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Abstract The study on time-dependent expression of o7
nicotine acetylcholine receptor («7nAChR) was performed
by immunohistochemistry, Western blotting, and real-time
PCR during skeletal muscle wound healing in rats.
Furthermore, co-localization of «7nAChR with macrophage
or myofibroblast marker was detected by double immunoflu-
orescence. A total of 50 Sprague—Dawley male rats were
divided into control and contusion groups (3 h, 6 h, 12 h,
1 day, 3 days, 5 days, 7 days, 10 days, and 14 days post-
injury). In the uninjured controls, *7nAChR positive staining
was observed in the sarcolemma and sarcoplasm of normal
myofibers. In wounded specimens, a small number of poly-
morphonuclear cells, a number of macrophages and
myofibroblasts showed positive reaction for «7nAChR in
contused zones. Morphometrically, the average ratios of
«7nAChR-positive cells were over 50 % from 3 to 10 days
after contusion, and exceeded 60 % at 5 and 7 days post-
injury. Besides, the positive ratios of x7nAChR were <50 %
at the other posttraumatic intervals. By Western blotting anal-
ysis, the average ratio of «7nAChR protein expression max-
imized at 7 days after injury, which was >2.13. Similarly, the
relative quantity of «7nAChR mRNA expression peaked at
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7 days post-wounding as compared with control by real-time
PCR detection, showing a relative quantity of >2.65. In con-
clusion, the expression of «7nAChR is upregulated and tem-
porally distributed in macrophages and myofibroblasts during
skeletal muscle wound healing, which might be closely in-
volved in inflammatory response and fibrotic repair after
injury. Moreover, ®7nAChR is promising as a useful marker
for wound age determination of skeletal muscle.

Keywords Wound age determination - Skeletal muscle
contusion - x7nAChR - Forensic pathology

Introduction

In forensic practices, wound age determination is one of the
most important tasks for forensic pathologists [1-3]. It is well
established that a variety of biological substances are involved
in wound healing. Some of these substances can be useful
markers for the examination of skin wound age [1, 4-7].
However, it is also necessary to give an opinion on the age of
skeletal muscle injuries in some cases [8, 9]. Generally, skeletal
muscle wound healing is composed of degeneration, inflam-
mation, regeneration, and fibrosis phases [10]. The healing
process, which is initiated on injury, requires an elaborate
interplay among distinct cell types to orchestrate a series of
biological events. These events contain necrosis of the dam-
aged muscle, recruitment of inflammatory cells, as well as
appearance of myofibroblasts to form fibrotic lesion [10, 11].
The cholinergic system consists of acetylcholine (ACh), mus-
carinic and nicotinic receptors (mAChRs and nAChRs), choline
acetyl-transferase (ChAT), and acetyl-cholinesterase (AChE)
[12]. The &7 nicotine acetylcholine receptor («7nAChR) is a
major subtype of nAChRs. It is generally acknowledged that
onAChR is expressed by neurons where it plays an important
role in modulating neurotransmission [13]. However, increasing
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evidences have demonstrated that x7nAChR is also distributed
in numerous nonneuronal cell types [12, 14—16], indicating that
it may contribute to diverse physiopathological processes.
Recently, a close involvement of «7nAChR has been showed
in the inflammatory reaction and tissue repair. For example,
«7nAChR expressed by macrophages exhibits an essential role
in the cholinergic anti-inflammatory pathway [17]. Activation of
«nAChR reduces acid-induced acute lung injury [18]. Besides,
«mAChR can participate in regulation of myofibroblast differ-
entiation and collagen expression during skin wound healing
[19]. These observations imply that x7nAChR may be involved
in skeletal muscle wound-healing process.

In the present study, we investigated the dynamic expression
and distribution of ®7nAChR after trauma to skeletal muscle, with
special emphasis on the immunolocalization of «7nAChR in
macrophages and myofibroblasts. Moreover, time-dependent ex-
pression of *7nAChR was examined by immunohistochemistry,
Western blotting, and real-time PCR for its practical applicability
as a marker to wound age determination of skeletal muscle.

Materials and methods
Animal model of skeletal muscle contusion

A total of 50 healthy, adult Sprague—Dawley (SD) male rats,
weighing 280-320 g, were used. Establishment of the standard-
ized animal model of skeletal muscle contusion in rats has been
described previously, which was controllable and reproducible
well using a self-designed mechanical weight-drop device [9,
20, 21]. Briefly, 45 rats were anesthetized and placed on exper-
imental table in a prone position. Subsequently, a 500-g coun-
terpoise was raised and fell onto the right posterior limb of rats
at energy of 2.25 J. After injury, each rat was housed individ-
ually, then were killed by a lethal dose of pentobarbital
(350 mg/kg) at 3 h, 6 h, 12 h, 1 day, 3 days, 5 days, 7 days,
10 days, and 14 days after injury (5 rats at each posttraumatic
interval). Muscle sample was dissected from wound site and
equally divided into two parts in each rat. One part was used for
immunohistochemical procedure, and another was used for
Western blotting and real-time PCR, respectively. For the five
control rats, specimens were harvested from the same site after
anesthetization with overdose of pentobarbital.

Experiments were conformed to the “principles of labora-
tory animal care” (National Institutes of Health published no
85-23, revised 1985) and were performed according to the
guidelines for the care and use of laboratory animals of
Wenzhou Medical University.

Antibodies

The following monoclonal antibodies (mAbs) and polyclonal
antibodies (pAbs) were commercially obtained: rabbit
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anti-o7nAChR pAb (ab10096, Abcam, Cambridge, UK),
mouse anti-Macrophage Marker (MAC387) mAb (sc-66204,
Santa Cruz Biotechnology, CA, USA), mouse anti-a-SMA
mAb (MS-113, Lab Vision Corporation, Fremont, CA, USA),
horseradish peroxidase-conjugated goat anti-rabbit IgG (sc-
2004, Santa Cruz Biotechnology, CA, USA), biotinylated
donkey anti-rabbit IgG (ab6801, Abcam, Cambridge, UK),
and Alexa Fluor® 488-labeled donkey anti-mouse IgG
(A21202, Invitrogen, CA, USA). Beside, streptavidin, Alexa
Fluor® 555 conjugate (S-21381) and Hoechst33258 (H3569)
were purchased from Invitrogen.

Immunohistochemical staining and morphometric analysis

The skeletal muscle specimens were fixed in 4 % paraformal-
dehyde solution with phosphate-buffered saline (PBS; pH 7.4)
and embedded in paraffin, followed by sectioning at a thick-
ness of 5 um. After deparaffinization, the endogenous perox-
idase was blocked and antigen retrieval was performed. Non-
specific binding was also removed by incubation with normal
goat serum. Afterwards, the samples were incubated with
rabbit anti-«7nAChR pAb (dilution 1:500), followed by in-
cubation with Histostain-Plus Kit according to the manufac-
turer’s instructions. As the controls for immunostaining pro-
cedures, some sections were incubated with normal rabbit IgG
or PBS in place of the primary antibody. No false positive
reaction was detected in the sections.

For the analysis of «7nAChR-positive ratio, infiltrating cells
of wound zones were evaluated, including polymorphonuclear
cells (PMNs), mononuclear cells (MNCs) and fibroblastic cells
(FBC:s). In each wounded specimen, the average ratio of the
number of «7nAChR-positive infiltrating cells to the total
number of infiltrating cells was evaluated and expressed as
percentage. Two forensic pathologists independent of the ex-
periments were responsible for cell counting and data analysis.

Double indirect immunofluorescent procedures
for co-localization

To identify the expression of «7nAChR in macrophages and
myofibroblasts, the following double immunofluorescent pro-
cedures were conducted. Briefly, deparaffinized sections were
blocked with 5 % BSA and incubated with rabbit
anti-«7nAChR pAD (dilution 1:200). Thereafter, the sections
were incubated with biotinylated donkey anti-rabbit IgG (di-
lution 1:200) and streptavidin, Alexa Fluor® 555 conjugate
(dilution 1:400). Then, tissue sections were further incubated
with mouse anti-Macrophage Marker (MAC387) mAb (dilu-
tion 1:50) or mouse anti-Myofibroblast Marker (x-SMA)
mAb (dilution 1:100). After incubation with Alexa Fluor®
488-labeled donkey anti-mouse IgG (dilution 1:200) at room
temperature for 2 h, the nuclei were counterstained with
Hoechst 33258. Normal rabbit or mouse IgG was used instead
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of primary antibodies as negative control. The sections were
mounted and observed under a fluorescence microscope. The
immunofluorescent images were digitally merged.

For positive cell ratio evaluation, the average ratio of
«7nAChR-positive cells to the total number of cells in each
positive cell type was calculated and expressed as percentage.

Protein preparation and immunoblotting assay

The skeletal muscle specimens were homogenized with a
sonicator in RIPA buffer containing protease inhibitors at 4 °C.
Homogenates were centrifuged, and the resulting supernatants
were collected. After protein concentration was determined,
aliquots of the supernatants were diluted in an equal volume of
5x electrophoresis sample buffer and boiled for 5 min. Protein
lysates (40 pg) were separated on a SDS-polyacrylamide elec-
trophoresis gel and transferred onto PVDF membranes. After
being blocked with 5 % nonfat dry milk in TBST at room
temperature, the membranes were incubated with rabbit
anti-«7nAChR pAb (dilution 1:1,000) and horseradish
peroxidase-conjugated goat anti-rabbit IgG. The blots were vi-
sualized with Western blotting luminol reagent by electrophore-
sis gel imaging analysis system. Subsequently, densitometric
analyses of the bands were semiquantitatively conducted using
Scion Image Software. The relative protein levels were calculat-
ed by comparison with the amount of glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) as a loading control.

Total RNA extraction and real-time fluorescent quantitative
PCR

Total RNA was extracted from the skeletal muscle specimens with
RNAiso Plus according to the manufacturer’s instructions. The
RNA pellet was air-dried for 5 min and resuspended in 30 pl of
diethylpyrocarbonate-treated dH,O. OD values for each RNA
sample were measured by ultraviolet spectrophotometer.
A260/A280 ranged from 1.8 to 2.0. The RNA was reversely
transcribed into cDNA using PrimeScriptTM RT reagent Kit.
cDNA synthesis was performed in a 20-pl reaction mixture. The
resulting cDNA was used for real-time PCR with the sequence-
specific primer pairs for x7nAChR and GAPDH (Table 1). Real-
time PCR amplification was performed by Applied Biosystems
7500 Real-Time PCR System using SYBR® PrimeScript™ RT-
PCR Kit. To exclude any potential contamination, negative

Table 1 Primer sequences used for real-time fluorescent quantitative PCR

controls were also performed with dH,O instead of cDNA during
each run. No amplification product was detected. The real-time
PCR procedure was repeated at least three times for each sample.

Statistical analysis

Data were expressed as means+standard deviation (SD) and
analyzed using SPSS for Windows 13.0. The one-way ANOVA
was used for data analysis between two groups. Difference asso-
ciated with P<0.05 was considered statistically significant.

Results

Immunohistochemical examination and morphometric
analysis

In the control skeletal muscle specimens, infiltrating cells
were absent, and a weak o7nAChR-positive staining was
detected in the sarcoplasm and sarcolemma of rat skeletal
muscle (Fig. 1a). In the wounded samples, a small number
of PMNs and MNCs showed «7nAChR immunoreactivity
from 3 to 12 h post-injury. At 1 and 3 days, a number of
MNCs were positively immunostained with anti-a7nAChR
antibody (Fig. 1b). From 5 to 14 days post-wounding,
«7nAChR immunoreactivity was mainly detected in regener-
ated multinucleated myotubes (Fig. 1c) and FBCs (Fig. 1d).

Morphometrically, the average ratios of «7nAChR-positive
infiltrating cells increased prominently in the wound zones
from 12 h post-wounding, peaked at 7 days after injury, and
then was gradually reduced from 10 to 14 days post-wounding.
The o7nAChR-positive ratios were over 50 % from 3 to
10 days post-wounding and exceeded 60 % at 5 and 7 days
post-injury. Besides, the positive ratios of «7nAChR were
<50 % at the other posttraumatic intervals (Table 2).

Cellular localization of the «7nAChR using
immunofluorescent staining

By double immunofluorescent staining, the majority of
«7nAChR-positive MNCs was found to express macrophage
marker (MAC387). At 1 and 3 days after injury, a number of
«7nAChR-positive macrophages accumulated in the wound
sites (Fig. 2). With extension of wound age, the less

Gene GenBank accession Primer Nucleotide sequence Position Product size (bp)
«7nAChR No. L31619.1 Forward: 5'-AGC TGA GTG CAG GTG CTG G-3' 1131-1149 68

Reverse: 5'-CAG GCC TCG GAA GCC AA-3' 1198-1182
GAPDH No. NM_017008.4 Forward: 5'-GGC ACA GTC AAG GCT GAG AAT G-3’ 241-262 143

Reverse: 5'-ATG GTG GTG AAG ACG CCA GTA-3' 383-363
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Fig. 1 Immunohistochemical
staining of «7nAChR in rat
skeletal muscle samples. a The
weak expression of «7nAChR is
detected in the sarcolemma and
sarcoplasm of normal myofibers
in the uninjured control. b The
infiltrating MNCs (arrowheads)
reveal «7nAChR-positive
staining at 3 days post-injury. ¢
«7nAChR immunoreactivity is
found in regenerated
multinucleated myotubes
(arrowheads) at 5 days post-
injury. d FBCs (arrowheads) are
positively immunostained with
antibody against «7nAChR in the
wounded area at 7 days post-
injury (Scale bar=10 um)

«7nAChR-positive macrophages were detectable at the
wound zones. For the identification of a7nAChR-positive
FBCs, co-localization of «7nAChR and myofibroblast marker
(x-SMA) was also conducted. From 5 to 14 days post-
wounding, a great quantity of a«7nAChR-positive
myofibroblasts were observed in the contusion zones
(Fig. 3). Morphometrically, the average ratios of x7nAChR-
positive macrophages and myofibroblasts were shown in
Fig. 4. The average ratios of «7nAChR-positive macrophages
and myofibroblasts reached their climax at 3 and 7 days after
injury, respectively.

Western blotting and real-time fluorescent quantitative PCR

The blots against «7nAChR and GAPDH antibody were
shown in Fig. 5a. The average ratio of «7nAChR protein

Table 2 Average ratio

of ®7nAChR-positive Group n Positive cells ratio (%)

infiltrating cells in dif-

ferent periods (n=5) 3h 5 9.16+1.33
6h 5 11.73+3.85
12h 5 21.68+2.67*
1 day 5 43.25+2.96*
3 days 5 53.26+4.18*
5 days 5 62.35+4.32*
7 days 5 64.56+4.78
10 days 5 52.77+3.62*

*p<0.05 (vs. preceding 14 days 5 37.13+3.39%

posttraumatic interval)
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expression peaked at 7 days after contusion, which was
>2.13. Besides, the ratios were <2.13 at the other posttraumat-
ic intervals. The «7nAChR protein expression was increased
from 12 h and decreased from 10 days after injury. Significant
differences in the relative expression levels of «7nAChR
protein were noted from 12 h to 14 days post-wounding, as
compared with that of control. There were significant differ-
ences in the relative intensity of «7nAChR to GAPDH be-
tween 12 h, 1 day, 7 days, 10 days injury groups and their
preceding groups as shown in Fig. 5b.

Relative quantity of «7nAChR mRNA expression in rat
skeletal muscle was assayed by real-time PCR throughout the
14 days after contusion. Similar to Western blotting results,
the relative quantity of «7nAChR mRNA expression reached
peak levels and exceeded 2.65 at 7 days after injury, whereas it
was <2.65 at the other posttraumatic intervals. Significant
differences in the relative quantity of «7nAChR mRNA ex-
pression were observed from 6 h to 14 days post-wounding, as
compared with control. There were significant differences in
the relative quantity of «7nAChR mRNA expression between
6h, 12 h, 1 day, 3 days, 5 days, 7 days, 10 days, 14 days injury
groups and their preceding groups as shown in Fig. 6.

Discussion

The cholinergic system consists of ACh, mAChRs and
nAChRs, ChAT, and AChE. In the past, most available infor-
mation on cholinergic system was derived from researches on
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Fig. 2 Double
immunofluorescence analysis a7nAChR MAC387
was performed to determine
«7nAChR-expressing
macrophages at 3 days post-
injury. The samples were
immunostained with
anti-«7nAChR (a, red) and anti-
macrophage marker (MAC387)
(b, green). Nuclei were
counterstained with
Hoechst33258 (¢, blue). Signals
in panels a, b, and ¢ were digitally
merged in panel d. Representative
results from at least three
independent experiments are

shown here (Scale bar=10 pm) HoeChst 33258

the nervous systems of mammalian species [12]. Nonetheless, = muscle. It is proposed that almost all the life-forms on the
recent evidences have showed that cholinergic system exists  earth appear to have the ability to synthesize ACh [22]. In the
in numerous nonneuronal cells and organs including skeletal ~ cholinergic system, ®7nAChR mainly mediate the biological

Fig. 3 Double
immunofluorescence analysis a7nAChR
was performed to determine
«7nAChR-expressing
myofibroblasts at 7 days post-
injury. The samples were
immunostained with
anti-«7nAChR (a, red) and anti-
myofibroblast marker (x-SMA)
(b, green). Nuclei were
counterstained with
Hoechst33258 (¢, blue). Signals
in panels a, b, and ¢ were digitally
merged in panel d. Representative
results from at least three
independent experiments are

shown here (Scale bar=10 um) Hoechst 33258
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Fig. 4 Average ratios of 80r
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roles of ACh. Furthermore, choline as a precursor and the
main degradation product of ACh is more stable and widely
available and has a selective affinity to «7nAChR [12].
Actually, it is well established that inflammatory cells present
a complete cholinergic system [22, 23]. Activation of
«7nAChR on macrophages leads to efficient suppression of
pro-inflammatory cytokine production, indicating promise in
the treatment of inflammatory disorders [18, 24, 25]. Besides,
«7nAChR can be expressed by fibroblasts and
myofibroblasts, which are closely involved in collagen ex-
pression and myofibroblast differentiation [26, 27]. Skeletal
muscle wound healing is composed of degeneration, inflam-
mation, regeneration, and fibrosis phases [10]. Thus, it is
considered that «7nAChR may be involved in inflammatory
and fibrotic phases during skeletal muscle wound healing. The
infiltrating cells such as leukocytes and fibroblasts should be

Fig. 5 a Analysis of «7nAChR a
and GAPDH protein from rat
skeletal muscle specimens by

Western blotting. Lane C a7nAChR
represents the result of the control
skeletal muscle sample. GAPDH
Representative results from five
individual animals are shown. b
Relative intensity of x7nAChR to b
GAPDH. All values are expressed 30}
as the means£SD (n=5). ’
*p<0.05 (vs control group); =,
**p<0.05 (vs control group or ‘5
preceding posttraumatic group) g

E

o

2

=

£

)

(14

0.0

control
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Posttraumatic interval

morphometrically analyzed. According to the previous study,
«7nAChR was mainly expressed by macrophages and
myofibroblasts and was involved in the inflammatory re-
sponse and fibrotic repair in skin wound healing [19].
Consistent with previous findings, the present study showed
that MAC387-positive macrophages and a-SMA-positive
myofibroblasts predominantly expressed «7nAChR in skele-
tal muscle contusion zones. To our knowledge, this is the first
report to characterize localization of «7nAChR in macro-
phages and myofibroblasts during skeletal muscle wound
healing.

In forensic practices, most researches regarding wound age
determination were conducted by histopathology and immu-
nohistochemistry [4, 5, 28-33]. In addition to judging wound
age, it is beneficial to reveal the potentially biological mech-
anism of detected indexes by immunohistochemistry and

Time after injury

3h 6h 12h 1d 3d 5d 7d 10d 14d

S e e S SRR e 56KD

34KD

3h 6h  12h 1d 3d 5d 7d  10d 14d
Time after injury
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Fig. 6 Relative quantity of
«7nAChR mRNA expression.
All values are expressed as the
means+SD (n=5). *p<0.05 (vs
control group or preceding
posttraumatic group)

Relative quantity

control

morphometric analysis. However, some investigator consid-
ered that immunohistochemical results were not accurate and
stable in quantitative analysis, and the results may be influ-
enced by operator skills [2, 8, 9, 34, 35]. Recently, techniques
of Western blotting and real-time PCR have been applied to
wound age determination, implying that the more exact ex-
pression tendency for markers of wound age might be ob-
served by Western blotting and real-time PCR [8, 9, 36]. Thus,
the expression of «7nAChR was also examined by Western
blotting and real-time PCR in the present study. Our data
showed that the levels of «7nAChR increased in a time-
dependent manner after contusion and peaked at 7 days
post-wounding. From the viewpoint of forensic pathological
applications, the «7nAChR-positive ratios of >50 % suggests
a wound age of 3 to 10 days, and the positive ratios of >60 %
possibly indicate a wound age of 5 to 7 days, as detected by
immunohistochemical analysis. Moreover, an increasing ex-
pression of a7nAChR is sequentially detected in macro-
phages and myofibroblasts after injury. The ratio of
«7nAChR-positive macrophages over 60 % possibly suggests
a wound age of 3 days, and the ratio of x7nAChR-positive
myofibroblasts over 65 % possibly indicates a wound age of 5
to 7 days. Furthermore, in Western blotting results, all samples
in 7 days post-injury groups showed ratios of >2.13. Besides,
no other posttraumatic intervals showed ratios of >2.13.
Similarly, the tendency of «7nAChR mRNA expression by
real-time PCR was almost identical with that of «7nAChR
protein expression by Western blotting. The relative quantity
of «7nAChR mRNA expression peaked at 7 days after injury,
which was >2.65. When wound age was <12 h, there was
significant difference in real-time PCR result between 3 and
6 h post-injury. Therefore, the present study indicates that
«7nAChR is a useful marker in estimating skeletal muscle
wound age.

In recent years, some markers of estimating wound
age have been shown to display regular expressions
following the injury [37-41]. Nevertheless, the positive
reaction of markers must be based on quantitative data
which are always debatable in court. Hence, it is nec-
essary to examine the various parameters by combining

3h 6h 12h 1d 3d 5d 7d 10d 14d
Time after injury

different methods, so that the comprehensive results can
minimize the error margin in time calculation [37]. With
the development of PCR technique, it is proposed that a
system for the determination of wound vitality should
be established at the gene as well as protein level [38,
39]. According to previous researches [34, 36, 42],
various proteins were synthesized after the induction of
mRNA, and it was more appropriate to detect mRNA in
early wound age estimation. Moreover, detection of
protein and mRNA by Western blotting and RT-PCR
was more suitable for judging wound age, which was
usually more stable and sensitive than immunohisto-
chemical assays [9]. Consistent with previous findings,
our study suggests that biological markers simultaneous-
ly detected by the combination of real-time PCR,
Western blotting, and morphological analysis may pro-
vide more accurate and objective parameters for wound
age determination. As a result, the error margin of time
estimation will be narrowed further.

In conclusion, we demonstrated an upregulated expression
of a7nAChR during skeletal muscle wound healing in rats.
After trauma to skeletal muscle, x7nAChR was temporally
detected in macrophages and myofibroblasts, which might be
involved in the inflammatory reaction and fibrotic repair after
injury. Besides, the mRNA and protein levels of «7nAChR,
detected by real-time PCR, Western blotting, and morpholog-
ical analysis, would provide more solid information for wound
age estimation. Finally, the present results were obtained from
well-controlled animal experiments, providing the experimen-
tal evidence that «7nAChR is a useful marker in estimating
skeletal muscle wound age. For forensic practical application,
it is essential to collect human skeletal muscle samples with a
variety of wound ages and further examine the suitability of
«7nAChR in autopsy cases by real-time PCR, Western blot-
ting, and morphological analysis.
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