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Distinct contributions of microtubule subtypes

to cell membrane shape and stability
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Abstract Microtubules (MTs) are linked to cell mechanobiology. bStableQ and bdynamically unstableQ
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microtubule (MT) subtypes are differentially sensitive to growth and distribution in serum starved

(SS) versus full serum (FS) conditions. Atomic Force and Immunofluorescence microscopies were

used to study the nanomechanical properties of the cell membrane in response to serum conditions

and nocodazole.Nanomechanical properties of the cell membrane remain unchanged under SS/FS

conditions even though there are drastic MT changes. The cell membrane is shown to depend on

unstable MTs and the intermediate filament (IF) networks to maintain local stiffness. Measurements

of local membrane nanomechanics in response to nocodazole display characteristic serum dependent

decays. The responses suggest that the cell exists in a mechanical transition state. Stiffness is shown

to depend on the interplay between dynamically unstable MTs, stable MTs and IFs which all act to

impart a distinct cellular type of transient bmetastabilityQ.

D 2007 Elsevier Inc. All rights reserved.
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Background

Microtubules (MTs) are found extensively throughout the

cell in the cytoplasm between the nucleus and the cell

membrane. The amount of surface area they represent inside

the cell (~1000 Am2) has been reported to be on par with the

surface area of the plasma membrane [1]. Consequently,
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MTs represent an enormous substrate for biochemical

reactions taking place inside the cell [1]. They are also

dynamic structures, able to grow and depolymerize in

response to signaling pathways and environmental con-

ditions [1-9]. In-vivo, MTs can exist either as bdynamically

unstableQ tyrosinated MTs (Tyr-MT) [2] with a turnover rate

of 5-10 mins [3-8] or bstableQ detyrosinated MTs (Glu-MT)

[4,9] with a turnover of ~18 hrs [3-8] (Table 1). Nature has

taken advantage of the dynamics, polarity and pervasiveness

of MTs by using them as major components of important

signaling pathways throughout the cell.

In addition to being inextricably linked to cell biochem-

istry, MTs also play an important role in the mechanical

properties of the cell in conjunction with actin and

intermediate filaments (IFs) [10,11]. Several theoretical

models describing cell mechanics have been developed in
iology, and Medicine 3 (2007) 43–52



Table 1

Differences in MT distributions and nocodazole susceptibility in response

to serum conditionsa

Tyr-MTs Glu-MTs

Serum SS FS SS FS
Present in vivo Y Y N N
Nocodazole susceptibility Y Y N/A N

Abbreviations: FS, full serum; Glu-MTs, detyrosinated microtubules; SS,

serum starved; Tyr-MTs, tyrosinated microtubules.
a Data from references [2-9].
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the past and each of these models takes a different approach

to describing the relative roles of cytoskeletal filaments.

Specifically, MTs are most commonly modeled either as

one element within a cytoplasmic viscoelastic continuum

[10], compression elements within a tensegrity framework

[12-14], or forming part of a porous cytoskeletal network

[15-18] which may act against the osmotic pressure of the

cytoplasm [19]. Several experimental methods such as

microrheology [20-23], atomic force microscopy (AFM)

[24], micropipette aspiration and others [10] currently exist

to test these models and probe the mechanical properties

of cells.

The AFM has found unique applications in the measure-

ment of the very local (b100 nm2) mechanical properties of

living cells [20,21,23,25-29]. Maps of the local Young’s

Modulus (or elasticity, E) of the whole cell surface can be

created using AFM force-volume techniques at low resolu-

tion (~0.5-1.5 Am) and over a period of 20-30 minutes

[25-27,30,31]. However, an accepted drawback of this

method in some experimental situations can be the long

imaging time. Cytoskeletal dynamics occur with times much

faster than 20-30 mins [3-8,32], which precludes the

resulting force map from showing dynamic nanomechanical

responses with high temporal resolution. However, this has

not prohibited investigations of the long term effect of actin

and MT depolymerizing drugs on the mechanical properties

over the whole cell membrane [27]. Although the AFM is

well suited to investigations of local cell mechanics it has

not been used to investigate the local mechanical role of

both subtypes of MTs which were discussed above. Here,

mechanical properties of these distinct populations of MTs

were measured by controlling their presence and distribution

through varying physiological conditions. The results reveal

that in NIH3T3 cells bdynamically unstableQ Tyr-MTs in

concert with IFs maintain cell stiffness under varying serum

conditions while the presence of Glu-MTs imparts a distinct

type of bmetastabilityQ in response to the MT depolymeriz-

ing drug nocodazle.
Methods

Cell culture

NIH3T3 cells were cultured in DMEM (Invitrogen)

supplemented with 10% fetal bovine serum (HyClone),

50 U/ml penicillin, 50 Ag/ml streptomycin, 50 Ag/ml sodium
pyruvate, and 50 Ag/ml non-essential amino acids. Cells

were split into SS or FS medium at low density 48 hrs prior

to the start of AFM measurements. Two hrs prior to AFM

studies, the cells were washed once with PBS and replaced

with CO2-independent medium (Invitrogen) with or without

serum. Nocodazole (methyl[5-(2-thienyl-carbonyl)-1H-ben-

zimidazol-2-yl]-carbamate, Sigma) was prepared as a stock

solution in DMSO vehicle and diluted to a final concentra-

tion of 10uM for AFM measurements. DMSO controls were

performed with identical volumes of DMSO.

Nanomechanical analysis with atomic force microscopy

Individual cells were chosen by optical inspection using

an inverted optical microscope (Nikon Eclipse TE200)

combined with an AFM (Bioscope, Veeco Digital Instru-

ments) and a temperature controlled stage set to 378C. The
AFM tip was positioned over the nucleus of the chosen cell

and brought into contact with the cell using the AFM

software. The scan size was set to 0 nm to prevent scanning

of the AFM tip and to maintain a constant position on the

cell. Force measurements were made with soft SiN4

triangular cantilevers with experimentally determined [33]

spring constants of 0.02 F 0.01 N/m (Olympus Oxide

Sharpened OTR4 cantilevers).

Force-displacement curves were measured at 1 Hz and

were used to extract the local nanomechanical Young’s

modulus (E) by fitting with the Hertz model which

describes the indentation of an elastic sample with a stiff

cone and is described elsewhere [26-28]. Results were

analyzed in the force range of 100-300 pN, which results

in shallow indentations (b200 nm) into the cell [34]. This

prevented damage to the cell membrane and spurious

results induced by substrate effects which can be

significant with nanomechanical measurements of thin

samples [26-28].

After the initial force curve was measured, 1 mL of 40 AM
Nocodazole was injected into the tissue culture dish (for a

final concentration of 10 AM) and force curves were

measured once every minute for 30 mins and once

every 10 mins thereafter until 1 hr had elapsed. Control

experiments were performed by injecting 1 mL of

nocodazole-free DMSO/media solution and force curves

were collected in the same manner. All injections were

warmed to 378C before the injection to reduce the effect of

thermal fluctuations.

Flow cytometry

Cells were split directly from CO2-independent SS or FS

cultures used for AFM measurements and treated with

nocodazole for 0, 1, 10, 60, or 240 mins. For apoptosis

analysis, 5 � 105 cells were harvested and stained with

FITC-conjugated-annexin V antibody and propidium

iodide (BD Pharmingen, San Diego, CA) for 30 m at

258C. Flow cytometry was performed with a FACSCalibur

(BD Pharmingen). Annexin V- positive/PI-positive cells

were expressed as a percentage of total cells.
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Immunofluorescence

Actin immunofluorescence

Cells were fixed on the culture dishes with 3.5%

formaldehyde for 10 mins, rinsed three times with PBS,

and permeabilized in 0.1% Triton æ100 for 3 mins. The

cells were then stained with Phalloidin-TRITC (Sigma) for

20 mins at room temperature and then rinsed with PBS

three times and mounted on glass slides with vectashield

(Vector Labs, Burlingame, CA). In some cases the DNA

was labeled with DAPI (Invitrogen) on ice for 10 minutes

prior to mounting.

Microtubule and intermediate filaments

Cells were grown on 18-mm round glass cover slips in

6-well flat-bottom plates to a confluence of ~5 � 104 cells/

cm2. The cells were fixed on the cover slip using cold

methanol (�208C) for 30 minutes. They were rinsed twice

with PBS and then incubated with the primary antibody

(anti-tyrosinated tubulin (Abcam), anti-detyrosinated tubu-

lin (Abcam) or anti-vimentin (Sigma)), for 1 hr at 258C in a

humidified chamber. The cells were rinsed three times with

PBS for 10 mins each. The cells were then incubated with

the fluorescently labeled secondary antibody (anti-rat or

anti-mouse, Sigma) for 30 mins at 258C in a humidified

chamber. The slides were rinsed three times with PBS for

10 mins each and mounted on glass slides with Vectashield.

MTs were imaged with an Olympus AX70 upright

microscope and CCD camera (UCLA). Actin and Interme-

diate filament images were captured with an ORCA-AG

Deep Cooled CCD mounted on an IX71 Olympus inverted

optical microscope (London Centre for Nanotechnology).
Results

The local nanomechaical properties of the cell membrane

under SS and FS conditions

Tyr- and Glu-MTs, IFs and the actin networks were

assessed in NIH3T3 fibroblasts under serum starved (SS)

and full serum (FS) conditions (Figure 1). Consistent with

previous studies [2-8,35], Tyr-MTs were present under

both SS and FS conditions (Figure 1, A and B), while

Glu-MTs were only present under FS conditions (Figure

1, C and D). Intermediate filaments (IFs) displayed a

slight collapse around the nucleus under SS conditions

but remained fairly spread throughout the cytoplasm as

expect [11]. Notably, actin fibers were not significantly

altered in appearance after serum, as expected [36]

(Figure 1, E-H).

Given these dramatic differences in microtubule

architecture under SS/FS conditions, one would reason-

ably expect that the mechanical properties of the plasma

membrane [26-28] of living cells would differ signifi-

cantly. In order to measure E, an AFM tip was positioned

over the center of single cells using light microscopy [29]
and force curves were measured (Figure 1, I). Although

not all cells were structurally identical, a large number of

measurements (n = 65 cells) were made to determine an

average modulus in either SS or FS conditions. Force

curves were fitted with a Hertzian analysis as described in

detail previously [26-28]. Force curves were always

measured over the highest part of the cell and with small

indentations to avoid substrate effects (b10% as defined

by Bueckle’s indentation depth limit [34]). Although the

cell nucleus is most likely very close to the plasma

membrane it has been shown extensively in the literature

that this region of the cell is the softest and that the

leading edges suffer most from surface effects [25-27].

Therefore although the apparent stiffness in this region is

a result of several structural elements within the cell we

assume the nucleus does not effect the apparent E as

significantly as the substrate under a thin leading edge.

Hertzian fits to the data (Figure 1, J and K) typically had

correlation coefficients R2 N 0.99 indicating that the

model adequately described the mechanical properties of

the cell membrane under small deformations.

The average local E of the cell membrane was

determined to be 6.7 F 1.9 kPa under SS conditions and

7.0 F 2.3 kPa under FS conditions (Figure 1, L and M),

indicating that the local cell stiffness under SS/FS con-

ditions is statistically indistinguishable (P N .4). This result

is surprising given that the MT architecture varied dramat-

ically (Figure 1, A-D). The error bars in E likely reflect

variability in factors such as individual cell architecture,

morphology and AFM tip contact point. These results

suggest that Glu-MTs, while having long turnover times,

either do not contribute significantly to the structural

stability of the cell or that individual cells actively maintain

their shape and rigidity through an alternative mechanism

possibly involving IF condensation around the nucleus

(Figure 1, E and F).

The nanomechanical response of the cell to the MT

depolymerizing drug nocodazole

To determine the role Glu-MTs play on local cell

membrane mechanics, the physical response of the cell

membrane to the MT depolymerizing drug nocodazole was

measured under SS conditions (Figure 2). Nocodazole

preferentially targets Tyr-MTs (Figure 2, A and B), but not

Glu-MTs [3,5-8] (Figure 2, C and D) or IF and actin

filaments [11,37-39] (Figure 2, E-H). The lack of filamen-

tous structures in the Tyr-MT images after 30 min of

nocodazole exposure under SS/FS conditions indicates that

Tyr-MTs were depolymerized. The IF network was ob-

served to significantly condense around the nucleus after

exposure to nocodazole (Figure 2, E and F) but maintained

a filamentous morphology. The condensation was far less

significant under FS conditions as the IFs remain further

spread throughout the cytoplasm (Figure 2, F). On the other

hand, the actin network did not change significantly in

response to nocodazole or serum. In contrast to the AFM



Fig 1. Serum-starvation does not alter Young’s modulus in NIH3T3 cells. As visualized by immunofluorescence, tyrosinated MTs (Tyr-MTs) are present under

SS/FS conditions (A, B) while detyrosinated MTs (Glu-MTs) are only present under FS conditions (C, D) (scale bar = 20 Am and applies to a-h). The

intermediate filaments (IFs) (E, F) and actin networks are clearly present under SS/FS conditions (G, H). In order to examine the local mechanical properties of

cells, an AFM was used to make measurements of the cell membrane Young’s Modulus (E) directly over the nucleus of the cell (I, scale bar = 100 Am).

Measured force-distance curves were converted into force-indentation curves and fit with the Hertz model as described in the methods section. Force

indentation curves are shown for untreated cells (grey curves) under SS (J) and FS (K) conditions. Curves are also shown for cells after exposure to nocodazole

for 10 minutes (red curves), 30 minutes (green curves) and 60 minutes (blue curves) (see Figure 2, I-L). Hertzian fits are shown (black lines) and always had an

R2 N0.99 indicating that the model was capable of describing the local mechanical properties of the cell for small deformations. Normalized histograms

representing the average of Young’s moduli on all 65 measurements under SS (L) and FS conditions (M) show that the mechanical properties of the cell are

unchanged by serum conditions.
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force volume applications described above, the measure-

ment of E in this study was localized to a single spot over

the center of the cell. Although this prevents the measure-

ment of the mechanical properties of the entire cell surface,

it has the advantage of allowing a real-time examination of
the effect of nocodazole on the local mechanical properties

of the cell membrane with high temporal resolution.

The E of single cells under SS conditions was determined

as a function of exposure time to nocodazole over the period

of one hour. We observed a ~75% decrease in E for SS cells



Fig 2. The kinetics of decay in plasma membrane rigidity in response to nocodazole treatment varies between SS and FS conditions. Immunofluorescence

following 30 minutes of nocodazole treatment demonstrates Tyr-MTs are completely depolymerized under SS or FS conditions (A, B) (scale bar = 20 Am and

applies to A-H). In contrast, detyrosinated MTs (Glu-MTs) are not present under SS conditions to begin with (c, see also Figure 1, C) and are not susceptible to

depolymerization by nocodazole under FS conditions (D). IFs are shown to condense significantly under SS conditions (E) compared with FS conditions (F).

In both cases the IFs maintain a filamentous structure revealing the nocodazole does not depolymerize the network. The actin network is not affected by

nocodazole under either SS or FS conditions (G,H) [40]. Using the AFM, the local Young’s modulus (E) of the cell membrane was measured before (t = 0 min)

and after (t = 1-60 min) the addition of nocodazole (n = 10). Under SS conditions (I) a rapid exponential decay in the modulus is observed. In order to

compensate for wide variations in the initial value of E0, the data sets were normalized. The SS data (J) has an average time constant of 5.7 F 0.4 mins, which

is consistent with the known turnover rate of Tyr-MTs. Under FS conditions (K) there is an initial ~10-20% decrease in E during the first 9.8 F 1.6 mins,

followed by an exponential decay also results in an overall decrease in E by ~75%. Fitting the exponential decay after the delayed onset of the normalized

FS data (L) yields an average time constant of 4.1 F 1.5 mins.
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(n = 10) within the first 15 minutes of exposure, which then

plateaued to a fairly constant value during the subsequent

45 minutes of observation (Figure 2, I), indicating Tyr-MT

depolymerization and IF condensation play a role in

determining the stiffness of the cell during nocodazole

treatment as the actin network does not change significantly.

For the SS cells the data in Figure 2, J were found to follow an

exponential decay described by the equation E(t) = E0e
-kt

(where t is the exposure time and k is the time constant which

was determined to be kSS = 5.7F 0.4 min). This exponential
equation accurately reflects the acquired data for initial values

of E0 (Figure 2, J).

Nocodazole treatments were also performed under FS

conditions where Glu-MTs and Tyr-MTs are present. Tyr-

MTs, but not Glu-MTs, depolymerize in response to

nocodazole. In contrast to nocodazole-treated SS cells,

nocodazole-treated FS cells demonstrate a distinctly differ-

ent decay (Figure 2, K) in cell rigidity over time (n = 10).

The data shown in Figure 2, K super-impose upon one

another if their initial modulii, E0, are normalized



Fig 3. A series of control experiments (n = 3) were performed in which the cells were exposed to DMSO alone in the absence nocodazole and AFM

measurements were made for 60 mins. The absolute Young’s Modulus is plotted for SS (A) and FS (B) conditions. The normalized modulus exhibits

fluctuations over time of ~25%, but it is clear that the stiffness of the cell membrane remains linear in either SS (C) or FS (D) conditions indicating that the

AFM measurements are not damaging the cell membrane.
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(Figure 2, L). The curves for FS nocodazole-treated cells are

characterized by a slow linear decrease in E of 10-20% in

the first 9.8 F 1.6 mins (I), followed by a more rapid

exponential decay (II). The FS exponential decay has a

kFS = 4.1 F 1.5 mins (Figure 2, J) with the notable delay in

onset of ~10 mins. Under SS conditions (Glu-MTs absent)

the experimental mechanical decay in response to nocoda-

zole treatment is a measure of the dynamics of Tyr-MT

depolymerization and IF condensation kinetics, as nocoda-

zole does not directly depolymerize actin [11,37-40]. The

delayed onset of the exponential decay in rigidity as Tyr-

MTs are depolymerized under FS conditions strongly

suggests that the presence of Glu-MTs introduce a type of

bmetastabilityQ to membrane mechanical responses.

The mechanical integrity of the cell membrane and cell

viability under control conditions

In previous work on different cell types it is apparent that

the mechanical role of MTs on cell membrane properties can

vary or display similar properties to NIH3T3 cells

[27,29,41,42]. The observed decrease in E over time in our

system could also arise as a consequence of experimental

artifacts including: 1) damage to the cell membrane by

repeated indentations by the AFM tip, 2) toxicity related to

the drug vehicle (DMSO used to dissolve nocodazole) or 3)

cell death resulting from apoptosis or necrosis in response to

nocodazole. Excluding the first two possibilities, control

AFM experiments performed with vehicle alone (DMSO

without nocodazole) showed no significant mechanical

differences over time under SS or FS conditions. Local

fluctuations in E were observed, which may be consistent

with the dynamic behavior of the cellular cytoskeleton

(Figure 3). To rule out nocodazole-induced cell death flow
cytometry measurements were conducted under conditions

identical to the AFM measurements. Cells were exposed to

nocodazole in SS or FS conditions for up to four hours and

viabilitywasmeasured by flow cytometry (Figure 4,A andB).

Although a higher percentage of viable cells were observed at

the outset in FS compared to SS conditions (the consequence

of 48 hours of serum starvation, ~83% as opposed to ~53% in

SS), there was no significant increase in cell death or

apoptosis during the period of nocodazole exposure in SS/

FS conditions (Figure 4, C). Non-viable cells resulting from

serum starvation typically detach or loosely adhere to the

surface of a plate and therefore generally exhibit a very low

stiffness or enhanced adhesion to the probe tip in AFM force

measurements. Consequently, it was possible to exclude all

non-viable or damaged cells at the outset by visual inspection

and mechanical characterization.
Discussion and conclusions

In the first part of this study, we reported that after 48 hours

of serum starvation the Tyr-MTs and actin filament networks

were not significantly changed, but the Glu-MTs network was

lost which has been observed previously [2,3,5-8,35,36,43].

Although the cytoskeletal network was greatly altered by the

loss of Glu-MTs we did not observe any significant alteration

in local cell stiffness (Figure 1, L and M). The intact IF

network was observed to slightly condense around the

nucleus under SS conditions and this process may allow the

cell to maintain its mechanical integrity. While at first glance

the results seem to suggest that Glu-MTs play no significant

role in local cell membrane mechanics, under FS conditions

Glu-MTs in concert with a significantly condensing IF

filament network imparted a clear delayed onset in the loss
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of cell stiffness due to Tyr-MT depolymerization in response

to nocodazole. Importantly, the actin network was unaffected

by nocodazole and serum starvation [11,36-40], indicating

the important role of IFs, Glu- and Tyr-MTs in determining

local cell stiffness in response to nocodazole under SS/FS

conditions. Furthermore, previous work [11] has shown that

stable Glu-MTs play an important role in localizing and

perhaps mechanically supporting the IF network within the

cell. This is consistent with our data which shows that when

Glu-MTs are not present (SS conditions), IFs are found

condensed around the nucleus before and more significantly

after nocodazole treatment. Whereas under FS conditions the

IF network appears far more spread throughout the cyto-

plasm, likely associated with an intact Glu-MT network [11].

Although the nanomechanical measurements during AFM

were repeated on 10 cells it is important to note that in several

cases cells were observed to migrate away from the tip during

force curve measurements. Likewise, noccodazole treatment

also resulted in many cells undergoing complete rounding

causing force curves to become unusable. In these cases, the

experiment was stopped and a new sample was used.

However, an important observation was made during

immunofluorescence imaging which may suggest that

cellular responses to nocodazole may not be completely

uniform. Under FS conditions it was noted that three

significant populations of cells existed after nocodazole

treatment in approximately equal proportions (Figure 5, A).

In response to nocodazole cells either remained spread,

slightly shrunken or completely rounded. In all cases except

complete rounding the cells maintained an intact actin

filament system. The difference between the well spread

and slightly shrunken cells may account for the large

variability we observed in absolute modulus values. Similar

results were identified under SS conditions (data not shown),

however under SS conditions only a small percentage of cells

remained large and spread while the majority cells did appear

to under go some shrinkage or complete rounding. In all

cases, the nuclei (Figure 5, B) of cells were not observed to be

significantly altered by nocodazole and completely rounded

cells did not display any intact actin filaments. These results

suggest that the nanomechanical dynamics we report here in

response to nocodazole treatment are not uniform across an

entire cell population.

Therefore, we propose that in the majority (one half to

two thirds) of NIH3T3 cells in a given population, the

presence of Glu-MTs in addition to an intact IF network
Fig 4. Changes in membrane properties are not the consequence of cell

death or drug toxicity. Flow cytometry was also performed to ensure that

the conditions of study do not induce changes in cell death, apoptosis, or

necrosis during the course of analysis, especially during the initial AFM

data acquisition period. Initial populations of viable cells remain constant

after 1 min, 1 hr and 3 hrs of exposure to nocodazole under SS (A) and FS

(B) conditions (the viable population of cells is listed as percentages in the

top right hand corner of each plot). Although the absolute number of viable

cells is different under SS and FS conditions, the population of viable cells

does not change during exposure to nocodazole (C).



Fig 5. A distribution of cell shape and actin morphologies occur in

populations of cells exposed to nocodazole. A lower magnification image

(A) of the cell shown in Figure 1, H reveals that cells under FS conditions

and exposed to nocodazole for 30 minutes will either remain spread while

maintaining stable actin filaments (x), slightly shrink and continue to

display stable actin filaments (*) or round up completely and display little or

no filamentous actin structure (arrow). The population of each type of cell

response was equally distributed under FS conditions. Under SS conditions

cells either displayed a small amount of shrinking similar to those shown

here or round up (data not shown). During AFM experiments round cells

were never included in the analysis because force curves became very

difficult to acquire due to the softness of the cell and their loose adherence to

the substrate. Under all conditions the nuclei (B) of cells exposed to

nocodazole never displayed any significant morphological changes (actin –

red, nuclei – blue).
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appears to provide a form of bmetastabilityQ important for

local plasma membrane mechanical properties. After 48 hrs

of serum starvation the cells appear able to dynamically

adapt to maintain their local mechanical stiffness in spite of

the absence of Glu-MTs and this may be achieved through

unstable Tyr-MT re-organization and IF condensation

around the nucleus. Furthermore, Glu-MTs appear to

maintain the local mechanical stiffness of the cell in the
presence of nocodazole until some critical mass of Tyr-MTs

has been depolymerized. In agreement with previous

literature [11], immunofluoresence imaging suggests that

the presence of Glu-MTs supports the IF network which

helps to establish the delayed onset in Young’s modulus

decay. This important observation reveals that the metasta-

bility imparted by Glu-MTs is highly dependent on

physiological conditions and the internal biochemistry of

the cell. The ability to compensate for cell stiffness with

such a significant alteration in cytoskeletal integrity is

clearly an important adaptive property, allowing a cell to

maintain its essential structural and metabolic functionality.

This adaptability also has important implications for

biological processes such as metastasis or therapies target-

ing the cytoskeleton in cancer. However it is clear that

although MTs play an important role in cell mechanics

[10,41,42], they are also linked to many important signaling

pathways [1] which in turn may affect the local mechanical

properties of the plasma membrane. Our results demonstrate

that the cytoskeleton is not an isolated mechanical entity and

its relationship to cell signaling pathways and the local

plasma membrane properties is complex.

The results presented here require SS/FS conditions and

are only partially consistent with the existing theories of cell

mechanics including viscoelastic continuum models [10],

tensegrity [12-14] and the semi-flexible polymer gel model

[15-18]. These models, which either view cell mechanics as a

combination of discrete elements (actin, MTs, cytoplasm)

clearly do not account for two distinct populations of MTs

with different mechanical properties. Our observation of

intact stable actin filaments after the complete depolymer-

ization of Tyr-MTs is also inconsistent with the tensegrity

model [12-14]. Furthermore, as shown in Figure 2, I-L, it is

clear that the mechanical properties of a cell are not static

properties but are dynamic and responsive to environmental

conditions. Therefore, mechanical models of a cell must

include a dependence on time and physiological conditions.

In a physiological environment, the data shown here are

consistent with an active control mechanism within the cell

that balances and influences cell stiffness. The results

presented here lend support to the emerging view that the

cell may exist in a metastable mechanical transition state

where environmental conditions and the cell type dictate the

most desirable or pressure-selected mechanical pathway(s)

[20,21]. Therefore, time dependent mechanical models which

allow for mechanical dynamics and responses of the cell are

required for advanced predicative modeling of the cell in a

fluctuating physiological environment. In this case, the

applicability of any particular static model in part or in whole

largely depends on the adaptability of the cell type examined

and the in-vitro (or in-vivo) conditions which dictate the

essential mechanical dynamics and stability of the cell.
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