result is that the two models produced near-
ly identical cloud feedback, as shown by
their similar N\, values (Table 2). Nor is it
possible to segregate the 14 GCMs into low-
and high-sensitivity groups on the basis of
whether they do or do not incorporate cloud
optical properties that depend upon cloud
water content. The ECMWEF and ECMWE/
UH GCMs also incorporate this effect, and
they lie at opposite ends of the cloud feed-
back spectrum (Table 2). Furthermore, even
though the CSU and OSU/LLNL GCM:s
produced nearly identical modest positive
cloud feedback (Table 2), this was actually a
result of compensation between vastly dif-
ferent cloud feedback components.

In summary, although the 14 atmospheric
GCM s produced comparable clear-sky sensi-
tivity parameters, when cloud feedback was
included, compatibility vanished and there
was a nearly threefold variation in climate
sensitivity as produced by the models. The
cloud feedback ranged from modest nega-
tive to strong positive feedback. Clearly
improvements in the treatment of clouds in
GCMs are needed. But there are many other
facets of a GCM, in addition to cloud optical
properties and cloud formation parameter-
izations, that can influence cloud-climate
interactions. The hydrological cycle, to cite
one example, will most certainly play a
dominant role.

Many of these GCMs are in a continual
state of evolution. Thus this intercompari-
son is a snapshot that might no longer
represent a specific model. Furthermore,
these model-produced cloud feedbacks may
not be representative of how the models
would behave under realistic climate change
conditions when they are coupled with in-
teractive cryosphere and ocean models. Per-
petual July simulations cannot be used for
this purpose. Nor can the uniform SST
perturbations, because they do not account
for changes in equator-to-pole temperature
gradients associated with actual climate
change. For example, it has recently been
speculated (10) that this latter effect, by
itself, may produce a cloud feedback compo-
nent resulting from latitudinal shifts in gen-
eral circulation patterns. But these caveats
do not alter our conclusion that 14 different
GCMs produced a broad spectrum of cloud-
climate feedback.

Climate research benefits from a diversity
of climate models. If only a limited number
of models were available, we could not
confidently conclude that the role of cloud
feedback is a key issue for climate studies.
Before this study, only two GCMs had been
used to provide estimates of cloud feedback
(5, 6), and these two estimates showed
much closer agreement than we have dem-
onstrated.
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B-Adrenergic Inhibition of Cardiac Sodium
Channels by Dual G-Protein Pathways

BERND SCHUBERT, ANTONIUS M. J. VANDONGEN, GLENN E. KIRSCH,

ARTHUR M. BROWN

The signaling pathways by which B-adrenergic agonists modulate voltage-dependent
cardiac sodium currents are unknown, although it is likely that adenosine 3'5'-
monophosphate (cAMP) is involved. Single-channel and whole-cell sodium currents
were measured in cardiac myocytes and the signal transducing G protein G, was found
to couple B-adrenergic receptors to sodium channels by both cytoplasmic (indirect)
and membrane-delimited (direct) pathways. Hence, G can act on at least three
effectors in the heart: sodium channels, calcium channels, and adenylyl cyclase. The
effect on sodium currents was inhibitory and was enhanced by membrane depolariza-
tion. During myocardial ischemia the sodium currents of depolarized cells may be
further inhibited by the accompanying increase in catecholamine levels.

N THE LEXICON OF NEUROMODULA-

tion, voltage-dependent Na* channels

receive far less attention than voltage-
dependent K* or Ca** channels, possibly
because of the all-or-none nature of the
propagated action potential. Previous stud-
ies, however, have shown that (i) the B-
adrenergic agonist isoproterenol (ISO) de-
creases maximum upstroke velocity in depo-
larized ventricular myocytes (1); (i) cAMP-
dependent phosphorylation reduces neu-
rotoxin-activated ?Na* flux (2) and pro-
motes inactivation in embryonic rat brain
cells (2); and (iii) cAMP modulates Na™
currents in frog node of Ranvier (2). These
studies suggest that a signal transducing G
protein may link B-adrenergic receptors to
Na* channels. To test this possibility, we
examined the effects of ISO on Na* currents

by whole-cell and single-channel recording
in neonatal ventricular myocytes from rat.
ISO (1 wM) applied extracellularly re-
duced whole-cell Na™ current (In,) by 40.8
+17.5% (mean * SD, n =4) when Ina
was partially inactivated at a holding poten-
tial (HP) of —60 mV (Fig. 1A). The de-
crease began without measurable delay, was
half maximal at about 5 s, peaked at about
15 s (Fig. 1A), and occurred without an
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obvious change in kinetics (Fig. 1A, inset).
However, when Iy, was fully activatable
(HP = =90 mV), ISO even at much higher
concentrations (40 pM) applied for longer
times (3 min) produced a decrease of only
3.6 = 1.4% (Fig. 1B) (n = 5). The same
concentration applied for the same time but
ata HP of —60 mV produced a reduction of
51 £22% (n=75). On the basis of the
dependence of the ISO effect on HP, we
hypothesized that ISO reduced the availabil-
ity of Na™ channels for activation by acting
preferentially on inactivated channels (3).
Therefore, we measured the voltage depen-
dence of steady-state inactivation (h..) from
a HP of —60 mV and found that ISO
produced a shift of —18 = 5 mV (n = 4) in
the midpoint of the curve relating h., to
membrane potential [h, (V) curve] (Fig.
1C). However, at a HP of —90 mV this
shift was only —7 = 3 mV (n = 5). Hence,
ISO acts like a local anesthetic in that it
shifts the h. (V) curve to more negative
potentials and is more effective when the
membrane is held in a depolarized state (4).

The effect of ISO on the Na* current was
partially reversible after washing ISO out of
the bath (Fig. 1A) (n = 4). A complication
was that the availability of the Na* current
decreases with time in whole-cell patch
clamp experiments (5). The shift of the he
(V) curve decreased In, amplitude by itself,
and this inhibition overlapped with the inhi-
bition produced by ISO. The shift was most
pronounced when large patch pipettes (0.5

Fig. 1. Inhibition of cardiac

to 1 megohm) were used and, with such
pipettes, we estimated an upper limit of the
shift that might occur under control condi-
tions. In six experiments at a HP of —60 mV
the midpoint shifted at an average rate of
0.9 £ 0.6 mV/min and would have pro-
duced an average reduction in In, of 6% per
minute, which was much smaller than the
reductions produced by ISO (Fig. 1A). In
addition, the shift in the he (V) curve was
much less for the smaller (1.5 to 5 megohm)
pipettes we actually used in the ISO experi-
ments.

To test whether the ISO effect involved G
proteins, which are present in the heart (6),
we replaced guanosine triphosphate (GTP)
in the patch pipette with guanosine 5'-O-2-
thiodiphosphate (GDPBS), a nonhydrolyza-
ble guanosine diphosphate (GDP) conge-
ner. GDPBS at 2 mM prevented the 1ISO
inhibition (Fig. 1D), and 3 min after appli-
cation of ISO the decrease in Iy, at —60
mV was only 13.7 + 5.7% (n = 4). These
results suggested that the ISO effect may be
via a G protein, possibly G, acting through
cither the cytoplasmic cAMP cascade as in
cardiac Ca** channels (7) or through a
membrane-delimited, direct pathway as in
muscarinic atrial K* channels (8), neuronal
K" channels (8), and Ca** channels in
cardiac and skeletal muscle (8).

We tested the involvement of the cAMP
cascade in the ISO effect by recording sin-
gle-channel Na® currents in cell-attached
patches and adding ISO to the solution

w

Na* currents by ISO: de-
pendence on membrane po-
tential and guanine nucleo-
tides. Whole:cell Na™ cur-
rents from neonatal rat car-
diac myocytes (17) were
produced by depolarizing
test pulses to 0 mV from
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which was shifted by 5 s to correct for the measured delay of our perfusion system. GTP (500 wM) was
present in the pipette solution. (Inset) Current traces taken at times indicated. Calibrations, 3.0 ms and
500 pA. (B) ISO (40 nM) has almost no effect on the peak amplitude of Na* currents at a HP of —90
mV. ISO was applied at the arrow. Test pulses, 0.5 Hz; GTP, 500 wM. (Inset) As in (A). (C) ISO shifts
the Na* channel inactivation curve. The peak amplitude of the Na* current produced by a test pulse to
0 mV (this is an index of h..) is plotted as a function of the potential of a 200-ms conditioning prepulse;
HP, —60 mV. (O) Control; (@) 40 wM ISO. The lines are the fits of the data by a Boltzmann equation.

Fifty percent inactivation of the Na™ channel (h.. =

0.5) wasat —64 = 2mV (n =4)andat —82 = 6

mV (n = 4), before and after ISO application, respectively. (D) Effect of GDPBS (2 mM) on inhibition
of Na* currents produced by 40 M ISO at a HP of —60 mV. ISO applied as in (B). (Inset) As in (A).

4 AUGUST 1989

bathing the cell membrane outside the
patch. The single-channel currents were re-
duced by 37 £ 11% (n = 5) when h., was
about 0.5, and the reduction was abolished
when h,, was 1.0 (Fig. 2A). If cAMP acted
as a second messenger in the effect of I1SO,
the membrane-permeable cAMP analog 8-
bromo—cAMP should mimic the ISO re-
sult. In four experiments, 8-bromo—cAMP
at 50 to 400 pM was added to the bath
outside the membrane patch and, at a h. of
0.5, inhibited the single-channel currents by
35 = 12%. In two whole-cell current ex-
periments at a HP of -60 mV (s, = 0.5) 8-
bromo—cAMP reduced In, by 39 and 41%.
Thus ISO acts via a cytoplasmic cAMP
pathway, and this pathway is more effective
when the membrane is depolarized.

To test for the involvement of the direct
membrane-delimited pathway, we measured
single-channel Na* currents from excised
inside-out membrane patches. With I1SO at
10 wM in the pipette, inhibition did not
occur until GTP (200 pM) was added to the
bath (Fig. 2B). The GTP-dependent inhibi-
tion occurred in 7 of 12 experiments and at a
conditioning potential of —120 mV, where
he = 0.5, was 75 = 14.5%. This effect was
also voltage-dependent and could be partial-
ly reversed by hyperpolarizing prepulses to
=150 mV (n = 5). The lack of inhibition in
five experiments with k., = 0.5 might have
been due to the absence of B-adrenergic
receptors or activatable G protein in the
patch. GTP (1 to 2 mM) produced less than
10% inhibition without ISO in the pipette
in five experiments.

In a preferred method of agonist-indepen-
dent activation of endogenous G proteins
(9) we used the nonhydrolyzable GTP ana-
log guanosine 5’-O-(3-thiotriphosphate)
(GTP¥S). In the absence of ISO in the
pipette, GTPyS in the bath decreased the
single-channel Na* currents to 4.3 + 2.6%
(n = 6) of the control value. The inhibition
required Mg?*, further supporting the in-
volvement of an endogenous G protein; in
the absence of Mg®* and the presence of
GTP+S, the opening probability of single-
channel Na® currents was 85.7 = 9.5%
(n = 4) of control. GTP (2 mM) prevented
the inhibitory effect of 400 pM GTPxS,
suggesting competition for a GTP binding
site. The nonhydrolyzable adenosine tri-
phosphate (ATP) congener adenosine 5'-O-
(3-thiotriphosphate) (ATP+yS) (400 wM)
had a small effect (n = 3), possibly due to
conversion of ATPyS to GTPvS by a nucle-
otide diphosphate kinase (10). Thus, our
data indicated that ISO could inhibit whole-
cell and single-channel Na* currents by both
indirect and direct pathways. The direct
effect seemed to be more pronounced (com-
pare Fig. 2A with Fig. 2B) and, like the
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Fig. 2. ISO inhibition of single-channel Na™ cur-
rents by (A) second messenger and (B) direct
pathways. (A) Inhibition of Na* currents by ISO
via a second messenger pathway. Single-channel
Na™ currents were recorded from a cell-attached
membrane patch. The pipette solution contained
137 mM NaCl, 5.4 mM KCl, 1 mM MgCl,, 2 mM
CaCl,, 10 mM glucose, 10 mM Hepes, (pH 7.4
adjusted with NaOH) (290 mOsm). To zero the
resting potential, the bathing solution was 140 mM
potassium aspartate, 2 mM MgCl,, 5 mM EGTA,
5 mM Hepes (pH adjusted to 7.4). HP throughout
the experiment was —100 mV which, for cell-
attached patches, set h.. to about 0.5 (5). In the
upper section single-channel Na* currents in each
trace were integrated and plotted as a function of
trace number. The integral was chosen because it is
a reliable measure of channel activity in multichan-
nel patches. A cumulative plot of the integrated
currents is shown in the lower section. For sections
1 and 4, depolarizing test pulses were preceded by
200-ms hyperpolarizing prepulses to —150 mV to
fully remove inactivation. In 2 and 3, the hyperpo-
larizing prepulses were omitted. ISO at 10 wM was
added at the arrow. (Inset) The cumulative plots for
1 to 4 with the starting point moved in each case to
a common origin. The slopes (in pA-us per trace)

were, by linear least squares analysis, 21.9, 10.3, 5.6, and 21.0, respectively.
The inhibition produced by ISO in 3 was removed by turning on the
prepulse in 4. (B) GTP reconstitutes the inhibition produced by ISO in
inside-out patches. Single-channel Na™ currents were recorded from excised
inside-out membrane patches of neonatal rat ventricle cells in primary
culture. The bathing solution contained 110 mM CsOH, 110 mM aspartic
acid, 20 mM CsCl,, 2 mM MgCl,, 5 mM EGTA,
adjusted with CsOH) (290 mOsm). ISO at 10 wM was in the pipette
solution and GTP at 200 wM was added to the bathing solution at the arrow.
Each trace was produced by depolarizing steps of 55 ms to —60 mV, which

indirect effect, was greater when the mem-
brane was depolarized.

Since Gs couples B-adrenergic receptors
to Ca®* channels and adenylyl cyclase, it was
the leading G protein candidate for the
inhibitory effect (11). To test this, we exam-
ined whether human erythrocyte G preacti-
vated with GTPyS (G¥) could simulate the
effect of ISO plus GTP or the effect of
GTP+S on inside-out patches in the absence
of substrate. This was the case in four of
four experiments, with G¥ at 100 to 200
pM (Fig. 3, A and B). The results were
specific for G¥; Gy, the human erythrocyte
G protein [which when preactivated with
GTPyS (G¥) activated single muscarinic
atrial K* channel currents (8)] had no effects
at concentrations up to 200 pM (n = 3)
(Fig. 3, Cand D), and a preactivated bovine
brain G protein preparation (containing
60% G, and several Gys) [which activated
neuronal K* currents (12)] was also ineffec-
tive (n = 3). A cholera toxin substrate with
the electrophoretic properties of Gsa is pre-
sent in heart (6), and we conclude that ISO
plus GTP or GTPvS activated an endoge-
nous G protein that is similar to human
erythrocyte G, and that this G, can inhibit
Na* channels directly.

The voltage dependence of the ISO effect
involves a hyperpolarizing shift of inactiva-
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tion that resembles the shift that occurs in
response to local anesthetics (13) and, like
local anesthetic block, the effect is strongly
potentiated by depolarized holding poten-
tials (14). Agents that inhibit inactivation
such as pronase, a-scorpion toxin, and a
site-directed antibody (15) also act in a
voltage-dependent manner but, unlike the G

protein effect, they are less effective when
the membrane is held at more positive po-
tentials.

Our conclusions are that (i) voltage-gated
cardiac Na* channels are directly and indi-
rectly modulated by Gg; (i1) a single G
protein may have as many as three effectors;
in this case Gy modulates Na* channels,
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Ca?* channels, and adenylyl cyclase. Thus,
G proteins, in addition to acting as signal
transducers, can link different effectors into
membrane networks; (iii) in the heart B-
adrenergic agonists produce opposite
changes in I, and I, but the effects on In,
require that the membrane potential is de-
polarized. These effects will be exaggerated
in the ischemic myocardium because isch-
emia causes membrane depolarization
through extracellular K* accumulation and
is accompanied by an increased catechol-
amine concentration (16). Thus, our results
may explain the data linking high levels of
catecholamine to a greater risk of severe
arrhythmias associated with myocardial in-
farction.
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The Effect of Deprenyl (Selegiline) on the Natural
History of Parkinson’s Disease

JamMEs W. TETRUD AND J. WILLIAM LANGSTON

The effects of MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine), a neurotoxin
that produces the symptoms of Parkinson’s disease, can be fully prevented in
experimental animals by inhibiting monoamine oxidase B. On the basis of this
observation, a double-blind, placebo-controlled study in patients with early Parkin-
son’s disease was initiated to determine whether deprenyl (a selective monoamine
oxidase B inhibitor) would delay the need for r-dopa therapy by slowing the
progression of the disease. Fifty-four patients were randomly assigned to deprenyl (10
mg/day) or placebo treatment groups and followed until L-dopa therapy was indicated
or until the patient had been in the study for 3 years. Analysis of Kaplan-Meier survival
curves for each group showed that deprenyl delayed the need for L-dopa therapy; the
average time until L-dopa was needed was 312.1 days for patients in the placebo group
and 548.9 days for patients in the deprenyl group. Disease progression, as monitored
by five different assessment scales, was slowed (by 40 to 83% per year) in the deprenyl
group compared to placebo. Therefore, early deprenyl therapy delays the requirement
for antiparkinsonian medication, possibly by slowing progression of the disease.

ARKINSON’S DISEASE IS INVARIABLY

progressive. Although drugs for

symptomatic treatment are available,
none slow the progress of the disease. L-
Dopa remains the backbone of modern
treatment, but complications, toxicity, and
decreased effectiveness tend to appear with
long-term use of all antiparkinsonian drugs
or with progression of the disease (1). For
these reasons, there is a critical need for a
new treatment aimed at retarding disease
progression.

In 1983, two seemingly unrelated events
set the stage for the therapeutic trial report-
ed here. First, Birkmayer and colleagues (2)
reported that parkinsonian patients receiv-
ing both L-dopa and the selective mono-
amine oxidase (MAO) inhibitor, deprenyl,
appeared to live longer than patients receiv-
ing L-dopa alone. They surmised that de-

prenyl might be preventing death of neu-
rons in the substantia nigra, the central
neuropathological feature in Parkinson’s
disease, thus slowing disease progression.
Their report provoked little response, per-
haps because it was retrospective in nature.
That same year, we published an account of
four young drug abusers who developed
pure parkinsonism after using a new “syn-
thetic heroin”; the offending agent was ten-
tatively identified as 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine  (MPTP) (3).
MPTP was quickly shown to be selectively
toxic to the substantia nigra in both rhesus
(4) and squirrel monkeys (5), thus providing
a striking pathological analogy to Parkin-
son’s disease. After the discovery that MAO

California Parkinson’s Foundation, 2444 Moorpark Ave-
nue, Suite 316, San Jose, CA 95128.

REPORTS §I19





