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The temporal pattern of cone outer-segment disc shedding was examined in the retina of the 
California ground squirrel, ,~pernurphilu~ beecheyi, under two different lighting conditions. 
Squirrels were entrained to either 10-180 lx (room lighting) or 1400 Ix. Cone shedding during the 
dark period was biphasic in both conditions, with increases occurring at 2-3 hr and 5-6 hr after 
light offset. Entrainment to 1400 lx resulted in an increase in shedding at 2 hr after light offset 
and a slight advance in the timing of both peaks. 

Dense granules were often found in photoreceptors, retinal neurons, Miiller cells, microglia and 
vascular cells. These granules, which were found primarily during the dark period and early light 
period, were lipofuscin-like in their lipophilia, size and autofluorescence. Many of the granules 
were probably autophagic in origin, but some within Miiller cells may have originated via 
endocytosis of extracellular material which was exocytosed by photoreceptors. 

Key u~rds: disc shedding; autophagy; cone; lipofuscin; retinal pigment epithelium; ground 
squirrel. 

1. I n t r o d u c t i o n  

The  l ight -sensi t ive  organel le  o f  the  v e r t e b r a t e  pho to recep to r ,  t h e  o u t e r  s egmen t ,  
unde rgoes  a d iu rna l  t u r n o v e r  o f  its m e m b r a n o u s  discs ( recent  rev iew b y  Besharse ,  
1982). A peak  in rod d i sc -shedding  ac t iv i ty ,  as d e t e r m i n e d  by  coun t s  o f p h a g o c y t o s e d  
o u t e r - s e g m e n t  disc packe t s  w i th in  the  re t ina l  p i g m e n t  ep i the l ium ( R P E  phagosome:~), 
occurs  wi th in  a few hours  a f t e r  l ight  onse t  in a n u m b e r  o f  m a m m a l i a n  a n d  
n o n - m a m m a l i a n  species (Basinger ,  H o f f m a n  and  Ma t the s ,  1976; LaVail ,  !976a ,  b ; 
Besharse,  Hollyf ie ld a n d  R a y b o r n ,  1977; Young ,  1978; O ' D a y  a n d  Young ,  1978; 
Tabor ,  F i sher  and  Anderson ,  1980; H e r m a n  a n d  Ste inberg ,  1982; H u a n g ,  Spira  a n d  
Vfyse, 1982). 

In  con t ras t ,  cone disc shedd ing  in n o n - m a m m a l i a n  species p r e d o m i n a t e s  1-4 h r  
a f t e r  l ight  offset (Young,  1977, 1978; O ' D a y  and  Young ,  1978; B e r n s t ~ n ,  Bred ing  a n d  
Fisher ,  1984). In  m a m m a l s ,  t h e  peak  o f  cone disc shedding ,  or  a t  least  s ignif icant  levels 
of  cone shedding,  occurs  l a te r  in the  d a r k  per iod (tree squirrels :  T a b o r  e t  al., 1980), 
du r ing  t h e  l ight  per iod  (tree shrews:  I m m e l  and  Fisher ,  1985; ca ts :  Fisher ,  Pfeffer  a n d  
Anderson ,  1983) or p e r h a p s  a t  bo th  t imes  (rhesus m o n k e y s :  A n d e r s o n ,  Fisher ,  
E r i ckson  and  Tabor ,  1080). Thus ,  the  t empora l  p a t t e r n  o f  m a m m a l i a n  cone disc 
shedd ing  is no t  as un i fo rm as i t  is for  rods  for, as ye t ,  u n k n o w n  reasons.  I t  is possible 
t h a t  t he  d i f ferent  p a t t e r n s  o f  cone  disc shedd ing  ref lect  u n d e r l y i n g  differences  in cone  
phys io logy  or  in e x p e r i m e n t a l  p a r a m e t e r s .  Since t he  m a m m a l i a n  s tud ies  ut i l ized 
lower l ight  levels d u r i n g  e n t r a i n m e n t  t h a n  did t he  n o n - m a m m a l i a n  studies,  d i f ferences  
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in en t r a in ing  l ight  i n t ens i ty  po ten t ia l ly  could exp la in  the  repor ted  differences in cone 
disc-shedding pa t t e rn s .  

Ground  squirrels  are  a fami ly  of  roden t s  wi th  c o n e - d o m i n a n t  ret inas,  and  as such 
have  proved  t,o be va luab le  in a va r i e ty  of  s tud ies  o f  cone physiology.  In  this  s t u d y ,  
we first e x a m i n e d  the  t e m p o r a l  p a t t e r n  of  disc shedd ing  t h r o u g h o u t  the  l i g h t - d a r k  
cycle in a g roup  o f  Cal i fornia  g round  squirrels  e n t r a i n e d  to room l ight  (10-180 lx). 
In order  to  d e t e r m i n e  w h e t h e r  the en t r a in ing  l ight  in t ens i ty  could inf luence this  
pa t t e rn ,  we then  p e r f o r m e d  a similar  c t u d y  us ing squirrels  en t ra ined  to 1400 lx. 
P r e l i m i n a r y  findings f rom the  first s t u d y  h a v e  I)een repor ted  (Fisher,  Long  and  
Anderson,  1983). 

2. M a t e r i a l s  a n d  M e t h o d s  
Fifty-eight adult  and four yearling California ground squirrels, £permophilus beecheyi, of 

both sexes were tr~tpped locally and housed individually. Squirrels were maintained under  
a 12 hr light: 12 hr dark regimen for a minimum of 4 weeks (2 months average) prior to each 
experiment. Light onset is designated as 0000 hr, light offset as 1200 hr. Room illumination 
(300-'~80 ix measured ira front of the cages) was provided by overhead fluorescent bulbs; cage 
illuminanee (measured tr few cent |metres above the cage bottom) varied from 10-30 Ix in 
bottom tier cages to 180 lx in the upper-tier cages located directly below ceiling fixtures. In 
experiments using higher light intensity four 36 W fluorescent bulbs and diffusing panels 
were placed above two neighboring pairs of the cages; onset and offset of these lamps were 
synchronized with room lights. Illuminanee in these cages (measured at  the base of the 
running wheels) was 1400 Ix. For ty  squirrels were entrained to cyclic light of  10-180 Ix, 22 
squirrels to 1400 Ix. En t ra inment  to 1400 Ix did not result in retinal damage (squirrels have 
highly pigmented eyes). We occasionally identified squirrels with disrupted outer segments 
and apparently dystrophic RPE cells--five such squirrels were excluded from this study.  

Each squirrel was anesthetized with an intraperil~oneal dose of pentobarbital and then 
intracardiallv pt, rfused x~ ith 200-300 ml of I ~o paraformaldehyde,  1 ~/o glutaraldehyde in 
0"086 ,~t pho.aphate buffer (room temperature, pH 7"1, 0-05 ~/o CaC12). In,~ome perfusions, 0"1 
m,~1 phenylmethylsulfonyl fluoride was present in the fixative and it appeared to improve 
the quality of the fixations. The squirrels perflmed during the dark period and a t  light onset 
were handled with the aid of dim red light, and their eyes were shielded from room light 
during the perfusion. The shield was removed immediately before perfusion from those 
animals perfused at  light onset. Jus t  prior to perfusion, the eyes of the squirrel perfused at  
1200 hr were shielded. 

Eyes were removed after  perfusion and hemisected. The eyecups were placed in cold 
fixative, where they remained for 5-18 hr before being rinsed in phosphate buffer, divided 
into quadrants, and then post-fixed for 1-5-2 hr with buffered 2% Os04 (4°C). Following 
osmication, quadrants  were rinsed in distilled x~ ater, dehydra ted  in a graded ethanol-x~ a ter  
series, transferred througla propylene oxide, and embedded in Araldite 6005. 

For fluorestence microscopy, right superior quadrants  of some eyes were fixed in the 
aldehyde fixative but  were not post-fixed in OsO 4. The tissue specimens were then dehydra ted  
as described above, and embedded in Spurr's medium. Unstained sections (1-2/~m) were 
illuminated with t ransmit ted light from an HBO 200 W/4  super-pressure mercury lamp. 
filtered with BG 38 and BG 12 exciter filters. Sections were viewed and photographed 
through a 530-nm barrier filter. 

For phagosome counts, I -/zm sections were taken from the posterior pole within 1-2 mm 
inferior to the central s treak of high photoreceptor densi ty (Long and Fisher, 1983). Sections 
were stained with sa tura ted  p-phenylenediamine (ppda) followed by a mixture of Toluidine 
Blue and Azure II in sodium borate. All light-microscopic counts and measurements were 
performed at a magnification of  1250 (phase 100 objective). Phagosomes were counted in a 
minimum of 10 mm of R P E  adjacent  to well-aligned photoreceptors. One section per slide 
was used for phagosome counts (three to seven ~tlides per timepoint); each section counted 
was separated from its nearest neighbor by at  least 3/zm in order to prevent duplication of 
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FIo. 1. Light micrographs of  photoreceptors and R P E  of the California ground squirrel. A, A recently 
shed phagosome in the apical RPE and an older phagosome in the basal RP E  (arrowheads) can be 
identified by the similarity between their staining characteristics and those of outer  segments. Melanin 
granules (arrow) were often found in the R P E  cell bodies, x 18.90. B, A recently shed phagosome 
(arrowhead) is present a t  the distal tip of a rod (r) outer segment. Ground squirrel rods have somewhat 
longer and narrower outer  segments than cones and their nuclei are within the vitreal ONL tier. × 945. 

counts. Using phase microscopy, phagosomes were identified as dark-staining, non-iridescent 
RPE inclusions greater than 0"75 pin in diameter. 

Small, ppda-positive granules in the RPE and sensory retina were counted in sections used 
for phagosome counts. For each timepoint, I0 73-pro lengths of retina were sampled and 
the number of granules was counted. Small granules (< 0"5 pro) in the photoreceptor myoid 
region and in the nuclear layers were difficult to quantify, so they were qualitatively rated. 
Granules near the outer limiting membrane (OLM), apparently in Miiller apical processes, 
were counted separately from myoid and outer nuclear layer (ONL) granules. 

Thin sections for electron microscopy were placed on mesh grids, and stained with 1 ~/o 
uranyl acetate followed by lead citrate. 

3. R e s u l t s  

Phagosomes, which stain ~ufficiently more darkly than outer segments  to l~ rmi t  
their identification and quantification, were found tl~roughout the R P E  (Fig. 1 A). 
Similarly dark-staining inclusions t ha t  measured less than'0.75 tern long were consid- 
ered residual bodies and were not  quantified. Except  in one squirrel .(discussed below), 
rod phagosomes (Fig. 1 B) were rarely observed and were included with the R P E  
phagosome counts. Melanin granules wi thin  R P E  cell bodies were quite abundan t  in 
some squirrels killed during the dark period (Fig. 1 A), but  were sparse in the squirrels 
killed during the light period. 
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Entrainment to 10-180 lx 
In  squirrels entrained to room light, a low level of disc shedding was present from 

1 hr after  l ight onset to I hr af ter  light offset (0"3-1"6 phagosomes per mm RPE)  (Fig. 
2). Phagosome numbers increased a t  l ight onset, 2-3 hr after l ight  offset and 5-8 hr 
after l ight  offset, while somewhat  elevated levels of  disc shedding occurred a few hours 
before light onset and  short ly  after l ight onset. At  l ight onset, one squirrel had 
numerous phagosomes (13.9 per mm RPE,  primari ly cone phagosomes), while the 
other had considerably fewer phagosomes (3"7 per ram), a level similar to the four 
other  squirrels killed within 1 hr of l ight onset. No definite peak in rod shedding could 
be discerned. 
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FIG. 2. The temporal  pa t te rns  of  disc shedding in the two lighting conditions: 10-I 80 Ix (circles, solid 
line); 1400 Ix (squares, dashed line). Each point  wi thout  an error bar  represents the mean number  of  
phagosomes per millimeter o f  R P E  in a single squirrel; each point  with an error bar  represents the mean 
[ ±  1 S.E.(.~I.)] of  two to four squirrels. 

The first increase in cone disc shedding during the dark period was found a t  1400 hr, 
a t  which time over 70 % of phagosomes were in the apical RPE,  i.e. recently shed. 
At 1500 hr the number  ofphagosomes varied considerably--3-13 per mm R P E  in the 
four squirrels examined. The two squirrels housed in upper-tier cages (160-180 Ix) had 
a mean of 11.4 phagosomes per mm RPE,  whereas two squirrels housed in lower-tier 
cages (10-30 lx) had a mean of  5"3 phagosomes per mm RPE.  A second phase of cone 
disc shedding was evident  during the mid-dark period. The number  of phagosomes 
was low at  1600 hr and increased at  1700 hr, a t  which time phagosomes again were 
located primari ly in the apical RPE.  Shedding ' peaked '  a t  1800 hr, a l though one 
squirrel had few phagosomes (1"2 per mm RPE).  The only notable difference between 
this and the other squirrels examined in the mid-dark period was t ha t  i t  was kept  in 
capt iv i ty  for the longest period of t ime (13"5 months).  At  1900 hr the level of disc 
shedding was still elevated and the major i ty  of phagosomes were in the mid and basal 
RPE.  By 2000 hr the phagosome number  returned to a level which was only slightly 
greater  than  tha t  in the l ight period (1.8-4 phagosomes per mm RPE).  
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Entrainment to 1400 lx 
In squirrels entrained to 1400 Ix the phagosome number  was low at  l ight onset, 

equivalent  to tha t  found 2 hr earlier (Fig. 2). The small peak of  disc shedding at  
0100 hr was probably due to rod shedding, since the major i ty  of apical phagosomes 
were identified as rod phagosomes and many  short  rod outer segments were also 
present. Phagosome numbers  were low at  0200 hr and at  0600 hr. A low level of 
shedding was also found at 1300 hr and 1330 hr. 

An increase in phagosome number  occurred at  1400 hr and was significantly greater  
(P<0 '05 ,  Student ' s  t test) than  at  the 10-180 lx en t ra inment  intensity.  Phagosome 
number was lower at  1430 hr and 1500 hr than  at  1400 hr. Phagosomes in the two 
squirrels killed a t  1500 hr were similar in number,  but  differed somewhat  in their  
location within the RPE.  In one squirrel, only 8 of 58 phagosomes were in the apical 
R P E  while, in the other, 35 of 72 were in the aoical RPE,  suggesting tha t  shedding 
in these animals was well under  way. Overall, there was 50% more shedding at 
1400 hr-1500 hr in 1400 Ix than  in 10-180 lx, but  the only statistically significant 
difference was found between squirrels entrained to 10-30 lx vs. 1400 Ix. At 1600 hr 
disc shedding was low in both squirrels examined.  

As in the squirrels entrained to room light, an increased level of shedding was 
evident  during the middle of  the dark period (1700 hr-1800 hr). At 1900 hr and 
2000 hr phagosome number  decreased, and was lower than  tha t  found in the group 
entrained to room light. We did not  test  for a statistical difference between the two 
en t ra inment  conditions at  these times due to the small number  of animals used. 

Autophagic granules 
In  many squirrels, particularly those killed during the dark period, small granules 

were present in photoreceptors and the inner ret ina (Figs 3-6). These inclusions were 
similar to R P E  lipofusein granules in their size (0"2-1"5/~m), lipophilia (both were 
ppda-positive), and autofluorescence (Fig. 4A). They were located primarily in the 
myoid region of photoreeeptors  and were frequently found near the OLM, apparent ly 
within the  apical portions of  Miiller cells (Figs 3 and 4A). These granules were 
membrane-bound and often associated with lysosomes (Fig. 4B) and eisternae of 
endoplasmic ret iculum (Fig. 4C). Based on the above characteristics these granules 
can be classified as condensed, late-stage autophagic vacuoles. Their  presence in the 
apical port ion of Mfiller cells was verified in th in  sections (Fig. 4C and D). Dense  
granules were also observed in microglia of  the outer  plexiform layer (OPL) and inner 
plexiform layer (IPL) (Fig. 6) and rarely in pericytes and capillary endothelial  cells 
of the  inner retina. Microglia of  the OPL were infrequently observed (0"5-1"5 per mm). 
Prel iminary counts indicated tha t  30-70 ~o of microglia contained granules, but  no 
definite diurnal variat ion was found. 

Membranous whorls and vesicular debris were. also present  within photoreceptors 
(Fig. 4 B ) a n d  were occasionally found between photoreeeptors  and Miiller cells (Fig. 
5A, B). In  a few squirrels killed during the dark  period in both l ighting conditions, 
similar debris was present  in the  extraeellular space between photoreeeptors  (Fig. 
5C-E).  

The number  of  autophagic granules within re t ina l  cells' va r i ed  t h r o u g h o u t  the 
l ight -dark  (LD) cycle. In  both groups of squirrels the number  of granules within the 
neural retina was generally low from 1 hr after light onset to I hr after light offset, 
while numerous ~granules were present in many  animals during the dark period after 
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FIo. 3. Light  micrograph o f  the ~ut~r portion of  a ground squirrel retina (1500 hr, I60-180 Ix). Note 
the numerous granules in the cone ~:~yoids, while none are visible in a rod (r). Granules (arrowheads) 
are present  near the outer limiting membrane (olin), apparent ly  in the apical portion of  Miiller cell§ 
(electron-lucent'areas adjacent  to the olin). Granules (arrows) are also present in the inner nuclear layer 
(inl) between bipolar nuclei and adjacent  to horizontal cells, x 1575. 
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Fxo, 4. A, Fluorescent micrograph o f t h e o u t e r  ret ina (1800 hr, 10-180 Ix). The R P E  contains numerous 
autofluorescent lipofuscin granules. Lipofuscin-like granules are also present within photoreceptor  inner 
segments  and a t  the level of the  olin (arrowhead).  x 600. B, Electron micrograph of  membranous  whorl  
(w) and dense granule (g) with associated lysosome within cone myoid, x 19500. C, -Dense granule  with 
associated endoplasmic reticulum (arrowhead) is within the apical cytoplasm of  Miiller cell. ×4 8 0 0 0 .  
Note  the  numerous glycogen granules indicative of  Miiiler cells. D, Dense granule with lamellar  s t ructure  
is located a t  the level of  the olm (arrowheads) within Miiller cell apical cytoplasm. This inclusion was 
within cytoplasm which was confluent with Miiller apical processes, x 48000. 
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FIo. 5. Membranous intracellular and extracellular debris. A, A dense membranous whorl is present 
within the electron-lucent cytoplasm of  a Miiller cell (m), adjacent  to a photoreceptor  nucleus (p). 
× 30000. B, A membranous whorl is si tuated between a photoreceptor  myoid (p) and. a Mfiiler cell (m) 

near  the apical mierovilli (a). × 20000. C, Light  micrograph ofextraeel lular  debris between cone myoids 
(arrowhead). x 945. D, E, Extracel lular  membranous whorls, such as are seen in this electron micro- 
graph, were found between photoreceptor  inner segments of some dark-adapted squirrels. × 48000. 
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FI~. 6. Small dense granules were found in what are tentatively identified as mieroglia of the opl (A, 
B) and ipl (C). A, A microglial cell can be distinguished from cells of the onl and inl by its small size 
and heterochromatic pattern. A small granule (arrowhead) adjacent to a microglial nucleus can be s~en 
in this light micrograph, x 18.90. B, A microglial cell with two perinuclear granules (arrowheads) is 
within the opl, just sclerad to a horizontal cell (h). × 1890. C, By electron microscopy the granules (g) 
were found to be membrane-bound and often vacuolated, as in this ipl microglial cell which is adjacent 
to the inl. × 130(O. 

1300 h r  a n d  s h o r t l y  a f t e r  l i gh t  onse t .  O v e r a l l ,  t h e  n u m b e r  o f  p h o t o r e c e p t o r  g r a n u l e s  
w a s  f o u r  t i m e s  g r e a t e r  in  t h e  d a r k  p e r i o d ,  b u t  v a r i a b i l i t y  w a s  g r e a t .  U s i n g  t h e  r e l a t i v e  
a m o u n t s  o f  R P E  g r a n u l e s  ( l i po fusc in )  a s  a n  i n d e x  o f  age,: o l d e r  a n i m a l s  h a d  u p  to  
100- fo ld  m o r e  g r a n u l e s  w i t h i n  t h e i r  p h o t o r e c e p t o r s  t h a n  y o u n g e r  a n i m a l s  in 9 o f  l 0  
t i m e p o i n t s  a t  w h i c h  t h u  c o m p a r i s o n  c o u l d  b e  m a d e .  N o  c o n s i s t e n t  d i f f e r ences  in 
g r a n u l e  n u m b e r  a n d  l o c a t i o n  w e r e  f o u n d  b e t w e e n  t h e  sexes ,  o r  b e t w e e h  squin~els k i l led  
in d i f f e r e n t  s e a s o n s .  
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4. D i s c u s s i o n  

Although a diurnal cycle of  disc shedcfing has been identified in several vertebrate 
retinas, a similar cycle for autophagic events  has been characterized only in rat  rod 
photoreceptors (Remd and Sulser, 1977) and lizard R P E  cells (Young, 1977). The 
greater number  of granules found in some squirrels during the dark period and early 
light period suggests t ha t  there may be a diurnal  rhy thm of autophagy in the neural 
retinal cells of this species as well. Remd and Knop  (1980) and Remd, Aeberhard and 
Schoch (1985) have reported tha t  increasing the light intensity increases rod 
photoreceptor  au tophagy both in vitro and in vivo, and cone autophagy in vitro. 
Although our quant i ta t ive  data  (not shown) are limited and complicated by the 
apparent  influence of age, they support this conclusion for cones in vivo as well. 

Since photoreceptors have not been observed to normally accumulate the residual 
bodies formed via autophagy,  these inclusions must  be either fully digested within the 
photoreceptors or excreted. Exocytosis of membranous  debris by photoreeeptor  inner 
segments has been suggested by Remd (1981), who found electron-dense, membranous 
structures in the extracellular space between rod inner and outer  segments of rats 
which were kept  in total  darkness for over 2 weeks. Our observations support  this 
suggestion and extend it to dark-adapted squirrels housed in cyclic light. Debris 
exocytosed into the extracellular space (Figs 5 B - E )  may t h e n  be phagocytosed and 
degrade~d by Miiller cells (Figs 4C, D, 5A). However,  we cannot  rule out a phagocytic 
role for the photoreceptors, since other studies have shown tha t  these cells actively 
endocyt0se horseradish peroxidase and components  of the extracellular matr ix  from 
the subretinal space (Besharse and Forestner,  1981; HoIlyfield, Varner, Rayborn, 
Liou, and Bridges, 1985). Fur ther  studies are needed to determine if the membranous 
whorls are indeed debris exocytosed by the photoreceptors. 

Miiller cells are known to remove debris derived from degenerating photoreceptors 
(Caley, Johnson and Liebelt, 1972; Blanks, Adinolfi and Lolley, 1974). Our data 
suggest they may do so in the normal eye as well. The transference of debris or 
lipofuscin from neurons to glia or vascular cells has been suggested in many  studies 
on the ver tebrate  CNS (Issidorides and Shanklin, 1961; Friede, 1962; Manocha and 
Sharma, 1977; Spoerri, 1978), so it would not  be surprising if Miiller cells also act as 
phagocytes or as extraneuronal  sites for lipofuscin deposition. 

On the basis of structural criteria, the small cells containing lipofuscin granules tha t  
lie near or within the OPL are most likely microglia (Vrabec, 1970; Boycot t  and 
Hopkins, 1981). Since microglia within the rat  I P L  have also been reported to contain 
lipofuscin (Kohno, Inomata  and Taniguchi, 1982), these cells may also endocytose 
extracellular debris within the retina. 

While not commonly reported to occur within cells of the neural retina except in 
certain pathological and experimental  conditions, lip ofusein accumulation is the most 
prominent  age-associated change observed in post-mitotic cells (Dolman and Macleod, 
1981 ; Feeney, 1978; Wing, Blanchard and Weiter, 1978). Our observations show tha t  
structures having the characteristics of lipofuscin were present within photoreceptors, 
Miiller cells, vascular cells, and microglia in squirrel retinas and may be par t  of  the 
normal aging process of  the eye. The presence of granules within photoreceptors is 
apparent ly dependen t  upon both age and the LD cycle. 

A biphasic pat tern of cone disc shedding was found in both experimental  conditions, 
but  our results are in general agreement with those reports showing maximal  cone 
shedding during the dark  period. The early dark period increase in cone shedding is 
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similar in t iming to the peak in cone phagosomes reported by Young (1977, 1978) and 
O'Day and Young (1978) in the chick, lizard and goldfish retinas. The second period 
of increased phagosome counts corresponds in time to the peak of cone phagosomes 
reported in the gray squirrel retina (Tabor e t  al., 1980). One interpreta t ion of the  
biphasic pa t te rn  would he tha t  there are 'dark- t r iggered '  and circadian components  
to cyclic cone shedding in the  ground squirrel and tha t  the two do not  necessarily 
occur simultaneously. In lizards two such peaks can be sorted out  by altering the  
lighting cycle (Bernstein et al., 1984). Another  possibility is tha t  there are two 
populations of  cones which differ in the t iming of  their shedding response, e.g. blue- 
and green-sensitive cones (Anderson and Jacobs, 1972; Jaeobs and Tootell, 1981). A 
possible precedent  for biphasic cone shedding may be found in Young's  (1978) s tudy 
of chick photoreceptor  disc shedding. Young's  data  show one peak in recently shed 
cone phagosomes (his Stage I phagosomes), but  apparently two peaks in part ial ly 
degraded phagosomes (Stages I I  and III) .  

In the first experiment  squirrels were entrained to relatively low levels of  
i l luminat ion-- levels  far below that  which these strongly diurnal animals normally 
experience in their  natural  habitat.  In  order to determine whether  lighting intensi ty 
affects the amoun t  or pat tern of  cone shedding in this species, we entrained the second 
group of animals to a significantly higher i l lumination level (1400 Ix). The results from 
this second exper iment  indicate tha t  the increased il lumination level led to a slight 
advance in the t iming of peak shedding and an increase in the number  of phagosomes 
shed during the period just after l ight  offset. A comparison of two studies using 
goldfish entrained to relatively low (32 lx, Balkema and Bunt-Milam, 1982) and high 
(700 Ix, O'Day and Young, 1978) l ight intensities also suggests a similar advance in 
the peak of cone shedding at the  higher intensity. The effect of  increasing the intensi ty 
of the entraining light may have been caused by the greater amoun t  of  light the 
squirrels received or by the greater  ampli tude of  the light to dark transition. The 
present s tudy cannot  differentiate between these two possibilities. 

I t  is difficult to assess rod disc shedding  in this species since rods make up only 5 % 
of the photoreceptor  population in the  central retina (Long and Fisher, 1983). The 
apparent  peak in rod phagosomes occurred shortly after light onset, a t  least in the 
1400 lx experiment ,  as reported for most  species studied to date. Cone phagosomes 
were also found at  light onset and in the  early light period, but  it seems unlikely tha t  
cone shedding in this species is associated with light onset as it is in some other  
mammals  (Anderson et  al., 1980; Fisher et  al., 1983; Immel  and Fisher, 1985). 

There is considerable interspecifie variabil i ty in the  reported t imes of maximal  cone 
shedding. Light  intensi ty is one of m a n y  possible factors which could influence disc 
shedding and account  for such differences. En t ra inmen t  to 1400 lx resulted in a shift 
in ground squirrel cone disc shedding toward dark onset, but  the  magni tude  of the 
change was small relative to the  different en t ra inment  conditions. While some of the 
effects of increased lighting intensi ty may have been masked because Our condition 
of ' room l ight ing '  encompassed a fairly wide range of l ight intensities, our results 
suggest tha t  the i l lumination level during en t ra inment  accounts for only a minor 
port ion of interspecies variability. 

A C K N O W L E D G M E N T S  
The authors would like to thank Mr Fred Bush for his help in the preparation of the 

manuscript and Dr Gustavo Aguirre for his helpful comments. 
This work was. supported by research grants EY-00888 and EY-02082 and an under- 



204 K.O. LONG ET AL. 
graduate  research award to R. N . F . S . K . F .  was a recipient of a Research Career Dew~iop- 
men t  Award (EY-00174) from the  National Eye Ins t i tu te .  

R E F E R E N C E S  
Anderson,  D . H .  and Jacobs,  G . H .  (1972). Color vision and spectral sensit ivi ty in the 

California ground squirrel (Citellu8 beecheyi). Vision Res. 12, 1995-2004. 
Anderson,  D. H., Fisher, S. K.,  Erickson, P. A. and Tabor,  G. A. (1980). Rod  cone disc 

shedding in the  rhesus monkey  retina:  a quant i ta t ive  study.  Exp. Eye Res. 30, 55.9-74. 
Balkema,  G. W. and Bunt-Milam, A. H. (1982). Cone outer  segment  shedding in the  goldfish 

ret ina with the aH-fucose technique.  Invest. Ophthalmol. Vis. Sei. 23, 319-3I .  
Basinger, S., Hoffman, R. and Matthes,  M. (1!}76). Photoreceptor  shedding is init iated by 

light in the frog retina. Scie~we 194, 1074-6. 
Bel'nstein, S. A., Breding, D. J .  and Fisher, S. K. (1984). The influence of l ight on cone disc 

shedding in the lizard, Seeloperu,~ occidentalis. J. Cell Biol. 99, 37,9-89. 
Besharse, J . C .  (1982). The daily l ight -dark  cycle and rhythmic  metabolism in the  

pho to recep to r -p igment  epithelial complex. In  Proffres,s in Retinal Research, Vol. 1. (Eds 
Osborne, N. N. and Chader,  G. J.). Pp. 81-124. Pergamon Press: Oxford. 

Besharse, J.  C., Hollyfield, J .  G. and Rayborn,  M. E. (1977). Turnover  of rod photoreceptor  
outer  segments.  II .  Membrane addit ion and loss in relationship to light. J. Cell Biol. 75, 
507-27. 

Besharse, J. C. and Forestner,  D. M. (1981). Horseradish peroxidase up take  by rod photo- 
receptors:  inner segments  accompanies  outer  segment  disk assembly. 39th Ann.  Proc. 
Electron Microscop. ~oc. Am. ,  Atlanta ,  486-7. 

Blanks, J .C . ,  Adinolfi, A .M.  and Lolley, R . N .  (1974). l )hotoreceptor degenerat ion and 
synaptogenesis  in ret inal-degenerative (rd i mice. J. Comp. Neurol. 15G, 95--106. 

Boycot t ,  B. B. and Hopkins,  J . M .  (1981). Microglia in the retina of  monkey  and other  
mammals :  its dist inction from other  types of  gila and horizontal cells. Neuro.science 6, 
679-88. 

Caley, D. W., Johnson,  G. and Liebelt,  R. A. (1972). The postnatal  deve lopment  of  the ret ina 
in the  normal and rodless CBA mouse:  a light and electron microscopic s tudy.  Am. J.  
A~u~. 133, 179-212. 

Dolman,  C. L. and Macleod, P. M. (1981). Lipofuscin and its relation to aging. In Advances 
in Cellular Neurobioloyy, Vol. 2. (Eds. Fedoroff, S., and Hertz,  L.). Pp.  205--447. 
Academic Press: New York. 

Feeney,  L. (1978). Lipofuscin and melanin of  human  retinal p igment  epi thel ium : fluorescence, 
enzyme cytochemical,  and ul t ras t ruetura l  studies. Invest. Ophthalmol. 17, 583-600. 

Fisher, S. K.,  Long, K. O. and Anderson, D. H. (1983). The diurnM pat te rn  of  disc shedding 
in the  ground squirrel. Inve~st. Ophlhalmol. Via. Sci. 24, (Suppl.) 280. 

Fisher,  S. K., Pfeffer, B. A. and Anderson,  D. A. (1983). Both rod and cone disc shedding 
are related to light onset  in the cat. Invest. Ophthalmol. Via. Sci. 24, 844-56. 

Friede, R . L .  (1962). The  relation of the  format ion of  lipofuscin to the  distr ibut ion of  
oxidat ive enzymes in the human  brain. Acta Neuropath. 2, 113-25. 

Herman,  K. G. and Steinberg, R. H. (1982). Phagosome movemen t  and the diurnal  pa t t e rn  
of  phagoeytosis  in the  tapet~l  retinal p igmen t  epithelium of  the  opossum. Invest. 
Ophthalmol. Via. ,Sei. "23, 277-90. 

Hollyfield, J .  G., Varner, H. H., Rayborn ,  M. E., Liou~ G. I. and Bridges, C. D. B. (1985). 
Endocytosis  and degradat ion  of  interstitial ret inal-binding protein:  differential capa- 
bilities of  cells t ha t  border  the  in terphotoreceptor  matrix.  J. Cell Biol. I00, 1676-81. 

Huang,  P. T., Spits ,  A. W. and Wyse, J .  P. H. (1982). Phagocytosis  in the fetal p igment  
epi thel ium: evidence for cyclic activity.  Invest. Ophthalmol. Vis. ~ci. 22, 428-38. 

Immel ,  J .  and Fisher, S. K. (1985). Cone photoreeeptor  shedding in the  tree shrew, Tupaia 
belangevii. Cell Tiss. Res. 239, 667-75. 

Issidorides, M. and Shanklin,  W. M. (1961). HistochemicaI reactions of cellular inclusions in 
the  human  neuron. J .  Anat. 95, 151-9. 

Jacobs,  G. H. and Tootell,  R. B. H. (1981). Spectral response properties of opt ic  nerve fibers 
in the  ground squirrel. J. Neurophys. 45, 891-902. 



GROUND SQUIRREL DISC SHEDDING 205 

Kohno, T., Inomata, H. and Taniguchi, Y. (1982). Identification of microgIia cell of the rat 
retina by light and electron microscopy. Jpu. J. Ophthalmol. 26, 53-68. 

LaVail, M. M. (1976a). Rod outer segment disc shedding in rat retina: relationship to cyclic 
lighting. Science 194, 1071-4. 

LaVail, M. M. (1976b). Rod outer ~gment disc shedding in relation to cyclic lighting. Exp. 
Eye Res. 23, 277-80. 

Long, K. O. and Fisher, S. K. (1983). The distributions of photoreceptors and ganglion cells 
in the California ground squirrel, Spermophilu8 beecheyi. J. Corap. Neurol. 221,329-40. 

Manocha, S. L. and Sharma, S. P. (1977). Reversibility of lipofuscin accumulation caused by 
protein malnutrition in motor cortex of squirrel monkeys, Saimiri sciureus. Acta 
Itistochem. 58, 219-31. 

O'Day, W.T. and Young, R.W. (1978). Rhythmic daily shedding of outer-segment 
membranes by visual cells in the goldfish. J. Cell Biol. 76, 593-604. 

Rem~, C. E. (1981). Autophagy in rods and cones of the vertebrate retina. Dev. Ophthalmol. 
4, 101-48. 

Rem~, C., Aeberhard, B. and Schoeh, M. (1985). Circadian rhythm of autophagy and light 
responses of autophagy and disk-shedding in the rat retina. J. Comp. Physiol. A. 156, 
669-77. 

Rem~, C. E. and Knop, M. (1980). Autophagy in frog visual cells in vitro. Invest. Ophthalmol. 
Vis. Sci. 19, 439-56. 

Remd, C. E. and Sulser, M. (1977). Diurnal variation of autophagy in rod visual cells in the 
rat. Albrecht yon qraefes Arch. Klin. Exp. OphthalmoL 203, 261-70. 

Spoerri, P. E. (1978). Electron-microscopic studies on primate neurons: microtubule-pigment 
associations. Acta A~u~t. 101,325-33. 

Tabor, G. A., Fisher, S. K. and Anderson, D. A. (1980). Rod and cone disc shedding in 
light-entrained tree squirrels. Exp. Eye Res. 30, 545-57. 

Vrabec, F. (1970). Microglia in the monkey and rabbit retina. J. Neuropath. Exp. Neurol. 29, 
217-24. 

Wing, G. L., Bianchard, G. C. and Weiter, J. J. (1978). The topography and age relationship 
of lipofuscin concentration in the retinal pigment epithelium. Invest. Ophthalmol. Vis. 
Sci. 17, 601-7. 

Young, R. W. (1977). The daily rhythm of shedding and degradation of cone outer segment 
membranes in the lizard retina. J. Ultrastruct. Res. 61,171-85. 

Young, R. W. (1978). The daily rhythm of shedding and degradation of rod and cone outer 
segment membranes in the chick retina. Invest. Ophthalmol. 17, 105-16. 


