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Transgenic mice were created with cardiac-specific overexpression of the -adrenergic
receptor kinase—1 (BARK1) or a BARK inhibitor. Animals overexpressing BARK1 demon-
strated attenuation of isoproterenol-stimulated left ventricular contractility in vivo, damp-
ening of myocardial adenylyl cyclase activity, and reduced functional coupling of B-ad-
renergic receptors. Conversely, mice expressing the BARK inhibitor displayed enhanced
cardiac contractility in vivo with or without isoproterenol. These animals demonstrate the
important role of BARK in modulating in vivo myocardial function. Because increased
amounts of BARK1 and diminished cardiac B-adrenergic responsiveness characterize
heart failure, these animals may provide experimental models to study the role of BARK

in heart disease.

B-adrenergic receptors (BARs) are the pri-
mary myocardial targets of the sympathetic
neurotransmitter norepinephrine and the
adrenal hormone epinephrine. Human myo-
cardium contains B,- and B,AR subtypes
with the B;AR being most abundant (1).
Activation of BARs (B, and B,) in the heart
by agonist binding causes stimulation of
adenylyl cyclase, increased intracellular con-
centrations of adenosine 3’,5’-monophos-
phate (cAMP), and increased cytosolic cal-
cium transients resulting in positive chrono-
tropy and inotropy (increased rate and force
of contraction). As is true for most het-
erotrimeric guanosine triphosphate (GTP)
binding protein (G protein)-coupled recep-
tors, prolonged exposure of BARs to agonist
results in a rapid decrease in responsiveness.
Agonist-dependent desensitization can be
initiated by phosphorylation of activated re-
ceptors by members of the G protein—cou-
pled receptor kinase (GRK) family (2). The
B-adrenergic receptor kinase-1 (BARK1) is
a GRK that specifically phosphorylates acti-
vated B,- (3) and B,ARs (2) in in vitro
assays. In the case of the B;AR, these
assays used cultured mammalian cells or
highly purified membrane preparations
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containing overexpressed receptors incu-
bated with purified recombinant BARK1
(3). BARK1 phosphorylation of B;- and
B,ARs in vivo may lead to uncoupling and
desensitization (2—4).

Chronic human heart failure is charac-
terized by impairment of the myocardial
BAR system. Human tissue samples from
failing left ventricles contain 50% fewer
BARs than samples from normal hearts and
show decreases in B-agonist—induced ad-
enylyl cyclase activation and inotropy (5).
There is a selective decrease in B;ARs in
cardiac samples from patients with chronic
heart failure, whereas the amount of B,AR
remains relatively constant (5, 6). In
chronic heart failure in humans the amount
of BARK1 is increased (6).

Cardiac overexpression of B,ARs in
transgenic mice increases myocardial con-
tractility (7). Here we describe the creation
of transgenic mice with cardiac-specific
overexpression of BARK1 or a BARK in-
hibitor. The inhibitor used was a peptide
corresponding to the COOH-terminus of
BARK1 that competes for G protein By
subunit binding to the enzyme, a process
required for activation (8). This inhibitor
can lead to reduced agonist-dependent
GRK-mediated phosphorylation of odorant
receptors (9) and B,ARs (10). Our goal in
the present work was to determine the ex-
tent to which the BARK system regulates
cardiac BAR function in vivo and to assess
whether this system might represent a po-
tential therapeutic target for treatment of
heart failure.

The transgene constructs consisted of
the murine alpha myosin heavy chain (a-
MHC) promoter ligated to either the entire
coding region for bovine BARK1 or the
coding sequence for only the last 194 amino
acids (residues 495 to 689) of BARKI
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(BARK]1-minigene) (11). This promoter af-
fects specific expression in adult murine
atria and ventricles because a-MHC is the
predominant cardiac heavy chain isoform
expressed (7, 12). Transgenic mice were
generated as described (7, 12, 13) with the
BARK1 and BARKI1-minigene transgenes.
For each transgene, two lines were estab-
lished (TGBK4 and TGBK12 for BARK],
and TGMini27 and TGMini33 for the
BARKI1-minigene) (Fig. 1). Gross pheno-
typic change or unusual neonatal mortality
was not observed in these transgenic ani-
mals as compared with nontransgenic litter-
mate controls. Second-generation adult an-
imals, 2 to 4 months of age, were used for all
studies.

We used protein immunoblotting to de-
tect overexpression of BARK1 in heart ex-
tracts from TGBK12 animals and expres-
sion of the COOH-terminus of BARK1 in
TGMini27 animals (Fig. 2A). To quanti-
tate the activity of myocardial BARK in the
transgenic mice, we assayed heart extracts
for phosphorylation of the G protein—cou-
pled receptor rhodopsin. Extracts from
TGBK12 animals had about three times
more kinase activity than that of control
extracts (Fig. 2B). This enhanced activity
was also observed in the presence of exog-
enous GBvy and correlated with densitome-
try scans of protein immunoblots (10).

We examined the BARK inhibitory ac-
tivity of myocardial extracts from TG-
Mini27 mice. Because BARKI-minigene
action is expected to result from inhibition
of GBYy activation of BARK (8), rhodopsin
phosphorylation assays were done with ex-
ogenous GRvy. Heart extracts (50 pg total
protein) from TGMini27 mice (n = 5)
displayed similar basal (GB<y-independent)
kinase activity to that of controls (n = 5)
(10). However, upon addition of GBy (~10
pmol) to the assay, they showed significant-
ly less stimulation of thodopsin phosphoryl-
ation (2.16 * 0.12 times that in extracts
without added GB+y) than that in controls
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Fig. 1. Northem (RNA) analysis. Total RNA was
extracted from hearts of control and transgenic
mice (23). Total heart RNA (30 j.g) was loaded on
1% agarose-formaldehyde gels, electropho-
resed, transferred to nitrocellulose, and hybridized
overnight at 42°C in hybridization buffer contain-
ing 50% formamide and 32P-labeled SV-40 DNA
as the probe. The membranes were washed twice
in 0.1X saline sodium citrate at 65°C for 30 min (7)
and subjected to autoradiography.
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(3.02 * 0.31 times that in extracts not
treated with GBvy) (P < 0.05, ¢ test). This
indicates that the BARKI-minigene can
compete with myocardial BARK for GBvy
binding.

To examine the biochemical effects of
the two transgenes on the myocardial BAR
system, we assessed receptor-effector cou-
pling in sarcolemmal membranes from
hearts of control and transgenic mice. All
groups had similar amounts of receptors
(~45 fmol per milligram of membrane pro-
tein). The B;- and B,ARs present in the
mouse myocardium (14) differ in their li-
gand-binding and effector-coupling proper-
ties (15). To facilitate the analysis of recep-
tor-effector coupling, we focused on the
predominant B, subtype (14) and examined
competition binding isotherms with the
B-agonist isoproterenol. Control isotherms
(Fig. 3A) were biphasic and could be mod-
eled to a high-affinity (0.62 nM) and low-
affinity (32 nM) component. A portion
(44%) of the receptors were in the high-
affinity state that represents a ternary com-
plex of hormone (H), receptor (R), and G
protein (G) (16). GTP shifted all receptors
to the low-affinity state. Isotherms from
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Fig. 2. Assessment of protein expression. (A) Pro-
tein immunoblot analysis of BARK1 and the
BARK1-minigene in transgenic mice. Extracts
from control or transgenic hearts were prepared
(22) and equal amounts of protein (20 to 40 pg)
were electrophoresed through 12% SDS-poly-
acrylamide gels and transferred to nitrocellulose.
Transgene products were identified with rabbit
polyclonal antiserum to the COOH-terminus of
BARK1 (8) and by chemiluminescent detection of
alkaline phosphatase—conjugated secondary an-
tibodies. Molecular sizes are indicated in kilodal-
tons. (B) Assessment of GRK activity in myocar-
dial extracts from TGBK12 mice. The data shown
represent means * SE of heart extracts (n = 4)
prepared (22) and used in a rhodopsin phospho-
rylation assay (24). Extracts from TGBK4 mice,
which had less abundant mRNA expression (Fig.
1), catalyzed only ~50% more rhodopsin phos-
phorylation than control extracts (70).

TGBK12 cardiac membranes were shifted
to the right of those for the control mem-
branes (Fig. 3A). GTP caused both curves
to shift to the right such that the curves
were superimposable (Fig. 3A). Computer
modeling indicated that the changes found
in the binding isotherms resulted from a
decreased ability of the B,ARs from the
TGBK12 animals to form the coupled H-
R-G high-affinity state [28% for receptors
in TGBK12 animals compared with 44%
for receptors from littermate control ani-
mals (P < 0.05, F test)] with no change in
affinity for the receptors. Such changes oc-
cur when receptors are desensitized (17). In
contrast, receptor-binding isotherms of TG-
Mini27 mice did not differ from those of
control mice (10).

In cardiac membranes from TGMini27
mice, the adenylyl cyclase activity was stim-
ulated by B,ARs to the same extent as in
control membranes (10). In contrast,
TGPBK12 mice had significantly lower basal
and agonist-stimulated cyclase activities
(Fig. 3B), probably because of increased
phosphorylation of B;ARs by the overex-
pressed BARK in response to normal cardi-
ac sympathetic tone and basal circulating
amounts of epinephrine. Thus, functional
coupling of B,;AR, as assessed by ligand
binding and adenylyl cyclase activation, is
hindered by the overexpression of BARK1.
The reason for the absence of any difference
in B,AR binding or cyclase activation in
sarcolemmal membranes from TGMini27
hearts may be that in contrast to BARK,
some of which associates with membranes,
the BARK1-minigene peptide is a soluble
protein that would not be expected to be
present in sarcolemmal membranes.

To investigate the effect of BARK1 and
the BARK1-minigene on in vivo myocardi-

al function, we used cardiac catheterization
in anesthetized intact mice (7, 18). Con-
tinuous measurements of heart rate (HR),
left ventricular (LV) pressures, and aortic
pressure were recorded at baseline and after
progressive doses of isoproterenol. For
TGBK12 mice at baseline, HR, the maxi-
mum and minimum first derivative of the
LV pressure (LV dP/dt,,, and LV dP/dt,, ),
and LV systolic pressure were similar to
those in control animals (Fig. 4). However,
the inotropic and chronotropic responses to
isoproterenol in TGBK12 animals were sig-
nificantly blunted (Fig. 4, A to C). The
isoproterenol-induced rise in LV systolic
pressure was also attenuated in the
TGPBK12 animals as compared with control
mice but did not reach statistical signifi-
cance (Fig. 4D). Thus, the in vivo effects of
overexpressed BARK1 mimic those seen in
vitro and suggest that cardiac B,- and
B,ARs are targets for BARK1-induced de-
sensitization. The enhanced desensitization
of BARs in TGBK12 animals suggests that
BARKI1 may function in the regulation of
myocardial contractility and supports the
hypothesis that the diminished catechol-
amine responsiveness seen in heart failure
may in part result from increased expression
of BARK1 (6).

At baseline, LV dP/dt,_ . (Fig. 5A), LV
dP/dt,,;. (Fig. 5B), and LV systolic pressure
(Fig. 5D) for TGMini27 mice were all sta-
tistically increased compared with values
from control animals. In TGMini27 ani-
mals, LV responses to isoproterenol were
also enhanced (Fig. 5, A, B, and D). The
basal and the isoproterenol-stimulated HR
in TGMini27 mice were similar to that in
controls (Fig. 5C). A second line of mice
(TGMini33) expressing the BARK1-mini-
gene (Fig. 1) had essentially the same phys-

Fig. 3. Effect of BARK1 transgene expression on B,AR
receptor-effector coupling. (A) Isoproterenol competition
binding isotherms with sarcolemmal membranes (20) pre-
pared from the hearts of TGBK12 and nontransgenic litter-
mate controls. Isotherms (27) on the B, AR (74) were done
in the absence or presence of GTP (100 wM). Data repre-
sent the means + SE (n = 3 to 9 hearts). The isotherms
(21) in the absence of GTP are statistically different (P <
0.05, F test). (B) Adenylyl cyclase activity due to B,AR
stimulation in sarcolemmal membranes (20) of TGBK12
and control hearts (n = 3) was determined under basal
conditions and in the presence of various doses of isopro-
terenol or 10 mM NaF (7). Membranes (5 to 20 pg of
protein) were incubated for 10 min at 37°C, and
[«-32P]JATP was isolated and cAMP quantitated (25). Basal
and isoproterenol-stimulated cyclase values were normal-
ized to the percentage of activation achieved with NaF,
which was not significantly different between transgenic
and control membranes (195 + 33 pmol/mg per minute in
membranes from TGBK12 animals compared with 139 +
22 pmol/mg per minute in membranes from control ani-
mals; P, not significant, ¢ test). Data shown represent the
means *+ SE. Basal values of TGBK12 membranes as well
as the entire isoproterenol dose-response curve were sta-
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tistically significant compared with values from control membranes (P < 0.05, F test).
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iological phenotype (10). The enhanced
myocardial function in response to expres-
sion of the BARK inhibitor, which is the
opposite cardiac phenotype of that seen in
TGBK12 mice, approached that observed
in transgenic mice with cardiac-specific
overexpression of B,AR (7).

The observed alterations of BAR func-
tion and LV contractility were unlikely to
be due to differences in loading conditions,
because LV end diastolic pressure (EDP)
was essentially identical in all groups (under
basal conditions, LV EDP for TGBK12 an-

imals .was 3.99 * 0.31 mmHg compared

Fig. 4. In vivo assessment

with 3.97 = 0.71 mmHg for the control
animals; basal LV EDP for TGMini27 ani-
mals was 4.06 = 0.47 mmHg compared
with 4.87 = 1.09 mmHg in control ani-
mals). Acute changes in LV systolic pres-
sure did not seem to alter LV contractility
in the intact mouse, as documented by sep-
arate experiments with control animals that
showed no difference in LV dP/dt_ . during
transient aortic constriction (19). The re-
ciprocal nature of the physiologic pheno-
types of TGBK12 and TGMini27 mice
(Figs. 4 and 5) suggests that the BARKI-
minigene is acting through BARK inhibi-

= _A ~ 500~ C
of left ventricular (LV) 'g13'000 « 2 500
function of TGRK12 (n = S I E | *
10) (@) and nontransgenic @ 10,5004 i E 450 3
control mice (n = 10) (0). & X7 & 4004 ol
Animals were anesthe- £ 400 2 e o - Q =z
) . ,000 1 T o L]
tized and aortic and LV £ . 2 as0d % IS 5 °
catheters placed (26). & o ® o L i ®
Four measured parame- ~ § 55001 - o g @ T 00l + e
ters are shown atbaseline g = = 7 £
and after progressive & go00l— Bl
doses of isoproterenol:
A LV dP/t,,; (B) LV B D
dP/dt.; (C) heart rate g 30007 P - B 1007

. i o

(HR); and (D) LV systolic 2 4,001 9 ? I ¢ T E
pressure. Data are report- @ o + L1 e e S 901 x

= 1 P o T
ed as means + SEand g .| 1 91 g 5 9
were analyzed withatwo- & ™ I T 8 gl & 7 1 1
way repeated measures g 00 T o § T2 4 e ¢

) ) -6,000- o | 8 e | 1

analysis  of variance E 1 L § e L
(ANOVA). Post hoc test- £ . 2 70+ L
, , £ 7,000{ 3 T
ing was done with Schef- § >
fe's Ftest (', P < 0.08).  § 8000l +—7—— 77— 3 g0 —r—"r—
When the entirety of the Basal 5 50 100 500 1000 Basal 5 50 100 500 1000

control and TGBK12 iso-
proterenol dose response

Isoproterenol (pg)

Isoproterenol (pg)

curves were compared by ANOVA, the pattern of change for the groups was found to differ significantly

for (A) dP/dt, P < 0.001; (B) dP/dt

P < 0.05; and (C) HR, P < 0.01, but not for (D) LV systolic

max’ min’
pressure.
Fig. 5. In vivo assessment B 14000 A - c
of LV function of TGMini27 ~ § T & 50y
(h = 7) (@ and nontrans- § 12,000+ T ? E 450
genic control mice (n = 7) 5 * 0 T ]- I
(O). Mice were treated as 2 10,000+ *d # ? 3 400 o |
in Fig. 4 and four parame- T g g00. «o 1 9 2 i 9
ters are shown: (A) LV dP/ E *re - & 350+ § é g § ?
ot (B) LV dP/at . (C) < 60001 @ o p ?
HR; and (D) LV systolic £ 4000 o © £ 5004
pressure. Data are report- 8§ ° -
edasmeans * SEand an- $ 2,000-——T—7———7r 2 250 T—T—T—T—
alyzed as in Fig. 4 (*, P <
0.05). A significant be- 5 2,000-B B 45,0
tween-group maineffectin -~ & I* . :E: N
response to isoproterenol  § O L E * %7
wasfound for (A dP/dt ., g 4001 g I ¢ g T g 1259 ce o °
P <0.005; (B) dP/dt.,, P & Lo L *o 3 0 L1
< 0.005; and (D) LV sys- £ -6,000- ? 1 o 1 8§ 400 s ° Tz
tolic pressure, P < 0.005.  E i I 2 * L ¢ 2
The pattern of change be- & 8000 Ll ¢ T %5 o o ©
tween groups was statisti- £ o0 L I [ 87 o °
cally different only for ©) 8 -
LV systolic pressure, P < $ -0000l o o — 3 ol
0.05. Basal 5 50 100 500 1000 Basal 5 50 100 500 1000

Isoproterenol (pg) Isoproterenol (pg)

1352 SCIENCE « VOL.268 + 2 JUNE 1995

tion and that BARKI is a critical in vivo
modulator of myocardial function (mediat-
ed by BARs) both under baseline condi-
tions and after sympathetic stimulation.

It is unclear why basal cardiac function
was altered only in the presence of the
BARK inhibitor. Under basal conditions in
vivo, the concentration of BARK may not
be rate-limiting, but rather the availability
of GBv (that is, agonist-occupied receptor)
may determine the level of receptor phos-
phorylation and thus of BAR uncoupling.
Our in vivo data support this hypothesis
because overexpressed BARK has little
physiological effect under basal conditions.

Our findings support the concept that
increased myocardial BARK1 may be a
pathological element in chronic heart fail-
ure, because increased BARKI activity in
normal hearts blunted the inotropic re-
sponse to isoproterenol. This effect appears
to result from a decrease of receptor cou-
pling to G protein, which is reflected in
impaired formation of the high-affinity
state of B;ARs. These data together with in
vitro data (3) suggest that B,;AR is a sub-
strate for BARK action. The phenotype of
TGMini27 mice demonstrates a mechanism
for the induction of positive inotropy—the
reduction of BAR desensitization by BARK
inhibition.
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Sensorimotor Encoding by Synchronous Neural
Ensemble Activity at Multiple Levels of the
Somatosensory System

Miguel A. L. Nicolelis,*} Luiz A. Baccala, Rick C. S. Lin,
John K. Chapin

Neural ensemble processing of sensorimotor information during behavior was investi-
gated by simultaneously recording up to 48 single neurons at multiple relays of the rat
trigeminal somatosensory system. Cortical, thalamic, and brainstem neurons exhibited
widespread 7- to 12-hertz synchronous oscillations, which began during attentive im-
mobility and reliably predicted the imminent onset of rhythmic whisker twitching. Each
oscillatory cycle began as a traveling wave of neural activity in the cortex that then spread
to the thalamus. Just before the onset of rhythmic whisker twitching, the oscillations
spread to the spinal trigeminal brainstem complex. Thereafter, the oscillations at all levels
were synchronous with whisker protraction. Neural structures manifesting these rhythms
also exhibited distributed spatiotemporal patterns of neuronal ensemble activity in re-
sponse to tactile stimulation. Thus, multilevel synchronous activity in this system may
encode not only sensory information but also the onset and temporal domain of tactile

exploratory movements.

The processing of somatosensory informa-
tion in the mammalian brain involves the
transmission of neural activity from the
skin to the neocortex by way of parallel
pathways that ascend through a hierarchi-
cal sequence of neural structures (I). Like
those in other sensory systems, these as-
cending pathways are far outnumbered by
corticofugal descending projections (2),
which can act at multiple subcortical levels
to modify the processing of sensory infor-
mation (3). These connections define a
recurrent network that is theoretically ca-
pable of generating complex emergent dy-
namic patterns of neural activity, manifest-
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ed by synchronous oscillations or even cha-
otic behavior (4), that could be computa-
tionally useful (5). The existence of this
network raises the question of whether
large-scale coordinated activity of neural
ensembles involving multiple levels of a
sensory system (that is, brainstem, thala-
mus, and cortex) can play a fundamental
role in the coding of sensory information.
To address this issue, we simultaneously
recorded up to 48 single neurons, distribut-
ed across up to five distinct processing re-
lays of the trigeminal somatosensory system,
in freely behaving rats (6). The rat trigem-
inal system is a multilevel, recurrently in-
terconnected neuronal network, specialized
for processing complex patterns of tactile
stimuli generated by the repetitive contacts
of facial whiskers with surrounding objects.
Rats rely on rhythmic movements of their
facial whiskers, much as humans rely on
coordinated movements of their fingertips,
to discriminate object shape and texture
(7). Although the properties of single neu-
rons belonging to this sensory system have
been well studied under anesthetized con-
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