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Introduction whereas both M and CCK;-type receptors couple to
non-Gs/Gi systems, probably Gq, to activate phospholi-
, . pase C (PLC) producing inositol 1,4,5-trisphosphate
Parietal Cells Secrete HCI by Translocation and (IP3) and diacylglycerol, with the former releasinga
Recruitment of the Gastric Proton from intracellular stores, and the latter activating protein
Pump, H",K"-ATPase kinase C (PKC). This scheme is consistent with the

) ) ) ) ] . knowledge obtained from many types of cells. The tar-
Gastric acid secretion has long fascinated physiologistsyet of our interest, as unique events in the parietal cell, is

cell biologists and biochemists because of many attractocysed in this brief review on the downstream reactions
tive riddles in the field. Pure gastric juice, secreted byforming the PKA-, PKC-, or C&-pathways of activa-
the parietal cell, contains highly concentrated hydrochloyjgp.
ric acid, with pH as low as 0.8, that is, the established  The final step of HCI production is operated by the
proton gradient is greater than 4 million times that in thegastric proton pump, the HK*-ATPase. This enzyme
blood stream. The origin and mechanism of how thisys first discovered by Forte, Forte & Saltman (1967) as
gigantic electrochemical potential can be formed and; gyapain-resistant Kstimulated phosphatase activity,
maintained has been extensively studied. Also the horz.g |ater shown as a*Kstimulated ATPase common to
monal and neural regulation of acid secretion, especiallye vertebrate stomach (Forte et al., 1975). Recent prog-
the role of histamine as a final common mediator, hadess in molecular biology has revealed that the enzyme
been focus of much debate (Black, 1993). In this reviewegnsists of a catalytie-subunit of approximately 100
we will concentrate on the intracellular events thatypa molecular size and a highly glycosylatgesubunit
couple the stimulus to activation of the parietal cell.  (chow & Forte, 1995), and shows striking similarity to
The parietal cell is considered to have at least thregnother P-type cation pump, the N&*-ATPase. The
types of activating receptors on its basolateral memyastric enzyme uses the energy of ATP for the electro-
brane, i.e., histamine jiacetylcholine M, and gastrin  neytral countertransport of Hor K*, in contrast to the
CCKeg, although much of the action of acetylcholine or Ng* K*-ATPase which is obviously electrogenic. As
gastrin is mediated by the release of endogenous histahown in Fig. 1, the function of the gastric proton pump
mine. Itis believed that the Jteceptor couples to GS 10 s ynder dual-restriction while the parietal cell is in the
activate adenylate cyclase (ACase) producing adenosingsting state, i.e., the enzyme is sequestered within a
3',5"-cyclic monophosphate (CAMP) and subsequent acpopylation of cytoplasmic vesicles called tubulovesicles
tivation of cAMP-dependent protein kinase (PKA), spatially insulating them from the gastric lumen, and the
low permeability of tubulovesicular membranes to KClI
limits the turnover of the pump even through there is
ample ATP around the enzyme. Activation of acid se-
cretion is achieved by two concomitant functional
Key words: Parietal cel—Acid secretion—Signal transduction— changes, namely, (i) tubulovesicles fuse with the apical
Cytoskeleton—Protein phosphorylation—Membrane fusion secretory membrane thus recruiting functional pumps to
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Resting Stimulated

Fig. 1. Schematic representation of parietal cells
at rest and under stimulation. In the resting state,
H* ,K*-ATPase is sequestered within cytoplasmic
vesicles called tubulovesicles, and the low
permeability of tubulovesicular membranes to KCI
limits the turnover of the pump even though there
is ample ATP around the enzyme (left). Activation
of acid secretion is achieved by two concomitant
functional changes, namely, tubulovesicles fuse
with the apical secretory membrane thus recruiting
functional pumps to the expanded microvillar
surface and the apical membrane acquires a
permeability to KCI (right).

the expanded microvillar surface (Forte, Machen & histamine-stimulation of the parietal cell, whereas sub-
Forte, 1977) and (ii) the apical membrane acquires @equent study revealed that the dephosphorylation of RIl,
permeability to KCI (Wolosin & Forte, 1984; Forte et al., which led to the release of catalytic subunits, occurred
1990; Forte & Yao, 1996). In other words, the pump during stimulation by the cAMP-pathway suggesting that
molecule itself is not activated during the activation of PKA type Il may also have a regulatory role (Goldenring
acid secretion. Although two potential phosphorylationet al., 1992). At least in the frequently used rabbit pari-
sites for PKA exist in thex-subunit (Maeda, Ishizaki, & etal cell model, PKA appears to be the primary activating
Futai, 1988), and both Tyrand Tyr® are shown to be factor since maximal stimulation of isolated glands or
phosphorylated by an unidentified membrane bound kiparietal cells, as monitored BfC-aminopyrine accumu-
nase (Togawa et al., 1995), their role in enzymatic aciation, was achieved when the intracellular content of
t|V|ty is unclear at pl’esent. It is thus concluded that thecAMP was fu”y increased (Chew’ 1983b) There is also
intracellular signal transduction pathways should be conyp, important background from the experimental and
nected to the machinery leading to the fusion of tubulo-cjinjcal literature that H-receptor antagonists are much
vesicles with the apical membrane and to the activationyore powerful inhibitors of gastric acid secretion in vivo

of apical K" and CI transporters. than muscarinic- or gastrin-antagonists (Hirschowitz et
al., 1995).
o . ) ) It is well known that the activation of Hreceptors
Activation of PKA is the Main Pathway in the also elicits an increase of intracellular Caat least in
Secretory Cascade rabbit parietal cells (Chew, 1986; Muallem et al., 1986;

Negulescu, Reenstra, & Machen, 1989). In the canine
There is a consensus that histamine, the main stimulargarietal cell, activation of Kreceptors failed to elicit a
for the acid secretory cascade, stimulatggéteptors to  Ca* response in contrast to cholinergic or gastrinergic
activate Gs coupled with adenylate cyclase leading to thetimuli (DelValle et al., 1998). It is reasonable to pro-
production of cAMP to PKA. Although some receptors pose that histamine is a full agonist in the rabbit parietal
other than H have been shown to couple with Gs in the cell because it elicits two signals at once, i.e., elevation
parietal cell (Yokotani et al., 1994; Ota et al., 1989; of cAMP and C&"; whereas, in the canine parietal cell
Schepp et al., 1992), they may have a minimal physi-histamine and carbachol produce equivalent stimulatory
ological role. There are two types of PKA: type | and Il responses because they operate through exclusive cAMF
with different regulatory subunits, RI and RII, respec- or C&* pathways. This of course begs the questions as
tively, and it has been postulated that the former is preto how histamine is connected to €an the rabbit cell
dominantly cytosolic, whereas the latter associates wittand disconnected from €&in the canine cell. As ex-
the cytoskeleton or membranes. Chew (1985) first re-ogenously added dibutyryl cAMP (dbcAMP: a cell per-
ported that type | kinase was selectively activated bymeant cAMP analogue) failed to increas€Git has been



T. Urushidani and J.G. Forte: Parietal Cell Signal Transduction 101

postulated that histamine also could activate PLC to prowith low levels of agonist elicited a repetitive transient
duce IR, especially in the highly purified rabbit parietal rise (oscillation) in [Ca](DelValle et al., 1998). CCK-

cell (Chew & Brown, 1983), suggesting that the H induced [C&"];-oscillations have also been observed in
receptor couples to PLC as well as to ACase (DelValle ethe Chinese hamster ovary cells transfected with cloned
al., 199D). However, this hypothesis cannot explain human CCKB-receptor (Akagi, Nagao & Urushidani,
why phosphodiesterase inhibitors or forskolin induce in-1997). It seems therefore that the ability to produce
crements of C# in the parietal cell (Chew, 1986; Chew [Ca2*],-oscillation is inherent to the CGKreceptor as

& Brown, 1987). An alternative explanation might as- also reported for the CCKreceptor (Yule et al., 1993),
sume putative PKA-activated €achannels and com- however, histamine at the maximal dose and carbachol at
partmentalization of the components. We recently ob- threshold dose both elicited [€% oscillations in cul-
served that histamine and forskolin elicited H89- tyred rabbit parietal cells (Ljungstmo & Chew, 1991).
sensitive, [C&'],-dependent, increase of [€3 in rabbit  The mechanism as well as the physiological meaning of
parietal cells. Although dbcAMP failed to reprOduce this [Caz"]i oscillation is considered to be an interesting tar-
phenomenon, the more powerful analogue, Sp-adenosing for future study.

3',5'-cyclic monophosphothioate produced a late onset’  There could be two possible modes of action for
but large and long lasting &&influx (Urushidani, Muto, Ce&", i.e., C&" by itself and via the activation of cal-

& Nagao, 1996). These data could be interpreted by g,qqyjin. There are at least seven calmodulin-dependent
compartmentalization model in which the direct (forsko- protein kinases, i.e., myosin light chain kinase (MLCK),
lin) or indirect (H,) activation of ACase could effectively phosphorylase kinase, and calmodulin kinases | to V

raise the local concentration of CAMP in the vicinity of (CaMKI-V). Pharmacological data have suggested that

. e :
tf;etputatlvg Cq mflux clhanneltto |tnduce full pholsphgg qSIaMKII is involved in the activation process via the
ylation and opening. ih contrast, exogenously adde s-receptor, since the CaMKIl inhibitor KN62 prefer-

CAMP analogues would only produce a uniform but entially inhibited carbachol-stimulated, but not hista-

slight increase in the level of cAMP throughout the cell. _ . . . . L X
o . mine-simulated, aminopyrine accumulation in rabbit pa-
However, this issue seems to be more complex since a

. . rietal cells (Tsunoda et al., 1992). We recently reported
recent report suggests that the caningéteptor, which N o
does notpinducegg Gresponse, acrtif/ratedpPLC via an (Urushidani et al., 1997) the potential involvement of

unknown GTP-dependent mechanism (Wang, Gantz, LCK in the activation of aC|d. secretion espeually in
DelValle, 1996). the translocation of tubulovesicles which will be dis-

cussed later. Among the many potential targets other
than calmodulin, calpain, a €adependent neutral pro-

Ca?* Works to Potentiate the cAMP/PKA Pathway tease, might be involved in parietal cell function (Yao,
Thibodeau, & Forte, 1993), especially through its pref-

There has been only limited information on the mecha-£rénce to_cytoskeletal components including ezrin, which
nism by which intracellular messengers elicit the finalWill be discussed later. Another cytoskeleton-related
physiological action. Especially for &5 definitive tar- protem, gelsolm, is known to sever filamentous actin
gets have not yet been elucidated, although it is said to b§F-actin) in a C&"-dependent manner. A recent report
essential for many types of secretory events. Accumuhas suggested the possible involvement of gelsolin in
lating data suggest that the €apathway itself cannot parietal cell function, especially in reorganization of the
provide full activation of the secretory machinery, but cytoskeleton during stimulation of the cell (Urushidani,
that it works as a potentiating factor for the cAMP path-Muto & Nagao, 1997). Beside the proteins with EF-
way (Soll, 1982; Negulescu, Reenstra, & Machen, 1989hand structure, there is a protein family, the annexins,
Chiba et al., 1989; Li, Cabero & Mardh, 1995). It is well Which show a common property of €adependent bind-
known that stimulation of Mreceptors elicits a large ing to phospholipids for review, Creutz, 1992). The
Ca* response with little stimulation of acid secretion, at most productive speculation is that annexins are involved
least in the rabbit parietal cell (Negulescu, Reenstra, &n the fusion process of the tubulovesicles as in the case
Machen, 1989). Activation of CClcreceptors also pro- of chromaffin cells where annexin Il (Regnouf et al.,
duces a calcium response in both rabbit and canine cell$996), or VII (Cachuy, Srivastava & Pollard, 1996) me-
(Chew, 1986; Delvalle et al., 198, although evidence diate vesicular fusion in a €& and phosphorylation-
for a direct effect on acid secretion is again quite weakdependent manner. Despite their predicted significance
(Soll, 1982; Chew & Hersey, 1982). Stimulation of;M in the common secretory machinery, studies on the an-
receptors usually elicits a single, biphasic response ohexins in parietal cell biology are few (Urushidani &
[Ca], i.e., an initial transient rise due to the release fromNagao, 1997). Another Ca and phospholipid-
intracellular stores and a sustained plateau supported lyependent enzyme, PKC, will be discussed in the next
C&*-influx. Whereas, stimulation of CCKreceptors — section.
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PKC Has Both an Inhibitory and Facilitatory Role growth factor (EGF)/transforming growth factor
in Acid Secretion (TGFw). Other endogenous antisecretory factors are
. _considered to elicit their effects, directly or indirectly, on
There have been several controversial reports concerningies other than parietal cell, e.g., blood flow or alkaline
the physiological role of PKC in the activation of acid gecretion. Although it was shown that the activation of
secretion. Early studies reported that activation of PKCyqenosine A1 receptors on the parietal cell led to an
by phorbol esters exclusively showed inhibition of acid nipition of acid secretion (Gerber & Payne, 1988), pos-

secretion (Muallem et al., 1986). In other studies, how-gjy,y via Gi, the physiological meaning of the receptor is
ever, it was found that phorbol ester weakly St'mmatedpresently unclear.

acid secretion by itself, like carbachol (Chew, Zhou & Somatostatin is considered to be one of the most
Parente, 1997; Brown & Chew, 1986; Chiba etal., 1989)'important endogenous modulators of gastric acid secre-

and it potentiated the stimulatory effect of dbcAMP . N - ;
. tion. Most of the inhibitory activity of somatostatin can
(Brown & Chew, 1986). The bulk of evidence seems tobe attributed to its wide inhibitory profile on the neuro-

fa_vor the view that activation of PK.C IS inhibitory to endocrine system, although direct inhibition on the pari-
stimulated secretion before PKA activation, e.g., activa- :
etal cell also occurs. In an early report, somatostatin was

tion of PKC by phorbol esters attenuated the responses téqhown to inhibit acid secretion stimulated by histamine,

nggmogrgﬁg\lf\itigsg?%‘;ﬁzrﬁ; gﬁ”lgge)tf)blz?rns(iotgnbut npt by dbcAMP, chplera toxin, or carbachol in_ rgbbit
dbcAMP (Brown & Chew, 1986; Nandi, Crockett, & J92Stic glands and parietal cells (Chew, 1883nhibi-
Levine, 1994). On the other hand, acid secretion wadion of hlstamme-stlmulateq sec_retlon by so.matostatm
augmented when PKC was inhibited, either directly byVas attenuated by pertussis toxin (Park, Chiba, & Ya-
drugs such as H7 (Nandi, Crockett, & Levine, 1994;mada, 1987; Schepp etal., 1992), leading to the postulate
Urushidani & Nagao, 1996) and R031-8220 (Chew’thatlnhlbltlon bygomatostatln is on Apase via Gi. How-
Zhou & Parente, 1997), or indirectly by nonsteroidal 8V€r» SOme additional mechanism might be necessary to
antiinflammatory drugs (Nandi, Crockett, & Levine, interpret the results that sor_na_tostatln als_o |nh|b|t_s dl_o-
1994). Although there could be some involvement of CAMP-, carbachol- and gastrin-induced acid secretion in
somatostatin release from D cells (Chiba et al., 1987)canine parietal cells (Park, Chiba, & Yamada, 1987), and
receptor downregulation by PKC activation (Chiba et al.,this might be explained by multiple signals dependent on
1989) seems to be the most feasible mechanism for inthe receptor subtypes, 5 of which have been cloned and
hibition of the receptor-mediated route, and this has bee@nalyzed so far (Reisine, 1995).
supported by recent works describing that phosphoryla-  In the case of PGs there appears to be a consensu:
tion by PKC triggers receptor desensitization and dowrthat the inhibitory action, mainly PGHSeidler, Bein-
regulation for review Chuang et al., 1996). However, born, & Sewing, 1989), is specific for histamine-
the fact that phorbol esters inhibit forskolin-induced acidstimulated secretion by inhibiting ACase via Gi (Chen, et
secretion suggests there may be an additional site afl., 1988; Schepp et al., 1992). Among the 4 cloned
action beyond adenylate cyclase. The regulation of adPG-receptors, only EP3 is known to couple with Gi
enylate cyclase activity by phosphorylation is complex(Coleman, Smith, & Narumiya, 1994). It is therefore
(Sunahara, Dessauer, & Gilman, 1996). For exampleteasonable to postulate EP3 as the parietal cell subtype
phosphorylation of adenylate cyclase by PKC has beemand its mRNA was recently demonstrated to be dominant
reported to be either inhibitory or stimulatory dependingin murine parietal cells by in situ hybridization (Sugi-
upon the subtype of the enzyme. It is also possible thaioto et al., 1997).
the site of PKC action is beyond cAMP, since the cAMP- For EGF/TGFe receptors, the situation is more com-
stimulated response was augmented by H7, an inhibitoplicated. It has been postulated that EGF and its homo-
of PKC (Nandi, Crockett, & Levine, 1994) and phorbol |ogue TGFx play important roles as endogenous modu-
ester was found to inhibit the secretion stimulated by aators of gastric acid secretion as well as in the mitotic
phosphoprotein phosphatase inhibitor (Urushidani &regulation of gastric epithelial cell$of review,Barnard
Nagao, 1996). As the subtype of PKC in the parietal cellet al., 1995). EGF/TGk appears to modulate parietal
has recently been established (Chew, Zhou & Parentesell functions in an autocrine-like manner, since it has
1997), the actual site of action of PKC will likely be peen shown that mRNA for both T&Fand its receptor
elucidated in the near future. colocalize within the parietal cell (Beauchamp et al.,
1989). Setting aside the observation that chronic treat-
Inhibitory Receptors Serve as Feedback Regulators ~ment with EGF enhances acid production of cultured
of Acid Secretion parietal cells (Chew, Nakamura, & Petropoulos, 1994),
stimulation of EGF receptor has been consistently shown
Receptors involving direct inhibition of acid secretion to inhibit histamine-stimulated acid secretion through Gi
include somatostatin, prostaglandins (PGs), epidermglAtwell & Hanson, 1988; Lewis et al., 1990; Chew, Na-
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kamura, & Petropoulos, 1994). However, this does notctivity in vitro due to its protonophoretic action and not
explain the inhibitory action of EGF on carbachol- due to the inhibition of kinase (Mamiya et al., 1993).
stimulated secretion, which might be mediated by theWe recently found that U73343, a negative control of
activation of tyrosine kinases (Tsunoda, Modlin, & PLC inhibitor, U73122, was also a protonophore (Muto,
Goldenring, 1993; Chew, Nakamura, & Petropoulos,Nagao, & Urushidani, 1997). Screening of various drugs
1994). A recent report (Wang et al., 1996) suggestechas revealed some protonophoretic action of the follow-
that activation of PKC, possibly PkCandB1 isoforms, ing agents near the respective ED50 for inhibiting the
by EGF was the main pathway of the inhibition. There- putative target: ML7 and ML9, MLCK inhibitors; ONO-
fore, this argument is to be joined with the above men-RS-082, a PLA2 inhibitor; and H89, a PKA inhibitor.
tioned, controversial PKC story, in which PKC was pos- Furthermore, the following showed some inhibitory ac-
tulated to be an inhibitory signal. If EGF is able to ac- tion on H" ,K*-ATPase: neomycin, a PLC inhibitor; and
tivate PKC via tyrosine kinase, the most feasible ONO-RS-082, a PLA?2 inhibitor (Sugita, Nagao, & Uru-
pathway is via activation of PL¢ producing IR and  shidani,preparation). This apparent widespread suscep-
diacylglycerol (Reynolds et al., 1993). However, this tibility to nonspecific effects demands that investigators
pathway generates messages quite similar to those mée circumspect in using and interpreting results with in-
diated by the M receptor (i.e., activation of PLCpro-  hibitors.
ducing IR and diacylglycerol), thus, EGF would be an
expected agonist as effective as carbachol. Interestingly,
EGF alone was shown to cause a transient stimulation ofhe Search for Substrates of Parietal Cell Kinases
acid secretion as carbachol did (Lewis et al., 1990), while
it did not affect the concentration of intracellular ¥a Activation of PKA, PKC, or calmodulin-dependent ki-
either in the resting parietal cell or those stimulated bynase(s) inevitably transduces its signal via the phosphor-
carbachol (Lewis et al., 1990, Wang et al., 1996). Al-ylation of some endogenous components, thus it is im-
though the situation is chaotic at present, analysis of EGBportant to identify the substrate(s) for each kinase. Table
effects appears to be an attractive area for continued summarizes the candidate substrates for the kinase:
work since it might provide some insight into the categorized into PKA and E4PKC. Most of the pro-
crosstalk within the parietal cell among PKA, PKC, ty- teins in the table were identified on the basis of increased
rosine kinases and phosphatases (Tsunoda, Modlin, &abeling of a spot or band on an electrophorogram from
Goldenring, 1993; Chew, Nakamura, & Petropoulos,stimulated parietal cells labeled with radioactive phos-
1994), and MAP-kinase (Nakamura et al., 1996) pathphate, although a few cases, e.qg., the €lannel, were
ways. identified by functional analysis. Recently, a convenient
From a different point of view, inhibitory signals and effective model using-toxin permeabilized gastric
could be mediated by the action of phosphoprotein phosglands was developed (Thibodeau, Yao & Forte, 1994).
phatases as the activation of acid secretion is ultimatelys this is the only permeabilized model that is directly
mediated by serine/threonine kinases. Although it wagesponsive to second messenger-mediated stimulation, if
suggested that phosphoprotein phosphatase | has a regihould be a useful tool for detecting putative substrates
latory role in parietal cell activation (Goldenring et al., for kinases (Yao et al., 1996). Most of the candidate
1992; Urushidani & Nagao, 1996), there is no knownsubstrates for the G4PKC pathway are phosphopro-
mediator or direct activator of phosphatase, except for ateins with no specified function, whereas many of those
early report suggesting that somatostain may be a phoder the PKA pathway have been correlated with physi-
phatase activator (Reyl & Lewin, 1982). ological functions. There has been some recent progress
on the nature of KCI transporters involved in activating
the acid secretory process. A chloride channel of 99
Pharmacological Agents May Have Nonspecific kDa, whose conductance was increased by PKA, has
Effects on Proton Pump and Leak been cloned from a parietal cell cDNA library (Ma-
linowska et al., 1995). Also, an 18 kDa substrate for
A large part of the argument supporting any signal transPKA has reportedly endowed potassium conductance to
duction pathway is dependent on pharmacological studisolated gastric microsomes (Sack, 1993), although this
ies using various inhibitors. Interpretation of these re-protein has not yet been purified or further characterized.
sults is totally dependent on the specificity of the agent ta~or the stimulation-associated membrane transforma-
its targeted component in the pathway. In the case ofions between cytoplasmic tubulovesicles and apical
gastric acid secretion there are additional pitfalls in theplasma membrane, the most feasible and likely candi-
possibility that the inhibitor might alter the measured dates are cytoskeletal proteins and docking/fusing pro-
proton gradient via some action as a protonophore, or byeins. Among them, ezrin, a putative membrane-
a direct effect on the proton pump. It was reported thatcytoskeletal linker phosphoprotein, is an attractive can-
KN-93, a CaMKII inhibitor, was a potent antisecretory didate as a downstream effector.
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Table. Candidates of substrates for kinases in the parietal cell

PKA
M.W. Reference Identification Function
130K Cuppoletti & Malinowska, 1988 Vinculin Regulation of cytoskeleton?
120K Urushidani, Hanzel, & Forte, 1987 Not identified Kinase?
99K Malinowska et al., 1995 CIC family PKA-activated Cl channel
80K Urushidani, Hanzel, & Forte, 1987 Ezrin Membrane-cytoskeletal linker, AKAP
52K Goldenring, et al., 1992 PKA-RII Dephosphorylation leads to stimulation
40K Chew & Brown, 1987b Not identified PKA substrate?
30K Oddsdottir et al., 1988 Not identified Identical to 27K?
27K Chew & Brown, 1987b Not identified Identical to 30K?
18K Sack, 1993 Kayletin Ktransporter?
Ca*IPKC
M.W. References Identification Function
100K Oddsdottir, et al., 1987 Not identified CaMKIIl substrate
Mayer et al., 1994
80K Chew, Zhou, & Parente, 1997 Ezrin (PKC inhibitor sensitive)
66K Brown & Chew, 1989 Not identified PKC substrate, cytoskeletal localization
50K Mayer et al., 1994 CaMKI& subunit
40K Urushidani & Nagao, 1997 SuccinylCoA synthetase?
36K Brown & Chew, 1989 Not identified PKC substrate
28K Parente et al., 1996 CSPP28 (Ubiquitous distribution)

Ezrin Serves as a Membrane-Cytoskeletal Linker in  pressed C-terminal ezrin colocalized with F-actin with
the Apical Pole of Parietal Cells perfect resistance to detergent. Furthermore, Turunen,
Wabhlstrom and Vaheri (1994) showed that the actin

Ezrin was identified as an 80 kDa apical membrane pro_bir?ding domain existed within the C-terminal 34 amino
tein whose phosphorylation was increased when parietdi€ids. _ - _
cells were stimulated via the PKA pathway (Urushidani, ~ Many investigators had observed that purified ezrin
HanzeL & Forte, 1986, 1989) Subsequent|y (Hanze' eﬁcarcely binds to F-actin in VItI’O, Contrad|ct0ry to the
al., 1991), the protein was found to be identical to ezrin,0bservations in vivo (Bretscher, 1983). Our own early
the microvillar core protein (Bretscher, 1983), which wasstudies found only weak binding capacity of ezrin to
also found to be a substrate for tyrosine kinase in A431F-actin prepared from skeletal muscle, undermining the
cells stimulated by EGF (Gould et al., 1986). conclusion that ezrin was an actin-binding protein. More
From the early stages of its identification, the physi- recent observations by Yao, Cheng, & Forte (1996) and
ological role of ezrin has been postulated to be related tdy Shuster and Hermann (1995) demonstrated that the
the cytoskeleton. In the parietal cell, it was recovered inbinding of ezrin to F-actin is actin-isotype-specific, that
the cytoskeletal fraction by biochemical proceduresis, the affinity is much higher for cytoplasmig-actin
(Urushidani, Hanzel & Forte, 1989) and found to berather thea-skeletal muscle isoform. Interestingly, the
colocalized with F-actin by immunocytochemistry (Han- phosphorylation of ezrin does not seem to be essential
zel et al., 1989; 1991). Ezrin was also richly representedor binding to actin, but one study suggests that phos-
in a variety of microvilli and in the villial membrane phorylation may augment the binding to the cytoskeleton
rufflings of cultured cells (Gould et al., 1986; Pakkanen (Hanzel, et al., 1991). This could explain how bundles
et al., 1987). Based on cDNA sequence homology ezrirof microfilaments within microvilli might be stabilized
is classified as a member of the ezrin/radixin/moesinby phospho-ezrin and why the binding complex could
merlin (ERM) family of proteins, which all belong to the not be formed in the early experiments usiegeactin.
much larger band 4.1 superfamily of cytoskeletal-An apparent contradiction to this ezrin-actin isotype
membrane linker proteins (Gould et al., 1989; Sato et al.specificity is that the C-terminal portion of bacterially
1992). This was further confirmed by recent expressiorexpressed ezrin effectively bindsdeactin, whereas full
studies. Algrain et al. (1993) showed that full length length ezrin does not (Turunen, Wahlstrom, & Vabheri,
ezrin expressed in CV-1 cells colocalized with F-actin1994). It is conceivable that the N-terminus conveys
with partial solubility to detergent; whereas, expressedstructural and isotypic specificity to the C-terminal bind-
N-terminal ezrin behaved as membrane protein and exing site. However, based on the interactive tendencies
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they observed for the C-terminal and N-terminal do- Also of interest is the recent finding of the potential
mains of ezrin and its family members, Gary andinvolvement of MLCK in the role of ezrin. A new an-
Bretscher (1995) have proposed an alternative explanaiulcer drug, ME3407, with inhibitory activities on
tion. They argue that ezrin readily forms head to tailMLCK and PKA, was found to strongly inhibit the
homodimers preventing (or regulating) access of the acstimulation-associated translocation of tubulovesicles
tin-binding (C-terminal) or membrane associating (N-containing H,K*-ATPase and to alter the distribution of
terminal) sites, and further that ezrin monomer exists inezrin (Urushidani et al., 1997). Possible involvement of
a form in which the C-terminal interactive domain is MLCK was further supported by the observation that
masked by a folding that partially obscures the N-wortmannin, in the concentration range inhibitory to
terminal interactive domain. Given these “stick” ten- MLCK, produced results similar to ME3407 with respect
dencies the key, of course, is how can ezrin be regulatetb the effects on translocation of tubulovesicles and dis-
to effect the appropriate cytoskeletal and membrane intribution of ezrin (Urushidani et al., 1997). Because of
teractions in vivo. Phosphorylation is one possibleits strict substrate specificity, it is reasonable to suppose
modification to expose binding sites. Purified gastricthat inhibition of MLCK interferes with actomyosin in-
ezrin contains multiple phospho-isoforms, even in theteraction, e.g., cytoskeletal-membrane locomotion.
resting state, and phosphorylation is enhanced witiMyosin | has been suggested as a motor for vesicles
stimulation (Urushidani, Hanzel & Forte, 1989; Yao et derived from the Golgi apparatus moving toward the
al., 1995; Chen, Cohn, & Mandel, 1995). An alternative apical membrane in chick intestinal cell (Fath & Brugess,
explanation comes from Shuster & Herman (1995) whol1993). As myosin-I has been identified in rabbit parietal
proposed that the preferential binding of ezrirtactin  cells (Yao & Forte, 1996), the role for myosin motors in
filaments is promoted by an intermediary protein, possi-the acid secretory process is an interesting issue.
bly a 73 kDa peptide they saw in the binding assay. Fur-
thermore, they observed that the cleavage of ezrin by
calpain abolishes the actin binding ability. It is clear thatPhosphorylation of Ezrin is Correlated with Gastric
the mechanisms of ezrin-actin interaction and its regulaAcid Secretion
tion are complex and more information is necessary for
a complete picture. Although the precise mechanism is still unknown, it ap-
The membrane binding domain of ezrin is in the pears that ezrin interacts with the cytoskeleton in a phos-
N-terminal region. Niggli et al. (1995) showed that the phorylation-dependent manner. For example, dephos-
N-terminal portion, 1-309, interacted with liposomes, phorylation of ezrin occurs during the destruction of mi-
and that the interaction was most prominent to phosphaerovilli induced by ischaemia in renal cells (Chen, Cohn,
tidylinositol 4,5-bisphosphate (PJP It was reported & Mandel, 1995). In the parietal cell, striking morpho-
that the binding of ERM proteins to CD44, a putative logical changes, such as depicted in Fig. 1, and the phos-
binding partner, was strengthened by Rlénd a poten- phorylation of ezrin are both correlated with the stimu-
tial involvement of the small GTP-binding protein, Rho, lation of acid secretion via the PKA activation pathway.
in this system was suggested (Hirano et al., 1996). IrRecent work with inhibitors of phosphoprotein phospha-
analogy with other cytoskeletal proteins, it is possibletase serve to emphasize the functional importance of
that membrane recruitment in the parietal cell is regu-these correlations.
lated with phosphoinositide turnover through the linking When rabbit gastric glands were treated with calycu-
of ezrin between the cytoskeleton and plasma membranédin A, an inhibitor of protein phosphatase | and I, acid
Ezrin has recently been reported to have activity asecretion was strongly stimulated, whereas okadaic acid,
an A-kinase anchoring protein (AKAP). Using gels an inhibitor of phosphatase Il, did not show such an
overlaid with RIl regulatory subunit, Dransfield, Brad- effect (Urushidani & Nagao, 1996). It was thus sug-
ford, & Goldenring (1995) found two parietal cell pro- gested that phosphorylation by PKA might occur consti-
teins, 78 kDa and 120 kDa, with AKAP activity. Sub- tutively and that the resting state in the parietal cell is
sequently, the 78 kDa protein was found to be ezrinmaintained by the dephosphorylation of ezrin via protein
(Dransfield et al., 1997), and they postulated a putativgphosphatase |. For parietal cells maximally stimulated
RII binding site in ezrin, in the region ef-helix between with histamine plus isobutylmethylxanthine the phos-
417 and 433, which is conserved in radixin and moesinphorylation of immunoprecipitated ezrin was 3 times
These authors also showed that RIl was redistributedhigher than that from resting cells, whereas for glands
from cytosol to canalicular membrane when the parietaktimulated with calyculin A ezrin phosphorylation was
cell was stimulated. This is an interesting example ofincreased more than 10 times, although the index of acid
compartmentalization in which an important substratesecretion was much less than those stimulated by hista-
binds its corresponding kinase on the cytoskeleton; thenine plus isobutylmethylxanthine. While there is an ap-
exact role for specific ezrin/RIl association remains to beparent lack of correlation between the extent of acid
determined. secretion and ezrin phosphorylation, the net effect of
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calyculin A seems to be a model for the extreme phosendocytosis represent an exciting area of current re-
phorylation of the protein. Close examination of the ma-search. A growing body of evidence supports the notion
terial that co-immunoprecipitated with anti-ezrin from that the general machinery governing the docking/fusion
the detergent-soluble fraction of calyculin A-treated of membranes is highly conserved (Sollner et al., 1993;
glands revealed several proteins coprecipitating withRothman & Warren, 1994). In neurons, the so-called
ezrin, includingB-actin, a-actinin, anda and B-fodrin -~ SNARE (Soluble N-ethylmaleimide-sensitive factor At-
(Urushidani et al.jn preparatior). Phosphorylation oc- tachment protein REceptor) hypothesis holds that vesicle
curred exclusively on ezrin argHfodrin. a-Actininwas  targeting is mediated by the unique pairing between
found to bind PIR as reported for fibroblasts (Fukami membrane proteins on the transport vesicle (known as
et al., 1994). In contrast to the above-mentioned study,-SNARES) and the proteins on the target membrane
on liposomes (Niggli et al., 1995), ezrin itself did not (known as t-SNARES). The resulting SNARE complex
bind PIR in the immunoprecipitated fraction. Ankyrin, provides the binding site for soluble cytoplasmic factors
which was reported to be bound to tubulovesiclesy catalyze subsequent vesicle-plasma membrane fusior
(Smith et al., 1993), was not found in the ezrin- gyents (Bennett & Scheller, 1994). Several of the spe-
immunoprecipitate. These results suggest that a detefsic proteins and their isoforms that function in synaptic
gent-resistant complex of cytoskeletal components Wagesicle docking/fusing reactions have been identified in
formed when ezrin op-fodrin was phosphorylated. parietal cells (Peng et al., 1997). These include syntaxin
_These results imply several interesting and suggeSutorms 1 through 4, VAMP (vesicle-associated mem-
tive features. Ezrin contains a proline-rich domain brane protein, also known as synaptobrevin) and SNAP-

whose function is presently unknown (Gould et al.,25 (s . .
. T ynaptosome-associated protein of 25 kDa), all of
1989). Recent work suggests that SH3 domains exist i hich are especially enriched in parietal cells, compared

various kinds of proteins including cytoskeletal protelnsto other gastric epithelial cells. Detection of syntaxin 1

:Ind ;gg;h?\'r:grelraf;ewggrﬁr%':Wneer{;Cgfd&Za;gzégegeﬂgnd SNAP-25 in parietal cells was unusual since these
ti(;ned corﬁplexa-?odrin actuglly possesses an SH3 do- proteins had been found only in neural or endocrine cells,
main. An attractive, though tentative, hypothesis is that:;v:iig,tlh:éEgvesb%iglllofahzfed E_o thet.plasma rr:e(rjnti;]ar:e
the phosphorylation of ezrin reveals not only an actin - =4 ular iractiona’ion reveae a

. o . N
binding domain but also a proline rich domain to interacts.3/r]t"")(In 3 and VAMP copurified with HK™-ATPase

with fodrin. Furthermore, in analogy with other cell sys- rich tubulovesicles, thus fitting the general definition as
tems (Fukami et al., 1994) where bound PtBgulates V'SNARES; whereas, syntaxin 1 and SNAP'ZS were
the bundling effect o-actinin on F-actin, PlPand PLC found in membranes other than tubulovesicles. It is

might serve in the regulation and reorganization of thel€MPtng to speculate that syntaxin 1 and SNAP-25 re-
cytoskeleton in the parietal cell. side at the apical plasma membrane as docking targets

In A-431 cells stimulated by EGF, ezrin was phos- fOr the VAMP-laden tubulovesicles. The unusual abun-

phorylated at Ty¥*5 and TyP>3 (Kreig & Hunter, 1992) dgnce _of syntaxin 3 on tubulovesicles is of interest. It
in association with membrane surface remodelingW'” be important to establish whether syntaxin 3 serves
(Bretscher, 1989). Bretscher's observation (1989) thafn exclusive role as a v-SNARE, namely, tubulovesicles
the EGF stimulation of A-431 cells also induced ezrin-target to the apical membrane (Mercier et al., 1989) or
phosphorylation on Ser residues reminds us of the abovwhether it acts as a t-SNARE to promote homotypic
mentioned effect of EGF to activate PKC. Several sefusion of tubulovesicles constructing an interconnected
quons in ezrin have been pointed out as potential phogubular network. Whether the docking and fusion of tu-
phorylation sites for PKC (Gould, 1989), and the pos-bulovesicles occurs exclusively with the apical mem-
sible phosphorylation of parietal cell ezrin by PKC was brane (heterotypic fusion) or whether there is a poten-
recently reported (Chew, Zhou & Parente, Jr., 1997)tiation of recruitment in the form of tubulovesicle-
On the other hand, no detailed information is currentlytubulovesicle interaction (homotypic fusion) remains to
available on the PKA-phosphorylation sites of ezrin, be established. However, one preliminary report notes
which is considered to be the principal regulatory path-that C&*-triggered homotypic fusion of isolated tubulo-
way and mode of ezrin phosphorylation in the parietalvesicles in vitro was dependent upon a small GTP-
cell. Thus our perception of the role of ezrin in parietal binding protein (G-protein; possibly Rab2) and phospho-
cell activation is still evolving. lipase A activity (Pereyra & Machen, 1994), and Ogata

& Yamasaki (1993) have observed tubulovesicular inter-
Vesicular Docking and Fusion Proteins are Involved —connections in their deep-etched preparations of parietal
in Membrane Traffic cells in the early phase of activation.

Members of small G-proteins have been implicated

The highly selective mechanisms for the recruitment ofas regulators of trafficking, targeting and fusion of mem-
transport proteins by exocytic fusion and retrieval bybrane vesiclesfdr review, Wagner & Williams, 1994),
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tSNARESs

%
EGF/TGFo.  Gastrin ACh Histamine PGs Somatostatin

Fig. 2. Model of receptor-mediated pathways and effector activation in gastric parietal cells. Receptors for histamine (H2), acetylcholine (A
M3), gastrin (CCKB) and EGF/TGEF(EGF) operate at the basolateral membrane through heterotrimeric G proteins, either stimulatory (Gs or G
or inhibitory (Gi). The major path for parietal cell stimulation is via H2-receptor-mediated adenylate cyclase (ACase) and elevation of CAMP
liberate active protein kinase A (PKA) from regulatory subunits (R). PKA phosphorylates key effector proteins, e.g., ezrin, apltahi@ls or
putative K'-channels. Activation of PKA also occurs on its substrate ezrin, since these proteins are bound via type Il regulatory subunits'(RI). ¢
is clearly an auxiliary second messenger being liberated from intracellular stores by IP3, which in turn is the result M3- and CCKB-cour
activation of phospholipase (PLC). The resulting diglycerides activate protein kinase C (PKC) which may have both inhibitory and excitatory ro
Roles are proposed for elevated?Cm several regulatory paths, including (i) activation of calmodulin-dependent (CaM) kinases that could promo
vesicular motor activity, (i) actin filament turnover, or (iii) to promote fusigenic interactions via annexin and SNARE protein§ KAsMTPase-

rich (H/K) tubulovesicles migrate to and fuse with the apical membrane, surface remodeling occurs in the form of elongated microvilli that
coordinated by th@-actin-rich microfilaments and the actin-binding and actin-membrane linker proteins.

and among them, Rab family members have been iderber formation in the transfected fibroblasts (Taniguchi et
tified in parietal cells apparently co-localizing with the al., 1996), however, there is scant information available
H*,K*-ATPase (Tang et al., 1992; Goldenring et al., about the role of Rho in native parietal cells. Our own
1993, 1994). Both Rab2 and Rabll were found to coexperience with the botulinum toxin C3, an inhibitor of
purify with H",K*-ATPase-rich tubulovesicles in resting Rho, have produced conflicting results. In a few experi-
cells, and they were redistributed to the apical plasmanents we have observed that C3 inhibited cAMP-
membrane, along with the'tK*-ATPase, when the cells mediated aminpyrine uptake by isolated gastric glands,
were stimulated to secrete acid. Considering the prebut in many other tests no such inhibition was seen.
dicted significance of the cytoskeleton in parietal cell Whether this variability represents a problem in the ac-
function, another small G-protein, Rho, is also an inter-cessibility of inhibitor, or some other artifact, remains to
esting target, since it has been shown to be involved itbe seen. In general, G§B, a nonhydrolyzable GTP
cytoskeletal reorganization in various cell types (Takai etanalogue, stimulates secretion of various types of per-
al., 1995; Hirano et al., 1996). Rho has been a suggestaueabilized cells (Wagner & Williams, 1994). However,
participant in CCK/gastrin receptor mediated stress fi- Miller & Hersey (1996) showed completely opposite re-
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sults usinga-toxin permeabilized gastric glands, i.e., Bennett, M.K., Scheller, R.H. 1994. A molecular description of syn-
GTPyS blocked parietal cell secretion beyond the het- aptic vesicle membr_ane traffickingnn. Rev. Biochen63:63—100_
erotrimeric G-proteins whereas it stimulated pepsinoger?la‘:k' J. 1993. Reflections on the analytical pharmacology of hista-

. . . . . mine H2-receptor antagonist&astroenterol. 105:963-968
secretion by the chief cell in the same glands. This mlgh%retscher, A. 1983. Purification of an 80,000-dalton protein that is a

suggest that the parietal cell has a dominant population component of the isolated microvillus cytoskeleton, and its local-

of small G-protein mediating inhibitory signals which ization in nonmuscle cellsl. Cell Biol. 97:425-432

may be minor in other exocrine cell types, inasmuch asretscher, A. 1989. Rapid phosphorylation and reorganization of ezrin
the effect of GTRS is specific for small G-proteins in and spectrin accompany morphological changes induced in A-431
the system. One potential target is the ADP-ribosylation cells by epidermal growth factod. Cell Biol. 108:921-930

factor (ARF)-coat protein system, whereby GjS Brown, M.R., Chew, C.S. 1986. Multiple effects of phorbol ester on

N . . . . secretory activity in rabbit gastric glands and parietal c€lmn. J.
would inhibit membrane traffic from cis to medial Golgi Physiol. Pharmacol65:1840-1847

cisternae because the dissociation of the coat proteingown, M.R., Chew, C.S. 1989. Carbachol induced protein phosphor-
from the vesicles requires GTP hydrolysis by ARF (Se- ylation in parietal cell: Regulation by [4;. Am. J. Physiol.
rafini et al., 1991). 257:G99-G110

Caohuy, H., Srivastava, M., Pallard, H.B. 1996. Membrane fusion pro-
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