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ABSTRACT Heterotrimeric G proteins, composed of Ga
and Gfvy subunits, transmit signals from cell surface recep-
tors to cellular effector enzymes and ion channels. The Ga,
protein is the most abundant Ga subtype in the nervous
system, but it is also found in the heart. Its function is not
completely known, although it is required for regulation of
N-type Ca?* channels in GHj cells and also interacts with
GAP43, a major protein in growth cones, suggesting a role in
neuronal pathfinding. To analyze the function of G,, we have
generated mice lacking both isoforms of Ga, by homologous
recombination. Surprisingly, the nervous system is grossly
intact, despite the fact that Ga, makes up 0.2-0.5% of brain
particulate protein and 10% of the growth cone membrane.
The Ga,—/— mice do suffer tremors and occasional seizures,
but there is no obvious histologic abnormality in the nervous
system. In contrast, Ga,—/— mice have a clear and specific
defect in ion channel regulation in the heart. Normal musca-
rinic regulation of L-type calcium channels in ventricular
myocytes is absent in the mutant mice. The L-type calcium
channel responds normally to isoproterenol, but there is no
evident muscarinic inhibition. Muscarinic regulation of atrial
K* channels is normal, as is the electrocardiogram. The levels
of other Ga subunits (Gas, Gag, and Ga;) are unchanged in
the hearts of Ga,—/— mice, but the amount of GBy is
decreased. Whichever subunit, Ga, or G, carries the signal
forward, these studies show that muscarinic inhibition of
L-type Ca?* channels requires coupling of the muscarinic
receptor to Ga,. Other cardiac Ga subunits cannot substitute.

Heterotrimeric G proteins, composed of Ga and GBvy sub-
units, transmit signals from cell surface receptors to cellular
effector enzymes and ion channels. One type of Ga subunit,
Gua,, is extremely abundant in the brain, where it was first
identified (1, 2), but it is also expressed in heart, pituitary, and
pancreas. In addition to Gay,, both the brain and the heart
contain other closely related Ga subunits (for example, mem-
bers of the Ge; group that are, like Ga,, substrates for ADP
ribosylation by pertussis toxin), as well as Gos (Which stimu-
lates adenylyl cyclase) and Gog (which stimulates phospho-
lipase CpB).

The exact function of Ga, in heart and brain is not known.
It is an extremely abundant protein in the nervous system,
making up 0.2-0.5% of brain particulate protein (3, 4) and
10% of the growth cone membrane (5). In the nervous system,
Ga, has been postulated to play several roles. The ability of
Ga, to bind GTPyS can be modulated by GAP43 (neuro-
modulin), an abundant growth cone protein that is important
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for neuronal pathfinding (5). Potentially, Ga, could be part of
the signaling cascade that regulates neuronal guidance. Its
appearance in the mouse central nervous system is consistent
with such a role, since it begins to appear as neurons terminally
differentiate and increases as they send out processes (6). The
Ga, protein is conserved in Drosophila, where it is found
predominantly in the nervous system and the ovaries (7-10). In
Drosophila, the G, protein is present at all stages of embryonic
development, but increases significantly after 10 hr of embry-
ogenesis, when there is rapid development of axonal tracts
(11). Ga, levels are modestly increased in certain memory
mutants of Drosophila, but the significance of the finding is not
yet clear (12).

Genetic analysis of Ga, function in the nematode Caeno-
rhabditis elegans revealed that Ga, is needed to transmit signals
from serotonin receptors (13, 14). In C. elegans, Ga, is
expressed in the nervous system and in muscle. Worms lacking
Gua, are hyperactive, have abnormal feeding and egg-laying
behaviors, and are partially resistant to exogenous serotonin.
Transgenic worms expressing permanently activated mutants
of Ga, have the opposite phenotype. Surprisingly, in C.
elegans, mutation of Ga, does not lead to gross disruption of
neuronal development, but to a rather subtle defect in a
defined pathway.

Another proposed function for G, is regulation of calcium
channels. In the pituitary-derived cell line, GH3, antisense oligo-
nucleotides directed against alternately spliced forms of Ga,
specifically blocked somatostatin and muscarinic cholinergic re-
ceptor inhibition of an N-type Ca?* channel (15). In the nervous
system, Ga, has also been thought to activate neuronal Ca?* and
K* channels (16-20). The Ga, subunit interacts with a number
of cell surface receptors, such as y-aminobutyric acid type B
(GABAg; ref. 21), muscarinic (22), opioid (23), and oo-
adrenergic receptors (24), although its exact role in signal trans-
duction through those receptors is not known.

There is little information about the function of G, in the
heart. The amount of Ge, in cardiac myocytes is 30- to 120-fold
lower than in brain (25, 26). Unlike the brain, in the rat heart,
the Ga, is not the major Ga subunit expressed. In rat heart,
the amount of Gay is 0.2 ug per mg of protein, while Ga, is 0.06
pg per mg of protein (25). Gay is half as abundant as its close
relative, Gajz (26). It has not been clear whether it specifically
regulated any pathway, nor how redundant is its function with
other, more abundant Ga subunits. We find that it is absolutely
required for normal Ca?* channel regulation in the heart.

METHODS

The targeting vector was generated by inserting a blunt-ended
4.7-kb Xhol fragment from the B-geo cassette, which contains
the genes for lac Z and neomycin resistance in the same
translational frame (27), into the BamHI site of the sixth exon
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of Ga,. Homologous recombination in J1 embryonic stem cells
gave the desired recombinants, two of which were used to
transmit the mutation through the germ line. Chimeric mice
produced were mated with C57BL/6 mice, and their offspring
were interbred to obtain Ga,—/— mice. Southern blot analysis
and immunoblotting analysis followed standard procedures.
Genomic DNAs were cut with Xbal. The probes used for
Southern blot analysis are a 440-bp Sall-Smal fragment from
the 5’ end and a 3.7-kb Kpnl fragment from the 3’ end. Two
polyclonal rabbit anti-Gea, antibodies were used in Western
blots: R4 (against purified bovine brain Ga,; ref. 3) and GC/2
(against the N terminus of Ga,; DuPont/NEN).

Litters from heterozygous Ga,+/— F1 crosses, in the 129
Sv-ter/C57BL/6 hybrid genetic background, were monitored
from day of birth until day 125, when the last (n = 24) surviving
Ga,—/— mouse died. Litters were inspected twice daily for a
period of 3 weeks, and animals found dead were genotyped by
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PCR of leg tissue. After 3 weeks, animals were ear-tagged, and
tail biopsies were used for PCR genotyping. To detect the
wild-type Ga, allele, two deoxyoligonucleotides with the fol-
lowing sequences were used: 5'-AGGGGATGAGAGCCGC-
CTGCAGTC-3' and 5-ATGATGGCCGTGACATCCTC-
GAAGCA-3'. These oligonucleotides amplify a 196-nt frag-
ment spanning the BamHI site in G, exon 6. In the B-geo
disrupted allele, the size of the PCR product is 4.9 kb. This
much larger fragment is undetectable under our PCR condi-
tions. To detect the B-geo gene, a deoxynucleotide pair com-
plementary to sequences in the neo portion of the gene was
used. The oligonucleotide pair with sequences: 5'-AT-
GAACTGCAGGACGAGGCAGCG-3' and 5'-GGCGATA-
GAAGGCGATGCGCTG-3" amplify a 603-nt sequence. The
PCR mixture contained the four oligodeoxynucleotides at 25
pmol each in 1X Taq polymerase buffer B containing 3 mM
MgCl, (Promega). To 90 ul of PCR mixture, ~500 ug of
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F1G. 1. Targeted disruption of the mouse Ga, gene and its molecular analysis. (4) Scheme of targeting vector, genomic Xbal fragment spanning

the Ga, targeting site, and predicted structure of the disrupted gene. B-geo, B-galactosidase and neomycin phosphotransferase gene; TK, herpes
virus thymidine kinase gene. (B) Southern blot analysis of Xbal-digested genomic DNA from wild-type, Gao+/—, and Ga,—/— mice. As predicted
from A, the wild type displays a single 19.9-kb band when probed with the 3’ and 5’ flanking probe, and the Ga,—/— lacks the 19.9-kb band but
has new bands at 15.2 and 9.4 kb when hybridized to the 3’ and 5’ flanking probes, respectively. Ga,+/— displays the bands found in both wild-type
and the Ga,—/— animal. (C) Immunoblot of brain membrane and cytosol from wild-type and Ga,—/— mice probed with R4 antibody. The size

of molecular weight markers are indicated at the right.
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proteinase K-digested tissue was added. Samples were dena-
tured at 95°C for 5 min and kept at 72°C, and 0.5 ul of Tag
polymerase (5 units/ul) was added. This was followed by 30
cycles of 30 sec at 95°C and 1 min at 72°C. Aliquots of the PCR
were electrophoresed in 2% agarose/ethidium bromide TAE
(40 mM Tris-acetate/2 mM EDTA) gel under standard con-
ditions.

Western Blot Analysis. Brains from 32-day-old mice were
excised and homogenized in 10 volumes (wet weight) of
TMSDE buffer (50 mM Tris-HCI, pH 7.6/6 mM MgCl,/75
mM sucrose/1 mM DTT/1 mM EDTA and proteinase inhib-
itors). Homogenates were centrifuged at 800 X g for 10 min at
4°C. The supernatant was then centrifuged at 100,000 X g for
30 min at 4°C.

Heart ventricles from 31- to 32-day-old mice were excised
and homogenized in a volume equal to 10 times the wet weight
of KCI extraction buffer (20 mM TrissHCl, pH 7.6/1 mM
EDTA/1 M KCl1/250 mM sucrose and proteinase inhibitors),
incubated on ice for 1 hr, and centrifuged in a tabletop
centrifuge at Vi for 30 min at 4°C. The supernatant con-
taining cytosolic proteins and extracted contractile proteins
was removed, and the pellet washed twice in TMSDE buffer
and finally resuspended in four volumes of TMSDE buffer.
Protein content of both particulate and cytosolic fractions
were determined according to Bradford (28) with BSA as
standard. Proteins (10-60 ug) were separated on 11% SDS/
PAGE (29), followed by semidry blotting for 3 hr. The
nitrocellulose strips were blocked with 5% milk powder in PBS
and incubated with antibodies against various G protein
subunits: a, R4 antibody (3), B8 R7 antibody (3), B(common)
antibody (UBI), ; AS/7 antibody (DuPont, NEN), a5 3A-155
antibody (Gramsch Laboratories), and oq X384-1 antibody
(30). After washing with PBS containing 0.1% Tween 20, blots
were developed with horseradish peroxidase-conjugated sec-
ond antibody and chemiluminescence. All G protein subunits
tested were present in the particulate fraction, except for traces
of Gag and G in the cytosolic fraction, which did not differ
between wild-type, Ga,+/—, and Ga,—/—. Each genotype
was represented by three different animals. For each experi-
ment, three Ga,+/+ samples were averaged and taken to
equal 100%. Gao+/— and Ga,—/— samples were expressed
as percent of Ga,+/+ mice. The data from the three inde-
pendent experiments was averaged and expressed in mean =*
SD.

Optic Nerve Labeling. Optic nerve labeling was done as in
Strittmatter et al. (31). Proteins were fixed and 10 mg/ml
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F1G. 2. Postnatal survival of wild-type and Ga, null mutants. The

figure shows the percentage of surviving wild-type (®) and Goo—/—
mice (O) as a function of time, starting at day of birth.
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F1G.3. Opticnerves labeled with Dil appear normal. Whole mount
views of the base of brain of wild-type (Upper) and Ga,—/— littermate
(Lower) in the region of the optic chain. The brains were fixed and
labeled at embryonic day 15 and examined 7 days later. No difference
was noted with embryonic day 15 labeling or for animals labeled the
day of birth (data not shown).

1,1’-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine (Dil;
Molecular Probes) in dimethylformamide was applied to the
cut end of the optic nerve, and the sample was incubated at
37°Cin 4% formaldehyde for 7 days. Three wild-type and three
Ga,—/— were examined after labeling at embryonic day 15,
and three wild-type and four Ga,—/— were examined after
labeling on the day of birth.

Isolation of Cardiac Myocytes. Hearts from 6- to 9-day-old
(for atrial myocytes) or 21- to 41-day-old mice (for ventricular
myocytes) were excised and Langendorff-perfused with Ca?*-
free Tyrode’s solution containing: 126 mM NaCl, 4.4 mM KClI,
18 mM sodium bicarbonate, 1 mM MgCl,, 30 mM 2,3-butane-
dione monoxime (BDM; Sigma), 4 mM Hepes, 0.13 units/ml
insulin, and 11 mM glucose for 3-5 min to wash out the blood,
followed by collagenase II (95 units/ml; Worthington) and
hyaluronidase (172.5 units/ml; Sigma) containing Tyrode’s
solution for 15 min. Tissues from the atrium and ventricle were
removed separately and minced in Ca?*-free Tyrode’s solution
containing trypsin (0.02 mg/ml) and DNase (60 units/ml).
Agitation of the tissue chunks at 37°C for 10 min led to
isolation of the majority of the cells. The cell suspension was
centrifuged at 50 X g for 3 min, and the cells were suspended
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FiG. 4. Expression of G protein a and B subunits in heart membranes from Gao+/+, Gao+/—, and Ga,—/— mice. Ga, protein is absent and
Gpis reduced in ventricular membranes from Ga,—/— mice. Gaj, Gas, and Gag are unchanged. Shown are the bands of interest from representative
immunoblots and the densitometric evaluation of the chemiluminescence signal.

in DMEM/Tyrode’s solution (1:1). The final CaCl, concen-
tration was 0.9 mM.

Analysis of K* and Ca?>* Channel Function. Recordings
from cardiomyocytes from wild-type and Ga,—/— mice were
performed using the membrane-ruptured patch whole-cell
configuration (32). The DC resistance of the glass electrode
was in the range of 2-4 MQ when filled with the internal
solution containing: 95 mM K-aspartate, 30 mM KCl, 5.0 mM
Hepes, 3 mM Na,-phosphocreatine, 0.1 mM GTP (Na), 3 mM
K>-ATP, 1 mM MgCl,, 10 mM EGTA, and 1 mM CaCl,; pCa
was in the range of 7.4-7.5 and pH was 7.2, adjusted with KOH.
A liquid junction potential of approximately —10 mV was
corrected electronically. The atrial acetylcholine-sensitive K*
channel (Ix-ach) Was studied in the atrial myocytes. Cells were
perfused in a solution containing: 145 mM NaCl, 5.4 mM KClI,
1.0 mM MgCl,, 1.0 mM Na,HPO,, 5.0 mM Hepes, 1.8 mM
CaCl,, and 10 mM glucose; pH was adjusted to 7.4 with NaOH
when gassed with 100% O. Tetrodotoxin (TTX; 30 uM) and
verapamil (2 uM) were added to this solution to block the fast
Na™ channel (In,) and the L-type (dihydropyridine-sensitive)
ventricular calcium channel (Ic,.1), respectively, when record-
ing the Ix ach. Ica- were studied in ventricular myocytes. To
isolate Ic,1 in ventricular myocytes, the electrode solution
contained: 90 mM aspartic acid, 30 mM CsCl, 110 mM CsOH,
10 mM EGTA, 3 mM Mg-ATP, S mM Hepes, and 1 mM CaCly,
pH 7.2 adjusted with CsOH. Cells were perfused with a
solution that contained: 110 mM Tris*HCI, 30 mM CsCl, 5 mM
Hepes, 1 mM MgCl,, 5 mM 4-aminopyridine, 1.8 mM CaCl,,
and 10 mM glucose, pH 7.4 adjusted with CsOH. I¢,.1. was
measured by subtracting the steady-state current level at —40
mV from the peak inward current (at 0 mV). Data were
discarded from experiments in which rundown of Ic,.1 was
>10%. Cells from wild-type and Ga,—/— mice were coded,
and the code was not broken until after the experiments were
analyzed.

Electrocardiogram of Wild-Type and Ga,—/— Mice. The
electrocardiograms of wild-type Ga,+/— and Ga,—/— mice,
ranging in body weight from 9 to 25 g, were acquired daily from
weaning (17-24 days old) to 6 weeks of age, then weekly for up
to 6 more weeks. The animals were sedated with intraperito-
neal valium (10-22 ml/kg, 5 mg/ml). Needle electrodes (27
gauge) were placed subcutaneously, and standard limb leads
were obtained with the mouse placed in a prone position 5, 10,
and 15 min after sedation. Heart rates were averaged to
provide a daily value. The heart rates (=700 beats per min) of

the two Ga,,—/— mice (one male, one female) were within the
range of those of the wild type. In two conscious, unethered
mice (one 22-week-old female wild type and one 19-week-old
male Ga,—/—; both weighed 32 g), a continuous single lead
electrocardiogram signal was emitted for 24 hr from a 4-g
radiotransmitter implanted subcutaneously at the nape of the
neck and captured by a receiver placed under the animal’s cage
(33). There were no arrhythmic beats. The wild-type and
Ga,—/— mice had similar heart rates.

RESULTS

We inactivated the Ga, gene in 129/Sv J1 embryonic stem cells
by insertion of the neomycin resistance gene, 3-geo, at the
BamHI site in exon 6 (Fig. 14). Interrupting the protein at this
point would inactivate both Gea,; and Gagy, the two alterna-
tively spliced polypeptide products of the Ga, gene. Incorpo-
ration of the mutated gene is revealed by Southern blotting
(Fig. 1B). No Ga, polypeptide was detected by immunoblot-
ting membranes and cytosol of homozygous mutants (Fig. 1C).
The antibody used in these studies is a polyclonal antibody
raised against purified Ga, (a mixture of Gao1 and Ga) that
recognizes epitopes throughout the « subunit. We detected no
truncated forms of Ga, subunits in brain homogenates from
the Ga,—/— mice. Similar results were obtained with an
antibody against the N terminus of Ga, (data not shown).

Transmission of the Ga, mutation shows a distribution close
to Mendelian at birth, indicating no major preferential death
of mutant mice in utero. Of 85 mice analyzed immediately after
birth, 48% were heterozygotes, 38% were wild type, and 14%
were homozygotes. However, Ga,—/— mice died prematurely
starting at day 5 after birth, and, by day 25, only 20% of the
Ga,—/— animals were still alive (Fig. 2). We do not yet know
why the animals die prematurely. They are not hypoglycemic
(data not shown), as might be expected if absence of Ga,
mimicked inhibition of G; and G, function by pertussis toxin.
Although there are no gross abnormalities in the nervous
system, the universal development of tremors suggests that
subtle connectivity aberrations may occur and lead to conse-
quent motor and feeding abnormalities. Whatever the cause of
death, absence of Ga, has a more deleterious effect on survival
than was noted in C. elegans (13, 14).

Neuronal Function in Ga,—/— Mice. The mildness of the
neural phenotype is surprising, given the abundance of Ga, in the
brain, particularly in nerve growth cones. The ability of Ga, to
bind GTP»S is enhanced by the growth cone-associated protein,
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F1G. 5. Muscarinic cholinergic activation of Ix.ach and inhibition
of isoproterenol (ISO)-stimulated Ica-r in cardiomyocytes from wild-
type and Ga,—/— mice. (A-D) Normal activation of Ix.ach in atrial
myocytes from wild-type (4 and B) and Ga,—/— (C and D) mice. (4
and C) Superimposed current traces showing control (a), effect of 1
uM carbamylcholine (CCh) (b), and effect of 1 uM atropine in the
presence of CCh (c). (B and D) Ik.ach obtained by subtracting b. A
ramp protocol (—140 to +70 mV) was applied to the cells at 0.09
V/sec. (E-H) Significant attenuation of CCh inhibition of ISO-
stimulated Ica-r in murine ventricular myocytes from Gao,—/— mice.
(E and G) Time course showing inhibition of ISO-stimulated Ic,... by
CCh in murine ventricular cells from wild-type (E) and Ga,—/— mice
(G). (F and H) Superimposed current traces showing control (a),
effect of ISO (b), and effect of CCh in the presence of ISO (c). Current
traces in F and H were taken from the time points marked in E and
G, respectively. Holding potential was —80 mV. A prepulse to —40 mV
was given to inactivate the fast inward sodium current (In,) and a
further depolarizing pulse to 0 mV was applied to the cell to activate
Ica-r- The horizontal lines in E and G indicate the time during which
each test agent was applied. O, Steady-state current level at —40 mV;
and @, Ica.1.

GAP43, suggesting that G, may be involved in growth cone
function (5). Mice lacking GAP43 have abnormal neural path-
finding at the developing optic chiasm (31). Microscopic exam-
ination at many levels of the neuraxis after Nissl staining with
cresyl violet, as well as specific examination of the optic nerve with
Dil, showed no differences between wild type and Ga,—/— (Fig.
3). Because Ga, might be important for normal growth cone
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Table 1. Response of Ic,.L to isoproterenol and carbachol in
ventricular myocytes from wild-type and Ga,—/— mice

% Ica-L activity (n)

Condition Gao+/+ Ga,—/—
No agonist 100 100
Isoproterenol 241 £ 27 (9) 244 + 29 (10)
Isoproterenol plus carbachol 106 = 14 (9) 212 = 37 (10)

The data are tabulated from experiments performed as described in
Fig. 5 and given as mean = SD for the number of cells tested (). The
cells came from four Ga,+/+ and five Ga,—/— mice.

collapse (34), the behavior of growth cones from dorsal root
ganglion neurons from Ga,—/— mice was compared with wild
type. In three Ga,—/— and four Ga,+/+ mice, there was no
difference in the dose response of growth cone collapse in
response to brain membrane extract. In both, the fraction of
collapsed growth cones went from 30% at basal to 70% at the
maximal dose of brain membrane extract (data not shown).
Nevertheless, it is likely that there are subtle changes in the
structure of the nervous system of Ga,—/— mice, because they
exhibit tremors when grasped by the tail. Occasionally, the
Ga,—/— mice have been observed to have seizures.

Cardiac Function in Ga,—/— Mice. Fig. 4 shows that Ga,
subunit is decreased to 35 = 19% (n = 9) of wild type in the hearts
of Ga,+/— mice and undetectable in Go,—/— hearts Gy, Gas,
and Gayq are unchanged in Ga,—/— and in Ga,+/— hearts. In
hearts of Ga,—/— animals, the level of GB is 53 = 23% (n = 8)
of wild type. A similar decrease in G was found in transformed
embryonic fibroblasts from Gay, —/— mice (35).

The electrocardiograms of Ga,—/— mice did not show any
consistent abnormality. One Ga,—/— mouse that survived to
be big enough for cardiac monitoring by telemetry showed no
abnormality of heart rate over 24 hr of observation. To dissect
the function of cardiac ion channels more precisely, we ana-
lyzed the function of Ik.ach and of Ic,r in the hearts of
Ga,—/— mice. The Ix_ach channel is directly regulated by Gy
subunits released from a pertussis toxin-sensitive G protein
activated by the muscarinic cholinergic receptor (36, 37). Fig.
5 A-D show that carbamylcholine, an agonist for the musca-
rinic receptor, activates Ix_ach similarly in atrial myocytes from
wild-type and Ga,—/— mice, confirming that Ga, is not
involved in direct activation of Ix.ach. Furthermore, the normal
regulation of Ix_ach in Gao—/— mice also shows that the GBy
released by the muscarinic receptors to activate Ix_acn does not
come from a Gafy complex that contains Ga.

Ica1 is activated by the B-adrenergic receptor (reviewed in
ref. 38). In myocytes from the wild-type mice, the isoproter-
enol-stimulated current is completely blocked by 1 uM nifed-
ipine or 100 uM Cd?* (data not shown). N-type Ca?* channels
are probably not expressed in the heart, since the N-type Ca?*
current cannot be identified in cardiac myocytes of all species
studied to date (39). Muscarinic agonists antagonize the effect
of B-adrenergic stimulation by reducing I¢,.1.. As shown in Fig.
5 E-H and Table 1, there is no difference in the effect of
isoproterenol on Ic,. in ventricular myocytes from Ga,+/+
and Ga,—/— mice. However, the inhibitory effect of carbam-
ylcholine was almost completely abolished in myocytes from
Ga,—/— mice. This result demonstrates that in the heart, the
muscarinic inhibition of Ic,r, requires the G, protein. The
Gpy subunit enhances reassembly of Ga subunits with the
receptor. Therefore, a decrease in G-y might have a universal
damaging effect on G protein-mediated signal transduction.
The finding that activation of Ic,.1. by isoproterenol is normal
shows that not all hormone responses are blunted. Adenosine
receptors also inhibit isoproterenol-stimulated Ic,.1.. However,
the response to adenosine in myocytes from wild-type mice was
very variable, so we could not evaluate the effect of adenosine
in myocytes from a,—/— mice.
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DISCUSSION

This study demonstrates a clear role for Ga, mediating the
muscarinic regulation of L-type calcium channels in the heart.
There is no muscarinic inhibition of the isoproterenol-
stimulated Ic,. in ventricular myocytes from Ga,—/— mice,
even though Ga, is a minor component of the G protein
repertoire in the heart. Other cardiac Ga proteins cannot
substitute for Ga, in this function. This discrete action pro-
vides an example in normal tissue of the specificity of action
of individual Ga subtypes. Although there is considerable
crosstalk among purified receptors and Go subunits in recon-
stitution assays, such promiscuity does not always occur in cells
(reviewed in ref. 40).

Regulation of I, by G protein-coupled receptors is be-
lieved to be important to cardiac function. Activation of the
channel by the B-adrenergic receptor is a consequence of that
receptor’s activation of adenylyl cyclase through Gs. Therefore,
cAMP levels rise, protein kinase A is activated and phosphor-
ylates the channel. Calcium entry through this channel causes
the release of sequestered calcium from the sarcoplasmic
reticulum, which in turn activates the contractile apparatus
(reviewed in ref. 41). The mechanism of muscarinic inhibition
of the channel is not yet completely understood. The channel
could be directly regulated by Ga or GBy. The Gy subunit
modulates another type of Ca?* channel, the N-type Ca?*
channel (42, 43), but this channel is not present in the heart
(39). In the heart, the regulation of Ic,.1. is probably indirect.
In rat ventricular myocytes (44), rabbit sinoatrial node (45),
and atrial ventricular node (46), muscarinic antagonism of
B-adrenergic agonist stimulation of I¢,.;. depends on activation
of a constitutively expressed NO synthetase. It is not known
how muscarinic stimulation would increase NO production,
but one possible route is that release of GBy from Ga, By
activates phospholipase Cp, causing release of Ca?* from
internal stores and activation of Ca?*-dependent NO synthase.
Further studies will delineate the function of the NO system in
myocytes from a,—/— mice. Stehno-Bittel et al. (47) showed
in frog oocytes that, even though the GBvy subunit was the
primary activator of phospholipase CB, the specificity of the
reaction was regulated by the type of Ga subunit in the
heterotrimer. In ventricular myocytes from Ga,—/— mice,
there is a total lack of Ga, and a secondary decrease in Gfvy.
At the present time, we cannot tell which subunit directly
activates the relevant effector. Nevertheless, our results show
that whichever subunit directly or indirectly regulates the
cardiac L-type Ca?* channel, it must be released from a G, By
heterotrimer. To avoid cellular chaos, signal transduction in
vivo must be a tightly controlled process. Our studies in
Gao,—/— mice show that Ga, is specifically required for
transmission of signals from the muscarinic receptor to Icy.r.
Its function cannot be taken over by other more abundant Ga
subunits in the heart.
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