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Abstract 

A pancreatic acinar cell line, AR4-2J, that expresses a high 
density of substance P (SP)-binding sites has been identified. 
SP-binding sites on intact AR4-2J cells were detected with 
‘251-Bolton-Hunter SP (“%BHSP). ‘*%BHSP binding to AR4- 
2J cells has an apparent K,, of 40 PM with slow rates of 
association and dissociation. The number of high affinity 
binding sites was about 104/cell. Binding of lz51-BHSP was 
inhibited by SP and by structurally related peptides. Physa- 
laemin was a more potent inhibitor of binding than SP, 
whereas kassinin, eledoisin, and neurokinin A (substance K, 
neuromedin (Y, or neurokinin L) were much less potent. SP- 
free acid and SP (7-11) were 3 to 4 orders of magnitude less 
potent than SP itself. 

The membrane, intracellular, and secretory events elicited 
by exposure of AR4-2J cells to SP have also been examined. 
Intracellular recording from AR4-2J cells revealed resting 
membrane potentials of -40 to -65 mV. Pressure application 
of SP (100 PM to 100 nM) evoked depolarizations of 20 to 40 
mV which were maintained for prolonged periods. The intra- 
cellular free calcium concentration in AR4-2J cells, measured 
with (2-((2-amino-5-methyIphenoxy)-methyl)-6-methoxy-8- 
aminoquinolone tetra-acetoxy methyl ester), was between 
100 and 500 nM. Addition of SP (100 PM to 10 nM) or physa- 
laemin (1 nM) induced a transient rise in intracellular free 
calcium. AR4-2J cells synthesize amylase, and exposure of 
cells to SP resulted in a dose-dependent increase in amylase 
secretion. Incubation of AR4-2J cells with several other se- 
cretagogues known to be effective on primary acinar cells 
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did not evoke amylase release; however, bombesin (1 PM) 
caused a significant increase in amylase secretion. 

AR4-2J cells, therefore, retain many of the differentiated 
properties of primary acinar cells and should be useful for 
examining the structure and function of SP receptors. 

Substance P (SP) is the best characterized member of a family of 

structurally related mammalian tachykinin peptides that are found in 
both central and peripheral neurons (Porter and O’Connor, 1982; 
Jessell, 1983; Kanazawa et al., 1984; Minamino et al., 1984). Al- 

though two other mammalian tachykinins4 neurokinin A (substance 
K, neurokinin (Y, or neuromedin L) and neurokinin B (neuromedin K 
or neurokinin @) have recently been isolated (Kangawa et al., 1983; 

Kimura et al., 1983; Maggio et al., 1983) the physiological role of 
SP has been examined in greatest detail (Jessell, 1983). SP is 
released from sensory terminals in sympathetic ganglia (Konishi et 

al., 1980) and in the superficial dorsal horn of the spinal cord (Yaksh 
et al., 1980) and appears to mediate slow excitatory postsynaptic 
potentials at sensory synapses (Konishi et al., 1980; Urban and 
Randic, 1984). The widespread projections of SP-containing neurons 

(Cuello et al., 1982; Hokfelt et al., 1982) suggests that SP may play 
important roles in neurotransmission at other central and peripheral 
synapses. 

Variation in the potency of SP, other vertebrate tachykinins and 

synthetic SP analogues in different bioassay systems (Lee et al., 
1982) and in displacing binding of radiolabeled tachykinins (Buck et 
al., 1984; Cascieri et al., 1985) has provided indirect evidence for 

the presence of subclasses of mammalian tachykinin receptors. SP 
has been proposed to interact preferentially with SP-P receptors, 
whereas neurokinins A and B (Kimura et al., 1983; Maggio et al., 

1983) may represent endogenous ligands for the SP-E receptor 
sites. Autoradiographic localization of tachykinin-binding sites in the 
CNS has demonstrated that the distribution of SP- and neurokinin 

A-binding sites differs within discrete regions of the CNS (Mantyh et 
al., 1984b), providing further evidence for distinct receptor subtypes. 

In many regions of the CNS, immunocytochemical and autoradi- 
ographic studies have revealed a mismatch in the distribution of 

specific tachykinin peptides and their binding sites (Quirion et al., 
1983; Mantyh et al., 1984a, b). Furthermore, the excitatory actions 
of endogenous tachykinins on central neurons have been reported 

4 A committee which met in August, 1984 at the IUPHAR Satellite Sym- 
Posium On Substance P-Metabolism and Biological Actions has recom- 
mended that the tachykinin known as substance K, neurokinin a or neuro- 

medin L should be referred to as neurokinin A, and that the tachykinin known 
as neurokinin P or neuromedin K should be referred to as neurekinin B 
(Harmar and Keen, 1984). 

3370 



The Journal of Neuroscience Substance P Receptors on an Acinar Cell Line 3371 

to correlate more closely with the distribution of receptor subtypes 
than wrth the presence of the peptides (Innis et al., 1984). These 
observations emphasize that a physiological role for tachykinins 
released from central and peripheral neurons is likely to be depen- 
dent on the presence of appropriate classes of tachykinin receptors 
on target cells. 

Tachykinin receptors have also been demonstrated on several 
exocrine secretory cells (Jensen and Gardner, 1979; Liang and 
Cascieri, 1981). The uniformity and accessibility of acinar cells have 
permrtted a more detailed analysis of tachykinin specrficity and of 
some of the biochemical consequences of receptor activation than 
has been possible on central neurons. Parotid acinar cells have 
been examined in greatest detail and appear to express only the 
SP-P class of tachykinrn-binding sate (Cascieri et al., 1985). The 
activation of tachykinin receptors on parotid acinar cells has been 
shown to enhance Ca2’ influx (Putney et al., 1978; Liang and 
Cascreri, 1979) depolarize acrnar cells (Peterson, 1980) and induce 
the release of amylase (Liang and Cascieri, 1979; Brown and Hanley, 
1981). Similar effects of SP have been detected on pancreatic acinar 
cells (Sjodin et al., 1980). SP and related mammalian tachykinin 
peptides are present in vagal sensory fibers that terminate in the 
vicinity of parotid and pancreatic acinar cells (Larsson, 1979; Sharkey 
and Williams, 1983). The release of tachykinins from sensory termi- 
nals may therefore play a physiological role in the regulation of acinar 
cell secretion (Gallacher, 1983). 

A biochemical and molecular analysis of tachykinin receptors will 
be important in determining the structural basis for differences in the 
actions of mammalian tachykinrns. The heterogeneity of cell types 
and the multiplicity of binding sites have, however, made it difficult 
to approach this problem using neuronal cells as a source of 
receptors. The identification of clonal cell lines that express tachy- 
kinin receptors and retain differentiated cellular properties might 
provide a more suitable preparation for structural analysis of tachy- 
kinin receptors and for examining the membrane, intracellular, and 

secretory events triggered by activation of defined receptor sub- 
types. 

We describe here the identification of a rat pancreatic acinar cell 
line that expresses a high density of SP receptors. These cells 
respond to SP with changes in membrane potential, transient 
changes in intracellular calcium levels, and secretion of amylase. 
Preliminary accounts of this work have been reported (Hanley and 
Jessell, 1984; Womack et al., 1984). 

Materials and Methods 

Culture. AR4-2J cells (Jessop and Hay, 1980) were obtarned from the 
Amencan Type Culture Collection (passage 13) and grown In trssue culture 
flasks In L-15 CO* medium supplemented wrth penrcrllrn/streptomycrn, 50 
unrts/ml (Flow Laboratones), qlutamine (2 mM), qlucose (44 mu), essential 
vitamins (Flow Laboratories), and 20% fetal cal? serum (Dutchland, batch 
12103043) at 37°C in 95% air:5% CO,. Cells were fed evetv second dav 
and passaged at 70% confluence with 0.1% trypsrn (Flow Laboratones) In 
Ca’+/Mg’+-free medium. AR4-2J cells are extremely refractrle and grow as 
small clusters on untreated tissue culture plastic (Fig. 1) wrth a doublrng in 
cell number every 24 to 30 hr. In contrast, all other rodent and human 
pancreatic carcrnoma cells we examined grow to confluence with flat eprthe- 
lral morphology. 

‘251-Bolton-Hunter substance P bmdmg. ‘*5-N-Succrnrmrdyl-3-(4-hydroxy- 
phenyl)proprionate-labeled SP (“‘I-BHSP) (specrfrc activity, 2200 Cr/mmol) 
was prepared using a modification of the method of Bolton and Hunter 
(1973) and purified by high pressure liquid chromatography on a reverse 
phase C-18 column in a solvent containing 27% acetonitnle, 0.1 M phosphate 
buffer, pH 3 5,50 mM 2-mercaptoethanol. ?BHSP was generously provided 
by M. Pagnozzr, E. Mena. and C. Pazoles, Pfizer Inc. AFW2J cells were 
plated at a density of 1 O5 cells/well in 24-well plates (16 mm drameter). Forty- 
eight to 72 hr after plating, cells were washed twice with Hanks’ balanced 
salts solution supplemented wrth 44 mM glucose and 0.4 mg/ml of bovrne 
serum albumln (BSA) (fractron V; Sigma Chemical Co.) and incubated wrth 
‘?BHSP in 0.5 ml of Hanks’ supplemented medrum at 22°C. Incubations 
were terminated by removal of medium and washrng three trmes with Hanks’ 
medium at 4°C. AR4-2J cells were solubrlized in 1% Tnton X-100 containing 

Figure 7. Phase contrast micrograph showing the appearance of AR4-2J cells after 48 hr in culture. Cells grow in small clusters and are characterized by 
spindle-shaped projections. Scale bar = 40 pm. 
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1 mg/ml of BSA, and radioactivity was measured in a gamma counter. In 
control experiments, radiolabel bound to cells at the end of the incubation 
was analyzed by thin layer chromatography on Whatman LK60 plates and 
was shown to migrate as a single peak with the same R, value as authentic 
‘?BHSP, indicating that there was no detectable breakdown of receptor- 
bound ligand during incubation. Although we have not assessed the degra- 
dation of free ligand directly, addition of bacitracin (10 mg/ml), leupeptin (10 
fig/ml), and chymostatin (50 pg/ml) to the incubation medium did not appear 
to enhance ‘*‘I-BHSP binding to AR4-2J cells. 

Since the ligand bound represented less than 5% of the total counts 
added to the incubation medium, the kinetics of binding were analyzed as a 
pseudo-first-order reactron, based on the assumption that there was no 
signrficant breakdown of ligand during the Incubation period (Kitabgi et al., 
1977). The association rate constant was calculated according to the equa- 
tion, k, = /~I[(A&(A.~ - (A,))], where (A,) represents the concentration of 
ligand bound at equrlibrrum and (At) represents the amount of ligand bound 
at each specified time. The rate constant of dissociation was calculated 
according to the equation: k-, = -/n((A,)/(Ao))/t, where (A,,) is the concen- 
tratton of bound ligand at trme t = 0 and (A,) is the concentration bound at 
the time indicated. 

Measurement of (Ca*+),. Change in intracellular calcium concentration 
(Ca”), were measured using (2.((2.amino-5-methylphenoxy)methyl)-6-me- 
thoxy-8-aminoquinoline tetra-acetoxy methyl ester) (Quin 2-AM) essentially as 
described (Tsien et al., 1982; Albert and Tashjian, 1984). AR4-2J cells were 
scraped from culture flasks in Ca*+/Mg’+-free Eagle’s minimal essential 
medium (S-MEM), centrifuged at 180 x g for 5 min, and then resuspended 
in S-MEM supplemented with 5% fetal calf serum. After incubation for 60 
mm at 37”C, cells were washed twice with 20 ml of Hanks’ medium and 
then drvrded in aliquots of lo6 cells. Each aliquot was resuspended in 0.5 ml 
of Hanks’ medrum and maintained at 37°C for 30 min to 2 hr until used. 
AR4-2J cells were loaded by addition of 1 ~1 of Quln 2-AM (50 mM in 
drmethylsulfoxrde (DMSO)) and incubated at 37°C for 30 min. The Qurn 2- 
AM was diluted by addition of 10 ml of Hanks’ medium, washed twice with 
10 ml of Hanks’ medrum, and resuspended in a final volume of 3 ml. 
Fluorescence was measured at 37°C with a Perkin-Elmer spectrofluorimeter 
(excitatron, 340 nm; emrsslon, 492 nm; 5-nm slit width). Cells were maintained 
In suspension by constant stirring during all measurements. After each 
experiment, the amount of Quin 2-AM incorporated in the cells was deter- 
mined by measuring the fluorescence after solubilization with 25 pM digitonin. 
Measurment of minimum fluorescence was obtained by addition of 1 mM 
excess EGTA to cell suspensions following addition of Tris buffer to Increase 
the pH to 8.3. Transformation of the fluorescent signal to the logit scale of 
(Ca*‘) was performed using the equatron (Ca*‘) = KD(f - F,,,)/F,, - F) 
where F is the fluorescence, on an arbitrary scale, F,,, and F,, are the 
fluorescences at very low (in excess EGTA) and very high (in 1 mM Ca”) 
levels, respectively, and KD (= 115 nM) is the effective dissociation constant 
of Ca’+-dye brnding (Tslen et al., 1982). All drugs were added from 200.fold 
concentrated stock solutions. 

Electrophysiology. For electrophysiological experiments, AR4-2J cells 
were plated at a density of about IO4 tells/35-mm culture dish at least 48 hr 
before recording. Intracellular recording from AR4-2J cells was performed on 
the stage of a Zeiss IM-30 inverted microscope under phase contrast optics. 
Recording medium contained 120 nM NaCI, 5.4 mM KCI, 1 .O mM MgSO,, 1.2 
mM NaH,P04, 3.6 mM CaCI*, 44 mM glucose, pH 7.2. Microelectrodes were 
filled with 2 M potassium methylsulfate and had tip reststances between 150 
and 250 megohms. SP and other drugs were applied in recording medium 
by pressure (3 P.s.I.) from a micropipette (tip diameter, 4 to 6 pm) positioned 
20 to 50 firm from the cell. 

Measurement of amylase release. AR4-2J cells were grown at a density 
of lo5 cells/well in 16.mm-drameter multiwell plates for 48 to 72 hr before 
measurement of amylase release. Since we frequently detected a large 
release of amylase after switching from L-15 growth medium to Hanks’ 
Incubation medium, cells were preincubated for 30 min at 22°C in Hanks’ 
medrum containing 4 mg/ml of glucose, 0.4 mg/ml of BSA, 5 mM theophylline, 
10 mM HEPES, 10 pg/ml of chymostatin, 10 fig/ml of leupeptin, pH 7.2. After 
preincubatron, AR4-2J cells were incubated in 0.5 ml of supplemented Hanks’ 
medium alone or in the presence of SP and other drugs. After 30 min at 
22”C, 250 ~1 of the medium were removed for analysis and the cells were 
lysed in 1% Triton X-100/0.1% BSA at 4”C, and 20.~1 of cell extracts were 
taken for measurement of cellular amylase. a-Amylase was assayed using a 
modification of the method of Fischer and Stein (1961). Medium aliquots and 
cell extracts were incubated with 1 ml of starch solution (5 mg/ml) in 
phosphate buffer (pH 7.0) for 5 min at 25°C. The reaction was stopped by 
adding 1 ml of alkalrne dinitrosalicylic acid solution, and the mixture was 
heated In a boiling water bath for 10 min. The solution was diluted with water 
and the absorbance (l-cm light path) at 550 nm was measured. All samples 

were measured in duplicate and the amount of amylase was expressed as 
maltose equivalents. One unit of amylase was defined as the amount of the 
enzyme that caused the formation of 1 mg maltose in 5 min at 25°C. 

Materials. Substance P, physalaemfn, eledoisin, kassinin, and SP ana- 
logues and other peptrdes were obtained from Peninsula Laboratories or 
from Bachem, Inc. Synthetic substance K was a gift from Dr. J. Maggro and 
subsequently was purchased from Peninsula Laboratories. Quin 2-AM was 
obtained from Polysciences. All other reagents were of analytical grade. 

Results 

Time course of association and dissociation of ‘251-BHSP binding 
to A/W2,/ cells. “51-BHSP bound specifically and reversibly to AM 
2J cells grown in culture for 48 to 72 hr after passaging. ‘251-BHSP- 
binding sites can be detected as early as 12 hr after passaging and 
continue to be expressed for at least 14 days. The number of 
binding sites per culture well, determined 48 hr after passaging, 
increases in proportion to cell number at densities from 10 to 70% 
confluency (data not shown). At 22°C and at a ‘251-BHSP concentra- 
tion of 80 PM, binding increased with time and reached a plateau 
after 60 min (Fig. 2A). Nonspecific binding, defined as the amount 
of “51-BHSP bound in the presence of 10 PM unlabeled SP, remained 
constant with increastng incubation times and represented less than 
5% of total binding at equilibrium (Fig. 2A). ‘251-BHSP bound to Al?4- 
2J cells at equilibrium constituted about 5% of the total counts 
added to the incubation medium. The association rate constant of 
binding under these conditions was calculated according to the 
assumptions outlined by Kitabgi et al. (1977) and was determined 
to be 3.7 x lo6 M-’ set-’ (Fig. 2B). The rate of association was 
markedly dependent on temperature, as has been observed with 
freshly isolated pancreatic cells (Jensen and Gardner, 1979). At 4°C 
binding of ‘251-BHSP to AR4-2J cells did not reach a plateau, even 
after several hours of incubation. At 37°C the amount of “?BHSP 
bound reached a peak after incubation for 30 min and then declined 
(not shown). This decrease in binding was not prevented by addition 
of several peptidase and protease inhibitors. A decrease in the 
binding of “?physalaemin to primary pancreatic acinar cells at 37’C 
has also been reported (Jensen and Gardner, 1979) and may result 
from proteolytic degradation of tachykinin ligands. 

The rate constant of dissociation of “51-BHSP from AR4-2J cells 
at 22’C was determined after ‘?BHSP binding reached equilibrium 
(90 min) (Fig. 3, A and B). From the slope obtained from the 
dissociation data (Fig. 3B), a rate constant of dissociation of 1.56 X 

10m4 set-’ was calculated. From the values of the rate constants, 
the dissociation constant was calculated (KD = k-,/k,) to be ap- 
proximately 40 PM. From equilibrium binding data, the number of 
high affinity “51-BHSP-binding sites was calculated to be about 1 .l 
x 1 04/AR4-2J cell. Scatchard analysis (data not shown) of ‘251-BHSP 
binding to AR4-2J cells resulted in a nonlinear plot similar to that 
reported for the binding of ‘251-BHSP to brain and spinal cord 
membranes (Charlton and Helke, 1984; Cascieri et al., 1985) and to 
intact lymphoblasts (Payan et al., 1984) and suggests that the SP- 
binding sites on AR4-2J cells may exist in more than one affinity 
state. The affinity of “51-BHSP binding also appears to be dependent 
on the integrity of the cells since we have found a lower affinity of 
binding to membrane fractions of AR4-2J cells (Hanley et al., 1984). 
A more detailed analysis of the kinetics of ‘251-BHSP binding is in 
progress. 

Competitive inhibition of ‘25/-BHSP binding. In order to compare 
the ligand specificity of the SP receptors on AR4-2J cells with those 
expressed on acinar cells and neurons, the ability of SP and of 
several tachykinins and synthetic analogues to inhibit the binding of 
‘251-BHSP to AR4-2J cells was examined. SP inhibited “‘1-BHSP 
binding in a competitive manner with an I&, of 6 X lo-” M (mean 
of 6 experiments) (Fig. 4). The relative potency of other tachykinins 
in inhibiting ‘251-BHSP binding was in close agreement with the 
potency of the same compounds in inhibition of SP binding to 
membranes of acinar cells from guinea pig pancreas and to cells 
dissociated from rat parotid gland (Jensen and Gardner, 1979; Liang 
and Cascieri, 1981). Physalaemin was slightly more potent than SP 
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(ICsO = 3 x IO-” M), whereas eledoisin, kassinin, and neurokinin A 
were one to two orders of magnitude less potent (Fig. 4). 

Synthetic SP fragments varied greatly in their potency in inhibiting 
“51-BHSP binding to AR4-2J cells. SP-free acid and the pentapeptide 
fragment SP (7-11) were more than three orders of magnitude less 
potent than SP, whereas the hexapeptide SP (6-l 1) and longer 
fragments exhibited a progressive increase in potency compared to 
the pentapeptide (Fig. 5). The synthetic SP antagonist D-Arg’-D-Pro’- 
D-Tryp7,g-Leu” SP (Rose11 et al., 1983) was about IOO-fold less 
potent than substance P in displacing ‘251-BHSP (Fig. 5). 

Several secretagogues and other compounds known to interact 
with receptors on primary pancreatic acinar cells (Petersen, 1980) 
were examined for their ability to inhibit the binding of ‘251-BHSP to 
AR4-2J cells. Bombesin, somatostatin, vasoactive intestinal polypep- 
tide, neuropeptide Y, D-Ala-methionine enkephalin amide, norepi- 
nephrine, and bethanecol produced no inhibition of “51-BHSP binding 
when included in the incubation medium at lo-’ M (data not shown). 

Transient changes in (Ca2+), induced by SP in AR4-2J ceils. We 

have examined whether SP-binding sites on AR4-2J cells are linked, 
functionally, to the same membrane, intracellular, and secretory 
events that have been reported to occur in primary acinar cells. 
Calcium is thought to play a role as second messenger in stimulus 
secretion coupling of pancreatic acinar cells (Petersen and Maru- 
yama, 1984). SP has been reported to stimulate calcium influx in 
dispersed parotid acinar cells (Putney et al., 1978) suggesting that 
changes in intracellular calcium may mediate the secretory events 
elicited by SP. Direct measurement of (Ca’+), changes in pancreatic 

Figure 2. Trme course of association of 
‘*‘I-BHSP to AR4-2J cells. AW2J cells were 
grown for 48 to 72 hr in culture and incu- 
bated with ‘%BHSP (80 PM) for different 
time periods. In A, the nonspecific (NS), 
total (7). and specific (S) binding per 16. 
mm well is plotted as a function of time. In 
/3 the data have been replotted as /n[(A,)/ 
((A,) - (A,))] versus time. The rate of as- 
sociation, h,, was calculated from the slope 
of B as described under “Materials and 
Methods.” 

Figure 3. Time course of dissociation of 
?-BHSP bound to AR4-2J cells. ‘251-BHSP 
(80 PM) was incubated for 90 min at 22°C 
with AR4-2J cells. The incubation medium 
was then removed and the cells were 
washed three times with medium at 22°C 
and replaced with 0.5 ml of medium which 
was removed and replaced with fresh me- 
drum at the times indicated. In A the counts 
per minute remaining associated with AR4- 
2J cells is plotted as a function of time. Each 
point represents the mean * SEM of four 
determinations, with similar results obtained 
in three additional experiments. In 8, the 
results in A are replotted as /n[(A,)/(Ao)] 
against time. This plot is derived from the 
means of three separate experiments, per- 
formed in quadruplicate. The rate of disso- 
ciation of ‘*51-BHSP was calculated as de- 
scribed under “Materials and Methods.” 

1 
11 10 9 8 7 6 5 

Figure 4. Competitive inhibition of ‘z51-BHSP binding to AR4-2J cells by SP 
and other mammalian and amphibian tachykinins. Increasing concentrations 
af unlabeled tachykinrns were examined for their ability to displace ‘251-BHSP 
binding to AR4-2J cells. Results are expressed as the percentage of binding 
of ‘251-BHSP in the absence of unlabeled tachykinin. Each point represents 
the mean + SEM of four determinations. Similar results were obtained in two 
additional experiments. Ph, physalaemin; Kass, kassrnin; SK, neurokrnin A; 
SP-FA, substance P-free acid; SP-7-11, C terminal pentapeptide fragment. 
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acinar cells in response to other secretagogues have been reported 
using the calcium-selective fluorescence indicator Quin 2-AM (Ochs 
et al., 1983). We therefore examined whether occupation of SP- 
binding sites on AR4-2J cells resulted in changes in (Ca”),, that 
could be detected with Quin 2-AM. 

0 
-10 -6 -8 -7 -6 -5 -4 

log concn (M) 

AR4-2J cells loaded with Quin 2-AM exhibited low and constant 
fluorescence signals (Fig. 6A). The (Ca2’), of unstimulated AR4-2J 
cells was calculated from the fluorescence of Quin 2-AM as de- 
scribed previously (Tsien et al., 1982) assuming a dissociation 
constant of 115 nM, and was in the range of 100 to 500 nM (n = 
12). These values are in agreement with the (Ca”), values reported 
for primary pancreatic acinar cells using Quin 2-AM (Ochs et al., 
1983) or calcium-sensitive microelectrodes (O’Doherty and Stark, 
1982). Addition of SP to the suspension of Quin 2-AM-loaded AR4- 
2J cells caused a rapid increase in fluorescence (Fig. 6A) at a 
threshold concentration of lo-” M. Higher concentrations of SP 
appeared to produce greater rises in (Ca”),, although saturation of 
the fluorescence signal made a complete dose-response curve 
difficult to obtain. The maximal (Ca”), was measured within a few 
seconds of application of SP and decayed over a period of 30 to 
60 set (Fig. 6A). 

Figure 5. Competitive inhibiton of ‘YBHSP binding to AR4-2J cells by SP 
and synthetic fragments and analogues of SP. Experiments were performed 
as described in the legend to Figure 4. pGluC6, pyroglutamyl substance P 
6-l 1; ant. SP, o-Arg’-o-Pro’-o-Tryp’~9-Leu”-substance P; SP. FA, substance 
P-free acid; C5, substance P 7-l 1. 

The pharmacological specificity of the SP-binding site mediating 
the increase in (Ca”), appears similar to that detected in ligand- 
binding assays. Physalaemin (IO-’ M) produced a rapid increase in 
(Ca”), that resembled the response to SP (Fig. 6B). In contrast, SP- 
free acid (1 O-’ M) produced no change in (Ca”), (Fig. 6B). Carbachol 

A 
SP 

-11 
10 M 

1 min 

A A A 
SP 0 

1 O-gM 

T 

EGTA 

A A A 
SP SPFA SP 

A A A 
C SP SP 

Figure 6. Measurement of intracellular calcium transients in AW2J cells using the fluorescent indicator Quin 2-AM. In A, application of SP (lo-” M) failed 
to increase intracellular free calcium. Increasing the concentration of SP to 10m9 M produced a transient increase in intracellular free calcium. Calibration of 
fluorescence signals was performed by permeabilizing cells with 50 pM digitonin (D) to obtain the maximum fluorescence signal. The minimum fluorescence 
signal was obtained after addition of excess 1 mM EGTA to cell suspensions adjusted to pH 8.3 with Tris (7) buffer. B shows the increase in intracellular 
free calcium elicited by 10m9 M (physalaemin (P), but not by 10m9 M substance P-free acid (SPFA) or 10e9 M carbachol (C). After applications of high 
concentrations of SP or physalaemin, subsequent application of SP (10m9 M) produced only small increases in fluorescence signal. 
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has been reported to increase (Ca’+), in acutely dissociated acinar 
cells (Ochs et al., 1983). However, addition of carbachol (lo-’ M) to 
AR4-2J cells did not elicit any increase in (Ca”), (Fig. 6B), suggesting 
that muscarinic receptors are either absent or are not coupled to 
intracellular calcium mobilization in these cells. These observations 
suggest that SP-binding sites on Af?4-2J cells are functional and 
that one consequence of activation of these sites by SP and related 
tachykinins is a rapid and transient increase in intracellular calcium. 

Electrophysiological response of AR4-2J cells to SP. Several 
secretagogues that mobilize intracellular calcium in pancreatic acinar 
cells produce a depolarization of the acinar cell membrane that is 
accompanied by a conductance increase (Petersen and Maruyama, 
1984). The effect of SP on the membrane electrical properties of 
pancreatic acinar cells has not been examined. However, application 
of SP to parotid acinar cells produces a marked depolarization and 
an increase in membrane conductance (Petersen, 1980). We used 
intracellular recording techniques to examine whether SP produced 
changes in the membrane potential of AR4-2J cells. Intracellular 
recordings were obtained and AR4-2J cells with resting membrane 
potentials of -40 to -65 mV were used for analysis. 

In 10 AR4-2J cells from which stable recordings were obtained, 
pressure application of SP (1 O-’ to 1 O-’ M) produced a pronounced 
membrane depolarization that ranged from 20 to 40 mV (Fig. 7). 
There was no clear correlation between the amplitude of the SP- 
induced depolarization and the resting membrane potential, sug- 
gesting that variations in the amplitude of the depolarization may be 
due to differences in sensitivity of individual cells. However, the use 
of high resistance electrodes, necessary to obtain stable recordings, 
precluded accurate measurement of input resistance, and the effects 
of damage to the cells on SP responses could not be assessed. 
Some cells showed a decreased response with repeated application 
of SP at concentrations as low as 1 O-’ M suggesting that desensiti- 
zation to SP may occur (not shown). 

There was a significant delay from the time of SP application to 
the onset of depolarization of AR4-2J cells (Fig. 7) that is unlikely to 
be caused by a delay in the time of diffusion of peptide from the 
pressure pipette to the cell membrane, since pressure pipettes were 
positioned within 50 pm of the cell under study. It is possible, 
therefore, that the depolarization induced by SP results from the 
activation of a second messenger system, perhaps mediated by 
changes in intracellular calcium. The depolarization of SP-responsive 
AR4-2J cells was associated with an increase in membrane con- 
ductance (Fig. 7). It is unlikely that the increase in membrane 
conductance is due solely to the activation of voltage-dependent ion 
channels. Primary pancreatic acinar cells maintain a linear current- 
voltage relationship over membrane potentials ranging from -20 to 
-70 mV (Nishiyama and Petersen, 1975), and depolarization evoked 
by K+ is not associated with changes in the input resistance of 

these cells (Nishiyama and Petersen, 1974). Further studies will be 
necessary to determine the ionic basis of the SP-induced depolari- 
zation of AR4-2J cells. 

SP induced amylase release from AFW2J cells. To determine 
whether increases in (Ca2’), observed after SP application were 
associated with a secretory response in AR4-2J cells, we measured 
the effect of SP on amylase release. AR4-2J cells incubated in 
Hanks’ medium appeared to release, constitutively, low levels of 
amylase. Addition of SP (IO-” to lOwa M) to the incubation medium 
produced a dose-dependent increase in amylase release (Fig. 8A). 
The maximal amount of amylase released in response to SP was 
consistent between experiments. However, the basal amylase efflux 
from comparable numbers of cells exhibited up to 3-fold variation, 
resulting in a 3- to 8-fold stimulation of amylase release in response 
to a near-maximal (1 O-* M) SP concentration. A half-maximal increase 
in amylase secretion was observed at an SP concentration of 3 x 
IO-” M. The secretagogic action of SP could also be detected by 
measuring the depletion in cellular stores of amylase (data not 
shown). 

The release of amylase from AR4-2J cells in response to other 
known pancreatic secretagogues was determined in order to assess 
the presence of other functional membrane receptors. Incubation of 
AR4-2J cells with carbachol (10e4 M), bradykinin (lop5 M), secretin 
(3 X lop6 M), or norepinephrine (10m3 M) did not produce a significant 
release of amylase. Incubation with bombesin (10m5 M), however, 
evoked a 3-fold increase in amylase release (Fig. 88). No significant 
inhibition of ‘251-BHSP binding was observed at this concentration of 
bombesin (not shown). Amylase release from AR4-2J cells has 
previously been reported to be unaffected by cholecystokinin (Jes- 
sop and Hay, 1980), however, the addition of glucocorticoids ap- 
pears to confer cholecystokinin sensitivity (Logsdon et al., 1985). 

Discussion 

The AR4-2J cell line was derived from an azaserine-induced rat 
pancreatic tumor (Longnecker et al., 1979) and has been shown to 
possess several differentiated properties of pancreatic acinar cells. 
AR4-2J cells have been shown to contain amylase and other exo- 
crine enzymes (Jessop and Hay, 1980) and have served as a model 
system with which to examine the regulation of chymotrypsin gene 
expression (Walker et al., 1983). The studies described here dem- 
onstrate that AR4-2J cells also express functional tachykinin recep- 
tors which exhibit structural requirements for ligand binding similar 
to those exhibited by tachykinin receptors on primary acinar cells. 

At present this is the only pancreatic cell line on which we have 
detected tachykinin receptors. No significant binding of ‘%BHSP 
was observed to the rat pancreatic lines AR4-1 P (Jessop and Hay, 
1980), AT,A, or AT,B (Rao et al., 1980) or to the human pancreatic 
adenocarcinoma line Capan- (Fogh, 1975; M. D. Womack and T. 
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Figure 7. Depolarization of AR4-2J cells 
by SP. The chart record obtained from an 
intracellular recording from a single AR4-2J 
cell grown in culture for 48 hr is shown. 
Resting membrane potential before appli- 
cation of SP was -65 mV. Application of 
SP (lo-’ M) evoked a large depolarization. 
SP was applied from a pressure electrode 
(3 to 5 pm tip diameter, 1 psi., 100 msec 
duration). Downward deflections in the trace 
indicate changes in membrane potential 
produced by hyperpolarizing current pulses. 
A second application of SP elicited a similar 
depolarization. 
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M. Jesse& unpublished observations). Other cell lines have been 
reported to express receptors for SP, although the functional con- 
sequences of receptor activation on these lines is less clear. The 
LRM-55 glial cell line has been shown to possess SP-P-binding sites 
that are functional by the criterion of peptide-induced taurine release 
(Lepore et al., 1984). The IM9 human lymphoblast line has also been 
demonstrated to express binding sites which exhibit a similar ligand 
specificity to that of AR4-2J cells (Payan et al., 1984). SP also 
modulates the action of nicotinic agonists on PC12 cells (Stallcup 
and Patrick, 1980; Clapham and Neher, 1984) although this action 
appears to be mediated by low affinity binding sites with a ligand 
specificity that is distinct from those of the tachykinin receptors 
present on most mammalian neurons and acinar cells (Boyd et al., 
1983). A low affinity SP-binding site has been detected on the 
neuroblastoma-glioma hybrid line 108CC15 which may mediate 
increases in cation permeability; however, the structural specificity 
of this site has not been determined (Reiser et al., 1982). 

Kinetic studies on intact AR4-2J cells revealed a slow association 
rate and high affinity (K,, = 40 PM) binding of “51-BHSP. Studies on 
?BHSP binding to membrane preparations of acinar cells (Liang 
and Cascieri, 1981) to brain (Hanley et al., 1980b), or to cryostat 
sections of CNS tissue (Quirion et al., 1983) have revealed sites with 
a significantly lower affinity, in the range of 1 nM. One possible 
reason for the difference in affinity may be the use of intact cells in 
the present study. In preliminary binding experiments performed on 
membrane fractions prepared from AR4-2J cells, we found an 
apparent KD of 200 PM and a significant increase in the rates of 
association and dissociation (Hanley et al. 1984). Beaujouan et al. 
(1982) have reported the equilibrium dissociation constant of lE51- 
BHSP binding to intact mesencephalic cells in culture to be 80 PM. 

The binding sites on AR4-2J cells exhibited a marked preference 
for SP and physalaemin over kassinin and neurokinin A, suggesting 
that the receptor site on AR4-2J cells resembles the SP-P subclass 
of sites defined by lversen et al. (1982). Binding sites for which 
neurokinins A and B may represent physiological ligands have been 
described in certain peripheral tissues (Buck et al., 1984) and in rat 
cortical membranes (Cascieri et al., 1985) but it has not yet been 
determined whether these sites are present on AR4-2J cells, Ligand- 
binding studies on membranes prepared from parotid acinar cells 
have documented the absence of a detectable SP-E site (Cascieri 
et al., 1985). 

Ligand-binding studies have detected no significant differences 
in the pharmacological profile of tachykinin sites on AR4-2J cells 

and on primary acinar cells from the pancreas and parotid. However, 
there is an apparent difference in the number of binding sites on 
primary and transformed acinar cells. AR4-2J cells express approx- 
imately 10,000 sites/cell, whereas the number of binding sites for 
“51-labeled physalaemin and ‘251-BHSP on pancreatic acinar cells 
has been reported to be in the range of 200 to 1500 (Jensen and 
Gardner, 1979; Liang and Cascieri, 1981). AR4-2J cells therefore 
appear to exhibit a marked elevation in tachykinin receptor density. 

By all criteria we have so far used, the tachykinin-binding sites on 
AR4-2J cells are coupled, functionally, to membrane, intracellular, 
and secretory responses normally observed with parotid and pan- 
creatic acinar cells. SP appeared to be more potent (EC&, = 3 x 
lo-” M) in stimulating amylase release than in inhibiting ‘251-BHSP 
binding to AR4-2J cells (IC50 = 3 X lo-” M), suggesting that 
occupancy of a fraction of binding sites may be sufficient to trigger 
a maximal secretory response. Similar conclusions have been de- 
rived from studies of tachykinin receptors present on guinea pig 
pancreatic acinar cells (Jensen and Gardner, 1979). The threshold 
concentration of SP (lo-” M) required to increase (Ca”), was also 
less than the lCso value obtained from ligand-binding studies. 

It is interesting that bombesin was the only other pancreatic 
secretagogue that was observed to stimulate amylase release. The 
SP antagonist D-Arg’-D-Pr02-D-T~p7.9-Leu” SP has recently been 
shown to antagonize release of amylase, evoked by SP and also by 
bombesin, gastrin-releasing peptide, and several other structurally 
related amphibian peptides (Jensen et al., 1984). The biding sites 
for SP, bombesin, and other related peptides on acinar cells may, 
therefore, share structural features. Further studies on AR4-2J cells 
may be useful in elucidating the relationship between the receptors 
for these peptides on acinar cells. The failure of other secretagogues 
to elicit release of amylase may reflect an absence of receptor sites 
on AR4-2J cells. Alternatively, AR4-2J cells may be deficient in 
membrane transduction systems that mediate responses to these 
secretagogues on primary acinar cells. 

The membrane events that lead to the SP-induced rise in (Ca”), 
in pancreatic acinar cells have not been examined in the present 
experiments. From studies with SP on parotid cells (Hanley et al., 
1980a) and with other secretagogues on rat pancreatic acinar cells 
(Putney et al., 1983) it seems probable that SP enhances the 
turnover of membrane polyphosphoinositides and leads to the intra- 
cellular release of inositol trisphosphate which has been proposed 
to mediate increases in (Ca’+), (Streb et al., 1983). Recently, SP has, 
in fact, been shown to lead to an increase in inositol trisphosphate 
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levels in AR4-2J cells (R. J. Miller, personal communication). A 
correlation in the autoradiographic distribution of SP-P-binding sites 
and Winduced inositol phosphate turnover had been reported in 
the CNS (Mantyh et al., 1984c). If, as seems likely, many of the 
effects of SP on AW2J cells are mediated by changes in membrane 
polyphosphoinositide turnover, studies on AR4-2J cells may also 
provide insights into the mechanisms of action of SP on neuronal 
cells, Diacylglycerol, a second product of phosphatidylinositol hy- 
drolysis, has been shown to activate protein kinase C (Nishizuka, 
1983) raising the possibility that SP may have additional effects on 
neurons and acinar cells. 

The AR4-2J line should provide a suitable cellular system for 
examining the structural properties of a characterized population of 
tachykinin-binding sites and the responses elicited by SP-receptor 
activation. 
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