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ABSTRACT Tubulin proteins in mouse retinal ganglion cell (RGC) neurons were analyzed to
determine whether they undergo posttranslational processing during axoplasmic transport. a-
and B-tubulin comprised heterogeneous proteins in the primary optic pathway (optic nerve
and optic tract) when examined by two-dimensional (2D) PAGE. In addition, however, a-
tubulin exhibited regional heterogeneity when consecutive 1.1-mm segments of the optic
pathway were analyzed separately. In proximal segments, a-tubulin consisted of two predom-
inant proteins separable by isoelectric point and several less abundant species. In more distal
segments, these predominant proteins decreased progressively and the a-tubulin region of the
gel was represented by less abundant multiple forms only; 8-tubulin was the same in all
segments. After intravitreal injection of [°H]proline to mice, radiolabeled a- and B-tubulin
heteroproteins were conveyed together at a rate of 0.1-0.2 mm/d in the slowest phase of
axoplasmic transport. At 45 d postinjection, the distribution of radiolabeled heterogeneous
forms of a- and B-tubulin in consecutive segments of optic pathway resembled the distribution
of unlabeled proteins by 2D PAGE, indicating that regional heterogeneity of tubulin arises
during axonal transport. Peptide mapping studies demonstrated that the progressive alteration
of a-tubulin revealed by PAGE analysis cannot be explained by contamination of the a-tubulin
region by other proteins on gels. The results are consistent with the posttranslational processing
of a-tubulin during axoplasmic transport. These observations, along with the accompanying
report (J. Cell Biol., 1982, 94:150-158), provide additional evidence that CNS axons may be
regionally specialized.

Although ubiquitous among eukaryotic cell types, microtubules
are found in particularly high concentration in neurons where
they occur in perikarya, axons, and dendrites (6, 38). These
organelles have been implicated in a variety of cellular func-
tions including motility, secretion, chromosome movement dur-
ing mitosis, the maintenance of cell shape, and axoplasmic
transport (6, 45). Microtubules are composed of the nonident-
ical subunit proteins a- and S-tubulin (9). Numerous lines of
evidence have led to the conclusion that brain tubulin exists in
heterogeneous forms. For example, by two-dimensional PAGE,
both a- and B-tubulin can be separated into multiple proteins
(21, 33). At least four different a-tubulins (46) and at least two
B-tubulins (29) are present in porcine brain, as established by
amino acid sequence analysis. The observation that heteroge-
neous forms of a- and S-tubulin are synthesized in response to
muitiple messenger RNAs (10, 13, 37, 47) is consistent with the
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existence of muitiple genes for these proteins (12, 14). A further
source of tubulin heterogeneity can be accounted for by the
variety of posttranslational processes that tubulin may undergo
(1, 16, 17, 19, 40, 48-50, 52, 53).

There is currently no detailed information on whether dif-
ferent forms of the heterogeneous a- and g-tubulin subunits
are associated with specialized neuronal structures or functions.
As an initial step toward examining this question, axoplasmic
transport studies were combined with PAGE analysis of pro-
teins to investigate tubulin in retinal ganglion cell (RGC) axons
of the mouse. Our results indicate that multiple forms of both
a- and B-tubulin are conveyed in the slowest phase of axo-
plasmic transport; however, several unique forms of a-tubulin
are associated exclusively with proximal RGC axonal regions
and are absent in distal segments of RGC axons. A portion of
this work was previously reported in preliminary form (7).
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MATERIALS AND METHODS

Animals

Male or female mice of the C57B1/6J inbred strain aged 10-14 wk were used
in all experimental studies. The mouse strains, initially obtained from Jackson
Laboratories (Bar Harbor, ME), were bred at our facility. Mice were housed at
23°C on a 12-h light-dark cycle and maintained on Wayne Blox (Allied Mills,
Chicago, IL) supplied ad libitum.

Tissue Dissections

The mice were sacrificed by cervical dislocation followed by decapitation. The
primary optic pathway consisting of (a) optic nerve severed at the scleral surface
of the eye, (b) optic chiasm, and (c) optic tract extending to the lateral geniculate
nucleus, was dissected bilaterally as described in the accompanying report (43).
In certain cases, the optic pathway samples were cut into consecutive 1.1-mm
segments on a micrometer-calibrated slide. Tissues were frozen and stored at
—70°C for up to 1 mo before analysis. Preliminary experiments, including enzyme
inactivation studies using microwave irradiation, revealed no postmortem changes
in protein composition during the dissection and storage procedures {43).

Tubulin Purification

Tubulin was purified from mouse brain by the assembly-disassembly proce-
dure of Shelanski et al. (51), and was separated from copurifying proteins by
phosphocellulose chromatography as described by Herzog and Weber (26). The
tubulin was examined by one- and two-dimensional gels and shown to contain
multiple a- and B-proteins of high purity as demonstrated in a previous report
(34).

PAGE

Optic pathway proteins were prepared for PAGE in such a way as to minimize
proteolysis and protein loss as previously described (43). The preparation of one-
dimensional and two-dimensional polyacrylamide gels based upon the procedures
of Laemmli (30) and of O’Farrell (44), respectively, and fluorographic and
autoradiographic procedures were described in detail in previous reports (8, 33,
34, 37). LKB ampholytes (LKB Instruments, Inc., Rockville, MD) were used in
isoelectric focusing gels. In all cases long slab gels were used (dimensions 140 X
260 X 1.5 mm). An Ortec densitometer was used to scan proteins of one-
dimensional gels (35). Further experimental details were given in the accom-
panying report (43).

Peptide Mapping

Staphylococcus aureus V8 protease was used to generate peptide patterns (8,
11). Protein samples previously purified by SDS PAGE were excised from gels,
homogenized, and were subjected to protease digestion during electrophoresis on
10-15% polyacrylamide gels (8).

Axonal Transport Studies

Intravitreal injections of radiolabeled amino acids were made with a glass
micropipette apparatus into anesthetized mice as previously described (41).
Depending on the experiment, 10-100 uCi of 1-[2,3-*H]proline (sp act 30-50 Ci/
mmol) or L-[¥*S]methionine (sp act 1,000 Ci/mmol), purchased from New Eng-
tand Nuclear (Boston, MA), was administered in a volume of 0.35 ul of phosphate-
buffered saline, pH 7.4.

The rates of transport of various proteins along the retinal ganglion cell axons
were determined as described in the accompanying paper (43).

RESULTS

Heterogeneity of Tubulin in the Mouse Primary
Optic Pathway

Tubulin in the mouse primary optic pathway, consisting of
the optic nerve (ON) and optic tract (OT), was identified
initially by comparison with the purified protein. Brain tubulin
from adult C57B1/6J mice was prepared by two cycles of
assembly-disassembly followed by phosphoceliulose chroma-
tography. a- and B-tubulin are of approximately equal size;
however, they can be separated into several species when
electrophoresed in a PAGE system containing SDS (9). In the
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FIGURE 1 SDS  PAGE
of mouse primary optic
pathway proteins and
of tubulin. (A) Purified
tubulin, (B) optic path-
way proteins (optic
nerve plus optic tract),
{C) optic nerve pro-
4130 teins, (D) optic tract
proteins. a- and fB-tu-
! bulin bands are indi-
cated. The standards
(not shown) used to
determine  molecular
weight values (given on
figure, X 107% were
myosin, 210,000; B-ga-
lactosidase, 130,000;
phosphorylase b, 94,-
000; bovine serum al-
bumin, 68,000; ovalbu-
min, 43,000. All samples
were electrophoresed in adjacent or nonadjacent lanes of the same
5-15% polyacrylamide gel and were visualized by Coomassie Bril-
fiant Blue staining.
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present study, purified tubulin was separated into at least two
bands after electrophoresis (Fig. 14). The more slowly migrat-
ing band was designated o-tubulin, and the more rapidly
migrating band was designated 8-tubulin. These two groups of
proteins yield dissimilar peptides after digestion with trypsin
or S. aureus V8 protease (8, 36, 37). When primary optic
pathway was subjected to SDS PAGE, multiple protein bands
in the tubulin region were observed although individual com-
ponents of this region were poorly resolved (Fig. 1 B). ON and
OT proteins were examined separately. ON protein bands
comigrating with a-tubulin consisted predominantly of a broad
and intensely stained band and more lightly stained bands
(Fig. 10). By contrast, proteins in OT comigrating with a-
tubulin were represented only by multiple species that stain
relatively lightly (Fig. 1 D). Unlike a-tubulin protein bands,
B-tubulin appeared identical in optic pathway, ON, OT, and
purified tubulin.

o-Tubulin Is Different on Two-dimensional Gels
of ON and OT

Tubulin of the primary optic pathway migrated on two-
dimensional gels to positions characteristic of a- and S-tubulin
subunits from a variety of other CNS preparations (2, 10, 21,
24, 27, 33, 34, 37) including tubulin prepared by assembly-
disassembly (33, 34) and by colchicine-affinity chromatography
(36). As shown in Fig. 24, the optic pathway tubulin region
consists of multiple proteins differing in both pl in the isoelec-
tric focusing gel and rate of migration in the SDS gel. g-
Tubulin consists of a group of proteins separable primarily by
isoelectric point differences. Two-dimensional PAGE of pro-
teins from separated ON and OT also yielded results similar to
those of Fig. 1. The ON a-tubulin region consisted predomi-
nately of at least two intensely stained proteins of similar size
(Fig. 2 B) in addition to lightly stained species, whereas OT a-
tubulin displayed only a diffuse pattern of lightly stained
proteins (Fig. 2 C). B-Tubulin appeared identical in ON and
OT. As shown in Fig. 2 D-F, after two-dimensional PAGE,
purified a- and 8-tubulin overlap tubulin proteins of ON and
OT.
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FiGure 2 Two-dimensional stained gels of optic pathway proteins
showing the tubulin region of each gel; the basic end of the
isoelectric focusing gel was on the left. The a- and B-tubulin proteins
are indicated for each gel. (A) Optic pathway proteins (optic nerve
plus optic tract), {B) optic nerve proteins, (C) optic tract proteins,
(D) purified tubulin, (E) mixture of purified tubulin and optic nerve
proteins, (F) mixture of purified tubuiin and optic tract proteins.

Progressive Alteration of Optic Pathway
a-Tubulin

To further define apparent regional differences in tubulins,
we used SDS PAGE to examine the distribution of these
proteins in consecutive 1.1-mm segments of the optic pathway.
After electrophoresis the proteins of each gel lane were scanned
with a densitometer (see Materials and Methods). The results
are shown in Fig. 3. As before, a-tubulin gel bands were
identified by comparison with pure tubulin, and were observed
to change progressively from segment 1 to segment 9 (arrows,
Fig. 3). In proximal segments of the ON, a-tubulin was repre-
sented predominantly as darkly stained bands. In OT segments
these bands become increasingly less intense. S-Tubulin ap-
peared unchanged.

Progressive proximodistal changes in a-tubulin heterogene-
ity were further established by two-dimensional PAGE of each
of the nine nerve segments as shown in Fig. 4. In segments i-
4, two predominant proteins separable by isoelectric point and
several less intensely stained proteins were present in the a-
tubulin position of the gel. In more distal segments, the two
predominant proteins decreased relative to other species (seg-
ments 5 and 6, Fig. 4 E and F), and a-tubulin was represented
by multiple species that stained relatively lightly (segments 7-
9, Fig. 4 G-I). The results are consistent with the change in a-
tubulin proteins when the nine segments were examined by
one-dimensional SDS PAGE and densitometry (Fig. 3). It is
interesting to note that in segment 9 (Fig. 4 1) the composition
of a-tubulin heteroproteins resembles the pattern from superior
colliculus (Fig. 4J) and from cerebral cortex (not shown).
Similar to previous results, S-tubulin exhibited no detectable
variation among optic pathway segments.

Alteration of Tubulin in RGC Axons during
Axoplasmic Transport

Axoplasmic transport studies were undertaken to further
examine the regional heterogeneity of tubulin in the primary
optic pathway. After intravitreal administration of L-[*H]pro-
line to mice, optic pathway proteins were analyzed by SDS
PAGE followed by fluorography. Prominently labeled proteins
corresponding to a- and B-tubulin migrated together in the

slowest of five separate groups of axonally transported proteins
(43) at a rate of 0.1-0.2 mm/d.

The segmental distribution of heterogeneous forms of radio-
active tubulin subunits along RGC axons was examined at
selected postinjection intervals by subjecting consecutive 1.1-
mm segments of optic pathway to two-dimensional PAGE and
autoradiography. 15 d after injection of L-["H]proline (Fig. 5),
intensely labeled heterogeneous forms of a- and S-tubulin were
present in proximal axonal segments. Both a- and B-tubulin
had just reached the optic chiasm (Fig. 5 E) at 15 d postinjec-
tion. By 45 d postinjection (Fig. 6), a- and S-tubulin were
present along the entire length of the primary optic pathway.
Comparison of Fig. 6 with Fig. 4, which is the corresponding
stained protein pattern, indicates that the segmental distribu-
tion of radioactive and stained a- and S-tubulin proteins are
similar at 45 d postinjection; all forms of a-tubulin present in
the stained gel (Fig. 4) were radioactively labeled (Fig. 6).
Thus, at 45 d postinjection, and possibly earlier, the distribution
of heterogeneous forms of a- and S-tubulin conveyed by axonal
transport closely resembles the distribution of unlabeled het-
erogeneous forms present in all segments of the RGC axon.

Peptide Mapping of a-Tubulin from Optic
Pathway Segments

Amino acid sequence analysis of brain a-tubulin has defin-
itively established the highly conserved nature (46) of this
electrophoretically dissimilar group of proteins. a-Tubulin mi-
croheterogeneity has been shown to be confined to a small
portion of the sequence, and these alterations are not discern-
ible when large peptides are generated by S. aureus V8 protease
digestion (8, 11). This peptide mapping procedure was used in
the present study to establish whether radiolabeled tubulin
conveyed in the slow phase of axoplasmic transport was con-
taminated by polypeptides unrelated to a- and S-tubulin in
some optic pathway segments. This possibility would be indi-
cated by a changing peptide map pattern of tubulin obtained
from the different ON and OT segments. Proteins in RGC
axons were labeled by intravitreal injection of L-{**S]methio-
nine to mice. At 45 d postinjection, the optic pathway proteins
of consecutive 1.l1-mm segments were separated on a one-
dimensional gel. After staining, the a- and B-tubulin region
was removed from each lane, the proteins were digested with

l

FIGURE 3 Densitometric scans of primary optic pathway proteins.
The optic pathway was excised and divided into nine 1.1-mm
segments. Segment 1 was adjacent to the scleral surface of the eye,
segment 5 includes the optic chiasm, and segment 9 overlaid the
lateral geniculate nucleus. The proteins of each segment were
electrophoresed on adjacent lanes of an SDS polyacrylamide gel.
After staining and destaining, the gel was scanned with an Ortec
densitometer and the tracings were recorded automatically. For
each gel the tracing shows the tubulin region only; the a-tubulin
peak is indicated by an arrow and the B-tubulin peak is to the right.
Tracings of proteins from consecutive optic pathway segments are
shown with segment 1 at the left of the figure and segment 9 at the
right.
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FIGURE 4 Two-dimensional stained gels of primary optic pathway proteins showing the tubulin region of each gel. The primary
optic pathway was excised and divided into nine segments and the proteins of each segment were separated on two-dimensional
gels. Panels A-1 show the proteins of consecutive segments 1-9 (see legend to Fig. 3); a-tubulin is indicated by an arrow. Panel |
shows tubulin of the superior colliculus.

FiIGURE 5 The distribution of radiolabeled tubulin in consecutive
segments of the primary optic pathway at 15 d postinjection of t-
[®H]proline. Radioactive proteins from each segment were separated
on two-dimensional gels; after electrophoresis, the gels were sub-
jected to fluorography. Panels A -/ show the tubulin region of each
gel corresponding, consecutively, to segments 1-9 of the optic
pathway. The arrow indicates the position of a-tubulin.
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FIGURE 6 The distribut
segments of the primary optic pathway at 45 d postinjection of -
[*H]proline. Panels A—~! show the tubulin region of each gel corre-
sponding, consecutively, to segments 1-9 of the optic pathway. The
arrow indicates the position of a-tubulin.
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FIGURE 7 Peptide maps of a- and B-tubulin from consecutive
segments of the primary optic pathway. The RGC axon was labeled
with L-[**S]methionine. Radioactive a- and 8-tubulin was obtained
from each of nine consecutive segments and subjected to digestion
with S. aureus V8 protease; see text for details. The resulting peptides
were fractionated on a 10-15% gel. After staining and destaining,
the gels were fluorographed. (A} a-tubulin peptides, (B) S-tubulin
peptides. In both panels optic pathway segments 1-9 are in consec-
utive lanes from left to right.

S. aureus V8 protease, and the resulting peptides were separated
on a second SDS gel that was subjected to fluorography. a-
Tubulin of each optic pathway segment yielded peptides of
identical migration (Fig. 74); the same result was obtained for
[-tubulin (Fig. 7 B). We conclude that the progressive altera-



tion of a-tubunlin revealed by polyacrylamide gel analysis can-
not be accounted for by contamination of the a-tubulin gel
region by other proteins.

DISCUSSION

The present results demonstrate the synthesis and axoplasmic
transport of multiple forms of a- and §-tubulin in mouse retinal
ganglion cells. In addition to the microheterogeneity of the
synthesized proteins, we have also observed regional changes
in the composition of a-tubulin along the RGC axon. Although
this regional heterogeneity arises while the proteins are being
transported, differences in transport rates are not a causal
factor. Rate measurements, using one-dimensional gels, indi-
cated that the major bands of a- and S-tubulin migrated in the
same phase of axoplasmic transport at 0.1-0.2 mm/d. Two-
dimensional fluorographs further demonstrated that the major
heterogeneous forms of both groups of proteins are transported
together. Since tubulin is found in both neurons and glia and
their processes, a gradient of nonneuronal cells along the optic
pathway may have contributed to the regional heterogeneity
of tubulin demonstrated on stained gels. This possibility, how-
ever, is inconsistent with the results of the axonal transport
studies in which RGC axonal proteins were selectively labeled.
The distribution of heterogeneous tubulin subunits observed
on stained gels of axonal segments was similar to the distribu-
tion of multiple forms of tubulin observed by two-dimensional
PAGE fluorography 45 d after administration of radioactive
amino acid to the RGC. The tubulin protein alterations along
the RGC axon are consistent, therefore, with the posttransla-
tional processing of a-tubulin during axoplasmic transport. As
discussed below, several possible mechanisms may account for
these observations.

Recently, a-tubulin microheterogeneity was definitively es-
tablished by amino acid sequence analysis (46). At least four
different a-tubulins, accounted for by amino acid replacements,
were found in porcine brain. An additional source of brain
tubulin microheterogeneity results from several types of post-
translational modification. Among these are phosphorylation
(16, 21, 50, 52, 53), glycosylation (19), and the addition of
amino acids (1) including the addition of tyrosine to the
carboxy-terminal of a-tubulin (40, 48, 49). These modifications
may cause a change in the isoelectric point of a-tubulin on
two-dimensional gels. Hypothetically, the presénce of modify-
ing enzymes in specialized regions could partly explain the
changing pattern of a-tubulin that occurs during axonal trans-
port. However, posttranslational modification by covalent ad-
dition to a polypeptide appears inadequate to fully account for
the relatively decreased abundance of certain of the more
prominent a-tubulin proteins when optic tract is compared
with optic nerve. Therefore the fate of tubulin, with respect to
neuronal compartmentalization and degradation, is considered.

Significant evidence exists that, in addition to soluble cyto-
plasmic tubulin, brain and other tissues contain variable pro-
portions of particulate tubulin as measured by colchicine-bind-
ing studies (4, 15, 18, 31, 58), and polypeptides that comigrate
with tubulin in various gel electrophoresis systems have been
shown to be major components of the nenronal membranes
(17, 27, 28, 55-57). Membrane-associated tubulin can be puri-
fied from brain after detergent extraction (4, 5), and can be
distinguished from cytoplasmic tubulin by the presence of
carboxy-terminal tyrosine on the a-chains of the latter (40).
There is also evidence for the higher abundance of a-tubulin
in membranes of synaptic vesicles (59) and synaptosomes (25)
and for a unique synaptoplasmic form of a-tubulin (36). An

interesting observation on tubulin compartmentalization was
made on neurites derived from cultured superior cervical gan-
glion cells (17). The neuritic plasma membrane contains fuco-
sylated tubulin, at least a portion of which may be associated
with the exterior neuronal surface.

Other studies have focused on the insertion of newly synthe-
sized tubulin into membranes. Microheterogeneous forms of
a- and B-tubulin have been synthesized in vitro by multiple
messenger RNAs (10, 13, 37, 47). When separated on two-
dimensional gels, the distribution of a- and B-tubulin subunits
synthesized in vitro by brain polysomes or mRNA (10, 13, 37)
resembles the pattern of radiolabeled tubulin synthesized by
the retinal ganglion celi and found in the axon. Brain poly-
somes can be separated into free and membrane-bound frac-
tions (34). When the fractions were translated separately in a
reticulocyte cell-free protein synthesizing system, multiple
forms of a- and B-tubulin were synthesized by free polysomes,
whereas an a-tubulinlike protein was the major product of
synthesis by bound polysomes (23). The protein was shown to
copurify with unlabeled brain tubulin after two cycles of
assembly and disassembly. In a separate series of experiments
it was shown that tubulin synthesized by rough microsomes
was incorporated, in part, into the microsomal membrane (54),
and that newly synthesized a-tubulin was preferentially tightly
associated with membranes. In the present study, the propor-
tions of certain forms of a-tubulin and/or their electrophoretic
migration on two-dimensional gels were observed to change
during transport within the RGC axon. It is possible, therefore,
that regional heterogeneity of a-tubulin proteins in ON and
OT arises by the early dissociation of some forms of tubulin
from the transport mechanism and subsequent compartmen-
talization of these proteins into membranes at proximal sites in
RGC axons. Thus certain forms would not be visible on gels
of distal axonal segments.

The absence of certain forms of a~tubulin in the OT, relative
to ON, may also be accounted for by the action of proteolytic
enzymes along RGC axons. It has been shown that a number
of proteinases are present in RGC axons (41, 42). In prelimi-
nary experiments we have observed that a-tubulin is among
the proteins most sensitive to proteolysis by a leupeptin-sensi-
tive calcium-activated neutral proteinase when excised optic
pathways are incubated in vitro under certain conditions.
Proteclytic modification of proteins during axonal transport
has been previously shown to occur in mammalian (22) and
molluscan (3) neurons. It is also possible that a-tubulin under-
goes more than one posttranslational event in the RGC axon.
If, during transport, modification of a-tubulin occurred result-
ing in a shift in isoelectric point, and if this modification made
the a-tubulin more susceptible to proteolytic degradation, these
processes could work in concert to give rise to the relatively
more diffuse spots seen on two-dimensional gels of optic tract
segments.

In the accompanying study (43), we demonstrated the mod-
ification of a neurofilament protein during axoplasmic trans-
port in RGC axons. It was shown that neurofilament proteins
of 140,000 and 145,000 mol wt were prominent in proximal
segments of the optic pathway, whereas, in distal segments, the
two proteins occurred in addition to a more abundant 143,000
mol wt neurofilament protein. These results provided evidence
for regional specialization of RGC axons with respect to en-
zymatic machinery as well as cytoskeletal elements. The present
report has focused on structural differentiation. The data dem-
onstrate the nonuniform distribution of heterogeneous a-tu-
bulin forms along the length of CNS axons.
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The progressive alteration of a-tubulin in the RGC axon

produced a pattern of protein in the most distal segments that
closely resembles tubulin in homogenates of mouse cortical
proteins. The o-tubulin changes may be due to posttransla-
tional modification, selective compartmentalization, regional
specialization with respect to proteolytic enzymes, or due to a
combination of these factors. Irrespective of the precise mech-
anism, the observed modification of a-tubulin may represent
a general process for the maturation of this structural protein
within neurons.
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