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Abstract. B-Tubulin is encoded in vertebrate genomes
by a family of six to seven functional genes that pro-
duce six different polypeptide isotypes. We now docu-
ment that although rat PC-12 cells express five of
these isotypes, only two (classes II and III) accumulate
significantly as a consequence of nerve growth
factor-stimulated neurite outgrowth. In contrast to
previous efforts that have failed to detect in vivo dis-
tinctions among different B-tubulin isotypes, we dem-
onstrate using immunoblotting with isotype-specific
antibodies that three 3-tubulin polypeptides (classes I,

II, and IV) are used preferentially for assembly of
neurite microtubules (with ~70% of types I and II as-
sembled but only ~50% of type III in polymer). Im-
munofluorescence localization shows that an additional
isotype (V) is partially excluded from neurites. Dis-
tinctions in in vivo localization of the neuron-specific,
class III isotype have also been directly observed
using immunofluorescence and immunogold electron
microscopy. The sum of these efforts documents that
some in vivo functional differences between tubulin
isotypes do exist.

of one «- and one S-tubulin polypeptide. In vertebrates,

each of these polypeptides is encoded by a family of
six to seven functional genes (reviewed by Cleveland, 1987)
that produce five to six distinct polypeptide isotypes differing
primarily in a 15 amino acid carboxy-terminal variable do-
main (Sullivan and Cleveland, 1986). The observation that
specific variable domain sequences have been highly con-
served between species, despite their divergence within a
species, has allowed classification of vertebrate S-tubulin
genes into five isotypic classes (I-V; Sullivan and Cleveland,
1986; Lopata and Cleveland, 1987). The observation that
specific isotypic sequences have been maintained during evo-
lution suggests that isotypic differences have been selected
through a functional constraint (as had been originally
speculated by Fulton and Simpson, 1976; and Stephens,
1975).

Nevertheless, the use of genetic and biochemical ap-
proaches by a number of investigators has produced several
lines of evidence that support the functional equivalence of
B-tubulin isotypes. In particular, one S-tubulin has been
shown to construct most classes of microtubules during sper-
matogenesis in Drosophila (Kemphues et al., 1982; Raff,
1984; Fuller et al., 1987). Further, a chimeric S-tubulin
comprised of a chicken amino terminus fused to a yeast 3-tu-
bulin carboxy terminus has been shown to be incorporated
into all classes of mouse fibroblast microtubules (Bond et al.,
1986). Localization of the isotypes in different cultured
fibroblast cells using indirect immunofluorescence has also
demonstrated that all microtubules, at least at the resolution
allowed by light microscopy, are copolymers of available iso-
types (Lewis et al., 1987; Lopata and Cleveland, 1987; Gu

T HE primary subunit of microtubules is the heterodimer
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et al., 1988). Even the most divergent 8-tubulins, which are
used to assemble marginal band microtubules in erythroid
cells but whose sequences have not been conserved during
evolution (Murphy et al., 1987), are coassembled into inter-
phase and mitotic microtubules when inappropriately ex-
pressed in nonerythroid cells (Lewis et al., 1987; Joshi etal.,
1987).

In fact, the only in vivo evidence yet to emerge for func-
tional distinctions between isotypes are three examples of
microtubules in specialized cells. In the first of these, not
only were differences in in vitro assembly properties appar-
ent for the major S-tubulin assembled into the marginal band
microtubules of erythroid cells (Rothwell et al., 1986), mi-
crotubules enriched in this erythroid-specific isotype were
found to be more stable to temperature-induced depolymer-
ization (Joshi et al., 1987). However, the physiological rele-
vance of such a distinction remains in question, a doubt en-
couraged by the finding that, alone among the vertebrate
B-tubulins, the sequence of erythroid-specific subunits has
not been conserved (Murphy et al., 1987; Cowan et al.,
1988). In the second example, null mutations in the mec7
Btubulin gene of Caenorhabditis elegans not only prevent
assembly of the unusual 15 protofilament microtubules in
touch cells, but also result in assembly of 11 protofilament
microtubules. These 11 protofilament microtubules are not
normally found in touch cells and are presumably assembled
from the product of a different B-tubulin gene that alone can-
not form 15 protofilament microtubules (Savage et al., 1989).
In the final example, only one B-tubulin isoelectric variant
is phosphorylated during neurite outgrowth (Edde et al.,
1981; Gard and Kirschner, 1985).

To test further whether tubulin isotypes are used differen-

663



tially within animal cells, we have now focused on the
microtubule arrays within neurons. This seemed a promising
choice for four reasons. First, these cells possess specialized
axonal microtubules which might be more likely to display
isotypic distinctions (if they exist). Second, as mentioned
earlier, it was known that a single isoelectric variant of 8-tu-
bulin is phosphorylated during neurite outgrowth. Third, al-
though nothing is known concerning the biochemical differ-
ences, there was microscopic evidence that in lobster axons
only a subpopulation (representing 25% of axonal microtu-
bules) is used for the transport of vesicles through axoplasm
(Miller et al., 1986). Fourth, two-dimensional reconstruc-
tion of serial thin sections had revealed biochemical hetero-
geneity in the microtubules in cultured neurites (Joshi et al.,
1986). In this example, short segments of long neuritic mi-
crotubules were found to be resistant to cold-induced depoly-
merization.

To follow S-tubulin utilization during neurite outgrowth,
we have now used rat PC-12 cells, a clonal cell line that ex-
tends neurites in response to nerve growth factor (NGF).!
In the absence of NGF, PC-12 cells grow mitotically as round
chromaffin-like cells, but in response to NGF they withdraw
from the cell cycle and differentiate into sympathetic neuron-
like cells (Greene and Tischler, 1976). In so doing, they
transform their mitotic and cytoplasmic microtubule arrays
into microtubules whose functions inciude neurite out-
growth, establishment and maintenance of asymmetric mor-
phology (Yamada et al., 1970; Daniels, 1975; Edde et al.,
1981; Landis, 1983; Greene and Tischler, 1982), and (possi-
bly) fast axonal transport of vesicles through the cytoplasm.
Unlike authentic sympathetic neurons, PC-12 cells have the
further advantage that a pure population of cells can be ob-
tained for biochemical analyses.

Our data demonstrate that three of the five 8-tubulin iso-
types expressed in these cells are induced during differentia-
tion and that use of these isotypes is not random, but rather
that some isotypes are preferentially polymerized into axonal
microtubules. These findings demonstrate in vivo biochemi-
cal differences among the S-tubulin isotypes and support the
hypothesis that different isotypes are preferred substrates for
different microtubule-based processes in neuronal cells.

Materials and Methods
Cell Culture

PC-12 cells, a line derived from a rat pheochromocytoma (Green and Tisch-
ler, 1976), were grown on plastic dishes in DME supplemented with 5%
bovine calf serum and 5% horse serum (Hycione Laboratories, Logan,
UT). For inducing differentiation, cells were triturated from the surface and
plated (3 X 10* cells/100-mm plate) onto tissue culture dishes (Falcon Lab-
ware, Oxnard, CA) that had previously been treated with 1.0 mg/ml poly-L-
lysine for 30 min then rinsed twice with water. 100 ng/m! of NGF (Sigma
Chemical Co., St. Louis, MO) was added to the medium. This NGF-
containing medium was changed every 48 h.

Rat sensory neurons were cultured using a procedure slightly modified
from Fields et al. (1978). Dorsal root ganglia (DRG) were dissected from
the exposed vertebral column of a newborn Sprague-Dawliey rat by slitting
the vertebrae at the dorsal midline and gently removing the ganglia (with
their attached spinal nerve roots) from the lumbosacral region with fine for-
ceps. The ganglia were placed in Liebovitz's L-15 medium (L-15 obtained
from Gibco Laboratories, Grand Island, NY; supplemented with 0.6% glu-
cose, 2 mM L-glutamine, 100 U/ml penicillin, and 100 pg/ml streptomycin),

1. Abbreviations used in this paper: C/S, cytoskeletal-to-soluble protein ra-
tio; DRG, dorsal root ganglia; NGF, nerve growth factor.
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rinsed twice, and then treated with 0.25% trypsin for 20 min.at 37°C. The
trypsin was removed, L-15 plus 10% fetal calf serum was added, and ganglia
were triturated mechanically by forcing them through a 19-gauge needle to
obtain a cell suspension. After filtration through cheese cloth to remove
large tissue fragments, the cells were rinsed once and resuspended in L-15
containing 0.6% methyl cellulose and 100 ng/ml NGF. Cells were plated
onto polylysine-coated glass coverslips lying in a 100-mm culture dish (10*
cells/dish). The low plating density facilitated unambiguous identification
of neurons from fibroblasts and Schwann cells. Cultures were maintained
at 37°C in a humidified incubator.

Antibodies Used

Rabbit polyclonal antibodies specific to five vertebrate S-tubulin isotypic
classes I-V (originally described by Lopata and Cleveland, 1987) were used
in this investigation. In brief, the antibodies were raised against 9-15 amino
acid peptides corresponding to consensus sequences for the carboxy-
terminal domains of vertebrate S-tubulin isotypes I-V. All antibodies used
here, except type III, were affinity purified by chromatography of each an-
tiserum on an affinity column produced by covalently linking the respective
carboxy-terminal peptide to Sepharose. Precise conditions of affinity
purification and detailed characterization of these antisera are given in
Lopata and Cleveland (1987). A polyclonal antibody specific for tau poly-
peptides was a kind gift from Drs. M. Kirschner and D. Dreschel (Univer-
sity of California, San Francisco, CA). MAP-2 monoclonal antibodies,
AP21 and AP18, were very generously provided by Dr. L. Binder (Univer-
sity of Alabama, University, AL). o~ and $-Tubulin monoclonal antibodies
(DMIA and DMIB) were obtained from Amersham Corp. (Arlington
Heights, IL).

Production of Cloned Fusion Proteins for
Each Isotypic Class of 3-Tubulin

Plasmids used for producing fusion proteins (comprised of an amino-
terminal 32 kD of the bacterial protein trpE linked to the 8-tubulin isotype
sequence beginning at residue 345 and continuing through to the normal
carboxy terminus) were as described earlier (Lopata and Cleveland, 1987).
For isotypes I-1V, plasmids producing the carboxy-terminal sequences of
the mammalian isotypic variants were used; for type V, the chicken carboxy-
terminal sequence was used.

To induce fusion protein accumulation in bacteria, overnight cultures
harboring the respective plasmids were diluted (1:10) into M9 media without
tryptophane and grown for 2 h at 30°C with vigorous aeration. Indole
acrylic acid (solubilized in ethanol) was added to 5 pg/ml to induce expres-
sion of the trp operon and the cultures were allowed to grow 4 h at 30°C.
Extracts containing the fusion proteins were prepared by pelleting the bacte-
ria by centrifugation, washing the cell pellets once with 10 mM Tris-HCI
(pH 8), and resuspension in gel sample buffer (Laemmli, 1970). After
boiling for 5 min, bacterial DNA was pelleted by centrifugation (5 min at
12,000 g) and the supernatant containing solubilized proteins was recov-
ered. Samples were electrophoresed immediately or stored at —20°C.

Quantitative Analysis of 3-Tubulin Isotypes
in PC-12 Cells

To determine accurately the amount of each 3-tubulin isotype present in var-
ious samples, each was electrophoresed on a series of parallel gels along
with serial dilutions of a bacterial extract containing one of the cloned fusion
protein isotypes. Each gel was blotted and processed with the antipeptide
antibody that recognized the corresponding fusion protein, followed by
125L-protein A to detect the presence of bound primary antibody. Autoradi-
ography of the fusion protein dilutions provided internal standards for den-
sitometric quantitation.

The amount of cloned fusion protein contained in a specific lysate dilu-
tion was obtained by coelectrophoresis of a known volume of fusion protein
extract with serial dilutions of known amounts of bovine albumin. From
densitometric comparison of the intensity of the Coomassie blue staining
of the fusion protein and the albumin standards, the amount of fusion protein
was determined. Knowing the molecular weight of the fusion protein, the
molar amount of 8-tubulin carboxy terminus in a specified volume of lysate
was then calculated. The absolute accuracy of this method relies upon the
assumption that the fusion proteins bind Coomassie blue with the same
efficiency as does albumin. Even if this is incorrect, the relative amounts
of the various isotypes will still be measured correctly since the fusion pro-



teins are nearly identical in amino acid composition (and must bind
Coomassie blue to the same extent).

The autoradiographic image of each blot lane was quantified using a soft
laser densitometer (Zenieh, Fullerton, CA) and compared against a standard
curve of the integrated optical densities of the fusion protein dilutions. For
determination of soluble and cytoskeletal levels of each isotype, only points
where both soluble and cytoskeletal values fell within the linear range of
the analysis were used.

Dilutions of fusion protein standards were concurrently blotted in all ex-
periments to insure the accuracy of the resultant quantitation.

Preparation of Cell Extracts Containing Soluble,
Polymeric, and Total Tubulin

To prepare extracts of total cell proteins, a 100-mm tissue culture dish con-
taining 1 X 10* cells/cm? was washed twice with 5 ml of PBS at 37°C and
then lysed with 500 pl of 25 mM Tris (pH 6.8), 0.5% SDS. The lysate was
boiled (in a microfuge tube) to lower the viscosity of DNA and protein con-
centrations were determined by bicinchoninic acid assay (Smith et al.,
1985). To prepare the soluble and polymeric fractions of cell tubulin, cells
were washed twice very gently with a microtubule stabilizing buffer (0.1 M
N-morpholinoethanesulfonic acid, pH 6.75, 1 mM MgS0s, 2 mM EGTA,
0.1 mM EDTA, 4 M glycerol). Soluble proteins were extracted at 37°C for
4-6 min in 500 ul of microtubule stabilizing buffer containing 0.1% Triton
X-100. The soluble extract was removed and centrifuged for 2 min in order
to pellet any cytoskeletal material dislodged from the culture dish during ex-
traction. The remaining cytoskeletal fraction in the culture dish was dis-
solved in 500 ul of 25 mM Tris (pH 6.8), 0.5% SDS, and combined with
the pellet from the soluble extraction. Protein concentration was again de-
termined by the bicinchonic acid assay (Smith et al., 1985). Before gel elec-
trophoresis, all the extracts were brought to 1x gel sample buffer (Laemmli,
1970).

Gel Electrophoresis and Immunoblotting

Polyacrylamide gels for analysis of protein samples were performed as de-
scribed (Laemmli, 1970). Proteins were electrophoretically transferred to
nitrocellulose (BA 85; Schleicher & Schuell, Inc., Keene, NH) in one-half
strength Laemmli gel running buffer containing 20% methanol. Typically,
transfer was for 4 h at 50 V. Filters containing transferred samples were
stained with Ponceau S (0.2 % Ponceau § in 3% trichloroacetic acid) to iden-
tify the positions of molecular weight standards. Nonspecific protein bind-
ing sites were blocked by incubation in 4% bovine albumin in phosphate-
buffered Triton X-100 (0.2% Triton X-100, 0.15 M NaCl, 10 mM sodium
phosphate [pH 7.5], 1 mM EGTA) for 10 min. For immunological detec-
tion, primary antibody in phosphate-buffered Triton X-100 containing 4%
albumin was allowed to react overnight at room temperature. Unbound pri-
mary antibody was removed and the filters were washed five times (3 min
each wash) in G buffer (0.5% Triton X-100, 50 mM triethanolamine [pH
7.4], 01 M NaCl, 0.1 mM EDTA, 1 mM SDS). '?5I-Labeled protein A was
added and incubated for 1 h at room temperature, followed by five washes
(3 min each wash) in G buffer to remove unbound protein A. Binding was
detected by autoradiography using DuPont Co. (Wilmington, DE) Lightning
Plus intensifying screens and Eastman Kodak Co.(Rochester, NY) XAR
film.

Indirect Immunofluorescence

For the visualization of individual tubulin isoforms in the microtubules of
differentiated PC-12 cells and primary cultures of rat dorsal root ganglion
neurons, glass coverslips containing cells were washed for 15 s at 37°C with
stabilization buffer (0.1 M N-morpholinoethanesulfonic acid [pH 6.9], 1
mM EGTA, and 4 M glycerol [Solomon et al., 1979; Osborn and Weber,
1982)) and then incubated for 1 min at 37°C in stabilization buffer contain-
ing 0.5% Triton X-100. Coverslips were then rinsed in stabilization buffer
(15 s at 37°C) and plunged into methanol at —20°C for 5 min. Coverslips
were rehydrated in PBS and stained either with the isotype-specific antibody
(diluted 1:20 in PBS) or a 8-tubulin monoclonal antibody for 1 h at room
temperature. They were then rinsed with PBS and a fluorescein-labeled
anti-rabbit IgG antibody (Cooper Biomedical, Inc., Malvern, PA) was ap-
plied for 45 min at room temperature. The coverslips were rinsed with PBS
and mounted in aquamount (Lerner Laboratories, New Haven, CT).
The cells were examined using conventional light microscopy on an
Olympus Corp. (New Hyde Park, NY) BH2 microscope with epi-fluores-
cence optics and photographed on Kodak Tri-X film developed in Diafine.
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Alternatively, for higher resolution, cells were examined using confocal
scanning laser microscopy (White et al., 1987).

Quantitative Inmunaofluorescence Microscopy

For detecting the relative quantities of tubulin isotypes in the microtubules
of PC-12 cell bodies and their neurites, we have used a ratio imaging proce-
dure using a fluorescence digitizing system constructed by D. Lansing Tay-
lor (Carnegie Mellon University, Pittsburgh, PA). Briefly, lysed and fixed
cells were incubated successively with an isotype-specific rabbit polyclonal
antibody, a mouse monoclonal IgG that recognizes all 8-tubulin isotypes,
a rhodamine-conjugated sheep anti-rabbit IgG, and a fluorescein-conju-
gated sheep anti-mouse IgG. Images in both rhodamine and fluorescein
channels were digitized using a charged coupled device, and analyzed for
the ratio of fluorescein to rhodamine intensities “pixel-by-pixel” with an
on-line computer.

Immunogold Electron Microscopy

For localization of each tubulin isotype on individual microtubules of PC-12
neurites, we used the procedure of Geuens et al. (1986). Briefly, cells grown
on glass coverslips were fixed and permeabilized simultaneously for 1 min
with 0.5% gluteraldehyde and 1.0% Triton X-100 in buffer I (Hanks buffered
sait solution containing 5 mM Pipes, 2 mM MgCl,, and 2 mM EGTA, pH
6). Cells were subsequently taken through the following treatments: 0.5%
glutaraldehyde in buffer I for 10 min; 0.5% Triton X-100 in buffer I for 30
min; 0.5 mg/ml NaBH, in buffer I for 15 min; TBS (10 mM Tris, 140 mM
NaCl, pH 76) for 5 min. Cells were incubated at room temperature for
8-10 h (overnight) with the primary antibodies in TBS. Cells were washed
four times, 5 min each with TBS and incubated for 6 h with 1/2 dilution
of 5 nM colloidal gold-labeled secondary antibodies (Janssen Life Sciences
Products, Piscataway, NJ). Cells were washed again four times, 5 min each
with TBS and postfixed with 1% gluteraldehyde for 10 min, 2% OsO; for
30 min, impregnated with 0.5% uranyl acetate for 30 min, dehydrated with
an ethanol series, embedded in Polybed 812 (Ladd Research Industries,
Burlington, VT), and ultrathin (gray-to-silver) sections were examined
using an electron microscope (Carl Ziess Inc., Thornwood, NY).

Results

Quantitation of Individual 3-Tubulin Isotypes,
Tau Polypeptides, and MAP-2 during
Differentiation of PC-12 Celis

To examine tubulin isotype utilization in PC-12 cells, we ini-
tially sought to determine which S-tubulin isotypes are ex-
pressed during NGF-induced neurite outgrowth and the level
of accumulation of each isotype during differentiation.
Within 1 d after addition of NGF, the cells cease dividing and
extend growth cones. These neurites continue elongating and
by the end of 6-7 d in NGF, most cells develop an extensive
network of long, anastomosing neurites. A histogram of the
length of extended neurites is presented in Fig. 1 A. Exten-
sion requires the continuous presence of NGF inasmuch as
withdrawal results in regression of neurites and clumping of
the cell bodies (Fig. 1 A, day —I).

To determine the levels of individual 8-tubulin isotypes,
we performed quantitative immunoblot analysis with each of
five isotype-specific polyclonal antibodies. The antibodies
were generated by use of synthetic peptides antigens (Lopata
and Cleveland, 1987) representing the consensus carboxy-
terminal amino acid sequences from five conserved (-tu-
bulin isotypic classes (Sullivan and Cleveland, 1986; Lopata
and Cleveland, 1987). Quantitative standards for each iso-
type were obtained by preparing known amounts of bacteri-
ally derived fusion proteins comprised of the bacterial pro-
tein trpE linked to the ~100 carboxy-terminal amino acids
of each B-tubulin isotype. A gel of the bacterial extracts con-
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Figure 1. Accumulation of five S-tubulin isotypes during NGF-induced
differentiation of PC-12 cells. (4) Histogram displaying the length distribu-
tion of neurites extended from PC-12 cells after addition of NGF. Lengths of
100-200 neurites were measured from five randomly chosen fields of NGF-
stimulated PC-12 cultures. (The length of branched neurites is defined to be
the sum of the lengths of all the branches of one neurite.) Day —1 represents
6 d of growth in NGF followed by a 1 d of withdrawal from NGE (B) Prepara-
tion of known amounts of bacterially derived, isotype-specific fusion pro-
teins. Coomassie blue-stained polyacrylamide gel of bacterial lysates con-
taining the fusion proteins (FP) used to quantify each 8-tubulin isotype. The
arrow points to the position of the fusion proteins which are comprised of an
amino-terminal portion from trpE linked to the carboxy-terminal sequences
of each B-tubulin isotype. Lane M contains molecular mass markers (45 and
66 kD). (C) Immunoblot analysis of isotype accumulation during neurite out-
growth. 50 pg of total cell protein from PC-12 cells that had previously been
treated with 100 ng/ml NGF for 0, 1, 2, 4, and 6 d or 6 d followed by 1 d
in the absence of NGF (—/) were electrophoresed on five parallel gels. Au-
toradiograms are of immunoblots with type I, II, III, IV, and V antibodies,
respectively. (D) Quantitation of accumulation of B-tubulin isotypes I-V, tau
polypeptides, and MAP-2 during neurite extension in PC-12 cells. Densito-
metric quantitation of three independent experiments measuring S-tubulin
isotype accumulation (like that shown in C is displayed as a function of the
number of days of culturing in NGF. All quantitative measurements used con-
current immunoblotting of fusion protein dilutions to produce internal quanti-
tation standards.

taining fusion proteins for isotypes I-V is shown in Fig. 1 B.
In each case the fusion protein accumulates as one of the ma-
jor proteins in the bacterial extract, with negligible contami-
nation with background proteins. Hence, we were able to de-
termine the amount of fusion protein present by comparison
with Coomassie blue staining of known amounts of albumin
electrophoresed in adjacent lanes.

Extracts were prepared from parallel aliquots of PC-12
cells that had been incubated with 100 ng/ml NGF for 0, 1,
2, 4, or 6 d and also from a culture that had been treated for
6 d with NGF and then withdrawn for 1 d (Fig. 1 A, day —1).
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The protein concentration in each extract was determined
and equal amounts of protein from each extract were blotted
in adjacent lanes of eight parallel polyacrylamide gels. Ap-
propriate dilutions of each fusion protein were also electro-
phoresed and blotted. Autoradiograms of five immunoblots
probed with each of the five isotype-specific antibodies are
shown in Fig. 1 C.

Densitometry was used to quantify the amount of each iso-
type, using each fusion protein dilution series as standards
to confirm that all measurements were in the sensitive range
of the immunoblot assay and to generate accurate standards



for measurement of the absolute amount of each isotype. The
outcome of the experiment in Fig. 1 C and three additional
independent experiments are plotted in Fig. 1 D. Although
total tubulin levels were increased only about twofold during
differentiation (in agreement with earlier reports; Drubin et
al., 1985), individual isotypes accumulated to markedly
different extents. Most apparent was the induction of types
II and III, which increased significantly (four- to fivefold),
while isotype I increased modestly (about twofold) and iso-
types IV and V remained almost unchanged. These differ-
ences alter the quantitative contribution of isotype II from
9% of total B-tubulin in undifferentiated cells to 26% in
differentiated cells, while isotype III goes from 6% to 16%.
Although we found accumulation of isotype I to be somewhat
variable in four independent experiments (but always within
a factor of two), isotypes II and III were invariably induced
at least four- to fivefold.

We also examined whether the preferential accumulation
of isotypes II and III during differentiation is coincident with
the increase in the levels of the microtubule-associated pro-
teins, MAP-2 and tau polypeptides. Autoradiograms of im-
munoblots using either a polyclonal antibody that is specific
for tau (kindly provided by Drs. D. Dreschel and M. Kirsch-
ner) or monoclonal antibodies that recognize MAP-2 (AP21
and AP18, from Dr. L. Binder) were also scanned by densi-
tometry. These quantitative data, along with the correspond-
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ing data for S-tubulin, are presented in Fig. 1 D. Clearly,
both tau and MAP-2 accumulate in a pattern not markedly
different from the increase in tubulin isotypes. Total levels
of tau polypeptides increase four- to fivefold (in agreement
with earlier analyses; Drubin et al., 1985, 1988) and that of
MAP-2 increase from undetectable to a significant level.

Microtubule Assembly during Neurite Outgrowth
Correlates Temporally with Tubulin Accumulation

From the quantitative analyses of tubulin isotypes induced
during neurite outgrowth, we draw two conclusions. First,
as a result of selective accumulation of isotypes I, I, and I,
the composition of the 3-tubulin pool is constantly altered as
the cells acquire a neuronal phenotype in response to NGE
Second, isotypes II and III accumulate concomitantly with
the increase in the levels of tau polypeptides and MAP-2. To
test whether these changes in the isotype composition tem-
porally correlate with neurite outgrowth or alternatively
whether tubulin synthesis precedes outgrowth (as has been
reported by Drubin et al., 1985), we made soluble and
cytoskeletal extracts (Solomon et al., 1979; Osborn and We-
ber, 1982) of PC-12 cells at 1-d intervals after addition of
NGF. Equivalent proportions of each fraction were analyzed
by quantitative immunoblotting with a monoclonal antibody
that recognizes all isotypes equally (Lopata and Cleveland,
1987; Lopata, M. A., and D. W. Cleveland, unpublished ob-

Figure 2. Partitioning of 8-tubulins
between soluble (§) and cytoskeletal
(C) compartments during NGF-in-
duced neurite outgrowth in PC-12
cells. An equal number of cells (3 X
10* cells/100-mm dish) were plated
in eight 100-mm tissue culture dishes.
The following day NGF was added to
the culture medium (final concentra-
tion 100 ng/ml). Extracts containing
soluble (S) or cytoskeletal (C) tubu-
lin were prepared from one 100-mm
culture dish of cells onday 0, 1, 2, 3,
4, 5, and 6, and day —1 (1 d of NGF
withdrawal subsequent to 6 d of NGF
treatment). The extracts were brought
to equal volumes and protein concen-
trations were measured in the soluble
extracts. 1/10 of each fraction was
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loaded onto a series of SDS-poly-
acrylamide gels along with appropri-
ate dilutions of trpE/tubulin fusion
proteins. Resultant gels were immu-
noblotted with a monoclonal anti-
~ - body that recognizes all the 8-tubulin

. isotypes (4). Autoradiograms were
scanned by densitometry. (The in-
tegrated optical density values were
then corrected for protein concentra-
tion in the soluble fraction and plot-
ted in B.) (m) Soluble S-tubulin; (e)
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servations). The results from such an experiment are shown
in Fig. 2 (solid symbols are for 8-tubulin). The proportion
of total S-tubulin that is assembled increases rapidly after ad-
dition of NGF (from ~50% polymer on day O of differentia-
tion to 65% polymer on day 6 of differentiation). A similar
situation was found using a monoclonal antibody that proba-
bly recognizes all a-tubulins (open symbols in Fig. 2 B).

The increased state of polymerization is characteristic of
differentiated cells inasmuch as dedifferentiation caused by
withdrawal of NGF for 1 d brings the polymer levels back
to 50% . We detect no evidence of an increase in unassembled
tubulin before neurite outgrowth as had been reported earlier
(Drubin et al., 1985).

Quantitative Distribution of 3-Tubulin Isoforms in
Unassembled and Polymeric Compartments of
PC-12 Cells

The increase in the proportion of $-tubulin that is assembled
during neurite extension could either be the result of changes
in microtubule-assembly properties during neurite exten-
sion, could reflect greater assembly of a specific isotype(s),
or both. To examine whether one or more of the 8-tubulin
isotypes accumulated in PC-12 cells are preferentially used
for microtubule assembly during neurite outgrowth, the dis-
tribution of individual isotypes between the cytoskeletal
(microtubule) form and the soluble (unassembled) form was
determined using quantitative immunoblotting. PC-12 cells
treated with NGF for 5 or 6 d were lysed under conditions
that stabilized cellular microtubules to separate soluble pro-
teins from the assembled cytoskeleton. Identical proportions
of each fraction were electrophoresed on five parallel gels,
along with a series of dilutions of the appropriate cloned fu-
sion proteins corresponding to each 3-tubulin isotype. The
gels were immunoblotted and the resultant autoradiographs
scanned by densitometry.

Data from five independent experiments are summarized
in Table I. Although the precise fraction of subunits in poly-
mer varied in the independent experiments (probably the re-
sult of small changes in culturing conditions), each experi-
ment showed an identical trend: the cytoskeletal-to-soluble
protein ratios (C/S) for isotypes I and II were always
significantly higher than for isotypes III and V. Further, in
four out of five independent experiments, we observed a C/S
ratio for isotype IV comparable to that of isotypes I and II.
The cumulative results of these experiments clearly show
that for assembly of microtubules in PC-12 cells there is

preferential quantitative usage of isotypes I and II (and prob-
ably type IV as well). (Although the question of whether all
microtubules were in fact stabilized during extraction is
problematic, the differences in apparent assembly levels
among isotypes is not seriously affected by such concerns
since C/S ratios for each isotype have been measured in the
same extracts.)

To insure further that these differences did not result from
an artifact of nonlinearity in the immunoblot quantitation,
we used an alternative procedure that did not rely on fusion
protein standards to determine the useful range of the immu-
noblot assay. A series of 1.25-fold dilutions of soluble and
cytoskeletal extracts from a dish of differentiated PC-12 cells
were analyzed in parallel by immunoblotting with anti-class
I, -class II, -class III, and -class IV antibodies (anti-class V
was not analyzed in this experiment). The immunoblots were
exposed for 2 d (Fig. 3, I-IV). The immunoblot shown in
panel II was then reprobed with a monoclonal anti-g-tubulin
antibody that recognizes all 8-tubulins and exposed for 15
min (shown in Fig. 3, 7). Densitometry confirmed both the
linearity of the assay and the altered degree of assembly of
types I, II, and IV as compared with type III. For example,
inspection of the figure reveals that soluble dilution / and
cytoskeletal dilution 5 of isotype II are comparable (i.e., the
C/S ratio = 1.25%1 = 2.4:1, indicating that ~70% of iso-
type II is assembled), whereas soluble dilution 1 of isotype

'IIT is quantitatively the same as cytoskeletal dilution 2 (i.e.,

only ~55% is assembled).

Subcellular Localization of Individual 3-Tubulin
Isotypes in PC-12 Cells

From the quantitative analyses it is clear that tubulin isotypes
I, I1, and Il selectively accumulate, but are differentially uti-
lized for the formation of cellular microtubules as PC-12
cells differentiate from a round soma to an asymmetric mor-
phology. To test whether these induced isotypes and the con-
stitutively expressed isotypes (IV and V) are localized
differentially in the soma and the neurite, we stained the
microtubule arrays in differentiated PC-12 cells with each of
five isotype-specific polyclonal antibodies. Results from this
experiment are shown in Fig. 4. The microtubule arrays
identified by antibodies to types I-IV (Fig. 4) are qualita-
tively indistinguishable both in the soma and the neuritic
processes, a pattern also seen using a monoclonal antibody
that recognizes all 3-tubulins (not shown). However, a differ-
ent pattern was consistently seen for isotype V. Although

Table 1. Quantitative Analysis of Five 3-Tubulin Isotypes in the Cytoskeletal Fraction*

Isotype in
cytoskeleton Experiment 1 Experiment 2 Experiment 3 Experiment 4 Experiment 5
% % % % %

Class I 69 +13) 67 + 4 Q) 54 (1) 72 (1) 69 + 1)
Class 11 74 +£13) 68 +2(3) 56 (1) 81 (1) 75 +4 Q)
Class III 56 + 1 (6) 44 + 3 (6) 35+£3@3) 58 +2(5) 50 +1(3)
Class IV 66 + 2 (5) 86 +44) 52+203) 84 +2(3) 55+ 1Q)
Class V ND 38+ 103) 38 () 60 (1) 54 +'3Q2)

* Data presented are the mean + SD. The number of independent determinations is shown in parentheses. Experiments /-4 represent cells induced with NGF

for 6 d; experiment 5 is from cells induced for 5 d.
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Figure 3. Quantitative analysis of soluble and polymeric 3-tubulin
isotypes in microtubules of differentiated PC-12 cells by an alterna-
tive procedure that does not rely on fusion protein standards. 6 d
after NGF treatment, PC-12 cells were fractionated into soluble (S)
and cytoskeletal (C) fractions by lysis under conditions that stabi-
lize microtubules. 1.25-fold serial dilutions (lanes I-5) of starting
extracts were electrophoresed in four identical gels. Blots were
probed with type /-IV primary antibodies followed by '*I-protein
A. 2-d exposures are shown in /-/V. The blot shown in I was
reprobed with a monoclonal primary antibody that recognizes all
the §-tubulin isotypes followed by a “sandwich antibody,” a rabbit
anti-mouse IgG, and finally by iodinated protein A. This procedure
allowed significant amplification of the signal and a 15-min ex-
posure of this immunoblot is shown in T.

staining by the type V antibody was evident in both somatic
and neuritic microtubules, the relative fluorescence intensity
in the soma was clearly higher than that in the processes
(Fig. 4, V). This partial exclusion of type V from the neurite
may explain the quantitative underpolymerization of this
isotype.

The staining seen with each individual antibody is due to
specific binding of the antibody to the corresponding 8-tubu-
lin isotype, since preincubation with the appropriate peptide
reduced staining to preimmune background levels, whereas
staining was unaffected when any of the nonhomologous pep-
tides was used for preincubation (data not shown).

B-Tubulin Isotype Utilization in PC-12 Cells
Is Representative of Authentic DRG Neurons

Differentiated PC-12 cells have been demonstrated to be very
similar morphologically and functionally to sympathetic
neurons of rat (Greene and Tischler, 1982). To ensure that
the 8-tubulin isotypic repertoire and the subcellular distribu-
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tion of each isotype in PC-12 cells is representative of au-
thentic neurons, we performed indirect immunofluorescence
on primary cultures of rat sensory neurons. To do this, we
isolated DRG from newborn rats and after trypsinization
to produce a single cell suspension, primary cultures were
established. These were gently extracted with a Triton X-100-
containing microtubule stabilization buffer and stained with
each isotype-specific antibody. Examination of the fluores-
cence patterns revealed that the 8-tubulin repertoire of these
DRG cells and the subcellular distribution of individual iso-
types was indistinguishable from that of differentiated PC-12
cells. In particular, isotype V was again found preferentially
within the soma (e.g., compare staining of type V and type
IV in Fig. 4).

To insure that the bright fluorescence seen in conventional
fluorescence microscopy was in fact due to the staining of in-
dividual microtubules both in the rounded cell body and in
the neuritic processes, we used scanning confocal micros-
copy to optically section through a rounded cell (White et
al., 1987). Confocal images of such an optical cross section
through a cell body and a branch point of a neuritic process
of DRG cells are shown in Fig. 4, A and B, respectively.
Staining of individual filaments with the type IV antibody is
readily apparent. We assume that these fibers represent in-
dividual microtubules, as has been demonstrated in other
systems (Osborn and Weber, 1982). Similar patterns were
found using antibodies to other isotypes, with the exception
that individual fluorescent fibers stained with the class I, II,
and III antibodies yielded a slightly punctate pattern. The
punctate appearance was not visible in bundles of microtu-
bules, but was clearly seen along isolated fibers. An example
of such a staining pattern (with the class III antibody) in the
soma and in a neurite is shown in the inset of Fig. 4, 4 and
B, respectively.

Quantitative Immunofluorescence Confirms Partial
Exclusjon of Isotype V from the Neurite

To confirm the apparent partial exclusion of isotype V from
the neurites with a more quantitative assay, we performed
the following quantitative immunofluorescence experiment:
lysed and fixed cells were successively labeled with type V
polyclonal antibody, a monoclonal antibody that recognizes
all B-tubulin isotypes, a rhodamine-conjugated anti-rabbit
IgG, and a fluorescein-conjugated anti-mouse IgG. Images
in both rhodamine and fluorescein channels were directly
digitized using a charge coupled device, and analyzed for the
ratio of fluorescein to rhodamine intensities pixel-by-pixel
with an on-line computer. An example of this quantitative
immunoftuorescence analysis is shown in Fig. 5 A. Compar-
ing the total tubulin signal (in the fluorescein channel) with
the amount of type V tubulin (in the rhodamine channel), ex-
amination of three independent cells each revealed a fluores-
cein/rhodamine ratio of >2 in the neurites, in contrast to a
ratio of only ~1 in the cell bodies. Clearly, this quantitative
analysis confirms the partial exclusion of type V from neu-
rites. As a control, we performed a similar experiment using
the type IV polyclonal antibody and the general 8-tubulin
monoclonal antibody. Results from this experiment (Fig. 5
B) showed a uniform fluorescein/rhodamine ratio of ~1 in
both the soma and the neurites, thereby confirming a homog-
enous distribution of type IV tubulin between the soma and
neurites.
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Figure 4. Indirect immunofluorescence visualization of individual S-tubulin isotypes in the microtubules of differentiated PC-12 cells and
in primary cultures of DRG neurons using isotype-specific antibodies. (/-V) Antibody specific to isotypes I-V, respectively. A and B are
0.7-um-thick optical sections of DRG images in the soma (A4) or neurites (B) from confocal, fluorescence microscopy stained with antibody
to type IV (main portion of the figure) or to type III (insets). Bar, 10 um.
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Immunogold Electron Microscopy Reveals Nonuniform
Distribution of Isotype 111 along Axonal Microtubules

Although some differences in isotype localization were de-
tected by immunofluorescence microscopy (e.g., partial ex-
clusion of isotype V from neurites and a punctate appearance
of isotype III), other differences in localization of individual
isotypes could easily have been obscured by the limited reso-
lution of light microscopy. To investigate this possibility, we
initially used immunogold electron microscopy to visualize
each isotype in PC-12 cell neurites. Unfortunately, in our ini-
tial efforts class V Stubulin staining could not be observed
with the type V antibody (presumably the consequence of
low titer). On the other hand, as expected from the im-
munofluorescence experiments, staining with the class IV
antibody revealed a relatively uniform density of staining
along all neurite microtubules (Fig. 6, V). In striking con-
trast, isotype III (which is quantitatively underpolymerized;
see above) showed a remarkably different pattern: in neurite
cytoskeletons, antibody binding was distributed in distinct
clusters (Fig. 6, III). The widths and spacing of these
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Figure 5. Quantitative immunofluorescence show-
ing homogeneous distribution of class IV tubulin
and partial exclusion of class V tubulin from the
neurites of PC-12 cells. PC-12 cells were induced
by incubation for 5 d in NGF, fixed, and labeled
first with rabbit polyclonal antibodies specific
to either type V (A4) or type IV (B) S-tubulins.
Cells were subsequently reincubated with a mouse
monoclonal antibody that recognizes all g-tu-
bulins. The mouse monoclonal antibody was visu-
alized in the fluorescein channel and rabbit anti-
bodies were visualized in the rhodamine channel
by the use of appropriate secondary antibodies that
were coupled to fluorescein or rhodamine, respec-
tively. Images in both rhodamine and fluorescein
channels were digitized by a charge coupled device
and further analyzed with an on-line computer. 4
and B, insets, show a plot of the ratio of fluorescein
intensity (total S-tubulin) to rhodamine intensity
(class V S-tubulin) as a function of position along
a defined line, beginning in the cell body and ex-
tending into the neurite (delineated by the arrows).

clusters were widely variable. That this nonuniform localiza-
tion of type III was not an artifact of the immunogold/section-
ing protocol was investigated by performing double-immu-
nogold staining using the type III antibody and a B-tubulin
monoclonal antibody to all isotypes as primary antibodies
and appropriate secondary antibodies linked to different
sized gold particles. The monoclonal antibody bound along
the entire length of each microtubule, whereas the type III
antibody was restricted to discrete domains (not shown).

Discussion

Despite the conservation of specific 8-tubulin isotypic se-
quences throughout vertebrate evolution, an extensive series
of previous investigations have failed to document in vivo
differences among these isotypes. Rather, most biochemical
and genetic evidence has supported the hypothesis that §-tu-
bulin isotypes are functionally interchangeable. While fail-
ure to document biochemical differences in vitro could
reasonably be attributed to failure of in vitro assays to mimic

671



Figure 6. Immunogold localization of S-tubulin isotypes in differentiating neurites. S-Tubulin isotypes IV or III were localized in PC-12
cell neurites using isotype-specific antibodies and secondary antibodies linked to 5-nm colloidal gold. The top panels are isotype IV at
low (left) or high (right) magnification. Lower panels show isotype III localization. Bars, 400 nm.

the in vivo situation accurately, the recent demonstration,
using isotype-specific antibodies, that within fibroblastic
cells all microtubules appear to be assembled as random
copolymers of available isotypes (Lewis et al., 1987; Lopata
and Cleveland, 1987; Gu et al., 1988), further suggested the
absence of in vivo distinctions. Although it remained possi-
ble that subunit distinctions (e.g., binding of specific mi-
crotubule-associated proteins) could still be present, the
preponderance of the evidence lay in favor of subunit inter-
changeability.

These previous efforts not withstanding, our present inves-
tigation of tubulin isotype utilization during neurite exten-
sion in PC-12 cells has uncovered three unambiguous exam-
ples of in vivo distinctions among the isotypes.

First, although all five 8-tubulin isotypes conserved in ver-
tebrates are used for microtubule assembly both in authentic
DRG neurons and in neurites of PC-12 cells, S-tubulin iso-
types Il and III are preferentially accumulated during neurite
outgrowth. While this might have been anticipated since type
11 is the major neuronal tubulin (Havercroft and Cleveland,
1984; Lewis et al., 1985) and expression of type III is re-
stricted to neurons (Sullivan and Cleveland, 1986; Sullivan
et al., 1986), examination of the proportion of each isotype
that is polymerized revealed clearly that type II polypeptides
are used preferentially for microtubule assembly (along with
type I), whereas isotype III is assembled at a lower efficiency
(as is type V).

Second, although indirect immunofluorescence localiza-
tion showed microtubules containing isotypes I-IV to be uni-
formly distributed between the cell body and the neurites, a
twofold higher proportion of assembled isotype V was found
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in the soma as compared to the neuritic processes. Although
we cannot exclude partial masking in the neurite of the epi-
tope recognized by the anti-type V antibody, this finding is
consistent with preferential (but incomplete) exclusion of
isotype V from the neurites.

Third, unlike class IV tubulin, immunogold staining re-
vealed that the class III isotype was not found uniformly
along neurite microtubules, but rather was present in distinct
clusters.

The greater use of class I and II isotypes for microtubule
assembly (and underassembly of types Il and V) may derive
from several potential sources. One is that these isotypes
may have intrinsic biochemical properties that allow them to
polymerize more efficiently under physiological conditions.
(Although in vitro evidence for such differences between
some isotypes has been documented [Rothwell et al., 1986],
increased levels of assembly of type I have not been found
in fibroblasts [Lopata and Cleveland, 1987).) Another possi-
bility might be the stabilization of the microtubules enriched
in types I and II as a consequence of preferential association
with a specific microtubule-associated protein. In particular,
we have found tau accumulation to correlate temporally with
type I and type II isotypes. This could, in principle, explain
earlier findings of Black and Greene (1982) and Heidemann
et al. (1985) that microtubule stability is correlated with neu-
rite outgrowth. Whatever the actual mechanisms, microtu-
bules enriched in individual isotypes could be assembled by
“kinetic sorting” If particular subunits intrinsically assem-
bled more efficiently or were stabilized in polymer by prefer-
ential binding of specific associated proteins, this would
produce microtubules that were enriched in one or more iso-
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types. (In fact, Kim et al. [1986] have reported a heteroge-
neous distribution of MAP binding sites on in vitro assem-
bled microtubules.) Potentially, a population of microtubules
so enriched might then be used as the preferred substrate for
a particular function.

In any event, from consideration of all of the evidence, we
conclude that within specialized microtubules of PC-12
cells, B-tubulin isotype composition can specify or reflect
some unique in vivo microtubule property.
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Note added in proof: Recently, Arai and Matsumoto (Arai, T., and G. Mat-
sumoto. 1988. J. Neurochem. 51:1825-1838) have reported that 8-tubulin
isotypes are differentially distributed between the peripheral and central
axoplasm of squid giant neurons.
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