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CLINICAL STUDIES

Short-Term Mechanical Unloading With Left
Ventricular Assist Devices After Acute Myocardial
Infarction Conserves Calcium Cycling and
Improves Heart Function

Xufeng Wei, MD, PHD,*† Tieluo Li, MD,* Brian Hagen, PHD,‡ Pei Zhang, PHD,*
Pablo G. Sanchez, MD, PHD,* Katrina Williams, BS,* Shuying Li, MD,§
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Christopher DeFilippi, MD§ Kai Xu, PHD,* William J. Lederer, MD,‡
Zhongjun J. Wu, PHD,* Bartley P. Griffith, MD*

altimore, Maryland; Massa, Italy; and Seoul, Korea

Objectives This study sought to demonstrate that short-term cardiac unloading with a left ventricu-
lar (LV) assist device (LVAD) after acute myocardial infarction (MI) can conserve calcium cycling and
improve heart function.

Background Heart failure secondary to MI remains a major source of morbidity and mortality. Alter-
tions in calcium cycling are linked to cardiac dysfunction in the failing heart.

ethods Adult Dorsett hybrid sheep underwent acute MI and were mechanically unloaded with an
xial-flow LVAD (Impella 5.0) for 2 weeks (n � 6). Six sheep with MI only and 4 sham sheep were
used as controls. All animals were followed for 12 weeks post-MI. Regional strains in the LV were
measured by sonomicrometry. Major calcium-handling proteins (CHPs), including sarco-/endoplasmic
reticulum calcium ATPase-2� (SERCA-2�), Na�-Ca2� exchanger-1, and phospholamban, and Ca2�-
TPase activity were investigated. The electrophysiological calcium cycling in single isolated cardio-
yocytes was measured with the patch-clamp technique. The related ultrastructures were studied
ith electron microscopy.

esults LVAD unloading alleviated LV dilation and improved global cardiac function and regional
ontractility compared with the MI group. The regional myocardial strain (stretch) was minimized
uring the unloading period and even attenuated compared with the MI group at 12 weeks. Im-
aired calcium cycling was evident in the adjacent noninfarcted zone in the MI group, whereas CHP
xpression was normalized and Ca2�-ATPase activity was preserved in the LVAD unloading group.
he electrophysiological calcium cycling was also conserved, and the ultrastructural damage was
meliorated in the unloaded animals.

onclusions Short-term LVAD unloading may conserve calcium cycling and improve heart function
uring the post-infarct period. (J Am Coll Cardiol Intv 2013;xx:xxx) © 2013 by the American College of
ardiology Foundation
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Ischemic heart disease is the single leading cause of death
and disability worldwide (1). Although acute treatment after

yocardium infarction (MI) decreases early stage mortality,
eart failure following deleterious remodeling becomes the
ain cause of morbidity and mortality (2,3). Angiotensin-

onverting enzyme (ACE) inhibition and beta-blockade
ffectively limit infarct expansion and remodeling after MI.
nfortunately, approximately 40% of MI patients still
evelop heart failure independent of the treatment received
1,3). Therefore, new strategies to prevent heart failure and
emodeling after MI are needed.

Left ventricular (LV) assist devices (LVADs) have garnered
reat interest recently (4,5). Following LVAD implantation for
he purpose of “bridging to transplant,” it became evident that

some patients exhibited a substan-
tial recovery in ventricular function.
The remodeling reversal of end-
stage heart failure by an LVAD
alone or together with drug therapy
has become a promising treatment
(5). However, recovery sufficient to
permit device removal has been ob-
served in only 5% to 24% of patients
in most studies, with a relatively
high incidence of heart failure re-
currence (6,7). This low percentage
of recovery may be due to LVAD
implantation at a stage too late for
end-stage heart recovery. Irrevers-
ible changes in the failing heart may
preclude the reversal of remodeling
with LVAD unloading. In this
study, we investigated the protec-
tion of heart function and the pre-
vention of cardiac remodeling after
acute MI with early intervention by
the placement of a minimally inva-
sive axial-flow LVAD.

Proper calcium handling in myo-
cytes is controlled largely by the

arco-/endoplasmic reticulum calcium ATPase-2� (SERCA-
2�), Na�-Ca2� exchanger-1 (NCX-1), and phospholamban
(PLB) (8,9). The alterations in the expression and function of
these calcium-handling proteins (CHPs) are associated with
myocardial hypocontractility. We examined CHP expression and
electrophysiological calcium cycling in isolated single myocytes.
The related ultrastructures of the sarcoplasmic reticulum (SR) and
T-tubules were also examined in the infarcted hearts.

Methods

Surgery. Sixteen adult Dorsett hybrid sheep (53.2 � 0.9 kg)
ere used in this study. Twelve sheep were subject to an

Abbreviations
and Acronyms

ACE � angiotensin-
onverting enzyme

aT � Ca2� transient

HP � calcium handling
rotein

F � ejection fraction

Ca � inward Ca2� current

V � left ventricle/
entricular

VAD � left ventricular
ssist device

VEDV � left ventricular end-
iastolic volume

VESV � left ventricular end-
ystolic volume

I � myocardial infarction

CX-1 � Na�-Ca2�

exchanger-1

PLB � phospholamban

SERCA-2� � sarco-/
ndoplasmic reticulum
alcium ATPase-2�

SR � sarcoplasmic reticulum
pical MI by permanent coronary artery ligation. Six of
hem were randomly assigned to the MI � LVAD group
nd were implanted with a microaxial LVAD to unload the
nfarcted heart during the first 2 weeks and monitored for an
dditional 10 weeks. Six sheep with MI only (MI group)
nd 4 sham sheep (sham group) were used as controls. All
he animals were monitored for 12 weeks post-MI.

A left lateral thoracotomy was performed under general
nesthesia. Sixteen sonomicrometry crystals were implanted
o monitor LV regional movement and deformation. The
oronary artery branches feeding the heart apex were ligated
t one-third length of the LV, resulting in an apical MI
Fig. 1). Between 2 and 3 h after the MI in the MI � LVAD
roup, the microaxial pump (Impella 5.0, ABIOMED, Dan-
ers, Massachusetts) was placed retrograde into the LV via a
raft anastomosed to the descending aorta (Figs. 2A and 2B).
he pump speed was set between 20,000 and 24,000 rpm (P2

to P4) to achieve �50% unloading of the total cardiac output.
After 2 weeks, the pump was removed, and the animals were
followed for an additional 10 weeks. In the sham group, the
animals underwent only sonomicrometry crystals implantation
without MI and LVAD implantation.

All the animals were treated in compliance with the
“Guide for the Care and Use of Laboratory Animals”
(National Institutes of Health publication 85-23, revised
1996). All surgical procedures and post-operative care were
approved by the Institutional Animal Care and Use Com-
mittee of the University of Maryland at Baltimore.
Cardiac function and remodeling evaluation. Echocardio-
rams were collected with a Sonos 5500 machine (Philips
edical, Andover, Massachusetts). The initial myocardial

nfarct size and the final infarct size were measured in the
-dimensional apical 2-chamber view and presented as the
ength of wall motion abnormality. The final infarct size was
onfirmed at necropsy and presented as a ratio of infarcted
car area to the LV free wall. The total cardiac output was
easured using a flow probe encompassing the pulmonary

rtery with a flow meter (T401, Transonic Systems, Ithaca,
ew York).

Sonomicrometry. The sonomicrometry was used to record
the regional movement and deformation of the LV after MI
as previously described (10,11). The regional contractile
strain was defined as the LV movement during an individual
cardiac cycle and calculated by the following: �contractile �

ED � SES�SED � 100%, where SED, SES � the triangular
rea at end-diastolic and end-systolic instants, respectively.
he regional diastolic strain (stretch) was defined as the LV
eformation over time and was calculated by comparing the
nd-diastole geometries at 1 data collection time point to
he pre-MI measurement by the following: �diastolic �

ED � SEDpre�MI�SEDpre�MI � 100%, where SEDpre�MI � the
triangular area at end-diastolic instant pre-MI.
Western immunoblot analysis. Protein extraction, Western

immunoblotting, and densitometry were performed as de-
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Figure 1. Myocardial Infarction and the Division of the Infarcted Heart

(A) An infarcted heart with 16 sonomicrometry crystals on the left ventricular free wall. The adjacent zone was defined as the border zone within 2 cm of the

infarct zone. (B) Tissue harvesting at autopsy.
Figure 2. Implantation of the Impella Pump

A microaxial pump was implanted retrograde into the left ventricle (LV) via the graft, descending aorta, and the aortic valve (A and B). Positioning of the device

was monitored by echocardiography (C and D).
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scribed previously (10,12). Primary antibodies included
anti-SERCA-2� (110 kDa) (Novocastra, Newcastle,
United Kingdom), anti-NCX-1 (75 kDa) (Abcam, Cam-
bridge, Massachusetts), and anti-PLB (25 and 5 kDa)
(Affinity BioReagents, Golden, Colorado). GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) (Santa Cruz
Biotechnology, Santa Cruz, California) was used as an
internal control. The results are expressed as the ratio of the
target protein to GAPDH.
Determination of SR Ca2�-ATPase activity. The ATPase
assay was a modification of the method described by Kyte
(13). Enzymatic activity was defined as the thapsigargin
(Tg)-sensitive hydrolysis of MgATP in the presence of 10
�M Ca2�.
Cardiomyocyte isolation. Single ventricular myocytes were
solated from the LV wall by enzymatic dissociation mod-
fied from Zafeiridis et al. (14) on the human heart. Briefly,
ollagenase was perfused from the left coronary artery
ollowed by a wash solution containing taurine (Fig. 1B).

yocytes from the adjacent and remote zones were sepa-
ated by mechanical agitation and were reintroduced to 1.8

M Ca2� in a stepwise fashion.
Electrophysiological Ca2� cycling. The electrophysiological

a2� cycling was measured as previously described (15). In
rief, patch clamps were used to control membrane voltage
nd measure membrane current while simultaneously imag-
ng [Ca2�]i was performed using laser scanning confocal

microscopy with the Ca2� indicator fluo-4 (Molecular
robes, Eugene, Oregon). Inward current recording was
erformed in Tyrode solution in which K� was replaced by

Cs�. Ca2� currents were recorded at a membrane potential
etween �50 and 40 mV (10-mV steps), and Na� channels

were inactivated by an increase from �80 to �50 mV over

Figure 3. The Mechanical Unloading Effects of the Impella Pump

The pump provided nearly half of the total cardiac output in the myocardial in
(LV) was unloaded with the Impella pump (B). LV pressure (upper panel) was
unloading.
500 ms. The cellular [Ca2�]i transient (CaT) was measured
y the fluo-4 signal using rapid line-scan imaging. The
-type Ca2� channel current (ICa) was measured directly.

Electron microscopy. Processed tissues were examined using
FEI Tecnai T12 electron microscope (FEI, Hillsboro,
regon). A heart injury scoring system for the quantitative

valuation of the SR ultrastructural findings in every field
as used as previously described (16). Normal SR ultra-

tructure was scored as 0. Mildly dilated tissue was scored as
, the presence of vacuoles was scored as 2, and largely
egenerated areas were scored as 3.

Statistics. All data are presented as the mean � SEM.
Two-way repeated measures analysis of variance was used to
compare differences among the groups. All analyses of
variance were followed by multiple comparisons with the
Bonferroni correction. A comparison of protein expression
in a same sheep (the adjacent zone vs. the remote zone) was
performed with a Student paired t test. Probability values

0.05 were considered statistically significant.

esults

Unloading effects of the LVAD. In the MI � LVAD group,
he average pump flow was 2.14 � 0.30 l/min during the
rst 2 weeks. The LVAD unloaded 43.6 � 13.2% of the
otal cardiac output in the LV (Fig. 3A). Echocardiography
howed that the short-axial area of the LV decreased under
nloading with the LVAD. LV pressure was reduced
ignificantly with LVAD unloading (Fig. 3B).
Cardiac remodeling and function evaluated by echocardiog-
raphy. LVAD unloading prevented cardiac remodeling and
dysfunction after MI. There was no difference in the
baseline LV end-diastolic volume (LVEDV), end-systolic
volume (LVESV), and LV ejection fraction (LVEF) among

on � left ventricular assist device (MI � LAVD) group (A). The left ventricle
ed with an elevated mean arterial pressure (lower panel) after mechanical
farcti
reduc
the groups (pre-MI and post-MI). In the MI group, the
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LVEDV and LVESV increased over 12 weeks (p � 0.05).
n the MI � LVAD group, the LVEDV and LVESV
ncreased at 12 weeks but to a significantly lesser extent
ompared with the MI group (Figs. 4A and 4B) (LVEDV:
5.9 � 6.2 ml vs. 106.6 � 5.9 ml; LVESV: 47.6 � 5.0 ml
s. 65.9 � 4.9 ml, p � 0.05). In the MI group, the LVEF
ecreased over 12 weeks, Whereas in the MI � LVAD
roup, LVAD unloading improved the LVEF compared
ith the MI group (Fig. 4C) (45 � 1.7% vs. 38.1 � 2.4%,
� 0.05).

Regional contractility by sonomicrometry. In the MI group,
he regional contractile strain was decreased in the nonin-
arcted adjacent zone and remote zone at 12 weeks com-

Figure 4. Cardiac Function and Remodeling After MI and Unloaded by LVA

Dilation of LV was prevented in the unloaded group, which was indicated by
The LV ejection fraction (LVEF) value decreased less in the MI � LVAD group c
week calculated by sonomicrometry showed that the myocardial contractility i
normal in the remote zone (D). The length of wall motion abnormality evaluate
LVAD group had significantly smaller infarct size than the MI group. #p � 0.05 co
Figure 3.
ared with the sham group (Fig. 4D). By contrast, In the (
I � LVAD group, the regional systolic strain in the
djacent zone was significantly greater compared with the

I group (�15.4 � 1.9% vs. �9.7 � 1.5%, p � 0.05), and
he remote zone had nearly normal contractility compared
ith the sham group at 12 weeks.

LVAD unloading reduced the infarct size. The length of wall
otion abnormality at 30 min post-MI had no statistical

ifference in the MI group and the MI � LVAD group.
owever, the length of wall motion abnormality at the time

f sacrifice was shorter in the MI � LVAD group than in
the MI group (Fig. 4E). Infarct size measured at necropsy
confirmed that LVAD unloading led to a significant decrease
of infarct size (26.4 � 1.5% vs. 19.5 � 2.0%, p � 0.05)

end-diastolic volume (LVEDV) (A) and LV end-systolic volume (LVESV) (B).
red with the MI group at 12 weeks (C). Regional contractile strain at 12
adjacent zone was conserved in the MI � LVAD group and remained almost
chocardiography (E) and infarct size at necropsy (F) showed that the MI �

d with the baseline; *p � 0.05 compared with the MI group. Abbreviations as in
D

the LV
ompa
n the
d by e
mpare
Fig. 4F).
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Regional diastolic strain (stretch) by sonomicrometry. The
temporal changes of the diastolic strain in the infarcted
zone, adjacent zone, and remote zone in the LV free wall are
shown in Figure 5A. The further comparison of the dia-
stolic strain during mechanical unloading (at 2 weeks) and
10 weeks after removal of the pump (at 12 weeks) are shown
in Figures 5B and 5C, respectively. After MI, the regional
myocardial strain increased heterogeneously. In the MI
group, the diastolic strain in the infarcted zone and in the
adjacent zone increased quickly in the first 2 weeks and
continuously increased in 12 weeks. By contrast, in the
MI � LVAD group, the diastolic strain in the remote zone,
adjacent zone, and even for the infarcted zone was low
under the LVAD unloading (Fig. 5B). Ten weeks after
removal of the pump in the MI � LVAD group, the
diastolic strain increased but was significantly lower in the
adjacent and infarct zones compared with the MI group
(26.7 � 5.6% vs. 42.3 � 4.4%; 57.0 � 9.0% vs. 79.1 �
4.0%, respectively, p � 0.05) (Fig. 5C).
CHP expression. In the MI group, SERCA-2� expression

ecreased significantly in the adjacent zone compared with

Figure 5. The Regional Diastolic Strain (Stretch) by Sonomicrometry

The temporal changes of the regional diastolic strain in the LV free wall (A). T
(B) and even attenuated at 12 weeks (C) compared with the MI only group. T
the different strains in the different areas. A � adjacent zone; I � infarct zone
MI group. Abbreviations as in Figure 3.
he remote zone or the sham group (Fig. 6A) (1.49 � 0.12
s. 1.97 � 0.12 or 1.96 � 0.08, respectively, p � 0.05).
CX-1 expression was increased both in the adjacent and

emote zones compared with the sham group. The adjacent
one had even higher NCX-1 expression compared with the
emote zone (Fig. 6B). PLB (5 kDa) remained unchanged

both in the remote and the adjacent zones. The PLB pentamer
(25 kDa), as the reservoir form of PLB, was decreased in the
adjacent zone compared with the sham group (Fig. 6C) (1.65 �
0.27 vs. 2.82 � 0.17, p � 0.05). In the MI � LVAD group,
CHP expression remained essentially normal compared with the
sham group, and there was no significant difference between the
adjacent zone and the remote zone.
Ca2�-ATPase activity. In the MI group, Ca2�-ATPase ac-
ivity was significantly reduced by 53 � 4% in the adjacent
one compared with the sham group (Fig. 6D). By contrast,

in the MI � LVAD group, the Ca2�-ATPase activity in
the adjacent zone remained unchanged and was significantly
higher compared with the MI group (105 � 10% vs. 53 �
4%, p � 0.05).
Calcium cycling in isolated single cardiomyocytes. Sample
data of the Ca2� imaging, the CaT, and ICa are presented

ional myocardial strain (stretch) was minimized during the unloading period
erent colors in the map of the regional strain in the free wall of LV indicate
remote zone. #p � 0.05 compared with sham; *p � 0.05 compared with the
he reg
he diff
; R �
in Figure 7A. The average ICa peak and CaT amplitude in
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the myocytes isolated from the remote zone in the MI or
MI � LVAD group was not different compared with the
myocytes in the sham group. In the MI group, the myocytes
from the adjacent zone showed a significant decrease in the
ICa peak and CaT compared with the remote zone �1.63 �
.09 versus �2.51 � 0.22 (p � 0.05) and 2.53 � 0.21 versus
.08 � 0.14 (p � 0.05), respectively. In the MI � LVAD

group, the myocytes had no significant difference in ICa or
CaT between the adjacent and remote zones (Figs. 7B and
7C). The time required for the CaT to reach its peak (rise
time) was also significantly slower in the myocytes from the
adjacent zone of the MI group. This was not observed in the
myocytes isolated from the MI � LVAD group (Fig. 7D).
In the MI group, the recovery rate for the Ca2� transient
(decay time) in the myocytes from the adjacent zone was
significantly slower than in the myocytes from the remote zone
(1.02 � 0.04 vs. 0.78 � 0.06, p � 0.05). Again, this trend was
not observed in the MI � LVAD group (Fig. 7E).

Figure 6. CHP Expression and Ca2�-ATPase Activity

Alterations in SERCA-2� (A), NCX-1 (B), and the PLB pentamer (C) were norma
SR Ca2�-ATPase activity in the adjacent zone (D). #p � 0.05 compared with sh
remote zone of same animal. SR � sarcoplasmic reticulum; other abbreviation
LVAD unloading protected against ultrastructural damage
after MI. Myocardial ultrastructural damage was found in
he adjacent zone of the MI group. Damaged SR was
wollen or missing membrane structures. The structure of
he T-tubules became unclear, and its arrangement became
rregular (Figs. 8B and 8E). In the MI � LVAD group,

ost SR had a normal ultrastructure (Fig. 8C) and a regular
rrangement of T-tubes (Fig. 8F), similar to the sham group
Figs. 8A and 8D). Injury scoring of the SR revealed that
nloading with the LVAD led to a significant decrease in
R damage in the adjacent zone compared with the MI
roup (Fig. 8G).

iscussion

Currently, LVADs have 3 main applications in end-stage
heart failure: “bridge to transplantation,” “bridge to recov-
ery,” and destination therapy (4,17). LVADs have also been
used for short-term circulatory support in patients with

in the MI � LVAD group. LVAD unloading prevented post-MI impairment of
p � 0.05 compared with the MI group; †p � 0.05 compared with the
Figure 3.
lized
am; *
cardiogenic shock when traditional inotropic medications
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and temporary circulatory support with an intra-aortic
balloon pump have failed. The safety and efficacy of LVAD
support were well demonstrated from these short-term
follow-up data (18,19). In this study, a minimally invasive
axial-flow pump was used, not for circulatory support, but
for LV unloading to prevent post-MI remodeling and
chronic heart failure, which makes this study the first of its
kind to our knowledge.

Two major explanations exist for the beneficial effects of
an LVAD upon cardiac performance even in the short term.
First, the increased mechanical stress on the noninfarcted
myocardium after MI causes multiple downstream molecu-
lar changes, which promote heart failure development
(2,20,21). Cardiac dysfunction further increases the me-
hanical strain/stress in a vicious cycle. A strain reduction by
nloading with LVAD can disrupt the vicious cycle and

Figure 7. Electrophysiological Ca2� Cycling in Single Cardiomyocytes

(A) Fluorescence of the Ca2� indicator fluo-4 (top panels and middle traces)
after inactivating the Na� channels (bottom traces). (B) The average peak Ca
Ca2� transients took to reach the peak (rise time). (E) The time required for th
pared with the remote zone of same animal. Abbreviations as in Figure 3.
nhibit harmful molecular events, including deleterious
Ca2� cycling, and prevent progression of negative remod-
ling after MI (9,22,23). Second, our study determined that
he regional strain increased dramatically in the first 2 weeks
Fig. 5A), suggesting that this time period is crucial regard-
ng myocardium damage and the subsequent development
f heart failure. LVADs can provide profound circulatory
upport in addition to mechanical LV unloading in this
hase, which makes it unique for MI therapy.
Ca2� cycling, a key mechanism for generating contractile

orce, has been linked to myocardial contractile dysfunction
n heart failure. Most reports have indicated that
ERCA-2� levels are decreased, and NCX-1 is up-
egulated, whereas the levels of PLB remain unchanged in
he end-stage failing heart (8,24). Yoshiyama et al. (25)

reported regional differences in the expression of SERCA-2�
and NCX-1 at the mRNA level after MI in a rat animal

hole-cell membrane currents during a voltage increase from �80 to 0 mV
nsient (CaT). (C) The peak inward Ca2� current (peak Ica). (D) The time the
sients to decay from 90% of the peak to 10% (decay time). #p � 0.05 com-
and w
2� tra
e tran
model. SERCA-2� mRNA levels in the adjacent myo-
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cardium decreased, whereas NCX-1 mRNA levels were
increased 3 months after infarction. Consistent results
were found at the protein level in this study. We further
demonstrated that the changes in expression in SERCA-2�
and NCX-1 are heterogeneous after MI. Calcium han-
dling in isolated single cardiac myocytes and ultrastruc-
tural damage were also present in the adjacent zone.
These alterations in calcium handling provide an expla-
nation for the hypocontractility observed in the perfused,
nonischemic adjacent zone and a mechanism for remod-
eling after MI.

Calcium cycling is a mechanosensitive event (26). Previ-
ously, we also reported that the regional alteration on
calcium handling proteins are strain (stretch) related during
remodeling post-MI (12). In the present study, we further

emonstrated that mechanical unloading with an LVAD
educed regional strain and normalized calcium cycling.
hese data from the large animal model support that the

lose relation between calcium cycling and the mechanical
ignal. However, it was reported that decreased abundance
f mRNA of SERCA-2� in heart failure could not be

normalized by LVAD support in the end-stage heart failure
patients (9,27). These findings strongly supported the ad-
vantages of the “prevention of remodeling” over “reversal of
remodeling.”
Study limitations. Neither group received the current stan-

ard of care for post-MI patients, such as ACE inhibition
nd beta-blockade, in the present study. Because the overall
oal of this study to evaluate the effects of stress reduction
n the ventricular wall by mechanical unloading, we decided
ot to include at this time a group with a combined therapy
ACEI–beta-blockers plus LVADs). We are currently

Figure 8. Ultrastructural Damage

(A, B, and C) Cross-section (11,000�). (D, E, and F) Longitudinal section (4,40
compared with the MI group. Abbreviations as in Figure 3.
lanning this set of experiments.
onclusions

Short-term unloading with LVADs after acute MI normal-
ized CHP alterations, conserved electrophysiological cal-
cium cycling, and precluded damage of the calcium
handling-related ultrastructures to improve myocardial con-
tractility and prevent remodeling after MI.
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