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Abstract. Mast cells (MCs) play an important role in the immune system. Through
connective tissues, mechanical stimuli activate intracellular calcium signaling path-
ways, induce a variety of mediators including leukotriene C4 (LTC4) release, and affect
MCs’ microenvironment. This paper focuses on MCs’ intracellular calcium dynamics
and LTC4 release responding to mechanical stimuli, explores signaling pathways in
MCs and the effect of interstitial fluid flow on the transport of biological messenger-
s and feedback in the MCs network. We use a mathematical model to show that (i)
mechanical stimuli including shear stress induced by interstitial fluid flow can acti-
vate mechano-sensitive (MS) ion channels on MCs’ membrane and allow Ca2+ entry,
which increases intracellular Ca2+ concentration and leads to LTC4 release; (ii) LTC4
in the extracellular space (ECS) acts on surface cysteinyl leukotriene receptors (LTC4R)
on adjacent cells, leading to Ca2+ influx through Ca2+ release-activated Ca2+ (CRAC)
channels. An elevated intracellular Ca2+ concentration further stimulates LTC4 re-
lease and creates a positive feedback in the MCs network. The findings of this s-
tudy may facilitate our understanding of the mechanotransduction process in MCs
induced by mechanical stimuli, contribute to understanding of interstitial flow-related
mechanobiology in MCs network, and provide a methodology for quantitatively ana-
lyzing physical treatment methods including acupuncture and massage in traditional
Chinese medicine (TCM).

AMS subject classifications: 92C10, 92C05, 92C42
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1 Introduction

MCs are an integral component of the mammalian immune system [1], which resident at
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the interface between the body and the external environment (i.e., under the skin and mu-
cosal surfaces), enabling them to respond rapidly to environmental stimuli, and making
them ”sentinels” of the immune system [2]. Except for the allergic responses to chemical
stimuli, they usually respond to mechanical stimuli such as squeeze, friction, massage
and acupuncture. These mechanical stimuli not only activate the mechano-sensitive (M-
S) ion channels on MCs membrane and induce a cascade of intracellular signaling events,
but also affect the microenvironment of MCs and change the interstitial fluid flow [3]. In
recent studies it was found that mechanical stimulation at acupoints is associated with
MCs’ degranulation [4]. Single-channel activity was observed in the excised patch when
negative pressure was applied to MCs [5]. Intracellular Ca2+ increase and histamine re-
lease were found after shear stress is applied on MCs [6]. Even though the mechanism of
MCs’ activation by mechanical stimuli is unknown, experimental evidences suggest that
TRPV (Transient Receptor Potential Cation Channel, Subfamily V) proteins are involved
in this process [7]. Western blot analysis revealed there were TRPV proteins expressed
on mast cells [8]. Since TRPV proteins are sensory receptors that can regulate cations in-
flux crossing cell membrane, they may convert external mechanical stimuli into changes
in second intracellular messenger signals, particularly Ca2+. Local Ca2+ entry activates
protein kinase C (PKC) and mobilizes calcium from intracellular stores, leads to other
mediators’ release [9]. These mediators act in several different ways, e.g., histamine can
dilate capillary vessels and increase the interstitial fluid flow [3], LTC4 can activate MCs
and produce more LTC4 [10]. These biochemical processes change MCs’ microenviron-
ment and can sustain MCs activation over a period of time.

Mathematical models have been developed for describing biological messengers’
propagation in cells network, especially for neural cells [11]. They either assumed pas-
sive diffusion through gap juncture between cells or diffusion in extracellular space (EC-
S) as the underlying mechanism [12, 13]. But few of them include the effect of convec-
tion. Interstitial fluid flow exists in all living tissues. Experiments and simulations have
proved there were directional interstitial fluid flow in some loose connective tissues, and
acupuncture can accelerate the flow rate [14,15]. In this paper, we construct a mathemat-
ical model for describing intracellular Ca2+ propagation and biological messengers (i.e.,
LTC4) release in MCs network induced by mechanical stimuli and modulated by inter-
stitial fluid flow. The rest of the paper is organized as follows. In Section 2, we present
the MCs network model. In Section 3, we present numerical simulations under a vari-
ety of conditions. The effects of the distance between nearby cells, interstitial flow are
investigated. Discussion of our results are given in Section 4.

2 Methods

The dynamic process of MCs activation is illustrated in Fig. 1. In the first stage, mechan-
ical stimuli activate MS ion channels on MCs membrane and allow Ca2+ entry; local in-
tracellular Ca2+ increase activates PKC and increases the sensitivity of secretory granules
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Figure 1: Schematic diagram of the model. MC0 is the cell activated by mechanical stimuli; the steps leading
from MS channel activation to Ca2+ release from the calcium store (ER) into the cytosol and LTC4 release
into ECS by exocytosis are described in MC0. A lane of model MCs (MC1 means the 1st MC from MC0 in the

flow direction; MC−1 means the 1st MC from MC0 in the contra-flow direction; MCN means the Nth MC from

MC0 in the flow direction; and MC−N means the Nth MC from MC0 in the contra-flow direction) are separated
by Dcell . Each cell exchanges biological messengers through cell membrane with ECS (green arrows represent
Ca2+, red arrows represent LTC4). ECS is continues, diffusion and convection are included.

to Ca2+, thus driving exocytosis and LTC4 release [1]. In the second stage, the released
LTC4 triggers cellular responses through the G-protein linked cysteinyl leukotriene I and
II (CysLT1 and CysLT2) receptors (LTC4R) [16]. These receptors bind to phospholipase C
(PLC), and PLC catalyzes the hydrolysis of phosphatidylinosital biphosphate (PIP2) and
the release of inositol triphosphate (IP3) [17]. IP3 interacts with receptors (IP3R) on the
endoplasmic reticulum (ER), leading to the release of stored Ca2+ and the depletion of
Ca2+ in ER triggers Ca2+ entry through Ca2+ release-activated Ca2+ (CRAC) channels.
In the third stage, LTC4 moves through ECS and actives other MCs.

2.1 Ca2+ dynamics

The GHK equation is suitable when there is a large difference in concentrations in the
intracellular space (ICS) and ECS compartment, as argued by Koch and Segev [18]. The
cross-membrane Ca2+ flow is described as

ICa,type =Ptype

gCa,typeFEm

(
[Ca2+]i−exp

(
− Em

ϕ

)
[Ca2+]e

)
ϕ
(

1−exp
(
− Em

ϕ

)) , (2.1)

where gCa,type is the permeability of Ca2+; F is the Faraday constant; Em is the mem-
brane potential; ϕ = RT/zF is a parameter where R is the universal gas constant, T is
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the absolute temperature, z is the valence of ion; [Ca2+]i and [Ca2+]e are intracellular
and extracellular Ca2+ concentration respectively; Ptype is the proportion of channels in
open state: for CRAC channels, PCRAC = 1

1+[Ca2+]ER/[Ca2+]act1/2
[19], and for MS channels,

PMS =
1

1+βexp(−τ)
[20]; [Ca2+]ER is the Ca2+ concentration in the ER; [Ca2+]act1/2 is the

concentration for half activation of CRAC channel; β is a measure of the probability that
a channel is in the open state in the no-load case; τ is the stimulation intensity. Plasma
membrane Ca2+-ATPase (PMCA) extrudes Ca2+ to ECS and its flux is given by [21]

IPMCA = IPMCA,M
[Ca2+]i

KPMCA+[Ca2+]i
, (2.2)

where IPMCA,M is the maximum PMCA flux and KPMCA is the Ca2+ concentration for the
half activation of PMCA channels. The ER behaves as a Ca2+ store and exchanges Ca2+

with the cytosol via IP3 sensitive channels, calcium pumps and leaks. Many models have
been developed for these processes, here we follow a model due to Fink et al. [22]. The
flux due to IP3 sensitive channels is

JIp3= Jmax

( [IP3]

[IP3]+KI

[Ca2+]i
[Ca2+]i+Kact

h
)3(

1− [Ca2+]i
[Ca2+]ER

)
, (2.3)

where Jmax is the maximum rate, KI is the dissociation constant for IP3 binding to IP3
receptors, Kact is the dissociation constant for Ca2+ binding to activation sites on IP3R, h
satisfies

dh
dt

= kon
[
Kinh−([Ca2+]i+Kinh)h

]
, (2.4)

where kon is the rate of Ca2+ binding to inhibitory sites on IP3R, and Kinh is the corre-
sponding dissociation constant. The SERCA Ca2+ pump flux is given by [23]

Jpump =Vmax
[Ca2+]2i

[Ca2+]2i +K2
p

, (2.5)

where Vmax is the maximum pumping rate and Kp is the dissociation constant. The leak
flux is given by

Jleak =PL

(
1− [Ca2+]i

[Ca2+]ER

)
, (2.6)

where the constant PL is determined by steady-state flux balance on ER membrane. The
cytoplasm Ca2+ dynamics is governed by cross-membrane Ca2+ flux and Ca2+ release
from ER

d[Ca2+]i
dt

=−γ(ICRAC+ ICa,MS+ IPMCA)−γ·λ(JIp3+ Jleak− Jpump), (2.7)

where γ is the Ca2+ buffering factor [12], λ is the ratio of ER volume to cytoplasm volume.
The ER Ca2+ dynamics is governed by

d[Ca2+]ER
dt

= JIp3+ Jleak− Jpump. (2.8)
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2.2 Secondary messengers’ cascade

Agonist-induced activation of the second messengers plays an important role in the mo-
bilization of stored Ca2+ inside cells. It starts from the binding of ligands to metabotropic
receptors and leads to, via a G-protein cascade, the production of IP3 and the release of
Ca2+ from ER [24]. The activated G-protein number [G] is governed by [24]

d[G]

dt
= kaG(δ+ρ)([GT]−[G])−kdG[G], (2.9)

where [GT] is the total number of G-protein molecules, δ is the ratio of the activities
of the unbound and bound receptors †. kaG and kdG are the G-protein activation and
deactivation rate parameters, respectively. The mediators released from MCs such as
LTC4, are involved in this process by affecting the fraction of bound receptors, ρ, which
is given by ρ= [LTC4]

KR+[LTC4]
, where KR is the G-protein binding constant. Local Ca2+ entry

actives PKC [25]

d[PKCA]

dt
= kaP([PKCT]−[PKCA])[Ca2+]i−kdP[PKCA], (2.10)

where [PKCA] is the active PKC concentration, [PKCT] is the total PKC concentration,
kaP and kdP are the PKC activation and deactivation rate parameters, respectively. IP3
production and degradation is governed by [23]

d[IP3]

dt
= rh

(
[(PIP2)T]−[IP3]

)
−kdeg[IP3], (2.11)

where [(PIP2)T] is the constant total concentrate of PIP2, kdeg is the IP3 degradation
rate. The production rate rh depends on activated G-protein and calcium given by

rh = α[G]
[Ca2+]i

Kc+[Ca2+]i
[23], where Kc is the dissociation constant for the Ca2+ binding sites

on the PLC molecule, α is an effective signal gain parameter, which is determined by

solving α[G]
[Ca2+]i

Kc+[Ca2+]i
([PIP2]T−[IP3])−kdeg[IP3] = 0. Even though the exact mechanism

of LTC4 release from MCs is not known, experimental evidences suggest that local Ca2+

entry in MCs activates PKC that triggers the release of LTC4 into ECS [26]. Shi et al. pro-
posed differential equations describing MC’s degranulation based on PKC [25], Bennett
et al. established an equation for bio-mediator releasing from astrocytes [12]. In this pa-
per, we combined their methods and assumed LTC4 released into the extracellular space
at a rate

VLTCξmax{[PKCA]−[PKCA]min,0}, (2.12)

†This allows for background activity even in the absence of ligand binding, i.e., unbound receptors can
activate a small amount of G-protein, therefore the balance value for δ is

δ=
kdG[G]

kaG([GT ]−[G])
−ρ.
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where VLTC is LTC4 production rate. [PKCA]min is the threshold concentration, which is
necessary to prevent small amounts of [PKCA] from being amplified and leading to LTC4
release. ξ is a parameter that accounts for the depletion of LTC4 inside the cell; it has
initial value 1 and decreases according to

∂ξ

∂t
=−klossξ

max{[PKCA]−[PKCA]min,0}
Krel+[PKCA]

,

where kloss is the depletion rate parameter, and Krel is the kinetic parameter.

2.3 ECS transport

ECS is considered as a continuum medium, diffusion and convection are both included
in describing biological messenger (LTC4) movement in the MCs network,

∂[LTC4]

∂t
=DLTC

∂2[LTC4]

∂x2 −v f low
∂[LTC4]

∂x
+[LTC4]production, (2.13)

where DLTC is LTC4 diffusion coefficient, and v f low is the interstitial flow speed.
[LTC4]production is LTC4 production at location x.

2.4 Parameters and numerical method

Table 1 shows the initial parameter values. Each MC is represented by a ball of diameter
5×10−6m arranged in x direction. The distance between nearby cells Dcell=3×10−5m for
tissues abundant MCs and Dcell =1.5×10−4m for tissues scarce of MCs. The differential
equation (2.13) is solved on a spatial domain −L<x<L where L is chosen to be 3×10−3m
in this paper. The equation is first discretized by replacing the partial derivatives in x by
difference formulas on equally distributed grid points −L= x−N < ···< x−2 < x−1 < 0=
x0<x1<x2<···<xN=L with size δx, the discretization is given by the centered difference
formula

[LTC4]
n+1
j −[LTC4]

n
j

∆t
=

DLTC

δx2

(
[LTC4]

n
j+1−2[LTC4]

n
j +[LTC4]

n
j+1

)
− v

δx
(
[LTC4]

n
j+1−[LTC4]

n
j
)
+[LTC4]production,j. (2.14)

For j≥0, v=v f low, and for j<0, v=−v f low; if there is a MC at location j, [LTC4]production,j=

VLTCξmax{[PKCA,nj ]−[PKCA]min,0}, if there is no MC at location j, [LTC4]production,j =

0. This system equation and Eqs. (2.8)-(2.11) are solved using a built-in Matlab solver
ode15 with proper initial and boundary conditions. We have carried our simulations by
applying mechanical stimuli at x=0.
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Table 1: Model parameters and initial resting values.

Parameter Value source
gCRAC 0.3 Ω−1m−2 evaluated from [19]
[Ca]act 1

2
5×10−4M [19]

gCa,MS 6 ×10−12Ms−1 fit for [Ca2+]i balance
β 99

IPMCA,M 1.1×10−6M fit for [27]
KPMCA 2.6×10−7M fit for [19]

Jmax 2.88×10−3M s−1 [23]
KI 3×10−8M [23]
kon 8×10−6M s−1 [23]
Kinh 10−7M [23]
Kact 1.7×10−7M [23]
Vmax 5.85×10−6M s−1 [23]

λ 0.08 [28]
Kp 2.4×10−7M [23]
γ 0.0244 [23]

[GT ] 1×105 [24]
kaG 0.017s−1 [24]
kdG 0.15s−1 [24]
kaP 0.06M−1 [25]
kdP 0.02s−1 [25]
kdeg 1.25s−1 [24]
Kc 4×10−7 M [24]

VLTC 0.1s−1 fit to experiment [29]
kloss 30s−1 [24]
Krel 1×10−5M [24]

DLTC 3×10−10m2 s−1 [24]
Krel 1×10−5M [24]

v f low 1×10−6ms−1 [3]
[PKCT ] 5×10−7M [25]
[(PIP2)T ] 1.66×10−7M [24]
[PKCA]min 1.2×10−7M

Initial values
[PKCA] 1×10−7M [23]
[G] 14 [24]
[IP3] 10−8M [24]

[Ca2+]i 10−7M [25]
[Ca2+]e 2×10−3M [6]
[Ca2+]ER 5×10−4M [18]

3 Results

3.1 Single cell response to mechanical stimuli

To validate our model, we first investigate single MC response to mechanical stimuli.
Simulation results of Ca2+ response to shear stress were plotted in Fig. 2 and were com-



74 W. Yao, H. W. Yang, Y. B. Li and G. H. Ding / Adv. Appl. Math. Mech., 8 (2016), pp. 67-81

0 50 100 150 200
700

750

800

850

900

950

1000

  t /s

 C
a2+

 F
lu

or
es

ce
nc

e 
In

te
ns

ity

 

 

Simulation (Normal [Ca2+]
e
)

Experiment (Normal [Ca2+]
e
)

Simulation ([Ca2+]
e
 Free)

Experiment ([Ca2+]
e
 Free)

Figure 2: Time-dependent profile of cytosol Ca2+ fluorescence intensities in a cell under the stimulation of
shear stress. The time 0 represents the beginning of stimulation, open squares represent the experimental
data in Hank’s buffer ([Ca2+]e = 2×10−3M), circles represent the experimental data in the Ca2+-free saline

([Ca2+]e=0M), solid line represents the simulation results in Hank’s buffer and dash line represents the simulation

results in the Ca2+-free saline.

pared with experimental data reported in literature [6]. When the cell was stimulated,
[Ca2+]i gradually increased and was maintained at an elevated level in the presence of
extracellular Ca2+ ([Ca2+]e = 2×10−3M). However, in the absence of extracellular Ca2+

([Ca2+]e = 0M), [Ca2+]i didn’t increase after the shear stress is applied. These results
indicate that the increased [Ca2+]i was the Ca2+ influx from the ECS through the MS
channels.

3.2 MCs network response to mechanical stimuli due to ECS diffusion

We have carried our simulations by applying mechanical stimulate at one MC (MC0 ) at
t= 0s. First we considered the case with no interstitial fluid flow (v f low=0 in Eq. (2.13)).
Figs. 3-5 show the response (Ca2+ & LTC4 propagation) of MCs network due to ECS d-
iffusion. Cytosol Ca2+ responses immediately (t = 0s) to mechanical stimulate, [Ca2+]i
increase leads to LTC4 release and increase in ECS several seconds later (t= 20s). LTC4
diffuses in ECS and activates adjacent MCs and spreads. When taking into account not
only the diffusion of LTC4, but also the synthesis and secretion of LTC4 from the stimu-
lated cell, there’s about 50s latency before the adjacent cells (30 ×10−6m or 60 ×10−6m
away) responded. When v f low=0, LTC4 diffuses equally to downstream (flow direction)
and upstream (contra-flow direction), and the Ca2+ & LTC4 waves propagate symmetri-
cally about x= 0. Fig. 3 shows the response of MCs network with Dcell = 3×10−5m and
a propagation speed of 3.37 ×10−6ms−1, Fig. 4 shows the response of MCs network with
Dcell =6×10−5m and a propagation speed of 2.71 ×10−6ms−1, which is slower than that
of Dcell = 3×10−5m, Fig. 5 shows the response of MCs network with Dcell = 1.5×10−4m
and a the propagation speed of 1.85 ×10−6ms−1, which is even slower. Fig. 6 shows the
response of MCs network with Dcell=3×10−4m and there’s no Ca2+ & LTC4 propagation
in the network. Figs. 3-5 also show the Ca2+ peak in the cellular network decrease with
an increased Dcell .
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Figure 3: The response of mast cells network of Dcell =3×10−5m to mechanical stimulate at MC0 (the mast
cell at x=0 position) due to diffusion. (a) cytosol Ca2+ propagation, (b) extracellular LTC4 propagation.
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Figure 4: The response of mast cells network of Dcell =6×10−5m to mechanical stimulate at MC0 (the mast
cell at x=0 position) due to diffusion. (a) cytosol Ca2+ propagation, (b) extracellular LTC4 propagation.
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Figure 5: The response of mast cells network of Dcell =1.5×10−4 m to mechanical stimulate at MC0 (the mast
cell at x=0 position) due to diffusion. (a) cytosol Ca2+ propagation, (b) extracellular LTC4 propagation.
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Figure 6: The response of mast cells network of Dcell =3×10−4m to mechanical stimulate at MC0 (the mast
cell at x=0 position) due to diffusion. (a) cytosol Ca2+ propagation, (b) extracellular LTC4 propagation.

3.3 MCs network response to mechanical stimuli with interstitial flow

We carried the simulations by including both diffusion and convection (v f low ̸= 0) in
ECS. Figs. 7-8 show the response (Ca2+ & LTC4 propagation) of MCs network to me-
chanical stimuli. The interstitial flow prevented LTC4 from going upstream (−x direc-
tion) and enhanced propagation downstream (x direction). Fig. 7 shows the response for
v f low = 1×10−6ms−1, and the propagation speed in flow direction (downstream) is 4.03
×10−6ms−1, faster than that without flow, while propagation speed in contra-flow direc-
tion (upstream) is 2.60 ×10−6ms−1, slower than that without flow. Fig. 8 shows the re-
sponse for v f low =5×10−6ms−1, the propagation speed downstream is 6.90 ×10−6ms−1,
while there was no Ca2+ & LTC4 propagation in the upstream direction. Table 2 com-
pared the propagation speeds and Ca2+ peaks under various conditions.
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Figure 7: The response of mast cells network of Dcell = 3×10−5m to mechanical stimulate at MC0 due to
diffusion and convection (v f low = 1×10−6ms−1). (a) cytosol Ca2+ propagation, (b) extracellular biological
mediators concentration.
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Figure 8: The response of mast cells network of Dcell = 3×10−5m to mechanical stimulate at MC0 due to
diffusion and convection (v f low = 5×10−6ms−1). (a) cytosol Ca2+ propagation, (b) extracellular biological
mediators concentration.

Table 2: Propagation speeds and Ca2+ peaks of waves under different conditions.

types Dcell Propagation speed Ca2+ peak

Diffusion & v f low =0

3 ×10−5m 3.37×10−6ms−1 0.30×10−6M
6×10−5m 2.71 ×10−6ms−1 0.24×10−6M

1.5×10−4m 1.85 ×10−6ms−1 0.16×10−6M
3×10−4m No

Diffusion &
3 ×10−5m

Downstream: 4.03 ×10−6ms−1 0.32 ×10−6M
v f low =1×10−6ms−1 Upstream: 2.60 ×10−6ms−1 0.24×10−6M

Diffusion &
3 ×10−5m

Downstream: 6.90 ×10−6ms−1 0.34 ×10−6M
v f low =5×10−6ms−1 Upstream: No

4 Discussion and conclusion

4.1 Mechanical stimuli activate signaling pathway coupling MS channels
(TRPV2) to Ca2+ fluxes and biomedical messengers’ release in MCs

When shear stress is applied, we have shown with our model that intracellular Ca2+

rises and maintains at an elevated level in the presence of extracellular Ca2+, while there
is no intracellular Ca2+ elevation in the absence of extracellular Ca2+, which is consistent
with experiment observations. This results indicate that the increased [Ca2+]i was the
Ca2+ influx from the ECS through the MS channels. Transcripts for a range of TRPVs
were detected in MCs [6–8], and we reported the expression of TRPV2 protein subunits
in these cells [7]. We also reported increased membrane currents that could be inhibited
by 10µM of ruthenium red (RuR, TRPVs inhibitor) and 20µ SKF96365 (TRPV2 inhibitor)
when negative pressure was applied to MCs (Fig. 9). Influx of extracellular Ca2+ through
TRPV channels has been demonstrated to be a key step preceding MCs’ degranulation [6,
30]. Therefore, we hypothesized that the activation of TRPV2 to Ca2+ fluxes attribute to
secondary messengers release induced by mechanical stimuli.
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Figure 9: Current-voltage dependence of RuR- sensitive current induced by stretch pressures. Current signals
made after activation with/without RuR were compared.

4.2 Biological responses activated by mechanical stimuli can propagate in
MCs network due to diffusion and convection in ECS

We have shown with our model that Ca2+ & LTC4 propagation in MCs network (Dcell <
3×10−4m) when mechanical stimuli are applied to one MC (Figs. 3-5, Figs. 7-8). It sug-
gests biological signals can propagate in MCs-abundant tissues, i.e., when Dcell is small
(about 3 ×10−5m). These results may explain the mechanotransduction process in MCs
network induced by mechanical stimuli: mechanical stimuli increase [Ca2+]i and lead
to LTC4 release; LTC4 transports (diffuses and flows) in ECS and acts on surface LTC4R
on adjacent cells, leading to Ca2+ influx through CRAC channels and increasing [Ca2+]i,
stimulate further LTC4 production and forms biomedical massagers’ signal propagation
in the MCs network. When there was no interstitial fluid flow, Ca2+ & LTC4 propagate
equally to upstream and downstream, the propagation speeds depended on the value of
Dcell , and there was no Ca2+ & LTC4 propagation if Dcell was too large (Dcell=3×10−4m).
Experiment showed a 50 s delay before Ca2+ started to rise in the nonpatched mast cells
50−60×10−6m away from the patched (stimulated) mast cell [10]. This is consistent with
our simulation results (50s latency before cells 30−60×10−6m away responded). Inter-
stitial fluid flow affects biological signals’ propagation. When there was weak interstitial
fluid flow (v f low = 1×10−6ms−1), Ca2+ & LTC4 waves propagate faster to downstream
(from 3.37 ×10−6ms−1 to 4.03 ×10−6ms−1) and slower to upstream (from 3.37 ×10−6ms−1

to 2.60 ×10−6ms−1). When interstitial fluid flow is significant (v f low = 5×10−6ms−1),
there’s no Ca2+ & LTC4 propagation in the upstream direction and the propagation speed
in the downstream direction increases over 100% (6.90 ×10−6ms−1).

4.3 MCs network may play a key role in response to mechanical treatment in
TCM

Mechanical stimuli have been applied to the body surface for medical treatment, especial-
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Figure 10: Representative photomicrographs of stained (stained with NR) mast cells (arrows) in specimens at
Zusanli (ST36).

ly in TCM. As a basic technique in TCM, acupuncture is a method of applying mechanical
stimuli by inserting needles into specific locations (acupoints) where MCs are abundant
shown as Fig. 10 [4]. When the needle is twirled, lifted and thrusted, the winding of colla-
gen on the acupuncture needle changes the interstitial microenvironment [31, 32]. As we
discussed above, mechanical stimuli can activate MCs and lead to the release of biologi-
cal mediators. These mediators can further activate adjacent cells and induce biomedical
messengers’ signal propagation in the MCs network. This may explain the acupuncture
effect such as ”De-qi” (a local sensation of heaviness, numbness, soreness, or paresthe-
sia, which is believed to be an important aspect of treatment), ”Xun Jing Gan Chuan”
(sensation transport along meridian) and so forth. Moreover, these mediators have a
powerful effect in increasing capillary permeability and interstitial flow [3]. On the one
hand, an increased flow can induce shear stress on MCs and may activate MCs [6]; On
the other hand, the flow can transport biological mediators to downstream locations and
activate other MCs along the flow path. Our numerical results showed biomedical mes-
sengers’ signal propagate equally to both upstream and downstream when there was no
flow, while propagate faster to downstream and slower (even none) to upstream when
there is a flow. These results can explain the phenomena that sensation propagates in
one-direction and can be enhanced by acupuncture.

In this paper, we developed a mathematical model to study Ca2+ signaling and LTC4
release processes, and applied it to investigate the response of MCs network to mechani-
cal stimuli. Extracellular diffusion and convection are both analyzed as underlying mech-
anisms of biological messenger propagation. This study facilitates our understanding of
the mechanotransduction process in MCs induced by mechanical stimuli, contributes to
understanding of interstitial flow-related mechanobiology in MCs network and provides
a methodology for quantitative analyze mechanical treatments including acupuncture in
TCM.
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