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I. Introduction

A characteristic effect of agents acting on
surface membrane receptors is an alteration
in plasma membrane permeability. Because
the locus of both receptor and effect are
similar, it has been traditionally assumed
that the receptors and permeability path-
ways are intimately associated in the mem-
brane at the molecular level; one possibility
is that the receptor and the structures form-
ing the ion channels (i.e., the ionophore)

exist as a complex. In such a scheme the
number of reactions between receptor ac-
tivation and the resulting permeability
change are kept to a minimum, thus de-
creasing the likelihood of intervening con-
trol mechanisms. Undoubtedly, there are
systems where simple, membrane-level
coupling between receptor and ionophore
occur. It may be that the nicotinic receptor
at the vertebrate neuromuscular junction
functions in this way.

Recently, evidence has been rapidly ac-
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cruing to suggest that receptor control of
membrane permeability can also occur by
more complex mechanisms. It now seems
likely that in a number of tissues membrane
permeability responses may be mediated
by the actions of second messengers—most
frequently, calcium. In other words, the
primary effect of receptor occupation may
be activation of Ca influx or release with a
number of secondary permeability changes
following, which are mediated by the rise in
cytosolic Ca. The analogy with the concepts
for control of contraction (excitation-con-
traction coupling, 33, 244) and secretion
(stimulus-secretion coupling, 239, 240) sug-
gests the term stimulus-permeability cou-
pling to denote the sequence of events in-
volved in these response mechanisms. In-
deed, this analogy provides more than se-
mantic convenience. It is becoming increas-
ingly apparent that much of our accumu-
lated understanding of contractile and se-
cretory systems is also applicable to dis-
secting out the various steps involved in the
permeability responses.

This review, therefore, will deal largely
with systems in which drugs, hormones, or
neurotransmitters affect membrane perme-
ability and for which evidence is available
for a role of Ca (or other coupling factor) in
the response. Information concerning all of
the steps linking agonist action to mem-
brane permeability changes will be ana-
lyzed. Specifically, these steps include: 1)
receptor occupation; 2) coupling of recep-
tors to Ca channels or stores; 3) Ca influx
or release; and 4) activation of secondary
permeabilities or ion channels (usually K)
by intracellular Ca. In a few cases, hy-
potheses as to the molecular nature of these
processes will be considered. One such hy-
pothesis that has been generally applied to
such systems is Michell’s suggestion that
phosphatidylinositol breakdown may be in-
volved in Ca channel activation by recep-
tors.

Less emphasis will be placed on those
systems in which control of membrane
permeability by Ca is well documented but
not primarily regulated by membrane re-
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ceptors. In this category would fall most
excitable tissues in which membrane poten-
tial is the controlling factor and also the
erythrocyte, where the “physiological”
mechanisms for control of membrane
permeability are not known. Some discus-
sion of these areas will be included in de-
veloping the historical basis for the field
and, especially for the red cell, in defining
basic principles relevant to other tissues.
Two recent reviews emphasizing the con-
trol of membrane permeability by Ca in
excitable cells have appeared (182, 183). A
number of reviews have dealt with other
specific aspects of this discussion from
somewhat different perspectives (25, 59, 64,
74, 126, 144, 145, 174, 187, 209, 221, 225, 228,
234, 235, 248, 249, 254, 268).

II. Historical Development

Probably the earliest observations of a
modification of membrane permeability by
Ca were made on energy-depleted red cells.
Poisoning by lead (122) or fluoride (78, 283)
leads to a sizable K loss from the cells. The
early interpretation was that the formation
of some abnormal glycolytic intermediate
might be involved in controlling membrane
permeability and a good deal of research
effort was channeled in this direction (174,
205, 284).

It was Gardos (104-106) who, by using
chelating agents, first determined that Ca
was an essential ingredient for the K perme-
ability effect. In recognition of this pivotal
observation, the activation of K permeabil-
ity by Ca is often referred to as the “Gardos
effect.” It was Whittam (281), however, who
first explained these observations by pro-
posing that membrane permeability to K
was in part controlled by the intracellular
concentration of ionized Ca. The results of
more recent experiments using ionophores
(such as A-23187) or resealed ghosts have
been largely confirmatory (174).

At about the same time that the Ca the-
ory for the red cell was gathering support,
Krnjevic and coworkers observed an in-
crease in K conductance of cortical neurons
in which oxidative phosphorylation had
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been uncoupled by dinitrophenol (108, 109).
Subsequently, they found that microinjec-
tion (iontophoretic) of Ca similarly in-
creased K conductance and reasoned that
this was the underlying mechanism for the
effect of dinitrophenol (165). Almost simul-
taneously, Meech (181) and Meech and
Strumwasser (184) demonstrated that pres-
sure injection of Ca into invertebrate (Aply-
sia) nerve cells increased membrane K con-
ductance. Recently, evidence has appeared
suggesting that intracellular Ca may acti-
vate K conductance in the heart and may
thus serve to regulate phase II of the car-
diac action potential (17, 133-137, but see
193).

Concurrently, evidence that receptor-
mediated changes in K permeability might
also be due to changes in intracellular Ca
began to appear. Schramm, Selinger, and
coworkers observed that alpha-adrenergic
activation of parotid slices stimulated a loss
of cellular K and that Ca was required for
this effect (18, 19). Later, they demon-
strated that K release could also be ob-
tained with a divalent cationophore, A-
23187, and concluded that receptor activa-
tion must first stimulate Ca influx, which in
turn triggers the increased K reflux (256).

These latter studies were important in
demonstrating that intracellular Ca can
control membrane permeability to K not
only in excitable cells, but also in cells under
control of autonomic receptor mechanisms.
More importantly, however, they raised the
issue of potential ubiquity of the Gardos
effect; previously, the phenomenon was sus-
pected of being a “red herring,” character-
istic only of “dying” erythrocytes. Conse-
quently, investigators examining control of
membrane permeability in a number of tis-
sues began to invoke and test hypotheses
that included Ca ion as a primary control-
ling factor. The results obtained suggest
that such control systems are certainly
widespread if not ubiquitous. In the next
section, some of the situations are discussed
in which there is evidence to suggest that
intracellular Ca may be involved in regula-
tion of permeability.
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III. Specific Systems

A. The Red Cell

A number of reviews that address the
nature of the Ca-regulated K permeability
in the red cell have appeared recently (126,
127, 171, 172, 174). This review will concen-
trate on those aspects especially amenable
for comparison with the receptor-controlled
processes to be discussed later.

As mentioned above, the Gardos effect in
the red cell was the first disclosure of the
ability of internal Ca to regulate membrane
permeability to K. However, despite some
reasonable conjecture (15), the role of this
mechanism in the normal functioning of the
erythrocyte is still unknown. The result of
this situation is that the mechanism can
only be studied through rather “artificial”
perturbations of cellular Ca. The varied
nature of these methods has, as might be
expected, led to some conflicting theories
as to the basic mechanisms involved. Some
discussion, therefore, of the procedures and
results obtained seems warranted.

The earliest method employed for elevat-
ing intracellular Ca in red cells involved
inhibition of active Ca extrusion. Since no
specific inhibitors of this process are
known, Ca pumping was prevented by de-
pletion of the metabolic fuel for active
transport, ATP. A glycolytic inhibitor, io-
doacetic acid, and a metabolic substrate,
adenosine (or inosine or glucose), are syn-
ergistic in this regard and reduced cellular
ATP from 102 M to 10 M in 1 to 2 hours
(172). Accordingly, after a short delay, a
sizeable loss of K occurred. Experiments
monitoring the time course of ATP deple-
tion, Ca influx, and K loss suggested that it
is the net increase in cellular Ca, rather
than the decrease in ATP, which accounts
for the increased K permeability (174). For
example, during ATP depletion, Ca influx
may be varied by changing external K. Un-
der such conditions it is the rate of Ca
entry, rather than ATP depletion, with
which the rate of K loss is best correlated
(170).

This is not to say that the Ca-mediated
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K flux may not be affected by the loss of
cellular ATP. Evidence described below
suggests that ATP may serve to modulate
the sensitivity of the K channel to Ca.
Resealed ghosts, used so successfully as
tools for studying the Na,K pump, have
not been extensively employed in studying
the Ca-K interaction. One particularly de-
tailed study has been described by Simons
(260, 261). Resealed ghosts were prepared
containing one of several Ca buffers so that
intracellular Ca could be controlled over a
wide concentration range. In order to pre-
vent rapid extrusion of Ca, the ghosts were
first depleted of ATP. With this prepara-
tion, Simons found that the kinetics of Ca
activation of the K channel were complex.
The simplest model called for two high
affinity sites for activation and a lower af-
finity site that was inhibitory (260, 261). In
agreement with an earlier report by Porzig
(213), K efflux was activated half-maxi-
mally by about 0.4 uM intracellular Ca and
was maximal around 1 to 5 uM. Besides K,
Rb was transported similarly, Cs slightly,
and Na not detectably. Sr, at higher con-
centrations, could substitute for Ca. The K
efflux mechanism appeared passive, being
linearly related to intracellular K (except at
low concentrations). The total span of the
Ca-sensitive K efflux was slightly less than
two orders of magnitude, the rate constants
ranging from 0.14 hr™! to about 3.8 hr™'.
These data provide for some interesting
comparisons with the results obtained by
Lew and Ferreira (173, 174) using the di-
valent cationophore A-23187 to control in-
tracellular Ca. These investigators mea-
sured total cell Ca under conditions of vary-
ing ionophore and external Ca concentra-
tions and were able to calculate (and thus
control) the intracellular ionized Ca con-
centration over a wide range (90). With this
method, the rate constant for “’K equilibra-
tion under near steady-state conditions
(activation of K exchange did not appear to
desensitize with time) was measured as a
function of intracellular Ca. When the con-
centration of ionophore was about 10 uM,
the maximum increase in K permeability
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due to internal Ca was greater than that
obtained with ATP-depleted cells or ghosts,
spanning about three orders of magnitude
(173). More importantly, the apparent Kn
for activation of K flux by Ca was about 1
mM—much higher than previously re-
ported (173). When the experiments were
repeated with higher concentrations of ion-
ophore (100 uM) or with ATP-depleted
cells, a low K., was obtained (uM range)
similar to that reported previously with
ATP-depleted cells or ghosts. In addition,
the estimated K, for Ca activation of the
Ca pump (1 uM) agreed reasonably well
with the earlier value obtained with re-
sealed ghosts and was not affected by ion-
ophore concentration (173). These obser-
vations indicate that the theoretical basis
of the method by which internal Ca was
determined is sound, and that the different
affinities obtained for Ca activation of K
flux represent real differences in sensitivity
of the K channel to Ca. Lew and Ferreira
(174) suggest that variations in the Ca sen-
sitivity of the Ca channel may be of physi-
ological significance, adding much versatil-
ity and independence to various functions
responding to Ca as second messenger in
the same cell. Some additional discussion
of alteration in Ca sensitivity of the K chan-
nel is included in the section on salivary
glands.

On first inspection, it is easy to criticize
a proposal of a mechanism involving intra-
cellular Ca with a K, for Ca in the milli-
molar range. However, as Lew and Ferreira
(173) point out, the magnitude of the Ca
effect is so large that alterations of intra-
cellular Ca in the micromolar range would
still produce significant changes in mem-
brane permeability to K. Also, as is dis-
cussed below, it is conceivable that in other
cells where Ca permeability can be regu-
lated by receptors or by membrane poten-
tial, Ca concentrations in the immediate
vicinity of the surface membrane could be
substantially higher than in more central
regions of the cell.

Lew and Ferreira (173) also performed
another experiment that may be relevant
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to the mechanism of the altered sensitivity.
In order to measure the Ca sensitivity of
the K channel with no ionophore present,
they first depleted cells of Mg in order to
inactivate the Ca pump. Despite the main-
tenance of normal levels of ATP, this treat-
ment also resulted in a condition of high Ca
affinity. Alone, this observation could sug-
gest that it is the activity of the Ca pump
rather than the ATP level that controls the
sensitivity of the K channel to Ca. This
does not seem likely, however, in light of
the observation that high ionophore con-
centrations do not affect Ca pumping (90)
but do produce the high affinity state (173).
Conceivably, some other ATPase activity
could be involved (perhaps a membrane
phosphorylation), thus explaining the re-
quirement for both ATP and Mg. Ob-
viously, further studies are required to de-
termine the mechanism by which Ca sen-
sitivity of these K channels is controlled.

As to the mechanism of the K channel
activation itself, Lew and Beaugé (172) best
summarized our current knowledge: “We
know nothing about the actual nature of
the K pathway but we disguise our igno-
rance with lively controversies.” It is true
that phenomena left unexplained are vac-
uums into which hypotheses are inevitably
drawn. It is, therefore, not surprising that
at least two proposed candidates for the
molecular identity of the Ca-sensitive K
channel have emerged.

The first is the suggestion by Hoffman
and Blum that the K channel is an altered
form of the Na,K pump (38, 126). This
model was based largely on the partial in-
hibition of Ca-stimulated K efflux by inhib-
itors of the Na,K pump such as ouabain,
oligomycin, furosemide, and tetraethylam-
monium. Lew (171), however, found that
the effect of ouabain decreased as cellular
ATP fell and reasoned that the cardiac
glycoside, by inhibiting Na,K-ATPase,
lessened the rate of decline of ATP and
thus also lessened the rate of rise of intra-
cellular Ca. However, inhibition could still
be obtained when ouabain was present only
during the K flux measurement (38, 126)
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and Lew (171) also found effects of ouabain
on K flux with only barely detectable effects
on ATP. Lew has raised the point, however,
that small changes in the ATP content of
red cells can drastically affect the K move-
ments, not only by altering the accumula-
tion of Ca, but also by affecting the sensi-
tivity of the K channel to Ca (174).

Obviously, the issue is far from settled.
Experiments using Lew’s ionophore tech-
nique where ATP levels remain high might
prove useful in disclosing an ATP-indepen-
dent effect of ouabain. In the parotid gland
(discussed later), ouabain does not affect
the Ca-mediated K efflux, although the rel-
evance of this observation would depend on
the degree of similarity ascribed to the
mechanisms in the parotid acinar cell and
the erythrocyte.

Another possible mechanism by which
Ca might activate an ion channel is through
the stimulation of 1,2-diacylglycerol and
phosphatidate synthesis that occurs when
intracellular Ca increases in red cells (9). It
is not surprising that Lew and Ferreira
(173) were tempted to speculate about an
association between these two membrane-
localized, Ca-mediated phenomena: K
channel activation and phospholipid break-
down. A theory similar in many respects
has been put forth for smooth muscle by
Abdel-Latif and is discussed later. In a re-
cent study, Allan and Michell (7), using red
cells from several species, measured the
ability of the ionophore A-23187 and Ca to
stimulate synthesis of diacylglycerol and
phosphatidate, and to stimulate efflux of K.
Cells from man, rat, guinea pig, and rabbit
showed both the phospholipid and the K
efflux effects, while cells from ox, sheep,
chicken, and turkey showed neither effect.
Red cells from the pig, however, showed no
phospholipid effect but did demonstrate a
Ca-mediated increase in K flux. The K loss
was blocked by quinine, suggesting that the
K permeability mechanism is similar in the
pig cells to that in the more extensively
characterized species.

It is important to emphasize that while
these results argue against the increase in
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diacylglycerol and phosphatidate as rele-
vant to the K channel activation, they may
not rule out the possibility entirely. The
source of diacylglycerol and phosphatidate
in the red cell may be polyphosphoinosi-
tides (8). Abdel-Latif et al. (2, 3, 5) have
suggested that ion channel activation due
to increased intracellular Ca in smooth
muscle may result from breakdown of tri-
phosphoinositide. In most tissues, the rela-
tive fraction of total membrane phospho-
lipid represented by the polyphosphoinosi-
tides is low (2, 3, 49), and changes may thus
pass undetected in measuring total phos-
pholipid breakdown. Thus, as for the Na,K
pump theory, the phospholipid theory must
also remain an open question. It is hoped
that continued investigations will resolve
some of these controversies and help to
explain the control of K channel activation
in this important model system.

B. The Exocrine Glands

Appreciation of the exocrine glands as
models for study of Ca and stimulus-perme-
ability coupling mechanisms has developed
almost entirely in the last 10 years. The
permeability changes are of sufficient mag-
nitude to ensure easy quantification. Also,
the exocrine cells not only have the same
advantage as does the erythrocyte in lack-
ing voltage-dependent permeability param-
eters, but also afford the investigator the
additional flexibility of studying any of sev-
eral receptor mechanisms controlling Ca
flux under physiological conditions (225).
Some consideration of the functional role
of ion movements will precede the discus-
sion of Ca and control mechanisms.

1. Role of Ion Movements in Exocrine
Gland Function. A number of theories have
appeared from time to time attempting to
explain the bulk transport of water by epi-
thelial cells such as occurs in the exocrine
glands. Berridge and Oschman (30) have
outlined arguments against the theories of
classical osmosis, active transport of water,
and pinocytosis. The latter mechanism may
be important in the transport of material
by endothelial tissue (48, 158). Curran’s
studies of intestinal transport of water led
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to the development of a three-compartment
double-membrane model that allowed for a
“build-up” of osmotically active material in
a central compartment delimited by mem-
branes of different permeabilities (70-72,
159, 196). Kaye et al. (169), in studies of
gallbladder ultrastructure, postulated that
the central compartment might be the in-
tercellular spaces. These observations and
speculations were further refined by Dia-
mond and Bossert (82, 83) and Diamond
and Tormey (84, 85) into the standing gra-
dient hypothesis. In this scheme, the inter-
cellular spaces of epithelial tissues contain
standing gradients of solute maintained by
active transport. The apical end of the
spaces contains the highest concentrations,
which draw water osmotically from the
cells. As the hypertonic solutions pass along
the spaces, osmotic equilibration occurs,
resulting in isotonic secretion.

It is beyond the scope of this review to
detail the varied structural arrangements
and models described in specific situations
where the standing gradient hypothesis has
been applied. The interested reader is re-
ferred to several recent reviews (30, 204,
251, 252). What is important to realize is
that exocrine gland activity (with regard to
fluid secretion) is regulated by alterations
in membrane permeability to osmotically
important electrolytes (Na, K, Cl, HCOj),
or by alterations in rates of active transport
of these electrolytes, or a combination of
these effects.

Because of the structural geometry of the
exocrine glands, the locus of the standing
gradients is not known with certainty, and
thus models attributing varying degrees of
significance to any of the major electrolytes
or pumps can be constructed. At best, the
ion fluxes detected in preparations in vitro,
although probably functionally significant,
are presently poorly understood as to their
exact role in mediating water transport.
These uncertainties, however, do not di-
minish the utility of these ion flux responses
in the development of our basic under-
standing of control of membrane permea-
bility by neurotransmitters and hormones.

2. The Salivary Glands—Receptors; Ca
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and K Flux. The salivary glands have
proved to be superb models for study of
stimulus-permeability coupling mecha-
nisms. The main hypotheses to be consid-
ered here are that 1) each of three indepen-
dent receptors activates release of a com-
mon pool of Ca and activation of a common
pool of Ca channels, 2) phosphatidylinositol
breakdown may be involved in the Ca chan-
nel activation mechanism, 3) elevated intra-
cellular Ca activates membrane permeabil-
ity to K and Na, and 4) elevated intracel-
lular Na may activate the Na,K pump.
Various aspects and details of this overall
scheme will provide a convenient model for
discussion of similar mechanisms in other
tissues.

Evidence that Ca may control transmem-
brane movements of other ions in the sali-
vary glands has been available for some
time. Basic studies of exocrine gland phys-
iology were centered around the assump-
tion that generation of transepithelial water
flow must involve alterations in ionic
permeability, transport, or both (56, 247).
When Douglas and Poisner (86) showed
that Ca was required for acetylcholine to
stimulate salivary flow, the connection be-
tween Ca and ion flux was implicitly estab-
lished. It was several years later, however,
when Michael Schramm, Zvi Selinger and
other members of the group at the Hebrew
University in Jerusalem clearly demon-
strated that Ca was an obligatory interme-
diate for agents affecting salivary cell mem-
brane permeability to K (18-20, 248, 249,
254-256). These investigators found that
agonists activating muscarinic or alpha-ad-
renergic receptors stimulated a sizeable net
release of K from slices of rat parotid gland
incubated in vitro. Stimulation of beta-ad-
renergic receptors, believed to cause exo-
cytosis by a cyclic AMP-dependent mech-
anism, did not cause K release. The striking
effect of agonists on K flux was an old
observation (55). The novel contribution
was the demonstration that this process (K
release) was dependent on the presence of
extracellular Ca. The ionophore A-23187
could also stimulate K release if extracel-
lular Ca was present. Thus, they reasoned
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that activation of muscarinic or alpha-ad-
renergic receptors stimulated Ca influx and
the elevated intracellular Ca acted to en-
hance membrane permeability to K (248,
249, 254). More recently, Rudich and
Butcher (241) and Friedman and Selinger
(96a) showed that a third receptor, acti-
vated by the undecapeptide substance P,
produced a similar pattern of response.
Subsequently, a number of investigators
have demonstrated an enhancement of *Ca
influx due to secretagogues in parotid cells
and slices (153, 192, 219, 230). More re-
cently, it has been shown that qualitatively
similar mechanisms operate in the submax-
illary (179, 180, 266) and sublingual (226)
glands.

However, when Petersen and Pedersen
studied the electrophysiological response of
the parotid gland, they obtained a surpris-
ingly divergent result (206, 210). These in-
vestigators obtained brief hyperpolariza-
tion (1-2 min) in response to muscarinic or
alpha-adrenergic stimuli. The hyperpolari-
zations, which they reasoned resulted from
enhanced K permeability, were not affected
by removal of Ca even in the presence of a
Ca chelating agent, ethylene glycol tetra-
acetic acid (EGTA).

Studies with isotopic techniques for mea-
suring unidirectional efflux rates resolved
this controversy. Figure 1 shows the re-
sponse pattern obtained when efflux of
%Rb from preloaded slices is monitored.
The addition of a secretagogue to the in-
cubation medium brings about a precipi-
tous and immediate (<1 min) increase in
isotope release [*Rb and “K can be used
almost interchangeably (218)]. This surge
is somewhat transient, however, and in 2 to
4 minutes the efflux rate falls to a sus-
tained* but still significantly elevated level.
The important distinction suggesting two
separate phases of the response is the pat-
tern of Ca-dependency. When Ca is absent
from the bathing medium, the later sus-
tained phase is completely blocked while
the early transient phase persists with only

* Actually, the “sustained” phase of the response in

Figure 1 will eventually subside if the exposure to the
agonist is maintained. This is discussed further later.
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slight attenuation (218, Fig. 1). This pattern
is obtained with any of the three receptor
mechanisms that activate K efflux in the
parotid (177, 218, 220, 221).

Thus, it seems likely that the transient
Ca-independent phase of K release gives
rise to the hyperpolarization observed by
Petersen and Pedersen, while the Ca-de-
pendent net loss of K observed by the He-
brew University group would correspond to
the sustained Ca-dependent phase of
release seen in the isotope efflux experi-
ments.

What, then, is the mechanism of the Ca-
independent, transient increase in mem-
brane permeabilityt to K? Some insight
into this question was obtained by studying
the interactions of agonists acting on differ-
ent receptors (muscarinic, alpha-adrener-
gic, substance P) in the parotid gland. It
was found that in the absence of extracel-
lular Ca (with EGTA present), only one
transient response (K efflux) could be ob-
tained (220). A second challenge failed to
produce a response, even if an agonist act-
ing on a different receptor was used. The
term “cross receptor inactivation” was used
to describe this phenomenon. The ability of
the tissue to respond a second time could
only be restored by an intermittent expo-
sure to medium containing Ca (220).

Three conclusions were reached based on
these results. First, it was suggested that
the transient phase of the permeability re-
sponse resulted from the receptor-mediated
release of Ca from a pool inaccessible to
EGTA (220). Second, it was suggested that
this transient release of Ca might reflect
the same molecular event as Ca channel
activation, which results in the sustained
phase of the response (220). In other words,
perhaps bound Ca is released from the Ca

1 The term “permeability” is used here and other
places in this review to denote the increase in efflux of
“?K or ®Rb. In the major systems discussed, relevant
conductance or voltage changes have been shown,
indicating that the increased permeation rates reflect
a rise in membrane permeability. This does not imply,
however, that it is known whether these pathways are
“pore-like” or “carrier-like” in character.
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Fi1G. 1. Stylized kinetics of ®Rb efflux from rat
parotid gland in response to agonist and Ca. Two
conditions are illustrated; the continuous solid line
indicates the pattern obtained when agonist is present
from 20 to 40 minutes in Ca-containing medium. The
dashed line shows the response to agonist (20-40 min)
when Ca is absent from the medium and the restora-
tion of the response on reintroduction of Ca (30-40
min).

channel when first activated. The only rea-
soning behind this proposal was the simi-
larity in dose-response relationships for
these two phases (218) and an attempt to
begin with a somewhat conservative work-
ing hypothesis. The third suggestion, some-
what of a corollary to the second, was that
since this pool of releasable Ca appeared
accessible to all three receptors, then there
must also be a single population of Ca chan-
nels that is regulated by all three receptors
(220).

This overall scheme gained considerable
support from a series of experiments de-
signed to test independently the third con-
clusion (177). A protocol was employed as
shown in Figure 1 (dashed line) whereby
magnitudes of the transient (Ca release)
and sustained (Ca influx) phases could be
determined separately. Agonists were em-



STIMULUS-PERMEABILITY COUPLING

ployed alone, or in combination, always in
supramaximal concentration. Under these
conditions, the responses failed to summate
in either phase, despite the fact that the Ca
concentration employed (1.0 mM) was
shown to be submaximal (177). This obser-
~vation strongly supports the contention
that the three receptors regulate a single
population of Ca influx sites and
strengthens (but does not prove) the sug-
gestion that the transient and sustained
phases are kinetically different manifesta-
tions of the same molecular event.

The status of information regarding the
nature of the K channel in the salivary
glands is similar to that for the erythrocyte.
Virtually nothing is known. As for the red
cell, it has been proposed that the K chan-
nel activation mechanism may have a rel-
atively low affinity for Ca (232). The chan-
nel is also similar to that in the red cell in
that high concentrations of tetraethylam-
monium chloride (TEA) will block it (222),
and in that Sr, but not Ba, can substitute
for Ca (112a). When measurements are
made of unidirectional flux, the process is
unaffected by ouabain (222). Alterations in
extracellular K or Mg have no discernible
effects nor does replacement of up to one
half of extracellular Na or Cl (222). There
is a ouabain-sensitive *Rb uptake, how-
ever, that is activated by autonomic ago-
nists (see below). This rather clear separa-
tion of pumping from the K permeability
effect suggests that the pump modification
theory for the red cell is an improbable
mechanism for the parotid gland. The pos-
sibility of a phospholipid mechanism again
cannot be overlooked, although no evidence
for such a phenomenon exists in the parotid
gland. A rather sizable phospholipid effect
definitely not related to K channel activa-
tion does occur that could obscure such
changes (see below). In order to detect such
effects, it may be necessary to utilize A-
23187 to elevate intracellular Ca in order to
avoid the receptor-related phospholipid ef-
fects (see below) and to use 2-deoxyglucose
[after Abdel-Latif et al., (1)] to prevent
relabeling of polyphosphoinositides.
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After the fashion of the times, due con-
sideration has been given to a possible in-
volvement of cyclic nucleotide in stimulus-
permeability coupling. In a number of tis-
sues, stimulation of muscarinic or alpha-
adrenergic receptors leads to an increased
tissue level of cyclic 3’,5’-guanosine mono-
phosphate (cyclic GMP) suggesting a role
for this cyclic nucleotide in coupling mech-
anisms in general (110, 111). Cholinergic
and alpha-adrenergic agonists both in-
crease cyclic GMP levels in the parotid
gland (60, 61) but substance P does not
(241). The failure of substance P to increase
cyclic GMP tends to deny an obligatory
role for this cyclic nucleotide since the
permeability responses to the three ago-
nists are so similar (220, 221). Also, Butcher
et al. (60, 61) found that 1-methyl-3-isobu-
tylxanthine, a phosphodiesterase inhibitor,
potentiated the cyclic GMP response, but
not the K efflux response to submaximal
concentrations of carbachol or phenyleph-
rine. Taken as a whole, these observations
render doubtful any role for cyclic GMP in
the regulation of K permeability in the
parotid gland.

One characteristic of the K channel in
the rat parotid gland that clearly distin-
guishes it from the red cell channel is the
phenomenon of desensitization to Ca (223).
When slices of parotid gland were incu-
bated with agonists in the presence of Ca,
K permeability was seen to “fade,” i.e., the
response returned to control levels after 30
to 40 minutes (223). When fade was fully
developed to one agonist, the response to
an agonist acting on a different receptor
was either absent or greatly diminished.
When fade had developed to agonists, the
response to A-23187 was diminished as well
(author’s unpublished observation). Within
this same time frame, the rate of release of
o-amylase, another Ca-dependent event
(58, 169), remained constant.* Reintroduc-

* In a more recent report (115), longer exposures
produced desensitizations of responses to amylase.
These, however, were agonist-specific, suggesting that
the prolonged exposures can cause receptor desensiti-
zation but not Ca channel desensitization.
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tion of Ca to the medium after 30 minutes
incubation in the presence of agonist but
without Ca stimulated K efflux, suggesting
that the continued presence of Ca and ago-
nist together was required for this effect.
These observations, taken together, suggest
that the fade of the K permeability re-
sponse in the parotid gland is not receptor-
specific and results from a Ca-mediated loss
of sensitivity of the K channel to Ca (223).
By comparison, the responsiveness of the
red cell channel to Ca remains constant
with time, but appears labile to other con-
ditions (see above). Heyer and Lux (125)
have postulated a Ca-dependent inactiva-
tion of K channels in snail neurons. The
relevance of this phenomenon to stimulus-
permeability coupling in other systems is
as yet undetermined.

With somewhat different protocols, other
investigators have obtained evidence that
receptor-specific desensitization can also
occur in the parotid gland. Harper and
Brooker (114, 115) found that amylase se-
cretion and the increase in cyclic GMP due
to carbachol faded with increased time of
incubation. The elevated cyclic nucleotide
level and secretion rate could be restored
with alpha-agonists, but not with additional
carbachol. Stritmatter et al. (269, 270)
found that pretreatment with alpha-ago-
nists decreased tissue responsiveness to a
subsequent challenge with alpha-adrener-
gic but not muscarinic agents. Under these
conditions, the number of alpha-adrenocep-
tors, assayed by °H-dihydroergocryptine
binding, was also found to be decreased.
Responsiveness could only be restored by
incubating in medium containing elevated
K. The significance of this latter observa-
tion is not altogether clear. It is unfortunate
that the response measured was net K
release, which would be sensitive to altera-
tions in extracellular or intracellular K.

3. The Salivary Glands—Nature of the
Ca Channel. Investigations into the nature
of the Ca channel and its regulation by
membrane receptors has proceeded along
two rather independent lines of approach:
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the one primarily pharmacological, the
other largely biochemical.

In the pharmacological studies, the ac-
tions of chemicals in the stimulus-permea-
bility coupling sequence have been investi-
gated in hopes of delineating the basic
mechanism involved. When the actions of
a number of reputed Ca-antagonists were
investigated, the agents were found to act
in one of two general ways (177). Neomycin,
La, Co, and Ni all produced rather selective
blockade of the Ca-dependent sustained
phase of the response with little effect on
the transient phase. This action is consist-
ent with a selective and perhaps competi-
tive inhibition of Ca influx by the agents,
with little or no effect on receptor activa-
tion per se. The local anesthetics, procaine
and tetracaine, as well as the methoxy de-
rivative of verapamil, D-600, inhibited both
phases of the response equally, suggesting
that these agents affect the stimulus-
permeability coupling mechanism in some
manner other than direct antagonism of Ca
influx (177). A direct inhibition of the K
channel was ruled out when the response to
the ionophore A-23187 was found to be
insensitive to the effect. Since alpha-adren-
ergic and muscarinic agonists were equally
affected, receptor blockade seemed un-
likely. Strangely, however, the response to
substance P was totally unaffected by the
local anesthetic (177). This latter observa-
tion tended to argue against an inhibition
of the Ca channel activation, since all three
receptors presumably regulate the same
channel (see above). Thus, it was proposed
that the local anesthetics blocked the trans-
duction mechanism by which occupied al-
pha-adrenergic and muscarinic receptors
trigger the appropriate reactions that lead
to Ca channel activation (177). For the
substance P receptor, the transduction
mechanism would have to be qualitatively
distinct. More recently, however, it has
been demonstrated that procaine can block
the muscarinic receptor (as determined by
radioligand binding) in parotid cells (au-
thor’s unpublished observation). Whether
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such an action explains the effect on the
alpha-adrenergic response remains to be
determined. If so, it is interesting that the
peptide receptor would be so uniquely in-
sensitive to agents that nonselectively in-
terfere with muscarinic and alpha-adren-
ergic receptor binding.

At this point, a brief digression to discuss
the actions of D-600 seems warranted. Were
it not for the characteristic transient and
sustained pattern of response in the pa-
rotid, the inhibitory action of D-600 and
the local anesthetics might have been in-
terpreted as a ‘“specific’ blockade of Ca
channels. Clearly, D-600 has such actions
in excitable cells (96, 225) and this discrep-
ancy serves to point out the often ignored
hazards of extrapolating from excitable to
nonexcitable tissues. In fact, a specific Ca
channel antagonist with demonstrated ac-
tivity in nonexcitable cells unfortunately is
as yet undiscovered. The only agents that
effectively antagonize Ca movements in
these cells are those that compete for Ca
binding at virtually all membrane sites
(heavy metals, aminoglycosides). Some ex-
amples of faulty hypotheses generated from
misinterpreting the action of D-600 in
nonexcitable cells will be mentioned later.

Returning to the original vein, the nature
of the receptor-channel interaction has also
been investigated biochemically. The stud-
ies of Michell and others along these lines
have been based on the well-known, but
until recently, unexplained effect of mus-
carinic agonists on phospholipid metabo-
lism (129, 187). Virtually all tissues with
muscarinic receptors and many others with
receptor-controlled Ca channels show this
effect, which Michell et al. (187-191) have
suggested may be related to events involved
in activation of Ca channels by receptors.
In rat parotid gland slices, both alpha-ad-
renergic and muscarinic agonists (but not
beta-adrenergic agonists) increase the la-
belling of phosphatidylinositol by *:P (198)
and diminish the fraction of total phospho-
lipid present as phosphatidylinositol (150,
161). Most of the newly labelled phospha-
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tidylinositol is associated with microsomes
derived from rough endoplasmic reticulum
leading some to doubt the relevance of the
effect to membrane receptor phenomena
(129, 198). Michell, however, suggests that
the incorporation of *P into phospholipid
is secondary to an earlier, net breakdown of
phosphatidylinositol. This breakdown, he
reasons, might represent an initial mem-
brane event, perhaps related to the activa-
tion mechanism of the Ca channel (187-
191). Consistent with this view is the con-
siderable lag time that occurs between ap-
plication of epinephrine to parotid slices
and appearance of **P in microsomes (198).
It is the relationship of Ca to the phos-
pholipid effect, however, which most
strongly suggests an involvement in early
events following receptor occupation. The
effect is seen only with agents that activate
endogeneous Ca channels (i.e., not with
isoproterenol), but is independent of the
external Ca concentration [and other elec-
trolytes as well (151)]. Additionally, A-
23187 can produce all of the Ca-dependent
phenomena that occur subsequent to Ca
channel activation including K release, ex-
ocytosis, and cyclic GMP synthesis (58),
but not phosphatidylinositol labelling (198).
These observations are consistent with a
mechanism in which receptor activation
triggers the breakdown of membrane phos-
phatidylinositol, a consequence of which is
the activation of Ca channels (187-191).
The major problem preventing general
acceptance of this scheme has been the
failure to obtain phosphatidylinositol
breakdown in a broken cell preparation.
The simplest “unit” that will demonstrate
this effect is the synaptosome (187). Syn-
aptosomes retain most of the characteris-
tics of intact cells, including the establish-
ment of ionic gradients and membrane po-
tentials (37). It is unlikely that ionic gra-
dients or membrane potential are necessary
for the phosphatidylinositol breakdown
(151). One possible explanation is that some
structural entity such as the submembran-
ous cytoskeleton may be required for cou-
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pling receptors to the appropriate enzymes.
It is hoped that resolution of this important
question will be soon forthcoming.

If the phospholipid effect does in fact
represent a step preceding Ca influx, it
would be interesting to know whether the
reaction involves a molecular change in the
Ca channel or whether the breakdown rep-
resents a mechanism by which receptors
become activated and therefore capable of
acting upon Ca channels. In other words, is
the phosphatidylinositol breakdown a prop-
erty intrinsic to receptors or to Ca chan-
nels? Michell et al. (189), arguing that early
steps in a sequence of biochemical events
must have the greatest apparent K, values,
showed that the phospholipid effect was a
high K,, response, and coincided with the
concentration dependence of receptor bind-
ing. Clearly, what is needed is a simultane-
ous determination of Ca channel activation
by measurement of Ca influx. In the parotid
gland, the dose-response relationships for
receptor occupation by agonists lie well to
the right of the curves for K efflux or “’Ca
influx (author’s unpublished observation),
suggesting that occupation of but a few
muscarinic receptors is sufficient to acti-
vate the Ca channels maximally. In other
words, it is suggested that a considerable
quantity of spare muscarinic receptors ex-
ists in the parotid acinar cells. Unfortu-
nately, the dose-response relationship for
the effect of carbachol on phosphatidyli-
nositol breakdown in the parotid gland is
not yet available. The concentrations of
acetylcholine required for maximal phos-
pholipid effect are very high, however (150).
This may suggest that it is receptor occu-
pation rather then channel activation with
which the phospholipid effect is associated.

Substance P and alpha-adrenergic ago-
nists show a phospholipid effect in the same
range of concentrations required for stim-
ulation of K efflux (152, 198). Recent stud-
ies have shown that receptor occupation by
alpha-adrenergic agonists and by substance
P also occurs in this same concentration
range (269, 270; author’s unpublished ob-
servation); i.e., there do not appear to be
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spare alpha-adrenergic or substance P re-
ceptors. This is consistent with the idea
that it is receptor occupation that best cor-
relates with the phosphatidylinositol break-
down.

4. The Salivary Glands—Other Ionic
Fluxes. Besides the Ca-regulated K fluxes
discussed above, other equally interesting
but less extensively characterized ionic
events are associated with salivary gland
activation. Data from a number of studies
suggest that secretagogues also stimulate
Na influx and ion pumping in the salivary
glands (208, 214, 236). In electrophysiolog-
ical studies using microiontophoretic appli-
cation of secretagogues, Roberts and Peter-
sen (236) found that the response to mus-
carinic or alpha-adrenergic stimuli con-
sisted of two phases. The first was generally
a hyperpolarization, but was occasionally a
depolarization. By current injection, they
found that the response had a reversal po-
tential of —55 mV and was associated with
a dramatic fall in membrane resistance.
Thus, they concluded that this early phase
resulted from an increase in membrane
permeability to Na and K. The second
phase, a slow hyperpolarization, was re-
duced by ouabain or low K media. This
phase, they concluded, resulted from acti-
vaton of an electrogenic pump (236).

Similar conclusions were reached from
studies of isotope fluxes. In parotid slices,
carbachol, phenylephrine, and substance P
each increase uptake of ?Na without af-
fecting uptake of the extracellular marker,
1C-sucrose (227). Similar results have been
obtained with dispersed parotid acinar cells
(author’s unpublished observations). Car-
bachol also stimulates ouabain-sensitive
uptake of *Rb (227), an indicator of en-
hanced activity of the Na,K pump (42).
Both of these effects require the presence
of extracellular Ca. The increased pumping
also requires the presence of Na in the
medium. Furthermore, when Na is de-
creased from 125 mM to 5 mM, carbachol
actually inhibits the uptake of *Rb. These
results can best be explained by the follow-
ing sequence of events. Receptor activation,
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as described previously, would stimulate Ca
influx, which would lead to an increase in
the cytosolic Ca concentration. In some
manner, intracellular Ca, well-known to af-
fect membrane permeability to K, may also
be able to increase Na permeability in the
exocrine glands. Entry of Na would thus
elevate intracellular Na and lead to a stim-
ulation of the Na,K pump. In support of
this, another means of increasing intracel-
lular Na, omission of K from the incubation
medium, similarly produced a stimulation
of *¥Rb uptake (227).

A number of questions remain unan-
swered regarding the shifts in monovalent
ions that result from secretagogue action in
the salivary glands. It is not known, for
example, whether movement of one or both
of the cations (Na or K) is ultimately re-
sponsible for generating transepithelial wa-
ter flow; theoretically, either could work
(see above). It is also not known whether
the Na and K channels are distinct from
one another although in the lacrimal glands
(see below) the evidence suggests that sep-
arate channels exist. In any event, the sali-
vary glands obviously represent an intrigu-
ing and rather elegantly designed system
where a single second messenger, Ca, can
trigger increased permeability to Na and K
as well as an increased activity of the Na,K
pump. Even without knowing the particular
locus of each relevant ionic shift, it is clear
that Ca can provide all of the necessary
ingredients for generating osmotic gra-
dients and transepithelial water flow.

5. The Lacrimal Glands. The lacrimal
glands have not been as extensively char-
acterized as the salivary glands or pancreas,
but are discussed here because of their
marked similarity to the salivary glands.
Actually, the exorbital lacrimal gland of the
rat is at least equal to the parotid gland and
pancreas in its utility as a model in vitro.
Slices of exorbital gland are composed ap-
proximately 80% of a single type of acinar
cell (231) and survive and respond quite
well upon incubation in vitro (202, 203, 231).
It may be noted in passing that these cells
are excellent models for study of intracel-
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lular secretory protein distribution. This is
because one of the packaged secretory en-
zymes is a peroxidase that is easily mea-
sured upon release in vitro, and, more im-
portantly, is easily identified histochemi-
cally at the electron microscopic level (113,
124). The control of protein discharge is
somewhat different from the parotid, how-
ever, there being no beta-adrenoceptor
mechanism, and cyclic nucleotides having
no apparent role (66, 123, 231).

The control of ion permeability in the
exorbital lacrimal gland resembles that of
the parotid gland in many respects. One
difference is that the lacrimal fluid tends to
have higher Na concentrations than saliva,
such that this fluid is isotonic (6, 272). As
for the salivary glands, the K concentration
tends to be higher than in plasma, even in
the primary secretion collected by micro-
puncture from the acinar-intercalated duct
region (6). It has been known for some time
that parasympathetic or muscarinic stimuli
augment lacrimal flow (46, 47). The recent
discovery of alpha-adrenoceptors associ-
ated with ion movements and protein se-
cretions in the rat exorbital gland (66, 123,
142, 202, 203, 231) suggests that some con-
trol may be exerted by the sympathetic as
well.

In slices, both alpha-adrenergic and mus-
carinic agonists increase *Rb efflux from
lacrimal slices, but substance P and conge-
ners have no effect (202). Histamine, sero-
tonin, and cyclic nucleotide derivatives are
also ineffectual (202). The K efflux response
appears biphasic—an early transient phase
persists in the absence of Ca while the later
phase of the response has an absolute re-
quirement for Ca (203, 229). In addition,
the divalent cationophore, A-23187, can
stimulate *Rb release if Ca is added to the
medium (203). The alpha-adrenergic and
muscarinic responses show cross-receptor
inactivation; i.e., Ca is required to produce
more than a single transient response (203).
Finally, the Ca-dependent responses to car-
bachol and epinephrine do not summate
even when the Ca concentration is submax-
imal (203). These results suggest that in the
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lacrimal gland, a mechanism exists which is
similar to that in the parotid gland. Thus,
occupation of muscarinic or alpha-adren-
ergic receptors leads to activation of a single
population of Ca channels. Associated with
the activation is the release of a common
pool of membrane-bound Ca. As for the
parotid gland, both phases of the increased
K permeability appear to reflect an eleva-
tion in cytosolic Ca.

The membrane potential of the rat lac-
rimal gland responds biphasically to ago-
nists, the general pattern being hyperpolar-
ization followed by depolarization (201).
Thus, it is likely that permeabilities to ions
other than K are altered as well. Both car-
bachol and epinephrine increase influx of
“Ca and *?Na into dispersed rat exorbital
gland acinar cells. The responses to these
drugs are blocked by atropine and phentol-
amine, respectively (161, 201). The Na in-
flux response requires Ca in the medium
and can be blocked by CoCl; in concentra-
tions that also block Ca influx and the
sustained phase of K efflux (201). Car-
bachol also stimulates ouabain-sensitive
%Rb uptake, and this response requires
both Ca and Na in the medium (229a).
Again, the interpretation is that Ca-de-
pendent Na influx activates the Na,K
pump as was suggested for the parotid
gland.

A detailed analysis of the electrical re-
sponse of the mouse lacrimal gland to se-
cretagogues has recently been provided by
Iwatsuki and Petersen (142). By simulta-
neously impaling adjacent, coupled acinar
cells, the effects of acetylcholine and epi-
nephrine on membrane potential and input
resistance were determined. These investi-
gators found that the response to ionto-
phoretic application of acetylcholine was
invariably a hyperpolarization with a de-
crease in membrane resistance (about a 7-
fold decrease, on the average). The equilib-
rium potential for the acetylcholine effect
was somewhat less negative than the
Nernst potential for K. Elevating external
K largely prevented the potential change
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without affecting the resistance change.
Epinephrine produced indistinguishable ef-
fects while isoproterenol was without effect.
These results are consistent with those ob-
tained by flux measurements. The effect of
Ca on the permeability changes was not
examined, however.

These investigators concluded that these
agonists act “by opening up pathways
mainly permeable to K, but also somewhat
permeable to Na” (142), implying that a
single species of channel is activated with
only moderate selectivity for K over Na. In
recent studies, however, it was found that
amiloride, a K-sparing diuretic and antag-
onist of Na channels in epithelia (73, 74),
antagonizes the Na influx in the exorbital
gland, has no effect on Ca influx, and only
slightly inhibits the efflux of K (201). This
observation provides the only known evi-
dence that the Ca-activated fluxes of Na
and K occur through separate channels in
the membrane. Teleologically, such an ar-
rangement may be necessary in order for
the altered ion permeabilities to produce
the appropriate osmotic gradients neces-
sary to drive water flow. It would be helpful
to locate more precisely where on the cell
surface the permeabilities to Na and K are
affected.

One report has demonstrated that car-
bachol increases the incorporation of *P
into total phospholipids in the lacrimal
gland (66). More recently, Jones, Cockcroft,
and Michell (personal communication) ob-
served phosphatidylinositol responses due
to muscarinic or alpha-adrenergic stimuli.
The muscarinic effect did not require extra-
cellular Ca.

Although the information is not complete
at present, similarities between the salivary
and lacrimal glands are apparent. A similar
mechanism may then apply: receptor oc-
cupation, followed by Ca influx with ele-
vated internal Ca activating specific chan-
nels for Na and K. The resultant increase
in intracellular Na concentration may sub-
sequently activate the Na,K pump. The
involvement of phospholipids in this se-
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quence has been documented only prelimi-
narily, but a similar role here would seem
quite likely as well.

6. The Exocrine Pancreas. The secre-
tory mechanisms in the pancreas in many
ways contrast and in other ways resemble
those in the parotid and lacrimal glands.
Schramm and Selinger (249) pointed out
the differences primarily with regard to the
mechanism regulating exocytosis. In this
respect, the pancreas and lacrimal gland
are somewhat alike, in that external Ca
(rather than a cyclic nucelotide, as in the
parotid gland) may modulate enzyme
release. The vast majority of research in
pancreatic physiology and pharmacology
has been concerned with the mechanism of
discharge of digestive enzymes (64). Indeed,
it was the exocrine pancreas that served as
the experimental model for much of the
initial work on protein synthesis, transport,
and secretion (200). Recently, information
about stimulus-permeability mechanisms
in the pancreas has appeared. Some of the
newer work will be described here. In order
to discuss control of Ca flux, however, con-
siderable reference to enzyme secretion
studies will be necessary.

One of the most striking differences be-
tween the pancreas and other exocrine
glands is the lack of adrenergic control of
the gland cells. Barlow et al. (16) found that
adrenergic agonists inhibited pancreatic se-
cretion even after alpha-adrenoceptor
blockade to prevent effects of vasoconstric-
tion. They concluded that ductal elements
might be directly influenced by such agents.
Significant adrenergic control of acinar cell
function seems unlikely since neither slices
(286) nor isolated cells (186) are affected by
epinephrine. Legg (168) also failed to ob-
serve any adrenergic innervation of acinar
cells in morphological studies.

The other rather unique feature of the
exocrine pancreas is its failure to show a
marked Gardos effect. Neither carbachol
nor A-23187 causes net K release from pan-
creas slices (249), nor do they increase uni-
directional efflux of K as measured with
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%Rb [author’s unpublished observation; a
moderate increase in K efflux has been
observed (63)]. It is generally agreed, how-
ever, that such agents activate amylase
release by elevating intracellular Ca (63, 64,
185, 245, 246, 277, 285).

Until very recently, studies considering a
role for Ca in modulating ion permeabilities
in the pancreas were notably absent. This
may be because of the rather prevalent
supposition that while Ca may trigger exo-
cytosis from pancreatic acinar cells, the
physiological mechanism for fluid secretion
involves a cyclic AMP-stimulated bicarbon-
ate and Na transport system located in the
ductal cells (63, 185, 249, 277). Two recent
reports (appearing simultaneously) on
studies with the perfused rat pancreas
found that the actions of the peptide hor-
mone, secretin, could be explained by such
a mechanism, but that another mechanism
also existed (155, 212). These investigators
found that agonists known to stimulate ex-
ocytosis from acinar cells also stimulated
the flow of pancreatic juice quite efficiently.
Unlike the response to secretin, the re-
sponses to acetylcholine, pure cholecysto-
kinin, or caerulin did not require the pres-
ence of bicarbonate in the perfusate, but
required both Ca and Na ions. These
agents, therefore, may produce a Ca-medi-
ated water secretion by the acinar cells in
contrast to secretin, which produced a
cyclic AMP-mediated secretion by the cen-
troacinar and terminal duct cells. Car-
bachol stimulates ?Na uptake by pancreas
of the baby rat (65) and dispersed pan-
creatic acinar cells (author’s unpublished
observation), but the Ca-dependency of this
effect has not been demonstrated.

With some extrapolation from the pa-
rotid and lacrimal glands, a model can be
proposed for receptor control of acinar cell
water flow in the exocrine pancreas of the
rat. Agonists such as acetylcholine or cho-
lecystokinin may interact with receptors on
the basal membrane of the acinar cells,
which in turn activate Ca channels (or Ca
release). The increase in cytosolic Ca may,
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by some unknown mechanism, activate Na
(and perhaps Cl) channels. In support of
this contention, Poulsen and Williams (215)
found that the Ca ionophore A-23187 pro-
duced a Na-dependent depolarization of
pancreatic acinar cells. Intracellular injec-
tion of Ca produced a similar effect (139).
Also, Schulz and Heil (250) demonstrated
that the Na permeability of membrane ves-
icles from cat pancreas was activated by
micromolar quantities of Ca. This effect of
Ca demonstrated “sidedness”; i.e., Ca was
most effective when applied to what ap-
peared to be the cytoplasmic aspect of the
membranes.

More speculatively, the Na entering the
cell could stimulate the Na,K pump; the
altered Na permeability and pumping could
then act to generate transepithelial water
flow. Since isolated pancreatic acinar cells
can now be prepared with reasonable facil-
ity (11), these proposals can ultimately be
tested with direct measurement of Na and
Ca fluxes. Electrophysiological measure-
ments have already confirmed that Na and
Cl permeabilities are increased by acetyl-
choline while K permeability is little af-
fected (138).

One aspect of this scheme about which
some controversy exists is the manner by
which the cytosolic Ca concentration is
raised. Although the role of Ca in control-
ling acinar membrane permeability in the
pancreas has received attention only re-
cently, the regulation of Ca pertinent to
control of amylase secretion has been ex-
tensively investigated (25, 63, 64, 185, 234).

First, the requirement for extracellular
Ca has been somewhat controversial, and
experiments carried out with different spe-
cies and under various temporal protocols
have added substantial confusion to the
situation. It now seems likely that stimula-
tion of exocytosis in the absence of Ca is a
temporary condition, and the pools of Ca
utilized are soon exhausted under these
conditions (154, 211). This demonstrates at
least a quantitative dependence on extra-
cellular Ca.

Similarly, attempts to demonstrate (with
slices) a stimulated Ca influx due to secre-
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tagogues had led to conflicting results (i.e.,
see 121, but also 67). The explanation for
these discrepancies is not clear but a con-
tributing factor could be a species differ-
ence. Thus, experiments utilizing fragments
of mouse pancreas (67) and isolated acinar
cells from the guinea-pig pancreas (102)
failed to detect an enhancement of ““Ca
influx due to secretagogues. In two labora-
tories utilizing the rat pancreas as a model,
cholinergic stimuli enhanced “°Ca uptake in
both fragments (121) and dispersed acinar
cells (164). Gardner and Hahne (103) reex-
amined the procedure employed by Kondo
and Schulz (164) and concluded that all of
the extra *Ca uptake due to cholecystoki-
nin occurred during the wash period when
cells were being separated from radioactive
medium. The difficulty in demonstrating
Ca influx with these secretagogues may rep-
resent a technical problem rather than a
biological phenomenon. Virtually all pro-
tocols reveal an effect of agonists on release
(or efflux) of “°*Ca, however. In fact, if influx
of Ca does occur, it must be small by com-
parison to Ca release, since the net effect of
secretagogues on exchangeable Ca is to
cause a net decrease in the tissue level of
this cation under steady-state conditions
(101). This observation, together with the
transient nature of Ca-independent amy-
lase release, suggests that the pancreas, pa-
rotid, and lacrimal glands may be qualita-
tively similar in mechanisms of Ca metab-
olism. All three, therefore, would act by
releasing a bound pool of Ca followed by an
influx of extracellular Ca to support contin-
ued responses. The bound pool in the pan-
creas, however, seems able to support re-
sponses for longer periods than in the other
glands.

Regardless of the source of Ca, most in-
vestigators agree that agents stimulating
exocytosis in the exocrine pancreas do so
by elevating the concentration of ionized
Ca in the cytoplasm. In support of this
contention, Iwatsuki and Petersen (140,
141) found a marked depression of electrical
coupling between cells to be a generalized
response to secretagogues acting on pan-
creatic acinar cells. Such uncoupling could
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be mimicked by intracellular Ca injections
(139) and is, in general, considered to indi-
cate a rise in intracellular Ca (175, 176, 237).
The controversy involves the primary
source of the Ca, however, and the relative
contributions of extracellular and cellular
pools of Ca will remain the subject of in-
vestigation for some time.

The use of Ca antagonists has not added
much information in this regard. La is gen-
erally accepted as an efficient inhibitor, but
there is not general agreement as to speci-
ficity of action (67, 121). Kondo and Schulz
(164) have suggested that carbachol and
pancreozymin activate different Ca chan-
nels since the muscarinic effect is blocked
by D-600 and the peptide effect is not. High
concentrations of D-600 (10~ M) were re-
quired, however. It is likely that the effect
seen by Kondo and Schulz represented the
local anesthetic-like action of D-600 as de-
scribed above for parotid gland. Again, the
differential sensitivity of the muscarinic
and peptide responses may signify differ-
ences in the receptor mechanisms as sug-
gested for the parotid gland above. In sup-
port of this contention, under certain con-
ditions tetracaine has been shown to inhibit
secretion due to urecholine but not that
due to cholecystokinin (194).

As was shown for the parotid, heavy
metal Ca antagonists do not discriminate
between cholinergic and peptide receptor
mechanisms in the pancreas (140, 154). In
order to determine whether the same or
different Ca channels are utilized by these
receptors, agonists would have to be tested
for summation of responses (Na influx or
amylase release) at limiting Ca concentra-
tions.

The mechanism of Ca channel activation
(or Ca release) in the pancreas may be
similar to that in the parotid, since both
show a similar phosphatidylinositol effect.
Indeed, the initial observation of the phos-
pholipid effect was made by Hokin and
Hokin (130) using pancreas slices. Hokin
(128) was also first to demonstrate that Ca
was required for exocytosis but not for the
phospholipid effect. This observation
served to discourage hypotheses indicating

225

that the phospholipid effect was related to
secretion. Another discouraging observa-
tion was the discrepancy in dose-response
relationships, concentrations approxi-
mately three orders of magnitude greater
being required for the phosphatidylinositol
effect as compared to the secretory effect

(129, 191). Michell recognized, however,

that the different sensitivities of these re-

sponses only served to suggest their se-
quence (189, 191). He reasoned that per-
haps only a small quantity of occupied re-
ceptors and subsequent activated phospha-
tidylinositol breakdown would suffice to
provide sufficient Ca intracellulary to sat-
urate the secretory mechanism. The rele-
vance of these arguments to the phospha-
tidylinositol effect in the parotid gland has
been discussed above. Such a scheme is
analogous to the “spare receptor” theory
for smooth muscle, which also describes the
situation when only a few receptors need
be occupied to produce a maximal mechan-
ical response (100, and see below). In point
of fact, however, the rate-limiting step is
not generally known and it is often difficult
to state whether receptors, phospholipid
metabolism, or Ca channels (if these be
separate entities) are “spare” (present in
excess). More information is available for
the case of smooth muscle, and further
discussion will be deferred to that section.

7. A General Scheme for Receptor Con-
trol of Permeability in Mammalian Exo-
crine Glands. Based on the studies outlined
thus far, a general scheme for receptor
mechanisms in exocrine glands, as related
to ion permeability, can be proposed:

1. Occupation of receptors on acinar cell
membranes by agonists (muscarinic, a-
adrenergic, various peptides) triggers a
breakdown of phosphatidylinositol.

2. On cleavage of phosphatidylinositol,
membrane Ca channels are changed
from an inactive to an active state or Ca
is released from binding sites.

3. Ca moves into the cell passively down its
electrochemical gradient.

4. Intracellular Ca activates channels (pos-
sibly distinct) for K and Na by an un-
known mechanism.
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The passive fluxes of K and Na down

their respective electrochemical gra-

dients lead to a decrease in intracellular

K concentration and an increase in in-

tracellular Na concentration.

6. The elevated intracellular Na concentra-
tion stimulates the Na, K-pump.

These events may be involved in recep-
tor-mediated exocrine gland activity uni-
versally. The only aspect not totally ubiq-
uitous is the K permeability change, which
appears absent in the pancreas. This may
suggest that it is the Na permeability and
increased pump activity that are more rel-
evant to driving transepithelial water flow.
This could easily be accomplished if Na
permeability were enhanced preferentially
at the basal membrane, while being
pumped into the acinar lumen at the apical
surface. Such a scheme is admittedly highly
speculative. It is at least consistent with
observations that the primary secretion, ob-
tained by micropuncture close to the acinar
lumen, is high in Na and low in K. This has
been found to be the case in a number of
exocrine glands despite the fact that the
final secretory products may differ mark-
edly in these glands (247).

C. Calliphora Salivary Gland

The story of the blowfly salivary gland,
similar to the mammalian gland in many
ways and quite different in others, repre-
sents an excellent example of what can be
accomplished by careful study of a simple
model system. The structure of the fly
gland, a closed epithelial tube of a single
cell type (199), makes this preparation ideal
for simultaneous study of ion transport and
water movement and their control by mem-
brane receptors (26).

Using a combination of sucrose gap and
microelectrode techniques, Berridge and
coworkers have studied the effects of sero-
tonin (the physiological agonist, 24) on the
electrical properties of the glandular epi-
thelium (24, 26, 28, 29, 31, 216, 217). Sero-
tonin decreases transepithelial potential
and resistance and this effect is abolished
(in fact, reversed) if the impermeant anion,

PUTNEY

isethionate, is substituted for Cl. The de-
polarization also fails (or is only transient)
if Ca is removed from the medium. Either
Sr or Ba can substitute for Ca in producing
this effect. Finally the ionophore, A-23187,
can also produce the depolarization and
decrease in resistance. These results indi-
cate that serotonin probably acts to stimu-
late Ca influx, which, in turn, activates
membrane Cl channels. In support of this,
serotonin significantly increased the uptake
of *Ca by the salivary glands (217). Intra-
cellular recording indicated that the con-
ductance change occurred primarily at the
apical membrane (26).

In the absence of Ca or Cl, serotonin is
not without effect on the transepithelial
potential. Under these conditions, a sizea-
ble hyperpolarization occurs. This hyper-
polarization is not associated with changes
in membrane resistance and is relatively
insensitive to resting membrane potential.
Intracellular recording located the hyper-
polarizing current at the apical membrane.
Potassium, the major cation in the salivary
secretion of Calliphora, best supports this
hyperpolarizing current; Na can substitute
less efficiently in the absence of K. These
observations are consistent with an action
of serotonin whereby an electrogenic apical
membrane K pump is activated by a mech-
anism independent of external Ca (26).

It is likely that the actions of serotonin
in stimulating a K pump are mediated by
cyclic AMP. Serotonin increases the gland
levels of cyclic AMP (217). Also, the stim-
ulation of the K pump and fluid secretion
can be potentiated by phosphodiesterase
inhibitors and mimicked by exogeneous
cyclic AMP (24).

This simultaneous activation of ion
permeability and ion pumping provides the
necessary ingredients to generate transepi-
thelial water flow. The system is therefore
similar to that in the mammalian exocrine
glands, differing in the nature of the ionic
permeability and pump affected.

The salivary gland of Calliphora also
differs from mammalian glands in utilizing
cyclic AMP as a coupling factor for activat-
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ing ionic flux (not strictly a permeability
change, however). This difference may re-
late only to the mode of Ca control rather
than to the actual nature of the secretory
process. Berridge (26) has called attention
to three relevant observations: 1) that cyclic
AMP stimulates release of “°Ca from fly
glands; 2) that A-23187 can stimulate fluid
secretion in the absence of changes in cyclic
AMP; and 3) despite normal synthesis of
cyclic AMP in the absence of external Ca,
serotonin can stimulate secretion only tem-
porarily under these conditions. These ob-
servations, Berridge reasons (26), could in-
dicate that cyclic AMP acts by releasing Ca
from intracellular stores and the released
Ca may activate the K movement. Such a
scheme requires that Ca released from in-
tracellular pools and Ca entering through
the surface membrane can produce differ-
ent effects. This could arise because of the
different spatial distribution of the Ca, as
well as to different sensitivities of the dif-
ferent processes to Ca. This proposal is
strikingly similar to that suggested for the
rat parotid gland (232). Here it has been
suggested that Ca influx regulates mem-
brane permeability to K, while cyclic AMP
releases Ca from intracellular stores, and
the released Ca in turn activates exocytosis.
The evidence for this system was similar to
that invoked for the fly gland. Influx of Ca
can support exocytosis in the absence of
changes in cyclic AMP (58, 169); cyclic
AMP derivatives or isoproterenol stimulate
release of “°*Ca (224, 232), and depletion of
intracellular Ca inhibits the cyclic AMP
mediated exocytosis (224, 232).

Recent experiments by Fain and Ber-
ridge indicate that phosphatidylinositol hy-
drolysis may be important in the Ca-gating
actions of serotonin in Calliphora salivary
glands (27, 89). In fact, this preparation
turns out to be uniquely well suited for such
studies. Conveniently, on incubation of the
fly glands with ¥P-phosphate or *H-inosi-
tol, a small fraction of total phosphatidyl-
inositol labels to what appears to be a rel-
atively constant specific activity in about 2
hours. When serotonin is added to prepa-
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rations labelled with *H-inositol, phospha-
tidylinositol breakdown and >H-inositol
release are well correlated (89). This
release, therefore, serves as a convenient
marker for phosphatidylinositol break-
down. With this system, the following ob-
servations were made: 1) whereas fluid se-
cretion due to serotonin was potentiated by
a phosphodiesterase inhibitor, inositol
release was not; 2) fluid secretion gradually
disappeared in the absence of external Ca
but inositol release remained constant; and
3) the ionophore A-23187 efficiently stimu-
lated Ca influx and secretion, but did not
provoke inositol release (89). These obser-
vations suggest that, as for the mammalian
glands, breakdown of phosphatidylinositol
may be a reaction intrinsic to the mecha-
nism of Ca channel activation by the sero-
tonin receptor. The concentration-effect re-
lationship for inositol release was found to
lie at least an order of magnitude to the
right of that for Ca flux, suggesting that
submaximal rates of phosphatidylinositol
breakdown may occur when all Ca channels
are fully activated.

Berridge and Fain (27) also found that
serotonin inhibited the synthesis of phos-
phatidylinositol but that this effect was Ca-
dependent. They subsequently found that
prolonged preincubation in the presence of
serotonin and Ca prevented a stimulation
of secretion or Ca flux by a subsequent test
challenge with serotonin. The response
could be restored by incubating with 2 mM
inositol (27).

These latter observations raise a basic
question concerning the role of phosphati-
dylinositol hydrolysis in Ca gating: Does
the breakdown represent opening or closing
of the channel? Clearly it is not unreason-
able to suppose that breakdown of phos-
phatidylinositol opens the channel and re-
synthesis closes it. Berridge and Fain (27)
suggest two possibilities. First, phosphati-
dylinositol breakdown may be involved in
opening the gate, which relaxes sponta-
neously. Secondly, a phosphatidylinositol-
gate complex may become activated by ser-
otonin and this involves exposure of phos-
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phatidylinositol to phospholipases. The
breakdown of phosphatidylinositol col-
lapses the channel, which must reassociate
with membrane phosphatidylinositol
(priming) to regain sensitivity to serotonin.

Definitive evidence distinguishing these
two possibilities is not presently available.
A third possibility comes to mind based on
arguments raised previously for the mam-
malian parotid gland. For the fly gland, as
for the mammalian gland, there is the sug-
gestion that phosphatidylinositol break-
down may be more closely related to recep-
tor occupation than to Ca gating. Thus it
seems conceivable that agonist binding to
receptor activates phosphatidylinositol
breakdown, which results in conversion of
the receptor (or some other intermediate)
from a resting to an activated state. The
activated receptor may either activate a Ca
channel, or relax spontaneously. A few such
activated receptors may suffice to keep all
of the Ca gates open, but higher concentra-
tions of agonist would break down more
phosphatidylinositol and produce an excess
of activated receptors. Admittedly, this
scheme is no less speculative than any oth-
ers but is put forth simply as an alternative
that encompasses the spare receptor phe-
nomenon.

D. Liver

The Calliphora salivary gland provides
for a convenient transition from the mam-
malian exocrine glands to the liver. In the
liver, as for the fly gland, both Ca and cyclic
AMP may modulate membrane permeabil-
ity, cyclic AMP perhaps through intracel-
lular Ca release.

A variety of agonists increase liver mem-
brane permeability to K following receptor
activation. These may be subdivided into
two categories: those which activate ade-
nylate cyclase, and those which do not. For
neither category is the role of Ca as obvious
as in the exocrine glands or the red cell.
Nonetheless, the indirect evidence strongly
suggests that Ca is involved in these re-
sponses. For the sake of continuity with
previous material, the agents that do not
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affect cyclic AMP levels will be considered
first, though the cyclic AMP mechanism
may be more important historically. Also,
for both categories, use will be made of data
on control of glucose metabolism where
necessary to strengthen conclusions on Ca
fluxes or distribution.

Haylett and Jenkinson (117) were the
first to show that catecholamines hyperpo-
larize guinea-pig liver cells. They also
showed that the catecholamines stimulated
K efflux from guinea-pig or rabbit liver
slices, or dispersed guinea-pig liver cells,
and that both of these effects were medi-
ated by alpha-adrenergic receptors (116-
120, 144, 145). More recent studies show
that a similar effect can be produced by
adenine nucleotides (146) and the peptides
angiotensin II (278) and vasopressin (au-
thor’s unpublished observation). Beta-ago-
nists do not stimulate K efflux from liver of
rabbit or guinea pig normally, but will do
so if the tissue is pretreated with an alpha-
agonist (146, and see below). Unlike the
situation in the exocrine glands, the re-
sponse in the guinea-pig liver slices is tran-
sient and monophasic [i.e., no sustained
phase is detected (278)]. Also, removal of
extracellular Ca does not inhibit the re-
sponse (278). The metabolic effects (glucose
release, phosphorylase activation) of alpha-
agonists, angiotensin II, and vasopressin re-
quire Ca, however, and these agents can
stimulate uptake of “*Ca (14, 81, 160). The
stimulation of “°Ca influx persists for at
least 60 minutes (160) while the transient
K efflux is complete in 6 minutes (278).

These observations suggest that the tran-
sient release of K caused by alpha-agonists
or peptides is not mediated by an influx of
Ca ions. It is likely, however, that the K
permeability response is Ca-mediated but
that the Ca comes from the transient
release of bound Ca as described for the
transient phase of K efflux in the exocrine
glands. The evidence for this hypothesis is
the following:

1. Alpha-adrenergic agonists stimulate a
transient efflux of “*Ca (116, 278), which
slightly outlasts the K efflux. As for the
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pancreas (see above), the release of Ca ex-
ceeds Ca influx so that a net loss of ex-
changeable Ca occurs (36, 68).

2. For the alpha-adrenergic and angio-
tensin II responses, cross-receptor inacti-
vation occurs (278); that is, to obtain a
response to phenylephrine or angiotensin II
after prior exposure to either agonist, Ca
must be present in the medium.

3. The release of *°Ca is also greatly di-
minished by prior treatment with agonist
(278). The Ca release that persists is more
sustained in nature and may reflect the
increase in membrane permeability to Ca
that also results from these agonists. This
would also explain why the “Ca release
outlasts the K efflux, since the sustained
Ca permeability effect would tend to pro-
long the apparent time course of the **Ca
release (278). ’

These findings not only suggest that a
transient release of Ca mediates the K ef-
flux, but that the alpha-adrenergic and pep-
tide receptors regulate the release of a com-
mon pool. Speculating further, if the anal-
ogy with the exocrine glands is complete,
this would suggest that the release of this
Ca may be associated with Ca channel ac-
tivation, and that the alpha-adrenergic re-
ceptors and peptide receptors also regulate
the same Ca channels. What would be help-
ful in evaluating such an hypothesis is a
comparison of dose-response relationships
for Ca influx and Ca release (or phospho-
rylase activation and K release), and a
study to determine whether these agonists
are additive in stimulating Ca influx or
responses dependent on Ca influx (such as
glucose release or phosphorylase activa-
tion).

The similarity of action of the “non-cyclic
AMP” agonists (phenylephrine, vasopres-
gin, angiotensin II) to actions of similar
agents in the exocrine glands practically
demands that alpha-agonists, angiotensin
II, and vasopressin cause a phospholipid
effect in the liver. In fact they do, and the
properties of the response are also similar
to those in the exocrine glands. Thus, Kirk
et al. (163) demonstrated that epinephrine
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and vasopressin, but not glucagon, stimu-
lated the incorporation of **P into phospha-
tidylinositol. The effects of epinephrine, but
not of vasopressin, were blocked by the
alpha-adrenergic antagonist, dihydroergot-
amine (163). Billah and Michell (34) have
shown that angiotensin II produces similar
effects, although rather high concentrations
are required for the effect. They also found
that ionophore A-23187 did not consistently
affect phosphatidylinositol labelling (34).
Vasopressin, in addition to its ability to
enhance labelling, also stimulated a net
breakdown of phosphatidylinositol (34).
Omission of Ca lessened, but did not pre-
vent the phospholipid labelling effect. It
seems unlikely that Ca influx acts as a
major stimulus for phospholipid turnover
in the liver, however, since A-23187 was
without consistent effect. The effect of Ca-
withdrawal could be due to nonspecific del-
eterious effects of low Ca, but experimental
confirmation of this conjecture is lacking.

On the basis of these observations, and
by analogy with the exocrine glands, which
appear quite similar in many respects, a
working hypothesis can be constructed for
agonists acting independent of cyclic AMP.
Agonists such as phenylephrine, angioten-
sin II, or vasopressin would occupy or ac-
tivate membrane receptors. The result is
phosphatidylinositol breakdown, which
leads to activation of membrane Ca chan-
nels. Associated with Ca channel activation
is a release of bound Ca. This Ca release
elevates intracellular Ca to an extent suffi-
cient to activate K channels. Ca influx also
occurs and elevates intracellular Ca to an
extent sufficient to activate glycogen phos-
phorylase.

The reason that the sustained influx of
Ca fails to activate K efflux is unknown.
Two possibilities are evident. One is that
the Ca concentration required is very high,
a supposition consistent with observations
in the red cell (see above) and parotid gland
(232). An alternative explanation would be
that the K channels desensitize rapidly. An
experimental result that favors the former
alternative is the failure of A-23187 to stim-
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ulate K efflux (278). This ionophore causes
phosphorylase activation of a magnitude
similar to phenylephrine (14) and thus
would presumably stimulate Ca influx to
the same extent. The ionophore had no
discernible effect on K permeability and, as
expected, also did not cause a transient
release of “°Ca from liver slices (278). Thus
it appears that the extent to which internal
Ca is elevated by Ca influx may not be
sufficient to activate liver membrane K
channels, at least not in guinea-pig liver
glices.*

Calcium may also be involved in the ac-
tions of agents that stimulate cyclic AMP
synthesis. It is an old observation that epi-
nephrine, glucagon, and cyclic AMP can
stimulate efflux of K from the liver of cer-
tain species (87, 94, 274). Friedmann and
Park (97) showed that the action of these
substances to stimulate K release was pre-
ceded by an enhanced release of Ca, which
could amount to 20% of tissue Ca stores.
Subsequently, it was shown that cyclic
AMP hyperpolarized the parenchymal cell
membrane (98, 265) and this response was
not blocked by ouabain (76). These data
are consistent with a mechanism in which
cyclic AMP releases Ca intracellularly and
the elevated intracellular Ca activates K
permeability. This is a comfortable hypoth-
esis based on the analogy with the alpha-
receptor mechanism and with the other
systems discussed thus far. However, it is
one for which direct supportive evidence is
notably lacking. For example, it is not
known whether the effects of glucagon or
cyclic AMP on K efflux require external Ca.
Net loss of Ca has been demonstrated only
in low Ca media. It is not known, therefore,
whether cyclic AMP can also stimulate Ca
influx, which might contribute to the K
permeability effect. Glucagon, believed to

* Actually, A-23187 will stimulate K efflux in dis-
persed hepatocytes (57a). Perhaps with more rapid
diffusion of ionophore to the liver cell membrane,
intracellular Ca rises rapidly enough to activate K
channels. Alternatively, this difference may reflect an
improved metabolic condition of the cells compared to
the slices.
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act primarily by activation of adenylate
cyclase, does stimulate uptake of “*Ca (160),
but unlike vasopressin, its effect on metab-
olism does not require Ca (81, 271).

If Ca is released by cyclic AMP, the
source of that Ca is unknown. Probably,
either the endoplasmic reticulum or the
mitochondria contain a sufficient amount
of Ca to account for the quantity released
by cyclic AMP (69). Mitochondria, isolated
from liver exposed to glucagon, show an
enhanced initial rate of Ca uptake (12). A
liver microsomal fraction shows a similar
effect (276). The significance of these ob-
servations to the effects of glucagon or
cyclic AMP on Ca movements in the intact
liver is still unknown.

At one time, considerable interest was
generated by reports that cyclic AMP could
release Ca from isolated mitochondria (43,
44). Subsequent investigations failed to re-
produce these findings (45, 246). The latter
reports, however, do not constitute suffi-
cient evidence to discard the Ca-release
theory of cyclic AMP action. Rather they
may reflect technical inadequacies in the
broken cell preparations as models for pro-
cesses occurring in intact tissue. Continued
exploration and innovative experimental
approaches are sorely needed to resolve this
central controversy so relevant to Ca me-
tabolism in a number of tissues.

Evidence that Ca release may mediate
the effects of alpha-agonists and beta-ago-
nists on K flux comes from experiments
with guinea-pig liver slices recently re-
ported by Jenkinson et al. (144). Some cau-
tion is necessary in generalizing these re-
sults, since the guinea pig shows little or no
permeability response to beta-agonists un-
der normal conditions. Nonetheless, the ev-
idence is rather straightforward. As stated
previously, beta-agonists will stimulate K
release from guinea-pig liver slices if pre-
ceded by an alpha-agonist. When an alpha-
agonist and a beta-agonist are presented in
series while monitoring efflux of “*Ca, the
beta-agonist causes a sizable stimulation of
5Ca efflux. When the beta-agonist is added
first, no stimulation of “’Ca release is ob-
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served. At least two possible explanations
may be applied to these findings. First, it
may be that a pool of Ca (and thus “*Ca) is
available for beta-adrenergic release (via
cyclic AMP), but an unknown effect of al-
pha-stimulation permits coupling of beta-
receptors (or cyclic AMP) to release the
pool. On the other hand, since alpha-ago-
nists are suggested to release Ca internally,
intracellular sites that can buffer Ca may
act to sequester the Ca released by alpha-
agonists. These sites may thus temporarily
contain unusually large quantities of Ca. If
these sites are the same as those discharged
by beta-agonists (or cyclic AMP), a much
higher cytosolic Ca concentration may re-
sult as compared to that occurring with
untreated tissue, with the result that the
threshold for K release may be reached.
Perhaps experiments of a similar type, if
employed with the perfused rat liver where
the beta-effect may be more physiological,
will strengthen the hypothesis that Ca me-
diates the hyperpolarization and K flux re-
sponse due to cyclic AMP.

E. Smooth Muscle

There is probably no other category of
tissue that has been treated with a greater
variety of neurotransmitter and peptide ag-
onists and antagonists than smooth muscle.
Virtually all such agents have been sug-
gested to act, at least in part, by affecting
membrane permeability to ions in one way
or another. Nonetheless, by comparison
with the exocrine glands, we know embar-
rassingly little about mechanisms and cou-
pling factors involved in these permeability
responses. This is probably due to the ex-
treme confusion generated in trying to in-
terpret fluxes and permeability changes
produced by a drug in a tissue that shows
excitable behavior. In addition, the ions
affected by acetylcholine or catecholamines
may vary greatly in different smooth mus-
cles (41, 77, 178).

One smooth muscle rather extensively
characterized (although hardly typical) is
the guinea-pig taenia coli. Epinephrine,
through stimulation of alpha-receptors, hy-
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perpolarizes the guinea-pig taenia coli and
reduces the frequency of spontaneous ac-
tion potentials. Although the primary cause
of these phenomena was thought to be an
increase in K permeability, an increase in
K flux could not be demonstrated, since the
electrical effects tended to override subtle
changes in resting flux. Jenkinson and Mor-
ton (147-149) depolarized the muscle by
replacing Na with K. Under these condi-
tions, the electrical behavior of the mem-
brane is linear and inexcitable, and no driv-
ing force exists for K movement and mem-
brane potential to affect one another. With
this preparation, enhanced influx and efflux
of “K due to catecholamines were readily
apparent. Several investigators using the
double sucrose gap technique have con-
firmed that K conductance (as well as Cl)
is increased in the taenia coli by catechol-
amines (39, 51, 53, 54, 178, 197; but also see
156, 157, 166).

Recent studies by Biilbring and Tomita
(54) provided strong evidence that the in-
creased K conductance produced in taenia
coli by alpha-adrenergic agonists was me-
diated by Ca influx. Earlier investigations
had revealed that omission of Ca inhibited
the alpha-action on the taenia coli (50-52,
131). However, Ca removal per se produced
depolarization and a reduction in mem-
brane resistance, making it difficult to in-
terpret the effects of agonists. Therefore,
high concentrations of Mg were used to
prevent the effects of decreasing external
Ca on the basal permeabilities. Under these
conditions, the response to epinephrine
(hyperpolarization and decreased resist-
ance) disappeared in media containing no
added Ca and 0.5 mM EGTA, and returned
upon reintroduction of 2.5 mM Ca to the
medium. When Ca was added to Ca-free
media, an increase in membrane resistance
was observed. If epinephrine was present,
however, the addition of Ca decreased
membrane resistance and produced hyper-
polarization. These observations were in-
terpreted to indicate that Ca is an essential
ingredient for the alpha-action of catechol-
amines on the taenia coli (54). It is reason-
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able to speculate from this that alpha-ad-
renoceptor activation causes Ca influx,
which in turn activates K channels. To
support such conjecture it would be useful
to know whether alpha-agonists stimulate
Ca influx in taenia coli and whether the
cationophore, A-23187, can enhance K
permeability in this tissue.

The taenia coli of the guinea pig is, how-
ever, atypical in that it is inhibited by al-
pha-adrenoceptor activation. The general
response of smooth muscle is to increase
activity or contractility upon alpha-adren-
ergic or muscarinic receptor activation and
to relax, or show a decreased activity, with
beta-adrenergic agonists. It is quite inter-
esting that in the taenia coli, Ca influx
(which would normally be considered to
facilitate contractility) may act to produce
an inhibitory response. Presumably, this is
accomplished by a localized effect near the
surface membrane. Thus, the taenia coli
provides another example of how the ac-
tions of intracellular Ca may be somewhat
restricted to areas of the cell where Ca is
specifically elevated.

The inhibitory actions of catecholamines
in the uterus are mediated by beta-adren-
ergic receptors and are due partly to an
increase in K permeability and partly to a
stimulation of the Na,K pump (178). The
latter effect is probably mediated by cyclic
AMP. The enhancement of K permeability
may be mediated by Ca influx since it is
blocked by Ca removal or by La.

The stimulatory actions of alpha-adren-
ergic and muscarinic agonists generally in-
volve an increase in membrane conduct-
ance and depolarization (41, 178). The con-
ductance change involves Na or Cl to vary-
ing degrees (178, 225), although an increase
in K permeability also invariably occurs
(41, 144). In the ileum, the dose-response
relationship for the K permeability re-
sponse more closely approximates the li-
gand binding curves for muscarinic agonists
than does the relationship for contractility
(41, 57). Thus, strictly speaking, as Bolton
(41) argues, the maximal contractile effect
of carbachol occurs when depolarization oc-
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curs to the membrane equilibrium poten-
tial. This effect apparently requires but a
few occupied receptors, although even
greater conductance changes are possible.

These observations illustrate how diffi-
cult it is to make meaningful comparisons
between dose-effect curves in smooth mus-
cle. Possibly, the parameter that limits ten-
sion development in smooth muscle is the
number of voltage-dependent (rather than
receptor regulated) Ca channels that are
activated. Since these may become maxi-
mally activated at some set value of mem-
brane potential, tension development may
be maximal at very low receptor occupancy.
The occurrence of a “low affinity” response,
K efflux, suggests that this response may
be more closely related to early events fol-
lowing receptor activation. Consistent with
this is the observation that the K efflux is
relatively voltage-insensitive (57) and, in
many cases, shows dose-response charac-
teristics similar to ligand binding data [al-
though exceptions are numerous (35)]. In
many smooth muscles, the response is
somewhat insensitive to external Ca, which
may suggest an analogy with the transient
K release believed to reflect Ca channel
activation in the exocrine glands and liver
(see above). In this regard, it would be
helpful to know whether the K release re-
sponse in smooth muscle can be rendered
Ca-dependent by prior treatment with ago-
nist under Ca-free conditions.

Despite such conjecture, it has to be ad-
mitted that there is no decisive evidence to
implicate Ca as an obligatory intermediate
in the excitatory actions of agonists on
smooth muscle membranes (apart from the
obvious role in activating contraction).
Some rather intriguing speculation has ap-
peared, however, based on recent studies
on phospholipid metabolism in iris smooth
muscle (1-5). Abdel-Latif et al. found, as
did Jafferji and Michell (143) with guinea-
pig ileum, that alpha-adrenergic or musca-
rinic stimuli increased the labelling of phos-
phatidylinositol in the iris smooth muscle.
This effect was independent of the presence
of Ca and was not produced by the iono-
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phore, A-23187. In addition, if ATP levels
were decreased by incubation with 2-de-
oxyglucose, a net breakdown of triphos-
phoinositide (but not diphosphoinositide)
was also observed. In contrast to phospha-
tidylinositol labelling, triphosphoinositide
breakdown required Ca in the medium and
could be stimulated by the ionophore, A-
23187. Strontium, but not barium or man-
ganese, could substitute for Ca in producing
this effect.

These observations have led Abdel-Latif
to propose that the Ca-induced breakdown
of triphosphoinositide is associated with the
enhanced permeabilities to Na and K that
occur upon alpha-adrenergic or muscarinic
stimulation (3, 5). The hypothesis is an
attractive one but, unfortunately, one for
which there is little direct supportive evi-
dence. The evidence against this possibility
in the red cell has already been discussed.
It is somewhat ironic that it is smooth
muscle for which an effect of Ca on mem-
brane biochemistry can be most clearly
shown when it is also smooth muscle for
which the role of Ca in regulating permea-
bility is most questionable. What is ur-
gently needed is the demonstration of a
triphosphoinositide effect in other noncon-
tracting tissues and a clearer delineation of
the possible role of Ca as a mediator of the
effects of excitatory transmitters on mem-
brane permeability in smooth muscle.*

Cross-receptor inactivation, similar to
that seen with the exocrine glands and liver,
has also been demonstrated for vascular
smooth muscle but with contraction as the

* In a recent report, Rosenberger and Triggle (238)
obseerved that A-23187 probably stimulates intestinal
smooth muscle contraction by first enhancing Na en-
try, which in turn activates the voltage-sensitive Ca
channels. They suggest that the effect of A-23187 on
Na influx may be a direct one, resulting from a certain
degree of nonselectivity in the ionophoric action of
this compound. An alternative interpretation would
be that A-23187 first mediates Ca entry, which acti-
vates Ca-dependent Na channels, as Abdel-Latif et al.
(3, 5) have proposed. Of course, this latter explanation
is highly speculative, and at present there seems to be
no firm basis for choosing between these two alterna-
tives.
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end response (79, 80, 275). In these experi-
ments, contractions could be obtained with
rabbit aorta in response to norepinephrine,
histamine, or angiotensin. In the absence of
Ca, or in the presence of La, a single tran-
sient contraction occurred in response to
any of the agonists, but a second response
could not be obtained (or was greatly di-
minished), regardless of the agonist em-
ployed. Addition of norepinephrine to me-
dia during “*Ca efflux caused a transient
release of “*Ca that could not be duplicated
upon readdition of agonist at a later time.
The similarity in these results to those in
the exocrine glands and liver is apparent. It
seems likely, as Deth and van Breemen (79,
80) suggest, that these receptors regulate a
common pool of membrane-bound Ca that
is released upon activation and dependent
upon extracellular Ca for replenishment. As
for the exocrine glands, it is also tempting
to speculate that the release of this Ca and
activation of Ca channels are associated
events, although evidence in this regard is
notably lacking.

Summarizing, there is circumstantial ev-
idence to suggest that agonists may control
membrane permeability in smooth muscle
(at least partially) by a mechanism similar
to that in nonexcitable tissues such as the
exocrine glands and liver. Definitive conclu-
sions in this area are complicated by the
excitable behavior of the smooth muscle
membrane, which may add an additional
set of permeabilities with quite different
properties. The early steps—receptor oc-
cupation, phosphatidylinositol breakdown,
Ca influx—have considerable experimental
support. The actions of Ca on membrane
permeability, however, have thus far been
substantiated only for the taenia coli.

F. Miscellaneous Nonexcitable Tissues

Included in this section are brief discus-
sions of tissues where some evidence exists
that receptor-mediated control of ion
permeability may involve Ca. The brevity
of treatment is not meant to imply a lack of
functional or historical significance, but
rather an inability to conclusively resolve
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the mechanisms involved or to relate them
to the general pattern already discussed.

1. Gastrointestinal and Other Epithe-
lia. In addition to the salivary glands and
pancreas, as discussed above, almost all
levels of the gastrointestinal tract can be
stimulated to secrete or absorb electrolytes
and water by neurotransmitters or peptide
hormones. Several recent reviews have
dealt with various aspects of the control of
these processes in the gastrointestinal tract
and other model epithelial systems (13, 91-
93, 162, 242, 243, 268). Largely, the empha-
sis of prior work and speculation has con-
cerned the role of cyclic nucleotides (pri-
marily cyclic AMP) in mediating these re-
sponses. Indeed, the role of adenylate cy-
clase in the actions of cholera enterotoxin
served as a valuable tool not only in studies
of cyclic AMP and intestinal secretion but
in studies of adenylate cyclase in other tis-
sues as well (23, 92, 107). The generally
accepted role for Ca in these epithelia is in
maintaining the integrity of tight junctions
and possibly as an inhibitory regulator of
Na channels. This requirement for Ca for
junctional patency has hindered studies of
the role of Ca as a second messenger in
such systems.

Some fragments of evidence suggest that
Ca could be involved in the actions of
agents that stimulate adenylate cyclase. In
gastric mucosa, cyclic AMP or theophylline
can stimulate acid secretion but, under cer-
tain conditions, Ca is required for this ef-
fect. These agonists also stimulate release
of “Ca from isolated oxyntic cells, suggest-
ing that cyclic AMP may release Ca from
internal stores (243). The similarity of this
scheme to that in the fly salivary gland (see
above) is apparent.

Similar observations have been made for
the stimulation of Na transport in the toad
bladder epithelium by vasopressin. Thus,
vasopressin, believed to act through stim-
ulation of adenylate cyclase in the toad
bladder, stimulated efflux of “*Ca from pre-
loaded bladders (75, 273). Theophylline and
prostaglandin E,; (but not exogenous cyclic
AMP) mimicked this effect. Vasopressin
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also caused a decrease in mitochondrial Ca
in toad bladder, which is consistent with a
mechanism whereby cyclic AMP may act
to release Ca from this intracellular pool
(25, 32, 264). In support of this hypothesis,
Snart (263) has reported that cyclic AMP
can release Ca from isolated kidney mito-
chondria. The controversy surrounding
these results has been discussed above for
the liver. The most condemning evidence
against the relevance of such a scheme
comes from a recent study on the effects of
ionophore A-23187 on sodium transport in
the toad bladder (282). The ionophore (1
uM) was found to inhibit both the base-line
and vasopressin-stimulated Na transport,
and in both cases, the effects depended on
extracellular Ca. The effects on the vaso-
pressin-stimulated transport may in part be
due to inhibition of adenylate cyclase by
Ca. Thus, vasopressin did not significantly
increase cyclic AMP levels in the presence
of ionophore plus 2.5 mM Ca, but increased
cyclic AMP levels normally when Ca was
reduced to 0.2 mM. These results suggest
that intracellular Ca may act to inhibit the
response to vasopressin by inhibition of
adenylate cyclase. The possibility exists
that Ca could be normally released by cyclic
AMP and in turn feeds back to inhibit
adenylate cyclase. In any event, it seems
unlikely that Ca acts as a direct link in
stimulating Na transport in the toad blad-
der since the ionophore was also inhibitory
in the absence of vasopressin.

One instance where Ca almost assuredly
acts in stimulus-permeability coupling (ac-
tually, “stimulus-transport” coupling) is in
the activation of Cl transport in the rabbit
intestine. Two simultaneous reports ap-
pearing recently provide strong evidence
for such a mechanism (40, 99). Frizzell (99)
found that in rabbit colon the Ca ionophore
A-23187 reversed the active Cl absorption
to active Cl secretion without affecting Na
transport. Similar effects on ion transport
were obtained in response to cyclic AMP.
Decreasing the external Ca concentration
prevented the activation of Cl secretion due
to ionophore but not that due to exogenous
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cyclic AMP. Ionophore did not alter levels
of cyclic AMP in colonic mucosa, whereas
exogenous cyclic AMP stimulated release
of “Ca from prelabelled tissue (99). These
results strongly support Frizzell’s conclu-
sion that the secretory response (Cl trans-
port) due to cyclic AMP results at least in
part from a release of Ca internally and a
subsequent activation of Cl transport by
the elevated cytosolic Ca.

Bolton and Field (4) similarly observed
that in rabbit ileal mucosa, stimulation of
NaCl secretion by ionophore required Ca,
but stimulation by theophylline did not. In
addition, they found that carbachol and
serotonin, agonists that do not stimulate
adenylate cyclase in intestinal mucosa, re-
quired Ca to stimulate secretion. Vasoac-
tive intestinal peptide and prostaglandin
E,, agonists that raise the mucosal levels of
cyclic AMP, did not require Ca. Taken with
the results of Frizzell (99), these observa-
tions suggest that intestinal secretion of
electrolytes may be mediated by internal
Ca and that agonists may act either to
stimulate Ca influx or Ca release through a
cyclic AMP mechanism.

A recent report suggests that a similar
mechanism may control Cl transport across
the corneal epithelium (62). This raises the
possibility of Ca-controlled Cl transport in
epithelia generally and suggests a possible
direction for future studies of transport reg-
ulation in other epithelial tissues.

2. Adipocytes. A number of observations,
mostly quite recent, suggest that alpha-ad-
renoceptors may regulate ion permeability
of the adipocyte by mechanisms similar to
that in the exocrine glands and liver. Stim-
ulation of adenylate cyclase by peptide hor-
mones or beta-adrenergic agonists activates
lipolysis (88). Alpha-adrenergic antago-
nists, under various conditions, can stimu-
late or potentiate the effects of catechol-
amines or peptides on lipolysis, but the
specificity of these effects with regard to
alpha-adrenoceptor activation has been
questioned (88). :

Perry and Hales (207) found that epi-
nephrine, adrenocorticotrophic hormone,
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dibutyryl cyclic AMP, and theophylline all
stimulated K efflux from rat adipocytes.
The effects of epinephrine could be par-
tially blocked by phentolamine and by pro-
pranolol. The Ca-dependency of this re-
sponse was not determined. Phentolamine
did not inhibit the lipolytic effect of epi-
nephrine (207). Thus, if Ca release or influx
occurs upon alpha-adrenoceptor activation,
Ca apparently does not act on the machin-
ery involved in triglyceride breakdown. In
support of this, ionophore A-23187 was
found to inhibit rather than to stimulate
lipolysis (259).

Evidence that alpha-stimuli affect mem-
brane permeability in brown adipocytes
was obtained in a recent study by Fink and
Williams (95). These investigators found
that norepinephrine, phenylephrine, and
isoproterenol all produced a depolarization
of brown adipocytes of about 256 mV. The
effects of phenylephrine were blocked by
phentolamine but not by propranolol; for
the effects of isoproterenol, the reverse was
true. The ionic dependency of this response
was not reported.

Similarity between the alpha-adrenocep-
tor mechanism in the adipocyte and that in
the liver is suggested by studies on the
effects of adrenergic drugs on phosphoryl-
ase and glycogen synthase in rat adipocytes
(167). Epinephrine, norepinephrine, and
isoproterenol stimulated cyclic AMP for-
mation, phosphorylase a activity, and de-
creased glycogen synthase I activity. Alpha-
adrenergic antagonists inhibited the effects
of epinephrine and norepinephrine by
about 25% but potentiated the effects on
cyclic AMP. Phenylephrine similarly in-
creased phosphorylase a activity and de-
creased glycogen synthase I activity but did
not affect the levels of cyclic AMP. These
observations indicate the presence of alpha-
adrenoceptors on adipocytes that stimulate
phosphorylase activation by a mechanism
independent of cyclic AMP. By analogy
with the mechanism in the liver, it would
seem likely that Ca may function as a sec-
ond messenger for this effect and thus also
for the K flux observed by Perry and Hales
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(207). As yet, however, a requirement for
Ca in producing any of these responses has
not been demonstrated, nor have effects of
alpha-adrenergic stimuli on Ca movements
been demonstrated.

There is some evidence that alpha-adre-
noceptor activation can cause a phospho-
lipid effect in adipocytes (267). Epinephrine
was also shown to increase *P incorpora-
tion into total adipocyte phospholipids. The
effect was blocked by phenoxybenzamine,
but not by phentolamine or by beta-adren-
ergic antagonists. This paradoxical insen-
sitivity to phentolamine must obviously be
resolved before the role of phospholipid
turnover in alpha-adrenoceptor mecha-
nisms in the adipocyte can be evaluated.

The sum of these studies suggests that
alpha-adrenoceptor activation may cause
increased K permeability of the adipocyte
membrane by a mechanism similar to the
exocrine glands and liver. Obviously, the
Ca-dependency and relevant Ca move-
ments must be determined before such a
suggestion can be considered tenable.

3. Neutrophils. Many of the various
functions of leukocytes are stimulated by
receptor activation and in some cases as-
sociated ion movements have been docu-
mented. One extensively studied system is
the secretion of lysosomal enzymes by neu-
trophils (112, 132, 195, 258, 262). Secretion
can be stimulated by complement (or zy-
mosan-treated serum), acetylcholine, for-
mylmethionyl leucyl phenylalanine (F-met-
leu-phe, a chemotactic peptide), valinomy-
cin, and A-23187. All of these agents depend
at least quantitatively upon the presence of
Ca.

The secretory effects of F-met-leu-phe
are greatly potentiated by cytochalasin B
(258). Both F-met-leu-phe (with cytochal-
asin B) and ionophore A-23187 stimulate
influx of ““Ca and *Na and efflux of “K
(195). The effects of F-met-leu-phe plus
cytochalasin B on Na influx did not require
Ca in the medium, but the effect on K efflux
did requre Ca. On the other hand, A-23187
only stimulated Na influx when Ca was
present (195). It has recently been sug-
gested that F-met-leu-phe can elicit a phos-
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phatidylinositol effect in lymphocytes (cf.
188). These results are consistent with a
mechanism by which receptor activation
leads to a stimulation of Ca and Na influx.
The elevated Ca catalyzes secretion and K
efflux, and perhaps some Na influx.

Chemotactic agents also act to stimulate
chemotaxis by alterations in ion move-
ments, although the mechanism appears
quite different (22, 257). Optimal chemo-
taxis requires Ca and Mg (21). However,
cytochalasin B does not potentiate the ef-
fects of F-met-leu-phe on chemotaxis but
greatly potentiates the effect on Ca influx.
Also, the chemotactic response is inhibited
by ouabain while secretory responses were
affected only occasionally (258). In recent
studies, a direct stimulation by F-met-leu-
phe of Na,K-ATPase activity in a neutro-
phil plasmalemma fraction was observed
(22). This effect was blocked by carbobenz-
oxy-methionyl-phenylalanine, a competi-
tive antagonist to the chemotactic actions
of F-met-leu-phe. The significance of these
effects in the mechanism of chemotaxis is
not yet fully understood.

Activation of lymphocytes by mitogens
may also involve alterations in ion move-
ments, although the details here are far
from clear. Several investigators have ob-
served a stimulation of *Ca influx in lym-
phocytes by phytohemagglutinin A (10, 279,
280) and Ca has been suggested as the
critical signal for initiating the mitotic re-
sponse (25). Ouabain-sensitive K influx is
stimulated (233), but so is K efflux (253). It
is, therefore, conceivable that Ca influx ac-
tivates both mitosis and K permeability,
although the ionic requirements for the lat-
ter effect have not been systematicall
studied. :

IV. Conclusions

The purpose of this review has been to
summarize the advances in our understand-
ing of the role of calcium in stimulus-perme-
ability coupling. As is often the case, new
information generates new enigmas. It now
seems clear that in many tissues, where
hormones and neurotransmitters affect
membrane permeability, Ca appears to
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function as a second messenger in these
responses. The most common response is
an increase in K permeability (salivary
glands, lacrimal gland, liver, taenia coli,
adipocytes). In many cases, fluxes of Na
(salivary glands, lacrimal gland, pancreas)
and Cl (fly salivary gland, intestine, cornea)
may be activated as well, although evidence
for a role of Ca in these responses is less
complete. The mechanism by which Ca
produces effects on membrane permeability
is currently unknown.

Apparently, the permeabilities are con-
trolled by the level of ionized cytoplasmic
Ca. The source of Ca may be either the
extracellular space (Ca influx) or cellular
binding sites (Ca release). Possibly, occu-
pation of membrane receptors may activate
both mechanisms simultaneously (salivary
glands, lacrimal gland, pancreas, liver), but
in some cases this point remains a source
of controversy.

The theory of Michell may provide a clue
to the mechanism of coupling of membrane
receptors to Ca channels or binding sites.
Indirect evidence strongly suggests that,
subsequent to receptor occupation, break-
down of surface membrane phosphatidyli-
nositol occurs. The exact role of the phos-
phatidylinositol breakdown in receptor ac-
tivation, receptor-channel coupling, or Ca
mobilization is unknown. The occurrence
of many similarities in the stimulus-perme-
ability coupling mechanism in such diverse
tissues as exocrine glands, liver, smooth
muscle, epithelia, adipocytes, and neutro-
phils suggests that aspects of this scheme
may be applicable to other, less well under-
stood systems.
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