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ABSTRACT We present evidence that the microtubule-
associated protein tau is present in oligodendrocytes (OLGs),
the central nervous system cells that make myelin. By showing
that tau is distributed in a pattern similar to that of myelin
basic protein, our results suggest a possible involvement oftau
in some aspect of myelination. Tau protein has been identified
in OLGs in situ and in vitro. In interfascicular OLGs, tau
localization, revealed by monoclonal antibody Tau-5, was
confined to the cell somata. However, in cultured ovine OLGs
with an exuberant network of processes, tau was detected in
cell somata, cellular processes, and membrane expansions at
the tips of these processes. Moreover, in such cultures, tau
appeared localized adjacent to or coincident with myelin basic
protein in membrane expansions along and at the ends of the
cellular processes. The presence of tau mRNA was docu-
mented using fluorescence in situ hybridization. The distri-
bution of the tau mRNA was similar to that of the tau protein.
Western blot analysis of cultured OLGs showed the presence
of many tau isoforms. Together, these results demonstrate
that tau is a genuine oligodendrocyte protein and pave the way
for determining its functional role in these cells.

Tau is known to be a microtubule stabilization factor in the
long axonal processes of neurons (1-3). Original immunolo-
calization studies supported this role in that monoclonal
antibodies (mAbs) to tau appeared to stain axons exclusively
(2, 4, 5). Since these studies, numerous reports have demon-
strated the presence of tau in the somatodendritic and astro-
cytic compartments in the brain (6-8), although phosphatase
treatment was usually necessary to visualize nonaxonal tau (6).
Tau proteins are produced by the alternate splicing of a single
mRNA transcript resulting in six isoforms in the central
nervous system (CNS) (9-11). Tau's primary structure shows
a large number of Pro-Gly repeats predictive of a highly
flexible molecule (12, 13). Moreover, the 17% of serines and
threonines present in tau and their potential of undergoing
phosphorylation adds to the number of possible conforma-
tional states that tau protein may attain (14). It is this
multiplicity of forms that introduces elements of uncertainty
and complexity in tau's immunocytochemical detection.
Tau isoforms have been found localized differentially in

subcellular compartments suggesting functions other than and
in addition to its role as a microtubule-associated protein
(MAP). Ultrastructural studies demonstrated that tau was
associated with microtubules and ribosomes (6). In cultured
neuroblastoma cells, the association of tau with microtubules
in the cytoplasm was equivocal, but tau was found aligned with
the fibrillar regions of nucleoli within the nucleus (15). Here,
we reveal another facet to tau's interactions by reporting its
segregation with myelin basic protein (MBP).

During development, interfascicular oligodendrocytes
(OLGs) extend numerous processes that surround axons to
elaborate the myelin sheath. OLG processes are very rich in
microtubules and in actin-containing microfilaments. Simi-
larly, cultured OLGs elongate their processes to elaborate
membrane expansions into the myelin-like structures (16-19).
It is at the site of myelin assembly that MBP mRNA is
translated. To reach its site of translation, this mRNA is
translocated long distances from the cell body (20-23), estab-
lishing yet another example of "local synthesis" similar to that
occurring at the base of dendritic spines in the neuron (24).
Presumably, microtubules are involved in this transport pro-
cess. Prior to this study, the only other MAP described in
oligodendrocytes was MAPlB (25).
Other reports have suggested that tau is present in OLGs.

For example, tau was found to localize in perineuronal OLGs
in gray matter (6). Autoclaving of sections from human brain
has allowed staining of OLGs with Abs to the paired helical
filaments (PHFs) that form in the abnormal neurons in
Alzheimer disease (26). PHFs are largely composed of tau
(27). This report unambiguously demonstrates the presence of
tau in OLGs in situ and in vitro by immunocytochemical,
fluorescence in situ hybridization (FISH), and immunoblotting
techniques. Furthermore, by showing that tau might be asso-
ciated with MBP, our results implicate tau in myelinogenesis.

METHODS
Immunohistochemistry. Rat brains were fixed by vascular

perfusion with PLP [2% paraformaldehyde/75 mM lysine/10
mM sodium periodate in phosphate-buffered saline (PBS), pH
7.4]. Sections (20 ,um) were cut on a vibratome and exposed to
various concentrations of mAb Tau-5 (IgGl subclass). Anti-
body binding was visualized following incubation in mouse
ClonoPAP (Sternberger-Meyer, Jarrettsville, MD) using
H202 and diaminobenzidine as the chromogen (28).

Electron Microscopic Examination. Vibratome sections (20
,um thick) were fixed and processed for immunostaining using
mAb Tau-5 or a control Ab and the peroxidase-antiperoxidase
technique as described (29). Following immunostaining, sec-
tions were exposed to 1% OS04 for 30 min, dehydrated in
graded alcohols, passed through propylene oxide, and flat-
embedded in-Epon according to standard procedures. Ultra-
thin sections were picked up on uncoated 200-mesh nickel
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grids and viewed with a JEOL 100CX II electron microscope
operated at 60 kV without prior staining with heavy metals.

Cell Culture. OLGs from 6-month-old lamb brains were
isolated (30) and kept in long-term culture by a modification
of the method previously described (31).

Immunofluorescence. Indirect immunofluorescence was
performed by methods standard in our laboratory (15). Cells
were cultured on poly(D-lysine)-coated glass slides and fixed
with 3% formaldehyde for 30 min at room temperature.
Briefly, the cells were permeabilized with 100% ethanol
(-20°C), rinsed in PBS, and kept in 1% bovine serum albumin
for 10 min. The cells were then incubated with the correspond-
ing Ab followed by incubation with an appropriate fluorescein-
or Texas red-conjugated secondary Ab. All incubations were
done for 30 min at 37°C in a humidified atmosphere, and each
incubation was followed by three 5-min washes in PBS. Con-
trols in which the primary mAbs were deleted were routinely
performed. The processed glass coverslips were mounted onto
glass slides with a 10:1 (vol/vol) mixture of glycerol/PBS con-
taining 0.1% p-phenylenediamine (Sigma) to reduce photo-
bleaching and then sealed with nail polish.

FISH. A human three-repeat tau cDNA (courtesy of Gloria
Lee, Harvard Medical School, Boston) was amplified as de-
scribed (32). Tau probe ('10 mg) was random primed with
digoxigenin-dUTP (Boehringer Mannheim). Ten nanograms
of the resultant digoxigenin-labeled tau cDNA was used per
slide. Hybridization solution was made fresh each time and
contained 50% formamide, 5x standard saline citrate (SSC),
1Ox dextran sulfate, and PBS made in diethylpyrocarbonate-
treated water. Hybridization was performed at 42°C overnight
in a 100-Al volume. After hybridization, coverslips were
washed several times to a high stringency as follows: (i) 20 min
in 50% formamide/2X SSC at 37°C, (ii) 20 min in 2x SSC at
37°C, (iii) 20 min in 1 x SSC at room temperature, (iv) 20 min
in 1 x SSC at 65°C, and (v) 20 min in 0.5 x SSC at 65°C. Probes
were detected using fluorescein isothiocyanate-conjugated
affinity-purified sheep anti-digoxigenin (Boehringer Mannheim).
SDS/PAGE and Western Blotting. Cells were harvested in

PBS, 5 mM EDTA, and a cocktail of protease inhibitors (1
,ug/ml each of chymostatin, leupeptin, antipain, and pepstatin
and 1 mM phenylmethylsulfonyl fluoride = CLAPP). After
centrifugation the pellet was dissolved in 62.5 mM Tris, pH
6.8/1% SDS/CLAPP. The sample was boiled for -5 min, and
after centrifugation the supernatant was frozen at -80°C.
Protein concentrations were determined by a modification of
the method of Lowry et al. (33). Proteins were separated by
SDS/PAGE using a 5-12% linear polyacrylamide gradient gel
(34) and were transferred to nitrocellulose (35). Resulting
blots were probed with various primary and secondary Abs
prior to signal detection using chemiluminescence.

RESULTS
In Situ Localization of Tau in OLGs Using mAb Tau-5.

Immunohistochemical examination of vibratome sections with
mAb Tau-5 revealed intense staining of interfascicular OLGs
in the corpus collosum of adult rats (Fig. 1). Similar cell-
specific staining patterns were observed in all regions of CNS
white matter examined. An ultrastructural analysis confirmed
these results (Fig. 1 Inset); axons showed no Tau-5 immuno-
reactivity. This outcome is striking when compared with results
obtained with other tau Abs such as Tau-1, 5E2, or Tau46,
which only stained axonal profiles (2, 36). These observations
can be interpreted as indicating that mAb Tau-5 (i) recognizes
a site unique to OLG tau, (ii) detects an epitope revealed when
tau assumes a distinct conformational state, or (iii) crossreacts
with another OLG protein. The first possibility can be ruled
out because the epitope for Tau-5 maps to sequence 210-241
of tau, a sequence present in all isoforms (data not shown).
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FIG. 1. Tau-5 immunostaining of rat interfascicular oligodendro-
cytes, in situ. PLP-fixed vibratome sections (10 ,um) from the corpus
callosum of the rat (A, low power; B, high power). (Bars = 10 ,um.)
Note the intense staining of the cytoplasm in the cell bodies and the
absence of nuclear staining. Also note that Tau-5 does not stain axons
under these fixation conditions. (Inset) Ultrastructural localization of
Tau-5 processed from a similar section of corpus collosum.

Experiments were designed to distinguish between the second
and third interpretations listed above.
Tau Protein Is Present in Cultured OLGs. It was incumbent

on us to demonstrate that tau and not an immunologically
crossreacting protein is present in OLGs. For these reasons, we
searched for the presence of bona fide tau in cultured OLGs
from 6-month-old ovine white matter. We chose this culture
system for three reasons: (i) these are pure cultures of OLGs
(>98%), (ii) the cells have been well characterized, structurally
and functionally, and (iii) cultures can be maintained for an
extended time spanning from differentiation to myelination
(37). Characteristic features of long-term OLG cultures are
well established. Such cultures consist of cells that have
elaborated an extensive network of processes with the forma-
tion of many multilamellar structures that resemble myelin
(38). The range of cell morphologies seen in these cultures fits
the classical description ofOLG subtypes (for review, see ref. 39).

Four-week-old cultures were examined by immunofluores-
cence using mAbs Tau-5 and Tau-1; these antibodies recognize
distinct epitopes on the tau molecule. The staining localized
intensely in the cell somata (Fig. 2) and in most OLG processes
(Fig. 3 B and D). The tips of OLG processes exhibited a
granular pattern of tau staining (Fig. 3B) similar to punctate
morphological entities observed under phase or by scanning
electron microscopy (40). Moreover, membranous expansions
located along the processes also exhibited the same punctate
staining (data not shown). In a parallel study with mixed
cultures obtained from neonatal rat brains, we have also
stained OLGs identified as MBP-positive cells with these
mAbs (P.L. and L.I.B., unpublished data). Control experiments,
in which incubations were performed without addition of the
primary Abs, lacked background fluorescence (data not shown).

Proc. Natl. Acad. Sci. USA 92 (1995)
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FIG. 2. Staining of OLGs with Tau-5. Four-week-old cultured
OLGs as seen by Tau-5 immunofluorescence (A) and by phase-
contrast microscopy (B). (Bar = 20 ,um.) OLGs show strong cytoplas-
mic staining (A).

Tau mRNA Is Found in OLG Somata, in Their Processes,
and in the Tips of These Processes. Although tau is a MAP,
the localization pattern described above did not indicate
binding along microtubules as would be expected. The expres-
sion of tau in neurons is targeted by localization of one form
of tau mRNA to the microtubules (41, 42), where the expressed
protein binds. Therefore, we sought to determine whether tau
mRNA is targeted to structures other than microtubules in
OLGs using FISH (see Methods). As illustrated (Fig. 4), tau
mRNA is detected in OLG somata, in the cellular extensions,
and in their tips. Interestingly, the discontinuous, punctate
staining observed with the mAbs (see Figs. 3 and 6) is also seen

for the mRNA in some of the cellular processes (Fig. 4 B and
D). To assess the extent of nonspecific binding, we probed
neonatal rat OLGs in mixed cultures. Only MBP-staining cells
exhibited a FISH signal; other cells in these mixed cultures
contained no detectable fluorescence signal (P.L. and L.I.B.,
unpublished data). These results indicate that OLGs contain
tau protein and abundant tau mRNA. Moreover, tau mRNA,
like MBP mRNA (22, 43), is not restricted to the cell body,
suggesting that a message targeting event may be instrumental
in establishing the site of tau synthesis in the processes.
OLGs Express Several Tau Isoforms. In the brain cortex,

tau exists as six isoforms. It was therefore of interest to
determine whether these isoforms were all present in OLGs.
Extracts from lamb brain cortex and cultured OLGs isolated
from aged-matched brains were resolved on SDS/PAGE and
blotted with mAb Tau-1 (Fig. 5, lanes 1 and 2), Tau-5 (Fig. 5,
lane 3), and Tau46 (Fig. 5, lane 4) according to standard
protocols (see Methods). It is instructive to compare the
resulting patterns; some notable differences are apparent. First,
OLGs seem to have one or two additional isoforms of slightly
higher molecular weight than the slowest migrating cortical tau
species (Fig. 5; compare lane 1 with lanes 2-4). Second, while the
relative amount is about the same for each of the isoforms in the
cortex, there is variation among OLG isoforms, with a clear
preponderance of some species (Fig. 5, lanes 2-4).
Tau and MBP Exhibit Similar Distribution Patterns in

OLG Processes and in the Membranous Sheets at the Tips of
the Processes. Analysis of the fluorescent images of tau and
MBP in doubly stained OLGs revealed that the two fluoro-
chromes localized in patterns of close apposition. Although
various OLG morphologies were observed, common staining
characteristics were evident (Fig. 6). In all cases, the intense
staining of the cell somata with either fluorochrome precluded
analysis; however, this was not the case for the cellular
processes and the membranes emanating from them. The
salient features ofMBP and tau distributions in OLG processes
and membrane expansions observed were as follows: (i) stain-
ing was discontinuous, often segmental (Fig. 6 A and B,
arrows), (ii) tips of processes were clearly stained (Fig. 6 A, B,
D, E, G, H, arrowheads), and (iii) immunoreactivity within
membrane expansions appeared also to occur in patches (Fig.
6 D, E, G, H, short arrows). In all cases, controls lacking
primary antibody exhibited no fluorescence signal. Together,
these findings indicate that tau protein and/or its message exist
in close proximity to, if not superimposed with, MBP.

A

FIG. 3. Staining of OLGs with Tau-1. Two profiles of cultured
oligodendrocytes are shown in phase contrast (A and C) and corre-
sponding immunofluorescence (B and D). The cell body (B andD) and
terminal membrane expansions (B, arrowhead) are strongly tau-
positive. (Bar = 20 ,im.)

w -W

FIG. 4. In situ hybridization. FISH of tau mRNA in 3-week
cultured OLGs (B and D). Phase-contrast micrographs of the same
fields (A and C) are also shown. (Bar inA = 50 g±m; bar in C = 25 ,um.)
Note presence of mRNA in the processes.

Neurobiology: LoPresti et al.
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FIG. 5. Immunoblot analysis of
tau in cultured OLGs using three
mAbs to distinct epitopes. Many
isoforms of tau can be visualized in
a Tau-1 blot of lamb cortex (lane
1), whereas a different pattern of
isoforms is visualized in cultured
OLGs whether the blot is probed
with Tau-1 (lane 2), Tau-5 (lane 3),
or Tau46 (lane 4). Molecular
weights are shown as Mr X 10-3.

DISCUSSION
This study conclusively shows that tau is present in OLGs.
However, tau distribution is different in cultured OLGs when
compared to those resident in the rat brain. In situ, only cell
bodies had immunoreactivity; no antibody signal was detected
in the cellular processes. In contrast, cultured OLGs displayed
antibody localization in their cellular processes as well as in the
membranes emanating from them. Interestingly, the staining
pattern in the processes was discontinuous, appearing segmen-
tal and patch-like. The finding that, in situ, tau was only
detected in the cell bodies is not surprising given the intricate

architecture of the mature CNS and the fact that the tissues
examined were obtained from mature animals. Indeed, our
observation is in line with previous reports describing staining
with Abs against myelin-associated proteins that demonstrated
differences between developing and mature tissues (44).

Morphologically and possibly functionally, OLGs are hetero-
geneous (39). This heterogeneity is manifested in cell size, shape,
number, and nature of the cellular processes as well as association
with other cell types. The heterogeneity is evident in situ and in
vitro. Yet, in vitro, tau distribution was similar in all OLGs in that
it was concentrated in the somata, at the tips of processes, at
points of processes bifurcation, and in membranous expansions.
Only mAb Tau-5 localized to OLGs in situ, whereas a

number of other tau mAbs stained cultured OLGs. The reason
for these disparate results can probably be explained by
differential fixation of the flexible tau molecule (see Results).
Fixation may also be the reason why the detection of OLG tau
has been equivocal. Indeed, this report definitively demon-
strates the presence of tau in these cells. Although others have
presented data also suggesting that tau immunoreactivity was
present in OLGs (26), biochemical and molecular biological
corroboration of the immunostaining was not documented.
Tau protein comprises six isoforms produced by alternate

splicing of a single mRNA species (13). Using immunoblot
analysis, we observed only two or three major tau bands in
cultured OLGs. To ascertain whether these bands represent an
OLG-specific isoform pattern or a differentially phosphory-
lated single isoform would require isolation and characteriza-
tion of the OLG tau transcripts. Moreover, whether different
tau isoforms are expressed during OLG process extension and
maturation has yet to be determined.
There is general consensus that the cytoskeleton is involved

in OLG process outgrowth and myelin assembly (18, 19).
Involvement of actin and tubulin during myelin formation has
been suggested in that both proteins have been shown to
copurify with myelin from rat brain (45), and purified MBP

FIG. 6. Three fields of cultured
OLGs (A-C, D-F, and G-I) doubly
stained for tau and MBP. The cells
are stained or observed as follows:
immunofluorescence using anti-
MBP (A, D, and G) and Tau-5 (B,
E, and H); differential interference
contrast optics (C, F, and I). Note-
worthy is the resemblance of the
distribution patterns of both pro-
teins. Salient features are (i) seg-
mental staining (arrows in A and
B), (ii) concentration of fluores-
cence at the tips of the processes
(arrowheads in A, B, D, E, G, and
H) and (iii) patchy immunoreactiv-
ity in membrane expansions (short
arrows in D, E, G, and H). (Bars =

- 10 Jm.)I
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forms complexes with these proteins (45-47). A colocalization
between MBP and the microtubule protein tubulin has also
been reported (48). In a comparative study of the protein
composition of highly purified fractions of OLG plasmalemma
and myelin by two-dimensional gel electrophoresis, Szuchet et
al. (49) showed that both membranes had actin and a- and
f3-tubulins. However, there were significant differences in their
contents: OLG plasmalemma was enriched in actin relative to
the tubulins; the opposite was the case for myelin. Analysis of
purified CNS myelin further indicated that its cytoskeletal
matrix includes MBPs and 2',3'-cyclic nucleotide 3'-
phosphohydrolases I and 11 (50, 51). Whereas these findings do
not suggest a function for cytoskeletal elements in myelination,
they underscore the likely importance of the codistribution of
tau and MBP observed in our studies.
Tau and MBP were observed to localize in cell somata, in the

OLG processes, and in membrane expansions at the ends of
these processes. In fact, their distribution patterns suggested
close proximity and/or overlap. The finding that tau is present
at the tips of OLG processes is quite intriguing in the context
of OLG extensions and myelination. The tips of growing OLG
processes, like neuronal growth cones, are known to be actin
rich (52). Previous studies indicate that tau binds and gels actin
in vitro (53). Taken together, these data suggest the possibility
that OLG tau may have a function similar to that recently
proposed for neuronal tau in growth cones of cerebellar
neurons (54); these authors suggest that tau may maintain the
structural stability of this neuritic domain by interacting with
cytoskeletal elements such as actin.

Microtubules have been postulated to be key elements in the
translocation of MBP mRNA and other myelin components
along cellular processes toward the sites of myelin assembly
(19, 21-23, 43). As we have noted, tau mRNA and tau protein
are also found at these sites. Although we have no data
indicating the function of tau protein in these areas, it is likely
to be important since the cell mandates its presence by
specifying the colocalization of its mRNA. Since some overlap
was observed in the tau and MBP signals in OLG processes, it
is possible that tau interacts directly with MBP. Hence, tau
might serve as a crosslinking protein between MBP, its mRNA,
and the microtubule. Thus, tau would use its microtubule
binding domain to "find" a microtubule for subsequent trans-
port of the polysome complex to the sites of MBP-membrane
interaction. The reason that tau is not seen localized along
microtubules in this scenario is that it would only take one or
a few tau molecules to accomplish such a transitory crosslink-
ing at discrete sites on a microtubule prior to polysome
complex transport. Interactions all along the length of the
microtubule, as is the case observed with traditional MAP-
microtubule localization, would not be expected. Definitive
proof of such hypotheses requires further experimentation, the
results of which would undoubtedly lead to a better under-
standing of tau function, mRNA targeting, and the interactions
between specialized cell membranes and the cytoskeleton.
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