
If we had performed only single-donor 
crosses, we would have concluded that envi- 
ronmental conditions during pollen devel- 
opment are unimportant in determining 
fruit set and seed set. Single-donor pollina- 
tions are appropriate only when it is known 
that, under natural conditions, stigmas re- 
ceive pollen from just one donor. Multiple 
paternity is common in wild Raphanus popu- 
lations (22). Potential pollen performance in 
mixtures need not parallel performance in 
isolation, just as competition between spe- 
cies in mixtures is difficult to predict from 
growth characteristics when species are 
grown alone (23). It is therefore important 
to determine the types of pollen loads occur- 
ring under natural conditions to understand 
the potential effect of environmental varia- 
tion on male mating success. 

Typically, analyses of phenotypic varia- 
tion consider variance due to nuclear genet- 
ic, maternal genetic (cytoplasmic), maternal 
environment, and environmental variation. 
Any differences between paternal half sibs 
are considered to result solely from additive 
genetic variation (24). We suggest that pa- 
ternal environment effects may have impor- 
tant fitness consequences, especially with 
regard to mating success. Paternal success 
variation may have a genetic component, 
but our study demonstrates the existence of 
strong nongenetic components. It is thus 
essential to control conditions of pollen 
development in experiments testing for ge- 
netic variation in paternity. 

REFERENCES AND NOTES 

1. T. A. Gibson and L. R. Humphreys, Aust. J. Agric. 
Res. 24, 667 (1973); R. A. T. George, R. J. 
Stephens, S. Varis, in Seed Production, P. D. Heb- 
blethwaite, Ed. (Butterworth, London, 1980), pp. 
561-567; A. G. Stephenson, Annu. Rev. Ecol. Syst. 
12,253 (1981); Ecology 65,113 (1984); T. D. Lee, 
in Plant Reproductive Ecology: Patterns and Strategies, J. 
Lovett Doust and L. Lovett Doust, Eds. (Oxford 
Univ. Press, New York, 1988), pp. 179-202. 

2. M. M. A. van Herpen, in Biotechnology and Ecology of 
Pollen, D. L. Mukahy, G. B. Mulcahy, E. Ottaviano, 
Eds. (Springer-Verlag, New York, 1986), pp. 131- 
133; F. C. Vasek, V. Weng, R. J. Beaver, C. K. 
Huszar, Aliso 11, 599 (1987); M. J. McKone, Am.  
J. Bot. 76, 231 (1989). 

3. C. R. Bell, Am.  J. Bot. 46, 621 (1959); R. G. 
Stanley and H.  F. Linskens, Pollen: Biology, Biochem- 
istry, Management (Springer-Verlag, New York, 
1974); J. Muller, Ann. Mo. Bot. Gard. 66, 593 
(1979). 

4. D. Zamir, S. D. Tanksley, R. A. Jones, Theor. Appl. 
Genet. 59,235 (1981); C. D. Schlichting, in Biotech- 
nology and Ecology of Pollen, D. L. Mdcahy, G. B. 
Mulcahy, E. Ottaviano, Eds. (Springer-Verlag, New 
York, 1986), pp. 483-488; J. B. Schoper, R. J. 
Lambert, B. L. Vasilas, Crop Sci. 26, 1029 (1986). 

5. M. K. Miller and M. H.  Schonhorst, Crop Sci. 8, 
525 (1968); M. M. A. van Herpen and H.  F. 
Linskens, Acta Bot. Neerl. 30, 209 (1981). 

6. C. C. Cockerham, in Statistical Genetics and Plant 
Breeding, W. D. Hanson and H. F. Robinson, Eds. 
(Publ. 982, National Academy of Science-Na- 
tional Research Council, Washington DC, 1963), 
pp. 53-94. 

7. Q. 0. N. Kay, Nature 261, 230 (1976). 
8. M. L. Stanton, A. A. Snow, S. N. Handel, Science 

232,1625 (1986). .4ithough yellow-petaled flowers 
were homozygous for flower color, the same polli- 
nation scheme was applied to create lines of yellow- 
petaled flowers, so all lines experienced approxi- 
mately the same histoty of inbreeding. 

9. Four to eight full sib individuals from four families 
each of white and yellow-petal homozygotes were 
grown from seed to act as pollen donors. These were 
planted in 10-cm pots in a University of California, 
Davis, greenhouse. When flower development was 
just beginning, full sib pairs were divided between 
two treatments: half were transplanted into 18-cm 
pots o i a  mixmrc of clay, loam, sand, and nutrients, 
and fcrtihcd with Hoagland's solution nvo to three 
times weekly (control Geatment); half were trans- 
planted into 18-cm pots of pure loam and never 
fertilized ("stress" treatment). All plants were placed 
randomly within the greenhouse and positions were 
rotated biweekly. 

10. Pollen was counted and size distributions were 
determined using an electronic particle analyzer 
(Elzqne 180+; Particle Data, Inc., Elmhurst, IL), as 
descr~bed in H. J. Young and M. L. Stanton, Can. J. 
Bot. 68, 480 (1990). 

11. We originally used eight recipients, but three 
showed incompatibility with at least one of the 
donor lines and one produced vety few seeds from 
mixed pollinations. Therefore, results are reported 
for only four recipients. 

12. K. G. Eldridge and A. R. GrifEn, Silvae Genet. 32, 
216 (1983); D. P. Fowler and Y. S. Park, Can. J. 
For. Res. 13, 1133 (1983); A. G. Stephenson and J. 
A. Winsor, Evolution 40, 433 (1986). 

13. M. A. McKenna and D. L. Mdcahy, in Pollen: 
Biology and Application in Plant Breeding, D. L. M d -  
cahy, Ed. (Elsevier, New York, 1983), pp. 419- 
424; T. D. Lee and A. P. Hartgerink, in Biotechnolo- 

gy and Ecology of Pollen, D. L. Mdcahy, G. B. 
Mulcahy, E. Ottaviano, Eds. (Springer-Vedag, New 
York, 1986), pp. 417-422; D. A. Stratton, Am.  J. 
Bot. 76, 1646 (1989). 

14. A. A. Snow and S. J. Mazer, Evolution 42, 1065 
(1988): 

15. P. L. Pfahler, Genetics 57, 513 (1967); D. L. 
Mulcahy and G. B. Mulcahy, Theor. Appl. Genet. 
46, 277 (1975); D. L. Mulcahy, Science 206, 20 
11979). 

16. E.  lav via no, M. Sari-Goda, D. L. Mdcahy, Science 
210, 437 (1980). 

17. D. Charlesworth, D. W. Schemske, V. L. Sork, in 
The Evolution of Sex and its consequences, S. steaks, 
Ed. [Birkhauser Verlae. Basel. 1987). DD. 317-335. 

18. D. W. Schemske and c: P. ~ahtler, Oko'logia (Berlin) 
62,31 (1984); M. Cruzan, A m .  J. Bot. 76 (suppl.), 
97 11989) - ,-. - -  ,. 

19. S. D. Tanksley et al., Science 213, 453 (1981). 
20. M. L. Stanton, Ecology 65, 1105 (1984). 
21. E. L. Charnov and J. Bull, Nature 266, 828 (1977); 

D. C. Freeman, K. T. Harper, E. L. Charnov, 
Oecologia (Berlin) 47, 222 (1980); D. C. Freeman, 
E. D.'McArthur, K. T. Harper, A. C. Blauer, 
Evolution 35, 194 (1981). 

22. N. C. Ellstrand, Am.  Nat. 123, 819 (1984). 
23. J. L. Harper, Symp. Soc. Exp. Biol. 15, 1 (1961). 
24. D. S. Falconer, Introduction to Quantitative Genetics 

(Longman, London, 1981); C. C. Cockerham and 
B. S. Weir, Biometricr 33, 187 (1977). 

25. We thank D. Stratton, B. Nakamura, L. Kohom, 
and J. Antonovics for comments on an earlier ver- 
sion of this paper. This work was supported by NSF 
grants BSR-8561333 and BSR-8817813 to M.L.S. 

16 January 1990; accepted 25 April 1990 

Light-Evoked Changes in the Interphotoreceptor Matrix 

The normal function of vertebrate photoreceptor cells depends on multiple interac- 
tions and transfer of substances between the photoreceptors and the retinal pigment 
epithelium (RPE), but the mechanisms of these interactions are poorly understood. 
Many are thought to be mediated by the interphotoreceptor matrix (IPM), a complex 
extracellular matrix that surrounds the photoreceptors and lies between them and the 
WE.  Histochemical, immunocytochemical, and lectin probes for several IPM constit- 
uents revealed that components of the IPM in the rat undergo a major shift in 
distribution or molecular conformation after the transition between light and dark. In 
the light, various IPM constituents concentrated in bands at the apical and basal 
regions of the outer segment zone; in the dark, they distributed much more uniformly 
throughout the zone. The change in IPM distribution was triggered by the light-dark 
transition; it was not a circadian event, and it was not driven by a systemic factor. The 
light-evoked change in IPM distribution may facilitate the transfer of substances 
between the photoreceptors and the RPE. 

T HE NORMAL FUNCTION AND METAB- 

olism of vertebrate photoreceptor 
cells depend on numerous interac- 

tions with the RPE. These interactions in- 
clude exchange of metabolites and catabolic 
by-products ( I ) ,  water and ion transport, 
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retinoid transfer between photoreceptors 
and RPE during the visual pigment cycle, 
control of the proper ionic composition in 
the external milieu, alignment and adhesion 
of photoreceptor outer segments to the 
WE,  and possible signaling from the retina 
to the W E  for the regulation of outer 
segment disk shedding (2-7). Several of 
these events follow the environmental light- 
dark transition or follow a light-entrained 
circadian rhythm (2-4). Because there are no 
direct intercellular connections between 
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photoreceptor and RPE cells, many of the 
interactions between the cells rcquirc the 
transkr of materials through the IPM, 
which lies between the photoreceptors and 
the WE. For this reason, it has been as- 
sumed by most workers that the IPM plays a 
aucial role in photorcccptor-WE cell inter- 
actions (6, 8, 9); however, no function for 
the IPM has yet bccn firmly established and 
little is known about the mcans of transfix of 
substances through the IPM. The most well- 
defined macromolecule of the IPM, inter- 
photoreceptor minoid-binding protein 
(IRBP), is thought to shuttle retinoids be- 
tween the photoreceptors and the RPE dur- 
ing diffmnt phases of the light cyde (lo), 
but even this role has been challenged (1 1). 
We have discovered a light-evokcd change 
in the IPM that may provide at lcast some of 
the motive force for the transfer of sub- 
stances between the photoreceptors and thc 
W E  and may be involved in other intcrac- 
lions between thcse ceh. 

The ~olvanionic IPM that fills the inter- 
p~tor;cdtor  space can be v i d  histo- 
chemically with cationic reagents, such as 
colloidal A n  (CI), which & virtually all 
plyanions (12). When we stained retinal 
d o n s  tiom normal, light-adapted rats 
with CI (13), we confirmed earlier findings 
(14) that the IPM was most concentrated at 
the interface with the apical surface of the 
RPE (apical photoreceptor outer segment 
zone) and at the photoreceptor inner scg- 
ment-outcr segment junction (basal outer 
segment region) (Fig. 1A). The IPM was 
less concentrated in the intervening intersti- 
tial zonc, that is, the region alongside the 
outer segments, particularly in the most 
basal halfof the interstitial zont (15). Some 
stainable IPM was usually prcscnt between 
the photoreceptor inner segments reading 
inward to the outer limiting membrane 
(Fig. lA), although staining k this region 
was somewhat variabk. 

The distribution of the IPM changed 
dramatically in the dark phase of the light 
cydc. In eyes taken from rats kept &or 
more hours in the dark, the interstitial +zone 
was much more heavily and udbrmly 
stained than in the light (Fig. lB), and,. 
although a concentrated apical band of E M  
staining was sometimes seen, it was often 
obscured by the heavily stained interstitial 
zone. By contrast, a concentration of stain- 
ing in the basal outer segment zone was 
seldom seen. Consequently, the overall IPM 
had a much morc -hom&encous staining 
pattern in the dark than in the light. In 
addition, virtuaUy no stained IPM was prc- 
sent between the photoreceptor inner seg- 
ments or at the outer limiting membrane in 
the dark-adapted animals (Fig. 1B). 

Immunocytochemical and lcain probes 

that arc morc specific fbr individual IPM cowminyl residues of glycoconjugates (16); 
constituents than C1 confirmed the histo- and a polydonal antibody to IRBP (Fig. 1, 
chemical findings. Thcse included monodo- G and H). Thus, the chief components of 
nal antibodies to chondmitin 6-sulfate (Fig. the IPM apparently undergo a major shift in 
1, C and D); the plant I d  wheat germ distribution or molecular contbrmation &er 
agglutinin (WGA) (Fig. 1, E and F), which light-dark transition (17). 
b ids  specifically to sialyl and N-acetylglu- Using CI staining, we explored the dme 

Fig. 1. Light micrographs 
of polyesty wax-embeddcd 
d o l l s  & to danon- 
stratcvarious~tuentsof 
the IPM of albino rat eyes 
taken either in the light (one 
or more hours into the light 
cyde) (A, C, E, G) or in the 
dark (two or morc hours 
into the dark cyde) (B, D, 
F, H). The retinal pigment 
epithelium (rpe), the photo- 
rrceptor outer segments 
(0s) and inner segments (is) 

* 

LIGHT 

& ' l a w  in (4, and th; 
outa limiting membrane 
( e d s )  arc shown in 
other micrographs. (A and 
8) CI histochemical stain- 
ing. In retinas taken in the 
light (A), there is a strong 
concentration of densely 
stained IPM in the apical 
outer segment zone (a, at 
the in& with the WE) 
and in the basal outer seg- - mat zone (b, at the junc- 
don with the inner seg- <pG?&: mcms), but a less inunsely * .  
stained interstitial zonc (iz, 
alongside the outer scg- 
mcnts) than in the apical 
and basal zones. Thae is 
also some CI-stained IPM 
betwecntheinnerscgmcnts, 
rcachmginwardasfarasthe 
outer limiting membrane 
(arrowhead). In dark-adapt- m'p -'5? t:.*>. ; 
ed &as (B), the intersti- - .  ,>;.. . -... ".: . . , "7. 
aal zone is much morc in- 
tensely sained with CI than 
in the light-adapted retinas; 
an apical band of staining is 
lcss obvious; and thcrc is no u n H 
conspicuous basal outer seg- 
ment concentration. Inner 
scmcntstainin9:isvimlaIly . 
a&t in the & (C  and'^) Chondroitin d&te immun+dasc. The distribution of densely 
stained reaction ~rodua in the linht-adavtcd IC) and dark-adad ID) retinas is almast identical to that 
seen with CI hkochcmical d b g .  bntrh'qxriments h &d; either the pretreatment of the 
sections with chondroitinase ABC was omitted or nonirnmunc mow serum was substituted h r  the 
primary antibody (30) eliminated staining in both lighting conditions (not shown). (E and F) FITG 
WGA lectin fluorescene. With this procedure, the FITGWGA binding patterns in the light-adapted 
(E) and dark-adapted (F) retina$ are similar to those obtained with CI and chOndroi~ dsulfitc, 
although the fluorcsccnt labchg appears bnght in the micrographs. The near absence of lcctin binding 
in the interstitial zone in the light-adapted retinas (E) c o n m  sharply with the in- bin- of this 
zone in the dark-adapted retinas (F). Ncuramhidase treatment of the sections &re application of 
FITGWGA s~gnificantly duccd fluorescence in the IPM (not shown), indicatingthat much of the 
tluoresccncc in (E) and (F) represents bin- to sialoglycoconjugata. (G and H) IRBP immmpcr- 
oxidasc. The IRBP immunoreactivity patterns in the light-adapted (G) and dark-adapted (H) retinas arc 
similar to hose obtained with CI, chondroi~ dsulfitc, and FITGWGA. Similar IRBP staining was 
seen with immunofiuoresccnce methods (not shown). ALL IRBP imrnunodvity in the IPM of both 
lighting conditions was abolished when the primary antiserum was prcabsorbed with IRBP (not 
shown), indicating that the binding w i h t  preabrption is spcafic. The pattcms of staining in the 
light-adapted retinas are similar to thasc shown in Wt-adapted d e n t  retinas by methods used to 
demonstrate U (8, 14), IRBP (M,31,32), and chondroitin dsulfatc (M,33); although a strong apical 
concentration ofchondroitin 6-sulfate was not conspicuous in previous light microscopic immunocytn- 
chemical staining (M), it was in electron microscopic immunogold labding (33). Bar, 10 v. 
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required to complete the change in the IPM 
distribution in three separate groups of rats 
at each of the normal light-dark transition 
times, that is, light onset in the morning and 
light offset in the evening. Before and imme- 
diately after light onset in the morning (for 
example, 1 min), the retinas still showed the 
diffise pattern of IPM staining characteristic 
of eyes fixed in the dark. However, as early 
as 5 rnin after light onset and thereafter (10, 
15, 30, 60, and 120 rnin), the banded light 
pattern was clearly evident. The transition to 
the diffuse IPM pattern after light offset in 
the evening was more gradual and required 
1 to 2 hr to complete, although this was less 
consistent from animal to animal than the 
rapid morning transition from dark to light. 
In one group of rats, we used antibodies to 
IRBP and confirmed the same transition 
times observed after CI staining. Thus, the 
dark to  light changes in the IPM occur 
rapidly, within 5 min, and the light to dark 
changes require significantly longer to com- 
plete, between 1 and 2 hr. 

Because photoreceptor outer segment 
disk shedding in the rat follows a circadian 
rhythm and is independent of the onset of 
lighting (4, 18), we carried out several ex- 
periments to determine whether the IPM 
change is light-triggered or follows a circadi- 
an rhythm. When the dark phase of the light 
cycle was extended for different periods (up 
to 2 hr) in the morning, the retinas still 
displayed the dark pattern. When the light 
phase was extended for up to 2 hr in the 
evening, the IPM still showed the light 
pattern. Likewise, when rats were exposed 
to room light for 15 to 60 rnin at different 
times of the dark cycle (2, 4, or 11 hr into 
the 12-hr dark cycle), they showed the light 
pattern. Conversely, when rats were placed 
in the dark at different times of the light 
cycle (3 or 6 hr into the 12-hr light cycle), 
they switched to the dark pattern, but 111 
transition required 1 to 2 hr as it did at the 
normal time of the light offset. Moreover, if 
rats were placed in the dark in the middle of 
the light cycle, were kept there for 2 hr 
(where they presumably switched to the 
dark pattern), and then were returned to the 
light for 5 min or more, the IPM showed 
the light pattern. Thus, the results of each of 
these experiments demonstrate that the 
change in IPM distribution is triggered by 
the change in lighting and is not a circadian 
event. 

We also patched one eye of the rats with 
black opaque tape at 2 to 4 hr after light 
onset and killed the animals 2 hr later (19). 
In each case, the patched eye showed the 
diffise dark pattern whereas the open eye 
retained the banded light pattern. These 
results add further evidence that the change 
in IPM distribution is light-evoked and ar- 

gue against the involvement of a systemic 
factor, which presumably would affect both 
eyes equally. Moreover, it demonstrates that 
the IPM change can readily occur in anes- 
thetized animals (19). 

We suggest that light-evoked changes in 
the IPM may facilitate the transfer of sub- 
stances between photoreceptors and the 
RPE by changing the gross distribution of 
its proteoglycans and acidic glycoproteins. 
Several events occur after the light-dark 
transition that are consistent with this no- 
tion. For example, retinoids move from the 
photoreceptor outer segments to the RPE 
after the bleaching of visual pigment by light 
and move in the reverse direction in the dark 
to allow the regeneration of visual pigment 
(2, 3). After the onset of light, many IPM 
constituents shift rapidly away from the 
outer segment interstitial zone toward the 
RPE and inner segments; after light offset, 
the IPM components assume a more uni- 
form distribution across the outer segment 
zone (Fig. 1). The time course for the light- 
evoked change (less than 5 min) slightly 
precedes the movement of vitamin A from 
the RPE during light adaptation in the rat 
(2). Likewise, the much slower change to 
the dark pattern (1 to 2 hr) closely matches 
the rate of vitamin A movement back to the 
photoreceptors during dark adaptation (2). 
Thus, there is a close temporal relation 
between the light-evoked IPM changes and 
the partitioning of vitamin A in the photo- 
receptor-RPE complex in the visual pigment 
cycle. Regardless of whether IRBP actively 
transports retinoids across the IPM (10) or 
simply binds them to allow gradual ex- 
change between' the photoreceptors and 
RPE (1 1, 20), the concentration of IRBP at 
the apical zone in the light may serve to 
accumulate retinoids adjacent to the RPE 
and thereby facilitate their transfer to the 
RPE cells. 

Light-induced changes in the IPM distri- 
bution may also influence the transfer of 
substances across the interphotoreceptor 
space in other ways. For example, the con- 
centration of chondroitin 6-sulfate in the 
basal outer segment zone during the light 
may have an effect on the diffusion of sub- 
stances [electrical potentials that influence 
diffusion rates across extracellular matrices 
are generated by concentration gradients of 
chondroitin sulfates in other systems (21)]. 
In addition, proteoglycans such as those in 
the IPM immobilize water and resist its flow 
(22), and they alter the osmotic pressure of 
their environment as a function of their 
concentration (22). A change in the osmotic 
pressure would presumably change the state 
of hydration of the proteoglycans, which 
would thereby influence the diffusion rates 
of other substances within the IPM (22). 

Thus, the rate of water flux across the 
interphotoreceptor space from retina to cho- 
roid (23) may be altered by the light-evoked 
generation of concentration gradients of 
IPM constituents. 

Clues about the underlying mechanism of 
the light-evoked IPM changes come from 
studies on changes of ion fluxes after light 
transition. Light causes (i) a release of ca2+ 
by the photoreceptor into the interphotore- 
ceptor space (24), (ii) a decrease in extracel- 
lular K+ surrounding the photoreceptors 
(25, 24,  (iii) an increase in pH in the 
interphotoreceptor space (27, 28), and (iv) a 
predicted reduction in the release of lactic 
acid by photoreceptors (28). Glycosamino- 
glycans in other systems undergo conforma- 
tional changes (reversible extension and re- 
traction) when the pH or ionic composition 
of their milieu is changed (22). Such confor- 
mational changes of the IPM after photo- 
receptor illumination may underlie the 
changes we have demonstrated and would 
alter the diffusional and transport properties 
of the matrix (22). The changes in extracellu- 
lar ca2+, K+, and pH peak at less than 4 
rnin (mostly less than 1 min) after light 
onset (25, 26), immediately before the rapid 
light-evoked IPM redistribution. Likewise, 
depending on the degree of visual pigment 
bleach, the recovery during dark adaptation 
may require many minutes for pH (27), and 
up to 80 rnin for K+ (25), similar to the slow 
IPM changes during dark adaptation. Thus, 
the time course for each of these changes is 
consistent with its involvement in the distri- 
butional changes of the IPM. 

It remains to be shown experimentally 
that the light-evoked changes we have dem- 
onstrated are directly related to changes in 
the transport or diffision of substances 
across the IPM. However, it is clear that the 
further analysis of light-dark changes will be 
an important key for understanding the vital 
interactions between photoreceptors and 
the RPE. Moreover, it is remarkable that 
such dynamic, light-dependent changes oc- 
cur extracellularly in the ,IPM, while even 
more rapid, light-evoked movement of pho- 
toreceptor-specific proteins thought to func- 
tion in phototransduction (for example, a- 
transducin, P-transducin, 3 3 - 0  ' protein, 
and 48-kD protein) occurs intracellularly 
between the photoreceptor inner and outer 
segments (29). 
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