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Aging-Related Differences in Chondrocyte Viscoelastic Properties
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Abstract:  The biomechanical properties of
articular cartilage change profoundly with ag-
ing. These changes have been linked with in-
creased potential for cartilage degeneration and
osteoarthritis. However, less is known about the
change in biomechanical properties of chondro-
cytes with increasing age. Cell stiffness can af-
fect mechanotransduction pathways and may alter
cell function. We measured aging-related changes
in the biomechanical properties of chondrocytes.
Human chondrocytes were isolated from knee
articular cartilage within 48 hours after death
or from osteochondral specimens obtained from
knee arthroplasty. Cells were divided into two age
groups: between 18 and 35 years (18 — 35); and
greater than 55 years (55+) of age. The 55+ group
was further subdivided based on visual grade of
osteoarthritis: normal (N) or osteoarthritic (OA).
The viscoelastic properties of the cell were mea-
sured using the previously described micropipette
cell aspiration technique. The equilibrium modu-
lus, instantaneous modulus, and apparent viscos-
ity were significantly higher in the 55+ year age
group than in the 18 — 35 age group. On the other
hand, no differences were found in the equilib-
rium modulus, instantaneous modulus, or appar-
ent viscosity between the N and OA groups. The
increase in cell stiffness can be attributed to al-
tered mechanical properties of the cell membrane,
the cytoplasm, or the cytoskeleton. Increased
stiffness has been reported in osteoarthritic chon-
drocytes, which in turn has been attributed to the
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actin cytoskeleton. A similar mechanism may
be responsible for our finding of increased stiff-
ness in aging chondrocytes. With advancing age,
changes in the biomechanical properties of the
cell could alter molecular and biochemical re-
sponses.

1 Introduction

Aging is a major risk factor for primary os-
teoarthritis (OA), which is one of the most com-
mon forms of OA. Aging also accelerates sec-
ondary forms of OA such as posttraumatic OA
(1). Articular cartilage changes profoundly with
aging. Cell density and cartilage thickness is re-
duced while stiffness increases. There is a general
reduction in the proliferative responses of articu-
lar chondrocytes with aging (2-6). Induction of
extracellular matrix synthesis by growth factors is
also impaired (7-9). Hence, changes at the cel-
lular level may be responsible for aging-related
cartilage degeneration at the tissue and joint lev-
els. However, little is known of the biomechanical
changes that occur with chondrocyte aging at the
cellular level.

The chondrocyte cytoskeleton is a three-
dimensional network composed of three major
elements: actin microfilaments, vimentin in-
termediate filaments, and tubulin microtubules.
While all three cytoskeletal proteins have been
implicated in the biomechanical properties of
the cell, actin is the most widely studied and
appears to contribute the most to cell stiffness
(10-13). Actin filaments play a role in a variety
of cell functions, including, cell migration,
cell adhesion, shape alteration, cell signaling,
organelle movements, endocytosis, secretion,
contractile ring formation, myocyte contraction,
extracellular matrix assembly, and regulation
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of chondrocyte hypertrophy (14-19). Therefore
changes in actin could result in biomechanical
changes in chondrocytes and, more importantly,
be reflected in altered cell function.

Micropipette aspiration of cells in suspension is
an well characterized method of measuring elas-
tic and viscous properties of cells (20). On mi-
cropipette aspiration osteoarthritic chondrocytes
are stiffer than normal (21). This increased stiff-
ness has in part been attributed to actin mi-
crofilaments (10). However, whether the stiff-
ness of chondrocytes changes with aging is not
known. This study was therefore designed to
measure biomechanical properties of chondro-
cytes obtained from donors from different age
groups to test the hypothesis that aging signifi-
cantly affects the viscoelastic properties of chon-
drocytes.

2 Materials and Methods

Human articular chondrocytes were isolated from
visually normal femoral and tibial articular car-
tilage of healthy cadaver donor knees within 48
hours after death (obtained from tissue banks) or
from excised osteochondral tissue from patients
undergoing total knee arthroplasty. Chondrocytes
were resuspended at a density of 5x10° cells
per mL in Dulbecco’s Modified Eagle Medium.
Cells were divided into groups based on the age
of the donor: between 18 and 35 years (18 —
35); and greater than 55 years (55+) of age. The
55+ group was further subdivided based on visual
grade of osteoarthritis. Cells obtained from car-
tilage that had an intact surface zone (Grade I)
or had mild surface fibrillations (Grade II) were
classified as Normal (N). Cells obtained from car-
tilage with severe surface fibrillation, or partial
thickness loss of cartilage (Grade III), or adjacent
to a full-thickness lesion (Grade IV) were clas-
sified as osteoarthritic (OA). All of the cartilage
samples from the 18 — 35 age group were classi-
fied as Normal (Grade I or II). A total of 33 cells
were obtained from 5 donors in the 18 — 35 age
group, a total of 46 cells were obtained from 9
donors in the Low Grade 55+ group, and a total of
26 cells were obtained from 5 donors in the High
Grade 55+ group. In a subset of 3 donors from the
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High Grade 55+ group, cells obtained from Grade
IIT areas and cells from Grade I or II areas were
separately tested in an attempt to control for age
and donor to donor variability.

Micropipette aspiration and manipulation were
performed using a similar technique to that de-
scribed previously (21, 22). Briefly, micropipettes
were made by drawing thin-walled glass capillary
tubes (Sutter Instruments, P 87) and fracturing
them on a microforge (F9, Narishige Co. Ltd.)
to create an inner diameter of approximately 5.5
microns. The selected chondrocyte from the cell
suspension was initially stabilized against the mi-
cropipette by applying a tare pressure of 0.09k Pa
for 60 seconds followed by a step pressure of 0.7
kPa for 180 seconds. Video images of cell and
micropipette tip were captured at 30 frames per
second at 100 x magnification (Fig 1). Cell aspi-
ration length was measured from captured frames
using image analysis (Matlab, Mathworks, Nat-
ick, MA) after correcting for lens artifact (due to
the difference in the refractive index between the
micropipette glass and the surrounding buffer).

The viscoelastic behavior of the cell was modeled
using a three-parameter viscoelastic model (stan-
dard linear solid, Fig 2). The experimental data
(aspiration length over time) were fit to an ana-
lytic solution of micropipette aspiration given by
equations 1 and 2 (12). The viscoelastic constants
(k1, k2, u) and relaxation time constant (7) were
obtained from the curve-fit solution. The constant
k1 represents the equilibrium modulus, k1 + k2
represent the instantaneous modulus, and u is the
apparent viscosity.
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2.1 Statistical analysis

Student’s t test was used to determine statisti-
cally significant differences in dependent vari-
ables (equilibrium and instantaneous modulus,
and apparent viscosity) between the 18 — 35 group
and the 55+ group, and between the Normal and
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Figure 1: A: Video image of micropipette apply-
ing tare pressure (0.09k Pa) to a chondrocyte in
suspension. B: Image after 120 seconds of con-
stant pressure of 0.7 Pa showing the length of the
cell aspirated into the micropipette.

OA subgroups of the 55+ group. A p value of 0.05
was used as a threshold for significance.

3 Results

There was a distinct difference in cell aspiration
length over time between the 18 — 35 and 55+
groups (Fig 3). The initial slope of the aspiration
curve for 18 — 35 cells was steeper and aspiration
length at equilibrium was greater than that for 55+
cells. This indicates that the 55+ cells were stiffer
and more viscous than the 18 — 35 cells.

Table 1
Groups: | 18-35 55+ Normal | 55+ OA \

Cell Size | 13.8 15| 1473 +23 | 1545£1.02
(pm)
Statistical Significance:
18 — 35 vs. 55+ Normal, p = 0.03

18 =35 vs. 55+ OA, p < 0.001
55+ Normal vs. 55+ OA, p = 0.06

k2

K1

Micropipette Wall b

Chondrocyte

Figure 2: The viscoelastic properties of a chon-
drocyte were represented using a standard linear
solid model (k1 and k2 represent linear springs
while p is the apparent viscosity). A theoreti-
cal formulation of the micropipette aspiration (12)
was used to calculate k1, k2 and u from the ex-
perimental data (see text for details). L is the as-
pirated length of the cell, AP is the hydrostatic
pressure differential, a is the inner radius of the
micropipette, and b is the thickness of the mi-
cropipette wall.

These differences on observed aspirated length
were confirmed by comparison of the parameters
after fitting the data. The equilibrium modulus
was significantly higher in the 55+ year age group
than in the 18 — 35 age group (Fig 4, p=0.001).
Since the Young’s modulus (E) is 1.5xk1 (12), E
was also significantly higher in the 18 — 35 group.
No statistically significant differences were found
between Low Grade and High Grade OA sub-
groups of the >55 year age group. Similarly the
instantaneous modulus (k1 + k2) was also signif-
icantly higher in the >55 year age group, but did
not change with OA grade (Fig 4). The apparent
viscosity (i) also increased with age but not with
OA grade (Fig 4). Cell size was significantly dif-
ferent between 18 — 35 and 55+ Normal and be-
tween 18 — 35 and 55+ OA groups (Table 1). No
statistically significant differences were noted in
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Figure 3: Comparison of aspiration lengths of 18
— 35 and 55+ groups (mean and standard error
bars). Chondrocytes from the 18-35 group were
aspirated further into the micropipette than chon-
drocytes from the 55+ group. The rate of aspira-
tion for chondrocytes from the 18 — 35 group was
also greater.

cells obtained from Normal and OA tissue from
the same donors (Fig 4E).

4 Discussion

Aging is associated with significant changes in
articular cartilage at the cell, matrix, and tissue
levels. These aging-related changes increase the
susceptibility for degeneration and osteoarthritis.
Aging may change the viscoelastic properties of
cells, which can in turn influence mechanotrans-
duction pathways and cellular response. To our
knowledge, this is the first reported study of dif-
ferences in the viscoelastic behavior of human ar-
ticular chondrocytes with aging.

We used the micropipette aspiration technique
to measure the biomechanical properties of iso-
lated chondrocytes from donors of different age
groups. Several models exist for describing the
biomechanical behavior of cells undergoing mi-
cropipette aspiration. The fluid-based models
treat the cell primarily as a fluid with or with-
out cortical tension at the cell membrane (23-
25). The solid models assume that the cell is
an elastic or viscoelastic homogenous solid (12,
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Figure 4: Viscoelastic parameters were signif-
icantly different between 18 — 35 and the 55+
groups. A: Equilibrium modulus (k1, p = 0.001);
B: Instantaneous modulus (k1+k2, p = 0.05); and
C: Apparent viscosity (i, p = 0.03). No signifi-
cant difference was found in relaxation time con-
stant (7) between groups (D). No significant dif-
ferences were found between the Normal and OA
subgroups of the 55+ group, and no significant
differences were found between the cells isolated
from Normal and OA tissue from the same donors

(E).

26). In chondrocytes, several reports have shown
that a viscoelastic solid model is more appropri-
ate with very good approximation of experimen-
tal data (21, 22). Further, the viscoelastic solid
model involves simple calculations for determin-
ing the biomechanical properties of the cell. We
therefore used a previously described viscoelastic
half-space model to study aging-related changes
in chondrocytes (12, 21).

We found several differences with age. Cells from
the 55+ group were significantly larger than those
from the 18 — 35 group. The instantaneous modu-
lus, equilibrium modulus, and apparent viscosity
were all significantly higher in the 55+ age group
relative to the 18 — 35 age group. Actin and vi-
mentin have been implicated as major contribu-
tors to these viscoelastic properties of chondro-
cytes (10). Disrupting tubulin microtubules had
no effect on cellular mechanical properties while
disruption of actin and vimentin significantly re-

duced the instantaneous and equilibrium moduli
as well as the apparent viscosity. Actin micro-
filaments are substantially stiffer than vimentin
intermediate filaments under low stress or strain
conditions (27). Actin microfilaments rupture at
approximately 20% strain, while vimentin fila-
ments show strain hardening and remain intact up
to 80% strain. Both actin and vimentin polymers
are viscoelastic but vimentin creeps substantially
more than actin with a pronounced viscous flow
behavior (27, 28). Taken together, these com-
plementary viscoelastic properties indicate a com-
posite material behavior. Therefore, more exper-
imental evidence is required to establish whether
actin or vimentin may be affected with aging.

The instantaneous modulus (k1 + k2) was sim-
ilar between our study and that previously re-
ported for non-arthritic chondrocytes (21). How-
ever, the equilibrium modulus (k1) measured for
the 18 — 35 age group in our study was lower
than but within the range previously reported (10,
21). These differences could be due to the differ-
ences in the source and preparation of the chon-
drocytes. Cells studied in the present study were
harvested from knee articular cartilage and tested
within 2 hours of digestion, whereas the previous
study obtained cells from the hip and knee joint
and precultured the cells in alginate beads.

We were unable to find significant differences in
chondrocytes based on the grade of OA. Mean cell
size measured for the 18 — 35 group (13.8 um)
was similar to that reported for non-osteoarthritic
chondrocytes (13.7 um) (21). However, we found
a more significant increase in cell size with age
(p < 0.001) than with OA (p = 0.06). One study
found chondrocytes obtained from osteoarthritic
tissue to be stiffer and more viscous than those
obtained from normal cartilage (21). On the other
hand, another study reported no differences in the
elastic modulus of normal and arthritic chondro-
cytes (22).

By definition, Grade III OA involves partial-
thickness loss of cartilage. Therefore, it is pos-
sible that the zonal distribution of cells obtained
from normal tissue were not comparable to the
cell populations obtained from Grade III OA car-
tilage and may contribute to apparent differences
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in pooled cell properties. However, chondrocytes
from the superficial zone are stiffer under atomic
force microscopy (29). Therefore, loss of the su-
perficial zone in the 55+ group would not by itself
explain the increase in mean stiffness.

One weakness of the study was the potential for
selection bias of cells that would survive the iso-
lation procedure. To minimize the effect of cell
division and time in culture, we conducted the mi-
cropipette aspiration experiments on freshly iso-
lated cells (within 2 hours). Suspending chondro-
cytes in an isotonic solution may induce artifacts
due to the loss of the pericellular matrix. An-
other weakness in our study design was the lack
of donors with Grade III or IV OA in the 18 — 35
group. Including these donors would have helped
establish the relative contribution of OA and ag-
ing to chondrocyte stiffness. However, it was ex-
tremely difficult to obtain cartilage from donors
with established OA in the 18 — 35 age group.

These results suggest that aging is associated with
cell stiffening. The likely mechanisms could be
altered mechanical properties of the cell mem-
brane, the cytoplasm, or the cytoskeleton. All of
these mechanisms can affect the membrane as-
piration length during micropipette experiments.
The increased stiffness of osteoarthritic chondro-
cytes has been attributed to the actin cytoskele-
ton. It is possible that a similar mechanism is re-
sponsible for the increased stiffness found in ag-
ing chondrocytes. Other potential causes of in-
creased stiffness include aging related intracellu-
lar protein changes such as oxidation, crosslink-
ing, amino acid racemization or nonenzymatic
glycation. With advancing age changes in the
biomechanical properties of the cell could al-
ter mechanotransduction pathways, and molecu-
lar and biochemical responses.
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