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Human cardiac valve interstitial cells (ICs) are a het-
erogeneous population of cells, which have been
described as fibroblasts or myofibroblasts and have
some of the characteristics of smooth muscle cells
(SMCs) (1-3). Cultured valve ICs express genes encod-
ing structural components of the cardiac and skeletal
contractile apparatus and the skeletal muscle-specific
regulatory factor myogenin (4). Previously, it has been
demonstrated that cultured valve ICs display a pheno-
type similar to that found in the native valve, particu-
larly when seeded in collagen scaffolds (5). These cells
also exhibit a number of specific functions that include
an ability to produce matrix remodeling enzymes, the
secretion of extracellular proteins, and the ability to
contract in response to a range of vasoactive agents (6-

8). These specialized cells have a crucial role to play in
cardiac valve function. Although, initially, heart valve
leaflets were thought to open and close passively, it is
now known that valve movement precedes the onset
of aortic blood flow (9,10). In addition, recent findings
suggest that the cellular components of the valve may
play a role in its dynamic and sophisticated functions,
and may also modulate basal valve tone (11). The
requirement of viable tissue for a fully functioning
valve is illustrated by the superior long-term results
for valve replacements achieved with the Ross proce-
dure in which a living valve is used (12).

The mechanisms through which cells can directly
influence the distribution of tension within the valve
cusp, and thereby affect the function of the valve, have
not been addressed. Interestingly, it has recently been
reported that valve ICs respond to local tissue stress by
altering cellular stiffness and collagen synthesis (13). In
the present study, a culture force monitor (CFM) was
used to investigate the contractile force generated by
valve ICs (14). This device enables quantification of the
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Background and aim of the study: Cardiac valves per-
form highly sophisticated functions that depend
upon the specific characteristics of the component
interstitial cells (ICs). The ability of valve ICs to con-
tribute to these functions may be related to the gen-
eration of different types of tension within the valve
structure. The study aim was to characterize cellular
morphology and the forces generated by valve ICs
and to compare this with morphology and forces gen-
erated by other cell types.
Methods: Cultured human valve ICs, pericardial
fibroblasts and vascular smooth muscle cells were
seeded in 3-D collagen gels and placed in a device
that accurately measures the forces generated. Cell
morphology was determined in seeded gels fixed in
glutaraldehyde, stained with toluidine blue and
visualized using a high-definition stereo light micro-
scope.
Results: Valve ICs generated an average peak force of

30.9 ± 10.4 dynes over a 24-h period which, unlike
other cell types tested, increased as cell density
decreased (R = 0.67, p <0.0001). The temporal pattern
of force generation in mitral valve cells was signifi-
cantly faster than in aortic or tricuspid cells (p <0.05).
Microscopic examination revealed the formation of
cellular processes establishing a cell/cell and
cell/matrix network. When externally induced
changes in matrix tension occurred, the valve ICs -
unlike the other cell types - did not respond to
restore the previous level of tension.
Conclusion: Human cardiac valve ICs produce a spe-
cific pattern of force generation that may be related
to the individual function of each heart valve. The
specialized function of these cells may serve as a
guide for the choice of candidate cells for tissue engi-
neering heart valves.
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development of contractile forces generated by cells
within a three-dimensional (3-D) matrix by producing
a continuous, computer-based force-generation pro-
file. In addition, a tensioning-culture force monitor (t-
CFM) was used to apply precise mechanical loads to
cells in 3-D collagen gels, via a computer-controlled
stepping motor; this enabled the physical response of
cells to changes in their surrounding matrix to be rep-
resented graphically (15). Previous studies have shown
that fibroblasts from different origins produce different
force-generation profiles, which may be related to their
different functions in vivo, and that morphological
changes in cells within the collagen gels at different
time points influenced the profile of the development
of tension in the matrix induced by the cells (14,16-19).

The study aim was to characterize cellular morphol-
ogy and the forces generated by valve ICs in 3-D colla-
gen gels, and to compare this with morphology and
forces generated by other cell types.

Materials and methods

Cell culture
Human valve ICs were cultured from four aortic

valves, two mitral valves, one tricuspid valve and peri-
cardial fibroblasts from two samples of pericardium.
The valves (two aortic, one mitral) and pericardium
were obtained from four explanted hearts (from two
male and two female patients; age range: 2 to 46 years)
at the time of cardiac transplantation, or were removed
during valve replacement surgery (two aortic valves,
one mitral, one tricuspid) in four patients (one male,
three females; age range: 62 to 66 years;). Only non-dis-
eased specimens or non-calcified areas of cusp were
used. The study was approved by the Royal Brompton
and Harefield NHS Trust Ethics Committee, and
patient consent was obtained.

Cells were isolated by collagenase digestion of the
tissue as described previously (3). In addition, vascular
SMCs were obtained from samples of saphenous vein
and cultured using an explant method (20). Cells were
grown to confluence in Dulbecco’s Modified Eagle’s
medium (DMEM; Gibco Chemicals, Paisley, UK), sup-
plemented with 20% fetal calf serum (First Link, West
Midlands, UK), penicillin/streptomycin (150 U/ml)
and 2 mM L-glutamine (Sigma). Cells were passaged
using 0.25% trypsin in 1 mM EDTA (Gibco Chemicals)
and used from passages 4 to 9.

Seeding of collagen gels
The collagen gel was prepared by mixing 4 ml of a 1

mg/ml solution of native acid-soluble type I rat-tail
collagen (First Link) with 0.5 ml of 10× strength
Minimum Essential Medium (MEM; Gibco Chemicals)
and neutralized by the drop-wise addition of 1 M

NaOH. Cells were resuspended in 0.5 ml of supple-
mented DMEM and the gel solution added to give a
total volume of 5 ml with a final cell density ranging
from 0.2 to 1×106 cells/ml. The gel/cell suspension was
poured into a silicone elastomer hydrophobic culture
chamber (75×25×15 mm) containing two attachment
bars made from hydrophilic perforated plastic (Darice,
USA). The gel was allowed to set in a humidified incu-
bator at 37°C, whereupon it became attached to the bars
along its long axis. The gel was then gently released
from the sides of the mold and the culture well filled
with complete DMEM. The bars with the gel attached
floated to the surface of the culture chamber, producing
an almost friction-free bearing surface. The complete
culture system was placed in the CFM in a humidified
5% CO2 incubator at 37°C. Force measurements were
recorded immediately and continued for 24 h.

Culture force monitor
A schematic diagram of the CFM is shown in Figure

1. Calibration and data capture from the CFM have
been described previously (16). In brief, data capture
from the CFM was at the rate of one reading per sec-
ond, and computer software averaged 600 readings to
produce one graphical data point every 10 min.
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Figure 1: Schematic diagram of the culture force monitor
(CFM/t-CFM). Cell-generated contraction of the collagen
gel produces an electrical signal via the force transducer

which is amplified, converted from analogue to digital and
recorded on a computer for later analysis. When used in t-
CFM mode, a separate computer program allows different
loading regimes to be applied to the culture via a stepping

motor that facilitates movement of the CFM base to
increase or decrease the tension in the collagen gel.



Results were normalized to show the amount of force
generated per million cells.

The tensioning-culture force monitor (t-CFM)
The t-CFM utilizes the same force transducer, data

collection system and experimental set-up as the CFM,
but tension can be applied to the cultures via a micro-
processor-controlled microstepping motor (Micro -
mech, Braintree, UK) that moves the CFM base,
thereby increasing the tension within the collagen gel
as it is stretched (15).

Cell morphology
To examine cell morphology over time, CFM experi-

ments were stopped at 1, 2, 8 and 24 h. The gels were
fixed immediately in 1% glutaraldehyde for 24 h at 4°C
and then washed three times with phosphate-buffered
saline solution. For stereomicroscopic examination, the
gels were stained with 1% toluidine blue (destained
with distilled water) and examined with an Edge high-
definition stereo light microscope (Edge Scientific
Instrument Corporation, Los Angeles, USA) (21).

Statistical analysis
The profile of the development of force in each gel

was assessed by calculating the time required to
achieve 50% of the peak force generated by each cell
isolate. Data were expressed as the mean ± SD, and dif-
ferences were analyzed.

Results

Force generated by valve ICs
Valve ICs contracted the collagen gel and generated

force over a 24-h period. The peak force generated

ranged from 21 to 44 dynes per 106 cells, with a mean
value of 30.9 ± 10.4 dynes per 106 cells that was rela-
tively constant within each isolate (n = 7), although
there were some notable differences between isolates.
Every isolate studied showed a contractile curve gener-
ated by cardiac valve ICs, characterized by a rapid and
near-linear increase in force, when most force was gen-
erated, followed by a slower, steady increase in force to
the end of the experiment (Fig. 2). An analysis of the
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Figure 2: Representative contractile curve generated by
1×106 valve interstitial cells (ICs)/ml collagen gel. In this
example the rate of force generation during the initial part
of the experiment was 4.97 dynes/h, producing 61% of the

peak force generated. Following this the rate of force
generation decreased to 1.18 dynes/h.

Figure 3: a) Force generated by valve ICs isolated from four
aortic valves, two mitral valves and one tricuspid valve.

For each isolate an inverse relationship between the
amount of force generated and cell density can be seen; the

peak force/106 cells generated decreased as cell density
increased. (b) Force generated by cells from two saphenous

vein isolates and (c) force generated by cells from two
pericardium isolates: the peak of force/106 cells generated

was increased as the cell density of the gel increased.



force generated by the seven mitral, seven tricuspid
and 11 aortic valve cell isolates showed that the average
time taken for aortic valve cells and tricuspid valve
cells to produce 50% of the peak force was similar at 5.2
± 1.4 and 5.6 ± 2.2 h, respectively. In contrast, mitral
valve cells generated 50% of the peak force in 3.1 ± 1.4
h, which was significantly faster than the other valves
(p <0.05). The time taken to reach 50% of the peak force
was also relatively constant within each isolate.

Effect of cell density on force generated
In order to assess the effect of cell density on the total

force generated by the cells, the number of cells in each
gel was varied from 0.2 to 1×106/ml. The amount of
force generated per 106 cells was seen to increase as the
density of cells decreased (Fig. 3a; R2 = 0.67, p = 0.001).
This inverse relationship between force generated and
cell density was not seen for saphenous vein SMCs
(Fig. 3b), or pericardial fibroblasts (Fig. 3c), where the
amount of force generated per 106 cells increased with
increasing cell number.

Morphological examination of cells
Stereomicroscopic examination of the gels contain-

ing aortic valve ICs at 1 to 8 h (Fig. 4a-c) revealed the
spreading and elongation of cell bodies and the forma-
tion of cellular processes. Examination of the gels at 8
and 24 h revealed extensive cellular process formation
during this time (Figs. 4c and d, and Fig. 5a).

It can be seen from Figures 5b and c that gels seeded
with saphenous vein SMCs and pericardial fibroblasts
displayed smaller elongated bodies. In addition, the
number and length of the processes was not as extensive
as those seen in the gels seeded with aortic valve ICs.
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Figure 4: Morphological examination of aortic valve ICs in
collagen gels stained with toluidine blue: a) 1 h; b) 2 h; c) 8

h; and d) 24 h. Scale bar = 200 µm.

Figure 5: a) Morphological examination of aortic valve ICs
in collagen gels after 24 h in the CFM reveals a network of

cells connected via cellular processes. b) Saphenous vein
smooth muscle cells and (c) pericardial cells do not display

a connecting cellular network. Scale bar = 400 µm.



Effect of increasing the tension within collagen gels
Once tension had stabilized within the gel, increased

force was applied to the matrix via the t-CFM. When
increased tension was maintained, there was very little
or no response by heart valve ICs to the increase in
matrix tension (Fig. 6a). Similarly, pericardial cells did
not respond to an increase in matrix tension (Fig. 6b);
however, saphenous vein SMCs appeared to decrease
the tension in the matrix towards the pre-loaded level
(Fig. 6c). The latter situation is referred to as displaying
‘tensional homeostasis’.

Discussion

The results of the present study revealed unique
properties of valve ICs to form networks of cells within
a collagen gel, and spontaneously to interact with their
matrix and generate contractile forces. Importantly, the
characteristics of this response differ between ICs from
each valve type, as well as from other cell types. The
data demonstrate that an inverse relationship exists
between cell number and force generation, which was
observed only in valve ICs and not in the other cell
types examined. In addition, these cells have a specific
pattern of force generation, both under static conditions
and in response to induced tension. Analysis of the cells
in the gels illustrated their potential for morphological
adaptation as the tension develops.

Cardiac valve ICs are a heterogeneous population of
cells, many of which express the contractile protein
smooth muscle alpha-actin as well as other specific
contractile proteins and muscle transcription factors
(1,3,4,22). A number of factors may influence the
amount of force generated by cells. It is known that
factors such as the nature of the collagen gel affect the
force and rate of contraction, as does the sensitivity of
the force transducer and the way the gels are attached
to the recording equipment (23,24). By using identical
equipment and the same collagen gel as in the present
study, Eastwood et al. (14) reported that dermal fibrob-
lasts produced an average of 45.9 ± 17.5 dynes per 106

cells, a value similar to that found for valve ICs in the
present study. The same authors also reported large
variations in the total force generated by different iso-
lates of dermal fibroblasts, although within each iso-
late the peak force generated was reasonably constant.

In the present study the peak force generated by
valve ICs from the same isolate was also found to be
fairly constant, although large differences were seen
between cells from different isolates. Heart valves con-
tain a mixed population of cells, which have been
described as fibroblasts or myofibroblasts, some of
which share characteristics with SMCs (2,25). In the
present experiments, the decision was made to allow
those cells seeded in the gel potentially to reflect the
cellular heterogeneity of cusp tissue, as the plasticity of
the valve ICs made it impossible to obtain pure popu-
lations of individual cell phenotypes. Whilst there was
a difference in magnitude of the tension generated by
different isolates, the pattern of force generation
remained constant across isolates. This suggests that
factors related to the source of different isolates, such
as the degree of calcification present in the valve or the
age and gender of the donor, may dictate the magni-
tude of the effect seen with each individual isolate.

The present results showed that cardiac valve ICs
generate an initial near-linear increase in force, fol-
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Figure 6: The response of cells to changes in matrix
tension. a) Heart valve ICs and pericardial fibroblasts show

little or no response to changes in matrix tension. b)
Saphenous vein smooth muscle cells clearly respond to the
increase in matrix tension attempting to return the matrix

tension to the pre-loaded level, thereby displaying
‘tensional homeostasis’ (c).



lowed by a continued slow and steady increase in force.
This is unlike the profile of other cell types, which reach
a plateau in their force generation (14). Interestingly,
mitral valve cells generated 50% of the total force sig-
nificantly faster than either aortic or tricuspid valve
cells. As the mitral valve leaflets are subjected to a
unique rising stress profile (26), the present findings
suggest that the functional properties of cells from each
type of heart valve reflect and are suited to the particu-
lar mechanical function performed by each valve.

The results of previous studies have shown that the
force generated by dermal fibroblasts in collagen gels
increased linearly as a function of cell density (27). In
contrast, in the present study, although this was found
to be true for pericardial cells and saphenous vein
SMCs, valve ICs displayed an inverse relationship
between cell density and the force generated. This
effect may be due to the extensive cellular processes
that develop between the valve ICs and between valve
ICs and the matrix, allowing efficient contraction of the
gel by low numbers of cells. The presence of an exten-
sive network of cellular processes has been previously
reported in both human and animal valve leaflets, as
well as in animal cell cultures (2,28,29).

Morphological examination of valve ICs within the
collagen gels indicated that the force generated during
the initial phase was associated with cell spreading,
elongation and process extension. However, the main-
tenance and slower gradual increase in force appeared
to be due to continued and extensive cellular process
formation, thus creating a network of cells within the
collagen gel. Given that heart valve ICs reside in a high-
ly dynamic mechanical environment, the intensive
direct cell-to-cell and cell-to-matrix communication
may reflect a mechanism that contributes to the main-
tenance of tension within the valve cusp during systole.

When subjected to increased levels of tension, the
valve ICs - unlike saphenous vein SMCs - failed to
adjust their tension back to the pre-load levels. This
lack of ability to display tensional homeostasis, which
is seen in other fibroblastic cells, may shield the cells
from the repeated cyclical changes in tension seen dur-
ing the cardiac cycle. Interestingly, pericardial fibrob-
lasts, which are also subjected to the cyclic changes in
force generated by the heart (30), also failed to show
tensional homeostasis. Tensional homeostasis is cell-
mediated, and as such may be related to a regulatory
mechanism whereby the cells respond to mechanical
cues from their environment (15). Subjecting the cells
to an increase in tension may result in an alteration in
cell morphology and/or phenotype, although this was
not investigated in the present study. It has been
shown previously that cusp tissue can generate tension
in response to a wide range of biologically active mol-
ecules, via specific receptor interactions (6). The regu-

lation of valve tone may therefore be directed by exter-
nal stimuli as well as a sensing mechanism by the cells
within the cusp.

The contribution of valve ICs to the complex function
of each heart valve depends on their ability to form a
network capable of generating specific types of force
commensurate with valve function. This property may
be crucial in maintaining valve tissue homeostasis, and
is thus an important consideration when choosing a cell
source for future tissue-engineered constructs. Shinoka
et al. (31) reported that tissue-engineered constructs
populated with dermal fibroblasts failed to maintain
and remodel into a viable valve leaflet. The possibility
exists that only cells which share functional properties,
such as the ability to generate tension as valve ICs, will
be appropriate for the tissue engineering of heart
valves. It will be important for the future success of any
tissue-engineered construct that the cells used respond
to their new in vivo mechanical environment in the
same way as the native cells.

Study limitations
Among limitations, the present study was designed

to assess the response of ICs cultured from human
valves and to compare this response to that of other
cell types. The acquisition of ‘normal’ human valve tis-
sue from which to isolate the cells remains a challenge,
however, and consequently cells were isolated either
from non-diseased valves from transplant recipients or
from non-calcified areas of leaflets from valve replace-
ment patients. In addition, large numbers of cells were
required to populate the gels, which restricted any
ability to validate fully the experimental reproducibil-
ity. A further limitation was the issue of whether cul-
tured cells behave in similar manner to cells in situ.
Here, however, comparison is made between the
responses of valve cells and of cells cultured from
other tissues.

The results obtained, although subject to these limi-
tations, were considered of interest and may have
important implications not only for valve function but
also for tissue engineering.
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