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Abstract

One of the trophic factors that has been implicated in initi-
ating or facilitating growth in response to increased me-
chanical stress in several tissues and cell types is basic fibro-
blast growth factor (bFGF; FGF-2). Although mammalian
cardiac muscle cells express bFGF, it is not known whether
it plays a role in mediating cardiac adaptation to increased
load, nor how release of the cytosolic 18-kD isoform of
bFGF would be regulated in response to increased mechani-
cal stress. To test the hypothesis that increased mechanical
activity induces transient alterations in sarcolemmal perme-
ability that allow cytosolic bFGF to be released and subse-
quently to act as an autocrine and paracrine growth stimu-
lus, we examined primary isolates of adult rat ventricular
myocytes maintained in serum-free, defined medium that
were continually paced at 3 Hz for up to 5 d. Paced myo-
cytes, but not nonpaced control cells, exhibited a “hyper-
trophic” response, which was characterized by increases in
the rate of phenylalanine incorporation, total cellular pro-
tein content, and cell size. These changes could be mim-
icked in control cells by exogenous recombinant bFGF and
could be blocked in continually paced cells by a specific
neutralizing anti-bFGF antibody. In addition, medium con-
ditioned by continually paced myocytes contained signifi-
cantly more bFGF measured by ELISA and more mitogenic
activity for 3T3 cells, activity that could be reduced by a
neutralizing anti-bFGF antibody. The hypothesis that tran-
sient membrane disruptions sufficient to allow release of cy-
tosolic bFGF occur in paced myocytes was examined by
monitoring the rate of uptake into myocytes from the me-
dium of 10-kD dextran linked to fluorescein. Paced myo-
cytes exhibited a significantly higher rate of fluorescein-
labeled dextran uptake. These data are consistent with the
hypothesis that nonlethal, transient alterations in sarcolem-
mal membrane permeability with release of cytosolic bFGF
is one mechanism by which increased mechanical activity
could lead to a hypertrophic response in cardiac myocytes.
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Introduction

The growth response of postnatal mammalian ventricular my-
ocytes to increased mechanical activity or load is limited to cel-
lular hypertrophy, as these cells have lost the capacity to enter
the cell cycle and undergo cytokinesis. This response is associ-
ated with an increase in protein synthesis and cell size. In the
intact animal and in isolated papillary muscle preparations,
physiologic alterations in ventricular loading conditions show a
clear relationship with the degree of hypertrophy elicited (1).
There is also a characteristic reexpression in ventricular mus-
cle of a number of genes associated with cardiac development,
such as atrial natriuretic peptide and, in rodents, an increase in
the ratio of B myosin heavy chain to a myosin heavy chain iso-
forms (2, 3). The reexpression of these genes may be due to a
genetically limited range of responses available to adult ven-
tricular myocytes in the process of adapting to changes in me-
chanical load or activity. It also may reflect in part the activity
of one or more specific trophic factors that initiate and/or facil-
itate the growth response (3).

The nature of the initial signal(s) that transduce an increase
in myocyte mechanical activity or load, and that subsequently
initiate the cellular processes that regulate the transition to hy-
pertrophy, remain unclear. Increased sympathetic nervous sys-
tem activity or thyroid hormone levels may initiate myocyte
growth independent of changes in mechanical activity. a-Adren-
ergic receptor activation, for example, will initiate a cascade of
signaling events, mediated initially by phospholipase C, that
results in an increase in mitogen-activated protein kinase
(MAPK)! activation, increased synthesis of contractile pro-
teins, and a transition to a hypertrophic phenotype (4-9). A
number of other autocrine- and paracrine-acting peptide trophic
factors, which trigger either GTP-binding protein or tyrosine
kinase-linked receptor signaling mechanisms, have also been
shown to activate MAPKs and have been implicated in the
growth response of cardiac muscle (10, 11). Several mecha-
nisms have been proposed that could transduce a change in me-
chanical stress on the cell into a growth signal that could be

1. Abbreviations used in this paper: aFGF, acidic fibroblast growth
factor; BDM, 2.3-butanedione monoxime; bFGF, basic fibroblast
growth factor; DMEM, Dulbecco’s minimum essential medium;
KHB, Krebs-Henseleit bicarbonate; MAPK, mitogen-activated pro-
tein kinase; rhbFGF, recombinant human bFGF.
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mediated in part by increased expression, activation, and re-
lease of one or more of these peptide trophic factors. These in-
clude participation of stretch-activated ion channels (12), al-
terations in the binding of integrin receptors to surrounding
extracellular matrix proteins (13), activation of plasmalem-
mal Ca?* channels that initiate both protein kinase C and
cAMP-dependent growth stimuli (14, 15), and an increase in
internal cytoskeletal tension that may be transferred directly
to the nucleus: for example, the involvement of cis-acting shear
stress-responsive promoter elements in endothelial cells (16, 17).

While evidence exists for each of these mechanisms in sev-
eral cell types, none has been shown conclusively to play a role
in mediating the hypertrophic response to increased mechani-
cal stress in cardiac myocytes. It is possible that increased me-
chanical stress on other constituent cells in cardiac muscle,
such as fibroblasts or endothelial cells in the microvasculature,
for example, could result in the release of paracrine-acting
trophic factors. However, this does not preclude the possibility
that cardiac myocytes also exhibit one or more mechanisms for
directly transducing changes in mechanical load or activity into
an autocrine growth signal.

Both basic fibroblast growth factor (bFGF; FGF-2) and
acidic fibroblast growth factor (aFGF; FGF-1) have been iden-
tified in terminally differentiated, postmitotic adult cardiac
muscle cells, with subcellular localization to the cytoplasm, nu-
cleus, and gap junctions at intercalated disks (18-22). FGFs re-
leased from these cells could act in an autocrine manner or on
neighboring myocytes or other cell types in ventricular muscle.
Both heparin-binding growth factors have been shown to play
an important role during cardiac ontogeny and have also been
demonstrated to elicit a transition to a hypertrophic phenotype
in neonatal ventricular myocytes (23-26). However, none of
the aFGF and bFGF isoforms that have been described to date
have NH,-terminal signal sequences that facilitate protein traf-
ficking through the endoplasmic reticulum and Golgi appara-
tus to classic secretory pathways (27).

Therefore, the mechanism(s) that initiate their release re-
main unclear. In this manuscript, we address the hypothesis
that transient membrane disruptions or changes in sarcolem-
mal permeability, a process that we have termed “membrane
wounding,” may accompany increased myocyte mechanical ac-
tivity and facilitate the release of bFGF (28-30). To test this
hypothesis, we used an in vitro model in which freshly isolated
cardiac myocytes from adult rat ventricular muscle were in-
duced to beat continually by uniform electric field pacing for a
period of several days in a defined medium that contained no
growth-initiating trophic factors. Compared with control, non-
beating, “quiescent” myocyte cultures, paced myocytes re-
leased significantly more bFGF into the surrounding medium
and exhibited an increase in cellular protein content and cell
size, indicative of a transition to a hypertrophic phenotype. A
role for bFGF in this process was assessed using a specific
neutralizing anti-bFGF antibody. The neutralizing antibody
blocked the increase in paced myocyte protein content as well
as a portion of the 3T3 cell mitogenic activity released into de-
fined medium conditioned by paced, but not by quiescent,
adult ventricular myocytes. Finally, the potential role of al-
tered permeability properties induced by continual mechanical
contraction during pacing was assessed by tracking the rate of
uptake into paced and quiescent cells of a fluorescein-labeled
dextran approximately equivalent in size to the 18-kD cyto-
solic isoform of bFGF.
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Methods

Isolation and culture of adult rat ventricular myocytes

Calcium-tolerant cardiac myocytes were isolated from adult rat ven-
tricles as previously described (31). In brief, hearts were rapidly ex-
cised from male Sprague-Dawley rats (175-250 g; Charles River Lab-
oratories, Wilmington, MA) under ether anesthesia, and then
perfused via the ascending aorta with Krebs-Henseleit bicarbonate
(KHB) buffer (110 mM NaCl, 4.0 mM KCl, 1.0 mM CaCl,, 0.9 mM
MgSO,, 0.9 mM K,HPO,, 19.2 mM NaHCO;, and 11 mM glucose)
that had been equilibrated to pH 7.4 with 5% CO,-95% O,. After 5
min of perfusion with KHB buffer, a nominally Ca*"-free KHB
buffer was substituted until beating ceased. At this point, enzymatic
digestion was initiated by perfusing the hearts with nominally Ca?*-
free KHB containing 0.05% collagenase (Worthington Biochem
Corp., Freehold, NJ) and 0.03% hyaluronidase (Sigma Chemical Co.,
St. Louis, MO) until the hearts became flaccid. The atria, great ves-
sels, and valvular apparatus were excised, and the remaining ventric-
ular tissue was minced and further digested in collagenase/hyalu-
ronidase-containing buffer with additional trypsin (0.02 mg/ml; Sigma
Chemical Co.) and deoxyribonuclease (0.02 mg/ml; Sigma Chemical
Co.). After digestion of the ventricular tissue, the cardiac myocytes
were segregated from the nonmyocyte cellular fraction by a series of
differential sedimentation gradient steps through a BSA cushion, as
previously described (31). The final cell suspension, which typically
consisted of at least 95% myocytes, was then resuspended in medium
199 containing Earle’s salts (Sigma Chemical Co.) with 25 mM Hepes
and NaHCO;, supplemented with albumin (2 mg/ml), L-carnitine (2
mM), creatine (5 mM), taurine (5 mM), L-glutamine (1.3 mM), insulin
(0.1 pM), triiodothyronine (0.1 nM), pyruvate (2.5 mM), penicillin
(100 U/ml), streptomycin (100 wg/ml), and gentamicin (100 pg/ml).
This medium, referred to as ACCITT in Ellingsen et al. (32), is
termed “defined medium” throughout this report. These primary my-
ocyte isolates were maintained at 37°C in 5% CO,. The medium was
changed 1 h after plating to remove loosely attached cells, with subse-
quent changes at 24-h intervals.

Continual uniform electric field stimulation of adult

ventricular myocytes

Continual uniform electrical field stimulation was performed accord-
ing to methods previously established in this laboratory (31). In brief,
3-4 X 10° cells were plated on laminin-coated (5 wg/ml) 175-cm? tis-
sue culture flasks (Ezin Flasks; Nunc, Roskilde, Denmark), to which
a custom-designed electrostimulation device using parallel graphite
electrodes was attached. Electrical stimulation was initiated 6 h after
plating and could be continued for up to 1 wk, with medium changes
every 24 h. In all experiments, the stimulation frequency was 3 Hz,
and the stimulus voltage was adjusted according to the pacing capture
rate (which was typically >70% at 0.5 V/cm?). Electrical impulses
were triggered by computer, and the polarity of each successive stim-
ulus was reversed as previously described (31).

Assessment of myocyte phenotypic response to pacing and to
recombinant bFGF
A comprehensive assessment of the cellular response to electrical
stimulation, and to exogenously added recombinant human bFGF
(thbFGF; R & D Systems, Minneapolis, MN), was undertaken.
Morphometric analysis. Isolated myocytes were plated on lami-
nin-coated glass cover slips, which were then placed in stimulation
flasks for continual uniform electric field pacing as described above.
Control myocytes and those exposed to exogenous rhbFGF were
handled in a similar manner, except that pacing was not initiated. At
appropriate time points, stimulation was terminated and the cover
slips were transferred for phase-contrast and digital imaging micros-
copy. For determination of two-dimensional cell area, an observer
blinded to the experimental group of cells being imaged identified the
cell border, and the imaging software calculated the total cellular area
(Inovision Corp., Durham, NC).



Measurement of [PH]phenylalanine incorporation rate. One index
of the rate of protein synthesis in isolated ventricular myocytes was
assessed by determining the rate of incorporation of [*H]phenylala-
nine into total cellular protein. Myocytes were radiolabeled with 2.5
wCi/ml [*H]phenylalanine (New England Nuclear, Bedford, MA) for
6 h. Cells were then washed with a buffered phosphate solution and
harvested in a lysis buffer containing 20 mM Tris-HCI, 0.5 mM
EDTA, 0.3 mM EGTA, 1 mM dithiothreitol (DTT), and 1 wM leu-
peptin (all from Sigma Chemical Co.). The specific activity of
[*H]phenylalanine was determined by scintillation counting of sam-
ples precipitated with 10% TCA (followed by resuspension in 50 mM
Tris buffer), and are expressed in dpm/pg DNA. Cellular DNA con-
tent was determined by a fluorometric assay (33). After cell lysis,
samples were resuspended in a buffer composed of 100 mM Tris, 10
mM EDTA, 1 M NaCl, and 10 pg of the fluorochrome H33258 (Cal-
biochem Corp., Richmond, CA).

Changes in total cellular protein. After precipitation of myocyte
lysates with 10% TCA and resuspension in 50 mM Tris buffer, ali-
quots were removed for determination of cellular protein and DNA
content. Total cellular protein was determined by the Bradford method
using Coomassie Blue (BioRad Laboratories, Melville, NY). Cellular
protein content was normalized to DNA content as noted above.

Effect of pacing on bFGF release by ventricular myocytes

The possible release of bFGF from electrically stimulated ventricular
myocytes and subsequent autocrine actions of this cytokine growth
factor were assessed in three complementary ways. First, the pres-
ence and quantification of the release of trophic substances into the
defined medium by quiescent or paced ventricular myocytes was per-
formed using a 3T3 cell bioassay. 15 min before the collection of myo-
cyte-conditioned medium, heparin sulfate (10 pwg/ml; Sigma Chemical
Co.) was added to the medium to facilitate the collection of heparin-
binding peptide growth factors. The medium was then collected and
stored at —70°C for subsequent assay. The myocytes were suspended
as described above and an aliquot was used for assay of DNA con-
tent. The presence of trophic activity in the medium was quantified
by exposing Swiss 3T3 fibroblasts (American Type Culture Collec-
tion, Rockville, MD) plated in 96-well cluster plates to a 200-pL ali-
quot of myocyte-conditioned medium in the presence of 0.5 uCi/ml
[*H]thymidine and 0.5% FCS in Dulbecco’s minimal essential me-
dium (DMEM; GIBCO BRL, Gaithersburg, MD). After 24 h of incu-
bation, the 3T3 cells were washed three times with DMEM and lysed
with 2% Triton X-100. The specific activity of thymidine was deter-
mined by liquid scintillation spectroscopy, and the result was normal-
ized to the myocyte DNA content of the corresponding culture plate
from which the medium was harvested.

Second, the identity of the trophic factor(s) in the myocyte-
conditioned medium was addressed by the addition of a specific
neutralizing anti-bFGF antibody (10 pwg/ml; American Diagnos-
tica Inc., Greenwich, CT) or a nonspecific rabbit polyclonal IgG
preparation (10 pg/ml, rabbit reagent grade IgG; No. 15006;
Sigma Chemical Co.). In these experiments, FCS (10% vol/vol)
added to the defined medium served as a positive control growth
stimulus.

Third, bFGF release was measured directly by ELISA by one
co-author (P. L. McNeil) who was blinded to the experimental
group of origin of each conditioned medium sample. After 24 h of
culture, heparin (10 wg/ml) was added to each flask for 15 min,
after which the myocyte-conditioned medium was collected, cen-
trifuged to remove nonadherent cells and cellular debris, and
maintained at 4°C in the presence of 5 pg/ml aprotinin, 5 pg/ml
leupeptin, 1 pg/ml pepstatin, and 1 mmol/L phenylmethylsulfonyl
fluoride. ELISA measurements were performed with a kit, ac-
cording to the manufacturer’s instructions (bFGF ELISA Kkit;
Wako Bioproducts, Richmond, VA). The amount of bFGF was
determined by comparison with a standard curve constructed on
the same 96-well plate by using purified recombinant human
bFGF.

Fluorescein-dextran incorporation by continually

paced myocytes

To test the hypothesis that transient alterations in sarcolemmal per-
meability could facilitate release of cytosolic bFGF during beating,
isolated ventricular myocytes were electrically stimulated in defined
medium containing 2.5 mg/ml fluorescein-labeled dextran. Dextran
(mol wt 10,000; Sigma Chemical Co.) was labeled with fluorescein as
previously described (34). After continual uniform field stimulation
for 24, 48, or 72 h, uptake of the labeled compound was assessed by
FACS®. Paced and quiescent control myocytes plated directly onto
tissue culture flasks were removed by gentle trypsinization (2%
trypsin, 50 mM EDTA; Sigma Chemical Co.). The detached cells
were collected by centrifugation and then washed twice with defined
medium to remove excess fluorescein-labeled dextran. Well-mixed
aliquots were then examined by FACS® to determine the relative flu-
orescence of each treatment group. Each FACS® run examined
~ 10,000 cells.

Statistical analysis

All data are presented as means=SEM. Comparisons between
groups were performed by unpaired Student’s t-test or Mann-Whit-
ney U test for data that were not normally distributed. Analysis of
variance was used to identify differences among multiple groups, and
post hoc analysis was performed by Scheffe’s test. The null hypothesis
was rejected at P < 0.05.

Results

Effects of continual electric field pacing on adult ventricular
myocyte phenotype. Stimulation of contractile activity by con-
tinuous uniform electrical field stimulation was associated with
marked alterations in cellular phenotype and growth after 96 h
of isolation and plating. For the first 48-72 h after initiation of
pacing, although some alterations in myocyte electromechani-
cal function have been documented previously (31), there
were no marked changes in cell morphology or size compared
with parallel control cultures of nonpaced adult ventricular
myocytes also maintained in defined medium, although some
paced cells exhibited rounding at the cell ends. As previously
noted (31, 32), when cells were allowed to “recover” for a min-
imum of 6 h after isolation before initiation of the pacing pro-
tocol, there was no difference in cell survival or in the percent-
age of rod-shaped cells (i.e., ~ 70-75% of cells) at 72 h.

By the fourth day in culture, however, many paced myo-
cytes began to lose their cylindrical, rod-shaped appearance,
sending out “ruffles” or pseudopod-like extensions from the
ends, and to spread on the culture plate (Fig. 1). After 96 h of
stimulation, as shown in Fig. 2, electrically paced myocytes
were 37% larger in area than quiescent controls followed for
the same time interval (5,604+251 vs 4,082 *153 pixels, re-
spectively; n = 54 and 53 cells; P < 0.05). This growth re-
sponse associated with contractile activity was also reflected by
an increase in phenylalanine incorporation, as estimated by the
rate of radiolabeled phenylalanine incorporation, and by an
increase in total protein content normalized to DNA content.
After 24 h in culture, [*H]phenylalanine incorporation was sig-
nificantly greater in paced, contracting myocytes compared
with nonpaced controls (Fig. 3 a). Electrically paced myocytes
also had a significantly higher total protein content normalized
to DNA content than quiescent control cells (Fig. 3 b).

Role of bFGF in mediating the hypertrophic response to
continual pacing. bFGF is among the trophic factors known to
be present or synthesized by cardiac myocytes. Exogenous
rhbFGF (10 ng/ml) caused an increase in the size of quiescent
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Figure 1. Continual pacing induces alterations in adult rat ventricular
myocyte phenotype. Unlike nonpaced, quiescent primary isolated
adult cardiac myocytes maintained in serum-free defined medium (a),
myocytes maintained in the same medium that have been continually
paced at 3 Hz after 72 h begin to exhibit morphologic changes that in-
clude an increase in cell size, manifested initially as the formation of
membrane ruffles at the ends of the cells at the sites of the former in-
tercalated disks, followed by generalized cell spreading (b). Both
phase-contrast photomicrographs were taken after 96 h in culture at
X100.

nonpaced myocytes at 96 h (5,225+208.8 pixels; n = 65 cells)
that was not significantly different from that observed in paced
cells maintained in defined medium alone (Fig. 2). Exogenous
bFGF increased by over threefold the rate of [PH]phenylala-
nine incorporation in nonpaced quiescent myocytes (Fig. 3 a)
and also resulted in a significant increase in total protein con-
tent normalized to DNA at 24 h (Fig. 3 b).

To test the hypothesis that the hypertrophic response of
myocytes exposed to continual electrical stimulation was medi-
ated by an increased release of bFGF, the rate of PH|phenyl-
alanine incorporation and changes in total cellular protein con-
tent were determined in paced cells in the presence of either a
neutralizing rabbit anti-bFGF polyclonal IgG preparation or a
nonspecific rabbit polyclonal IgG added to the defined me-
dium. Although there was a trend towards a reduction in
[*H]phenylalanine incorporation into paced cells treated with
anti-bFGF antisera compared with paced cells incubated with
the nonspecific control IgG preparation, this did not reach sta-
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Figure 2. Continual pacing and exogenous rthbFGF increase cardiac
myocyte size as assessed by digital imaging microscopy. Control, qui-
escent adult rat ventricular myocytes were cultured in defined me-
dium alone or in the presence of thbFGF (10 ng/ml) (c) for a period
of 96 h, and their rate of growth was compared with that of parallel
cultures of either quiescent control adult rat ventricular myocytes in
defined medium (a) or myocytes that were continually paced at 3 Hz
(b). The medium was changed every 24 h in the three experimental
groups. The two-dimensional size of each cell examined was deter-
mined by phase-contrast microscopy and digital imaging software op-
erated by an observer blinded to the experimental group of origin of
each cover slip examined. 50-60 cells from three separate experi-
ments were examined in each experimental group.

tistical significance (i.e., P = 0.07; Fig. 3 a). However, protein
content normalized to DNA was significantly reduced at 24 h
by the anti-bFGF IgG as shown in Fig. 3 b.

The neutralizing capacity of the anti-bFGF IgG prepara-
tion was supported by separate experiments in which the
[*H]phenylalanine incorporation rate was reduced in non-
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Figure 3. Continual pacing and thbFGF increase [*H]phenylalanine
uptake and total cellular protein content in cardiac myocytes: effect
of anti-bFGF-specific IgG. (a) [*H]phenylalanine incorporation,
measured over 6 h and normalized to DNA content, was examined
after 24 h in control, quiescent myocytes and in continually paced my-
ocytes and in quiescent control myocytes exposed to 10 ng/ml
rhbFGF in the absence or presence of rabbit polyclonal anti-bFGF
IgG (mean*SEM from 4-11 flasks in each group from at least four
experiments). Both paced and rhbFGF-treated cells had significantly
higher rates of [*H]phenylalanine incorporation than control cells
(P < 0.01). Anti-bFGF IgG prevented the increase in [*H]phenylala-
nine uptake by rhbFGF (* P < 0.05) and slowed the rate of [*H]phe-
nylalanine uptake in paced cells (1 P = 0.07). (b) Total protein con-
tent was also determined at 24 h and normalized to DNA content in
the same three experimental groups noted in a. (Mean*=SEM of 7-13
flasks in each group from seven separate experiments.) Paced and rh-
BFGF-treated cells had significantly higher protein contents than
quiescent control cells (P < 0.05). Anti-bFGF IgG significantly
blunted the increase in protein content at 24 h in paced and rhbFGF-
treated myocytes (* P < 0.05). (c¢) Phenylephrine (10 uM) signifi-
cantly increased the rate of [*H]phenylalanine uptake in quiescent
control cells at 24 h (n =three plates; * P < 0.05). The anti-bFGF IgG
had no effect on the increased rate of [*H]phenylalanine incorpora-
tion after phenylephrine.

paced quiescent myocytes treated with both thbFGF and bFGF-
specific IgG (Fig. 3 a). A nonspecific rabbit polyclonal I1gG
preparation used at the same concentration as the neutralizing
anti-bFGF IgG had no effect on the growth response of quies-
cent adult ventricular myocytes exposed to thbFGF (4,845+
1,403 cpm/p.g DNA per 6 h; n = three flasks from two separate

experiments). This nonspecific rabbit IgG preparation had no
effect on the rate of [*H|phenylalanine incorporation in either
quiescent control myocytes or continually paced myocytes
(data not shown).

Measurements of total protein content normalized to DNA
content in cells treated with thbFGF and either the specific
bFGF neutralizing antibody or a nonspecific Ig were also con-
sistent with these data. As expected, the anti-bFGF-specific
antibody prevented an increase in total protein content in qui-
escent, nonpaced myocytes exposed to 10 ng/ml rhbFGF (Fig.
3 b), whereas the polyclonal rabbit IgG had no effect (38893
mg/pg DNA; n = three plates). As with [*H]phenylalanine up-
take, there was no significant effect of the nonspecific poly-
clonal IgG on total protein content in control, quiescent myo-
cytes or in continually paced myocytes.

To verity that the polyclonal anti-bFGF IgG did not inhibit
the growth response of adult rat ventricular myocyte prepara-
tions to other hypertrophic stimuli, quiescent nonpaced myo-
cytes were exposed to the a-adrenergic agonist phenylephrine
(10 uM) in the absence or presence of the bFGF-specific anti-
body preparation. As shown in Fig. 3 ¢, the rate of [*H]phe-
nylalanine incorporation was higher in phenylephrine-treated
myocytes regardless of whether the anti-bFGF IgG were
present. As with the response of quiescent cells to thbFGF,
there was no effect of the nonspecific IgG preparation on the
growth response of quiescent cells to phenylephrine.

Continual pacing induces myocyte release of bFGF. These
data suggested that at least part of the hypertrophic response
of adult ventricular myocytes to a continual pacing stimulus
was due to bFGF. To determine whether there was evidence
for bFGF release into the extracellular matrix or medium,
Swiss 3T3 cells were exposed to defined medium conditioned
by either control or by electrically stimulated myocytes for 24 h.
As shown in Fig. 4 a, 3T3 cells exposed to defined medium
conditioned by continually paced cells demonstrated signifi-
cantly greater thymidine uptake than medium conditioned by
quiescent myocytes. The magnitude of this increase was ap-
proximately equivalent to the nearly threefold increase ob-
served with 10% FCS, as a positive control. Evidence that this
mitogenic activity was due in part to the presence of bFGF was
provided by experiments in which the addition of the neutral-
izing anti-bFGF antibody to the mitogenic assay system signifi-
cantly reduced the stimulatory effects of medium conditioned
by paced myocytes, whereas a control nonspecific polyclonal
Ig fraction did not significantly lower the rate of 3T3 cell thy-
midine uptake (Fig. 4 b). The addition of either the neutraliz-
ing anti-bFGF or nonspecific polyclonal IgG preparations to
culture medium conditioned by quiescent myocytes also failed
to alter significantly the uptake of labeled thymidine (Fig. 4 ¢).
In addition, neither Ig preparation had any effect on the rate
of [*H]thymidine incorporation into 3T3 cells incubated in
10% FCS (data not shown).

To confirm the presence of bFGF in the medium condi-
tioned by paced myocytes, bFGF was measured directly by
ELISA. The bFGF concentration in the medium of quiescent,
control myocytes 24 h after plating was at or below the limit of
detection of the assay (9.9+2.9 pg/ml; n = three flasks). The
bFGF concentration in electrically paced myocyte-conditioned
medium that also contained 10 mM 2.3-butanedione mon-
oxime (BDM) to slow cross-bridge cycling and inhibit excita-
tion—contraction coupling also had little or no detectable
bFGF at 24 h (3.1+3.0 pg/ml; n = three flasks). In contrast, the
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bFGF content of medium conditioned by paced myocytes in
the absence of BDM at 24 h was 97736 pg/ml (n = two
flasks).

Effects of pacing on the rate of fluorescein-dextran uptake
into cardiac myocytes. To determine whether continual con-
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Figure 4. Medium conditioned by continually paced ventricular myo-
cytes increases [*H]thymidine uptake into 3T3 cells. (a) Defined me-
dium conditioned by either quiescent control or continually paced
cardiac myocytes for 24 h was harvested after the addition of heparin
sulfate (10 pg/ml) and aliquots were placed on subconfluent 3T3 cells
maintained in DMEM with 0.5% FCS. The [*H]thymidine incorpora-
tion over 24 h normalized to the DNA content of the myocyte culture
from which the medium was harvested is shown (mean*SEM of 12
samples from three independent experiments; * P < 0.01). The effects
of a neutralizing specific anti-bFGF antibody or a nonspecific Ig
preparation were examined on the [*H]thymidine uptake over 24 h
into 3T3 cells incubated in medium conditioned by paced cells (b) or
quiescent cells (¢). In both b and ¢, the data for both the anti-bFGF
neutralizing antibody and the nonspecific Ig preparation have been
expressed as a percentage of the [’H]thymidine uptake into 3T3 cells
exposed to medium conditioned by paced and by quiescent control
cells, respectively. (Mean*=SEM; n = 4-6 replicates in each group
from three independent experiments; *P < 0.05).

286 Kaye, Pimental, Prasad, Miiki, Berger, McNeil, Smith, and Kelly

tractile activity could induce alterations in membrane per-
meability that could facilitate the release of cytosolic bFGF,
adult rat ventricular myocyte primary isolates were paced in
defined medium containing fluorescein-labeled dextran (mol
wt ~ 10,000 kD). Both paced and nonpaced cells exhibited up-
take of fluorescein-dextran when examined after 24 and 48 h,
as shown in the representative photomicrographs in Fig. 5, ¢
and d. Fluorescein-dextran uptake into paced cells was greater
at 72 h compared with quiescent control cells and appeared to
be homogeneously distributed, consistent with uptake into the
cytosol. In contrast, uptake into quiescent control cells at 72 h
was less intense and exhibited a punctate distribution consis-
tent with pinocytotic uptake of the fluorescently labeled dex-
tran and compartmentation within the cell. The phase-contrast
photomicrographs of these cells (Fig. 5, @ and b) also demon-
strate the rounding at the cell ends that is characteristic of
some paced cells at 48 h compared with the consistent rod-
shaped morphology of quiescent cells.

Paced myocytes exhibited a consistently higher mean cellu-
lar fluorescence at 24 and 48 h, as assessed by FACS®, than
control quiescent myocytes that had also been incubated in
medium containing fluorescein-labeled dextran (Fig. 6, a and
b, respectively). A gradual, but much slower, increase in fluo-
rescein-dextran uptake was also apparent in quiescent cells

Figure 5. Fluorescein-dextran uptake into quiescent and continually
paced adult ventricular myocytes. A phase-contrast photomicrograph
of (a) quiescent control and (b) continually paced (3-Hz) adult rat
ventricular myocytes maintained in a defined medium containing 2.5
mg/ml of fluorescein-labeled dextran (10 kD) 72 h after isolation and
initiation of primary cultures. Quiescent cells retain their rod-shaped
appearance, whereas continually paced myocytes exhibit early evi-
dence of cell growth and spreading at the sites of the intercalated
disks. Fluorescence photomicrographs of the (c¢) quiescent control
cell and (d) continually paced myocyte illustrated in a and b are also
shown. Fluorescein-dextran uptake into the paced cells exhibits a
more uniform, homogeneous appearance consistent with cytosolic lo-
calization compared with the rod-shaped, nonpaced cell. X400.



over time. The difference in fluorescent intensities of paced
and control quiescent cells ranged from ~ 50-fold (Fig. 6 a) to
threefold (Fig. 6 ¢) and varied among primary cultures and
among different batches of fluorescein-labeled dextran.

To determine whether mechanical activity was required in
addition to membrane depolarization to facilitate fluorescein-
dextran uptake, the L-type Ca?* channel antagonist verapamil
(10 uM) was used to prevent Ca?*-induced sarcoplasmic retic-
ulum Ca?* release and contraction. As shown in Fig. 6 ¢, vera-
pamil consistently reduced the rate of fluorescein uptake into
myocytes exposed to continual uniform electric field stimula-
tion below that observed in quiescent control cells. Addition of
10 mM BDM also prevented an accelerated rate of fluores-
cein-dextran uptake in paced cells at 24 h that was not differ-
ent from that observed in quiescent control cells in one experi-
ment (data not shown).

Discussion

Continual pacing and cardiac myocyte phenotypic adaptation
to primary culture. Postmitotic adult ventricular myocytes
have not been amenable to long-term primary culture unless
maintained in serum-containing medium. As originally de-
scribed by Claycomb and Palazzo (35), these cells undergo a
sequence of phenotypic adaptations that includes a loss of
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their rod-shaped morphology and an increase in cell size, the
reexpression of a number of fetal genes including atrial natri-
uretic peptide (36), and, eventually, spontaneous contractile
activity. Quiescent, freshly isolated adult ventricular myocytes
can be maintained in defined medium for ~ 10-14 d before the
majority of cells begins to atrophy and subsequently to un-
dergo irreversible contraction, cell detachment, and death, al-
though a decline in contractile responsiveness to electrical pac-
ing can be detected within 24 h (31). Initiation of continual
uniform electric field pacing at physiologically relevant fre-
quencies (=3 Hz) can mitigate some of the decline in contrac-
tile function noted in quiescent cells, and it was anticipated
that this technique would permit less atrophy and longer sur-
vival for adult cardiac myocytes maintained in defined me-
dium (31, 32).

As we have described previously, there are no gross mor-
phologic differences between paced myocytes continually paced
at 3 Hz and control quiescent cells maintained in defined me-
dium until 48 h. However, by 96 h, the majority of continu-
ously paced cells had undergone a visible shift in phenotype,
increasing in cell size and exhibiting formation of pseudopod-
like structures or ruffles emerging from the regions of the in-
tercalated disks at the cell ends (Fig. 1). Similar changes in cell
morphology have recently been reported in adult feline ven-
tricular myocytes continually paced at 1 Hz for 7 d in defined

Figure 6. FACS® analysis of fluorescein-labeled
dextran uptake into paced and quiescent ven-
tricular myocytes. (a) Continually paced adult
rat ventricular myocytes (shaded curves) and
control quiescent cells (open curves) were main-
tained for 24 (a) and 48 h (b) in defined medium
containing fluorescein-labeled dextran (average
mol wt 10,000). After several washes, the cells
were harvested from the tissue culture plate and
analyzed by FACS®. (c) Continually paced myo-
cytes were incubated in the presence and ab-
sence of 10 wM verapamil and fluorescein-
labeled dextran for 48 h before harvesting for
FACS® analysis. P, paced myocytes; PV, paced
myocytes with verapamil; O, quiescent myo-
cytes; QV, quiescent myocytes with verapamil.
The two quiescent myocyte curves (i.e., Q and
QV curves) largely overlap. Arbitrary fluores-
cence units are shown on the abscissa and cell
number on the ordinate. Approximately 10,000
cells were analyzed per FACS® run. These ex-
periments were performed three times (at 24
and 48 h) with similar results.
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serum-free medium (37). These changes were unexpected (by
us) and resembled the early stages of phenotypic adaptation of
quiescent adult ventricular myocytes cultured in serum-con-
taining medium (i.e., at 24-48 h after isolation) (35, 38, 39).
Since these primary adult ventricular myocyte cultures contain
<5% nonmyocyte cells (31), the paced myocytes themselves
were the likely source of any mitogenic or growth-promoting
activity present in the extracellular matrix or medium.

In vitro models of cardiac myocyte hypertrophy. A number
of in vitro techniques have been described that model myocyte
growth responses to hypertrophic stimuli. These usually have
been based upon the administration of trophic agents such as
a- and B-adrenergic receptor agonists (4-9), angiotensin IT (11,
40, 41), endothelins (42, 43), FGFs (10, 22, 24, 25), or insulin-
like growth factor-1 (44). While many of these serve as useful
cellular models, with the possible exceptions of catecholamine-
induced hypertrophy and that associated with hyperthyroidism
or acromegaly, their relevance to ventricular hypertrophy in
vivo, particularly in the context of increased mechanical stress
or load, remains to be determined.

Passive stretch alone has also been shown to trigger sev-
eral signal transduction pathways that result in hypertrophic
adaptation in neonatal rat and adult feline cardiocytes (1, 45—
47). This paradigm for modeling the growth-promoting and
mitogenic effects of cell stretch or increased shear stress has
been confirmed in other cells exposed to external loads, in-
cluding fibroblasts (48), endothelial cells (16), skeletal muscle
(49), and vascular smooth muscle cells (50). In spontaneously
beating neonatal and ventricular myocyte cultures, and in
neonatal and adult rat ventricular myocyte preparations that
are paced using an electric field stimulation technique, the
importance of mechanical activity for hypertrophic adaptation,
as opposed to repetitive sarcolemmal membrane depolari-
zation without electromechanical coupling, has also been
demonstrated. McDermott and colleagues (37, 51) have dem-
onstrated that continually paced adult feline ventricular myo-
cytes exhibit an increase in protein synthesis and content, and
that uncoupling of membrane depolarization from mechanical
contraction, using either verapamil or BDM, an agent that in-
terrupts Ca?*-induced activation of cross-bridge interactions,
prevents both an acceleration of protein synthesis and an in-
crease in myocyte ribosomal RNA content. Kubisch et al. (52)
have also reported that increased immediate early gene tran-
scription in adult ventricular myocytes induced by continual
pacing could also be prevented by BDM. Importantly, Kato et
al. (37) also report that, whereas a small decline (~ 15%) in
protein synthesis rates and total cellular protein content could
be detected in quiescent myocytes during the first week of pri-
mary culture, both protein synthesis rates and total cellular
protein content were significantly higher (by 40-50%) in
paced compared with control myocytes. These data indicate
that, whereas a limited degree of atrophy does occur over 1 wk
in quiescent cells, there is a significant amount of hypertrophic
growth in paced cells.

The link between mechanical activity and hypertrophy,
therefore, is well established. However, the mechanism(s) by
which changes in mechanical force are transduced into intra-
cellular signaling events responsible for hypertrophy in the
myocardium are unclear. Sadoshima et al., in studies of neona-
tal rat myocyte primary cultures, excluded an important role
for stretch-activated ion channels in mediating the induction of
immediate early gene expression in passively stretched neona-
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tal rat myocytes (53). Using cytochalasin D and colchicine,
these authors also excluded a role for actin myofilaments and
microtubules in mediating immediate early gene activation
with passive mechanical stress. These cytochalasin D data may
also exclude an important role for activation of focal adhesion
kinase (pp125FAK) in transducing changes in stress-induced
cell attachment to cell growth (54), at least in neonatal rat car-
diac myocytes.

In a subsequent report, Sadoshima and co-authors pro-
vided evidence that the hypertrophic response of cardiac myo-
cytes to stretch was mediated by a trophic factor released into
myocyte-conditioned medium that appeared to act as an ex-
tracellular autocrine/paracrine growth signal (47). This con-
clusion was drawn from experiments that demonstrated that
culture medium conditioned by neonatal cardiac myocytes un-
dergoing passive stretch was able to induce c-fos expression in
nonstretched myocytes. This c-fos—inducing activity was de-
monstrable in stretched myocyte-conditioned medium with
periods of stretch as short as 1 min. Using a variety of c-fos-
CAT reporter constructs designed around the serum response
element and calcium/cAMP response element of the c-fos pro-
moter, they also demonstrated that the serum response ele-
ment was an important final common site for the induction of
c-fos by stretch (47). This finding is consistent with that of oth-
ers who have observed a link between stretch-induced hyper-
trophy and activation of one or more protein kinase Cs and
MAPKs (55).

bFGF and cardiac myocyte growth. Members of the FGF
family of signaling peptides, including aFGF and bFGF, are
known to be important morphogens and growth regulators
during cardiac ontogeny (23, 26, 56-58). Although both aFGF
and bFGF are present within adult cardiac muscle, their im-
portance in regulating the growth and phenotype of cardiac
myocytes and other cellular components of cardiac muscle in
postnatal development is not well understood.

Both bFGF and aFGF can be detected in freshly isolated
adult rat ventricular myocytes by immunohistochemistry, by
Western analysis, and by immunoassay of mitogenic activity
detected in myocyte cell lysates processed by heparin-Sepharose
affinity chromatography (19-22, 59). In the intact heart, we
have documented increased release by ELISA of both bFGF
and aFGF in the perfusate of adult rat hearts retrogradely per-
fused for 5 min ex vivo in a Langendorff preparation with a
physiologic saline solution containing 10~ M isoproterenol (60).

In confluent serum-starved neonatal rat ventricular myo-
cytes as well as adult rat ventricular myocytes, addition of ex-
ogenous bFGF or aFGF induced activation of MAP kinase ki-
nase (MEKSs) as well as both 42- and 44-kD isotypes of MAPK
(ERK2/ERKT1) (10). Interestingly, exogenous aFGF and bFGF
appear to initiate different patterns of contractile protein gene
expression in serum-starved neonatal rat cardiac myocytes, at
least in terms of a-actin isoforms (25). At least one class of
FGF receptors, termed Flg (or FGF receptor 1), is present in
the sarcolemma of freshly isolated adult rat ventricular myo-
cytes, although receptor number decreases during develop-
ment (22). Speir et al. noted also that the increase in cell size
and the process of phenotypic adaptation of adult rat ventricu-
lar myocytes to long-term growth in serum-containing medium
is accompanied by increased synthesis of both bFGF and
aFGF as well as increased expression of FGF receptor 1 (22).

There are limited data relevant to the role of endogenous
FGF peptides in the developed myocardium. Padua and Kar-



dami (59) demonstrated a doubling of bFGF protein content
in rat hearts after a single exposure to a high but sublethal
intraperitoneal injection of isoproterenol. This was due pri-
marily to an increase in the 18-kD bFGF isoform that was ap-
parent within 24 h and sustained for as long as 6 wk. They also
noted a transient increase in the content of 21-23-kD isoforms
that peaked at 24 h. Particularly intense bFGF staining on im-
munohistochemical analysis was observed surrounding viable
myocytes adjacent to fibrotic areas of myocardium at later
time points. These authors suggested that increased produc-
tion of bFGF was part of the adaptive response of the myocar-
dium to injury, which included a reexpression of some fetal
proteins in myocytes adjacent to areas of necrosis, as deter-
mined by the detection of vimentin in myofibrillar striations (59).

Cardiac myocytes may also be the source of other growth
or trophic factors that could act in a paracrine or autocrine
manner to regulate myocyte adaptation to mechanical stimuli.
Angiotensin II, possibly of myocyte origin, has been impli-
cated in the adaptive response to increased stretch in neonatal
rat myocyte primary cultures (41, 61). The recent demonstra-
tion that expression of angiotensin-converting enzyme is regu-
lated by bFGF in vascular smooth muscle cells suggests a po-
tentially important mechanism linking these two autocrine/
paracrine-acting peptide-signaling factors that may also be rel-
evant to cardiac muscle (62). Continual uniform electric field
pacing also results in increased expression of heparin-binding
EGF-like growth factor in adult rat ventricular myocytes (63).
Addition of exogenous heparin-binding EGF growth factor to
primary isolated adult cardiac myocytes does result in an in-
crease in myocyte total protein content. This trophic factor, in
addition to aFGF, may have contributed in part to the increase
in 3T3 cell mitogenic activity in paced myocyte-conditioned
medium that could not be reversed by anti-bFGF-specific IgG
(Fig. 4 b).

Altered sarcolemmal membrane permeability and bFGF
release. In this report, we have examined the hypothesis that
mechanical activity induced by uniform electric field pacing
causes release of cytosolic bFGF by a process of transient
membrane disruptions, or membrane wounding. Altered tran-
sient sarcolemmal permeability sufficient to release bFGF was
inferred from the increased rate of uptake of fluorescein-
tagged dextran, a technique developed for monitoring the up-
take of macromolecules into cells in vitro (34). It is unlikely
that an increase in cellular volume induced by pacing could ac-
count for the changes in fluorescein-dextran uptake assessed
by FACS® analysis illustrated in Fig. 6. This is because we
quantitated fluorescein-dextran uptake in cells after only 24 or
48 h of pacing, time points at which we have not detected any
change in cell size by digital imaging microscopy or any mor-
phologic changes in myocyte phenotype. It is unlikely that con-
tinuous exposure to the alternating polarity electric field or to
repetitive cellular depolarization alone were responsible for
the release of bFGF and the phenotypic changes observed in
paced, beating myocytes, since verapamil-treated myocytes ex-
posed to continual uniform electric field pacing had a rate of
fluorescein-labeled dextran uptake that was significantly less
than that of paced cells. Also, electrically stimulated vera-
pamil-treated myocytes never exhibited morphologic changes,
such as formation of membrane ruffles, that are characteristic
of non—verapamil-treated paced myocytes after 48-72 h in cul-
ture. These data are consistent with the observations of Ivester
and colleagues (51) that interruption of electromechanical

coupling by BDM also prevents immediate early gene tran-
scription and protein synthesis in electrically paced cardiac
myocytes. 10 uM BDM also prevented the release of bFGF
into paced myocyte-conditioned medium, a concentration that
effectively inhibits cross-bridge cycling with relatively little ef-
fect on peak concentration of intracellular free Ca?* of myo-
cyte cardiac transients (64).

It is possible that the sarcolemmal membranes of myocytes
in vitro after enzymatic dissociation are more “leaky” than
those of myocytes in situ. However, the experimental protocol
described here was initiated at least 6 h after myocyte isolation
to permit some recovery from the dissociation procedure to
occur. In our experience (31) and in the data reported by Kato
et al. (37), neither myocyte viability nor the number of rod-
shaped cells differed between paced and quiescent cells after
4-7 d of culture. Also, we have tracked the uptake of rat albu-
min into the beating adult rat heart in situ (60). Using digital
imaging analysis of sections of ventricular muscle stained with
a horseradish peroxidase-linked anti-rat albumin antibody,
there was significantly more albumin uptake in myocytes from
hearts exposed to isoproterenol compared with hearts exposed
to control buffer alone. This intracellular albumin could be lo-
calized to the cytosol by immunogold staining and electron mi-
croscopy (60).

The cellular mechanisms regulating the activity of aFGF
and bFGF are complex and only partly understood. These two
FGFs as well as FGF-9 lack characteristic NH,-terminal signal
sequences necessary for translocation of nascent peptides into
the endoplasmic reticulum for trafficking through the Golgi
apparatus into canonical protein secretory pathways (27). It
has been proposed that cell death or plasmalemmal disruption
are necessary for release of cytosolic FGFs, which could then
act to induce hyperplastic or hypertrophic growth of neighbor-
ing cells. However, FGF-9 can be secreted constitutively by
some cells in vitro despite the lack of a typical NH,-terminal
signal sequence (65). In addition, several members of the FGF
group of signaling peptides, including aFGF and bFGF, have
also been shown to contain nuclear localization sequences
(27). bFGF isoform levels within the cell appear to be post-
transcriptionally regulated through the use of alternative trans-
lation initiation sites (66). Subcellular localization of bFGF in
cardiac myocytes has demonstrated, as in other cell types, that
some of the peptide is localized to the nucleus (22). However,
Wiedlocha et al. (67) reported that uptake and translocation to
the nucleus of an exogenous aFGF fusion protein linked to
diphtheria toxin A fragment could induce DNA synthesis, but
not cellular proliferation, in a cell line that lacked aFGF recep-
tors but that had diphtheria toxin receptors. Cellular prolifera-
tion preceded by tyrosine phosphorylation as well as DNA
synthesis required functional cell-surface FGF receptors. As
these authors note, some FGF isoforms may use two function-
ally linked but independent cell signaling systems.

In addition to several in vitro mechanical techniques for
loading macromolecules into cultured cells, evidence for suble-
thal membrane wounding and release of cytosolic bFGF with-
out cell necrosis has been documented in vivo after strenuous
or eccentric exercise in skeletal muscle (68). Benzaquen et al.
(69) have also shown that sublytic concentrations of the com-
plement C5b-9 complex release a mitogenic activity from hu-
man umbilical vein and bovine aortic endothelial cells into
their culture medium without evidence of severe cellular injury
or cell death. This mitogenic activity could be largely reversed
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by neutralizing anti-bFGF antibodies. Thus, some cells can tol-
erate transient plasmalemmal membrane disruptions sufficient
to allow release of 20-kD cytosolic proteins. Such tolerance
may be conferred by specialized molecular mechanisms that
facilitate membrane resealing. Steinhardt and colleagues (70),
for example, have proposed that transient membrane disrup-
tions may be relatively common events for which repair mech-
anisms must exist. They monitored the magnitude and rate of
fura-2 leakage from sea urchin embryos and from 3T3 fibro-
blasts after cell membrane puncture and determined that re-
sealing required a threshold concentration of external calcium
and participation of regulatory and transport proteins also as-
sociated with the exocytosis of neurotransmitters.

Thus, isolated paced ventricular myocytes appear to re-
spond to increased mechanical activity by releasing cytosolic
bFGF. Within cardiac muscle in situ in the beating heart, un-
der normal physiologic conditions, an equilibrium must even-
tually be achieved between bFGF release and degradation and
between levels of matrix bFGF accumulation and bFGF recep-
tor number and the activity of downstream signaling pathways
in the target cell type(s). With an abrupt or sustained increase
in cardiac work, increased sarcolemmal membrane wounding
may permit a growing accumulation of bFGF within the matrix
that is sufficient to trigger a growth response. The accumula-
tion of bFGF, a potent angiogenic factor, in the extracellular
matrix in vivo could also provide a mechanism for coupling an
adaptive tissue growth response with an increase in blood sup-
ply. This mechanism does not preclude the participation of
other systemic, local tissue, and cellular responses to increased
physiological stress or work; for example, activation of the
sympathetic nervous system or of a local intracardiac renin—
angiotensin signaling pathway. The data reported here also do
not imply that the release of cytosolic FGF isoforms is a uni-
versal mechanism for transducing increases in mechanical ac-
tivity into a growth response, although many different cell
types appear to have evolved mechanisms for preventing irre-
versible cellular injury after transient disruptions in cell mem-
brane permeability sufficient to release molecules the size of
bFGF. Nevertheless, these data support the hypothesis that
some tissues, such as skeletal and cardiac muscle, not only tol-
erate these changes in membrane permeability, but may use
the membrane perturbations as one means of transducing in-
creases in mechanical activity or stress into a chemical signal,
such as bFGF, that facilitates a physiologically appropriate ad-
aptation of cellular phenotype.
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