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Alterations in the Determinants of Diastolic Suction
During Pacing Tachycardia

Stephen P. Bell, Lori Nyland, Marc D. Tischler, Mark McNabb, Henk Granzier, Martin M. LeWinter

Abstract—In cardiomyocytes, generation of restoring forces (RFs) responsible for elastic recoil involves deformation of the
sarcomeric protein titin in conjunction with shortening below slack length. At the left ventricular (LV) level, recoil and
filling by suction require contraction to an end-systolic volume (ESV) below equilibrium volume (Veq) as well as
large-scale deformations, for example, torsion or twist. Little is known about RFs and suction in the failing ventricle.
We undertook a comparison of determinants of suction in open-chest dogs previously subjected to 2 weeks of pacing
tachycardia (PT) and controls. To assess the ability of the LV to contract below Veq, we used a servomotor to clamp
left atrial pressure and produce nonfilling diastoles, allowing measurement of fully relaxed pressure at varying volumes.
We quantified twist with sonomicrometry. We also assessed transmural ratios of N2B to N2BA titin isoforms and total
titin to myosin heavy chain (MHC) protein. In PT, the LV did not contract below Veq, even with marked reduction of
volume (end-diastolic pressure [EDP], 1 to 2 mm Hg), whereas in controls ESV was less than Veq when EDP was less
than ~5 mm Hg. In PT, both systolic twist and diastolic untwisting rate were reduced, and there was exaggerated
transmural variation in titin isoform and titin-to-MHC ratios, consistent with the more extensible N2BA being present
in larger amounts in the subendocardium. Thus, in PT, determinants of suction at the level of the LV are markedly
impaired. The altered transmural titin isoform gradient is consistent with a decrease in RFs and may contribute to
these findings(Circ Res 2000;87:235-240.)
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D iastolic suction results from compression and/or defor- N2BA, isoform. The extracellular matrix of the myocardium
mation of elastic elements in the wall of the ventricle, has also been proposed as an element that bearsa\RR.

with storage of potential energy generated during systole in respect to ventricular mechanics, 2 mechanisms appear to
the form of a restoring force (RF) that is converted to recoil contribute to suction. One is simply contraction to an end-
and ultimately kinetic energy (mitral inflow) during filling” systolic volume (ESV) below equilibrium volume (Veq), the
Inherent in this definition is the requirement that the ventricle volume at which transmural pressure in the fully relaxed state
be the source of energy driving mitral flow, ie, it must is 024-7By definition, when fully relaxed pressure is nega-
actively lower its pressure below the atrium. Ventricular tive, a RF is present. The second mechanism is thought to
filling can also occur as a result of an atrioventricular pressure reside in complex, contraction-dependent 3-dimensional de-
gradient dictated by the level of atrial pressure at the time the formations3.10-17eft ventricular (LV) torsion, or twist, the
mitral valve opens. In this case, atrial pressure is higher than counterclockwise wringing motion during systole when

diastolic ventricular pressure whether or not suction is
present.

In the cardiomyocyte, deformation of the sarcomeric pro-
tein titin during contraction below slack length is the source
of a RF8 Titin is a large, filamentous protein extending from
Z- to M-line of the sarcomere, with the segment spanning
from near the Z-line to the A-band acting as a molecular
spring. Titin is the major determinant of passive mechanical

viewed from the bas¥-17has been considered an important
component of such deformations, with elastic recoil reflected
in untwisting. These 2 ventricular mechanisms are closely
related, because twist increases as ESV decréases.

We previously used a servomotor that rapidly clamps left
atrial pressure (LAP) during ventricular systole to lower LAP
below LV diastolic pressure during the subsequent diastole,
causing nonfilling diastoles during which we measured the

properties of the cardiomyocyte in sarcomeres stretched fully relaxed LV pressure (FRP) at the ESMn normal,

above and shortened below slack lengttin large mammals,
titin exists as 2 isoforms with differing mechanical proper-
ties® The smaller, N2B, isoform is stiffer than the larger,

open-chest dogs, ESVs below Veq were achieved under
physiological filling conditions. We also found that dobuta-
mine enhances RFsas a result of contraction to a smaller
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ESV and an increase in Veq. On the basis of these observa-
tions, we proposed that suction is likely very important during Posterior

physiological stress such as exercise. Moreover, suction 8 \
should be magnified under conditions in which ESV is ! 11

Septal

abnormally small, for instance, hypovolemia or cardiac 5 Basal

tamponade. :
Little is known about the ability to utilize suction in the Lateral
failing ventricle. In pacing tachycardia heart failure in con- 2 12
scious, chronically instrumented dogs, Cheng & stiowed L Ao Equatorial
that, in contrast to controls, minimum LV diastolic pressure e
does not decrease during exercise, consistent with an im- 19 :
paired ability to utilize suction. Recently, Solomon etal 3 ; 13
characterized diastolic mechanics and changes in Veq in —
open-chest dogs with pacing failure. Nonfilling diastoles
were produced by replacing the mitral valve with an electron-
ically controlled prosthesis. Although Veq was increased,
contractility was so depressed in paced dogs that the LV
could not contract below Veq and use this mechanism of
suction. In the present study, we also used the pacing model
to delineate the determinants of veptricular suction. We used rpp \as measured during nonfilling diastoles at each EB the
our servomotor to assess the relation of Veq to steady-statewist group, ultrasonic signals were recorded at each EDP.

filling conditions. We also quantified twist in relation to ESV At the end of each experiment, a full-thicknessl-cn? specimen
and examined titin isoform composition. of LV anterior wall at the level of the equator was removed and
processed as described below.

Apical

Figure 1. Placement of sonomicrometer crystals (see text).

Materials and Methods Data Analysis

Surgical Preparation and Instrumentation Intracardiac pressures and event timing were analyzed as previously
Eight dogs were anesthetized with sodium thiopental, intubated, and described:® In LAP clamp dogs, data were grouped into EDP
ventilated with 100% Qand halothane. A pacing electrode was ranges of 1to 2, 2 to 4, and 4 to 6 mm Hg and points selected with
screwed into the right ventricular free wall via a limited thoracot- values closest to the midpoint of each range.
omy. The lead was tunneled to the dorsal surface of the thorax and Twist was analyzed as described in the online Materials and
attached to a stimulator implanted subcutaneously. The chest wasMethods (available at http://www.circresaha.org). Briefly, the
closed. Over the next 2 days the pacing rate was incrementally 3-dimensional position of each crystal was determined as a function
increased to 235 bpm and maintained at that level. of time and systolic twist anglé quantified as the angle traversed
After 2 weeks, pacing rate was reduced to 150, and animals were from end diastole to end systole relative to the center of each minor
re-anesthetized. A left thoracotomy was performed, micromanometer axis plane. Negativé indicates clockwise and positivé counter-
tip catheters were inserted in LV and left atrium (LA), a dual- clockwise rotation. In Figure 1, the cross-hatched area right of crystal
conductance volume catheter was inserted in the LV, and a large- 7 represents) for the apical plane. We always observed a small
bore cannula was placed in L/A821 The latter was attached to the ~ “overshoot” during untwisting (diagonal shaded area left of crystal
servomotor.18 The permanent pacemaker was disabled, and pacing 7). We also calculated peak untwisting rate in degrees per second.
electrodes were attached to the LA and connected to a stimulator. ~ The volume of the LV (including its wall) was estimated at end
Seven control dogs (22 to 28 kg) underwent a limited thoracotomy Systole using software that applied a convex hull model to the
(without pacemaker implantation) and were instrumented and stud- coordinates of all 13 crystals.
ied in the same fashion as the paced group. In 1 additional animal,
instrumentation and acquisition of control data (see below) were Titin Analysis
accomplished under sterile conditions. Measurement devices wereThin layers of subendocardial, midwall, and subepicardial tissue
removed, and the pacemaker was implanted and activated. After 2were quick-frozen in liquid nitrogen and analyzed for titin isoforms
weeks, instrumentation and data acquisition were repeated. Dogsby SDS-PAGE3-25 Tissue from mouse and human LV was also
used for servomotor studies are referred to as the LAP clamp group. analyzed. Three titin peaks were observed in humans and dogs (2 T1
Twist was assessed in 6 additional dogs, 3 paced and 3 nonpacedpeaks at top of gel and a faint T2 peak with higher mobility) (Figure
They were prepared as above, but neither servomotor nor conduc-2, lanes 2 through 5). Gaussian fits were used to separate the peaks
tance catheter was used. Thirteen hemispheric sonomicrometerand determine their “optical density (OD) area.” The lower-mobility
crystals (2 mm in diameter) were implanted in LV subepicardium T1 peak is N2BA titin, containing transcripts N2A and N2B. The
and the right side of the interventricular septum as depicted in Figure higher-mobility T1 peak is N2B titin, containing only N2B. The faint
1. The 3 sets of crystals oriented in the plane of the minor axis were T2 peak is a proteolytic breakdown prod@ég.
positioned at 25% (basal), 50% (equatorial), and 75% (apical) of the  To determine the amount of titin relative to myosin heavy chain
long axis distance. Signals were processed with a digital system in (MHC), gels were scanned and total OD of the MHC peak was
which each crystal sends a signal to and receives a signal from eachdetermined, as well as total OD of all titin peaks. Total titin:MHC
of the other crystals. protein ratio was calculated on the basis of molecular weif#s.

Protocol Statistics

After instrumentation, zatebradifiit®22 was administered. Then, Data are reported as meaBD. Two-way repeated-measures
during atrial pacing at=90 bpm, we manipulated steady-state LV ~ANOVA was used to test for differences in EDP, FRP, titin isoforms,
end-diastolic pressure (EDP) froml to 2 to 9 to 10 mm Hg with and titin:MHC ratios in paced and control groups. Probability values
transient caval and aortic constrictioR® In the LAP clamp group, for F statistics were adjusted using the Greenhouse-Geisser method.
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Figure 2. Gels showing titin peaks and MHC. Lowest-mobility
band in lane 1 is N2B titin; a band with similar mobility is found
in all samples. Lower-mobility band in lanes 2 to 5 is N2BA titin.
Faint, higher-mobility band below N2BA and N2B titin is a pro-
teolysis product. Sub-Epi indicates subepicardial tissue, and
Sub-Endo, subendocardial tissue.

Bonferroni-corrected tests were used for specific comparisons.
P<0.05 was considered significant.
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Figure 4. Relationship between EDP and FRP in dog with mea-
surements before and after pacing.

difference in FRP between controls and paced dogs was
significant <<0.05) at each EDP range.

Figure 4 displays data from the dog in whom serial
measurements were made before and after pacing. After
pacing, FRP remained positive, even at very low EDPs.

Figure 5 shows an example of versus time for basal,
equatorial, and apical planes in a paced dog, as well as timing
markers for end diastole (peak QRS R wave) and mitral valve
opening (LV-LA pressure crossover). As expecte#?13.15

An expanded Materials and Methods section is available online at twist increased from base to apex. This pattern was present in

http://www.circresaha.org.

Results

Just after zatebradine administration and initiation of atrial
pacing, heart rate was 84 and 9%4 bpm, EDP was
3.9£2.5 and 8.%2.7 mm Hg P<0.05), and peak LV sys-
tolic pressure was 968 and 1087 mm Hg in the control
and paced LAP clamp groups, respectively.

Figure 3 displays the relation between EDP and FRP for
LAP clamp groups during nonfilling diastoles at each EDP

range. Controls developed a negative FRP at EDP below
~5 mm Hg, indicating the presence of a RF. In contrast, even

at EDP 1 to 2 mm Hg, paced dogs had a FERPmm Hg. The

®]
4
2 »—{—4
)
I ————
E ——————i
EO
& ——i
v 2 ——i
4
6 T 1
1] 2 4 6
EDP (mmHg)

Figure 3. Relationship between EDP and FRP at selected EDP
ranges for paced and control dogs (see text).

all dogs regardless of hemodynamic conditions. Note also the
overshoot during untwisting. As reported previousiyt?
untwisting was largely complete by the time of mitral valve
opening. Figure 6 (top) shows apidain the 3 paced and 3
control dogs as a function of ESV. For each dog, values are
shown at ESVs corresponding to EDPs at the high and low
end of the EDP range from 1 to 2 to 9 to 10 mm Hg and an
EDP in the middle of this range. As expected, in each dog,
twist increased as ESV decreased. Two of the paced dogs
appeared to fall on a roughly similar relationship between
twist and ESV as the control dog8.was smaller in these
dogs, because their ESVs tended to be larger. The third paced
dog had the largest ESVs, yet hadalues somewhat larger
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Figure 5. Twist angle 6 vs time for basal, midventricular, and
apical planes (top to bottom) in a representative paced dog (see
text).
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Figure 7. Transmural ratios of N2BA to N2B titin in control and

paced dogs. Epi indicates subepicardial; meso, midwall; and
1 12 v 16 18 2 22 24 26 endo, subendocardial.
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' control dogs did not reach statistical significanBe=0.099).
./\ To further explore the difference in isoform expression

& Conir . between paced and control animals, we measured transmural

140

1201

control dogs the titin:MHC ratio increased from subepicar-
dium (0.22+0.02) to subendocardium (0.2D.02,P<0.05).
Also consistent with the isoform ratio results, the subepicar-
dial titin:MHC ratio was smaller in paced dogs (013.05),
and the subepicardial ratio was larger (GtZR03). Further-
more, the transmural subepicardial-subendocardial titin:MHC
22 24 26 ratio gradient was significantly larger in paced compared with
control dogs P<0.03).

Un-twisting Rate (deg/s)
8

sol

However, the difference in gradient between paced and

ratios of total titin:MHC protein. If the larger transmural
| gradient in isoform ratio seen in paced animals is real, the
total titin:MHC ratio should demonstrate a change in trans-
mural gradient (because of the larger molecular weight of
/ 1 N2BA titin). As expected on the basis of isoform ratios, in
2 154 16 1.8 ;

1
£nd Systolic Volume (mi/kg)

Figure 6. Top, apical twist angle 6 as function of ESV in control
and paced dogs. Bottom, peak apical untwisting rate as func-

tion of ESV in control and paced dogs. Discussion

The ability of the LV to generate RFs during contraction and

utilize suction as a mechanism of filling during diastole
than the other paced dogs. Nonetheless, the highest tWiStdepends in part on whether and how far the ESV is below
value in this dog was considerably smaller than the values Veqi-7 Even without an external load, the LV wall contains
recorded at the lower ESVs in the control dogs. Thus, at lower yegjqual straings but these presumably do not contribute to
EDPs, this dog also had smaller twist values than control gyction. Three-dimensional deformations occurring during
dogs. Figure 6 (bottom) shows peak untwisting rate for the contraction are believed to serve as additional mechanisms of
same data points. In contrast o there was no consistent RF generation?-17 Twist is one manifestation of such defor-
change in untwisting rate as ESV decreased. However, mations. Deformation of the extracellular matrix has also
untwisting rate was systematically larger in the control dogs, been proposed as the source of a3RFast, because titin
even at overlapping ESV ranges. Similartiathe paced dog  isoforms have differing mechanical propertieheir expres-
with the largest ESVs had somewhat larger untwisting rates sjon ratio and regional distribution could influence RFs.
than the 2 other paced dogs. In the present study, we found that after only 2 weeks of

Figure 7 displays transmural N2BA:N2B titin isoform  pacing tachycardia, the LV was incapable of contracting to an

ratios. There were roughly equal proportions of both iso- ESV below Veq, even at EDPs as low as 1 to 2 mm Hg.
forms. However, as reported in normal pRys, controls the  Although a RF might have been present at even lower EDPs, this
ratio decreased progressively from subendocardium effectively eliminates contraction below Veq as a mechanism of
(1.03£0.35) to subepicardium (0.83.26). The difference  suction. In the twist group, over the range of EDPs studied, ESV
between subendocardium and subepicardium was significantwas larger in paced dogs than in controls. Thus, it is likely that
(P<0.05). In paced dogs, the same transmural pattern wasincreased ESV due to contractile dysfunction is a major factor
observed P<<0.05), but the ratio was larger in the subendo- accounting for impaired suction. Because the LV did not
cardium (1.2%0.27) and smaller in the subepicardium actually reach Veq during the caval constriction protocol, in the
(0.67+0.23). As a result, the subendocardial-subepicardial paced dogs we cannot specify whether Veq was altered. Re-
gradient in isoform ratio was much larger in paced dogs. cently, Solomon et & studied diastolic mechanics in dogs
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subjected to 4 weeks of rapid pacing and reported a substantial slack sarcomere

increase in Veq, which was ascribed to remodeiiithey also Zdisk thin filament

concluded that depressed contractility prevented the LV from S seseassghick filament

achieving ESVs below Veq, despite the increase in Veq. A s B2

significant difference between our study and that of Solomon et shortenV . Nr‘etch

alko is that nonfilling diastoles were produced by excising the i :‘::ii‘;ﬁ)“le"fegm

mitral valve during cardiopulmonary bypass and replacing it restoring force passive force

with an electronically controlled prosthesis fixed in a closed e ——

position during diastole. Cardiopulmonary bypass and excision |:——~*' it

of the mitral valve with disruption of its apparatus depress
contractile function and alter LV volume and shapes Ac-
cordingly, our methods likely result in a somewhat more

physiological preparation. Solomon et¢ahlso did not relate 3y functional significance in that most thickening and thinning
FRP to steady-state LVEDP and did not examine twist or titin . o place in the inner half of the wall.

iso\;\c/)rn;s. dth . duced | dd Althouah We found that the transmural titin isoform ratio gradient was
e found that twist was requced in paced dogs. thoug exaggerated in paced dogs. Although this did not achieve
the numbers of experiments were small, the decrease ap-

. statistical significance, the significant difference in total titin-
peared to be mainly due to the fact that ESVs tended to be | ' g . .
. . .y .~ :MHC gradient strongly supports a true change in isoform ratios.
larger in these animals. Untwisting rate was also reduced in

the paced dogs: in this case the reduction appeared to be(Because there is a fixed stoichiometry between titin and MHC,

independent of changes in ESV. Because untwisting presum-the_ir rat_io may be more reliable than. the isoform ra}tio for
ably reflects elastic recoil, this observation suggests a changeX€!ineating isoform variations, because it does not require curve
in the behavior of the “springs” responsible for recoil such fitting to sepgrate elec_trophoretlc peaks.) It is unknqwn whether
that for a given amount of deformation the rate of return to the ©" Now the 2 isoforms influence slack length or passive mechan-
resting state is slower in the failing ventricle. Changes in twist i@l behavior below slack length. Moreover, our studies do not
and untwisting may constitute a second mechanism of im- Prove a cause-and-effect relationship between titin changes and
paired suction. However, we also confirmed that untwisting reduced RFs. However, it is reasonable to assume that just as the

was largely complete by the time of mitral valve opening. N2BA isoform causes a less steep relation between tension and
Thus, twist-untwisting may actually make a minor contribu- sarcomere length during stretch above slack length, it also causes
tion to filling or perhaps the relatively small amount of a less steep relation below slack length, with the resulting RF
untwisting occurring after mitral valve opening is sufficient being smaller in magnitude. This is consistent with the mecha-
to cause suction. Alternatively, the twist-associated RF might nism of RF development by titin proposed by Helmes &t al
be converted to some other deformation in the wall that (Figure 8). This mechanism is based on the finding that the titin
facilitates suction after mitral valve opening. segment just adjacent to the Z-line is inextensible and incom-
Although the magnitude of twist is inversely related to pressible (because of its actin-binding property) and that when
ESV, contraction-dependent deformations that contribute to sarcomeres contract below slack length, thick filaments move
suction may be considered as distinct from a RF generatedinto this incompressible region. This results in stretch of the
solely by contraction below Veq. During the course of a extensible segment in a direction opposite that during lengthen-
nonfilling diastole, these deformations return to the resting jng apove slack length and production of a force that returns the
state as the ventrlcle relaxes,. ie, they do .not influence the ¢hortened sarcomere toward slack lerigthhus, the larger
FRP. Thus, suction can be envisioned as being caused by bothy,,hqrion of the more extensible N2BA isoform in the inner
a RF related to systolic deformations and a RF that is still portion of the wall in paced animals could contribute to reduced

present aft%rl cc:rzn F;'e';'?rfl' OI_ rela?r?tlon_tat IES\I/ below Veqt; I]E 'S RF generation, once again because most thickening and thinning
even possible that at the ime the miral vaive opens, LeIore ..\, g portion of the wall. Although the proportional

relaxation is complete, a contraction-dependent RF is presentChange in subendocardial N2BA isoform was orig5%, the

that causes suction even though fully relaxed pressurdis . S . . .
We documented a transmural gradient in titin isoforms in dlffel_rence n _stlffngss betvvegn the 2 isoforms is qite marked.
The idea that individual cardiomyocytes from hearts subjected to

control dogs, with more N2BA in subendocardium and more i . . ) S
N2B in subepicardium. The springlike region of titin extends rapid pacing differ with respect to R generation is supported by
[34 who found that unloaded cardiomyocytes obtained

from near the Z-line to its attachment to the thick filament and 1€ €t @ ‘ i
is composed of 2 main segment types, the so-called PEVK from. paced dogg have a reduced ratio of lengthening rate to
segment and serially linked immunoglobulin-like domains fractional shortening.

flanking the PEVK segmefitt N2B titin contains a unique It is also tempting to speculate that the substantial change in
572-amino acid sequence that is also extensible. N2BA titin has transmural isoform gradient is related to changes in large-scale
a longer extensible region and therefore develops less forcedeformations such as twist-untwisting. With respect to RFs,
when stretched. The presence of N2BA titin explains the lower these large-scale deformations presumably reflect the behavior
passive stiffness of pig compared with mouse cardiomyocytes, of functional springs extending between different fiber bundles
because the latter express only N2B fitifihe larger proportion  in the wall. An alteration in isoform distribution across the wall
of the more extensible N2BA isoform in subendocardium may might interfere with the behavior of these springs.

Figure 8. Schematic of behavior of titin during extension above
slack length and shortening below slack length (see text).
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The extracellular matrix has also been proposed as anll.

element that can bear a RFThus, remodeling related to
dissolution of the matrix observed in pacing tachycadia
could also contribute to impaired RFs. Against this, however,
is the observation that collagen makes a very small contribu-
tion to stiffness near slack length.

In control dogs, FRP did not become negative until EDP
reached=5 mm Hg, a slightly lower value than we reported
previously in normal, open-chest dog8ecause our data
analyses require quantification of small pressure differences,
unavoidable measurement variation may have contributed to
this difference. Additionally, in our previous studwnesthe-
sia was accomplished with pentobarbital, whereas halothane
was used in this study. In our preparation, Veq occurs at a g
LVEDP at the lower end of the physiological range. It might
therefore be argued that RFs generated as a result of contrac-
tion below Veq are unimportant under normal physiological
conditions and that loss of the ability to generate a RF by this

mechanism has little functional consequence. However, 18.

open-chest, anesthetized conditions inevitably depress con-
tractility and probably impair the ability of the LV to generate

RFs. Moreover, RFs are expected to be largest when contrac-
tility is high and ESV is small, for example, during exercise.
Our previous results demonstrating that dobutamine increases

Veqts suggest that adrenergic stimulation facilitates RF gen- 21

eration. Thus, there is a strong likelihood that under physio-
logical conditions RFs and suction are more important than
suggested by our data. Finally, because successful therapy o

heart failure usually results in decreased ESV, it is possible 23.

that in the failing heart the effects of impaired suction are
most evident when patients are compensated.
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