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Abstract
L-type calcium channels are modulated by a host of mechanisms that include voltage, calcium
ions (Ca2+ dependent inactivation and facilitation), cytosolic proteins (CAM, CAMKII, PKA,
PKC, etc), and oxygen radicals. Here we describe yet another Ca2+ channel regulatory mechanism
that is induced by pressure-flow (PF) forces of ~25 dyn/cm2 producing 35–60% inhibition of
channel current. Only brief periods (300ms) of such PF pulses were required to suppress
reversibly the current. Recombinant Ca2+ channels (α1c77/β2a/α2δ and α1c77/β1/α2δ),
expressed in HEK293 cells, were similarly suppressed by PF pulses. To examine whether Ca2+

released by PF pulses triggered from different sub-cellular compartments (SR, ER, mitochondria)
underlies the inhibitory effect of PF on the channel current, pharmacological agents and ionic
substitutions were employed to probe this possibility. No significant difference in effectiveness of
PF pulses to suppress ICa or IBa, (used to inhibit CICR), was found between control cells and those
exposed to U73122 and 2-APB (PLC and IP3R pathway modulators), thapsigargin and BAPTA
(SERCA2a modulator), dinitrophenol, FCCP and Ru360 (mitochondrial inhibitors), L-NAMME
(NOS inhibitor signaling), cAMP and Pertussis toxin (Gi protein modulator). We concluded that
the rapid and reversible modulation of the Ca2+ channel by PF pulses is independent of
intracellular release of Ca2+ and Ca2+ dependent inactivation of the channel and may represent
direct mechanical regulatory effect on the channel protein in addition to previously reported Ca2+-
release or entry dependent mechanism.

INTRODUCTION
It has long been recognized that mechano-electrical feedback (MEF) plays a significant
regulatory role in the physiology of the heart and pathophysiology of aortic stenosis [1],
hypertension [2], cardiac failure [3], dilated cardiomyopathy [4] and sudden death [5].

Perhaps, the best known example of mechanical modulation of heart-function is the Frank-
Starling law of the heart, which states that “Within physiological limits, the larger the
volume of the heart, the greater are the energy of its contraction and the amount of chemical
change at each contraction” [6, 7]. More recent studies have shown that immediately after
cardiomyocyte stretch, action potential shortens, decreasing slightly the accompanying Ca2+
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transient [8], despite the potentiated contraction. The increase in contraction was attributed
to increased affinity of myofilaments to Ca2+ rather than an increase in intracellular Ca2+ [8,
9], but other possibilities that involve titin kinase [10], lattice spacing [11], troponin
cooperativity [12] and changes in ryanodine receptor (RyR) open probability [13] have also
been proposed. The shortening in action potential duration with stretch is thought to result
either from suppression of the calcium current [7], or activation of non-selective or
potassium-selective stretch channels [14].

More recently, pressurized fluid pulses were also shown not only to suppress Ca2+ currents
in voltage clamped cardiomyocytes [15], but also to increase the frequency of Ca2+ sparks in
cell periphery [16] and trigger calcium transients that originate from the mitochondria in
intact myocytes [17].

The mechanisms by which pressure-flow (PF) pulses suppress Ca2+ channel currents remain
still somewhat obscure. Though increased Ca2+ sensitivity of RyR or increased RyR leak
has been suggested to contribute to the suppressive response [15, 18, 19], there appears to be
significant diversity in the fluid pressure effect on L-type of calcium channels in different
cell types (see table 1) [15, 20–25]. In smooth muscle cells, for instance, fluid pressure has
enhancing, rather than suppressing effect on the channels [22, 26]. Other kinds of
mechanical stimuli as positive patch pipette pressure, or hypotonic swelling also are reported
to enhance L-type calcium channel current in smooth cells [22], although such effects
appear to take place in a different time frame that are likely not to be compatible with a beat
to beat modulation of calcium channels in heart cells.

Here we present data showing that fluid pressure accelerates the inactivation kinetics of
Ba2+ transporting Ca2+ channel as it suppresses the channel under conditions where the cells
were dialyzed by either low or high Ca2+-buffered intracellular solutions. As PF-induced
inactivation and blocking of Ba2+ currents were equally effective in low EGTA and high
BAPTA dialyzing solutions and in cells additionally incubated in thapsigargin, it was
unlikely that increased sensitivity of RyR to release Ca2+ was the underlying mechanism for
mechanical sensitivity of the channel. Furthermore, we failed to detect any rise in cytosolic
Ca2+ in voltage-clamped cells associated with pressure-flow pulse. Our data is more
consistent with the idea that a direct mechanically activated intracellular pathway in addition
to mechanically induced Ca2+ release mediates the effect of pressure-flow pulses on ICa.

METHODS
Cardiomyocytes Isolation

Cardiac myocytes were isolated from male Sprague Dawley rats (200–250 g, 7–10 weeks
old) by established enzymatic cell isolation methods, as previously described [27]. Briefly,
rats were deeply anaesthetized with sodium pentobarbital (150 mg kg−1i.p.), and hearts
rapidly excised in accordance with protocols approved by the Animal Care and Use
Committees of the Medical University of South Carolina and University of South Carolina.
The excised hearts were retrogradely perfused at 7 ml min−1 through the aorta, first with
Ca2+-free solution containing (mM): 137 NaCl, 5.4 potassium l-glutamate, 10 Hepes, 1
MgCl2, 10 glucose, pH 7.3 at 37 °C, then with Ca2+-free solution containing Collagenase
(1.4 mg ml−1) and protease (0.16 mg ml−1) for 15–22 min, and finally with a solution
containing 0.2 mM CaCl2 for 8 minutes. The tissue was then cut into several sections and
gently agitated to dissociate the cells. The freshly dissociated cells were stored at room
temperature in solutions containing 0.2 mM CaCl2.
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HEK293 cells cultures and transfection
The cDNAs of Ca2+ channel subunits α1C77-YFP,β1,α2δ were kind gifts of Dr. Nikolai
Soldatov (NIA, Baltimore MD). The β2a cDNA was kindly provided by Dr. Mark E.
Anderson (University of Iowa, Iowa City, IA). HEK293 cells were grown in 6 well plates
using DMEM, 10% FBS (Invitrogen) at 90% confluence and a penicillin 100 U/mL plus
streptomycin 0.1mg/mL (Sigma). Using Lipofectamine™ 2000 (invitrogen) gene
transfection assay, 1–6 μg of each subunit was mixed with a standard amount of
lipofectamine reagent and incubated for about 20 minutes in serum and antibiotic free
media. After incubation, the mixture was transferred to each well while swirling the plates.
Cells were then incubated for 24 hours allowing for gene expression to take place, according
to manufacturer instruction. The next day, cells were split on to coverslips at 10%
confluence and allowed to incubate for another 48 hours before using them for patch clamp
studies. Gene expression was visually confirmed to approximate 60–70% using a GFP
fluorescence filter (CHROMA technology) for an excitement/emission range of 470/525nm.
The GFP-filter was assembled onto the stage of a Nikon microscope and illuminated by a
mercury arc lamp. Only cells expressing high green fluorescence levels were used for patch
clamp experiments. The channels were expressed in HEK293 cells by using either α1C77-
YFP,β1, α2δ or α1C77-YFP,β2a, α2δ combinations. Patch clamp experiments were done in
K+ and antibiotic free Tyrode’s solution as described in Whole cell patch clamp section of
methods.

Simultaneous measurements of Ca2+ transients and ICa

Single cardiomyocytes or transfected HEK293 cells were whole-cell clamped using pipette
solutions containing in mM: 0.5 Fura-2 tetrapotassium salt, 120 CsCl, 20 TEA-Cl, 0.5
EGTA, 0.2 CaCl2, 10 HEPES and 5 MgATP pH at (7.2) using CsOH. Osmalarity was
corrected to 300 mOsm using CsCl. After a dialysis of 8–9 minutes, ratio-metric
fluorescence of Fura-2 (F410 and F335) was monitored using a 100W mercury arc lamp with
an ellipsoidal reflector. The beam was split by a vibrating mirror, vibrating at 1150Hz, that
served to multiplex the Ca2+signal (OM, General Scanning, Watertown, MA, model IDS).
One beam was reflected by an adjustable mirror and passed through an interference filter
(410 nM), a dichroic mirror (DM370 long pass) and a field aperture before entering the
microscope through the port used for epi-illumination. The other beam had the wavelength
defined by an interference filter (335nm, 20nm band width) and it joined the first beam after
being reflected through the dichroic mirror. Within the microscope the dichroic mirror
(430nm) reflected the ultraviolet light toward the objective but transmitted the returning
fluorescent green light toward the detection port. Most of the fluorescent light was
transmitted through a beam splitter (BS) and an interference filter (IF510, 510 nm, 70 nm
band width) and hit a photomultiplier (PM). The signal from the photomultiplier was de-
multiplexed and yielded two signals corresponding to the two wavelengths of excitation
(410nm and 335nm). A small part of the light was reflected by the beam splitter and was
focused onto a TV camera that was connected to a monitor used in the alignment of the
system. The patch clamp electrode was then placed over the cell, away from the illuminated
segment, and a giga-seal was established. The adjustable aperture was now placed over the
cell extending from its free end to the proximity of the electrode [28].

Whole cell patch clamp
Membrane currents were recorded in the whole-cell voltage-clamp configuration using a
Dagan 3900A patch clamp amplifier (Dagan Corp., Minneapolis, MN), and a Digidata
1440A data acquisition system and pClamp 10 software (Axon Instruments/Molecular
Devices, Sunnyvale, CA). Cell capacitance was calculated from the current transients to a 10
mV depolarizing pulse. The current signals were filtered at 10 kHz with a four-pole low-
pass Bessel filter and digitized at 5–20 kHz before digitization and storage on a computer.

Rosa et al. Page 3

Cell Calcium. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Currents were neither leak nor capacitance subtracted (to obtain high quality data and to
control for myocyte viability), but the access resistance (1.5–3 times the pipette resistance)
was compensated electronically to achieve a settling time constant of <0.5 ms. In parallel, P/
N protocol was used to identify calcium channel activity, especially in HEK293 cells. The
solution used for cellular equilibrium and formation of the gigaseal contained (mM): 137
NaCl, 5.4 KCl, 2 CaCl2, 10 Hepes, 1 MgCl2, 10 glucose, buffered to pH 7.4 with NaOH.
Patch pipettes were filled with different solutions containing (mM): 1, Moderate-Ca2+

buffering (2 EGTA, 1 Ca2+ 110 CsCl, 5 NaCl, 20 TEA-Cl, 10 Hepes, 5 Mg-ATP,). 2, Super-
Ca2+-buffering (10–20 BAPTA, 5 NaCl, 110 CsCl, 10 TEACl, 10 Glucose, 10 Hepes, 5
MgATP). 3, Weak-Ca2+-buffering (0.2 EGTA, 110 CsCl, 5 NaCl, 20 TEA-Cl, 10 Hepes, 5
Mg-ATP). All solutions had their pH adjusted to 7.2 with CsOH and osmolarity adjusted to
~300mOsm using the predominant salt CsCl.

Following rupture of the membrane, myocytes were superfused with a Tyrode’s solution that
was devoid of K+ to eliminate K+ currents but contained either 2 mM Ca2+ or Ba2+ as the
permeating ion through the Ca2+ channel. Ba2+ solutions were made using 0.5mM of EGTA
to prevent Ca2+ presence in the external solutions. When used, drugs were dissolved in the
external experimental solutions. Rapid (< 50 ms) changes in pressure were performed using
an electronically controlled multi-barreled puffing system [29]. Puffing solutions heights
were set at 28 cm or 6 cm above the experimental chamber, producing pressures heads of
either 27,440 dyn/cm2 or 5,883 dyn/cm2 (using equation: P = hgρ, where p is the pressure, h,
height (28 cm), g, the acceleration of gravity (980 cm/s2) and ρ = water density (1 g/cm3)).
Flow rate for the higher pressures (Q = 0.00436 cm3/s) was calculated from Poiseuille's
equation [πr4(ΔP)]/8ηL where r = tube internal radius (0.014 cm), ΔP = pressure difference
between the top and bottom of the tube (27,440 dyn/cm2), η = fluid viscosity (0.01 poise),
and L = tube length (9.5 cm). Dividing Q by cross-sectional area of the outflow tip (0.000
616 cm2) gave a fluid velocity at the tip of 7.1 cm/s. Since (v/g) = t, where v = fluid velocity
(7.1 cm/s), g = 980 cm/s2 and t = time, the gravitational force would bring the fluid velocity
to 7.1 cm/s in 7.25 ms. From y = 1/2(gt2), fluid would fall 0.257 mm due to gravity in 7.25
ms, hence the predicted pressure head at the outflow tip of the puffing device and therefore
on the cell is 0.257 mmH2O. 0.257 mmH2O × [(9.81 N m–2)/1 mmH2O] × [1 dyn/cm2/0.1
N/m2] 25 dyn/cm2. Multiplying Q (0.004 36 cm3/s) by 60 s/min = 0.26 cm3/min = 0.26 ml/
min, which was experimentally verified by running solution through the tip for 1 min.
(Figure 1). All experiments were carried out at room temperature (22–24 °C). Only cells
with little leak current and clear edges were included in the final analysis of the results.
Statistical comparisons were carried out using Student's t test. Differences were considered
to be statistically significant to a level of P < 0.05. Numerical results are given as means ±
S.E.M.

Voltage protocols
Cardiomyocytes were held at −50 mV to inactivate the Na+ channels and Ca2+ or Ba2+

currents were activated by step depolarization to 0 mV; this protocol was applied at 0.1 or
0.2 Hz. Current-voltage (I–V) relations were constructed using depolarization pulses of −50
ms from a holding potential (HP) of 50 mV to 40mV, in 10mV increments. In some
experiments ICa was measured using 50 ms long voltage ramps from holding potentials of
−50mV to +80mV.

Time constant of inactivation for ICa or IBa were calculated using the formula:
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RESULTS
PF-pulses suppress and accelerate the inactivation kinetics of calcium channel

Figure 2 shows the effect of a single 500ms long PF pulse (pressure head, 28 cm of water)
on the magnitude and time course of Ica, recorded in a moderately Ca-buffered (dialyzed
with 2 mM EGTA) ventricular myocyte and bathed in the same solution as that applied by
the puffing pipette, before (Fig. 2D trace a), 500ms after application of the PF-pulse (trace
b), and 60 s after termination of pressure-puff pulse (trace c). ICa was suppressed rapidly and
reversibly (within ~20s) for PF pulses lasting 500ms. When ICa traces were normalized to
their peaks values, the PF pulse effect in accelerating the inactivation kinetics of ICa was
clearly apparent (Fig.2C) and was quantified in Fig.2B.

In the next set of experiments the effects of longer PF-pulses in weakly-Ca2+-buffered
myocytes (0.2 mM EGTA) was examined. Figure 3A shows, in open circles, ICa measured
every 5s while the cell is subjected to continuous but very low pressure-flows of bathing
solutions (pressure-head, 6 cm water). At such small PF forces, there was always a run-
down of ICa within the 500s experimental periods. Fig 3 A (red traces) also shows the
suppressive effects of larger PF-forces (28 cm of H2O) on peak ICa applied for 150s (30 ICa
episodes) before returning the PF-force back to control levels. This figure represents a set of
4 experiments in which we quantified the onset, the effectiveness, and the slow recovery
from the PF-suppressive effects on Ca2+ channels. Figure 3A, inset traces, shows the details
of the fast suppressive effects of higher PF-forces on ICa and its reversibility in a single
representative myocyte. Note that the higher PF force suppresses peak ICa rapidly, but the
current recovery occurs much slower, long after the PF-force is returned to control levels (6
cm H2O). Fig. 3B quantifies ICa as the difference-current to eliminate the effect of current
run-down.

PF-effect on Ba2+ transporting calcium Channels
Figure 4A shows the effect of a single 500ms long PF pulse (28 cm of water pressure head)
on the magnitude and time course of IBa, recorded from a ventricular myocyte bathed in the
same Ba2+-containing solution as that applied by the puffing pipette, before (trace a), 500ms
after application of the pulse (trace b), and 20 s after termination of fluid pulse (trace c). IBa
was suppressed rapidly and reversibly (within ~5 s) for short applications of PF pulses.
When IBa traces were normalized to their peaks values, the PF effect on the inactivation
kinetics was clearly apparent (Fig.4B) and was quantified in Fig.4C. Although the degree of
inactivation of IBa varied greatly in different animals, the suppressive effect was not
accompanied by the same degree of acceleratedkinetics, suggesting either two independent
mechanisms or a single two-tiered process. Figure 4C compares the time course of PF-
induced suppression of IBa and the accompanying accelerated inactivation kinetics. Figure
4D represents the voltage-dependence of a PF blocked currents using a ramp pulse protocol
applied from a holding potential of −50 to +80mV. The I–V relation of PF-suppressed
current, determined using Cd2+ subtracted currents, was consistent with that recorded for L-
type calcium channel current (activating at −30mV, peaking at ~zero mV, reversing at ~ 70
mV). In Cd2+ containing solutions there was no measurable PF-blocked current suggesting
PF pulse was suppressing only the calcium channel currents.

Pressure-flow pulses suppress the human recombinant α1c77/β1/α2δ and α1c77/β2a/α2δ
channels

In order to exclude other potential complicating factors, including possible PF-effects on
other voltage gated channels we expressed all the subunits of L-type calcium channels in
HEK293 cells using either β1 or β2a subunits and subjected such cells to PF-pulses. In these
experiments, cells were submitted to 500ms of PF and test pulse was given after 200ms of
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PF. There was a consistent and strong effect of PF on both the peak current-amplitude and
the inactivation kinetics of IBa in the recombinant channels. Figure 5 shows that the
magnitude of suppression varied significantly in different cells (compare current traces in
Panel A to B, and panel C to D) independent of the subunits expressed. Cells expressing β1
subunit had slightly faster inactivation kinetics than the β2a expressing cells, but the PF-
induced acceleration of inactivation kinetics was remarkably similar in most of the cells
independent of the level of block achieved (compare panels A to B, and panels C to D and
the normalized traces in panel E). Figure 5F shows that the time constant of inactivation in
β1 containing channels changed ~62% (from 342.0 ± 41.0 to 129.0 ± 28.0 ms (n=3)), while
in β2a containing channels the change was about 52% (from 440.0 ± 21.0 to 207.5 ± 23.5
ms (n=3)). The PF-effects in recombinant human Ca2+ channels confirmed the findings
described above for the rat ventricular myocytes suggesting that the PF-effects are specific
to the channel itself.

PF-pulse duration determines the magnitude of the block and extent of inactivation
Figure 6 shows the degree of suppression of IBa in HEK293 cells in response to PF-pulses of
different durations. In this set of experiments we used the α1c77/β2a/α2δ recombinant
channel because the voltage dependent inactivation of IBa in this recombinant channel had
been previously described to be very slow [30], allowing for the quantification of PF
response using long depolarizing pulses. The duration of the PF-pulse was prolonged from
50 to 700 ms (PF bar, middle row traces A–D). Current traces activated at 5s intervals
before, during, and after application of PF-pulses are shown in black. Grey traces represent
the recording of the current prior to and 5 second following the application of PF-pulse. The
results show that PF-pulses shorter than 50ms had little or no effect on IBa when applied
during the depolarizing pulse or on the current activated 5 s later (compare black and gray
traces in panel A). On the other hand, as the duration of the PF-pulse was increased to 100,
200, or 700ms, (Figure 6B, C and D) the magnitude of the PF-effect increased both during
activation of IBa and on currents activated 5–10 seconds following the PF-pulse.

Mitochondrial calcium release in mediating the PF-effect on calcium channels
Since PF-pulses have been reported to induce a transient rise in cytosolic Ca2+, originating
from the mitochondrial calcium pools in non-dialyzed intact cells [17], we examined the
possible role of mitochondrial calcium stores in mediating the PF-effects on calcium
channels. We used well known pharmacological agents that inhibit mitochondrial function
such as the protonophore FCCP (0.1–5μM, to depolarize mitochondrial membrane
potential), mitochondrial calcium uniporter inhibitor, Ru360 (1μM), the mitochondrial
sodium-calcium exchanger blocker, CGPP37157 (1–10μM), the mitochondrial uncoupler
dinitrophenol (100μM) or 2h pre-incubation with the mitochondrial permeability transition
pore inhibitor cyclosporine (0.5μM). The results of these extensive studies are summarized
in Table 2, and suggest that although all of these compounds partly suppressed the calcium
channel current, none modified the PF-induced suppression of IBa significantly.

PF-effects on IBa in highly Ca2+-buffered and SERCA2-suppressed myocytes
In another series of experiments, the effects of PF-pulses on IBa were quantified in paired
cells dialyzed with different concentrations of Ca2+ buffers in the same experimental day
(Figure 7A and B). PF-pulses were found to be equally effective in suppressing the Ca2+

channel currents whether cells were dialyzed with 2 mM EGTA plus 1mM Ca2+ (~100nM
free Ca2+) or with 10mM BAPTA (no added Ca2+). Generally the patched cells were
dialyzed for 9 minutes with BAPTA before start of electrophysiological measurements.
Even longer dialyzing periods, in excess of 30 minutes, failed to alter the PF-suppressive
effects significantly.
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In yet another set of experiments, 2 to 4 coverslips plated with cardiomyocytes were treated
with SERCA2a inhibitor thapsigargin (1μM) for at least 30 min. To assure that SERCA2a
and Ca2+-release from the SR was inhibited we measured the rise of intracellular Ca2+ in
response to depolarizing pulses from −50 to 0mV, or applications of 10mM caffeine. Neither
of the procedures triggered measureable calcium release in Fura-2 dialyzed myocytes (data
not shown). Once again, there were no significant differences in the PF-effect whether the
cells were dialyzed with 2mM EGTA or 10mM BAPTA intracellular solutions. In the
thapsigargin-treated batch of cells PF-pulses continued to suppress IBa to the same extent as
the untreated cells. In a set of thapsigargin-incubated cells that were also dialyzed with
thapsigargin (0.1–10μM) or thapsigargin plus caffeine (10mM) through the patch pipette to
assure complete depletion of SR and ER stores, we found, once again, no significant
alterations in the PF-induced response on IBa. In addition, incubation of myocytes in 100
μM APB-2 (an IP-3 receptor blocker), plus its direct extracellular application also failed to
alter the PF-induced suppression of IBa (Figure 8). The results, in sum, appear to exclude a
significant role for ER or SR calcium release in the PF-induced suppression of IBa.

ER and mitochondrial inhibitors and the PF-induced suppression of IBa

In a group of myocytes that were incubated for 30 min in 1 μM thapsigargin we tested for
the possible involvement of mitochondrial Ca2+ stores by using a host of pharmacological
inhibitors of mitochondrial function that included uncoupler of electron transport (0.1 μM of
FCCP or 100 μM dinitrophenol), mitochondrial Ca2+ uniporter blocker, (1 μM Ru360),
mitochondrial NCX blocker, (10 μM CGP37157), or cytochrome c release blocker,
(cyclosporine, 500nM).

No significant differences in PF-induced suppression of ICa were noticed between cells
exposed to mitochondrial inhibitors compared to those treated only with thapsigargin (see
table 2). It appears therefore, that simultaneous elimination of the two major calcium stores
in the cells failed to change the PF-suppressive effect on calcium channel current.

Modulation of intracellular signaling pathways and the PF response
In order to evaluate the role of the major calcium channel modulatory pathways in the PF-
efficacy, we tested the effectiveness of PF-induced ICa suppression under conditions where
the states of phosphorylation, NOS-signaling, or the stretch-activate pathways were altered.
cAMP (200 μM), PLC inhibitor U73122 (1μM), NOS inhibitor L-NAME (1mM), G-protein
inhibitor pertussis toxin (0.1μM for 30 min), and Ca2+-channel agonist Bay-k8644 (1μM),
all failed to significantly alter the PF-effect on Ca2+-channel currents (Table 2).

DISCUSSION
The major finding of this study is that pressurized fluid flow (PF) pulses suppress the
calcium channel currents (Ca2+, Ba2+) independent of voltage, and calcium release from
intracellular stores. Our data confirms a previous report by Lee et al [15], showing similar
fast PF-induced suppression of ICa, but in contrast to those observations, our PF-effect
appears not to require any known cellular sources of Ca2+ or modulation of Ca2+-signaling
mechanisms. The mechanical regulation of Ca2+ channel appears to have evolved along
tissue functional demands as different subtype of L-type calcium channels expressed in
different tissues respond differently, to mechanical forces (see Table 1, and [15, 20–25]. Our
findings suggest that PF-effect does not depend exclusively on activation of CICR or
cytosolic rise of Ca2+, but it can regulate Ca2+ channel current independent of intracellular
Ca2+-release. This assertion is supported by the findings in HEK293 cell expression system,
devoid of significant CICR, where a strong suppressive effect of PF on the recombinant
human channels containing either beta-1 or beta-2a subunits was consistently observed. We
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also found little evidence for significant involvement of mitochondrial or IP3-gated Ca2+-
stores because pharmacological inhibitors of these pathways and dialysis of such cells with
very high BAPTA concentrations failed to modify the PF-induced suppression of the Ca2+

channel. These findings led us to conclude that PF-effects may occur independent of cellular
calcium signaling pathways and, as such, may serve as a mechanically regulated mechanism
in tandem with those requiring Ca2+-release or entry.

PF-induced suppression of IBa in HEK293 cells
Suppression of IBa by PF-pulses, in HEK293 cells expressing α1c77/β2a/α2δ channels, had
a latency of about 300ms. PF-pulses lasting 50ms to 100ms had no apparent effect on the
first depolarization-pulse (pulse where PF were applied), but had a small effect on pulses
given 5s later, inactivating IBa. Longer pulses (200 to 700ms) inactivated the current not
only during the time course of the same depolarizing pulse, but also continued to suppress
the current generated 5s later. The finding that the PF-effect initiates rapidly, ~300ms (see
current inactivation in middle pulses in Figure 6) is in agreement with the idea that a direct
mechanical mediated the PF-effect. The data also implies that the channels may adapt
steeply to pressure-flow forces, exhibiting both threshold and asymmetrical delays in its
activation and recovery.

Even though β1-containing channel showed faster inactivation kinetics than β2- channels
(299 ± 6.6 ms vs. 522 ± 22 ms, respectively), we found that channels expressing either one
of these subunits have their inactivation kinetics modified by PF (130 ms and 115 ms,
respectively). These findings suggest that suppression of calcium channel current and the
acceleration of its kinetics is present regardless the β subunit expressed.

Does Ca2+ influx or release play a role in PF-induced effect?
Mechanical stimulation has been shown to produce Ca2+ increases in a variety of cell types
including epithelia [31], cardiac and skeletal muscle [17, 32, 33], endothelial cells [34], glia
[35], osteoblasts [36] and sensory neurons [37]. Also, it is generally accepted that Ba2+

transporting calcium channels are unable to trigger Ca2+ release from the SR and thereby
activate CICR [38]. Nevertheless, since PF-induced suppression was equally effective on IBa
and ICa (Figures.2, 3, 4 & 6), we tested whether other sources of Ca2+ release or entry were
involved in mediating the PF response on IBa. To eliminate all sources of Ca2+ release or
contaminating Ca2+, the PF-effect on IBa was quantified under the following experimental
conditions: 1) Myocytes incubated in thapsigargin and exposed to 10 mM of caffeine to rule
out both ER and SR calcium stores; 2) myocytes incubated in thapsigargin were also
dialyzed with thapsigargin plus 20 mM BAPTA; 3) Myocytes incubated in thapsigargin
were exposed to Ba2+ containing zero Ca2+ solution plus 0.5mM EGTA to prevent
contaminant extracellular sources of Ca2+. 4) Myocytes incubated in thapsigargin were
exposed also to a number of mitochondrial inhibitors (Dinitrophenol, FCCP, RU360). In the
set of myocytes pre-treated with thapsigargin and exposed to any of the 4 conditions listed
above, we found no significant differences in the PF effects as compared to non-treated
cells, suggesting that Ca2+ release from the SR/ER, mitochondria, or entry of Ca2+ across
the plasma membrane were not the dominant factors in the PF suppressive effect on IBa. In
yet another set of experiments myocytes from the same thapsigargin-treated batch were
subjected to global imaging of Ca2+ (fluorometric, or confocal) to directly probe for possible
rises of cytosolic Ca2+. We found no indication of rise in cytosolic Ca2+ accompanying the
PF-effect on IBa. This set of finding is somewhat puzzling in the light of previously reported
PF-induced mitochondrial Ca2+-release in intact non-dialyzed myocytes [17] as well as the
reported strech-induced increase in open probability of RyRs [19], but maybe reconcilled if
both Ca2+-dependent and –independent mechanism were present in the cardiomyocytes.
Considering the variability of mechanical forces encountered by the myocyte (stretch,
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pressure, flow, sheer, etc.), perhaps it is not surprising that variable regulatory Ca2+-
dependent and-independent mechanisms may have evolved to regulate the cardiac
contractile force.

Since pre-exposure of cells to Bay-K8644 suppresses the calcium dependent inactivation
(CDI), this drug may provide a good tool for evaluating the role of CDI in mediating the PF
effect on IBa [39]. Even though we observed an increase in current amplitude (IBa, ICa) and a
pronounced decrease in CDI elicited by Bay-K8644 (ICa), we did not see any significant
alteration in the PF effects on ICa or IBa (table 2), suggesting little or no role for CDI in
mediating the PF-effect on IBa.

Mitochondrial Calcium and the PF effect
Others and we have shown that mitochondrial calcium release modulate cell signaling,
modifying EC-coupling in cardiomyocytes [17] or calcium transients in other cell types [40].
Based on those findings we manipulated the mitochondrial Ca2+-signaling pathways by
exposing the myocytes to blockers of MCU, mitochondrial NCX and cytocrome c release.
Some of these agents, namely the mitochondrial un-couplers [41], and mitochondrial NCX
blocker [42] also suppressed the calcium current as have been previously noted. As shown
here, we found that PF-induced block of L-type Ca2+ current does not require mitochondrial
Ca2+ release. PF was previously shown to produce mitochondrial Ca2+ signaling in the intact
cardiomyocytes [17]. It is possible that whole cell configuration used to clamp
cardiomyocytes may cause loss of soluble factors required for PF-induced mitochondrial
calcium release that would produce additional PF-induced inactivation and block of L-type
Ca2+ channels. Nevertheless, in the present study we found mechanical effect of PF on L-
type Ca2+ channels activities in the total absence of mitochondrial signaling. Thus, though
all the mitochondrial inhibitors used in this study failed to alter the PF-effects on the
amplitude or inactivation kinetics of calcium channel currents, supporting the idea that the
PF-effect on calcium current is independent of calcium release, the data do not exclude the
presence of Ca2+-dependent mechanical regulatory mechanisms mediated by Ca2+-release
also from the mitochondria .

Possible role of other intracellular signaling pathways in mediating the PF- effect
Many intracellular signaling pathways that include PLC, PKA and G proteins signaling
modulate calcium channel open probability or inactivation [43–48]. Mechanical stress, in the
form of stretch, has been reported to activate phospholipase C and elevate intracellular
calcium levels in neonatal rat cardiomyocytes [49]. This could theoretically be the
mechanism that underlies the effect of pressurized flow force on IBa in our study. However,
our results showed that inhibition of PLC did not change the inactivation or blocking of IBa
induced by PF-pulses, implying that PF effect maybe somewhat different than the stretch
effect on ICa. Increase of kinase activities with beta-adrenergic agonists, also known to
modulate L-type Ca2+ channel and SERCA2 activities, [50, 51] also failed to significantly
modify the effect of PF on IBa (Table 2). The Ca2+-independent PF-effect on the Ca2+-
channel, therefore, appears not to require phosphorylation through either PKC or PKA
pathways.

Nitric oxide has also been reported to inhibit the L-type Ca2+ current in rat ventricular
myocytes via a G-protein signaling pathway [52]. The possibility that PF-effect was
mediated through NO or G protein activation was probed using myocytes exposed to or
dialyzed with both L-NAME or pertussis toxin. We could not indentify any measurable
change in the effect of PF on IBa under such conditions.
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Considering that inhibition or enhancement of a number of pathways mentioned above
failed to show significant differences in the PF effect on IBa, the data appears to point
towards a direct mechanical mechanism on the channel proteins.

Pathophysiological implications of PF effect
Although the PF-effect on ICa appeared somewhat less prominent than on IBa, and was more
variable between animals, the effect in cells dialyzed with low-calcium buffered solutions
(approximating the intact cells) was fast and reversible for both peak current and the
inactivation parameters. Furthermore, in addition to the rapid PF responses there also was a
maintained PF-effect that persisted for the duration of the PF perturbation, and reversed
following the termination of PF-pulse (Fig. 3). This finding excludes the possibility that PF-
effect is exclusively related to the extent of calcium buffering and suggests that this
mechanical mechanism maybe physiologically relevant in regulating the channel function
somewhat similar to voltage- or calcium-dependent inactivation and facilitation.

Since blood pressure and volume inside the heart chambers changes constantly with every
beat, it is likely that such pressure forces modulate the cardiac calcium channels in the intact
heart and thereby serves as a feedback mechanism for the regulation of the contractile force.
Aortic stenosis or systemic hypertension might dampen such auto-regulatory mechanism
and eventually contribute to events causing cardiac hypertrophy. In fact, decreased cardiac
L-type Ca²+ channel activity has been associated with cardiac hypertrophy and failure in
mice [53]. Since calcium channels directly regulate calcium entry into the myocytes thereby
determining the strength of contraction and cardiac output, it is likely that feedback
mechanisms related to pressure-flow forces, somewhat similar to our findings, may serve as
dynamic cardiac regulatory mechanisms in the intact heart. Consistent with this idea, it has
been reported that the Ca2+ channel open probability in chick embryonic ventricular
myocytes decreases by disruptors and increases by stabilizers of cyto-skeletal proteins [54].
It is possible, therefore, that PF forces “restructure” the calcium channel assembly with
cytoskeleton proteins, leading possibly to brief and reversible disassembly of the channel, as
reflected by reduced current. Brief disturbances in such physical coupling may account for
physiological regulation of ICa whereas maintained or pathological changes in pressure
might irreversibly alter calcium channel activity leading to a host of cardiac pathologies.
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Figure 1. Schematic representation of the PF application
Solution barrels were kept at different levels, affording different gravity pressures that could
be applied to cells by a PC controlled device. All the barrels converged to the same tip,
avoiding differences in directions of solution being applied from different sides of the cell.
Two levels of solutions were used, 6 cm and 24 cm.
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Figure 2. Effect of a brief PF in ICa dialized with 2mM EGTA
Depolarizing steps from −50mV to 0mV in cardiomyocytes causes calcium current
activation (protocol in panel A), which is inactivated (black) and blocked (red) by a brief PF
application (B). C. Sample trace or normalized current showing the change in inactivation
kinetics in points a, b and c of Figure B. D. Sample trace or raw current showing the change
peak amplitude in points a, b and c of Figure B. Internal solution used was a 2mM EGTA
containing solution.
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Figure 3. Effect of maintained PF in ICa
A.White circles represent control recordings from cells made in parallel, but not subjected to
PF, recorded in the low flow bath all the time. Red circles represent the ICa of cell subjected
to PF in the time indicated by PF. PF had the same compositions of bath solutions. Inset
represent current before (a), during (b) and after continuous PF application (c). Data are
mean ± SEM (n=3) B. Current difference between PF-and non PF-subjected myocytes.
Internal solution used was a 0.2mM EGTA containing solution.
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Figure 4. Pressurized-flow blocks L-type calcium channels and speeds their inactivation in
cardiomyocytes
A) Effect of pressurized-flow in IBa amplitude (absolute current) and inactivation
(normalized current) in cardiomyocytes before (a), 500ms after (b) or 15 seconds after a
500ms PF application (c). B) same traces are shown after normalization of peak current to
put inactivation in evidence. C) Time course of peak suppression (black) and time constant
of inactivation (red) during PF application. D) IV relationship of the current blocked by
500ms PF application in absence (black) or presence (grey) of Cd2+ using a ramp protocol
from −50mV to +75mV evidencing calcium channels as PF target. Internal solution used
was a 2mM EGTA containing solution.
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Figure 5. Pressurized-flow blocks α1c77/β1/α2δ and α1c77/β2a/α2δ human channels expressed
in HEK 293 cells and speeds their inactivation
(A and B) Sample traces of IBa showing raw and normalized traces to evidence the effect of
PF in peak amplitude and inactivation in α1c77/β1/α2δ channels. (C and D) Sample traces
of IBa showing raw and normalized traces to evidence the effect of PF in peak amplitude and
inactivation in α1c77/β;2a/α2δ channels . E. Superimposed sample traces of α1c77/β1/
α2δand α1c77/β2a/α2δ channels showing a different inactivation kinetic at baseline
conditions and an almost similar inactivation after PF stimulation. F. Quantification of PF
effects in calcium channel time constant expressed in HEK cells. Data are mean ± SEM
(n=3) Internal solution used was a 2mM EGTA containing solution.
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Figure 6. The duration of pressurized-flow determines the extent of blocking and inactivation of
IBa through α1c77/β2a/α2δ channels expressed in HEK 293 cells
Control traces are shown in black, traces during and after 5s of PF application are shown in
red. A. Effect of 50ms PF application in IBa. current is barely blocked either immediately or
after 5s of stimulation. B. Effect of 100ms PF application in IBa. current is visible observed
(middle trace in red)as a mild inactivation at the end of the trace which is enhanced during
5s interval and more evident in the following pulse. C. The effect of 200ms PF application
in IBa. current is observed (middle trace in red) as an inactivation at the end of the trace
which is enhanced during 5s interval and more evident in the following pulse. 200. D. Effect
of 700ms PF application in IBa. current is observed (middle trace in red) as a strong
inactivation from the middle to the end of the trace which is enhanced during 5s interval and
still present in the following pulse. Internal solution used was a 2mM EGTA containing
solution.
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Figure 7. Effect of a brief PF in IBa in cells dialyzed with 2mM EGTA or 10mM BAPTA
Sample traces representing experimentsrepeated in 3 different days and three to four cells
for each condition in each experimental day. Depolarizing steps from −50mV to 0mV in
cardiomyocytes causes barium current activation, which is similarly suppressed by a brief
PF application in control cells dialyzed with 2mM EGTA (A) or 10mM BAPTA (B); and in
cells treated previously with 1mM of tapsigargin for 30min dialyzed with 2mM EGTA (C)
or 10mM BAPTA (D). PF was applied for 500ms, followed by 500ms in control pressure
solutions before depolarization for the test (PF) trace.
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Figure 8. Effect of a brief PF in IBa in cells dialyzed with 10mM BAPTA, 10mM BAPTA plus
1mM tapsigargin or 10mM BAPTA plus 1mM tapsigargin and 10mM caffeine
Sample traces representing experiments repeated in 3 different days and three to four cells
for each condition in each experimental day. Depolarizing steps from −50mV to 0mV in
cardiomyocytes causes barium current activation, which is similarly suppressed by a brief
PF application in cells treated previously with 1mM of tapsigargin and dialyzed with: (A)
10mM BAPTA; (B) BAPTA plus 1mM tapsigargin or (C) 10mM BAPTA plus 1mM
tapsigargin and 10mM caffeine. PF was applied for 500ms, followed by 500ms in control
pressure solutions before depolarization for the test (PF) trace.
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Table 2

Effect of various inatracellular pathway blocker on PF-induced IBa block.

Compound Mechanism Effect

U73122 (1μM) PLC inhibitor ↔

cAMP (200μM) PKA activation ↔

Thapsgargin (1μM) SERCA blocker ↔

Dinitrophenol (100μM) Mitochondrial uncoupler ↔

FCCP (0.1–5μM) Mitochondrial uncoupler ↔

Ru360 (5μM) MCU blocker ↔

2-APB (100μM) IP-3 receptor antagonist ↔

L-NAMME (1mM) NOS inhibitor ↔

Pertussis toxin (0.1 μM) G protein inhibitor ↔

BayK8644 (1μM) Calcium channel agonist, CDI inhibitor ↔

CGP-37157 (1–10μM) Mitochondrial NCX blocker ↔

Cyclosporin (500nM) Inhibitor of cytochrome c release ↔

Caffeine (10mM) Releases Ca2+ through RyR ↔

BAPTA (10mM) Fast Ca2+ buffer ↔
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