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Hybrid Transgenic Mice Reveal In Vivo Specificity of G
Protein—Coupled Receptor Kinases in the Heart

Andrea D. Eckhart, Sandra J. Duncan, Raymond B. Penn, Jeffrey L. Benovic,
Robert J. Lefkowitz, Walter J. Koch

Abstract—G protein—coupled receptor kinases (GRKs) phosphorylate activated G protein-coupled receptors, including
ayg-adrenergic receptors (ARS), resulting in desensitization. In vivo analysis of GRK substrate selectivity has been
limited. Therefore, we generated hybrid transgenic mice with myocardium-targeted overexpression of 1 of 3 GRKs
expressed in the heart (GRK2 [commonly known as@h&R kinase 1], GRK3, or GRK5) with concomitant cardiac
expression of a constitutively activated mutant (CAM) or wild-typgAR. Transgenic mice with cardiac CAMzAR
overexpression had enhanced myocardjAR signaling and elevated heart-to-body weight ratios with ventricular atrial
natriuretic factor expression denoting myocardial hypertrophy. Transgenic mouse hearts overexpressing only GRK2,
GRK3, or GRK5 had no hypertrophy. In hybrid transgenic mice, enhanced in vivo signaling througl,GARs, as
measured by myocardial diacylglycerol content, was attenuated by concomitant overexpression of GRK3 but not GRK2
or GRK5. CAMa;gAR-induced hypertrophy and ventricular atrial natriuretic factor expression were significantly
attenuated with either concurrent GRK3 or GRK5 overexpression. Similar GRK selectivity was seen in hybrid
transgenic mice with wild-typey,sAR overexpression concurrently with a GRK. GRK2 overexpression was without
effect on any in vivo CAM or wild-typex;sAR cardiac phenotype, which is in contrast to previously reported in vitro
findings. Furthermore, endogenous myocardigAR mitogen-activated protein kinase signaling in single-GRK
transgenic mice also exhibited selectivity, as GRK3 and GRK5 desensitized ireyAR mitogen—activated protein

kinase responses that were unaffected by GRK2 overexpression. Thus, these results demonstrate that GRK:
differentially interact witha;gARS in vivo such that GRK3 desensitizes @|LAR signaling, whereas GRK5 has partial
effects and, most interestingly, GRK2 has no effect on in viyAR signaling in the hear{Circ Res 2000;86:43-50.)

Key Words: desensitizatiom adrenergic receptors;, m protein-coupled receptor kinamemyocardial biology
m myocardial hypertrophy

he a,g-adrenergic receptor (AR) is a member of the G

protein—coupled receptor family and is the predominant
a;AR subtype expressed in adult rodent myocardism.
a;AR agonists, including phenylephrine (PE), have been
shown to mediate intracellular responses throaghR acti-
vation of the heterotrimeric G protein Gqg, which in turn
activates the effector enzyme phospholipase C (PLC). Acti-
vation of thea;AR-GQ-PLC pathway results in the cellular
accumulation of inositol 1,4,5-trisphosphate and diacylglyc-
erol (DAG), leading to increased intracellular calcium and
protein kinase C activit§.The role ofa;ARS in the heart is
not well understood; however, the Gg-PLC—protein kinase C
pathway is important in initiating the hypertrophic respofise.
In fact, we have recently shown, using transgenic (Tg) mice,
that signaling through Gq is the final common trigger of in
vivo pressure overload ventricular hypertroghy.

Activation of o;ARs in cultured neonatal ventricular myo-

gene expression, including ventricular expression of atrial
natriuretic factor (ANF), and cell hypertrophy without hyper-
plasia®” Moreover, adult Tg mice expressing a constitutively
activated mutant (CAM) of thew,zAR in a cardiac-specific
manner have elevated myocardial DAG content, ventricular
ANF expression, and myocardial hypertrophy, as measured
by increased heart-to-body weight ratio and myocyte cross-
sectional aref.Thus, constant stimulation of thezAR in

vivo is sufficient to induce a hypertrophic phenotype inde-
pendent of hemodynamic changes.

Signaling througha;ARs is regulated, like that mediated
by many other G protein—coupled receptors, via phosphory-
lation and the triggering of desensitization mechani8ms.
Phosphorylation of agonist-occupiegdARs is accomplished
by members of the serine/threonine G protein—coupled re-
ceptor kinase (GRK) family. Three predominant GRKs are

cytes has been shown to induce an embryonic program of expressed in the mammalian heart, as follows: GRK2 (com-
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Transgenic Mouse Lines Used in the Present Study

Parental Lines,

Level of Myocardial
Overexpression (Fold
Overexpression Versus

Mouse Description Endogenous Levels) References

1. CAMaygAR Constitutively activated mutant of the a4sAR 3 8

2. WTagAR Wild-type «13AR 40 18

3. GRK2-3 Bovine GRK2 (BARK1) ~3 15, 16

4. GRK2-20 GRK2 ~20

5. GRK3 Bovine GRK3 (ARK2) ~12 17

6. GRK5 Bovine GRK5 >30 16

7. Gal Minigene of last 54 amino acids of murine NA 5
Gq(305-359)

Resultant Hybrid Lines

1. CAMa;5/GRK2-3 3. CAMa3/GRK3 5. CAMa43/GRK/Gql 7. WTap/GRK5

2. CAM«;5/GRK2-20 4. CAMa15/GRK5 6. WTap/GRK2-3 8. WTa;p/Gal

monly known as theB-AR kinase BARK1]), GRK3
(BARK?2), and GRK5!° Although many studies have been
done in vitro concerning the actions of GRKs on receptor

signaling, almost nothing in vivo has been done to elucidate

substrate specificity of GRKs. In fact, in vitro studies with

context of the whole organism to begin to understand the true
complexity of the mammalian cardiovascular system.

Materials and Methods
Experimental Animals

several receptor systems important in the heart have revealedvyocardial-specific overexpression of the corresponding transgene

no definitive GRK selectivity1-14In vitro studies examining
a,sARs have found that GRK2 and GRK3 could both
increase agonist-induced phosphorylation of thgAR and
promote desensitization of signaling, whereas GRKS5 in-
creased the basal phosphorylation @gARs without any
effect of agonist-stimulated phosphorylatienMore re-

cently, however, GRK substrate selectivity has been identi-

fied in vitro, as lacovelli et & described the way in which
GRK2 stably transfected into rat thyroid FRTL-5 cells desen-

was targeted by the—myosin heavy chaim(MyHC) gene promoter
as previously described.Each of the single-Tg mouse lines used as
parental crossbreeders has previously been described as noted in the
Table, except for GRK2-20. All Tg lines were originally generated in
C57BL/6 mice. To generate the GRK2-20 mouse, a GRK2 Tg
construct was prepared by inserting the complete open reading frame
of bovine GRK2 into pGEM containing a 5.5-i@acl/Sall fragment
from the aMyHC promoter and the simian virus 40 intron—poly A.
Tg animals were screened by Southern blot and polymerase chain
reaction analysis of tail clip DNA.

Hybrid double-Tg mice were created by mating single-Tg mice

sitized endogenous thyrotropin receptors, whereas GRK5 angtogether as described in the Table. The animals in this study were

GRK®6 did not. Additionally, GRK2 had variable effects on
the Gai-coupled A adenosine receptor. Adenylate cyclase
inhibition was unaffected, but mitogen-activated protein ki-

nase (MAPK) signaling was attenuated by GRK2 overexpres-

sionsImportantly, and in contrast to Diviani et #)acovelli
et als also found that GRK2 overexpression did not alter

handled according to approved protocols and animal welfare regu-
lations at Duke University Medical Center.

Radioligand Binding

Tg mouse heart crude membranes were prepared as destriad.
determination of myocardiakAR binding density, 250 pmol/L
(=)-B-([**]lodo-4-hydroxyphenyl)-ethyl-aminomethyl-tetraloné>i¢
HEAT; New England Nuclear) in the absence (total binding) or

a;sAR signaling. Thus, this suggests that there may be presence (nonspecific binding) of B0mol/L prazosin was use¥.

cell-type specificity of the GRKs for their various substrates,
making it essential to understand the in vivo selectivity of
these kinases in the appropriate cells/tissues of interest.
Recently, the use of Tg mice with cardiac-specific overex-
pression of GRK2, GRK3, or GRK5 have made it possible to
address in vivo, tissue-specific GRK substrate selectivi-
ty.16-18The CAMa;sAR and GRK Tg mice provide a unique
and powerful opportunity to create hybrid Tg mice to study
the specific interactions in vivo between these 3 individual
GRKs anda;sARS. In the present study, the hearts of these
hybrid mice were used as novel “in vivo reaction vessels” to
determine the in vivo selectivity of GRK2, GRK3, and GRK5
for myocardiala;sARS. Furthermore, these mice were used to
elucidate a possible role ak;sAR desensitization in the
control of myocardial hypertrophy. These results reinforce
that it is essential to verify in vitro findings in vivo in the

Protein Immunoblotting

Immunodetection of GRK2 and GRK3 was carried out first with an
immunoprecipitation using a monoclonal GRK2/GRKS3 antibody, as
described previousl$## GRK5 was detected in crude membrane
protein extract$?

Heart Weight—to—Body Weight Ratio

Mice were first anesthetizédand weighed, and their hearts were
quickly excised, blotted dry, weighed, and frozen in liquid Neart
weight—-to—body weight ratios were calculated and expressed in
mg/g2t

Ventricular ANF mRNA Analysis

The apical portion of the left and right ventricles of frozen hearts
obtained as described above was homogenized, total RNA was
extracted using an Ultraspec solution (Biotecx Laboratories), and
Northern analysis was performed as previously desciiizedfter

ANF detection, all blots were stripped and reprobed with a rat
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GAPDH cDNA probe. The ANF and GAPDH bands were quantified
with a Phosphorimager (Molecular Dynamics), and the ANF/
GAPDH signal intensity was determiné®l.

DAG Quantification

Lipid fractions from frozen hearts were extracted as descfized.
32P-labeled phosphatidic acid (phosphorylated DAG) was isolated by
silica gel thin-layer chromatography and quantified with the Phos-
phorimager. DAG content was normalized to tissue phospholipid,
and the final DAG concentration was expressed as pmol of DAG/
nmol of lipid phosphate, as described previousty.

MAPK Activity

Mice were given a 20QsL intraperitoneal injection of 50@umol/L

PE or saline. After 10 minutes, mice were anesthetized as described
above and hearts were quickly removed and frozen. Excised hearts
were prepared as described previous!l§y.Immunoprecipitations
were performed using anti—extracellular signal-regulated kinase
(ERK2) or anti—c-junN-terminal kinase (JNK1) antibody (Santa
Cruz Biotechnology). Kinase assays were carried out at 30°C for 15
minute$-18 using myelin basic protein (MBP) (for ERK2) with
glutathioneS-transferase—c-jufJNK1) as a substrate.

Statistical Analysis

Data are expressed as mezBEM. An unpaired 2-tailed Student
test was performed for all biochemical data. For all analyBe%).05
was considered statistically significant.

Results

Transgene Expression
The Table lists the 15 lines of myocardium-targeted Tg mice
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Figure 1. Hybrid transgene expression did not alter single-

transgene expression. Cytosolic and membrane proteins were

purified as described in Materials and Methods. A, Rhodopsin
phosphorylation assays to determine relative kinase activity
between the various GRK-overexpressing Tg lines. Primary GRK
activity in the NLC is GRK2.22 B, Immunodetection of myocar-
dial levels of GRK2-3 or GRK3 from cytosolic NLC mice and

used throughout this study, including parental single-Tg mice from single-Tg and hybrid Tg mice as indicated. C, Immunode-

and the resultant hybrid double-Tg offspring. Included is the

tection of membrane-associated GRK5 in NLC and in single-Tg
and hybrid Tg mice using a selective GRK5 antibody and a

documented overexpression levels compared with the endog-recombinant positive (+) control. D, Myocardial «;AR density
enous myocardial proteins. Two separate lines of GRK2 Was determined using membranes from CAM,;sAR and hybrid

animals were used; one line, GRK2-3, has been previously
described®17” and the other is an as-yet-unreported GRK2
mouse line, GRK2-20, with=20-fold enhancement of GRK
activity as compared with endogenous GRK2 activity. Figure
1A illustrates the relative kinase activity that each of the
single-Tg lines has in comparison with the others versus
non-Tg littermate control (NLC). The primary GRK activity

in the mouse heart is GRK2 however, all of the kinases are
equally capable of phosphorylating rhodopsin. Each trans-
gene constitutes the majority of activity when overexpressed

Tg mice and expressed as percentage of CAM,;gAR overex-

pression. Data are expressed as mean+SEM of percentage of
total TgCAMa4gAR binding (n=4 for each group)
P=nonsignificant compared with TgCAMa4gAR (Student ¢ test)
for each hybrid Tg mouse line.

CAMa;sAR mice (Figure 1B and 1C). We also verified that
GRK activity was not compromised in the hybrid Tg mice. In
vitro GRK phosphorylation assays illustrate that phosphory-
lation activity was similar in single-Tg and hybrid Tg mice
(data not shown). As shown in Figure 1D, myocardighR

in the heart. Whereas the Table describes overexpressiondensity in the hybrid CAM,,AR and the various GRK-

levels of the various GRKs with respect to their endogenous
levels, when expressed in comparison with total NLC GRK
activity, Tg GRK2-3 has=3-fold, TgGRK2-20 has=20-fold,
TgGRKS3 has~5-fold, and TgGRK5 has=20-fold overex-
pression in activity (Figure 1A). Hybrid Tg mice were

overexpressing lines of Tg mice was equal to single-Tg
CAMa;sAR mouse myocardiak;AR levels. The myocardial
a;AR density in the different GRK-overexpressing lines of
Tg mice was equal to endogenous levels found in NLC mice
(data not shown). Thev,AR overexpression seen in the

examined to verify that both transgenes were expressed atyijg-type (WT) a,sAR was preserved in the presence of all

equivalent levels as found in the single-Tg parental lines.
Importantly, we found no change in expression in any of the
transgene protein products in hybrid mice. For example, as
shown in Figure 1, protein immunoblotting revealed no
difference in the level of overexpression of GRK2 or GRK3
when comparing hearts from GRK2-3 or GRK3 with
CAMa,5/GRK2-3 and CAMys/GRK3 hearts (Figure 1B).
Similar results were found in hybrid Tg mice overexpressing
GRK5 (Figure 1C) and the Gqgl (data not shown). Further-
more, endogenous GRK levels were not altered in the

second transgenes in the hybrid lines (data not shown).

In Vivo Inhibition of Hypertrophy

CAMa;5AR mice have an elevated heart-to-body weight ratio
compared with NLC mice (Figure 2), consistent with earlier
findings that demonstrated that these mice had myocardial
hypertrophy2 When the CAMy;sAR mice were crossed with
animals overexpressing GRK2 (3-fold or 20-fold), the heart-
to-body weight ratio remained elevated (Figure 2). However,
the presence of GRK3 overexpression in the GAMGRKS
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Figure 2. In vivo inhibition of CAMa4gAR-
induced hypertrophy. Hearts were excised,
weighed, and normalized to total body weight
and expressed as a mean+SEM of the (mg/g)
ratio. Number of individual mice per group
were as follows: NLC, n=13; TgCAM«4gAR,
n=13; TQCAMa1B/GRK2-3, n=10;
TgCAMa;s/GRK2-20, n=9; TgCAMa4s/GRKS3,
n=8; TgCAMa,g/GRK5, n=7; and TgCAMa,p/
Gql, n=5. *P<0.05 vs NLC, 1tP<0.05 versus
TgCAMa;5AR.

Heart-to-Body Weight Ratio
(mg/g)

NLC

TgCAMa, AR TeCAMo, s/ TeCAMo,y/ TgCAMoyy/ TgCAMO,p/ TgCAMO, s/

GRK2-3 GRK2-20 GRK3 GRKS Gyl
animals ablated CAM,;AR-induced hypertrophy, as did targeted Tg mice overexpressing the WJAR and GRK5
concomitant GRK5 overexpression (Figure 2). Thus, GRK3 (Table). As with CAMy,;sAR overexpression, Wd;sAR
and GRKS overexpression were each capable of attenuatingoverexpression in Tg mouse hearts leads to significant in-
CAMa,sAR-induced hypertrophy, whereas increased cardiac creases in myocardial DAG content compared with NLC
GRK2 activity had no effect. animals (in pmol DAG/nmol lipid phosphate; NLC,
To verify that myocardial hypertrophy seen in the 277+0.19 [n=4] versus WdsAR, 4.18+0.28 [n=4];
CAMa;sAR animals is the result of enhanced Gq signaling, p<0.05), consistent with previous resuis.In hybrid
we created hybrid Tg mice with CAMgAR overexpression  \Tq,/GRK5 mice, myocardial DAG content was still sig-
and overexpression of a peptide inhibitor of the receptor-Gq pjficantly elevated above NLC at a level similar to that of
int_erface. Thig peptide (Gql) represents the last 54 amino WTasAR mice (4.98+0.54, n=6). Thus, it appears that
acids of murine @q(305-359) and has been shown 10 ,0,9h GRK5 expression was capable of inhibiting the

specifically inhibit Gq signaling in vivg.Similar to CAMa,g/ development ofw,s-induced hypertrophy, it does not affect
GRK3 mice, CAMy;z/Gqgl animals had a heart-to-body

weight ratio equal to that of NLCs, demonstrating that
signaling through Gq is responsible for the CAMAR

A n %

henotype. Y & & & 5
p yp s & éf’ & §. ga
A G A A R B A
CAM a;5AR Induced DAG Activation T A AT N
Specific interactions between GRKs amdsARS in vivo & & & & F & &

should result in attenuated signal transduction because of
receptor desensitization, and this could account for the
inhibition of CAMa;sAR-induced hypertrophy by overex-
pression of GRK3 and GRKS5. Signaling throughAR-Gq
proceeds through PLC activation, resulting in DAG accumu-

lation. Therefore, basal DAG content was quantified in lipid B

fractions of hearts from Tg mice. Myocardial DAG content ry 5 *

was significantly elevated 60% in CAMsAR hearts (Figure £ 5 x ®
3), consistent with previous dataA similar elevation in 3% i *

myocardial DAG content was observed in both CAM g2

GRK2-3 (3.87+0.31 pmol DAG/nmol lipid phosphate, n=4) 3;% 31 .

and CAMu,s/GRK2-20 (4.93%+0.49 pmol DAG/nmol lipid §§ o :
phosphate [n=4] versus NLC 2.53=0.31 pmol DAG/nmol 2 7

lipid phosphate [n=4]) (Figure 3). Thus, like hypertrophy, § 11

CAMa;sAR signaling is not altered by GRK2 overexpres- -

NLC

TaCAMuzAR TeCAMoe/ TeCAMeg/ TeCAMoyy/ TeUAMo,g/

sion. In contrast to these results, myocardial DAG content
was significantly lowered in hybrid CAMs/GRK3 mice
compared with CAM;zAR animals demonstrating that sig-
naling through CAM,zARs is attenuated by GRK3 overex-
pression (Figure 3).

Interestingly, and in contrast to the results seen in the
heart-to-body weight ratios, hybrid CAM/GRKS5 mice still
had significantly elevated myocardial DAG content, similar
to levels seen in CAM;sAR and CAMu,;s/GRK2 animals

GREK2-3 GREK2-20 GRK3 GRES

Figure 3. In vivo GRK influence on basal CAM«;sAR-induced
DAG content. Lipid extraction was performed on NLC, single-
Tg, and hybrid Tg mouse hearts as described in Materials and
Methods. DAG content was quantified using 50 nmol of lipid
phosphate as described. A, Representative autoradiogram of
thin-layer chromatography results from DAG assay in listed
mice. B, Quantification of basal DAG activity expressed as
mean=SEM. Number of mice examined per group was as fol-
lows: NLC, n=4; T9gCAMa4gAR, n=5; TJCAMa4s/GRK2-3, n=5;
TgCAMag/GRK2-20, n=4; TgCAMa;5/GRK3, n=5; and

(Figure 3). To further study the interactions between GRK5
and «;zARs in vivo, we generated hybrid myocardium-

TgCAMay/GRK5, n=6. *P<0.05 vs NLC, tP<0.05 vs
TgCAMassAR.
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% L pression was also seen in hybrid CAM/Ggl mice (Figure
s t*?" & g é@’g 4), demonstrating that Gg coupling is responsible for trigger-
g*ssr* f‘* s §$ ing this ANF response. Thus, as with hypertrophy and DAG
SEFY e éfé’ signaling, GRK3 overexpression attenuates the GAMR
phenotype, whereas GRK2 overexpression does not signifi-
w8 .- cantly altgr the CAM phenotype_. N _
Interestingly, CAMy;s/GRK5 mice exhibited lower ventric-
ular ANF expression (35070% of NLC, n=3) compared with
¢ - @ o = w GAPDH that of CAMagAR mice (57G:50% of NLC, n=9), although
this attenuation was not statistically significant (Figure 4).
Moreover, the ANF mRNA levels were still significantly higher
B than levels seen in NLC mice, suggesting that GRK5 over-
& 1600 o5 expression does not totally block CANAR-induced ANF
E Eﬁ | expression. To further examine the effects of GRKmg#R-
22 1000 | Gg—mediated ventricular ANF induction, we studied ANF ex-
gé il pression in WtysAR mice and WTys/GRK5S animals.
g% o p % WTa;sAR mice also exhibited elevated ventricular ANF mRNA
; 400 % levels (505-51% of NLC [n=5]; P<0.05). Interestingly, we
< 200- f - i have previously shown that this occurs without any myocardial
e ooyt f__mﬂﬁv_wm - hypertrophy2® Consistent with findings shown in Figure 4,
ames’ Guaw GRS GRKST Gl hybrid WTa,s/GRK5 mice also had significantly enhanced
Figure 4. Ventricular ANF levels. A, Representative Northern ventricular ANF mRNA (492-53% of NLC [n=5]; P<0.05),
?Iot of 10 kg OrItotaé RNAb iSdOIatfr? from Ve”Xﬁ:fSSL”:L(? and demonstrating that GRK5 does not eliminate ANF expression
g mouse nhearts and probed with a mouse C op . .
panel). Blots were stripped and reprobed with a rat GAPDH aﬁe_r enhanced‘lBAR'Gq signaling. WHlB/GRKz'?’ also had
cDNA (bottom panel). B, Quantification of ANF signal. Signals maintained elevated ANF expression (858% of NLC
from the ANF blots were counted on a Molecular Dynamics [n=3]; P<0.05), suggesting that regulation @;:AR by GRKs
Phosphorlmager and normalized to GAPDH levels. GAPDH is similar for both the WT and CAM,zAR and that GRK2 does
mRNA levels were similar in all ventricular samples from the dif- . . X 1
ferent mice tested. Data shown are mean+SEM for the ANF sig- not affecta;sAR signaling in the heart.
nal corrected by GAPDH and expressed as a percentage of the
ANF/GAPDH signal for NLC. Number of mice examined for each ERK and JNK Activity in Response to «;AR
group was as follows: NLC, n=8; TgCAMa4gAR, n=9; : : :
TgCAMays/GRK2-3, n=4; TgCAMa;s/GRK2-20, n=5; Activation and GRK Expression ,
TgCAMag/GRK3, n=4; TgCAMa;5/GRK5, n=3; and TgCAMap/ Because the data presented above demonstrate that there is
Gal, n=4. *P<0.05 vs NLC, 1P<0.05 vs TgCAMa;zAR. apparent specificity among GRK2, GRKS3, and GRK5 in

desensitizingy;sARS in vivo in the heart, we examined the
basala;sAR/PLC signaling in the heart as examined in vivo effects of these 3 GRKs on endogenous myocard{&R

after either WT or CAMy,sAR overexpression. signaling. A relevant signaling pathway that has been dem-
_ onstrated to be activated hyAR stimulation in the heart is
Ventricular ANF mRNA the MAPK pathway, including ERK1/ERK2 and JNR%:25

A central molecular characteristic of ventricular hypertrophy |n this study, we used ERK and JNK activity assays to
is the upregulation of a number of genes normally expressed determine whether endogenous in vivo myocardighR-

in fetal myocardium. This includes ventricular expression of MAPK signaling is altered in GRK Tg mice. Mice were
ANF. To investigate this in our series of hybrid Tg mice, we injected intraperitoneally with either saline (basal signaling)
performed Northern blots on ventricular RNA, normalizing or the a;-agonist PE, and ERK and JNK activity induced by
mouse ANF expression to an internal control, GAPDH (see PE (over basal activity) was determined in the GRK Tg
Materials and Methods). Ventricles from NLC mice and the animals and compared with values in NLC mice. After 10
single GRK—overexpressing Tg mice demonstrated very faint minutes, injected mice were euthanized, their hearts extracted
or undetectable ANF mRNA expression, which was consis- and homogenized, and ERK and JNK were immunoprecipi-
tent with inactivation of this gene in normal adult ventricular tated for an in vitro kinase assay. Basal ERK and JNK activity
myocardium (data not shown). We found that ventricular measured after saline injection was similar or equivalent in
ANF mRNA levels were increasest700% in CAMu,sAR NLC and single GRK—overexpressing mice (data not shown).
mice (Figure 4), which is similar to previous findings. In NLC mice, PE induced a significant 40% increase in ERK
Hybrid CAMa,s/GRK2 ventricles still exhibited enhanced activity over basal levels of activity (Figure 5A). As shown in
ANF mRNA levels that actually were, for reasons unknown, Figure 5A, GRK2 overexpression in either the GRK2-3 or
even higher than those of CAMAR mice for the GRK2-20 animals did not inhibit myocardial PE-induced
TgGRK2-3, whereas CAM,z/GRK2-20 mice had ANF lev- ERK activity, whereas GRK3 or GRK5 overexpression sig-
els equivalent to those of CAMsAR mice (Figure 4). nificantly attenuated PE-induced ERK activity. Similar to the
Conversely, CAMys/GRK3 animals had ventricular ANF  ERK activity results, JNK activity was attenuated in mice
mMRNA levels equal to NLC values (Figure 4). This attenua- overexpressing GRK3, whereas GRK2 overexpression at
tion of ANF mRNA levels induced by CAM,zAR overex- either low or high amounts had no impact on JNK signaling
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Figure 5. ERK2 activation in response to the «;AR agonist PE.
Mice were given intraperitoneal injections of 200 uL of saline or
500 mmol/L PE and allowed to recover for 10 minutes. ERK2
was immunoprecipitated from heart extracts, and kinase activity
was measured using MBP as a substrate for phosphorylation
assays. A, Representative autoradiogram of the [y-*2P]JATP
phosphorylated form of MBP due to ERK2 kinase activity in
NLC or single-Tg mice injected with saline or PE and quantifica-
tion of ERK2 activity expressed as level of stimulation with PE
over level of stimulation in saline-injected mice (% of saline).
Data are mean+=SEM for number of mice as follows: NLC, n=9;
TgGRK2-3, n=6; TgGRK2-20, n=4; TgGRK3, n=5; and
TgGRKS5, n=7. B, Representative autoradiogram of the
[y-*?P]ATP-phosphorylated form of glutathione S-transferase
(GST)-c-jun due to JNK1 activity in NLC or single-Tg mice
injected with saline or PE and quantification of JNK1 activity
expressed as level of stimulation with PE over level of stimula-
tion in saline-injected mice (% of saline). Data are mean+SEM
for number of mice as follows: NLC, n=5; TgGRK2-3, n=5;
TgGRK2-20, n=>5; TgGRK3, n=5; and TgGRK5, n=4. *P<0.05
vs NLC induction with PE as compared with saline injection.

induced by thex,AR agonist PE (Figure 5B). Similar to what
was seen with ANF signaling (Figure 4), GRK5 overexpres-
sion attenuated JNK signaling only partially as compared
with NLC activation (Figure 5B). These data further suggest
that GRK3 is the primary GRK responsible for desensitizing
in vivo «;AR signaling in the heart. GRK5 had variable
effects ona ;AR signaling, and the complexity of GRK5
regulation of in vivoa;sAR signaling remains to be fully

elucidated.

Discussion

stration of the feasibility and power of using hybrid Tg mice
with myocardial overexpression of G protein—coupled recep-
tors with concomitant GRK overexpression to specifically
study their in vivo interactions. Secondly, this hybrid Tg
strategy revealed that myocardi@lARs are in vivo targets
for GRK3-mediated desensitization but not for GRK2, the
GRK most abundantly expressed in the myocardium. These
differing effects of GRK2 and GRK3 were confirmed in
hybrid Tg mice overexpressing either the WA;AR or a
CAM «a;5AR, as well as in studies designed to examine
endogenous myocardiatAR signaling. The effects of these
GRKs were assessed on the hypertrophic phenotype of these
mice, Gg-PLC signaling (via myocardial DAG content), and
endogenous,;,AR-MAPK signaling in the heart. In addition

to the differing results found with these 2 GRKSs, overexpres-
sion of GRK5 caused variable effects on in viwggAR
signaling. GRK5 was capable of attenuating endogenous
a;AR-mediated ERK activity and CAM,zAR-induced hy-
pertrophy. However, it had a lesser effect on CAM and
WTa,sAR-mediated DAG levels, ventricular ANF mRNA
expression, and JNK activity.

The hearts of these hybrid Tg mice were used in this study as
novel “in vivo reaction vessels,” making it possible to study the
biochemical and physiological consequences of the actions of
one transgene product (ie, GRK) on another ¢igAR). This
study has demonstrated the power of this simple crossbreeding
strategy that can be used to address questions regarding GRK
specificity on other receptors or for dissecting individual pheno-
types of other Tg models. Importantly in this study, expression
levels of a;zARs and individual GRKs driven by the same
aMyHC promoter, when expressed concomitantly in the hybrid
mice, did not differ from the levels of overexpression seen in the
individual Tg parental lines. This is an important finding, given
that promoter competition might be expected to occur, limiting
the overexpression of 1 or both of the transgenes, and thus
limiting the usefulness of this strategy. Furthermore, our previ-
ous studies of Tg mice using theMyHC promoter have
demonstrated that transgene expression was homogenous in
nature throughout the he&tt, thus, both transgenes should be
expressed in a similar fashion when together.

Using these hybrid Tg mice in this study allowed us to
investigate the in vivo specificity of GRK2 (also known as
BARK1), GRK3 (BARK?2), and GRK5 ony,zARS in the heart.
This is an area of study concerning the 6-member GRK family,
for which definitive information has been lacking. A majority of
in vitro experiments using heterologous cell culture expression
systems with a variety of overexpressed G protein—coupled
receptors have shown limited substrate selectivity for these 3
ubiquitously expressed GRKS:14 Importantly in the present
study, we have revealed that these 3 GRKSs differ in their ability
to desensitize;,ARs in vivo in the heart. Our study differs from
previous in vitro findings regarding the,sAR using heterolo-
gous cell culture expression systems, in which overexpression of
either GRK2 or GRK3 promoted,sAR desensitization via
agonist-induced phosphorylati&hOur results demonstrate that
GRK?2 is ineffective in regulating either the overexpressed
CAMa3AR or the WTaysAR, and more importantly, signaling

The results of this study, which uses 15 distinct Tg mouse through endogenous myocardialARs (of which the predom-

lines, reveal 2 significant findings. The first is the demon-

inant subtype in the mouse heart is thg!) was also unaltered
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by GRK2 overexpression. Interestingly, signaling through each Importantly, in vitro evidence supports the notion that GRK2

type of a1BAR in the different hybrid Tg mice was significantly

and GRK3 can be targeted to membranes in a receptor- and

attenuated by GRK3 overexpression demonstrating an in vivo G, -dependent mannét.

selectivity between GRK2 and GRK3 in the heart. Similar to
Diviani et alt2 we found variable effects of GRK5 on agonist-
mediated desensitization of myocardiglsARs. Importantly,

levels of GRK overexpression, as compared with total endoge-

nous NLC GRK activity, between the different Tg mice could
not explain the lack of GRK2 effect, given that neitheB-fold
GRK?2 overexpression ner20-fold GRK2 overexpression was
sufficient to attenuate in viva,gAR signaling, whereas-5-fold
GRK3 overexpression~{12-fold overexpression when com-

Although the in vivo G protein—coupled receptor specific-
ity for GRK2 and GRK3 is becoming clearer, the understand-
ing of in vivo GRKS5 actions in the heart are more complex.
It has been shown that in contrast to GRK2 overexpression,
myocardial GRK5 overexpression, like that of GRK3, does
not alter in vivo angiotensin Il signaling. However, like
GRK2 overexpression3dAR signaling in vivo was signifi-
cantly attenuated in the hearts of TgGRK5 miéeThe
present results reveal conflicting findings regarding the in

pared with endogenous GRKS3 levels) effectively abrogated all vivo actions of GRK5 on myocardiak;zAR signaling.

examined forms of,sAR signaling and eliminated the myocar-
dial hypertrophy induced by CAMAR expression. Recently,
it was shown by lacovelli et & in FRTL-5 cells stably
overexpressing GRK2 that endogenous signaling thraughR

Whereas in vivo GRK5 attenuated CAdpAR-induced hy-
pertrophy and endogenoussAR agonist-stimulated ERK2
activity, GRK5 was incapable of inhibiting overexpressed
CAMa;5AR- or WT a;5AR-induced DAG and TgW&;:AR-

was not attenuated, whereas signaling through endogenousnduced ANF levels, and only partially attenuated ANF levels
thyrotropin receptors was. Thus, there are now data to suggestn the TgCAMa,;sAR hearts and JNK1 activity in the hearts

that even in certain cell types in vitro, GRK2 does not desensi-

tize thea;sAR, which is consistent with our in vivo findings in
the heart.
Despite their initial characterization as highly homologous

expressing endogenouszARs. These results suggest that
DAG signaling due tax;sAR stimulation does not result in
hypertrophy and that ventricular ANF expression, although
concomitant with it, is not sufficient for hypertrophy. In fact,

isozymes, a pattern of in vivo differences between GRK2 and recent studies associate ANF with inhibition of proliferation

GRK3 is now emerging. In addition to our current findings
concerninge;sAR signaling, we have demonstrated previously

of nonmyocardial cells and antihypertrophic effects in car-
diomyocytes?2-35 In contrast, it appears that MAPK activa-

that GRK3 does not, whereas GRK2 does, regulate endogenousion in response ta,;AR-Gq stimulation may be important

BAR signaling in the heat® As is the case witha,sAR
signaling, these in viv@AR findings differ from in vitro results

for hypertrophy. In fact, these findings may shed light on the
specific signaling pathways responsible for the progression of

that demonstrate that both GRK2 and GRK3 phosphorylate anda;zAR activation to myocardial hypertrophy, although this

desensitizg3;ARs, the primaryBAR subtype expressed in the
myocardiumtt Furthermore, studies with TgGRK3 animals
reveal GRK specificity for the endogenous myocardial thrombin
receptofi® The thrombin receptor is one receptor in which a

remains to be determined.

G protein—coupled receptors play integral roles in cardiac
function, and examination of their regulation by GRKSs is
important for understanding cardiac homeostasis and the regu-

distinct difference in GRK-mediated desensitization has been lation of compensation during disease states. For example, heart

shown to exist in vitro between GRK2 and GRKDifferences
in the in vivo myocardial regulation of angiotensin Il receptors
have also been seen in TgGRK3 and TgGRK2 rki¢éThus,
the use of Tg technology has begun to clarify GRK specificity in

failure is associated with a constellation of changes, including
increases in circulating catecholamines, decreasgg\i den-
sity, and increases in GRK2.Additionally, o;AR density has
been shown to be elevated when heart failure devélops.

the in vivo heart. Collectively, these data suggest that GRK2 and Therefore, in disease states whgARs are downregulated,
GRK3 have distinct substrates in the intact heart and do not «;ARs become a more predominant population of the myocar-

exhibit redundancy in the normal regulation of myocardial
function.

The regulation of GRK2 and GRK3 may provide insight into
why these highly homologous kinases differ in their in vivo
substrate selectivity in the heart. Both GRK2 and GRKS are

dial ARs. Importantly, as the findings regarding in vivo GRK
substrate specificity in this report reveal, potentially increased
;AR signaling in the compromised heart would be insensitive
to the elevated GRK2 levels associated with heart disease. This
may provide a mechanism that attempts to maintain cardiac

cytosolic enzymes that undergo a membrane-targeting eventoutput in response to catecholamines. This lack of GRK2 effect

before their phosphorylation of agonist-occupied recepttys.

For these 2 GRKs, this is accomplished by a specific protein-

protein interaction between the carboxyl-terminal domain of
GRK2 and GRK3 and g subunits released from activated
heterotrimeric G proteins.28 Interestingly, the most divergent
region between GRK2 and GRK3 is within the mappegd G
binding domairt8-30This may indicate differential affinities of
these 2 GRKSs for g subunits, and the availability of&s may

be influenced by cell type and by the G protein—coupled
receptor activated. Thus,(3 released after myocardialsAR
stimulation may bind to GRK3 with higher affinity than that for
GRK2, and vice versa for (5 released by3;ARs in vivo.

on a;ARs could lead to enhanced Gq signaling responsible for
the initial adaptive hypertrophy response in the compromised
heart. Testing these hypotheses will be the subject of future
studies.

In summary, results from this study definitively demonstrate
that GRK3 desensitizes,sAR-mediated signaling in vivo,
whereas the highly homologous GRK2 had no effect on signal-
ing through this G protein—coupled receptor. These results
illustrate that although in vitro studies set the foundation for
understanding receptor-kinase interactions, in vivo studies are
required to fully elucidate in vivo selectivity. Furthermore, it is
becoming clear from Tg studies that GRK2, GRK3, and GRK5

Downloaded from http://circres.ahajournals.org/ at Duke University--Durham on October 19, 2012


http://circres.ahajournals.org/

50 Circulation Research  January 7/21, 2000

play distinct roles in the normal regulation of myocardial
signaling and function.

Acknowledgments
This work was supported in part by National Institutes of Health
Grants HL-16037 (to R.J.L.), HL-61690 and HL-59533 (to W.J.K.),
GM44944 (to J.L.B.) and by a Grant-in-Aid from the North Carolina
Affiliate of the American Heart Association (to W.J.K.). R.J.L. is an
investigator of the Howard Hughes Medical Institute. J.L.B. is an
Established Investigator of the American Heart Association.

References

. Rokosh DG, Stewart AF, Chang KC, Bailey BA, Karliner JS, Camacho
SA, Long CS, Simpson PGy-Adrenergic receptor subtype mRNAs are
differentially regulated byy,-adrenergic and other hypertrophic stimuli in
cardiac myocytes in culture and in vivd. Biol Chem 1996;271:
5839-5843.

. Wolff DW, Dang HK, Liu MF, Jeffries WB, Scofield MA. Distribution of
as-adrenergic receptor MRNA species in rat heh@ardiovasc Pharmacol
1998;32:117-122.

. Exton JH. Role of G proteins in activation of phosphoinositide phospholipase
C. Adv Second Messenger Phosphoprotein R8383;28:65—72.

. Puceat M, Hilal-Dandan R, Strulovici B, Brunton LL, Brown JH. Differential
regulation of protein kinase C isoforms in isolated neonatal and adult rat
cardiomyocytes] Biol Chem 1994;269:16938-16944.

. Akhter SA, Luttrell LM, Rockman HA, Lefkowitz RJ, Koch WJ. Targeting
the receptor-Gq interface to inhibit in vivo pressure overload myocardial
hypertrophy.Science 1998;280:574-577.

. Chien KR, Knowlton KU, Zhu H, Chien S. Regulation of cardiac gene
expression during myocardial growth and hypertrophy: molecular studies of
an adaptive physiologic respon$&SEB J 1991;5:3037-3046.

hypertrophy.J Mol Cell Cardiol 1983;72:732—-738.

. Milano CA, Dolber PC, Rockman HA, Bond RA, Venable ME, Allen LF,
Lefkowitz RJ. Myocardial expression of a constitutively actiwgs-
adrenergic receptor in transgenic mice induces cardiac hypertr&bg.

Natl Acad Sci U S A1994;91:10109-10113.

. Lefkowitz RJ. G protein-coupled receptors, Ill: new roles for receptor kinases
and B-arrestins in receptor signaling and desensitizatidsiol Chem 1998;
273:18677-18680.

10.

of the G protein-coupled receptor kinasé.Biol Chem 1993;268:

23735-23738.

Freedman NJ, Liggett SB, Drachman DE, Pei G, Caron MG, Lefkowitz RJ.

Phosphorylation and desensitization of the hurgaradrenergic receptor:

involvement of G protein-coupled receptor kinases and cAMP-dependent

protein kinaseJ Biol Chem 1995;270:17953-17961.

Diviani D, Lattion A-L, Larbi N, Kunapuli P, Pronin A, Benovic JL,

Cotecchia S. Effect of different G protein-coupled receptor kinases on phos-

phorylation and desensitization of thes-adrenergic receptod. Biol Chem

1996;271:5049-5058.

Oppermann M, Freedman NJ, Alexander RW, Lefkowitz RJ. Phosphoryla-

tion of the type 1A angiotensin Il receptor by G protein-coupled receptor

kinases and protein kinase €Biol Chem 1996;271:13266-13272.

Freedman NJ, Ament AS, Oppermann M, Stoffel RH, Exum ST, Lefkowitz

RJ. Phosphorylation and desensitization of human endothelin A and B

receptors: evidence for G protein-coupled receptor kinase specifidgiol

Chem 1997;272:17734-17743.
lacovelli L, Franchetti R, Grisolia D, DeBlasi A. Selective regulation of G

protein-coupled receptor-mediated signaling by G protein-coupled receptor

kinase 2 in FRTL-5 cells: analysis of thyrotropia,s-adrenergic, and A

adenosine receptor-mediated responigtes.Pharmacol 1999;56:316-324.

Koch WJ, Rockman HA, Samama P, Hamilton R, Bond RA, Milano CA,

Lefkowitz RJ. Cardiac function in mice overexpressing fhadrenergic

receptor kinase or BARK inhibitor. Science1995;268:1350-1353.

Rockman HA, Choi D-J, Rahman NU, Akhter SA, Lefkowitz RJ, Koch WJ.

Receptor-specific in vivo desensitization by the G protein-coupled receptor

kinase-5 in transgenic micBroc Natl Acad Sci U S A1996;93:9954-9959.

11.

12.

13.

14.

15.

16.

17.

. Simpson PC. Transcription of early development isogenes in cardiac myocyte

Inglese J, Freedman NJ, Koch WJ, Lefkowitz RJ. Structure and mechanisms

18

19.

20.

21.

22.

24.

27.

28.

29.

. laccarino G, Rockman HA, Shotwell KF, Tomhave ED, Koch WJ. Myo-
cardial overexpression of GRK3 in transgenic mice: evidence for in vivo
selectivity of GRKs.Am J Physial 1998;275:H1298—-H1306.

Koch WJ, Milano CA, Lefkowitz RJ. Transgenic manipulation of myocardial

G protein-coupled receptors and receptor kinaggisc Res 1996;78:

511-516.

Akhter SA, Milano CA, Shotwell KF, Cho M-C, Rockman HA, Lefkowitz

RJ, Koch WJ. Transgenic mice with cardiac overexpressionghdrenergic

receptors: in vivay,-adrenergic receptor-mediated regulatioefdrenergic

signaling.J Biol Chem 1997;272:21253-21259.

laccarino G, Dolber PC, Lefkowitz RJ, Koch W3-Adrenergic receptor

kinase-1 levels in catecholamine-induced myocardial hypertrophy: regulation

by B- but nota;-adrenergic stimulatiortlypertension1999;33:396—-401.

Choi DJ, Koch WJ, Hunter JJ, Rockman HA. Mechanisng-aidrenergic

receptor desensitization in cardiac hypertrophy is incregsedrenergic

receptor kinasel Biol Chem 1997;272:17223-17229.

. Thorburn J, Frost JA, Thorburn A. Mitogen-activated protein kinases mediate

changes in gene expression, but not cytoskeletal organization associated with

cardiac muscle cell hypertrophy.Cell Biol. 1994;126:1565-1572.

Bogoyevitch MA, Andersson MB, Gillespie-Brown J, Clerk A, Glennon PE,

Fuller SJ, Sugden PH. Adrenergic receptor stimulation of the mitogen-acti-

vated protein kinase cascade and cardiac hypertrdgibghem J1996;314:

115-121.

. Glennon PE, Kaddoura S, Sale EM, Sale GJ, Fuller SJ, Sugden PH. Depletion
of mitogen-activated protein kinase using an antisense oligodeoxynucleotide
approach downregulates the phenylephrine-induced hypertrophic response in
rat cardiac myocyte<Circ Res 1996;78:954-961.

. Ishii K, Chen J, Ishii M, Koch WJ, Freedman NJ, Lefkowitz RJ, Coughlin

SR. Inhibition of thrombin receptor signaling by a G-protein coupled receptor

kinase: functional specificity among G-protein coupled receptor kinases.

J Biol Chem 1994;269:1125-1130.

Pitcher JA, Inglese J, Higgins JB, Arriza JL, Casey PJ, Kim C, Benovic JL,

Kwatra MM, Caron MG, Lefkowitz RJ. Role g8y subunits of G proteins in

targeting thep-adrenergic receptor kinase to membrane-bound receptors.

Science1992;257:1264—-1267.

Koch WJ, Inglese J, Stone WC, Lefkowitz RJ. The binding site foiBthe

subunits of heterotrimeric G proteins on tBeadrenergic receptor kinase.

J Biol Chem 1993;268:8256—8260.

Chuang TT, Pompili E, Paolucci L, Sallese M, DeGioia L, Salmona M,

DeBlasi A. Identification of a short sequence highly divergent between

B-adrenergic receptor kinases 1 and 2 that determines the affinity of binding

to By subunits of heterotrimeric guanine-nucleotide-binding regulatory

proteins.Eur J Biochem1997;245:533-540.

30. Touhara K, Koch WJ, Hawes BE, Lefkowitz RJ. Mutational analysis of the

31

32.

33.

34.

35.

36.

37.

plekstrin homology domain of thg-adrenergic receptor kinase: differential
effects on @y and phosphatidylinositol 4,5-bisphosphate bindigig3iol
Chem 1995;270:17000-17005.

Daaka Y, Pitcher JA, Richardson M, Stoffel RH, Robishaw JD, Lefkowitz
RJ. Receptor and @y isoform-specific interactions with G protein-coupled
receptor kinased?roc Natl Acad Sci U S A1997;94:2180-2185.

Calderone A, Thaik CM, Takahashin N, Chang DDLF, Colucci WS. Nitric
oxide, atrial natriuretic peptide and cyclic GMP inhibit the growth-promoting
effects of norepinephrine in cardiac myocytes and fibroblds@in Invest
1998;101:812—-818.

Cao L, Gardner DG. Natriuretic peptides inhibit DNA synthesis in cardiac
fibroblasts.Hypertension 1995;25:227-234.

Itoh H, Pratt RE, Dzau VJ. Atrial natriuretic polypeptide inhibits hypertrophy
of vascular smooth muscle celClin Invest 1990;86:1690-1697.
Silberbach M, Gorenc T, Hershberger RE, Stork PJ, Steyger PS, Roberts CT
Jr. Extracellular signal-regulated protein kinase activation is required for the
anti-hypertrophic effect of atrial natriuretic factor in neonatal rat ventricular
myocytes.J Biol Chem 1999;274:24858-24864.

Lohse MJ, Engelhardt S, Danner S, Bohm M. Mechanisnsaufrenergic
receptor desensitization: from molecular biology to heart failBasic Res
Cardiol. 1996;91:29-34.

Kagiya T, Hori M, Iwakura K, lwai K, Watanabe Y, Uchida H, Kitabake A,
Inoul M, Kamada T. Role of increased-adrenergic activity in cardiomyo-
pathic Syrian hamsteAm J Physial 1991;260:H80—-H88.

Downloaded from http://circres.ahajournals.org/ at Duke University--Durham on October 19, 2012


http://circres.ahajournals.org/

