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Abstract. Rhodamine-tagged tubulin was microin-
jected into epithelial cells (MDCK) and fibroblasts
(Vero) to characterize the dynamic properties of la-
beled microtubules in sparse and confluent cells.
Fringe pattern fluorescence photobleaching revealed
two components with distinct dynamic properties.
About one-third of the injected tubulin diffused rapidly
in the cytoplasm with a diffusion coefficient of 1.3-1.6
X 107% cm?/s. This pool of soluble cytoplasmic tubu-
lin was increased to >80% when cells were treated
with nocodazole, or reduced to ~20% upon treatment
of cells with taxol. Fluorescence recovery of the re-
maining two-thirds of labeled tubulin occurred with an
average half-time (#;) of 9-11 min. This pool corre-
sponds to labeled tubulin associated with microtu-
bules, since it was sensitive to treatment of cells with
nocodazole and since taxol increased its average 1, to
>22 min. Movement of photobleached microtubules

in the cytoplasm with rates of several micrometers per
minute was shown using very small interfringe dis-
tances. A significant change in the dynamic properties
of microtubules occurred when MDCK cells reached
confluency. On a cell average, microtubule half-life
was increased about twofold to ~16 min. In fact, two
populations of cells were detected with respect to their
microtubule turnover rates, one with a #; of ~9 min
and one with a #,, of >25 min. Correspondingly, the
rate of incorporation of microinjected tubulin into in-
terphase microtubules was reduced about twofold in
confluent MDCK cells. In contrast to the MDCK
cells, no difference in microtubule dynamics was ob-
served in sparse and confluent populations of Vero
fibroblasts, where the average microtubule half-life was
~10 min. Thus, microtubules are significantly stabi-
lized in epithelial but not fibroblastic cells grown to
confluency.

HE microtubules in interphase cells build up a dy-

namic cytoskeletal network (for a review see Kirsch-

ner and Mitchison, 1986) which is essential for the
polarized spatial arrangement of cytoplasmic organelles (for
a review see Kreis, 1990) and for intracellular membrane
traffic (for reviews see Schliwa, 1984; Vale, 1987). An op-
timal organization of the cytoplasm by microtubules needs
both tight control and flexibility towards changes in the cellu-
lar environment. Changes in the dynamic properties of
microtubules may contribute to alterations of this organiza-
tion. Reorientation of cells and cell differentiation, for exam-
ple, clearly have profound effects on the organization and sta-
bility of interphase microtubules (Baas et al., 1987; Bacallao
etal., 1989; Black and Baas, 1989; Bré et al., 1987; Gunder-
sen et al., 1989; Houliston et al., 1987; Lim et al., 1989)
and on the localization of cytoplasmic organelles (Bacallao
etal., 1989; Kupfer et al., 1982, 1986; Tassin et al., 1985a;
Trelstad, 1970). Furthermore, significant alterations in the
arrangement of the microtubule organizing material and in
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microtubule nucleation take place during various forms of
cell differentiation (Buendia et al., 1990; Gorbski and
Borisy, 1985; Karsenti and Maro, 1986; Morgensen et al.,
1989; Tassin et al., 1985b; Tucker et al., 1986; see also Bré
etal., 1990). The molecular signals which induce alterations
in microtubule stability are, so far however, only very poor-
ly understood. Direct assays for microtubule dynamics are
needed to characterize these signals.

The dynamic properties of microtubules have been studied
in living cells by microinjection of modified microtubule
subunits (Keith et al., 1980; Kreis, 1987; Mitchison, 1989;
Okabe and Hirokawa, 1988; Olmsted et al., 1989; Sammak
et al., 1987; Saxton et al., 1984; Scherson et al., 1984;
Schulze and Kirschner, 1986; Soltys and Borisy, 1985).
These experiments lead to the conclusion that the half-life of
interphase microtubules is on average 5-10 min. Distinct
subclasses of microtubules with different dynamic properties
have been characterized. Microtubules containing predomi-
nantly detyrosinated (Bré et al., 1987; Gundersen et al.,
1984; Khawaja et al., 1988; Kreis, 1987, Schulze and
Kirschner, 1987; Webster et al., 1987) or acetylated a-tu-
bulin (Black and Keyser, 1987; LHernault and Rosenbaum,
1985; Piperno et al., 1987; Webster and Borisy, 1989) ap-
pear stabilized. On the other hand, the majority of the mi-
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totic spindle microtubules are destabilized, relative to the
average population of interphase microtubules (for a review
see Mitchison, 1988). Stabilizing factors binding to micro-
tubules, microtubule-associated proteins (MAPs),! as well
as posttranslational modifications of the microtubular com-
ponents may regulate microtubule stability in vivo (Dins-
more and Sloboda, 1988; Drubin and Kirschner, 1986; Kanai
etal., 1989; Lewis et al., 1989; Verde et al., 1990). Interac-
tions of microtubules with other cytoskeletal elements or cy-
toplasmic structures may also lead to stabilization of sub-
classes of interphase microtubuies.

In this study we have asked whether the dynamic proper-
ties of microtubules change when fibroblasts or epithelial
cells reach confluency. For this purpose, microtubules have
been fluorescently labeled in living cells by microinjection
of rhodamine-tagged tubulin (rh-tubulin). Alterations in the
average turnover rates of microtubules were measured by
fringe pattern fluorescence photobleaching (Davoust et al.,
1982; Cosson, Pepperkok, Back, and Davoust, manuscript
submitted for publication) in Vero fibroblasts or epithelial
MDCK cells grown to different densities. Changes in micro-
tubule nucleation and elongation rates occurring in MDCK
cells during the formation of cell-cell contacts are addressed
and discussed elsewhere (Bré et al., 1990).

Materials and Methods

Cell Culture and Drug Treatment

MDCK cells, strain II, were grown as described (Bré et al., 1987). For
microinjection and fluorescence photobleaching experiments they were
seeded on round coverslips (18-mm-diam) at three different densities to give
sparse (single cells, or cells growing at the periphery of separate small colo-
nies), confluent (cells forming a monolayer), or highly confluent (cells
forming domes in the monolayer, see for example Leighton et al., 1970)
cells, respectively, after 2 d of culture. African green monkey kidney cells
(Vero cells) were grown as described (Kreis, 1986). Cells were plated to
give sparse or confluent cells after 2 d in culture.

Microtubules were depolymerized at 37°C by incubation of Vero cells
for 1 h with 10 gM nocodazoie and MDCK cells for 4 h with 33 uM
nocodazole, respectively (see also Br€ et al., 1987). Taxol was used for both
cell types at a concentration of 10 uM for 1 h at 37°C.

Microinjection of Rhodamine-labeled Proteins

Microinjection into cells was performed with the automatic microinjection
system previously described (Ansorge and Pepperkok, 1988). Cells were
incubated for 2 h at 37°C after microinjection, unless otherwise indicated,
before photobleaching or immunofluorescence labeling experiments were
carried out.

Tubulin from bovine brain was labeled with rhodamine as described else-
where (rh-tubulin; Kreis, 1987). Rh-tubulin was microinjected at a concen-
tration of 2 mg/ml with a fluorochrome to protein ratio of ~0.2. Rhodamine
labeled BSA was prepared as described (Kreis et al., 1982) and microin-
jected at a concentration of 2 mg/ml.

Fringe Pattern Fluorescence Photobleaching

Fluorescence photobleaching experiments on cells microinjected with
fluorescently labeled proteins were performed as described (Davoust et al.,
1982; Pollerberg et al., 1986). Briefly, cells microinjected with fluores-
cently tagged proteins on coverslips were mounted in a Plexiglass chamber
containing 400 ul of HBSS supplemented with 0.1% BSA and transferred
to the microscope stage (IM 35; Zeiss). The temperature was kept constant
at 37°C. A fringe pattern with an interfringe distance of 1.4-20 um was
bleached into the labeled cells by a short pulse (150 msec, 1.5 kW/cm?, 514

1. Abbreviations used in this paper: MAP, microtubule-associated protein;
rh-tubulin, rhodamine-labeled tubulin.
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nm) of two coherently interfering laser beams (Argon laser 2020; Spectra-
Physics, Inc., Mountain View, CA). ~10% of the cell-associated fluores-
cence was irreversibly bleached by this flash. Changes in the pattern of con-
trast were monitored after bleaching by scanning the fringe pattern forth and
back (3 kHz) with ~10%-fold attenuated laser and the intensities of emitted
fluorescent light were measured with a photomultiplier (R761-01; Hama-
matsu Corp., Tokyo, Japan) coupled to a lock-in amplifier and stored in the
computer memory with a time resolution of 300 ms as described. Inter-
fringe distances were adjusted between 1.4 and 20 um by varying the dis-
tance between the two beams in the epifluorescence path of the microscope
using a 40X objective (NPL 40X oil, 1.3 NA, Wild/Leitz). Microtubule
integrity in photobleached cells was routinely controlled at the end of each
photobleaching experiment by either a second photobleaching experiment,
direct visualization of the microtubules in the living cells, or immunofiu-
orescence labeling. rh-tubulin fluorescence associated with cells that had
been damaged by the microinjection procedure was completely immobile
(similar to cells chemically fixed after microinjection and before bleach-
ing). Moreover, exposure of microinjected cells to excessive excitation light
before photobleaching resulted in a diffuse distribution of rh-tubulin. In
this case also, no mobile fluorescent components could be detected after
photobleaching.

Analysis of the Fringe Pattern Fluorescence
Photobleaching Data

The decay in contrast recorded for 300 s by scanning forth and back the
analyzing fringe pattern (Davoust et al., 1982) was fitted by two terms: a
rapid exponential decay and a linear slope which was considered as the ini-
tial asymptote of a very slow exponential decay. The first component was
characterized by a short exponential decay time constant (¢) and led to the
determination of the diffusion coefficient D of free tubulin: D = d%/(4x%-71)
where d is the interfringe distance expressed in cm and 7 the exponential
decay expressed in seconds. The slow component was characterized by a
time-dependent linear loss of contrast expressed in percent of contrast lost
per second. By extrapolation to the loss of a normalized contrast of 100%,
one finds a time-scale equal to the exponential decay time constant mea-
sured from the initial asymptote of a very slow exponential decay. The half-
life is simply related to this normalized time-constant (fgope): f12 = Isiope
- Loge (2). This one parameter fit of the slow decay was chosen for the sake
of simplicity and turned out to be very sensitive to calibration experiments
where extreme conditions were used, such as the nocodazole-induced depo-
lymerization of microtubules or stabilization of microtubules with taxol. It
provided us with a semiquantitative measurement of microtubule turnover,
averaged over a whole cell. More sophisticated multiparametric analyses of
the slow decay would in principle be more accurate, but they turned out to
have clear drawbacks such as the high correlation of the various parameters
fitted from noisy curves. In fact, more sophisticated multiexponential fitting
procedures were avoided because of the strong correlation found between
the setting of the parameters. This was due to the fact that the standard
recording time of 300 s was usually shorter than the half-life of the microtu-
bules and therefore only the initial slope of this slow decay was measured
during the 300 s after pattern photobleaching. Periods of recording were
limited to 300 s to avoid photobleaching artefacts and problems with micro-
scope stage instability.

Immunofluorescence Labeling of Cells

Microtubules were labeled in cells with murine monoclonal antibodies ei-
ther against a-tubulin (Amersham Buchler, Braunschweig, FRG) or against
the tyrosinated carboxyterminus of o-tubulin (tA2; Kreis, 1987) and
fluorescein labeled antibodies against mouse immunoglobulins, as de-
scribed (Bré et al., 1987; Kreis, 1987). To obtain maximal contrast of
rhodamine-labeled microtubules, microinjected cells were usually preex-
tracted with detergent before fixation in methanol at —20°C (Bré et al.,
1987). Fluorescence microscopy and photography was performed as de-
scribed (Kreis, 1987).

Microphotometric Measurements of Fluorescence in
Microinjected Cells

Intensities of rthodamine- and fluorescein-labeled microtubules were mea-
sured in preextracted, double-labeled cells using a photon counting system
(EMI T1500; Thorn) adapted to the fluorescence microscope. Linearity of
the system was verified by varying the intensity of the excitation light beam
with neutral density filters. Fluorescence was measured in single cells by
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Figure 1. Microinjected fluorescently labeled tubulin incorporates into all cellular microtubules. Sparse (a, b, e, and f) and confluent (c,
d, g, and h) MDCK cells were microinjected with rh-tubulin (a-d), preextracted and fixed after 2 h (a, ¢, e, and g) or 24 h (b, d, f, and
h), and labeled with fluorescein using a monoclonal antibody against tyrosinated -tubulin (e-4). Rh-tubulin could be detected in all inter-
phase microtubules (a and ¢) visualized by immunofluorescence labeling (e and g), and it clearly labeled the spindle microtubules up to

at least 24 h after injection (b and d). Microtubules in densely confluent MDCK cells were only poorly resolved. Bar, 20 um.

reducing excitation and detection light beams with the field iris of the micro-
scope and a pinhole (3-mm-diam) placed in the intermediate image plane
of the microscope before the photomultiplier. This confocal arrangement
using large pinboles ensured that only the fluorescence of the cell of interest
is measured (Warren et al., 1987). Unspecific background fluorescence was
determined in cells labeled with secondary antibodies only.

Results

Rhodamine-labeled Tubulin Incorporates into All
Cellular Microtubules

rh-tubulin was microinjected into Vero and MDCK cells at
different stages of confluency and cells were fixed afterwards
at various time points to analyze the incorporation of the
fluorescently tagged protein into microtubules. Virtually all
interphase microtubules were labeled with rh-tubulin 1 h
postinjection and fluorescent microtubules could be detected
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in sparse or confluent cells for >24 h (Fig. 1, a, c, ¢, and
g; for microinjected Vero fibroblasts see also Kreis, 1987).
Injected rh-tubulin incorporated also into the mitotic spindle
microtubules up to at least 1 d after injection (Fig. 1, b, d,
f, and h). These experiments demonstrate that rh-tubulin can
be used as a reporter protein for analyzing the dynamic prop-
erties of endogenous tubulin in vivo and that dynamic cellu-
lar processes, such as mitosis, appear not to be disturbed by
the microinjection process.

Dynamic Properties of Tubulin in Sparse Vero and
MDCK Cells

The dynamic properties of microtubules were measured by
fringe pattern fluorescence photobleaching as described pre-
viously (Davoust et al., 1982; Cosson, Pepperkok, Back,
and Davoust, manuscript submitted for publication) in living
interphase and mitotic Vero and MDCK cells microinjected
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Figure 2. Disappearance of fringe pattern fluorescence contrast is
due to diffusion of soluble free rh-tubulin, movement of microtu-
bules, and microtubule depolymerization. Fluorescently labeled
microtubules, immediately after fringe pattern fluorescence pho-
tobleaching and after subsequent fluorescence recovery, are shown
schematically in 4 and B, respectively; remaining fluorescent
microtubule segments are depicted as filled, and bleached segments
as open segments. Fringe pattern fluorescence contrast (measured
by the attenuated fringe pattern) decreases only when bleached
microtubules depolymerize (microtubule / and 2) or when a micro-
tubule moves away from its initial position (microtubule 4 in B);
newly polymerized microtubule segments are evenly labeled with
rh-tubulin and thus, do not contribute to changes in overall fluores-
cence contrast (microtubules 3*, 5*, 7, and 8 in B). N, nucleus d
indicates the interfringe distance.

with rh-tubulin. Disappearance of the fluorescence contrast
photobleached into the labeled cells can in principle occur
in three ways (as schematically illustrated in Fig. 2): by
diffusion of soluble components in the cytoplasm, by move-
ment of microtubules across the fringe pattern (e.g., micro-
tubule 4 in Fig. 2), or by depolymerization of microtubules
(e.g., microtubules / and 2 in Fig. 2). After fluorescence
photobleaching, assembly of microtubules that are evenly la-
beled does not change the remaining fluorescence contrast
(e.g., microtubules 3+, 5*, 7 and 8 in Fig. 2). Since the
diffusion of free tubulin in the cytoplasm is much faster than
assembly of microtubules, recruitment of rh-tubulin for po-
lymerization into microtubules does not influence the slow
decay of the fluorescence pattern contrast.

The accuracy and validity of the fluorescence photobleach-
ing method used in this study, and controls for avoiding
potential artifacts (see Vigers et al., 1988, for example) were
assessed in several independent ways. (a) We have labeled
tubulin with the primary amino group-reactive sulfonyl-chlo-
ride derivative of rhodamine lissamine B (fluorochrome to
protein ratio of 0.2), which has proven to be a good probe
for similar experiments with actin (Kreis et al., 1982). Fur-
thermore, in contrast to Vigers et al. (1988), who labeled
phosphocellulose purified tubulin, we labeled tubulin in the
microtubule polymer containing the MAPs, which we ex-
pected to protect functionally important domains of tubulin.
rh-tubulin was purified and separated from the MAPs after
rhodamine labeling (Kreis, 1987). (b) The fringe pattern
used for fluorescence photobleaching and recording was cho-
sen to cover whole cells, thus an average of overall microtu-
bule dynamics within a given cell could be determined. (¢)
The intensity of the laser pulse for bleaching was chosen so
that only ~10% of the cytoplasmic fluorescence was pho-
tobleached. Due to the increase in sensitivity associated with
the spatial averaging of the contrast of the pattern these low
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bleaching values are sufficient. 10% contrast cannot be de-
tected by classical imaging and recording, still it is sufficient
to create an averaged contrast that can be recorded as a func-
tion of time by scanning forth and back the analyzing fringe
pattern during the detection phase (Davoust et al., 1982).
Repeated fluorescence photobleaching experiments on same
cells gave the same results. (d) Recording and quantitation
of the redistribution of fluorescence signals after bleaching
was done with minimal laser light (~10*fold attenuated la-
ser); under these illumination conditions virtually no bleach-
ing of fluorescence (<1% within 5 min of continuous record-
ing) was detected. (e) The integrity of the microtubule pattern
was controlled in the living cells at the end of each photo-
bleaching experiment. Rearrangement, growth or depolymer-
ization of microtubules could be observed after fluorescence
photobleaching. Moreover, microtubules remained sensitive
to depolymerization by nocodazole and subsequent repoly-
merization (data not shown). (f) Fringe pattern fluorescence
photobleaching of rh-tubulin in cells treated with the micro-
tubule stabilizing agent taxol clearly showed that the stability
of microtubules was not impaired by mechanical breakage.

Fringe pattern fluorescence photobleaching was per-
formed at various time points after microinjection of cells
with rh-tubulin, and data were subsequently obtained and
analyzed as described previously for microinjected rhoda-
mine-labeled clathrin (Cosson, Pepperkok, Back, and Da-
voust, manuscript submitted for publication). An interfringe
distance of 10 um (d; see Fig. 2 A) was used in most experi-
ments. Note that due to the sine profile of the illumination

% contrast

T T
0 50 100 150 200 250 300
seconds

Figure 3. Dynamic properties of rh-tubulin in MDCK cells. 2-d-old
sparse MDCK cells were microinjected with rh-tubulin and ana-
lyzed 2 h after injection by fringe pattern fluorescence photobleach-
ing. Individual cells were photobleached and analyzed. The dy-
namic properties of rh-tubulin were measured in control cells (no
treatment) or in cells pretreated with microtubule organization-dis-
rupting drugs (nocodazole and taxol). Disappearance of fringe pat-
tern fluorescence contrast was measured as a function of time as
described in Materials and Methods, and the averaged kinetics of
recovery of at least 20 measurements in different cells were calcu-
lated. Two components of rh-tubulin could be distinguished with
respect to their rates of recovery, a fast component (free rh-tubulin)
and a slow component (rh-tubulin associated with microtubules)
with almost linear kinetics with 7y, in the order of seconds and
minutes, respectively. Cells were treated with nocodazole starting
4 h, or with taxol starting 1 h before fluorescence photobleaching
was performed. In nocodazole treated cells >90% rh-tubulin was
shifted into the pool with fast recovery kinetics, whereas taxol treat-
ment of cells strongly inhibited decay of fringe pattern fluorescence
contrast.
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Table I. Diffusion of Microinjected Rhodamine-labeled
Proteins in Vero and MDCK Cells

Injected )
proteins Cells D* % Contrast}
107% cm?/s
Rh-tubulin Vero 1.61 + 0.10 38 + 5 (31
Vero 2.35 £ 0.21 90 + 4 (14)
(nocodazole)
MDCK 1.34 + 0.12 35 £ 3(12)
MDCK 2.13 + 0.18 80 + 4 (12)
(nocodazole)
Rh-BSA MDCK 1.39 + 0.10 81 + 4 (18)

Fringe pattern fluorescence photobleaching was performed and analyzed in
sparse cells | h after microinjection as described in Materials and Methods.
Nocodazole treatment of cells was as described in Materials and Methods. Data
are expressed as the mean + SD.

* The diffusion coefficient D was calculated as described (Davoust et al.,
1982).

% The percentage of free rh-tubulin was determined from the intercept of the
slope of the slow component with the ordinate (see Fig. 3). Numbers of cells
analyzed are given in brackets.

beam light intensities vary steeply from 0 to 100% over a
distance of d/2. This means that molecular motions of the
order of d/x can be detected by pattern photobleaching.

A typical example of a photobleaching experiment is shown
in Fig. 3. No significant differences in the rate of fluores-
cence recovery after photobleaching could be detected when
cells were analyzed 1-24 h after injection of rh-tubulin (data
not shown). Since virtually all microtubules were labeled
within 2 h after injection, and thus rh-tubulin had equili-
brated with the endogenous pool of protein, fluorescence
photobleaching experiments were performed at this time
point, unless indicated otherwise. Two components with dif-
ferent mobilities could be distinguished, one with high mo-
bility (“fast component”; diffusion coefficient D = 1.3-2.4
X 10°% cm?/s; Table I) and one with low mobility (“slow
component”; t,, of several minutes). The component with
fast mobility is free rh-tubulin, since its pool (30-40% in
control cells) could be maximally increased, to up to 95%,
by treatment of cells with the microtubule depolymerizing
drug nocodazole (Fig. 3). In addition, the amount of the fast
component was reduced by treatment of cells with the micro-
tubule stabilizing agent taxol to <20% (Fig. 3). These results
taken together demonstrate that the slow component must be
rh-tubulin associated with microtubules. Since the method of
fringe pattern fluorescence photobleaching used here deter-
mines rates of disappearance of contrast (Davoust et al.,
1982), these rates correspond to the kinetics of dissociation
of rh-tubulin from microtubules, which correlates with the
rates of microtubule disassembly (we assume that exchange
of tubulin occurs at microtubule ends only). 15-30 s after
bleaching a linear slope of slow fluorescence contrast decay
was reached (slow component), suggesting microtubule de-
polymerization with an average half-time of several min-
utes (Fig. 3; for a more detailed analysis see below). Once
disassembled from photobleached microtubules, the rh-tu-
bulin can diffuse rapidly in the cytoplasm and participate
in the repolymerization of microtubules. Since diffusion of
bleached and unbleached rh-tubulin is very fast compared
with the average rate of microtubule depolymerization, it
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does not influence the analysis of the slow decay of fluores-
cence contrast.

Turnover of mitotic spindle microtubules was significantly
accelerated in comparison to interphase microtubules (Table
1I). Results obtained from four different mitotic cells suggest
that microtubules have a #,, of 15 + 3 s (Table II). Obvi-
ously the sample size was small, but finding mitotic cells and
performing fluorescence photobleaching experiments on
them was technically difficult. The values for spindle micro-
tubule half-lives determined by this method, however, were in
good agreement with the values of 15-40 s measured in other
systems and with different methods (Mitchison et al., 1986;
Salmon et al., 1984a,b; Wadsworth and Salmon, 1986).

We observed no significant differences in the diffusion
coefficient and the amounts of soluble tubulin in sparse or
confluent Vero and MDCK cells, and these values were simi-
lar to rhodamine-labeled BSA microinjected into cells as a
marker for soluble cytoplasmic protein (Table I). Mobility
of soluble tubulin was increased in cells treated with nocoda-
zole. This result may suggest that depolymerization of micro-
tubules and disorganization or rearrangement of cytoplasmic
membranous organelles decreases restrictions of diffusion of
soluble components. Values of D measured here by fringe
pattern fluorescence photobleaching are in good agreement
with diffusion coefficients determined by other methods with
other proteins in other cell systems (Barisas and Leuther,
1979; Kreis et al., 1982; Luby-Phelps et al., 1988; Salmon
etal., 1984c¢; Scherson et al., 1984; Wang et al., 1982; Woj-
cieszyn et al., 1981).

Microtubules Are Stabilized in Confluent MDCK
But Not Vero Cells

The dynamic properties of fluorescently labeled microtu-
bules were further investigated in sparse and confluent inter-
phase Vero and MDCK cells. For this purpose we deter-
mined the half-times of contrast decay of the slow rh-tubulin
component after fluorescence photobleaching in these cells

Table Il. Correlation of Microtubule Dynamics
and Cell Density

Cells Free rh-tubulin® Microtubule half-lifet
Vero cells % min
Sparse 33 +£2.0 109 + 1.1 (22/1)
Confluent 35 £ 3.3 10.4 + 1.1 (21/2)
Sparse (taxol) 21 + 2.8 24.1 £ 1.7 (11/7)
MDCK cells
Sparse 39 +24 8.9 + 0.6 (36/1)
Confluent 38 + 3.4 16.3 + 0.9 (25/9)
High confluency 32 +£28 16.7 + 1.2 (35/14)
Sparse (taxol) 19 + 2.7 21.9 £ 2.1 A1/D)
Mitotic$ N.D. 025 + 0.05 @)

Fringe pattern fluorescence photobleaching was performed and analyzed 2 h
post-injection of cells with rh-tubulin as described in Materials and Methods.
Drug treatment of cells was as described in Materials and Methods. Examples
of sparse and confluent cells used for fluorescence photobleaching experiments
are shown in Fig. 1. Data are expressed as the mean + SD.

* The amount of free rh-tubulin was determined as described in Table I.

t Microtubule half-lives were determined from the linear slope of the slow
component (see Fig. 3). Numbers of cells analyzed are given in brackets (first
number); the second number gives the cells with t,,; of >25 min. The popula-
tions of cells with different microtubule half-lives were further analyzed in Fig.
4,

§ All cells analyzed were in anaphase.

3007



cells (%)

Vero

O sparse
B contivent

s 10 15 20 25 »25
microtubule half-life (min)

Figure 4. Analysis of the dy-
namic properties of microtu-
bules in populations of sparse
and confluent Vero (4) and
MDCK (B) cells. Fringe pat-
tern fluorescence photobleach-
ing was performed on single
cells and analyzed as described

in the legend to Fig. 2 (see
also Table II). Typical exam-
ples of microinjected sparse
or confluent MDCK cells are
shown in Fig. 1 (see also Kreis,
1987 for rh-tubulin-injected
Vero cells). The average mi-
crotubule half-lives were cal-
culated on individual cells from
the kinetics of the component
with slow recovery, and cells
were grouped according to
their microtubule half-lives.
The distribution of cells with
respect to the ¢y, of microtu-
bules was similar in sparse Vero and MDCK, and in confluent Vero
cells, with an average t;, of 9-11 min (see Table II). A distinct
shift in the distribution of cells towards longer ¢, of microtubules
was observed in confluent or highly confluent MDCK cells with
domes; similar average t,, of 16 min were measured in cells at
both densities.

MDCK

O sparse
B confsent
W tigh confluancy

cells (%)

5 16 15 20 25 »25
microtubule half-life (min)

(see Fig. 3). The average microtubule half-lives in sparse
Vero and MDCK, and in confluent Vero cells was ~10 min
(Table IT). In MDCK cells, a clear drop in microtubule turn-
over rates was observed as they reached confluency. MDCK
cells grown to confluency or to high confluency (monolayer
cells exhibiting “domes™) had on a cell average microtubule
half-lives of 16-17 min (Table II). Maximal stabilization of
microtubules to average t,,s of 24 and 22 min could be ob-
tained by treatment of sparse Vero and MDCK cells, respec-
tively, with taxol (Table IT). These average values clearly un-
derestimate the real f,»s of the microtubules, since values
>25 min could not be distinguished by this method due to
thermal motions of the cells and overall long-term instability
of the microscope stage and of the interferometric system
that forms the fringe pattern. In fact, the two-thirds of
microtubules with t,,s >25 min were arbitrarily set to 25
min for averaging (Table II).

The population of microinjected cells was further ana-
lyzed with respect to the distribution of cells with different
average microtubule stabilities. About 60% of the sparse
Vero and MDCK cells had an average t,, of microtubules of
~10 min (Fig. 4; see also Table II). No significant difference
in the distribution of cells with different microtubule half-
lives was detected when sparse and confluent Vero cells were
compared (Fig. 4 A). In contrast to the Vero cells, reaching
cell confluency had a strong effect on microtubule stability
in MDCK cells. Indeed, the proportion of MDCK cells with
a very slow microtubule turnover (f,, 2 20 min) increased
from 10% in sparse cells to over 60% in confluent or highly
confluent celis (Fig. 4 A). Apparently, therefore, microtu-
bule stabilization occurred after establishment of cell-cell
contacts and formation of junctions in the MDCK cells.
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The Rate of Microtubule Assembly Is Reduced in
Confluent MDCK Cells

As an additional, independent approach to determine
changes in the dynamic properties of microtubules in sparse
and confluent MDCK cells, we have measured the rate of in-
corporation of rh-tubulin into interphase microtubules (see
Bré et al., 1990). Sparse and confluent MDCK cells were
microinjected with rh-tubulin and the ratio of microtubule-
associated rh-tubulin and total endogenous tubulin in micro-
tubules, labeled by immunofluorescence, was determined on
a cell average at different time points after injection and
preextraction of soluble protein from the cells. The ratio of
polymerized injected rh-tubulin over fluorescein-labeled to-
tal endogenous microtubules reached the same plateau at
15-20 and 60 min in sparse and confluent MDCK cells,
respectively; 50% of endogenous microtubules were labeled
with rh-tubulin after ~10 and ~17 min in sparse and con-
fluent MDCK cells, respectively (Fig. 5 A). Thus, the aver-
age rate of tubulin incorporation is about twofold reduced in
confluent MDCK cells (Fig. 5 4). This result is in good
agreement with the data obtained by fluorescence photo-
bleaching, where rates of disassembly of microtubules were
determined. Interestingly, a similar reduction in the rate of
assembly was determined when microtubule-associated in-
jected rh-tubulin was compared with endogenous tyrosinated
microtubules in sparse and confluent cells (tso5 ~5 and 8
min, respectively; Fig. 5 B). This observation may indicate
that tyrosinated microtubules are stabilized as MDCK cells
grow to confluency and establish cell-cell contacts. This re-
sult would confirm our previous data using nocodazole-in-
duced microtubule depolymerization to measure stabiliza-
tion of microtubules in confluent MDCK cells (Bré€ et al.,

Figure 5. The rate of associa-
tion of rh-tubulin with the mi-
crotubule network is reduced

0.3
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o subconfuent

/ Fluoresceln

02 in confluent MDCK cells as
compared to sparse cells. Sparse
o1 and confluent MDCK cells

were microinjected with rh-
tubulin, preextracted at differ-
ent time points of culture after
injection, fixed and immuno-
B labeled with fluorescein with
o mAbs against o-tubulin (4) or
03 the carboxy-terminal tyrosin
of a-tubulin (B). The signals
02 (arbitrary units) of cell asso-
ciated microinjected rh-tubu-
lin and fluorescein-labeled to-
tal endogenous tubulin were
measured photometrically as
described in Materials and
Methods. 20-35 individual
cells were analyzed for each time point, except for the early time
points (2 and 5 min) where 7-18 cells were analyzed. The ratio of
rh-tubulin labeling over fluorescein-labeled endogenous microtu-
bules reached a plateau at 20-30 min and 60 min in sparse and
confluent MDCK cells, respectively (4). Incorporation into tyrosi-
nated microtubules was faster and plateaus were reached after
15-20 and 30-60 min, respectively (B).
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Figure 6. The interfringe distance dependent rate of disappearance
of fringe pattern fluorescence contrast depends on mobility and not
on depolymerization of microtubules. Fluorescence photobleach-
ing experiments were done analogous as described in the legend to
Fig. 3 on sparse MDCK cells with or without taxol treatment with
interfringe distances of 2 and 10 pm. A significant rate of fluores-
cence recovery is observed at an interfringe distance of 2 um, in
contrast to 10 um, in the presence of 10 M taxol. This difference
in rate of recovery is similar to the difference in recovery when 2
and 10 um interfringe distances are compared without taxol treat-
ment of the cells.

1987; see also Webster et al., 1990). Furthermore, these
results suggest that the average turnover of tyrosinated mi-
crotubules is about twice faster than the total endogenous
microtubules.

Restriction of Microtubule Mobility in Confluent
MDCK Cells

Further information on the dynamic properties of microtu-
bules could be obtained by fluorescence photobleaching of
cells labeled with rh-tubulin by varying the interfringe dis-
tance (see Fig. 2) of the fringe pattern between 1.4 and 20
pm. As mentioned earlier, this means that we are probing
motion over distances of 0.4-6 um in the cells. The kinetics
of apparent relaxation of contrast in both sparse Vero and
MDCK cells clearly depended on the interfringe distance
used in the bleaching experiments. Disappearance of con-
trast was fastest when smallest interfringe distances were
used and a plateau was observed at ~+10 pm (data not shown;
see also Fig. 6). The following two conclusions were drawn
from this observation. Firstly, at interfringe distances of 10
um or larger, relaxation of contrast coincided directly with
the disassembly of labeled microtubules. Secondly, at inter-
fringe distances <10 um, spatial mobility of microtubules in
the micrometer range contributed significantly to the long
term disappearance of the fringe pattern contrast photo-
bleached into the interphase microtubules (see for example
microtubule 4 in the scheme in Fig. 2). Taxol did not abolish
the differences in relaxation of contrast in Vero (not shown)
and MDCK cells when the interfringe distance was changed
(Fig. 6). Taxol clearly stabilizes the microtubules (Fig. 3),
and therefore, we assume that only minimal relaxation of con-
trast can occur under these conditions by tempered depoly-
merization of microtubules. Thus, movement of microtubules
in the cytoplasm can be measured by using small interfringe
distances. The critical distance below which microtubule
movement can be detected is ~3 pm (10 pm/7). On larger

Pepperkok et al. Stabilization of Microtubules in Confluent MDCK Cells

distance scales microtubule depolymerization is faster than
the “sweeping” movements of whole microtubules.

No difference in this movement of microtubules was ob-
served when subconfluent and confluent Vero cells were
compared. Movement of labeled interphase microtubules,
however, was completely abolished when MDCK cells had
reached confluency. In contrast to sparse cells, no significant
differences in the kinetics of disappearance of contrast could
be observed when confluent MDCK cells were photobleached
with an interfringe distance of 2 and 10 um (Fig. 7).

Discussion

‘We have applied the method of fringe pattern fluorescence
photobleaching (Davoust et al., 1982) to analyze the dy-
namic properties of microtubules in sparse and confluent
Vero fibroblasts or MDCK epithelial cells. Taken together,
these experiments show that microtubules are stabilized in
MDCK cells, but not in Vero cells, as they reach confluency.
The validity of these data depends both on the quality of
the reporter probe (th-tubulin) and on the reliability of the
method of measurement (fringe pattern fluorescence pho-
tobleaching). The following observations strongly suggest
that the fluorescently modified tubulin probe (rh-tubulin) is
a faithful marker of the dynamic properties of the endoge-
nous cellular pool of tubulin. In vitro, rh-tubulin and un-
modified tubulin have virtually identical polymerization
characteristics (Kreis, 1987). The complete microtubule
network remained fluorescently labeled for longer than one
day after microinjection of rh-tubulin, and rh-tubulin did not
associate with any other cytoplasmic structures (see also
Kreis, 1987). Furthermore, rh-tubulin incorporated into all
cellular microtubules, including the microtubules of the mi-
totic spindle, during at least one day after microinjection.
Thus, the recipient cells do not discriminate between micro-
injected rh-tubulin and endogenous tubulin, showing that the
fluorescent tracer can be used as a reporter probe for moni-
toring the true dynamic properties of cellular tubulin.
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Figure 7. Mobility of microtubules is restricted in confluent MDCK
cells. Fringe pattern fluorescence photobleaching on sparse and
confluent MDCK cells was performed 2 h after microinjection of
cells with rh-tubulin as described in the legend to Fig. 3 with 2 and
10-um interfringe distances. In contrast to' sparse cells (see Fig. 6)
no significant difference in the rate of disappearance of fringe pat-
tern fluorescence contrast could be observed in confluent MDCK
cells.
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Previous studies have indicated that the experimental pa-
rameters for fluorescence photobleaching need to be care-
fully controlled to prevent photodamaging of labeled micro-
tubules (Vigers et al., 1988). More recently, Olmsted et al.
(1989) have used the same method of fluorescence photo-
bleaching discussed by Vigers et al. (1988) to measure the
dynamic properties of MAPs in vivo and, in contrast to the
previous experiments with labeled tubulin, they found no
significant perturbation of microtubule integrity. An appro-
priate choice of fluorochrome for labeling of the tracer pro-
tein, a low molar ratio of fluorochrome to protein and a mild
labeling procedure performed on intact microtubules is obvi-
ously of critical importance in these experiments. The fol-
lowing reasons convinced us that we measured the true dy-
namic properties of microtubules in vivo by the approach
used in this study. We obtained identical microtubule half-
lives by subsequent fluorescence photobleaching experiments
on the same cells. Microtubules appeared to remain undis-
turbed after photobleaching and during the subsequent mea-
surement of fluorescence recovery. Furthermore, rates of
incorporation of rh-tubulin into microtubules and rates of
microtubule depolymerization, were very similar, although
measured by completely different methods. In addition, the
average rates of microtubule dynamics determined in this
study are comparable to published data measured by other
methods (Cassimeris et al., 1988; Kreis, 1987, Sammak et
al., 1987; Saxton et al., 1984; Schulze and Kirschner, 1986;
Wadsworth and McGrail, 1990).

Three components of rh-tubulin with different dynamic
properties can be distinguished and they may be attributed
to diffusion of soluble tubulin, mobility of microtubules in
the cytoplasm, and depolymerization of microtubules. The
pool of soluble tubulin in Vero and MDCK cells remained
constant at a level of 30-40% of the total endogenous pool
and did not vary significantly at the various stages of cell
confluency. Treatment of cells with taxol reduced the frac-
tion of soluble cytoplasmic tubulin to ~20%, whereas no-
codazole increased the mobile fraction of rh-tubulin to up to
90% . Interestingly, by varying the interfringe distance, mo-
bility of microtubules could be measured in the cytoplasm
of Vero and sparse MDCK cells. This movement of microtu-
bules must be in the range of <3 um, since it was not de-
tected at interfringe distances of 10 um or larger. It reached
the slope of the slow component within ~1 min (Fig. 6), sug-
gesting that a significant fraction of cytoplasmic microtu-
bules may move on average at several micrometers per min-
ute. Mobility of microtubules has previously been shown in
living cells fluorescently labeled with microinjected deriva-
tized tubulin (Sammak and Borisy, 1988). Mobility of mi-
crotubules leading eventually to bending may also be in-
ferred for example from the very sinuous morphology of
“old” detyrosinated microtubules (see for example Gunder-
sen et al., 1984; Kreis, 1987). Active movement of microtu-
bules may occur along a stable cytoplasmic scaffold (other
cytoskeletal structures or intracellular membranes). This
micromobility of microtubules is halted in confluent MDCK
cells. A plausible explanation for this observation is stable
anchoring of the microtubules within the cytoplasmic matrix
or association with cellular membranes. We cannot exclude
the possibility, however, that mobility of microtubules in
densely grown, more columnar MDCK cells occurs predom-
inantly vertically. No vertical resolution is possible in the
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fluorescence recovery measurements after photobleaching.
The fringe pattern sections the cells with vertical planes of
light and we can thus only measure motions that occur in the
horizontal plane. Such a restriction of microtubule mobility
was not detected in dense Vero cells. Since also densely
confluent Vero cells are more columnar than sparse ones, we
consider this latter possibility as more unlikely.

The turnover of microtubules is reduced about twofold as
the epithelial MDCK cells reached cell confluency and es-
tablished extensive cell-cell contacts (Simons and Fuller,
1985; Rodriguez-Boulan and Nelson, 1989). This conclusion
was obtained independently by measuring disappearance of
labeled microtubules using fringe pattern fluorescence pho-
tobleaching methods and by determining the average rates of
microtubule assembly by quantitating association of micro-
injected rh-tubulin with interphase microtubules. Interest-
ingly, the instantaneous elongation rates of individual mi-
crotubules were not significantly altered when MDCK cells
established cell-cell contacts and reached confluency (Bré et
al., 1990). Therefore, the increased microtubule half-life
and the slower average rate of incorporation of rh-tubulin
into microtubules in confluent MDCK cells strongly suggest
that the frequency with which microtubules alternate between
growing or shrinking phases is reduced, rather than the rates
of growth at microtubule ends. In addition, factors unknown
so far may modulate microtubule dynamics. The stabiliza-
tion of microtubules in confluent MDCK cells probably plays
a role in the reorganization of the microtubule network that
occurs during differentiation of epithelial cells into a pola-
rized monolayer. Indeed, this accompanies the dispersion of
the microtubule organizing center and separation of centri-
oles (Bacallao et al., 1989; Buendia et al., 1990), as well
as microtubule reorientation into longitudinal bundles ar-
ranged along the apicobasal axis of the columnar polarized
cells (Bacallao et al., 1989). Such reorganizations of cyto-
plasmic structures have not been observed in confluent Vero
cells. So far, fluorescence photobleaching experiments can-
not be performed on highly polarized MDCK cells grown on
filters (Simons and Fuller, 1985) because of intense stray
light. It should be interesting to find out whether microtu-
bules in filter-grown MDCK cells reach maximal stabilities,
comparable to those obtained by taxol treatment of cells.
Further developments may allow us to use confocal micro-
scopes for such fluorescence photobleaching experiments in
the near future.

Clearly, cell-cell contact formation induces stabilization
of microtubules in MDCK cells (see also Bré et al., 1987).
Wadsworth and McGrail (1990) recently reported that
microtubule disassembly occurs faster in fibroblasts (7, of
4 min) than in epithelial cells (f,» 18 and 72 min), using
nocodazole to block microtubule assembly. Unfortunately,
microtubule disassembly rates were not analyzed with re-
spect to cell confluency in this analysis (Wadsworth and
McGrail, 1990). Several factors may contribute to stabiliza-
tion of microtubules in confluent MDCK cells. Interaction
of microtubules with other cytoskeletal elements or anchor-
ing of microtubules at membranes may reduce the rates of
microtubule turnover. Tubulin in such transiently stabilized
microtubules would remain exposed for longer periods of
times to cytoplasmic enzyme activities, and therefore, be-
come more prone to post-translational modifications (see for
example Bré et al., 1987; Kreis et al., 1987; Schulze et al.,
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1987; Webster and Borisy, 1989; see also Bré et al., 1990).
Additionally, modified tubulin may exhibit altered properties
for binding of cellular, microtubule stabilizing components.
Alternatively, it may be postulated that cell-cell contact for-
mation in confluent cells induces the synthesis or activation
of a specific class of microtubule stabilizing proteins in
MDCK cells. Induction of specific classes of MAPs that are
involved in stabilizing or bundling of microtubules could
clearly be demonstrated in differentiating neuronal cells
(Drubin et al., 1985; for a recent review see for example Ma-
tus, 1988). Analysis of posttranslational modifications of
microtubule components and the possibility of induction of
microtubule stabilizing proteins upon cell-cell contact for-
mation will help to further characterize the molecular mech-
anisms underlying the specific stabilization of microtubules
in MDCK cells in more detail.
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