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Abstract — It has been suggested that overexpression of nau®a* sensor-1 (NCS-1) protein is implicated in the
pathophysiology of neurodisorders such as schizspar bipolar disturbance and X-linked mental d#ion. The
mechanism by which NCS-1 would be involved in theses and/or consequences of these neurodisordstil far from
elucidation. Independent evidence has pointed N@S-4 key regulator of synaptic efficacy by altering expression and
activity of voltage-gated channels, inhibiting imtalization of dopaminergic receptors, and alterptgpsphoinositide
metabolism. In this study, we examined the possgifalgicipation of NCS-1 protein in signal transmigsidependent on
muscarinic receptor activation, using PC12 celidblgt expressing NCS-1 (PC12-NCS-1). Carbachol (CCHuB)Owvas
able to evoke glutamate release more efficienthmfrPC12-NCS-1 (15.3+1.0nmol/mg of protein) than wijge cells
(PC12-wt; 8.3£0.9nmol/mg of protein). This increa$glutamate release induced by CCH was indeperateaktracellular
c&" influx. Additionally, a larger increase of cytoptaic levels of Insp(663.0+63.0 and 310.0+39.0% of fluorescence in
A.U.) and [C&"]; (766.4+40.0 and 687.8+37.1nmol/L) was observedrafCH stimulus of PC12-NCS-1 compared with
PC12-wt. Clearly distinction between intracellula”Cdynamics was also observed in PC12-NCS-1 and PC1a-latger
increase followed by fast decay of fJawas observed in PC12-NCS-1. A plateau wittetayed decay of [G§; was
characteristic of PC12-wt [€§; response. Both enhancement of ingRoduction and glutamate release observed in PC12-
NCS-1 were blocked by atropine (iM). Together, our data show that overexpressioN©$-1 in PC12 cells induces an
enhancement of intracellular second messenger @snitter release dependent on CCH response, singgdkat
muscarinic signaling is “up-regulated” in this celbdel.
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the cell model that overexpresses NCS-1,
INTRODUCTION alterations of divergent functional activities have
. o been reported, such as regulation éfdkannels
- NCs-1 is an EF-hand-containing Ga (Kv4) and C&' channels (N and P/Q channels)
binding protein that was originally identified iNactivity (12, 44, 47, 49), interaction and
Drosophila and named as frequenin. Manysctivation of phosphatidylinositol 4-kinage-
studies have shown that overexpression of t §I4K-B) activity (10, 42, 52), regulation of
protein leads to facilitation of post-synaplicGrk2 and dopamine receptor desensitization
excitation and neurotransmitter release in variOl{§4) regulation of cellular membrane trafficking
models, such as neuromuscular junction %{nd’neurite outgrowth (10, 11, 12, 16, 43).
Xenopus, pheochromocytoma PC12 cells and the independent regulatory  functions
Calyx of Held (25, 30, 33, 44, 35). The role ofanorted above could be participating in a major

NCS-1 in cellular transmission seems to involvgqaptative process controlled by NCS-1 activity.
a complex and dynamic system. Depending on gor example, studies in  humans and monkeys
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have suggested a possible participation of NCSanmtibody were purchased from Molecular Probes-togin

in the adaptative response related to braffyA"USA). NaCl, KCI, CaGl HEPES, glucose, MgSO
disorders includin retardation s ndromeatroplne, MOPS (3-morpholinopropane-1-sulfonic #cid
’ g9 y EGTA (glycol-bis(2-aminoethylether)-N,N,N',N'-tetreetic

schizophrenia, and bipolar disorder (2, 5, 18, 413¢id) and EDTA (2-[2-(Bis(carboxymethyl)amino)ethyl-
Increased levels of NCS-1 have beeftarboxymethyl)amino]acetic acid) were purchaseomfr

independently reported in Samp|es from twélerck (Darmstadt, Germany); TRANSFAST™ were from
brain bank collections of postmortem prefronta{E'romeg"’1 Corporation (OR-USA). CCH, BAPTA-AM,

. . . 73122 and Indo1-AMB-NADP (B-nicotinamide adenine
cortex from schizophrenic patients (2, 18)dinucleotide phosphate-sodium salt), L-glutamic

Additionally, immunohistochemical experimentsgehidrogenase and L-glutamic acid, Nonidet P/40,
in Rhesus monkeysMacaca mulatta have pyrophosphate sodium fluoride B-glycerophosphate,
shown that NCS-1 and D2 receptor co-localize abenylmethylsulfonyl fluoride, benzamidine and &pfin

. were obtained from Sigma (MO-USA). Pluronic F127,
ultrastructural level in the prefrontal cortex (27)sodium orthovanadate gand (G418 wgre obtained from

Reported data that CorrOborat? this evidene&, hiochem-Novabiochem Corporation (CA-USA). Mouse
showed that NCS-1 overexpression in PC12 celsonoclonal antibody against actin was purchasedhn fro
potentiates neurosecretion of dense-core granulegmicon-Millipore (MA-USA). Goat polyclonal primary
and changes dopaminergic D2 receptors plasrgiPody against muscarinic receptor type 1 (M1R a

. T bbit polyclonal primary antibody anti-PL&were
memb“’?‘ne ('axpress!on' by'|nh|b|t|ng D2 receptdpﬁnchased from Santa Cruz Biotechnology (CA-USA).
desensitization, indicating that NCS-1

overexpression  could  potentiate  signatell culture
transduction dependent on dopaminergic  Wild type PC12 cells (PC12-wt) and PC12 cells stably

; erexpressing NCS-1 (PC12-NCS-1) were kindly pravide
pathway (2, 14, 31). Furthermore, it was reportegﬁ/y Dr. A. Jeromin (Center for Learning and Memory,

pOtent'ated . exocytosis In PC_12 . CellsUniversity of Texas at Austin, Austin, TX, USA). BRZ
overexpressing NCS-1 after activation 0fCs-1 exhibited a 3-fold increase in NCS-1 expressisn
purinergic signaling (28). These results, togeth@pmpared to PC12-wt, as previously described (19}h Bo
with evidence demonstrating NCS-1 role iPC12-wt and PC12-NCS-1 were maintained in high glaco

. . . © e DMEM supplemented with 1% penicillin/streptomycin
increasing PIP production by activation of P/S), 5% fetal bovine serum (FBS) and 5% horsenseru

Pl4K-type Il (19, 51), lead to the hypothesis thalis). The medium was changed every 2 days, and cell
NCS-1 behaves as a molecular key of signalingere moved to a new flask every week. In orderetcuse

adaptation dependent on G protein receptol£S-1 stable overexpression, PC12-NCS-1 cells were
activation. However, the intracellular maintained in growth medium supplemented with

mechanisms of NCS-1 overexpression jfoMg/mL G418 (19).

cholinergic signaling remain unclear. In thiss, ., EGFP plasmid transient transfection
context, our general objective is to understand  For perfusion experiments, PC12-wt and PC12-NCS-1
the role of NCS-1 overexpression in intracellulagells were plated (1 x f@ells) onto 22 mneoverslipsand

adaptative response related to muscarin erentiated for 7 days with 100 ng/mL of NGF-ifghigh
P P ucose DMEM supplemented with 2.5% FBS, 2.5% HS

activation. In particular, we are interested ifod o, pis. For PC12.NGS-1 cells, the differentiatio
understanding the role of NCS-1 overexpressiQfedium was supplemented with 4@@/mL G418. The

in cholinergic-signaling modulation using adifferentiated cells were transiently transfectethviug of
neuroendocrine PC12 cell model. We found th&tHs.cs:.EGFP plasmid kindly provided by Dr. A. Jeromin
NCS-1  overexpression in PC12 cell@nd constructed as previously described (45, 46).

. g . . Transfection was mediated by the liposome methsihgu
significantly increased PP hydrolysis/Insg TRANSFAST™ reagent onycoversﬁip in high glugose

production,  intracellular Ca levels, and 'DMEM without serum and P/S. Fluorescence microscopy
glutamate release induced by CCH, suggestirgperiments were performed 48h after transfection.
the participation of NCS-1 in adaptative response

of muscarinic signal transmission. Perfusion procedures
A coverslip containing the transfected cells wasdus

as the base for an open #00bath superfusion chamber.
Cells were perfused by means of a valve attached to

MATERIALS AND METHODS chambered superfusion reservoir with continuousidam
flux of 3.0mL/min. After perfusing KRH medium for 3-

Reagents minutes, cells were stimulated with 300 CCH diluted in

DMEM high glucose, penicillin/streptomycin (P/S), KRH in the presence of 2.0mM CaCl
horse serum (HS), fetal bovine serum (FBS), and enerv ] )
growth factor-7S (NGF) were from Gibco-Invitrogen PHpLcsr EGFP fluorescence imaging
Corporation (CA-USA); HRP-coupled goat anti-rabbit Experiments were performed at room temperature (20-
secondary antibody, HRP-conjugated anti-goat seecgnda25°C). The chamber was mounted onto the stage of an
antibody, and HRP-coupled goat anti-mouse secondaiyverted microscope (Zeiss Axiovert 100) with a evat
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immersion objective (40x, 1.2 NA), coupled to a Blad (PLC{) detection, the membrane was subject to the same
MRC 1024 laser scanning confocal system running thgrotocol except for the rabbit polyclonal primamtiaody
software Timecourse 1.0. Confocal laser images weenti-PLC{ at concentration of 1:500 and HRP-coupled goat
recorded at a rate of 1Hz. Cells transfected withy Bft  anti-rabbit secondary antibody at concentratiof:26,000.
EGFP were imaged by excitation at 488nm of an atgser

line, and the emission signal was detected witl22/3  Glutamate release and measurement

bandpass filter. Differentiated PC12-NCS-1 and PC12-wt cells plated
A region of interest (ROI) in the cytoplasm was etddd for  in 60mm culture dishes were incubated with agorists
each cell and the average pixel intensity insi@eRIDlI was drugs during 15 min. at 3 in atmosphere containing 5%
registered in order to collect a time series obfeascence CQ,. CCH (30QuM) and CCH plus atropine (10uM) were
variations during the experiment. Rldy; was expressed as prepared in KRH containing 2.0mM CaCITo test the
the ratio of fluorescence intensity of EGFP to limee effects of extracellular G4 on glutamate release, CCH
(fluorescence expressed in %). This self-ratio wettfr/F;)  (300uM) was prepared in KRH containing 2.0mM EGTA.
was used to correct factors such as dye concerati To test glutamate release dependence on intramellul
excitation intensity, and detector efficien®ifferences are Ca* PC12-wt and PC12-NCS-1, cells were pre-incubated
considered significant ifp < 0.05 using an unpaired for 20 min. with BAPTA-AM (2@M) in KRH containing
Student’d test, and all values are displayed as m&&M. 2.0mM CaCj. Then, both PC12 cells were stimulated with
Background fluorescence was automatically subtreftted  CCH (30uM) in KRH containing 2.0mM EGTA.

all measurements. Each experiment was carried out i Glutamate released was detected by measuring the

duplicate or triplicate, on at least four sepadatgs. increase in fluorescence resultant from productioh
NADPH in the presence of NADP and glutamate

Intracellular C&* single cell fluorescence detection dehydrogenase, using a fluorimetric assay method as

Differentiated PC12 cells on glass coverslips wergespectively described and modified for this pressndy
incubated at room temperature for 45 min. withul0 (28, 32). In brief, supernatant (2.0mL) containgigtamate
Indo1-AM and 1% pluronic F127 followed by an adulithl released from PC12 cells was added to a curvet and

15 min. in dye-free media for desesterification. incubated with NADP (1.0mM) and 50 units of glutaena
Loaded cells were imaged by excitation with a 35mgon  dehydrogenase (EC1.4.1.3.). Fluorescence at 3600m#5
laser line and resulting emission at 405 and 46Qvere  (excitation/emission) was measured

separated and simultaneously collected through ipass (spectrophotofluorimeter Photon Technology Inteiovat],
filters using two separate photomultipliers. Théoramage Canada). After stabilization of the fluorescencenaicat a
(FAO5/F460) was automatically generated by thewso# plateau level, 5 nmol of glutamate was added astemal
and recorded on a microcomputer. Fluorescence sratigtandard. Data was expressed as nmol of glutamate p
(R=F405/F485) inside the cytosolic ROl were used teniligram of protein. Differences were considered
calculate free [Calaccording to the equation (9): [Ca]Ky  significant at p<0.05 using non-paired Studentiest-

* BI(R-Rmin)/(Rmax —R)], using eithemn vitro K4 of 250nM.  (Sigma-Stat, Jandel Corporation).

The B value (ratio of the free/bound Indo-1 fluoresceate

485nm) was approximately 3.0. Each experiment was RESULTS

repeated in triplicate, on at least four separagsdOnly

data from responsive cells was submitted for aealyend

statistical study. It has_ been known tha_t NCS-l
overexpression modulates dopaminergic and
Western blot analysis purinergic signaling in PC12 cells (3, 19, 35, 51).

Total cellular protein was extracted by incubating, ; ;
. . . - on can
PC12-wt and PC12-NCS-1 cells during D@4in lysis e hypothesize that NCS-1 overexpressi

buffer (MOPS pH:7.0, 2.0mM EGTA, 50mM EDTA, &lso modulate cholinergic signaling in this PC12
30mM sodium fluoride, 40mMB-glycerophosphate, 20mm Cell model. Evidence from the literature shows
pyrophosphate, 1.0mM sodium orthovanadate, 1.0mhat PC12 cells could release glutamate and
phenylmethylsulfonyl fluoride, 3.0mM benzamidinduM  differentiated PC12 cells have been extensively

leupeptin, 0.5% Nonidet P-40) followed by 20 mifQ4 \,saq a5 ajn vitro model for neurotoxicity and
centrifugation at 14,000 rpm. Total cellular pratepresent

in supernatants of PC12-wt and PC12-NCS-1 cells wer@eumdegenerat've studies (6, 29, 37, 39, 50).
quantified by Bradford staining method. ProteinT herefore, we tested whether glutamate release

homogenates (@) of PC12-wt and PC12-NCS-1 weredependent on cholinergic activation was altered
fractionated in 10% SDS-PAGE and transferred ontfhy PC12-NCS-1, as compared to PC12-wt. For

nitrocellulose  membranes  (Hybond-ECL, AmershanihiS purpose, PC12-wt and PC12-NCS-1 cells
Biosciences, Germany). Membranes were incubated for !

at room temperature in phosphate-buffered saliresjp Were stimulated for 15 min with 30M C(?H,
with 5% non-fat milk, containing goat polyclonalipary and tested for glutamate released in the
antibody against muscarinic receptor type 1 (M1RYl anextracellular fluid. Our results showed that
mouse monoclonal antibody against actin, at coraBots  cqlinergic activation of both PC12-NCS-1 and
of 1:100 and 1:3,000, respectively. Binding of priyna PC12-wt cells leads to an increase in glutamate
antibodies was detected by incubating membranemglur g

1.0 h. at room temperature in PBS containing 1@88P- release. Importantly, PC12-NCS-1 showed
conjugated anti-goat secondary antibody and 1:7/0RE- greater amounts of glutamate release as
CO“J'UQatfed goat f?‘tfr‘]“'moﬁse_lsec_o”dary a”“é)g‘lj_yl-gf’etet compared to PC12-wt cells (15.3+t1.0 and
was performed with a chemiluminescence -kit syste g o . . .
(Amersham Biosciences, Germany). For phospholipaBe C8'3‘0'9 nmol/mg of protein, respectivefig. 1).

1140
Copyright© 2009C.M.B. Edition



GUIMARAES M.M. et al.

In order to assess whether glutamate releasdease was not significantly inhibited by
induced by CCH is dependent on extracellulatropine, as compared to glutamate release
and intracellular C4, PC12-wt and PC12-NCS-1linduced by CCH alone (6.2+0.1 and
cells were stimulated in the presence of eith&.2+0.9nmol/mg of protein, respectivelylig.
2.0mM EGTA or 1M BAPTA-AM plus 1). On the other hand, glutamate release was
2.0mM EGTA. In the absence of extracellulamore strongly inhibited by atropine in PC12-
C&* (CCH + EGTA), glutamate release inducedNCS-1 than in PCl12-wt cells (4.2+0.3 and
by CCH was reduced, as compared to CCH.2+0.1nmol/mg of protein, respectively). These
without EGTA. However, glutamate release iresults indicate that increase in glutamate release
the presence of EGTA remained significantlgaused by NCS-1 over-expression is mainly due
higher in PC12-NCS-1 cells than in PC12-wto a muscarinic component.

cells (10.1+0.5 and 5.7+0.4nmol/mg of protein, It has been previously suggested that NCS-1
respectively) Fig. 1). In the absence of overexpression could increase the efficiency of
extracellular and intracellular €a (CCH + exocytosis by a mechanism entailing activation
EGTA + BAPTA-AM), CCH-evoked glutamate of PI4KB and consequent increase of PIP
release was abolished in PC12-wt and PC1lproduction (19, 42). To investigate the

o]

induced PH, c5-EGFP translocation to the
cytosol in 88% of PC12-wt cells and 87% of
ATROPINE PC12-NCS-1 cellsTable 1). A complete loss of
Figure 1. Alterations at glutamate release in PCIXNCS- plasma membrane-cytosol fluorescence gradient,
Differentiated PC12 cells were submitted to 5 mifi(3 t | fi ip EGEP to th |
glutamate release assay induced by 8O@CH or 3o@m  ransiocation ol HOCM' 0 the cytosol, .
CCH in the presence of &abuffers or muscarinic Was observed in 67% of PClZ'!\'CS'l Ce”S,_ in
antagonist. Dark and light bars were referent to RBCS- contrast to 17% of PC12-wt. Partial translocation
1 and PC12-wt cells respectively. Grouped_ light aadk  f PHo c5:-EGFP from the plasma membrane to
par of bars are correspondent respectively to bast'arl|e cytosol was observed in 71% of PC12-wt and

conditions of glutamate release, B0 CCH isolated .
stimulus, 30p0M CCH in the presence of 2.0mM EGTA, in 20% of PC12-NCS-1 cellsTable 1). These

20min 1M BAPTA-AM pre treatment followed by results indicate that the level of Rig:-EGFP
300uM CCH stimulation in the presence of 2.0mM EGTAtranslocation in response to CCH stimulation in
and, finally, 30@M CCH in concomitant presence of @  PC12-NCS-1 is higher than in PC12-wt cells.

atropine was represented at the last group of Bdusamate Spatial Fig. 2A) and temporal Rig. 2B)
release was expressed in nmol/mg of protein asgeesf at ) :

least three independent experiments. Statistigaifiance INformation concerning the dynamics of fk:-
was considered as p < 0.05. * basal conditons esetp EGFP stimulated with 3Q@M CCH was
with Stimulllus; ** PC12-wt response Clompared with 5101 analyzedThe temporal analysis of ROI outlined
NCS-1 cells response, *** CCH stimulation comparechwit . . )
experimental conditions (CCH plus EGTA, BAPTA plusIn cytosol Sho""‘?d z.a‘ similar onset for kb,
CCH /EGTA or CCH plus atropine). EGFP translocation in PC12-wt and NCS-1 cells.

However, translocation was slower in wt cells
In order to assess the cholinergic origin ofhan in NCS-1 cells Rig. 2B). The average

the glutamate facilitation release, both PC12-wnembrane/cytosol fluorescence ratio  after
and PC12-NCS-1 cells were stimulated witthaximum translocation of Ritks-EGFP
300uM CCH in the presence of iM atropine, stimulated by CCH (300uM) was 18010 in
which is a muscarinic receptor antagonist. I*C12-wt cells (n=22) and 0.88.07 in PC12-
PC12-wt cells, CCH-stimulated glutamateNCS-1  cells (n=20) f{ < 0.01),

NCS-1 cellsEig. 1). mechanism involved in glutamate release
25 - facilitation by NCS-1 overexpression, we took

‘;3" s advantage of Phlcs;-EGFP domain and confocal

o 20 '._"“,{.‘Qﬁ"iel.s\ time course images to assess the dynamics of

£ e PIP,/Insp; hydrolysis/formation in PC12-wt and

§% 151 PC12-NCS-1 stimulated with 30 CCH. In

hifed 2 undifferentiated PC12-wt and PC12-NCS-1 cells,

%“—E 104 o no translocation of P#les-EGFP from the

2E . 2h plasma membrane to the cytosol was observed

£ B M ' after stimulation with 300M CCH (data not

& —. : [. l shown). In differentiated cells, 3™ CCH

Control CCH EGTA

BAPTA
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Table 1.Percentage of cells exhibiting distinct patterPbk, c5;-EGFP localization after stimulation of the cellghw
300uM CCH.

PHpLoe;]_-EGFP PHpLoe;]_-EGFP in the Cyt050| PHch51-EG FP
PC12 cells . .
in the cytosol and membrane in the membraneg
WT 17% (17 cells) 71% (70 cells) 12% (11 cells)
NCS-1 67% (50 cells) 20% (15 cells) 13% (10 gells

the predominance of Rbs;-EGFP cytosolic To confirm that PH_c5-EGFP translocation
accumulation in the latter compared to the formestimulated by CCH was due to muscarinic
(Fig. 20). activation, cells were perfused with 300 CCH
. in the presence of U®/ atropine, a non-specific
muscarinic receptor antagonist. When
translocation of PHc5-EGFP induced by CCH
achieved a plateau, cells were perfused with
10uM atropine in the presence of 300 CCH
(Fig. 3). In both PC12-NCS-1 and PC12-wt cells,
the PH c5:-EGFP domain returned to the plasma
membrane, with consequent reduction of
cytosolic fluorescenceF{g. 3), which indicates
that CCH effects on phosphoinositide dynamics
in PC12-wt and PC12-NCS-1 cells were induced
B - N by muscarinic activation. Western blot analyses
showed muscarinic receptor type 1 protein
expression in both PC12-wt and PC12-NCS-1
cells Fig. 3, inse}. This muscarinic receptor
could be correlated with activation of breakdown
R e e of phosphoinositides, production of InsRand
regulation of intracellular Gadynamics.
In order to prove the participation of PLC in

I the increase of Pides:-EGFP translocation

C)

observed in NCS-1 cells, a selective inhibitor of
PLC, U73122 (1QM) was added to the
incubation medium prior and during stimulation
i ot wihCasao of cells with 30@uM CCH. In both PC12-wt and
PC12-NCS1 cells, Pils:i-EGFP translocation

Figure 2. Distinct dynamic of PHp c5n-EGFP after ; ; S hii ;
carbachol stimulation in PC12-wt and PC12-NCS-1 chi. was |mpa|red by the PLC inhibitor, as shown in

PC12 cells transfecteansiently withPHe s-EGFP were Fi9- 4 _Maxir_num PH_c51i-EGFP translocation
submitted to 300M carbachol stimulation in HBS solution after stimulation of PC12-NCS-1 and PC12-wt
with 2.0mM C&". A: Spatial alterations at Rits-EGFP  cells with 30QuM CCH in the presence of i1
distribution before (upper) and aftdower) stimulation of |J73122 was respectively 314.6+34.8 n=11;

cells with 30QuM carbachol. Distinct patterns can be + 0 — <
observed at PC12-wt (left) and PC12-NCS-1 transﬂecte221’0_16'4 % of basal fluorescence (n=21, p

With PHe_s-EGFP (right). Scale bar: 20urB: Temporal 0-01). These results suggest that facilitation of
analyses of PHc;-EGFP dynamics collected in a definedPHpcsi-EGFP  translocation  induced by
ROI in cell cytosol. Each line corresponds to isedatell. muscarinic activation in PC12-NCS-1 cells might
C: ratio of cytosolic Pl c5-EGFP fluorescence intensity he associated to pathways regulated by PLC. The

(in AlU.) at membrane and cytosol of PC12 cells at . . . )
maximum response to 3@P® carbachol stimulation. alnset _(Flg. 4 is .a W.eStem blot showing PLE
Statistical analysis performed by-student test was Protein expression in both PCI12-wt and PC12-
considered significant for p < 0.05. NCS-1 cells. Moreover, immunofluorescence

experiments determined PLEexpression in
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Figure 3. PHs c5-EGFP translocation induced by carbachol is dependeron muscarinic signaling activation both at
PC12-wt and PC12-NCS-1 cells.

PC12 cells transfectadansiently withPHp_c5,-EGFP were submitted to 3@ carbachol stimulation followed by infusion
of 10uM atropine in continuously presence of 880 carbachol (both diluted in HBS solution with 2.0nB4f"). Curves
indicate temporal analyses of Rid;-EGFP dynamics collected in a defined ROI in celiosgl. Each line represents
isolated cell and, at least, three independentranpats were performed. The inset shows westerhdmalysis of the
expression of muscarinic receptor MR-1 (upper bpadd actin (lower bands) at PC12-NCS-1 and PC1Ziid.c

00 1 400 -

Wild Type MCS-1 el
[1] o e |
o =] B 2 20
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Figure 4. Participation of PLCB on PHp c5-EGFP translocation at PC12-wt and PC12-NCS-1 cells.

PC12 cells transiently transfected with 22&;-EGFP were pre incubated for 30 min937with 1QuM U73122, a selective
PLC inhibitor, in HBS solution containing 2.0mM ¥aThe cells were stimulated with 30 carbachol in continuous
infusion 1uM U73122. Curves indicate temporal analysis ofpRkl-EGFP translocation before and after carbachol
stimulation in the presence of M U73122. The curves indicate average values (mtaisM.) of PH c5-EGFP
fluorescence intensity in a selected cytosolicardin % of baseline) from at least 3 separate x@ats. The inset shows
western-blot analysis of the expression of H.@tboth PC12-wt and PC12-NCS-1 cells.
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both PC12-wt and PC12-NCS-1 (data noPC12-NCS-1 66863% of baseline cytosolic
shown). fluorescence) was much higher than in cells
To determine whether facilitation oftreated with 2APB (PC12-wt 2324% and
PHeLcsi-EGFP translocation observed in NCS-PC12-NCS-1 25£43% of baseline cytosolic
cells was dependent on extracellula®@aflux, fluorescence). These results indicate that*Ca
both control and NCS-1 PC12 cellsintracellular stores sensible to 2APB can be an
overexpressing Pidcsi-EGFP were stimulated important contributor to the enhancement of
with 30QuM CCH in the presence of 2.0mMPH, 5-EGFP translocation observed in NCS-1
EGTA. Under these conditions, translocation ofells.
PHo c5:-EGFP was not affected in either cell type  To confirm whether Ca influx and [C&;
(Fig. 5A). Maximal cytosolic translocation of could be altered in PC12-NCS-1 compared to
PHs c5-EGFP was significantly higher in PC12-PC12-wt cells, we measured temporal changes in
NCS-1 than in PC12-wt cells (5995%0.45 % CCH induced [C&]; in cells loaded with indo-1.

and 467.0887.00 % of basal fluorescenceDistinct profiles of intracellular C4A dynamics
respectively), indicating that external Tinflux ~ Were observed among PC12-wt and PC12-NCS-1

might not be essential for triggering theStifﬂUlated with CCH. PC12-wt cells exhibited an

facilitation of InsR formation in PC12-NCS-1 increase in [CH]; that was sustained during CCH

cells Fig. 5A). perfusion Fig. 6A, left graph). However, PC12-
The requirement of intracellular Efa NCS-1 cells exhibited a rapid and transient

increase to produce translocation of sRii- increase in [CH], (Fig. 6A, right graph).
EGFP was tested by loading PC12-wt and Pc1Maximum [C&"; increase was _significantly
NCS-1 cells with 1AM BAPTA-AM, for 20 higher in NCS-1 PC12 than in PC12-wt cells

min./37C. Both PC12-wt (n=14) and pC12-(766.4+40.0 and 687.9+37.1 nM respectively,

NCS-1 cells (n=7) loaded with BAPTA-AM P<0.05) Fig. 6B). This faster and greater
exhibited an attenuated translocation of.Rgf- '"creasein [CH]; observed in PC12-NCS-1 cells

EGFP from the plasma membrane to the cytosBlight be correlated with facilitation of Brs-
following 30QuM CCH stimulation Eig. 5B), EGFP translocation. The increase in intracellular

indicating, in this case, the dependence O?]Hchal_EGFP transloc_ation and intracellular®€a
cytosolic C&" increase from intracellular dynamics observed in PC12-NCS-1 cells upon

compartments. These results highlight thg:CH stimulation indicate a facilitation in
relevance of PIPInsP; dynamics for glutamate Production of secondary mesés+enger_§ via, PIP
release facilitation observed in PC12-NCS-fleavage, generating Insnd Ca” mobilization

cells. since both mechanisms are independé(ﬁ?m intracellular stores, which can be correlated
from’ external, but dependent on internal?cato the facilitation of glutamate release observed

(Fig. 1). in this cell modelKig. 1).
Johenning et al., (2002) (13) demonstrated
that InsR receptors (Ins§R) subtypes | and i, DISCUSSION

but not type Il, are expressed in PC12 cells _
differentiated for 7 days with 100ng/mL NGF.  The vast number of reports showing the
Previous results demonstrated that spvide range of cellular functions regulated by
production stimulated by UTP induces higheNCS-1 and the participation of NCS-1 in
intracellular CA" mobilization from stores in different neurotransmitter systems demonstrates
PC12 cells overexpressing NCS-1 than in contr§t€ importance of NCS-1 for understanding the
cells (19). In order to confirm the contribution ofPathophysiology ~ of ~ many  neuropsychiatry
ca&* from intracellular sources, cells were predisorders. In this work, our objective was to
treated for 20 min. with 100M 2APB, which is €xamine the role of NCS-1 overexpression in
an unspecific inhibitor of G4 release from cholinergic signaling, using a neuroendocrine
intracellular stores (26). Imaging time serie§C12 cell model. To achieve this objective, we
showed that100uM 2APB reduced Phics- took advantagg of specific fluqrescerit probes that
EGEP translocation in both PC12-wt and Pc1A&llows examining the dynamics of intracellular
NCS-1 cells stimulated with 30 CCH (Fig. messengers. .In§Ppr(')d'uction was researched
5C). As shown inFig. 5 maximum cytosolic trough the high affinity InsPprobe, Phcs-

PHoLc5-EGFP fluorescence induced by CCH iriEGFP; changes in €alevels and profile were

analyzed through the €aspecific Indo probe.
the absence of 2APB (PC12-wt 38Y%, and Our results demonstrated that PC12-NCS-1 cells
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Figure 5. Contribution of extra/intracellular Ca?* levels and 2APB-sensitive intracellular C&# stores to carbachol
induced alterations in translocation of PH c5-EGFP.

A: PC12-wt and PC12-NCS-1 cells transiently expresBihb c5:-EGFP were perfused with HBS solution in the presenc
of 2.0mM EGTA. The cells were then submitted tenstiation with 30QtM carbachol plus 2.0mM EGTAB: Transiently
PHp c51-EGFP transfected PC12-wt and PC12-NCS-1 cells prebated with 10M BAPTA-AM (20min/37°C) were
submitted to 300M carbachol stimulation in the presence of 2.0mMIMBGC: PC12-wt and PC12-NCS-1 cells transiently
transfected with PH|c5-EGFP were pre incubated (20 minJ3Y with 10uM 2APB in HBS solution containing 2.0mM
C&" and stimulated with 3QM carbachol in the presence of 100 2APB. Time course curves indicate average values
(meansS.E.M.) of PH cs5-EGFP fluorescence intensity in a selected cytos@gion (in % of baseline) from at least 3
separate experiments.
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Figure 6. Temporal dynamics of intracellular C&* concentration at PC12-wt and PC12-NCS-1 cells aftearbachol
stimulation.

The cells were pre loaded with i Indo1-AM for 45min, 15 min to allow deesterifigah and then stimulated with
30QuM carbachol A: Distinct temporal patterns were identified at P@&2and PC12-NCS-1 cells after 30 carbachol
stimulation in the presence of 2.0mM%Cat extracellular HBS solution. The results wereresged as the average curve of
PC12-wt (n: 115) and PC12-NCS-1 (n: 142) responsilis from, at least, 5 separate experimeBtsshows the average
(meartS.E.M.) of maximum intracellular aconcentration (in nM) observed after carbachahstition at PC12-wt e
PC12-NCS-1 cellsStatistical significance was considered for p $50.0

stimulated with CCH exhibited a higher level ofurther confirm the role of NCS-1 in the
InsP; production and [C4d]; peak, as compared mechanism of PP breakdown and InsP
to PC12-wt.In vitro studies in COS-7 and PC12production by using individual live cell
cells overexpressing NCS-1 have shown a direffiorescence imaging. PC12-NCS-1  cells
interaction between NCS-1 andexhibited increased levels of InsProduction
phosphatidilinositol 4-kinasp- (P14KB) (3, 10, following CCH stimulation, since these cells
31, 42). Furthermore, increased levels dbresented higher levels of Blids-EGFP
radioactive  {H]-InsP; in PC12 stable translocation to the cytosol.

overexpressing NCS-1 in response of @0 The most relevant mechanism of NCS-1
UTP stimulation have been reported (19). Thiterference in cellular function is its capacity t
goal of our studies was to associate the webotentiate evoked exocytosis of dopamine
documented effects of NCS-1 onmediated by purinergic agonists, such as ATP or
PI4Kp activation and InsP production with UTP (19, 25). In our studies, we examined
activation of muscarinic receptors. Our result&hether muscarinic activation of PC12-NCS-1
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cells could be related to increased levels ddCS-1, in contrast to PC12-wt cells, can
glutamate release. The release afontribute to the distinct intracellular €a
neurotransmitters, including dopamine angrofiles exhibited by these cells. It is possible
glutamate, has been implicated irthat the [C&]; decay observed in PC12-wt can
hypoxia/ischemia-induced alterations in neurondlave a component dependent on activation of
function and in subsequent tissue damage. PCihotinic receptor. The small but significant
cells have been extensively used as @CH-stimulated increase in intracellular “Ca
dopaminergic model to study cell toxicity and itdevels in PC12-NCS-1 cells, as compared to
implications in neurodegenerative processeRC12-wt cells, suggests that facilitation of InsP
Furthermore, differentiated PC12 cells have begmwoduction in PC12-NCS-1 can be responsible
used as anin vitro model to investigate for the higher peak of [G§i. However, the most
neurotoxicity and oxidative stress induced byemarkable difference at the intracellular®Ca
glutamate (7, 24, 38, 50). Moreover, glutamate jgrofile following CCH-stimulation was the rapid
important to induce dopamine secretion frondecay of [C&]; observed in PC12-NCS-1, as
PC12 cells, suggesting that an integrative circutbompared to the slow decay typical of PC12-wt.
of glutamate and dopamine signaling might playhe participation of NCS-1 in facilitation of P/Q-
a role in the modulatory mechanisms of cellulalype C&* currents in calyx of the Held synapse
toxicity (20). PC12 cells express metabotropiand non-L type C& channels in adrenal
glutamatergic receptor type 1 (mGIluR1) and thehromaffin cells has been reported (40, 49).
differentiation of these cells with NGF induceHowever, it has also been shown that NCS-1 is
expression of functional NMDA receptors (15jmplied in the inhibition of P/Q-type channels via
17, 21, 22). We showed for the first time her&-protein-coupled receptors (48, 49). Moreover,
that CCH induced glutamate release byther C&" channel types are also affected by
differentiated PC12 cell. Furthermore, PC12NCS-1, which leads to inhibition of N- and L-
NCS-1 cells released higher levels of glutamatgpe C&" currents (34). Based on these results, it
as compared to PC12-wti¢f- 1). Interestingly, is possible that the rapid decay of intracellular
although atropine significantly blocked glutamat&€a* concentration observed only in PC12-NCS-
release in PC12-NCS-1 cells, it did not block stimulated with CCH results from inhibition of
CCH-stimulated glutamate release in PC12-wE&" channels dependent on NCS-1 action.
cells. These data indicate that NCS-Furthermore, it is important to take in
overexpression facilitates glutamate releasmnsideration that CCH could also lead to
preferentially through a muscarinic signalindgncreased expression of P/Q typ& Qzhannel$
pathway. It is possible that cells overexpressingubunit, which also contributes to inhibition of
NCS-1 are able to respond faster to many typgtasma membrane €a channels, thus
of GPCR stimulation. Based on our results asontributing to transmitter release regulation and
well as on reported data (3, 4, 12, 16, 36, 48, 48hort-term synaptic plasticity (23, 40, 53).

51), cells that stably overexpress NCS-1 can Although no clinical or experimental
integrate different molecular components of thevidence has yet correlated NCS-1
GPCR system, regulating plasma membran@ Caverexpression to  cholinergic  alteration,
channels, facilitating IngPreceptor activation, experimental results have established a
regulating PI4K activity, increasing PHIP correlation between NCS-1 overexpression and
plasma membrane levels, and alteringeuropsychiatric disorders. More specifically,
mobilization of the releasable pool of vesiclepublished studies usingpostmortem samples
and its fusion to the plasma membrane. Wkeom either schizophrenic or bipolar patients
propose here, that overexpression of NCS-1 tmave demonstrated the association of NCS-1
PC12 cells leads to an augmentation afverexpression to these neuropsychiatric
muscarinic signaling, inducing increased leveldisorders.  Immunohistochemistry  analyses
of InsR, production and intracellular €alevels, showed high levels of NCS-1 protein in the
leading to an increase in glutamate release. Theefrontal cortices of these patients (2, 18).
significant blockage of glutamate release inducddterestingly, it was also reported that NCS-1
by atropine observed in PC12-NCS-1 cells, bygarticipates in associative memory and learning
not in PC12-wt cells, suggests a major role fdn Caenorhabditis elegans and in the
NCS-1 overexpression in muscarinic pathwagnhancement of short-term plasticity in synapses
potentiation. of hippocampus primary culture (1, 8, 23, 40).
The prevalence of muscarinic response in PC1Zegether, the data reported above reinforce the
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need of further research of NCS-1 adaptativ@myloid complexes, amyloid25-35 fragment, glutamate

response in cholineragic signalin since thigydrogen peroxidel Neurosci Red.999,1556(6):620-31.
p 9 9 9, Froissard, P., Duval, D., Cytotoxic effects of ghte

pathway has great impact on the regulation Qf;q oy pc12 celltNeurochem In994 24(5):485-93.

learning and memory. 8. Gomez, M., De Castro, E., Guarin, E., Sasakura, H.
In conclusion, the results presented hernguhara, A., Mori, I., Bartfai, T., Bargmann, C.I., Né?.,

suggest that the association of NCS-1 arfep2+ signaling via the neuronal calcium sensor-Llletgs

. : : : : _sassociative learning and memory in C. elegaNsuron
muscarinic/GPCR signaling is crucial for NCS 001, 30:241-248.

modulation of ceIIuIa'lr function. We found that_g_ Grynkiewicz, G., Poenie, M., Tsien, R.Y., A new
NCS-1 overexpression led to an increase ieneration of Ca2+ indicators with greatly improved
CCH-stimulated glutamate release in  @#uorescence propertiesl. Biol. Chem.1985, 260:3440-
mechanism  that is  atropine-sensitive34°0-

. 10.Haynes, L.P., Sherwood, M.W., Dolman, N.J.,
Furthermore, NCS-1 also led to an increase 'éhrgoyne, R.D., Specificity, promiscuity and locatiea of

Insk;  formation and [Cﬁ], upon CCH ARF ~ protein interactions with NCS-1  and
stimulation. We propose that this increase iphosphatidylinositol-4 kinase-IIl betdraffic 2007,8:1080-

production of secondary messengers is correlaté@pf2.
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