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Abstract

In the present study, we tested the hypothesis that similar to other mechanical loads, notably cyclic stretch (simulating pre-load), glass
microspheres simulating afterload will stimulate the secretion of angiogenic factors. Hence, we employed glass microspheres (average
diameter 15.7 �m, average mass 5.2 ng) as a new method for imposing mechanical load on neonatal rat ventricular myocytes (NRVM) in
culture. The collagen-coated microspheres were spread over the cultures at an estimated density of 3000 microspheres/mm2, they adhered
strongly to the myocytes, and acted as small weights carried by the cells during their contraction. NRVM were exposed to either glass
microspheres or to cyclic stretch, and several key angiogenic factors were measured by RT-PCR. The major findings were: (1) In contrast
to other mechanical loads, such as cyclic stretch, microspheres (at 24 hrs) did not cause hypertrophy. (2) Further, in contrast to cyclic
stretch, glass microspheres did not affect Cx43 expression, or the conduction velocity measured by means of the Micro-Electrode-Array
system. (3) At 24 hrs, glass microspheres caused arrhythmias, probably resulting from early afterdepolarizations. (4) Glass microspheres
caused the release of angiogenic factors as indicated by an increase in mRNA levels of vascular endothelial growth factor (80%), angiopoi-
etin-2 (60%), transforming growth factor-� (40%) and basic fibroblast growth factor (15%); these effects were comparable to those of
cyclic stretch. (5) As compared with control cultures, conditioned media from cultures exposed to microspheres increased endothelial cell
migration by 15% (P�0.05) and endothelial cell tube formation by 120% (P�0.05), both common assays for angiogenesis. In conclusion,
based on these findings we propose that loading cardiomyocytes with glass microspheres may serve as a new in vitro model for investi-
gating the role of mechanical forces in angiogenesis and arrhythmias. 
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Introduction
Endothelial cells composing the inner most layer of blood vessels
experience shear forces exerted by blood flow, which vary in mag-
nitude and pattern, and depend on the flow velocity and vessel
geometry. Shear stress changes result in endothelial-dependent
vascular restructuring including the formation of new vessels
through a process termed arteriogenesis [1]. Additionally, it has

been proposed that endothelial cells communicate with their envi-
ronment, and respond to signals secreted by adjacent tissues
including cardiomyocytes [2–7]. In addition to the mechanical
load-responsive endothelial cells, studies have shown that car-
diomyocytes also participate in the angiogenic response to
mechanical forces. For example, Tomanek’s group [6] has shown
that in neonatal rat ventricular myocytes (NRVM) exposed to
cyclic stretch, the expression of vascular endothelial growth factor
(VEGF) and transforming growth factor-� (TGF-�) was increased.
In recent years several experimental models have been utilized to
impose mechanical load on cardiomyocytes, the most frequently
used were those employing static stretch [8–11] and pulsatile
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cyclic stretch [12–14]. In general, stretching (static or cyclic) car-
diomyocytes increases protein synthesis without altering DNA syn-
thesis (i.e. inducing hypertrophy) or gene expression [8, 14]. In both
models, myocytes are plated on an elastic membrane and stretched
to a longer resting length, statically or in a cyclical manner. Hence, in
these models the stretch is not synchronized with the contraction of
the myocytes, and therefore the load imposed on the myocytes is of
a mixed nature, combining both preload and afterload. 

In an attempt to distinguish between the angiogenic effects of
preload and afterload, and to determine the effect of the latter on the
secretion of angiogenic factors by cardiomyocytes, we utilized a
novel method to mechanically load myocytes during contraction,
thus simulating the in vivo settings of afterload. As will be described
herein, the afterload was induced by spreading on NRVM glass
microspheres that adhered to the myocytes and acted as small
weights carried by the cells during their contraction [15]. Using this
model we found that whereas microspheres did not cause hypertro-
phy or changed Cx43 expression and conduction velocity, the
microspheres increased the expression of several key angiogenic
factors, which are likely to contribute to the mechanical load-
induced angiogenesis.

Methods

Cell cultures

The research conforms to the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health (NIH publication
no. 85-23; revised 1996). 

(i) NRVM cultures prepared as previously described [16] were studied
4–6 days after plating. Twenty four hours before the actual experiment, the
cultures were transferred to serum-free medium with 50%/50% DMEM/F-12
(Biological Industries, Beit Haemek, Israel) containing 2 mM L-glutamine,
0.1 mmol/l BrdU, ITS (Insulin-transferine-sodium selenite media supplement
(Sigma) and penicillin.

(ii) Primary Bovine Aortic Endothelial Cells (BAEC). BAEC were pre-
pared as previously described [17] from bovine aortas. 

Mechanical load induced by glass microspheres
or cyclic stretch

Mechanical load was induced in different NRVM cultures either by cyclic
stretch or glass microspheres.

(i) The cyclic stretch apparatus. NRVM were exposed to cyclic stretch
by an apparatus (Fig. 1A) generously donated to us by Dr. André Kléber
(Department of Physiology, University of Bern, Bern, Switzerland). A com-
prehensive description of the apparatus is provided in ref. 14. In brief,
NRVM were plated onto the surface of a rectangular sheet of silicone mem-
brane (thickness 0.01 inch), the borders of which are fixed to Teflon bars
that can move freely in the x direction along two stainless steel axes. The
two bars are in contact with an elliptical Teflon wheel mounted in the centre
of the apparatus. The silicone membrane was cut to a length that produced

tension slightly above the slack length when the short diameter of the wheel
is in contact with the Teflon bars. The 1.1/1 ratio of the long to the short
diameter of the elliptical wheel produced stretch of 10% during a 90° rota-
tion of the wheel. In the present work, the frequency of the stretch pulsa-
tions (half a wheel cycle) was 3 Hz. 

(ii) Glass microspheres. Glass microspheres (Duke Scientific Corporation,
Palo Alto, CA, USA) were coated with collagen type 1 and spread over spon-
taneously contracting cultured NRVM. The reason for coating the micros-
pheres with collagen type 1 was that this molecule is the predominant matrix
protein of the normal heart. Furthermore, Shaker and co-workers have shown
that cyclic stretch (applied by the same device used here) induced a ~2-fold
increase in Cx43 expression in NRVM grown on native collagen but no
increase in cells grown on fibronectin or denatured collagen. Since the effect
of mechanical load on Cx43 expression was one of the end points of this
study, we limited ourselves to this type of coating [18]. The physical proper-
ties of the glass microspheres are: specific gravity; 2.4 g/cm3, mean diame-
ter; 15.7±1.1 µm, average mass of each sphere; 4.02 ng. Shortly after apply-
ing the microspheres to the cultures, they strongly adhered to the myocytes
surface (Figs. 1B and C), and moved simultaneously with the contracting
myocytes, thus applying afterload as discussed above. Twenty four hours
before application, the microspheres were sterilized for 2 hrs in ethanol 70%,
washed in PBS and immersed overnight in collagen (4 mg/ml) type I solution
(Sigma C-8919) diluted 1:10 in 1 mM acetic acid. Immediately before appli-
cation, the microspheres were washed with phosphate buffer saline (PBS)
and re-suspended in the culture medium. Microspheres were applied at a
density of ~3000 microspheres/mm2, so that when evenly distributed, there
were 1–2 microspheres per a small number of cells (Figs. 1B and C). 

Measurement of intracellular calcium transients
and myocytes contraction

Intracellular Ca2� ([Ca2�]i) transients were measured by means of Fura-
2 fluorescence and the DeltaScan system (Photon Technology
International, PTI) as previously described [19]. In these experiments,
cardiomyocytes were stimulated using platinum wires embedded in the
walls of the perfusion chamber.

Extracellular electrograms recordings using the
Micro-Electrode-Array data acquisition system 

Unipolar electrograms were recorded from NRVM plated on Micro-
Electrode-Arrays (MEA; see Fig. 5A) using the MEA60 system (Multi
Channel Systems, Reutlingen, Germany), as previously described [20, 21].
For the electrophysiological measurements, MEAs were removed from the
incubator, placed in the recording apparatus preheated to 37°C, and electro-
grams were recorded within 1–3 min. To ascertain that these measurements
were performed within the stable period, in addition to the 1–3 min. time
points, conduction velocity was measured at 8 and 10 min after removing
the cultures from the incubator. As we previously reported [21], in control
cultures, conduction velocities, normalized to the value measured at ~2
min., were respectively: 1.02±0.01 at 8 min and 1.03±0.01 at 10 min.
Cultures were paced (STG-series, Multi Channel Systems) via one of the
four pairs of bipolar stimulating electrodes (250 �m � 50 �m) (Fig. 5C),
left panel), by delivering rectangular biphasic impulses (duration 2–3 ms;
�2 threshold intensity) at different stimulation rates. The electrogram
analysis was performed automatically using custom-made MATLAB 
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(MATLAB® 6.5) routines. The local activation time (LAT) at each electrode,
defined as the time of occurrence of the first derivative plot minimum of the
fast activation phase (Fig. 5B), was used to construct activation maps and
calculate conduction velocity. The scalar value of the local conduction veloc-
ity was calculated at each of the array electrodes as previously described
[20, 21]. The value of conduction velocity presented for each measurement
was taken as the mean value of local velocities of all 60 electrodes.

Cell migration assay

The migration assay was performed by means of the ‘cellular injury test’ [22].
Briefly, BAEC were plated to confluence on a gelatin-coated 96-well plate in a
growth medium. Twenty four hours after plating, a wound was performed by
scraping the cells in half of each well with a sterile wooden stick. The cells
were rinsed with growth medium, and 200 µl of conditioned medium obtained

from control cultures, or from cultures exposed to microspheres or cyclic
stretch for 24 hrs, was added to each well. To prepare conditioned medium,
the medium from each experiment was collected, centrifuged for 5 min. and
the supernatant was kept at �20˚C and thawed just before use in the migra-
tion assays. The distance from the cells in front to the edge of each well was
determined using a phase-inverted microscope equipped with a calibrated
eyepiece. The migration rates 24 hrs after inducing the wound were calculated
for each well. The effect of the conditioned medium from the treated cultures
was expressed as fold of the control conditioned medium.

Angiogenesis assessed by tube formation assay

Tube formation of BAEC was conducted as an assay of in vitro angiogene-
sis, as previously described [23]. Briefly, a 24-well plate was coated with
350 µl of Matrigel (Becton Dickinson Labware, Bedford, MA, USA) and was
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Fig. 1 The experimental procedures for
inducing mechanical load by means of cyclic
stretch and glass microspheres in neonatal
rat ventricular myocytes (NRVM) cultures.
[A] Adopted from Ref. 14. Schematic pres-
entation of the cyclic stretch apparatus
designed and built by Dr. André Kléber
(Department of Physiology, University of
Bern, Bern, Switzerland). Horizontal metal
bars (A) glide horizontally on stainless cylin-
drical axes (B) and support the transparent
silicone membrane (C). A segment of sili-
cone tubing (D) was glued on the silicone
membrane to form the walls of the culture
dish in which the neonatal rat myocytes
were seeded and grown. Two clamps (F;
positions indicated by vertical arrows) pro-
duced slight tension along the central axis of
the stretch apparatus and thereby reduced
transverse shrinking to �1%. [B]
Microspheres are spread on the culture. [C]
Cells adhere to the collagen coated micros-
pheres, sometimes completely covering
them (white arrow), to form a single con-
tracting unit. [D] Representative displace-
ment recording of a single microsphere,
obtained by means of a video edge detector.
[E] Calculated force/time relationship from
the displacement graph shown in panel D.
[F] The force generated at different stimula-
tion rates (n � 4–6 myocytes). Fmax, maxi-
mal force; Frms, root mean squares of force
over time.
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allowed to solidify at 37	C for 1 hr. BAEC were seeded on the Matrigel 
(3 � 104 cells per well) and cultured in the presence of 200 µl of condi-
tioned medium (from control or treated cultures). The effect of the condi-
tioned media (following 5 hrs incubation) on the formation of new networks
of tubes was expressed as the number of tubes counted in three fields, in
three different wells, and photographed after 5 hrs. 

Morphological, molecular and immunofluorescence
analyses 

(i) Immunohistochemical staining and analysis. For immunostaining, cul-
tures plated on glass cover slips were rinsed with PBS, fixed for 10 min. in
4% paraformaldehyde in PBS at room temperature and permeabilized on
ice with 0.2% Triton X-100 (Sigma) in PBS. The cultures were blocked with
normal goat serum 10% (Biological Industries, Beit Haemek, Israel) for 1
hr at 37°C. The primary antibodies used in this study were: mouse mono-
clonal anti-
-actinin (Sarcomeric) (clone EA-53, Sigma), and mouse mon-
oclonal anti-Cx43 antibody (MAB 3068; Chemicon International, Temecula,
CA, USA). Secondary antibodies used were CY2-conjugated goat anti-
mouse IgG conjugated with CY5 (Jackson ImmunoResearch Laboratories,
West Grove, PA, USA) for 
-actinin and CY5-conjugated donkey antimouse
IgG (Chemicon International) for Cx43. After blocking, preparations were
incubated overnight at 4	C with the primary antibody. Subsequently, the
cultures were rinsed extensively and incubated with the secondary anti-
body for 1 hr at room temperature. Nuclei were stained using ToPro
(Molecular Probes). F-actin was stained with phaloidin-conjugated with
Alexa 488 (Molecular Probes). 

Confocal microscopy was performed by means of a confocal scanning
laser microscope (Radiance 2000 confocal, Bio-Rad) connected to a Nikon
e600 upright microscope. Analysis was performed using Image-Pro® Plus
version 5 software (MediaCybernetics, Silver Spring, MD). Each recorded
image (150 µm � 150 µm) was obtained using multi-channel scanning,
and consisted of 1024 � 1024 pixels (150 µm � 150 µm). All cultures
were immunolabelled simultaneously using identical dilutions of primary

and secondary antibodies, and scanned under identical scanning parame-
ters. The cellular area was defined as the positive 
-actinin-labelled area
exceeding the threshold of 15 on the 0–255 grey intensity scale. The 

-actinin stained area was automatically identified by the Image-Pro soft-
ware, which measured the occupied stained area within the microscopic
field. For Cx43 analysis, the threshold parameters were chosen and set in
the Image-Pro so that only the densely fluorescence spots representing
Cx43 immunostained gap junctions were selected. The same threshold
parameters were used throughout the analysis. After selecting all gap junc-
tions in a field, the fluorescence intensity of each point, the area of individ-
ual gap junctions and the total number of gap junctions per field, as well
as the total fluorescence intensity (of all selected gap junctions in the field)
were determined. 

(ii) Protein expression analysis by Western blot. Western blot analysis
of Cx43 protein expression was performed on lysates treated with phos-
phatase and protease inhibitors as described previously [21]. Monoclonal
anti-Cx43, recognizing total-Cx43 (Chemicon International, Temecula, CA,
USA) or monoclonal anti-Cx43, recognizing nonphosphrylated-Cx43 (NP-
Cx43) (Zymed Laboratories, San Francisco, CA, USA) antibodies were
used. Immune complexes were detected using the enhanced chemilumi-
nescence detection system (Perkin Elmer Life Sciences, Boston, MA, USA)
with a secondary antibody coupled to horseradish peroxidase (Jackson
ImmunoResearch Laboratories, West Grove, PA, USA), followed by autora-
diography. Cx43 band intensity was quantified by densitometry and nor-
malized to total actin (Chemicon).

(iii) mRNA determination by RT-PCR. Total RNA was extracted from
NRVM cultures using the EZ-RNATM isolation kit (Biological Industries,
Beit-Haemek, Israel) according to the manufacture’s protocol, and the
Reverse Transcriptase (RT) reaction was conducted as described previ-
ously [24], using specific primers (Table 1). The PCR reaction was carried
out under the following conditions. An initial denaturation step at 94°C for
2 min. for all primers, followed by a final elongation step at 72°C for 10
min. The amplified products were analysed by 2% agarose gel and visual-
ized using ultra violet fluorescence after staining with ethidium bromide.
The relative levels of mRNA encoding the above products were quantified
by densitometry and normalized to �-actin mRNA.
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Table 1 PCR primers and protocols  

Genes Primers PCR protocol

ANP Up: 5�- ATG GGC TCC TTC TCC ATC ACC -3� 94°C 30 sec., 58°C 30 sec., 72°C 1 min.

Down: 5�- GTA CCG GAA GCT GTT GCA GCC -3� 35 cycles

VEGF Up: 5�- CCAGCACATAGGAGAGATGAGCTTC -3� 94°C 20 sec., 55°C 30 sec., 72°C 1 min.

Down: 5�- GGTGTGGTGGTGACATGGTTAATC -3� 30 cycles

b-FGF Up: 5�- ACACGTCAAACTACAACTCCA -3� 94°C 15 sec., 55°C 15 sec., 72°C 30 sec.

Down: 5�- TCAGCTCTTAGCA GACATTGG -3� 35 cycles

TGF-� Up: 5�- CTAAGGTGGACCGCAACAAC -3� 94°C 15 sec., 55°C 15 sec., 72°C 30 sec.

Down: 5�- CGGTTCATGTCATGGATGGG TG -3� 35 cycles

Ang-2 Up: 5�- GCAACGAGTT TGTCTC -3� 94°C 45 sec., 55°C 45 sec., 72°C 1 min.

Down: 5�- ACTTTATTCGTATTCTGCTTT -3� 35 cycles

�-actin Up: 5�-GCCATGTACGTAGCCATCCA -3� 94°C 20 sec., 55°C 30 sec., 72°C 1 min.

Down: 5�-GAACCGCTCATTGCCGATAG -3� 30 cycles
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Statistical Analysis

The results are presented as mean � S.E.M. Comparison between multiple
continuous parametric groups was performed using the two-way ANOVA
test, followed by the Bonferroni post-hoc test. Comparison between two
parametric groups was performed using the Student’s t-test for independ-
ent groups. Paired t-test was performed for studying cells before and after
treatment. P values of 0.05 or less were considered statistically significant. 

Results

The experimental model of loading NRVM 
with glass microspheres

Since this is the first report respecting the effects of glass micros-
pheres on NRVM, we describe in depth the changes in morpholog-
ical, molecular and functional aspects of NRVM, prior to demon-
strating that the mechanical load induced by the microspheres
releases angiogenic factors. As described in the Methods section,
the collagen-coated microspheres strongly adhere to the myocytes
(Fig. 1C), and thus move uniformly with the cell surface. Under
these circumstances, the force applied by a single microsphere on
the myocyte can be calculated by measuring the microsphere dis-
placement during the myocyte contraction. As shown by a repre-
sentative experiment (Fig. 1D), the microsphere displacement was
measured using a video edge detector routinely used for measur-
ing myocyte contraction [19]. The force acting on the microsphere
was calculated by multiplying the acceleration by the microsphere
mass (F � m � a) (see the Methods section for the microspheres
physical properties). The microsphere acceleration is the second
time derivative of the displacement � m/s2. Figure 1E depicts a
representative calculated force curve of a microsphere in a culture
stimulated at 1 Hz. Figure 1F shows the force calculated as the val-
ues of the maximal force (Fmax) for each cycle and the root mean
squares (Frms) of the forces during a complete cycle. 

Do glass microspheres cause hypertrophy?

Since various experimental models of mechanical load, including
cyclic stretch cause myocyte hypertrophy [25, 26], we initially
determined whether glass microspheres also cause hypertrophy
of NRVM. 

Cell area measured by �-actinin fluorescence

The first marker measured was cell area, which is commonly used
to assess hypertrophy [27–30]. As described in the Methods sec-
tion, cell area represented by 
-actinin immunofluorescence stain-
ing (Fig. 2A) was measured from cultures in which myocytes were
plated at a low density. As seen in Figure 2B, while cell surface
area increased in both groups during the 24 hrs period (P�0.05),

no difference was found between the control and the micros-
pheres-treated cultures. 

The effect of microspheres on ANP mRNA levels

A common molecular marker of hypertrophy is atrial natriuretic
peptide (ANP), which was shown to be increased by hypertrophic
stimuli such as biomechanical load [27], Fas receptor activation
[24], angiotensin II, endothelin-1 and norepinephrine [31–33]. In
agreement with the lack of change in cell area (Fig. 2B), exposure
to microspheres for 24 hrs did not increase ANP levels (Fig. 2C),
collectively suggesting that the mechanical load induced by
microspheres does not cause hypertrophy of NRVM.

The effect of microspheres on Cx43

Based on the studies showing that cyclic stretch (at 1 and 6 hrs)
in NRVM caused a dramatic up-regulation of Cx43 signal and pro-
tein expression (14, 18), we tested whether a similar effect is
caused by glass microspheres. Figure 2D depicts representative
Western blots for total Cx43 (top), NP-Cx43 (middle) and actin
(bottom) for cultures exposed to microspheres for 24 hrs versus
corresponding control cultures. The total Cx43 antibody recog-
nizes three bands: two major bands at 44 and 46 kD that comprise
two phosphorylated isoforms, and another band at 41 kD that
comprises the NP Cx43. Figures. 2E & 2F depict the summary of
the densitometry analysis for total-Cx43 and NP-Cx43, respectively.
In contrast to the effect of cyclic stretch on Cx43 [14, 18, 34], and
in accordance with the absence of hypertrophy (Figs. 2B and C),
microspheres did not increase the expression of total or NP-Cx43
(Figs. 2E and F). Next, we analysed gap junctional morphological
properties as derived from Cx43 immunofluorescence staining of
control and microspheres-treated cultures (Fig. 3A). Thus, the
microspheres did not affect the number of gap junctions per
microscopic field (150 µm � 150 µm) (Fig. 3B), or the percent of
the microscopic field occupied by Cx43 gap junctions (Fig. 3C).
Further, quantitative analysis revealed no differences in the 
mean fluorescence intensity of Cx43 either per microscopic field
(Fig. 3D) or per individual gap junctions (Fig. 3E).

The effect of microspheres 

on the [Ca2�]i transients and action
potential propagation

The effect of microspheres on [Ca�2]i transients

To further characterize this novel experimental model, we tested
the effects of microspheres on the [Ca�2]i transients (a represen-
tative recording is depicted in Fig. 4C), which were shown to 
be affected by experimental mechanical load [35, 36]. [Ca2�]i

© 2007 The Authors
Journal compilation © 2007 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



2042 © 2007 The Authors
Journal compilation © 2007 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

Fig. 2 The effects of glass microspheres on cell area, atrial natriuretic peptide (ANP) mRNA levels and Cx43 protein expression. (A)
Immunofluorescence analysis of cell area. A representative picture showing combined 
-actinin and ToPro. Magnification �400. (B) Summary of the
cell area analysis based on 
-actinin immunofluorescence staining. In both groups, cell area was similarly increased after 24 hrs. Control, n � 24 cell
groups; microspheres, n � 28 cell groups. At 24 hrs the cell area was expressed as percent change from control (baseline). (C) Microspheres do not
increase ANP mRNA. The upper panel depicts representative blots, and the lower panel depicts quantitative densitometric analysis from control 
cultures and from cultures treated for 24 hrs with microspheres (n � 5). Each value was divided by its corresponding actin value. Values are normal-
ized to control cultures, which are set as 1.0. (D)–(F) Effects of microspheres on Cx43 protein expression. (D) Representative Western blots for 
control (C) and microspheres (M) treated cultures. Samples were probed for total Cx43 (upper panel) and NP Cx43 (middle panel). Equivalency of
loading was verified with an antibody against actin (lower panel). Upper and lower arrows indicate the positions of the 46 and 41 KD bands, respec-
tively. (E and F) Quantitative densitometric analysis of total Cx43 and NP Cx43 expression, respectively. Each value was divided by its corresponding
actin value. Control, n � 16 samples; Microspheres, n � 15 samples (each sample is a pull of 2–3 cultures). 



J. Cell. Mol. Med. Vol 12, No 5B, 2008

2043

transients were recorded from cultures stimulated at 0.5, 1.0, 1.5
and 2.0 Hz. As shown in Figure 4A, the diastolic and the systolic
[Ca2�]i fluorescence ratios were higher in the microspheres group
than in the control group. In addition, the rate of [Ca2�]i relaxation
was slower in the microspheres-treated group compared to control
cultures (Fig. 4B). This decrease in the rate of [Ca2�]i relaxation
(representing removal of free Ca2� ions from the cytosol) may
result in elevation of diastolic [Ca2�]i, which may promote arrhyth-
mias [37]. Indeed, as compared to control cultures (a representa-
tive culture is depicted in Fig. 4C), the [Ca2�]i transients recorded
from NRVM treated for 24 hrs (but not for 1 hr) with microspheres
frequently demonstrated arrhythmias. Since these arrhythmias dis-
appeared as stimulation rate was increased (an example shown in

Fig. 4D), it is likely that they resulted from early afterdepolariza-
tions. In summary, while only one out of the 20 (5%) control cul-
tures had arrhythmias, three of the seven microspheres-treated
cultures were arrhythmogenic (42%, P�0.05 versus control,
Fisher exact test). 

The effect of microspheres on action 
potential propagation

An important functional aspect of NRVM which was shown to be
affected by biomechanical load such as cyclic stretch [14] is con-
duction velocity. In the present study we measured action potential
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Fig. 3 Quantitative analysis of confo-
cal microscopy images of cultures
stained for Cx43. (A) Representative
confocal images of a control culture
(left), and a culture exposed for 24 hrs
to microspheres (right). Scale bar �

40 µm. (B) Number of Cx43 gap 
junctions (GJ) per microscopic field.
(C) Percent of microscopic field occu-
pied by Cx43 positive signal. Mean flu-
orescence intensity (FI) of Cx43
expressed as arbitrary units (AU) per
microscopic field [D] or per each GJ
[E]. Control, n � 8 fields; Microspheres,
n � 10 fields.
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propagation from electrically-confluent NRVM cultures by means
of the MEA data acquisition system, which is based on non-inva-
sive electrogram measurements from NRVM plated on a matrix of
electrodes, 30 �m in diameter and 200 �m apart (Fig. 5A). As
shown in Figure 5B, the extracellular electrogram is composed of a
fast activation phase resulting from action potential upstroke, and
from a pseudo T-wave resulting from the repolarization phase of
the action potential. As previously described [20, 21] colour-coded
activation maps were generated by calculating the mean LAT from
three consecutive action potentials (Fig. 5C), where the red denotes
early activation and the blue late activation. Hence, in this culture,
action potential originated at the stimulating electrodes (repre-
sented by the two black rectangles) and propagated upward, cross-
ing the electrode array within ~8 ms (see colour-coded bar below

the activation map). As seen by the conduction velocities values
beneath the maps (Fig. 5C) and by the summary figure (Fig. 5D), in
agreement with the current work showing that microspheres did
not cause hypertrophy, exposure of NRVM to microspheres for 3,
6 and 24 hrs did not affect the activation patterns or conduction
velocity. This finding also suggests that the microspheres did not
adversely affect the functionality of NRVM. 

Secretion of angiogenic factors by microspheres
and cyclic stretch

To test the hypothesis that mechanical load imposed by micros-
pheres releases angiogenic factors, we determined whether the
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Fig. 4 The effect of glass microspheres
(24 hrs) on [Ca�2]i transients. (A) The
diastolic and systolic fluorescence ratios
recorded from NRVM stimulated at 0.5,
1.0, 1.5 and 2.0 Hz. (B) The rate of [Ca�2]i

relaxation in [Ca�2]i transients generated at
0.5, 1.0, 1.5 and 2.0 Hz. *P�0.05, n � 6
for control, n � 4 for microspheres. (C)
Representative [Ca�2]i transients in control
and microspheres-treated cultures (D).
Panel D shows the disappearance of the
arrhythmias as the stimulation rate is
increased. 



J. Cell. Mol. Med. Vol 12, No 5B, 2008

2045

expression of VEGF (a key angiogenic factor) is increased. Since
we could not detect VEGF protein message (using Santa Cruz anti-
body SC 507, n � 10 experiments, with different Western blotting
conditions), we reverted to measuring VEGF mRNA (using 
RT-PCR) [7, 38] in NRVM exposed to microspheres for 3, 6, 12 and
24 hrs. In agreement with previous reports [6], as shown in a rep-
resentative control experiment (Fig. 6A) VEGF transcripts appeared
as four bands: 121, 145, 165 and 189 KB. To determine which of
the VEGF isoforms are represented by these bands, the product of
PCR reactions of 5 plasmids encoding the five VEGF isoforms (121,
145, 165, 189 and 201 KB) were analysed by electrophoresis.
According to the migration pattern of the five isoforms (Fig. 6B) we
concluded that in NRVM cultures, the upper doublets PCR prod-
ucts represent the 165 KB and 185 KB isoforms and the lower dou-
blets represent the 121 KD and 145 KD isoforms. Since: (1) not in
all of the cultures a satisfactory separation of the VEGF isoforms
could be obtained, and (2) we could not detect one isoform that

was dominant over the others, the level of VEGF expression was
analysed as a cumulative result of all 4 bands. As seen in Figure 6C,
in support of the hypothesis, microspheres increased the VEGF
mRNA levels, peaking at 6–12 hrs and then decreasing at 24 hrs.

Based on the finding that VEGF mRNA expression was increased
by exposure to microspheres for 24 hrs, we determined how the
expression of additional key angiogenic factors, angiopeitin-2
(Ang-2), tumour growth factor-� (TGF-�) and basic fibroblast
growth factor (b-FGF) are affected by microspheres (24 hrs expo-
sure). As seen in Figure 6 microspheres significantly (P�0.05)
increased the expression of Ang-2 (Fig. 6D) and TGF-� (Fig. 6E),
but not of b-FGF (Fig. 6F). For comparison, we determined the
effect of cyclic stretch applied at 3 Hz for 24 hrs, and found that it
increased (P�0.05) the expression of Ang-2, TGF-� and b-FGF
(Figs. 6D–F). We also attempted to detect angiopoeitin-1 (a ligand
for the Tie2 receptor) expression in NRVM, but its low expression
did not allow a reliable analysis. 
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Journal compilation © 2007 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

Fig. 5 Electrophysiological recordings from
control and microspheres-treated NRVM
cultures, using the Micro-Electrode-Array
data acquisition system. (A) A description
of the electrodes layout, and microscopic
structure. (B) A representative electrogram
depicting the two major phases: fast activa-
tion ('QRS-complex') and a slow phase
corresponding to the repolarization of the
action potential. (C) Representative colour-
coded activation maps from a control cul-
ture at baseline, 6 hrs and 24 hrs. The black
rectangles at the bottom of the left map
denote the stimulating electrodes. The cor-
responding conduction velocities (see
Methods for details) are depicted below the
maps. (D) A summary of the conduction
velocity of control cultures (n � 16) and
microspheres-treated cultures (n � 15)
during a 24-hrs follow-up period. 
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Conditioned medium from NRVM 
exposed to microspheres causes 
angiogenesis

To address the question whether the angiogenic factors secreted
by the mechanical load are functional, we tested whether condi-
tioned medium collected from microspheres-treated NRVM
causes angiogenesis. In these experiments, BAEC were incubated
with conditioned medium collected from cultures exposed for 24
hrs to microspheres, pulsatile cyclic stretch or from control

untreated cultures. The effect of the conditioned medium on
endothelial cell migration (a key step towards growing new blood
vessels) was tested using the cellular injury assay. As seen in
Figure 7A, conditioned media from microspheres-treated cultures
increased endothelial cell migration by 15% (P�0.05). Next, we
determined the effect of conditioned medium from microsphere-
treated (compared to control) cultures on tube formation in
endothelial cell cultures, which is a common assay for testing the
angiogenic potential of endothelial cells [23]. As shown by two
representative experiments (Fig. 7B) and by the summary of five
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Fig. 6 The effects of mechanical load on
the transcription levels of VEGF, Ang-2,
TGF-ß and basic FGF. (A) The four bands
representing the 121, 145, 165 and 201 KB
VEGF forms that were induced by 
exposing NRVM to microspheres. (B)
Electrophoresis analysis of five plasmids
encoding the five VEGF isoforms (121, 145,
165, 189 and 201 KB). [C] The time course
of VEGF induction: cultures were exposed
to microspheres for 3, 6, 12 and 24 hrs,
mRNA was extracted, and RT-PCR per-
formed (see Table 1 for details). The
amplified products were normalized to
actin mRNA. The results are expressed as
fold of the control. (D) Ang-2; (E) TGF- �;
(F) b-FGF. In (D)–(F), experimental details
as in (C). * P�0.05, compared to control.
n � 10 experiments. 
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experiments (Fig. 7C), conditioned medium from microspheres-
treated cultures caused a more prominent (P�0.05) tube forma-
tion than the control medium. 

Discussion

In the present study we tested the hypothesis that mechanical load
simulating pressure-overload, which is different from static or
cyclic stretch (simulating preload), can cause the production of
angiogenic factors by ventricular myocytes. Specifically, we inves-

tigated whether mechanical load generated by glass microspheres
on ventricular myocytes can lead to a paracrine interaction
between myocytes and endothelial cells which is capable of gen-
erating new blood vessels.  

The experimental model-induction of mechanical
load by glass microspheres

While a detailed analysis of the physical interactions between glass
microspheres and the myocyte is beyond the scope of this article,
it is evident that the type of force induce by the microspheres is
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Fig. 7 The effect of conditioned media
from NRVM exposed to microspheres on
endothelial cells migration and tube forma-
tion. (A) The effect of mechanical load on
endothelial cells migration (see Methods
for details). The cultures were incubated
with the conditioned media for 24 hrs and
cell migration was determined as the dis-
tance between the non-scraped cells to the
edge of each well. The rate of migration
caused by microspheres-derived condi-
tioned medium is expressed as fold of the
conditioned medium from control cultures.
(B) and (C) The effect of conditioned media
on tube formation. (B) Photomicrographs
of the new tubes following the incubation of
the BAECs cultures for 5 hrs with control
conditioned medium or with conditioned
media from microspheres-treated cultures.
(C) The effect of the conditioned media (fol-
lowing 5 hrs incubation) on the number of
newly formed tubes was expressed as the
number of tubes counted in three fields, in
three different wells. * P�0.05, compared
to control. n � 5 experiments. 
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complex. In principle, the cell is subjected to both shear, as well
as compression and tension loads. If we assume that the micros-
phere and the cell are connected at one rigid point, than a local
shear force is the dominant load. However, in the current experi-
mental settings, the interface between the microsphere and the
cell is distributed along a larger region and in some cases in which
the microsphere is engulfed by the cell membrane, the compres-
sion and tension forces are the dominating forces. In cases where
the dominant force is shear, it is different from shear force that is
caused by flow over the cell outer surface, in that the force is both
local and restricted to the time of cell contraction. Further, the load
imposed on the myocytes acts only during myocyte contraction
regardless of the beating frequency, and therefore by definition,
such a load can be regarded as an afterload. In previous studies,
the major means for exerting mechanical load on cultured
myocytes were static [8–11] and cyclic stretch [12–14]. In these
models in contrast to ours, due to the lack of synchronization with
the myocytes’ contracting cycle, the imposed load was of a com-
bined nature: preload and afterload. Since exerting overload by
means of glass microspheres is not limited to any particular appa-
ratus or bath, and is independent of an external power source, it
allows versatile experimental protocols (in addition to the proto-
cols presented here) such as: (1) sequential, non-invasive moni-
toring of the effect of the mechanical load on contractile (using
video edge detector) and electrophysiological properties by means
of the MEA technology [20, 21]; (2) investigating the effect of
mechanical load on gap junctional or cytoskeletal elements traf-
ficking/migration, by means of time-lapse life confocal
microscopy of GFP-tagged molecules. 

The force generated by glass microspheres 

Recently Wang and co-workers [15]—the first group to utilize
glass microspheres to impose a quantifiable load on isolated
myocytes, calculated the resistive load induced by the micros-
pheres to be in the order of 10-10N/�m2. With an estimated NRVM
dimension of 40 �m � 40 �m, a single microsphere causes a
resistive force of 1.6 � 10-10 Newton. The maximal force acting on
the myocyte by a single microsphere in our model system was cal-
culated to be 2.4 � 10-8 Newton and Frms was 0.85 � 10-8

Newton (at a stimulation rate of 1 Hz). As in our study the micros-
pheres were spread at an estimated density of ~3000 micros-
pheres/mm2, the maximal force imposed per area by the micros-
pheres is 7.2 � 10-8N/�m2. The difference between the two calcu-
lated forces (ours is much larger than Wang’s et al.) may result
from the fact that in the present study: (1) the microsphere den-
sity was much higher (in order to cover a larger area of the cul-
ture); (2) the collagen-coated microspheres strongly adhered to,
and hence moved as part of the contracting cells. In contrast, in
Wang’s study the microspheres were sliding on the myocytes, and
therefore the friction forces played a larger part than the inertial
forces which were the major forces in our model system.

The mechanical load generated 
by glass microspheres does 
not cause hypertrophy

Numerous studies have shown that cyclic stretch of cardiac
myocytes causes hypertrophy which was shown to be mediated by
tyrosine kinases, mitogen-activated protein kinase (MAPKs), pro-
tein kinase C and phospholipases C and D [7, 13, 39–41]. Using an
identical experimental system in NRVM, Zhuang et al. showed that
in addition to the hypertrophic response, cyclic stretch caused a
dramatic up-regulation of Cx43 after only 1 hr, and a further
increase after 6 hrs [14]. In agreement with the lack of hypertrophy
in our study, microspheres did not increase total Cx43 and non-
phosphorylated Cx43 protein expression or the Cx43 fluorescence
signal area and intensity. 

The effects of glass microspheres 
on the [Ca2�]i transients

The main effects of microspheres on the [Ca2�]i transients were
to increase diastolic and systolic fluorescence ratios as well as
to decrease the rate of the relaxation. After 24 hrs, microspheres
also caused arrhythmias which were abolished at high stimula-
tion rates, suggesting that they were triggered by early afterde-
polarizations. We thus speculate that at least some of the above-
mentioned changes can be accounted for by reduced SR Ca-
ATPase activity, shown to occur in ventricular myocytes from
rats which underwent aortic banding [42]. For example, the
increased diastolic [Ca2�]i and the attenuated rate of the [Ca2�]i

transients relaxation can be caused by a decreased rate of Ca2�

uptake into the SR. In agreement with this notion is the genera-
tion of early afterdepolarizations known to be triggered by
increased diastolic [Ca2�]i which promotes membrane potential
oscillations [43, 44].

Glass microspheres do not affect action potential
propagation in NRVM

As the final step in characterizing the experimental model, we
investigated the effect of microspheres on action potential propa-
gation by means of the MEA data acquisition system. As shown in
Figures 5C and D, in agreement with the results described so far
showing that microspheres do not cause hypertrophy, conduction
velocity was not altered throughout the 24 hrs exposure period to
microspheres. In contrast, using identical stretch apparatus
Kléber’s group [14] showed that conduction velocity increased
from 27 cm/sec in control cultures to 35 cm/sec after 1 hr of
stretch and to 37 cm/sec after 6 hrs.
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Glass microspheres release angiogenic factors and
cause angiogenesis: comparison to cyclic stretch

Several studies demonstrated that mechanical loading of cultured
cardiac myocytes causes secretion of VEGF as well as other angio-
genic-promoting growth factors [6, 45, 46]. For example, Zheng
et al. stretched NRVM by means of the Flexercell Stretch Unit, and
found that after 1 hr of stretch, VEGF (but not b-FGF) and TGF-�
increased 2–2.5 fold [6]. As previously proposed, TGF-� mediates
VEGF secretion by cardiac myocytes [47]. In agreement with
Zheng et al., van Wamel et al. showed in the same experimental
system that 4 hrs of cyclic stretch increased the expression of
TGF-� by 21% [48]. Finally, Kléber’s group showed that after 6 hrs
of stretch, VEGF content of the culture medium increased by 
4-fold [45]. In agreement with previous findings, we demonstrate
here (Fig. 6) that mechanical load, other than cyclic stretch,
induced by microspheres, increased VEGF mRNA levels. This 
2-fold increase in VEGF mRNA is compatible with increase in VEGF
protein expression reported previously. In addition to VEGF,
microspheres also increased the mRNA levels of TGF-� and Ang-
2 (the Tie2 ligand), but not of b-FGF. As seen in Figure 6, cyclic
stretch increased the mRNA levels of Ang-2 (in agreement with
Zheng et al. [7]), TGF-� and b-FGF. 

Microsphere-induced secreted factors cause
angiogenesis 

In support of the previous findings, we showed that both cyclic
stretch and microspheres increased the expression of several fac-
tors which have important roles in angiogenesis. In brief, VEGF is
a potent endothelial cell specific mitogen and a critical factor in col-
lateral formation [reviewed in 32, 49, 50]. Ang-2 is expressed
along with VEGF at vascular remodelling sites [6] and probably
blocks the stabilizing action of Ang-1, and thereby contributes to
vascular remodelling. TGF-� is a factor known to be critical for
vascular development is a potent inducer of VEGF and can affect
VEGF expression in an autocrine manner [32]. Finally, b-FGF which

is highly expressed during prenatal and early postnatal periods
was not increased by microspheres. 

A strong support for the notion that microspheres generate
mechanical force capable of releasing angiogenic factors is the
marked increase (~ 3-fold) in tube formation caused by condi-
tioned media collected from microsphere-treated cultures (Fig. 7).
The increased tube formation reported here resembles Zheng’s 
et al. findings. These authors found that after 6–8 days of treat-
ment with conditioned media from stretched NRVM, coronary
microvascular endothelial cells ‘appeared in networks of cords’
[6]. While the authors verified that these cell cords formed tubular
structures by transmission electron microscopy, no quantitative
analysis was provided. A key disparity between the two studies is
that here tube formation was evident as early as 1 hr (data not
shown) after addition of the conditioned media and prominent at
6 hrs, whereas Zheng et al. reported increased tube formation
after 6–8 days; this major difference may result from the fact that
as far as angiogenesis is concerned, conditioned medium from
microspheres-treated NRVM is more potent than that from cyclic
stretched myocytes. 

In summary, we showed that: (1) mechanical load induced by glass
microspheres in NRVM increased the expression of several angiogenic
factors; (2) conditioned medium from microspheres-treated NRVM
caused angiogenesis. These findings support a mechanical load-acti-
vated paracrine interaction between cardiac myocytes and endothelial
cells, which in vivo can contribute to augmented angiogenesis under
conditions of mechanical overload. Finally, based on the results of the
present work, this experimental model can be further employed to
investigate the interaction between mechanical overload, increased
expression of growth factors and angiogenesis.
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