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In Vivo Ventricular Gene Delivery of a B-Adrenergic
Receptor Kinase Inhibitor to the Failing Heart Reverses
Cardiac Dysfunction

Ashish S. Shah, MD; David C. White, MD; Sitaram Emani, MD; Alan P. Kypson, MD;
R. Eric Lilly, MD; Katrina Wilson, BS; Donald D. Glower, MD;
Robert J. Lefkowitz, MD; Walter J. Koch, PhD

Background—Genetic manipulation to reverse molecular abnormalities associated with dysfunctional myocardium r
provide novel treatment. This study aimed to determine the feasibility and functional consequences of in v
B-adrenergic receptor kinasg8ARK1) inhibition in a model of chronic left ventricular (LV) dysfunction after
myocardial infarction (Ml).

Methods and Results-Rabbits underwent ligation of the left circumflex (LCx) marginal artery and implantation of
sonomicrometric crystals. Baseline cardiac physiology was studied 3 weeks after>X\M0"5viral particles of
adenovirus was percutaneously delivered through the LCx. Animals received transgenes encoding a peptide inh
of BARK1 (AdenoBARKct) or an empty virus (EV) as control. One week after gene delivery, global LV and regiong
systolic function were measured again to assess gene treatment. BARKwt delivery to the failing heart through the
LCx resulted in chamber-specific expression of gARKct. Baseline in vivo LV systolic performance was improved
in AdenoBARKct-treated animals compared with their individual pre—gene delivery values and compared w
EV-treated rabbits. TotaB-AR density andBARK1 levels were unchanged between treatment groups; however
B-AR-stimulated adenylyl cyclase activity in the LV was significantly higher in AdgA&Kct—treated rabbits
compared with EV-treated animals.

Conclusions—In vivo delivery of Aden@ARKct is feasible in the infarcted/failing heart by coronary catheterization;
expression of3ARKct results in marked reversal of ventricular dysfunction. Thus, inhibitioBARK1 provides a
novel treatment strategy for improving the cardiac performance of the post-MI [€arxulation. 2001;103:1311-
1316.)
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M olecular abnormalities associated with and implicated BARK1-mediated desensitization of myocard@/ARs rep-
in the pathogenesis of ventricular dysfunction and resents a maladaptive change in the failing heard thus
heart failure (HF) present appealing targets for cardiac gene BARKL1 activity is a novel therapeutic target for potentially
therapy. In particular, genetic manipulation of myocardial reversing ventricular dysfunction in cardiac disease states.

B-adrenergic receptorB¢AR) signaling offers a powerful Importantly, BARK1 has been found to be a critical
way to alter myocardial function and represents a potential regulator of myocardial function.The expression and GRK
target that has recently elicited much attentigB-AR sig- activity of BARK1 in the heart has been found to be

naling abnormalities in the compromised and dysfunctional significantly elevated in hum&rand animal models® of HF,
human heart have been well characterized and include ahypertrophyt® and ischemia! Studies in genetically engi-
downregulation of8-ARs (specific for theB;-AR subtype), neered mice have demonstrated the utility38RK1 inhibi-
uncoupling of second-messenger systems, and an upregulation; expression of a3ARK1-inhibitory peptide has pre-
tion of the B-adrenergic receptor kinaspARK1).23 BARK1 vented HF as the result of the knockout of the muscle LIM
(also known as GRK2) is a member of the G-protein—coupled protein gené.The inhibitor of BARK1 (BARKct) is a peptide
receptor kinase (GRK) family that phosphorylates agonist- composed of the carboxyl-terminal 194—amino acid residues
occupied receptors, including cardigeARs, triggering de- of BARK1, which competes with endogenoB\RK1 for
sensitizatior:> Recent evidence has revealed that enhanced binding to the membrane-embeddeg-subunits of activated
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heterotrimeric G-proteins, a process required BXRK1 Intracoronary Gene Transfer
activation3:12 After the 3-week post-MI physiological assessment 16" total
Recently, catheter-based methods have enabled in vivoViral particles (tvp) of adenovirus in 2 mL of PBS was injected into

adenovirally mediated gene transfer to normal and hypertro- the LCx after percutaneous catheterization, as we have previously

. . . . . described? All rabbits received methylprednisolone (5.0 mg/kg IM
phied myocardiunt.*24These invasive methods in rats and per day) for 2 days after adenoviral delivery to limit the acute

rabbits have been developed to deliver transgenes globally toadenovirally mediated inflammatory response. Seven days after gene
the beating heart in vivo. In a recent study, AdgswRKct delivery (and 4 weeks after M), cardiac function was studied in each
was delivered globally to rabbit hearts at the time of the rabbit as above.

surgical induction of myocardial infarction (M#$).Interest- . .

ingly, the acute inhibition of myocardis8-AR desensitiza- ~ D€términation of Myocardial Transgene

tion in the infarcted heart prevented the development of HF, EXPression andg-AR Signaling _ _
demonstrating that the loss §EAR coupling in the failing To assess the efficacy of gene transfer to the infarcted rabbit heart,

heart t b lel dati d tecti h AdenoGal was delivered to the post-MI LCx as above. After
eart may not be solely an adaptive and protective Mecha- oy vision of the heart, transverse cross sections of myocardium at the

nism but can contribute to the pathogenesis of°HF. midpapillary level were obtained for histological analysis and X-gal
In this study, we have taken a unique approach in that the staining as describeid:15 To asses$ARKct transgene expression,

BARKct transgene was not delivered to the heart until it was ventricular RNA was isolated, and Northern blot analysis was

compromised in order to determine whether inhibition of performed by standard methods previously descriifddetermina-

A - . tion of cardiacB-AR density and membrane adenylyl cyclase (AC
,BARK:L aCt'V'tY in the failing heart (.:ould reverse physiolog- activity were gerformed gn myocardial sarcoler)ll“l%alymemb(ran)es
ical left ventricular (LV) dysfunction. We have recently yjth standard methods previously descrilsédzs
demonstrated in vivo adenovirally mediated transgene deliv-
ery in a ventricular-specific manner through selective percu- Statistical Analysis
taneous coronary catheterization and gene delieihis All data are expressed as mean+SEM. In vivo hemodynamic data
technique was used in the present study, in which delivery of were compared by means of a paired Studenttest. Unpaired
the BARKct transgene into the left circumflex coronary artery  Comparisons were made by ANOVA. For all analyses, a value of

(LCx) targets LV-specific expression and the untreated RV P<0.05 was considered to be statistically significant.

can serve as an internal control to test the efficacy of the Results
transgeneARKct gene delivery to a dysfunctional heart is ) . .
a critical step in validatinggARK1 inhibition as a potential /N Vivo Intracoronary Delivery of Adenoviral
therapy for HF. Transgenes to Infarcted Rabbit Heart
LCx-mediated delivery of Aden@gGal (5x10* tvp) to rab
Methods bits 3 weeks after Ml resulted in robust expression of the

transgene as determined by X-gal staining. Positive cardio-
The construction, production, and purification of adenoviral con- myocytes stained blue, and, as expected, were confined to the

structs with a second-generation E1/E4-deleted, replication-deficient 8r€aS Of_ the LV served by the Vast?ular bed Qf the LCx (F?gure

adenovirus have previously been describddhree transgenes were ~ 1A). Neither the septum nor the right ventricle (RV) stained

used: BARKct (AdenofARKct), the marker transgene  blue, confirming a selective intracoronary delivery, and

B-Galactosidase (Adeng&al), and an empty viral construct (EV).  |imijted expression was found in the infarct zone (Figure 1A).
H 1

Model of MI and Physiology Delivery of 5x10* tvp of AdenoBARKct through the LCx

All animals received humane care, in compliance with guidelines tq mfarpted rabbit hearts also displayed an LV'SPGC'“C
prepared by the National Institutes of Health and according to distribution of the transgene mRNA. A representative North-
protocols approved by Duke University. Adult male New Zealand ern blot demonstratingBARKct transgene expression is
White rabbits (~3 kg) were used in the study. Animals underwent a shown in Figure 1B.

thoracotomy and implantation of sonomicrometric crystals along the

minor axis of the LV as described.In 21 animals, a large marginal . .
branch of the LCx was ligated as descritfedhereas in 5 animals Improvement of LV Dysfunction in Post-MI

(the sham group), a prolene suture was passed around the vessdriéarts After Adeno-BARKct Delivery

without ligation. Physiological assessment was made 3 weeks after The functional consequences of selective intracoronary de-
MI to assess baseline cardiac function before gene delivery. A 2.5F |ivery of AdenoBARKct in post-MI rabbits was determined
micromanometer (Millar Inc) was placed into the LV cavity through by sonomicrometry and micromanometry catheterization.

the carotid artery under fluoroscopic guidance, and a 22-gauge .° . o . S
angiocatheter was placed into the jugular vein. The sonomicrometric ANimals were initially studied 3 weeks after LCx ligation to

crystals and micromanometer were coupled to a PC-based dataassess baseline post-MI function. We have previously shown
acquisition system (Physiological Systems Inc), and LV pressure (P) that 3 weeks after infarction is the time at which hemody-
as well as segmental length (I) was obtained at baseline in sponta- 4 mic dysfunction and other signs of HF are clearly evi-

neously breathing animals. All hemodynamic data were derived from . . .
the average of 20 steady-state cardiac cytdegional segmental dent®” The function of the LV in post-MI rabbits 3 weeks

length was used to determine systolic shortening (SS) as a measuréafter LCx ligation as assessed by SS with sonomicrometry
of LV systolic function with the equation SS={tlJ/le, where L, crystals was profoundly depressed compared with rabbits that
and Lsrepresent end-diastolic and end-systolic length, respecti¢ely. nderwent sham operation. Ml rabbits that were subsequently

SS was then expressed as a percentage of pre—gene delivery values, . . R
Infarct size was measured as we have desctitmtl did not Tandomized to receive Adernf@ARKct or EV had a signifi-

significantly differ among treatment groups (data not shown). The cant~68% decrease in LV SS compared with sham animals
mean infarct size on all animals was#00% of the LV. (Figure 2A). LV end-diastolic pressure (EDP) was signifi-

Adenoviral Constructs
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B Lig/BARKct Lig/pGal
LV RV LV RV +

Figure 1. Transgene expression after LCx delivery. A, Representative whole mount of infarcted rabbit heart after treatment with 5x10"
tvp Adeno-BGal. Area of thinned and infarcted myocardium is seen in LV free wall and represents superior aspect of infarct (asterisk
and arrow). B, Expression of BARKct as confirmed by Northern blot analysis of RNA isolated from treated rabbit hearts.

cantly elevated in Ml animals compared with sham (data not separate subset of 3-week postinfarcted rabbits5jn 2D

shown), as has been previously described in this madel. echocardiography was perfornfebefore and 1 week after
MI rabbits with significant regional and global LV dys- AdenoARKct delivery. LV function as assessed by percent
function were treated by LCx catheterization witk 0™ tvp fractional shortening was significantly improved pARK1

of AdenoBARKct or EV and were allowed to progress for 1 inhibition (before, 19.5+1% versus after, 23+2P6x0.05,t
more week. Regional LV function was then measured, and test).

AdenoBARKct-treated rabbits showed marked and signifi- In vivo hemodynamics were evaluated by LV intracavitary
cant improvement in LV SS compared with values obtained pressure with micromanometer catheterizatidithere was a
just before gene delivery (Figure 2A). This near 100% small improvement in contractility as measured by LV
improvement in LV SS was not seen in EV-treated MI dP/dt,,, after AdenoBARKct delivery that did not reach
rabbits. In fact, these rabbits displayed a significant decreasestatistical significance (Table). However, aff@ARKct ex-

in LV SS 1 week after gene delivery (Figure 2B). In a pression, peak systolic blood pressure was significantly
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Figure 2. Regional LV SS determined by sonomicrometry. A, LV
SS values in Adeno-BARKct-treated or EV-treated MI rabbits
before and after gene delivery. All Ml rabbit hearts had signifi-
cant decrease in LV SS as compared with sham control rabbits.
*P<0.05 vs sham; 1P<0.05 vs pre—gene delivery values;
$P<0.05 vs Adeno-BARKct. B, Percent change in SS 1 week
after gene delivery in EV-treated and Adeno-BARKct-treated
animals. *P<0.05 vs pre—gene delivery values.

increased in the failing hearts after Adef8RKct treatment,
which was also significantly greater that in than EV-treated
MI rabbits (Table). Interestingly, both LV EDP and HR did
not significantly change after Aden@ARKct delivery,

80 4

70

B-AR density
(fmol/mg membrane protein)

LV Adeno- RV Adeno-

LV EV
(n=7)

LV Sham
BARKct (n=5)

(n=8)

BARKct
(n=7)

Figure 3. B-AR density values in Ml and sham rabbit hearts.
B-AR density was decreased after Ml when compared with
sham rabbits as measured 1 week after gene delivery. *P<<0.05.

samples from MI rabbit hearts had a decrease in #B{AR
density. Figure 3 contains this data. Sham animals had normal
LV B-AR density of ~65 fmol per mg membrane protein,
whereas LV and RV samples from 3-week post-MI rabbits that
received Aden@ARKct or EV had significantly downregulated
B-ARs. In addition toB-AR density changes, post-MI rabbit
hearts had elevatedARK1 expression (data not shown) and
uncoupled AC signaling (see below) compared with sham
control hearts. These alterations @ARK1 levels andB-AR
signaling are consistent with those seen in our original study
characterizing this rabbit HF modelOne week after Adeno-
BARKCct or EV delivery to the infarcted LV, there was no
significant change IBBARK1 expression (data not shown).
Despite no change iA-AR density among treated animals,
desensitization of3-ARs in the infarcted LV was signifi-
cantly reversed after AdenBARKct delivery. Shown in
Figure 4A is baseline and isoproterenol-stimulated AC activ-
ity found in myocardial membranes isolated from post-MI

whereas both of these parameters worsened (increased) irhearts 1 week after EV or Aden®ARKct delivery. As

animals that received EV.

Molecular B-AR Signaling Changes Induced by
BARKct Expression in Infarcted Heart
Three weeks after LCx ligation, a biventricular alteration of

shown, B-AR—stimulated AC activity was minimal in the
infarcted hearts treated with EV, demonstrating severe un-
coupling, whereas hearts expressing@A¢K1 inhibitor had
restoredB-AR responsiveness (Figure 4A). In fact, as shown
in Figure 4B, theB-AR responsiveness iBARKct-treated

B-AR signaling was observed similar to that seen in other forms LVs was greater than what we found in membranes from
of HF. Samples from noninfarcted areas of the LV as well as RV noninfarcted sham LVs. The AC data are also interesting

Summary of In Vivo LV Performance as Determined by

Micromanometer Catheterization

Before Gene Delivery*

After Gene Deliveryt

Adeno-EV Adeno-BARKct Adeno-EV Adeno-BARKct
LV dP/dtya, mm Hg/s 2957150 2818.7£259 2948+237 3045.3247
LV dP/dty,, mm Hg/s 246374 2464105 235680 2505.8+222
HR, bpm 245+8. 232+11 281+2.8% 251.5+19
LVEDP, mm Hg 3.8+05 5.0+0.8 8.3+0.8% 6.6+2.3
LVSBP, mm Hg 66.8+1.8 69.4+2 672 75.8+3%

Hemodynamic measurements were obtained at baseline, 3 weeks after LCx ligation,* and again 1
week after delivery of 5x10'"" tvp Adeno-BARKct or EV.t

$P<0.05 vs pregene delivery.
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*1 previously demonstrated that this model recapitulates the
biventricular signaling abnormalities seen in HFurther-
more, the power of the study design is that each animal serves
as its own control, with an untreated RV as an additional
source for comparison in individual animals.
Biochemically, the expression oBARKct in the LV
15 improvedpB-AR signaling in the treated LV but not in the RV,
Lf SE— which is a powerful demonstration of the ventricular speci-
EV Adeno-BARKct ficity of our gene delivery methodology. In addition, LV AC
(n=6) (n=4) activity in the AdenoBARKct-treated animals was signifi-
cantly higher than in EV-treated control rabbits, indicating
- that B-AR desensitization was attenuated as a consequence o
33

35

O Basal
| JE:Te]

30

25

20

% NaF Stimulation

10

60
BARKct expression. InterestingBARKct transgene expres-

* il ;zcr‘('::;)‘"“’ sion did not alteBARK1 levels between the LV and RV of

40 Sham (n=4) AdenoBARKct-treated rabbits. This suggests that expres-

30 sion of BARKct at 1 week does not reverse the central

20 neurohormonal or local mechanical stimulus responsible for

10 BARK1 upregulation. Importantly, it provides further evi-

ol ] dence that the improvement in AC activity and in vivo LV
RV

function is due to active inhibition g8ARK1 by the BARKct
rather than a relative decrease BARK1 expression. Of
Figure 4. Myocardial membrane AC activity. A, LV AC activity course, because th@ARKct acts through @y inhibition,

was significantly improved with isoproterenol (ISO) stimulation other signaling events mediated by3¢may also contribute
(as % NaF) after Adeno-BARKct treatment as compared with

Isoproterenol-stimulated AC
Activity(% over basal)

¥
Lv

SO . . to the positive therapeutic effects seen in HF. Moreover, other
EV-treated hearts. There was no significant difference in basal . .
AC activity. *P<0.05 vs Adeno-BARKct baseline; 1P<0.05 vs receptor systems that are targets f&RK1, in addition to
EV+ISO. B, Ventricular-specific 8-AR-stimulated responsive- B-ARs, may be involved.
ness was determined and expressed as percent increase from We used both sonomicrometry and micromanometry to
baseline. $P<0.05 vs sham LV; *P<0.05 vs EV-LV; 1P<0.05 vs . . . . y . . y
Adeno-BARKct RV. assess LV function in vivo in this small-animal model.

AdenoBARKct-treated animals had significant improve-

ments in sonomicrometrically derived measures of LV sys-
tolic function. Moreover, there was a trend toward increased
LV dP/dt,, Although all of the parameters are load-

sensitive, the regional improvement in function as demon-
strated by SS suggests a contractile benefitafRKct

from the point of view that they clearly illustrate the LV-
selective gene targeting of thBARKct caused by LCx-
mediated delivery. As shown in Figure 4B, tBéAR respon-
siveness in RV membranes is not restored, as in the LV. The

EV-treated infarcted hearts have a similar loss of oyhreqsion. In fact, a significant decrease in LV SS was seen
isoproterenol-stimulated AC activity in both the RV and LV i ~ontrol animals treated with the EV, suggesting an under-

compared with sham values, demonstrating global loss of ying decline in function secondary to catheterization or

B-AR function in these MI rabbit hearts (Figure 4B). progression of dysfunction after 1 week of adenovirus deliv-
. . ery. The use of LV dP/dt as a measure of global LV function

_ Discussion o . may be limited by the variation in infarct size and may be
This study reports two novel findings. The firstis thatin vivo 416 sensitive to loading conditions in this model than in
percutaneous intracoronary gene delivery to the infarcted yormal myocardium. LV EDP did not significantly change in
heart is feasible. Moreover, this gene delivery method can agenoBARKct-treated animals compared with EV-treated
specifically target the failing LV. Second, we have demon-  control rabbits, in which it increased further between 3 and 4
strated that adenovirally mediated myocardial delivery of the \yeeks after MI. This demonstrates that in Ml rabbits not
BARKct transgene reverse8-AR signaling abnormalities  treated with theBARKct, LV dysfunction is progressing.
and LV systolic dysfunction after MI. We have clearly |t pears mentioning that ventricular failure involves a
demonstrated that a percutaneous delivery system, selectivelymyriad of receptor systems and abnormalities. It is unlikely
catheterizing a coronary artery, can effectively deliver adeno- that a single transgene can reverse all of the dysfunction anc
viral transgenes to the failing heart after M. completely rescue the failing heart. However, of paramount

Importantly, in our model, gene delivery was accomplished importance is finding an efficacious transgene that is safe and
through the LCx 3 weeks after the ligation of a marginal does not ultimately damage myocardium. Perhaps more
branch of the same artery. Transgene expression 1 week lateimportantly, our catheter-based technique lends itself to other
was robust and widespread throughout the noninfarcted areamodels of failure and hypertrophy and other intriguing
of the LV. It is important to emphasize that the model used in questions may be answered with this technology. Thus, in
this study does not completely represent ischemic heart addition to targeting myocardigB-AR signaling through
disease as seen clinically. It is limited in that a single artery BARKZ inhibition, as in this study, or exogenously increasing
is ligated with a variable amount of infarcted myocardium, B,-AR density?415 other worthwhile gene targets exist. The
resulting in a range of LV dysfunction. However, we have most promising appear to be manipulating myocardia*Ca
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handling through the sarcoplasmic reticulum ATPasw
phospholambaf® An additional target that has recently
emerged is manipulation of Kchannels in the cardiac
sarcolemma, in attempts to alter repolarization abnormalities
present in the failing heat®.

strategy can be approached either through gene therapy witt
the BARKct or through the development of pharmaceutical
inhibitors of theBARK1 GBry interaction.
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