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Abstract

Merkel cells combine with AB afferents, producing slowly adapting type 1(SA1) responses
%%%c;égr to mechanical stimuli. However, how Merkel cells transduce mechanical stimuli into neural
signals to AQ afferents is still unclear. Here we develop a biophysical model of Merkel cells
for mechanical transduction by incorporating main ingredients such as Ca®* and K* voltage-
gated channels, Piezo2 channels, internal Ca®* stores, neurotransmitters release, and cell
deformation. We first validate our model with several experiments. Then we reveal that Ca**
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sients in Merkel cells, which further induce the release of neurotransmitters for tens of sec-
onds. Thus our work provides a model that captures the membrane potentials and Ca*
transients features of Merkel cells and partly explains how Merkel cells transduce the
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partly explain how Merkel cells combine with A afferents to generate an SA1 response to
sustained indentation by Piezo2 channels.
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Introduction

Tactile end organs transduce various mechanical stimuli into action potential sequences.
Among them, Merkel cell-neurite complexes, which mainly produce slowly adapting type 1
(SA1) responses [1-3], play an important role in the reception of corners, edges, curvatures of
objects, and gentle touch [4, 5].

Merkel cell-neurite complexes generate sustained action potentials with irregular intervals
when a sustained mechanical stimulus is applied to the skin [3, 6, 7]. Recent studies found that
Piezo2 channels, which are expressed in Merkel cells and Af afferents and only generate a tran-
sient current, are necessary for the sustained firing of Af afferents [7-9]. However, continuous
current injections are required for Af afferents to generate sustained action potentials [3, 10].
Recent theoretical research also thought that rapidly adapting(RA) mechanical-sensitive(MS)
channels like Piezo2 cannot account for the sustained responses of Merkel cell-neurite com-
plexes [11]. Therefore, how Merkel cells transduce the mechanical stimuli with Piezo2 chan-
nels has not been well revealed.

Recent studies found that Merkel cells express many molecules that mediate synaptic vesi-
cle release [12-14]. Some studies further checked that Merkel cells release neurotransmitter
analogs to Af afferents [15, 16]. Merkel cells also generate unique Ca** transients under
mechanical stimuli [6, 17]. Ca®* is an important signal that regulates the release of neuro-
transmitters [18-20]. Besides, different from other neural cells, Merkel cells do not generate
the Na*-related action potentials but have the Ca** and K* dominant membrane potential
behaviors [17, 21-23]. Finally, Piezo2 channels transport ions into the cell under mechanical
stimulus, with a preferential transport of Ca**. Therefore, Piezo2 channels, membrane
potentials, Ca®" transients, and vesicles release together to form a line in Merkel cells to
translate the mechanical stimulus. However, a detailed biophysical model of Merkel cells is
still lacking. It is still unclear how these parameters participate in the mechanical transduc-
tion of Merkel cells.

To address these questions, we establish a biophysical electrophysiological model of Mer-
kel cells. First, we validate our model with experiments of [21-24]. The membrane potentials
of Merkel cells under current stimuli vary with the conductances of plasma membrane Ca**
channels. The Ca®* transients in Merkel cells under high K* solutions and hypotonic shock
last for tens of seconds. Then, we explore the roles of ion channels on the plasma membrane,
endoplasmic reticulum(ER), and mitochondria(MT) in membrane potentials and Ca** tran-
sients regulations of Merkel cells. The results show that Ca,1.2 channels mainly contribute to
the form of the peak of membrane potentials, while K,1.4 channels inhibit this peak. BKCa,
KDR, and Ca,2.1 channels mainly regulate the steady membrane potentials. Ca,1.2 channels
cause the increase of Ca®" concentration at the initial time, while Ca,2.1 channels, Ryano-
dine and IP; receptors on the ER increase the duration of Ca*" transients. Interestingly, the
Ca** channels on MT also lengthen the Ca®* transients by satisfying the peak of Ca**
transients.

Based on the above results, we further study the mechanical transduction of Merkel cells
with Piezo2 channels. The results show that Merkel cells generate a continuous neurotransmit-
ter release under a sustained indentation, in which the duration of neurotransmitter release is
positively related to indentation depth. This duration lasts for tens of seconds, corresponding
to the firing time of Merkel discs under indentation [6, 7, 24]. These results can partly explain
how Piezo2 channels(RA MS channels) inspire Merkel cells to have the sustained neurotrans-
mitter excitation on Af afferents for their continuous firing.
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Materials and methods
Kinetics of ions

Most Merkel cells are globular in shape [25], and some Merkel cells in hair follicles have an
irregular shape [24]. To simplify, here we assume the Merkel cell is a sphere with a radius of r.
Merkel cells contain Na™, K*, CI”, Ca®", and some micro-molecules A~ with negative charges
inside the cell. Generally, cells keep in a near electro-neutral condition [26, 27]. We denote
Ane Mo Hep New and 1,4 as the mole numbers of Na*, K¥, CI™, Ca®*, and A~ inside the cell,
respectively. Then their concentrations are Cy, = nina/(V — Ver — Vi), Cic = g/ (V — Vg —
Vmr)s Car=nal (V= Veg = Virr)s Cea = cal (V = Vg = Vagr), Ca = 14l (V = Vg = Vi),
where V is the volume of Merkel cells, V = 4/37r°, Vg and V)1 are Endoplasmic reticulum
and Mitochondria volume. We also set Cng oui Cr.outs Ccrous and Cey o as Na®, K, CI7, and
Ca®* concentrations in environmental solutions, respectively. Ions inside the cell are regulated
by ion channels embedded in the cell membrane.

K" channels. The molecular profiling of Merkel cells shows that they express three kinds
of voltage-gated K* channels: K 4.2, K,1.4, and K,8.1 [12]. However, the study of Yamashita
shows there are only two kinds of ion currents of K* in Merkel cells, which are similar to cur-
rents of K,4.2 and K,1.4 [21]. Further studies elucidated that K,8.1 channels do not generate
ion currents directly but regulate other K* channels’ activities indirectly [28]. Therefore, here
we only consider K,4.2 and K, 1.4 channels in Merkel cells.

K,1.4 channels. K, 1.4 channels are activated rapidly with the increase of cell membrane
potential. A part of the currents inactivates rapidly, while the remaining currents have a slower
inactivation [21, 29]. The data for modeling K, 1.4 channels was obtained by fitting the data
from [29] (Fig B in S1 Appendix),

]Kvl.-/l = _gKV1,4m4<0'7hfust + 0'3h510w>(vm - EK)/F7 (1)

where g, , , is the specific membrane conductance of K, 1.4, V,,, is the membrane potential, Ex is
the equilibrium (or Nernst) potential of K, F is the Faraday constant. For m, hy,, and hgq,, [29],

dm m_—m

% 2
dt T, @)
_ 1

Mo e Vut2312Y (3)

| — Sm 20t

P 11.46

V 4+ 12.02
=0. —im TSR 4
T 06+exp< oF &7 ), (4)
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dt Thfust ,
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ho— 1
T exp( Yn T30 (6)
P\™ 2w
Thjzzst = _01086 : Vm + 4867, (7)
dhslow — hoc — hslow (8)
dt Th,slow ’
Tpaow = 17.28. )

K,4.2 channels. K,4.2 channels are both activated and inactivated rapidly [21, 30]. The
model data was obtained from [21] (Fig C in S1 Appendix),

Jku0 = _gKV4.2mh(Vm — Ey)/F, (10)
where g, , , is the specific membrane conductance of K,4.2. For m, h,

dm m_—m

IR (11)
1
m =
> v, —17.66\’ (12)
1 _Im -
+eXp< 22.75 )
V. —19.68
‘L'm—3+2exp<—m4123), (13)
dh h_—h
— == 14
dt T, (14)
1
h =
sy ex V, +44.36\ "’ (15)
P\ 273
vV, — 488
'Ch = 10 + eXp (— m) . (16)

In addition to the above two K+ channels, there are also Ca**-activated K" channels(BK,
channels) and Delayed-rectifier K channels(KDR channels) in Merkel cells [12, 21, 23]. These
two kinds of channels carry the majority of K™ currents in Merkel cells [21, 23].

BK¢, channels. BK¢, channels are activated by membrane potential and have no obvious
inactivation behavior. As the intracellular Ca** concentration increases, the curve of the chan-
nels’ open probability versus membrane potential has a right shift [23, 31]. Here we take a sim-
ilar channel model from [32],

Joxe, = _gBKcan(Vm - EBKCH)/F7 (17)
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where g is the specific membrane conductance of BKc,, E, is the Nernst potential, For n,

dn n_—n
7 1
dt T, (18)
C
pCa = log—, 19
KBKCa ( )
Vyuy = —43.3pCa — 110, (20)
Ca + 5.42\°
of = 33.88 exp (— <IL) ) : (21)
2.2
1
n =
°° Vo = Viar\ '’ (22)
1 __m
+ exp( sf )
¢ =075+ 555exp( ) — 0.12V (23)
n 2P 901 S

where K = 1mM.

KDR channels present a slow activation behavior, the parameters are taken from [21] (Fig
D in S1 Appendix),

Jxor = _gKDR”(Vm - EKDR)/F7 (24)

where gxpr is the specific membrane conductance of KDR, Expp is the Nernst potential, For n,

dn n_—n
T - 2
dt T, (25)
1
oo = V, +333) (26)
1 _m 7
+exP( 8.7 )
v, +13.03\°
=22+42 — () ). 27
T, + Oexp< ( 99 55 )) (27)

Ca®* channels. Ca** plays an important role in Merkel cells’ responses under different sti-
muli like mechanical stimulation, hypotonic shock, etc [12, 22, 23]. Merkel cells mainly express
two kinds of voltage-gated Ca** channels: Ca,1.2 and Ca,2.1 [12].

Ca,1.2 channels. Ca,1.2 channels are L-type(long-lasting) channels, which exhibit a
Ca**-dependent inactivation [33, 34]. The equations were taken from [32],

]CHVI.Z = _gCa‘,l.th : hCa(Vm - ECa)/F’ (28)

where g, , , is the specific membrane conductance of Ca, 1.2, E¢, is the Nernst potential, for
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m, h, and hCa,
dm m_—m
R (29)
1
m =
% V, — 846\’ (30)
1 _m 77
texp ( 1.26 )
v, +10\°
=211+ 3. —2(-= 1
T, +386exp< < 16.02 )>, (31)
dh h_—h
a1, 32)
. 1
oo |t ex vV, +42.52\"’ (33)
PUT 748
V 2
7, = 825.80 + 637.91 exp (—2 ( = ’;5) ) : (34)
1
TR (39)
1+ (—C)
KhCa

where Kj,c, = 1uM.
Ca,2.1 channels. Ca,2.1 channels are P/Q-type channels [33, 35], which have no obvious
inactivation behavior. The equations were taken from [32],

Jeapn = _gCaVQ.ln(Vm —E.,)/F, (36)

where g, ,, is the specific membrane conductance of Ca, 2.1, Ec, is the Nernst potential, for 7,

dn n_—n
- 37
dt T, (37)
1
oo = V, +51)’ (38)
1 —_m
+eXp< 3.1 )
v, +9.73\°

Piezo2 channels. Merkel cells cannot translate mechanical stimuli to neural signals with-
out Piezo2 channels, which carry inward currents under the indentation [6, 7]. Piezo2 channels
are mechanical-sensitive(MS) channels, which can also be opened by the microtubule suction
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of the membrane [36-38]. Therefore we assume that Piezo2 channels’ open probability is regu-
lated by membrane tension. Given that cells have a cortex which is comprised of the cell mem-
brane and a thin, cross-linked actin network lying beneath the membrane, we assume that
Piezo2 channels open probability is regulated by the cortex stress o [39]. Piezo2 channels
exhibit a fast activation and a fast inactivation [36, 40]. Besides, Piezo2 channels have another
inactivation with a much longer time scale [38]. Here we introduce C, O, In, and h,,, to repre-
sent the channel closed state, open state, short-time inactivation state, and the state beyond
long-time inactivation, respectively. Only channels beyond the long-time inactivation state
and open state can transport ions. The data for modeling Piezo2 channels was obtained by fit-
ting the data from [36],

]PieZDQ = ~8piezo2 Ohslow(Vm - EPieon)/F7 (40)

where Jp;..0, is specific membrane conductance of Piezo2 channels, Ep;.,, is the Nernst poten-
tial. Under loading,

c_c.-¢ (41)
dt ’

Tc

a1, ot (42)
din O
Under unloading,
dcC In_—1In
T (44)
din _In, —In (45)
a1,
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Other parameters are the same all the time.

dhslow hslow,oo B hslaw
ar Ty, ’ (46)
c - 1
|+ exp g—o0, (47)
Gfl
1.5
TC =0.5 + )
| +exp(— 6—o, (48)
Tpy
5.5
T, =25+ ,
1+exp|— 7= % (49)
oy
I 1
n, = )
1+exp| — 7" % (50)
o
1.5
T, = 0.5 + )
|+ exp _o—o0, (51)
O
3 _ 1
slowoo — )
1 + exp _ 0 — 0-57 (52)
g
150

Ihslow - c—o ! (53)
1+ exp b
O

The parameters of Piezo2 channels are listed in Table 1, and the specific descriptions of Piezo2
channels are seen in Parameters estimation in S1 Appendix. The currents through Piezo2
channels in simulation and experiments are shown in Fig 1.

Piezo2 channels are non-selective anion channels [36, 40]. All Ca**, K*, and Na* could flow
across Piezo2 channels. But Ca®* has the highest priority [36, 40]. Therefore, we assumed that
the currents across Piezo2 channels are Ca** currents.
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Table 1. Parameters of Piezo2 channels.

Parameter Description Value in simulation(ref)
041 Midpoint cortex stress of C (Pa) 1450 [36]
o1 Reference cortex stress of C (Pa) 120 [36]
[ Midpoint cortex stress of the time constant for C (Pa) 1450 [36]
opn Reference cortex stress of the time constant for C (Pa) 40 [36]
Oy Midpoint cortex stress of the time constant for O (Pa) 1450 [36]
op Reference cortex stress of the time constant for O (Pa) 100 [36]
07 Midpoint cortex stress of A, (Pa) 1450 [41]
op Reference cortex stress of hy,,, (Pa) 200 [41]
[ Midpoint cortex stress of the time constant for hj,, (Pa) 1450 [41]
op Reference cortex stress of the time constant for hg,,, (Pa) 2000 [41]

Gpiczor Specific membrane conductance of Piezo2(mS/ cm®) 3 (7]
Epiczon Nernst potential (mV) 6 [36, 40]

https://doi.org/10.1371/journal.pcbi.1011720.t001

Besides these channels above, Merkel cells have a passive electrical property. We take Na,
K*, CI", and Ca** leak channels into consideration. These leak ions flow can be written as

1
]NaJeak = _FgNu,lcuk(Vm - ENa)’ (54)
1
]K‘leak = ﬁg[(,leak(vm - EK)? (55)
1
Jetsear = FgCI.Ieak(Vm —Eq), (56)
1
]Ca.leuk = FgCaAleak(Vm - ECu)? (57)

o
o)

o
o~

normalized J

0.2

0 20 40 60 80 100
t(ms)
Fig 1. Piezo2 channels. The ions flow generated in Piezo2 channels under different indentation depths. triangle line:

experimental results from [36], solid line: simulation results(dy = 5.8um, dy = 6.7um, do = 7.0um, do = 7.3um, dy =
7.6um, dy = 7.9um).

https://doi.org/10.1371/journal.pcbi.1011720.9001
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where g; ;.. and E; are the specific membrane conductance and the equilibrium (or Nernst)
potential of i, E, = — Xl In ;—ﬂ R is the gas constant, T'is the thermodynamic temperature, z;
Zj i,out

is the valence of ions, i = Na*, K*, CI", Ca®".

Pumps, cotransporters, and exchangers. Similar to most cells, Merkel cells also contain
ion pumps, cotransporters, and exchangers to keep the ions’ balance inside the cell. Here we
take Na*/K* pumps, Na*/K"/CI” cotransporters, K*/CI~ cotransporters, Na"/Ca®" exchangers,
and Ca”* pumps on the plasma membrane into consideration.

Na"/K" pumps, which transport two K™ into the cell and three Na" out of the cell once by
consuming energy, keep a high K* concentration and a low Na* concentration in the cell [42,
43]. The intracellular concentrations of Na™ and K" affect the rate of Na*/K" pumps [44, 45],

1 1
1 + KNa,NaK/CNa)3 (1 + CK/KK.NaK)2 ’

(58)

]Nquump = PNaKpump (

where Praxpump 1s rate constant. Ky, nax and K nax are constants, Ky, nax = 10mM, Ky nax =
140mM [46).

Na™/K"/CI” cotransporters, which transport one Na*, one K, and two CI” in the same
direction once, mainly loading CI” into the cell [47-49]. Their flow is controlled by three ions
concentrations [27],

]NKCCI = PNKCCI (CNcL,outCK.,outCCI‘our2 - CNaCKCC12)7 (59)

where Pykcc is the rate constant.

K*/CI” cotransporters, which transport one K and one CI” in the same direction once,
mainly extruding CI” from inside the cell [48]. Their flow was regulated by the CI” and K con-
centrations across the membrane [50-52],

_ Ca Gk
Jkcer = Preee Cetom Croom ) (60)
where Pxcc, is the rate constant.

Plasma membrane Ca>* pumps and Na*/Ca** exchangers both help to eliminate Ca** from
inside the cell [53, 54]. A general model of Ca** pumps was used [55],

C2
]Cu um, :PCu um, = ’ (61)
where Pcapump is the rate constant, Keapump is constant, Kegpump = 0.3uM.

Na*/Ca** exchangers exhibit complex dynamic behavior. They are motivated by membrane
potential, Ca** and Na* concentrations. Under steady state, Na*/Ca”* exchangers transport
Ca®* outside the cell. When the cell is stimulated by currents or membrane voltage, the direc-
tion of Na*/Ca** exchangers flow will be reversed [56, 57]. The dynamic equation of Na*/Ca**
exchangers can be written as [57],

1 1 1
+ C?\Jmaut KmCa + CC{,L,out 1 + ksat ’ exp("] o 1)VmF/ (RT))

]Canu = PCana K3
mNa

(62)
F\ F\
.exp an ﬁ CNuCCaA,out - exp (n - 1)Vm ﬁ C’Nu,outCCu7

where Pc,,,, is the rate constant, K,,,n, and K,,,c, are constants, K,,,n, = 87.5mM, K,,,c, =
0.5uM, n = 0.1, ksat = 0.35 [57].

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1011720 December 20, 2023 10/35


https://doi.org/10.1371/journal.pcbi.1011720

PLOS COMPUTATIONAL BIOLOGY A biophysical model of Merkel cells

Internal Ca®* dynamics

Intracellular Ca®* sources also play an important role in Ca** regulation in Merkel cells. The
elimination of internal Ca®* store greatly reduces the Ca®" transients [22, 23].

Endoplasmic reticulum and Mitochondria are the main internal Ca”* stores. There are
main three channels on the Endoplasmic reticulum (ER) membrane including Ca®" ATPase
pump, Inositol 1,4,5-trisphosphate receptor (IPs receptor), and Ryanodine receptor. Ca**
ATPase pumps consume energy to actively load Ca** into endoplasmic reticulum, and their
rate increase with cytoplasmic Ca** concentration [58, 59]

. ci,
ump,ER ’
pump C(Qja + K2

ERpump

]pump,ER = (63)

where Py, £r is the rate constant, Kggpump is the dissociation constant, and their values are
listed in Table 2.

Ryanodine receptors and IP; receptors involve in Ca**-induced Ca®" release in Merkel cells
[22, 23]. The Ca®* flux by Ryanodine receptor is defined by the equation,

P RYR Cle K. RvR (CCu,ER - CCa)7 CCa > Ks,RYR
T = ool ) (64)
0, Cea < KS,RYR
where Pryg is the rate constant, K; gyg and Kyryg are constant.
Table 2. Parameters of internal Ca>* channels.
Parameter Description Value in simulation(ref)
Kerpump Dissociation constant (M) 0.1 [59]
K, ryr Midpoint Ca®* concentration for RYR (1M) 0.3 (Tuned)
Keryr Reference Ca®* concentration for RYR (uM) 0.04 (Tuned)
Ko ip, Midpoint Ca®* concentration for IP; receptors (uM) 0.4 [60, 61]
K1 ip, Reference Ca** concentration for IP5 receptors (M) 0.04 [60, 61]
Ko e, Midpoint Ca®* concentration for IP; receptors (uM) 0.6 [60, 61]
Ky o, Reference Ca** concentration for IP5 receptors (M) 0.04 [60, 61]
K, prere, Midpoint prelP3 concentration (uM) 5[63]
I o—— Reference prelP3 concentration (uM) 1[63]
Ty time constant (ms) 10000 [22, 23]
T time constant (ms) 20000 [22, 23]
Kp, Dissociation constant (M) 3 [60]
Kip,ca Dissociation constant (M) 0.5 [63]
SErR Surface of ER (um?) 150 [66]
Vir Volume of ER (um?) 100 [66]
km,P_j rate constant (mol/(cm® - ms)) 1072 (Tuned)
k,P3 rate constant (1/ms) 4x107° [63]
kd”,3 rate constant (1/ms) 2 x 107 [63]
Kycu Dissociation constant (M) 0.6 [67]
Kynex Dissociation constant (#M) 1 (Tuned)
Smr Surface of mitochondria (um?) 150 [66]
Vur Volume of mitochondria (um®) 10 [66]
https://doi.org/10.1371/journal.pcbi.1011720.t002
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IP; receptors have three sites for the combination of Ca** and IP5. One site is for activated
Ca*", and one site is for inhibitory Ca*" [60]. It means that the increase of Ca®* concentration
from a low level, the combination of Ca®* to IP; receptors activates the receptor, as the Ca’*
concentration increase to a very high level, the receptor will be inhibited [61]. We introduce m
and h to represent the activation and inhibitory role of Ca** on IP; receptor,

dm m_—m (65)
a T,
dh h_—m
A _femm 66
dt T, (66)
where 7,, and 1, are time constants.
1
m =
0 oK, ) 67
1+ exp(- —CCK;: :Pz) (67)
1
h = .
00 Cca—Keo1p. 68
1+ exp ( 7“Kﬁ,;"P“‘) (68)

The remaining site is for IP;, and the increase of IP; concentration enhances the currents of
IP; receptors [61]. Thus we assume that IP; receptors’ open probability equals to

3

}P:a
———mh | (Cor — Ccn), 69
C(I;PS + K?P3 >( Ca,ER @ ) ( )

Jer = (P eate TP Py
where P;,,, and Py, are rate constants, Pp.x represents the leak flow of Ca** on ER. Kp, is the
dissociation constant, Cc, gr is the concentration of Ca** in ER.

IP; mobilizes Ca** from intracellular stores through the IP; receptors [62], and itself also
takes a dynamic regulation in a single cell [63]. Generally, the entry of Ca** through Ca**
channels on the membrane cause the hydrolyzation of phosphatidylinositol 4,5-bisphosphate
(PIP,), which produces IP5 [64]. Then IP5 will convert to other matters even though the Ca**
concentration is still high [63]. Therefore, we assume the production rate of IP; increases with
the Ca®" concentration and the conversion rate of IP; depends on its concentration,

dCI Py Céu

= C —k,, C
1Py o ‘prelPy dipy “1py s
dt G+ KIP3 Ca

(70)

where k;, and k, are the rate constants, K, , is the dissociation constant, c,,;p, is the con-
centration of IP; precursors like IP, [64].

prelP; will be also replenished after consumption, and keep a rather stable state [65]. So we
assume that prelP; has a production rate related to its concentration. Then the change of

prelP; will be
c, . Kerrp Ce
2 s _ IZ % X - kIPS ) < 2 CPVEIPS ’ (71)
E 1 texp ( %) G + Kb
f preiPy
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According to the above three Ca®* channels, the dynamic equation of Ca** in ER will be

dng,
;tEER = SER(_]ER —Jaer + ]CapumP«ER)' (72)

Cca,er = Nca,er! VEr-

There are Mitochondrial uniporter(MCU) and mitochondrial Na*/Ca** exchanger
(MNCX) on the mitochondrial membrane. MCU takes up Ca** into Mitochondria while
MNCX releases Ca®" from mitochondria to the cytoplasm. The Mitochondrial uniporter
dynamics is controlled by the cytoplasm Ca** concentration [32],

C2.3
— Ca
]MCU_PMCUC%;;_FK]%%UV (73)
where Py,cy is the rate constant, K,y is the dissociation constant.
The dynamics of mitochondrial Na*/Ca** exchanger are controlled by mitochondrial Ca**
concentration [32],

CCa,M T

(74)

J =P
MNCX MNCX )
CCa,MT + KMNCX

where Pyncy is the rate constant, Ky ey is the dissociation constant. ¢c, prr is mitochondrial
2 . . . .
Ca”* concentration, ccg a1 = Beaar! Varr- The dynamic equation of neg pr will be

dng,
% = SMT/(l + ﬁMT)(_]MNCX + ]MCU)’ (75)
where Sy;7 is the mitochondria surface, 8y = 0.3, which represents the buffer role for Ca** of

mitochondria membrane [32].
According to the above ion channels, the ions change inside the cell can be written as

dny,
d;’ = Sref(_SJNquump + ]NKCC1 - 3]Camz + ]Na,leuk)7 (76)
dn
d_tK = Sref(]KvL-/l + ]KV4.2 + ]KDR + ]BCu + 2]pump + ]NKCCl - ]ch2 + ]K,leak)’ (77)
dng _

dr Sref(2]NKCC1 - ]chz + ]CI,Ieak)’

where S,.¢is the reference surface area of Merkel cell.

dn,

At ref (]Cavl.Q + ]Ca‘,Q.l ]Capump + ]Cana ]pzeZOZ + ]Cu.leak) (79)

+SER(]ER + ]CICR - ]Capump,ER) + SMT/(1 + ﬁMT)(]MNCX - ]MCU)7

The membrane potentials of Merkel cells are regulated by currents across total ion chan-
nels. The Na*/K" pumps transport two K" into the cell and three Na™ out of the cell, so there is
one charge out of the cell once. The cotransporters transport a Na*, a K', and two CI” in the
same direction once, so the total discharge is zero. The Na*/Ca** exchangers transduce three
Na" into the cell and one Ca”* out of the cell once, so there is one charge out of the cell once.
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Then the dynamic equation of V,,, is

av,
m 7 = (]Kvl.:l + ]Kv4.2 + ]KDR + ]BCa + 2]Cavl.2 + 2]Cav2.l + 2]piez02
(80)

_]Nquump - ]Clma - 2]Capump + ]K,leuk + ]Nu.leuk - ]Cl,leuk + 2]Ca.leuk)F7

where C,,, is the specific membrane capacitance.

Volume change
The cell volume V change is dependent on the flow of water across the cell membrane [39]

dv

2 —5. 81
dt S ]water’ ( )

where S is the cell surface area, S = 4772, ], urer is water flux, it is controlled by the hydrostatic
pressure difference and the osmotic pressure difference across the membrane [39]

]wa[er = —OC(AP - AH)? (82)

1

. —9 - 1 . . .
where « is a rate constant @ = 10™ ¢m - ms~ - Pa ", AIl is the osmotic pressure difference

across the membrane, which can be described as

All = (CNa + CK + CCI + CCa + CA - CNa,our - CK CCl,out -C )RT~ (83)

out Ca,out

Cells have a cortex which is comprised of the cell membrane and a thin, cross-linked actin net-
work lying beneath the membrane. We take the cortex as an elastic layer, the cortex stress satis-

fies [39]
K|S
7735 (S,ef ) o (84)

where K is the cortex elastic modulus, K = 6000Pa, Srefrepresents the cell surface under no
stress, 0, is the active contraction stress produced by the actin network, o, = —100Pa. For a
spherical cell, the relationship between the cortex stress and hydrostatic pressure satisfies [39]
2h.o

)

AP = (85)

r

where h, is the cortex thickness, h, = 0.5um [39].

Results
Validation of the model

There are three main stimuli to study the properties of Merkel cells, which are current pulses,
high K* solutions stimuli, and hypotonic shocks [7, 21-23]. We consider these three kinds of
situations below.

Current pulses. The rectangular negative current pulses induce the membrane potential
dynamics of Merkel cells(Fig 2A and 2B), and the parameters of ion channels are seen in
Table 3. The solid lines are simulation results and the triangle lines are experimental results
from [21]. The results show that Merkel cells have almost passive responses to negative current
pulses(Fig 2B).

However, the membrane properties of Merkel cells under positive current pulses are rather
different. As shown in Fig 2C and 2D, when the amplitude of the current pulses is small, the
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Fig 2. The membrane potential dynamics of one Merkel cell under the rectangular current pulses. (A) Negetive
current pulses step in 8.14pA (experimental current step in 10pA). (B) Membrane potentials change under negative
current pulses. The solid lines are simulation results, and the triangles are experimental results from [21]. (C) Positive
current pulses step in 8.14pA, Green line: 9 x 8.14pA, blue line: 14 x 8.14pA. (D) Membrane potentials change under
positive current pulses. The solid lines are the simulation results, and the triangles are experimental results from [21].
The parameters of ion channels are seen in Table 3.

https://doi.org/10.1371/journal.pchi.1011720.9002

membrane potential dynamics of Merkel cells are still like a passive response. As the currents
increase(green and wathet blue line), the membrane potentials rise rapidly to a peak, then
decrease and gradually stabilize. Unlike most other sensory cells or afferents, Merkel cells do
not generate action potentials [7, 21].

Some Merkel cells exhibit more complex membrane potential dynamics [24] (Fig 3A). By
changing the specific membrane conductance of Ca** and K* channels and rate constants of
some pumps on the membrane, we can get similar results. As shown in Fig 3B, the membrane
potentials of Merkel cells rapidly reach a step, then fire. Ca®* plays an important role in this
membrane potential dynamics. If the Ca** concentration is reduced in the external solutions,
the fire of membrane potentials disappears(Fig 3C and 3D).

Merkel cells not only have membrane potential regulation but also show Ca** dynamic
behaviors. The common stimuli which elicit Ca®* in experiments are high K* solutions and
hypotonic shock.

High K" stimulus. High K" solutions are made by reducing Na" and increasing K con-
centrations in external solutions [22, 23]. The experimental results from [23] are shown in Fig
4A. Here we increase Cx o, by 130mM, and reduce Cy,, o, by 130mM to represent the high K*
solution. The results show that the high K" solution induces a rapid increase in Ca®* concen-
tration. After reaching a peak, Ca®* concentration decreases slowly(Fig 4B). This Ca®* tran-
sient could last for tens of seconds in Merkel cells, which is much longer than the timescale of
membrane potential dynamics(Fig 2). This Ca®* transient is regulated by both plasma mem-
brane Ca®* channels and internal Ca** channels in Merkel cells. The inhibition of ER Ca**
stores causes a dramatic drop in fluorescence intensity of Ca>*(Fig 4C). By setting the rate
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Table 3. Parameters differences of ion channels in Figs 2 and 3.

Parameter Value in Fig 2 Value in Fig 3

C,.(uFlum®) 4x107%[21] 2x 1078 (7]
g1 4(mS/cm?) 0.25 [21, 23] 4[21,23]
g A2(mS/cm?) 0.2 [21, 23] 0.2 [21, 23]
8ok, (MS/cm?) 0.18 [21, 23] 0.3 [21,23]
gxpr(mS/cm?) 0.01 [21, 23] 0.01 [21, 23]
8ca,1.0(mS/cm?) 2[21,23] 0.8 [21,23]
Qcap1(mS/cm?) 0.1 x 1072 [21] 0.05 x 1072 [21]
Spiezar(mSlcm?) 3([7] 3[7]
INatea(mMSlcm?) 0.043(Tuned) 0.045(Tuned)
i teak(mS/cm®) 0.09(Tuned) 0.09(Tuned)

Zetjear(mSicm®)

0.5 x 107*(Tuned)

0.5 x 107%(Tuned)

gCu,leak(mS/sz)

0.2 x 10"*(Tuned)

0.2 x 10~*(Tuned)

PNaKpump(mOZ/(Cm2 - ms))

0.37312 x 107"% [68]

0.1696 x 1072 [68]

Puxcei(em™/(mol® - ms)

0.24 x 10*(Tuned)

0.24 x 10*(Tuned)

Pxcca(mol/(cm? - ms))

0.25 x 1071 [48, 69]

0.25 x 1071 [48, 69]

Peapump(mol/(cm® - ms))

0.3x107'° [22]

150 * 0.3 x 107"° [24]

Peana(mol/(cm® - ms))

0.1x 1072 [22, 23]

0.1x 1071222, 23]

PPM,,,P,ER(mol/(cm2 - ms))

0.7 x 10717 [22, 23]

0.7 x 1077 [22, 23]

Pryr(cm/ms) 8.5 [22,23] 8.5 (22, 23]
Poar(cm/ms) 0.7 x 10~*(Tuned) 0.7 x 107*(Tuned)
Py, (cm/ms) 1.75 [22, 23] 1.75 [22, 23]

Pyricu(moll(cm? - ms))

0.5 x 10 "*(Tuned)

0.5 x 10" "*(Tuned)

Prnex(mol/(cm® - ms))

0.1 x 10""*(Tuned)

0.1 x 10" *(Tuned)

https://doi.org/10.1371/journal.pchi.1011720.t003

constants of Ca®" channels on ER to zero, we can simulate a similar dramatic drop of Ca**
concentration(Fig 4D).

Hypotonic shock. The hypotonic shock also results in Ca®" transients in Merkel cells.
Merkel cells were cultured in solutions that remove a part of Na* and add the same concentra-
tion of mannitols. Then hypotonic shock was induced by removing mannitols in solutions [22,
23]. The hypotonic shock induces Ca** to enter the cell, and the fluorescence intensity of Ca**
increase slowly, after reaching a peak, Ca** concentration goes back to the baseline(Fig 5A)
[22]. In the simulation, hypotonic shock causes the opening of Piezo2 channels, Ca** concen-
tration increases and reaches the peak, then gradually decreases(Fig 5B). But Ca®* transients in
the experiments of [22] increase slowly while the Ca®" transients in the simulation have an
immediate increase. An important reason is that hypotonic shock can inhibit the cytoplasmic
substances’ mobility [70], which hinders the quick entry of Ca** into the cell and diffusion of
Ca" in the cell. However, our model didn’t take this inhibitory role of hypotonic shock into
account, which is a limitation of our model.

Effects of ion channels properties on membrane potentials and Ca**
transients

According to experiments from [21-24], Merkel cells in different locations of skin, different
animals, or different experimental conditions have different expression of ions channels. For
example, in experiments of yamashita [21], currents across K, 1.4 and K,4.2 channels with
inactivation property are dominated in total K™ currents. While in experiments of piskorowski
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Fig 3. The membrane potential dynamics of on
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e Merkel cell with different properties under the rectangular

current pulses. (A) The changes of membrane potential of experimental results from [24]. (B) Membrane potentials
change under current pulses in simulation, (C) The changes of membrane potential under the condition of reduced
Ca** concentration in external solutions from [24]. (D) Membrane potentials change under current pulses in
simulation at Cc, ,, = 5uM. blue line: 27.14pA, red line: 54.28pA, yellow line: 67.85pA. The parameters of ion

channels are seen in Table 3.
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Fig 4. The Ca®* transients in Merkel cells under high K* stimulation. (A) The fluorescence intensity change of Ca**

under high K* solution [23]. (B) The cytoplasm ¢

oncentration of Ca** change under high K" solution: ¢k ., increases

by 130nM and cyg,oue reduces by 130nM in simulation. (C) The fluorescence intensity change of Ca** under high K*
solution by adding thapsigargin (TG), which is a specific blocker of Ca** pumps on ER, to deplete intracellular Ca**
stores [23]. (D) The cytoplasm concentration of Ca** change under high K" solution in simulation by setting Pryg = 0,

Plea =0, P = 0, and Ppyp,er = 0. The paramet
https://doi.org/10.1371/journal.pcbi.1011720.9004

ers of ion channels are seen in Table A in S1 Appendix.
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Fig 5. The Ca®" transients in Merkel cells under hypotonic shock. (A) The fluorescence intensity change of Ca**
under hypotonic shock by removing 30mM mannitol in external solution [22]. (B) The cytoplasm concentration of
Ca®* changes under hypotonic shock by removing 30mM mannitol in external solution in simulation. The parameters
of ion channels are seen in Table A in S1 Appendix.

https://doi.org/10.1371/journal.pchi.1011720.9g005

[23], BKCa channels carry 50 ~ 80% of total K currents. The currents only have a slight
decrease with time. Therefore, it is reasonable that these channels have various conductances
in different Merkel cells. The results from different experiments and our simulation results are
consistent with the opinion that these ion channels and pumps in Merkel cells are the keys that
regulate the dynamics of membrane potentials and Ca®" transients. However, how these chan-
nels control the membrane potentials and Ca®" transients is still unclear.

Membrane potentials. First, we study how Ca®" channels regulate the membrane poten-
tials of Merkel cells. By changing the specific membrane conductance of Ca, 1.2 channels, we
find that, when gc,,1 . is zero, the membrane potential rapidly increases initially, then reaches
a steady state gradually. There is no sharp peak for membrane potential(Fig 6A yellow line).
With the increase of gc,, 1.2, the membrane potential rapidly rises to its peak. After a small
drop, the membrane potential gradually stabilizes(Fig 6A purple line). The peak value of mem-
brane potentials increases with g, , ,(Fig 6A).

Compared to Ca,1.2 channels, Ca,2.1 channels have little role in the peak form of mem-
brane potentials. When g, , , is small, they almost do not affect the membrane potentials(Fig

114.1pA, 200ms 114.1pA, 200ms 114.1pA, 200ms

c 1
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S N 0 Ty NG ) e
-100 ; -100 ; -100 ;
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Fig 6. The roles of Ca,1.2, Ca,2.1 channels, and Ca®>* pumps in membrane potential regulation under the rectangular current
pulse(114.1pA,200ms). (A) The changes of membrane potential with different g, , ,, yellow line: g, , , = 0, purple line: g, ,, = 2,
green line: g, , , = 20, blueline: g, , , = 200(mS/cm?). (B) The changes of membrane potential with different g, , ,, yellow line:
8ca1 = 0, purpleline: g, ,, = 0.001, green line: g, ,, = 0.01, blueline: g, ,, = 0.1(mS/cm?). (C) The changes of membrane
potential with different Pcapump. yellow line: Pegpump = 3 % 10716, purple line: Pegpymp = 3 % 107", green line: Pegpump = 6 X 10715,
blue line: Pegpymp = 3 X 10" (mol/ (cm? - ms)).

https://doi.org/10.1371/journal.pcbi.1011720.9g006
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6B). As g, », increases to 0.1, the membrane potential has a higher steady value(Fig 6B blue
line).

However, the phenomenon of membrane potential fire(oscillation) does not happen what-
ever gg, 1, O g, », changes. Interestingly, the oscillations of membrane potentials only appear
when pcapump is in the right range (Fig 6C purple and green line). When pcapump is out of the
range, the membrane potentials reach a steady state (Fig 6C yellow and blue line).

Next, we study the roles of K" channels on membrane potentials. As gy , , is zero, the mem-
brane potential has a bigger peak(Fig 7A yellow line). With the increase of g; , ,, the peak value
of membrane potentials decreases(Fig 7A). This result indicates that K, 1.4 channels inhibit the
peak of membrane potentials caused by Ca®* channels.

As gy, is zero or small, they have little influence on membrane potentials(Fig 7B yellow
line). This also means that K, 1.4 channels mainly regulate the membrane potential peak in
normal situations. As g, , , increases to 20, K,4.2 channels greatly reduce the resting mem-
brane potential, further suppressing the action potential peak(Fig 7B blue line).

When gpxc, is zero, the membrane potential reaches the normal peak but continues to
increase over 100mV(Fig 7C yellow line). As ggxc, increases, the membrane potentials
decrease to a steady state after reaching the peak(Fig 7C). The steady value of membrane
potentials decreases with the increase of ggxc,(Fig 7C).

When gxpr is zero, the membrane potentials have a little change(Fig 7D yellow line). This
result also indicates that BKCa channels mainly control the steady membrane potentials. As
gxpr increases, the steady membrane potentials also reduce(Fig 7D).
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Fig 7. The roles of K, 1.4, K,4.2, BKCa, and KDR channels in membrane potential regulation under the
rectangular current pulse(114.1pA,200ms). (A) The changes of membrane potential with different g , ,. yellow line:
8k,14 = 0, purple line: g, , = 0.25, green line: g, | , = 2.5, blue line: g, , = 25(mS/cm?). (B) The changes of
membrane potential with different g , ,. yellow line: g ,, = 0, purple line: g, ,, = 0.2, green line: g, , , = 2, blue line:
82 = 20(mS/cm?). (C) The changes of membrane potential with different ggxc,. yellow line: ggxc, = 0, purple line:
gsrca = 0.18, green line: ggxc, = 1.8, blue line: gz, = 18(mS/ cm?). (D) The changes of membrane potential with
different gxpg. yellow line: gxpr = 0, purple line: gxpr = 0.01, green line: gxpr = 0.1, blue line: gxpr = 1(mS/cm?).

https://doi.org/10.1371/journal.pcbi.1011720.9007
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In experiments of [21], the inhibition of K™ channels and the enhancement of Ca** chan-
nels by the external solution containing Ba** make Merkel cells depolarize at smaller currents
injection. This is consistent with our results that with the decrease of conductances of K* chan-
nels like K, 1.4, BKCa, and KDR channels, the depolarized membrane potentials are more posi-
tive(Fig 7A, 7C and 7D). The membrane potentials also form the peak at smaller currents
injection, which is consistent with the increase of g, , , and the decrease of g; , , cause the
peak of membrane potentials in simulation (Figs 6A and 7A).

Finally, we also study the influences of internal Ca** receptors and channels on membrane
potentials. However, they almost have no function on membrane potentials(Fig 8).

Together, these results indicate that Ca, 1.2 channels mainly help to form the peak of mem-
brane potentials while K,1.4 channels directly reduce this peak. The coupling between Ca,2.1,
Ca,1.2 channels, and Ca** pumps contribute to the oscillation of membrane potentials. BKCa
and Kxpr channels are mainly to maintain a lower steady membrane potential.

Ca’" transients. First, when 8ca,12 18 Z€T0, cytoplasmic Ca" concentration only increases
slightly under current stimulation(Fig 9A yellow line). As g, , , increases, cytoplasmic Ca™*
concentration has a rapid rise and fall (Fig 9A). The peak of c¢, increases with g, , ».

When g, ,, is zero, they don’t affect Ca®" transients(Fig 9B). As 8ca,1 2 Increases, the Ca**
concentration not only has a bigger peak but also keeps at a high level for a longer time(Fig 9B
green line). However, if g, ,, increases to 0.002, the Ca®" concentration rises over to 50uM
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Fig 8. The roles of Ryanodine receptors, IP; receptors, ER Ca*>* pumps and MCU pumps in membrane potential
regulation under the rectangular current pulse(114.1pA,200ms). (A) The changes of membrane potential with
different Pryg. yellow line: Pryg = 0, purple line: Pryg = 0.08, green line: Pry = 0.8, blue line: Pryg = 8(cm/ms). (B)

The changes of membrane potential with different P, . yellow line: P, = 0, purple line: P, = 14, green line:

Py, = 140, blue line:P;, = 1400(cm/ms). (C) The chénges of membrane potential with different Pcgpump,er. yellow
line: Peapymp,er = 0, purple line: Peapump,er = 0.7 X 10718, green line: Pcapump,er = 0.7 X 107", blue line: Pcapumper =

0.7 x 10" %(mol/(cm*ms)). (D) The changes of membrane potential with different Pyscy(Parcu/Prpncx = 5). yellow line:
Pycu = 0, purple line: Pycy = 0.5 x 107", green line: Py;cy = 0.5 x 1074, blue line: Ppyep = 0.5 x 107 (mol/(cm?® -

ms)).

https://doi.org/10.1371/journal.pcbi.1011720.g008
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Fig 9. The roles of Ca,1.2, Ca,2.1 channels, and Ca*>* pumps in Ca** transients under the rectangular current pulse
(114.1pA,60s). (A) The changes of Ca** concentration in the cell with different 8ca,10 Yellow line: g, , , = 0, purple line:
8cay» = 0.004, green line: g, , , = 0.04, blueline: g, , , = 0.4(mS/cm?). (B) The changes of Ca®" concentration in the cell

with different g, , ,, yellow line: g, ,; = 0, purple line: g, ,, = 0.2 x 10™*, green line: g, ,; = 0.2 x 10%, blue line:

8ca21 = 0.2 X 107 (mS/cm?). (C) The changes of Ca** concentration in the cell with different Pep,mp. yellow line: Peapimp
= 0, purple line: Pegpymp = 0.3 X 10715, green line: Pcgpymp = 0.3 X 107", blue line: Pcapump = 0.3 X 10" (mol/(cm? - ms)).

https://doi.org/10.1371/journal.pcbhi.1011720.g009

(Fig 9B blue line), which less happens in normal condition. These results are consistent with
the results that the inhibition of Ca, 1.2 or Ca,2.1 reduces the Ca*" transients in experiments of
[12].

Oppositely, when Pcgpump is zero, the resting Ca®* concentration is high(Fig 9C yellow
line), and the Ca®* transients elicited by the current pulse are more obvious. As Pcapymp
increases, the resting Ca** concentration gets smaller, and Ca®" transients are also weak(Fig
9C).

Next, K,1.4 and K,4.2 channels both have a little role in Ca®* transients(Fig 10A and 10B).

When gpkc, is zero, the Ca** concentration rapidly rises to a peak, then enters a long recov-
ery process(Fig 10C yellow line). As gzxc, increases to 0.18, the Ca®* cncentration reaches a
bigger peak(Fig 10C purple line). But when ggxc, increase to 1.8, the peak of Ca** concentra-
tion decreases. If gz, is big enough, the Ca** transients are inhibited (Fig 10C green and blue
line).

When KDR is zero or small, they have little role in the changes of Ca®* concentration(Fig
10D). Only gxpr is big enough, the Ca** concentration has a very slight increase(Fig 10D blue
line).

Finally, the internal Ca®" stores have an obvious impact on Ca®* transients. As Pgyp is
small, the Ca®* transients are almostly unchanged(Fig 11A yellow line). When Ppgyy is big, the
Ca®* concentration rises to a bigger peak(Fig 11A blue line).

When P, is small, they also do not alter the Ca’" transients(Fig 11B yellow and purple
line). This indicates that the Ca®* concentration increase at the beginning of the current stimu-
lus is mostly controlled by Ca, 1.2 and Ca,2.1. As P, increases to 140, the Ca®" transients sus-
tain for a longer time(Fig 11B green line). If P}, is big enough, the Ca2+ concentration has a
bigger peak(Fig 11B blue line).

The ER Ca®>* pumps have a slight role in Ca** transients(Fig 11C).

When Py is zero, the peak of Ca** concentration is bigger than the normal situation(Fig
11D yellow line). As Pycy increases, the peak of Ca** concentration decreases but the duration
of Ca®" transients increases(Fig 11D).

Together, these results indicate that Ca,1.2 and Ca,2.1 channels, Ryanodine and IP; recep-
tors could increase the Ca®* transients, while BKCa and KDR channels reduce the Ca** tran-
sients. Combining the inhibition roles of BKCa and KDR on membrane potentials, it can be
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Fig 10. The roles of K,1.4, K,4.2, BKCa and KDR channels in Ca®* transients under the rectangular current pulse
(114.1pA,60s). (A) The changes of Ca** concentration in the cell with different 8k,1.4- ellow line: g, , = 0, purple
line: g, , , = 0.25, green line: g, , , = 2.5, blue line: g, , , = 25(mS/cm?). (B) The changes of Ca®* concentration in
the cell with different g, ,,. yellow line: g , , = 0, purple line: g, ,, = 0.2, green line: g; ,, = 2, blue line:
8ka2 = 20(mS/cm?). (C) The changes of Ca** concentration in the cell with different gBkca- Yellow line: ggrc, =0,
purple line: gz, = 0.18, green line: ggxc, = 1.8, blue line: ggxc, = 18(mS/ cm®). (D) The changes of Ca** concentration
in the cezl)l with different gxpr. yellow line: gxkpr = 0, purple line: gxpr = 0.01, green line: gxpg = 0.1, blue line: gxpr = 1
(mS/em”®).

https://doi.org/10.1371/journal.pcbi.1011720.9g010

speculated that BKCa and KDR channels, by controlling the resting membrane potentials, fur-
ther regulate the voltage-gated Ca®* channels to influence the Ca** transients. K,1.4 and K,4.2
channels only influence membrane potentials at the initial time, which have less role in Ca**
transients. In turn, the depolarization of membrane potentials facilitates the Ca*" channels
also regulate membrane potentials. Therefore, the membrane potentials and the Ca** tran-
sients in Merkel cells are coupled to each other.

How Merkel cells respond to mechanical stimulus

We have studied how ion channels on Merkel cells shape the cell membrane potentials and
Ca** transients. However, Merkel cells are mechanical sensory cells, which could transduce
tactile stimuli to SA1 afferents [6, 8, 24]. Piezo2 channels are necessary for this transduction [7,
9]. The SA1 afferents generate continuous action potentials under a static mechanical displace-
ment. Without Merkel cells, SA1 afferents only generate action potentials at the initial moment
of stimulation. The knockdown of Piezo2 channels in the Mekel cells causes similar results. A
recent study held the view that Piezo2 channels in Merkel cells are not enough to help SA1
afferents generate continuous action potentials [11]. Therefore, we want to know how Piezo2
channels and other ion channels in Merkel cells participate in this process. The model is modi-
fied as follows.
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Fig 11. The roles of Ryanodine receptors, IP; receptors, ER Ca>* pumps and MCU pumps in Ca”" transients
under the rectangular current pulse(114.1pA,200ms). (A) The changes of Ca®* concentration in the cell with
different Pryg. yellow line: Pryg = 0, purple line: Pryr = 0.08, green line: Pryg = 0.8, blue line: Pryg = 8(cm/ms). (B)
The changes of membrane potential with different P, . yellow line: P, = 0, purple line: P, = 14, green line:

P, = 140, blue line:P,PS = 1400(cm/ms). (C) The changes of Ca** concentration in the cell with different PCapump.ER-
yellow line: Pc%gump,gk =0, purple line: Pcapump,er = 0.7 X 10718, green line: Pegpump,er = 0.7 X 107", blue line: Pcapump,
£r = 0.7 x 107 (mol/(cm? - ms)). (D) The changes of Ca** concentration in the cell with different Ppci(Parcu/ Painex =
5). yellow line: Pycy = 0, purple line: Py = 0.5 x 107", green line: Ppcp = 0.5 x 107", blue line: Pyycy =

0.5 x 10> (mol/(cm® - ms)).

https://doi.org/10.1371/journal.pcbi.1011720.9011

Exocytosis and endocytosis. Merkel cells transmit information to downstream afferents
by releasing neurotransmitters [15, 16]. Generally, the synapse release can be divided into
three parts. First, cell organelles synthesize neurotransmitters into vesicles. Many vesicles form
the vesicles pools in the presynapse [71, 72]. Second, When Ca** ions enter the cell or cyto-
plasm Ca®" concentration increases, vesicles in the pools fuse to the cell membrane(exocytosis)
and release neurotransmitters [15, 16]. Finally, vesicles fused to the membrane recycle into the
cell by endocytosis [73, 74]. Vesicles in the pools keep a relatively fixed number at rest, and the
consumption of vesicles can be rapidly replenished. Then we assume that the vesicle synthesis
rate is inversely related to the number of vesicles. The exocytosis rate increases with the cyto-
plasm Ca®* concentration [20], and is positively correlated with the number of vesicles. Thus
the dynamic equation of vesicles can be written as

dn k k

ve __ ve ex0
dt —
1 +oex p _ mn, nve,s

nve’
Cca = Ccus 86
1+ exp — e s (86)

nve,f CCaJ’

where 7, is the number of vesicles, k. and k.., are the rate constants. 7, s, e 5 Cca,» a0d Coaf
are constants.
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Endocytosis is regulated by many complex signals, one of which is membrane tension [75-
77]. Generally, when the membrane tension is great, more energy is required for vesicles to
form from the cell membrane. Therefore, the endocytosis rate can take the form of %
(77, 78], where k,,.q, is rate constant. o, and oy, are constants. Endocytosis reduces the cell
membrane, while exocytosis adds the cell membrane. Thus the reference surface S,.rchanges

as

1+-exp

as, . ‘ k k
of — 47_“,2 exo n_ — endo (87)

dt " CCa B CCus - 0 — Js ve 7
1 + exp _— 1 + exp —_—
CCaf Gf‘ve

where r,, is the average radius of vesicles. The values of parameters are seen in Table 4.

Cell compression. The Merkel cell is a sphere before indentation, it is compressed to a
cylinder of changeable radius r as shown in Fig A in S1 Appendix. It’s height H decreases with
compression depth d,

H=2r,, —d, (88)
where r;,; is the initial cell radius before compression. The other equations about the cell defor-
mation are seen in Cell indentation in S1 Appendix.

The results show that when the Merkel cell was compressed(Fig 12A), the shape change of
the cell causes the increase of cortex stress o (Fig 12B), further activates Piezo2 channels(Fig
12C), Ca** flow through Piezo2 channels into the cell, which causes the depolarization of
membrane potential(Fig 12D). The increase of membrane potential opens Ca,2.1 and Ca,1.2
channels(Fig 12E and 12F). The Ca** flow across Piezo2, Ca,2.1, and Ca,1.2 channels results
in the increase of Ca®* concentration(Fig 12G), further promoting exocytosis (Fig 12H). Then
vesicles in the cell decrease (Fig 121). Cytoplasmic Ca®* further cause the Ca®" release in the
ER(Fig 12]).

Piezo2 channels inactivate rapidly under compression(Fig 12C). Without currents of Piezo2
channels, the membrane potentials repolarize(Fig 12H). It is consistent with the results of [7].
Voltage-gated Ca,2.1 and Ca, 1.2 channels also close(Fig 12H). The Ca*" concentration starts
to decrease slowly(Fig 12G). With the increase of compression depth dj, the depolarization of
membrane potential is enhanced, and the rise of Ca** concentration strengthens.

Table 4. Parameters of endocytosis and exocytosis.

Parameter Description Value in simulation

kye Vesicle forming rate (1/ms) 0.1 [79]
Ayes Reference vesicles number (1) 500 [66, 80]
Myef Reference vesicles number (1) 50 [66, 80]
Kexo Exocytosis rate constant (1/ms) 2x107*[75, 81]
CCays Reference Ca®* concentration (uM) 0.2 [82]
Ccaf Reference Ca** concentration (uM) 0.01 [82]

Tve Vesicles radius (um) 0.05 [66]
Kendo Endocytosis rate constant (1/ms) 175,78, 80]
Oves Reference cortex stress (Pa) 1000 [78]
Ovef Reference cortex stress (Pa) 15 [78]

https://doi.org/10.1371/journal.pcbi.1011720.t004
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Fig 12. Responses of Merkel cells under compression in 100ms. (A) The Merkel cell was compressed at a depth d,
with a speed of 1um/ms. The dynamic change of (B) cortex stress, (C) currents generated in the Piezo2 channels, (D)
membrane potential, (E) currents generated in Ca,2.1 channels, (F) currents generated in Ca,1.2 channels, (G)
cytoplasmic concentration of Ca*', (H) exocytosis rate, (I) number of cytoplasmic vesicles, and (J) Endoplasmic
reticulum concentration of Ca**(blue:d, = 3pm, red:dy = 4um, yellow:dy = 5um, cyan:d, = 6um, green:dy = 7um).

https://doi.org/10.1371/journal.pcbi.1011720.9012

The above process happens in 100ms. After that, the concentration of Ca®* continue to fall
(Fig 13D), but the internal Ca®" stores start to work. The Ca** in the ER enters the cell through
Ryanodine and IP; receptors, keeping a relatively high Ca®" concentration, and continuously
facilitating exocytosis to release neurotransmitters. Exocyotosis can last for tens of seconds. If
we assume that neurotransmitters in every vesicle are close. Then the downstream afferents
will receive continuous and stable neurotransmitter stimuli, which could generate continuous
action potentials. The time of exocytosis increases with the compression depth, which is con-
sistent with the results that the firing time of SAI Afferents increases with the indentation
depth in experiments of [6, 7]. However, if Piezo2 channels were inhibited, no Ca** currents
flow into the cell, and the membrane potential is at rest, Merkel cells will not respond to
mechanical stimuli(Fig G in S1 Appendix), which is consistent with the results that the
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Fig 13. Responses of Merkel cells under compression in 20s. (A) The Merkel cell was compressed at a depth d, with a
speed of 1um/ms. The dynamic change of (B) cortex stress, (C) currents generated in the Piezo2 channels, (D)
membrane potential, (E) cytoplasmic concentration of Ca**, (F) number of cytoplasmic vesicles, (G) exocytosis rate,
and (H) Endoplasmic reticulum concentration of Ca** (blue:dy = 3um, red:d, = 4um, yellow:d, = 5um, cyan:d, = 6um,
green:dy = 7um).

https://doi.org/10.1371/journal.pcbi.1011720.9013

knockout of Piezo2 channel or inhibitory of Piezo2 channels by Cd** result in the loss of sus-
tained action potentials in the SAI afferents [7, 24].

Discussion

In this article, we develop a biophysically detailed model of Merkel cells for the reception of
Merkel cells. We first validate our model of Merkel cells with previous experiments. We then
discuss how these ion channels control the membrane potentials and Ca®" transients in Merkel
cells. Finally, we study how Merkel cells convert the mechanical stimuli into the release of neu-
rotransmitters with the participation of Piezo2 channels, membrane potentials, and Ca**
transients.

The responses of Merkel cells under different stimuli

First, the membrane potentials of Merkel cells are controlled by K* and Ca** channels. As
shown in Fig 2, Merkel cells exhibit a nearly passive response under small current stimuli. As
the injection currents increase, the membrane potential forms a peak and then has a small
decrease to the steady state. How do K* and Ca®* contribute to this phenomenon? As the con-
ductances of Ky/1.4, BKCa, and KDR decrease, the depolarized membrane potential increases,
which is consistent with the results that Merkel cells are easier to depolarize with the inhibition
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of K" channels [21]. Oppositely, the increase of the conductances of Ca®" channels increases
the peak of membrane potentials, which is also similar to the results that the membrane poten-
tials form a peak with the small currents stimulus when Ca** channels were enhanced [21].
Ca”" also can contribute to the oscillation of membrane potentials. As shown in Fig 3, The
membrane potentials of Merkel cells initially have a rapid depolarization, then gradually enter
an oscillation. By reducing the Ca** concentration in the external solution, this oscillation dis-
appears [24]. In simulation, by changing the conductance of Ca®" pumps, there is also the
oscillation of membrane potentials. Though there are different

Ca**-relative membrane potentials behaviors in Merkel cells. However, it seems to have no
obvious qualitative influence on the mechanical transduction of Merkel cells. The action
potentials of downstream SAI afferents with two kinds of membrane potentials are still similar
[7, 24]. There may be other roles for the oscillation of membrane potentials of Merkel cells,
which needs further study. On the other hand, the oscillation of membrane potentials of Mer-
kel cells is smaller than the amplitude of action potentials of neural cells. The membrane
potentials are still limited on low depolarization state by K* channels.

Secondly, a high K" solution is a general way to stimulate Merkel cells, for the main K"
channels expressed in the cell membrane. High K™ solutions alter the Nerst potentials of K*,
which causes the flow of K* into the cell, and the membrane depolarizes. The Ca*" channels
were opened, and Ca** enter the cell. Ca®" transients were inspired. This process both link
with membrane Ca** channels and internal Ca** stores. The inhibition of internal Ca®* stores
greatly reduce the amplitude of Ca®* transients(Fig 4), which is consistent with the results in
[23]. The decrease of the conductances of Ca,1.2 and Ca,2.1 channels also reduces the Ca**
transients(Fig 9), with is consistent with that the inhibition of Ca,1.2 and Ca,2.1 reduces the
Ca** transients in experiments of [12].

Finally, the hypotonic shock also causes the Ca*" transients(Fig 5), different from the previ-
ous two stimuli, hypotonic shock is more like a mechanical stimulus. Piezo2 channels were
opened with the increase of cortex stress for the water absorption of the cell. The membrane
potential increases, and Ca** enters the cell. It can be seen that the differences of Ca** tran-
sients between experiments [22] and simulation(Fig 5). The Ca®* concentration in the simula-
tion almost immediately increases, then gradually rises to the peak. However, in the
experiments of [22, 23], the Ca®" transients at the beginning of stimulation increase slowly,
then rise and fall. One of the possible reasons is that hypotonic shock can inhibit the cyto-
plasmic substances’ mobility [70], thus hindering the quick entry of Ca** into the cell and the
diffusion of Ca®" in the cell. However, this role of hypotonic shock has not been confirmed,
which is a limitation of our model.

How Merkel cells with Piezo2 channels help Af afferents generate
sustained action potentials

According to our model, when Merkel cells are compressed, the opening of Piezo2 channels
leads to the depolarization of membrane potentials and the influx of Ca**. The increase of
membrane potential further causes the influx of Ca** through Ca,1.2 and Ca,2.1. Ca** in the
cytoplasm causes the exocytosis of neurotransmitters. Due to the rapid inactivation of Piezo2
channels, the membrane potential goes back to the resting state within hundreds of millisec-
onds. The Ca®* channels are also closed. The concentration of Ca*" in the cytoplasm decreases.
But the internal Ca®* store begins to release Ca”* into the cell, which can last for tens of sec-
onds. Exocytosis lasts for the same amount of time until Ca** transients disappear. Therefore,
Piezo2 channels excite Merkel cells to produce a sustained neurotransmitter release, which fur-
ther helps Af3 generate prolonged action potentials. So why does the theoretical study of [11]
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have such a conclusion that RA MS channels like Piezo2 channels cannot account for the sus-
tained responses of Merkel cell-neurite complexes? Because they treat Merkel cells as ordinary
nerve cells. A typical feature of these kinds of cells like afferents is that they generate Na™-
related action potentials. For typical nerve cells, an action potential travels through axons and
arrives at the presynapse, which depolarizes the presynaptic membrane potential. Then volt-
age-gated Ca®" channels on the presynaptic membrane are opened, allowing Ca”" to enter the
cell and activate neurotransmitters release [83, 84]. But the Ca*" transients in these nerve cells
quickly return to the baseline [32, 85]. The number of vesicles released is positively correlated
with the number of arriving action potentials. Therefore, the action potentials of downstream
nerve cells are also positively related to the action potentials of presynapse [86-88]. If the nerve
cell is compressed, the opening of Piezo2 channels will only make one or several action poten-
tials [46]. Therefore, the misuse of neural properties in Merkel cells leads to the wrong conclu-
sion [11].

Limitations of the model

Merkel cell-neurite complexes generate sustained action potentials with irregular intervals
when a sustained mechanical stimulus is applied to the skin [3, 6, 7, 24]. This irregular interval
of action potentials is also one of the important features of the SA1 response. At least in our
results, the neurotransmitter release of one Merkel cell is regular. There are at least two aspects
that may lead to this phenomenon. First, not only Ca**, IPs, but also many other secondary
messengers like ATP and cAMP, play important roles in exocytosis in many neurons [89-92].
These secondary messengers interact with each other, regulating the irregular exocytosis,
which further contributes to the irregular intervals. Secondly, an afferent is usually linked with
several Merkel cells [8, 93, 94]. It means that even if a single Merkel cell releases vesicles regu-
larly, the combination of several or dozens of Merkel cells with small differences in channel
properties may lead to irregularities in the whole action potentials. The research of [93] found
that the different locations in the skin, cell size, and so on of Merkel cells may determine this
irregular interval. Modeling virtual Merkel cells by different membrane capacitance, and dif-
ferent conductance of ion channels also helps downstream afferents generate irregular action
potentials. Therefore, further studies on this irregular action potential are needed.

In this article, we didn’t consider the diffusion of Ca®* and IP; in the cytoplasm due to the
rather small size of Merkel cells. However, the diffusion of Ca** may cause the Ca** wave
within the cell. This means that the Ca®* concentration in the cytoplasm will be nonuniform,
which may lead to more complex Ca** behaviors. In previous studies, the Ca*" transients in
the same cell by two same stimuli can be different [22, 23].

Although the Piezo2 channels prefer Ca®*, Ca** in external solutions is much smaller than
Na" and K. These two kinds of cation channels also flux through Piezo2 channels. Here we
ignore ions other than Ca®* in Piezo2 channels. It may have quantitative impacts on our
results.

Generally speaking, neurotransmitters in vesicles are adequate. But for Merkel cells, the
release of neurotransmitters lasts for tens of seconds, and the supplements of vesicles and neu-
rotransmitters may need to be considered. Upon stimulation, the neurotransmitters released
in the synapse and vesicles fused to the membrane will be absorbed back into the cell, and
some of the neurotransmitters will also diffuse into adjacent solutions [75, 95, 96]. The time
scales of reabsorption of neurotransmitters and vesicles may be out of sync. There is even a
“kiss and run” approach to neurotransmitter release, where neurotransmitters are released
into the synaptic cleft but the membrane of vesicles goes back to the cell immediately.
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Therefore, the recycling of neurotransmitters and vesicles may also influence the sustained
response of Merkel cells to stimulation.

Conclusion

Although it has been identified that Merkel cells transduce tactile stimuli to SA1 afferents by
Piezo2 channels, it remains unclear how Piezo2 channels with fast-inactivation properties help
Merkel cells and SA1 afferents generate a slowly adapting response to mechanical stimuli.
Here, we develop a biophysically detailed model for the reception of Merkel cells.

We first validate our model with several experimental results [21-24]. Merkel cells exhibit
an almost passive response to negative current and small positive current pulses. As the posi-
tive current increases, the membrane potential rises to a peak value and then gradually reaches
a steady state. Merkel cells also exhibit Ca®" transients lasting tens of seconds under high K*
solutions and hypotonic shock.

We then discuss how these ion channels control the membrane potentials and Ca** tran-
sients in Merkel cells. Our works show that Ca, 1.2 channels contribute to the formation of the
peak of membrane potentials, while K, 1.4 channels reduce this peak. Ca,2.1, BKCa, and KDR
channels mainly maintain the steady membrane potentials, Ca,2.1 channels increase the steady
membrane potentials, and BKCa and KDR channels reduce the steady membrane potentials.
Interestingly, the oscillations of membrane potentials require the coupling of Ca** channels
and Ca®" pumps. Compared to these channels on the membrane, the Ryanodine and IP;
receptors on ER have little role in membrane potentials. Our works also show that Ca,1.2
channels increase the peak concentrations of Ca**, while Ca,2.1 channels mainly increase the
duration of high Ca** concentrations. Both BKCa and KDR channels suppress the Ca’* tran-
sients. It can be speculated that these two channels inhibit the depolarization of membrane
potentials, thereby inhibiting the voltage-gated Ca®* channels on the membrane. Additionally,
both Ryanodine and IP; receptors on ER increase the Ca”* transients.

Finally, we show that Piezo2 channels and internal Ca®* stores are sufficient to activate con-
tinuous neurotransmitter release to downstream A afferents. Surprisingly, the membrane
potentials seem not necessary for Merkel cells to transduce mechanical stimuli to afferents.
The depolarization of membrane potentials caused by Piezo2 channels will rapidly repolarize
for the inactivation of Piezo2 channels. Oppositely, Ca** flows into the cell through Piezo2
channels, which activates Ryanodine and IP; receptors on ER to keep a continuous high Ca**
concentration. This Ca®* transients facilitate the release of neurotransmitters, and the duration
of exocytosis is corresponding to the time of Af afferents firing [6, 7, 24].

Thus, unlike sensory cells that generate Na*-related action potentials, Merkel cells, through
stable membrane potentials and Ca”* transients regulation, maintain a relatively stable release
of neurotransmitters to mechanical stimuli.

However, knowledge about the neurotransmitter interaction between Merkel cells and AS
afferents is still lacking [97]. In further research, we hope to establish a complete model of the
Merkel cell and Ap afferents, which may provide a better description or understanding of the
sensing process of the Merkel cell-neurite complexes.
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