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ABSTRACT Microtubules (MTs) often form a polarized array with minus ends anchored at the
centrosome and plus ends extended toward the cell margins. Plus ends display behavior
known as dynamic instability—transitions between rapid shortening and slow growth. It is
known that dynamic instability is regulated locally to ensure entry of MTs into nascent areas
of the cytoplasm, but details of this regulation remain largely unknown. Here, we test an al-
ternative hypothesis for the local regulation of MT behavior. We used microsurgery to isolate
a portion of peripheral cytoplasm from MTs growing from the centrosome, creating cytoplas-
mic areas locally depleted of MTs. We found that in sparsely populated areas MT plus ends
persistently grew or paused but never shortened. In contrast, plus ends that entered regions
of cytoplasm densely populated with MTs frequently transitioned to shortening. Persistent
growth of MTs in sparsely populated areas could not be explained by a local increase in con-
centration of free tubulin subunits or elevation of Rac1 activity proposed to enhance MT
growth at the cell leading edge during locomotion. These observations suggest the existence
of a MT density—-dependent mechanism regulating MT dynamics that determines dynamic
instability of MTs in densely populated areas of the cytoplasm and persistent growth in
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sparsely populated areas.

INTRODUCTION

Cytoplasmic microtubules (MTs) play essential roles in spatial orga-
nization of the cytoplasm (Lane and Allan, 1998), intracellular trans-
port (Vale, 2003; Welte, 2004; Caviston and Holzbaur, 2006), cell
locomotion (Wittmann and Waterman-Storer, 2001; Etienne-Mann-
eville, 2013), and mitosis (Walczak and Heald, 2008; Heald and
Khodjakov, 2015). MTs are often organized into polarized arrays with
minus ends clustered at a MT-organizing center, such as the centro-
some, and plus ends extended toward the cell periphery. MTs in
these arrays are highly dynamic and rapidly turn over by addition
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and loss of tubulin subunits at the ends. Turnover of tubulin subunits
occurs by two independent mechanisms, known as minus- and plus-
end pathways. The minus-end pathway entails release of MTs from
the centrosome and their rapid disassembly through loss of tubulin
subunits from minus ends (Keating et al., 1997). The plus-end path-
way involves alternating phases of addition or loss of tubulin sub-
units at the plus ends. MT plus ends either slowly grow or rapidly
shorten and undergo sudden transitions from growth to shortening
(catastrophe) or from shortening to growth (rescue) (Mitchison and
Kirschner, 1984). This behavior, known as dynamic instability, allows
MT plus ends to explore intracellular space and to make contacts
with membrane organelles (Lomakin et al., 2009), kinetochores of
chromosomes (Hayden et al., 1990), and the plasma membrane
(Akhmanova et al., 2001).

Dynamic instability of MTs is regulated by many different protein
factors that alter various aspects of MT plus-end growth or shorten-
ing (Desai and Mitchison, 1997; Holmfeldt et al., 2009; van der Vaart
et al., 2009; Akhmanova and Steinmetz, 2015; Goodson and Jonas-
son, 2018). MT-stabilizing factors promote net MT assembly by pre-
venting catastrophes, increasing frequency of rescue events or de-
creasing MT shortening rates. Likewise, MT-destabilizing factors
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stimulate MT disassembly by inducing opposite changes in key pa-
rameters of MT dynamic instability. Protein—protein interactions re-
sponsible for activities of many protein factors that regulate MT dy-
namics have been studied at a great level of detail in vitro, and in
many cases it is now clear how individual proteins modulate specific
aspects of MT dynamic instability (Akhmanova and Steinmetz,
2015). However, how protein factors work together in vivo to alter
MT dynamics at global and local scales remains largely unknown.

One of the most dramatic examples of altered MT dynamics is
provided by cytoplasmic fragments and cytoplasts lacking the cen-
trosome. Our past work showed that in the absence of the centro-
some, MTs turn over by net loss of subunits from free minus ends
and net addition of subunits to the plus ends (the pattern of turn-
over known as treadmilling). Remarkably, in marked contrast to in-
tact cells, plus ends of treadmilling MTs in cytoplasmic fragments
continuously grow or pause but never shorten (Rodionov and Borisy,
1997a; Rodionov et al., 1999). To explain the lack of MT catastro-
phes, we proposed a mechanism based on the concentration of free
tubulin subunits (Rodionov et al., 1999). We suggested that loss of
MT attachment to the centrosome and shortening of minus ends
results in a shift of the steady-state level of MT assembly toward a
decreased level of polymer and an increased level of free tubulin
subunits. Increased concentration of free tubulin subunits would
lower the probability of catastrophes at plus ends of remaining MTs,
thus promoting their persistent growth (Rodionov et al., 1999).

In our hypothesis, the key factor that determines switching of
plus-end dynamics from dynamic instability to persistent growth is
elevated levels of free tubulin subunits. However, removal of the
centrosome also reduced the amount of MT polymer in cytoplasmic
fragments (Rodionov et al., 1999). Therefore an alternative hypoth-
esis is that the pattern of plus-end dynamics is influenced by the
density of the MT polymer pool. In this study, we test whether the
density of the MT polymer pool influences MT behavior by locally
depleting MTs in the cytoplasm without changing the concentration
of free tubulin subunits. Contrary to predictions of the free tubulin
hypothesis, we found a dramatic effect of the MT polymer pool. In
experimentally produced areas of cytoplasm sparsely populated
with MTs, plus ends persistently grew or paused and rarely short-
ened, whereas growing plus ends that entered regions of the cyto-
plasm densely populated with MTs acquired catastrophes. Our ob-
servations suggest a new mechanism for regulation of MT dynamics
that couples plus-end dynamics to MT density.

RESULTS

Persistent growth of MTs in cytoplasmic fragments and cytoplasts
lacking the centrosome could be explained by increased concentra-
tion of free tubulin subunits or by reduced levels of MT polymer. To
determine whether behavior of MT plus ends depends on MT poly-
mer levels, we examined MT dynamics in regions of the cytoplasm
with reduced MT density. To locally deplete peripheral cytoplasm of
MTs, we introduced a barrier between the centrosome and the cell
periphery by microsurgical manipulation with a thin glass micronee-
dle. The manipulation converted the intact cell into one with toroi-
dal topology containing an elongated barrier hole parallel to the
cell margin. Because the barrier would cut off cytoplasmic space
from “line-of-site” connection to the centrosome, we expected that
the density of MTs distal to the barrier should be significantly re-
duced compared with the rest of the peripheral cytoplasm.

To test whether MT density distal to the barrier was indeed re-
duced, we acquired live fluorescence images of MTs in the manipu-
lated cells. For these experiments, we used fish (black tetra) melano-
phores. These cells contain thousands of pigment granules that
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rapidly aggregate in the cell center or disperse throughout the cyto-
plasm in response to hormonal stimuli (Murphy and Tilney, 1974;
Rodionov et al., 1991). The unusually large size (~200 pm) of black
tetra melanophores makes them ideally suitable for experiments
that involve microsurgery (Rodionov and Borisy, 1997a,b). Further-
more, MTs in these cells are numerous, and their plus ends display
robust dynamic instability (Rodionov et al., 1994). For fluorescence
labeling of MTs, we injected melanophores with tubulin subunits
tagged with Cy3, applied pigment aggregation stimuli to clear pe-
ripheral cytoplasm of pigment granules that could interfere with live
imaging of MTs, and produced a crescent-shaped barrier with the
convex surface facing the cell center (Figure 1A, left panel). Micro-
surgery severed MTs and led to their rapid disassembly in the area
of the cytoplasm distal to the barrier through rapid shortening of the
nascent minus ends. Imaging of MTs performed 20-30 min after
microsurgery showed that MT density distal to the barrier was dra-
matically reduced (Figure 1A, right panel).

To determine whether MT density distal to the barrier was com-
parable to the density of MTs in cytoplasmic fragments of melano-
phores, we traced individual MTs in fluorescence images of periph-
eral cytoplasm in manipulated cells and cytoplasmic fragments of
melanophores that were generated as described previously (Rodi-
onov and Borisy, 1997a). We found that in intact control cells aver-
age MT density at the cell margin was 4.31 £ 1.35 pm/pm? (mean *
SD, n = 10). MT density in microsurgically produced fragments of
melanophores was about fourfold lower (0.96 + 0.17 pm/um?; mean
+SD, n=10). Remarkably, MT density distal to barriers was compa-
rable to MT density in melanophore fragments (0.92 £ 0.31 pm/pm?;
mean * SD, n = 10) (Figure 1B). We conclude that isolation of pe-
ripheral cytoplasm with a microsurgically produced barrier reduced
MT density to levels seen in cytoplasmic fragments lacking the
centrosome.

To determine whether MT depletion changed the dynamic be-
havior of MT plus ends, we acquired time sequences of images of
fluorescently labeled MTs in the same cells in sparsely populated
areas distal to the barrier and at the cell margin in intact cytoplasm
densely populated with MTs. We found that, as expected, in densely
populated areas of the cytoplasm, MT plus ends grew and short-
ened and therefore displayed typical dynamic instability (Figure 1C,
left panel; Supplemental Video S1). In striking contrast to the rest of
the cytoplasm, plus ends of MTs located distal to the barrier con-
tinuously grew or paused but almost never shortened (Figure 1C,
right panel) even when they reached the cell margin (Figure 1C,
right panel, right column; Supplemental Videos S1 and S2). Con-
tinuous growth of MT plus ends distal to the barrier was strikingly
similar to persistent MT growth that we previously observed in cyto-
plasmic fragments of melanophores (Rodionov and Borisy, 1997a).

To quantify regional differences in dynamic behavior of MT plus
ends, we tracked plus ends of individual MTs and generated fre-
quency histograms of MT growth rates defined as displacement
within 3 s time intervals. We found that the frequency of negative
values of MT growth rates, which corresponded to catastrophes,
was significantly reduced in MT-depleted regions located distal to
the barrier compared with intact densely populated cytoplasm
(Figure 1D). Direct quantification of the frequency of MT catastro-
phes, which we defined as a decrease in MT length for 20.5 um,
showed that it was much lower in MT-depleted regions (0.2/min)
compared with regions filled with MTs (1.55/min). Furthermore, the
frequency of long (22.0 um) catastrophes distal to the barrier was
reduced even more significantly (~50-fold, from 0.42/min to 0.008/
min). MT rescues that followed catastrophes were also sparse. We
conclude that local MT depletion in fish melanophores correlated
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FIGURE 1: A local decrease in MT density in fish melanophores correlates with a reduction in
frequency of catastrophes at the MT plus ends. (A) Images of a melanophore with a barrier
placed parallel to the cell margin. Left, phase contrast image; right, fluorescence image of MTs.
The barrier is outlined with a dotted line in the left image. Color squares in the right-hand image
define positions of MT-filled (green) and MT-depleted (red) areas of the cytoplasm used for
quantification of MT density (panel B) and dynamics of MT plus ends (panels C and D). MTs are
significantly less abundant behind the barrier than at the original cell margin. Bar, 20 pm.

(B) Quantitation of MT densities at the cell periphery (left, green bar), in MT-depleted areas
distal to the barrier (middle, red bar), and in cytoplasmic fragments of melanophores (right, gray
bar). The barrier isolates peripheral cytoplasm from growth of centrosomal MTs and reduces the
local density of MTs to levels observed in cytoplasmic fragments. (C) Time sequences of MTs in a
densely populated area of the cytoplasm (left panel) and a sparsely populated area distal to the
barrier (right panels). Top panels, sequential images of MTs; bottom panels, kymographs.
Numbers indicate time in seconds; white arrowheads point to plus ends, and black arrows point
to minus ends of MTs. Bar, 5 pm. In a densely populated area, the MT plus end grows and
shortens, whereas in a sparsely populated area the MT plus end never shortens even when it
reaches the cell margin. (D) Histograms of MT growth rates (measured as displacement of MT
plus ends within 3 s time intervals) in areas of cytoplasm densely (top) or sparsely (bottom)
populated with MTs. Negative values of growth rates are frequent in densely populated but not
in sparsely populated areas.

experiments. We found, however, that be-
cause of their small size NIH3T3 fibroblasts
did not survive microsurgery well. To im-
prove the survival rate, we increased cell
size by treating fibroblasts with mitomycin
C—an antitumor antibiotic that blocks cell
division without preventing cell growth. Af-
ter a few days of mitomycin C treatment, the
size of NIH3T3 cells increased approxi-
mately four- to fivefold, and their survival
rate after microsurgery significantly im-
proved as well. Time sequences of images
of MTs in mitomycin C-treated cells injected
with Cy3-labeled tubulin showed that,
again, MTs persistently grew into MT-de-
pleted areas located distal to the barrier
but, as expected, displayed robust dynamic
instability elsewhere at the cell periphery
(Supplemental Figure 1, top and middle).
Tracking MT plus ends revealed a significant
shift of MT growth frequency histograms to
positive values in MT-depleted areas (Sup-
plemental Figure 1, bottom). The frequency
of MT catastrophes (defined as reduction in
MT length for 20.5 um) was dramatically de-
creased in areas of cytoplasm distal to the
barrier (from 0.543/min to 0.026/min). Fur-
thermore, similar to melanophores, in fibro-
blasts MT plus ends in sparsely populated
areas never underwent catastrophes upon
reaching the cell margin (Supplemental
Figure 1, middle right panel, right column).
Similar changes in MT dynamic behavior
were also observed in normal human skin
fibroblasts (Supplemental Video S3). We
conclude that persistent growth of MT plus
ends into sparsely populated regions of the
cytoplasm is a general property of animal
cells.

The frequency of MT catastrophes is
known to decline with increasing concentra-
tion of free tubulin subunits (Walker et al.,
1988). Therefore the reduced frequency of
MT catastrophes observed in sparsely pop-
ulated areas of the cytoplasm could be ex-
plained by a local increase in the concentra-
tion of free tubulin subunits. Computational
modeling suggests that the existence of a
gradient of tubulin subunit concentration
within the cytoplasm is an unlikely possibility
(Odde, 1997) because of the fast rate of tu-
bulin diffusion (Salmon et al., 1984; Wang
et al., 2004). Nevertheless we tested this
possibility experimentally by comparing

with a dramatic drop in the frequency of catastrophes of MT plus
ends, leading to their persistent growth.

Switching MT plus ends from dynamic instability to persistent
growth after MT depletion could be a specific property of melano-
phores or a common property of the cytoplasm of animal cells. To
test whether our observations have general importance, we sought
to isolate peripheral cytoplasm from global MT growth in mamma-
lian fibroblasts and selected a common cell line (NIH3T3) for these
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concentrations of free tubulin subunits in areas of low MT density
located distal to the barrier to areas of high MT density at the intact
cell margin. To compare tubulin concentrations, we first measured
tubulin fluorescence in regions between MTs in images of melano-
phores injected with tubulin subunits labeled with Cy3 (Figure 2A).
Cy3 fluorescence was normalized for fluorescence of the volume
marker Alexa Fluor 488-labeled dextran that was coinjected with
Cy3 tubulin (Figure 2A, bottom panel). The normalized Cy3
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FIGURE 2: Concentrations of free tubulin subunits are similar in regions of cytoplasm with high
and low MT density. (A) Ratiometric fluorescence imaging. Fluorescence images of a
melanophore coinjected with cell volume marker Alexa 488-dextran and Cy3-tubulin. From top
to bottom, high-magnification fluorescence images of a transition zone between high and low
MT density regions of cytoplasm in Cy3 channel, Alexa 488 channel, and a ratiometric Cy3/Alexa
488 image. Bottom panel shows fluorescence intensity profile measured along the line shown in

with low MT density, in seven different cells.
The FCS  autocorrelation  functions
determined at each location were fitted to
determine the concentrations and diffusion
coefficients for exogenous fluorescent
EGFP-tubulin molecules in the correspond-
ing regions (see Figure 2). The level of ex-
pression of exogenous EGFP-tubulin varies
from cell to cell; however, within each cell
the concentrations and diffusion coefficients
of exogenous EGFP-tubulin at different lo-
cations are presumably proportional to the
concentrations and diffusion coefficients of
unlabeled endogenous tubulin at the corre-
sponding locations. The results reveal two
distinct tubulin components with different
7 values. The fraction of major (fast) compo-
nent (0.67 + 0.12; mean £ SD, n = 28 mea-
surements) likely represents freely diffusing
EGFP-tubulin molecules. The nature of the
minor (slow) component (0.33 £ 0.12; mean
+ SD, n =28 measurements) is not known. It
may represent tubulin subunits bound to
slowly diffusing cytoplasmic components or

red in the ratiometric image. The values of gray levels between MTs in the ratiometric image,
which reflect the concentration of free tubulin subunits, are similar in areas of the cytoplasm with
high and low MT densities. Bar, 5 pm. (B) FCS analysis of EGFP-tubulin in an NIH3T3 fibroblast.
The two panels show representative FCS measurements in the high MT density region (top
panel) and in the low MT density region (bottom panel) in the same cell. The black lines show
the autocorrelation functions for EGFP-tubulin plotted vs. T in a log scale. The red lines show
fitted curves using a two-component model consisting of a major component with fast 1 value
(likely corresponding to freely diffusing tubulin subunits) and a minor component with a slower
7 value (possibly corresponding to tubulin molecules bound to slow or immobile partners). The
total number of fluorescent molecules in the FCS volume and the relative proportions of
molecules with fast and slow t values were determined at each location. The concentrations of
fast and slow (Cs,st and Cgjoy,) components were derived from the number of fast and slow
component molecules in the FCS volume, and the diffusion coefficients for the fast and slow
components (Dy,st and Do) were derived from the fast and slow 1 values as described in
Materials and Methods. The concentrations of fast component molecules, likely corresponding
to freely diffusing tubulin subunits, are similar in high and low MT density regions.

fluorescence measured in interstices between MTs in areas of cyto-
plasm with sparse MTs (distal to the barrier) was comparable to that
in areas with high MT density (ratio = 0.83 £ 0.17, mean £+ SD, n =
17). This result suggests that, as expected, the concentration of free
tubulin subunits is not significantly increased in areas of cytoplasm
with low MT density. However, it is possible that fluorescence mea-
sured at the cell margin densely populated with MTs overestimated
the amount of labeled free tubulin and therefore the fluorescence
ratio may have been underestimated in these regions. Furthermore,
itis also possible that the total normalized fluorescence measured in
these experiments represents both freely diffusing tubulin subunits
and slowly diffusing tubulin species associated with less mobile cy-
toplasmic components.

To test these possibilities, local concentrations and diffusion co-
efficients for enhanced green fluorescent protein (EGFP)-labeled
tubulin were analyzed using fluorescence correlation spectroscopy
(FCS). EGFP-labeled tubulin was expressed in mitomycin-treated
NIH3T3 fibroblasts, and after microsurgery, FCS measurements
were performed with the observation volume positioned at two
separate locations within the region of the cytoplasm with high MT
density and at two separate locations within the region of cytoplasm
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tubulin subunits reversibly associating with
and dissociating from immobile cytoplasmic
structures. Concentrations and diffusion co-
efficients for fast and slow components
were as follows: (fast component concentra-
tion = 1.68 + 0.25 uM, mean £ SD, n = 28
measurements in seven different cells; fast
component diffusion coefficient = 12.6 +
6.3 um?/s, mean + SD, n= 28 measurements
in seven different cells; slow component
concentration = 0.84 £ 0.25 pM, mean £ SD,
n = 28 measurements in seven different
cells; slow component diffusion coefficient =
0.003 + 0.004 pm?/s, mean + SD, n = 28
measurements in seven different cells). Cell-
to-cell variation in concentrations and diffu-
sion coefficients was larger than location-to-
location variation within individual cells. For the fast component,
which likely represents free tubulin, the ratio of concentrations be-
tween high MT/low MT regions was 1.008 + 0.49, mean + SD, n=7
cells, and the ratio of diffusion coefficients between high MT/low
MT regions was 0.97 £ 0.15, mean £ SD, n =7 cells). Because both
these ratios are close to 1, this indicates that the observed differ-
ences in MT catastrophe frequency between regions with low and
high MT densities are not attributable to local differences in free
tubulin subunit concentrations or diffusion coefficients.

The results of our experiments reveal a striking correlation be-
tween the frequency of catastrophes and MT density that could not
be attributed to local changes in concentration of free tubulin sub-
units. This suggests a novel mechanism that dictates uninterrupted
growth of MT plus ends in sparsely populated areas of cytoplasm
and switching between growth and shortening in densely popu-
lated areas. If such a mechanism exists, MT plus ends should un-
dergo catastrophes after they enter a densely populated area of the
cytoplasm. We scrutinized our time-lapse sequences for instances of
such entry but due to the inherently low MT density and random
orientation of MTs distal to the barrier, episodes of MT growth to-
ward densely populated areas of the cytoplasm were vanishingly
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FIGURE 3: Catastrophe frequency depends on local density of MTs.
(A) Design of an experiment for detecting transitions of growing MT
ends between areas of cytoplasm with different densities of MTs. To
increase the probability of entering a high MT density area, an
artificial MT-organizing center was created by local aggregation of
pigment granules distal to the microsurgically generated wound. The
ectopic pigment granule aggregate nucleated MTs that grew in
random directions including into a high MT density area. Left, phase
contrast image of a cell with an ectopic pigment granule aggregate
formed distal to the barrier; right, fluorescence image of MTs in
proximity to the ectopic aggregate; dashed line depicts the border
between high (green background) and low (red background) MT
density areas; arrowhead indicates the position of the ectopic
pigment granule aggregate; a dotted line defines margins of the
barrier; images were acquired approximately 20 min after stimulation
of pigment granule aggregation. Bars, 10 um. Numerous MTs
connected to the ectopic pigment granule aggregate are oriented
toward the high MT density area. (B) Kymographs of MT ends
growing into high (left panel) or low (right panel) MT density areas.
Areas of high and low MT densities are highlighted in green and red,
respectively, and the border between them is defined by the dashed
line. MTs tips that persistently grow in the low MT density area
acquire catastrophes after entering the high MT density area (left
panel). Likewise, MT ends that occasionally shorten in the high MT
density area switch to uninterrupted growth after transiting into a low
MT density area. Bar, 5 pm. (C) Fluorescence images of MTs acquired
in the same area behind the barrier soon after microsurgery (left
panel) or 10 min after the acquisition of the first time series (right
panel). Each panel shows the final images of 60 s time sequences.
Green sets of arrowheads depict shortening minus ends and red sets
shortening plus ends of MTs. Numbers shown at the top of each panel
are values for averaged fluorescence signal from MTs, providing a
measure for their density. A 2.9-fold increase in MT density correlates
with the appearance of shortening plus ends of MTs. Bar, 5 pm.
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rare. To increase frequencies of transitions of MT tips between areas
of low and high MT densities, we directed MT growth by taking
advantage of the ability of melanophores to form local aggregates
of pigment granules that serve as ectopic MT-organizing centers
(Rodionov and Borisy, 1997a; Vorobjev et al., 2001). We performed
microsurgery on cells with dispersed pigment granules and induced
pigment granule aggregation. While the bulk of pigment granules
rapidly moved to the cell center along centrosomal MTs, those pig-
ment granules that were isolated by the barrier formed a local pig-
ment aggregate (Figure 3A, arrowhead; Supplemental Video S4).
Live fluorescence imaging showed that, as expected (Rodionov and
Borisy, 1997a), new MTs continuously emerged from the local gran-
ule aggregate and grew in random directions, including the area of
high MT density. Remarkably, we found that as soon as MT plus
ends entered areas of high MT density they began to undergo mul-
tiple long catastrophes (Figure 3B, left panel; Supplemental Video
S5). Conversely, we found that shortening events completely disap-
peared when MT plus ends grew from high into low MT density re-
gions (Figure 3B, right panel; Supplemental Video S5).

These observations support our hypothesis that local MT density
determines the pattern of plus-end dynamics, but they do not rule
out the possibility that dramatic changes in behavior of MT plus
ends depend on structural differences of the cytoplasm in low and
high MT density regions, rather than on MT density itself. In particu-
lar, continuous growth of MTs distal to barriers could result from re-
duced levels of obstacles in the way of polymerizing MT tips. In-
deed, in vitro studies indicate that growing MT plus ends undergo
force-induced catastrophes when stalled at microfabricated walls
(Janson et al., 2003). In animal cells, forces generated by polymer-
izing MTs that encounter a dense meshwork of actin filaments are
likely responsible for increased catastrophe rates seen at the cell
margins. Therefore it was possible that the inhibition of catastrophes
observed in our experiments could be explained by a reduced den-
sity of actin filaments in regions of cytoplasm distal to the barriers.
To test this possibility, we compared the densities of actin filaments
in regions distal to barriers and intact cell margins. We injected mi-
tomycin-treated NIH3T3 cells with Oregon Green 488 dextran,
which served as an intracellular volume marker, performed microsur-
gery to create a barrier, and stained cells with tetramethylrhodamine
(TRITC)-labeled phalloidin, which selectively binds to polymerized
actin filaments. We found that TRITC/Oregon Green 488 fluores-
cence ratios measured in seven cells is always higher in regions of
cytoplasm distal to barriers (Supplemental Figure 2). Therefore con-
tinuous growth of plus ends in low MT density regions cannot be
explained by a reduced density of actin filaments. Furthermore, we
also noticed that in some melanophores centrosomal MTs gradually
fill areas of low MT density during prolonged incubation after micro-
surgery. Strikingly, in such cells, tips of “pioneer” MTs persistently
grow into sparsely populated areas but as MT density increases, MT
tips begin to undergo vigorous catastrophes (Figure 3C; Supple-
mental Video Sé). Thus, transition from persistent growth to dy-
namic instability occurred in the same region of cytoplasm. Taken
together, these results indicate that changes in dynamic behavior of
MT plus ends cannot be explained by local variations in the organi-
zation of the cytoplasm inflicted by the creation of the barrier.

MT plus ends display dynamic instability at high local MT density
but switch to continuous growth if the density drops. Such switching
allows MTs to rapidly fill newly formed regions of cytoplasm that
emerge during cell growth or migration. In migrating cells, MTs that
enter the leading lamella experience fewer catastrophes and spend
more time growing than MTs that terminate farther from the leading
edge (Waterman-Storer and Salmon, 1997; Wadsworth, 1999). Local
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growth of MTs is regulated by small GTPase Rac1 (Wittmann et al.,
2003) that recruits and activates downstream effector proteins, such
as p21-activated kinase 1 (Pak1) (Dharmawardhane et al., 1999; Sells
et al., 2000). Rac1 effectors in turn reduce the activities of protein
factors destabilizing MTs (Daub et al., 2001; Wittmann et al., 2004;
Braun et al., 2014) and increase the activities of MT-stabilizing fac-
tors (Wittmann and Waterman-Storer, 2005; Kumar et al., 2009),
leading to net MT growth at the advancing cell leading edge. While
most of our experiments used fish melanophores that never move
across the substrate, we nonetheless tested whether persistent
growth of MTs into areas of low MT density seen in manipulated
cells involves local activation of Pak1 and depends on the activity of
Rac1. We examined the distribution of enzymatically active Pak1 in
mitomycin-treated NIH3T3 fibroblasts and investigated the dynam-
ics of MT plus ends in areas of reduced MT density in melanophores
during inhibition of Rac1.

To study the distribution of active Pak1 in NIH3T3 fibroblasts, we
immunostained manipulated cells with phospho-Pak1 antibody
(phospho-5199/204) that binds the active form of the enzyme (Knaus
and Bokoch, 1998; Gatti et al., 1999; Chong et al., 2001). Our previ-
ous work showed that immunostaining NIH3T3 cells with this anti-
body revealed a dramatic increase in fluorescence in areas of cyto-
plasm with locally activated Rac1 (Wu et al., 2009). Therefore the
phospho-Pak antibody is suitable for detecting the distribution of ac-
tive Pak1 in the cytoplasm of NIH3T3 fibroblasts. To compare levels of
phosphorylated Pak1 in MT-filled and MT-depleted areas of the cyto-
plasm, we triple-immunostained manipulated cells with antibodies
against tubulin (to detect areas of low MT density distal to the wound),
phospho-Pak1 (to quantify phospho-Pak1 fluorescence), and soluble
protein glyceraldehyde-3-phosphate dehydrogenase (GAPDH; to
normalize phospho-Pak1 fluorescence to the volume of the cyto-
plasm). Line scans of phospho-PAK1 fluorescence did not reveal a
significant increase in levels of phosphorylated Pak1 in areas of low
MT density located distal to the barrier (Figure 4A, left panel). Quan-
tification of fluorescence also showed that phospho-Pak1 to GAPDH
fluorescence ratios were similar in MT-filled and MT-depleted areas of
the cytoplasm (Figure 4A, right panel). These data suggest that the
activation of Rac1 effector Pak1 is not involved in stimulating continu-
ous growth of MT plus ends in MT-depleted areas of the cytoplasm.

To directly test whether Rac1 activity was required for processive
MT growth in areas of cytoplasm with low MT density, we examined
plus-end dynamics in melanophores while inhibiting Rac1 activity.
To inhibit Rac1, we treated cells with the membrane-permeable se-
lective Rac1 inhibitor NSC 23766 (Gao et al., 2004) or injected them
with a recombinant mutant form of Rac1 protein Rac1N(Ridley
et al., 1992), known to have a dominant-negative effect on Raclac-
tivity (Ridley et al., 1992; Waterman-Storer et al., 1999). We found
that Rac1 inhibitors did not cause any significant changes in cell
shape or plasma membrane activity (unpublished data). This result
was not surprising given that the actin cytoskeleton is known to play
a minor role in control of the shape of fish melanophores (Rodionov
et al., 1998). NSC 23766 treatment induced gradual dispersion of
pigment granules, which is likely explained by off-target effect(s) on
the cAMP signaling pathway (Mills et al., 2018). Remarkably, local
differences in the behavior of MT plus ends between areas of low
and high MT densities were still observed in cells treated with the
Rac1 inhibitors. Plus ends of MTs displayed dynamic instability at
cell margins in MT-filled areas of the cytoplasm and robust growth in
MT-depleted areas located distal to the barrier (Figure 4B, left; and
Supplemental Videos S7 and S8). Tracking MT plus ends confirmed
that in cells with inhibited Rac1 activity, similar to control cells, nega-
tive values of growth rates were frequent in areas of cytoplasm
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densely populated with MTs but were extremely rare in sparsely
populated areas (Figure 4B, middle and right). Taken together, our
results indicate that lack of MT catastrophes in areas of reduced MT
density is not explained by local activation of the Rac1 signaling
pathway.

DISCUSSION

In this study, we described a remarkable correlation between the lo-
cal density of MTs in the cytoplasm and the dynamic behavior of MT
plus ends. We found that at high local density MT plus ends undergo
frequent catastrophes, whereas at low density they persistently grow
and almost never shorten. The simplest explanation for our observa-
tions would involve a gradient of free tubulin subunits. Results of in
vitro studies indicate that the frequency of catastrophes drops with an
increase in the concentration of free tubulin subunits (Walker et al.,
1988), and therefore elevated tubulin subunit levels could explain the
lack of catastrophes in areas of cytoplasm with low MT density. How-
ever, our FCS measurements indicate that the level of free tubulin
subunits is uniform throughout the cytoplasm. Thus, the MT density—
dependent switching of MT behavior is not determined by the con-
centration of free tubulin subunits. Our observations are in line with
results of studies of a y-tubulin—associated protein mutation in fission
yeast (Zimmerman and Chang, 2005). Mutant cells had fewer than
normal MTs with catastrophe defects that could not be explained by
an increase in concentration of free tubulin dimers (Zimmerman and
Chang, 2005). An alternative hypothesis is that differences in behav-
ior of MT plus ends are explained by local variations in the concentra-
tion of regulatory factors that directly or indirectly control MT dynam-
ics. We propose two possible mechanisms that explain persistent
growth of MTs in areas of cytoplasm with low MT density and fre-
quent catastrophes in the high MT density areas (Figure 5).

The first potential mechanism assumes that MT walls provide
binding platforms for regulatory molecules that negatively affect the
activities of protein factors stabilizing MTs (Figure 5A) and/or posi-
tively influence the activities of catastrophe-promoting factors. Pro-
tein factors that control MT dynamics are generally regulated by
phosphorylation (Drewes et al., 1998; Cassimeris and Spittle, 2001;
Cassimeris, 2002; Akhmanova and Steinmetz, 2008; Holmfeldt
etal., 2009; Lyle et al., 2009). We therefore hypothesize that regula-
tory molecules scaffolded on the surface of MTs could be protein
kinases and phosphatases. In support of this hypothesis, numerous
protein kinases and phosphatases were found to directly or indi-
rectly bind MTs (Ookata et al., 1995; Sontag et al., 1995; Liao et al.,
1998; Nagata et al., 1998; Burgess and Reiner, 2000; Yamada et al.,
2000), and inhibitors of their activities induced rapid changes in MT
dynamic instability in living cells (Howell et al., 1997). A high surface
area of MTs in densely populated areas of the cytoplasm would re-
sult in a high concentration of binding sites for regulatory molecules
and therefore create local areas of elevated protein kinase and/or
phosphatase activities. Protein kinases could increase MT catastro-
phes by phosphorylating MT-stabilizing protein factors, such as
structural MT-associated proteins (MAPs) (Mandell and Banker,
1996; Drewes et al., 1998; Gundersen and Cook, 1999), including
ubiquitously expressed MAP4 (Bulinski and Borisy, 1980). Phosphor-
ylation of MT-binding domains of MAPs is well known to reduce
their binding to MTs and therefore their ability to suppress catastro-
phes (lllenberger et al., 1996; Shiina and Tsukita, 1999). Likewise,
MT-bound protein phosphatases could dephosphorylate catastro-
phe-promoting cytosolic proteins, such as Op18/stathmin, increas-
ing their activities (Cassimeris, 2002; Holmfeldt et al., 2009). In
support of this idea, the existence of gradients of phosphorylated
Op18/stathmin in cells has been demonstrated experimentally
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FIGURE 4: The lack of catastrophes in areas of cytoplasm with low MT density cannot be
explained by local activation of the Rac1 signaling pathway. (A) Left panel, images of an NIH3T3
fibroblast with a microsurgically produced barrier triple-immunostained with antibodies against
phosphorylated Pak1 (P-Pak1, top left), GAPDH (top, middle), and tubulin (MT, top right); dotted
lines in the top left and middle images indicate positions of line scans of fluorescence intensity
profiles shown in the bottom left and middle images; bottom right, merged image of
fluorescence of phosphorylated Pak1 (color coded in magenta), GAPDH (color coded in cyan),
and tubulin (color coded in yellow). Bar, 30 um. Right panel, bar chart of phosphorylated Pak1/
GAPDH fluorescence ratios measured in the MT-depleted area distal to the barrier and a
MT-filled area at the cell margin (marked by red and green dots, respectively, in the top right
image of left panel). Intensity of fluorescence of phosphorylated Pak1 is not increased in the area
of cytoplasm distal to the barrier, which indicates that Pak1 is not activated locally in this area.
(B) MT plus-end dynamics in areas of low and high MT densities in fish melanophores with
Rac1activity inhibited by microinjection of recombinant dominant-negative mutant protein
Rac1N"(left and middle panels) or treatment with membrane-permeable inhibitor NSC 23766
(right panels); left panel, sequential images of a MT located distal to the barrier in a Rac1N"-
injected cell; numbers indicate time in seconds; bar, 5 pm; left and middle panels, histograms of
MT growth rates (measured as displacement of MT plus ends within 5 s time intervals) in MT-filled
areas of cytoplasm located at the cell margin (top) or MT-depleted areas distal to the barrier
(bottom) in cells with Rac1 activity inhibited by microinjection with Rac1N"solution (middle
panel) or treated with NSC 23766. The sparsity of negative values of plus-end growth rates distal
to the barrier indicates that persistent growth of MTs does not require local activation of Rac1.

(Andersen et al., 1997). Theoretical studies indicate that spatially

segregated protein kinase/phosphatase systems can generate
steady state phospho-state gradients of rapidly diffusing molecules
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(Lipkow and Odde, 2008). Therefore accu-
mulation of protein kinases and phospha-
tases in areas of high MT density may create
a phosphoprotein environment that en-
hances MT catastrophes.

The second potential mechanism in-
volves competition of MTs for factors that
promote assembly and suppress catastro-
phes. These factors may bind to growing
plus ends (Figure 5B, top) or along the
length (Figure 5B, bottom) of MTs. Competi-
tion of MT tips for stabilizing factors was re-
cently proposed to explain a negative cor-
relation between MT growth rates and
plus-end density in droplets of Xenopus egg
extract confined in engineered microscopic
chambers in vitro (Geisterfer et al., 2020). In
this system, each growing MT plus end ap-
parently acted as a sink for key regulators of
MT growth. Increasing the number of plus
ends in the egg extract caused local deple-
tion of protein factors essential for MT
growth, leading to a decrease in the growth
rate. Likewise, in our study a depletion of
MT assembly—promoting factors by the ac-
cumulation of plus ends in specific regions
of the cytoplasm, such as the cell margin,
could cause catastrophes. The identity of lo-
cal assembly-promoting factors that protect
MT plus ends from disassembly is not
known. Good candidates are plus-end track-
ing proteins EB1 and EB3 that support per-
sistent MT growth by suppressing catastro-
phes (Rogers et al., 2002; Komarova et al.,
2009). However, a recent in vitro study sug-
gests that combinatory effects of several
protein factors are required to promote fast
and sustained plus-end growth (Arpag et al.,
2020). Therefore other proteins may also be
involved such as CLASP2, which suppresses
microtubule catastrophes and promotes res-
cue (Lawrence et al., 2018), CLIP170, which
is also known to function as a MT rescue fac-
tor (Komarova et al., 2002), and XMAP215,
which catalyzes the addition of individual
tubulin subunits to the growing MT ends
(Al-Bassam et al., 2010). Likewise, MTs may
compete for stabilizing factors that bind
along their length (Figure 5B, bottom), such
as structural MAPs, including MAP2, MAP4,
and doublecortin that decorate the MT lat-
tice and strongly suppress MT catastrophes
(van der Vaart et al., 2009; Goodson and
Jonasson, 2018). Soluble pools of these fac-
tors may be exhausted at high density of
MTs, causing a local increase in catastrophe
frequency, whereas at low MT density these
factors could saturate MT walls, leading to
sustained growth. Regardless of the mecha-

nism of MT stabilization, an expected property of putative regulators
of local MT dynamics is slow diffusion that would allow maintenance
of a standing gradient of their concentration in the cytoplasm.
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FIGURE 5: Hypotheses to explain the role of MT density in regulating MT dynamics.

(A) MTs (black lines) scaffold regulatory enzymes (orange ovals), such as protein kinases
or phosphatases, which inactivate MT-stabilizing protein factors (green and blue circles,
active and inactive factors, respectively) by preventing their binding to MTs; at high MT

jection, cells were kept for ~60 min at 30°C (fish
melanophores) or 37°C (mammalian fibroblasts) for
incorporation of labeled tubulin into microtubules.
Microsurgery was performed with a glass micronee-
dle as described previously (Ikeda et al., 2010).

density (left), the local concentration of regulatory enzymes is high, MT-stabilizing factors

are mostly inactive, and some MTs undergo catastrophes and shorten (a set of straight
and curved black lines); at low MT density (right) the concentration of regulatory enzymes
is low, MT-stabilizing factors are active, and MTs never shorten. (B) MTs compete for
stabilizing factors (green circles) that bind to plus ends of growing MTs (top; sets of
straight lines) or along the MT length (bottom); at high MT density (left), competition
leads to a local decrease in concentration of MT-stabilizing factors, leading to emergence
of shortening MTs (sets of straight and curved black lines); at low MT density (right) the

concentration of MT-stabilizing factors is high and MTs never shorten.

In conclusion, our data indicate that the default mode of plus-
end behavior at low MT density is persistent growth. Increased MT
density changes the balance between activities of MT-stabilizing
and -destabilizing factors, leading to the initiation of MT catastro-
phes and dynamic instability. We believe that uninterrupted growth
at low density is a fundamental property of MTs that allows them to
promptly fill nascent areas of the cytoplasm in cells that rapidly
change shape. Such basic behavior of MTs is further amplified by
signaling mechanisms activated during particular cellular events,
such as migration, in which sustained MT growth is maintained
through Rac1-dependent signaling at the advancing cell leading
edge (Wittmann et al., 2003). Understanding the molecular details
of regulation MT dynamics observed in our experiments is an excit-
ing line of further investigation.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Cell cultures, microinjection, and microsurgery

Cultures of black tetra melanophores were prepared as described
previously (lkeda et al., 2010). Removal of scales was performed ac-
cording to the protocol approved by the institutional animal care
and use committee (UConn Health, IACUC protocol number
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Acquisition of images of MTs and analysis of
MT dynamics

Fluorescence microscopy of MTs in melanophores
and fibroblasts was performed using a Nikon TiE
inverted microscope equipped with a Plan Apo
x100 1.4 NA objective lens. Fluorescence images
were acquired with an Andor iXon EM-CCD cam-
era (Andor Technology, Windsor, CT) driven by
Metamorph image acquisition and analysis soft-
ware (Universal Imaging, Downington, PA). Live imaging of cells in-
jected with Cy3-tubulin was performed in the presence of the oxy-
gen scavenger Oxyrase (Oxyrase Company, Mansfield, OH) to
reduce photodamage (lkeda et al., 2010).

MT dynamics were measured by acquiring time series of images
of Cy3-labeled MTs and manually tracking individual MT ends using
Metamorph software. Parameters of MT dynamic instability were
determined as described previously (Vorobjev et al., 2001).

Treatment of cells with Rac1 inhibitors
To inhibit Rac1 activity, cells were treated for 60-120 min with Rac1
inhibitor NSC23766 (50 uM; Bio-Techne Corporation, Minneapolis,
MN) or microinjected with recombinant dominant-negative mutant
Rac1 protein (Ridley et al., 1992) (needle concentration 5 mg/ml) as
described in Waterman-Storer et al. (1999).

Measurement ratios of free tubulin subunit concentrations
in areas of cytoplasm with high and low MT densities
Ratios of concentrations of free tubulin subunits in areas of cyto-
plasm with high and low MT densities were determined using fluo-
rescence ratiometric imaging or FCS.

For fluorescence ratiometric imaging, melanophores were coin-
jected with bovine brain tubulin labeled with Cy3 and a volume
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maker Alexa Fluor 488-dextran (needle concentration 200 pM;
Thermo Fisher Scientific, Waltham, MA). Images of cells were ac-
quired using rhodamine (for fluorescence of Cy3-tubulin) and fluo-
rescein (for Alexa Fluor 488-dextran fluorescence) filter sets, and
integrated fluorescence was measured in each channel in the same
areas located between MTs using MetaMorph image acquisition
and analysis software (Molecular Devices, Downington, PA). Mea-
surements were performed in the same cells in regions of cytoplasm
with high and low MT densities. After subtracting background fluo-
rescence (measured in each channel outside the cells), the values of
Cy3 fluorescence were normalized for Alexa Fluor 488 fluorescence
determined for the same regions. The data were used to calculate
the ratios of normalized Cy3 fluorescence determined in the same
cells for areas of low and high MT densities.

For FCS measurements of local concentrations and diffusion co-
efficients of tubulin subunits, NIH3T3 fibroblasts were transfected
with plasmid DNA encoding EGFP-tubulin (a gift from Anna
Akhmanova, Utrecht University) using GeneCellin DNA transfection
reagent (Bulldog Bio, Portsmouth, NH). Imaging of transfected cells
and FCS measurements were performed with an LSM 510-Confo-
Cor 3 attached to an Axiovert 100 M microscope with C-Apochro-
mat 40x, 1.2 NA water immersion objective lens. FCS measure-
ments were performed in seven different cells with the FCS
observation volume positioned at two separate locations within the
high MT-density regions and at two separate locations within the
low MT—density regions. FCS autocorrelation functions determined
at each location were fitted using the equation for three-dimen-
sional diffusion (Eq. 1) as described previously (Paradise et al., 2007):
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where G(t) is the autocorrelation, N is the average number of diffus-
ing molecules in the FCS observation volume, y is the fraction of each
component, and 1 is the diffusion time for each component. Initially
the autocorrelation data were fitted using a single-component model.
However, with the single -component model the fit deviation profiles
revealed significant deviation at slower 1 values and unacceptably
large overall %2 values. Accordingly, the autocorrelation data were
fitted using a two-component model. With the two-component
model the fit deviation profiles no longer revealed significant devia-
tions and the overall 2 values were reduced on average 4.2 + 0.6-
fold compared with the single-component model. This suggests that
cells contain two different components of exogenous EGFP-tubulin
with distinct concentrations and diffusion coefficients. Accordingly, all
FCS autocorrelation data were fitted with a two-component model.

The diffusion coefficient (D) for each component was derived
from the 1 value according to Eq. 2:

7=w}/4D )
where @ is the radius of the FCS observation volume.

The concentration (c) for each component was derived from the
average number of diffusing molecules (N) in the FCS observation
volume according to Eq. 3:

co N
“NAV) ©

where N, is Avogadro’s number and V is the FCS observation
volume.
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The diffusion coefficient for the fast component of tubulin (12.6
+ 6.3 pm?/s; mean * SD, n = 28 measurements in seven different
cells) is slightly larger than the previously published overall diffusion
coefficients for tubulin in live cells (D = 6 pm?/s; Wang et al., 2004).
The explanation for this discrepancy may be related to the number
of components in the model used to fit the FCS autocorrelation
function. The previously reported diffusion coefficient apparently
represents an overall value derived using a one-component model
to fit all the FCS autocorrelation data (close inspection of the previ-
ously published autocorrelation data reveals minor fit deviation at
slower 1 values). In the studies reported here a two-component
model provided a better overall fit for the autocorrelation data, re-
solving both a fast component and a slow component with different
diffusion coefficients. The diffusion coefficient for the fast compo-
nent by itself is slightly larger than the previously reported overall
diffusion coefficient, while the diffusion coefficient for the slow com-
ponent is much smaller (0.003 £ 0.004 um?/s). If the diffusion coef-
ficients for both the fast and slow components were combined, the
overall diffusion coefficient for the studies reported here would be
similar to the previously published value. We believe that the diffu-
sion coefficient for the fast component reported here may provide a
more accurate estimate of the actual diffusion coefficient for freely
diffusing tubulin in live cells, without the confounding effects of the
slow component, which may not represent freely diffusing tubulin.

Comparison of actin filament levels in MT-depleted areas of

cytoplasm distal to barriers and cell margins

To compare levels of actin filaments in areas of cytoplasm distal to
the barrier and intact cell margins, mitomycin-treated NIH3T3 fibro-
blasts were microinjected with volume marker Oregon Green 488-
labeled fixable dextran (needle concentration 100 pg/ml; Thermo
Fisher Scientific, Waltham, MA) and after microsurgery fixed with
paraformaldehyde. Cell were then permeabilized with 0.1% Triton
X-100, blocked with 1% bovine serum albumin, and sequentially in-
cubated with TRITC-phalloidin (0.1 pM; MilliporeSigma, Burlington,
MA) mouse monoclonal antibody against alpha-tubulin (DM1A;
ThermoFisher Scientific, Waltham, MA; 0.5 pg/ml), and goat anti-
mouse antibody conjugated with Cy5 (Jackson ImmunoResearch,
West Grove, PA; 5 ug/ml) for fluorescent staining of actin filaments
and MTs. Seven cells with reduced MT density distal to microsurgi-
cally produced wounds were selected for the measurement of dex-
tran and phalloidin fluorescence acquired using relevant filter sets.
TRITC and Oregon Green 488 fluorescence were quantified using
Metamorph Region Measurement Tool in ~20 pm circular regions of
interest placed over areas of cytoplasm distal to the barrier and at
the cell margin. After background subtraction, the relative fluores-
cence of actin filaments was determined for each region of interest
by dividing values of TRITC fluorescence by Oregon Green 488 fluo-
rescence. Relative actin filament fluorescence ratios were then cal-
culated by dividing values determined for the same cells in low MT
density areas and cell margins (Supplemental Figure 2).

Comparison of phosphorylated Pak1 levels in areas of
cytoplasm with low and high MT densities

To compare levels of phosphorylated Pak1 in areas of cytoplasm
sparsely and densely populated with MTs, mitomycin-treated
NIH3T3 fibroblasts with a microsurgically generated wound were
fixed with 4% paraformaldehyde for 30 min, permeabilized with
0.1% Triton X-100, and blocked with 1% bovine serum albumin.
Cells were then triple-immunostained with antibodies against phos-
phorylated Pak1 (to quantify local levels of phosphorylated Pak1),
tubulin (for verification of MT density), and GAPDH (used as a
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cytoplasm volume marker). Immunostaining was performed by se-
quential incubation of fixed cells with the following primary and sec-
ondary antibodies: rabbit antibody against phosphorylated Pak?
(S199/204; Cell Signaling Technology, Danvers, MA; 1:200), mouse
monoclonal antibody against alpha-tubulin (DM1A; ThermoFisher
Scientific, Waltham, MA; 0.5 pg/ml), chicken anti-GAPDH antibody
(ab83956; Abcam, Cambridge, MA; 2.5 pg/ml), goat anti-rabbit an-
tibody conjugated with Alexa 488 (ThermoFisher Scientific,
Waltham, MA; 5 pg/ml), goat anti-mouse antibody conjugated with
Cy5 (Jackson ImmunoResearch, West Grove, PA; 5 pg/ml), and rho-
damine-conjugated goat anti-chicken antibody (Jackson Immu-
noResearch, West Grove, PA; 5 pg/ml). Phosphorylated Pak1 and
GAPDH fluorescence was quantified in 10 um circular regions of in-
terest in the same regions of cytoplasm using the MetaMorph Re-
gion Measurement Tool. After background subtraction, ratios of
phosphorylated Pak1/GAPDH fluorescence were calculated for
each cell. Data for 10 cells were averaged and used to generate the
bar chart shown in Figure 4A.
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