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There is little known about healing of the uterus after
Cesarean delivery (CD). Uterine wound repair was
studied by using two strains of mice with different
wound healing characteristics: MRL/MpJ�/� (MRL:
“high-healer” phenotype) and C57Bl/6 (“low-healer”
phenotype). First, we examined the morphology and
histology of the uterine wall repair. We identified
wound granulation tissue 3 days post-CD in both
strains, albeit less in the MRL strain. Macroscopically,
no scar could be identified either in MRL or C57Bl/6
mice on day 60 post-CD. However, histologically, we
found significant differences in wound integration,
inflammation, and collagen birefringence between
the two strains of mice. Using a histological index, we
provided evidence for significant differences in mi-
totic activity in the initial phases of uterine healing
among strains. Functional behavior of the uterine
scar also was analyzed by using biomechanical pa-
rameters such as slope (measure of stiffness), yield
point (measure of elasticity), and break point (mea-
sure of strength). There were significant differences
in stiffness of the scarred myometrium between the
two phenotypes. MRL mice displayed a significantly
lower yield point compared with C57Bl/6. The break
point was reached faster on days 15 and 60 in both
C57Bl/6 and MRL strains compared with day 3 post-
CD. Our findings indicate that differences in regen-
erative ability translate in histological , mitotic , and
functional differences in biomechanical properties
of the scarred myometrium after CD. (Am J Pathol
2010, 177:197–207; DOI: 10.2353/ajpath.2010.091209)

Cesarean delivery (CD) is the most frequently performed
major surgical procedure in the industrialized world. By
the latest national statistics it is reported that over 31% of

women deliver by Cesarean section.1 In humans, difficul-
ties in obtaining serial samples of the hysterotomy scar
are a major barrier to our understanding of the events
involved in the postpartum remodeling processes of the
uterine wound post-CD. Thus, there is little known about
healing of the uterine scar tissue after surgical injury. For
example, whether the mammalian myometrium contain
reserve cells that differentiate in myometrial myocytes to
allow for scarless uterine regeneration remains largely
unidentified.2,3

Wound healing of mammalian tissue is an essential
process for maintaining organ integrity. The biological
response to tissue injury in higher organisms falls into two
main categories: repair and regeneration.4 In most mam-
mals, the injured tissue is repaired by patching rather
than restored to its original structure (ie, repair). Even
when healing occurs with maximal efficacy, wound repair
is dominated by a fibro-proliferative response and thus a
fibrotic scar remains.5

Wound healing through regeneration is seen ances-
trally in more primitive organisms (eg, amphibians).6 In-
terestingly, this type of wound healing has also been
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reported in early gestation in mammalian fetuses and in
adult rabbits.4,7 For instance, in humans, early in gesta-
tion, fetal wounds heal rapidly with minimal inflammation
and complete regeneration of epithelial and mesenchy-
mal tissues. The end result is a “scarless” healing with
complete restoration of normal tissue architecture that is
indistinguishable from normal tissue, whereas late in ges-
tation fetal wound healing resembles that of adult mam-
mals with fibrosis and scar formation.8 However, irre-
spective of the ultimate result, wound healing is a
dynamic, interactive process involving mediators, blood
cells, extracellular matrix, and parenchymal cells that
follows three complex and overlapping phases: inflam-
mation, tissue formation, and tissue remodeling.9

To provide a better understanding of the myometrial
wound healing after CD, we turned our attention to an
animal model of uterine wound scarring and repair. The
MRL/MpJ�/� (MRL) mouse has proven to be an excellent
model to study healing.10–13 Investigators have shown
that punch holes made in the ears of MRL mice closed
without scarring in 30 days (“high-healer” phenotype),
whereas C57Bl/6 mice retained open ear holes for the
rest of their lifetime (“low-healer” phenotype).11 A remark-
able finding was that the ear-hole closure of the MRL not
only displayed full healing but also showed recovery of
normal tissue architecture, collagen orientation, normal
angiogenesis, and appearance of hair follicles, seba-
ceous glands, and cartilage with lack of scar tissue.11

The unusual capacity of the MRL to heal was not a
phenomenon unique to surgically induced skin wounds.
In an animal model of cryogenically induced infarction of
the heart, a key event was that the MRL myocardium
healed with normal restoration of the ventricular wall
structure and function.13 The biological response and
functional recovery of the human myometrium after sur-
gical injury are poorly understood. Yet, if the above ob-
servations extend to the uterus it is reasonable to con-
sider that human uterine wound healing would be ideal if
similar to the MRL rather than the C56Bl/6 healing
phenotype.

The mechanisms responsible for the MRL’s particular
ability to heal continue to be subject of debate.14 The
differential gene expression profile between MRL and
C57Bl/6 mice revealed that the fast wound ear repair of
the MRL (“high healer”) strain may be mediated by a
metabolic shift toward a low inflammatory response.15,16

However, in a different study, Gourevitch et al12 showed
that the regenerative response of the ear hole was char-
acterized by a higher level of matrix metalloproteinase
and a lower tissue inhibitor of metalloproteinase activity in
the MRL compared with C57Bl/6 mouse. The enhanced
matrix metalloproteinase healing response in the MRL
was secondary to an increased neutrophil influx and thus
inflammation at the site of injury.12 These findings are in
contrast to the analysis of gene expression profile and
suggest that further experimental research is necessary
to understand the complexity of the regenerative process
of the MRL mouse.16

In the present study we aimed to investigate for the first
time the process of myometrial wound repair post-CD by
using two strains of mice (MRL and C57Bl/6) that differ

significantly in their genetic background and underlying
wound healing characteristics. We hypothesized that,
compared with C57Bl/6, the higher regenerative capacity
of the MRL strain translates in enhanced myometrial
wound healing, improved morphology, and functional be-
havior of the uterine scar.

Materials and Methods

Mice

MRL and C57Bl/6 breeding pairs were purchased from
Jackson Laboratory (Bar Harbor, ME) at 9 weeks of age.
All animals were allowed free access to food and water
and were exposed to standardized 12/12 hours day–
night light cycles throughout the experiments. Our re-
search and surgical protocols (number 2005-10966 and
number A 01-02-02) were approved by the Institutional
Animal Investigational Committee. Following establish-
ment of our breeding colonies, we used time-pregnant
nulliparous females (MRL [n � 18]; C57Bl/6 [n � 19]).

Surgical Procedures

On day 17 of gestation (day 1 � sperm plug observed;
day 19 � expected day of delivery) anesthesia was in-
duced by using a combination of ketamine (60 to 80
mg/kg, Ketalar; Parke-Davis, Morris Plains, NJ) and xyla-
zine (10 to 15 mg/kg, Gemini; Rugby Laboratory, Rock-
ville Center, NY) administered intraperitoneal.17,18 Cesar-
ean section was performed under sterile conditions.
Once the abdomen was opened, a 3-cm longitudinal
incision was made along the antimesometrial border in
the mid-portion of each uterine horn. The fetuses and
placenta were gently extruded through the hysterotomy.
The uterine incision was closed by using one layer clo-
sure technique with continuous lock stitches of 5-0 polyg-
lycolic acid suture (Supplemental Figure S1A, see http://
ajp.amjpathol.org). To mark the site of the hysterotomy,
the edges of the uterine incision were marked with non-
resorbable 4–0 prolene. In our laboratory the survival
rate postsurgery reached 85%. Animals were sacrificed
at 3 days (C57Bl/6: n � 4; MRL: n � 5), 5 days (C57Bl/6:
n � 5; MRL: n � 5), 15 days (C57Bl/6: n � 4; MRL: n �
4), and 60 days (C57Bl/6: n � 5; MRL: n � 5) after
surgery. Histological examinations were performed in all
animals.

Ear punches (2-mm) were performed at the time of
surgery in the center of the ear pinnae by using a me-
chanical caliper.10 A through-and-through wound was
created. Diameters of the wound hole were measured
post-CD and the ear-hole area (square millimeter) was
calculated. Because we did not expect that either uterine
tensile strength or size of the ear punches to change
significantly from day 3 to day 5 post-CD, evaluation of
these two parameters was performed only on days 3, 15,
and 60 after surgery.
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Bromodeoxyuridine Labeling of the Dividing
Cells

Bromodeoxyuridine (BrdUrd; 0.1%; Sigma, St Louis,
MO), a marker for DNA synthesis and cell division was
administered ad libidum in fresh drinking water starting
with day 15 of pregnancy in all pregnant animals.13 The
bottles containing BrdUrd water were protected from light
and changed every 1 to 3 days. There were no ante- or
postpartum animal side effects to BrdUrd administration.

Histology

We identified the site of the prior uterine injury (scar)
between the nonresorbable 4–0 prolene markers and
stain the site of uterine scar with the green tissue dye
(Supplemental Figure S1B, see http://ajp.amjpathol.org)
before tissue collection. The tissue scar was removed,
fixed overnight in formalin (Fisher Chemical, Fairlawn,
NJ), and embedded in paraffin. Sections were cut to a
thickness of 5 �m and stained with H&E. Tissue integra-
tion was defined as apposition of the surgical wound
edges and was assessed as on a scale from 0 to 2 as
absent (0), partial (1), or complete (2). Inflammation was
characterized by the presence of polymorphonuclear
leukocytes (PMNs), macrophages, and lymphocyte cells
and graded on a scale from 0 (no reaction), 1 (low), 3
(moderate), or 4 (intense cellular infiltration). Grading of
the tissue integration and inflammatory process was per-
formed by two independent examiners (C.S.B. and
I.A.B.).

Collagen birefringence, which represents an index of
collagen fibers organization, was assessed in polarized
light after staining with picosirius red.19 For each animal,
digital images (original magnification, �100) were ac-
quired by using an Olympus U-STP polarizing light mi-
croscope equipped with an Olympus OLY-200 digital
camera (Olympus, Melville, NY).

BrdUrd Detection and �-Smooth Muscle Actin
Double Staining

Cellular proliferation was calculated by quantifying the
rate of incorporation of the BrdUrd, a thymidine analog,
into replicating DNA during the S phase of the cell cycle.
Uterine sections were cut to a thickness of 5 �m,
mounted on coated glass slides, and processed as pre-
viously described.20 Sections of liver from each animal
were used to confirm appropriate BrdUrd tissue levels.
Briefly, after mounting, sections were permeabilized with
2.5% trypsin in phosphate buffer (pH 7.4) for 30 minutes.
Sections were rinsed in PBS for five times and then incu-
bated for 1 hour with 2% normal donkey serum to block
nonspecific staining. DNA denaturation was achieved by
immersion in 2 M HCl for 1 hour at 37°C. Sections were
incubated with primary monoclonal mouse anti-BrdUrd
antibody (Zymed Laboratories, San Francisco, CA), di-
luted 1:1000 with PBS overnight at 4°C. This was followed
by wash in PBS and incubation for 1 hour with secondary
biotinylated donkey anti-mouse immunoglobulin antibody

(Jackson ImmunoResearch, West Grove, PA), diluted
1:3000 with PBS. Immunohistochemical staining was per-
formed with avidin-biotin staining (Elite ABC system, Vec-
tor Laboratories, Burlington, VT) with 3,3�-diamniobenzi-
dine (Polysciences, Warrington, PA) as chromogen
solution. Slides were counterstained with hematoxylin.
Slides in which the first antibody was omitted served as
negative control. The mitotic index was calculated as the
percentage of BrdUrd positive nuclei from all nuclei
counted in the field (original magnification, �400) in the
area of the uterine scar site as identified by visible tissue
dye. For each animal, the mitotic index values were av-
eraged from five to six fields.

Double immunohistochemistry for BrdUrd and �-smooth
muscle actin (�-SMA) was performed sequentially by first
detecting BrdUrD positive nuclei as described above
except for using Nickel/3,3�-diamniobenzidine as sub-
strate followed by additional blocking using UltraVision
Block (Lab Vision Corporation, Fremont, CA). Incubation
(1 hour at room temperature) with a mouse monoclonal
primary anti-�SMA antibody (1:1000 dilution, Clone SM1,
Thermo Scientific, Rockford, IL) was followed by devel-
opment with biotinylated anti-mouse IgG (1:600, Jackson
ImmunoResearch), horseradish peroxidase avidin-biotin
complex (Elite ABC system, Vector Laboratories), and
Vector NovaRED as a substrate. In initial experiments we
optimized the concentration of each primary antibody.
The specificity of immunostaining was validated with neg-
ative sections where the primary antibody has been pre-
absorbed with excess antigen in solution. Subsequently,
negative control slides with omitted primary antibody
were included with each run.

Tensile Properties of the Uterine Scar

We tested the tensile proprieties of the MRL and C57Bl/6
scarred myometrium at 3, 15, and 60 days after CD.
Rings of scarred myometrium were dissected, uniformly
cut under microscope, and tested within 1 hour of col-
lection. Given the significant involution of the uterus in
postpartum, one ring per animal was tested. For consis-
tency, the tested ring was from the middle of the left
uterine horn in all animals. Tissues were anchored in a
tissue bath containing 10 mmol/L HEPES/PBS solution
(pH � 7.4), by means of a silk thread passed through the
lumen of each uterine ring. We used Shimadzu EZ-test
instrumentation (Shimadzu North America, Columbia,
MD) to stretch the tissue by 0.42 mm/minute (sampling
rate: 20 Hz; duration of stretching: 0.7 seconds; duration
or equilibration: 59.3 seconds).18,21 A representative
stress-strain curve is shown in Supplemental Figure S2
(http://ajp.amjpathol.org). Parameters such as slope
(measure of stiffness), yield point (moment when tissue
changes its proprieties from elastic to plastic), and break
point (BP; measure of tissue strength) were recorded and
analyzed, as previously described.18,22 Once the inter-
mittent stretching was initiated, it was continued past the
yield point until the BP was reached. Slopes of the upper,
lower, and mid-point regression lines were calculated to
characterize the sample’s resistance to stretch. A larger
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slope indicates a higher resistance to stretch, and there-
fore increased stiffness.22 Data were normalized to the
dry weight of the myometrial tissue. We analyzed the
location of uterine rupture and noted whether disruption
of the tissue occurred at the scar’s site or not.

Statistical Analysis

The normality of the data distribution was tested by using
the Kolmogorov-Smirnov test. Analysis was performed
with the aid of SigmaSTAT 2.03 statistical software (Jan-
del Corporation, San Rafael, CA). The data are presented
as their mean and SEM. Comparisons between groups
included one-way or two-way analysis of variance, as
appropriate. Although the arithmetic means are reported
in the text, statistical testing by using two-way analysis of
variance was performed following logarithmic transfor-
mation of the data. Differences in proportions were ex-
amined with Fisher’s exact test. Four to five animals per
group confers sufficient power to identify 50% differ-
ences in slope between the MRL and C57Bl/6 strains
(power � 0.8; � � 0.05) in two-way analysis of variance.
A P � 0.05 was considered to indicate statistical
significance.

Results

Ear Healing

To confirm that the MRL and C57Bl/6 mice have different
healing phenotypes as earlier reported for animals out-
side pregnancy,10 we performed ear punches at the time
of CD. We confirmed that postpartum the ear of the white
coat MRL mice healed more rapidly than of the black coat

C57Bl/6 controls (Figure 1). Compared with C57Bl/6 (Fig-
ure 1A), granulation tissue was present 3 days postear
punch in the MRL strain (Figure 1B). Sixty days postsur-
gery, the ears of the C57Bl/6 maintained an open ear-
hole (Figure 1C), whereas the ears of MRL mice most
frequently healed completely and without scarring (ie, by
regeneration; Figure 1D). In Figure 1E we display the
change in ear-hole area of C57Bl/6 and MRL mice after
surgery. Significant differences between the high and the
low healer strains of mice were registered at 3 (two-way
analysis of variance, P � 0.006) and 60 days (P � 0.001)
postsurgery.

Macroscopic Aspect of Uterine Healing

Lax adhesions were observed at 3 and 5 days post-CD in
50% of C57Bl/6 and all MRL mice. At 15 days, we ob-
served tight adhesions of the mesenterium to the uterine
surface in all animals in both strains. Interestingly, at 60
days these adhesions became lax again in the MRL
animals and in the C57Bl/6 strain disappeared entirely. In
Figure 1, F–I, we show the external aspect of the uterus in
the MRL and C57Bl/6 strain of mice on day 3 and day 60
postsurgery. Although more in the MRL strain, abundant
granulation tissue was identified at the surface of the
uterine scar 3 days post-CD in both strains of mice
(C57Bl/6: Figure 1F; MRL: Figure 1G), and the surgical
stitches appeared loose. On day 5, granulation tissue
buds were still present in C57Bl/6 but not in the MRL
mice. By day 15, the granulation tissue disappeared
although the site of the uterine scar could be identified
macroscopically in both strains. By contrast, at day 60
postsurgery no scar could be easily identified in either
the C57Bl/6 (Figure 1H) or MRL (Figure 1I) mice. Preser-

Figure 1. Concurrent macroscopic evaluation of the ear and uterine healing in the MRL/MpJ�/� (MRL) and C57Bl/6 strains of mice. Representative pictures of
the ears 3 days after surgery in the C57Bl/6 “low healer” (A) and MRL “high healer” (B) mouse are shown. Representative pictures of the ears 60 days after surgery
in the C57Bl/6 (C) and MRL (D) mouse are shown. The arrow in D points to the remaining lumen of the ear-hole in an MRL mouse at 60 days after puncture.
E displays the percent change in ear-hole area postinjury. Statistical analysis: two-way analysis of variance followed by posthoc Student-Newman-Keuls tests; **P �
0.01 versus initial ear punch area (day 0); *P � 0.01 versus C57Bl/6 phenotype. Representative pictures of the uterus three days post cesarean in C57Bl/6 (F) and
MRL (G) mouse are shown. Representative pictures of the uterus 60 days postcesarean in the C57Bl/6 (H) and MRL (I) mouse are shown.
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vation of a patent uterine lumen was confirmed in both
strains at 60 days postsurgery.

Histological Examination of Uterine Healing

We identified the site of prior uterine surgical injury in
both strains of mice at the site marked by the tissue dye.
In Figure 2 we show representative histological images of
the uterine surgical site at days 3 and 5 post-CD. Illus-
trative histological images of the uterine wall 15 and 60
days post-CD are shown in Figure 3.

Wound Integration

On day 3 postsurgery, wound integration was absent in
all C57Bl/6 mice (four of four; Figure 2A), whereas two of
five MRL mice had partial apposition of wound edges
(Figure 2B). By day 5, four of five C57Bl/6 mice had
partial integration (Figure 2C). On day 5, all MRL mice
(five of five) had partial integration, whereas 2 of 5
animals had already complete surgical wound integra-
tion (Figure 2D). On days 15 (Figure 3, A and B) and 60
(Figure 3, C and D), integration appeared complete in
both strains. Analysis of the semiquantitative scoring

system demonstrated significant differences in the
healing process, which was impacted both by the days
post-CD (two-way analysis of variance, P � 0.001) and
genetic strain (P � 0.013). We observed an acceler-
ated integration in the MRL compared with C57Bl/6
mice (P � 0.048 for interaction between days and
strain). See also Supplemental Figure S3A available at
http://ajp.amjpathol.org.

Wound Inflammation

H&E staining demonstrated presence of an inflammatory
infiltrate involved in the reparative myometrial processes
in both C57Bl/6 and MRL mice. Judging from the number
of cells per field, 3 days postsurgery the most prominent
initial inflammatory response was noticed in the MRL
strain at the site of uterine wound as seen in Figure 2B
versus Figure 2A. In the MRL animals, in the early inflam-
matory phase (day 3), buds of granulation tissue were
observed also within the uterine lumen (not shown). This
was not present in C57Bl/6 animals, suggesting that the
early inflammatory process may be more prominent in
MRL mice. The semiquantitative analysis of the inflamma-
tory infiltrates demonstrated the most conspicuous dif-

Figure 2. Representative histological sections of the uterine scar site on days three and five post-Cesarean delivery in C57Bl/6 and MRL/MpJ�/� (MRL) mice are
shown. Adjacent sections were stained with either H&E [C57Bl/6: day three (A) and day five (C) versus MRL: day three (B) and day five (D)] and Sirius red
visualized in either white light [C57Bl/6: day three (E) and day five (G) versus MRL: day three (F) and day five (H)] or polarized light [C57Bl/6: day three (I) and
day five5 (K) versus MRL: day three (J) and day five (L)]. The green arrowheads in the insets mark PMNs. The green arrows outside the insets indicate the
site of the uterine scar as marked with tissue dye (green or black). The round intensely birefringent multilocular structures are the Vicryl multifilament surgical
sutures (Su; marked only on the top panels). Lu marks the uterine lumen. Original magnification, �100 (Scale bar � 200 �m). The small squares on the H&E
panels mark the area shown magnified (Scale bar � 40 �m) in the inset of the corresponding panel.
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ference between MRL and C57Bl/6 mice on day 5
postsurgery (two-way analysis of variance, P � 0.001;
see also Supplemental Figure S3B available at http://
ajp.amjpathol.org). The infiltrates were more abundant in
the subserosal area and around sutures. In both strains
the mixed inflammatory infiltrate consisted of PMNs iden-
tified by the multilobulated aspect of the nucleus (marked
with green arrowheads in high magnification inserts),
plasma cells, and activated monocytes. By day 15, in
C57Bl/6 mice the predominant cell population in the scar
area were activated fibroblasts judged by their vesicular
nucleus (Figure 3A, insert). Instead, the inflammatory
process persisted in MRL mice (Figure 3B). On day 60
we could not identify the inflammatory infiltrates any
longer in C57Bl6 mice (Figure 3C), whereas in the MRL,
scattered PMNs could still be observed (Figure 3D, in-
sert, green arrowheads).

Collagen Birefringence at the Site of Uterine
Scar

Analysis of collagen deposition (days 3 and 5) by picro-
sirius red in white light (Figure 2, E–H) and polarized light

microscopy (Figure 2, I–L) showed that in both strains of
mice the site of the myometrial wound was not individu-
alized as a distinct area of collagen deposition before
day 15 postsurgery. At this stage (day 15: Figure 3, I–L),
polarized microscopy showed that birefringent collagen
was present at the site of the previous hysterotomy in
both strains. The site of the myometrial wound was cov-
ered by fibrinous exudate, which was better organized
compared with day 3 post-CD for both strains of mice.
Overall, beginning with day 15, the tissue architecture
appeared better organized in the MRL mice (Figure 3J)
compared with C57Bl/6 strain (Figure 3I). In the MRL
mouse picrosirius red staining could not identify any ar-
eas of mature collagen condensation (Figure 3, F and J),
whereas in the C57Bl/6, orange-red birefringent collagen
was more prominent especially in the areas surrounding
the surgical stitches (Figure 3, E and I). Brownish pig-
ments like lipofuscin and hemosiderin were visible at the
area of integration in both MRL and C57Bl/6. A represen-
tative image is shown for the MRL in Figure 3B (white
arrows).

On day 60, the MRL wound integration was complete
and the uterine architecture was restored to normal (Fig-

Figure 3. Representative histological sections of the uterine scar site on days 15 and 60 post-Cesarean delivery in C57Bl/6 and MRL/MpJ�/� (MRL) mice are
shown. Adjacent sections were stained with either H&E [C57Bl/6: day 15 (A) and day 60 (C) versus MRL: day 15 (B) and day 60 (D)] and Sirius red and visualized
in either white light [C57Bl/6: day 15 (E) and day 60 (G) versus MRL: day 15 (F) and day 60 (H)] or polarized light [C57Bl/6: day 15 (I) and day 60 (K) versus
MRL: day 15 (J) and day 60 (L)]. The green arrowheads in the insets mark PMNs. The green arrows outside the insets indicate the site of the uterine scar
as marked with tissue dye (green or black). The white arrows in B point to hemosiderin deposits in the area of integration. The round intensely birefringent
multilocular structures are the Vicryl multifilament surgical sutures (Su; marked only on the top panels). Lu marks the uterine lumen. Original
magnification, �100 (Scale bar � 200 �m). The small squares on the H&E panels mark the area shown magnified (Scale bar � 40 �m) in the inset of
the corresponding panel.
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ure 3D, H, and L). The fibrinous exudate was absent and
there were no stitches visible. The circular muscle was
restored around the intact lumen and the serosa returned
to normal as shown by the continuous birefringent exter-
nal layer (Figure 3L). Conversely, in the C57BL/5 mice the
surgical stitches were still visible in 3 of 5 animals. The
site of the scar was recognized as a thinner tissue inte-
gration layer (Figure 3C, G, and K) with discontinuous
birefringent serosa (Figure 3K). Collectively, these results
suggest an accelerated collagen maturation process in
the MRL strain.

BrdUrd Detection at the Site of Uterine Scar

As shown, we could recognize BrdUrd positive nuclei in
the uterine scar area beginning with day 3 after surgery
(C57Bl/6: Figure 4, A and B; MRL: Figure 4, C and D).
These data confirm that healing of a hysterotomy implies
an initial phase characterized by involvement of mitoti-
cally active cells. Three days after injury, more BrdUrd
labeled nuclei were visualized into the wound site of the
MRL compared with C57Bl/6 mice. In the MRL mice,
mitotic activity was highest on day 3 postsurgery com-
pared with all other analyzed days and mostly localized in
the serosa and glands. Interestingly, serosa had many
more BrdUrd positive nuclei than the myometrium as
illustrated by the intensely stained serosa under the
green tissue dye. The analysis of the mitotic index
showed the most intense mitotic activity in the MRL strain
on day 3 and day 5 compared with on days 15 and 60
(Figure 4E, two-way analysis of variance, P � 0.001). On
day 3 postsurgery the MRL mice had higher mitotic ac-
tivity at the wound site compared with C57Bl/6 (P �
0.007). This was in contrast to day 5 when the mitotic
activity peaked for C57Bl/6 mice (P � 0.001). On days 15
and 60, the overall wound mitotic activity decreased
compared with days 3 and 5 in both strains. These results
are consistent with a shift in mitotic activity toward the
early postsurgical period in the “high healer” phenotype.

To determine the nature of proliferating cells during the
healing process post-CD, we performed double immuno-
histochemistry for BrdUrd and �-SMA, as marker of
smooth muscle differentiation (Figure 5). The first obser-

vation was that on day 3 post CD the vast majority of the
BrdUrd positive cells were devoid of �-SMA (Figure 5, A
and B). In both strains these cells were preferentially
located in the vicinity of the wound integration area be-
tween the bundles of myometrial smooth muscle fibers as
also noted on day 5 (Figure 5, C–E). In contrast, on day
15 (Figure 5, G and H) and more prominently on day 60
post-CD (Figure 5, I–K), we observed that most of BrdUrd
positive nuclei belonged to cells that also stained posi-
tively for �-SMA thus indicative of myogenic differentia-
tion (Figure 5K). BrdUrd positive cells were also ob-
served in the wall of dilated blood vessels as shown in
Figure 5I. Although on days 15 and 60 post-CD, the
mitotic index did not differ between C57Bl/6 and MRL
mice, it did appear that the most numerous BrdUrd�/�-
SMA� cells were localized in the subserosal area in
C57Bl/6 mice (Figure 5, G and I), whereas in MRL mice
(Figure 5, H and J) a mixture of BrdUrd�/�-SMA� and
BrdUrd�/�-SMA� cells were present throughout the
healed area.

Tensile Load Testing of the Uterus

To demonstrate the role of genetic background on func-
tional behavior of the uterine scar, stress-strain curves
were generated on days 3, 15, and 60 postoperatively.
The stiffness of C57Bl/6 scarred myometrium increased
linearly (slope day 3: 4.8 � 0.6 versus day 15: 10.6 � 1.9
versus day 60: 18.3 � 3.3 N/mm/Gram, one-way analysis
of variance, P � 0.01; Figure 6A). In contrast, the MRL
scar reached its maximal stiffness on day 15 (slope day
3: 1.05 � 0.5 versus day 15: 8.7 � 2.7 N/mm/Gram, P �
0.007) and then plateaued at a lower level than the
C57Bl/6 (slope day 60 C57Bl/6: 33.1 � 3.5 versus MRL
8.9 � 0.9 N/mm/Gram, two-way analysis of variance, P �
0.01). At 60 days post-CD, the MRL mice displayed sig-
nificantly lower yield point compared with C57Bl/6 phe-
notype (two-way analysis of variance, P � 0.01 for strain,
P � 0.02 for days; Figure 6B). The BP evolved similarly in
the two mouse strains. Less tissue displacement was
required to reach BP on days 15 and 60, in both MRL and
C57Bl/6 strains compared with day 3 (two-way analysis of
variance, P � 0.001; Figure 6C). To summarize, the un-

Figure 4. BrdUrd nuclear labeling of the uterine
scar 3 days post-Cesarean delivery in C57Bl/6
and MRL/MpJ�/� (MRL) mice. BrdUrd labeled
nuclei (brown) could be identified into the
wound site of both C57Bl/6 (A) and MRL (C)
mice. Original magnification, �100. The green
dye marks the site of uterine wound at the time
of tissue collection and is indicated by the black
arrows. B and D show the respective boxed
areas at higher magnification (�400). White
arrows mark BrdUrd labeled nuclei. E: Mitotic
index (ratio of BrdUrd labeled nuclei-to-total
counted nuclei). Statistical analysis: two-way
analysis of variance followed by posthoc Stu-
dent-Newman-Keuls tests: **P � 0.05 versus day
three of same strain. *P � 0.05 versus C57Bl/6
phenotype. Ser, uterine serosa; Lu, uterine
lumen.
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derlying regenerative ability of MRL and C57Bl/6 mice
translates in functional differences in the tensile visco-
elastic properties of their scarred myometrium after CD.
Similar BPs suggests that myometrial strength post-CD is
not influenced by the underlying healing phenotype. The
ruptures of the mounted uterine rings occurred at either
the scar’s site or near the scar in the zone of transition to
the uninjured uterine wall. On day 3, most uterine rings
broke at the scar’s site in both strains (scar rupture
78% [7 of 9]), whereas on day 15, uterine ring ruptures
occurred most often near the scar in both strains (scar
rupture 25% [2 of 8], day 3 versus day 15, Fisher’s

exact, P � 0.057). Interestingly, on day 60, most rup-
tures occurred again at the site of the scar (scar rup-
ture 70% [7of 10]).

Discussion

The results outlined in this study suggest that healing and
tensile visco-elastic behavior of the surgically wounded
myometrium varies with the genetic background and is
phenotype dependent. By using two strains of mice that
differ in their underlying regenerative healing and colla-

Figure 5. Topographical co-localization of BrdUrd and smooth muscle actin post-Cesarean delivery in C57Bl/6 and MRL/MpJ�/� (MRL) mice. Cells with BrdUrd
labeled nuclei (purple black) could be identified between the red muscle bundles in C57Bl/6 [day 3 (A) and day 5 (C)] and MRL [MRL: day 3 (B) and day five
(D)] mice. At the later times, cells positive for both BrdUrd and smooth muscle actin could be observed in proximity to serosa in the scar area both in C57Bl/6
[day 15 (G) and day 60 (I)] and MRL [MRL: day 15 (H) and day 60 (J)] mice. Original magnification, �100 (Scale bar � 100 �m). The areas delineated by the squares
are further shown in the left lower corner of each panel as higher magnification captions of the boxed areas (�640; Scale bar � 33 �m). E and K show
representative areas at �1000 magnification of D (day five) and J (day 60) in MRL mice. F shows a section from an MRL animal (day five) processed identically
but omitting the two primary antibodies (Scale bar � 100 �m). The green arrows indicate the site of the uterine scar as marked with tissue dye (green or black).
The white arrow in K points to a BrdUrd�/�-SMA� cell in the subserosal area of regenerated uterine wall. Su, suture material; Lu, uterine lumen; Bv, blood vessel
(arrowhead).

Figure 6. Analysis of the load-displacement re-
lationships of scarred uterine rings in C57Bl/6
and MRL/MpJ�/� (MRL) mice. Uterine rings
were collected at 3, 15, and 60 days post-Cesar-
ean delivery and demonstrated differences in the
slope (A: measure of stiffness), yield point (YP,
B: measure of plasticity), and break point (BP, C:
measure of strength). Statistical analysis: two-
way analysis of variance followed by posthoc
Student-Newman-Keuls tests. **P � 0.05 versus
day 3 of same strain. *P � 0.05 versus C57Bl/6
phenotype.
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gen remodeling characteristics,11 we demonstrated sig-
nificant differences in the initial but not late macroscopic
aspect of myometrial wound healing process. We have
also shown that the process of wound integration, inflam-
mation, course of collagen synthesis, maturation of the
myometrial wound, and the involvement of mitotic active
cells in the initial stages of myometrial healing is pheno-
type dependent. The results of our study suggest that
after CD the underlying regenerative ability of the “high
healer” phenotype (MRL) translates in functional differ-
ences in tensile visco-elastic properties of the scarred
myometrium. The mechanical strength of the uterine scar
did not appear to be phenotype dependent as the end
result for the scarred tissue BP was similar in the MRL
and C57Bl/6 mice, 60 days postdelivery. Finally, we have
shown that rupture of the surgically wounded myome-
trium may occur at either the scar’s site or near the scar,
in the zone of transition to the uninjured uterine wall. Thus,
our hypothesis that the inborn wound remodeling pheno-
type impacts on the process of myometrial wound heal-
ing and determines the future morphology and functional
behavior of the uterine scar was confirmed.

Our research was motivated by previous studies that
have demonstrated that although 60% to 80% of women
who attempt vaginal birth after CD are ultimately suc-
cessful, the risk of potentially catastrophic uterine rupture
exceeds 1%.23. Therefore, the enthusiasm for a trial of
labor after a prior CD has considerably diminished be-
cause of safety concerns. Traditionally, an increased
uterine contractility during labor and the surgical tech-
nique used for closure of the hysterotomy were thought to
be the primary causes of uterine rupture.24,25 However,
although all of this may hold true, the “burst” of the lower
uterine segment during quiescent phases of gestation or
after either one- or two-layer closure of the uterine inci-
sion suggest that structural defects after impaired surgi-
cal healing may also contribute to rupture.26

The healing process of a human CD scar is still subject
to controversy and intense speculation.27 Beginning with
Kroenig’s28 description of the lower uterine segment in-
cision, physicians have debated about scar formation in
the uterine wall.28,29 Williams2 opined in 1921 that the
uterus healed by regeneration of the muscular cells and
that scarring appeared only in cases healing by second-
ary repair. Repina3 noted the findings of investigators
who could find no scar in 54% of cases. In 29%, they
found a partial regeneration, and in 17% they found only
connective tissue. Since the original description, most
authors have believed that the repairing of the muscular
tissue occurred by scar formation.30,31 Taken together,
these observations have led to the conclusion that the
healing process of human myometrium is subject to large
variance. Along with the number of prior CDs, one pos-
sible explanation for the presence or absence of an iden-
tifiable uterine scar may rest with the genetic makeup.
Because wound repair is a genetically controlled process
requiring the concerted activity of cells involved in inflam-
mation, hemostasis, apoptosis, immune defense, regen-
eration, tissue remodeling, and epithelialization, each of
these steps could lead to a different or an altered healing
process.16

In the past we proposed that the process of myometrial
wound healing impacts on the future morphology and
functional behavior of the uterine scar.32 For obvious
reasons, in humans, difficulties in obtaining serial sam-
ples of the uterine scar are a major barrier to our under-
standing of the events involved in the reparative process.
Therefore, development of animal models to allow for a
better understanding of the healing process of mamma-
lian tissue is critical.33 The MRL mouse model was pre-
viously used to study the biology of the ear and heart
wound repair.10,11,13 The advantage of this unique MRL
mouse is that this phenotype has an exaggerated wound
healing regenerative response to injury. Thus, the MRL
healing process can be directly compared with that of
mouse strains that are incapable of regenerating.15,16

Our study applied, apparently for the first time, the MRL
model to the study of the process of uterine healing
post-CD. In the course of this work, it became apparent
that the MRL and C57Bl/6 mice differ in various aspects
of postpartum healing. Although wound healing of the
myometrium and the ear can be subject to different con-
trolling mechanisms, the observed differences in closure
of the ear after wounding argues that our animal model
was appropriate.

Uterine wound repair involves two major issues: the
rate and the quality of the healing process. The results
presented here provide evidence that the uterine wound
is filled with vascular granulation tissue at 3 to 5 days
postsurgery. Yet the process of angiogenesis and blood
vessels disintegration secondary to apoptosis may occur
at a different pace in the two strains because at 5 days
post-CD granulation tissue buds were still present in
C57Bl/6 but not in the MRL mice. Interestingly, the site of
the uterine scar could be identified macroscopically in
both strains by 15 but not by 60 days postsurgery. This
may explain why in humans the uterine scar may be
recognized after a short interpregnancy interval. Hence,
visualization of the uterine scar in humans may be de-
pendent on the duration of the myometrial wound remod-
eling process.34

The debate on the role of surgical closure technique in
lowering the risk of uterine rupture is not over, and our
findings may have clinical relevance in this regard. In our
animal model, the presence of lax surgical stitches only
days after surgery was a consistent finding among ani-
mals. This argues that the surgical closure technique is
not the only element that defines the quality of the uterine
wound healing. Due to the normal process of uterine
tissue involution in postpartum and our macroscopic find-
ings, it is reasonable to assume that the tensile load in the
stitch decreases in the first few days after surgery. There-
fore, the main purpose of the stitches could be to ensure
hemostasis and correct anatomical apposition of the
myometrial tissue in the immediate postsurgical phase.
Once wound integration occurs (which appears to be phe-
notype dependent), the mechanical function of the stitches
becomes unnecessary. Importantly, our observation that
tissue disruption did not always occur at the site of uterine
scar but also in the zone of transition to the uninjured myo-
metrium suggests that changes in surgical closure tech-
niques may prevent subsequent uterine ruptures only to the
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extent where the architecture of the post-CD uterine wall is
restored to normal. Further studies remain to provide a
definitive answer to these important issues.

Histological examination of the uterine healing process
demonstrated significant differences in scar integration,
level of inflammation, and collagen remodeling at the site
of myometrial injury between the MRL and C57Bl/6 mice.
Although these processes were present in both strains of
mice, their length, window of occurrence, and duration
varied. Thus, it is plausible that the timing of inflammation,
collagen deposition, and remodeling process of the uter-
ine scar are genetically programmed. Although our study
does not prove causality, it suggests that the sequence of
events involved in the initial phase of myometrial wound
healing may be responsible for the observed differences
in the stiffness and elasticity of the uterine scar. Interest-
ingly, we should point out that the scarred uterine rings
break at similar extensions in both phenotypes. At this
time it is still unknown if a longer period of observation
would have demonstrated significant differences in tissue
strength between strains or if the scar’s resistance to
stretch would behave similarly in a subsequent preg-
nancy. Prior animal studies have demonstrated that
wound healing is a polygenically determined quantitative
trait with an estimated heritability of 86%.35 Further stud-
ies should be performed to provide insight on whether the
sequence of events, intensity of different phases of
wound healing, and tensile visco-elastic properties of the
uterine scar can be reversed or modified by using F2
populations of MRL and C57Bl/6 crosses.

An important finding of our study is that 60 days after
surgery, the MRL wound architecture was restored to nor-
mal. Our analysis of collagen deposition by polarized mi-
croscopy was not able to recognize the site of the prior
uterine hysterotomy as a distinct collagen birefringent area.
This is a significant finding because in most mammal tis-
sues collagen remains the most critical element responsible
for maintenance of tissue structural integrity.36 First, our
results seem to suggest that at least after one CD collagen
deposition is not the primary healing mechanism. Second,
the information gained from this investigation implies that
injured myometrial sites display mitotic activity. We showed
that 3 days after surgery the most intense mitotic activity
was present in the “high healer” phenotype and that serosa
had much more BrdUrd positive nuclei than the myome-
trium. Conversely, mitotic activity peaked only later (day 5)
in the C57Bl/6 animals. Fifteen days after CD, mitotically
active cells were present but reduced in both MRL and
C57Bl/6 mice. The presence of most of the BrdUrd positive
nuclei at uterine surface and not at deep myometrial level
confirms the high regenerative ability of the serosa and
suggests that the evidence necessary to confirm or dis-
prove the proliferative ability of the uterine myocyte should
be further sought.

Our study provides evidence that several population of
cells proliferate in the injured area of which a subset
eventually acquire �-SMA and thus commit to uterine
smooth muscle differentiation. These results should be
placed in the context of the current knowledge of the
molecular and cellular processes involved in regenera-
tion of muscular fibers.37 For example, several types of

progenitor cells have been found to play critical roles in the
repair of injured skeletal, cardiac, or vascular smooth mus-
cle.37 Out of the progenitor cell family, satellite cells are a
population of tissue resident progenitors committed to myo-
genic differentiation that reside beneath the basal lamina of
mature myofibers.38 Satellite cell-mediated repair of muscle
fibers is critical for recovery of muscle function after sup-
pression of inflammation.38 A sequence of well defined
molecular signals results in activation of dormant satellite
cells, proliferation, myogenic differentiation, and fusion with
damaged muscle fibers.38 Additionally, studies in mouse
models have determined that bone marrow-derived multi-
lineage stem cells also have the ability to integrate into
regenerating myofibers contingent on the microenviron-
ment.39 At this time there is no published data with respect
to the extent with which either satellite or hematopoetic stem
cells participate in the repair of the uterus post-CD. Further
research is needed to provide answers about the relation-
ships among genetic background, participation of the var-
ious pluripotent niches in the process of uterine healing,
and the myometrium’s ability to functionally recover in a
subsequent pregnancy.

A direct comparison between humans and animals is
complex. The period of gestation for the mouse is 20 days,
whereas that for the human is 40 weeks.40 Therefore, each
day of gestation for the mouse is approximately equivalent
to 2 weeks of gestation for the human. Extrapolating this to
the postpartum period, we derive that day 3 post-CD in our
mouse model could represent approximately 6 weeks hu-
man postpartum; day 5 � 10 weeks postpartum; day 15 �
30 weeks (7.5 months) postpartum; and day 60 � 2.5 years
postpartum. These intervals may have significant clinical
relevance to humans. Epidemiological studies demon-
strated that women who attempt vaginal birth after CD at
less than 2 years post-CD have a higher risk of uterine
rupture.41 As we previously proposed, this observation
could be related to phenotypical differences in the quality of
the myometrial wound healing.32,34 Indeed, the results of
the current study suggest that this may be the case. In our
mouse model, the site of the uterine scar was active and
underwent significant remodeling transformation even at 15
days post-CD (7.5 months in human equivalent). These
changes were phenotypically dependent. In addition, sev-
eral biomechanical endpoints differed between strains even
60 days post-CD (2.5 years in human equivalents). There-
fore, our study provides indirect biological evidence that the
human uterine scar could be a site of active remodeling,
which may extend well beyond into postpartum. Develop-
ment of noninvasive techniques that may asses the quality
of the uterine healing process in humans for optimal timing
of a new pregnancy in each individual is critically needed.
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