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Grupp, Ingrid L., J ohn N. Lorenz, Richard A. Walsh ,
Gregory P. Boiv in , and Hansjörg Rindt. Overexpression
of a1B-adrenergic receptor induces left vent r icu la r dysfunc-
t ion in the absence of hyper t rophy. Am . J . Physiol. 275 (Heart
Circ. Physiol. 44): H1338–H1350, 1998.—The st imula t ion of
cardiac a1-adrenergic receptors (AR) modula tes the hear t ’s
inot ropic response and plays a role in the induct ion of
cardiomyocyte hyper t rophy. We have ana lyzed t ransgenic
mouse lines overexpressing a wild-type a1B-AR specifica lly in
the hear t . Basa l level systolic and diastolic left vent r icu la r
(LV) cont ract ile funct ion was depressed both in the anesthe-
t ized closed-chest mouse and the per fused working-hear t
prepara t ion . In t r insic LV funct ion was fur ther character ized
under cont rolled preload and after load condit ions using the
per fusion model. Cont ract ile parameters were restored by
chronic t rea tment with the a-AR antagonist prazosin . In
vent r icu la r funct ion curves, the load-dependent force in-
creases (length-tension effect s) remained in tact , a lthough the
t ransgenic curve was sh ifted to lower levels. The basa l level
cont ract ile deficit s were para lleled by a decrease in ca lcium
transien ts in isola ted LV cardiomyocytes. LV funct ion compa-
rable to cont rols was restored by isoproterenol st imula t ion .
The physiologica l changes occur red in the absence of cardio-
myocyte hyper t rophy. This t ransgenic model will be usefu l for
studying the poten t ia l role of a1-AR in cardiac cont ract ility
and hyper t rophy.
hear t ; myocardia l cont ract ility; muscle; t ransgenic mouse

THE a1-ADRENERGIC RECEPTORS (AR) media te many ef-
fect s of the sympathet ic nervous system. They belong to
the super family of G protein-coupled receptors and are
found in the membranes of a number of cell types,
including vascula r smooth muscle cells and cardiomyo-
cytes. Pharmacologica l studies have funct ionally ident i-
fied a t least two subtypes, a1A-AR and a1B-AR, and
more recent ly, th ree dist inct receptor cDNA, a1B-AR,
a1C-AR, and a1D-AR, have been isola ted and character-
ized (43). The st ructure and funct ion of a1-AR subtypes
and their coupling to specific G proteins have been
reviewed recent ly (15, 38).
The act iva t ion of a1-AR has been ascr ibed severa l

roles in cardiac homeostasis, including the induct ion of
myocyte hyper t rophy. In cultured neona ta l ra t cardio-
myocytes, agonist t rea tment resu lt s in an increase in
cell size and in the act iva t ion of the b-myosin heavy
cha in (MHC) gene (22). Simila r resu lt s were obta ined
by st imula t ion or forced expression of protein kinase C
(PKC), indica t ing the role of PKC in a1-AR-media ted
hyper t rophy. The transgenic overexpression of the a1-AR
G protein par tner Gq was recent ly shown to induce

cardiac hyper t rophy and cardiac cont ract ile fa ilu re
(10). In addit ion to effect s on myocyte growth , st imula-
t ion of a1-AR protects the myocardium from ischemia-
reper fusion in jury (reviewed in Ref. 9) and has been
implica ted in the genera t ion of ischemia-induced car-
diac ar rhythmias (reviewed in Ref. 47).

a1-AR may also play a role in media t ing inot ropic
st imuli in the hear t . Inot ropic and chronot ropic re-
sponses to sympathet ic act ivity are affected pr imar ily
by b-AR. In the fa iling human hear t , however, b1-AR
density may be reduced, and b1-AR gene expression is
downregu la t ed while a1-AR genera lly r ema in un-
changed (4–6). Increases in a1-AR densit ies in the
myopath ic hear t and after chronic b-AR blockade have
a lso been repor ted (34a , 50). This leads to an increase of
the a1-AR-to-b-AR ra t io, and it has been suggested tha t
a1-AR may therefore assume a grea ter funct iona l role
in the fa iling hear t by act ing as a secondary inot ropic
system.
In severa l mammalian species studied, st imula t ion

of a1-AR elicit s a posit ive inot ropic effect . Prepara t ions
of ra t and rabbit vent r icu la r muscle, as well as isola ted
cardiomyocytes, respond with increased force of contrac-
t ion to st imula t ion by agonist (reviewed in Ref. 14).
Simila r ly, in the conscious dog, the ra te of left vent r icu-
la r (LV) pressure development is increased after a1-AR
st imula t ion , a lthough the effect is not as pronounced as
in the ra t (40). In human at r ia l and vent r icu la r muscle
prepara t ions, a1-AR-media ted increases in force of con-
t ract ion have been repor ted (7, 39). In t racoronary
per fusion of the a1-AR agonist phenylephr ine a lso leads
to increased LV pressure development in humans (26).
The mechanisms by which a1-AR exer t their posit ive
inot ropic effect include the Ca21 sensit iza t ion of myofila-
ments and the prolonga t ion of act ion poten t ia l repola r-
iza t ion .
In cont rast to these findings, a1-AR are associa ted

with a depression of cont ract ility in a number of
exper imenta l situa t ions. In isola ted rabbit papilla ry
muscle, the agonist -media ted posit ive inot ropy is re-
versed by higher frequencies of st imula t ion (13). St imu-
la t ion of a1-AR has a lso been shown to diminish b-AR-
dr iven velocity of shor ten ing and Ca21 ent ry, suggest ing
an in tegra t ion of adrenergic inputs by the cardiomyo-
cyte (11). Fur thermore, a decrease in maximum shor t -
en ing velocity after a1-AR st imula t ion has been demon-
st ra ted in skinned ra t vent r icu la r myocytes (44). These
da ta as well as studies on the regula t ion of inot ropic
force, cAMP accumula t ion , and inositol phospha te pro-
duct ion (3, 17, 36, 41, 51) suggest tha t the inputs of the
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b-AR and a1-AR systems are in tegra ted with in the
cardiomyocyte.
The presen t t ransgen ic model of ca rdiac-specific

a1B-AR overexpression has been previously ana lyzed by
Akhter et a l. (1). An increase in b-AR kinase act ivity
and the reduct ion of cAMP levels in t ransgenic mem-
brane prepara t ions suppor ted the not ion tha t b-AR
signa ling is modula ted by a1-AR. We were in terested in
the physiologica l consequences of cardiac a1B-AR over-
expression and have ana lyzed th is model using both
the anesthet ized closed-chest mouse and the isola ted
work-per forming per fusion prepara t ion . We show here
tha t the overexpression of a1B-AR led to a dramat ic
basa l level reduct ion in cont ract ility tha t was cor re-
la ted with a decrease of systolic Ca21 t ransien ts. St imu-
la t ion of b-AR restored most cont ract ile parameters.
However, per fused t ransgenic hear t s were more sensi-
t ive to work load, indica t ing an impaired LV funct ion .
The funct iona l changes occur red in the absence of
cardiac hyper t rophy.

MATERIALS AND METHODS

RNA isolation and blots. The genera t ion and in it ia l charac-
ter iza t ion of the t ransgenic mice has been descr ibed previ-
ously (1). Animals were euthanized by CO2 inha la t ion , and
hear t s were excised. Atr ia and vessels were dissected, and the
vent r icles were homogenized (Polyt ron , Br inkmann) direct ly
in Tr izol reagent (Boehr inger Mannheim). Tota l cellu la r RNA
was isola ted according to the manufacturer ’s inst ruct ion with
two modifica t ions. The homogenate was passed through a
25-gauge needle to shear DNA, and a precipita t ion step with
0.1 vol of 3.2 M Tris ·HCl (pH 8.2) and 2 vol ethanol was
added. The RNAwas resuspended in water, and the concentra-
t ion was determined by measur ing the opt ica l density a t 260
nm. RNA dot blots were per formed by applying twofold ser ia l
dilu t ions, sta r t ing with 7.5 µg, to a nit rocellu lose membrane.
The blots were then hybr idized to a probe specific for vent r icu-
la r regula tory myosin ligh t cha in-2 (MLC-2v). Hybr idiza t ions
were per formed in 63 sa line sodium cit ra te (SSC) (13 SSC is
0.15 M sodium chlor ide and 0.015 M sodium cit ra te), 0.5%
SDS, 53 Denhardt ’s solu t ion (13 Denhardt ’s solu t ion is 0.1%
Ficoll, 0.1% polyvinylpyr rolidone, and 0.1% BSA, fract ion V),
and 100 µg/ml dena tured sonica ted sa lmon sperm DNA at
60°C for 16 h . Filters were washed three t imes in 0.23 SSC
and 0.5% SDS at 60°C and exposed to Kodak X-Omat film.
Nor thern blots were per formed by separa t ing 10 µg of tota l
cellu la r RNAon a 0.7% agarose gel conta in ing 2.2 M formalde-
hyde. The RNA was then t ransfer red to a nit rocellu lose
membrane by capilla ry blot t ing. Hybr idiza t ions were car r ied
out as above with oligonucleot ide probes specific to the
38-un t ransla ted regions of the a- and b-MHC RNA. Filters
were washed three t imes in 0.53 SSC and 0.5% SDS and
exposed as above.
Protein isolation and SDS gels. Protein was isola ted from

vent r icu la r t issue by homogeniza t ion in buffer conta in ing 600
mM KCl, 25 mM Na4P2O7, 50 mM Tris ·HCl, pH 7.0, and 1
mM dith iothreitol. After insoluble mater ia l was pelleted, the
protein concent ra t ion of the superna tan t was determined
using Bradford reagent (Bio-Rad), and 10 µg of tota l protein
were separa ted on a 10% SDS/polyacrylamide gel conta in ing
30% glycer in . After elect rophoresis in a Bio-Rad minigel
appara tus for 3 h a t 120 V, MHC protein was visua lized by
Coomassie br illian t blue sta in ing (Bio-Rad).
Transgenic anim als. The t ransgene DNA const ruct and the

genera t ion of the t ransgenic founder an imals have been

descr ibed previously (1). Throughout the study, adult age-
matched animals (genet ic background C57BL6xSJ L) of com-
parable weight (t ransgenics, 27.7 6 4.5 g; cont rols, 29.3 6 4.2
g) and of either sex were used. The age range of the t ransgenic
group was 19.1 6 1.3 wk; tha t of the lit t ermate cont rol group
was 19.0 6 0.8 wk. The sex dist r ibu t ion for individua l set s of
exper iments is indica ted in Tables 1 and 2 and Figs. 1–8
where appropr ia te.
Work-perform ing perfused heart preparation . The antero-

gradely per fused prepara t ion was car r ied out essen t ia lly as
descr ibed (16). The animals were anesthet ized with 30 µg/g
body wt pentobarbita l sodium. In a first step, a 20-gauge
cannula was inser ted in to the ascending aor t ic stump and, for
stabiliza t ion of the hear t , ret rograde (Langendorff) per fusion
was temporar ily per formed with oxygena ted (95% O2-5%
CO2) Krebs-Henseleit buffer a t 37.6°C. A flanged polyethyl-
ene ca theter (PE-50) was inser ted through a pulmonary vein ,
gu ided through the mit ra l va lve in to the left vent r icle, and
exited through the apex. It was then connected to a la rger
more complian t ca theter and to a COBE (CDXIII) pressure
t ransducer (COBE Cardiovascula r, Arvada , CO) to record
in t ravent r icu la r pressures. In the second step, a cannula was
inser ted in one of the pulmonary veins (tying off the other ),
and ret rograde per fusion was switched to the anterograde
mode. Venous return (preload) and aor t ic pressure (a fter load)
were regula ted with a custom-made micrometer. Opt imal
basa l level preload and after load condit ions (5 ml/min cardiac
output and 50 mmHg aor t ic pressure) had been determined
previously (16), and the hear t s were a llowed to stabilize a t
th is basa l work load of 250 ml ·min21 ·mmHg before obta in ing
vent r icu la r funct ion curves (Frank-Sta r ling curves). Hear t
ra te and pressures were cont inuously monitored, and the first
der iva t ive of left vent r icu la r pressure (LVP), peak LV 1dP/dt
and 2dP/dt, a s well as t ime to peak pressure (TPP)/mmHg
and half-t ime of relaxa t ion (RT1/2)/mmHg were ca lcu la ted
using a custom-designed computer program. Venous return
and aor t ic flow were measured with a dua l-channel flowmeter
(Transonic Systems, Ithaca , NY). Isoproterenol was infused
cumula t ively to the venous return in increasing concent ra -
t ions from 0.8 to 800 nM.
Anesthetized closed-chest preparation . Animal surgery and

the exper imenta l protocol have been descr ibed in deta il (31).
Br iefly, an imals selected according to the cr iter ia descr ibed
above were anesthet ized with in t raper itonea l in ject ions of 50
µg/g body wt ketamine and 100 µg/g body wt th iobutabarbita l
(Inact in). Body tempera ture was held constan t on a thermally
cont rolled surgica l table and monitored via a recta l probe.
Tracheotomy was per formed with a shor t length of PE-90
tubing. The r igh t femora l a r tery was cannula ted, and the
ca theter connected to a low-compliance COBE CDXIII fixed-
dome pressure t ransducer (COBE Cardiovascula r ) to mea-
sure ar ter ia l blood pressure. The r igh t femora l vein was
cannula ted for infusion of drugs via a CMA/100 microin jec-
t ion pump. For the measurement of myocardia l funct ion , the
r igh t carot id ar tery was cannula ted with a 2-Fr Milla r
MIKRO-TIP t ransducer (SPR-407, Milla r Inst ruments, Hous-
ton , TX). The t ip of the t ransducer was advanced through the
ascending aor ta and in to the left vent r icle under constan t
monitor ing of the blood pressure wave. The t ransducer was
then anchored in place with 7–0 sutures. All wounds were
closed with cyanoacryla te to minimize evapora t ive fluid loss,
and the animals were a llowed to stabilize for 45 min . Pres-
sure signa ls were then digit ized, recorded a t 1,000 samples/s,
and ana lyzed with a MacLab 4/s da ta acquisit ion system.
Myocyte isolation and Ca21 transien ts. The method for the

isola t ion of adult ca lcium-toleran t vent r icu la r cardiomyo-
cytes has been descr ibed in deta il previously (12). In shor t ,
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animals were anesthet ized, and the excised hear t s were
placed in oxygena ted, nomina lly Ca21-free solu t ion P conta in-
ing 132 mM NaCl, 4.8 mM KCl, 1.2 mM MgCl2 · 6H2O, 5 mM
glucose, and 10 mM HEPES, pH 7.2. The aor ta was cannu-
la ted with a 23-gauge cannula and flushed gent ly, and the
hear t was mounted on the per fusion appara tus. Per fusion
was car r ied out as follows: 8 min with the Ca21-free solu t ion
P; 7 min with J oklik’s MEM (GIBCO) supplemented with 75
U/ml each of type I and type II collagenase (Wor th ington),
0.1% BSA, and 2% calf serum; and finally 6 min of washout
with low Ca21 J oklik’s MEM (J oklik’s supplemented with
0.025 mM CaCl2). LV t issue was then dissected and incuba ted
for 5 min a t 37°C in low Ca21 J oklik’s MEM, and released cells
were filtered through 200-µm nylon mesh . Remain ing pieces
were reincuba ted and refiltered. The filt ra tes were combined,
and the cells were collected by gravity sedimenta t ion for 30
min . The pelleted cells were then resuspended twice in low
Ca21 J oklik’s MEM with increasing Ca21 concent ra t ion (0.5
and 1.4 mM). The yields of in tact rod-shaped myocytes were
rout inely ,80% for cont rol and ,60% for t ransgenic hear t s.
To record in t racellu la r free Ca21 t ransien ts, cells were loaded
with the fluorescent Ca21 chela tor fura 2-AM for 30 min a t
37°C in low Ca21 J oklik’s MEM. Cells were washed once and
resuspended in solu t ion P supplemented with 1.8 mM CaCl2.
Measurement of field-st imula ted cardiomyocytes was per-
formed as descr ibed previously (12, 21). In t racellu la r free
Ca21 was monitored and repor ted as the ra t io of 340/380 nm
fluorescence of fura 2 a t 500-nm emission wavelength using a
photo scan dua l-beam spect rofluorophotometer (Photon Tech)
coupled to an Olympus IMT-2 ult raviolet fluorescent micro-
scope with ult raviolet t ransparen t opt ics.
Fixation of hearts and electron m icroscopy. Specimens for

elect ron microscopy were prepared according to standard
procedures. Br iefly, mice were anesthet ized, and their hear t s
were exposed. Cardioplegic solu t ion (25 mM KCl, 5% dext rose
in PBS) was per fused (column height 65 cm) to relax the
muscle. The hear t was then fixed by per fusion with 2%
gluta ra ldehyde in 0.1 M cacodyla te buffer, pH 7.3, and
postfixed for 24 h . Blocks of ,1 mm2 from the LV wall a t
midsect ion were embedded, or ien ted, and sect ioned. Thin
sect ions were viewed using a Zeiss 912 t ransmission elect ron
microscope. Sarcomere length compar isons were made from
photographs of these sect ions.
S tatistics. Result s a re expressed as means 6 SE. Unpaired

Student ’s t-test s were per formed for pa irwise compar isons,
and a level of P , 0.05 was considered significant . ANOVA
with Fisher ’s least -squares difference post hoc ana lysis was
per formed to determine differences between mult iple groups.

RESULTS

We were in terested in the role of a1-AR in cardiac
homeostasis and have ana lyzed t ransgenic mouse lines
overexpressing the a1B-AR in cardiomyocytes (1). Trans-
gene expression is dr iven by the a-MHC promoter tha t
is specific for cardiomyocytes (45), direct ing high levels
of expression to the adult mouse hear t . The offspr ing of
two independent t ransgenic mouse lines were ana-
lyzed. The levels of a1-AR overexpression (Tg47, 26-
fold, and Tg43, 43-fold) have been determined previ-
ously (1).
Reduced basal level contractility of a1B-AR overexpres-

sors in vivo. The funct iona l consequences of a1B-AR
overexpression were determined in the anesthet ized
closed-chest mouse model. It has been shown previ-
ously tha t differences in cont ract ile per formance in

mice with a ltered adrenergic signa ling sta tus can be
measured reliably in th is system (10, 49). The compar i-
son of basa l level cont ract ile parameters showed a
reduct ion in LV performance in the t ransgenics (Ta-
ble 1). Mean ar ter ia l pressure (MAP) and LVP tended to
be reduced, but the differences were not sta t ist ica lly
sign ificant . The ra te of pressure development , peak
LV 1dP/dt (the first der iva t ive of LVP over t ime) was
reduced by 36%. In addit ion , 1dP/dt a t 40 mmHg
developed pressure (a parameter which a t tempts to
cor rect for var ia t ions in after load) was a lso decreased,
as was the maximum value of 1dP/dt divided by
developed pressure a t peak 1dP/dt (a parameter which
a t tempts to cor rect for var ia t ions in preload) (Table 1).
Dur ing relaxa t ion , peak LV2dP/dt was reduced by 36%
in t ransgenic hear t s. Basa l level hear t ra te was compa-
rable between the two groups. These da ta indica te a
dysfunct ion of the left vent r icle in a1B-AR overexpress-
ing mice resu lt ing in a reduced basa l level cont ract ile
per formance.
In trinsic LV perform ance is reduced . In the anesthe-

t ized closed-chest an imal, sympathet ic innerva t ion
might influence the per formance of the a1B-AR overex-
pressing hear t s to a differen t degree than cont rols. In
addit ion , the applica t ion of drugs can have per iphera l
effect s tha t modula te cardiac funct ion . The t rend to
lower MAP observed in the closed-chest prepara t ion
may also affect after load. We therefore measured in t r in-
sic LV cont ract ile funct ion in the isola ted per fused
working-hear t prepara t ion . This protocol a lso a llows
the st r ict cont rol of preload and after load in the absence
of externa l inputs and therefore exper imenta lly in-
duced changes in work. To establish cont ract ile func-
t ion a t basa l level, hear t s were per fused under condi-
t ions of constan t preload (venous return , 5 ml/min) and
after load (aor t ic pressure, 50 mmHg). These basa l level
parameters have been established in previous exper i-
ments (16). Representa t ive polygraph t racings of a
t ransgenic (Tg47) and a cont rol hear t a re shown in
Fig. 1. The cont ract ile funct ion of the t ransgenic hear t
was severely compromised. Under ident ica l preload

Table 1. Cardiac perform ance in the anesthetized
closed-chest anim al

Control Transgenic
P

Value

HR, bea ts/min 35769 349619 0.71
MAP, mmHg 74.465.1 6465.5 0.20
LVP, mmHg 101.667.4 87.867.3 0.22
LVEDP, mmHg 1.862.4 2.361.8 0.88
Peak 1dP/dt, mmHg/s 8,1266627 5,2076552 0.008
Peak 2dP/dt, mmHg/s 8,8226624 5,6766390 0.003
1dP/dt40 , mmHg/s 7,2106382 5,2806303 0.01
1dP/dt/DP, s21 15365.1 12466.5 0.004

Values are means 6 SE; each group conta ined 3 female and 2 male
animals. Cont ract ile parameters were measured in anesthet ized
mice with a pressure t ransducer placed in left vent r icle. Basa l level
left vent r icu la r pressure (LVP) was recorded cont inuously, and it s
der iva t ives were ca lcu la ted. Right femora l a r tery was cannula ted to
measure mean ar ter ia l pressure (MAP). HR, hear t ra te; LVEDP, left
vent r icu la r end-diastolic pressure; dP/dt40 , ra te of pressure develop-
ment a t 40 mmHg developed pressure; 1dP/dt/DP, dP/dt divided by
developed pressure.
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and after load, LVP was drast ica lly reduced in the
t ransgenic hear t s. Analysis of the myocardia l cont rac-
t ile parameters (Table 2) showed tha t LVP was reduced
by ,20 mmHg, wherea s both dia stolic and end-
diastolic pressure were sign ificant ly increased. Left
a t r ia l pressure was a lso sign ificant ly increased. In the
t ransgenics, peak LV 1dP/dt was reduced by 32% of
cont rol, and TPP was prolonged by 48%. Peak LV
2dP/dt was decreased by 42% of cont rol. Simila r ly,
RT1/2 was prolonged by 66%. These da ta indica te tha t

both systolic and diastolic LV funct ions are compro-
mised in the t ransgenic hear t s. These measurements
are simila r in direct ion and magnitude to the resu lt s
obta ined in the anesthet ized closed-chest model. Hear t s
isola ted from line Tg43 displayed a comparable reduc-
t ion of LV cont ract ile funct ion in the per fusion prepara-
t ion (da ta not shown), indica t ing tha t the observed
phenotype is not due to in tegra t ion site effect s of the
t ransgene. Fur ther exper iments were therefore car r ied
out with animals from line Tg47.
Positive inotropic response to a1-AR stim ulation in

the m ouse heart. Varying effects on inot ropy by a1-AR
agonist s have been descr ibed. We therefore wanted to
determine the response of mouse hear t s to phenyleph-
r ine, an a1-AR agonist . Hear t s from cont rol an imals
were per fused anterogradely with increasing doses of
phenylephr ine. As shown in Fig. 2, a t rend toward
increased peak 1dP/dt and 2dP/dt was observed. Simi-
la r ly, TPP and RT1/2 were shor tened. A posit ive chrono-
t ropic response (130% of baseline) was a lso observed.
This exper iment demonst ra tes tha t in the per fused
mouse hear t a1-AR st imula t ion resu lt s in posit ive
inot ropic and chronot ropic responses.
Increased inotropy by the b-AR agonist isoproterenol.

Agonist -media ted st imula t ion of b-AR has a posit ive
inot ropic and chronot ropic effect . To test if a1B-AR
overexpression modula tes the hear t ’s response to b-AR
st imula t ion , work-per forming per fused hear t s were
cha llenged with increasing doses of the b-AR agonist
isoproterenol. No adverse effect s were elicited by the
process of infusion it self (see subopt imal doses in Fig.
3). In cont rols, the expected dose-dependent posit ive
inot ropic and chronot ropic responses were observed.
The increase in hear t ra te was accompanied by an
increase in 1dP/dt and 2dP/dt (F ig. 3, B and C ) and a

Fig. 1. Polygraph t racing of work-per forming
per fused hear t s. Cont ract ile parameters were
determined in isola ted, an terogradely per-
fused hear t s. Representa t ive t races obta ined
from a cont rol (left ) and t ransgenic (righ t )
an imal are shown. LVP, left in t ravent r icu la r
pressure; dP/dt, first der iva t ive of LVP over
t ime; LV, left vent r icu la r.

Table 2. Cardiac perform ance in the work ing-heart
preparation at controlled pre- and afterload conditions

Control Transgenic
P

Value

Minute work,
ml ·min21 ·mmHg 24967.1 251.16 .01 0.79

HR, bea ts/min 317624 315615 0.93
LVP, mmHg 104.961.5 83.361.0 ,0.0001
LVDP, mmHg 25.960.9 0.960.5 ,0.0001
LVEDP, mmHg 8.960.7 13.860.5 ,0.0001
LAP, mmHg 7.960.9 12.461.2 0.004
Peak 1dP/dt, mmHg/s 3,780666 2,600661 ,0.0001
Peak 2dP/dt, mmHg/s 3,2396101 1,906681 0.0005
TPP, ms/mmHg 0.43160.007 0.64060.012 ,0.0001
RTΩ, ms/mmHg 0.47960.014 0.79760.026 0.0004
Coronary flow, ml/min 2.6760.64 3.1661.34 0.11

Values are means 6 SE; cont rol group conta ined 4 female and 5
male animals, and t ransgenic group conta ined 4 female and 4 male
animals. Definit ions are as in Table 1. Hear t s were excised and
cannu la ted th rough a pu lmonary vein and aor ta for a work-
per forming prepara t ion . LVP was measured cont inuously by a fluid-
filled ca theter connected to a pressure t ransducer. Der iva t ives of LVP,
as well as t ime to peak pressure (TPP) and ha lf-t ime of relaxa t ion
(RTΩ), were ca lcu la ted. Coronary flow was determined by collect ing
per fusa te on a digita l elect ron ic ba lance. All parameters were deter-
mined a t ident ica l preload and after load condit ions, which is re-
flected in comparable va lues for minute work.
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shor ten ing of TPP and RT1/2 (F ig. 3, D and E ). Trans-
genic hear t s a lso displayed posit ive inot ropic and chro-
not ropic responses. Baseline hear t ra te was simila r to
cont rols and increased in a dose-dependent manner
comparable to cont rols (F ig. 3A ). Baseline 1dP/dt and
2dP/dt were lower in the absence of agonist (0 in Fig. 3,
B and C; see a lso Table 2) but increased in a dose-
dependent manner. In terest ingly, a t h igher doses of
isoproterenol, t ransgenic 1dP/dt and 2dP/dt were re-
stored to cont rol levels, indica t ing tha t the depression
of basa l cont ract ility is overcome by b-AR st imula t ion .
When repor ted on a percent basis, the rela t ive agonist -
dependent increase over basa l level was actua lly h igher
in the t ransgenic hear t s (1dP/dt, 139 6 34 vs. 194 6
28%; 2dP/dt, 152 6 33 vs. 239 6 41%; cont rol vs.
t ransgenic, P , 0.05). Simila r ly, baseline TPP and RT1/2
were longer in the absence of agonist bu t shor tened
with increasing isoproterenol doses, and finally reached
cont rol va lues a t h igher doses (Fig. 3, D and E ). The
ED50 va lues for both groups remained close to 6 3 1029

M. These resu lt s indica te tha t the maximal b-AR-
st imula ted inot ropic response is not a t tenua ted by
a1B-AR overexpression .
Response to changes in work load . To fur ther invest i-

ga te the decrease in the per formance of the t ransgenic
hear ts, a fter load challenges were carr ied out by increas-
ing aor t ic pressure while keeping venous return con-
stan t . Parameters were recorded in the work-per form-
ing per fusion protocol. In cont rol hear t s, changes in
peak LV 1dP/dt were direct iona lly rela ted to minute
work (Fig. 4, A and B ; baseline is 250 ml ·min21 ·
mmHg). Peak LV 2dP/dt was a lso propor t iona lly
changed in response to a ltered work. Despite a lower
baseline cont ract ility, t ransgenic hear t s responded in a
simila r fash ion . The rela t ionsh ips between work and
peak LV dP/dt were para llel, bu t the y-in tercepts were
sign ificant ly lower in t ransgenic hear t s (F ig. 4, A and
B ). The act iva t ion of the sliding filaments remained
in tact (simila r slopes), bu t only modera te work loads
were tolera ted. In terest ingly, t ransgenic TPP and RT1/2
were shor tened to a grea ter exten t a t modera tely h igh

work loads, which becomes apparen t from the conver-
gence of the regression lines in Fig. 4, C and D.
Cont rol and t ransgenic hear t s differed a t h ighly

eleva ted work loads. To determine work load tolerance
of the per fused hear t s, minute work was increased
unt il maximal peak LV 1dP/dt was reached. Fur ther
increases of work fa iled to elicit h igher va lues or even
reduced dP/dt, indica t ing tha t the maximal response
poin t had been reached or exceeded. In cont rol an imals,
the minute work genera t ing maximal 1dP/dt was
500 6 10.5 ml ·min21 ·mmHg (n 5 5). Transgenic hear t s
could susta in minute work of maximally 363 6 26.5
ml ·min21 ·mmHg (n 5 6; cont rol vs. t rangenic, P ,
0.01, Student ’s t-test ). These findings indica te tha t the
t ransgenic hear t s a re limited in their capacity to per-
form against h igh work loads.
Lack of hypertrophy in a1B-AR transgenic hearts. The

poten t ia l induct ion of cardiac hyper t rophy in the t rans-
genic animals could have profound effects on the contrac-
t ile per formance of the hear t s. Because myocyte hyper-
t rophy has been linked to a1-AR st imula t ion both in cell
cu lture and in vivo, we measured severa l hyper t rophy
indica tors in the t ransgenic animals.
Cardiac hyper t rophy is character ized by the growth

of cardiomyocytes, leading to an increase in hear t size
and weight . In our model, the hear t weight -to-body
weight ra t io was not increased in the t ransgenic group
(cont rol 7.1 6 0.216 vs. t ransgenic 6.7 6 0.36, P 5 NS,
n 5 10 for each group), indica t ing tha t myocyte hyper-
t rophy does not occur as resu lt of a1B-AR overexpres-
sion .
On the molecula r level, ca rdiomyocyte hyper t rophy

is character ized by a modula t ion of myosin gene expres-
sion . We therefore wanted to ru le out the possibility
tha t changes in the myosin complement are responsible
for the a ltered cont ract ile funct ion of the t ransgenic
hear t s. In the mouse, a-MHC is the prominent adult
vent r icu la r isoform. Reduct ion of the circu la t ing level
of thyroid hormone, or the exper imenta l induct ion of
acute pressure over load, induces the reappearance of
the feta l b-MHC (19). Simila r ly, the b-MHC gene is

F ig. 2. Posit ive inot ropic effect of a1-
a dr energic r ecept or (AR) st imu la t ion .
Hear t s from nont ransgenic mice (n 5 5, 3
females, 2 males) were per fused antero-
gradely, and cont ract ile parameters were
determined a t baseline (Cont ) and a t 4 3
1026 M phenylephr ine (1Phe). TPP, t ime
to peak pressure; RT1/2, ha lf-t ime of relax-
a t ion . *P , 0.05, Cont vs. 1Phe.
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posit ively regula ted by a1-AR agonist s in cultured
neona ta l cardiomyocytes (22). Because b-MHC has an
in t r insica lly lower ATPase act ivity, the isoform switch
resu lt s in funct iona l changes. We therefore examined
the MHC conten t of t ransgenic hear t s both on the
mRNA and protein level. Tota l RNA was fract iona ted

by agarose gel elect rophoresis and t ransfer red to nit ro-
cellu lose by Nor thern blot t ing. The mRNA for the two
cardiac isoforms were detected using oligonucleot ides
specific for t h e r epect ive 38-un t r an sla t ed r egion s
(Fig. 5A ). Both t ransgenic and cont rol vent r icles con-
ta ined exclusively the adult -stage a-MHC mRNA. No

Fig. 3. Dose-dependent response to the b-AR agonist isoproter-
enol. Isola ted work-per forming hear t s were cha llenged with
increasing doses of isoproterenol. Agonist dose was plot ted
aga inst hear t ra te (A ), peak LV 1dP/dt (B ), peak LV 2dP/dt
(C ), TPP (D ), and RT1/2 (E ); n 5 6 (cont rol, 5 females, 1 male;
t ransgenic, 4 females, 2 males).
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b-MHC mRNA was detected. Fur thermore, we ana-
lyzed the MHC protein conten t in t ransgenic vent r icles.
Protein ext ract s were subjected to SDS-PAGE in the
presence of glycer in , and MHC protein was visua lized
by Coomassie br illian t blue sta in ing. A difference in the
elect rophoret ic mobility a llows the discr imina t ion be-
tween the a-MHC and the b-MHC protein isoforms. No
b-MHC protein was detected in t ransgenic vent r icles
(F ig. 5B ), cor robora t ing the resu lt s of the mRNA analy-
sis. Therefore, the observed reduct ion in cardiac contrac-
t ility is not caused by a switch in cardiac MHC iso-
forms.
MLC-2v is upregula ted in response to hyper t rophic

signa ls in in vit ro and in vivo exper imenta l systems
(19, 48). It is unclear whether a common mechanism
exist s for the differen t ia l regula t ion of most or a ll genes
involved in hyper t rophy. Recent evidence suggests tha t
MLC-2v expression is governed by a dist inct mecha-
n ism dur ing development (32). This ra ises the possibil-
ity tha t the MLC-2v gene may be upregula ted in the
a1B-AR transgenics even though the b-MHC gene is not

(see Fig. 5, A and B ). We therefore compared the
steady-sta te level of MLC-2v mRNA from vent r icles of
t ransgenic and cont rol an imals. Tota l RNAwas isola ted
and subjected to RNA dot-blot ana lysis. The blots were
hybr idized to a MLC-2v-specific probe, and MLC-2v
mRNAwas visua lized by autoradiography. As shown in
Fig. 5C, the steady-sta te level of MLC-2v mRNA was
not increased in t ransgenic vent r icles. Taken together
with the lack of b-MHC gene induct ion , th is resu lt
indica tes tha t molecula r markers of cardiac hyper t ro-
phy are not induced in the t ransgenic animals.
We also examined sarcomere in tegr ity by elect ron

microscopy. Hear t s were fixed by per fusion , embedded,
and sect ioned. Transgenic LV samples were indist in -
gu ish able fr om their non t r an sgen ic coun t er pa r t s
(F ig. 6). Visua l examina t ion of sarcomere st ructure and
morphometr ic ana lysis of Z-line in terva ls revea led no
differences between the groups (cont rols, t ransgenics,
n 5 4). Taken together, these resu lt s indica te tha t the
myofibr illa r and sarcomer ic st ructures of the a1B-AR
overexpressors are not per turbed.

Fig. 4. Vent r icu la r funct ion curves dur ing increased and decreased loading of hear t . Hear t s were st ressed by
exper imenta lly changing aor t ic pressure (a fter load). Venous return (preload) was held constan t . Minute work was
plot ted aga inst ra tes and t imes of cont ract ion and relaxa t ion . A : peak LV 1dP/dt: cont rol, y-in tercept 5 1,765;
slope 5 7.31; r 5 0.90; t ransgenic, y-in tercept 5 680; slope 5 7.0; r 5 0.84. B : peak LV2dP/dt: cont rol, y-in tercept 5
1,511; slope 5 6.30; r 5 0.69; t ransgenic, y-in tercept 5 80; slope 5 7.0; r 5 0.78. C: TPP: cont rol, y-in tercept 5 0.68;
slope 5 0.0008; r 5 0.84; t ransgenic, y-in tercept 5 1.24; slope 5 0.0022; r 5 0.78. D: RT1/2: cont rol, y-in tercept 5
0.71; slope 5 0.0007; r 5 0.59; t ransgenic, y-in tercept 5 1.42; slope 5 0.0025; r 5 0.71.
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Reduced contractility and Ca21 transien ts in trans-
genic cardiom yocytes. The decrease in basa l level con-
t ract ility might be caused by a change in Ca21 ava ilabil-
ity in the t ransgenic cardiomyocytes. To measure Ca21

t ransien ts, hear t s were per fused with collagenase-
conta in ing solu t ion , and Ca21-toleran t cardiomyocytes
were prepared as descr ibed. The cells were then loaded
with the fluorescent Ca21 chela tor fura 2-AM and
st imula ted elect r ica lly a t 15, 30, or 60 bea ts/min . Only
in tact cells tha t could susta in cont ract ions under these
condit ions were considered for the recording of cell
shor ten ing and Ca21 t ransien ts. The resu lt s obta ined
a t the three st imula t ion frequencies were comparable,
and findings a t 15 bea ts/min are demonst ra ted. As

shown in Fig. 7, the amplitude of the Ca21 t ransien ts in
t ransgenic cells was reduced to ,56% of cont rol. Simi-
la r ly, cell shor ten ing was decreased in t ransgenics
(cont rols, 7.67 6 0.34%, n 5 7; t ransgenics, 5.01 6
0.47%, n 5 6, P , 0.001). The magnitude of th is
reduct ion is quite simila r to the rela t ive loss of cont rac-
t ility observed in the anesthet ized closed-chest mouse
and the working-hear t perfusion preparat ion (see Tables
1 and 2). It is likely, therefore, tha t the decrease of Ca21

ava ilability in t ransgenic cardiomyocytes is responsible
for the diminished basa l level cardiac cont ract ility of
the a1B-AR overexpressors.
Reversal of the transgenic phenotype by prazosin , an

a-AR antagonist. The preceding da ta fit the hypothesis
tha t the overexpression of a1B-AR in cardiomyocytes is
direct ly or indirect ly responsible for the observed con-
t ract ile deficiencies of the t ransgenic hear t s. It can be
reasoned tha t the blockade of the a1B-AR should then
lead to the a t tenua t ion or reversa l of the hypodynamic

Fig. 5. Molecula r ana lysis of hyper t rophy markers. A : detect ion of
myosin heavy cha in (MHC) mRNA. Tota l vent r icu la r RNA from 3
cont rol (C) and 3 t ransgenic (Tg) animals was separa ted by formalde-
hyde gel elect rophoresis and t ransfer red to a nit rocellu lose mem-
brane by Nor thern blot t ing. Specific oligonucleot ide probes were used
to detect a- and b-isoforms, respect ively, of MHC mRNA. F, feta l
hear t RNA (posit ive cont rol for b-MHC). B : MHC protein conten t .
a-Isoform and b-isoform of MHC present in vent r icu la r protein
ext ract were separa ted by SDS/glycer in gel elect rophoresis and
visua lized by Coomassie br illian t blue sta in ing. Ten micrograms of
tota l protein were loaded per lane. Ca, normal cont rol, conta in ing
a-MHC; Cb, hypothyroid cont rol, conta in ing b-MHC; Tg, 3 t rans-
genic samples. C: detect ion of myosin ligh t cha in-2 (MLC-2v) mRNA.
Tota l vent r icu la r RNAwas subjected to RNA dot-blot ana lysis. Ser ia l
2-fold dilu t ions were applied to a nit rocellu lose membrane. A specific
probe was used to detect MLC-2v mRNA. Transgenic, samples from 4
transgenic vent r icles; C, nont ransgenic vent r icle.

F ig. 6. Elect ron micrographs of LV muscle sect ions. Cont rol and
t ransgenic panels a re labeled. Mouse hear t s were per fusion-fixed and
processed for elect ron microscopy. Representa t ive sect ions are shown.
Or igina l microscopic magnifica t ion , 310,000.
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phenotype. Acute per fusion of prazosin did not improve
cont ract ile funct ions in cont rol (n 5 5) or t ransgenic
(n 5 4) animals (da ta not shown). Therefore, mice were
prein jected with 3 mg/kg body wt prazosin . Hear t s were
then subjected to work-per forming per fusion , and con-
t ract ility was determined. In cont rol an imals, prazosin
did not sign ificant ly a lter the cont ract ile parameters
studied (da ta not shown). The t ransgenic group, how-
ever, showed a dramat ic improvement of per formance
(Fig. 8). Peak 1dP/dt was increased from 2,600 6 61 to
3,724 6 53 mmHg/s. This va lue was not sign ificant ly
differen t from cont rol va lues, 3,780 6 66 mmHg/s.
Simila r resu lt s were obta ined for the maximal ra te of
relaxa t ion . The value for 2dP/dt increased from 1,906 6
81 to 3,303 6 111 mmHg/s in prazosin-t rea ted animals,
which was not sign ificant ly differen t from cont rol va l-
ues, 3,239 6 101 mmHg/s. The measurements of the
dura t ion of cont ract ion revea led the same t rend. TPP
and RT1/2 were sign ificant ly shor tened after prazosin
t rea tment . The va lues for TPP were 0.64 6 0.012 vs.
0.47 6 0.006 ms/mmHg before and after an tagonist
t rea tment , respect ively. Cont rol va lues (nont ransgen-
ics) were 0.431 6 0.007 ms/mmHg. Simila r ly, RT1/2 was
shor tened from 0.797 6 0.26 to 0.553 6 0.018 ms/

mmHg, with cont rol va lues of 0.479 6 0.014 ms/mmHg.
In both cases, the dura t ion was significant ly shor tened
after prazosin t rea tment but not completely restored to
cont rol va lues. These da ta show tha t the blockade of
a1-AR in t ransgenic mice completely restores the ra te of
pressure development and significant ly shor tens the
dura t ion of cont ract ion and relaxa t ion . This st rongly
indica tes tha t the decrease in cardiac per formance in
t ransgenic animals is indeed caused by a1B-AR overex-
pression and is, a t least in par t , cor rected by receptor
blockade.

DISCUSSION

Depending on species and exper imenta l condit ions,
the act ion of a1-AR is linked to posit ive or nega t ive
inot ropic effect s. In our work-per forming hear t per fu-
sion , a1-AR st imula t ion by phenylephr ine resu lted in
posit ive inot ropic and chronot ropic responses. To our
knowledge, th is is the first demonst ra t ion of the effect s
of an a1-AR agonist on spontaneously bea t ing, in tact
mouse hear t s. Our resu lt s a re simila r to those obta ined
from ra t and rabbit . Tanaka et a l. (46) have descr ibed
nega t ive inot ropism with very high doses of phenyleph-

Fig. 7. A : Ca21 t ransien ts in isola ted cardiomyocytes.
Cardiomyocytes were isola ted by enzymat ic digest ion
and loaded with the fluorescent Ca21 chela tor fura
2-AM. Ca21 t ransien ts were recorded in elect r ica lly
st imula ted cells a t 15 bea ts/min . B : cont ract ility of
isola ted myocytes. Length changes dur ing cont ract ion
were determined by video edge detect ion . Values per
prepara t ion between 3 and 6 cells were measured, and
means of a ll measurements 6 SE are shown for cont rol
and t ransgenic groups. *P , 0.01, cont rol vs. t rans-
genic.

F ig. 8. Cont ract ile parameters a fter a1-AR antago-
n ist t rea tment . Mice were in jected in t raper itonea lly
with 3 mg/kg body wt prazosin twice da ily for 3 days
before cont ract ile parameters were measured in
isola ted work-per forming hear t s. Exper imenta l va l-
ues peak LV 1dP/dt and TPP are shown for cont rol
(cont rol, n 5 4, 4 males), t ransgenic (t ransgenic, n 5
8, 4 females, 4 males), and prazosin-t rea ted t rans-
genic (t ransgenic prz, n 5 4, 1 female, 3 males)
groups. *P , 0.01, t ransgenic vs. t ransgenic prz.
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r ine in mouse LV muscle st r ips. It is possible tha t the
frequency dependence of the inot ropic response in th is
system may expla in their differen t findings.
In the present t ransgenic model, the overexpression

of a wild-type a1B-AR led to a receptor-media ted de-
crease in cont ract ile funct ion . Both cont ract ion and
relaxa t ion phases were affected (Tables 1 and 2). These
resu lt s indica te tha t basa l level LV funct ion is severely
impaired in t ransgenic hear t s. A causa l rela t ionsh ip
between depressed LV funct ion and a1B-AR overexpres-
sion is suppor ted by the reversion of the cont ract ile
dysfunct ion by prazosin t rea tment . We therefore postu-
la te tha t the chronic act iva t ion of a1B-AR signa ling
crea tes a hear t with depressed basa l level cont ract ile
funct ions.
Using differen t exper imenta l approaches, the anes-

thet ized closed-chest mouse and the working-hear t
per fusion , we observed the same direct ion of funct iona l
changes in the t ransgenic hear t s. This was fur ther
cor robora ted by the reduced cell shor ten ing in isola ted
myocytes from transgenic hear t s. The rela t ive decrease
in the ra tes of LV cont ract ion and relaxa t ion were quite
simila r in both systems, ranging between 32 and 42%.
The actua l va lues for the ra tes of pressure development
were higher when measured in the closed-chest mouse.
These differences in cardiac per formance between the
two prepara t ions are due in par t to the higher viscosity
of blood and the closed per icardium. It has been shown
previously tha t comparable ra tes are obta ined when
measur ing peak LV dP/dt in the per fused prepara t ion
using the inst rumenta t ion of the closed-chest model
(31). Simila r ly, in ra t hear t s, the ra tes observed vary
considerably between Langendorff and closed-chest
prepara t ions (24, 27).
With the use of an open-chest methodology, cont rac-

t ile per formance has been studied in the t ransgenic line
Tg43 (1). There, no significant differences in basa l level
LVP and 1dP/dt and 2dP/dt were repor ted, a lthough
the va lues for dP/dt were lower in t ransgenics after
isoproterenol st imula t ion . The reason for these differ-
ences to ou r da t a is unclea r. Methodologica l ap-
proaches, e.g., open chest vs. closed chest , may account
in par t for the observed differences. A recent compar i-
son of myocardia l funct ion showed tha t the type of
prepara t ion can indeed influence indexes of vent r icu la r
funct ion (20). Also, in the open-chest measurements,
t ransgenic hear t ra te was sign ificant ly reduced, which
might direct ly influence cont ract ility and relaxa t ion . It
is a lso possible tha t st ra in differences may affect the
resu lt ing cardiac phenotype.
The reduced amplitude of Ca21 t ransien ts in elect r i-

ca lly st imula ted, isola ted cardiomyocytes indica tes tha t
Ca21 homeostasis is a ltered in the t ransgenic hear t s.
This is most likely the basis for the depression of
baseline LV cont ract ile funct ion . The mechanism by
which a1B-AR overexpression nega t ively affect s Ca21

t ransien ts is unclear. St imula t ion of a1-AR is linked to
the act iva t ion of phospholipase C and the genera t ion of
the second messengers, diacylglycerol and inositol 1,4,5-
t r isphospha te, which act iva te PKC and t r igger Ca21

influx from the sarcoplasmic ret icu lum, respect ively.

Previous ana lyses of line Tg43 have demonst ra ted an
eleva ted level of diacylglycerol in myocardia l ext ract s
(1). Studies on isola ted neona ta l ra t cardiomyocytes
demonst ra ted an a1-AR-dependent increase of L-type
Ca21 cur ren ts (28), a lthough the mRNA for the a1-
subunit of the channel is downregula ted after pro-
longed exposure to phenylephr ine (33). In adult cells,
however, L-type Ca21 channels were nega t ively modu-
la ted, poten t ia lly reflect ing a difference in G protein
coupling a t the two developmenta l stages (8, 29). In
isola ted ra t hear t s, a1-AR st imula t ion resu lted in a
decrease of t issue cAMP levels (30). This may exer t a
nega t ive effect on L-type Ca21 channels tha t a re st imu-
la ted by cAMP (42) and could poten t ia lly cont r ibu te to
the decrease of cont ract ile funct ion in the a1B-AR
overexpressors.
Alternat ively, one could speculate that the overexpres-

sion of a1B-AR uncovers a funct iona l in teract ion be-
tween the a1-AR and the b-AR system. It is conceivable
tha t var ious adrenergic inputs are in tegra ted with in
the cardiomycyte, which requires a molecular communi-
ca t ion between the receptors. Evidence for the cont r ibu-
t ion of both a1-AR and b-AR to the inot ropic response,
as well as to the act ivity of ion channels, has been
presented (8, 35, 36, 41). Simila r ly, the act ivity of other
receptors act ing in concer t with the adrenergic system
can be expected to modula te AR act ivity, an in teract ion
tha t has been demonst ra ted for the d-opioid receptors
(37). The hypothesis of molecula r cross-ta lk between
AR is fur ther suppor ted by the finding tha t the b-AR
high-affin ity binding site for agonist is lost in a1B-AR
transgenics, indica t ing funct iona l uncoupling of b-AR
at the basa l level (I. Lemire, H. Rindt , and T. E. Heber t ,
unpublished da ta ). Such a mechanism could a lso ex-
pla in the lower basa l level cont ract ile funct ion ob-
served in t ransgenic hear t s both in the in tact an imal
and the per fusion prepa ra t ion . In terest ingly, on ly
chronic, bu t not acute, prazosin t rea tment restored
cont ract ile parameters. This suggests tha t the overex-
pression of a1B-AR may alter the molecula r cross ta lk
between a1-AR and b-AR in such a manner tha t a
normal communica t ion cannot be rega ined with in the
t ime frame of antagonist per fusion (minutes) but re-
quires long-term trea tment (hours to days). Prazosin is
not a h ighly specific a1-AR antagonist bu t can a lso
block the act ivity of a2-AR (18). This might resu lt in an
increase of norepinephr ine release from presynapt ic
junct ions tha t could poten t ia lly lead to the st imula t ion
of cardiac cont ract ility, thereby masking the effect s of
a1-AR blockade in the t ransgenics. However, in cont rol
(nont ransgenic) an imals, prazosin did not increase
cont ract ile funct ions, indica t ing tha t poten t ia l a2-AR
effects do not play a discern ible role in our per fusion
protocol. Therefore, the observed recovery of cont ract il-
ity in the t ransgenic hear t s a fter prazosin t rea tment is
most likely due to the blockade of the overexpressed
a1B-AR.
The st imula t ion of b-AR with isoproterenol essen-

t ia lly restored cont ract ility to cont rol va lues, suggest -
ing tha t the maximal inot ropic response of the t rans-
genic hear t s was not affected. Simila r resu lt s were
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obta ined in the anesthet ized closed-chest an imal (da ta
not shown). Previous ana lyses (1) have demonst ra ted a
reduced adenylyl cyclase act ivity a t baseline in mem-
brane prepara t ions from transgenic hear t s which pre-
sumably reflects a decrease in cAMP levels. Simila r ly,
the maximal response to isoproterenol was a t tenua ted.
Both basa l and st imula ted cyclase act ivity were re-
stored to cont rol levels a fter pret rea tment of an imals
with per tussis toxin , suggest ing the involvement of a
Gi-media ted mechanism (1). The depressed basa l level
cont ract ility in the a1B-AR transgenics may well be
correla ted with the lower basa l cyclase act ivity. Surpr is-
ingly, the complete restora t ion of cont ract ile funct ion
after b-AR st imula t ion with isoproterenol is para lled
by only submaximal act iva t ion of adenylyl cyclase
act ivity, suggest ing lower cAMP levels. This may seem
paradoxica l; however, it has been shown tha t b-AR-
media ted increases in cont ract ility may at least in par t
be dissocia ted from cAMP levels (2, 53). In addit ion ,
Pepe et a l. (37) recent ly descr ibed an example of
receptor cross-ta lk, where the st imula t ion of d-opioid
receptors exer ted a nega t ive effect on b-AR-media ted
inot ropic act ions. However, a lthough increases in cAMP
were blocked by a d-opioid receptor agonist , b2-AR
subtype-specific st imula t ion st ill resu lted in maximal
posit ive inot ropic effect s in isola ted per fused ra t hear t s.
These findings aga in demonst ra te tha t inot ropic re-
sponses may be uncoupled from increases in cAMP. We
believe tha t a simila r mechanism most likely expla ins
the observed posit ive inot ropic response to b-AR st imu-
la t ion by isoproterenol of the a1B-AR transgenics in the
absence of maximal act iva t ion of adenylyl cyclase.
Challenging the per fused hear t s with an increase in

minute work revea led a blunted response. With in a
nar row range of work loads, the incrementa l increases
in the ra tes of cont ract ion and relaxa t ion were compa-
rable in cont rol and t ransgenic groups. The t ransgenic
hear t s, however, could not be loaded to the same exten t
as their cont rol counterpar t s. The para llel Sta r ling
curves for 1dP/dt and 2dP/dt a t modera te work loads
as well as elect ron microscopic ana lyses of LV wall
muscle samples indica te the in tegr ity of the sarcomer ic
st ructure. Also, a t comparable minute work, LV end-
diastolic pressure is eleva ted whereas dP/dt is di-
mished compared with cont rols, aga in indica t ing a
sta te of depressed contract ility. The a1B-AR-overexpress-
ing hear t s a re not completely unresponsive to work
load, since they can increase cont ract ility with in a
nar row range of imposed load. The lack of tolerance to
higher work load indica tes a cont ract ile deficit tha t is
a lso found in human congest ive hear t fa ilu re, and
exercise test s a re cur ren t ly being per formed to test
st ress tolerance in vivo. Surpr isingly, with increasing
after load, the t imes of cont ract ion and relaxa t ion were
shor tened faster in t ransgenic hear t s, approaching
cont rol va lues a t maximal susta inable minute work. It
is possible tha t th is phenomenon is rela ted to cor rec-
t ion of par t of the Ca21 levels due to sarcomere st retch .
Cardiac hyper t rophy was not induced in the a1B-AR

overexpressors. Hear t weight -to-body weight ra t io was
not eleva ted, and typica l hyper t rophy marker genes,

MLC-2v and b-MHC, were not upregula ted. In addi-
t ion , the phosphoryla t ion sta tus of MLC-2v is un-
changed (da ta not shown). In a number of studies, the
a1-AR system has been implica ted in myocyte hyper t ro-
phy. Trea tment of neona ta l ra t cardiomyocytes in cul-
ture with a1-AR agonist s induced hyper t rophy, as indi-
ca ted by an increase in cell size and the upregula t ion of
the b-MHC gene (22). These effect s have been shown to
be media ted by the a1A-AR subtype (25). However, it
has been suggested tha t the coupling specificity of
a1-AR changes dur ing development (29), and the over-
expression of a const itu t ively act ive mutant of the
a1B-AR subtype does indeed induce hyper t rophy in the
adult mouse hear t (34). More recent ly, it was shown
tha t the t ransgenic overexpression of Gq, an a1-AR
coupling par tner, exhibited a hyper t rophic phenotype
(10). In addit ion , the overexpression of the PKC-b2
isoform in the myocardium resu lted in hyper t rophy
and cardiomyopathy (52). In ligh t of these da ta , the
lack of hyper t rophy in th is model of wild-type a1B-AR
overexpression is somewhat surpr ising. It may be
possible tha t h igher levels of expression are required to
in it ia te the hyper t rophic response. However, a1B-AR-
dependent signa ling does occur a t the present level, as
demonst ra ted by the cont ract ile deficit and it s cor rec-
t ion by receptor blockade. Alterna t ively, one could
specula te tha t not a1B-AR but a differen t a1-AR subtype
is responsible for the induct ion of hyper t rophy in the
mouse hear t . Another possibility may be the act iva t ion
of a compensa tory mechanism dur ing development .
Although the in t r insic a1-AR density declines dur ing
ear ly postna ta l development , overexpression of the
a1B-AR begins in the neona te when the a-MHC trans-
gene promoter becomes highly act ive in the mouse
hear t . This rapid increase in t ransgene act ivity may
t r igger a compensa tory act ion prevent ing the onset of
hyper t rophy. Future studies are required to elucida te
these poten t ia l mechanisms.
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