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Summary. Phosphate efflux was measured as the fractional rate
of loss of radioactivity from desheathed rabbit vagus nerves after
loading with radiophosphate. The effects of strategies designed
to increase intracellular calcium were investigated. At the same
time, the exchangeable calcium content was measured using
4Ca. Application of calcium ionophore A23187 increased phos-
phate efflux in the presence of external calcium in parallel with
an increase in calcium content. In the absence of external cal-
cium, there was only a late, small increase in phosphate efflux.
For nerves already treated with the calcium ionophore, the phos-
phate efflux was sensitive to small changes in external calcium,
in the range 0.2 to 2 mM calcium, whereas similar increases in
calcium in absence of ionophore gave much smaller increases in
phosphate efflux. Removal of external sodium (choline substitu-
tion) produced an initial increase in phosphate efflux followed by
a fall. The initial increase in phosphate efflux was much larger in
the presence of calcium, than in its absence. The difference was
again paralleled by an increase in calcium content of the prepara-
tion, thought to be due to inhibition of Na/Ca exchange by re-
moval of external sodium. Measurements of ATP content and
ATP, ADP, phosphate and creatine phosphate ratios did not
indicate significant metabolic changes when the calcium content
was increased. Stimulation of phosphate efflux by an increase in
intracellular calcium may be due to stimulation of phospholipid
metabolism. Alternatively, it is suggested that stimulation of
phosphate efflux is associated with the stimulation of calcium
efflux, possibly by cotransport of calcium and phosphate.
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Introduction

The influx of inorganic phosphate in mammalian
nonmyelinated nerve fibers, as in other tissues, is
mediated by a Na-dependent and saturable mecha-
nism [3]. On the other hand, the efflux of phosphate
shows a much more complicated dependence on the
ionic composition of the extracellular medium. As
for the influx, there is a dependence on the extracel-
lular sodium and phosphate concentrations; this ef-
fect is probably due to transstimulation of the trans-

port mechanism, but it is possible that changes in
the internal phosphate and sodium concentrations
are also involved [3, 21]. The transstimulation by
external phosphate is abolished during prolonged
exposure to Na-free solutions [9].

In addition to the sodium and phosphate depen-
dence of the phosphate efflux, we have found a
transient release of phosphate when the potassium
of the extracellular medium is reduced as well as a
decrease of phosphate efflux in high potassium [15].
Phosphate efflux is also modified by changes in ex-
tracellular calcium concentration [16], and as briefly
reported, there is a stimulation of phosphate efflux
on application of the calcium ionophore A23187
[13]. The dependence of the phosphate efflux on the
ionic composition of the incubation medium is thus
much more complicated than in the case of the in-
flux. The present experiments were carried out in
order to study the Ca-dependence of the phosphate
efflux in more detail.

Materials and Methods

PREPARATION OF NERVES
AND LOADING WITH P

Rabbits were sacrificed and their cervical vagus nerves rapidly
removed and desheathed. The nerves were then incubated in
physiological solution with approximately 3 wCi 2P ml-! for 150
min at 37°C.

EFFLUX MEASUREMENTS

After loading, the nerves were mounted in a small polyethylene
tube, through which physiological or a modified solution was
perfused at 37°C at a rate of about 1 ml min~'. The effluent was
collected in glass vials and counted by Cerenkov radiation. At
the end of the experiment the nerves were removed, the water-
soluble phosphates extracted as described previously [4], and
their radioactivity counted.
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Fig. 1. Effect of calcium ionophore A23187 (10 um) on phos-
phate efflux. Top curve was obtained in presence of 2 mm phos-
phate in washing solution, bottom curve in absence of phos-
phate. Points are means of three experiments, bars correspond to
SseM. Diamonds indicate phosphate efflux in the absence of
ionophore. Calcium concentration was 0.9 mm. Abscissa is time
after beginning of washing; ordinate is fractional rate of efflux

CALCULATION OF THE EFFLUX

The efflux was expressed as the fraction of the radioactivity lost
from the tissue during each collection period. The radioactivity
of the water-soluble extract was used as the basis for this calcula-
tion, since most of the phosphate released during the washing
comes from this phosphate pool [9]. During the first hour of
washing the fractional rate of efflux (F.R.E.) fell rapidly; after
this initial period of washing the average rate of decrease of the
F.R.E. was nearly constant and much smaller (9% per hour,
[16]). The decrease was not significantly different for solutions
containing reduced or increased calcium. In order to compare
the efflux in modified solutions with the efflux which would have
occurred without a change, the theoretical “‘control’’ efflux was
calculated in some experiments by extrapolation from the first
hour of efflux in physiological solution using the known value
(9% per hour) of the rate of decrease of the F.R.E.

MEASUREMENTS OF ¥Ca MOVEMENTS

The details of the method have been published previously [14].
Briefly, the desheathed nerve was inserted into a small plastic
scintillator tubing, where it was superfused with a physiological
or modified solution containing 4 to 6 uCi *Ca mi~'. The scintil-
lator tubing was placed between two photomultipliers connected
in parallel to a coincidence circuit and then in series to a pulse
height discriminator and a ratemeter. The time course of the
radioactivity of the preparation was registered on a pen-re-
corder.
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DETERMINATION OF ATP CONTENT

The water-soluble extract of the nerve was separated into ortho-
phosphate + creatine phosphate, ATP, ADP, and AMP frac-
tions, by column chromatography, according to the method of
Garrahan and Glynn [10] as modified by Anner et al. [4], and the
radioactivity of the different fractions then counted. In some
experiments, the total content of ATP in the water-soluble ex-
tract was determined by bioluminescence using the firefly luci-
ferase-luciferin reaction [20].

SOLUTIONS

The composition of the physiological solutions was (in mm):
NaCl, 154; KCl, 5.6; CaCl,, 0.9; MgCl,, 0.5; Tris, 1.0; glucose,
5.0. When phosphate was present, it was added as a mixture of
Na,HPO, and NaH,PQ,. The phosphate concentration indicated
in the text refers to the total concentration of orthophosphate.
The Na-free solutions were prepared by replacing NaCl by cho-
line. The calcium concentration was changed by adding, or omit-
ting CaCl; (Ca-free solution) or omitting CaCl, and adding
EGTA, 1 mM (Ca-free EGTA solution). The pH of alt solutions
was adjusted to pH 7.4 at 37°C. ¥P and “Ca were obtained from
National Instituut voor Radio-elementen, Fleurus, Belgium. The
calcium ionophore A23187 was from Calbiochem-Behring. The
ATP monitoring kit was from LKB-Wallac.

Results

Ca DEPENDENCE OF PHOSPHATE EFFLUX

We have observed recently that changes in extra-
cellular calcium concentration modify the phos-
phate efflux in rabbit vagus nerve {16]. An increase
in extracellular calcium to 20 mMm produced a rapid
increase of efflux of phosphate to a value about 40%
higher than the efflux in 0.9 mM external calcium.
This effect was reversible; on returning to the nor-
mal calcium concentration, the efflux fell to control
levels within a short time interval. These findings
suggest an involvement of the calcium ion in the
transmembrane phosphate transport. It is not clear,
however, whether the effect is due 1o an extracellu-
lar or an intracellular action of calcium. To study
this question, we have now used, in a first series of
experiments, the Ca ionophore A23187, which al-
lows modifications of the intracellular calcium with-
out changes in the extracellular calcium concentra-
tion.

As shown in Fig. 1, application of the Ca
ionophore produced an increase in phosphate efflux
to a new steady value. In zero phosphate, this was
about twice the level of controls. The increase in
efflux was not dependent on the external phosphate
concentration. If the same experiment was done in
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presence of 2 mm phosphate (curve A), the modifi-
cation of the phosphate efflux was not different
from the effect in zero phosphate (curve B).

The increase in phosphate efflux produced by
A23187 was paralleled by an increase in the Ca con-
tent of the preparation, as seen in the top record of
Fig. 2.
~ The stimulation of the phosphate efflux by the
ionophore could have been due to an increase in
the intracellular calcium or to an ecffect of the
ionophore on the phosphate efflux mechanism. This
latter possibility was excluded by studying the ef-
fects of A23187 in the Ca-free-EGTA solution. As
shown in Fig. 3, the application of the ionophore
was then not immediately followed by an increase
in phosphate efflux; a small release of phosphate
occurred only after 1 to 2 hr. This delayed increase
in phosphate efflux may be due to a liberation of
calcium by the ionophore from intracellular calcium
stores [7].

The other results in Fig. 3 show that the main
effect of the calcium ionophore depends on the
presence of calcium and are thus in agreement with
the hypothesis that the drug exerts its stimulatory
effect on the phosphate efflux by a rise in the intra-
cellular calcium. From the results presented in Fig.
3 it can also be seen that the maximal stimulation of
the phosphate efflux by the ionophore was obtained
at 0.9 mm of external calcium; in higher calcium
concentrations the stimulatory effect of A23187 was
not further increased.

Figure 4 shows results of experiments in which
external calcium was added to nerves treated with
A23187 in Ca-free-EGTA solution. For comparison,
similar experiments but without the ionophore are
shown. In the absence of external calcium, the
ionophore was almost without effect. The addition
of calcium to the nerves pretreated with the
ionophore produced a rapid rise in phosphate ef-
flux, whereas in controls the same changes of extra-
cellular calcium were either without effect or the
increase in phosphate efflux was much smaller.

Na DEPENDENCE OF PHOSPHATE EFFLUX

In view of these results, it was interesting to reeval-
uate the effects of changes of extracellular sodium
on the phosphate efflux, since this ion is known to
play an important role in the regulation of the intra-
cellular calcium levels.

As in the experiments described above, modi-
fied solutions were applied after an efflux period of
120 min in physiological solution. Experiments pre-
sented in Fig. 5 show, at two different external
phosphate concentrations, the effects of sodium
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Fig. 2. Top curve is recorded of “*Ca content after application of
ionophore in preparation that was previously equilibrated in
#Ca. Bottom curves are effluxes of phosphate at zero (O) and 2
mM (@) external phosphate calculated from Fig. 1 as the differ-
ence between control and means of ionophore-stimulated phos-
phate efflux. External Ca was 0.9 mm
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Fig. 3. Development of effect of Ca-ionophore at different extra-
cellular calcium concentrations. The ordinate shows the frac-
tional rate of efflux before and during the application of the drug;
on the right, concentrations of calcium (in mM) in washing solu-
tion. Points, with bars indicating SEM, are means of three to
seven experiments; diamonds represent effluxes without
ionophore. Abscissa is time after the beginning of the washing
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withdrawal (choline substitution) on the phosphate
efflux. The omission of sodium produced a rapid
initial rise of the phosphate efflux, which in high
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Fig. 4. Effects of increasing extracellular calcium in nerves pre-
treated with A23187 (@) in Ca-free EGTA solution. Ordinate
shows the fractional rate of phosphate efflux before, during and
after changes of the external calcium concentration to the value
indicated on the Figure. Abscissa is time after beginning of the
washing. Open circles show the results of similar experiments
without the ionophore
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external phosphate was followed by an important
decrease to values below the efflux in normal so-
dium concentrations. .

Since the phosphate efflux is stimulated by the
intracellular calcium, the initial rise in phosphate
efflux observed after the Na withdrawal could be
due to an increase in the internal calcium pool, re-
sulting from an inhibition of a Na/Ca exchange
mechanism (for review, see [6]; and for vagus nerve,
[17]). The next series of experiments was carried
out in order to test this hypothesis. Nerves were
superfused in absence of phosphate during 120 min
with Ca-free solutions or with 2 mm added calcium;
after this initial period, the Na from the washing
solution was replaced by choline. The results of
Fig. 6 show that in high Ca, Na-free solution pro-
duced a maintained increase in phosphate efflux,
whereas in low external calcium only a smaller tran-
sient increase was observed after omission of Na.
The calcium-sensitive component of the phosphate
efflux after sodium withdrawal is shown in the bot-
tom of Fig. 7, as the difference between the effluxes
obtained in the presence of calcium and in the Ca-
free solution. The top curve of this Figure shows a
record of the ¥Ca content of the nerve, measured in
the same conditions as the phosphate efflux experi-
ments: there is an excellent correlation between the
time courses of the Ca-stimulated phosphate efflux
and the Ca content.

Another experiment which showed that a part
of the phosphate efflux in Na-free solution is Ca
sensitive is illustrated in Fig. 8. In this experiment
the sodium was first replaced by choline in the pres-
ence of 2 mm calcium, and later, after 1 hr of wash-
ing, the calcium from the Na-free solution was omit-
ted. After the calcium withdrawal, the phosphate
effiux fell to values close to control level. The Fig-
ure also shows the reversibility of the effect due to
sodium readmission as well as the efflux in Na-free
solution with 2 mm Ca.

MEASUREMENT OF THE METABOLIC EFFECT OF
THE INTRACELLULAR CALCIUM

It might be that an increase in the internal calcium
concentration will stimulate the intracellular Ca-de-
pendent ATPases, increasing breakdown of the cel-
lular ATP pool. An increase of the phosphate efflux
could in this case be explained by the increase of the
intracellular inorganic phosphate concentration.
This possibility was tested by measuring the 32P-
labeled intracellular ATP, ADP and phosphate and
creatine phosphate, as well as the total ATP content
in controls and in nerves treated with the calcium
tonophore.
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As in the efflux experiments described above,
the nerves were first incubated during 150 min in
32P-labeled solution. Controls were then washed
during 240 min with nonradioactive physiological
solution, whereas treated nerves were washed dur-
ing 120 min with physiological solution and then 120
min with solution containing 10 um of A23187. At
the end of the experiment the labeled ATP, ADP
and phosphate plus creatine phosphate as well as
the total ATP content were determined as described
in Materials and Methods. The results, presented in

x 10% x min™!
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the Table, show that the ionophore-stimulated in-
crease of intracellular calcium does not significantly
modify the ATP turnover.

Discussion

EFFECTS OF A23187 ON THE PHOSPHATE EFFLUX

As previously shown an increase in the calcium
concentration in the external solution is followed by

Fig. 5. Effect of replacing Na by
choline in presence (@) and
absence (O) of phosphate in
washing solution. Ordinate
shows the fractional rate of
phosphate efflux before and after
the removal of extracellular Na:
abscissa is time after beginning
of washing. Points are means of
four (A) or three (B) experi-

. ments; bars indicate SEmM
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Fig. 6. Effect of substitution of Na by choline in
presence of 2 mm Ca (@) and in Ca-free solution
(O). Ordinate shows fractional rate of phosphate
efflux before, during and after Na withdrawal:
note reversibility of the effect. Abscissa is the
time after beginning of the washing. Points are
means of three or more experiments: bars indi-
cate SEM
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a rapid increase of phosphate efflux in rabbit vagus
nerve [16]. This effect could be due to direct action
of the extracellular calcium on the phosphate efflux
mechanism or to an increase in intracellular cal-
cium. In the present experiments, application of the
calcium ionophore at constant external calcium was
found to produce a large increase in phosphate ef-
flux (Fig. 1). A possible direct effect of the
ionophore on the phosphate transport system, or on
the phosphate permeability of the membrane can be
excluded, since in the absence of Ca the effect of
the ionophore was strongly reduced. These results
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show that internal rather than external calcium af-
fects the phosphate efflux. Moreover, experiments
on Fig. 4, which show that the phosphate effiux
becomes much more sensitive to changes in exter-
nal calcium concentration when nerves are pre-
treated with A23187, are also in agreement with this
idea. The idea is further supported by recordings of
the ¥*Ca content, which give an excellent agreement
between the time course of the increase in calcium
and the increase in phosphate efflux, during the
treatment with the ionophore.

Figure 2 also shows that the external phosphate

Fig. 7. Comparison of ¥Ca content and phos-
phate efflux during Na withdrawal. Top curve is
record of “Ca content obtained after equilibra-
tion of the exchangeable Ca pool of the nerve
with the labeled extracellular solution. Bottom
curve represents difference between phosphate
effluxes at 2 mMm Ca and in Ca-free solution.
Abscissa is time after application of radioactive
solution (for top curve) or after beginning of the
washing (bottom curve). Both were obtained in
absence of phosphate
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Fig. 8. Reversibility of the phos-
phate efflux in Na-free solution.
Ordinate shows the phosphate
efflux before and during the Na
omission, as well as reversal of
the effect by Ca withdrawal (@)
and Na readmission (@). The
“control’’ efflux in Na-free
solution is also shown (O).
Abscissa is time after beginning
of washing, Points are means of

three to 12 experiments; bars
indicate semM. Ca concentration
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concentration does not affect the ionophore-stimu-
lated phosphate efflux. This suggests that the Ca-
dependent part of the phosphate efflux is mediated
by a mechanism distinct from the Na-dependent
part of the phosphate transport system. This con-
clusion is confirmed by results obtained in Na-free
solutions, where the Ca-dependence of the phos-
phate efflux is still present (see below, and Fig. 6).

EFFECTS OF Na-FREE SOLUTION OF THE
PHOSPHATE EFFLuUXx

Removal of extracellular sodium increases the
membrane potential of rabbit vagus nerve by about
10 mV [15]. Qualitatively, this hyperpolarization
could be at the origin of the observed increase in the
efflux of the negatively charged phosphate ion in
Na-free solution. Quantitatively, however, as we
have shown previously [15], a hyperpolarization of
10 mV would produce an increase in phosphate ef-
flux of only about 4 or 5%, a small fraction of the
observed effect. Another mechanism must there-
fore be involved in the increase in phosphate efflux
in Na-free solntions.

The results presented in this paper suggest that
part of the effect of Na-withdrawal is related to al-
terations of the internal calcium. If we assume that
in vagus nerve calcium fluxes are, at least partially,
mediated by a Na/Ca countertransport, then an ini-
tial effect of removal of the extracellular sodium
would be an inhibition of the calcium efflux, result-
ing in an increase of the intracellular calcium. At the
same time, the intracellufar sodium is progressively
lost. The phosphate efflux after the Na withdrawal
could thus present a biphasic pattern: in a first pe-
riod there could be an increase of the Ca-dependent
component of the efflux, followed by a decrease in
the Na-dependent one.

The results presented in Figs. 5 and 6 show a
good correlation with these predictions. Curve A of
Fig. 5 was obtained in solution with 2 mmM phos-

Table. Effect of A23187 (10 uM) on the labeling of nucleotides
and on the total ATP content®

Incubating Labeled Total ATP
solution (mmol/kg
ATP/ADP ATP/ADP - (P; + CrP) wet weight)
physiol. (3) 1.04 2 0.35 27.22 * 4.36 1.06 = 0.11
A23187 (4) 237 £ 0.24 2797 £ 3.55 1.02 = 0.03

2 The nerves were loaded during 150 min in ?P-labeled physiological solu-
tion. Controls were then washed during 240 min in physiological solution,
treated nerves 120 min in physiological solution and 120 min in solution
containing 10 uM A23187. Number of experiments indicated in parenthe-
ses. Values are means % sgm P; = orthophosphate; CrP = creatine phos-
phate.
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phate, curve B in the absence of external phos-
phate. In both cases, after removal of external so-
dium, the efflux first increased, which is In
agreement with the hypothetical rise in intracellular
calcium. In the presence of phosphate, the initial
increase of efflux was followed by a decrease to
values below the efflux in normal sodium concen-
trations. This decrease reflects the inhibition of the
Na-dependent component of the phosphate efflux
[9].

In low external phosphate (Fig. 5, curve B), the
initial rise is usually larger than in high phosphate
and the decrease that follows tends to values that
remain close to the rates of efflux observed before
the Na omission. This suggests that the lack of so-
dium in low phosphate does not inhibit the efflux of
phosphate, indicating that only the efflux stimulated
by the extracellular phosphate is Na dependent. In
other words it signifies that both external phosphate
and sodium stimulate the same component of the
phosphate efflux mechanism. This is also confirmed
by previous results [9], which showed that transsti-
mulation of the phosphate efflux by external phos-
phate disappears in the absence of external sodium.

If then in the absence of phosphate the Na-de-
pendent part of the phosphate efflux is abolished, an
effect of Na withdrawal must be due to a compo-
nent other than the Na-dependent part of the phos-
phate efflux. Figure 6 clearly shows that in the ab-
sence of phosphate there is an increase of efflux
when sodium is omitted. Moreover, this increase
depends on the external calcium concentration, in-
creasing with increasing caicium in the perfusion
solution. In the absence of Ca, application of cho-
line causes only a short transient liberation of phos-
phate (Fig. 6B) which is probably due to the direct
effect of choline rather than to the absence of Na, as
described by Straub et al. [25].

The curve presented in the bottom of Fig. 7
shows the “‘net” effect of calcium on the phosphate
efflux during the Na withdrawal. Its time course
corresponds closely to the increase in “°Ca content
of the nerve, measured in the same conditions and
presented in the top of this figure.

The effect of Na-free solution on the phosphate
efflux is perfectly reversible. After the reintroduc-
tion of sodium to the perfusion solution the phos-
phate efflux falls rapidly to control levels or even
slightly below (Figs. 6, 7 and 8). A similar but some-
what slower reversal of the effect is obtained by
withdrawal of calcium from the Na-free solution
(Fig. 8). The difference between these two results
suggests that, in the vagus nerve, the restorative
movements of calcium from the cell by Na/Ca ex-
change mechanism is more effective than calcium
extrusion via a Ca pump.
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MopE oF AcTtioN oF Ca
ON THE PHOSPHATE EFFLUX

Data presented in the Table show that there is no
significant modification of the ATP turnover when
the intracellular calcium is increased. This observa-
tion, and the fact that a tenfold increase in extracel-
lular calcium produces no increase (there is even a
slight decrease) of the resting oxygen consumption
in rabbit vagus nerve [23], show that the calcium-
stimulated phosphate efflux is probably not due to
an alteration of the ATP/phosphate balance, nor to
a modification of the respiration-coupled transport
of calcium by the mitochondria [19].

Calcium ions are known to interfere with a
number of cellular functions, including the phos-
phorylation of membrane phospholipids (for re-
view, see [12]). If, during their metabolic cycle the
membrane phospholipids release some phosphate
to the outside of the cell, it will contribute to the
total phosphate efflux, and a modification of the
phospholipid turnover could thus influence the mea-
sured efflux of phosphate. Rouiller [24] has shown
an effect of tetracaine and other local anaesthetics
on the labeling of different phospholipids, particu-
larly the triphosphoinositol, which occurred in par-
allel with changes in the phosphate efflux. A similar
stimulation of the phospholipid metabolism by the
intracellular calcium [1, 2, 11] could be the cause of
the calcium-stimulated phosphate efflux.

Another possible explanation of the results pre-
sented in this paper is to postulate that phosphate
leaves the cell in cotransport with calcium. In efflux
experiments with nerves loaded with “Ca the mean
rate constant of calcium efflux (at 0.9 mm of extra-
cellular calcium and in absence of phosphate) was
about 1.25 x 107* sec™', and the steady value of the
exchangeable calcium pool, calculated from our in-
flux experiments was, for the same experimental
conditions, 1.2 mm/kg wet weight (unpublished
results). Assuming a membrane area of 60 cm?/10
mg of nerve [18], we obtain for the efflux of calcium
at the steady state a value of 25 fmol cm™2 sec™,
which is similar to the value in squid axons reported
by Mullins [22] and DiPolo and Beaugé [8]. The
corresponding mean rate constant of phosphate ef-
flux and the exchangeable phosphate pool are 1.7 %
1075 sec™ (this paper) and 6.9 mmol/kg wet weight
[3], respectively. These values correspond to an ef-
flux of phosphate of 20 fmol cm™? sec™!, which is
surprisingly close to the efflux of calcium calculated
above. Coupling between phosphate and calcium ef-
fluxes in rabbit vagus nerve is therefore not ex-
cluded on quantitative grounds. A further argument
for this possibility is that low concentrations of lan-
thanum, which block the Na-independent part of
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the phosphate efflux [16], in squid giant axon inhibit
the residual calcium efflux that persists in absence
of external sodium and calcium almost completely
[5]. In this residual calcium efflux system, calcium
is extruded neither in exchange for an external cal-
cium ion, nor for another external cation. The pos-
sibility that it is extruded with an anion, such as
phosphate, could be a possible explanation.

Finally in internally dialyzed squid axons it has
been found that interral calcium activates the ex-
change between external calcium and internal so-
dium (see [8]). The results presented in this paper
show that whenever the intracellular calcium is in-
creased, either by application of the calcium
ionophore (Figs. 1-3) or by removal of external so-
dium (Figs. 5-8), an important increase in phos-
phate efflux is seen. It is thus possible that the Ca-
dependent component of the phosphate effiux is
linked to the operation of this Na;,/Ca, exchange
mechanism. This hypothesis seems to be the most
attractive one, since besides the Ca dependence of
the phosphate effiux, it also explains its Na depen-
dence. Indeed, in the absence of extracellular Na,
intracellular sodium will be progressively lost, so
decreasing the Na;,/Ca, exchange, and conse-
quently the phosphate efflux.

This work was supported by a grant from the Swiss National
Science Foundation.
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