@ Pergamon

Biochemical Pharmacology, Vol. 48, No. 1, pp. 23-30, 1994.
Copyright © 1994 Elsevier Science Ltd

Printed in Great Britain. All rights reserved

0006-2952/94 $7.00 + 0.00

0006-2952(94)E0173-1

BRADYKININ-EVOKED RELEASE OF
[FHINORADRENALINE FROM THE HUMAN
NEUROBLASTOMA SH-SY5Y

RUTH L. MCDONALD,* DAVID F. KAYE,t HELEN L. REEVE,* STEPHEN G. BALL,?}
CHRIS PEERS* and PETER F. T. VAUGHAN'}

Departments of {Cardiovascular Studies and *Pharmacology, University of Leeds,
Leeds LS2 9JT, U.K.

(Received 12 November 1993; accepted 23 March 1994)

Abstract—Bradykinin (BK) evoked [*H]noradrenaline ([*H|NA) release from the human neuroblastoma
SH-SY5Y and this was enhanced by pre-treatment with 12-O-tetradecanoylphorbol 13-acetate (TPA)
for 8 min. This effect of BK was inhibited by 500 uM [D-Phe’]BK and 100 uM [Thi*3,D-Phe’}BK but
not by 500 uM [Des-Arg® Leu®]BK. The BK (B,)-agonist [Des-Arg’|BK did not evoke [H]NA release.
This suggested that SH-SYSY expressed BK (B,)-receptors coupled to the release of [PH]NA. BK
acting at B,-receptors, also elevated intracellular calcium and depolarized SH-SYSY cells. Although
pre-treatment of SH-SY5Y cells with TPA enhanced BK-evoked [PH]NA release, the elevation of
intracellular calcium [Ca?*]; was decreased by about 50%. BK-evoked release of [PHINA in cells not
pre-treated with phorbol ester was only 23% dependent on extracellular calcium. In comparison,
following phorbol ester treatment approximately 40% of [PH]NA release was dependent on extracellular
calcium. Nifedipine (5 uM), CoCl, (1 mM) and NiCl, (1 mM) inhibited NA release in SH-SYSY cells
pre-treated with TPA by 16.0, 47 and 44%, respectively. The results of this study showed that BK,
acting at Bj-receptors, activated [PH]NA release in SH-SY5Y. Part of this effect appeared to be due
to activation of L-type calcium channels but the majority of BK-evoked [PH]NA release in SH-SYSY

cells appeared to depend on [Ca?*];.
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Previous studies of this group [1,2] showed that
cultures of the human neuroblastoma SH-SY5Y,
which had not been exposed to TPA§ for several
days, expressed K*- and nicotinic receptor-evoked
release of [PH]NA, which was dependent on
extracellular calcium. In addition, this group has
recently reported that depolarization-evoked release
of PHINA (stimulated by elevated K* [3] or
activation of nicotinic receptors [2]) is coupled to L-
type Ca?* channels. Thus, cultures of SH-SY5Y can
express an important property of mature sympathetic
ganglionic neurones without exposure to TPA or
other differentiation stimuli, such as retinoic acid or
nerve growth factor. These observations are in
contrast to previous work which found that SH-
SY5Y cells expressed only properties of mature
sympathetic ganglionic neurones following growth
in the presence of TPA. Pahlman et al. [4] found
that growth of SH-SYSY cells for several days in the
presence of 16nM TPA induced neurosecretory
granule formation, extension of neurites, elevation
of NA and depolarization of the plasma membrane
by increases in extracellular K* or by veratridine.

{ Corresponding author. Tel. 0532 334820.

§ Abbreviations: BK, bradykinin; NA, noradrenaline;
TPA, 12-O-tetradecanoylphorbol 13-acetate; [Ca®*),, intra-
cellular calcium ion concentration; [HJNA, [*H]nor-
adrenaline; IP;, inositol 1,4,5-triphosphate; HBS, HEPES-
buffered saline; ACE, angiotensin-converting enzyme;
PLC, phospholipase C; PIP,, phosphatidylinositol bis-
phosphate.

In addition to depolarization-evoked release of
[PHINA, this group found that activation of
muscarinic M; receptors evoked [PH]NA release in
SH-SYSY [1]. In this case release was only partially
dependent on extracellular calcium and was not
coupled to activation of L-type Ca?* channels [3].
Previous work has shown that muscarinic Mj-
receptor subtypes in SH-SYS5Y are coupled to
phosholipase C and IP; induced changes in [Ca®*);
[, 6]

BK is a nonapeptide, formed by the cleavage of
kininogens, which plays an important role in
physiological processes associated with pain trans-
mission, regulation of blood pressure and inflam-
mation [7]. In addition, BK has been found to
stimulate the transmission of nociceptive information
from the periphery into the central nervous system
[8]. BK has been reported to activate phospholipase
C with associated formation of IP; and rises in
[Ca?*]; in neuronal cell lines [9-11]. More recently
it has been found that activation of BK (B,)-receptors
evoked catecholamine release in chromaffin [12] and
PC12[13] cells.

This paper reports that activation of BK (B,)-
receptors in SH-SYSY cells resulted in: (1) an
elevation of [Ca?*];; (2) depolarization of the plasma
membrane; (3) stimulation of [PH]NA release.

MATERIALS AND METHODS

Materials. The human adrenergic clone SH-SY5Y
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was kindly provided by Dr June L. Biedler of the
Sloan-Kettering Institute for Cancer Research (Rye,
NY, U.S.A.). Eagle’s minimal essential medium,
non-essential amino acids, Ham’s F12 nutrient
mixture, fetal calf serum and PBS were supplied by
GIBCO (Paisley, U.K.). Amphertercin B, BK,
[Des-Arg®,Leuf]-BK, [D-Phe’)-BK [Thi*#,D-Phe’]-
BK fura2/AM, pargyline and TPA were obtained
from Sigma (Poole, U.K.).

Tissue culture. SH-SYSY cells were cultured in a
1:1 mixture of Ham’s F12 and Eagle’s minimal
essential medium containing non-essential amino
acids, supplemented with 10% fetal calf serum in a
98% air-2% CO, humidified incubator at 37°. The
cell monolayers were harvested, when confluent, by
incubation at 37° for 10 min with PBS (without Ca?*
or Mg?*) in the absence of trypsin. The procedure
used was modified from previous reports [1,2] to
exclude trypsin in order to select against the
epitheloid SH-EP cells which can occur in cultures
of SH-SY5Y [14,15]. The cell suspension was
triturated by three passes through a 0.8 mm gauge
needle and the cell number estimated using a Coulter
Counter. Release of [PH]NA was measured from
cells subcultured in 24-well plates at a seeding density
of 10° cells/mL. Measurements of [Ca?*]; and patch-
clamp studies were carried out on cells plated onto
glass coverslips in 35 mm Petri dishes at the same
seeding density.

Measurement of [PH|NA release. The release of
[PH]NA was measured after 4-5 days in culture using
the method described previously [1]. Briefly, culture
medium was removed from SH-SYSY cells in 24-
well plates, the cell layer was rinsed twice with PBS
containing Ca®* and replaced with 0.4 mL of HBS
(135 mM NaCl, 5 mM KCl, 0.6 mM MgCl,, 2.5 mM
CaCl,, 10mM HEPES, 6 mM glucose, 0.2mM
pargyline and 0.2mM ascorbic acid, pH7.4)
containing 40 nM [*H|NA. After incubation at 37°
for 1 hr the unaccumulated [PH]NA was removed by
washing the monolayer consecutively with four
aliquots (0.4 mL) of HBS each for 10 min. Where
indicated in the relevant figures, cell layers were
exposed to TPA (100 nM) for 8 min before initiating
release by exposing the cell layers to K*, carbachol
or BK for 4min. In solutions containing elevated
K*, the Na* concentration was decreased by
a corresponding amount in order to maintain
osmolarity. Unreleased [PH]NA in the cell layer was
extracted with 0.4 M perchloric acid. The amount of
[PH]NA released was expressed as a percentage of
the total amount of radioactivity in the cell layer at
the beginning of the incubation period.

Measurement of [Ca®*],. Medium was removed
from SH-SYS5Y cells attached to glass coverslips and
the cell layers were rinsed with 2mL HBS. Cell
layers were incubated with HBS containing 10 uM
fura2/AM at room temperature for at least 1hr.
The cell layer was rinsed with 2mL HBS and the
glass coverslip placed in a thermostatted holder on
the stage of an inverted Nikon microscope. Changes
in [Ca’*]; were measured using a Joyce Loebel
PhoCal apparatus. The cell monolayer was perfused
with HBS and [Ca?*]; in a group of cells (5-6) was
measured from the fluoresence emitted at 510 nm
due to alternating excitation at 340 and 380 nm using
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Fig. 1. Effect of TPA on BK-evoked release of [*H]NA.
Release was evoked by increasing concentrations of BK in
the absence of TPA (M,0) or from cell layers pre-treated
with 100nM TPA for 8 min before the addition of BK
(®,0). (0,0) represents release carried out in the presence
of 10 M MK 422 and 50 uM diprotin A. Results are
expressed as percentage release and are means = SEM
(bars) of four experiments.

arotating filter wheel. The ratio, R, of the fluoresence
at these wavelengths was converted to [Ca2"); using
the equation [Ca2+]i = Kd[(R - Rmin)/(Rmax - R)]
[16], where K, of fura2/AM =2241nM [17]. Ryax
(2.47) was the fluoresence ratio observed when the
dye was saturated with Ca?*; this was obtained by
exposing cell layers to increasing concentrations of
ionomycin (up to 5 uM) and Rpy, (0.35) represents
the fluoresence ratio for free dye. Changes in
[Ca?*]; were recorded continuously following per-
fusion with carbachol or BK.

Recordings of membrane potential. Fragments of
coverslip with attached cells were transferred to a
recordingchamber (80 uL) and continuously perfused
(flow rate approximately 1 mL/min) with a solution
of composition: NaCl 135 mM, KCl 5 mM, MgSO,
1.2mM, CaCl, 2.5mM, HEPES 10 mM, glucose
10 mM (pH 7.4, 21-24°). Membrane potential was
recorded in individual cells using either the whole-
cell or perforated-patch configuration of the patch-
clamp technique under current-clamp [18]. Patch
electrodes contained: NaCl 10 mM, KCl 117 mM,
MgSO, 4.09 mM, CaCl, 0.356 mM, EGTA 10 mM,
HEPES 10 mM, ATP 2 mM (pH 7.2). For perforated
patch recordings ATP was omitted from the solution
and amphotercin B was included (final concentration
240 ug/mL, from stock solution in DMSO of 60 mg/
mL) to perforate the area of membrane under the
patch electrode and gain electrical access to the cell
interior without dialysis {19]. Records were filtered
at 2kHz and stored on computer on-line for
subsequent analysis using VCAN software (kindly
provided by Dr J. Dempster, Strathclyde University,
U.K).

RESULTS

Effect of BK on [PH]|NA release
BK evoked [PH]NA release from SH-SYSY cells
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Fig. 2. Effect of Ca’* on [PH|NA release. Release was
evoked by 100mM (K*), 3uM BK or 1mM carbachol
(Carb) from cell layers either pre-treated with TPA (100 nM
for 8 min; 7z, i) or in the absence of TPA (WM, z). Cell
layers were incubated in HBS (B, #) or in HBS in which
2.5mM CaCl, was replaced with 100 uM EGTA (==, %)
for 4 min before evoking release. Results are expressed as
percentage release from which release in HBS (basal) has
been subtracted and are means + SEM (bars) of four
experiments.

over the concentration range of 1-5000nM with
maximal stimulation of 1-2% above basal by 1000 nM
(Fig. 1; ECsy approximately 100 nM). Pre-treatment
of cell layers with 100 nM TPA for 8 min before the
addition of BK enhanced [PH|NA release at all
concentrations to a maximum of between 4—6%
above basal release, with a decrease in the EC5y value
to approximately 10 nM (Fig. 1). Inclusion of the
angiotensin converting enzyme inhibitor, MK 422
(10 uM) and the inhibitor of dipeptidyl peptidase IV
(Diprotin A; 50 uM) did not effect the dose-response
curve for BK either in the presence or absence of
TPA (Fig. 1). This suggested that peptidase activity
was not sufficiently high to alter the concentration
of BK during the assay. Thus peptidase inhibitors
were not routinely included in the assays. Further-
more, no increase in [PH|NA release was observed
using the BK B;-specific agonist [Des-Arg”|BK (data
not shown). Exposure of SH-SYSY cell layers (which
had not been pre-treated with TPA) to Ca’*-free
HBS for 2 min before evoking release completely
inhibited K* and carbachol-evoked release of [*H]J-
NA. Under these conditions however, BK-evoked
[PHINA release was only reduced by 23% (Fig. 2).
No K*-evoked release was observed under these
conditions (Fig. 2). When the cell layers were pre-
treated with 100 nM TPA for 8 min, approximately
80% of BK- and 60% of carbachol-evoked [FH|NA
release was still observed following exposure of the
cell layers to calcium-free HBS for 2 min (Fig. 2). If
cell layers, pre-treated with TPA, were exposed to
Ca2*-free HBS for 4 min then 60% of BK- and 40%
of carbachol-evoked release remained (data not
shown). Furthermore, exposure of cell layers pre-
treated with TPA to Ca?*-free HBS for up to 8 min
resulted in no further inhibition of BK- evoked
release of [PH]NA. Coaddition of 1 mM carbachol
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Fig. 3. Effect of co-addition of BK and carbachol on

[*H]NA release. Release was evoked by 1 mM carbachol

(Carb), 3 uM BK or both (Carb + BK) from cell layers

either pre-treated with TPA (100 nM for 8 min; #) or in

the absence of TPA (). Results are expressed as

percentage release and are means + SEM (bars) of four
experiments.
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Fig. 4. Effect of antagonists on BK-evoked release. Release

was effected by 30 nM BK in the presence of 100 nM TPA

and increasing concentrations of [Thi*®, D-Phe’]BK (O),

[D-Phe’|BK (@) or [Des-Arg’,Leu’]BK (O). Results are

expressed as a percentage of release evoked by 30 nM BK

(which represents 100%) and are means = SEM (bars) of
three to five experiments.

and 3 uM BK did not increase [PH]NA release above
that observed with 1 mM carbachol alone (Fig. 3).

Figure 4 shows that BK-evoked release of
[PHINA was 90% inhibited by 100uM [Thi®>8,
D-Phe’|BK (iCsy 6 uM) and 80% inhibited by 500
uM [D-Phe’]BK (icsy 66 uM). Using the equation
K =Ip/(1+s/K;) [20], K; values of 2.4 and
18.9 uM, respectively, were calculated with s =
30nM for [Thi*®,D-Phe’]BK and 50nM for [D-
Phe’]BK, and K, (the concentration of BK giving
half-maximal release of [*H|NA)=10oM. In
contrast, no inhibition of [PH]NA release was
observed with 500 uM [Des-Arg®,Leu®|BK (Fig. 4).
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Fig. 5. BK-induced changes in [Ca?*];. SH-SYSY cells were grown on glass coverslips and loaded with

fura2/AM. Changes in [Ca®"]; were induced by perfusing the cell layer with BK (1 uM, horizontal line)

for cells in the absence of TPA (a) or following pre-treatment with 100 nM TPA for 8 min (b). The

effect of increasing concentrations of BK on [Ca®']; (maximal nanomolar concentrations corrected for

basal Ca?* levels, mean + SEM, N = 3-5) is shown in (c) either for cell layers pre-treated with TPA
(@) or untreated cells (O).

Instead, a slight (approximately 50%) enhancement
of release was observed (Fig. 4).

Effect of BK on [Ca®*);

BK (1 #M) increased [Ca®*]; from basal values of
39.1 4.2 to 411 + 62.8nM (mean = SEM, N = §;
Fig. 5a). Pre-treatment of the cell layers with 100 nM
TPA for 10 min decreased the elevation of [Ca?*];
by 1 uM BK by 30% to 293.8 = 68.8 nM (Fig. 5b).
BK increased [Ca?*]; in a concentration-dependent
manner with maximal stimulation between 1 and
10 uM (Fig. 5c). In contrast, application of 10 uM
[Des-Arg’]BK to the cell layer did not result in
elevation of [Ca®*);. Pre-treatment of SH-SY5Y cell
layers with 100 nM TPA decreased the change in
[Ca®*); by approximately 50% and shifted the dose~
response curve to higher concentrations. The ele-
vation in [Ca?*]; observed with 500 nM BK was pro-
gressively inhibited by increasing concentrations of
[D-Phe’|BK to 80% with 500 uM [D-Phe’]BK. In
contrast, no inhibition of BK induced elevation of

[ I T i-----

80

@
o
1

% rise in [Ca®");

»
(=]
Il

n
o
1

o
L

T 7
-4
tog [antagonist]

Fig. 6. Effect of antagonists on BK-induced changes in
[Ca**).. SH-SY5Y cells were grown on glass coverslips in
the absence of TPA. Changes in [Ca?*]; were measured by
perfusing the cell layer with BK (500 nM) in the presence
of either [Des-Arg’,Lev’|BK (@) or [D-Phe’]BK (O).
Results are expressed as a percentage of the increase in
[Ca?*]; caused by BK (500 nM) in the absence of antagonist
(100%) and are means * SEM (bars), N = 4.
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Fig. 7. Representative examples of whole-cell patch recordings of membrane potential in single SH-
SYSY cells. In all traces the period of BK exposure is indicated by the open bar. (A) Effects of bath
apphcanon of 1 uM BK for 40sec. Depolanzatmn was sustained for 10-15 sec after removal of BK

/My T

aa I T T MY T

DCIUI'C uecaymg to I'CS[lIlg values. (p) Baih appucauon OI 1 mM [D-rne’ |-bN (Ul&z} 40 sec aIler
application of BK reversed membrane depolarization. (C) Bath application of 1 mM [Des-Arg®,Leu®]-
BK (BK;) for 60sec did not affect BK-induced depolarization. (D) Bath application of 1 mM CoCl,

reversed the membrane nnfnnhnl Time bar {helow trace (A)] renresents 60 gec for (A) and (O and

2 HIIC Var (3C:i0V

IaCC Ay TCPICSCNS UV SCC 10T (A and (), and
il { ] \~7s

30 sec for (B) and (D)

{Ca’*;, was observed with 3500uM [Des-
Arg® Leu®]BK (Fig. 6).

Y PR SIS gy | Py

L_IJC(J oy TubK,Cl, (,uuau ana ru]eutpme on IVI‘I r‘etea.se

In this groups previous patch-clamp studies it was
shown that5 yM nifedipine inhibited calcium currents
maximally by about 35% [21]. It was also
shown that SuM nifedipine completely inhibited
dimethylphenylpiperazinium iodide (a nicotinic
receptor agonist)-evoked [PH]NA release in SH-
SYSY [2]. In contrast 5 uM nifedipine inhibited only
BK-evoked release by 16.0 = 1.5% (N = 4) in cells
pre-treated with TPA. Similarly, 1 mM NiCl, and
1mM CoCl, inhibited BK-evoked release of PH]-
NA by 442+ 6.6 (N=9) and 46.9£5.2% (N =
11), respectively, in SH-SYSY cells pre- -treated for
& min with TPA. The stimulation of [’H]NA release
by BK in the absence of TPA-pre-treatment was too
small to accurately measure the effects of calcium-
channel antagonists on release.

Effects of BK on membrane depolarization
Bath application of BK (1 uM) always evoked a

depolarization which BK
removed by washing (Fig. 7A). BK-induced
depolarizations were sustained during applications

of between 30 and 180sec. In a minority of cells

(15%) depolarization was preceded by a small,

recovered when wag
recovered wnen was

transient hyperpolarization (e.g. Fig. 7D). Pre-treat-
ment with 100 nM TPA for 10 min at 37° did not
change the degree of depolarization caused by BK
(Table 1). Similar degrees of depolarization were also
observed when the membrane potential was recorded
using the perforated-patch technique (see Materials
and Methods), indicating that dialysis of cells with
the patch pipette solution (which contained 10 mM
EGTA) did not alter cell responses to BK (Table 1) in
either TPA-treated or untreated cells.

Bath application of the B,-receptor antagonist [D-
Phe’]BK (1 mM) reversed the depolarizing effects
of 1 uM BK (Fig. 7B, representative of elght cells).
In contrast, the BKl-receptor antagonist [Des-
Arg’, Leus]BK (1mM) was without effect on
depolarization evoked by 1uM BK (Fig. 7C,
representative of six cells). Application of the B;-
agonist [Des-Arg®Leuf]BK (1uM) failed to alter
the membrane potential in the five celis examined
(data not shown).

Depolarization caused by BK was inhibited by
imM CoCi, (Fig. 7D, representative of eight cells)
and also by 1 mM N1C12 (N = 9; data not shown).
However, nifedipine (5 uM) was without effect on
membrane depolarization caused by 1 4M BK in any
of the seven cells tested (data not shown).

DISCUSSION

This study demonstrated that BK evoked release



28

R. L. MCDONALD et al.

Table 1. Effects of bradykinin on membrane potential in SH-SYSY cells

Change in membrane No. of cells
Recording conditions potential (mV) tested
Whole cell + TPA 2325 7
Perforated patch + TPA 23.2x32 7
Whole cell ~ TPA 200x14 12
Perforated patch — TPA 21.7+3.0 6

Mean depolarizing changes in membrane potential (+SEM) recorded from
SH-SYSY cells in response to bath application of 1 uM BK. Recordings were
made in either the whole-cell or perforated-patch configuration of the patch
clamp technique (see Materials and Methods). Resting membrane potentials

before application of BK were always in the range —58 to —72mV.

of [°*H]NA from cultures of the human neuroblastoma
SH-SY5Y. Only a small amount of release (1-2%
above basal) was observed in the absence of TPA.
However, pre-treatment of cells with 100 nM TPA
for 8 min increased BK- evoked [PH]NA release by
approximately 2-3-fold compared with release in the
absence of TPA. This suggested that BK- evoked
release was enhanced by activation of protein kinase
C, as has previously been reported in SH-SYSY for
potassium- and muscarinic receptor Ms-evoked [22],
and nicotinic receptor-evoked, release of [PH|NA
[2]. It also appeared that pre-treatment with TPA
decreased ECs for BK from approximately 100 to
10nM (Fig. 1). This latter value was at least an
order of magnitude greater than ECs, for BK in
chromaffin cells [12] but agreed very closely with
the value of 30 nM reported for PC12 cells [13]. The
inhibition of BK-evoked release by the B,-selective
antagonists [23] [D-Phe’}BK and [Thi*#,D-Phe’|BK,
but not by the Bj-selective antagonist [Des-
Arg®,Leu®|BK suggested that the B,-subtype rather
than the B;-subtype of the BK-receptor was coupled
to [*'H]NA release in SH-SYSY. This conclusion was
strengthened by the finding that the B;-selective
agonist [Des-Arg®|BK did not evoke [°’H]NA release
even in the presence of TPA. These observations
are in keeping with the recent reports that B,-
receptors regulate NA release from PC12 cells [13]
and from chromaffin cells [12].

This group’s previous studies [24] showed that
SH-SY5Y cells contained little peptidase activity.
Thus, endopeptidase-24.11 could not be detected,
but low levels of ACE and dipeptidyl peptidase IV,
both able to degrade BK, were present. The
observation that inclusion of an ACE inhibitor (MK
422) and an inhibitor of dipeptidyl peptidase (diprotin
A) did not alter the concentration—response curve
for BK suggested that little degredation of BK
occurred during these assays.

The observation that pre-treatment with TPA for
8 min enhanced BK- evoked release of [PH]NA was
in agreement with this groups previous reports on
the effect of TPA on depolarization- and muscarinic
M;-evoked release in SH-SY5Y [22, 2]. Of particular
interest was the observation that approximately 80%
of BK-evoked release and 60% of carbachol-evoked
release in SH-SYS5Y cells pre-treated with TPA
occurred in the absence of extracellular calcium.

This was in contrast to K*-evoked release of [*Hj}-
NA which was inhibited by over 95% under the
same conditions. These findings are in agreement
with a recent report that IP; induces release of
acetylcholine from NG108-15 celis by increases in
[Ca®*); [25]. BK- evoked release in the presence of
TPA was inhibited by only 16% by the L-type
calcium channel antagonist nifedipine and 44.2% by
Ni** and 46.9% by Co?*, providing further evidence
that the BK- evoked release was only partially
dependent on extracellular calcium under these
conditions. The percentage inhibition found in this
study for nifedipine on BK-evoked [PH]NA release
agreed with the value of 15.6% reported previously
[3] for the inhibition of carbachol-evoked release of
NA by nifedipine. In contrast the percentage
inhibitions for NiCl, and CoCl, on BK-evoked [*H]-
NA release were greater than the values of 13 and
34%, respectively, reported previously [3] for the
inhibition of carbachol-evoked release of NA by
these Ca®* channel antagonists. Of particular interest
was the observation that 5 uM nifedipine, which was
previously found to inhibit Ca®* currents in SH-
SY5Y maximally by 35% [21], only slightly inhibited
BK- evoked release in cells pre-treated with
TPA and did not inhibit BK-induced membrane
depolarization. Thus, although it was possible that
the small amount of Ca®*-dependent release of [*H}-
NA observed in the absence of TPA was a
consequence of the depolarization of SH-SYSY cells
by BK it was unlikely that L-type Ca?* channels
were of importance. Nevertheless, the presence of
BK-regulated, Ca’* permeable channels (as opposed
to L-type voltage gated Ca?* channels) remains a
distinct possibility. In contrast, the component of
BK-evoked release dependent on activation of PKC
occurred by a mechanism other than activation of
Ca?* channels, as it appeared to be independent of
external calcium.

The situation in SH-SYS5Y appeared to differ from
that in chromaffin [12] and PC12 [13] cells in which
over 80% of BK-evoked release is dependent on
extracellular Ca?*. Furthermore, Ca’*-dependent
BK-evoked release in chromaffin cells and PC12
cells was not inhibited by dihydropyridines, which
suggested that calcium entry evoked by BK in these
cell cultures did not occur via L-type Ca?* channels.
However, these studies with chromaffin and PC12
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cells were carried out on cells which had not been
pre-treated with TPA, so the effect of activation of
PKC on BK-evoked catecholamine release is not
known in these cell lines. It is of interest that 1 mM
CoCl, and NiCl, inhibited BK-evoked release of
[*HJNA from PC12 cells by 68 and 50%, respectively
[13], whereas neither nifedipine (10 4M) nor w-
conotoxin (10nM). caused any inhibition. The
authors conclude that BK-evoked release in PC12
cells is not coupled to L- or N-type Ca?* channels
but that these cells expressed a BK-activated Ca*
channel which coupled to [PH]JNA release. Further
support for this suggestion was provided by the
observation that Sr** could replace Ca®* in
supporting NA release from PC12 cells [13].

Elevation of [Ca?*]; by BK was inhibited by [D-
Phe’|BK but not by [Des-Arg®, Leu®|BK, suggesting
that the B,-receptor in SH-SY5Y was coupled to
PLC and hence liberated IP;. This is in agreement
with the coupling of Bjreceptors to PLC in
chromaffin [26,12] and PC12 [13] cells and is in
agreement with reports that hydrolysis of PIP, by
PLC is one of the earliest effects of activation of BK
receptors [27-29].

The observation that BK- and carbachol-evoked
release of [PH]NA was not additive (Fig. 3) suggested
a common mechanism of receptor-evoked release
for these two agonists in SH-SYSY. Two possibilities
are either that these receptors were coupled to a
common pool of vesicles or to a common intracellular
pool of calcium. Further studies are in progress to
distinguish between these hypotheses.

The inhibition of BK-evoked membrane depo-
larization by [D-Phe’]BK but not by [Des-Arg’,
Leu®]BK suggested that activation of B,-receptors
also depolarized cell membranes. Similar degrees of
depolarization were seen using perforated-patch
recordings and conventional whole-cell recordings,
in which cells were dialysed by an “intracellular”
solution containing a high concentration of EGTA
(10 mM; Table 1). This suggested that depolarization
did not occur as a result of BK raising [CaZ*).
Indeed, BK-induced depolarization was likely to be
a contributory factor in elevating [Ca®*);, as is the
case in PC12 cells where BK activates an inward
(depolarizing) current which is partly carried by
Ca®* ions [31]. In contrast, in NG108-15 cells BK
caused a transient hyperpolarization followed by
prolonged depolarization. The hyperpolarization
resulted from elevation of [Ca?*); (released from
internal stores) and depolarization due to inhibition
of M-currents [30]. In this study BK only occasionally
caused transient hyperpolarizations in SH-SYS5Y
cells, although this may reflect differences due to
recording techniques, since hyperpolarizations were
much more readily observed in cells impaled with
citrate-rich microelectrodes [30].

Although the mechanism of depolarization caused
by BK in SH-SY5Y cells has not been investigated,
it appeared more likely that depolarization occurred
via the activation of an inward current as in PC12
cells [31] rather than by inhibition of an M-current
[30]. Thus, although M-currents are present in
SH-SYS5Y cells (Reeve and Peers, unpublished
observations) these currents are inactive at —60 mV
[32] and BK depolarizes SH-SY5Y cells from resting
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potentials around this value. In addition, CoCl, and
NiCl, inhibited both [PH]NA release and also
depolarization. This suggested that BK activated a
calcium-entry pathway which was important in
release, as described in PC12 cells [31]. This would
account for the observation that both CoCl, and
NiCl, inhibited release in TPA-treated SH-SYSY
cells to approximately the same degree as removal
of external calcium. Depolarization may also have
been sufficient to cause partial activation of L-type
Ca?* channels since [PH]NA release was reduced
slightly by nifedipine.

Depolarization occurred in both untreated cells
and cells which were exposed to TPA for 10 min.
CoCl; blocked depolarization in both cases, and
inhibited BK-evoked release of [PH]NA to the same
extent as removal of external calcium in TPA-treated
cells. It is suggested, therefore, that BK-evoked
depolarization of SH-SYSY cells may arise due to
activation of a conductance which is carried, at least
in part, by Ca** ions. Furthermore, BK-evoked
[*H]NA release was inhibited by approximately 20%
by nifedipine. This suggested that BK-evoked
depolarization may have been sufficient to cause
some activation of the voltage-gated L-type Ca?*
channels known to be present in these cells [1, 2, 21].
This activation of L-type Ca®* channels would be
sufficient to account for the small amount of BK-
evoked NA release, observed in the absence of
TPA, which was dependent on extracellular Ca?*.

In conclusion, this study shows that activation of
BK (B;)-receptors in SH-SY5Y cells resulted in: (1)
increases in [Ca?*];; (2) membrane depolarization;
(3) stimulation of [PHJNA release. The results
presented are consistent with BK-evoked release of
[PHINA occurring by two distinct mechanisms. The
first is dependent on extracellular Ca?* with Ca?*
entry possibly occuring as a consequence of the
opening of Ca?*-permeable channels. This in turn
caused cell depolarization which led to partial
activation of L-type Ca?* channels. The second
mechanism operated following activation of protein
kinase C with TPA and appeared to be independent
of external Ca’*.

Acknowledgement—This work was supported by The
British Heart Foundation through a studentship to H.L.R.

REFERENCES

1. Murphy NP, Ball SG and Vaughan PFT, Potassium
and carbachol evoked release of [*H]noradrenaline
from human neuroblastoma cells, SH-SYSY. J
Neurochem 56: 1810-1815, 1991c.

2. Vaughan PFT, Kaye DF, Reeve HL, Ball SG and
Peers C, Nicotinic receptor-mediated release of
Noradrenaline in the human Neuroblastoma SH-SY5Y.
J Neurochem 60: 2159-2166, 1993.

3. Murphy NP, Ball SG and Vaughan PFT, The effect of
calcium channel antagonists on the release of [*H]-
noradrenaline in the human neuroblastoma, SH-SYSY.
Neurosci Lett 129: 229-232, 1991a.

4. Pahlman S, Mamaeva S, Meyerson G, Mattsson ME,
Bjelfman C, Ortoft E and Hammerling U, Human
neuroblastoma cells in culture: A model for neuronal
cell differentiation. Acta Physiologica Scandinavica
592: 25-37, 1990.

5. Lambert DG and Nahorski SR, Muscarinic-receptor-



30

~

o

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

R. L. MCDONALD et al.

mediated changes in intracellular Ca?* and inositol
1,4,5-trisphosphate mass in a human neuroblastoma
cell line, SH-SYSY. Biochem J 265: 555-562, 1990.

. Murphy NP, Vaughan PFT, Ball SG and McCormack
JG, The cholinergic regulation of intracellular calcium
in the human neuroblastoma, SH-SYSY. J Neurochem
57: 2116-2123, 1991b.

- Regoli D and Barabe J, Pharmacology of bradykinin
and related kinins. Pharmacol Rev 32: 1-36, 1980.

. Yaksh TL and Hammond DL, Peripheral and central
substrates involved in the rostral transmission of
nociceptive information. Pain 13: 1-85, 1982.

. Reiser G and Hamprecht B, Bradykinin causes a

transient rise of intracellular Ca®*-activity in cultured

neural cells. Pflugers Arch 405: 260-264, 1985.

Van Calker D, Assmann K and Greil W, Stimulation

by bradykinin, angiotensin II and carbachol of

the accumulation of inositol phosphates in PCI12
pheochromocytoma cells which respond to nerve

growth factor. Lab Invest 39: 77-89, 1987.

Fasolato C, Atanasio P, Meldolesi J and Tullio P,

Generation of inositol phosphates, cytosolic Ca?* and

ionic fluxes in PC12 cells treated with bradykinin. J

Biol Chem 263: 17350-17359, 1988.

Owen PJ, Plevin R and Boarder MR, Characterization

of bradykinin-stimulated release of noradrenaline from

cultured bovine adrenal chromaffin cells. J Pharmacol

Exp Ther 248: 1231-1236, 1989.

Weiss C and Atlas D, The bradykinin receptor—a

putative receptor-operated channel in PC12 cells:

studies of neurotransmitter release and inositol

phosphate accumulation. Brain Res 543: 102-110,

1991.

Ciccarone V, Spengler BA, Meyers MB, Biedler JL

and Ross RA, Phenotypic diversification in human

neuroblastoma cells: Expression of distinct neural crest

lineages. Cancer Res 49: 219-225, 1989.

Ogino Y and Costa T, The epithelial phenotype

of human neuroblastoma cells express bradykinin,

endothelin, and angiotensin II receptors that stimulate

phosphoinositide hydrolysis. J Neurochem 58: 46-56,

1992.

Grynkiewicz G, Poenie M and Tsien RY, A new

generation of calcium indicators with greatly improved

fluorescent properties. J Biol Chem 260: 3440-3450,

1985.

Tsien RY, Pozzan T and Rink TJ, Calcium homeostasis

in intact lymphocytes: cytoplasmic free calcium

monitored with a new intracellularly trapped fluorescent

indicator. J Cell Biol 94: 324-334, 1982.

Hamill OP, Marty A, Neher E, Sakmann B and

Sigworth FJ, Improved patch-clamp techniques for

high-resolution current recording from cell and cell-

free membrane patches. Pflugers Arch 391: 85-100,

1981.

Horn R and Marty A, Muscarinic activation of ionic

20.

21.

22.

23.
24,

25.

26.

27.

28.

29.

30.

31.

32.

currents measured by a new whole-cell recording
method. J Gen Physiol 92: 145-159, 1988.

Cheng YC and Prusoff WH, Relationship between the
inhibition constant (K;) and the concentration of
inhibitor which causes 50 percent inhibition (15,) of an
enzyme reaction. Biochem Pharmacol 22: 3099-3108,
1973.

Reeve HL, Vaughan PFT and Peers C, Whole-cell
calcium channel currents in undifferentiated human
neuroblastoma (SH-SYSY) cells. J Physiol 459: 245P,
1993.

Murphy NP, McCormack JG, Ball SG and Vaughan
PFT, The effect of protein kinase C activation on
muscarinic-M3- and K*-evoked release of [*H]-
noradrenaline and increases in intracellular Ca** in
human neuroblastoma SH-SY5Y cells. Biochem J 282:
645-650, 1992.

Vavrek RJ and Stewart JM, Competitive antagonists
of bradykinin. Peptides 6: 161-168, 1985.

Dos Santos Medeiros M, Balmforth AJ, Vaughan PFT
and Turner AJ, Hydrolysis of atrial and brain natriuretic
peptides by the human astrocytoma clone D384 and
the neuroblastoma line SH-SYSY. Neuroendocrinology
54: 295-302, 1991.

Ogura A, Yasuhiro M and Higashida H, Bradykinin-
evoked acetylcholine release via inositoltrisphosphate-
dependent elevation in free calcium in neuroblastoma
X glioma hybrid NG 108-15 cells. J Biol Chem 265:
3577-3584, 1990.

Plevin R and Boarder MR, Stimulation of formation
of inositol phosphates in primary cultures of bovine
adrenal chromaffin cells by angiotensin II, histamine,
bradykinin and carbachol. J Neurochem 51: 634-641,
1988.

Lambert TL, Kent RS and Whorton AR, Bradykinin
stimulation of inositol polyphosphate production in
porcine aortic endothelial cells. J Biol Chem 261:
15288-15293, 1986.

Osugi T, Uchida S, Imaizumi T and Yoshida H,
Bradykinin-induced intracellular Ca®* elevation in
neuroblastoma-glioma hybrid NG108-15 cells; relation-
ship to the action of inositol phospholipid metabolites.
Brain Res 379: 84-89, 1988.

Yano K, Higashida H, Inoue R and Nozawa Y,
Bradykinin-induced rapid breakdown of phos-
phatidylinositol 4,5-bisphosphate in neuroblastoma X
glioma hybrid NG108-15 cells. J Biol Chem 259: 10201-
10207, 1984.

Robbins J, McFadzean I and Brown DA, Effects of
bradykinin on ion conductances in NG 108-15. In:
Recent Progress on Kinins (Ed. Fritz H), pp. 98-107.
Birkhauser Verlag, Basel, 1992.

Reber BFX, Neuhaus R and Reuter H, Activation of
different pathways for calcium elevation by bradykinin
and ATP in rat phaeochromocytoma (PC12) cells.
Pflugers Arch 420: 213-218, 1992.

Brown DA, M current; an update. Trends Neurosci
11: 294-299, 1988.



