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 Background: This article reports a method to obtain vascular smooth muscle cells (SMCs) from the spiral modiolar artery 
(SMA) of guinea pigs and provides materials for related experimental studies.

 Material/Methods: SMA was separated from the cochlea of guinea pigs, digested with trypsin (1.25 g/L) and allowed to adhere 
in a 35-mm culture dish. The morphology of the sample was investigated, and the sample was identified by 
immunofluorescence analysis, flow cytometry, Western blot, and RT-PCR. Cell viability was calculated using try-
pan blue and flow cytometry. Whole-cell patch clamp was used to record the membrane input resistance (Rinput), 
reciprocal membrane input conductance (Ginput), membrane input capacitance (Cinput), and resting membrane 
potential (RP) of the SMCs.

 Results: Microscopy results showed that the cells had typical peak–valley growth pattern. The cell growth curve was sim-
ilar to an S curve, and flow cytometry results showed that the cell apoptosis rate was less than 10%. Moreover, 
flow cytometry, immunofluorescent staining, Western blot and RT-PCR detected the specific and intensely pos-
itive expression of cell type-specific markers a-SM-actin, SM22a, calponin and desmin. Furthermore, following 
properties of the P3 and P6 cells were obtained: Rinput, 2611±356 and 2477±338 MW; Ginput, 0.454±0.071 and 
0.273±0.037 ns; Cinput, 17.029±0.917 and 18.042±1.051 pF, and RP –20.602±1.503 and –22.192±1.905 mV.

 Conclusions: Various highly purified SMCs were obtained from the SMA of guinea pigs. We provide an ideal experimental 
material for the study of the pathogenesis of diseases related to the circulation disturbances in the inner ear 
in vitro. The results can be used to evaluate the effects of drugs on vascular smooth muscle.
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Background

Numerous studies have shown that disorders in the circu-
latory system in the inner ear are closely linked to sudden 
deafness [1,2], Meniere’s disease [3], senile hearing loss [4], 
and ototoxicity-induced hearing loss [5]. Moreover, the blood 
supply of the spiral modiolar artery (SMA) is believed to play 
a vital role in maintaining the function of the auditory appara-
tus because of the high energy consumption of auditory con-
duction process [6–8].

The SMA is the only artery responsible for supplying blood to 
the cochlea, the upstream arteries of which are the anterior 
inferior cerebellar artery and basilar artery. The former ar-
tery has 2 functional terminal branches, namely, the vestibu-
lar cochlear and spiral artery branches [9]. Hence, if abnormal 
changes occur in the SMA, such as vasospasm, this change 
would reduce or even completely interrupt the cochlear blood 
supply. This condition contributes to blood circulation disor-
ders in the inner ear and cochlear dysfunction, such as dizzi-
ness, tinnitus, and other symptoms [8,10]. Hence, the blood 
supply of SMA may have a decisive impact on maintaining nor-
mal hearing [11]. The blood vessel wall is principally composed 
of an inner layer of endothelial cells (ECs), a medial layer of 
smooth muscle cells (SMCs), and an outer layer of fibroblasts. 
The blood flow is controlled effectively by the diameter of the 
blood vessel being regulated by the contractile activity of the 
SMCs [9]. However, the SMA cannot meet the requirements 
of related experiments, because it only has a single branch on 
each side, and the sample size is small [7]. Therefore, estab-
lishing a model of SMCs in vitro is highly significant to study 
the pathophysiological changes caused by disorders in the in-
ner ear circulatory system and the etiological mechanism of 
relevant diseases.

Although SMCs has long been cultured, distinct differences 
have been observed in the structure and function of blood ves-
sels among various organs or tissues. Moreover, we previously 
confirmed that the resting membrane potential (RP) of SMCs 
in the SMA exhibited a unique bimodal distribution [12,13]. 
Hence, conclusions drawn from the other organs or tissues 
cannot be fully applied to the inner ear circulatory system. 
We finally utilized a combination of enzymatic digestion and 
direct adherence protocols in this experiment to cultivate a 
large number of SMCs of the SMA. The results verified that 
the cells were in good condition with good cell viability. Thus, 
this provides an excellent model for the study of the physiol-
ogy and pathology of the SMA in vitro.

Material and Methods

Animals

Guinea pigs (2 weeks old and 150–200 g) were purchased from 
the Animal Experimental Center of Xinjiang Medical University, 
China, and 3 guinea pigs were used per experiment. All ani-
mals with license lot number CXK New (2003-0001) were of 
the first-class standard. The feeding and experimental pro-
cesses were performed with the approval of the Institutional 
Ethics Review Board of Shihezi University.

Primary culture

Guinea pigs were anesthetised and then sacrificed by exsangui-
nation. The iliac bones were removed under sterile condition, 
and the auditory blebs were separated and opened in physi-
ological saline. The cochlea was removed under a microscope 
(Olympus Optical Co., Tokyo, Japan), and the capillary network 
and the spiral ligaments were removed from the outer wall 
of the cochlea. Thus, the SMA and its related radiating arteri-
oles were further dissected from the cochlea with meticulous 
attention. Rapidly, the isolated SMA and its branches were 
placed in an ice-cold Ca2+/Mg2+-free Hanks’ balanced salt so-
lution (Solarbio Science and Technology Co., Beijing, China), 
rinsed 2–3 times, and transferred to a sterile bench. In order to 
ensure that the separated tissue pieces were sufficiently active, 
the operation of this part should be as fast as possible. Then, 
the blood vessel fragments were digested by trypsin (1.25 g/L) 
(Gibco, Carlsbad, CA, USA) in a CO2 incubator (Thermo Fisher 
Scientific, USA) for 20 min. To enhance enzymatic digestion, 
the Petri dish was gently shaken 3–4 times (5 min apart), and 
5 mL of fetal bovine serum (FBS, 200 mL/L) (Gibco, Carlsbad, 
CA, USA) was added to stop trypsin digestion. The sample 
was centrifuged at 104.5 g for 5 min. The supernatant was 
discarded, and a few drops of the FBS medium was added to 
the remaining vessel fragments and spread evenly in the Petri 
dish. The gap of the blood vessel segment was approximately 
2–3 mm. The culture dish was inverted and placed in the incu-
bator for 2 h. Then, the dish was turned over, and DMEM/F-12 
(Gibco, Carlsbad, CA, USA) was added. The dish was placed in 
the CO2 incubator for 3 days, during which the dish was not 
be moved. Fresh medium was replaced each day from day 4. 
On days 6–8, the cells grew from the edge of the tissue, and 
the culture vessel was overgrown by approximately 3 weeks.

Cell inheritance

Cell passage was performed when the cell growth density 
reached 80% to 90% [14]. The cells were washed twice with 
PBS and digested with trypsin (2.5 g/L; containing 0.2 g/L EDTA). 
The cell edge refraction was enhanced, and the sheet became 
wrinkled and rounded. Then, the cell gap gradually became 
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bigger under microscopy. The digestion was terminated im-
mediately when the cells were mostly detached, and the larger 
blood vessel fragments were discarded. The cell suspension 
was collected and centrifuged at 104.5 g for 5 min. The super-
natant was discarded, and the medium was gently mixed by 
pipetting. The medium was transferred to 2 new 35-mm cul-
ture dishes, and the cells continued to grow in the incubator.

Cell purification

The fibrous layers of the intima and outer layer could not be 
easily removed because of the small diameter of the SMA. 
Therefore, during cell passage, the cells were purified based 
on the different adherence times of the fibroblasts and SMCs. 
Another study has reported that fibroblasts had greater ad-
herence than SMCs, and SMCs are larger than ECs [15,16]. 
Moreover, the ECS cannot survive under the above culture con-
ditions, because they require higher culture conditions [17–19]. 
Hence, after 30 min of incubation at 37°C, the SMCs failed to 
attach to the culture dishes and could be collected with the 
supernatant. This process was repeated twice, and the liquid 
supernatant was collected for future cultures.

Cell identification, morphological observation, and 
examination of cell viability

The size, shape, growth pattern, and myofilament of the cells were 
observed using a microscope. Afterwards, trypan blue (Sigma-
Aldrich, St. Louis, MO, USA) was added to the cells, and the viable 
and dead cells were examined under an inverted light microscope.

Flow cytometry

The cells in the logarithmic growth phase of the 3rd (P3) and 
6th (P6) generations were uniformly planted into a 6-well 
plate. Then, the cell density was adjusted to 1×106 cells/mL. 
On the one hand, the cells were collected, washed twice with 
PBS and resuspended with 500 μL 1×Bingding Buffer working 
solution. Then, Annexin V-FITC and PI were added using the 
Annexin V-FITC kit by following the manufacturer’s instruc-
tions (MultiSciences Lianke Biotech Co., Ltd. China). The cells 
were shaken gently and mixed at 4°C for 30 min in the dark. 
Quantitative analysis of apoptosis proportion was conducted by 
flow cytometry (BD FACSAria™ III Cell Sorter No.648282, Becton 
Dickinson, USA). On the other hand, the cells were collected, 
washed twice with PBS, centrifuged at 104.5×g for 5 min and 
resuspended with PBS. A blank tube and an isotype control 
tube were set at the same time. The appropriate antibodies 
(anti-a-SM-actin (Cat. No. ab124964; Abcam, UK), anti-SM22a 
(Cat. No. ab10135; Abcam, UK), anti-calponin (Cat. No. ab700; 
Abcam, UK) and anti-desmin (Cat. No. ab15200; Abcam, UK)) 
were added according to the instructions. The cells were shak-
en gently and mixed at room temperature for 30 min in the 

dark and centrifuged at 338 g for 6 min. The secondary anti-
bodies were added in a dark room. The cells were incubated 
at 4°C for 30 min, washed twice with PBS, resuspended with 
PBS, and examined by flow cytometry.

Immunofluorescence

The P3 and P6 cells in the logarithmic growth phase were 
uniformly plated in a 6-well plate, in which the slides were 
placed, and the cells were patched. After 3 days, the medium 
was discarded, and the cells were washed 3 times with PBS 
pre-warmed to 37°C and fixed in paraformaldehyde (40 g/L) 
for 15 min. The cells were again washed 3 times (5 min each 
time) with PBS and permeabilised by Triton-x-100 (2 mL/L) for 
3 min. The cells were again washed 3 times (5 min each time) 
with PBS and incubated with BSA (50 g/L) at room tempera-
ture for 30 min. Then, the cells were washed 3 times (5 min 
each time) with PBS. The anti-a-SM-actin (Cat. No. ab124964; 
Abcam, UK), anti-SM22a (Cat. No. ab14106; Abcam, UK), an-
ti-calponin (Cat. No. ab46794; Abcam, UK), and anti-desmin 
(Cat. No. ab8470; Abcam, UK) were added, and the wet box 
was kept at 4°C overnight. The next day, the cells were re-
warmed for 30 min at 37°C and washed 3 times (5 min each 
time) with PBS. Goat anti-rabbit or goat anti-mouse second-
ary antibodies (Sigma-Aldrich, St. Louis, MO, USA) were added 
in the dark, and the cells were incubated at 37°C for 1 h. The 
cells were washed 3 times (5 min each time) with PBS, and 
nuclei were stained with 4,6-diamino-2-phenyl indole (DAPI) 
(Solarbio Science and Technology Co., Beijing, China). Then, con-
focal microscopy (Zeiss LSM 510 META, Carl Zeiss AG, Germany) 
was performed to analyse the results.

Western blot

The P3 and P6 cells in the logarithmic growth phase were uni-
formly plated in a 6-well plate, cracked, and estimated by a 
BCA protein assay. Each sample with equal amounts of protein 
(15 μg/lane) was separated by 10% SDS-PAGE electrophoresis. 
The resolved proteins were then transferred to a PVDF mem-
brane (Millipore, Billerica, MA, USA). The membranes were 
blocked with non-fat milk (50 g/L) in TBST buffer (pH 8.0, 
10 mmol/L Tris-HCl, 150 mmol/L NaCl, and 0.2% Tween-20) for 
1 h at room temperature and then probed with various primary 
antibodies (anti-a-SM-actin (Cat. No. ab124964; Abcam, UK), 
anti-SM22a (Cat. No. ab14106; Abcam, UK), anti-calponin 
(Cat. No. ab46794; Abcam, UK), and anti-desmin (Cat. No. ab8470; 
Abcam, UK)) overnight at 4 °C. After the primary antibody incu-
bation, the blots were washed 3 times (5 min each time) with 
TBST and incubated with the secondary antibody [1: 10 000; 
horseradish peroxidase-conjugated goat anti-rabbit or goat anti-
mouse secondary antibodies (Beijing Fir Jinqiao Biotechnology 
Co., Beijing, China)] at room temperature for 2 h. Next, the 
blots were washed 5 times (5 min each time) with TBST and 
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visualised on X-ray film using an ECL reagent (Cat. No. RPN2109; 
GE Healthcare Life Sciences, Chalfont, UK). The optical density 
of each target protein band was assessed with Quantity One 
software (Bio-Rad, Hercules, CA, USA) and normalised to the 
density of corresponding GAPDH bands in the same sample.

RT-PCR

The P3 cells were detached with a solution of trypsin-EDTA, 
collected in a polypropylene round bottom tube, and centri-
fuged at 15 048 g for 5 min. RNA was extracted with an RNeasy 
micro kit, and cDNA was synthesised with an RETROscript kit 
(Thermo Fisher scientific, USA) for RT-PCR according to the 
manufacturer’s instructions. The following reaction conditions 
were used for the RT-PCR: 60°C for 42 min; 70°C for 5 min; 
then held at 4°C. The genes of interest included a-SM-actin, 
SM22a, calponin, and desmin. Forward and reverse primers 
(Table 1) and reagents in the RETROscript kit were prepared ac-
cording to the manufacturer’s instructions. PCR products were 
separated and analyzed by 1.5% agarose gel electrophoresis.

Whole-cell patch clamp

Whole-cell patch clamp experiments were performed using an 
Axon 700B amplifier (Molecular Devices, LLC, Sunnyvale, CA, 
USA) at room temperature. The cored borosilicate glass blank 
(Sutter Instrument Co., Ltd. Novato, CA, USA) was selected and 
made into a microelectrode using a P-2000 electrode drawing 
instrument (Sutter Instrument Co., Novato, CA, USA). The mi-
croelectrode with resistance of 2–8 MW was selected, and the 
electrode liquid (K-Gluconate 130 mM, NaCl 10 mM, MgCl2·6H2O 
1.2 mM, CaCl2 2 mM, EGTA 5Mm, HEPES 10 mM, and D-glucose 
7.5 mM) was filled. The pH value was adjusted to 7.35–7.45 

with 1 M KOH, and the osmotic pressure of sucrose was ad-
justed to 300–330. The glass microelectrode was filled with 
the intracellular fluid to the micromanipulator and gave a pos-
itive pressure with a 5-mL syringe. The micromanipulator was 
operated such that the tip of the microelectrode was close to 
and in contact with the cell, and the electrode resistance could 
be slightly increased from the film test window as soon as the 
cell was contacted. The electrode contacted with the cells with 
negative pressure and the clamping potential was adjusted 
to −40 mV. After the GΩ seal was formed between the cells 
and the electrode, the membrane was absorbed with the aid 
of negative pressure or electricity at the same time. After the 
membrane was broken, cells with resistance above GW were 
used for the experiment. The cell membrane capacitance cur-
rent was not compensated to monitor cell membrane param-
eters online, and the membrane input resistance (Rinput) and 
membrane input capacitance (Cinput) of the cells were calcu-
lated. The exponential equation was used to simulate the film 
capacitor charging and discharging processes.

Statistical analysis

All values are presented as Mean ±SE. Differences between 
groups were assessed by one-way ANOVA and t test, as ap-
propriate. P values less than 0.05 (P<0.05) were considered as 
indicating a significant difference.

Results

Cell culture

After the SMA vessel fragments were attached to the culture 
dish for 6 days, over 85% of the tissue pieces survived, and many 
cells were released from the edge of the tissue block (Figure 1A). 
After 10 days, as the cells proliferated, the cells grew in parallel 
in the culture dish and subsequently spread around the bottom 
of the dish for approximately 18 days (Figure 1B). Despite being 
in multiple distinct sizes and shapes, such as fusiform, triangular, 
or ribbon, the cells retained various lengths of cytoplasm, such 
as rich cytoplasm, nucleus oval, central, and even binuclear or 
multinuclear. When the cell density was low, the cells were of-
ten arranged in a net-like array and showed a typical peak–
valley growth pattern after approximately 22 days (Figure 1C).

Examination of cell viability

We calculated the cell viability and the total number of cells 
by trypan blue. The results were used to describe the growth 
curve of the cells. Notably, the cells grew to the logarithmic 
growth phase after 2–4 days, plateaued after 4–6 days, and 
slightly apoptosized in approximately 1 week. The SMC growth 
curve was a typical S curve (Figure 2).

Gene Sequence(5’-3’)
Product 

length (bp)

F-GAPDH ATGTGTCCGTCGTGGATCTGA 132

R-GAPDH AGACAACCTGGTCCTCAGTGT 132

F-a-SM-actin TGGACTCTGGAGATGGCGTGAC 249

R-a-SM-actin TTCATGGCACCAGCATTCCTTCC 249

F-SM22a AGGAGAGTTCTAGGACAGCCAAGG 395

R-SM22a TCGGTCGGTCCAGAGCAAGAG 395

F-Calponin TTAAGGATTGCTGTGCGTGCTAGG 270

R-Calponin CACCAAGGCTGAGGAGGAGAGG 270

F-Desmin TCTGTTTACCTCCCTACTCCA 218

R-Desmin AGTGTTACATAGAAGGAGCAA 218

Table 1. Primers applied.
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Flow cytometry

The P3 and P6 SMC cells were collected, and the apoptosis 
rates of each group were detected by flow cytometry. The re-
sults showed that the Q1 regions were characterised by necrotic 
cells mixed with a small number of late apoptotic cells or even 
those with mechanical damage. Likewise, the cells in the Q2 re-
gion represented late apoptotic cells, whilst the cells in the Q3 

region represented the early apoptosis stage. Some cells in the 
Q4 region represented living cells. Among these regions, the cell 
apoptosis rate of the P3 of Q2+Q3 was 6.9%±0.8%, and the ac-
tivity ratio of Q4 was 92.3±1.8% (Figure 3A). The cell apoptosis 
rate of the P6 of Q2+Q3 was 7.4±0.8%, and the activity rate was 
91.8%±1.2% (Figure 3B). These apoptotic rates measured by flow 
cytometry were quantified and statistically analyzed (Figure 3C). 
In addition, 98.8±1.1% of the VSMCs were stained positively for 
a-SM-actin, SM22a, calponin, and desmin (Figure 4).

Immunofluorescence

The P3 and P6 cells were cultured and stained with SMCs 
specific marker proteins (a-SM-actin, SM22a, calponin, and 
desmin). a-SM-actin is a protein rich in SMCs, which is pre-
dominantly expressed in contractile cells. However, it is very 
low in synthetic cells. The SMCs are in a state of differenti-
ation and maturity when the a-SM-actin becomes the most 
abundant protein in these cells. SMCs of early differentiation 
are specific markers and are the most widely used contractile 
marker protein (Figure 5A, 5D). Then the nuclei had been coun-
terstained with DAPI (Figure 5B, 5E), and merged (Figure 5C, 5F). 
SM22a is a differentiation-related gene in the early stage of 
SMCs, and this gene is highly expressed in proliferating SMCs 
and lowly expressed in differentiated SMCs (Figure 6A, 6D). 

A B C

Figure 1.  Growth process of SMCs (n=5). (A) On the 6th day of culture, the cells climbed out (×100); (B) On the 18th day of culture, 
the cells covered the bottom of the dish (×100); (C) The cells were typically in peak–valley growth pattern (×100).

P3105

105

104

103

102

0

104103

FITC
1020 P6

p=0.763100

80

60

40

20

0

Ce
ll v

iab
ilit

y (
%

)

PI

Q1
0.343%

Q4
91.6%

Q2
6.51%

Q3
1.54%

105

105

104

103

102

0

104103

FITC
1020

PI

Q1
0.304%

Q4
93.0%

Q2
5.10%

Q3
1.55%

A B C

Figure 3.  (A, B) Proportion of apoptosis and activity in the P3 and P6 SMCs; (C) Statistical analysis (n=3, p=0.763).
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Figure 2.  Growth curve of the SMCs. P3 (solid blue) and P6 (light 
blue) cell growth curves were similar to S curve.
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Figure 4.  (A, B) Positive expression rate of a-SM-actin, SM22a, calponin and desmin in the P3 and P6 VSMCs; (C) Statistical analysis 
(n=3, all P>0.05).
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Figure 5.  (A–F) Expression and location of a-SM-actin (green) in the SMCs. Nuclei had been counterstained with DAPI (blue). Scale bar: 
25 μm.
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Figure 6.  (A–F) Expression and location of SM22a (green) in the SMCs. Nuclei had been counterstained with DAPI (blue). Scale bar: 25 μm.
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Figure 7.  (A–F) Expression and location of calponin (green) in the SMCs. Nuclei had been counterstained with DAPI (blue). Scale bar: 25 μm.

7029
Indexed in: [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]  
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]  
[Chemical Abstracts/CAS]

Xiao J. et al.: 
Primary cultivation and identification of VSMCs
© Med Sci Monit, 2018; 24: 7023-7034

ANIMAL STUDY

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



The nuclei had been counterstained with DAPI (Figure 6B, 6E), 
and merged (Figure 6C, 6F). Calponin is a characteristic protein 
of SMC, which is similar to tropomyosin in the smooth muscle 
tissue and is one-quarter of the a-SM-actin (Figure 7A, 7D). And 
the nuclei had been counterstained with DAPI (Figure 7B, 7E), 
then merged (Figure 7C, 7F). Desmin is a polymer in which a 
dense body and a dense region inside the membrane form a 
complete intracellular framework (Figure 8A, 8D). Also, the nu-
clei had been counterstained with DAPI (Figure 8B, 8E), then 
merged (Figure 8C, 8F).

Western blot

The P3 and P6 cells were harvested, and the total protein was 
lysed and extracted. The expression of smooth muscle-specific 
markers (a-SM-actin, SM22a, calponin, and desmin) was de-
tected by Western blot (Figure 9A). These protein bands were 
quantified and statistically analyzed (Figure 9B).

RT-PCR

The results revealed the corresponding RT-PCR gene analysis 
for SMCs. The marker genes of a-SM-actin, SM22a, calponin, 
and desmin were detected in the cells (Figure 10).

Whole-cell patch clamp

According to the whole-cell patch clamp experiments, we re-
corded the corresponding electrophysiological properties 
of the P3 and P6 SMCc (Figure 11A, 11B) as follows: Rinput, 
2611±356 and 2477±338 MΩ; reciprocal membrane input 
conductance (Ginput), 0.454±0.071 and 0.273±0.037 ns; Cinput, 
17.029±0.917 and 18.042±1.051 pF; and RP, −20.602±1.503 
and −22.192±1.905 mV (Table 2). We also recorded the scat-
ter plot of the resting membrane potential of P3 and P6 from 
SMCs (Figure 12). These results were consistent with the ex-
perimental results of previous studies [20–22].

Discussion

To the best of our knowledge, the SMA is the only artery that 
supplies blood to the cochlea. This artery spirals up through 
the modiolus and is principally divided into 2 parallel capil-
lary networks of the vascular stria and the spiral ligament 
in the lateral wall of the cochlea [9]. The densest capillary is 
found in the vascular stria. Given that the SMA is the only ar-
tery that supplies blood flow to the cochlea with less collat-
eral circulation, once blockages occur, the blood flow is not 
easy to compensate and can result in disturbances and path-
ological damage of the microcirculation of the cochlea [23,24]. 

P3

P6

Desmin DAPI Merge

A

D

B

E

C

F

Figure 8.  (A–F) Expression and location of desmin (green) in the SMCs. Nuclei had been counterstained with DAPI (blue). Scale bar: 25 μm.

7030
Indexed in: [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]  
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]  
[Chemical Abstracts/CAS]

Xiao J. et al.: 
Primary cultivation and identification of VSMCs

© Med Sci Monit, 2018; 24: 7023-7034
ANIMAL STUDY

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



P3 P6

α-SM-actin

SM22α

Calponin

Desmin

GAPDH

42kDa

23kDa

34kDa

53kDa

36kDa

P3 P6

p=0.734

2.0

1.5

1.0

0.5

0.0

α-
SM

-a
ct

in
/G

AP
DH

P3 P6

p=0.642

2.0

1.5

1.0

0.5

0.0

SM
22

α/
GA

PD
H

P3 P6

p=0.346

2.0

1.5

1.0

0.5

0.0

Ca
lp

on
in

/G
AP

DH

P3 P6

p=0.591

2.0

1.5

1.0

0.5

0.0

De
sm

in
/G

AP
DH

A

B

Figure 9.  (A) Western blot analysis of a-SM-actin, SM22a, calponin, desmin and GAPDH protein expression in P3 and P6 SMCs; 
(B) Densitometry analysis (n=3, P=0.734, 0.642, 0.346, 0.591).

The supply of SMA blood flow plays a crucial role in mainte-
nance of normal hearing [1–5]. Abundant evidence reveals that 
disorders in the circulatory system in the inner ear are close-
ly correlated with sudden deafness, Meniere’s syndrome, se-
nile hearing loss, ototoxic drug-induced hearing loss, and in-
creased sensitivity to noise. Hence, the culture of SMCs is of 
great significance to study the underlying pathophysiological 
process of relevant diseases.

An approach for culturing SMCs has not been well established 
because of the small size and difficulty in separation of SMA. 
This limitation greatly restricts the study of the related patho-
physiological changes in SMCs. The present experiment de-
scribed in detail the separation of SMA and the method of 
culturing, purifying and identifying the primary cells. Hence, 

a simple, economical, and efficient protocol for culturing SMCs 
of SMA has been established. In the laboratory investigation, 
we found that the SMCs were detached from the edge of the 
explants in approximately 6 days and reached confluence in 
approximately 18 days. Pure SMCs could be obtained from 
the third passage. After identification, the cell morphology 
showed the typical property of a peak–valley growth pattern. 
Immunofluorescence staining and flow cytometry demonstrated 
that the positive expression of specific markers in the P3 and 
P6 cells was over 95%. Moreover, the flow cytometry, Western 
blot, and RT-PCR results showed that special marker proteins 
and genes were also positively expressed. The results of try-
pan blue and flow cytometry showed that cells were in good 
condition and had good cell viability. In addition, the differ-
ence in the value of resting membrane potential between the 
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Group Rinput (MW) Ginput (ns) Cinput (pF) RP (mV)

P3 (n=12)  2611±356  0.454±0.071  17.029±0.917  –20.602±1.503

P6 (n=12)  2477±338  0.273±0.037  18.042±1.051  –22.192±1.905

Table 2. Membrane electrophysiological properties of the SMCs of SMA.

Figure 10.  RT-PCR analysis of a-SM-actin, SM22a, calponin and 
desmin gene expression in the P3 SMCs.
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Figure 12.  The scatter plot of the resting membrane potential of 
P3 and P6 from SMCs (n=12).
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Figure 11.  Electrophysiological properties of (A) P3 and (B) P6 from SMCs.

acutely isolated SMCs in our earlier study and the cultured 
SMCs in the present study may be attributed to the type, con-
centration, and time of digestion of the enzyme selected for 

digesting the cells. We used a mixture of trypsin and collage-
nase IA (trypsin of 0.18 g/L and collagenase IA of 0.36 g/L) for 
the acutely isolated SMCs in our earlier study, and the diges-
tion time was 5 min. By contrast, in the present study, we only 
used trypsin (2.5 g/L), and the digestion time was 90 to 120 s.

During culture, the purification of cells (i.e., the removal of the 
ECs and fibroblasts mixed in the SMCs to minimise contamina-
tion) was a major problem. Enzymatic digestion and explant-
ing have been reported as the most common protocols for 
culturing SMCs [25–27]. Herein, cell cycle cultured by enzyme 
digestion method was short. However, the duration and con-
centration of used digestive enzyme remained difficult to de-
termine. When the time for enzyme digestion was too short 
or enzyme concentration was too low, the digestion was not 
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complete. By contrast, when the enzyme digestion time was 
too long or enzyme concentration was too high, cell damage 
was likely to occur. Furthermore, the enzyme itself has a toxic 
effect on the cells to some extent. Explanting is not only sim-
ple to perform but also less prone to contamination despite 
the longer culture cycle. The tiny arterial vessel wall is com-
posed of 3 layers of cells, namely, the outer layer of fibro-
blasts, the medial layer of SMCs, and the inner layer of ECs. 
The large SMCs, fibroblasts, and ECs can be removed by me-
chanical scraping during culture. Nevertheless, the SMA is so 
thin that it is not suitable for explanting. Thus, in our study, 
we finally combined the 2 protocols after multiple attempts.

Several key steps in the experiment should be considered. 
Firstly, in the selection of animals, guinea pigs have a cochlear 
anatomy similar to humans. However, young guinea pigs pos-
sess a higher proliferative potential than older guinea pigs un-
der the same conditions. Hence, for sufficient tissues to guar-
antee the results of the experiment, newborn guinea pigs 
approximately 2 weeks old were chosen in this study. Moreover, 
2 parallel capillary networks of the vascular stria and the spiral 
ligament in the lateral wall are found in the cochlea in guin-
ea pigs. SMA should be gently separated to avoid damage 
resulting from excessive vascular traction. Furthermore, the 
growth of cells was density-dependent. The experimental re-
sults showed that the adequate size of the explant was 1 mm2, 
and the appropriate distance was approximately 2–3 mm to 
ensure that the cells had enough growth space and maintain 
suitable growth density. Moreover, the time to upset the cul-
ture dish was 2 h during explanting. If the time was too short 
or long, the explant would not attach firmly or dry out, respec-
tively. Most importantly, we consciously used a concentration 
of FBS (200 mL/L) for primary cell culture. A lower serum con-
centration would decrease the success rate of culture. In view 
of subculture, the serum concentration of initial passages could 

be reduced to 150 mL/L, and the subsequent passages should 
be 100 mL/L. Further experiments with successive reduction 
in the concentrations of FBS are currently being conducted.

Disorders in the circulatory system in the inner ear have con-
tributed to additional challenges for people, such as Meniere’s 
syndrome, senile hearing loss, and ototoxic drugs-induced 
hearing loss. The culture method of SMCs as described in this 
article is relatively mature. Therefore, this study can provide 
an ideal experimental material for the study of the underly-
ing pathophysiological changes in vitro induced by disorders in 
the inner ear circulatory system. The results can also be used 
to evaluate vascular smooth muscle drugs.

Conclusions

In summary, various highly purified SMCs were obtained from 
the SMA of guinea pigs. We provide an ideal experimental ma-
terial for the study of the pathogenesis of diseases related to 
the circulation disturbances in the inner ear in vitro. The re-
sults can be used to evaluate the effects of drugs on the vas-
cular smooth muscle.
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