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ABSTRACT

The big Ca*"-activated K" (BK) channel has a role
in regulating cell viability and survival in a
variety of cells. The effects of drugs targeting the
BK channels in neuronal and smooth muscle
tissues in the human SH-SYS5Y cell and mouse
Neuro2A undifferentiated neuroblastoma cells have
never been investigated. The expression/activity
of BK channel subunits and the effects of the BK
channel openers: acetazolamide (ACTZ) (107 - 2 x
10* M), resveratrol (RESV) (107 - 2 x 10™* M),
dichlorphenamide (DCP) (107% - 2 x 10™ M),
bendroflumethiazide (BFT) (10”- 10™ M) and riluzole
(RIL) (10 - 10* M) were evaluated by real time-
polymerase chain reaction (RT-PCR)/patch-clamp
experiments in SH-SYSY cells and Neuro2a. Cell
proliferation was evaluated by cell-dehydrogenase
activity (CCKS8-assay), cell impedentiometric
(Scepter-counter) and clonogenic assays. An elevated
expression/activity of the hslo1-BK channel subunit
was observed in the SH-SY5Y, while a low
expression/activity of this subunit was found in
the Neuro2a. Tetracthylammonium (TEA) (1 - 5 x
107) and iberiotoxin (IbTX) (107 - 6 x 107 M)
caused a marked inhibition of the whole-cell
K'-currents in SH-SY5Y. A mild inhibition of the
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K'-currents was found in Neuro2a with these
compounds. The application of ACTZ, DCP,
RESV and BFT to the patches failed to activate
the K'-currents but rather reduced it. The rank
order of efficacy of the drugs as K'-current inhibitors
at +30 mV (Vm) was: TEA > RESV > IbTX >
DCP > ACTZ > BFT. RESV and IbTX irreversibly
reduced the K'-currents and the cell number in the
enzymatic, clonogenic and impedentiometric assays
with RESV being more effective than IbTX. TEA
reversibly reduced the K'-currents without affecting
cell proliferation. Whereas, RIL potentiated the
BK current and reduced -cell-dehydrogenases
activity with no changes in the cell morphology
and number. The observed irreversible BK
channel-blocking action exerted by RESV and
IbTX can be associated with anti-proliferative
effects in cells overexpressing hslo1-BK channel
subunit. This can be an additional mechanism
contributing to the cytotoxic action of RESV in
SH-SYS5Y cells.

KEYWORDS: cell number, voltage-dependent
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Kv :  voltage-dependent potassium
channels

BK :  big conductance calcium-
activated potassium channels

SK : small conductance calcium-

activated potassium channels

CDA cell dehydrogenases activity
4-AP 4-aminopyridine

TEA :  tetraethylammonium

MS :  multiple sclerosis

ASL : amyotrophic lateral sclerosis
RIL : riluzole

ACTZ acetazolamide

RESV resveratrol

DCP dichlorphenamide

BFT bendroflumethiazide
DMSO dimethyl sulfoxide

INTRODUCTION

The big calcium-activated K™ (BK) channels play
a role in the basic cellular processes such as
electrical excitability of cell membrane, thereby
regulating smooth muscle tone, skeletal muscle
plasticity, K* ion levels, neurotransmitter release
and cell proliferation [1-9].

The BK channel openers are small synthetic
compounds, natural compounds and marketed
drugs showing a variety of actions in smooth
muscle, neuronal and skeletal muscle tissues
[10-15]. Acetazolamide, riluzole and resveratrol
show neuroprotective effects in animal model of
diseases as well as in human patients. These drugs
are also capable of opening the BK channels at
therapeutic concentrations in different tissues
including neurons. Acetazolamide is a pan-
carbonic anhydrase inhibitor successfully used in
the treatment of periodic paralysis, ataxia and
in some forms of epilepsy [16-19]. Riluzole is
prescribed in the treatment of the multiple
sclerosis and amyotrophic lateral sclerosis. This
drug acts by opening the small conductance K"
(SK) channel and BK channel, blocking the
voltage-dependent Na® and N/P/Q-type Ca*"
channels, inhibiting glutamatergic signalling and
protein kinase C activity [20-23]. Resveratrol
exerts cytoprotection against neurodegeneration
through a variety of transducer molecules and ion
channels including BK channels in neurons and
vascular smooth muscle cells [24-26].

In addition, acetazolamide, riluzole and resveratrol
may show anti-proliferative actions in some
cancerous cells. Acetazolamide for instance inhibits
the CAIX in hypoxic tumour with a change in the
intra/extra cellular H" concentration slowing down
the tumour progression [27]. Acetazolamide has
been tested with some efficacy in many tumors
like bronchial carcinoid, renal carcinoma cells,
breast cancer cells, colon cancer cells, bladder
cancer, glioblastoma, and gastric carcinoma [28].
Anti-proliferative effects were also observed with
riluzole in melanoma as well as in other cancers
associated with glutamatergic oncogenes [29].
Resveratrol affects cell growth, apoptosis,
angiogenesis and invasion through a variety of
death signalling cascades [30]. This drug of natural
origin showed some efficacy in vivo on breast,
colorectal, liver, pancreatic, and prostate cancers
[31]. Emerging evidence suggests that resveratrol
may also exert cytotoxic action in neuroblastoma
cells down-regulating the AKT signalling in the
micromolar concentration range [32].

Despite their neurological and anti-proliferative
effects, no data are available on the effects of
acetazolamide and riluzole on neuroblastoma
cells; furthermore the role of BK channel in the
anti-proliferative effects of resveratrol has never
been investigated.

In the present work, the expression/activity of the
BK channel and response to drugs were evaluated
by RT-PCR and patch-clamp experiments in
the human SH-SY5Y and mouse Neuro2A
neuroblastoma cells. The effects of acetazolamide
and its  structurally related  analogues
dichlorphenamide and bendroflumethiazide, and
the effects of resveratrol and riluzole on cell
proliferation were investigated in the neuroblastoma
cells using the impedentiometric based assay
which is an index of ion channel activity and
electrogenic transporters [8]. The drug effects on
cell-mitochondrial dehydrogenases activity (CDA)
and on the clone formation were evaluated by
enzymatic colorimetric and clonogenic assays,
respectively.

MATERIALS AND METHODS

Drugs and solutions

In whole-cell patch-clamp experiments, the
pipette (intracellular) solution contained (107 M):
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132 K'-glutamate, 1 ethylene glycol-bis (B-
aminoethylether)-N, N, N, N-tetraacetic acid
(EGTA), 10 NaCl, 2 MgCl,, 10 HEPES, 1 Na,ATP,
and 0.3 Na,GDP, pH = 7.2 with KOH. The bath
(extracellular) solution contained (107 M): 142
NacCl, 2.8 KCl, 1 CaCl,, 1 MgCl,, 11 glucose, and
10 HEPES, pH = 7.4 with NaOH. CaCl, was
added to the pipette solutions to give free Ca*"
ion concentration of 1.6 x 10° M in whole-cell
experiments. The calculation of the free Ca®" ion
concentration in the pipette was performed using
the Maxchelator software (Stanford Univ., USA).
The compounds under investigation were the
following: acetazolamide (ACTZ) (107 -2 x 10 M),
dichlorphenamide (DCP) (107"% - 2 x 10™ M),
bendroflumethiazide (BFT) (10°- 10°° M), resveratrol
(RESV) (107 - 2 x 10* M), 4-aminopyridine (4AP)
(10™ - 10*M), riluzole (RIL) (10° - 10 M), dimethyl
sulfoxide (DMSO) (8.4 x 10" - 1.7 x 107 %),
iberiotoxin (IbTX) (107 - 6 x 107 M), apamin (2 x
107 M), glibenclamide (I, 100 x 10° M) and
diazoxide (250 x 10°, 200 x 10 M). Tetraethyl-
ammonium chloride (TEA) (1 - 5 x 107) and
barium chloride (Ba*") (1 - 5 x 10~) were used to
determine leak current in patch-clamp experiments.
All reagents were purchased from Sigma (SIGMA
Chemical Co., Mi, Italy). Stock solutions of the
drugs under investigation were prepared by
dissolving the drugs in DMSO at the concentration
of 118.6 x 10~ M. TEA was dissolved in DMEM+
or bath solution. Microliter amounts of the stock
solutions were then added to the bath solution or
cell culture medium, as needed. Therapeutic drugs
are often formulated using DMSO that favours
dissolution of molecules in the physiological
medium [33, 34].

Cell culture

The human neuroblastoma cell line SH-SYS5Y
(ATCC® CRL2266™) and mouse Neuro-2a
(ATCC® CCL-131™) were purchased from
American Type Culture Collection (ATCC,
Manasass, Virginia, USA). The cells were
cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% foetal bovine
serum (FBS), 1% L-glutamine and 1% antibiotics
in a humidified atmosphere containing 5% CO..
All culture medium components were purchased
from EuroClone (EuroClone S.p.A., Mi, Italy).
The experiments were performed on undifferentiated

cells at passage 4, 10 and 14 during the
experiments. Cells were maintained in an
undifferentiated stage by culturing them in plastic
plates in the absence of NGF, IGF1 or retinoic
acid, which are known to induce differentiation
[35]. The morphological assessment of the stage
of differentiation involved monitoring the cells
over 72 hours to detect the extension of long
neuritis from the cell body. A differentiated cell
was defined as a cell with a neuritis length greater
than the cell body of the individual cell (on
average greater than 10 pm in length). Plates
showing a large number of differentiated cells
based on neuritis length were discarded from the
experiments.

Patch—clamp experiments

The native K'-currents were recorded in the SH-
SY5Y and Neuro2a cells during +20 mV (Vm)
voltage steps, in the range of potentials going
from -150 mV (Vm) to +110/+150 mV (Vm),
starting from HP = -60 mV (Vm), in the presence
of internal Ca*" ions, in asymmetrical K ion
concentrations (intracellular K: 132 x 107 M;
extracellular K™ 2.8 x 10 M) using patch-clamp
technique [8, 36-39]. The resulting K'-currents
were leak subtracted. Leak current was measured
after adding saturating concentration of an
external solution containing Ba>" ions (5 x 10 M)
and TEA (5 x 10 M) which caused a full block
of Kir, Kv and BK channels. Drug effects were
investigated in a physiological range of potentials
going from -80 mV (Vm) to +30 mV (Vm) for all
drugs. The K'-currents were recorded at 20 °C
and sampled at 2 kHz (filter = 1 kHz) using an
Axopatch-1D amplifier equipped with a CV-4
headstage (Axon Instruments, Foster City, CA).

Current analysis was performed using pClamp 10
software package (Axon Instruments). The criteria
for accepting the data entry was based on the
stability of the seal evaluated by observing the
noise levels not exceeding 0.6 pA. The resistance
of the pipettes were 9 £ 0.2 MQ (Number of
pipettes = 220). The cells were exposed to the
drug solutions for 1 min before recordings. In
patch clamp experiment, the bath solution was
tested against K'-currents in the absence (control)
and presence of DMSO, and in the presence of
DMSO+drug. Increasing concentrations of drug
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solutions were applied to the cells by the fast
perfusion system (AutoMate, Sci. Berkeley,
California 94710 USA). No more than six
different solutions were applied to the same cell.
Seal resistance was continuously monitored
during patch solution exchange.

Cell transfection

Transfection was performed following the siRNA
transfection protocol for Lipofectamine 2000
(Qiagen, KJ Venlo, NL, USA). Briefly, 40000
SH-SY5Y cells were plated in six-well plates
(Falcon, Becton-Dickinson) one day before
transfection. The transfection was performed in
OPTI-MEM (Invitrogen) for 4 h. The transfection
mixture contained 5 ml of siRNA and Lipofectamine,
each, in a total of 3 ml OPTI-MEM. After 4 h,
the transfection mixture was replaced by OPTI-
MEM p 10% FCS. The siRNA sequence targeting
the KCNMA1 gene was: gtgggtctgtccttccctact.
Experiments were performed after 3 days from the
transfection.

RT-PCR experiments

A 100 mm Petri dish containing a 7 x 106 cell was
treated with trypsin and centrifuged at 10.000 x g
for 5 minutes, the cell pellet was washed with
Nuclease-Free Water (life technologies C.N.
AM9930), and stored at -80 °C. For each sample,
total RNA was isolated by RNeasy Fibrous Tissue
Mini Kit (Quiagen C.N. 74704) and quantified by
using a spectrophotometer (ND-1000 Nano- Drop,
Thermo Scientific) [40].

RT-PCR was performed using the LightCycler
system and the LightCycler® FastStart DNA Master
Hybridization Probe kit (Roche Diagnostics).
Primers for G6PD and KCNMA1 hybridization
products were obtained from TIB MolBiol
(Berlin, BRD). PCR primers were: KCNMAL:
KCNMAL s: cctggectectecatggt, KCNMAIL a:
ttetgggectecttegtet, G6PD: G6ex7,8 R ttctgcatcac
gtcccgga, Gbex6 S accactacctgggcaaggag.
Hybridization probes were: KCNMA1: KCNMAL1 fl:
agcgtccgccagagecaagat, KCNMAT1 Ic: atgaagagg
cccecgaagaaagt, GOPD: Goex FL: cagatggggccgaa
gatcctgtt, G6ex LC: caaatctcagcaccatgaggttctgcac.
PCR conditions were: activation: 10 min 951C
PCR cycle: 5 s at 951C, annealing 5 s at 571C,
elongation 15 s at 721C, 40 cycles. Raw data for

KCNMATI expression were corrected by comparison
to the related G6PD controls. These corrected
values were compared to each other to obtain a
relative expression.

To perform reverse transcription, for each sample,
400 ng of total RNA was added to 1 pul ANTP mix
10 mM each, (Roche N.C. 11277049001), 1 wl
Random Hexamers 50 uM (life-technologies C.N.
n808-0127) and incubated at 65 °C for 5 min.
Afterwards, 4 ul 5X First Standard Buffer (life-
technologies C.N. Y02321), 2 pl 0,1 MDTT (life-
technologies C.N. Y00147) and 1 ul Recombinant
RNasin Ribonuclease Inhibitor 40 U/ul (Promega,
C. N. N2511) were added and incubated at 42 °C
for 2 min. For each solution 1 pl Super Script II
Reverse Transcriptase 200 U/ul (life-technologies
C.N. 18064-014) was added and incubated at
25 °C for 10 min, at 42 °C for 50 min and at
70 °C for 15 min. 5 pl of the reverse transcription
mix was used for PCR reaction with 12.5 pul of
PCR master mix (Promega C.N. M7502) 0.5 uM
of each primer (upstream and downstream) for a
final volume of 25 ul. The primer pair used to
amplify each gene is reported in table 1.

PCR conditions: step 1: 95 °C for 2 min; step 2:
95 °C for 1 min; step 3: 51 °C - 60 °C for 1 min;
step 4: 72 °C for 1 min; and step 5: 72 °C for 5 min;
steps 2 and 4 were repeated 35 times. The
experiments were conducted as previously described
[40, 41].

Impedentiometric assay

Measures of cell number and morphology were
based on the relationship existing between voltage
changes and cell volume changes by using the
Scepter™2.0 cell counter (MERK-Millipore, USA)
which is equipped with 60 um and 40 pm sensors;
in our experiments we used the 60 um sensor for
particles between 6 pum and 36 pm. The cell
volume regulation is under control of ion channels
and transporters of the surface membrane and is
associated with cell death [8].

Intracellular dehydrogenases activity assay

The activity of intracellular dehydrogenases was
assessed by using the Cell Counting Kit-8 (CCK-
8) (Enzo Life Sciences International, Inc, USA)
which utilizes highly water-soluble tetrazolium
salt. WST-8 2-(2-methoxy-4-nitrophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium,
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Table 1. Primers used for PCR reaction.

Primer name Nucleotide sequence (5’-3’) Annealing temperature
KCNMAI1-Cl1-For TGACATCACAGATCCCAAAA 52
KCNMAT1-C1-Rev CGAGGTGTTGGGTGAGTTCC 52

KCNMBI1-For GTGAAGTCATTGCCTGCTCA 58

KCNMBI1-Rev GGAGAACTCAGGCACAGAGG 58
KCNMB2-For CACTGAAGGCAGGAGAGGAC 58
KCNMB2-Rev CAGTCTGGACCACAGCTGAA 58
KCNMB3-For CTAGGTGGTGCCCTGATTGT 58
KCNMB3-Rev TCTTCCTTTGCTCCTCCTCA 58
KCNMB4-For TCCTGACCAACCCCAAGTGC 58
KCNMB4-Rev AAGCAATGCAGGAGGACAAT 58

monosodium salt produces a water-soluble
formazan dye upon reduction in the presence of an
electron carrier. It is reduced by dehydrogenases
in cells to give an orange coloured product
(formazan), which is soluble in the tissue culture
medium. The detection sensitivity of CCK-8 is
higher than other tetrazolium salts [42]. The cells
were seeded in 96-well plates at a density of 6.5 x
10° cells/well with 100 uL of DMEM+ per well
and pre-incubated for 24 h in a humidified
incubator. On the next day, different concentrations
of the drug solution was added into the culture
medium in wells. Each drug solution was obtained
by diluting the drug stock solutions in DMSO
with DMEM-+. After incubation for an appropriate
time (3 h, 6 h or 24 h), 10 uL of CCKS solution was
added to each well. The absorbance at 450 nm
was measured after 2 h incubation with CCK-8
solution, using a microplate reader (Victor 3V
PerkinElmer). All experiments were performed in
triplicates. The data were expressed in comparison
with DMSO condition or control.

Clonogenic survival assay

The clonogenic survival assay was performed
according to the protocol previously described by
Franken with some modifications [43]. Briefly,
100 cells evaluated by Scepter™2.0 cell counter
were plated before treatment in 60 mm dishes.
After allowing time for the cells to attach to the
dish (24 h), the effects of different concentrations

of the drugs and DMSO 8.4 x 107 % (v/v) on the
number of colonies were investigated after 3 hours
and 6 hours of incubation time. Control cells were
grown in the absence of drugs and treated with
equivalent volumes of DMEM+. Each experimental
condition was performed in triplicates. At the end
of the incubation period, the culture medium was
carefully replaced by DMEM+ and the cells were
cultured for 2 weeks. Upon termination of the
assay, the cells were washed with phosphate
buffered saline (PBS) and the colonies formed
were subsequently fixed with 10% v/v formaldehyde
for 2 hours at room temperature and stained with
0.5% v/v crystal violet overnight. Then, the dishes
were rinsed with water and air-dried. Colonies
were counted and analyzed by using an OpenCFU
program [44].

Data analysis and statistics

The data were collected and analyzed using
Excel software (Microsoft Office 2010). Data are
expressed as mean + S.E. unless otherwise specified.

The concentration-response relationships of the
drugs under investigation could be fitted with the
following equation:

(I drug - I leak) / (I control or DMSO-I leak) x
100 - 100 = Emax / (1+(DE50/[Drug])")

I drug is the K"-current recorded at +30 mV in the
presence of a specific concentration of the compound
under study; I leak is the current recorded at
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+30 mV in the presence of saturating concentrations
of TEA and Ba®" ions at 5 x 10 M concentration;
I control or DMSO is the K'-current recorded at
+30 mV in the absence of drugs; Emax represents
the maximum inhibitory or activating effect of
drug under investigation, in the range of tested
concentrations; DE50 is the concentration of drug
needed to inhibit or activate the current by 50%;
[Drug] is the concentration of the drug considered,
n is the slope factor of the curve. The algorithms
of the fitting procedures used are based on a
Marquardt least-squares fitting routine. Data analysis
and plots were performed using SigmaPlot software
(Systat Software, Inc., San Jose, CA).

The % change in the cell dehydrogenases activity
induced by the drugs, and the cell number was
calculated with respect to the control condition or
with respect to the DMSO condition using the
following equation:

% change of the cell dehydrogenases activity =
(ABS exp. condition) x 100 — 100
(ABS control or DMSO)

% change of the cell number =
(N cells exp. condition) x 100 — 100
(N cells control)

Experimental condition represents the incubation
of cells with the drugs under investigation at a
specific concentration over a period of 3 h, 6 h or
24 h; control refers to the incubation of cells in
the presence of DMEM+ or DMEM+ and DMSO
used as a co-solvent in the same aliquot of the
drug solution; ABS is the mean absorbance of the
three repetitions.

The plating efficiency (PE) and the surviving
fraction (SF) were evaluated using the clonogenic
cell number assay and calculated using the
following equation:

PE (%) = N of colonies formed x 100
N of cells seeded

SF = N of colonies formed after treatment
N of cells seeded x PE

Linear regression analysis based on the following
equation: y = ax + b was used for the calculation
of the coefficient of correlation (R) between
variables.

Differences within and between drug treatment
groups were evaluated using one way analysis of
variance (ANOVA) in cell number assays, and
Bonferroni correction was used to counteract for
multiple comparisons and test for the significance
of each individual hypothesis at a significant level
of a =0.05.

Student t-test, at p < 0.05 and p < 0.001 levels of
significance, was used to test for significance
between means.

RESULTS

Effects of Kv/BK channel modulators on
K* currents recorded in SH-SY5Y and
Neuro2a cells

A large whole-cell K'-current was recorded in
asymmetrical K™ ion concentrations (intracellular
K*: 132 x 10° M; extracellular K: 2.8 x 107 M)
and internal free Ca’" ions of 1.6 x 10° M
concentration in the SH-SYS5Y at cell culture
passage 10 (Table 2); similar data were obtained
at cell passages 4 and 14. In contrast, a significantly
lower whole-cell K'-current amplitude was
recorded in the same experimental condition in
the Neuro2a at cell culture passage 10 with
respect to that recorded in the SH-SYS5Y cells
(Table 2); similar data were obtained at cell
culture passages 4 and 14. The reversal potential
of the current in Neuro2a calculated from the
intercept of the current-voltage relationship was
-40.5 £ 4 mV (Number of cells = 32) suggesting
that the current was K ion-selective. The whole-
cell K'-current of Neuro2a cells were mildly
affected by IbTX (6 x 107 M) and RESV (10 M)
(Table 2), while the unselective BK/Kv blocker
TEA (1 x 10° M) (Number of cells = 12) reduced
the whole-cell K'-current by -71.2 + 14%.

The pharmacological characterization of the K'-
current was therefore performed in the SH-SY5Y
cells. This current was reduced respectively by
-12.7 £ 5%, -15.8 + 3%, -67 + 8% and -95.8 + 9%
following the application of the SK channel
blocker apamin (2 x 10”7 M), the Kv4 blocker 4AP
(5 x 10" M), the BK blocker IbTX (6 x 107) and
TEA (1 x 10° M) (Number of cells = 21) (Figure 1).

The application of ACTZ (107 - 2 x 10™ M)
(Number of cells = 12), BET (10” - 10° M)
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Table 2. Expression/activity of the BK channel alpha subunits in SH-SY5Y and Neuro2a neuroblastoma cells
and in SH-SYSY cells after transfection with siRNAm against KCNMA1, and response to IbTX and RESV.

Impedentiometric assay

(N plates = 3)

(N plates = 3)

SH-SYS5Y
(cell passage 10) SH-SY5Y
Neuro2a 3 days after control cell
(cell passage 10) transfection with (cell passage 10)
siRNAm against
KCNMA1
*
o 141+001/1403+ 12 | 122EOIVIIL3 = 4 03/350.3 + 34
h-slol expression/K"-current (N plates/N cells 31%* (N plates/N cells =
(pA/pF) p =3/25) (N plates/N cells = p 3/28)
3/24)
IbTX (6 x 107 M)
+ S -11.2+3 -1.2+£7* -53.3+9°
- 0,
K'-current inhibition (%) (N cells = 25) (N cells = 24) (N cells = 24)
Change in cell number (%0)
after 6 h of incubation:
+21.2+9 +2.2 £ 1% -48.2 +9°

(N plates = 3)

Cell-dehydrogenase assay

+11.1+3
(N plates = 3)

-9.1 £ 5%
(N plates = 3)

-49.3+11°
(N plates = 3)

K*-current inhibition (%)

-122+6
(N cells = 25)

RESV (10*M)

-11.3 £ 5%
(N cells = 24)

-71.5+6°
(N cells = 24)

Change in cell number (%)
after 6 h of incubation:

Impedentiometric assa -282+4° -21.3 £5%° -58.2+9°
P Y (N plates = 3) (N plates = 3) (N plates = 3)

Cell-dehydrogenase assa 27.1£3° -24.1 £6%° -59.3 £12°
ydrog y (N plates = 3) (N plates = 3) (N plates = 3)

*Data significantly different with respect to the data from control SH-SYS5Y cells by student t- test p < 0.05.
°Data significantly different with respect to the control data by student t- test p < 0.05.

(Number of cells = 6), RESV (107 - 2 x 10™ M)
(Number of cells = 5), DCP (107?- 2 x 10 M)
(Number of cells = 9) to SH-SY5Y cells reduced
the whole-cell K'-currents in the presence of
DMSO and no activating actions were observed in
this cell line with these drugs (Figure 2A). 4AP
(10"°- 5 x 10" M) was a weak inhibitor of the K"
channel current in our experiments (Number of
cells = 5). TEA (5 x 10° M) and Ba®" (5 x 10° M)

ions fully inhibited the whole-cell K'-currents in
the absence of DMSO (Figure 2A).

The application of DMSO (8.4 x 107 - 1.7 x 10 %)
to SH-SYS5Y cells tested at the percentage
concentrations (v/v) corresponding to the amount
used as a co-solvent caused a non-significant
decrease in K'-currents with respect to that of the
controls recorded at +30 mV (Vm) (DMSO vs
control, student t test p > 0.05) (Figure 2A).



120

Angela Curci et al.

—CTRL
___ apamin (2x10- M)
. - . 4AP (5x10M)

— . .IbTX (6x10"M)
—_TEA (10°M)
—TEA (5x10°°M) +
Ba?*(5x10-'M)

kRO

K*-current (pA/pF)

Voltage membrane (mV)

Figure 1. K'-currents in human SH-SYS5Y neuroblastoma cells (cell culture passage 10). The current/voltage
relationship was recorded in the absence (CTRL) or in the presence of apamin (2 x 107" M), 4-aminopyridine (4AP)
(5 x 10" M), iberiotoxin (IbTX) (6 x 10”7 M), tetraethylammonium (TEA) (1 x 10° M) and TEA (5 x 10° M) + Ba>"
ions (5 x 10 M) (Number of cells = 8). The K'-currents were recorded in a whole-cell configuration in physiological
K" ion concentrations. The whole-cell patches were perfused with each solution enriched with the drugs for 1 min
before recording. The BK blocker IbTX and the unselective Kv blocker TEA were the most effective inhibitors.

ACTZ, BFT, RESV and 4AP reduced the whole-
cell K” currents of SH-SY5Y cells in a concentration-
dependent manner however showing different
efficacies (Figure 2B). RESV, ACTZ, DCP, BFT
and 4AP showed a maximal efficacy to inhibit the
K'-current respectively, of -68 + 3%, -40 = 5%,
-40.1 + 4%, -28 + 3% and -15 + 7%. The DE50 of
RESV, ACTZ, BFT and DCP to inhibit the K'-
current was 2.29 x 10°M (slope = 0.27), 1.46 x
107 M (slope = 0.47), 1.81 x 10”7 M (slope = 0.37)
and 1.2 x 10° M (slope = 0.87), respectively; it
was not possible to calculate this parameter for
4AP. A variance ratio F of 2.2 within and between
groups was calculated suggesting a statistical
difference between concentration-response data
which was due to the RESV data (ANOVA one
way F =2.2, p <0.05; Bonferroni’s p < 0.05).

In order to evaluate the contribution of the IbTX-
sensitive current to the observed RESV effects,
the SH-SYS5Y cells were exposed to a combined
treatment of IbTX and RESV. The application of
RESV (2 x 10 M) solution to the cells in the
presence of IbTX (6 x 10”7 M) caused a mild non-
significant additional reduction of K'-channel
currents with respect to that observed in the
presence of IbTX alone (Number of cells = 5)
(ANOVA one way F = 1.1, p > 0.05) (Figure 3).

We found that a washout period of 6 min of
RESV (10 M) solution failed to restore the K-
current in SH-SYS5Y cells (Figure 4). A washout
period of RESV (10 M) solution > 6 min failed
to restore the K'-currents to the controls (Number
of cells = 6) (data not shown). Similarly, [bTX
(6 x 107 M) in the same experimental condition
caused an irreversible reduction in the K '-current
(Figure 4). In contrast, the K'-current was almost
fully restored to the controls after 30 s of washout
of TEA solution (10~ M) (Figure 4). In the control
condition, the K -currents were stable all over the
period of observations 0-6 min (Figure 4). The
percent changes in the K currents after 6 min of
washout of drug solutions calculated at +30 mV
(Vm) was: -4.25 £ 1 (Number of cells = 6), -4.08
+ 0.9 (Number of cells = 5), -65.8 + 6 (Number of
cells = 6) and -59.7 £ 9 (Number of cells = 5)
following the cell treatments to control, TEA
(10° M) (TEA vs control, t test p > 0.05), RESV
(2 x 10 M) (RESV vs control, t test p < 0.05)
and IbTX (6 x 107 M) (IbTX vs control, t test
p < 0.05) solutions, respectively.

RIL (10°°- 10 M) (Number of cells = 26) induced
a concentration-dependent activation of the
K'-currents of SH-SYS5Y cells at +30 mV (Vm)
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Figure 2. Effects of acetazolamide (ACTZ), bendroflumethiazide (BFT), resveratrol (RESV), dichlorphenamide
(DCP), 4-aminopyridine (4AP) and DMSO on whole-cell K'-currents in human SH-SY5Y neuroblastoma cells (cell
culture passage 10). (A) Sample traces of K'-currents recorded in SH-SYS5Y cells in the absence (CTRL) or in the
presence of ACTZ (2 x 10*M), BFT (10° M), RESV (2 x 10*M), DCP (10"*M), 4AP (10°M) and DMSO (8.4 x
102 - 1.7 x 10" M) were reported. The K -currents were recorded in the whole-cell configuration in physiological
K" ion concentrations. The application of Ba®" ions (5 x 10° M) and TEA (5 x 10~ M) in the extracellular solution
fully inhibited the K'-currents. The application of DMSO at percent concentrations used as a co-solvent caused a
non-significant reduction in the K'-currents as determined by student t test (p > 0.05). (B) Concentration-response
relationships of ACTZ, BFT, RESV, DCP and 4AP on whole-cell K -currents in SH-SY5Y cells. The concentration-
response relationships of the drugs were constructed vs DMSO condition at +30 mV (Vm). Each experimental point
represents the mean + S.E. of the percentage of inhibition of K'-currents versus compound concentration of a
minimum of five and a maximum of twelve patches. RESV was more effective than the other drugs in reducing the
K'-currents (ANOVA one way F = 2.2, p < 0.05; Bonferroni’s p < 0.05).

showing a maximal efficacy of +130 £ 12% and  (Figure 6), and in the Neuro2a cells (data not
DE50 of 20 x 10°M (slope = 1) (Figure 5A). The  shown). An enhanced expression of the hslol
RIL (10" M) -activated K'-currents were fully  subunit in parallel with the large BK current
inhibited by IbTX (6 x 107 M) (Number of cells=5)  density was found in the SH-SY5Y cells by RT-
(ANOVA one way F =3.2, p <0.05) (Figure 5B). PCR experiments (Table 2). In contrast, a low

. . expression of the hslo1 subunit in parallel with the
Expression of BK channel subunits in low current density was found in the Neuro2a
SH-SY5Y and Neuro2a cells cells (Table 2). A marked reduction of the
The hslol and beta 4 subunits were detected by  expression level of the hslol subunit was observed
conventional PCR reaction in the SH-SYS5Y  inthe SH-SYSY cell 3 days after transfection with
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Figure 3. Blocking action of resveratrol (RESV) and iberiotoxin (IbTX) on whole-cell K -currents in human
SH-SYS5Y neuroblastoma cells (cell culture passage 10). I/V relationships of K'-currents recorded in SH-SYSY cells
in the absence (CTRL) or in the presence of IbTX (6 x 107 M), RESV (2 x 10 M) + IbTX (6 x 10”7 M) and TEA
(10° M) were reported. The K'-currents were recorded in a whole-cell configuration in physiological K™ ion
concentrations. The cells (Number of cells = 5) were exposed to control solution (CTRL), IbTX solution, IbTX +
RESV solution followed by the application of TEA solution. IbTX reduced the currents with respect to the CTRL. A
mild non-significant additional reduction in the current was observed in the presence of RESV with respect to the

IbTX currents (ANOVA one way F = 1.1, p > 0.05).

the anti-KCNMA1 small interference RNA molecule
(siRNAhslol) in parallel with the reduction of
the K'-current density (Table 2). The interference
RNA molecule used in our experiments was
previously used to induce silencing of the hslol
gene in the PC3 cells [45].

Effects of Kv/BK modulators on cell
proliferation in SH-SY5Y and Neuro2a cells

IbTX (6 x 107 M) caused a marked reduction in
the cell number evaluated using cell dehydrogenase
activity (CDA) assay and the impedentiometric
assay in the SH-SYS5Y cells after 6 h of incubation
time, while it failed to affect the cell number in
the Neuro2a cells (Table 2). RESV (10" M)
instead caused a significant reduction in the cell
number in SH-SYS5Y and Neuro2a cells being,
however more effective in the SH-SYS5Y (Table 2).

The effects of RESV (107 - 2 x 10 M) on CDA
of SH-SYSY cells were concentration-dependent,
decreasing it after 3 h (ANOVA one way F =
19.02, p < 0.05; Bonferroni’s p < 0.05), 6 h (ANOVA
one way F = 11.2, p < 0.05; Bonferroni’s p <
0.05) and 24 h of incubation time with respect to
the DMSO condition (ANOVA one way F =
12.01, p < 0.05; Bonferroni’s p < 0.05). The effects
of IbTX (10°- 6 x 107 M) on CDA of SH-SY5Y

cells were concentration-dependent, significantly
reducing CDA after 6 h of incubation time with
respect to the DMSO condition (ANOVA one way
F=8.2, p <0.05; Bonferroni’s p < 0.05) (Figure 7).

RESV affected cell morphology increasing the cell
volume evaluated using the impedentiometric
assay. The large variance ratio calculated at 3 h
and 6 h was indeed due to RESV (10" M)
(Bonferroni’s p < 0.05) that enhanced cell diameter
and volume, and reduced cell number, and IbTX
(6 x 107 M) that reduced cell number at 6 h
(Bonferroni’s p < 0.05) (ANOVA one way F = 8.3
at3h, F=6.2at 6 h, p <0.05) (Figure 8).

RIL (5 x 10 - 10 M) also caused a significant
and concentration-dependent decrease in CDA
after 6 h (Bonferroni’s p < 0.05) and 24 h
(Bonferroni’s p < 0.05) of incubation time with
respect to the DMSO condition. The percent
change in CDA was linearly correlated with
RESV (R = 0.891) and RIL (R = 0.921)
concentrations. TEA (10 - 10~ M) induced a non-
significant change in this parameter with respect
to the control condition (ANOVA one way
F=1.01, p>0.05) (Figure 7).

The incubation of the cells over a period of 3 h,
6 h and 24 h with ACTZ (107 - 2 x 10™* M),
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Figure 4. Current/voltage relationships recorded in human SH-SY5Y neuroblastoma cells at different washing times
of bath solutions (cell culture passage 10). The K'-currents were recorded in a whole-cell configuration in
physiological K™ ion concentrations. The cells were perfused with the solutions for 1 min before recording and the
currents were recorded in the presence of resveratrol (RESV) (10 M), iberiotoxin (IbTX) (6 x 107 M),
tetracthylammonium (TEA) (10~ M) and bath solution (CTRL). No significant changes in the K'-current recorded
at +30 mV (Vm) were observed between TEA (10 M) and CTRL after 6 min of washout (t test p > 0.05).
A significant difference was calculated between RESV and IbTX data vs CTRL solution (t test p < 0.05).

BET (10”- 10°M), DCP (102 - 2 x 10 M) and 4AP
(10 - 10* M) did not change the CDA significantly
with respect to the DMSO condition of either SH-
SYS5Y and Neuro2a cells (data not shown).

Moreover, ACTZ (2 x 10* M), BFT (10° M),
DCP (2 x 10* M), 4AP (107 M - 10 M) and RIL
(10° M - 10™* M) failed to affect cell morphology
and number of SH-SYSY cells (Figure 8), and
Neuro2a cells (data not shown).

RESV (10 M) (student t test p < 0.05) and IbTX
(6 x 107 M) (student t test p < 0.05) significantly
reduced the surviving fraction of the clone with
respect to DMSO conditions of the clonogenic
assay (Figure 9). No significant effects were

observed with ACTZ, BFT, DCP, 4AP, RIL and
TEA on cell survival.

The role of BK channels in the proliferation of
neuroblastoma cells was further substantiated
by gene-specific mRNA silencing using RNA
interference (RNA;). The anti-KCNMAI1 small
interference RNA molecule (siRNAhslol) was
transfected into SH-SYSY cells, which significantly
reduced KCNMA1 mRNA expression and cell
proliferation after three days of the transfection.
The siRNAhslol significantly inhibited mRNA
expression, cell proliferation and whole-cell K'-
current, when compared to non-transfected cells
(control cells) (Table 2).
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Figure 5. Activating action of riluzole (RIL) on whole-cell K'-currents in human SH-SY5Y neuroblastoma cells
(cell culture passage 10). Sample traces of K'-currents recorded in the absence (CTRL) or in the presence of RIL
(10 M) were reported. The K'-currents were recorded in a whole-cell configuration in physiological K* ion
concentrations. (A) RIL was effective in inducing activation of K'-currents. The application of DMSO at percent
concentrations used as a co-solvent caused a non-significant reduction of the K'-currents. The concentration-
response relationship of the RIL was constructed vs DMSO condition at +30 mV (Vm). Each experimental point
represents the mean + S.E. of the percentage of inhibition of K'-currents versus compound concentration of a
minimum of five and a maximum of six patches. (B) I/V relationship of K'-currents recorded in the absence (CTRL)
or in the presence of RIL (10 M) and RIL (10* M) + IbTX (6 x 10”7 M) were reported (ANOVA one way F = 3.2,
p <0.05). The data showed the RIL-activated current was fully inhibited by IbTX.

In whole-cell patch clamp experiments, inhibition
of the membrane conductance by IBTX and
RESV was almost abolished in RNA;-treated
cells. IbTX failed to affect cell proliferation in the
impedentiometric and enzymatic assays, while
RESYV reduced cell number being, however less
effective in the RNA;-treated cells with respect to
the control cells (Table 2).

The involvement of inwardly rectifying K* (Kir)
channels in the regulation of cell proliferation
was investigated in neuroblastoma cell lines. The
Kir channel blocker Ba** jons (1 - 5 x 10* M), the
KATP-channel blocker glibenclamide (1 x 107 M,
100 x 10° M) and the KATP-channel opener

diazoxide (250 x 10° M, 200 x 10 M) failed to
affect CDA, cell volume and diameter within 24 h
of incubation time (data not shown). The lack of
effects of modulators of inwardly rectifying K-
channels on the investigated parameters suggest
that these channels may not contribute to cell
proliferation in these cells.

DISCUSSION

In undifferentiated SH-SY5Y cells, the whole-cell
K'-current recorded in physiological conditions
is sustained by the BK channel with a minor
contribution of SK channels or other Kv channels.
In contrast, the whole-cell K'-current was
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Figure 6. Polymerase Chain Reactions of BK subunits in human SH-SY5Y neuroblastoma
cells (cell culture passage 10). Representative agarose gel of amplicons generated from PCR
cells show the presence of the full length of the hslo1 and of the beta 4 subunit.
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Figure 7. Percentage changes of dehydrogenases activity vs control or DMSO condition in the presence of
resveratrol (RESV), riluzole (RIL), iberiotoxin (IbTX) and tetracthylammonium (TEA) in SH-SY5Y human
neuroblastoma cells (cell culture passage 10). Dehydrogenases activity was measured by using a colorimetric assay
(Cell Counting Kit-8, Enzo Life Sciences International, Inc, USA) after the incubation of the cells over a period of 3 h,
6 h and 24 h with RESV (107-2 x 10*M), RIL (5 x 107- 10*M), IbTX (10°M - 6 x 10”7 M) and TEA (10°- 10° M).
Each experimental point represents the mean = S.E. of the percentage of dehydrogenases activity vs control or
DMSO condition of three replicates. These drugs significantly reduced the cell dehydrogenases activity over a

period of 24 h (ANOVA one way, p < 00.5), except TEA.
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Figure 8. Effects of acetazolamide (ACTZ), bendroflumethiazide (BFT), dichlorphenamide (DCP), 4-aminopyridine
(4AP), resveratrol (RESV), iberiotoxin (IbTX), DMSO and riluzole (RIL) on cell morphology and cell number in
human SH-SY5Y neuroblastoma cells (cell culture passage 10). The effects of ACTZ (2 x 10 M), BFT (107 M),
DCP (2 x 10 M), 4AP (107 M - 10 M), RIL (107 M - 10 M), IbTX (6 x 107 M), DMSO (8.4 x 10 M) and
RESV (107"M - 10 M) on cell diameter, cell volume and number were evaluated by measuring the voltage changes
associated with cell volume changes by using the Scepter™2.0 cell counter (MERK-Millipore, USA) after 3 h and
6 h of incubation time. RESV induced a significant enhancement of the cell diameter and volume, also significantly
reducing cell number after 3 h and 6 h of incubation time (ANOVA one way F=83 at3 h, F=6.2 at 6 h p <0.05;
Bonferroni’s p < 0.05%). IbTX reduced the cell number after 6 h of incubation (Bonferroni’s p < 0.05*%). Each
experimental point represents the mean + S.E. of three replicates.

markedly lower in the Neuro2a cells and was not
sustained by BK channel. The observed mild
response of the K'-currents to 4AP (5 x 10™ M) in
our experiments suggests that a specific Kv
subtype, such as the Kv4 may contribute only
marginally to the total current in the SH-SY5Y
cells as previously suggested [46]. We found that
the K'-channel modulators tested in our experiments
showed different effects on the whole-cell K'-
currents recorded in SH-SYSY cells. The most

effective inhibitors were TEA, RESV and IbTX,
while ACTZ, DCP and BFT showed a partial
inhibitory response. The rank order of efficacy
as K'-current inhibitors at +30 mV (Vm) was:
TEA > RESV > IbTX > DCP > ACTZ > BFT >
4AP.

The inhibitory actions of RESV and IbTX of the
BK channel current were however not reversible.
In contrast, the TEA inhibitory action of the
K'-current was rapidly reversible.
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Figure 9. Effects of acetazolamide (ACTZ), bendroflumethiazide (BFT), dichlorphenamide (DCP), 4-aminopyridine
(4AP), resveratrol (RESV), riluzole (RIL), iberiotoxin (IbTX), DMSO, and tetrachylammonium (TEA) on cell
survival in human SH-SY5Y neuroblastoma cells (cell culture passage 10). The effects of ACTZ (107 M), BFT
(10 M), DCP (1072 M), 4AP (10™* M), RIL (10 M), RESV (10™* M), IbTX (6 x 10”7 M), DMSO (8.4 x 10° M) and
TEA (10 M) on cell survival were evaluated after (A) 3 h and (B) 6 h of incubation time by using the clonogenic
assay. RESV induced a significant reduction in the cell clone numbers after 3 h and 6 h of incubation time with
respect to control* and DMSO® conditions (student t test p < 0.05). (C) IbTX also significantly reduced the cell clone
numbers after 6 h of incubation time with respect to control and DMSO (student t test p < 0.05*°). Staurosporine
(STS) fully reduced clone numbers. Each experimental point represents the mean + S.E. of three replicates.

A point of interest is the finding that the BK
channels can be activated by ACTZ, DCP, RESV
and BFT in skeletal muscle and in HEK293 cell
expressing the recombinant hslol subunit and
by RESV in neurons [7, 12, 26, 38], however
no activating actions were observed in the
undifferentiated SH-SYSY cells. The lack of
activating action of K'-currents by ACTZ, DCP
and BFT in the SH-SYS5Y cells can be related to
the different molecular composition of the BK
channel in these cells. The BK channel functionally

active in the SH-SYS5Y is composed by the
combination of the hslol subunit and the PB4
subunit which is a neuronal beta subunit [47, 48].
BK channels are indeed composed by the alpha
subunit encoded by the slol/KCNMAL gene
assembled as tetramer and beta subunits (betal-4)
encoded by KCNMB1-4 genes. The alpha,
alphatbeta 1, alphatbeta 2/3, and beta 4 mimics
the skeletal muscle, vascular smooth muscle
and neuronal BK channels, respectively [47].
Furthermore, splicing isoforms of the alpha
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subunit gene are expressed in the tissues including
skeletal muscle affecting physiological properties
and pharmacological response of the native
channels [40, 49]. The recently cloned gamma
subunits contribute to enhance the complexity of
BK channels [9].

Riluzole was the only drug in our experiments
capable of enhancing the K'-currents and this
effect is related to the activation of the BK
channel as supported by the findings in our
experimental condition that the riluzole-activated
currents were fully inhibited by IbTX. RIL at the
same concentrations that reduced cell dehydrogenase
activity did not affect the cell morphology and the
number and failed to affect the cell surviving
fraction in the impedentiometric and clonogenic
assays, respectively. These findings suggest that
the RIL-dependent activating action of BK
channel could have counterbalanced the expected
anti-proliferative action of this drug. It should be
stressed that riluzole has multiple targets of
action, blocking the voltage-dependent sodium
and N/P/Q-type calcium channels and activating
SK channels [20-23].

In SH-SY5Y cells, both RESV and IbTX
concentration-dependently reduced cell
dehydrogenase activity, reduced the cell number
and the colony surviving fraction in the
impedentiometric and clonogenic assays, however
RESV being more effective than IbTX. RESV
was also effective as an anti-proliferative drug in
the Neuro2a cell showing a constitutive low
expression/activity of BK channel. These findings
indicate that other than the BK-mediated mechanism,
additional anti-proliferative mechanisms are
involved in the observed effect of RESV. This is
further supported by the fact that RESV also
shows a significant anti-proliferative action in the
RNAj-treated cells where the expression/activity
of the hslo1 subunit is almost absent. The marked
K -current inhibition exerted by RESV may lead
to accumulation of intracellular K* ions with cell
volume enlargement as observed in our experiments.

IbTX was effective as an anti-proliferative drug in
SH-SYS5Y cells showing an elevated expression/
activity of the hslo1 subunit, but not in the RNAi-
treated cells or in Neuro2a showing a low/
expression activity of the hslo1 subunit.

The anti-proliferative actions of RESV can also be
explained by the fact that it can be capable of
permeating cell membranes while IbTX is a
relatively impermeant toxin and its effects can be
associated with the interaction with other targets,
the mitochondrial (mito-BK) channels, for instance.
BK channel can be located also in the several
intracellular compartments, among these the inner
mitochondrial membrane [50]. The mito-BK
variant has been proposed to be coupled to the
respiratory chain complex potentially affecting
mito-dehydrogenases activity [51]. The mito-BK
channel is composed of a splice variant known as
BK-DEC (BK-DEC is harbouring an amino acid
sequence of 50AA at the COOH-terminus) and
the beta 4 subunit with a minor contribution of the
beta 2. The mito-BK channel activation exerts
a cytoprotective action on cardiomyocites and
neurons [50]. Furthermore, RESV may lead to
downregulation of the Akt signaling in
neuroblastoma cells [32], and BK channel is
coupled with kinases relevant to cell death and
survival, like Akt, glycogen synthase kinase-3[
and phosphoinositide-dependent kinase-1, thereby
contributing to the anti-proliferative effects observed
in our experiments [52].

CONCLUSION

Our data are in line with the hypothesis that an
elevated expression/activity of the hslo1 subunit is
associated with proliferation in the SH-SYS5Y cell
as observed in non-metastatic (MCF-7) breast
cancer cells [53], brain-specific metastatic (MDA-
MB-361) breast cancer cells [54], human prostate
cancer and glioma [45, 55]. In contrast, some
others suggested that BK channel activation has
been reported to show anti-proliferative properties
in osteosarcoma cells, ovarian cancer cells, glioma
cells and in MDA-MB-231 breast cancer cells
[14, 56, 57].

Therefore, RESV shows an anti-proliferative
action interacting with multiple targets including
BK channel. Cells overexpressing BK channels
maybe more sensitive to this drug. Whereas
acetazolamide and structurally related drugs were
not capable of exerting significant effects on cell
proliferation in both SH-SY5Y and Neuro2a
neuroblastoma cells.
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