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We have investigated the stability, a-tubulin compo- 
sition, and polarity orientation of microtubules (MTs) 
in the axons and dendrites of cultured sympathetic 
neurons. MT stability was evaluated in terms of sen- 
sitivity to nocodazole, a potent anti-MT drug. No- 
codazole sensitivity was assayed by quantifying the 
loss of MT polymer as a function of time in 2 yg/ml of 
the drug. MTs in the axon and the dendrite exhibit 
striking similarities in their drug sensitivity. In both 
types of neurites, the kinetics of MT loss are biphasic, 
and are consistent with the existence of two types of 
MT polymer that depolymerize with half-times of 
-3.5 min and =130 min. We define the more rapidly 
depolymerizing polymer as drug-labile and the more 
slowly depolymerizing polymer as drug-stable. The 
proportion of MT polymer that is drug-stable is 
greater in axons (58%) than in dendrites (25%). On 
the basis of current understanding of the mechanism 
of action of nocodazole, we suggest that the drug- 
labile and drug-stable polymer observed in both ax- 
ons and dendrites correspond to two distinct types of 
polymer that differ in their relative rates of turnover 
in vivo. In a previous study, we established that in the 
axon, these drug-stable and drug-labile types of MT 
polymer exist in the form of distinct domains on in- 
dividual MTs, with the labile domain situated at the 
plus end of the stable domain (Baas and Black, J Cell 
Biol 111:495-509, 1990). 

Because of the great difference in drug sensitivity 
between the drug-labile and drug-stable MT poly- 
mer, we were able to dissect them apart by appropri- 
ate treatments with nocodazole. This permitted us to 
evaluate the drug-labile and drug-stable polymer in 
terms of polarity orientation and relative content of 
a-tubulin variants generated by posttranslational 
detyrosination or acetylation. In both the axon and 
the dendrite, the modified as well as unmodified a- 
tubulins are present in both drug-labile and drug- 
stable polymer, but at different levels. Specifically, 
the modified forms of a-tubulin are enriched in the 
drug-stable MT polymer compared to the drug-labile 
MT polymer. In studies on MT polarity orientation, 
we demonstrate that in axons, MTs are uniformly 

plus-end-distal, whereas in dendrites, MTs are non- 
uniform in their polarity orientation, with roughly 
equal levels of the MTs having each orientation. We 
also demonstrate that both drug-stable and drug-la- 
bile polymer are incorporated into MTs of both po- 
larity orientations in the dendrite. 
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INTRODUCTION 
It is often stated that dendrites are intrinsically 

more plastic in their morphology than axons, and this is 
attributed in part to differences in the intrinsic stability of 
the cytoskeletal frameworks that underlie the architecture 
of these neurites. In fact, there is little information avail- 
able that addresses the intrinsic morphological plasticity 
of axons and dendrites as well as the intrinsic stability of 
the axonal and dendritic cytoskeletons. The present stud- 
ies compare the stability properties of the axonal ;and 
dendritic cytoskeletons, focusing specifically on the rni- 
crotubule (MT) populations in these neurites. 

We have recently demonstrated that the MT popu- 
lation in the axons of cultured sympathetic neurons con- 
sists of two types of polymer that can be distinguished on 
the basis of both their relative stability and their relative 
content of tyrosinated a-tubulin (Baas and Black, 1990). 
In these studies, MT stability was evaluated by quanti- 
fying the rate of polymer loss from axons as a result of 
treatment with nocodazole, a potent anti-MT drug. We 
observed that roughly half of the MT mass in axons is 
drug-labile, depolymerizing with a half-time of =5 min, 
while the other half is relatively drug-stable, depolymer- 
izing with a halftime of = 130 min. Immunoelectron mi- 
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results in moderate to low density cultures in which in- 
dividual neurons generate readily distinguishable axons 
and dendrites (Baas and Black, 1990). Briefly, superior 
cervical ganglia were dissected from 1-5 day rat pups, 
treated with 0.25 mg/ml collagenase for 1 hr followed by 
0.25 mg/ml trypsin for 45 min, and triturated into a 
single cell dispersion. The neurons were then plated into 
collagen-coated 35-mm culture dishes in N2 medium 
supplemented with 2.5% fetal calf serum, 5% human 
placental serum, 50 ng/ml nerve growth factor, and 0.6% 
methyl cellulose. Cultures were fed the following morn- 
ing with the same medium without the methyl cellulose 
but containing 5 FM cytosine arabinoside to reduce non- 
neuronal contamination. After 10-14 days in culture, 
neurons were treated with collagenase followed by 
trypsin for 15 min each, triturated, and replated onto 
either new collagen-coated dishes or glass coverslips that 
had been pretreated with polylysine and collagen. The 
transplanted neurons were maintained for 7-10 days, af- 
ter which the neurons on the dishes were used for elec- 
tron microscopic studies, while the neurons on the glass 
coverslips were used for light microscopic studies. 

croscopic analyses revealed that tyrosinated a-tubulin is 
highly enriched in the drug-labile polymer compared to 
the drug-stable polymer. These studies also revealed that 
the drug-labile and drug-stable polymers exist in the 
form of distinct domain on individual MTs in the axon, 
with the drug-labile domains always situated at the plus 
end of the drug-stable domain (Baas and Black, 1990). 

Based on current understanding of the mechanism 
of action of nocodazole, it was possible to make infer- 
ences concerning the turnover dynamics of the axonal 
MTs on the basis of their drug sensitivity. Nocodazole 
rapidly enters cells and binds to unassembled tubulin. 
MT assembly is blocked while MT disassembly contin- 
ues to occur (Hoebeke et al., 1976; Lee et al., 1980). As 
a result, the MT population in nocodazole-treated cells 
declines progressively as a function of time in drug. The 
rate of polymer loss from drug-treated cells is dependent 
in part on the normal rate of MT turnover, with rapidly 
turning over MT polymer depolymerizing faster than 
slowly turning over MT polymer (Wadsworth and Mc- 
Grail, 1990; Cassimeris et al., 1986; Kreis, 1987). Thus 
our findings suggested that the MTs in the axon can be 
resolved into two distinct types of polymer that differ in 
their relative rates of turnover. Furthermore, because the 
posttranslational detyrosination of a-tubulin occurs post- 
polymerization (Gunderson et al., 1987), we also sug- 
gested that the drug-labile polymer in axons is too short- 
lived to be extensively modified, whereas the drug-stable 
polymer in axons is sufficiently long-lived to be exten- 
sively modified. 

In the present studies, we have compared the MTs 
in the axon with those in the dendrite in terms of drug 
stability and relative content of tyrosinated, detyrosi- 
nated, and acetylated a -  tubulins. We observed both sim- 
ilarities and differences between axonal and dendritic 
MTs. Axons and dendrites both contain drug-labile and 
drug-stable MT polymer, and hence, by inference, rela- 
tively rapidly and comparatively slowly turning over 
polymer. Notably, however, these types of MT polymer 
are present in very different proportions in each type of 
neurite. Consistent with the apparently slower turnover 
rate of the drug-stable polymer compared to the drug- 
labile polymer, the modified forms of a-tubulin appear 
to be enriched relative to tyrosinated a-tubulin in the 
drug-stable MT polymer compared to the drug-labile MT 
polymer. However, the drug-stable polymer in the den- 
drite is not as extensively modified as the drug-stable 
polymer in the axon. 

MATERIALS AND METHODS 
Cell Culture 

Dissociated cultures of rat sympathetic neurons 
were grown by our previously described method, which 

Effects of Nocodazole on Axonal and 
Dendritic Microtubules 

The effects of nocodazole on axonal and dendritic 
MTs were quantified as described in our previous study 
on MT stability in axons (Baas and Black, 1990). 
Briefly, cultures were treated for times ranging between 
0 and 360 min with 2 Fg/ml nocodazole (Aldrich Chem- 
ical Co., Milwaukee, WI), and were then prepared for 
electron microscopy. After embedment in resin, axons 
and dendrites were selected by phase-contrast micros- 
copy, sectioned parallel to the substratum, viewed elec- 
tron microscopically, and photographed. Total lengths of 
MT profiles were measured separately for the axons and 
dendrites in the electron micrographs for each time point, 
and standardized to unit area of axoplasm. The MT mass 
remaining in axons or dendrites after drug treatment was 
then expressed as a function of the MT mass in control 
axons or dendrites respectively. 

Modelling of the Kinetics of Drug-Induced 
MT Depolymerization 

We used a modelling approach to test the hypoth- 
esis that there are two types of MT polymer in axons and 
dendrites that differ in their kinetics of drug-induced de- 
polymerization. The data for the decline in MT mass 
with time in drug were fitted to a two-component model 
that is described by a linear combination of two expo- 
nential functions of the general form: 

y = (Ae-B') + (Ce-Dt) [I1 
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where y = %MT mass and t = time in drug. In our 
analyses, the expression Ae-Bt describes the kinetics for 
the more rapidly declining component (phase I) and the 
expression CeCD’ describes the kinetics for the more 
slowly declining component (phase 11). At long times, 
the more rapidly declining component disappears com- 
pletely and the kinetics of decline then represent “pure” 
phase I1 kinetics. 

In our experimental data, there are more data points 
at longer times, after which all of phase I has disap- 
peared, than at shorter times, when both phase I and 
phase I1 contribute to the kinetics. In addition, the data 
points are likely to be subject to more error in the exact 
determination of the sampling time during the early rapid 
decline of MT mass than at later times. For these rea- 
sons, we have more confidence in the more slowly de- 
clining portion of the curve at later times than in the more 
rapidly declining portion of the curve at earlier times. 
Thus, in modelling our data, we constrained the curve- 
fitting procedure to ensure a best fit of the data at long 
times (60 min and later). Specifically, the coefficients 
for phase I1 (C and D in equation [l])  were obtained by 
applying an exponential least-squares curve-fit to the 
data at times equal to or longer than 60 min, by which 
time less than 0.001% of phase I remains. The coeffi- 
cients for phase I (A and B in equation [l]) were then 
obtained by using a general least-squares curve-fitting 
routine for the two-component model described in equa- 
tion [ l ] ,  substituting the coefficients for phase I1 in this 
equation. 

To test the significance of the two-component 
model, we also fitted the data to an alternative, and more 
simple, one-component model of the general form y = 
(Ae-B‘) using an exponential least-squares curve fitting 
routine. The goodness of fit for each model was calcu- 
lated using Pearson’s statistic, which is a measure of the 
correlation between the experimental data and the theo- 
retical model. To test whether the two-component model 
was a statistically significant improvement over the one- 
component model, we compared the goodness of fit for 
the two models using the standard F-test for comparison 
of goodness of fit. 

Microtubule Polarity Analyses 
The polarity orientation of axonal and dendritic 

MTs was analyzed as previously described (Baas et al., 
1988, 1989). Briefly, cultures were lysed in the presence 
of a special MT assembly buffer containing exogenous 
brain tubulin, and then prepared for electron microscopy 
by standard procedures. In this method, the exogenous 
tubulin adds onto existing MTs in the form of lateral 
sheets which appear as “hooks” on the MTs when 
viewed in cross-section. The curvature of the hook re- 
veals the polarity orientation of the MT; a clockwise 

hook indicates that the plus end of the MT is directed 
toward the observer, while a counterclockwise hook in- 
dicates the opposite. As in our previous analyses, hooks 
were observed from the vantage point of the growth 
cone, and one section taken from roughly the midregion 
of each neurite was scored. To determine the polarity 
orientation specifically of the drug-stable MT polymer, 
cultures were treated with 2 pg/ml nocodazole for 1 hr, 
and then rinsed twice in PBS prior to applying the hook- 
ing mixture. These rinses, which were performed as rap- 
idly as possible to minimize the possibility for MT reas- 
sembly, were required to remove all of the nocodazole, 
which would likely have interfered with the hooking. 

Immunological Procedures 
Methods for immunofluorescence and immuno- 

electron microscopy were performed as previously de- 
scribed (Baas and Black, 1990), with the exception of 
one set of experiments. In this set of experiments, those 
using RMd020 as the primary antibody (Ab) (see 
below), cultures were not extracted prior to fixation. In 
all other experiments, cultures were extracted prior to 
fixation in an MT-stabilizing buffer to remove unassem- 
bled tubulin (see Baas and Black, 1990). The extraction 
buffer contained 60 mM PIPES, 25 mM HEPES, 10 mM 
EGTA, 2 mM MgCl,, 10 pM taxol (gift from National 
Cancer Institute), 1% Triton X-100, and 0.2 M NaCl. 
NaCl was added to the extraction buffer to facilitate the 
stripping of accessory proteins from the MTs, thereby 
permitting a better access of Abs to the MTs. For im- 
munofluorescence studies, the primary Abs were 
RMd020, a mouse monoclonal that recognizes a poorly 
phosphorylated neurofilament protein that is enriched in 
the somatodendritic domain of the neuron (Lee et al., 
1987), YL 1/2, a rat monoclonal that recognizes the ty- 
rosinated but not the detyrosinated form of a-tubulin 
(Kilmartin et al., 1982; Wheland et al., 1983), 6-1 1B-1, 
a mouse monoclonal that recognizes the acetylated but 
not the unacetylated form of a-tubulin (Piperno and 
Fuller, 1985), and a rabbit polyclonal Ab called GLU- 
tubulin Ab, that recognizes the detyrosinated but not the 
tyrosinated form of a-tubulin (Gunderson et al., 1984). 
RMd020 was provided as ascites from Dr. Virginia Lee, 
and used at a concentration of 1:300. YL 1/2 ascites was 
purchased from Accurate Chemical Company (West- 
bury, NY), and used at a concentration of 1:lOO. 6- 
11B-1 was provided as a culture supernatant from Ilr. 
Gianni Piperno, and was diluted 1 : 1 with Ab incubation 
buffer (see Baas and Black, 1990). The GLU-tubulin Ab 
was reconstituted from lyophilized antisera provided by 
Dr. Jeannette Chloe Bulinski, and used at concentration 
of 1 :50. For immunoelectron microscopic studies, the 
primary Abs were YL 1/2 used at a concentration of 
1:200, the GLU-tubulin Ab used at concentrations of 
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Fig. 1. Rat sympathetic neurons cultured as described in Ma- 
terials and Methods. Panel (a) is a differential-interference- 
contrast micrograph, and panel (b) is a fluorescence micro- 
graph of the same culture, immunostained with RMd020, a 
monoclonal Ab that recognizes a poorly phosphosphorylated 
epitope of the middle molecular weight neurofilament protein 
that is highly enriched in the sornatodendritic compartment of 
the neuron (Lee et al., 1987). The processes that stain brightly 

1:200 and 1:1,000, and 6-llB-1 used at concentrations 
of 1:l and 1:lO. For each Ab condition, 10-15 axons and 
10-15 dendrites were examined from control cultures, 
and the same numbers of each were examined from cul- 
tures that had been treated with 2 pg/ml nocodazole for 
1 hr. 

RESULTS 
A major goal of the present studies is to compare 

the stability properties of MTs in the axons and dendrites 
of cultured sympathetic neurons. In dissociated culture, 
these neurons extend readily distinguishable axons and 
dendrites (see for example, Bruckenstein and Higgins, 
1988). Figure l a  shows a differential-interference-con- 
trast micrograph of a region of a dissociated culture. The 
neuron in the field has extended five dendrites, which are 
relatively short processes that are broad at the base and 
taper with distance from the cell body. Many axons, 
which are longer and thinner, are also apparent (most of 
these originate from cell bodies located outside of the 

with the Ab are dendrites, while the other processes are axons. 
Note that axons and dendrites are also readily distinguishable 
based on morphological differences; dendrites are relatively 
short, broad at their base, and taper with distance from the cell 
body, while axons are longer, thinner, uniform in diameter, 
and weave a complex path through the culture dish. Bar, 10 
Pm. 

field of view). The reliability of the use of these light 
microscopic features to distinguish axons from dendrites 
was established by immunofluorescence staining for two 
somatodendritic-specific markers, a poorly phosphory- 
lated variant of the middle molecular weight neurofila- 
ment protein, and microtubule-associated-protein 2. Abs 
against these proteins stained processes identified as den- 
drites on the basis of morphological features, but did not 
detectably stain the processes identified as axons (Fig. 
lb ,  and data not shown). In addition, axons and den- 
drites were readily distinguished at the electron micro- 
scopic level, based on the manyfold greater diameter of 
dendrites compared to axons, and by differences in ax- 
onal and dendritic ultrastructure (see Fig. 2 and its leg- 
end for more details). 

Microtubule Stability in Axons and Dendrites 

Sensitivity to nocodazole, a potent anti-MT drug, 
was used to evaluate the stability properties of MTs in 



Fig. 2. 
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dendrites (Pearson’s correlation statistic for goodness of 
fit). In contrast, the best fit of the experimental data to a 
simple one-component model (not shown) yielded R val- 
ues of only 0.887 for the axons and 0.728 for the den- 
drites. We used the standard F test for comparison of 
goodness of fit to test the hypothesis of a two-component 
model against the null hypothesis of a simpler one-com- 
ponent model (see Materials and Methods), The resulting 
F statistic was significant to the 0.001 level (P  < 0.1%) 
for the axons and to the 0.005 level (0.1% < P < 0.5%) 
for the dendrites. These analyses support the hypothesis 
that there are two types of MT polymer in axons and 
dendrites that differ in their drug sensitivity. 

Using the equation for the two-component model, 
it is possible to extract the “pure” kinetics for the indi- 
vidual components (see Materials and Methods). The 
dashed lines in Figure 3B show the theoretical kinetics 
obtained in this way for the more rapidly depolymerizing 
MT polymer (phase I) and the more slowly depolymer- 
izing MT polymer (phase 11) for both the axon and the 
dendrite. For the axon, phase I and phase I1 account for 
42% and 58% of the MT mass, respectively, and decline 
with halftimes of 3.5 min and 127 min respectively. 
(These more careful analyses of our original data to- 
gether with a few new data points revealed an error in our 
previous interpretation, in which we estimated that these 
halftimes were 5 min and 240 rnin respectively [Baas and 
Black, 19901.) For the dendrite, phase I represents 75% 
of the MT mass and declines with a halftime of 3.5 min, 
while phase I1 accounts for 25% of the MT mass and 
declines with a halftime of 128 min. 

It is notable that the kinetics of depolymerization of 
phase I MT polymer in the axon were very similar to 
those in the dendrite, and similarly, the phase I1 MT 
polymer of the axon and dendrite were very similar in 
their depolymerization kinetics. The principal difference 
in the nocodazole sensitivity of axonal and dendritic MTs 
concerned the proportions of phase I and phase I1 poly- 
mer. We shall refer to the more rapidly depolymerizing 
MT polymer (phase I) as drug-labile and the more slowly 
depolymerizing MT polymer (phase 11) as drug-stable. 

Because the drug-labile and drug-stable MT poly- 
mer have very different depolymerization kinetics, we 
have been able to use specific nocodazole treatments to 
“dissect” the drug-stable MT polymer from the total MT 
population in both the axon and the dendrite. For exam- 
ple, treatment of neurons with nocodazole for 1 hr de- 
pletes the axon and the dendrite of essentially all drug- 
labile polymer (less than 0.001% remain), while only 
modestly affecting the drug-stable polymer (72% 
remain). In this way, treatment with nocodazole for 1 hr 
results in a preparation of neurons that contain almost 
exclusively stable MT polymer in their axons and den- 
drites. In the present study, we have taken advantage of 

axons and dendrites. After treatment with nocodazole for 
varying times, the levels of MT mass remaining in axons 
or dendrites were quantified morphometrically and ex- 
pressed as a percentage of the MT mass in control cul- 
tures. The rate of loss of polymer from a MT under 
depolymerization-promoting conditions follows first- 
order kinetics (Karr et al., 1980; Cassimeris et al., 
1986). Thus, if axons or dendrites contain a single type 
of MT polymer with regard to drug sensitivity, we would 
predict that the kinetics of MT loss from these neurites 
would obey a simple exponential relationship. On the 
other hand, if two or more types of MT polymer exist, 
then we would predict that the decline in MT mass would 
exhibit more complex kinetics. 

Electron micrographs of control and drug-treated 
dendrites are shown in Figure 2, and similar data for 
axons are presented in Baas and Black (1990). A pro- 
gressive loss of MT polymer was observed from both 
types of neurites as a function of time in drug. Quanti- 
tative analyses of this decline from axons and dendrites 
are shown in Figure 3, in which the data are displayed on 
a semi-log plot. It is clear from Figure 3 that the data for 
the axon and the dendrite do not lie on a straight line, and 
this suggests that the decline in MT mass from these 
neurites cannot be described by a simple exponential 
function. Rather, the decline of polymer from both the 
axon and the dendrite appears to be biphasic, suggesting 
that the MT population as a whole can be resolved into 
two distinct components that differ in their depolymer- 
ization kinetics, with one component depolymerizing rel- 
atively rapidly and the other component depolymerizing 
relatively slowly. 

To test this possibility, we modeled the experimen- 
tal data to a two-component model that is described by a 
linear combination of two exponential functions, as de- 
scribed in Materials and Methods. The dashed lines in 
Figure 3A show the resulting theoretical curves for the 
axon and the dendrite. It can be seen that there is good 
agreement between the experimental data and the model, 
with R values of 0.997 for the axons and 0.999 for the 

Fig. 2. Transmission electron micrographs of regions of den- 
drites from three different neurons treated with 2 kg/ml no- 
codazole for 0, 15, and 360 min are shown in panels (a), (b), 
and (c), respectively. Ultrastructural characteristics that distin- 
guish dendrites from axons are apparent; the dendrites of sym- 
pathetic neurons contain ribosomes, and many more internal 
membranous elements and neurofilaments than do the axons 
(see Furshpan et al., 1986). In addition, dendrites are many 
times broader in diameter than axons. The loss of MT polymer 
with increasing time in nocodazole is apparent. Straight arrows 
indicate MT profiles. Curved arrow marks membranous ele- 
ment similar in appearance to, but clearly not, a MT profile. 
Bar, 0.1 pm. 
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Fig. 3.  The kinetics of drug-induced MT depolymerization in 
axons and dendrites in the presence of 2 pg/ml nocodazole. 
MT mass was determined by measurement of MT lengths in 
the dendrites and axons of drug-treated cells (see Materials and 
Methods). MT mass (expressed as a percentage of the MT 
mass in untreated samples) is plotted against time for which the 
cells were exposed to nocodazole prior to fixation. The data for 
the axon are from Baas and Black (1990) (diamonds), together 
with a small number of new data points added during this study 
(squares). The data for the dendrite (circles) were all obtained 
in this study. A, the data for the axon and the dendrite are fitted 
with theoretical curves (dashed lines) predicted for a model of 
two distinct types of MT polymer that differ in their drug 
sensitivity (see Materials and Methods). The R value indicated 
on the plot is Pearson's statistic and it expresses the degree of 

correlation (goodness of fit) between the experimental data and 
the theoretical model. In B, the same data are plotted but the 
dashed lines here illustrate the theoretical kinetics for each 
individual phase of drug-induced MT depolymerization for 
both the axon and the dendrite. The kinetics for the individual 
phases were obtained from the equation for the model curve in 
A, as described in Materials and Methods. For each phase 
component, the intercept on the ordinate axis represents the 
proportion of the total MT mass that is represented by that 
phase extrapolated to zero time, and the slope yields the half- 
time for the drug-induced depolymerization of that MT poly- 
mer. Note that after 1 hr in nocodazole, more than 99% of the 
drug-labile polymer (phase 11) remains, and this is so for both 
axons and dendrites. 
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TABLE I. MT Polarity Orientation in Sympathetic Neurons* 

CW” ccwa AMB” UHK“ % H K ~  %CW’ 

Axons 66 4 14 15 85 ? 5 94 ? 5 
Nocodazole-treated axons 38 3 7 10 83 ? 4 93 ? 6 
Dendrites 326 262 65 100 81 2 4 56 L 4 
Nocodazole-treated dendrites 111 39 12 29 85 L 7 14 t I 
*MT polarity orientation was determined using the standard “hook” procedure (see Baas et al., 1989, and Materials and Methods for details). 
In this procedure, neurons are lysed in a special MT assembly buffer in the presence of exogenous brain tubulin. The exogenous tubulin adds 
onto existing MTs in the form of lateral protofilament sheets that appear on the MTs as hooked appendages when viewed in cross-section electron 
microscopically. A clockwise hook indicates that the plus end of the MT is directed toward the observer, while a counterclockwise hook 
indicates that the minus end of the MT is directed toward the observer. Neurites were sampled roughly in their midregions. To analyze MT 
polarity orientation specifically of the stable MT polymer, neurons were treated with 2 pg/ml nocodazole for 1 hr prior to the hooking procedure 
(see Materials and Methods). Our results indicate that MT polarity orientation in the axon is uniform, plus ends distal to the cell body, while 
MT polarity orientation in the dendrite is nonuniform, with roughly equal proportions of MTs having each orientation. As expected, the stable 
portion of the MT polymer in the axon is all plus-end-distal. The stable MT polymer in the dendrite is of both orientations. CW, microtubules 
with clockwise hooks as viewed from tip of neurite looking toward the cell body; CCW, microtubules with counterclockwise hooks as viewed 
from same; AMB, microtubules with ambiguous hooks; UHK, microtubules with no hooks; HK, microtubules with hooks. 
“Indicates sum of all MTs for all 10 neurites of each type analyzed. 
’Mean ? standard deviation for all 10 neurites scored. 

this to compare the drug-stable MT polymer to the total 
MT population with regard to polarity orientation and the 
presence or absence of tyrosinated, detyrosinated, and 
acetylated a-tubulins. 

Polarity Orientation of Stable MTs in 
Axons and Dendrites 

Studies with other types of neurons indicate that the 
MT populations of axons and dendrites differ with regard 
to their polarity orientation. In axons, MT polarity ori- 
entation is uniform, with the plus ends of the MTs distal 
to the cell body, while in the dendrite, MT polarity ori- 
entation is nonuniform, with roughly equal proportions 
of the MTs having each orientation (Baas et al., 1988, 
1989; Burton, 1988). We have used the standard 
“hooking” protocol for MT polarity determination (see 
Materials and Methods) to determine the polarity orien- 
tation of drug-stable MT polymer in axons and dendrites. 
Initial studies on cultured sympathetic neurons estab- 
lished that in control axons, the MTs are oriented with 
their plus ends distal to the cell body, and that in control 
dendrites, the MTs have a nonuniform polarity orienta- 
tion (Table I). In axons depleted of labile MT polymer by 
treatment with nocodazole for 1 hr, the remaining stable 
polymer remaining was, as expected, plus-end-distal 
(Table I). In dendrites treated with nocodazole for 1 hr, 
the remaining drug-stable polymer was of both orienta- 
tions (Table I), suggesting that the drug-stable MT poly- 
mer in dendrites is incorporated into MTs of both polar- 
ity orientations. 

The proportion of plus-end-distal MTs was greater 
after nocodazole treatment (~74%) than in control den- 
drites (~56%) suggesting that the proportion of MT 
polymer incorporated into plus-end-distal MTs may be 

higher than that incorporated into minus-end-distal MTs. 
However, this observation should be interpreted with 
caution in that the proportion of plus-end-distal MTs is 
known to vary along the length of the dendrite (Baas et 
al., 1989), and our analyses focused only on the mid- 
region of the dendrite. 

Drug-Stability and a-Tubulin Composition in Axons 
and Dendrites 

Figure 4 shows the global distribution of tyrosi- 
nated, detyrosinated, and acetylated a-tubulins in cul- 
tured sympathetic neurons using double-label immuno- 
fluorescence microscopy. Cultures were extracted with 
Triton X-100 under MT stabilizing conditions prior to 
fixation and then stained with various combinations of 
Abs to visualize the distribution of MTs containing these 
a-tubulin variants. All three Abs stained all discernable 
regions of the neurons, including their axons, dendrites, 
and cell bodies, indicating that MTs in all regions of the 
neuron contain tyrosinated, detyrosinated, and acetylated 
a-tubulin. However, subtle differences in the staining 
patterns for these a-tubulin variants could be detected, 
especially in lower density cultures in which neurite fas- 
ciculation was substantially reduced, and in which 
growth cones were also apparent. For example, we con- 
firmed previous observations that, with appropriate 
staining conditions, tyrosinated as well as detyrosinated 
a-tubulins, but not acetylated a-tubulin, could be de- 
tected in the region of the distal axon contiguous with the 
growth cone (Lim et al., 1989; Baas and Black, 1990). 
Cell body staining for tyrosinated MTs appeared diffuse 
throughout the entire soma, giving a smooth appearance 
to its contour (Figs. 4,5). In contrast, cell body staining 
for detyrosinated and acetylated MTs was more filamen- 
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Fig. 4. Double-label immunofluorescence analyses using the 
YL 1/2, the GLU-tubulin Ab, and the 6-llB-1 Ab to localize 
tyrosinated, detyrosinated, and acetylated a-tubulin respec- 
tively. Prior to fixation, cultures were extracted under MT 
stabilizing conditions to remove free tubulin. a, b: a field from 
a neuron culture double-labeled for tyrosinated and detyrosi- 
nated a-tubulin respectively. c, d: a field from a neuron culture 

double-labeled for tyrosinated and acetylated a-tubulin respec- 
tively. e, f: a field from a neuron culture double-labeled for 
acetylated and detyrosinated a-tubulin respectively. All three 
Abs stained all discernable regions of these sympathetic neuron 
cultures, including axons, dendrites, and cell bodies. Bar, 40 
pm. 

tous in appearance and the contour of the soma was often 
less distinct (Fig. 5) .  Finally, the relative staining inten- 
sity of cell bodies and dendrites compared to axon fas- 
cicles appeared to be greater for Abs to tyrosinated a- 
tubulin than for Abs to acetylated or detyrosinated a- 

tubulin (Fig. 4a-d). This latter observation suggests that 
the relative proportion of tyrosinated a-tubulin in the 
soma and dendrites of these neurons, compared to axons, 
is greater than for detyrosinated or acetylated a-tubulin. 

These immunofluorescence data provide informa- 
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Fig. 6. Transmission electron micrographs of axonal and den- 
dritic MT profiles immunostained with the YL 112 Ab against 
tyrosinated a-tubulin, and an appropriate second Ab conju- 
gated to 5 nm colloidal gold particles (see Materials and Meth- 
ods). Panels a and c show an axon and dendrite respectively 
from control neurons, while panels b and d show an axon and 
dendrite respectively from neurons that had been treated for 1 
hr with 2 pg/ml nocodazole. In control axons, similar propor- 

tions of the MT lengths were either labeled densely for tyrosi- 
nated a-tubulin, or were completely unlabeled, while in con- 
trol dendrites, all of the MT profiles were labeled denseky. 
After nocodazole treatment to eliminate the drug-labile MT 
polymer, none of the MT profiles remaining in the axon were 
labeled, while all of the profiles remaining in the dendrite were 
labeled. Bar, 0.1 pm. 

tion about the relative amounts of the various a-tubulin 
variants in the population of MTs within various parts of 
the neuron. To obtain information regarding the distri- 
bution of these a-tubulins among the individual MTs of 
the axon or dendrite, we performed immunoelectron mi- 
croscopy. In interpreting our observations, it is important 
to bear in mind that the MT profiles in our electron 
micrographs are portions of individual MTs in axons or 
dendrites; the entire lengths of the MTs are manyfold 
greater, and are never captured in their entirety in an 
individual thin section. In addition, we note that, in these 
analyses, we have evaluated MT profiles in terms of the 
presence or absence of label under particular staining 
conditions. We have not attempted to quantify the rela- 
tive levels of the various a-tubulin in these profiles. 

Immunoelectron Microscopic Studies: 
Tyrosinated a-Tubulin 

In our previous study using the YL 1/2 Ab to ex- 
plore the distribution of tyrosinated a-tubulin among 
drug-stable and druglabile MT polymer in axons (Baas 
and Black, 1990), we observed that drug-labile MT pro- 
files labeled densely, indicating that they are rich in ty- 
rosinated a-tubulin, whereas drug-stable MT profiles 
were unlabeled, indicating that they contain much less 
tyrosinated a-tubulin. These observations were con- 
firmed in the present experiments (Fig. 6a,b; Table 11). 
In marked contrast to these results on axons, all of the 
MT profiles in dendrites labeled densely for tyrosinated 
a-tubulin both in control and in nocodazole-treated neu- 
rons (Fig. 6c,d; Table 11). Visual inspection of control 
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TABLE 11. MT Stability and Posttranslational Modifications* 

Ab 
Type of a-tubulin recognized by Ab 
Ab concentration 

~ ~~~ 

YL 112 GLU-tub Ab GLU-tub Ab 6-llb-1 
tyrosinated detyrosinated detyrosinated acetylated 

(1:200) (1:200) (1: 1,000) (1:I) 

% MT mass labeled 

Axons (total polymer) 48 100 61 90 
Nocodazole-treated axons (stable polymer) 0 100 100 100 
Dendrites (total polymer) 100 100 61 61 
Nocodazole-treated dendrites (stable polymer) 100 100 100 100 

*Quantitative results from immunoelectron microscopic analyses on the a-tubulin composition of control and nocodazole-treated axons and 
dendrites. Lengths of MT profiles that were labeled were measured and summed, and expressed in terms of the sum of the lengths all of the 
MT profiles. Nocodazole-treated neurons were treated for 1 hr with 2 pg/ml of the drug to eliminate all labile MTs. A total of = 1,000 p,m length 
of MT polymer were measured in the case of each type of neurite for each labelling condition described. Quantification was not performed at 
the lower concentration (1:lO) of 6-llb-1 because of uncertainties arising due to patchy labeling at this concentration (see Figs. 8,9). 

dendrites did not reveal subsets of MT profiles based on 
staining intensity, and similarly, no differences in the 
extent of labeling between drug-stable MT profiles and 
the total MT population in dendrites were readily appar- 
ent. These observations indicate that all MTs in den- 
drites, both drug-stable and drug-labile, contain tyrosi- 
nated a-tubulin, and that these MTs could not be readily 
distinguished from each other with the staining condi- 
tions used here. 

Immunoelectron Microscopic Analyses: 
Detyrosinated a-Tubulin 

In experiments using the GLU-tubulin Ab at a di- 
lution of 1 :200, all of the MT profiles in both control and 
nocodazole-treated axons and dendrites labeled heavily 
for detyrosinated a-tubulin (Fig. 7a-d; Table 11). Thus, 
both drug-labile and drug-stable MT polymer in den- 
drites and axons contain detyrosinated a-tubulin, and 
these types of MT polymer could not be distinguished 
from each other in either type of neurite under these 
staining conditions. Nonetheless, drug-stable polymer in 
the axon must differ from drug-labile polymer in its con- 
tent of detyrosinated a-tubulin because they differ in 
their relative content of tyrosinated a-tubulin (see 
above). In an attempt to visualize this difference, we 
used the GLU-tubulin Ab at a dilution of 1:1,000. This 
resulted in a substantial reduction in the density of label- 
ing of individual MT profiles (Fig. 7 ,  compare panels a 
and c with e and g), and the labeling of many MT profiles 
appeared nonuniform along their length (Fig. 7e-h). In 
addition, the proportion of polymer decorated by the Ab 
was reduced from 100% to 67% in both the axons and the 
dendrites of control neurons (Fig. 7; Table 11). However, 
after drug-treatment , the remaining MT profiles in axons 
as well as dendrites were all decorated with gold particles 
and in a manner similar to that of the labeled profiles of 
control neurons. Because of the relatively sparse nature 
of the staining observed with the GLU-tubulin Ab diluted 
1:1,000, we have not used this Ab at greater dilutions. 

These data show that the staining patterns for dety- 
rosinated a-tubulin are very dependent upon the concen- 
tration of primary Ab used to detect detyrosinated a- 
tubulin. At relatively high concentrations, all MT 
profiles in the axon and dendrite stained heavily for dety- 
rosinated a-tubulin. However, at the lower Ab concen- 
tration, heterogeneities were revealed among the MT 
profiles of the axon as well as the dendrite in that some 
stained for detyrosinated a-tubulin while others did not. 
This suggests that, while all MT polymer in the axon and 
dendrite appear to contain detyrosinated a-tubulin, some 
polymers in these neurites contain more than others. Pre- 
sumably, at the high concentration of Ab, the amplifica- 
tion of signal inherent in the immunogold method 
masked the heterogeneities in the relative levels of dety- 
rosinated a-tubulin among the MT polymers. When the 
low concentration of Ab was used, both stained and un- 
stained MT profiles were detected in control axons and 
dendrites, whereas unstained profiles were not detected 
in neurites depleted of drug-labile MTs by treatment with 
nocodazole. Rather, all of the MT polymer remaining in 
these axons and dendrites, which is by definition drug- 
stable, stained with the GLU-tubulin Ab under these con- 
ditions. These observations indicate that the unstained 
MT profiles are drug-labile, and this suggests that drug- 
stable MT polymer, on average, contains more detyrosi- 
nated a-tubulin than drug-labile MT polymer. 

Immunoelectron Microscopic Analyses: 
Acetylated a-Tubulin 

The distribution of acetylated a-tubulin among 
drug-stable and drug-labile MT polymer in the axon and 
dendrite was also investigated with two concentrations of 
the Ab. At the higher concentration (a 1:l dilution of the 
culture supernatant), 90% of the MT length in axons and 
67% of the MT length in dendrites were heavy labeled, 
with the remaining polymer appearing completely unla- 
beled (Fig. 8; Table 11). In neurons treated with nocoda- 
zole for 1 hr and then stained for acetylated a-tubulin, all 
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tubulin Ab (see above). This was particularly dramatic 
for axonal MT profiles that typically exhibited segments 
of moderate labeling flanked by unlabeled segments , 
with relatively abrupt transitions between these segments 
(see especially Fig. 9). The patchy staining of dendritic 
MT profiles was less dramatic in that segments of mod- 
erate labeling were flanked by segments of lesser label- 
ing, with less distinct transitions between segments (see 
arrow in Fig. 8e). Similar staining patterns also were 
observed for drug-stable MT profiles (Fig. 8f,h). 

We have begun to quantify the labeling pattern for 
acetylated a-tubulin, focusing specifically on axonal 
MTs because the identification of labeled and unlabeled 
segments was unambiguous. The lengths of 200 labeled 
and 200 unlabeled segments were measured in electron 
micrographs of axonal MT profiles. Only unlabeled seg- 
ments that were flanked on both sides by labeled seg- 
ments were scored, and similarly, only labeled segments 
that were flanked on both sides by unlabeled segments 
were scored. The unlabeled segments ranged in length 
from 0.1 to 0.5 pm, and had an average length of 0.30 
* 0.12 pm (mean * SD). The labeled segments also 
ranged in length from 0.1 to 0.5 Fm, but had an average 
length of 0.21 2 0.13 pm (mean +- SD). We were un- 
able to examine the periodicity of labeling pattern along 
individual MTs because most MT profiles in our electron 
micrographs were too short to contain any more than two 
labeled or two unlabeled segments. 

of the remaining MT profiles in the axons and the den- 
drites were labeled (Fig. 8b,d). Visual inspection of con- 
trol axons and dendrites did not reveal distinct subsets of 
MTs based on staining intensity, and similarly, no dif- 
ferences in the density of labeling between stable MT 
profiles and the total MT population in axons or den- 
drites were readily apparent. Thus, all of the drug-stable 
MT polymer and most of the drug-labile polymer in ax- 
ons and dendrites contain acetylated a-tubulin. The pres- 
ence of acetylated a-tubulin in drug-labile and drug- 
stable MT polymer is consistent with our previous 
identification of two classes of acetylated polymer that 
differ in their colchicine sensitivity (Black et al., 1989). 
A relatively small portion (10%) of the MT polymer in 
control axons was unlabeled under these conditions, 
while a somewhat higher proportion (33%) was unla- 
beled in control dendrites. Because unlabeled MT pro- 
files were not detected in axons or dendrites depleted of 
drug-labile polymer by treatment with nocodazole, we 
conclude that the MT polymer in control axons and den- 
drites that did not label with the Ab against acetylated 
a-tubulin is drug-labile. 

Use of a lower concentration of the Ab (a 1:lO 
dilution of the culture supernatant) resulted in a dramat- 
ically different staining pattern for acetylated a-tubulin 
in MTs of both axons and dendrites. Rather than being 
labeled all along their lengths, the labeled MT profiles in 
control axons and dendrites exhibit a patchy distribution 
of gold particles (Figs. 8e,g, 9), suggesting that acety- 
lated a-tubulin variants are distributed nonuniformly 
along the length of individual MTs. The patchy nature of 
the staining pattern at low concentrations of the Ab 
against acetylated a-tubulin was much more obvious 
than that observed at low concentrations of the GLU- 

~ ~ ~ ~~~ 

Fig. 7. Transmission electron micrographs of axonal and den- 
dritic MT profiles immunostained with the GLU-tubulin Ab 
against detyrosinated a-tubulin, and an appropriate second Ab 
conjugated to 5 nm colloidal gold particles (see Materials and 
Methods). In experiments using the GLU-tubulin Ab at 1:200 
concentration, all MT profiles in both the axons (a) and the 
dendrites (c) labeled densely for detyrosinated a-tubulin, as did 
all of the profiles in both the axons (b) and dendrites (d) of 
neurons that had been treated for 1 hr with 2 p,g/ml nocoda- 
zole. In experiments using the GLU-tubulin Ab at a 1: 1,000 
concentration, the density of labeling was substantially re- 
duced, and the density of labeling was much more variable 
among individual MT profiles. In addition, ~ 6 7 %  of the MT 
length in control axons (e) and dendrites (g) labeled when the 
lower concentration of Ab was used. However, all of the MT 
profiles in nocodazole-treated axons (f) and dendrites (h) were 
labeled at the lower Ab concentration. Arrows point to unla- 
beled MT profiles. Bar, 0.1 pm. 

DISCUSSION 
As part of our continuing efforts to define the na- 

ture of MT dynamics in neurons, the present studies have 
compared the stability properties of MTs in axons and 
dendrites, using cultured sympathetic neurons as a model 
system. The relative stability of axonal and dendritic 
MTs was defined in terms of the rates of polymer loss 
from these neurites during nocodazole-induced depoly- 
merization. Recently, we used this approach as part of a 
larger study of MTs in axons (Baas and Black, 1990; see 
also Black et al., 1989). The MT mass was resolved into 
two components that differed in their kinetics of drug- 
induced depolymerization; a drug-labile component that 
declined with a halftime of ~ 3 . 5  min, and a relatively 
drug-stable component that declined ~ 3 5 - f o l d  more 
slowly, with a halftime of =130 min. The drug-stable 
MT polymer was slightly more abundant than the drug- 
labile polymer, comprising 58% and 42% respectively, 
of the total MT mass in the axons. In the present studies, 
both drug-labile and drug-stable MT polymer were also 
detected in dendrites, and these were indistinguishable 
from their counterparts in axons with respect to their 
halftimes of nocodazole-induced depolymerization. 
However, in the dendrite, drug-labile polymer predomi- 
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Fig. 9. Higher magnification electron micrograph of an axonal 
MT profile immunostained with the 6-1 lb-1 Ab used at a 1:lO 
dilution and an appropriate second Ab conjugated to 5 nm 
colloidal gold particles. The micrograph clearly reveals the 
patchy nature of the staining of axonal MTs for acetylated 

a-tubulin. Patchy labeling of individual MTs for acetylated 
a-tubulin has also been reported in studies on nonneuronal 
cells performed at the immunofluorescence level (Webster and 
Borisy, 1989). Bar, 0.05 p,m. 

nates, accounting for ~ 7 5 %  of the MT mass, with drug- 
stable polymer accounting for only ~ 2 5 %  of the MT 
mass in dendrites. 

We found that the data for the rate of MT loss from 
both axons and dendrites can be modeled as a linear 
combination of two exponential functions. Implicit in 
this model is that the MTs in both the axon and the 
dendrite consist of two types of MT polymer that behave 
independently under these experimental conditions. On 
the basis of our previous work, we know that this is not 
entirely correct for the axon because drug-labile and 
drug-stable MT polymer in the axons comprise distinct 
domains on individual MTs (Baas and Black, 1990). In 
these composite MTs, the drug-labile domain is situated 
at the plus end of the drug-stable domain. Assuming that 
depol ymerization in the presence of nocodazole occurs 
by loss of subunits from the plus end of the MT, the 

Fig. 8. Transmission electron micrographs of axonal and den- 
dritic MTs immunostained with the 6-llb-1 Ab against acety- 
lated a-tubulin, and an appropriate second Ab conjugated to 5 
nm colloidal gold particles (see Materials and Methods). In 
experiments using the 6-llb-1 Ab at a 1:l dilution of the 
culture supernatant, ~ 9 0 %  of the MT length in the axons (a) 
and -67% of the MT length in the dendrites (c) of control 
neurons labeled densely, while the remaining MT length was 
unlabeled. In neurons that had been treated for 1 hr with 2 
pg/ml nocodazole, all of the MT profiles in both the axon (b) 
and the dendrite (d) labeled. At a 1 : lO  concentration of the Ab, 
the staining pattern for acetylated a-tubulin was dramatically 
different. Rather than labeling uniformly along their lengths, 
the MT profiles were labeled in a patchy manner, with regions 
of moderate labeling flanked by unlabeled regions. This was 
the case in both control axons (e) and dendrites (g) and in 
nocodazole-treated axons (f) and dendrites (h). This latter re- 
sult indicates that acetylated a-tubulin is not evenly distributed 
along the lengths of indkidual MTs. Arrows point to unlabeled 
MT profiles. Bar, 0.1 p,m. 

drug-labile domain of each composite MT must depoly- 
merize completely before the stable domain can begin to 
depolymerize. Therefore, depolymerization kinetics of 
the drug-stable and drug-labile domains cannot be com- 
pletely independent. A more correct model would be 
more complex, combining two interdependent popula- 
tions of MTs. However, it is clear that the more simple 
model of two independent populations is a good descrip- 
tion of the data in our analyses. It is likely that this 
is because the halftime for the drug-induced loss of 
drug-labile polymer is much shorter than that for the 
drug-stable polymer (by a factor of 35); as a result, 
the drug-labile polymer is depleted before there is any 
appreciable affect on the drug-stable polymer (for exam- 
ple, after 15 min, greater than 94% of the drug-labile 
polymer will have depolymerized while greater than 92% 
of the drug-stable polymer will remain). 

As discussed in the Introduction, the rate of poly- 
mer loss from cells treated with nocodazole is dependent 
in part on the normal rate of MT turnover, with rapidly 
turning over MT polymer declining faster than slowly 
turning over polymer (Cassimeris et al., 1986; Kreis, 
1987; Wadsworth and McGrail, 1990). On this basis, we 
suggest that the drug-labile and drug-stable MT polymer 
observed in both axons and dendrites correspond to dis- 
tinct types of MT polymer that differ in their relative 
rates of turnover. Thus, a portion of the MT mass in both 
axons and dendrites turns over relatively rapidly and a 
portion turns over comparatively slowly. It is not possi- 
ble to estimate the in vivo turnover rate for these MT 
polymers on the basis of the current information because 
the precise relationship between the rate of polymer loss 
in the presence of drug and MT turnover in vivo is un- 
known. Nonetheless, on the basis of the very different 
proportions of drug-labile and drug-stable MT polymer 
in axons compared to dendrites, we suggest that the MT 
population in the axon differs, as a whole, from that in 
the dendrite with regard to turnover dynamics. 
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One striking finding in the present studies concerns 
the similarities in the rates of drug-induced polymer loss 
in both axons and dendrites. Specifically, the rates of 
drug-induced depolymerization are very similar for the 
drug-labile polymer in axons and dendrites, and also for 
the drug-stable polymer in these neurites (see Fig. 3). In 
view of the relationship described above between drug 
sensitivity and in vivo turnover rate of MT polymer, a 
logical explanation for this similarity is that the drug- 
labile MT polymers of the axon and the dendrite have 
comparable turnover dynamics, and similarly, that the 
drug-stable polymers in these neurites are also compara- 
ble in their turnover dynamics. This is surprising given 
that the MTs of axons differ from those of dendrites in 
many respects, and in particular in their complements of 
microtubule-associated proteins (MAPs) (Binder et al., 
1985; Caceres et al., 1986; Peng et al., 1986; Matus, 
1988). As MAPs are known to influence MT dynamics 
(Murphy et al., 1977; Sloboda and Rosenbaum, 1979; 
Drubin and Kirschner, 1986), a reasonable expectation is 
that the compositional differences between axonal and 
dendritic MTs might generate differences in their dynam- 
ics. If such differences exist, then the drug experiments 
reported here do not reveal them. Clearly, more direct 
information on the actual turnover rates of MTs in axons 
and dendrites is required to evaluate the extent of simi- 
larity in the turnover dynamics of MTs in these compart- 
ments. 

We have also examined the relationships between 
the nocodazole sensitivity of axonal and dendritic MTs 
and the relative content of the tyrosinated, detyrosinated, 
and acetylated a-tubulins. We have the impression from 
using the Abs to these a-tubulins at varying concentra- 
tions that a portion or all of the MTs in both the axon and 
the dendrite contain at least some of each of these a- 
tubulin variants (see also Baas and Black, 1989). How- 
ever, it is clear that heterogeneities exist in the staining of 
MTs for these a-tubulins. This was first demonstrated in 
our earlier studies which showed that with particular 
staining conditions, ~ 5 0 %  of the MT polymer in the 
axon stained quite heavily for tyrosinated a-tubulin, 
while the remaining polymer was unstained (Baas and 
Black, 1990). The present studies confirmed this result 
and also revealed heterogeneities among axonal as well 
as dendritic MTs in terms of their staining for detyrosi- 
nated and acetylated a-tubulins (Table 11). Heterogene- 
ities in the staining of dendritic MTs for tyrosinated a- 
tubulin were not detected with the staining conditions 
used in these studies. However, we infer that differences 
in the levels of tyrosinated a-tubulin do exist among 
stable and labile MT polymer in the dendrite because of 
the heterogeneities detected in the staining for detyrosi- 
nated a-tubulin. 

The heterogeneities in Ab staining that we have 

observed are indicative of corresponding variation in the 
relative content of a-tubulin variants among MTs within 
the axon and the dendrite. Comparison of the labeling 
patterns obtained for a-tubulins in control neurons and in 
neurons depleted of drug-labile polymer suggests that the 
unmodified and modified a-tubulins are, to varying de- 
grees, enriched in the drug-labile or drug-stable MT 
polymer, respectively, and this is true for MTs of the 
axon as well as of the dendrite (see Results for more 
details). However, the finding that of all the MT polymer 
could be stained with at least one of the Abs (the GLlJ- 
tubulin Ab) under certain conditions (Table 11) indicates 
that the enrichment of a particular a-tubulin variant in 
drug-labile or drug-stable MT polymer is relative rather 
than absolute. A similar conclusion was obtained in a 
study on tyrosinated and detyrosinated a-tubulins in the 
MTs of nonneuronal cells (Geuens et al., 1986). This 
view is further reinforced by the observation that we 
were unable to identify staining conditions that resulted 
in an exact correspondence between the presence or ab- 
sence of staining for a particular a-tubulin variant and 
the drug stability of the MT. The closest correspondence 
exists with regard to the stable MT polymer in the axon, 
the vast majority of which differs from the labile MT 
polymer in not staining for tyrosinated a-tubulin under 
our experimental conditions (see also Baas and Black, 
1990). 

On the basis of the results presented here, together 
with other information on the detyrosination and acety- 
lation reactions in neuronal and nonneuronal cells (Gun- 
derson et al., 1984, 1987; Geuens et al., 1986; Gunder- 
son and Bulinski, 1986; Piperno et al., 1987; Wheland 
and Weber, 1987; Schulze et al., 1987; Webster et a]., 
1987a,b, 1990; Khawaja et al., 1988; Bulinski et a]., 
1988; Black et al., 1989; Baas and Black, 1990), we 
propose the following model for the temporal relation- 
ships between the assembly and stabilization of MTs and 
their posttranslational modification in cultured sympa- 
thetic neurons (summarized schematically in Fig. 10). 
Previous studies have established that unassembled tu- 
bulin is both tyrosinated and unacetylated, and that the 
MT polymer is the substrate for the posttranslational 
detyrosination and acetylation reactions (Gunderson et 
al., 1987; Black et al., 1989). Thus, it follows that newly 
assembled polymer will consist entirely of unmodified 
a-tubulins. Because all MT profiles in the axon and the 
dendrite contain some detyrosinated a-tubulin and mast 
contain acetylated a-tubulin, we conclude that these 
modifications begin soon after assembly, and therefore 
that MT polymer composed only of unmodified a-tubu- 
lins exists only transiently. Studies with nonneuronal 
cells suggest that MT stabilization, when it occurs, does 
so after the initial assembly of the MT (Gunderson et al., 
1987; Khawaja et al., 1988; Webster et al., 1987a,b, 



MT Dynamics in Axons and Dendrites 151 

MT STABILITY AND POSTTRANSLATIONAL MODIFICATION 

P 

0 
0 
0 

TUBULIN 

LABILE LABILE 
MT MT 

YOUNG OLDER 
STABLE STABLE 

MT MT 

0 = UNMODIFIED TUBULIN 

= TUBULIN THAT HAS BEEN 
DETYROSINATED AND/OR ACETYLATED 

Fig. 10. Schematic summary showing one possible explana- 
tion for the relationship between MT stability and posttransla- 
tional modifications in the neuron. The open circles represent 
a-tubulin that has not been modified by posttranslational acety- 
lation or detyrosination, while the closed circles represent a- 
tubulin that has been modified by one or both of these reac- 
tions. As shown, unassembled tubulin is neither detyrosinated 
nor acetylated. This unmodified tubulin assembles into drug- 
labile MT polymer that exchanges subunits with the soluble 
tubulin pool. MT polymer made up entirely of unmodified 

1990; Wadsworth and McGrail, 1990). We assume that 
this also applies to MTs in neurons. That is, newly as- 
sembled MT polymer in neurons is drug-labile, and some 
of this polymer becomes stabilized by unknown mecha- 
nism(s) subsequent to its assembly. We propose that 
newly stabilized MT polymer resembles drug-labile 
polymer with regard to its content of modified and un- 
modified a-tubulins. However, this resemblance is 
short-lived because the drug-stable polymer continues to 
undergo detyrosination and acetylation and thus becomes 
progressively more enriched in the modified a-tubulins. 
The low frequency of labeling for tyrosinated a-tubulin 
among the drug-stable MT polymer in the axon (Table 11; 
Baas and Black, 1990) suggests that the modification of 
a-tubulin in this polymer is very extensive. In contrast, 
in dendrites, drug-stable polymer labels heavily under 
conditions that result in very poor labeling of the drug- 
stable polymer in the axon. Thus, a-tubulin modification 
in drug-stable MT polymer appears to occur to a greater 
extent in axons than in dendrites. 

a-tubulin variants is transient (none was detected in our study), 
as the modifications apparently begin to accumulate soon after 
assembly. Some of the drug-labile polymer becomes stabilized 
by a mechanism that is unknown, but apparently not dependent 
upon the modifications themselves (Piperno et al.; 1987; Kha- 
waja et al., 1988; Webster et al., 1990). This very young 
drug-stable MT polymer resembles drug-labile MT polymer 
with regard to its relative content of modified and unmodified 
a-tubulins. As the stable MT polymer grows older, more and 
more of their a-tubulins become modified. 

The model presented in Figure 10 implies that MT 
stabilization is not dependent upon the posttranslational 
detyrosination and acetylation of MTs (see also Gunder- 
son et al., 1987; Piperno et al., 1987; Khawaja et al., 
1988; Webster et al., 1990), and also that these modifi- 
cations are not dependent upon MT stabilization. Rather, 
the posttranslational detyrosination and acetylation of 
MTs and their stabilization appear to represent parallel 
pathways that can occur independently of each other. 
The molecular basis for MT stabilization remains largely 
unknown. Our ability to reliably separate the drug-stable 
MT polymer from the drug-labile polymer provides an 
opportunity to determine whether any of the myriad of 
accessory proteins of the MT (Peng et al., 1985) are 
associated preferentially with the stable polymer. Such 
proteins would be candidates for MT stabilizing agents in 
situ. 

In conclusion, we have demonstrated that the MT 
populations of the axon and the dendrite can be resolved 
into two distinct components based on sensitivity to no- 
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codazole, and we have referred to these components as 
drug-stable and drug-labile MT polymer. An important 
clue to the functional specialization of the drug-stable 
polymer was provided in our recent demonstration that 
the drug-stable and drug-labile polymers in axons exist in 
the form of distinct domains on individual MTs, with the 
labile domain situated at, and apparently assembled 
from, the plus-end of the stable domain (Baas and Black, 
1990). Thus, we proposed that the stable MT polymer in 
the axon may represent relatively long-lived nucleating 
structures that organize MT assembly along the length of 
these neurites. In the present studies, we were unable to 
determine whether dendritic MTs are composite, and 
thus consist of a distinct drug-labile and drug-stable do- 
main like the MTs in axons. However, we suggest that 
this may be the case for at least some dendritic MTs, and 
that the stable MTs in the dendrite may help spatially 
organize MT assembly in this compartment. Our current 
efforts are aimed at directly testing this hypothesis. 
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