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Rosenthal Fibers Share Epitopes with
xB-Crystallin, Glial Fibrillary Acidic
Protein, and Ubiquitin,
But Not with Vimentin

Immunoelectron Microscopy with Colloidal Gold
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Ultrastructural immunoreactivities of otB-crystallin,
glialfibrillary acidicprotein (GFAP), ubiquitin, and
vimentin in Rosenthal fibers (RFs) isolatedfrom an
Alexander's disease brain were investigated using
nonosmium and low-temperature embedding tech-
nique. The morphology ofRFs embedded in Lowicryl
K4M resin was well preserved after treatment with
0.5% Triton X-100. aB-crystallin immunoreactivity
was present in RFs of various sizes and was the
strongest in loosely scattered deposits which were
considered to be the initial stage ofRFs. Glialfibril-
lary acidic protein immunoreactivity in RFs was
heavy, homogeneous throughoutRFs; and equivalent
to that in networks ofglialfilaments. Immunoreac-
tivities of both cB-crystallin and GFAP were mainly
restricted to the high electron-dense areas within RFs
and were proved to exist close to each other by dou-
ble immunolabeling. Rosenthal fibers were negative
for vimentin. Ubiquitin immunoreactivity was rela-
tively homogeneous in RFs with small diameters, but
in RFs with large diameters the immunoreactivity
diminished in the center. Based on these observa-
tions, combined with the tendency of self-
aggregation of aB-crystallin, it is conceivable that
RFs are huge aggregation products of caB-crystallin
involving GFAP, and that ubiquitination may be a
consequent phenomenon, as it may be in other in-
tracytoplasmic inclusions, such as neurofibrillary

tangles and Lewy bodies.
138:875-885)
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Rosenthal fibers (RFs) are carrot-shaped or beaded in-
clusions that appear in astrocytes under certain patho-
logic conditions, such as Alexander's disease, glial tu-
mors, and glial scar tissue.1-15 Since they were first de-
scribed by Rosenthal in 1898,1 the pathogenesis or
morphogenesis of RFs has remained a subject of contro-
versy. Ultrastructurally RFs are irregular, electron-dense,
and amorphous substances with distinct margins, and
they are intimately related to a dense feltwork of interme-
diate filaments. O,l13-15

Because of this association with intermediate fila-
ments, several investigators have examined immunore-
activities of RFs with antibodies to glial fibrillary acidic
protein (GFAP), the major intermediate filament protein of
astrocytes. Glial fibrillary acidic protein immunoreactivity
of RFs at the light-microscopic level has been observed
around their periphery.13,15-17 Recent immunoelectron-
microscopic observation of RFs with anti-GFAP antibod-
ies, however, demonstrated the presence of GFAP im-
munoreactivity in the amorphous, electron-dense materi-
als of RFs.18.19 Ubiquitin immunoreactivity has been also
found to be present in RFs, mainly at their penphery.2021
Ubiquitin, a highly conserved protein of 76 amino acids,
is thought to play a regulatory role for the nonlysosomal
degradation of proteins in eukaryotic cells by forming
conjugates with abnormal proteins.22 Ubiquitin is also
present in neuronal inclusions, such as the neurofibrllary
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tangles of Alzheimer disease, Lewy bodies of Parkinson
disease, and Pick bodies of Pick disease.20'23

The pathologic picture of Alexander's disease is char-
acterized by a massive accumulation of RFs in the central
nervous system associated with demyelination. Although
the clinical entity of infantile cases of Alexander's disease
has been established, there has been little progress in
our understanding of the etiology of Alexander's disease.
We have been studying the composition of RFs to try to
gain insights into the pathogenesis of this disorder. We
found that a RF-enriched fraction from Alexander's dis-
ease brain was composed of three major proteins: vi-
mentin, GFAP, and oaB-crystallin, a component of the ver-
tebrate lens and now known to be expressed in extralen-
ticular tissues.2627 Rosenthal fibers in several conditions,
including Alexander's disease, tumors, and astrocytes in
glial scar tissue show a similar immunoreaction for
aB-crystallin. 17X24

In this ultrastructural study, we investigated the immu-
noreactivities of aB-crystallin, GFAP, vimentin, and ubiq-
uitin in RFs by immunoelectron microscopy using
postembedding immunogold technique on ultrathin sec-
tions of extracted RFs from an Alexander's disease brain.

Materials and Methods

Rosenthal Fibers for Immunoelectron
Microscopy

Crude extracts of RFs were obtained from an Alex-
ander's disease brain by the modified procedure of Gold-
man and Corbin.17 One hundred milligrams of frozen ce-
rebral white matter was mildly homogenized with 0.5%
Triton X-100, 2 mmol/l (millimolar) ethylene diamine tet-
raacetic acid (EDTA), 2 mmol/l phenylmethyl sulfonyl flu-
oride, 50 mmol/l TRIS-HCI, pH 6.8, at 10:1 buffer-to-tissue
ratio (vol/wt). After centrifugation at 1 0,000g for 15 min-
utes, the supernatant was discarded and the pellet was
fixed with 4% paraformaldehyde and 0.5% glutaralde-
hyde (GA) in 0.1 mol/l (molar) phosphate buffer, pH 7.4
(PB) for 2 hours with continuous agitation. After fixation,
the pellet was rinsed three times in distilled water, dehy-
drated in gradient dimethyl formamide with intervening
centrifugation and resuspension, and embedded in Low-
icryl K4M (Polysciences, Warrington, PA) at 40C accord-

ing to Altman et al.28 In a comparative experiment, form-
aldehyde-fixed white matter of the same patient enriched
with RFs was postfixed for 2 hours at room temperature in
1% osmium tetroxide and embedded in Epon (E. Fullam,
Inc., Latham, NY). Silver-colored ultrathin sections were
placed on nickel grids coated with collodion and carbon
(200 mesh).

Antibodies

A rabbit polyclonal antiKB-crystallin antiserum was
raised against aB-crystallin purified from rat cardiac mus-
cle, and the specificity of the antibody to aB-crystallin
was confirmed by Western blotting.24 The antibody
cross-reacts with aB-crystallin of bovine and human spe-
cies. The following antibodies were also used: a rabbit
polyclonal anti-human GFAP antiserum, a mouse mono-
clonal anti-porcine GFAP antibody (clone G-A-5), a rabbit
polyclonal anti-human ubiquitin antiserum, and a mouse
monoclonal anti-porcine vimentin antibody (clone V9).
The monoclonal antibodies were purchased from Boe-
hringer-Mannheim Biochem (Indianapolis, IN). Anti-
ubiquitin was purchased from Sigma (St. Louis, MO). The
preparations and characterizations of those antibodies
previously were described.2>2 The optimal dilutions of
these antibodies were preliminarily determined as those
with both maximal specific staining and minimal back-
ground staining (Table 1).

Gold Probes

For the single immunogold staining technique (IGS),
we used goat anti-rabbit IgG conjugated to 1 5-nm colloi-
dal gold particles (GAR-G15) or goat anti-mouse IgG
conjugated to 15-nm gold (GAM-G1 5). For double IGS,
we used goat anti-rabbit IgG conjugated to 1 0-nm gold
(GAR-G10) and goat anti-mouse IgG conjugated to 5-nm
gold (GAM-G5). Gold-labeled secondary antibodies
were purchased from Janssen Biotech (Beerse, Bel-
gium).

Immunocytochemistry

Phosphate buffer, 0.1 mol/l, supplemented with 1%
bovine serum albumin and 0.3 mol/l NaCI (PBB), was

Table 1. Cbaracteristics and Dilutions ofAntisera Usedfor Immunogold Labeling ofRFs and Intermediate Filaments

Antisera to

aB-crystallin (polyclonal)
GFAP (polyclonal)
GFAP (monoclonal)
Ubiquitin (polyclonal)
Vimentin (monoclonal)

Immunized
species

Rabbit
Rabbit
Mouse
Rabbit
Mouse

Source of immunogen

Rat cardiac muscle
Human brain glial filament
Porcine spinal cord glial filament
Human erythrocyte
Porcine eye lens

Dilution

250x
500x
50x

1 ooox
50x
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used for rinsing and for diluting normal goat serum, pri-
mary antibodies, and the colloidal gold reagents. With the
exception of the colloidal gold, all solutions for postem-
bedding IGS were passed through a 0.22-,u Millipore filter
(Millipore, Japan) before use. For the single IGS, grids
were floated with the section side down at room temper-
ature on the following solutions:

1) distilled water for 10 minutes
2) 5% normal goat serum for 10 minutes
3) the primary antibodies overnight (dilutions are listed

in Table 1.)
4) PBB for 10 minutes x 3
5) a 1:25 dilution of appropriate gold-labeled second-

ary antibody for 1 hour
6) PBB for 10 minutes x 3
7) 2% GA in 0.01 mol/I PBS, pH 7.4 for 10 minutes
8) distilled water for 10 minutes x 3

Sections labeled with colloidal gold were contrasted
with uranyl acetate and lead citrate before examination.

To examine the distribution of both aB-crystallin and
GFAP in the same section, double IGS was performed by
two different procedures: simultaneous double IGS and
sequential double IGS. Simultaneous double IGS was
done by floating grids on a mixture of a rabbit polyclonal
anti-aB-crystallin antiserum and a mouse monoclonal
anti-GFAP antibody or a mouse monoclonal anti-vimentin

antibody, followed by a mixture of GAR-GlO and GAM-
G5. Sequential double IGS was done by repeating single
IGS; single labeling first was performed without postfix-
ation with GA, and another single-labeling procedure
was carried out with the corresponding gold probe of a
different size.

Morphometry
Quantitative evaluation of labeling distribution was

performed by counting gold particles. A minimum of 10
electron micrographs, illustrating labeled RFs, was taken
for each experiment at x 12,000 magnification and then
enlarged to x 30,000. In RFs with heterogeneous elec-
tron density, distribution of gold particles on high or low
electron-dense areas of each RF was investigated for
reactions with anti-aB-crystallin, GFAP (with a monoclo-
nal antibody), and ubiquitin. In addition, the number of
gold particle for aB-crystallin labeling in RFs was com-
pared for three different double immunolabeling methods
using anti-GFAP as another antibody.

Controls

Specificity of the immunolabeling was tested by the
following controls. (1) Incubation of sections in
anti{- B-crystallin antiserum that had been absorbed with
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Figure 1. A RF in situ osmicated, embedded in Epon. ThisRF consists ofboth a solid, amorphous mass in the center anda number ofloosely
scattered electron-dense deposits in the periphery. Original magnification X 24,000. Bar, 0.5 R.
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Figure 2. Immunogold localization of aB-crystallin. A: A combined type ofa RF Immunoreactivity in the loosely scattered deposits was

equivalent to or a little stronger than that in the solid mass of the center. Only afew goldparticles are seen in intermediatefilaments. B: A
RF showing a solid mass. The RF has heterogeneous electron density. Note thefavorable distribution ofgoldparticles in high electron-dense
areas. Original magnifcations: A, x 22,000; B, x 29,000. Bars: A, 0.5 i'; B, 1 p,
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Figure 3. Immunogold localization ofglialfibrillwy acidic pro-
tein. A, B: RFs stained with the monoclonal (A) andpolyclonal (B)
antibodies. Note thefavorable distribution ofgoldparticles in bigb
electron-denw areas. C: Loosely scattered deposits stained witb the
polyclonal antiserum. Immunoreactions are also seen in glialfil-
aments adjacent to electron-dense deposits. Original magnifica-
tions: A x 25,000; B x 39,000; C x 32,000. Bars: A, 1 F; B, 0.5
L; C, 05 R.
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bovine-lens a-crystallin. (2) Substitution for the rabbit
anti-aB-crystallin antiserum or the rabbit anti-GFAP an-
tiserum by normal rabbit serum. (3) Omission of mono-
clonal antibodies.

Results
Morphologies of RFs
Rosenthal fibers isolated from an Alexander's disease
brain showed irregular, amorphous, and electron-dense

Figure 4. Immunogold localization of ubiquitin. A: A combined
ype ofa RF. In the solid mss, the RF sbows stronger immunore-
actions in the perphery than in the center Gold particles are
mainr4 located in low electron-dense areas. Note tha the immu-
noreactivity in the loosely scattered deposits is weaker than ta in
theperiphery of the solid mass. B: A mall size ofa RF stowing asolid mass. 7be immunoreactivity is bomogeneously distoibuted.Original magnifcations: A x 18,000, B x 31,000. Bars: A, 1 p; B,
05 pL

profiles, similar to that observed in formaldehyde-fixed,
osmicated, and Epon-embedded tissue (Figures 1 to 6),
and that previously described in situ in Alexander's
disease7'8'13-15 and in certain glial tumors.10 Figure 1
showed in an Epon section a combined type of a RF both
with a solid mass and with many loosely scattered de-
posits. This type of RFs was also detected in K4M section
(Figures 2A, 4A). In the isolated RFs, the continuity of glial
filaments with RFs was often disrupted at the margins.
Individual RFs in K4M sections, in most cases, had a
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Figure 5. Immunogold localization ofvimentin. RFs are negative, although afewvgoldparticles are seen in the margin ofRFs. Filaments were
heavily labeled. Otiginal magnification x 37,000. Bar, 0.5 pu

heterogeneous electron density, especially when com-
pared with the darker, more homogeneous appearance
of RFs in tissue after osmication. Relatively high electron-
dense areas were intermingled with lower electron-dense
areas, where intermediate filaments could not be recog-
nized. Particular attention was paid to the relationship be-
tween areas of different electron-densities and the immu-
noreactivities of aB-crystallin, GFAP, and ubiquitin.

Single Immunolabeling

aB-Crystallin
All RFs were immunolabeled with the antixB-crystal-

lin antiserum (Figures 2A, B). Its labeling intensity was
weak to strong and was not related to the diameter of
RFs. In a combined type of RFs, immunoreactivity in the
loosely scattered deposits was equivalent to or a little
stronger than that in the solid mass of the center (Figure
2A). Among the variety of morphologies of RFs, loosely
scattered deposits showed the highest density of gold
particles (Figure 2A). In RFs showing a solid mass, most
of the gold particles were found over high electron-dense
areas (Figure 2B, Table 2). Bundles of intermediate fila-
ments were occasionally labeled with a few gold particles
(Figure 2A). RFs and filaments in control sections were
not stained.

GFAP
All RFs were homogeneously and heavily labeled with

both polyclonal and monoclonal anti-GFAP antibodies,

including loosely scattered deposits (Figures 3A-C). Sim-
ilar patterns of immunolabeling were obtained with both
antibodies. GFAP immunoreactivity within RFs showing a
solid mass was mainly localized in high electron-dense
areas (Table 2). A dense feltwork of intermediate fila-
ments also was heavily labeled with both antibodies.

Ubiquitin

Ubiquitin immunoreactivity was detected in most of
the RFs observed. Its labeling pattern depended on the
size of RFs. In large RFs showing a solid mass, the im-
munoreactions in the periphery were heavy but were re-
duced in the center (Figure 4A). In some large RFs, im-
munolabeling at the center was diminished severely or
completely absent. In smaller RFs, the immunoreaction
seemed to be homogeneous (Figure 4B). Although a few
gold particles were located on high electron-dense area
of RFs, most were observed on the low electron-dense
areas, in contrast to aB-crystallin and GFAP (Table 2).
Labeling density in loosely scattered deposits, in most
cases, was lower than that in the periphery of RFs show-
ing a solid mass (Figure 4A). Bundles of intermediate
filaments were not stained.

Vimentin

In contrast to GFAP, no RFs were stained for vimentin,
including loosely scattered deposits. Only a few gold par-
ticles were observed in the margin of some RFs. Interme-
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Figure 6. Double immunolabeling ofaB-caystallin and GFAP in a
sequential double IGS. Severely decreased aB-caystallin immuno-
reactivity in a sequential double IGS with the first application of
anti-GFAP antibody followed by the second application of
anti-aB-crystallin antiserum (A) is noted when compared with

in a sequential double IGS with a reverse order of the anti-
bodies (B). Original magnifications x 98,000. Bars, 0.1 .

diate filament bundles were labeled strongly with the anti-
vimentin antibody, however (Figure 5).

Double Immunolabeling

In the sequential double IGS with the first application of a
mouse anti-GFAP antibody followed by the second ap-
plication of a rabbit anti-aB-crystallin antibody,
aB-crystallin immunoreactivity was markedly reduced
when compared with the sequential IGS with a reverse
order of application of the primary antibodies (Figure 6A,
B). In the simultaneous double IGS, the labeling intensity
of aB-crystallin within RFs was low, similar to the level of
the sequential double IGS with first application of GFAP
antibody (Table 3). Double immunolabeling patterns of
aB-crystallin and vimentin were simply combined pat-
terns of each single staining either in simultaneous dou-
ble IGS or in sequential double IGS.

Discussion

In this report we demonstrated immunoreactivities for
aB-crystallin, GFAP, and ubiquitin in RFs using a low-

temperature embedding procedure. Our procedures for
immunoelectron microscopy have several advantages.
First the frozen material still retained sufficient immunore-
activity and adequate fine structure despite the fact that
the brain had been stored in a freezer at - 350C for 2
years. Second the isolation steps of RFs were simple and
not time consuming. This technique should allow easy
detection of RFs with various kinds of morphology be-
cause other cytoarchitectural components unnecessary
for this study can largely be removed. Third the ultrastruc-
tural preservation of RFs embedded in Lowicryl K4M
resin was equivalent to that obtained with epoxy resin. In
general, embedding in hydrophilic resins at low temper-
ature without osmication has been extremely favorable
for obtaining good cytochemical labeling.' Because the
cytoarchitecture of RFs seem to be stable against various
kinds of experimental procedures, the postembedding
IGS on Lowicryl K4M sections was selected for visualiza-
tion of immunoreactivity of RFs.

Although immunogold localization of GFAP in the
midst of RFs already was demonstrated in earlier
studies,'8'19 the labeling intensity in this study was found
to be much stronger than in the previous studies, per-
haps because the use of hydrophilic resins containing
5% to 10% water and the omission of osmication can
minimize the disruption of protein structure.34 In fact, la-
beling density of gold particles in RFs was almost the
same as that in a network of intermediate filaments. It is
not known whether the GFAP associated with the matrix
of RFs is the whole protein or degradation products
thereof. If the latter is the case, then the breakdown prod-
ucts retain antigenic determinants recognized by these
antibodies. At the light-microscopic level, GFAP immuno-
reactivity with RFs has been restricted to their periphery.
This peripheral reaction was probably due to poor acces-
sibility of epitopes within RFs. That is, the immunoreaction
of GFAP probably occurs only on the surface or in super-
ficial layers of RFs. The peripheral reactions probably re-
sult from a tangential view of immunostained products.
We first demonstrated ultrastructural immunogold lo-

calization of aB-crystallin in RFs. In double labeling for
GFAP and oaB-crystallin, we have consistently observed
that the labeling density of immunogold became lower
when a smaller size of gold (5 nm) was used in simulta-
neous double IGS. This indicates that molecules of
aB-crystallin and GFAP are distributed close together on
the accessible surface of RFs.

a-Crystallin is a major water-soluble lens protein of all
vertebrate species. Its most striking characteristic is its
enormous size, with aggregates of molecular weight
close to 800 kd. These aggregates are produced by two
homologous, highly conserved genes (aA and aB),
which encode subunits of about 20 kd.35 The
oA-crystallin gene appears to be expressed specifically
in the lens.36 In contrast, aB-crystallin is found in many
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Table 2. Distributions of Gold Particles in High and Low Electron-Dense Areas ofRosenthal Fibers
% of gold particles

Antibody High electron dense Low electron dense

aB-crystallin (11) 72.8 ± 4.2 18.6 ± 5.1
GFAP (10) 75.5 ± 4.7 12.2 ± 6.2
Ubiquitin (10) 23.9 ± 6.4 61.3 ± 5.6

The ratios of number of gold particles located on high or low electron-dense area to total number of gold particles in each RF were averaged.
Gold particles on the transitional zones between high and low electron-dense areas were counted only into total number of gold. Values are
expressed as the mean ± SD. Values in parentheses are the number of RFs counted.

extralenticular tissues, including heart, muscle, kidney,
and brain, by immunohistochemistry and by Western and
Northern blotting.17,2427 The nature of a-crystallin was
investigated extensively, especially from the point of view
of cataract formation.37'3 In the lens, a-crystallin is con-

tained in both water-soluble and water-insoluble frac-
tions, suggesting the associations between a-crystallin
and cytoskeletal or membrane components.38 High-
molecular-weight (HMW) aggregates containing
a-crystallin were also detected in the soluble fraction.38 In
another report, it was observed that the aggregation of
a-crystallin was induced by the addition of nonlens pro-
tein to concentrated a-crystallin probably by an excluded
volume effect and was inhibited by y-crystallin enriched
with exposed thiols.39 This HMW aggregate, the cause of
which is still unknown, is certain to be related to the self-
aggregating nature of a-crystallin. In extralenticular tis-
sues, soluble aB-crystallin exists in an aggregate form
with molecular weight indistinguishable from that of lens
a-crystallin, and the presence of the aA-crystallin is not
required to form these aggregates.40 Post-translational
modifications also may play a role in aggregation.35'37

The present observations support the idea that RFs
are in part aggregation products of aB-crystallin.24 A
possible scheme for their morphogenesis is as follows:
astrocytes under certain pathologic conditions, such as
Alexander's disease, accumulate otB-crystallin. The ex-

pression of aB-crystallin in reactive astrocytes supports
the idea that the nonlens role of aB-crystallin may be
connected to its ancestral relationship with small heat
shock proteins.41 Accumulation of aB-crystallin may fa-
cilitate the enormous aggregate state, by which chemical

Table 3. Alterations ofImmunoreactivities of
aB-crystallin Among 7Three
Double-immunostaining Methods

% of gold particles

Sequential double IGS
aB-crystallin -* GFAP

GFAP -* aB-crystallin
Simultaneous double IGS

(12)
(10)
(10)

38.2 + 4.3t
9.5 + 3.3*

12.6 ± 3.5*

nature of aB-crystallin is well known in the lens.' The
massive accumulation of glial filaments could facilitate
the self-aggregation of aB-crystallin, probably by their
volume effect.39 This initial abnormal HMW of
aB-crystallin possibly is loosely scattered deposits as
shown in Figures 1, 2A, 3C, and 4A. During the initial
stage of RFs, GFAP in glial filaments may be involved
without degradation. The RFs may expand their volumes
by involving marginal, small RFs. The chemical alteration
of aB-crystallin during RF formation is not known. In view
of insoluble HMW aggregates of a-crystallin subject to
post-translational modifications in cataract,38 however,
aB-crystallin also is probably subject to similar post-
translational modifications during RF formation.

Ubiquitination might be a secondary reaction. In the
center of the large RFs, ubiquitin immunoreactivity was
weak or absent (Figure 4A). It is uncertain whether there
is a loss of ubiquitin immunoreactivity in the center or only
a lesser amount of ubiquitin can infiltrate deep into the
center. It was reported that both anti-ubiquitin antibody
and anti-GFAP antibody immunolabeled mainly the pe-
riphery of RFs at the light-microscopic level, and that RFs
were based on the ubiquitination of glial filaments.21 At
the electron-microscopic level, however, distribution of
ubiquitin immunoreactivity (Figure 4A) did not corre-

spond to those of GFAP (Figures 3A, B) and aB-crystallin
(Figures 2A, B). Recently proteins with acetylated NH2-
termini, including aA-crystallin, were also found to be de-
graded in a ubiquitin-dependent mode in vitro reticulo-
cyte system.42 Therefore further biochemical investiga-
tion is needed to identify target proteins for ubiquitination
in RFs.

Interestingly vimentin, a component protein of inter-
mediate filament, was not detected in RFs. The discrep-
ancy in RFs between GFAP and vimentin is difficult to
explain. It is possible that degradation products of vimen-
tin, not recognized by the antibody, are present or, alter-
natively, that the vimentin in the crude preparation1724
comes only from filaments. Further study is needed to
resolve the difference in biochemical function between
those two intermediate proteins, especially in terms of
their interactions with aB-crystallin.

In conclusion, we show at electron-microscopic level
that; 1) RFs share epitopes with aB-crystallin, GFAP, and
ubiquitin, but not with vimentin; and 2) immunolabeling

The ratio of a number of gold particles indicating caB-crystallin
immunoreactivity to the total number of gold particles was calcu-
lated in each RF and was averaged. Values are expressed as the
mean + SD. Figures in parentheses are the number of RFs counted.
* Statistically significant compared with the valuet (P < 0.01)
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patterns of gold probes are indicative of the heteroge-
neous chemical structure of RFs.
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