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Spectrin is a major component of the mammalian neuronal 
cytoskeleton. In the CNS, three isoforms of brain spectrin 
are known to exist: a cellular and dendritic isoform, (240/ 
235E), related to neurons and glia; a cellular and axonal 
isoform, (240/235), related to neurons; and an isoform spe- 
cific for astrocytes, (240/235A). In the present study, brain 
spectrins (240/235E) and (240/235) were localized within the 
mouse retina and optic nerve. lmmunoblot analyses of pro- 
teins isolated from mouse retinas utilizing polyclonal anti- 
bodies to either brain spectrin (240/235) or brain spectrin 
(240/235E) revealed that these spectrins are present in the 
retina and that the two isoforms are the same molecular 
weights as those found in the brain. lmmunocytochemical 
studies revealed that spectrin (240/235E) was localized in 
cell bodies of the inner nuclear, outer nuclear, and ganglion 
cell layers, and processes arborizing within the inner and 
outer plexiform layers. Spectrin (240/235) was distributed 
diffusely within the retina, lightly staining neurons in both 
the inner nuclear and outer nuclear layers, and the ganglion 
cell layer. In contrast to the situation found in the brain, 
spectrin (240/235) was but one of the axonal forms in the 
retina. We found that spectrin (240/235E) was also present 
in the axon-rich fiber layer and in the optic nerve and was 
often associated with fibrous elements. Spectrin (240/235) 
was also detected in the nerve fiber layer and optic nerve, 
but this isoform was not localized to fibers. These results 
indicate that the cytoskeletal proteins spectrin (240/235) and 
(240/235E) are present in the retina and optic nerve, but the 
distribution of the two subtypes may differ somewhat from 
the pattern found in the brain. A spectrin-based membrane 
cytoskeleton in the retina may be related to actin-membrane 
attachment, strengthening of the membrane fabric, cellular 
architecture, axonal transport, and neural transmission. 

Spectrin is a major component of the cytoplasmic surface of the 
red blood cell (rbc) plasma membrane and is involved in main- 
taining rbc shape, membrane stability, and the regulation of 
lateral mobility of integral membrane proteins (Goodman et al., 
1988; Bennett, 1990). Spectrin-related molecules are also pres- 
ent in many nonerythroid tissues and cells (Goodman et al., 
1981; Bennett et al., 1982; But-ridge et al., 1982; Glenney et al., 
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1982; Repasky et al., 1982). Brain spectrin, also known as fodrin 
(Levine and Willard, 198 l), calspectin (Kakiuchi et al., 1982), 
calmodulin-binding protein (Davis and Klee, 1981), or brain 
actin-binding protein (Shimo-Oka et al., 1983), has been ex- 
tensively examined (Goodman and Zagon, 1984, 1986; Good- 
man et al., 1988). Brain spectrin comprises about 3% of mam- 
malian neural membrane protein and is a l,OOO,OOO molecular 
weight fibrous protein with subunits of 240 kDa ((.u) and 235 
kDa (p) forming an (a/3), tetrameric complex. Brain spectrin 
contains binding sites for calmodulin (Davis and IUee, 198 1; 
Kakiuchiet al., 1981; Glenneyet al., 1982; Tsukitaet al., 1983), 
ankyrin (Davis and Bennett, 1984a,b), brain protein 4.1 (amelin) 
(Goodman et al., 1984), synapsin I (Baines and Bennett, 1985), 
and F-actin (Bennett et al., 1982; Glenney et al., 1982). Inter- 
actions with these binding proteins are important for the at- 
tachment of spectrin to membrane surfaces and cytoskeletal 
structures. 

The mammalian brain contains two isoforms of neurally lo- 
calized spectrins, (240/235) and (240/235E) (Goodman et al., 
1987), as well as an astrocyte-specific isoform, (240/235A) 
(Goodman et al., 1989). All three isoforms contain a 240 kDa 
a-subunit and a 235 kDa p-subunit in a 1: 1 mol/mol ratio. At 
the light microscope level, brain spectrin (240/235E) is localized 
within neuronal cell bodies and their dendrites, as well as glia 
(Zagon et al., 1984; Riederer et al., 1986) while brain spectrin 
(240/235) is found in neuronal cell bodies and axons (Riederer 
et al., 1986). At the ultrastructural level (Zagon et al., 1986), 
brain spectrin (240/235E) immunoreactivity is associated with 
the cytoplasmic surfaces of plasma membranes, organelles, and 
cytoskeletal components of neural cells. Brain spectrin (240/ 
235E) is also localized within dendritic spines and at postsyn- 
aptic densities. Brain spectrin (240/235) immunoreactivity is 
associated with the plasma membranes of cell bodies and axons, 
cytoplasmic surfaces of mitochondria, and cytoskeletal com- 
ponents. At presynaptic terminals, spectrin (240/235) is local- 
ized to the plasma membrane and small synaptic vesicles. 

The well-known architecture, synaptic circuitry, sensory pro- 
cessing, structure-function correlations, and accessibility and 
possibility of experimental manipulation have made the retina 
an ideal place to gain insight into the role of the cytoskeleton 
in neuronal function. Special attention has been directed toward 
the photoreceptor cells with respect to cytoskeletal relationships, 
since these cells have the capacity to regenerate their photosen- 
sitive outer segment membranes (Young, 1967). Investigations 
of tubulin (Woodford and Blanks, 1989), actin (Vaughan and 
Fisher, 1987; Chaitin et al., 1988; Chaitin and Bumside, 1989; 
Vaughan and Lasater, 1990), intermediate filaments (Drager, 
1983; Lemmon and Rieser, 1983; Shaw and Weber, 1984; To- 
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Figure 1. Retinal proteins separated on SDS-PAGE stained with 
Coomassie blue (lane&, immunostained with anti-brain spectrin (240/ 
235E) IgG (lane B), and immunostained with anti-brain spectrin (240/ 
235) IgG (lane C). 

relli et al., 1989), and microtubule-associated proteins (Tucker 
and Matus, 1988; McKerracher et al., 1989; Okabe et al., 1989) 
in the intact, as well as cultured, retina have been documented. 
Some information about spectrin-like proteins in the avian (La- 
zarides et al., 1984) and amphibian (Drenckhahn and Bennett, 
1987; Spencer et al., 199 1) retinas has been reported. In mam- 
mals, Wong and Molday (1986) have shown that rod outer 
segments (ROSS) contain a protein related to erythrocyte spec- 
trin. In a subsequent report, these workers found that this spec- 
trin-like protein was directly associated with the 63 kDa cGMP- 
gated channel of bovine ROSS (Molday et al., 1990). Gundersen 
et al. (199 1) have discovered that spectrin may play a role in 
maintaining the Na+ and K+ electrochemical gradients across 
the plasma membrane in retinal pigment epithelium. 

In order to understand the function of spectrin in the retina, 
we must have an accurate and complete understanding of the 
localization of this molecule within the mammalian retina. In 
this report, we describe the results of a detailed examination in 
regard to the immunocytochemical localization of two brain 
spectrin isoforms, (240/235) and (240/235E), within the retina 
and optic nerve. 

Materials and Methods 
Animals. Adult C57BU6 mice were used in this study. Animals were 
housed in steel, solid-bottomed cages in an environment at 21 f  0.5”c 
with a relative humidity of 50 f  10% and a 12 hr light/ 12 hr dark cycle 
with no twilight. Food and water were available ad libitum. All animals 
were allowed at least 5 d to acclimate to their surroundings prior to the 
beginning of the experiments. 

Preparation and characterization of antibodies. Monospecific poly- 
clonal antibodies to brain svectrin (240/235) and brain svectrin (240/ 
235E) were utilized in this study. These antibodies were prepared and 

characterized according to Riederer et al. (1986). In brief, native ho- 
mogeneous mouse brain spectrin (2401235) and erythrocyte spectrin 
were used as immunogens in rabbits. The antisera against erythrocyte 
and brain spectrin (240/235) were passed through either a brain or 
erythrocyte spectrinSepharose 4B column, respectively, to yield anti- 
sera that would only detect the original antigen. The results of immu- 
nodot, immunoblot, and immunocytochemical analyses demonstrated 
that the erythrocyte spectrin antiserum detected only brain spectrin 
(2401235E) from total brain homogenate protein after affinity chro- 
matography. The antiserum against the synaptic/axonal form of spectrin 
was specific for brain spectrin (240/235) after affinity chromatography. 

Immunoblotting. Adult C57BL/6 mice were anesthetized with sodium 
pentobarbital (30 mg/kg, i.p.) and perfused transcardially with phos- 
phate-buffered saline (PBS); all perfusions were performed at 120 mm 
Hg. Retinas were dissected for protein isolation and subsequent im- 
munoblot analyses. Tissue was removed quickly and immersed in ice- 
cold 50 mM Tris-HCl, 150 mM NaCl, pH 7.4 (TBS), containing leupeptin 
(1 mgml), bacitracin (0.1 mg/ml), thiorphan (3 mM), EGTA (1 mM), 
and phenylmethylsulfonyl fluoride (0.6 mg/ml). Samples were homog- 
enized with a Polytron homogenizer and centrifuged at 2200 x g, and 
the supernatant was collected and centrifuged at 2200 x g. The super- 
natant obtained after the two initial spins was centrifuged at 39,000 x 
g. The resulting pellet was separated by SDS-PAGE, utilizing a 7% 
polyacrylamide gel and a discontinuous buffer system (Laemmli, 1970); 
proteins were transferred from the SDS-polyacrylamide slab gels to 
nitrocellulose bv the method of Towbin et al. (1979). Some vrenarations 
were stained with Coomassie blue. Primary Bntisera to braid spectrin 
(2401235) and (2401235E) were used at a dilution of 1:lOOO; blots were 
incubated overnight at 4°C and visualized with lz51-protein A. 

Immunocytochemistry. Animals anesthetized with sodium pentobar- 
bital were perfused intracardially with PBS. Animals were decapitated 
immediately, and their eyes were removed intact and frozen in isopen- 
tane cooled with liquid nitrogen; in some cases, cerebella were also 
removed and frozen. Sections of whole eye or cerebellum were cut on 
a Reichert Histostat cryostat at a thickness of 15 rrn and collected on 
gelatin-coated slides. 

Sections were fixed in 95% ethanol at 4°C for 30 min and made 
permeable to antibodies by immersion in absolute acetone at 4°C for 
30 min. Tissues were washed in TBS for at least 30 min at room tem- 
perature and blocked with 3% normal goat serum (NGS) in TBS for 30 
min at 4°C. Sections were incubated overnight at 4°C with antiserum 
to brain spectrin (2401235E) or antiserum to brain spectrin (240/235) 
at a dilution of 1:200 in 1% NGS in TBS with 0.1% Triton X-100. 
Control retinas were incubated overnight in 3% NGS. Following a series 
of washes in TBS over 60 min, sections were blocked with 3% NGS in 
TBS for 30 min. Tissues were incubated for 2 hr at 4°C with rhodamine- 
conjugated goat anti-rabbit IgG (Cappel Laboratories) at a dilution of 
1: 100 in 1% NGS in TBS with 0.1% Triton X- 100. Sections were washed 
in TBS at room temperature for 60 min and mounted on coverslips 
with buffered glycerol (60% glycerol, 40% 0.4 M KHCO,, pH 8.6). 

Results 
Expression of spectrin antigens in the retina and optic nerve 
Western blot analysis of immunoblots of retinal proteins indi- 
cated that immunoreactive brain spectrin (240/235) and brain 
spectrin (240/235E) were detected in the adult mouse retina 
(Fig. 1, lanes B and C). The two isoforms of brain spectrin 
migrated to the same regions as their respective isoforms in 
brain preparations. The antiserum to isoform (240/235E) ap- 
peared to recognize the 235 kDa subunit preferentially, while 
the antiserum to isoform (2401235) recognized the 240 kDa 

Figure 2. All figures are cross sections of the adult mouse retina. A, Low-magnification photomicrograph showing immunoreactivity detected in 
all layers of the retina. GC, Ganglion cell layer; ZN, inner nuclear layer; ZP, inner plexiform layer; ON, outer nuclear layer; OP. outer plexiform 
layer; OL, outer limiting membrane. B, Mouse retina stained only with the secondary antibody (4 15 x). C, Higher-magnification (660 x) micrograph 
showing brightly immunolabeled cells in the GC (arrow) and IN (arrowheads), and the weak immunoreactivity in the photoreceptor cell bodies of 
the ON, immunofluorescence was isolated to the cortical cytoplasm, with nuclei appearing nonreactive. NF, nerve fiber layer. D, An example of 
an immumolabeled ganglion cell (arrow) in the GC of the adult mouse (435 x); this ganglion cell is seen extending a process into the IP (arrowhead). 
E, Immunofluorescent cells in the IN were occasionally observed to extend processes into the IP and/or the OP (arrowheads) (990 x). 
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subunit, although both subunits were often detected to varying 
degrees with both antibodies. 

Immunocytochemical localization of spectrin antigens in 
retina and optic nerve 

Analysis of sections of mouse retina reacted with antiserum to 
brain spectrin (240/235E) revealed abundant immunoreactivity 
within the various layers of the retina (Fig. 2A,C). The most 
intense immunofluorescence was localized to the nerve fiber 
layer (NFL), ganglion cell layer (GCL), inner nuclear layer (INL), 
and the outer plexiform layer (OPL). Other layers of the retina 
did not appear to stain as intensely as these, but the immuno- 
reactivity detected by fluorescence was above that seen in con- 
trol sections (Fig. 2B). Brain spectrin (240/235E) appeared to 
be localized to cell bodies of the GCL and INL (Fig. 2C); a low 
level of immunofluorescence was associated with the photore- 
ceptor cell bodies of the outer nuclear layer (ONL) (Fig. 2C). 
The immunoreactivity found in cells populating the cellular 
layers of the retina was localized to the cytoplasm, with the 
nuclei of the cells appearing nonreactive (Fig. 2&Y). Ganglion 
cells in the GCL could be observed with immunoreactive pro- 
cesses extending into the inner plexiform layer (IPL) (Fig. 20). 
Immunostained cells in the INL were identified tentatively as 
bipolar and amacrine cells (Fig. 2C) based on the size and lo- 
cation of their somata; labeled horizontal cells could not be 
identified with certainty. While immunolabeled processes arose 
from cells in the INL (Fig. 2E), they could not be traced into 
their finest processes. Based on the intensity of immunofluo- 
rescence, two layers of immunoreactivity could be distinguished 
in the IPL (Fig. 2A,C). The IPL adjacent to the INL exhibited 
considerable immunofluorescence, whereas the IPL proximal to 
the GCL was not as immunoreactive. This pattern of immu- 
noreactivity may correspond to the stratification of rod bipolar 
cell axons within the IPL. The OPL showed intense immuno- 
labeling (Fig. 2E) that often appeared to be arranged in globular 
units; this pattern of immunofluorescence present in the OPL 
(Fig. 2A-C’) suggests that receptor terminals, perhaps rod spher- 
ules, were stained. Brain spectrin (240/235E) could be localized 
to the NFL and to individual fibers within the optic nerve (Fig. 
3A, B). 

In view of the unexpected immunoreactivity of the optic nerve 
with anti-brain spectrin (240/235E) IgG, sections of adult mouse 
cerebellum prepared similarly were processed with the brain 
spectrin (240/235E) antiserum. The results were consistent with 
previous findings (Zagon et al., 1984; Riederer et al., 1986). 
Brain spectrin (240/235E) was found in the cortical cytoplasm 
of neural cells such as internal granule and Purkinje neurons, 
the molecular layer was lightly stained, and the medullary layer 
was not immunoreactive (Fig. 3C). 

Sections of the retina stained with antiserum to brain spectrin 
(240/235) (Fig. 4A) exhibited an overall diffuse immunoreac- 
tivity. Brain spectrin (2401235) antigen was present in most cell 
bodies; cell nuclei were unstained. Cells in the ONL, INL, and 
GCL were all labeled with the same intensity. An area that 
appeared to possess abundant spectrin (240/235) immunoreac- 
tivity was the outer limiting membrane, the border between the 
ONL and the photoreceptor outer segments (Fig. 4A). Analysis 
of sections containing the optic nerve indicated that brain spec- 
trin (240/235) immunoreactivity was present within the NFL 
and the optic nerve (Fig. 4C,D). Observations indicated that the 
immunofluorescence was diffusely distributed; fibers were not 
detected by immunostaining in the optic nerve or the NFL. 

Distinct patterns of lamination were not found in the IPL for 
brain spectrin (240/235) as detected for brain spectrin (240/ 
235E), but often the OPL did exhibit a concentration of im- 
munofluorescence in globular units similar to that found in the 
OPL of retinas stained for brain spectrin (240/235E) (Fig. 4A,B). 

Discussion 

In the present study, Western blotting and immunocytochemical 
techniques were utilized in conjunction with antisera directed 
against two mammalian brain spectrin isoforms to the retina 
and optic nerve of the adult mouse. We report that a cytoskeletal 
system composed of brain spectrin (240/235) and brain spectrin 
(240/235E) is present in the mouse retina and optic nerve. West- 
em blotting experiments revealed the presence of proteins in 
retinal extracts that migrated in correspondence to the molecular 
weights of isoforms previously isolated from the mouse brain 
(Riederer et al., 1986). These proteins could be stained specif- 
ically using antisera to both spectrin isoforms. The cellular im- 
munoreactivity for both isoforms was located in the cytoplasm, 
with cell nuclei unstained. Our findings using immunocyto- 
chemistry also showed discrete localization for each of the spec- 
trin antigens. Brain spectrin (240/235E) was present in cell bod- 
ies located in the INL and GCL. Sections labeled with anti- 
brain spectrin (240/235) IgG also showed abundant immuno- 
fluorescence, but the immunoreactivity was not as precisely 
localized as seen for the (240/235E) isoform. Whereas individual 
cell somata were easily identified in tissue stained for brain 
spectrin (240/235E), cell boundaries in retina labeled with anti- 
brain spectrin (240/235) IgG were not apparent. 

Zagon et al. (1986) and Riederer et al. (1986) have shown 
that there are two distinct isoforms of spectrin in the mam- 
malian brain. Brain spectrin (240/235E) is associated with den- 
drites and neuronal somata predominantly, while brain spectrin 
(240/235) is associated with neuronal cell soma and axons. The 
present observations reveal that spectrin in the mammalian 
retina and optic nerve has a somewhat different pattern of dis- 
tribution from the brain. Brain spectrin (240/235E) immuno- 
reactivity is present in processes arising from retinal cells, but 
it is difficult at the light microscope level of resolution to dis- 
tinguish axons and dendrites clearly. In this study, however, we 
found that brain spectrin (240/235E), a predominantly dendritic 
form of spectrin in the CNS, is in great abundance in the NFL 
as well as the optic nerve. Both of these structures are composed 
of glia and the axon fibers of retinal ganglion cells. The asso- 
ciation of brain spectrin (240/235E) with axonal elements in the 
retina is a novel observation. Indeed, to verify that our im- 
munocytochemical procedures for the retina were similar to 
those used in earlier studies, we also stained adult mouse cer- 
ebellum with antibodies to brain spectrin (240/235E). Our re- 
sults were consistent with earlier findings showing that axons 
in the brain do not contain spectrin (240/235E) antigens (Zagon 
and Goodman, 1989). The reason(s) for this difference between 
the retina and the brain with respect to brain spectrin (240/ 
235E) is presently unclear. Perhaps antibodies to brain spectrin 
(240/235E) are recognizing a spectrin isoform unique to the 
retina. Alternatively, the antibodies to spectrin (240/235E) may 
be associated with the glia of these axonal areas; immunoelec- 
tron microscopic studies are needed to clarify this matter. With 
regard to brain spectrin (240/235), neural cell bodies and axon- 
rich areas did appear to contain this isoform, but the diffuse 
nature of the immunolabeling in the retina made it difficult to 
discern all of the cellular elements related to this antigen. Once 
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Figure 3. All figures are cross sections of adult mouse retina immunostained with anti-brain spectrin (240/235E) IgG. A, The intense immuno- 
fluorescence seen in the retina (170 x) is also present in the NF (small arrows) and the optic nerve (large arrow). B, A high-magnification (875 x) 
micrograph of sagittally sectioned optic nerve; note the immunolabeled fibers (arrows) within the body of the optic nerve. C, A light micrograph 
(380x) of adult mouse cerebellum stained with anti-brain spectrin (240/235E) serum; granule and Purkinje cells of the internal granule layer (!G> 
were brightly immunofluorescent, the molecular layer (MO) was lightly stained, and the medullary layer (ME) was nonreactive. Arrowheads, Purlonje 
cells; arrows, red blood cells. 
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again, immunoelectron microscopy will be needed to resolve 
the distribution of the spectrin antigen in the retina. 

A number of investigators have reported the detection and 
localization of spectrin antigens in the vertebrate retina. The 
avian optic system contains a major membrane-associated ax- 
onally transported form of spectrin (Lazarides et al., 1984). 
Spectrin detected by Lazarides et al. (1984) using antibodies to 
the a-subunit was present in axon fibers of the optic nerve, the 
cell bodies of ganglion cells, processes in the IPL and OPL, and 
cell bodies of the INL and rods and cones in the ONL, outer 
segments of rods and cones did not contain this form of spectrin. 
An erythrocyte-related form of spectrin was also detected in the 
avian retina. This form of spectrin was more anatomically re- 
stricted. Antibodies to the P-subunit of the erythrocyte-related 
form of spectrin labeled the plasma membrane of dendrites and 
cell bodies of ganglion cells but did not stain optic nerve fibers. 
Drenckhahn and Bennett (1987) have examined the location of 
spectrin in the avian retina with an antibody to bovine brain 
spectrin and report immunocytochemical staining of the mem- 
brane of axonal processes and synaptic endings, and cone and 
rod outer segments. Spencer et al. (199 1) have detected nonery- 
throid ol-spectrin in cones of amphibians and suggest that this 
protein may participate in maintaining the morphology of cone 
inner segments. The present study is consistent with the findings 
of spectrin antigens in the retina. Comparisons between inves- 
tigations of mammalian, avian, and amphibian retinas, how- 
ever, are difficult because of differences in species examined, 
immunocytochemical preparations utilized, and, in some cases, 
lack of characterization or specific information about the nature 
of the antibodies to spectrin (Drenckhahn and Bennett, 1987; 
Spencer et al., 199 1). Moreover, unlike mammals, avian spec- 
trin has an antigenically and structurally constant a-subunit 
(Glenney and Glenney, 1983a,b, 1984). Therefore, antibodies 
against the a-subunit, such as used by Lazarides et al. (1984) to 
detect the brain-specific form of spectrin, would detect all chick- 
en brain spectrin subtypes. 

In the mammalian retina, Wong and Molday (1986) have 
found that the ROS of bovine photoreceptor cells contain an 
M, 240,000 polypeptide related to the a-subunit of rbc spectrin. 
This protein may constitute a major component of a filamentous 
network lining the inner surface of the ROS plasma membrane 
and may be related to the stability of the ROS and the plasma 
membrane. In a subsequent study, Molday et al. (1990) dem- 
onstrated that this 240 kDa protein, which exhibited immu- 
nochemical cross-reactivity with rbc spectrin, was associated 
directly with the 63 kDa cGMP-gated channel of bovine ROS; 
this finding raises the question of whether cytoskeletal elements 
interact with channel proteins and ion pumps. In a related study, 
Gundersen et al. (199 1) reported that, in contrast to most trans- 
porting epithelia (e.g., urinary or digestive systems), retinal pig- 
ment epithelium displays a different polarity with regard to 
Na+,K+-ATPase and that this is linked to a reversal of the an- 
kyrin-spectrin submembrane cytoskeleton. The results of the 
present study extend these observations by demonstrating that 
spectrin is of widespread occurrence within the mammalian 

t 

retina and optic nerve. The function of spectrin in the retina 
requires elucidation. The spectrin-based membrane skeleton in 
erythrocytes is involved in the regulation of cell morphology 
and immobilization of integral membrane proteins. Retinal 
spectrin may be postulated to participate in membrane an- 
chorage of cortical actin, control of neural cell shape, mainte- 
nance of membrane structural integrity, compartmentalization 
and polarization of neuronal cells, regulation of the lateral mo- 
bility of integral membrane receptors, and/or synaptic trans- 
mission. Another area of importance for spectrin may be related 
to the unique regeneration of the photoreceptor outer segments 
in the retina (Young, 1967; Young and Bok, 1969). The con- 
tinuing regeneration and remodeling of the photoreceptors in- 
volves the regular synthesis of disk membrane and proteins, and 
their transport and assembly into functional rod and cone outer 
segments. Whether the spectrin-based membrane cytoskeleton 
plays a role in the machinery required for the cells to regenerate 
their outer segments on a daily basis warrants attention. 
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