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Summary. 1. To test if the light-evoked hyperpolar-
ization of the rods or retinal pigment epithelium
(RPE) is important for the light-evoked compo-
nent of rod disc shedding, eyecups of the anuran,
Xenopus, were incubated in media that have been
reported to have different effects on the membrane
potential of these cells.

2. Hyperpolarization was induced by transfer-
ral to medium with Na ™ entirely replaced by cho-
line*, or mostly replaced by Li*. Shedding in
darkness was increased 4-fold in both cases
(Figs. 1, 2 and 3).

3. To prevent light-evoked hyperpolarization,
eyecups were transferred to medium containing
0.5 mmol/l ouabain. However, light-evoked shed-
ding was not inhibited; instead, it was activated
further (Fig.4). Moreover, ouabain increased
shedding in darkness by about 9-fold (Fig. 5).

4. Ouabain likewise activated shedding without
light in eyecups of the frog, Rana (Fig. 6). In Rana,
shedding is entirely light-evoked, so that, unlike
the case represented by Xenopus eyecups, there was
no question that inhibition of the light-evoked
component could have been masked by over-
whelming stimulation of an endogenous compo-
nent.

5. Strophanthidin, which, in contrast to oua-
bain, binds reversibly to Na*-K "-ATPase, also ac-
tivated shedding in Xenopus eyecups kept in dark-
ness, even when it was washed out 20 min after
light onset (Fig. 7).

6. These results suggest that a particular change
in the membrane potential of the rod or RPE cells
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is not directly responsible for the occurrence of
light-evoked rod disc shedding.

7. In addition, the results identify pharmaco-
logical treatments that activate shedding in dark-
ness. These treatments should provide a useful tool
for future studies of rod disc shedding. It is noted
that common effects of these treatments possibly
include: (1) inhibition of Na*, K*-ATPase activi-
ty, with a resulting increase in ATP; (2) an increase
in intracellular Ca2™"; (3) alteration of melatonin
levels.

Introduction

The shedding of photoreceptor outer segments in-
volves phagocytosis of the terminal outer segment
discs by the surrounding retinal pigment epitheli-
um (RPE). As a result, packets of outer segment
discs are apparent as phagosomes in the RPE
(Young and Bok 1969). Using the number of pha-
gosomes in the RPE as a measure of the extent
of shedding, shedding of rod outer segments (ROS)
has been shown to increase markedly for a short
period following dawn, or ‘light onset’ (LaVail
1976; Basinger et al. 1976). In lower vertebrates,
part, or all of this daily peak in shedding is light-
evoked (Basinger et al. 1976). Accordingly, a fun-
damental question concerning the control of ROS
shedding in lower vertebrates follows: which of
the physiological changes that result from the onset
of light triggers shedding?

Previously published work is compatible with
the hypothesis that hyperpolarization of the rods
and/or RPE cells, which occurs as a result of light
stimulation (Bortoff 1964; Tomita 1970; Steinberg
et al. 1970), might be this trigger. Firstly, phagocy-
tosis by macrophages and fibroblasts is accompa-
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nied by hyperpolarization of the cells, suggesting
that changes in membrane potential might be im-
portant for control of some aspect of ingestion
(Kouri et al. 1980; Okada et al. 1981). Secondly,
recent work by Stowe (1983) has shown that in-
creased extracellular K* concentration induces
shedding of photoreceptor membrane in crab com-
pound eyes not exposed to light at dawn. The nor-
mal shedding response in these animals is also
mostly light-evoked, and Stowe argued that its in-
ducement by the K™ treatment is probably me-
diated by depolarization of the photoreceptors
(which is their normal response to light). Thirdly,
three conditions found to decrease rod or RPE
cell membrane potential also inhibit ROS disc
shedding: (1) 3-isobutyl-I-methylxanthine (IBMX)
depolarizes anuran rods (Lipton et al. 1977), and
inhibits their disc shedding (Besharse et al. 1982;
Heath and Basinger 1983). (ii) Decreased extracel-
lular Ca®* concentration also depolarizes anuran
rods (Brown and Pinto 1974) and inhibits their
disc shedding (Greenberger and Besharse 1983).
(i) A decreased bicarbonate concentration sup-
presses the apical membrane and transepithelial
potentials of anuran RPE (Miller and Steinberg
1977a), most components of the light-induced elec-
troretinogram in rats (Winkler etal. 1977), and
disc shedding in anurans (Besharse et al. 1980
Heath and Basinger 1983).

We have investigated the possibility that hyper-
polarization of the rods or RPE is directly respon-
sible for ROS shedding. As our preparation, we
have used anuran eyecups maintained in vitro
(Flannery and Fisher 1979; Besharse et al. 1980;
Heath and Basinger 1983). Our first experiments
were designed to test the effect on ROS shedding
of conditions reported to hyperpolarize the rods
and RPE cells. Hyperpolarization was induced by
substituting choline™ or Li* for Na™ in the bath-
ing medium (cf. Brown and Pinto 1974). We next
tested the effects on ROS shedding of conditions
that have been reported to prevent the rod and
RPE cells from hyperpolarizing. We exposed eye-
cups to ouabain or strophanthidin, which rapidly
abolish rod hyperpolarizing responses to light
(Oakley et al. 1979 Leibovic 1983), and eventually
depolarize retinal cells by inhibition of Na*, K *-
ATPase activity (Frank and Goldsmith 1967;
Steinberg and Miller 1973; Torre 1982).

An important part of our results is the report,
for the first time, of pharmacological manipula-
tions that activate shedding in the absence of the
onset of light. Some of the findings in the present
paper have been published in preliminary form
(Williams et al. 1983).

Materials and methods

The anuran amphibians, Xenopus laevis, 2.5-5 cm long, and
Rana pipiens (northern variety), 5-6.5 cm long, were bought
from Nasco (Modesto, CA). They were kept in tanks with Pers-
pex tops and on a 12 h dark/12 h light cycle for at least 3 weeks
before being used in experiments. During the light half of the
cycle, cold fluorescent lighting provided an illuminance at the
water surface of 500 lux. Water temperature was 25-27 °C. The
frogs were fed live crickets and Nasco Frog Brittle.

Dissections were carried out under dim red safelights (15 W
bulb, with Kodak number 1 or 2 filter). Frogs were decapitated
and pithed. Eyes were then either cleanly enucleated or cut
out with a small amount of head tissue attached. The anterior
half of the eye was removed and the resulting eyecup placed
in the standard culture medium.

The standard medium was essentially that used by Heath
and Basinger (1983). It contained (mmol/l): 70 NaCl, 3 KCl,
2 CaCl,, 1 MgSO,, 1.25 KH,PO,, 35 NaHCO,, 10 p-glucose,
and 1 g/l casamino acids (containing 13 amino acids and low
amounts of vitamins). Its osmolarity was 240 mOsm. All salts
were analytical grade from Mallinckrodt, and the casamino
acids were from Difco. The experimental media contained: (i)
choline chloride and choline bicarbonate instead of NaCl and
NaHCOj (substitution of Na™ by choline™); (ii) LiCl instead
of NaCl (substitution of Na® by Li"); (iii) the addition of
0.5 mmol/l ouabain; or (iv) the addition of 0.5 mmol/l stro-
phanthidin. Ouabain, strophanthidin, and choline bicarbonate
were purchased from Sigma, and the choline chloride and LiCl
from Mallinckrodt. Media were made the evening before an
experiment. Strophanthidin was first dissolved in ethanol; the
final concentration of the ethanol was 0.3%, which was also
added to the appropriate control solutions. Before use, the me-
dia were gassed with humidified 95% 0,/5% CO, in Erlen-
meyer flasks for at least 10 min to stabilize the pH at 7.4. Gass-
ing of the media was continued throughout incubation. Tem-
perature was maintained at 26-27 °C by keeping the flasks in
a water bath.

Dissections were completed at least 1 h before the onset
of light. 20 min before light onset the eyecups were transferred
to either fresh standard medium (controls) or an experimental
medium. Eyecups that were not to be exposed to light were
kept in flasks wrapped in opaque tape. Beginning at the usual
time of light onset, eyecups in the non-darkened flasks were
exposed to a heat-filtered illuminance of about 800 lux.

2.5h after light onset, all eyecups were placed in 1.75%
glutaraldehyde +2% formaldehyde in 75 mmol/l sodium caco-
dylate buffer (pH 7.4), and fixed for 3-24 h. They were post-
fixed in 1% OsO, in the same buffer, dehydrated in ethanol,
and embedded in Araldite. Blocks were aligned so that sections
(1 pm thick) were cut along the long axes of the rods and the
dorso-ventral axis of the eyecup, near the optic nerve. After
staining the sections with Azure 1, the extent of shedding was
quantified under a light microscope by counting the number
of phagosomes, greater than 2 um in their greatest diameter,
in the RPE of one well-aligned, complete section of each eyecup
(i.e., 3-5mm of Xenopus RPE and 5-8 mm of Rana RPE)
(Fig. 1). Phagosomes were distinguished from myeloid bodies
according to their stain intensity and shape. For each Xenopus
eye, phagosome counts were converted to an average number
of phagosomes/mm, since the spacing of the rods is fairly uni-
form throughout the retina. Shedding of Rana rods was ex-
pressed as a percentage: the number of phagosomes/100 ROSs
in the retinal expanse counted. In both cases, the possibility
of a contribution to phagosome numbers by the cones was
ignored. The COSs are very much smaller than the ROSs, and
their phagosomes appear to be mostly less than 2 pm in diame-
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ter. Where required, a one-tailed t-test was employed to deter-
mine the probability of no significant difference between experi-
mental and control samples.

Results

ROS shedding in standard medium

The number of phagosomes from shed ROS discs
is greatest about 2 h after light onset (LaVail 1976;
Besharse et al. 1977). In Xenopus, we found the
amount of ROS shedding 1 h before the usual time
of light onset (i.e. basal shedding) to be 12.1+1.2
(mean +SEM ; n=3) phagosomes/mm RPE. 2.5 h
after the usual time of light onset, the amount of
shedding was 18.1+1.4 (n=39) phagosomes/mm
RPE in darkness, and 30.8+4.5 (n=14) phago-
somes/mm RPE when exposed to light (overall
means of all experiments). These latter values, less
the amount of basal shedding represent, respective-
ly, the shedding response elicited by the endoge-
nous component alone, and the shedding response
elicited by the endogenous and light-evoked com-
ponents combined. Our values are similar to those
found under the same lighting conditions in Xeno-
pus tadpoles (Besharse et al. 1977) and adults (Wil-
liams, unpublished) in vivo, and in adult Xenopus
eyecups, maintained in Wolf and Quimby amphibi-
an culture medium with 35 mmol/l HCO3 (Bes-
harse et al. 1980); although we found a slightly
higher amount of basal shedding, and shedding
in darkness, and thus a somewhat smaller light-
evoked component of the shedding peak.

The basal ROS shedding in Rana was 1.4+1.0
(n=3) phagosomes/100 ROSs (i.e. 1.4%). 2.5h

Fig. 1. Light micrograph
illustrating rod outer segment
(ROS) shedding in an eyecup of
Xenopus that was transferred to
medium with Na* replaced by
choline* and kept in darkness.
Numerous phagosomes (e.g.
arrows) are apparent in the retinal
pigment epithelium (RPE),
indicating extensive shedding. In
the particular region shown, it is
evident that each ROS has
provided more than one
phagosome. ROSs are
consequently quite short: their
length is 15-20 pm, compared to
an average length of 45 um for
ROSs in standard medium. Scale
bar=25 pm

after the normal time of light onset, the amount
of shedding in darkness was 1.1+ 0.3 (n=4) phago-
somes/100 ROSs, and after exposure to light,
10.0+1.4 (n=4) phagosomes/100 ROSs (Fig. 6).
Heath and Basinger (1983) found that the amount
of ROS shedding in Rana, held in constant light
for 2 days and then exposed to 60 min darkness
followed by 90 min light, was similar in vitro (us-
ing practically the same culture medium as we did)
and in vivo (about 20%). Our finding of 10% shed-
ding after 2.5 h light exposure is considerably less
than the daily maximum of 20-25% *fresh’ phago-
somes found in vivo 1-1.5 h after light onset by
Basinger et al. (1976) and Basinger and Hollyfield
(1980). However, because of differences in timing
and defining phagosomes, this comparison has lim-
ited value. Since the amount of shedding in dark-
ness, 2.5 h after the time of light onset, was no
greater than the basal amount, our in vitro mea-
surements agree with the in vivo findings of Bas-
inger and coworkers (Basinger et al. 1976; Bas-
inger and Hollyfield 1980), that the daily peak of
shedding in Rana has no endogenous component:
it is entirely light-evoked.

Effect of Na* substitution with choline™ or Li" :
Xenopus

Replacement of external Na* by choline™ or Li*
(or sucrose) causes rods in isolated toad retinae
to hyperpolarize by about 30 mV (Brown and
Pinto 1974). We examined the effect of replacing
Na* entirely with choline™ or partially by Li* on
ROS shedding in darkness. These treatments re-
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Fig. 2. Effect of replacing of medium Na* entirely by choline*
(CHO™) on ROS shedding in Xenopus eyecups. The extent of
shedding was measured by the number of phagosomes/mm of
RPE. STD represents the amount of shedding in standard medi-
um in the same experiments. Shading indicates no exposure
to light. The number of eyecups examined for each condition
is shown at the base of ecach bar. Data were aggregated from
2 separate experiments, and are represented by the mean+ 1
standard error of the mean
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Fig. 3. Effect of partial replacement of medium Na* by Li*
on ROS shedding in Xenopus eyecups. STD, standard medium
with 105 mmol/l Na*; Li*, medium containing 70 mmol/l Li*
and 35 mmol/l Na*. Eyecups were maintained in darkness.
Each bar represents the mean (+1 SEM: n shown at base).
Data were aggregated from 3 experiments

sulted in a 4-fold increase in shedding (Figs. 1, 2
and 3). In fact, shedding was 3-fold greater follow-
ing Na™ substitution in darkness than after expo-
sure to light in the control medium (Fig. 2).

Effect of ouabain : Xenopus

By inhibition of Na*, K*-ATPase activity, oua-
bain equilibrates the Na* and K* ion gradients
across the rod and RPE cell membranes, and the
cells eventually depolarize (Frank and Goldsmith
1967; Steinberg and Miller 1973; Torre 1982).
Rods appear to maintain some negative membrane
potential, possibly due to impermeable anions
(Bastian and Fain 1982), but this potential is small
(Woodruff et al. 1982). Hyperpolarizing responses
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Fig. 4. Comparison of ROS shedding in Xenopus eyecups in
standard medium (STD) with ROS shedding in medium that
has had 0.5 mmol/l ouabain added (OUAB). Eyecups in both
media were exposed to light for 2.5 h from the usual time of
light onset. Data are represented by the mean (+1 SEM) of
4 eyecups from 1 experiment

to light are rapidly abolished by ouabain (Oakley
et al. 1979; Leibovic 1983).

If hyperpolarization of the rods and RPE cells
is directly responsible for light-evoked ROS shed-
ding, shedding in response to light should be inhib-
ited by ouabain. It can be seen clearly in Fig. 4,
however, that shedding is very much stimulated.
The addition of 0.5 mmol/l ouabain results in a
5.6-fold increase in the number of phagosomes.

On examining the effect of ouabain in dark-
ness, a similar activation of shedding was found.
Phagosomes were 8.6 times more abundant in the
presence of 0.5 mmol/l ouabain (Fig. 5). Ouabain,
therefore, not only fails to inhibit shedding, but
strongly induces it.

Effect of ouabain: Rana

If the mechanisms regulating the light-evoked and
endogenous components of shedding operate inde-
pendently, it follows that a drug could still inhibit
the light-evoked component, but at the same time
effect overall activation because of its overwhelm-
ing activation of the endogenous component. The
above experiments, showing the activation of shed-
ding by ouabain in Xenopus, leave open this possi-
bility. However, as mentioned above, shedding in
Rana has no endogenous component of activation
(first section of Results; Basinger et al. 1976; Bas-
inger and Hollyfield 1980). We therefore tested the
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Fig. 5. Effect of 0.5 mmol/l ouabain (OUAB) on ROS shedding
in Xenopus eyecups in darkness. STD represents the amount
of shedding in standard solutions in darkness (shaded) or light
(unshaded) in the same experiments. Data were aggregated
from 3 separate experiments, and are represented by the mean
(+1 SEM; n shown at the base of each bar)

effects of 0.5 mmol/l ouabain on Rana eyecups.
It is clear from Fig. 6 that shedding is also stimu-
lated by ouabain in Rana.

Effect of strophanthidin: Xenopus

The inhibition of Na®, K*-ATPase by ouabain
is only very slowly reversible (Hoffman 1969; Dun-
ham and Hoffman 1971), so that it was not possi-
ble to test the effect of a short exposure to ouabain.
This is important to the extent that long exposures
to ouabain may result in changes subsequent to
depolarization (e.g. Gorman and Marmor 1974).
In contrast to inhibition by ouabain, inhibition of
Na*, K*-ATPase by strophanthidin is reversible
and can be removed by washing out the drug with
fresh standard medium (Hoffman 1966; Sachs
1974). In darkness, 0.1 mmol/l strophanthidin de-
polarizes toad rods by about 5 mV (Torre 1982).
We examined the response of eycups kept in
darkness and exposed to medium containing
0.5 mmol/l strophanthidin (1) for the entire post-
light onset period, as above for ouabain, and (2)
until 20 min after the time of light onset. Because
eyecups were transferred to experimental media
20 min before the time of light onset, they were
exposed to strophanthidin for a total of 40 min
in the second procedure. After exposure, they were
washed several times with fresh standard medium.
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Fig. 6. Effect of 0.5 mmol/l ouabain (OUAB) on ROS shedding
in Rana eyecups in darkness. STD represents the amount of
shedding in standard solutions in darkness (shaded) or light
(unshaded) in the same experiments. Each bar represents the
mean (+1 SEM; n shown at base). Data were aggregated from

2 separate experiments
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Fig. 7. Effect of 0.5 mmol/l strophanthidin (STRO) on ROS
shedding in Xenopus eyecups in darkness. The 2 bars on the
left represent the amount of shedding in standard medium
(STD) and in the presence of strophanthidin 20 min after the
usual time of light onset. The other 4 bars represent the amount
of shedding 2.5 h after the usual time of light onset in (from
left to right): standard medium, medium that contained stro-
phanthidin until 20 min after light onset when it was replaced
by standard medium; medium with strophanthidin; standard
medium. Only the last was exposed to light. Unlike in the other
experiments of the present report, all media contained 0.3%
ethanol. Each bar represents the mean (+SEM; n shown at
the base). Data were from 1 experiment, except for the 3rd,
4th, and Sth bars which include data from 2 further experiments

How long the rods and RPE cells were fully ex-
posed to 0.5 mmol/l strophanthidin is unknown,
but since a significant penetration time is likely,
it was probably somewhat less than 40 min. Be-
cause of the rapid reversibility of strophanthidin,
exposure to lower concentrations would have been
less than 80 min.
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The effect of 0.5 mmol/l strophanthidin on
ROS shedding is illustrated in Fig. 7. 20 min after
the time of light onset, shedding, in both standard
medium and medium with strophanthidin, was not
significantly greater than the basal level of shed-
ding (P>0.1 in both cases). However, 2.5 h after
the time of light onset, in comparison to eyecups
kept in standard medium, shedding was 4.5-fold
greater in eyecups that had been exposed to stro-
phanthidin for the entire post-light onset period,
and 3.4-fold greater in eyecups exposed to stro-
phanthidin until 20 min after light onset, followed
by 130 min in standard medium. Exposure to
10~ ° mol/l strophanthidin from 20 min before un-
til 20 min after the time of light onset elicited a
shedding response similar to that following expo-
sure to 0.5 mmol/l strophanthidin over the same
interval: 55.0 +17.3 (n=3) phagosomes/mm, com-
pared to 58.64+9.7 (n=4) phagosomes/mm for
0.5 mmol/l strophanthidin and 13.4+5.1 (n=Y9)
for standard medium in the same experiment. Con-
sequently, it seems that a short inhibition of Na™,
K*-ATPase activity at the time of light onset is
sufficient to activate a shedding response which
is not manifest until later.

Discussion

Membrane potential

ROS shedding was activated by pharmacological
conditions that have been reported to hyperpolar-
ize the rod and RPE cells, and by conditions re-
ported to prevent light-evoked hyperpolarization
and, indeed, eventually cause depolarization of
these cells. These reports have mostly involved iso-
lated retinae (Brown and Pinto 1974; Oakley et al.
1979 Torre 1982) or isolated choroid-RPE (Stein-
berg and Miller 1973). In an eyecup preparation,
as used in the present study, the photoreceptors
and RPE cells are less readily exposed to alter-
ations of the bathing medium. Nevertheless, Frank
and Goldsmith (1967) showed that the electro-
retinogram response of frog retinae was diminished
after 6 min, and completely abolished after 40 min
when the retinae were exposed to 0.1 mmol/l oua-
bain on the vitreal side only. And Cervetto (1973)
showed that the cones in a turtle eyecup hyperpo-
larized within 5 min after Na* in the bathing medi-
um was replaced by choline*. Moreover, since all
of our treatments activated ROS shedding, we
know that they all penetrated the eyecup. The
site(s) of action in the eyecup is undetermined. But
because Na ™ substitution by choline® or Li*, and
the addition of ouabain or strophanthidin are lik-

ely to have opposite effects on the membrane po-
tential of all cells of the neural retina and RPE,
our results indicate that they activated shedding
by some means other than by a particular change
in membrane potential. In conclusion, our results
suggest that a particular change in the membrane
potential of the rods or RPE is not directly respon-
sible for the occurrence of light-evoked ROS shed-
ding.

Site of activation by ouabain

As noted above, we do not know where in the
eyecup the stimulating conditions exert their effect.
It appears, however, that we can rule out the possi-
bility of ouabain stimulation by direct action on
the RPE. The apical surface of the RPE does have
binding sites for ouabain (Bok 1982), but Master-
son and Chader (1981) found that phagocytosis
of bovine ROSs by cultured chick RPE was some-
what inhibited, rather than stimulated, by
0.1 mmol/l ouabain.

Mechanisms of activation by low Na™*,
ouabain, and strophanthidin

The mechanisms by which low Na*, and ouabain
and strophanthidin activated ROS shedding are
obscure. However, it is noteworthy that these treat-
ments should produce some common effects.

Firstly, they should all inhibit Na*, K *-ATP-
ase activity: low Na* decreasing the intracellular
Na*, and, in turn, the extracellular K* that is
available for transport; ouabain and strophanthi-
din by binding to an external site of the enzyme
(Trachtenberg et al. 1981). This inhibition should
reduce ATP utilization (Winkler 1981), and thus
possibly increase the availability of ATP for other
cellular processes. Because of a decrease in internal
rod Na® and subretinal space K™, the onset of
light also inhibits the Na*, K*-ATPase activity
of the rods and RPE cells (Oakley 1983). The con-
centration of ROS ATP has been shown to increase
in response to light or ouabain (Kimble et al.
1980).

Secondly, these treatments should effect a drop
in the extracellular to intracellular Na* gradient.
Many cells, including photoreceptors (Schnetkamp
1980; Bastian and Fain 1982) and possibly RPE
cells (Miller and Steinberg 1977b), appear to pos-
sess Na*/Ca®* exchange mechanisms that are
driven by this Na™ gradient (review: Blaustein
1974). Consequently, ouabain, strophanthidin, and
low Na®™ would result in elevated intracellular
Ca?"* levels.
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Thirdly, indirect evidence suggests that oua-
bain, strophanthidin and low Na™ might alter lev-
els of melatonin in the retina. This possibility, how-
ever tenuous, warrants consideration because mel-
atonin has been shown to inhibit the phagocytic
ability of cultured RPE cells (Ogino et al. 1983)
and affect ROS shedding in Xenopus eyecups (Bes-
harse and Dunis 1983). Ouabain inhibits cyclic
AMP stimulation of N-acetyltransferase (NAT)
activity in the pineal (Parfitt et al. 1975), and inhib-
its serotonin uptake in the retina (Thomas and
Redburn 1979). The rate of serotonin uptake by
the retina is proportional to the external concentra-
tion of Na™ (Osborne 1982), so that lowered Na*
also inhibits serotonin uptake. Melatonin is ulti-
mately synthesized from serotonin, with NAT the
rate-limiting enzyme in its production.

The present report provides the first account
of pharmacological activation of outer segment
shedding in the absence of light. Investigation of
the common effects of the activating treatments
in relation to ROS shedding should provide a use-
ful starting point for furthering our understanding
of the mechanisms by which ROS shedding is regu-
lated.
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