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Photoreceptor Shedding Is Initiated

by Light in the Frog Retina

‘Abstract. Frogs maintained on a diurnal light-dark cycle (14 hours light and 10
hours darkness) shed their rod photoreceptor outer segment tips shortly after the on-
set of light. Shedding is synchronous and occurs in about 25 percent of the rod pho-
toreceptors each day. Prolonged exposure to total darkness decreases the amount of
shedding, after which exposure to light results in a large burst of synchronous shed-
ding. Thus, in the frog retina, the synchronous shedding of rod outer segment tips is
shown to be directly related to light stimulation.

Many biological events are induced by
the onset of light, for example, the migra-
tion of retinal screening pigment in tele-
osts and amphibians (/) and increases in
serotonin concentrations in vertebrates
(2). Recently, LaVail (3) has shown that
rat rod photoreceptors shed their outer
segment tips according to a circadian
rhythm. We have observed a similar, al-
though not circadian, phenomenon in the
frog retina, and this report describes our
observations concerning the induction of
photoreceptor shedding by light.

Photoreceptor rod outer segments
(ROS) in vertebrate retinas are renewed
through the assembly of new membrane
disks at the base of the ROS. Through
this process, older disks are displaced
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toward the apical end of the cell ¢).
Small packages of disks are shed from
the tip of the ROS, thereby maintaining
the outer segment at a constant length.
The shed tips are engulfed by the retinal
pigment epithelium (PE), forming inclu-
sion bodies called phagosomes, which are
subsequently digested and eliminated from
the PE (5, 6). The shedding and phagocyto-
sis of ROS tips has been described
previously (5, 6), but until now very little
was known about the initiation or regula-
tion of these processes. We have studied
the light induction of rod photoreceptor
shedding in frogs previously adapted for
at least 2 months to a diurnal cycle of 14
hours light and 10 hours dark.

Frogs (Rana pipiens, northern variety)

were kept at room temperature (22° to
23°C) in a large Plexiglas chamber with a
supply of constantly running water. Illu-
mination was provided by ceiling fluores-
cent lamps and was at a level of 60 foot-
candles (645 lu/m?) on the floor of the
frog chamber. Automatic timers were
used to turn room lights on at 8 a.m. and
offat 10 p.m. Animals were killed at regu-
lar intervals during the diurnal cycle, and
longitudinal sections through the pho-
toreceptors and pigment epithelium were
examined for the presence of phago-
somes (7).

Just before the onset of light (7:50
a.m., Fig. la), no newly shed phago-
somes are observed in the PE (8). Only
small phagosomes (< 2.0 um), presum-
ably in the terminal stages of digestion,
are seen. As is typical of dark-adapted
amphibians, the granules of melanin are
aggregated at the apical border of the PE
cell. One hour after the onset of light (9
a.m., Fig. 1b), many newly shed phago-
somes (5.0 to 6.5 um) are seen above the
tips of the ROS just inside the apical bor-
der of the PE. Most of the phagosomes
are still rectangular, suggesting that they
have just been shed from the ROS tips,
and their dark staining appearance in-
dicates that their degredation has already
begun (5, 9). The outer segments of rods
that have shed their tips are slightly
shorter (about 10 percent) than the outer
segments of those that have not, and
some elongated ROS appear deeply in-
serted into the PE. Extensive examina-
tion of longitudinal sections at this time
reveals that about 25 percent of the ROS
shed their tips within the first hour after
the onset of light. Ten hours into the diur-
nal cycle (6 p.m., Fig. Ic), the phago-
somes shed after the onset of light are
considerably smaller (2.0 to 4.0 um) and
are displaced toward the basal border of
the PE. No new phagosomes are present
at this time. At later times during the
diurnal cycle (16 hours and 20 hours, not
shown) only very small phagosomes with
dimensions less than 2.0 um are seen.

Figure 2 shows the time course of the
appearance of new phagosomes during
one complete diurnal cycle. To illustrate
the light-induced synchrony of the shed-
ding process, only rectangular phago-
somes located just distal to the tips of the
outer segments were counted (8). This
temporal sequence suggests that shed-
ding is synchronously initiated in about
25 percent of the ROS by the onset of
light and is completed within the first 2
hours of the diurnal cycle, but the new
phagosomes shed during the first 2 hours
are, in most cases, completely digest-
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ed by the beginning of the next cycle.

To confirm that illumination was the in-
ducer for the synchronous shedding ob-
served in Fig 1b, a group of frogs was
kept in the dark for the first 2 hours of
the light phase of the diurnal cycle. Ex-
amination of these retinas (10 a.m., Fig.
1d) reveals no new phagosomes, al-
though the PE nuclei have migrated to
the apical border of the PE cells. Retinas
from frogs kept in the dark for 6 and 14
hours after the normal onset of light (not
shown) also show no new phagosomes.
This indicates that synchronous shed-
ding of ROS tips in the frog retina is in-
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duced by the onset of light and does not
follow a circadian rhythm as seen in the
rat (3).

Red ROS from the frogs used in these
experiments measure about 6 by 45 um,
and phagosomes examined at the 1-hour
time point measure about 10 percent of
this length. Frogs maintained at room
temperature (22°C) completely renew
their ROS about every 40 days ).
Shedding a phagosome equivalent to 10
percent of the ROS length once every 4
days would serve to keep the ROS at a
relatively constant length. This implies
that on a particular day about 25 percent

of the ROS should shed, which is sup-
ported by our experimental observations
(Fig. 2). It appears that at the beginning
of the diurnal cycle, certain ROS (about
25 percent) become primed to shed; then
shedding is initiated by the onset of light.
These primed ROS complete the shed-
ding process within the first 2 hours, and
virtually no further shedding occurs dur-
ing the rest of the diurnal cycle. Un-
primed ROS do not shed even upon the
onset of light.

To determine if light exposure was ab-
solutely required for shedding to occur, a
group of frogs was kept in total darkness

Light
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Fig. 1 (left). Longitudinal section through the
ROS and PE of a frog retina. (a) Ten minutes
before the onset of light (7:50 a.m.). No newly
shed phagosomes are present in the PE; there
are only small inclusions (arrows) representing
phagosomes in the final stages of digestion. (b)
One hour after the onset of light (9 a.m.).
Numerous new phagosomes (arrows) have
been synchronously shed into the PE. A few
elongated ROS (E) appear deeply inserted into
the PE. (c) Ten hours after the onset of light
(6 p.m.). Phagosomes in the process of diges-
tion (arrows) are present in the PE. They have
migrated toward the basal border of the cell,
and no new phagosomes appear in the PE. (d)
Control retina kept in the dark for 2 hours
after the normal onset of light (10 a.m.). In
the absence of light stimulation, no new phago-
somes have appeared in the PE. The nuclei (N)
of the PE have migrated to the tips of the photo-
receptor cells. Scale markers, 10 um. Fig.
2 (above). Time course of ROS shedding in the
frog retina. With well-oriented longitudinal
sections taken from frogs at the indicated
times (), the number of newly shed phago-
somes was counted and expressed as number
of phagosomes per 100 ROS [see (8) for de-
tails]. Synchronous shedding is observed in
about 25 percent of the ROS within the first 2
hours of the diurnal cycle. The bar at the top
shows the light and dark phases of the diurnal
cycle (14 hours light and 10 hours darkness).
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Fig. 3. Longitudinal sections through the ROS and PE of frogs kept in total darkness through

*,

five complete diurnal cycles. (a) Control retina, not exposed to light. A few phagosomes
(arrows) in various stages of digestion are present in the PE. Elongated ROS (E) appear deeply
inserted in the PE. (b) Two hours after the onset of light. Numerous new phagosomes (large
arrows) are present in the PE. Some of the phagosomes are larger than usual (compare to Fig.
1b) and a few phagosomes shed before the beginning of the light period (small arrows) are also

present. Scale markers, 10 um.

through five complete diurnal cycles. At
the beginning of the sixth cycle (8 a.m.),
some animals were exposed to 2 hours of
light while the remainder were kept in
the dark. Figure 3a shows the retina of a
frog kept in total darkness. Even in the
prolonged absence of light, some shed-
ding and phagocytosis has occurred. The
phagosomes in the PE are in various
stages of digestion, indicating that shed-
ding has not occurred synchronously dur-
ing the 6 days of total darkness. Addition-
ally, the ROS of these animals are signifi-
cantly longer (12.5 percent, 2P < 0.001)
than those of frogs at an equivalent time
point on the normal diurnal cycle (10).
Animals exposed to 2 hours of light after
prolonged darkness (Fig. 3b) demon-
strate a large burst of nearly synchro-
nous shedding. These retinas contain a
higher percentage of phagosomes (54 per-
cent) than the normal 25 percent seen in
animals maintained on the diurnal cycle,
suggesting that many ROS became
primed during the prolonged exposure to
total darkness. Some very large phago-
somes are present, which suggests that
some ROS may have been doubly
primed. Thus, exposure to light is not an
absolute requirement for shedding, but
definitely serves as an initiator of syn-
chronous shedding.

In summary, our observations are con-
sistent with the following picture of ROS
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shedding in the frog retina. At the begin-
ning of the diurnal cycle, certain ROS
(about 25 percent) have become primed
to shed. The mechanism of priming is un-
known, but it may be related to the
length of the outer segment, in that only
ROS that have undergone 4 days of re-
newal since last shedding are primed.
The onset of light then induces a synchro-
nous shedding of ROS tips, which is com-
pleted within the first 1 or 2 hours of
light. During the remainder of the diurnal
cycle, the phagosomes are digested with-
in the PE, and no further shedding takes
place until the onset of light at the begin-
ning of the next cycle.

The work of LaVail (3) has shown that
the shedding of ROS tips in the rat fol-
lows a circadian rhythm, occurring even
without light stimulation. Our work sug-
gests that the shedding process in the
frog retina is not circadian, but requires
light stimulation, although if left in pro-
longed darkness, the ROS will even-
tually shed (11).

The mechanism through which light in-
duces ROS shedding is unknown. Con-
trol of this phenomenon may lie entirely
within the retina; that is, light reception
by photopigments in the retina may gen-

. erate the shedding message. Alternately,

the higher centers, particularly the pi-
neal, could be involved (2). However,
the shedding process must be linked in

some way to the renewal process. If it
were not, then shedding might proceed
at a rate incompatible with renewal, re-
sulting in shortening or elongation of
ROS. The ROS renewal rate in frogs is
temperature dependent (¢), and we have
observed increased shedding in frogs
maintained at 36°C, which suggests that
shedding of ROS tips is sensitive to the
rate at which new outer segment disks
are synthesized. It is unlikely that the re-
newal mechanism per se is responsible
for priming ROS to shed, but it is clear
that the overall process of shedding and
phagocytosis occurs at a rate that is pro-
portional to the overall renewal rate.
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