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A B S T R A C T  

The rate of disk addition to rod outer segments (ROS) varies widely in Xenopus 
laevis tadpoles kept in cyclic light (12L:12D). When measured as radioactive 
band (3H-band) displacement during the 2nd day after injection of [3H]leucine, 
75% of the daily increment of displacement occurred during the first 8 h of light. 
During the same interval, the number of open disks at the ROS base increased 
more than threefold. During the last 8 h of darkness, 3H-band displacement was 
undetectable and the number of open disks was reduced. These observations 
suggest the possibility that disk addition may occur discontinuously. During the 
3rd and 4th days after injection of [3H]leucine, maximal displacement of the 3H- 
band occurred later in the day than on the 2rid day, its movement no longer 
corresponding to the increase in open disks. This delay in 3H-band displacement 
may reflect a time delay as a result of propagation of compressive stress in an 
elastic ROS system. Maximal disk loss from ROS as reflected in counts of 
phagosomes in the pigment epithelium occurred within 1 h of light exposure, and 
phagosome counts remained high for 4 h before declining to a low level in 
darkness. 

Modified lighting regimes affected the daily rhythms of shedding and disk 
addition differently, suggesting that control mechanisms for the two processes 
are not directly coupled. During 3 days in darkness, disk addition was reduced 
50% compared to controls (12L:12D), whereas shedding was reduced by about 
40%. Although reduced in level, shedding occurred as a free-running circadian 
rhythm. There was no evidence of rhythmicity of disk addition in darkness. In 
constant light, the rate of disk addition was not different from controls, but 
shedding was reduced by about 80% after the 1st day. This resulted in a 21% 
increase in ROS length. Among animals kept on a 2.5L:21.5D cycle, the rate of 
disk addition was reduced by 40% while shedding was maintained near control 
levels, resulting in a slight decrease in ROS length. These observations indicate 
that normal shedding requires alternating light and darkness, and that the daily 
rhythm of disk addition is due primarily to daily stimulation by light. 
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Rod photoreceptor outer segments (ROS) are 
membranous structures containing a membrane- 
bound visual pigment (45) which is bleached in 
light (44). Most of the membrane lipid is in the 
form of a bilayer (7, 45), and the visual pigment 
is a glycoprotein (23) containing either retinal or 
3-dehydroretinal as the chromophore (10). Isom- 
erization of the chromophore in light leads to 
hyperpolarization of the plasma membrane (18, 
43) and decreased synaptic activity (39, 40). The 
visual pigment makes up about 80% of the protein 
of the ROS (9, 21) and is found in both disks and 
plasma membrane (3, 27). 

Most of the ROS membrane (Fig. 1) is arranged 
as a series of closed disks derived from and 
contained within the plasma membrane (13, 14, 
36, 41). The ROS is connected to the inner 
segment by a cilium (41), and adjacent to the 
cilium a series of disks are often observed whose 
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FmURE 1 Diagram illustrating the structure of a rod 
photoreceptor. ROS, rod outer segment; RIS, rod inner 
segment; PM, plasma membrane; CD, closed disk; OD, 
zone of open disks; E, ellipsoid; M, myoid; N, nucleus; 
and S, synaptic terminal 

intradisk space is confluent with the extracellular 
space and whose membrane is confluent with the 
plasma membrane (13, 14, 30, 36). The similarity 
between these open disks and those formed during 
early differentiation of rods (36) and their prox- 
imity to the inner segment suggests that they 
represent sites where new disks are added to the 
ROS (14, 21, 36, 50). 

By using autoradiography, Young (46, 49) 
demonstrated that ROS membranes turn over 
rapidly, a possibility suggested by several earlier 
observations (1, 16, 17, 36). When a tritiated 
amino acid is injected intraperitoneally, labeled 
protein is first detected in the myoid region of the 
inner segment (16, 52). From here, it is trans- 
ported to the base of the ROS where an intense 
band of radioactivity forms in an area correspond- 
ing to the zone of open disks (46, 47, 52). 
Gradually, the radioactive band is displaced dis- 
tally where it is lost from the ROS tip in a packet 
consisting of as many as 200 disks (51). These 
disks are phagocytized (51) and degraded by the 
adjacent pigment epithelium (18, 24, 26, 28, 42). 
Parallel extraction studies indicate that much of 
the radioactivity is recovered with the visual pig- 
ment (20, 21) and that the visual pigment con- 
tained in phagosomes is incapable of regeneration 
soon after it is phagocytized (11). 

Radioactive band displacement in ROS occurs 
because new unlabeled disks are formed in the 
zone adjacent to the cilium and displace the older, 
labeled disks distally (46, 49, 50). Intraperitoneal 
injections of tritiated amino acids act effectively 
as pulse doses (19, 20), in that label is only 
transiently available. In addition, much of the 
radioactive protein in labeled disks is visual pig- 
ment (21). Although the visual pigment diffuses 
laterally within the membrane of a disk, exchange 
between disks does not occur (34, 38). Once 
radioactive visual pigment is incorporated into a 
disk, it is confined to that locus until the disk is 
lost during the shedding process at the ROS tip 
(50). Thus, the rate o f  radioactive band displace- 
ment reflects the rate o f  membrane (disk) addition 
to the ROS. 

Recently, it was found that cyclic light plays a 
basic role in the regulation of disk loss in both 
rats and frogs (4, 24, 33, 32). Shedding of ROS 
tips occurs soon after exposure to light. In con- 
trast, disk addition has been regarded as a contin- 
uous process which is affected by light only slightly 
(21, 46, 48, 50). However, our observations of 
increased disk addition in Ozark cave salamanders 
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maintained in cyclic light (5) and of a rapid 
recovery of ROS length after  massive shedding in 
frog tadpoles  (11) suggested that  light might  influ- 
ence disk addit ion in a more  fundamenta l  way. 
This suggestion has been  conf i rmed for amphib ian  
rod photoreceptors  by the use of au torad iography 
(6). 

This paper presents autoradiographic and elec- 
tron microscope observations which indicate that 
the rate of disk addition to ROS in Xenopus 
laevis tadpoles varies widely in cyclic light and is 
reduced by about 50% in darkness. In addition, 
experiments are described which were designed 
to analyze the potential interrelationship of disk 
addition and disk loss (shedding) in animals kept 
under modified lighting regimes. The results indi- 
cate that the two processes are affected differently 
and independently, suggesting that they are not 
directly coupled. Evidence is also presented that 
suggests the existence of an endogenous circadian 
rhythm of shedding. 

M A T E R I A L S  A N D  M E T H O D S  

Animals and Treatment 
Xenopus laevis tadpoles were obtained from the Am- 

phibian Facility, University of Michigan, Ann Arbor. 
Before the experiments, they were kept for a minimum 
of 7 days at 28 -+ 0.5~ on a diurnal cycle of 12 h of 
light and 12 h of darkness per day (12L:12D). Light 
was obtained from two 15-W incandescent bulbs with 
an intensity at the level of the animal containers of 200- 
250 lx/m 2. This same illumination system was used for 
all light treatments. Animals were kept in groups of 5- 
10 in 19-cm stacking dishes containing 10% Holtfreter's 
solution (22) and were fed hydrated nettle powder. The 
solution was changed and the animals were fed every 
2nd or 3rd day. Animals used in experiments were at 
larval stages 54-56 (35). For autoradiography, tadpoles 
received intraperitoneal injections delivered through pi- 
pets prepared from 50-/~1 capillary tubes of 5 or 10/~Ci 
of L-[(N)-4,5,-aH]leucine with a spec act of 5.0 Ci/mmol 
(New England Nuclear, Boston, Mass.). These dosages 
amounted to approximately 12 or 25 ~Ci/g body wt 
(wet). The smaller dose was used in most experiments. 

Microscopy 
Two fixation procedures were used, and both were 

adequate for light microscopy. Within a single experi- 
ment, all eyes were treated the same way. Some eyes 
were fixed in 1.5% glutaraldehyde in 0.067 M cacodyl- 
ate buffer (pH 7.4) containing 0.05% CaCI2. The second 
fixing solution, used for electron microscope observa- 
tions, consisted of 2% paraformaldehyde and 2.5% 
glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) 
containing 0.025% CaCI2 (24). Eyes were removed in 

light or in a darkroom under dim red light (Wratten 
number 2 filter, 15 W bulb). Postfixation and further 
processing were carried out by procedures described in 
the preceding paper (25). Some eyes fixed by the second 
procedure were stained en block, immediately after 
osmification, in a solution of 1% uranyl magnesium 
acetate containing 0.17 M NaCI and 0.10 M sucrose. 

Thick sections (1 ~m) for immediate observation 
were placed on glass slides and stained with Paragon 
stain, Azure II, or toluidine blue. Under dim red light 
(Wratten number 2 filter), glass slides with unstained 
sections for autoradiography were dipped in Kodak 
nuclear track emulsion (NTB-2)diluted 1:1 with distilled 
water and maintained at 40~ Autoradiographs were 
exposed, developed, and stained by procedures de- 
scribed in the preceding paper (25). Optimum exposure 
periods for different experiments ranged from 8 to 14 
days. Ultrastructural observations were made on thin 
sections (silver to gray) on padodion-coated single-slot 
or 200-mesh grids. Sections were stained with uranyl 
acetate and lead citrate and observed with a Siemens 
Elmiskop 1A at 80 kV. 

Analysis of  Autoradiographs 
The object of our autoradiographic analysis was to 

measure displacement of a radioactive band in ROS 
under different experimental conditions. Our standard 
procedure was to inject [aH]leucine at the beginning of 
a light period and to maintain the tadpoles on the usual 
12L:12D cycle for 24 h until the beginning of the next 
light period. At this time, a sample of eyes was fixed 
and the remaining animals were placed under appropri- 
ate experimental conditions or maintained on a 12L: 12D 
cycle (controls). During the initial 24-h period after 
injection, [aH]leucine was incorporated into protein in 
rod photoreceptors, and a portion of this was transported 
to the base of the ROS where it appeared as an intense 
radioactive band (46, 52; see also Fig. 5). Displacement 
of the radioactive band was measured after this initial 
24-h period. Thus, our analysis involved only displace- 
ment o f  a preformed radioactive band. The incorporation 
of [aH]leocine into protein in rod inner segments is a 
separate problem not considered in the present report. 

Calculations of the rate (R) of radioactive band (all- 
band) displacement were based on the formula 

Bt2 - Btl 
R 

t2 - tl 

where B is the position of the all-band (measured in 
micrometers from the base of the ROS to the scleral 
edge of the all-band; see Figs. 5-8) and t is the elapsed 
time after injection. In this report, Btl was generally the 
band position after 1 day, and Bt2 was its position at a 
subsequent time up to 4 days after injection. This 
provided a consistent means for determining an average 
rate of all-band displacement, taking into account the 
lag period during the 1st postinjection day during which 
labeled protein is being incorporated into the ROS. 
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Preliminary analysis of autoradiographs used in this 
study indicated the existence of a gradient in ROS 
dimensions and rate of all-band displacement. ROS in 
the dorsal retinal field were longer and narrower than 
those in the central and ventral fields. Paralleling these 
differences in dimensions were differences in ~H-band 
displacement. The all-band tended to be displaced to a 
greater extent near the dorsal and ventral margin than 
in the center. When renewed ROS material was consid- 
ered as volume rather than linear distance to the 3H- 
band, the direction of these differences was reversed 
indicating that despite less all-band displacement, the 
broader rods near the center of the retina renew their 
outer segment material more rapidly. Because of these 
small but consistent differences within a single retina, 
comparisons among different animals were made only 
for measurements from the retinal center near the optic 
nerve where ROS were 5.9 - 0.3 /zm wide (mean - 
standard error) and 23.5 --- 0.8/zm long among animals 
on a 12L:12D cycle. 

For each eye examined, the mean distance from ROS 
base to the 3H-band and ROS length were determined 
on the basis of measurements of at least 10 different 
longitudinally sectioned ROS. These means were used 
to calculate the mean and standard error for a particular 
treatment. In those experiments designed to analyze 
shedding and 3H-band displacement simultaneously, 
phagosome counts were made on the same autoradi- 
ographs used for measurements. 

Analysis of Phagosomes in the 
Pigment Epithelium 

Our procedure was to count all deeply staining pro- 
files within a 1,000-/zm expanse of pigment epithelium 
(PE) sectioned transversely along the dorsoventral axis 
of the eye. These structures were heterogeneous in size 
and shape, and were identified primarily on the basis of 
their affinity for the cationic dyes. In general, they 
stained more intensely than the adjacent ROS. On the 
basis of previous analysis of such structures (4, 24, 51), 
the deeply staining profiles are referred to as phago- 
somes throughout this report. Each profile was measured 
along its greatest dimension and tabulated according to 
size in bins covering a range of 1.3 /~m (see Fig. 3). 
Data are presented either as size frequency histograms 
based on three animals or as means with standard errors 
of ranges. 

R E S U L T S  

Shedding and 3H-Band Displacement 
in Cyclic Light 

Shedding by rod photoreceptors of X. laevis 
tadpoles is influenced by cyclic light in the same 
way as in Rana pipiens tadpoles and adults (4, 
24, 25). Among  animals kept on a 12L:12D 

cycle, the number of phagosome profiles in the 
PE increased dramatically after exposure to light 
and remained high for about 4 h (Figs. 2 and 3). 
Thereafter ,  the phagosome profiles decreased in 
average size and number,  reaching a low level 
within 24 h (Fig. 4). Previous analyses (4, 24, 25, 
51) have established that these phagosome pro- 
files represent the shed tips of ROS,  and that 
monitoring the content of such profiles within the 
PE provides quantitative information on ROS 
shedding. 

Size frequency distributions of phagosomes 
within the PE of the eyes fixed throughout the 
day (Fig. 4) showed that the number of phago- 
somes >2  /zm in size increased after exposure to 
light and reached a peak within 1 h. This corre- 
sponds to one large phagosome for every three 
ROS visible in the same sections. Small phago- 
somes (<2  p,m), however,  remained relatively 
constant in number throughout the day. Thus, 
during the period from 30 min to 12 h after light 
exposure, the size frequency distribution was bi- 
modal with a peak at <2  /zm and another peak in 
the 3.3-4.6 /xm range. Between 4 and 16 h, 
there was an approximate doubling of the number 
of phagosomes in the 2.0-3.3 /zm range which 
may have reflected degradation of larger phago- 
somes to smaller size. After  12 h, there was a 
sharp decline in the total number of large phago- 
somes, with no significant changes in the small- 
phagosome category. 

The rate of disk addition as reflected by 3H- 
band displacement also increases immediately 
after light exposure. 24 h after injection of 
[aH]leucine, a 3H-band was found in ROS an 
average of 1.5 - 0.1 /zm from the base (Fig. 5). 
Thereafter,  the band was displaced 2.0-2.5 /zm/ 
day. The lesser displacement during the first 24 h 
after injection probably reflected the fact that the 
[3H]leucine was initially incorporated into proteins 
in the inner segment and then transported to the 
ROS base before incorporation into disks (37, 
52). When the 3H-band position was determined 
at 8-h intervals over the 24-h period beginning 1 
day after injection (Fig. 5), a large proportion of 
the total displacement was found to occur during 
the first 8-h period (Figs. 5 and 6), whereas little 
or no displacement occurred during the final 8 h 
(Figs. 7 and 8). Measurements from a large 
number of animals (Fig. 9) indicated that about 
75% of the daily increment of 3H-band displace- 
ment occurred during the first 8 h after light 
exposure. During the period from 8 to 16 h, the 
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FX6UV, ES 2-3 Light micrographs illustrating photoreceptors and PE of tadpoles kept on a 12L:12D 
cycle, x 1,000. 

FIGURE 2 Preparation from an eye fixed just before the onset of light. The PE is virtually free of large, 
deeply staining phagosomes. The arrowhead indicates a small phagosome. Same scale as in Fig. 3. 

FIt3URE 3 Preparation from en eye fixed 4 h after light exposure. Large phagosomes are indicated by 
the large arrows, and a small phagosome is indicated by the small arrowhead. Bar, 20 t~m. 

all-band advanced somewhat farther. During the 
last 8 h, however,  band displacement was unde- 
tectable (Figs. 7, 8, and 9). 

These data suggest the possibility that al l-band 
displacement may be a discontinuous process. 

Whether  the process actually ceases or declines to 
a low level cannot be determined from these 
data, however,  because continued disk addition 
at a greatly reduced rate would probably be 
undetectable over periods as short as 8 h. None- 
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FIGURE 4 Size frequency distributions of phagosomes in the PE of eyes fixed at various times of the 
day among animals kept on a 12L:I2D cycle. Time zero is the beginning of the light period, and 12 h is 
the beginning of the dark period. Each distribution represents the totals from three animals. 

theless, the data clearly indicate that the great 
majority of disks are normally added early in the 
day. On the basis of a 3H-band displacement rate 
of 2.3 tzm/day (Fig. 9) and a mean packing of 
36.9 +-. 1.2 disks//~m of ROS (counts from electron 
micrographs from eight animals), we estimate that 
an average of 85 disks are added to the ROS 
each day. Of these, about 64 must be added 
during the first 8 h of light. To further study the 
diurnal differences in disk addition, we used elec- 
tron microscopy to examine the basal disks of 
ROS. 

Variations in ROS Ultrastructure 

in Cyclic Light 

Previous ultrastructural studies of developing 
and mature ROS have indicated that disks are 
added to the base of the ROS in the region 
immediately adjacent to the connecting cilium 
(13, 14, 30, 36, 50). In this region, rods typically 
exhibit a variable number of immature disks which 
retain continuity with the plasma membrane (14). 
Our ultrastructural observations indicate that the 
number of basal disks confluent with the ROS 
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FIGURES 5-8 Autoradiographs of photoreceptors from eyes fixed at 8-h intervals during the 2nd day 
after injection of [aH]leucine. Tadpoles were kept on a 12L:12D cycle and received [aH]leucine 
injections at the beginning of the light period 1 day before the fixations. Arrows indicate the scleral edge 
of the SH-bands, and the vertical bars adjacent to the outer segments  indicate the distance measured.  
x 1,000. 

FIGURE 5 Photoreceptors fixed at the beginning of the light period (time zero) 1 day after injection of 
[aH]leucine. The mean distance to the 3H-band in a sample of seven animals fixed at the same time was 
1.5 _ 0 .08 /zm.  Bar,  20 / zm.  

FI6UP.E 6 Photoreceptors fixed 8 h after the onset of  light. Note that the distance to the all-band has 
increased substantially. Scale as in Fig. 5. The mean distance to the 3H-band in a sample of seven animals 
fLxed at the same time was 3.2 --- 0.13 /~m. 

FIGUXE 7 Photoreceptors fixed 16 h after the onset of light. The lights went off 4 h before fixation. 
Scale as in Fig. 5. The mean distance to the all-band in a sample of seven animals fixed at the same time 
was 3.6 - 0.15 ~m.  

FIGU~ 8 Photoreceptors fixed 24 h after the onset of light. The lights went off 12 h before fixation. 
Scale as in Fig. 5. The mean distance to the all-band in a sample of six animals fixed at the same time 
was 3.8 • 0.12 /~m. 
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FIGURE 9 Relationship between 3H-band position in 
the ROS and time of day during the 2nd day after 
injection of [3H]leucine. Points represent means based 
on six or seven animals. The vertical bars represent the 
ranges for each sample, and the crossbars mark off a 
distance equal to two standard errors on both sides of 
the means, 

plasma membrane  (open disks) varies in a predict-  
able pat tern  during a 24-h period.  

Open  disks of X. laevis ROS can be distin- 
guished from mature  disks by two criteria. First, 
at the edge of the ROS the intradiscal space is 
confluent  with the extracellular space (Figs. 10-  
14). The  observat ion of confluence with the extra- 

cellular space cannot  be  made  in all cases, how- 
ever,  because it requires  tha t  the plane of section 
pass th rough  the area of the  opening.  Second,  in 
longitudinal  sections the intradiscal space of open 
disks is wider than that  of closed disks. In our  
prepara t ions ,  the intradiscal space of closed disks 
was very narrow or obl i tera ted al together ,  
whereas  tha t  of open disks varied from 8 to 15 
nm across (see Figs. 12, 15, 16). Typical longitu- 
dinal sections of ROS revealed a zone of open 
disks, only some of which were confluent  with the 
extracellular space in the  plane of section. In 
addit ion,  disks of this zone had  a greater  intradis- 
cal space. Occasionally, a few disks with the 
structure of closed disks were seen in the open 
disk zone (Fig. 16). As such disks were identical 
in structure to closed disks, they were assumed to 
be closed for purposes of analysis. 

A m o n g  longitudinally sect ioned ROS,  the num- 
ber  of open disks was counted  in micrographs 
from eyes fixed th roughout  the day. Counts  were 
made  near  the long axis of each ROS profile. The  
open disks were always conf ined to a zone no 
greater  than 1 txm in length at the ROS base 
(Figs. 15 and 16). We counted  open  disks only in 
cells having at least one open disk. This decision 
was made  before the analysis and  was based on 
the idea that  observat ion of at least one open  disk 
was necessary to de te rmine  unequivocally whether  
or not  the plane of section passed through the 

FmURES 10-14 Electron micrographs illustrating the zone of open disks at the base of the ROS in 
animals kept on a 12L:12D cycle. Eyes were fixed 4 or 16 h after the onset of light, x 60,000. 

FIGURE 10 Zone of open disks in a ROS fixed 4 h after the onset of light. Note that all the disks in the 
zone are not open to the extraeellular space in the plane of section (large arrows). 12 open disks are 
present between the two small arrowheads. A calycal process (C) and mitochondrion (M) in the inner 
segment are labeled. Scale as in Fig. 11. 

FmURE 11 Zone of open disks in a ROS fixed 4 h after the onset of light. This preparation is similar to 
that in Fig. 10. It has 10 open disks between the two small arrowheads. The large arrows indicate points 
of confluence between the intradiscal space and the extracellular space. Bar, 0.5 /~m. 

FmURE 12 Zone of open disks in a ROS fixed 4 h after the onset of light. Five open disks are present 
between the two small arrows. Large arrows indicate points where the intradiscal space is confluent with 
the extracellular space. Scale as in Fig. 11. 

FIGURE 13 Zone of open disks in a ROS fixed 16 h after the onset of light (4 h after the lights went 
off). Note the presence of a single open disk (small arrowhead) with its intradiscal space confluent with 
the extracellular space (large arrow). Scale as in Fig. 11. 

FmURE 14 Zone of open disks in a ROS fixed 16 h after the onset of light (4 h after lights went off). 
This ROS has three open disks (small arrowheads), only one of which shows confluence with the 
extraceUular space (large arrow) in the plane of section. Scale as in Fig. 11. 
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FIGURES 15-16 Electron micrographs illustrating the zone of open disks at the base of ROS in animals 
kept on a 12L:12D cycle. Eyes were fixed 4 and 16 h after the onset of light. Large arrows indicate the 
zone of open disks, and small arrows indicate the intradiscal space, x 100,000. 

FIGURE 15 Zone of open disks in a ROS fixed 16 h after the onset of light (4 h after the lights went 
off). Outer  segment (OS) and inner segment  (IS) are labeled. A single open disk is present. Scale as in 
Fig. 16. 

FIGURE 16 Zone of open disks in a ROS fixed 4 h after light exposure. 10 open disks are present in the 
area indicated by small arrows. Three disks with the morphology of closed disks are present in the zone 
of open disks. 
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zone of open disks. Subsequent analysis of the 
data revealed that virtually all ROS except those 
fixed at 16 h had open disks. Therefore, the 
mean value reported for eyes fixed at 16 h is 
probably high (Fig. 17). An average of three 
open disks was present in darkness and after the 
1st h of light exposure (Fig. 17). Within 2 h of 
light exposure, open disks increased significantly, 
reaching a peak by 8 h and declining to the 
nighttime value by 12 h (Fig. 17). Thus, during 
the period of maximal 3H-band displacement (Fig. 
9), open disks adjacent to the connecting cilium 
increased more than threefold. 

Effects o f  Modified Lighting Regimes 

The observation that both 3H-band displace- 
ment and shedding occur early in the day raises 
two immediate questions. (a) Does light stimulate 
one or both processes, or, alternatively, do one 
or both processes occur as a free-running circadian 
rhythm for which the external light cycle acts as a 
cue? (b) Does shedding always accompany accel- 
erated �9 ~H-band displacement? To obtain data 
relating to these questions, we analyzed changes 
in '~H-band position and shedding in animals main- 
tained under four different lighting regimes 
(12L:12D), 2.5L:21.5D, constant darkness, and 
constant light) for 3 days. The object of this 

experiment was to simultaneously monitor 3H- 
band displacement and phagosome content of the 
PE. During each 24-h period, eyes from each 
treatment were fixed at 0, 4, 8, 16, and 24 h 
after the beginning of the light period in controls 
(12L:12D). Phagosome content of the PE, 3H- 
band displacement, and ROS length were all 
determined from autoradiographs. 

Phagosome profiles <2 /zm in diameter have 
been shown to be an invariant feature of the frog 
PE under a variety of experimental conditions 
(24, 25; see Fig. 4). Likewise, in the present 
experiment, no significant differences were ob- 
served under any of the lighting conditions. The 
mean number in samples fixed in each lighting 
condition over the 3-day period ranged from 10.3 
-+ 1.0 to 11.6 - 0.6/1,000 ~m of PE. Phago- 
somes >2 /~m in their greatest dimension, how- 
ever, varied in a predictable pattern in controls 
(12L:12D), and this pattern was modified under 
experimental conditions. 

12L:120 (CONTROL): Large phagosome 
(>2/zm) content of the PE and 3H-band displace- 
ment over 3 days on a 12L:12D cycle are pre- 
sented in Fig. 18. Mean values ranging from 21 
to 28 phagosomes/1,000 /zm of PE were found 4 
h after light exposure each day. By using the 
mean number of phagosome profiles at the peaks 
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FIt~URE 17 Relationship between number of open disks in ROS and time of day among animals kept on a 
12L:12D cycle. Points represent means based on two-to-four animals, and vertical bars represent 
ranges. Crossbars mark off a distance equal to two standard errors on both sides of the means. Standard 
errors for means based on two animals are not presented. Counts were made on 5-15 ROS per eye 
(usually at least 10) each having at least one open disk. In the 16-h sample (midnight), many ROS had no 
open disks. 
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FIGURE 18 Relationships among content of large phagosomes in the PE (above), 3H-band position 
(below), and time (abscissa) during 3 days on a 12L:12D cycle. This is the control for the experimental 
data presented in Figs. 22-24. Animals received injections of [3H]leueine 24 h before time zero. Points 
represent means based on three animals, and vertical bars represent ranges for large phagosomes or two 
standard errors on both sides of means for all-band position. The average rate of all-band displacement 
during the 3-day period was 2.4 /~m/day. 

(Fig. 18) and assuming that each profile repre- 
sents the shed tip of a single ROS, we estimate 
that 22-30% of the ROS shed their tips each 
day. These estimates are based on the observation 
that 94.9 • 1.5 ROS profiles are present along 
each 1,000-/zm expanse of PE. The estimate is 
probably somewhat low inasmuch as the number  
of phagosomes found at 4 h is somewhat lower 

than at 1 h (cf. Figs. 4 and 18). 
During the same 3-day interval, 3H-band dis- 

placement occurred at an average rate of 2.4/~m/ 
day (Fig. 18), and during the 1st day (2nd day 
after injection) was largely confined to the first 8- 
h interval as reported above (Fig. 9). On the 2rid 
and 3rd days, however, 3H-band displacement 
occurred later in the day and did not correspond 
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to the period of maximal shedding activity. The 
delay in 3H-band displacement during the 2nd 
and 3rd days raises the question of whether or 
not 3H-band movement always reflects ongoing 
disk addition. To examine this, we counted open 
disks in electron micrographs from selected eyes 
fixed during the 2nd day of the experiment. The 
counts were not different from those reported 
above (Fig. 17), indicating that the temporal 
pattern of disk addition as reflected in increased 
numbers of open disks was not modified. 

To examine the possibility that the temporal 
pattern of 3H-band displacement is related to 
position of a radioactive band along the longitudi- 
nal axis of the ROS, we examined 3H-band dis- 
placement in a group of animals that received two 
injections of [3H]leucine 2 days apart. ROS in 
these animals had two radioactive bands (Fig. 
19). The distal band resulted from the first injec- 

tion, whereas the proximal band resulted from 
the second injection. Animals were fixed at 8-h 
intervals during the 4th day after the first injec- 
tion. Thus, each ROS contained radioactive bands 
corresponding to those previously observed on 
the 1st and 4th postinjection days (Fig. 18). 
Displacement of each 3H-band was examined in- 
dependently. 

Both 3H-bands were displaced just over 2 /zm 
during the 24-h period, but the pattern of dis- 
placement differed for each band. Initially, the 
distal band was 4.8 -+ 0.4/zm from the ROS base 
and was not displaced significantly during the first 
8-h period. In contrast, the proximal band was 
initially 1.2 --. 0.2 /zm from the base and was 
displaced approximately 60% of the daily incre- 
ment during the first 8 h. During the final 8-h 
period, the distal band was displaced about 55%, 
whereas significant displacement did not occur 
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FIGUP.~ 19 Relationship between 3H-band position in the ROS and time of day in animals given two 
injections of [3H]leucine 2 days apart. The upper plot represents the more distal band during the 4th day 
after the first injection, whereas the lower plot represents the proximal 3H-band during the same period. 
Both hands were measured simultaneously in the same sections. Points are means based on one or three 
animals. Vertical bars represent ranges, and crossbars mark off a distance equal to two standard errors 
on both sides of the means. The mean at 16 h is based on a single animal, for which the range but not the 
standard error is given. 
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for the proximal band.  Thus, the proximal band 
followed a pattern of displacement similar to that 
previously observed for the 2rid postinjection day 
(6; Figs. 9 and 18), whereas displacement of the 
distal band was delayed to the latter part of the 
day. It appears likely, therefore, that the time of 
day at which maximal 3H-band displacement oc- 
curs depends on the linear position of the band in 
the ROS. 

CONSTANT DARKNESS: Both al l-band dis- 
placement and shedding were reduced in darkness 
(Figs. 20-22).  During 3 days of treatment,  total 
3H-band displacement averaged 50% of that in 
controls (Figs. 20 and 21). The average rate of 
displacement was 1.2 /,*m/day. al l-band displace- 

ment was slightly higher than this during the first 
2 days and was barely detectable on the 3rd day 
(Fig. 22). The pattern of displacement was that 
of a gradual trend without periods of distinct 
acceleration. 

Phagosomes in the PE increased in number  
early each day, but the peak number  was found 
at 8 h rather than at 4 h (Fig. 22). In addition, 
the total number  observed at the peaks was lower 
than in controls. On the basis of the mean number  
of phagosomes at the 8-h peaks, we estimate that 
overall shedding was reduced by about 40% com- 
pared to controls. During the first 2 days, shed- 
ding was reduced 52-54% whereas on the 3rd 
day it was comparable to that in controls (Fig. 22). 

FIGURES 20-21 Autoradiographs of photoreceptors fixed after 3 days in cyclic light (12L:12D) or 
darkness. Each animal received an injection of [aH]leucine 24 h before the beginning of the treatments. 
Small arrowheads indicate 3H-bands. x 950. 

FIGURE 20 Photoreceptors fixed after 3 days in cyclic light (12L:12D). The mean distance to the all- 
band in three tadpoles fixed at the same time was 8.8 -+ 0.20 ~m. Bar, 20/zm. 

FmURE 21 Photoreceptors fixed after 3 days in darkness. The mean distance to the all-band in three 
tadpoles fixed at the same time was 5.2 -+ 0.13/~m. This corresponds to a 50% reduction in the rate of 
all-band displacement calculated over the 3-day treatment period between days 1 and 4 after injection. 
Scale as in Fig. 20. 
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Fmul~ 22 Relationships among content of large phagosomes in the PE (above), 3H-band position 
(below), and time (abscissa) during 3 days in darkness. Points and vertical bars are as in Fig. 18. The 
sample at 56 h was based on only two animals, for which a standard error was not calculated. The 
average rate of 3H-band displacement was 1.2 izm/day. 

C O N S T A N T L I G I.-I T" all-band displacement 
and shedding were affected differently in constant 
light (Fig. 23). The average rate of all-band 
displacement (2.6 /zm/day) was not significantly 
different from that of controls, and during the 1st 
day of treatment ~H-band displacement followed 
a pattern like that of controls. During the 2nd 
and 3rd days, however, 3H-band displacement 
was more irregular and much more variable (cf. 
Figs. 18 and 23). Because of the increased varia- 
bility, the suggested discontinuities in all-band 
displacement during the 2nd and 3rd days (Fig. 
23) cannot be regarded as significant. Thus, we 
cannot determine from available data whether or 

not cyclic disk addition in constant light continues 
after the 1st day. 

The same conclusion holds for shedding. The 
total number of phagosomes in the PE was re- 
duced on each successive day of the experiment 
(Fig. 23). During the 1st day, which began with a 
dark to light transition, shedding was comparable 
to that of controls, whereas during the 2nd and 
3rd days there were no clear peaks in shedding. 
The absence of a peak in shedding activity makes 
it difficult to estimate the extent of reduction in 
shedding during the period. However, using the 
highest mean value during each 24-h period, we 
estimate that shedding may have been reduced by 
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FIGURE 23 Relationships among content of large phagosomes in the PE (above), all-band position 
(below), and time (abscissa) during 3 days in constant light. Points and vertical bars are as in Fig. 18. 
The average rate of all-band displacement was 2.6/zm/day. 

70-80%. These values suggest that as few as 6- 
8% of the ROS shed their tips each day in 
constant light compared with 22-33% in controls. 

2.SL:21.SD: Exposure to 2.5 h of light per 
day reduced all-band displacement substantially, 
but maintained shedding at near control levels 
(Fig. 24). Overall, all-band displacement was 
reduced by 38% compared to controls to a level 
(1.5 p.m/day) comparable to that in darkness. 
The treatment differed from darkness in that the 
variability, particularly from 40 h onward, was 
greater. As in darkness and constant light, the 
data indicate no significant discontinuities in disk 
addition after the 1st day. 

Shedding followed a pattern like that in controls 
(Fig. 24). The greatest number of phagosomes in 

the PE was found 4 h after light exposure each 
day. The mean number at each peak ranged from 
18 to 21. Thus, the level of shedding was reduced 
by 14-20% compared to controls. The means, 
however, were well within the range of variation 
in controls. 

Length of ROS 

Maintenance of an optimal length of ROS de- 
pends on the establishment of a balance between 
the average rate of disk addition and the average 
rate of disk loss (31). Treatments that disrupt this 
balance could lead to either shortening or 
lengthening of the ROS. During the 3 days of the 
present experiment, both lengthening and 
shortening of ROS were observed. During the 1st 
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FIGURE 24 Relationships among content of large phagosomes in the PE (above), all-band position 
(below), and time (abscissa) during 3 days on a 2.5L:21.5D cycle. Points and vertical bars are as in Fig. 
18. The sample at 72 h was lost before fixation. The average rate of all-band displacement was 1.5/~m/ 
day. 

day, ROS length was 23.0 • 0.5 /zm for all 
treatments, with individual samples ranging from 
21.3 to 25.0 /zm. After 3 days in 12L:12D and 
darkness, ROS length was, respectively, 24.1 • 
0.9 and 24.4 • 0.4 /zm. In constant light where 
shedding was reduced and disk addition remained 
high, the mean ROS length after 3 days was 27.7 
• 0.7 /zm, an increase of 21%. In 2.5L:21.5D 
where disk addition was reduced to a much greater 
extent than shedding, ROS length was more vari- 
able. In this treatment, after 3 days ROS length 
was 22.0 • 1.9 /zm, a value not significantly 
different from that of controls at the beginning of 
the experiment. However, in two of the three 
animals, ROS ranged from 18 to 19/xm in length, 

the shortest length observed in any of the samples 
of the study. These observations indicate that 
ROS length increases in constant light and tends 
to decrease in 2.5L:21.5D. 

DISCUSSION 

It has been widely assumed that disk addition to 
ROS and visual pigment biosynthesis occur con- 
tinuously and are affected by light only slightly. 
This idea was implicit in the conclusions of Droz 
(16) whose autoradiographic observations indi- 
cated a lack of diurnal variation in protein synthe- 
sis by rods of the rat. Although direct evidence 
was not presented, the idea of continuous activity 
was later extended to include the processes of 
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disk addition (46) and visual pigment synthesis 
and incorporation into ROS membranes (21). In 
connection with these studies, it was found that 
light stimulates disk addition slightly (46) and 
stimulates visual pigment synthesis fourfold (19). 
It was suggested that the former effect was the 
result of intraocular heating (48, 50) and that the 
latter was the result of a modifying action of the 
PE in darkness (19). Both observations, however, 
are compatible with our conclusion that light 
directly stimulates disk addition to amphibian 
ROS. 

We have found that levels of illumination nor- 
mally encountered in nature stimulate all-band 
displacement by 17% in Ozark cave salamanders 
(5) and by as much as 54% in R. pipiens tadpoles 
and adults (6). To this, we may now add that in 
X. laevis tadpoles 3H-band displacement in cyclic 
light occurs twice as fast as in darkness. We have 
also obtained direct evidence that the rate of disk 
addition to ROS varies widely during a 24-h 
period and normally occurs as a daily rhythm in 
cyclic light. During the 2rid day after [3H]leucine 
injection, the all-band in ROS is displaced largely 
during the first 8 h of light exposure. During this 
same interval, the number of open disks at the 
ROS base increases three- to fourfold. In contrast, 
during the last 8 h in darkness, all-band displace- 
ment is undetectable and the number of open 
disks is reduced. These observations together raise 
the possibility that disk addition may occur discon- 
tinuously. 

We have also found that the time of all-band 
displacement does not always correspond to the 
time at which open disks increase in number. In 
cyclic light, all-band displacement during the 3rd 
and 4th days after injection occurs late in the 
day, during a time when the number of open 
disks is reduced. When two all-bands resulting 
from two injections given 2 days apart were 
analyzed independently during the 4th day after 
the first injection, we found that they were dis- 
placed independently. The band adjacent to the 
inner segment was, for the most part, displaced 
early in the day, whereas the more distal band 
was displaced late in the day. The distance be- 
tween the two bands decreased between 0 and 8 
h and then increased again after 16 h. Inasmuch 
as there was no evidence of disk loss between the 
two bands, we interpret these observations as 
indicating that transient variations in disk packing 
occurred. 

The mechanism of disk displacement in ROS 

remains unknown. However, our observations 
suggest that the ROS is an elastic system in which 
the force for disk displacement is applied at the 
base when new disks are formed. Compressive 
stress in the system may be propagated distally, 
resulting in transient local variations in disk pack- 
ing and all-band displacement. According to this 
hypothesis, the time of maximal all-band displace- 
ment is a function of the time of disk addition 
(i.e. application of force) and position of the all- 
band along the longitudinal axis of the ROS (i.e. 
the time at which the force reaches the band). 
Only when the all-band is immediately adjacent 
to the zone of open disks during the 2nd postinjec- 
tion day will its displacement reliably reflect the 
time at which an increase in the number of open 
disks occurs. Nonetheless, the 3H-band is trans- 
ported along the ROS at an average rate corre- 
sponding to the overall average rate of disk addi- 
tion. 

Our ultrastructural observations on open disks 
are consistent with the hypothesis that disks form 
by infolding of the plasma membrane adjacent to 
the connecting cilium (21, 36, 50). During 8 h in 
light, the number of open disks increases three- 
to fourfold. During this same interval, we estimate 
that as many as 64 disks are added to the ROS. 
However, this many open disks are never seen at 
one time. We suggest that all of the open disks 
formed during this interval do not accumulate 
because most of them mature and become part of 
the closed disk system. If it is assumed that the 
rate of disk maturation (i.e. detachment from the 
plasma membrane) is constant over the first 8 h, 
we estimate that closed disk form at the rate of 
one every 9 rain, whereas open disks form at the 
rate of one every 7.5 rain. This rate difference 
would result in a net accumulation of 11 open 
disks during the first 8 h of daylight. If the rate of 
disk maturation remained constant and the rate 
of open disk formation declined later in the day, 
the number of open disks would decrease. 

How does light accelerate disk addition to 
ROS? It has been suggested that the small "light 
effect" in very intense illumination (46) may have 
been the result of intraocular heating (48, 50). It 
was reasoned that, because increased temperature 
itself accelerates all-band displacement (46), a 
local rise in temperture in the microenvironment 
of the photoreceptors due to light absorption may 
influence disk addition. Although this explanation 
appears reasonable for explaining a small "light 
effect" in levels of illumination exceeding 6,000 
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lx/m 2, it is entirely inadequate for explaining the 
larger "light effects" that we have observed. The 
temperature increase due to light absorption nec- 
essary to account for our observations is simply 
too large. For example, assuming a temperature 
coefficient of 2, the doubling of 3H-band displace- 
ment in constant light compared to darkness ob- 
served in the present report would require a 10~ 
rise in temperature. This would place the temper- 
ature at a level incompatible with cell viability. 
The same argument pertains to light effects re- 
ported in R. pipiens tadpoles after exposure to 
light of short daily duration (6). Thus, even 
though local temperature variations may occur in 
the eye, such effects probably play a negligible 
role in influencing disk addition to ROS. 

The fact that shedding of ROS tips occurs 
predominantly after light exposure (4, 24, 32) 
during the time when accelerated disk addition 
begins suggests that the two processes may be 
directly coupled. This idea is consistent with the 
observations that in cyclic light an increase in disk 
addition due to increased temperature is accom- 
panied by a proportional increase in the frequency 
of ROS shedding (25), and that the frequency of 
shedding and rate of disk addition are both re- 
duced in darkness. Our observations on animals 
kept in constant light or on a 2.5L:21.5D cycle, 
however, indicate that such coupling, if it exists, 
is very complex. In constant light, a high rate of 
disk addition is maintained while shedding is 
dramatically reduced. The result is a rapid in- 
crease in ROS length. On the other hand, reduc- 
tion in the rate of disk addition occurs on a 
2.5L:21.5D cycle while shedding is maintained 
near control levels. These differential effects indi- 
cate that a pattern of light alternating with dark- 
ness is necessary to sustain normal shedding, 
whereas light alone is sufficient to maintain nor- 
mal disk addition. Furthermore, small amounts of 
light each day are insufficient to maintain the 
normal disk addition rate. This suggests that light 
acts as more than a simple trigger in the accelera- 
tion of disk addition. 

The absence of daily discontinuities in 3H-band 
displacement in darkness and constant light sug- 
gests that the daily rhythm of disk addition ob- 
served in cyclic light is abolished under these 
conditions. We conclude, therefore, that light 
stimulation plays a predominant role in establish- 
ing rhythmicity in cyclic light. In contrast, our 
observations on shedding of large phagosomes 
suggest the existence of an underlying endogenous 

rhythm. Although delayed in comparison to ani- 
mals kept on a 12L:12D cycle, a peak in the 
phagosome content of the PE is found early in 
each 24-h period. In addition, the mean number 
of phagosomes at the peak increases from a very 
low level on the 1st day to a level comparable to 
that occurring in cyclic light on the 3rd day. The 
increased number of phagosomes on the 3rd day 
is similar to the increase previously observed in 
R. pipiens tadpoles kept in darkness (24), and 
may be related to the decreased rate 9f disk 
addition during the same interval. Possibly, the 
addition of fewer disks to the ROS each day in 
darkness results in each ROS attaining a size 
sufficient for shedding later than normal. The 
observed delay in the peak of large phagosomes 
in darkness could result from a drift of the endog- 
enous rhythm to a period longer than 24 h as 
often occurs for free-running rhythms in the ab- 
sence of external cues (12). Alternatively, it could 
simply result from protracted shedding in the 
absence of a light stimulus to synchronize the 
process. 

In rats, shedding occurs as a circadian rhythm 
in which the number of phagosomes increases 
early each day in darkness (32). In contrast, it 
has been suggested that shedding in adult R. 
pipiens normally requires light (4). Because the 
pattern of shedding in darkness was not deter- 
mined in the latter experiments, the question of 
circadian rhythmicity remains open for adult frogs. 
It appears that the number of phagosomes pro- 
duced in darkness is reduced in rats because it is 
known that ROS increase in length in darkness 1 
and that the number of phagosomes actually ob- 
served early in the day (after the 1st day) is lower 
than in cyclic light (32). It is not known, however, 
whether the peak in phagosome content of the 
PE is delayed because counts at intermediate time 
points were not made. In general, observations 
on X. laevis and R. pipiens (24, 25) tadpoles in 
darkness are in accord with those on rats (32). 
The available data for rats and frogs are consistent 
with the idea that there is an endogenous circadian 
rhythm of shedding, and that light exposure, in 
addition to acting as an external cue, also increases 
the level of shedding above that observed in 
darkness. 

Rodent photoreceptors may differ from am- 
phibians photoreceptors. We have found that 
there are no significant differences in the rate of 

1 La Vail, M. M. Personal communication. 
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3H-band displacement  among pigmented mice 
kept  in cyclic light, darkness,  or  constant  light for 
3 days. Electron microscope observat ions  of open 
disks, however ,  suggest that  disk addit ion occurs 
largely in daylight. ~ These  observat ions  suggest 
that  bo th  shedding and  disk addit ion occur as 
circadian rhythms which are en t ra ined  to an ex- 
ternal  light cycle. 

At  the present  t ime, we do not know how 
cyclic light influences shedding.  In addit ion to 
st imulating photoreceptors  directly, it may influ- 
ence the eye through its effects on serotonin-  
mela tonin  metabol ism (32). This idea is consistent  
with the observed rhythmicity in darkness  and the 
lack of rhythmicity in constant  light. Pineal gland 
and blood concentra t ions  of mela tonin  occur as 
f ree-running rhythms in darkness  which are abol- 
ished in constant  light (29). Fur the rmore ,  reser- 
pine, a drug known to abolish some circadian 
rhythms through its effects on the pineal gland, 
reduces shedding in the rat (32).  If this hormonal  
system does affect shedding in amphibia ,  how- 
ever,  the control  processes are likely to be compli- 
cated because the eye is a major  site of serotonin-  
mela tonin  metabol ism (2), and pinealectomy does 
not reduce shedding (15). 
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