accumulation. These results suggest that
chloroquine resistance in P. falciparum and
multidrug resistance in mammalian cells
may be due to the same (or to a similar)
mechanism.

The inhibition of chloroquine release ob-
served with calcium channel blockers (vera-
pamil, diltiazem, and TMB-8) (Table 1)
suggests that alterations in intracellular cal-
cium may be necessary for the release of
chloroquine from the resistant parasite. The
mechanism of daunomycin action is not
clear but may be related to its ability to act as
a calcium antagonist in some systems (16).
The effects of vinblastine (a known inhibitor
of microtubular function) (17) suggest that
cytoskeletal proteins may be involved in the
release of chloroquine from the resistant
parasite. Alternatively, these compounds
may inhibit chloroquine efflux by competing
with chloroquine for binding to a carrier
analogous (or identical) to the P-170 glyco-
protein of the multidrug-resistant cancer cell
18).

However, even in the presence of these
drugs, the chloroquine release observed
with the resistant parasite was greater than
observed with the susceptible parasite (Ta-
ble 1). This resulted in a greater chloroquine
accumulation in the susceptible than in the
resistant parasite (Fig. 2) (6, 7, 12).

Although there may be more than one
mechanism of chloroquine resistance in P.
Salciparum, verapamil reduces the inhibitory
concentrations of chloroquine for resistant
isolates from West Africa (19) and we have
observed the rapid efflux phenomenon in a
resistant isolate from South America (25,
1.9 minutes). These results indicate that the
rapid efflux resistance phenotype is present
in each of the three continents with chloro-
quine resistance.
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Diel Periodicity of Photosynthesis in Polar
Phytoplankton: Influence on Primary Production

R. B. RIvKIN AND M. PuTT*

In the Southern Ocean, primary production estimated from seasonal chemical and
geochemical changes is two to four times greater than the value calculated from
carbon-14 uptake. Since carbon uptake had typically been measured only during
midday incubations, the influence of diel periodicity of photosynthesis on daily
productions was not considered. Phytoplankton from McMurdo Sound, Antarctica,
exhibited distinct, but seasonally variable diel patterns of light-saturated and light-
limited photosynthesis. Maximum photosynthetic capacity occurred about noon in
carly September, and its occurrence progressively shifted to about midnight by late
October. This shift was accompanied by a concomitant phase shift in the occurrence of
minimum photosynthetic capacity from midnight to midday. Daily production esti-
mated from time-of-day corrected photosynthetic characteristics and from 24-hour
incubations was 2.5 to 4 times greater than that predicted from 6-hour midday
incubations. If similar diel periodicity in photosynthesis occurs in other polar oceans,
primary production would be significantly higher than previously estimated from

carbon-14 uptake measurements.

HE SOUTHERN OCEAN SUPPORTS

large populations of zooplankton,

marine mammals, and seabirds (1)
and is the site of approximately 80% of
global biogenic silica sedimentation (2, 3).
Despite this indirect evidence suggesting
high primary production (4-6), direct mea-
surements of production are low and similar
to those of tropical and subtropical oligotro-
phic oceans (7-10). Primary production in
the Antarctic is generally measured only
during the austral summer and is often
based on single, midday measurements (7,
10); thus the influence of diel periodicity of
photosynthesis on estimates of daily produc-
tion has not been considered (11-13).

Diel periodicity in photosynthesis is a
common characteristic of temperate and
tropical phytoplankton (12-14), and tempo-
ral changes in photosynthetic characteristics
can significantly influence estimates of areal

R. B. Rivkin, Horn Point Environmental Laboratories,
University of Maryland, Cambridge, MD 21613.

M. Putt, Department of Biological Sciences, University
of California, Santa Barbara, CA 93106.

*Present address: Biology Department, Woods Hole
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production (12, 15). Polar phytoplankton
are subject to a unique photic regime where
4-month periods of continual darkness or
light are separated by 2-month transition
periods when the photoperiod changes by
about 20 minutes a day. Thus the diel
patterns of photosynthesis of phytoplankton
in polar regions could differ from those of
phytoplankton in temperate and tropical
regions that evolved under regularly alter-
nating periods of light and dark (16). De-
partures of maximum photosynthetic capac-
ity from the midday period could account
for part of the discrepancy between direct
[carbon-14 (**C)] and indirect estimates of
primary production.

We have found that phytoplankton from
McMurdo Sound, Antarctica, show diel
periodicity in rates of both light-limited and
light-saturated photosynthesis. Maximum
photosynthetic capacity, Pnax (17), shifted
from about noon in early and mid-Septem-
ber to midnight by late October. Through-
out the austral summer, minimum photo-
synthetic capacity, Pmin (17), occurred mid-
day and the Payx:Pmin ratio was about 15.
Primary production estimated from time-of-
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day corrected photosynthetic characteristics
was about three times greater than from
extrapolating single midday incubations to
24 hours. If similar diel patterns of photo-
synthesis occur throughout other regions of
the Southern Ocean, primary production
could be significantly greater than the value
estimated from C measurements.
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During ecarly September, when daylight
was <13 hours per day, Pmax and Ppin
occurred around noon and midnight, re-
spectively (18, 19) (Fig. 1, A and B). As the
daylight - portion of the photoperiod in-
creased (20), the occurrence of Prax pro-
gressively shifted to later in the day until the
period between late October and January
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Fig. 1. Photosynthetic capacity, P5,, as a percent-
age of maximum photosynthetic capacity (Pmax)
observed during each of the diel periodicity ex-
periments (that is, Pi X 100/Pax), A and inci-
dent irradiance (in microeinsteins per square me-
ter per second; solid line) on (A) 5 to 6 Septem-
ber 1986, (B) 22 to 23 September 1985, (C) 13
to 14 October 1985, (D) 28 to 29 October 1985,
and (E) 22 to 23 November 1985. The average
standard error of PB was 12% and was deter-
mined from all replicate subsamples incubated at
photosynthesis-saturating irradiances (» =6 to
12).

Table 1. Daily insolation and summary of photosynthetic and biomass characteristics during the diel

periodicity experiments.

(1985 inmiins Poaxt  PowcPant  ChleS  Maxminl i
production
oo oe 8.1 3.2 4.4 (7.6) 12 0.9
o5  ese 34 18 38 (11) L1 07
1014 33 12 22 2 (13 1.6 0.8
102 9 35 38 7 (1 L4 15
155 504 09 15 52 (16 16 31

*Daily incident insolation (einsteins per square meter per day).
micrograms of carbon per microgram of chlorophyll 2 per hour).

capacity.
intervals during each periodicity experiment. The coe

chlorophyll # during each diel periodicity experiment.

tMaximum photosynthetic capacity (in
$Ratio of maximum to minimum photosynthetic

§Mean chlorophyll # concentration (nan(é_{;rams per liter). Chlorophyll # was analyzed at 4- to 5-hour
cients of variation (in parentheses) were calculated from all
replicate samples during each experiment (» = 18 to 24).

lIRatio of maximum to minimum concentration of

fRatio of daily production calculated from (i) time-of-day

corrected photosynthetic characteristics and (ii) a 6-hour (1200 to 1800) incubation extrapolated to a 24-hour

incubation.
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(21) when it occurred at about midnight
(Fig. 1, D and E). There was a concomitant
shift in the occurrence of P, from mid-
night to midday (Fig. 1). The low photo-
synthetic capacity during the midday period
was not the result of photoinhibition of
photosynthesis. The amplitude of the
Prax:Prin ratio increased (Table 1) from
between 2 and 3 in September to 15 in
November through January (21). Both the
photosynthetic capacity (Pp) and the slope
(o) of the light-limited region of the photo-
synthesis-irradiance (P-I) relation (18, 19)
had similar diel patterns and were highly
correlated (Fig. 2) (22). A linear relation
between P5 and « requires proportional
changes in both parameters; thus, the light-
saturation parameter, Iy (22), and the rela-
tive shapes of the P-I curves (23) remained
relatively constant throughout the season.
Superimposed upon these diel patterns of
photosynthesis was a seasonal decrease in
maximum photosynthetic capacity (24)
from 8 to 1 pg of carbon per microgram of
chlorophyll # per hour (Table 1). The perio-
dicity in the P-I relationship was indepen-
dent of changes in concentrations of chloro-
phyll 2 and inorganic nutrients. The concen-
tration of chlorophyll # was measured coin-
cidently with photosynthesis and showed
only minor diel oscillations (Table 1). Dis-
solved inorganic nitrogen, phosphorus, and
silicon in the upper 50-m depths were >20,
>4, and >25 pM, respectively. Throughout
this period, the phytoplankton species com-
position was relatively constant (25); thus
seasonal shifts in the diel patterns of photo-
synthesis reflected physiological responses
to changes in the photoperiod or irradiance.
Species-specific diel oscillations in photo-
synthesis were also measured for several of
the more abundant diatoms in our samples
by means of single-species radioisotope
techniques (19, 26): these diel patterns were
qualitatively similar to those of the natural
assemblage.

In some temperate phytoplankton, per-
sistent endogenous rhythms of photosyn-
thesis can be entrained to alternating cycles
of light and dark by a circadian oscillator
(27). During September and early October,
when incident irradiance was periodic, the
diel patterns of photosynthesis of polar (Fig.
1, A through C) and temperate phytoplank-
ton were qualitatively similar; daily maxima
and minima occurred during the light and
dark periods, respectively (12—14). During
the remainder of the austral spring and
summer, diel patterns differed from those of
temperate phytoplankton: Pp,x occurred at
midnight and Pp, at midday (Fig. 1, D and
E). Although circadian rhythms of photo-
synthesis can persist for several days to
several weeks in algal cultures maintained in
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Fig. 2. Relation between 39 coordinate pairs of
photosynthetic capacity Pp, (in micrograms of
carbon per microgram of chlorophyll # per hour)
and a (in micrograms of carbon per microgram of
chlorophyll & per hour/[microcinsteins per square
meter per second]) during the five diel periodicity
experiments. Each point represents a single pho-
tosynthesis-irradiance curve. The equation de-
scribing the linear relation is in (22).

constant dim light (27, 28), it is unlikely that
the diel oscillation of photosynthesis in
these polar phytoplankton was simply a
persistent endogenous rhythm entrained
during the early austral spring. From mid-
October through mid-February (20) inci-
dent irradiance is continuous but not con-
stant; diel variations in intensity of five- to
tenfold are typical. These diel oscillations in
incident irradiance may entrain and main-
tain the diel periodicities of photosyn-
thesis.

The spatial and temporal distribution of
phytoplankton biomass and primary pro-
duction in the Southern Ocean is highly
variable (7, 10, 11). Production estimated
from seasonal chemical and geochemical
changes (3-6) is two to four times greater
than that measured by '*C uptake (7). Sincé
most studies of primary production were
done during the austral summer and were
based on single, midday incubations when
photosynthetic capacity is at its daily mini-
mum (Fig. 1, D and E) (21), daily primary
production may have been significantly un-
derestimated. Part of the apparent discrep-
ancy between direct and indirect estimates
of production may be resolved by consider-
ing the influences of the diel oscillations of
photosynthesis on the measurement of pri-
mary production. During September and
early October (when there was a dark peri-
od), daily production estimates from a 6-
hour midday incubation, or from time-of-
day corrected photosynthetic characteristics,
were similar (Table 1). In contrast, during
the austral summer, daily production calcu-
lated from time-of-day corrected photosyn-
thetic characteristics (Table 1 and Fig. 1)
(21) was about three times greater than
predicted from a single 6-hour midday incu-
bation (29). The direct measurement of *C
uptake was 2.6 to 4.2 times greater during
24 hours than cither 6-hour or 12-hour
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incubations (30). Our results, combined
with those on the role of episodic high
production in the marginal ice zone (9, 10),
support the classic view (31) of a highly
productive Southern Ocean.

REFERENCES AND NOTES

1. R. M. Laws, Am. Sci. 73, 26 (1985).

2. J. D. Burton and P. S. Liss, Nature (London) 220,
905 (1968); D. J. DeMaster, Geochim. Cosmochim.
Acta 45, 1715 (1981).

. P. A. Ledford-Hoffman et al., Geochim. Cosmochim.
Acta 50, 2099 (1986).

4. J. C. Jennings, L. I. Gordon, D. M. Nelson, Nature
(London) 309, 51 (1984).

5. D. M. Nelson and W. O. Smith, Degp-Sea Res. 33,
1389 (1986). :

6. Areal carbon production is estimated from nutrient
depletion (4) or incorporation (5) studies by assum-
ing a stoichiometric ratio between nutrient assimila-
tion and the fixation of carbon by phytoplankton [A.
C. Redfield, B. H. Ketchum, F. A. Richards, in The
Sea, M. N. Hill, Ed. (Interscience, New York,
1963), vol. 2, pp. 26-77; C. Copin-Montegut and
G. Copin-Montegut, Degp-Sea Res. 25,911 (1978)].
Primary production of 223 to 426 and 213 to 2778
mg of carbon per square meter per day was estimat-
ed for the Weddell (4) and Ross (5) seas, respective-
ly.

7. O. Holm-Hansen et al., in Adaptations Within Ant-
arctic Ecosystems, G. Llano, Ed. (Gulf Publications,
Houston, 1977), pp. 11-50; S. Z. El-Sayed and J.
T. Turner, in Polar Oceans, M. J. Dunbar, Ed.
(Arctic Institute of North America, Montreal,
1977), pp. 463-503; B. von Bodungen et al., Deep-
Sea Res. 33,177 (1986).

8. S. Z. El-Sayed and S. Taguchi, Deep-Sea Res. 28,
1017 (1981).

9. During the austral summer, primary production in
the Southern Ocean, measured by "*C incorporation
[E. Steemann-Nielsen, J. Cons. Cons. Int. Explor.
Mer 18, 117 (1952)] was 170 to 400 mg of carbon
per square meter per day. (7). This compares with
100 to 300 mg of carbon per square meter per day
for the central oceanic gyres [R. W. Eppley, in
Primary Productivity in the Sea, P. G. Falkowski, Ed.
(Plenum, New York, 1980), pp. 231-242; R. B.
Rivkin et al., Deep-Sea Res. 31, 353 (1984)].

10. Adjacent to the Antarctic continent and within the
marginal ice zones, primary production can be as
high as 370 to 1480 mg of carbon per square meter
per day [W. O. Smith and D. M. Nelson, Science
227, 163 (1985); BioScience 36, 251 (1986); (5)].
This enhanced production increases estimates of
annual production in the Southern Ocean by 60 to
75%.

11. D. L. Wilson, W. O. Smith, D. M. Nelson, Deep-Sea
Res. 33, 1375 (1986).

12. L. W. Harding ez al., Mar. Biol. 67, 167 (1982); L.
W. Harding et al., tbid., p. 179; T. C. Malone,
Limnol. Oceanogr. 27, 226 (1982).

13. M. S. Doty and M. Oguri, Limnol. Oceanogr. 2, 37
(1957); J. Newhouse, M. S. Doty, R. T. Tsuda, #bid.
12, 207 (1967); G. P. Harris, J. Fish. Res. Board
Can. 30, 1779 (1973); A. Sournia, Ady. Mar. Biol.
12, 325 (1974).

14. Diel and diurnal oscillations of photosyrithesis have
been reported for temperate and tropical eukaryotic
algae and cyanobacteria [M. S. Doty, J. Mar. Biol.
Assoc. India 1, 66 (1959); T. C. Malone, Mar.
Biol.10, 285 (1971); L. W. Harding et al., ibid. 61,
95 (1981); H. Glover, A. E. Smith, L. Shapiro, J.
Plankton Res. 7, 519 (1985); M. Putt and B. B.
Prezelin, ibid., p. 779; B. B. Prezelin, M. Putt, H.
Glover, Mar. Biol. 91, 205 (1986)]. In general, rates
of both light-limited and light-saturated photosyn-
thesis have daily maxima and minima during the
light and dark periods, respectively.

15. E.]. Fec, Verh. Int. Ver. Theor. Angew. Limnol. 19,
39 (1975); W. A. MacCaull and T. Platt, Limnol.
Oceanggr. 22, 723 (1977); P. C. Brown and J. G.
Field, Bot. Mar. 28, 201 (1985).

16. Replotting the time series in situ primary productiv-
ity data of S. Z. El-Sayed and E. F. Mandelli
[Antarc. Res. Ser. 5, 87 (1965)] for phytoplankton

w

17.

18.

19.
20.

21.

22

23.

24.

25.

26.

27.

in the Weddell Sea in January 1964 suggested that
maximum photosynthetic capacity could occur
around midnight.
The maximum and minimum photosynthetic capaci-
ties measured during each set of diel experiments are
the Prax and Py, respectively.
Samples were collected in a 10-liter Niskin bottle at
adepth of 15 to 20 m at 4- to 5-hour intervals for 36
to 48 hours through a hole (1m in diameter) in the
annual sea ice at our seasonal field station, 25 km
north of Cape Armitage in McMurdo Sound
(78°25'S, 166°30'W). Photosynthesis was mea-
sured within 30 minutes of collection by inoculatirig
samples with NaH'*CO; (final activity 0.25 to 0.40
wCi/ml) and incubating replicate (# = 2 to 4) 1-liter
subsamples, at —1.8°C for 1 to 2 hours at 6 to 7
irradiances (1 to 400 pE m™2 sec™! provided by
SHO fluorescent lights F48T12 CW/SHO, 1500
mA). The particulate material collected on GF/C
filters was oxidized with 0.2N perchloric acid, and
radioactivity was counted with Biofluor (New En-
gland Nuclear) as a scintillant. Chlorophyll 2 was
analyzed fluorometrically (19). The photosynthesis-
irradiance (P-I) relation parameters of photosyn-
thetic capacity (Ph); in micrograms of carbon per
microgram of chlorophyll # per hour and the slope
of the light-limited portion of the P-I curve, a, in
micrograms of carbon per microgram of chlorophyll
@ per hour/[microeinstein per square meter per
second]) were derived from the hyperbolic tangent
function [A. D. Jassby and T. Platt, Limuol. Ocean-
g7 21, 540 (1976)]. Photoinhibition of photosyn-
thesis was typically not observed during these ex-
periments (R. B. Rivkin and M. Putt, in prepara-
tion).
R. B. Rivkin and M. A. Voytek, Limnol. Oceanqgr.
32, 249 (1987).
In McMurdo Sound, the sun remains above the
horizon from about 23 October until 24 February.
We conducted two diel periodicity experiments in
McMurdo Sound in January 1985, using a different
experimental protocol (18). Natural populations
collected in open water at the ice edge were incubat-
ed in a 40-liter glass carboy at ambient temperature
and approximately 3 to 5% of incident insolation.
The P-I relation was measured at 4- to 6-hour
intervals for 36 hours. Prax and Ppin occurred at
approximately midnight and midday, respectively,
and P,y Prmin Was 12 to 16.
The equation for the linear relation between Ppax
and a for the 39 P-I curves measured during the five
diel experiments is:
« = 0.0008(+ 0.0003) + 0.0257(% 0.0023)Ppay
n =39
The values in parentheses are the standard errors.
The inverse of the regression coefficient is the light-
saturation parameter I, = 39 = 4 pE m™Zsec”™" [C.
S. Yentsch and R. W. Lee, J. Mar. Res. 24, 319
(1966)].
If we assume negligible photoinhibition, the shape
of a P-I curve is defined by P and « [C. L. Gallegos
and T. Platt, Can. Bull. Fish. Aquat. Sci. 210, 103
(1981)].
These values are within the range previously report-
ed for Antarctic phytoplankton [(5); A. Neori and
O. Holm-Hansen, Polar Biol. 4, 33 (1982); M. M.
Tilzer et al., V. Smetacek, in Antarctic Nutrient
Cycles and Food Webs, W. R. Siegfried, P. R. Condy,
R. M. Laws, Eds. (Springer, Berlin, 1985), pp. 60—
69].
From early September through mid-December, the
diatoms Chaetoceros sp., Povosira pseudodenticulata,
Coscinodiscus vothii, Nitzschia stellata, Encampin ba-
laustium, Rhizosolenia sp., and Corethvon criophilum
were abundant net plankton in McMurdo Sound. In
mid- to late December, the prymnesiid Phacocystis
sp. was delivered from the Ross Sea into McMurdo
Sound. Diel patterns of photosynthesis were similar
from late October through January.
R. B. Rivkin and H. H. Seliger, Limnol. Oceanggyr.
26, 780 (1981); (19); R. B. Rivkin and M. Putt, J.
Phycol. 23, 223 (1987); M. Putt, R. B. Rivkin, B. B.
Prezelin, Mar. Biol., in press.
J. W. Hastings, L. Astrachan, B. M. Sweeney, J.
Gen. Physiol. 45, 69 (1961); E. Schweiger, H. G.
Wallraff, H. G. Schweiger, Z. Naturforsch. 9b, 499
(1964); B. B. Prezelin, B. W. Meeson, B. M.

REPORTS 1287



Sweeney, Plant. Physiol. 60, 384 (1977); B. M.
Sweeney, in Progress in Phycological Research, F.
Round and D. Chapman, Eds. (Elsevier, Amster-
dam, 1983), pp. 189-225.

28. C.S. Pittendrigh, in Circadian Clocks, J. Aschoff, Ed.
(Elsevier, Amsterdam, 1965), pp. 277-297; B. M.
Sweeney, Rhbythmic Phenomena in Plants (Academic
Press, New York, 1969); L. N. Edmunds, Adp.
Microb. Physiol. 25, 61 (1984).

29. Daily production calculated from the time-of-day
corrected photosynthetic characteristics was com-
pared to the carbon incorporated during a 6-hour
incubation (1200 to 1800) extrapolated to 24
hours. Although we have assumed that photosyn-
thesis was light-saturated throughout the day, since
a and P} covaried (22), the diel patterns of photo-
synthesis would be similar at both photosynthesis-
limiting and saturating irradiances. Incident  irra-
diances during the austral summer are typically
>200 p.E m™? sec.”! at midnight and 1200 to 1600
pE m™2 sec™! at noon. If we assume a diffuse
attenuation coefficient of 0.15 m™' [(5, 8); R. B.
Rivkin, unpublished data] and an I of 39 pE m™
sec”!, photosynthesis would be light-saturated in
the upper 10-m depths at midnight and 15- to 25-m
depths during the day. Similar irradiances saturated
photosynthesis for phytoplankton assemblages col-
lected both under the sea ice and in open water at
the ice edge (19).

30. During time-course incubations under natural pho-
toperiods and at photosynthesis-limiting and satu-
rating irradiances in December and January, carbon
uptake was 2.6 to 4.2 times greater for samples
incubated for 24 hours than during either 6-hour
(0600 to 1200) or 12-houir (0600 to 1800) incuba-
tions extrapolated to 24 hours. Daily production
was 950 to 1200 mg of carbon per squiare meter per
day and 225 to 356 mg of carbon per square meter
per day for 24-hour and 6- or 12-hour incubations,
respectively {a euphotic zone depth of 0.1% incident
irradiance was assumed [(5, 1I); R. B. Rivkin,
unpublished data]}.

31. T.]. Hart, Discovery Rep. 8, 1 (1934); J. H. Ryther,
in The Sea, M. N. Hill, Ed. (Interscience, New York,
1963), vol. 2, pp. 347-380.

32. We thank L. Gaudet, D. Karentz, D. Meritt, M:
Moline, and M. Voytek for assistance in the field
and L. W. Harding, T. C. Malone, and B. B.
Prezelin for comments on the manuscript. NSF
personnel and International Telephone and Tele-
graph Antarctic Services provided logistic support.
This research was supported by NSF grants DPP83-
14607, DPP85-20278, and OCES85-16214 to
R.B.R., Center for Environmental and Estuarine
Studies, University of Maryland, Contribution No.
1838.

26 February 1987; accepted 1 September 1987

A G Protein Directly Regulates Mammalian Cardiac

Calcium Channels

ATSUKO YATANI, JuaN CODINA, YUTAKA IMOTO, JOHN P. REEVES,
Lurz BIRNBAUMER, ARTHUR M. BROWN

A possible direct effect of guanine nucleotide binding (G) proteins on calcium channels
was examined in membrane patches excised from guinea pig cardiac myocytes and
bovine cardiac sarcolemmal vesicles incorporated into planar lipid bilayers. The
guanosine triphosphate analog, GTPyS, prolonged the survival of excised calcium
channels independently of the presence of adenosine 3’;5’-monophosphate (cAMP),
adenosine triphosphate, cAMP-activated protein kinase, and the protein kinase C
activator tetradecanoyl phorbol acetate. A specific G protein, activated G;, or its «
subunit, purified from the plasma membranes of human erythrocytes, prolonged the
survival of excised channels and stimulated the activity of incorporated channels. Thus,
in addition to regulating calcium channels indirectly through activation of cytoplasmic
kinases, G proteins can regulate calcium channels directly. Since they also directly
regulate a subset of potassium channels, G proteins are now known to directly gate two

classes of membrane ion channels.

UANINE NUCLEOTIDE BINDING
(G) proteins couple a variety of
plasma membrane receptors to volt-
age-dependent calcium channels, and, for
cardiac B-adrenoreceptors, the mechanism is
indirect and involves cytoplasmic second
messengers (1). G proteins can also directly
couple membrane receptors to ion channels
independently of cytoplasmic mediators.
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The G protein Gy directly activates subsets
of potassium channels that normally are
activated through muscarinic cholinergic (2)
or somatostatin receptors (3), or both. In
this report, we tested whether G proteins
also modulate Ca** channels directly.
Single Ca*" channel activity was recorded
in guinea pig ventricular myocytes, first in
the cell-attached configuration and then,
after excision, in the inside-out configura-
tion. We compared voltage-dependent acti-
vation of Ca?* channels under different ex-
perimental conditions (Table 1), using a
protocol in which the membrane patches
were subjected to depolarizing test pulses of
200-msec duration at 0.5 Hz, before and
after excision. Confirming a well-known
finding, activatable responses survived only

briefly after excision from nonstimulated
cells (4). However, survival was enhanced
by stimulation of channel activity during the
cell-attached mode by the B adrenoreceptor
agonist isoproterenol (ISO). For quantifica-
tion, we both counted the number of test
pulses during which activity was observable
after excision (Table 1) and evaluated the
current conducted by the membrane patches
during the depolarizing pulses (Fig. 1). The
results depend on the number (N) of chan-
nels in the patch and on their probability of
opening during the test pulse. To provide a
record of the entire experiment we mea-
sured, before and after patch excision, the
proportion of open time (P) for the N
channels in the patch (NP) for each pulse
(Fig. 1, row 2). NP values were also
summed to give cumulative activities in each
patch (Fig. 1, row 3). To normalize for
patch to patch variations in channel number,
the cumulative activities summed over com-
parable number of traces (usually 30) before
(cum NPcp) and after (cum NPyo) patch
excision were compared (Table 1). All the
results were from high-threshold Ca** chan-
nels; no low-threshold, dihydropyridine-in-
sensitive Ca®>* channels (5) were observed,
and polarizing the membrane to —90 mV
from the usual values between —40 and
—60 mV before applying test pulses failed
to unmask any that might have been inacti-
vated.

A small number of events was recorded in
nonactivated control cells; the test potentials
used to detect Ca?" channel activity in cell-
attached patches produced average opening
probabilities (Py’s) of 0.01 to 0.05 at room
temperature. The very brief survival after
excision provided few data for comparison
(Table 1). Consequently, we tried to in-
crease NP with ISO. When ISO at 107°M
was present only in the patch pipette
(n=7), P, seemed greater, and prolonged
openings, although still less than 1% of the
events (6), seemed more frequent. Activity
was not recorded without ISO in the pi-
pette, so the significance of the changes was
unclear (7). We then added I1SO at 10~°M
to the bath; this was followed after several
seconds by a large increase in NP (n = 3),
confirming previous reports (8). Subse-
quently, we incubated the myocytes with
ISO (107°M). The increase in NP was due
to both increased frequency of opening and
prolongation of events (8) and was associat-
ed with an increase in survival (Table 1).
After excision, the mean open times were
unchanged but the amplitudes could
change, reflecting a change in driving force
(9). When guanosine 5'-O-(3-thio)triphos-
phate (GTPyS) (100 pAM) was present in
the bath, survival was enhanced considera-
bly (Fig. 1 and Table 1). In fact, activity was
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