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Dynamic Behavior of Rod Photoreceptor Disks

Chunhe Chen, Yunhai Jiang, and Yiannis Koutalos
Department of Physiology and Biophysics, University of Colorado Health Sciences Center, Denver, Colorado 80262 USA

ABSTRACT Eukaryotic cells use membrane organelles, like the endoplasmic reticulum or the Golgi, to carry out different
functions. Vertebrate rod photoreceptors use hundreds of membrane sacs (the disks) for the detection of light. We have used
fluorescent tracers and single cell imaging to study the properties of rod photoreceptor disks. Labeling of intact rod
photoreceptors with membrane markers and polar tracers revealed communication between intradiskal and extracellular
space. Internalized tracers moved along the length of the rod outer segment, indicating communication between the disks as
well. This communication involved the exchange of both membrane and aqueous phase and had a time constant in the order
of minutes. The communication pathway uses ~2% of the available membrane disk area and does not allow the passage of
molecules larger than 10 kDa. It was possible to load the intradiskal space with fluorescent Ca®* and pH dyes, which reported
an intradiskal Ca®* concentration in the order of 1 uM and an acidic pH 6.5, both of them significantly different than
intracellular and extracellular Ca®>* concentrations and pH. The results suggest that the rod photoreceptor disks are not
discrete, passive sacs but rather comprise an active cellular organelle. The communication between disks may be important

for membrane remodeling as well as for providing access to the intradiskal space of the whole outer segment.

INTRODUCTION

Eukaryotic cells contain various membrane organelles, like
the endoplasmic reticulum or the Golgi, for carrying out
different functions. Vertebrate rod and cone photoreceptors,
the cells responsible for visual phototransduction, use a
modified cilium (called the outer segment) for the detection
of light. Rod photoreceptors mediate vision at low light
intensities, whereas cones mediate vision at high light in-
tensities. The rod outer segment is packed with hundreds of
membrane sacs (the disks) on the surface of which the initial
biochemical reactions of visual transduction take place. The
disks are regularly stacked on top of each other with a repeat
distance of 300 A (Blaurock and Wilkins, 1969). Photore-
ceptor disks are continuously being renewed through for-
mation of new disks at the base of the outer segment,
displacement of the disks distally along the length of the
outer segment, and eventual detachment and phagocytosis
by adjacent pigment epithelial cells (Young, 1967; Ander-
son and Fisher, 1975). This continuous process of renewal
occurs at a massive rate that for amphibian rod photorecep-
tors amounts to the production of ~3 wm? of membrane
area per min (Besharse et al., 1977). The morphology of the
disks has been investigated in fixed tissue, where rod pho-
toreceptor disks appear to be separate from the plasma
membrane and internal to the outer segment (Nilsson,
1965), except from the newly formed disks at the base of the
outer segment that are open to the extracellular space (Co-
hen, 1963). Cone photoreceptor disks on the other hand
appear to be open to extracellular space and continuous with
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the plasma membrane of the outer segment (Cohen, 1968).
These results have led to textbook descriptions of the rod
disks as discrete and separate from the plasma membrane
and each other (Dowling, 1987; Nicholls et al., 2001). Disks
have been considered to be passive membrane sacs, whose
function is to pack the components of the phototransduction
cascade at high concentrations in the outer segment.

We have used fluorescent dyes and single cell imaging to
study the properties of disks in living rod photoreceptors.
These experiments reveal communication between these
disks as well as between disks and extracellular space.
Measurements of intradiskal Ca®" concentration and pH
find both of them significantly different than intracellular
and extracellular Ca®" concentrations and pH, suggesting
the presence of dynamic processes operating in the disk
membrane.

MATERIALS AND METHODS

Intact rod photoreceptors were isolated from the retinas of dark-adapted
larval tiger salamanders (Sullivan Inc., Nashville, TN) or mice by finely
chopping the retinas with a razor blade under Ringer’s in a petri dish
covered with Sylgard elastomer (Dow Corning, Midland, MI). Until the
retinas were isolated, all procedures were carried out under infrared illu-
mination with the help of image converters. Afterwards, the retinas were
light adapted. Isolated cells were placed in a chamber coated with Con-
canavalin A for salamander rods and polyornithine for mouse rods (Adler,
1990). For loading photoreceptors with fluorescent dyes, isolated cells or
whole retinas were incubated with the dye(s) for 30 to 60 min at room
temperature and subsequently washed 3 to 4 times with Ringer’s to remove
excess dye. The composition of the amphibian Ringer’s solution is 110 mM
NaCl, 2.5 mM KCl, 1.6 mM MgCl,, 1 mM CaCl,, 5 mM HEPES, 5 mM
glucose, pH 7.55. The composition of the mammalian photoreceptor Ring-
er’s solution is (slightly modified from He et al. (2000) and Winkler
(1981)): 130 mM NaCl, 5 mM KCI, 0.5 mM MgCl,, 2 mM CaCl,, 25 mM
HEPES, 5 mM glucose, pH 7.40, 310-mOsm osmolality. For loading, FM
1-43 and related styryl dyes were used at concentrations of 4 to 32 uM;
sulforhodamine 101, thiadicarbocyanine, rhodamine green succinimidyl
ester, and tetramethylrhodamine- or Texas Red-labeled dextrans were used
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at 0.2 to 1 mM; whereas the impermeant salts of Fura-2, BTC, and
2',7"-bis-(2-carboxyethyl)-5(and-6)-carboxyfluorescein (BCECF) were
used at 1 mM. The succinimidyl ester is an amino group modifier.
BODIPY-labeled phospholipids were used at a concentration of 1 uM. For
loading the cytoplasmic space, the acetoxymethyl esters of Fura-2, fluo-3,
BCECF, or calcein were used at a concentration of 10 uM. All fluorescent
dyes were from Molecular Probes (Eugene, OR).

Imaging experiments were carried out at room temperature on the stage
of a Zeiss Axiovert 100 microscope equipped with a SensiCam CCD
camera (Cooke Corporation, Auburn Hills, MI), controlled by Intelligent
Imaging Innovations (Denver, CO) software. For measuring the fluores-
cence of different fluorophores, the following combinations of excitation/
emission wavelengths (in nm) were used: for FM 1-43, 490/617; for
sulforhodamine 101 and the tetramethylrhodamine- or Texas Red-labeled
dextrans, 555/617; for thiadicarbocyanine, 640/685; for fluo-3, 490/528.
For measurements with ratiometric dyes, the excitation wavelengths were:
for Fura-2, 340 and 380 nm; for BTC, 380 and 440 nm; for BCECF, 440
and 495 nm. The emission for all these three ratiometric dyes was moni-
tored at 540 nm. For a ratio R, the Ca®* concentration was calculated as K
X B X (R — Rpin)/(Rax — R), in which the R;,, and R,,, 340/380 and
380/440 ratios and the B parameter (Grynkiewicz et al., 1985) were
measured for Fura-2 and BTC in the same imaging setup. For Fura-2, R, ;,
=0.24, R,..x = 7.10, B = 16.21, and K; = 224 nM; for BTC, R,,;;,, = 0.02,
Roax = 0.77, B = 7.37,and K; = 7 uM. For ultraviolet excitation (340 and
380 nm), there was considerable autofluorescence from rod outer segments
that interfered with the Fura-2 and BTC measurements. We corrected for
the contribution of autofluorescence by measuring it separately in cells
isolated from the same retinas and subtracting it from the fluorescence
intensities measured from the cells loaded with the Ca®" dyes. For Ca**
measurements with fluo-3, the F,;, and F, . values were obtained by
exposing each cell to 0 Ca®" and Ca®*-Ringer’s solutions containing 40
uM ionomycin. The Ca®" concentration was calculated as K; X (F —
Frin) (Foax — F), with K4 = 400 nM. For converting ratios to pH, the
495/440 ratios for BCECF were measured at four different pHs in the same
imaging setup. BCECF was calibrated in three different ways: intracellu-
larly and in vitro using either Ringer’s or a high-K" solution (110 mM
KCl, 1.6 mM MgCl,, | mM CaCl,, 5 mM HEPES, 5 mM glucose). For
intracellular calibration, the extracellular solutions (same composition as
the high-K™" solutions) contained 10 uM nigericin (Thomas et al., 1979).
There was no significant difference between the three calibration curves.
BCECF coupled to a 10-kDa dextran was calibrated only with the in vitro
solutions, and again, there was no significant difference between the two
calibration curves. There was a slight difference between the in vitro pH
calibration curves for BCECF and dextran-coupled BCECEF. Fig. 1 shows
three calibration curves for BCECF: in a high KCI solution (circles),
intracellular (triangles), and BCECF coupled to the 10-kDa dextran in a
high KCI solution (squares). As expected for that pH range (around the pK
of BCECF), the fluorescence ratio changed linearly with pH. The solid line
is a least squares fit to the KCl solution points (equation: ratio = —30.6 +
5.5 X pH) and was not very different from the fit to the intracellular points
(ratio = —26.4 + 4.9 X pH) over the relevant pH range. The dotted line
is a least squares fit to the dextran points and is slightly shallower (ratio =
—24.0 + 4.5 X pH) than the others over the relevant pH range.

For measuring the relative loading of dyes of different sizes, we used
thiadicarbocyanine as an internal standard. Isolated rod photoreceptors
were incubated with a mixture of the dye of interest and thiadicarbocya-
nine. We measured the loading of a dye in relation to thiadicarbocyanine
as the ratio of the dye fluorescence over that of thiadicarbocyanine. To
correct for differences in incubating concentration and fluorescence quan-
tum yield, the ratio was normalized over the fluorescence ratio of the
incubating mixture.

For fluorescence recovery after photobleaching (FRAP) experiments, an
MRC-600 laser scanning confocal microscope (Bio-Rad, Cambridge, MA)
equipped with a 5-mW krypton-argon laser was used in a nonconfocal
mode. A high intensity of the laser beam was used for bleaching, whereas
a lower, nonbleaching intensity was used for scanning and measuring the
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FIGURE 1 Calibration curves for pH measurements for BCECF in a
high KCI solution (@), intracellular (A), and BCECF coupled to the
10-kDa dextran in a high KCI solution (H). The fluorescence emission ratio
for excitations at 495 and 440 nm was measured at pHs 6.13, 6.92, 7.66,
and 8.51. The straight lines are least squares fit to the BCECF in vitro
calibration points (solid line) and the BCECF-dextran points (dotted line).
The standard error bars that do not appear in the graph were smaller than
symbol size.

distribution of fluorescence before and after bleaching. The 488-nm line of
the laser was used for experiments with FM 1-43, BODIPY, calcein, and
rhodamine green, whereas the 568-nm line was used for experiments with
sulforhodamine 101 and Texas Red. After bleaching, images were acquired
at regular intervals and were subsequently analyzed with the system
software. The fluorescence recovery data were fitted with simple exponen-
tials, providing the fluorescence recovery rates. These rates, along with the
size of the cell (length or diameter), were used to obtain the apparent
diffusion coefficient for longitudinal or lateral mobility of the fluorophore.
The rate r of fluorescence recovery in the longitudinal dimension will be
given by the exponent of the first term of the solution to the diffusion
equation for a rod insulated at both ends (Carslaw and Jaeger, 1959, p 101,
Eq. 6), which for this case is

D
VZWZXP (1)

in which D is the longitudinal diffusion coefficient of the fluorophore, and
L is the outer segment length. For lateral diffusion, that is diffusion on the
plane of the disk membrane or in the intradiskal space, the same Eq. 1
applies with 7 as the rate of fluorescence recovery in the lateral dimension,
D as the lateral diffusion coefficient of the fluorophore, and L as the outer
segment diameter (Poo and Cone, 1974).

RESULTS

Fig. 2 a shows uptake of the fluorescent tracer FM1-43 by
a living isolated salamander rod photoreceptor. The fluores-
cence quantum yield of FM1-43 increases dramatically
upon binding to membranes (Betz et al., 1992), allowing the
monitoring of the uptake process in the presence of 8 uM
FM1-43 in the solution. There was an open zone in the tip
area of the outer segment and the concentration of incorpo-
rated dye increased with time over the whole length of the
outer segment (Fig. 2 b). After 30 min, the dye was re-
moved, and with time the fluorescence decreased at the tip
but increased in the rest of the outer segment (Fig. 2 ¢),
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FIGURE 2 Uptake of fluorescent tracers by salamander rod outer seg-
ments. (a) Isolated rod photoreceptor at the beginning of incubation in the
presence of 8 uM FM1-43. (b) Thirty minutes after addition, dye has been
incorporated into the outer segment through the open zone in the tip area.
(c) Thirty minutes after the dye has been removed from the extracellular
medium, the concentration of dye has decreased in the tip area, but
increased in the rest of the outer segment. (d) Profiles of fluorescence along
the length of the outer segment immediately after addition of FM1-43 in
the extracellular medium (7), 15 min after addition (2), and 30 min after
addition (3). (e) Profiles of fluorescence along the length of the outer
segment immediately after removal of FM1-43 from extracellular medium
(1), 15 min after removal (2), and 30 min after removal (3).
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indicating movement of the incorporated dye from the tip to
the base of the outer segment. Fig. 2 d shows the changing
profiles of fluorescence during the first 30 min in the
presence of the dye, indicating a progressive incorporation
of the tracer as time went on. Fig. 2 e shows the changing
distribution of fluorescence during the 30 min after extra-
cellular dye removal. The fluorescence declines in the tip
but increases in the base of the outer segment. Because
extracellular dye has been removed, these changes indicate
movement of the dye from the tip toward the base. FM1-43
does not cross-cell membranes (Henkel et al., 1996), there-
fore the observed fluorescence cannot be due to dye incor-
porated in the outer segment cytoplasm. The incorporation
of the tracer in the tip can be accounted for by the presence
of open disks, as previously observed by staining with
Lucifer Yellow (Matsumoto and Besharse, 1985). FM1-43
then initially enters the intradiskal space through these open
disks and subsequently moves along the length of the outer
segment through a communication pathway between the
disks. In separate experiments we have also observed dye
incorporation through infrequent and transient disk open-
ings along the length of the outer segment (data not shown).
In some experiments the dye was taken up preferentially by
the ellipsoid region of the rod, consistent with a process of
endocytosis that has been observed before using horseradish
peroxidase (Hollyfield and Rayborn, 1987). In these cases,
the dye subsequently moved from the ellipsoid to the outer
segment, indicating that the communication process is bi-
directional. Similar tracer uptake was observed with the
related styryl dyes, FM4-64, FM2-10, FM14-68 (Betz et al.,
1996), as well as with the polar tracers sulforhodamine 101,
thiadicarbocyanine, and a 3-kDa dextran labeled with Texas
Red. Confocal sections confirmed that the staining was
within the outer segment and not limited to the plasma
membrane surface. An important concern is whether the
observed spreading of the incorporated tracers is due to
abnormal membrane fusion caused by photodamage or the
generation of toxic photoproducts. This is unlikely as trac-
ers were found to have spread throughout the rod outer
segments after loading in the dark. Also, we have carried
out experiments like the one shown in Fig. 2 and examined
the spread of the dye from the tip to the rest of the outer
segment over a period of 1 h but without the intervening
measurements that illuminated the cell. The dye spread in a
similar manner as in the experiments in which measure-
ments were carried out at regular intervals, again making
photodamage an unlikely cause for the observed spread. It
should also be pointed out that the uptake and incorporation
of extracellular tracers into the intradiskal compartment was
not an artifact of the cell isolation procedure, as similar
staining was observed in cells incubated with tracers in
whole retinas before dissociation. Fig. 3 shows the compar-
ative loading of rods with sulforhodamine 101 when incu-
bated with the dye after (a) and before (b) dissociation. The
loading pattern is the same in both cases (fluorescence
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FIGURE 3 Loading of rod outer segments with a polar tracer. Cells were
incubated in the dark for 30 to 45 min with 1 mM sulforhodamine in
Ringer’s. Noninternalized dye was subsequently washed away with Ring-
er’s. Fluorescence was measured within 1 h after the end of incubation. (a)
Sulforhodamine rod outer segment fluorescence in cells incubated with the
tracer after dissociation. The fluorescence image shows a cell loaded in this
fashion. () Sulforhodamine rod outer segment fluorescence in cells incu-
bated with the tracer in whole retinas before dissociation. The fluorescence
image shows a cell isolated after incubation with the tracer in a whole
retina. Scale bar = 10 wm; the scale is the same for both images.

images), although significantly less dye is incorporated in
rod outer segments in the retina (histograms) before disso-
ciation. There was significant incorporation of the tracer in
the ellipsoid region of the cell, just below the outer segment,
consistent with endocytosis (Hollyfield and Rayborn, 1987).
All cells incorporated significant amounts of the dye in the
outer segment under both conditions. The lower levels of
dye incorporation for cells incubated in the whole retina
may be due to the dense packing of the outer segments
resulting in lower accessibility for the dye.

We characterized the kinetics of the communication be-
tween disks using FRAP. Fig. 4 a shows an isolated
salamander rod photoreceptor loaded with a 3-kDa dextran
coupled to the fluorescent dye Texas Red. This is a polar
tracer that is expected to label the intradiskal space. The dye
in an area of the outer segment was bleached with a laser
beam (Fig. 4 b) and the movement of unbleached dye from
the rest of the outer segment into the bleached areca was
followed over time, until the fluorescence in the bleached
area recovered after 4.5 min (Fig. 4 ¢). The fluorescence
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profiles along the length of the outer segment are shown in
Fig. 4 d, and the recovery kinetics of fluorescence in the
bleached part is shown in Fig. 4 e. The recovery kinetics
was characterized by a rate » = 0.013 s~ !, corresponding to
an apparent diffusion coefficient D = 0.76 um? s~ ', ob-
tained from Eq. 1 for an outer segment length L = 24 um
for this cell.

We also measured the apparent mobilities of other tracers
expected to label different outer segment compartments.
FM1-43 is expected to label the intradiskal leaflet of the
disk membrane bilayer, whereas sulforhodamine 101 is
expected to label the intradiskal space. We used calcein-AM
to label the cytoplasmic space with calcein; calcein-AM
readily crosses the cell membrane and reaches the cyto-
plasm where esterases cleave the acetoxymethyl ester
groups, producing calcein, which remains trapped inside the
cell. Finally, we used BODIPY-tagged phospholipids (phos-
phatidylcholine and phosphatidylethanolamine) to label all
membranes. The results are tabulated in Table 1. The ap-
parent diffusion coefficients for longitudinal movement of
FM1-43, sulforhodamine 101, and 3- kDa dextran were
virtually the same, 0.31 to 0.65 um? s~ ', indicating that the
three tracers were moving through the same process. The
cytoplasmic tracer, calcein, was moving much faster with an
apparent diffusion coefficient of 42 um? s~ ', consistent
with the cGMP diffusion coefficient of 30 to 60 um? s~!
measured with a different approach (Koutalos et al., 1995b).
Fluorescent-labeled phospholipids also moved faster than
the intradiskal tracers with diffusion coefficients of ~2.3
um? s~ ', The apparent diffusion coefficients for FM1—43
and the fluorescent-labeled phospholipids were also mea-
sured in isolated mouse rod photoreceptors and found to be
similar to those for salamander (Table 1).

Fig. 5 shows a schematic representation of the process
through which the loading of the intradiskal spaces could
take place. In this model, tracers enter the intradiskal space
through open disks, present mostly at the tip of rod outer
segments, and membrane fusion between neighboring disks

TABLE 1 Apparent diffusion coefficients for different tracers

Longitudinal Lateral

diffusion diffusion

coefficient coefficient

(um? s~ (um? 57"
Salamander calcein-AM 42 *+709)
Salamander FM1-43 0.53 £0.14(5) 4.7%=0.7(6)
Salamander sulforhodamine 101 031 £0.08(4) 6.5%0.8(8)
Salamander 3 kD dextran 0.65*0.16(4) 3.0*x1.0(5
Salamander rhodamine green label — 0.40 = 0.06 (8)
Salamander phosphatidylethanolamine 2.3 £ 0.7 (10) 5.1 £ 0.6 (8)
Salamander phosphatidylcholine 22+0409) 3.7+0.5(5)
Mouse FM1-43 0.78 = 0.22 (4) —
Mouse phosphatidylethanolamine 1.6 £0.5(7) —
Mouse phosphatidylcholine 2.6 = 0.8 (8) —

The number of determinations is given in parentheses.
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FIGURE 4 FRAP measurements of dye mobility along the length of the
rod outer segment. Isolated rods were incubated in the dark for 1 h with 500
uM Texas Red-labeled 3- kDa dextran in Ringer’s. Noninternalized dex-
tran was subsequently removed by washing with Ringer’s. Measurements
were carried out within 2 h after the end of incubation. (a) An isolated
salamander rod photoreceptor loaded with Texas Red-labeled 3-kDa dex-
tran. (b) Immediately after bleaching the dye in an area of the outer
segment. (c¢) 4.5 min after the bleach, the fluorescence in the bleached area
has recovered as dye from the unbleached areas has moved in. (d) Profiles
of fluorescence along the length of the outer segment, for the experiment
in a to ¢. From bottom to top, the shown traces are: immediately after

< D

FIGURE 5 Model for the loading of the rod outer segment intradiskal
space showing a diagram of a plausible pathway for tracer uptake. Tracers
enter the intradiskal space through open disks, present mostly at the tip of
rod outer segments (/eff); membrane fusion between neighboring disks
allows the exchange of membrane and aqueous phase and the intradiskal
tracers move along the length of the outer segment (right).

allows the internalized tracers to percolate through the disk
stack. We tested this model by comparing the signals of
Ca’*- and pH-sensitive dyes incorporated in the cytoplas-
mic and the intradiskal space. We used the membrane-
permeant acetoxymethyl-ester forms of dyes to label the
cytoplasm and the membrane-impermeant salts to label the
intradiskal space. Fig. 6 shows the results obtained by
loading rod photoreceptors with the pH-sensitive dye
BCECF. Fig. 6, a and b show fluorescence images of rod
photoreceptors loaded with BCECF-AM and BCECEF, re-
spectively. In the rod outer segment loaded with the imper-
meant salt of BCECF (Fig. 6 b), there is a band of bright
staining (arrow) that reflects high dye concentration, likely
to have been incorporated in disks open to extracellular
space. For this rod outer segment, the pH in the band was
7.30, whereas the pH in the rest of the outer segment
(diffuse staining) was 7.11. Overall, the cytoplasmic pH was
7.29 = 0.02 (n = 27) in good agreement with *'P-nuclear
magnetic resonance measurements (Apte et al., 1993),
whereas intradiskal BCECF reported a pH of 6.50 = 0.07
(n = 35) (Fig. 6 ¢). On the other hand, BCECF coupled to
a 10-kDa dextran reported an intradiskal pH of 7.21 = 0.02
(n = 17), suggesting limited access of high molecular
weight molecules through the communication pathway be-
tween the disks: the 10-kDa dextran is limited to intradiskal
spaces that are in close communication with extracellular
space, and therefore have a higher pH, closer to the extra-
cellular pH of 7.55. Consistent with this interpretation, areas
staining brightly with free BCECF and reflecting high dye
concentrations incorporated in open disks, had higher pH

bleach, 0.5 min after, 1 min after, 4.5 min after, initial fluorescence before
bleach. (e) Kinetics of fluorescence recovery for the bleached area for the
experiment in @ to ¢. The solid line is an exponential least squares fit with
rate 7 = 0.013 s~ '. The initial data point is the fluorescence before bleach.

Biophysical Journal 83(3) 1403-1412
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FIGURE 6 Rod outer segment pH values measured by different tracers
in distinct compartments: (a) Fluorescence image (excitation 495 nm) of an
isolated salamander rod loaded with BCECF acetoxymethyl ester (BCECF-
AM). Isolated cells were incubated in the dark for 30 min with 10 uM
BCECF-AM in Ringer’s. Excess dye was subsequently removed by wash-
ing with Ringer’s. Measurements were carried out within 2 h after the end
of incubation. Scale bar = 10 um. (b) Fluorescence image of an isolated
salamander rod loaded with free BCECF (excitation 495 nm). Whole
retinas were incubated in the dark for 1 h with 1 mM BCECF in Ringer’s.
Noninternalized dye was subsequently removed by washing with Ringer’s
and isolated cells were obtained by dissociation. Measurements were
carried out within 2 h after the end of incubation. Scale is the same as in
a. This particular cell showed a band of bright staining in the outer segment
(arrow) indicating high dye concentration. The pH in the band was 7.30,
whereas in the rest of the outer segment (diffuse staining) was 7.11. (¢)
Collected pH data: BCECF-AM produces BCECF in the cytoplasm and
reports a cytoplasmic pH of 7.29 * 0.02 (n = 27); free BCECF enters the
intradiskal space and reports a pH of 6.50 £ 0.07 (n = 35); BCECF
coupled to a 10-kDa dextran has limited access to intradiskal space and
reports a pH of 7.21 = 0.02 (n = 17). Error bars represent standard errors.

7.38 = 0.10 (n = 10), reflecting the close communication
with extracellular space. The pH values reported here are
quite reliable: they are based on extensive BCECF calibra-
tions that were carried out under various conditions, all of
which gave consistent results (Fig. 1).

Fig. 7 shows the results obtained with the Ca®"-sensitive
dyes Fura-2, fluo-3, and BTC. Fig. 7, @ and b shows
fluorescence images of rods loaded with Fura-2-AM and the
impermeant salt of BTC, respectively. In the rod outer
segment loaded with the impermeant salt of BTC (Fig. 7 b),
there is a band of bright staining (arrow) that reflects high
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FIGURE 7 Rod outer segment free Ca®>" concentrations measured by
different tracers in distinct compartments. (a) Fluorescence image (excita-
tion 380 nm) of an isolated salamander rod loaded with Fura-2 acetoxy-
methyl ester (AM). Isolated cells were incubated in the dark for 30 min
with 10 uM Fura-2-AM in Ringer’s. Excess dye was subsequently re-
moved by washing with Ringer’s. Measurements were carried out within
2 h after the end of incubation. Scale bar = 10 wm. (b) Fluorescence image
(excitation 440 nm) of an isolated salamander rod loaded with free BTC.
Whole retinas were incubated in the dark for 1 h with 1 mM BTC in
Ringer’s. Noninternalized dye was subsequently removed by washing with
Ringer’s and isolated cells were obtained by dissociation. Measurements
were carried out within 2 h after the end of incubation. Scale is the same
as in a. This particular cell showed a band of bright staining in the outer
segment (arrow), indicating high dye concentration. The Ca®" concentra-
tion in the band was ~2.7 uM, whereas in the rest of the outer segment
(diffuse staining) was ~0.8 uM. (c) Ca®" concentrations reported by the
dyes from different compartments. Fluo-3 and Fura-2 acetoxymethyl (AM)
esters produce free fluo-3 and Fura-2 in the cytoplasm and report cyto-
plasmic Ca®>* concentrations of 40 = 12 (n = 7) and 53 = 8 nM (n = 40),
respectively; free Fura-2 and free BTC enter the intradiskal space and
report intradiskal Ca®>" concentrations of 0.95 = 0.27 (n = 31) and 0.81 +
0.02 uM (n = 57), respectively. Error bars represent standard errors.

dye concentration, again likely to have been incorporated in
disks open to extracellular space. For this rod outer seg-
ment, the Ca®>* concentration in the band was ~2.7 uM,
whereas the concentration in the rest of the outer segment
(diffuse staining) was ~0.8 uM. Overall, the free Ca**
concentration in the cytoplasm was ~50 nM, in good agree-
ment with the concentration measured in rod outer segments
after bleaching (Gray-Keller and Detwiler, 1994; Sampath
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et al., 1998), whereas inside the disks was ~1 uM (Fig. 7 ¢).
For the few cells that showed localized staining in the outer
segments with the impermeant salts of the dyes, the Ca®"
concentration in the bands of high dye concentration was
higher than in the outer segment areas of diffuse staining. It
is important to note that the Ca®" concentrations reported
here reflect approximate values as the Fura-2 and BTC dye
calibrations were carried out in vitro, and the K s used
were obtained from Molecular Probes. Nevertheless, be-
cause for Fura-2 the same calibration was used, the
difference between the cytoplasmic and intradiskal val-
ues does not depend on the calibration, suggesting that
the permeant and impermeant forms of the dyes occupy
different compartments.

The ability of 3-kDa dextran in contrast to the known
inability of rhodopsin to pass from disk to disk, gave rise to
the question whether there is a size filter in the interdiskal
communication pathway. We addressed this question by
examining the loading of dyes of different sizes in rod outer
segments. Because the loading was quite variable from cell
to cell, we used a polar tracer, thiadicarbocyanine, as an
internal standard. This fluorophore, with a molecular weight
of 776, loads well in the intradiskal space, and its fluores-
cence excitation and emission spectra allow it to be used for
double labeling. Fig. 8, a and b show the loading of rod
photoreceptors with a 3-kDa dextran and a 10-kDa li-
pophilic dextran, respectively. Fig. 8 a is fairly representa-
tive of the loading pattern for the 3-kDa dextran or sulfo-
rhodamine (see also Fig. 3). The loading pattern for the
10-kDa lipophilic dextran was quite variable. The cell in
Fig. 8 b shows essentially no loading, apart from the tip area
where loading is quite pronounced. Several cells showed
essentially no loading, whereas others showed a significant
amount. Fig. 8 ¢ shows the relative loading of rod outer
segments with sulforhodamine (molecular weight = 607),
and three dextrans, 3-kDa, 10-kDa polar, and 10-kDa li-
pophilic. There was almost no loading with the 10-kDa
polar dextran, whereas, as mentioned above, the loading
with the 10-kDa lipophilic dextran was quite variable hence
the large error bar. These data suggest that molecules
smaller than 3 kDa pass readily through the interdiskal
communication pathway, but molecules larger than 10 kDa
do not. This interpretation is also in agreement with the
higher pH reported by BCECF coupled to a 10-kDa dextran
(Fig. 6 ¢).

Subsequently, we examined the diffusion of tracers in the
intradiskal space. Fig. 9 a shows a salamander rod loaded
with FM1-43. The outer segment FM1-43 fluorescence was
bleached at a spot with the laser (Fig. 9 b), and the lateral
movement of unbleached dye into the bleached area was
followed over time, until the fluorescence in the spot equil-
ibrated laterally after 20 s (Fig. 9 ¢). The fluorescence
profiles for Fig. 9, a to ¢, are shown in Fig. 9 d, and the
recovery kinetics of the fluorescence in the bleached spot is
shown in Fig. 9 e. Fluorescence recovery was characterized
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FIGURE 8 Differences in the loading of rod outer segments with dyes of
different sizes suggest the presence of a size filter in the communication
pathway between disks. Isolated cells were incubated in the dark for 1 h
with 200 uM thiadicarbocyanine and 500 uM of another tracer in Ringer’s.
Noninternalized dyes were subsequently removed by washing with Ring-
er’s. Measurements were carried out within 2 h after the end of incubation.
(a) Texas Red fluorescence of an isolated rod photoreceptor loaded with
thiadicarbocyanine and a Texas Red-labeled 3-kDa dextran. Scale bar = 10
pm. (b) Tetramethylrhodamine fluorescence of an isolated rod photore-
ceptor loaded with thiadicarbocyanine and a tetramethylrhodamine-labeled
10-kDa lipophilic dextran. Scale is the same as in a. The cell shows
essentially no loading, apart from the tip area where loading is quite
pronounced. (¢) Relative loading of different tracers in rod outer segments.
Thiadiacarbocyanine loading corresponds to 1.0. SR 101 stands for sulfo-
rhodamine 101. Error bars represent standard errors.

by a rate » = 0.24 s ', corresponding to an apparent
diffusion coefficient D = 4.8 um?” s~ ', obtained from Eq. 1
for an outer segment diameter d = 14 um for this cell. The
apparent diffusion coefficients for lateral movement of
FM1-43, sulforhodamine 101, the 3-kDa dextran, and the
fluorescent-labeled phospholipids are shown in Table 1. For
comparison, we also measured the apparent diffusion coef-
ficient of proteins labeled with rhodamine green succinimi-
dyl ester. This modifier should label protein amino groups
with rhodamine green. The apparent diffusion coefficient
was 0.4 um? s~ !, consistent with the diffusion coefficient of
rhodopsin (Poo and Cone, 1974; Liebman and Entine,
1974), which constitutes the major protein in the rod outer
segment. The rhodamine green-labeled proteins moved lat-
erally, but not longitudinally, consistent with the previous
observation that rhodopsin does not move from disk to disk
(Liebman and Entine, 1974). Lateral equilibration, perpen-
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FIGURE 9 Diffusion of tracers inside disks. Isolated rods were incu-
bated in the dark for 1 h with 16 to 32 uM FM1-43 in Ringer’s. Nonin-
ternalized dye was subsequently removed by washing with Ringer’s. Mea-
surements were carried out within 2 h after the end of incubation. (a) An
isolated salamander rod photoreceptor loaded with FM1-43. (b) Immedi-
ately after bleaching the dye in a spot of the outer segment. (¢) Twenty
seconds after the bleach, the fluorescence in the bleached spot has recov-
ered as the dye has equilibrated within disks. Scale bar = 10 um. (d)
Profiles of fluorescence along a diameter of the outer segment, for the
experiment in @ to ¢. From bottom to top, the shown traces are: immedi-
ately after bleach, 5 s after, 50 s after, initial fluorescence before bleach. (e)
Kinetics of fluorescence recovery for the bleached spot for the experiment
in a to ¢. The solid line is an exponential least squares fit with rate » = 0.24
s~ !. The initial data point is the fluorescence before bleach.

dicular to the axis of the rod outer segment, was observed
with all tracers, indicating that the stacked-disk structure of
the rod outer segment had not been disrupted.

DISCUSSION

The results presented above indicate communication be-
tween rod photoreceptor outer segment disks. An important
concern is whether the observed communication is an arti-
fact of the cell isolation procedures. This is unlikely, be-
cause similar uptake and incorporation of extracellular trac-
ers into the intradiskal compartment was observed when
cells were incubated with tracers in whole retinas before
dissociation. Moreover, when a tracer was destroyed in
FRAP experiments, as the one in Fig. 9, it subsequently
equilibrated laterally, indicating that the stack of disks in the
rod outer segment had not been disrupted. Electron micro-
scopic studies have also shown that rod cells dissociated
from salamander retina retain their stack of membranous
disks in culture (Townes-Anderson et al., 1985). A related
concern may be that there is a large body of evidence
suggesting that rod outer segment disks are discrete and
separate from each other and the plasma membrane (Nils-
son, 1965; Cohen, 1963, 1968). However, most of these
studies have been carried out with fixed rod outer segments
and may have missed a transient, dynamic process. Com-
munication between intradiskal and extracellular space has
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been observed in the tips of Xenopus laevis rod outer
segments by staining with Lucifer Yellow (Matsumoto and
Besharse, 1985). Also, some sort of communication be-
tween disks could have been inferred on the basis of the
observation that radioactively labeled lipids incorporated in
rod outer segments show diffuse distribution, leading to the
conclusion that “membrane renewal by molecular replace-
ment is more rapid for lipid than it is for protein” (Bibb and
Young, 1974a,b). An observation potentially contradictory
to the results reported here is that Procion Yellow, injected
into the vitreous cavity of eyes of living animals, stains only
the new-forming basal disks of rod outer segments (Laties et
al., 1976). The stained disks gradually move toward the
pigment epithelium, and a few days after the injection, a
length of unstained outer segment separates the stained
disks from the base of the outer segment (Laties et al.,
1976). A possible reconciliation of these observations with
the ones reported here is that Procion Yellow binds co-
valently to subcellular organelles and proteins with the
probable site of attachment being the amino group (Flana-
gan et al., 1974). In this case, the observed Procion Yellow
staining of the basal disks would be due to covalent binding
to proteins (mostly rhodopsin), and the result would be
consistent with the one reported here for labeling with
rhodamine green succinimidyl ester. The result obtained
with the rhodamine green label is in agreement with the
observation that the visual pigment, rhodopsin, does not
move from disk to disk (Liebman and Entine, 1974) and
consistent with the finding that the communication pathway
has a size filter, which allows the passage of molecules
smaller than 3 kDa but not larger than 10 kDa.

The interdiskal communication process reported here in-
volves the exchange of both aqueous and membrane tracers.
Thus, although the mechanism underlying this communica-
tion is not clear, it involves the exchange of both aqueous
and membrane phase and therefore it is likely to involve
some form of membrane fusion. Membrane fusion has been
observed with isolated disk membranes in vitro (Boesze-
Battaglia and Yeagle, 1992), and peripherin/rds, a disk
membrane protein, has been implicated in disk membrane
fusion (Boesze-Battaglia et al., 1998). Paracrystalline inclu-
sions that have been observed in freeze-fracture micro-
graphs from rod outer segments (Corless and Costello,
1981) may also be part of a communication pathway be-
tween disks. From the mobility measurements shown in
Table 1, we can estimate the area of the aqueous conduits
constituting the communication pathway between disks. If
F, is the fraction of this area and F\, the fraction of rod
outer segment volume available for aqueous tracer diffu-
sion, then the ratio /= D,,,,,/D),, of longitudinal and lateral
diffusion coefficients is given by f = F,/[Fy (1 — Fy +
F,)] (Koutalos et al., 1995a). The cytoplasmic volume is
50% of outer segment volume, because the thickness of
each disk is approximately one-half the repeat distance
(Korenbrot et al., 1973, Table 1). The available volume
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within a disk, F, has been estimated to be ~25% of the
cytoplasmic volume (Cohen, 1971), a value consistent with
an intradiskal space thickness of 40 A and a disk membrane
thickness of 55 A (Blaurock and Wilkins, 1969). Therefore,
F,, ~ 0.13. For the 3-kDa dextran, its longitudinal mobility
is ~5X lower than its lateral mobility (Table 1), so f'~ 0.2,
resulting in ', ~ 0.023. That is, the aqueous conduits of the
communication pathway occupy ~2.3% of the disk area.
The paracrystalline inclusions that may be related to this
communication have been estimated to occupy 1% of outer
segment volume (Corless and Costello, 1981).

Phospholipids move much faster than polar tracers along
the length of the outer segment (Table 1), a property that
may reflect the significant occurrence of hemifusion with-
out the opening of an aqueous pore (Kemble et al., 1994),
that is, a transition state that would allow the movement of
phospholipids but not that of FM1-43, dextran, or sulforho-
damine. Another possible mechanism that could explain the
faster movement of phospholipids would be the participa-
tion of transfer proteins (Dudley and Anderson, 1978).
Phospholipids have been known to equilibrate rapidly,
within hours, along the length of the rod outer segment
(Bibb and Young, 1974a,b; Basinger and Hoffman, 1976;
Wetzel and Besharse, 1994), and the observed communica-
tion between the disks can account for this rapid equilibra-
tion. In terms of lateral mobility, the phospholipid and
FM1-43 diffusion coefficients were 4 to 5 um? s ', in
agreement with lipid diffusion in membranes (Scandella et
al., 1972).

The experiments have also provided information about
the properties of the intradiskal space. The apparent diffu-
sion coefficients for sulforhodamine 101 and the 3-kDa
dextran, 6.5 um® s~ ', and 3 um? s~ ! respectively, were
almost 100X less than the predicted diffusion coefficients in
solution (Kushmerick and Podolsky, 1969) suggesting that
diffusion in the intradiskal space is highly hindered. In
addition, the intradiskal pH value of 6.5 is similar to that
measured for the Golgi (Kim et al., 1996; Llopis et al.,
1998). On the other hand, the intradiskal Ca>* concentra-
tion of 1 uM is much lower than the 310 = 46 uM reported
for Golgi (Pinton et al., 1998). The total Ca>* content of rod
outer segments is in the order of 1 to 3 Ca’* ions per
rhodopsin, and most of it appears to be sequestered inside
the disks (Schnetkamp, 1979; Fain and Schroder, 1985).
From Ca”" titrations of isolated bovine rod outer segments
using atomic absorption measurements, Schnetkamp (1979)
estimated that intradiskal Ca>* binding sites have a capacity
of 8 to 9 Ca** per rhodopsin and are at equilibrium with an
intradiskal free Ca®* concentration of 15 to 25 uM. This
value is in somewhat reasonable agreement with the 1 uM
value reported here considering the differences in tech-
niques, calibrations, and species (bovine versus sala-
mander). Of course, the pH and Ca’" concentrations re-
ported here are for bleached cells, and dark-adapted cells
may differ. This is a particularly relevant point as disks
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appear to be nearly impermeable to Ca?" under physiolog-
ical conditions in darkness (Fain and Schroder, 1985), but
may release Ca”" in bright light (Fain and Schroder, 1990).
The intradiskal H" and Ca®" concentrations reported here
are significantly different from both cytoplasmic and extra-
cellular concentrations, perhaps indicating the presence of
transport processes that maintain these ionic gradients. We
have no direct evidence for the presence of significant
transport mechanisms operating on the disk membrane. It
could very well be the case that the intradiskal Ca** con-
centration is the result of a slow communication of the
intradiskal with extracellular space via the newly forming
open disks at the base and the open disks at the tip,
coupled perhaps with a slow transport process on the disk
membrane.

The measurements and comparisons of the pH and Ca*"
concentrations of cytoplasmic and intradiskal space have
used the membrane-permeant acetoxymethyl ester (AM)
forms of different dyes. Although these compounds may
also enter the intradiskal space, we consider it unlikely that
they are converted into the optically active forms inside the
intradiskal space. The reasons are: the calcein and fluo-3
released from the AM forms diffuse with the diffusion
coefficient of a cytoplasmic tracer (present study; Nakatani
et al., 2002); the Fura-2 and fluo-3 released from the AM
forms report a Ca®" concentration consistent with the cy-
toplasmic value in bleached cells; the BCECF released from
the AM form reports a pH consistent with cytoplasmic pH.

In summary, the photoreceptor disks comprise an active
organelle, similar to other membrane organelles like the
Golgi or endoplasmic reticulum. There is dynamic commu-
nication between disks as well as between disks and extra-
cellular space, allowing the exchange of membrane and
aqueous molecules. This pathway could account for the
rapid equilibration of certain phospholipids along the length
of the rod outer segment and be relevant for the extensive
remodeling of outer segment membranes known to occur
(Giusto et al., 2000). It could also allow for the transport of
molecules along the length of the outer segment through the
intradiskal space.
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