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Objective: Scar formation is an inevitable outcome after craniofacial surgery in the congenital facial anom-
aly. Scarless healing is the ultimate treatment after the surgery. Therefore, we elucidate the mechanism 
underlying scarless healing during fetal development.
Methods: A full-thickness back skin excision (1× 0.5 mm) was made at embryonic day 16.5 (E16.5) and 18.5 
(E18.5) in fetal C57BL/6J mice and examined the histochemical and morphometrical findings of wound heal-
ing after 48 hours. 
Results: The wound made at E16.5 showed almost complete re-epithelialization with fine reticular dermal 
collagen fibers, but not at E18.5. The ratio of CK5 positive area was significantly higher in the wound of 
E16.5 operation than in the E18.5. The wounds made at E18.5 showed granulation tissue formation which will 
lead to subsequent scar formation. The collagen fibers tended to be thinner in wound than in normal skin, 
while the decrease in the number of fibers but the increase in the straightness of fibers were evident in the 
wound at E18.5. 
Conclusion: Transition point of scarless healing seemed between E16.5 and E18.5 in mice, which may imply 
that the potential of epithelial regeneration and matrix formation was changed, possibly due to alteration of 
cell constitution and decrease in stemness, at that time. 
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INTRODUCTION

Scarless healing is the ultimate goal of surgical treat-
ment. The outcomes of oral and maxillofacial surgery 
would be markedly improved by the development of 
scarless healing methods [1]. Wounds inflicted before a 
certain point during fetal development can heal with-
out scar formation [2, 3]. In other words, the wound 
undergoes epithelialization without any scar tissue (e.g., 
collagen fibers with disturbed arrangement) in the der-
mis below the epithelium[4]. Additionally, regeneration 
of epidermal appendages, such as hair follicles and 
sebaceous glands, has been observed[5]. The capabil-
ity of scarless healing is derived from intrinsic fetal 
tissue[6, 7] without external factors such as amniotic 
fluid [8, 9]. Based on extensive morphological analyses 
mainly in rat models, few inflammatory cytokines are 
involved [10], while less upregulation of wound-related 
transcriptional factors such as TGF-β1 and β2 was 
noted [11]. Invasion by inflammatory cells such as 
macrophages are minimal [12], few myofibroblasts 
are involved in scarring contracture [13], and collagen 
fiber distribution is a uniform meshwork without any 
particular direction or bias [5]. Despite these insights, 
the exact mechanism of how scarless healing occurs 
remains unexplained.

Thus, it is critical to establish a model of scarless 
healing using mice. Mouse models are widely useful 
owing to their prevalence in disease research and their 
well-known genetic backgrounds. However, there have 
been no attempt in the literature to examine epithe-
lialization and scar formation in detail in the mouse 
model, especially to reach detailed analysis of the size 
and arrangement of collagen fibers, which play a 
central role in scarring. The purpose of this study is to 
provide information on scarless wound healing, by his-
tochemical analyses of epithelial cells or inflammatory 
cells and morphometrical evaluation of collagen fiber 
characteristics, in mouse fetal model.

To date, collagen fibers have been evaluated using 
an experimental system in which picrosirius red (PSR)-
stained rat fetus models are imaged with fluorescent 
confocal microscopy. For this study, a spindle-shaped 
tissue defect (1 mm long×0.5 mm wide) was creat-
ed in the back skin of fetuses from pregnant mice 
(C57BL/6J) on either day E16.5 or E18.5. Fetuses were 
observed using Hematoxylin and Eosin (HE), Azan, 
and PSR staining (bright visual field, fluorescence), 
as well as immunostaining for CK5 and F4/80 to 
quantitatively analyze the changes occurring at about 
gestational age E18 (considered to be the transition 
point for scarless healing).
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MATERIALS AND METHODS

Experimental animals
All experimental procedures were approved by 

the animal ethical committee of the University of 
Tokyo hospital (H20-039) and conducted according 
to the Guidelines for Animal Experiments at the 
Faculty of Medicine, the University of Tokyo, the Act 
on Welfare and Management of Animals, Standards 
Relating to the Care and Keeping and Reducing Pain 
of Laboratory Animals (Notice of the Ministry of the 
Environment), and the ARRIVE Guidelines.

Eight-week-old C57BL/6J strain mice were pur-
chased from CLEA Japan (Tokyo, Japan) and mated 
at the Clinical Research Center animal facility at the 
University of Tokyo hospital. When a vaginal plug was 
observed, the noon of the same day was designated as 
embryonic day 0.5 (E0.5).

Surgical procedure
Time dated E16.5 and E18.5 pregnant C57BL/6J 

mice were induced and maintained anesthesia by 
inhalation of 2% isoflurane (Pfizer Japan Inc., Tokyo, 
Japan). Mice were kept supine position, and the 
abdomen was sterilized by 70% ethanol and shaved. 
Laparotomy was performed with a midline abdominal 
incision. Both left and light uterus horns were pulled 
out of the abdominal cavity and the fetuses were iden-
tified and counted. Up to 5 fetuses per dam and up 
to 3 fetuses per unilateral uterus horn were operated 
to reduce the risk of preterm labor and fetal demise. 
Fetal dorsal skin was detected, taking advantage of 
amniotic fluid transparency. A 2-3 mm straight-line 
uterus incision was made just above the fetal dorsal 
skin to pull out of the fetus. A 7-0 pursue sling suture 
was performed around the uterus incision to minimize 
amniotic fluid loss during the procedure. Once the 
fetal dorsal skin was exposed, 1 mm length×0.5 
mm width full-thickness skin excision was applied 
by surgical scissors along the longitudinal axis. One 
hundred microliters of India ink was dropped onto the 
excisional site to ensure the same position after scarless 
healing (Fig. 1b, green arrowhead). Finally, the uterus 
incision and the abdominal incision were closed by a 
7-0 pursued sling suture and an interrupted suture, 
respectively.

Histology
Fetal mice were fixed by 4% paraformaldehyde in 

phosphate buffered saline (pH7.4) for about 3-7 days, 
depending on the fetus’s embryonic day. Samples (n = 5 
(E16.5), n = 3 (E18.5)) were horizontally cut in the mid-
dle of the torso and embedded in a paraffin block us-
ing standard methods. Paraffin sections were prepared 
in 5 µm thickness using a Leica rotary microtome 
(Leica, RM2265) and stained with hematoxylin and 
eosin (HE) methods for general observation, Azan or 
picrosirius red (PSR) methods for collagen observation. 
For the histological quantification, CK5 immunohisto-
chemistry was performed to observe the regeneration 
of epidermal basal cell layer and F4/80 immunohisto-
chemistry was done for inflammatory cells. Proteolytic-
induced epitope retrieval (PIER) method for both CK5 
and F4/80 were used. Briefly, for CK5, applied 200 µl 
of 0.1% trypsin (gibco, 15090-046) in 1x PBS per each 

sample and incubated for 20 minutes at 37 degrees 
Celsius. For F4/80, applied one drop of proteinase 
solution (NICHIREI CORPORATION, 415231) per 
each sample and incubated for 2 minutes at room tem-
perature. The primary antibodies were CK5 (Abcam, 
ab53121, 1:5000) and F4/80 (Abcam, ab6640, 1:1000), 
and normal rabbit IgG (Abcam, ab172730, 1:5000) 
and normal rat IgG (FUJIFILM Wako Pure C., 147-
09521, 1:1000) were used for the negative control, 
respectively. The secondary antibodies were goat an-
ti-rabbit IgG for CK5 (NICHIREI CORPORATION, 
426011) and anti-rat IgG for F4/80 (VECTOR, BA-
4000), respectively. For the avidin-biotin complex 
(ABC) method, the VECTASTAIN® ELITE® ABC kit 
(VECTOR, PK-6100) was used. Avidin biotin complex 
was detected by the DAB Peroxidase Substrate Kit 
(VECTOR, SK-4100). 

Glass slides were photographed by a BX51 epifluo-
rescence microscope (OLYMPUS, Tokyo, Japan) with a 
DP74 digital CCD camera (OLYMPUS, Tokyo, Japan). 
TIFF data were saved by a CellSens (OLYMPUS, 
Tokyo, Japan) standard microscope software. All imag-
es were captured at 1600×1200 resolution.

Quantification
Immunohistochemistry and PSR images were quan-

tified by ImageJ v1.42a [14]. For immunohistochemis-
try, TIFF data were converted to binarized images and 
extracted positive areas. For CK5, the ratio of the pos-
itive area was calculated, and for F4/80, positive cell 
numbers were counted. For PSR, fluorescence TIFF 
data was split into RGB channels, and the red channel, 
including PSR signals was binarized. Region of interest 
(ROI) was set correspondent to the excisional dermal 
area (800×300 pixles; 13000 µm2). Parameters for 
collagen fibers, including width, length, number, an-
gle, and straightness, of the ROIs were analyzed by CT-
FIRE v2.0 beta[15-17] fiber detection software with 
MatLab R2014b.

Statistical analysis
All results were expressed as mean (SD). All statis-

tical analyses were performed by R version 3.6.1 (R 
Foundation for Statistical Computing; Vienna, Austria). 
The equality of variance was confirmed by the F-test 
before Welch’s test to compare two groups. The Tukey-
Kramer test was performed as multiple comparisons. 
Sample sizes were not predetermined. The threshold 
for significance was set at P < 0.05.

RESULTS

Macroscopic features
Representative macroscopic findings upon harvest 

of the fetuses 48h after surgery are shown in Fig. 2. 
The epidermis of the E18.5 (E16.5 operated) fetuses 
had a smooth surface with no macroscopic distinction 
between the wound and the surrounding intact tissue. 
The wound could be identified by the penetration of 
India ink (used for marking at the time of operation) 
through the epidermis. In the E20.5 (E18.5 operated) 
fetuses, the wound was red and depressed, clearly 
differing from the surrounding intact epidermis. The 
India ink could not be clearly localized macroscopical-
ly.
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Histology
On the skin of wound which was marked by India 

ink in E18.5, the newly formed epidermis was ob-
served (Fig. 3, E18.5 (E16.5 ope)). When stained with 
HE, keratinization was found in the newly formed ep-
ithelium at the wound (Fig. 3, E18.5 (E16.5 ope), HE), 
like in normal skin (Fig. 3, E18.5 normal skin, HE). 
Under higher magnification, basal cells seemed round 
or cuboidal, although cell polarity was not determined 
(Fig. 5, E18.5 (E16.5 ope)). Unlike the normal basal 
cell layer, nuclei of basal cells in the wound were 
irregularly arranged (Fig. 5, E18.5 (E16.5 ope)). Some 
sections showed an accumulation of histiocyte-like cells 
around the India ink, and also disclosed the areas with 
a high density of small vessels and vascular endothelial 
cells. Limited granulation was observed throughout the 

visual field. Azan staining (Fig. 3, Azan) revealed that 
collagen fibers were stained with aniline blue, and that 
ones were visible around the India ink immediately 
below the newly formed epithelium (Fig. 3, E18.5 
(E16.5 ope), Azan). When examined by PSR staining, 
arrangement of collagen fibers was stained in red 
or magenta under either bright field and fluorescent 
observation, respectively (Fig. 3, PRS). Collagen fibers 
both in the normal skin (Fig. 3, E18.5 normal skin, 
PRS) and in the wound (Fig. 3, E18.5 (E16.5 ope), 
PRS) tended to be thin and waved.

In the E20.5 (E18.5 operated) skin, epithelialization 
was incomplete (Fig. 4, E20.5 (E18.5 ope)). While 
normal basal cell layer was not observed in the wound 
(yellow arrowhead in Fig. 4, E20.5 (E18.5 ope), HE), 
the wound was mostly covered with a fibrin-like struc-

Fig. 2 Gross morphology
 Left. The wound site at E16.5 operated fetuses was healed and indistinguishable compared to adjacent 

normal dorsal skin. The yellow arrow shows India ink through the healed epithelial tissue. 
 Right. The yellow arrow shows redness at the wound site at E18.5 operated fetuses.

Fig.2

E18.5 fetus
(E16.5 operated)

E20.5 fetus
(E18.5 operated)

Fig. 1 An overview of fetal dorsal excisional wound making.
 a.  Scheme of experimental design. We operated on fetuses before (E16.5, n = 5) and after (E18.5, n = 3) the pre-

sumptive scar transition period, harvested fetuses 48 hours after surgery, and analyzed them histologically.
 b.  Intraoperative photograph of the fetal dorsal skin under the dissection microscope (magnification 40x, 1 mm×

0.5 mm full-thickness excision). We drooped 100 µl of India ink to confirm the wound site after scarless healing 
(green arrowhead).Fig.1
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E18.5
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ture (yellow arrowhead in Fig. 4, E20.5 (E18.5 ope), 
Azan). Granulation could be observed at the wound 
edge (Fig. 5, E20.5 (E18.5)). These granulation tissues 
comprised small-diameter cells that seemingly included 
histiocytes, vascular endothelial cells, and fibroblasts. 

Azan staining revealed positive staining of the fi-
brin-like structure with azocarmine G (yellow arrow-
head in Fig. 4, E20.5 (E18.5 ope), Azan). Immediately 
below this structure, collagen fibers were shown at and 
around the bottom of the wound (Fig. 4, E20.5 (E18.5 

Fig. 3 Histological findings of E18.5 (E16.5 operated) fetus. 
 The Left column represents E18.5 wound tissue, and the right column represents E18.5 normal 

skin tissue. Each row showed HE, Azan, PSR bright field, and PSR fluorescence image. The 
wound was covered by the newly formed epithelium. Collagen fibers under the newly formed 
epithelium showed a fine reticular pattern and indistinguishable from adjacent normal dermal 
tissue. Scalebar: 200 µm (20x), 50 µm (100x).

HE

Azan

PSR
BF

PSR
FL

E18.5 (E16.5 ope) E18.5 normal skin

Fig.3
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ope), PSR), although those were arranged below the 
dermis in the normal skin (Fig. 4, E20.5 normal skin, 
PSR). Both Azan and PSR staining revealed that colla-
gen fibers showed rather straight arrangement within 
the subdermal layer at the wound edge (Fig. 4, E20.5 
(E18.5 ope) Azan green arrow and PSR).

Immunohistochemistry
CK5

In the E18.5 (E16.5 operated) skin, CK5 was distrib-
uted contiguously, consistent with its presence in the 
basal cell layer (Fig. 6). The localization of CK5 was 
a little thicker in wound (Fig. 6, E18.5 (E16.5 ope)) 
than that in normal skin (Fig. 6, E18.5 normal). In the 

Fig. 4 Fig. Histological findings of E20.5 (E18.5 operated) fetus.
 The Left column represents E20.5 wound tissue, and the right column represents E20.5 normal 

skin tissue. Each row showed HE, Azan, PSR bright field, and PSR fluorescence image. The fi-
brin-like structure covered the wound. Scalebar: 200 µm (20x), 50 µm (100x).

HE

Azan

PSR
BF

PSR
FL

E20.5 (E18.5 ope) E20.5 normal skin

Fig.4

Azan
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wound of E20.5 (E18.5 operated), few CK5 positive 
basal cells were noted (Fig. 6, E20.5).

F4/80
In the E18.5 (E16.5 operated) skin, F4/80 positive 

cells were distributed sporadically around the India ink 
(Fig. 7, E18.5 (E16.5 ope)). In the normal skin of E18.5 
fetuses, F4/80 positive cells were also observed in the 
dermis (Fig. 7, E18.5 normal skin). In E20.5 (E18.5 
operated) skin, F4/80 positive cells were distributed 
sporadically at the wound edge (Fig. 7, E20.5 (E18.5 
ope)). Although F4/80 signals were weak in fetal skin 
samples, we confirmed strong positive signals in the 
adult C57BL/6J liver tissue (Supplementary Fig. 1).

IHC and collagen fiber quantification
The ratio of CK5 positive area was significantly 

higher in the E18.5 fetuses (2.24 (0.95) a.u.) than in 
the E20.5 fetuses (0.48 (0.11) a.u.) (P = 0.036, Fig. 8a). 
Although the number of F4/80 positive cells was 
significantly higher in the operated skin (388 (139) 
cells) than that of normal skin (146 (77) cells) in E18.5 
(P = 0.014), that difference was not found in E20.5 
(Fig. 8a).

The collagen fiber width of the E18.5 (E16.5 op-
erated) skin was smaller in the wound (1.43 (0.05) 
µm) than in the normal skin area (1.57 (0.05) µm) 
(P = 0.0075). This was also the case in the E20.5 
(E18.5 operated) skin; collagen fiber was smaller in 

Fig. 5 High-power field of HE stained wound healing area (observation of same samples as Fig. 3 and 4).
 Basal cells showed enlarged cytoplasm and nucleus with vacuolization in E18.5 fetuses. Phagocytosis of 

India ink can be observed by histiocyte-like cells in the dermal layer and keratinocyte in the horny layer 
over the healed epithelium (right is high magnification of left). In contrast, no basal cell was observed, 
and dense fibrin like tissue covered the wound in E20.5 fetuses. Small-diameter histiocytes like cells, vas-
cular endothelial cells, and fibroblast-like cells accumulation were observed in wound edge (dotted circle) 
(right is high magnification of left). These findings indicate granulation tissue formation, which will lead 
to subsequent scar formation. Scalebar: upper left 200 µm (20x), lower left 100 µm (40x), upper and 
lower right 50 µm (100x). 

E20.5 (E18.5 ope)

E18.5 (E16.5 ope)

Fig.5
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the wound (1.40 (0.08) µm) than in the intact area 
(1.57 (0.05) µm) (P = 0.017). The collagen fiber length 
of the E20.5 (E18.5 operated) skin (7.91 (0.75) µm) 
was smaller than that of E18.5 normal skin (8.65 
(0.53) µm) (P = 0.047). The number of collagen fibers 
was significantly less in the wounds of E20.5 (E18.5 
operated) skin (240 (63)/ROI) than in the wounds of 
E18.5 (E16.5 operated) skin (589 (130)/ROI) and in 
the normal skin areas of E18.5 (553 (116)/ROI) and 
E20.5 (653 (43)/ROI) (P = 0.0012, 0.0027, 0.0009) 
(Fig. 8b). There was no intergroup difference in angle. 
The differences in the straightness of collagen fibers 
were negligible small but statistically higher in the 
E20.5 (E18.5 operated) skin than E18.5 normal skin, 
E18.5(E16.5 operated) skin, and E20.5 normal skin, 
respectively (P = 0.026, 0.026, 0.047) (Fig. 8b).

DISCUSSION

The morphological differences of the basal cell layer 
in the newly formed epithelium from that in the other 
areas seem to reflect regeneration. In an experiment 
using BALB/c mice [18], epithelialization seems to 

have occurred at least 48 h after wounding in both 
E18.5 (E16.5 operated) and E20.5 (E18.5 operated) 
skin. In another experiment using rats [5], 100% 
healing was achieved 72 h after the operation in E16.5 
fetuses, while only 50% healing was achieved in E18.5 
fetuses after the same amount of time. In the present 
study, epithelialization occurred in all E18.5 (E16.5 
operated) skin, while epithelialization was incomplete 
in all E20.5 (E18.5 operated) skin. In E18.5 (E16.5 
operated) skin, the basal cells of the wound had larger 
nuclei and expanded cytoplasm were oval-shaped, and 
showed disturbing polarity compared to basal cells in 
the intact area. In the E20.5 (E18.5 operated) skin, 
migration of basal cells from the wound edge was 
observed, but the wound was not completely covered.

This suggests that either migration of epidermal 
cells occurs considerably earlier in E18.5 (E16.5 oper-
ated) skin than in E20.5 (E18.5 operated) skin or that 
regeneration of the epithelium occurs by a mechanism 
different from migration from the basal cell layer at 
the wound edge. When the tissue around the wound 
was observed at low magnification, a group of juvenile 

Fig. 6 Immunohistochemical localization of cytokeratin5 (CK5).
 CK5 immunohistochemical staining of the fetal dorsal skin excisional wound 48 hours after surgery. 

The upper row showed E18.5 fetuses, and the lower showed E20.5. Almost complete epithelialization with 
several layers of basal cell were found in E18.5 fetuses, whereas no basal cell migration was observed 
in E20.5 fetuses. Representative photographs were shown in the figure (n = 5 (E18.5), n = 3 (E20.5)). 
Scalebar: 200 µm (20x).

Fig.6

E18.5 (E16.5 ope)

E20.5 (E18.5 ope) E20.5 normal skin

E18.5 normal skinE18.5 (E16.5 ope)

E20.5 (E18.5 ope) E20.5 normal skin
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Fig. 7 Immunohistochemical localization of F4/80 positive cells.
 F4/80 immunohistochemical staining of the fetal dorsal skin excisional wound 48hours 

after surgery. a: The upper row showed E18.5 fetuses, and the lower showed E20.5. The 
number of F4/80 positive cells significantly higher in the E18.5 (E16.5 operated) skin 
than in the E18.5 normal skin. Representative photographs were shown in the figure 
(n = 5 (E18.5), n = 3 (E20.5)). Scalebar: upper row; 200 µm (20x), lower row; 100 µm 
(40x).

E18.5 (E16.5 ope)

E20.5 (E18.5 ope) E20.5 normal skin

E18.5 normal skin

Fig.7

E18.5 (E16.5 ope)
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Fig. 8	 Histochemical and morphometrical analysis
	 a. quantification of immunohistochemistry. The CK5 positive area ratio was significantly higher in the E18.5 

fetuses (2.24 (0.95)) than in the E20.5 fetuses (0.48 (0.11)) (P = 0.036). The number of F4/80 positive cells was sig-
nificantly higher in the E18.5 (E16.5 operated) skin (388 (139) cells) than that of E18.5 normal skin (146 (77) cells) 
(P = 0.014).

	 b. quantitative analysis of the parameters of collagen fibers. The collagen fiber width of the E18.5 (E16.5 operated) 
skin was smaller in the wound (1.43 (0.05) µm) than in the normal skin area (1.57 (0.05) µm) (P = 0.0075). This 
was also the case in the E20.5 (E18.5 operated) skin; collagen fiber was smaller in the wound (1.40 (0.08) µm) than 
in the normal skin area (1.57 (0.05) µm) (P = 0.017). The collagen fiber length of the E20.5 (E18.5 operated) skin 
(7.91 (0.75) µm) was smaller than that of E18.5 normal skin (8.65 (0.53) µm) (P = 0.047). The number of collagen 
fibers was significantly less in the wounds of E20.5 (E18.5 operated) skin (240(63)/ROI) than in the wounds of 
E18.5 (E16.5 operated) skin (589 (130)/ROI) and in the normal skins of E18.5 (553 (116)/ROI) and E20.5 (653 
(43)/ROI) (P = 0.0012, 0.0027, 0.0009). The Tukey-Kramer test was performed for multiple comparisons (n = 5 
(E18.5), n = 3 (E20.5)). *: P < 0.05, †: P < 0.01

Fig.8
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cells (not resembling the cells constituting muscle or 
fat tissue) was found below the dermis of E18.5 (E16.5 
operated) skin but not in the E20.5 (E18.5 operated) 
skin. These cells are considered to represent premature 
mesenchymal cells under development. Therefore, it is 
possible that in E18.5 (E16.5 operated) skin, premature 
mesenchymal cells or those with high stemness are 
directly recruited to the wound, resulting in the forma-
tion of new epithelium.

In E18.5 (E16.5 operated) skin, cells that incorpo-
rated the India ink were found in both the horny layer 
of newly formed epithelium and the tissue below the 
newly formed basal cell layer, while India ink incorpo-
ration was not observed from the newly formed basal 
cell layer to the granulocyte layer. If the mesenchymal 
cells of the subdermal tissue differentiated into the 
epithelium, India ink should have been incorporated 
in all of the subdermal, basal cell, and horny layers. 
However, this was not observed in any of these layers. 
In E20.5 (E18.5 operated) skin, however, epitheliali-
zation through cell migration hardly occurred, and it 
seems unlikely that a wound of about 0.5 mm width 
can be completely covered by cell migration only 48 
h after wounding. Furthermore, in the E18.5 (E16.5 
operated) skin, if epithelialization occurs through cell 
migration, gradation of differentiation from the center 
to the edge of the wound should have been observed. 
However, the newly formed epithelium did not resem-
ble the basal cells, that is, a uniform bubble-like shape 
from one end of the wound to the other.

To determine the origin of newly formed basal 
cells, it is necessary to conduct observations at time 
points during a short period after wound creation. 
Furthermore, as complete epithelialization is unlikely 
to occur within 48 h after wound creation, a longer 
follow-up is needed to determine the final outcome of 
scarring. Therefore, conducting both short-term and 
long-term observations will contribute to the elucida-
tion of the exact mechanism of new epithelium forma-
tion.

The extent of epithelialization in the present study 
partially differed from that shown in previous reports. 
One possible cause for this is the difference in healing 

reactions to wounds among different mouse strains. In 
this regard, a study on wound healing in three strains 
of mice (C57BL/6J, BALB/c, and MRL) reported 
that skin wounding resulted in scar formation in each 
strain, while regeneration ear wounds only occurred in 
MRL mice [19]. However, that study used mature mice, 
and different results may be obtained in fetuses.

Collagen fiber formation is also involved in scarring. 
In E18.5 (E16.5 operated) skin, the width of collagen 
fibers differed significantly between the wound and 
the intact area, but no significant difference was noted 
in any other parameters such as length, angle, num-
ber, or linearity. Consistent with the macroscopic obser-
vations, this indicates that the generation of collagen 
fibers in the wound area is similar to that seen in the 
intact area. In E20.5 (E18.5 operated) skin, the width 
and number of collagen fibers differed significantly 
between the wound and the intact area, although there 
was no significant difference in the other parameters 
such as length, angle, or linearity (the absolute number 
of collagen fibers was low in these fetuses). This out-
come can be explained by the following: (1) the wound 
was filled with a fibrin-like structure mentioned above 
and had not undergone epithelialization, and (2) few 
new collagen fibers had formed.

It has been reported that scarless healing involves 
less infiltration of inflammatory cells. According to a 
previous report, macrophages are recruited to the site 
of tissue repair after gestational age E14.5 [20]. In this 
study, the number of F4/80 positive cells significantly 
higher in the E18.5 (E16.5 operated) skin than in the 
E18.5 normal skin. When examined by HE staining, 
accumulation of cells seemingly representing histiocytes 
was noted in E20.5 (E18.5 operated). This appears to 
represent a group of F4/80 negative cells. In recent 
years, close attention has been paid to macrophage 
subtype analysis, and reports have been published on 
various markers of M1 and M2 macrophages. To date, 
however, there seems to be no report on the analysis 
of macrophage subtypes in relation to scarless healing. 
This type of study is clearly needed.

Although there exist several reports concerning 
scarless healing of the back skin in fetuses, reports on 

Supplementary Fig. 1	 adult C57BL/6J liver histology
	 F4/80 positive cells (Kupffer cells) in the liver tissue can be observed in positive control samples. In 

contrast, F4/80 signals were not observed in negative control samples. Scalebar: 100 µm(40x). Supplementary Figure 1

Normal IgG F4/80
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scarless healing of fetal lips are scant and are confined 
to morphological observation [21-24]. Studies on lip 
healing need to be carried out using strains similar 
to those employed in studies of back skin healing. 
Previous studies have involved observation with HE 
staining over time and morphological observation 
through immunostaining of various types of extracel-
lular matrix (ECM), but there seem to be no published 
studies focusing on lip muscle regeneration. Our ulti-
mate goal is to establish a method for treating fetuses 
with cleft lip, including developing a method of muscle 
regeneration. To this end, observation and quantitative 
evaluation of lip muscle regeneration are necessary. 
We have already taken initial steps toward this goal 
and plan to publish reports in the near future.

As stated above, we intend to create a mouse model 
of surgically created cleft lip and to use this model 
for studies on scarless healing and fetal treatment. We 
will establish an experimental system in which a tissue 
defect is surgically created in the lips of mouse fetuses 
before the transition point and, after a period of spon-
taneous healing, the therapeutic intervention will be 
made to the healed wound (viewed as cleft lip). Such 
a model of the surgically created cleft lip has been 
reported for large animals (e.g., sheep), which have a 
long period of pregnancy but have not been reported 
for small animals such as mice. This is because a two-
step therapeutic intervention (model creation and 
subsequent treatment) is difficult in mice with a short 
gestation period. The results from the present study in-
dicate that most tissue defects of approximately 1 mm 
in size can heal within 48 h. Therefore, it appears pos-
sible to create and utilize a model of surgically created 
cleft lip in mice. We intend to report the establishment 
of such a model in the near future.
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