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ABSTRACT 

Receptor-activated phosphatidylinositol (Ptdlns) 

hydrolysis was examined in AR42J rat pancreatic acini. 

Cholecystokinin-octapeptide (CCKe) and bombesin induced a 

dose-dependent accumulation of [3H] inositol monophosphate 

<[3H]InsPi). Manganese (Mn2+) , a known calcium channel 

blocker, did not alter basal Ptdlns hydrolysis. In contrast, 

when added 5 minutes prior to the addition of agonists for 60 

minutes, Mn2+ significantly attenuated secretagogue-mediated 

[3H]InsPi formation. Mn2+ also rapidly attenuated the 

CCKa-mediated increase in biologically active inositol 

1,4,5-trisphosphate and inositol 1,3,4,5-tetrakisphosphate. 

These inhibitory effects of Mn2+ were mimicked by lanthanum 

and by EGTA. Addition of calcium to EGTA-treated cells 

abolished the inhibitory effects of extracellular calcium 

depletion. Mn2+, La3+ and EGTA exerted similar inhibitory 

effects on Ptdlns hydrolysis in freshly isolated pancreatic 

acini. These findings suggest that receptor-activated 

calcium influx is required for full activation of the 

CCKa-mediated signal transduction pathway that is coupled to 

Ptdlns hydrolysis. 
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CHAPTER 1 

INTRODUCTION 

Neurotransmitters, growth factors, hormones, and 

antigens elicit diverse cellular responses through specific 

interactions with cell surface receptors. Binding of these 

and numerous other classes of soluble mediators to selective 

receptors amplifies the extracellular signals through the 

generation of intracellular "second messenger" effector 

molecules (1-4). The immediate intracellular events 

following receptor occupation are complex. Further, the 

subsequent cellular responses are often tissue specific and 

may involve the induction of selected genes. For example, 

when B lymphocytes expressing surface immunoglobulin 

encounter a specific antigen, intracellular free calcium 

(Ca2+i) is rapidly elevated initiating a cascade of events 

ultimately inducing immunoglobulin gene rearrangement and 

development into memory B-cells or antibody-secreting plasma 

cells (5-8). In contrast, in other cell types, changes in 

Ca2+i levels are an important component of the regulation of 

cell proliferation. Thus, intracellular pathways activated 

by mitogens such as platelet-derived-growth factor (PDGF) 
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(9-11) and bombesin (11-14) are dependent, at least in part, 

on receptor-mediated calcium mobilization. 

Second messengers have also been shown to play a 

critical role in the regulation of differentiated functions. 

In the exocrine pancreas, for example, secretion may be 

activated physiologically by the gut hormone cholecystokinin 

(CCK) and the neurotransmitter acetylcholine (15,16). 

Binding of these agonists to selective acinar cell surface 

receptors elevates Ca2+i, thereby inducing digestive enzyme 

secretion (17,18). Events coupling surface receptors to 

digestive enzyme secretion involve several biochemical 

processes, including receptor-activated hydrolysis of 

inositol phospholipids (Figure 1). 

The potential role of the phosphatidylinositols 

(Ptdlns) in receptor-mediated regulation of cell function 

was first suggested in 1953 by HoJcln and Hokin (19) , who 

determined that acetylcholine significantly increased 32Pi 

incorporation into Ptdlns in pigeon pancreatic sections. 

The important relationship between inositol lipids and 

calcium-mediated processes was proposed by Michell 20 years 

later, when he observed that Ptdlns turnover accompanied the 

actions of agonists that were known to act via Ca2+ (20). He 

suggested that Ptdlns metabolites were involved in gating 

Ca2+ across the plasma membrane. While this hypothesis is 
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Nucleus: 

Figure 1. Stimulus-secretion coupling in pancreatic acinar 
cells. Secretory events in the exocrine pancreas may 
be regulated physiologically by a variety of poly-
pedtide hormones acting through specific acinar cell 
surface receptors. For example, vasoactive intestinal 
peptide (VIP) is known to activate hormone-sensitive 
adenylate cyclase thus elevating intracellular cAMP 
levels. Subsequent activation of cAMP-dependent 
protein kinase results in secretion. Alternatively, 
calcium-mobilizing agonists such as cholecystokinin 
(CCK) act via inducing the rapid release of 
sequestered intracellular calcium. Epidermal growth 
factor (EGF) may enhance these secretory responses by 
activation of an intrinsic tyrosine kinase activity 
known to reside in its receptor. 
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likely to be partially correct, Streb (21) et al., 

subsequently determined that a product of Ptdlns hydrolysis 

also promotes the rapid release of Ca2+ from intracellular 

stores. It is now known that the primary event effected by 

calcium-mobilizing agonists is a marked increase in the 

hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2) , 

and that its metabolites are crucial for the activation of 

diverse metabolic and physiologic cellular responses (1-4). 

Phosphatidylinositol (PI), phosphatidylinositol 4-mono-

phosphate (PIP), and PIP2 comprise 2-8% of the total lipid 

content in eukaryotic membranes (22) . The majority of PIP 

and PIP2 is located in the plasma membrane. In contrast, PI 

is found predominantly in the endoplasmic reticulum (ER), 

where /nyo-inositol is enzymatically incorporated into PI 

(23,24). PI is generated as a result of a series of 

reactions. First, phosphatidic acid is converted to a 

citidine diphosphate-diglyceride (CDP-DG) intermediate (23). 

CDP-DG:inositol transferase then catalyzes the exchange of 

free inositol for CDP thus generating phosphatidylinositol. 

The latter reaction is greatly enhanced by manganese ions 

(23). Once PI reaches the plasma membrane, it may be 

converted to PIP and PIP2 by sequential phosphorylation 

through the actions of distinct PI and PIP kinases (2-4). 

In addition, PIP- and PIP2-specific phosphatases modulate 

the relative amounts of PI, PIP and PIP2 within the plasma 
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membrane (2-4). 

PIP2 represents less than 10% of the plasma membrane-

bound Ptdlns (25). Nonetheless, it appears to be the major 

substrate for phosphoinositide-specific phospholipase C 

(PLC), the enzyme that initiates receptor-activated Ptdlns 

hydrolysis. PLC activity has been demonstrated in numerous 

tissues and cell types (26-29). Three isozymes have been 

identified and characterized in bovine brain (27) . All 

three isozymes are capable of hydrolyzing any of the Ptdlns, 

but each isozyme exhibits different Ca2+ requirements and 

substrate specificities (e.g., PI, PIP or PIP2> . At free 

Ca2+ concentrations typical for resting cells (0.1 jiM) , PIP2 

is the preferred PLC substrate. However, when Ca2+i levels 

are elevated to the millimolar range, PI hydrolysis is 

markedly increased (27). A similar pattern of substrate 

specificity has been demonstrated by PLC isozymes purified 

from sheep seminal vesicles (28,29). It has been postulated 

that this represents a feedback mechanism to prevent further 

PIP2 hydrolysis when Ca2+i is elevated (3), but this 

hypothesis remains to be rigorously tested. 

Activation of PLC appears to be regulated by guanine 

nucleotide-binding proteins (G proteins) (7,8,30-37). It is 

well established that modulation of hormone-sensitive 

adenylate cyclase by extracellular stimuli is mediated by 

stimulatory and inhibitory G proteins (30-32). G proteins 
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are believed to be associated with the cytoplasmic face of 

the plasma membrane and are organized into alpha, beta and 

gamma subunits. The alpha subunits are diverse while the 

beta and gamma- subunits are far less heterogeneous (30-32) . 

In the resting state, GDP is bound the the alpha subunit and 

all three subunits are complexed together. Occupation of 

receptors allows GTP to displace GDP from the alpha subunit 

and GTP-alpha dissociates from the beta-gamma complex. Free 

GTP-alpha is then able to activate effector molecules such 

as adenylate cyclase (30), PLC (31,32), or ion channels 

(33-37). The intrinsic GTPase activity of the alpha subunit 

converts GTP-alpha to GDP-alpha thus inactivating the alpha 

subunit. GDP-alpha then reassociates with the beta-gamma 

complex and may undergo additional GTP hydrolytic cycles 

(30-32). 

While G proteins have been implicated in the 

activation of PLC, the nature of the G protein(s) has not 

been determined and the data in this regard are indirect. 

For example, PIP2 hydrolysis in human platelets is greatly 

enhanced by GTP[S], a non-hydrolyzable guanine nucleotide 

analogue that directly stimulates G proteins (38). Guanine 

nucleotides have also been shown to potentiate PIP2 

hydrolysis in rat liver plasma membranes (39) and rat 

parotid (40), B lymphocytes (7,8), human embryonic kidney 

cells (41), NIH 3T3 fibroblasts (42), cultured chick heart 
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cells (43), and in isolated pancreatic acinar cells (44). 

Further, a class of functionally distinct G proteins may 

couple different muscarinic receptors to Ptdlns hydrolysis 

within a single cell (45). Taken together, the above 

observations suggest that regulation of PLC activity is 

complex and likely to be modulated by both Ca2+± levels and a 

G protein hydrolytic cycle. 

Irrespective of the mechanism by which PLC is 

activated, its activation results in the phosphodiesteratic 

cleavage of PIP2 (1-4) . The hydrolysis of PIP2 results in 

the generation of two second messengers: sn-1,2-

diacylglycerol (DAG) and inositol 1,4,5-trisphosphate 

[Ins (1,4,5)P3] (Figure 2) . DAG, the neutral lipid moiety of 

PIP2, remains associated with the plasma membrane and 

directly activates calcium- and phospholipid-dependent 

kinase, protein kinase C (PKC) (2). Binding of DAG to the 

PKC regulatory domain lowers the Ca2+ requirement for PKC 

activation, such that the enzyme is fully active at 

cytosolic free Ca2+ concentrations typical for unstimulated 

cells (2). 

The other product released from PIP2, Ins (1,4,5)P3, 

mobilizes calcium from a nonmitochondrial intracellular pool 

now believed to be a component of the endoplasmic reticulum 

(ER) (21). Several studies have shown that Ins(l,4,5)P3 

specifically induces the rapid release of Ca2+ from ER in rat 

A 
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Figure 2. Overview of receptor-activated inositol lipid 
signaling. Binding of calcium-mobilizing agonists 
to selective cell surface receptors activates 
phospholipase C, presumably through a putative GTP 
hydrolytic cycle. Activated PLC can subsequently 
catalyze the hydrolysis of PIP2 generating two 
intracellular second messenger molecules, diacyl-
glycerol (DAG) and inositol 1,4,5-trisphosphate 
[Ins (1,4,5)P3] . DAG remains in the plane of the 
membrane and activates calcium- and phospholipid-
dependent protein kinase C (PKC). PKC can then 
phosphorylate numerous exogenous substrates leading 
to the activation of diverse cellular responses. 
The other intracelluar messenger, Ins(1,4,5)Pa, 
mobilizes intracellular Ca2+ believed to reside 
within the endoplasmic reticulum. Ins(1,4,5)P3 may 
be phosphorylated by a soluble 3-kinase generating 
the biologically active inositol 1,3,4,5-tetrakis-
phosphate [Ins(1,2,4,5)P4]. Ins(1,3,4,5)Pa has been 
implicated in the regulation of calcium influx, 
together with Ins(1,4,5)P3 and possibly GTP. PKC 
may be the cellular receptor for tumor promoters 
such as phorbol ester thus allowing for direct 
activation of PKC by these agents. 
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insulinoma (46) , liver (47), and cerebellar microsomal 

fractions (48), rat pancreatic acinar cells (49), and bovine 

anterior pituitary cells (50). Moreover, single 

high-affinity Ins (1,4,5)P3 binding sites have been 

identified in subcellular fractionation studies. 

Intracellular Ins(l,4,5)P3 binding sites were first reported 

in bovine brain (51), and have subsequently been 

demonstrated in rat cerebellum (52,53), and several 

peripheral tissues (54,55). The Ins(1,4,5)Pa receptor has 

been purified to homogeneity from rat cerebellum (56). The 

native receptor has a Mr of approximately 106, while on SDS-

polyacrylamide-gel electrophoresis it migrates with an 

apparent ME of 260,000 (56). 

Binding of Ins(1,4,5)P3 is potently inhibited by Ca2+ 

with an ECso of 300 nM in particulate fractions and 

detergent-solubilized membranes (52,56). However, this 

pattern of inhibition is not observed with the purified 

receptor (5 6). Recently, a Ca2+-binding intracellular 

membrane protein with an Mr of 300,000 has been 

characterized which confers Ca2+-sensitivity to the binding 

of Ins(l,4,5)P3 to its receptor (57). This protein, termed 

'calmedin1, is likely to be closely associated with the 

Ins(l,4,5)P3 receptor in intact membranes thus contributing 

to the large Mr observed for the native receptor. In 

contrast to the abundance of calmedin in all regions of the 



brain, this peptide in nearly absent from peripheral 

tissues, suggesting that Ins(1,4,5)P3 binding may be 

differentially regulated in the CNS and peripheral tissues. 

In addition to the apparent regulation of Ins(1,4,5)Pa 

binding by Ca2+i, a slightly alkaline pH has also been shown 

to increase Ins(1,4,5)P3 binding to its receptor (52) and 

Ins-(1,4,5) P3-mediated Ca2+ release from microsomes (58). 

Inasmuch as Ptdlns hydrolysis can lead to an increase in 

intracellular pH (59-61), it is possible that this 

phenomenon represents a positive feed-back mechanism for 

enhancing the ability of Ins(1,4,5)P3 to release Ca2+i. 

The metabolism of Ins(l,4,5)P3 is complex and may 

involve both phosphorylation and dephosphorylation reactions 

(62). For example, a soluble Ins(1,4,5)P3 3-kinase has been 

shown to phosphorylate Ins(1,4,5)P3 at the 3-position 

generating the biologically active inositol(1,3,4,5)-

tetrakisphosphate [Ins(1,3,4,5)P4] (63). Alternatively, a 

5-phosphatase may remove the 5-phosphate forming Ins(l,4)P2 

thus inactivating Ins(l,4,5)P3 as a second messenger (64). 

A similar but distinct 5-phosphatase can also remove the 

5-phosphate of Ins(1,3,4,5)P4 generating the inactive InsP3 

isomer, Ins- (1,3,4)P3 (65). These species are further 

dephosphorylated to inositol and reutilized to synthesize 

additional Ptdlns. 
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Accumulating evidence suggests that a major portion of 

the Ins(1,4,5)P3-releasable Ca2*i pool is a region of ER that 

is tightly associated with the plasma membrane (66,67). 

High- affinity Ins(1,4,5)P3 binding sites have been 

localized to subcellular hepatocyte fractions enriched in 

plasma membrane, ER, and mitochondrial enzyme markers (66). 

The plasma membrane enriched fraction, however, has 7- and 

20-fold more binding sites than ER and mitochondrial 

fractions, respectively. Further, Ins (1,4,5)P3-mediated Ca2+ 

efflux is most active in the plasma membrane fraction, 

releasing 4-fold more Ca2+ than that observed from either ER 

or mitochondrial fractions. Therefore, it is likely that 

the major Ca2+i storage site released by Ins (1,4,5)P3 is 

closely apposed to the plasma membrane. Similar conclusions 

have been made from subcellular fractionation studies with 

pancreatic islets (67). 

Several lines of evidence suggest that other intra

cellular mediators may also be important in regulating Ca2+i 

transients (68-70). When permeabilized hepatocytes were 

treated with maximal concentrations of Ins (1,4,5)P3, only 

25%-30% of the sequestered Ca2+i was released, with the 

residual Ca2+ fully releasable by ionomycin (68). Addition 

of GTP alone had no effect on Ca2+i release. Addition of GTP 

together with Ins (1,4,5)P3, however, markedly enhanced the 

effect of Ins (1, 4, 5) P3, with a corresponding decrease in the 



19 

ionomycin-releasable Ca2+i. Similar conclusions have been 

made from studies using N1E-115 neuroblastoma cells (69,70). 

In addition, Gill (71) and co-workers have provided 

evidence that GTP may also mediate Ca2+i sequestration. 

These data suggest that a GTP hydrolytic cycle may 

potentiate the ability of Ins (1,4,5) P3 to mobilize Ca2+i. 

In addition to mediating the release of Ca2+ from intra

cellular storage sites, Ins(1,4,5)P3 may also facilitate the 

uptake of extracellular Ca2+ (72-77). In general, Ca2+ 

uptake by eukaryotic cells may be stimulated under 

physiologic conditions through the activation of several 

distinct processes. These include the activation of 

voltage-dependent Ca2+ channels (78,79), activation of 

receptor operated Ca2+ channels (80,81), and stimulation of 

Ca2+ channels by Ptdlns metabolites (72-77,82-85). It has 

been suggested that Ca2+ uptake from the extracellular space 

following receptor- activated Ptdlns hydrolysis is secondary 

to Ca2+i mobilization (74) . In this proposed model, Ca2+i 

mobilization and Ca2+ entry are controlled by a single 

intracellular messenger, Ins- (1,4,5)Pa. However, it is 

possible that Ins (1,3,4,5)P4 may also facilitate the entry 

of extracellular Ca2+ into cells (82-85) . The latter 

hypothesis is supported by the observation that 

micro-injection of Ins (1,3, 4, 5) P<! into sea urchin eggs 



induces raising of the fertilization envelope, a process 

known to be dependent on extracellular Ca2+ (82,83). 

The specific intracellular pool believed to be refilled 

by the Ins(1,4,5)P3- and/or Ins (1,3,4,5)P4-mediated Ca2+ 

influx remains to be clearly identified. Based on indirect 

studies, it has been hypothesized that the Ca2+ passes 

directly into the Ins(1,4,5)P3-sensitive pool (74,83). 

Irvine and Moor (83) have proposed that the role of 

Ins (1, 3, 4,5) P4 is to couple the plasma membrane and ER so 

that Ca2+ entry into the ER occurs via a channel similar to 

that formed in a gap junction. The localization of 

saturable, high affinity Ins(1,3,4,5)Pi binding sites to 

intracellular membranes would support, a role of this 

molecule as a second messenger (86,87). Additional evidence 

suggests that a GTP-mediated process also contributes to the 

coupling mechanism (83,88). It is thus possible that in 

certain cell types Ins(l,4,5)P3 and Ins (1,3, 4, 5) P4 act in 

concert to modulate intracellular calcium homeostasis. 

A significant advance in understanding Ca2+i transients 

has emerged as a result of the ability to measure Ca2+i 

levels in single cells. These studies have documented the 

presence of Ca2+i "spiking" in several cell types, in which 

cytosolic Ca2+i levels oscillate between their maximally 

elevated values and their resting values (89-92). The 

frequencies of these oscillations vary between cell type and 
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are agonist dependent. Most oscillations have periods that 

last between 5 and 60 seconds. As cells are stimulated with 

increasing agonist concentrations, there is no change in the 

amplitude of the Ca2+i spike. Instead, there is a decrease 

in the interval between Ca2+i spikes until a sustained 

elevation is achieved. This oscillatory phenomenon appears 

to "digitize" extra- cellular signals resulting in 

frequency-encoded cellular responses (89). 

The cytosolic Ca2+ oscillations are highly sensitive to 

stimuli that induce PIP2 hydrolysis (89-92). Therefore, it 

has been suggested that Ca2+i oscillations are the result of 

Ins(1,4,5)P3 pulses that are regulated by complex feedback 

mechanisms. Alternatively, it has been proposed that Ins-

(1,4,5)P3 levels are constant and the oscillator is either a 

component of the Ca2+i reservoir or secondary to unknown 

post-receptor regulatory pathways. Recently, repetitive 

Ca2+i pulses have been shown to occur in the pancreatic 

acinar cell in the presence of constant lnsP3 concentrations 

(92) . In this study, the authors used an InsP3 analogue, 

inositol tris- phosphorothioate, that evokes regular Ca2+i 

oscillations but cannot be phosphorylated to Ins (1,3,4,5)Pi. 

Taken together, these observations suggest that neither 

Ins(1,4,5)P3 nor Ins(1,3,4,5)P4 participate in the regulation 

of the Ca2+i oscillations. Thus, the exact biomolecular 
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mechanisms that regulate Ca2+i oscillations remain to be 

elucidated. 

The pancreatic acinar cell has been an extremely useful 

cell type for studying receptor-mediated Ca2+i mobilization 

(15,16). In addition, this cell exhibits Ca2+i oscillations 

(92) and an increased plasma membrane permeability to Ca2+ in 

response to activation of the CCK receptor (93-96). The 

pancreatic acinar cell is also rich in Mn2+ (97,98), a 

divalent cation that is known to modulate cellular Ca2+ 

fluxes (95,99-101), and which may participate in the 

regulation of cellular Ca2+ homeostasis (101) . Therefore, in 

the present study, I propose to test the hypothesis that 

receptor-mediated Ptdlns hydrolysis is dependent, in part, 

on the availability of extracellular Ca2+, and that this 

pathway is modulated by Mn2+. 

Previous studies have indicated that Mn2+ enhances the 

incorporation of [3H] myo-inositol into Ptdlns in a variety 

of tissues (102-104) . Mn2+-induced incorporation of [3H] myo

inositol is not believed to be coupled to receptor-mediated 

PIP2 hydrolysis (103,104). However, it has been reported 

that prolonged stimulation in the presence of Mn2+ attenuates 

the effect of norepinephrine on InsPi accumulation in the 

brain (105) . Mn2+ has also been shown to directly inhibit 

two enzymes in the inositol lipid pathway (106,107). Thus, 
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Mn2+ inhibits Myo-inositol-l-phosphatase by competing with 

magnesium (106). This enzyme, which specifically hydrolyzes 

both D- and L-myo-inositol-l-phosphate, is inhibited by Mn2+ 

with a Ki of 18 ̂ iM. Further, Mn2"1" inhibits inositol 

polyphosphate 1-phosphatase which hydrolyzes Ins{1,3,4)P3 

and Ins(l,4,)P2 yielding Ins(3,4)P2 and Ins{4)P, respectively 

(107). Taken together, these observations raise the 

possibility that in tissues that are rich in Mn2+, this 

cation may have an important role in modulating certain 

signal transduction pathways that are coupled to Ptdlns 

metabolism. To test my hypothesis, in the present study, 

I have examined the effects of extracellular Ca2+ and Mn2+ on 

CCKa-mediated PIP2 hydrolysis in AR42J rat pancreatic acinar 

cells. To confirm that my findings can be generalized to 

the actions of other Ca2+-mobilizing agonists, X have also 

examined the actions of Mn2+ on bombesin-mediated Ptdlns 

hydrolysis. The AR42J cell line was used because it 

consists of a homogeneous population of relatively well 

differentiated pancreatic acinar cells that have receptors 

for both CCKe and bombesin (108,109). However, this is a 

cancerous cell line (110). Therefore, to determine whether 

Ptdlns hydrolysis is regulated by a similar manner in the 

normal pancreas, some experiments were carried out with 

freshly isolated rat pancreatic acini. 
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CHAPTER 2 

MATERIALS AND METHODS 

Materials 

The following were purchased: Dulbecco's Modified 

Essential Medium (DMEM), Ham's F-12, and fetal bovine serum 

(FBS) from Irvine Scientific, Santa Ana, CA; trypsin from 

Gibco Laboratories, Grand Island, NY; myo [2-3H] inositol, 

10-20 Ci/mmol, [3H]inositol polyphosphate marker set, and 

[**H] inositol (1, 3, 4, 5) tetrakisphosphate from Amersham, 

Arlington Heights, IL; Dowex AG 1-X8 resin, 200-400 mesh, 

formate form from Biorad, Richmond, CA; formic acid from 

Mallinckrodt, Paris, KY; High Performance Liquid 

Chromatography (HPLC) analysis was performed with a Beckman 

(Fullerton, CA) Model 334 Gradient Liquid Chromatograph that 

included the following components: 1 421A Microprocessor 

System Controller, 2 Model HOB Solvent Delivery Modules, 1 

210 Sample Injection Valve, and a System Organizer with 

gradient mixing chamber; Partisil 10-SAX HPLC column, 4.6 x 

250 mm and Pre-saturator Direct Connect cartridge set from 

Alltech, Deerfield, IL; Flow One Beta detector and 

FlowScint IV scintillant from Radiomatic, Tampa, FL; All 
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other reagents were purchased from Sigma, St Louis, MO. 

Buffers 

AR42J cells were cultured in 50% DMEM, 50% Ham's F-12, 

supplemented with 10% FBS, 100 ^g/ml streptomycin, and 100 

n/ml penicillin (DMEM/F-12). Pancreatic acini were prepared 

by collagenase digestion (111) using Krebs-Henseleit-

bicarbonate buffer (KHB). The buffer was equilibrated with 

95% 02 - 5% C02 containing 118 mM NaCl, 25 mM NaHCOa, 4.7 mM 

KC1, 0.1 mM CaCl2, 1.2 mM NaH2P04, 1.13 MgCl2, 11.1 mM 

glucose, 0.1 mg/ml soybean trypsin inhibitor, 60-75 U/ml 

collagenase, 1.8 mg/ml hyaluronidase, and a minimal Eagle's 

medium supplement was prepared. Experiments with acini were 

carried out in HEPES-Ringer (HR) buffer, containing 10 mM 

HEPES, 1.28 mM Ca2+, 141 mM NaCl, 4.7 mM KC1, 1.13 mM MgCl2, 

11.1 mM glucose, and 5 mg/ml BSA, pH 7.40. For Dowex AG 

1-X8 analysis of [3H]inositol phosphates, 0.1 mM formic acid 

was prepared with increasing concentrations of ammonium 

formate as described below. For HPLC analysis of 

[3H]inositol phosphates, 1.7 M ammonium formate buffered to 

pH 3.7 with orthophosphoric acid was prepared weekly. 
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Tissue Culture 

AR42J rat pancreatoma cells were obtained from the 

American Type Culture Collection, Rockville, MD. Cells were 

routinely grown in monolayer culture at 37°C in 50% 

DMEM/F-12 in a humidified air/C02 {95:5) atmosphere. A 

fresh "thaw" of cells was used every 6-8 weeks due to 

decreased growth and secretagogue responsiveness following 

continuous passage in culture. 

Preparation of Isolated Pancreatic Acini 

Isolated pancreatic acini were prepared following 

removal of the pancreas from over-night fasted male 

Sprague-Dawley rats as previously described (111) . To 

prepare acini, pancreatic tissue was injected with 10 ml of 

KHB buffer containing 300-350 U collagenase and 18 mg 

hyaluronidase and dissociated by incubation in a 25 ml 

polycarbonate Erlenmeyer flask for 10 minutes in a shaking 

37°C water bath (120 cycles/minute). Excess medium was 

withdrawn and 5 ml fresh dissociation medium added, followed 

by an additional 30-40 minute incubation. Acini were then 

dispersed by forceful passage through plastic pipettes, 

filtered through a 150-^lM nylon mesh, and separated from 

cellular debris by sedimentation through KHB-buffer 

containing 4% BSA. Dispersed acini were then preincubated 
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for 15 minutes at 37°C in HR buffer, sedimented to remove 

cellular debris, and resuspended in fresh HR buffer. Acini 

were then incubated for 2 hours at 37°C with 2 0 jlCi/ml 

myo [2-3H]inositol prior to use in experiments. 

Measurement of Inositol Phosphates 

AR42J cells (approx. 80% confluent) were labeled with 

1.5 nCi/ml myo-[2-3H]inositol for 21 hours in DMEM/F-12 and 

10% FBS. The cells were washed, incubated for an additional 

4 hours in DMEM/F-12 containing 1.0% FBS, and removed by 

trypsinization. The dissociated cells were then allowed to 

recover in the same buffer for 60 minutes in a 37°C water 

bath shaking at 60 cycles/min. Immediately before use, the 

cells were washed and resuspended in assay buffer (DMEM/F-12 

and 0.1% FBS). LiCl (10 mM) was added 5 minutes prior to 

the addition of agonists. Where indicated, Mn2+ was 

included in the 5 minute LiCl preincubation. The reactions 

were terminated by dilution into 2 volumes of 20% TCA at 

4°C, incubated for 30 minutes at 4°C, and the precipitated 

material removed by centrifugation (10 min at 1000 x g). 

Diethyl ether (4x2 vol) was used to extract TCA from the 

supernatant and the aqueous inositol phosphates were diluted 

and neutralized. In preliminary studies, [3H]inositol mono-

and polyphosphates were separated using Dowex AG 1-X8 anion 
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exchange chromatography as originally described by Berridge 

et al., (112). Briefly, inositol phosphates were applied to 

a 0.4 cm x 1.0 cm column bed and washed with 15 ml of 

deionized water and 15 ml of 5 mM sodium tetraborate/60 mM 

sodium formate to elute free [3H];nyo-inositol and 

[3H]glycerophosphoinositide,respectively. These fractions 

were collected in the void volume and not routinely 

quantitated. Fractions containing [3H]inositol 

monophosphate ([3H]InsPi), [3H] inositol bisphosphate 

([3H]InsP2), [3H] inositol trisphosphate <[3H]InsP3), and 

[3H]inositol tetrakisphosphate ([3H]InsP4) Isomers were then 

sequentially eluted with the appropriate molarities of 

formic acid and ammonium formate. [3H]InsPi was eluted with 

15 ml of 0.1M formic acid/0.2 M ammonium formate, [3H] InsP2 

with 15 ml of 0.1 M formic acid/0.4 M ammonium formate, 

[3H]InsP3 with 20 ml of 0.1 M formic acid/0.8 M ammonium 

formate, and [3H] InsP4 with 20 ml of 0.1 M formic acid/1.0 M 

ammonium formate. The authenticity of the [3H]inositol 

phosphate fractions was verified with radiolabeled 

standards. 

HPLC Analysis of Tnosit-.ol Pnlyphosphat-.es 

For quantitative analysis of specific inositol 

phosphate isomers, the aqueous inositol polyphosphates were 
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extracted with diethyl ether and neutralized as above. 

Samples were then loaded into a 500 |ll sample loop, 

injected, and separated by a discontinuous gradient from 

0% to 100% 1.7 M ammonium formate, buffered to pH 3.7 with 

orthophosphoric acid (113). A flow rate of 1.25 ml/minute 

was used throughout the gradient. Briefly, 1 minute 

following injection, a linear gradient was initiated from 0% 

to 44% 1.7 M ammonium formateover 14 minutes to elute 

[3H]InsPi and [3H]InsP2. After an additional 5 minutes at 

this percentage, a 15 minute linear gradient from 44% to 60% 

1.7 M ammonium formate was applied to elute [3H] Ins (1, 3, 4) P3 

and [3H]Ins(1,4,5)Pa distinct from each other. This 

percentage of 1.7 M ammonium formate was maintained for an 

additional 5 minutes followed by an increase to 100% over 2 

minutes to elute [3H] Ins (1,3, 4, 5) P4. Under these conditions, 

[3H]InsPi typically eluted at 33.17 minutes, [3H]InsP2 at 

37,17 minutes, [3H]Ins(1,3,4)P3 at 45.83 minutes, 

[3H]Ins(1,4,5)P3 at 47.67 minutes, and [3H] Ins <1,3, 4, 5) P4 at 

57.33 minutes. After elution of [3H] Ins (1,3, 4, 5) P-J, the 

column was returned to 100% deionized water and allowed to 

equilibrate for 30 minutes prior to initiating subsequent 

runs. 
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CHAPTER 3 

RESULTS 

CCKB and Bombesin Induce Ptdlns Hvdrolvsis 

Previous studies have shown that AR42J cells possess 

specific, high affinity binding sites for CCKs and bombesin 

(108,109) . Further, each agonist is known to induce amylase 

secretion in a dose-dependent manner, indicating that both 

receptors are coupled to biological effector pathways 

(108,109) . To determine whether CCKa and bombesin stimulate 

inositol lipid hydrolysis in the AR42J cell line, cells were 

metabolically labeled for 21 hours with the lipid precursor 
I 

myo[2-3H]inositol and subsequently stimulated with the 

respective agonist. Figure 3 shows the dose-dependent 

accumulation of [3H]InsPi following a 60 minute incubation 

with increasing concentrations of CCKs (Panel A) or bombesin 

(Panel B). One-half maximal stimulation occurred at 5 nM 

and maximal stimulation at 30 nM for each agonist. At this 

maximal concentration, CCKa and bombesin induced an 18.5-

and 17-fold increase in [3H]InsPi levels, respectively. 
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Figure 3. CCKs and bombesin induce Ptdlns hydrolysis in AR42J 
cells. Cells previously loaded with myo[2-3H] 
inositol were incubated for 5 minutes at 37°C in 
the presence of 10 mM LiCl. Cells were then 
incubated in the absence or presence of CCKa (A) or 
bombesin (B) for 60 minutes at the indicated 
concentrations. Data are the means ± SEM from four 
or five experiments in which each sample was 
assayed in triplicate. 
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The divalent cation Mn2+ is known to modulate Ca2+ fluxes 

in a variety of cells including pancreatic acini 

(95, 99-101) . Mn2+ also inhibits purified Myo-inositol-1-

phosphatase (106) and inositol polyphosphate 1-phosphatase 

by interfering with the actions of Mg2+ (107) . To 

investigate the effect of Mn2+ on CCKs- and bornbesin-mediated 

[3H]InsPl accumulation in AR42J cells, Mn2+ was added acutely 

to the incubation medium 5 minutes prior to agonist 

additions. Control experiments indicated that Mn2+, at 

concentrations ranging from 1 nM to 20 mM, did not alter 

basal [3H]InsPi levels (data not shown). In contrast, when 

either 0.1 mM or 1.0 mM Mn2+ was added to the incubation 

medium 5 minutes prior to the addition of CCKs or bombesin 

for 60 minutes, [3H]InsPi levels were significantly reduced 

(Figure 4) . The inhibitory effects of Mn2+ on CCKa-mediated 

[3H]InsPi accumulation were significant at both half-maximal 

and maximal concentrations of CCKa (p < 0.01, n=7). Mn2+ 

exerted a similar inhibitory effect on bornbesin-mediated 

InsPi accumulation (p < 0.05, n=3) . 

When AR42J cells were incubated with increasing 

concentrations of Mn2+ (1 jiM - 3 mM) and stimulated with 
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Figure 4. Long term effects of manganese on inositol 
phosphate generation. Cells previously loaded with 
myo- [2-3H]inositol were incubated for 5 minutes at 
37°C with 10 mM LiCl in the presence or absence of 
either 0.1 mM or 1.0 mM Mn2+. Cells were then 
incubated in the absence or presence of the 
indicated concentrations of CCKe (A) or bombesin 
(B) for 60 minutes and [3H]InsPl accumulation 
determined. Data are the means ± SEM of either 3 
or 7 experiments for bombesin and CCKa, 
respectively, in which eacn sample was assayed in 
triplicate. * p < 0.01, and f p < 0.05. 
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either 5 nM or 30 nM CCKs for 60 minutes, a dose-dependent 

attenuation of CCKs-mediated [3H]InsPi accumulation was seen. 

A threshold inhibitory effect was observed at 1 [iM Mn2+ with 

maximal inhibition (30%) occurring at 0.1 mM Mn2+ (Figure 4). 

These actions of Mn2+ were relatively specific, as 1 mM 

barium, 1 mM cobalt or 1 mM strontium did not alter CCKa-

mediated [3H]InsPi levels (Table I). 

Effects of Manganese and Unlabeled Mvo-inositol 

on Inositol Phosphate Generation 

Mn2+ is known to stimulate the activity of a PI-myo

inositol exchange enzyme that facilitates the transfer 

inositol into an agonist insensitive pool (23,103,104). 

Therefore, it was conceivable that after prolonged 

stimulation in the presence of Mn2+, the specific activity of 

the agonist-releasable [3H]/nyo-inositol pool was decreased. 

If this phenomenon were occurring, less [3H]PIP2 would be 

present in the coupled Ptdlns pool which could account for 

the observed decrease in [3H]InsPi accumulation. 

To investigate this possibility, experiments were 

performed with Mn2+ in the presence or absence of excess 

unlabeled /nyo-inositol (Table II). In this series of 

experiments, addition of 1 mM unlabeled juyo-inositol in the 
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Addition % of control p value 

Manganese 70 ± 5,0 <0.01 

Barium 104 ±7.1 ns 

Cobalt 103 ±4.8 ns 

Strontium 99 ± 3.6 ns 

Table I. Lack of effect of other cations on inositol 
phopshate generation. AR42J cells previously 
loaded with myo-[2—3H]inositol were incubated for 5 
minutes at 37°C with 10 mM LiCl in the absence or 
presence of 0.1 mM manganese, 1.0 mM barium, 1.0 mM 
cobalt, or 1.0 mM strontium. CCKe (30 nM) was then 
added for 60 minutes and [3H]InsPi accumulation 
determined. Data are the means ± SE of triplicate 
determinations from three separate experiments. 



Addition % Inhibition p value 

Manganese 
{0.1 mM) 

Myo-inositol 
(1 mM) 

Manganese (0.1 mM) 
+ 

Myo-inositol (1 mM) 

26.7 ± 3.3 * 

19.2 ± 3.3 * 

36.0 ± 4.0 *' 

II. Lack of effect of unlabeled myo-inositol on 
inositol phosphate generation. AR42J cells 
previously loaded with myo- [2-3H] inositol were 
incubated for 5 minutes at 37°C with 10 mM LiCl 
and 0.1 mM Mn2+ in the absence or presence of 1 mM 
unlabeled myo- inositol. CCKa {30 nM) was then 
added for 60 minutes and [3H]InsPi levels were 
measured. Data are the means ± SE of triplicate 
determinations from 4 experiments. 
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absence of Mn2+ reduced the levels of CCKs-mediated [3H] InsPi 

by 19.2 ± 3.3% (mean ± SE) following 60 minutes of 

stimulation. Mn2+ alone also attenuated CCKs-mediated 

[3H]InsPi accumulation, and the extent of inhibition (26.7 ± 

3.3%/ mean ± SE) was greater than that observed in the 

presence of unlabeled myo-inositol. When both unlabeled 

jnyo-inositol and Mn2+ were added to the incubation medium, 

the levels of [3H] InsPi (36.0 ± 4.0, mean ± SE) were 

significantly lower (p < 0.05) than those observed in the 

presence of either Mn2+ or unlabeled myo-inositol alone. 

Inasmuch as the inhibitory effects of Mn2+ and unlabeled 

myo-inositol were additive, it is likely that [3H]InsPi 

levels are being attenuated by distinct mechanisms under 

these incubation conditions. 

Short Tftrm Effects of Manganese on Inositol Phosphate 

Generat ion 

To further characterize the actions of Mn2+, its effects 

on the formation of [3H]inositol phosphates after a very 

brief incubation with CCKs were examined next. Table III 

illustrates the effect of 0.1 mM Mn2+ on agonist-induced 

E3H] InsPi, [3H] InsP2, [3H]InsP3, and [3H]InsP4 formation 

following a 60 second incubation with 30 nM CCKs. Although 
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Inositol 
^ % Inhibition p value 

Phosphate 

IP1 8.3 ± 3.5 ns 

IP2 8.0 ± 3.1 ns 

IP3 17.3 ± 3.7 < 0.05 

IP4 35.7 ± 9.0 < 0.05 

Table III. Short term effects of manganese on inositol 
phosphate generation. AR42J cells previously 
loaded with myo-[2-3H]inositol were incubated for 5 
minutes at 37°C with 10 mM LiCl in the absence or 
presence of 0.1 mM Mn2+, 30 nM CCKs was then added 
for 60 seconds and [3H]inositol phospahte levels 
determined. Data are the means ± SEM of triplicate 
determinations from 4 separate experiments. 
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Mn2+ decreased the activity of each inositol phosphate 

fraction, this effect was only statistically significant for 

[3H] InsP3 (p < 0.05, n = 4) and [3H]InsP4 {p < 0.05, n = 4) . 

HPT.C: Analysis of Tno.ql.hnl Phnsnhats Shanriarri.q 

In the experiments described above, [3H]inositides were 

separated from other labeled lipids using Dowex AG 1-X8 ion 

exchange resin (112) . This type of chromatographic 

separation is convenient and allows for rapid analysis of a 

large number of samples. However, it does not provide 

information about specific isomers that are generated 

following Ptdlns hydrolysis, only some of which are 

biologically active. Therefore, it was important to 

determine whether Mn2+ was inhibiting a specific inositol 

phosphate isomer. Accordingly, the method of Turk (113) et 

al., which is based on the use of HPLC, was adopted and 

slightly modified to analyze in detail Ins (1,3,4)P3 and 

Ins(1,4,5)P3 formation. Figure 5 shows a typical elution 

profile of commercially obtained inositol phosphate 

standards. Peaks 1, 2, 3, and 4 represent [3H]Ins(l)P, 

[3H] Ins (1,4)P2, [3H] Ins (1, 4, 5) P3 and [3H] Ins (1, 3, 4, 5) Pi, 

respectively. 
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Figure 5. HPLC analysis of [3H]inositol phosphate standards. 
1 p.1 { approx. 2,000 cpm) of commercial inositol 
polyphosphate standards were diluted with 4 90 Jil 
deionized water and injected into a Partisil-10 SAX 
HPLC column (4.6mm x 250 mm). A step gradient from 
0 - 1.7 M ammonium formate, pH 3.7, was then 
applied at a flow rate of 1.25 ml/minute to elute 
the inositol phosphates as outlined in the HPLC 
methods section. 
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HFLC Analysis nf Inositol Phosphate General-.i on in AR42.T 

Cells 

To determine whether resolution of the two InsP3 Isomers 

could be achieved under our experimental conditions, AR42J 

cells were stimulated for 5, 60 or 120 seconds with 30 nM 

CCK8 and [3H]Ins(1,3,4)P3 and [3H]Ins(1,4,5)P3 formation 

determined (Figure 6). Following stimulation for 5 

seconds, all of the radioactivity in the region where InsP3 

isomers appear co-eluted with standard [3H]Ins(1,4,5)P3 . 

However, after 60 or 120 seconds of incubation with CCKa, a 

second peak eluted approximately 1.8 minutes before [3H]lns-

(1,4,5)P3. The kinetics for the appearance of this peak 

(i.e., no detectable activity after 5 seconds of stimulation 

and a majority of the activity residing in this peak after 

120 seconds) is consistent with the formation of 

Ins(1,3,4)P3 in numerous tissues, including pancreatic acinar 

cells (113-116). Therefore, these data indicate that 

[3H] Ins-(1, 3, 4)P3 and [3H] Ins (1, 4, 5) Ps isomers.can be 

resolved into distinct peaks under these chromatographic 

conditions. 

Effects of EGTA on Inositol Phosphate Generation 

In the pancreatic acinar cell, it is generally accepted 



Figure 6. HPLC analysis of [3H] inositol phosphate generation 
in AR42J cells. Cells previously loaded with 
myo- [2-3H]inositol were stimulated with 30 nM CCKe 
for 5, 60, or 120 seconds. Aqueous inositol 
phosphates were extracted and chromatographed on a 
Partisil-10 SAX HPLC column. Fractions co-eluting 
with standard inositol phosphates were collected, 
diluted into liquid scintillation cocktail and 
counted. 
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Figure 6. HPLC analysis of [3H]inositol phosphate generation 
in AR42J cells. 
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that extracellular Ca2+ is required to replenish 

intracellular Ca2+ pools during sustained stimulation with 

Ca2+-mobilizing agonists (93-96,101,117). In contrast, the 

immediate biological actions of these agonists are generally 

believed to be independent of extracellular Ca2+ during the 

initial 10 minutes of stimulation with CCKa (117). However, 

the rare earth element lanthanum (La3+) is known to 

significantly attenuate CCKa-induced increase in Ca2+i levels 

within 1 minute (96) . Inasmuch as La3+ also blocks CCKa-

induced increased Ca2+ influx (95), this observation suggests 

that stimulation of Ca2+ influx may enhance the ability of 

CCKa to mobilize Ca2+i. Similarly, the present findings 

indicate that Mn2+, which also blocks CCKa-mediated Ca2+ 

influx, attenuates CCKa-mediated FIP2 hydrolysis. Therefore, 

it is possible that the increase in cell membrane 

permeability to Ca2+ may enhance the ability of CCKB to 

generate lns(l,4,5)P3 and/or Ins(1,3,4,5)P4. 

To further investigate this possibility, experiments 

were performed in the presence of the Ca2+ chelator, ethylene 

glycol bis-(Jl-aminoethly ether) N, N, N1, N *, -tetraacetic acid 

(EGTA). When AR42J cells were incubated with 1.5 mM EGTA 

for 5 minutes and stimulated with CCKe for 60 seconds, 

[3H]Ins(1,3,4)P3 and [3H]Ins(1,4,5)P3 levels were 

significantly reduced (Figure 7). In addition, [3H]Ins-



44 

C 
o 
-H 
•P 
•H 
A 
•H 
A 
c 

efP 

d) 
4-> 
(0 
a 
CO 
o 
J3 
a 
CO 
-H 
M 
4-1 

O 
4J 
•H 
M 
o 
c 

S3 
oo 

60 

50 

40 

30 -

20 -

10 -

0 

I. w«. • •« •• 

/• - ",.fcV V,;-r 

isltitli 
'•< vi 

i 

« r-< S 
•• > / 

* S < - "• •? 

•XsS-WV, IVIU/CA: 
•• >v 

t * / ^ 

;Ifi 
111! < , fs / *<" ' «. K'7»,j;yfV jjjiipi 

ii 
Ills 
.ii-t 

:̂ s; 
VJ' 

Ins(l,3,4)P3 Instil,5)P3 

Figure 7. Effects of EGTA on inositol phosphate generation in 
AR42J cells. Cells previously labeled with 
myo~ [2-3H]inositol were incubated in the presence 
of 10 mM LiCl and in the presence or absence of 1.5 
mM EGTA for 5 minutes followed by the addition of 
30 nM CCKs for 60 seconds. Aqueous inositol 
phosphates were extracted and chromatographed on a 
Partisil-10 SAX HPLC column. The mean ± SEM of 
duplicate samples from 5 separate experiments are 
shown. * - p < 0.01 and 1 p < 0.005 when compared 
to values obtained in the absence of EGTA. 



(1,3,4,5)P4 was significantly attenuated. While [3H]InsPi 

and [3H]InsP2 levels were also reduced, these changes were 

not significant at this early time point. These findings 

are consistent with the data previously shown using Dowex AG 

1-X8 resin, and support the hypothesis that extracellular 

Ca2+ is important for CCKs-mediated generation of 

biologically active inositol phosphate isomers. 

Effects of Calcium Reaririition on Inositol Phosphate 

Generation in EGTA-treat-.ftri Cells 

To determine whether the inhibitory effects of EGTA on 

[3H]InsPaand [3H] InsP4 formation were reversible, Ca2+ was 

added back to cells that had been incubated in the presence 

of EGTA. In these experiments, cells were incubated for 5 

minutes in the absence or presence of 1.5 mM EGTA prior to 

the addition of CCKa for 60 seconds. Aliquots were then 

removed for analysis by HPLC, and Ca2+ (1.5 mM) was added 15 

seconds later to one group of cells that were in EGTA-

containing medium. Additional aliquots were then removed 

from each incubation condition 90 seconds and 150 seconds 

following the original addition of CCKB. This experimental 

procedure allowed for the measurement of PIP2 metabolites 15 

seconds and 60 seconds after the readdition of Ca2+, as shown 

in Figure 8. A partial reversal of the inhibitory effects 
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of EGTA on [3H]InsPi and [3H] InsP2 accumulation was evident 

within 15 seconds of Ca2+ readdition, with a complete 

reversal occurring after 60 seconds (data not shown). In 

the case of [3H]Ins(1,4,5)Pa, 15 seconds after Ca2+ 

readdition there was a rapid increase in the formation of 

this isomer which exceeded control levels, and which was 

two-fold greater than the levels observed in the presence of 

EGTA. Further, [3H]Ins(1,4,5)P3 levels remained above 

control values 60 seconds after Ca2+ readdition. The levels 

of [3H] Ins (1,3,4)P3 (Figure 8) and [3H] Ins (1, 3, 4, 5) P4 (data 

not shown) were also at or above their respective control 

values within 60 seconds of Ca2+ readdition. Thus, the 

present findings document for the first time that 

receptor-mediated Ptdlns metabolism may be rapidly modulated 

by extracellular Ca2+. 

Effects of Manganese and Lanthanum on Ins (1.3.41 Pa and 

Ins(1. 4 . 5) P3 Formation 

The above findings suggest that extracellular Ca2+ may 

be of critical importance for amplifying the signal 

transduction system that leads to receptor-mediated Ptdlns 

hydrolysis. In that case, agents known to block Ca2+ influx 

would be expected to attenuate [3H]Ins(1,4, 5)P3 formation, 
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Figure 8. Effects of calcium readdition on inositol phosphate 
generation in EGTA-treated cells. AR42J cells 
previously labeled with myo [2—3H] inositol were 
incubated in three flasks in the presence of 10 mM 
LiCl. EGTA (final concentration 1.5 mM) was added 
to two of the flasks 5 minutes prior to the addition 
of 30 nM CCKa. Aliquots of cell suspensions were 
removed 60 seconds after the addition of CCKe, and 
Ca2+ (final concentration 1.5 mM) was added to one 
of the EGTA-treated flasks. Isotonicity was 
maintained by addition of equivalent amounts of 
NaCl to the other two flasks. Reactions were then 
allowed to continue and additional aliquots were 
removed 15 and 60 seconds after the addition of 
either calcium or NaCl. Data are the means ± SD of 
duplicate determinations from a representative 
(of 3) experiments. 
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the immediate product of PIP2 breakdown. Having previously 

shown that Mn2+ inhibits [3H]InsP3 when the products of 

Ptdlns hydrolysis were analyzed with Dowex AG1-X8 resin, 

these experiments were repeated using HPLC to look 

specifically at [3H]Ins{1,3,4)P3 and [3H] Ins{1,4,5)P3 

isomers. In addition, La3+, a potent Ca2+ channel blocker 

that inhibits CCKB-mediated Ca2+ influx (96), was included in 

this series of experiments. When AR42 J cells were incubated 

for 5 minutes with 0.1 mM Mn2+ or 0.1 mM La3+ and stimulated 

for 60 seconds with 30 nM CCKe, [3H] Ins (1, 3, 4) P3 and 

[3H]Ins(1,4,5)P3 levels were attenuated (Figure 9). Although 

the extent of inhibition was not as great as that obtained 

in the presence of EGTA, the changes were statistically 

significant. These observations support the hypothesis that 

receptor- mediated Ca2+ influx participates in the regulation 

of Ca2+i mobilization in AR42J cells and possibly in other 

cell types. 

Effects of EGTA. Manganese and Lanthanum on inositol 

Phosphate Generation in Normal Pancreatic Acinar Cells 

The AR42J cell line is derived from a chemically 

induced transplantable tumor in the rat exocrine pancreas 

(110). Therefore, it was important to determine whether 

Ptdlns hydrolysis may be modulated by extracellular calcium 
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Figure 9. Effects of manganese and lanthanum on inositol 
phosphate generation in AR42J cells. Cells 
previously labeled with myo- [2-3H] inositol were 
incubated in the presence of 10 mM LiCl and in the 
presence or absence of either 0.1 mM manganese or 
0.1 mM lanthanum for 5 minutes. CCKe (30 nM) was 
then added for 60 seconds. Aqueous inositol 
phosphates were extracted and chromatographed on a 
Partisil-10 SAX HPLC column. The mean ± SEM of 
duplicate samples from 5 separate experiments are 
shown. * = p < 0.01, and ** = p < 0.005 when 
compared to values obtained in the absence of Mn2+ 

or La3+. 
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in normal pancreatic acinar cells. In this series of 

experiments, incubation of acini for 5 minutes with either 

0.1 mM manganese, 0.1 mM lanthanum or 1.5 mM EGTA resulted 

in an attenuation of CCKa-mediated Ptdlns hydrolysis which 

was similar to that observed in AR42J cells (Table IV). 

These data indicate that the findings in the AR42J cell line 

are not likely to be an artifact of the cancer cell 

phenotype, and that extracellular calcium regulates 

CCKa-mediated Ptdlns hydrolysis in a highly differentiated 

cell type. 
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[3H]Inositol 
Phoshate Control Manganese Lanthanum EGTA 

InsPl 3070 ± 110 2760 ± 7 2660 ± 43 2410 ± 114 

InsP2 1590 ± 142 1520 ± 5 1430 ± 85 1501 ± 7 

Ins(1, 3,4)P3 472 ± 18 406 ± 12 305 ± 43 318 ± 13 

Ins(1, 4,5)P3 172 ± 4 130 ± 4 102 ± 8 138 ± 3 

InsP4 95 ± 4 74 ± 6 41 ± 11 74 ± 4 

Table IV. Effects of manganese, lanthanum, and EGTA on 
inositol phosphate generation in freshly isolated 
pancreatic acinar cells. Dispersed pancreatic 
acini were incubated at 37°C for 120 minutes in HR 
buffer containing in the presence of 20 fiCi/ml 
myo [2-3H]inositol and 0.5% BSA. Incubations were 
carried out in a water bath shaking at 60 
cycles/minute. Cells were then incubated in the 
presence of 10 mM LiCl and in the presence or 
absence of 0.1 mM manganese, 0.1 mM lanthanum, or 
1.5 mM EGTA followed by the addition of CCKa for 60 
seconds. Aqueous inositol phosphates were extracted 
and chromatographed on a Partisil-10 SAX HPLC 
column. Data are the means ± SD of duplicate 
determinations from a representative (of 3) 
experiments. 
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CHAPTER 4 

DISCUSSION 

The present study demonstrates that CCKa and bombesin, 

hormones that are known to increase cytosolic free Ca2+ 

(15,16), activate Ptdlns hydrolysis in AR42J cells, and 

that this activation is dependent, in part, on the 

availability of extracellular Ca2+. Initially, we found that 

the divalent cation Mn2+ significantly attenuates [3H]InsPi 

formation following prolonged (60 minutes) stimulation with 

either agonist. These actions of Mn2+ were relatively 

specific, inasmuch as they were not mimicked by barium, 

strontium or cobalt. Mn2+ also significantly decreased 

[3H]InsP3 and [3H] InsP4 level following a 60 second 

stimulation with CCKa. In contrast, Mn2+ did not rapidly 

lower the levels of [3H]InsPi. Inasmuch as InsPi derives 

from the metabolism of InsP3 and InsP4, these data suggest 

that the decrease in [3H] InsPi levels at later time points is 

secondary to the decreased availability [3H]InsP3 and 

[3H]InsP4. 

Concomitant incubation of tissues with Mn2+ and 

[3H]jnyo- inositol for 1 hour prior to agonist addition has 
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been reported to result in enhanced incorporation of 

[3H]jnyo-inositol, but this increase was due to shunting the 

label into an agonist-insensitive pool (102,103). In these 

studies, no alteration in Ptdlns hydrolysis was observed. 

In contrast, in the present study, Mn2+ was added acutely to 

the incubation medium following completion of the [3H]myo

inositol labeling period and 5 minutes prior to the addition 

of agonists. Under these incubation conditions, it was 

still conceivable that Mn2+ was acting to lower the specific 

activity of the [3H]fliyo- inositol pool. However, when the 

specific activity of the agonist sensitive [3H]/7iyo-inositol 

pool was decreased by addition of excess unlabeled 

myo-inositol, the reduction in [3H]InsPi levels was 

significantly less than that observed following stimulation 

with CCKe in the presence of Mn2+ alone. Further, Mnz+ and 

excess unlabeled J7iyo-inositol exerted additive inhibitory 

effects on [3H]InsPi, indicating that they were acting 

through different mechanisms to reduce CCKs- mediated 

[3H]InsPi accumulation. The conclusion that the effects of 

Mn2+ in the present study are not due to the transfer of 

[3H] jnyo-inositol into an agonist insensitive pool is also 

supported by the observation that the rapid inhibitory 

effects of Mn2+ were specific for [3H]InsP3 isomers and 

[3H]Ins(1,3,4,5)P4 (as determined by Dowex chromatography and 
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HPLC) . 

A threshold inhibitory effect on [3H]Ins(1,4,5)P3 was 

observed at 1 |iM Mn2+ and a maximal effect at 100 fiM Mn2+. 

These effects of Mn2+ were mimicked by La3+ and by chelation 

of extracellular Ca2+ with EGTA. Further, when extracellular 

Ca2+ was added back to EGTA-treated cells, the inhibitory 

effects of EGTA were completely abolished within 60 seconds 

for each [3H]inositol phosphate species that was examined. 

These data raise the possibility that CCKe-mediated Ptdlns 

hydrolysis in AR42J cells is dependent, in part, on the 

availability of extracellular calcium. 

Only a limited number of studies have examined the role 

of extracellular Ca2+ in the regulation of receptor-activated 

Ptdlns hydrolysis. In rat leukemic basophil cells, La3+ 

inhibits antigen-stimulated Ptdlns hydrolysis and histamine 

release (118). In thymocytes, concanavalin A (Con A) 

stimulation in the presence of reduced Ca2+ (0.1 mM) leads to 

a decrease in [3H]InsP3 and [3H] InsP4 formation by comparison 

to values observed in Ca2+ replete medium (119) . In 

macrophage- like J774.1 cells [3H]InsP3 generation and cell 

adherance was shown to be dependent on extracellular Ca2+ 

(120). In contrast, EGF-stimulated InsP3 formation in A-431 

epidermoid carcinoma cells is independent of extracellular 

Ca2+ during the first minute of stimulation (121). 
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Subsequently, InsPa levels decline, presumably due to a 

gradual depletion of intracellular Ca2+ pools (121). 

The reason for this differential requirement for extra

cellular Ca2+ is unclear. Activation of PLC by antigen or 

Con A occurs through a putative G protein and requires 

extracellular Ca2+ for a full response. In the present 

study, CCKa-mediated Ptdlns hydrolysis was significantly 

attenuated when extracellular Ca2+ was limited. Inasmuch as 

the actions of CCKe are enhanced by GTP[S] in pancreatic 

acinar cells (44), these data suggest that extracellular Ca2+ 

may be required for receptor-mediated activation of PLC by G 

proteins. In contrast, EGF-stimulated Ptdlns hydrolysis is 

not initially dependent on extracellular Ca2+ (121) . 

Further, the actions of EGF are not sensitive to pertussis 

toxin, cholera toxin, or GTP[S] in A-431 cells (122). These 

findings suggest that either a novel G protein modulates 

EGF-mediated stimulation of Ptdlns hydrolysis, or that some 

other mechanism is responsible for EGF-mediated activation 

of PLC. In support of our hypothesis, GTP[S] markedly 

augments inositol polyphosphate formation by bombesin and 

vasopressin, but has no effect on PDGF-mediated inositol 

phosphate formation in WFB rat fibroblasts (14). 

The EGF receptor (EGF-R) belongs to a family of growth 

factor receptors that possess intrinsic, ligand-activated 

tyrosine kinase activity (123,124). Binding of EGF to its 
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receptor induces a conformational change in the cytoplasmic 

domain of the receptor allowing for the binding of ATP. The 

receptor then undergoes autophosphorylation on tyrosine 

residues which allows for the phosphorylation of numerous 

exogenous substrates and activation of a variety of cellular 

processes. This tyrosine kinase activity is required for 

EGF-induced mitogenesis and PIP2 hydrolysis, as kinase-

defective mutant receptors are unable to stimulate either 

response (125-127). Recently, Wahl (122) et al., provided 

evidence that PLC may itself be an exogenous substrate for 

the activated EGF-R. Thus, antibodies against phospho-

tyrosine residues immunopurified tenfold more phospho-

inositide-specific PLC activity in EGF-treated cells 

compared to unstimulated cells. These data suggest that PLC 

or a tightly associated protein is tyrosine phosphorylated 

by the EGF-R, and that this may have important functional 

consequences relating to EGF-mediated Ptdlns hydrolysis. 

Taken together, these findings raise the possibility that 

receptors exhibiting ligand-activated tyrosine kinase 

activity stimulate Ptdlns hydrolysis via a different 

mechanism than receptors which utilize classical G proteins. 

In the present study, [3H]Ins(1,3, 4,5)Pi levels were 

also rapidly attenuated by depletion of extracellular Ca2+. 

Ins-(1,3,4,5)P4 is derived directly by phosphorylation of 

Ins(1,4,5)P3 (53). Ins(1,4,5)Pa 3-kinase, the enzyme that 
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phosphorylates Ins(1/4,5)Pa to generate Ins (1,3,4,5)Pi, is 

calcium- and calmodulin-dependent (53,128-131). Moreover, 

the activity the 3-kinase is believed to be modulated by 

changes in the levels of cytosolic free calcium (130,131). 

Therefore, it is possible that removal of extracellular Ca2+ 

decreases the activity of the 3-kinase which would lead to 

attenuated [3H] Ins (1, 3, 4, 5) P4 levels. Alternatively, 

mobilization of Ca2+i may be sufficient to fully activate the 

3-kinase in the absence of Ca2+ influx. In this case, 

inhibition of [3H] Ins (1, 3, 4, 5)P4 in the absence of extra

cellular Ca2+ would be due to a decrease in substrate 

availability. The present data do not allow a distinction 

between these possibilities. 

Another issue raised by the present study is the 

pathway by which extracellular Ca2+ activates PLC. When Ca2+ 

was added to cells that had been stimulated in the presence 

of EGTA there was an immediate increase in Ptdlns 

hydrolysis, as evidenced by the rapid appearance of 

[3H]Ins(1,4,5)P3. This indicates that CCKa- mediated Ca2+ 

influx is important for PLC activation. However, it is not 

clear whether the incoming Ca2+ is immediately available to 

PLC or whether the Ca2+ must first cycle through an 

intracellular compartment. It is possible that opening 

receptor-operated Ca2+ channels may result in elevated Ca2+ 

levels within discrete regions of the phospholipid 
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microenvironment. Assuming a close proximity between 

receptors and effectors such as PLC, incoming Ca2+ could then 

directly activate plasma membrane-bound enzymes. 

Alternatively, Ca2+ may pass directly from the extracellular 

compartment into the Ins (1,4,5)P3 sensitive Ca2+i pool. In 

this case, Ca2+ may pass through a membrane pore similar to a 

gap junction, a process that may be regulated by 

Ins(1,3,4,5)P4 and GTP (82-88). 

Receptor-activated phospholipid hydrolysis is an 

important biological process that has been implicated in 

mediating the effects of a variety of hormones, 

neurotransmitters, and growth factors (1-4) . The present 

findings indicate that extracellular Ca2+ may contribute to 

the release if Ins(1,4,5)P3 from PIP2 following rapid or 

prolonged stimulation with CCKs. Further, Mn2+ and La3+, 

cations that are known to block Ca2+ channels, may decrease 

the availability of this extracellular Ca2+ pool. Taken 

together, these observations also raise the possibility that 

in tissues that are rich in Mn2+, this divalent cation may 

have an important role in the physiological regulation of 

certain signal transduction pathways that are coupled to 

Ptdlns hydrolysis. 
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