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Abstract The mechanoelectrical transducer (MET) is a
crucial component of mammalian auditory system. The gat-
ing mechanism of the MET channel remains a puzzling
issue, though there are many speculations, due to the lack
of essential molecular building blocks. To understand the
working principle of mammalian MET, we propose a molec-
ular level prototype which constitutes a charged blocker,
a realistic ion channel and its surrounding membrane. To
validate the proposed prototype, we make use of a well-
established ion channel theory, the Poisson–Nernst–Planck
equations, for three-dimensional (3D) numerical simula-
tions. A wide variety of model parameters, including bulk
ion concentration, applied external voltage, blocker charge
and blocker displacement, are explored to understand the
basic function of the proposed MET prototype. We show
that our prototype prediction of channel open probability in
response to blocker relative displacement is in remarkable
accordance with experimental observation of rat cochlea
outer hair cells. Our results appear to suggest that tip links
which connect hair bundles gate MET channels.
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1 Introduction

The sense of hearing, one of the five major senses, is
important for human to communicate with and perceive the
world. The human sensory system for hearing is the audi-
tory system that consists of the outer, middle and inner
ears (Borisyuk 2005). This system detects a wide range of
sounds, amplifies waves and converts them into electrical
signals so that the brain can analyze and interpret audi-
tory information (Borisyuk 2005). In detail, sound waves
in the air go through the external canal of the outer ear
and are transformed into pressure waves by the middle ear.
The pressure waves vibrate the basilar membrane in the
cochlea of the inner ear, which regulates the movement
of hair bundles (Peng et al. 2011). It is widely believed
that the deflection of hair bundles opens mechanoelectri-
cal transducer (MET) channels to generate electrical signals
acceptable by the brain (Borisyuk 2005; Schwander et al.
2010; Peng et al. 2011).

For many mammals, the organ of Corti, a part of the
cochlea, contains one row of inner hair cells (IHCs) and
three rows of outer hair cells (OHCs) with different func-
tions and shapes. The IHC is a transducer which takes
acoustic information to afferent neurons, while OHC is a
cochlea amplifier which manages vibrations of the basi-
lar membrane (Fettiplace and Hackney 2006). In fact, the
mechanically sensitive hair bundles are located at the api-
cal surface of hair cells and each of them is composed
of several actin-filled microvilli, also named stereocilia
(Peng et al. 2011). The stereocilia are arranged in rows of
decreasing height and are tightly connected to each other by
extracellular linkages including tip links and top-connectors
(Schwander et al. 2010). The gating mechanism of the MET
channel is one of the most interesting research topics. It
is speculated that the tip link, which extends from the tip
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of a stereocilium to the side of the next taller one, has
been thought to gate the MET channel directly or indirectly
(Schwander et al. 2010; Kazmierczak and Müller 2012).

The MET channel is a nonselective cation channel
with a considerably high permeability of Ca2+ (Fettiplace
2009). The permeability of Ca2+ has been used to iden-
tify the localization of the MET channels (Denk et al. 1995;
Jaramillo and Hudspeth 1991). Especially, Beurg et al. have
shown that MET channels are located at the bottom of the tip
links as indicated by fast confocal calcium-imaging (Beurg
et al. 2009). The molecular structure of the MET channel is
still obscure, partly because of few channels per hair cell and
few hair cells per organ (Peng et al. 2011). Although several
candidates were suggested in the literature, none of them
was perfectly matched with the MET channel from biophys-
ical perspective (Fettiplace 2009). Ricci et al. showed that
the conductance of hair cells was tonotopically changed,
which implies that the MET channel might be composed of
several subunits (Ricci et al. 2003). Farris and his colleagues
measured the pore size and channel length using various
antagonists of the candidate channel classes (Farris et al.
2004). More intrinsic characteristics of the MET channel
are yet to be discovered in order to construct its molecular
identity.

The biophysical principles underlying the mechanotrans-
duction process in hair cells have been intensively investi-
gated in the past few decades. It is postulated that deflection
of a hair bundle toward the longest stereocilia, namely pos-
itive deflection, leads to open the MET channels at the
lower end of the tip links (Kazmierczak and Müller 2012).
The tip link and an elusive elastic element, namely gat-
ing spring, are believed to unfasten the channel. Then Ca2+
enters through the channel and contributes to fast adaptation
by binding to a molecule inside or near the channel. Finally,
slow adaptation is accomplished by a myosin motor at the
upper end of the tip link in two steps. First, sliding down
of the motor along the stereocilia results in channel closure,
and then its climbing toward the tip leads to restore tension
(Ricci et al. 2006; Schwander et al. 2010; Kazmierczak and
Müller 2012). Despite much advance, the molecular detail
of the mechanotransduction machinery has proved to be elu-
sive. Particularly, there is no direct structural confirmation
for the molecular building blocks of MET channels.

Ion channels have received a great attention from physi-
cists, biochemists and biologists. Ion channels are mem-
brane proteins with a pore which govern ion permeability
through the membrane. The major roles of ion channels are
to alter membrane potentials, to control electrolyte move-
ments for cell volume regulation and polarized transport of
salt, and to generate electrical signals which are utilized
to regulate hormone secretion, neurotransmitter release and
muscle contraction (Hacker et al. 2009). Ion channels can be
mainly classified by ion selectivity and gating mechanism.

Most channels are very selective in allowing permeation of
certain ions although there are exceptions, i.e., nonselective
cation channels (Hacker et al. 2009). Potassium, sodium,
calcium and chloride are four principal ions in mammalian
sensory systems. Indeed, they are of crucial importance for
the electrical excitability (Hacker et al. 2009). In the view
of the gating mechanism, ion channels are generally classi-
fied as voltage-gated or ligand-gated (Hacker et al. 2009).
Voltage-gated channels are opened or closed by transmem-
brane voltage; on the other hand, ligand-gated channels are
done by conformational changes. Nonetheless, ion chan-
nels can also be gated by photonic, thermal and mechanical
means.

In 1952, Hodgkin and Huxley modeled the action poten-
tial in squid giant axons by analyzing electrical movements
of Na+ and K+ through the ion channels (Hodgkin and
Huxley 1952). Since then, there has been tremendous
progress in developing experimental techniques and the-
oretical tools to investigate structure, function, dynamics
and transport of ion channels in electrophysiology, bio-
chemistry, molecular biology, computational chemistry and
bioinformatics (Jordan 2005). Electron microscopy, nuclear
magnetic resonance spectroscopy and X-ray crystallogra-
phy have been established to reveal structural information
of ion channels (Jordan 2005). Furthermore, several pow-
erful theoretical tools, such as molecular dynamics (MD),
Brownian dynamics (BD), Poisson–Nernst–Planck (PNP)
model, Poisson–Boltzmann–Nernst–Planck (PBNP) model
and variational multiscale models, have been advanced over
years to examine ion channels (Chen and Eisenberg 1993;
Hollerbach et al. 2001; Roux et al. 2004; Jordan 2005;
Coalson and Kurnikova 2005; Lu et al. 2007; Jung et al.
2009; Zheng and Wei 2011; Chen and Wei 2012; Wei
et al. 2012). The MD provides a detailed molecular-level
approach by describing the dynamical motions of all the
atoms in the system via the Newton’s second law of motion
(Roux et al. 2004; Jordan 2005). The BD also describes
the motion of every ion in the molecular level, but it con-
siders the solvent as a dielectric continuum (Roux et al.
2004; Jordan 2005). The PNP model, an electrodiffusion
approach, treats both ions and solvent as continuous enti-
ties and describes membrane protein in atomic detail (Chen
and Eisenberg 1993; Eisenberg et al. 2010; Coalson and
Kurnikova 2005). The PBNP model simplifies the PNP cal-
culation for multiple ions (Lu et al. 2007; Zheng and Wei
2011). Variational formulations are proposed to derive a
variety of multiscale models for charge transport (Wei et al.
2012).

The purpose of the present work is to explore the gat-
ing mechanism of the MET channel in mammalian hair
cells. We construct a molecular level prototype to probe into
the mechanical gating principle of the MET channel. Our
model consists of a realistic ion channel, a membrane and an
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additional charged lip. Our theoretical analysis has been
carried out with the PNP model which is able to provide
channel currents under various experimental conditions,
such as bulk ion concentration, applied voltage, lip charge
and lip position. In particular, we examine the response of
channel current according to lip displacement. Our results
are compared with experimental data of rat hair bundle
displacement and current relation given by Kennedy et al.
(2005).

The rest of this paper is organized as follows. In
Section 2, our molecular level prototype for the MET chan-
nel is presented, followed by a description of the PNP
model and its computational algorithm. Since the molecu-
lar structure of the MET channel is unknown, an alternative
channel is needed. We use the Gramicidin A (GA) ion chan-
nel (PDB ID: 1MAG) for the following reasons. First, the
structure of the GA channel is simple so that a blocker can
be added with 100 % confidence in the blocker’s geom-
etry. Many other channels have additional domains which
may cause unwanted complication in the result interpreta-
tion. Additionally, the GA channel is one of the most studied
realistic channels and its behavior is well-known (Zheng
and Wei 2011; Chen and Wei 2012; Wei et al. 2012). Con-
sequently, the change in behavior can be easily attributed
to the blocker effect. A particle-like lip with an adjustable
charge is mounted at the mouth region of the GA channel
to enable the mechanoelectrical gating of the channel. The
PNP theory is implemented via the second-order PNP solver
recently developed in our lab (Zheng et al. 2011) to compute
electrostatic potential and current in the prototype channel.
Section 3 is devoted to the numerical study of our prototype
for the MET channel. We validate our model by analyz-
ing the electrostatic potential and channel current under a
variety of channel conditions. Our computational results
including electrostatic potential profiles and open probabil-
ity distributions are compared with experimental data in the
literature. This paper ends with a conclusion.

2 Model and algorithm

2.1 Geometry of the MET prototype

Howard and Hudspeth (1988) proposed the original gating
spring model, in which the elastic component, the so-called
gating spring, regulates opening and closing of the trans-
ducer channels. Deflection of a hair bundle toward the
tallest row of stereocilia increases the tension of the spring
attached to the hypothetical channel gate, which opens the
channels. It was assumed that the tip link acted as a gat-
ing spring. However, recent research findings suggest that
the tip link may be too stiff to express a spring effect and
thus the elastic filament may be located at the bottom of

the channel (Gillespie and Müller 2009; Kazmierczak et al.
2007; Schwander et al. 2010). It is still mysterious how the
deflection of a hair bundle gives rise to opening the MET
channels. Several possibilities are suggested, but none of
them is conclusive owing to the lack of molecular level
structural information for the MET channel and insufficient
experimental evidence. Moreover, the channel opening may
involve not only a conformational change but also a com-
plicated molecular interplay (Ricci et al. 2006; Peng et al.
2011).

In this work, we construct a molecular level prototype to
simulate the MET channel gating process. The GA channel
is employed to represent the channel structure. A positively
charged ion of radius 1.5 Å, called as a “blocker”, is placed
at the mouth region of the channel to behave as a lip, see
Fig. 1. Since the GA channel is a cation channel, it can be
effectively blocked by an additional cation with a pertinent
charge.

The structural data of the GA channel with a blocker is
prepared in a procedure as described in our earlier work
(Zheng et al. 2011). Specifically, for each atom in the
biomolecule, van der Waals radius is assigned with the
CHARMM22 force field (MacKerell et al. 1998) and par-
tial charge is obtained by the PDB2PQR software (Dolinsky
et al. 2004; Dolinsky et al. 2007). The molecular surface of
the GA channel is generated by the MSMS program with
density 10 and probe radius 1.4 Å (Sanner et al. 1996).

To demonstrate the blocker’s gating behavior, we allow it
to move along one direction just outside the channel mouth.
The displacement of the blocker imitates the deflection of
a hair bundle (Kennedy et al. 2005). The alteration in the
blocker position changes the channel state. Additionally, to
intensify the efficiency of the blocker, we allow its charge to
be varied over a certain range in our numerical experiments.

The channel pore region is placed along the z-axis. The
membrane part is added to the geometry from z = 9 Å to
z = 33 Å (see Fig. 1). In order to find out the optimal posi-
tion of the blocker, several locations along the channel axis
(z-axis) were tested and then z = −15.95 Å is selected to
be the most suitable z-coordinate. We fix the y-coordinate
of the blocker at 0.1 Å and allow the blocker to move only
along the x-direction from x = −0.5 Å to x = 0.9 Å, which
involves the transition between the open and closed states of
the channel.

2.2 The Poisson–Nernst–Planck (PNP) model

The PNP model (Chen and Eisenberg 1993; Coalson and
Kurnikova 2005) is a relatively simple mathematical model,
which is still able to incorporate the structural detail of
the above prototype for the MET channel. It describes the
dynamics and the transport of ion channels with relatively
less computational cost. This model has been substantially
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Fig. 1 An illustration of the
model setup and the
computational domain. a The
domain is composed of four
regions: protein region,
membrane layers, bulk region
and channel pore region. The
sphere represents the blocker
and the arrow indicates the
direction of its movement. b The
GA channel protein, the artificial
membrane, and the blocker

discussed in the literature, including simplified Poisson–
Boltzmann–Nernst–Planck model (Zheng and Wei 2011)
and enriched variation multiscale models (Wei et al. 2012).
A number of advanced mathematical techniques are used to
solve the PNP equation with second order accuracy (Zheng
et al. 2011).

2.2.1 Computational domain

Consider an open domain � = �m ∪ �s ∈ R
3, where

�m and �s , respectively, denote the biomolecule region
and solvent region (Zheng et al. 2011). In fact, �m con-
sists of channel protein and membrane layers, while �s

can be divided into bulk region and channel pore region as
illustrated in Fig. 1. The interface between two regions �m

and �s is represented by �, which is determined by the
molecular surface.

2.2.2 Governing equations

The PNP model is a simplified continuum model which
couples the Poisson equation and the Nernst–Planck equa-
tion (Zheng et al. 2011). The Poisson equation describes the
electrostatic potential �(r) under the influence of dielectric
properties, fixed charges in the protein and mobile charges
in the solvent

−∇ · (ε(r)∇�(r)) = 4π

⎛
⎝ρf +

Nm∑
β=1

qβCβ(r)

⎞
⎠ . (1)

In Eq. (1), ρf =
Np∑
j=1

Qjδ
(
r − rj

)
represents the fixed

charges in the protein, where Qj is the partial charge at posi-
tion rj of the protein and Np is the number of charged atoms
in the protein. Moreover, partial charges in the membrane
layers are neglected as a good approximation for ion trans-
port. For each β, qβ and Cβ are, respectively, the charge and

concentration of βth ionic species and Nm represents the
number of mobile ionic species in the solvent.

The space-dependent dielectric function ε(r) is defined

as ε(r) =
{

εm, r ∈ �m

εs, r ∈ �s

. In our computation, we set εm =
2 for the molecular region impermeable to water or ions
and εs = 80 for the solvent region permeable to water and
simple ions.

For each ionic species β in the solvent, the Nernst–Planck
equation determines the rate of change of its concentration
Cβ by the Fick’s law

∂Cβ(r)
∂t

= −∇ · Jβ(r), (2)

where Jβ is the concentration flux. Especially, the flux Jβ

depends on the diffusion caused by the concentration gradi-
ent as well as the drift driven by the electrostatic potential
gradient

Jβ(r) = −Dβ(r)
[
∇Cβ(r) + qβ

kBT
Cβ(r)∇�(r)

]
, (3)

where Dβ(r) is a diffusion coefficient of species β, kB is
the Boltzmann constant and T is the absolute temperature.

The diffusion coefficient function Dβ(r) is defined to be
a differentiable function as discussed in our earlier work
(Zheng et al. 2011).

Dβ(r) =
⎧⎨
⎩

Dβ,c, r ∈ �s,c

Dβ,c + (
Dβ,c − Dβ,b

)
f (r), r ∈ �s,u

Dβ,b, r ∈ �s,b,

where �s,c is the channel region, �s,b is the bulk region and
�s,u is a buffering zone between �s,c and �s,b. The buffer-
ing zone is necessary to make the function Dβ(r) smooth.
Here, we define

f (r) = f (z) =
{

n

(
z − zc

zb − zc

)n+1

− (n + 1)

(
z − zc

zb − zc

)n
}
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for z ∈ [zc, zb], where zc and zb indicate the channel
region and bulk region, respectively. The diffusion coeffi-
cients in the bulk region are determined as DK+,b = 1.96 ×
10−5 cm2/s and DCl−,b = 2.03 × 10−5 cm2/s. For each
species β, diffusion coefficient in the channel pore region is
set to Dβ,c = Dβ,b/21 (Zheng et al. 2011).

The steady-state form of the Nernst–Planck equation is

∇ · Dβ(r)
[
∇Cβ(r) + qβ

kBT
Cβ(r)∇�(r)

]
= 0 in �s (4)

with the zero-flux boundary condition

−Dβ(r)
[
∇Cβ(r) + qβ

kBT
Cβ(r)∇�(r)

]
= 0 on �,

which comes from the physical fact that no ion can penetrate
through the interface. On the boundary ∂�, we set Cβ(r) =
Cβ,0 as their bulk ion concentrations.

2.3 Computational algorithm

This section describes the computational method. The
Dirichlet to Neumann mapping technique is used to remove
charge singularities (Geng et al. 2007). In the MIB method,
the standard centered finite difference scheme is imple-
mented to handle regular points which are away from the
interface and boundary, whereas irregular points which are
close to the interface need some special manipulations to
preserve the second order convergence of the numerical
algorithm. A numerical overview of a second-order PNP
solver (Zheng et al. 2011) and major principles of the
matched interface and boundary (MIB) method are dis-
cussed. Coupled Eqs. (4), (5) and (6) of the PNP model are
solved iteratively.

2.3.1 Dirichlet to Neumann mapping

To avoid directly computing charge singularities due to the
delta functions of ρf in the Poisson Eq. (1), �(r) is decom-
posed into the regular part �̃(r) and the singular part �(r).
Explicitly, the singular part �(r) is defined as (Geng et al.
2007)

�(r) =
{

�∗(r) + �0(r), r ∈ �m

0, r ∈ �s,

where �∗(r) is the Green’s function given by

�∗(r) =
Np∑
j=1

Qj

εm|r − rj |

and �0(r) is the solution of the Laplace equation with a
Dirichlet boundary condition
{ ∇2�0(r) = 0, r ∈ �m

�0(r) = −�∗(r), r ∈ �.
(5)

Then the Poisson equation of �̃(r) is obtained as follows

−∇ · (
ε(r)∇�̃(r)

) = 4π

Nm∑
β=1

qβCβ(r) (6)

with two jump conditions at the interface

{ [�̃(r)] = 0, r ∈ �

[ε(r)�̃n(r)] = εm∇ (
�∗ (r) + �0(r)

) · n, r ∈ �,

where n is the outward normal direction of the interface.

2.3.2 Matched interface and boundary (MIB) method

The MIB method has been developed in our group in the
past decade (Zhao and Wei 2004; Zhou et al. 2006; Yu and
Wei 2007; Zheng et al. 2011). It is a higher-order numeri-
cal scheme for solving elliptic equations with discontinuous
coefficients and complex interfaces and involving geomet-
rical singularities. This scheme is based on the collocation
scheme with Lagrange polynomials and it uses fictitious
values and auxiliary points to enforce jump conditions at the
interface. Additionally, this method transforms 3D problems
into 1D-like ones. In this section, we discuss how to solve
Eq. (6) for �̃(r) using the MIB method.

In Fig. 2,
(
xi, yj , zk

)
is an irregular point. In fact, unlike

the points
(
xi−1, yj , zk

)
and

(
xi, yj , zk

)
, only the point(

xi+1, yj , zk

)
belongs to �m. Consequently, the discretiza-

tion scheme along the x-direction at the point
(
xi, yj , zk

)
involves the function values from different subdomains.
Similarly,

(
xi+1, yj , zk

)
is also an irregular point. For

Fig. 2 An illustration of the interface. The kth mesh line intersects
the interface at the point

(
xo, yj , zk

)
(star). Two irregular points

(circle)
(
xi , yj , zk

)
and

(
xi+1, yj , zk

)
give two fictitious values fi,j,k

and fi+1,j,k . Two points (square) on the y-direction,
(
xo, yj−2, zk

)
and

(
xo, yj−1, zk

)
, are needed to calculate �̃

s

y and two points (square)
on the z-direction,

(
xo, yj , zk+1

)
and

(
xo, yj , zk+2

)
, are needed to cal-

culate �̃
s

z. Triangles indicate the auxiliary points to interpolate two
partial derivatives �̃

s

y and �̃
s

z
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instance, the discretization schemes along the x-direction at
these two irregular points, respectively, are

(ε�̃x)x =
ε
i− 1

2
�̃i−1 −

(
ε
i− 1

2
+ ε

i+ 1
2

)
�̃i + ε

i+ 1
2
fi+1

�x2

at
(
xi, yj , zk

)
and

(ε�̃x)x =
ε
i+ 1

2
fi −

(
ε
i+ 1

2
+ ε

i+ 3
2

)
�̃i+1 + ε

i+ 3
2
�̃i+2

�x2

at
(
xi+1, yj , zk

)
,

where εl, �̃l and fl denote the values at
(
xl, yj , zk

)
.

The fictitious values fi,j,k and fi+1,j,k are determined
by dealing with the continuity conditions [�̃] and [ε�̃n].
First of all, a local coordinate transformation from (x, y, z)

to (ξ, η, ζ ) is applied to the point of intersection between
the interface � and the mesh line, where ξ is the normal
direction, η is the tangential direction and ζ is the binormal
direction. This new coordinates give rise to the following
three jump conditions
⎡
⎣

[ε�̃ξ ]
[�̃η]
[�̃ζ ]

⎤
⎦ = T ·

⎛
⎝

⎡
⎣

εm�̃m
x

�̃m
y

�̃m
z

⎤
⎦ −

⎡
⎣

εs�̃
s
x

�̃s
y

�̃s
z

⎤
⎦

⎞
⎠ . (7)

Here the coordinate transformation matrix is

T =
⎡
⎣

sin φ cos θ sin φ sin θ cos φ

− sin θ cos θ 0
− cos φ cos θ − cos φ sin θ sin φ

⎤
⎦ ,

where φ and θ are the azimuth and zenith angles for the
normal direction n = (sin φ cos θ, sin φ sin θ, cos φ). The
two jump conditions [�̃η], [�̃ζ ] are obtained by differ-
entiating [�̃] along the tangential and binormal direction,
respectively.

The jump conditions in Eq. (7) involve six partial deriva-
tives �̃m

x , �̃m
y , �̃m

z , �̃s
x, �̃

s
y and �̃s

z. Since two of them can
be eliminated by using jump conditions, we select those
partial derivatives that are relatively difficult to discretize
to be eliminated. In an example of Fig. 2, �̃m

x and �̃s
x

are retained because the fictitious values are lain on the x-
mesh line. Moreover, the geometrical complexity around
point

(
xo, yj , zk

)
, which is an intersecting point between

the interface and the x-mesh line, may determine the selec-
tion strategy of the elimination of the partial derivatives.
Appropriate values of a1, a2 and a3 give

a1[ε�̃ξ ]+a2[�̃η]+a3[�̃ζ ] = c1�̃
m
x +c2�̃

s
x +c3�̃

s
y +c4�̃

s
z.

Auxiliary points are determined to evaluate �̃s
y and �̃s

z. The

modified jump conditions [�̃] and a1[ε�̃ξ ] + a2[�̃η] +
a3[�̃ζ ] are solved to find the fictitious values fi,j,k and
fi+1,j,k . The more detailed equations are discussed in refer-
ences (Yu and Wei 2007).

2.3.3 Strategy of the second-order PNP solver

Equation (5) is solved only once at the beginning because it
does not involve concentrations of ionic species. The stan-
dard centered finite difference scheme is implemented to
find �0(r) away from the complex boundary, while care-
ful interpolation is required near the boundary (Yu and Wei
2007). Moreover, for irregular points, the function values
belong to �s are replaced by those of intersecting points
between the interface � and grid lines. Similarly, the stan-
dard centered finite difference scheme is used to find the
solution of Eq. (4) away from the boundary or interface
for each ionic species as well. For the points near the
interface, the difference scheme depends on geometry (The
reference (Zheng et al. 2011) contains complete equations).
Then Eq. (6) is solved for �̃(r) using the MIB method to
handle the jump conditions [�̃] and [ε�̃n] and to main-
tain the second order. Finally, the successive over relaxation
(SOR)-like iterations for Cβ(r) and �̃(r) guarantee the con-
vergence. The iteration is repeated until the given tolerances
are satisfied.

3 Results

3.1 Experimental data

In this work, the computational results are compared with
the experimental data from the reference (Kennedy et al.
2005). Experiments were conducted on outer hair cells
of Sprague-Dawley rats. At first, the apical turn of the
organ of Corti was excised from rats between 6 and
14 days postnatal and prepared as previously reported in
the literature (Kennedy et al. 2003, 2005; Beurg et al.
2008, 2010). The separated apical turn was fixed in the
experimental chamber and the motion of a glass pipette
deflects hair bundles, which activates the MET channels.
Currents and bundle motions were recorded at the begin-
ning of the apical turn of the bundle and averages of
10 stimuli were given to obtain a standard error of ±1
(Kennedy et al. 2005).

We mainly focus on the MET channel current. The graph
of the MET channel current against time can be divided
into three steps (Kennedy et al. 2005). The first step repre-
sents that the channels respond to the bundle motions within
microseconds, which proves the direct relationship between
bundle motion and channel activation. Then the second and
third parts, respectively, describe fast and slow adaptations
which indicate the channel closure and the restoration of the
sensitivity of the hair bundle. Next, the normalized current
(I/IMax), which can be regarded as the channel open prob-
ability, is also presented in the reference (Kennedy et al.
2005). The relation between the normalized current and the
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displacement of the bundle shows a nonlinear sigmoidal
behavior. It also demonstrates that the positive deflection
(toward the longest stereocilium) increases the open prob-
ability; on the contrary, the negative deflection (away from
the longest sterecilium) decreases the open probability.

3.2 Computational results

We explore the behavior of our MET prototype under
various conditions. One of the basic issues is the electro-
static potential profile projected to the channel direction
(z-direction) at the middle of the channel pore. Except spec-
ified, we set the charge of the blocker as q = 2, the bulk
concentrations of both ions C0 = CK+,0 = CCl−,0 = 0.1 M
and applied external voltage �̃0 = 100 mV. We first exam-
ine the impact of moving the charged blocker along the
x-direction. The goal of this study is to verify whether the
proposed MET prototype properly represents the behavior
of the MET channel. We move the charged blocker from
x = −0.5 Å to 0.9 Å. As illustrated in Fig. 3, at locations
x = 0.6 Å and x = 0.9 Å, the charged blocker creates
a large electrostatic barrier at the channel mouth region,
which hinders the inward flow of the cation K+. As a result,
the electrostatic potential level inside the channel is very
low due to the fact that the positive ions cannot effectively
enter through the channel. Therefore, the proposed MET
prototype shows a desirable gating effect.

We next examine the behavior of our model under differ-
ent bulk concentrations. We still set q = 2 for the blocker

Fig. 3 Electrostatic potential profiles at different locations xq of the
blocker with charge q = 2, C0 = CK+,0 = CCl−,0 = 0.1 M and
�̃0 = 100 mV. The region between two dashed lines indicates the
channel pore region. As the blocker position gets closer to 0.9, the
blocker produces a stronger barrier near the mouth of the channel as
shown in the electrostatic potential profile

Fig. 4 Electrostatic potential profiles along the channel direction for
the MET prototype. The region between two dashed lines indicates
the channel pore region. a Effect of different bulk ion concentrations
C0 = CK+,0 = CCl−,0 = 0.1 M (circles) and C0 = CK+,0 = CCl−,0 =
0.2 M (diamonds) when q = 2 and �̃0 = 100 mV are fixed; b Effect of
different applied external voltages �̃0 = 100 mV (circles) and �̃0 =
200 mV (diamonds) when q = 2 and C0 = 0.1 M are fixed. Increase in
the bulk ion concentration creates higher potential within the channel.
Similarly, the increase in the applied external voltage leads to high
electrostatic potential in the left bulk region as well as in the channel
pore region
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charge and �̃0 = 100 mV for the applied voltage. Two dif-
ferent bulk ion concentrations C0 = 0.1 M and C0 = 0.2 M
are tested in our numerical experiments. In Fig. 4a, we illus-
trate the response of the present model at these two bulk ion
concentrations by showing the electrostatic potential curve
along the channel pore direction. The change in the bulk ion
concentration has little influence on the electrostatic pro-
file outside of the channel pore region, which is dominated
by the applied voltage and reflects the electrical neutral-
ization of cations and anions. However, the increase in the
bulk ion concentration leads to a higher concentration of the
positive ion in the channel pore region, which enhances the
electrostatic potential within the channel as well.

We further investigate the behavior of our model under
two different applied voltages. To this end, we set q = 2 and
C0 = 0.1 M. The applied voltage is changed from �̃0 =

Fig. 5 The channel current versus the relative displacement (dx ) of the
charged blocker. a Behavior under two bulk ion concentrations C0 =
CK+,0 = CCl−,0 = 0.1 M (circles) and C0 = CK+,0 = CCl−,0 = 0.2 M
(diamonds) when q = 2 and �̃0 = 100 mV are fixed; b External
voltages �̃0 = 100 mV (circles) and �̃0 = 200 mV (diamonds) when
q = 2 and C0 = 0.1 M are fixed. Consequently, increase in bulk
ion concentration and in external voltage induces increase in channel
current

100 mV to �̃0 = 200 mV. The electrostatic potential in
response to the change is depicted at Fig. 4b. We see an
obvious change in the electrostatic potential in the left bulk
region and in the left part of the channel pore region.

To show the effectiveness of the charged blocker, we
study the impact of the displacement of the blocker along
the x-direction under the fixed blocker charge q = 2 as
shown in Fig. 5. We also analyze the behavior under two
bulk ion concentrations C0 = 0.1 M and C0 = 0.2 M as
shown in Fig. 5a and two applied voltages �̃0 = 100 mV
and �̃0 = 200 mV as shown in Fig. 5b. We define a rel-
ative displacement dx as the scaled distance of the blocker
from its optimal position. When the relative displacement
is zero, i.e., dx = 0, the blocker locates right on top the
channel mouth, which essentially blocks the channel and
creates the closed state. When dx = 1, there is no block-
ing effect and the system reaches its normal open state.
Clearly, the current gets higher as the relative displace-
ment increases. Meanwhile, the channel current increases as

Fig. 6 a Electrostatic potential profiles and b channel current val-
ues for four different charges q = 0.5, q = 1, q = 1.5 and q = 2
when C0 = 0.1 M and �̃0 = 100 mV are fixed. The region between
two dashed lines indicates the channel pore region. As the charge
gets increased, the barrier at the gate of the channel gets higher. In
conclusion, the amplitude of the current curve also gets enlarged
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the bulk ion concentration increases, because of permeating
more cations, which is consistent with the increase in the
electrostatic potential within the channel pore region shown
in Fig. 4a. Similarly, the current increases as the applied
external voltage increases, due to the increase in the elec-
trostatic potential as shown in Fig. 4b. These results agree
qualitatively with those of hair bundle deflections in the
literature (Kennedy et al. 2003, 2005).

Having established the importance of the blocker posi-
tion to the channel open-closed transition, we are interested
in other properties of the blocker that may contribute to
its gating mechanism. Two most relevant properties are the
blocker size and charge. In the present system, the change
of the molecular size of the blocker is ineffective to the
behavior of the channel because the PNP model does not
consider the finite volume effect (Jung et al. 2009; Lu and
Zhou 2011). However, it can be studied how the blocker
charge affects the ion transport. To this end, we test our
model with a number of different charges, namely, q =
0.5, q = 1, q = 1.5 and q = 2, while set C0 = 0.1 M and
�̃0 = 100 mV. Our results are presented in Fig. 6. In Fig. 6a,
the electrostatic potential at the entrance of the channel is
dramatically influenced by the magnitude of the blocker
charge. A larger charge leads to a higher potential barrier,
which results in less density of the cation and a lower elec-
trostatic potential within the channel pore region. In Fig. 6b,
we illustrate the impact of the blocker charge to the chan-
nel current under various relative blocker displacement dx .
It is interesting to note that only when the charge reaches an
appropriate threshold, the blocker can effectively close the
channel. Therefore, a leakage ion current exists when the

Fig. 7 Open probability Po is plotted against the relative displacement
dx for four different charges q = 0.5, q = 1, q = 1.5 and q = 2
when C0 = 0.1 M and �̃0 = 100 mV. The solid dots are experimental
data of the normalized MET current versus normalized rat hair bundle
displacement (Kennedy et al. 2005). At each blocker charge, the open
probability in response to the relative displacement forms a sigmoidal
shape and, especially, the charge q = 2 gives a remarkable agreement
with the experimental data

blocker does not carry sufficient charge or is not located at
its optimized position.

It is interesting to compare our model prediction with
the experimental finding of the relation between the open
probability and the rat hair bundle displacement given in
the reference (Kennedy et al. 2005). To this end, we com-
pute the channel open probability Po at a number of relative
displacement dx with four different charges when we set
C0 = 0.1 M and �̃0 = 100 mV. For a comparison, our
results are presented in Fig. 7 together with experimental
data (Kennedy et al. 2005). Amazingly, there is an excellent
agreement between our model prediction and experimental
measurement when the blocker charge is q = 2, indicating
that q = 2 is the optimal charge in our molecular level pro-
totype of the MET channel. Furthermore, this result implies
that our molecular level prototype is able to reveal the gating
mechanism of the MET channel.

Finally, our optimal model predictions are obtained with
fixed applied voltage and bulk ion concentration. Obviously,
it remains to investigate whether our model prediction is

Fig. 8 Sensitivity test of the molecular level MET model for the
prediction of open-closed probability according to the relative dis-
placement of the blocker. a The bulk ion concentration is doubled;
b The applied external voltage is doubled. Both cases are fairly
consistent with the experimental finding (Kennedy et al. 2005)
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sensitive to the change of these experimental conditions. As
shown in Fig. 8, although bulk ion concentration and applied
external voltage are doubled in our numerical simulations,
our model prediction does not change very much. Addition-
ally, there is still an excellent consistency between our MET
model prediction and experimental measurement (Kennedy
et al. 2005). This result further validates the robustness of
our molecular level prototype for the rat MET channel.

4 Conclusion

The auditory system is one of the most significant sensory
systems for mammals. Mechanoelectrical transducer (MET)
is a principal device in mammalian auditory system for
the brain to perceive sounds. It is generally speculated that
hair cell deflections regulate the MET channels. However,
the molecular building blocks of the MET channel are not
yet available to date and its gating mechanism is still eva-
sive. In this work, we present a molecular level prototype
for the mammalian MET channel to elucidate the gating
mechanism of mechanotransduction channel in mammals.
Our MET prototype consists of a realistic ion channel, the
Gramicidin A (GA) channel (PDB ID: 1MAG), an addi-
tional charged lip, called a blocker and positioned in the GA
channel mouth region, and membrane layers.

To explore the physical properties of the proposed MET
prototype, we employ a well tested theoretical model, the
Poisson–Nernst–Planck (PNP) model, for three dimensional
(3D) numerical simulation of the MET channel transport.
Advanced computational techniques, such as Dirichlet-
to-Neumann mapping (DNM) and matched interface and
boundary (MIB) method developed in our earlier work are
utilized for the present numerical simulations. We design
an extensive numerical experiment to analyze in detail the
electrostatic potential and channel current in response to
variations of blocker charge, blocker relative displacement,
bulk ion concentration and applied external voltage. Finally,
we compare our prototype prediction of channel open prob-
ability versus relative displacement with that of experimen-
tal measurement from rat outer hair cells (Kennedy et al.
2005). Excellent consistency between our model prediction
and experimental data is observed. We further demonstrate
that our model prediction is insensitive to the change in bulk
ion concentration and applied external voltage. Our findings
indicate that hair-cell tip links, which connect hair bun-
dles, efficiently convey mechanical force to mechanosen-
sitive transduction channels and manage their opening and
closing.
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