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ABSTRACT Changes in extracellular osmolality have been shown to alter gene expression patterns and metabolic activity of
various cell types, including chondrocytes. However, mechanisms by which physiological or pathological changes in osmolality
impact chondrocyte function remain unclear. Here we use quantitative image analysis, electronmicroscopy, and aDNase I assay
to show that hyperosmotic conditions (>400 mOsm/kg) induce chromatin condensation, while hypoosmotic conditions
(100mOsm/kg) cause decondensation. Large density changes (p< 0.001) occur over a very narrow range of physiological osmo-
lalities, which suggests that chondrocytes likely experience chromatin condensation and decondensation during a daily loading
cycle. The effect of changes in osmolality on nuclear morphology (p< 0.01) and chromatin condensation (p< 0.001) also differed
between chondrocytes in monolayer culture and three-dimensional agarose, suggesting a role for cell adhesion. The relationship
between condensation and osmolality was accurately modeled by a polymer gel model which, along with the rapid nature of the
chromatin condensation (<20 s), reveals the basic physicochemical nature of the process. Alterations in chromatin structure are
expected to influence gene expression and thereby regulate chondrocyte activity in response to osmotic changes.
INTRODUCTION
Changes in osmolality have been shown to alter gene
expression and the metabolic activity of cells from various
tissues, including those of the renal (1), respiratory (2),
cardiovascular (3), and musculoskeletal systems (4). In
articular cartilage, the variation of fixed charge density
due to the increased concentration of negatively charged
proteoglycan with depth into the tissue, increases the
osmolality from 350 mOsm/kg in the surface zone to
450 mOsm/kg in the deep zone (5). The osmotic environ-
ment of chondrocytes also increases when the tissue is under
an extended static load or continuous cyclic loading without
recovery due to the increase in hydrostatic pressure
(0.2 MPa at resting to 4–20 MPa), which induces the loss
of fluid and increases the proteoglycan concentration (6–9).
The application of prolonged static load increases the osmo-
lality of both deep and surface zones to a similar level (10).
Additionally, the chondrocytes also experience an altered
osmotic environment of ~270 mOsm/kg associated with
pathological degradation of the extracellular matrix (11).

Alteration of osmolality in cartilage tissue has been
shown to affect protein synthesis (12–16). Similarly,
osmotic challenge applied to isolated chondrocytes has
been shown to affect cellular activity, including alterations
in protein synthesis (4,17,18), gene expression (19), calcium
signaling (20), and cytoskeletal organization (21,22). The
application of hyperosmotic stress leads to a decrease in
volume in chondrocytes due to the loss of intracellular fluid,
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whereas hypoosmotic stress increases the cell volume (23).
Furthermore, dynamic osmotic challenge alters the cell
volume only when the frequency is lower than 0.0125 Hz,
which is much lower than the frequency of normal walking
(1 Hz) (24). It remains unclear to what extent these osmotic-
induced changes in cell morphology are involved in trig-
gering the downstream metabolic response.

Osmotic challenge has been shown to alter the nuclear
morphology of intact chondrocytes and isolated nuclei
(25,26). This phenomenon persists even after the cytoskel-
etal organization is disrupted, which suggests that mechan-
ical translation of cell deformation during osmotic challenge
via the cytoskeleton is not the principal factor that alters the
nuclear morphology (25). Additionally, previous studies of
HeLa and other cell types revealed that the application of
hyperosmotic stress gives rise to chromatin condensation
(27–29). Gene expression is influenced by chromatin orga-
nization, with gene silencing generally associated with the
higher levels of compaction known as heterochromatin,
compared to the less condensed euchromatin (30,31). This
is evident with the developmental silencing observed with
lamin-associated heterochromatin, where the silenced genes
are translocated to the lamina as higher-order chromatin
(32,33).

Osmotically induced alterations of nuclear morphology
and chromatin structure may provide a direct biophysical
mechanism for controlling cellular metabolism. In this
study, we test the hypothesis that osmotic challenge influ-
ences the morphology and levels of chromatin condensation
in the chondrocyte nucleus. Our results show that osmotic
challenge significantly alters the morphology and chromatin
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structure of chondrocyte nuclei. This occurs in a rapid and
reversible manner, fitted by the polymer-gel model, sug-
gesting a physicochemical nature to the phenomena and
its importance in cartilage physiology.
MATERIAL AND METHODS

Specimen preparation

Chondrocytes were isolated from the full-depth articular cartilage of the

metacarpophalangeal joints of freshly sacrificed 18- to 24-month-old

bovine steers via sequential enzymatic digestion, as previously described

in Lee and Knight (34). At least two joints were used for each isolation

procedure, depending on the number of cells required. Unless stated, the

culture medium used in this study was made from low glucose Dulbecco’s

modified Eagle’s medium (DMEM) supplemented with 20% fetal calf

serum (FCS), 20 mM HEPES, 100 U/mL penicillin, 0.1 mg/mL strepto-

mycin, 2 mM L-glutamine, and 0.85 mM L-ascorbic acid (320 mOsm/kg,

all from Sigma-Aldrich, Dorset, UK).

For the monolayer specimens, 8 � 106 freshly isolated chondrocytes

were seeded onto 175-cm2 culture flasks and initially cultured for five

days, in either standard (320 mOsm/kg) or hyperosmotic conditions

(400 or 500 mOsm/kg). For imaging of fixed chondrocytes, the cells

were trypsinized and seeded at 5 � 104 cells/cm2 onto glass coverslips,

housed in 24-well plates. Alternatively, for imaging of live chondrocytes,

cells were seeded onto 35-mm glass-bottom petri dishes (MatTek, Ashland,

MA) with the same seeding density. In both cases, the chondrocytes were

cultured overnight to allow the cells to adhere. Both the coverslips and

the glass-bottom petri dishes were precoated with FCS for 1 h at room

temperature before cell seeding.

Three-dimensional agarose specimens were prepared by seeding freshly

isolated chondrocytes, 1 � 107 cells/mL, into 3% (w/v) agarose gel

(Type VII; Sigma-Aldrich) as previously described in Sawae et al. (35).

The three-dimensional agarose specimens were cultured overnight before

osmotic challenge.
Osmotic challenge

A base media was prepared consisting of DMEM without sodium

bicarbonate, supplemented with 20 mM HEPES, 100 U/mL penicillin,

0.1 mg/mL streptomycin, 2 mM L-glutamine, and 0.85 mM L-ascorbic

acid. This had an osmolality of 260 mOsm/kg, which was increased through

the addition of D-mannitol (Sigma-Aldrich). Reduction of the osmolality

was achieved by dilution with sterile distilled water. All osmolality

measurements were performed using a freezing-point depression osmom-

eter (model No. 3250; Advanced Instruments, Norwood, MA). Cells in

monolayer were subjected to osmotic challenge by incubation in the requi-

site osmotic challenge medium for 15 min to allow for chromatin reorgani-

zation (27). Cells in the three-dimensional agarose specimens were given

a longer incubation period of 30 min.

For fixation, chondrocytes were washed with osmotically balanced

phosphate-buffered saline (PBS) and then fixed by incubation in an osmot-

ically balanced fixative, 1% glutaraldehyde (Agar Scientific, Stansted,

UK) buffered with 8 mM sodium cacodylate (Sigma-Aldrich), for

30 min. The fixed cells were subsequently washed with PBS and stained

with 8 mM Hoechst 33342 (Sigma-Aldrich) at 37�C for 15 min or

30 min for monolayer or three-dimensional agarose specimens, respec-

tively. Afterwards, the specimens were washed with sterile distilled water

and mounted onto glass slides by using Prolong Gold (Invitrogen,

Paisley, UK).

Live chondrocytes were stained with 8 mM Hoechst 33342 as described

above. The cells were incubated in isoosmotic medium (300 mOsm/kg) in

a 37�C imaging chamber mounted on the stage of the confocal microscope

system. Osmotic challenge was applied by replacing the media.
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Confocal microscopy and a van der Waals model
of cell volume change

The chondrocyte nuclei were imaged using confocal microscopy (model

No. TCS SP2; Leica Microsystems, Wetzlar, Germany), using a 63�/

1.4-NA oil immersion objective, a pixel size of 46.5 nm, and an imaging

period of 7.68 s/image. A single 512 � 512 pixels (8-bit) optical section

was made through the center of each nucleus. For studies with live cells,

each nucleus was imaged at 300 mOsm/kg and after a 15-min or 30-min

osmotic challenge for monolayer or three-dimensional agarose specimens,

respectively.

Tomeasure the response to osmotic challenge in theZ axis, the nucleiwere

imaged as a Z-series of 32� 512 pixels images, with a step size of 0.46 mm

(0.08 s/image). The Z-stacks images were average-intensity projected to the

X-Z plane, thresholded using the iterative self-organizing data algorithm

(36), and then the height of the nucleus was measured. For the three-

dimensional agarose specimen, the diameter of the cell in X and Y axes

was measured from the bright-field images using the software ImageJ (37)

(National Institutes of Health, Bethesda, MD). Cell and nuclear volume

was then approximated by assuming that the chondrocytes seeded in three-

dimensional agarose construct adopted a sphericalmorphology as previously

demonstrated in Lee et al. (38). Using a standard van derWaals equation that

lacks the attraction term, osmotic pressure (P) relates to cell volume (V) as:

P ¼ RT

V � b
; (1)

where R is the gas constant, T is absolute temperature, and b is the excluded

volume. Based on Eq. 1, the change in cell volume (DV) with osmotic

pressure changes (DP) was fit with three parameters (A, B, and C) to exper-

iment, giving:

DV ¼ A

DPþ C
þ B: (2)

Image analysis

Confocal images of nuclei were manipulated and analyzed using MATLAB

(The MathWorks, Natick, MA). Initially, the pixel intensities for each

image were redistributed to utilize the entire 8-bit intensity scale. Images

were then downsampled to 128 � 128 pixels images. A Sobel digital filter

was used to produce an edge map (39), which was thresholded and sub-

jected to a thinning morphological algorithm (40) to reduce the strong

edge lines into single-pixel-thickness entities (see Fig. S1, A–D, in the

Supporting Material). The area of strong edges, excluding the outer edge

of the nucleus, was measured and divided by the cross-sectional area of

the nucleus to yield the chromatin condensation parameter.

To measure the nuclear area and perimeter, the images were mode-

thresholded (41) to acquire the nuclear outline. The area bounded by this

outline was fitted to an ellipse, to render the ellipsoid perimeter. To estimate

the degree of nuclear deformation with osmotic loading, the perimeter ratio

was calculated by dividing the actual nuclear perimeter by the ellipsoid

perimeter (42). When the perimeter ratio increases, the perimeter of the

nucleus increases with respect to that of the modeled ellipse, indicating

a more deformed outline.

The changes in chromatin condensation parameter, area, perimeter ratio,

nuclear height in the lateral plane, and cell volume due to the osmotic chal-

lenge were recorded and expressed relative to their original value.
Polymer-gel model of chromatin condensation

The extent of local chromatin heterogeneity was determined in terms of the

chromatin condensation parameter, which reflects the edge density (r) in

the nucleus image. In modeling this, we first consider the osmotic pressure
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of a polymer solution (43). In the semidilute regime where the volume occu-

pied by the individual chains just covers the total sample volume, the

osmotic pressure of a polymer solution is dependent only on monomer

concentration which we approximate as proportional to the chromatin

condensation parameter:

P

kbT
fr9=4: (3)

Confinement within the nucleus adds a basal osmotic pressure, Pb:

P ¼ Pb þ Br9=4; (4)

Bfk TN9=4: (5)
b

In addition, chromatin entanglements and cross-linking lead to a resistance

to dilational stretching (as well as shearing) of the chromatin:

P ¼ Pb þ Br9=4 � C

rd
: (6)

This last term could be replaced by a sum of terms with d¼ 1, 2, 3 as would

be appropriate for wormlike chain elasticity, but this will generally intro-

duce more fitting factors. We therefore use the parsimonious model above

in fitting the data of chromatin condensation versus osmolality, with

confined polymer-gel models similar to Eq. 6 already applied successfully

to the mechanics of other membrane-constrained networks (44).
Transmission electron microscopy

For transmission electron microscopy (TEM) imaging, monolayer-cultured

and three-dimensional agarose-seeded chondrocytes underwent osmotic

challenge as already described. The monolayer specimens were fixed as

above-described while the three-dimensional agarose specimens were fixed

overnight at 4�C. The specimens were postfixed in 1% osmium tetroxide,

dehydrated through a graded alcohol series, cleared in propylene oxide,

and infiltrated with Araldite epoxy resin (all from Sigma-Aldrich). Ultra-

thin sections (60–90 nm) were cut using a Reichert-Jung Ultracut E

Ultramicrotome (Reichert, Buffalo, NY) with a diamond knife. The

sections were mounted on copper grids before being stained with saturated

aqueous uranyl acetate and Reynolds lead citrate stain (all from Sigma-

Aldrich). Sections were examined with a model No. EM201 transmission

electron microscope (Philips, Amsterdam, Netherlands) fitted with a digital

camera (AMT, Woburn, MA).
Real-time deoxyribonuclease I PicoGreen assay

Freshly isolated chondrocytes were centrifuged at 600 � g for 5 min and

resuspended in 5 mL of PBS. The cells were centrifuged again and resus-

pended in 5 mL of isoosmotic medium. The cells were treated with 0.2%

IGEPAL CA-630 (Sigma-Aldrich) for 5 min on ice, to isolate the nuclei.

The nuclei were pelleted by centrifugation as already described and resus-

pended in the isoosmotic medium.

Osmotic challenge of 100, 300, and 700 mOsm/kg was applied to the iso-

lated nuclei for 15 min. The nuclei were then centrifuged and resuspended

in the corresponding osmotically balanced Deoxyribonuclease I (DNase I)

buffer (50 mM HEPES, 10 mMNaCl, 10 mM CaCl2, 5 mMMgOAc, 1 mM

Dithiothreitol; all from Sigma-Aldrich). The nuclei were stained by using

the Quan-iT PicoGreen reagent (Invitrogen), per manufacturer’s instruc-

tions. Briefly, a 200-fold dilution of the PicoGreen concentrate was

prepared in the osmotically balanced DNase I buffer and the nuclei were

stained for 5 min at room temperature. The nuclei from each osmotic group

were placed into a Maxisorp 96-wells plate (NUNC, Roskilde, Denmark)
with 100 mL per well. DNase I was added to yield a concentration of

2 U/million nuclei. The level of fluorescence intensity from the nuclei

was monitored over a 180-min period at 37�C. To control for changes in

DNase I activity due to different osmolality, 3.5 mg l-DNA (Sigma-Aldrich)

was digested by 1 U of DNase I, at different osmolality conditions

(100, 300, and 700 mOsm/kg).
Chromatin condensation dynamics in living
chondrocytes

Monolayer specimens were prepared by seeding chondrocytes on FCS-

coated 35-mm glass-bottom dishes at 5 � 104 cells/cm2. To image chro-

matin condensation in living cells, chondrocytes were transfected with

a fusion construct of Histone H2B and an enhanced Green Fluorescent

Protein (H2B-GFP with Addgene plasmid 11680; generously donated by

Thomas Cremer, Ludwig Maximilian University, Munich, Germany) using

HiFect transfection reagent (Lonza, Basel, Switzerland), per manufacturer’s

instructions. Briefly, 3 mg of H2B-GFP was precomplexed with the HiFect

reagent (5% of final volume) in serum and antibiotic-free medium. Plasmid-

lipofection complexes were added to complete medium (DMEM þ 20%

FCS) to a final volume of 2.5 mL and transfection was carried out under

standard culture conditions for 24 h whereupon media was replaced with

3 mL of fresh DMEM þ 20% FCS for an additional 24 h. For the simulta-

neous imaging of the actin cytoskeleton and the chromatin, chondrocytes

were transfected with CellLight H2B-GFP and Actin-RFP, BacMam 2.0

(Invitrogen), per manufacturer’s instructions. Briefly, 2 mL of the transfec-

tion reagents (1� 108 particles/mL) were added to 2 mL complete medium,

followed by 18 h of culture.

The specimen was placed in a 37�C imaging chamber and the culture

mediumwas aspirated. Osmotic challenge was achieved using a custom-built

medium aspiration and delivery system, which involved two syringe pumps

(Harvard Apparatus, Kent, UK), to ensure a constant delivery time (~7 s at

a delivery rate of 1 mL/s for 7 mL medium). Isoosmotic medium was intro-

duced via the delivery system and the cells were incubated for 15 min. Using

confocal microscopy (63�/1.4NA objective, 46.5 nm/pixel for nuclear

imaging and 186 nm/pixel for simultaneous imaging of nucleus and cytoskel-

eton,DZ¼ 0.23mm, 0.407 s/image), an extended Z-stack of imageswas taken

of each nucleus. The isoosmotic medium was aspirated and replaced with the

requisite osmotic challenge medium, and the same nucleus was imaged

continuously via a series of extended Z-stacks over a 15-min period. After

the osmotic challenge, the medium was aspirated. Isoosmotic medium was

reintroduced with further imaging for another 15-min period.
Statistical analysis

For datawith a normal distribution, the results are shown asmean5 standard

error and the statistical significance was calculated by using one-way

ANOVA followed byBonferroni’s correction. In case of nonnormally distrib-

uteddata, theMann-WhitneyU testwith theBonferroni’s correctionwas used

to measure the level of significance, and the results are shown asmedian with

upper and lower quartiles as the error bars. Curve fitting seen later in Fig. 2

was performed with the software Igor Pro (Ver. 6.22A; WaveMetrics,

Portland, OR), using the chromatin condensation parameter data binned in

pairs within the osmolality range of reversible nuclear deformation.
RESULTS

Osmotic changes alter chromatin condensation
in monolayer and three-dimensional agarose
cultures, fitting to a polymer-gel model

To assess the effect of different osmolalities on the chondro-
cyte nucleus, monolayer cultures, precultured at 320, 400, or
Biophysical Journal 104(4) 759–769



FIGURE 1 (A) Nuclei of monolayer chondrocytes cultured in 320

mOsm/kg condition, followed with osmotic challenge ranging from 100

mOsm/kg to 800 mOsm/kg and fixation (bar, 5 mm). (B) Chromatin conden-
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500 mOsm/kg, were then exposed to media ranging from
100 to 800 mOsm/kg. The cells were then fixed, stained
with Hoechst 33342, and imaged by confocal microscopy
(Fig. 1 A). DNA staining appeared most homogenous in
the nuclei exposed to 100 mOsm/kg, reflected by the lowest
level of the chromatin condensation parameter (Fig. 1 B).
For the cells precultured in 320 mOsm/kg, a dramatic
increase in chromatin condensation was apparent between
400 and 500 mOsm/kg, followed by a more gradual increase
at higher osmolalities(Fig. 1 B). When the cells were precul-
tured at 400 and 500 mOsm/kg, chromatin condensation was
observed to increase more gradually upon hyperosmotic
challenge (Fig. 1 B).

A polymer-gel model of the relationship between osmo-
lality and chromatin condensation gave an excellent fit to
the experimental data (R2 > 0.99 for all cases; see Fig. 2).
When the cells were precultured in 320 mOsm/kg condition,
the basal osmotic pressure that is applied by the chromatin and
the nuclear envelope is ~470 mOsm/kg. Preculture at higher
osmolality causes the response curves to shift to the right.
The B and C factors are small, positive, and do not vary sig-
nificantly, whereas the stretching exponent d is constrained
to 0.5, to give the best fit for the datasets. The inset in Fig. 2
shows the first derivative of r, with respect toP, for the cells
precultured in 320mOsm/kg; the steepest chromatin response
to osmotic challenge occurs within the range of osmolali-
ties found in physiological loading of in vivo articular carti-
lage (5). However, preculturing the cells in 400 mOsm/kg
shifted the range of the response to ~500 mOsm/kg, and
preculturing in 500 mOsm/kg also reduced its magnitude.

The condensation response to osmotic challenge observed
in fixed cells was confirmed in live-imaged cells (Fig. 3 A).
Cells in bothmonolayer and three-dimensional agarose spec-
imens showed reduced level of chromatin condensation with
hypoosmotic challenge (300–100 mOsm/kg). Meanwhile,
the hyperosmotic challenge (300–500 or 700 mOsm/kg)
increased the level of chromatin condensation. However,
the monolayer specimens experienced a higher degree of
change when compared with the three-dimensional agarose
specimens (Fig. 3,A andB). The effects of osmotic challenge
on chromatin organization were confirmed by the TEM
images of the nuclei (Fig. 1 C). Upon the hypoosmotic chal-
lenge, in addition to the loss of peripheral heterochromatin,
the nuclei appeared more homogenous with few electron-
dense foci, indicating a comparatively decondensed state of
chromatin organization. When exposed to hyperosmotic
challenge, however, chromatin condensation was observed
in electron-dense foci throughout the nuclei in both mono-
layer and three-dimensional agarose specimens.
sation parameter quantified from the nuclei images of each osmotic group

(N ¼ 40 nuclei per condition; *p < 0.001). Error bars show standard

error. (C) TEM images of monolayer and three-dimensional agarose chon-

drocyte nuclei, exposed to osmolalities of 100, 300, and 500 mOsm/kg

(bar, 2 mm).
Cell and nuclear morphology responses to
osmotic changes vary with cell adhesion

Hyperosmotic challenge in three-dimensional agarose spec-
imens induced a crumpling of the nuclear envelope (Fig. 3A),
Biophysical Journal 104(4) 759–769



FIGURE 2 Quantified chromatin condensation parameter fit to a semidi-

lute polymer-gel model with an additional term compensating for chain

elasticity (see text; *d is constrained to 0.5 to give the best fit for the

datasets). Data are binned within the osmolality range of reversible density

changes. (Inset) Calculated from the model and, for cells precultured

320 mOsm/kg, a large change in density is observed within the range of

osmolalities associated with in vivo articular cartilage (5).
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indicated by a statistically significant increase in the perim-
eter ratio of the nucleus (Fig. 4 A). This phenomenon could
also be observed in the decrease of the cross-sectional area
of the nucleus by 15–22% (Fig. 4 B) and from the TEM
images (Fig. 1 C). By contrast, the perimeter ratio of the
nuclei in cells cultured in monolayer remained relatively
stable irrespective of osmotic challenge, although a slight
reduction in cross-sectional area was observed in monolayer
nuclei after hypoosmotic challenge (Fig. 4 B).

When chondrocytes in monolayer were exposed to hypo-
osmotic challenge (100 mOsm/kg), there was a statistically
significant increase in the nuclear height by ~10% (p< 0.01,
Fig. 4 C). Upon hyperosmotic challenge, the height of the
nucleus decreased by ~10% at both 500 mOsm/kg and
700 mOsm/kg (p < 0.001). By contrast, nuclear height in
three-dimensional agarose was not affected by hypoosmotic
conditions (p > 0.05), but exposure to hyperosmotic
medium induced a reduction in nuclear height of 5%
at 500 mOsm/kg and 9% at 700 mOsm/kg (p < 0.01).
Additionally, the cell and nuclear volume of the three-
dimensional agarose specimen increased upon hypoosmotic
challenge and decreased gradually during hyperosmotic
challenge. (Fig. 4 D).

When exposed to iso- and hyperosmotic challenge, the
changes in cell and nuclear volume were proportional to
each other. However, when compared to the change in
nuclear volume, a greater change in cell volume occurred
upon hypoosmotic challenge. The three-parameter van der
Waals equation (Eq. 2) provided an excellent fit for the
change in cell volume (R2 > 0.998). With increased osmo-
lality, cell volume decreased until a minimum was reached.
Based on the fit, two-to-threefold higher pressure than the
maximum osmotic challenge (700 mOsm/kg) is needed to
convincingly see saturation, but such osmolalities are far
from physiological. At low osmotic pressure, the cell
expanded and contracted over time, due to dynamic volume
FIGURE 3 (A) Images of nuclei in chondrocyte

monolayers and nuclei and cells in three-dimen-

sional agarose in an isoosmotic environment, fol-

lowed by osmotic challenge (100, 300, 500, and

700 mOsm/kg) (bar, 5 mm). (B) The normalized

change of chromatin condensation parameter quan-

tified from the live monolayer and three-dimen-

sional agarose specimen. Statistical significance

test was performed to compare the osmotic chal-

lenge groups against the control group (300–

300 mOsm/kg) and also between the 500 and

700 mOsm/kg group (N ¼ 37–40 nuclei per condi-

tion; *p < 0.05, **p < 0.01, and ***p < 0.001).

Error bars show standard error.

Biophysical Journal 104(4) 759–769



FIGURE 4 The normalized change of perimeter ratio (A), nuclear cross-

section area (B), and height (C) quantified from the live monolayer and

three-dimensional agarose specimens. (D) The normalized change of

nuclear and cell volume quantified from the three-dimensional agarose-

seeded chondrocytes. Change in cell volume fitted to Eq. 2, the van der
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regulation (45). This might account for the higher variability
(shown by the error bars in Fig. 4), and so this limit is likely
to be underestimated and inaccurate.
Osmotic challenge alters the DNase I digestion
characteristics in isolated nuclei

Our results have shown that osmotic challenge alters
chromatin condensation levels in intact chondrocytes. To
confirm that osmotic challenge continues to alter the level
of chromatin condensation in the absence of the plasma
membrane and cytoplasm, we subjected isolated chondro-
cyte nuclei to controlled DNase I digestion and tracked it
in real-time by PicoGreen fluorescence (46). DNase I is an
endonuclease that preferentially cleaves the phosphodiester
backbone of DNA adjacent to pyrimidine bases. Higher
levels of chromatin condensation hinder the enzyme’s
access to the DNA backbone; therefore, compacted genomic
regions will be more resistant to DNase I digestion (47).

Differences in DNA digestion were apparent between
the osmotic groups (p < 0.05 from 40 min onward; see
Fig. 5 A). The nuclei exposed to 100 mOsm/kg have the
highest level of digestion and 700 mOsm/kg the lowest
digestion, indicative of differences in DNase I access: in
particular, an increase in osmolality hinders DNase I access
to DNA in isolated nuclei, which is consistent with con-
densation. The DNA digestion for the isolated nuclei was
markedly less rapid than for the l-DNA controls; however,
all osmotic conditions showed similar digestion kinetics
(Fig. 5 B). A single exponential model provided an excellent
fit to the results in all cases (R2 > 0.98).
Instantaneous and reversible effect of osmotic
challenge

To investigate the response time of chromatin compaction
associated with the osmotic challenge, nuclei were moni-
tored in live cells over a 15-min period. The effect of
osmotic challenge on the nucleus was clearly visible within
20 s after the introduction of the osmotic medium (Fig. 6 A)
indicated by changes in chromatin condensation levels
(Fig. 6 B, and see Fig. S2, Fig. S3, Fig. S4, Fig. S5, and
Fig. S6 in the Supporting Material, and Movie S1, Movie
S2, Movie S3, Movie S4, and Movie S5 in the Supporting
Material) and nuclear height (Fig. 6 C). When chondrocytes
were exposed only to the 300 mOsm/kg isoosmotic medium,
the level of chromatin condensation and the nuclear height
remained unchanged.
Waals equation with no attraction (R2 > 0.998). Statistical significance

test was performed to compare the osmotic challenge groups against the

control group (300–300 mOsm/kg) and also between the 500 and 700

mOsm/kg group (N ¼ 16–40 nuclei per condition; *p < 0.05, ##p < 0.01,

and ***,###p < 0.001). Error bars show standard error, except for perimeter

ratio and area data of monolayer specimens, where the error bars show

lower and upper quartile.



FIGURE 5 The amount of DNA present in the specimen was represented

by the PicoGreen fluorescence intensity. Fluorescence intensities were

normalized against the initial intensity and fit to a single exponential func-

tion (R2> 0.98 in all cases). (A) The level of fluorescence intensity from the

isolated nuclei exposed to 100, 300, and 700 mOsm/kg, as being digested

by DNase I over time. The differences between the osmotic groups are

statistically significant from t¼ 40 min onwards. (B) The DNase I digestion

profile for l-DNA in 100, 300, and 700 mOsm/kg. Only at the first 5.5 min

was the fluorescence intensity of l-DNA exposed to 100 mOsm/kg statisti-

cally higher than the other groups. Error bars show standard error.
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The reintroduction of isoosmotic medium to cells
exposed to 400 and 500 mOsm/kg hyperosmotic medium re-
sulted in a rapid and complete reversal of the chromatin
condensation (Fig. 6 B, and see Fig. S4 and Fig. S5). By
contrast, chromatin condensation level did not fall back to
the original value after reintroduction of isoosmotic medium
after exposure to 700 mOsm/kg medium (Fig. 6 B and see
Fig. S6). Alterations to nuclear height induced by hyperos-
motic challenge at all levels were broadly reversible,
although there was evidence of a time-dependent reduction
in nuclear height after reintroduction of isoosmotic medium
(Fig. 6 C, and see Fig. S5 and Fig. S6).

Exposure of the chondrocytes to hypoosmotic medium
(100 mOsm/kg) reduced the level of chromatin condensa-
tion and increased nuclear height but with a clear time-
dependent relaxation over the 15-min observation period
(Fig. 6, B and C, and see Fig. S2). Interestingly, when isoos-
motic medium was reintroduced, chromatin condensation
level increased significantly above the original value before
the hypoosmotic challenge and the nucleus height decreased
below the original size as well (Fig. 6, B and C, and see
Fig. S2). Additionally, no obvious changes in actin-cyto-
skeletal organization were observed upon hypo-, iso-, and
hyperosmotic challenges (100, 300, and 500 mOsm/kg,
respectively, see Fig. 6 D; and see Fig. S7, Fig. S8, and
Fig. S9; and see Movie S6, Movie S7, and Movie S8).
DISCUSSION

In this study we have measured the extent of chromatin
condensation in fluorescently labeled nuclei using an image
analysis method adapted from an approach used previously
in Knight et al. (48). We show that hyperosmotic challenge
induces the chromatin condensation in chondrocytes
(Fig. 1), in agreement with findings reported in other cell
types (27,28). As in other studies, chromatin condensation
occurs in specific localized regions within the nucleus,
rather than globally, resulting in an increase in both the
interchromosomal compartment and the spatial heteroge-
neity of staining (27). The confined polymer-gel model
fits exceptionally well in the reversible region observed
experimentally (300–500 mOsm/kg; Figs. 2 and 6 B), sug-
gesting that the mechanism underlying the chromatin
condensation and decondensation is predominantly physico
chemical in nature. Indeed, the rapid onset (<20 s) of this
condensation and reversible recovery revealed by the live
cell imaging is also consistent with this view. This differen-
tiates osmotically induced chromatin condensation from
other mechanisms that modify chromatin architecture,
which are driven by biochemical modification of DNA or
histone tails, for example, and which do not manifest so
pervasively in this short timescale.

For cells preincubated in 320 mOsm/kg medium, the
most marked condensation occurred between 400 and
500 mOsm/kg, suggesting a set-point where chromatin
condensation predominantly occurs (Fig. 1 B). Chromatin
condensation also occurred in cells preincubated in hyper-
osmotic conditions (400 and 500 mOsm/kg) but with a shift
in set-point to a higher osmolality, typically between 400
and 600 mOsm/kg. Interestingly, the set-points fall within
the physiological range of osmolality in unloaded articular
cartilage in vivo (350–450 mOsm/kg) (5) and the osmolality
in the surface and deep tissue after the application of
extended loading (430–470 mOsm/kg) (10). Accordingly,
the chromatin within the nuclei of articular chondrocytes
is likely to be subjected to transition between states of
greater and lesser condensation during periods of extended
loading and unloading. Interestingly, the shift in the range
of osmolality where condensation predominantly occurs
for cells preincubated at 400 mOsm/kg, a physiological
level for chondrocytes, suggests an adaptation of the
cells to their in situ osmotic conditions that may reduce
the magnitude of load-induced chromatin condensation/
decondensation phenomena.

Chromatin condensation upon hyperosmotic challenge
and chromatin decondensation upon hypoosmotic challenge
was observed in both the monolayer and three-dimensional
agarose-seeded chondrocytes experienced. However, differ-
ences in other aspects of nuclear morphology were noted. In
Biophysical Journal 104(4) 759–769



FIGURE 6 (A) Images of monolayer-cultured chondrocytes expressing

H2B-GFP in an isoosmotic environment (300 mOsm/kg), followed by

hyperosmotic challenge (700 mOsm/kg), which was then brought back to

the isoosmotic conditions. Images were thresholded using the iterative

self-organizing data algorithm (bar, 5 mm). (B) Normalized change of the
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the three-dimensional agarose specimens, hyperosmotic
challenge induced significant deformation of the nucleus
in both axial and lateral planes (X-Y-Z). By contrast, in
monolayer specimens, significant nuclear deformation was
only observed in Z axis (nuclear height). This suggests
that the nuclear envelope is constrained in the axial (X-Y)
plane in monolayer, potentially associated with the major
differences in cytoskeletal organization known to exist
between chondrocytes in monolayer and agarose (49).

However, the rapid changes in chromatin condensation
level upon osmotic challenge were not associated with alter-
ations in the actin-cytoskeletal organization (Fig. 6 D, and
see Fig. S7, Fig. S8, and Fig. S9), which is in contrast
with the previous observations on chondrocytes with
rounded morphology (21,23), and it suggests a direct effect
of osmotic challenge on the nucleus that is not mediated via
earlier alterations to the cytoskeleton. The nucleus in cyto-
skeleton-disrupted epithelial cells has been found to be
four-to-fivefold more rigid in micropipette aspiration upon
condensation with divalent salts in ionophore-treated cells
(50), which is consistent with the decrease seen here in
dr/dP above the physiological range of osmotic stress
(Fig. 2, inset).

Interestingly, upon hyperosmotic challenge, an irregular
deformation of the nuclei in three-dimensional agarose-
seeded chondrocytes was observed, in contrast to the
uniform shrinking of the cell. Finan and Guilak (51) previ-
ously suggested that the nuclear deformation is a direct
response of the change in osmolality within the cytoplasm,
which increases the osmotic pressure inside the nucleus.
According to this model, irregularity suggests that there
are regions around or within the nucleus that are more
susceptible to deformation (for example, crowding of cyto-
plasmic organelles, such as the endoplasmic reticulum, the
membranes of which are contiguous with the outer nuclear
membrane; due to fluid extrusion, may compress the nucleus
at particular locations). The effect may also be associated
with the regional heterogeneity of chromatin condensation
in isoosmotic conditions and/or with hyperosmotically
induced condensation. With hypoosmotic challenge, the
nuclear volume increases to a lesser extent than the cell
volume (Fig. 4 D), which suggests that the swelling of the
nucleus is somehow restricted (for example, due to struc-
tural limitations imposed by the nuclear envelope/lamina
and the cytoskeleton).
chromatin condensation parameter quantified from live chondrocytes

due to osmotic challenge for 15 min (900 s) followed by a return to isoos-

motic conditions for an additional 15 min. The chromatin condensation

parameter quantification was acquired from the XY average projection

images. (C) Normalized change of the nuclear height from the live chon-

drocyte due to the osmotic challenge. (D) Average projection images of

monolayer-cultured cells expressing actin-RFP and H2B-GFP fusion-

protein in an isoosmotic environment, followed with hyperosmotic chal-

lenge (500 mOsm/kg; bar, 10 mm).
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The functional consequences of osmotically induced
chromatin condensation and decondensation was demon-
strated in the DNA digestion studies. The reduced and
increased rates of DNA digestion for chondrocyte nuclei
subjected to hyperosmotic and hypoosmotic challenge,
respectively, are consistent with altered access of the DNase
I to the DNA backbone with altered levels of chromatin
condensation, as osmolality (alone) does not significantly
impact the digestion kinetics of DNase I on naked DNA
(Fig. 5 B). Moreover, as these studies were performed using
isolated nuclei, clearly osmotically induced chromatin con-
densation can occur in the absence of a functional plasma
membrane and cytosolic compartment. The nuclear enve-
lope does not exhibit the same selective permeability to
low-molecular-weight species such as ions, exhibited by
the plasma membrane. As such, the physicochemical nature
of the chromatin condensation may be driven by the phys-
ical entrapment of large macromolecular components of
the chromatin rather than the restriction of movement across
a membrane of small ions that regulates classic whole-cell
osmotic effects. Moreover, the presence of fixed charge
associated with the chromatin suggests a mechanism poten-
tially more akin to the Gibbs-Donnan effect that is well
documented for aggrecan swelling within cartilage (52).

Upon the reintroduction of isoosmotic medium to the
chondrocytes exposed to 400 and 500 mOsm/kg, the chro-
matin condensation level and nuclear height recovered
rapidly to their original value, indicating the reversibility
of the osmotically induced alteration. These osmolalities
cover the physiological osmotic range and the osmotic range
where chromatin condensation predominantly occurred as
shown earlier in this study. Extended loading of cartilage,
such as in human intervertebral disks over the course of
a day, is known to lower the tissue’s fluid content (6), thus
increasing the osmolality of the tissue. When the load is
removed during resting, rehydration of the tissue occurs,
which restoring osmolality to unloaded levels.

This osmotic cycle, in conjunction with the reversible
nature of the chromatin condensation, suggests that re-
versible chromatin condensation and decondensation events
likely occur during the cartilage daily loading cycle. When
the isoosmotic medium was reintroduced to the chondro-
cytes exposed to 100 and 700 mOsm/kg, the chromatin
condensation level and the nuclear height was not restored
to the original values. Interestingly, reintroduction of
isoosmotic medium, for cells incubated in 100 mOsm/kg
medium, resulted in condensation levels greater than isoos-
motic or hypoosmotic. Thus, incubation in 100 and 700
mOsm/kg medium (osmotic extremes outside the physio-
logical range) may induce alterations to the chromatin
and/or to structural elements in the nuclear lamina or cyto-
skeleton in a manner that is nonrecoverable, which may lead
to apoptosis (53,54).

In summary, hyperosmotic and hypoosmotic challenges
induce rapid chromatin condensation and decondensation,
respectively. These effects predominantly fall within a
narrow, physiological range of osmolalities and are rapidly
reversible within this range, suggesting these phenomena
are relevant to the in vivo state. The excellent agreement
between experimental data and the polymer-gel model
coupled with rapid nature of the chromatin condensation
indicate that these effects are predominantly a physico-
chemical phenomenon. The known relationship between
chromatin condensation and gene silencing suggests
that osmotically driven condensation phenomena may regu-
late transcriptional activity in chondrocytes under various
loading regimes.

Moreover, pathologically induced changes in osmolality
may induce profound alterations in chromatin condensation
within both the loaded and unloaded states, with associated
changes in gene expression. Indeed, a recent study from our
group has demonstrated a marked alteration in gene expres-
sion induced by hyperosmotic challenge, including a major
effect on histone expression (55). Further study is required
to elucidate the mechanistic relationship between osmoti-
cally induced chromatin condensation and transcriptional
regulation (for example, to ascertain whether certain gene
loci, critical for chondrocyte survival and homeostasis,
are shielded from the osmotically induced chromatin
condensation). This may involve boundary or insulator
elements, regions of noncoding intergenic DNA that bind
proteins such as CTCF and other trans-acting factors, that
can shield loci from the effects of regulatory regions of
neighboring genes and higher-order chromatin structure
(56,57).

It is tempting to speculate that the physical limitations
imposed on the nucleus by both the lamina and the cytoskel-
eton may be part of this control mechanism; we propose that
this is evidenced by the upper swelling limit demonstrated
by hypoosmotic conditions. These osmotically induced
alterations in nuclear morphology and chromatin structure
present themselves as a potential step in a mechanism that
mediates chondrocyte metabolism upon osmotic challenge.
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