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    Localization of fodrin and α-actinin in the rat retinal pigment epithelium

(RPE) in vivo was examined by immunolabeling of frozen sections as well as en face

preparations. Fodrin was found densely in the apical cytoplasm and in the basal

infolding; it was sparse in the lateral cell membrane and hardly present in the

microvillus. On the other hand, α-actinin was concentrated in the dense material

underlying the zonula adherens. Notably the protein was also seen along the

microfilament bundle arising from the junction; it was present continuously in the

vicinity of the junction, but localized only in electron-dense bodies deep in the

cytoplasm. Fodrin was seen on both sides of the bundle but not in the bundle

itself.

    The present results showed that the distribution of fodrin and α-actinin in

RPE is distinctive among simple epithe1ia; fodrin is more concentrated in the basal

cell membrane than in the lateral cell membrane; α-actinin is present in the actin

filament bundle running through the apical cytoplasm and not in the terminal

web. These differences are likely to be related to the specialized function and loca-

tion of RPE.

   The retinal pigment epithelium (RPE) is a simple cuboidal epithelium highly 

polarized morphologically with the long apical microvillus and the basal infolding. 
The epithelium is intercalated between the outer segment of photoreceptor cells 

(ROS) and the choroid and transports metabolites to and from the retina. In addi-
tion, the apical microvillus is thought responsible for the phagocytosis of ROS (6, 34, 

45). In view of the specialized location and function, it is possible that the 
cytoplasmic organization of RPE is different from that of other simple epithelia. 
Recently distribution of several cytoskeletal proteins in chick embryo RPE in vitro has 

been reported (38). However, localization of cytoskeletal proteins in RPE in vivo has 

not been studied except for F-actin (22). Since isolated RPE lose its innate polarity 
rapidly (Nihira et al., manuscript in preparation), it is important to study in vivo cells 

in elucidating organization of the cytoskeleton related to the function of RPE. 

   In the present study, we focused upon two actin-binding proteins, fodrin and α-

actinin, and studied how they are distributed in RPE in vivo. Fodrin, an analogue of 
 erythrocyte spectrin, is similar to spectrin in many characteristics (7, 20, 26, 27), but
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is distributed not only beneath the cell membrane but in several different regions of 
the cytoplasm in many cell types (2, 15, 16, 40, 41, 46). Moreover, in some cells, 

fodrin was shown to change its localization depending on the cell's functional state, 

and this change is probably important in remodeling cytoskeletal organization (2, 16,

28, 30, 37, 44). On the other hand, α-actinin is shown to crosslink parallel actin

filaments to form bundles (39). The protein is most concentrated in the dense body 

of the smooth muscle cell and in the Z line of the skeletal muscle cell (18, 42), but it is 

also present in epithelial cells (17, 18).
Although the function is quite different, fodrin and α-actinin are both likely to be

important in determining the organization of the actin-based cytoskeleton. We 

therefore examined distribution of these proteins as well as F-actin in RPE in vivo us- 

ing immunolabeling techniques. In particular, a combination of frozen sections and 

en face preparations gave us information from two different angles and thereby proved 

useful in delineation of labeled structures.

MATERIALS AND METHODS

Tissue preparation for frozen sections 
   Adult Wistar rats were fixed by perfusion from the left ventricle of the heart with 

8% formaldehyde alone or with a mixture of 8% formaldehyde and  0.1-0.5%

glutaraldehyde in 0.1M sodium phosphate buffer(PB), pH 7.4, at 4℃ for 10min.

Eyes were enucleated immediately, the anterior portion of the eye ball was removed, 

and the posterior portion was further fixed by immersion with the same fixatives. The 

total fixation time was 60min. The tissue was cut into small pieces and stored in

0.5% formaldehyde at 4℃ for up to seven days.

After infused with 2.3M sucrose in 0.01M PB, pH 7.4, at room temperature for

30min, tissues were rapidly frozen with liquid nitrogen. Semi-thin(0.5-1.0μm in

thickness) and ultrathin(70-100nm in thickness) frozen sections were cut at -70-
-150℃ in a Reichert -Jung ultramicrotome and put on glass slides or on Formvar -

coated EM grids by the method of Tokuyasu (43).

Tissue preparation for en face observation of RPE

    Rats were perfusion-fixed with a mixture of 8% formaldehyde and 0.5%

glutaraldehyde in 0.1M PB at 4℃ for 2-3min and eves were enucleated rapidly.

The layer of RPE was detached either from the outer segments at the apical side or 
from the choroid at the basal side using a microsurgery knife (Grieshaber & Co. AG; 

 Schaffhausen, Switzerland). Tissues including RPE were left in the fixative for an ad-

ditional 50min and kept in 0.5% formaldehyde at 4℃.

   Tissue pieces prepared as above was placed on a poly-L-lysine (MW>150 ,000, 
Sigma; St. Louis, MO)-coated glass slides (24) with RPE facing toward the glass sur-
face. After several min, another glass slide with double-faced adhesive tape was laid 

on the tissue piece, gently pressed, and removed. Specimens remaining on poly-L-
lysine coated glass slides were rinsed with phosphate-buffered saline (PBS) and im-

munolabeled. 
 Immunolabeling and microscopy 

   Rabbit anti-rat brain fodrin polyclonal antibody was produced and affinity-purifi-

ed as described(15, 27). Rabbit anti-α-actinin polyclonal antibody was raised

against the antigen purified from the chicken gizzard(13) and affinity-purified . Sec-
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tions were rinsed with PBS containing 10mM glycine, pH 7.4, at room temperature f
or 10min, treated with 2% gelatin or with a mixture of 2% gelatin and 1% BSA for

10min, and incubated with the primary antibodies(10-30μg/ml) for 30min(14
,

 43). For light microscopy, FITC-labeled goat anti-rabbit IgG (Cappel; Cochranville
, PA) 

was used as the secondary antibody; for some sections, rhodamine-labeled 
 phalloidin (Molecular Probes; Junction City, OR) was also applied to label F-actin. 

For electron microscopy, biotinylated goat anti-rabbit IgG (Cappel) and streptavidin-  

ferritin (BRL; Gaithersburg, MD) were used to visualize localization of fodrin; col-

loidal gold (5nm)-labeled goat anti-rabbit IgG (Janssen; Beerse, Belgium) was used
for α-actinin. Control sections were incubated with nonspecific rabbit IgG or 0 .5%

gelatin instead of specific antibodies.

   Semi-thin sections were mounted with 90% glycerol in Tris-HCl buffer, pH 8.5, 
and observed under an Olympus Vanox AHB-LB photomicroscope equipped with 

 epifluorescence illumination. Ultra-thin sections were fixed with 2% glutaraldehyde 
in 0.1M PB for 5min, stained with 2% neutral uranyl acetate for 10min

, and 
embedded in methylcellulose containing 0.02% acidic uranyl acetate (43). They 
were observed with a JEOL 100CX electron microscope operated at 80 or 100kV .

RESULTS

Immunofluorescence microscopy of frozen sections 
   By immunofluorescence microscopy, labeling for fodrin was observed intensely 

and continuously in the apical and the basal portion of RPE but not in the cytoplasm 

between them (Figs. 1a, b). The labeling for F-actin revealed similar results (Fig.
1c); it was also localized in the apical and the basal portion of RPE. In addition, thin
linear fluorescence was seen extending into ROS, which probably corresponds to the
apical microvilli of RPE. In contrast, immunolabeling for α-actinin was seen as

segmented linear fluorescence in the apical portion of RPE(Fig.1e). The lateral and

basal cytoplasm of RPE did not show specific labeling for α-actinin. Control

specimens incubated with nonspecific rabbit IgG did not reveal any fluorescence ex-
cept for occasional weak autofluorescence probably derived from melanin granules 

(Fig. 1f). 
Immunofluorescence microscopy of en face preparation 

   In the en face preparation containing the apical portion of RPE, F-actin labeling 
was seen in a hexagonal pattern (Fig. 2a), which is probably derived from the cir- 

cumferential actin filament bundle underlying the zonula adherens. In addition, 

although weaker in intensity, two types of linear fluorescence different from the junc-
tional region was observed: the first one was seen frequently in the peripheral 

cytoplasm (arrows in Fig. 2a) and most of them seemed to connect two points of the 
cell boundary localized near neighboring corners of a hexagon; the second one, rarer 

in frequency and still weaker in fluorescence intensity, was observed deeper into the 
cytoplasm (arrowheads in Fig. 2a).

Labeling for α-actinin also gave a hexagonal pattern as a whole(Fig. 2b). But im-

munofluorescence was observed not only along the cell border (arrowheads in Fig. 2b) 
but also in the cytoplasm (arrows in Fig. 2b), which pattern was quite similar to that 

seen for F-actin. Control preparation incubated with nonspecific rabbit IgG showed 

virtually no fluorescence (Fig. 2c).
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Immunoelectron microscopy 

   Ferritin particles showing the localization of fodrin were densely observed in the 
apical cytoplasm (Fig. 3a). They also occurred in the region where ROS was seen pro-

truding through microvilli. Most of the labeling was not seen associated with the 

apical cell membrane. Microvilli were not labeled visibly. In some sections, bundles 
of microfilaments were seen extending from the intercellular junction; fodrin was 

distributed on both sides of the bundles but not in the bundle itself (Fig. 3b). Relative- 

ly little labeling was seen along the lateral cell membrane of RPE (Fig. 3c). On the 
other hand, the basal cell membrane forming infoldings was labeled intensely for 

fodrin (Fig. 3c).

Immunogold labeling for α-actinin was seen accumulated in the electron-dense

material underlying the zonula adherens (Fig. 4a). In addition, actin filament 
bundles arising from the junction was labeled for the protein; in the neighborhood of 

the junction, the labeling was seen continuously (Fig. 4b). But in the actin bundles 
found deep in the cytoplasm, the protein was localized only in electron-dense bodies 

(Fig. 4c). Other areas in the apical cytoplasm including the microvillus were not label-
ed. The lateral and basal portions of RPE were hardly labeled for α-actinin(Fig. 4d).

FIGS. 1a-e. Semi-thin frozen section of the retinal pigment epithelium (RPE). a. Phase contrast

  microscopy of a section labeled for fodrin. b. Immunofluorescence microscopy of the same sec-

  tion. The specific labeling is seen in the apical and the basal portion of the epithelium (arrows),

  but not between them. c. Fluorescence labeling of F-actin with rhodamine-phalloidin. In addi-

  tion to the apical and the basal labeling similar to fodrin, thin filamentous fluorescence is seen exten-

  ding toward the retina(arrows). d. Immunofluorescence microscopy of α-actinin. The labeling is

  observed as short segments(arrows) in the apical portion of RPE. e. Control incubated with

  nonspecific rabbit IgG. Background labeling is low in RPE. OS: outer segments of the retina,

  CH: choroid. ×500 Bars=10μm.

FIGS. 2a-c. En face preparation of RPE sheet. a. F-actin labeling with rhodamine-phalloidiin.

  The cell boundary is labeled brightly to make a hexagonal pattern. Besides, two types of linear

  fluorescence are seen: one occurs in the cell periphery between two points of a side of a hexagon (ar-
rows). b. Immunofluorescence labeling for α-actinin is observed in the cell boundary (ar-

  rowheads) as well as in the cytoplasm (arrows). c. Control treated with nonspecific rabbit IgG did

  not reveal much fluorescence. a×800, b, c×650 Bars=10μm.

FIGS. 3a-c. Immunoelectron microscopy of fodrin. Ultrathin frozen sections. a. The apical por-

  tion of RPE. Ferritin particles (arrows) are seen densely in the apical cytoplasm; they are also pre-

  sent in the cytoplasm where the outer segment (OS) is apposed. Most of the labeling are not

  associated with the cell membrane. Microvilli (MV) are not labeled. b. The labeling for fodrin

  (arrows) is not seen in the actin filament bundle but on both sides of the bundle. c. The basal cell

  membrane forming infoldings is labeled intensely for fodrin (arrows), whereas the lateral cell mem-

  brane (arrowhead) shows little labeling. N: nucleus. a×39,000, b×54,000, c×33,000

  Bar8=100nm.

FIGS. 4a-d. Immunoelectron microscopy of α-actinin. Ultrathin frozen sections. a. Colloidal

  gold particles (arrows) are seen concentrated in the dense area underlying the zonula adherens.

  SRS: subretinal space. b. Along the actin filament bundle arising from the zonula adherens (ar-

  rowheads) and extending into the cytoplasm, α-actinin is distributed continuously near the junc-

  tion (arrows). c. The actin filament bundle in the deep cytoplasm is labeled for α-actinin only in 
electron-dense bodies (arrows). Either microvilli or the cytoplasm underneath them are not label-

 ed, d. The basolateral cytoplasm contain little labeling for α-actinin. a×56,000, b, c×65,000,

 d×62,000 Bars=100nm.
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DISCUSSION

   The cytoskeleton of the microvillus and its underlying terminal web has been 

studied most extensively in the small intestinal epithelium (for reviews, see 32, 33). 

But the apical microvillus of RPE is different from the intestinal one in several aspects: 
firstly, it is much longer than that of the small intestine; secondly, it extends into the in-

terphotoreceptor substance filling the subretinal space; thirdly, it is engaged in 

phagocytosis of degenerating ROS (6, 34, 45). The special nature and location of 
RPE may require the cytoskeleton to be organized under different principles. 

   In the mammalian small intestinal epithelium, fodrin has been localized in the ter-

minal web as well as in the basolateral cell membrane (21, 23). The protein in the ter-
minal web is thought to provide actin-actin, actin-vesicle, actin-intermediate filament 

and vesicle-plasma membrane linkages (21, 23). Our results showed that fodrin takes 
similar distribution in the apical cytoplasm of RPE, although it could not be determin-

ed by the present methods whether it forms the same set of linkages as in the small in-
testine. The presence of fodrin in the terminal web may be necessary to maintain its 

structure even in a cell like RPE which transports phagosomes through it. 

   Both immunofluorescence and immunoelectron microscopy showed that the 
basal cell membrane of RPE contains more fodrin than the lateral cell membrane. 

Since fodrin is known to be connected to various membrane proteins either directly or 
indirectly through ankyrin (1, 10), this difference in concentration of fodrin may be im- 

portant in differentiation between the lateral and the basal cell membrane. For exam-

ple, in  MDCK cells, Na+-K+ATPase was shown to be anchored to ankyrin and 
localized in the basolateral cell membrane where ankyrin and fodrin are present (35). 
It is interesting to see if any integral membrane protein connected to fodrin is 

distributed only in the basal surface and not in the lateral surface.

The concentration of α-actinin beneath the zonula adherens has been found in

other epithelia (11, 18, 31), but it is peculiar that the protein also exists along the actin 
filament bundles arising from the zonula adherens and extending into the cytoplasm. 
The en face preparation of RPE in vivo showed that these can be classified into two 

types: most of them belong to moderately bending bundles connecting two points on 
the same side of a hexagonal cell shape; others seem to extend deep into the 

cytoplasm. The bundles clearly separated from the cell membrane was observed in 
chick embryo RPE in culture (9) and it has been known that these as well as the cir-

cumferential actin bundles have electron-dense bodies (9, 36). Our results showed
that α-actinin is a component of the dense bodies and hence the bundles are similar to

stress fibers of cultured cells (25). A possible function of these bundles in RPE of 
adult animals may be to back up the  circumferential bundle in sustaining the cell 

 organization. As a clue to realize the bundle's function, it is important to examine
whether myosin exists in it and, if so, how it is distributed in relation to α-actinin .

    The absence of α-actinin in the terminal web is in marked contrast with the

results obtained in the small intestinal epithelium (11, 18) and in the gastric parietal 
cells (31). Functional significance of its presence in the terminal web is not clear, but 
judging from the in vitro function of crosslinking parallel actin filaments, the protein is 
likely to be engaged in bundling  microvillar core filaments in concert with villin (3, 4,

8, 12, 29) and fimbrin (5, 19, 29). The absence of α-actinin in the microvillar rootlet

of RPE therefore may make the microvillus flexible, which characteristics may be
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required for phagocytosis of ROS and other dynamic processes. 

   In summary, by studying distribution of the two actin-binding  prpteins, we could 
identify several peculiar characteristics of RPE , which are distinct from those of the 
small intestinal epithelium studied as a model of the simple  epithelium. Firstly, the

terminal web contains fodrin but not a-actinin; secondly, fodrin is more concentrated

in the basal cell membrane than in the lateral cell membrane; thirdly, actin filament

bundles similar to stress fiber in the distribution of α-actinin is present in the apical

cytoplasm. How these characteristics are related to the functional specialities of RPE 

makes an important question which awaits further studies to resolve.
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