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Abstract. We have used isolated embryonic photo-
receptor cells as a model system with which to exam-
ine the mechanisms responsible for the development
and maintenance of asymmetric Na*,K*-ATPase
(ATPase) distribution. Photoreceptor precursors, which
appear round and process free at culture onset, de-
velop structural and molecular properties similar to
those of photoreceptor cells in vivo. ATPase, recog-
nized by an anti-ATPase antibody, is distributed over
the entire surface of round photoreceptor precursors.
As the cells develop, ATPase becomes progressively
concentrated in the inner segment (where it is found
in cells of the intact retina). This phenomenon occurs
in cells developing in the absence of intercellular con-
tacts. The development of ATPase polarity correlates

. with a decrease in the fraction of ATPase molecules
that are mobile in the membrane (as determined by
fluorescence photobleaching recovery), as well as with
an increase in the fraction of ATPase that remains as-

sociated with the cells after detergent extraction. The
magnitudes of the mobile ATPase fractions agree well
with those of the detergent-extractable fractions in
both the immature and developed photoreceptors. The
distribution of « spectrin and ATPase-immunoreactive
materials appeared qualitatively similar, and quantita-
tive image analysis showed similar gradients of spec-
trin and Na*,K*-ATPase immunofluorescence along the
long axis of elongated photoreceptors. Moreover, de-
tergent extractability of o spectrin and the ATPase
showed similar modifications in response to changes in
pH or KClI concentration. ATPase detergent-extractable
and mobile fractions were not changed in cultures
treated with cytoskeletal inhibitors such as nocodazole.
These data are consistent with a role for an asym-
metrically distributed, spectrin-containing subcortical
cytoskeleton in the preferential accumulation of

Na* K*-ATPase in the photoreceptor inner segment.

nized into domains differing in morphology and mo-

lecular composition (Almers and Stirling, 1984). The
capacity to generate such domains and to polarize cell sur-
faces is crucial to cells’ function {(e.g., Axelrod, 1983). How-
ever, little is known about how domains are established dur-
ing cell differentiation.

The retinal photoreceptor is organized into a series of do-
mains that have different functions and distinct plasma mem-
brane constituents. The outer segment, where phototransduc-
tion begins, is rich in the visual pigment opsin (Bok, 1985;
Besharse, 1986; Papermaster etal., 1986), whereas the adja-
cent inner segment, which participates in generating the dark
current, is poor in opsin but contains a high concentration
of Na*, K*-ATPase (henceforth referred to as “ATPase”)
(Stirling and Lee, 1980; Ueno et al., 1984; Stahl and Baskin,
1984; Stirling and Sarthy, 1985; Yazulla and Studholme,
1987; Spencer et al., 1988).

Development of photoreceptor membrane polarity can

THE plasma membrane of most cells in tissues is orga-
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now be studied in cultures of dissociated retinal cells. Recent
studies have shown that chick embryo photoreceptors, grown
in the absence of intercellular contacts, develop and maintain
polarized properties that include asymmetries in both cell
structure and distribution of molecules (Adler et al., 1984;
Adler, 1986; Madreperla and Adler, 1989). We now report
that the Na*, K+-ATPase of these cells is asymmetrically
distributed, concentrated in the plasma membrane of the in-
ner segment region, resembling the distribution in vivo.
Analyses of the cultured cells using anticytoskeletal drugs,
immunocytochemistry, detergent extraction, image analysis,
and fluorescence photobleaching recovery (FPR)! are con-
sistent with a role for a polarized, spectrin-containing cyto-
skeleton in photoreceptor ATPase polarity. The development
of ATPase polarity in isolated photoreceptors, grown in the
absence of intercellular contacts, is consistent with previous
studies suggesting that intracellular cytoskeletal mechanisms
are important determinants of autonomously generated pho-
toreceptor asymmetries (Madreperla and Adler, 1989).

1. Abbreviations used in this paper: FPR, fluorescence photobleaching and
recovery; TX-100, Triton X-100.

1483



Materials and Methods

Materials

Medium 199, linoleic acid-BSA, polyornithine, paraformaldehyde, trypsin,
Triton X-100, Pipes, Hepes, EGTA, polyethylene glycol (molecular weight
15,000-20,000), cytochalasin D, nocodazole, protein A-Sepharose and
Sephadex G-100, G-25 were obtained from Sigma Chemical Co. (St. Louis,
MO). Glass coverslips with grids were purchased from Belco (Vineland,
NJ). Rhodamine- and fluorescein-conjugated goat anti-rabbit secondary an-
tibodies were purchased from Jackson Immunoresearch Laboratories (West-
grove, PA). Gelvatol was obtained from Monsanto Corp. (Springfield, MA).

Cell Culture Preparation

The cell culture techniques used have been previously described in detail
(Adler et al., 1984; Adler, 1986). Briefly, retinal cells were obtained from
8-d white Leghorn chick embryos. Neural retinas, free of contamination
from pigment epithelial cells or other cells, were dissociated after brief tryp-
sinization and suspended in medium 199 and supplemented with FCS (10%)
and linoleic acid-BSA (110 ug/ml). 2-ml aliquots containing 400,000 cells/
ml were seeded into 35-mm dishes that usually contained a glass coverslip.
In all cases, dishes and coversiips were pretreated with polyornithine (50
ug/ml). The cultures were incubated at 37°C in an atmosphere of 5% CO;
in air.

Cytochemistry

Cultured cells were prepared for immunocytochemistry by fixation in 4%
paraformaldehyde for 30 min, followed in some cases by 10 min treatment
with 0.25% Triton X-100 to permeabilize the cells. The AX-2 (formerly
A-2) antiserum of McGrail and Sweadner (1986) was used for Na*, K*-
ATPase immunocytochemistry in most cases. However, at later stages of this
work, a rabbit antiserum raised against bovine brain ATPase became avail-
able to us (Siegel et al., 1988) and it was used for studies of cell surface
immunoreactivity in nonpermeabilized cells (Fig. 6). Moreover, fluores-
cein-labeled Fab fragments of this antibody were used for fluorescence pho-
tobleaching and recovery studies (see below). For « spectrin immunocyto-
chemistry, we used the antiserum of Glenney et al. (1982). Primary antisera
were diluted between 1:150 and 1:250 and added to cells on coverslips in
a humidified chamber for 1 h at room temperature. After washing three
times for 5 min each in PBS, a rhodamine-conjugated secondary antiserum
(1:40) was added for 40 min at room temperature. Cultures were washed
again and mounted under a coverslip with Gelvatol. Control experiments
included omission of primary antisera or use of nonimmune sera. These
control preparations showed diffuse, low-level immunofluorescence (data
not shown), very different from the specific patterns of immunostaining seen
with the spectrin and ATPase antisera (e.g., Fig. 1).

Detergent Extraction Experiments

Cells in cultures were detergent extracted using a procedure similar to that
of McOsker and Bretscher (1985). Unfixed cultures were incubated at 37°C
for 4 min in a buffer containing 100 mM Pipes, pH 6.9, 2 mM EGTA, 4%
polyethyleneglycol (molecular weight 15,000-20,000) (buffer S) and 0.2%
t0 0.4 % Triton X-100 (TX-100). The buffer was removed and cells were fixed
immediately in buffer § + 4% paraformaldehyde for 45 min at room tem-
perature. Cells were washed several times in PBS and processed for immu-
nocytochemistry as detailed above. The maximum detergent concentration
that gave consistent fluorescence intensity measurements from cell to cell,
and which preserved overall photoreceptor morphology was 0.4% TX-100.
At higher detergent concentrations (e.g., 0.5% TX-100) fluorescence inten-
sity measurements became very variable (>50% difference between cells)
and photoreceptor morphology was markedly distorted.

Experiments with Anticytoskeletal Drugs

These experiments were performed as described previously (Madreperla
and Adler, 1989). Cytochalasin D and nocodazole were prepared as 200X
stocks in DMSO and added to cultures to reach final concentrations of 5
uM for cytochalasin D or 10 uM for nocodazole. After either 1.5 (cytochala-
sin D) or 4 h (nocodazole), some cultures were fixed in 4% paraformalde-
hyde, while others received three 5-min washes with 2 ml of inhibitor-free,
fresh medium at 37°C, and were allowed to recover for up to 8 h before fixa-
tion. For fluorescence photobleaching and recovery studies (see below), cul-
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tures were treated with cytochalasin D or nocodazole for 1.5 or 4 h, respec-
tively, and then labeled with Fab fragments.

Fluorescence Quantification by Image Analysis

Cultures immunostained using rhodamine-conjugated secondary antibodies
were observed using a microscope (Diaphot; Nikon, Inc., Garden City, NY)
with epifluorescence illumination (excitation at 540 nm with 15 nm band-
pass), using a 100X oil immersion lens (na = 1.25). The small depth of
focus of this objective allowed focusing on the cell surface. Background
fluorescence/camera dark current was subtracted from each cell image be-
fore analysis. Images collected with an image intensifier (Videoscope Inc.,
Washington, DC) combined with a television camera (CCD; Sony Corp.,
Long Island City, NY) were digitized and analyzed with a digital image
analysis system (IC200; Inovision Inc., Research Triangle Park, NC) run-
ning on a Sun 3/110 workstation (Sun Microsystems, Inc., Mountain View,
CA). Average pixel intensity within a defined rectangular area (typically
500-3,600 pixels, or ~v20 um?) was determined from the corrected image.

Measurements of ATPase Mobility by FPR

The mobility of Na*,K*-ATPase in the plane of the photoreceptor plasma
membrane was measured by spot photobleaching of cells labeled with
fluorescent Fab fragments of IgG from a rabbit antiserum against bovine
brain ATPase (Siegel et al., 1988). Previous studies have shown that mobil-
ity of membrane proteins was the same with probes attached to their internal
domain or with Fab fragments attached to their external domain, suggesting
that Fab attachment did not alter membrane protein mobility (Packard et al.,
1986). The Fab fragments were prepared by standard papain digestion (Por-
ter, 1959). The digest was refractionated on protein A-Sepharose to remove
any undigested IgG and then by size on Sephadex G100. The peak of Fab
fragments was conjugated with FITC (15 ug FITC/mg protein in 0.1 M car-
bonate/bicarbonate for 12 h at 5°C). Conjugated Fab was separated from
excess fluorescein on a G-25 column equilibrated with PBS (pH 7.3), then
dialyzed against Hepes-buffered saline, pH 7.3. Protein concentration of the
conjugate was ~300 pg/m! with a fluorescein/protein ratio of 2:3. The sig-
nal generated by these FITC-labeled Fab fragments was too weak for im-
munofluorescence photography, but was adequate for FPR measurements.
An important control showed that labeling was specific, in that it was
blocked by an excess of unlabeled IgG. Fluorescence intensity values of un-
labeled cells were 20-25% of those measured in Fab-labeled cells. Given
that it is technically difficult to focus on the surface of unlabeled cells, these
measurements are probably an overestimate of the autofluorescence, be-
cause one tends to focus within the cytoplasm.

Our photobleaching measurements were made on a computer-controlled
instrument. The 488 nm line of 3.5 W argon laser (Coherent, Inc., Palo
Alto, CA) was attenuated 5,000-fold and focused to a spot of ~1 um? on
the surface of a cultured photoreceptor labeled with fluorescent Fab
anti~ATPase. After recording fluorescence from this spot, the laser intensity
was raised to maximum for 5-10 ms, bleaching a fraction of the fluorescence
in the spot. The attenuated laser beam was then used to monitor recovery
of fluorescence in the bleached spot. The recovery curves yield two param-
eters, the maximal extent of recovery of fluorescence and a half-time for
maximal recovery. The half-time is related to the diffusion coefficient of the
label as 1l/area of the bleached spot. The extent of recovery indicates the
fraction or percentage of labeled molecules free to diffuse in the plane of
the membrane. The extent of this recovery may be reduced if a significant
fraction of all the molecules in a membrane are bleached, the case for rela-
tively large spots on small cells. We used a 40X na-1.3 oil immersion ob-
jective and an auxillary lens to define a spot of ~1.1 um?. This is insignif-
icant compared with the labeled surface of a typical photoreceptor cell
(~200 pm?).

Results

Na*,K+-ATPase and Spectrin are Codistributed in
Elongated Photoreceptor Cells In Vitro

Photoreceptors in vivo are divided into compartments, in-
cluding an outer segment, an inner segment, a nucleus, and
an axon with a complex synaptic ending.? Chicken cone
2. “Apical” is used to indicate the inner segment end of photoreceptors,
while basal refers to the opposite, neurite-containing pole. “Above” and “be-
low” are used to refer to structures located toward the apical or basal end
of the cell, respectively.
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photoreceptors grown in vitro develop a very similar set of
cellular compartments (Adler, 1986; see also Fig. 1 a). Con-
venient and reliable visual landmarks are the inner-segment
lipid droplet (for the apical region of the cell) and the point
at which the short neurite emerges from the cell body (for
the opposite, or basal end). In vitro, the apical end of the
cell also shows a membranous expansion (e.g., Fig. 1 b) and
a small outer segment-like process (not seen) that usually
appears in a different focal plane than the rest of the cell
(Adler et al., 1984). Opsin immunoreactive materials ac-
cumulate in this outer segment-like process (Adler, 1986).
Cultured photoreceptors develop and maintain this polarized
pattern of organization even when grown in the absence of
contacts with other cells.

Immunocytochemical Analysis

ATPase could be detected in cultured photoreceptors using
the AX-2 (formerly A-2) antiserum of McGrail and Swead-
ner (1986) (Fig. 1, a and b). Bright surface fluorescence was
present in the inner segment and the apical portion of the nu-
clear compartment. Fluorescence intensity decreased to-
wards the base of the cell and was at a minimum in the neu-
rite. Immunocytochemistry also showed that the distribution
of a-spectrin immunoreactivity was very similar to that of
the ATPase (Fig. 1, ¢ and d). Bright surface staining was
concentrated in the inner segment and in the apical portion
of the nuclear region. ATPase and spectrin colocalization

Madreperla et al. Cytoskeleton in Photoreceptor ATPase Polarity

Figure 1. Na* ,K*-ATPase and spectrin immuno-
reactivity in photoreceptors cultured for 6 d. (a
and b) Cell immunoreacted with an antiserum
against ATPase; (c and d) cell immunoreacted
with an antiserum against spectrin (see text). (a
and ¢) Phase-contrast microscopy. (b and d) im-
munofluorescence. Photoreceptors appear highly
polarized, and are subdivided in compartments in-
cluding the short neurite (N), the cell body, oc-
cupied by the nucleus (Nu), and the inner segment
with a conspicuous lipid droplet (LD). A small
outer segment can be seen by electron microscopy,
but is not obvious in phase-contrast photomicro-
graphs. Both ATPase and spectrin immunoreac-
tive materials are concentrated in the inner seg-
ment region as well as over the apical® portion of
the nuclear compartment. A variable amount of
membranous-appearing material is present above
the inner segment region of these cells which does
not show immunoreactivity for either the ATPase
or spectrin. Bar, 15 um.

was also observed in double-labeled preparations (not
shown). The small outer segment-like process of the pho-
toreceptors in vitro showed little spectrin immunoreactivity,
consistent with in vivo immunocytochemical studies (Laza-
rides et al., 1984).

ATPase and Spectrin Immunoreactivity after
Detergent Extraction

A cytoskeletal residue remains attached to the “substratum”
(surface of the dish) after cultured cells are extracted with
buffers containing non-ionic detergents (e.g., Ben Ze'ev et
al., 1979). In addition, some membrane proteins are also
resistant to detergent extraction, suggesting a role for inter-
actions between transmembrane proteins and the cytoskele-
ton (e.g., Galvin et al., 1984; Jung et al., 1984; Richter-
Landsberg et al., 1985; Rapraeger et al., 1986; Horst et al.,
1987). When retinal cultures were extracted with a TX-100-
containing buffer before fixation, both spectrin and ATPase
could still be detected with antisera in the inner segment re-
gion of photoreceptors (Fig. 2).

The codistribution of spectrin and ATPase was further
analyzed by performing detergent extractions under condi-
tions previously shown to affect the subcortical cytoskeleton
in erythrocytes (Bennett and Branton, 1977; Bennett and
Stenbuck, 1980). Extraction in a buffer containing 0.2% TX-
100 plus added KCl caused concentration-dependent de-
creases in the number of cells that remained immunoreactive
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for spectrin or ATPase (Fig. 3). The decreases were some-
what greater for ATPase than for spectrin at all the KCI con-
centrations tested. Analagous results were seen when deter-
gent extractions were performed at pHs >7 or <6 (Fig. 3).
Changes in frequency of antibody-labeled cells were similar
for both antigens at most of the pHs studied. An exception
was the presence of many fewer ATPase-positive cells than
spectrin-positive cells in cultures extracted with detergent at
pH 5. It is possible that resistance of spectrin to extraction
at pH 5 was due to isoelectric aggregation occurring near the
spectrin pKa (pKa = 4.8). Supporting this hypothesis were
experiments that showed a twofold increase in the fraction of
spectrin extracted at pH 5 when 0.5 M KCI was added.
Other cytoskeletal elements resisted extraction under con-
ditions in which both ATPase and spectrin immunoreactivity
were completely lost. For example, in cultures extracted at
pH 4, actin filaments could still be demonstrated with
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Figure 2. Na*,K*-ATPase (b) and spec-
trin immunoreactive materials (d) in
photoreceptors cultured for 6 d and ex-
tracted for 4 min in 0.3 % TX-100 before
fixation. Corresponding phase-contrast
images are shown in a and c. Surface
staining is seen over the inner segment
and part of the nuclear region of both
cells. Bar, 10 um.

rhodamine-phalloidin (not shown), and had a distribution
similar to that previously reported for unextracted cells
(Madreperla and Adler, 1989).

Analysis of digitized images of individual photoreceptors
was also performed to quantify the levels of ATPase and
spectrin immunofluorescence in cells extracted under several
of the conditions described above (see Materials and Meth-
ods). The control values were the averages of fluorescence
levels measured in cells detergent-extracted at pH 6.8 in the
absence of added KCl. The average fluorescence levels in
photoreceptors extracted at either pH 8 or pH 5 were ex-
pressed as a percentage of the average in control cells and
showed decreases in both spectrin and ATPase immuno-
fluorescence (Table I). Loss of ATPase label was somewhat
greater than loss of spectrin at both pHs. Analogous results
were seen in cultures extracted in the presence of 0.6M KCl.

Measurements of Spectrin and ATPase Gradients. Image
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Figure 3. Histograms showing frequency of cells with positive im-
munostaining for Na*,K*-ATPase and spectrin after a 4-min ex-
traction in 0.2% TX-100 at various pHs (a) and KCl concentrations
(b). Approximately 50 cells were studied in each condition, and
were scored as “positive” or “negative” by an observer who was un-
aware of the identity of each sample.

analysis was also used to compare the gradients of spectrin
and ATPase immunofluorescence along the length of pho-
toreceptors in 6-d-old cultures (Fig. 4). Relative fluores-
cence intensity is plotted versus the square of the distance
from the position of maximum intensity in the inner seg-

Table 1. Effects of pH and Ionic Strength on Extraction of
Na*,K*-ATPase and Spectrin by Detergent

Fluorescence remaining of control*

pH KCl1 Na*,K*ATPase Spectrin
M %

5.0 0 29 + 8.8 42179

8.0 0 46 + 6.9 82 + 17

6.8 0.6 23 £ 6.1 4 + 15

* Detergent-extracted cultures were immunostained and the fluorescence in-
tensity in the inner segment region of cells was measured by image analysis
(see Materials and Methods). The average fluorescence intensity value was first
determined for control cells that were detergent-extracted (see Materials and
Methods) under normal conditions (pH 6.8, without added KCl) (n = 10).
Next, the average fluorescence levels were determined for groups of cells (n
= 10) in cultures that were detergent-extracted in buffers maintained at the pHs
and KCI concentrations shown. The values given are the average fluorescence
intensity values and the standard deviations (intraexperiment variability) for
each experimental condition, divided by the average fluorescence intensity
measured in the control cells expressed as percentages.
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Figure 4. ATPase and spectrin immunofluorescence intensity gra-
dient in elongated photoreceptors. Digitized images of immunofluo-
rescent cells were obtained as described in Materials and Methods.
A “mouse” was used to position points at the apical and basal ends
of the video image of the photoreceptor cell body such that a line
drawn between the two points bisected the cell body. Software gave
the immunofluorescent intensity profile of the pixels along this line.
The values were normalized to the maximum fluorescence value.
The position of maximum fluorescence was defined as zero (this po-
sition always occurred in the inner segment) and relative intensity
values were plotted versus the square of the distance (in pixels) from
the position of maximum fluorescence. Distance was expressed in
pixels units to avoid using a conversion factor. Data are shown for
30 cells. Open boxes, ATPase; filled triangles, spectrin.

ment, in cells immunostained for either spectrin or ATPase.
The square of distance was used because the motion of a par-
ticle (diffusion) within a plane is a function of area (also see
Discussion). ATPase and spectrin fluorescence intensities
vary similarly, first dropping steeply and then gradually
declining towards the basal end of the cells, eventually reach-
ing 30-40% of the inner-segment maximum. This correlates
with visual observations of high fluorescence in the inner
segment, a steep drop over the nucleus, and further, gradual
decrease towards the neurite (Fig. 1). As already indicated,
no such gradients were observed in qualitative analyses of
cells treated with nonimmune serum (data not shown).

Effects of Anticytoskeletal Drugs on
ATPase Distribution

Cytochalasin D. As recently reported (Madreperla and
Adler, 1989) depolymerization of actin filaments by cyto-
chalasin D causes elongation of the photoreceptor cell body
in vitro, with the nucleus moving away from the inner seg-
ment (Fig. 5, a and b). We have now observed that this treat-
ment causes little change in ATPase distribution. ATPase
immunoreactive materials remain associated with the inner
segment and the apical portion of the nuclear compartment.
Very little fluorescence is seen in the thin neck-like region
that forms between the inner segment and nucleus (Fig. 5).
The distribution of ATPase in cytochalasin D-treated cells
that were returned to drug-free medium was similar to that
in untreated cells (data not shown).

Nocodazole Treatments. It has been shown that loss of
microtubules after nocodazole treatment causes the pho-
toreceptor cell body to shorten, with the nucleus moving to-
ward the inner segment and the cells eventually reverting to
a round configuration after prolonged treatment (Madreperla
and Adler, 1989). Fig. 5 d and e illustrates this phenomenon
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in a cell exposed to 10 M nocodazole for 4 h. As seen in
Fig. 5 f, ATPase immunoreactivity appeared symmetrically
distributed around the circumference of nocodazole-treated
cells. The nocodazole-treated cultures were returned to no-
codazole-free medium to allow photoreceptors to regain their
original elongated, compartmentalized configuration (Fig. 5,
h and i). Immunocytochemistry showed that these cells re-
established a N*,K+-ATPase distribution similar to that seen
in untreated cells (Fig. 5 j).

Quantitative measurement of the immunofluorescence re-
maining after detergent extraction was used to determine
whether the association between the ATPase and the
cytoskeleton was affected by nocodazole treatment. After ex-
traction in 0.4% TX-100, no significant differences were ob-
served in the amount of fluorescence remaining in noco-
dazole-treated compared with nocodazole-untreated cells.
Fluorescence measurements were equal to 60.9 and 65% of
the average level seen in unextracted cells, respectively (n =
10 cells in each group).
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Figure 5. Effects of cytochalasin
D (a-c) or nocodazole (d-j) treat-
ment on shape and ATPase distri-
bution in 5-d-old photoreceptors.
A photoreceptor seen before (a)
and 1.5 h after addition of 5 uM
CCD. (b) Shows cell body elon-
gation in response to the treat-
ment, as the nucleus moves away
from the inner segment (note po-
sitions relative to grid markers).
When this cell was fixed and im-
munostained for ATPase (¢), flu-
orescent materials could be seen
in the inner segment and apical
part of the nuclear region, but
were not detectable in the thin
“neck” that separates them. An-
other photoreceptor is shown be-
fore (d) and 4 h after addition of
10 uM nocodazole (¢). As previ-
ously described, the cell body
shortens to a round configuration
in response to this treatment.
‘When the same cell was fixed and
immunostained for ATPase (f),
fluorescence appeared diffusely
distributed over the rounded cell
body. Reversibility of this phe-
nomenon is illustrated in g—j. A
photoreceptor that collapses from
an elongated (g) to a round con-
figuration 4 h after addition of 10
#M nocodazole (h), can recover
its elongated phenotype 8 h after
being returned to fresh, nocoda-
2ole-free medium (i). ATPase
immunocytochemistry (j) shows
that the distribution of immuno-
reactive materials in this cell is
restricted to the inner segment re-
gion and the apical portion of the
nucleus, resembling the pattern
seen in untreated cells (Fig. 1).
Bar, 15 pm.

The Mobile Fraction of ATPase Molecules Correlates
with Their Detergent Extractability

FPR Analysis. To further examine the apparent association
with the cytoskeleton, ATPase lateral mobility was measured
by FPR. Fluorescein-conjugated Fab fragments of an anti-
body raised against bovine brain ATPase (Siegel et al., 1987)
were used to label photoreceptors in 6-d cultures. As shown
in Fig. 6, this antibody recognized cell surface ATPase in un-
permeabilized photoreceptors in culture. Fig. 7 a shows a
typical photobleaching recovery curve obtained from a 6-d-
old (differentiated) photoreceptor. The distribution of frac-
tional recoveries measured in a series of 6-d-old photorecep-
tors is shown in Fig. 8 a. On average, 40% of the label was
mobile in these cells (Table II), and the average diffusion
coefficient of these mobile molecules was 2 X 10 cm?s™'.
Correlating with the immunocytochemical and detergent ex-
traction data described above, we found no significant changes
in the mobile fractions of ATPase in cytochalasin D-treated
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Figure 6. Na*,K*-ATPase immunocytochemistry in a fixed, non-
permeabilized cell. (@) phase contrast and (b) fluorescence of a
6-d-old cell fixed and immunostained without detergent treatment.
Surface immunoreactive materials appear restricted to the inner
segment region of the cell. Bar, 20 um.

(mobile fraction = 32 + 8%) or nocodazole-treated (mobile
fraction = 37 1+ 6%) photoreceptors. In control experi-
ments, no fluorescence recovery was seen in cells fixed with
4% paraformaldehyde before FPR analysis (data not shown).

Detergent Extraction Experiments. Image analysis was
used to quantify the fraction of ATPase involved in detergent-
stable interactions with the cytoskeleton. In the 6-d-old pho-
toreceptors with polarized ATPase, detergent extraction re-
moved 41% of ATPase immunofluorescence (Table IT). The
magnitude of the detergent-extractable fraction is in good
agreement with that of the mobile fraction determined by
FPR.

100+

ATPase and Spectrin in Developing Photoreceptors

Colocalization. As previously described (Madreperla and
Adier, 1989, etc.), round photoreceptor precursors can be
recognized after 24-30 h in culture by the presence of a lipid
droplet. Their transformation into elongated cells involves a
12-h-long sequence of morphogenetic transformations that
includes the extension of a neurite, followed by cell body
elongation and the appearance of an apical membranous ex-
pansion. As shown in Fig. 9, both ATPase and spectrin im-
munoreactivities were uniformly distributed in some of the
round precursor cells (Fig. 9, a, f, &, and p), but were con-
centrated near the lipid droplet in others (Fig. 9, b, g, /, and
q). On the other hand, the latter pattern was always found
in more developed, neurite-bearing round cells (Fig. 9, c, k,
m, and r). As the cell body began to elongate (Fig. 9, d, h,
d, and n), ATPase and spectrin immunoreactivities became
more restricted to the developing inner segment region (Fig.
9, i and s). In cells that had developed further and extended
a membranous expansion (Fig. 9, e and o), the polarized
ATPase and spectrin patterns (Fig. 9, j and 7) resembled very
closely the distribution seen in fully elongated photorecep-
tors in 6-d cultures (e.g., Fig. 1).

Extractability and Mobility. A typical FPR curve for
ATPase in a photoreceptor precursor cell is shown in Fig. 7
b, whereas Fig. 8 b shows the distribution of mobile fractions
in a population of these cells. The average mobile fraction
was 65 %, more than one and one half times the value mea-
sured in elongated cells (40%, see above) with polarized
ATPase staining (Table II). The difference in average recov-
ery fractions between elongated and immature photoreceptors
was statistically significant (P < 0.001). The average diffusion
coefficient of the mobile molecules was 2.4 X 10 cm?/s
for the round precursors, not significantly different from that
measured in the 6-d-old cells.

Figure 7. Typical fluorescence photobleaching recov-
ery curves for (@) a mature, 6-d-old photoreceptor and
(b) a round photoreceptor precursor in a 2-d-old cul-
ture. Cultures were labeled with FITC-conjugated Fab
fragments of a Na*,K*-ATPase antiserum. Normal-
ized fluorescence is plotted as a function of time. The
vertical dashed line indicates time zero, when the pho-
tobleaching occurred. Although the visual perception
may be different, the calculated ¢/, to reach maxi-
mal fluorescence recovery (0.7 s) is the same in (a)
and (b). The relationship between diffusion coefficient
(D) and half-time is D = (W?%/4t,,)T, where W is the
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radius of the laser spot, and I' is a factor dependent
25 upon the extent of bleach (I" varied between 1.1 and
1.4 in our experiments).
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Figure & Distribution of FPR in (a) mature, 6-d-old photorecep-
tors and (b) round, photoreceptor precursors in 2-d-old cultures.
Cultures were labeled with FITC-conjugated Fab fragments of a
Na* K*-ATPase antiserum. Fluorescence recovery was divided
into 10 equal bins from 0 to 100%, and the histogram shows the
numbers of cells with mobile fractions within each bin.

Round precursor cells were extracted with TX-100 and the
remaining immunodetectable ATPase was quantified by im-
age analysis. Table II shows that on average, 62 % of the ATP-
ase was extracted by detergent in immature, precursor cells,
agreeing well with the average fractional recovery measured
by FPR in these cells. The difference in ATPase detergent ex-
tractability between precursors and elongated cells was also
statistically significant (P < 0.001).

Table 1. Developmental Changes in Mobile and Detergent-
extractable Fractions of Na*,K*-ATPase Molecules

Detergent
Mobile fraction extractable
% n % n
Round photoreceptor precursors 65+ 11 19 62 +6.8 10

Elongated polarized photoreceptors 40 + 9.0 28 41 + 12 10

Mobile fractions were determined by FRP as described in Materials and
Methods. The numbers of cells measured are shown as well as the SDs of the
mean mobile fractions. To determine detergent extractability in cultures from
both developmental stages, the average fluorescence intensity value was first
determined for control cultures that were not detergent extracted (» = 10 at
each developmental stage). Next, the average fluorescence levels were deter-
mined for groups of cells (# = 10) in cultures at both developmental stages,
that were detergent extracted in 0.4% TX-100 (see Materials and Methods).
The values given are the average fluorescence intensity values and the SDs (in-
traexperiment variability) for both developmental stages, divided by the aver-
age fluorescence intensity measured in the control cells at each stage. The
differences in mobile fractions and in detergent-extractable fractions between
precursors (round) and mature (elongated) photoreceptors were both significant
(P < 0.001, ¢ test).
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Discussion

Using an experimental system that allows dynamic analysis
of the behavior of identified embryonic precursor cells,
grown in the absence of intercellular contacts, this laboratory
recently reported that the cytoskeleton is important in the de-
velopment and maintenance of structural polarity by pho-
toreceptors (Adler, 1986; Madreperla and Adler, 1989). This
type of analysis has now been extended to surface polarity,
epitomized by the distribution of immunoreactive Na*,K*-
ATPase, which in adult photoreceptors in vivo, is found pre-
dominantly concentrated in the inner segment plasma mem-
brane (Ueno et al., 1984; Stahl and Baskin, 1984; Yazulla
and Studholme, 1987; Spencer et al., 1988).

Our data show that isolated, cell contact-free photorecep-
tor precursors can develop and maintain a polarized pattern
of ATPase distribution. Accumulation of ATPase immuno-
reactive materials in the inner segment region of elongated
photoreceptors was determined by qualitative observations,
and confirmed by quantitative image analysis of fluorescence
intensities along the longitudinal axis of these cells. The vari-
ations in fluorescence intensity measured across the photo-
receptor surface are unlikely to reflect differences in mem-
brane density, because previous scanning electron micro-
scopic studies have shown that cultured photoreceptors have
a fairly smooth surface without microvilli or apparent mem-
brane redundancy (Adler et al., 1984). ATPase polarity seems
to be part of a complex developmental program to which pho-
toreceptor precursor cells are already committed at the time
of their isolation from the retina on embryonic day 8 (Adler,
1986; Madreperla and Adler, 1989; Adler and Hatlee, 1989).

Translational diffusion of membrane molecules will ran-
domize cell membranes with time. Given that the surface
areas of cells are small (hundreds of squared microns) and
that the cells’ lifetimes are long enough (days), even diffusion
as small as 107" cm?-s™' (smaller than has ever been mea-
sured for membrane proteins) would randomize surfaces.
Hence, development of membrane protein domains must in-
volve mechanisms working against lateral diffusion (Wolf,
1987). Some mechanisms that have been proposed include
(a) barriers, such as tight junctions, that act as gates or
fences; (b) specific removal of proteins from other mem-
brane surfaces; and (c) restriction of surface protein mobility
by local attachments to the cytoskeleton or to extracellular
matrices (e.g., Axelrod, 1983; Almers and Stirling, 1984;
Jesaitis and Yguerabide, 1986; Wolf, 1987). Of these possi-
bilities, our data are most consistent with attachment of ATP-
ase to a submembranous cytoskeleton. At the two stages of
photoreceptor development examined in vitro, the magnitude
of the average ATPase mobile fraction determined by FPR
was similar to the average detergent-extractable fraction of
ATPase determined by quantitative image analysis. Similar
results were obtained in a previous study using other cells
(Salas et al., 1988). The correlation between the mobile
fractions and the detergent extractable fractions suggests that
restriction of ATPase mobility is due to interaction with the
cytoskeleton. Other workers have shown interactions be-
tween asymmetrically distributed membrane proteins (in-
cluding Na*,K*-ATPase) and the cytoskeleton (e.g., Nelson
and Veshnock, 1986; Rapraeger et al., 1986; Horst et al.,
1987; Ojakian and Schwimmer, 1988). Experiments that
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showed no change in Na*, K*-ATPase distribution after fu-
sion of photoreceptor inner and outer segments suggested
that ATPase interacts with the cytoskeleton in photoreceptors
(Spencer et al., 1988).

A conclusion different than ours was reached by other
authors who observed a greater Na*,K*-ATPase mobility in
cultured MDCK cells and therefore proposed that the cyto-
skeleton was probably not critically involved in ATPase
polarity in those cells (Jesaitis and Yguerabide, 1986). These
different results could reflect differences between photore-
ceptors and epithelial cells and/or differences in the condi-
tions used for FPR measurements, since the basolateral
distribution of ATPase in cultured MDCK cells made it
necessary to detach cells from the substratum before FPR
analysis.

The gradients of ATPase and spectrin measured by image
analysis were very similar. Throughout photoreceptor mor-
phogenesis in vitro, the ATPase colocalized with spectrin.
Variations in pH and salt concentration during exposure to
detergents resulted in parallel changes in ATPase and spec-
trin extraction, although the amount extracted was always

Madreperla et al. Cytoskeleton in Photoreceptor ATPase Polarity

Figure 9. Developmental series
showing ATPase and spectrin
immunofluorescence in photore-
ceptors at various stages of mor-
phogenesis, including round pho-
toreceptor precursors (a, b, f, g,
k, 1, p, and q), round cells with a
short neurite (¢, A, m, and r),
cells with elongated body (d, i, n,
and s) and elongated cell with an
apical membranous expansion (e,
J» 0, and 1). a-e and k-o are
phase-contrast micrographs; f~j
and p-t show ATPase and spec-
trin immunofluorescence, respec-
tively. Staining patterns for the
ATPase and for spectrin are simi-
lar at each stage. Round photo-
receptor precursors have a sym-
metric staining pattern in some
cells (f and p) and an accumula-
tion near the lipid droplet in others
(g and g). This accumulation was
always seen in round cells with a
neurite (h and r). Elongated cells
(7 and 5) begin to show extensive
polarization of both antigens with
the basal portion of the cells only
having background level staining.
(7 and ) Elongated cells with a
membranous expansion show pat-
terns of immunoreactivity similar
to those in mature cells, with im-
munoreactive materials concen-
trated in the developing inner seg-
ment region. Bar, 7.5 um.

larger for ATPase than for spectrin. These data are sugges-
tive of an interaction between spectrin and the ATPase. Other
investigators have provided evidence of a direct linkage be-
tween the Na*,K+-ATPase and cytoskeletal proteins (Nelson
and Veshnock, 1987; Koob et al., 1988; Morrow, 1989).
Similar biochemical studies were not carried out with our
preparations because of the heterogeneity of the retinal cul-
tures, which contain neurons and undifferentiated cells in ad-
dition to the photoreceptors.

Results showing somewhat greater extraction of ATPase
compared with spectrin are consistent with our finding of
a fraction of mobile surface ATPase molecules even in dif-
ferentiated, polarized cells. In turn, this suggests that direct
attachment to the cytoskeleton may not completely account
for polarization of photoreceptor surfaces. We could mea-
sure a population of mobile, detergent-soluble, molecules
even in cells with polarized ATPase. In erythrocytes, where
the relative immobility of band 3 is thought to involve inter-
actions with spectrin (Cherry, 1981), a portion of the band
3 is readily extractable by Triton X-100 (Branton et al., 1983).
This has led to the suggestion that corralling of membrane
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proteins without direct binding to the cytoskeleton may also
be involved in restricting membrane protein mobility. We
know nothing of the origin or fate of the mobile ATPase mol-
ecules. They could be a pool of molecules newly arrived at
the surface, which must compete with existing surface mole-
cules for spectrin binding sites. Alternatively, they may rep-
resent molecules destined to be removed from the cell sur-
face. Although the measured gradient of ATPase has the
shape expected from diffusion of molecules from a limited
insertion region, it follows the gradient of spectrin, ruling
against the possibility that mobile ATPase molecules simply
diffuse from an insertion region (in the inner segment) to
some sink at the opposite end of the cell. However, due to
the low concentration of labeled ATPase at the basal end of
the cell, we were unable to measure ATPase mobility in these
regions, and so cannot say with certainty that the proportions
of mobile and anchored ATPase molecules are the same in
regions of high and low ATPase concentrations.

Our studies suggest that other cytoskeletal components,
such as cytochalasin D-sensitive actin filaments or nocodo-
zole-sensitive microtubules are not involved in the restriction
of ATPase mobility. Thus, despite its obvious effects on cell
body length, cytochalasin D did not appear to cause marked
changes in ATPase distribution. On the other hand, ATPase
did become more uniformly distributed when nocodazole-
treated photoreceptors lost their elongated shape and became
rounded. However, this apparent loss of ATPase polarity was
not associated with any detectable changes in ATPase extrac-
tability by detergent. Also, neither cytochalasin D nor nocoda-
zole altered the fraction of mobile ATPase molecules. A rele-
vant precedent for this observation is that no changes in
lateral mobility of the voltage-sensitive Na* channel (also
shown to interact with the subcortical cytoskeleton) were ob-
served in colchicine-treated neurons (Angelides et al., 1988).

This paper has shown that isolated photoreceptor precur-
sors can generate and maintain overlapping gradients of both
spectrin and ATPase as they develop from a circular to an
elongated pattern of morphological organization in the ab-
sence of intercellular contacts. Other neuronal cells also ap-
pear to be endowed with intracellular mechanisms capable
of generating predictable shapes and of directing different
molecular species to different cell regions in the absence of
intercellular contacts (Dotti et al., 1988; Banker and Wax-
man, 1988; Garner et al., 1988; Goslin et al., 1988). Under-
standing the nature of the intracellular mechanisms through
which these programs of development are implemented re-
mains a challenging area for investigation.
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