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Summary

This study evaluated right ventricular (RV) and left ventricular (LV) diastolic tolerance to afterload and SERCA2a,
phospholamban and sodium-calcium exchanger (NCX) gene expression in Wistar rats. Time constant T and
end-diastolic pressure-dimension relation (EDPDR) were analyzed in response to progressive RV or LV afterload
elevations, induced by beat-to-beat pulmonary trunk or aortic root constrictions, respectively. Afterload elevations
decreased LV-t, but increased RV-t1. Whereas LV-t analyzed the major course of pressure fall, RV-t only assessed the
last fourth. Furthermore, RV afterload elevations progressively upward shifted RV-EDPDR, whilst LV afterload
elevations did not change LV-EDPDR. SERCA2a and phospholamban mRNA were similar in both ventricles. NCX-
mRNA was almost 50 % lower in RV than in LV. Left ventricular afterload elevations, therefore, accelerated the
pressure fall and did not induce diastolic dysfunction, indicating high LV diastolic tolerance to afterload. On the
contrary, RV afterload elevations decelerated the late RV pressure fall and induced diastolic dysfunction, indicating
small RV diastolic tolerance to afterload. These results support previous findings relating NCX with late Ca*" reuptake,
late relaxation and diastolic dysfunction.
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Introduction major contributors to the rapid decline of free

intracellular Ca*" concentration ((Ca>");) (Bridge et al.

Myocardial relaxation, an important determinant 1988, Bers et al. 1993). On the other hand, load

of ventricular filling and diastolic function, is modulated
by inactivation, load and non-uniformity (Brutsaert and
Sys 1989, Gillebert et al. 1997). Inactivation refers to
those processes whereby cytosolic calcium returns to its
diastolic levels. Among those processes, phospholamban
(PLB)-modulated uptake of Ca*" by the sarcoplasmic
reticulum Ca’’-ATPase (SERCA2a) and Ca®' extrusion
via the Na'/Ca®" exchanger (NCX) are thought to be the

influences myocardial relaxation through changes in
these calcium regulatory mechanisms and myofilament
properties. This certainly helps to explain why cardiac
overload might lead to relaxation disturbances and
diastolic dysfunction.

It was shown that afterload-induced diastolic
dysfunction in the left ventricle (LV) might occur even in
the healthy heart in response to an acute afterload
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elevation (Leite-Moreira et al. 1999a). In fact, increasing
afterload up to a given level accelerates LV relaxation
and does not affect the end-diastolic pressure-volume
relation (EDPVR), reflecting a compensatory response
and the presence of diastolic tolerance to afterload, while
above that level, any additional increase of afterload
slows LV relaxation, elevates LV end-diastolic pressures
and shifts upward the EDPVR, indicating that the
ventricle has exhausted its diastolic tolerance to afterload
(Leite-Moreira et al. 1999a, Leite-Moreira and Correia-
Pinto 2001, Correia-Pinto et al. 2003). This afterload-
induced LV diastolic dysfunction, which is explained by
acute changes of intrinsic myocardial properties, was
recently proposed as a contributory mechanism for the
symptoms of congestion in acute severe systemic
hypertension (Ghandi et al. 2001, Leite-Moreira et al.
2001).

In the right ventricle (RV), increased afterloads
occur in a wide range of pathophysiological states and
might also lead to RV failure when afterload is excessive
or held for a prolonged period of time. In such conditions,
elevated RV end-diastolic pressures (RV-EDP), which
are considered the hallmark of RV failure (Rose et al.
1983), has been attributed either to a rightward
displacement along the same end-diastolic pressure-
volume relation or to extrinsic chamber factors such as
pericardial ~constraint and ventricular interaction
(Dell’Italia and Walsh 1988, Belenkie et al. 1989, Burger
et al. 1995, Greyson et al. 1997, De Vroomen et al. 2000,
Greyson et al. 2000, Morris-Thurgood and Frenneaux
2000). The possibility that increased RV afterloads would
acutely influence intrinsic myocardial factors such as
relaxation, as previously shown for the LV, and not only
an extrinsic chamber constraint, has, however, not yet
been tested.

Using the in situ rat heart with an opened
pericardium, this study investigated the effects of beat-to-
beat left and right ventricular afterload elevations on
diastolic function and diastolic tolerance to afterload of
the corresponding ventricle and constitutive gene
expression of SERCA2a, PLB and NCX in both
ventricles.

Methods

The investigation conforms to the Guide for the
Care and Use of Laboratory Animals published by the
US National Institutes of Health (NIH Publication No.
85-23, revized 1996).

The study was carried out on 22 normal adult
Wistar rats (8 weeks old, Charles-River, Barcelona).
Twelve rats (182t15 g) were used for hemodynamic
studies whereas the remaining 10 animals (196+10 g)
were used for sarcoplasmic reticulum calcium-ATPase 2a
(SERCAZ2a), phospholambam (PLB), sodium/calcium
exchanger (NCX) and calsequestrin (CSQ) mRNA gene
expression.

Hemodynamic studies

Experimental preparation

with
pentobarbital (6 mg/100 g, i.p.), placed over a heating

The animals were  anesthetized
pad, the trachea cannulated and mechanical ventilation
initiated (Harvard Small Animal Ventilator, Model 683),
delivering oxygen-enriched air at 60 cpm with a tidal
volume of 1 ml/100 g. Respiratory rate and tidal volume
were adjusted to keep arterial blood gases and pH within
physiological limits. Anesthesia was maintained with
additional bolus of pentobarbital (2 mg/100 g) as needed.
The right jugular vein was cannulated under surgical
Wild M651.MS-D, Herbrugg,

Switzerland) and a pre-warmed solution (0.9 % NaCl)

microscopy (Leica,

infused to compensate for perioperative fluid losses. The
heart was exposed through a median sternotomy and the
pericardium widely opened. Ascending aorta and
pulmonary trunk were dissected and a silk number 4 was
passed around each one to allow their external occlusion
during the experimental protocol. Right ventricular
pressure (RVP) and left ventricular pressure (LVP) were
measured respectively with 2F and 3F high-fidelity
micromanometers (Millar Instruments, Houston, Texas)
inserted through the apex into the corresponding
ventricular cavity. Manometers were calibrated against a
mercury column and zeroed after stabilization for 30 min

in a water bath at 37 °C. Dimensions of both ventricles

were recorded with ultrasonic crystals using a
sonomicrometer amplifier (Triton Technology, San
Diego, CA).

Under surgical microscopy and preserving the
course of the coronary vessels, three hemispheric crystals
were placed along the major cardiac transverse diameter
and secured in place with 7-0 polypropylene sutures: two
crystals (2 mm), facing each other, were positioned on the
epicardial surfaces of the RV and LV free walls and a
third one (1 mm), facing the crystal on the epicardial
surface of the LV free wall, was positioned on the right
subendocardium of the interventricular septum. These
allowed the measurement of the

crystals direct
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Fig. 1. A. Schematic representation of experimental heart instrumentation of both ventricles. Crystals were placed along the major
cardiac transverse diameter in the epicardial surfaces of the left ventricular (LV) (1) and right ventricular (RV) (3) free walls and in the
right subendocardium of the interventricular septum (2). B. Representative example of recorded hemodynamic parameters. Left
ventricular pressure (LVP), left ventricular dP/dt (LV-dP/dt), right ventricular pressure (RVP), right ventricular dP/dt (RV-dP/dt), bi-
ventricular diameter (Total Diameter), left ventricular septal-free wall dimension (LV Diameter), right ventricular septal-free wall
dimension (RV Diameter). Vertical solid lines indicate end-diastole at the beginning (EDy.) and at the end (EDpost) Of a cardiac cycle.
Vertical dashed lines mark left and right ventricular dP/dtyi,. Note that while LV dP/dtn, occurs in the initial part of LV pressure fall, RV-

dP/dtmin occurs in the terminal part of RV pressure fall.

biventricular and LV septal-free wall external diameters
(Fig. 1). A limb ECG (DII) was recorded throughout. At
the end of the experiment, the animal was sacrificed with
an overdose of anesthetics and the position of crystals and
manometers was verified at necropsy. Four rats were
rejected and not used for further analysis due to
malposition of the septal crystal (Correia-Pinto er al.
2002).

Experimental protocol

After complete instrumentation the animal

preparation was allowed to stabilize before the beginning
of the experimental protocol. This consisted in randomly
performing multiple graded right or left ventricular
pressure elevations, by abruptly narrowing or occluding
the pulmonary trunk or aortic root, respectively, during
the diastole separating two heartbeats. The preceding beat
is a control heartbeat and the following beat is a test
heartbeat. Systolic right and left ventricular pressures of
the first heartbeat following the intervention varied as a
function of the
constrictions. After each ventricular pressure elevation

extent of pulmonary or aortic
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the animal was stabilized for several beats before another

intervention was performed. The technique for
performing acute afterload elevations was previously
applied by our group in several other studies (Leite-
Moreira et al. 1999a, Leite-Moreira and Correia-Pinto
2001, 2002, 2003, 2004). In

summary, a plastic tube was pushed against the aorta or

Correia-Pinto et al.

the pulmonary trunk with one hand, while pushing a silk
suture, passed around the vessel and through the tube,
with the other hand (Fig. 1A). This could be done very
quickly. Multiple interventions, with variable degrees of
aortic/pulmonary trunk narrowing, were performed in a
random manner. The beats to be analyzed were selected a
posteriori in order to analyze those with an afterload
elevation as close as possible to the desired level. If the
occlusion was performed during ejection, this resulted in
a characteristic shape of the ventricular pressure tracing.
These beats were not selected. Finally, the aortic clamp
was quickly released in order to avoid neurohumoral
reflex changes in cardiac function. As a rule the aorta
remained clamped during 3-5 heartbeats, which is not
enough for neurohumoral reflex changes to occur as
previously shown (Kass ef al. 1986).

At the end of the protocol, a slow and
progressive increase in RV afterload was performed by
gradually pushing the plastic tube against the pulmonary
trunk, until a total occlusion was obtained. These were
the last interventions to be performed and took 20-25
heartbeats to be complete. The animals were not paced,
but the heart rate did not vary significantly during the
experimental protocol (284+21 bpm).

Data acquisition and analysis
with
suspended at the end of expiration. Parameters were

Recordings were made respiration
converted on line to digital data with a sampling
frequency of 1000 Hz. End-diastole at the beginning of
the analyzed cardiac cycle was referred to as ED,., while
the end-diastole at the end was referred to as ED,os. Peak
rates of right (RV-dP/dt,.,) and left (LV-dP/dt;,.y)
ventricular pressure rise as well as peak rates of right
(RV-dP/dt,;,) and left (LV-dP/dt,;,) ventricular pressure
fall were measured. RVP was measured at the beginning
of the cardiac cycle (RV-EDP,.), at peak-systole
(RVP,), at the moment of RV-dP/dt., at its
protodiastolic nadir (RVPy,), and at the end of the
cardiac cycle (RV-EDP,,y). LVP was measured at the
beginning of the cardiac cycle (LV-EDP,.), at

peak-systole (LVP,,,), at the moment of LV-dP/dt,,, at

its protodiastolic nadir (LVP,;,), and at the end of the
cardiac cycle (LV-EDP,.). Afterload levels for both
ventricles are presented as relative load, which consists in
peak systolic ventricular pressure of a given heartbeat
expressed as percentage of peak systolic pressure of the
corresponding isovolumetric beat (Gillebert et al. 2000).
Rate of pressure fall of each ventricle was evaluated with
time constants T (RV-t and LV-1). For calculating T, the
portion of the RV or LV pressure time courses between
the dP/dty;, and a pressure below the value of EDPp
was selected. The curve was fitted to a monoexponential
model (Tex,) (Weisfeldt er al. 1978, Langer 2002) with
non-zero asymptote, given by the following equation:
P(t) = P, ¢”™» + P.,, where P.. is a nonzero asymptote
(mm Hg), P, is an amplitude constant (mm Hg), t is time
(ms), and T, is the time constant of the exponent (ms).
The r* yielded values >0.96. According to this formula
relaxation will be 97 % complete after a time interval of
3.5%Tex, (ms) starting at the onset of LVP fall (Weisfeldt
et al. 1978). The curve was also fitted to the logistic
model (Ti,,). The logistic time constant was shown to
better describe pressure fall when its course deviates from
monoexponential (Matsubara et al. 1995). This time
constant was calculated from the equation: P(t) = P, /
(1+ et/%g) + Pg, where Py is a non-zero asymptote, P, is
an amplitude constant, t is time, and T, is the time
constant of the exponent. The r* yielded values >0.99. RV
septal-free wall dimension (RVD) was calculated as
biventricular diameter minus LV septal-free wall
dimension (LVD). RVD was measured at the beginning
of the cardiac cycle (RV-EDD,.), at RV-dP/dty,
(RVDgna.sys) and at the end of the cardiac cycle
(RV-EDDy,s). LVD was measured at the beginning of the
cardiac cycle (LV-EDDy,), at its minimal value (LVDy;,)
and at the end of the cardiac cycle (LV-EDD,). For
each ventricle, fractional shortening was calculated from
the difference between end-diastolic and end-systolic
dimensions in percentage of the end-diastolic dimension.
that due to
methodological limitations related with the small size of

It should be pointed out, however,
the rat heart, fractional shortening calculated in this
manner reflects changes in external but not internal
dimensions.

SERCA2a, PLB, NCX and Calsequestrin mRNA gene
expression
Total mRNA extraction

Total mRNA was extracted from right (n=10)
and left (n=10) ventricular transmural free-wall samples
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according to the manufacturer’s instructions (Qiagen
RNeasy® Mini Kit). Purity (A260/A280) and total
mRNA
spectrophotometry (Eppendorf BioPhotometer).

concentrations were assessed by

Standard cRNA synthesis

Total cDNA synthesis was obtained through
reverse transcription (RT): 200 U reverse transcriptase
(Invitrogen™ Superscript™ II RNase H- Reverse
Transcriptase), 20 U ribonuclease inhibitor (Promega
Recombinant RNasin® Ribonuclease Inhibitor), 0.6 mg
random primers (Invitrogen™ Random Primers), 0.5 mM
nucleotide mix, 1.9 mM MgCl,, 10 mM DTT. The cDNA
of interest was then amplified by polymerase chain
reaction (PCR, 35 cycles, melting temperature 60 °C),
using specific forward-standard and reverse primers for
SERCA2a, PLB, NCX and CSQ (see below): 1.25 U Taq
polymerase (Promega Taq DNA Polymerase Cat.
No.M1865), 0.4 mM nucleotide mix, 2.0 mM MgCl,,
0.4 mM each primer. The standard ¢cDNA was then
separated by electrophoresis in a 2% agarose gel
(0.3 ug/ml ethidium bromide) and extracted from the gel,
(Qiagen
QIAquick® Gel Extraction Kit). In vitro transcription of

following manufacturer’s instructions
standard cDNA was then performed under the control of
the T3 phage RNA polymerase promoter (Epicentre
Technologies AmpliScribe T3 Transcription Kit). Ten
percent of the in vitro transcription product was separated
by electro-phoresis in a 1% agarose gel to confirm
standard cRNA integrity. Purity and cRNA concentration
was assessed by spectrophotometry (see above). Standard

cRNA was finally diluted into 6 distinct concentrations.

Messenger RNA quantification

For each sample total cDNA synthesis was
performed through reverse transcription in six reactions
with decreasing concentrations of standard cRNA (see
above) and a constant amount of sample total mRNA
(50 ng). Sample and standard cDNA were then co-
amplified by PCR (see above) using specific forward and
reverse primers. The primers were: SERCA2a
fw 5-CGA GTT GAA CCT TCC CAC AA-3’ and
rev 5’-GGA GGA GAT GAG GTA GCG GAT GGA-3’,
PLB fw 5’-GGC ATC ATG GAA AAA GTC CA-3’ and
rev: 5’-GGT GGA GGG CCA GGT TGT AA-3°, NCX
fw 5’-CTG GAG CGC GAG GAA ATG TTA-3’ and rev
5’-GAC GGG GTT CTC CAA TCT CAA-3°, CSQ fw
5’-AGC AGC GTC TCC AAG AA-3’ and rev 5’-CGT
GGT AGT AGA GAC AGA GCA AA-3’. Sample and

cDNA
electrophoresis in a 2 % agarose gel (0.3 pug/ml ethidium

standard fragments were separated by
bromide) and band quantification was performed by UV
densitometry (302 nm, Alpha Innotech Alpha Imager™

2200).

Statistical analysis

Group data are presented as mean values =+
S.E.M. To compare the control and the three levels of
afterload elevation in right and left ventricles, we
performed two-way repeated-measures ANOVA. When
treatments were significantly different, the Student-
Newman-Keuls test was selected to perform pairwise
multiple comparisons. Comparison of right and left
SERCA2a, PLB and NCX mRNA gene expression was
performed using a paired t-test. Statistical significance
was set at p<0.05.

Results

For both ventricles and from multiple available
interventions we selected for further analysis, in addition
to control heartbeats, cardiac cycles whose relative loads
were closer to 60 % (Low), 80 % (Moderate) and 100 %
(High, isovolumetric heartbeats). RVP,,,, of the control
beats was 24+2 mmHg, whereas LVP,,,, of the control
beats was 95+7 mmHg (Table 1). In both ventricles, as
systolic pressure was elevated fractional shortening
declined, while dP/dt,,, increased progressively. This
increase was, however, more pronounced for the RV,
where it reached a maximum of 44.5£8.2 % in the
isovolumetric beat, while in the LV it failed to reach
statistical significance (p=0.065) and did not exceed
10.745.2 % of control in the isovolumetric beat.

During the protocol, no significant changes of
the hemodynamic parameters on the contralateral
ventricle were observed when beat-to-beat constrictions
of the aorta and pulmonary trunk were performed. The
following description, therefore, always refers to the
effects of ventricular pressure elevations on the ipsilateral
ventricle.

Effects of RV afterload elevations on RV pressure fall and
diastolic function

Effects of RV
corresponding RV ventricular pressure fall and diastolic

afterload elevations on

function were illustrated in Figures 2 and 3 and
summarized in Table 1.
of RV

Elevation afterload progressively
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Table 1. Systolic and diastolic parameters of the right and left ventricles.
Afterload elevations
Control Low Moderate High
Right Ventricle
RVP e 24.1+1.6 29.2+1.7° 36.5+1.8%" 47.044.2%¢
RV-dP/dt,q (mm Hg/s) 989+116 1070108" 1214+111° 148319240
Fractional shortening ( %) 13.442.8 10.5£2.9° 10.3£3.3* -0.243.8*0¢
RV-dP/dt,, (mm Hg/s) -576+88 -580+72 -623+£73° -862+123 *¢
RV-1,,, (ms) 28.244.2 29.2+3.8 31.9+3.9° 36.6+3.2*°
RV-1,4 (ms) 17.142.4 18.0+2.4 20.0£2.4*° 24.9+2.0*¢
RVP,,;, (mm Hg) 2.240.8 3.1+0.8" 4.3+0.7° 5.1+1.0*°
RV-EDP,,, (mm Hg) 5.7+1.1 5.7+1.1 5.6+1.2 5.7+0.8
RV-EDD,,, (mm) 3.16+0.47 3.16+0.47 3.16+0.47 3.17+0.47
RV-EDP,,, (mm Hg) 5.7+1.2 6.7+1.4° 7.9+41.5% 9.0+1.2*0¢
RV-EDD, 5, (mm) 3.16+0.47 3.18+0.51 3.17+0.53 3.19+0.54
Left Ventricle
LVP,ax 96.2+8.2* 117.0+7.0 * 164.4+6.7 *>* 202.3+8.3 *bex
LV-AP/dt,q, (mm Hg/s) 5122+659* 5190+637* 5316+581%* 5457+497%*
Fractional shortening ( %) 7.96+0.89 7.66+0.91 6.93+0.92* 3.95+0.97 -0°
LV-dP/dt,;, (mm Hg/s) -2878+449%* -3075+467* -3583+440 * -3244+396*
LV-1,,, (ms) 30.6+3.5 26.142.4° 22.6+2.4*° 30.74£3.4°
LV-Tjq (ms) 15.7+1.3 13.6+1.0° 12.141.2 0% 17.14£2.0 *°*
LVP,,;, (mm Hg) 7.0+1.6% 7.241.6% 8.0£1.7 *P* 11.342.2 *0ex
LV-EDP,,, (mm Hg) 11.2+1.6* 11.1£1.6* 11.3+1.6* 11.5+1.5%
LV-EDD,,, (mm) 9.4+0.7* 9.4+0.7* 9.5+0.7* 9.5+0.7*
LV-EDP,y (mm Hg) 10.9+1.6* 11.0+1.6* 11.3+1.6 11.9+1.6
LV-EDD,,,, (mm) 9.5+0.8* 9.4+0.7* 9.5+0.7* 9.5+0.7*

Data are presented as mean = S.E.M.; n=8. RVPna and LVPna, right and left ventricular peak systolic pressure, respectively; RV, right
ventricle; LV, left ventricle; dP/dtyn., peak rate of ventricular pressure rise; dP/dtyi, peak rate of ventricular pressure fall; e, time
constant tau (exponential method); T4, time constant tau (logistic method); RVPmin and LVPmin, right and left minimal ventricular
pressure, respectively; EDP end-diastolic pressure at beginning (pre) and at the end (post) of the heartbeat; EDD end-diastolic
dimension at beginning (pre) and at the end (post) of the heartbeat. P<0.05 indicated significance: ® vs. control; ® vs. low; © vs.

moderate; * vs. right ventricle.

increased RVP.;,, and RV end-diastolic pressures
(RV-EDP,.), while no significant changes of end-
diastolic RV dimensions were observed (Fig. 2, upper
panels). The analysis of pressure-dimension relations
therefore shows that afterload-induced elevation of
RV-EDP, elevations reflects an upward shift of the
diastolic pressure-dimension relation. At end-diastole,
this relation was shifted upwards, with regard to the
control beat, 1.0+0.4, 2.3+0.4 and 3.3+0.7 mmHg at low,
moderate and high afterload levels, respectively (Fig. 3,
bottom).

RV-1 (either Te, and Tig) increased systematic
and significantly with RV afterload elevations (Table 1),

indicating that the rate of RV pressure fall decreased. It
should be noted, that RV-t only evaluates late phase of
RV pressure fall, because RV-dP/dt,,;,,, which is the point
where the calculation of RV-t starts, only occurs when
79.243.2 % of RV pressure fall has already occurred. As
a consequence, RV-1 evaluates in control heartbeats only
the last quarter of RV pressure fall.

Effects of LV afterload elevations on LV pressure fall and
diastolic function

Effects of LV
corresponding LV ventricular pressure fall and diastolic

afterload elevations on

function were illustrated in Figures 2 and 3 and
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Fig. 2. Effect of selective afterload elevations on right (top) and left (bottom) ventricular pressure time courses (left) and pressure-
dimension loops (right). In each panel four superposed heartbeats are represented: control (beat 1) and low (beat 2), moderate (beat
3) and high (beat 4) afterload elevations. While left ventricular pressure elevations do not significantly influence end-diastolic pressures
and the position of end-diastolic portion of the pressure-dimension loops, right ventricular pressure elevations induce a progressive
increase of diastolic pressures and an upward shift of the diastolic portion of the pressure-dimension loops. Note that in both ventricles

end-diastolic dimension remain closely matched at all afterload levels.

summarized in Table 1.

In contrast to the RV, LV afterload elevations
did not significantly increase LVP-ED,, nor shifted
upwards the diastolic pressure-dimension relation (Fig. 2,
lower panels; Fig. 3, bottom panel). This indicates that no
LV diastolic dysfunction was induced by acute LV
afterload elevation.

Effects of afterload elevations on LV-T, are
expressed as fractional changes of the control values in
the upper panel of Figure 3. LV-t (either LV-t, or
LV-1,,) showed a response distinct from RV-T to
afterload elevations, presenting a biphasic pattern. LV-t
decreased (pressure fall accelerated) progressively as
afterload increased. This acceleration was maximal for
relative loads between 70 and 90 %. For instance, when
compared to control, at a relative load of 80 % T

decreased 24.2+4.0 % and Tj,, 22.2+3.7 %. Above these
afterload levels the acceleration of LV pressure became
smaller and was no more observed in isovolumetric beats
(relative load, 100 %). Note that in contrast to RV-r,
LV-t evaluates almost the last three quarters of LV
pressure fall. In fact, in control heartbeats LV-dP/dt.,
occurs 19+3 ms earlier than RV-dP/dt,;,, at a moment
when LV pressure fell solely by 3043 % of its peak

value.

Right and left ventricular mRNA expression of SERCA2a,
PLB and NCX genes

As shown in Figure 4, mRNA expression of
NCX gene in the RV was almost half of that observed in
the LV (RV: 2.5%10°%4.9%10°, LV:4.2¥10°+6.7%10°
NCX mRNA molecules/ng total mRNA, p<0.05),
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Fig. 3. Effects of increasing afterload on time constant te., (Tau,
top) and on the difference between end-diastolic pressures at the
end and at the beginning of the cardiac cycle (diastolic
aysfunction, bottom) of right (RV; open symbols, dashed lines)
and left (LV; filled symbols, solid lines) ventricles. Afterload levels
are expressed as a percentage of peak isovolumetric pressure
(Relative Load). Afterload elevations elicited disparate responses
of these two parameters in RV and LV. In fact, while in the LV
afterload elevations induced either a decrease, or no change of
e and did not produce any significant degree of diastolic
dysfunction, in the RV similar relative loads promoted a
significant and progressively bigger increase of 7., and diastolic
dysfunction. Note that in the LV, results of two additional relative
loads (70 % and 90 %) were presented. Significant differences
(P<0.05):1 vs. control (Ctrl); ¥ vs. 60 %; § vs. 70 %; 1 vs.
90 %; * vs. RV.

whereas SERCA2a and PLB mRNA levels were not
significantly different between the two ventricles
(SERCA2a — RV 2.7%107+7.4%10°, LV 3.2%10"+6.5%10°;
PLB - RV 3.9%10"£5.0%¥10°, LV 3.8*10'+3.5%10° mRNA
molecules/ng total mRNA). These results were not
significantly modified after normalization for CSQ
(house keeping gene).

Discussion

The present study investigated the effects of
acute right and left ventricular afterload elevations on the
corresponding ventricular pressure fall and diastolic
function as well as SERCA2a, PLB and NCX mRNA
expression in the normal rat. Acute LV afterload
elevations accelerated LV pressure fall with no afterload-
induced diastolic dysfunction, whereas RV afterload
elevations elicited a significant deceleration of late RV
pressure fall, evaluated by RV-t, and induced RV
diastolic dysfunction. While SERCA2a and PLB mRNA
expression was similar in both ventricles, NCX mRNA
expression was significantly lower in the RV than in the
LV.

Diastolic tolerance to afterload was previously
defined on the basis of the response of rate of pressure
fall and position of the diastolic pressure-volume relation
to acute beat-to-beat afterload elevations. In the LV of
dogs and rabbits this response was biphasic. Smaller
afterload elevations, up to a relative load of 81-84 % in
the dog (Leite-Moreira and Gillebert 1994, Leite-Moreira
et al. 1999a,b) and 73-76 % in the rabbit (Leite-Moreira
et al. 1999a, Leite-Moreira and Correia-Pinto 2001,
Correia-Pinto ef al. 2003), accelerated the LV relaxation
affect the LV
pressure-volume relation, indicating a compensatory

rate and did not end-diastolic
response and the presence of diastolic tolerance to
afterload. On the contrary, afterload elevations above
those relative loads markedly slowed LV relaxation rate
and shifted upwards the end-diastolic pressure-volume
relation, indicating that a decompensatory response has
occurred and diastolic tolerance to afterload was
exhausted. The acute upward shift of the L'V end-diastolic
pressure-volume relation in response to afterload
elevations (afterload-induced diastolic dysfunction) was
attributed to decreased relaxation rate, insufficient time to
relax and increased diastolic tone (Leite-Moreira et al.
1999a, Leite-Moreira and Correia-Pinto 2001). The
load at which the
compensatory and decompensatory responses occurred
was modified by interventions that alter SERCA2a

activity and myofilament affinity for Ca®’, such as

relative transition between

caffeine (Leite-Moreira et al. 1999b) and P-adrenergic
stimulation (Langer and Schmidt 1998).

In the present study, the compensatory response
to LV beat-to-beat afterload eclevations was observed
almost during the entire range of afterloads between
isovolumetric  beats.

control and Decompensatory
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Fig. 4. Bar graphs showing SERCA2a, phospholamban (PLB) and
Na*/Ca®" exchanger (NCX) mRNA gene expression in right (RV)
and left (LV) ventricles. Significant differences (P<0.05):
*vs. RV.

response was either not observed, or present only in
isovolumetric beats and beats very close to isovolumetric.
Therefore, the
decompensation could be timed at a relative load of 97-

transition from compensation to
100 %. As a consequence, the normal rat LV has a bigger
diastolic tolerance to afterload than the previously studied

animal species (dog and rabbit) and hardly showed any

degree of afterload-induced diastolic dysfunction.

Potential mechanisms for these species differences
include the distinct degree of SERCA2a activity between
them and the differential expression of myosin heavy
chain (MHC) isoforms (Perez et al. 1999). In fact, rat
hearts have significantly higher SERCA2a activity than
rabbit hearts (Negretti et al. 1993, Bassani et al. 1994,
Lewartowski et al. 1992). In addition, rat hearts express
predominantly the faster MHC-a isoform (Mechan et al.
1999), while rabbit hearts express predominantly the
MHC-
myofilaments higher Ca®" sensitivity (Reiser and Kline
1998).

In the current study, effects of beat-to-beat RV
afterload elevations were also analyzed. Interestingly, in

slower isoform, which confers on the

contrast to the LV, RV afterload elevations systematically
shifted upward the diastolic pressure-dimension relation,
even when those elevations were of small amplitude,
indicating that RV has a much smaller diastolic tolerance
to afterload than the LV. In other studies, RV afterload-
induced diastolic disturbances were explained by the fact
that pericardial constraint and ventricular interaction are
the most important acute determinants of RV diastolic
pressure-volume  relation
Frenneaux 2000). For
constraint is by far the most important of the two

(Morris-Thurgood  and
several authors, pericardial
mechanisms and the main cause of acute afterload-
induced diastolic disturbances (Burger et al. 1995,
Dell’Italia and Walsh, 1988, Assanelli et al. 1997). It
cannot, however, explain our findings because the
pericardium was widely opened in the present study. On
the other hand, direct ventricular interaction is to a large
extent mediated through the pericardium and is therefore
greatly reduced when it is opened. However, we have to
mention, that RV diastolic physiology is sensitive to
ventricular interaction even with the pericardium opened
(Baker et al. 1998, Brown et al. 1993). Nonetheless, we
believe that ventricular interaction did not play a
significant role in the results we observed in the RV. In
fact, RV afterload elevations were performed by beat-to-
beat constrictions of the pulmonary trunk, which did not
change diastolic dimensions of any ventricles, precluding
the effects of ventricular interaction. Furthermore, even if
present, ventricular interaction could not explain the
effects of RV afterload elevations on RV diastolic
function documented in our study, because it would
rather shift downward the diastolic pressure-dimension
relation, which is the opposite of what we observed.
However, such interaction needs a few heartbeats to
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Fig. 5. Representative example of a sustained and progressive right ventricular afterload elevation. Right (RV) and left (LV) ventricular
pressure and dimension time courses (left panels) and right ventricular pressure-dimension loops (right panel) are displayed. From
control (beat 1) to a moderately afterloaded heartbeats (beat 2), we observed an upward shift of the diastolic RV pressure-dimension
relation, whereas no significant changes were observed on left ventricular pressures and dimensions. Further increase of RV afterload,
in a progressive and sustained way, to a higher level (beat 3) resulted in a significant decrease of left ventricular pressures and
dimensions, due to decreased pulmonary venous return. Under these circumstances, ventricular interaction became manifest and were
therefore no additional upward shift, but instead a downward shifted till control position, of the diastolic RV pressure-dimension relation
was observed. It should be noted that, unlike beat-to-beat interventions, in a progressive and sustained afterload elevation a rightward
displacement of the pressure-dimension loops due to continuous ventricular filling is observed. Arrow indicates the beginning of

pulmonary trunk constriction.

become manifest, as we illustrate in Figure 5. In fact, if
we constrict the pulmonary trunk it will take some
heartbeats (never only one) for LV dimensions to
decrease, as a consequence of a diminished pulmonary
venous return to the LV. Under these circumstances, RV
diastolic pressure-dimension relation is downward
shifted,
disturbances. This study, therefore, provides evidence
that acute afterload-induced RV diastolic dysfunction

seems to depend not only on extrinsic chamber factors

masking RV afterload-induced diastolic

but also on myocardial relaxation disturbances, as
previously suggested under the conditions of chronic RV
pressure overload (Leewenburgh ef al. 2002).

The effects on the time constant T were distinct
in the two ventricles, what might be related to the fact
that, as pointed out in the Results section, RV-t evaluates
the rate of terminal (~last quarter) of RV pressure fall

(Correia-Pinto et al. 2004). We could conclude, therefore,
that the rate of late RV pressure fall is slowed by RV
afterload elevation. A potential explanation for this
distinct regulation of right and left ventricular pressure
fall might be derived from the existing knowledge about
the physiological role of SERCA2a and NCX and the
differential RV and LV NCX gene expression observed
in the present study. In fact, although SERCA2a removes
most of the activator Ca’’, NCX is the other major
contributor in removal of remaining cytosolic Ca**
(Sipido et al. 2002). Additionally, it was already
demonstrated that changes of NCX expression/activity
can modify the (Ca™); transient particularly during the
terminal phase of Ca®" decline (Yao et al. 1998, Takimoto
et al. 2002).

Yao et al. (1997, 1998) demonstrated that
SERCA2a activity is predominantly responsible for the
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initial relaxation and decline in the (Ca2+)iC transient, and
that this initial phase is not significantly prolonged by
elimination of the NCX activity. On the contrary, the rate
and extent of the terminal phase of the decline in the
(Ca®"), transient are significantly dependent of NCX
activity. The present study showed that while no
significant differences were detected for SERCA2a and
PLB, NCX gene expression in the RV was about one half
of that in the LV. Smaller RV than LV expression of
NCX was also reported by others in the rat, in the ferret
(Kent et al. 1993) but not in failing human hearts
(Hasenfuss et al. 1999, Weber et al. 2003). It should,
however, be taken into account that the relative
importance of SERCA2a and NCX varies with the
experimental conditions and the animal species (Sipido et
al. 2002).

High SERCAZ2a activity, characteristic for the rat
myocardium, could therefore explain the acceleration of
early relaxation of pressure fall observed in the present
study. On the other hand, smaller NCX gene expression
in the RV could explain the observed afterload-induced
slowing of RV late relaxation rate, manifested by the
in RV-t.
increase myofilament affinity for Ca’’, allowing

significant decrease Afterload elevations
recruitment of additional cross-bridges or prolonging the
half-life of cycling cross-bridges, through a mechanism
known as cooperative activity (Babu et al. 1988). This
phenomenon, that might result in a later detachment of
cross-bridges and afterload-induced disturbances of late
(Ca™);. decline (Housmans et al. 1983, Lu et al. 2001),
was particularly evident on the RV, which showed a
pronounced and significant increase in contractility, in
response to beat-to-beat afterload elevations, as assessed
by the increase in RV-dP/dt,,. This enhanced RV
cooperative activity, together with the observed smaller
expression of NCX in the RV, might help to explain the
enhanced effects of afterload on RV terminal pressure
fall.

These results are in accordance with
observations of other studies that reported increased
contractility, faster decline of early pressure fall and
impairment of diastolic filling in NCX knock-out mice
subjected to chronic elevation of LV afterload (Takimoto
et al. 2002). It was also shown in failing human hearts
that diastolic dysfunction was observed in those patients
in whom NCX protein levels did not increase during
progression for heart failure, but not in those that showed
an increase of NCX, indicating that such mechanism

might be important in the pathophysiology of heart

failure (Hasenfuss et al. 1999, Weber et al. 2003).

In conclusion, the present study provided novel
evidence for differential right and left regulation of
diastolic function by afterload and its potential relation
with distinct NCX gene expression.

Study limitations

Control values of RV peak systolic pressure in
open-chest rats were within the normal in vivo range,
whereas LV pressure and contractility were reduced,
which could be argued to contribute to the distinctly
different diastolic response of the two ventricles to
afterload elevations. This is, however, not likely because
afterload-induced diastolic dysfunction is exacerbated in
the presence of systolic dysfunction (Leite-Moreira and
Gillebert 1994, 1996, Gillebert et al. 1997) and in the
present study afterload-induced diastolic dysfunction was
not observed in the left ventricle.

In view of the different shape and contractile
pattern of the two ventricles, it is possible that the method
used for the measurement of dimensions of each ventricle
does not reflect changes in these two loci in a comparable
manner. However, it should be underlined that they were
mainly used to document that ventricular dimensions
were not significantly altered at end-diastole after a single
beat afterload elevation. For this specific purpose we
think that such a limitation is negligible. In fact, absence
of ventricular end-diastolic dimension changes after an
acute afterload elevation was previously documented in
various animal species and with different methods for
assessement of cardiac dimension (Takimoto et al. 2004,
Leite-Moreira et al. 1999a, 2001, Correia-Pinto et al.
2003).

Finally, it is plausible to speculate that the lower
expression of NCX in the RV compared to LV
myocardium might be responsible for the different
diastolic response of the two ventricles. However, the fact
that the transcript level was lower does not necessarily
mean that the functional protein level must also be lower.
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