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Background: Acupuncture therapy plays a pivotal role in pain relief, and increasing evidence
demonstrates that mast cells (MCs) may mediate acupuncture analgesia. The present study
aims to investigate the role of MCs in acupuncture analgesia using c-kit gene mutant—induced
MC-deficient rats.

Materials and methods: WsRC-Ws/Ws rats and their wild-type (WT) littermates (WsRC-+/+)
were used. The number of MCs in skin of ST36 area was compared in two rats after immuno-
fluorescence labeling. Mechanical withdrawal latency (MWL), mechanical withdrawal threshold
(MWT), and thermal withdrawal latency (TWL) were measured on bilateral plantar for pain
threshold evaluation before and after each stimulus. Acupuncture- and moxibustion-like stimuli
(43°C, 46°C heat, 1 mA electroacupuncture [EA], 3 mA EA, and manual acupuncture [MA])
were applied randomly on different days.

Results: Fewer MCs were observed in the skin of ST36 in mutant rats compared to WT rats
(P<0.001). For pain thresholds, MWL and MWT were higher in WsRC-Ws/Ws compared to
WsRC-+/+ on bilateral paws (P<0.05), but TWL was not different between the two rats (P>0.05).
Bilateral MWL and MWT in WsRC-+/+rats increased significantly after each stimulus compared
to baseline (P<0.01, P<0.001). In WsRC-Ws/Ws rats, only noxious stimuli could produce anti-
nociceptive effects for mechanical pain (46°C, 3 mA EA, MA) (P<0.01, P<0.001). Additionally,
the net increases in MWL and MWT induced by most stimuli were greater in WT than in mutant
rats (P<0.05). For thermal nociception, either high- or low-intensity stimuli could significantly
augment TWL in two rats (P<0.001), and the net increases of TWL evoked by most stimuli
were to the same extent in two genetic variants.

Conclusion: MCs influence the basic mechanical but not thermal pain threshold. MCs partici-
pate in acupuncture analgesia in mechanical but not in thermal nociception, in that MC deficiency
may attenuate the mechanical analgesia evoked by high-intensity stimuli and eliminate analgesia
provoked by low-intensity stimuli.

Keywords: WsRC-Ws/Ws rats, tryptase, stimulus intensity, mechanical withdrawal threshold,
thermal withdrawal latency

Introduction

Acupuncture therapy has been practiced in China for thousands of years and is used to treat
various dysfunctional conditions around the world,"* particularly for pain relief. Nowa-
days, the generally accepted mechanisms of acupuncture mainly focus on endogenous
opiates and their receptors in the central nervous system,’ serotonin and related descending
pain inhibitory pathways,® and gate control at the spinal level.” In recent years, several
investigations have reported that mast cells (MCs) are involved in acupuncture-induced
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analgesia.®>'* MCs are immune cells produced by bone mar-
row and are ubiquitous throughout the body.!! They are mainly
distributed in tissues that interact with the external environment,
such as the skin, the gastrointestinal tract, the respiratory tract,'
the dura mater of the spine, and the meninges of the brain.!>!
MCs are activated by inflammation, tissue damage, and physical
stimuli, and they release many kinds of bioactive substances
via degranulation, such as tryptase, histamines, serotonin,
ATP, interleukins 1-6, and many more.>'*!> Dysregulation of
MC activation contributes to a range of abnormal physiologic
responses to thermal, mechanical, and ultraviolet stimuli, and
also associated with pathologic conditions such as Alzheimer’s
disease, anxiety, bladder pain syndrome, and nociception.'®
Previous studies demonstrated that MCs not only participate
in peripheral pain transmission, but also play an important
role in central integration of pain.'* Recently, several lines of
evidence have demonstrated that the number of MCs and their
degranulation ratio increases significantly following acupunc-
ture,'” moxibustion,'® and laser acupuncture.® Furthermore, ATP
released by MC degranulation serves as a possible mediator
for acupuncture analgesia.’

However, previous studies mainly observed relationships
between MCs and acupuncture analgesia through molecular
biology methods, and all subjects were normal rats or mice,
failing to elucidate a causal effect of MCs on pain sensa-
tion. With the development of genetic engineering, a new
mutant rat strain named WsRC-Ws/Ws has been identified
as an ideal animal model to study MCs.""?! WsRc-Ws/Ws
rats are found with a 12-base deletion in the tyrosine kinase
domain of'the c-kit gene,** which affects MC maturation. !
These mutant rats have been used to study the role of MCs
in visceral hyperalgesia, bladder activity, and stress;2%2526
however, it is yet unknown if MC deficiency influences basal
pain sensation and acupuncture-induced analgesia. Therefore,
the present study using WsRC-Ws/Ws rats was designed
to investigate: 1) the corresponding relationship between
MCs and basal pain sensation, and 2) the influence of MC
deficiency on the analgesic efficacy induced by acupuncture
and moxibustion intervention.

Materials and methods

Animals

This study was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health.
The protocol was approved by the Committee on Ethics
of Animal Experiments of Institute of Acupuncture and
Moxibustion, China Academy of Chinese Medical Sciences

(Permit Number: 20110510-001), and all efforts were made to
minimize animal suffering. Male MC-deficient rats (WsRC-
Ws/Ws, n=15) and their WT littermates (WsRC-+/+, n=15)
were purchased from SLC (Japan SLC, Inc., Tokyo, Japan).
Mutant WsRC-Ws/Ws rats have the tyrosine kinase domain
of c-kit genes deleted;?” MC deficiency begins at 10 weeks
after birth.?>?>282° Rats were housed in clean animal facilities
in which the temperature was maintained at 24°C%0.5°C,
humidity at 60%—70%, and noise levels <60 dB. All animals
were housed in groups of two or three with ad libitum access
to standard chow and water. The animals were maintained
on a standard 12-hour light—dark cycle (dark cycle 8:00
PM-8:00 AM) and were allowed to acclimate to the housing
conditions for 7 days prior to the experiment.

Assessment of mechanical withdrawal
latency (MWL) and mechanical
withdrawal threshold (MWT)

Before acupuncture and moxibustion stimuli modalities
performed, baseline mechanical withdrawal latency (MWL),
mechanical withdrawal threshold (MWT), and thermal
withdrawal latency (TWL) in the bilateral hind paws were
measured in the WsRC-Ws/Ws and WsRC-+/+ rats. Then,
noxious (46°C, 3 mA electroacupuncture [EA], manual
acupuncture [MA]) or innocuous (43°C, 1 mA EA) stimuli
mimicking acupuncture and moxibustion were randomly
applied on the left hind limb from the second to sixth day with
each stimulus performed once per day and at the same time
(9:00 AM), because previous studies revealed that 46°C, 3
mA EA and MA stimuli can activate Ad- and C-fibers.**** All
rats were subjected to the same regime on each day. MWL,
WMT, and TWL of the bilateral hind paws were re-evaluated
after each stimulus. The Dynamic Plantar Anesthesiometer
(37450; UGO Basile, Milan, Italy), an automated von Frey-
type system,*=¢ was used to test the MWL and MWT and
evaluate mechanical pain threshold before and after each
modality. Rats were placed in a transparent partitioned cham-
ber with a stainless-steel mesh bottom and moved freely for
30 min. Mechanical force with a constant rate of 1 g/s and
cutoff force of 36 g were exerted by an ascending tip in the
middle of the hind paw. The rapid withdrawal latency and
withdrawal force were measured. Each paw was tested three
times with 15 min interval between each measurement.

In case of the possible influence of daily stimuli on basal
mechanical and thermal pain thresholds, we measured basal
MWL, MWT, and TWL on the first, third, fourth, and fifth
days before acupuncture- or moxibustion-like stimulation. As
no statistical differences were found among values of MWL,
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MWT, and TWL in different days, there was no alteration for
original response and the rats were still naive.

Assessment of thermal withdrawal
latency (TWL)

The hind paw withdrawal latency to a noxious thermal
stimulus was tested using the plantar test (37370; UGO
Basile).3>37 Before TWL testing, each rat was placed in a
clean plastic compartment over a glass plate and allowed
to acclimatize for 30 min. A radiant heat source (infrared
intensity: 30, cutoff time: 15 s) beneath the glass plate was
placed directly under the plantar of the left or right hind
paws, with 15 min interval between two consecutive tests.
The latency was recorded when a paw-flick response was
elicited. Each rat was tested three times and the average
value was collected.

Acupuncture stimulation

For acupuncture intervention, animals were immobilized
without anesthesia in a custom-made fabric sock with holes in
it. The influence of restraint stress for rats was also evaluated,
and no significant effect was found (see “Results” section).
Two acupuncture needles (0.25x25 mm; Huatuo, Suzhou
Medical Co. Ltd., Jiangsu, China) were inserted into left
ST36, which is located below the capitulum fibulae and lateral
to the tibia, and adjacent non-acupoint at a depth of 1.5-2
mm. EA stimulus with parameters of 20 Hz and 1 or 3 mA
was generated by HANS-200A Analgesia Apparatus (Nanjing
Gensun Medical Technology Co. Ltd., Beijing, China) and
was applied to each rat for 10 min. For MA treatment, only
one needle was inserted into left ST36 at a depth of 1.5-2
mm, and the needle was twisted clockwise and anticlockwise
at 2 Hz frequency for 10 min. Ten minutes after stimulation,
MWL, MWT, and TWL of the rats were re-evaluated.

Moxibustion-like thermal stimulation

For innocuous warm or noxious heat stimuli, rats were also
restrained with the custom-made fabric socks. The left hind
paw was stimulated with warm (43°C) or hot (46°C) water
using a thermostatic water bath for 10 min. Ten minutes after
stimulation, MWL, MWT, and TWL were re-evaluated with
the same method described earlier.

Immunofluorescent labeling of MCs

Rats (n=5 per experimental group) were anesthetized by
urethane (1.0 g/kg), and immediately perfused transcardi-
ally with 100 mL of 0.9% saline, followed by 300 mL 4%
paraformaldehyde in 0.1 M phosphate-buffered saline (PBS,

pH 7.4). The skin tissue in the area of ST36 (~3x3 mm?)
was dissected out from the left hind limb and stored in 25%
sucrose PBS at 4°C.

The skin was frozen in optimal cutting temperature
compound (RSA Group, Kalamazoo, Michigan, USA), and
20 pum sections were cut using a cryostat (Thermo, Microm
International FSE, Walldorf, Germany). The staining methods
were as follows: the sections were washed twice for 10 min in
0.1 M PBS (pH 7.4), then incubated for 30 min in blocking
solution containing 3% normal donkey serum and 0.5% Tri-
ton X-100 in PBS. After blocking, the sections were incubated
overnight in mouse monoclonal anti-MC tryptase antibody
(1:1000; Abcam, Cambridge, UK). On the following day,
after washing three times with 0.1 M PBS, the sections were
incubated in Alexa Fluor 488 Phalloidin (1:500; Molecular
Probes, Eugene, OR, USA) for 2 h at room temperature fol-
lowed by three washes with 0.1 M PBS. Then, the sections
were coverslipped with 50% glycerin. Fluorescence was
visualized using a light microscope (Eclipse; Nikon Co.,
Tokyo, Japan).

Statistics

Data sets with normal distributions were analyzed using the
paired -test for differences within groups before and after
intervention. Independent #-tests were used to compare dif-
ferences between two groups. One-way analysis of variance
(ANOVA) with least significant difference multiple com-
parison procedure was used to compare differences within
each group. Kruskal-Wallis test was used if the data did not
satisfy homogeneity of variance. In this study, P<0.05 was
set as the significance threshold for all comparisons. All data
are presented as mean * standard error of the mean. The
analyses were implemented with SPSS version 20.0 (IBM
Corp., Armonk, NY, USA).

Results

Tryptase expression was downregulated
in WsRC-Ws/Ws rats

To assess the influence of the c-kit gene mutant on MC
expression, the quantity of MCs labeled by tryptase was
measured through immunofluorescent staining in WsRC-
+/4+ and WsRC-Ws/Ws rats. Normally, tryptase is stored in
a fully active form in MC granules,*® and this serves as a
specific identity marker for MCs.** We found that tryptase
expression was significantly reduced in WsRC-Ws/Ws rats as
compared to their WT littermates (3.3210.89 vs 11.67£1.06,
independent #-test, P<0.001, n=5) (Figure 1A—C), similar to
results in a previous report.?>*
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Figure | Immunofluorescence staining for tryptase (MCs) in ST36 skin tissue.
Notes: Representative images of MC staining in WsRC-+/+ (A, a) and WsRC-Ws/
Ws (B, b) rats (n=5). (C) MC count in mutant rats was significantly less than that
of WT rats. Data were analyzed using independent t-test and expressed as mean +
standard error of the mean. **P<0.001, vs WsRC-+/+ rats.

Abbreviations: MCs, mast cells; WT, wild-type.

Mechanical but not thermal pain

threshold was related to MC expression

Before testing the influence of MCs on acupuncture analgesia,
we first assessed the influence of MCs on pain threshold. To
determine whether pain threshold is related to the existence
of MCs, we measured the mechanical pain threshold, latency,
and thermal pain threshold in WsRC-+/4-and WsRC-Ws/Ws.
To control for potential stress effects due to immobilization,
paw mechanical and thermal pain thresholds were evalu-
ated. After baseline measurements, rats were restrained in
custom-made socks for 10 min. Then, WML, MWT, and TWL
were repeatedly recorded. There was no significant change
in MWL, MWT, and TWL after restraint as compared to
baseline (P>0.05, paired #-test, n=15). Mechanical threshold

measurements MWL and MWT were greater in WsRC-Ws/
Ws as compared to WsRC-+/+ rats on bilateral paws (MWL:
left, 16.71£1.01 s vs 13.9940.74 s; right, 16.0420.71 s vs
13.70£0.57 s; MWT: left, 16.94+1.00 g vs 14.17£0.74 g; right,
16.2510.7 g vs 13.8910.53 g; independent ¢-test, all P<0.05,
n=15) (Figure 2A and B). However, no significant differences
were found between WsRC-Ws/Ws and WsRC-+/+ rats for
the thermal pain threshold measurement TWL on bilateral
paws (left: 6.0620.24 s vs 5.6510.16 s; right, 5.861£0.23 s vs
5.61£0.19 s; independent #-test, P>0.05, n=15) (Figure 2C).

Both the noxious and innocuous stimuli
modalities improved mechanical pain
threshold in WsRC-+/+ but not WsRC-
Ws/Ws rats

Many previous studies, either preclinical or clinical, have
described that acupuncture and moxibustion elevate pain
threshold,**? and the role of MCs in the acupuncture analge-
sia has been confirmed.®!%4-4¢ Here, we determined baseline
threshold before a noxious (46°C, 3 mA EA, MA) or innocu-
ous (43°C, 1 mA EA) stimulus mimicking acupuncture and
moxibustion was performed,**3? and then measured analgesic
efficacy when each stimulus modality was conducted at dif-
ferent days randomly in WsRC-+/+ and WsRC-Ws/Ws rats.
As shown in Figure 3, bilateral MWL and MWT in WsRC-
+/+ rats increased significantly after each stimulus, noxious
or innocuous, compared to the baseline response latency
and threshold before each stimulus. In detail, MWL of the
ipsilateral paw was 43°C, 18.61£1.27 s; 46°C, 19.09£1.12 s;
1 mA, 20.15£1.17 s; 3 mA, 20.56£1.09 s; MA, 23.48+1.18 s
after stimulus vs baseline 13.99+0.74 s (one-way ANOVA,
P<0.01 or P<0.001, n=15, Figure 3A). MWL of the contra-
lateral paw was 43°C, 17.6511.12 s; 46°C, 19.9610.86 s;
1 mA, 19.3610.98 s; 3 mA, 24.9510.86 s; MA, 23.24+1.34 s,
respectively, after stimulus compared to baseline 13.700.57 s
(P<0.01 or P<0.001, Figure 3B). Similarly, MWT of the ipsi-
lateral paw was as 43°C, 18.76+1.24 g; 46°C, 19.29+1.11 g;
1 mA, 19.83£1.06 g; 3 mA, 20.69£1.08 g; MA, 22.6£1.23 g
after stimulus compared to baseline 14.17+£0.74 g (P<0.01
or P<0.001, Figure 3C). MWT of the contralateral paw was
43°C, 17.76£1.09 g; 46°C,20.12+0.84 g; 1 mA, 19.72+0.92 g;
3mA, 25.11+0.88 g; MA, 22.74+1.5 g after stimulus vs base-
line 13.8940.53 g (P<0.01 or P<0.001, Figure 3D).
Comparatively, in WsRC-Ws/Ws rats, only high-intensity
or noxious stimulus (46°C, 3 mA EA, MA) induced a sig-
nificant enhancement of mechanical response latency MWL
and threshold MWT bilaterally. Low-intensity stimuli (43°C
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Figure 2 Baseline MWL, MWT, and TWL in left and right hind paws in WsRC-+/+ and WsRC-Ws/Ws rats.

Notes: Baseline MWL (A) and MWT (B) in WT and mutant rats (n=15). (C) Baseline TWL in two rats. Data were analyzed using independent t-test and expressed as mean
+ standard error of the mean. *P<0.05, compared with WsRC-+/+ rats. WsRC-Ws/Ws rats showed a longer MWL and higher MWT (P<0.05) than WT rats.
Abbreviations: MWL, mechanical withdrawal latency; MWT, mechanical withdrawal threshold; TWL, thermal withdrawal latency; WT, wild-type.

and 1 mA EA) did not have apparent efficacy. Data are shown
in detail in Figure 3. MWL of the ipsilateral paw was 46°C,
19.9741.15 s; 3 mA, 19.94£1.03 s; MA, 21.57%1.74 s after
stimulus vs baseline 13.9910.74 s (one-way ANOVA, P<0.05,
n=15, Figure 3A). MWL of the contralateral paw was 46°C,
19.97£1.16 s; 3 mA, 20.4611.35s; MA, 21.60%1.94 s, respec-
tively, after stimulus as compared to baseline 13.70£0.57 s
(P<0.01, Figure 3B). MWT of the ipsilateral paw was 46°C,
19.9741.15 g; 3 mA, 20.11+1.02 g; MA, 21.72+1.72 g after
stimulus as compared to baseline 16.94£1.00 g (P<0.05,
Figure 3C). MWT of the contralateral paw was 46°C,
20.1£1.14 g; 3 mA, 20.66£1.33 g; MA, 21.95%2.1 g after
stimulus vs baseline 16.2530.70 g (P<0.01 or P<0.001, Figure
3D). For low-intensity interventions (43°C and 1 mA EA),
no significant changes were induced on MWL of ipsilateral

(43°C, 18.112£0.73 s; 1 mA, 19.8%1.16 s; compared to pre-
stimulus 16.71£1.01 s, P>0.05, Figure 3A) and contralateral
(43°C, 18.25%£0.69 s; 1 mA, 19.97£1.16 s; compared to
prestimulus 16.04+0.71 s, P>0.05, Figure 3B), or on MWT
of ipsilateral (43°C, 18.45+0.73 g; 1 mA, 19.97+1.15 g;
compared to prestimulus 16.94+1.00 g, P>0.05, Figure 3C)
and contralateral (43°C, 18.48%+0.67 g; 1 mA, 20.1%1.14 g;
compared to prestimulus 16.25+0.70 g, P>0.05, Figure 3D).

These results demonstrate that MC deficiency in WsRC-
Ws/Ws rats in our study abolishes analgesic effects induced
by acupuncture- and moxibustion-like stimuli with innocuous
intensities, whereas the analgesic effects of noxious stimuli
are preserved. This result indicates that MCs participate in
acupuncture or moxibustion analgesia, depending on the
intervention intensity.
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Figure 3 MC deficiency blocked the effect of low-intensity stimuli on mechanical pain sensation.

Notes: Baseline MWL and MWT data after different stimuli at 43°C and 46°C heat, | mA and 3 mA EA, and MA were collected in plantar test. Ipsilateral (A) and
contralateral (B) paw MWL were increased by acupuncture- and moxibustion-like stimulation, either low or high intensities in WT rats, whereas only high intensity of
stimulus increased ipsilateral and contralateral paw MWL in mutant rats. Ipsilateral (C) and contralateral (D) paw MWT were increased by acupuncture- and moxibustion-
like stimulation, either low or high intensities in WT rats, whereas only high intensity of stimulus increased ipsilateral and contralateral paw MWL and MWT in mutant rats.
Data were analyzed using one-way analysis of variance and least significant difference for post hoc analysis. *P<0.05, **P<0.01, ***P<0.001, compared with baseline MWL or
MWT in each group. Data represents the mean =* standard error of the mean.

Abbreviations: Contra., contralateral; EA, electroacupuncture; Ipsi., ipsilateral; MA, manual acupuncture; MC, mast cell; MWL, mechanical withdrawal latency; MWT,
mechanical withdrawal threshold; WT, wild-type.

Mechanical Pain threshold was promoted Results for the elevation range of mechanical pain
more apparently b), different stimulus threshold in bilateral MWL and MWT are shown in Figure 4.
modalities in WsRC-+/+ rats than in After high-intensity or noxious stimuli (which induced a
MC-deficient WsRC-Ws/Ws rats

Next, we investigated whether there were any differences in

significant elevation of mechanical pain threshold in both
rats), the enhancement ranges of MWL on bilateral paws in
WsRC-+/+ rats were greater than those in WsRC-Ws/Ws
rats (ipsilateral: 46°C, 5.66£1.16 s vs 1.231£1.72 s; 3 mA,
7.04+£1.34 s vs 2.13+1.55 s; MA, 9.0+1.34 s vs 4.86+1.33 s;
independent #-test, P<0.05, n=15, Figure 4A; contralateral:
46°C, 6.310.98 s vs 2.56£1.37 s; 3 mA, 11.28%1.10 s vs
4.43+1.53 s; MA, 9.57£1.48 s vs 4.57£1.10 s; P<0.05 or
P<0.01, Figure 4B). Similarly, the MWT elevation changes
induced by noxious stimuli on bilateral paws in WsRC-+/+

the range of mechanical threshold elevation between the two
genotypes, especially for high-intensity stimuli. In the pres-
ent study, the elevation range of mechanical threshold was
obtained by the value of MWL or MWT after each stimulus
minus the value of baseline. Because values of MWL or
MWT after each stimulus were higher than baseline with (for
stimuli of all intensities in WsRC-+/+ rats and high-intensity
stimuli in WsRC-Ws/Ws rats) or without (for low intensities
in WsRC-Ws/Ws rats) significant differences (Figure 3), dif-
ference values obtained were all positive numbers (Figure 4).

rats were greater than those in WsRC-Ws/Ws rats (ipsilat-
eral: 46°C, 5.68%1.15 g vs 1.21+1.69 g; 3 mA, 6.97+1.34 g
vs 2.08%1.53 g; MA, 8.96+1.13 g vs 4.78+1.01 g; P<0.05,
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Figure 4 MC deficiency impaired the effect of acupuncture and moxibustion-like stimulation on the improvement of MWL and MWT.

Notes: Data are represented as net increases of MWL and MWT (subtracting the baseline value from poststimulus values). Net increases of MWL in ipsilateral (A) and
contralateral (B) paws in WsRC-+/+ and WsRC-Ws/Ws rats (n=15). Net increases of MWT in ipsilateral (C) and contralateral (D) paws in WsRC-+/+ and WsRC-Ws/Ws
rats (n=15). Independent t-tests, *P<0.05, **P<0.01, vs WsRC-+/+ rats. MC deficiency significantly decreased most effects of acupuncture and moxibustion-like stimuli on
MWL and MWT in WsRC-Ws/Ws rats as compared to those in WsRC-+/+ rats. Data are represented as mean =* standard error of the mean.

Abbreviations: Contra,, contralateral; Ipsi., ipsilateral; MC, mast cell; MWL, mechanical withdrawal latency; MWT, mechanical withdrawal threshold; EA, electroacupuncture;

MA, manual acupuncture..

Figure 4C; contralateral: 46°C, 6.23+0.97 g vs 2.48%1.33 g;
3 mA, 11.22£1.12 g vs 4.42£1.51 g; MA, 8.85£1.48 g vs
4.45%1.01 g; P<0.05 or P<0.01, Figure 4D).

In contrast, after low-intensity or innocuous stimuli,
which induced significant elevation on mechanical threshold
only in WsRC-+/+ rats (Figure 3), the increased ranges of
MWL on bilateral paws in WsRC-+/+ rats were greater than
those in WsRC-Ws/Ws rats, except for the 43°C stimulus
on the contralateral paw (ipsilateral: 43°C, 4.57+1.23 s vs
0.54+1.33 s; 1 mA, 5.66%1.37 s vs 1.39£1.54 s; both P<0.05,
independent #-test, n=15, Figure 4A; contralateral: 43°C,
3.98+1.07 s vs 2.22+0.87 s, P>0.05; 1 mA, 5.69£0.95 s vs
1.42+1.25 s; P<0.05, Figure 4B). The elevation ranges of
MWT on bilateral paws in WsRC-+/+ rats were greater than
those in WsRC-Ws/Ws rats, except for the 43°C stimulus
on the contralateral paw (ipsilateral: 43°C, 4.55£1.19 g

vs 0.67£1.3 g; 1 mA, 5.19£1.22 g vs 0.54£1.34 g; both
P<0.05, Figure 4C; contralateral: 43°C, 3.88%£1.05 g vs
2.2310.86 g, P>0.05; 1 mA, 5.84+0.89 g vs 1.32+1.28 g;
P<0.05, Figure 4D).

MC deficiency did not alter the effect of
different stimulus modalities on thermal
pain threshold

To further explore the role of MCs on acupuncture analgesia
for thermal nociception, TWL was examined before and
after each stimulus. Our data demonstrate quite different
but interesting implications that both noxious and innocuous
stimuli elevated thermal pain threshold in both WsRC-+/+
and WsRC-Ws/Ws rats (Figure 5).

For WsRC-+/+ rats, TWL of the ipsilateral paw was 43°C,
7.2610.33 5; 46°C, 10.721£0.28 5; 1 mA, 10.4710.37 s; 3 mA,
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10.98+0.23 s; MA, 10.12+0.54 s after stimulus vs baseline
5.6520.16 s (one-way ANOVA, P<0.001, n=15, Figure 5A).
TWL of the contralateral paw was 43°C, 6.8420.30 s; 46°C,
10.9240.30 s; 1 mA, 10.3240.36 s; 3 mA, 11.2610.4 s;
MA, 9.63+0.42 s after stimulus vs baseline 5.61£0.19 s
(P<0.001, Figure 5B). Data obtained from WsRC-Ws/Ws
rats were quite similar. TWL of the ipsilateral paw was 43°C,
7.8310.29 5;46°C, 10.4610.36 s; 1 mA, 11.13+0.46 s; 3 mA,
10.2940.23 s; MA, 9.33+£0.28 s after stimulus vs baseline
6.0610.24 s (P<0.001, Figure 5A). TWL of the contralat-
eral paw was 43°C, 7.5310.35 s; 46°C, 10.9240.26 s; 1 mA,
10.9+£0.48 s; 3 mA, 10.56+£0.21 s; MA, 9.25£0.31 s after
stimulus vs baseline 5.8610.23 s (P<0.001, Figure 5B).

Thermal pain threshold was enhanced
within the same range between
WsRC-+/+ and WsRC-Ws/Ws rats

To determine whether the changes in thermal pain threshold
evoked by these stimuli modalities differed between the two

Baseline 1mAEA
43°C 3mAEA
) 46°C MA
A Ipsi.
30
* *
vk A
* * : * *
. 20 : * .
2 * *
~ *
-
=
'_
10
0
WsRc-Ws/Ws WsRc-+/+
B Contra.
30
* * * :
x *k F* * kL
x *k * * * *
* * * *
* *
20 * *
£ x .
! M
=
'_
10
0
WsRc-Ws/Ws WsRc-+/+

Figure 5 MC deficiency had no effect on TWL improvement induced by acupuncture
and moxibustion stimuli.

Notes: Ipsilateral (A) and contralateral (B) hind paw TWL of WsRC-+/+ and
WSsRC-Ws/Ws rats were increased by different intensities of acupuncture and
moxibustion stimuli (n=15). All data were analyzed using one-way analysis of
variance and least significant difference for post hoc analysis. ***P<0.001, compared
with baseline TWL. Data are expressed as mean * standard error of the mean.
Abbreviations: Contra., contralateral; Ipsi., ipsilateral; TWL, thermal withdrawal
latency; EA, electroacupuncture; MA, manual acupuncture; MC, mast cell.

genotypes, we compared the net elevations of TWL between
the two groups. The elevation range of thermal pain threshold
was calculated by subtracting the baseline TWL value from
each poststimulus TWL value. Because TWL values after
each stimulus were greater than baseline with significant
differences in each stimulus (at both high and low intensi-
ties), differences acquired were all positive values (Figure 6).

After acupuncture- or moxibustion-like stimuli, the
magnitude of TWL increase on bilateral paws was the
same between WsRC-+/+ and WsRC-Ws/Ws rats, except
for the 3 mA EA stimulus (ipsilateral: 43°C, 1.62+0.41 s
vs 1.77£0.23 s; 46°C, 5.08+0.35 s vs 4.41+0.3 s; 1 mA,
4.824+0.41 s vs 5.071£0.49 s; MA, 2.23+0.36 s vs 2.2+0.48 s;
all P>0.05; 3 mA, 5.34£0.25 s vs 4.2320.28 s, P<0.05,
independent #-test, n=15, Figure 6A; contralateral: 43°C,
1.2440.37 s vs 1.6810.33 5;46°C, 5.31+0.39 s vs 5.0610.23 s;

A WsRc-+/+
WsRc-Ws/Ws
8 Ipsi.

TWL change (s)

43°C 46°C 1 mAEA3 mAEA MA

8 Contra.

TWL change (s)

43°C  46°C 1mAEA3 mAEA MA

Figure 6 MC deficiency did not influence the effect of acupuncture and moxibustion
on TWL increase.

Notes: Data are represented as net increase of TWL (subtracting the baseline value
from poststimulus values). Net increase of TWL in ipsilateral (A) and contralateral
(B) paws in WsRC-+/+and WsRC-Ws/Ws rats (n=15). All data were analyzed using
independent t-test and expressed as mean * standard error of the mean. *P<0.05,
compared with WsRC-+/+ rats. All improvements of TWL were similar in WT and
mutant rats except the effect of 3 mA EA, that the increase of TWL in WT rats was
significantly greater than that in mutant rats (P<0.05).

Abbreviations: Contra,, contralateral; EA, electroacupuncture; Ipsi., ipsilateral; TWL,
thermal withdrawal latency; WT, wild-type; MA, manual acupuncture; MC, mast cell.
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1 mA, 4.71£0.39 s vs 5.0420.47 s; MA, 2.4240.42 s vs
2.4120.37 s; all P>0.05; 3 mA, 5.65+0.41 s vs 4.7£0.2 s,
P<0.05; n=15, Figure 5B).

Discussion

To our knowledge, this is the first preclinical study to
investigate the role of MCs in pain sensation and in acu-
puncture—moxibustion analgesic efficacy using a c-kit
gene mutant and MC-ablated rats. In the present study, we
measured basic mechanical and thermal pain thresholds
and pain threshold changes produced by different stimuli
mimicking acupuncture and moxibustion in WT WsRC-
+/+ and c-kit gene mutant WsRC-Ws/Ws rats. First, our
results demonstrate that MCs influence mechanical but not
thermal pain perception (Figure 2). Secondly, acupuncture-
and moxibustion-like stimulation elevated mechanical pain
threshold in an intensity-dependent manner in WsRC-Ws/Ws
but not in WsRC-+/+ rats (Figure 3), and mechanical pain
threshold changes were greater in WsRC-+/+ than those in
WsRC-Ws/Wsrats (Figure 4), indicating that MCs play a role
in acupuncture- and moxibustion-induced analgesic effects
for mechanical pain. In contrast, different stimulus modali-
ties elevated thermal pain threshold in both WsRC-+/+ and
WsRC-Ws/Ws rats (Figure 5), almost without differences in
magnitude (Figure 6). The study implies that MCs influence
mechanical pain perception as well as acupuncture—moxibus-
tion analgesia, but do not affect perception and analgesia of
thermal pain.

The influence of MCs on nociception

As immune-serving MCs reside in all tissues'! such as skin,
mucous membranes, respiratory and gastrointestinal tracts,
they are involved in immediate physiologic reactions (“first
responders” to external pathogen and allergen exposure)
and various pathologic conditions such as visceral diseases,
autoimmune disorders, cancer, ischemia—reperfusion injury,
anxiety, and Alzheimer’s disease.'® In the present study,
WsRC-Ws/Ws rats were characterized by MC deficiency
via a 12-base deletion in the tyrosine kinase domain of the
c-kit gene,”* which not only plays a vital role in MC dif-
ferentiation and function,'> but also regulates melanocytes,
erythrocyte, and germ cells.*#8 Although c-kit mutant mice
was the earliest MC-deficient animals and wildly used in
experimental work,*%! previous studies demonstrated that
the magnitude of MC deficiency was comparable between
c-kit mutant mice and c-kit mutant rats.?>?’ Thus, these mutant
rats have been recommended as a viable animal model for
investigating the functions of MCs.!*22?7 Further, our results

also showed that the WsRC-Ws/Ws rats displayed a reduced
quantity of MC distribution in the skin located at the acupoint
ST36 (Figure 1).

Previous reports have discussed the underlying mecha-
nisms relating MCs and pain in the central and peripheral
nervous systems.>4134 MCs, activated by various noci-
ceptive or inflammatory stimuli, could release tryptase,
ATP, histamines, and other various bioactive agents and
inflammatory mediators via degranulation,’>>* which may
act on nociceptors and modulate synaptic transmission and
nociception at spinal dorsal horn.'* In turn, these agents
stimulate nociceptive receptors on sensory endings to release
neuromodulators such as substance P, calcitonin gene-related
peptide (CGRP), and vasoactive intestinal protein, and acti-
vate additional downstream degranulation cascade reactions
in MCs.!*5*% Enhanced MC activation and degranulation
lead to release of additional algogenic molecules, which
arouses nociceptors sensitization and generates perception
of pain in the body.>

It has been reported that tryptase, a mediator released
by activated MCs, could activate protease-activated recep-
tor 2 (PAR-2) and transient receptor potential A1, and then
induce mechanical hypersensitivity of vagal C-fibers.”” In
addition, PAR-2 activation also could facilitate the release
of nociceptive neuromodulators, such as substance P and
CGRP, in peripheral tissues.® In the present experiments,
mutant rats were not so sensitive to mechanical pain stimuli
as WT rats, demonstrated by increases in MWL and MWT
(Figure 2A and B). This was consistent with our hypothesis
that nociceptive fibers were less sensitive for short of active
compounds released by MCs degranulation in WsRC-Ws/
Ws rats compared to WsRC-+/+ rats, and WsRC-Ws/Ws rats
were dull to mechanical detection. However, an interesting
finding in our study was that the basic thermal pain thresh-
old was not influenced by MC deficiency, because TWL
was not different between WsRC-Ws/Ws and WsRC-+/+
rats (Figure 2C). Previous reports confirmed that TRPV
receptors, related to nociception and may be activated by
capsaicin, played a critical role in noxious or innocuous
thermal perception.®® Although relationships between
MCs and TRPV receptors under the condition of visceral
hyperalgesia were reported,?®*? less evidence was supported
for somatosensory paresthesia.

In addition, 12-base deletion of the c-kit genomic DNA
also leads to fewer number of melanocytes and erythrocyte
in skin in WsRC-Ws/Ws rats compared with that in WT
rats, but not germ cell.?? One study reported that melano-
cortin-1 receptor (MC1R) expressed in melanocytes played
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a female-specific role in K-opioid analgesia by using Mcire
mutant mice and correspondingly in humans with multiple
MCIR variants.®! Similarly, another study of the same group
demonstrated a female-specific role of MCIR in acute
thermal noxious response and inflammation.®* Our experi-
ment was accomplished in male c-kit mutant rats, and the
relationship between melanocytes and pain sensation and
acupuncture analgesia is still lacking evidences and needs
further investigation. In addition, we have failed to find a
correlation among the role of erythrocyte, germ cells, pain
and acupuncture analgesia.

The role of MCs in acupuncture- and

moxibustion-like stimulation analgesia

Although several lines of evidence have revealed that MCs
participate in the mechanism of analgesia produced by
acupuncture,'®* moxibustion,'® and laser needling,® these
studies mainly verified possible biologic mechanisms via
pharmaceutical tools such as the MC stabilizer disodium
cromoglicate,* via inhibiting MC degranulation, or via
in vitro experimental approaches.®’ Therefore, this is the
first report to explore the role of MCs in acupuncture and
moxibustion analgesia using MC-deficient rats. Moreover,
besides baseline mechanical and thermal pain thresholds,
we also determined whether MC deficiency would influence
the analgesic efficacy of acupuncture-and moxibustion-like
interventions, and to what extent different stimuli modalities
may affect mechanical and thermal pain analgesia using MC-
deficient rats. Five different stimuli were randomly applied
on different days mimicking acupuncture and moxibustion,
at either innocuous (43°C, 1 mA) or noxious (46°C, 3 mA,
MA) intensities. Our data clearly showed that mechanical
nociception in WsRC-Ws/Ws rats could only be reduced
by high-intensity stimuli. Indeed, this analgesic effect exists
only when the stimulus intensity is strong enough (Figure 3),
which is consistent with a previous study of acupuncture and
moxibustion analgesia in normal rats.* It has been confirmed
by different research groups that high-intensity acupuncture
and moxibustion stimuli over the C-fiber threshold produce
systemic antinociceptive effects at remote parts of the body
from the pain site through diffuse noxious inhibitory con-
trol.*% Concerning the net changes evoked by different
stimuli, the increases of MWL and MWT induced in WT rats
were greater than in c-kit mutant rats (Figure 4). These data
indicated that MC deficiency abolished the analgesic efficacy
of low-intensity acupuncture- and moxibustion-like stimuli
and attenuated the effect size of acupuncture and moxibus-
tion at either low or high stimulation intensities (Figure 4).

Increasing studies have focused on the involvement of
purinergic signaling in the pain pathway.®’-% It has also been
reported that MCs are involved in acupuncture’s analgesic
effects via stimulating peripheral sensory nerves, affecting
Ca* influx and ATP release.” Previous studies described that
the level of extracellular ATP concentration increased with
MC degranulation and keratinocyte activation in response to
mechanical and thermal stimulation.>’'7? Extracellular ATP
binding to the P2X receptor located on primary afferent nerve
endings, especially P2X,, would produce a painful sensation.
However, extracellular ATP could usually not reach a concen-
tration high enough to activate P2X, and other P2X recep-
tors.”! This is because ATP is hydrolyzed by ecto-ATPases to
AMP, the precursor of adenosine, which is a pivotal mediator
for acupuncture analgesia via A1 receptor.”"”® In our study,
WsRC-Ws/Ws rats were used for MC depletion owing to the
c-kit gene deletion.” Therefore, we suspect that less ATP is
released because of fewer MCs responding to acupuncture
and moxibustion intervention in the mechanical pain behavior
tests. However, ATP is not only released by MCs, it may also
be released by other cell types during mechanical stimulus.®
For this reason, we presume that MC deficiency did not abol-
ish the analgesic effect induced by high-intensity acupuncture
and moxibustion, only attenuating the analgesic efficacy in
WsRC-Ws/Ws rats (Figure 4).

Interestingly, for thermal pain perception, both noxious
and innocuous stimuli produced analgesic effects in both MC-
deficient rats and their WT littermates (Figure 5). Further, no
obvious differences in antinociceptive effects were observed
in two animals except for 3 mA EA application (Figure 6).
It is known that P2Y, receptors located on sensory endings
participate in noxious heat sensation.” Therefore, we believe
that the MC deficit in mutant rats resulted in less ATP released
at peripheral sites after the 46°C moxibustion-like stimulus,
leading to less P2Y, receptor binding and activation, thereby
influencing moxibustion analgesia. It is known that TRPV
is the vital receptor for thermal nociception,® and TRPV
channel activation is involved in acupuncture, particularly in
moxibustion analgesia.” However, previous studies on the
connection between MCs and TRPV were mainly focused
on visceral hyperalgesia,’*** and rare evidence has been
published regarding somatic nociception.

Limitation

A limitation of the study is that we mainly observed changes
in animals’ nociceptive reflex behaviors before and after dif-
ferent acupuncture and moxibustion stimuli, which may have
implications for the role of MCs in analgesia evaluated using
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the current gene deletion method. While previous investiga-
tions have offered biochemical labels and measurements of
this line and because we are under a word-count constraint in
the present manuscript, molecular and immunohistochemical
studies will be reported in a future study to further character-
ize these effects.

Conclusion

This study defined the connection between MCs and acupunc-
ture analgesia by using c-kit gene mutant rats. We demon-
strated that MC deficiency elevated the baseline mechanical
but not thermal pain threshold. Analgesic effects induced
by innocuous acupuncture and moxibustion stimuli were
eliminated in mechanical nociception, and effects induced by
noxious stimuli were weakened in MC deficit rats. Otherwise,
the net changes of analgesic efficacies were attenuated in
WsRC-Ws/Ws rats. However, there were no differences in
either the threshold or net changes in analgesic efficacy for
thermal nociception in both genotypes. These data indicate
that MCs are related to the antinociceptive efficacy of acu-
puncture- and moxibustion-like stimuli on mechanical pain
in an intensity-dependent manner.
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