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Rapid Transient Efflux of Phosphate Ions from

Pancreatic Islets as an Early Action of Insulin Secretagogues
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From the Center for Endocrinology, Metabolism, and Nutrition, and the Departments of
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A B S T R A C T Anionic fluxes during the membrane
realignments of stimulated insulin release have not
been characterized previously although cations have
been implicated in stimulus-secretion coupling. Wehave
shown that a limited packet pulse of phosphate release
("phosphate flush") begins at the same time that the
first phase of insulin secretion may occur. To demon-
strate this phenomenon, we have prelabeled islets, ob-
tained from rat pancreas by collagenase digestions, by
incubation with [8'P]orthophosphate. When such pre-
labeled islets are perifused with Krebs-Ringer bicarbo-
nate containing 0.5 mg/ml D-glucose, a basal rate of
efflux of radioactivity is established; transfer to perifu-
sates containing 3.0 mg/ml n-glucose elicits an increased
'P efflux within 1-2 min to peak values which are 7- to
21-fold greater than basal. The total duration of this
"phosphate flush" approximates 10 min and exceeds the
duration of the first phase of stimulated insulin secretion.
With lesser concentrations of glucose, the flush exhibits
dose-response relationships, and with 3 mg/ml glucose,
a second flush can be elicited by restoring basal con-
ditions and stimulating anew with 3 mg/ml glucose. The
phenomenon is highly specific and can be reduplicated
by other secretagogues (L-leucine) or sugars (D-man-
nose) which are also known to elicit insulin release but
not by sugars which fail to affect insulin secretion
(D-galactose, D-fructose, i-inositol, L-glucose). The ef-
flux of radioactivity consists entirely of ["P]orthophos-
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phate. Phosphate flush persists in phosphate-free media,
Ca"-free media, and when insulin release is obtunded
by adding Ni++ (2 mM) to the perifusates. Thus, efflux
of ["P]orthophosphate can be dissociated from insulin
extrusion, and from net influx of ionic phosphate or
calcium. Membrane stabilization with D20 or 1.0 mM
tetracaine reversibly inhibits phosphate flush. Although
the mechanism by which this effect occurs has not yet
been established, the phosphate flush appears to con-
stitute one of the earliest and hitherto unknown indices
of the excitatory state in pancreatic islets.

INTRODUCTION
Although considerable information is available concern-
ing the factors which are necessary for the secretion of
insulin from the pancreatic f-cell, the precise sequence of
events leading to release of the hormone from the stimu-
lated gland is still far from clear (1). Studies have
shown that calcium is essential for excitation of the
gland and that ATP is required for the release of in-
sulin, perhaps both for the formation of cyclic AMP
and for supplying energy for the emiocytosis of secre-
tion granules through a microtubule system. Coupled
with these requirements there is evidence that stimula-
tion of the gland causes an immediate increase in the
rate of synthesis of the acidic phospholipids, especially
phosphatidylinositol (2).

In early studies, Freinkel (3, 4) showed that in an
analogous situation in which a secretory gland is trans-
formed from "resting" to working," namely thyroid
tissue treated with thyrotropin, there was an appreciable
increase of intracellular inorganic phosphate and water-
soluble phosphate esters. This paralleled a concurrent
stimulation of oxygen consumption and glucose utiliza-
tion and appeared to be one of the earliest biochemical
sequelae of the thyrotropin action. An outflux of inor-
ganic phosphate and water-soluble phosphate esters has
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also been observed during depolarization of excitable
tissues such as frog sartorius muscle cells and spinal
root nerve preparations (5). Since such an event might
occur as a general phenomenon associated with the ex-
citatory state we have examined the isolated islet of the
pancreas in this context. Islet cells were prelabeled in
vitro by an incubation with [32P] orthophosphate and
then subjected to perifusion. The experiments have
clearly shown that when such prelabeled islets are ex-
posed to insulin secretagogues during perifusion, there
is an immediate and substantial efflux of radioactive phos-
phate ions from the cells to the perifusion medium.

Use of this technique has also enabled us to examine
whether the increased turnover of phosphatidylinositol
previously mentioned is concerned with the excitation
or secretion processes either directly or indirectly. The
phenomenon itself is virtually universal in physiological
situations in which cells are galvanized into heightened
secretory or other activity (6). Recently we have shown
that the breakdown of phosphatidylinositol by tissue
enzymes (7) can be brought about by the direct schism
of phospholipid into a diglyceride and a novel metabo-
lite, inositol-1,2-cyclic phosphate (8). Clearly the pos-
sibility existed that this metabolite could be involved in
the series of events necessary for insulin release, either
by acting as a second messenger or by enhancing the
action of cyclic AMPby phosphodiesterase inhibition.
We were therefore able by the same technique to in-
vestigate whether in pancreatic islet cells stimulated to
secrete insulin there was a concomitant release to the
perifusion medium of inositol cyclic phosphate or its
immediate catabolic metabolite, inositol monophosphate.

METHODS
Preparation of islets of Langerhans. Female albino rats

weighing 200-300 g fed ad lib. were used in all experiments.
Islets were isolated essentially by the techniques described
by Lacy and Kostianovsky (9) and Lacy, Walker, and
Fink (10) incorporating a modification used by Malaisse-
Lagae and Malaisse (11) in which the exposed pancreas
is inj ected with Hanks' solution before its removal and
partial digestion with collagenase. Each donor rat was anes-
thetized with pentobarbital and four pancreases were pro-
cessed at the same time by two workers. Cut-up pancreases
from two animals were combined in Hanks' solution, and
after allowing the pieces to settle, the floating fat layer
was decanted and surplus Hanks' solution was removed
leaving the pancreas segments in approximately 4 ml of
fluid. The suspension was warmed to 370C in a water bath,
4 mg/ml collagenase (Worthington Biochemical Corp.,
Freehold, N. J., type IV lots 229, 257) added, and the in-
cubation continued with hand shaking. The digestion was
judged complete when no pieces or strings of tissue were
visible, and it was stopped by flooding the incubate with
excess Hanks' solution. After centrifugation at low speeds
the supernate together with a pink slimy layer of acinar
tissue debris was removed from the top of the lower islet
layer. Repeated washing was carried out by this method

until the supernate was clear of acinar tissue and contained
no islets.

In initial experiments the islets were concentrated and
purified by preliminary fractionation on a Ficoll gradient
(12). However, in later experiments this step was elimi-
nated because even though the Ficoll had been purified by
dialysis its use led to erratic insulin release, a finding inde-
pendently observed by Beigelman, Shu, and Thomas (13).
The preparations of islets from four pancreases were com-
bined and suspended in Petri dishes of Hanks' solution at
room temperature, and individual islets removed with the
aid of a dissecting microscope using a siliconized pipette.
Two workers picked out 200-400 islets between them in 1 h.
The islets were transferred to a Krebs-Ringer bicarbonate
modified so that each 100 ml contained 0.05 mmol Na2HPO4
(added as 0.1 M NaHPO4-HCl buffer pH 7.4), 500 mg
bovine serum albumin (Fraction V, Armour Pharmaceuti-
cal Company, Chicago, Ill.), 100 mg glucose, 10,000 U
penicillin, and 10 mg streptomycin sulfate. The islets were
washed at least five times by decantation in the same me-
dium.

Labeling of islets. The complete yield of islets was sus-
pended in 1 ml of the above modified Krebs-Ringer bi-
carbonate to which had been added 150 1uCi of carrier-free
[32P]inorganic phosphate. The suspension was gassed for 5
min with 95% 02-5% C02 and incubated for 90 min at 370C
with shaking under the same gas phase. The labeled islets
were then washed 12 times using a Krebs-Ringer bicarbo-
nate medium modified so that each 100 ml contained 0.1
mmol Na2HPO4, 500 mg bovine serum albumin, 50 mg
glucose, together with the same antibiotics as described
above. Analysis of 10 consecutive preparations of islets,
after labeling with 32P and washing, indicated that 68.8
± 1.6% 1 of the radioactivity present was acid-soluble, 7.2
+0.7% had been incorporated into the phospholipid fraction
and the remainder was in the nucleic acid and phosphopro-
tein residue. Two-dimensional thin-layer chromatography
(14) showed that a majority (73.2±1.7%o) of the phospho-
lipid labeling was in the phosphatidylinositol fraction.

Perifusion of labeled islets. Washed islets were removed,
10 at a time, and introduced into small siliconized glass
vessels with less than 1 ml medium until 100 had been
accumulated. Thereafter the islets were transferred with a
siliconized pipette onto 5.0-Aim millipore filters (Gelman)
which had been placed in perifusion chambers (Millipore
plastic filtration units, [Millipore Corp., Bedford, Mass.], 1
ml capacity) as described by Lacy et al. (10). Two peri-
fusions were usually undertaken in each experimental run.
The islets were kept moist with the same Krebs-Ringer
solution during application onto each filter, whereupon the
chambers were filled with the same medium, and the peri-
fusion commenced. The same medium at 37°C was forced
over the islets with a dual-channel peristaltic pump (Har-
vard Apparatus Co., Inc., Millis, Mass.) at a rate of
approximately 0.8-0.9 ml/min. In typical experiments the
initial collections of effluent were made over 5-min inter-
vals for 40 min reducing to 3-min intervals for 6 min and
then 1-min intervals 4 min before any change in the peri-
fusion medium. After the change, 14 successive 1-min col-
lections were made followed by two 3-min and subsequent
5-min collections. Each experiment described in this paper
was performed at least in duplicate or triplicate on separate
occasions and with separate preparations of islets.

Counting. Portions (0.05 ml) of each eluate collection
were diluted with 10 ml of Aquasol scintillation fluid (New

1Mean+SEM
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England Nuclear, Boston, Mass.) and counted in a Nuclear-
Chicago Mark I liquid scintillation counter (Nuclear-
Chicago Corp., Des Plaines, Ill.).

Insulin assay. In most experiments, portions of each elu-
ate collection were assayed for total immunologically reac-
tive insulin by radioimmunoassay. Nine-point standard curves
were prepared with rat insulin kindly supplied by Dr. D. F.
Steiner (University of Chicago) and steer antiserum. Anti-
body-bound insulin was precipitated with polyethylene glycol
as per Desbuquois and Aurbach (15). The release of total
immunoreactive insulin, i.e. insulin plus proinsulin, was ex-
pressed in microunits liberated per islet per minute.

Paper ionophoresis. Ionophoresis of water-soluble phos-
phorus compounds was carried out on paper at pH 3.6 using
a volatile buffer (acetic acid-pyridine-H20 10:1: 289 parts
by volume) and a voltage gradient of 80 V/cm for 50 min.
The paper on the anode side of the origin was cut into
1-cm strips which were assessed for radioactivity by scin-
tillation counting.

RESULTS

Response to stimulation with high glucose concentra-
tion. When prelabeled islets were perifused with
Srebs-Kinger containing U._

tively low but constant basal
and insulin into the perifusal
proximately 30 min (Fig. 1).
'3P production in the nonstirr
what from preparation to pr
random manner which may p
the degree of labeling of the
After 50 min, the perifusion
dipping the intake of the pu:
medium. Perifusion with fres]
0.5 mg/ml glucose did not alter
(Fig. 1). Contrariwise, perif
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FIGuR.E 2 Efflux of 31P during repetitive stimulation: One
of three experiments is presented in which prelabeled islets
were stimulated with 3 mg/ml glucose a second time (at 90
min) after glucose in the perifusate had been reduced to
0.5 mg/ml (at 70 min).

mg/ml ot glucose, a reia- containing 3 mg/ml glucose resulted in a rapid pulse
efflux of 'P radioactivity of radioactivity into the perifusate (Fig. 1). Since the

te was achieved after ap- volume of each perifusion chamber and its associated
The actual basal level of tubing was 2.8 ml, the calculated dead time of the system

i1ulated state varied some- at the usual flow-through rate of 0.9 ml/min would be
7eparation in a seemingly approximately 3 min. In 25 experiments with 3 mg/ml
)ossibly be connected with glucose, significant (P < 0.001) increments in 8P efflux
e islets in each chamber. averaging 177±16% of basal values were manifest at 4
medium was changed by min so that the 8P response of the islets to glucose im-

mp into a fresh batch of pact was virtually immediate. Peak efflux of 'sP occurred
h

medium still containing 2-3 min later and averaged 1,335±96% of basal values
the basal rate of 'P effiux (range 700-2,100%). Thereafter, the release of 82P

usion with fresh medium rapidly returned to basal values. The entire flush did not
last more than 13 min in 25 experiments and usually 10

CRS. min or less. Analysis of the stimulated islets in four ex-
COSE, mg/m periments showed that the flush accounted for 37.342%
5 0.5 of the cellular acid-soluble 82p.

In further studies, after 20 min of perifusion with 3
mg/ml glucose, the glucose was reduced to 0.5 mg/ml
for another 20 min whereupon another loading of 3
mg/ml glucose was given (Fig. 2). In each of three
such experiments, the second impact of high glucose
concentration induced a second flush of 'P which was of
smaller magnitude than the first, presumably because

_9 eless radioactivity remained in the prelabeled islets. The
50 60 70 finding was construed as evidence that depletion of all

MINUTES potentially dischargeable radioactivity did not account
stimulation of islets with for the finite duration of the increased outflow of 82P

abeled islets were perifused
lucose in double chambers. during the initial exposure to 3 mg/mI glucose. This

5 mg/ml glucose was con- interpretation was reinforced by examining the 82P re-
the solid symbols whereas sponse during exposure to smaller increases in glucose

ose was instituted in the concentration (Fig. 3). In three such experiments at
symbols. The illustration each concentration, 8P efflux peaked at 403±27% of
representative experiment.
rriments are given in the basal values when glucose in the perifusion media was

increased from 0.5 to 1.0 mg/ml; 1,086+218% during
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FIGURE 3 Effects of varying concentrations of glucose
upon efflux of 32P from prelabeled islets: After 50 min of
perifusion with 0.5 mg/ml glucose, the concentrations of
glucose in the perifusate was increased to 1.0, 1.5, or 3.0
mg/ml. Results (mean+SEM) at each time point have been
expressed as a percentage of the "basal" values-i.e., the
average counts per minute `2P per islet per minute which
were present in the perifusate during the 5 min preceding
the increase in glucose. By this convention, basal values
represent 100%. n denotes the number of experiments.

increase from 0.5 to 1.5 mg/ml; and 1,424±186% dur-
ing increase from 0.5 to 3.0 mg/ml (Fig. 3). Contrari-
wise, basal '3P outflow was not affected significantly in
concurrent similar studies (not shown) in which media
were changed from 0 to 0.5 mg/ml glucose. As with
3.0 mg/ml, the dose-dependent heightened releases of 8'P
in response to 1.0 and 1.5 mg/ml glucose were also
evanescent (Fig. 3), thus indicating that these transi-
tory 3P flushes represent "packet-pulses" rather than
limitations in the available radioactivity accumulated
during prelabeling.

To rule out the necessity for bidirectional phosphate
exchanges, phosphate buffer was omitted from the
Krebs-Ringer bicarbonate solution throughout the peri-
fusion period in three experimental runs. Heightened
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DOUBLECHAMBf8ERS:
GLUCOSE, mg/ml

3.0

FIGURE 5 Effect of various sugars on the efflux of 82P
from prelabeled islets: After 50 min of basal perifusion
with Krebs-Ringer bicarbonate containing 0.5 mg/ml D-
glucose, perifusates were supplemented further with 2.5
mg/ml D-galactose, i-inositol, D-fructose, or L-glucose. Basal
rates of '8P efflux were unaffected. However, substitution
of 2.5 mg/ml D-glucose or D-mannose at 80 min effected
prompt increase in '8P efflux in all experiments.

PLUS P04

MINUS P04

40 50 60 70
MINUTES

FIGURE 4 Effect of extracellular phospho
of 8P during stimulation of prelabeled
glucose concentration: Double chambers v
perifuse prelabeled islets with conventior
bicarbonate (open circles) or Krebs-Ri
from which ionic phosphate had been
circles). One of three experiments is prese
tration.

release at '8P in response to 3 mg/ml glucose was still
observed although the magnitude was 32.3±9.6% less

'80 * 90@ *10 than that seen in the concurrent control studies with
phosphate-supplemented medium (Fig. 4).' Hence, sP

ate ion on efflux efflux does not seem to require concurrent influx of
islets with high orthophosphate.

vere employed to
lal Krebs-Ringer ' Carrier phosphate was included in all collection tubes
Lnger bicarbonate for these experiments. Nonetheless, the possibility cannot be

omitted (closed excluded that some of the apparent reduction of '3P outflow
nted in the illus- in the absence of extracellular orthophosphate may have

been due to adsorption of 8P to glass and plastic surfaces.

1182 N. Freinkel, C. El Younsi, J. Bonnar, and R. M. C. Dawson

PER/FUSATE
X OFBASAL:

32P
cpm/islet/min

4 0.5 +

400'

PERIfIJSATrE: 300

32P
cpm/islet/min 200-

100'_



Nature of "P radioactivity released.
perifusion collections containing the mc
of the "P pulse from the glucose-stimul
analyzed by high voltage paper ionoph
tire radioactivity ran identically with an
phate marker. The separation clearly di
tween inorganic phosphate and adenosin
pyrophosphate. (Mobilitypi AMP0.14, A
0.81, PPt = 1.38). Inositol-1,2-cyclic p
0.76) and inositol-1-monophosphate (M
have also migrated differently to inorg;
An identical result was obtained when
ADP, and phosphocreatine (4 sumol)
the collection tubes; when EDTA (10
mediately added to the effluent; or if the
boiled for 1 min immediately on collecti(
postcollection enzymatic activity (no Al
detected in the perifusate). Similar re
tained when the radioactivity was separa
chromatogram in phenol saturated with
acetic acid solvent, 100: 12: 10 part by
the Berenblum and Chain (16) analytic
which the radioactivity again predomina
inorganic phosphate.

Specificity of "P release. A number c
or sugar analogues were tested to see if th
about a similar pulse of "P from the is]
curred on loading with D-glucose. At a levc
D-galactose, i-inositol, I-glucose, and D-
to a basal level of 0.5 mg/ml D-glucose fE
significant [3P]phosphate flush (Fig. 5).
mg/ml) or D-mannose (2.5 mg/ml) add
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FIGURE 6 Effect of L-leucine during peri
labeled islets: The illustration depicts a rep
periment in which double chambers wer(
compare the effects of 10 mMleucine in the
symbols) or presence (open symbols) of 0.5

Portions of the
st radioactivity
ated islets were
oresis. The en-
inorganic phos-
istinguished be-
e nucleotides or
LDP 0.55, ATP
)hosphate (MPi
-Pi 0.70) would
anic phosphate.

carrier ATP,
were added to
mM) was im-
fractions were
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rPase could be
sults were ob-
ted on a paper
water-ethanol-

volume, and in

DOUBLE CHAMBERS:
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FIGURE 7 Effect of prior radiation on release of insulin
during perifusion of isolated rat pancreatic islets: Aliquots
from a preparation of islets were incubated for 90 min with
Krebs-Ringer bicarbonate containing no isotope or 150 gCi
["P]orthophosphate/ml. Thereafter, labeled and unlabeled
islets were compared during simultaneous perifusion in
double chambers. One of two such experiments is shown
above.

aii procedure in other hexoses produced the usual "P efflux. None of these
ntly reacted as sugars apart from the D-glucose and D-mannose has been

shown to cause insulin release from isolated pancreatic
:)f other sugars islets (17) although it is known that D-fructose may

tey would bring stimulate insulin release from intact pancreas tissue.

lets as had oc- The amino acid, L-leucine, was examined as a secreta-
el of 2.5 mg/ml gogue which can also stimulate insulin release but via

fructose added mechanisms that are different than those for sugars.
ailed to elicit a In three such experiments, to be described in detail else-
D-Glucose (2.5 where, inclusion of 10 mML-leucine in the perifusion
led after these medium elicited increased "P efflux within 4 min. The

magnitude of the "P pulse appeared to be greater when
the medium also contained 0.5 mg/ml glucose than when
glucose was omitted (Fig. 6).

).5 Temporal relationships between release of phosphate
0 and insulin. The islet perifusion technique used in these

10 mM experiments involved two significant differences from
those previously published: firstly, there was an ad-
ditional 90-min preincubation for labeling of the islets,
and secondly, the islets were subject to substantial radi-
ation (150 oCi "P in 1 ml) during this incubation and
to appreciable extra washings to remove adherent radio-
activity thereafter. These added manipulations and de-
lays may have accounted for our lesser magnitude of
insulin release during perifusion than previously re-
ported by Lacy et al. (10). For example, when aliquots
from three different preparations of islets wvere perifused

__________'__ (a) directly after isolation as per Lacy (10) or (b) after
70 80 90 min preincubation (without radioactivity) and our

usual series of extra washings, the comparative rates of
efusion of pre- insulin release for (a) vs. (b) during 50 min of perifu-
e employed to sion with 3.0 mg/ml glucose were 1.79 vs. 1.02; 2.91 vs.

absence (closed 1.17; and 2.26 vs. 1.49 /hU/islet/min, respectively. The
mg/ml glucose. extra manipulations may also have accounted for greater

Phosphate Release during Early Islet Stimulation 1183
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FIGURE 8 Temporal relationships
biphasic insulin secretion from pre
tions from 15 experiments in which
a satisfactory first-phase insulin re

percentages of their respective baw
as in Fig. 3). The illustration depic
(mean±SEM) at each time point f
secretion after stimulation with hig

variability in patterns of insulin s

not consistently obtain that biph
in response to 3.0 mg/ml glucose
18) observed in a similar perifuw
rapid primary packet pulse of insi
8-10 min by a slower buildup of

OSE, mg/ml (Fig. 8). Thus, precise temporal overlap does not obtain.
3.0 Experiments with leucine were similar. When leucine

- elicited a first phase of insulin release, the duration was
less than that of the concurrent phosphate flush (Fig. 6).

Effects of omitting calcium or adding nickel. Experi-
ments with Ca"+-free systems or ionic nickel were in-
stituted in further attempts to dissociate phosphate flush

_________________ .and stimulated insulin secretion.
Calcium has been firmly established as an essential di-

valent cation required for the secretion of insulin by
pancreas A-cells in response to glucose loading (19, 20).

- In four experiments, omission of all calcium ions from
the medium reduced insulin secretion in response to

- perifusion with 3.0 mg/ml glucose by 62.3±11.2%. How-
ever, 'P pulse effusion was unimpaired, and in three

X of the four experiments, the 32P efflux was greater than
0 E60 70 80 in the presence of normal amounts of Ca"+ (Fig. 9).
AINUTES The addition of nickel ions (2 mM) to the perifusate
between 'P efflux and also allowed the 32P efflux in response to glucose im-

3mabeled glcosleelicited pact, although the release of insulin was abolished (Fig.
lease were expressed as 10). Nickel is known to interfere in many systems re-
sal values (i.e., derived quiring calcium, perhaps, in part, by displacing Ca"+ from
:ts the concurrent results binding sites (21). Insulin secretion promptly occurred
For P efflux and insulin when nickel was withdrawn while the exposure to 3
rh glucose concentration. mg/ml glucose continued; a second increase in 8P efflux

did not occur at that time (Fig. 10).
secretion. Thus, we did Effect of tetracaine addition on `P efflux. Agents
asic release of insulin known to stabilize membranes were tested to evaluate
which Lacy et al. (10, whether 3P efflux may reflect some transitory alteration

sion system-that is, a in islet membrane permeability. Release of 'P from islets
ulin release followed in in response to glucose still occurred in the presence of
f the second and more 0.2 mMoubain, a concentration which should be suffi-
I.* T It1 _ _ 1_1 _ _continuous phase of insulin secretion. In our hands, the

first phase could be demonstrated in only about two-

thirds of the experiments (and did not appear to be modi-
fied by prior irradiation, Fig. 7). Failures to elicit the

first phase of insulin secretion were much more frequent
during our initial experiments in which Ficoll gradients
were used to concentrate islets.

The magnitude of phosphate flush in response to se-

cretory stimulants did not appear to be different in those

experiments in which first phase insulin release could
not be demonstrated. Therefore, heightened release of
32P may be dissociated from the measurable extrusion of
preformed secretory products. Nonetheless, phosphate
flush and first-phase insulin release in response to 3

mg/ml glucose were compared in 15 experiments to as-

sess the possible temporal correlations between these two
types of packet pulses. Results for both parameters, ex-

pressed as "percentages of basal values" are summarized
in Fig. 8. The first phase of insulin release appeared to

commence at the same time or within 1 min after the
onset of phosphate flush but finished earlier; the second
phase of stimulated insulin release began 2-4 min before
the heightened efflux of 'P returned to basal values

DOUBLECHAMBERS:
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FIGURE 9 The effect of calcium ion on efflux of "P during
secretory stimulation of prelabeled islets: One of four ex-

periments is shown above. Double chambers were employed
to perifuse prelabeled islets with Krebs-Ringer bicarbonate
containing 2.4 mMCa++ (open circles) or Krebs-Ringer
bicarbonate from which all Ca++ had been omitted (closed
circles).
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FIGURE 10 The effect of nickel ion on efflux of 8P and
insulin release during stimulation of prelabeled islets: The
illustration depicts absolute values from one of three ex-
periments; all gave similar results. Heightened efflux of
8P in response to 3.0 mg/ml glucose was manifested despite
the concurrent presence of Ni++ (2 mM) in the perifusion
medium. However, augmented insulin release did not occur
until Nil+ was omitted from the perifusate at 90 min.

cient to attenuate the Na, K-stimulated "transport-ATP-
ase" of the plasma membrane of the p-cells.

Tetracaine, in concentrations (1.0 mM) known to in-
hibit cyclic AMP-induced translocations of Call in other
systems (22), almost completely suppressed the release
of 'P from the islets in response to glucose loading (3
mg/ml); when the tetracaine was then omitted from
the perifusion medium and the glucose loading main-
tained there was a prompt efflux of 'P from the islets
(Fig. 11). Tetracaine also inhibited the release of in-
sulin from the islets (not shown in the illustration),
but the reversibility of this inhibition after tetracaine
withdrawal was inconstant in four such experiments.

Effect of D3O on 32P efflux. D20 is known to produce
almost total inhibition of glucose-induced insulin secre-
tion from isolated islets or segments of rat pancreas
maintained in vitro (10, 23), presumably by producing
stabilization and interference with the function of micro-
tubules. Perifusion of '2P-labeled islets with a medium
containing D20 instead of H20 suppressed all insulin
release and obtunded 'P liberation from the islets in
response to 3 mg/ml glucose loading (Fig. 12). On main-
taining the glucose concentration and reverting to H20
in the perifusion fluid, an immediate overshoot of insulin
release was obtained as has been previously reported
by Lacy et al. (10). At the same time, a 'P efflux was
manifest (Fig. 12).
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FIGURE 11 The effect of tetracaine on efflux of 32P during
stimulation of prelabeled islets: One of four experiments
with 1.0 mMtetracaine is shown. Double chambers were
employed. In the control chamber (closed circles) peri-
fusion was conducted with Krebs-Ringer bicarbonate con-
taining 0.5 mg/ml glucose for the first 50 min and 3.0
mg/ml glucose for the subsequent 60 min. In the experi-
mental chamber (open circles), the same concentrations of
glucose were employed but perifusion media for the first 90
min contained 1.0 mMtetracaine in addition.
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FIGURE 12 The effect of D20 on efflux of 8P and insulin
release during stimulation of prelabeled islets: Double
chambers were employed. The open circles denote the
pattern of s'P release in the chamber perifused by the
standard technic. The closed symbols denote the concurrent
patterns in the second chamber perifused for 90 min with
D20-containing media. Efflux of '8P was markedly obtunded
despite the presence of 3.0 mg/ml glucose. However, when
conventional Krebs-Ringer bicarbonate was substituted for
D20 at 90 min, heightened release of 8P was manifest
together with an immediate and pronounced secretion of
insulin. One of three experiments yielding essentially iden-
tical results is presented above.
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DISCUSSION
No previous attention has been paid to the movement of
anions during the stimulation of insulin secretion by pan-
creatic islets. Wehave now shown that the rapid release
in insulin from islets, which is known to be elicited by
3 mg/ml D-glucose, D-mannose, or 10 mM leucine is
clearly attended by a pulse of [NP]inorganic phosphate
from the cells. It seems likely that this efflux of inorganic
phosphate is associated with the excitatory state produced
by the secretagogue since it does not occur if equivalent
quantities of nonstimulatory sugars or their analogues
such as D-galactose, L-glucose, D-fructose, or i-inositol
are introduced into the perifusion medium. Although
these studies do not necessarily implicate the P-cell as
the cell type within the islets from which the phosphorus
originates, our more recent experiences with the non-
metabolized leucine analogue, 2-aminonorbornane-2-car-
boxylic acid (BCH) strengthen that likelihood (24).
To date, BCHhas not been shown to affect islet compo-
nents other than the P-cells (24a); in our hands, BCH
triggers heightened phosphate efflux from isolated islets
coincident with rapid insulin secretion (24). Thus, the
8P inorganic liberation may or may not be directly in-
volved as an essential component in those series of bio-
chemical and biomechanical events which occur in be-
tween stimulation of the P-cell and the release of insulin.

No evidence could be obtained of the efflux of any
'P-labeled metabolite from the islet cells, although it is
just possible that small amounts could be masked by the
large [EP]inorganic phosphate release. Release of inosi-
tol cyclic phosphate or inositol monophosphate was not
observed after stimulation of the islets even though
substantial 8P labeling of phosphatidylinositol had oc-
curred. It is entirely possible, however, that the method
is not sensitive enough to detect the release of such
metabolites in very small quantities or alternatively, they
may be formed in the islet cell due to the more rapid
turnover of the phospholipid and not released to the
perifusion medium. Release of ATP as described by
Leitner et al. (25) was not observed, even when pre-
cautions were taken to avoid ATPase activity subsequent
to collection of the perifusion. It is of course possible
that the appropriate ATP pool in the islets had not be-
come labeled in our experiments so that release of ATP
would not have been detected.

It is not possible to deduce from the present results
whether the release of 8P represents a net efflux of phos-
phate ions from the islets or an increased exchange of
tissue phosphate ions with those in the perifusion me-
dium. When inorganic P was entirely excluded from the
perifusion fluid, 'P release still occurred on glucose stim-
ulation of the islets suggesting that if the phenomenon
is normally a phosphate ion exchange, the efflux is not
directly coupled to phosphate ion influx.

In the analogous accumulation of inorganic phosphate
in sheep thyroid slices in response to thyrotropin (4),
good evidence was obtained that this was derived more
from catabolism of organophosphorus compounds within
the tissue rather than from influx of orthophosphate
from the suspending medium. However, because of the
microamounts of islet tissue used in the present tech-
nique, direct analysis of the phosphorus distribution be-
fore and after stimulation was not feasible. Our pre-
liminary analyses of the distribution of radioactivity have
suggested that most of the 'P released is derived from
the cellular acid-soluble radioactivity. However, since
radioactive equilibrium undoubtedly would not have been
reached in the 90-min labeling period, it is still possible
that the ['P]phosphate liberated could arise by the
stimulation releasing low specific activity water-soluble
phosphate esters from phosphoproteins, phospholipids,
or nucleic acids. These phosphate esters could then be
decomposed by phosphatase action and consequently the
low specific activity phosphate ions released would dis-
place higher specific activity phosphate ions from the
tissue pool. Nevertheless, the almost instantaneous re-
lease of ['P]phosphate from the cells on glucose stimu-
lation is evidence against this mechanism.

It is a possibility that the inorganic phosphate released
could be derived from the breakdown of ATP contained
within the islets. Experiments with uncoupling agents
have demonstrated that the turnover of ATP in mouse
islets is extremely rapid, the level being reduced to 30%
within 5 min when ATP synthesis is blocked (26). Glu-
cose stimulation increases the oxygen consumption of
isolated islets of mice (27) and therefore presumably
their ATP turnover. However, although glucose is un-
doubtedly required for the long-term metabolic mainte-
nance of ATP levels in islets (26), there is recent evi-
dence that glucose stimulation of islets produces initially
a dramatic fall in ATP levels, to 53% of controls in 2
s and 38% at 10 s (28). Phosphocreatine levels also fell
although somewhat more slowly in conformity with this
phosphate ester's role as an ATP concentration buffer.
Thus, the initial response of the islets to glucose ap-
pears to be a reduction in the levels of high energy phos-
phates presumably via their expenditure for energy-
dependent phosphorylations. If this decrease is connected
with the efflux of ['P]phosphate from the islets, it is
apparently not produced by "transport" ATPase since 0.2
mMoubain did not modify the 'P release in response to
glucose. Undoubtedly, however, p-cells would contain
other ATPases not inhibited by oubain.

Although the biphasic release pattern of insulin from
islets in response to secretagogues has now been well
established both in vitro and in vivo (29-32), the nature
of the early insulin release with which the beginning of
the ['2P]phosphate efflux appears to be temporally as-
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sociated has not been elucidated. Grodsky, Landahl,
Curry, and Bennett (32) have proposed a two-com-
partment model to account for the release of insulin in
which they suggest that only a small proportion (2-3%)
of the insulin stored within the pancreas is available
for early release. The initial rapid phase of insulin pro-
duction stimulated by glucose is attributed to the empty-
ing of a small compartment while the slower release is
attributed to insulin liberation from a larger storage
compartment or the release of newly synthesized insulin
or both. Unless, therefore, a very highly labeled pool of
inorganic phosphate or its immediate precursor existed
within the small compartment, it is difficult to believe
that the ['P]phosphate flush can be associated with any
cytoplasmic release during the emiocytotic liberation of
the initial insulin package. This is also shown by the
failure to detect insulin release in certain situations
which still allow 'P efflux in response to glucose loading.
Examples would be the one-third of our regular experi-
ments (and the higher percentage of our experiments
with Ficoll gradients) in which we failed to elicit the
first phase of insulin release with 3 mg/ml glucose de-
spite heightened release of 'P. Further examples would
be the invariable preservation of the phosphate flush
during the general attenuation of insulin secretion that
occurred with the omission of Ca"+ from the perifusate
or the addition of Ni++ to it. Nevertheless, like the early
insulin release, the release of 'P occurs as a limited
packet pulse. Therefore, the stimulation causes an efflux
of 'P which then ceases although the secretagogue is
still present. The phenomenon displays dose-response
characteristics (Fig. 3) and can be elicited repetitively
(Fig. 2) so that its finite duration during initial stimula-
tion cannot be ascribed to depletion of potentially dis-
chargeable radioactivity.

It seems much more likely that the release of ['P]
phosphate occurs as a consequence of a membrane perme-
ability change induced by the secretagogue. Much evi-
dence is now accumulating that glucose exerts its initial
effect on the islet cell by reacting with specific receptor
sites on the plasma membrane or on an enzyme complex
(33, 34), although an effect through its subsequent me-
tabolism cannot entirely be discounted (1). However,
present indications would suggest that a single receptor
site glucoreceptor model may be inadequate to account
for all types of stimulation of the pancreas cell, particu-
larly by leucine. Secretagogues cause significant electri-
cal effects on the cell membranes of islets prepared by
microdissection by causing successive small action po-
tentials superimposed on an inside membrane resting
potential of approximately - 20 mV in the mouse (35-
37). There is much evidence that the frequency of these
action potentials parallels changes in the secretion of
insulin by the A-cell brought about by various agents. It

seems possible therefore that stimulation of insulin re-
lease may be mediated by changes in the ion permeability
of the membranes and that the observed changes in elec-
trical activity reflect these alterations in permeability.
If similar electrical changes occur with collagenase-
treated islets, the increased flux of phosphate ions
through their membranes may be one of the manifesta-
tions of such permeability changes.

In mitochondria, fluxes of phosphate ions appear to be
directly coupled to H' movement and the concentrations
of both of these ions is probably intimately related to the
level of Ca"+ (38, 39). In this connection it is generally
assumed that calcium ions may increase in intracellular
concentration very early in islet cell stimulation, pos-
sibly by a reduction in the rate of efflux of Ca"+ (40, 41),
but this is followed by an increased Ca"+ efflux during the
rapid phase of insulin secretion (42). Thus, the efflux of
phosphate observed is probably occurring at the same
time as an efflux of Ca-". However, the two movements
can be dissociated since, whereas in the absence of cal-
cium in the external medium the efflux of Ca"+ from the
islet in response to glucose is prevented (42), the re-
lease of P04 ions is if anything enhanced. Moreover, in
the present experiments the addition of Ni", an antago-
nist of Ca", results in no marked decrease in the efflux of
[3P]phosphate.

In the absence of external calcium, the increased elec-
trical activity in the islet membrane stimulated by glu-
cose is considerably reduced (37) whereas the 3P efflux
is not.

Although at first sight this would suggest that the 8p
outflow is not related to changes in membrane perme-
ability, it could well be that the secretagogue still causes
such changes but that these are not manifest in electrical
action potentials unless a translocation of Ca"+ is possible.
In this connection, it is perhaps surprising that tetra-
caine in low concentrations should inhibit 'P efflux so
completely. One of the actions of this lipophilic local
anesthetic is to displace Ca"+ from membranes (43), al-
though other effects are distinctly possible. It may be
that because of the hydrophobic regions of its molecule,
tetracaine can penetrate and displace Ca"+ from parts of
the islet cell which are not affected by external Ca"+
deprivation or Ni++ addition.

While the phosphate release from the islet cells in re-

sponse to insulin secretion commences at the same time
or slightly earlier than the first phase of insulin release,
and like the latter is self-limiting, there is no clear indi-
cation one way or another whether it is directly con-
nected with the mechanism of islet cell excitation and
insulin secretion. Both releases are elicited by known
secretagogues of insulin such as D-glucose, D-mannose,
or L-leucine and not by closely related sugars or their
analogues such as D-galactose, D-fructose, L-glucose, or
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i-inositol. However, even if the phosphate release is di-
rectly involved in the secretion of insulin, it is not to be
expected that the two phenomena would exactly parallel
each other in all experimental situations. Insulin secre-
tion represents a chain of events which is initiated by the
original excitation. Interruption of one of these events
will not necessarily mean that phenomena observed at an
early stage in the process will be inhibited. The absence
of an effect of calcium deprivation or Ni++ addition on
32p efflux while inhibition of insulin secretion is observed
does not necessarily mean that the two events are un-
connected. The prompt reversal of the inhibited insulin
release, without further phosphate flush, as when Ni++ is
withdrawn, might merely indicate that ionic nickel had
inhibited some component of the secretory sequence dis-
tal to that which had been triggered already to effect
heightened 32P release. Within this framework it is, in
fact, rather surprising that D20 inhibits [3P]phosphate
efflux since one would assume that this exhibits its in-
hibitory effect at a late stage of insulin secretion, namely
the microtubular system involved in the mechanical ex-
trusion of the insulin containing granules from the cells.
However, it is likely that D20 through a general inhibi-
tion of hydrogen bonding (44) may also stabilize the
structural organization of the lipoproteins in the plasma
membrane and thus suppress changes in permeability
usually brought about by the secretagogue.
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