defects and is therefore pathognomonic. The diagnosis of
this condition demands carrying out an EOG. The simplest
explanation for the abnormality is that in Best’s disease,
there is a barrier between retina and apical RPE that pre-
vents the penetration of the “light substance” to the apical
RPE receptors. The fast oscillation response, which is caused
directly by a change in the subretinal potassium concentra-
tion, can still affect the RPE.?® Alcohol responses are present

m normal

in Best’s disease (though maybe delayed), but the alcohol can
penetrate from the choroid.

The development of a clinical test involving alcohol raises
the possibility of extending the value of electro-oculography.
So far, it has been shown that the alcohol response is absent
in all cases of retinitis pigmentosa, including (at least some)
heterozygotes for X-linked RP (Arden and Wolf, unpub-
lished) (figure 11.10). Since ERGs and fundal appearances
in such people are often very nearly normal and very rarely
seriously depressed, the results shown in figure 11.10 may be
of significant use, especially where genetic screens may not
be available. It may also have some bearing on pathogene-
sis. Patch-clamp studies show that L-type calcium channels
in the RPE (see chapter 5) are abnormal in at least one rat
dystrophy, carrying three times the normal current. The
relationships of conductance to protein tyrosine kinase and
protein kinase C agonists and blockers are also abnormal,
suggesting additional calcium channels. The importance of
the calcium channel is that it is concerned both in phago-
cytosis and in [Ca®'];, regulation and thus the operation the
second messenger systems that open the chloride channels

Freure 11.10  Alcohol EOGs in X-linked RP. The response is absent in the propositus, but his mother and sister, although having almost

Voltage changes

2.4
2.3
2.2
2.1

1.9
1.8
1.7
1.6
1.5
1.4
1.3
1.2
1.1

0.9
0.8
0.7
0.6

B ¢ female sib

A mother
@ propositus

alcohol EOGs in an X linked family

-10 0
Time after alcohol (minutes)

normal retinal function, have grossly abnormal alcohol EOGs.
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Fieure 11.11 EOGs evoked by light and by alcohol in
normal subjects, and by age-matched patients with age-
related macular degeneration. The standard errors are shown
for every data point. Those for the patients are as small as the
symbols. Note that although the RPE responses are all

in the basal surface of the RPE. This finding suggests that
an alteration in RPE function occurs in retinal degenerations
and may contribute to them.”*”*'”! The alcohol EOG is also
abnormal in age-related maculopathy, whereas the light
EOG test is much less affected” (see figure 11.11). (However,
see Ref. 103.) Hyperosmolarity EOGs also show abnormal-
ity in choroidal neovascular disease but not in AMD without
neovascularization.” It has been suggested that the alcohol
abnormality in ARM may be the result of a barrier between
the RPE and the choroid that prevents entry of alcohol to
the sites where it can affect the RPE. This may be of sig-
nificance in the pathology of ARM but has little diagnostic
possibility, even though early cases of ARM show reduction
and delay in the alcohol peak, unless there is a direct and
simple relationship between the degree of alcohol EOG
abnormality and the severity of ARM.

Clinical findings of general interest in the last 10 years

Apart from the matters discussed above, 273 papers on the
EOG have been published since 1993, according to Medline.
Most of these relate to findings in series of patients with
varying pathologies, in which the EOG was part of a battery
of diagnostic tests given to all patients. There are, however,
some current issues relating to the EOG.

Vigabatrin retinopathy has been reported to cause a con-
siderable change to the EOG in many patients, and this is

abnormal the alcohol EOG is clearly more affected. (Source:
Modified from Arden GB, Wolf JE: Differential effects of light
and alcohol on the electro-oculographic responses of patients
with age-related macular disease. Invest Ophthalmol Vis Sct 2003
44:3226-3332.)

taken as evidence that this drug can alter RPE func-
tion.'"'%*** The frequency of abnormality is greater than
that of the ERG and is much less in patients on Vigabatrin
who do not have field defects. If field defects reverse, the
EOG abnormality may remain. However, cases have been
reported with normal EOGs, and the value of carrying out
EOGs in patients under treatment remains undetermined.
It has been reported that malignant melanomata of the
posterior uveal tract cause abnormalities in the EOG," and
in a large multicenter study, this finding was claimed to be
of use in distinguishing between naevi, other forms of retinal
detachment, and metastasis into the eye.” ™ However,
malignant choroidal melanomata have been observed with
normal EOGs.”" The EOG has been reported as abnormal
in cases of Desferrioxamine toxicity,”® which is not surpris-
ing in view of the effect in reducing the rate of dark adap-
tation." However, other methods of assessing toxicity have
been reported.'™” A number of authors have emphasized
the utility of the EOG in experimental studies involving the
genotyping of various retinal degenerations (especially the
carrier states of these conditions), from retinitis pigmentosa,
Usher’s syndrome, Best’s disease, helicoidal peripapillary
chorioretinal degeneration, neuronal ceroid lipofuscinosis,
senior syndrome, choroideremia, and butterfly dystrophy.
Abnormalities have been reported in multiple evanescent
white dot syndrome and in immunodeficiency syn-
dromes 2HH3BABII0TT0THII 269100100 [t hag been reported
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that

in some cases of pigmentary disturbance or in degen-

erations with symptoms occurring delayed to late in life,

EOG disturbances are more frequent and profound than are
ERG disturbances.”* It has been shown that the fast oscilla-

tion

is abnormal (although the ordinary light-evoked EOG

1s unaffected) in patients with cystic fibrosis and determined
abnormalities in the CFTR, a cAMP-dependent membrane

chloride channe

1.°% Finally, it has been reported that the

EOG was abnormal in a person who had been struck by
lightning.”'

10.

11.

12.

13.

14.
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