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ABSTRACT 

The freeze-fracture technique was used to examine the membranes  of the 
photoreceptors of mice and frogs. Particle-free patches were found in the plasma 
membrane  and basal disk membranes  of the outer segments of both mice and 
frogs housed at room temperature,  but not in frogs kept in a cold room. These 
patches were shown not to be artifacts of  cryoprotection or fixation, and they 
persisted when fresh isolated outer segments were frozen by an ultrarapid 
method.  They were also found to persist in mouse rods when retinas were 
incubated and subsequently fixed at temperatures up to 80~ Cholesterol was 
implicated as a significant component  of  the patches by the observation that, in 
the outer segments, pits, induced by treatment with the sterol-specific polyene 
antibiotic filipin, were present in and confined to the particle-free patches. That 
these lesions are not inherently limited to particle-free membrane  areas was 
evident in the apical plasma membrane  of the photoreceptor inner segments, 
where particles and pits were intermixed. Treatment  with saponin, a surface- 
active agent which specifically complexes cholesterol, resulted in the disappear- 
ance of the particle-free patches, Patches were found in basal disks of both mouse 
and frog rods but not in older disks nearer the pigment epithelium, which 
indicates that changes occur in the composition of disk membranes  and/or in the 
molecular ordering of their protein and lipid components during the early phase 
of their transit from the base towards the apex of the outer segment. 
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Vertebrate photoreceptors have a number of char- 
acteristics which make the freeze-fracture tech- 
nique especially useful in studying correlations 
between their structure and function. Their pho- 

toreceptive portions, or outer segments, contain 
numerous membranous disks, stacked within a 
plasma membrane. These membranous disks and 
their enveloping plasma membrane are rich in 
integral membrane proteins, most of which is 
photopigment (11, 20, 32, 33, 58). The lipid 
composition of outer segments has been studied 
(1--4, 74, 75) as has the fluidity of disk membranes 

J. CELL BIOLOGY �9 The Rockefeller University Press �9 0021-9525/81/04/0215/14 $1.00 
Volume 81 April 1979 215-228 

215 



(12-14 ,  18, 52, 53, 60-62) .  Ou te r  segments 
normally lose apical port ions containing plasma 
membrane  and disks which are consumed as phag- 
osomes by cells of the pigment  epi thel ium (77),  in 
a process with circadian aspects (35, 46,  47),  
while new disks are formed at the base of the 
outer  segments .  This establishes a process of fairly 
cont inuous m e m b r a n e  renewal ,  which includes 
the synthesis of photop igment  protein (opsin) in 
the inner  segment  of the pho torecep tor  (10, 15, 
32, 57, 59, 77, 78) and its migrat ion by an 
unknown path to the outer  segment  where it is 
incorporated into disks. Moreover ,  membranes  
doubtlessly play a role in mainta ining the distinc- 
tive shapes of rod and cone outer  segments  (ROS,  
COS) in the apparen t  absence of membrane-asso-  
ciated cytoskeletal  elements .  

These considerat ions suggested that  it would be 
worth doing a systematic freeze-fracture survey of 
membranes  from the inner  and outer  segments  of 
photoreceptors  of a variety of species, with special 
a t tent ion to possible differences be tween  rods and 
cones, to disk-forming regions, and to phagosome- 
forming regions. The li terature contains a n u m b e r  
of freeze-fracture studies report ing detailed or 
casual observat ions  on outer  segments  from a 
variety of species (7, 17, 19, 39, 44, 48-.50, 55, 
56, 63), but  with a few exceptions these are 
focused on compar ing the P and E faces of disk 
membranes .  The P face of disk membranes  was 
uniformly repor ted  to be fully occupied by closely 
spaced m e m b r a n e  particles in mature  animals,  but  
particle-free patches (PFPs) were observed both  
during initial pho torecep tor  differentiat ion (56) 
and after prolonged vitamin A deficiency (39). In 
addit ion,  such PFPs were notable features of the 
P face of the plasma membranes  of the murine 
(39) and bovine (44) outer  segment .  

We observed these PFPs in a variety of species 
and decided to investigate their  nature before 
proceeding to o ther  studies. We report  here some 
of our  observat ions  and the results of several 
exper iments  designed to explore the molecular  
significance of PFPs in outer  segment  (OS) mem- 
branes  of mice and frogs. 

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

Animals 

Mice used in this study were of the C57BL/6 strain 
and were kept under conditions of cycling light (12 h 
light/12 h dark [12L/12D]). The frogs used were Rana 
pipiens kept either (a) in a cold room at -6~ with no 

regular light cycle and no food, or (b) in a plastic tub at 
room temperature (-22~ under 12L/12D cycling light 
and were fed crickets. Frogs were obtained commercially 
(NASCO, Fort Atkinson, Wisc.) and were said to 
originate in Mexico. 

Isolation and Incubation 

After animals were decapitated, enucleated mouse 
eyes were placed in Earle's balanced salt solution, and 
enucleated frog eyes were placed in Ringer's solution (as 
modified by Fain [26]) at physiological pH (7.0-7.6) 
and osmolarity (285-290 mOsmol for mice, 220-225 
mOsmol for frogs), and the retinas were rapidly removed 
under a dissecting microscope and white light (up to 40 
fc). 

Some retinas were incubated in HEPES (N-2-hydrox- 
yethylpiperazine-N'-2-ethane sulfonic acid)-buffered 
versions of the dissecting solutions over a wide range of 
known temperatures for 30 s before immersion in 
buffered fixative at the corresponding temperature. 
Other retinas were incubated in solutions containing the 
polyene antibiotic filipin (generously provided by Dr. G. 
B. Whitfield, Jr. of the Upjohn Co., Kalamazoo, Mich.). 
Fresh stock solutions were made by dissolving 10 mg of 
filipin in 1 ml of dimethylformamide (DMF) before each 
experiment. Mouse retinas were incubated for 10 min at 
37~ in either 100/.tg filipin/ml Earle's (1% DMF) or l 
mg/ml (10% DMF). Frog retinas were incubated for 20 
rain at room temperature in modified Ringer's contain- 
ing filipin and DMF as above. To control for the effects 
of such high DMF concentrations, mouse and frog 
retinas were incubated in similar solutions lacking filipin. 

Some mouse retinas were incubated in solutions con- 
taining saponin (Sigma Chemical Co., St. Louis, Mo.; 
either 2.5 or 0.25 mg/ml in Earle's) for 2.5-15 rain at 
room temperature or for 10 rain at 37~ 

Fixation 

Unless otherwise stated, all retinas were fixed in a 
2.5% glutaraldehyde solution in either 0.16 M cacodyl- 
ate buffer or Earle's (mouse retinas), or in 0.1 M 
phosphate buffer or Ringer's (frog retinas). The bulk of 
fixation generally occurred at 4~ for 12 h or more, and 
was sometimes preceded by a brief incubation in fixative 
at higher temperatures corresponding to a prior incuba- 
tion. 

Freeze-Fracture Procedures 

Cryoprotection was always done in a 25% glycerol 
solution either in Earle's (mice) or in diluted Earle's or 
0.1 M phosphate buffer (frogs), at room temperature for 
from 1--2 h. Small pieces of tissue were loaded on 
Balzers specimen carriers (Balzers Corp., Nashua, 
N.H.), rapidly frozen in Freon 22 near its freezing point 
of -160~C, transferred to liquid nitrogen, and freeze- 
fracture was carried out on a Balzers apparatus (BAF 
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301). Replicas were cleaned by overnight immersion in 
methanol followed by 5-6% NaOCI at room tempera- 
ture. After being washed in sterile distilled water the 
replicas were picked up on electron microscopy grids 
(either naked or Formvar [Monsanto Co., St. Louis, 
Mo.] coated) and examined and photographed in an 
Elmiskop IA electron microscope. 

Observations were made of unfixed retinas by three 
different procedures. The normal freezing and subse- 
quent freeze-fracture techniques were applied to both 
cryoprotected and uncryoprotected unfixed mouse reti- 
nas, and, in addition, mouse ROS were observed after 
ultrarapid freezing by the method of Gulik-Krzywicki 
and Costello (30). ROS were aspirated from the surface 
of a freshly removed retina and immediately placed on a 
thin (0.003 in.) copper "hat." ("Hats" were generously 
provided by Dr. Daniel Branton, Biological Laborato- 
ries, Harvard University.) After placing an electron 
microscope grid over the suspension, a similar hat was 
inverted and placed on the top. This assembly was frozen 
in a small drop of liquid Freon 22 in contact with its ice, 
and then rapidly transferred to liquid nitrogen. 

Patch and Membrane Area Measurements 

These measurements were made with a compensating 
polar planimeter. Before a patch was measured, it had 
to satisfy two criteria: (a) its outline had to be clearly 
defined, and (b) the piece of membrane containing it 
had to appear relatively flat and parallel to the overall 
plane of the replica. Area values for each patch were 
averages of 10 measurements. For estimation of the 
fraction of membrane area covered by patches, mem- 
brane regions were found which met the latter criterion 
and which contained patches that satisfied both criteria. 
Such areas were rare, and the measurements made 
correspondingly reflect a statistically small set of mem- 
brane regions. 

R E S U L T S  

Plasma Membrane 

The ROS of both normal C57BL/6 mice (Fig. 
1) and frogs acclimated to room temperature (Fig. 
2) possess plasma membranes with densely packed 
intramembrane particles evident on the P face 
which are interspersed with numerous rounded 
PFPs, but PFPs were not observed in the ROS 
plasma membrane of frogs kept for some weeks in 
a cold room at - 6 ~  (Fig. 3). These observations 
were verified in - 4 0  mice and in at least four 
frogs in each group. The initial observations of  
these PFPs in pilot studies of the mouse were all 
obtained after fixation at 4~ and it was suspected 
that they represented artifacts of the low fixation 
temperature because of their resemblance to the 

PFPs obtained experimentally as a result of similar 
cooling in a variety of natural and artificial mem- 
branes (16, 23, 29, 31, 34, 38, 43, 51, 65, 66, 
69, 71--73, 76). The conclusion reached in each of 
these studies was that the PFPs were the result of 
temperature-induced lateral phase separations in 
the component  lipids of the membranes  examined. 
In view of the demonstrated presence of photopig- 
merit in the outer  segment plasma membrane (6, 
22, 39), the most compelling similarity was be- 
tween our results and the PFPs observed in the 
study by Chen and Hubbell  (16) of rhodopsin- 
containing artificial membranes.  The hypothesis 
that the PFPs observed in R O S  plasma mem- 
branes were caused by temperature-induced lat- 
eral phase separations of membrane lipids led to a 
series of expdriments in which mouse retinas were 
incubated and initially fixed at temperatures rang- 
ing from 4 ~ to 80~ Fixation with glutaraldehyde 
has been shown to immobilize rhodopsin in disk 
membranes (14, 18, 53, 62). The result of  these 
experiments,  verified for at least four mice at each 
temperature,  was that PFPs could still be found in 
the ROS plasma membrane at all the tempera- 
tures studied (Fig. 4). Changes in particle distri- 
bution and patching behavior were noted, in that 
a less dense but still random particle distribution 
was evident at the highest temperatures,  and the 
PFPs displayed an increasing size and change in 
shape which suggested progressive PFP conflu- 
ence with increasing temperature.  Fixation at 
60~ of retinas from frogs acclimated to 6~ also 
resulted in the appearance of a less densely partic- 
ulate ROS plasma membrane,  but no PFPs were 
evident. Determination either of the average PFP 
size or  the fraction of the membrane they occupied 
was impossible to estimate reliably at incubation 
and fixation temperatures above 37~ both be- 
cause the largest PFPs were often only partly 
revealed by the fracture plane and because the 
smallest patches seen at the lower temperatures 
could not have been seen among the more dis- 
persed particles observed at the higher tempera- 
tures. However ,  estimates of the PFP fraction of  
total membrane area were obtained from photo- 
graphs of  favorably fractured and replicated mem- 
brane areas of  outer  segments incubated and fixed 
at 4 ~ and 37~ and were found to be 11% and 
16%, respectively. Because (a) considerable vari- 
ability among different outer  segments was noted 
and (b) very few outer segments fractured so that 
large areas of their plasma membranes were pre- 
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FIGUaES 1-3 Freeze-fracture replicas of  rod outer  segments of  a mouse (Fig. 1) and frogs (Figs. 2-3).  
Retinas were fixed at 4~ Fig. 1 shows the P face of the plasma membrane  from a mouse and illustrates 
numerous  particle-free patches. Bar, 0.2 t~m. • 78,600. Fig. 2 shows the P face of the plasma membrane  
from the retina of a frog acclimated to room temperatures for at least 4 wk. Note numerous  particle-free 
patches. Bar,  0.2 g.m. • 59,500. Fig. 3 illustrates several aspects of a photoreceptor from a frog kept in 
a cold room. P and E faces of  calycal processes (CP or CE) from an inner segment  are shown, as well as 
the P face of the plasma membrane  of the rod outer  segment  (P).  Note absence of particle-free patches in 
the outer segment  membrane .  Bar, 0 .4 /zm.  x 36,000. 



the development of PFPs as a result of subsequent 
cooling (34, 43, 76), cryoprotection, or the usual 
freezing technique (34), it was deemed desirable 
to ensure that it did not artifactually produce PFPs 
in ROS plasma membrane. In unfixed mouse 
retinas, this membrane continued to display PFPs 
after each of the following treatments: (a) cry- 
oprotection followed by the usual freeze-fracture 
techniques; (b) normal freeze-fracture of freshly 
dissected, uncryoprotected retinas; and (c) rapid 
freezing of isolated, uncryoprotected ROS by the 
method of Gulik-Krzywicki and Costello (30) 
followed by fracturing and replication. 

Another possible source of artifact was the 
exposure of the retinas to fairly intense white light 
during isolation. Although bleaching results in 
rhodopsin dispersal in artificial membranes (16), 
it is conceivable that the opposite effect might 
obtain in situ. Control experiments involving reti- 
nas isolated under dim red light from animals 
dark-adapted for >1 h revealed no qualitative 
difference in the appearance of the plasma mem- 
branes of ROS of mice incubated at either 37 ~ or 
60~ or of frogs incubated at 22~ 

D & k  M e m b r a n e  

FIGURE 4 Freeze-fracture replica of the P face of the 
plasma membrane of mouse ROS. The retina was incu- 
bated at 68~ and prefixed at the same temperature. 
Note persistence and apparent confluence of particle- 
free patches. Bar, 0.3 ~m. • 43,000. 

sented at the proper orientation to the direction 
of shadowing for the production of replicas from 
which measurements could be made, these num- 
bers merely reflect the absence of an obvious 
reduction in overall patch area as a result of 
increasing the temperature from 4 ~ to 37~ PFPs 
were evident in the ROS plasma membrane of 
room-temperature-acclimated frogs whether fixa- 
tion was carried out either at 4~ or at room 
temperature (-22~ observations at higher tem- 
peratures were not made. The attempt to count 
particles was not pursued because they were ex- 
tremely heterogeneous in size, to such an extent 
that no clear demarcation between a '~particle" 
and a mere surface textural irregularity was evi- 
dent. The problems involved in counting particles 
in general have been recently discussed (54). 

Although glutaraldehyde prefixation has been 
shown in a number of other membranes to prevent 

ROS disk membranes of mice and frogs were 
similar in that the P face contained closely packed 
intramembrane particles, whereas the E face was 
generally smooth and contained very few parti- 
cles. Visual inspection of micrographs of equal 
magnification clearly demonstrates the basic qual- 
itative similarity of the fracture faces produced by 
these membranes (Fig. 5). 

PFPs like those of the plasma membrane were 
observed in the P face of some ROS disk mem- 
branes in both mice and frogs. In mice (Fig. 6), 
this occurred only in regions of the replicas also 
containing cross-sections of rod inner segments, 
which suggests that the disks displaying patches 
were close to the base of the outer segment 
("basal disks"). Basal disk patches were observed 
in animals sacrificed either in the light period or at 
the end of the dark period. In frog retinas, PFPs 
were found in disks more removed from the layer 
of inner segments. Because of the shortness of the 
connecting cilium in frog rods, many fracture 
planes revealed part of the inner segment and the 
basal - 1 0 0  disks of the same rod. In these cases, 
the location of any favorably fractured and repli- 
cated patch-bearing disks could be directly ascer- 
tained (Fig. 7), and thus is was found that in frogs, 
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FIGURE 5 Freeze-fracture replicas of (a) normal mouse and (b) frog ROS disks, showing the highly 
particulate P faces (P) and sparsely particulate E faces (E). Bar, 0.3/,~m. x 38,000. 

ROS disk patches can occur in any of at least the 
- 7 5  most basal disks. 

Disk and Plasma Membranes after 
Treatment with Filipin 

The persistence of some PFPs in the plasma 
membrane of ROS of mice at all the temperatures 
tested, and the suggestion of an increase in mem- 
brane area represented by patches at 37~ relative 
to 4~ led to further experiments designed to 
probe their molecular nature. Incubations of 
mouse and frog retinas in solutions containing the 
polyene antibiotic filipin were done to test the 
hypothesis that the PFPs observed in photorecep- 
tot membranes are correlated with the presence 
of cholesterol. This hypothesis was suggested by 
Hubbell's (37) reference to unpublished observa- 
tions of the formation of PFPs as a result of the 
inclusion of cholesterol in rhodopsin-containing 
artificial membranes. Filipin has been found to 
produce characteristic membrane lesions, observ- 
able by freeze-fracture, resulting from a specific 

reaction with sterols in membranes containing 
them (67, 69). We reasoned that this reaction 
specificity should apply to sterols possibly local- 
ized in particular membrane regions, and there- 
fore might be valuable in testing the above hy- 
pothesis. In experiments involving mice and frogs 
(the latter acclimated to room temperature), fili- 
pin-induced "pits" were found in and were con- 
fined exclusively to the PFPs of both the disk and 
plasma membranes of their ROS (Fig. 8). In the 
most successful mouse experiment, pits were 
found in virtually every plasma membrane PFP; 
however, many of the disk patches were free of 
pits in all experiments. No obvious change was 
evident in the number, size, or disposition of the 
PFPs as a result of the exposure to filipin. In 
control experiments involving equivalent DMF 
concentrations but no filipin, nothing correspond- 
ing to the pits induced by filipin was evident. 

The results of the experiments employing fitipin 
incubations were found to be very variable. The 
initial experiment was done at a concentration of 
t00 /_tg/ml and produced a nearly uniform reac- 
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FIcukES 6 and 7 Freeze-fracture replicas of mouse (Fig. 6) and frog (Fig. 7) ROS basal disks. In both 
figures, arrows point to particle-free patches in the P face of disk membranes, The approximate level of 
the mouse disks is established by the nearby cross-fracture of an inner segment (IS) while the precise level 
of the frog disks is established by their relation to the junction of the outer segment and inner segment 
(IS). Fig. 6: Bar, 0.3/xm, x 48,000; Fig. 7: Bar, 0.3 ~m, • 54,000. 
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FIGURE 8 Freeze-fracture replicas illustrating the appearance of filipin-induced pits in the disk and 
plasma membranes of the outer segments of mouse and frog rods. In (a) and (b) are shown the plasma 
and disk membranes,  respectively, of mouse outer segments, and in (c) and (d) those of a frog. In (a) and 
(b) note that pits are in both P and E membrane fracture faces (P, E) and that in all photographs P face 
pits are confined to particle-free patches. The P and E faces illustrated in (a) are from adjacent cells and 
are separated by extracellular space. (a) Bar, 0.2 txm, x 60,000; (b) bar, 0,3 ~m,  x 43,000; (c) bar, 0.2 
p~m, x 70,000; (d) bar, 0.3 ~m,  x 48,000. 



tion in the photoreceptors throughout the random 
portions of the mouse retina examined. Attempts 
to repeat this experiment and to extend it to other 
species, including frog, were unsuccessful at this 
filipin concentration. As a result, higher concen- 
trations (necessitating higher DMF concentra- 
tions) were tried and gave good results and much 
less variation between experiments, but there was 
still a variation among retinal areas, suggesting 
real differences in the access of filipin to photore- 
ceptors, possibly because of an irregular persist- 
ence in these detached retinas of a gel which is 
known to surround the outer and inner segments 
of these cells in at least some species (27). Sources 
for variation between experiments include prob- 
lems of solvation, because the filipin solutions 
were usually cloudy, and problems caused by 
filipin instability. Filipin is not stable in air, and 
the sample we received (200 mg) was stated to be 
from an I l-y-old supply stored under nitrogen at 
very low temperature. Our storage conditions may 
have been insufficiently protective, such that upon 
use the drug was partially degraded. 

Plasma Membrane after Treatment 

with Saponin 

Saponin, like filipin, is also a sterol complexing 
agent (42) which has been shown by negative 
staining to make lesions specifically in cholesterol- 
containing membranes (5). Incubating mouse ret- 
inas in saponin solutions (2.5 mg/ml) for 10 or 15 
rain at room temperature or for 10 min at 37~ 
led to the disappearance of most or sometimes all 
of the PFPs normally found in the OS plasma 
membrane (Fig. 9). Sometimes, PFPs much re- 
duced in size and of irregular appearance are 
evident. An irregular reduction in patching re- 
sulted from shorter incubations. In addition, the 
overall appearance of the OS was typically de- 
graded, as indicated by a swelling of the disks and 
general deformation of the outer segments. How- 
ever, some OS appear normal and patch disap- 
pearance occurs here as well, indicating that it is 
not a function of the degree of distortion of the 
outer segments. This is also supported by the high 
temperature studies, in which patches persisted 
despite OS degradation of similar appearance. 

DISCUSSION 

In this study, we have attempted to investigate the 
significance of the PFPs observed in the P face of 
various membranes of photoreceptor outer seg- 

ments. That these were probably not artifacts of 
fixation, cryoprotection, or freezing was indicated 
by their persistence in control experiments involv- 
ing freeze-fracture of unfixed retinas examined 
after either the usual freezing technique or the 
rapid-freeze method of Gulik-Krzywicki and Cos- 
tello (30). 

The interpretation of the experiments employ- 
ing filipin depends upon two assumptions. The 
first is that if filipin encounters similar local con- 
centrations of cholesterol in photoreceptor mem- 
branes, it will react with the same intensity and 
specificity for cholesterol as was established in 
other systems (42). This assumption seems rea- 
sonable and implies that the presence of the 
filipin-induced lesions in the PFPs described here 
indicates the presence of cholesterol at these sites. 
The second assumption is that nothing about 
photoreceptor membranes will prevent either the 
interaction of filipin with any cholesterol present 
or the subsequent perturbations of the membrane, 

FIGURE 9 Freeze-fracture replica showing the P face 
of the plasma membrane of a mouse rod outer segment 
from a retina which had been exposed to saponin. Note 
the absence of particle-free patches. Bar, 0.2 /xm. 
• 57,000. 
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FIaURE 10 Freeze-fracture replicas of the apices of rod inner segments (IS) of a (a) mouse and (b) frog 
from retinas exposed to filipin. Note the cross-fracture of the cilium (C) in the somewhat oblique view of 
the mouse IS. It may be seen that in both cases membrane particles are interspersed among filipin-induced 
pits. Bars, 0.3 t~m. x 42,000. 
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identifiable in replicas as filipin-induced pits. That 
this series of events is not in general confined to 
particle-free membrane areas is demonstrated by 
the observation of intercalated filipin-induced pits 
and membrane particles (which may not be iden- 
tical to those in the OS) in the inner segment 
plasma membranes of both mouse and frog rods 
(Fig. 10). While steric or other restrictions of 
filipin reactivity confined to the densely particu- 
late areas of outer segment membranes cannot be 
ruled out, if the second assumption is true then it 
implies that the confinement of filipin-induced pits 
to PFPs in mouse and frog ROS indicates a 
preferential concentration of cholesterol at these 
sites. This conclusion must be regarded as tenta- 
tive at this time. One cannot be certain that filipin 
had access to the isolated mature disks whose 
membrane is not exposed to extracellular space. 

Before starting the current investigation, we 
knew that particle-free patches occur in artificial 
membranes containing purified rhodopsin in a 
number of circumstances: (a) if the membrane 
lipid only consists of phosphatidylcholines (PCs) 
and is brought below its phase transition temper- 
ature before freeze-fracture (16) (this is an exam- 
ple of the widely reported, temperature-induced, 
lateral phase separation type of patching); (b) if 
the membrane contains E. coli phosphatidyletha- 
nolamines (PEs) as well as PCs (36); (c) if the 
recombinant membrane lipid is the presumably 
cholesterol-free polar lipid extracted from bovine 
ROS (36); and (d) if cholesterol is added to 1- 
stearoyl-2-oleoylphosphatidylcholine (mole ratio 
3:1 phospholipid:cholesterol) as the lipid compo- 
nents of the membrane (the latter component by 
itself produces a random particle distribution) 
(37). 

Persistence of PFPs in mouse retinas incubated 
and fixed at up to 80~ does not exclude the 
possibility that they represent a separate phase 
composed, in part, of (gelled) phospholipids be- 
low their phase transition temperature. If the lipid 
composition of mouse ROS closely resembles that 
of rat ROS, as seems likely, then examination of 
data on the latter (3) leads to the expectation that 
- 1 %  of the phospholipids present could be distea- 
roylphosphatidylethanolamine (di 18:0 PE), 
which has a melting temperature of -85~ (45). 
R. E. Anderson has failed to detect any di 18:0 
PE in frog ROS (personal communication), but 
he points out that as much as 0.5% could be 
present and have escaped detection. Because the 
plasma membrane represents only - 3 %  of the 

total membrane of the mouse ROS, and because 
PFPs represent - 1 6 %  of the P face of the plasma 
membrane (at 37~ then patches comprise only 
- 0 . 5 %  of the total ROS membrane. Saibil et al. 
(64) estimate from their neutron diffraction data 
that protein accounts for from 20 to 35% of the 
hydrophobic volume of OS membrane and is 
distributed about equally in the inner and outer 
leaflets, so the maximum estimated proportions of 
di 18:0 PE possibly present and the area of OS 
membrane represented by PFPs are roughly com- 
parable. However, insofar as the behavior ob- 
served in simplified model systems may be applied 
to lipids in complex biological membranes, the 
presence of cholesterol in PFPs as indicated by the 
filipin binding can be used as an argument that the 
PFPs are unlikely to simply represent areas of 
gelled di 18:0 PE. First, as discussed above, disk 
lipids of outer segments are predominantly in a 
highly fluid state, and this is likely to be true for 
the highly particulate regions of ROS plasma 
membrane. Second, by differential scanning calo- 
rimetry (68), cholesterol has been shown to pref- 
erentially partition in the fluid portion of artificial 
membranes composed of either various PCs or 
PEs. Further, in mixtures of PEs and PCs, choles- 
terol showed clear preference for PCs in that it 
prevented the phase transitions of PCs whether, 
because of their fatty acids, PCs were the mixture 
component with the highest or lowest melting 
point. Because ROS membranes contain 40--50% 
PCs (1), gelled di 18:0 PE would not represent an 
environment in which cholesterol would be likely 
to be found. 

The above argument, however, which empha- 
sizes evidence that rhodopsin (16) and cholesterol 
(68) preferentially partition into relatively fluid 
regions of artificial membranes under a variety of 
circumstances, means that the indicated presence 
of cholesterol in PFPs which are putatively less 
fluid than their surround requires some special 
explanation. There are two hypotheses, one sug- 
gested by Hubbell's work (37), which propose 
mechanisms to explain the presence of cholesterol 
in less fluid PFPs. 

The first hypothesis is that when cholesterol 
molecules enter the membrane they form com- 
plexes with phospholipid molecules (perhaps one 
or two per cholesterol), and, further, that these 
complexes aggregate and exclude protein, thus 
forming PFPs. This hypothesis is given some sup- 
port by the observation that the PFPs of mouse 
ROS plasma membranes can be made to disap- 
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pear by exposure to saponin. The influence of 
cholesterol on the formation of PFPs has been 
examined in other systems, and has been found to 
differ greatly. Verkleij et al. (70) found that 
rounded PFPs appeared in erythrocyte plasma 
membranes after fusion with an abnormal serum 
lipoprotein (LP-X) containing equimolar choles- 
terol and lecithin (and only - 6 %  protein). Dup- 
pel and Dahl (23), however, found that the addi- 
tion of cholesterol prevented the appearance of 
PFPs otherwise observed in rat liver microsomes 
precooled before freeze-fracture. 

The second hypothesis is that cholesterol merely 
partitions into PFPs rather than participates im- 
portantly in their formation. This might be ex- 
pected if it is assumed that PFPs are especially 
rich in sphingomyelin, because sphingomyelin is 
found in ROS membranes (1) and cholesterol 
apparently has an affinity for sphingomyelin even 
greater than that for relatively fluid membrane 
areas. This is suggested by the observations of 
Demel et al., using differential scanning calorim- 
etry (21) that cholesterol abolished the phase 
transition of sphingomyelin in preference to other 
components in lipid mixtures in which sphingo- 
myelin was the component with the highest melt- 
ing temperature. 

The observation of PFPs in the basal disks of 
outer segments in rods of mice and frogs, and of 
their absence in older disks farther from the inner 
segment, indicated that in at least some species 
these disk membranes undergo compositional 
changes as they begin their displacement toward 
the pigment epithelium from the site of their 
assembly at the base of the outer segment. The 
increase in the proportion of disk area represented 
by densely packed particles and the progressive 
elimination of particle-free patches together sug- 
gest an increase in the diskal protein:lipid ratio in 
the process of disk formation in mature animals. 
This parallels the model of the initial development 
of disk structure formulated by Olive and Recou- 
vreur (56) based upon their observation of an 
increase in particle density and a decrease in bare 
areas within the disks of developing photorecep- 
tors of postnatal mice. However, Besharse and 
Pfenninger (7) did not report seeing any particle- 
free patches in either forming disks or the plasma 
membrane of the outer segments of rods of Xen- 
opus. Remodeling the protein-lipid distribution of 
the disk requires that the former PFP-associated 
components are either (a) dispersed among the 
particles, (b) displaced out to the plasma mem- 

brane at points of continuity, possibly as particles 
are inserted, or (c) replaced in favor of particle- 
associated lipid components. Such remodeling 
processes are reasonable to hypothesize because 
lipid components have been shown to exchange 
freely in and out of ROS membranes (8, 9). 
However, as noted previously, Hong and Hubbell 
(36) observed PFPs in artificial membranes com- 
posed of purified rhodopsin recombined with po- 
lar lipids extracted from isolated bovine ROS. 
Because this is primarily diskal lipid, their obser- 
vation supports the hypothesis that dispersed 
within the normal disk are components capable of 
forming PFPs. It is quite possible that all three 
processes of dispersal, displacement, and replace- 
ment of PFP components are involved in eliminat- 
ing the particle-free patches as disks move up the 
outer segments with time. Kaplan et al. (40) have 
reported birefringence measurements in isolated 
frog ROS which are consistent with the results 
presented here. Their data were interpreted as 
indicating a decrease in the fraction of the ROS 
volume that is membrane with increasing distance 
from the inner segment. In conjunction with a 
calculated increase in bulk membrane refractive 
index, they hypothesized that a loss of lipids 
occurs with disk "aging"; this could correspond to 
the patch displacement and/or replacement hy- 
pothesized above. They observed a decrease in 
intrinsic birefringence with increasing distance 
from the inner segment, with most of the change 
occurring in the basal '/3-'/2 of the OS. The 
change in membrane volume fraction was too 
small to account for all of this, and, among 
possible sources they suggested for the remainder, 
they included "concentration gradients of mem- 
brane constituents such as cholesterol or retinal." 
This would concur with the lipid remodeling hy- 
pothesized above. 

The ability to study possible segregations of 
lipid components in the plane of the membrane 
would appear to be particularly valuable in view 
of the growing appreciation of the functional 
importance of lipid physical state in regulating 
membrane proteins (41). In attempting to estab- 
lish correlations among lipid composition, lipid 
physical state, and membrane-associated enzyme 
activity, it is clear that attention must be directed 
toward increasing the resolution of this informa- 
tion beyond whole membranes to defined mem- 
brane regions. Freeze-fracture observations of le- 
sions induced by filipin have several attractive 
features in this regard. With freeze-fracture, in 
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c o n t r a s t  t o  t h i n  s e c t i o n s ,  l a r g e  a r e a s  o f  m e m b r a n e  

c a n  b e  o b s e r v e d  a t  s o m e w h a t  h i g h e r  r e s o l u t i o n  

t h a n  w i t h  c u r r e n t  s c a n n i n g  e l e c t r o n  m i c r o s c o p y .  

F i l i p i n  h a s  h i g h  r e a c t i o n  s p e c i f i c i t y  a n d  p r o d u c e s  

s u c h  e a s i l y  r e c o g n i z e d  l e s i o n s  t h a t  p o s i t i v e  r e s u l t s  

a r e  r e a d i l y  i n t e r p r e t a b l e .  T w o  a b s t r a c t s  h a v e  r e -  

c e n t l y  a p p e a r e d  d e s c r i b i n g  t h e  i n d e p e n d e n t  d e v e l -  

o p m e n t  o f  t e c h n i q u e s  e m p l o y i n g  f i l i p in  a n d  s a p o -  

n i n s  t o  l o c a l i z e  m e m b r a n e  c h o l e s t e r o l  ( 2 4 ,  2 8 ) .  A 

r e c e n t  p a p e r  f r o m  t h e  s a m e  g r o u p  d e s c r i b e s  t h e  

u s e  o f  d i g i t o n i n  a n d  f r e e z e - f r a c t u r e  t o  i d e n t i f y  

c h o l e s t e r o l - c o n t a i n i n g  r e g i o n s  o f  v a r i o u s  m e m -  

b r a n e s  ( 2 5 ) .  W h i l e  t h e  u s e  o f  s a p o n i n s  s u f f e r s  t h e  

r e l a t i v e  d i s a d v a n t a g e s  t h a t  s a p o n i n s  a r e  s o m e w h a t  

l e s s  s p e c i f i c  t h a n  f i l i p in  a n d ,  a s  p o i n t e d  o u t  b y  t h e  

a u t h o r s  a n d  s u g g e s t e d  b y  o u r  r e s u l t s ,  t e n d  t o  

s o l u b i t i z e  t h e  m e m b r a n e  c h o l e s t e r o l  b e i n g  s t u d -  

i e d ,  i t  h a s  t h e  i m p o r t a n t  a d v a n t a g e s  o f  t h e  s a p o -  

n i n s '  r e a d y  a v a i l a b i l i t y  a n d  s t a b i l i t y .  

This  s tudy  w a s  f u n d e d  b y  g r a n t  E Y - 0 0 2 5 8  ( A .  I. C o h e n )  

o f  the N a t i o n a l  Ins t i tu tes  o f  H e a l t h .  L a r y  A n d r e w s  w a s  

s u p p o r t e d  b y  the  a b o v e  g r a n t ,  the  Divis ion  o f  B io logy  

a n d  B iomed ica l  Sc iences  o f  W a s h i n g t o n  Un ive r s i ty ,  a n d  

the  P r o g r a m  for  T r a i n i n g  in Vis ion R e s e a r c h  (EY-  

0 0 0 9 2 )  of  the N a t i o n a l  Ins t i tu tes  o f  H e a l t h ,  

Rece ived  f o r  publ ica t ion  2 8  A u g u s t  1 978 ,  and  in rev ised  

f o r m  2 7  N o v e m b e r  1978 .  

N o t e  A d d e d  in Proo f "  W h e n  R ,  p ip iens  f r o m  M e x i c o  

w e r e  s e a s o n a b l y  u n a v a i l a b l e  w e  r e c e n t l y  e x a m i n e d  

f r e e z e - f r a c t u r e  r ep l i ca s  o f  r e t i n a s  f r o m  R .  p ip iens  o f  

n o r t h e r n  U . S .  o r i g in  a n d  f r o m  B u f o  m a r i n u s  f r o m  t h e  

U . S ,  s o u t h w e s t ,  W h i l e  in b o t h  c a s e s  P F P s  w e r e  o b -  

s e r v e d  in b a s a l  b u t  n o t  m a t u r e  d i sks ,  t h e y  w e r e  n o t  

f o u n d  in t he  R O S  p l a s m a  m e m b r a n e .  P r e l i m i n a r y  

resu l t s  n e v e r t h e l e s s  r e v e a l e d  f i l ipin b i n d i n g  in b o t h  

d e n s e l y  p a r t i c u l a t e  p l a s m a  m e m b r a n e s .  F i l ip in  b i n d i n g  

is a l so  o b s e r v e d  in d i sk s ,  b u t  we  h a v e  n o t  ye t  e s t a b -  

l i shed  wi th  c e r t a i n t y  if th is  is c o n f i n e d  to  b a s a l  d i sks  

a n d  to  t h e i r  P F P s .  
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