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Using the peroxidase-antiperoxidase staining technique at the 
light- and electron-microscope levels and two monoclonal anti- 
bodies against microtubule-associated protein 2 (MAP2), we 
found that astrocytes located at the periphery of the rat optic 
nerve were strongly stained, while those in the central region 
were very weakly stained. MAP2 immunoreactivity was present 
in astrocytes of the optic chiasm, but was absent from astrocytes 
in the optic tract. Inside astrocytes, MAP2 immunoreactivity 
was excluded from bundles of glial filaments. Treatment of an- 
imals with &9’-iminodipropionitrile (IDPN), which caused ax- 
onal atrophy, enhanced the staining intensity of all optic nerve 
astrocytes. Axons and oligodendrocytes remained unstained. 
Using PAGE and Western immunoblots, we found that extracts 
from bovine optic nerve contained MAPZ. Astrocytes in any 
other region of the nervous system were negative for MAP2 
immunoreactivity, except of the pituicytes and the astrocytes of 
the fimbria of hippocampus. The optic nerve, neurohypophysis, 
and hippocampal fimbria are white matter tracts that travel 
unsupported and free of surrounding nervous tissue. These find- 
ings suggest that MAP2 is expressed in astrocytes that are un- 
der excessive mechanical stress and further indicate that MAP2 
may function as a cytoskeletal rigidifying agent in certain cells. 

Microtubule-associated protein 2 (MAP2) is a heat-stable, high- 
molecular-weight phosphoprotein (Mr - 300,000) that main- 
tains a constant stoichiometry to tubulin (Kim et al., 1979; 
Sloboda et al., 1975) during repetitive cycles of temperature- 
dependent assembly and disassembly of microtubules. It is the 
most abundant neuronal microtubule-associated protein but is 
not exclusively restricted to neurons (Izant and McIntosh, 1980; 
Kuznetsov et al., 1980; Sloboda and Dickersin, 1980; Valdivia 
et al., 1982; Weatherbee et al., 1982). In neurons, MAP2 is 
highly concentrated in dendrites and cell bodies (Matus et al., 
1981; Papasozomenos et al., 1985). However, contrary to the 
prevailing belief that MAP2 is absent from all axons (Matus et 
al., 198 l), we have recently shown that certain axons, especially 
spinal motor and other peripheral axons, contain significant 
amounts of MAP2 (Papasozomenos et al., 1982, 1985). 

We and other investigators have previously demonstrated 
that all types of glial cells, including astrocytes, oligodendro- 
cytes, ependymal cells, Schwann and satellite cells, and all types 
of mesenchymal cells in nervous tissue contain no immuno- 
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detectable amounts of MAP2. Using light- and electron-micro- 
scopic immunostaining of rat optic nerve, chiasm, and tract and 
Western immunoblotting of extracts from bovine optic nerve, 
we report here that MAP2 is present in optic nerve astrocytes. 
In addition, while MAP2 immunoreactivity was detected in 
astrocytes of the optic chiasm, it is absent from astrocytes of 
the optic tract. 

Materials and Methods 

Immunohistochemistry 
Fifteen male Sprague-Dawley rats weighting 250-350 gm were used. 
Under Nembutal anesthesia, the animals were perfused transcardially 
with a brief wash of PBS followed by 800 ml of a mixture of 4% para- 
formaldehyde and 0.25% glutaraldehyde in 120 mM sodium potassium 
phosphate buffer (pH 7.4) at 37°C. Immediately following perfusion, 

Figure 1. Epon-embedded, 2-pm-thick cross section ofthe intracranial 
portion of rat optic nerve immunostained with the antiserum against 
GFA protein, diluted 1: 1000. Note the intense staining of astrocytes, 
the rather radial disposition of primary astrocytic processes at the pe- 
riphery, and the stellar shape of centrally located astrocytes. Multiple 
dark dots, Cross sections of longitudinally oriented processes. x 185. 
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Figure 2. Adjacent, paraffin-embedded cross sections of the intraorbital (A, B) and longitudinal (C, D) sections of the intracranial portions of the 
rat optic nerve, reacted with GFA protein antiserum, diluted 1:lOOO (A, C), and AP9,0.74 &ml, (B, D). The astrocytes are intensely stained with 
the GFA protein antiserum. While the astrocytes located at the periphery show strong MAP2 immunoreactivity, those located in the central region 
are only very weakly stained. Note that the astrocyte cell bodies are aligned in longitudinal rows and the astrocytic processes have a multidirectional 
distribution. A, x 220; B, x 240; C, x 145; D, x 140. 

the intracranial portion of both optic nerves of all animals was removed. 
In several experiments, the intraorbital portion of both optic nerves and 
coronal sections of the entire brain at the levels of optic chiasm and 
optic tract and fimbria of hippocampus were also taken. Horizontal 
sections of the pituitary, which included the neurohypophysis at various 
levels, were also taken from a few animals. In addition, the optic nerves 
of another eight Sprague-Dawley rats treated with ,Q3’-iminodipro- 
pionitrile (IDPN) as previously described (Papasozomenos et al., 1980, 
1985) were sampled. Tissue samples were then fixed in 4% parafor- 
maldehyde (pH 7.4) at 4°C for 1 hr prior to dehydration and embedding 
in paraffin, Epon, and polyethylene glycol (PEG) for light-microscopic 
immunostaining. Alternatively, tissue samples were fixed in 4% para- 
formaldehyde (pH 7.4) at 4°C overnight and cut with a Vibratome for 
light- and electron-microscopic immunostaining. For immunostaining, 
the peroxidase-antiperoxidase technique was used, as has previously 
been described in detail (Papasozomenos et al., 1985). The production, 
characterization, and specificity of the anti-MAP2 monoclonal anti- 
bodies, designated AP9 and AP13, have been previously described 
(Binder et al., 1984; Caceres et al., 1984; Papasozomenos et al., 1985). 
The antiserum against glial fibrillary acidic (GFA) protein of bovine 
spinal cord was a gift from Dr. L. F. Eng, and its specificity has been 
repeatedly tested. 

Figure 3. PEG-embedded, IO-pm-thick cross section of optic chiasm 
immunostained with AP13 (0.78 &ml). Astrocytes are intensely stained. 
Note the rather vertical orientation of astrocytic processes at the ventral 
one-fourth of optic chiasm. x 100. 
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Figure 4. PEG-embedded, lo-pm-thick coronal section at the level of optic tract (opt) and fimbria fi) of hippocampus immunostained with AP13 
(0.78 j&l ml). No staining is present in the optic tract. Immunoreactive astrocytes in the fimbria of hippocampus can be better appreciated in Figure 
8A. Note also the marked variability in staining intensity among different brain regions. Intensely stained regions: A, amygdala; Hy, hypothalamus, 
Hi, hippo ocampus; DG, dendrate gyrus; FrPaC, frontoparietal cortex; CPU, caudate putamen. Region with intermediate staining intensity: Th, 
thalamus . Unstained regions: cc, corpus collosum; ic, internal capsule; f; fomix; mt, mammillothalamic tract. 3V, Third ventricle; LK lateral 
ventricle. x 32. 
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Figure 5. PEG-embedded, lo-pm-thick coronal section immuno- 
stained with GFA protein antiserum, diluted 1: 1000. At this level, in- 
tensely stained astrocytes appear to be concentrated at the lateral half 
of the optic tract (opt). ic, Internal capsule. x 145. 

Electrophoretic and immunoblotting procedures 
Soluble extracts of bovine optic nerve were made by homogenizing at 
a ratio of 1 gm tissue/l ml of buffer containing 100 mM PIPES, 2 mM 
EGTA, 1 mM MgSO,, 0.1 mM GTP, pH 6.8, adjusted with NaOH. The 
homogenate was centrifuged at 110,000 x g for 1 hr and the supematant 
removed and prepared for electrophoresis. Samples were electro- 
phoresed on 5-12.5% linear polyacrylamide gradient gels prepared ac- 
cordine to the method of Laemmli (1970). On completion of electro- 
phore&, the gels were either stained with Coomassie brilliant blue R 
or were transferred to nitrocellulose as described by Towbin et al. (1979). 
Blotted nitrocellulose sheets were blocked by gentle agitation in 5% 
nonfat dry milk (wt/vol) in 50 mM Tris-HCl, 0.2 M sodium chloride, 
pH 7.6 (Tris-saline) for 45 min at room temperature (Johnson et al., 
1984) and incubated overnight at 4°C in 80 &ml of AP9 or 400 /.rg/ 
ml of AP 13. Following incubation with primary antibody, plots were 
washed and blocked again for 15 min in 5% nonfat dry milk and in- 
cubated with peroxidase-conjugatedgoat anti-mouse IgG (Hyclone, Pro- 
vo. UT). diluted 1:5000. for 2-3 hr at 4°C. All the above dilutions and 
washings were made with Tris-saline. At this time, the blots were washed 
again 3-4 times with Tris-saline and placed in a substrate solution 
containing 0.075% (voVvo1) H,O,, 0.04% (wt/vol) 3,3’-diaminobenzi- 
dine tetrahydrochloride and 10 mM imidazole, in 50 mM Tris-HCl, pH 
7.6. The reaction was stopped after sufficient color had developed (ca. 
2-3 min) by immersing the blot in deionized water. Following air-drying 
on filter paper, the immunoblots were photographed using a dark blue 
filter. 

Results 

Immunohistochemistry of rat optic nerve, chiasm, and tract 
The intracranial portion of the optic nerve was studied in all 
animals, and in several rats the intraorbital portion, the optic 
chiasm, and tract were also examined. 

Figure 6. Vibratome, 30-pm-thick coronal section at the level of the 
optic tract (opt) reacted with AP13 (0.78 &ml). No MAP2 immuno- 
reactivity is detectable in the optic tract. A, Amygdala; Hy, hypothal- 
amus; ic, internal capsule. x 35. 

GFA immunoreactivity 
The antiserum to GFA protein intensely stained the astrocytes 
in cross and longitudinal sections of the optic nerve (Figs. 1 and 
2, A and c). In cross section, the overall distribution ofastrocytic 
processes was multidirectional. Mostly elongated cells with 
prominent, intensely stained and radially arranged primary pro- 
cesses were located at the periphery of the optic nerve, while 
the astrocytes located at the central region had a more stellar 
shape and thinner processes (Figs. 1 and 2A). A barely percep- 
tible gradient in staining intensity was present between the cen- 
tral and peripheral astrocytes, the latter being the most im- 
munoreactive. Present among the radially or transversely 
oriented processes were multiple dots of intense immunoreac- 
tivity, representing cross sections of longitudinally oriented pro- 
cesses (Figs. 1 and 2A). In longitudinal sections, the astrocyte 
cell bodies were aligned in rows spanning the entire width of 
the optic nerve (Fig. 2C). Intensely stained astrocytes were also 
present in the optic chiasm and tract (Fig. 5). 

MAP2 immunoreactivity 
Both anti-MAP2 monoclonal antibodies, designated AP9 and 
AP13, produced identical results. At the light-microscopic level, 
rather strong MAP2 immunoreactivity was obtained in astro- 
cytes located at the periphery of the optic nerve, while the cen- 
trally located astrocytes were very weakly stained (Figs. 2, B 
and D, and 9B). The peripherally located, MAP2-positive as- 
trocytes occupied a concentric area ending approximately at the 
midpoint of the radius of the optic nerve (Fig. 2B). This staining 
pattern of rather strong MAP2 immunoreactivity limited to the 
peripheral astrocytes was found along the entire length of the 
optic nerve (Fig. 20). 



1752 Papasozomenos and Binder Vol. 6, No. 6, Jun. 1966 

i,i i / ,* 

Figure 7. Electron micrograph of a Vibratome cross section of the intracranial portion of rat optic nerve immunostained with API 3 (0.78 & 
ml). The cell body and two processes of an astroeyte (As) are intensely stained. The immunoreactive product is excluded from bundles of glial 
filaments (between arrows), the Golgi apparatus (G), mitochonclria, stacks of membranous organelles (asterisk), and the nucleus. An oligodendrocyte 
(OL) and axons (ax) remained unstained. x 14,000. 

In the optic chiasm, stellate astrocytes with strong immu- apparatus and stacks of membranous profiles remained un- 
noreactivity were present along the upper three-fourths of the stained. MAP2 immunoreactivity was excluded from bundles 
chiasm, while in the lower fourth the strongly stained astrocytic of glial filaments in the astrocytic cell bodies and processes. All 
processes had a vertical disposition (Fig. 3). By contrast, the axons, which were partitioned by astrocytic processes into fas- 
astrocytes in the optic tract, along with oligodendrocytes and cicles, contained no MAP2 immunoreactivity. Oligodendro- 
axons, remained unstained (Figs. 4 and 6). cytes were also negative (Fig. 7). 

Electron-microscopic immunocytochemistry performed on 
Vibratome sections showed intense MAP2 immunoreactivity 
in astrocyte cell bodies and their processes (Fig. 7). The staining 
appeared to be mostly diffuse with accentuation around mito- 
chondria, which were negative, and occasional pun&ate local- 
ization, perhaps on microtubules. In the cell bodies, the Golgi 

MAP2 immunoreactivity in astrocytes of other sites 
The above findings demonstrating the presence of MAP2 in 
astrocytes of the optic nerve only, and the absence of MAP2 
from optic tract and so many other sites of the CNS that have 
been examined (see below), prompted us to examine two other 
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Figure 8. A, Fimbria of hippocampus from Figure 4 shown magnified. Several astrocytes are intensely stained (arrows). The astrocyte inside the 
boxed area is shown enlarged (inset). Darkening of choroid plexus (CR’) is nonspecific. LK Lateral ventricle. x 145; inset, x910. B, Pamffin- 
embedded, 6-pm-thick section of neurohypophysis reacted with AP9 (0.74 &ml). The cell body and processes of pituicytes are intensely stained 
(arrows). Nuclei, demonstrated by counterstaining with hematoxylin, remained unstained. The empty structures at the periphery belong to the 
intermediate lobe. x 575. 

white matter tracts with unsupported spatial dispositions similar 
to the optic nerve: the neurohypophysis, which contains un- 
myelinated axons and pituicytes, a modified form of astrocyte, 
and the intraventricular portion of the fimbria of hippocampus, 
which is composed of myelinated axons and glial cells. Not to 
our surprise, both pituicytes and astrocytes in the fimbria of 
hippocampus contained MAP2 immunoreactivity (Fig. 8, A, B). 

In multiple experiments, virtually all other regions of the CNS 
were examined. These regions included coronal sections at var- 
ious levels of cerebral cortex, white matter, and basal ganglia; 
sagittal and horizontal sections of cerebellar cortex, white mat- 
ter, and deep nuclei; horizontal and sag&al sections of midbrain, 
pons, and medulla; and cross and longitudinal sections of spinal 
cord at the cervical, thoracic, and lumbosacral levels. No MAP2 
immunoreactivity was found in the astrocytes at any of these 
sites other than those described above, although in areas with 
dense dendritic staining and small neuronal cell bodies, iden- 
tification of astrocytes was not always possible. However, in 
sagittal sections of cerebellum, the easily identifiable long ver- 
tical palisades of Bergmann fibers (De Blas, 1984) were negative 
for MAP2 immunoreactivity. 

MAP2 immunoreactivity in ustrocytes of optic newe in 
IDPN-treated rats 
IDPN produced distal atrophy of rat optic nerve axons, as has 
been previously demonstrated in dogs (Parhad et al., 1982). 
Immunostaining of the optic nerve of IDPN-treated rats re- 
vealed strong MAP2 immunoreactivity not only in peripheral 
but in centrally located astrocytes, indicating an overall en- 
hancement of staining intensity when compared with untreated 
rats (Fig. 9). 

Immunoblots of bovine optic newe 
Immunoblots of extracts from bovine optic nerve, prepared as 
described in Materials and Methods, revealed a doublet of poly- 
peptides (MAP2a and MAP2b), which on polyacrylamide gels 
comigrated with the MAP2 standard (Fig. 10). Both monoclonal 
antibodies to MAP2 that were used in the immunohistochem- 
ical studies reacted only with the MAP2 doublet. In this context, 
it is worth noting that staining with Coomassie blue revealed 
no polypeptides comigrating with the MAP2 standard. This 
finding underlines once more the higher sensitivity of immu- 
noblotting techniques. 

Discussion 
Using immunohistochemistry at the light- and electron-micro- 
scopic levels and Western immunoblotting, we have shown that 
astrocytes located mostly at the periphery of the optic nerve 
were immunoreactive for MAP2, while astrocytes in the optic 
tract were negative. Thus, optic nerve astrocytes together with 
pituicytes, which are thought to be modified astrocytes, and 
astrocytes in the fimbria of hippocampus appear to be the only 
types of glial cells that have been found to be immunoreactive 
for MAP2. In addition, treatment with IDPN enhanced the 
staining intensity in all optic nerve astrocytes so that centrally 
located astrocytes became strongly positive. The optic nerve 
and tract axons and oligodendrocytes remained unstained. 

Monoclonal antibodies are exquisitely specific probes that 
recognize discrete epitopes on proteins. If an epitope is present 
on a polypeptide other than the immunogen, false-positive im- 
munostaining is possible. In fact, unexpected cross-reactivities 
with monoclonal antibodies have been reported (Nigg et al., 
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Figure 9. PEG-embedded, IO-pm-thick cross section of rat optic nerves immunostained with AP13 (0.78 &ml). A, Two weeks after IDPN 
administration; B, untreated. Following IDPN intoxication, there is a general enhancement of MAP2 immunoreactivity, so that the centrally located 
astrocytes are also strongly stained. Also compare A with Figure 2, B and D. A, x 175; B, x 140. 

1982; Pruss et al., 198 1). However, our monoclonal antibodies 
have previously been shown to stain only the MAP2 doublet in 
immunoblots of extracts from spinal cord, cerebellum, and cere- 
brum (Binder et al., 1984; Caceres et al., 1984; Papasozomenos 
et al., 1985). Therefore, the combination of our immunocyto- 
chemical and immunobiochemical evidence leaves little doubt 
that optic nerve astrocytes contain MAP2. 

The glial cells of the optic nerve of the rat are derived from 
primitive neuroepithelial cells of the optic stalk, a hollow tube 
that connects the diencephalic third ventricle with the optic cub 
(Kuwabara, 1975; Skoff et al., 1976a, b; Vaughn, 1969). In 
contrast to the rest of the neural tube, these matrix cells differ- 
entiate into astrocytes and oligodendrocytes only, and no neu- 
ronal differentiation takes place. It has been shown that the basal 
portion of this primitive neuroepithelium gives rise to astrocytes 
that form the glia limitans at the periphery of the optic nerve 
(Kuwabara, 1975). In addition, Miller and Raff (1984) showed 
that differentiation of these peripheral astrocytes takes place 
before birth. On the contrary, the centrally located astrocytes 
differentiate postnatally (Miller and Raff, 1984) and share with 
oligodendrocytes a common progenitor cell, which appears to 
depend on axons for its survival (David et al., 1984). That the 
optic nerve astrocytes constitute a heterogeneous population of 
cells has also been demonstrated with immunohistochemical 
techniques. Using antibodies against GFA protein and the 
monoclonal antibody A,B,, which binds to several gangliosides 
(Kundu et al., 1983), Miller and Raff (1984) consider the pe- 
ripherally located astrocytes as protoplasmic (weakly positive 
for GFA protein and negative for A,B,) and the astrocytes in 
the central region of the optic nerve as fibrous (positive for GFA 
protein and A2B5). While, with regard to GFA protein immu- 
noreactivity, the above findings are at variance with ours and 
with previously published, similar studies (Dixon and Eng, 198 1) 
that showed no significant difference in staining intensity be- 
tween peripheral and central astrocytes, we did note central- 
peripheral heterogeneity of MAP2 immunoreactivity. Though 
the peripheral astrocytes were rather intensely stained, the as- 
trocytes in the central region of the optic nerve showed very 
weak immunoreactivity. 

The astrocytes of the optic nerve exhibit not only central- 
peripheral heterogeneity, as exemplified above, but also rostro- 
caudal heterogeneity. Along the entire length of the optic nerve 
dramatic changes in shape, distribution, and number of astro- 
cytes takes place (Skoff et al., in press). This proximodistal as- 
trocytic heterogeneity could probably account for the rather 
different distribution of MAP2-positive astrocytes in the optic 
chiasm. 

The finding that among so many CNS sites only the astrocytes 
in the optic nerve, fimbria of hippocampus, and pituicytes, but 
not the optic tract, contained immunodetectable amounts of 
MAP2 is intriguing and might shed light on the in vivo func- 
tion(s) of MAP2. All three of these white matter tracts travel 
unsupported by any surrounding brain tissue. While MAP2 is 
present in certain axons, perhaps mediating interactions be- 
tween microtubules and neurofilaments (Papasozomenos et al., 
1985), it is highly concentratd in dendrites and cell bodies, where 
the number of neurofilaments is relatively low. It is conceivable 
that in dendrites and cell bodies MAP2, as a component of the 
cytomatrix (Vallee et al., 1984), plays a primary role in the 
spatial organization of microtubules and other organelles and 
perhaps, as a crosslinker, lends mechanical support to the den- 
dritic processes. The mammalian optic nerve is a long, thin 
extension of CNS that travels unsupported and free of any at- 
tached tissue between the cerebrum and the eye. It is in this 
way a specialized CNS pathway that is subjected to gravitational 
and other physical stresses without surrounding tissue support. 
The optic tract, on the other hand, while it constitutes a contin- 
uation of the optic nerve axons, is “embedded” in brain tissue, 
which provides mechanical support lacking in the optic nerve. 
It is then reasonable to suggest that the more abundant expres- 
sion of MAP2 in a topographic subclass of optic nerve astrocytes 
occurs to counter the excessive mechanical stresses exerted on 
the unsupported nerve. This hypothesis is reinforced by the 
finding that pituicytes of the neurohypophysis and fimbria of 
the hippocampus, which are the only other two white matter 
tracts that travel unsupported, also express MAP2 immuno- 
reactivity. If this is the case, then MAP2 may function by rigid- 
ifying microtubules and lending mechanical strength to the sur- 
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A B C D 
Figure 10. Immunoblot demonstrating the presence of MAP2 im- 
munoreactivity in bovine optic nerve and the specificities of the MAP2 
monoclonal antibodies used in our experiments. Soluble extracts ofoptic 
nerve, prepared according to the procedure outlined in Materials and 
Methods, were either electrophoresed and stained with Coomassie blue 
or transferred to nitrocellulose following electrophoresis. A, Coomassie 
blue stain ofan optic nerve extract. B, Immunoblot ofoptic nerve extract 
probed with the anti-MAP2 monoclonal antibody AP9. C, Immunoblot 
as in B but probed with API 3. Both of these antibodies are to different 
sites on the MAP2 molecule, as can be readily seen by comparing the 
different proteolytic fragment patterns beneath the MAP2 doublet il- 
luminated by each antibody. D, MAP2 standard blotted and reacted 
with AP13. The numbers to the left in A represent molecular weight 
(x10-3). 

rounding cytoskeleton. The fact that only the astrocytes located 
at the periphery of the optic nerve contained significant amounts 
of MAP2-and that after IDPN-induced axonal atrophy and 
collapse, centrally located astrocytes were also rather intensely 
stained-suggests that the expression of MAP2 is a functional 
epiphenomenon rather than ontogenetically determined. 
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