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Abstract We aim to compare the effects of stretch on

isometric tension/Ca2? transient in the right ventricular

trabeculae of control (CONT) and hypertensive (MCT,

monocrotaline application) adult male and female rats. The

treatment with MCT resulted in RV hypertrophy in males

only. Blunted active force-length relation and substantially

prolonged twitch were found in MCT-males but not MCT-

females (vs same-sex CONT). Ca2? transient was pro-

longed in both MCT-treated groups but extremely so in the

MCT-males. The gradual stretch resulted in a distinct

‘‘bump’’ on Ca2? transient decline in CONT and MCT-

treated groups. The integral magnitude of the ‘‘bump’’ was

unaffected by the treatment with MCT in males or females

but was larger in males vs females. The rate of ‘‘bump’’

development was significantly slower in MCT-males. In

conclusion, the sex-specific differences in the stretch-

dependent regulation of [Ca2?]i may underlie preservation

of the Frank–Starling mechanism in female rat myocar-

dium in monocrotaline-induced pulmonary hypertension.

Keywords Monocrotaline-induced pulmonary

hypertension � Right ventricular hypertrophy � Isometric

twitch � Ca2? transient

Introduction

The strength of contraction of a cardiac muscle is highly

dependent on the extent of its stretch. The strong relation

between sarcomere length (SL) and developed force

underlies the Frank–Starling mechanism (FSM) and

involves SL-dependent actin-myosin overlap and myofila-

ment Ca2?-sensitivity, as well as the cooperative effects in

myosin cross-bridges [1–4]. The faultless action of the

FSM provides an effective adaptation of ventricular con-

traction to increasing end-diastolic filling. In recent years,

FSM has been under increasing interest as it reveals the

sex-specific character of alterations in heart diseases.

Heart diseases are often accompanied by specific alter-

ation in cytosolic Ca2? handling which affects the strength

of contraction (e.g. see reviews [5, 6]). The hearts with

compensatory right ventricular hypertrophy after pulmon-

ary hypertension have impaired systolic function [7, 8]

together with altered intracellular Ca2? homeostasis [9,

10]. Substantially slower Ca2? transients have been found

in compensatory ventricular hypertrophy and heart failure

[9, 11–15], while diverse data exist about Ca2? transient

amplitude or systolic level: from severely diminished [12,

13, 16, 17] to unchanged [10, 14] or even elevated levels

[16]. The impaired regulation of cytosolic Ca2? affects

stretch-induced activation of contraction; e.g., exhausted or

blunted FSM has been found in failing human and canine

myocardium [17–20], while others observed the preserva-

tion of this mechanism in human hearts under similar

pathological conditions [21–23].

It is known that pulmonary hypertension and right

ventricular hypertrophy develop differently in females vs

males [24, 25]; e.g., the protective effect of sex hormones

on the onset of RV hypertrophy has been proven in adult

female rats [26–28]. The contractile function is preserved

in pressure-overloaded left ventricles of female rats,

whereas males suffer from early transition to heart failure

[29, 30]. It has been shown that an adaptive reserve of

myocardial contractility is higher in female vs male
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spontaneously hypertensive rats with compensatory

hypertrophy, which correlates to the low survival rate of

male rats with chronic heart failure [31].

While contractility has been shown to alter differently in

male and female rats in pulmonary hypertension and RV

hypertrophy, little is known about sex-specific differences

in the stretch-dependent regulation of cytosolic Ca2? in this

pathological state. Such discrepancies may underlie the

different effect of monocrotaline on myocardial contrac-

tility in males and females. In this study, we evaluated the

stretch-dependent effects on isometric tension and Ca2?

transient in RV trabeculae of adult male and female healthy

rats and rats in sustained pulmonary hypertension.

Methods

All experiments with animals conformed to the ‘‘Principles

of Laboratory Animal Care’’ (NIH Publication No. 85-23

revised 1985) and were approved by the local Institutional

Animal Care and Use Committee. Here, 20-week-old Wi-

star rats of both sexes were supplied from the institutional

animal house and randomly divided into four groups:

control male (CONT-male), control female (CONT-

female), monocrotaline-treated male (MCT-male), and

monocrotaline-treated female (MCT-female); n = 7 in

each group. The rats of MCT groups were subjected to a

single subcutaneous injection of monocrotaline-containing

saline solution (2 ml/kg body weight) with a final con-

centration of 60 mg/kg body weight. Control rats were

subjected to a single injection of an equivalent volume of

MCT-free saline solution. Animals were maintained on a

12:12 h light-dark cycle and had unrestricted access to

standard chow and water. MCT and CONT rats were eu-

thanised 5 weeks after the treatment (25 weeks old).

Muscle isolation and data acquisition

Animals were anaesthetised with Zoletil� (0.02 ml/kg

body weight) and euthanised by rapid cervical dislocation.

The heart was quickly excised and placed in modified

Krebs–Henseleit (K–H) solution containing (in mM): NaCl

118.5; KCl 4.2; MgSO4 1.2; CaCl2 2.5; glucose 11.1,

bubbled with 95 %O2 ? 5 %CO2 and buffered with

NaHCO3 and KH2PO4 to maintain pH = 7.35. Some 2,3-

butanedione monoxime (BDM, 30 mM) was added to

prevent damage to muscles during isolation. Thin trabec-

ulae were dissected from the right ventricle, attached to a

force transducer and length servomotor, placed in an

experimental chamber, and washed with BDM-free K-H

solution.

The fluorescent indicator fura-2 in its esterified form

(fura-2/AM) was used to monitor free cytosolic Ca2?.

Fura-2/AM was loaded into a trabecula by continuous

perfusion with oxygenated loading solution (K–H solution

with 5 lM fura-2/AM and 5% w/v Pluronic F-127) for

1.5 h at 22–23 �C and 0.2 Hz pacing rate. At the end of this

period, perfusion was replaced to indicator-free K–H

solution and a trabecula was equilibrated for at least

60 min. Measurements were taken at 25 �C and 0.33 Hz

pacing rate with electrical stimulation by rectangular

impulses with 1.2-threshold amplitude and 0.5 ms

duration.

Force, length and fura-2 fluorescence were simulta-

neously measured in a trabecula using a Muscle Research

System (Scientific Instruments GmbH, Heidelberg, Ger-

many) equipped with an inverted Axiovert 200 epifluo-

rescent microscope (Carl Zeiss, Germany). A halogen

short-arc lamp USH-103D (Ushio Inc., Japan) was used to

excite fura-2 at 340 nm or 380 nm wavelengths via nar-

row-band filters. The emission signals were collected at a

wavelength of 510 nm and converted by the hardware to

the 340/380 nm ratio. The excitation and emission light

passed through the 10X/0.50 FLUAR objective (Carl Zeiss,

Germany). To diminish fura-2 photobleaching, emission

was acquired during short periods of excitation (*30 s).

Force, length and fluorescence were sampled at 10 kHz by

an analogue-to-digital (A/D) and D/A data converter PCI-

1716S (AdLink Technology Inc., Taiwan) using custom-

made software running in a real-time environment (Hy-

perKernel, Arc Systems Ltd., Japan) integrated with the

Windows XP OS. Data were processed and analysed offline

using custom-made software.

Experimental protocol and data analysis

At the end of equilibration, a trabecula was released to a

slack length. Force and Ca2? transients were simulta-

neously measured in the trabecula contracting in steady-

state isometric conditions at this length. The trabecula was

then gradually stretched for *2–3 % of the slack length

and allowed to equilibrate at a new length prior to further

experimental recordings. The stretching was completed

when no further increase in the amplitude of active tension

was observed; this final length was assumed as LMAX.

The characteristics of tension and Ca2? transient were

measured in a trabecula under steady-state isometric con-

ditions at different stretches (each was expressed as a rel-

ative length of 80, 85, 90, 95 % LMAX, or LMAX). Ten

sequential twitches were averaged to get force and fluo-

rescence traces at each stretch. Tension was calculated

assuming the circular cross-section of a trabecula. Ca2?

transients were obtained as a ratio of fluorescence inten-

sities emitted at 510 nm by excitation at 340 or 380 nm,

without further conversion to cytosolic calcium because we

were interested in stretch-related (relative) effects. The
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samples of the simultaneous measurement of isometric

tension and non-calibrated Ca2? transient in rat trabeculae

at different stretches (indicated as a % of LMAX) are pre-

sented in Fig. 1. Rest and peak values, amplitude, time-to-

peak and total duration of steady-state isometric tension

and Ca2? transient were calculated in a trabecula at each

stretch.

Histological assessment of endothelial proliferation

of pulmonary vein

A small portion of pulmonary vein was excised and fixed in

formalin before histological preparation. Fixed tissue was

sliced into 5-lm-thick samples and stained by haematoxylin-

eosin. The samples were analysed by a Leica DM-2000

microscope (Leica Microsystems, Germany) at 4009; images

were captured and processed by the software ‘‘VideoTesT-

Morphology 5.0’’ (VideoTesT, Saint Petersburg, Russia).

Chemicals

All chemicals were purchased from Sigma-Aldrich (USA),

except fura-2/AM (Fluka Biochemika, Switzerland).

Statistics

A Mann–Whitney U test was used to evaluate differences

in the mean values of individual characteristics — ampli-

tude of tension, time-to-peak tension, Ca2? amplitude, etc.

— measured at the given stretch (expressed as a % of

LMAX) and in the morphometric indices between same-sex

CONT and MCT groups (i.e., CONT-male vs MCT-male,

CONT-female vs MCT-female). A two-way repeated

measures ANOVA was used to evaluate the combined

effect of treatment (CONT vs MCT) and sex (male vs

female) on the stretch-dependent changes in the measured

characteristics. Mean values are given as mean ± SEM.

Effects were considered significant at P \ 0.05.

Results

Heart morphometry and structural changes

in pulmonary vein

The morphometric indices obtained for male and female

rats of the control and monocrotaline-treated groups are

summarised in Table 1. A significant increase in heart

weight, left ventricular weight and right ventricular weight

(expressed either in absolute values or normalised to body

weight) was observed in the MCT-male group compared to

CONT-male. The morphometric indices in MCT-female

rats did not differ from CONT-female rats. Therefore, the

myocardium of female rats still lacked ventricular hyper-

trophy 5 weeks after the treatment with monocrotaline at a

dose of 60 mg/kg body weight.

However, a similar extent of hyperplasia in endothelial

cells, interstitial oedema, and inflammatory cell infiltration

in the pulmonary vein was found in MCT-male and MCT-

female rats (Fig. 2). We concluded that the treatment with

monocrotaline was effective for inducing pulmonary

hypertension in male and female rats.

Fig. 1 The samples of

isometric tension (black lines,

left Y axis) and non-calibrated

Ca2? transient (grey lines, right

Y axis) measured in rat

trabeculae at different stretches

(indicated in a % of LMAX)

under steady-state conditions.

a CONT-male. b MCT-male.

c CONT-female. d MCT-female
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The effect of stretch on isometric tension

The stretch-dependent changes in resting tension (devel-

oped by a trabecula in diastole) and amplitude of isometric

tension (peak isometric tension minus resting tension) were

examined in trabeculae of CONT and MCT-treated male

and female groups. Tension was plotted against a relative

length expressed as % of LMAX. The Frank–Starling

mechanism was significantly blunted in MCT-male com-

pared to CONT-male (Fig. 3a, left panel), but was highly

preserved in the MCT-female group (Fig. 3a, right panel).

The deficiency in amplitude of isometric tension in the

MCT-treated group vs the same-sex CONT group was

evaluated at each relative length (80, 85, 90, 95 % LMAX

and LMAX) and the average deficiency was calculated. This

average deficiency amounted to 38.8 ± 1.1 % in MCT-

male rats (vs CONT-male, P \ 0.05), but only to

7.5 ± 5.2 % in MCT-female rats (vs CONT-female, not

significant). Male and female CONT groups were no dif-

ferent in their force-length relations, but this relation was

Table 1 Morphometric indices of control and monocrotaline-treated male and female rats

CONT-male MCT-male CONT-female MCT-female

Body weight (BW) (g) 547 ± 20 560 ± 9 345 ± 10& 338 ± 8&

Whole heart weight, with septum (HW) (g) 1.32 ± 0.04 1.70 ± 0.04* 0.89 ± 0.03& 0.94 ± 0.02&

LV weight (LVW) (g) 0.73 ± 0.04 0.89 ± 0.02* 0.49 ± 0.02& 0.54 ± 0.01&

RV weight (RVW) (g) 0.28 ± 0.01 0.52 ± 0.03* 0.20 ± 0.01& 0.21 ± 0.01&

HW/BW (%) 0.24 ± 0.01 0.30 ± 0.01* 0.26 ± 0.01 0.28 ± 0.01

LVW/HW (%) 55.2 ± 1.5 52.6 ± 1.4 55.6 ± 1.4 58.0 ± 0.6&

RVW/HW (%) 21.4 ± 0.4 30.4 ± 1.2* 22.3 ± 0.6 21.9 ± 0.6&

Data presented as mean ± SEM

Symbols indicate significant difference (at P \ 0.05): * MCT-male vs CONT-male, & female vs male of corresponding group (control or MCT-

treated). No significant differences were observed between MCT-females and CONT-females

BW body weight, HW whole heart weight (including septum), LVW left ventricle weight, RVW right ventricle weight

Fig. 2 Microphotographs of transverse histological sections of

pulmonary vein of control (CONT) and monocrotaline-treated

(MCT) male and female rats. a CONT-male. b MCT-male.

c CONT-female. d MCT-female. 1 endothelial proliferation, 2

interstitial oedema, 3 accumulation of inflammatory cells. The scale

bar is common for all panels
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significantly lowered in MCT-male vs MCT-female

(P \ 0.05).

The resting tension-length relation was significantly

shallow for MCT-male and MCT-female groups vs same-

sex control rats (Fig. 3b). On average, the resting tension in

MCT-male and MCT-female rats was 33.3 ± 4.5 and

45.0 ± 2.6 %, respectively, of the corresponding value in

the same-sex CONT group (P \ 0.05). Trabeculae from

the CONT-male group developed significantly higher

resting tension vs CONT-female rats (P \ 0.05 for the

stretches above 80 % LMAX). In contrast, no difference in

resting tension-length relations was found between MCT-

male and MCT-female rats.

At any relative length, the time-to-peak tension was

significantly augmented by 22.9 ± 4.3 % in MCT-male

and by 9.4 ± 0.5 % in MCT-female rats, respectively, over

the value of same-sex control groups (Fig. 3c). The total

duration of isometric twitch was higher by 31.0 ± 2.3 % in

MCT-male vs CONT-male rats, but was lower by

15.4 ± 1.2 % in MCT-female vs CONT-female rats

(Fig. 3d); these differences are significant at P \ 0.05.

Stretch caused significant increases in time-to-peak and

total duration of twitch in both control groups and in the

MCT-female group. In the MCT-male group, time-to-peak

tension was faintly stretch-dependent (Fig. 3c, left panel),

whereas total duration of isometric twitch rose with stretch

to an even larger extent compared to any other group (Fig.

3d, left panel).

The effect of stretch on Ca2? transient

The changes in free cytosolic Ca2? in isolated RV tra-

beculae were monitored using the fluorescent indicator

fura-2 in its cell-permeant form (fura-2/AM) and acquired

as a ratio of intensities measured at 510 nm wavelength by

excitation at 340/380 nm wavelengths (non-calibrated

‘‘ratio’’ Ca2? transient). Due to the non-calibrated charac-

ter of Ca2? transients, we were unable to use absolute

amplitudes or rest levels of the transients to compare the

effects between individual groups. Rather, we evaluated

stretch-dependent changes in the amplitude and rest level

of non-calibrated Ca2? transients and presented the chan-

ges as a % of the value measured at 80 % LMAX (referred to

as non-stretched condition). Timing properties of Ca2?

transients were evaluated in absolute values as they are

calibration-independent.

Ca2? transient amplitude decreased with stretch in

CONT-male rats while the MCT-male group demonstrated

an opposite effect; both showed linear behaviour (Fig. 4a,

left panel). We evaluated how much this relative change in

Ca2? transient amplitude was per stretch by 5 % LMAX. On

average, each new stretch by 5 % LMAX (e.g., from 80 to

Fig. 3 The stretch-dependent

changes in tension

characteristics of RV trabeculae

of control and monocrotaline-

treated male (left panels) and

female rats (right panels).

a Amplitude of isometric

tension. b Resting tension.

c Time-to-peak tension. d Total

duration of isometric twitch.

Relative length is expressed as a

% of LMAX. Y axis scales are

identical for males and females.

Data presented as

mean ± SEM. *Significant

difference between CONT-male

vs MCT-male at the same

relative length (P \ 0.05),
#significant difference between

CONT-female vs MCT-female

at the same relative length

(P \ 0.05)
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85 % LMAX, from 85 to 90 % LMAX, etc) decreased Ca2?

transient amplitude by 3.3 ± 0.1 % in CONT-male rats

and increased it by 3.3 ± 0.3 % in the MCT-male group.

These two groups were significantly different in the

stretch-induced change in Ca2? transient amplitude at rel-

ative lengths between 90 % LMAX and LMAX. In contrast,

both female groups exhibited minor stretch-dependence of

Ca2? transient amplitude (Fig. 4a, right panel). No signif-

icant inter-sex differences in the stretch-induced modula-

tion of Ca2? transient amplitude were observed either in

the control or MCT-treated groups.

The rest level of Ca2? transient, also expressed as a % of

the value measured at 80 % LMAX (referred to as non-

stretched condition), increased substantially with stretch in

all groups (Fig. 4b). Each new stretch by 5 % LMAX

increased the rest level of Ca2? transient by 2.7 ± 0.5 % in

CONT-male, 2.7 ± 0.2 % in MCT-male, 2.2 ± 0.2 % in

CONT-female, and 3.5 ± 0.3 % in MCT-female rats (not

significantly different).

The time-to-peak Ca2? transient was significantly larger

by 48.1 ± 3.0 % in MCT-male and 26.7 ± 1.4 % in MCT-

female groups, respectively, over the value in the same-sex

control group (Fig. 4c). Similarly, the total duration of

Ca2? transient was significantly augmented in MCT-male

vs CONT-male (on average by 18.2 ± 2.2 %) and MCT-

female vs CONT-female (by 18.0 ± 3.0 %), whatever

relative length was tested (Fig. 4d). In all groups, the total

duration of Ca2? transient increased with stretch (as

absolute or relative value, i.e. absolute increase normalised

to total duration), which was significantly smaller in con-

trol vs MCT-treated groups (P \ 0.05): *25 ms or 3.2 %

in CONT (males ? females) vs *55 ms or 5.8 % in MCT

(males ? females) per stretch by 5 % LMAX. Time-to-peak

Ca2? transient, if plotted vs relative length, was not dif-

ferent between the RV trabeculae of male and female rats

in the control or MCT-treated groups, but the total duration

of Ca2? transient was significantly shorter in CONT-

female vs CONT-male or in MCT-female vs MCT-male

rats (P \ 0.05).

The effect of stretch on Ca2? transient ‘‘bump’’

It has been shown that a brief delay in Ca2? transient

decline (referred to as a ‘‘bump’’) is commonly observed in

stretched rat cardiac muscle contracting under steady-state

isometric conditions [32–34]. The consistent effect of

stretch is an increase in the magnitude of the ‘‘bump’’,

while the overall decline of Ca2? transient from peak to

rest level remained monotonous (Fig. 5a). Figure 5b

demonstrates the time profiles of the difference between an

original Ca2? transient and its monotonous decline (data

from Fig. 5a). The integral magnitude of the ‘‘bump’’ is

evaluated as an area under the corresponding time profile

or, because it is equivalent, as an area between an original

Fig. 4 The stretch-dependent

changes in the characteristics of

Ca2? transient (CaT) measured

in RV trabeculae of control and

monocrotaline-treated male (left

panels) and female rats (right

panels). a Ca2? transient

amplitude (change in % of value

measured at 80 % LMAX).

b Rest level of Ca2? transient

(change in % of value measured

at 80 % LMAX). c Time-to-peak

Ca2? transient. d Total duration

of Ca2? transient. Relative

length is expressed as a % of

LMAX. Y axis scales are identical

for males and females. Data

presented as mean ± SEM.

*Significant difference between

CONT-male vs MCT-male at

the same relative length

(P \ 0.05), #significant

difference between CONT-

female vs MCT-female at the

same relative length (P \ 0.05)
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Ca2? transient and its monotonous decline. Note that the

time profiles in Fig. 5b have their peaks at different times

(as indicated by arrows). A time of peak in the profile

minus time-to-peak Ca2? transient (that is, a peak of time

profile is related to the onset of Ca2? transient decline) is

referred by us as a time-to-peak ‘‘bump’’; the gap between

an original Ca2? transient and its monotonous decline is

maximal at this time-to-peak ‘‘bump’’. The time-to-peak

‘‘bump’’ is also increased by gradual stretch of a trabecula

(see arrows in Fig. 5b). In this study, we evaluated stretch-

dependent changes in the integral magnitude and time-to-

peak of ‘‘bump’’ in CONT and MCT-treated groups of both

sexes. The integral magnitude of ‘‘bump’’ was expressed as

a % of total area under Ca2? transient (assuming its

monotonous decline), in order to overcome misinterpreta-

tion due to the quantitatively different amplitudes of non-

calibrated Ca2? transients, while time-to-peak ‘‘bump’’ was

evaluated in absolute values.

At each stretch, the integral magnitude of ‘‘bump’’ was

unaffected by the treatment with MCT in males or females

but was approximately twofold larger in males vs females,

regardless of the relative length that was tested (bump IM,

Fig. 5c). The rate of ‘‘bump’’ development was signifi-

cantly slower in MCT-treated males since the time-to-peak

‘‘bump’’ was 34.8 ± 0.7 % larger on average in MCT-

male vs CONT-male rats (Fig. 5d, left panel). The time-to-

peak ‘‘bump’’ values in MCT-females exceeded the values

of CONT-females by 6.4 ± 3.7 % only; this was not a

significant difference (Fig. 5d, right panel). Both integral

magnitude and time-to-peak of ‘‘bump’’ are elevated with

stretch, but we did not find any significant difference in this

stretch-induced increase between individual groups.

Fig. 5 The effect of stretch on characteristics of Ca2? transient

‘‘bump’’ in RV trabeculae of control and monocrotaline-treated male

and female rats. a Original Ca2? transients (grey lines) obtained in rat

trabeculae at different stretches (indicated as a % of LMAX) with

superimposed monotonous declines (black lines). Arrows indicate the

discrepancy between the original and monotonous traces (‘‘bump’’).

b Time profiles of ‘‘bump’’ obtained at different stretches (data from

panel ‘‘a’’). Arrows indicate the maximal gap between the original

Ca2? transient and its monotonous decline (time-to-peak ‘‘bump’’).

The time-to-peak ‘‘bump’’ is calculated as a time of peak of profile

minus time-to-peak Ca2? transient (i.e. time-to-peak ‘‘bump’’ is

related to the onset of Ca2? transient decline). The shaded area under

black trace is the integral magnitude of the ‘‘bump’’ (bump IM).

c Stretch-dependent changes in the integral magnitude of the ‘‘bump’’

(bump IM), expressed as a % of total area under Ca2? transient

assuming its monotonous decline (CaT), in RV trabeculae of control

and MCT-treated male (left panel) and female rats (right panel).

d Stretch-dependent changes in the time-to-peak ‘‘bump’’ in RV

trabeculae of control and MCT-treated male (left panel) and female

rats (right panel). Relative length is expressed as a % of LMAX. Y axis

scales on panels c, d are identical for males and females. Data

presented as mean ± SEM. *Significant difference between CONT-

male vs MCT-male at the same relative length (P \ 0.05). No

differences were observed between CONT-female and MCT-female
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Discussion

It was confirmed in this study that a single treatment with

moderate dose of monocrotaline (60 mg/kg body weight)

induces right ventricular hypertrophy only in male rats. The

hearts of MCT-treated female rats did not exhibit RV

hypertrophy within a 5-week interval. This is in agreement

with earlier reports that female rats revealed less severe

pulmonary hypertension compared to males [27] and

therefore lacked right ventricular hypertrophy [26, 28]. In

the present study, MCT-treated male and female rats

experienced similar structural changes in the wall of the

pulmonary vein (see Fig. 2). We conclude that the absence

of stimulation of RV hypertrophy in female rats may be

grounded by other factors than hypertension-induced

increase in pulmonary arterial pressure.

Nevertheless, Ca2? transients were typically slower in

the MCT-treated groups of both sexes (vs same-sex control

group). Of interest, Ca2? transient was significantly slower

in males vs females in monocrotaline-induced pulmonary

hypertension, while in the control groups, Ca2? transient

tended to rise faster in males vs females, as shown previ-

ously [35, 36]. As a result, Ca2? transient in the MCT-male

group was extremely prolonged vs the CONT-male group:

a situation which was not observed in the female groups.

This finding supports the point of view that sex-specific

regulation of Ca2? transient in pulmonary hypertension and

right ventricular hypertrophy is an important player in

cardiac adaptation to chronic pressure overload.

The important finding of our study is that female rats

under pulmonary hypertension have a longer period of

stability of stretch-dependent regulation of cytosolic Ca2?

and tension development, compared with male rats. E.g.,

Ca2? transient amplitude and rate of ‘‘bump’’ development,

which at least partially underlies the Frank–Starling

mechanism, were similar in control and MCT-treated

female rats. Ca2? transient peak time and total duration

were moderately altered in MCT-treated females. It is not

surprising, therefore, that the Frank–Starling mechanism

was highly preserved in the RV myocardium of mono-

crotaline-treated female rats. It is also interesting that

minor effects of stretch on Ca2? transient amplitude were

found in the healthy and monocrotaline-treated female rats.

In contrast, substantially blunted stretch-dependent

activation of contraction and prolonged twitch were found

in the RV myocardium of monocrotaline-treated male rats,

very possibly due to the different effects of stretch on Ca2?

transient. Ca2? transient amplitude consistently increased

with stretch in MCT-treated male rats but decreased in

control males. This substantial discrepancy may arise from

the different regulation of cytosolic Ca2? in healthy and

hypertrophied myocardium. In a healthy heart, Ca2? sen-

sitivity of contractile proteins increases with stretch;

therefore, faster and more effective Ca2? utilisation in the

force-length relation [3, 33] may lead to reduced Ca2?

transient amplitude. On the other hand, greater Ca2? entry

into a cell and higher sarcoplasmic reticulum Ca2? uptake

are found in hypertrophied myocardium [37], which ele-

vates peak cytosolic Ca2? [38]. A stretch-dependent

increase in the utilisation of Ca2? by troponin C (TnC) may

additionally enhance Ca2? entry and/or Ca2? accumulation

in the sarcoplasmic reticulum, thus providing the stretch-

induced increase in Ca2? transient amplitude. These

[Ca2?]i regulatory pathways may operate either in coordi-

nated or concurrent manner, however, especially in mod-

erate ventricular hypertrophy.

The next important point of our study was to get at how

stretch modifies Ca2? decline in healthy and monocrota-

line-treated male and female rats. It is known that stretch of

rat cardiac muscle causes a brief deceleration of Ca2?

transient decline, referred to as a ‘‘bump’’ [32]. In rat

ventricular myocardium, over 90 % of cytosolic Ca2? is

taken back into the sarcoplasmic reticulum (SR) and only

7 % of Ca2? is left in a cell during relaxation [39].

Importantly, there is no evidence that Ca2? uptake by SR is

stretch-dependent in rat myocardium. Therefore, it is most

likely that the ‘‘bump’’ reflects the release of Ca2? from

troponin C (TnC) [32, 33]. This is supported by the findings

that its magnitude is highly dependent on extracellular

Ca2? levels [34] and that the application of mechano-cal-

cium uncouplers like 2,3-butanedione monoxime inhibits

the ‘‘bump’’ without affecting Ca2? transient amplitude

[32]. Moreover, the stretch-dependent alterations in the

characteristics of the ‘‘bump’’ are consistent with a putative

increase in Ca2?-TnC interaction in stretched muscle. In

healthy myocardium, the higher the stretch, the larger

amount of Ca2? is being utilised by TnC, and the slower

the release of Ca2? from TnC is. Indeed, both integral

magnitude and time-to-peak ‘‘bump’’ are progressively

elevated with the gradual stretch of a muscle. Therefore,

we hypothesise that (1) the integral magnitude of the

‘‘bump’’ may reflect the amount of Ca2? released from

TnC, and (2) the rate of ‘‘bump’’ development follows the

rate of Ca2? release from TnC. However, these measures

are indirect, so further experiments are needed for valida-

tion of this hypothesis.

In the present study, we observed the ‘‘bump’’ on Ca2?

transient decline in all rat groups. Our novel finding is that

RV myocardium of male rats (either in the control or

monocrotaline-treated groups) has twofold larger integral

magnitude of the ‘‘bump’’ and substantially slower

‘‘bump’’ kinetics, compared to females. This sex-specific

discrepancy may serve as the key determinant in the

adaptive response of the contractility of ventricular myo-

cardium to pathological conditions. Indeed, MCT-male rats

displayed slowest characteristics of the ‘‘bump’’ which
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conforms to the smallest amplitude of active tension. All

other groups (CONT-male, CONT-female, and MCT-

female) have highly similar ‘‘bump’’ kinetics, and similar

force-length relations. These findings indicate that Ca2?

utilisation by TnC is greatly altered in monocrotaline-

induced right ventricular hypertrophy (males), but not in

pulmonary hypertension (females). An extreme prolonga-

tion of Ca2? transients in MCT-treated males may originate

from either (1) slower kinetics of Ca-TnC interaction or (2)

impaired SR Ca2? uptake due to reduced function of

SERCA2a in heart failure [40], or from a combination of

these processes. Additionally, various mutations in the

regulatory proteins, such as troponin, have been recently

revealed in the ventricular muscle of failing hearts and this

pathological remodelling additionally substantiates the

alteration of the Frank–Starling mechanism [6].

Our results are in line with the findings that sex affects

the type of ventricular hypertrophy [41]. Stretch-dependent

effects on isometric tension and Ca2? transient in rat

myocardium may be substantiated by sex-specific hor-

monal effects which can control (patho)physiological pro-

cesses such as the development of pulmonary hypertension

[26–28]. The protective effect of sex hormones on the

development of right ventricular hypertrophy in female rats

has also been proven, as MCT-treated adult female rats did

not suffer from an increase in RV mass, in contrast to

MCT-treated male rats of a similar age [26]. In contrast,

MCT-treatment of bilaterally ovariectomised adult female

rats led to an increase in RV weight/body weight ratio,

which was comparable with male rats, although additional

treatment of the oestrogen-deficient adult female rats with

progesterone was protective against MCT-induced pul-

monary hypertension [27]. It has also been shown that

ovariectomy leads to suppression of cardiac myofilament

activation in healthy female rats but increases myofilament

Ca2? sensitivity via elevated phosphorylation levels of

cardiac tropomyosin in those rats under chronic angioten-

sin II exposure [42].

These findings and our results allow us to conclude that

the RV myocardium of adult female rats is highly protected

from pathological remodelling in pulmonary hypertension

which preserves the Frank–Starling mechanism unaltered

or just slightly blunted. The myocardium of male rats is

more susceptible to this remodelling, which results in

significant loss of stretch-induced activation of contraction,

in part due to impaired regulation of [Ca2?]i removal from

the cytosol.
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