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Abstract 

The distribution and location of mast cells are closely related to their physiological and pathological 
functions, such as allergic responses, immunity, and fibrosis, and are used in acupuncture. In this 
study, the distribution of mast cells in vivo was observed, and mechanical clues for understanding 
their distribution based on mechanical niches were explored. By toluidine blue staining and 
immunohistochemical staining, we examined the distribution and location of mast cells in rat skin 
and found that mast cells are distributed in a spatially nonuniform manner, preferring to locate at 
regions in the tissue and extracellular matrix with stiffness changes. In vitro experiments for studying 
the distribution of rat basophilic leukemia (RBL-2H3) mast cell line on poly-di-methyl-siloxane 
(PDMS) substrates with stiffness variations were performed. It was found that RBL-2H3 cells 
migrate and tend to remain in the areas with stiffness variations. The present research suggests that 
changing the stiffness of local tissues may stimulate mast cell recruitment, which may be the method 
by which some traditional Chinese medicine treatments, such as acupuncture. On the basis of the 
origin of mast cells and our experimental results, we predict that mast cells exist in tissues that 
contain permeable capillaries and prefer regions with stiffness changes. We discussed this prediction 
using examples of specific tissues from some cases. 
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Introduction 
Mast cells play important roles in allergic 

responses [1], immunity [2], angiogenesis [3], wound 
healing [4], acupuncture [5,6], and other processes. 
Although the biological and biochemical characteri-
stics of mast cells in allergic inflammation have been 
intensively studied since they were first discovered by 
Paul Ehrlich in the late 1800s [7-10], the interaction of 
mast cells with their surrounding mechanical 
environment is still largely unknown. In recent 
decades, cell migration and mast cell functions have 
become two hot topics in the field of medical 
physiology, and both are difficult problems [11]. The 
biological behaviors of mast cells under different 

mechanical conditions and matrix environments have 
attracted significant attention [7, 12, 13]. 

As we know, mast cells are distributed widely in 
the connective tissue of the skin, which consists of 
multicomponent functional tissues and extracellular 
matrix with different stiffness levels (Young’s 
modulus) [14]. Interactions with extracellular matrix 
components appear to be important for the migration 
and location of mast cells in tissues [13]. The 
migration of mast cells always occurs following 
chemical activation or mechanical stimulation and 
plays an important role in regulating homeostasis. 
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There are many findings about the location, 
distribution and recruitment of mast cells [15, 16]. 
Mast cells are found to be resident in tissues 
throughout the body, particularly in association with 
structures such as blood vessels and nerves and in 
proximity to surfaces that interface with the external 
environment [7]. These phenomena are still relatively 
independent, and there is no suggesting rule by which 
we understand the phenomena of their migration and 
distribution. Defining a general rule that explains the 
location and function of mast cells in physiological 
and pathological tissues would help to guide further 
research and aid in the treatment of tissue conditions 
related to mast cells. 

In this study, the distribution and location of 
mast cells around the main tissues in rat skin were 
observed. It was found that mast cells are distributed 
in a spatially nonuniform manner, in that they prefer 
areas with stiffness variations in the tissue and 
extracellular matrix. To verify this unusual phenome-
non in vitro, experiments on the distribution of rat 
basophilic leukemia (RBL-2H3) mast cell line on 
poly-di-methyl-siloxane (PDMS) substrates with 
stiffness variations were performed. It was observed 
that RBL-2H3 cells migrate and tend to be found in 
the areas with stiffness variations. Combined with the 
viability and concentration of RBL-2H3 on different 
PDMS substrates, we verified that RBL-2H3 cells tend 
to migrate to the areas with stiffness variations. On 
the basis of the origin of mast cells and our 
experimental results, we predicted that mast cells 
exist in tissue that contains permeable capillaries and 
that they should be located at areas with stiffness 
variations. This hypothesis was discussed in normal 
and pathological tissues. We further showed that 
traditional manual acupuncture could recruit and 
activate mast cells by lifting and twisting needles. The 
present result suggests that changing the stiffness of 
local tissues may stimulate mast cells to be recruited 
to sites of acupuncture treatment. The present studies 
on the migration, distribution, matrix circumstance 
and mechanical response of mast cells play a 
profound role in understanding the role of mast cells 
in physiological and pathological processes [17]. 

Methods and materials 
Animals 

The present study was performed in accordance 
with the guidelines of the Animal Care and Use 
Committee of Shanghai Research Center for 
Acupuncture and Meridians, which are based on the 
NIH’s Guide for the Care and Use of Laboratory 
Animals. The experimental protocols were approved 
by the Animal Care and Use Committee of the 
Shanghai Research Center for Acupuncture and 

Meridian. Male Sprague-Dawley (SD) rats (200 ± 20 g) 
from the Shanghai Experimental Animal Center of the 
Chinese Academy of Science were housed in cages in 
a temperature-controlled environment (22℃-25℃) 
with a 12/12-hour light/dark cycle. Food and water 
were made available ad libitum. All animals were 
handled with care to prevent infection and to 
minimize stress. Animals were chosen randomly to 
perform each group experiment. 

Cell culture 
RBL-2H3 mast cell lines were obtained from the 

Shanghai Science Academy cell bank (Shanghai, 
China). The cells were grown in minimal essential 
medium (MEM) with Earle’s salts containing 15% 
fetal bovine serum and 1% L-glutamine, all these 
culture reagent were from Gibco (Invitrogen, Grand 
Island, NY, USA). Cells were cultured in an incubator 
with a humidified atmosphere (5% CO2) at 37°C and 
were used in an exponential phase of growth. The 
initial cell concentration in each group of experiments 
was the same in every dish. 

Toluidine blue staining 
Tissue samples from the Zusanli point (ST36) 

were collected centrally with different sizes of skin 
biopsy punches (Electron Microscopy Sciences, 
Hatfield, PA, USA) according to the experimental 
requirements after decapitation of the animals under 
narcosis (10% chloral hydrate 0.4 mL/100 g i.p.). For 
direct toluidine blue staining, skin samples were torn 
down laterally without muscle tissue using 12 mm 
skin biopsy punches. The samples were stained with 
1% toluidine blue without fixation. The lateral 
distribution of mast cells was examined by 
stereoscope (SMZ1000, Nikon, Japan). In the 
conventional toluidine blue staining experiment, skin 
samples were collected with muscle tissue using 5 
mm skin biopsy punches. Sequential paraffin slices of 
5 μm thickness were made after 48 h of fixation at 4℃ 
in fixing solution (10% formalin). The sections were 
longitudinal to the skin and the muscle tissue. The 
sample was stained with 0.5% toluidine blue on slides 
and examined using an inverted microscope (Ti-s, 
Nikon, Japan). 

Immunofluorescence staining 
The immunohistochemical staining method was 

performed in ST36 point skin tissues as described in a 
previous study [18]. The anaesthetized rats were 
immediately subjected to whole body perfusion 
through the heart with 100 mL of 0.9% saline, 
followed by 300 mL of 4% paraformaldehyde in 0.1 M 
PBS (pH=7.4). After perfusion, the skin tissue in the 
area of ST36 was dissected out from the right leg 
using 6 mm skin biopsy punches and stored in 25% 
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sucrose solution at 4℃. Skin sections from ST36 were 
cut at a thickness of 20 μm on a cryostat (CM1900, 
Leica, Germany). The sequentially mounted slides 
were blocked with QuickBlock™ blocking buffer 
(Beyotime Biotech, Shanghai, China) and prepared for 
their respective types of fluorescence immuno-
histochemical staining. Primary antibodies, including 
mouse monoclonal anti-mast cell tryptase antibody 
(ab2378, 1:1000, Abcam) and rabbit polyclonal 
anti-beta III tubulin antibody (ab52623, 1:200, Abcam), 
were used in this study. Goat anti-mouse Alexa Fluor 
594 secondary antibody (8890, 1:500, CST) and goat 
anti-rabbit Alexa Fluor 488 secondary antibody 
(150077, 1:500; Abcam) were used to visualize the 
corresponding primary antibodies. Additionally, 
DyLight™ 488 Phalloidin (12935, 1:500, CST) and 
4',6-diamidino-2-phenylindole 2 hci (DAPI) (D1306, 
1:40000, Molecular Probes, USA) were applied for 
counterstaining. The tissue samples were examined 
under a confocal laser scanning microscope (SP8, 
Leica, Germany). 

Immunocytochemical staining was carried out 
on cells that adhered on the substrate. All reagents for 
fixation, washing, and blocking as well as dilution 
buffer were purchased from Beyotime (Beyotime 
Biotechnology, Shanghai, China). RBL-2H3 cells were 
grown on normal or PDMS substrate for 18 hours, 
rinsed in PBS (pH=7.4) two times, fixed for 30 minutes 
at room temperature and exposed in 0.2% Triton 
X-100 in PBS for 4 min. Then, the cells were blocked 
for 30 minutes at room temperature. The cells were 
incubated in DyLight™ 488 Phalloidin and DAPI for 
30 minutes at room temperature in the dark. The cell 
samples were examined under an inverted 
fluorescence microscope (Ti-e, Nikon, Japan). 

PDMS substrate 
PDMS is a widely used bio-compatible substrate 

for cell behavior studies [19, 20]. The Sylgard 184 
PDMS (DowCorning, Midland, MI, USA) was 
prepared through mixing the curing agent and base in 
a specified mass ratio, and it was degassed in a 
vacuum chamber for 40 minutes at room temperature 
to remove the air bubbles from the mixtures. The 
mixtures were then poured into dishes to produce 
approximately 1 mm thick thin films. All samples 
were cured at 80°C for 6 hours in an oven to form the 
PDMS substrates. Then, these substrates were 
modified in terms of their hydrophilicity and 
sterilized under UV radiation for cell culture. 
Different mass ratios of curing agent and base get 
different stiffness substrate. The nanoindentation tests 
were performed in a Hysitron Ti-950 nanoindenter 
system equipped with a Berkovich fluid cell probe 
(TI-950, Hysitron, Inc., Minneapolis, MN, USA). The 

probe was engaged on the sample surface in 1% BSA 
(in PBS) solution with 0.5 micron Newton (μN) force 
and withdraw 150 nm before each indentation test. 
During the test, the probe was loaded up to maximum 
force in 5 seconds, then held for 2 seconds, and 
unloaded to zero force in 5 seconds. The depth and 
force as a function of time is recorded simultaneously 
and the data was used to derive the Hardness and 
reduced Modulus of the materials using Oliver-Pharr 
model. The maximum forces are selected to reach the 
same maximum depth which is about 10 micron 
meter (µm) for all tests.  

There are some methods to determine the 
stiffness gradients or stiffness variations of the PDMS 
substrates, such as by UV irradiation through a 
printed mask [21]. In this study, we made the 
substrate with stiffness variations by pouring two 
different ratios of PDMS liquid into the opposite sides 
of culture dishes. Keeping the dish horizontal, we 
completed the rest of the steps according to the 
previously described general steps. We termed this 
method the free flow confluence (FFC) method. The 
details can be found in the supplementary material 
(Supplement. 1, Fig. S1). Black carbon powder was 
mixed into one side of the PDMS to illustrate the 
boundary of different ratios of PDMS only for 
convenient observation. PDMS substrates for 
culturing cells was transparent and without black 
carbon. PDMS substrate with stiffness variations by 
free flow confluence (FFC) method was detected by 
Hysitron TI-950 nanomechanical instrument. 

AO/PI method to count cell concentration and 
viability 

The acridine orange (AO) and propidium iodide 
(PI) dual staining method has been routinely used to 
measure the number and viability of nucleated cells 
[22, 23]. A cell counter (Counter Auto 2000, Nexcelom 
Bioscience, Lawrence, MA, USA) was used to detect 
fluorescence and count the cells. First, the culture dish 
was gently shaken to collect the supernatant. The 
substrate was rinsed using PBS (pH=7.4) to mix the 
supernatant. Second, the supernatant was mixed. In 
total, 20 μL was removed to be mixed with AO/PI dye 
liquid at a ratio of 1:1 to count on a counter. All 
nonadherent cell concentrations and viability were 
determined. Immediately, we added 1 mL PBS 
(pH=7.4) to the dish from which the supernatant was 
removed. Cells were scraped on the substrate with a 
cell scrape, taken out and rinsed in the same dish with 
1 mL PBS before being mixed and counted on a 
counter as mentioned above. Incorporation of annexin 
V and Brdu was also recommended method to 
determine the survival and proliferation of the cells 
affected by PDMS substrates. 
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Acupuncture stimulation 
The ST36 is located at the anterior tibia muscle 

near the knees according to previous studies [5, 24]. It 
is a popular acupoint for studies in animal 
experiments as well as for clinical treatment. 
Sterilized stainless steel acupuncture needles (0.25 
mm in diameter, 1 inch in length, Suzhou Kangnian 
Medical Devices, Jiangsu, China) were inserted into 
the ST36 at the right hind leg, located 5 mm lateral 
and distal to the anterior tubercle of the tibia. For the 
lifting-twisting acupuncture group, the perpendicular 
needling depth was approximately 5 mm, and we 
alternately applied lift-thrusting and twisting 
manipulation for 30 seconds with 30 second intervals. 
The total acupuncture process was performed for 30 
min. For the retention acupuncture group, the needle 
was inserted into the tissue as the lifting-twisting 
acupuncture group, but without motion. For the 
control group, there was no acupuncture treatment; 
the other treatments were the same as the above two 
groups. 

Statistical analysis 
The data are presented as the standard error of 

the mean (SEM). The statistical analysis was 
performed using 1-way analysis of variance (one-way 
ANOVA) with the Student-Newman-Keuls (S-N-K) 
post hoc test. In all of the analyses, the differences 
were considered statistically significant at p<0.05. All 
statistical analyses were performed using SPSS 20.0 
(International Business Machines, Armonk, NY, 
USA). 

Results 
Mast cells are distributed in a spatially 
nonuniform manner 

Mature mast cells are recognized in the skin 
histochemically by the ability of their intracellular 
granules to bind to toluidine blue and other cationic 
dyes [25]. Previous research has examined mast cells 
using the toluidine blue staining method on paraffin 
or frozen sections along the longitudinal direction of 
the skin [26, 27]. To determine the spatial distribution 
of mast cells in the skin, we examined mast cells along 
a longitudinal and lateral directions. Rat skin samples 
were taken from the right leg around the ST36 using 
skin biopsy punches (Fig. 1A) and spread naturally by 
a homemade skin gripper after direct toluidine blue 
staining (Fig. 1B). The lateral distribution of mast cells 
was examined by stereoscope (Fig. 1C). From the 
enlarged figure (Fig. 1D), the lateral level of 
distribution of mast cells is determined, and the result 
shows that mast cells are distributed widely but 
unequally in a lateral direction to the skin. The 

longitudinal distribution of mast cells was examined 
by microscope on paraffin sections (Fig. 1E). In the 
longitudinal direction, mast cells are also distributed 
widely and unequally. The enlarged part (Fig. 1F) 
shows mast cells indicated by yellow arrows, dyed 
blue and purple, with different shapes. 

 

 
Figure 1. Spatial distribution of mast cells in rat skin. (A) Skin samples 
were taken from a rat leg around the ST36 using a skin biopsy punch. (B) Direct 
toluidine blue stained skin sample was spread naturally by a homemade skin 
gripper for stereoscopic examination. (C) The lateral distribution of mast cells 
was examined by stereoscope. (D) Enlargement of the red frame area in (C). (E) 
The longitudinal distribution of mast cells examined by microscope. (F) 
Enlargement of the red frame area in (E), with mast cells indicated by yellow 
arrows. The scale bar is shown in the lower right corner of each examined 
figure. 

 

Mast cells are distributed along hair follicles, 
vessels, nerve fibers, adipose tissue, and 
muscle tissue in the rat skin 

Hair follicles, vessels, nerve fibers, and adipose 
tissue are the most important and functional tissues of 
the skin. Beneath the skin, muscle tissue is always 
closely linked. We examined the location relationship 
between mast cells and these functional tissues 
separately using immunofluorescence staining on 
frozen sections and toluidine blue staining on paraffin 
sections. Correlation of mast cells and hair follicles 
(Fig. 2A-A3), vessels (Fig. 2B-B3), and nerve fibers 
(Fig. 2C-C3) by immunofluorescence staining shows 
that mast cells are located at the boundary of these 
tissues. Mast cells are also located along adipose 
tissue (Fig. 3A-B) and muscle tissue (Fig. 3C-D), as 
shown by toluidine blue staining of the samples. 
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Specific tissues were circled with a rectangle area 
(400μm×250μm) in staining samples. The number of 
mast cells adjacent to specific tissues (d < 20 μm) or 
distant to specific tissues (d > 20μm) were counted out 
(d represents the vertical distance from one cell to 

specific tissue). In order to illustrate this procedure, 
supplementary material was added (Supplement. 2, 
Fig. S2) for detail explanation. Statistical results of the 
number of adjacent and distant cells around five kinds 
of specific tissues were present (Fig. 3E).  

 

 
Figure 2. Mast cell distribution along hair follicles, vessels and nerve fibers. (A) Correlation of mast cells and hair follicles in skin examined with 
immunofluorescence histochemical staining with (A1) tryptase (red), (A2) phalloidin (green), and (A3) DAPI (blue). (B) Correlation of mast cells and vessels in skin 
samples examined with immunofluorescence histochemical staining with (B1) tryptase (red), (B2) phalloidin (green), and (B3) DAPI (blue). Hair follicles and vessels are 
distinguished by their location and morphological characteristics. (C) Correlation of mast cells and hair follicles in skin examined with immunofluorescence 
histochemical staining with (C1) tryptase (red), (C2) β-Ⅲ tubulin (green), and (C3) DAPI (blue). Scale bars are shown in the DAPI-stained figure in each group. 

 

  
Figure 3. Mast cells are distributed along adipose and muscle tissues. (A-B) Mast cells are distributed along adipose tissue. Adipose tissue is dyed yellow 
with gathered particles and marked by green asterisks ‘*’ in the figures. (C-D) Mast cells are distributed along the muscle tissue. The muscle tissue is dyed blue or dark 
blue and marked by green pound signs ‘#’ in the figures. Mast cells around the tissue boundaries are marked with magenta arrows, and the scale bar is shown in the 
lower right-hand corner of each examined figure. (E) Statistical results of the number of adjacent and distant cells around five kinds of specific tissues. Intra-group 
comparison difference in each group *p<0.05, #p<0.01. 
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Figure 4. PDMS substrate stiffness properties and the distribution of RBL-2H3 cells on the PDMS substrate. (A) The Young’s modulus of different 
ratios of PDMS was detected by Hysitron TI-950 nanomechanical instrument. The ratios of PDMS (agent:base) were 1:10, 1:20, 1:30, and 1:40. (B) Cell culture dish 
(diameter=35 mm) coated with PDMS substrate with stiffness variations using the FFC method. The sectional drawing of the area with stiffness variation of the soft 
PDMS (agent:base=1:40) and stiff PDMS (agent:base=1:10) which was marked with black carbon powder. (C1-C2) Young’s modulus of substrate with stiffness 
variations was detected point-by-point along the diameter of the dish. Pure 1:10 and pure 1:40 PDMS substrates were also detected for comparison. (D1) The 
adherent cell number of every 1 mm2 on substrates that are soft (1:40), stiff (1:10) or with stiffness variations. (D2) The adherent cells correspond to fluorescence 
intensities on the substrates that are soft (1:40) or stiff (1:10) or that have a stiffness variation band. *p<0.05 versus boundary group, #p<0.01 versus boundary group. 
Values are given as the means±SE. (E1) Cells on the softer PDMS substrate (agent:base=1:40). (E2) Cells on the boundary of the softer side of the PDMS substrate 
with stiffness variation. (E3) Cells on the PDMS substrate with stiffness variation. (E4) Cells on the boundary of the stiffer side of the PDMS substrate with stiffness 
variation. (E5) Cells on the stiffer PDMS substrate (agent:base=1:10). All cells are RBL-2H3 mast cells, in which the cytoskeleton is dyed green by phalloidin, and the 
nuclei are dyed blue by DAPI. The scale bar is 25 µm. 

 

RBL-2H3 cells are distributed along the areas 
with stiffness variations of the PDMS 
substrate. 

To exam mast cell distribution properties on the 
substrate with stiffness variations in vitro, we made 
substrates with stiffness variations using PDMS. The 
Young’s modulus of PDMS with different mass ratios 
of PDMS (agent:base) was tested using Hysitron 
TI-950 nanomechanical instrument. We observed a 
remarkable change from 1:10 to 1:40 (Fig. 4A). Cell 
culture dishes with the stiffness variations of PDMS 
substrates were made with two different mass ratios 

of agent:base, the softer of which is 1:40, and the stiffer 
is 1:10 (Fig. 4B). PDMS substrates with stiffness 
variations were made by free flow confluence (FFC) 
method. Black carbon powder which mixed into one 
side of the PDMS illustrated that there is a transitional 
region between softer and stiffer PDMS. It should be 
noted that the black carbon powder is only used to 
illustrate the boundary properties of different ratios of 
PDMS confluence and the RBL-2H3 cells were 
cultured on PDMS without black carbon powder. 
Young’s modulus of substrates with stiffness 
variations were detected by Hysitron TI-950 
nanomechanical instrument. Comparing with pure 
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1:10 and pure 1:40 substrates, PDMS with stiffness 
variations presented an ideal range of hardness 
gradient (Fig 4C1-D2). RBL-2H3 cells were cultured in 
dishes with PDMS substrate, and the initial cell 
concentration was 5×105/mL in every dish. After 
culturing 18 hours, the adherent cells were dyed green 
by phalloidin to examine the cell distribution and the 
number of cells and mean fluorescence intensity in the 
softer areas, variation areas and stiffer areas were 
counted (Fig. 4D1-D2). Cells’ number and 
fluorescence intensity in the confluent area were 
higher than those in the softer or stiffer PDMS 
substrate. RBL-2H3 cells in the stiffness variation area 
were presented in supplementary material 
(Supplement. 3, Fig. S3). Five typical areas were 
identified: the softer side, the boundary with the 
softer side, the confluent area, the boundary with the 
stiffer side, and the stiffer side with the same latitude 
in the same dish (Fig. 4E1-E5). 

Based on the above results, we can infer that 
there are two possible reasons for mast cell 
recruitment on the areas with stiffness variations. One 
possibility is that the areas with stiffness variations is 
more suitable for RBL-2H3 cell growth and 
reproduction. The other possibility is that RBL-2H3 

cells tend to migrate in the direction of the areas with 
stiffness variations. 

To determine if the different stiffness or stiffness 
variations of PDMS substrates affects the growth and 
viability of mast cells, we detected the viability and 
concentration of RBL-2H3 cells in varying substrate 
dishes using the AO/PI method [23]. The initial cell 
concentration was 5×105/mL, and the culture time 
was 18 hours. Different fields of suspended cells and 
adherent cells were captured by the cell counter (Fig. 
5B1-B4, C1-B4), and the cell counter auto counted the 
live and dead cells depending on the fluorescence 
color (Fig. 5B5, C5). There are 6 groups of 
characteristic cell culture substrates. The concentra-
tion and viability of the suspended or not attached 
cells increased with the decrease in rigidity (Fig. 5A1). 
The number of attached cells decreased with the 
decrease in rigidity (Fig. 5A2). Combined with the 
total cell concentration and viability (Fig. 5A3), we can 
identify that the growth ability of RBL-2H3 cells on 
the areas with stiffness variations is between the 
stiffer and softer substrates. This result verifies that 
the reasons for mast cell recruitment on the areas with 
stiffness variations is that mast cells tend to migrate in 
the direction of the areas with stiffness variations.  

 

 
Figure 5. The concentration and viability of RBL-2H3 cells on different rigidity regions of PDMS substrates. Cell culture dishes were used with 
different substrates as follows: normal cell culture dishes without coating PDMS (dish), dishes coated with a single stiffness PDMS substrate with a specified ratio of 
agent:base (1:10, 1:20, 1:30, and 1:40), and dishes coated with a stiffness gradient PDMS substrate with two intersecting sides: the stiffer side is 1:10, and the softer 
side is 1:40 (1:10-1:40). (A1) The concentration and viability of cells that did not adhere to the substrate. (A2) The concentration and viability of cells that adhered to 
the substrate. (A3) The concentration and viability of whole cells in the culture dish. The gray columns represent the number of cells. The blue line represents the 
survival rate of the cells. *p<0.05 versus 1:10-1:40 group, #p<0.01 versus 1:10-1:40 group. Values are given as the means ± SE. (B1-B5) and (C1-C5) The AO/PI 
method is used to determine the concentration and viability of cells that are not attached to and attached to the substrate, respectively. 
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Discussion and conclusions 
The ability of cells to follow gradients of 

extracellular matrix stiffness was termed durotaxis by 
Lo et al and was established as a single cell 
phenomenon [28]. Sunyer et al recently found that 
durotaxis also directs the motion of cell collectives, 
and it emerged from long-range intercellular force 
transmission [29]. Some experimental studies have 
revealed parts of molecular biological mechanisms 
[30-32]. Additionally, numerical simulations have 
tried to establish mathematical models to explain this 
phenomenon [33-36]. At present, its specific 
mechanism is still unresolved. 

In the present study, the following results were 
achieved. (1) Through the examination of tissue 
sections of rat skin, we found that mast cells are 
distributed widely but unequally and usually localize 
to the areas with stiffness variations in tissues, such as 
hair follicles, vessels, nerves, adipose tissue, and 
muscle tissue in vivo. (2) Through culturing RBL-2H3 
cells on PDMS substrates and testing their number 
and viability, it was found that mast cells are 
distributed along the stiffness gradient of PDMS 
substrates in vitro. Combined with the latest research 
progress about the origin and location of mast cells, a 
hypothesis about the distribution of mast cells in 
known or unknown tissues was formed: (1) If a tissue 
contains mast cells, it should contain permeable 
capillaries and a suitable bio-factor environment. (2) If 
there are mast cells in the tissue, their distribution 
follows durotaxis properties. Of course, there are 
other factors, such as histamine [37], LTC4 [38], ATP 
[39], TNF-a and IL-4 [40], that act in mast cell 
chemotaxis. To our knowledge, this study is one of the 
few studies [41] to report mast cell migration related 
to durotaxis in vivo and in vitro and to suggest the 
existence and location of mast cells in various tissues. 

To know how mast cells in specific tissues are 
distributed is important for an understanding of the 
functional mechanisms of mast cells involved in 
bio-processes. We introduce another two areas where 
the existence and distribution of mast cells are critical 
besides the skin: the eyes and the blood brain barrier. 
In humans, mast cells are abundant in the anterior 
and posterior uvea but absent in the retina [42]. In 
hatching and adult birds, mast cells are absent in the 
cornea and retina [43]. In dogs, the mast cell marker 
chymase was not detected in the cornea [44]. The 
cornea is one kind of tissue without capillaries, and 
the retina has no permeable capillaries within it [45]. 
These phenomena may verify our hypothesis that 
tissues containing mast cells should have permeable 
capillaries and suitable bio-factor environments. The 
blood-brain barrier is a specialized structure formed 
by the blood vessels of the central nervous system, 

and it tightly restricts the flow of blood-borne ions, 
molecules, and cells from entering the neural tissue 
[46]. However, mast cells are located at the 
perivascular region close to nerve endings, and they 
can respond to and release mediators of both the 
nervous and immune system while regulating 
blood-brain barrier permeability [47, 48]. In this 
structure, the stiffness gradient provides a link 
between glial tissue and endothelial tissue, which 
form the blood brain barrier. Mast cells are also 
distributed along the gut immune barrier [46]. These 
phenomena may verify our hypothesis that the 
distribution of mast cells follows durotaxis properties. 

Combined with previous studies about the 
origin of mast cells [49, 50] and the results we report, 
we present a diagrammatic sketch to show the origin 
and strategic distribution of mast cells in the skin (Fig. 
6). Mast cell progenitors emerge from the bone 
marrow and remain immature while circulating in 
blood vessels. Immature mast cells can permeate 
capillaries and settle in specified tissues. The 
microenvironment surrounding the mast cells 
determines their mature phenotype. This process is 
shown in a supplementary video (Video. S1). 

Mast cells are provisioned with multiple types of 
receptors as well as mediators, which provide a 
reasonable explanation for the multifunctional role of 
these cells [9]. According to our finding that mast cells 
are distributed along vessels, nerves, hair follicles, 
adipose tissues, and muscle tissues, the meaning and 
function of these distribution structures should be 
discussed. 

The vessels include blood vessels and lymphatic 
vessels. Blood vessels are blood flow pathways in the 
circulatory system. The phenomenon in which mast 
cells are distributed along vessels was described by 
Paul Ehrlich when they were first identified [51]. 
Currently, we know that mast cells contain heparin 
[52] and histamine [7], which can change the 
permeability of the vessels and acquire IgE by 
extending cell processes across the vessel wall [53]. 
This reveals a two-way interaction strategy of mast 
cells and the vasculum. Mast cell-vessel interactions 
are detailed in our supplementary video (Video. S2). 
Mast cells have been found around the peripheral and 
central systems [54]. Mast cells release inflammatory 
mediators, including histamine, 5-HT, or cytokines, 
that directly activate neurons to mediate 
physiopathology in the peripheral and central 
nervous systems. Neurons also release neurotrans-
mitters and neuropeptides that directly act on mast 
cells to modulate their function [55]. Neuro-mast cell 
interactions studies founded the cross-talk between 
the immune system and nervous system and could 
lead to a better understanding of therapy methods 
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such as acupuncture for the treatment of some 
diseases [56]. Mast cell-nerve interactions are detailed 
in our supplementary video (Video. S3). The 
interaction between mast cells and adipose tissue [57], 
muscle tissue [58] and hair follicles [59, 60] also 
provides information on bioprocesses. 

In pathological conditions and tissue repair 
duration, some factors always cause local tissue 
fibrosis [61, 62]. There is a positive trend toward the 
correlation of mast cell numbers with fibrosis [63-66]. 
Based on the hypothesis above, this phenomenon 
could be explained by the local stiffness gradient, 
which should be an important mechanical factor for 
the recruitment of mast cells. Traditional manual 
acupuncture might be a way to modify the stiffness of 
local tissues through the lifting and twisting of 
needles. Through applying different motions of 
acupuncture, we found that mechanical stimulation 
induced the accumulation and degranulation of mast 
cells in the stress-changing region (Supplement. 4, Fig. 
S4). Diverse substances released from mast cells could 
initiate local biochemical process and nerve signals to 
central for contributing to acupuncture effects. This 
processes provided a clue to reveal the mechanism of 
acupuncture. However, our results in manual 
acupuncture mixed with a variety of factors. The 
migration of mast cells under changing stiffness 
should be studied further in vitro. 

In summary, this study examined the 
distribution and location of mast cells around several 
main tissues and verified their unequal spatial 
distribution in the rat skin. In the in vitro experiment, 
we verified that RBL-2H3 cells tend to be distributed 
along the areas with stiffness variations. Based on the 
experimental results and the origin of the mast cells, 
we formed a hypothesis about the distribution and 
location of mast cells in the identified or unidentified 
tissues. That is mast cells distribute in the areas with 
stiffness variations and locate along the stiffness 
gradient formed by tissue and extracellular matrix. By 
applying different motions of acupuncture in the rat 
skin, we determined that the changing mechanical 
stimulation induced the accumulation and 
degranulation of mast cells. This finding suggests that 
acupuncture may produce the proper treatment 
effects by modifying the local stiffness (Supplement. 
4, Fig. S5). Studies on the migration, distribution, 
matrix circumstance and mechanical response of mast 
cells may be important for understanding the role of 
mast cells in physiological and pathological processes. 
Furthermore, we can modify the stiffness of local 
tissues to determine the specified treatment for some 
diseases. 
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