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1 Introduction ments have been observed to experience significant displacements
. 0]. Computational studies have begun to show detailed three-
Cells of all types are constantly being exposed fo extem imensional strains of the intermediate filament netwfk].

forces within their physiological environmefit—3]. While these X ) .
external loads have been shown to regulate normal cell functio-lhhere have been a number of important studies of the passive and

the mechanism by which these external forces elicit a cellul%ﬁtr'voe]c Ere?ggtzle_szg t,geevg:ﬁz:fslgtcizearrfégrhgﬁgﬁla;r?&g: n':r?j'
response(mechanotransductionis still not fully understood. ration by th ¢ .kel t Inetwori<h s not been fully und rgt d
There are a number of possible locations where mechanotransdt& 31 € cyloskeleta fth ah o Ie uty. (?ioo '”
tion might occur within an endothelial cell. Shear stress on the ecently, measurements of the mechanical properties of the ce

apical surface has been shown to activate G-proteins, thererbucleus have become available. Chondrocyte nuclei have been

leading to the activation of various messenger molecules downr?gasured 0 be 3—4 times stiffer than cytopld@@]. Deforma-

stream of this pathwal#], and such stress also affects basal a&I_OI’IS of endothelial cell cytoplasm and nucleus during micropi-

hesions[5,6]. At the adhesion surface, forces are transmitte%eue manipulation also suggest nuclear material is stiffer than

through integrin transmembranous receptors, resulting in the a@(_toplasm[g]. Lastly, using a microplate compression technique

vation of various messenger molecules that participate in diﬁerqﬁtomam more quantitative estimates for the stifiness of endothe-

sgnling pathways 7). Mechanoranscucton may ciso occulld 8 UCKS Snater sy found th sffiess of hese nuce o
within or near the nucleug8]. The observation that endothelial y P 9

cells possess direct mechanical connections between integrins,% plasm[31]. The Young's modulus for the cytoplas{B00 Pa

cytoskeleton, and the nucle[8] suggests a possible direct line of" fﬂ 'T‘. (ionsll[s;%nt with the effective Young’s modulus for the
force transfer between the surface of the cell and the nucle§&§20the!al ce : . .
Moreover, modulation of nuclear shape has been suggested t(§tud|es of the mechanical properties of the nucleus, as well as

affect both protein synthesis and gene expresElGih computational and theoretical analyses have been performed to
There has been much investigation into the mechanics of fhyestigate the eﬁect of external forces on the cell nucleus. R?'
elements within this pathway between integrins and the nucle&%ntly'fa c?mpult?tlona: mtcr)]del wells devc_alopetd IE tle?t ltf]:_e éransmls—
particularly cell adhesions and the cytoskeleton. When a cell ag> no ex_er(rj]a ogcfe o the nucfeus via ICEI oskeletal fily @d .
heres to a surface, it exerts traction forces to balance its inter Qe magnltu_ € and frequency o external forces were varie Ina
forces generated by contraction of the cytoskeléidn. The pro- model consisting of a cell surfacc_e, a randomly—g_enera_ted fiber
tein family of integrins is responsible for connecting the cell to th esh,dand 'ngl(?rﬂf"‘l nur(]:Ieg;. Thef fcljndlngs of tEel S|rr|1ulat|0n went
extracellular environment. The traction force of various cell typ yond establishing the Idea or direct _cytos eletal connections
have been measured, and most cells appear to generate tra een the nucleus and the surface: it was demonstrated that
forces in the range of tens to hundreds of nanoNewfa@s-16. these cytoskeletal fibers could also reliably transmit force to the
In response to externally applied forces, the cytoskeleton of cefldcleus on the order of seconfi28]. Additionally, a theoretical
is believed to serve as a network of force transfer within thi@halysis of endothelial cells exposed to fluid flow has suggested
fluid-like cytoplasm(8,17,18. The mechanical properties of actinthat the cells adapt by minimizing the magnitude of force acting
(micro) filaments and intermediate filamer{t§’s) have been in- O the nucleug34].
vestigated at both the cellular and molecular levels. The estimated®n® @pproach used to study the response of the nucleus to
magnitude of force during actin-myosin contraction is a feexternal cellular forces is by partially detaching cells from their

piconewtons[19]. In response to shear stress, intermediate filgubstrate to cause cell rounding. Early studies on nuclear defor-
mations measured projected nuclear area and cell adhesion area in
Contributed by the Bioengineering Division for publication in ti@&NAL OF rESp.O.nse to trypS|E85] and addl.tlon of ATF{BG] to increase Cpn_
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sion May 26, 2004; revision received June 1, 2004. Associate Editor: C. Dong. jected nuclear area in response to cell rounding. Unfortunately, the
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nuclear displacements or stretches, which must be known for a
mechanical analysis were not measured in these studies and could
not be extracted from the reported results.

Here, we investigate deformations of the nucleus resulting from
cell rounding, and estimate the mechanical forces acting on the
nucleus. Adhesion area was altered by disruption of integrin bind-
ing. Then, we measure changes in the projected cell(@mzarent
adhesion argaas cells round up, and calculate the corresponding
stretches of the nucleus. We found that stretches of the major and
minor axes of the projected nuclear area had the same mean value
(0.69. Additionally, the projected nuclear area and cell area both
decrease at a similar rate, suggesting that the nucleus deforms
directly (and without delay in response to changes in adhesion
area. We extend our experimental findings with a theoretical con-
sideration of the nucleus: we derive the stresses responsible for
the nuclear deformation and convert them into “equivalent”
forces. In our analysis of cell rounding, we consider the spread
and round states of the nucleus as the reference and final staft@és,1 Sketch of the projected nuclear and cell areas in the
respectively. On that basis, we interpret the forces deforming thieread (dashed line ) and round (solid line ) states. Principal di-
nucleus as opposite to those that are produced by the cytoskelegs#ons 1 and 2 correspond to the major and minor axes of the
during cell spreading. Thus, we can compare our estimates witfcleus-
traction forces at adhesion sites, and we found them to be on the
same order of magnitude. Our analysis of the deformation of the
nucleus and the surrounding components of the cell is an impor-
tant component for future considerations of mechanotransduction.
Understanding the forces present within and on the adhesion sur- Ni=— 1)
face of endothelial cells has direct significance to wound healing, d;
angiogenesis, and endothelial barrier dysfunction.

where\; is the stretchd; is the current diameter in directian
andd? is the initial diameter in direction for i =1, 2. The prod-
uct of stretches 1 and 2 equals the relative change in projected

2.1 Cell Culture. Bovine pulmonary artery endothelial cells@réa of the nucleusA), given by
(BPAECs, VEC Technologigswere cultured in low glucose A=A o)
DMEM (Gibco with 10% calf serum, 100 units/mL penicillin, 1727 n
100 pg/mL streptomycin, and 2 mM glutamingSibco under  To cause a decrease in the cell adhesion area, we used trypsin,
standard tissue culture conditions. In preparation for experimengs, enzyme that releases cell adhesions. We measured the projected
cells between passages 12 and 14 were seeded at a densitysire& of the cell, and assuming a homogenous distribution of focal
~170 cells/mm into 35 mm glass bottom microwell dish@dlat-  contacts across the basal surface of the cell, this can be interpreted
Tek Corp). as the apparent cell adhesion area. Two concentrations of trypsin
In order to image the nuclear area, cells were allowed to spre@l006% and 0.017%were used in our experiments to determine
for 10 h, and stained fad2 h with 1 ug/ml Hoescht 33258 nucleic if the nuclear stretches were trypsin concentration-dependent.
acid stain(Molecular Probesin PBS, and rinsed with PBS. We Representative pictures of the acquired images from the cell
induced cell rounding with 0.006% and 0.017% tryp&hibco) in  rounding experiments are shown in Figs. 2 and 3. In Fig. 2, a
PBS. representative phase-contrast image of endothelial cells is shown
. . . . for 2 states during the cell rounding, as well as the same figures
crozéio '\e/lI\(/:vrgsscuospeydatrc;dz;éni?riAr;ggsl-ibrﬁrggoi?nyzeiogf r(?(lells aft%r image processing as described in the Methods. Figure 3 de-
P q P 9 8‘35 the corresponding fluorescence subfield of nuclei for the

fluorescenc_e images of th?'.r nuclei using a<40bject|ye with an same two states during cell rounding, along with the images after
exposure time of 200 milliseconds. Cells were imaged eve?focessing

15-30 s until they rounded up, becoming spherical in shape. “Endothelial cell rounding is stochastic, so that some cells round

obtain quantitative information about the cell area, cells were faster than others. Hence, some of the image fields contain

E?Iiguggl)ll gfégrs'exeurzQﬁeﬁd%egsﬁgggghtgpcfég'tggeb?&l'nic_j a@@lls that are rounded and cells that are still somewhat spread. To

and-whitd image, with black regions representin backacroun(?ee if there was any rate-dependence to the nuclear deformations,
ge. 9 p 9 9 vie compared all of our data with a normalized time parameter, so

and white regions representing cell adhesion area. To obt@iil, "o ine of each cell rounding event was mapped to a relative
nuclear stretches, images of cell nuclei were processed usm% Y of 0-1

despeckle filter to remove background noise and then threshold igure 4 shows the nuclear stretch as a function of relative time

Cell and nuclear areas were obtained by automatic countlngfgr the two concentrations of trypsin. Only one stretch is shown

Eﬁ(ailgclgrit;:d ballgal;)tlaillmaigetiebkﬁotﬂr?cglézbét;gI\?vr?;r? tﬂg;:(lae:,v\;vse "Secause we found that the mean value of the stretch in direction 1
9 2 was the same for full roundii@.69. In Fig. 5, we plot the

than 4% relative nuclear area change between image frames qf 3 .. - - .
0 9 9 tive change in projected nuclear area as a function of the rela-

consecutive images, and the middle image of the 3 was deflnec{i% time parameter for the two concentrations of trypsin. Figure 6

the round state. shows the adhesion area ratio as a function of the relative time
. arameter. We compared the nuclear respdfggs. 4 and bto
3 Measurements and Experimental Results tphe cell adhesion chpanQ{Eig. 6) by introdugings{:transfer ratio,
We were interested in measuring nuclear stretches during oethich we defined as the ratio of the nuclear area ratio to the
rounding. Observing that rotations of the nucleus during cedldhesion area ratio for an individual cell. This parameter provides
rounding are small, the majdédirection ) and minor(direction 2 a means to compare the relative timecourses of the cellular and
axes can be considered the principal a§éig. 1). We define the nuclear deformations. The transfer ratio as a function of relative
principal stretch as time is provided in Fig. 7.

2 Materials and Methods
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Fig. 2 Representative phase-contrast images of the endothe-
lial cell at time (a) t=0 s, and (b) t=180s; and the correspond-
ing processed images for (c) t=0 s, and (d) t=180s. Adhe-
sions were disrupted using a chemical treatment (trypsin ).

These data were divided up into 5 bins based upon the value of
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Fig. 4 Nuclear stretch as a function of relative time for 0.006%
(X) and 0.017% (O) of trypsin

4 Estimation of the Forces Acting on the Nucleus

We used the measured nuclear stretches to estimate forces act-
ing on the nucleus during cell rounding. Although the specific
microstructure and properties of the cytoskeleton are not involved
in our analysis, it is based on the scenario sketched in Fig. 8. In
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Nucisar Area Ratio

the relative time parameter, representing different states of the cell 0.00 . . y »
in the nuclear deformation path. The means and standard devia- 0.00 0.25 0.50 0.75 1.00
tions of the nuclear area ratio for these different states were cal-

culated for the two experiments with different trypsin concentra- Relative Time

tions. The combined data was also considered. These statistics
provided in Table 1. We also calculated the means and stand
deviations for the different states during cell rounding of the ce

adhesion area, presented in Table 2.

Fig. 3 Representative fluorescence images of the cell nuclei at
time (a) t=0s, and (b) t=180s; and the corresponding pro-
cessed images for (c) t=0s, and (d) t=180s
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Fig. 6 Relative apparent adhesion area  (projected area )
change as a function of relative time for 0.017% trypsin (adhe-
sion area ratio )
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Fig. 7 Ratio of the nuclear area ratio to the adhesion area ratio
as a function of relative time for 0.017% trypsin
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Table 1 Values of the means and standard deviations of the
nuclear area ratio in different relative time ranges for different
final concentrations of trypsin, and combined data

Trypsin concentration

Relative time range  0.25 mg/ml 0.35 mg/ml Combined data

0.10-0.35 0.9%70.13 0.92-0.09 0.930.10
0.36-0.63 0.710.11 0.75-0.12 0.74c0.12
0.64-0.90 0.68:0.08 0.54:0.09 0.56-0.09
1.00 0.55-0.08 0.50:0.07 0.52:0.08

order to understand the process of the nuclear deformation during
cell rounding, we can first imagine the preprocess of cell spread-
ing. The main part of the nuclear deformation is probably causegy 9 The scheme to convert the stresses deforming the

by an extension of the nucleus by cytoskeletal fibers attachednigleus into a system of forces. In the model, the difference

the adhesion sites, such as aggregations of focal adhd$i@ss between the nuclear stresses in the final  (round ) and reference

8(a) and &b)], and the nature of the corresponding tensile forcés analyzed, and the corresponding model forces appear as

is the interaction of the fiber with myosin motors. In the procesompressive. The application of these forces is equivalent to

of cell rounding, the extendeprestressedstate of the nucleus the effect of the loss of pretension. The contours of the pro-
corresponding to the spread state of the cell is the reference sigfed areas of the nucleus in its spread and round states are

[Fig. 8(c)], and the more spheric&brobably, free of stregstate 9'VEN by the solid and dashed lines, respectively.

of the nucleus corresponding to the round state is the final state

[Fig. 8d)]. Notice that, in our model, we consider the difference

between the stresses in the firadund and referencdspread i ) ) ]

states, but not the initial stresses in the spread state. Wh”e,tlpn_of th_e fibers because the fibers lose their connections to ad-
principle, the initial stresses could influence the stress differenBg@sion sites when the cell detaches from the surface. From the
under consideration, the results[8fl] in terms of hysteresis and Standpoint of our model, it is equivalent to the application to the
variation of the nuclear Young's modulus during cell roundingucleus in the reference state of the forces opposite to those that
show that this effect is, probably, small. This difference in stressg¥tended the nucleus during cell spreadiigg. 8d)]. Such
determines the nuclear stretches measured in our experimd@fces are directed along fibers that become inactive during cell

Physically, the rounding of the nucleus is caused by an inacti@unding. The arguments similar to that presented here can be
used in the analysis of initial and intermediate states. In such

cases, the forces will be applied along a portion of the fibers
inactivated due to a partial detachment of the cell.

To derive the stresses and forces deforming the nucleus, we
consider a layer of the nucleus parallel to the substrate where
along the circumference the fibers are attached and the forces are
Trypsin concentration applied. Figure 9 shows a cross section of the layer parallel to the
adhesion site and the plane of imaging, including the projected

Table 2 Values of the means and standard deviations of the
adhesion area ratio in different relative time ranges for a
trypsin concentration of 0.017%

Relative time range 0.35 mg/mi areas of undeformed and deformed nuclei. We are interested here
0.10-0.35 0.880.11 in the forces acting along the circumference of the layég. 9
8-22:8-88 8-2&8-88 as the forces primarily associated with the cytoskeldés®e our
100 0.28-0.07 comment above Certainly, the three-dimensional deformation of

the layer under consideration is accompanied by forces acting
along the top and bottom surfaces. These forces are a result of the
response of the nuclear material to the application of the circum-
ferential forces. The reactive forces along the top and bottom sur-
faces of the nuclear layer can be estimated on the basis of the
strain energy function introduced below but we will not discuss
them here.
To characterize the material of the nuclgusiclear layer, we
will use the model of a nonlinear compressible neo-Hookean ma-

)
b) d) terial whose constitutive relations are based on the strain energy
function [37]
e ‘ W=u[(A\D)?+(N5)%+(\5)?—38]+K(I—-1)? ®3)
o — whereu andK are shear modulus and bulk modulus, respectively,

and\} (i=1,2,3) are the principal deviatoric stretches related to

a) C

Fig. 8 Conceptual sketch of the estimation of the forces de- P o (i ;

forming the nucleus during cell rounding. (A) and (b) prepro- the original principal stretches; (i=1,2,3) by the equation

cess of cell spreading; (a) cell in the round state, and (b) cell in A=\ 1343 4
|

the spread state where the nucleus is deformed by the cytosk-
eletal fibers. (C) and (d) process of cell rounding;  (¢) the refer-  Here, J is the relative volume changd€ \;\,\3). On the basis

ence (spread and prestressed state ) and (d) the final round  of the introduced strain energy function, the principal stredses,
state (solid line ), in order to reach the round state the forces inside the layer can be found as

(arrows ) are applied to the nucleus in the spread state (dashed

line); the forces are directed along the fibers that become inac- IW
tivated during cell rounding, and they are opposite to those ti:\rl)\i— (5)
that extended the nucleus to its spread state in the preprocess. IN;
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A=072 Table 3 Values of the principle stretches, stresses, and
equivalent forces in different relative time ranges. The stresses
. . r 4500 ) are converted into equivalent forces on the basis of a 2-4 pm
height range for the band along which the cytoskeletal forces
0.97 0.98 0.99 1 1.01 are assumed to be applied. The corresponding force ranges are
presented in the table.

Relative time range Principal stretches Principal stresses, Pa Forces, nN

0.10-0.35 0.96 —150 1.0-2.0
0.36-0.63 0.86 —700 4.9-9.8
_ 0.64-0.90 0.75 —1600 10.0-20.0
—v=0.35 1.00 0.72 ~2000 14.0-28.0
=040
2400 - cnny=0.45
J
Fig. 10 Nuclear stress, t, as a function of the relative volume E=5000 Pa @)
change, J, and Poisson’s ratio, w», corresponding to the round In Figs. 10 and 11, we present the stress for 3 valQe35, 0.40,

state and 0.45 of Poisson’s ratio. The third principal stretchg, is

determined by the in-plane stretches and compressibility of the

. . . . nucleus, and it is given by the equation
We interpret the major and minor axes of the elliptical cross 9 y q

section of the nucleus in the plane of imaging as principal axes. J

Based upon our observations during the trypsin experimeess MZE ®)
Discussion, we found the stretches in directions 1 an¢o@nci- ) ) )

pal Stretchebare equaL which means that the stretches in dire-c_ It is common to characterize the cellular CytOSkeletal maChIneI’y
tion 1 and 2 are both equal to the square-root of the nuclear afBaterms of the produced force, e.§33]. In order to make a
ratio. We use the notation; =\,= X\, and analyze the stresses incomparison with experimental data, where cellular forces were
the layer as functions of the in-plane streicand volume change Measured, we represent the stresses acting along the circumfer-
J. We also express shear modulus and bulk modulus in terms@tce of the nucleus by a system of a pair of two forces parallel to
Young’s modulusE, and Poisson’s ratioy. Taking this into ac- the long axes of the nucleus and four pairs of the forces parallel to

count, the principal stresses can be expressed by the foIIow@'T? short axes of the nucleus. We convert the computed stresses
equation: into forces by considering different fractions of the nuclear sur-

faces to which the fibers are attachisee the discussion belpw
The values of the forces along with the corresponding stresses and

E
6(1+v) 3(1-2v) stretches for different moments of time of the rounding are given
in Table 3.

According to the scenario of cell rounding in Fig. 8, the
stressest, characterize the cytoskeletal forces that act on the
nucleus; they are maximal in the spread state of the cell and relax
as a result of cell rounding. In Figs. 10 and 11, we preseht Discussion and Conclusion

stressest, for two values of stretchA=0.72 (the round state oy study was motivated by the need for a better understanding
and, A=0.86 (an intermediate stateWe also varied the param- uf the role that mechanical characteristics play in signal transduc-
eters of compressibility of the nucleus. The content of the nucleygy, from the extracellular matrix to the cell. Here, we analyzed a
has both solid-typ¢DNA/chromatir) and liquid-type phases. Be- ce|lylar response elicited from mechanical force transmitted from
cause of that, we assume a certain compressibility of the nuclegs cell surface via the cytoskeleton to the nucleus.
An experiment with compression of the fibroblg38] has shown oy main objective was to measure nuclear deformations dur-
compressibility of the cellular nucleus. In Figs. 10 and 11, WRg cell rounding, so we imaged the nucle(ig. 2) and cell
analyzed the stress variation in the range between 3%ghesion areéFig. 3 during the process. To facilitate analysis of
compression and 1%-expansion. On the basis of estini@ds hese images, we converted their range of intensity values to bi-
we chose the following value of Young's modulus nary. Our image processing was fairly automated for the nucleus
(thresholding and level shiftingand accurately traced the struc-
ture. Manual outlining was used to trace the cell adhesion area.
A=0.86 Due to the very large number of pixels contained in the cell ad-
hesion areasgtens of thousandsaccidental loss or addition of a
f ! ! o ! few pixels due to errors in the manual outlining did not signifi-
0.97 0.98 0.99 1 1.01  cantly affect our estimate of the relative change.

We selected to measure nuclear stretches, since this would ex-
clude the effect of cell size, and provide a useful parameter when
investigating the mechanics. We used two concentrations of
trypsin to determine if the results were concentration-dependent.
We also normalized the time of cell rounding for each cell to
investigate any rate-dependence. In order to uniformly define the
endpoint of rounding, we selected the following criteria: the
middle frame of a triplet set of images of the nucleus where the
difference in relative change in projected nuclear area was less

ty=t,=t=J"1 (N2=22I\%+ (J—1) (6)

J than 4%, and the magnitude of the relative change in projected
nuclear area was less than 75%.
Fig. 11 Nuclear stress, t, as a function of the relative volume When we measured nuclear stretch in directions 1 and 2 for
change, J, and Poisson’s ratio, », corresponding to an interme- =14 cells for the round state, we found that the mean value of
diate state both stretches was the san@®69. Since the stretches were the
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same in each direction, this meant the square-root of the relativeclei of chondrocytes were analyzed. The relaxation time has
change in projected nuclear area was a fair measure of nuclbaen found close to 25 s. The round state, which we compare here
stretch in either direction. with the reference, extended, state is reached in about 180 s, a
Although we measured only in-plane deformation of thenuch longer time than the cited relaxation time. Furthermore, as
nucleus, a 3D rounding of the nucleus can be supported by the discussed earlier, we determined the round state as one when
following argument. Assuming an elliptical shape and a slighhe projected area changed very little at three consecutive mo-
compressibility of the nucleus, its heigit;, can be estimated as ments of time, which indicates that creep of the material is mini-
mal. Thus, we can conclude that the effect of viscoelasticity on
1 ) our results is, probably, insignificant.
NiNo Also, our modeling is based on an estimated value of the
. ) ) Young's modulus of the nucleu&000 Pa. In principal, there
In our experiment the in-plane axes shrink about 18%, and th§y4 be a certain variation of this modulus during the cell tran-
normal axis becomes about twice as long. Thus an originally flaliion from the spread to round state. This issue was addressed in
tened nucleus becomes more spherical at the end of cell roundifigy) \yhere the stiffness of endothelial cell nuclei was estimated
This is consistent with the morphometric datd 1], Fig. 30on p. ¢ two. round and spread states of the cell. The estimated values
180. . o were, respectively, about 4400 Pa and 5100 Pa. This means that
. In our analysis, we mgasured the pnnupal stretphes of the Pife changes in the stiffness of the nucleus during the cell rounding
jected nuclear area during endothelial cell rounding. Due to t G relatively small.

hature of our imaging, we measure the nuclear cross-section t he obtained estimates have some variability depending on the

has the maximal area out O.f all hor_l_zontal planes. Thus, this argffilaracteristics of compressibility] and v. This variability is
does not depend upon vertical position of the nucleus. Therefo’éi

)\3%

the principal stretches are also not sensitive to position of t eater in _the cases of small compr'eSS|b|dvtry—>0.5)_ a_md smalh.
nucleus in the vertical direction. owever, in the case of the comparison of the original spread state

Figure 4 clearly shows that trypsin concentration and rate 81nd the final round state, the_ changes in stress are quite limited,
rounding do not significantly affect the nuclear stretch. Similarl nd t=2000 Pa can be considered a reasonable estimate of the

the relative change in projected nuclear area is not sensitive ({:-e{el of stress. When, th? stresses are converted into forces, we
make additional assumptions regarding the number of forces and

trypsin-concentration or rate of rounding, as seen in Figcds- ‘ h i
responding statistics in Tablg.IMoreover, the closeness of thef[hg helg_ht of the band glong which the forcc_es are ’applled. Areal-
ic estimate of the height of the endothelial cell's nucleus that

nuclear deformation parameters in Figs. 4 and 5 suggest that & .
or nucleus size does not significantly affect the nuclear defornl%Q"eSpomjS to the spread hsta;% of the cell is abr(])utﬁ}l]qqse.g.l,
tion. Next, we looked at the relative change in projected aréad: 3 On P. 180 in[31]). The fibers cannot anchor the nucleus

(apparent adhesion ajeas a function of relative time, shown in afilong its_whole surface: it would be inconsistent with their incli-
Fig. 6 (corresponding statistics in Tablg. All of these changes nation with respect to the surface of the cell attachment. On the
appear to have an approximately linear time course. other hand, the fibers cannot take a very narrow band along th_e
In order to compare the changes at the adhesion site AMeelear surfa_lce: to provide an about 200(_) Pa level of stress it
nucleus, we looked at the ratio of the relative change in project¥fpuld resuit in an unreasonable force per fiber. Thus, we assume
nuclear area to the relative change in apparent adhesion afekange of the fiber/nucleus contact band about g#that re-
given in Fig. 7. This transfer ratio had a value close to 1 for mo§HItS in @ range of the force about 14-28 nN. If we take into
of the process, with a slightly positive slope versus relative timaccount the variability of all parameters involved in the force
This suggests that the nuclear deformation is a direct and imnfi&forming the nucleus, it will still be a few tens of nanoNewtons.
diate response to changes in adhesion area. Additionally, since thEXPerimental information on the forces acting on the nucleus
transfer ratio possesses a slightly positive slope, this indicates tfHfiNg cell rounding is unavailable at this time. Our biological
the nucleus is stiffer than the bulk cytosol/cytoskeleton, consistdpterpretation of the process of the deformation of the nucleus is
with previous findings if9,30]. that cytoskeletal fibers attacheq to the nucleus and the adhesion
In our model, we took into account the large deformation th&ite generate the forces deforming the nuckse® also comments
the nucleus undergoes during the process of cell rounding. \#e0ove. The machinery behind the generation of such forces is
also considered compressibility of the material of the nuclelobably associated with actin/myosin interaction. Thus, the
caused by it structure. In application of our model to the estimf@rces deforming the nucleus and forces acting along the adhesion
tion of the forces deforming the nucleus, we used the experimeite (traction force while not equal, have the same nature, and
tally measured stretches and the stiffness moduyNsung’s should be on the same order of magnitude. We looked at the
modulug of the nucleus. We also assumed that the stresses @sdimates of the traction forces made by several groups. Numerous
strains are homogeneous and the major axes of the cross sect{gfgnologies have been used to study cell adhesion forces, includ-
of the nucleus coincide with the principal axes of the stress—straftg Substrates consisting of thin silicon filif89—41, polyacrila-
state. Notice that these assumptions were applied only to tiéde sheet$§42,43, novel micromachined devicgd4], and elas-
analysis of a nuclear layer that is presumably surrounded by di¢ posts [12]. Various cell types, including BPASMCs,
toskeletal fibers. Also, we did not observe any significant rotatiok€ratocytes, myocytes, and fibroblasts have been studied using
of the projected images of the nucleus that would indicate tfieese technologies, but as of yet, no endothelial cells. The esti-
presence of the shear mode of deformation. mated traction forces of these cells are: 20—100 nN for the
We have recently developed a computational test of our analy@PASMCs [12]; 20-50 nN for keratocyte§13,14]; 70 nN for
cal estimates of the stresses in the nucleus by using a 3D firt@rdiac myocyteq15]; and, 20 nN-5000 nN for fibroblasts
element simulation of the deformation of the nucleus under tfh&5,16]. For the fibroblasts, the large traction force range can be
action of stresses distributed along a band on its surface. Whitdributed to the different cell subtypes and estimation techniques.
the full-scale computational results will be published elsewher&aken as a whole, these ranges of traction force are on the same
we concluded that to reach compression of the nucleus consistertter of magnitude as our estimate for the internal forces acting
with our experimental results, applied stresses of about 2000 &rathe nucleus.
are needed. This conclusion is consistent with our analytical re-Recently, traction forces generated by endothelial cells have
sults herg[Figs. 10 and 11 and Table.3 been studied iffi45]. In particular, the relationship between trac-
In our analysis here, the material of the nucleus is considergdn forces and endothelial cell spreading has been investigated. It
elastic. The viscoelastic properties of the endothelial cell nuclehas been shown that overall force produced by the cell is a linear
are not available at the present time[&3], such properties of the function of the adhesion area. Thus, if the cell retracts from a
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