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Abstract We evaluated changes in passive mechanical

properties in cardiac tissues during rat pregnancy. Left and

right ventricular free walls were dissected from hearts

of nonpregnant, late-pregnant, and postpartum rats.

Mechanical experiments in ventricular strips were done by

stretch–release cycles using a step motor. The results show

that during pregnancy, there is cardiac hypertrophy associ-

ated with (1) an increase in myocyte size, particularly of

augmented myocyte length, (2) a decrease in passive tension

developed by the myocardial walls, and (3) a decrease in

both elastic modulus and hysteresis. All changes observed

during rat pregnancy were reversed during postpartum. In

conclusion, a heart with less ventricular rigidity could con-

tribute to facilitating the ventricular filling in conditions of a

greater circulating volume characteristic of pregnancy.
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Introduction

Titin, also known as connectin, is a giant protein and the

major contributor to the development of myocardial pas-

sive tension during ventricular diastole [1–5]. Titin spans

from the Z disc to the M-line of the sarcomere. The I-band

segment of titin functions as a molecular spring. Two

classes of titin have been found in cardiac tissues and are

referred to as N2B and N2BA [1, 6]. The I-band of both

isoforms contains a PEVK region [segment rich in proline

(P), glutamine (E), valine (V), and lysine (K) residues], a

unique sequence (N2B/N2A), and immunoglobulin (Ig)

domains [7]. The passive tension that the cardiac tissues

develop depends on the expression levels of titin isoforms.

The cardiac myocytes that only express N2BA titin isoform

develop less passive tension than myocytes expressing

N2B titin, while coexpression of both titin isoforms in the

same sarcomere allows passive tension to develop to

intermediate levels [6, 8].
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Passive tension alterations have been found in non-

functional cardiac hypertrophy, and these changes have

been associated with variations in the expression of titin

isoforms. Recently, it was reported that cardiac tissues of

patients with dilated cardiomyopathy develop less passive

tension than normal patients; this change was associated

with an increase in the N2BA titin isoform expression [9,

10]. The increase in N2BA titin isoform was correlated

with an increase in the final diastolic and systolic volumes.

Another protein that contributes to the development of

passive tension during muscle stretch is collagen, a main

component of the extracellular matrix. In pathologic car-

diac hypertrophy, collagen type I content increases,

inducing an increase in ventricular stiffness [11–13].

Although several investigations associated with patho-

logic cardiac hypertrophy exist, there is little information

about the mechanisms associated with functional cardiac

hypertrophy, especially those that occur during pregnancy.

During pregnancy there are dramatic increases in sex-

hormone levels [14] and large hemodynamic changes

including increase in circulation volume, cardiac output,

stroke volume, and heart rate, and a decrease in the

peripheral vascular resistance [15–17]. These changes

require an adaptation of heart mechanical properties. Here,

we evaluated the passive mechanical properties in heart

ventricular tissues of nonpregnant, pregnant, and post-

partum rats.

Methods

Animals

Animal care and experimental procedures were approved

by the Ethics Committee of the University of Colima

according to the ‘‘Guide for the Care and Use of Labora-

tory Animals’’ (US Department of Health, NIH). Female

Sprague-Dawley rats were separated into three experi-

mental groups: nonpregnant (NP, diestrus, 250 ± 4 g,

n = 8), late-pregnant (LP, 18–21 days, 305 ± 13 g,

n = 8), and postpartum (PP, 7 day, 271 ± 6 g, n = 8).

Under anesthesia, hearts were extirpated and weighed for

use in the following experimental procedures.

Myocyte size

Myocytes were isolated from rat cardiac ventricular tissues

by digesting their extracellular matrix with collagenase and

protease, according to a protocol previously published [18].

The myocyte area and length were measured with a

microscope (Carl Zeiss, Goettingen, Germany) equipped

with digital camera and Image 1.6 software (National

Institute of Health, USA).

Passive mechanical properties

Muscle strips (length & 4 mm, width & 2 mm, and thick-

ness & 0.5 mm) of right (SRV) and left (SLV) ventricular

free walls were dissected in oxygenated Tyrode solution (in

mmol/L: NaCl 125, KCl 5.4, MgCl2 1.05, NaHCO3 24,

NaH2PO4 0.42, CaCl2 1.8, and dextrose 11; pH = 7.4) sup-

plemented with protease inhibitors. The resting tension of

strips was adjusted to 500 mg [19], and then passive tension

was recorded by imposing a ramp stretch and release [stretch

was 10% of strip initial length (Li) to a velocity of 0.2 Li/s;

sarcomere approximate length of work in our experiments

was in the range of 1.9–2.2 lm] [20]. Tension recordings

were analyzed by means of stress–strain relationship [21].

The stress–strain curves were fitted with the Magid and Law

equation to estimate the elastic modulus of cardiac tissues

[22]. The energy cost during the hysteresis process was

obtained by the area under the stretch and release curves [23].

All experiments were performed at 37�C.

Statistics

Data are expressed as mean ± SE. Differences between

groups (NP, LP, and PP) were estimated by the one-factor

variance analysis, and multiple comparisons between

means were obtained using Bonferroni test. A P B 0.05

was considered statistically significant. Analysis was per-

formed with Minitab software.

Results

Heart weight and cardiac myocyte size

During the late phase of rat pregnancy, there was a sig-

nificant increase (about 15%) in heart-to-body weight ratio

(see Table 1). Seven days postpartum, there was a decrease

in the heart-to-body weight ratio, confirming reversibility.

Also, in this study we explored changes in myocyte size

induced by pregnancy. Myocyte area and length were

different in both ventricles. During pregnancy (LP), myo-

cytes from right and left ventricle free wall significantly

increased both their area and length as compared with

nonpregnant (NP) and postpartum (PP) groups (Table 1).

In contrast, the cell width was similar in all cases. These

data demonstrate that during rat pregnancy the heart

develops eccentric cardiac hypertrophy, which is almost

fully recovered after partum.

Passive tension measurements

Figures 1 and 2 show that passive tension developed by

SRV and SLV was significantly lower in the LP group than
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in the NP and PP groups (P \ 0.05), and PP samples

recovered their ability to generate. At 10% of Li, SRV

developed 9.02 ± 0.57 mN/mm2, and SLV generated

7.48 ± 0.44 mN/mm2 in NP; while in LP generation of

force was decreased to 5.39 ± 0.48 mN/mm2 in SRV, and

SLV produced only 4.09 ± 0.61 mN/mm2. In PP, passive

tension recovered to practically original levels as SRV

elicited 8.60 ± 0.66 mN/mm2 and SLV produced

7.46 ± 0.84 mN/mm2 (P [ 0.05) of passive tension. In all

groups, the SLV developed lower passive tension than

SRV as shown in Figs. 1 and 2.

Modulus of elasticity

To estimate cardiac tissue rigidity, the elastic modulus of

each group was calculated using stress–strain curves fitted

to the Magid and Law equation [22]:

e ¼ Ee

a
ead � 1
� �

ð1Þ

where e is stress, d strain, Ee elastic modulus or Young

modulus, and a corresponds to deformation rate. After

taking logarithms, Eq. 1 becomes [when exp(rd) [[ 1]:

Ln(eÞ ¼ adþ Ln Ee=að Þ ð2Þ

In SRV, the elastic moduli decreased from 31.1 ± 0.016

mN/mm2 in NP to 19.0 ± 0.015 mN/mm2 in LP and

returned to 31.5 ± 0.014 mN/mm2 in PP. In SLV, the

elastic moduli also decreased from 25.5 ± 0.015 mN/mm2

in NP to 14.8 ± 0.014 mN/mm2 in LP and returned to

25.4 ± 0.016 mN/mm2 in PP. These results indicate that

the rigidity of cardiac tissues is less prominent in late-

pregnant than in nonpregnant animals and returns to nor-

mal in postpartum conditions. In all conditions, the rigidity

of SLV was smaller than SRV.

Hysteresis

Cardiac muscle exhibits the hysteresis phenomenon, where

the developed tension during stretch is higher than during

release. The hysteresis process is related to loss of elastic

energy measured in joules. In line with a loss in rigidity

during pregnancy, hysteresis was also decreased in the

hypertrophied cardiac tissues of LP animals (Figs. 3, 4),

both in SRV (NP = 154 ± 22 J, LP = 79 ± 21 J,

PP = 172 ± 25 J) and SLV (NP = 98.7 ± 7 J, LP =

88 ± 3 J, PP = 103 ± 5 J). Energy cost during the hys-

teresis in SRV was higher than SLV.

Discussion

This study shows that rats, similar to mice [18], develop

cardiac hypertrophy during pregnancy. We now show that

Table 1 Cardiac myocyte morphology and heart mass in nonpreg-

nant, late-pregnant, and postpartum rats

Experimental groups

NP LP PP

Myocyte total area (lm2)

RV 2,461.1 ± 50.10 3,050.8 ± 40.50* 2,741.2 ± 57.60

LV 2,484.3 ± 40.10 2,831.9 ± 38.70* 2,683.8 ± 47.90

Myocyte length (lm)

RV 110.1 ± 1.00 133.4 ± 0.90* 121.2 ± 0.90

LV 102.2 ± 0.80 114.9 ± 1.10* 108.5 ± 1.10

Heart mass

(mg)/body

weight (g)

3.69 ± 0.05 4.34 ± 0.10* 3.47 ± 0.09

RV Right ventricle, LV left ventricle, NP nonpregnant, LP late-

pregnant, PP postpartum

* P \ 0.05
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Fig. 1 Passive tension in strips of right ventricle from different

groups. a Nonpregnant (NP) versus late-pregnant (LP), and b late-

pregnant (LP) versus postpartum (PP). Values correspond to

mean ± SE, n = 16 per group
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pregnancy induces a reduction in passive tension, rigidity,

and hysteresis as measured in muscle strips from free

ventricular walls of the hypertrophied heart. The changes

that cardiac tissues underwent during pregnancy were

reversed in postpartum.

There are few reports about pregnancy-related physio-

logical heart hypertrophy, therefore, physiological changes

during pregnancy and molecular mechanisms associated

with hypertrophy are not well understood. In late-pregnant

mice, an increase in heart weight but a decrease in the

heart-to-body weight ratio was observed [18]. In 16-day-

pregnant rats, there was no significant change in heart-to-

body weight when compared to nonpregnant rats (estrus

cycle stage unknown) [24], while in this study we found

that in late-pregnant rats (18–21 days) the heart-to-body

weight ratio increased when compared to nonpregnant

(diestrus) and postpartum animals.

Heart hypertrophy is a compensatory mechanism acti-

vated during pregnancy to improve the heart’s pumping

capacity in response to an increased demand. At the same

time, it is accepted that cardiac hypertrophy is associated

with an increase in myocyte size [18, 25–27]. Our data also

support this idea and demonstrate that the increase is due to

an increase in myocyte length, explaining the eccentric

cardiac hypertrophy observed in pregnancy. Eghbali et al.

[18] also demonstrated eccentric cardiac hypertrophy in

pregnant mice using echocardiography techniques.

Passive properties are an important factor in cardiac

muscle function because part of the diastolic wall tension

determines the extent of heart ventricular filling and its

subsequent stroke volume. Physiological hypertrophy in

pregnant rats is associated with a reduction in passive ten-

sion and rigidity of cardiac tissues. In pathological hyper-

trophy of dilated cardiomyopathy (DCM), the changes seem

to differ depending on the species since an increase in

passive tension is observed in birds (turkeys) and dogs, but

in humans passive tension is reduced [9, 10, 13].

Both alterations were associated with variations in titin

isoform expression levels [12, 13]. To test whether changes
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Fig. 2 Passive tension in strips of left ventricle from different

groups. a Nonpregnant (NP) versus late-pregnant (LP), and b late-

pregnant (LP) versus postpartum (PP). Values correspond to

mean ± SE, n = 16 per group
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Fig. 3 Hysteresis curves in strips of right ventricle from different

groups. a Nonpregnant (NP) versus late-pregnant (LP), and b late-

pregnant (LP) versus postpartum (PP). Values correspond to

mean ± SE, n = 16 per group
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in passive tension observed during pregnancy may be

related to an increase in the expression of N2BA titin, the

heart samples were analyzed with SDS-PAGE (3–10%

acrylamide gradient gels) and then Western blotting anal-

ysis was performed using primary antibodies specific to

N2BA (X105–X106) and N2B titin (X150–X151), gener-

ously provided by Dr. Labeit (European Molecular Biology

Laboratory, Heidelberg, Germany). The experiments per-

formed in our laboratory did not show alterations in the

expression level of titin isoforms during pregnancy. These

results are similar to observations reported in functional

cardiac hypertrophy induced by exercise in humans [28].

Nevertheless, the decrease in cardiac tissue passive tension

in pregnancy could be regulated by an increase in the

phosphorylation of cardiac titins. Protein kinase A-depen-

dent phosphorylation of titin has been reported to con-

tribute to a decrease in passive tension modulating the

cardiac diastolic function. Recent experiments in humans

also suggest that the protein kinase G-dependent phos-

phorylation of titin regulates changes in passive tension

[29–32].

Another protein that regulates the ventricular passive

tension is collagen, the main component of the extracel-

lular matrix. In the heart, two collagen isoforms predomi-

nate, types I and III. Collagen type I forms a rigid structure

that shows low distensibility, whereas collagen type III

forms an elastic fine network. In pathologic cardiac

hypertrophy, there is an increase in ventricular passive

tension associated with an increase in collagen I content

[11–13]. In rodents, collagen shows a greater contribution

to passive tension than titin [33]. In the functional cardiac

hypertrophy during pregnancy, a decrease in passive ten-

sion also could be explained by an increase in collagen type

III, but this requires future experiments. Preliminary data

from our laboratory in late pregnancy show that there is an

increase in the amount of collagen in the heart (data not

unpublished).

Our experiments show that passive tension of the

hypertrophied ventricular tissues decreases during rat

pregnancy. Furthermore, the ventricular elastic modulus

indicates that cardiac walls are less stiff in pregnant rats

than in PP and NP animals. In the rat, as in the mouse, it is

clear that cardiac hypertrophy in late pregnancy results

from an increase in cell and myofibril length, leading to an

increase in ventricular volume and eccentric cardiac

hypertrophy. Our observation of a parallel decrease in

ventricular rigidity supports the idea that this diminution in

rigidity could be the compensatory mechanism that oper-

ates in the heart during pregnancy to handle the blood

volume overload that this physiological condition

demands.

Another interesting variable is the hysteresis that origi-

nates when the tissues undergo cycles of stretch–release, a

measurement of the energy lost as heat during each cycle

[23, 34]. In pregnancy, we observed an increase in the heart

rate and an increase in stretch–release cycles leading to the

possibility of greater heat production. The data reveal a

diminution of cardiac-tissue hysteresis during pregnancy,

thereby diminishing loss of energy as heat in the sub-

sequent cycle. Thus, during pregnancy the heart has a

greater efficiency as compared with nonpregnancy and

postpartum.

In conclusion, during pregnancy the longitudinal growth

of myocytes leads to eccentric cardiac hypertrophy with

less ventricular passive tension, less stiffness, and less

hysteresis. Furthermore, all changes observed in pregnant

rats were reversed during postpartum. Finally additional

experiments are needed to elucidate the molecular mech-

anism that modulates the decrease in passive tension in

cardiac hypertrophy during pregnancy.
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Fig. 4 Hysteresis curves in strips of left ventricle from different

groups. a Nonpregnant (NP) versus late-pregnant (LP), and b late-

pregnant (LP) versus postpartum (PP). Values correspond to
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