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Selective activation by photodynamic action of cholecystokinin

receptor in the freshly isolated rat pancreatic acini
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Institute of Cell Biology, Beijing Normal University, Beijing 100875, China

1 Sulphonated aluminium phthalocyanine (SALPC) photodynamic action induces amylase secretion
and permanent calcium oscillation in rat pancreatic acinar cells, because of the activation of
phospholipase C or signalling proteins upstream. The aim of the present study was to investigate the
involvement of muscarinic acetylcholine and cholecystokinin (CCK) receptors.

2 Muscarinic receptor antagonist atropine (10uM) blocked amylase secretion induced by
bethanechol (100 um), and CCK, receptor antagonist (S)-N-[1-(2-fluorophenyl)-3,4,6,7-tetrahydor-4-
oxo-pyrrolo-[3,2,1-jk][1,4] benzodiazepine-3yl]-1H-indole-2-carboxamide (FK480) (1um) blocked
amylase secretion induced by CCK (100 pm).

3 Amylase secretion induced by SALPC photodynamic action was not inhibited when atropine and
FK480 were present during photodynamic action. However, addition of FK480 1 um after initiation of
photodynamic action inhibited photodynamic amylase secretion. Bethanechol (10, 100 um) added after
photodynamic action resulted in a full secretory response.

4 Atropine (10 nM) abolished calcium oscillation induced by bethanechol (5 um), and FK480 (10 nm)
blocked calcium oscillation induced by CCK (10 pm).

5 Atropine up to 10 um was without effect on Ca®* oscillation triggered by photodynamic action,
but these oscillations were abolished by FK480 (10nM). FK480 (10nM) had no effect on calcium
oscillations induced by bethanechol (5um). Bethanechol 5um, added after FK480 blockade of
photodynamic calcium oscillation, still triggered regular calcium oscillation.

6 It is concluded that SALPC photodynamic action selectively and permanently activates CCK
receptor in rat pancreatic acini. Such permanent and selective modulation of signalling proteins has
important implications for the treatment of pancreatitis, prion diseases, and neurodegenerative

disorders.
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Introduction

Photodynamic therapy (PDT), or photochemotherapy, is a
treatment modality that has been approved in various
countries for both cancer and noncancerous lesions (Kram-
mer, 2001; Dougherty, 2002). For optimal therapeutic results,
the cellular and molecular basis of PDT has been an intensive
area of investigation in recent years (Cui & Matthews, 1998;
Oleinick & Evans, 1998; Oleinick et al., 2002).

PDT is largely a type II photodynamic action involving the
generation of singlet oxygen; singlet oxygen then triggers
different cellular responses (Cui & Matthews, 1998). Pre-
viously, it has been found that photodynamic action could
trigger smooth muscle contraction (Matthews & Mesler, 1984),
stimulate amylase secretion in freshly isolated rat pancreatic
acini (Matthews & Cui, 1989, 1990a), inhibit basal amylase
secretion in pancreatic tumour cells (Matthews & Cui, 1990b),
block degranulation in peritoneal mast cells (Hashikura et al.,
2001), and desensitize adrenergic receptors in freshly isolated
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hepatocytes (Cui et al., 2000). Most significantly, photody-
namic action in rat pancreatic acini could trigger calcium
oscillations, which were identical to secretagogue-induced or
physiological oscillations (Cui & Kanno, 1997; Cui et al.,
1997). Detailed investigations indicated that in the freshly
isolated rat pancreatic acini, the target of photodynamic action
responsible for inducing calcium oscillations was phosphoti-
dylinositol-phospholipase C (PI-PLC) or signalling proteins
upstream (Cui & Kanno, 1997). Therefore, the aim of the
present study was to investigate in freshly isolated pancreatic
acini whether cell surface receptors were directly modulated by
photodynamic action leading to calcium oscillations.
Physiological concentrations of endogenous substances are
known to induce typical oscillations in cytosolic calcium
concentration (Habara & Kanno, 1994; Cui & Guo, 2002).
Therefore, calcium oscillations were induced in this study by
appropriate concentrations of muscarinic acetylcholine recep-
tor agonist bethanechol, and of cholecystokinin (CCK)
receptor agonist CCK octapeptide (CCKy), and by photo-
dynamic action. For comparison, maximal concentrations of
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bethanechol and CCK were used to induce amylase secretion
(Rogers et al., 1988; Murai et al., 2000). A moderate dose of
photodynamic action was also used to induce amylase secretion.
The effects of muscarinic receptor antagonist atropine and
CCK,; receptor antagonist (S)-N-[1-(2-fluorophenyl)-3.4,6,
7-tetrahydor-4-oxo-pyrrolo-[3,2,1-jk][1,4] benzodiazepine-3yl]-
1H-indole-2-carboxamide (FK480) on secretagogue-induced
amylase secretion and calcium oscillations were compared with
photodynamically induced amylase secretion and calcium
oscillations, to identify the possible involvement of these two
major receptors during photodynamic action in the freshly
isolated rat pancreatic acini.

Methods
Isolation of rat pancreatic acini

Rat pancreatic acini were isolated according to previous
reports (Cui & Kanno, 1997, 2000). Briefly, rat of the
Sprague—Dawley strain (150—450g, from the Institute of
Zoology, Academia Sinica or from Vital River Experimental
Animals, Beijing) was killed by cervical dislocation. The
pancreas was taken out and trimmed off fat, blood vessel,
and connective tissue. Collagenase P (0.5mgml™', Sml) in
standard buffer was infiltrated into the pancreas with a
syringe. The tissue was digested at 37°C in a shaking water
bath for 3 x 15min (120 cyclesmin™"). The digested tissue was
then dispersed with a plastic pipette and filtered through a
nylon mesh (150 mesh), layered onto buffer containing 4%
bovine serum albumin (BSA) and acini clusters gravitated to
the bottom. The acini obtained were then washed three times
with fresh buffer, and resuspended before use.

The standard buffer used for pancreatic acini isolation had
the following composition (in mm): NaCl 118, KCI 4.7, CaCl,
2.5, MgCl, 1.13, Na,HPO,-2H,0 1.0, p-glucose 5.5, N-(2-
hydroxyethyl)piperazine-N’-(2-ethanesulphonic acid) (HEPES)
10, L-glutamine 2.0, bovine serum albumin (BSA) 2mgml~',
minimum essential medium (MEM) amino-acid mixture
(50 x ) 2%, soybean trypsin inhibitor 0.1 mgml™', pH adjusted
to 7.4 with NaOH 4w, and oxygenated for 30 min before use.
For pancreatic acini perfusion, the buffer was slightly modified
as follows (in mm): NaCl 118, KCl 4.7, CaCl, 2.5, MgCl, 1.13,
Na,HPO, - 2H,0 1.0, p-glucose 5.5, HEPES 10, pH adjusted
to 7.4 with NaOH 4 M, and oxygenated for 30 min before use.

Assay of amylase secretion

The perfusion chamber was made from a sawn-off syringe
(5ml), at the bottom of which was placed a filter paper
(Whatman); on top of the filter paper was placed hydrated
Biogel beads (P,, Bio-Rad, lcm in height), 1ml acini
suspension was layered onto Biogel beads (Matthews & Cui,
1989). The acini were perfused at a rate of 1 mlmin~' for
15-20min before measurement of basal amylase secretion.
Fractions were collected at 1fractionmin~'; the mean of the
first five fractions was taken as 1 and all other fractions
normalized to this value. Stimulating chemicals were intro-
duced by directly switching to a buffer containing different
stimulating chemicals (Matthews & Cui, 1990a). Amylase was
assayed by the reported method, with amylose azure as
substrate (Matthews & Cui, 1989, 1990a, b).

Measurement of [Ca’™ ];

Pancreatic acini were loaded with Fura-2 AM (with a final
concentration of 5Sum) for 30min, with oxygenation in
between. Fura-2 loaded acini were attached to the coverslip
of the Sykus-Moore chamber; the coverslip was treated with
Cell-Tak before use. [Ca®>*]; was measured on the platform of
an inverted Olympus fluorescence microscope (1X70) attached
to a PTI calcium measurement system (Photon Technology
International, New Jersey, U.S.A.), with excitation at 340 nm/
380 nm (monochromater M40), and emission at 510 nm (with a
band pass filter 510+40nm); fluorescence ratio F340/F380
was taken as indicative of calcium concentration changes (Cui
& Kanno, 1997; Cui & Guo, 2002). The shutter to the photon
detector was closed during photodynamic illumination
(>580nm), and all data points during this period took the
value of the last data point before light illumination (for
Figures 5 and 6). However, we later realized that the red light
(>580nm) did not pass through to the photon detector even
when the shutter was open, because of the presence of the band
pass emission filter (510 +40nm), so for experiments depicted
in Figure 7, normal measurement continued during photo-
dynamic illumination.

Photodynamic treatment of perfused pancreatic acini

Isolated pancreatic acini were perfused as indicated above, and
SALPC 1 um was applied to the perfusion buffer for a set time
of 10min, before washing off unbound (SALPC) from the
perfusion chamber for 5min. Light from a cold halogen light
source (Hoya-Schott, HL100R, Tokyo, Japan), equipped with
a condenser (HLL201) and a filter (R60, A>580nm), was
delivered for 1-1.5min at an intensity of 53,0001lx, as
indicated by the horizontal bars in the figures. This light
intensity in terms of irradiance was 7.239 x 1072Wem™2 as
measured by a radiometer (International Light, model
1L1700).

Materials

Cholecystokinin (CCKg), bethanechol, atropine, c-amylase,
amylose azure, BSA (fraction V), and soybean trypsin
inhibitor were purchased from Sigma-Aldrich (St Louis, MO,
U.S.A.). Collagenase P (from Clostridium histolyticum), 4-(2-
hydroxyethyl)-1-piperazineethane-sulphonic acid (HEPES)
was from Boehringer Mannheim (Mannheim, Germany).
Concentrated MEM amino-acid mixture (50 x) was from
GIBCO BRL (Grand Island, NY, U.S.A.). Cell-Tak was from
Collaborative Biomedicals (Bedford, MA, U.S.A.). Fura-2
AM was from Molecular Probes (Eugene, OR, U.S.A.). (S)-N-
[1-(2-fluorophenyl)-3.4,6,7-tetrahydor-4-oxo-pyrrolo-[3, 2, 1-jk]
[1,4] benzodiazepine-3yl]-1H-indole-2-carboxamide) FK480
was donated by Fujisawa Pharmaceutical Co. (Osaka, Japan).
SALPC was purchased from Porphyrin Products (Salt Lake
City, UT, U.S.A)).

Statistical analysis

For statistical analysis, Student’s z-test was used, and P<0.05.
was taken as statistically significant. All » numbers refer to
number of experiments performed in separate animals.
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Results

Effects of receptor antagonists on secretagogue-induced
amylase secretion

Two major receptor systems dominate in rat pancreatic acini,
the muscarinic acetylcholine and CCK; receptors. The dose—
response curve for amylase secretion for both receptors is bell-
shaped, maximal stimulating concentration being 100 um and
100 pMm for bethanechol and CCK, respectively (Rogers et al.,
1988; Murai et al., 2000). Therefore, these concentrations were
used to stimulate amylase secretion.

Figure la indicates that a 10 min exposure to bethanechol
100 um induced significant amylase secretion, which reached
seven times of basal 4min after stimulation; secretion rate
returned to basal within 15 min (Figure 1a, n=4). Addition of
atropine 10 um at the same time as bethanechol 100 um
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Figure 1 Bethanechol- and CCK-stimulated amylase secretion was
blocked by atropine and FK480, respectively. Freshly isolated
pancreatic acini were perfused. In (a), bethanechol 100 um (circles,
n=4) or bethanechol 100 um plus atropine 10 um (diamonds, n=13)
was added as indicated by the horizontal bar. In (b), CCK 100 pm
(circles, n=4) or CCK plus FK480 1um (diamonds, n=4) was
added as indicated by the horizontal bar. Data are presented as
m+s.e.m. Note the complete blockade of amylase secretion with
addition of atropine in (a) and of FK480 in (b). Some standard error
bars lie within the symbols.

completely obliterated bethanechol induced amylase secretion
(Figure la, n=3).

Similarly, CCK 100pM in perfused rat pancreatic acini
induced significant amylase secretion, with maximal secretion
reaching six times of basal. Secretion gradually returned to
basal level, reaching basal level 15min later. When FK 480
1 um was added at the same time as CCK 100 pm, the amylase
secretion observed above was completely obliterated
(Figure 1b, n=4).

Effects of receptor antagonists on photodynamically
induced amylase secretion

From the above experiments, it is clear that receptor
antagonists were effective in blocking maximal receptor-
mediated amylase secretion. Therefore, the effect of antago-
nists on photodynamically induced amylase secretion was
examined next. In these experiments, SALPC was incubated
with perfused pancreatic acini for 10min, then unbound
SALPC was washed away. Light illumination (53,000 1x, 90 s)
Smin later induced marked amylase secretion (Figure 2, n = 3).
SALPC addition alone was without effect on amylase
secretion, but only when cellularly bound SALPC was
activated by light was amylase secretion induced.

To investigate the possible involvement of acetylcholine and
CCK receptors in photodynamically induced amylase secre-
tion, atropine 10uM, and FK480 1um were added to the
perfusion medium at the same time as SALPC until the end of
the experiment. When both atropine and FK480 were present,
light illumination still induced amylase secretion (Figure 2,
n=4). This indicates that the simultaneous presence of
atropine and FK480 did not inhibit photodynamically induced
amylase secretion. On the contrary, the presence of antagonists
seemed to have enhanced photodynamic secretion (P<0.05,
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Figure 2 Simultaneous presence of atropine and FK480 did not
block photodynamic amylase secretion. SALPC 1 umMm, atropine
10 um plus FK480 1um, and light illumination (53,0001x) were
delivered as indicated by the horizontal bars. Photodynamic action
induced significant amylase secretion (circles, n = 3). The presence of
atropine and FK480 from the time of SALPC addition until the end
of experiment did not block photodynamic-action-induced amylase
secretion (diamonds, n=4), but rather enhanced it (*indicates
P<0.05). Data are presented as m+s.e.m. Some standard error bars
lie within the symbols.
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from 30 to 40 min). There are two possible explanations for
this lack of inhibition (see below also). One would be that
FK480 was inactivated by photodynamic action. Alternatively,
the presence of FK480 on the CCK receptor enhanced the
photodynamic activation of CCK receptor (by a photochemi-
cal reaction of FK480 with the receptor), and the subsequent
presence of FK480 being unable to replace the already bound
FK480 on the CCK receptor, although FK480 was continu-
ously perfused until the end of the experiment. To circumvent
such possible photochemical reactions, in subsequent experi-
ments, FK480 was added after photodynamic action. This
could be done both for induced amylase secretion and for
induced calcium oscillations, although the latter could be done
on the same cells, because both secretagogue and photo-
dynamic actions could induce regular calcium oscillations to
which many modulators could be subsequently introduced.
In separate experiments, light was delivered to the perfused
pancreatic acini after previously incubating with SALPC as
before, followed either by perfusion with buffer alone, or by
perfusion with FK480 1um 2min after light (Figure 3).
SALPC photodynamic action induced amylase secretion as
before (Figure 3, n=4). When FK480 1 um was added 2 min
after light illumination, a marked reduction in amylase
secretion was observed (Figure 3, P<0.05, n=13). These data
indicated that CCK, receptor activation was indeed respon-
sible for photodynamic amylase secretion, at least partially.
SALPC photodynamic action may activate the CCK;
receptor to induce amylase secretion, but whether the overall
cellular responsiveness to secretagogue stimulation was
affected by photodynamic action was not known. Therefore,
in additional experiments, bethanechol was added to the
perfused pancreatic acini after SALPC photodynamic secre-
tion had completed. As shown in Figure 4, SALPC photo-
dynamic action induced amylase secretion as expected.
Subsequent addition of bethanechol induced significant addi-
tional amylase secretion. This bethanechol stimulation after
SALPC photodynamic action was also concentration depen-
dent. Bethanechol 10 um (n=15) stimulated amylase secretion
three-fold, whereas at 100 um (n = 6), the stimulation was close
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Figure 3 Addition of FK480 after initiation of SALPC photo-
dynamic action inhibited photodynamic amylase secretion. SALPC
1 um, light illumination (53,000 1x), and FK480 1 um were delivered
as indicated by the horizontal bars. Photodynamic action induced
significant amylase secretion (circles, n =4), which was inhibited by
the addition of FK480 1 um (diamonds, n=13). Data are presented
as m+s.e.m. Some standard error bars lie within the symbols.
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Figure 4 Addition of bethanechol after SALPC photodynamic
action elicited full amylase secretion. SALPC 1 um, light illumination
(53,0001x), and bethanechol (10 or 100 um) were delivered as
indicated by the horizontal bars. Photodynamic action induced
significant amylase secretion. Addition of bethanechol at 10 um
(circles, n=15) or at 100 um (diamonds, n=6) induced a concentra-
tion dependent increase in amylase secretion. Data are presented as
m+s.e.m. Some standard error bars lie within the symbols.

to six-fold. Subsequent experiments indicated that the pan-
creatic acinar cells after SALPC photodynamic action also
retained their responsiveness in terms of induction of calcium
oscillations (see below).

Effects of receptor antagonists on secretagogue-induced
calcium oscillations

In perfused rat pancreatic acini, bethanechol 5um induced
regular calcium oscillations, and these oscillations were
completely blocked by atropine 10nMm (Figure 5a, n=4). The
atropine effect was easily reversed, with calcium oscillation
reappearing after washout of atropine.

Similarly, CCK 10 pm induced regular calcium oscillations in
perfused rat pancreatic acini (Figure 5b, n=10). Subsequent
addition of FK480 10nm completely blocked CCK-induced
oscillations. The inhibitory effect of FK480 was rather long
lasting, which has also been found before (Kihara & Otsuki,
1995; Cui & He, 2002). After FK480 10nM exposure, normally
much higher CCK concentrations (>40 pM) were needed in order
for calcium oscillations to reappear quickly (Cui & He, 2002),
which indicates tight binding of FK480 to CCK, receptors.

To exclude the possibility that the long-lasting inhibitory
effect of FK480 was because of interference with signalling
steps downstream of CCK receptor, the effect of FK480 on
bethanechol-induced calcium oscillations was examined. It was
obvious from Figure 5¢ (n=3) that FK480 (10 nM) had no
effect on bethanechol 5um induced calcium oscillations,
confirming that FK480 inhibition was at the site of CCK,
receptor.

Effects of receptor antagonists on photodynamically
induced calcium oscillations

As shown in (Figure 6a, n=7), a 10 min incubation of SALPC
with perfused rat pancreatic acini and subsequent light

British Journal of Pharmacology vol 139 (4)
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Figure 5 Blockade of bethanechol- and CCK-induced calcium
oscillations by atropine and FK480 respectively. In (a), bethanechol
5pMm and atropine 10 nM were added as indicated by the horizontal
bars. In (b), CCK 10pm and FK480 10 nm were added as indicated
by the horizontal bars. In (c), bethanechol 5 um and FK480 10 nm
were added as indicated by the horizontal bars. Note that FK480
had no effect on bethanechol-induced calcium oscillations. Traces
(a), (b), and (c) are representative of four, ten, and three identical
experiments.

illumination (53,0001x, 1min) Smin later induced regular
calcium oscillations, which were quite similar to that induced
by bethanechol or CCK. There was one notable difference,
however; after a brief period of photodynamic action (I min in
this case), calcium oscillations persisted until the end of the
experiment (Figure 6a). Therefore, in these experiments, it was
possible to add receptor antagonists after photodynamic
action, to dissect the involvement of acetylcholine and CCK,
receptors.

Addition of atropine 10uM did not change -calcium
oscillations induced by photodynamic action (Figure 6b,
n=4). It is interesting to note that atropine at 10 nM was able
to block calcium oscillations induced by bethanechol 5um
(Figure 5), whereas atropine at 1 um (data not shown) and
10 um (Figure 6b) was unable to inhibit calcium oscillations
induced by photodynamic action. Since atropine 10 um was
able to completely block amylase secretion induced by
bethanechol 100 um (Figure 1la), which was the maximal
concentration for inducing amylase secretion, atropine 10 um
should be able to completely block calcium oscillations which
would induce only submaximal amylase secretion. Since
atropine at 10 nM could effectively block bethanechol-induced
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Figure 6 Photodynamic-action-induced calcium oscillations and
the effect of atropine and FK480. In (a), SALPC 1um, light
(53,000 1x) was delivered as indicated by the horizontal bars. In (b),
SALPC 1 um, light (53,0001x) and atropine 10 um were delivered as
indicated by the horizontal bars. In (c), SALPC 1um, light
(53,0001x) and FK480 10nm were delivered as indicated by the
horizontal bars. Note the complete blockade by FK480 of
photodynamically induced calcium oscillations in (c). Traces (a),
(b), and (c) are representative of seven, four, and four identical
experiments.

calcium oscillations (Figure Sa), whereas at 10 uM unable to
block photodynamically induced oscillation (Figure 6b), it
may be concluded that acetylcholine receptors were not
involved in photodynamically induced calcium oscillations.

In contrast, FK480 10nm completely blocked calcium
oscillations induced by photodynamic action (Figure 6c,
n=4), indicating that CCK receptors may be specifically
activated by SALPC photodynamic action. Since calcium
oscillation disappeared completely after addition of FK480,
there was still the possibility that FK480 may be blocking
calcium oscillations at steps other than the CCK; receptor.
However, this was effectively ruled out by the fact that
addition of the CCK, receptor antagonist FK480 10nm did
not inhibit calcium oscillations induced by bethanechol 5um
(Figure 5c). Were the site of FK480 action other than CCK,
receptors, but some other steps in the calcium oscillating
machinery instead, FK480 would also have inhibited betha-
nechol-induced calcium oscillations.

British Journal of Pharmacology vol 139 (4)
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Figure 7 Addition of bethanechol after SALPC photodynamic
action elicited regular calcium oscillations. SALPC 1 um, light
illumination (53,000 1x), FK480 10nwm, and bethanechol 5um were
delivered as indicated by the horizontal bars. Photodynamic-action-
induced calcium oscillations were blocked by the addition of FK480
10nm. Subsequent addition, after FK480, of bethanechol 5um
induced regular calcium oscillations. Trace is representative of five
identical experiments.

To elucidate whether the pancreatic acinar cells were still
functional after photodynamic calcium oscillations were
completely blocked by FK480, bethanechol, at a concentration
(5um) that normally would induce calcium oscillations in
previously untreated pancreatic acinar cells, was added. As
shown in Figure 7 (n=35), regular calcium oscillations
appeared immediately after addition of bethanechol. Similar
experiments could not be performed with further addition of
CCK after FK480, because FK480 has been shown to have a
long-lasting inhibitory effect, which is not easily reversed after
wash-off of FK480 (Cui & He, 2002). All the same, this set of
experiments indicated that although SALPC photodynamic
action preferentially activated CCK; receptors, the photo-
dynamically treated acinar cells remained fully responsive to
muscarinic stimulation, probably also to stimulation by other
secretagogues.

Discussion

That photodynamic action may directly stimulate cell signal
transduction pathways was first suggested in 1989 (Matthews
& Cui, 1989). At that time, it was found that photodynamically
induced amylase secretion was not because of plasma
membrane permeabilization as indicated by %°Rb efflux and
LDH leakage experiments (Matthews & Cui, 1990a,b).
Subsequently, it was found that photodynamic action trig-
gered permanent calcium oscillations (Cui & Kanno, 1997; Cui
et al., 1997), and it was concluded that PI-PLC or signalling
proteins upstream was/were the likely target(s) for photo-
dynamic activation. In the present paper, photodynamically
induced calcium oscillations in freshly isolated rat pancreatic
acini were reproduced, and it was found that photodynami-
cally induced calcium oscillation was readily blocked by CCK,
receptor antagonist FK480, but the muscarinic acetylcholine
receptor antagonist atropine was without effect.

The specificity of atropine on bethanechol stimulation and
the specificity of FK480 on CCK stimulation were confirmed
by complete blockade of amylase secretion and calcium
oscillation induced by bethanechol and CCK, respectively.
For amylase secretion, a bethanechol concentration of 100 um,
and a CCK concentration of 100 pm were used, because these
were the concentrations that stimulate amylase secretion
maximally in the freshly isolated rat pancreatic acini (Rogers
et al., 1988; Murai et al., 2000). Atropine 10 um and FK480
1 um completely blocked the induced amylase secretion,
respectively (Figure 1). For induction of calcium oscillations,
much lower concentrations for both bethanechol and CCK
were sufficient. Bethanechol Sum and CCK 10pm both
induced regular calcium oscillations, which were effectively
blocked by atropine 10nm and FK480 10nm, respectively
(Figure 5a, b). The lack of effect of FK480 10nM on
bethanechol 5uM induced calcium oscillations (Figure 5c)
further confirmed the specificity of FK480 on CCK; receptors.
However, note that FK480 inhibition on [Ca®*]; oscillation
was not easily reversed (Figures 5b, 6c), consistent with
previous reports (Kihara & Otsuki, 1995; Cui & He, 2002). The
complete blockade of photodynamic calcium oscillation by
FK480 (Figure 6¢c), and the lack of effect of atropine
(Figure 6b) clearly indicated that the CCK; receptor was
selectively activated by SALPC photodynamic action. The fact
that bethanechol 5um induced regular calcium oscillations
after photodynamic action and subsequent FK480 blockade
(Figure 7) indicated that the pancreatic acinar cells remained
fully functional after photodynamic action.

In comparison with calcium oscillations, amylase secretion
was not sustained, but rather phasic (Figure 1). Therefore,
when designing inhibitory experiments with amylase secretion,
it was always best to add inhibitors prior to or at the time of
stimulation, to ensure that the inhibition could be readily
observed. However, in the case of photodynamic action, this
did not work. Figure 2 indicated that the simultaneous
presence of atropine and FK480 during photodynamic action
actually resulted in an enhancement of photodynamic secre-
tion. This may be because of the altered structure of FK480,
and probably also some linkage formation with CCK,
receptor, making subsequent addition of FK480 ineffective.
The detailed photochemical mechanisms involved warrant
further investigation in the future.

When FK480 (1 um) was added after photodynamic action,
a clear inhibition of photodynamic amylase secretion was
observed; this inhibition was statistically significant (P <0.05,
Figure 3). It was obvious that indeed CCK receptor activation
was responsible for photodynamic amylase secretion. Since
FK480 at 1 um completely blocked maximal amylase secretion
induced by CCK 100 pM, it was likely that amylase secretion
as a result of photodynamic CCK receptor activation was
completely blocked by FK480 1 uM. Therefore, the remaining
component of amylase secretion must be because of the
photodynamic activation of separate plasma membrane
mechanisms, the localization of SALPC after only a
brief period of incubation being restricted to the plasma
membrane (Hubmer ez al., 1996; Cui et al., 1997). Similar to
the observation with calcium oscillations, addition of betha-
nechol after photodynamic action resulted in a full secretory
response (Figure 4), confirming again that after SALPC
photodynamic action, the pancreatic acinar cells remained
fully functional.
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The existence of a receptor-independent component of
amylase secretion induced by photodynamic action at an
intensity whereby the corresponding induced calcium oscilla-
tion was completely blocked by receptor antagonist (FK480)
indicates that photodynamic action may directly modulate the
plasma membrane component of the exocytotic machinery, the
SNARE assembly.

Direct modulation of the SNARE assembly would override
any effect that [Ca®*]; would have on the exocytotic process.
Interestingly, SALPC photodynamic action stimulates amylase
secretion in normal pancreatic acinar cells (this work; and
Matthews & Cui, 1990a), but inhibits amylase secretion in the
pancreatic tumour cell line AR4-2J (Matthews & Cui, 1990b)
and in rat peritoneal mast cells. Most noteworthy, mast cell
exocytosis could be inhibited by SALPC photodynamic action
when [Ca®>*]; remained high (Hashikura et al., 2001).

One or another isoform of Rab3, a modulator of the
SNARE assembly, enhances secretion in pancreatic acinar cells
(Ohnishi et al., 1997; Chen et al., 2002), but inhibits secretion
in AR4-2J cells (Piiper et al., 2001) and in mast cells (Roa et al.,
1997; Pombo et al., 2001; Blank ez al., 2002). Dissociation of
Rab3 from secretory granules and translocation to the plasma
membrane after stimulation of the cells (Tuvim et al., 1999;
Valentijn et al., 2000) identify it as a likely target for plasma
membrane-localized photodynamically generated singlet oxy-
gen; Rab3 photodynamic activation would lead to inhibition
of secretion in AR4-2J and mast cells, but to stimulation in
normal pancreatic acinar cells.

Free radicals have also been shown to induce calcium
oscillations in rat pancreatic acinar cells (Klonowski-Stumpe
et al., 1997). Hydrogen peroxide has been reported to induce
calcium oscillations in mouse pancreatic acinar cells (Pariente
et al.,2001), in human endothelial cells (Hu et al., 1998), and in
rat mesangial cells (Meyer et al., 1996). However, these effects
were rather transient. In addition, the sites of action have not
been identified; therefore, the specificity of action has not been
demonstrated. The present work is the first report of
photodynamically induced selective and permanent activation
of a cell surface receptor. Specificity may signify a physiolo-
gical role for singlet oxygen in calcium oscillations or other
physiological functions. A short lifetime in cellular milieu
(1 uS) and a restricted effective reactive distance (<20 nm) may
indeed be some of the qualifying characteristics for singlet
oxygen to be an endogenous mediator (Deadwyler et al., 1997,
Cui & Matthews, 1998).

At this time, it is not known how singlet oxygen would
specifically activate the CCK, receptor. Certain amino-acid
residues are known to be especially susceptible to singlet
oxygen modification: His, Cys, Tyr, Met, Trp. His-His and
His-Lys crosslinks have also been reported to be formed
during photodynamic action (Shen et al., 1996). For the latter
case, SALPC photodynamic desensitization of adrenergic
receptors may be a case in point. It was suggested that His—
His, His—Lys crosslinks formed between transmembrane
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