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PREFACE

Neurochemistry as a discipline began about a century ago with the pioneering work
of Thudichum who catalogued the chemical constituents of the brain. At about the
same time, Kuhne identified a visual pigment in the retina of the eye. From this
discovery has developed a body of knowledge that is associated specifically with vi-
sual research but which holds truths and principles applicable to neurochemistry in
general. The International Symposium on the Neurochemistry of the Retina held in
Athens, Greece, was dedicated to bringing neurochemists together with visual scien~
tists so that cross-fertilization between the two disciplines could occur and, hope-
fully, the fruits of this interaction would bring conceptual advances, profiting
both disciplines.

In some species, the retina acts as a tiny brain telling the animal whether to
strike at food or retreat from a predator. In all vertebrates, the retina is de-
rived embryonically from an out-pocketing of the central nervous system, and the
mature retina and brain share many features in common. For example, the retina lies
within a protected blood-retinal barrier, and associative neurons of the retina are
involved in the complicated process of information transfer. The retina differs from
the brain, however, in that during differentiation, a population of retinal neurons
become specialized for the absorption of light and for the ability to transduce the
light-triggered signal into a change in membrane polarization.

All visual cells are not identical in the retina, and they can be subclassified
morphologically and functionally into rods and cones. Rod visual cells have morplol-
ogically unique outer segments which are composed of stacks of membranous disks in
which the visual pigment, rhodopsin, is embedded; they respond to low levels of il-
lumination and interact with many second-order neurons of the retina. Cone visual
cells possess outer segments which are shorter than those of rod photoreceptors and
which contain a visual pigment (not rhodopsin) in closely opposed folds of the re-
ceptor plasma membrane; they respond to high intensity light and interact with few-
er second-order neurons than do the rod photoreceptors. The rod system functions at
night or in subdued lighting, and the images perceived by the rod system are gray or
black and white. The cone system is functional in daylight, and the images are per-
ceived in color.

We now know that rods and cones both are active continuously in the dark and that
both are inhibited by light. This reality is not perhaps what one would expect;
however, it is only one of the amazing discoveries that have recently emerged. The
cessation of neurotransmitter release by photoreceptor cells upon exposure to light
is the signal which alters the potential of second-order neurons and which initiates
a series of cell: cell interactions within a discrete visual field circuitry.

Associative neurons and bipolar cells provide the ganglion cells with processed
information that is transmitted to the brain. The cell: cell interactions which
apparently control and define information processing in the retina are probably
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identical to those of the brain. Recent advances in visual research suggest that
it may be possible to identify and characterize the entire retinal circuitry.

It is intriguing how a neuron which cannot renew itself by cell division can re-
main vigorous and healthy throughout a lifetime. Photoreceptor cells remain bio-
chemically young by continuously renewing their cellular constituents; this manner
of rejuvenation may be universal among non-replicating cells. Membrane renewal has
been documented beautifully in rod visual cells where the membranes 6f the outer
segment are produced within the cell body, assembled at the base of the outer seg-
ment, pushed toward the tip of the outer segment by the assembly of new membranes
and, finally, shed from the tip of the outer segment, only to be ingested and phago-
cytized by the adjacent pigment epithelium cells. The renewal of cone membranes
differs slightly from that of rods due to the morphological organization of their
outer segments.

Visual cell renewal mechanisms are attuned to a daily rhythm, with rods shedding
membranes at dawn and cones shedding membranes at dusk. Overall, the renewal pro-
cess provides for a visual cell that is continuously in good repair. Hopefully, an
analogous process in the brain keeps the neurons in a state of youthful vigor.

An inability to renew the biochemical machinery of the cell or an inherited defect
in the metabolism or function of visual cells can lead to pathological changes that
result in cell degeneration and blindness. Rod visual cells seem to be especially
susceptible to abnormal levels of cyclic GMP and of specific amino acids. Cyclic
GMP appears to be an important regulatory component of rod photoreceptors but its
role in visual cell degeneration has yet to be defined. Similarly, it is unclear
why low systemic levels of taurine or high systemic levels of ornithine lead to vi-
sual cell degeneration and blindness.

Much has been discovered in the past decade about the morphology, physiology and
biochemistry of visual cells and the capabilities of second-order neurons to process
visual information. It is a pleasure to share some of these findings with neuro-
chemists who have not kept abreast of the vision literature. In order to facilitate
the flow of ideas and information between individuals, the Symposium in Greece was
designed so that free and open discussion occurred in the formal sessions and during
leisure time. The Symposium was a rewarding experience for speakers and participants
alike. Perhaps, this volume will convey the spirit of the meeting to those who were
unable to attend.

We gratefully acknowledge financial support from Fidia Pharm. Research Laborato-
ries, Abano Terme, Padua, Italy; Sandoz Ltd., Basel, Switzerland; The Ministry of
Culture and Sciences of Greece and The National Foundation March of Dimes, White
Plains, New York. We are very grateful to the Instituto de Investigaciones Bio-
quimicas (INIBIBB), Universidad Nacional del Sur-Consejo Nacional de Investigacio-
nes Cientificas y Técnicas (CONICET) of Bahia Blanca, Argentina, where the organi-
zation and plamning of the Symposium was done. Pergamon Press has made possible
an early publication . We are indebted to Drs. Norma M. Giusto and Marta I. Avel-
dano de Caldironi for their invaluable help. We are particularly thankful to Mrs.
Maria Haydée Salaberry de Saint-Lary; Lic. Antonio P. Marcattili and Mrs. Lucia
Mabel Fernandez de Ljutek for their very able editorial asistance.

Nicoldas G. Bazin

Richard N. Lolley
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TRANSVERSE DISTRIBUTION OF PHOSPHOLIPIDS IN THE VERTEBRATE
PHOTORECEPTOR MEMBRANE
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Dept. of Biochemistry, University of Nijmegen,
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ABSTRACT

A study has been made of the distribution of the three major phospholipids of the
bovine photoreceptor membrane over the two faces of the lipid bilayer.

Three different approaches have been used: a. Treatment of isolated intact outer
segments and disk vesicles (lysed outer segments) with three different phospholipas-
es and determination of the degradation pattern. As randomized control preparations
a retinal lipid suspension and detergent solubilized disks were used. b. Treatment

of intact and lysed outer segments with the amino group reagent trinitrobenzenesulfo-
nic acid (with and without treatment by phospholipase D) and determination of modifi-
cation of phosphatidylethanolamine and phosphatidylserine. c¢. Determination of the
fatty acid composition of the membrane phospholipids during treatment by phospholi-
pase D or TNBS.

The results consistently indicate a nearly symmetric distribution of phosphatidyl-
choline, phosphatidylethanolamine and phosphatidylserine and their fatty acids over
the two membrane faces, with a slight preponderance of the first phospholipid on the
inner side and possibly a slight excess of the second one on the outer side.

KEYWORDS

Asymmetry, fatty acids, phospholipases, phospholipids, photoreceptor membrane,
trinitrobenzenesulfonate.

INTRODUCTION

The importance of the phospholipid environment for proper functioning of membrane
proteins is by now well documented (see e.g. Sanderman, 1978). Membrane bound en-

. .. e . . 2+ . 2+
zymes commonly require phospholipids for activity, in some cases like Ca -Mg ac-

tivated ATPase an annulus of about 30 moles of phospholipids per mole of enzyme

(Warren and others, 1975), in others like Na+—K+ activated ATPase a larger cloud of
at least 90 moles of phospholipids per mole of enzyme (De Pont and others, 1978).

In the case of the photoreceptor membrane removal of 90 % or more of the 65 moles of
phospholipid normally present per mole rhodopsin severely lowers the thermal stabil-
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ity and the regeneration capacity of the visual pigment and blocks its photolytic
sequence after the formation of metarhodopsin I (Van Breugel and others, 1978) in
parallel with lateral aggregation of the rhodopsin molecules (0live and others,
1978), which changes are completely reversible upon detergent-mediated reconstitu-
tion with phospholipids. There appears to be little specificity for a particular
phospholipid in these three cases (see e.g. De Pont and others, 1978).

It is generally agreed that the phospholipids in cell membranes are arranged in
large part as a bilayer (Singer, 1974). TFor the photoreceptor membrane this has

recently been confirmed by means of 31P—NMR studies (De Grip and others, 1979b).
This membrane hasas its three major phospholipids phosphatidylcholine, phosphatidyl-
ethanolamine and phosphatidylserine, comprising 36, 45 and 16 % of total phospho-
lipid, respectively (Anderson and others, 1975).

In recent years studies have been made to determine how the various phospholipids
are distributed between the two faces of the bilayer, since this could obviously be
of significance for our understanding of the role of phospholipids in membrane func-
tion. It has been claimed that asymmetric distribution of phospholipids occurs in
various biological membranes (Rothman and Lenard, 1977), although there is contro-
versy in a number of cases especially with regard to intracellular membranes (see
e.g. Van den Besselaar and others, 1978). It is clear that different independent
methods need to be used with appropriate caution before reliable conclusions can be drawn.

In this paper we describe the methods used by us and the results obtained for the
rod photoreceptor membrane, which can be considered to be an intracellular mem-
brane.

EXPERIMENTAL APPROACHES

The methods that can be used include the application of phospholipases, of group
specific reagents, of phospholipid exchange proteins and of NMR spectroscopy (Ber-
gelson and Barsukov, 1977). The first two methods have been applied by us so far.

Three phospholipases, phospholipase As, C and D, have been employed to determine the

distribution of the three major phospholipids of the photoreceptor membrane. Phos-
pholipase A, removes the fatty acid from the glycerol-C-2 position with the formation

of a lysophospholipid. Phospholipase C removes the phosphate ester, leaving a di=-
glyceride. Phospholipase D removes the base group, leaving phosphatidic acid. 1In
all cases two-dimensional thin layer chromatography with phosphate determinations
of the spots is used to determine the phospholipids and their water-insoluble
hydrolysis products (Broekhuyse, 1968). Ii addition, phosphate analysis of the
aqueous layers is performed to allow determining a complete balance of the phospho-
lipid breakdown.

This approach is based on the assumption that these enzymes will not penetrate an
intact membrane, and thus will only attack the phospholipids in the outer membrane
face. This requires the use of intact outer segments with stacked disks to ensure
right-side-out photoreceptor membrane orientation, and the observation of the early
phase of enzymatic degradation to minimize the risk of membrane and phospholipid
inversion. Fresh preparations must be used, since freezing and thawing may invert
the photoreceptor membrane (Adams and others, 1979). 1In addition, the specificity
of the phospholipases toward different phospholipids should be taken into account.
Randomized control preparations are used for this purpose.

The other approach involves the use of trinitrobenzenesulfonate (TNBS), which reacts
with the free amino groups of phosphatidylethanolamine and phosphatidylserine yield-
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ing their trinitrophenyl derivatives. These derivatives appear as discrete yellow
spots on the two-dimensional thin layer chromatogram (Gordesky and others, 1975).

The approach is again based on the assumption that the reagent will not penetrate
the membrane or reverse the membrane orientation or cause phospholipid inversion.
This requires selection of suitable reaction conditions and comparison of the effects
fects with those on randomized control preparations. In addition to reaction with
TNBS alone, the treatment can also be combined with phospholipase treatment before
or after reaction with TNBS, which allows a direct comparison of the effects of the
two agents.

Finally, the distribution of fatty acids in the phospholipids on either side of the
membrane can be determined by gaschromatographic analysis of the methylated fatty
acids (Morrison, 1964) present in the TLC spots before and after treatment of the
membrane preparation with phospholipase D or TNBS.

EXPERIMENTAL DETAILS

Photoreceptor Membrane Preparations

The intact outer segment preparation ("stacked disks") consists of bovine rods
isolated by density gradient centrifugation is a sucrose-Ficoll 400 medium (Schnet-
kamp and others, 1979). Electromicroscopic observation reveals stacked disks,
surrounded by plasma membrane, closely resembling outer segment structure in situ,
which ensures right-side-out orientation of the photoreceptor membrane in this pre-
paration.

For comparison water~lysed outer segments isolated by sucrose density gradient cen-
trifugation (De Grip and others, 1972) are used. Electromicroscopic observation
shows globular unilamellar vesicles ("disk vesicles"), in which membrane inversion
may have taken place to some extent.

As a randomized control preparation for the determination of phospholipase specific-
ity a "retinal lipid suspension" is employed. The lipids of whole cattle retina are
extracted (Bligh and Dyer, 1959) and after solvent evaporation suspended and sonic-
ated in 0.16 M Tris-HCl buffer (pH 7.4). The phospholipid composition of this pre-
paration sufficiently resembles that of rod outer segment to allow its use as a con-—
trol preparation for determining the enzyme specificity. Phespholipase D requires

for optimal activity 40 mM Caz+, which causes flocculation of the phospholipid sus-
pension. Hence, for this enzyme a detergent solubilized disk preparation ('solubi-
lized disks'") is used, prepared by dissolving disk vesicles in 20 mM B-l-nonylglu-
cose in 0.16 M Tris-HCl, pH 6.0 (De Grip and Bovee Geurts, 1979a).

Phospholipase A2 Treatment

Phospholipase A2 (E.C. 3.1.1.4) from pig pancreas is a gift of Prof. G.H. de Haas,

Dept. of Biochemistry, University of Utrecht, The Netherlands. The stacked disks
are resuspended in a medium containing 600 mM sucrose, 5% (w/w) Ficoll 400, 20 mM
Tris-HC1 (pH 7.4). Disk vesicles (and retinal lipid suspension) are resuspended in
0.16 M Tris-HCl (pH 7.4). Incubation is carried out at 20 °C in the presence of 10
mM CaCl2 in darkness, and is started by adding an appropriate amount of enzyme solu-

bilized in water. The reaction is stopped by adding an excess of icecold buffer
containing 10 mM EDTA, but in the case of retinal lipid suspension by adding the
chloroform-methanol extracting mixture.

During phospholipase A, treatment the decrease for each phospholipid is completely

2
accounted for by the increase in the corresponding lysocompound, except that a
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Fig. 1. Treatment with phospholipase A2' Percent retention of in-

dividual phospholipids (closed symbols) and percent overall
hydrolysis (open symbols) upon treatment of stacked disks,
disk vesicles and retinal lipid suspension are shown. PC=
phosphatidylcholine, PE= phosphatidylethanolamine, PS= phos-
phatidylserine, LPL= lysophospholipid.

small amount of lysophosphatidylserine is lost during washing.

The observed order of preference of phospholipase A2 for retinal lipid suspension

is:phosphatidylserine > phosphatidylethanolamine > phosphatidylcholine. The same
order of preference is found with stacked disks and disk vesicles (Fig. 1).

At high enzyme concentrations all phospholipids in these two preparations are com-

pletely converted to their lysoproducts (Table 1), suggesting that ultimately this

enzyme penetrates the disk membrane or causes membrane inversion. The initial rate
of hydrolysis (first 10 min) is lower for stacked disks than for disk vesicles and

retinal lipid suspension (Table 2). The preference for negatively charged phospho-
lipids is in agreement with earlier observations (De Haas and others, 1968).

TABLE 1. Final Phospholipid Hydrolysis
Enzyme Stacked disks Disk vesicles Reference
Phospholipase A2 100 100 100
Phospholipase C 98 97 99
Phospholipase D 40 53 77

Results are expressed as percent
tially present hydrolyzed by the
hours under conditions described
nal lipid suspension in the case

and solubilized disks in the cas

of total phospholipids ini-
indicated enzyme in up to 3
in text. Reference is reti-
of phospholipases A2 and C,

e of phospholipase D.
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TABLE 2. Initial Phospholipid Hydrolysis

Phospholipid Stacked disks Reference Ratio

Phospholipase A2

Total phospholipids 14 23
Phosphatidylcholine 30 38 0.79
Phosphatidylethanolamine 45 36 1.25
Phosphatidylserine 25 26 0.96
Phospholipase C
Total phospholipids 33 59
Phosphatidylcholine 38 49 0.75
Phosphatidylethanolamine 47 48 0.98
Phosphatidylserine 15 3 (5)
Phospholipase D
Total phospholipids 9 32
Phosphatidylcholine 54 61 0.89
Phosphatidylethanolamine b4 37 1.20
Phosphatidylserine 2 2 1

Total phospholipids: percent of initially present phospholipid
hydrolyzed in first 10 min of incubation. Results for disk
vesicles are in all cases intermediate between those for Stacked
disks and Reference (explanation under Table 1).

Results for individual phospholipids are expressed as percent of
total phospholipids hydrolyzed in first 10 min of incubation.

Phospholipase C Treatment

Phospholipase C (E.C. 3.1.4.3) is isolated from cultures of B.cereus (Otnaess and

others, 1972) and stored in 50% glycerol, 1 mM.ZnClZ. The incubation conditions

are the same as those for phospholipase A,, except that no CaCl2 is added.

2
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Fig. 2. Treatment with phospholipase C. Percent retention of indi-
vidual phospholipids (closed symbols) and percent overall hy-
drolysis (open symbols) upon treatment of stacked disks, disk
vesicles and retinal lipid suspension are shown. Abbrevia-
tions as in Fig. 1.
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During phospholipase C treatment there is quantitative agreement between the de-
crease of phospholipids and the amount of phosphate ester appearing in the aqueous
supernatant (measured as inorganic phosphate after acid hydrolysis).

The substrate preference for retinal lipid suspension is: phosphatidylethanolamine
> phosphatidylcholine > phosphatidylserine, in agreement with an earlier report of
Roberts and others (1978). The same order of preference is observed for stacked
disks and disk vesicles (Fig. 2). The initial rate of hydrolysis is again lowest
for stacked disks (Table 2).

Exhaustive treatment of all three preparations with phospholipase C results in near-

ly complete hydrolysis of the phospholipid, the residual phospholipids consisting
almost exclusively of phosphatidylserine (Table 1).

Phospholipase D Treatment

Phospholipase D (E.C. 3.1.4.4) is isolated from Savoy cabbage (Davidson and Long,
1958) or obtained from Boehringer (Mannheim), both preparations giving the same re-
sults. Stacked disks are resuspended in a medium containing 600 mM sucrose, 5% (w/
w) Ficoll 400, 20 mM Tris-maleate (pH 6.0). Disk vesicles and solubilized disks are
resuspended in 0.16 M Tris-maleate (pH 6.0). Incubation is carried out at 30 °C at

pH 6.0 in the presence of 40 mM CaCl2 in darkness (optimal conditions). The re-

action is started by the addition of the enzyme in aqueous solution, and is stopped
by the addition of excess icecold buffer containing 10 mM EDTA for stacked disks and
disk vesicles and of chloroform-methanol extraction mixture for solubilized disks.

Under the conditions specified here no transferase activity of phospholipase D is
observed. There is, however, in the phospholipase D preparations phosphatidate
phosphohydrolase (E.C. 3.1.3.4) activity, which hydrolyses phosphatidic acid to di-
glyceride and inorganic phosphate (Davidson and Long, 1958). This explains why we
always find less phosphatidic acid formed than expected from the decrease in phos-
pholipids. The sum of phosphatidic acid in the lipid phase and inorganic phosphate
in the aqueous phase fully accounts for the amount of phospholipids hydrolysed.

Disk vesicies
Stacked disks Disk vesicles solubilized n detergent

100 PS r 100

PE
PC

60 -

40

percent retention
sisAjoupAy juadsed

40 0 10 20 30 “0
minutes

Fig. 3. Treatment with phospholipase D. Percent retention of individ-
ual phospholipids (closed symbols) and percent hydrolysis
(open symbols) upon treatment of stacked disks, disk vesicles
and solubilized disks (in nonylglucose). Abbreviations as
in Fig. 1. PA: phosphatidic acid.

The substrate preference in solubilized disks is: phosphatidylcholine > phosphatidyl-
ethanolamine > phosphatidylserine. The same order of preference is found for
stacked disks and disk vesicles (Fig. 3). The initial rate of hydrolysis decreases
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N

in the order solubilized disks > disk vesicles > stacked disks, indicating a de-
creasing availability of the phospholipids in this order (Table 2).

In contrast to the situation for phospholipase A2 and C, there is a limited final

level of hydrolysis upon treatment of stacked disks and disk vesicles with phospho-
lipase D (Table 1). About 50% of phosphatidylcholine and phosphatidylethanolamine
and nearly all phosphatidylserine are resistant under our conditions. No additional
hydrolysis is found upon removal of the water-soluble hydrolysis products by cen-
trifugation or dialysis and addition of fresh enzyme. So it seems that in this

case no penetration of the enzyme or membrane inversion occurs. Hence treatment
with phospholipase D has been used in connection with TNBS treatment and in deter-
mining fatty acid distribution.

Trinitrobenzenesulfonate Treatment

Treatment of preparations (3-4 UM in rhodopsin) with 2,4,6-trinitrobenzenesulfonate
(TNBS, BDH Chemicals Ltd., England) is carried out at 20 °C in darkness in 0.16 M
Tris-HC1 (pH 7.4) or in 40 mM 3-morpholinopropanesulfonate (Merck, W.-Germany), 2

mM CaCl2 , 3mM MgClZ, 140 mM NaCl (pH 7.4). For experimentsat pH 8.5 0.12M NaHCOB, 40 mM Na~

Cl is used. Overall modification is determined by adding 1 N HC1 (to final pH 2-3)
and Triton X-100 (to final concentration of 1 %) and reading the 340 nm absorbance
with suitable corrections for rhodopsin absorbance, light scattering and extraneous
TNBS hydrolysis. Modification of each phospholipid is determined by stopping the
reaction with 0.2 M acetate buffer (pH 5.5), followed by centrifugation and extrac-
tion of the pellet with chloroform-methanol and subjecting the extract to two-di-
mensional thin layer chromatography.

Disk vesicles have been used to determine optimal conditions for the reaction with
TNBS, both with regard to speed and to impermeability of the membrane for the re-
agent. Two pH values (pH 7.4 and 8.5) have been compared. At the higher pH of 8.5
nearly 100% modification of phosphatidylethanolamine and 50% modification of phos-
phatidylserine is reached after 3 hrs with 1 mM TNBS. At pH 7.4 the modification
reaches 50-60% for phosphatidylethanolamine and 40-50% for phosphatidylserine after
3 hrs, while after 1 hr their modification is only slightly less. Varying the TNBS
concentration from 0.5 to 8 mM at pH 7.4, it is found that a 1 mM concentration is
most suitable. This concentration represents a 5-fold excess with respect to the
total number of free amino groups (52 per rhodopsin molecule, consisting of 27 phos-
phatidylethanolamine, 9 phosphatidylserine and 16 lysine; De Grip and others, 1973).
These free amino groups are fully modified by TNBS at pH 7.4 in the presence of 1%
Triton X-100. These findings suggest that treatment with 1 mM TNBS for 1 hr at pH
7.4 and 20 °C is optimal for our purpose. The minor additional modification upon
further treatment is probably due either to reagent penetration or to reagent-—
induced membrane inversion. The latter process appears unlikely in view of the
results obtained with combined treatment with TNBS and phospholipase.

Stacked disks treated with 1 mM TNBS at pH 7.4 show the reaction profile presented
in Fig. 4. Within 1 hr 55% phosphatidylethanolamine and 407% phosphatidylserine
has been modified, whereas in the next 2 hrs less than 10% of each phospholipid is
additionally modified as also observed for the disk vesicles. Since the determina-
tion of trinitrophenyl-phosphatidylserine is hampered by some loss of this compound
during extraction and by its rather weak colour, the profile for this substance has
been omitted from Fig. 4.

Experiments involving successive treatments with phospholipase D and TNBS have also
been carried out. After 0, 0.5 and 3 hrs incubation of stacked disks with phospho-
lipase D (as described before), the reaction is stopped by addition of EDTA-contain-
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ing buffer, the pellet obtained after centrifugation is suspended in the TNBS-medi-
um. After incubation for 0, 0.7, 1, 2 and 3 hrs the reaction is stopped by adding

acetate buffer (pH 5.5) and phospholipid analysis is carried out. After phospho-

lipase D treatment for 3 hrs nearly 50% phosphatidylethanolamine is hydrolysed and

during 3 hrs TNBS treatment there is only little further modification of this phos-
pholipid (Fig. 5). On the other hand, after phospholipase D treatment only a few

percent of phosphatidylserine is hydrolysed, but it is modified up to about 50% in

less than 1 hr by subsequent TNBS treatment. Similar results are obtained when the
reaction sequence is reversed.

100
el
Lso ©
a
(= o
5 2
s L 60 3
v 8
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- 20
/
/
/
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0 60 120 180
minutes

Fig. 4. Treatment of stacked disks with TNBS. Percent retention
(closed symbols) and perceut modification (open symbols)
of individual aminophospholipids upon treatment of stack-
ed disks is shown. Abbreviations as in Fig. 1. TNP-PE:
trinitrophenyl~PE.

These results suggest that neither of the two treatments causes significant reagent
penetration or membrane inversion, and that phosphatidylethanolamine and phosphati-

dylserine are about equally distributed over the two membrane faces.

Fatty Acid Distribution

The fatty acid composition of the phospholipids before and after treatment with
phospholipase D and of the resulting phosphatidic acid has been determined by means
of gaschromatography (Morrison, 1964). After separation of the phospholipids by
two-dimensional thin layer chromatography (Merck Silicagel 60 HR plates), the spots
are visualized by means of a 0.001 % aqueous solution of l-amino-2-hydroxynaphthal-
enesulfonate-4 (Merck, W.-Germany). The spots are scraped off and transferred to

1 ml methanol~acetylchloride (9:1 v/v). Heating for 15 min at 100 °C gives phospho-
lipid hydrolysis and methylation of the released fatty acids. The methylated fatty
acids are extracted by addition of pentane and water. The pentane extract, after
drying with Na2 SOA’ is evaporated and the residue is taken up in iso-octanol. The

resulting samples are analysed in a Pye-Unicam 204 chromatograph with flame ioniza-
tion detector. Chromatography takes place at 210°C on a glass column with 10% SP-
2330 in 100/120 Supelcoport (Supelco Inc., Bellefonte, PA, USA).

The fatty acid composition of outer segments and of the three major phospholipids is
shown in Table 3. There are no great differences in fatty acid composition of the
phospholipids, except the high C 16:0 content in phosphatidylcholine, which is com-
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pensated by highe» C 18:0 and C 22:6 contents in phosphatidylethanolamine and a high
C 24 content in phosphatidylserine. The results are in good agreement with those
recently published by Miljanich and others (1979) and Stone and others (1979), while
they show a higher C 22:6 content than earlier studies (e.g. Anderson and others,
1975).
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Fig. 5. Successive treatment of stacked disks with phospholipase D
and TNBS. Percent retention (i.e. left unmodified by either
agent) of phosphatidylethanolamine (PE) and phosphatidylse-
rine (PS) upon treatment of stacked disks with phospholipase
D for O hr (e), 0,5 hr (@& : 20% PE, 1% PS, 29% PC hydrolysis)
and 3 hrs (®: 50% PE, 3% PS, 55% PC hydrolysis), followed by
treatment with TNBS (open symbols).

When stacked disks are incubated with phospholipase D and samples taken after 10, 30,
and 60 min are analyzed, the fatty acid contents of the remaining phospholipids and
the resulting phosphatidic acid do not show any significant changes during enzymatic
hydrolysis (Fig. 6). The same was true for blank .ncubations without phospholipase
D. This indicates that there is no asymmetric distribution of phospholipid~bound
fatty acids between the two faces of the photoreceptor membrane. Nearly identical
results are obtained with TNBS modification.

DISCUSSION

Conditions for Valid Conclusions

As set forth before under Experimental Approaches, four requirements must be fulfilled
in order to allow valid conclusions on the distribution of the phospholipids over
the two faces of the photoreceptor membrane to be drawn.

First, a preparation must be used in which the membrane has the right-side-out orien-—
tation and retains it during treatment. This condition has been met by using fresh-
ly isolated outer segments with a stacked disk structure. Their morphology in
phase-contrast microscopy and electronmicroscopy resembles that of rod outer segments
in situ so closely that membrane inversion during isolation can be ruled out.

During the initial stage of phospholipase treatment (10 min, up to 1/3 overall phos-
pholipid hydrolysis) their morphology remains unchanged. Hence, we may conclude

that no inversion occurs during the initial stage of phospholipase treatment.
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TABLE 3. Fatty Acid Content of Outer Segments and of the
Major Phospholipids
fatty acid outer segments PC PE PS
C 16:0 19.9 30.6 12.6 4.1
C 18:0 22.1 19.4 25.0 21.0
C 18:1 3.3 4.5 4.2 1.5
C 18:2 - 0.9 0.9 -
C 20:4 4.8 2.7 2.4 4.3
C 22:4 1.6 0.4 0.8 3.0
C 22:5 w6 2.3 0.9 1.5 1.6
C 22:5 w3 1.9 1.4 1.4 3.3
C 22:6 43.0 35.9 50.2 48.1
C 24:4 - - 3.9
C 24:5 1.2 - - 9.3
Phospholipids in percent of total phospholipids : 36% phosphati-
dylcholine (PC), 44% phosphatidylethanolamine (PE), 15%
phosphatidylserine (PS). All values are expressed as mole
percent.
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Effect of phospholipase D treatment on fatty acid com-
position of stacked disks. Closed symbols and solid
lines represent content of fatty acid indicated.
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pholipid analyzed. Abbreviations as in Fig. 1.
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Secondly, the phospholipases and TNBS must not penetrate the membrane during treat-
ment. In the stacked disk preparation the rod sacs are intact and remain intact.
Penetration into the rod sacs of the phospholipases AZ’ C and D, which are water-

soluble proteins of molecular weights over 14,000, is unlikely. Penetration of the
water-soluble reagent TNBS, especially at pH 7.4 for up to 1 hr, also appears un-
likely. Only when after prolonged treatment a substantial part (50% or more) of the
phospholipids is hydrolyzed or modified, must we expect changes in the membrane
structure, such as membrane inversion, and/or penetration of the enzyme or TNBS.
This clearly happens with phospholipases A2 and C, which give nearly complete hydro-

lysis of the phospholipids after 1-3 hrs incubation. Hence, it iz necessary todraw
our conclusions from the effects of the initial stage of treatment with phospholip-

ases A2 and C (ca 10 min) and TNBS (up to 1 hr at pH 7.4). For phospholipase Deven

extensive treatment (up to 3 hrs) does not give more than 40% overall hydrolysis of
phospholipids in stacked disks. It is also worth noticing that the presence of re-
sidual plasma membrane in stacked disks does not seem to present a significant
barrier to phospholipase or TNBS action, since no initial lag period in their action
is observed and their overall effects are far too large to be restricted to the out-
er face of the plasma membrane.

Thirdly, the specificity of the agents towards the individual phospholipids should
be taken into account. This has been done by comparing the effects of the phospho-
lipases on the stacked disks with those on a reference preparation with randomized
phospholipid orientation. The retinal lipid suspension used for this purpose also
shows hexagonal and inverted micellar phases (De Grip and others, 1979b), indicating
that the phospholipids in this preparation are randomly available. Disks solubi-
lized in 20 mM nonylglucose, which is above its critical micelle concentration (6.5
mM; De Grip and Bovee-Geurts, 1979a), must also have a random phospholipid orientation.

Fourthly, the results obtained with the different agents should lead to the same
conclusion. In our experiments this appears to be the case for the three phospho-
lipases, which finding receives additional weight from the fact that each phospho-
lipase preferentially attacks a different one of the three major phospholipids. In
addition, the results obtained with the amino group reagent TNBS for phosphatidyl-
ethanolamine and phosphatidylserine cowpletely confirm the conclusions reached with
the phospholipases.

Conclusions

Confining ourselves to the initial effects of the phospholipases, the results are
summarized in Table 2. For phosphatidylcholine we find for the three phospholipases
an average hydrolysis ratio between stacked disks and a randomized reference prepa-—
ration of 0.81+ 0.042, which is significantly below one. This suggests a slight
asymmetry for this phospholipid with about 41% on the outer face of the disk mem-
brane. TFor phosphatidylethanolamine the average ratio is 1.14% 0.083, which is not
significantly higher than one. This suggzests a questionable asymmetry with possibly
some 57% of the phospholipid on the outer face of the disk membrane. For phospha-~
tidylserine only phospholipase A2 gives sufficient hydrolysis with/a ratio of 0.96,

indicating symmetric distribution over the two membrane faces.

The results obtained with treatment with TNBS, alone and in combination with phos-
pholipase D confirm these conclusions for the two amino group containing phospholip-
ids. TNBS can modify phosphatidylethanolamine only to the extent to which it can

be hydrolyzed by phospholipase D, while it can readily modify phosphatidylserine
(which is hardly hydrolysed by the enzyme) to 50%. Essentially the same results are
obtained whether phospholipase treatment preceeds or follows treatment with TNBS.

In particular, these combined experiments strongly indicate that pneither treatment
causes significant membrane or phospholipid inversion.
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Our conclusions do not agree with those obtained in three earlier studies with
amino group reagents, where predominant (70-100%) location of both phosphatidyl-
ethanolamine and phosphatidylserine (Raubach and others, 1974; Smith and others,
1977) or of phosphatidylethanolamine alone (Crain and others, 1978) on the external
face of the disk membrane is claimed. However, in all these studies disk vesicles
prepared from frozen retina have been used, and hence the results are open to seri-
ous doubt.

Comparison of the fatty acid composition of the phospholipids before and after treat-
ment with phospholipase D and with that in the resulting phosphatidic acid, or

before and after treatment with TNBS, indicate that the fatty acids present in the
phospholipids are symmetrically distributed over the two membrane faces. The good
agreement found between the results from the various approaches used in our study
strongly indicates a nearly symmetrical distribution of the three major phospholip-
ids and their fatty acids over the two sides of the photoreceptor membrane, with

only a slight preponderance of phosphatidylcholine on the inner side and possibly a
slight preponderance of phosphatidylethanolamine on the outer side.

ACKNOWLEDGEME NTS

The excellent technical assistance of Mr. A.A. Klompmakers is gratefully acknowl-
edged. The authors are much indebted to Dr. J. Olive, Laboratoire de Microscopie
Electronique, Université& de Paris VII, France, for carrying out thin section elec-
tronmicroscopy.

This investigation has been carried out with financial support from the Netherlands
Organization for Basic Scientific Research (ZWO) through the Netherlands Foundation
for Chemical Research.

REFERENCES

Adams, A. J., R. L. Somers, and H. Shichi (1979). Spatial arrangement of rhodopsin
in the disk membrane as studied by enzymatic labeliung. Photochem. Photobiol., 29,
687-692.

Anderson, R. E., M. B. Maude, and W. Zimmerman (1975). Lipids of ocular tissues X.
Lipid composition of subcellular fractions of bovine retina. Vision Res., 15,
1087-1090.

Bergelson, L. D., and L. I. Barsukov (1977). Topological asymmetry of phospholipids
in membranes. Science, 197, 224-230.

Van den Besselaar, A. M. H. P., B. De Kruyff, H. Van den Bosch, and L. L. M. van
Deenen (1978). Phosphatidylcholine mobility in liver microsomal membranes. Bio-
chim. Biophys. Acta, 510, 242-255.

Bligh, E. G., and W. J. Dyer (1959). A rapid method of total lipid extraction and
purification. Can. J. Biochem. Physiol., 37, 911-917.

Van Breugel, P. J. G. M., P. H. M. Geurts, F. J. M. Daemen, and S. L. Bonting (1978)
Biochemical aspects of the visual process XXXVIII. Effects of lateral aggregation
on rhodopsin in phospholipase C-treated photoreceptor membranes. Biochim. Biophys.
Acta, 509, 136-147.

Broekhuyse, R. M. (1968). Phospholipids in tissues of the eye. I. Isolation,
characterization and quantitative analysis by two-dimensional thin-layer chromato-
graphy of diacyl and vinyl-ether phospholipids. Biochim. Biophys. Acta, 152, 307-
315.

Crain, R. C., G. V. Marinetti, and D. F. O'Brien (1978). Topology of amino phos-
pholipids in bovine retinal rod outer segment disk membranes. Biochemistry, 17,
4186-4192.

Davidson, F. M., and C. Long (1958). The structure of the naturally occurring phos-




Phospholipids in the Vertebrate Photoreceptor Membrane 15

phoglycerides. 4. Action of cabbage-leaf phospholipase D on ovolecithin and re-
lated substances. Biochem. J., 69, 458-466,

Gordesky, S. E., G. V. Marinetti, and R. Love (1975). The reaction of chemical
probes with the erythrocyte membrane. J. Membrane Biol., 20, 111-132,

De Grip, W. J., F. J. M. Daemen and S. L. Bonting (1972). Biochemical aspects of
the visual process. XVIII. Enrichment of rhodopsin in rod outer segment membrane
preparations. Vision Res., 12, 1697-1707.

De Grip, W. J., F. J. M. Daemen, and S. L. Bonting (1973). Biochemical aspects of
the visual process. XXII. Amino group modification in bovine rod photoreceptor
membranes. Biochim. Biophys. Acta, 323, 125-142,

De Grip, W. J., and P. H. M. Bovee-Geurts (1979a). Synthesis and properties of al-
kylglucosides with mild detergent action: improved synthesis and purification of
B-1-octyl-, -nonyl-, and -decyl-glucose. Synthesis of B-1-undecylglucose and
f-1-dodecylmaltose. Chem. Phys. Lipids, 23, 321-325.

De Grip, W. J., E, H. S. Drenthe, C. J. A. Van Echteld, B. De Kruyff, and A. J.
Verkley (1979b). A possible role of rhodopsin in maintaining bilayer structure
in the photoreceptor membrane. Biochim. Biophys. Acta, in press (BBA 71413).

De Haas, G, H., N, M, Postema, W. Nieuwenhuizen, and L. L. M, van Deenen (1968).
Purification and properties of phospholipase A from porcine pancreas. Biochim.
Biophys. Acta, 152, 103-117.

Miljanich, G. P., L. A, Sklar, D. L. White, and E. A. Dratz (1979). Disaturated
and dipolyunsaturated phospholipids in the bovine retinal rod outer segment disk
membrane. Biochim. Biophys. Acta, 552, 294-306.

Morrison, W. R., and L. M. Smith (1964). Preparation of free fatty acid methyl
esters and dimethylacetals from lipids with boron fluoride-methanol. J. Lipid
Res., 5, 600-608.

Olive, J., E. L. Benedetti, P, J. G. M. Van Breugel, F. J. M. Daemen, and S. L.
Bonting (1978). Biochemical aspects of the visual process. XXXVII. Evidence
for lateral aggregation of rhodopsin molecules in phospholipase C-treated bovine
photoreceptor membranes. Biochim. Biophys. Acta, 509, 129-135.

Otnaess, A. B., N. Prydz, E. Bjdrklid, and A. Berre (1972). Phospholipase C
from Bacillus cereus and its use in studies of tissue thromboplastin. Eur. J.
Biochem., 27, 238-243.

plochem,, .
De Pont, J. J. H. H. M., A. Van Prooyen-Van Eeden, and S. L. Bonting (1978).

. + . .
Studies on (Na +K )-activated ATPase, XXXIX. Role of negatively charged phospho-

lipids in highly purified (Na++ K+)—ATPase from rabbit kidney outer medulla.
Biochim. Biophys. Acta, 508, 464-477.

Raubach, R. A., P. P. Nemes, and E. A. Dratz (1974). Chemical labeling and freeze-
fracture studies on the localization of rhodopsin in the rod outer segment disk
membrane. Exp. Eye Res., 18, 1-12.

Roberts, M. F., A. B. Otnaess, C. A. Kensil, and E. A. Dennis (1978). The specific-
ity of phospholipase A2 and phospholipase C in a mixed micellar system. J. Biol.

Chem., 253, 1252-1257.

Rothman, J. E., and J. Lenard (1977)., Membrane Asymmetry. The nature of membrane
asymmetry provides clues to the puzzle of how membranes are assembled. Science,
195, 743-753.

Sanderman Jr., H. (1978). Regulation of membrane enzymes by lipids. Biochim. Bio-
phys. Acta, 515, 209-237.

Schnetkamp, P. P, M., A. A. Klompmakers, and F. J. M. Daemen (1979). The isolation
of stable cattle rod outer segments with an intact plasma membrane. Biochim. Bio-
phys. Acta, 552, 379-389. -

Singer, S. J. (1974). The molecular organization of membranes. Ann. Rev. Biochem.,
43, 805-833.

Smith, H. G., R. S. Fager, and B. J. Litman (1977). Light~activated calcium release
from sonicated bovine retinal rod outer segment disks. Biochemistry, 16, 1399-
1405.




16 S. L. Bonting, E. Drenthe and F. J. M. Daemen

Stone, W. L., C. C. Farnsworth, and E. A. Dratz (1979). A reinvestigation of the
fatty acid content of bovine, rat and frog retinal rod outer segments. Exp. Eye

Res., 28, 387-397.
Warren, G. B., M, 0. Housley, J. C. Metcalfe, and N. J. Birdsall (1975). Choles-

terol is excluded from the phospholipid annulus surrounding an active calcium
transport protein. Nature, 255, 684-687.



Neurochemistry Vol. 1, pp. 17-28.
Pergamon Press Ltd. 1980. Printed in Great Britain.
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PHOSPHATIDYLSERINE AND PHOSPHATIDYLETHANOLAMINE
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ABSTRACT

The de novo biosynthesis of phospholipids and glycerides was followed in subcellular
fractions from bovine retinas incubated during short periods with radioactive glyc-
erol. The labeling of lipid classes was determined in the following fractions: rod
outer segments, Pl’ PZ’ microsomes and soluble. A highly labeled phosphatidic acid

was found in microsomal fractions with a maximum at 5 min relative to other lipids
labeling. The labeling of phospholipids and glycerides from microsomes as well as
from other fractions was rapid. The soluble contained minor quantities of phospho-
lipids with high radioactivity.

Using radioactive glycerol and amphiphilic drugs the rates of phosphatidic acid
synthesis in microsomal membranes were assessed. Moreover, in agreement with previ-
ous studies from this laboratory showing that phosphatidic acid contains a high
proportion of docosahexaenoate, it is demonstrated that this fatty acid is acylated
in the biosynthetic route leading to phosphatidic acid formation. Phosphatidylser-

ine is synthesized from radioactive serine and also through a Ca2+ independent path-
way not involving phosphatidylethanolamine. Phosphatidylethanolamine is also formed
by serine decarboxylation. Amphiphilic drugs greatly stimulate phosphatidylserine

synthesis. Extracellular Caz+ stimulates the synthesis of phosphatidylserine and

its decarboxylation. Besides, Ca2+ potentiates the phospholipid effect exerted by
propranolol. The synthesis of phosphatidylinositol as well as that of other minor
acidic phospholipids seems to operate in a coordinated manner under different exper-
imental conditions. The microsomal system of the retina generates a docosahexaenoyl
enriched phosphatidic acid at high rates. In addition to the turnover of different
phospholipid moieties there are active pathways for the de novo biosynthesis of mem-
brane lipids in the retina.

KEYWORDS

Phosphatidic acid, phosphatidylethanolamine, phosphatidylserine, phosphatidylinosi-
tol, propranolol action on membrane lipids, docosahexaenoate in phosphatidic acid,
microsomes, calcium on membrane lipids, phosphatidylserine decarboxylase.
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INTRODUCTION

The phospholipids enriched in highly unsaturated fatty acids from photoreceptor mem-—
branes as well as from neuronal membranes conform an appropriate millieu for laterel
diffusion and conformational changes of membrane proteins. Although acidic lipids
(e.g. phosphatidic acid -PA-, phosphatidylserine -PS-, and phosphoinositides) are
minor components they may play important roles by interacting with other molecules
in membrane functions. However, scarce information is available about the metabol-
ic steps where long-chain polyenoic fatty acids of the docosahexaenoic acid type
(22:6 w 3) are acylated and on the biosynthesis of acidic phospholipids.

This chapter summarizes recent studies devised to answer the following questions:
a) Is docosahexaenoic acid introduced during the de novo synthesis or through ade-
acylation-acylation cycle?; b) How are newly synthesized phospholipids distributed
among retinal subcellular fractions?; c¢) Through which pathways does the biosynthe-

sis of phosphatidylserine and of phosphatidylethanolamine take place?; How do Ca2+

and/or drugs modify the biosynthetic pathway of acidic membrane lipids?.

The followed approach was based upon the use of radioactive glycerol as precursor

for membrane lipids biosynthesis during short-term incubations of the entire retina
(Bazan and coworkers, 1976; Bazadn and Bazan, 1976; Giusto and Bazan, 1979). Thus,
glycerol uptake and metabolic flow took place in the intact tissue from where sub-

. . . 2+
cellular fractions were then isolated and measurements performed. The action of Ca

aind/or propranolol and the study on docosahexaenoate of phosphatidic acid were also
conducted following a similar outline.

The phospholipid effect elicited by dl-propranolol or phentolamine is unrelated to
the adrenergic blocking properties of these drugs. (Bazin and coworkers, 1976a,
1976b; Bazdn, Ilincheta de Boschero and Giusto, 1977). Since this effect ischarac-
terized by the redirection of biosynthetic pathways yielding a stimulated forma-
tion of acidic phospholipids in the retina (Bazin and coworkers, 1976a; Bazdn, I-
lincheta de Boschero and Giusto, 1977) it was used as a tool to investigate several
of the questions presented above. Apart from this, it was also interesting to fol-
low up these studies from the point of view of the mechanism of the drug action it-
self.

DOCOSAHEXAENOATE IS PRESENT IN HIGH CONCENTRATIONS IN MICROSOMAL PHOS-
PHATIDIC ACID AND IS INTRODUCED DURING THE DE NOVO BIOSYNTHESIS FROM
GLYCEROL-3-PHOSPHATE

Retinal phospholipids, particularly phosphatidylserine, phosphatidylethanolamine
(PE) and phosphatidylcholine, are rich in long-chain highly unsaturated fatty acyl
groups (Anderson 1970; Aveldafio and Bazdn, 1972; Anderson, Maude and Zimmerman,
1975; Aveldafio de Caldironi and Bazdn 1977). Since docosahexaenoate (22:6 w 3) is
the major unsaturated acyl chain questions arise about the metabolism of this fatty
acid. Is docosahexaenoate introduced into phospholipids by an acylation-deacyla-
tion cycle such as the one described by Lands in other tissues (Thompson, 1973) or
is it alternatively acylated during the early stages of de novo biosynthesis of
glycerolipids prior to phosphatidic acid formation? Since the presence of phospho-
lipids with this polyenoic fatty acyl group in membranes yields a highly fluid en-
viromment, membrane functioning may be modified by increasing or by decreasing the
concentration of 22:6. Moreover a) the de novo biosynthesisof retinal phospholipids
from precursors such as glycerol (Bazin and Bazdn, 1975; Giusto and Bazin, 1979) or
glucose (Bazin, Giusto and Bazdn, 1977) is rapid and b) PA from whole retinas (Avel-
dafio de Caldironi and Bazan, 1977) as well as from microsomes (Giusto and Bazin,
1979) contains high proportions of 22:6. Thus, the hypothesis that these acyl
groups are acylated during the formation of PA is presented.
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The determination of the PA fatty acid composition in microsomes from retinas incu-
bated during short periods of time with and without propranolol was carried out.
Radioactive glycerol was also employed in some of these experiments as a control of
the de novo synthesis. Docosahexaenoate comprises about 22% of the PA fatty acyl
groups in microsomes and upon incubation of retinas with propranolol an increased
content of PA is observed and docosahexaenoate as well as other fatty acids are

greatly increased (Table 1). At the same time if 2—3H—g1ycerol is used as a marker
of the synthesis there is an increase in PA formation (Fig. 1 and Table 1). Thus,

the increase a) in the mass assessed by lipid P, b) in the radioactivity from glyc-
erol and c¢) in the fatty acyl chains, especially 22:6, suggests that the retina is

able to synthetize highly unsaturated PA in its endoplasmic reticulum at very fast

rates.

2+
TABLE 1 Ca~  and/or dl-Propranolol Effect on the Content of Acyl
Chains in Phosphatidic Acid from Retinal Endoplasmic Reticulum

Acyl Controls 500 pyM dl~Propranolol
Chain No Calcium 5 mM Calcium No Calcium 5 mM Calcium

nmol of methyl esters/100 mg of protein

16:0 84.2%26.6 104.2+ 4.4 554.8* 96.9 554.5%102.5
18:0 135.8+51.4 183.4 £ 19.5 334.7% 98.0 518.4t* 86.8%
22:6 w3 87.7*14.5 114.7 + 13, 2%% 320.2 74.3 442.6 % 96.9
Total

Content 462.8 £125.1 583.4132.7 1681.8 +228.4 2105.8 £362.8

Values are averages * S.D. from at least five independent samples made by four
bovine retinas each (about 2 g fresh tissue weight) * p<0.05; *% p<0.,025. Retinas
were preincubated in an ionic medium (Ames and Hastings, 1956) during 10 min, then
retinas were incubated for additional 30 min. 5mM of calcium ions were present
with or without 500 pM propranolol during both periods. Lipids were extracted
(Folch, Lees and Sloane-Stanley, 1957), and isolated by TL{ (Rodriguez de Turco
and Bazdn, 1977). PA was analysed by gas—-liquid chromatography (Bazén and Bazan,
1975). Proteins were measured by the method of Lowry and coworkers (1951) using
crystalline serum albumin as standard.

The newly formed PA contains a high proportion of 22.6 although the basal level of
this acyl group is about the same percentage in controls. This means that 22:6 is
introduced into PA in one of the two enzymatic steps after glycerol-3-phosphate.

Whether propranolol is actually stimulating PA synthesis or inhibiting its further
metabolization is not clear yet. However, the drug seems to act at the level of
the endoplasmic reticulum by stacking itself among membrane constituents and in
turn altering enzymatic steps of glycerolipid metabolism. The relationship between
22:6 enriched PA in the retina and membrane fluidity has been discussed elsewhere
(Bazdn and Giusto, 1979).
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SUBCELLULAR DISTRIBUTION OF NEWLY SYNTHETIZED PHOSPHQLIPIDS AND GLYCER-

IDES FROM 2—3H—GLYCEROL IN ROD OUTER SEGMENTS, MICROSOMES AND QTHER SUB-
CELLULAR FRACTIONS OF THE RETINA

So far the metabolism of phospholipids has been studied only in rod outer segments,
though these studies included only certain aspects. Consequently, it seemed of
interest to survey the de novo biosynthesis of phospholipids and of glycerides at

the subcellular level including the rod outer segments. Thus, 2—3H—g1ycerol was
employed to examine the de novo biosynthesis of glycerolipids in subcellular frac-
tions after incubating the entire retina during short periods of time. Then, the
retina was subjected to subcellular fractionation. At early periods of time most
of the radioactive lipids were confined to the microsomal fraction (Fig. 2 and
Table 2). Here again the labeling sequence clearly shows that PA is the precursor
for the other lipids. In addition all the label under this condition is restricted
to the glycerol backbone. However, several kinds of lipids appear very rapidly in
all the fractions studied. Rod outer segments also display significant amounts of
labeled PA (Fig. 2 ). Whether this represents newly synthetized PA in ROS, micro-
somal contamination or a PA pool rapidly being transferred from the inner segment
remains to be elucidated.
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TABLE 2 Incorporation of 2—3H glycerol in Neutral Glycerides from Subcellular
Fractions of Bovine Retina. Effect of dl-propranolol

ROS P P Mic SPM

(dpm/100 mg of protein x 10'3)
Monoacylglycerol 113 (0.97) 71 (1.21) 129 (1.27) 155 (2.16) 54 (0.48)
Diacylglycerol 790 (1.2) 439 (1.46) 946 (1.73) 2093 (2.34) 455 (1.87)
Triacylglycerol 2554 (0.05) 984 (0.11) 3121 (0.10) 6195 (0.21) 818 (0.28)

Figures between parenthesis indicate changes due to dl-propranolol being 1.00 con-—
trols. Retinas were preincubated in an ionic medium (Ames and Hastings, 1956)

during 20 min. Then 5 uCi/retina of :3H|glycerol (200 uCi/mmol, New England Nuclear

Corp., Boston, Mass.) was added. After a further incubation period of 30 minretinas
were subjected to subcellular fractionation. 500 UM dl-propranolol were present
throughout preincubation and incubation. ROS were isolated (Krishna and co-workers,
1976) in 67 mM phosphate buffer-40% sucrose. The remainder of the retina was homog-
enized in 50mM Tris-HC1-0.32 M Sucrose containing 10—4 EDTA-pH 7.4. Pl’ P2 and micro-
somal fraction (Mic) were isolated by differential centrifugation at 1000 xg for 15
min; 11,500 xg for 20 min and 140,000 xg for 50 min. Lipids were isolated by gradi-
ent-thickness TLC (Bazdn and Bazidn, 1975).

PHOSPHATIDYLSERINE BIOSYNTHESIS IN MICROSOMES

Radioactive serine is rapidly incorporated into phosphatidylserine in the entire
bovine retina and in retinal homogenates amounting to about 50 times higher values
than those found in the incorporation from labeled glycerol (Ilincheta de Boschero
and Bazdn, submitted for publication). 1In Figures 3 and 4 we present results about
the synthesis of free amino containing phospholipids from glycerol or serine as
precursors. These studies were performed in microsomal preparations obtained after
_incubation of the entire retina with the precursors in the presence or absence of
Ca2+ and/or dl-propranolol. Without Ca2+ the labeling of phosphatidylserine is 8-
10 times higher than that by glycerol. 5mM Ca2+ slightly inhibits the synthesis of
this phospholipid from glycerol whereas the incorporation of serine is stimulated in

about an 80%. The high ratio of 3H—serine/BH—glycerol in PS suggests that in the
retina there is an active base exchange reaction. However we have previously sug-
gested that, in addition to this route, there is a pathway of PS synthesis from PA
which is stimulated by propranolol in the retina (Bazdn and coworkers, 1976b).

The main pathway for PS synthesis in mammalian tissues is the base exchange reaction
(Porcellatti and coworkers, 1971; Kanfer, 1972). Procariotes, instead, synthesize
this lipid through CDP-diacylglycerol (Kanfer and Kennedy, 1964). In cultured neural

cells PS seems to be formed through two routes. One of them is the Ca2+ -dependent
energy-independent base exchange reaction and the other has opposite characteristics
(Yavin and Ziegler, 1977). 1In spite of this and other observations (Kiss, 1977)
there is not yet a conclusive evidence for the existence of an alternate pathway for
PS synthesis in higher organisms.
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DECARBOXYLATION OF PHOSPHATIDYLSERINE YIELDING PHOSPHATIDYLETHANOLAMINE
TAKES PLACE IN RETINAL MICROSOMES

In the entire retina as well as in retinal homogenates only PS and PE are the
lipids labeled after short-time incubations with radioactive serine. The labeling
patterns suggest a product-precursor relationship (Ilincheta de Boschero and Bazan,

submitted for publication).

In Fig. 3 it can be observed that PE is labeled by serine. This means that a de-
carboxylation of the aminoacid has taken place and that PE can be synthetized from
serine. Thus, a PS decarboxylase is likely to be present as discussed in conclu-

slons. Ca2+ stimulates PE synthesis from serine greatly. However, when glycerol

is used as a precursor, Ca2+ inhibits the de novo biosynthesis of PE slightly
although only 1% of the serine-labeled PS corresponds to PE in the retina under

the present experimental conditions (Table 3). This reaction may underline metabol-
ic steps involved in membrane fluidity changes (Hirata, Axelrod and Crews, 1979).

dpm x 10_4/}1 mole dpm x 10—4/;1 mole
2 1 50 100 150

! 1 1 1 I T T 1 T T T

mMC§+

— 5 ly

PHOSPHATIDYLETHANOLAMINE PHOSPHATIDYLSERINE

Fig. 3. Llabeling of microsomal phosphatidylethanolamine and phosphatidylserine by 3g-

serine in retinas incubated with high Ca2+ concentration and with propranol-
ol. Each bar is the average * 8.D. of five individual samples. Black bars
are from propranolol-treated retinas. Retinas were preincubated in an ion-
ic medium (Ames and Hastings, 1956) during lOmin, then 3.56 pCi/retina of

|3H~(G)|—serine (2.76 Ci/mmol, New England Nuclear Corp., Boston, Mass.)

was added. After a further incubation period of 30 min retinas were sub-
jected to subcellular fractionation. Dl-propranolol (500 uM) was present
throughout preincubation and incubation. Other details as in Table 1 and

N.C.I. 1/1-b ¢
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TABLE 3 Incorporation of 3H-—serine in Microsomal Phospha-
tidylserine and Phosphatidylethanolamine

Caz+ dl-Propranolol

0 SmM Without ca’t smM ca’t

(pmoles of 3H—serine / mg of protein)

PS 289+ 49 390 + 34 1,651 + 207 2,228 + 228
PE 3 + 0.5 20 + 4 18 + 6 50+ 5
(PE/PS) x 100 1.0 5.1 1.1 2.2

Values represent the mean * $.D. of five different samples. For oth-
er details see Fig. 3.

PROPRANOLOL STIMULATES PHOSPHATIDYLSERINE SYNTHESIS AND ITS DECARBOXYLA-
TION TO PHOSPHATIDYLETHANOLAMINE

The effect of dl-propranolol shown in Figures 3 and 4 gives further support to the
possibility that PS is also synthetized by a route other than the base exchange. PS
labeling, either from serine or glycerol is stimulated by dl-propranclol. However,

Moreover, the PS labeling stim-

only the entrance of serine i$ potentiated by Ca2 .
2+

ulated by serine is also highly significant even in the absence of extracellular Ca

dpm x 10_1'/;1 mole dpm x 10—4/}1 mole
20 10 5 10 15
T T T Y 2+ T T T T T T
mMCa
— o [+
—L 5 [k
PHOSPHATIDYLETHANOLAMINE PHOSPHATIDYLSERINE

(82}
 —
-
-

Fig. 4. Synthesis of free-amino-containing phospholipids from 2—3H -glycerol in

. . . . . + .
microsomes from retinas incubated withhigh Ca”™  concentration and/or pro-
pranolol.Black bars are propranolol-treated samples. Details as in Table 2

and Fig. 3.
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+ . . P P
In the absence of Ca2 dl-propranolol stimulates six times the specific activity of
PS and PE using serine as precursor (Table 3). If the same is studied in a medium

2+

with 5mM Ca there is a further 30% increase in PS and about 3 times more in PE.

PS labéled from glycerol is enhanced 5-6 times in the presence of the drug without

+ .
Ca2+ and PE is inhibited in a 307%. Ca2 does not modify these effects.

Tt is of interest to point out that the propranolol-induced stimulation in the
synthesis of PS from glycerol matches the enhanced labeling by serine. This supports
the idea that the PS de novo synthesis parallels PA and PI stimulated formation
(Bazdn and coworkers, 1976b). Moreover, PS may derive, at least in part, from PA
without involving the base exchange reaction.

CONCLUSIONS

PA biosynthesis from labeled glycerol predominates in the endoplasmic reticulum of
the retina. A very rapid flow of radioactivity directed from PA to other glycero-
lipids in microsomes as well as from other subcellular fractions of the retina has
been found (Giusto and Bazin, submitted for publication; Bazin and Giusto, 1979).
These observations suggest that there are rapid mechanisms redistributing newly
synthetized glycerolipids among subcellular organelles in agreement with the recent
description of a phospholipid transfer protein in the retina (Dudley and Anderson,
1978).

Propranolol promotes an accumulation of the microsomal pool of PA and stimulates
even more their synthesis de novo. This may be a reflection of a slowing down in
PA further metabolism and simultaneously a stimulation of its synthesis.

One interesting feature of microsomal PA in the retina is the relatively high pro-
portion of 22:6 w3 (Giusto and Baz&n, 1979). Since this acyl group is emnhanced
when the PA pool size is increased due to propranolol, we suggest that docosa-
hexaenoate may, at least in part, be introduced in retinal lipids through the de
novo biosynthetic pathway. :

PS biosynthesis in the retina takes place at least through two routes. One of them
. + . . -
is Ca2 ~dependent and may be a base exchange reaction (Mizuno, 1976). An outline

.. + . . .
summarizing the effects of Ca2 or dl-propranolol and the possible reactions in-
volved is given in Fig. 5.

For PE synthesis, PS decarboxylation seems also to be a route besides the ethanol-
. 2+ . . .
amine phosphotransferase one. When Ca is omitted the decarboxylation amounts to

about 37 of the total synthesis from glycerol. This reaction is Ca2+—dependent and
unaffected by propranolol. The stimulation observed by the drug is likely to be an
indirect one and a consequence of the stimulated entrance of serine in PS. Since
PS and PE enhancements are very similar when serine is utilized as precursor, the
decarboxylation is likely to be of PS rather than of free serine followed by label-
ing from ethanolamine (Fig. 5).

. . 2+ . .
However, our data on the stimulation by Ca with propranolol do not rule out this
later possibility. Although these studies were made on retinal microsomes, the

complexity of the effects should be still kept in mind. Both Ca2+ and drug action
were actually exerted on the entire retina and were then fractionated. In spite of
the fact that glycerolipids synthesis in the entire retina uses glycerol actively

as soon as a cell free preparation is made, an inefficient utilization of the pre-
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METABOLIC STEPS EXTRACELLULAR PROPRANOLOL
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Fig. 5. Drug-induced modifications in the biosynthesis of
phosphatidylethanolamine and phosphatidylserine in
the endoplasmic reticulum of the retina. Arrows

. ; . 2+
indicate changes and their magnitude. Ca  and

propranolol refer to the results presented in

Figures 3 and 4. The Ca2+ is that observed at

5 mM concentration compared to the condition with-
2+ . .
out Ca” . The propranolol effect is that seen in

2+
the absence of Ca as compared to the correspond-
ing controls
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cursor for lipid synthesis occur (Ilincheta de Boschero, M. and Bazdn, N. G., sub-
mitted for publication). Thus, at this stage it is not possible to use simpler

. . 24+ .
approaches such as the direct study of the action of drugs and of Ca in the
isolated microsomes.

Propranolol elicits the described effects by its interaction with the endoplasmic
reticulum membrane and then, by affecting in turn membrane-bound enzymes of the bio~
synthetic pathway of phospholipids.
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ABSTRACT

The incorporation and turnover of several 1lipid precursors in frog retina 1lipid
and protein were studied using biochemical and autoradiographic techniques. Lipid
and protein are synthesized on the photoreceptor microsomes from where some migrate
to the base of the rod outer segments (ROS) and are incorporated into basal discs.
Most of the labeled protein is confined to a discrete group of discs which is dis-
placed apically as newly synthesized unlabeled discs are added. The specific radio-
activity of ROS protein is constant throughout this period, which in the present
study was determined to be 39 days. Conversely, lipid, once incorporated into the
basal discs, diffuses throughout the entire ROS as evidenced by an exponential
decline in specific radioactivity. The half-life of ROS lipid is shorter than the
renewal rate for protein, suggesting that lipid turns over faster than protein in
the ROS.

KEY WORDS

Phosphatidyl serine; phosphatidyl ethanolamine; rod outer segments; lipid
synthesis; lipid turnover; membranes; renewal.

INTRODUCTION

Over a decade ago Young (1967) demonstrated that the proteins of rod outer segments
(ROS) are constantly being renewed. Following injection of radioactive amino acids,
a band of silver grains representative of newly synthesized proteins was observed
at the base of the ROS. With time, these labeled proteins were displaced apically
until they reached the tips of the ROS where they were shed and phagocytized by the
pigment epithelium (reviewed by Young, 1973 and 1976; and O'Brien, 1978). 1In an
elegant study involving biochemistry and electron microscopic autoradiography,
Hall, Bok and Bacharach (1969) followed the fate of injected 3H-leucine over a
9-week period. They showed by autoradiography that the label was first incorpo-
rated into proteins of the ribosomes of the inner segment, from which it moved to
the Golgi body and finally percolated through the mitochondrial-dense ellipsoid
region to the base of the ROS. Biochemical analysis of the radioactive products
showed that most of the label was in rhodopsin. By carefully monitoring the tempo-
ral relationship between autoradiographic pattern and the specific radioactivity of
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rhodopsin in isolated ROS, they demonstrated that a molecule of rhodopsin, once
incorporated into a disc, remained with that disc until it was shed.

Other studies on the biosynthesis of ROS proteins have come from the laboratory of
Papermaster and co-workers (1975). Following intravitreal injection of ’H-leucine,
the specific activity of frog opsin peaked in two non-ROS membrane fractions of
retina prior to reaching maximum activity in ROS. Since opsin was never found in
a soluble form, delivery of newly synthesized opsin to the growing ROS was indi-
cated to occur via a membrane-bound intermediate.

Renewal of lipids in rod outer segments is not so well understood. The autoradio-
graphic studies of Bibb and Young (1974a) following the fate of injected tritiated
palmitic, stearic, or arachidonic acids in frogs showed some early banding in the
basal discs which quickly diffused throughout the entire ROS. 1In another auto-
radiographic study (Bibb and Young, 1974b), glycerol was rapidly incorporated into
lipid in the rod innmer segment which subsequently migrated to the ROS. As observed
in the fatty acid study, the lipid was diffusely spread throughout the ROS. Some
sustained banding observed in the outer segments in the glycerol study was shown to
be due to protein. They concluded that ROS lipids are renewed by both molecular
and membrane replacement, and that ROS lipids are renewed more rapidly than pro-
tein. Biochemical studies by Hall, Basinger and Bok (1973) on the fate of injected
%3P0, and *H-choline in frog ROS phospholipids showed that, with the exception of
phosphatidyl inositol in which a rapid incorporation and turnover was observed,
there was a slow incorporation of both labels into phospholipids. Maximum specific
activity of 33P—phospholipids was not achieved until 30 days after injection and
remained constant through day 63, and only a slight decline in tritiated phospha-
tidyl choline (PC) specific activity was noted by day 73. There was no indication
from these biochemical studies that ROS phospholipids were turning over within the
time frame of protein renewal, in contrast to Bibb and Young's (1974b) glycerol
autoradiography data.

In an attempt to gain a greater insight into the renewal of lipid in ROS, we have
carried out a series of biochemical and autoradiographic experiments in which the
biosynthesis and turnover of retinal lipids were studied by following the fate of
several radioactive lipid precursors. 1In this paper we discuss the incorporation
of 32POL,, 33POL,, 3—3H—serine, and 2—3H—glycerol into protein and phosphatidyl
serine of the frog retina.

METHODOLOGY

The details of the methodology will be presented in subsequent publications; only
a brief outline will be given here.

Frogs acclimated to a body temperature of 24.5° in a metabolic chamber under a
light cycle of 14L:10D were injected in the dorsal lymph sac with either 33P0,
32P0q, 2—3H—glycerol or 3-%H-serine. Eyes were removed at various times and pro-
cessed for biochemistry or autoradiography. For biochemistry, retinas were gently
homogenized in sucrose (l.17 gm/cc) containing 10 mM Tris and 2 mM MgCl, (pH 7.35)
and overlaid with 1.15, 1.13 and 1.11 gm/cc sucrose in Tris and MgCl,. After
centrifugation at 82,000 x g x 60 min., ROS were collected at the 1.11/1.13 g/cc
interface. The remaining volume of sucrose was diluted 1:1 with buffer without
sucrose and centrifuged at 18,800 x g x 15 min. The resulting supernatant was
centrifuged at 96,000 x g x 90 min. to obtain a microsomal pellet.

Lipids from the ROS and microsomal fractions were extracted with chloroform:
methanol (2:1, v/v) and separated into classes by preparative thin-layer chroma-
tography. Individual lipid classes visualized after exposure to iodine vapors were
assayed for lipid phosphorus and an aliquot counted for the determination of
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specific radioactivity. Phospholipid classes identified after spraying with water
were methylated and the esters analyzed by gas chromatography.

In some instances, intact retinas were homogenized in chloroform:methanol (2:1) and
again after the addition of 0.2 vols of 0.9% NaCl. Aliquots of the upper water:

methanol phase were taken for determination of water soluble phosphorus and radio-
activity. The specific radioactivity of water soluble precursors per micromole of
phosphorus was determined. Protein was determined by the standard Lowry procedure.

For autoradiography of retinal lipids, the procedure of Gould and Dawson (1976) was
followed with some modifications which will be described in detail in a subsequent
publication. Several experiments showed that all of the radioactive lipid was
extracted from the tissue designated "lipid out", while less than 8% was removed
during the "1lipid in'" procedures.

BIOSYNTHESIS OF RETINAL PROTEIN FROM SERINE AND GLYCEROL

Serine and glycerol were incorporated into both protein and lipid in the frog
retina. Figures 1 and 2 are the specific activities of microsomal and ROS protein
following injection of %H-serine and 3H—glycerol, respectively. In the microsomes,
maximum specific radioactivity of protein was reached on the first day and decreased
exponentially with time. This was different from the labeling pattern of ROS pro-
tein where maximum labeling occurred between days one and three and remained fairly
constant until some time between days 24 and 40.
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Fig. 1. Specific radioactivity of microsomal and ROS pro-
tein following injection of 3-3H-serine,
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Fig. 2. Specific radioactivity of microsomal and ROS pro-
tein following injection of 2—3H—glycerol.

These data are consistent with previous demonstrations that ROS proteins are syn-
thesized in the inner segments of rod visual cells and migrate to the base of the
ROS where they are incorporated into newly forming discs (Hall and co-workers,
1969). Maintenance of constant specific radioactivity in this dynamic membrane
system where protein is daily being added at the base of the ROS and shed at the
apical tips indicates that the radioactive proteins, once incorporated into ROS
discs, do not diffuse throughout the ROS. If they did, an exponential decline in
specific radioactivity similar to that observed for microsomal protein would also
be evident for ROS protein. Such is not the case.

Autoradiograms from retinas of animals sacrificed one or 17 days after the injec-
tion of ‘H-serine are shown in Figs. 3A-D. Several features are evident in these
figures: (1) A band of radioactivity indicative of the assembly of newly synthe-
sized membrane components is present at the base of the rods but not the cones at
day one. These bands persist in the delipidated tissue suggesting that most of

the banded material is protein. The band has been displaced nearly half the length
of the ROS by day 17, consistent with a 39-day turnover for integral disc proteins
at 24.59C. (2) At day one, the paraboloid regions of the accessory members of the
double cones are highly labeled relative to the other cells (see arrows). This
labeling pattern was observed by Bibb and Young (1974b) followin% tritiated glycerol
injection, as well as by Basinger (personal communication) with 2p0,, ‘H-inositol,
and 3H-glycerol. Since the paraboloid contains large amounts of glycogen, Bibb and
Young (1974b) suggested that the label was in glucose derived by gluconeogenesis.
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Fig. 3. Autoradiograms of frog retinas following the in-
jection of 3-3H-serine. (A) Day 1, lipid in; (B) Day 1,
lipid out; (C) Day 17, lipid in; (D) Day 17, lipid out.
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However, label must also be in other components since lipid precursors not readily
converted to glucose are also concentrated in this area. Determination of grain
densities over the paraboloid region relative to the protein bands of adjacent ROS
at day one for "lipid in" and "lipid out" tissue revealed that the densities in the
paraboloid region were the same for both treatments, suggesting that the label was
in protein. This labeling pattern was not observed following leucine injection,
and its significance is not known. (3) Radioactive proteins accumulated in the
synaptic region of the frog retina on the first day and were still seen, although
somewhat diminished in intensity, at day 17. (4) Although lipid accounted for
about half of the tissue radioactivity at both day one and day 17, unique labeling
patterns were not seen for lipid. Rather, lipid seems to be diffusely incorporated
into all of the cellular membranes, including the ROS. This point will be dis-
cussed in following sections.

BIOSYNTHESIS OF RETINAL PHOSPHOLIPIDS

Tritiated serine is incorporated into phospholipids of the frog retina. A pre-
cursor-product relationship is indicated by the higher specific activity of PS in
the microsomes than in the ROS at the early time points, followed by a reversal in
this pattern at day 2 (Fig. 4).
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Fig. 4. Biosynthesis of phosphatidyl serine and phospha-
tidyl ethanolamine in microsomes and ROS following the
injection of 3-’H-serine.
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This is consistent with the synthesis of phospholipid on retinal microsomes and the
subsequent incorporation of this lipid into ROS disc membranes. A similar labeling
pattern for both the microsomal and ROS PS was observed following the injection of
tritiated glycerol (data not shown). Whether the serine is incorporated during

de novo synthesis of phospholipids or by base exchange reactions remains to be
determined. However, preliminary data from our laboratory have shown an active
serine base exchange system in bovine retinal microsomes.

DECARBOXYLATION OF PHOSPHATIDYL SERINE TO PHOSPHATIDYL
ETHANOLAMINE

One of the pathways for the formation of phosphatidyl ethanolamine in some tissues
is the enzymatic decarboxylation of PS. The present study demonstrated an active
decarboxylase in the frog retina. Although the site of decarboxylation cannot be
unequivocally established from these in vivo studies, it is likely to be both the
microsomes and the ROS. Evidence for this is as follows: (1) The specific
activities of ROS or microsomal phosphatidyl serine and phosphatidyl ethanolamine
are nearly the same 24 days after injection of labeled serine (Fig. 4), but these
24-day values are different for the two subcellular fractions indicating that
decarboxylation occurred in each fraction. (2) Although a precursor-product
relationship exists in both fractions for the decarboxylation reaction, and for the
synthesis of phosphatidyl serine, .one does not exist for transfer of microsomal
phosphatidyl ethanolamine to ROS. 1In unpublished studies, following the injection
of labeled ethanolamine, the specific activity of microsomal phosphatidyl ethanola-
mine was several times that of ROS phosphatidyl ethanolamine at early time points.
Thus, if a precursor-product relationship existed between microsomal and ROS
phosphatidyl ethanolamine formed by the decarboxylation of microsomal phosphatidyl
serine, it should have been easily identified.

Although not as pronounced as the data obtained following injection of labeled
serine, the conversion of phosphatidyl serine to phosphatidyl ethanolamine in ROS
was also demonstrated following injection of other lipid precursors. As shown in
Fig. 5 and 6, the specific activity of phosphatidyl serine in the ROS following the
injection of 3%2P0, or 2—3H—glycerol was clearly higher than that of phosphatidyl
ethanolamine at the early time points, and only after several weeks did the
specific activities of these two lipids become the same.

The fatty acid composition of phosphatidyl ethanolamine and phosphatidyl serine
given in Table 1 is also consistent with an interconversion of these two lipid
classes. The phosphatidyl serine contains slightly less long-chain polyunsaturated
fatty acids than the phosphatidyl ethanolamine while the phosphatidyl ethanolamine
has a slightly higher percentage of palmitic acid. However, a remarkable similar-
ity in fatty acid composition does exist.
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o

Fig. 5. Specific activities of phosphatidyl serine and
phosghatidyl ethanolamine in ROS following the injection
of 8 PO[,.



DPM/xMOLE PHOSPHORUS (x 10-3)

R. E. Anderson et al.

T T Ll T

2-3H-GLYCEROL - ROS

® PS
°o PE

i 1 i 1

5 10 15 20
DAYS

Fig. 6. Specific activities of phosphatidyl serine and
phosphatidyl ethanolamine in ROS following the injection
of 2-3H-glycerol.

TABLE 1 Composition of the Major Fatty Acids of Phospha-
tidyl Ethanolamine and Phosphatidyl Serine from

Frog ROS.
Acid PS PE
16:0 4 6
18:0 19 13
18:1 3 6
20:4w6 2 7
22 :4w6 7 7
22:503 + wb 8 5
22 :6w6 46 51

(Anderson and Risk, 1974)

25
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TURNOVER OF PHOSPHATIDYL SERINE IN ROD OUTER SEGMENTS

The incorporation and turnover of 2—3H—glycerol,33POq, and 3-’H-serine in phospha-
tidyl serine in rod outer segments are shown in Fig. 7.
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Fig. 7. Turnover of phosphatidyl serine in ROS following
the injection of 2—3H—glycerol, 33p0,, or 3-%-serine.

As previously observed by Hall and co-workers (1973), the incorporation of labeled
phosphorus into ROS phosphatidyl serine was quite slow, requiring 20 days to
achieve maximum specific activity, and the loss of label due to turnover was
equally slow. It was impossible to calculate turnover times for the membrane
phospholipids from the labeled phosphorus data. On the other hand, both glyserol
and serine rapidly labeled the ROS phospholipids with glycerol achieving maximum
specific activity three days and serine six days after injection of the isotopes.
The reason for the distinctive labeling pattern of phosphate is evident from the
data in Fig. 8 where the percent of maximum specific activity of water soluble
radioactivity from frog retinas (DPM per micromole phosphorus) is plotted against
time. Although the chemical identities of the labeled water soluble products were
not established, it is clear that glycerol and serine are rapidly catabolized in
the retina and thus are true 'pulses’ of radioactive lipid precursors whereas
labeled phosphate remains available for lipid synthesis for weeks. Thus, the
rapid labeling observed autoradiographically by Bibb and Young (1974b) following
tritiated glycerol injection was the result of a pulse of radioactive precursor
being presented to the tissue, whereas the slow labeling following phosphorus
administration resulted from the presence of a long-~lived retinal pool of radio-
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active phosphate.
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Fig. 8. Time course of labeling of water soluble precursors
of retinal lipids.

Returning to the data in Fig. 7, the specific activity of phosphatidyl serine from
both glycerol and serine declined from their maximum value in an exponential
manner. Linear regression analysis of the log of specific activity versus time

for each precursor gave identical 23-day half-lives for phosphatidyl serine in the
ROS. A similar analysis for phosphatidyl ethanolamine derived from phosphatidyl
serine gave a half-life of 38.5 days. The different half-lives of phosphatidyl
serine and phosphatidyl ethanolamine are probably due to the fact that phosphatidyl
serine is lost through decarboxylation and disc shedding while phosphatidyl
ethanolamine is lost through disc shedding, but is replaced by decarboxylation.

DISCUSSION

Protein and lipid are synthesized on the photoreceptor microsomes and migrate to
the base of the ROS where they are incorporated into the basal infoldings of the
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plasma membrane, which eventually pinch off to become free-floating discs. From
this time on, the protein is "trapped" and remains with the same disc throughout
the 5% week period of apical displacement. Lipid, on the other hand, is not con-
fined to any particular disc. The exponential decline in specific radioactivity
of ROS phospholipids is consistent with a diffuse rather than a discrete labeling
of ROS by lipid and supports the earlier reports of Bibb and Young (1974a and
1974b).

Since the labeled 1lipid diffuses throughout the ROS, one-half of the label should
be lost in one complete turnover of outer segment protein if disc shedding is the
only means of losing lipid, and calculations of t% for lipid should give a value
comparable to the ROS turnover rate. We calculated a value of 39 days for turn-
over of ROS discs, which is longer than the half-life determined for phosphatidyl-
serine (23 days), phosphatidyl choline (24 days, unpublished) and phosphatidyl
inositol (< 5 days, unpublished). (The value of 38.5 days calculated for phospha-
tidyl ethanolamine is longer than the actual value, since phosphatidyl serine is
slowly converted to phosphatidyl ethanolamine, and thus is not derived from a
"pulse" of radioactive precursor.) It appears then that ROS lipid is turning over
at a rate faster than protein, a conclusion also reached by Bibb and Young (1974b).

Lipid and protein are probably delivered and inserted into the growing membrane as
a package, since newly synthesized frog opsin is not found in a soluble form
(Papermaster and co-workers, 1975). How the lipid diffuses throughout the ROS is
not known, but it may be mediated by phospholipid exchange proteins, which we
recently described in bovine retina (Dudley and Anderson, 1978). Whether or not
the diffusion involves only interdisc transfer of 1lipid originally delivered to
the growing membrane as a lipoprotein complex, as opposed to lipid exchange with
other rod cellular organelles, remains to be determined. However, based on half-
life determinations of ROS phospholipids discussed above, the latter possibility
seems reasonable.

An unexpected observation in these in vivo, studies was the decarboxylation of ROS
phosphatidyl serine, which suggests an active lipid metabolism in ROS. In studies
to be reported elsewhere, phosphatidyl ethanolamine was methylated to phosphatidyl
choline, apparently in the ROS, while the entire molecule of phosphatidyl inositol
completely turned over in less than seven days. Enzymes of lipid metabolism have
not previously been reported in ROS (Swartz and Mitchell, 1973, 1974; Mizuno,
1976). However, these investigations utilized vigorous homogenization and exten-
sive washing procedures during the isolation of ROS which may have led to losses
of some loosely bound proteins. We are currently searching for the subcellular
localization of the enzymes of lipid metabolism responsible for the various inter-
conversions demonstrated in these i#n 7V0 experiments.
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THE GANGLIOSIDES OF THE CHICKEN RETINA AND OPTIC TECTUM.
THE INFLUENCE OF LIGHT ON THEIR LABELLING AFTER AN IN-
JECTION OF LABELLED PRECURSORS

R. Caputto, Alicia H.R. de Maccioni, H.J.F. Maccioni,
Beatriz L. Caputto and C.A. Landa
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ABSTRACT

Cultures of retinas from 8-day-old embryonic chicken in the presence of [%J-gluco—
samine showed that GD3 and GM3 are the gangliosides with highest labelling. From
this age onward, and apparently responding to the appearance of the required en-
zymes, the labelling of GMl, GDla and GT increases and at hatching day GDla becomes
the highest labelled ganglioside. The main site of synthesis of neuronal ganglio-
sides was found in the neuronal perikarya, in a Golgi membrane enriched fraction.
In this fraction the nascent gangliosides are protected from the neuraminidase at-—
tack. Experiments in the visual system of chicks indicated that the gangliosides
synthesized in the soma of retinal ganglion cells are transported axonally to thei
endings in the contralateral optic tectum. After 3, 5 and 8 h of injection of N|[°H
acetylmannosamine into one eye of the chick, the gangliosides in the contralateral
optic tectum of animals exposed to 1000 lux were more labelled than in their con-
trols in dark. The glycoproteins followed a pattern of labelling similar to that of
gangliosides. Most of the difference in labelling appears in the same subcellular
fraction in which normally is found the maximal deposition of gangliosides. The
increase of labelling was not due to a greater turnover of gangliosides.

KEYWORDS

Retinal gangliosides; visual system sialosylglycoconjugates; ganglioside subcellu—
lar site of synthesis; light on ganglioside biosynthesis.

INTRODUCTION

The hypothesis of the existence of two pools of gangliosides was formulated around
ten years ago from findings of experiments with rat brain homogenates and with rats
in vivo (Arce and others, 1971; Maccioni and others, 1971; Caputto and others, 1974).
This hypothesis stated that there is in brain a small pool of transient or precur-
sor gangliosides- which are utilized for the synthesis of more complex gangliosides
and a relatively large pool of end product gangliosides. Both pools are chemically
similar, but the pool of end products can neither be utilized for further synthesis
nor is able to undergo renewal of parts of the ganglioside molecule at least in any
appreciable measure (Maccioni and others, 1971; see alsoHolm and Svennerholm,

1972 ; Ledeen and others, 1976). The hypothesis carried with it the connotation that

43



44 R. Caputto et al.

the pool of transient gangliosides was in contact with glycosyltransferases (proba-
bly in the Golgi apparatus) which build the carbohydrate chain of the gangliosides,
whereas the large pool of end products, probably located in the plasma membranes
of the neuronal and glial cells, has totally or partially lost contact with the
synthesizing system. If this hypothesis is correct it should be a main point to
consider when any problem of renewal of gangliosides is studied. Conceptually it is
in opposition to the several hypotheses which attribute to the plasma membrane
capability for the building or renewal of the carbohydrate chain of gangliosides
(Roseman, 1970), even if it is possible that on quantitative grounds there may be
room for both hypotheses, one describing the general events, the other the excep-
tions.

In the optic system, the neuronal perikarya of the ganglion cells of the retina are
widely separated from their nerve endings which are located in the brain and spe-
cifically in the chicken, in the optic tecta. This make an almost ideal situation
to test the hypothesis of the two pools of gangliosides. It was first shown that
the gangliosides, similarly to what had been found for other lipids, are moved by
axonal transport from the retina to the superior colliculus and lateral geniculate
body in the rabbit (Ledeen and others, 1976) and to optic tecta in the goldfish
(Ledeen and others, 1976) and in the chicken (Landa and others, 1979). These later
authors also showed that only a minor part, if any at all, of the gangliosides were
synthesized in the optic nerve endings.

Considering the effect of light on the labelling of the optic tectum gangliosides
from the point of view of the two pools hypothesis it becomes clear that changes

in the biosynthesis processes in the retina or changes in the axonal transport from
retina to the brain may have interest in explaining the mechanisms by which a sen-
sorial organ may influence the functioning of the central nervous system, specially
if such mechanisms can be extended to other substances such as the glycoproteins.

THE SUBCELLULAR SITE OF SYNTHESIS

Assuming that the bulk of gangliosides is representative of the pool of end products
(G) whereas the endogenous ganglioside acceptors (EGA) of sialosyl groups and the
hematoside synthetase (HS) are linked to the pool of transient gangliosides, a
separation of the two pools from the brain was obtained by washing the conventional
crude mitochondrial fraction before preparation of synaptosomal and mitochondrial
fractions (Table 1). The ratio EGA/G was 43.9 in the synaptosomal fraction obtained
from the washed pellet and 411 in that obtained from the supernatant. For the HS/G
ratios the corresponding values were 306 and 2244 respectively. Similar wide differ
ences were found between the precipitate and supernatant after washing the conven-
tional mitochondrial fraction. Ng and Dain (1977) also reported that the highest
activity of sialosyltransferases was not associated with the synaptosomes.

A further step in characterizing the subcellular site of synthesis of gangliosides
was the separation of the neuronal perikarya from the synaptosomes (Table 2) which
showed that the sialosylating activity was concentrated in the neuronal perikarya
with respect to the synaptosomes about 100 to 150-fold. Similar results were ob-
tained when the galactosyltransferase which catalyzes the synthesis of GMl from
GM2 was assayed, or when the acceptors of the galactosyl groups were the EGA.

In the chicken optic system the distribution of radioactivity in retina and in the
optic tecta was determined after an intraocular injection ofEﬁﬂN—acetylmannosamin&
In this animal the fibers of the optic nerve decusate completely at the optic
chiasma, and consequently any labelled material transported from the retina to the
optic tectum by axonal transport as opposed to any material transported systemical-
ly can be determined by the difference between the labelling in the contralateral
and the ipsilateral tectum. Figure 1 shows that whereas the acid soluble material
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TABLE 1 Ganglioside NeuAc, Endogenous Ganglioside Acceptors

and Hematoside Synthetase in Synaptosomes and Mitochondria

from the Washed Pellet and from the Washing Fluid of ¢rude
Mitochondrial Fraction

Synaptosomes from Mitochondria from
Washed Washing Washed Washing
Pellet Fluid Pellet fluid
Ganglioside NeuAc
(nmol/mg protein) 23 21 10 9
Endogenous ganglioside*
acceptors 1010 8600 188 1200
Hematoside synthetase* 7040 46920 4186 8391

From Landa and others (1977). 3 g

* Figures are counts/min/mg of protein of[ H]NeuAc transferred from CMP-['H]NeuAc
to endogenous gangliosides (in the absence of detergents) or to exogenous lacto-
sylceramide (in the presence of detergents).

TABLE 2 Endogenous Ganglioside Acceptors of Sialosyl Groups
and Sialosyltransferase Activity in Neuronal Perikarya and
Synaptosomal Fractions from Rat Brain Homogenate

Endogenous Ganglioside Transfer of sialosyl groups to¥*

Fraction acceptors (EGA) Hematoside Lactosylceramide
Neuronal perikarya 2166 13892 6948
Synaptosomes 13 140 62

From Maccioni and others (1978)

*Results obtained in optimal detergent (Triton CF54:Tween 80, 2:1)/protein ratio.
For the determination of EGA no detergent was used.

Figures are counts/min/nmol of ganglioside NeuAc.

reaches the tectum by systemic transport and in such amounts or conditions that in
8 h does not significantly originate gangliosides in the tectum, the gangliosides
reach the contralateral tectum through axonal transport.

The specific radioactivity of gangliosides of the neuronal perikarya and of the
synaptosomal fraction fr g he contralateral tectum of animals which received an
intraocular injection oft HfManNAc were compared with the specific radiocactivity

of the gangliosides from the same fractions from animals which received an intra-
cranial injection of pH ManNAc. Results showed that 5 h after the injection the
gangliosides from the synaptosomes have higher specific radioactivity than the gan-
gliosides from the neuronal perikarya after the intraocular injection whereas the
opposite occurred after the intracranial injection (Table 3).
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RADIOACTIVITY ( ¢.p.m./ tectum ) x 1073

HOURS AFTER INJECTION

Fig, 1, Radioactivity of gangliosides (0) and acid soluble
material (evaporable under vacuum (®), retained (A)
and not retained (A) by Dowex~1 in the contralateral
(—) and in the ipsilateral (~--) optic tecta of
the chick after an intraocular injection of 3H]—
ManNAc, In the inset the values C~I/I (C= contra=~
lateraly I = ipsilateral) show the excess of the
radioactivity in the contralateral with respect to
the ipsilateral tectum.

TABLE 3 Specific Radioactivity of Gangliosides from Neuro-
nal Perikarya and Synaptosomal Fractions from Optic Tecta
after an Intraocular or an Intracranial Injection of [FHJ-

ManNAc
Hours after
Injection the injection Neuronal perikarya Synaptosomes
Intracranial 2.5 211 42
Intracranial 5.0 210 100
Intraocular 5.0 18% 37%

From Landa and others (1979)

*Difference between the corresponding values in the contralateral and ipsilateral
tecta.

Figures are counts/min/nmol of ganglioside NeuAc

The radioactivity patterns, of the gangliosides labelled after an intraocular or an
intracranial injection of 3i)ManNAc afforded another evidence that after the intra-
ocular injection the labelled tectum gangliosides were synthesized in retina. The
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Fig. 2. Thin-layer chromatography of retina and optic tectum
gangliosides labelled after an intraocular (I,0.) or
intracranial (I.C.) injection of 34 ManNAc., The po-
sition of standard gangliosides is indicated,

pattern of the labelling of the gangliosides from tectum after thin layer chromato-
graphy was similar to the color pattern after staining gangliosides from retina
run in the same TLC system and also similar to the pattern of labelling of these
same gangliosides (Fig. 2). On the other hand after the intracranial injection the
pattern of labelling of the gangliosides of the optic tectum was similar to the
labelling and to the color pattern after staining the optic tectum gangliosides.
In the optic tectum the three prominent gangliosides were GT1l, GDla and GM1 whereas
in retina GDla prevails ostensibly over all other gangliosides in the l-day-old
chick.

All these results show that the main site of synthesis of gangliosides in the rat
whole brain and in chick optic system is the neuronal perikarya, where  the tran-
sient pool of gangliosides and the glycosylating enzymes needed for the synthesis
are located. From that srite of synthesis the gangliosides are tramslocated to their
places of deposit, the most important of which are probably the plasma membranes
of the cell. Whether or not there is synthesis of gangliosides also in the synapto-
somal fraction is certainly a more difficult assertion to make. The glycosylating
enzymes distribute almost evenly in most fractions. Does this mean that they are
intrinsic components of all fractions or simply that they belong to membranes of
such densities that have tendency to scatter all over the different demsity frac-
tions in the centrifugation procedure so far devised? Direct evidence of renewal
of parts of the ganglioside molecules of the large pool of deposit are certainly
non existing. Still the stronger evidence against this hypothesis is the observa-
tion that after labelling in vivo the two galactoses of the tetraose chain of
complex gangliosides and the neuraminidase labile and stable sialosyl groups of
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the di~ and polysialogangliosides have the same specific radioactivity, indicating
that neither the two galactoses between them nor the sialosyl groups between them
are subjected to different dilutions during their incorporations (Maccioni and
others, 1971). Indeed, this observation is compatible only with the assumption that
the carbohydrate chain of gangliosides is synthesized from a very small pool of
ganglioside precursors and that once the carbohydrate chain of the gangliosides
starts to be synthesized it is swiftly finished and if it is degraded to be rebuilt
it has to go at least to the stage of glucosylceramide.

Subfractionation of neuronal perikarya by centrifugation on sucrose density gradient
yielded a membrane fraction in which the ganglioside glycosyltransferases were
enriched between 10~ and 15-fold over the whole homogenate (Table 4),

TABLE 4 Ganglioside Glycosyltransferases in Subfractions
from Rat Brain Neuronal Perikarya

Relative Specific Activity

Neuronal Golgi Membrane
Transferase Homogenate Perikarya Fraction
CMP-NeuAc:
lactosylceramide 1 4,7 12
CMP-NeuAc:GM3 1 5.7 13
UDP-Gal:GM2 1 7.9 12

The morphology under the electron microscope and the enrichments in glycosyltrans-
ferases indicate that this fraction is enriched in membranes from the Golgi appa-
ratus (Fig. 3).

TOPOGRAPHIC DISPOSITION OF THE GANGLIOSIDES SYNTHESIZED IN
THE NEURONAL SOMA

Incubation of neuronal soma homogenates with labelled CMP-NeuAc resulted in the
incorporation of labelled NeuAc into endogenous gangliosides. Subfractionation

of the labelled membranes showed that the labelled gangliosides cosedimented with
the membrane fraction enriched in Golgi membranes, where they appeared concentrated
about 15-~fold over the homogenate.

The disposition of the labelled gangliosides with respect to the transversal plane
of these membranes was investigated on the basis of their accessibility to added
neuraminidase. Table 5 shows that the labelled gangliosides of these membranes

were protected from the action of neuraminidase. The protection was not abolished
by treatments designed to release vesicle contents or to release or degrade possible
masking proteins, but was abolished by treatments of these membranes with low deoxy-
cholate concentration (0.05%). This low DOC concentration did not solubilize the
ganglioside carrying membranes, but probably permeabilize them. Our tentative con-



Gangliosides of the Chicken Retina and Optic Tectum

Fig. 3. Electron micrograph of the Golgi enriched membrane
fraction showing numerous smooth-surfaced vesicles
of varying sizes, some flattened membrane sacs and
occasional rough-surfaced vesicles. Bar represents
0.5 um
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TABLE 5 Accessibility to Neuraminidase of Labelled Ganglio-
sides in Golgi Membranes

Treatment Radioactivity in
gangliosides (counts/min)

None 2600
Neuraminidase 2300
Neuraminidase + Pronase 2300
Freezing and thawing +

neuraminidase 2400
Deoxycholate + neuraminidase 400

From Landa and others (in preparation)

clusion of these experiments is that the gangliosides are built in the luminal
(extracytoplasmic) face of the Golgi membranes of the neuronal soma. In their po~-
sition in the plasma membranes of the synaptosomes they appeared accessible to
neuraminidase facing the extracytoplasmic side (see also Hansson and others, 1977).

THE DEVELOPMENT OF GLYCOSYLATING ENZYMES IN RETINA AND ITS
RELATION TO THE APPEARANCE OF GANGLIOSIDES

The chromatographic pattern of retina gangliosides undergoes important changes
during the embryonic development of the chick from the 8th day of the embryo to
the hatching day (Dreyfus and others, 1975 ;Panzetta and others, submitted ). Table
6 shows that those changes are apparently determined by the appearance of the
N-acetylgalactosaminyl- and galactosyl-transferases during that embryonic period.

TABLE 6 Ganglioside Glycosyltransferases and Ganglioside
Labelling during Development of Chicken Retina

Glycosyltransferase activities* Ganglioside labelling
Embryonic Lac-Cer  GM1 oM3 GM3 aM2 in culturesf
age sialyl sialyl sialyl galactosa- -:galactosyl Gdb3  Gpla GT1
minyl
8 days 3.5 3.3 1.5 3.0 0.8 68 18 3
10 " 2.4 2.5 0.3 9.2 2.2 —-— —_— -
13 " 3.2 3.2 0.4 15.0 4.0 15 47 15
16 " 1.7 1.0 0.8 6,0 7.4 10 45 13
1 day post-
hatching 1.6 0.9 0.3 5.0 15.4 5 70 10
From Panzetta and others (Submitted) 2

*Values are given in counts/min/ug DNA x 10~
#Values are percents of the total ganglioside labelling
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Experiments of labelling with ﬁH]GlcNAc of cultures of intact retinas showed that
at the 9th day around 75 % of the labelling of the gangliosides was distributed
between the gangliosides GM3 and GD3. At this age the retina shows a poor activity
of N-acetylgalactosaminyl~ and galactosyl- transferases whereas the sialyltransfer
ases have reached the maximal activity they will reach during development. After
this age the galactosaminyl-and galactosyl- transferase activities start to in-
crease rather sharply and so do the labelling of N-tetraose gangliosides GDla and
GT1 which increase to become around 80% of the ganglioside labelling in retina at
hatching day (Table 6), The changes in labelling probably did not reflect merely
changes in the relative rates of turnover between gangliosides with short and

long carbohydrate chains since Dreyfus and others (1975) showed that GDla in-
creases in amounts with respect to the other gangliosides during retina develop-
ment. It appears as if the appearance of the GM3:N~acetylgalactosaminyltransfer-
ase and GM2:galactosyltransferase simultaneously with the decrease in the activity
of GM3:sialyltransferase determined that GM3 instead of being used for the synthe-
sis of GD3 (reaction 1) is utilized as a substrate that initiates the synthesis of
GDla (reaction 2)

(1) M3 + cMP-NeuAc ————> GD3
(2) GM3 + UDP-GalNAc + UDP-Gal + CMP-NeuAc ————> GDla

THE INFLUENCE OF LIGHT IN THE LABELLING OF RETINA AND OPTIC
TECTUM GANGLIOSIDES

Light influences the labelling of gangliosides in rat brain and chicken brain and
retina when the given labelled precursor ( PH]GlcNAc) reached the brain and the
retina via systemic circulation (Maccioni A.H.R. and others 1971, 1974; Caputto B,
and others, 1975). However, using this type of experiments the situation became
confusing and the hopes for progress were not much., Results in rat and chicken
brains were in the opposite direction: whereas light decreases the labelling of
brain gangliosides in the rat it increased the labelling in the chick, In the
chick, whereas the light increased the labelling in brain, decreased it in retina.
We could not decide if the effect of light was direct on the labelling of brain
gangliosides or indirect through the different influence that light may have on
the activity of rat and chicken. In retina this question could be decided by label-
ling the gangliosides of chickens exposed to light with one eye occluded,whereby
it was observed that the occluded eye was more labelled than the exposed eye.

More revealing experiments were possible with the awareness that the gangliosides
of the presynaptic membranes of ganglion cell terminals of the first station in
the optic system were synthesized in the retina, in the perikarya of the ganglion
cells from which the optic nerve originates (Landa and others, 1979). For this pur
pose chickens (Cobb Hardig Concord or Cobb Hardig sex linked) were maintained from
hatching to the eighth day of age exposed to periods of 12 h each of darkness and
light and then put in the dark for 48 h, The labelled precursor d?H]—ManNAc) was
injected into one eye and the animals were alternatively incorporated into a group
that remained in the dark or was exposed to 1000 lux. No differences were found in
the total and soluble labelled materials or in the labelled sialic acid of the
retina., This information if confirmed will indicate that either the amount of
sialic acid in retina is very small and is rapidly and completely replaced reach-
ing the highest possible specific radioactivity as soon as the 3H ManNAc enters
the cell or else that the processes by which 3H]ManNAc is transformed into[3H]NeuAc
are not altered in the whole retina. Also no differences were found in the label-
ling of gangliosides (Table 7). This situation with the precursors and with the
gangliosides of retina is not clearly understood at present and will not be until
we can determine more precisely the influence that each layer of cells has on the



Gangliosides of the Chicken Retina and Optic Tectum 53

whole phenomenom. The gangliosides in tectum, which we will study immediately are
presumably expression of the activity of the ganglion cells whereas the labelling
of the components of retina we have studied to date express the activity of the
whole retina. Since in the chick in no case we have been able to find any differ-
ence between the acid soluble precursors in the 1psi~ and contra~ lateral tecta to
the eye that received the injection we conclude that precursors are not axonally
transported. The axonal transport must be, consequently, of the gangliosides them-
selves as was established by Ledeen and others (1976) and confirmed by Maccioni

and others (1977) who also established that most if not all of the ganglioside
synthesis is carried out in the neuronal perikarya, in a subcellular fraction which
by its morphological characteristics and by the set of transferases that carries
with it is the equivalent to the Golgi apparatus in liver (Keenan and others, 1974)
thyroid (Pacuszka and others, 1978) and other organs. The differences found in the
optic tectum between the animals exposed to light or kept in the dark (Table 8)

are indicative of either higher activity in the retina or higher axonal transport
in the optic nerve of chickens exposed to light with respect to those kept in dark.

TABLE 7 Labelling of Retina Gangliosides after an Intraocular
Injection of [SH|[ManNAc

Time after Dark Light
injection
(Hours) counts/min/mg protein p
1 (8) 587+42 (10) 543+71 N.S.
3 (7) 37163442 (8)3865F142 N.S.
5 (7)5860+421 (8)6704+447 N.S.

Figures are means + S.E.M. of the number of determinations
given in parentheses. N.S.: non significant.
From Caputto B. and others (1979)

TABLE 8 Labelling of Optic Tecta Gangliosides after an
intraocular injection of |3H]ManNAc

Time after Dark Light
injection
(Hours) counts/min/mg protein P
3 (8) 45+8 (8) 7042 <0.01
5 (10)128%10 (11)164+8 <0.01
8% (6)253%43 (6)355+21 <0.01

Figures are means + S.E.M. of the number of determinations
given in parentheses. p was calculated by Student's t test.
*animals from a different experiment

From Caputto B. and others (1979)
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STUDIES ON THE GANGLIOSIDES THAT ARRIVE TO THE OPTIC TECTUM
IN LIGHT AND DARK

It has not been possible up to now to establish qualitative differences between
gangliosides that arrive to the optic tectum in light and dark. The chromatographic
patterns of these gangliosides have shown in some cases a relative increase in the
labelling of GDla in light and this is currently under investigation. 1In retina,
the determination of labelling of gangliosides at short time after the injection
of [3H] ManNAc is made difficult by the presence of very high amounts of precursors.
However, previous separation of gangliosides and precursors in a DEAE-Sephadex
column produced a relatively satisfactory preparation but no differences between
the patterns of labelling of gangliosides in light and dark were found. An experi~
ment was run in which the optic tectum gangliosides were allowed to reach a maxi-
mum of labelling after an intraocular injection of Pﬁ]ManNAc. Then, during the
period in which the labelling was decaying the animals were divided into two groups,
one exposed to light and the other maintained in the dark and the rate of decay of
labelling was studied in both groups (Fig. 4). No differences were found in the
decay of labelling suggesting that the differences in labelling during exposition
to light or dark are not due to changes in turnover. In another experiment, we
attempted to see whether the gangliosides which were labelled under the influence
of light had a different destination in the tectum than those labelled in the
dark. For this purpose the crude mitochondrial fraction of the tectum obtained by
subcellular fractionation was subjected to hypoosmotic shock according to the pro-
cedure of Whittaker (1969). After centrifugation in a conventional density gradient
different subsynaptosomal fractions were obtained. The highest labelling were
found in the synaptosomal plasma membrane fraction in both preparations obtained
from animals whose gangliosides were labelled in the dark or in the light. From
these experiments it appears that light just accelerates a process occurring in
dark and that probably the gangliosides produced in light are undistinguishable

in their chemistry and in their site of deposit from those produced in dark. The
difference established in light is probably not a difference in the quality of the
gangliosides that arrive to the tectum. Any inference on the possibility that there
is a difference in the quantity that arrives to the tectum will probably have to
wait until the phenomenon that occurs in retina is understood.
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Fig. 4. * Animals were injected with 3H]ManNAc.
*% All animals were put in the dark.
*%% Half of the animals were exposed to light
(1000 lux) and the other half remained in
the dark.
Results of animals in light and dark are means
of ten determinations.
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GLYCOPROTEINS LABELLING IN DARK AND LIGHT

The changes in the labelling of the sialic acid of glycoproteins of optic tecta
from chickens maintained in the dark or subjected to 1000 lux after an intraocular
injection of[3H]ManNAc are very similar to those observed for gangliosides even if
the differences were somewhat smaller (Table 9). In the retina no differences were
observed between the two groups of animals,

TABLE 9 Labelling of the Sialic Acid of Glycoproteing from
Optic Tecta of Chickens Injected Intraocularly with [°H ManNAc

Hours after Contralateral Ipsilateral

injection Dark Light p Dark Light
0.5 n.d. n.d. n.d. n.d.
3.0 (10)50+2 (10)60+2 < 0,001 (8) 5+0.5 (10) 5+0.5
5.0% (11)43+1 (11)58+1 <0.001 (10)19+2 (11)16+2

Figures are given in counts/min/mg of protein and are means + S.E.M. of the number
of determinations given in parentheses. p was calculated by Student's t test.
n.d.: non detectable

* This experiment was carried out with a different batch of chickens than that
used for the experiment at 3 h.

From Maccioni A.H.R. and others (submitted)

SURFACE PROPERTIES OF THE GANGLIOSIDE GDla

Since at least in the chicken GDla is the quantitatively main ganglioside that is
conveyed by axonal transport from the retina to the optic tectum we deemed of in-
terest to comment on some properties of this ganglioside found in our laboratories
by Maggio and others (1978a, b). The polysialogangliosides GD3, GDla and GTl have

a surface potential per molecule of ganglioside significantly higher than mono-
sialogangliosides in monolayers of single components. In monolayers mixed with
phosphatidylcholine the polysialogangliosides have the effect of decreasing the
surface potential, thus probably increasing the ionic permeability of the membranes
(Cumar F.A. and Maggio B., personal communication). This conclusion is in agree -
ment with the finding that GD3, GDla and GTl are efficient fusogenic agents for
erythrocytes (Maggio and others, 1978c¢c) and stimulate both the uptake and the re-—
lease of dopamine by synaptosomal preparations from the corpus striatum (Cumar and
others, 1978). Other authors (Whatley and others, 1976) have reported the coinci-
dence of GDla appearance in myoblasts with their fusion into myotubes.

POSSIBLE FUNCTIONS OF GDla IN THE OPTIC SYSTEM. POSSIBLE
MECHANISM OF INFLUENCE OF RETINA IN THE FUNCTIONING OF THE
CNS

The observations referred to above should be considered when it is attempted to re-
late the functioning of retina (and for this purpose perhaps of any other sensorial
organ) with the functioning of the CNS. One is the importance to establish precise-
ly the mechanism and the site of formation of any substance in the cell, specially
of those substances which are components of the cell membrane. Since by now it
appears that the quantitatively main subcellular site of biosynthesis of ganglio-
sides and perhaps of glycoproteins is located in the neuronal perikarya it is im-
portant to establish whether the increase of the retina GDla ganglioside from the
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8th day of embryonic development to hatching is correlated with an increase in the
development of the axonal processes. If such were the case the possibility that
gangliosides are agents for recognition of the corresponding cells in the optic
tectum becomes an assumption with distinct probabilities of being correct.

As for the increase in light of labelling of gangliosides and glycoproteins the
suggestion is inescapable that this may be a part of the mechanism of memory or

any other phenomenon by which a sensorial organ influences the structures of the
brain. The subject is in the initial stage of investigation and consequently may
be that fundamental changes in concepts will follow, but so far the extra labelling
carrying material produced under light was found chromatographically similar to the
material produced in the dark, the turnover period of both materials did not differ
and they had a distribution in the subcellular fractions of the tectum that were
indistinguishable for both materials. Every thing occurred as if the material was
an addition to the normal structural in the brain. The concept of a reaction which
stimulates the formation of a substance in the neuronal perikarya which by axonal
transport is carried to the nerve endings may become a basic concept in the func-
tioning of the nervous system.
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ABSTRACT

The presence of and many of the properties of enzymes in the retina involved in the
biosynthesis of key intermediates in the dolichol pathway of carbohydrate activation
has been demonstrated. The formation of dolichol phosphate-mannose and of mannose-
containing oligosaccharide-polyprenols, and their use as substrates in further bio-
synthetic reactions was shown. The biosynthesis of the core-region glucosamine-
containing mono, di and tri-saccharide pyrophosphoryl polyprenols, and the novel
function of GDP-mannose as a regulator in their biosynthesis, was described. The
participation of the dolichol pathway in the glycosylation of rhodopsin was demon-
strated by the inhibition of core-region glycosylation of this glycoprotein by the
antibiotic, tunicamycin. Preliminary evidence was obtained that glycosylation of
rhodopsin was not a requirement for its insertion into disc membranes.
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Polyprenols; dolichol phosphate-mannose; carbohydrate-activation; rhodopsin; gly-
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INTRODUCTION

Studies from many laboratories over the past several years have revealed the impor-
tant role played by lipid-activated carbohydrates in the form of their polyprenol
derivatives in the biosynthesis of the core-region saccharide of the asparagine-
linked glycoproteins (Waechter and Lennarz, 1976). The means by which this region
of the carbohydrate chain of glycoproteins was synthesized resisted understanding
until relatively recently. The process of sequential, stepwise transfer of mono-
saccharide residues from their nucleotide derivatives to acceptors catalyzed by
specific glycosyl transferases, served to explain the attachment of peripheral
sugars such as sialic acid and galactose (Roseman, 1970). However, the synthesis
of the more internally located "core" region oligosaccharide, containing mannose
and glucosamine, did not seem to proceed in this manner. During this past decade
it has become abundantly clear that the polypremnol phosphate/pyrophosphate sugar
derivatives are the crucial intermediates for this process. Derivatives containing
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up to 15 sugars have been shown to participate in a complex series of reactions in-
volving synthesis of the polyprenol-oligosaccharide, transfer to the apo-glycopro-
tein followed by excision of some of the sugar groups (Spiro, Spiro and Bhoyroo,
1976; Kornfeld, Li, and Tabas, 1978). Thus far, while the entire sequence of re-~
actions has been demonstrated in only a limited number of tissues, various phases
of the polyprenol-pathway have been demonstrated in over 15 animal tissues. While
a considerable amount of information is thus available concerning this biosynthetic
pathway, information is still limited concerning a variety of aspects of this pro-
cess such as demonstrations of its participation in the biosynthesis of well char-
acterized specific secretory and membranous glycoproteins, and information concern-
ing mechanisms which regulate its functioning.

We have addressed ourselves to examining the characteristics of the lipid-interme-
diate pathway in the retina and its role in the biosynthesis of glycoproteins of
this tissue with specific attention ultimately to the biosynthesis of the carbohy-
drate chains of the glycoprotein rhodopsin. This visual pigment is an integral
major component of the membranes of the discs of the rod outer segment. Bovine
rhodopsin was shown to contain 9 moles of mannose and 5 moles of glucosamine per
mole of visual pigment (Plantner and Kean, 1976a). Recently the structure of the
major oligosaccharide chain of rhodopsin was shown to be similar to that of other
asparagine-linked glycoproteins, Liang, and co-workers, 1979; Papermaster, Fukuda,
and Hargrave, 1979). Studies from our laboratory have investigated the presence in
the retina of the pathway for the lipid-activation of carbohydrates and the involve-
ment of this pathway in the glycosylation of rhodopsin (Kean and Plantner, 1976;
Kean, 1977a, 1977b, 1977c, 1977d, Kean and Bruner, 1977; Kean, 1979). This report
will summarize some of the salient features of these studies which have described
many of the properties of this pathway primarily in the retina of the embryonic
chick as well as in the retina of other species.

MANNOSYL TRANSFERASES OF THE RETINA

Incubations were performed and enzymatic activities were measured as described pre-
viously (Kean, 1977a; Kean, 1977b). In summary, reactions were stopped by the ad-
dition of a mixture of cold 6% trichloroacetic acid/0.5% phosphotungstic acid to
the incubation mixture. From the pellet which was formed, three products were ob-
tained: Lipid I, the material extracted with a mixture of chloroform/methanol
(2:1), and recovered in the chloroform-rich phase after partitioning according to
the procedure of Folch, Lees and Sloane-Stanley (1957); Lipid II, the material ex-
tracted from the delipidated pellet with a mixture of chloroform/methanol/water
(10:10:3) (this fraction contained the oligosaccharide-lipids); Residue, the pellet
remaining after Lipids I and II are removed (this fraction contained the endogenous
glycoproteins). The radioactivity was measured in each of the fractions by scintil-
lation spectrometry.

While the formation of each of these products was measured in every experiment,
this report will deal, in the main, with the biosynthesis by the retina of the low
molecular weight carbohydrate~lipid intermediates which are extractable by chloro-
form/methanol (2:1).

Endogenous Activities

Cell-free preparations obtained from retinas of several species of widely varying
phylogeny catalyzed the transfer of mannose from the sugar nucleotide, GDP-(14¢) -
mannose to material extractable into chloroform/methanol (C/M) (2:1) (Table I).

The retina of the embryonic chick was the most active of the species which were ex-
amined. Most of the studies characterizing the products of this reaction and the
properties of the enzyme systems involved were carried out with homogenates of the
retina from the 15 day embryonic chick. When examined as a function of the age of
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the embryo, there was little difference in this capacity in retinas obtained from
eggs incubated from 9 days until hatching (21 days).

The incorporation of (14C)—mannose into the 3 fractions as a function of time of in-
cubation is seen in Fig. 1. The formation of Lipid I (dolichol phosphate-mannose)
was rapid, being complete within 5 min, while the labeling of the other products
(Lipid II, the oligosaccharide-lipid; Residue, the glycoproteins) was linear for
longer periods of time.

TABLE I Mannosyl Transferases in Retinas from Animals of Different Species*

cpm/g retina/min

Retina Source Lipid
Embryonic chick 32900 T 2210 (24)
Dogfish 10100 + 1000 (9)
Squid 14200
Cattle 14900 * 1890 (4)
Adult chicken
Hen 16900
Rooster 13400

*Rean and Bruner (1977).
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Fig. 1. Time course of the mannosyl transferase reactions (Kean, 1977a)

The only class of mannose-containing lipids that have been described in animal tis-
sues are the polyprenol phosphate derivatives. The mannolipid synthesized by the
retina utilizing the lipid acceptors endogenous in this tissue was shown to have
the characteristics of dolichol phosphate-mannose, as discussed later.

In addition to mannose, polyprenol derivatives of N-acetylglucosamine and of glu-
cose have also been described, the former being involved in the assembly of the
core-region oligosaccharide, and the latter as part of the large oligosaccharide-
lipid involved in the processing mechanism (Kornfeld, Li, and Tabas, 1978).
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As seen in Table II, UDP-N-acetylglucosamine and UDP-glucose functioned as sub-
strates for the formation of lipid extractable products, in addition to GDP-mannose,
although the latter was 6 to 9 fold more active in this regard. The products
formed by the retina using UDP-N-acetylglucosamine as the sugar donor have been ex-
tensively characterized, as described later, while the products formed from UDP-
glucose have not been characterized.

When examined under optimal conditions of pH (0.2 M Tes buffer, pH 7.0) and metal
(MnClp, 3.3 mM), and linearity with time of incubation and protein concentration

an apparent Kp of 1.4 UM was obtained for GDP-mannose.

TABLE II _Sugar Nucleotide Substrate Specificity (Kean, 1977c)

Radioactive Conc. pmol sugar incorporated
Sugar Nucleotide (uM) per g wet wt.,/min
Lipid
GDP-Mannose 2.6 122
GDP-Glucose 2.6 2.8
UDP-GalNAc 3.1 1.2
UDP-G1lcNAc 3.2 22
UDP-Glucuronic acid 2.8 0.06
UDP-Glucose 2.9 14
UDP-Galactose 2.6 2.1
CMP-Sialic acid 3.0 1.8

Polyprenol Phosphate Specificity

As seen above, a relatively high degree of specificity for GDP-mannose as the sugar
nucleotide substrate was shown by the retina. When the specificity of the mannosyl
transferases of the retina for the lipid acceptor was investigated, an even greater
degree of specificity for dolichol phosphate as an exogenous acceptor of radioac-
tivity from GDP(14C)—mannose was demonstrated. As seen in Table III, little or no
stimulation of activity over the endogenous level was demonstrated by several long
chain polyprenol phosphates or by short chain analogues under conditions in which
the presence of dolichol phosphate resulted in about an 18 fold stimulation.

TABLE III Specificity for Polyprenyl Phosphates as Acceptors by
Mannosyltransferases of Retina (Kean, 1977a)

Radioactivity in

Compound Added Conc. Lipid-I Lipid-II Residue
UM cpm
None 4,140 668 1,190
Dolichyl phosphate 19 76,800 1,850 3,360
Citronellyl phosphate 16 3,770 745 1,140
Ficaprenyl phosphate 21 5,130 790 1,310
Farnesyl phosphate 22 3,490 680 1,170
Geranyl phosphate 22 4,120 660 1,180
Phytyl phosphate 19 3,860 700 1,140
Phytanyl phosphate 21 4,290 882 993
Retinyl phosphate 22 2,980 596 758
Undecaprenyl phosphate 17 3,930 772 903

0f considerable interest was the lack of activity shown by retinol phosphate. Al-

though the latter compound has been shown to act as an acceptor of mannose in liver
(DeLuca, and co-workers, 1973), the role of the product, retinol phosphate-mannose,
in glycoprotein biosynthesis is not clear.
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The requirement by the retina for dolichol phosphate as exogenous acceptor was more
rigorous than that displayed by other tissues, such as calf pancreas (Tkacz, and
co-workers, 1974), calf thyroid (Adamany and Spiro, 1975) or pig liver (Richards
and Hemming, 1972). When examined as a function of variation in concentration of
dolichol phosphate, saturation kinetics were observed, as can be seen in Fig. 2.

From these studies an apparent Ky for dolichol phosphate was calculated to be 7.3
UM  (Kean, 1977a).
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Fig. 2. Effect of the concentration of dolichyl phosphate on
the rate of Lipid-I-mannosyltransferase of the retina.

In addition to stimulating the incorporation of mannose into the C/M (2:1) extract-
able fraction, or Lipid I, the presence of dolichol phosphate also resulted in a

2 to 3 fold stimulation of the labeling of the oligosaccharide-lipid fraction
(Lipid II) and the glycoprotein-containing Residue.

Identification of Products

Dolichol phosphate-mannose. Large scale incubations were carried out in the pres-
ence and absence of exogenously added dolichol phosphate. The chloroform/methanol
(2:1)/fraction from these preparations were treated in am identical manner. After
purification by DEAE cellulose acetate chromatography, followed by silicic acid
chromatography, the products formed from the endogenous lipid acceptors was identi-
cal to that formed in the presence of added dolichol phosphate although the latter
was greatly increased in amount. The chromatographic properties on the above ad-
sorbants as well as thin layer chromatography in several solvent systems in addi-
tion to acid and base stability characteristics of these products were similar to
one another and to that of authentic dolichol phosphate-mannose. The anomeric con-—

figuration of the mannose linkage, investigated by chemical and enzymatic means,
was shown to be B.

The latter characteristic, observed also in the product synthesized by thyroid
(Adamany, and Spiro, 1975) and pancreas (Herscovics, Warren and Jeanloz, 1975)
would be consistent with its role as a donor of a-mannose residues in the assembly
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of the oligosaccharide-lipid, but not serving as a donor of the B-mannosyl unit of
the trisaccharide-1lipid core region. Although the lipid componment has not been
identified, all of these characteristics are consistent with the product synthe-
sized by the retina being dolichol-B-D-mannosyl phosphate.

Since the characteristics of the product synthesized from the endogenous acceptor
and from dolichol phosphate were identical, it is suggested that the endogenous
lipid acceptor in the retina is in fact dolichol phosphate.

Mannose-containing oligosaccharide-lipids and glycolipids. The mannose-oligosac-
charide-1ipid, Lipid II, the product extracted from the delipidated pellet with
C/M/water (10:10:3), had the chromatographic properties on DEAE cellulose acetate,
paper chromatography and thin layer chromatography similar to the mannose-oligosac-—
charide-pyrophosphate-lipids described in other tissues (Adamany and Spiro, 1975;
Lucas, Waechter, and Lennarz, 1975; Chambers and Elbein, 1975).

After Lipids I and II were removed, the radioactivity in the residual pellet was
shown to be associated with glycoproteins. The only radioactive component was man-
nose, as revealed after strong acid hydrolysis. The mannose was shown to be pres-—
ent in large molecular weight material which was converted to radioactive glyco-
peptides by the action of pronmase.

Polyprenol-mannose Derivatives as Substrates

Dolichol-(14C)-B-mannosyl phosphate, either synthesized in situ or added exoge-
nously served as substrates for the transfer of (l4¢)-mannose to the oligosac-
charide~lipids and to endogenous glycoproteins. Shown in Fig. 3 are the results of
experiments in which dolichol phosphate-(l4C)-mannose, previously prepared by large
scale incubations and extensively purified by DEAE cellulose chromatography and
silicic acid chromatography, was the substrate for the mannosyl transferases of the
retina. As a function of time of incubation, the radioactivity in this compound
decreased accompanied by the increased labeling of the oligosaccharide-lipid and
glycoprotein fractions.
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Similarly, when purified Lipid II (the oligosaccharide-lipid) was present as the
sole source of radioactivity, the retina also catalyzed the transfer of (l4¢)-man-
nose to endogenous glycoproteins. Thus, the retina contained the enzymatic capac-
ity for the formation of the polyprenol-activated carbohydrates and the trans-
ferases required for their use in further biosynthetic reactions.

Subcellular Localization of the Lipid-mannosyltransferases

The distribution of the mannosyl transferases active with the endogenous lipid ac-
ceptors was examined in preparations of the retinas from the embryonic chick and
from the dogfish. Essentially the same results were obtained with both species.
Fractions were obtained based on the procedures of differential centrifugation de-
scribed for rat liver by Schneider and Hogeboom, 1950, and are thus operational

in nature.

Since one cannot distinguish whether lipid-acceptor or enzyme is limiting from
studies of this type, the data obtained is qualitative in nature. Although the
overall yields in enzymatic activities varied in different experiments, of the re-
covered mannolipid-transferase activity, about 70% was associated with the pellet
sedimented at low centrifugal speed (750 x g) i.e., the fraction containing nuclei
and cell debris. Less than one-third of this was associated with the microsomal
fraction. This is in contrast to the microsomal location of these enzymes as re-—
ported by others (Waechter, Lucas, and Lennarz, 1973; Tkacz, and co-workers, 1974;
Adamany and Spiro, 1975) and the rough endoplasmic reticulum (Czichi and Lennarz,
1977). 1In order to test the nuclear location of the mannosyltransferase further,
we attempted to purify nuclei from the embryonic chick retina. However, techniques
applicable to other tissues for this purpose when used with the embryonic retina
did not result in nuclei of sufficient yield for these experiments. Recently, how-
ever, Richard, Tytgat and Louisot, 1978, described the presence of the lipid-manno-
syl transferases in nuclei purified from rat liver. The important question of the
subcellular location of these enzymatic reactions is still not resolved, however,
since it is not clear from any of these studies what the distribution, in quantita-
tive terms is of these enzymatic activities in the various subcellular compartments
of the cell.

N-ACETYLGLUCOSAMINYL TRANSFERASES: BIOSYNTHESIS OF THE CORE
REGION TRISACCHARIDE

The trisaccharide sequence, Man £ GlcNAc £ GlcNAc is a common feature of the as-
paragine-linked glycoproteins. As shown by several laboratories, GDP-mannose is
used as a substrate for its formation, not dolichol phosphate-mannose (Chen and
Lennarz, 1976; Heifetz and Elbein, 1977; Waechter and Harford, 1979; Levy and co-
workers, 1974). Studies from this laboratory have described the biosynthesis by
the retina of the embryonic chick of the lipid intermediates involved in the bio-
synthesis of the core-region trisaccharide (Kean, 1979). _The biosynthesis of Glc-
NAc-P-P-polyprenol, GlcNAc-GlcNAc-P-P-polyprenol and Man—E—GlcNAc—GlcNAc—P—P—poly—
prenol were demonstrated. It is onto the trisaccharide-~lipid unit that additional
GlcNAc and mannose units are attached, as well as glucose before the assembled
oligosaccharide-1lipid is transferred to the acceptor nascent glycoprotein (Kornfeld,
Li, and Tabas, 1978). A novel observation was made during these studies whereby
the N-acetylglucosaminyl transferases concerned with the biosynthesis of the above
GlcNAc~lipids was greatly stimulated by the presence of GDP-mannose (Kean, 1979 and
manuscript submitted for publication). The stimulation was shown not to be due to
GDP-mannose merely acting as a substrate for the formation of the mannose-contain-
ing product and pulling the reaction in the direction of its synthesis. Rather,
the incorporation of (3H)-GlcNAc into GlcNAc-lipid and GleNAc-GlcNAc-lipid were en-
hanced 2 and 5 fold respectively, compared to the labeling of the trisaccharide-
lipid. Thus, GDP-mannose acted as a modifier of the activities of the GlcNAc-lipid
transferases, in addition to acting as a substrate in mannosyl transferase reac-
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actions, an influence which may be an aspect of metabolic regulation of the biosyn-
thesis of the core region oligosaccharide.

THE LIPID INTERMEDIATE PATHWAY AND THE GLYCOSYLATION OF
RHODOPSIN

The experiments described above demonstrate the presence in the retina of key en-
zymes required for the pathway of lipid activation of mannose and glucosamine.
While dolichol phosphate-mannose and the mannose-oligosaccharide lipid were synthe-
sized by the retina and were shown to act as substrates in the transfer of mannose
to endogenous glycoprotein acceptors, it is of importance to demonstrate the parti-
cipation of the lipid-intermediate pathway in the glycosylation of specific glyco-
protein by this tissue. The most well characterized glycoprotein of the retina is
rhodopsin. Previous studies (Kean and Plantner, 1976) using cell-free preparations
of bovine retina demonstrated the transfer of mannose from GDP(l4c)-mannose to a
variety of endogenous acceptors. Little of the labeled sugar was found in visual
pigment, however.

Using the intact retina, in vitro, the incorporation of glucosamine and of mannose
into rhodopsin has been demonstrated (0'Brien and Mullenberg, 1973; O'Brien, 1977).
Adapting this system, we have investigated the glycosylation of rhodopsin under
conditions which inhibit the assembly of the lipid-oligosaccharide intermediate
required for glycosylation of the asparagine-linked glycoproteins., The antibiotic,
tunicamycin, has been shown to act in this manner (Tkacz and Lampen, 1975). In
cell-free preparations of the retina, tunicamycin was shown to block completely

the transfer of GlcNAc from the sugar nucleotide to glucosaminyl-lipids (Kean, 1979).
Bovine retinas were incubated in the presence of either (3H)-mannose or (3H)-gluco-
samine, in the presence or absence of tunicamycin. Rod outer segments were puri-
fied from these retinas by sucrose floatation and sucrose density centrifugation

as described by Papermaster and Dreyer (1974). Rhodopsin was extracted with Emulpho-
gene BC 720 and purified by adsorption chromatography on columns of calcium phos-
phate-Celite, as described previously (Plantner and Kean, 1976a), followed by
preparative isoelectric focusing (Plantner and Kean, 1976b). In retinas incubated
in the presence of tunicamycin, the incorporation of mannose into purified rhodop-
sin was inhibited greater than 90%, and the incorporation of glucosamine was inhib-
ited about 70% compared to the controls. Attachment of glucosamine to core-region
sites, i.e., de novo glycosylation as contrasted to peripheral labeling, was com-
pletely blocked by the antibiotic (Plantner, Poncz and Kean, manuscript submitted
for publication). These effects with this relatively specific inhibitor strongly
implicate the pathway of lipid activation of carbohydrates as the means whereby

the biosynthesis of the carbohydrate chains of rhodopsin occurs.

While tunicamycin extensively blocked the glycosylation of rhodopsin isolated from
the rod outer segments, it had relatively little effect on protein synthesis. In
experiments in which retinas were incubated in the presence of 35g-methionine,
there was about 307 inhibition of its incorporation into rhodopsin. Newly synthe-
sized apo-rhodopsin molecules, i.e., those labeled with 35g-methionine, were thus
synthesized in the presence of tunicamycin and as described above, were essentially
devoid of carbohydrate. From these preliminary studies we can infer that glyco-
sylation of rhodopsin is not a requirement for its insertion into the disc mem-—
branes of the rod outer segment.

The role of the carbohydrate groups on this glycoprotein in the assembly and turn-
over of the disc membranes is under further investigation.
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ABSTRACT

The standing potential (SP) of the eye is generated mainly at the apical surface of
the pigment epithelium, where tight junctions between adjacent cells create a high
resistance membrane. It can be recorded indirectly by means of the electrooculo-
gram (EOG) or directly by recording between electrodes connected to the cornea and
the forehead. Changes in illumination provoke slow SP changes in the form of damped
oscillations with a frequency of about 2/hour. These oscillations are abolished or
substantially reduced in pigment epithelial diseases, such as retinitis pigmentosa
and vitelline macular degeneration.

The c-wave of the electroretinogram (ERG) represents the hyperpolarization mainly
of the apical membrane of the pigment epithelial cells that occurs in response to
a decrease in potassium ion concentration in the extracellular space of the recep-
tor layer induced by light stimulation. When repeatedly recorded the amplitude of
the c-wave oscillated with time in the same way as the SP. The c—wave is abolished
or markedly reduced in pigment epithelial disorders.

The negative h-wave of thie off-ERG shows such extensive similarities to the c-wave
of the on-ERG that it seems to represent the reversal of the processes in the pig-
ment epithelium - receptor complex underlying the c-wave.

KEYWORDS

Retina; pigment epithelium; ocular electrophysiology; standing potential of the
eye; electroretinography; c-wave; off-effects; animal experiments; clinical met-
hods.

INTRODUCTION

When the retina is stimulated with light a series of biochemical and electrophy-
siological reactions are initiated. Some of the electrical responses are generated
in the neuroretina, whereas others are also closely related to the pigment epithe-
lium, which interdigitates through processes with the retinal photoreceptor outer
segments. The study of these responses has contributed to the basic understanding
of the function of the retina and the pigment epithelium and the interaction bet-
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ween these two layers. Electrophysiological tests are also used in clinical oph-
thalmology as valuable aids in the diagnosis of retinal and pigment epithelial di-
seases.

THE STANDING POTENTIAL OF THE EYE

In vertebrates the cornea is positive in relation to the posterior pole of the
eye. This potential difference is called the standing potential (SP) of the eye,
discovered by du Bois-Reymond (1849). Experimental evidence indicated that the SP
was generated mainly at the level of the pigment epithelium (Arden and Kelsey,
1962; Gouras, 1969; Heck and Papst, 1957; Noell, 1953, 1954). When advancing a
microelectrode through the retina Brindley (1956) observed a layer of high elect-
rical resistance, the R membrane. He proposed that the major part of the SP was
generated across this membrane. The location of the R membrane was found to be be-
hind the retina (Brindley and Hamasaki, 1963; Tomita, Murakami and Hashimoto, 1960)
and Cohen (1965) proposed that the tight junctions (zonulae occludentes) between
the pigment epithelial cells corresponded to the R membrane. It now seems gene-
rally accepted that the apical surface (facing the photoreceptors) of the pigment
epithelial cells together with the tight junctions constitute the morphological
basis of the R membrane. The passive and active transport mechanisms related to
this barrier were studied extensively by Steinberg and Miller (1973) and by Miller
and Steinberg (1977 a, b).

The Electrooculogram (EOG)

SP variations can be recorded indirectly in human as the electrooculogram (EOG) by
using a rather uncomplicated technique (Arden, Barrada and Kelsey, 1962; Frangois,
Verriest and de Rouck, 1955). The eye is rotated voluntarily from side to side at
a certain angle. The potential variations created when the eye, being a dipole,

is rotated like this, are picked up by electrodes at each canthus (Fig. 1).

Recording is performed first in the dark and then in the light. Figure 2 shows that
the potential variations decrease in the dark (dark trough) and increase in the
light (light rise). The relation between the light rise and the dark trough (the
'Arden ratio') (Arden, Barrada and Kelsey, 1962), which is used in clinical tests,
is pathologic in diseases affecting the pigment epithelium, e.g. in retinitis pig-
mentosa (Fig. 3) and vitelline macular degeneration. The increase and decrease in
the SP during EOG registration, initiated by turning on or off the light, respec—
tively, were found to be cyclic and slow, about 2/h (Kolder, 1959; Kris, 1958;
Tdumer, Hennig and Pernice, 1974).

Direct SP Recordings

A method for a more direct recording of the human SP between the cornea and the
forehead, without using eye movements, was developed in our laboratory (Nilsson
and Skoog, 1975; Skoog 1975). Very stable calomel electrodes were connected to

a suction contact lens on the eye and to reference and ground chambers on the fore-
head by saline-agar bridges in polyethylene tubes (Fig. 4). The signals were fed
into low-drift d.c. amplifiers.
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Fig. 1. Arrangement for EOG recording.

Fig. 2. Normal human EOG. Arrows indicate turning off and
on the adapting light, respectively. Time calibra-—
tion: 1 min intervals.

Fig. 3. 'Flat' EOG in retinitis pigmentosa.
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Fig 4. Arrangement for direct SP registration.
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Light evoked responses in the frog. Upper recording:
ERG recorded across a retina - pigment epithelium -
choroid preparation (vitreal - positive). Middle
recording: the pigment epithelial cell membrane po-
tentials, recorded between an intracellular micro-
electrode and either basal (V,,) or apical V,,) re-
ference electrodes. Lower recording: differential
potential from a double barrel K'-specific micro-
electrode located approximately 10 ym vitreal to
the pigment epithelium. Reproduced from Oakley and
co-workers (1977), with permission.
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Turning on the light after dark adaptation initiates slow and damped SP oscilla-
tions with a frequency of about 2/h and with a maximum amplitude of approximately
5 mV (Skoog, 1975). A faster, negative transient precedes the slower changes, the
first and major peak of which is positive (Fig. 5). A change from light to dark-
ness provokes the same kind of SP oscillations, but with completely reversed po-
larity (Fig. 6). Like the slow EOG variations also these SP oscillations are mar-—
kedly reduced or abolished in pigment epithelial diseases. Flashes of light
(Nilsson and Skoog, 1975) and, unexpectedly, ethyl alcohol, taken orally (Skoog,
Textorius and Nilsson, 1975), gave rise to the same type of response as turning
on a steady light.

The mechanisms behind the SP oscillations are still unknown, but we suspect that
metabolic processes in the pigment epithelium are involved. However, it seems that
also factors outside the pigment epithelium influence upon the oscillations, since
it has been shown (Textorius, Skoog and Nilsson, 1978) that experimental occlusion
of the central retinal artery reduced markedly or abolished the light induced slow
SP oscillations (Fig. 10).

THE c~WAVE OF THE ELECTRORETINOGRAM (ERG)

The electroretinogram (ERG) consists of a series of rather fast potential varia-—
tions, the most prominent of which are the negative a-wave and the positive b- and
c-waves (Fig. 7). These waves, which arise when the eye is stimulated with flashes
of light, are superimposed upon the very much larger and slower SP variations. The
a-wave reflects mainly the activity of the photoreceptor cells and the b-wave the
computer part of the neuro-retina. The a— and b-waves are fast enough to be re—
corded with the ordinary a.c. technique, but for the slower c-wave it is necessary
to employ the more complex d.c. technique (Nilsson and Skoog, 1975).

Fig. 7. The d.c. recorded human ERG in response to a 1 sec
stimulus. Stimulus intensity 4.5 log rel. units
above b-wave threshold. Amplitude calibration 100
uv.

Animal Experiments

The c-wave is generated primarily in the pigment epithelium and closely related al-
so to the activity of the photoreceptor cells. Noell (1954) demonstrated that the
c-wave was abolished by sodium iddate. Light (Noell, 1954) and electron (Grignolo,
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Orzalesi and Calabria, 1966)microscopy showed that the pigment epithelium was da-
maged by sodium iodate more than and prior to the neuroretina. Nilsson, Knave and
Persson (1977 a, b) found that after sodium iodate injection there was definitely
a period of time, when the c-wave was abolished and the pigment epithelium severe-
ly damaged, but when the a- and b-waves were still unaffected and the neuroretina
ultrastructurally normal. Brown and Wiesel (1961) demonstrated that the amplitude
of the c~-wave of the local ERG was maximal when the electrode was placed adjacent
to the pigment epithelium.

Steinberg, Schmidt and Brown (1970) and Schmidt and Steinberg (1971) showed that
the intracellular response from the pigment epithelium was rod-dependent and iden-~
tical to the c-wave of the local ERG. It was found by Oakley and Green (1976) that
light induced a decrease in extracellular potassium ion concentration in the recep-
tor layer, and that this decrease had the same time course as the c-wave of the
ERG. In experiments on the frog Oakley and co-workers (1977) and Oakley (1977)
could demonstrate that simultaneously with the c-wave and the decrease in extra-
cellular potassium the apical as well as the basal membrane of the pigment epithe-
lial cells hyperpolarized, but the apical one significantly more than the basal
one, and that this difference in hyperpolarization between the two membranes cor-
responded in amplitude to the c-wave of the ERG (Fig. 8).

It thus appears that absorption of photons by the rods leads to a movement of po-
tassium ions from the extracellular space, probably into the rods, and that this
decrease in potassium causes a hyperpolarization mainly of the apical membrane of
the pigment epithelial cells, which is recorded as the c-wave of the ERG.

Other slow potentials, simultaneous with the c-wave, such as slow P III (Granit,
1947; Noell, 1953, 1954), generated proximal to the receptor layer (Hanitsch, 1973;
Murakami and Kaneko, 1966; Murakami and Sasaki, 1968; Pautler, Murakami and Nosaki,
1968), most likely By a Miiller cell response to the earlier mentioned decrease in
extracellular potassium ion concentration (Oakley, 1977; Witkovsky, Dudek and
Ripps, 1975) may modify the positive c-wave, however (Faber, 1969; Oakley 1977;
Rodieck, 1972). In studies by Textorius (1978), Textorius, Nilsson and Skoog (1978)
and by Textorius, Skoog and Nilsson (1978) it was shown that occlusion of the cent-
ral retinal artery, supplying the inner retina, caused a decrease in c-wave ampli-
tude, slight but significant at the early stage, and markedly at the late stages
(Fig. 10). These findings were surprising and further complicate the full under-
standing of the c-wave. The ion fluxes through the retina may be altered.

The c-wave of the Human ERG

The human c-wave (Fig. 7) has been studied in detail in our laboratory as to metho-
dological development (Nilsson and Knave, 1974; Nilsson and Skoog, 1975), ampli-
tude and stimulus intensity relations (Skoog and Nilsson, 1974 a) and disturbances
caused by superimposed off-potentials (Textorius, 1977). Furthermore, it was shown
that the amplitude of the human c-wave, when repeatedly recorded, oscillated with
time in the same way as the SP, i.e. with a frequency of approximately 2/h (Fig. 9)
(Nilsson and Skoog, 1975, 1976; Skoog and Nilsson, 1974 b). These c-wave oscilla-
tions were earlier observed also in animal experiments (Calissendorff, Knave and
Persson, 1974; Knave and co-workers, 1973). Thus, one c-wave cannot be compared
meaningfully to another c-wave, unless both are taken from identical phases of the
oscillations. Many of the contradictory results in earlier reports may be explained
by the fact that these amplitude oscillations were unknown (Textorius,: Skoog and
Nilsson, 1978).

N,C.I. 1/1-4 F
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Fig. 9. Slow cyclic changes of the amplitude of the c-wave

of the human ERG on repeated stimulations and re-
gistrations. Reproduced from Skoog and Nilsson
(1974), with permission.

Like the SP oscillations also the c-wave amplitude oscillations were abolished in
experimental occlusion of the central retinal artery (Textorius, Skoog and Nilsson,
1978) (Fig. 10). Ingestion of ethyl alcohol provoked oscillations of the c-wave
amplitude of the same type as those induced by light flashes, although larger in

M%«—A—Mw

1mv
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Fig. 10. Variations in the SP and the c-wave amplitude with

time in response to repeated light stimuli (1 sti-
mulus per min) at a late stage (35 days) of occlu-
sion of the central retinal artery (upper trace)
and in the healthy control eye (lower trace). ERG:s
mainly seen as c-waves, superimposed upon the SP
traces. Stimulus duration 1 sec. Stimulus intensi-
ty 45 cd/mz. Reproduced from Textorius, Skoog and
Nilsson (1978), with permission.
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magnitude (Skoog, 1974). Thus, many of the characteristics of the c-wave are also
typical of the SP, which shows that the two potentials are closely related to each
other and to the pigment epithelium. Furthermore, it has been shown in animal ex—
periments that c-wave amplitude oscillations were elicited also by a number of
drugs with melanin affinity, such as chloroquine (Calissendorff, 1976; Knave and
co-workers, 1973).

O

—J

Fig. 11. The d.c. registered human ERG in vitelline macular
degeneration. Stimulus duration 4 sec. Stimulus in-
tensity 4.0 log rel. units above b-wave threshold.
Amplitude calibration 100 yV. Time calibration 1 sec.

In d.c. registrations of the ERG in clinical cases the c-wave is found to be mar-
kedly reduced or abolished in for example retinitis pigmentosa and vitelline macu-
lar degeneration (Fig. 11). In the former case the a— and b-waves are not seen or
are very small, whereas in the latter case they are normal or slightly reduced.

The described electrophysiological tests: EOG, direct SP registration and d.c. ERG,
have proved to be most valuable in the diagnosis of many diseases concerning the
retina and the pigment epithelium, above all in children and in hereditary cases,
where the ophthalmoscopic picture may be difficult to interpret.

THE h-~WAVE OF THE OFF-ERG

The potential variations occurring in the human ERG after cessation of an adapting
light (with a duration of 20 sec or more) were studied by Skoog, Welinder and
Nilsson (1977). A series of waves appeared at 'off': a fast positive d-wave and a
fast negative f-wave were followed by a slower positive g-wave and a slow negative
h-wave. The h-wave at 'off' showed the same time course as the c~wave at 'on'. The
h-wave amplitude also oscillated with time when repeatedly recorded as responses
to 'dark flashes' (Welinder, 1979) and after ingestion of ethyl alcohol (Nilsson,
Skoog and Welinder, 1978; Skoog, Welinder and Nilsson, 1978). It is therefore sug-
gested as a working hypothesis that the h-wave of the 'off-ERG' represents the re-—
versal of the processes generating the c-wave of the 'on-ERG', i.e. an increase of
the potassium ion concentration in the extracellular space of the receptor layer
upon cessation of light, in turn causing a depolarisation mainly of the apical
membrane of the pigment epithelial cells. More basic work is needed before the h-
wave can be tried in routine clinical tests, however.
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Fig. 12. Off-responses of the human d.c. registered ERG
after the termination of an illumination of 60
Lux. Average of two recordings. Amplitude calib-
ration 100 yV. Time calibration 1 sec. Repro-
duced from Skoog, Welinder and Nilsson (1978),
with permission.

The present paper described three potentials that are related to the activity of
the pigment epithelium and its interaction with the retinal photoreceptors: the
standing potential of the eye, the c-wave of the on-ERG and the h-wave of the off-
ERG.
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ABSTRACT

In all vertebrate species examined thus far, rod outer segment shedding follows a
cyclic pattern in which the outer segment tips are shed.shortly after the onset of
light. Work in the rat retina suggests that rod shedding may follow a circadian
rhythm which is controlled by one or more circadian oscillators. Our results in
the frog retina are significantly different in that: rod shedding can be driven by
the onset of light or other environmental cues; shedding does not persist in con-
stant darkness; shedding is unaffected in frogs with chronic unilateral or bilater-
al optic nerve section; and shedding will rapidly phase shift to the time of light
onset on a wide variety of diurnal cycles. Thus, rod shedding in the frog retina
does not appear to be a classical circadian rhythm.
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INTRODUCTION

The outer segments of vertebrate rod and cone photoreceptors are renewed throughout
the life of the animal (reviewed in Young, 1976). Renewal occurs through the as-
sembly of new disc membranes at the base of the outer segment and a carefully bal-
anced disposal mechanism in which the tips of the outer segments (phagosomes) are
shed, engulfed and digested by the pigment epithelium. The shedding of rod and
cone outer segments has been observed in a number of vertebrate species (reviewed
in Hollyfield and Basinger, 1978a), but to date the most complete information on
shedding is available for rod photoreceptors in the retinas of rats and frogs
(LaVail, 1976; Basinger, Hoffman and Matthes, 1976; Hollyfield, Besharse and
Rayborn, 1977; Besharse, Hollyfield and Rayborn, 1977; Basinger, 1978; Currie,
Hollyfield and Rayborn, 1978; Hollyfield and Basinger, 1978a, 1978b; LaVail and
Ward, 1978; Tamai et al., 1978; Goldman, O'Brien and Teirstein, 1979; Hollyfield
and Rayborn, 1979; Teirstein, Goldman and O'Brien, 1979).

Work by LaVail and co-workers (1976, 1978) has shown that in the rat retina, rods

shed their outer segment tips in a cyclic pattern shortly after light onset and may
follow a circadian rhythm which persists in constant darkness. Work in O'Brien's
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laboratory (Goldman, O'Brien and Teirstein, 1979; Teirstein, Goldman and O'Brien,
1979) has confirmed the apparent circadian nature of rod shedding in the rat retina
and has further suggested that one or more circadian oscillators may exist which
control rod shedding, possibly via the optic nerve.

Our work with adult Rana pipiens has shown that rod outer segment shedding follows
a diurnal cycle with shedding occuring shortly after the onset of light. However,
rod shedding is virtually eliminated in frogs maintained for short periods of time
(up to one week) under conditions of constant dark or constant light. This evi-
dence, and the fact that shedding can be independently initiated in either eye,
suggests that rod shedding in the frog retina may not follow a true circadian
rhythm but instead be driven by the onset of light or other environmental cues
(Basinger, Hoffman and Matthes, 1976; Currie, Hollyfield and Rayborn, 1978;
Basinger, 1978; Hollyfield and Basinger, 1978a, 1978b). The results presented here
clearly demonstrate that rod shedding in the frog retina is tightly entrained to
the onset of light, is unaffected by chronic optic nerve section, and can be
initiated by an increase in temperature in the absence of a light cue.

METHODS

Adult Rana pipitens were maintained at room temperature in large plexiglass bins
with a constant supply of running tap water and were fed crickets weekly. Lighting
was provided by full spectrum ceiling fluorescent lamps and was approximately 450
lux at the floor of the frog bins. Automatic timers turned the lights on at 0800
hours and off at 2200 hours, a light cycle of 14L:10D. In some experiments, frogs
from the 14L:10D cycle were placed under a variety of altered lighting cycles by
housing in constant temperature incubators (22°) illuminated at 450 lux by full
spectrum fluorescent lights. The incubators were equipped with programmable timers
to turn the lights on and off. 1In selected experiments, the incubator temperature,
instead of the light, was controlled by the timers to cycle between 15° and 26°
while the incubator was maintained dark.

Frogs were killed by decapitation at selected intervals during the various cycles,
and the retinas were processed for light microscopy as previously described
(Basinger, Hoffman and Matthes, 1976). Rod shedding was quantitated in 0.5-1.0 u
plastic-embedded sections, and shedding is expressed as the number of newly shed
phagosomes per 100 ROS.

Optic nerves were sectioned in frogs under MS-222 anesthesia. The nerves were sec-
tioned through the roof of the mouth approximately midway between the eye and the
optic chiasm. The incision was closed with sutures, and the frogs were maintained
under normal cyclic lighting for at least five weeks before they were used in the
experiments described below.

Rhodopsin bleaching was determined by difference spectra in 0.04M CTAB extracts of
whole retinas on a Cary 118 recording spectrophotometer.

RESULTS

In frogs maintained on a diurnal lighting cycle of 14L:10D, synchronous shedding of
new phagosomes occurs between 60 and 90 minutes after the onset of light, and no
further shedding takes place during the remainder of the diurnal cycle. Rod shed-
ding is temperature dependent (reflecting the temperature dependence of disc synthe-
sis and assembly), and is normally about 20% per day in frogs maintained at 20° -
220,
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One useful way to study the nature of various biological rhythms is to alter the
environmental cycles to which the animals have been entrained. Therefore, to ex-
plore the relationship between shedding and light onset, we examined the shedding
pattern of frogs maintained on a variety of altered lighting cycles in which the
time of light onset was advanced or delayed. We first examined the effect of
acute, short-term, alterations in the time of light onset. In this experiment,
frogs previously maintained for at least three months on the 14L:10D lighting cycle
were presented with light onset either eight hours earlier (14L:2D) or eight hours
later (14L:18D). The results of this experiment are shown in Fig. 1, and for
comparison, the shedding pattern of frogs on the normal 14L:10D cycle is shown at
the top.
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Fig. 1. Effect of short-term alterations in the time of
light onset on rod shedding. The shedding pattern of frogs
entrained for 2-3 months to a 14L:10D lighting cycle are
shown at the top. When light onset is either shortened by
8 hours to 14L:2D (middle) or lengthenmed by 8 hours to 14L:
18D (bottom), rod shedding occurs only after light omset.
Histograms show the extent of rod shedding at the indicated
times.
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As seen in Fig. 1, normal shedding occurred only after light onset when the light
phase was either shortened or lengthened by eight hours. Under both conditions,
there was no shedding at the time when shedding had occurred the previous day.
Instead, even after months of entrainment to the 14L:10D cycle, shedding was
tightly linked to the onset of light. Thus, an immediate forward or backward phase
shift of eight hours had no effect on shedding. The apparent attenuaiicn of the
shedding response in the 14L:18D frogs (bottom) is within the normal range for
frogs maintained at this temperature.

Figure 2 shows a light micrograph from one of the frogs examined after light onset
in the 14L:2D lighting cycle. Note the presence of newly shed phagosomes immedi-
ately above the rod outer segments on the margins of this section, and the presence
of older, more basally displaced phagosomes in the central portion of the micro-
graph. The older phagosomes were those shed after light onset the previous morning,
and they have not yet been completely digested. This micrograph is also useful in
demonstrating the difference between newly shed phagosomes and older ones, a
characteristic which makes the frog particularly useful for these types of studies.

With no effect observed for an acute phase shift of eight hours, we then examined
the shedding pattern of frogs on three significantly different lighting cycles. In
this experiment, frogs previously entrained for at least three months to the 14L:
10D lighting cycle were placed on three new cycles: 8L:8D, 12L:12D, and 24L:24D.
After five days adaptation to the new lighting cycles, the relationship between rod
shedding and light-onset was examined. As shown in Fig. 3, on each of the three
new cycles, rod shedding was found to occur only at the time of light onset. This
again shows that the shedding response will rapidly shift to a new time even when
there are large phase shifts in the lighting cycle. Note also that the cumulative
amount of shedding which occurred over the three day period was the same in all
three cycles (about 55%).

Even though the frogs on the shortest cycle had twice as many shedding responses
(four) as the frogs on the longest cycle (two), each shedding response of the
8L:8D frogs eliminated only half as much outer segment material as that of the
24L:24D frogs. This emphasizes how sensitive the shedding response is in
controlling rod outer segment length.

Preliminary evidence from O'Brien's laboratory suggested that rod shedding in the
rat retina might be mediated in part via the optic nerve (Goldman, O'Brien and
Teirstein, 1979; Teirstein, Goldman and O'Brien, 1979). One of us had previously
examined the immediate effect of optic nerve section on the shedding response in
the frog retina and found no effect (Currie, Hollyfield and Rayborm, 1978). To
further investigate the possible role of the optic nerve in controlling the shed-
ding response, shedding was examined in frogs after chronic optic nerve section.
Frogs previously entrained for at least three months on the 14L:10D lighting cycle
were unilaterally (left optic nerve) or bilaterally sectioned and then maintained
on the 14L:10D cycle for five weeks. All the frogs recovered from surgery and
appeared normal, although the bilaterally sectioned frogs became somewhat darker,
probably due to loss of inhibitory control of the hypothalamic output of
melanophore-stimulating hormone.

Five weeks after unilateral or bilateral optic nerve section, the rod shedding
response was examined and compared with a control group. All optic nerve sections
were verified at this time.
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Fig. 2. Light micrograph of the photoreceptors and pigment
epithelium of one of the frogs from the 14L:2D cycle. Two
layers of phagosomes appear in the pigment epithelium, a
layer of old phagosomes in the basal portion which were shed
the previous day, and a layer of newly shed phagosomes in
the apical portion adjacent to the tips of the rod outer
segments. Bar = 10 microns.
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Fig. 3. Rod shedding response after five days of adaptation
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TABLE 1 Effect of Chronic Optic Nerve Section on Shedding

Condition¥* Percent Shedding
Left Eye Right Eye
Unsectioned 18.9 * 1.8 20.3 + 5.4
Left Optic Nerve Sectioned 17.4 = 3.2 14.1 + 5.9
Both Optic Nerves Sectioned 18.5 + 1.3 l4.6 = 2.6

*After surgery, frogs were maintained under normal diurnal
lighting conditions for 5 weeks. Shedding was quantitated
in frogs killed 90 minutes after light onset. Three frogs
from each group were kept dark to serve as controls. No
shedding occurred in any of these animals.

Table 1 shows that a normal shedding response was seen in all animals. No signifi-
cant differences in shedding were seen when the unilaterally or bilaterally
sectioned animals were compared to controls, nor was there any difference between
the sectioned and unsectioned eyes of the unilaterally sectioned animals. Thus,

in the frog retina, the presence of an intact optic nerve is not necessary for the
normal expression of the shedding response, and severing the optic nerve does not
alter the link between light onset and rod shedding.

In many species, particularly lower vertebrates, periodic, diurnal rhythms can be
entrained to environmental cues other than light, for example temperature (Menaker,
Takahashi and Eskin, 1978). To test this possibility for rod shedding we compared
frogs kept in constant darkness at a constant temperature of 22° to frogs kept in
constant darkness with a cyclic temperature of 14 hours at 26° and 10 hours at 15°.
The frogs were first adapted for three weeks to these respective conditions, and
were then examined at regular intervals over the course of 24 hours for evidence of
synchronous rod shedding.

As shown at the top of Fig. 4, the frogs maintained in constant darkness at a
constant temperature showed only random shedding throughout the 24 hour period, a
pattern typical of frogs maintained in constant darkness for periods up to four
weeks. Low levels of random shedding are found at all time intervals examined, but
there is no evidence of a burst of shedding entrained to a particular time of day.
However, as shown in the bottom portion of Fig. 4, the frogs maintained in constant
darkness in the presence of a 14:10 temperature cycle showed a normal shedding
response coincident with the time of the temperature increase. Virtually no shed-
ding occurred at any of the other time periods examined. Thus, in the absence of

a light cue, frogs can use another environmental cue to synchronize their shedding
response.
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The strong dependence of the shedding response on light onset led us to investigate
the amount of light required to initiate shedding. A useful way to do this is to
compare the extent of shedding with the amount of rhodopsin bleach in the retina.
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sin bleach. Filled circles are the shedding response, and
open circles are the amount of rhodopsin bleached as deter-
mined by difference spectrum.

This relationship is shown above in Fig. 5, and perhaps surprisingly, shows that a
significant rhodopsin bleach was required to initiate shedding (about 5-107%
bleached), and the full shedding response was not expressed until almost a 20%
bleach had occurred. In physiological terms, this amount of bleaching would
increase the electroretinogram threshold between one and two log units, and thus
would certainly be considered a physiologically significant level of illumination.

DISCUSSION

A widely accepted definition of a circadian rhythm is one which is cued but not
driven by environmental stimuli. Work in the laboratories of LaVail and O'Brien
indicates that rod outer segment shedding in the rat retina may fit this definition.
However, our previous work and the results presented here strongly suggest that rod
shedding in the adult frog retina is tightly linked to (''driven by") the onset of
light. Most well-characterized circadian rhythms have two additional characteris-
tics: they persist in constant darkness, usually with a "free running" period of
approximately 24 hours; and when presented with large phase advances or delays, the
animals adapt rather slowly to the new cycle. Neither of these two additional
criteria are met by rod outer segment shedding in the frog retina. Instead, rod
shedding in the frog adapts quickly and completely to a variety of phase shifted
lighting cycles, and shows only random, non-rhythmic shedding in constant darkness,
even on the first day. Thus, rod shedding in the frog retina should not be
considered a classical circadian rhythm.
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The experiment in which the normal rod shedding response became entrained to an
increase in temperature rather than light onset raises some significant questions
about the molecular mechanisms involved in the rod shedding response, for example,
the apparent requirement of light. Previous experiments in our laboratories have
clearly demonstrated that light is not absolutely required to initiate shedding.
Frogs placed for 2-3 weeks in constant darkness have a constant background shedding
response of about 3-5%. Under conditions of constant light, virtually no shedding
takes place except for occasional large bursts (20-407%) of shedding which appear to
occur at random. Thus, for normal rod shedding, the requirement for a dark period
appears equally important to the need for light stimulation, and of course the two
together provide sufficient conditions to maintain normal shedding. However, we
must tentatively conclude that the mechanism which entrains and initiates the shed-
ding response is sensitive to a variety of external cues, including light, dark,
and temperature. The localization of this mechanism to within the retina is
suggested by the absence of any effect on the shedding response after optic nerve
section, and our demonstration that shedding can be initiated independently in
either eye (Hollyfield and Basinger, 1978b).

Finally, under normal cyclic light conditions, the amount of light required to
initiate the full shedding response results in a significant rhodopsin bleach.
Previous results by one of us (Basinger, 1978) suggested that light in the green
part of the visible spectrum was most effective in initiating shedding, but as yet
no intensity versus time relationship nor action spectrum has been determined for
the rod shedding response. Relating the shedding response to the electrophysiology
of the visual process remains an important, and as yet undone, experimental study.

In summary, the rod shedding process and its associated control mechanisms are
essential factors in outer segment development and renewal, and the maintenance of
a normal healthy retina absolutely depend upon these factors. Learning the details
of the molecular events which underlie a process through which shedding is synchro-
nously initiated in millions of outer segments each day will be an important step
toward our basic understanding of membrane function and retinal disease.
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ABSTRACT

The high affinity uptake, biosynthesis and Kt-stimulated release of certain neurotrans-
mitter candidates was studied in adult and developing retinas of Xenopus laevis.

In the adult retina, ‘H~GABA was accumulated predominantly by horizontal cells while
*H~glycine and ’H-dopamine were accumulated by cells located deeper in the inner
nuclear layer (possibly a type of amacrine or interplexiform cells). This retina

also synthesized GABA, dopamine and acetylcholine from their precursors supplied
exogenously. Furthermore, adult retinas preloaded with 3H-GABA, 3H-glycine and
3H—dopamine, released these transmitters in response to increased K'-concentration in
the medium. We have determined the time of appearance and maturation of these proper-
ties during embryonic development. With GABA, the appearance of the high affinity
uptake system appeared first, preceding GABA synthesis which was followed by the develop-
ment of KT-stimulated transmitter release mechanism. Similary, 3H—glycine uptake
appeared several stages before its release. In the case of dopamine, however, its
biosynthesis occurred first, followed by the development of the high affinity uptake
system and finally the release mechanism appeared. The initiation of this sequence

of events for the three transmitter systems studied occurred at different developmental
stages: the GABA-ergic properties appeared first, followed shortly by the glycinergic
properties, which preceded the dopaminergic properties.

KEYWORDS

Retinal development; neurotransmitter release; neurotransmitter synthesis; neurotrans-
mitter uptake; GABA; glycine; dopamine; Xenopus laevis.

INTRODUCTION

Studies of neuronal differentiation using morphological techniques have largely been
confined to descriptions of the time of appearance of various synaptic configurations
as well as the emergence of specific neuronal shapes during neurogenesis. Biochemical
studies on the other hand, have documented the time course of synthesis of putative
neurotransmitters and their enzyme systems, and in a few cases the appearance of high
affinity uptake of the transmitters or their precursors. Most of these studies have

been performed independently with little or no attempts to correlate biochemical data
with morphological changes. We have recently begun to study the appearance and matura-

tion of specific neuronal properties in the developing retina of Xenopus laevis

N.C.I. 1/1-k g 93
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utilizing a combination of morphological, physiological and biochemical techniques.
The primary thrust of our studies has been to determine the interrelationship between
the onset of neurotransmitter synthesis with the development of mechanisms for its
release as well as inactivation by high affinity uptake systems. In this paper we
summarize some of our recent findings on the temporal and spatial sequence in the
appearance of biosynthesis, high affinity uptake and release of GABA, glycine and
dopamine during retinal differentiation.

MATERIALS AND METHODS

Laboratory spawned embryos, staged according to Nieuwkoop and Faber (1957) were used
in these studies. Autoradiographic evaluations of the high affinity uptake system
were based on the ability of glutaraldehyde to cross-link compounds containing free
amino groups into cells. Eye rudiments were dissected from embryo stages 27 through
45 and were incubated for 10 to 30 minutes with either °H-GABA (100uCi/ml, 44 Ci/mMol) ,
3H-glycine (100uCi/ml, 44 Ci/mMol) or 3H-dopamine (100uCi/ml, 6.3Ci/mMol). The retinas
were washed with double strength Niu-Twitty solutions for 2 minutes and fixed on ice
for 10 minutes in 2% glutaraldehyde in 50mM phosphate buffer at pH 7.2 and then post-
fixed in 1% OsOs for an additional 20 minutes. Tissues were then routinely processed
and embedded in Epon. Sections were cut at lum thickness and processed for light
microscope autoradiography according to previously described methods (Hollyfield,
Besharse and Rayborn, 1977). Transmitter synthesis was determined by incubating
freshly dissected eyes in a mixture of the appropriate labeled precursor followed

by transmitter separation of products using high voltage electrophoresis as previously
described (Hildebrand and others, 1971).

Kt-stimulated release of neurotransmitters was performed using procedures modified
from Sarthy and Lam (1979). Ten to twenty eyes were incubated for 15 minutes in

2X Niu-Twitty solution containing either 3H—GABA, 3H—glycine or 3H—dopamine. After
tiuree rinses in 5 ml of medium (10 minutes per wash) two eyes were removed for
determination of radioactivity and the rest were transferred to graduated conical
tubes containing 10 ml of medium. After 10 minutes the medium was replaced with

2 mls of fresh media. Aliquots of 1.9 ml were withdrawn at 2 minute intervals mixed
with aquesol and the radioactivity determined. Fresh medium was added to make up

the 2 ml volume. At appropriate times the eyes were exposed to 2X Niu-Twitty medium
containing 56mM K. Radioactivity in the eyes was counted at both the beginning and
the end of the release experiments. Release data are expressed as percentage of counts
per minute in the eyes before the first K*-stimulation.

RESULTS

Uptake, synthesis and release of transmitter candidates in mature retinas. "Mature"
retinas were obtained from tadpoles (stage 55-57) and juvenile toads which had gone
through metamorphosis one to two months earlier. In autoradiographs, cells which
accumulate large amounts of ‘H-labeled transmitter candidates were characterized by
heavy deposits of silver grains over cell bodies located at characteristically
different positions within the retina. *H-GABA was taken up by cells located along
the sclerad border of the inner nuclear layer in a position occupied by horizontal
cells (Fig. 1). In studies to be reported elsewhere we have demonstrated with EM
autoradiography that these cells do indeed represent horizontal cells as evidenced
by the presence of labeled processes in the outer plexiform layer which indent the
synaptic base of both rod and cone photoreceptors (Hollyfield and others, 1979).
The GABA-ergic horizontal cells are encountered at a frequency of 30.8+2.7 (Mean +
Standard deviation) cells per mm linear retinal expanse.

The cells which accumulate ‘H-glycine were located at deeper levels within the inner
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Figures 1 - 3. Autoradiographs of juvenile Xenopus retinas which were incubated
with 3H-GABA (Fig. 1), ’H-glycine (Fig. 2) and ’H-dopamine (Fig. 3). Note distinctly
different populations of cells which accumulate these putative transmitters.

Figures 4 - 6. Autoradiographs of developing Xenopus retinas at stages when high
affinity uptake systems for putative neurotransmitters first make their appearance
during retinal differentiation. SH-GABA labeled cells are first present at stage 31
(Fig. 4), °H-glycine labeled cells are first apparent at stages 33/34 (Fig. 5) and
*H-dopamine labeled cells (arrow) are first present at stage 43 (Fig. 6). All micro-
graphs at same magnification. Bar in Fig. 6 represents 20um.



Retinal Development 97

_ N
2+ GABA

oo\/o
/ o

8r o ACh ° A

A

o

3H-DOPAMINE () SYNTHESIS

T

+// g @//o——e
o
o /+/°/°/DOPAMINE ]
ZSh
/ \+/
3:27“/
—
29 31 32 33 35 37 39 40 4| 42 43 44 JT

, STAGE OF DEVELOPMENT

Figure 7. Synthesis and accumulation of ACh,, GABA and dopamine by embryonic eyes
during development. 18-20 eyes were dissected from embryos and incubated with
3H-labeled choline, glutamic acid and tyrosine for 2 hrs at room temperature. The
transmitters were separated by high voltage electrophoresis and counted for their
radioactivity.

w
(CPM X 102 X mg PROTEIN)

T

3H-GABA(*) and 3H- ACh(°) SYNTHESIS
(CPM X 103 X mg PROTEIN)

GABA 1 GLYCINE DOPAMINE
sk i
m L ]
(7]
o 4T l A
w 2} . 4 sf .
&
3k ') e
= 14 \ \ i
- e
E o2} e 4 /
5 I-[ ! 4 8p J -1
= \ .‘m\.‘l \ l \
<< | i . o s fod
£ -"\,f\,‘ Vo
S A< e K et K
6 6 | 32 ' 48 0 16 32 48 0 6 32 48
TIME (min) TIME (min) TIME (min)

Figure 8. Kt-stimulated release of 31-GABA, -glycine and —-dopamine from mature retinas.
Isolated retinas were preloaded with *H-labeled transmitters, washed and exposed to
three pulses of 56mM K. The second pulse contained 10mM co?t. Radioactivity_in the
%éﬁﬁfﬁﬁ were monitored by scintillation counting.Ordinate values are in cpmX 10° per ml



98 J. G. Hollyfield et al.

nuclear layer (Fig. 2). Though we do not know precisely the cell type which
accumulates 3H—glycine, they are probably neurons and not glial cells, since grain
counts over cells which can clearly be identified as Muller cells (by their angular
nuclear profiles and slightly darker staining affinities) have only background levels
of radioactivity in tadpole and adult retinas. These glycine accumulating cells in
the juvenile toad retina are present at a frequency of 99+13.2 cells per mm linear
retinal expanse. -

The cells which accumulate 3H—dopamine were located at the vitread border of the
inner nuclear layer and were relatively few in number (2.1+1.9 cells per mm linear
retinal expanse). When appropriate exposure of autoradiographs was performed a
continuous band of radioactivity was also observed in the inner plexiform layer in
close proximity to the inner nuclear layer (Fig. 3).

Neurotransmitter synthesis was studied in isolated retinas incubated with *-1abeled
choline, glutamic acid and tyrosine. The products were separated and identified as
described by Hildebrand and others (1971). As shown in Fig. 7, retinas from post-—
metamorphic Xenopus laevis synthesized and accumulated significant amounts of ACh
(11,300 cpm/mg protein), GABA (14,700 cpm/mg protein) and dopamine (1,580 cpm/mg
protein). ACh, GABA and dopamine synthesis increased linearly during the first 3

hr of incubation. The synthesis data shown in Fig. 7 was determined following a

2 hr incubation.

An impo$ ant property of a mature neuron is its capacity to release its neurotransmitter
by a Ca '~dependent, K -stimulated mechanism. As shown in Fig. 8, 3H—GABA, 3H-—glycine
and 3H—dopamine accumulated by juvenile toad retinas could be released by increasing

the Kt-concentration (56mM) in the medium. In each case, this release mechanism is
probably Ca++—dependent since this function is almost completely abolished in the
presence of 10mM Cott. Moreover, a subsequent pulse of Kt in the presence of Ca

and without Co stimulates release of a significant amount of the labeled transmitter.

t
+

Uptake, synthesis and release of transmitter candidates during retinal development.
Heavy labeling of developing retinal cells occurred earliest following incubations

with ~H-GABA. Prior to stage 31, no specific labeling of retinal cells was noted,

but at stage 31 or 32 some cells in the retinal neuroepithelium showed specific accumu-—
lation of ‘H~GABA (Fig. 4). 1In contrast, the first stage at which specific localiza-
tion of ’H-glycine was observed occurred later at stage 33/34 embryos (Fig. 5). Although
some stratification of retinal cells into the three nuclear lamina was seen at this
stage, very little elaboration of the neuropile layer was evident. 3H-dopamine uptake
was not evident until much later at stage 43 when silver grain densities were elevated
above background levels over a few cell bodies located in the inner nuclear layer.
However, it was not until stage 44 to 45 (Fig. 6) that relatively high amounts of
3H—dopamine label was evident on cell bodies that were located along the vitread border
of the inner nuclear layer. At this stage the frequency of occurrence of these cells
and their location was identical to the distribution and number of cells which take

up 3H-dopamine in the tadpole and adult retinas.

The time course of biosynthesis and accumulation of the putative transmitter candidates
ACh, GABA and dopamine in developing retinas is presented in Fig. 7. Of the three
putative transmitters examined in the uptake studies, the synthesis of GABA and
dopamine alone were studied during development. In addition, we also followed the
synthesis of ACh during development. We found that the onset of synthesis of the

three putative transmitters occurred contemporaneously sometime between stages 33/34
and 35/36.

The release of GABA, glycine and dopamine was studied by monitoring the radioactivity
in washes from embryonic retinas preloaded with radioactive transmitters (Fig. 9).
Although the uptake of GABA was found to occur at stage 31, glycine at stage 33/34
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and dopamine at stage 43, release of these transmitters did not occur until stage
37 for GABA, stage 43 for glycine and stage 46 for dopamine, respectively. In
addition, release of these transmitters from preloaded tadpole and juvenile toad
retinas is Ca++—dependent.
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Figure 9. Release of preloaded transmltters from embryonic eyes by 56mM Kt.

Freshly dissected eyes were incubated with °H-labeled transmitters and the radioactivity
released by the first k* -pulse was divided by the total radioactivity in the eye

before stimulation to obtain the percentage of K'-induced transmitter release.

DISCUSSION

The biosynthesis and release of neurotransmitters are unique characteristics of neurons.
In many cases, neurons using a specific neurotransmitter also possess a selective,

high affinity uptake mechanism for the accumulation of this transmitter or its immediate
precursor. In the present study, we have shown that retinas from post-metamorphic
Xenopus laevis synthesize GABA, doRamine and acetylcholine and velease GABA, dopamine
and glycine in a Ca” ' -dependent, K'-stimulated manner. In addition, our autoradio-
graphic studies show that there are at least three distinct cell populations in the
inner nuclear layer of the mature Xenopus laevis retina which can be distinguished

by their ability to accumulate exogenous transmitter candidates using high affinity
uptake mechanisms., ‘H-GABA is taken up predominately by horizontal cells located at

the outer border of the inner nuclear layer (Hollyfield and others, 1979); H—glyc1ne
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is taken up by a large population of cells located in the middle of the inner nuclear
layer (Lam and others, 1980); and 3H—dopamine is taken up by a sparse population of
possibly amacrine cells located at the vitread side of the inner nuclear layer (Sarthy
and others, 1980).

In this study, we have used the uptake, synthesis and release of these transmitters
to follow the emergence of neuronal specific characteristics during retinal develop-
ment. Our autoradiographic result on GABA uptake suggests that at least some retinal
neurons, presumably horizontal cells, are committed to be GABA-ergic as early as

stage 31, a stage shortly after the first retinal cells become post-mitotic and when
the developing retina stillretains characteristics of a neuroepithelium with no clear
evidence of stratification of the various neuronal laminae or the presence of synapses.
In addition, the finding that high affinity GABA uptake into certain retinal neurons
appear prior to synapse formation indicates that uptake sites for GABA are present

on the somas of probable GABA-ergic neurons and these sites may be distinct from the
Ca++~dependent, Kt-stimulated sites for GABA release which are presumably present
only at the synaptic regions. Similarly, the autoradiographic demonstration of

high affinity glycine uptake into specific neurons at stage 33/34 indicate that these
neurons are probably committed to be glycinergic and that the uptake sites are
probably present on the somas of these cells as well. Thus, for both amino acid
neurotransmitters examined in this study, the neurons destined to be GABA-ergic and
glycinergic are determined fairly early during retinal differentiation. Furthermore,
there exist somatic uptake sites distinct from the terminal release sites for these
neurotransmitters.

In contrast to both GABA -and glycine, the high affinity uptake mechanism for dopamine
first appears at stage 43, when the retina shows distinct tri-laminated nuclear arrays,
and when morphologically distinct synapses are already present. In an earlier study,
Sarthy and Lam (1979) showed that when goldfish retinas were incubated with 3H—dopamine
for various time intervals, the presynaptic terminals of dopaminergic cells are labeled
much earlier than the corresponding somas. This result indicates that the uptake

sites for dopamine are distributed predominantly on the presynaptic terminals rather
than on the somas. The present study which shows that synapse formation occurs con-—
currently with the appearance of dopamine uptake is therefore consistent with our
findings on dopamine uptake in adult goldfish retinas.

Unlike the emergence of the high affinity uptake mechanism which was spread over
many developmental stages, the first detectable synthesis and accumulation of

GABA, dopamine and ACh occurred almost concurrently between stages 33/34 and 35/36.
The onset of ACh and GABA synthesis also coincided with the first stages at which
choline acetyltransferase and glutamic acid decarboxylase activities could be
detected. The appearance of dopamine synthesis at stage 35/36 suggests that dopa-
minergic neurons in the retina are "determined" by this stage even though the uptake
mechanism for dopamine has not yet developed.

Although the appearance of transmitter uptake and synthesis does not follow any
apparent temporal order for the neurotransmitter systems examined, of the three
neuronal specific properties followed in this study, the last to develop is
invariably the mechanism for Ca++—dependent, K'-stimulated release of transmitters.
In addition, as to be expected from numerous other studies, transmitter release
always appears concurrently with or following morphological demonstration of synapse
formation. For instance, the stage at which we first detected SH-GABA release from
horizontal cells is also the stage when synaptic contacts between horizontal cells
and photoreceptors first appear in the outer plexiform layer (stage 37/38, Chen

and Witkovsky, 1979).

The coupling of high affinity uptake with autoradiographic studies provides a new
dimension in studies of neuronal differentiation. With morphological techniques
alone specific neuronal types can only be vaguely identified at the time when
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specific synaptic configurations first make their appearance. Our studies indicate
that the high affinity uptake system for GABA and glycine in specific neuronal types
appears before synaptic specialization. This characteristic not only provides a
means for the identification of specific neuronal types much earlier than previously
possible but also allows us to distinguish between different neurons which share
similar synaptic characteristics on the basis of the uptake of different neuro-
transmitters. We envision continued exploitation of the high affinity uptake system
with autoradiography as an important tool in further studies on the patterns and
timing of neuronal differentiation.

The main conclusion from the present study is that the appearance of certain neuronal
specific properties follows a precise temporal pattern for each of the transmitter
systems studied: In the case of GABA, high affinity uptake precedes transmitter
synthesis which is followed by the K'-stimulated release mechanism. Similarly, the
high affinity uptake system for glycine appears several stages earlier than its
release. In contrast to GABA, dopamine synthesis precedes the development of the
high affinity uptake system which is followed several stages later by the appearance
of the dopamine release mechanism. Moreover, the initiation of this sequence of
events in each of these specific neuronal populations begins at distinctly different
stages during retinal differentiation.
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CYCLIC METABOLISM OF PHOTORECEPTORS AND RETINAL
PIGMENT EPITHELIUM IN THE FROG
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ABSTRACT

The diurnal patterns of 3H—uridine, ’H-leucine and *H-mannose incorporation by red
rods, single cones and pigment epithelial cells were evaluated utilizing quantitative
autoradiography. Adult Rana pipiens, prev1ously maintained under a 14L:10D lighting
cycle for 3-4 months, were injected with SH-labeled precursors 3 hrs prior to killing
and were sampled throughout a diurnal cycle. In rods, the rate of SH~uridine incor~
poration was highest durlng the middle of the light cycle and was lowest in the middle
of the dark cycle, whereas *H~leucine and ’H-mannose incorporation was more rapid
during the latter hours of the dark cycle and lowest during the light cycle, out of
hase by approximately 12 hrs from the pattern of SH-uridine incorporation. In cones,
H-uridine incorporation was highest during the middle of the light cycle and was
lowest during the dark cycle, similar in pattern but reduced in amplitude from the
changes observed in SH-uridine incorporation in rods. ’H-leucine incorporation was
high a few hours into the light cycle and just prior to the onset of the dark cycle.
Relatively few grains were present over the cone myoids following SH-mannose injection
with no cyclic changes evident. In the pigment epithelium, SH-uridine incorporation
showed two peaks of rapid incorporation, both during the light portion of the diurnal
cycle whereas incorporation dropped to a low level in the middle of the dark cycle.
SH-leucine incorporation was most rapid a few hours into the light cycle, decreasing
through the middle portion of the light cycle and then increasing prior to the onset
of the dark cycle with this rate sustained throughout the remainder of the dark cycle.
SH-mannose incorporation showed little change throughout the diurnal cycle. In each
of these three cell types, SH-uridine (RNA) incorporation occurred most rapidly during
the early part of the light cycle followed by rapid rates of $H~leucine (protein)
incorporation at later times in the day. These cyclic changes in the incorporation
of precursors of RNA, protein and glycoprotein in the photoreceptor pigment epithelium
complex are discussed in relationship to the times of membrane addition and loss from
photoreceptors and times of phagocytosis by the pigment epithelium.

KEYWORDS

Cyclic metabolism; retlna, photoreceptors, rods; cones; pigment epithelium; RNA;
protein; glycoprotein} H—urldlne, SH- leucine; SH-mannose.
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INTRODUCTION

The early autoradiographic studies of Young, (1967, 1968) clearly established that
the outer segment membranes of rod photoreceptors were renewed throughout life.
Within the past few years it has become apparent that the daily rates of membrane
replacement are not constant but undergo cyclic changes. Studies of the diurnal
variation in the time of membrane loss through shedding indicate that this process
in rod photoreceptors occurs shortly after the onset of light in animals entrained
to controlled lighting cycles (LaVail, 1976; Basinger, Hoffman and Matthes, 1976;
Hollyfield, Besharse and Rayborn, 1976), whereas cone photoreceptors lose their
apical membranes following the onset of the dark cycle (Young 1977, 1978). The
rates of membrane addition in rods also show cyclic changes with approximately
80% of the daily allotment of new membrane added to the outer segment during the
first 8 hrs of the lighting cycle (Besharse, Hollyfield and Rayborn, 1977).

With this evidence of daily variations in the rates of membrane addition and loss

in photoreceptors as background, we have addressed the following question: Do the
more primary aspects of metabolism in photoreceptors and pigment epithelium involved
in membrane biogenesis and degradation undergo cyclic changes during the day? To
these ends we have utilized quantitative autoradiography to follow the incorporation
of 3H-labeled precursors of RNA, protein and glycoprotein in the retinas of frogs
entrained for at least 3 months to a diurnal cycle of 14 hrs light: 10 hrs darkness.
Our results suggest that RNA synthesis is highest during the early light phase of
the cycle, whereas protein and glycoprotein synthesis are highest during the dark
phase of the cycle.

METHODS

Adult Rana pipiens (20 to 25 grams) were used in these studies. Prior to use in
these experiments, frogs were kept in leucite chambers with a continuous flow of
tap water under ceiling fluorescent lighting on a cycle of 14 hrs light:10 hrs
darkness. During the 3 to 4 months of acclimation to this lighting regimen, the
animals were fed weekly with live crickets.

With each radioactive precursor, we first determined the rate of incorporation into
either retinal RNA or retinal protein as a function of post-injection time. During
the first four hours following injection, incorporation was linear. We chose a 3 hr
post-injection interval for study because this period provides sufficient time for
incorporation of the precursors, yet, since incorporation is still increasing, this
interval will be sensitive to any changes during the day in synthetic rates.

Frogs were injected in the dorsal lymph sac with 100uCi of either (5,6 *1)-uridine
(41.3 Ci/mMol), L-(4-5 3H)-leucine (62 Ci/mMol), or .D-(2 °H)-mannose (18.5 Ci/mMol)
and were sacrificed 3 hrs later. Using this protocol, frogs were studied at succes-
sive 3 hr intervals during a complete diurnal lighting cycle with an overlapping
sample at the end of each 24 hour cycle, Eyes were removed, slit at the limbus and
fixed either in 3% formaldehyde, 2.5% glutaraldehyde in 0.087M phosphate buffer,

pH 7.4 (for 3H—uridine and °H-mannose injected animals) or in the same mixture with-
out glutaraldehyde (for 3H-leucine injected frogs). After several hours, small
rectangles around the optic nerve were cut from each eye, rinsed in buffer and
postfixed in 1% 0sO: for an hour and processed for plastic embedment. One micron
sections were cut and placed on precleaned glass microscope slides, then dipped

in Kodak Nuclear Track emulsion according to methods described previously (Hollyfield,
Besharse and Rayborn, 1977). After an appropriate exposure interval (1 to 3 weeks)
grain counts were made from the appropriate cellular areas using a 100X oil immersion
lens. The areas from which counts were taken were then determined using either a
calibrated ocular micrometer or with the aid of a Zeiss MOP-3 image analysis system.

The relative grain counts were adjusted using a correction factor based on the serum
levels of radioactivity present in the individual animal at the time of sacrifice.
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Figures 1 - 3., Autoradiographs of retinas from frogs injected with *H—uridine (Fig.1),
’H-leucine (Fig. 2) or 3H-mannose (Fig. 3) three hours before the eyes were recovered
for autoradiography. Silver gralns in the *H-uridine experiment are restricted
primarily to the nuclei whereas ’H-leucine is found throughout the retina but most
notably over the myoid region of the photoreceptors. *H-mannose radioactivity is
localized primarily over the rod myoid regionms.
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The serum level was obtained by counting 10pl of plasma taken immediately after
the animal was killed. This procedure normalizes the differences in available
precursor which result from variations of the amount of isotope in the circulationm.

RESULTS

Distribution of radioactivity. 3 hrs following injection of 3H—uridine, the incor-
porated label was restricted to nuclei of retinal cells as evidenced by the presence
of large numbers of silver grains over nuclear profiles (Fig. 1). Very little
radioactivity was found in any other cellular compartment, 3H—leucine, in contrast,
shows a much more generalized distribution throughout the photoreceptor layer. It
is present to some extent over nuclei, myoid, elipsoid, the outer plexiform layer
and throughout the cytoplasm of the pigment epithelium, with the largest concentra-
tions of silver grains found over the myoid regions of the photoreceptors (Fig. 2).
3d-mannose labeled the myoid region of rods almost exclusively, with little labeling
in cone or pigment epithelium cells (Fig. 3). Final quantitation was based on
nuclear grain counts for 3H-uridine, whereas grain counts in the *H-leucine and
*H-mannose experiments were taken from the myoid region of photoreceptors and cyto-—
plasmic ,regions in the pigment epithelium.

Patterns of incorporation

Red rods. The patterns of incorporation of 3g-uridine in red rods are presented in
Fig. 4. At the time of light onset, the grain counts over rod nuclei were relatively
low but quickly increased by 2-3 fold, reaching their highest density in animals
killed in the middle of the light cycle. Thereafter the grain density decreased to
lower levels, finally falling precipitously after the onset of the dark phase of

the diurnal cycle. Grain counts were lowest during the middle of the dark cycle,
slowly increased throughout the remainder of the night, and abruptly increased
following the onset of the light. At the beginning of the day, *i-leucine incor-
poration in rod myoids was relatively high, and it fell to its lowest level in the
middle of the light cyecle. Grain counts increased thereafter and were highest
shortly before the onset of the dark phase of the diurnal cycle. The grain density
1emained at relatively high levels throughout the remainder of the night. 3H-mannose
incorporation was lowest throughout the light phase of the cycle but increased
rapidly during the dark portion of the diurnal cycle, becomming approximately 3-4
folds higher than at any time earlier in the day.

Cones. The patterns of incorporation in cone photoreceptors are presented in Fig. 5.
at the beginning of the diurnal cycle the rates of 3g-uridine incorporation were
increasing and were sustained at a high level throughout the light cycle, At the
onset of the dark cycle, the rates fell precipitously and remained at a low level
throughout the night. *H-1leucine incorporation was highest for a brief period

during the early part of the light cycle, falling off thereafter and finally gradually
increasing during the remainder of the light cycle, reaching a second plateau prior

to the onset of the dark cycle. Throughout the remainder of the dark cycle the

rates of incorporation continued to decline. For 3H—mannose, relatively few grains
were found over the myoid region of cones, and those present did not vary significantly
during the diurnal cycle,
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Figure 4. Diurnal patterns of incorporation of the indicated 3H—precursor in rod
photoreceptors during the day., Bar around individual sample means represent one
standard deviatiomn.

Pigment epithelium. The patterns of incorporation in the pigment epithelium for the
three precursors are shown in Fig. 6. The rate of incorporation of *H-uridine is
highest during the light portion of the diurnal cycle where it shows two peaks.
Following the onset of the dark cycle the rates of incorporation decreased in a

manner similar to that observed for >H-leucine in rod and cone photoreceptors described
above. The rates of incorporation of °H-leucine were lowest during the middle of
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Figure 5., Patterns of incorporation of the indicated 3H—precursors in cone photo-

receptors during the day. Bar around individual sample means represent one standard
deviation.

the light cycle and increased to higher levels prior to the onset of the dark cycle,
where they remained throughout the remainder of the dark phase and into the early
morning. *H-mannose was not incorporated by the pigment epithelium to any appreciable
extent, though grain counts were elevated slightly during the middle of the light
cycle as compared to other times of the day.

DISCUSSION

These experiments reveal significant differences in the rates of incorporation of
*H-uridine, °H-leucine and ‘H-mannose throughout the day. The pattern of *H-uridine
incorporation suggests that a period of rapid RNA synthesis takes place during the
early part of the day, while the patterns of %4-leucine and °H-mannose incorporation
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Figure 6, Patterns of incorporation of the indicated 3H—precursors in the pigment
epithelium during the day. Bar around individual sample means represents one standard
deviation.

seem to indicate that protein synthesis and glycosylation are more active in the
latter portion of the night. Taken as a whole, this sequence of metabolic events
suggests that in rods, the synthesis of membrane precursors occurs in the latter
portion of the night, prior to both the time of rod outer segment shedding and the
time when new membrane precursors will be most rapidly assembled at the outer segment
base. Though the diurnal pattern of membrane addition to cone photoreceptors is not
known, in most animals membrane loss from cones has been observed to occur at a

time approximately 12 hrs out of phase from the time of rod shedding (i.e. at the
beginning of the dark phase of the diurnal cycle). One might predict that if the
changes in metabolic patterns which underlie membrane biogenesis were linked to the
time of membrane loss through shedding, then the diurnal metabolic patterns in cones
should be out of phase by approximately 12 hrs from the metabolic patterns observed
in rods. This, however, was not what we observed. *4-uridine incorporation
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follows a pattern in cones similar to rods with the most rapid period of incorporation
occurring in the light phase of the diurnal cycle and the slowest period during the
dark phase., Similarly, *H-leucine incorporation also shows a similar pattern in

both rods and cones, indicating that the patterns of protein synthesis in both

were occurring at similar rates during the same time of day. We interpret these
observations as indicating that the control mechanism(s) that regulate the time

of membrane loss in these two photoreceptor types are distinctly different from

the mechanisms regulating the cyclic metabolic changes presented in this study.

The pigment epithelium shows two peaks of ‘H-uridine incorporation during the light
phase of the diurnal cycle. 1In experiments to be reported elsewhere, we have found
that the second peak of incorporation may be related to the entry of phagocytized
debris into the pigment epithelium (Hollyfield and Rayborn, 1979). When animals

have been manipulated so that 3 to 4 fold more outer segment material is phagocytized
by the pigment epithelium, ’H-uridine incorporation in the pigment epithelium is
increased in direct response to the increase in the phagocytic load. This may be
similar to the increases in °H-uridine incorporation seen in alveolar macrophages
following a phagocytic event (Low, 1977).

The pigment epithelium and cone photoreceptors show very little 1ncorporat10n of
H—mannose, whereas rod photoreceptors were heavily labeled. It is known that
mannose comprises part of the carbohydrate moiety of opsin synthesized by the rods.
If the increased number of silver grains over rod myoids near the latter portion of
the dark cycle is due to the glycosylation of newly synthesized opsin, this pattern
of *H-mannose incorporation suggests that opsin biosynthesis occurs most rapidly
during the latter portion of the dark cycle. Thus, the synthesis of the principal
outer segment membrane protein is enhanced at a time prior to its rapid assembly
into membranes following the onset of the light (Besharse, Hollyfield and Rayborn,
1977).

Although these observations present new information on changes in the metabolism of
the photoreceptors and pigment epithelium during the day which correlate with
changes in the diurnal lighting cycle, they do not provide information as to how
these changes in rates are mediated. Additional studies are underway to determine
whether the level of control of these metabolic events is within the retina or
through central regulatory mechanisms.
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ABSTRACT

Several metabolic transformations of vitamin A have now been found in the pigment
epithelium of cattle retina, leading to the hypothesis that there may be a vita-
min A cycle in these cells. A retinol binding protein of MW = 17,000 in pigment
epithelial cytosol has been identified independently in several laboratories. 1In
addition, a very active esterifying system, capable of utilizing either *H-retinol
or *H-retinol bound to cellular retinol binding protein as substrates, has been
demonstrated in the microsomal fraction of the cell. Finally, a retinyl ester
hydrolase, with optimum activity between pH 4.0-4.5, utilizing physiological
substrate prepared from pigment epithelial microsomes, has been localized in

the lysosomal fraction of pigment epithelial cells. When considered together,
these transformations could provide a unique cyclic mechanism for storage and
mobilization of vitamin A in the pigment epithelium.

KEYWORDS

Retinal pigment epithelium; vitamin A cycle; retinol esterification; retinyl
ester hydrolase; retinol binding protein.

INTRODUCTION

The retinal pigment epithelium (RPE) is considered to be the principal storage
depot for vitamin A in the eye. The vitamin reaches this cell layer from two
principal sources: (a) it flows in from the retina during light adaptation
(Dowling, 1960), and (b) it is taken up from the blood (Young and Bok, 1970;
Hall and Bok, 1974), where it circulates as a 1:1 molar complex with retinol
binding protein pre-albumin. The circulating vitamin that enters the pigment
epithelial cell from the blood is in the form of the alcohol; yet, inside the
cell, about 927% of it is in the ester form. Cell fractionation studies have
shown that the principal storage site of retinyl ester in cattle RPE is in the
microsomes (Berman, Segal and Feeney, 1979). A second, smaller, storage pool
for the ester In mammalian RPE appears to be lipid droplets in the cytoplasm
(Hirosawa and Yamada, 1976; Robison and Kuwabara, 1977; Berman and co-workers,
1979). On the other hand, unesterified retinol (vitamin A alcohol) of the RPE
is localized exclusively in the soluble portion of the cell, all of it bound
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to cytosol retinol binding protein (MW = 17,000). Metabolic transformations of
these different forms of vitamin A within the RPE are poorly understood. We have
recently confirmed the early observation of Krinsky (1958) showing a very active
esterifying enzyme for retinol; it is concentrated mainly in the microsomes of
the RPE cell (Berman and co-workers, 1980). The present report describes three
different aspects of retinol metabolism in bovine RPE which, taken together,
suggest the possible existence of a vitamin A cycle in cattle RPE.

MATERIALS AND METHODS

All studies were carried out on cattle eyes brought to the laboratory in cooled
containers within three hours after death of the animals. Preparation of pig-
ment epithelial cells and fractionation of their subcellular organelles have
been described previously (Berman, Schwell and Feeney, 1974; Rothman, Feeney and
Berman, 1976; Berman and Feeney, 1976; Berman and co~workers, 1979). Three mor-
phologically and biochemically defined fractions were isolated and used in the
present study. Further descriptions are given in the text.

The %H-all-trans-retinol (1.21 Ci/mmole) was purchased from New England Nuclear
Corp., Boston, MA. Sephadex G-100 was obtained from Pharmacia Fine Chemicals,
Uppsala, Sweden, and alumina from Riedel-de Haen, AG, Hanover, Germany.

The chromatographic procedures used for isolating retinol-retinol binding protein
complex from RPE cytosol, either labeled (Saari and co-workers, 1977) or un-
labeled (Berman and co-workers, 1979), have been described previously. Vitamin A
alcohol (retinol) and retinyl ester were separated on columns of water-weakened
alumina. Protein was measured according to Lowry and co-workers (1951) using
bovine albumin as standard.

The methods for studying retinol esterification have been described in detail
elsewhere (Berman and co-workers, 1980). Briefly this consists of incubating
either *H-retinol or H-retinol bound to cellular retinol binding protein with
appropriate subcellular fractions at 30° for 15 min under subdued light. The
reaction is terminated by addition of cold ethanol; vitamin A compounds are ex-
tracted with petroleum ether, separated on columns of alumina and counted in a
Packard Tri-Carb Liquid Scintillation Counter Model 3380.

Retinyl ester hydrolase was studied using as substrate labeled ester extracted
from RPE microsomes after incubation with *H-retinol. In a typical preparation,
100 ug of microsomal protein from cattle RPE was incubated at pH 7.5 w1th 10 pCi
of ¥H-retinol for one hr at 30°. The retinyl ester and the unreacted *H-retinol
substrate were extracted by successive addition of ethanol and petroleum ether.
Afterward JH-retinyl ester was isolated free of 3H-retinol by alumina chromato-
graphy. Retinyl ester prepared in this manner had a specific activity of about
0.4 to 0.6 Ci/mmole. Details of the assay for hydrolase activity are given in
the text.

RESULTS

Binding of Retinol to Cellular Retinol Binding Protein

A retinol binding protein of MW = 17,000 has been identified in RPE cytosol in

a variety of animal species (Wiggert and Chader, 1975; Wiggert and co-workers,
1977a; Wiggert and co-workers, 1977b; Saari and co-workers, 1977). Although its
exact "concentration" in RPE cytosol has not been determined, Saari and co-workers
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(1977) calculated that in cattle cytosol, approximately 190 pmoles of *H-retinol
are bound per mg of protein, which corresponds to 115 pmoles per eye. Measurement
of the endogenous retinol binding protein in cattle RPE cytosol by fluorescence
techniques gave an approximate value of 1,000 pmoles of retinol-retinol binding
protein complex per eye ( Berman and co-workers, 1979). These findings suggest
that about 10% of the sites may be available for retinol binding by this specific
protein in RPE cytosol. Since no free retinol could be detected in the RPE (Ber-—
man and co-workers, 1979), binding could be the first step in the handling of re-
tinol entering the pigment epithelium.

Esterification of Vitamin A in RPE and Retina

A brief summary of our present knowledge concerning esterification of retinol in
the pigment epithelium is given in Table 1. This enzyme is more active in the

TABLE 1 Retinol Esterifying Enzyme in RPE*

Optimum pH 7.0 - 7.5
Cellular localization Microsomes
Cofactor requirements None
Apparent Km

*H-retinol 16.6 x 1076 u

*H-retinol bound to
cellular retinol 5.5 x 1076 M
binding protein

Apparent Vmax
*H-retinol 500%%

3g-retinol bound to
cellular retinol 180%%*
binding protein

* Adapted from Berman and co-workers (1980)
*% nmoles ester formed/hr/mg protein

RPE than any other tissue examined. The activity can be detected using as little
as 20-30 pg of RPE microsomal protein, but under the same conditions, the only
other tissues showing any measurable activity is intestine. It is however possi-
ble to demonstrate retinol esterifying enzyme in the retina as well, but this
requires higher concentrations of enzyme and longer incubation periods than for
RPE. Approximately 1 mg of microsomal protein from cattle retina incubated for
one-half hr with 0.3 nmoles of ’H-retinol results in about 1l to 2% esterification.
Although this activity seems relatively low when compared to the RPE microsomal
activity, it is in fact close to the value reported by Andrews and Futterman
(1964) for microsomes isolated from cattle retina.

The question of whether rod outer segments are able to esterify retinol has been
controversial. Krinsky (1958) found active esterification in lyophilized bleached
rod outer segments (prepared from dark-adapted cattle retinas), provided that NADH
and alcohol dehydrogenase were present during the bleaching process. Andrews and
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Futterman (1964) were unable to confirm this activity in freshly isolated dark-
adapted rod outer segments after exposure to light. Recent findings in our lab-
oratory support the view that rod outer segments are in fact able to esterify re-
tinol if proper conditions are chosen and if the assay is sensitive enough. Using
about 1 mg of rod outer segment protein, and incubating for one-half hr with

0.3 nmoles of ’H-retinol results in approximately 127 ester being formed when
using dark-adapted preparations (Table 2). It is approximately 507 higher in
light-adapted rod outer segments. That there is far less activity in rod outer
segments (either light- or dark-adapted) than in microsomes of RPE is apparent
from the data shown in Table 2, where similar concentrations of protein were used.

TABLE 2 Effect of Light* and Dark** on Retinol Esterifica-

tionT
Tissue Numb?r of % esterification
experiments
Retinal pigment epi-
thelium

Dark 3 83
Light . 3 79

Rod outer segments
Dark 7 12.3x 1,17t
Light 7 18.5+ 2.0t

* Light refers to RPE and rod outer segments isolated from
dark-adapted tissue and then exposured to normal indoor
room illumination for 1% hr.

*% Dark refers to RPE and rod outer segments isolated from
cattle eyes kept in a cold, light-tight box for 3 hrs.
Dissections and enzyme assay were carried out under dim
red light.

+ Adapted from Berman and co-workers (1980)

tt Mean * S.E. of the mean

Retinol esterification by both rod outer segments and RPE microsomes can also be
demonstrated using 34-retinol bound to cellular retinol binding protein as sub-
strate. When prepared as described previously (Saari and co-workers, 1977) and
incubated under optimum conditions with either RPE microsomes or with rod outer
segments, approximately the same percentage of esterification is found as that
using 34-retinol (Berman and co-workers, 1980). This is the first time that a
metabolic transformation of 34-retinol bound to cellular retinol binding protein
has been demonstrated.

Hydrolysis of Retinyl Ester

Previous studies (Krinsky, 1958) were inconclusive in detecting hydrolytic activ-
ity toward either natural or synthetic esters of retinol in RPE homogenates, even
though under the same experimental conditions, such activity was clearly demons-
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trable in preparations of lyophilized retina. It seems possible that retinyl
ester hydrolase in the RPE may have been missed in these early experiments due to
lack of a methodology sensitive enough to detect what may be relatively low levels
of activity in these cells. Krinsky (1958) used unlabeled retinyl ester as sub-
strate and even today, long chain fatty acid esters of retinol suitably labeled
for metabolic experiments are not commercially available. However, from the ex-
periments described above on esterifying enzyme in the pigment epithelium, it was
clear that enzymatically synthesized labeled retinyl ester could be obtained in
good yield from RPE microsomes. We have synthesized 3H—retinyl ester by this
method and purified it, as described in MATERIALS AND METHODS. Preliminary ex-
periments using RPE cell homogenates, together with appropriate controls consist-
ing of substrate without enzyme source, showed that about 10-~20% of the labeled
retinyl ester was hydrolysed after incubation at 30° for one hr.

Further studies to determine the intracellular localization of this hydrolytic
activity utilized three clearly defined cell fractions: lysosomal-mitochondrial,
microsomal and cytosol. These experiments showed that the retinyl ester hydro-
lase of pigment epithelium is localized principally in the lysosomal-mitochon-
drial fraction of the cell. Very little activity could be detected in either
microsomes or cytosol. The optimum pH for retinyl ester hydrolase activity in
the lysosomal-mitochondrial fraction was found to be at pH 4.0-4.5. The retinyl
ester hydrolase activity is proportional to enzyme concentration up to about

200 ug of lysosomal-mitochondrial protein (Fig. 1) and the rate of hydrolysis
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Fig. 1. Effect of protein concentration on
retinyl ester hydrolase activity in the ly-
sosomal-mitochondrial fraction of RPE. The
reaction mixture contained 50 ymoles of cit-
rate—-phosphate buffer, pH 4.5, 40 pmoles of
*H-retinyl ester (2.5 x 10* cpm) and vary-
ing amounts of enzyme protein. Incubation
was at 309 for one-half hr.

using 200 yg of lysosomal-mitochondrial protein is linear with time for approxi-
mately 30 min (Fig. 2).

The enzyme is readily extractable from the lysosomal-mitochondrial pellet either
by glass-Teflon homogenization or by mild sonication. It is stable when frozen
for periods up to approximately one month, and is inactivated after 5 min at tem-
peratures of 560 or higher. Some of the properties of the retinyl ester hydrolase
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have been compared to the previously described acid lipase of RPE which was in-
vestigated using 4-methylumbelliferyl palmitate as substrate (Rothman and co-
workers, 1976). These findings will be reported separately, but preliminary data
suggest that we are dealing with two separate enzymes.

\
\

RETINOL FORMED
(pmoles/mg protein)
S &
T 1 T T
\

1 | 1 | 4“

60 120
TIME (min)

[—]
[ %3
[—]

Fig. 2. Time course of 3H-retinyl ester hy-
drolysis by lysosomal-mitochondrial fraction
of RPE cells. The reaction conditions were
the same as those described in Fig. 1.

In these studies on retinyl ester hydrolase of the RPE, the enzyme activity was
calculated from the amount of radioactive retinol recovered from alumina columns.
This technique requires direct extraction of retinol from the incubation mixture
with ethanol and petroleum ether as described in MATERIALS AND METHODS. However,
organic solvent extraction, although both accurate and reproducible for studying
retinyl ester hydrolase, does not give any information as to the form or physical
state in which the liberated retinol is present after the hydrolysis. Consider-
ing possible in vivo situations, the retinol could be present either as a free
lipid, or - as the hydrolytic reaction proceeds — it could become bound to the
cellular retinol binding protein of RPE. To examine the latter possibility, un-
labeled retinol binding protein of RPE was prepared from the cytosol fraction of
the cell as described previously (Berman and co-workers, 1979) and added to the
incubation mixture. At the end of 30 min, the mixture was centrifuged at 110,000
x g for one hr and the supernatant applied to a column of Sephadex G-100. The
results of a typical experiment are shown in Fig. 3. One major and two minor
radioactive peaks were observed. The first, in the void volume (fractions 22-27),
probably represents unreacted substrate, possibly micelles of retinyl ester,
judging from the elution patterns in gel chromatography noted previously (Berman
and co-workers, 1979). The third radioactive peak (fractions 56-65) would be
consistent with unbound monomeric forms of retinol or retinyl ester since low mo-
lecular weight substances would be eluted in this position.

Of major interest was the largest (middle) peak eluting in fractions 38-52. The
Ve/Vo of this radioactive peak was 1.88, which corresponds to the eluting posi-
ticn of retinol bound to retinol binding protein in cytosol of cattle RPE (Saari
and co-workers, 1977; Berman and co-workers, 1979). Thus it is reasonable to
assume that most of the retinol released by the action of RPE retinyl ester hydro-
lase can, in the presence of cytosol retinol binding protein, form a stable com-
plex with this component, a process that could readily be occurring in vivo as
well. Quantitative aspects of this reaction are now being examined.
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Fig. 3. Gel filtration of the incubation mix-
ture of lysosomal-mitochondrial fraction of RPE,
The reaction, in 0.4 ml, contained 200 pg of en-
zyme protein, 50 pmoles of citrate-phosphate
buffer, pH 4.5, 28 pg of cytosol retinol binding
protein from RPE and 40 pmoles (2.5 x 10* cpm)
of 3H—retinyl ester. After incubation at 30°
for one-half hr, the reaction mixture was cen-
trifuged at 110,000 x g for 1 hr and the super-
natant applied to a column (1.2 x 55 cm) of
Sephadex G-100 equilibrated with 0.2 M NaCl-

50 mM Tris, pH 7.5. Other details have been des-
cribed previously (Saari and co-workers, 1977;
Berman and co-workers, 1979). The arrows indi-
cate the void volume (Vo) and the total volume
(Vt) of the column.

DISCUSSION

Injected vitamin A is taken up from the
the pigment epithelial cell in a matter

119

circulation and becomes localized within
of minutes (Young and Bok, 1970) or hours

(Hall and Bok, 1974). Radioautographic studies have shown that after injection

of vitamin A in the frog, most of it is

concentrated in oil droplets (Young and

Bok, 1970). In mice however, it is found in both the smooth endoplasmic reticu-
lum and in lipid droplets (Hirosawa and Yamada, 1976; Robison and Kuwabara, 1977).
The size and number of vitamin A-storing lipid droplets is related to the amount
of vitamin administered as well as to the nutritional status of the animal. Once
inside the cell, it undergoes metabolic transformations, at least three of which

are now known.

mechanism for the storage and mobilization of vitamin A by RPE cells.

These reactions, considered together, could serve as an efficient

Their pre-

sence in three different intracellular compartments suggests a unique structural
and functional interdependency of vitamin A metabolism within the pigment epithe-
lium. This is depicted schematically in Fig. 4.
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Fig. 4. Possible metabolic interrelationships of various vi-
tamin A compounds in the pigment epithelium of cattle retina.

Although not yet proven directly, it seems reasonable to consider that the first
step occurring after vitamin A enters the RPE cell is binding to the endogenous

retinol binding protein (Wiggert and Chader, 1975; Wiggert and co-workers, 1977;
Saari and co-workers, 1977).

Not only free retinol, but also retinol bound to cellular retinol binding protein,
can serve as substrates for esterification, a reaction taking place mainly in the
microsomal fraction of RPE. The esterifying enzyme of RPE microsomes is more act-
ive than that found in microsomes of any other tissue, or in rod outer segments
(Table 2). In the pigment epithelium it is not influenced by the degree of light-
or dark-adaptation, as far as we are able to determine, and cofactors are not re-
quired to obtain maximum activity. Approximately 180-500 nmoles of ester are
formed from either °H-retinol or *H-retinol bound to cellular retinol binding pro-
tein per hour per mg protein (Table 1). Microsomes are the principal storage site
of the ester in cattle RPE, although both morphological (Hirosawa and Yamada, 1976;
Robison and Kuwabara, 1977) and biochemical (Berman and co-workers, 1979) evidence
point to a second pool of ester in the form of lipid droplets.

Although retinol is esterified rapidly, hydrolysis appears to be much slower. As
shown in Figs. 1 and 2, under optimum conditions of pH, time and enzyme concentra-
tion, approximately 100 pmoles of labeled retinyl ester are hydrolysed per mg of
lysosomal protein per hr. Thus the equilibrium between esterification and hydro-
lysis is strongly in favor of esterification by a factor of approximately 107,
suggesting that RPE cells have an enormous capacity to store vitamin A ester. This
relatively slow rate of hydrolysis may explain why the retinyl ester hydrolase was
not detected previously (Krinsky, 1958). We have only been able to demonstrate

it using radioactive substrate, which provides a sensitivity and accuracy not
possible with unlabeled substrates. Moreover the substrate used, which represents
enzymatically synthesized retinyl ester, is as close to the physiological sub-
strate as can be found for in vitro biochemical experiments. Most of the hydro-
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lytic activity is present in the fraction isolated from RPE containing both lyso-
somes and mitochondria (Berman and Feeney, 1976; Rothman and co-workers, 1976;
Berman and co-workers, 1980). The acidic pH optimum of the hydrolysis as well as
the localization of nearly all other known hydrolytic enzymes in lysosomes favors
localization of retinyl ester hydrolase of RPE in lysosomes as well. The pre-
sence of a well developed autophagic system in the pigment epithelium (Feeney,
1973) lends further support to this view. Nevertheless a possible localization
of the activity in mitochondria, analogous to the pH 4.2 cholesteryl ester hydro-
lase in rat brain, cannot be completely excluded (Eto and Suzuki, 1971).

With the finding (Fig. 3) that retinol released by the action of retinyl ester
hydrolase can be complexed to cytosol retinol binding protein, we have come a

full circle. The dynamic process of storage and mobilization of vitamin A in the
RPE, occurring in the microsomes and lysosomes respectively, could be controlled
by subtle changes in either pH, availability of retinol, or other yet unknown
factors. Both the esterification and hydrolysis are intimately associated with
the pool of soluble retinol binding protein in the cell cytoplasm. The activities
of the pigment epithelial enzymes do not appear to be light-dependent. However,
in the photoreceptors, both binding (Wiggert and co-workers, 1979) and esterifica-
tion (Berman and co-workers, 1980) of retinol are enhanced in light-adapted rod
outer segments.

The present investigations, while supporting the possibility of a vitamin A cycle
in the RPE, still leave many questions unanswered. Some of these are indicated
in Fig. 4. We do not know if there is any metabolic interrelationship between
the pools of retinyl ester in the microsomal membranes and the lipid droplets.
Judging from the more rapid association of injected vitamin A with the lipid
droplets than with the endoplasmic reticulum (Hirosawa and Yamada, 1976), the
former may be the more rapidly turning over pool. In what form is retinol trans-
ported between the RPE and the photoreceptors during light- and dark-adaptation?
Is it as the ester, perhaps lipid droplets, or is it as retinol bound to a retinol
binding protein? Finally, oxidative as well as stereoisomeric conversions of re-
tinol are probably occurring in the RPE. Circulating retinol is the all-trans
isomer, yet most of the retinol in RPE is the ll-cis form (Krinsky, 1958). Ex-
periments designed to answer some of these questions are now under way.
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ABSTRACT

Investigation of the chemical activities of retinal cells began with functional
chemistry, an origin which can be traced to the pioneering studies of Klhne and
Wald. Next to develop was renewal chemistry, which is concerned with the continued
replacement of retinal cell structure. A third field of retinal chemistry, more
recently evolved, is the analysis of chemical change associated with daily rhythms.
In the living cell, all such groups of chemical reactions are merged into a single,
integrated metabolism which ultimately is regulated by molecular systems sequestered
within the nucleus. Although nuclear chemistry has so far been neglected in vision
research, a theory of nuclear metabolism has been maturing in other fields of bio-
logical chemistry. One salient aspect of the theory is the temporal stability of
the fundamental constituents of the chromosomes: DNA and histone. Alone among all
cellular molecules, they may persist indefinitely. Nuclear theory has proved to
have important predictive value in preliminary applications to analysis of the mam-
malian retina. Evidence is presented in the following report which indicates that
retinal cells can repair DNA lesions provoked by UV radiation. Other experiments
suggest that in retinal nuclei there is a reversible acetylation of histones and
non-histone chromosomal proteins--a process which is implicated in gene regulation.

KEYWORDS

Retina; renewal; repair; nucleus; histones; DNA; genetic regulation

INTRODUCTION

The study of the chemical reactions which take place in the retina was initiated a
century ago by Kllhne (1878), who took up the study of rhodopsin shortly after Boll's
discovery of it. According to Wald, in his Nobel Prize lecture (1968), "in 2 extra-
ordinary years he and his coworker Ewald learned almost everything known about it
for another half century." Clearly, the pace of research was more leisurely in
those days. In the last decade or two, more has been learned about the chemical
activities of the retina than in all previous recorded history.

In its modern form, the field of retinal chemistry had its origin when Wald discov-
ered vitamin A in the retina (1933, 1934-35). He showed that opsin is a protein
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which under the influence of light engages in a cycle of molecular interactions
with retinol and retinal. Working with Hubbard and others, he discovered the oxi-
dation of retinol by alcohol dehydrogenase, and the cycle of cis-trans isomeriza-
tion which proved to be a part of every visual system known. Wald provided a clear
and accurate insight into the profoundly significant question of how the eye re-
sponds to radiant energy and transmits its excitation to the brain through a se-
quence of physico-chemical changes. In short, he revealed the essence of how we
see. These magnificent discoveries generated new ways of thinking about the chem-
istry of vision which still have not lost their explanatory power. Even today,
opsin and its chromophore stand out as the key concept. The shifting waves of ions,
the rise and fall of cyclic nucleotides, and the transient phosphorylation of mem-
brane proteins--all are recognized as part of the complex series of chemical changes
which follow the crucial initial events revealed by Wald.

FUNCTIONAL CHEMISTRY

In opening up the field of retinal chemistry, Wald focussed attention on questions
of function. T use the term in the sense intended when we say that the function of
visual cells is to detect and signal the presence of light; or, when we acknowledge
that the eye is concerned with "visual function.” Functional activities are those
which are construed to be of benefit for some level of organization of which the
functioning entity is a part. In the cellular context, function refers to the
chemical activities of particular cells which are judged to be beneficial for other
cells, or for the organism as a whole. The field of study primarily concerned with
the chemical changes that occur when the retina is stimulated by light is functional
chemistry.

RENEWAL CHEMISTRY

About 15 years ago, investigation of a second aspect of retinal chemistry was init-
iated. Discovery of the continued replacement of the rhodopsin-containing membranes
of the rod outer segments, and the phagocytic properties of the pigment epithelium
(Young, 1967; Young and Bok, 1969) led to the development of a body of information
concerned with the chemistry of renewal. This field is primarily devoted to analy-
sis of the continued synthesis of new molecules and the destruction of old onmes.
Whereas the chemical reactions of visual function take place only when the retina

is stimulated by light, renewal processes go on incessantly. Functional chemistry
involves relationships which go beyond the chemical requirements of individual cells,
and involve more complex levels of hierarchical organization. Renewal chemistry
concerns the self-rebuilding of cells.

In visual cells, as in other cells, renewal seems to represent the predominant
aspect of the overall chemical activity (Young, 1976, 1979). 1In other words, most
of the chemical reactions seem to be concerned with reconstruction of the cell,
rather than with providing benefits for other cells. In mammals, for example, a
new double-membrane disc is formed in each rod outer segment every 15 minutes.

The cell replaces about 10 per cent of its light-detecting apparatus daily (Young,
1967, 1971). If we assume that each disc contains 10,000 rhodopsin molecules, and
that each rod produces 100 discs daily, this means one million rhodopsin molecules
are synthesized each day by every rod visual cell. With 250 million rods in both
eyes, there is a production of 250 trillion (2.5 x 101“) rhodopsin molecules per
day, throughout life. This would require an enormous energy expenditure for the
formation of peptide bonds alone, not to mention the synthesis of 30 or more phos-
pholipids which are associated with each rhodopsin molecule. The major chemical
activity in visual cells may well be the production of membranes.
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In the years following the discovery of outer-segment renewal, it was gradually
documented that practically every species of molecule in visual cells is contin-
ually replaced. Molecular constituents are destroyed or discarded as rapidly as
they are produced. This results in a steady-state in which the appearance of
structural stability is maintained despite continuous chemical renovation (Young,
1976). The lifetime of most of the cells' constituents is a matter of a few days
or less.

RHYTHMIC CHEMISTRY

It was analysis of renewal processes in visual cells which uncovered a third aspect
of retinal chemistry--its rhythmicity. The discovery that rods preferentially shed
membranes from the tips of the outer segments shortly after the beginning of the
day (Lavail, 1976) led to the observation that cones preferentially shed membranes
soon after the beginning of the night (0'Day and Young, 1978; Young, 1977, 1978a).
No exceptions to this cyclic disposal of membranes by rods and cones have been
found, indicating that it is a general rule. That the generalization may have

even wider scope 1s suggested by a report that invertebrate photoreceptors may also
renew their light-sensitive membranes according to a daily rhythm (Blest, 1978).
Additional symptoms of the chemical rhythmicity of renewal processes have been ob-
served in studies of autophagy, membrane assembly, and the synthesis of RNA and
glycoprotein (Besharse and coworkers, 1977; Hollyfield and coworkers, 1979; Reme,
1978; Reme and Sulser, 1977). It seems certain that many further examples will
soon be revealed. This work has introduced a new variable into the study of ret-
inal chemistry: time of day.

INTEGRATION OF CELL CHEMISTRY

That the functional chemistry of visual cells also proceeds with a daily rhythm is
implicit in Schultze's generalization, that rods mediate visual function in the

dim 1light of the night, whereas cones are active as light receptors during the day
(Schultze, 1866). It is apparent that the intermittent shedding of membranes--a
feature of remewal chemistry--is coordinated with the functional chemistry of rods
and cones: Each class of photoreceptors discards membranes at the termination of
its period of functional activity. Furthermore, these rhythmic aspects of cell
chemistry are synchronized by the environmental light cycle (Basinger, 1977) acting
through functional chemical pathways. By relaying to the brain information concern-
ing the rhythmic daily fluctuations in visible radiation, the retina also serves the
function of synchronizing the chemical activities of the other rhythmic cells in the
vertebrate body (Young, 1978b).

These interrelationships bring out the point that within the cell all chemical reac-
tions are interdependent. Fundamentally, there is only one kind of chemistry: cell
chemistry. How the functional, renewal, rhythmical and other aspects of the overall
metabolic system are coordinated and unified we can at present but dimly perceive.
In the cytoplasm, the organization of unceasing molecular rearrangement may depend
upon such features as compartmentalization of groups of related chemical pathways,
integrated by molecular feedback circuits involving conformational changes in pro-
teins. However, the primary source of control of these intricate chemical activi-
ties resides not in the cytoplasm, but in the limited classes of molecules and
associated chemical reactions of the nucleus. Ultimately, it resides in the chem-
ical properties of a single molecule: deoxyribonucleic acid.

THE NUCLEUS

The chemical activities of retinal nuclei have yet to be explored. The only path-
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way of nuclear metabolism demonstrated in the retina is the production of RNA in
visual cells. This lack of attention to the nucleus may be due to the belief that
the truly distinctive chemical activities which characterize the different varieties
of retinal cells are situated in the cytoplasm. There is some justification for
this view, for the nucleus is noted for an astonishing evolutionary conservatism.

In organisms as varied as peas and men, the nuclei of cells are remarkably similar
in their chemical composition and metabolic behavior. Nuclear chemists freely
amalgamate into their schemes information derived from analysis of slime molds,
cancer cells, sea urchin eggs, and thymus glands in remarkable tribute to the bio-
chemical unity of nature.

However, the hazard involved in ignoring the metabolism of the nucleus (even while
admitting its central role in chemical integration) is also clear. Unless we test
in the retina the concepts of nuclear chemistry which have been derived from inves-
tigations of other kinds of cells, we cannot be sure that they are actually perti-
nent. Furthermore, most of the available information concerning the chemical ac-
tivities of the nucleus has been derived from study of dividing cells-—and the cells
of the retina are manifestly post-mitotic. The chemical activities of nuclei in
dividing cells undergo continuous cyclic changes, with some sets of reactions (such
as DNA synthesis and mitosis) being strictly intermittent, due to the alternating
activation and repression of different genes (Mitchison, 1971; Fig. 1). In contrast,
when mitosis ceases and differentiation occurs, it is assumed that one discrete
cluster of genes is activated permanently, locking the cell into that particular

set of continuing chemical reactions. This might involve quite a different type of
nuclear chemistry from that observed in dividing cells.

DIFFERENTIATION —|

Fig. 1. Diagram of the mitotic cycle. DNA is synthesized
only during the S phase, prior to mitosis (M).
After retinal cells have differentiated, they do
not synthesize DNA.

We must also be alert for possibly unique aspects of nuclear metabolism in the ret-
ina. There seems to be nothing in current nuclear theory, for example, to clarify
reports and observations of taurine, melatonin, glucosamine, choline, and ethanol-
amine in visual cell nuclei, or to explain why the nuclei of mammalian rods are so
much more condensed than those of ganglion cells. Nevertheless, with these cautions
in mind, it is reasonable to begin to explore the patterns of nuclear chemistry in
retinal cells by testing the predictive value of current nuclear theory to learn
what limitations there may be to its application in the retina.

CHEMICAL COMPOSITION OF THE NUCLEUS

The major molecular constituents of the nucleus are: DNA, RNA, and two classes of
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protein--histones and non-histone chromosomal proteins. Carbohydrates have not
been described as nuclear components, and lipid is confined to the nuclear membrane.
In the retina, the absence of carbohydrates and lipids in nuclei has received some
documentation (Bibb and Young, 1974a, 1974b; Wislocki and Sidman, 1954; Young, 1968,
1976; Young and Bok, 1979).

DNA

Deoxyribonucleic acid has been demonstrated in retinal nuclei by several methods
(Eichner, 1957; Sidman, 1961; Yoshida, 1958). 1Identification of DNA is facilitated
by a specific staining procedure, the Feulgen reaction (Ris and Mirsky, 1949), and
a specific enzyme, deoxyribonuclease, which selectively digests this nucleic acid.

RNA

Ribonucleic acid has also been identified in the nuclei of retinal cells by several
different techniques (Bok, 1970; Byzov, 1965; Koenig, 1967, 1971). One such demon-
stration is given in Fig. 3, which illustrates that when nuclear RNA is labeled by
providing retinal cells with a radioactive precursor of RNA, the autoradiographic
reaction can be abolished by incubation of the tissue sections in a solution which
contains the specific hydrolytic enzyme, ribonuclease.

Histones

Histones have not been documented in the nuclei of retinal cells. The members of
this small group of unusual proteins are characterized by their unique capacity
for specific binding to the double helix of DNA (Allfrey, 1971, 1977; Bradbury,
1975; Elgin and Weintraub, 1975; Johnson and coworkers, 1974; MacGillivray and
Rickwood, 1974). Regions of positive electrical charge, due to lysine and arginine
residues, are concentrated on the surface of the histone molecules. These two
amino acids bear positively charged nitrogen atoms on their side chains. The re-
curring phosphate groups located on the outer aspect of the DNA double helix are
also fully ionized. However, having lost a proton instead of gaining one, the
phosphates bear a net negative charge. The histones and DNA are linked together
by multiple ionic bonds between these electrostatically charged groups of opposite
polarity.

These features provide the basis for a histochemical procedure which selectively
stains histones (Alfert and Geschwind, 1953). When tissue sections are incubated
at a low pH in a solution of the acid dye, fast green, the colorant is bound to
practically all tissue components. However, when the pH is raised to neutrality
and beyond, increasingly fewer compounds are capable of binding the dye. At pH 8,
the only intracellular constituents with a residual positive charge capable of
binding the negatively charged dye molecules are the histone proteins of the nuc-
leus (Fig. 4). However, the dye will not stain the nuclei at this pH unless the
DNA is first removed (by digestion with DNAse or extraction with hot trichloracetic
acid). This indicates that the DNA interacts with most or all of the positively
charged groups on the histone surfaces. Furthermore, if the DNA is removed, but
the positively charged groups on the histones are neutralized by acetylation, the
nuclei also fail to bind the dye. Additional evidence that it is the histone pro-
teins which are stained is provided by selective extraction of tissue sections with
0.25 N HCl--the classical biochemical method for solubilizing this class of pro-
teins (Brasch, 1976; Hancock, 1969; Mirsky and Pollister, 1946). Extraction re-
moves the material stainable at pH 8 with fast green (Fig. 4), but it does not dim-
inish the Feulgen reaction for DNA.
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These experiments demonstrate that retinal nuclei contain DNA, RNA, and histone,
and that each of these nuclear components can be selectively eliminated from slices
of retinal tissue.

Non-Histone Chromosomal Proteins (NHCP)

Unlike the small group of histones, whose components have similar and related pro-
perties, the non-histone proteins of the nucleus comprise a large and heterogeneous
collection. Many are enzymes, which mediate the varied metabolic activities of the
nucleus. No specific stain or selective method for extraction or digestion is
available to document their presence. However, because the histones lack the amino
acid tryptophan, the presence of tryptophan-containing compounds in the nucleus,
demonstrated by a histochemical procedure (Adams, 1957; Fig. 5) testifies to the
presence there of non-histone proteins (MacGillivray and Rickwood, 1974; Vidali

and coworkers, 1972). Extraction of the histones or nucleic acids does not abolish
the staining of tryptophan-containing protein in retinal nuclei.

These preliminary results are consistent with the conclusion that retinal cells,
like other nucleated cells, contain four major macromolecular nuclear constituents:
DNA, RNA, histones, and non-histone proteins.

SYNTHESIS AND RENEWAL OF NUCLEAR CONSTITUENTS

RNA

All three classes of RNA--ribosomal, transfer, and messenger--are synthesized in
the nucleus, although they are destined to play their funmctional roles in the cyto-
plasm. With one exception (histone mRNA), all are produced in the nucleus from
larger RNA molecules which are subsequently modified by a series of cleavage steps
that snip away excess nucleotides (Darnell, 1968; Georgiev, 1972; Sirlin, 1972).
Thus, much of the newly synthesized RNA never leaves the nucleus. Instead, it is
broken down and recycled. Messenger RNA, in addition to being cleaved into a
smaller polynucleotide, is further modified by the addition of a long chain of
repetitive adenylic acid groups (Greenberg, 1975).

Renewal of ribonucleic acid in the nuclei of retinal cells has been recorded in
several species (Bok, 1970; Bok and Young, 1970; Koenig, 1971; Maraini and Fran-
guelli, 1962; Young, 1973, 1976; see Fig. 3).

NHCP

The non~histone chromosomal proteins are also continually replaced. A wide range
of variability in patterns of renewal has been recorded (Dice and Schimke, 1973;
Holoubek and Crocker, 1968; MacGillivray and Rickwood, 1974). Synthesis of new
molecules occurs in the cytoplasm (this now seems to be the birthplace for all
proteins), and it goes on continuously, even during mitosis. Subsequently, the
molecules migrate into the nucleus. This has not yet been studied in the visual
system.

DNA and Histone

In contrast to the limited lifetimes of RNA and NHCP, the DNA and histone molecules
appear to be stable. Once synthesized, they are not broken down. In non-dividing
cells, it seems that they are not synthesized at all. 1In this respect they are
unique.
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Fig. 2. Demonstration of DNA in retinal nuclei with the

Feulgen reaction. Staining is abolished by prior
incubation in DNAse. Mouse retina, X 350.

Fig. 3. Demonstration of RNA in retinal nuclei by autoradiography. 30
min after injection of H3—uridine, visual cell nuclei are labeled
(left). The radioactive material is removed by incubation in a
ribonuclease solution (right). Mouse retina, X 1,000.
Fig. 4.

Demonstration of histone proteins in retinal nuclei by
staining with fast green at pH 8.0 after removal of DNA
(left). Extraction of histones from tissue sections
(with 0.25 N HC1) practically abolishes the staining
reaction (right). Mouse retina, X 350.
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Fig. 5. Tryptophan-containing compounds are demonstrated in all
retinal layers by this histochemical procedure (Adams,
1957). Because histones lack tryptophan, the staining
of nuclei indicates that they contain non-histone proteins.
Mouse retina, X 400.

Fig. 7. Evidence of DNA repair in mouse corneal epithelium and retinal
cells irradiated with 10,000 erg/mm2 UV (254 nm), incubated in
a nutrient medium containing 5 uCi/ml H3—thymidine (37° ¢, 2 hr),
then examined by autoradiography. In the corneal epithelium (A)
a cell undergoing DNA synthesis prior to mitosis is heavily lab-
eled (arrow). Several other cells show a weak labeling, indica-
tive of excision repair of DNA. Evidence of DNA repair was also
obtained in ganglion cells (B), cells of the inner nuclear layer
(C), and in visual cells (D). X 950.
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Diagram of the relationship of DNA and histone in chromosomes
according to the nucleosome model. Adapted from Worcel (1977).

Model of a molecular mechanism by which DNA can be released
from its ionic bonding to the surface of the nucleosome (left)
as a prelude to RNA transcription. The white horizontal streak
across the center of the nucleosome on the right indicates the
zone where acetate groups have been added to e-amino groups on
lysine residues, eliminating positive charges. This breaks the
ionic bonds, releasing the double helix so that it can be par-
tially unwound and separated. RNA polymerase can then trans-
cribe the base sequence of one of the strands.
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Heavy labeling of retinal nuclei is revealed by autoradiography
30 min after intravenous injection of H3-acetate in adult mice.
In A, the full thickness of the retina is shown (X 400). On the
right, nuclei are depicted at higher magnification (X 900). B,
outer nuclear layer; C, inner nuclear layer; D, ganglion cells.
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The bulk of the evidence strongly indicates that DNA and histone are synthesized
simultaneously during the DNA synthesis period of the cell division cycle (S-phase,
Fig. 1) and that this is the only time they are synthesized (Bloch and Godman, 1955;
Bloch and coworkers, 1967; Gallwitz and Mueller, 1969; Gurley and Hardin, 1968;
Prescott, 1966; Rasch and Woodard, 1959; Robbins and Borun, 1967; Stein and cowork-
ers, 1977). At the time of onset of DNA synthesis (or perhaps slightly before it)
the genes coding for histones are derepressed, and transcription of histone mRNA
begins. Histone genes occur in multiple copies, and their mRNA molecules seem to

be the only ones which pass directly to the cytoplasm without undergoing any "pro-
cessing" whatsoever in the nucleus (Adesnik and coworkers, 1972; Greenberg, 1975;
Jacob, 1976; Kedes and Birnstiel, 1971; Pardue, 1975). 1In the cytoplasm these mRNA
molecules mediate the rapid synthesis of histone proteins, which migrate into the
nucleus as soon as they are formed (Oliver and coworkers, 1974; Perry and Kelley,
1973; Robbins and Borun, 1967). In the nucleus, they become electrostatically
bound to DNA. (Whether new histone is linked solely to new DNA is not yet known).
At the end of the DNA synthesis period, when the genetic material has been complete-
ly replicated and attached to histone, the histone mRNA molecules are destroyed and
histone synthesis stops (Borun and coworkers, 1967; Perry and Kelley, 1973). In
the ensuing biochemical events, the cell splits in two.

Restriction of DNA and histone synthesis to the S-phase of the mitotic cycle has
important implications for non-dividing cells such as those of the retina and brain.
It means that these two molecules, the fundamental elements of the chromosomes,
differ from the other molecular constituents of the cell in that they are the only
permanent members of the entire assemblage. DNA and histone, synthesized simultan-
eously, then immediately bonded into a nucleohistone complex, are thereafter never
replaced. One cannot doubt that if this remarkable conclusion about the genetic
material is substantiated, it must be accorded great significance in the theoretical
analysis of cell organization.

The temporal stability of DNA (that is, its non-renewal) is well established. With
mature retinal cells, this is readily demonstrated. It is sufficient simply to
expose them to the specific DNA precursor, H3—thymidine. No nuclear incorporation
of radioactivity is recorded (Maraini and Franguelli, 1962; Schultze and coworkers,
1961; Sidman, 1961)--unless the DNA has been lesioned (see below). Alternatively,
if the DNA is made radioactive by providing the labeled precursor during the mitotic
cycles which precede differentiation, the radioactivity is still retained, apparent-

ly undiminished, weeks or months later (Sidman, 1961; see also Bennett and cowork—
ers, 1960).

There are firm indication that the histones may be immune from replacement in the
nervous system. In the brain, '"the data suggest a metabolic stability of histones
which corresponds to that of the deoxyribonucleic acid" (Piha and coworkers, 1966;
see also Balhorn and coworkers, 1972; Byvoet, 1966; Hancock, 1969). These studies
corroborate investigations which indicate that histone is only produced in dividing
cells, just before mitosis. In the retina, there is so far no evidence which bears
upon this question.

RENEWAL AND REPAIR

The non-renewal of DNA is far from being simply a metabolic oddity of no particular
significance. On the contrary, it represents a serious challenge to the concept
that cell survival is dependent upon the renewal of cell constituents. The conclu-
sion that "the gradual accumulation of defects provoked by a variety of environmen-
tal hazards as well as by functional excitation is...prevented by the continual
reconstruction of the cell" (Young, 1976) is supported by reports of retinal damage
by visible radiation. When the intensity of radiation entering the eye is raised
slightly beyond that present in the normal energy environment, structural damage

N.C.I. 1/1-h I
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to the retina (particularly the visual cells) becomes so severe that it can readily
be detected by histological examination (Anderson and coworkers, 1972; Friedman and
Kuwabara, 1968; Ham and coworkers, 1978:; Kuwabara, 1970; Kuwabara and Gorn, 1968;
Lawwwill and coworkers, 1977; Marshall and coworkers, 1972; Noell and coworkers,
1966; Sperling, 1977; Sperling and Johnson, 1974). 1If slightly higher than normal
levels of radiant energy can provoke lesions as profound as this, then surely at
normal energy levels molecular lesions must also occur--lesions, however, which are
too small for microscopic detection. In other words, retinal cells suffer molecular
damage during the normal visual process.

If there were no mechanism for disposal of these denatured molecules, their accumu-
lation would soon kill the cells. However, not only do the cells survive through-
out a long lifetime, they remain essentially free of any senescent changes (Young,
1976). This capacity to "grow old without aging" can be ascribed to the renewal
processes which dominate the chemical activities of these cells. Damaged molecules
are generally not retained for more than a few days, because most of the visual
cell molecular constituents--damaged or undamaged--do not persist for longer than
this. No matter what its age, the visual cell is largely an assemblage of recently
synthesized molecules, except for the DNA (and possibly the histones). The non-
renewal of DNA stands out as a glaring exception, intensified by its status as the
key molecule in the organization of the cell.

This theoretical impasse has been overcome by the remarkable discovery that DNA

can be repaired. Several mechanisms are now known by means of which regions of

DNA which have been damaged can be restored to their original condition (Cleaver,
1974; Evans, 1975; Hanawalt, 1975; Painter, 1974; Williams, 1976). Best documented
in nucleated cells is the process of excision repair (Fig. 6) in which certain pro-
teins in the NHCP fraction detect the localized denaturation of the DNA double
helix, excise a portion of the DNA strand containing the lesion, and replace it
with the correct sequence of nucleotides using the same elegant mechanism employed
in DNA synthesis: complementary base-pairing with the undamaged sister strand. It
is a variation on the fundamental chemical reaction in 1iving systems--the replica-
tion of DNA.

I have recently obtained evidence which suggests that retinal nuclei can repair
lesioned DNA. When retinas are incubated in vitro in the presence of H3—thymidine
after being exposed to ultraviolet radiation (254 nm), the nuclei in some cells in
all retinal layers incorporate the labeled molecule into DNA (Fig. 7). The nuclei
in unirradiated retinas do not take up the radioactive DNA precursor. Incorporation
of H”-thymidine in the nuclei of the irradiated cells is interpreted as evidence of
the replacement of patches of nucleotides which have been removed during the process
of excision repair. This appears to support the contention that the non-renewal of
DNA is compensated for by specific repailr mechanisms.

It seems important to emphasize the distinction between renewal and repair. The
processes are fundamentally different. Renewal denotes the repeated replacement of
molecules brought about by their continued synthesis and balanced destruction. Re-
newal is incessant, whether or not any denaturation of cell structure has taken
place. If damage does occur, the lesioned molecules will soon be replaced as a
result of the ongoing renewal process. The restitution of visual cell outer seg-
ments which have been damaged by radiation, retinal detachment, dietary deficiency,
hibernation or cold stress is readily accomplished through renewal, which rebuilds
the outer segments continually. In contrast, molecular repair is not a continuing
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Fig. 6. Diagram of DNA excision repair after UV radiation damage.
Absorption of UV photons by DNA (A) induces covalent linkage
of adjacent pyrimidines. The thymine-thymine dimer is most
readily formed (B). Resulting distortion of the helical
structure is recognized by an endonuclease which incises the
DNA strand (C). An exonuclease then excises the damaged strand
by making a second incision (D). Approximately 100 nucleotides
are removed. Then a DNA polymerase mediates the linkage of the
replacement nucleotides, complementary to those in the sister
strand (E). (This can be detected by autoradiography). Lastly,
a ligase seals the backbone with a terminal covalent bond (F).

process. It is a specific sequence of chemical reactions which takes place only
after a lesion has appeared in an existing molecule. These reactions do not re-
place the entire molecule. Instead, they restore the original distribution of
atoms in the denatured region of the molecule. Restitution of structure through
renewal is clearly the primary mechanism for ridding the living system of errors.
Molecular repair has been demonstrated for only one molecule, DNA, the only mole-
cule known (with considerable certainty) not to be renewed.

When examined from this point of view, the evidence that histones may also be tem-—
porally stable takes on added significance. Because of the intimate bonding of
histone to the DNA double helix, molecular lesions which denature the histones

might have serious consequences. Without the possibility of replacement of such
damaged molecules, or restitution of original structure through repair, the histones
would represent a peculiarly vulnerable as well as crucially situated part of the
molecular organization of the cell. Another theoretical impasse seems to be emerg-
ing: Two molecules, DNA and histone, linked together physically and functionally,
synthesized simultaneously and thereafter not renewed--both essential to cell sur-
vival, but only one with a known mechanism for the elimination of lesions.

GENETIC REGULATION

The interrelationship of histone and DNA forms the central concept of current
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theories about the nature of genetic regulation--the process by which part of the
total genetic information contained in the DNA can be selectively expressed. When
firmly bonded to histone, DNA is totally inert; no RNA synthesis is possible. In
order for particular genes to be derepressed, the ionic bonds between the negatively
charged double helix and the positively charged groups on the surface of the his-
tones must be loosened.

Fig. 8 depicts the relationship of DNA and histone in chromosomes according to the
recently developed concept of the nucleosome (Bradbury, 1975; Finch and Klug, 1977;
Kornberg, 1977; Noll, 1977; Olins, 1977; Oudet and coworkers, 1977; Simpson and
coworkers, 1977; Thomas and Butler, 1977; Worcel, 1977). This model is recent in
origin, but appears to be accepted by virtually all researchers currently investi-
gating the molecular organization of chromosomes.

According to this model, the DNA double helix is wrapped around the outside of core
particles called nucleosomes. Each nucleosome consists of two each of four types

of histone proteins (H2A, H2B, H3, H4), forming an octamer. (The remaining histone,
H1l, is involved in the process of chromosome cross-linking and condensation. Com-
pared to the four nucleosome histones, it is significantly more variable in struc-
ture as well as distinctive in its metabolism). The model provides a satisfactory
explanation for the uniformity of amino acid sequence observed in the nucleosome
histones in all nucleated cells. No other proteins have been so rigidly conserved
during the course of evolution (Bailey and Dixon, 1973; Delange and coworkers, 1969;
Patthy and Smith, 1973; Panyim and coworkers, 1971). Changes in primary structure
of these histones apparently cannot be tolerated because of the requirement for
matching of complementary surfaces of the eight units in each nucleosome, and for
binding the nucleosome to the DNA double helix. Each nucleosome is associated with
200 base-pairs of DNA, but only 140 of these are in contact with the nucleosome
surface. (This represents about 1.75 turns of the DNA around the nucleosome). When
the DNA-nucleosome chain is fully extended, it produces a beads-on-a-string appear-
ance (Fig. 9). This is believed to occur in portions of the DNA containing genet-
ically active regions. Compaction is achieved by ascending orders of superhelical
arrangements which culminate in dense clumps of "heterochromatin', considered to be
genetically inactive (Brown, 1966).

The ionic bonds between DNA and histone must be broken if the genetic information

is to become accessible, because the two strands of the double helix must be par-
tially unwound and separated so that RNA polymerase can transcribe the base sequence
of one of the strands. This separation is also a necessary prelude to DNA replica-
tion and DNA excision repair.

A mechanism for modifying the DNA-histone bonds has been discovered. It involves
the reversible enzymatic alteration of the DNA-binding groups on the surface of the
nucleosome. Histones are subjected to several post-synthetic modifications, includ-
ing methylation, phosphorylation and acetylation. Reversible acetylation, in par-
ticular, has been clearly demonstrated to be related to changes in genetic activity
(Allfrey, 1971, 1977; Bonner and coworkers, 1977; Johnson and coworkers, 1974;
MacGillivray and Rickwood, 1974; Pogo and coworkers, 1968). There are histone-
acetylating enzymes (acetyl coenzyme A is the acetate donor) as well as deacetylases
which can remove the acetyl groups from histones. These enzymes are located in the
nucleus, where they form part of the NHCP fraction. The reversible acetylation
reaction is very selective. It affects mainly the lysine residues in histones H3
and H4, forming e-N-acetyllysine (Allfrey, 1977; Simpson and coworkers, 1977).
Addition of the acetate group to the nitrogen atom modifies the surface conformation
and eliminates the positive charge (Adler and coworkers, 1974), breaking the ionic
bond with DNA (Fig. 9).
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These changes, in themselves, are insufficient for the initiation of RNA synthesis.
For RNA transcription to occur, additional chemical changes are required. These
seem to involve NHCP proteins in specific conformations induced by protein phospho-
rylation (Allfrey, 1974; Chiu and Hnilica, 1977; Kleinsmith and coworkers, 1976;
Stein and coworkers, 1976, 1977).

I have obtained evidence of acetylation in the nuclei of retinal cells. Autoradio-
graphic analysis shows that 30 to 60 minutes after injection of H3-acetate in adult
mice, the nuclei of all the retinal cells are radioactive (Fig. 10).

This was first observed in frog retinas by Schettino (1978), who also showed that
extraction of lipid and RNA did not significantly decrease the nuclear labeling.

In confirming and extending these results in the mammalian retina, I have found
that DNAse digestion also fails to diminish perceptibly the content of nuclear rad-
ioactivity. However, if histones are extracted from tissue sections prior to auto-
radiography, there is a slight decline in nuclear labeling. This result suggests
that there may be a continuing replacement of acetate groups on the surface of nuc-
leosomes in retinal cells. Histones may be stable, but the nucleosomes which they
form seem to be the site of incessant, reversible atomic modification.

Even after digestion of DNA and RNA and the extraction of histones, however, most
of the acetate radioactivity remains in the nucleus in these experiments. This in-
dicates that the non-histone proteins may also undergo acetylation reactions. Here
current nuclear theory offers no explanation, because the possible acetylation of
the non-histone proteins of the nucleus has yet to be investigated.

CONCLUSION

The preliminary histochemical and autoradiographic results mentioned in this report
seem clearly to indicate that the theory of nuclear metabolism and genetic regula-
tion which currently is undergoing rapid development may be applied to the retina
with noteworthy predictive value. Although the chemical activities of retinal
nuclei have received scant attention so far, these initial experiments suggest that
this unexplored field may prove to be a rich source of information centered on key
molecules in the organization of the cell. New knowledge of nuclear chemistry is
likely to influence importantly our ideas concerning the overall chemistry of the
retina, including the integration and control of its functional, renewal and
rhythmical aspects.
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ABSTRACT

Histochemical and cytochemical studies of the retinas of the teleosts Carassius ca-
rassius and Eugerres plumieri revealed that acetylcholinesterase, besides its main
localization in the inner retinal layers, can be also found in the outer plexiform
and inner nuclear layers, and between the apposed processes of horizontal cells of
a given layer. Similar studies of catecholamine (CA) containing cells in Cyprinus
carpio and Eugerres plumieri have identified cells with bodies located in the inner
plexiform and nuclear layers, where amacrine cells are found, and which send pro-
cesses to both plexiform layers. As a part of our search for the possible role of
cholinergic and catecholaminergic systems in the lateral spread of horizontal cell
activity, the effects of CA's and acetylcholine (ACh) were studied in the perfused
retina of Eugerres plumieri. Dopamine (0.2 mM) and other CA's slightly depolarize
horizontal cells while markedly increasing their response to local illumination and
decreasing their response to the surround. ACh(10mM) plus BW anticholinesterase (1
mM) produced similar effects on most of the cells studied. Hexamethonium (choliner
gic antagonist), interferes with the ACh but not with the catecholamine effects.
The effects of both types of agents are suppressed by the a-adrenergic blocking
phentolamine (0.5 mM).

KEYWORDS

Fish retina; catecholaminergic cells, ACh activity, horizontal cell responses,
dopamine effects, ACh effects.

3

INTRODUCTION

Morphological studies of the neuronal circuitry in the distal vertebrate retina have
revealed many of the complex interconnections between photoreceptors and second or-
der cells, and between the latter (Stell and Lightfoot, 1975; Stell, 1978). The
synaptic region, the outer plexiform layer, represents an important region of cel-
lular interactions essential for the integration of nervous signals relating to

the visual phenomena. The mechanisms, including the neurotransmitters involved and
their actions, are as yet little understood. Many laboratories are pursuing studies
on the involvement of different substances with apparent neurotransmitter proper-
ties in such cellular interrelations, and their metabolism under different physiolo-
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gical conditions. The present report summarizes recent studies on the localization
and pharmacological effects of components of catecholaminergic and cholinergic sys-
tems in the distal retina.

LOCALIZATION STUDIES

Histochemical Localization of Catecholamines

Previous studies of catecholamine containing neurons in the retina have been summa-
rized by Ehinger (1976). Such neurons are found in the innermost part of the inner
nuclear layer and a few are distributed among ganglion cells. 1In certain species,
the former send processes towards both inner and outer plexiform layers, and this
may indicate that such neurons perform an important function in the interactions
between the two synaptic regions.

The use of a modification of the "Faglu" water-stable fluorophores method original-
ly described by Furness, Costa and Wilson (1977; see Nakamura, 1979; Negishi and
others, 1979) has permitted the confirmation of the above mentioned anatomical find-
ings in the retinas of different teleosts, including fresh water (Cyprius carpio,
Tribolodon trakonensis and Serrasalus notatus) and marine fishes (Eugerres plumieri,
Mugil brasiliensis, Mugil curema, Mugil cephalus and Centropomus subsp.). Figure 1
illustrates the typical morphology of the catecholamine-containing interplexiform
cells (Dowling and Ehinger, 1975, 1978; Dowling, Ehinger and Hedden, 1976).

Histochemical and Cytochemical Localization of Acetylcholinesterase

A large number of studies on the histochemical localization of AChE in the retina
have been summarized by Nichols and Koelle (1968), and Stell (1972), Neal (1976).
The cells which contain this enzyme, a possible indicator of the presence of cholin-
ergic systems, are the amacrine cells and some ganglion cells and, thus, the cholin-
ergic system would be restricted to the inner retina. Microgasometric measurements
performed by Drujan and Svaetichin (1972) on isolated retinal cells of Eugerres plu-
mieri also show that only amacrine, ganglion and bipolar cells have detectable AChE
activity.

However, Drujan, Diaz Borges and Brzin (1979), using modified copper thiocholine
cytochemical method (Brzin, Tennyson and Duffy, 1966) were able to detect a precip-
itate in the outer retina. The AChE is localized on the membrane of horizontal cell
processes, at the places where they contact bipolar cell dendrites and photoreceptor
endings, forming a characteristic synaptic complex (Fig. 2A), and also at the later-
al contacts between horizontal cells of a given layer and their ascending processes
(Fig. 2B).

PHARMACOIL.OGICAL STUDIES

The isolated retina of the teleost (Eugerres plumieri) was kept in a chamber and
perfused with solutions of varying concentrations of different drugs. Intracellular
recording permitted the continuous monitoring of horizontal cell electrical activi-
ty during changes of the perfusion solutions. Light stimuli consisted of alter-
nating spots and annuli, both centered on the site of recording. 1In this fashion
it was possible to evaluate the effects of the applied drugs upon the responses
elicited by direct activation of the cell through the receptors feeding into it
(spot), and upon the responses elicited through lateral spread from distant regions
(annulus). Details of these techniques are given elsewhere (Laufer and Negishi,
1978; Negishi and Drujan, 1978 and 1979b).

A characteristic effect on horizontal cell responses can be observed following addi-
tion of different catecholamines to both fish (Negishi and Drujan, 1978,1979a and b)



Fig. 1.

Putative Neurotransmitters

Fluorescence micrographs of the fish retina. A. Radial
section, showing the somata of two dopaminergic cells lo-
cated at the innermost cellular row of the inner nuclear
layer. They send fine processes towards both the outer
part of the inner nuclear layer and the inner plexiform
layer. The diameter of the larger fluorescent cell body
is about 10 um. B. Tangential section showing fine fi-
ber network surrounding the horizontal cells.
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Fig. 2. AChE activity in the retina of the fish Eugerres plumieri.
A. Reaction deposits in the synaptic region of the recep-
tor cells. B. Activity of the enzyme at the lateral con-
tact between the horizontal cells of a given layer.
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Figure 3 summarizes the sites where AChE was found to be present in the outer retina.

Fig. 3. General scheme of the localization of AChE in the
outer retina. (H-horizontal cell, Bi-bipolar,
ChE-colinesterase, R-receptor).

and turtle (Laufer, unpublished observations) retinas. It consists of a marked in-
crease in the responses to the center flash and a simultaneous reduction of the
responses to the annulus. These changes are usually, but not always, accompanied
by depolarization of the cell. The effect is reversible, dose-dependent, and can
be observed with dopamine, noradrenaline, and adrenaline, but not with an equimolar
dose of L-DOPA. Figure 4 (A and B) iliustrates these characteristic effects, pro-
duced by perfusion during 10 sec with a 200 UM solution of dopamine. In B, after
10 min perfusion with control Ringer solution the two responses have almost return-
ed to their initial amplitudes. These effects of DA could be blocked by previous
perfusion with 500 uM phentolamine.

Acetylcholine added to the perfusate produces a qualitatively similar result, al-
though much higher doses are required and the effect is smaller, and the recovery
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Fig. 4. The results obtained in the same cell by successive applica-
tion of dopamine (DA, 200 uM) and a mixture of acetylcholine
(ACh, 10 mM) plus the cholinesterase inhibitor BW (1 mM) show
that the same qualitative effect is produced, namely, depolar-
ization of the cell, increase of the center response and re-
duction of the surround response.

much faster. In Fig. 4C a perfusate containing 10 mM ACh, together with 1 mM of
the AChE blocker BW was used for 30 sec and, again, an increase of the response to
the center flash and a decrease of the response to the annulus is observed, with
recovery after 2 to 3 min. These effects could be reduced by previous perfusion
with 500 uM hexamethonium, as well as by 500 uM phentolamine (Negishi and Drujan,
1979c).

Figure 5 illustrates the above mentioned effects and their blockade by phentolamine.
Typical effects can be seen, in response to both ACh (A) and dopamine (B). Phentol-
amine was perfused for 5 min prior to record D and, then, subsequent application of
either agent was ineffective. Our tentative interpretation of this blocking effect
by both drugs is that the effect of acetylcholine is mediated by a catecholaminer-
gic mechanism, probably in the interplexiform layer where cells have been shown

to contain DA.

In conclusion, both cholinergic and catecholaminergic systems appear to be present
in the outer retina of several species. The study of the actions of compounds
which belong to the two systems reveals that they have, at least qualitatively,
similar effects. Furthermore, the results point to a direct effect on lateral in-
tegration of activity in the case of catecholamines, but an indirect effect of
acetylcholine, via its action on interplexiform catecholaminergic cell.
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Fig. 5. The application of the adrenergic d-blocker phentol-
amine (Phent, 0.5 mM) interferes with both the ef~
fects of ACh plus BW and dopamine (DA).
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ABSTRACT

Radiolabelled glucose and glutamine have been used to study the metabolism of the
neuroactive amino acids glutamate, aspartate and GABA in the rat retina. Endoge-
nous amino acids have been measured by double label dansylation. Significant in-
creases in the concentrations of all three amino acids have been found on light-

adaptation.

In vitro, glutamine is metabolized alongside glucose and, at 600 pM (the concentra-
tion in the rat vitreous), is a major precursor of the neuroactive amino acids.
GABA is formed principally in the amacrine and inner plexiform layers of the tiss-
ue, whereas, in photoreceptor cells, glutamate and aspartate are heavily labelled.
Evidence has been obtained for decreased turnover of all three amino acids on lig-
ht stimulation. The data are consistent with a role for glutamate and/or asparta-
te as photoreceptor neurotransmitters. Glucose utilization is reduced in the lig-
ht-stimulated retina.

KEYWORDS

Rat retina; photoreceptors; glucose and glutamine metabolism; light stimulation;
aspartate; glutamate; GABA.

INTRODUCTION

Species differences in the homeostasis of ¥F-aminobutyric acid (GABA) in retinas
are now well-recognized and were seen initially when uptake sites were compared by
autoradiography - GABA entering predominantly, if not solely, into the glial cells
of Miller in rat and primate retinas, and into various neurones in such species as
frog, pigeon, chicken and goldfish (for reviews see Lam, 1975; Neal, 1976; Voaden,
1976; 1979). The differences can also be detected metabolically (Voaden, Lake and
Nathwani, 1977). 1In both groups, however, a growing body of evidence attests to
possible role(s) for GABA in retinal neurotransmission, associated with the func-
tioning of higher order neurones (Voaden, 1979).

Glutamate and aspartate are less well studied as regards the inner retinal layers,
but these amino acids have, for a long time, been favoured candidates to be photo-
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receptor neurotransmitters (Neal, 1976; Voaden, 1979).

LOCALIZATION

All three amino acids exist in the retina at about the same levels as in the brain
(Table 1). 1In the few species investigated (monkey, rat, frog and rabbit), GABA
has been found to be most concentrated in the amacrine, inner plexiform and gang-
lion cell layers of the tissue (Fig. 1; Voaden, 1978; 1979), whereas glutamate and
aspartate are present at higher levels in photoreceptor cells. However, distribu-
tion of these latter is more species variable. In the monkey the highest concent-
ration of both is in the ganglion cell layer (Berger and colleagues, 1977), where-
as in the rat it has been found more distally (Kennedy, Neal and Lolley, 1977; Mor-
jaria and Voaden, 1979a).
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Fig. 1. The distribution of neurocactive amino acids in the
rat retina.
The values have been obtained from Graham (1974) ( === == =)
Kennedy, Neal and Lolley (1977) (s=*=+++==+); and Morjaria and
Voaden (1979%a) ( ). Recalculations have been based on
127% protein and 837 water contents for the retina. The ret-
inal layers are : 0S - photoreceptor outer segments; OP -
outer plexiform layer; H - horizontal cell rich portion of
the inner nuclear layer; A - amacrine cell rich portion of
the inner nuclear layer; IP - inner plexiform layer; G -
ganglion cell and nerve fibre layer.
Reproduced from Voaden (1979).
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TABLE 1 The Concentrations of Glutamate, Aspartate and GABA
in Light- and Dark-Adapted Retinas

Species Glutamate Aspartate GABA

D L D L D L
Rat 1. 4.7 5.9% 2.2 2.9* 2.5 2.9%
2 4.4 4.7 1.5 1.4 1.9 1.9
Mouse 3. 3.7  4.6% 1.2 1.4 1.4 1.7%
Chicken 2. 4.2 4.6 0.4 0.4 3.4 3.7
4 3.1 3.6 0.5 0.5 2.6 2.5
Frog 2. 4.0 3.9 0.8 0.7 2.3 2.7%
5. 2.8 2.7 1.5 2.6%
Goldfish 2. 1.7 1.7 0.3 0.3 1.4 2.0%
6. 3.8 3.9 1.7 3.2%

Marine fish 7. 2.8 3.1 0.3 0.2 1.1 1.2
1.4%

Brain 7.8 -12.5 1.5 - 2.7 0.8 - 2.3

D - dark-adapted; L - light-stimulated or adapted. Results
are expressed as pmol / g wet wt. Recalculations have been
based on a retinal water content of 85%, and protein of 10%.
*p<0.05

Brain values are from Mcllwain and Bachelard (1971), and
retina from : 1. Table 2; 2. Starr (1973); 3. Cohen, McDan-
iel and Orr (1973); 4. Pasantes-Morales and colleagues
(1973); 5. Graham, Baxter and Lolley (1970); 6. Lam (1972);
7. Van Gelder and Drujan (1978).

Effects of Light

Differences between light- and dark-adapted retinas have been sought in a range of
species (cf. Table 1). The endogenous GABA level is increased in light-stimulated
frog, goldfish, marine fish (flickering illumination only), mouse and, in our
hands, rat retinas (see also Table 2), but is unaltered in the chicken. In contra-
st, in studies on whole retinas, changes in glutamate and/or aspartate have only
been observed in the rodents. However, a rise in glutamate concentration has been
detected in light-stimulated photoreceptor cells of the frog {Graham, Baxter and
Lolley, 1970).

In the rat, the differences in all three amino acids are enhanced further when the
animals are exposed to strong fluorescent light for 18 hr (Table 2; Oraedu, Voaden
and Marshall, 1979). At the stage these retinas were analysed they appear normal,
but the photoreceptor cells do go on to develop typical 'light-damage' lesions,
even when the animals are returned to a normal environment. Nevertheless, increas-
es have also been seen following 6 and 12 hr exposure periods, and these do not
lead to overt symptoms (Oraedu, Marshall and Voaden, unpublished). 1In addition,

we have never observed lesions in the inner retinal layers. The changes, although
perhaps extreme are probably physiological, therefore. The concentration of GABA
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decreases on continued exposure to the light (Oraédu, Voaden and Marshall, 1979).

TABLE 2 Aspartate, Glutamate and GABA in the Albino Rat
Retina

Amino Dark-Adapted Light-Adapted Fluorescent lightt

Acid 48 hr (n=15) (n=60) 18 hr (n=18)
Aspartate 3.3%0.2 4,3%0, 1x** 5.9%0, 2%%*
Glutamate 7.1%0.3 8.9%0. 2%%% 11.1%0. ¥
GABA 3.7%0.2 4,30, 1% 5.3%0. 3%

#*p €0.05; *%*p<0,00L.

Amino acids were estimated by double label dansylation (Mo-
rjaria and Voaden, 197%a). Results are expressed as nmol/
3 mm dia. disc retina*SEM (approximate wet wt. 1.5 mg).
*Data taken from Oraedu, Voaden and Marshall (1979). A
photographic light box was placed on top of the cage and
temperature was maintained below 25°C with a fan. Two
animals were exposed at one time.

The above data supports the observation of changes in amino acid levels in normal
light- as compared with dark-adaptation. It is, therefore, anomalous that Starr
(1973) did not observe them in his study on rats. However, Cohen, McDaniel and
Orr (1973) noted erratic changes in endogenous amino acid levels in mice, and both
Starr (1973) and Neal (1976) have commented on the inconsistency of GABA uptake in
light- as compared with dark-adapted rat retinas - increases occasionally being
observed in the light-adapted tissue. Seasonal variation has been postulated by
both authors as a possible explanation; differences appearing in the winter. The
results from dark-adapted rats, shown in Table 2, were obtained in the summer
months. Alternatively the extent of dark-adaptation may be relevant as the prese-
nt results were obtained after 48 hr, whereas Starr (1973) and Cohen, McDaniel and
Orr (1973) dark-adapted animals for 18-24 hr and 90 min respectively.

To localize further the reactive pools of amino acids, retinas of rats exposed for
18 hr to the light source have been bisected at approximately the outer plexiform
layer (cf. Morjaria and Voaden, 1979a), and the two sections analysed. The results
(Table 3) showed significant increases in aspartate, glutamate and GABA in the
photoreceptor cells, and of glutamate and GABA in the inner retinal layers.

Glutamate and aspartate as photoreceptor neurotransmitters. A considerable body
of evidence supports the conclusion that photoreceptor cells release their neuro-
transmitters in the dark and that this release is curtailed on light-stimulation
(eg. Neal, 1976; Voaden, 1979). Equally it has been postulated many times that
glutamate and/or aspartate might be the neurotransmitter(s). Most recently neuro-
physiological studies on goldfish (Kleinschmidt and Yazulla, 1978) and skate reti-
nas (Wu and Dowling, 1979) have supported this contention - the latter providing
strong evidence for aspartate being the likely compound in this species.

The present observations of raised glutamate and aspartate in rat photoreceptor
cells on light stimulation are consistent with a curtailment of release, and, the-
refore, with the suggestion that one or other might be the neurotransmitter. In
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TABLE 3 Endogenous Amino Acids in the Retinas of Rats Ex-
posed for 18 hr to Fluorescent Light.

Light-Adapted Fluorescent Lightt+

control (n=8) 18 hr (n=8)
100 pm Aspartate 1.7%0.3 3.3%0.5%
Photoreceptor Glutamate 3.3%0.5 4 .8%0.5%
Section GABA 0.4%0.06 0.7%0.06%*
Inner Aspartate 2.9%0.3 3.3%0.4
Retinal Glutamate 5.7%0.5 6.9%0.7%
Layers GABA 2.8%0.3 5.1%0. 4x**

*p<0.05; **¥p<0.0l; ***p<0.00l.

Results are expressed as the meantSSM and represent nmol /
3mm dia. disc of retina (estimations were done on 4 mm dia.
discs and the data recalculated, cf. Table 2).

Animals were exposed as described in Table 2 and then bi-
sected using the technique of Arden and Ernst (1971). Amino
acids were estimated by double label dansylation.

*Data taken from Oraedu, Voaden and Marshall (1979).

addition, in uptake studies with extracellular concentrations of 3H—g1utamate or
3H-aspartate of less than 5 pM, and thus with high-affinity uptake predominating
(cf. Neal and White, 1978; White and Neal, 1976), a significant amount of label
can be detected, by autoradiography, in rat photoreceptor cells (Marshall and
Voaden, unpublished) - adding further support to the above premise.

GABA in photoreceptor cells. A small concentration of GABA has consistently been
observed in the photoreceptor cell layer of the rat and other species (Fig. 1;
Table 1; Voaden, 1978) - Morjaria and Voaden (1979a; cf. Fig.l) finding 7% of the
total retinal GABA in an 80 pm section of this layer (Fig. 2). As well as photo-
receptors, this fraction would also contain about 15% of the MHller cell cytoplasm
of the tissue (Rasmussen, 1972). 1If all of the GABA was associated with this, and
the amino acid had an even distribution through these cells, they would then con-
tain approximately 45% of the total in the tissue. The GABA profile, shown in
Fig. 1 argues against this as MHller cell cytoplasm reaches its peak contribution
at the inner limiting membrane (Rasmussen, 1972). It is, therefore, probable that
some GABA is associated with photoreceptor cells themselves (cf. Voaden, 1978).
About 5% of the glutamate decarboxylase activity of the rat retina has also been
found in this layer (Graham, 1974; Morjaria and Voaden, 1979a) and histochemistry
has provided evidence for the presence, in photoreceptor inner limbs, of GABA-«-
oxoglutarate transaminase (Hyde and Robinson, 1974; rat) and succinic semialdehyde
dehydrogenase (Moore and Gruberg, 1974; salamander). Thus the GABA bypath may be
present. It must be noted, however, that little or no glutamate decarboxylase or
GABA-X-oxoglutarate transaminase activity has been found by Sarthy and Lam (1979)
in isolated turtle photoreceptor cells and, with glutamate as precursor, no GABA
synthesis detected (Sarthy and Lam, 1978). Species differences may exist.

METABOLISM

An increase in the concentration of a compound could result from increased synthe-
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sis or decreased release. To investigate this radicactive precursors are needed,
and in the following the effects of light stimulation on the metabolism of 14C-glu-
cose and l4C-glutamine by rat retinas have been studied. Glucose is considered
the main substrate of the retina, providing a source not only of energy but also
of carbon atoms for the synthesis of other molecules (Lolley, 1969). Glutamine,
which is a major metabolic product of neurocactive amino acids taken up by Mlller
cells (Riepe and Norenburg, 1977; Starr, 19752; Voaden, Lake and Nathwani, 1977;
White and Neal, 1976), is also readily available as a substrate. It is present in
vitreous at 200-600 M (Coull and Cutler, 1978; Morjaria and Voaden, 1979a) and
autoradiography suggests that it can enter most, if not all cells of the rat reti-
na (Voaden and colleagues, 1978).

Glucose and glutamine contribute equally in terms of carbon atoms, to the pools of
glutamate and aspartate in the dark-adapted retina, whereas glutamine may be a
better precursor of GABA (Table 4; Morjaria and Voaden, 1979a). The presence of
glutamine has no effect on the entry of carbon atoms from glucose (Morjaria and
Voaden, 1979%a).

TABLE 4 The Relative Incorporation of Label from l4c_Glu-
cose and 1#C-Glutamine into Amino Acids in the Isolated,
Dark-Adapted Rat Retina.

Relative Specific Activity*

14C—glucose 14C—glutamine

+glutamine +glucose
80 jm Aspartate 9.7 8.1
Photoreceptor 4Glutamate 23.7 20.3
Section GABA 5.0 7.8
Inner Aspartate 7.2 6.6
Retinal Glutamate 16.6 16.6
Layers GABA 4.5 8.4

*Specific activity of the amino acid relative to that of
the precursor at the beginning of the incubation. For lac_
glucose this was 11.77 X 10-3 dpm / nmol and for 14C-gluta-
mine 55.5 X 10-3 dpm / nmol. Glucose was present in both
media at 5.5 mM and glutamine at 600 pM. Retinas were in-
cubated for 30 min at 37°C with the labelled precursors

and then 3 mm dia. discs of the tissue sectioned as descri-
bed in Fig. 2. The labelled products were then isolated
(Morjaria and Voaden, 1979a). The concentration of endo-
genous amino acids was estimated by double label dansyla-
tion in retinas incubated as above, but with non-radioac-
tive substrates (cf. Table 7).
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Fig. 2. An 80 pm section of rat photoreceptor cells (out-
er and inner segments plus nuclei) obtained by the techni-
que of Arden and Ernst (1971).
A 3.0 mm dia. disc of retina was placed, photoreceptors
downwards, into a 3.5 mm dia. well, 80 um deep, drilled in
a block of aluminium. The block was frozen and the protru-
ding tissue sliced away. The above section was recovered
from the well, and processed for light microscopy.

157
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TABLE 5 Metabolism of l4C-glucose and l4C-glutamine by
Light-Stimulated and Dark-Adapted Rat Retinas.

Amino ldc-glucoserglutamine l4C-glutaminetglucose

Acids D L D L
Aspartate 25%3 23%0.3 623 32& 3% %%
Glutamate 99%10 99%3 39410 273%5%%%
Glutamine 14%]1 12%0.3 720t21 700%18
GABA 182 15%1 15713 107%3*

Total tissue
Radioactivity 669-16 389-23%%% 1379-15 1145-13%%%*

*p €0,05; ***p<0.00l. D - dark-adapted 48 hr; L - light-
stimulated (see page 8).

Results are expressed as the mean*SEM (n=4) and represent
dpm X 10-3 / mg protein. Glucose was present in both media
at 5.5 mM and glutamine at 600 pM. Retinas were incubated
for 30 min at 37°C with l4C-glucose (30 pCi/ml) or léc-
glutamine (15 pCi/ml).

Data taken from Voaden and Morjaria (1979).

TABLE 6 The Metabolism of l4C-Glutamine by Photoreceptor
and Inner Retinal Layers of the Isolated Rat Retina.

DarkSAdapted Light-gtimulated
dpmX10-3 / dpmX10~° /
amino acid RSA agino acid RSA
[Aspartate 6.7t 0.9 8.1 3.3 0.4%% 3.2
Glutamate 29.9 2.8 20.3 18.4% 1.8%* 9.9
I JGlutamine 34.6% 3.2 34.3 35.7¥ 8.0 42.9
GABA 4.9 0.4 7.8 3.8+ 0.7 6.8
Total
LRadioactivity 80.5% 7.9 65.1% 1.2
[Aspartate 9.5t 0.9 6.6 4.8% O, 7%%*x 3.5
Glutamate 46.0% 4.1 16.6 29.4% 4.1% 10.3
IT JGlutamine 77.6%* 6.3 41.1 60.7% 6.8 33.4
GABA 28.7% 1.6 8.4 16.6F 1.3%%* 4.5
Total
Radiocactivity 178.4%13.0 120.2x13.4*

*p<0.05; **p<0.02; ***p<0.0l; I - 80 pm photorecep-
tor section; II - inner retinal layers.

Results are expressed as the mean*SEM (n=4) and represent
radioactivity per 3 mm dia. disc retina. Experimental con-
ditions were as in Tables 4 and 5. RSA = specific activity
of the amino acid relative to that of the precursor at the
beginning of the incubation.

Data taken from Voaden and Morjaria (1979).
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Effects of Light

Approximately 95% of the photoreceptor cells of the rat retina are rods (Cicerone,
Green and Fisher, 1979). Although they are highly insensitive to red light, they
are saturated by very low levels of shorter wavelength illumination ( A,y rhodops-
in 500 nom). For the present experiments, therefore, daylight was reduced to
%40.15 pwatts / sq. metre. 1In terms of human vision this corresponds to the low
mesopic range. Eight to ten week-old female albino Wistar rats were used through-
out the study. They were dark-adapted for 48 hr before use and were then killed
and the retinas dissected out under a dim red light. Incubations were done either
in darkness or in the reduced daylight and the relevant lighting maintained until
the tissue was frozen (for bisection) or added to a protein precipitant.

As shown in Table 5, when the metabolism of 14C-glucose was followed under these
conditions and the retinas processed after only a 2 min wash to avoid loss of solu-
ble compounds, there was a 40% reduction in total tissue radioactivity on light st-
imulation, but no change in the entry of label into the amino acids. In contrast,
when 14C-glutamine was metabolised, light caused a significant decrease in the
labelling of aspartate, glutamate and GABA. There was also an 18% reduction in

the total tissue radioactivity, accounted for by the reduced label in the amino
acids.

In previous in vivo studies with the glucose analogue 2-deoxy-glucose, Morjaria
and Voaden (1979b) have also obtained results which imply a decrease in the rate
of glucose consumption by light- as compared with dark-adapted rat retinas (the
former being maintained in normal room lighting). The decrease (38%) occurred in
the photoreceptor cell layer.

To localize further the changes in amino acid metabolism, retinas, incubated with
the radioactive precursors, were sliced to a depth of 80 pm from the photoreceptor
side (cf. Fig. 2)., Table 6 shows that with 14C-glutamine as precursor, light re-
duced the entry of the label by 51% and 39% respectively into aspartate and gluta-

TABLE 7 Endogenous Amino Acids in Isolated Rat Retinas In-
cubated with both Glucose and Glutamine as Substrates.

80 pm Photoreceptor Inner Retinal
Section Layers
D L D L
Aspartate 1,5% 0.2 1.8t 0.2 2.6 0.4 2,5%0.3
Glutamate 2.7 £ 0.2 3.4 ¥ 0.4 5.0 £ 0.6 5.1 0.8
Glutamine 1.8 £ 0.2 1.5 ¥ 0.3 3.4 0.4 3.3t 0.4
- GABA 1.1 ¥ 0.1 1.0 %0.1 6.2 ¥ 1.0 6.7 %£0.8

D - dark-adapted 48 hr; L - light-stimulated (see page 8).
Results are expressed as the mean T SEM (n» 7) and represe-
nt nmol / 3 mm dia. disc retina. Retinas were incubated at
37°C for 30 min with 5.5 mM glucose and 600 yM glutamine.
Discs of tissue were then sectioned as described in Fig. 2.
Endogenous amino acids were measured by double-label dansy-
lation (Morjaria and Voaden, 1979a).
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mate in the photoreceptor layer, and into these amino acids and GABA in the inner
retinal layers. When the endogenous amino acids were analysed in retinas treated
similarly but incubated with unlabelled substrates, there were no significant dif-
ferences between the light- and dark-adapted tissue (Table 7), although trends to-
wards the changes seen between freshly-isolated light- and dark-adapted retinas
(Table 2) were apparent. These results imply that changes occur in amino acid
turnover on light-stimulation, followed later by adjustment in the tissue levels
of the endogenous amino acids.

Increased tissue levels combined with decreased entry of label would in turn imply
decreased turnover of glutamate and aspartate in photoreceptor cells and of gluta-
mate, aspartate and GABA in the inner retinal layers of the rat retina on light
stimulation. The changes in photoreceptor metabolism are consistent, therefore,
with a role for glutamate and/or aspartate in photoreceptor transmission (cf. page
4). As the inner retinal sections would have contained photoreceptor terminals,

it is not possible to say definitely whether or not the changes observed here are
also associated with photoreceptor function. However, results from a more detail-
ed profile of the entry of label from 3H—g1utamine into these amino acids suggests
not (Morjaria and Voaden, 1979a). The profile also suggests that the principal
location of GABA formation from glutamine is in the amacrine/inner plexiform lay-
ers of the tissue. This is consistent with (1) the position of labelled cells

seen after a pulse and chase study with 3H-g1utamine, in which GABA was the princi-
pal end product (Voaden and colleagues, 1978), (2) the location of endogenous pools
of GABA in the rat retina (Fig. 1) and (3) the tentative localization of glutamate
decarboxylase to amacrine synaptic terminals (Wood, McLaughlin and Vaughn, 1976;

TABLE 8 The Metabolism of l%4C-Glucose by Photoreceptor
and Inner Retinal Layers of the Isolated Rat Retina.

Dark-Adapted Light-Stimulated
dpmx10™3 /' RsA  dpmx1073 /  Rsa
amino acid amino acid

[Aspartate 1.7%0.2 9.7 1.3%0.2 5.9
Glutamate 7.4%1.0 23.7 6.8t1.4 17.3
I J{Glutamine 0.6%0.1 2.9 0.7%0.1 4.0
GABA 0.7%0.2 5.0 0.8%0.1 7.0
Total
Radioactivity 19.3%1.9 16.4%2.6
[Aspartate 2.2%0.3 7.2 1.9%0.2 6.3
Glutamate 9.8%1.6 16.6 8.6t1.2 14.2
II |Glutamine 2.0%0.3 5.0 1.6%0.2 4.0
GABA 3.3%0.7 4.5 2.7£0.4 3.4
Total
Radioactivity 38.3%6.5 35.1%2.9

I - 80 pm photoreceptor section; II - inner retinal layers.
Results are expressed as the meantSEM (n=4) and represent
radioactivity per 3 mm dia. disc retina. Experimental con-
ditions were as in Tables 4 and 5. RSA = specific activity
of the amino acid relative to that of the precursor at the
beginning of the incubation.

Data taken from Voaden and Morjaria (1979).
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cf. also Graham, 1974). It thus seems probable that changes in GABA turnover are
occurring here. Although the present results suggest that this is decreased turn-
over, the lowered specific activities might also result from the release of newly-
formed, more highly-labelled pools that have not equilibrated with the general ti-
ssue stores. The preferential release of neurocactive amino acids derived from glu-
tamine as compared with those from glucose has been found in studies on rat corti-
cal synaptosomes (Bradford, Ward and Thomas, 1978), pigeon optic tectum (Reubi,
Van den Berg and Cuenod, 1978) and rabbit hippocampus (Hamberger and colleagues,
1979). As yet, no effects of light stimulation on endogenous GABA release from
the rat retina have been found (Coull and Cutler, 1978; Kennedy and Neal, 1978;
Starr, 1975b), although Bauer and Ehinger (1977) reported an increased output of
preloaded labelled GABA from the rabbit retina. Species differences undoubtedly
TﬁiSt in the response of retinal GABA systems to light as Starr (1975b), using

C-glucose as the radiolabelled precursor and working with the frog retina in
vivo, found increased entry of label into GABA, combined with raised endogensﬁé
levels, suggesting increased turnover; less label entered or remained in glutamate.
In the same study no effects were seen in the rat, perhaps because 14C—glucose was
used as the precursor (cf. Table 5).

Little is known of the function(s) of GABA in the rat retina. It is not possible,
therefore, to link the changes observed here with a physiological role. However,

Graham (1974) has provided evidence suggesting that this amino acid may be involv-
ed with light-adaptation over the scotopic visual range.

Retinas incubated with 14C—glucose were also bisected : the results are shown in
Table 8. Again, as with the data in Table 5, entry of label into the amino acid
pool is not significantly altered by light-stimulation. However, because of slig-
ht changes in labelling of the photoreceptor layer, combined with subtle altera-
tions in the endogenous amino acids there (Table 7), the specific activities of
glutamate and aspartate are decreased - about half as much as when 14C—glutamine
was the precursor. Complex changes may occur in glucose metabolism on light-stim-
ulation of photoreceptors (eg. Cohen and Noell, 1965). Consequently, it cannot be
concluded that glucose and glutamine are here labelling separate pools of the
amino acids. However, the data for the 'inner retinal sections' (Tables 6 and 8)
?2 suggest the existence of separate pools. The profiles of GABA production from

C-glucose and 3H.—glutamine through the rat retina are very similar, but differe-
nces exist in those for glutamate and aspartate (Morjaria and Voaden, 1979%a).

In contrast to the data shown in Table 5, there was no evidence for a decrease in
total tissue radioactivity, on light stimulation, in retinas incubated with Lac-
glucose and then processed for slicing. The non-amino acid, 'light-sensitive',
glucose derivatives may, therefore, have been washed from the tissue.

Less ATP may be needed in the light-stimulated photoreceptor because of cessation
of the sodium current that flows between the inner and outer limb of the dark-
adapted cell, and the consequent decrease in Nat/kt ATPase activity in the inner
limb. It has also been proposed that the tricarboxylic acid cycle (TCAC) will be
inhibited by a build-up of 6-phosphogluconate, occurring because of stimulation of
the pentose phosphate pathway (Cohen and Noell, 1965). It is significant, there-
fore, that oxygen uptake is depressed in photoreceptors subjected to steady illu-
mination (Hanawa and Kuge, 1961; Sickel, 1972), and possible that the 'light-sen-
sitive' derivatives observed here (Table 5) are TCAC intermediates.

Under similar conditions succinoxidase activity in photoreceptor inner limbs may
increase (Epstein and O'Connor, 1966). It is, therefore, of interest that the
GABA bypath may be present there (cf. page 5), forming a route by which carbon
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atoms could enter the TCAC at the level of succinate. However, in the present
studies no significant changes were observed in GABA turnover in photoreceptor
cells on light stimulation (Tables 6 and 8).

The present results emphasize the potential importance of glutamine in retinal
metabolism and show changes in the homeostasis of glutamate, aspartate and GABA
in the rat retina in response to light. In particular, the data obtained is con-
sistent with a role for glutamate and/or aspartate as photoreceptor neurotrans-
mitters.
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ABSTRACT

Binding sites for a variety of agonists and anatagonists of GABA and dopamine were
demonstrated in retina subcellular fractions. These sites exhibited the binding ki-
netics and pharmacologic specificity consistent with known properties of the
physiological receptors for GABA and for dopamine. Important differences noted be-
tween brain and retinal receptors will be discussed.
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INTRODUCTION

The current interest in neurotransmitters of the retina has been generated in part
by recent advances in techniques for analyzing transmitter systems. Previously the
retinal transmitter systems were studied extensively and almost exclusively by auto-
radiographic and electrophysiological methods. Using these techniques, most of the
neurotransmitter compounds in brain have been implicated in retinal function. These
include dopamine, gamma aminobutyric acid (GABA), acetylcholine, serotonin, glycine
glutamate, aspartate and others which are less well-established such as taurine (for
a review, see Graham, 1974). Autoradiography has been used to identify cell types,
presumably the presynaptic neuron, which takes up these compounds or their precur-
sors. Electrophysiology has to some degree identified cells, presumably the post-
synaptic neurons, which respond to these neurotransmitters.

Biochemical analyses can be highly useful as a complement to these studies. Methods
are now available for determining uptake, storage, release and receptor binding
characteristics of these transmitters in vitro. Pharmacological sensitivity can be
carefully determined and comparisons made between retina and other neuronal tissues
such as brain, spinal cord and sympathetic ganglia.

One of the major problems in the biochemical studies involving retinal neurotrans-

mitters has been the relatively small amounts of retinal tissue which could be ob-
tained in a fresh condition. In the studies described herein, one approach has been
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to develop techniques which can accommodate small sample sizes. A second approach
has been the use of bovine retinas which have not previously been well-character-
ized, but which we were able to obtain in large quantities in a very fresh state
from a local slaughter house.

Receptor binding assays are a relatively new concept in the field of neurochemistry,
however, they are now in common use by many laboratories. The concept is a simple
one based on the expected characteristics of the physiologically relevant receptor
site for each neurotransmitter. (For a review, see Yamamura, Enna and Kuhar, 1978).
Receptor sites should exhibit a very high affinity for the appropriate neurotrans—
mitter and should have limited capacity (saturation). Established agonists and an-
tagonists for the transmitter should inhibit receptor binding at concentrations
which are consistent with their actions in vivo. The affinity and saturation char-
acteristics are usually determined by generating a '"binding curve', which is based
on individual measurements of the amount of neurotransmitter bound by a given
amount of tissue in the presence of different concentrations of the neurotransmit-
ter. Ideally, the amount bound increases as the concentration of the ligand increases
up to a point at which the receptor sites become saturated. The amount bound at the
saturation point can be used to determine the approximate number of receptor sites;
the concentration of ligand at which saturation occurs can be used to determine the
approximate affinity of the receptor site. Scatchard, Lineweaver-Burke or Hill plots
are routinely used to analyze data from binding curves and to establish K (affini-
ty) and BmaX (number of receptors). n

Binding of neurotransmitters to a variety of other sites (uptake sites, membrane-
bound enzyme sites, non-specific binding sites, etc.) is of major concern in these
studies since these other sites usually far exceed the number of the receptor sites.
In order to obviate this problem, binding of radioactively labeled transmitter is
determined both in the presence and absence of saturating concentrations of unla-
beled transmitter. Binding which occurs in the presence of excess unlabeled trans-—
mitter is thought to be "non-specific" since it is nondisplaceable, i.e., non-satu-
rating. The amount of non-specific binding is subtracted from the total amount
bound in the absence of excess transmitter. The resulting difference is termed spe-
cific binding and should be equivalent to receptor binding. However, the specific
binding must be further verified by analyzing the ability of various concentrations
of specific agonists and antagonists to inhibit the binding. The concentrations of
agonist or antagonist required to inhibit transmitter binding to the receptor by
fifty percent (ICSO) is usually determined and compared to other in vivo systems.

Inhibitory constants (Ki) can also be determined by taking into account the concen-

tration of transmitter used in determining the IC and thus perhaps represents a

50
better form by which to make comparison (Chang and co-workers, 1975).

Specific receptor assays have been developed for the GABA receptor and the dopamine
receptor in brain (Enna and Snyder, 1975; Fields and co-workers, 1977; Creese and
co-workers, 1977). We have modified these techniques by miniaturization which has
allowed the characterization of dopamine and GABA receptors in retinal tissue.

As previously reported in brain, receptors for GABA and dopamine in retina are high-
ly concentrated in membranes from synaptosomal fractions. Thus most of the studies

reported here have utilized synaptosomal fractions rather than whole retinal homoge:
nate. Most of the small conventional sized synaptosomes from retina or brain can be
obtained in a P2 fraction which sediments durinug centrifugation at 15,000 xg for 12

min (Cotman and Matthews, 1971). In brain, larger particles such as nuclei and un-
broken cells are usually sedimented in a P1 or debris pellet using lower speeds

(5,000 %xg for 10 min.) prior to the centrifugation step for the P2 fraction. One
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peculiar aspect of retinal subcellular fractionation is that synaptosomes from pho-
toreceptor cells are unusually large (3-5 | in diameter) and thus sediment in the
P1 or "debris'" pellet. We have devised a modified fractionation procedure for the

retina in which the large, photoreceptor cell synaptosomes (PCS) are sedimented in
a separate fraction intermediate between the P1 and P2 fractions (Redburn, 1977;
Redburn and Thomas, in press).

Although the PCS fraction contains more contaminants than the P2 fraction, it is

enriched in synaptosomes; in particular those from photoreceptor cells. These two
retinal synaptosomal fractions have been characterized as to the uptake, storage
and release properties associated with specific retinal neurotransmitters (Redburn,
1979).

This fractionation technique may represent at least a crude separation of synap-
tosomes of the inner plexiform layer (PZ) from those of the outer plexiform layer

(PCS). Some data support this suggestion. In some cases where a specific neurotrans-
mitter is known to be restricted to a single plexiform layer the synaptosomal frac-
tions also show a high degree of specificity. The appropriate fraction displays

biochemical characteristics for that neurotransmitter. For example, autoradiography
and histofluorescence shows dopamine to be present only in the IPL of rabbit retina
and only the P2 or IPL fraction from rabbit retina shows uptake, release and recep-

tor binding activity for dopamine. In other cases, such as GABA and acetylcholine,
also thought to be restricted to the IPL rabbit retina (Masland and Livingston,
1976; Graham, 1972), results are less clear since the PCS fraction does display
some GABAnergic and cholinergic properties (Redburn and co-workers, 1978).

DOPAMINE RECEPTORS IN RABBIT AND BOVINE RETINA

Considerable evidence has been published in support of dopamine as a retinal neuro-
transmitter. In rabbit retina, fluorescence and autoradiography studies show con-
vincingly that a specific subset of amacrine cells contain dopamine and are able to
synthesize and degrade it (Dowling and Ehinger, 1978). These same cells also con-
centrate exogenously applied dopamine. and release it upon light stimulation (Kramer,
1971). Dopaminergic amacrine cells appear to make pre and postsynaptic contact ex-
clusively with other amacrine cells via conventional sized, non-ribbon containing
synapses.

Biochemical analysis of pre and postsynaptic markers for dopaminergic systems pro-
vide additional insight into the molecular physiology of this important retinal
transmitter substance. In rabbit, the dopamine system is largely associated with a
specific synaptosomal fraction which is highly enriched in synaptosomes from
amacrine and perhaps to a lesser extent from horizontal and bipolar cells. A high
affinity uptake system for dopamine is enriched in this fraction as is dopaminesen

sitive adenylate cyclase (see below) and Ca++ dependent, K+ stimulated release me-
chanisms (Thomas and co-workers, 1978). We now report the concentration of high

affinity receptor sites for dopamine in an identical fraction using a (3H)—spiro—
peridol binding assay (Fields and co-workers, 1977; Creese and colleagues, 1977).

Spiroperidol is a butyrophenone neuroleptic whose affinity for dopamine receptors
in brain tissue is greater than that of any other known drug (Burt and others,1977.

In addition, (3H)—spiroperidol has been found to label dopamine receptors in vivo
and in vitro (Creese and co-workers, 1977). Due to the relatively large amount of
material available from beef sources, a more complete pharmacologic study of the
retinal dopamine receptor was made using bovine retina. However, results suggest



170 D. Redburn, Y. Clement—-Cormier and D. M. K. Lam

that rabbit and bovine retinal dopamine systems share many kinetic and pharmacolo-
gic properties.

The binding characteristics of bovine and rabbit retina appear to be similar to
those previously reported for brain (Creese and co-workers, 1977; Fields and col-

leagues, 1977). The binding of (3H)—spiroperidol was saturable at n Molar concen-
trations. Scatchard analysis revealed only a single dissociation constant of ap-

proximately 0.3 nM which compares to 0.25 nM reported for the highly dopaminergic
brain region, the striatum.

The ability of a variety of receptor antagonists to inhibit (3H)—spiroperidolbind—
ing indicated a high degree of pharmacological specificity associated with the
receptor. (See Table 1).

Potent antipsychotic drugs such as fluphenazine and haloperidol which are also potert
dopamine antagonists were able to displace receptor bind