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Abstract. In a previous study using PC-12 cells (Lim,
S. S., P. J. Sammak, and G. G. Borisy. 1989. J. Cell
Biol. 109:253-263), we presented evidence that the
microtubule component of the neuronal cytoskeleton is
differentially dynamic but stationary. However, neu-
rites of PC-12 cells grow slowly, hindering a stringent
test of slow axonal transport mechanisms under condi-
tions where growth was substantial. We therefore ex-
tended our studies to primary cultures of dorsal root
ganglion cells where the rate of neurite outgrowth is
rapid. Cells were microinjected with X-rhodamine-
labeled tubulin 7-16 h after plating. After a further in-
cubation for 6-18 h, the cells were photobleached with
an argon ion laser. Using a cooled charged couple de-

vice and video microscopy, the cells were monitored
for growth of the neurite and movement and recovery
of fluorescence in the bleached zone. As for PC-12
cells, all bleached zones in the neurite recovered their
fluorescence, indicating that incorporation of tubulin
occurred along the neurite. Despite increases in neu-
rite length of up to 70 um, and periods of observation
of up to 5 h, no movement of bleached zones was ob-
served. We conclude that neurite elongation cannot be
accounted for by the transport of a microtubule net-
work assembled only at the cell body. Rather, microtu-
bules turn over all along the length of the neurite and
neurite elongation occurs by net assembly at the tip.

rite? Cytoskeletal assembly depends on the avail-

ability of component units. However, the geometry
of neurons complicates this basic requirement. As the sole
site of protein synthesis, the cell body is the source of
subunits for neurite growth. The progressive growth of neu-
rites away from the cell body and their subsequent main-
tenance demand that materials be conveyed to distal sites, of-
ten over long distances. These conditions necessitate a close
coupling of the assembly of the cytoskeleton with transport
processes from the cell body.

Consideration of how and in what form tubulin is trans-
ported must also take into account the site of microtubule as-
sembly. For example, if assembly occurs only in the cell
body, then the transport form would be the microtubule poly-
mer. Assembly elsewhere in the neuron would require that
nonpolymeric (unassembled) forms of tubulin be conveyed
to distal sites of assembly. Hence, identification of the basic
units of transport and their sites of assembly into polymer
are essential for understanding the mode of assembly of the
neuronal cytoskeleton.

A large body of work (reviewed in 9) suggests that micro-
tubules are the transport form of tubulin in mature, nongrow-
ing neurons. They are thought to be assembled at the cell
body, to travel through the axon at 0.5-4 mm/d, and to be
degraded at distal sites (2, 4, 12, 13). Consistent with this
idea, kinetic studies using pulse-labeled neurons in culture
showed that soon after synthesis, the majority of tubulin and
neurofilament proteins enter into insoluble forms (3). Fur-

How is the cytoskeleton assembled in the growing neu-
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ther, similarities between the rate of transport of cytoskeletal
proteins and the growth of regenerating neurites led to the
suggestion that movement en masse of preexisting microtu-
bules and intermediate filaments may be the limiting process
critical in the mechanism of neurite elongation (reviewed in 7).
Alternatively, the protein molecules themselves or nonmi-
crotubule oligomers could be the units of transport (1, 27,
28). Depending on the site(s) of assembly, two possible
mechanisms could give rise to neurite elongation. If the
growth cone was the major site of microtubule assembly (1),
local assembly of microtubules from tubulin molecules
transported to this region would allow for neurite growth. If
microtubules were able to incorporate subunits at all distal
ends throughout the neuron (18) but were differentially dy-
namic (16), microtubule turnover would occur throughout,
but neurite elongation could result from some mechanism(s)
that promotes net assembly of microtubules at the tip.
The presence or absence of microtubule polymer transport
and the identification of sites of microtubule assembly are
criteria that will distinguish between the various possibilities
outlined above. Information concerning both microtubule
movement and sites of assembly can be obtained by combin-
ing the techniques of microinjection of labeled tubulin and
fluorescence recovery after photobleaching. Using similar
techniques, Keith (10) reported distal translocation of
bleached zones at rates similar to slow axonal transport. No
information was presented with regard to the recovery of
bleached zones. In contrast, our experiments in PC-12 cells
(16) indicated that bleached zones do not move but do re-
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cover their fluorescence. These observations suggest that
microtubules in the neuron are stationary and that microtu-
bule assembly occurs throughout the neuron.

Since neurites of PC-12 cells grow slowly, recovery of
fluorescence in the bleached zones occurred before we could
document substantial elongation. Hence we were not able
to test definitively whether polymer transport and neuronal
elongation were coupled events. Therefore we extended our
studies to primary cultures of dorsal root ganglion cells,
where neurite growth is rapid. We report here that despite
significant increases in neurite length, no movement of
bleached zones was observed, indicating that neurite elonga-
tion cannot be accounted for by the transport of a microtu-
bule network assembled only at the cell body. During neurite
elongation, all bleached zones in the neurite recovered their
fluorescence and the increase in length of the neurite cor-
responded to the increase in the length of the distal-most seg-
ment. We conclude that steady state turnover of microtu-
bules occurs along the length of the neurite and that neurite
elongation is accompanied by net assembly of microtubules
at the tip.

Materials and Methods

Cell Culture

Cultures of sensory neurons were prepared from chick dorsal root ganglia
as previously described (14). For ease of locating injected cells, the cover-
slips were carbon coated to produce a locater pattern (16). Once plated onto
the coverslips, the cells were allowed to settle for 9-12 h before microin-
jection.

Microinjection

X-rhodamine labeling of tubulin was performed as previously described
(21). Just before use, an aliquot of x-rhodamine tubulin was thawed and spun
at 20,000 g for 30 min to remove particulates. To ensure maximal incorpora-
tion of the labeled tubulin into microtubules, cells without neurites or with
newly sprouting neurites were selected for microinjection. Injected volumes

were estimated by eye to be <10% of the volume at the cell body as no dis-
cernible distortion of the membrane was observed.

Photobleaching

The photobleaching apparatus was assembled as described before (16). The
maximum laser intensity at the specimen as measured directly using an op-
tometer (model 370; United Detector Technology, Hawthorne, CA) was 60
MW/mZ. This exposure (60 MW/m? x 300 ms = 18 MJI/m?) was eightfold
less than the exposure (71 MW/m? X 2 s = 142 MJ/m?) reported to cause
dissolution of microtubules in vitro (26).

Microinjected cells were allowed to equilibrate with the labeled tubulin
for 6-18 h before photobleaching. An injected cell was selected and then
photobleached once on the primary neurite. Phase-contrast images and
fluorescent images were taken before and after photobleaching to record the
progress of the cell during recovery of the bleached zones.

Image Acquisition and Display

To prevent excessive irradiation, cells were observed by fluorescence only
at intervals of 20-90 min. The microscope was equipped with a 25X objec-
tive, illuminated with a 100 W mercury arc lamp, and the light passed
through ultraviolet and infrared blocking filters, neutral density filters, and
a wide-band Zeiss rhodamine filter set. Cells were focused with the aid of
a SIT TV camera (Dage-MTI, Inc. Michigan City, IN) and an image proces-
sor (Quantex Corp., Sunnyvale, CA). A charged couple device (CCD), at-
tached to the side port of the microscope with a 5X ocular and a Tokina
80-200 zoom photographic lens, was used to collect both fluorescent and
phase images. This series 200 CCD camera (PhotoMetrics Ltd., Tucson,
AZ) contained a 384 X 576 pixel chip (Thompson CSF TH7882CDA) that
was thermoelectrically cooled to —50°C to reduce the dark current noise
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and images were digitized to 14-bit depth. After temporary storage on the
hard drive of a personal computer (AST premium/386; Irvine, CA), digital
image files from the CCD were archived on 8 WORM drive optical disc
(model 3363; IBM Corp.). During experiments, all images were documented
with a video printer (P-60U; Mitsubishi Corp.). Publication quality photo-
graphs were subsequently produced from a high resolution black and white
monitor (Sierra Scientific, Mountain View, CA) on Technical Pan 2415 film.

Data Analysis

Measurements of fluorescence intensity along neurites were made from im-
ages that were corrected for background noise, camera-related variation in
illumination (flat-fielding), and bleaching during image acquisition.
Fluorescence recovery after photobleaching was assayed by determining the
ratio of the radiance in the bleached zone to that in adjacent regions. Mea-
surement of the position of a bleached zone was made relative to the cell
body, branch points, and other landmark features in the images. Measure-
ments of neurite growth were taken during the times that bleached zones
were still discernible.

Indirect Immunofluorescence Microscopy

Dorsal root ganglion cells were processed for indirect immunofluorescence
as previously described (16). The antitubulin antibody was purchased from
Accurate Chemical & Scientific Corp. (Westbury, NY).

Results

Microtubules Are Not Broken by Photobleaching

For a marker protein to report faithfully on the behavior of
microtubules in vivo, it is important that it becomes incorpo-
rated into the cytoskeleton without significantly perturbing
dynamics or neurite extension, and also, that subsequent ex-
perimental manipulations (especially photobleaching) do
not disrupt the microtubules. To ensure that the labeled tubu-
lin was uniformly incorporated into the microtubule cyto-
skeleton, cells were microinjected before neurite extension
and allowed to incubate for a further 8-16 h after microinjec-
tion. Fig. 1, a-c are live images of a cell that was microin-
jected with X-rhodamine tubulin. Comparison of the phase
image (Fig. 1 a) with the fluorescent image (b) indicated that
only the cell that was microinjected was fluorescent. Imme-
diately after photobleaching, a postbleach image was cap-
tured (Fig. 1 ¢), and the cells lysed, fixed, and processed for
antitubulin immunofluorescence.

After a lysis treatment to remove soluble material, the cell
in Fig. 1, a-c retained its fluorescence except for the region
of the bleached zone (d). This confirmed that the labeled
rhodamine tubulin was incorporated into a detergent-lysis—
resistant form, presumably microtubules. The antitubulin im-
munofluorescence reactivity visible in the fluorescein chan-
nel (Fig. 1 ) was continuous through the bleached zone.
This indicated that under the experimental conditions used,
microtubules were not broken by the photobleaching. In ad-
dition to the cell shown above (fixed 25 min after photo-
bleaching) cells were lysed and fixed at various other time
points after photobleaching to assay for damage that may not
have been immediately apparent after photobleaching (26).
Neuronal cells lysed and fixed from 1-60 min postbleach all
showed continuity of antitubulin immunofluorescence through
the bleached zone and we conclude that they did not suffer
any visible damage from the photobleaching. In addition, the
growth rate of neurites in the experimental cells fell within
the range of growth of control cells (15-50 um/h).
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Microtubules Remain Stationary during
Neurite Outgrowth

The rate of transport of microtubules was assayed by
monitoring the position of bleached zones over a period of
time. Bleached zones disappeared eventually because of
microtubule turnover. Fig. 2 shows direct fluorescent micro-
graphs of a bipolar cell bleached on the larger neurite shaft
and observed for 240 min. Elongation of the neurite shaft
was clearly evident, but the position of the bleached zone re-
mained constant relative to the cell body. Initially 110 pm
in length at the time of photobleaching, the neurite grew an
additional 45 um by the last time point at which the bleached
zone was still visible (142 min; Fig. 2 ). It continued to
grow such that at 240 min after photobleaching, the total in-
crease in length of the neurite was 80 um (Fig. 2 g).

In a pseudounipolar cell with multiple branches (Fig. 3,
a and b), a bleached zone was placed on the primary trunk
of the neurite shaft (c). At 53, 143, and 275 min after photo-
bleaching, fluorescence images (Fig. 3, 4, ¢, f’) were taken
to assess both the position of the bleached zone and its fluo-
rescence intensity. Corresponding phase images were also
taken at the same time points to monitor growth of all neu-
ritic branches. No significant movement of the bleached zone
was observed throughout this time period although the two
distal branches shown in Fig. 3, d-f had each elongated by
35 and 37 um and the combined increase in length of all four
distal branches added up to ~172 um.

Neurite Growth Occurs by Increase in Length at

Distal Ends

A comparison of the bleached zone—cell body distances and
the bleached zone-growth cone distances indicated no
change in the former while the latter increased with neurite
elongation. This indicates that during neurite elongation, net
assembly of microtubules occurs at the distal end. Morpho-
logical analyses of the growth pattern of dorsal root ganglion

Figure 1. Microtubules are continuous through bleached zones.
About 8-16 h after microinjection with X-rhodamine-tubulin, a
small region of dorsal root ganglia neurites was photobleached. 25
min after photobleaching, this cell was lysed and fixed and subse-
quently processed for indirect immunofluorescence microscopy using
an antitubulin antibody (YL1/2) and a FITC-conjugated anti-rat
secondary antibody. (a-c) Live images of the cell before photo-
bleaching (a and b) and immediately after photobleaching (c). Com-
parison of the phase image in a and the fluorescent images (b and
¢) indicates that only the injected cell is fluorescent. The carbon-
coated grid pattern on the coverslips provided a reference framework
for relocating and identifying injected cells as well as for monitor-
ing their subsequent growth. However, the carbon-coated regions
also serve as neutral density filters that diminish the fluorescence
intensity of overlying structures (arrows in b). To avoid ambiguity,
only regions of neurites on carbon-free areas were selected for pho-
tobleaching. After lysis and fixation, the direct rhodamine fluores-
cence image (d) indicates X-rhodamine-tubulin to be incorporated
into neuritic microtubules. Fluorescence is continuous along the
neurite except at the bleached zone (arrowhead). The correspond-
ing image in the fluorescein channel indicates that the anti-tubulin
staining is continuous through the bleached zone. Microtubules in
the bleached zone remain intact after photobleaching. Bars: (a—c)
20 pm; (d) 10 pm.
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Figure 2. Microtubules remain stationary during neurite growth: a bipolar cell. Before photobleaching, the fluorescent image (b) identified
the injected cell from neighboring cells as observed in the phase image (a). (c-g) Fluorescent images captured after photobleaching and
the time after photobleaching is indicated by 7 in minutes. During the period that the bleached zone in this cell is still detectable (2.5 h,
¢—f), no obvious change in its location is observed despite a significant increase in neurite length. This cell has remained healthy after
the experimental manipulations and continued to grow (g). Unfortunately, attempts to remove debris in the field of view also dislodged

the proximal neurite slightly. Bar, 20 um.

cells reinforce this conclusion. The cell in Fig. 3 was ana-
lyzed for the increase in length of the various branched seg-
ments according to the procedure of Bray (5). Fig. 4 a is a
diagrammatic reconstruction of the cell at various time
points, the cell being divided into various segments corre-
sponding to the different neuritic branches. As is apparent
in Fig. 4 a and confirmed in b, proximal segments showed
no significant changes in length even though the overall
dimensions of the cell had increased. As previously reported
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in superior cervical ganglion cells (5), only the distal-most
segments contribute to the increase in neurite length.

Quantitative Assessment of Movement and Turnover
of Bleached Zones

Bleached zones were placed at varying distances from the
cell body and the data obtained from different cells was nor-
malized as relative movement of the bleached zone with re-
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Figure 3. Microtubules remain stationary during neurite growth: a pseudounipolar cell with muitiple branches. With this large cell, mon-
tages of phase images were constructed to record the lengths of the various neuritic branches (a). To avoid excessive irradiation of the
cell, fluorescent images (b, ¢’-f”) were taken only in the field of view of the bleached zone. (a and b) Images taken before photobleaching.
The time after photobleaching for postbleached images are indicated by T. For each time point, paired phase and fluorescent images (d,
d’, and e, €', and f, ') reveal changes in length of the neurite and the position of the bleached zone (arrowhead). Bar, 20 pm.
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Figure 4. Neurite growth occurs by addition in length at distal ends.
(@) A diagrammatic representation of the same cell in Fig. 3, drawn
to scale (bar, 20 um). The cell is divided into segments correspond-
ing to the various neuritic branches. O indicates the length of the
segment before photobleaching. At various time points after pho-
tobleaching (I = 93 min; 2 = 143 min; 3 = 275 min), 'measure-
ments of the segments were made from montages of phase images.
b shows changes in lengths of the neuritic segments at the time
points indicated in Fig. 3 a. Distalmost segments (BI, DE, DF, and
GH) show increases in lengths while more proximal segments do
not show change.

spect to its position at the time of photobleaching. For obser-
vation periods of up to 4.5 h (limited by the recovery of the
bleached zone), no obvious unidirectional movement of the
bleached zones, as predicted by slow axonal transport (Fig.
S, dashed line), was observed. Analysis of 10 bleached zones
in 10 cells is plotted in Fig. 5 a. Although we only show data
for bleached zones placed on primary neurites, zones placed
on secondary or tertiary branches also did not move.

In Fig. 5 b, relative movement of bleached zones is plotted
against growth increments of neurites (>20 pm). Despite in-
creases of up to 70 um, a corresponding translocation of the
bleached zones (Fig. 5 b, dashed line) was not observed. We
conclude that the microtubule component of the neuronal
cytoskeleton is stationary, and that neurite elongation cannot
be attributed to polymer transport.

However, quantitation of fluorescence recovery after pho-
tobleaching indicates that the neuronal microtubules turn-
over (Fig. 6). Since diffusion of the tubulin dimer (D ~10-#
cm?-s7') across the bleached zone would be expected to oc-
cur within seconds, the low level of fluorescence in the first
postbleach image (2 min) indicates that the pool of soluble
tubulin in the neurite is small. The time course of recovery
indicates that microtubules in the neurite shaft turnover
slowly (#, 1-2 h). The maintenance of the symmetry and
width of the intensity distribution indicates that recovery
does not occur by movement of microtubules proximal to the
bleached zone.

Discussion

Stationary Bleached Zones Indicate Lack of
Polymer Transport

The principal observation of this study is that bleached zones
placed on neurite shafts failed to move despite significant in-
creases in neurite length. Our evidence argues that neuronal
microtubules are stationary and that neurite elongation is not
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dependent on polymer transport from the cell body. These
results are contrary to the predictions of the current models
of slow axonal transport and their implications for microtu-
bule assembly and neurite growth. What are the experimen-
tal pitfalls and limits of the photobleaching experiments?
The effects of irradiation from photobleaching and live ob-
servations of cells using fluorescence microscopy have been
a concern of this laboratory and others. Vigers et al. (26)
have reported that fluorescent microtubules appear to break
up under illumination. Using a conservative dose of irradia-
tion in this study (Materials and Methods) and others, we did
not see evidence of microtubule damage at both light and EM
levels (6, 16, 20, 21). In addition, a recent study using cor-
relative light and low voltage scanning electron microscopy
designed specifically to address photodamage confirmed the
integrity of microtubules when exposed to the light energy
levels of our experimental conditions (Centonze, V. E., and
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Figure 5. Quantitative assessment of the movement of bleached
zones. (a) The change in distance between the bleached zone and
the cell body is plotted as a function of time. The precision of each
measurement was +/— 1 um. For comparison, the minimal rate
of slow axonal transport is ~0.25 mm/d or 10 um/h (dashed line).
(b) The change in distance between the bleached zone and the cell
body is plotted against the increases in neurite length. The precision
of each measurement was +/— 1 um. For comparison, the rate of
polymer displacement needed for corresponding neurite growth is
plotted (dashed line).
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Figure 6. Quantitation of fluorescence recovery in bleached zones.
The cell in Fig. 2 is used in this example of fluorescence intensity
measurements across the region of the bleached zone. The intensity
profile shows fluctuations along the length of the neurite both before
(upper solid line) and after (dashed lines) photobleaching. Pho-
tobleaching (see Fig. 2 ¢) reduced fluorescence intensity in the
bleached zone close to background levels (lower solid line). At 42
(see Fig. 2 d) and 142 min (see Fig. 2 f) after photobleaching,
fluorescence levels increased resulting in a more shallow trough in
the intensity profiles (dashed line). The overall shape and symmetry
of the trough remained unchanged. 1.8 pixels = 1 um.

G. G. Borisy, unpublished results). Furthermore, cell func-
tion appears unperturbed, as evidenced by normal rates of
neurite elongation in this study and normal progression of
mitosis (6).

The photobleaching experiments are limited by the extent
of photobleaching, the intensity of fluorescence in the
recorded images, and the recovery of fluorescence after pho-
tobleaching. Although we have not attempted to determine
the precise relationship between fluorescence intensity and
microtubule concentration, it is reasonable to assume that
above a value equal to the subunit contribution, the fluores-
cence intensity would be proportional to the amount of
microtubule polymer at a given position in the neurite. Be-
cause the CCD image sensor is a linearly responding, quan-
titative device, a comparison of the fluorescence in the
bleached zone and flanking regions would reveal whether a
subset of the microtubules were moving. If polymer sliding
occurs in neurons (11) and if 50% of the microtubules were
stationary and 50% moved, we would expect first a broaden-
ing of the bleached zone and then a splitting into two equal
components. This was clearly not observed. We estimate
that we would not have been able to detect a moving subset
of 10-20% of the microtubules, but the resuits do permit us
to say that the bulk of the microtubules must be stationary.

Microtubule Turnover along the Length Is Consistent
with Transport of Nonpolymeric Tubulin

Since we did not observe any polymer transport, we con-
clude that neurite growth must be due to the transport of
tubulin in an unassembled state such as tubulin dimer or a
form of nonmicrotubule polymer (27, 28). Fluorescence
recovery of bleached zones results from the assembly of new
microtubule domains all along the length. In this and a previ-
ous study (15), we showed that the rate of microtubule turn-
over in neuronal cells is relatively slow when compared with
similar studies in nonneuronal cells (21, 23-25).
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The occurrence of microtubule turnover throughout the
neuron (16, 18) argues that there is no specific cellular site
of assembly but rather, microtubule assembly is dictated by
the presence of free ends. Axonal microtubules show polar-
ity such that their plus (+) ends are distal to the cell body
(8). Okabe and Hirokawa (18) provided ultrastructural evi-
dence that labeled tubulin microinjected into neuronal cells
can move unimpeded into the neurite and become incorpo-
rated at the distal, plus ends of individual microtubules. This
end-mediated assembly, and the time-dependent increase in
length of the labeled domains is similar to results of studies
in nonneuronal cells (24, 25) which have been interpreted in
terms of the dynamic instability model of microtubule turn-
over (17, 22).

Net Assembly of Microtubules at the Growth Cone

Our phase microscopic analysis of growing DRG cells
confirms the study of Bray (5) that elongation of neurites can
be accounted for entirely by an increase in length of the
distal-most segment. In addition, our fluorescence and pho-
tobleaching analysis indicates that the microtubule compo-
nent of the neuronal cytoskeleton in these same cells is sta-
tionary. The syllogistic inference to be drawn from these
statements is that during neurite elongation net microtubule
assembly takes place at the distal tip. In a previous study, we
found microtubule turnover to be faster in the growth cone
than in the neurite shaft (16). Other observations consistent
with the growth cone being a major site of microtubule as-
sembly are the predominance of free microtubule ends at the
growth cone (15), the heightened sensitivity of neurite elon-
gation to microtubule depolymerizing drugs when applied
to the growth cone than when applied to the cell body or neu-
rite shaft (1), and the lack of posttranslationally modified
tubulin characteristically associated with microtubule stabil-
ity (16, 19).

We conclude that neurite elongation is not dependent on
bulk translocation of microtubules previously assembled at
the cell body. Neuronal microtubules are dynamic and
subunit exchange occurs throughout the cell, accounting for
microtubule turnover at steady state. Under conditions of
neurite extension, we infer that net assembly of microtubules
occurs at the distal tip.
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Note Added in Proof: A recent publication by S. Okabe and N. Hirokawa
(Nature (Lond.). 1990. 343:479-481) using a similar experimental ap-
proach also concluded that microtubules are dynamic and that their translo-
cation does not occur during neurite elongation.
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