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Receptor regulation of calcium release and calcium permeability in

parotid gland cells

By J. W. PuTNEY, JR, J. PoccioLr aND S. J. WEIss

Department of Pharmacology, Medical College of Virginia, Virginia Commonwealth University,
Richmond, Virginia 23298, U.S.A.

The mechanism by which hormones and neurotransmitters regulate fluid secretion
in exocrine glands apparently involves the regulation of transmembrane movements
of electrolytes, a process for which Ca serves as a second messenger. Analysis of the
kinetics of efflux of 8Rb* (a marker for K*) indicates that the initial phase of the
response to secretagogues is mediated through the release of Ca from a cellular pool
inaccessible to chelating agents. By investigating the movements of *Ca under nearly
steady-state conditions, we find that this cellular pool can be filled from the
extracellular space without a concomitant elevation in ionized intracellular Ca?*. This
suggests that the cellular pool is probably associated with the plasma membrane.

We have also investigated the possible role of phosphatidic acid in the mechanism
by which receptors mobilize Ca?*. Our results suggest that phosphatidic acid, formed
on receptor activation, may directly mediate Ca influx into the acinar cell.

INTRODUCTION

The importance of Ca in the responses of exocrine glands to neurotransmitters and hormones
has been appreciated for quite some time (Douglas & Poisner 1963 ; Hokin 1966; Petersen et
al. 1967). The actions of Ca may be subdivided according to the nature of the response involved.
Calcium is intimately involved in stimulus—secretion coupling: the stimulation of exocytosis of
stored enzymes and other macromolecules. Calcium is also necessary for the generation of
transepithelial water flow in the exocrine glands, believed to arise secondarily as a result of
altered fluxes of osmotically important ions. The term stimulus—permeability coupling (Putney
1978, 1981) has been used to describe this role of Ca in coupling membrane receptor activation
to alterations in monovalent ion permeability and transport.

There is also a general consensus that the role of Ca in these processes involves a
receptor-mediated increase in the concentration of ionized Ca in the cytosol. It is the source
of that Ca, however, which has been the source of some controversy and confusion. Thus, the
apparent dependency of the K* release response of the parotid gland upon extracellular Ca
(Selinger et al. 1973) suggests that receptor activation in the parotid gland primarily increases
the permeability of the plasma membrane to Ca. On the other hand, the release of a-amylase
from the exocrine pancreas can be quite efficiently activated by secretagogues in the complete
absence of external Ca (Williams 1980). This is also true for the Ca-mediated increase in
membrane conductance to Na* and CI~ (Iwatsuki & Petersen 1977). The interpretation of
these and other results is that the exocrine pancreas operates largely by releasing Ca from some
cellular pool, bound or sequestered in some intracellular organelle (Williams 1980).

In recent years, careful kinetic analysis of these responses has shown that the differences
among exocrine glands with regard to their mechanisms of Ca mobilization may be only
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quantitative. There is, for example, a brief initial phase of the K* release (measured as **Rb*
efflux) response in the parotid which is clearly independent of extracellular Ca (Putney 1976)
and is apparently mediated by Ca released from some cellular pool (Putney 1977; Haddas et
al 1979). Comparable results were obtained for the rat lacrimal gland (Putney et al. 1977 ; Parod
& Putney 19784, b, 1979). Similarly, for the exocrine pancreas, both the amylase secretion
and membrane conductance responses are eventually lost in Ca-free media (Petersen 1978;
Laugier & Petersen 1980). After the cellular pool is depleted, both responses are absolutely
dependent on extracellular Ca (Petersen 1978; Laugier & Petersen 1980). Collectively, these
results suggest that in the pancreas, salivary and lacrimal glands, receptor activation causes
Ca mobilization by two (probably simultaneous) mechanisms: a release of Ca from some
cellular pool inaccessible to chelating agents and the opening of surface membrane Ca channels
or gates. In this report we summarize some recent experimental findings on the nature of these
processes in the rat parotid salivary gland.

CALCIUM RELEASE

Much of our understanding of Ca release and Ca influx in the pancreas is derived from
analysis of *Ca movements under nearly steady-state conditions (Schulz & Stolze 1980; Stolze
& Schulz 1980). These techniques, described in more detail by Schulz et al. (this symposium),
clearly demonstrate the two phases of Ca mobilization in the pancreas: net release followed
by a sustained net influx. In the parotid, these same two phases are obtained as well, but in
keeping with the known brevity of Ca-independent responses in the parotid, the net **Ca release
is small and difficult to detect (figure 1a). The augmented efflux is easily seen if the rather large
#5Ca influx is prevented by addition of excess ethyleneglycol-bis-(aminoethylether)-N,N-
tetraacetic acid (EGTA) (figure 15). Also shown in figure 1a is the effect of removing the
cholinergic stimulus with the muscarinic antagonist atropine. As was originally shown by Schulz
& Stolze (1980), rather than an immediate return of the net influx to control level, there 1is
first a rapid, transient net influx of #*Ca. The net fluxes of #*Ca calculated from the experiments
in figure 1 are shown in figure 2. The net influx due to atropine is greater than the resting
influx, the carbachol-activated influx, or even the apparent initial influx during the first 1 min
of #Ca loading (about 0.16 nmol min™! mg™! protein). After the application of atropine, a
second release of 45Ca can be elicited by adrenalin. The addition of EGTA just before the
addition of atropine prevents the rapid influx of *Ca and a subsequent release by adrenalin.
Similar results with #Rb efflux experiments support the interpretation that on removal of the
stimulus (with atropine) the receptor-sensitive Ca pool reloads extremely rapidly from the
extracellular space. When #Rb efflux or the release of tritiated protein are measured during
this reloading period, no transient elevation in response is seen (figure 3). This indicates that
the pool reloads from the extracellular space without a concomitant elevation in ionized Ca
in the cytoplasm.

Clearly the hypothesis most consistent with these observations is that the receptor-regulated
Ca pool resides in, or in close association with, the plasma membrane. This idea must also take
account of the observations (unpublished) that release of Ca from this pool is ATP dependent
and that divalent cationophores can release this Ca. It is hoped that continued investigation
will serve to define more clearly the molecular and morphological characteristics of this pool,
which plays a central role in regulation of exocrine glands and other Ca-regulated tissues.


http://rstb.royalsocietypublishing.org/

Downloaded from rstb.royalsocietypublishing.org

PAROTID Ca** MOVEMENTS 39

160

140+

120

100

100

45Ca content (percentage of initial value)
T

80

THE ROYAL
SOCIETY

60 70 80 90
time/min

604+t

Ficure 1. Effects of agonists and antagonists on “°Ca content of rat parotid acinar cells. Values are expressed as
percentages of initial value, obtained just before the addition of a particular agent ((a) 2.96+0.12 nmol/mg
protein, n = 20; (b) 2.53+0.06, n = 8). e—e, (1) 0.1 mmM carbachol; (2) 0.1 mM atropine. @--@, Basal
(unstimulated) uptake. 0—0, (1) 10 mmM EGTA; (2) 0.1 mm carbachol. (From Poggioli & Putney (1982),
with permission.)
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Figure 2. Net %5Ca fluxes from the experiments shown in figure 1. The broken line indicates the basal influx
(0.025+0.004 nmol min™! mg™! protein). @—e, (1) 0.1 mm carbachol; (2) 0.1 mmM atropine. 0—0, (1)
10 mm EGTA; (2) 0.1 mm carbachol. (From Poggioli & Putney (1982), with permission.)
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Ficure 3. Effect of atropine on carbachol-stimulated responses of parotid tissue. (a) Efflux of Rb is used as an
index of membrane permeability to potassium (Putney 1978): A—a, no additions (control); e—e, 0.1 mm
carbachol, 20-40 min; o—o, 0.1 mM carbachol, 2040 min, 0.1 mM atropine, 30-40 min. (b) Release of
secretory proteins, previously labelled with [*H]leucine: @—e, 0.1 mM carbachol, 60-80 min; 0—0, 0.1 mm
carbachol, 60-80 min, 0.1 mm atropine, 70-80 min. (From Poggioli & Putney (1982), with permission.)

CALCIUM GATING

As to the locus of the second phase of Ca mobilization, the enhanced uptake of Ca, there
can be little doubt that this occurs in the plasmalemma. In recent years, there has been
considerable interest in the molecular events involved in this process, particularly in the
purported role of phosphatidylinositol metabolism. The development of this theory is attributable
primarily to the experiments and writings of Michell; as the fundamental evidence for a role
of phosphatidylinositol turnover is covered by Michell et al. (this symposium), those issues will
not be dealt with further here.

The biochemical reactions involved in the phosphatidylinositol effect are believed to be
initiated by a receptor-mediated breakdown of phosphatidylinositol at the plasma membrane
by a phospholipase C to yield diacylglycerol (Michell 1975). The diacylglycerol is rapidly
phosphorylated by diacylglycerol kinase to form phosphatidic acid. Presumably, although
direct evidence is lacking, the phosphatidic acid is then transported to the endoplasmic
reticulum where phosphatidylinositol is resynthesized and returned to the plasmalemma
(Michell 1979; Putney 19815). The net result of these reactions is usually a decrease in
phosphatidylinositol, an increase in phosphatidic acid and, if **PO, is present, an increase in
the incorporation of radioactive phosphorus into both phospholipids.

One proposed role of these reactions in Ca gating is that the phosphatidic acid synthesized
at the plasma membrane might function as a Ca ionophore permitting Ca entry into the cell
(Salmon & Honeyman 1979, 1980; Putney ef al. 1980). In platelets (Lapetina & Cuatrecasas
1979) and in the parotid gland (unpublished observations), significant stimulation of phospha-
tidate synthesis is detectable within a few seconds after the application of a stimulus.
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Phosphatidic acid mimics the actions of receptor activation in some (Salmon & Honeyman
1980; Putney et al. 1980; Harris ¢t al. 1981) but not all (Foreman & Mongar 1972; Mongar
& Svec 1972) tissues. Phosphatidic acid will transport Ca across an organic interphase in a
Pressman chamber (Tyson et al. 1976) and across artificial bilayers in liposomes (Serhan et al.
1981). Cullis et al. (1981) have suggested that the mechanism by which phosphatidate (and
also cadiolipin) could transport Ca might involve the rapid formation and collapse of non-bilayer

membrane structures containing Ca bound to phosphatidate.
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Ficure 4. Relation between inhibition of **Ca-partitioning activity of phosphatidic acid and inhibition of
receptor-activated Ca-dependent %6Rb release by various agents. The ordinate values are the logarithms of
concentrations of agent necessary to inhibit 4*Ca transport by phosphatidic acid into CHCI, by 50%,, and the
abscissae are the logarithms of apparent dissociation constants (K,) for antagonism of Ca gating (measured
as ®Rb release due to carbachol) in parotid slices. The agents were: 0, La®*t; m, Tm?*; 0, neomycin; e,
Co?*; a, Ni**; A, Mg?t; x, Ca®* (K as agonist estimated). The line was fitted by least-squares analysis. For
details see Putney et al. (1980), from which this figure is reproduced with permission.

The pharmacology of the Ca channels in the rat parotid gland provides additional evidence
for a role of phosphatidic acid. In parotid gland cells and other non-excitable cells, the organic
Ca antagonists such as verapamil and D-600 have no specific actions on the Ca channels (Marier
et al. 1977; Putney 1981¢). Agents that act as Ca antagonists are strongly cationic substances
such as divalent cations, trivalent lanthanides, and aminoglycoside antibiotics (Putney 1981¢).
A series of these was tested for ability to prevent Ca from binding to phosphatidate, assayed
as phosphatidate-dependent extraction of *°Ca into CHCI;. The results showed a strong
correlation between the potency of these substances as Ca antagonists in the parotid gland and
their ability to interfere with Ca binding to phosphatidic acid (Putney et al. 1980) (figure 4).

Thus, three points of evidence favour the idea that phosphatidic acid mediates Ca gating
by receptor activation in the parotid gland: (1) phosphatidic acid is rapidly (in seconds)
synthesized on receptor activation; (2) phosphatidic acid is a Ca ionophore in artificial
membrane systems; (3) agents that block the inward movement of Ca by receptor activation
also block the binding of Ca to phosphatidic acid, and with similar potencies. On the other
hand, there do appear to be situations where increased phosphatidate synthesis does not
apparently lead to an increase in membrane permeability to Ca (Michell et al. 1977). This may
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indicate an additional degree of complexity or selectivity imposed by membranes of living cells
that does not come into play in artificial bilayers. Obviously our complete understanding of
the role of phosphatidic acid awaits the results of continued investigations at the biochemical
and cellular levels.

CONCLUSIONS

In the parotid and other exocrine glands, a number of hormones and neurotransmitters
produce their effects through surface membrane receptors. Many of these receptors are coupled
to mechanisms of Ca mobilization, leading to an increase in the concentration of ionized Ca
within the cell. The general case appears to be a biphasic Ca mobilizing mechanism; a transient
phase of cellular Ca release is followed by a sustained phase of augmented Ca influx. The relative
contributions of Ca release and Ca influx vary from one gland to another.

The mechanism involved in the Ca release is unknown. Our recent results suggest that in
the parotid gland, on removal of a stimulus, the releasable pool of Ca reloads rapidly from the
extracellular space without a concomitant elevation in ionized intracellular Ca. One hypothesis
consistent with these findings is that the releasable Ca pool is located in the plasma membrane
of the cell.

There is considerable circumstantial evidence that the mechanism by which receptors
activate Ca influx or Ca gating may involve the turnover of phosphatidylinositol. One means
by which this could be accomplished is through the synthesis of phosphatidic acid at the plasma
membrane. Phosphatidic acid would mediate inward Ca movement by functioning as a Ca
ionophore.
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Dascussion

B. D. GomPERTS (Department of Experimental Pathology, University College London, U.K.). Dr Putney
has proposed that phosphatidic acid, generated as a consequence of physiological stimulation
of the parotid gland, acts as an ionophore for Ca%?*. This would then permit the movement
of Ca?* into the cytosol, which mediates cellular activation. A similar proposal based on studies
with bullfrog gastric smooth muscle has been made by Salmon & Honeyman (1980).

Before accepting such a role for phosphatidic acid, we should consider with care some of the
features that characterize A23187 and ionomycin as Ca?* ionophores. These compounds are
now widely used in both model and biological systems in the full confidence that they will always
transfer Ca%* across membranes. Does phosphatidic acid actually live up to the designation
of an ionophore?

The crudest test of a potential ionophore for Ca?* is its ability to solvate Ca?* ions in bulk
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phases of low dielectric constant. While phosphatidic acid shares this property (Tyson et al.
1976; Putney et al. 1980) one should stress that this evidence alone is insufficient to qualify
it as an ionophore: as is well known, Ca(OH), has a measurable solubility in organic solvents,
and nobody would seriously claim ionophoric status for the OH™ ion.

An excellent system for demonstrating ionophoric activity is the promotion of Ca?t
movements into or out of liposomes, and such a test has now been carried out for phosphatidic
acid (Serhan et al. 1981). Its ability to carry Ca** across phospholipid bilayer membranes
appears to be slight. Even when incorporated into the liposomal membranes at the time of their
formation at 1.5 mol %, (probably a reasonable estimate of the maximum proportion of
phospholipid that could arise in a tissue from the breakdown of phosphatidylinositol), the
measured Ca2* fluxes were considered to be orders of magnitude less than those achieved by
ionomycin or A23187. That such activity as was detected might be due not to phosphatidic
acid, but to an impurity (a lyso compound possibly?) is suggested by the observation of low-level
Ca?* fluxes when phosphatidic acid was added externally to preformed liposomes. The work
of Uemura & Kinsky (1972) has convincingly demonstrated the non-feasibility of incorporating
diacylphospholipids into preformed bilayers.

In reconstituted sarcoplasmic reticulum, which is another relevant model system, the vesicles
still accumulate Ca2* when supplied with ATP even if the pump protein is in an environment
consisting almost entirely of phosphatidic acid (Bennett et al. 1978). In contrast, the effect of
the ionophores A23187 and ionomycin is to uncouple the pump completely (Caswell &
Pressman 1972; Beeler et al. 1979).

Applied to mast cells, phosphatidic acid neither promotes the Ca**-dependent exocytotic
secretion of histamine, nor does it enhance secretion due to an anaphylactoid reaction (Foreman
& Mongar 1972). The latter process can be potentiated by externally applied phosphatidylserine
(though it is likely that it is the lyso derivative that is the active form (Martin & Lagunoff
1979 ; Smith et al. 1979)), but it has never been suggested that this lipid is acting as an ionophore
for Ca?*. The mast cell was of course the first tissue in which the Ca** ionophores were tested
in cell biology. A23187 (Foreman et al. 1973), ionomycin (Bennett et al. 1979), and more
recently a synthetic ionophore (Gomperts et al. 1981) have all been found to stimulate
Ca?*-dependent histamine secretion, and to fulfil the criteria for ionophores in model systems.

In the knowledge that A23187 and ionomycin are Ca*" ionophores, they have been used
with confidence that they will carry Ca?" in all systems in which they are applied. In every
situation in which the physiological response is mediated by an increase in intracellular Ca**
concentration, the application of ionophore in the presence of Ca** will bring about that
response. The same cannot be said of phosphatidic acid, and for this reason I would doubt
that its reported acitivities can be ascribed to its behaving as an ionophore.
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J- W. PuTnEY, JR. Dr Gomperts has raised the point (acknowledged by us above) that there is
evidence that phosphatidic acid may not act as a Ca ionophore in all biological systems. This
could be due to any of several reasons; I shall briefly consider three.

First, it is possible, as Dr Gomperts implies, that phosphatidic acids cannot, under any
circumstances, translocate Ca across biological membranes in quantities of any physiological
significance. The difficulty with this is that one must (at least for the parotid gland) dispose
of considerable pharmacological and biochemical evidence already discussed above (and which
I will not reiterate here) as being due to coincidence.

A second and more palatable suggestion is simply that the expression of ionophoric activity
may vary from one situation to another depending on a number of as yet undetermined factors.
The simplest of such factors could relate to the lipid environment, but effects of ions, proteins
and membrane carbohydrates could be important as well. Even the more ‘established’
ionophores may differ in potency by an order of magnitude from one tissue to another. For
the phosphatidic acids, the complete failure to transport Ca in some systems raises the semantic
question as to the appropriateness of the term ‘ionophore’, although I can think of no other
particularly suitable term. Within the context of this point, however, it should be pointed out
that there has been no demonstrated failure of phosphatidic acids to translocate Ca in cells
with receptors that both gate Ca and activate Ca-independent phosphatidylinositol turnover
(see paper by R. H. Michell ¢t al. later in this volume).

A third point which is seldom considered (largely due to technical inconvenience) concerns
the different molecular species of the phosphatidic acids involved. If, in fact, phosphatidylinositol
is degraded solely to generate phosphatidic acid at the plasma membrane, then it may be
significant that specifically phosphatidylinositol, a minor phospholipid with a uniquely
characteristic 1-stearoyl, 2-arachidonoyl fatty acid composition, is singled out for this purpose.
Accordingly, the precise molecule that is formed, therefore, would be sn-1-stearoyl-2-
arachidonoyl phosphatidic acid. Thisis not likely to be the molecule involved in the experimental
situations discussed by Dr Gomperts.

A last point that I should like to make concerns the suitability of the antibiotic ionophores
as models for putative endogenous ionophores in mammalian cells. We must bear in mind, I
think, that as these compounds are antibiotics, they have presumably been designed (through
evolution) for the broadest possible spectrum (i.e. low specificity) and for the ability to act on
cells when applied externally. A phospholipid-type ionophore, on the other hand, would be
synthesized in situ and never destined to leave the bilayer environment except through
specialized, controlled mechanisms. It is therefore not surprising that attempts to mimic
neurotransmitter action by the application of phosphatidate to the aqueous medium bathing
cells have resulted in variable degrees of success.
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