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ABSTRACT—In order to determine whether Ala-Pro-Gly-Try-NH, (APGW-amide) could affect mammalian
excitable cells, we investigated the effect of APGW-amide in PC12 cells. APGW-amide caused a rapid [Ca®"];
elevation, which was completely prevented by elimination of extracellular Ca’?* with EGTA and inhibited
by two L-type Ca’* channel blockers. [Ca?*]; elevation was also blocked by a specific PKC inhibitor and
prolonged pretreatment of cells with PMA. These results indicate that APGW-amide elevates [Ca®*]; in PC12
cells, possibly by Ca®* influx via L-type Ca** channel activated by PKC.
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Ala-Pro-Gly-Try-NH, (APGW-amide), a tetrapeptide
discovered and isolated from the ganglia of a giant snail
(Achatina fulica Férussac), has been considered as an
inhibitory neurotransmitter of Achatina neurons. It has
been shown that APGW-amide perfused at 3 x 107°M
enhanced the outward current (I,) induced by erythro-g-
hydroxy-L-glutamic acid (erythro-L-BHGA) and inhibited
I, induced by dopamine in Achatina neurons (1). More
recently, it was found that APGW-amide modulates the
inward current (I;) induced by achatin-1, but did not affect
the I; induced by oxytocin (2). These facts suggest that
APGW-amide is acting not only as an inhibitory neuro-
transmitter but also as a neuromodulator in the Achatina
central nervous system. As the next step, we attempted to
determine if this molluscan tetrapeptide APGW-amide has
some functions in mammalian excitable cells. For these
studies, we selected PC12 cells as the representative of
mammalian excitable cells that contain voltage-operated
Ca’* channels.

There are at least six types of voltage-operated Ca’*
channels, L-, N-, T-, P-, Q- and R-channels. Rat pheo-
chromocytoma PC12 cells, a well-known excitable cell line,
have often been used to study signal transduction and its
mechanisms involving protein kinase C (PKC) (3), mito-
gen-activated protein (MAP) kinase and phospholipase D
(PLD) (4). The voltage-operated Ca>* channels in PC12
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cells enable the cells to increase cytosolic Ca’* levels dra-
matically. The extracellular Ca?* influx induced by car-
bachol leads to stimulation of PLD and MAP kinase in
PC12 cells (4). Although the contribution of L-type Ca®*
channel to cellular response in PC12 cells has been well
characterized (5, 6), its relation to APGW-amide remains
to be elucidated. In this study, we investigated the effect
of APGW-amide on mobilization of Ca’* in Fura-2/AM-
loaded PC12 cells.

The PCI12 cell line was a generous gift from Dr. Y.
Sugimoto (Shirakawa Institute of Animal Genetics, Fuku-
shima). Fura-2/AM was from Dojin Laboratories (Kuma-
moto). Fetal bovine serum was purchased from Nippon
Bio-Supply Center (Tokyo). Dulbecco’s modified Eagles’
medium (DMEM) and horse serum were from Life Tech-
nologies (Grand Island, NY, USA). Nifedipine and ver-
apamil were from Wako Pharmaceutic Co. (Osaka). Cal-
phostin C was from Kyowa Medex Co. (Tokyo). APGW-
amide and 48-phorbol 12-myristate 13-acetate (PMA) were
from Sigma (St. Louis, MO, USA). The former was dis-
solved in modified Krebs-Ringer buffer (KRB) containing
125mM NaCl, 5mM K(Cl, 1.2mM KH,PO,4 1.2mM
MgSO,, 2 mM CaCl,, 25 mM Hepes (pH 7.4), 0.1% BSA
and 6 mM glucose. Flexiperm-Disc was from Heraeus
Biotechnology (Hanau, Germany). The fluorescence image
analyzer ARGUS-100/CA was from Hamamatsu Photon-
ics Corp. (Hamamatsu). Other reagents were of analytic
grade.

Monolayer cultures of PC12 cells were maintained in
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100-mm tissue-culture dishes on growth medium composed
of DMEM medium supplemented with 10% (vol/vol) fetal
bovine serum and 5% (vol/vol) horse serum. The cells were
grown at 37°C in a humidified atmosphere containing 5%
COa,. Stock cultures were subcultured routinely at a cell
density of 2—3 x 10%/dish at least once a week, and the
medium was changed every 2 —3 days (4).

PCI12 cells were plated at a density of 5 x 10* cells/0.8 ml
in each well of the Flexiperm-Disc in DMEM containing
10% FBS and cultured for 48 —72 h. For the experiments,
the cells were washed 2 —3 times with KRB. After loading
with 4 uM Fura-2/AM for 1.5h at 37°C, the cells were
rinsed with KRB to remove free extracellular dye, followed
by postincubation for 10 min. Then the cells were stimulat-
ed with 30 yM APGW-amide (the EDs, value calculated
from the dose-response curve of APGW-amide on the
Achatina Neuron-RAPN was 6.2 uM) (7). Fluorescence in-
tensity was measured for single cells at 37°C with excita-
tion wavelengths of 340 and 360 nm on a fluorescence im-
age analyzer, ARGUS-100/CA. From the obtained image
data, the ratios of the fluorescence at 340 nm over that at
360 nm for each frame were calculated (8). Statistical anal-
ysis was conducted with one-way analysis of variance fol-
lowed by Bonferroni/Dunn’s multiple comparisons to de-
tect differences among 4 groups (Fig. 2B) at 5% level, by
using Stat View S (SAS Institute Inc., Cary, NC, USA).

As shown in Fig. 1A, APGW-amide (30 uM) caused a

rapid rise of [Ca"}; in Fura-2/AM-loaded PCI12 cells,
which was followed by a slow decaying plateau. In order to
determine if extracellular Ca** influx contributes to the
induction of [Ca®*]; increase, the extracellular Ca** (KRB
contains 2 mM Ca’") was depleted by omission of added
Ca?* and then by chelating the residual Ca?* with EGTA.
Figure 1B shows that incubation of the cells with Ca%*-free
KRB for 30 min and with 1 mM EGTA for the final 5 min
almost completely inhibited the [Ca?']; increase in re-
sponse to APGW-amide. The data suggested that APGW-
amide-elevated [Ca®*]; was largely dependent on extracel-
lular Ca®* influx. The results were consistent with the data
of involvement of Ca’* influx in carbacol-induced tran-
sient increase of intracellular Ca%* in PC12 cells (4).
There are at least six types of voltage-operated Ca’*
channels. Among them, L-type Ca®* channel seems to be
important for APGW-amide-induced [Ca®*]; increase,
because the involvement of L-type voltage-operated Ca®*
channel in agonist-induced [Ca?*]; signal has been reported
in PCI12 cells (9). Thus we used nifedipine and verapamil
because it has been demonstrated that both chemicals spe-
cifically block L-type Ca®* channel (5, 6). Pretreatment of
PC12 cells with nifedipine for 10 min completely inhibited
APGW-amide-induced [Ca’*]; elevation (Fig. 2A). Simi-
larly, verapamil also exerted similar inhibition on [Ca®*);
increase induced by APGW-amide (Fig. 2B). Bonferroni
/Dunn’s multiple comparisons revealed that the values of
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Fig. 1. [Ca’*]; elevation induced by APGW-amide and the effect of [Ca’*],. A: APGW-amide-induced [Ca?"}; elevation in PC12
cells. PC12 cell monolayer was loaded with 4 uM Fura-2/AM for 1.5 h at 37°C. After washing and post-incubation, the cells were
stimulated with 30 uM APGW-amide (@) and KRB (QO). Data are representative of three experiments. B: Effect of extracellular
Ca’* on [Ca®*); elevation induced by APGW-amide. PC12 cells were loaded with 4 uM Fura-2/AM for 1.5 h at 37°C, followed by
washing and incubation for 30 min with KRB containing 2 mM Ca?* (Q), for 30 min with Ca®*-free KRB, and with Ca®*-free
KRB containing 1 mM EGTA for the final 5 min (@). The arrow indicates APGW-amide addition. Data are representative of three

experiments.



the control, nifedipine and verapamil were significantly
different from that of the APGW-amide group. These
results indicate that APGW-amide opens L-type voltage-
operated Ca’* channels.

It has also been reported that PKC mediates regulation
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of Ca’* channels in PC12 cells (3). The involvement of
PKC in APGW-amide-elevated [Ca®*]; was examined. For
this purpose, a PKC inhibitor calphostin C was employed.
As shown in Fig. 3, calphostin C (5 uM) completely pre-
vented APGW-amide-induced [Ca*]; increase. The impli-
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Fig. 2. Effect of L-type voltage-operated Ca* channel blocker nifedipine and verapamil on APGW-amide-induced [Ca®*); eleva-

tion. A: PCI2 cells were loaded with 4 uM Fura-2/AM for 1.5

h at 37°C and washed followed by incubation for 10 min with 1 uM

nifedipine (@) and KRB (O). The arrow indicates APGW-amide addition. Data are representative of three experiments. B: PC12
cells were loaded with 4 uM Fura-2/AM for 1.5 h at 37°C and were washed followed by incubation for 10 min with 1 uM ver-
apamil. Data shown are means + S.D. of 3 separate experiments, each with 5—7 PC12 cells. The statistical analysis was done with
ANOVA (***P<0.001, Bonferroni/Dunn’s multiple comparisons).
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Fig. 3. Effects of PKC inhibitor calphostin C and PKC-down regulation on APWG-amide-induced [Ca®]; elevation. PC12 cells
were loaded with 4 uM Fura-2/AM for 1.5 h at 37°C and were washed followed by incubation for 30 min with 10 uM calphostin C
(M) and KRB (O). For PKC-down regulation, PC12 cells were incubated with 500 nM PMA for 24 h (@). Data are representative
of three experiments. The arrow indicates APGW-amide addition.
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cation of PKC on Ca?" mobilization was also investigated
in PKC down-regulated PC12 cells. We used a PKC activ-
ity blocker PMA to determine whether PKC was conclu-
sively involved in the elevation of [Ca’*]; in PC12 cells.
On long-term exposure to 500 nM PMA for 24 h, PKC was
abolished almost completely without any effects on the cell
viability (Y. Ito et al., unpublished data). After incubation
of PC12 cells with 500 nM PMA for 24 h, the elevation of
[Ca?*]; by APGW-amide was no longer observed (Fig. 3).

We have reported previously that APGW-amide exerts
modulatory effects on ionic current Achatina neurons and
suggested that APGW-amide affects the molluscan intra-
cellular signal transduction systems (1, 2). In the present
study, we wanted to determine 1) if the APGW-amide
originally found in molluscan neurons is also effective in
mammalian excitable cells, and 2) whether APGW-amide
opens Ca’* channels and increases {Ca?*]i. For this pur-
pose, PC12 cells are the most suitable preparation, because
the PC12 cell line is a classic excitable cell line and has
often been used for studies concerning signal transduction
and its mechanisms (3, 4).

The results obtained here demonstrated that APGW-
amide elevates [Ca’*]; in PCI2 cells. Although several
mechanisms have been proposed for the [Ca?*]; elevation,
the exact mechanism remains to be elucidated. The finding
that the depletion of extracellular Ca’* by simple omission
of Ca’* and then by chelating residual Ca?>* with EGTA
abolished APGW-amide-induced [Ca®’]; elevation (Fig.
1B) indicates that extracellular Ca?* is an important regu-
lator of [Ca®*]; elevation in PC12 cells. This fact leads to
the possibility that voltage-operated Ca?* channels play a
role in the elevation of [Ca®*};. At present, at least six
types of Ca®* channels (designated T-, N-, L-, P- Q- and
R-type) have been distinguished on the basis of electro-
physiological and pharmacological properties. Among
them, L-type Ca®>* channel is mainly expressed in PCI12
cells. Molecular biological studies have demonstrated that
L-type Ca?" channels show a greater diversity in their com-
position, which has been proposed to be a complex of pro-
teins consisting of al, a2/5, B and y subunits. The al
subunit is present in Ca?* channels that are highly sensitive
to dihydropyridines (10). Nifedipine and verapamil have
been shown to bind to the a1 subunit of L-type Ca*>* chan-
nel (11) and inhibit [Ca®*); elevation in neuromuscular
synapses (5) and PCI12 cells (6). In this study, both of the
L-type Ca®* channel blockers almost completely inhibited
APGW-amide-elevated [Ca?*};, indicating APGW-amide
opens L-type voltage-operated Ca®* channels.

PKC is a family of serine/threonine specific protein
kinases and highly expressed in the central nervous system.
The enzyme has been implicated in regulation of neuronal
excitability, neurotransmitter release, cellular proliferation
and gene expression (12); and it has been considered as an

important regulator in signal transduction pathways (3).
It has been reported that PKC-dependent neurosecretion,
[Ca®"]; elevation (3, 13) and NA release (14) are mediated
through the activation of L-type Ca®* channels. A recent
report showed that the L-type Ca’* channel current in
rat pinealocytes is regulated by PKC-mediated phospho-
rylation (15). In our study, the PKC-specific inhibitor
calphostin C completely blocked APGW-amide-induced
[Ca®*]; increase and also the prolonged exposure of PC12
cells to PMA for 24 h prevented the [Ca®*]; increase. In
conclusion, the results obtained here indicate that APGW-
amide elevates [Ca**]; in PC12 cells by eliciting Ca®* influx
via L-type voltage-operated Ca?* channel activated by
PKC. Another possibility that the activation of PKC is
mediated by Ca* influx through L-type voltage-operated
Ca’* channel opened by APGW-amide cannot be exclud-
ed.
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