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The roles ofa, ,- and a, z-adrenergic receptors in heart:
insights from studies of genetically modified mice
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Summary through hypertrophic gwth in the longer termh.
. . Cardiomyogtes &pressa;-ARs but nota,-ARs. Whilst
_ 1. Anumber of mouse strains V@teen prepared in o _ARs are not generally considered majogulators of
which different subtypes of ther,-adrenegic receptor cardiac function under physiological conditions,ytiave
(0,-AR) are werexpressed or deletedThe phenotypes of peen thought to sert more influence under some
the animals generatedary depending on whether thepainological circumstances. Hearts of most species studied
receptors are xpressed specifically in heart or generall;@xpress bothor. ,- and a,.-ARs at the protein t&l. The
throughout the animal,ub some wgerall conclusions can be a,5-AR subtyple/; predomliehates in rodents, wheregsARs
drawn. . o _are the major subtype in human hé#rtBoth of these
2. Heightened activity of,g-ARs by cverexpressing  gyptypes couplevia the heterotrimeric G protein Gq to
the receptors Iead; to depressed contractllg responseg){8spholipase C (PLB)isoform$ and thus both would be
B-AR actvation, which may be related to agiion of the  gypected to cause acttion of protein kinase C (PKC)
inhibitory G protein, Gi. In contrasta,;,-AR cause jsoforms and possibly to perturb localized?Csignalling
;ubstantlally heightened contractility wheme@xpressed 5 generation of Ins(L,4,5) To date, major dfierences
in heart. _ in downstream signalling va rot been reported, although
3. Overexpresseda,-ARs predispose hearts 10he |ack of sufficiently selest: drugs may hee made such
hypertroply and worsen heart failure causgd by Pressuigperiments diicult. On this basis,a,,- and a,;-ARS
overload, whereas increased ,-AR expression does not \yquig have keen expected to induce similar effects in the
influence hypertrophic responses, and furthermore wepro myocardium. Huwever, this viev has been substantially
outcomes after pressureeload or myocardial infarction. challenged by recent studies where theo tveceptor

. 4. 01,-ARs mediate a preconditioning action togpiypes wereverexpressed in different transgenic models.
improve functional recuery after acute ischaemic insult,

whilst a,-ARs are indective. Both subtypes appear to
protect from inositol(1,4,Bisphosphate (Ins(1,4,5)P

generation and argthmogenesis in early post-ischaemic Adrenergic receptors
reperfusion. -

5. Whilst some of the proteq& dfect of heightene_d_ a-AR B-AR
a,,-AR drive may be related to their enhanced contractility
it is also possible that, ,-ARs protect from cardiomygte / / ‘ \
apoptotic responses. o B,- B, B,

Introduction I —,Z —\—\?\— “1

. o j Ga BT %0,
The hears most olvious function is to contract — _ _ _ _ _ — _ _— / / \\
rhythmically and in a controlled mannéut it must also be
able to increase in size to accommodate changes during Opp= Opg= Opc= Ogp=

development, chronic ercise or when faced with a

pathological stimulus.Both contractility and growth are

influenced by the sympathetic nens system that modifies Figure 1. The adenegic receptor family of G protein cou-
heart function through awtition of adrenergic receptors pled receptos. Theboxed area shows the,-adrenergic
(ARs). All AR family members are gen transmembrane receptor subtypes thatathe focus of thisaview.

receptors that signalia interaction with heterotrimeric G
proteins. ARdhave teen classified into 2 major isofornus,
and B initially on pharmacological criteria, but more
recently the genes for the different receptor subtypes ha Two different transgenic mouse lines were prepared
peen cloned. Both of 'Fhes_e isoforms are further c_IaSS|f|g\qth wild type (WT) a,,-ARs overexpressed under an
into subtypes as st in Figure 1. Under pfsiological a-myosin heavy chain o¢(MHC) promoter to ensure
conditions, the heart responds most importantly throug%oression in ventricle in the post-natal heafhe hearts
B-AR mediated pathways that acutely increase rate ag erexpressed  thea,.-AR by 20-40 fold abee te
force of contraction and can also influence cardiac Si%‘ﬁdogenous contentlBof total,-ARs (i.e. botha, ,- and

The transgenic mouse models
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0‘13')-7 The higher gerexpressing strain as shown to hee  factors must be seleedly regulated bya,,- but not
somavhat heightened basal PLC adff, but PLC o ;-ARs.
responses tax,-AR agonists were notveluated. Mice In apparent contradiction to these findings, hearts
were also generated tapess a constitwely active (CA) from thea,,- , a,5,-AR double knock out mice (AB®)
a,5-AR in heart (CAa, -AR). Constitutve ativity was shaved heightened entricular function in Langenddrf
achieved by making three point mutations in the thirdpreparations as well as in isolated righéntricular
intracellular loop of the hamster receptoPfi, K°9H, trabeculaé? However, the enhanced pressure response
A2%L) and the mutant receptor wasa#g expressed under could not be mimicked bw,-AR antagonists in WT heart
an a-MHC promote Hearts from these animals sted preparations, showing that the endogenoi#\Rs do not
only 2-3 fold increases in totat,-AR content, but had exet an acute rgetive inotropic action. The data suggest
substantially heightened basal PLC wtti as well as rather that the endogenoas-ARs mediate chronic trophic
enhanced responses ©Q-AR agonist®. In addition to effects on the heart that gaively modulate contractile
these lines with thex -ARs overexpressed seleetlly in  performance, possiblyvia receptors other than those
heart, transgenic lines v& dso been prepared with the expressed on cardiomygies. This might explain wly
wild type and constituiely actve mutant a,,- and a,,-ARs overexpressed under theimm promoter reduce
a,5-ARs overexpressed under their own promot’e@é@ contractile responses, whereas cardiagetsd

As well as mice with increased,-AR expression, overexpression results in heightened contractility.
knockout mice hge dso been prepared for all threg-AR )
subtypes and these micevhaeen cross bred to generateyPertrophic growth responses
double knockuts’®*1> To date, these ha been general
knoclouts, rather than cardiac-specific knock-outs, and 9a c
receptor depletion ould be expected to alter cardiac
function both directly and indirectly by central arabgular
actions.

Activation of a,-ARs in neonatal rat cardiomyytes
lassic model of cardiaggertroply that has preided
much of the waailable information about cardiac guth
signalling pathways. Studiesrom our laboratoryas well
as others, demonstrated increasearession ofx, ,-ARs in
Contractile responses hypertrophied rat he&f and in the isolated mygte
modef! leading to the idea thatypertroply was most

Under plysiological conditions, increases inlikely mediated primarily by thea,,-AR subtype.
contractile rate and force in response to sympathetitowever, heightened activity ot .-ARs, by expressing a
actvation are mediated primarily by3-ARs and ap CA-a,,-AR in heart, vas shown to exacerbatggertrophic
influence ofa,-ARs on these responses is generally minoresponses to pressureedoad, leading to heart failure and
So it was not surprising when studies using heargsremature deatft. In the absence of aypertrophic
oveexpressing 0,,-ARs did not she enhanced stimulus, hearts from these animals were nagelathan
contractility Hearts eoerexpressing the WTa,,-ARs WT in our laboratory-?? although others e reported a
actually shwed a depression of the contractile response t@y slight hypertroply ((0110%)8 Mice overexpressing
B-AR stimulation, possibly because the highter@xpressd either WT or CAa, -ARs under the endogenous promoter
a,,-ARs actvate Gi sufficiently to limit B-AR  shaved clear cardiac yipertroply. As the mice shaed
signalling’-1® Hearts &pressing the CAu,,-ARs under the reduced, rather than heightened, blood pressure, ths w
a-MHC promoter did not shw this inhibitory action, most likely a direct cardiac action of ttxt;B-AR.lO
presumably because their expressiorellés lower and so In marked contrast, verexpression ofa, ,-ARs did
interference from actéted Gi would be expected to be not increase heart size, did not enhance pressgroad
minimal. Hawvever overexpression of CAa,,-ARs under hypertroply and did not hasten the dgopment of heart
their avn promoter did result in depressed contractiléailure.r”-23 In fact, heightened, ,-ARs activity improed
responses t@-AR stimulation and substantially reducedsurvival.??> These results were surprising for vaal
B,-AR density The different phenotypes observed whemeasons. First,downstream signalling patlays hae
a,5-ARs were gpressed under am-MHC or the generally been considered to be similar for the t@ceptor
endogenous promoter may reflecvdepmental effects, as subtypes. Seconds mentioned alve, previous data from
the mice with generalisedverexpression shw evidence of experiments in rat had pointed to an important role for the
autonomic failure and neurodegenerafidn. a,,-AR subtype in Wpertroply. Third, both a,,- and

In marked contrast to heartxpeessinga,,-ARs, o,,-ARs actvate Gq, and Gq is a well established initiator
hearts werexpressing a,,-ARs hae sbstantially of cardiac growthin vivoand in cardiomyocyte models.
heightened contractile responsésCharacteristically this The marked selestity of cardiac growth responses
involves increases in systolic function without heightenefbr the a,-AR over the a,,-AR subtype indicates either
diastolic function. In the ery highly expressing strains that some critical factor is selee#ly regulated by the
(180 fold overexpression) the heightened contractilitya,,-AR, or alternatrely that a,,-ARs actvate grawth
decreased by 6 months of ageyt mo such loss a&as inhibitory pathvays. Thidatter explanation seems uniy
obsered in laver expressing straifé. To date, the because the degree ofgertroply seen in thea, ,-AR
signalling pathways responsible for the heightenedverexpressing animals as identical to, not lower than,
contractility remain unidentified, ub clearly the critical thatin WT after pressureverload?® Identifying signalling
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intermediates differentially regulated by ,- and a,;-ARs in normoxia, actually prented PLC actiation by
may thus help in identifyingattors that are truly critical to noradrenaline during post-ischaemic reperfuSiofihese
the growth response. receptors also protected against reperfusionytmmiias,

Interestingly hearts from animals in which both ,-  ventricular tachycardia and ectopic beats in this mouse
anda,-ARs had been knocked out were smaller than WS3train. Thuswe concluded that the, ;-ARs had protected
hearts, implying a permis& mle for one or both of these the myocardium agnst reperfusion arhmias,
subtypes in postnatal physiologicaypertroply.’® These presumably by a preconditioning mechanisim.this case
animals also ha execise intolerance, further supportingpreconditioning appears to be seleetfor arrbythmogenic
this viewv. Howeve, pathological lypertroply induced by responses because thg,-ARs did not reduce iafct size
pressure werload was similar in the twdrains, preiding or improve functional receery after brief ischaemi&l-2”
further evidence for diérences in signalling pattays
responsible for physiological and pathologicgpértrophy
as has been suggested from other stifdi&s.

Thus, we can conclude that pathologicgbértrophy
associated with pressureenload is influenced by, ;-ARs,
whereas the pfsiological lypertroply associated with
postnatal growth may violve both receptor subtypes.

[ ] No additions
Il Noradrenaline 20 min

1000 - 120 -
Tt .

EEES

1

80 -

Myocardial ischaemic injury 500 |

40 -
In the case of resery from ischaemic injurystudies

using transgenic mice witha ,- and o ;-ARs

overexpression under either their endogenous promoters or aaWT  ara-TG waWT  aia-TG

the a-MHC promoter hee povided essentially similar

insights. Heightenedactiity of a, -ARs, achiged by

overexpressing the constitwgly active nmutant did not alter Figure 2. Phospholipase C responses in heartsnfm, ,-

myocardial ischaemic injury as determined by infarct Sizaendcx AR o/eexoressing tansenic mice Isolated per
or functional receery.**?” This might imply a failure of the iy 9 Sl P

1
a..-ARs to precondition the heartsincreaseda, ,-AR fu.sed %H]lnosnol Iabellgd mouse hearts werimulated
1B " " . . 1A with 100uM noradrenaline (plus M propranolol) for 20
activity, in contrast, impreed functional recwery in the . : lo
: ; min in the presence of 10 mM LiCl to dto®H]inositol
short term and praded longer term protection of the : 3 .
. . .o 1108 phosphate metabolism.[°H]Inositol phosphates wer
myocardium from the progression to headilure: o .
. . exracted and quantified by anioxahang HPLC. \Alues
Hearts used in the studies of Btial. overexpressed the shown ae iotal [PH]inositol phosphates, meas SEM
wild type a,,-AR under ana-MHC promoter® These ~_ phosp ’ ’

hearts hee abstantially enhanced contractility and thig >
. . : . **p<0.01
may hae improved functional receery after ischaemic

insult. Hawvever, the hearts used in the study of Rorabaug%JJr S:gggl relative to no additions

et al. where CAq, ,-ARs were expressed under @[},-AR . .

promoter at:tuallylﬁad depressed contractile fun(z{i}z)n undetﬁ p <0.001 relative to WT animals

basal andB-AR stimulated conditions, and thereforeyan

post-ischaemic protection may reflect a preconditioning Interestingly overexpression of a,,-ARs also
mechanisnt! prevented Ins(1,4,5)P generation in early post-ischaemic
reperfusion. Haever, in this case werall PLC activity was
actually heightened by theveexpresseda, ,-ARs hut,

Our previous studies hae sown that reperfusion of despite this, Ins(1,4,5)Ryeneration w&s preented. These

rat or mouse hearts after brief periods of ischaemia Cauéi&jings imply that botha,-AR subtypes can puide

the generation of lge amounts of Ins(1,4,5)fhat appear prptgction ungier ischaemia/rgperfusion conditions but that
to be essential for the @dopment of arrhythmias in early this involves different mechanisms.

reperfusior?®3° Overexpresssion of eithem ,-ARs or Cardioprotection and apoptotic responses

0,5-ARs increases PLC responses dQ-AR agonists,

although thea, ,-AR overexpressing strains sho much Mice with cardiac-targeted verexpression of
stronger enhancement (Figure 2). Neither strain appearsotg-ARs develop premature heart failure either after
produce lage amounts of Ins(1,4,5)Pin response to pressure werload or with ageing.Thus thea,,-AR does
stimulation under physiological, normoxic, conditidns.not appear to provide protection from cardiomytec
WT mice subjected to brief periods of ischaemia andeath®?? Thea,,-AR overexpressing strains, in contrast,
reperfusion generate large amounts of Ins(1,4,5)Bhav functional impreement after myocardial iafction or
transiently and this Ins(1,4,5)Pappears to be essential forfollowing pressure \@rload?® In the case of the cardiac
the deelopment of reperfusion arythmias in these mice. targeteda,,-AR transgenics, this may in part reflect
Expression of CAx, .-ARs while increasing PLC responsesheightened contractilityHoweve, the hearts from animals

CPM/Heart x 10-3

Ischaemia/reperfusion arrhythmias
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Table 1. Phenotypes of mice with genetic alterations jradrenergic receptor expression.

Receptor subtype Promoter Contractility | Hypertrophy Ischaemic Reperfusion | References
injury arrhythmias

a,,-AR OX o-MHC Increased No effect Decreased Decreased 1-3

CA a,,-AR OX Endogenous Int3-AR No effect Decreased Decreased 3

a,5-AR OX a-MHC Depressed, Increased Not reported  Not reported 4
Inh. B-AR

a,5-AR OX Endogenous Depressed Increased No effect Not reported 3,5
Inh. B-AR

CA a,g-AR OX a-MHC No effect Increased No effect Not reported 6,7

CA a,5-AR OX Endogenous IniB-AR Increased No effect Not reported 3

Available data from seeral transgenic lines thaverexpressa;-ARs under either tha-MHC (cardiac-specific) promoter
or their endogenous promoters. CA is constilyiactive. OX is overexpression, Inh is inhibition.

expressing CAa, ,-ARs under their own promoter shed References

no enhanced contractility and these also were protected. )

Thus, it seems possible that tbg,-AR directly opposes 1. Rockman HA, Koch WJ, Leflowitz RJ.
cell death responses. In agreement with this suggestion, ~{ransmembrane-spanning receptors
mice with double knoabut of a,,- and a,;-ARs had high functlon.Nature2.002;41.5 206-12. '
mortality after pressureverload een though thg have 2- Havrylyshyn KA, Michelotti GA, Coge FGuenin SE

increased, rather than decreased, contractlity. Schwinn DA. Update on humaa,-adrenoceptor
subtype signaling and genomiayanization. Trends

Pharmacol. Sci2004;25: 449-455.

3. Yang M, Ruan J, dler M, Schalken J, Michel MC.
Differential regulation of humam -adrenoceptor
subtypes.Naunyn Schmiedelgs Ach. Pharmacol
1999;359 439-446.

Lanzahme AA, Turnkull L, Amiramahdi F Arthur J&
Huynh H, Wbodcock EA. Inositol phospholipids
localized to ceeolae in rat heart are galated by
a,-adrenegic  receptors and by ischemia-
reperfusionAm. J Physiol 2006;290 H2059-65.

RybinV, Han HM, Steinbay S-. G potein dependence
of a,-adrenegic receptor subtype action in cardiac
myocytes G Proteins 1996;29: 344-361.

RebecchiMJ, Pentyala SN. Structure, function, and

Sgen-

and heart

Conclusions and future directions

Studies using transgenic animalsiéakemonstrated
that the tw o,-AR subtypes expressed in heart are
functionally distinct (Table 1).To date, the data imply that
a,5-ARs are associated with growth aed,-ARs with 4
contractility, and possibly with cardio-protection.The
knock-out strains currentlyvailable involve total body
knock-out of the AR subtypes and thus mahthe cardiac
changes obseed in these animals may relate to loss of
vascular or centrad;-ARs. Similarproblems exist with the g
strains where the receptors anrecrexpressed under their
own promoters. Strains where the receptors are
overexpressed under am-MHC promoter ®oid these g
particular problems. The problem, wever, remains that control of phosphoinositide-specific phospholipase
the receptors are expressed in ventricle continually from C. Physiol. Rev2000;80; 1291-1335.
birth and in the atria before birthThus, some of the 7 axnter SA, Milano CA, Shotwell KF Cho MC,
phenotypes obseed in the adult animals may relate to Rockman HA, Lefkwitz RJ, Koch WJ. fansgenic

developmental effects of the chronically heightened mice with cardiac eerexpression ofu,-adrenergic
receptor gpression. Theseeserations can be addressed receptors -n vivoa.-adrenegic receptomediated
1

by the deelopment of cardiac-specific knock-out strains regulation of beta-adrengic signaling. J. Biol.
and strains in which the,-AR is overexpressed under a Chem 1997:272 21253-21259.
inducible promoter allwing acute turning on or bbf the g wilano CA. Dolber PC. Rockman HA. Bond RA

transgene in adult animals. Venable ME, Allen LF Lefkowitz RJ. Myocardial
expression of a constitwiély active a,g-adrenergic
receptor in transgenic mice induces cardiac
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