ment 2). Because the tracks represent
individual events of radionuclide decay,
a Poisson distribution of tracks per cell is
expected if all the cells contain an identi-
cal amount of radioisotope. Treatments 1
and 3 follow the Poisson model. The
observed distribution of 8 tracks in treat-
ment 2, however, differs indisputably
from a Poisson distribution (P = 1077).
There are more cells with no tracks as
well as with two or three tracks than can
be matched by a Poisson distribution
(10). This finding suggests that the algal
cells became labeled differentially while
they were in the presence of the radioac-
tive animals. Most cells were weakly
labeled but a few apparently encoun-
tered patches enriched with PO, re-
leased by the swimming animals. With-
out artificial stirring the patches persist-
ed long enough for the algal cells to
exploit them.  When the solution was
stirred, all cells were labeled equally,
indicating that the patches can be dis-
persed fast enough by artificial stirring to
make the isotope equally available to all
cells.

The results from the track autoradiog-
raphy were corroborated by independent
experiments in which a thin emulsion
layer of Kodak NTB-2 nuclear emulsion
was used and grain distributions con-
structed. In this case the model distribu-
tion tested is not Poisson but Neyman’s
type A (11). The distribution of tracks or
grains matched that of the respective
model for stirred treatments but was
more skewed than the model in unstirred
treatments.

The unstirred treatments we used are
more representative of natural communi-
ties than the stirred treatments. When
turbulent energy spectra, length scales of
diffusivity, and the characteristics of flu-
id flow around microzooplankton are
considered the prominent mechanism of
dispersion in lakes and the open ocean at
scales of a millimeter or less arises from
molecular processes (/2). Microcinema-
tography has shown that the fluid envi-
ronment around feeding Daphnia and
both marine and freshwater copepods is
viscous (13). Our results show that nutri-
ent patches produced by zooplankton
exist long enough for algae which en-
counter them to absorb more nutrient
than do algae outside the patches. Using
estimates of swimming speed and phos-
phorus release for Daphnia (14), we cal-
culated characteristics of the nutrient
micropatches produced by the animals.
As judged by their uptake physiology,
the Chlamydomonas can augment their
cell quota by as much as 12 percent per
encounter. Such circumstances place a
premium on the maximal rates at which

cells can sequester the enriched nutrient
rather than on the efficiency with which
they can gather the nutrient when ambi-
ent values are low. An important force
structuring species composition in phy-
toplankton communities when plankton-
ic herbivores are abundant may not be
merely differential mortality imposed by
the herbivores but also differential abili-
ties of the algae to exploit short-lived
nutrient patches that are rare but de-
pendable.
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Residual Calcium Ions Depress Activation of

Calcium-Dependent Current

Abstract. Calcium ions enter and accumulate during depolarization of some cells,
activating a potassium current, Ixca, that depends on the cytoplasmic concentra-
tion of calcium ions, [Cal;. However, elevation of [Cal; can depress Ixc,) elicited by
a subsequent membrane depolarization. The depression of Ixcq) is ascribed here to a
[Cal-mediated inactivation of the voltage-gated calcium conductance, which causes
a net reduction in calcium ions avaz'lé;ble Sfor the activation of lxc,y. This suggests
that other processes dependent on gézted calcium entry may also be depressed by
small background elevations in cytosolic free calcium ions.

One regulatory function of calcium
ions (Ca*") entering the cell during mem-
brane excitation is the activation of a
calcium-dependent potassium channel
(1), which carries the current Ix(c,. This
outward current is important in a variety
of neural, sensory, and neuromuscular
phenomena (2). It helps prevent pro-
longed depolarization of the membrane
by the calcium current, Ic,, which inacti-

730 0036-8075/82/0514-07305801.00/0 Copyright @ 1982 AAAS

vates rather slowly and incompletely (3,
4), and has been implicated in cyclic
pacemaker activity (5, 6) as well as cer-
tain neuropathologies (7).

At a given membrane voltage, Ixc,) is
activated in proportion to the intracellu-
lar concentration of free Ca’t (5, 6).
However, Ik, ¢licited by a depolariz-
ing test pulse (P-) is reduced in amplitude
if the test pulse occurs after the concen-
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tration of cytoplasmic calcium, [Ca];, has
increased either as a result of a condi-
tioning depolarization (P;) or by direct
injection of Ca’* (8, 9).

This apparent paradox, that elevation
of [Cal; by prior Ca®* entry depresses a
calcium-dependent process, appears
now to be resolved in view of evidence
that entry and accumulation of Ca’*
leads to a [Cal;-dependent inactivation of
the voltage-gated calcium conductance
(4, 10, 11) and evidence presented herein
that depression (/2) of Ixca by prior
Ca®* entry is simply an indirect result of
reduced Ca?" entry and accumulation
during the test pulse due to the Ca®*-
miediated inactivation of the calcium
conductance.

Voltage clamp procedures were car-
ried out on neurons L6 and R15 of Aply-
sia californica in such a manner as to
isolate I(ca) and relate this current to
the calcium current, ¢, and hence to
Ca®" entry and accumulation. Neurons
L6 and R15 exhibited similar behavior,
but only data obtained from RI15 are
preseénted here. These cells exhibit an
Ix(ca that is strong relative to the de-
layed potassium current, Ixcy,, that is
purely voltage-dependent. The contribu-
tion of Iy, to the total current was
further reduced by the iontophoretic in-
jection of each cell prior to the experi-
ment with tetraethylammonium ions
(TEA) from TEA-bromide-filled elec-
trodes (about 5 minutes at 0.4 to 0.5 pA
with the cell clamped at —40 mV) (/3).
The cells were bathed at 13.5° = 0.5°C in
ASW (14), were axotomized by under-
cutting, and were voltage clamped by
conventional two-electrode means (4).
Holding potential (Vy) for all experi-
ments was —40 mV, at which the early
outward current was inactivated (/5).
Correction for symmetrical leakage cur-
rents was made by summing the digitally
stored currents evoked by equivalent
depolarizing and hyperpolarizing pulses.
At the pulse intervals used, the inward
currents elicited by hyperpolarization
were unaffected by prior depolariza-
tion. All potentials are absolute volt-
ages.

Voltage clamp pulses were apphed to
generate a simple I-V plot (P; “‘off”” in
Fig. 1A). The characteristic hump in this
plot is attributed to activation of Ixca
by Ca®" influx and accumulation during
the test depolarization (/). This compo-
nent sums with a monotonically rising
Ixy. Thus, the net current plotted in
Fig. 1A is the algebraic sum of Ik [that
is, Ixvy + Ica)l and Ic,. Each P, volt-
age was presented alternately with the
conditioning pulse, P;, off and on. With
P, on, the Ca’*-dependent hump in the
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plot was depressed. This protocol, when
repeated in 0 mM Ca, ASW (triangles in
Fig. 1A), suppressed both Ic, and I ca),
revealing the residual Iy, that was in-
adequately blocked by the injection of
TEA. Ik, accounted for a significant
proportion of the total current only dt
potentials above +50 mV, and exhibited
little inactivation with P; on. Essentially
all the outward current depression pro-
duced by P; occurred in Iy ca).
Subtraction of Igw,) from (I + Ic,)
produiced values for (Ix(c, + Ica) plot-
ted in Fig. 1B. By repeating the experi-
ment in 200 mM TEA, ASW (13), the

P
A 1.5 P1 é—
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2 1.0
3 \ 20 mM Ca, ASW
‘5 (lK + |ca)
3
Q‘:‘ 0.5 On 0\8
0 mM
Ca, ASW
o (|K(V))
L 1.
0 50 100
B 15
Uk +lca) =Tk
a
10 off e
. jb
o i
05 - b\\o
~
On QYO
L & 1 1 1 rg- |
o] 50 100
C o2p
200 mM TEA, ASW
o
50 / 100
T 1
/9/
°\On /g
°/°/ Oﬂ
-0.2 L

Py voltage (mV)

Fig. 1. Voltage relations of P, currents (mea-
sured at 100 msec) with P, “‘off”” (closed
symbols) and P, “‘on’’ (open symbols). (A)
Cell bathed in ASW (circles) and 0 mM Ca,
ASW (triangles). The former contains Ic,,
Ixca, and Ikcvy; the latter consists almost
entirely of Iy, Pulse 1 “*on’’ depresses the
Ca®*-dependent currents selectively. (B)
I subtracted from mixed currents in (A),
leaving Ic, + Ixce)- The “‘on’ plot fails to
approach zero at high potentials [see (9)]. (C)
Currents measured subsequently in 200 mM
TEA, ASW, with subtraction of residual
Ixovy. Ica was largely inactivated and weak by
this time, showing little response to P, *‘on,”
and considerable outward current contamina-
tion. P; =200 msec, +10 mV; P, = 100
msec; P,—P, interval = 1000 msec; pulse pairs
repeated every 30 seconds; same TEA-inject-
ed neuron R15 was used throughout.

calcium currents were partially isolated
(16, 17), and were plotted against voltage
(Fig. 1C). It is apparent that presentation
of P; caused a depression of I, (Fig.
1B) along with an inactivation of Ica
(Fig. 1C). The reduction in both I, and
I (cay during P, following presentation of
P, depends on Ca?* entry during P; and
not P, voltage (¢4, 7, 10, 11). In contrast,
any inactivation of Iy, occurs indepen-
dently of Ca?* entry (I8).

If the depression of Ik by prior
Ca’" entry is in fact simply due to re-
duced Ca’?" accumulation during the pe-
riod of depolarization (f,~fy) accompany-
ing reduced I¢,, inactivation of I¢, to
differing extents should be accomipanied
by depression of Igc,) such that Ixca) is
proportional to |, "I, df for short times.
This reasoning is based on reports that
the amplitude of Ik, at a given voltage
is linearly related to [Ca®>"}; (5, 6), and on
the assumption that [Ca®']; at short
times will be proportional to the time
integral of Ic,. The relations between
Ix(ca) and Ic, were determined as de-
scribed below (19).

The relative contributions of Ik, and
Ik to loss of outward current during
repetitive depolarization were deter-
mined by giving a train of constant-
voltage pulses at 0.5 Hz to a TEA-
injected cell in ASW (Fig. 2A). The early
inward and the delayed outward currents
both underwent progressive reduction
with successful depolarizations. After
replacing the ASW with 0 mM Ca, ASW,
or 0 mM Ca, 20 mM Co, ASW, the
pulses were repeated to determine Ik v,
which was found to be less than 12
percent of the undepressed outward cur-
rent recorded in ASW, and exhibited
insignificant inactivation at 0.5 Hz.

The relations between Ik, and Ic,
were determined by measuring the two
currents in isolation, first recording the
mixed currents in ASW (trace a in Fig.
2B), and then in 200 mM TEA, ASW
(trace b), to block the remaining potassi-
um currents and isolate Ic, (I6). Ic, was
then subtracted by digital means from
the corresponding mixed currents re-
corded in ASW to yield the isolated Ik
(trace a — b). This, as noted above (Fig.
2A), consisted almost exclusively of
Ikcay- The trajectory of I, rises sig-
moidally during the pulse. The slowing
of its rate of rise is attributable in part to
a slowing of the rate of calcium entry
(trace b), and in part to a time-dependent
loss of accumulated free Ca’?* near the
inner surface of the membrane through
diffusion and sequestration.

Using this method of isolating and
measuring Ic, and Ixca), We carried out
two kinds of experiments in which the
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prior entry and accumulation of Ca®*
was manipulated to vary the degree of
inactivation of Ic,. In the first, identical
voltage pulses were delivered in a timed
sequence, producing a progressive re-
duction in currents (Fig. 2C;). This pro-
tocol was repeated on the same cell in
200 mM TEA, ASW, to isolate I, (Fig.

2C,) and, by subtraction of the latter,
IK(Ca) (Flg 2C3). The amplitude of IK(Ca)
was plotted against the time integral of
I, in corresponding traces at 50, 100,
and 150 msec (Fig. 2D). The relation
between Iy, measured at a given time,
t,, was a linear function of the time
integral of Ic,. The intercept of the re-
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Fig. 2. Relations between Ixc.) and Ic,. (A) Depolarizing pulses (upper trace) delivered at 0.5
Hz produced successive loss of inward and outward currents in ASW. Sweeps 1, 2, 3, and 6 are
shown (middle). Same sequence in 0 mM Ca, 20 mM Co, ASW, to determine Ixv, in same cell
(bottom). Calibration: 0.2 wA, 50 msec. (B) Trace a, Ic, + Ixca €licited in ASW by voltage
pulse to 0 mV in TEA-injected neuron R15. Trace b, I, recorded in 200 mM TEA, ASW. k¢,
was determined by subtracting trace b from trace a. Calibration: 0.1 uA, 25 msec. (C) Currents
elicited in ASW and 0 mM Ca, 20 mM Co, ASW, by 150-msec pulses to +10 mV. Pulses 1, 2, 3,
4, and 5 were separated by intervals of 4, 3, 2, and 1 second, respectively. The same procedures
were Used as in (B) to isolate Ic, (Cs) and Ixca (C3). Calibration: 0.2 pA, 50 msec. (D) Same
data as in (C). Ixca measured at different times, ¢, plotted against the corresponding time
integral of Ic,. Values of ¢, were 50 (4), 100 (O), and 150 (@) msec as indicated in (C;) and (Cs).
Inset shows plot of x-axis intercepts of dashed regression lines against time of measurement, ..
(E) Similar plot from different cell in which P, currents were varied by altering Py duration from
40 to 340 msec so as to vary P; Ca®* entry. The P,-P, interval was 850 msec throughout.
Measurements were made at 50 (A), 100 (C), and 150 (@) msec, and pulse pairs were repeated
every 30 seconds.
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gression line fell to the right of zero on
the [,“Ic. dt axis, the displacement
increasing with increasing values of .
20).

In the other type of experiment (Fig.
2E), pulse pairs were delivered every 30
seconds, the duration of P, being altered
so as to vary total P; Ca>" entry. I¢, and
I'x(ca during P, became smaller as the P,
duration was increased. Again, Ix(ca
was a linear function of Jf,o"ICa dt at
different times, ., during P,, with a
similar shift of the regression lines along
the abscissa with increasing values of 7,
20).

Since the amplitude of Ik cq rises lin-
early with the integral of I, in the ranges
measured, and since Ik, is a linear
function of [Ca]; (5, 6), the depression of
Ix(cay by prior Ca?* entry is most simply
explained as resulting from a reduced
Ca®* entry and accumulation during the
test pulse. The elevation of [Ca];, by
causing a partial inactivation of Ic, ¢4,
10, 11), results in a reduced elevation of
free Ca*" available for the activation of
Ik (ca) during the test depolarization. It is
no longer necessary to invoke a second-
ary block of I by Ca** (8, 22) orby a
Ca?*-induced drop in cytoplasmic pH
(23) to explain the Ca’*-dependent de-
pression of Ixca. It is also unnecessary
to postulate a dual-purpose calcium-po-
tassium channel upon which Ca®" exerts
both Ic,-facilitating and Ixca-blocking
effects (22).

The demonstration that elevated [Cal;
depresses Ix(cy) in this manner suggests
that this mechanism may be involved in
the regulation of other processes that
depend on gated Ca®" entry. Whether or
not a given Ca’"-dependent process
lends itself to this kind of control should
depend, of course, on the stoichiometry
and kinetics of calcium dependency of
the steps involved.
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Aircraft Monitoring of Surface Carbon Dioxide Exchange

Abstract. Aircraft-mounted sensors were used to measure the exchange of carbon
dioxide above a cornfield, a forest, and a lake under midday conditions. Mean
absorption values of 3400, 1200, and 100 milligrams of carbon dioxide per square
meter per hour, respectively, are consistent with reported ground-based observa-
tions of carbon dioxide flux. Such information, gathered by aircraft, could be used to
provide a quantitative evaluation of source and sink distributions of carbon dioxide
in the biosphere, to establish a correlation between satellite data and near-surface
measurements, and to monitor crop performance.

There is much speculation on the ef-
fects of possible changes in world cli-
mate (/) brought about by the rising
production of CO, from the combustion
of renewable and fossil fuels. Accurate
measurements made over a period of 22
years show an increase in the atmospher-
ic CO, concentration from 315 to 339
parts per million (ppm) by volume (2),
reflecting a rate that will at least double
the CO, concentration by the mid-21st
century (3).

Table 1. Carbon dioxide and heat flux densi-
ties for passes over corn, forest, and water
around midday on 28 August 1980.

CO, flux
Alti- Dis- density Heat flux
tude tance  (mg m™2 density
(m) (km) hour™! (Wm™?)
x 10%)
Corn
24 1.6 —34 42
23 1.5 -14 14
25 1.5 -35 70
33 1.6 -36 70
35 1.5 -36 63
33 1.5 —47 84
Average —34 57
Forest
33 10.9 -8 56
34 10.9 -10 28
48 11.4 —11 42
47 10.5 -12 42
61 10.4 -18 56
60 10.7 —14 42
Average -12 44
Water
31 33 -3 28
28 3.3 3 21
29 33 —4 14
Average -1 21

On this basis, some climatological
models predict a significant rise in the
mean temperature (4), altered rainfall
patterns, and the eventual desertification
of some major food-producing regions
such as the central North American
Plain. Other models predict minor tem-
perature change (5), better crop water
use, more rapid crop development, and
ultimately higher crop yields (6).

Although records of the oil, gas, coal,
and forest industries make possible a
reasonable estimate of CO, production,
it is far more difficult to quantify the net
CO, exchange with living biota (7), soils
(8), and oceans (9). Thus, reliable mea-
surements must be made over seas, for-
ests, and cultivated and uncultivated ag-
ricultural land in order to evaluate the
role of these ecosystems in the carbon
cycle. Clearly, large areas are involved,
and a rapid means of gathering data must
be used.

To this end, we successfully used an
aircraft-mounted flux-measuring system
based on the eddy correlation technique
to monitor CO, exchange over various
ecosystems. This system required the
continuous recording of CO, concentra-
tion and vertical air velocity. The air-
craft, a Twin Otter, was chosen for its
ability to fly at low altitudes and low
speeds. Its standard instrumentation (/0)
includes a temperature sensor, a gust-
probe assembly for the determination of
the high-frequency component of air mo-
tion, and a Doppler radar assembly for
the determination of the low-frequency
component. In all, 32 parameters were
recorded, 16 times per second, and all
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