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Chapter 6

Sex differences in young rats with RV pressure load

ABSTRACT

INTRODUCTION

Introduction: Sex is increasingly emerging as determinant of right ventricular (RV) adaptation

Right ventricular (RV) dysfunction is an important determinant of outcome in various

to abnormal loading conditions. However, it remains unclear whether sex-related differences

cardiovascular diseases, such as congenital heart disease (CHD), pulmonary arterial

already occur in childhood. Therefore, this study aimed to assess sex differences in a juvenile

hypertension (PAH) and heart failure with preserved ejection fraction (HFpEF).1,2 In the last

model of early RV pressure load by pulmonary artery banding (PAB) during transition from

decade, increasing evidence has emerged indicating that in patients with these conditions

pre- to post-puberty.

substantial differences between sexes exist with regards to disease severity, clinical course of
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the disease, and mortality.3,4 The prevalence of CHD in general is higher in females, whereas
Methods and results: 3-weeks old rat pups (n=57, 30-45g) were subjected to PAB or sham

the prevalence of severe CHD, as well as mortality, is higher in males.1,5 This also applies

surgery. Animals were sacrificed either before or after puberty (4 and 8 weeks post-surgery,

to patients with PAH, as well as in patients with HFpEF: female patients are more likely to

respectively). Male PAB rats demonstrated failure to thrive already after 4 weeks, whereas

develop these conditions, whereas men show worse RV function and clinical outcomes.3,6–8

females did not. After 8 weeks, female PAB rats showed less clinical symptoms of RV failure

These observations raise the question which factors underlie these observed sex differences.

than male PAB rats. RV pressure-volume analysis demonstrated increased end-systolic

A mechanistic role for sex hormones has been suggested by data from large studies on

elastance after 4 weeks in females only, and a trend toward preserved end-diastolic elastance

cardiovascular disease-free subjects, demonstrating that higher levels of estradiol and

in female PAB rats compared to males (p=0.055). Histology showed fibrosis to be significantly

estradiol metabolism are associated with better RV function.9,10 Further clinical studies to

less present in female compared to male PAB rats 8 weeks after surgery. Myosin heavy chain

dissect the effects of sex chromosomes from sex hormones are scarce, but the suggested

7/6 ratio switch and calcineurin signaling were less pronounced in female PAB rats, compared

role of sex hormones is consistently supported by experimental studies.11 Various protective

to males.

properties of estrogen have been demonstrated in both general cardiac dysfunction, and
specifically pressure-loaded RV dysfunction.12–18 In contrast, male sex hormones are associated

Conclusion: In a juvenile rat model of RV pressure load, female rats appeared to be less prone

with worse RV function in healthy humans, and experimental RV pressure load.10,19

to clinical heart failure, compared to males. This was driven by increased RV contractility before
puberty, and better preservation of diastolic function with less RV myocardial fibrosis after

Altogether, it seems that sex substantially affects RV adaptation to abnormal ventricular loading

puberty. These temporal findings add to our limited understanding of the pathophysiology of

conditions. It has not been elucidated yet, whether these sex differences are solely driven by

pediatric RV failure due to chronic abnormal loading.

sex hormones or whether genetic constitution also plays a role. To answer this question, it
would be helpful to know whether these sex differences also occur in childhood, before sex
hormones become active. Unfortunately, insufficient data are available on sex-specific patterns
of RV adaptation in pediatric, pre-pubertal heart diseases. Both clinical and experimental
studies have all been conducted in adult humans, or animals. Therefore, the present study
aimed to assess sex-related differences in RV adaptation in a rat pup model of early RV
pressure load by pulmonary artery banding (PAB) during transition from pre- to post-puberty.

METHODS
Animal care and experiments were conducted according to the Dutch Animal Experimental
Act and conform to the Guide for the Care and Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication No. 85-23, revised 1996) and the declaration
of Helsinki. The Animal Experiments Committee of the University of Groningen, in the
Netherlands approved the experimental protocol (permit number: AVD10500201515134).
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a pressure-admittance catheter (1.9F, 6mm spacing, Transonic, Ithaca, NY, USA). After

To induce RV pressure overload in rat pups, we adapted the previously described procedure for

thoracotomy and pericardiotomy, the catheter was introduced in the apex of the RV towards

PAB used in our laboratory. Wistar rat pups (Charles River, France) were as soon as possible

the outflow tract. The pressure signal was recorded in Chartlab 5 with an ADVantage PV

after weaning (3rd-4th week of life, 30-40 grams) randomized into two groups: sham (male n=13

system (ADV500) processor (Transonic, Ithaca, NY, USA). Analyses of the obtained signal was

/ female n=10) or pulmonary artery banding (PAB, male n=22 / female n=14). PAB was applied

performed with Circlab 2015 (developed by P. Steendijk, Leiden University Medical Center,

under general anaesthesia with ventilation (isoflurane/oxygen mixture, 5% induction; 2-3%

Leiden, The Netherlands). LV stroke volume as measured by echocardiography (in mL) was

maintenance; analgesia with subcutaneous carprofen 5 mg/kg) with a 22 gauge needle through

used to calibrate the RV conductance-derived stroke volume. Steady-state pressure-volume

a left thoracotomy to standardize the degree of RV pressure load. Sham animals underwent the

loops were used for calculation of all parameters. End-systolic and end-diastolic elastance (Ees

same procedure, without the banding of the pulmonary artery. During PAB surgery, one male

and Eed, respectively) were determined using the single-beat method. 24,25

20

and one female rat died, leaving 21 male PAB rats and 13 female PAB rats. In Wistar rats, both
male and female, puberty has been demonstrated to start not before rats reach the age of 52

Organ weights and histological analyses

days (≈7.5 weeks).

Rats were sacrificed at two time points: 4 weeks post-surgery, being ≈7

After catheterization, the rats were sacrificed by blood withdrawal. After flushing the heart

weeks of age and thus predominantly pre-puberty (10 sham animals; male n=5/ female n=5,

with NaCl 0,9%, the heart and organs were removed. Tibia’s were collected to measure TL.

15 PAB animals; male n=9 / female n=6) and 8 weeks post-surgery, being ≈11 weeks of age

RV, ventricular septum, left ventricle and both atria were dissected and weighed. Cardiac

and thus post-puberty (13 sham animals; male n=8 / female n=5; 19 PAB animals; male n=12 /

weights were indexed according to previously published formulas. 23 After fixation of the RV

female n=7). When a humane endpoint (i.e. lethargy, ≥10% weight loss and/or severe dyspnea)

(formalin), cardiomyocyte cross-sectional area (CCSA, on wheat germ agglutinin staining),

was reached before planned sacrifice, rats were immediately sacrificed. At sacrifice, either

fibrosis (Masson Trichrome) were measured. Capillary density (on Lectin staining) was

planned or at a humane endpoint, the occurrence of dyspnea prior to termination and the

assessed in the RV free wall by counting the amount of capillaries on 5 views of 100x100µm,

finding of ascites/ pleural effusion during termination were scored as symptoms of RV failure.

20x magnification. Capillary/myocyte ratio was measured by dividing the capillary density by

21,22

the mean amount of cardiomyocytes (calculated as area of analysis divided by mean CCSA).
Echocardiography
Validation of RV pressure load and assessment of cardiac function was performed by means of

Gene expression

echocardiography in all animals prior to termination (Vivid Dimension 7 and 10S-transducer, GE

RT-qPCR of specific genes representing cardiomyocyte stress (NPPB), fetal gene switch

Healthcare, Waukesha, WI,USA). Rats were anesthetized by inhalation of isoflurane (induction

(MYH7/MYH6 ratio), pro-fibrotic signaling (TIMP1) and pathological hypertrophy (regulator

5%; 2-3% maintenance) and warmed at 37°C. RV pressure load was defined as pressure

of calcineurin [RCAN]1) were measured as described previously. 20 Expression data were

gradient over the pulmonary artery (PA), measured by maximal flow velocity in the PA. Two

corrected for the expression of GAPDH by means of the double-delta CT method. PAB groups

female PAB rats showed a PAB gradient <20 mmHg, which was regarded as a non-significant

were compared to its respective sex and time point control group.

pressure load, and these were excluded due to failure of adequate PAB surgical procedure,
leaving 11 female PAB rats. Tricuspid annular plane systolic excursion (TAPSE) was measured,

Statistical analyses

representing longitudinal systolic RV function. LV cardiac output (CO) was calculated using

Quantitative data are expressed as mean ± standard error of the mean (SEM). ANOVA with

aortic flow and diameter as follows: (aortic diameter)² x 3.14 x velocity time integral x heart rate.

Holm-Sidak correction for multiple tests was performed to test differences between sham

Beat-to-beat variation was accounted for by averaging measurement from 6 to 12 consecutive

and PAB animals at the different time points for continuous variables (GraphPad Prism 5.04

beats. TAPSE was indexed by dividing by tibia length (TL), and LV CO was indexed by dividing

for Windows), Chi-squared test for categorical variables (SPSS, version 23, 2015). Kaplan

by TL to the power of three (TL3), according to previously published methods for indexing. 23

Meier survival curves were plotted and log-rank test was performed to compare survival
between sexes. Rats were censored when planned sacrifice took place, mortality was defined

Invasive RV pressure-volume analyses

as death or unplanned euthanasia when a humane endpoint was reached. Alpha <0.05 was

Prior to termination (either at 4 weeks after PAB, or at 8 weeks after PAB), open-chest

considered significant.

pressure-volume measurements were performed in anesthetized and intubated rats using

6
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RESULTS
Clinical status
After 4 weeks, three out of 21 male PAB rats had died, while there was no mortality among
female rats and none of the remaining PAB rats showed clinical signs of RV failure. Eight
weeks after PAB surgery, one additional male PAB rat had died, as well as one female PAB
rat. Furthermore, 70% of the remaining male PAB rats had developed at least one clinical
sign of RV failure (5/10 ascites, 5/10 tachypnea, 7/10 pleural effusion, figure 1A), whereas
40% of the remaining female PAB rats had developed at least one clinical sign of RV failure
(2/5 ascites, 1/5 tachypnea, 0/5 pleural effusion). The occurrence of pleural effusion was
significantly lower in female PAB rats, compared to male PAB rats (p=0.003). The occurrence
of ascites and tachypnea, as well as the occurrence of at least one clinical sign and the total
number of clinical signs did not differ significantly between sexes. Also, the survival difference
between sexes did not reach statistical significance (p=0.33, figure 1B). From the 4 weeks
time point, male PAB rats showed failure to thrive, defined as decreased bodyweight, when
compared to control male rats (p<0.001 for both 4 and 8 weeks). Also tibia length, a measure of
body size independent of body composition, was significantly lower in male PAB rats compared
to male controls at the 8 weeks time point (p<0.001, figure 1C,D). Female PAB rats did not
show decreased body weight or tibia length, compared to female control rats at any time point.
Right ventricular function
Echocardiography showed that the pressure load induced by PAB was equal between groups
(figure 2A). Cardiac index appeared to be lower in PAB rats, compared to controls, similarly
in both male and female rats, although this decrease did not reach statistical significance
(p=0.459 ; Fig 2C). TAPSE, a measure of longitudinal RV function, decreased over time in
PAB rats, compared to control groups (4 weeks: females p=0.003, males p=0.186, 8 weeks:
females p=0.007, males p=0.018), without significant differences between males and females
(figure 2B).
PV-loop analysis showed an increase in RV Ees, a load-independent measure of RV contractility,
in female PAB rats, compared to female controls at both 4 and 8 weeks (p<0.001 and p=0.011,
figure 2D), whereas in male PAB rats, RV Ees did not increase compared to male controls. RV
Ees/Ea ratio did not significantly differ between PAB rats and controls in either sex. RV Eed, a
load-independent measure of RV stiffness, increased over time in both male and female PAB
rats, when compared to control groups, reaching statistical significance at 8 weeks (males
p<0.001 and females p=0.010, figure 2E). RV Eed increased more pronouncedly in male PAB
rats, compared to female PAB rats (p=0.055).

Figure 1 | Symptoms, survival and growth. A: Graphic representation of the proportion of rats that have
one of the following symptoms: ascites, tachypnea or pleural effusion. Black represents the proportion
with the symptom present, grey represents the proportion without the symptom present. B: Kaplan Meier
survival curve of PAB rats. Red line represents females, blue line represents males. Rats are censored
when planned sacrifice at 4 weeks took place. C: graph representing bodyweight at various time points
of male PAB rats in blue and female PAB rats in red, displayed as mean and standard deviation (SD),
superimposed on 95% confidence interval (1.96 SD) of control rats. D: graph representing tibia length at
various time points of male PAB rats in blue and female PAB rats in red, displayed as mean and standard
deviation (SD), superimposed on 95% confidence interval (1.96 SD) of control rats. PAB: pulmonary
artery banding.
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rats showed a marked increase of MYH7/6 ratio, marker of a switch to the fetal gene program
due to cardiac injury27, compared to controls already at 4 weeks after PAB (p=0.016). At 8
weeks after PAB, this increase was even more pronounced, as was the difference with female
PAB rats (figure 4D-F). The differences in MYH7/6 ratio between male and female PAB rats
were mainly driven by a strong increase in MYH7 in male PAB rats, whereas no such increase
was observed in female PAB rats. The key findings and differences of the present study are
displayed in table 1.

Figure 2 | Echocardiography and pressure-volume analyses. A-C: Echocardiographic measures:
pulmonary artery (PA) gradient, tricuspid annular plane systolic excursion (TAPSE) and cardiac index,
respectively. D,E: pressure-volume derived measures: RV end-systolic elastance (Ees) and RV end-diastolic
elastance (Eed), respectively. Data are presented as means ±standard errors of the mean. * represents
p<0.05 compared to control, # represents p<0.05 between sexes. PAB: pulmonary artery banding

6

Right ventricular remodeling
Both male and female PAB rats demonstrated a marked increase in RV and RA weight, both at
the 4 and 8 weeks’ time point, compared to control groups. In addition, immunohistochemistry
demonstrated increased CCSA also already at both time points, compared to control animals
(figure 3A-D). No differences in RV hypertrophy, defined by these variables, could be
demonstrated between sexes. At 8 weeks after PAB, capillary/myocyte ratio was increased
similarly in both sexes (male p=0.002 and female p=0.002, figure 3E). Already at 4 weeks after
PAB, increased RV fibrosis was present in both male and female rats, when compared to control
animals (p=0.002 and p=0.048, respectively). However, at 8 weeks after PAB, the extent of
RV fibrosis was significantly higher in male PAB rats, compared to female PAB rats (p=0.004,
figure 3F). Increased gene expression in the RV of stress marker NPPB was demonstrated by
RT-qPCR at both 4 and 8 weeks after PAB, similarly in male and female PAB rats, compared
to respective controls (figure 4A). Pro-fibrotic signaling marker TIMP1 showed a similar gene
expression pattern. Gene expression of RCAN1, activator of pathological hypertrophy26,
increased similarly in the RV of both male and female PAB rats after 4 weeks, compared to
control (p=0.005 and p=0.044, respectively, figure 4C), whereas after 8 weeks, this increased
RCAN1 expression persisted only in male PAB rats, which differed significantly from the
expression in female PAB rats (p<0.001). Finally, different from female PAB rats, male PAB

Figure 3 | Cardiac weights and histology. A,B: indexed right ventricular (RV) weight and right atrial
(RA) weight, respectively. C: Fulton index, being RV weight divided by left ventricular including septum.
D: RV cardiomyocyte cross-sectional area (CCSA). E: RV capillary/myocyte ratio. F: RV fibrosis. Data are
presented as means ±standard errors of the mean. * represents p<0.05 compared to control, # represents
p<0.05 between sexes. PAB: pulmonary artery banding
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Table 1 | Key findings.
4 weeks after surgery

8 weeks after surgery

Clinical state

•
•

Females: normal growth
Males: failure to thrive

RV function

•

Females: increased Ees, in •
contrast to males.
•

Females: increased Ees, increased
Eed
Males: increased Eed, tends to be
higher than females

Structural adaptation •

All: RV fibrosis

Females: Lower degree of RV
fibrosis, compared to males.

Gene expression

Males: increased MYH7/6 •
ratio, in contrast to females.

•

•
•

•

Females: normal growth
Males: failure to thrive, more
symptomatic than females

Females: Lower RCAN1 and
MYH7/6 ratio, compared to males.

Table displaying the key findings and differences between sexes per time point. RV right ventricle, Ees endsystolic elastance, Eed end-diastolic elastance, MYH myosin heavy chain, RCAN regulator of calcineurin.

DISCUSSION
The present study is the first to describe temporal sex differences in a rat pup model of RV
pressure load during pubertal development. In this model, female sex appears to be protective
for clinical signs of heart failure, including failure to thrive, and was associated with increased
adaptive systolic RV function and less diastolic RV-dysfunction, compared to male sex. These
sex-related differences in functional adaptation of the RV to increased pressure loading were
accompanied by differences in structural adaptation between sexes. Early pressure load of
the RV induced less RV-fibrosis in female rats, less pronounced fetal gene switch and RCAN1
signaling, compared to male rats. First signs of differences in RV adaptation between male and
female rats started already at pre-pubertal age, although differences between sexes became
more predominant after the onset of puberty and longer duration of the pressure overload.
Male PAB rats demonstrated reduced body growth, compared to male control rats, whereas
body growth was not affected in female PAB rats. In male PAB rats, not only body weight, but
also tibia length was reduced, indicating that the reduced body weight is not solely caused
Figure 4 | Gene expression levels of NPPB, TIMP1, RCAN1, MYH7/6 ratio, MYH7 and MYH6. Data are
presented as means ±standard errors of the mean. * represents p<0.05 compared to control, # represents
p<0.05 between sexes. PAB: pulmonary artery banding

by altered body composition, but reflects failure to maintain growth: failure to thrive. This,
together with the more frequent occurrence of clinical symptoms of RV failure in male PAB
rats, demonstrates that male rats, compared to female rats, are more prone to develop clinical
heart failure at an equal degree of RV pressure overload.
The more favorable clinical profile of female PAB rats was associated with increased RV
contractility and less diastolic impairment when compared to male PAB rats. Cardiac index,
however, was equally reduced in males and females. The assessment of RV function revealed
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seemingly contradictory results between echocardiographic measurement of longitudinal

of existing pressure load. Nevertheless, the results of the current study suggest that sex

systolic function (TAPSE) or invasive pressure-volume analysis. Where TAPSE decreased after

related differences in RV function and adaptation to increased pressure load are not only

PAB, most prominent in female rats, RV contractility reflected by Ees appeared to be increased

due to sex hormones, but may also be affected by differences in genetic constitution between

exclusively in female PAB rats. Speculatively, female PAB rats were, better than male PAB rats,

sexes. These insights are relevant for a variety of heart diseases, since understanding the

able to adapt their RV contraction pattern more efficiently from longitudinal towards more

differences in RV adaptation to pressure overload between males and females may lead to the

circumferential contraction, a known and effective RV compensatory mechanism to increased

identification of new treatment targets for patients with premature RV failure due to abnormal

afterload. 28,29 This apparent beneficial systolic adaptation in female rats occurred already at

loading conditions, as is the case in CHD, PAH or HFpEF.

123

pre-pubertal age. Diastolic dysfunction has been previously shown to be closely related to
clinical RV failure, both in patients and animal studies25,30, which is in line with the current

Limitations

observation that preservation of diastolic function in female PAB rats is accompanied by less

A drawback of the current study is that the onset of puberty in the rats was not objectified

clinical RV failure. In contrast to the difference in systolic RV function, this better preservation

either by clinical assessment or by measurements of sex hormones, both of which are not

of RV diastolic function occurs not before 8 weeks after PAB, at post-pubertal age of the rats,

straight forward and can thus be hazardous. Therefore, we chose to adhere to previous reports

and coincides with a lower degree of RV fibrosis in females compared to males, a difference

that have focused on the assessment of such clinical signs, and demonstrated that puberty

that also becomes apparent only from post-pubertal age. This difference between sexes in

in rats starts at around 7.5 weeks of age. 21,22 In the current study-design, this means that

post-pubertal structural adaptation is further associated with a more pronounced signal of

puberty starts predominantly in the fifth week after PAB. Even if puberty onset would be in

pathological hypertrophy (RCAN1) at 8 weeks in male compared to female rats. Altogether,

the fourth week after banding in a small portion of PAB rats, sacrifice at week four post-PAB

juvenile, female PAB rats demonstrate a favorable RV adaptation pattern, characterized by

would have prevented any significant exposition to sex hormones at that time. In any case, the

maintained growth and better systolic adaptation before the onset of puberty, and less fibrosis,

8 weeks PAB groups are post-pubertal. Also, with the current study protocol, when comparing

less diastolic dysfunction and less signs of clinical heart failure after puberty, compared to male

pre-pubertal and post-pubertal groups, it is important to keep in mind that also the factor

PAB rats under equal hemodynamic loading conditions.

time of pressure loading may play a role. Furthermore, the current study did not intervene in
hormonal pathways, prohibiting to demonstrate causal effects of sex hormones. However, the

The beneficial profile of RV function in female PAB rats may have originated from a more

picture provided by the current study is clear: clinically relevant sex differences, both pre- and

dampened maladaptive response to stress, in terms of calcineurin signaling (RCAN1) and

post-pubertal, occur in juvenile RV pressure load. Future studies that intervene in hormonal

myosin heavy chain switch, in comparison to male PAB rats. A switch in myosin heavy chains

pathways, for example by means of ovariectomy, castration or hormonal replacement or

is regarded as a stress-related marker of a switch to the fetal gene program in response to

inhibition therapies, may aid further mechanistic exploration of juvenile RV dysfunction.

cardiac injury

27,31

, and the calcineurin pathway is described as an activator of pathological

hypertrophy, associated with impaired cardiac function. 26,32,33 Pathological hypertrophy

CONCLUSION

negatively influences contractility, but does not induce fibrosis. Therefore, the sex differences
32

in levels of fibrosis are presumably not induced by alternate hypertrophic responses. However,

The present study demonstrates that in a juvenile rat model of RV pressure load, female

RV fibrosis is a direct target of estrogens, both in vivo and in vitro.15,34 This, combined with the

rats are less prone to clinical heart failure, compared to male rats. This is driven by increased

fact that sex differences in fibrosis arise not before puberty, suggests that the lower degree

RV contractility before puberty, and better preservation of diastolic function with less RV

of fibrosis in female PAB rats, compared to male PAB rats, results from hormonal influences

myocardial fibrosis after puberty in female PAB rats, compared to males. This implies that

rather than from myocardial stress. However, the present study also provides evidence that

sex differences in RV adaptation are not solely a phenomenon of adulthood, but already exist

certain sex differences in RV adaptation occur already in juvenile, pre-pubertal RV failure.

in pre-pubertal RV failure. These temporal findings add to our limited understanding of the

These phenomena have not been shown nor investigated previously, neither in animal studies,

pathophysiology of pediatric RV failure due to chronic abnormal loading.

nor in human studies. It is important to keep in mind that in the current study, sex differences
that occur not before 8 weeks post-PAB in post-pubertal animals, may be attributed to the
effect of sex hormones, but could also be pre-pubertal differences enhanced by the duration
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