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Abstract

Robust biomechanical models are essential for the study of nuclear mechanics and deformation and can help shed light on the

underlying mechanisms of stress transition in nuclear elements. Here, we develop a computational model for an isolated nucleus

undergoing micropipette aspiration. Our model includes distinct components representing the nucleoplasm and nuclear envelope. The

nuclear envelope itself comprises three layers: inner and outer nuclear membranes and one thicker layer representing the nuclear lamina.

The nucleoplasm is modeled as a viscoelastic Maxwell material with a single time constant, while a modified Maxwell model, equivalent

to a spring and a dashpot in series and both in parallel with a spring, is adopted for the inner and outer nuclear membranes. The nuclear

envelope layer is taken as a linear elastic material. The proposed computational model, validated using experimental observations of

Guilak et al. [2000. Viscoelastic properties of the cell nucleus. Biochemical and Biophysical Research Communications 269, 781–786] and

Deguchi et al. [2005, Flow-induced hardening of endothelial nucleus as an intracellular stress-bearing organelle. Journal of Biomechanics

38, 1751–1759], is employed to study nuclear mechanics and deformation in micropipette aspiration and to shed light on the contribution

of individual nuclear components on the response. The results indicate that the overall response of an isolated nucleus in micropipette

aspiration is highly sensitive to the apparent stiffness of the nuclear lamina. This observation suggests that micropipette aspiration is an

effective technique for examining the influence of various kinds of alteration in the nuclear lamina, such as mutations in the gene

encoding lamin A, and also structural remodeling due to mechanical perturbation.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The nucleus is the defining feature of eukaryotic cells. It
contains the chromosomes and is a site of major metabolic
activities, such as DNA replication, gene transcription,
RNA processing and ribosome subunit maturation and
assembly. The nucleus is separated from the cytoplasm by
the nuclear envelope, which comprises inner and outer
nuclear membranes, nuclear pore complexes and nuclear
lamina. The inner and outer membranes are each a lipid
bilayer separated by a small, electron transparent region of
e front matter r 2006 Elsevier Ltd. All rights reserved.
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approximately 10–40 nm. The outer nuclear membrane is
continuous with the endoplasmic reticulum, or ‘rough ER’,
where the translation of membrane-bound proteins takes
place. Thus, the nuclear envelope serves to partition the
sites of gene transcription from those of protein synthesis
in eukaryotic cells.
The lamina is a polymeric network composed of coiled-

coil proteins called lamins (Aebi et al., 1986; McKeon et
al., 1986). Lamins play an important role in structural
integrity of the nucleus, and as an attachment site for
chromatin (Newport and Forbes, 1987). Mammalian cells
produce two lamin protein types, referred to as A-type and
B-type. A-type lamins, which are further categorized as
lamin A, AD10 and C are the product of a single gene
(Lmna) and are expressed mainly in differentiated cells.
However, B-type lamins, lamin B1 and B2/B3, are encoded
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by two distinct genes (Lmnb1 and Lmnb2) that are
expressed ubiquitously and are vital for cell viability and
function (Stuurman et al., 1995). Studies have linked
mutations in Lmna and its binding partners with various
diseases, such as Emery–Dreifuss muscular dystrophy,
dilated cardiomyopathy, familial partial lipodystrophy
and Hutchinson–Gilford progeria syndrome (Bonne et
al., 1999; Cao and Hegele, 2000; Eriksson et al., 2003;
Fatkin et al., 1999; Muchir et al., 2000).

Micropipette aspiration experiment has been used
extensively to evaluate the mechanical behavior of cells
and nuclei (for example, see Guilak et al., 2000; Trickey et
al., 2000; Deguchi et al., 2005; Rowat et al., 2005;
Alexopoulos et al., 2005). The present study continues
the effort underway for several years by a number of
groups to develop robust biomechanical models for
micropipette aspiration experiment (Discher et al., 1998;
Drury and Dembo, 1999; Haidar and Guilak, 2000;
Charras et al., 2004; Guilak et al., 2005; Baaijens et al.,
2005; Trickey et al., 2006). In this paper, a computational
model is developed to study the mechanics of an isolated
nucleus undergoing micropipette aspiration. This study will
help distinguish the role of different nuclear elements on
the biomechanical response of an isolated nucleus. The
developed computational model includes separate compo-
nents representing the nucleoplasm and nuclear envelope.
The nuclear envelope itself comprises three layers: inner
and outer nuclear membranes and one thicker layer
representing the nuclear lamina (Fig. 1a). Similar biome-
Fig. 1. (a) Nuclear elements considered in the proposed computational mode

Material model employed for the inner and outer nuclear membranes. The m

dashpot in series and both in parallel with a spring.
chanical model was developed in Vaziri et al. (2006) for
studying the mechanics of an isolated nucleus in AFM
indentation.
The details of the proposed computational model is

described in Section 2, while Section 3 presents the material
models employed to represent the mechanical behavior of
nuclear elements. In Section 4, a parametric study is carried
out to highlight the role of individual nuclear elements on
overall response of an isolated nucleus in micropipette
aspiration experiment. In Section 5, the proposed compu-
tational model is used to mimic experimental observations
from Guilak et al. (2000) on articular chondrocytes isolated
nuclei and Deguchi et al. (2005) on endothelial isolated
nuclei.

2. Computational model for nuclear mechanics in

micropipette aspiration

An axisymmetric model for an isolated nucleus in
micropipette aspiration experiment is developed with the
radius of 3 mm (Fig. 1b), inspired by the experiments on
isolated nuclei of articular chondrocytes (Guilak et al.
2000). The nuclear (inner and outer) membranes and the
nuclear lamina have constant thickness of 7.5 and 25 nm,
respectively (Senda et al., 2005), i.e. the total thickness of
nuclear envelope is 40 nm. In the computational model, the
perinuclear space between the inner and outer nuclear
membranes is not included due to its relatively structure-
free composition (Schatten and Thoman, 1978). The
l. (b) Computational model of the micropipette aspiration experiment. (c)

aterial model is a modified Maxwell model analogous to a spring and a
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contact condition between the inner membrane and outer
membrane is amongst the uncertainties in the computa-
tional model. While the perinuclear space has a relatively
structure-free composition, the physical connection be-
tween the nuclear lamina and cytoskeleton is related to
direct protein connections through this region (Padmaku-
mar et al., 2005; Haque et al., 2006). Another complexity is
the numerous nuclear pores lying between the inner and
outer nuclear membranes. We will examine the effect of
this contact conditions on the overall response of the
isolated nucleus (see Section 4). On the other hand, emerin
and lamin B receptors (LBR) bind the lamin A/C and
lamin B to the inner nuclear membrane, respectively
(Ostlund and Worman, 2003; Maraldi et al., 2004). Based
on these protein–protein interactions, we assumed no
slippage condition between the nuclear lamina and the
inner nuclear membrane. Moreover, no slippage is allowed
at the interface between the nuclear lamina and the
nucleoplasm, consistent with high-resolution micrographs,
which provide evidence of direct lamin–chromatin connec-
tions (Burke and Stewart, 2002). Free slipping contact is
assumed between the nucleus outer membrane and the
micropipette walls. A small radius of curvature is
introduced at the inner wall edge of the micropipette to
help convergence at large deformation in the computa-
tional model.

All the consequent computations are performed using a
commercially available finite element modeling software
ABAQUS/Standard (Hibbit, Karlsson and Sorensen Inc.,
Providence, RI). Eight-node biquadratic axisymmetric
finite elements are employed in calculations for both
nucleoplasm and nuclear envelope layers. A mesh sensitiv-
ity study is carried out to ensure the independence of the
results from the computational mesh.
3. Material models

The nucleoplasm is represented by viscoelastic Maxwell
model analogous to a spring and a dashpot in series, which
is revealed to be consistent with our experimental findings
over a narrow frequency range (Vaziri et al., 2006). The
initial stiffness and characteristic time associated with the
nucleoplasm material model are denoted by E and t,
respectively. It is postulated that the nucleoplasm behavior
in both pure shear and hydrostatic pressure follows this
viscoelastic model with a unique characteristic time. The
elastic modulus of nucleoplasm in a mouse embryo
fibroblast nucleus was approximately �30 Pa, estimated
by interpreting the results of the sharp probe indentation
experiment with computational simulations (Vaziri et al.,
2006). The results of nanoparticle tracking measurement
suggest the elastic modulus of 18 Pa for the nucleoplasm of
3T3 fibroblast nucleus (Tseng et al., 2004). Here, the
baseline material constants associated with the Maxwell
viscoelastic model for the nucleoplasm are taken to be
E ¼ 30 Pa and t ¼ 1 s.
To model the mechanical behavior of the inner and outer
membranes, here, we employ a modified Maxwell model,
analogous to a spring and a dashpot in series and both in
parallel with a spring, Fig. 1c. The nuclear lamina is
modeled as a linear elastic material and for the sake of
simplicity, the strain-hardening behavior of the nuclear
lamina is not considered in the present computational
model (Panorchan et al., 2004a, b; Dahl et al., 2004; Rowat
et al., 2005). In prescribing the material properties, we
relied on well-established values for the initial apparent
stiffness of lipid bilayers (Mohandas and Evans, 1994;
Zhelev et al., 1994; Heinrich et al., 2001), and our own and
other published data for the nuclear envelope (Dahl et al.,
2004; Vaziri et al., 2006). Based on the reported results, the
initial apparent stretching stiffness (defined here simply as
product of the initial apparent elastic modulus and the
thickness with units of N/m) of one lipid bilayer is
prescribed as kbðt ¼ 0Þ ¼ 16mN=m (corresponding to the
bending stiffness of 10�19Nm for a 7.5 nm thick lipid
bilayer), while the base stretching stiffness of the nuclear
lamina is taken as kNL ¼ 5mN=m (which corresponds to
the bending stiffness of 3.5� 10�19Nm for a 25 nm thick
nuclear lamina). This leads to the total initial stiffness of
37mN/m for the nuclear envelope. To fully characterize
the material behavior of the inner and outer membranes in
the current computational model, two more material
constants are required: their characteristic time, tb, and
final apparent stiffness, kbðt ¼ 1Þ. The adopted material
model for the nuclear elements is consistent with the
generalized Maxwell model by Guilak et al. (2000) based
on the experimental observations suggested for an articular
chondrocytes isolated nucleus. These material models are
also consistent with our previous study (Vaziri et al., 2006),
where it was shown that the inner and outer membranes
behave as elastic materials at time scales significantly
smaller than the characteristic time associated with their
material model. In this paper, the results are presented with
respect to the ratio of the final apparent stiffness to its
initial value for the nuclear membranes, denoted by ab, that
is, ab ¼ kbðt ¼ 1Þ=kbðt ¼ 0Þ.
Both nucleoplasm and nuclear lamina layers are assumed

nearly incompressible. Furthermore, it was assumed that the
inner and outer membranes behave as linear elastic materials
under hydrostatic pressure. In the current study, the Poisson
ratio of all the nuclear elements is taken to be 0.48. The role
of the nuclear elements Poisson ratio on the overall response
of an isolated nucleus in micropipette aspiration experiment
will be discussed in Section 4.

4. Numerical results for nuclear mechanics in micropipette

aspiration

The geometrical details of computational model em-
ployed in this section are depicted in Fig. 2a. In all the
calculations presented in this section, the aspiration
pressure is ramped linearly to 500 Pa in 10 s and then kept
constant. To distinguish the role of the nucleoplasm
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Fig. 2. (a) Geometrical details of the computational model. The nucleus has the radius of 3mm (average size of an isolated articular chondrocytes nucleus).

The inner wall edge of the micropipette has the radius of 0.2 mm. (b) Effect of nucleoplasm elastic modulus on the response of a nucleus under micropipette

aspiration. The computations are performed for the following material parameters of the nuclear membrane: kNL ¼ 5mN=m, kbðt ¼ 0Þ ¼ 16mN=m,

ab ¼ 0.01 and tb ¼ 5 s. The aspiration pressure is ramped linearly to 500Pa in 10 s and then kept constant. (c) Displacement field and (d) effective stress

(von Mises stress) field in the nucleoplasm having E ¼ 30Pa at aspiration time of 300 s.

A. Vaziri, M.R.K. Mofrad / Journal of Biomechanics 40 (2007) 2053–20622056
stiffness on the response of an isolated nucleus in
micropipette aspiration, a set of calculations is performed
considering the nucleoplasm as a linear elastic material
(Fig. 2b). The distribution fields for effective (von Mises)
stress and deformation in the nucleoplasm at the aspiration
time ¼ 300 s are presented in Figs. 2c and 2d, respectively,
for E ¼ 30 Pa. The effective stress field is localized at the
vicinity of nuclear membrane contact with the edge of the
micropipette. As expected, by employing Maxwell viscoe-
lastic model with a single characteristic time for the nucleo-
plasm, which is varied between 0.05–5 s, the sensitivity of
the overall response under micropipette aspiration to the
nucleoplasm stiffness diminishes. Note that this character-
istic time is substantially lower than the time course of
experiment and the stress field in the nucleoplasm vanishes
at early stages of the simulation. Computational analysis is
carried out to explore the role of the contact condition
between the nuclear envelope layers and also between the
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nuclear lamina and the nucleoplasm on the response of an
isolated nucleus in micropipette aspiration experiment. No
considerable sensitivity to these contact conditions is
observed. This implies that the response is mostly
dominated by stretching of the nuclear envelope, not its
bending. This is in contrast with the sharp probe
indentation of the nucleus, where the assumption of no
tangential slip at the contacts between the inner and outer
nuclear membranes estimates considerably higher required
force at a given level of indentation indentation of the
Fig. 3. (a) Effect of the final apparent stiffness of the inner and outer membra

characteristic time associated with the viscous element of the nuclear membrane

nucleus in micropipette aspiration on the characteristic time associated with its

presented in this figure are performed for the following material parameters: kN
pressure was ramped linearly to 500Pa in 10 s and then kept constant. The ge
nucleus (Vaziri et al., 2006). In all the subsequent
calculations, it is assumed that the nuclear (inner and
outer) membranes are free to slide relative to each other.
A set of computations is carried out to distinguish the

structural role of nuclear envelope layers on the overall
response of an isolated nucleus in micropipette aspiration
experiment. Fig. 3a displays the role of the final apparent
stiffness of the nuclear membranes on the response of an
isolated nucleus by varying ab between 0.01 and 1,
where ab ¼ 1 corresponds to the linear elastic behavior.
nes on the response of an isolated nucleus in micropipette aspiration. The

s is kept constant as tb ¼ 5 s. (b) Dependence of the response of an isolated

material model, tb. In this set of calculations, ab ¼ 0.01. The computations

L ¼ 5mN=m, kbðt ¼ 0Þ ¼ 16mN=m, E ¼ 30Pa and t ¼ 1 s. The aspiration

ometrical detail of the computational model is shown in Fig. 2a.
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Fig. 4. Effect of the nuclear lamina stiffness on the response of an isolated nucleus to micropipette aspiration. The computations are performed for the

following material parameters of the nuclear membrane: kbðt ¼ 0Þ ¼ 16mN=m, ab ¼ 0.01 and tb ¼ 5 s. The nucleoplasm is modeled as a viscoelastic

Maxwell material with E ¼ 30 Pa and t ¼ 1 s. The aspiration pressure was ramped linearly to 500Pa in 10 s and then kept constant. The geometrical detail

of the computational model is shown in Fig. 2a.
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The dependence of the nucleus response on the character-
istic time associated with the nuclear membrane material
model is presented in Fig. 3b. The calculations are
performed for E ¼ 30 Pa, t ¼ 1 s, kNL ¼ 5mN=m,
kbðt ¼ 0Þ ¼ 16mN=m. Furthermore, a set of calculations
is carried out to highlight the influence of the nuclear
lamina stiffness on the overall response of an isolated
nucleus in micropipette aspiration experiment (Fig. 4). In
these calculations, the stretching stiffness of the nuclear
lamina is varied in the range of 1–25mN/m, while keeping
the following material constants: kbðt ¼ 0Þ ¼ 16mN=m,
ab ¼ 0.01, tb ¼ 5 s, E ¼ 30 Pa, t ¼ 1 s. The large magni-
tudes of stretching strain observed here at the site of
aspiration in the nuclear membrane are consistent
with previous observations on oocyte nuclei (Dahl et al.,
2004).

The dependence of the numerical results on the applied
pressure is examined by varying the value of maximum
applied pressure in the range of 100–600 Pa. The range of
aspiration pressure studied here is representative of the
range mostly used in the micropipette aspiration experi-
ments (Guilak et al., 2000; Deguchi et al., 2005). The
results indicate that the finalized displacement of the front
increases approximately linearly as aspiration pressure
increases. Furthermore, it is revealed that the overall
response of the nucleus to micropipette aspiration is not
sensitive to the nucleoplasm Poisson ratio. It should be
emphasized that the nucleoplasm behavior under hydro-
static pressure is represented by viscoelastic Maxwell model
and it is conceivable that employing other constitutive laws
might lead to a contrary conclusion.
5. Comparison with the experimental observations

The results of the proposed computational model are
compared with the experimental observations from Guilak
et al. (2000) on articular chondrocytes isolated nuclei (see
Fig. 5). The readers are referred to Guilak et al. (2000) for
details of nuclei isolation and experimental procedures. In
the simulations presented in this section, the nucleoplasm is
modeled as viscoelastic Maxwell material with E ¼ 30 Pa
and t ¼ 1 s. To mimic the experimental results, we
speculated that the final apparent stiffness of the inner
and outer membranes is significantly lower than their
initial stiffness and is taken as ab ¼ 0.01, which is
consistent with recent observations by Rowat et al.
(2006), where it was shown that the nuclear membranes
have minimal contribution in the overall stiffness of an
isolated nucleus extracted from HeLa cells at its final
equilibrium stage. Fitting to the experimental results is
performed by varying the characteristic time associated
with material model of the nuclear membranes and the
stretching stiffness of the nuclear lamina. In the computa-
tions, the aspiration pressure is ramped linearly to 300 Pa,
the average pressure utilized in the experiments, in 10 s and
then kept constant. The computational results closely
replicate the experimental results for kNL ¼ 5mN=m and
tb ¼ 5 s.
To further validate our model, we set out to simulate the

recent micropipette aspiration experiments on isolated
endothelial nuclei (Deguchi et al., 2005). In the experiments
(see Fig. 6), the micropipettes were coated with poly
D-lysine to prevent cellular debris adhesion during the test,
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Fig. 6. Comparison of the results of the computational model with the

average response of chemically isolated endothelial nuclei ðn ¼ 11Þ from

Deguchi et al. (2005). The results present the influence of the aspiration

pressure on the displacement of the front, normalized by the inner radius

of the micropipette, r. The computation results are associated with the

following material parameters of the nuclear membrane:

kbðt ¼ 0Þ ¼ 16mN=m, ab ¼ 0.01, kb ¼ 2:1mN=m. The nucleoplasm is

modeled as a viscoelastic Maxwell material with E ¼ 30 Pa and t ¼ 1 s.

Inset: geometry of the computational model. The micropipette has the

inner and outer radii of 2.25 and 2.75mm, respectively (average dimensions

of the micropipettes used in the experiments). The inner wall edge of the

micropipette has the radius of 0.2 mm. The computational model of the

isolated endothelial nucleus has an elliptical cross-section with the minor

and major axes of 4.7 and 5.6 mm, respectively, consistent with the

experimental observation.

Fig. 5. Comparison of the results of the computational model with the

average response of the chemically isolated articular chondrocytes nuclei

ðn ¼ 15Þ from Guilak et al. (2000). The computational result is presented

for the following material parameters of the nuclear envelope:

kNL ¼ 5mN=m, kbðt ¼ 0Þ ¼ 16mN=m, ab ¼ 0.01 and tb ¼ 5 s. The

nucleoplasm is modeled as viscoelastic Maxwell material with the baseline

material properties: E ¼ 30 Pa and t ¼ 1 s. In the computations, aspira-

tion pressure was increased linearly to 300Pa in 10 s and then held

constant. Inset: the geometrical detail of the computational model.
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which is consistent with the assumption of free slipping
contact between the nucleus outer membrane and the
micropipette walls. The computational results are pre-
sented for the following set of material constants:
kNL ¼ 2:1mN=m, kbðt ¼ 0Þ ¼ 16mN=m and ab ¼ 0.01,
and the baseline properties of the nucleoplasm presented
in Section 3. It should be noted that the characteristic time
associated with nuclear membrane material model does not
alter the final displacement of the nucleus. Both the
computational and experimental results clearly display
the influence of the aspiration pressure on the displacement
of the front, normalized by the inner radius of the
micropipette (r).

6. Discussion

Despite the assumptions made for the sake of simplicity,
the results presented in Figs. 2–4 highlight the essence of
nuclear mechanics and deformation in micropipette aspira-
tion experiment. The finalized displacement of the front is
highly sensitive to the final apparent stretching stiffness of
the nuclear envelope layers, while it exhibits no dependence
on the characteristic time associated with nuclear mem-
brane material model. On the other hand, this character-
istic time has a considerable influence on the time history of
response.
This study suggests that micropipette aspiration is

indeed a robust technique to examine the influence of
various kinds of alteration in the nuclear lamina, such as
mutation in gene encoding lamin A and its binding and
also structural remodeling due to mechanical stresses.
Mutations in the genes encoding lamin A and its binding
partners have been associated with a variety of human
diseases including Emery–Dreifuss muscular dystrophy,
dilated cardiomyopathy, limb girdle muscular dystrophy,
Dunnigan-type familial partial lipodystrophy and Hutch-
inson–Gilford progeria syndrome (Bonne et al., 1999; Cao
and Hegele, 2000; Eriksson et al., 2003; Fatkin et al., 1999;
Muchir et al., 2000). Lamin A/C deficiency and other kinds
of mutation may considerably alter the nuclear lamina,
jeopardizing the structural integrity of the nucleus (Fid-
zianska et al., 1998; Hutchison et al., 2001; Lammerding et
al., 2004, 2005; Worman and Courvalin, 2004; Wilson,
2005).
In vivo experimental observations show that the

endothelial nuclei elongate and orient in the direction of
blood flow (Flaherty et al., 1972). Deguchi et al. (2005)
recently suggested that not only endothelial cell cytoske-
leton but also its nucleus undergo structural remodeling
under shear stress applied to the cell. This study suggested
that the shear stress applied to the cell may induce
structural rearrangement in the structure of its nucleus,
which leads to permanent alteration of its overall shape
and an increase in its apparent stiffness. This cytoskeleton-
mediated deformation of the nucleus appears as a possible
mechanotransduction pathway through which shear stress
may be transduced to gene-regulating signals (Davies,
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1995; Ingber, 1997; Janmey, 1998). The underlying
mechanisms of hardening under cytoskeleton-mediated
stresses are still ambiguous at this time. One possible
explanation is rearrangement of the lamina network as the
nucleus is subjected to mechanical stresses (Deguchi et al.,
2005). Additional investigations using the proposed com-
putational model can elucidate the underlying mechanisms
of this cytoskeleton-mediated hardening of the nucleus,
while our preliminary results support the above-mentioned
hypothesis.

While we believe the current model to be consistent with
most published observations, questions remain regarding
the precise nature of the model and its relationship to real
nuclear structure. Previous images of isolated nuclei have
suggested that in the non-swelled state, the nuclear
membrane might be highly folded (Dahl et al., 2004). This
might explain the ability of a nucleus to undergo strains of
several hundred percent. Another possible explanation is
that additional membrane material might be recruited from
material that remains attached to the nuclei after isolation.
Furthermore, the contribution of the nuclear pore com-
plexes to the mechanical response of the nucleus is
neglected in our present model and is subject of future
studies. Dense patches of heterochromatin, i.e. condensed
form of chromatin organization believed to silence
particular genes, are typically present at localized regions
in the nucleus just inside the inner nuclear membrane
(Dillon, 2004). However, not much is known about their
stiffness and contribution to nuclear mechanics. Our model
does not consider a separate component for representing
the patches of heterochromatin, whose role in the
mechanics of the nucleus is not yet well understood. The
geometrical distribution, density and stiffness patterns of
heterochromatin patches call for more a complex model,
which is the subject of our future studies. As shown in Figs.
3 and 4, the penetration depth (displacement of the front) is
remarkably sensitive to the stretching stiffness of the
nuclear envelope. It is conceivable that inclusion of
localized, dense patches of heterochromatin will lead to
more complex patterns of penetration depth vs. aspiration
pressure. The current model incorporates the overall
contribution of a spatially averaged representation of
nuclear envelope layers. Interestingly, fitting the computa-
tional results to experimental data of Guilak et al. (2000)
and Deguchi et al. (2005) shows remarkable agreement and
supports the effectiveness of the proposed computational
model for modeling the micropipette aspiration experi-
ment. As for the nucleoplasm, while the values used here
for shear modulus are consistent with single particle
tracking measurements (Tseng et al., 2004), they differ by
orders of magnitude from values suggested by other studies
of whole-nucleus deformation (Guilak et al., 2000; Caille et
al., 2002). Since most of these latter studies neglect the
effect of the nuclear membrane and attribute structural
integrity exclusively to the nucleoplasm, comparisons
between these previously reported values of modulus and
the ones used here may not be appropriate.
To highlight and characterize the role of the elastic
stiffness of the nucleoplasm on the mechanics of the
nucleus, we performed a set of separate calculations
wherein the nucleoplasm was modeled as linear elastic
(Fig. 2b). In pathological conditions or highly differen-
tiated cell types, it is conceivable that chromatin is hyper-
proliferated or becomes increasingly condensed or segre-
gated (Pflumm, 2002; Swedlow and Hirano, 2003).
Chromatin condensation or segregation, characterized with
altered structural motifs in chromosome architecture, can
greatly alter the stiffness of the chromatin thereby affecting
the nucleoplasm stiffness. As depicted in Fig. 2b, the
mechanics of the nucleus and its penetration depth in
micropipette aspiration are largely sensitive to nucleoplasm
stiffness.
Finally, in the present model, the effects of fluid

expulsion from the nucleus are reflected by values of the
Poisson ratio that allow for some degree of compressibility.
A realistic model of these effects would necessarily have to
include fluid leakage through the pores that is both
pressure- and time-dependent. Dahl et al. (2005) have
recently proposed that the nucleus behaves as a viscoelastic
material according to a power-law behavior, as has been
found in the cytoskeleton (Fabry et al., 2001). It is
conceivable that incorporating the proposed material
model for the nucleoplasm would not alter the qualitative
results presented here as the stiffness of the nucleoplasm
diminishes drastically by time due to the viscous nature of
the proposed model (Sollich, 1998; Fabry et al., 2003;
Vaziri et al., 2007).
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