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Abstract
Amniotic fluid (AF) is a rich source of mesenchymal stromal cells (MSCs) that have the ability to differentiate into multiple
lineages rendering them a promising and powerful tool for regenerative medicine. However, information regarding the differ-
ences among AFMSCs derived from different gestational stages is limited. In the present study, AFMSCs derived from 125
pregnant rats at four embryonic day (E) stages (E12, E15, E18, and E21) were isolated and cultured. The primary E15 cells were
the smallest in size and the easiest to culture and usually grew in a spherical shape that resembled the growth morphology of
embryonic stem cells (ESCs). Once adhered, the E12 and E15 AFMSCs grew faster and could be passaged more than 60 times
while still maintaining a continuous proliferative state; however, AFMSCs derived from E18 and E21 could normally be
maintained for only 10 passages. To identify the possible reasons for this difference, RT-qPCR was used to examine several
genes associated with self-renewal ability and cell origin. The Sox2 expression levels indicated that AFMSCs from E12 and E15
possessed stronger self-renewal capability. The K19, Col2A1, FGF5, AFP, and SPC expression levels indicated there were
mixed-population cells co-existing in the AFMSC culture. In conclusion, E15 cells were easier to culture than E12 cells, could be
passaged more often, and had a higher Sox2 expression than E18 or E21 cells. The E15-derived AFMSCs had higher viability
and proliferative capacity than cells from the later stages. Therefore, AF cells from the early stages could be a good choice for
exploring potential treatments involving AFMSCs.
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Introduction

From the f i r s t d i scovery of the precursor ce l l s ,
mechanocytes, 43 yr ago (Friedenstein 1976), to the naming
ofpluripotent progenitor cells in the embryoasmesenchymal
stem cells (MSCs) 18 yr ago (Caplan 1991), to the first stan-
dard definition of multipotent MSCs by the International
Society for Cellular Therapy 13 yr ago (Dominici et al.
2006), the field of MSC research has experienced numerous
major advances, with basic research results currently

translated to clinical application. In several countries,
MSCs have been used in phase III clinical trials to treat hu-
man diseases, such as graft versus host disease, heart disease,
and Crohn’s disease (Galipeau and Sensébé 2018).
However, numerous differences exist in the MSCs obtained
from different donors or different tissues, which influence
the effects of MSCs as treatment. MSCs can be derived from
numerous sources, such as bonemarrow, adipose tissue, den-
tal pulp, umbilical cord, amnion, amniotic fluid, and placen-
ta. Themost common source is bonemarrow; however, bone
marrow MSCs have certain limitations and sequential
in vitro passages may lead to decreased proliferation and
differentiation capacities and the appearance of senescence
(Zheng et al. 2008). Therefore, identifying alternative
multipotent cells is important. The Alessio team (Alessio
et al. 2018) found amniotic fluid MSCs (AFMSCs) are less
prone to senescence and more efficiently return to the basal
condition after DNA damage compared with bone marrow
MSCs.Furthermore, human first-trimesterAFstemcells cul-
tured in human embryonic stem cell (ESC) feeder-free cul-
ture medium share 82% of their transcriptome with ESCs
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(Moschidou et al. 2012). Bone marrow MSCs derived from
younger donors are closer to ESCs than those from older
donors (Billing et al. 2016). Thus, hypothetically, the closer
the cells to the embryo source, the more similar their charac-
teristics to ESCs.

The characteristics of AFMSCs are between somatic
stem cells and ESCs (De Coppi et al. 2007). AFMSCs have
self-renewal capacity, multilineage differentiation capabil-
ity, lower immunogenicity, and, compared with ESCs,
lower tumorigenicity (Spitzhorn et al. 2017). Their prolif-
eration capability helps them expand and reach a large cell
yield to meet clinical needs. Their homing specificity and
proliferation rate allow AFMSCs to be used as vehicles for
drug delivery, and their differentiation potential renders
them useful for repairing damaged tissue and organs
(Harrell et al. 2019). First-trimester AF stem cells can be
reprogrammed to functional pluripotency in a similar man-
ner to ESCs (Moschidou et al. 2012), and full-term AF
stem cells exhibit high potency, similar to ESCs, sponta-
neously differentiating into the three germ layers and di-
rectly differentiating into neural lineage (Mun-Fun et al.
2015). Third-trimester AF stem cells harbor kidney pro-
genitors (Rahman et al. 2018) and endothelial precursors
(Schiavo et al. 2015). Third-trimester AF cells have better
ability to repair a damaged carotid artery than cells from
the second trimester (Schiavo et al. 2015). Third-trimester
AFMSCs have lower potential for differentiation to
myocytes and stronger potential for differentiation to
neuron-like cells compared with second-trimester
AFMSCs (Savickiene et al. 2015). The diverse morphol-
ogies of AFMSCs have different characteristics, with
spindle-shaped AFMSCs demonstrating higher prolifera-
tion and differentiation than round-shaped cells (Rossi
et al. 2014). In addition, discrepancies among the different
numbers of AFMSC passages exist, with significant pro-
tein fluctuations observed at passages 5, 7, 11, and 25 and
increased cell volume at passage 25, despite no changes in
the karyotype, cell cycle, and apoptosis rate (Chen et al.
2009). Furthermore, AFMSCs from normal or fetal abnor-
mality pregnancies also exhibited different senescence-
associated characteristics (Savickienė et al. 2016). In brief,
the focus in AFMSC studies was on cell diversity, whether
derived from the first or second trimester, and research to
identify the differences among AFMSCs over time
throughout the pregnancy has not yet been conducted.

Accordingly, rat AFMSCswere compared from embryonic
day 12 (E12) to E21, the basic biological phenomena at each
stage recorded, and which cells had characteristics closer to
ESCs determined. In contrast to E18 and E21 cells, AFMSCs
isolated at E12 and E15 showed faster attachment to plastic
culture plates at early cultivation, ESCs-like growth morphol-
ogy, and higher renewal capacity. Conversely, the E18 and
E21 cells stopped proliferating after 10 passages.

Materials and Methods

Animal preparation Wistar rats were purchased from the ani-
mal center of China Medical University. All animal experi-
ments were approved by the medical ethics committee of
Shengjing Hospital of China Medical University, Shenyang,
China (no. 2018PS108K). The AF cells were collected as early
as possible to determine whether their characteristics were clos-
er to ESCs at earlier stages and the sampling time points
established to correspond to the stages of human pregnancy.
Finally, E12, E15, E18, and E21 were chosen as the sampling
time points because with our existing technique, the earliest
gestational age at which cells can be isolated is E12. The E12,
E15, E18, and E21 correspond to 1 mo, 2 mo, 6 mo, and full-
term human pregnancy (Hill 2019), which is equivalent to early
(E12, E15), middle (E18), and late pregnancy (E21).

Samples were taken from the vaginas of female rats after
theymated with male rats, spread on a coverslip using a cotton
swab, and examined; if sperm was observed, day 0 of preg-
nancy (E0) was recorded. Subsequently, at E12, E15, E18,
and E21, the female rats were sacrificed by injection with an
overdose of 10% chloral hydrate via the peritoneum, and the
uteri were isolated and transferred to a sterilized Petri dish and
placed on ice. The uteri were rinsed three times with sterilized
saline and then opened to isolate the amniotic sac. AF was
carefully aspirated using a 1-mL sterilized syringe and trans-
ferred to centrifuge tubes for further processing.

Primary cell culture The cells were isolated according to the
previously published protocol (Kaviani et al. 2001; Li et al.
2014; Lesage et al. 2017). Briefly, the collected AF was cen-
trifuged immediately at 1800 rpm at 4°C for 15 min, the su-
pernatant was carefully removed and discarded, and the cell
pellet was washed three times with sterilized 1 × PBS. The AF
cell pellets were then resuspended in 1 mL of DMEM/F12
(Biological Industries, Shanghai, China) supplemented with
10% FBS (Corning Inc., Corning, NY) and placed in a well
of a 24-well culture plate or 12-/6-well culture plate (Thermo
Fisher Scientific, Wilmington, DE) at a cell density of approx-
imately 1.0–1.5 × 105/cm2. The cells were then maintained in
a 5% CO2 incubator at 37°C. The cells were observed every-
day under an inverted microscope; if the cell morphology
changed significantly, a photomicrograph was taken. The me-
dium was first replaced on the 5th day after seeding and then
every 1 or 2 d. When 70–80% confluence was reached, the
cells were detached by treatment with 0.25% trypsin/EDTA
(Gibco, Grand Island, NY) for 1 min after washing with 1 ×
PBS, trypsin activity was inhibited by the addition of an ap-
propriate amount of fresh DMEM/F12 medium, and the cells
in the suspension were then passaged onto a plate or flask at a
cell density of 3.5–5.0 × 104/cm2. Subsequently, every 3 or 4
d, the AFMSCs in each group were split to a new flask at a
ratio of 1:2 or 1:3 when they reached 90% confluence. Cells
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that were maintained and subcultured under these conditions
for three passages (P3) were defined as a successful culture.
All cells used in this study comprised at least three indepen-
dent samples for each gestational age and were randomly se-
lected, unless stated otherwise.

Cell counting At each stage of the cell isolation and culture,
the number of cells was determined using a cell counter
(CountessTM II Automated Cell Counter, Invitrogen,
Carlsbad, CA, Thermo Fisher Scientific), which automatically
records various characteristics, such as cell size, total concen-
tration, and viability. The cell size and number in each group
were used for subsequent statistical analysis.

Immunophenotypic characterization based on flow cytome-
try Appropriately subcultured AF cells at P4 were briefly
washed with 1 × PBS and detached from the flasks by treat-
ment with trypsin. The cells were then resuspended in 100 μL
1 × PBS containing 1 μL fluorochrome-conjugated monoclo-
nal antibodies CD29-FITC and CD90-PE (cat no. 561796 and
551401, respectively; BD Biosciences, San Jose, CA) and 5
μL CD45-FITC and CD34-FITC (cat no. sc1187 and sc7324,
respectively; Santa Cruz Biotechnology, Santa Cruz, CA) for
staining. The cells were incubated for 30 min at 4°C in the
dark and then rinsed with 1 × PBS and resuspended in 400 μL
of 1 × PBS solution before being quantified using a Beckman
Coulter CytoFLEX flow cytometry system set to detect CD
surface markers.

In vitro differentiation of AFMSCs The Wistar Rat
Mesenchymal Stem Cell Chondrogenic Differentiation
Medium Kit (cat. no. RAWMX-90042; Cyagen, Santa
Clara, CA) was used for the chondrogenic differentiation.
According to the manufacturer’s instructions, the four groups
of AFMSCs at P5 were resuspended in 1 mL Incomplete
Chondrogenic Medium per 7.5 × 105 cells and centrifuged at
150g for 5 min. The medium was then discarded and the
AFMSCs were resuspended in Complete Chondrogenic
Medium to a concentration of 5.0 × 105 cells/mL. Next, 0.5
mL (2.5 × 105 cells) of the cell suspension was aliquoted into
15-mL polypropylene culture tubes and the cells were centri-
fuged at 150g for 5 min at room temperature and maintained
in a 5% CO2 incubator at 37°C. The medium was replaced
every 2–3 d; at 21 d, chondrogenic pellets were successfully
induced. The pellets were fixed in 10% formalin, paraffin
embedded, sectioned, and stained with Alcian blue.

The Wistar Rat Mesenchymal Stem Cell Adipogenic
Differentiation Medium Kit (cat no. RAWMX-90031;
Cyagen) was used for adipogenic differentiation. According
to the manufacturer’s instructions, 1 × 106 cells at P5 were
seeded onto 6-well plates (Corning Inc.) and incubated over-
night in DMEM/F12 (BI) medium supplemented with 10%
FBS (Corning Inc.). The medium was then changed to

differentiation medium A for 3 d, to differentiation medium
B for 1 d, and to mediumA for 3 d. After four such cycles, the
cultures were maintained in medium B for 3 d. The differen-
tiation potential for adipose cells was assessed using Oil Red
O staining.

The Wistar Rat Mesenchymal Stem Cell Osteogenic
Differentiation Medium Kit (cat no. RAWMX-90021,
Cyagen) was used for osteogenic differentiation. As
instructed, 5 × 105 cells at P5 were seeded onto 0.1%
gelatin-coated 6-well plates (Corning Inc.) and incubated
overnight in DMEM/F12 (BI) medium supplemented with
10% FBS (Corning Inc.). The medium was then changed to
the differentiation medium for 21 d. The differentiation medi-
um was replaced every 3 d. To determine osteogenic differ-
entiation, calcium deposits were monitored using Alizarin
Red staining.

Colony-forming unit-fibroblast assay When AFMSCs at P4
reached 90% confluence, they were detached and seeded onto
6-well plates at a density of 100 cells/well. After 14 d of
culture, the cells were fixed using methanol for 30 min and
stained with crystal violet staining solution (Biotime, Jiangsu,
P.R., China) for 20 min. The colony-forming unit-fibroblast
(CFU-F) number was scoredmicroscopically by counting col-
onies (≥ 50 cells) with clear spindle-shaped fibroblast-like
morphology and excluding colonies with round-shape epithe-
lioid-like morphology.

BrdU test An APC BrdU Flow Kit (cat. no. 552598, BD
Biosciences) was used for the BrdU experiments. E18 and
E21 AFMSCs at P11 and E12 and E15 AFMSCs at P50 were
labeled with BrdU solution for 4 h in a 5% CO2 incubator at
37°C. The cells were then resuspended and incubated in 100
μL of BD Cytofix/Cytoperm Buffer for 20 min at room tem-
perature and treated with 100 μL of BD Cytoperm
Permeabilization Buffer Plus for 10min on ice. The cells were
re-fixed with 100 μL of BD Cytofix/Cytoperm Buffer for
5 min at room temperature and then treated with 100 μL of
DNase for 1 h at 37°C. Finally, the cells were incubated with
50 μL of the APC anti-BrdU antibody (1:50 dilution) for
20 min at room temperature in the dark and then with 20 μL
of the 7-AAD solution for another 20 min. A Beckman
Coulter CytoFLEX flow cytometry was used to analyze the
differences in the S-stage ratios of the four groups of
AFMSCs.

RNA extraction and RT-qPCR From AFMSCs derived from the
four stages of rat pregnancy, three to four samples at each
gestational age were randomly selected and used for RNA
extraction and RT-qPCR, resulting in 24–36 RNA samples:
12 samples of primary cells and 12–16 samples of P4 cells.
The primary cells and P4 AFMSCs were harvested as de-
scribed above. After being rinsed with 1 × PBS, cell pellets
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were resuspended and lysed in 1 mL of TRIzol RNA extrac-
tion reagent (Ambion, Foster City, CA) and incubated on ice
for 10 min. The mass of RNA and protein was separated by
the addition of trichloromethane. The top layer of the solution,
which contained the RNA, was removed and transferred to a
fresh tube and the RNA was precipitated by the addition of an
appropriate amount of cold isopropanol. At the end, 1 mL of
ethanol was added to purify the RNA. The RNA was dis-
solved in 20 μL of RNase-free water and its concentration
quantified using a NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific). The reverse transcription reactions
were performed using a Takara PrimeScript RT Reagent Kit
according to the manufacturer’s instructions (Takara Bio, Inc.,
Shiga, Japan). TB GreenTM Premix Ex TaqTM II (Takara Bio
Inc.) was used for the RT-qPCR. The following conditions
were used for the reaction: 45 cycles of pre-denaturation at
95°C for 30 s, 95°C for 5 s, and 60°C for 34 s for the PCR
reaction, followed by 95°C for 5 s and 60°C for 30 s for the
last dissolution stage. An ABS 7500 PCR System (Applied
Biosystems, Carlsbad, CA) was used to detect the following
genes: Sox2, Oct4, Nanog, AFP, FGF5, SPC, K19, and
Col2A1. Sox2, Oct4, and Nanog were analyzed as stemness
markers (Savickiene et al. 2015) and AFP, FGF5, SPC, K19,
and Col2A1 as markers of fetal endoderm, neuroderm, respi-
ratory tract, skin, and cartilage, respectively (Akagi et al.
2015; Hoepfner et al. 2016; Honarpardaz et al. 2019; Irfan-
Maqsood et al. 2016; Jensen et al. 2017). β-actin was used as
the internal control as follows: ΔCT (cycle threshold) =
CTtarget − CTinternal control. At least three samples from each
stage of AFMSCs were used in the PCR, and each test was
repeated twice. The relative expression levels of the target
genes were calculated as follows: 2^ − ΔΔCT, with the
ΔΔCT equal to ΔCTE12, E18 or E21 − ΔCTE15. The forward
and reverse primers are shown in Table 1.

Immunofluorescence Anti-collagen II antibody (COL2A1,
ab34712, Abcam, Cambridge, UK), cytokeratin 19 (K19,
sc-376126, Santa Cruz Biotechnology), and SFTPC anti-
body (SPC, 10774-1-AP, Proteintech, Chicago, IL) were
applied according to the manufacturers’ protocols. The
four groups of AFMSCs at P5 were seeded overnight on
24-well coverslips (WHB-24-CS, WHB, Shanghai,
China). The coverslips were rinsed with 1 × PBS twice
the next day, fixed with methanol for 30 min, and then
rinsed with 1 × PBS three times again. PBS containing
10% FBS and 0.1% Triton X-100 was used to block non-
specific antigen binding for 30 min and then the cells
were incubated with primary antibodies for 2 h at room
temperature. The secondary antibodies anti-rabbit IgG
(Alexa Fluor® 488 Conjugate) and anti-mouse IgG
(Alexa Fluor® 555 Conjugate) (4412 and 4409, Cell
Signaling Technology, Inc., Beverly, MA) were used at
1:100 dilution for another 2 h at room temperature. DAPI

staining was performed and the cells were observed under
a fluorescence microscope (E2000S, Olympus, Shinjuko,
Tokyo, Japan).

Statistical analysis The surface markers, CFU-F assay, and
RT-qPCR experiments described in this study were biologi-
cally repeated at least three times. The results are recorded as
mean ± standard deviation of the mean and were analyzed
using Kruskal-Wallis (AF volumes, AF cell densities, and
immunofluorescence) or one-way ANOVA (cell areas, the
time of the first clone appearance, RT-qPCR data, BrdU,
and CFU-F assays). Post hoc analysis was used for the LSD
or the Tamhane T2 using the SPSS 23.0 software. A p value <
0.05 was considered to indicate a statistically significant dif-
ference between sets of data.

Results

Heterogeneity of AFMSCs derived from different rat gesta-
tional ages We collected AF from 125 pregnant female rats
at four different stages of pregnancy as described above and
used it for primary cell culture and isolation of AFMSCs. Of
the various cultures, 47 were derived from E12, 17 from E15,
44 from E18, and 17 from E21 (Table 2). Only those cultures
that survived three passages were considered a success and
included in these analyses (Table 2). The cultures derived

Table 1. Primer sequences of the specific genes used in RT-qPCR to
identify the origins of the fetal tissues

Gene Direction Primer sequence (5′-3′)

β-actin Forward GGAGATTACTGCCCTGGCTCCTA

Reverse GACTCATCGTACTCCTGCTTGCTG

Sox2 Forward CGGCGGCAACCAGAAGAACAG

Reverse CGCTTGGCCTCGTCGATGAAC

Nanog Forward ATGCCTGCCGTTCATCTTC

Reverse GGACCTTGTTCTCTTCTTTC
TTCTC

AFP Forward ACTGGCGATGGGTGTTTAGA

Reverse AGTCTGGAGCGGTCTTCTTG

FGF5 Forward CGACGTTTGCTTCGTCTTCT

Reverse ACTTTGCCATCCGGGTAGAT

SPC Forward TCGTGGTTGTGGTGGTAG

Reverse GAAGGTAGCGATGGTGTCT

K19 Forward TCAGTCTTGCGGTTGAAGTG

Reverse AAAGGGAAGCCGAATCACA

Col2A1 Forward ACGCTCAAGTCGCTGAACAACC

Reverse AGGCTCACCGCTCTTCCACTC

Oct4 Forward TGGAATCGGACCAGGTTCAGAGG

Reverse GCAGAGTCTCCACGCCAACTTG
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from the E15 stage had a 100% success rate, and the cultures
derived from the E12, E18, and E21 stage had 19.15%,
34.09%, and 64.71% success rates, respectively, under the
same culture conditions. The imaging software ImageJ was
used to calculate the cell areas of the four stages of
AFMSCs at P4 (Fig. 1e–h, × 100 magnification, 30 cells at
random). Themean areas were 1156.76 ± 274.72μm2, 989.11
± 348.67μm2, 3580.82 ± 1006.9μm2, and 6188.67 ± 3263.86
μm2 for E12, E15, E18, and E21, respectively (Fig. 1a), which
indicates the E15 cells were the smallest. In addition, the

original density of the AF cells gradually decreased before
E18 and then increased again at the full-term (E21) stage
(Fig. 1b) due to the changes in the total volumes of the AFs
at the different stages (Fig. 1c). The data indicate that there
was no correlation between the cell culture success rate and
the original density of the AF cells derived from the different
stages of pregnancy under the current experimental
conditions.

After the AF cells were seeded in a culture plate, fibroblast-
like cells were observed at days 1–3 from E12 and E15 cells
but could only be observed for the other gestational ages at
approximately days 5–7 or later (Fig. 1i–l). The exact time of
the first clone appearance was 2.11 ± 1.05 d for E12 AFMSCs,
1.47 ± 0.8 d for E15, 5.53 ± 1.51 d for E18, and 6.36 ± 1.43 d
for E21. Significant differences were observed among the
E12, E15, E18, and E21 cells (Fig. 1d). In addition, the mor-
phologies of the adhered cells differed. The cells derived from
E12 and E15 AF, particularly E15, tended to cluster in a
spherical shape, which was similar to the morphology of

Table 2. Success rates (survived three passages) of the primary cultures
of AF cells derived from the different gestational stages of pregnant rats

E12 E15 E18 E21

AF isolation 47 17 44 17

Culture success 9 (19.15%) 17 (100%) 15 (34.09%) 11 (64.71%)

Figure 1. Cell size, density, and morphological characteristics of MSCs
derived from rat AF at different stages of embryonic development. (a)
Mean areas of the four stages of AFMSCs at P4 (using the magnified
images in Fig. 1e–h) calculated from 30 randomly selected cells. The cells
derived from E15 were among the smallest (ANOVA, F value = 60.502,
p < 0.001); within the groups, the p values were 0.233, < 0.001, and <
0.001 for E12, E18, and E21 compared with E15, respectively. (b) AF cell
density at the different gestational ages; the difference was significant
(Kruskal-Wallis test, chi-squared = 21.730, p < 0.001). (c) AF volumes
at the different gestational ages; the difference was significant (Kruskal-
Wallis test, chi-squared = 60.744, p < 0.001). (d) The timing of the first
clone appearance (ANOVA, F value = 52.719, p < 0.01); within the

groups, the p values were 0.209, < 0.001, and < 0.001 for E12, E18,
and E21 compared with E15, respectively. For b, the number of samples
was nE12 = 20, nE15 = 9, nE18 = 19, and nE21 = 9, For c, the number of
samples was nE12 = 32, nE15 = 11, nE18 = 23, and nE21 = 10, For d, the
sample replicate number was nE12 = 9, nE15 = 17, nE18 = 15, and nE21 =
11. (e–h) AFMSCs at P4 show the typical fibroblast-like cell morphology
and adherence to plastic plates. Scale bar = 500 μm. The photomicro-
graph in the upper right corner is a magnified image of the cells. Scale
bar = 100 μm. (i–l) AFMSCs at P0 show compact clones in E12 and E15
AFMSCs within 3 d compared with the E18 and E21 AFMSCs, which
show no clone growth. Scale bar = 500 μm, *p < 0.05, **p < 0.01, and
***p < 0.001 compared with E18 and E21.
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ESCs. In contrast, the cells derived from the E18 and E21 AF
grew scattered around the plates. After being subcultured to
P4, AFMSCs derived from the E18 and E21 AF adopted a
larger and rounder shape (Fig. 1e–h).

To explore the proliferation potential of the AFMSCs de-
rived from the four different stages, cells were randomly se-
lected for long-time culture observation. Five samples of E12
and E15 AFMSCs were used to investigate the growth poten-
tial; all could be maintained to P60. In contrast, although 44
samples of E18 and 17 samples of E21 AFMSCs were used to
investigate the growth potential, most could not be grown to
P7 and only 3 of the 17 E21 AFMSCs and 2 of the 44 E18
AFMSCs could be passaged beyond P10. Thus, the mean
passage number of both E12 and E15 AFMSCs was 60 and
reached 2.306 × 1024 cells; E18 AFMSCs reached 1.344 ±
1.761 × 108 and E21 AFMSCs reached 3.087 ± 0.9631 ×
108 (Table 3). In addition, a BrdU test was performed to con-
firm whether the cells would continue growing. The E12 and
E15 cells at P50 had a higher S-stage ratio than the E18 and
E21 cells at P11 (Fig. 2). This result indicates that AFMSCs
derived from early gestational ages maintained the state of cell
division until P50 but the cells derived from E18 and E21
could not maintain the state of cell division after P11.

AFMSC identification at the different stages As described
above, the four groups of cells were stained with both MSC-
positive (CD29 and CD90) and MSC-negative (CD34 and
CD45) markers and then analyzed using flow cytometry.
The results showed that all cells displayed a similar positive
expression of CD90 and CD29 and lacked expression of
CD34 and CD45 (Fig. 3). In accordance with the trilineage
differentiation, all groups of cells could be marked with
Alcian blue staining for chondrogenic differentiation, Oil
Red O staining for adipogenic differentiation, and Alizarin
Red staining for osteogenic differentiation (Fig. 4a–o), show-
ing these cells meet the criteria of AFMSCs. In addition, the
chondrogenic and adipogenic differentiation was not signifi-
cantly different (Fig. 4p–q) and the E12 and E15 AFMSCs
had higher osteogenic differentiation capacity (Fig. 4r).

AFMSCs derived from E12 and E15 AF possess stronger pro-
liferative capability Because the morphology of the AFMSCs
derived from E12 and E15 resembled ESCs, we hypothesized
these cells would possess stronger stemness. To test this

theory, a CFU-F assay was performed and the expression of
Sox2, Oct4, and Nanog genes was examined using RT-qPCR.
These genes were chosen because they are regarded as typical
stemness markers (Savickiene et al. 2015). The CFU-F assay
results indicated that E12 and E15 AFMSCs had greater ca-
pacity for clone generation than E18 and E21 AFMSCs (Fig.
5a–b). The RT-qPCR results showed that except for E21
AFMSCs, all AFMSCs expressed Oct4, and all four groups
of AFMSCs expressed Sox2 (Fig. 5c) but did not express
Nanog. The Oct4 expression was not significant among the
groups; however, the Sox2 expression was significantly
higher for early-stage AFMSCs than later stages. Thus, the
results support the hypothesis that AFMSCs are similar to
but not the same as ESCs (Pratheesh et al. 2013) and
AFMSCs derived from the earlier stages of pregnancy possess
stronger proliferative capability than those from later stages.

AFMSCs are mixed-population cellsWhether the variations in
the morphology and the proliferative potency of AFMSCs at
the four gestational ages correlatedwith the original sources of
the fetal tissues was investigated. RT-qPCR was used to ex-
amine the expression of K19, a fetal skin marker (Irfan-
Maqsood et al. 2016), AFP, an endoderm marker (Hoepfner
et al. 2016), FGF5, an ectoderm marker (Akagi et al. 2015),
SPC, a respiratory tract marker (Jensen et al. 2017), and
Col2A1, a cartilage marker (Honarpardaz et al. 2019) in all
four groups of primary AF cells and AFMSCs at P4. In the
primary AF cells, the K19 gene expression was obvious at all
four gestational stages; however, the Col2A1 and AFP gene
expressions were obvious only at early gestational stages (Fig.
5d). K19, Col2A1, FGF5, and AFP genes were expressed in
all AFMSCs at P4; however, the SPC gene was expressed
only in E18 and E21 AFMSCs (Fig. 5e). In addition, immu-
nofluorescence of COL2A1, K19, and SPC was performed;
the results supported the PCR results (Figs. 6 and 7). In sum-
mary, the E12 AFMSCs expressed K19, Col2A1, FGF5, and
AFP genes, indicating these AFMSCs were from fetal skin,
cartilage, ectoderm, and endoderm, respectively. The E15
AFMSCs mainly expressed K19, Col2A1, and FGF5, indicat-
ing these AFMSCs were from fetal skin, cartilage, and ecto-
derm, respectively. The main genes expressed in the E18
AFMSCs were K19, Col2A1, FGF5, and SPC, indicating that
fetal skin, cartilage, ectoderm, and respiratory tract, respec-
tively, were the origin of the AFMSCs at the E18 stage. The

Table 3. The proliferation potentials of the four AFMSCs derived from the different stages

E12 E15 E18 E21

The numbers of observed samples 5 5 44 17

Mean passages (mean (SD)) 60 60 6.07 (6.46) 7.27 (5.59)

Mean numbers of AFMSCs 2.306 × 1024 2.306 × 1024 (1.344 ± 1.761) × 108 (3.087 ± 0.9631) × 108
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main genes expressed in the E21 AFMSCs were K19,
Col2A1, and FGF5, indicating the E21 AFMSCs originated
from fetal skin, cartilage, and ectoderm, respectively.

Discussion

The composition of AF is maintained in a dynamic equilibri-
um throughout pregnancy and differs at different gestational
ages. In humans, the early AF is mainly composed of maternal
serum that enters the amniotic cavity through the amniotic
membrane, as well as a small amount of water and a small
number of molecular substances discharged from the early
fetal skin (Underwood et al. 2005). In the middle trimester
of pregnancy, although the materials discharged from the skin
gradually disappear, fetal urine appears, and the fetus begins
to swallow some of the AF. By the late trimester, the AF is
mainly composed of fetal urine, some discharged substances
that are partly excreted from the fetal lungs, various small

molecular substances, and liquid that is exchanged through
the placenta.

Because the AF differs at each stage of pregnancy, the types
of cells that are present also change. Studies of the differences
among AFMSCs have mainly focused on various cellular mor-
phologies (Roubelakis et al. 2011; Rossi et al. 2014) or the
functional differences among different passages (Chen et al.
2009) but lacked any comparison of cells sequentially derived
from different periods of pregnancy, except in Rahman et al.
(2018) and Rossi et al. (2014). However, Rahman et al. com-
pared human AFMSCs of three trimesters and focused on the
effects of different culture media and the expression trends of
genes of renal origin. Rossi’s team focused on the diversity of
various cellular morphologies. The differences among
AFMSCs derived from sequential gestational ages remain
unclear.

In the present study, AF cells were isolated from the AF of
pregnant rats at E12, E15, E18, and E21. Because the data
indicated that most cells harvested at P4 were positive for
CD29 and CD90 but negative for CD34 and CD45 (Fig. 3),

Figure 2. BrdU detected using flow cytometry in AFMSCs. (a) APC
negative control of AFMSCs. (b) Among E12 AFMSCs at P50,
19.06% were stained with APC anti-BrdU. (c) Among E15 AFMSCs at
P50, 20.65% were stained with APC anti-BrdU. (d) Among E18

AFMSCs at P11, 1.44% were stained with APC anti-BrdU. (e) Among
E21 AFMSCs at P11, 3.65% were stained with APC anti-BrdU. (f) The
mean S-phase ratio in the four groups of AFMSCs. n = 3, F = 6.66, p =
0.014, *p < 0.05 compared with E18 and E21.
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had trilineage differentiation capacity, and adhered to plastic
labware, the cells were considered to be AFMSCs. The cells
from E15 had the highest rate of successful culture; however,
the cells from E12 were the most difficult to culture. We
hypothesized the rat uteri at E12 had less AF; thus, fewer cells
were collected (Fig. 1b–c) and their extracellular secretions
cannot create the stable microenvironment that supports cell
growth (Dostert et al. 2017) or meet the in vitro expanded
basic condition, leading to the extremely low success rate of
cultured AFMSCs. After E15, fetal tissue and organs gradu-
ally matured and the stem cells with high proliferation potency
decreased, resulting in lower culture success rate at E18 and
E21. In addition, the cells derived from the E15 stage had the
smallest cell size. The higher the ratio of small cells, the higher
the proliferative capacity and the higher the self-renewal

capacity (Samsonraj et al. 2015), which may be another rea-
son why E15 AFMSCs were the easiest to culture.

AFMSCs derived from the four distinct stages, E12, E15,
E18, and E21, displayed significantly distinct growing behav-
ior. The cells derived from E12 and E15 AF formed dense
fibroblast-like and clustered spherical colonies as early as 1–3
d after seeding, which resembled ESC growth (Pratheesh et al.
2013). In the E18 and E21 samples, growth only occurred
after 5–7 d in culture and the cells were scattered around the
plates. Moschidou et al. (2012) showed that AF cells derived
from first-trimester AF in humans can grow in a spherical
shape and behave in a similar manner to ESCs, which is con-
sistent with our observations in rats. Therefore, cells derived
from E12 and E15 AF potentially possess stronger stemness
characteristics than cells derived from E18 and E21. The pres-
ent study results showed the Sox2 expression was significant-
ly increased in the cells from E12 and E15. Sox2 is an impor-
tant regulatory factor for maintaining pluripotent stem cells;
the higher Sox2 expression indicated the cells from E12 and
E15 have higher self-renewal potential. In addition, the Oct4
expression was not significantly higher at E12 and E15. Oct4

Figure 4. Differentiation of the rat AFMSCs derived from four
gestational stages at P5. (a–e) Chondrogenic differentiation identified
based on staining with Alcian blue. e is the negative control. Scale bar
= 100 μm. (f–j) Adipogenic differentiation detected based on staining
with Oil Red O. j is the negative control. Scale bar = 100 μm. (k–o)
Osteogenic differentiation monitored based on Alizarin Red staining. o

is the negative control. Scale bar = 100 μm. (p) The statistical histogram
of chondrogenic differentiation. (q) The statistical histogram of
adipogenic differentiation did not show significant difference; Kruskal-
Wallis test, chi-squared = 6.436, n = 3. (r) The statistical histogram of
osteogenic differentiation; Kruskal-Wallis test, chi-squared = 24.03, n =
8, *p < 0.05; **p < 0.01.

�Figure 3. MSC surface markers detected using flow cytometry in P4
AFMSCs derived from four stages of pregnant rats. (a–d) The negative
control of CD29-FITC, CD90-PE, CD45-FITC and CD34-FITC, respec-
tively. (e-h) Surface marker expression of AFMSCs derived from E12. (i-
l) Surface marker expression of AFMSCs derived from E15. m-p Surface
marker expression of AFMSCs derived from E18. (q-t) Surface marker
expression of AFMSCs derived from E21. n = 3.
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is a marker of pluripotency and the Sox2/Oct4 complex is at
the top of the pluripotent regulatory hierarchy (Rodda et al.
2005). Thus, a change in either gene can affect pluripotency.
In addition, Nanog expression was not observed at any cell
stage. Nanog does not affect the self-renewal potential of stem
cells (Cavaleri and Scholer 2003). Fernandes et al. (2012)
showed that Nanog was not expressed in canine full-term
AF stem cells. Their finding is consistent with our experi-
ments and might explain why the established AFMSC popu-
lations from E12 and E15 could be easily maintained for more
than 60 passages without growth slowing, compared with on-
ly 10 passages for the cells derived from E18 and E21.

The expression profiles of K19, Col2A1, FGF5, AFP,
and SPC were also identified. The results indicated
mixed populations of AFMSCs co-existed in the
AFMSC cultures, particularly AFMSCs derived from
E12 and E15 AF. At E12, the AFMSCs were derived
from all three germ layers and fetal skin because the
primary AF cells at E12 as well as the E12 AFMSCs
expressed the markers of all three germ layers and skin
(Esteves et al. 2017). Similarly, the E15 AFMSCs were
derived from the mesoderm, ectoderm, and fetal skin, the
E18 AFMSCs mainly came from the three germ layers
and respiratory tract, and the E21 AFMSCs were derived

from the mesoderm, ectoderm, and fetal skin. These find-
ings may be associated with the embryonic developmen-
tal process. At the early stage of embryo development
(E12), three germ layers have formed. Thus, the
AFMSCs from E12 mainly express the markers of three
germ layers. Then, the germ layers begin to differentiate,
with differentiation first occurring in the ectoderm and
then the endoderm. In addition, the dermis begins to
form (Hill 2019). This leads to increased K19 expression
which is why E15 AFMSCs mainly express the meso-
derm, ectoderm, and fetal skin markers. At the late stage
of embryo development (E18 and E21), because all the
organs have formed and the fetal tissue is fully grown,
more markers could be observed, and due to the appear-
ance of extensive airway branching and the exchange of
lung fluid (Hill 2019), E18 and E21 AFMSCs express
markers of the skin, three germ layers, and respiratory
tract. In addition, in the early stage of embryonic devel-
opment, mesenchymal cells cluster first and then differ-
entiate into chondrocytes, with cartilage gradually re-
placed by bone tissue (Pines and Hurwitz 1991).
Because the clustering process occurs at the early stage
of embryonic development, the early AF likely contained
mesenchymal cells that expressed the chondrocyte

Figure 5. CFU-F assay and gene expression levels of the rat AFMSCs
derived from four gestational stages. (a) CFU-F assay of the four groups
of AFMSCs at P5 stained with crystal violet staining solution. (b) The
CFU-F number was microscopically scored by counting colonies (≥ 50
cells) with clear spindle-shaped fibroblast-like morphology and excluding
colonies with round epithelioid-like morphology. Four replicate samples
were used in the CFU-F assay. (c) Expression levels of the pluripotent

stem cell markers Sox2 (n = 6) andOct4 (n = 3) detected using RT-qPCR.
Sox2 expression was significantly higher in E12 and E15 cells than in
E18 and E21 cells. (d) Expression levels of K19, Col2A1, FGF5, AFP,
and SPC in primary cells derived from the four stages of pregnancy (n =
3). (e) Expression levels of K19, Col2A1, FGF5, AFP, and SPC in
AFMSCs at P4. n = 3, *p < 0.05; **p < 0.01.
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marker. The later trimester did not have the mesenchymal
cell clustering process thus did not show significant
Col2A1 expression. Therefore, the AFMSCs expressing
Col2A1 probably originated from the embryonic meso-
derm, which is consistent with the source of the bone
marrow MSCs discussed above. Thus, in this study, we
have identified the MSCs derived from the different
stages of the pregnant rats and have shown that they
possess altered proliferation and differentiation potential

which in turn gives a new insight into their potential
clinical applications. As the “self-renewal” capability of
a stem cell can be determined at a single-cell level and
regulated throughout its life span in response to intrinsic
signals, like transcriptional factors (Liu et al. 2016), and
external circumstances, like the amniotic fluid at the dif-
ferent stages, it would be interesting to compare not only
the “self-renewal” capabilities of the MSCs between dif-
ferent stages of pregnancy, but also the different types of

Figure 6. Immunofluorescence of COL2A1 in AFMSCs derived from
four different gestational stages. (a–c) The COL2A1 expression in E12
AFMSCs. (d–f) The COL2A1 expression in E15 AFMSCs. (g–i) The
COL2A1 expression in E18 AFMSCs. (j–l) The COL2A1 expression in

E21 AFMSCs. (m–o) Negative control of immunofluorescence stained
with anti-rabbit IgG (Alexa Fluor® 488 Conjugate). Scale bar = 50μm, n
= 3. (p) The statistical histogram of COL2A1 mean immunofluorescence
rate; Kruskal-Wallis test, chi-squared = 30.64, n = 10, ***p < 0.001.
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Figure 7. Double immunofluorescence staining of K19 and SPC in
AFMSCs derived from four different gestational stages. (a–d) The
double immunofluorescence staining of E12 AFMSCs. (a) The K19
expression (red). (b) The SPC expression (green). The SPC expression
is barely detected. (e–h) The double immunofluorescence staining of E15
AFMSCs. (e) The K19 expression (red). (f) The SPC expression (green).
The SPC expression also was barely detected. (i–l) The double
immunofluorescence staining of E18 AFMSCs. (i) The K19 expression
(red). (j) The SPC expression (green). The SPC expression in E18
AFMSCs was significantly higher than in E12 and E15 AFMSCs. (m–
p) The double immunofluorescence staining of E21 AFMSCs. (m) The

K19 expression (red). (n) The SPC expression (green). The SPC
expression was similar to the expression in E18 AFMSCs and
significantly higher than in E12 and E15 AFMSCs. (q–t) Negative
control of immunofluorescence. (q) Staining with anti-mouse IgG
(Alexa Fluor® 555 Conjugate). (r) Staining with anti-rabbit IgG (Alexa
Fluor® 488 Conjugate). Scale bar = 50 μm, n = 3. (u) The statistical
histogram of K19 mean immunofluorescence rate; ANOVA, F value =
19.291, n = 10. (v) The statistical histogram of SPC mean immunofluo-
rescence rate; Kruskal-Wallis test, chi-squared = 25.251, n = 10, *p <
0.05; **p < 0.01; ***p < 0.001.
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MSCs from the heterogeneous populations at the same
stages of pregnancy and during their life spans.

Conclusion

In the present study, the AFMSC populations derived from
four stages of AF cells of pregnant rats were isolated and
investigated. The cells derived from E15 AF were the smallest
in size and easiest to culture, displayed a higher stemness
potential, and could be passaged more than 60 times while
still maintaining a proliferative state; however, the E18 and
E21 cells could only be cultured for 10 passages. The
AFMSCs derived from E15 had higher viabilities and prolif-
erative capacity than cells from the late stages. AF cells from
early stages could be good candidates to explore potential
treatments involving AFMSCs. In addition, the expression
levels of the K19, Col2A1, FGF5, AFP, and SPC genes indi-
cate mixed-population cells co-exist in the AFMSC cultures.
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