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Microtubule-associated Protein 1b (MAP1b) Is Concentrated in the

Distal Region of Growing Axons
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Microtubule-associated protein 1b (MAP 1b) is expressed at
especially high levels in neurons actively extending axons,
and although it appears to be required for axon growth, the
nature of its role is unknown. We reasoned that a detailed
description of the localization of MAP1b in growing axons
would help define how MAP1b participates in axon growth.
Therefore, we have stained cultured sympathetic neurons
with various antibodies against MAP 1b, and then used digital
image processing and analysis procedures to quantify MAP1b
distribution, phosphorylation and association with microtu-
bules (MTs) in actively elongating axons. MAP1b is present
on MTs all along the axon. Quantitative analyses showed
that MAP1b has a nonuniform distribution along growing
axons. Itis present at relatively low and constantlevels along
the axon shaft until ~130 um from the axon tip, where the
amount of MAP1b begins to increase sharply and reaches
a peak close to the growth cone. The peak amount of MAP1b
in the distal axon is an order of magnitude greater than the
average amount in the axon shaft. The enrichment of MAP1b
in the distal axon was observed for total MAP1b and as-
sembled MAP1b, and was even more pronounced for phos-
phorylated MAP1b. This distribution pattern remains after
correcting the relative amount of MAP 1b along the axon for
variations in axonal volume. Thus, the concentration of
MAP1b in the distal axon exceeds by severalfold that in the
rest of the axon. The amount of assembled MAP 1b relative
to the amount of MT polymer also varies along the axon, and
is greatest distally near the growth cone. This pattern of
MAP1b localization in axons focuses attention on the distal
axon and growth cone as the principal sites of MAP1b func-
tion in axon growth. We discuss the possibility that MAP1b
regulates MT dynamics in the distal axon so thatitis properly
coordinated with growth cone events involved in axon ex-
tension.

[Key words: microtubules, microtubule-associated protein
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MAPID is a developmentally regulated microtubule (MT) pro-
tein that is especially prominent in neurons that are actively
extending axons (Calvert and Anderton, 1985; Riederer et al.,
1986; Garner et al., 1990; Fischer and Romano-Clarke, 1991).
MAPIb is also relatively abundant in adult brain regions that
continue to generate neurons (Safaei and Fischer, 1989; Viereck
et al., 1989; Tucker, 1990). In PC12 cells stimulated by NGF
treatment to extend axons, both MAPI1b levels and its phos-
phorylation increase (Greene et al., 1983; Drubin et al., 1985;
Aletta et al., 1988; Brugg and Matus, 1988). An increase in
MAPI1b phosphorylation also occurs during brain development,
and appears to correlate with axon growth (Calvert et al., 1987;
Sato-Yoshitake et al., 1989; Fischer and Romano-Clarke, 1990).
These observations have led to the proposal that MAPI1b has
a role in axonal growth and that this function can be modulated
by phosphorylation (Tucker, 1990; Diaz-Nido et al., 1991; Gor-
don-Weeks, 1991). Direct evidence for a role of MAP1b in axon
growth has been provided by recent experiments showing that
suppression of MAP1b expression by antisense oligonucleotide
treatment also suppresses NGF-induced neurite outgrowth by
PC12 cells (Brugg et al., 1993). While a role for MAP1b in axon
elongation is now apparent, the nature of this role is unknown.
Immunofluorescence and biochemical studies have shown that
MAPID is present in growing axons (Calvert and Anderton,
1985; Peng et al., 1986; Garner et al., 1990; Fischer and Ro-
mano-Clarke, 1991), and that some of the axonal MAPI1b is
associated with MTs (Peng et al., 1985; Reiderer et al., 1986).
There are also suggestions of an enrichment of MAPI1b in the
distal part of growing axons, especially in the region of the
growth cone (Fischer and Romano-Clarke, 1991; Mansfield et
al., 1991). However, these latter studies did not reveal whether
this is a true enrichment, or merely reflects the fact that growing
axons are commonly greater in caliber distally compared to the
axon shaft.

We reasoned that a more detailed description of the localiza-
tion of MAPI1b in growing axons together with an analysis of
its association with MTs along the axon could help focus future
experiments on the function of MAP1b in axon growth. In the
present studies, we have used digital image processing proce-
dures to quantify several aspects of MAP1blocalization in grow-
ing axons. Our studies show that MAP1b is highly enriched in
the distal part of growing axons, and this is apparent even after
correction for regional variations in axon volume, Furthermore,
this enrichment is reflected in the assembled pool of MAP1b;
MTs in the distal part of the axon contain severalfold more
MAPIDb than MTs of the axon shaft. These results focus atten-
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tion on the distal part of the axon as a primary site for the
involvement of MAP1b in axon growth.

Materials and Methods

Cell culture. Rat sympathetic neurons were dissociated from the superior
cervical ganglia of newborn pups as described by Black and Kurdyla
(1983) and then plated onto glass coverslips coated with polylysine and
laminin as described in Brown et al. (1992). All of the studies presented
here were performed on cultures that varied between 17 and 25 hr in
age from the time of plating. By this time, most of the neurons had
extended one or more axons and no dendrites.

Antibodies. We used the following antibodies in the present studies.
A monoclonal antibody against 8-tubulin was purchased from Amer-
sham Corporation (Arlington Heights, IL; Blose et al., 1984). A poly-
clonal antibody against tyrosinated a-tubulin was generously provided
by Dr. Chloe Bulinski (Columbia University, New York, NY). A poly-
clonal antibody against MAP1b was prepared against a fusion protein
containing =280 amino acids from the middle of the MAP1b molecule;
this antibody recognizes all isoforms of MAP1b (Safaei and Fischer,
1989). A monoclonal antibody was used, designated 1B-P, that recog-
nizes a phosphorylation-dependent epitope of MAP1b (Boyne et al.,
1992; Nothias et al., 1992). All secondary antibodies were purchased
from Jackson Immunoresearch Laboratories, Inc., West Grove, PA
(AffiniPure grade, preadsorbed for minimum cross-reactivity), and were
reconstituted according to manufacturer instructions.

Immunofluorescence procedures. Neurons were processed for im-
munofluorescence according to one of two procedures. For procedure
1, cells were rinsed once with PBS, once with PHEM (60 mm PIPES,
25 mm HEPES, 10 mm EGTA, 2 mm MgCl, pH 6.9; Schliwa and van
Blerkom, 1981), and then simultaneously fixed and extracted by incu-
bation with PHEM containing 0.5% Triton X-100 (Sigma), 2.0% para-
formaldehyde (EM Sciences), and 0.05% glutaraldehyde (Polysciences)
for 10 min. For procedure 2, cells were extracted prior to fixation using
conditions that stabilize existing MTs and remove unassembled tubulin.
Neurons were rinsed once with PBS, once with PHEM, and then ex-
tracted at room temperature for 2 min in PHEM containing 0.2% sap-
onin (Sigma Chemical Co., St. Louis, MO, prepared from Gypsophila
sp.), and 10 um taxol (a gift from Ms. Nancita Lomax of the National
Cancer Institute). The taxol was made as a 10 mm stock solution in
dimethyl sulfoxide (Sigma), and appropriate volumes were added to the
extraction buffer immediately prior to use. The extraction solution also
contained a mixture of protease inhibitors (0.2 trypsin inhibitory units/
ml of aprotinin, and 10 wg/ml each of leupeptin, chymostatin, and
antipain). After extraction, the cells were fixed by incubation with PHEM
containing 2.0% paraformaldehyde and 0.05% glutaraldehyde for 10
min as described by Brown et al. (1992). Both of these procedures result
in excellent morphological preservation. Procedure 1 results in minimal
extraction of cell protein prior to fixation, whereas procedure 2 results
in extraction of considerable cell protein, including unassembled tubulin
(see Results and Fig. 4). For some experiments, cells were extracted in
the presence of calcium to destabilize MTs. For these experiments, the
extraction solution consisted of 60 mm PIPES, 25 mm HEPES, 1 mmMm
Ca(Cl,, 2 mm MgCl, pH 6.9, and contained 0.2% saponin, protease
inhibitors, and no taxol.

After fixation by procedure 1 or 2, cells were rinsed with PBS and
then incubated with 1% Triton X-100 in PBS for 15 min. Subsequently,
the dishes were rinsed with PBS, treated with three S min changes of
sodium borohydride (Sigma; 10 mg/ml in a 1:1 mixture of PBS and
methanol), rinsed with PBS again, and then incubated with blocking
solution. Blocking solution consisted of either 4% normal goat serum
or a mixture of 2% normal goat serum and 2% normal donkey serum
in PBS. The cells were then double stained using one of four different
combinations of antibodies against MAP1b and §-tubulin (see below).
All antibodies were diluted in blocking solution and then clarified prior
to use by centrifugation at 200,000 x g for 10 min in a Beckman TL-
100 ultracentrifuge (Beckman Instruments Inc., Palo Alto, CA). After
incubation with secondary antibody, cells were rinsed extensively with
PBS and then mounted in 50% (w/v) glycerol containing 10 mg/ml
n-propyl gallate (Sigma).

The four staining conditions were as follows. In condition 1, cells
were incubated first with a mouse monoclonal anti-8-tubulin antibody
for 45 min at 37°C, rinsed twice with blocking solution, and then in-
cubated at 4°C overnight with a rabbit polyclonal anti-MAP1b antibody
at 4°C. The cells were then incubated simultaneously with fluorescein

isothiocyanate (FITC)-conjugated goat anti-mouse antibody, at a di-
lution of 1:100, and Texas red—conjugated donkey anti-rabbit antibody,
at a dilution of 1:400. In condition 2, cells were first incubated overnight
at 4°C with a mouse monoclonal IgM antibody against a phosphory-
lation-dependent epitope of MAP1b (antibody 1B-P), rinsed twice with
blocking solution, and then incubated for 45 min at 37°C with a rabbit
polyclonal antibody specific for tyrosinated a-tubulin. The cells were
then incubated simultaneously with FITC-conjugated donkey anti-rab-
bit antibody, at a dilution of 1:100, and Texas red—conjugated goat anti-
mouse antibody, IgM specific, at a dilution of 1:400. In condition 3,
cells were incubated with the rabbit polyclonal antibody against MAP1b
for 45 min at 37°C, rinsed extensively with PBS, incubated with FITC-
conjugated donkey anti-rabbit antibody, at a dilution of 1:100, and then
rinsed extensively with PBS. The cells were then reblocked; incubated
overnight at 4°C with 1 B-P, the mouse monoclonal IgM antibody against
a phosphorylation-dependent epitope of MAP1Db; rinsed extensively with
PBS; and then incubated with Texas red—conjugated goat anti-mouse
antibody, IgM specific, at a dilution of 1:600. In condition 4, cells were
incubated first with the mouse anti-g-tubulin antibody for 45 min at
37°C, rinsed twice with blocking solution, and then incubated overnight
at 4°C with the 1B-P antibody. We distinguished these two mouse pri-
mary antibodies by taking advantage of the fact that the former is an
IgG, while the latter is an IgM. Thus, the cells were incubated simul-
taneously with FITC-conjugated goat anti-mouse antibody, IgG specific,
at a dilution of 1:100, and Texas red—conjugated goat anti-mouse an-
tibody, IgM specific, at a dilution of 1:600. Control experiments estab-
lished that the second antibodies had appropriate specificity for mouse
immunoglobins of either the IgG or IgM class (data not shown).

For some experiments, the rabbit polyclonal antibody against MAP1b
was preincubated with MAPs prepared from the brains of newborn rat
pups. MTs were assembled from a high-speed supernatant of the brains
using taxol, and then the MAPs were isolated from the MTs using NaCl
extraction (Vallee, 1982; Peng et al., 1985). For preadsorption experi-
ments, the polyclonal antibody was incubated with either the MAP
preparation or the NaCl-containing buffer used to extract MAPs from
MTs for 15 min at room temperature, clarified by centrifugation, and
then used for immunostaining as described above.

Imaging. Cells were observed by differential interference contrast
(DIC) or epifluorescence microscopy using a Zeiss Axiovert 35 inverted
microscope (Carl Zeiss, Inc., Thornwood, NY). For epifluorescence mi-
croscopy, the cells were illuminated with a 100 W mercury arc lamp
and observed using fluorescein (Zeiss filter set #10) and rhodamine (Zeiss
filter set #14) filter sets. A heat-absorbing colored glass filter (BG40)
was inserted into the light path between the light source and the filter
block. For 35 mm photography, cells were photographed using TMAX
400 film (Eastman Kodak Co., Rochester, NY; pushed to 800 ASA in
the development). For quantitative analyses, images were captured using
a CH250 cooled CCD camera (Photometrics Ltd., Tucson, AZ) equipped
with a Thompson 7883 CCD chip. The details of our imaging system
are described in Brown et al. (1992, 1993). Image processing and analysis
were performed using the BDS-IMAGE software and application programs
written in this laboratory using the BDS-IMAGE programming language.
For maximum precision, all measurements of fluorescence intensity
were performed on the 12 bit images generated by the camera. For
presentation, monochrome images were scaled to 8 bits for display.
Photographs of the images were then obtained either from the computer
screen using TMAX 100 film (Eastman Kodak) and a 35 mm camera
equipped with a macro lens or by an electronic imaging process per-
formed at a local professional photographic laboratory (Quaker Photo,
Philadelphia, PA).

Quantitative analysis using a segmented mask. For quantitative anal-
yses, CCD images of the stained cells were acquired using a 25 x, 0.8
NA Plan-neofluar oil-immersion objective. To quantify fluorescence
intensity along the length of an individual axon, we used image pro-
cessing techniques to generate a mask of the axon based on the 8-tubulin
image (for cells double stained for MAP1b and §-tubulin) or based on
total MAP1b staining (for cells double stained with the rabbit polyclonal
antibody against MAP1b and the mouse monoclonal IgM antibody, 1B-
P, against a phosphorylation-dependent epitope on MAP1b). The tech-
niques used to produce the mask were identical to those described by
Brown et al. (1992). After generating the mask, it was divided into ~8.5-
um-long segments and then overlaid on the original Texas red and
fluorescein images. This allowed us to define segments in the fluorescent
images that corresponded to the segments in the mask. To correct for
background fluorescence in each image, an average background pixel
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Figure 1. Immunolocalization of MAP1b in cultured neurons. Neurons were simultaneously fixed and extracted as described in the Materials and
Methods and then stained with the monoclonal antibody against S-tubulin and the rabbit polyclonal antibody against MAP1b using staining
condition 1 (see Materials and Methods). Shown are 35 mm photographs of g-tubulin (4, C, E) and MAPI1b (B, D, F) staining of representative

neurons. In D, the anti-MAP1b antibody was preadsorbed with brain MAPs prior to incubating with the cells. Scale bar: 30 um for 4-D; 5.9 um
for E and F.
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Figure 2. Quantitative analysis of the relative amounts of 8-tubulin and MAP1Db along the axon. Neurons simultaneously fixed and extracted
were stained with the monoclonal antibody against S-tubulin and the rabbit polyclonal antibody against MAP1b using staining condition 1 (see
Materials and Methods). Images of the cells were obtained with the cooled CCD camera and then analyzed using the segmented mask procedure.
A and B show the total fluorescence intensity, in arbitrary analog-to-digital units (4DU), for g-tubulin and MAP1b, respectively, in each axon
segment plotted against distance along the axon. The inset in A shows a computer-generated image of the neuron analyzed to generate these data.
The analysis began at the cell body axon transition (initial segment of the axon) and extended to the tip of the axon (arrow in inset).

intensity was calculated for each segment and then subtracted from each
pixel within that segment. Then, the total fluorescence intensity for the
segments in each image was calculated by summing the corrected in-
tensities of the pixels within each segment. Segments that contained
fluorescent debris were omitted from analysis. The fluorescence intensity
of each segment, measured as arbitrary analog-to-digital units (ADU),
was then plotted against distance along the axon (see Figs. 2, 5, 8). The
above procedures have been incorporated into a single interactive ap-
plication program written in the BDS-IMAGE programming language. A
synopsis of these procedures is presented in Brown et al. (1992), and a
more detailed description will be provided upon request.
Measurements of axonal volume. Measurements of volume along the
length of axons were based on S-tubulin-stained images of cells fixed
without preextraction and double stained for g-tubulin and MAP1b.
Briefly, the segmented mask procedure, in addition to measuring flu-
orescence intensity for each axon segment, also provides a measure of
the area of each segment in pixels. Each segment is approximately rect-
angular in shape, with a length that is specified by the user as part of
the analysis. We calculated the width of each segment based on its

Table 1. Distribution of total 8-tubulin and MAP1b along the axon

Average + SD

(minimum/maximum)
Profile parameters B-Tubulin MAPIDb
Length of distal region (um)” 118 = 21 130 + 26
91/163) ©1/167)
Distance from axon tip of segment 31 + 14 23 + 13
containing peak ADU (um) 4/51) (4/51)
(Peak ADU distal axon)/ 330+ 1.5 13.10 = 8.4
(mean ADU axon shaft) (1.5/6.4) (3.9/31.2)
(Amount in distal axon)/ 0.29 +£ 0.09 0.53 = 0.15
(total amount in axon) (0.22/0.48) (0.34/0.76)

The data were obtained from 10 axons simultaneously fixed and extracted, double-
stained with the mouse monoclonal antibody against $-tubulin and the rabbit
polyclonal antibody against MAP1b using staining condition 1 (see Materials and
Methods), and then analyzed using the segmented mask procedure. The average
length of the axons analyzed was 583 + 79 um (range = 436-700 um). All data
are based on the fluorescence intensity measurements for MAP1b and §-tubulin.

« The lengths of the distal regions were determined as described in the Results.

specified length and measured area. We converted the value for the
width from pixels into micrometers, and then, assuming that the axon
is cylindrical in shape, used the width of each segment as a measure of
its diameter to compute segment volume. We chose a cylindrical model
because cross sections of axons of cultured neurons have a circular
contour (Black et al., 1984). This model is adequate for most of the
axon, except at branch points and at the growth cone. The axons that
we studied branched minimally along their length, and the growth cone
was contained in the single, most distal segment of the axon. We have
not corrected our volume determinations for segments containing branch
points or the growth cone for deviations from a cylindrical shape. The
resulting volume measurements were used to generate plots of volume
as a function of position along the axon and to normalize the fluores-
cence intensity for 8-tubulin and MAP1b along the axon to axon volume
(see Results and Fig. 3).

Results

MAPIb localization in growing axons

Figure | shows immunofluorescent images of neurons simul-
taneously fixed and extracted and then double stained to reveal
MAPIb and B-tubulin. As expected, S-tubulin is present
throughout the neuron (Fig. 14,C), and in regions where the
cell is especially flattened, which occur sporadically along the
axon shaft and especially at the growth cone, 8-tubulin staining
has the filamentous appearance characteristic of MTs (Fig. 1E).
B-Tubulin staining was continuous along the length of the axon,
and typically was greater in its proximal and distal regions com-
pared to the axon shaft.

MAPIb was also present all along the axon, and in spread
regions of axonal cytoplasm it exhibited a clear filamentous
character. This was especially apparent in the growth cone, where
MAPI1b staining colocalized precisely with MTs (Fig. 1E,F). In
fact, in every growth cone in which individual MTs could be
observed, MAP1b decorated all of these MTs, and the MAPIb
staining extended to or very near the distal end of these poly-
mers. However, unlike tubulin staining, which was uniform
along individual MTs (see also Brown et al., 1993), MAPI1b
staining exhibited a patchy appearance along individual MTs.
The patchy appearance presumably reflects the periodicity of
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Figure 3. Quantitative analysis of the volume densities of 8-tubulin and MAPI1b along the axon. Neurons simultaneously fixed and extracted
were stained with the monoclonal antibody against 8-tubulin and the rabbit polyclonal antibody against MAP1b using staining condition 1 (see
Materials and Methods), and then analyzed using the segmented mask procedure. For each axon analyzed, we determined the volume (in gm?3),
the fluorescence intensity due to 8-tubulin, and the fluorescence intensity due to MAP1b of each axon segment. To obtain a measure of the volume
density of 8-tubulin and MAP1b for each axon segment, the fluorescence intensities due to 3-tubulin and MAP1b for each segment were divided
by segment volume. The resulting segment volumes and volume densities were then plotted against distance along the axon. Shown are the results
from two representative neurons; 4 and B show the results from one neuron, while C and D show the results from a different neuron (the data in
C and D are from the same cell used to obtain the data in Fig. 2). A and C show the volume of each segment plotted against distance along the
axon. B and D show the volume densities of 8-tubulin and MAP1b in each segment plotted against distance along the axon. The unlabeled arrows

in 4 and C indicate branch points.

MAPI1b binding along the surface of MTs. A similar colocali-
zation along MTs was also suggested in flattened regions of the
axon shaft (Fig. 1 F and data not shown). Axonal staining for
MAPI1b could be prevented by preincubating the anti-MAPI1b
antibody with a MAP fraction prepared from the brains of new-
born rat pups (Fig. 1D).

The amount of MAPI1Db in the axon varied dramatically along
its length. This can be seen qualitatively in Figure 1B, in which
MAPI1b staining is more intense in the proximal and distal
regions of the axon compared to the axon shaft. Quantitative
analyses using the segmented mask procedure confirmed this
regional variation in MAPI1b content of the axon, and allowed
us to calculate several parameters of MAPIb as well as 3-tubulin
distribution in growing axons (Fig. 2, Table 1). MAP1b and
B-tubulin fluorescence was greatest in the cell body. Moving out
from the cell body into the axon, the fluorescence intensity due
to both MAP1b and g-tubulin declined over an average distance

of 50-60 um to a level that was relatively constant until 120-
130 um from the axon tip, where the fluorescence intensity due
to both MAPIb and 3-tubulin began to increase, reaching a
peak value that was, on average, 20-30 um from the axon tip
(see Table 1). The peak values of 3-tubulin and MAP1b staining
in the proximal axon were, on average, 7.54 and 9.54 times,
respectively, that in the axon shaft, and the amounts of 8-tubulin
and MAPI1Db in the proximal axon represented, on average, 21%
and 16%, respectively, of the total amount in the axon. The
peak values of 8-tubulin and MAP1b staining in the distal axon
were, on average, 3.30 and 13.10 times, respectively, that in the
axon shaft, and the amounts of 8-tubulin and MAPIb in the
distal axon represented, on average, 29% and 53%, respectively,
of the total amount in the axon (Table 1).

We have defined three regions of the axon based on these
fluorescence intensity plots, the proximal axon, the distal axon,
and the axon shaft. The proximal axon extends from the initial
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Figure 4. Immunolocalization of assembled MAP1b in cultured neurons. Neurons were extracted under MT-stabilizing (4, B, E, F) or -destabilizing
(C., D) conditions as described in the Materials and Methods, fixed, and then stained with the monoclonal antibody against S-tubulin and the rabbit
polyclonal antibody against MAP1b using staining condition 1 (see Materials and Methods). Shown are CCD images (4-D) and 35 mm images
(E, F) depicting the g-tubulin (4, C, E) and MAPI1b (B, D, F) staining. In C and D, which depict a neuron extracted under MT-depolymerizing
conditions, arrowheads are used to indicate the axon, and the arrow indicates the axon tip. Scale bar: 60 gm for A-D: 7.9 ym for E and F.

axon segment to the point where the fluorescence intensity de-
clines to a constant level. The distal axon extends from the point
where the fluorescence intensity begins to rise to the end of the
axon. The axon shaft lies between the proximal and distal axon
regions. The values obtained for the measured parameters of
B-tubulin staining of axons are very similar to those obtained
for MAPI1b staining (see above and Table 1), except for the
magnitude of the increase in fluorescence intensity between the
axon shaft and the distal axon. In this regard, MAP1b levels
increased to a much greater extent than did g-tubulin levels,

and the fraction of MAP1b present in the distal axon was greater
than that for 8-tubulin.

The variation in the amount of MAP1b along the axon is not
due merely to a corresponding variation in axonal volume. This
was initially suggested by the lack of correspondence between
the fluorescence intensity profiles of MAP1b and 8-tubulin, es-
pecially in the region of the distal axon. To evaluate this issue
directly, we have calculated the volume density of MAPLb as
a function of distance along the axon (see Materials and Meth-
ods). Visual inspection of axons by DIC or phase microscopy




or by immunofluorescence microscopy after staining for 3-tu-
bulin (see Fig. 14,C for example) suggested that the axon was
thicker in its proximal and distal regions compared to the axon
shaft, and measurements of axon volume versus distance along
the axon confirmed that this is the case (Fig. 34, C); the volume
of the axon is greater in the proximal and distal regions than in
the axon shaft.

Plots of the volume density of MAP1b along these same axons
do not conform to a straight line of slope = 0 (Fig. 3B), indicating
that the variations in amount of MAP1b along the axon are not
due entirely to a corresponding variation in axonal volume.
Rather, the volume density of MAP1b typically is higher in the
proximal and distal axon regions compared to the axon shaft.
This result is particularly striking for the distal axon, in which
the peak volume density for MAP1b is, on average, 6.7-fold
(range = 3-12) that of the axon shaft. Thus, MAP!b is more
concentrated in the proximal and distal axon regions compared
to the axon shaft. The situation for g-tubulin was variable. In
7 of the 10 axons examined, the volume density of 8-tubulin
was higher in the proximal and distal axon regions compared
to the axon shaft, but the average increase in volume density
of 8-tubulin distally, 1.8-fold (range = 1.6-2.2), was much less
than that observed for MAPIb. In the other three axons, little
or no variation in the volume density of 8-tubulin was observed
along the axon.

MAPIb is enriched on MTs in the distal axon

To determine whether the variation in the amount of MAPI1b
along the axon reflects a corresponding variation in the amount
of MAP1b on axonal MTs, neurons were permeabilized under
MT-stabilizing conditions to extract unassembled MT proteins,
fixed, and then double stained for MAP1b and B-tubulin. We
then used the segmented mask procedure to quantify the MAP1b
and B-tubulin fluorescence in consecutive segments of the axon,
and computed a ratio of the MAP1b fluorescence to §-tubulin
fluorescence for each segment. This ratio represents a relative
measure of the amount of MAP1b on the MT polymer contained
in each segment. Plots of this ratio versus distance along the
axon will reveal whether the MAPI1Db content of MTs varies
along the axon. The validity of this approach requires that
MAPI1b remain on the MTs during extraction and that unas-
sembled MT proteins are effectively removed from the neuron
during extraction. We first present the results of experiments
examining these methodologic issues.

Figure 4, A and B, shows images of a representative neuron
that was extracted under MT-stabilizing conditions and then
double stained to reveal MTs and MAP1b. MTs, as revealed
by 8-tubulin staining, were observed throughout the cell body
and the axon (see also Brown et al., 1992), and in flattened
regions of the axon and in the growth cone, individual MTs
were readily visualized (see Fig. 4E). MAP1b staining was also
apparent throughout the neuron, and in the axon staining was
strongest in its distal region. Staining for MAP1b could be pre-
vented by preincubating the anti-MAP1b antibody with MAPs
prepared from the brains of newborn rat pups (data not shown).
In flattened regions of the axon shaft and in the growth cone,
MAP1b staining colocalized with MTs (Fig. 4E, F and data not
shown). MAPI1Db staining of MTs exhibited a patchy appearance
that closely resembled that seen in cells fixed without preex-
traction (compare Figs. 1F, 4F). Clearly, MAP1b remains on
MTs during the extraction procedure. Furthermore, in spread
regions where the MT localization of MAP1b is apparent, there
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Table 2. Distribution of assembled 8-tubulin and MAP1b along the
axon

Average + SD
(Minimum/maximum})

Profile parameters B-Tubulin MAPib
Length of distal region (um)- 154 £ 49 147 = 47
(97/241) (87/241)
Distance from axon tip of segment 36 + 22 32 £ 19
containing peak ADU (um) (8/78) (8/79)
(Peak ADU distal axon)/ 390 £ 2.1 141 £ 1222
(mean ADU axon shaft) (1.7/7.3) (3.5/46.8)

The data were obtained from 13 axons extracted under MT-stabilizing conditions,
fixed, double stained with the mouse monoclonal antibody against 8-tubulin and
the rabbit polyclonal antibody against MAPI1b using staining condition 1 (see
Materials and Methods), and then analyzed using the segmented mask procedure.
The average length of the axons analyzed was 593 = 137 um (range = 391-782
um). The data for MAP1b and B-tubulin are based on the measurements of total
fluorescence intensity, in ADU, due to MAP1b and $-tubulin staining along the
axon (see Fig. 54,C for example).

« The distal region for MAP1b and g-tubulin extended from the segment where
the fluorescence intensity values for MAPLb or g-tubulin, respectively, began to
increase to the end of the axon.

is no indication of MAP1b concentrated on structures other
than MTs (Figs. | F, 4F).

To determine whether unassembled MT proteins are effec-
tively removed from the neuron during permeabilization, cells
were extracted in the presence of 1 mm CaCl, to depolymerize
their MTs. If the extraction of unassembled tubulin is effective,
then the cells should contain little tubulin relative to cells ex-
tracted under MT-stabilizing conditions. We found that neurons
extracted under MT-depolymerizing conditions showed very
dim B-tubulin fluorescence in their cell bodies, and their axons
showed no detectable fluorescence (Fig. 4C), whereas neurons
permeabilized under MT-stabilizing conditions stained brightly
for 8-tubulin in their cell bodies and axons (Fig. 44). To evaluate
quantitatively the effectiveness of the extraction procedure, we
compared the total 8-tubulin fluorescence in the cell bodies of
neurons extracted under the different conditions. This analysis
revealed that =98% of the 8-tubulin comprising the MT poly-
mer of the cell body is extracted under conditions that depo-
lymerize this polymer (this value is based on analyses of 7
neurons extracted under depolymerizing conditions and 10 cells
extracted under stabilizing conditions). Clearly, unassembled
tubulin is effectively removed during extraction. Thus, the g-tu-
bulin staining remaining after extraction under stabilizing con-
ditions is due specifically to MTs.

The behavior of MAP1b during extraction under MT-depo-
lymerizing showed both similarities and differences with regard
to that shown by tubulin. The one difference involved the cell
body and proximal axon region, which stained relatively bright-
ly for MAP1b after extraction under MT-depolymerizing con-
ditions (Fig. 4D). Quantitative analyses revealed that the MAP1b
remaining in cell bodies after extraction under depolymerizing
conditions was 47% of that in cell bodies extracted under MT-
stabilizing conditions. Thus, substantial levels of MAPI1b re-
main in the cell body after extraction under conditions that
depolymerize =98% of its MT polymer, and some MAP1b also
remains in the proximal axon. This MAPIb may have been
associated with the small amount of Ca?*-stable MT polymer
present in these neurons (Black et al., 1984; see also above).
However, we consider this unlikely because the MAPIb re-



864 Black et al. - MAP1b in Growing Axons

3600
® B -tubulin e o A

3 { © MAP1b
Q
< 2700 y
= Ny
‘» | e<«—initial axon
qc) segment
E 18004 o branches .
GC’ L] ° * [ J [ ) o©
] . «® » e o
@ 9004 ‘e ST A
S <) ¢ o L I of
2 % * - ~ o
T ° % )

0 S SRR e g o

0.6
e :
S initial axon
— 0.5 segment
c
o ° ® be
a 0.3le* N
= : "-
% o branches .
s * . .
® L A .
2 0.27 e o.o.o P s *®
. T d L3

o 8. AL
[} . o ¢ o
o'y .o

0 T T T u T

0 100 200 300 400

wm

500

6400 . C
] T ® B -tubulin

initial axon © MAP1b

segment

4800

3200+ .\

branch gw
Oo. o %
. [ o °
1600 o 2 °

' Riagap o Resnsiamy °
0 ¥ v T T
1.2
. D
et
a‘O“ .
0.9 branch *» .
0.6— * L] ....
4 .. .. .‘.'.: . w.. .
e o P s o o
oafl = 7 e
initial axon
segment .
0 T T T T T
0 150 300 450 600
wm

Figure 5. Quantitative analysis of the relative amounts of MT polymer and assembled MAP1b along the axon. Neurons extracted under MT-
stabilizing conditions as described in the Materials and Methods were stained with the monoclonal antibody against 8-tubulin and the rabbit
polyclonal antibody against MAP1b using staining condition 1 (see Materials and Methods), imaged with the cooled CCD camera, and then analyzed
using the segmented mask procedure. Shown are the results from two representative neurons (the data in C and D are from the cell shown in Fig.
44,B). The upper graphs show the fluorescence intensities values, in ADU, for assembled 8-tubulin and assembled MAP1b in consecutive segments
of the axon, plotted against distance along the axon. The lower graphs show the ratio of assembled MAP1b fluorescence to the assembled g-tubulin
fluorescence for each segment, plotted against distance along the axon. Because the fluorescence intensities were measured in ADU, the ratio values

provide a relative measure of the MAP1b content of MTs along the axon.

maining in the cell body and proximal axon after extraction
with 1 mm CaCl, is diffuse in localization, and does not show
an association with discrete structures, even in flattened regions
of cytoplasm. Because the nonextracted MAP1b of the cell body
and proximal axon cannot be unambiguously attributed to MTs,
we did not consider these regions for MT analysis.

By contrast with the situation in the cell body and proximal
axon, the axon shaft and distal region of the axon stained very
dimly for MAPIb after extraction under MT-depolymerizing
conditions (Fig. 4D). Although the fluorescence was too low to
measure reliably, we have estimated the extent of extraction
under MT-depolymerizing conditions based on the following
considerations. After extraction under MT-stabilizing condi-
tions, the peak staining for MAPI1b in the distal axon is ap-
proximately 14 times that in the axon shaft (Table 2). The
staining of the distal axon for MAP1b after extraction under
MT-depolymerizing conditions was less than the staining of the
axon shaft for total cytoskeletal MAP1b (comapre Fig. 4B,D).
Thus, we estimate that extraction under MT-depolymerizing

conditions removes =93% of the MAP1b from the axon. These
observations indicate that unassembled MAPI1bD is effectively
removed from the axon shaft and distal axon by our extraction
procedures, and that the MAP1b remaining after extraction re-
flects MAP1b that is assembled into MTs.

We have used the segmented mask procedure to calculate the
relative amounts of total MT polymer and assembled MAP1b
in the axon shaft and distal axon and to determine whether the
relative amount of MAP1b on MTs varies along the length of
the axon. Figure 5 shows the analysis for two axons, and Table
2 summarizes the data for the population of axons studied. The
total fluorescence intensity profiles for MT polymer and MAP1b
are quite similar to each other in overall shape (Fig. 54,C). Both
parameters are relatively constant along the length of the axon
until =150 um from the axon tip, at which point they begin to
increase. The total amount of polymer and the amount of as-
sembled MAPIb each peaked at variable distances from the
axon tip (see Table 2), and in some cases declined substantially
over the most distal several micrometers of the axon (Fig. 5).
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Phosphorylated
MAP1b

Figure 6. Localization of phosphorylated MAP1b along the axon. Shown are images of neurons simultaneously fixed and extracted and then
double stained with the 1B-P monoclonal antibody against a phosphorylation-dependent epitope of MAP1b (B, D) and either an antibody against
B-tubulin (4) or tyrosinated a-tubulin (C). The neurons in 4 and B were stained according to condition 4, while the neurons in C and D were
stained according to condition 2 (see Materials and Methods). Scale bar: 62.6 um for 4 and B; 8.5 um for C and D.

[A more detailed description of the variation in amount of total
polymer along the axon will be presented in a separate com-
munication (A. Brown and M. M. Black, unpublished obser-
vations).]

Although the fluorescence intensity profiles for total polymer
and assembled MAPI1b resembled each other in overall shape,
the amount of assembled MAPIDb increased to a much greater
extent in the distal axon than did total polymer (Table 2). As
one measure of this, we compared the peak fluorescence inten-
sity in the distal axon with the average intensity along the axon
shaft for both assembled MAP1b and total polymer. The peak
levels of MT polymer in the distal axon were, on average, 3.9
times that in the axon shaft, whereas the peak levels of assem-
bled MAP1b were, on average, 14.1 times that in the shaft. To
obtain a more complete picture of the variation in the relative
amount of MAPlb on MTs along the axon, we divided the
MAPI1b fluorescence by the 8-tubulin fluorescence for each axon
segment and then graphed the resulting ratio values against
distance along the axon. For each segment, the magnitude of
the ratio provides a relative measure of the amount of MAP1b
on the polymer contained within that segment. The ratio is

relatively constant along the axon, until 164 = 51 um (range =
100-237 um) from the axon tip, at which point the ratio begins
to increase, reaching a peak value at 20 £ 12 um (range = 4-
43 um) from the axon tip. The peak ratio in the distal axon was
3.7 £ 1.5 times (range = 2.4-7.8) that in the axon shaft.

Phosphorylation of MAPIb varies along the axon

The increase in the relative MAP1b content of MTs in the distal
axon may reflect the fact that the concentration of MAPID is
greater in the distal axon compared to the axon shaft (Fig. 3).
It is also possible that factors in addition to concentration in-
fluence the association of MAP1b with MTs in different regions
of the axon. In this regard, MAPIb is phosphorylated (Diaz-
Nido et al., 1988; Sato-Yoshitake et al., 1989; Fischer and Ro-
mano-Clarke, 1990; Riederer et al., 1990), and the phosphor-
ylated isoform(s) appears enriched in the distal end of the axon
(Mansfield et al., 1991). These considerations raise the possi-
bility that variations in the extent of MAP1b phosphorylation
along the axon may also contribute to the variation in the rel-
ative MAP1b content of MTs along the axon. To test this pos-
sibility, we have examined the phosphorylation of MAP1b along
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Figure 7.

Double staining of axons for total MAP1b and phosphorylated MAP1b. Shown are images from a representative neuron simultaneously

fixed and extracted, and then double stained with the polyclonal antibody against total MAP1b (A) and the 1B-P monoclonal antibody against a
phosphorylation-dependent epitope of MAP1b (B) using staining condition 3 (see Materials and Methods). Scale bar, 38 um.

the axon. We focused on MAPI1b phosphorylated at a phos-
phorylation-dependent epitope defined by the 1B-P monoclonal
antibody.

Figure 6 shows immunofluorescent images of the localization
of MAP1b phosphorylated at the 1B-P epitope. Phosphorylated
MAPIb was detected all along the axon, but was present at
highest amounts in the distal axon (Fig. 6B). In spread regions
of the axon and in the growth cone where individual MTs could
be visualized, staining for MAP1b phosphorylated at the 1B-P
epitope clearly colocalized with MTs (Fig. 6C,D).

To determine whether the proportion of total MAPI1b that is
phosphorylated at the 1B-P epitope varies along the axon, neu-
rons were double stained with the 1B-P mouse monoclonal
antibody and the rabbit polyclonal antibody against total MAP1b
using staining condition 3 (see Materials and Methods), and
then analyzed quantitatively using the segmented mask proce-
dure. Figure 7 shows images of a representative neuron double
stained in this manner. As seen qualitatively in Figure 7 and
confirmed quantitatively in Figure 8, 4 and C, the distribution
of phosphorylated MAPI1b increased dramatically in the distal
end of the axons and resembled the distribution for total MAP1b.
To evaluate the relative changes in the phosphorylation of
MAPI1b along the axon, we computed a ratio of the phosphor-
ylated MAP1b fluorescence to the total MAP1b fluorescence for
each segment of the axon and then graphed the resulting ratio
versus distance along the axon (Fig. 8 B,D). These analyses show
that the proportion of total MAP1b that is phosphorylated at
the 1B-P epitope increases progressively along the axon shaft
to reach a peak in the distal part of the axon. The position of
the peak occurred at variable distances from the growth cone.
Similar results were also obtained in a limited number of anal-

yses of neurons extracted under MT-stabilizing conditions and
then double stained to reveal total MAP1b and phosphorylated
MAPI1b (data not shown). These data show that phosphorylated
MAPI1b is concentrated in the distal part of growing axons, and
that the proportion of total MAPI1b that is phosphorylated in-
creases in a more or less gradual manner along the axon, be-
ginning =100 pm from the cell body.

Discussion

Our results show that MAPIb has a nonuniform distribution
in growing axons. Specifically, MAPI1b is present at relatively
low levels along the axon shaft, showing relatively little variation
along its length. However, beginning =130 um from the axon
tip, the amount of MAP1b begins to increase sharply, and peaks
slightly proximal to the growth cone at relative levels that are,
on average, an order of magnitude greater than those in the axon
shaft. This is true when considering the total MAP1b in the
axon (Table 1) or just the MAP1b assembled into MTs (Table
2). The volume of the axon is also greater in its distal region
compared to the shaft (Fig. 3). However, the increase in the
amount of MAP1b in the distal axon exceeds by severalfold the
increase in axon volume (Fig. 3), indicating that the concentra-
tion of MAPI1D in the distal region of growing axons is indeed
greater than that along the axon shaft. Furthermore, the phos-
phorylated isoform of MAP1b defined by the 1B-P antibody is
also more enriched in the distal region of the axon than anywhere
else along its length. An enrichment of MAP1b in the distal part
of growing axons has also been inferred on the basis of quali-
tative immunostaining studies with hippocampal (Fischer and
Romano-Clarke, 1991) and cerebral cortical (Mansfield et al.,
1992) neurons. Thus, the general features of MAP1b localization
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Figure 8. Quantitative analysis of the relative amounts of total and phosphorylated MAP1b along the axon. Neurons simultaneously fixed and
extracted were stained with the 1B-P monoclonal antibody against phosphorylated MAP1b and the rabbit polyclonal antibody against total MAP1b
using staining condition 3 (see Materials and Methods), imaged with the cooled CCD camera, and then analyzed using the segmented mask
procedure. Shown are the results from two representative neurons (the data in C and D are from the cell shown in Fig. 7). The upper graphs show
the fluorescence intensity values, in ADU, due to total MAP1b and phosphorylated MAP1b in consecutive segments of the axon, plotted against
distance along the axon. The lower graphs show the ratio of phosphorylated MAP1b fluorescence to the total MAP1b fluorescence for each axon
segment, plotted against distance along the axon. Because the fluorescence intensities were measured in ADU, the ratio values provide a relative
measure of the proportion of total MAP1b that is phosphorylated at the 1B-P epitope along the axon.

described here for growing sympathetic neurons are likely to
apply to other types of growing neurons.

We assume that the enrichment of MAPIb and its phos-
phorylated isoform selectively in the distal region of growing
axons has implications with regard to the function of MAPI1b
in axon growth. This view is reinforced by the fact that the
pattern of MAP1b distribution in growing axons differs from
that reported for other axonal MAPs. For example, tau protein
(Dotti et al., 1987; Caceres et al., 1991) is distributed more or
less uniformly along the length of growing axons. Below, we
discuss these implications and also consider possible mecha-
nisms that result in the concentration of MAPI1D in the distal
part of growing axons.

An important clue to the manner in which MAP1b becomes
concentrated in the distal region of growing axons stems from
consideration of protein metabolism in the axon. The proteins
of the axon are not synthesized locally therein, but are synthe-
sized in the neuron soma and then they are conveyed into the
axon by active transport mechanisms (reviewed in Lasek, 1988).
While the transport rate of MAP1D in axons has not been de-

termined, it is most probably conveyed with other cytoskeletal
proteins by slow axonal transport. In order for MAP1b to ac-
cumulate in the distal part of growing axons, its transport rate
must be, on average, faster than the average rate of axonal
elongation. This creates the minimal condition necessary for
MAPI1b to be transported to the region of the growth cone where
it can accumulate. Another important factor is the rate at which
MAPIb is removed from the distal axon. For example, the rate
of MAP1b proteolysis in the distal axon will influence the extent
of its accumulation therein. Thus, the nonuniform distribution
of MAP1b in the axon reflects a combination of the difference
between the rates of MAP1b transport and axonal elongation,
and the balance between the rates of its delivery and removal
from different regions of the axon (see also Lasek and Katz,
1987).

The magnitude of the accumulation of MAP1b in the distal
part of growing axons varied considerably within the population
of neurons that we studied (see Tables 1 and 2). This may reflect
the natural variation in the processes that influence the accu-
mulation. In this regard, we note that the rate of axon elongation



868 Black et al. - MAP1b in Growing Axons

by cultured sympathetic neurons varies considerably from one
neuron to another and also for individual neurons over time
(Brown and Black, unpublished observations). For example, in
a group of 14 neurons studied over a 3 hr period, the average
growth rates ranged from 6 ym/hr to 59 pm/hr, with an overall
average of 32 um/hr. Analyses of the rates of slow transport in
axons of cultured neurons have also revealed considerable vari-
ation from one neuron to another and also at different locations
within individual axons (Reinsch et al., 1991; Okabe and Hi-
rokawa, 1992). These considerations indicate that the rate of
MAPI1b transport relative to the rate of axon elongation may
vary considerably from one neuron to another and may also
vary in a single axon over time and also location. Such variations
could account in part or entirely for the observed variation in
the extent of MAP1b accumulation in the distal part of growing
axons.

In addition to the accumulation of MAP1b in the distal region
of growing axons, our data show that the MAP1b content of
MTs also varies along the axon. It is relatively low and constant
along the shaft, and then rises sharply in the distal axon, to reach
a peak within 10-30 um of the growth cone that is, on average,
3.7 times that in the axon shaft (Fig. 5). The segmented mask
procedure used to generate these data provides an average value
for the relative MAP1b content for all of the MT polymer within
each segment of the axon analyzed. Thus, the data reveal that
the average MAPI1Db content of MTs varies along the axon. High-
resolution images of flattened regions of the axon stained to
reveal MAP1b on MTs further indicate that at any given place
along the axon, there is relatively little variation in the MAP1b
content of individual MTs. This is especially clear in the region
of the growth cone, where individual MTs could be easily vi-
sualized by immunofluorescence procedures. All of the MTs in
this region stained for MAP1b, and at roughly similar intensities
(Figs. 1, 4). Although the situation is less clear for the axon shaft
because of the difficulty in imaging individual MTs, in the oc-
casional flattened regions where some details of the MT array
could be discerned there was no indication of substantial vari-
ation in the MAP1b content among the MTs. These consider-
ations suggest that all of the polymer in the distal axon has a
higher MAP1b content than most or all of the polymer in the
axon shaft.

This regional difference in the MAP1b content of MTs may
be due to the differences in the concentration of MAP1D in the
distal axon compared to the axon shaft (Fig. 3). It may also
reflect regional variation in MAPI1b phosphorylation. In this
regard, it has been reported that phosphorylation of MAP1b
may enhance its assembly into MTs in vitro (Diaz-Nido et al.,
1988, 1991). We have shown that MAP1b phosphorylated at
the 1B-P epitope associates with MTs (Fig. 6) and that the
proportion of MAP1b phosphorylated at this epitope increases
progressively along the axon (Fig. 8). If this phosphorylation
enhances MAP1b binding to MTs, then the progressive phos-
phorylation of MAP1b along the axon will also contribute to
the proximal-to-distal increase in MAPIb content of MTs in
the axon. The polymer of the distal axon is also enriched in
tyrosinated a-tubulin relative to that of the axon shaft (Brown
etal., 1992; Ahmad et al., 1993), and it is possible that MAP1b
binds more strongly to polymer rich in tyrosinated a-tubulin.
It 1s well documented that MAPs such as MAP2 and tau stabilize
MTs (Sloboda and Rosenbaum, 1979; Job et al., 1985; Pryer et
al., 1992; Umeyama et al., 1993), and a recent study has also
shown that MAP1b can also stabilize MTs [when present at high

(1:1) levels relative to tubulin] (Takemura et al., 1992). MAPs
also influence MT organization by affecting the packing density
of neighboring MTs (Black, 1987; Chen et al., 1992). Thus, it
1s reasonable to expect that the regional differences in MAP1b
content of MTs along the axon will result in corresponding
differences in the stability and/or organization of these MTs.

In this regard, the dynamic behavior of MTs varies along the
axon. This has been demonstrated by indirect assays that have
compared MTs in different parts of the axon in terms of their
sensitivity to the depolymerizing drug nocodazole and their rel-
ative content of tyrosinated and acetylated «-tubulin (Baas and
Black, 1990; Brown et al., 1992, 1993; Ahmad et al., 1993; Baas
etal., 1993), as well as by more direct assays that have measured
the time course of recovery after photobleaching of fluorescent
MTs at different sites along growing axons (Lim et al., 1989;
Edsonetal., 1993). All of these studies indicate that, on average,
the polymer of the distal axon turns over much more rapidly
than the polymer of the axon shaft. The polymer of the distal
axon is also more enriched in MAP1b than the polymer of the
axon shaft. It is tempting to draw a connection between these
observations. However, axons contain several MAPs (Black and
Smith, 1988; Matus, 1988), and knowledge about the amount
of these and other potential regulators of MT dynamics in dif-
ferent parts of growing axons is limited. Thus, it is not presently
possible to dissect out the contribution of an individual MAP
such as MAP1b to the overall dynamic behavior of axonal MTs.

Nonetheless, it is significant that the polymer of the distal
region of growing axons is both the more rapidly turning over
polymer of these axons and the most enriched in MAP1b. Thus,
the amount of MAP1b on this polymer does not preclude it
from undergoing relatively rapid turnover. This is different from
other MAPs, such as MAP2 and tau, which strongly suppress
turnover when present at high levels on MTs (Pryer et al., 1992;
Umeyama et al., 1993). Differences in the relative stabilizing
activity of MAP1b compared to MAP2 and tau have also been
inferred from experiments that have transfected these MAPs
into cells and then examined the resulting stability of the MTs
in the transfectants to nocodazole-induced depolymerization.
Although all three MAPs induced drug resistance, both MAP2
and tau were much more potent than MAP1b (Takemura et al.,
1992). As nocodazole sensitivity is dependent in part on the
dynamic behavior of MTs (Cassimeris et al., 1986; Kreis, 1987;
Wadsworth and McGrail, 1990; Prescott et al., 1992), these
observations indicate that MAP2 and tau are more efficient
stabilizers of MTs than MAPI1b. In this regard, it may also be
relevant that the MT binding domains of MAP2 and tau are
very similar to each other but very different from that of MAP1b
(Noble et al., 1989). In addition, the binding affinity of MAP1b
to MTs is much weaker than that of MAP2 and tau (Bloom et
al., 1985). These considerations lead us to suggest that MAP1b
may be specialized to permit relatively high levels of dynamics
even when present at high levels on MTs,

As indicated in the introductory remarks, MAP1bD is essential
for axonal elongation (Brugg et al., 1993), although the precise
role of MAPI1b in axon growth remains to be defined. The
present studies show that MAP1b is preferentially concentrated
in the distal region of growing axons, and also that the MT
polymer of this region is especially enriched in MAP1b com-
pared to elsewhere in the neuron. This is a relatively unique
distribution compared to the other MAPs that have been stud-
1ed, which are found all along the axon and do not exhibit any
enrichment in the distal axon compared to the axon shaft (Dotti



et al., 1987; Caceres et al., 1991). The pattern of MAP1b lo-
calization in growing axons suggests that its functions in axon
growth are carried out distally, in the growth cone and in the
axon just behind the growth cone. This region represents one
of the two major sites of MT assembly dynamics in growing
axons (Brown et al., 1992). Thus, a primary function of MAP1b
may be to regulate tubulin assembly dynamics in the distal axon
so that it is properly coordinated with growth cone events in-
volved in axon extension. In addition, given that MAP1b is a
relatively large molecule (=320,000 apparent molecular weight)
with a relatively small MT binding domain (Noble et al., 1989),
it is not unreasonable to consider the possibility that MAP1b
has other functions, one or more of which may also be essential
for axonal extension. Studies are in progress to inactivate MAP1b
selectively in neurons actively extending axons so that we can
begin to define its specific function(s) in axonal growth.
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