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Axons within the brain branch principally by the formation 
of collaterals rather than by bifurcation of the terminal growth 
cone (O’Leary and Terashima, 1988). This same behavior is 
recapitulated in cultures of embryonic hippocampal neurons 
(Dotti et al., 1988), rendering them ideal for studies on the 
cell biological mechanisms underlying collateral branch for- 
mation. In the present study, we focused on changes in the 
microtubule (MT) array that occur as these axons branch. In 
particular, we explored the mechanism by which MT number 
is locally increased to accommodate the need for more MTs 
during collateral branch formation. Serial reconstruction 
analyses indicate that MT number increases by severalfold 
and that MT length decreases correspondingly within the 
parent axon in the discrete region giving rise to the branch. 
These observations strongly suggest that MTs within the 
parent axon undergo a local fragmentation in this region, 
and hence raise the possibility that a portion of these new 
MTs might be destined for transport into the branch. To 
address this latter issue, we used quantitative immunoflu- 
orescence to compare the proportion of newly assembled 
to total MT polymer in different regions of the axon. As pre- 
viously reported (Brown et al., 1992), the region of the axon 
contiguous with the terminal growth cone is particularly rich 
in newly assembled polymer. In contrast, there was no dis- 
tinguishable difference in the proportion of newly assembled 
polymer in the newly formed collateral branches compared 
to the shaft region of the parent axon. These results indicate 
that the MTs within the newly formed collateral branches are 
on average assembled at the same time as those within the 
parent axon, and thus strongly suggest that the MTs in the 
collateral branch were assembled in the parent axon and 
then translocated into the branch. We conclude on the basis 
of these observations that collateral branch formation re- 
quires a local fragmentation of MTs within the parent axon, 
followed by the partitioning of a portion of the MT fragments 
into the branch. These short MTs presumably then resume 
their movement and elongation down the collateral branch 
as well as down the parent axon for the steady and orderly 
increase of both MT arrays. 
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The complexity of the nervous system is dependent upon the 
elaboration of highly elaborate and exquisitely organized axonal 
arbors. Most neurons within the brain extend only one axon, 
but individual axons can branch extensively to increase by man- 
yfold their cross-sectional area and number of axon terminals 
available for synapse formation. Observations on axon branch- 
ing in the brain indicate that branches form principally as col- 
laterals along the length of the axon rather than by growth cone 
bifurcation (O’Leary and Terashima, 1988). Beyond this, how- 
ever, little is known about the cell biological mechanisms by 
which axon branching occurs. For example, little is known about 
the structural changes that must occur in the axon in order for 
a branch to form. In addition, it is unknown how the pattern 
of cytoplasmic organization within the parent axon is passed on 
to each new branch. Of special interest in this regard is the 
microtubule (MT) system of the axon, an assembly of highly 
organized filaments that are essential for defining the architec- 
ture and cytoplasmic composition of the axon. In the present 
study, we have sought to elucidate changes in the MT array of 
the axon that occur during the formation of collateral branches. 
In particular, our goal was to understand how the highly orga- 
nized MT pattern of the parent axon is recapitulated within the 
collateral branches as they form. 

Within the axon, the MT array is continuous from the cell 
body into the terminal growth cone, but individual MTs vary 
in length, stopping and starting at various points within the 
array (Bray and Bunge, 1981; Yu and Baas, 1994). All of the 
MTs have a consistent 13-protofilament lattice (Tilney, 1973; 
Burton et al., 1975), and are uniformly oriented with regard to 
their intrinsic polarity, with plus ends directed away from the 
cell body (Heidemann et al., 198 1; Baas et al., 1988). Although 
it has been long recognized that axonal MTs are not attached 
to any discernable nucleating structure such as the centrosome 
(Lyser, 1968), contemporary studies suggest that axonal MTs 
are in fact nucleated at the centrosome, after which they are 
released for transport into the axon (Baas and Joshi, 1992; Baas 
and Ahmad, 1993; Yu et al., 1993; Ahmad et al., 1994). This 
view is attractive in that centrosomal nucleation would ensure 
the consistent lattice structure of the MTs, and orderly transport 
by a plus-end-leading transport motor would ensure their uni- 
form polarity orientation. Additional data strongly suggest that 
no new MTs are nucleated within the axon itself (Baas and 
Heidemann, 1986; Baas and Ahmad, 1992) thus preserving the 
high degree of organization and consistent lattice structure re- 
sulting from orderly transport and centrosomal nucleation. 
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Although attractive, these ideas present a dilemma with re- 
gard to the formation of collateral branches. As a collateral 
branch forms, it requires a generous supply of highly organized 
MTs, and these requirements may approach or even exceed 
those of the parent axon itself. Moreover, the demand for more 
MTs is heightened exponentially by the fact that a parent axon 
may extend several collateral branches, and each collateral branch 
itself may then act as a parent axon and extend its own collateral 
branches. Notably, collateral branches form at sites many hun- 
dreds of micrometers or more from the cell body, and it is 
difficult to imagine how the tremendous number of additional 
MTs required for branch formation could derive directly from 
the centrosome and translocate at necessary rates over such great 
distances. It seems more likely that local mechanisms exist with- 
in the axon to account for the rapid and focal increase in MT 
number required to supply the formation and growth of collat- 
era1 branches. In light of these considerations, we have proposed 
that MTs in the axon, in response to appropriate stimuli, can 
locally fragment (Joshi and Baas, 1993). Such fragmentation 
would transform one MT into many, all of which would be 
assembly competent and capable of rapidly elongating, and all 
ofwhich would inherit the centrosomally derived characteristics 
of their predecessor MTs. In support of such a possibility, recent 
work on non-neuronal cells and cell extracts suggests that the 
severing of MTs into fragments may be physiologically relevant 
in a number of different biological systems (Sanders and Sal- 
isbury, 1989; Vale, 199 1; Febvre-Chavalier and Febvre, 1992; 
Shiina et al., 1992; McNally and Vale, 1993). 

In the present study, we have sought to investigate the merits 
of our proposal by studying axon branching in cultures of em- 
bryonic rat hippocampal neurons. Similar to axons within the 
brain. the axons in these cultures branch nrinciuallv bv the 
formation of collaterals (Dotti et al., 1988), rendering them 
appropriate and useful for studies on the cell biological mech- 
anisms by which collateral branches form. We explored changes 

clearly entered stage 4 of development as defined by Dotti et al. (1988) 
and the axons had grown into an extensive and complex network. 

Live cell observations. For visualization of collateral branch forma- 
tion, regions of cultures containing axons were selected and circled on 
the bottom of the petri dish using a diamond marker objective so that 
the same axons could be relocated at subsequent time points. During 
selection, circling, and photography, the cultures were placed on the 
stage of a Zeiss Axiovert 35 microscope equipped with a heated stage 
(Carl Zeiss Incorporated, Thomwood, NY). Despite the advantage of 
temperature maintenance, work on the microscope stage was performed 
as rapidly as possible to avoid problems resulting from pH fluctuations. 
Cells were visualized using the Zeiss 40x LD Achroplan objective, 
which is equipped with a collar to adjust for the thickness of the plastic 
petri dish. For each axon region of interest, the collar was adjusted to 
maximize resolution of the finest processes. In most studies, axon regions 
were photographed on the seventh day after plating, the following mom- 
ing, and thereafter at 4 hr intervals throughout the second day. In other 
studies, axon regions were observed over times ranging from minutes 
to hours. 

Electron microscopy. In preparation for electron microscopy, the neu- 
ron cultures were fixed at 37°C in 0.1 M cacodylate containing 2% glu- 
taraldehyde, and processed as previously described (Yu and Baas, 1994; 
modified from Banker and Goslin, 1991). Briefly, after 20 min of fix- 
ation, the cultures were rinsed twice for 5 min each in 0.1 M cacodylate, 
postfixed for 5 min in 1% OsO,, rinsed twice for 2 min in NaCl, rinsed 
twice for 2 min in water, contrasted for 30 min in 5% aqueous uranyl 
acetate, dehydrated in ethanols, and embedded in LX- 112 &add, Bur- 
lington, VT). After curing overnight at 60°C the tissue-culture plastic 
on which the cells had been grown was removed from the resin either 
by tapping with a hammer or by exposure to liquid nitrogen. For en- 
hancement of their light microscopic appearance, embedded cultures 
were stained at 60°C for 30 min with 1% toluidine blue. Cells of interest 
were circled with a diamond marker objective and their images were 
recorded using a videoprinter (Sony Corporation, Japan). Thin sections 
with a uniform thickness of 100 nm were obtained with an Ultracut S 
Ultramicrotome (Reichert-Jung, Vienna), picked up on Formvar-coated 
slot grids, stained with uranyl acetate and lead citrate, and observed 
with a CXlOO electron microscope (JEOL USA, Inc., Peabody, MA). 
Overlapping photographs at a magnification of 14,000 x were obtained 
of each sect& through the axon region of interest. 

Because the ultramicrotomy described above fractionates individual 
MTs within the axon among many thin sections, complete analyses of 
the MT array within regions of interest require serial reconstruction. 

in MT lengths and oraanization that occur as a narent axon 
generates a-collateral blanch, and compared the age of the MT 
polymer within the newly formed branches with that of the 
polymer within the parent axon. The latter analyses were aimed 
at determining whether the polymer within a newly formed 
branch is all newly assembled, or whether a portion of the poly- 
mer within the branch is assembled in the parent axon and 
translocated into the branch during its formation. 

Materials and Methods 
Cell culture. Cultures of embryonic rat hippocampal neurons were pre- 
pared as previously described (Goslin and Banker, 199 1). Briefly, hip- 
pocampi were dissected from 18 d rat embryos, treated with trypsin for 
15 min, dissociated with trituration, and plated at a density of = 1000 
cells/cm* in Minimum Essential Medium (GIBCO-Bethesda Research 
Labs, Grand Island, NY) containing 10% horse serum. The cells were 
plated onto either plastic tissue culture dishes or glass coverslips. Cells 
on the plastic substratum were used for live cell observations and elec- 
tron microscopy, while cells grown on glass coverslips were used for 
immunofluorescence work. In either case, the glass or plastic had been 
treated with polylysine and rinsed extensively prior to plating the cells. 
After 4 hr of attachment, a glass coverslip containing a monolayer of 
astroghal cells was placed on top of the neurons growing on plastic, 
while the glass coverslips containing neurons were inverted into plastic 
dishes containing astroglial cells. At this point, the medium consisted 
of Minimum Essential Medium, the N2 supplements described by Bot- 
tenstein (1985), 1 mM sodium pyruvate, and 0.1% ovalbumin. Cytosine 
arabinoside was added to the cultures on the third day to a final con- 
centration of 5 x 1O-6 M to inhibit the proliferation of non-neuronal 
cells. Experiments were performed on cultures that were at least 1 week 
but not greater than 2 weeks old. By this time, all of the neurons had 

Baas, 1994) of our standard method iBaas and Heidemann, 1986; Joshi 
To accomnlish this. we used recentlv described modifications Cyu and 

et al., 1986; Baas and Joshi, 1992). All MT profiles appearing within 
the region of interest were traced from the electron micrographs onto 
transparent cellophane sheets together with membranous borders and 
some internal membranous elements that acted as registration markers. 
Ends of MT profiles appearing in each section were assigned coordinates, 
based on their distance from the registration markers. These coordinates 
were then used to trace individual MTs through progressive sections. 
MT profiles in two different sections were judged to be part of the same 
MT when the proximal end of one MT profile and the distal end of the 
other MT profile were spaced within two MT diameters (00.05 pm) of 
one another with regard to all axes. In relatively rare (< 5%) cases of 
ambiguity regarding whether two MT profiles were parts of the same 
or different MTs, the MT profiles were scored as part of the same MT. 
True composite reconstructions were not prepared because substantial 
overlan of MTs resulted in ambiguitv. Rather, the length, position, and 
curvature of each MT or MT region were tabulated,-and a schematic 
illustration was prepared to represent the serially reconstructed MT 
array. It should be noted that this technique suffers in that sample 
number is necessarily limited by practicality. For this reason serial 
sections from other axons were examined to ensure that conclusions 
drawn from the serial reconstructions were generally applicable to com- 
parable regions from other axons. 

In other analyses, estimates of the cross-sectional number of MTs 
traversing discrete regions of the axon were obtained by an abbreviated 
method. The number of MTs in a single section intersecting a line 
perpendicular to the long axis of the axon region was counted. This was 
done thrice over a distance of less than 1 pm, and the average of the 
three numbers was calculated. This number was then multiplied by a 
number equal to one fewer than the total number of sections comprising 
the width of the axon. The section scored was always in the middle 
region of the axon, and the number of sections was reduced by one to 
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Figure 1. Phase-contrast micrograph of a region of embryonic rat hip- 
pocampal neurons in culture for 7 d. The axons have become highly 
branched and highly fasciculated, resulting in a complex arbor. Typical 
of a culture of this age, more thickened dendritic processes are also 
apparent. Axonal growth cones are identifiable (arrows), but it is im- 
possible in a culture of this complexity to trace individual axons from 
the cell body to their growth cones. Scale bar, 15 pm. 

adjust for the fact that the uppermost and lowermost sections contain 

Preparation fir immunojluorescence microscopy. Cultures were pre- 
pared for immunofluorescence microscopy by a modification of the 

fewer MTs compared to the others. 

method of Brown et al. ( 1992). Briefly, cultures grown on glass coverslips 
were rinsed in an MT-stabilizing buffer termed PHEM (60 mM PIPES, 
25 mM HEPES, 10 mM EGTA, 2 mM MgCl,, pH 6.9) and then extracted 
for 5 min in PHEM supplemented with 10 pm taxol (gift from the 
National Cancer Institute) and 1% saponin. Following extraction, cul- 
tures were fixed and processed in one of two ways, both of which gave 
similar results. In the first method, cultures were fixed by the addition 
of an equal quantity of PHEM containing 8% paraformaldehyde and 
0.3% glutaraldehyde. After 10 min, cultures were rinsed in PBS, pos- 
textracted in 0.1% Triton X- 100 in PBS for 15 min, and then, to reduce 
autofluorescence, treated three times for 5 min each in 10 mg/ml sodium 
borohydride in PBS. In the second method, the extraction buffer was 
asnirated from the cultures. after which the coverslins were nlunaed into 
2&C methanol (HPLC grade, Aldrich Chemical Company,-Milwaukee, 

rinsed three times for 5 min each with PBS, incubated again with block- 
ing solution for 30 min, incubated for 1 hr at 37°C with second anti- 
bodies, rinsed four times for 5 min each with PBS, and mounted in a 
medium containing 90% glycerol, 100 mg/ml DABCO, 1 mg/ml phen- 
ylenediamine, and 10% PBS. The primary antibodies were YL l/2 (pu- 
rified form purchased from Accurate Chemical and Scientific Corpo- 
ration, Westbury, NY), a rat monoclonal antibody that recognizes the 
tyrosinated but not the detyrosinated form of cu-tubulin (Kilmartin et 
al., 1982; Wheland et al., 1983), and a mouse monoclonal antibody 
purchased from Amersham Corporation (Arlington Heights, IL) that 
recognizes all forms of fl-tubulin. YL l/2 was used at l:lOO, and was 
visualized with a Texas red-conjugated goat anti-rat second antibody. 
The P-tubulin antibody was used at 1:300, and was visualized with a 
fluorescein-conjugated goat anti-mouse second antibody. Both of the 
second antibodies, purchased from Jackson Immunoresearch (West 
Grove, PA), had been preadsorbed to reduce cross-reactivity, and were 
used at 1:lOO. 

Quantitative immunojluorescence analyses. Cultures prepared for im- 
munofluorescence microscopy were visualized and images were cap- 
tured using the Zeiss LSM 4 10 Laser Confocal Microscope. Images were 
obtained using the Zeiss 63 x PlanAPOCHROMAT objective, and the 
pinhole on the confocal system was opened maximally to ensure that 
the entire width of the axon was captured. The instrument is equipped 
with a krypton/argon laser, and can simultaneously capture with a single 
scan the Texas red and fluorescein images in perfect alignment. In ad- 
dition, the LSM 4 10 has an automated system for producing a third 
image, each pixel of which represents the ratio of the fluorescence in- 
tensity of the Texas red and fluorescein images. In a preliminary ex- 
periment, automatic brightness and contrast functions were used to 
obtain the best possible image of a newly formed collateral branch (in 
terms of signal to noise and contrast), after which these same settings 
were used to capture all subsequent images. To produce a ratio image 
of sufficient contrast, the LSM 4 10 enables the user to select empirically 
a factor by which each ratio is uniformly multiplied, and to select a 
subtraction factor to correct for the contribution of background fluo- 
rescence. Again, after maximizing these settings for an image containing 
collateral branches, the same settings were used for all subsequent work. 
The original Texas red and fluorescein images together with the ratio 
image were then transferred to a Macintosh Quadra 800 equipped with 
the NIH IMAGE software package (provided free of charge from the 
National Institutes of Health, Bethesda, MD). NIH IMAGE permits flu- 
orescence intensity to be expressed in pseudocolor, in which deep red 
corresponds to the highest value, light violet corresponds to the lowest, 
and the intervening color scale corresponds to intervening fluorescence 
intensity values. The NIH IMAGE software assigns numerical values of 
O-255 ranging from black to white. After defining the portion of the 
scale covered by our samples, this range was adjusted so that the max- 
imum value was 100. The same scale was used for all images (i.e., the 
same color represents the same fluorescence intensity on all ratio images) 
so that comparison of one image to another would be meaningful. 

Results 

c The MT array of the axon increases profoundly as the axon 

Changes in microtubule organization and number at branch 

branches into a complex arbor. In an initial set of studies, we 
wished to assess the magnitude of this expansion, and document 

noints 

the changes in MT organization that occur at sites of expansion, 
namely the branch points. Figure 1 shows a phase-contrast im- 
age of a culture of embryonic hippocampal neurons at stage 4. 
One cell body with multiple dendrites is apparent, as is a com- 
plex network of axons composed of portions of axon arbors 
from many different neurons. Within the network, the axons 
are both highly branched and highly fasciculated, resulting in 
some difficulty in identifying branch points in denser regions of 
‘the culture. Fortunately, however, branch points are readily 
identifiable in electron microeranhs. which are also reauired to 

WI) for 6 min, and then rehydrated three times for 5 min in PBS. All 
“I, 

cultures, regardless of whether they were fixed with methanol or alde- 
visualize the MTs. Electron micrographs from three different 

hydes, were then incubated for 30 min in a blocking solution containing axons are presented in Figure 2, each showing a portion of a 
1% bovine serum albumen and 2% normal goat serum in PBS, incubated well-established branch whose total length exceeds 50 Frn. Each 
overnight at 4°C with primary antibodies diluted in blocking solution, micrograph shows four key regions of interest, namely, the 



The Journal of Neuroscience, October 1994, 14(10) 5875 

branch, the proximal and distal sides of the parent axon, and 
the branch point. The parent axon gives rise to the branch. The 
proximal and distal sides of the parent axon are the terms we 
have assigned to the sides of the parent axon flanking the branch 
directed toward the cell body and terminal growth cone, re- 
spectively. The branch point is the centralized transition region 
joining the proximal side of the parent axon with the distal side 
of the parent axon and the branch. 

As previously reported, the MTs within the parent axon are 
aligned paraxially and are relatively evenly spaced at about x 50 
nm apart (Yu and Baas, 1994). With respect to these features 
of their organization, MTs within branches are entirely similar 
to the parent axon, which is expected given that collateral 
branches are often themselves parent axons, giving rise to new 
collaterals (see introductory remarks). In addition, MT polarity 
orientation is uniformly plus-end distal everywhere we have 
looked within the axon arbor (Baas et al., 1988,1989), indicating 
that parent axons and collateral branches are identical in this 
regard as well. At the branch point, a portion of the MTs within 
the proximal side of the parent axon curves into the branch, 
while the remaining MTs traverse directly into the distal side 
of the parent axon. Full appreciation for this partitioning of 
MTs requires examination of multiple sections through an in- 
dividual branch point. Some sections show more MTs curving 
into the branch, and others show more MTs coursing into the 
distal side of the parent axon (compare Fig. 2a,b). Particularly 
worth noting is the fact that in all cases, the curved MTs extend 
into the branch from the proximal side of the parent axon, and 
never from the distal side. A somewhat unusual case is shown 
in Figure 2d, in which the curved MTs from the proximal side 
of the parent axon actually overshoot the branch point, extend 
into the distal side of the parent axon, and then curve back into 
the branch. In all cases, the number of MTs curving into the 
branch summed with those going directly into the distal side of 
the parent axon is greater than the number of MTs within the 
proximal side of the parent axon, indicating that a local increase 
in MT number occurs at each branch point. 

To assess with more rigor the magnitude by which the MT 
array increases at the branch point, we obtained estimates for 
the cross-sectional number of MTs within the proximal and 
distal sides of the parent axon, and within the branch. The 
procedure for obtaining these estimates is described in Materials 
and Methods, and data were obtained for portions of seven 
different axon arbors, five of which are shown in Figure 3. The 
cross-sectional number of MTs within the proximal and distal 
sides of the parent axon were in almost all cases similar to one 

Figure 2. Transmission electron micrographs of regions of axons from 
complex arbors. Each panel shows a branch point, with the proximal 
and distal sides of the parent axon directed to the left and right, re- 
spectively, and the branch directly downward. All branches shown in 
this figure were well established, measuring at least 50 Brn in length. At 
all branch points examined, some MTs could be observed curving into 
the branch from the parent axon, and this curvature always occurred 
from the proximal side of the parent axon, and never from the distal 
side. a and b show different sections through the same branch point. In 
a, a group of MTs traversing directly from the proximal to the distal 
side of the parent axon are apparent, while the MTs curving into the 
branch are less obvious. In contrast, b shows several MT profiles curving 
from the proximal side of the parent axon into the branch, some cutting 
across other relatively straight MTs. The branch point in c is similar to 
that shown in II and h. with curved MTs directed into the branch and 

straighter MTs directed into the distal side of the parent axon. A some- 
what unusual case is shown in d, where the curved MTs from the 
proximal side of the parent axon actually overshoot the branch point, 
extend into the distal side of the parent axon, and then curve back into 
the branch. Scale bar, 0.60 pm. 
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Figure 3. Schematic representations of regions of axonal arbors with estimates of the cross-sectional number of MTs at discrete sites. The procedure 
for obtaining these estimates is described in Materials and Methods, and data were obtained for portions of seven different axon arbors, five of 
which are shown here. The cross-sectional numbers of MTs within the proximal and distal sides of the parent axon were in almost all cases similar 
to one another, usually within a few MTs, and the number within the branch was either also similar to or somewhat lower than this value. On 
average, the number of MTs on the distal side of the parent axon summed with the number within the branch exceeded the number within the 
proximal side of the parent axon by a factor of 1.46 ? 0.38, indicating that the cross-sectional number of MTs increases by about 50% on average 
at each branch point. 

another, usually within a few MTs, and the number within the 
branch was either also similar to or somewhat lower than this 
value. On average, the number of MTs on the distal side of the 
parent axon summed with the number within the branch ex- 
ceeded the number within the proximal side of the parent axon 
by a factor of 1.46 + 0.38, indicating that the cross-sectional 
number of MTs increases by about 50% on average at each 
branch point. 

Light microscopic observations of axon branch formation 

The principal goal of the present study was to elucidate the 
mechanisms by which the MT array of the axon increases and 
changes to accommodate the formation of collateral branches. 
For this reason, we next examined early stages of collateral 

branch formation. Before focusing on MTs, we explored in some 
detail the behavior and morphological changes of the axon that 
occur as branches form. Light microscopic observations on ran- 
domly selected axon regions of varying morphology, example 
micrographs of which are shown in Figure 4, confirm and extend 
the observations of Dotti et al. (1988). As detailed in Material 
and Methods, regions were selected on the seventh day after 
plating, marked on the bottom of the dish so that they could 
be relocated at subsequent time points, and photographed. In 
most studies, the same axon regions were photographed again 
the following morning and thereafter at 4 hr intervals, although 
in a small number of studies observations were made over time 
periods ranging from minutes to hours. Over 85% of all new 
branches that we documented formed at the sides of existing 

Figure 4. Phase-contrast micrographs of regions of hippocampal neuron cultures showing the formation of branches. Separate sequences are shown 
in u-c, d-g, h and i, and j and k. The numerals on each sequence correspond to newly forming collateral branches, with the same numeral indicating 
the same branch within a sequence. The jirst micrograph in each series was taken on the seventh day after plating. The second micrograph was 
taken the following morning, and any subsequent micrographs were taken at 4 hr intervals. Observation of axons at shorter time intervals indicates 
that multiple spurts of growth and partial or complete retraction as well as periods of inactivity all occur during these longer intervals between our 
micrographs (see Dotti et al., 1988). In the first sequence, a shows three short processes forming along the length of an axon, b shows that two of 
the three continued to grow into collateral branches, while the third degenerated,.and c shows continued growth of the branches, with the branch 
marked I extending a branch of its own. In the second sequence, d shows an axon with no detectable branch formation, and e shows a dramatic 
protrusion (marked with arrow) from the side of the axon, but careful inspection indicates that this is actually the terminal growth cone of a different 
axon growing alongside the first axon in the lower part of the panel. In addition, two newly forming collateral branches are apparent; the branch 
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marked 2 clearly emerges from the first axon, while it is unclear whether the branch marked I emerges from the first or second axon. In f;  some 
elongation of these branches is apparent, and a third branch has emerged near the growth cone of the second axon, and in g elongation of all 
branches is apparent. In the third sequence, h shows a region of an axon with seven different short branches starting to form, while i shows that 
by the next morning only three of the original seven remained and grew, while the others degenerated. The fourth sequence, j and k, illustrates 
that even when branch formation occurs near the growth cone, careful inspection indicates that branching usually does not occur by growth cone 
bifurcation, but by collateralization. The ~lrrows indicate the site of branch formation. Scale bar, 20 pm. 
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axons rather than by bifurcation of a growth cone. Although 
our time points were not sufficiently close to observe the most 
rapid dynamic events, it was our impression that collateral 
branches did not form first as a detectable preterminal growth 
cone at the side of the axon, but rather as short protrusions. In 
most cases, these protrusions grew at an angle of roughly 90 
relative to the parent axon, and this was a relatively good marker 
that distinguished a branch from two axons of a fascicle coming 
apart, the latter of which tended to occur at more acute angles 
(as assessed by electron microscopy; data not shown). These 
short branches underwent spurts of growth and retraction, and 
often retracted entirely. In most cases, after having grown longer 
than 20 Mm, the branch no longer retracted entirely, and was 
committed to net growth. Rates of growth varied among branch- 
es and at different times for the same branch, with individual 
branches sometimes showing no growth for periods exceeding 
an hour. However, the rates generally fell within a range of 2- 
20 wm/hr, roughly similar to that for the parent axon (see also 
Dotti et al., 1988). 

Changes in microtubule number and organization during 
collateral branch formation 

To assess changes in the MT array that occur during collateral 
branch formation, we examined the ultrastructure of axons in 
regions showing collateral branches of varying lengths. We first 
examined the short processes initially extended by the parent 
axon, focusing on those under 5 pm in length. Most of these 
processes (~75%) contained no MTs, but were instead occupied 
by accumulations of small clear vesicles, similar to those found 
at synapses (Fig. 5a-c). The MT array within the parent axon 
in the region from which these processes grew was indistin- 
guishable from regions from which no processes grew. That is, 
the MT array was continuous from the proximal into the distal 
side of the parent axon, with no curved MTs diverted away 
from the array. The remaining processes under 5 Km in length 
(~25%) contained small numbers of MTs (Fig. S&G!). However, 
these were very sparse, with fewer than five MT profiles ap- 

t 

Figzue 5. Transmission electron micrographs of newly forming col- 
lateral branches. As in Figure 2, each panel shows a branch point, with 
the proximal and distal sides of the parent axon directed to the left and 
right, respectively, and the branch directly downward. u-c show branches 
under 5 pm in length, while d and e show branches 1 O-20 pm in length. 
Most branches under 5 pm in length contained no MTs, but were instead 
occupied by accumulations of small clear vesicles, similar to those found 
at synapses (see a and the upper of the two processes in b and c). The 
MT array within the parent axon in the region from which these pro- 
cesses grew was indistinguishable from regions from which no processes 
grew. That is, the MT array was continuous from the proximal into the 
distal side of the parent axon, with no curved MTs diverted away from 
the array. Other branches under 5 pm in length contained small numbers 
of MTs (see the lower processes in b and d). As in more established 
branches, these MTs curved in from the proximal side of the parent 
axon, never from the distal side, and become relatively paraxial within 
the process. Branches greater than 5 pm in length contained greater 
numbers of MTs, and many of the branches 10-20 pm in length con- 
tained cross-sectional numbers of MTs similar to those observed in 
more established branches (d). In the cases in which MTs could be 
found within the branch, there were also changes in the MT array of 
the parent axon. In addition to the curved MTs, many of the MT profiles 
were shorter than in other regions of the parent axon, and the integrity 
of the MT bundle was noticeably disturbed, with many MTs diverted 
away from the bundle and more variability in the spacing between MTs. 
These latter points are especially clear at the branch point shown in e. 
Scale bar, 0.60 pm. 
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pearing in all sections comprising an individual process. Nev- branch, that there are 10 times as many free MT ends, and that 
ertheless, like the MTs within more established branches, these the MTs on average are about 10 times shorter. These obser- 
MTs curved in from the proximal side of the parent axon, never vations provide strong support for the view that there is a local 
from the distal side, and become relatively paraxial within the fragmentation of MTs during collateral branch formation. 
process. Branches greater than 5 pm in length contained greater In a final serial reconstruction, we wished to determine wheth- 
numbers of MTs, and many of the branches lo-20 pm in length er notable MT length and number differences are also apparent 
contained cross-sectional numbers of MTs similar to those ob- within the parent axon at sites from which well-established 
served in more established branches (Fig. 5d). Within the parent branches grew. For this, we determined the lengths of MTs on 
axon, specifically at the point from which these branches emerged, the proximal and distal sides of a region of the parent axon 
there were marked alterations in the MT array. In addition to extending a branch that was over 100 pm in length. The 12 pm 
the curved MTs noted above, many of the MT profiles were region on the proximal side of the branch point contained 25 
shorter than in other regions of the parent axon, and the integrity MT ends in 262 pm of MT polymer, while the 12 pm region 
of the MT bundle was disturbed, with many MTs diverted away on the distal side of the branch point contained 23 MT ends in 
from the bundle and more variability in the spacing between 228 pm of polymer, for average MT lengths in these regions of 
MTs (see especially Fig. 5e). 10.5 and 9.9 pm, respectively (data not shown). Thus, compared 

Our premise, described in the introductory remarks, is that to the region of the parent axon not extending a branch, there 
local increases in MT number at branch points result from the were almost three times as many MT ends and the average MT 
fragmentation of MTs within the parent axon. To evaluate this length was almost three times shorter. Compared to the region 
idea, we wished to determine during the initial stages of branch of the parent axon extending the newly forming branch, how- 
formation the numbers and lengths of MTs within the proximal ever, there were almost three times fewer MT ends and the 
and distal regions of the parent axon, and within the branch. If average MT length was almost three times longer. The simplest 
the MT array of the parent axon locally fragments, we would interpretation of these results is that MT fragmentation contin- 
expect to find higher numbers of MTs and, at least during initial ues as the branch grows, but is less active or less focal. 
stages of branch formation, we would expect these MTs to be 
relatively shorter than those found elsewhere within the parent Microtubule age during collateral branch formation 
axon. We would also expect an interruption in the long lengths In a final set of studies, we wished to investigate whether a 
of MTs traversing the parent axon in the region of the branch, portion of the MT fragments within the parent axon is parti- 
and a significantly higher frequency of free MT ends. To obtain tioned into the collateral branch as it forms. This possibility, 
the relevant data, we serially reconstructed the MT array within which would require the active transport of MTs from the parent 
a 12 pm collateral branch and the discrete region of the parent axon into the branch, contrasts with the possibility that all of 
axon from which it grew. With regard to the latter, we recon- the MT polymer in the newly forming branch is newly assem- 
strutted 12 pm on the proximal side and 12 pm on the distal bled. To explore this issue, we compared the age of the MT 
side of a line bifurcating the parent axon through the branch polymer within newly forming branches (ranging n. 5-25 pm in 
point. These data were compared with data obtained for a region length) with the age of the polymer within the parent axon. We 
of the parent axon from which branches did not grow. The reasoned that, if the MT polymer were entirely or mostly newly 
procedure for serial reconstruction is described in Materials and assembled within the branch, there would be a significantly 
Methods. higher proportion of newly assembled to total polymer in the 

Because the entire branch was encompassed in our recon- branch compared to the parent axon. Alternatively, if much of 
struction, we were able to determine the exact length and po- the MT polymer within the branch was assembled within the 
sition of each MT contained within it (see Fig. 6). The total parent axon and then transported into the branch, the age of 
length of MT polymer in the branch was 128 pm, and this the polymer in both regions should be similar. To test MT age 
consisted of 56 MTs ranging from 0.19 to 11.4 pm in length, in different regions of the axon, we extracted the cells in the 
with an average length of 2.24 ? 2.36 pm. (These data included presence of an MT-stabilizing buffer to remove free tubulin, and 
the entire lengths of MTs starting in the parent axon and curving then used double-label quantitative immunofluorescence to ra- 
into the branch.) Unlike the situation in the branch, many of tio the levels of tyrosinated tubulin to P-tubulin comprising the 
the MTs within the parent axon extended beyond the 12 pm polymer within each region. The former is an indirect indicator 
regions of interest, precluding us from measuring their exact of newly assembled polymer and the latter is a direct indicator 
individual lengths. For these regions, we obtained an estimate of total polymer (for details see Baas and Black, 1990; Baas and 
for the average MT length by dividing the total length of polymer Ahmad, 1992; Brown et al., 1992; Ahmad et al., 1993). For 
by the number of free MT ends (see Bray and Bunge, 198 1). In each axon region of interest, the immunofluorescence images 
the 12 pm of the parent axon on the proximal side of the branch, for each antibody were obtained, after which a third image was 
there were 96 free MT ends in 193 Km ofMT polymer, indicating obtained, each pixel of which represents the ratio of fluorescence 
an average MT length of 2.0 pm. In the 12 pm of the parent intensity of tyrosinated to @-tubulin within the polymer. Higher 
axon on the distal side of the branch, there were 70 free MT and lower ratios indicate higher and lower proportions of newly 
ends in 2 10 pm of MT polymer, indicating an average MT length assembled polymer, respectively. The ratio image was expressed 
of 3.0 pm. In a typical 12 pm region of the parent axon not in pseudocolor, where light violet indicates the lowest ratio and 
forming branches, we scored 10 free MT ends in 27 1 pm of total deep red indicates the highest ratio (see Materials and Methods). 
MT polymer, indicating an average MT length of 27.1 pm (data (It should be noted that the accuracy of these determinations is 
not shown; see also Yu and Baas, 1994). Collectively, these data best in regions where the signal is highest, but due to potential 
indicate that the discrete region of the parent axon from which nonlinearities in the detection of fluorescence signals, may be 
the collateral branch forms contains about 20% less total poly- less meaningful in regions of lower intensity, such as the rim of 
mer compared to regions of the parent axon not forming a the cell.) 
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Figure 6. Serial reconstruction of the MT array within a newly formed collateral branch and the region of the parent axon from which it emerged. 
A shows an actual tracing of one thin section. The ha&& ov& are mitochondria, while the remaining linear elements shown in the tracing are 
MT profiles. Because individual MTs are fractionated among thin sections, observation of a single thin section does not reveal true MT lengths. 



In a previous report, Brown et al. (1992) used this approach 
in studies on the axons of cultured sympathetic neurons. Their 
work indicates that there is a particularly high ratio of newly 
assembled to total MT polymer in the most distal several mi- 
crons of the axon contiguous with the terminal growth cone, 
and this conclusion has been confirmed by immunoelectron 
microscopy (Ahmad et al., 1993). Expressed in pseudocolor, the 
ratio images show red within the distal region, and violet-blue 
within the shaft. Our observations on cultured hippocampal 
neurons are essentially the same. Figure 7, a and c, shows the 
terminal growth cone region of a parent axon continuous with 
its shaft. The perimeter of the entire axon is surrounded by light 
violet. Within the shaft, the color is deeper purple and dark blue 
with splotches of lighter blue, indicating the lower end of the 
scale with regard to the proportion of newly assembled polymer. 
Moving distally toward the growth cone, the central region of 
the axon takes on progressively more green and yellow color, 
indicating an increasingly higher proportion of newly assembled 
polymer. Ultimately, the central core of the axon takes on a 
deep red color in the most distal ~60 pm. In direct contrast to 
these results, there was no green, yellow, red, or even light blue 
in the newly forming collateral branches, only light violet and 
deep purple (see Fig. 7d--). These results, which were obtained 
for all of over 100 newly forming collateral branches, indicate 
that the MTs within the newly formed collateral branches are 
on average the same age as those within the parent axon, and 
thus support the idea that these MTs were assembled in the 
parent axon and then translocated into the branch. 

Discussion 
In the present study, we sought to understand the changes in 
the MT array of the axon that occur during the formation of 
collateral branches. In particular, we sought to understand the 
mechanism by which the axon accommodates the need for local 
increases in MT number underlying collateral branch formation, 
and how the pattern of MT organization within the parent axon 
is passed on to each collateral branch. In theory, the rapid and 
focal increases in MT number required for collateral branch 
formation could result from either de novo initiation of new 
MTs or by fragmentation of existing MTs. The results of our 
serial reconstruction analyses strongly suggest the latter. Com- 
pared to other regions of the parent axon, the discrete region 
surrounding a newly forming collateral branch contains a sev- 
eralfold higher number of MTs, and a severalfold lower average 
MT length. Moreover, the number of long uninterrupted MTs 
traversing the parent axon decreases in the region of the branch 
point, with many more free MT ends present. The simplest 
interpretation of these findings is that prior to branch formation, 
MTs several times longer had traversed this region of the axon, 
and these long MTs were fragmented into shorter MTs as the 
branch formed. The other possibility, that the short MTs were 
assembled de novo, seems unlikely for several reasons. First, to 
be consistent with the present data, de novo initiation would 

t 
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have to have been preceded by the disassembly of the longer 
MTs formerly occupying the parent axon in the region of the 
branch. Such a shift from fewer longer MTs to higher numbers 
of shorter MTs is exactly opposite what would be expected based 
on the dynamic properties of MTs within a population (see 
Wordemann and Mitchison, 1994). In addition, work from our 
laboratory suggests that de novo initiation of MTs does not occur 
within the axon (Baas and Ahmad, 1992; see also Baas and 
Heidemann, 1986) and suppression of de novo initiation is 
probably important for the preservation of the uniform polarity 
orientation and consistent lattice structure of the MTs (see in- 
troductory remarks). Also arguing against de nova initiation are 
the results of our ratio-imaging studies, which show no evidence 
for an enrichment of newly assembled polymer at branch points 
or within the parent axon flanking the branch. Taking all of this 
into account, the most reasonable conclusion is that the local 
increase in MT number that occurs during the formation of a 
collateral branch results from the fragmentation of existing MTs 
within the parent axon. 

The stimuli that induce MT fragmentation in the axon are 
unknown. One possibility is that physical factors such as lateral 
pulling on the MTs might induce them to break. Another pos- 
sibility is that specific proteins exist in the axon that sever MTs 
into fragments. Centrin and katanin are two proteins that appear 
to have MT-severing properties in other cell types (see intro- 
ductory remarks), but it is unknown at present whether these 
or functionally similar proteins are present in the axon. In ad- 
dition, it is diffi.cult to imagine how such proteins could be 
localized to branch points, in that collateral branch formation 
appears to be possible at virtually any time and at any site along 
the axon’s length. An attractive possibility is that MT-severing 
proteins are located throughout the axon, and that cofactors 
regulating their activity are locally altered by physiological stim- 
uli. For example, the activity of centrin is dependent on free 
calcium levels (Sanders and Salisbury, 1989) and katanin re- 
quires sufficient levels of ATP to sever MTs effectively (McNally 
and Vale, 1993). These same factors are among those that reg- 
ulate many of the actin-associated proteins such as gelsolin (Yin 
and Stossel, 1979) many of which are undoubtedly involved in 
the reorganization of the cortical actin cytoskeleton, also re- 
quired for alterations in neuronal morphology (for review, see 
Bamburg and Bernstein, 199 1). In addition, experimental stud- 
ies suggest that fragmentation and/or local reductions in MT 
mass are directly related to increases in the surface activity of 
the axon (Bray et al,, 1978; Joshi et al., 1986). Thus, while the 
specific stimuli, proteins, and cofactors underlying MT frag- 
mentation in the axon are unknown, it seems reasonable that 
there is a cascade of events in which many elements of the 
axoplasm undergo coordinated alterations to accommodate the 
formation and growth of collateral branches. 

Implicit in these conclusions is that some of the short MTs 
resulting from fragmentation are partitioned into the branch, 
while the others remain to supply the distal side of the parent 

B is a composite schematic obtained by serially reconstructing the MT profiles appearing in all sections (see Materials and Methods and Results 
for more details). The total length of MT polymer in the branch, including the full length of the MTs curving in from the parent axon, was 128 
rm, and this consisted of 56 MTs ranging from 0.19 to 11.4 pm in length, with an average length of 2.24 -t 2.36 pm. In the 12 pm of the parent 
axon on the proximal side of the branch, there were 96 free MT ends in 193 pm of MT polymer, indicating an average MT length of 2.0 pm. In 
the 12 pm of the parent axon on the distal side of the branch, there were 70 free MT ends in 2 10 pm of MT polymer, indicating an average MT 
length of 3.0 pm. These data contrast with those obtained for a typical 12 pm region of the parent axon not forming branches, in which 10 free 
MT ends were scored in 27 1 pm of total MT polymer, indicating an average MT length of 27.1 pm (data not shown; see also Yu and Baas, 1994). 
Scale bar for A. 6 Frn; the same scale applies to the length of the schematic in B, but the width of the schematic is not to scale. 
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f3-TUBULIN 

. 

Figure 7. Quantitative immunofluorescence analyses on the relative age of the MT polymer appearing in different regions of the axon. Relative 
MT age was determined indirectly, by obtaining a ratio of the levels of tyrosinated to fi-tubulin within MT polymer (see Materials and Methods 
and Results). a and d show immunofluorescence staining for P-tubulin in a region of the axon contiguous with the terminal growth cone and a 
region forming collateral branches, respectively. b and e show staining for tyrosinated tubulin in these same two regions, respectively. Qualitative 
observation indicates that relatively higher levels of tyrosinated tubulin can be found in the MTs within the distal region of the axon but not within 
the collateral branches, compared to the main shaft of the parent axon. However, the collateral branches also contain lower total levels of polymer, 
and hence it is the ratio image (tyrosinated to 0) that provides a true indication of the proportion of newly assembled to total polymer, and hence 
average MT age, within each axon region. Ratio images are shown in c andf; and are expressed in pseudocolor where light violet indicates the 
lowest ratio and deep red indicates the highest ratio. The perimeter of the entire axon is surrounded by light violet. Within the shaft, the color is 
deep purple and dark blue, with splotches of lighter blue, indicating the lower end of the scale with regard to the proportion of newly assembled 
polymer. Moving distally toward the growth cone (c), the central region of the axon takes on progressively more green and yellow, indicating an 
increasingly higher proportion of newly assembled polymer. Ultimately, the central core of the axon takes on a deep red color in the most distal 
~60 pm. In direct contrast to these results, there was no green, yellow, red, or even light blue in the newly forming collateral branches, only light 
vzolet and deep purple (fl. Newly forming branches ranging in length from roughly 5 to 25 pm were analyzed, and the same result was obtained 
for all lengths. The scale indicates the range of colors, and the corresponding numerical values were obtained as indicated in Materials and Methods. 
Scale bar, 15 Frn. 

axon. Such a partitioning would require the active transport of 
MTs from one compartment to the other, and two lines of 
evidence suggest that such transport occurs. First, the ratio- 
imaging analyses of MT age in different regions of the axon 
indicate that the MTs within the newly forming branches are 
assembled at essentially the same time as those within the parent 
axon. This result is inconsistent with the possibility that most 
or all of the MTs in the branch arise via new assembly. If this 
latter possibility were true, the proportion of newly assembled 
polymer in the branch would be more similar to the very high 
proportion of newly assembled polymer found in the MTs near 
the terminal growth cone. The fact that the polymer age in the 
newly formed branches is similar to that within the parent axon 

suggests that the MTs within these regions were assembled at 
roughly the same time, and hence that the MTs within the 
branches were assembled within the parent axon, and then trans- 
ported into the branch. Also favoring this conclusion are ob- 
servations on the MTs that curve into the branch from the parent 
axon. In all cases these MTs curved into the branch from the 
proximal side of the parent axon, never from the distal side. 
Given the plus-end-distal polarity orientation of the MTs, this 
result indicates that the MTs curving into the branch do so with 
their minus end in the parent axon and their plus end directed 
into the branch, and never with their minus end in the branch 
and their plus end in the parent axon. Previous data from our 
laboratory indicate that MT transport in the axon occurs with 
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plus ends leading (Baas and Ahmad, 1993), setting up the plus- 
end-distal polarity orientation of MTs in the parent axon, and 
presumably in the branches as well. The fact that MTs curve 
into the branch from the proximal but not the distal side of the 
parent axon is therefore consistent with the view that these MTs 
had been moving from the parent axon into the branch at the 
time of fixation. 

Worth brief consideration is the angle at which the curved 
MTs bend. It seems possible that the degree to which an MT 
can bend may influence morphological features of branching, 
such as the angle at which branches grow from the parent axon. 
We found that early branches typically formed at about 90” to 
the parent axon, and that with further growth the angles can 
become even more obtuse. Interestingly, a key morphological 
difference between axons and dendrites is that dendrites tend 
to branch at more acute angles (see Banker and Waxman, 1988; 
Lasek, 1988). One possibility is that dendritic MTs are more 
rigid than axonal MTs, and this constrains the angles at which 
these two types of processes can branch. Compositionally, ax- 
onal and dendritic MTs differ in their complements of micro- 
tubule-associated proteins (MAPS), with the adult form of MAP-2 
present only in dendrites and tau enriched in the axon (for 
review, see Matus, 199 1). Studies in which MAP-2 is experi- 
mentally expressed in non-neuronal cells indicate that MAP-2 
makes the MTs more rigid, and this rigidity assists in process 
formation (Edson et al., 1993). In addition, in vitro work in- 
dicates that both MAP-2 and tau reduce the flexural rigidity of 
MTs as assessed by their tendency to bend (Dye et al., 1993). 
It will be of great interest to determine whether MTs rich in tau 
differ from those rich in MAP-2 with regard to their flexural 
rigidity. One possibility is that tau-rich MTs are less rigid, and 
that this difference can explain in part the different angles at 
which axons and dendrites branch. 

Concluding remarks 

We propose the following model, based on the present results 
and on previous work, for the growth and perpetuation of the 
MT array of the axon during collateral branch formation. Ini- 
tially, physiological stimuli relevant to branch formation cause 
local changes in regulatory factors that are as yet unidentified. 
These factors act on the cortical actin and membrane, causing 
the outgrowth of relatively short processes containing no MTs. 
The initial outgrowth of these branches does not require an 
alteration in the continuity of the underlying MT array. How- 
ever, the branches are highly dynamic, often retracting entirely, 
and this probably relates in part to the absence of MTs within 
them. In the case of some of these early branches, the same or 
different factors cause the MTs in the parent axon to locally 
fragment. All of the resulting fragments inherit the 13-protofi- 
lament lattice of their predecessor MTs, and a portion of the 
fragments are partitioned into the newly forming collateral 
branch, and the others remain to supply the distal side of the 
parent axon. The newly formed branch is still dynamic at this 
point and could retract, but the branch stabilizes as it grows, 
and this most probably relates in part to the increase of its MT 
array. The partitioning of MTs requires an active transport 
mechanism, and this mechanism is unidirectional with regard 
to the polarity of the MTs, moving them exclusively with plus 
ends leading. In this manner, the transport properties of the 
MTs reestablish the uniformly plus-end-distal polarity orien- 
tation of their predecessor MTs. Once the MT array in the parent 
axon fragments, the cortical actin cytoskeleton and membrane 

become more active, facilitating the growth of the branch. Dur- 
ing transport down the branch and the distal side of the parent 
axon, the MT fragments resume their dynamic exchange of 
tubulin subunits, resulting in a shift during transit toward small- 
er numbers of longer MTs. As the parent axon and the collateral 
branch grow, all of these events continue, including MT frag- 
mentation events, to accommodate the steady and orderly in- 
crease of both MT arrays. In this manner, the number of MTs 
within the axon locally increases to accommodate collateral 
branch formation and growth, and the pattern of MT organi- 
zation within the parent axon is passed on to each collateral 
branch as it forms. 
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