
HAL Id: hal-02000181
https://hal.umontpellier.fr/hal-02000181

Submitted on 21 Jun 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Sodium-calcium exchanger and R-type Ca2+ channels
mediate spontaneous [Ca2+]i oscillations in

magnocellular neurones of the rat supraoptic nucleus
Stepan Kortus, Chinnapaiyan Srinivasan, Oksana Forostyak, Martin

Zapotocky, Yoichi Ueta, Eva Sykova, Alexandr Chvatal, Alexei Verkhratsky,
G. Dayanithi

To cite this version:
Stepan Kortus, Chinnapaiyan Srinivasan, Oksana Forostyak, Martin Zapotocky, Yoichi Ueta, et
al.. Sodium-calcium exchanger and R-type Ca2+ channels mediate spontaneous [Ca2+]i oscillations
in magnocellular neurones of the rat supraoptic nucleus. Cell Calcium, 2016, 59 (6), pp.289-298.
�10.1016/j.ceca.2016.03.010�. �hal-02000181�

https://hal.umontpellier.fr/hal-02000181
https://hal.archives-ouvertes.fr


S
s
s

S
Y
G
a

b

c

d

e

f

g

h

i

j

k

l

m

a

A
R
R
A
A

K
C
V
C
C
C
C
T
V
O

A
C
g
fl

4

odium-calcium  exchanger and R-type  Ca2+ channels  mediate
pontaneous  [Ca2+]i oscillations in  magnocellular  neurones  of  the  rat
upraoptic  nucleus

tepan  Kortusa,b,c,  Chinnapaiyan  Srinivasana, Oksana  Forostyaka,d, Martin  Zapotockyb,c,
oichi Uetae, Eva  Sykovad,f, Alexandr  Chvatald,g, Alexei  Verkhratskyh,i,j,k,∗∗,
ovindan Dayanithia,l,m,∗

Department of Molecular Neurophysiology, Institute of Experimental Medicine, Czech Academy of  Sciences, Videnska 1083, 14220 Prague, Czech Republic
Institute of Physiology, Czech Academy of Sciences, Videnska 1083, 14220 Prague, Czech Republic
Institute of  Biophysics and Informatics, First Medical Faculty, Charles University in Prague, Salmovska 1, 12000 Prague, Czech Republic
Department of Neuroscience, Charles University, Second Medical Faculty, V Uvalu 84, 15006 Prague, Czech Republic
Department of Physiology, School of Medicine, University of  Occupational and Environmental Health, Kitakyushu 807-8555, Japan
Department of Neuroscience, Institute of Experimental Medicine, Czech Academy of  Sciences, Videnska 1083, 14220 Prague, Czech Republic
Department of Cellular Neurophysiology, Institute of  Experimental Medicine, Czech Academy of  Sciences, Videnska 1083, 14220 Prague, Czech Republic
University of Manchester, School of  Biological Sciences, D.4417 Michael Smith Building, Oxford Road, M13 9PT Manchester, United Kingdom
Achucarro Center for Neuroscience, IKERBASQUE, Basque Foundation for Science, 48011 Bilbao, Spain
Department of Neurosciences, University of  the  Basque Country UPV/EHU and CIBERNED, Leioa, Spain
University of Nizhny Novgorod, Nizhny Novgorod 603022, Russia
Institut National de la  Santé et de la Recherche Médicale, Unité de recherche U1198, Université Montpellier, 34095 Montpellier, France
Ecole Practique des Hautes Etudes, Sorbonne, 75014 Paris, France

 r  t  i c  l  e  i  n f o

rticle history:
eceived 1  March 2016
eceived in revised form 30 March 2016
ccepted 30 March 2016
vailable online 31  March 2016

eywords:
a2+ signalling
oltage-gated Ca2+ channels
a2+ homeostasis
a2+ imaging

2+

a  b  s  t  r a  c t

Isolated  supraoptic neurones  generate  spontaneous  [Ca2+]i oscillations  in isolated conditions.  Here  we
report  in depth  analysis  of the  contribution  of plasmalemmal  ion channels  (Ca2+, Na+), Na+/Ca2+ exchanger
(NCX),  intracellular  Ca2+ release channels (InsP3Rs and RyRs),  Ca2+ storage  organelles,  plasma membrane
Ca2+ pump and intracellular  signal transduction  cascades  into  spontaneous  Ca2+ activity.  While  removal
of  extracellular  Ca2+ or  incubation with  non-specific  voltage-gated Ca2+ channel  (VGCC)  blocker  Cd2+ sup-
pressed  the  oscillations,  neither  Ni2+ nor  TTA-P2, the  T-type  VGCC blockers,  had an effect.  Inhibitors of
VGCC  nicardipine,  �-conotoxin GVIA,  �-conotoxin  MVIIC, �-agatoxin  IVA (for L-,  N-,  P and  P/Q-type  chan-
nels,  respectively)  did not  affect [Ca2+]i oscillations.  In  contrast, a specific  R-type  VGCC blocker  SNX-482
attenuated  [Ca2+]i oscillations.  Incubation  with  TTX had  no effect, whereas  removal of the  extracellu-
lar  Na+ or  application  of an  inhibitor of the reverse operation  mode of  Na+/Ca2+ exchanger KB-R7943

2+
a oscillations
a2+ clearance
ransgenic rats
asopressin
xytocin

blocked  the  oscillations.  The  mitochondrial  uncoupler  CCCP  irreversibly blocked  spontaneous  [Ca ]i

activity.  Exposure  of neurones  to  Ca2+ mobilisers  (thapsigargin,  cyclopiazonic  acid,  caffeine  and ryan-
odine);  4-aminopyridine  (A-type  K+ current  blocker);  phospholipase  C and adenylyl  cyclase  pathways
blockers  U-73122, Rp-cAMP,  SQ-22536  and  H-89  had no effect.  Oscillations  were  blocked by  GABA, but  not
by  glutamate, apamin  or  dynorphin.  In conclusion,  spontaneous  oscillations  in magnocellular  neurones
Abbreviations: AVP, arginine vasopressin; OT, oxytocin; SON, supraoptic nucleus; [Ca2+]i, intracellular Ca2+ concentration; SERCA, sarcoendoplasmic reticulum Ca2+-
TPase; VGCC, voltage-gated Ca2+ channels; EGTA, ethylene glycol (bis-aminoethyl ether)-N,N,N′ ,N′-tetra acetic acid; TTX, tetrodotoxin; PMCA, plasmatic-Ca2+-ATPase;
CCP, carbonyl cyanide 3-chlorophenylhydrazone; 4-AP, 4-aminopirydine; PACAP, pituitary adenylate cyclase activating polypeptide; NCX, Na+/Ca2+ exchanger; GABA,
amma-aminobutyric acid; AHP, after hyperpolarisation; DAP, depolarizing after potential; InsP3, 1,4,5-trisphosphate; DMSO, dimethyl sulfoxide; eGFP, enhanced green
uorescent protein; mRFP, monomeric red fluorescent protein; NMDG-Cl, N-methyl-d-glutamine; CPA, cyclopiazonic acid; ER, endoplasmic reticulum.
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,  Czech Republic.
∗∗ Corresponding author at: University of Manchester, School of Biological Sciences, D.4417 Michael Smith Building, Oxford Road, M13  9PT Manchester, United Kingdom.

E-mail  addresses: Alexej.Verkhratsky@manchester.ac.uk (A. Verkhratsky), gdaya@univ-montp2.fr, gdaya@biomed.cas.cz (G.  Dayanithi).

dx.doi.org/10.1016/j.ceca.2016.03.010
http://www.sciencedirect.com/science/journal/01434160
http://www.elsevier.com/locate/ceca
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ceca.2016.03.010&domain=pdf
mailto:Alexej.Verkhratsky@manchester.ac.uk
mailto:gdaya@univ-montp2.fr
mailto:gdaya@biomed.cas.cz
dx.doi.org/10.1016/j.ceca.2016.03.010


290 

Hypothalamus
Supraoptic nucleus
Na+/Ca2+ exchanger
Mitochondria
Plasma membrane calcium pump
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are  mediated by a  concerted action  of R-type  Ca2+ channels  and the  NCX  fluctuating  between forward  and
reverse modes.
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a2+ channel toxins

. Introduction

Neurosecretory oxytocin (OT) and arginine-vasopressin (AVP)
agnocellular neurones in the rat supraoptic nucleus (SON) project

heir axons to  neurohypophysis where they secrete AVP and OT
nto the bloodstream in response to physiological stimulation: this
ecretion is also modulated by  central mechanisms within the
ON [1].  Circulating AVP regulates water reabsorption in kidney
nd instigates vasoconstriction to  increase blood pressure. OT is
eleased as a  part of the milk-ejection reflex and during parturi-
ion when it induces uterine contraction to  facilitate labour [2,3].
part from their peripheral actions, both OT and AVP are also
ecreted within the SON from dendrites [4,5]; they stimulate OT
nd AVP receptors expressed in magnocellular neurones activat-
ng the intracellular signalling pathway that causes the increase
f cytosolic Ca2+ concentration ([Ca2+]i)  [6].  In OT neurones, this
ncrease in [Ca2+]i resulted from Ca2+ release from intracellular
tores [7],  whereas in  AVP neurones, the [Ca2+]i rise reflects both
he Ca2+ influx through voltage-gated Ca2+ channels (VGCCs) and
a2+ mobilisation from intracellular stores [1,8].  These responses
re mediated via the activation of specific AVP and OT receptors
9,10] and multiple intracellular transduction signals [11].

The release of OT and AVP from terminals in neurohypoph-
sis and from dendrites in the hypothalamus occurs strictly by
a2+-regulated exocytosis [12]. In terminals the [Ca2+]i elevation

s triggered by action potential arriving from the SON neurones.
n the SON, any agent that increases [Ca2+]i (by intracellular
a2+ release or plasmalemmal Ca2+ entry) evokes the release of
ormone from dendrites without increasing the electrical activ-

ty of the cell body, and without inducing secretion from the
erve terminals [4,13].  Both AVP and OT neurones exhibit spe-
ific intrinsic electrical activities. AVP neurones exhibit ‘phasic’
ring activity with intervals, whereas OT neurones fire high fre-
uency synchronized bursts of action potentials without intervals;
hese bursts are associated with suckling-induced milk ejection
2]. These characteristic electrical patterns are crucial for the effi-
ient release of AVP and OT at the neurohypophysis [14]. Both
ell types exhibit Ca2+-dependent after-hyperpolarisations (AHPs),
ncluding an apamin-sensitive, medium duration AHP and a slower,
pamin-insensitive AHP (sAHP) [2].  AVP neuronal excitability is
lso influenced by slow (sDAP) and fast (fDAP) depolarising after
otentials that underlie phasic bursting activity [15].

Freshly  isolated SON neurones exhibited spontaneous [Ca2+]i
scillations [7,16]. Experiments on transgenic animals showed
hat these [Ca2+]i oscillations exist in  both AVP and OT neu-
ones [1,17] yet mechanisms underlying these oscillations remain
nknown; similarly unknown is the effect of [Ca2+]i oscillations
n the release of AVP and OT [17]. Spontaneous [Ca2+]i oscilla-
ions, similar to those exhibited in freshly isolated SON neurones
ay be  the key element in the regulation of hormone release.
n general, two types of [Ca2+]i oscillations can be recognised,
epending on the main source of Ca2+,  i.e., release from intracel-
lular stores such as endoplasmic reticulum (ER) or plasmalemmal
Ca2+ entry [18].  The ER-driven [Ca2+]i oscillations result from
the periodical release of Ca2+ mediated by the inositol 1,4,5-
trisphosphate (InsP3)  receptor or the ryanodine receptor/Ca2+

release channel, whereas the extracellular Ca2+ driven oscil-
lations require Ca2+ entry through plasmalemmal channels or
exchangers. Cellular Ca2+ and electrical properties of the SON
neurones are closely and mutually associated although they can
operate independently. In this study, we analysed spontaneous
[Ca2+]i oscillations using a battery of specific pharmacological
tools  and propose the possible mechanism driving these oscilla-
tions.

2. Materials and methods

2.1. Animals and experimental procedures

Adult male Wistar rats (wild type) and homozygous trans-
genic male rats carrying a  fluorescent reporter for AVP (AVP-eGFP),
or OT (OT-mRFP), or double transgenic rats simultaneously
expressing  reporters for both AVP-eGFP and OT-mRFP, were used
as described in detail in  earlier work [17,19,20].  All animals
(weighting 150–300 g; 4–8 weeks old) were bred and housed
at 22–23◦ C, 12:12 h light/dark cycle (lights on 07:00–19:00 h),
with food and drinking water available ad libitum. The ani-
mals were sacrificed by decapitation after anaesthesia with 5%
isoflurane for 5 min, the brain was  rapidly removed and the
SON was  dissected. All experiments were performed in accor-
dance with the European Communities Council Directive of
24 November 1986 (86/609/EEC) and were approved by the
Ethics Committee of the Institute of Experimental Medicine, AS
CR, Prague, Czech Republic (license #CZ 205/2010-Revised in
2013).

2.2. Isolation of supraoptic neurones

SON neurones were acutely dissociated by enzymatic and
mechanical treatments of the tissues as described previ-
ously [6,7] with modifications [12,21]. In brief, the blocks
(1 mm × 0.5 mm  × 0.5 mm) of SON tissues were dissected and enzy-
matically dissociated by incubation for 30 min in oxygenated
HEPES-buffered normal Locke’s solution (NL; in  mM:  140 NaCl,
5 KCl, 2CaCl2, 1 MgCl2, 10 glucose, 10HEPES, pH was adjusted
to 7.25 with tris; the osmolarity was  298–300mosm l−1; tem-
perature 37◦ C) supplemented with 1 mg/ml deoxyribonuclease I,
0.5 mg/ml  proteases X, and 0.5 mg/ml  protease XIV. After incuba-
tion, tissues were washed with NL and triturated gently using a
Gilson-Pipetman (1 ml)  with a  polypropylene white pipette-tip to

isolate the SON cells. The cells were plated onto 22 mm glass Petri
dishes (WillCo Wells-Amsterdam, The Netherlands). Unless other-
wise indicated, all chemicals were purchased from Sigma–Aldrich
(St. Louis, USA) or from Alomone labs (Jerusalem, Israel). Fura-
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Fig. 1.  Effect of external Ca2+ removal and VGCC blockers on  [Ca2+]i oscillations.
A:  A typical [Ca2+]i oscillation observed in a  neurone before and after removal of external Ca2+.  B:  Inhibition of spontaneous [Ca2+]i oscillations in the presence of Cd2+. C,D:
Exposure of SON neurones to T-type VGCCs inhibitors Ni2+ and TTA-P2 fail to  affect spontaneous [Ca2+]i oscillations.

Fig. 2.  Effect of specific HVGCC blockers on [Ca2+]i oscillations.
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VIA (800 nM)  for N-type (B); two different concentrations of �-conotoxin MVIIC 

ffected the oscillations.

-AM, TTA-P2, nicardipine, KB-R7943, thapsigargin, CPA, CCCP,
yanodine and 4AP were dissolved in DMSO. TTX and apamin were

issolved in  acetic acid as suggested by the suppliers. Other drugs
ere dissolved in  total ion-free distilled H2O  (EMD Millipore Corpo-

ation, Germany) and all stock solutions and buffers were prepared
sing this total-ion-free H2O.
ence of different HVGCC blockers: nicardipine (1 �M)  for L-type (A); �-conotoxin
type (C) and �-agatoxin (300 nM)  for P/Q-type (D). Note that none of the blockers

2.3. [Ca2+]i measurements and drug applications
The [Ca2+]i measurements using a  fluorescent probe Fura-2 AM
were performed on isolated single neurones from WT  [7,21,22] or
from transgenic (AVP-eGFP-positive and OT-mRFP-positive) rats as
described previously [17,19,21,23].  Video imaging of [Ca2+]i was
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Fig. 3. Effect of R-type VGCC blocker on [Ca2+]i oscillations.
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races A and B show [Ca2+]i oscillations from individual neurones recorded in the pre
he trace C shows the specific block of oscillations by SNX-482 in comparison to  no
xposed to the mixture of blockers of Ca2+ channels (L-, N-, P/Q-type) followed by  t

erformed using an inverted microscope AxioObserver D1 (Zeiss)
quipped with a CCD camera and Lambda-DG4 fast rotating wheel
llumination system (Sutter Instrument, Novato, USA) for double
xcitation at 340 and 380 nM.  The fluorescence intensity of the
ura-2 emission was measured at 510 nM as a ratio of signals
btained after excitation at 340 and 380 nM.  The microscope was
lso equipped with GFP and RFP filters for observing cells bearing
uorescent markers. To estimate the range of change in  abso-

ute [Ca2+]i in nM a  calibration following the Grynkiewicz method
24] was performed on a  few neurones. The calibration produced
min =  0.2, Rmax =  7.2, f340max/f380min = 7.7, dissociation constant

or  Fura-2 at 37 ◦C Kd =  224 nM.  An estimation of [Ca2+]i was then
etermined from the f340/f380 ratio using the Grynkiewicz equation
24].

Cells were continuously perfused with NL solution at 37◦ C. In
ome experiments the CaCl2 concentration in the NL was 200 nM
r 500 nM.  In experiments where extracellular Ca2+ was removed,
GTA (100 nM)  was added to NL with no added CaCl2. To obtain
a+ free solutions the NaCl was replaced with NMDG-Cl and osmo-

arity adjusted to  295–300 mOsmol/l. Solutions were exchanged
sing a multiple capillary perfusion system, as described previ-
usly [25,26], with appropriate modifications [12,21,27] using a
omputer controlled multichannel peristaltic pump (REGLO ICC,
smatec, Germany). Neurones with minimal diameter size  of 10 �m
nd persisted dendrites were randomly chosen for [Ca2+]i measure-
ents.

.4. Data analysis
Data are presented as mean values ± SEM (n =  the number of
ested neurones). All experiments were performed in at least two
ndependent sessions.
 of 100 nM and 200 nM SNX-482, a specific blocker of R-type channels, respectively.
 of �-agatoxin IVA. Trace D shows [Ca2+]i oscillations from a neurone that was first
ition of SNX-482.

3. Results

3.1. Removal of external Ca2+inhibits [Ca2+]i oscillations

Removal of extracellular Ca2+ led to an immediate cessation
of spontaneous [Ca2+]i oscillations in  all tested neurones (n = 9;
Fig. 1A). After extracellular Ca2+ removal the basal [Ca2+]i of
133 ± 14 nM started to  decline until it reached a  low steady state
level of 32 ± 6 nM in about 3 min. Inhibition of [Ca2+]i oscillations
by removal of external Ca2+ was reversible and the oscillations (as
well as basal [Ca2+]i) were restored rapidly after switching perfu-
sion back to the normal extracellular solution (Fig. 1A). The [Ca2+]i
oscillations still persisted when external Ca2+ was lowered from
2 mM  to 500 nM (n = 6) or to 200 nM (n =  4), but no oscillations were
observed at external Ca2+ concentration of 100 nM (n  =  5).

3.2. Voltage dependent Ca2+ channels and [Ca2+]i oscillations

A non-specific Ca2+ channel blocker Cd2+ at 50 �M or 100 �M
led to  a  complete inhibition of [Ca2+]i oscillations in all tested neu-
rones (n  =  17, Fig. 1 B). In contrast, incubation with Ni2+ (50 �M,
n = 10, Fig. 1C) or TTA-P2 (10 mM,  n =  9,  Fig. 1D),  both being block-
ers of T-type VGCCs [28], did not  affect [Ca2+]i oscillations. We
further probed more specific antagonists of high-threshold VGCCs,
the effects of which on spontaneous [Ca2+]i oscillations are sum-
marised in Fig. 2. Neither L-type channel blocker nicardipine (1 �M,
n = 10, Fig. 2A), nor  a  specific blocker of the N-type channels �-
conotoxin GVIA (800 nM,  n = 12, Fig. 2B), nor a specific blocker of the
Q-type, �-conotoxin MVIIC (100 nM,  n =  6, 1 �M,  n = 2,  Fig. 2C), nor
a specific blocker of the P/Q-type channels �-agatoxin IVA (300 nM,

n = 5, Fig. 2D) blocked the [Ca2+]i oscillations. In contrast, a specific
inhibitor of R-type VGCCs SNX-482 [29–31] affected [Ca2+]i oscil-
lations when applied at various concentrations. At 40 nM SNX-482
only partially inhibited [Ca2+]i oscillations in 1 out of 6  neurones
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Fig. 4. Role of extracellular Na+,  voltage-gated Na+ channels and NCX.
A: Removal of external Na+ completely inhibits [Ca2+]i oscillations;
B: Inhibition of voltage-gated Na+ channels with TTX does  not affect spontaneous
data not shown). At 100 nM of SNX-482 [Ca2+]i oscillations were
ompletely blocked in  9 out of 19 neurones, partially inhibited in 5
ells and had no effect in the remaining 5 neurones. In cells in which
NX-482 completely inhibited [Ca2+]i oscillations, the basal [Ca2+]i
ecreased from 153 ± 17 nM to  87 ± 6 nM (n = 9; Fig. 3A). In  neu-
ones in  which oscillations were only partially blocked the basal
Ca2+]i also dropped from 143 ± 15 to 102 ±  12 nM (see Fig. 3C).
n the remaining 5 cells which were insensitive to the drug, the
asal [Ca2+]i did not change significantly. When applied at 200 nM
NX-482 [Ca2+]i oscillations were completely blocked in 4 out of

 neurones (Fig. 3B). To further corroborate the contribution of R-
ype VGCCs, the neurones were exposed to a  mixture of specific
lockers for L-, N-, P/Q- and T-type channels (1 �M nicardipine,
00 nM �-agatoxin IVA, 300 nM �-conotoxin GVIA and 50 �M
i2+), which failed to inhibit [Ca2+]i oscillations. The addition of
00 nM of SNX-482 to this cocktail, however inhibited [Ca2+]i oscil-

ations (n =  3,  Fig. 3D) again indicating the role of R-type channels.

.3. Role of Na+ channels and Na+ transport

Removal of extracellular Na+ caused a complete, rapid and
eversible block of [Ca2+]i oscillations in 7 neurones and signifi-
antly inhibited oscillations in 2 cells (Fig. 4A). At the same time,
reatment with the specific blocker of voltage-gated Na+ channels
TX at concentrations between 750 nM to 5 �M (Fig. 4B) did not
ffect [Ca2+]i oscillations in all tested cells (n = 26). On  the con-
rary, treatment of oscillating neurones with KB-R7943, a selective
nhibitor of the reverse mode of Na+/Ca2+ exchanger, NCX [32,33]
aused a  complete block of oscillations and lowered basal [Ca2+]i
o 95 ± 5 nM in 26 out of 33 neurones (Fig. 4C). In the remaining

 neurones, the oscillations were inhibited only partially and the
asal [Ca2+]i also dropped to  102 ± 12 nM.

.4. Role of intracellular Ca2+ stores and Ca2+ clearance
echanisms

The treatment of SON neurones with TG  (irreversible blocker
f SERCA) did not  affect [Ca2+]i oscillations in all tested neurones
n =  8), except for producing a  short transient effect when oscil-
ations were inhibited for 1–2 min  after exposure to  TG but fully
ecovered in the continuing presence of TG. This transient effect of
G was observed in  6 out of 8 neurones (Fig. 5A). The treatment
f SON neurones (n  =  4) with a  reversible blocker of SERCA pumps
PA (10 �M)  also had no visible effect on [Ca2+]i oscillations in  3
ut of 4 neurones; in  1 cell, similarly to  TG, CPA produced tran-
ient inhibition (Fig. 5B). In addition, we tested the CPA effect in  the
bsence of external Ca2+ by  using 0Ca2+ buffer and then exposing
he neurones to  10 �M CPA. This resulted in  a transient elevation
f [Ca2+]i.  When 0Ca2+ buffer was switched back to the 2 mM Ca2+

L, we observed an immediate transient increase in  [Ca2+]i and the
scillations were restored. Subsequent exposure to  CPA failed to
ffect the ongoing oscillations. This protocol was tested with the
ame result in 7 neurones (Fig. 5C).

Ryanodine and caffeine are known to mobilize Ca2+ from ER
n SON neurones [12] through activation of RyRs; in addition caf-
eine is  a potent inhibitor of InsP3 receptors [34,35].  Both drugs
nduced a  transient elevation of [Ca2+]i in  non-oscillating SON neu-
ones which lasted between 1–3 min  (data not  shown). However,
pplication of ryanodine (10 �M,  n = 6) or caffeine (10 mM,  n =  4)
o neurones exhibiting [Ca2+]i oscillations did not affect the latter,
xcept (similar to TG and CPA), inducing a  short (1–2 min) transient
nhibition that was observed in  2 out of 6 neurones treated with

yanodine and in 2 out of 4 neurones treated with caffeine (Fig. 5D,
). Subsequently, contribution of the PMCA was tested by applying
00 �M of Lanthanum (La3+), which is known to effectively block
lasmalemmal Ca2+ pump [12,17,36].  Exposure to 100 �M of La3+
[Ca2+]i oscillations.
C: Exposure of magnocellular neurone to KB-R734, a specific inhibitor of NCX reverse
mode, completely inhibits spontaneous [Ca2+]i oscillations.

inhibited [Ca2+]i oscillations in 8 out of 9 neurones (Fig. 5F) with
rather poor recovery.

To test the role of mitochondria in spontaneous oscillations,
treatment of the oscillating SONs with CCCP, an H+ ionophore and
uncoupler of oxidative phosphorylation in  mitochondria, caused a
complete and irreversible block of [Ca2+]i oscillations in  6 out of 7
neurones (Fig. 5G).

3.5. Effect of neurotransmitters and blockers of K+ currents on
[Ca2+]i oscillations

Exposure of magnocellular neurones to  various concentrations
of GABA (3 �M,  n = 12; 20 �M, n =  4; and 50 �M,  n =  4) completely
inhibited [Ca2+]i oscillations in all cells tested; this inhibition was
fully reversible (examples: Fig. 6A, for 3 �M).  The inhibitory effect
of GABA was  completely blocked by GABAA antagonist gabazine (at
10 �M, n =  8; Fig. 6B). Similar (albeit slightly weaker) inhibition was
observed using taurine (500 �M,  in  6 cells blocked, in 1 partially

blocked, in  2 no effect; Fig. 6C) and using glycine (20 �M,  in 4 cells
blocked, in  1 partially blocked, in 3 no effect; Fig. 6D).

Other neurotransmitters such as glutamate or NMDA were
shown to have an excitatory effect on SON neurones [37,38]. In our
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Fig. 5. Effect of intracellular Ca2+ mobilisers and inhibitors of Ca2+ clearance mechanisms.
A,  B: Inhibition of endoplasmic reticulum Ca2+ pumps (of SERCA type) by  thapsigargin (A) and CPA (B) does not affect spontaneous [Ca2+]i oscillations.
C:  Shows the effect of CPA on [Ca2+]i in the presence and absence of external Ca2+. The CPA-induced [Ca2+]i rebound after readmission of extracellular Ca2+ reflects store-
operated Ca2+ entry (SOCE) activation.
D,  E: Mobilisation of ER Ca2+ by 10 �M ryanodine (D)  or 10 mM caffeine (E) does not  influence spontaneous [Ca2+]i oscillations.
F:  Exposure of magnocellular neurone to La3+ (a blocker of plasma membrane Ca2+-ATPase) inhibits spontaneous Ca2+ oscillations.
G:  Mitochondrial uncoupler CCCP completely and irreversibly inhibits spontaneous [Ca2+]i oscillations.
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Fig. 6.  Effect of neurotransmitters and blockers of K+ currents on [Ca2+]i oscillations.
A: Trace showing the blocking effect of GABA (3 �M)  on spontaneous [Ca2+]i oscillations.
B:  Trace showing the reversibility of GABA effect by its antagonist, gabazine.
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, D: Traces showing the blocking effect of taurine and glycine on  spontaneous [Ca2

xposure  of magnocellular neurones to 4-AP (E), an inhibitor of A-type K+ current o
scillations.

ands, neither glutamate (in concentrations up to 100 �M;  n =  4)
or NMDA (100 �M; n =  5) influenced spontaneous [Ca2+]i oscilla-
ions (data not shown). Exposure of SON neurones to 10–50 mM
f 4-AP (inhibitor of IA K+ channels) did not affect spontaneous
Ca2+]i oscillations (n  =  5); the inhibitor of SK Ca2+-dependent K+

hannels apamin (100 nM,  n =  5, Fig. 6E,  F)  was also similarly impo-
ent.

.6. Second messengers and spontaneous [Ca2+]i oscillations

We used specific blockers of PLC (5 �M U-73211; Fig. 7A): a
ompetitive antagonist of cAMP dependent PKA (50 �M Rp-cAMP;
ig. 7B), an AC inhibitor (10 �M SQ-22536; Fig. 7C) and an inhibitor
f PKA (10 �M H-89; Fig. 7D). While none of these inhibitors
ffected the oscillations in  all tested cells (n =  5–8 neurones for each

rug), H-89 partially blocked the oscillations only in a  few neurones
3 out of 8). Finally, dynorphin, known to modulate the bursting
roperties of AVP neurones [39] did not affect spontaneous [Ca2+]i
scillations (at 100 nM;  n = 10, Fig. 7E).
illations.
amin (F), an inhibitor of Ca2+-activated K+-current, did not affect spontaneous Ca2+

4. Discussion

4.1. Spontaneous oscillations are not linked to electrical activity

Action potentials fired by SON neurones activate Ca2+ entry [15],
in our experiments, however, inhibition of  electrical excitability
with TTX did not affect [Ca2+]i oscillations, indicating that action
potentials are not involved in  the spontaneous [Ca2+]i oscillations.
Of note, the pituitary adenylyl cyclase-activating peptide-induced
[Ca2+]i oscillations in  SON neurones were sensitive to TTX [16],
which probably reflects their peculiar nature. Complete dissocia-
tion of action potentials and spontaneous [Ca2+]i dynamics reflects
the operation of a  specific pacemaker.

4.2. Spontaneous oscillations are Na+ dependent and result from
transmembrane Ca2+ entry
Removal of extracellular Na+ effectively inhibited spontaneous
[Ca2+]i oscillations in SON neurones. The very same inhibition was
achieved by KB-R7943, a  specific inhibitor of  the reverse mode of
NCX. The reversal potential of the exchanger in  SON neurones (at
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ig. 7. The effect of blockers of phospholipase C and adenylyl cyclase intracellular t
-D:  Inhibition of signalling cascades by PLC blocker (U-73122; A), competitive bloc

H-89;  D) does not affect spontaneous [Ca2+]i oscillations. E: Trace showing the abs

Ca2+]i =  130 nM,  [Na+]i = 10 mM,  [Na+]o = 140 mM)  is about −45 to
50 mV,  and thus a  moderate depolarisation will reverse the NCX
peration. In the reverse mode NCX provides for Ca2+ entry, which
ogically, underlies observed Ca2+ oscillations. This is  in  contrast
o numerous examples of spontaneous [Ca2+]i dynamics originat-
ng from Ca2+ release from the ER [32,40,41]. In SON neurones this
eems not to be the case. Targeting the ER using TG, CPA, ryanodine
r caffeine failed to affect [Ca2+]i oscillations. Caffeine has a double
ction on the ER activating RyRs and effectively inhibiting InsP3
eceptors [34,35];  absence of any effect on spontaneous [Ca2+]i
scillations argued against the role  of ER Ca2+ release. At the same
ime removal of extracellular Ca2+ effectively blocked spontaneous
Ca2+]i dynamics. It’s of interest to note that the dependence of
scillations on extracellular Ca2+ has been observed in  OT-sensitive
ON neurones [7] and in AVP-sensitive neurones [6]. The NCX, how-
ver, is not the only mechanism for Ca2+ delivery associated with
pontaneous [Ca2+]i activity of SON neurones. Of interest, in nerve
erminal preparations, the release of AVP was unexpectedly mod-
lated by  extracellular Na+: removal of Na+ inhibited secretion,

hereas increases of extracellular Na+ (in Na+-depleted media)

ncreased AVP secretion suggesting that the Na+/Ca2+ exchanger
as a  particular functional role in  the regulation of secretion—both
omatic as well as at the level of the releasing nerve terminals in the
uction pathways on oscillations.
 cAMP-dependent PKA (Rp-cAMP; B), an  AC blocker (SQ-22536; C)  and PKA blocker
f effect of dynorphin on spontaneous [Ca2+]i oscillations.

neurohypophysis [42]. The [Ca2+]i oscillations appear to be specif-
ically associated with R-type VGCCs: treatment with a  selective
blocker of these channels, SNX-482, inhibited [Ca2+]i oscillations
in a  concentration-dependent manner. The pharmacological inhi-
bition of other VGCCs (T-, L-, N- and P/Q-types) was  without effect.
Similarly, inhibition of intercellular second messenger cascades
and plasmalemmal K+ channels did not affect spontaneous [Ca2+]i
activity. The role for NCX and R-type Ca2+ channels are also sup-
ported (albeit indirectly) by the inhibitory action of GABA that
completely blocked spontaneous [Ca2+]i dynamics. This action was
mediated through GABAA receptors (as revealed by  gabazine sen-
sitivity) and most likely resulted from cell hyperpolarisation. The
latter, arguably, prevented reversal of the NCX and activation of
R-type Ca2+ channels.

4.3. The need for  ATP-dependent Ca2+ extrusion

Efficient Ca2+ clearance from the cytosol is  another necessary

component for maintaining spontaneous [Ca2+]i oscillations. Inhi-
bition of PMCA by La3+ effectively suppressed spontaneous Ca2+

dynamics; the same effect was  achieved by mitochondrial uncou-
pling. Thus we may  conclude that energy dependent Ca2+ extrusion
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. Conclusions

Taken together, these results unveil, for the first time, the
diosyncrasies of Ca2+ signalling in AVP and OT neurones and
emonstrate that the spontaneous [Ca2+]i oscillations in the SON
eurones are driven by plasmalemmal R-type Ca2+ channels and
he Na+/Ca2+ exchanger oscillation between forward and reverse

odes; maintenance of oscillations also requires the activity of the
lasmalemmal Ca2+ pump.
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