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Abstract

Background Actin Alpha 2 (ACTAZ2) is expressed in intestinal smooth muscle cells (iISMCs) and is associated with contractil-
ity. Hirschsprung disease (HSCR), one of the most common digested tract malformations, shows peristaltic dysfunction and
spasm smooth muscles. The arrangement of the circular and longitudinal smooth muscle (SM) of the aganglionic segments is
disorganized. Does ACTAZ2, as a marker of iSMCs, exhibit abnormal expression in aganglionic segments? Does the ACTA2
expression level affect the contraction function of iSMCs? What are the spatiotemporal expression trends of ACTA2 during
different developmental stages of the colon?

Methods Immunohistochemical staining was used to detect the expression of ACTA2 in iISMCs of children with HSCR and
Ednrb™" mice, and the small interfering RNAs (siRNAs) knockdown technique was employed to investigate how Acta2
affected the systolic function of iISMCs. Additionally, Ednrb™~ mice were used to explore the changes in the expression
level of iISMCs ACTA?2 at different developmental stages.

Results The expression of ACTA2 is higher in circular SM in the aganglionic segments of HSCR patients and Ednrb™~ mice
than in normal control children and mice. Down regulation of Acta2 weakens the contraction ability of intestinal smooth
muscle cells. Abnormally elevated expression of ACTA?2 of circular smooth muscle occurs since embryonic day 15.5 (E15.5d)
in aganglionic segments of Ednrb™~ mice.

Conclusions Abnormally elevated expression of ACTA2 in the circular SM leads to hyperactive contraction, which may
cause the spasm of aganglionic segments in HSCR.

Keywords Hirschsprung disease - Circular and longitudinal muscles - ENCCs - ACTA2 - Embryonic development

Introduction

Hirschsprung disease (HSCR) is one of the most common
malformations of the digestive tract, with an incidence of 1
in 5,000 live births. Patients with HSCR frequently manifest

Ke Chen and Jingyi You contributed equally to this work.

>< Jun Xiao
13212778286 @163.com

4 Jiexiong Feng
2002tj0515@hust.edu.cn

Department of Pediatric Surgery, Tongji Hospital, Tongji
Medical College of Huazhong University of Science
and Technology, 1095 Jiefang Ave, Wuhan 430043, China

Hubei Clinical Center of Hirschsprung Disease and Allied
Disorders, Wuhan, China

severe constipation and abdominal distension, which require
surgical removal of the pathological segments of the distal
bowel [1-3]. In addition, HSCR patients could suffer severe
complications such as HAEC [4, 5]. The primary patho-
logical feature of HSCR is the absence of ganglion cells in
the distal bowel submucosal and myenteric plexuses. Fur-
thermore, the arrangement of the circular and longitudinal
smooth muscle (SM) of the aganglionic segments is dis-
organized [6]. Our previous study discovered that agangli-
onic segments of HSCR model mice (Ednrb™") displayed
peristaltic dysfunction [4], and the smooth muscle of the
aganglionic colons would spasm [7, 8].

The protein encoded by Actin Alpha 2 (ACTA2), also
known as alpha smooth muscle actin (a-SMA), belonging
to the actin protein family, is a highly conserved protein
that plays a role in cell motility, structure, and integrity.
ACTA?2 is widely expressed in visceral and vascular SM
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and involved in contraction [9]. Studies have shown that
ACTAZ2 expressed in intestinal smooth muscle cells (iISMCs)
[10-14]. David Fawkner Corbett and Tyler R. Huycke indi-
cated that ACTA?2 is a maker to observe the development
of fetal iSMCs, respectively [12, 15-18]. Hongyu Qiu et al.
found that, in the vascular smooth muscles cells, the expres-
sion level of ACTA2 increased, resulting in more contrac-
tile [19]. In Mohamed M Ibrahim’s study, they found that
fibroblasts from Acta2™'~ mice had diminished contractil-
ity, resulting in slower wound contraction closure [20]. In
iSMCs, we speculated that the expression of ACTA2 is also
associated with contractility.

After birth, the smooth muscle morphology of the agan-
glionic segment was disordered, the contractile function was
abnormal. Dose ACTA2, an iSMCs marker, exhibits abnor-
mal expression? Does the ACTA2 expression level affect the
contractility of iSMCs? ENCCs proliferation and migration
are regulated by genetic and environmental factors through-
out the embryonic phase of HSCR patients, leaving the distal
segment devoid of enteric neurons [21-23]. ENCCs have
an impact on the differentiation of mesenchymal stem cells
into iISMCs [24]. It's possible that in the absence of ENCCs,
mesenchymal cells cannot differentiate into normal iSMCs.
Is there an abnormal development of iSMCs in the agan-
glionic segment of HSCR during the embryonic period? In
order to investigate the aforementioned issues, expression
of ACTA2 was detected by immunohistochemical staining
in iSMCs of children with HSCR and Ednrb™" mice, and
the small interfering RNAs (siRNAs) knockdown technique
was employed to investigate how ACTA?2 affected the sys-
tolic function of iSMCs. Additionally, Ednrb™" mice were
used to explore the changes in the expression level of iISMCs
ACTA? at different developmental stages.

Methods
Collection of samples

Thirty pathological samples were collected from HSCR
patients undergoing surgery at Tongji Hospital, Huazhong
University of Science and Technology, in the years
2020-2022, as well as five normal tissues from patients
injured in car accidents. All patients (or their legal guard-
ians) must sign an informed consent form before using clin-
ical specimens. The ethics committee of Tongji Hospital
approved the use of the organization for this study (Eth-
ics approval number: 2020-S226). The Jackson Laboratory
made breeding populations of Ednrb™! Y** hybrid mice
(Ednrb™!Y¥ in a C57BL/6J-129 Sv hybridization back-
ground) available (JAX-003295). The WT and Ednrb hybrid
mice aged 68 weeks were fed in cages with a female ratio of
2:1, respectively. The distal colons of WT and Ednrb™" mice
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were collected at E12.5d, E13.5d, E15.5d, E17.5d, E19.5d,
postnatal days 1 (P1d), P7d, and P21d, respectively, at the
different developmental stages. The Animal Care and Use
Committee at Tongji Hospital approved the animal research
program (Ethics Approval Number: TIH-202111024).

H&E staining

After removing the paraffin, tissue sections were hydrated
with gradient ethanol, stained with hematoxylin solution for
nuclear staining and other possible acidic cellular compo-
nents, washed with running water, differentiated with acid
alcohol to remove nonspecific hematoxylin staining from
slides and tissues, followed by water rinsing, and slides
were immersed in ammonia to change the hematoxylin-
stained nuclei from a red to a blue-purple appearance. After
dehydration with gradient ethanol, the tablets were counter-
stained with eosin, dehydrated with absolute ethanol, and
sealed with xylene replacement after transparency.

Immunohistochemical analysis

After being deparaffinized in xylene and rehydrated using
a graduated ethanol series, paraffin-embedded sections of
colon tissue were microwaved for 16 min with a tris—EDTA
antigen retrieval solution. Incubated 3% H,O, at room tem-
perature for 5—10 min to eliminate the activity of endog-
enous peroxidase. To block non-specific binding sites, slides
were incubated with 5% bovine serum albumin (BSA) and
0.1% Triton X-100 in phosphate-buffered saline (PBS)
for 1 h at 37 °C. Next, ACTA2 antibody (1:1000, Abcam,
ab7817) was added, which was then incubated overnight at
4 °C before being followed by horseradish peroxidase anti-
mouse IgG antibody for 1 h. The DAB substrate kit (Service-
bio) was then incubated with the slides to develop the colors.
Under a powerful microscope, each diseased segment was
examined in five randomly chosen fields. The appearance
of brown or yellowish-brown granular particles in the cyto-
plasm was deemed a sign of positive expression of ACTA2.
Under the blind principle, three experienced pathologists
independently evaluated the experimental results. The stain-
ing intensity was graded on a four-point scale: 0 =negative,
1 =weak, 2=medium, and 3 =strong. The scoring result was
expressed by the staining intensity multiplied by the per-
centage of positive cells. The highest intensity was used for
scoring if the staining intensity was uneven in the area; the
estimated percentage of stained SMCs was divided into 1
(0-50%), 2 (51-70%), 3 (71-90%), and 4 (> 90%). To deter-
mine the intensity of specific staining, Image Pro Plus 6.0
software (Media Cybernetics, Silver Spring) was used. All
images were captured using the same microscope and cam-
era unit, and the average IOD (I0D/Area) of each positive
staining area was calculated [25-27].
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Isolation and culture of primary iSMCs

C57BL/6] fetuses were retrieved via cesarean section on
E15-18.5d and kept in precooled PBS. The intestines were
removed from the abdomen and placed in PBS. Smooth
muscle cells were isolated from intestines using previously
reported methods of enzymatic digestion, filtration, and cen-
trifugation [28-30]. After that, the tube was placed in a
37 °C cell culture incubator, digested for 30 min, and blown
once every 10 min. Add an equal volume of DMEM culture
medium (Gibco) to stop digestion. After being filtered and
centrifuged, the iSMCs were resuspended in a 60-mm plas-
tic dish with 3 ml of DMEM containing 10% fetal bovine
serum (FBS, Gibco), and the dish was placed at 37 °C in a
humidified environment with 5% CO2. The cultural media
were replaced every 2-3 days.

Immunofluorescence

For immunohistochemical staining of iSMCs, the cells on
the slides were fixed with 4% paraformaldehyde for 30 min
at room temperature and then washed three times with PBS.
After 30 min of blocking with 5% BSA and 0.1% Triton
X-100, the primary antibody (1:1000, abcam, ab7817) was
added, incubated overnight at 4 °C and rinsed three times
with PBS. After 1 h of incubation with the secondary anti-
body, the sample was rinsed three times with PBS, DAPI and
a sealing agent were added dropwise to seal the sample, and
images were taken using a fluorescence microscope (DM6
B, Leica).

siRNA transfection

To obtain a fusion proportion of 30-50%, inoculated 1 x 10°
cells per well in 6-well plates were inoculated 24 h before
transfection. 10 pl transfection reagent was diluted with
250 pl Opti-MEM, and 5 pl siRNA was diluted with 250 pl
Opti-MEM. The diluted transfection reagent and siRNA
were combined, and the combination was placed in a 6-well
plate. After 4 h of incubation at 37 °C and 5% CO2, 1500 pl
complete medium was added to each well of the cell plate
and cultivated for 48 h.

Quantitative RT-PCR

The primary-cultured iSMCs inoculated in 6-well plates
were treated with trizol (Vazyme) to isolate total RNA. After
determining the RNA concentration, reverse transcription
can be performed using HiScript III RT SuperMix for gPCR
(Vazyme). To measure particular cDNA, ChamQ Universal
SYBR gqPCR Master Mix (Vazyme) and the CFX Connect
Real-Time PCR Detection System (Bio-Rad) were used. The

data are presented as a relative expression index in compari-
son to the control sample.

Western blot analysis

After total protein extraction from iSMCs, the proteins
were measured using the BCA protein assay (Servicebio).
A Bis—Tris gel (ACE Biotechnology) was filled with fresh
extracts. Proteins were then transferred to a polyvinylidene
fluoride membrane and blocked with 5% BSA. An anti-
ACTA? antibody (1:3000, Abcam, ab7817) was used to test
ACTA? expression. Secondary antibodies coupled to horse-
radish peroxidase were used to detect the signals.

Collagen gel contraction assay

To create a working solution for a neutral pH gel, prepared
1 M NaOH, ddH20, 10 x PBS, and rat tail collagen I (Corn-
ing). Combined these ingredients in a precooled sterile
centrifuge tube. Blended the cell suspension with the work-
ing gel solution in a 1:4 ratio. Then added 500 pl of the
aforementioned mixture to each well of a 24 well plate and
placed in a 37 °C cell incubator for 1 h, or until the mixture
hardened. Removed the gel off the edge of the 24-well plate
with a scraper, placed it in the 6-well plate well that had
been filled with complete culture medium, cultured it for
2 days at 37 °C, took images at 24 and 48 h, and calculated
the gel area.

Table 1 HSCR patients’ information

HSCR cases number Subtype Gender Age

1 Short-segment Female 1 year 5
HSCR month

2 Short-segment Male 3 year
HSCR

3 Short-segment Male 2 year 2
HSCR month

4 Short-segment Male 4 year 6
HSCR month

5 Short-segment Male 1 year 3
HSCR month

6 Long-segment Female 8 month
HSCR

7 Short-segment Male 3 year 7
HSCR month

8 Short-segment Male 1 year
HSCR

9 Short-segment Male 6 month
HSCR
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Fig. 1 The expression of ACTA2 was different from control in HSCR
patients and Ednrb™~ mice. A Representative images of immunobhis-
tochemistry staining for ACTA2 in HSCR patient and age-matched
normal control children colon tissues. B Representative images of
immunohistochemistry staining for ACTA2 in P21d Ednrb™~ mice
and WT mice colon tissues. C The IOD/area value of ACTA2 posi-
tive expression of circular muscle and longitudinal muscle in HSCR
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patient and age-matched normal control children colon tissues. D The
IOD/area value of ACTA2 positive expression of circular muscle and
longitudinal muscle in P21d Ednrb™~ mice and WT mice colon tis-
sues. Values are the mean + standard deviation. ns, not significance,
**%p <0.001 vs control group. IOD/area, Integrated optical density
per stained area. The red arrows point to circular muscles and the
blue ones point to longitudinal muscles
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Fig.2 Down regulation of
Acta2 weakens the contraction
ability of intestinal smooth mus-
cle cells. A Morphology of pri-
mary intestinal smooth muscle
cells. B Immunofluorescence
microscopy of Acta2 of primary
intestine smooth muscle cells.

C Relative expression level of
Acta2 mRNA in Acta2 knock-
down group, negative control
group and blank control group.
D Expression level of Acta2
protein in Acta2 knockdown
group, negative control group
and blank control group. E-J
Collagen gel contractility assays
in smooth muscle cells of Acta2
knockdown group, negative
control group and blank control
group for 24 and 48 h. K, L Gel
area of collagen matrices con-
taining cells after 24 and 48 h,
*#%p <0.001
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Statistics

Standard deviations as well as means were provided for all
outcomes. The differences between the two groups were
examined using two-tailed Student’s ¢ tests, with p <0.05
being considered statistically significant. Each test was
repeated at least thrice.

Results

The expression of ACTA2 is higher in circular SM
in the aganglionic segments of HSCR patients
and Ednrb™"~ mice than in normal control children
and mice

ACTA2 immunohistochemistry was used to stain colon
tissue samples from HSCR patients and age-matched nor-
mal control children, the specific information of the HSCR
patients is given in Table 1. In normal controls and the
ganglionic segments of HSCR patients, the expression of
ACTA?2 was found to be much lower in circular SM than
in longitudinal SM, and the difference was statistically sig-
nificant. But in the aganglionic segments of HSCR patients,
ACTA?2 expression in circular SM was similar to that in
longitudinal SM, with no statistical significance (Fig. 1A,
C, Supplementary Fig. 2A). Consistent with the results of
human patients, P21d WT mice and the ganglionic segments
of Ednrb™~ mice had a higher ACTA2 expression in longitu-
dinal SM than in circular SM; the difference was statistically
significant, and there was no difference in the aganglionic
segments of Ednrb™~ mice (Fig. 1B and D, Supplementary
Fig. 2B). HE staining revealed ganglion cells between the
circular and longitudinal muscles in the ganglionated seg-
ments of the intestinal canal but no ganglion cells in the
aganglionated parts of the intestinal canal (Supplementary
Fig. 1).

Down regulation of Acta2 weakens the contraction
ability of intestinal smooth muscle cells

Primary intestinal smooth muscle cells were extracted, cul-
tured, and identified (Fig. 2A, B). siRNA technology was
used to knock down Acta2 expression; RT-qPCR and west-
ern blot were utilized to validate the efficiency of siRNA
(Fig. 2C, D). The contractility of the Acta2 knockdown
group, the negative control group, and the blank control
group was detected at 24 h and 48 h, and it was discovered
that the Acta2 knockdown group's contractility had signifi-
cantly decreased at both 24 and 48 h (Fig. 2E, G, and K).
The expression level of Acta? is related to smooth muscle
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Fig.3 The relationship between the temporal and spatial expression»
of ACTAZ2 in the circular and longitudinal SM in Ednrb™~ mice and
WT mice. A Representative images of immunohistochemistry stain-
ing for ACTA2 in distal colon of WT mice at different life stage. B
Representative images of immunohistochemistry staining for ACTA2
in distal colon of Ednrb™ mice at different development stage. C
The IOD/area value of ACTA2 positive expression of circular SM
and longitudinal SM in distal colon of WT mice at different develop-
ment stage. D The I0D/area value of ACTA2 positive expression of
circular SM and longitudinal SM in distal colon of Ednrb™~ mice at
different life stage. E The IOD/area value of ACTA?2 positive expres-
sion of circular muscle in distal colon of Ednrb™"~ mice and WT mice
at different development stage. F The IOD/area value of ACTA2
positive expression of longitudinal muscle in distal colon of Ednrb™~
mice and WT mice at different development stage. Values are the
mean + standard deviation. *p <0.05 vs control group; **p <0.01 vs
control group; ***p<0.001 vs control group. IOD/area, Integrated
optical density per stained area. The red arrows point to circular SM
and the blue ones point to longitudinal SM

function, and the contractility of smooth muscle is poor
when the expression is low.

The formation of circular muscles is later

than longitudinal muscles, and the expression
of ACTA2 in circular muscles is much lower
than that in longitudinal muscles at different
developmental stages

We further explored the relationship between the temporal
and spatial expression of ACTA?2 in the circular and longitu-
dinal SM in WT mice. The distal colons of WT were stained
for ACTA2 at E12.5d, E13.5d, E15.5d, E17.5d, E19.5d, P1d,
P7d, and P21d (Fig. 3A and B). ACTA2-positive cells only
occurred in the outer intestinal layers in WT mice at E12.5d
and E13.5d and were found in both the inner (the region of
future circluar muscle development) and outer (the region
of future longitudinal muscle development) intestinal lay-
ers at E15.5d, E17.5d, E19.5d, P1d, P1w, and P3w, with
ACTA2 expression being higher in the outer layer than the
inner layer. The formation of circular SM is later than that
of longitudinal SM in the distal colon.

Abnormally elevated expression of ACTA2 of circular
smooth muscle occurs since E15.5d in aganglionic
segments of Ednrb™~ mice

In Ednrb™~ mice, ACTA2-positive cells were identified at
the outer intestinal layers on E12.5d and E13.5d but not in
the inner layer of the intestine. ACTA2-positive cells were
found in the inner and outer layers of the intestine on E15.5d,
E17.5d, E19.5d, P1d, P1w, and P3w. The formation of circu-
lar muscles is later than that of longitudinal muscles in the
distal colon in Ednrb™~ mice, which is similar to WT mice.

We separately compared the expression level of ACTA2
in the inner and outer layers of Ednrb™~ and WT mice.
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According to the statistical results of the immunohisto-
chemical images displayed, from E15.5d, the expression of
ACTAZ? in the inner layers of WT mice was lower than that
in the outer layers, and the outcome was statistically sig-
nificant (Fig. 3C, Supplementary Fig. 2C), whereas there
was no statistically significant difference in ACTA2 expres-
sion between the inner and outer layers of Ednrb™~ mice
(Fig. 3D, Supplementary Fig. 2D), nor between the outer
layers of Ednrb™~ and WT mice (Fig. 3F), but ACTA2
expression in the inner layers of Ednrb™~ mice was consid-
erably higher than that in WT mice (Fig. 3E). In short, the
expression of ACTA?2 in the inner layers of Ednrb™~ mice
had been abnormally elevated since E15.5d.

As we all know, ENCCs moved to the proximal colon on
E12.5d, the middle colon on E13.5d, and the final colon on
E14.5d [31]. After the ENCCs are located in IMCs, persis-
tent low expression of ACTA?2 presents in the inner layers
of the distal colon since E15.5d. However, we found higher
expression of ACTA?2 in the circular SM in the aganglionic
segments of Ednrb™~ mice. The absence of ENCCs may
result in increased expression of ACTA?2 in the circular SM.

Discussion

The majority of children with HSCR are identified during
infancy with symptoms of intestinal obstruction, such as
failure to pass meconium in the first 24 h of life, progres-
sive abdominal distention, difficult bowel movements, and
so on [32]. Most disease-related symptoms arise because
there is no propulsive motility (peristalsis, high-amplitude
propagating contractions, or migrating motor complexes) in
the aganglionic bowel and because the aganglionic bowel
tonically contracts, making passage of stool and gas difficult
[5, 33]. Our experimental results showed that the expres-
sion of ACTA?2 is much higher in the longitudinal SM than
the circular SM of WT mice and normal control children.
Interestingly, we first found that the circular SM in agangli-
onic segments of Ednrb™~ mice and HSCR patients exhibit
increased expression of ACTA2. Therefore, the abnormal
development of intestinal smooth muscle may be the causes
of abnormal intestinal contractile function and thus intestinal
spasm [6, 34].

Furthermore, we knocked down ACTA2 in mouse pri-
mary iSMCs to investigate the association between Acta2
and SM contractility. It was discovered that the expression
level of Acta2 is related to smooth muscle function, and the
contractility of smooth muscle is poor when the expression
is low. Based on the findings, we speculated that the high
expression of ACTA?2 in the circular SM of HSCR agan-
glionic segments was to blame for the abnormally elevated
contractility.
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To investigate from which time point the aberrant expres-
sion of ACTA2 occurred, we compared the expression of
ACTAZ2 in colon tissues from WT mice and Ednrb™~ mice
at various developmental stages. Experiment results turned
out that under normal circumstances, after the ENCCs locate
in colon (E15.5d), persistent low expression of ACTA?2 pre-
sents in inner layers of distal colon, and the expression of
ACTA2? in longitudinal SM is much higher than that of cir-
cular muscles cells, both in the embryonic and postnatal
stages. Without ENCCs, however, the expression of ACTA2
in the inner layers in Ednrb™~ mice was abnormally elevated
since E15.5d and was similar to the outer layer. Some schol-
ars have put up with the possible pathways that ENCCs regu-
late IMCs’ differentiation. Under the influence of ENCCs,
most of IMCs first differentiated into C-KIT positive cells
and then differentiated into SMC [24]. Above all, we believe
that the abnormal expression of ACTA2 in HSCR is congen-
ital and may be related to abnormal development of ENCCs,
in other word, the lack of ENCCs may result in increased
ACTA2 expression in circular SM.

The sensitivity, antigen concentration, and distribution
density of immunohistochemical labeling will affect the
positive staining intensity of samples. The higher the dis-
tribution density is and the brighter the color rendering of
positive results is, the truer the results are. Immunohisto-
chemistry, on the other hand, is semi-quantitative; hence,
it might not be able to meet the demands of exact quantita-
tive measurement. Although RT-qPCR and WB are effec-
tive techniques, it is difficult to separate circular muscle
from longitudinal muscle. Single-cell spatial transcriptome
quantitative analysis might be a more sophisticated method.
In addition, there are still many mechanisms to be studied,
such as how the expression level of ACTA?2 influences the
contractility of smooth muscle and the signaling pathway by
which smooth muscle spasm occurs.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00383-023-05479-x.
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