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Modulation of the Axonal Microtubule Cytoskeleton by Myelinating

Schwann Cells
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The Trembler PNS myelin-deficient mutant mouse offers a
unique model for the study of axon-giial interactions. Pre-
vious work in our [aboratory on Trembler mouse sciatic nerve
established that myelinating Schwann cells exert a profound
effect on the underlying neuronal cytoskeleton. Demyelin-
ated axon segments exhibited decreases in the rate of siow
axonal transport, axonal caliber, and neurofilament phos-
phorylation, as well as increases in neurofilament density.
The present study considers effects on the microtubule cy-
toskeleton. At least two aspects of the microtubule cyto-
skeleton in Trembler PNS axons were altered by demyelin-
ation. First, the stability of the Trembler axonal microtubule
cytoskeleton is decreased, as measured by decreased lev-
els of insoluble tubulin (Sahenk and Brady, 1987). Second,
the composition and phosphorylation of axonal microtubule-
associated proteins, including tau, MAP 1A, and MAP 1B,
are changed in Trembler demyelinated nerves. Further, the
fraction of axonal tubulin moving at slow component b rates
was increased (de Waegh and Brady 1990, 1991). These
results provide further evidence that cell-cell interactions
between myelinating glia and their underlying axons extend
beyond a structural role, actively influencing biochemical
and physiological properties of the axon.

[Key words: axonal transport, microtubules, myelination,
demyelination, cytoskeleton, Trembler mouse, tubulin, mi-
crotubule-associated proteins, phosphorylation]

The cytoskeleton represents a dynamic and complex component
of the neuron, one that plays a critical role in development and
maintenance of the nervous system. To fulfill that role, micro-
tubules (MTs), neurofilaments (NFs), and actin microfilaments
exist in a variety of specialized forms that help establish func-
tional domains within neurons while providing the basic struc-
tural framework for neurons (Brady, 1988). These specializa-
tions include not only distinct genetic isoforms that are expressed
differentially during development and maturation, but post-
translationally modified isoforms.

The genetic and biochemical diversity of neuronal MTs are
particularly striking. Not only do multiple genes exist for both
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a- and B-tubulins (Lewis et al., 1985; Sullivan, 1988; Luduena,
1993), but a variety of posttranslational modifications exist (e.g.,
see Brady et al., 1984; Gard and Kirschner, 1985; Murata et
al., 1986; Khawaja et al., 1988; Black et al., 1989; Edde et al.,
1990). Further, heterogeneity is created in neuronal MTs through
binding of various microtubule-associated proteins (MAPs) to
different populations of MTs (Olmsted, 1986; Matus, 1988).
The functional significance of this diversity is not well under-
stood, but may be responsible for differences in MT assembly
and stability properties.

A particularly stable subset of MTs exist as short segments
within axonal MTs (Sahenk and Brady, 1987; Baas and Black,
1990). These stable MT segments are resistant to depolymeri-
zation by antimitotic drugs, cold, and calcium. Based on this
characteristic, an extraction protocol was developed to quan-
titate the amount of cold-insoluble tubulin in axonal MTs (Bra-
dy et al., 1984). Such stable domains in MTs may serve to
regulate the axonal cytoskeleton by nucleating and organizing
MTs. There are indications that levels of cold-insoluble tubulin
correlate with axonal plasticity (Brady, 1988). However, the
biochemical basis of MT stability remains under investigation
and little has been known about factors that determine the
amount of stable MTs in axons.

Recent work has suggested that biochemical specializations
of the neuronal cytoskeleton can be modulated by the local
environment (Brady, 1992; de Waegh et al., 1992). For many
neurons, this local microenvironment is largely determined by
myelinating glial cells (Schwann cells or oligodendrocytes) and
compact myelin sheaths. In the Trembler PNS myelin-deficient
mutant mouse, Schwann cells cannot maintain compact myelin
(Aguayo et al., 1977), leading to disruption of axon—glia inter-
actions. Axons surrounded by Trembler Schwann cells have
increased NF density accompanied by decreases in slow axonal
transport rates, axonal caliber, and NF phosphorylation (de
Waegh and Brady, 1990, 1991; de Waegh et al., 1992). This
demonstrated that myelinating Schwann cells affect axonal neu-
rofilaments by changing posttranslational modifications of their
constituent proteins. Such effects are spatially restricted and
occurred in local regions of the axon when segments of Trembler
sciatic nerve were grafted into normal mouse nerve (de Waegh
and Brady, 1991; de Waegh et al., 1992). The present study was
designed to extend these observations, and characterize alter-
ations in the MT cytoskeleton caused by demyelination in the
Trembler mutant.

Two aspects of the axonal MT cytoskeleton were considered.
First, the effect of demyelination on levels of cold-insoluble MTs
was determined by analyzing tubulin transported in Trembler
mouse sciatic nerve axons. Second, quantitative immunoblots
were used to characterize properties of MAPs associated with



axonal MTs in demyelinated Trembler neurons. Cold-insoluble
tubulin levels were significantly decreased in Trembler periph-
eral nerves, while both the amount and phosphorylation state
of axonal MAPs were altered. These observations demonstrate
that myelinating Schwann cells modulate characteristics of both
the MT and NF cytoskeleton in axons.

Materials and Methods

Unless otherwise noted, all materials were obtained from Sigma (St.
Louis, MO). The mice used in these studies were Trembler C57BL/6)
Tr’ and their control siblings, which were obtained from Jackson Lab-
oratory (Bar Harbor, Maine). Animals were kept in a sterile environment
and fed sterile food and water. Both male and female mice, 2—4 months
old, were used in all experiments.

Cold/calcium tubulin fractionation. Proteins carried by slow axonal
transport in Trembler and control mouse sciatic nerve sensory fibers
were labeled as described previously (de Waegh and Brady, 1991; de
Waegh et al., 1992). Briefly, aliquots containing 0.5 mCi of 3S-methi-
onine (Trans 3$S-label, ICN, Irvine, CA) were injected into the right L5
DRG of anesthetized mice. After the appropriate injection-sacrifice
interval (ISI), 6-7 d for SCb and 10-14 d for SCa, each mouse was
killed and the sciatic nerve removed for analysis. A 1 cm segment of
the sciatic nerve, 8-18 mm from the DRG, containing the labeled slow
component of interest was excised and immediately subjected to a cold/
calcium fractionation procedure (Brady et al., 1984). Nerve samples
were homogenized in ice-cold MTG buffer (1 mm EGTA, 0.5 mm MgCl,,
1 mm GTP in 0.1 M MES, pH 6.8), incubated on ice for 30 min, and
then centrifuged at 130,000 x g in a Beckman TL100 tabletop ultra-
centrifuge for 30 min at 4°C. Depolymerized and cold-soluble proteins
remain in the supernatant (S1), while polymerized and cold-insoluble
proteins pellet, This initial pellet (P1) was resuspended in CMTG buffer
(5 mm CaCl,, 0.5 mm MgCl,, | mm GTP in 0.1 M MES, pH 6.8),
incubated 30 min at room temperature, and centrifuged for 30 min at
15°C as above. This second supernatant (S2) consists of calcium-soluble
material, and the final pellet (P2) contains cold/calcium-insoluble pro-
teins. The S1 and S2 fractions were TCA precipitated, ethanol washed,
and dried. The P2 pellet and the S1 and S2 TCA pellets were resuspended
in 200 ul of BUST (2% $-mercaptoethanol, 8 M urea, 1 % SDS, 0.1 M
Tris, and 0.02% phenol red). Equal volumes of each fraction were used
for comparison by SDS-PAGE and fluorography on 4-16% gradient
gels. The amount of radioactivity incorporated into specific proteins
was quantitated by excising and solubilizing appropriate bands from
the gel and counting in a liquid scintillation counter. Two to six mice
of each type (control and Trembler) were used for analysis at each ISL

Immunoblot sample preparation. To obtain neural tissues for quan-
titative immunoblot experiments, 2-4-month-old Trembler and control
mice were sacrificed under ether anesthesia. Sciatic and optic nerves
were removed bilaterally from each mouse. The freshly removed tissue
was immediately homogenized in 1% SDS/10% glycerol, and then boiled
for 5 min. An aliquot of each sample was removed and used for protein
assay (BCA Protein Assay, Pierce, Rockford, IL). The remainder of each
sample was mixed with an equal volume of Laemmli sample buffer (2%
SDS, 5% BME, 10% glycerolin 0.06 m Tris), frozen, and stored at —80°C
until use. For comparisons with cycled microtubule protein, MTs were
isolated with the aid of taxol from whole rat and mouse brain as pre-
viously described (Vallee, 1982), and stored in aliquots at —80°C until
use.

Electrophoretic techniques and quantitative immunoblotting. Samples
containing equal amounts of total protein were taken from control and
Trembler sciatic and optic nerves, and then separated adjacent to lanes
of brain MTs using 4-16% (0—6 M urea) gradient gels for tau analyses
or 4% (2 m urea) straight gels for HMW MAP analyses by SDS-PAGE.
After electrophoresis, the gels were silver stained (Blum et al., 1987) or
used for immunoblots. Immunoblotting was done essentially as de-
scribed previously (de Waegh et al., 1992), with a few modifications.
Briefly, proteins were transferred to Immobilon-P transfer membrane
(Millipore, Bedford, MA) for 16-20 hr at 25 V in 10 mm CAPS buffer,
pH 11 (Gillespie and Hudspeth, 1991). Blots were blocked for 2 hr in
BBS (100 mm boric acid, 25 mM sodium borate, 75 mm NaCl, pH 8.2)
supplemented with 5% Carnation nonfat dry milk, and then incubated
overnight with primary antibody in the same milk solution. After wash-
ing in BBS, blots were incubated successively in rabbit anti-mouse IgG
or IgM (Jackson Immunoresearch, West Grove PA) for 3 hr, and then
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125] protein A (Amersham, Arlington Heights, IL) for 3 hr. The blots
were extensively washed, dried, and exposed to Phosphorimager screens
(Molecular Dynamics, Sunnyvale, CA).

To quantitate differences in control and Trembler sciatic nerve MAPsS,
immunoblots were analyzed with the IMAGEQUANT software package on
a Molecular Dynamics Phosphorimager. In brief, a box was drawn
around each immunoreactive band and the radioactivity bound in that
region determined. The radioactivity in each MAP band was normalized
to the amount of 8-tubulin stained in the same sample to control for
possible protein-loading differences. Similarly, to control for variability
between blots, all statistical analyses were done using DATA DESK 4.1
statistical analysis software (Data Description, Inc., Ithaca, NY) on
paired samples from a single blot and a single experiment. Quantitation
of tau and HMW MAP levels used three to five pairs of mice.

Monoclonal antibodies used included (1) MAP 1A-2 (Bloom et al.,
1984) ascites fluid at 1:100 dilution; (2) MAP 1B-4 (Bloom et al., 1985)
tissue culture media used straight; (3) MAP 1B-3 (Luca et al., 1986), a
monoclonal antibody that recognizes a phosphorylated epitope on both
MAP 1A and 1B and cross-reacts with NFH and NFM, ascites fluid at
1:1000 dilution; (4) Tau-1 (Binder et al., 1985), which recognizes a tau
epitope often masked by phosphorylation in neurons, tissue culture
media used straight; (5) Tau-46 (Kosik et al., 1989), which recognizes
the C-terminal of tau and cross-reacts with MAP 2, ascites fluid at
1:1000; and (5) a total §-tubulin monoclonal antibody (Amersham) at
1:2000. The HMW MAP antibodies were generous gifts from Dr. George
Bloom (University of Texas Southwestern Medical Center, Dallas, TX),
and the tau antibodies were gifts from Drs. Skip Binder (Chicago, IL)
and Virginia Lee (University of Pennsylvania, Philadelphia, PA).

Results

Since our earlier studies with Trembler mice demonstrated that
myelinating Schwann cells exerted a profound influence on slow
axonal transport and the NF cytoskeleton, biochemical char-
acteristics of MTs from Trembler and control nerves were eval-
uated. First, the fraction of axonal MTs that were cold insoluble
(stable MTs) was measured in Trembler and control nerves. The
cold/calcium fractionation assay separated MTs and other pro-
teins on the basis of their depolymerization and solubility char-
acteristics. Starting with a nerve homogenate, three fractions
were generated: S1, S2, and P2. The S1 fraction contained de-
polymerized MTs and other cold-soluble proteins. The S2 frac-
tion consisted of calcium-soluble, cold-insoluble proteins, while
the P2 fraction was the cold/calcium-insoluble fraction. P2 con-
tained cold-insoluble MTs and NFs. The axonal transport par-
adigm (Brady, 1985) was used to label proteins carried down
DRG sensory neurons by slow axonal transport, thereby re-
stricting analyses to neuronal tubulin in Trembler and control
mouse sciatic nerves. By injecting **S-methionine into the L5
DRG of a mouse, axonal proteins were labeled specifically and
could be studied without contamination of proteins from glial
and other cell types.

Since in PNS neurons tubulin is carried in both slow axonal
transport components, the levels of cold-insoluble MTs in SCa
and SCb were analyzed separately. Segments of sciatic nerve
contained only SCa- or SCb-labeled proteins at any one time
depending on the injection—sacrifice interval (ISI). Based on slow
axonal transport rates determined previously for control and
Trembler mouse sciatic nerve (de Waegh and Brady, 1990), a
6—7 d ISI provided labeled SCb proteins in a 1 cm segment 8-
18 mm from the DRG. Similarly, a 10-14 d ISI labeled SCa
proteins in the same segment. Thus, a 1 cm segment of the
sciatic nerve at the same distance from the ganglia was used as
the tissue sample for all analyses, and levels of cold-insoluble
MTs in SCa and SCb were characterized individuaily.

Examples of fluorographs from typical experiments are shown
in Figure 1. As reported previously for rat (Brady and Black,
1986), there appeared to be comparable amounts of tubulin in
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Cold/calcium fractionation of control and Trembler mouse sciatic nerve: fluorographs from typical experiments containing SCa- (4) or

SCb- (B) radiolabeled proteins. Sciatic nerve proteins were labeled by injection of mouse dorsal root ganglion sensory neurons with **S-methionine
and examined in the nerve after the appropriate injection-sacrifice intervals. Sciatic nerves were removed and homogenized in MTG buffer on ice,
and then centrifuged as described in the text to generate three fractions: S1 was the cold-soluble fraction, S2 was the cold-insoluble but Ca2+-soluble
fraction, and P2 was the cold- and Ca?*-insoluble fraction. The position of tubulin is indicated by an arrow. The amount of S1 tubulin may be
compared to the amount of P2 tubulin for control and mutant mouse nerves. In control sciatic nerve, the levels of S1 and P2 tubulin are similar,
while in Trembler sciatic nerve the fraction of tubulin in 81 was increased and the amount of tubulin in P2 was correspondingly decreased. This
was true for both SCa- and SCb-labeled tubulin. Molecular weight markers used are 180, 116, 84, 58, 48.5, 37, and 27 kDa.

control S1 and P2 fractions. In contrast, the Trembler S1 fraction
appeared to have much more tubulin than the P2 fraction. This
difference could be seen for both SCa and SCb tubulin, and
suggested that there was a decrease in the number of cold-in-
soluble MT's in Trembler sciatic nerve sensory neurons. Qual-
itatively, no gross changes in the fractionation of other proteins
between Trembler and control nerves were seen.

To quantitate these differences, fluorographs were used as
templates to excise appropriate bands from each gel. Gel slices
were solubilized and the amount of incorporated radioactivity
in each band determined by liquid scintillation counting. To
facilitate comparisons between Trembler and control nerves, we
totaled the amount of radioactivity present in the tubulin bands
for S1, 82, and P2. Each fraction was expressed as a percentage
of the total. As seen in Figure 2, when control nerve SCa-labeled
MTs were fractionated, 44% are cold soluble (S1) and 45% were
cold insoluble (P2). In contrast, when Trembler nerve SCa-
labeled MTs were fractionated, 58% were cold soluble (S1) and
30% were cold insoluble (P2). This was a significant decrease
in the amount of cold-insoluble MTs in the Trembler nerve (p
< 0.001, Student’s ¢ test). Similar results were found for both
SCa- and SCb-carried MTs.

To control for the possibility that the Trembler tubulin frac-
tionation pattern was not specific for tubulin, radioactivity in-
corporated into NFs (SCa) and actin (SCb) was also quantitated
in each fraction. As seen in Figure 2, there were no significant

differences in the distribution of these proteins between fractions
of Trembler and control nerves. To determine whether decreases
in cold-insoluble tubulin levels were specific for axons surround-
ed by Schwann cells, labeled optic nerve proteins after an ISI
appropriate for labeling SCa were subjected to the same frac-
tionation. As can be seen in Figure 3, there is no difference in
the fractionation of MTs between Trembler and control optic
nerves. There is no tubulin carried in SCb in CNS neurons
(McQuarrie et al., 1986; Oblinger et al., 1987). This demon-
strated that the changes seen in Trembler sciatic nerve MTs are
PNS specific, as is the Trembler mutation (Suter et al., 1992),

The experiments described above demonstrated that Trem-
bler demyelination affects the stability of the MT cytoskeleton.
Differing levels of stability represent one aspect of neuronal MT
heterogeneity; another is the composition of MAPs binding to
MTs. To characterize differences between MAPs in Trembler
and control MTs, nerve segments were analyzed by quantitative
immunoblotting. MAPs in different nerves or subcellular do-
mains can also differ in phosphorylation state. In light of our
previous studies showing that demyelination of Trembler sciatic
nerve axons causes NF dephosphorylation (de Waegh and Bra-
dy, 1991; de Waegh et al., 1992), antibodies that could distin-
guish different phosphoforms of MAPs were of particular in-
terest.

The first MAPs to be examined were the taus. Tau exists in
multiple forms in various parts of the nervous system. In brain
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Figure 2. The amount of cold-insoluble tubulin in Trembler sciatic nerve was significantly decreased. Fluorographs were used as templates to
excise tubulin bands from each gel and the amount of incorporated radioactivity was counted. Values for S1, S2, and P2 were totaled for each
control and Trembler experiment, and then expressed as a percentage of the total labeled tubulin. 4-D are histograms showing mean + SD. 4 and
C represent the fractionation of SCa- and SCb-labeled MTs, respectively. In both cases, there was a significant decrease in the amount of cold-
insoluble tubulin (P2) in Trembler sciatic nerves (Student’s ¢ test: SCa, significantly different at p < 0.001; SCb, p < 0.01). The amount of tubulin
in the soluble fraction (S1) was correspondingly increased in Trembler nerves, but there were no significant differences between Trembler and
control in the amount of tubulin in the S2 fraction. In contrast to changes seen in tubulin fractionation, radioactivity incorporated into NFM (B)
and actin (D) was also determined for each control and Trembler sciatic nerve fraction. There were no significant differences between Trembler

and control in the distribution of these two polypeptides.

extracts, tau composition is primarily low-molecular-weight
(LMW) tau, consisting of five or six proteins ranging in size
from 50 to 70 kDa on SDS gels (Cleveland et al., 1977). These
proteins copurify with tubulin during assembly—disassembly cy-
cles and can promote MT assembly and stabilization (Matus,
1988). A mid-molecular-weight (MMW) form of tau with an
apparent molecular weight of 90-100 kDa (Taleghany and Ob-
linger, 1992) and a high-molecular-weight (HMW) tau (110-

" 120 kDa) (Drubin and Kirschner, 1986; Georgieff et al., 1991;
Oblinger et al., 1991; Taleghany and Oblinger, 1992) have been
also been described in some preparations. Additional hetero-
geneity in taus results from phosphorylation of tau at one or
more sites.

To characterize differences in tau abundance and phosphor-
ylation between Trembler and control sciatic nerve, two mono-
clonal antibodies were used: Tau-46, which recognizes the C-ter-
minal of tau (Kosik et al., 1989), and Tau-1, which recognizes
an epitope in the MT-binding domain of tau that may be masked

by phosphorylation .in neurons (Binder et al., 1985). Tau-46
staining was used as a measure of total tau protein present. Tau-
46 is directed against a region of tau that appears to be present
in all known alternatively spliced forms of tau in mouse (Lee
et al., 1988) and has not been reported to be subject to phos-
phorylation in normal brains. Based on the available infor-
mation, we have used this antibody as an estimate of total tau
in the nerve, but direct measures of tau synthesis in the cell
bodies will be needed to determine whether the amount of total
tau is changed by demyelination. Tau-1 staining was used as a
measure of phosphorylation at a particular epitope. Since tau
can be phosphorylated at a number of other sites, these exper-
iments can only evaluate the effect of demyelination on phos-
phorylation at the Tau-1 site.

Figure 4 shows a silver-stained pattern of samples used for
immunoblots, and representative blots of those samples using
two tau mAbs. To facilitate identification of tau proteins in
mouse nerve samples, control and Trembler nerve samples were
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Figure 3. Cold/calcium fractionation of control and Trembler mouse
optic nerve. To verify that decreases in cold-insoluble tubulin seen in
Trembler sciatic nerve were specific for axons surrounded by Trembler
mutant Schwann cells, optic nerve MTs were also fractionated as de-
scribed in the text. 4, Fluorograph of fractionated SCa-labeled MTs
from control (C) and Trembler (T) mouse optic nerve. Molecular weight
markers: 180, 116, 84, 58, 48.5, 36.5, 26.6 kDa. B, Determination of
tubulin and NFM radioactivity in each fraction as described previously.
Unlike the situation found in sciatic nerve, there were no differences
seen between control and Trembler mice in the fractionation of MTs
from optic nerves.

run adjacent to lanes of rat and mouse brain MT proteins. Figure
4B shows these MT samples blotted with Tau-46 and Tau-1.
Both antibodies recognize similar populations of HMW and
LMW taus, although there are molecular weight differences be-
tween rat and mouse. Tau-46 also cross-reacts with MAP 2
(Kosik et al., 1989), although the site of cross-reactive domains
on tau and MAP 2 has not been defined.

In mouse nerve samples, HMW, MMW, and LMW taus as
well as MAP 2 were initially identified based on their apparent
molecular weight. Both Tau-46 and Tau-1 stain a band at 115-
120 kDa that corresponds to HMW tau. The 110 kDa band
stained by both antibodies appears to be the optic nerve—pre-
dominant MMW tau, and the bands in the 40-60 kDa range
are traditional LMW tau forms. The very-high-molecular-weight
(>300 kDa) band in the Tau-46 blot of rat microtubules rep-
resents MAP 2, but this HMW MAP was not further analyzed.

Both Tau-46 and Tau-1 stained more protein bands in control
and Trembler nerve samples than anticipated. Partial proteol-
ysis of tau during extraction may contribute to this pattern, but
inclusion of protease inhibitors in homogenization buffers had
little effect on tau immunostaining patterns in nerve. Some bands
stained in nerve samples but not microtubule preparations by
one or both tau mAbs were identifiable. Bands labeled NFH
and NFM were identified using NF-specific monoclonal anti-
bodies (data not shown), consistent with previous reports that
some tau mAbs cross-react with NF proteins. Since little infor-
mation is available on tau proteins in mouse (especially those
in peripheral nerve), only those bands that reacted with two tau
mAbs directed against different tau epitopes and were present
in microtubule preparations from mouse brain were identified
as tau in this study.

Regardless of whether these immunoreactive species corre-
spond to tau isoforms or to tau-related proteins in mouse, im-
munoblots permitted a comparison between tau immunoreac-
tivity in demyelinated and normal nerves. Differences between
Trembler and control mouse sciatic nerve tau immunoreactivity
are apparent in Figure 4C. For quantitative studies, the radio-
activity in each tau band was normalized to the amount of
B-tubulin in the same sample to control for possible protein-
loading differences. Based on quantitation of Tau-46 immu-
noblots, there was a decreased amount of HMW tau immu-
noreactivity, but more LMW tau immunoreactivity, in Trembler
than control sciatic nerves (p = 0.015 and p = 0.001, respec-
tively, ¢ test using paired samples). Since Tau-46 is insensitive
to tau phosphorylation, these data indicate that there may be
quantitative differences in the total amount of HMW and LMW,
tau MAPs in Trembler axons.,

Tau-46 and Tau-1 produce qualitatively similar, but not iden-
tical, patterns for Trembler and control sciatic nerve. Since Tau-1
recognizes one of several tau phosphorylation sites only when
that site is dephosphorylated, differences in staining with the
two mAbs may reflect differences in phosphorylation. Tau-1
immunoreactivity is higher for LMW tau in Trembler than in
control nerves (p = 0.0002 with ¢ test using paired samples),
but there appears to be more LMW tau in Trembler than in
control nerve based on Tau-46 staining. Therefore, differences
in Tau-1 staining for LMW tau are likely to reflect differences
in level. Similarly, levels of Tau-1 staining for HMW tau were
significantly less in Trembler than in control nerves (P = 0.0003).
Although the level of HMW tau is reduced in Trembler based
on Tau-46 staining, the differences seen in Tau-1 staining were
more striking, raising the possibility that HMW tau may be
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differentially phosphorylated. No effort was made to calculate
absolute amounts of tau protein present in Trembler and control
nerves, but these experiments demonstrate differences between
myelinated and demyelinated nerves in both the relative amounts
and phosphorylation state of tau proteins.

One additional polypeptide exhibited a significant difference
in Tau-1 staining for Trembler and control nerves. A 60 kDa
band (* in Fig. 4C) was stained by Tau-1, but was not stained
appreciably with Tau-46. This band did not appear in all im-
munoblots and was treated separately from the rest of LMW
tau for analysis, because the absence of Tau-46 staining pre-
cluded positive identification of this polypeptide as a tau pro-
tein. Immunoreactivity corresponding to this 60 kDa band was
at a high level in many control nerves, but greatly reduced in
Trembler. Since Tau-1 recognizes a dephosphorylated epitope,

R M R M

Figure4. Immunoblot detection of tau

proteins. A, Silver stain of samples used

for analysis: rat (R) and mouse (M) brain
MTs, prepared with the aid of taxol, 15
pg each; control (C) and Trembler (7)
mouse sciatic (SN), 15 ug each, and op-
tic (ON) nerve samples, 10 ug each. B,
Phosphorlmager image of immuno-
blots of rat and mouse brain MTs with
three mAbs: Tau-46, which recognizes
the C-terminal of tau; Tau- 1, which rec-
ognizes a phosphorylation-sensitive ep-
itope in the tau MT-binding region; and
a commercially available anti—§-tubu-
lin antibody. Though there were vari-
ations between rat and mouse, the an-
tibodies recognize similar populations
of HMW and LMW tau proteins. C,
Phosphorlmager image of immuno-
blots of control and Trembler nerves
with the same three mAbs. Thirty mi-
crograms of each SN sample and 10 ug
of each ON sample were used. Differ-
ences between control and Trembler can
be seen both in the amount and phos-
phorylation of HMW and LMW tau
proteins for sciatic nerves, but not for
optic nerves. Asterisk indicates a 60 kDa
band that did not stain with Tau-46 and
so was not counted as LMW tau for
further analysis. Molecular weight
markers: 180, 116, 84, 58, 48.5, 36.5,
26.6 kDa.

TUBULIN
SN ON

CT CT

this polypeptide was either much more highly phosphorylated
at a Tau-1-like epitope in Trembler nerves, or absent from
Trembler altogether.

To determine whether differences in tau protein were systemic
orrestricted to demyelinated nerves, Trembler and control mouse
optic nerve immunoblots were probed with Tau-46 and Tau-1.
As seen in Figure 4C, there were no qualitative differences in
tau staining patterns between the optic nerves of Trembler and
control mice for either mAb. Quantitative analyses of optic
nerve immunoblots confirm this observation (data not shown).

Relative amounts of high-molecular-weight (HMW) MAPs
were also characterized in immunoblots of Trembler and control
sciatic nerves. Traditionally, five polypeptides comprise the
HMW MAPs: MAP 1A, 1B, 1C, 2A, and 2B. Figure 64 shows
the silver-stained pattern of samples used for analysis of HMW
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Tau Immunoreactivity in Trembler and
Control Mouse Sciatic Nerve

Tau-46 Tau-1

Tau (normalized units)
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Figure 5. The composition of tau proteins differs in Trembler sciatic
nerve. The amount of radioactivity incorporated into each group of tau
proteins was determined using IMAGEQUANT software on a Molecular
Dynamics Phosphorlmager. To control for possible protein-loading dif-
ferences, values were normalized to the amount of 8-tubulin in the same
sample and statistical analyses used paired samples from the same ex-
periment. This histogram represents the sample mean + SD for control
and Trembler mouse sciatic nerve HMW and LMW tau populations.
Using Tau-46, the amount of immunoreactivity against HMW tau was
decreased in Trembler relative to control sciatic nerves (different at p
= 0.015), while immunoreactivity against LMW tau was increased in
Trembler (different at p = 0.0001). The amount of immunoreactivity
against LMW tau proteins with Tau-1 was increased in Trembler sciatic
nerve relative to control (LMW tau significantly different at p = 0.0002),
while Tau-1 staining of HMW tau was decreased in Trembler (significant
at p = (:0003). The increase in dephosphorylated epitopes on tau seen
with Tau-1 was due at least in part to differences in protein level, but
relative decreases in tau phosphorylation in Trembler nerve may also
exist since the magnitude of increase seen with Tau-1 was greater than
that seen with Tau-46.

MAPs. Rat and mouse brain MTs prepared with taxol were
used as a standard for identifying HMW MAPs. Interestingly,
there were notable differences in the HMW MAPs between rat
and mouse brain MTs. Most obvious are the differences in MAP
1 mobilities and the absence of a band comigrating with MAP
2A in mouse.

A. B.

SILVER

Three mAbs were used to investigate the amount and phos-
phorylation state of MAPs 1A and 1B in Trembler and control
sciatic nerves: MAP 1A-2 and MAP 1B-4 recognize these MAPs
individually; MAP 1B-3 recognizes a phosphorylated epitope
on MAPs 1A and 1B and also cross-reacts with NFH and NFM.
Figure 6B shows the high-molecular-weight region of immu-
noblots using the three mAbs. In the MAP 1A-2 blot, electro-
phoretic migration of MAP 1A from mouse brain appears slight-
ly faster than rat brain MAP 1A, but MAP 1A from Trembler
and control mouse sciatic nerve appears to align well with rat
brain MAP 1A. This result suggests that different MAP 1A
isoforms may be found in mouse brain and sciatic nerve. Re-
gardless, the amount of total MAP 1A immunoreactivity does
not seem to differ between Trembler and control mouse sciatic
nerve.

MAP 1B-3 recognized phosphorylated forms of both MAP
1A and 1B. Both phosphorylated MAP 1A and 1B were present
in rat and mouse brain MTs as well as in control mouse sciatic
nerve. However, little or no phosphorylated MAP 1A could be
detected in Trembler sciatic nerve. This suggested that MAP
1A is present at normal levels in Trembler nerve, but is relatively
less phosphorylated. Unfortunately, the mAb MAP 1B-4 does
not recognize mouse MAP 1B in brain or sciatic nerve, although
it clearly recognizes rat brain MAP 1B. The absence of im-
munoreactivity may indicate either a significant sequence di-
vergence between rat and mouse, or a difference in folding or
posttranslational modification that blocks the epitope. How-
ever, this precluded estimates of the relative amounts of MAP
1B in control and Trembler nerve.

Quantitation of these differences in control and Trembler sci-
atic nerve MAPs was as described earlier for tau. As seen in
Figure 7, there was a similar amount of MAP 1A in Trembler
and control sciatic nerves, but much less of the axonal MAP
1A is phosphorylated in the Trembler (p = 0.026 by ¢ test using
paired samples). The amount of phosphorylated MAP 1B was
also apparently decreased in Trembler nerves (p = 0.008 by ¢
test using paired samples). The difference in phosphorylated
MAP 1B immunoreactivity indicates that either there is less
MAP 1B in Trembler nerves, but no phosphorylation difference,
or there is a comparable amount of MAP 1B that is less phos-

MAP1A-2 MAP1B-3 MAP 1B-4
SN
SN SN SN
R M C T
R M CT R M CT R M CT
&l
MAP 1A — =
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e T MAP 1A — ' —
i MAP 1B = .
Figure 6. Immunoblot detection of HMW MAP proteins. 4, High-molecular-weight region of a silver-stained 4% gel showing the samples used

for analysis: rat (R) and mouse (M) brain MTs, 15 ug each; control (C) and Trembler (T) mouse sciatic nerve, 15 ug. B, Phosphorlmager image
of immunoblots of these samples with three mAbs: MAP 1A-2 recognizes MAP 1A exclusively; MAP 1B-4 recognizes rat MAP 1B, but fails to
recognize mouse MAP 1B; and MAP 1B-3 recognizes a phosphorylated epitope on both MAPs 1A and 1B. There appeared to be no difference in
the amount of immunoreactivity for total MAP 1A in comparisons between control and Trembler sciatic nerve, but there was a difference in
immunoreactivity against a phosphorylated epitope on both MAP 1A and MAP 1B.



phorylated in Trembler nerves. Based on previous studies show-
ing decreased NF phosphorylation in Trembler sciatic nerves
and present results showing decreased MAP 1A phosphoryla-
tion, a reduction in MAP 1B phosphorylation appears most
likely. Since there is immunochemical evidence for similarities
between some phosphorylation sites on neurofilaments and
HMW MAPs, similar kinase and phosphatase activities may
act on both sets of cytoskeletal proteins. As with tau, blots of
mouse optic nerve showed no difference between Trembler and
control mice either in MAP 1A concentration and phosphory-
lation, or in MAP 1B phosphorylation (data not shown). These
experiments clearly demonstrated differences in the phosphor-
ylation state of at least some HMW MAPs in Trembler de-
myelinated nerves, consistent with differences previously re-
ported for neurofilaments (de Waegh et al., 1992).

Taken together, these experiments demonstrated that mye-
linating Schwann cells can dramatically alter the axonal MT
cytoskeleton as well as axonal neurofilaments. Axonal MT sta-
bility and biochemical composition were both significantly al-
tered by demyelination. Myelination has profound actions on
the properties of both the MT and the NF cytoskeleton in pe-
ripheral nerve, effectively altering the functional architecture of
the axon.

Discussion

A wide variety of functional domains can be identified in any
neuron, ranging from perikarya to dendrites and axons to spines
and presynaptic terminals. Each region has a characteristic mor-
phology associated with its specific functions. Although spe-
cializations are readily recognized, relatively little has been known
about how they are established and maintained in a particular
location. Previous work in our laboratory on Trembler mouse
axons established that myelinating Schwann cells exert a pro-
found effect on axonal architecture (de Waegh and Brady, 1990,
1991; de Waegh et al., 1992).

The Trembler mouse is characterized by hypomyelination of
peripheral axons, resulting from a mutation in a PNS-myelin
protein (Suter et al., 1992). The morphology of axons surround-
ed by Trembler Schwann cells was severely altered, suggesting
that myelinating glia modulate neuronal structure and function.
Analysis of slow axonal transport in Trembler demonstrated
that transport of NFs and some SCb proteins is slower in Trem-
bler PNS neurons than in control mice (de Waegh and Brady,
1990). Electron microscopic studies demonstrated that the den-
sity of NFs in Trembler nerves is much higher than is seen in
control nerves (de Waegh and Brady, 1991; de Waegh et al.,
1992). Quantitative immunoblots using mAbs specific for phos-
phorylated and nonphosphorylated NFs showed that NFs in
Trembler axons are deficient in phosphorylation. Changes in
axonal parameters were local (de Waegh and Brady, 1991; de
Waegh et al., 1992). When a segment of Trembler sciatic nerve
was grafted into a normal nerve, only axon segments surrounded
by Trembler Schwann cells exhibited the characteristic altered
slow axonal transport, morphology, and NF phosphorylation of
Trembler nerves.

These studies indicated that myelinating glia can modulate
neuronal architecture. A simple model has been proposed to
account for local control of axonal properties. Myelinating glia
change NF density, and therefore axon caliber, by altering one
or more kinase/phosphatase cycles within the axon. In regions
surrounded by compact myelin, kinase activity is higher, NFs
are more heavily phosphorylated, and, due to the repulsion from
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HMW MAP Immunoreactivity in Trembler
and Control Mouse Sciatic Nerve
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Figure7. The phosphorylation but not the composition of HMW MAPs
differs in Trembler sciatic nerve. The amount of radioactivity incor-
porated in each MAP was determined and normalized as described for
tau. There was a significant difference between control and Trembler
mouse sciatic nerves in the level of phosphorylation for MAPs 1A and
1B (significantly different at p < 0.05, using a ¢ test with paired samples).
In contrast, the amount of MAP 1A relative to tubulin was not signif-
icantly different.

excessive negative charges, axonal caliber is larger. In demye-
linated regions, phosphatase activity is higher, NFs are less
phosphorylated, and, as a result, axon caliber is smaller (for a
more detailed discussion of this model, see Brady, 1992; de
Waegh et al., 1992).

Interactions between compact myelin and axon appear to be
important for maturation of neurons as well. Regeneration rates
are slower for Trembler sensory and motor neurons than for
control neurons (de Waegh and Brady, 1990), yet initial out-
growth of transected axons occurs after a shorter delay in Trem-
bler nerves. The overall pattern of regeneration in Trembler
nerves appears similar to that of immature neurons, suggesting
that the Trembler cytoskeleton may be functionally and bio-
chemically immature (de Waegh and Brady, 1990). If this is
true, then glia must be actively involved in normal axonal mat-
uration.

In contrast to the slowing of most proteins in slow transport,
axonal tubulin moved faster in Trembler axons (de Waegh and
Brady, 1990). This observation suggested that axon—glial inter-
actions during myelination may affect the axonal MT cyto-
skeleton as well as NFs. Three characteristics of the axonal MT
cytoskeleton were evaluated in this study: the fraction of axonal
MTs that is cold insoluble, the composition of axonal MAPs,
and the phosphorylation state of axonal MAPs.

Previous studies demonstrated that axonal microtubules are
enriched in a cold-insoluble form of tubulin (Brady et al., 1984)
corresponding to cold-stable segments of microtubules (Sahenk
and Brady, 1987). Slow axonal transport rates decrease in optic
and sciatic nerves during aging (McQuarrie et al., 1989), while
the amount of axonal tubulin in cold-insoluble fractions in-
creases (Brady, 1984; Yan et al., 1985; Brady and Black, 1986),
suggesting that generation of stable MTs is associated with mat-
uration of the cytoskeleton. Thus, increases in cold-stable MTs
appear to correlate with reduced plasticity and maturation of a
neuron.

Neurons that retain the ability to regenerate in adulthood
typically have tubulin moving with both SCa and SCb (Mc-
Quarrie et al., 1986; Oblinger et al., 1987). One difference be-
tween axonal microtubules in SCa and those in SCb is that SCb
has a smaller proportion of cold-insoluble tubulin (Brady and



7448 Kirkpatrick and Brady « Myelin Modulation of Axonal Microtubules

Black, 1986). Increases in SCb tubulin noted in Trembler axons
suggested that the amount of cold-insoluble tubulin was altered
in Trembler axons. As seen in Figures 1 and 2, the amount of
cold-insoluble tubulin in both SCa and SCb was reduced in
Trembler nerves. Decreases in cold-stable MT fractions of
Trembler axons are consistent with suggestions that Trembler
nerves retain some immature characteristics.

The composition and properties of axonal MAPs were of
interest for two reasons. First, MAP composition is cell type
specific and developmentally regulated (Olmsted, 1986; Tucker,
1990), so an immature cytoskeleton may exhibit a different
MAP composition. Second, MAPs are phosphoproteins in brain.
The amount of phosphorylation and identity of phosphorylated
epitopes modified on specific brain MAPs vary with both sub-
cellular location and developmental stage. Since phosphoryla-
tion of axonal NFs was altered by demyelination, MAPs may
also be affected.

Two heterogeneous groups of MAPs have been defined in
nervous tissue: tau proteins and HMW MAPs. Tau proteins
include low-molecular-weight (LMW), mid-molecular-weight
(MMW), and high-molecular-weight (HMW) forms that may
vary with region of the nervous system and development. Tra-
ditional LMW taus from adult brain consist of five or six pro-
teins ranging in size from 50 to 70 kDa on SDS gels (Cleveland
et al., 1977). These proteins are generated from a single mRNA
by alternative splicing (Lee et al., 1988; Kosik et al., 1989; Lee,
1990), with additional heterogeneity provided by phosphoryla-
tion (Peng et al., 1986; Papasozomenos and Binder, 1987; Butler
and Shelanski, 1988). In rat, LMW taus are abundant in the CNS,
but apparently absent in the PNS (Oblinger et al., 1991). LMW
taus in Trembler peripheral nerve were notable, first because
LMW tau were not found in the PNS of other species examined,
and second because there was significantly more LMW tau in
Trembler than in control nerves. This suggests that myelination
may affect expression of cytoskeletal proteins, presumably through
a retrograde signal to the cell body.

MMW (90-100 kDa) and HMW (110-120 kDa) taus have
only recently been identified. MMW tau has so far been re-
stricted to rat optic nerve (Taleghany and Oblinger, 1992), and
its molecular origin is poorly understood. HMW tau proteins
are also produced by alternative splicing from the same tau gene
(Drubin et al., 1984; Neve et al., 1986; Oblinger et al., 1991,
Couchie et al., 1992). HMW taus are abundant in PNS and
scarce in CNS neurons (Drubin and Kirschner, 1986; Georgieff
et al.,, 1991; Oblinger et al., 1991; Taleghany and Oblinger,
1992). HMW taus are thought to correlate with increased mi-
crotubule stability (Oblinger et al., 1991). The HMW tau pop-
ulation in Trembler sciatic nerve appears to consist of a single
protein with an apparent molecular weight of 120 kDa. The
level of this polypeptide is significantly decreased in demyelin-
ated Trembler nerves, and its phosphorylation state may also
be different in Trembler. These results indicate that the effects
of myelination and demyelination on NF phosphorylation (de
Waegh et al., 1992) extend to the MT cytoskeleton. Such changes
are consistent with the reductions observed in MT stability
reported here and the apparent immaturity of Trembler nerves
seen in regeneration of Trembler axons (de Waegh and Brady,,
1990). In agreement with studies in rat, MMW tau was found
in mouse optic nerve, but not in sciatic nerve. Changes in tau
composition and possibly phosphorylation suggest that func-
tional alterations in the MT cytoskeleton of the axon occur
following demyelination.

In contrast to tau MAPs, HMW MAPs are a diverse group
of largely unrelated proteins, some found in a variety of tissues
while others are brain specific (Olmsted, 1986; Matus, 1988;
Tucker, 1990). All have apparent molecular weights greater than
300 kDa, appear to form sidearms protruding from the walls of
MTs (Vallee and Davis, 1983), and may be involved in MT
assembly and cytoskeletal organization (Vallee and Borisy, 1977).
Five polypeptides comprise the HMW MAPs: MAPs 1A, 1B,
1C, 2A, and 2B. The MAP 2 complex of proteins appear closely
related and are found primarily in dendrites (Kim et al., 1979;
Miller et al., 1982). Three polypeptides known as MAP 1 rep-
resent unique proteins with no significant sequence homologies.
MAP 1C is a cytoplasmic form of dynein (Paschal et al., 1987;
Vallee et al., 1988). The effects of demyelination on MAP 2 and
MAP 1C were not evaluated, because MAP 2 is effectively ab-
sent from axons (Caceres et al., 1983) and MAP 1C appears to
be associated primarily with membrane-bound organelles in
neurons (Hirokawa et al., 1990).

There is no sequence homology between MAPs 1A and 1B
(Hammarback et al., 1991; Langkopf et al., 1992), and their
distribution differs both during development and within neu-
rons (Bloom et al., 1984, 1985). Immunological studies dem-
onstrated that MAP 1B is expressed during initial neuronal
differentiation and neurite outgrowth (Bloom et al., 1985; Gar-
ner et al., 1990; Tucker, 1990), while MAP 1A is expressed later
during stabilization of axons and dendrites (Bloom et al., 1985).
Additional studies showed that MAP 1B is differentially phos-
phorylated in different neuronal compartments during devel-
opment. It is highly phosphorylated in growing axons, but un-
phosphorylated in cell bodies and dendrites (Sato-Yoshitake et
al., 1989). This pattern is analogous to neurofilament phos-
phorylation patterns (Sternberger and Sternberger, 1983; Car-
den et al., 1987).

MAPs 1A and 1B in Trembler sciatic nerve appear to differ
from control nerves only in phosphorylation. There were similar
amounts of MAP 1A in both nerves, but it was significantly less
phosphorylated in Trembler. Since most studies on MAP func-
tion and MAP distribution have focused on HMW MAPs in
CNS tissue, relatively little information is available about the
distribution and phosphorylation of MAPs in PNS tissue. The
effects of dephosphorylated MAP 1A on MT assembly or spac-
ing remain to be determined. Decreases in MAP 1A phosphor-
ylation were consistent with decreases in NFH and NFM phos-
phorylation in Trembler nerves (de Waegh et al., 1992). Levels
and phosphorylation state of MAP 1B remain unclear. There
was a significant difference in MAP 1B-3 immunoreactivity,
due either to decreased amounts of MAP 1B protein, or to
decreases in MAP 1B phosphorylation. Since levels of MAP 1B
could not be determined with these antibodies, these two pos-
sibilities cannot be distinguished. Based on observed alterations
in NF, tau, and MAP 1A phosphorylation, however, reductions
in MAP 1B phosphorylation seem likely.

In summary, MTs in demyelinated Trembler peripheral nerves
differ from those in control myelinated nerves in at least three
ways. First, stability of Trembler MTs was decreased. Second,
the composition and perhaps the phosphorylation of tau pro-
teins were changed. Finally, phosphorylation of HMW MAPs
was decreased. Further studies will be required to define the
extent to which MT function may be altered, but these results
provide evidence that cell—-cell interactions exist between mye-
linating glia and axon that affect biochemical and physiological
properties of the axonal cytoskeleton. Identifying metabolic



pathways by which myelinating Schwann cells alter phosphor-
ylation of axonal proteins will provide insights into mechanisms
by which glia and neurons interact to create the functional ar-
chitecture of the mature nervous system.
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