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Abstract

Telmisartan (Tel) is recognized as a non-peptide blocker of ATIR. Whether this agent has any
direct effects on ion currents remains unexplored. In whole-cell current recordings, addition of Tel
increased the peak amplitude of voltage-gated Na* (Nay) current (Iy,) accompanied by the increased
time constant of Iy, inactivation in differentiated NSC-34 motor neuron-like cells. Tel-stimulated Iy,
in these cells is unlinked to either blockade of AT1R or activation of peroxisome proliferator-activated
receptor gamma (PPAR-y). In order to explore how this compound affects the amplitude and kinetics
of Iy, in neurons, a Hodgkin-Huxley-based (HH-based) model designed to mimic effect of Tel on the
functional activities of neurons was computationally created in this study. In this framework, the
parameter for & inactivation gating variable, which was changed in a stepwise fashion, was implemented
to predict changes in membrane potentials (V) as a function of maximal Na* (Gna)» K* conductance
(Gk), or both. As inactivation time course of Iy, was increased, the bifurcation point of V' versus
Gy, became lower, and the range between subcritical and supercritical values at the bifurcation of V'
versus G correspondingly became larger. During a slowing in Iy, inactivation, the critical boundary
between Gy, and Gk was shifted towards the left. Simulation studies demonstrated that progressive
slowing in the inactivation time course of Iy, resulted in unanticipated increase of neuronal
excitability by mimicking the effect of Tel in neuronal cells. Collectively, Tel can directly interact with
the Nay channel to increase peak Iy, as well as to slow Iy, inactivation. It is thus highly likely that the
effects of Tel or its structurally similar drugs could be another intriguing mechanism underlying their
pharmacological actions in neurons or neuroendocrine cells occurring in vivo.
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Introduction

Telmisartan (Tel), a non-peptide, orally-active
blocker of AT1R, is the newest available drug class
which has been widely used for treating hyperten-
sion and different cardiovascular disorders (2, 10, 43).

Because Tel has a distinctive aromatic group that
is modified, it possesses good lipophilicity so as to
readily transverse the blood-brain barrier and sub-
sequently to penetrate different brain regions (26).
Moreover, owing to its activation of peroxisome
proliferator-activated receptor gamma (PPAR-y) ac-
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tivity or blockade of angiotensin II receptor (3, 29),
there is a considerable body of evidence to show the
ability of this compound to produce anti-inflammatory
actions (1, 2, 19), to ameliorate impaired cognitive
functions (8, 13, 23) and to be beneficial for trau-
matic or ischemic brain injuries (19, 20, 22, 29-31).

The voltage-gated Na" (Nay) channels, nine
subtypes of which were denoted Nayl.l through
Nay1.9, belong to the larger protein superfamily of
voltage-dependent ion channels and they are involved
in the generations and propagation of action potentials
(APs) in electrically excitable cells (5). Once the
membrane is adequately depolarized, Nay channels
can readily go through rapid transitions from their
resting to the open state, then to the inactivated state.
The genetic defects in Na' channel inactivation that
result in small sustained Na' current (Iy,) after the
AP firing have been recognized to have devastating
consequences, including seizures, periodic paralysis,
neuropathic pain, and long QT-3 (LQT-3) syndrome
(11, 17, 21, 25, 33). Of interest, an earlier work showed
the ability of Tel to retard the inactivation of /Iy, in
rat cardiomyocytes (18). Previous observations at
our laboratory have demonstrated the presence of Iy,
in differentiated NSC-34 motor neuron-like cells (39).
However, to what extent this compound has any direct
perturbations on ion-channel activity in neurons or
neuroendocrine cells remains incompletely under-
stood.

For these reasons, the aim of this study was
to use an experimental and simulation approach for
evaluation of the role of Nay-channel kinetics in the
electrical behavior of neurons and for investigations
of the observed effects of Tel on Iy, in NSC-34 neu-
ronal cells. In this study, we found that, aside from
its blockade of AT1Rs or stimulation of PPAR-y
activity, Tel is particularly effective not only at
stimulating the peak amplitude of /Iy, but also at
delaying /Iy, inactivation. Additionally, by capturing
the qualitative aspects of the issue how the gating
kinetics of Iy, influence electrical behaviors of neurons,
numerical simulations of this current were noted to
reproduce the actual experimental data and showed
that changes in AP firing caused by this compound
could arise from both increase in the peak amplitude
and inactivation time constant of /y,.

Materials and Methods
Cell Preparations

NSC-34 neuronal cells were originally produced
by fusion of motor neuron-enriched, embryonic mouse
spinal cords with mouse neuroblastoma. Briefly, they
were maintained in 1:1 mixture of Dulbecco's modified
Eagle's medium (DMEM) and Ham’s F-12 medium

supplemented with 10% (v/v) fetal bovine serum (FBS)
and 1% penicillin-streptomycin (15, 39). Cultures were
incubated at 37°C in a humidified environment of 5%
CO,/95% air. The medium was replenished every
2-3 days for removal of non-adhering cells. To
slow cell proliferation and enhance their maturation
towards a differentiated state, before confluence,
cells were grown in 1:1 DMEM plus Ham’s F-12
medium supplemented with 1% FBS. In a separate
set of experiments, NSC-34 cells were treated with
angiotensin II (200 nM) at 37°C for six hours.

Electrophysiological Measurements

Shortly before the experiments were made,
NSC-34 cells were harvested with 1% trypsin/ethyl-
enediaminetetraacetic acid (EDTA) solution and an
aliquot of cell suspension was thereafter transferred
to a home-made recording chamber mounted on the
stage of a DM-IL inverted microscope (Leica Micro-
systems, Wetzlar, Germany). They were bathed at
room temperature (20-25°C) in normal Tyrode’s
solution to which 1.8 mM CaCl, was added. The
composition of Hepes-buffered normal Tyrode’s so-
lution was as follows (in mM): NaCl 136.5, KC1 5.4,
CaCl, 1.8, MgCl, 0.53, glucose 5.5, and Hepes-
NaOH buffer 5 (pH 7.4). To record K current, re-
cording pipette was filled with a solution (in mM):
KCI 140, MgCl, 1, Na,ATP 3, Na,GTP 0.1, EGTA 0.1,
and Hepes-KOH buffer 5 (pH 7.2). To measure Iy,,
K" ions inside the internal solution were replaced with
equimolar Cs' ions, and the pH was adjusted to 7.2
with CsOH. Patch pipettes were pulled from Kmax-51
glass capillaries (#34500; Kimble Glass, Vineland,
NJ) using either a PP-830 puller (Narishige, Tokyo,
Japan) or a P-97 Flaming/Brown micropipette puller
(Sutter, Novato, CA), and they were then fire-polished
with an MF-83 microforge (Narishige). The electrodes,
which bore resistances between 3 and 5 MQ when
filled with different intracellular solutions, were
maneuvered by use of an MX-4 manipulator (Narishige)
precisely controlled by an MHW-3 hydraulic mi-
cromanipulator (Narishige). Standard patch-clamp
recordings were performed in whole-cell configuration
of the patch-clamp technique by means of an RK-400
(Bio-Logic, Claix, France) or Axopatch-200B (Mo-
lecular Devices, Sunnyvale, CA) patch-clamp am-
plifier (21, 39).

Data Recordings and Analyses

The signals were displayed on a liquid crystal
projector (PJ550-2; ViewSonic, Walnut, CA, USA)
and online stored in a TravelMate-6253 laptop
computer (Acer, Taipei, Taiwan) at 10 kHz through
a DigiData-1320 series interface (Molecular Devices).
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The latter device was equipped with an Adaptec
SlimSCSI card (Milpitas, CA, USA) via a PCMCIA
card slot and mainly controlled by pCLAMP 9.2
(Molecular Devices). In some set of experiments, the
data were acquired by PowerLab acquisition system
with LabChart 7.0 software (AD Instruments; Gerin,
Tainan, Taiwan). lon currents were low-pass filtered
at 1-3 kHz. The signals achieved during whole-cell
experiments were offline analyzed using pCLAMP
9.2 (Molecular Devices), Origin 8.0 (OriginLab,
Northampton, MA), or custom-made macros built in
Excel 2013 spreadsheet running on Windows-8 (Mi-
crosoft, Redmond, WA, USA). To determine the
current-voltage relationships and the steady-state
activation or inactivation curves for ion currents (e.g.,
INa), a family of rectangular or ramp voltage pulses
generated by pCLAMP 9.2 were digitally created.

To evaluate the percentage stimulation of Tel
on peak Iy,, cells were bathed in Ca®’-free Tyrode’s
solution, each cell was depolarized from -80 to -10
mV, and peak amplitude during different concen-
trations of Tel was compared. The peak amplitude
of Iy, in the presence of 30 uM Tel was taken as
100%. The Tel concentration required to stimulate
50% of current amplitude was fitted to a Hill function:
Yy = Ema/ {1+(ECs0"/[C]")}, where [C] is the con-
centration of Tel, EC5y and n are the half-maximal
concentration of Tel required to stimulate /y, and the
Hill coefficient, respectively, and E,,,, is Tel-induced
maximal stimulation of /y,.

To characterize the steady-state inactivation
curve of Iy, with or without addition of Tel, the
two-step voltage profile was employed. The rela-
tionships between the conditioning potentials (from
-100 to -10 mV with a duration of 50 msec) and the
normalized amplitude of /Iy, in response to mem-
brane depolarization from -80 to -10 mV were plot-
ted and well fit by the Boltzmann equation: /1,
= 1/{1+exp[(V-V1)/k]}, where I, is the maximal
activated Iy,, ¥ the membrane potential in mV, V,
the membrane potential for half-maximal inactivation,
and & the slope factor of inactivation curve.

The trajectory of /Iy, activation or inactivation
elicited by step depolarization seen in NSC-34 neu-
ronal cells was fitted by a one- or two-exponential
process, respectively. The solver subroutine built in
Microsoft Excel was used to fit the trajectory by
least-squares minimization procedure. Results of
experiments performed on NSC-34 cells shown in
Fig. 1B, 1C and 1D are expressed as the mean +
standard error of the mean (SEM), and the values of
n indicate the number of cells from which the data were
taken. The paired or unpaired Student’s ¢ test and
one-way analysis of variance with a least-significance
difference method for multiple comparisons were
used for the statistical evaluation of differences

among means. The level of statistical significance was
set at P <0.05.

Chemicals and Drugs

Tel (Micardis®; C33H;oN,O,; 4’-[(1,4’-dimethyl-
2’-propyl[2,6°-bi-1H-benzimidazol]-1’-yl)-1’-yl]
methyl)-[1,1°-biphenyl]-2-carboxylic acid), bisphe-
nol A diglycidyl ether (BADGE) and ciglitazone were
obtained from Tocris Cookson Ltd. (Bristol, UK),
and angiotensin II, tefluthrin, tetracthylammonium
chloride (TEA), tetrodotoxin and valsartan were from
Sigma-Aldrich (St. Louis, MO). Tissue culture media
and trypsin/EDTA were obtained from Invitrogen
(Carlsbad, CA). All other chemicals including
CdCl,, CsCl and CsOH were commercially available,
and they were prepared from reagent-grade chemical
and Milli-Q water.

Computer Simulations

To simulate the slowing in the rate of Iy, in-
activation, a modified Hodgkin-Huxley (HH) model
was mathematically constructed. The theoretical model
used in this study was described previously (4, 6, 45).
For total Iy,, the modified HH scheme (i.e., m’h
formalism) was used according to the following
equation:

[Na :GNa ><n,l}XhX(I/_I/Na)

The rate constants for /Iy, implemented in
the simulation here are described by the following
equations:

" - 0.1(V +40)
" 1—exp[-0.09(V +40)]’

B, =4exp[-0.055(V +65)],

o, = 0.07ex[-0.05(V + 65)],

B, = 1
" 1texp[-0.1(V +35)]

The inactivation parameter of Iy, used for
mimicking the effect of Tel on this current is refor-
mulated by

h:¢x0h
a, + B,

where / is inactivation gating variable, oy, and Py,
are the rate constants for inactivation gating vari-
able, and the parameter ¢ represents the magnitude
of Nay-channel inactivation. As the value of ¢ is
elevated, the time course of Nay channel inactiva-
tion elicited by membrane depolarization becomes
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Fig. 1. Stimulatory effect of Tel on voltage-gated Iy, in differentiated NSC-34 neuronal cells. In this set of experiments, NSC-34
cells were immersed in Ca®'-free Tyrode’s solution which contained 0.5 mM CdCl, and 10 mM TEA, and the recording pi-
pettes were filled with Cs'-containing solution. (A) Superimposed Iy, traces obtained in the absence (a) and presence of 1 pM (b)
or 3 uM (c) Tel in an NSC-34 cell. The upper part in (A) indicates the voltage protocol applied to the examined cell at a rate
of 0.1 Hz. (B) Summary of the data showing effects of Tel on the time constant for the slow component of /, inactivation*(rimm(s))
elicited by membrane depolarization from -80 to -10 mV. Each bar represents means + SEM of data from 12 cells. Signifi-
cantly different from control (P < 0.05). Note that the presence of Tel can prolong the value of Tj,,.s) @s well as enhance the
peak Iy, amplitude. (C) Concentration-response relationship of Tel-induced stimulation of peak /y, (means + SEM; n = 8-12
for each point). The smooth line represents the best fit to the Hill equation as described in Materials and Methods. The val-
ues for ECs, Hill coefficient, and maximal percentage increase of Iy, were 1.2 uM, 1.1, and 100%, respectively.

slowed along with increased current amplitude.
Changes of membrane potential in this modi-
fied HH model are described by the following equa-
tion:
dv

C, =1y —Ic—1I
dt N K L

where C,, is the membrane capacitance and V is the

membrane potential. The model equation used to
formulate other types of ionic currents (e.g., Ix and
I;) were previously described (6, 35).

Computer programs shown in this study were
either written in C++ programming language or
came with the XPP simulation package available at
http://www.math.pitt.edu/~bard/xpp/xpp.html, at which
the analyses for linear stability and bifurcation were
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Table 1. Default parameter values used for the mod-
ified HH model in this study.

Symbol Description Value

Cn Membrane capacitance 1 uF

Gna Maximal Iy, conductance 120 mS/cm?
Maximal K" current 2

Gk 36 mS/em
conductance

GL Leak current conductance 0.3 mS/cm?

Via Na' reversal potential +50 mV

Vi K" reversal potential -77 mV

v, Reversal potential for leak S544mV
current

primarily performed. Parts of numerical simulations
such as I, were verified under Microsoft Excel (4,
34). They were run under a Hewlett-Packard work-
station (HPxw9300; Palo Alto, CA). The ordinary
differential equations were numerically solved using
the explicit Euler method with a time step of 0.01
msec. In the present simulations, the values of ionic
conductance and reversal potential used to solve the
set of ordinary differential equations are listed in
Table 1, unless otherwise stated. Source files applied
for this study can be available at http://senselab.
med.yale.edu/modeldb. For the sake of clarity, figures
shown in this paper were made in OriginPro 2016
(Microcal Software, Inc., Northampton, MA).

Results
Effect of Tel on Iy, in NSC-34 Neuronal Cells

The first set of experiments was conducted to
investigate the possible effect of Tel on Iy, in re-
sponse to step depolarizations in these cells. Cells
were immersed in Ca®’-free Tyrode’s solution to
which 0.5 mM CdCl, and 10 mM TEA were added,
and the whole-cell voltage-clamp experiments were
made with Cs'-containing pipette solution. CdCl, and
TEA are known to block Ca’" and K" currents,
respectively. As shown in Fig. 1, the cell was de-
polarized from -80 to -10 mV with a duration of 50
msec, and the rapidly activating Iy, which was
sensitive to block by tetrodotoxin (1 uM) could be
readily elicited. Interestingly, when cells were chal-
lenged with Tel, the peak amplitude of /y, was sig-
nificantly enhanced and the inactivation time course
of this current became greatly slowed. For example,
when the step depolarization was applied from -80
to -10 mV, addition of Tel at a concentration of 3 uM
significantly increased the peak amplitude of Iy,
from 413 + 15 to 698 + 23 pA (n = 12, P < 0.05).
Besides that, the slow component for the inactivation

time constant of Iy, (Tinacy(s)) Was significantly pro-
longed to 36.5 £ 2.3 msec (n = 12, P < 0.05) from a
control of 18.6 + 1.5 msec (Fig. 1B). After washout
of the drug, Iy, amplitude was returned to 432 + 19
pA (n=9). Similarly, addition of tefluthrin (10 uM),
a pyrethroid with the /y,-stimulating activities (36,
37), could increase the peak /Iy, accompanied by a
considerable reduction in Iy, inactivation observed
in these cells.

The relationship between the concentration
of Tel and the percentage increase of peak Iy, was
constructed (Fig. 1C). The presence of Tel (0.1-30 uM)
was found to increase the peak amplitude of Iy, in a
concentration-dependent manner. The half-maximal
concentration required for the stimulatory effect of
Tel on Iy, was 1.2 uM; and Tel at a concentration of
30 uM increased peak Iy, fully. The Hill coefficient
was noted to be 1.1, suggesting that there was no
cooperativity involved.

To characterize stimulatory effect of Tel on
Iy, in NSC-34 neuronal cells, we also explored
whether there are any changes in the inactivation
curve of Iy, during cell exposure to this compound.
Fig. 1D showed the steady-state inactivation curves of
I, obtained following the application of Tel (3 uM).
The relationship between the conditioning potentials
and the normalized amplitudes of Iy, was derived and
fitted with a Boltzmann function. Values of voltage
for half-maximal inactivation (V) and corre-
sponding slope factor (k) in the control were -64.2
+ 1.1 and 9.3 £ 0.2 mV (n = 9), respectively, while
during the exposure to 3 uM Tel, those of V|, and k
were -55.6 £ 1.2 and 9.2 + 0.2 mV (n = 9), respec-
tively. As a result, the results demonstrated that the
steady-state inactivation curve of /Iy, during the
exposure to Tel was significantly shifted to a right-
ward direction, with no clear change in the slope
factor (k value) of this curve.

Simulated 1y, Traces Created from a Modified HH
Model

In order to closely mimic the stimulatory action
of Tel on Iy, observed in NSC-34 cells, we further
investigated how the amplitude and gating of Iy,
can be modified to influence the electrical behavior
of neurons. The modeled /y, was then created on the
basis of a modified HH model (6, 34). In this set of
simulations, the values of Gy, and Vy, were set to be
120 mS/cm? and +50 mV, respectively, while the initial
values of m and % are 0.052 and 0.596, respectively.
Under these conditions, when the / inactivation gating
value (i.e., the ¢ value) was increased in a stepwise
fashion, the peak amplitude of modeled 7y, elicited
in response to step depolarization from -80 to -10 mV
was clearly increased along with a progressive slowing
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Fig. 2. Simulated 7, traces in response to membrane depo-
larization. Detailed simulation profile on the basis of
a modified HH model was described in Materials and
methods. Iy, traces were created when the ¢ value in
the inactivation gating variable (/) was increased from
1.0 to 2.0 with 0.2 increments (as indicated by curved
arrow). The upper part indicates the voltage protocol
used.

in Iy, inactivation (Fig. 2). It is established that a
stepwise 0.2 increase of the ¢ value embedded in 4
inactivation variable is capable of decreasing the
inactivation rate of Iy, accompanied by a gradual
increase of peak /y,. It is therefore clear that current
trajectories tend to correspond well with the experi-
mental results showing that Tel induced stimulation
of Iy, seen in NSC cells (Fig. 1).

Relationship of Changes in Steady-State V Versus the
Gy, Value

The change of steady-state V' as a function of
Gy, was further investigated in this biophysical model.
In this set of simulation, Gy, was taken as a variable,
and the other parameters were kept with default values
shown in Table 1. For example, at ¢ = 1, as the Gy,
value increased, the V' became gradually depolarized
(Fig. 3). When the Gy, value was below 300 mS/cm?,
V' was changed slowly; however, as Gy, was larger
than 350 mS/cm?, ¥ became rapidly depolarized. In
other words, under this condition, the equilibrium
point was sensitive to Gy, value, when this value
ranged from 350 to 550 mS/cm?. Results from this
simulation point out that a slight change of Gy, in this
range may lead the model to a totally different state.
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Fig. 3. Steady-state of V plotted against the value of Gy,
Each arrow indicates the value of ¢ (from 1.0 to 2.0
with 0.2 increments) for the inactivation gating vari-
able (k). Of note, although the overall relationship
of Gy, versus V remains unchanged, the curve was
shifted towards leftward and upward as the ¢ value
was increased in a stepwise fashion.

For example, at Gy, = 100 mS/cm?, the eigenvalues
(i.e., 1) of the linearized system (8) were -4.624843,
-0.119834, -0.238660 + 0.3736057, and -0.238660
— 0.37360517, the last two of which are the complex
conjugate pair with negative real parts; however, at
Gya = 400 mS/cm?, those values were -12.657916,
-0.259931, 3.579923, and 0.044399.

As the bifurcation theory was further applied
(9, 45), one bifurcation point (i.e., Gy, =212.6 mS/cmz)
was established when Gy, varied. The results obtained
reflected that the model underwent a Hopf bifurcation
as Gy, reached this value and that a periodic solution
could emanate from this point. The system is stable
around equilibrium when Gy, is less than this value,
while it becomes unstable as the bifurcation point for
Gy, 1s exceeded. When the stability of the model was
analyzed at Gy, = 212.6 mS/cm? and other parameters
were set at desired values, the eigenvalues were
computed to be -4.971929, -0.125961, 0.000359 +
0.3801797, and 0.000359 — 0.3801797, the last two
values of which can be approximately regarded as 0.

Afterwards, we increased the ¢ value stepwise
by 0.2; and, the relationship of steady-state V' versus
Gy, was notably shifted toward the left. For example,
at ¢ = 2, when Gy, reached 180 mS/cm?, an abrupt
depolarization clearly occurred, although potential
change was notably slowed when Gy, was less than
180 mS/cm?. The equilibrium point became sensitive
to Gy, as this value was greater than 180 mS/cm?.
Based on the bifurcation theory, at ¢ = 2, the point
of Hopf bifurcation became shifted to 106.2 mS/cm?.
At ¢ =2 and Gy, = 106.2 mS/cm?, the eigenvalues
obtained under this condition were -4.971545,
-0.067198, 0.000342 + 0.368152i, and 0.000342 —
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Fig. 4. Bifurcation diagram of Gg versus V' (A) and steady-state of } plotted against the Gg value (B). In this diagram (A), the ¢

value for /4 inactivation gating variable was set at 1.0. The open circles represents the equilibrium state, whereas red color is
a periodic solution indicating that there is spontaneous firing in the model. Arrows indicate the hopf bifurcation point (i.e.,
subcritical [3.84 mS/cm?] and supercritical [19.76 mS/cm?] bifurcation points). In (B), each arrow indicates the value of ¢ (from
1.0 to 2.0 with 0.2 increments) included in the inactivation gating variable (#). Of note, although the overall relationship of
Gy versus V remains unchanged, the curve was progressively shifted to the rightward and upward direction after each step-
wise increase of the ¢ value. The corresponding values of bifurcation points were shifted to a rightward direction as the ¢

value was increased.

0.368152i, the complex numbers of which are taken
to be 0. Therefore, stepwise increase of the ¢ value
can alter effect of Gy, on the stability analyzed in
this model.

Relationship of Changes in Steady-State of V Versus the
Gy Value

Next, we chose G as a variable and kept the
other parameters with default values shown in Table
1. The same method for the analysis of Gy, was taken
to explore the effect of G on the equilibrium, sta-
bility and bifurcation of this HH model. Because
the desired value of G was 36.0 mS/cm? (Table 1),
the value of G was appropriately chosen to range
between 0 and 50 mS/cm?. As ¢ = 1, the relationship
between Gg and the change of V is illustrated in
Fig. 4. Notably, unlike the value for Gy, which dis-
played only one critical one, there were two critical
values about Gy (i.e., the subcritical and supercritical
bifurcation points). The Gk values of subcritical and
supercritical points obtained at ¢ = 1 were computed
to be 3.84 and 19.76 mS/cm?, respectively. At Gy =
3.84 mS/cm?, the eigenvalues of the model were
computed to be -5.321428, -0.422595, -0.000024 +
1.130357i, and -0.000024 — 1.130357i, while at Gg =
19.76 mS/cm?, those were -4.537836, -0.131896,
0.000475 + 0.343883/, and 0.000475 — 0.343883..
As the Gy, values ranged between subcritical and
supercritical points, there appeared to a stable limit
cycle (i.e., an isolated closed trajectory in the phase

plane) inherently in this modified HH model, de-
spite no current injection given (Fig. 4A). These
results can be interpreted to mean that the model is
stable when Gy is less than the subcritical point and
greater than the supercritical point. However, there
are self-sustained and periodic oscillations at a cer-
tain frequency when the Gy value falls to the range
between subcritical and supercritical points.

However, when the ¢ value in /& inactivation
gating value was progressively increased, these two
values placed at the bifurcation points were elevated
(Fig. 4B). For example, as ¢ = 2.0, the subcritical
and supercritical points for Gg became 5.65 and 40.77
mS/cm?, respectively. At G = 5.65 mS/cm” and ¢
= 2.0, the eigenvalues obtained were -7.039552,
-0.379649, 0.000445 + 1.168882i, and 0.000445 —
1.168882i, while at Gg = 40.77 mS/cm? and ¢ = 2,
those were -5.068220, -0.066499, 0.0004888 +
0.376045i, and 0.0004888 — 0.376045i. Therefore,
stepwise increase of the ¢ value inside the % inac-
tivating variable apparently increased the values of
bifurcation points and the range between two bifur-
cation points became progressively widened.

Changes of V and Relationship of m, h and n

Changes in V given at different ¢ values were
further determined. As shown in Fig. 5A, the ¢ value
was set at 1.0, the value of Gy, was arbitrarily set at
190 mS/cm?* and ¥ was plotted over time. It is noted
that the trajectory of V slightly fluctuated and was
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Fig. 5. Changes in V as a function of time (panels A and C) and three-dimensional trajectories for the relationship of m, n, and /4 (panels
B and D). In this set of simulation, the value of Gy, was set at 190 mS/cm?, and other parameters were given at the default
values (Table 1). The ¢ values for / inactivation gating variable are set to be 1.0 (panels A and B) and 2.0 (panels C and D),

respectively.

followed by an equilibrium state eventually. The
corresponding change in the trajectory of gating
variables m, h, and n with time is illustrated in Fig.
5B. It is clear that the electrical behavior of the
modeled cell can spiral eventually toward an equi-
librium state. The reason from this result is due to
the fact that the Gy, value of 190 mS/em? is less
than the value for bifurcation point (212.6 mS/cmz).
When Gy, = 190 mS/cm?, ¢ = 1.0 and other param-
eters were set at default values, the eigenvalues
were -4.997662, -0.124380, -0.055984 + 0.390982,
and -0.055984 — 0.3909821, the last two of which were
noted to be complex numbers with negative real parts
(i.e., stable focus). Correspondingly, the maximal
Lyapunov exponent, a measure of chaos, was calcu-
lated to be was -0.0556363.

However, as the ¢ value was set to 2.0, the
system became unstable and the periodical change
in V occurred (Fig. 5C and 5D). Notably, as the ¢
value was at 2.0, the system was perturbed and the
bifurcation point of Gy, value was shifted to 106.2
mS/cmz, a value that became lower than 190 mS/cm?.
Consequently, the repetitive firing of APs appeared

(Fig. 5C) and the trajectory of m, A, and n with time
turned out to be circles eventually (Fig. 5D). Under
this condition, the system became unstable and the
electrical activity of cells was in a periodical state
at a certain frequency. When Gy, = 190 mS/cm?,
¢ = 2, and other parameters were set at default values,
the eigenvalues were -11.301138, -0.181231, 3.742668,
and 0.011457, and the maximal Lyapunov exponent
became positive (i.e., 0.241989). Therefore, when
there is the stepwise increase of ¢ value, in which
stimulatory effect of Tel on Iy, is mimicked, the fir-
ing tendency of modeled cell is virtually increased.

Similarly, when the ¢ value in % inactivation
variable was 1.0, G was arbitrarily set to 25 m$S/cm?
and other parameters were set at desired values, the
system remains to be stable because, under this
condition, the Gg value became greater than the
supercritical bifurcation point (19.76 mS/cmz). In-
deed, as Gg = 25 mS/cm? with the default values in
other parameters, the calculated eigenvalues were
-4.567741, -0.125725, -0.095417 + 0.372708i, and
-0.095417 — 0.372708i, the last two of which notably
had negative real parts. However, as ¢ was increased
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Fig. 6. Excitability diagram of Gy, and Gy existing in modified HH model. The shaded gray region indicates the unstable state
which is able to produce periodical solutions in a certain period, while the white region represents the stable state. The black
solid line indicates the critical boundary. The value of ¢ for inactivation gating variable (%) in (A) is 1.0 and those shown in
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to 2.0, repetitive firing of APs occurred because the
Gk value fell to the range between two bifurcation
points (i.e., 5.65 and 40.77 mS/cm?). As Gy = 25
mS/cm? and ¢ = 2, the eigenvalues were -5.641992,
-0.105577, 1.127239, and 0.027936.

Phase Plane of Gy, and Gy Derived from this HH Model

The effects of Gy, and Gk on the stability and
bifurcation of modeled HH cells were further analyzed.
As shown in Fig. 6, according to the stability theory
(9), it is anticipated that the model becomes stable
when Gy, and Gy are in white region and it turns out
to be unstable when Gy, and Gy fall to gray region.
The means that the electrophysiological activity can
reach a steady state as Gy, and Gg are in white re-
gion; however, change in V' becomes periodic, when
the values of these two conductances are placed at
gray region. The stability of the model was further
analyzed. When eigenmatrix and eigenvalues of the
model were computed, we further found out that the
real parts in the complex numbers for all of its eigen-
values were negative if Gy, and Gg were placed at
white region shown in Fig. 6. However, if Gy, and
Gy belonged to gray region, positive real numbers in
eigenvalues clearly appeared. For example, as Gy,
=190 mS/cm? and Gy = 10 mS/cm? which are placed
at gray region, the eigenvalues are -0.120304, -0.372698,
0.593699 + 0.7090434, and 0.593699 — 0.7090431, the
last two of which are positive real parts. However, as
Gy, = 190 mS/cm? and Gg = 40 mS/cm? which are in
white region, the corresponding eigenvalues are
-4.90174, -0.122658, -0.100206 + 0.400234i, and
-0.100206 — 0.400234; and the periodical changes
resultantly vanish.

As depicted in Fig. 6, the results led us to
indicate that when Gy, and G are in white region,

the electrophysiological activity can reach a steady
state; however, as Gy, and Gk belong to gray region,
the activity becomes periodic at a certain frequency.
It is thus clear that the system undergoes bifurcations
when Gy, and Gk are on the boundary (indicated by
black solid line). However, when the ¢ value in 4
inactivation gating value was set at 2.0 and other
parameters were kept in desired values, the critical
boundary was shifted leftward and upward, indicat-
ing that the model becomes more unstable and is
qualitatively susceptible to shift towards periodic
changes in electrical behavior of cells. For example,
as ¢ = 2.0, Gy, = 190 mS/cm? and Gy = 40 mS/cm?
which become placed at gray region, the eigenvalues
are -0.6.074081, -0.093835, 1.141662, and 0.038552.
By virtue of a linear regression, the critical boundary
of Gy, versus Gk at ¢ = 1.0 and ¢ = 2.0 can be ex-
pressed as Gg = 0.161244 x Gy, + 0.5743 and G¢ =
0.29212 x Gy, — 2.115329, respectively. As a result,
it is clear that the slope value increased from 0.161244
to 0.29212 when the ¢ value was eclevated from
1.0 to 2.0. This value at ¢ = 2.0 is nearly twice as
much as that at ¢ = 1.0.

Additionally, as hyperkalemia may occur dur-
ing Tel administration (41) and elevated extracellular
K" can alter the Vi value in HH model (26, 33, 36),
we further investigated if there are any changes
in the phase plane of Gy, and Gg. As illustrated in
Fig. 6C, as ¢ = 2 and Vg = -50 mV, the critical
boundary was shifted leftward further along with a
broadening of unstable region created from phase
plane of Gy, and Gg. The results indicate that this
condition, where ¢ is increased, renders modeled
neuron vulnerable to the appearance of repetitive
firing. For example, as ¢ = 2.0, Vg = -50 mV, Gy,
=90 mS/cm? and Gg = 30 mS/cm” which become
notably placed at gray region, the eigenvalues are
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-11.958960, -0.282983, 0.094042 + 0.735902i, and
0.094042 — 0.735902i.

Simulation of Tel-Mediated Activation of Iy, Derived
from a Markovian Model

To further elucidate the ionic mechanism of
stimulatory actions of Tel, a modified markovian
model used to simulate Iy, was examined. This model
illustrated in Fig. 7A was originally derived from
Clancy and Rudy (7). The detailed meanings for
default parameters used in this model were de-
scribed in the paper of Clancy and Rudy (7). Ba-
sically, the model consists of three closed states,
one open state, one fast inactivation (IF) state, two
closed-inactivation state and two intermediate inac-
tivated states. As shown in Fig. 7B, the stimulatory
effect of Tel on simulated Iy, was found to closely
resemble the experimental observations. The results
showed that the stimulatory effect of Tel at a con-
centration of 10 and 30 uM can be mimicked by a
reduction of o, (i.e., transitional rate from IF to open
(O) state) to 19 and 10 msec”' from a control vale of
29.6 msec’'. Therefore, a progression toward the
activated state became slowed in the presence of 10
and 30 uM Tel by 36 and 66%, respectively. The
simulation results are well fit to the experimental
observations showing that during cell exposure to Tel
(10 and 30 uM), current amplitudes of Iy, in response
to step depolarization were increased, along with an
increase in inactivation time constant.

Discussion

The principal findings of this study were that,
in differentiated NSC-34 neuronal cells, addition of
Tel consistently increased the peak amplitude of /Iy,
and the inactivation time constant of this current;
however, it did not alter the activation time course
of the current. The simulation model presented
herein was used to predict that a delay in the inac-
tivation time course of /Iy, (i.e., & inactivating vari-
able) can mainly modify the stability and bifurca-
tions of Gy, and Gg. Taken together, findings from
this study reveal that the increases of both peak
amplitude and inactivation time constant of /y,, in
which the Tel action is mimicked, are the potential
mechanisms underlying the rate and pattern of re-
petitive firing of neuronal APs occurring in vivo.

Earlier studies have demonstrated the ability
of Tel to induce agnostic activity of PPAR-y (3, 24,
31, 40, 41, 44). Ciglitazone (3 uM), a thiazolidin-
edione ligand known to be an agonist of PPAR-y
(16, 36), alone had minimal effect on the amplitude
and kinetics of Iy, in NSC-34 cells. In continued
presence of Tel, subsequent application of neither

A
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014 014 013
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Fig. 7. Simulation of Tel-mediated activation of voltage-
gated Iy, The state diagram of markovian model for
Iy, illustrated in (A) were originally developed by
Clancy and Rudy (7). Source file for the formulation
is available at http://senselab.med.yale.edu/senselab/
modeldb. The solutions to the ordinary differential
equations were implemented in XPP software package.
The default values (i.e., in the control) for numerical
parameters are shown in the paper of Clancy and Rudy
(7). In (A), C: Closed state; O: Open state; IF: Fast
inactivation state; IC: Closed-inactivation state; IM:
Intermediate inactivation state. In (B), the model cell
was depolarized from -80 to -10 mV. When the value
of o, was changed to 19 msec™ (b) and 10 msec™ (c)
from a control value of 20.6 msec™' (a), there was an
increase in peak amplitude in combination with the
increased inactivation time constant. Traces (b) and (c)
were created to mimic the effect of 10 and 30 pM Tel,
respectively. IF «> O is linked to the fast inactivation,
while IF <> IM; and IM; <> IM, correspond to the
slow inactivation process.

angiotensin II (200 nM) nor BADGE (3 uM), an
antagonist of PPAR-y, was found to have any effect
on reversing Tel-mediated stimulation of /Iy, in this
study. Additionally, in NSC-34 cells incubated
with angiotensin II for 6 h, Tel-induced activation
of peak Iy, and slowing in current inactivation
remained intact (data not shown). Valsartan (3 uM),
another blocker of AT1R, also stimulated Iy, effec-
tively in NSC-34 cells. Therefore, it is likely that
the actions of Tel or other structurally similar com-
pounds on Iy, seen in NSC-34 cells are largely in-
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dependent of either its binding to ATIRs or activa-
tion of PPAR-y. Although the exact binding target
for Tel is currently unclear, the challenge of cells
(e.g., NSC-34 neuronal cells) with Tel can exert an
interaction at binding site(s) inherently existing on
Nay channels, resulting in conformational changes in
the channel protein and eventually perturbing the gating
kinetics of the channel. In other words, activation of
Iy, by Tel is not instantaneous, but develops with time
after the channel becomes opened, thereby producing
a slowing in current inactivation. Moreover, there is
a rightward shift of steady-state inactivation curve
of Iy, during cell exposure to Tel.

The changes in the qualitative nature of solu-
tions to HH-based differential equations as the pa-
rameters of ¢, Gy, and Gk varies are demonstrated
in this study. In numerical simulation, as compared
with those at ¢ = 1, the peak amplitude of Iy, is
actually enhanced in combination with a marked
slowing in Iy, inactivation when ¢ is arbitrarily
chosen at 2.0. These theoretical results clearly in-
dicate that changes in the magnitude and kinetics of
Nay channels, in which ¢ value varies and the Tel
action is mimicked, can cause significant impact on
electrical behavior of neurons or neuroendocrine
cells occurring in vivo. Additionally, by virtue of a
markovian model for Iy, (7), the simulated /Iy, was
also created to mimic the stimulatory action of Tel
on this current.

Our study showed that, when the retardation
of Iy, inactivation on which addition of Tel produced
an action occurred, the relationship of steady-state
change in V versus Gy, became progressively altered.
Stable states shown in this study predict that the
electrophysiological activity of cell (e.g., NSC-34
neuronal cell) will get to corresponding resting state
eventually, while periodic phenomenon tends to be
similar to the response of pathological cell’s APs
caused by cardiac arrhythmias (27, 28). Besides
that, under this condition, the relationship of changes
in V versus Gy still remained to be markedly altered,
despite no changes in the default parameter values
inherently from modeled /x. Nonetheless, Tel is
able to exert an additional unanticipated effect on
the amplitude and kinetics of /Iy, in neurons, which
is presumably independent of blockade of ATIRs.
Similarly, (-)-epicatechin-3-gallate or tefluthrin were
recently reported to be an agonistic action on Iy,
accompanied by the decreased inactivation rate (14,
32, 38, 39). The data also implied the possibility
of Tel actions on other types of excitable cells that
express functional Nay channels (18).

The biophysical model used in this study tends
to be based on a relatively small number of variables.
However, it indeed allows us to highlight a qualitative
way how neurons or neuroendocrine spike and why

they switch between two modes of firing without any
need of knowing the detailed scheme in the system
(27). The quantitative model presented herein is able
to complement the experimental observations by
providing insight into Nay channels, which can
impinge upon electrical behavior of neurons or
neuroendocrine cells. Our stimulation results gen-
erated from this model also support the notion that
changes in the magnitude and kinetics of /Iy, caused
by Tel, in which varying ¢ is one of the valuable
parameters, are responsible for its actions on the
functional activity of neurons or neuroendocrine cells
in vivo. Taken together, it should be noted here that the
neurological actions caused by Tel or its structurally
similar compounds can be linked mainly to its direct
actions on the amplitude and gating of Nay channels
(18). Attention therefore needs to be given in attributing
Tel-induced neurological actions in vivo to either
blockade of AT1R or activation of PPAR-y activity
(1-3, 13, 19, 20, 29, 30, 44). The majority of Iy,
identified in differentiated NSC-34 neuronal cells
was found to resemble Nay1.7 encoded by SCN9A
gene. Whether Tel-induced stimulation of Zy, is isoform-
specific remains to be further explored.

In this study, two theoretical models were
used for investigations on Tel actions on the kinetics
of Iy, recorded from NSC-34 neuronal cells. Indeed,
on the basis of our simulations, these two models were
found to mimic the effect of Tel on /y,, although there
are three inactivated states in the model of Clancy
and Rudy (7). It is therefore possible that the Tel
molecule acts predominantly on the fast inactivated
state of Nay channels. However, the Clancy Rudy
model (7) is tailored to the cardiac Nay1.5 channel,
not to neuronal Nay channels. Therefore, whether
the Tel molecule contributes to the slow inactivated
states in Nay channels remains to be further experi-
mentally explored.

In this study, addition of Tel enhanced /Iy, with
an ECsq value of 1.2 uM. The plasma Tel concentration
after oral and intravenous administration of a single
dose of 40 mg Tel can reach about 0.087 uM (44.7
ng/ml) and 2.32 uM (1196 ng/ml), respectively (26).
The plasma level of Tel reported previously (26)
was obtained after intravenous administration which
is not usually done in clinical setting. Therefore, under
such conditions, or, perhaps, with oral overdosing,
Tel would have a substantial effect on /,. Moreover,
binding studies performed in membrane preparations
derived from rat lung have reported a high affinity
of Tel to the AT1R with a Ki value of 3.7 nM (12). Tel
concentrations in the cerebrospinal fluid (CSF) follow-
ing 8 days of oral treatment with lowest and highest
(1 and 30 mg/kg of body weight per day) were reported
to range from 0.9 ng/ml to 46.5 ng/ml (i.e., from
2 to 100 nM) (12). Because the Tel molecule pos-
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sesses good lipophilicity, it can readily transverse the
blood-brain barrier and subsequently penetrate different
brain regions. Therefore, to what extent Tel-stimulated
Iy, presented herein could be of pharmacological
relevance remains to be further delineated.
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