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Abstract 

Spectrin is a major skeletal component of the erythrocyte membrane and is essential in controlling cell shape 
and structural stability. The brain has also been found to be rich in an immunoreactive and structural analogue 
of spectrin. In the present study, spectrin was localized in the mouse brain by indirect immunofluorescence 
using an antibody to erythrocyte spectrin that cross-reacts specifically with the 01 and p subunits of brain 
spectrin. Spectrin antigens were concentrated in neuronal perikarya and cell processes. Synaptic structures 
and axons were observed to have little detectable spectrin antigen by immunofluorescence methodology. The 
cell bodies of glia had a less intense immunoreactivity in contrast to neurons, and glial processes and myelin 
were unstained. Cell nuclei of neural cells were not fluorescent. These results show that (a) spectrin is found 
in all regions of mammalian brain and its intensity corresponds to neural cell density, (b) different neural cell 
types contain variable spectrin content, and (c) within a single neural cell, the regional disposition of spectrin 
varies. 

Spectrin is a large fibrous protein which, in association with 
actin protofilaments and several other proteins, forms the 
erythrocyte membrane skeleton. This membrane skeleton is 
essential for the maintenance of erythrocyte shape, reversible 
deformability, and membrane structural integrity, in addition 
to controlling the lateral mobility of integral membrane pro- 
teins (for review, see Goodman and Shiffer, 1983). In the 
erythrocyte, this membrane skeleton is associated with the 
bilayer core through interaction of the spectrin (LY~)~ tetramer 
(cy = 240,000 daltons and fi = 220,000 daltons; also termed 
bands 1 and 2) (Steck, 1974) with a peripheral membrane 
protein termed syndein (Yu and Goodman, 1979) or ankyrin 
(Bennett and Stenbuck, 1979), which is in turn associated with 
the integral membrane glycoprotein band 3 (Bennett and Sten- 
buck, 1980). Protein 4.1, an 80,000-dalton peripheral membrane 
protein, converts a low affinity spectrin-actin interaction into 
a high affinity spectrin-protein 4.1-a&n ternary complex, 
thereby forming the two-dimensional skeletal meshwork (for 
review, see Goodman and Shiffer, 1983), as well as serving as a 
secondary site for membrane attachment (Shiffer and Good- 
man, 1983, 1984). 

Our laboratory originally noted that molecules which are 
both immunologically and structurally related to erythrocyte 
spectrin exist in nonerythroid cells, and this family of related 
molecules was referred to as nonerythroid spectrin-like proteins 
(Goodman et al., 1981). Subsequent immunofluorescence stud- 
ies from several laboratories have demonstrated the widespread 
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occurrence of nonerythroid spectrin-like molecules in the cor- 
tical cytoplasm of nearly every mammalian and avian cell or 
tissue studied (e.g., Levine and Willard, 1981; Burridge et al., 
1982; Glenney et al., 1982a; Repasky et al., 1982; Glenney and 
Glenney, 1983a, b; Goodman and Shiffer, 1983 (review); Good- 
man et al., 1983,1984a; Lazarides and Nelson, 1983a, b; Casoria 
et al., 1984). 

The brain is rich in an immunoreactive and structural ana- 
logue of spectrin (Bennett et al., 1982; Burridge et al., 1982; 
Glenney et al., 1982b; Goodman et al., 1983, 1984a, b; Casoria 
et al., 1984) which had been studied as a stimulator of an 
actomyosin M$+-ATPase (termed brain actin-binding protein; 
Shimo-Oka and Watanbe, 1981), as an axonally transported 
protein found in the cortical cytoplasm of neurons as well as 
other cell types (termed fodrin; Levine and Willard, 1981), and 
as a calmodulin-binding protein (Kakiuchi et al., 1981; subse- 
quently termed calspectin), before its immunological and struc- 
tural relationship with erythrocyte spectrin was fully appreci- 
ated. As this protein fits well into the class of nonerythroid 
spectrin-like molecules, we will refer to it here as brain spectrin. 

Mouse brain spectrin is a large, asymmetric, 972,000-dalton, 
10.5 S (cY/~)~ tetramer which constitutes 2.3% of crude brain 
membrane protein (Goodman et al., 1983, 1984a; Casoria et al., 
1984). Mouse brain spectrin consists of two subunits: 240,000 
daltons (01 subunit) and 235,000 daltons (p subunit). Proteins 
of similar structure and subunit composition have been isolated 
from chicken, pig, and cow brain membranes (Bennett et al., 
1982; Burridge et al., 1982; Glenney et al., 1982a). The mouse 
brain 235,000-dalton ,6 subunit and mouse red blood cell (RBC) 
220,000-dalton fi subunit of spectrin are both phophorylated by 
a membrane-associated CAMP-independent protein kinase 
(Goodman et al., 1984a). Rotary shadowed images- of brain 
spectrin demonstrate a long, flexible rod of -2,000 A contour 
length, with the two strands woven into a tight double helix 
with few or no gaps (Bennett et al., 1982; Glenney et al., 1982a), 
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a structure which is strikingly similar to that of erythrocyte 
spectrin (Shotton et al., 1979). Brain spectrin crosslinks F- 
actin in solution (Levine and WillardJ981; Bennett et al., 1982; 
Burridge et al., 1982; Glenney et al., 1982a). Rotary shadowed 
images of the interaction demonstrate that brain spectrin (like 
erythrocyte spectrin tetramer) is bivalent, binding laterally to 
F-a&n in an end-on orientation (Glenney et al., 1982c). Other 
functional characteristics shared by brain and erythrocyte spec- 
trin include binding sites for erythrocyte syndeinlankyrin 
(Bennett et al., 1982; Burridge et al., 1982), calmodulin (Carlin 
et al., 1982; Glenney et al., 1982b; Kakiuchi et al., 1982; Palfrey 
et al., 1982), and erythrocyte protein 4.1 (Burns et al., 1983). 
Although brain and erythrocyte spectrin share common anti- 
genie sites, morphology, subunit composition, and functional 
sites, two-dimensional peptide mapping analysis of radioiodi- 
nated (Y and p subunits indicate only limited homology between 
brain and erythrocyte spectrin subunits in the mouse (Good- 
man et al., 1984a) or pig (Bennett et al., 1982; Glenney and 
Glenney, 1983a, b). It has therefore been concluded that mam- 
malian brain and erythrocyte spectrin are distinct gene prod- 
ucts, which share common functional regions such as actin-, 
syndein-, protein 4.1-, and calmodulin-binding sites, separated 
by functionally silent domains of variable sequence (for review, 
see Goodman and Shiffer, 1983). 

To understand the function of brain spectrin, in addition to 
in vitro studies describing its structure and binding capacities, 
we must have an accurate and complete understanding of the 
localization of this molecule within mammalian neural tissue. 
Although several laboratories, including our own, have pre- 
sented individual pictures of selected neural tissue stained with 
antibodies against, RBC or brain spectrin (Levine and Willard, 
1981; Goodman et al., 1983, 1984a, b; Lazarides and Nelson, 
1983a, b; Casoria et al., 1984), no detailed account of the 
localization of brain spectrin in mammalian brain has appeared. 
In this report we describe the results of a comprehensive 
examination in regard to the immunocytochemical localization 
of brain spectrin within mouse brain. 

Materials and Methods 

Animals. Adult male C57BL/6 mice (Jackson Laboratories, Bar 
Harbor, ME) were utilized in this study and were housed under con- 
trolled conditions (Zagon and McLaughlin, 1981). All animals were 
allowed at least 5 days to acclimate to their surroundings prior to the 
beginning of experimentation. 

Spectrin isolation and the characterization of spectrin antibodies. 
Brain and erythrocyte membrane preparations in the presence of potent 
protease inhibitors were obtained as previously described (Goodman et 
al., 1983). Brain and erythrocyte spectrin were purified by low ionic 
strength extraction of isolated membranes followed by rate zonal 
sedimentation through sucrose gradients (Goodman et al., 1983). Na- 
tive purified mouse RBC spectrin heterodimers were used as immuno- 
gens for preparation of antibodies in rabbits. Antibodies were charac- 
terized by immunoautoradiography utilizing a gel overlay method 
(Goodman et al., 1981). 

SDS-PAGE was performed on 1.5.mm-thick slab gels using the 
continuous buffer system of Fairbanks et al. (1971) at 50 mA/slab, with 
the modifications previously described (Casoria et al., 1984; Goodman 
et al., 1984a). For certain experiments in which we wanted clear 
separation of the 240,000- and 235,000-M, subunits of mouse brain 
spectrin, electrophoresis was allowed to proceed 4 hr beyond the time 
at which the tracking dye reached the bottom of the gel. Autoradiog- 
raphy was performed using Kodak X-OMAT XAR film with a DuPont 
Cronex Lightning Plus intensifying screen at -20°C for the time given 
in the figure legends. 

Indirect imnunofluorescence. Mice were anesthetized with 0.3% 
chloral hydrate and perfused through the heart with phosphate- 
buffered saline (PBS) at an air pressure of 120 mm Hg; this technique 
was found to be very effective in minimizing the appearance of eryth- 
rocytes in our immunocytochemical preparations. Animals were im- 
mediately decapitated, the entire brain was rapidly removed, and the 
tissues were frozen in Freon-12. Sections of 10 pm were obtained with 

a Slee cryostat at -15”C, mounted on clean coverglasses, air dried at 
-15°C for at least 20 min, fixed in ethanol (95%) at 4°C for 30 min, 
and made permeable to the antibody by immersion in absolute acetone 
at 4°C for 20 min. Fixed tissues were stored at -70°C before immuno- 
fluorescent staining. 

Tissue sections were washed in 8 ml of PBS (10 mM KPO,, 150 mM 

NaCl), pH 7.5, for 10 min at 20°C. One hundred microliters of anti- 
spectrin IgG (100 pg/ml), or IgG preincubated with a lo-fold excess of 
spectrin, or nonimmune IgG (200 pg/ml) in PBS and 2% goat serum 
(PBS-NGS) were layered onto each sample, and the tissues were 
incubated for 3 hr at 20°C in a humidified chamber. Samples were 
washed three times with 8 ml of PBS-NGS and 0.1% Triton X-100 for 
30 min/wash at 2O”C, incubated with 8 ml of rhodamine-conjugated 
goat anti-rabbit IgG (N. L. Cappell Laboratories) (1:150 dilution from 
stock) in PBS-NGS containing 0.1% Triton X-100 for 30 min at 37”C, 
and washed four times with PBS-NGS (8 ml, 30 min/wash, 20°C) and 
once in PBS (8 ml, 30 min, 20°C). Specimens were mounted on glass 
slides with buffered glycerol (60% glycerol, 40% 0.4 M KHCO,, pH 8.6) 
and examined with a Zeiss Universal microscope equipped with epiflu- 
orescence, phase contrast, and brightfield optics. 

The brains of at least two animals were sectioned either sagittally 
or coronally. A complete series of sections was examined, with five 
serial sections obtained every 100 pm. In addition to staining at least 
one section of every five sections with anti-RBC spectrin IgG, one 
section was stained utilizing the gallocyanin method (Einarson, 1951) 
and used for general orientation and morphology, and another section 
was stained with Zagon’s modification of the Protargol technique 
(Zagon and Lasher, 1977; Zagon and Haring, 1982) for identification 
of neurons and nerve fibers. 

In some cases, following visualization and photography of fluores- 
cence material, sections were reprocessed for Protargol or gallocyanin 
staining for further examination. This procedure was a powerful tool 
in precisely identifying which neural elements were fluorescence posi- 
tive or negative. 

Results 

Characterization of the anti-mouse RBC spectrin IgG 

In previous studies (Casoria et al., 1984; Goodman et al., 
1984a) we have demonstrated that our antibody raised in rab- 
bits against purified native mouse RBC spectrin heterodimer 
is specific for spectrin, staining only the (Y and fl subunits in 
immunoautoradiographic characterization of total mouse 
erythrocyte membrane protein. In Figure 1, we show that this 
monospecific anti-RBC spectrin IgG stains only brain spectrin 
when demyelinated brain membrane protein is separated by 
SDS-PAGE, stained with the antibody, and counterstained 
with ““I-Protein A. As the 240,000- and 235,000-dalton a and 
p subunits of brain spectrin are not well resolved on standard 
SDS-PAGE, we have extended the electrophoresis time 4 hr 
beyond the time that the tracking dye reached the bottom of 
the gel. This procedure allowed clear resolution of the a and p 
subunits of brain spectrin (Fig. 2). When demyelinated brain 
membrane proteins or purified brain spectrin are separated by 
extending electrophoresis time and stained with anti-mouse 
RBC spectrin IgG, we found that the antibody cross-reacts 
specifically with both the (Y and p subunits of brain spectrin, 
with preferential staining of the 01 subunit (Fig. 2). Because our 
antibody against mouse RBC spectrin cross-reacts only with 
the o( and /3 subunits of brain spectrin among the total brain 
membrane proteins, it could be used as a reliable probe for the 
immunocytochemical localization of brain spectrin within 
neural tissue. 

Immunofluorescent localization of spectrin antigens in brain 

Examination of sag&al and coronal sections of mouse brain 
stained with anti-RBC spectrin IgG revealed a specific pattern 
of immunoreactivity. Spectrin antigens were concentrated in 
the cell bodies of neurons and in cell processes. Synaptic 
structures and axons were observed to have little detectable 
spectrin analogues by immunofluorescence methodology. Glia 
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Figures 1 and 2. Immunoautoradiographic characterization of the anti-mouse RBC spectrin IgG. 
Figure 1. SDS-PAGE and immunoautoradiography were performed as described under “Materials and Methods.” Coomassie blue-stained 

demyelinated mouse brain membrane protein (lane A) was stained with anti-mouse RBC spectrin IgG followed by “?-Protein A, and 
autoradiographs were exposed for 4 days (a) or 8 days (a’) at -20°C. The brain spectrin (Y and /3 subunits are designated 240 and 235 (molecular 
weight X 10-3). Specific staining of brain spectrin is designated with an arrow. 

Figure 2. To ascertain whether the J4, = 240,000 or 235,000 subunits of mouse brain spectrin were stained, electrophoresis was extended for 
an additional 4 hr. The Coomassie blue-stained gel containing (A) demyelinated brain membrane protein and (B) purified mouse brain spectrin 
were stained with anti-RBC spectrin IgG and ““I-Protein A. The clearly separated 240,000- and 235,000-dalton subunits are designated by 240 
and 235 on the gel and by arrozuheads on the immunoautoradiograph. The autoradiographs (a and b) were exposed for 14 days at -20°C. 

had a less intense immunoreactivity in their cell bodies, whereas selected examples from our extensive investigation that for- 
glial processes were unstained. Cell nuclei of neural cells were mulate a more detailed account of our findings. 
not fluorescent. Of course, the immunofluorescence technique Cerebellum. Study of the cerebellar cortex stained with anti- 
can only supply a qualitative view of relative spectrin content RBC spectrin IgG at low magnification revealed that the mo- 
in different neural cells. For example, the less intense staining lecular layer (Figs. 3,4,6,8, and 11) exhibited a low to moderate 
of neuronal axons or glial cell types could be due to a spectrin staining, but the Purkinje cell layer (Figs. 3 and 6 to 8) and the 
molecule that has less antigenic sites which can be recognized internal granule layer (Figs. 3, 5 to 9, and 11) were intensely 
by our RBC spectrin IgG than the spectrin molecule found in fluorescent. Little immunoreactivity was recorded in the med- 
the neuronal cell bodies. Given these general results, we have ullary layer (Figs. 3, 9, and 11). All neural cell types in the 
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Figures 3 to 30. All figures are of an adult mouse brain. Unless otherwise noted, all photomicrographs were obtained with fluorescent optics of 
tissues stained with anti-RBC spectrin IgG and rhodamine-conjugated goat anti-rabbit IgG. 

Figures 3 to 1.5. Photomicrographs of sagittal sections of the cerebellar cortex. 
Figure 3. A low magnification photomicrograph showing intense fluorescence in the internal granule layer (IGL) and of the Purkinje cell (P) 

and erythrocytes (rbc). The molecular layer (MOL) exhibited a low to moderate fluorescence whereas the medullary layer (MID) displayed little 
immunoreactivity. Magnification X 240. 

Figure 4. Neural cells in the molecular layer. In each case, note a bright fluorescence (arrows) bordering an unstained nucleus. Magnification 
x 650. 
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Figure 9. The medullary layer (MED) has only a slight fluorescence in comparison to the intense fluorescence in the three groupings of the 
internal granule layer bordering the medullary layer. Magnification x 260. 

Figure 10. Following examination of fluorescence staining recorded in Figure 9, this section was stained with a modification of the Protargol 
technique which is selective (Zagon and Haring, 1981) for neuronal elements. Note the argyrophilic fibers (arrows) coursing through the 
medullary layer (MED) and extending into the internal granule layer as a complex pattern of processes which are absent in the fluorescent 
images stained with anti-spectrin IgG. Magnification x 260. 

Figure 11 to 15. Photomicrographs of control specimens utilized for the specificity of spectrin immunofluorescence. Figure 11 is a low 
magnification photomicrograph of the cerebellar cortex stained with anti-RBC spectrin IgG to be used as a control for exposure and printing in 
specimens stained with preimmune IgG (Fig. 12) or brain spectrin absorbed anti-RBC spectrin IgG (Fig. 14); phase-contrast photomicrographs 
(Figs. 13 and 15) identify the areas examined in Figures 12 and 14, respectively. ZGL, internal granule layer; MED, medullary layer; MOL, 
molecular layer. Magnification x 175. 

Figure 5. Granule neurons in the internal granule layer. An intensely stained cortical cytoplasm (arrows) surrounds nuclei with little fluorescence. 
Magnification X 1050. 
Figure 6. Purkinje neurons (P) exhibited prominent fluorescence of cortical cytoplasm, but their cell nuclei (see Purkinje cell on far left) appeared 
fluorescence negative. As recorded in Figure 3, the molecular layer located above the Purkinje neurons was of low to moderate intensity, whereas 
the granule cells (located beneath the Purkinje cells) exhibited a positive immunoreactivity in their rortical cvtoplasm. Magnification X 540. 
Figure 7. The dendrite (arrow) of a Purkinje neuron (P) and the cell body are stained with anti-RBC spectrin IgG. Magnif;cation x 770. 
Figure 8. A Purkinje cell (P) partly encircled by elements that appear to be Bergmann glial cells (arrows). The nuclei of these glial cells were 
unstained, whereas a rim of fluorescence (presumably the cortical cytoplasm) could sometimes be recorded. Magnification X 800. 
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Figure 16. A low magnification photomicrograph of a sagittal section of the dentate gyrus. Cells in the granule layer (GL) are extremely 
immunoreactive, whereas the hilus (H) and molecular layer (M) exhibit only slight fluorescence. V, ventricle. Magnification x 375. 

Figure 17. The granular layer of the dentate gyrus, recorded from a sagittal section of the brain, contains granule neurons with a bright cortical 
cytoplasm (arrows) but unstained nuclei. Magnification x 800. 

Figure 18. In this sagittal section of the hippocampal formation, an intensely stained cell with at least three major branches (arrowheads) can 
be observed. Note the bright cytoplasm (arrozu) encircling a dark nucleus of a pyramidal neuron. Magnification X 900. 
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Figure 19. The medial habenula (Hm) contains numerous immunoreactive neural cells. In contrast, the lateral habenula (HL), an area more 
sparsely populated with neural cell bodies, was of lower immunoreactivity. Coronal section. Magnification x 165. 

Figure 20. Fluorescent neural cells, presumably neurons, with long processes (arrows) in the thalamus. Coronal section. Magnification x 260. 
Figure 21. Neural cells in the cerebral cortex exhibit a prominent fluorescence of the cortical cytoplasm (arrowhead); nuclei were unstained. 

Extremely fine fluorescent processes (arrow) can be recorded. Coronal section. Magnification x 410. 
Figure 22. Brightly fluorescent cellular elements (arrowheads) in the brainstem. With the exception of the nucleus, cell bodies and processes 

were stained with anti-spectrin. Sagittal section. Magnification X 260. 
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Figures 23 to 25. High magnification photomicrographs of neural elements in the brainstem recorded in sagittal sections to show the details 
ural cell immunoreactivity. 
pre 23. A large, fluorescent neural cell with a dark nucleus (n) has a number of processes (arrow) emanating from the soma. Note the 
mely small process (arrowhead) of an adjacent cell. Magnification X 525. 

Figure 24. An intensely staining neural cell with numerous fine branches (arrowheads). Magnification X 525. 
Figure 25. A large neuron with bright fluorescence in the cell body and the cell process (arrow). The nucleus (n) is relatively unstained. Note 

- that + “---” 1 he staining pattern in the cell process appears to be organized as discrete strands of fluorescence located parallel to the long axis of the 
process. An adjacent bipolar neural cell has immunoreactive processes (arrowheads) emanating from its fluorescence-positive soma. Magnification 
x 1050. 



Figure 26. Sagittal section of the corpus callosum (cc; boundaries indicated by the arrows) illustrating slight fluorescence staining. Magnification 
x 400. 

Figure 27. Glial cells in a coronal section of the corpus callosum. The cells exhibit a rim of fluorescence (arrows) that encircles an unstained 
nucleus. Magnification X 580. 

Figure 28. Cells of the choroid plexus (CP) can be observed extending into the third ventricle (V). The cortical cytoplasm of ependymal cells 
(En) is extremely immunoreactive. Part of the medial habenula (Hm) (see also Fig. 19) can be observed. Coronal section. Magnification X 300. 

Figure 29. Brightly fluorescent fibers (arrows) were often recorded subjacent to the ependyma (En). V, lateral ventricle. Sagittal section. 
Magnification x 330. 

Figure 30. Long, intensely fluorescent strands (arrows) located subjacent to the ependyma (Ep). Lateral ventricle, sagittal section. Magnification 
x 560. 

3097 
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molecular layer had a distinct rim of fluorescence surrounding 
an unstained nucleus (Fig. 4). The neuropil of the molecular 
layer was only of low to moderate immunoreactivity (Figs. 3,4, 
and 6 to 8). The cytoplasm of internal granule neurons was 
intensely fluorescent, but granule cell nuclei were fluorescence 
negative (Figs. 5, 6, 9, and 11). The soma of Purkinje neurons 
also had a bright fluorescence (Figs. 6 to 8). In sections passing 
through the plane of the nucleus, this structure had a notable 
lack of staining (Fig. 6). The trunk of the Purkinje cell dendrite 
was clearly stained with anti-RBC spectrin (Fig. 7), but smaller 
dendritic branches were not recorded. Axons of Purkinje neu- 
rons were below the level of detection. In some sections, a 
distinct group of small, dark, circular profiles occasionally 
containing a lightly stained perinuclear cytoplasm was recorded 
(Fig. 8); these cells were tentatively identified as Bergmann 
glia. 

In contrast to other regions of the cerebellar cortex, the 
medullary layer demonstrated extremely weak fluorescence 
(Figs. 3, 9, and 11). Following examination of the medullary 
layer with fluorescence optics, sections were processed for Pro- 
targol staining (Fig. 10). In contrast to fluorescence images, 
numerous argyrophilic fibers (i.e., axons of Purkinje neurons 
and climbing and mossy fibers) were observed in the medullary 
layer, and these nerve fibers formed a complex network in the 
internal granule layer that extended up to the Purkinje layer. 
Occasionally, some fluorescent material, often organized as 
strands or tubular structures, was visible in the medullary layer; 
this material did not correspond to axons as evaluated in 
Protargol-stained specimens. 

A series of control sections was included for our studies (Figs. 
11 to 15). The staining patterns were specific for spectrin in 
the cerebellum, as well as the other brain regions. Sections 
stained with preimmune IgG (Fig. 12) or anti-RBC spectrin 
preabsorbed with a lo-fold excess of RBC spectrin (Fig. 14) 
exhibited little or no staining. 

Hippocampal formation. Low magnification photomicro- 
graphs of the dentate gyrus (Fig. 16) revealed a staining profile 
similar to that of the cerebellum. The granular layer demon- 
strated a prominent fluorescence in contrast to the low level of 
staining in the molecular layer and hilar regions. Close inspec- 
tion of the granule cells showed that the cytoplasm was stained 
with anti-spectrin IgG, with little detectable immunofluores- 
cence in cell nuclei (Fig. 17). Pyramidal cells were stained in a 
manner resembling that of granule neurons (Fig. 18). In addi- 
tion, a number of adjacent, nonpyramidal cell types which were 
tentatively identified as neurons had a prominent immunoflu- 
orescence (Fig. 18). 

Other brain regions. In addition to the cerebellum and hip- 
pocampal formation, comprehensive examination of sagittal 
and coronal sections showed that neural cells in all brain 
regions appeared to contain spectrin (Figs. 19 to 25). For 
example, the medial habenula, which has a dense packing of 
neural cells, displayed intense staining. In contrast, the lateral 
habenula, which was sparsely populated with cells, had a low 
level of fluorescence. Our studies showed that cell bodies and 
cell processes were stained with anti-spectrin IgG (Figs. 19 to 
25) but the surrounding neuropil had little immunoreactivity, 
and cell nuclei were fluorescence negative. High magnification 
inspection of neural tissues (Figs. 23 to 25) confirmed these 
observations and revealed that staining extended into the finest 
neuronal processes. However, staining of synaptic boutons was 
not evident. In a number of instances, particularly in large cell 
processes, the staining pattern appeared to be organized into 
strand-like arrays (Fig. 25). Neural cell staining usually ap- 
peared to be very dense in regions associated with the plasma 
membrane and was especially notable when the cell was within 
the plane of section (Figs. 4 to 6,17,19 to 22, and 25). However, 
staining of the “cytoplasm” was evident in both “sectioned” 

and “intact” cells (Figs. 6 to 8, 18, 20, and 22 to 25). Because 
of the limits of resolution with light microscopy, we could not 
determine whether all of the “cytoplasmic” staining was sub- 
membranous. 

Glia and myelin tracts. As noted earlier, especially in our 
inspection of the cerebellar medullary layer, areas with myelin 
were only slightly stained with anti-RBC spectrin IgG. Exam- 
ination of other regions with myelinated tracts confirmed this 
finding. For example, the corpus callosum (Fig. 26) exhibited 
little fluorescence, as did other regions including the mammil- 
lothalamic tract, fornix, internal capsule, corticospinal tract, 
anterior commissure, and cerebellar peduncles. Examination of 
the caudate putamen showed grouping of bright fluorescence 
interspersed with areas of equal size that were unstained. 
Correlation with Protargol and gallocyanin preparations re- 
vealed that fluorescence-stained area contained neurons 
whereas the unstained areas contained fascicles of internal 
capsule axons. 

As mentioned earlier, the cytoplasm adjacent to the cell 
nuclei of glial cells was moderately fluorescent, but neither cell 
nuclei nor glial processes were stained with anti-RBC spectrin 
IgG. Photomicrographs (Figs. 26 and 27) of the corpus callosum 
serve to illustrate this observation. 

Choroid plexus and ependyma. The choroid plexus (Fig. 28) 
had low to moderate immunoreactivity, but the cortical cyto- 
plasm of ependymal cells was distinctly fluorescent. In the 
ventricular region, prominently stained fibrous elements were 
often observed (Figs. 29 and 30). These fibers were usually 
observed to extend from a region subjacent to the ependyma 
out a short distance into the surrounding brain tissue. The 
origin of these fibers was indeterminate. 

Discussion 

The complete study of spectrin localization in mammalian 
brain which is described above allows us to derive certain basic 
principles: (1) spectrin is found in all regions of mammalian 
brain and its intensity corresponds to the density of neural 
cells; (2) different neural cell types contain variable spectrin 
content-for example, neurons contain more immunoreactive 
spectrin than do glial cell types; (3) within a single cell type, 
the regional disposition of spectrin varies-for example, neu- 
rons display a brightly stained cytoplasm of the cell body and 
dendrites, little staining of axons, and no nuclear staining. To 
obtain a specific intercellular localization for spectrin in neural 
cells, we are currently performing electron microscopy of mouse 
brain samples stained with ferritin-labeled anti-RBC and brain 
spectrin IgG. 

Willard and colleagues have described a protein which is 
transported down retinal ganglion axons at a velocity of 40 
mm/day and contains subunits of 240,000 and 235,000 daltons 
(Lorenz and Willard, 1978). Antibodies raised against this 
protein, termed fodrin, stained the periphery of neuronal cell 
bodies, dendrites, and axons in the peripheral nervous system 
(Levine and Willard, 1981). It has been suggested that fodrin 
may be a component of a mobile axonal lining which is in 
continuous motion away from the cell body and which is 
essential to the axonal transport of various organelles (Cheney 
et al., 1983). Since work by others has demonstrated that fodrin 
is immunologically and structurally related to RBC spectrin 
(Bennett et al., 1982; Burridge et al., 1982; Glenney et al., 
1982b; Goodman et alJ983, 1984a; Casoria et al., 1984), most 
investigators in this field currently refer to this spectrin-like 
protein as brain spectrin. Based on Willard’s elegant studies, 
we anticipated seeing bright staining of the neuronal cell body, 
dendrites, and axons in mouse brain tissue, but, surprisingly, 
we found little staining of elements which could be unequivo- 
cally identified as axons in the central nervous system. How- 
ever, Willard’s immunofluorescence studies were performed on 
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guinea pig peripheral nervous system, utilizing an antibody 
against brain spectrin (fodrin) which stained the 01 subunit of 
brain spectrin. Our immunofluorescence studies were per- 
formed in mouse brain central nervous system, utilizing a 
monospecific antibody against mouse RBC spectrin which 
stained both the 240,000- and 235,000-dalton (Y and p subunits 
of brain spectrin. Therefore, differences in axonal staining 
could potentially be due to species differences, antibody speci- 
ficity, or differences in the content of spectrin in axons from 
the peripheral and central nervous systems. We have performed 
indirect immunofluorescence studies on sciatic nerve utilizing 
antibodies against mouse RBC spectrin and mouse brain spec- 
trin (data not shown), and the images of axonal staining in 
both cases were identical to those presented by Levine and 
Willard (1981). We therefore feel that the low level of axonal 
staining observed in the mouse central nervous system with 
spectrin antibodies is not due to species or antibody specificity 
but instead is due to real differences in the spectrin content of 
axons and/or other associated elements (e.g., Schwan cells, 
oligodendrocytes) of the central and peripheral nervous sys- 
tems. What can be clearly stated is that in mouse brain, the 
content of spectrin antigens in neuronal cell bodies and den- 
drites is greater than the spectrin content of axons. 

spectrin, the content of spectrin is quite variable in distinct 
neural cells. I f  spectrin’s function in brain is similar to its 
function in the highly specialized erythrocyte, then we would 
expect the spectrin in neurons to control cell shape and elastic- 
ity, membrane structural integrity, lateral mobility of mem- 
brane proteins and lipids, and transbilayer movement of mol- 
ecules, and to link actin to the plasma membrane. Recently, a 
protein 4.1 analogue has been demonstrated to co-localize with 
spectrin in mammalian brain (Goodman et al., 1984b); this 
brain protein 4.1 may be essential to the brain spectrin-actin 
interaction. In the future, we need to obtain a higher resolution 
view of spectrin in brain by immunoelectron microscopy, and 
we need to isolate and compare neuronal and glial spectrins. 

Two brief reports on chicken brain spectrin have recently 
appeared which suggest that in avian brain the major form of 
brain spectrin (fodrin, 240,000 to 235,000 daltons) is present in 
all neuronal cell bodies and processes and that this form of 
brain spectrin is expressed during all stages of cerebellar mor- 
phogenesis (Lazarides and Nelson, 1983a, b). In addition, these 
authors have suggested that a minor form of chicken brain 
spectrin, which has a 230,000-dalton fi’ subunit closely related 
to RBC p spectrin (associated with the cy subunit), is confined 
to the plasmalemma of neuronal cell bodies and is expressed 
only in postmitotic cells in response to formation of functional 
synaptic connections. Several points need to be made. First, 
the history of the nonerythroid spectrin field has demonstrated 
that one cannot easily extrapolate information obtained in 
avian systems to mammalian systems. For example, whereas 
all mammalian RBC spectrins contain a 240,000-dalton o( sub- 
unit in association with a 220,000-dalton p subunit (Whitfield 
et al., 1984; for review, see Goodman and Shiffer, 1983), chicken 
RBC spectrin contains a 220,000-dalton p subunit and a 
230,000-dalton j3’ subunit individually associated with a 
240,000-dalton 01 subunit (Lazarides and Nelson, 1983a). In 
addition, whereas all nonerythroid spectrins from chicken con- 
tain an (Y subunit which is identical by peptide mapping analysis 
and a variable @ subunit, the mammalian spectrins demonstrate 
variable o( and /3 subunits (see Goodman and Shiffer, 1983, and 
Glenney and Glenney, 1983a, for reviews). Thus far, no evi- 
dence for a minor form of spectrin containing a 230,000-dalton 
p’ subunit in association with an (Y subunit has been demon- 
strated in mammalian brain. Second, our spectrin antibody, 
which cross-reacts with both the 240,000-dalton o subunit and 
the 235,000-dalton p subunit of mouse brain spectrin, would 
detect both the major 240,000/235,000-dalton brain spectrin 
(fodrin) and any minor 240,000/230,000-dalton spectrin com- 
ponent, if indeed the minor component existed in mouse brain. 
Therefore, the immunofluorescent images presented in this 
paper are displaying the localization of “total” brain spectrin. 
Currently, we are testing for the presence of the minor brain 
spectrin molecules in mouse utilizing antibodies which are 
raised against mouse RBC LY subunit or mouse RBC p subunit 
in immunoprecipitation, immunoautoradiography, and immu- 
nofluorescence studies. In conclusion, to understand the func- 
tion and disposition of spectrin in mammalian brain, one must 
study mammalian brain, rather than extrapolating from avian 
systems. 

Although brain is a nonerythroid tissue which is rich in 
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