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Altered axon-Schwann cell interactions in PNS myelin-deficient
Trembler mice result in changed axonal transport rates, neuro-
filament and microtubule-associated protein phosphorylation,
neurofilament density, and microtubule stability. To determine
whether PNS and CNS myelination have equivalent effects on
axons, neurofilaments, and microtubules in CNS, myelin-
deficient shiverer axons were examined. The genetic defect in
shiverer is a deletion in the myelin basic protein (MBP) gene, an
essential component of CNS myelin. As a result, shiverer mice
have little or no compact CNS myelin. Slow axonal transport
rates in shiverer CNS axons were significantly increased, in
contrast to the slowing in demyelinated PNS nerves. Even more
striking were substantial changes in the composition and prop-
erties of microtubules in shiverer CNS axons. The density of

axonal microtubules is increased, reflecting increased expres-
sion of tubulin in shiverer, and the stability of microtubules is
drastically reduced in shiverer axons. Shiverer transgenic mice
with two copies of a wild-type myelin basic protein transgene
have an intermediate level of compact myelin, making it possi-
ble to determine whether the actual level of compact myelin is
an important regulator of axonal microtubules. Both increased
microtubule density and reduced microtubule stability were still
observed in transgenic mouse nerves, indicating that signals
beyond synaptogenesis and the mere presence of compact
myelin are required for normal regulation of the axonal micro-
tubule cytoskeleton.
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Vertebrates have two distinct paths for formation of compact
myelin. CNS and PNS myelin serve comparable functions and are
superficially similar, but they differ in embryonic origin, genetics,
composition, and ultrastructure. In both CNS and PNS, myelina-
tion is a complex process in which glial cells extend processes that
enwrap axons and generate compact myelin (Morell and Quarles,
1999). However, Schwann cells enwrap single axons in the PNS,
whereas one oligodendrocyte myelinates 6-10 different axons in
the CNS. Myelin protein composition also differs. For example,
myelin basic protein (MBP) comprises up to 40% of oligoden-
drocyte protein synthesis but is much lower in PNS. Although
proteins responsible for compaction of CNS and PNS myelin are
well characterized, less is known about proteins mediating axon—
glial cell interactions in either CNS or PNS. Equally important,
neuronal responses to different CNS or PNS environments are
virtually uncharacterized.

The neuronal cytoskeleton is critical for neurite outgrowth
during development and regeneration (Brady, 1993). This cy-
toskeleton comprises microtubules (M Ts), neurofilaments (NFs),
and microfilaments. Hallmark changes in isotype composition,
posttranslational modification, and stability of these accompany
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neuronal development and regeneration (Brady et al., 1984; Sa-
henk and Brady, 1987; Hoffman and Cleveland, 1988; Oblinger
and Lasek, 1988; Tetzlaff et al., 1988; Oblinger et al., 1989;
Tashiro and Komiya, 1991), but the consequences of these
changes are unknown. Our previous studies on the dysmyelinat-
ing mutant Trembler demonstrated that myelinating glia can
affect the axonal cytoskeleton (Witt and Brady, 2000). Trembler
mice fail to maintain compact myelin (Suter et al., 1992), leading
to decreased axonal caliber, increased cytoskeletal densities, re-
duced slow axonal transport rates, reduced phosphorylation of
cytoskeletal proteins, and decreased MT stability (de Waegh and
Brady, 1990, 1991; de Waegh et al., 1992; Kirkpatrick and Brady,
1994).

To investigate whether PNS and CNS myelination affects axons
equivalently, we examined CNS myelin-deficient shiverer mice.
Shiverer mice contain a deletion in the MBP gene, do not pro-
duce MBP protein, and have no compact CNS myelin (for review,
see Readhead and Hood, 1990). Shiverers display an action
tremor that becomes progressively more prominent, leading to
seizures, a shortened life-span, increased slow axonal transport
rates, and altered NF composition (Brady et al., 1999). Here we
examine the effects of myelin on axonal MT composition, stabil-
ity, and organization.

To determine whether changes in shiverer MTs resulted solely
from the absence of compact myelin, we analyzed a transgenic
model with two wild-type MBP transgenes in a shiverer back-
ground. Transgenic shiverer mice express only 25% of normal
MBP levels, generating a thin functional compact myelin sheath
(Shine et al., 1992) that virtually eliminates tremors and allows a
normal life-span (Readhead et al., 1987). Studying transgenic
shiverer mice permits distinctions between parameters affected
by the presence of compact myelin and those requiring a full
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complement of compact myelin. Our results demonstrate that
signals attributable to myelinating glia regulate the axonal cy-
toskeleton and these signals change with levels of compact myelin.

MATERIALS AND METHODS

All chemicals used were American Chemical Society quality or better
and were obtained from Sigma (St. Louis, MO), CalBiochem (San
Diego, CA), or Polysciences (Warrington, PA). Male and female shiverer
and MBP/MBP transgenic mice (4-6 weeks old; provided by Carol
Readhead, Cedars Sinai Medical Center, Los Angeles, CA, and Dr.
Susan Billings-Gagliardi, University of Massachusetts Medical School,
Worchester, MA) were used for all experiments. Age-matched wild-type
mice (B6C3/F1) were obtained from Jackson Laboratories (Bar Harbor,
ME). All mice were kept in a sterile environment and fed sterile food
and water throughout the experiments.

Axonal transport labeling and cold-calcium fractionation. Proteins car-
ried by axonal transport in mouse optic nerve were labeled by the
intraocular injection of 0.5 mCi of **S-methionine (Trans*S Label; ICN
Biochemicals, Costa Mesa, CA) into the right eye as described previously
(Brady, 1985). The injection apparatus consisted of a 30 gauge needle
connected to a Hamilton syringe by a length of polyethylene tubing.
Injection-sacrifice intervals (ISIs) were chosen to position the peak of the
Slow Component (SC)a (18—24 d) or SCb (4-7 d) wave fully in the optic
nerve—optic tract.

To facilitate comparison of transport rates of proteins in different
animals, the total amount of radioactivity in optic nerve segments was
summed, and the cumulative amount of radioactivity in sequential seg-
ments was measured. The segment containing the 50% point of radio-
activity was identified, and the distance of the 50% point from cell bodies
was divided by the ISI to estimate the average rate of movement in a
given nerve (Hoffman et al., 1983). Data for all nerves at a given ISI
range were averaged, and the statistical significance of rate differences
was determined by a two-sample ¢ test using Data Desk software. Data
are expressed as the mean = SEM.

For cold-calcium tubulin experiments, optic nerves labeled with SCa
were removed and homogenized in 500 wul of ice-cold MTG buffer
containing 1 mm EGTA, 0.5 mm MgCl,, 1 mM GTP, and protease
inhibitors in 0.1 M MES, pH 6.8, using ground-glass microhomogenizers.
After a 30 min incubation on ice, the homogenate was centrifuged at
120,000 X g (30 min, 4°C). The resulting supernatant (S1) contained
cold-soluble proteins and was TCA precipitated. This first pellet (P1) was
resuspended in an equal volume of CMTG buffer containing 5 mm
CaCl,, 0.5 mm MgCl,, 1 mMm GTP, and protease inhibitors in 0.1 M MES,
pH 6.8, at room temperature, incubated 30 min, and then centrifuged at
120,000 X g (30 min, 25°C). The resulting supernatant (S2) contained
cold-insoluble, calcium-soluble proteins, and was also TCA-precipitated.
The final pellet (P2) contained cold- and calcium-insoluble proteins. The
P2 pellet and the TCA pellets were solubilized in 200 wl of BUST
containing 2% B-mercaptoethanol, 8 M urea, 1% SDS, 0.1 M Tris, 0.02%
phenol red, and 5 ul aliquots were counted for radioactivity. Equal
volumes of S1, S2, and P2 were separated by SDS-PAGE on 4-16% (0-6
M urea) gradient gels. The gels were stained with Coomassie blue and
destained, then treated for fluorography with DMSO (2 X 30 min) and
PPO (22% in DMSO, 3 hr) (Laskey and Mills, 1975). Gels were then
dried and exposed to preflashed x-ray film for the appropriate time. The
amount of radioactivity incorporated into specific proteins was quanti-
tated by excising the appropriate bands from gels using the fluorographs
as a template. Bands were solubilized in 30% hydrogen peroxide for 2 d
at 60°C and counted in a liquid scintillation counter.

For comparison between mouse types, the amount of radioactivity for
a given protein in S1, S2, and P2 was summed, and each fraction was
expressed as a percentage of the total. Statistically significant differences
in P2 radioactivity were determined by a two-sample ¢ test using Data
Desk (Data Description, Ithaca, NY) software. To analyze the fraction of
total SCa radioactivity represented by tubulin and NF subunits, the
radioactivity values in all 13 bands and spaces cut from gels were summed
(S1 + S2 + P2), and counts in tubulin or an NF were divided by this
total. Significance was determined by a two-sample ¢ test using Data Desk
software. Four data points were collected for each mouse type.

Preparation of MT fractions and quantitative immunoblotting. Whole
brains were collected from shiverer, transgenic, and wild-type mice and
used to prepare MTs with the aid of Taxol. Protein concentrations were
determined using the BCA assay (Pierce, Rockford, IL), and equal
amounts of total MT protein were run on gradient SDS-PAGE gels.
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Proteins were transferred to Immobilon-P transfer membrane (Millipore,
Bedford, MA) for 18-20 hr at 25 V in transfer buffer containing 0.0125
M Tris, 0.096 M glycine, 0.1% SDS, pH 8.6. Blots were blocked for
1.5-2 hr in blocking buffer containing 6% casein, 1% PV P-40, 10 mm
EDTA, in PBS, pH 7.4, then reacted with primary antibody diluted in
blocking buffer for 2-4 hr. Primary antibodies used in these studies
include Tu27, a total B-tubulin monoclonal antibody (generously pro-
vided by Dr. A. Frankfurter, University of Virginia) (Caceres et al.,
1984) and DM1A, a total a-tubulin monoclonal antibody (Sigma). After
three washes in 0.3% Tween 20 in PBS (PBST), blots were incubated in
secondary antibody diluted in blocking buffer for 2 hr. For quantitative
immunoblots, secondary antibody was rat anti-mouse IgG (Jackson Im-
munoResearch, West Grove, PA) used at 1:1000. After another round of
washing in PBST, the blots were incubated in '**I-Protein A (1 uCi/10
ml of blocking buffer; Amersham Pharmacia Biotech, Arlington Heights,
IL) for 2 hr. Blots were washed extensively, air-dried, and exposed
to PhosphorImager screens (Molecular Dynamics, Sunnyvale, CA)
for 2-4 d.

After quantitation of bound radioactivity with the ImageQuant soft-
ware package on a Molecular Dynamics PhosphorImager, analysis was
performed as follows. Tubulin immunoreactivity in one mouse type was
divided by that in wild-type mice to obtain a value that was then
compared statistically with 1.0 using Data Desk software. Because equal
amounts of starting MT fractions were loaded for each mouse type, mice
with the same amount of total tubulin in the MT fraction should give a
value of 1.0. Significant increases or decreases in tubulin levels would give
values significantly different from 1.0. Ratios of MAP to tubulin were
similarly compared between mouse types. Three or four mice of each
type were used, and the results were averaged.

Electron microscopy and morphometry of mouse optic nerve. For anal-
ysis of microtubule number and density, anesthetized mice were sacri-
ficed, and optic nerves were immediately removed, cut into 1-2 mm
segments, and placed into fixative containing 2% paraformaldehyde, 2%
glutaraldehyde in freshly made cacodylate buffer, pH 7.2, at 37°C (de
Waegh et al., 1992). After 2-3 hr of initial fixation, the nerves were
placed in fresh fixative overnight at 4°C. The next day, the nerves were
osmicated, dehydrated, and embedded in Epon. Thin sections were
counterstained with uranyl acetate and lead citrate and viewed with a
JEOL 1200SX electron microscope. Axons cut in cross section were
photographed at 50,000X.

MT densities were quantitatively evaluated in shiverer, MBP/MBP
transgenic, and wild-type mouse optic nerve axons by overlaying a
transparency of evenly spaced hexagons onto electron micrographs
printed at a final magnification of 140,000X (Price et al., 1988). At this
magnification, each hexagon represented 0.035 um? of axoplasm. The
number of MTs present in each hexagon was counted. Hexagons that
were not >90% within the axonal boundaries and axons for which
membrane-bounded organelles occupied >10% of the cross-sectional
area, or in which the MTs were cut tangentially, were excluded from
analysis. At least 60 axons (370 hexagons) were counted for each mouse
type. The cross-sectional area of each axon counted was estimated by
measuring the diameter at several points, then calculating the area of the
best fit ellipse. Additionally, the number of myelin wraps was noted for
each axon counted. The average number of MTs per hexagon was
calculated by dividing the total number of MTs counted by the total
number of hexagons. Significant differences were determined by a two-
sample, two-sided ¢ test using Data Desk software.

For analysis of axon caliber, optic nerve sections were obtained as
described previously (Shine et al., 1992). Briefly, mice were anesthetized
with Avertin, then perfused intracardially with 1% paraformaldehyde
and 2.5% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4. After
perfusion, the optic nerves were dissected, fixed overnight in the same
fixative at 4°C, washed in phosphate buffer with 5% sucrose, and post-
fixed with 2% OsO,. Nerves were then processed for Epon embedding.
Sections were counterstained with uranyl acetate and lead citrate, and
micrographs were taken at 8000X magnification. Each negative was
printed to give a 30,000X magnification, and axons were numbered and
categorized as unmyelinated (no compact myelin encircling the axon),
myelinated, or wrapped. An axon was considered wrapped if surrounded
by one or more layers of oligodendrocyte uncompacted membrane. Only
axons that were cut perpendicular to their long axis were included in the
analysis. Circumference and axonal area were measured by manually
tracing axon perimeters directly from the photographs on a digitizing
tablet. The values were computed with Sigma Scan morphometric soft-
ware (Jandel Scientific, Corte Madera, CA) that was calibrated against an
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Figure . Axonal transport of tubulins in
shiverer, transgenic, and wild-type mouse
optic nerve. Slow axonal transport rates
were examined by segmental analysis.
35S-methionine was injected into the vit-
reous of the mouse eye, and 21 d after
injection, optic nerve—optic tracts were 5 5
harvested and cut into 1 mm segments. H-—
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tion of the peak differs. The peak for tubulins is in axon segments 4-5 mm for wild-type and MBP/MBP nerves but in segments 5-6 mm for shiverer.
Note that the fraction of SCa-labeled proteins in the tubulin band is higher in shiverer and MBP/MBP nerves than in wild type.

electron micrograph of a grating replica (Ted Pella, Redding, CA) at the
same magnification.

Determination of tubulin mRNA levels. Oligonucleotide probes were
designed against regions conserved in all a-tubulins or all B-tubulins
(ACC ATC TGG TTG GCT GGC TCA AAG CAG GCA TTG GTG
ATC TCT GC and GAG ATG CGC TTG AAC AGC TCC TGG ATG
GC, respectively). In addition, oligonucleotide probes were designed
against the housekeeping enzyme glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) to wild type for loading (CAG GGG GGC TAA GCA
GTT GGT GGT GCA GGA TGC ATT GCT G). Probes were end-
labeled in a reaction catalyzed by the T4 polynucleotide kinase enzyme
(Life Technologies, Gaithersburg, MD), and unincorporated nucleotides
were removed by filtration through a G-50 column (Amersham Pharma-
cia Biotech, Piscataway, NJ). An aliquot of the reaction was used to
measure incorporation, and the specific activity of the probe was calcu-
lated (typically between 1 and 2.5 X 10 cpm/ug).

Brain RNA was extracted from wild-type, transgenic, and shiverer
mice using the method of Chomzynski and Sacchi (1987). Total RNA (5
ug) was electrophoresed on a 1% denaturing agarose gel, transferred to
a nylon membrane (Nytran; Schleicher & Schuell, Keene, NH), and UV
cross-linked using a Bio-Rad UV Irradiator (Bio-Rad, Hercules, CA).
The membrane was stained with a methylene blue solution to assess
transfer and loading. After the membrane was incubated for 2 hr in
prehybridizing solution containing 6X SSPE, 6X Denhardt’s solution,
0.5% SDS, and 0.2 ug/ml sheared herring sperm DNA, oligonucleotide
probes were added to a final concentration of 2 X 10 cpm/ml. Probes
were hybridized overnight, and blots were washed to a final stringency of
2X SSC, 2% SDS at 37°C. Membranes were exposed to a PhosphorIm-
ager screen (Kodak Eastman, Rochester, NY), and the resulting signals
were digitized using a PhosphorImager (Molecular Dynamics). For each
probe, signals were expressed as a ratio of the experimental probe to the
housekeeping enzyme GAPDH (Tso et al.,, 1985) to standardize the
experimental mRNA levels to a specific amount of starting material.
Levels of GAPDH are reported not to vary in shiverer and transgenic
animals relative to wild type, allowing a groupwise comparison of
experimental RNA levels between animals.

RESULTS

Slow axonal transport

Slow axonal transport rates are differentially affected in PNS
neurons of the dysmyelinating mutant Trembler mouse. Trans-
port of the NF proteins and most SCb proteins is slower in
Trembler, whereas mean tubulin transport occurs at a faster rate
(de Waegh and Brady, 1990). To determine whether similar
changes occur in poorly myelinated CNS axons, slow axonal
transport rates were measured in shiverer, transgenic, and wild-
type B6C3/F1 mouse optic nerve axons using the segmental
analysis method (Brady, 1985). Intraocular injection of 3S-
methionine was used to label newly synthesized proteins in retinal

Table 1. Slow axonal transport rates in shiverer, MBP/MBP transgenic,
and wild-type mouse optic nerve: movement of the 50% point, rates in
millimeters per day

SCa Tubulin NFM
Shiverer (n = 5) 0.22 = 0.03¢ 0.20 + 0.02°
MBP/MBP (n = 8) 0.16 = 0.04 0.17 = 0.03
Wild type (n = 6) 0.18 = 0.03 0.17 = 0.03
SCb Clathrin Spectrin
Shiverer (n = 4) 0.93 £ 0.08° 0.96 = 0.087
MBP/MBP (n = 6) 0.74 = 0.10 0.74 = 0.11
Wild type (n = 7) 0.83 = 0.16 0.82 = 0.12

“Shiverer tubulin significantly different from MBP/MBP, p = 0.01; and wild type,
p = 0.05.

*Shiverer NFM significantly different from MBP/MBP, p = 0.03; and wild type,
p = 0.05.

“Shiverer clathrin significantly different from MBP/MBP, p = 0.02.

4Shiverer spectrin significantly different from MBP/MBP, p = 0.008; and wild type,
p = 0.03.

ganglion cell neurons, and axonal proteins were subsequently
analyzed in the optic nerve—optic tract after ISIs appropriate for
SCa (18-24 d) or SCb (4-5 d). Tubulin and NFM were used as
marker proteins for SCa, whereas clathrin, actin, and spectrin
were used to follow SCb.

Initial observation of the fluorographs from such experiments
suggested that SCa transport in the shiverer occurs at a faster rate
(Fig. 1). For example, the tubulins in the shiverer fluorograph
appear to peak in segments 2-5, whereas in wild-type mouse
fluorographs, and also in transgenic, the tubulins are still primar-
ily in segments 1-3. Quantitation of the incorporated radioactiv-
ity in each protein band facilitated the determination of axonal
transport rates, which are summarized in Table 1. Both SCa and
SCb proteins move at a faster rate in shiverer optic nerve axons.
SCa-carried tubulin and NFM move at a rate of 0.2-0.22 mm/d
in shiverer axons but at 0.16—0.18 mm/d in wild-type and trans-
genic axons. SCb-carried spectrin, clathrin, and actin move at a
rate of 0.93-0.96 mm/d in shiverer but at 0.74-0.86 mm/d in wild
type and transgenic. These rate increases are significantly differ-
ent from wild type and indicate that CNS myelination affects slow
axonal transport of cytoskeletal proteins. However, unlike PNS
demyelination, which results in a decreased transport rate for
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Shiverer

Figure 2. Distribution of axonal calibers
is affected by myelination. 4, Electron mi-
crographs of optic nerve from wild-type
(WT), transgenic (MBP/MBP), and shiv-
erer (Shiverer) mice exhibit striking differ-
ences in myelination. No compact myelin
is apparent in shiverer nerves, and com-
pact myelin in MBP/MBP nerve is much
reduced relative to wild type. B, Morpho-
metric analysis of axon caliber in optic
nerve from wild-type and mutant mice
shows a shift in axon caliber with increas-

ing levels of compact myelin. Optic nerve
axons are among the smallest myelinated
axons and are relatively uniform in size.
However, 45% of the axons in shiverer
nerve have an area of <0.2 mm? [small
(8)], in contrast to wild-type nerve in
which only 27% fell into the S category.
Most axons in wild-type nerve were in the
medium (M; 40%) or large (L; 33%) cat-
egories, whereas in shiverer there were
26% in the M and 28% in the L catego-
ries. In MBP/MBP nerves, the axon area
phenotype was intermediate, consistent
with an intermediate level of compact my-
elin. As with shiverer nerve, the largest
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most proteins (de Waegh and Brady, 1990), lack of CNS myelin
results in faster transport rates of cytoskeletal proteins. Interest-
ingly, transport rates were not significantly different between
transgenic and wild-type mice, indicating that even a partial
restoration of normal compact myelin levels is sufficient for nor-
mal slow axonal transport rates.

Electron microscopy and morphometry

To determine whether lack of CNS myelin affected cytoskeletal
organization in shiverer axons in a manner comparable with that
seen with PNS demyelination, wild-type, shiverer, and transgenic
mouse optic axons were analyzed by electron microscopy (EM).
Although others have looked at shiverer and transgenic axons by
EM (Shine et al., 1992), previous analyses focused on the myelin,
and little information was provided on the composition or orga-
nization of cytoskeletal elements inside the axon. A striking
change in cytoskeletal density was observed even at low magni-
fication in both shiverer and transgenic optic nerve axons (Fig. 2).
Because it was apparent at higher magnification that the major
contributor to the increased density was MTs, a detailed morpho-
metric analysis of MT density was performed. MT densities were
counted in cross sections of shiverer, transgenic, and wild-type
optic nerve axons by overlaying a transparent sheet of evenly
spaced hexagons onto electron micrographs. At least 60 axons of

number of axons were categorized as S,

but the fraction in S was only 38%, with
32% in M and 30% in L.

different sizes were examined in each animal type, corresponding
to >370 hexagons and >13 um? of axonal area. Table 2 summa-
rizes the total number of axons and hexagons counted and the
mean MT density for each of the three mouse types.

When the total number of MTs counted is divided by the total
number of hexagons counted, the average number of MTs per
hexagon is obtained. Supporting the initial EM observations,
there is a significant twofold increase in the density of MTs in
shiverer and transgenic optic nerve axons (p = 0.0001, two-
sample ¢ test). The average number of MTs per hexagon increases
from approximately two in the wild type to more than four in the
mutant mice. This represents a density of ~125-130 MTs/um? in
shiverer and transgenic axons, as compared with only 54 MTs/
pm? in wild-type axons.

Axons were chosen for this analysis strictly on the basis of
whether they were cut in cross section. However, when axons were
binned by size, more of the axons counted in shiverer and trans-
genic optic nerve were small (<0.2 wm?), whereas most axons
counted in wild-type optic nerve were medium (0.2-0.4 um?) or
large (>0.4 um?) in size (Table 2). To examine this question
further, large numbers of axons for each mouse type were pho-
tographed at low magnification, and axon areas were measured
using a computer workstation and morphometric software. The
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Table 2. Summary of MT density statistics

Shiverer ~MBP/MBP  Wild type
Total number of axons counted 92 90 64
Small® 47 45 20
Medium“ 34 23 24
Large” 11 22 20
Total number of hexagons
counted 415 428 373
Area axoplasm counted
(pm?)® 14.5 15.0 13.1
Total number of MTs
counted 1879 1869 705
MTs/um? 129.6 124.6 53.8
Average number of MTs per
hexagon (all axons) 4.5¢ 4.4¢ 1.9
Small® 6.0°4 6.14 3.3¢
Medium” 4.4¢ 4.2¢ 22
Large” 3.3¢ 3.5¢ 1.3

“Small, <0.2 um?; medium, 0.2-0.4 um?; large, >0.4 pm?.
’Number of hexagons X 0.035 um?.
“Significantly different from wild type, p = 0.0001.

4Small versus medium, small versus large, and medium versus large significantly
different, p = 0.01-0.0001.

results presented in Figure 2B indicate that there is a higher
percentage of small axons in shiverer and transgenic optic nerves.

To ensure that the average number of MTs per hexagon calcu-
lated was not biased by the preponderance of one axon size in a
given mouse type and to determine whether MT densities varied
with axon size, M T densities were calculated individually for each
axon size category (Fig. 3). The average number of MTs per
hexagon in shiverer and transgenic optic nerve was approximately
twice that found in wild-type nerve for all axon sizes, and in every
case the difference was significant (Table 2) (p = 0.0001, two-
sample ¢ test). For example, in small axons, the average number of
MTs per hexagon in shiverer and transgenic was 6.0—6.1, whereas
in wild-type nerves there were only 3.3 MTs per hexagon. Simi-
larly, shiverer and transgenic mice averaged 3.3-3.5 MTs per
hexagon in large optic axons, but MT densities were only 1.3 in
comparably sized wild-type axons.

Interestingly, changes in the number of MTs per hexagon from
small to medium to large axons were significant as well (Fig. 3,
Table 2). For example, in wild-type axons, the average number of
MTs per hexagon shifts from 3.3 in small axons to 1.3 in large
axons, a significant decrease (p = 0.0001, two-sample ¢ test). In
contrast, the shift in M T density in shiverer axons was from 6.0 in
small axons to 3.3 in large axons (p = 0.0001, two-sample ¢ test).
This result was consistent with previous observations that the NF
number correlates best with axon size for large axons >1 um in
diameter, but that the MT number correlates best with axon size
for fibers <1 um in diameter (Friede and Samorajski, 1970). As
noted here, most optic axons in mouse are <1 pum in diameter.
These data demonstrate that deficiencies in CNS myelin result in
a twofold increase for MT density in shiverer and transgenic
axons, but MT density still decreases as axon size increases. This
indicates that some regulation of axonal MT density is still
present even in the absence of myelin.

To determine whether M T density correlates with myelin thick-
ness even in mice lacking normal levels of compact myelin, we
plotted the average number of MTs per hexagon versus the
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Figure 3. Morphometric analysis of MT distribution shows different
densities in different caliber axons. The density of microtubules in wild
type, MBP/MBP, and shiverer for different sized axons was analyzed as
described previously (de Waegh et al., 1992) by determining the number
of cytoskeletal elements in random hexagons. Size categories are as
described in Figure 2 and Table 2. Morphometric analyses were con-
ducted by overlaying a hexagonal grid over electron micrographs of the
optic axonal cross sections printed at a final magnification of 140,000X.
Each hexagon represented an area of 0.035 um?. The number of micro-
tubules per hexagon was scored, binned, and plotted. Microtubule densi-
ties are shifted to higher values in both shiverer and MBP/MBP axons for
all sizes of axon, but the density was greatest in small axons (means of
6.0—6.1 per hexagon in shiverer and MBP/MBP; mean of 3.3 per hexagon
in wild type) and correspondingly reduced in medium (4.2-4.4 vs 2.2 per
hexagon) and large (3.3-3.5 vs 1.3 per hexagon) axons (Table 2). In all
cases, the shiverer and MBP/MBP axons showed similar MT density
distributions. These values may be converted to MTs per micrometer?,
giving values for shiverer and MBP/MBP of 170 MTs/um? (S), 123
MTs/um? (M), and 97 MTs/um? (L), as compared with 94 MTs/um? (S),
63 MTs/um? (M), and 37 MTs/um? (L) for wild-type axons.
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increasing number of myelin wraps. Because myelin thickness is
correlated with axon size (Friede and Miyagishi, 1972), these
calculations were done with all axons and not for small, medium,
and large separately (Table 3). In wild-type mouse axons with
four to five myelin wraps (the lowest level of myelin found on
wild-type axons), the average number of MTs per hexagon was
2.5. This value drops to 1.5 MTs per hexagon in axons with 11 or
more myelin wraps, a significant decrease (p = 0.0001, two-
sample ¢ test). Similarly, the average number of MTs per hexagon
in transgenic axons with no myelin (5.5 MTs) or 1 myelin wrap
(4.8 MTs) drops significantly to 2.9 in axons with 6—-10 myelin
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Table 3. Average number of MTs per hexagon decreases with
increasing myelin thickness

Number of

myelin wraps Shiverer” MBP/MBP Wild type
0 5.1 5.5¢

1 4.5 4.8

2-3 4.4 4.6

4-5 3.9¢ 2.5¢

6-10 2.9 2.3

11+ 15

“No shiverer axons were found with compact myelin, but in some cases an oligo-
dendrocyte process was seen to wrap the axon two or three times.

PShiverer: 0 wraps significantly different from 2-3 wraps, p < 0.01.

‘MBP/MBP: 0 wraps significantly different from 4-5 wraps, p = 0.007; 0 wraps
significantly different from 6-10 wraps, p = 0.0001.

Significantly different from wild type, p = 0.01-0.001.
°Wild type: 4-5 wraps significantly different from 11+ wraps, p = 0.0001.

wraps. In shiverer optic nerve, unmyelinated axons have an av-
erage of 5.1 MTs per hexagon, whereas axons with two to three
wraps of myelin have an average of 4.4, a difference that was
significant at p = 0.01 (two-sample ¢ test). However, in both
shiverer and transgenic optic nerves, the mere wrapping of an
axon by an oligodendrocyte was not enough to cause a significant
decrease in MT density. Significant decreases were not seen in
transgenic axons until four to five wraps were present or in
shiverer axons with fewer than two to three wraps.

To summarize, these morphometric studies demonstrate a sig-
nificant twofold increase in MT density in shiverer and transgenic
optic nerve axons as a result of deficient CNS myelination. This
increased MT density was apparent in all axon sizes and at all
levels of myelination. However, these axons did show decreases in
MT density that correlated with increases in axon size and
myelination. This variation suggests that there must be multiple,
distinct signals from myelinating glia that regulate different as-
pects of the axonal MT cytoskeleton.

Quantitation of MT protein

Because morphometric analysis indicated that microtubule num-
bers were increased in shiverer and transgenic axons, levels of
brain tubulin and microtubule-associated proteins were evaluated
in two ways. First, the amount of tubulin labeled by slow axonal
transport was determined. As described previously for neurofila-
ment proteins (Brady et al., 1999), the amount of radioactivity
incorporated into an axonal protein may be quantitated by excis-
ing bands from gels using fluorographs as a template. To normal-
ize for labeling efficiency, amounts need to be expressed as a
fraction of total labeled proteins in SCa.

In these studies, optic nerves containing labeled SCa proteins
were fractionated to evaluate the stability of the axonal microtu-
bules in wild-type, shiverer, and transgenic axons (see below) using
SDS-PAGE and fluorography as described previously (Brady et al.,
1984; Kirkpatrick and Brady, 1994). The amounts of total labeled
SCa protein and axonal tubulin were measured by excising all
radiolabeled bands and spaces between them from the gels and
measuring the amount of radioactivity recovered in each gel slice.
The sum of radioactivity recovered in all fractions was determined,
and this total was used to standardize relative levels of specific
polypeptides as a percentage of total SCa protein. The percentage
of total SCa radioactivity associated with the tubulin was then
calculated (Fig. 4). The amount of tubulin in SCa was significantly
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Figure 4. Tubulin levels may be quantitated from axonal transport stud-
ies. Differences in the amount of tubulin in optic axons may be seen by
measuring the total amount of labeled tubulin in the nerve at a given time
point and expressing it as a ratio of the total amount of labeled protein in
the nerve at the same time. Tubulin represented 20% of labeled protein
in wild-type axons, but was 44% of labeled protein in MBP/MBP axons
and 36% in shiverer axons. This indicates that the amount of tubulin
committed to slow axonal transport is increased in the absence of a
normal complement of compact myelin. Asterisk indicates significant dif-
ference when compared with wild-type (p = 0.02).

increased relative to wild-type optic nerves for both shiverer and
transgenic nerves. Approximately 35% of total SCa radioactivity
was associated with tubulin in shiverer, and >40% was tubulin in
transgenic. In contrast, only 20% of total SCa radioactivity corre-
sponded to tubulin in wild-type optic nerves. This increase was
significant (p = 0.02, two-sample ¢ test), indicating that tubulin
protein levels were increased in shiverer and transgenic.

These observations were extended by quantitative immunoblot
analysis. Whole-brain MTs were prepared from each mouse type,
and equal amounts of total protein were analyzed by immuno-
blotting with antibodies directed against tubulin and M APs (Fig.
5A). There was a significant increase in the amount of tubulin in
brain MT fractions prepared from shiverer and transgenic when
compared with wild type (p = 0.01, two-sample ¢ test). This result
is in agreement with that obtained above and further supports the
possibility that tubulin expression is increased in axons without
myelin. As noted previously for NF protein levels (Brady et al.,
1999), both shiverer and transgenic tubulin levels differ from
wild-type tubulin levels, indicating that the presence of a thinner
than normal compact myelin sheath is not sufficient to regulate
tubulin levels normally. Associated proteins are critical for nor-
mal MT function in neurons, so it was of interest to determine
whether MAP levels are also altered in these mice. Antibodies
directed against the high molecular weight MAPs 1A and 1B and
tau were used on immunoblots of equal amounts of shiverer,
transgenic, and wild-type mouse brain MT fractions. Changes in
both the level and composition of these MAPs were seen in
shiverer and transgenics as well (A. S. Witt and S. T. Brady,
unpublished observations).

Quantitation of tubulin mRNA expression

Increases in tubulin protein levels could be attributed to increases
in tubulin synthesis, increases in tubulin stability, or decreases in
tubulin turnover. To determine whether tubulin synthesis was
altered, levels of steady-state tubulin mRNA were evaluated by
Northern analysis. Total brain RNA from the different animals
was hybridized to radiolabeled probes directed against regions
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Figure 5. Total brain tubulin is increased relative to total brain actin in
shiverer and MBP/MBP mice. 4, Quantitative immunoblots using anti-
bodies specific for a- and B-tubulin show that total brain tubulin immu-
noreactivity is increased in both shiverer and MBP/MBP mice. B, Nor-
malization of tubulin immunoreactivity to actin immunoreactivity in the
same samples allows a quantitative comparison of changes in tubulin
immunoreactivity in brain. Brain a-tubulin immunoreactivity is increased
by 36% in MBP/MBP brain and by 41% in shiverer brain relative to that
seen in wild-type brains. Similarly, brain B-tubulin immunoreactivity is
increased by 46% in MBP/MBP brain and by 31% in shiverer brain
relative to that seen in wild-type brains. Asterisk indicates significant
difference when compared with wild-type (p = 0.01).

conserved in all a-tubulins (“pan a-tubulin”) (Fig. 64) and all
B-tubulins (“pan B-tubulin”) (Fig. 6B). The signal levels were
corrected for loading using signals against the housekeeping
enzyme GAPDH, normalized to wild-type levels, and plotted
(n = 11 experiments using RNA from seven animals in each
category). As with tubulin protein levels, a- and B-tubulin RNA
levels are significantly increased in transgenic and shiverer ani-
mals relative to wild type (p = 0.0002 and 0.009 for a-tubulin,
p = 0.02 and 0.007 for B-tubulin, in transgenic and shiverer,
respectively). Significance was determined by two-sample ¢ test.

Cold-calcium fractionation of axonal MTs

The stability of axonal MTs in sciatic nerves of the PNS demy-
elinating mutant Trembler is dramatically reduced, as measured
by a biochemical cold-calcium fractionation assay using radiola-
beled SCa-carried MTs (Kirkpatrick and Brady, 1994). To deter-
mine whether CNS myelination also affects MT stability, the
cold-calcium fractionation was performed on SCa-carried MTs in
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Figure 6. Quantitative Northern blots indicate that tubulin mRNA levels
are increased in shiverer and MBP/MBP mouse brains. RNA fractions
from retina were probed with oligonucleotides shared with all known
mouse a- or B-tubulins as well as one for GAPDH as a loading control.
After correction for mRNA load with GAPDH, a ratio of mutant to
wild-type expression levels for both a- and B-tubulin was calculated. The
levels of both «- and B-tubulin mRNA expression were significantly
increased for shiverer and MBP/MBP relative to wild type. As with
changes in tubulin protein levels, a- and B-tubulin RNA levels were
significantly increased in MBP/MBP and shiverer mice relative to wild
type (p = 0.0002 and 0.009 for «-tubulin, p = 0.02 and 0.007 for
B-tubulin, in transgenic and shiverer, respectively).

shiverer, transgenic, and wild-type mouse optic nerve axons. This
two-step extraction protocol is based on standard procedures for
the preparation of MTs from whole brain and results in three
fractions: S1, which contains cold-soluble proteins; S2, which
contains cold-insoluble, but calcium-soluble proteins; and P2,
which contains cold- and calcium-insoluble proteins (Brady et al.,
1984). Typically, when adult rodent axonal MTs are fractionated,
>50% partition into the cold-calcium-insoluble P2 fraction.

Optic axon MTs in SCa were labeled by injection of 3S-
methionine into the vitreous of the mouse eye. The entire optic
nerve—optic tract was removed and fractionated by the cold-
calcium protocol 24 d after labeling. Resulting S1, S2, and P2
fractions were analyzed by SDS-PAGE and fluorography. The
radioactivity present in tubulin and NF protein bands was quan-
titated; the values for S1, S2, and P2 were added, and each was
expressed as a percentage of the total (Table 4, Fig. 7).

In wild-type mouse optic nerve, 38% of SCa-labeled MTs were
cold-soluble and 55% were cold-insoluble. These values are con-
sistent with those obtained in the Trembler studies (Kirkpatrick
and Brady, 1994) and in previous studies in rat (Brady et al.,
1984). In contrast, >66% of SCa-labeled MTs were cold soluble,
and only 27% were cold insoluble in shiverer optic nerves, a
significant decrease in MT stability (p = 0.005, by a two-sample
¢ test). Similarly, transgenic optic nerve contains only 27% stable
MTs, also a significant decrease from wild type. In both shiverer
and transgenic mice, the level of tubulin is significantly increased,
but two-thirds of the tubulin in their axons is associated with
labile, potentially dynamic M Ts. Both of these characteristics are
typically associated with nerve fibers in the developing nervous
system (Brady and Black, 1986). However, not all aspects of the
MT cytoskeleton in shiverer and transgenic are equivalent. Be-
cause slow axonal transport rates for tubulin in the transgenic
mice were comparable with wild-type rates, this indicates that
increases in cold-stable tubulin levels are not a direct determinant
of tubulin axonal transport rates. Furthermore, the mere presence
of compact myelin is not enough to generate normal levels of
stable MTs.
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Table 4. Cold-calcium fractionation of SCa-labeled tubulin and
NF proteins

S1 S2 P2

Tubulin

Shiverer 66.5 = 8.7 59+ 1.7 275 +9.14

MBP/MBP 69.8 = 1.6 3113 27.0 = 1.2¢

Wild type 38.0 = 4.0 7.1+20 549 = 4.0
NFL

Shiverer 34.8 +9.6 6.2+ 1.8 59.0 = 9.0

MBP/MBP 36.9 =5.7 47+13 58.5+6.0

Wild type 26.5 = 12.0 6.5*+42 67.1 =15.0
NFM

Shiverer 474 = 18.7 6.6 =3.2 46.0 = 17.0°

MBP/MBP 215+ 8.0 2.7+0.7 775 = 10.5

Wild type 254 +11.5 10.3 + 6.0 70.4 = 16.5
NFH

Shiverer 332+ 4.8 8542 584 =55

MBP/MBP 224 +13.1 5022 73.7 = 16.0

Wild type 21.2 = 10.1 74 +17.1 73.5+19.0

 Significantly different from wild type, p = 0.005.
® Significantly different from MBP/MBP, p < 0.03.

Unexpectedly, cold-calcium fractionation of SCa proteins was
also informative about properties of axonal NFs in wild-type,
transgenic, and mutant mice. Typically, >70% of NF proteins are
associated with P2 fractions in cold-calcium fractionations (Brady
et al., 1984), consistent with the high degree of stability of neu-
ronal intermediate filaments. As expected, >70% of NF protein
was in P2 for both wild-type and transgenic optic nerve (Table 4,
Fig. 7). However, the amount of NF protein in P2 fraction was
significantly reduced in shiverer nerves. The fraction of NFM in
P2 fractions of shiverer nerves was <50%, significantly less than
seen for either transgenic or wild type (p = 0.02, by two-sample
t test). The amount of NFH in P2 fractions of shiverer nerve was
similarly reduced.

These results suggest that the absence of CNS myelin affects
the stability of the NF cytoskeleton as well as the MT cytoskel-
eton. As noted previously, one difference between the shiverer
and wild-type axonal cytoskeleton is that shiverer NFs have
reduced the stoichiometry of NFH and NFM to NFL (Brady et
al., 1999). In contrast to shiverer, transgenic axons contained N Fs
with a normal stability. As in shiverer mice, NFs in transgenic
axons were deficient in NFH, but, unlike in shiverer, transgenic
NFs contained normal levels of NFM. This compositional differ-
ence provides a likely explanation for differences in NF stability.
It would appear that increased levels of NFM are necessary and
sufficient for increasing the stability of axonal NFs.

The fact that NFs in transgenic nerves exhibited wild-type
stability but MTs in transgenic nerves remained labile indicates
first that the mechanisms regulating stability of these cytoskeletal
elements are different, and second that NF and MT stability are
not directly linked to one another. Furthermore, there must be
multiple regulatory signals conveyed by the myelinating glia. In
summary, morphometric, immunochemical, and cold-calcium
fractionation analyses of wild-type, shiverer, and transgenic optic
nerve indicate that myelination affects both the stability and the
composition of the MT cytoskeleton in the CNS.

DISCUSSION

The environment established by myelinating glia affects a wide
range of neuronal properties, including composition, organiza-
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Figure 7. Cold-calcium fractionation of SCa-labeled cytoskeletal pro-
teins indicates that myelination affects the stability of the axonal cytoskel-
eton. Using our standard cold-calcium fractionation protocols (Kirk-
patrick and Brady, 1994), the stability of the microtubule and
neurofilament cytoskeletons may be analyzed. As in Trembler peripheral
nerve, the amount of tubulin in the P2 fraction (top panel) is substantially
reduced in the absence of myelin (shiverer). As with other parameters
associated with the axonal microtubule cytoskeleton, the thin myelin
sheath in MBP/MBP optic axons is not sufficient to increase the amount
of cold-calcium-insoluble tubulin in P2 (top panel). In both mutant mice,
cold-calcium-insoluble tubulin fractions are reduced by half, and extract-
able tubulin is correspondingly increased. Unlike Trembler peripheral
nerve, however, a difference in the stability of the neurofilament cytoskel-
eton was also observed (bottom panel). When compact myelin was com-
pletely absent (shiverer), the amount of NFM found in the stable fraction
dropped from 71 to 47% with a corresponding increase in the extractable
form. However, even a thin myelin sheath was sufficient to reverse this
effect, because MBP/MBP values are comparable with wild type. Similar
changes in neurofilament stability were seen for NFL and NFH as well
(Table 4). These data suggest that myelination leads to stabilization of
both microtubule and neurofilament axonal cytoskeletons, but the effects
on microtubules and neurofilaments are modulated independently.

tion, and transport of the axonal cytoskeleton. In Trembler,
disruption of normal PNS axon-glia relationships alters slow
axonal transport rates, MT stability, NF phosphorylation, and
cytoskeletal organization (de Waegh and Brady, 1990, 1991; de
Waegh et al., 1992; Kirkpatrick and Brady, 1994). Myelination by
Schwann cells primarily affected local axonal properties. How-
ever, axonal microtubule composition was also changed (Kirk-
patrick and Brady, 1994). The effects of Schwann cells on PNS
axonal MTs implied that CNS axonal MTs might also be modu-
lated by myelination.

CNS oligodendrocyte myelin differs from PNS Schwann cell
myelin in developmental origin and composition. Such differences
presumably have functional consequences. For example, PNS
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neurons typically regenerate axons efficiently, but CNS neurons
do not. The reasons for this discrepancy are poorly understood,
but they include the differential effects of glia on axons, because
CNS neurons grow well in grafts containing PNS glia (Richard-
son et al., 1980; Aguayo et al., 1981; Benley and Aguayo, 1982;
Vidal-Saenz et al., 1987), and CNS glial surface molecules inhibit
neurite outgrowth (for review, see Schwab, 1996). These may
result from differential effects of CNS and PNS glial environ-
ments on the axonal cytoskeleton, which largely determines ax-
onal growth potential (Brady, 1993).

Studies on Trembler mutant mice defined a paradigm for
analyzing the consequences of disrupting axon—-myelin interac-
tions (de Waegh et al., 1992). To study axon-oligodendrocyte
interactions, shiverer mice were used because they produce no
compact CNS myelin (for review, see Readhead and Hood, 1990).
The absence of CNS compact myelin produces a severe intention
tremor and life-spans of 90—150 d. PNS proteins with overlapping
function mean that shiverer PNS compact myelin exhibits only
minor structural differences (Gould et al., 1995).

Given that myelin sheath thickness is correlated with axon
diameter and adjusts to changes in axon diameter (Friede and
Miyagishi, 1972), the availability of transgenic mice expressing an
MBP transgene on a shiverer background (Readhead et al., 1987)
provides insight into functional linkages between sheath thickness
and axonal diameter. Transgenics homozygous for the MBP trans-
gene expressed only 25% of wild-type MBP levels, yielding a
thinner compact myelin sheath (Readhead et al., 1987; Shine et al.,
1992). The thin myelin sheath produced by limiting amounts of
MBP is sufficient to eliminate tremors and restore life-span to
wild-type levels (Readhead et al., 1987). Analysis of the axonal
cytoskeleton in mice with different myelination levels distinguished
between parameters restored by the mere presence of compact
myelin and those requiring a full complement of compact myelin.

Slow axonal transport rates for NFs were 15-30% faster in
shiverer than wild type (Brady et al., 1999), and comparable shifts
were seen in shiverer tubulin transport rates. Rates were near
normal in transgenics. Slow transport motors are poorly under-
stood, but increased slow axonal transport rates are a hallmark of
developmentally immature axons (Hoffman et al., 1983). In-
creased slow transport rates in shiverer axons suggest that the
formation of compact myelin directly or indirectly reduces slow
axonal transport rates during maturation. Even a thin compact
myelin sheath restores transport rates to near normal in trans-
genic axons. Slowed axonal transport was not a function of
reduced MT numbers, because MT numbers remain elevated in
transgenic axons. Similarly, neither increased phosphorylation nor
upregulation of NFH levels is required for reduced slow transport
rates, because these are comparable in shiverer and transgenic
mice (Brady et al., 1999). A pathway activated by myelination is
sufficient to produce this effect. Whether this results from increased
NFM levels in transgenics (Brady et al., 1999) or local modulation
of transport machinery remains to be determined.

Electron microscopic analysis of shiverer, transgenic, and wild-
type optic axons showed that other aspects of shiverer and trans-
genic axonal cytoskeletons differ dramatically. MT numbers in
shiverer and transgenic axons were more than twofold greater
than wild-type axons. MT density was increased in shiverer and
transgenic axons for all axon sizes and all numbers of myelin
wraps, although MT density in transgenics appeared comparable
with wild type at the highest number of myelin wraps. Myelin
sheath thickness may locally affect axonal MT density, although
mechanisms to accomplish this remain uncertain.
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Increased MT numbers implied that cytoskeletal protein ex-
pression was influenced by myelination. Analysis of SCa deter-
mined the fraction of total SCa radioactivity represented by
constituent proteins. Such analyses indicated that both shiverer
and transgenic axons contained a significantly larger fraction of
tubulin. Comparable increases in brain tubulin were seen with
quantitative immunoblots. Tubulin levels typically decrease con-
current with increased NFs during neuronal development and
maturation, so elevated axonal tubulin was consistent with shiverer
and transgenic neurons being immature. The mere presence of
compact myelin was not sufficient to reduce tubulin levels, because
transgenic tubulin levels remained comparable with shiverer.

Elevations in tubulin protein could be explained by changes in
tubulin axonal transport, reduced degradation of axonal tubulin,
or increased tubulin gene expression. Decreased tubulin transport
rates and a constant rate of synthesis could increase axonal
tubulin content, but tubulin slow transport rates were increased in
shiverer and comparable with wild type in transgenics, eliminat-
ing transport rates as an explanation for increased MT density
and number. Similarly, studies on metabolic stability of the axonal
cytoskeleton suggest that presynaptic terminals are the primary
sites of degradation for cytoskeletal proteins (Paggi and Lasek,
1987), with little or no degradation in axons.

Comparisons of tubulin mRNA levels in shiverer, transgenic,
and wild-type brains showed substantial increases in both shiverer
and transgenics. Increased tubulin mRNA in shiverer and trans-
genics implies that altered axonal myelin levels affect transcrip-
tion in neuronal perikarya. To alter gene expression, signals
produced during myelination must be transported back to neuro-
nal cell bodies. Such signals might alter tubulin transcription
rates, message stability, or translation rates. There are precedents
for myelination affecting transcription in neuron perikarya. For
instance, steady-state levels of type II sodium channels are ele-
vated in shiverer, presumably reflecting differences in transcrip-
tional or posttranscriptional events in neuronal perikarya
(Noebels et al., 1991). Similarly, axonal tau splice isoforms differ
in Trembler and wild-type axons, presumably because of altered
RNA splicing in perikarya (Kirkpatrick and Brady, 1994).

CNS myelination affected both the amounts and the biochem-
istry of axonal MT. In wild-type axons, more than half of the
axonal tubulin is resistant to solubilization by standard methods
of cold extraction, representing a population of stable axonal MTs
(Brady et al., 1984; Brady, 1988). Studies of axonal MTs in
Trembler showed that cold-insoluble tubulin fractions were sig-
nificantly reduced with demyelination (Kirkpatrick and Brady,
1994). In adult wild-type mice, 55% of axonal tubulin is resistant
to cold-calcium extraction (Brady et al., 1984), but only 30% of
PNS axonal tubulin in Trembler PNS axons was cold-calcium
insoluble (Kirkpatrick and Brady, 1994). Shiverer and transgenic
axonal MTs exhibited similarly increased cold-calcium solubility.
Only 27% of axonal tubulin in shiverer and transgenic optic
nerves was cold-calcium insoluble. Formation of a thin compact
myelin sheath is insufficient for normal regulation of MT stability.

Reduced levels of cold-calcium-insoluble tubulin in Trembler
and shiverer nerves are consistent with an immature axonal
cytoskeleton in nonmyelinated axons, because cold-calcium-
insoluble levels of axonal tubulin are low in young animals and
increase with age (Brady, 1984). However, regulation of MT
number and stability must involve discrete pathways, because
Trembler has reduced cold-calcium-insoluble tubulin with normal
amounts of tubulin (Kirkpatrick and Brady, 1994). Furthermore,
slowed axonal transport during development cannot be attribut-
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able to changes in either MT number or stability, because trans-
genics have normal slow axonal transport rates but elevated MT
numbers and lower levels of stable MTs.

NF stability also differed among shiverer, transgenic, and wild-
type axons. NFs are unusually stable and are normally degraded
rather than depolymerized. Typically, >70% of axonal NFs are
cold-calcium insoluble, but NFs in cold-insoluble fractions were
significantly reduced in shiverer optic nerve. In contrast, trans-
genic nerves had near normal levels of cold-calcium-insoluble
NFs. Apparently, NF stabilization occurs with the formation of a
compact myelin sheath, whereas MT stabilization requires a
higher level of myelination. NF stability is not dependent on MT
stability, and vice versa, but both pathways are influenced by
myelination. Increased stability of axonal NFs and slower trans-
port rates in transgenic nerves suggest that increased expression
of NFM seen with a thin myelin sheath (Brady et al., 1999) may
significantly alter physiological properties of axonal NFs.

In conclusion, glial environments established by oligodendro-
cytes during myelination have both direct and indirect effects on
the neuronal cytoskeleton. Changes are seen in composition,
organization, stability, and transport of axonal cytoskeletal struc-
tures. Failure to form CNS myelin during development has pro-
found effects on neuronal structure and function, suggesting that
glial interactions represent an essential step in neuronal differen-
tiation for neurons with large myelinated axons. Neurons appear
sensitive to both the amount of myelination and the type of
myelinating glia. Although the importance of glia has long been
recognized, glia—neuron relationships appear more extensive and
complex than previously recognized. Identification of specific
signaling pathways by which myelination influences CNS neurons
will be essential for understanding normal development and neu-
ropathologies with altered interactions between oligodendrocytes
and axons.
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