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Abstract

OBJECTIVE—We hypothesized that the genetic makeup impacts on functional behavior of the
uterine cervix. Therefore, we compared the biomechanical properties of uterine cervix in
postpartum 2 strains of mice that differ in their underlying regenerative collagen remodeling
characteristics: MRL/MpJ+/+ (MRL.: high regenerative repair) and C57BL/6 (C57: low
regenerative high fibrotic repair).

METHODS—Cervical tensile proprieties were assessed on day (d) 3, 15, and 60 postpartum in
MRL (n=14) and C57 (n=13) mice (4-5 animals at each time point). Stress-strain curves were
generated using Shimadzu EZ-test instrumentation. Cervical tissue was stretched by 0.42 mm/min.
until rupture. Parameters of viscoelasticity including slope (a measure of stiffness - force needed to
produce similar extension), yield point (YP; moment when tissue changes its proprieties from
elastic to plastic), and break point (BP; measure of tissue strength) were recorded and analyzed
blindly between strains. Data were normalized to the weight of the tissue and analyzed by 2-way
ANOVA. Histological evaluation and collagen birefringence of the uterine cervix (MRL: n=4;
C57: n=4) was performed 5d post-delivery.

RESULTS—At 3 and 15 d postpartum cervices of MRL mice were significantly more compliant
than those of C57 (P<0.001). MRL mice displayed a significant increase in stiffness from d3 to d
60 [slope, median + SEM: d3: 3.1 £ 0.5 vs. d15: 20.3 £ 4.9 vs. d60: 33.1 + 3.5 N/mm/gram,
P<0.001]. In contrast, the stiffness of C57 cervices reached maximum on d15 [slope d3: 14.1 + 4.3
vs. d15: 40.0 = 6.5 N/mm/gram, p=0.02] and rested at a similar level on d60. [d60: 26.1 + 7.0
N/mm/gram, d60 vs. d15: P=0.937]. More force was required to reach YP in C57 on d3 (C57: 72.5
+ 14.7 vs. MRL: 19.9 £ 1.6 N/gram, P<0.001) but not on either d15 (C57: 156.1 + 27.5 vs. MRL.:
109.2 + 26.0 N/gram, P=0.120) or on d60 (C57: 143.4 £ 26.5 vs. MRL: 164.5 £+ 18.7 N/gram,
P=0.412). There was a significant decrease in BP in both strains on both d15 and d60 compared
with d3 postpartum (P=0.856 for strain, P=0.008 for d). MRL mice displayed significantly less
cervical collagen birefringence compared to C57 control (P<0.001) but increased proteoglycan
staining and increased water content.
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CONCLUSION—We provide evidence that genetic makeup may impact on cervical tissue
remodeling and function. There are significant differences in postpartum cervical stiffness and
compliance which vary with the regenerative collagen remodeling phenotype.

INTRODUCTION

The current working model of parturition indicates that this process is composed of several
major steps: a long conditioning preparatory phase, followed by a relatively short active
labor and postpartum recovery phase.! During gestation, the conditioning phase leads to
gradual ripening of the cervix, a process which commonly occurs at a different time frame
from that of the uterine myometrium.2:3 Thus, even though part of the uterus, the cervix is
viewed as a separate, complex, and heterogeneous organ.*

The process of cervical ripening and postpartum recovery are prerequisites for a normal
pregnhancy outcome but also for preservation of the future natural reproductive potential. It is
believed that the biology of the cervical conditioning, active labor and recovery phase
depends on the complex interaction between fibrous connective tissue, the extracellular
matrix (collagen, elastin and proteoglycans), smooth muscle, fibroblasts, nitric oxide and
hormonal factors such as progesterone, estrogens, androgens, prostaglandins and
relaxin.2:56.7.8 |n addition, the inflammatory cascade is actively involved and there is
persuasive evidence to suggest that the apoptotic cascade plays an important role.910 For
example, cell proliferation is highest in early pregnancy whereas apoptosis increases
progressively in later pregnancy to reach maximal levels in the postpartum time period. 1°

A clear understanding of the biologic mechanisms that regulate cervical remodeling during
pregnancy and postpartum is greatly needed.!! But while there has been a progressive focus
on preparatory and active labor phase of cervical ripening, less attention was paid to the
reparative and transformational process of the cervix in postpartum despite the importance
of this process for future pregnancies.10:12

The MRL/MpJ+/+ (MRL) mouse strain is unique in its capacity for regenerative remodeling
with complete closure of ear holes post-injury.13: 14 The advantage of this strain of mice is
that its regenerative ability can be directly compared to that of other mouse strains which do
not hold similar remodeling properties such as that of the C57BI/6 (C57) mice. This
reparative process in MRL mice has been associated with the formation of a blastema-like
structure (a mass of mesenchymal cells from which new tissue is differentiated) and
increased vascularization.1® A number of studies have now shown that the process of wound
healing in MRL mice is faster, more complete, with increased swelling, angiogenesis,
fibroblast migration, extracellular matrix deposition and decreased collagen deposition,
scarring and fibrosis.1416:17 Using backcross mapping a number of genetic linkage studies
demonstrated that the regenerative remodeling phenotype of MRL mice is genetically
determined.1® Approximately 20 quantitative trait loci (QTLS) on at least 7 chromosomes
were identified and proposed as being responsible for the different wound healing/
regeneration phenotype of the MRL mice. Epistatic loci-to-loci interactions as well as
interactions with the environment have been linked to the regeneration phenotype of the
MRL genetic background. 19.20
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We hypothesized that inborn genetic remodeling phenotypes impact on future morphology
and functional behavior of the uterine cervix. Therefore, we compared the tensile strength
properties of the postpartum cervices in 2 strains of mice that differ in their underlying
extracellular matrix remodeling characteristics: MRL (high regenerative repair) and C57
(low regenerative and high fibrotic repair relative to the MRL background).

MATERIALS AND METHODS

Animals

Two strains of pregnant mice (MRL and C57) nulliparous female mice were acquired from
Jackson Laboratory (Bar Harbor, Maine, USA), maintained on a 12:12 hours light cycle and
allowed free access to food and water. Animals were bred in our facilities under a rigorous
protocol (day (d) 1=day sperm plug observed). For the purpose of this study, we analyzed
data from 35 animals (MRL: n=18 and C57: n=17). All the procedures were conducted in
accordance with the standards outlined by the National Institute of Health guide for the Care
and Use of laboratory animals, under protocols approved by the Institution of Animal Care
and Research Advisory Committee.

To avoid possible variation in stretching of the uterine cervix due to differences in fetal mass
and number of the pups, animals were anesthetized with ketamine 90-100 mg/kg (Ketalar,
Parke-Davis, Morris Plains, NJ) and xylazine 10 mg/kg (Gemini, Rugby Lab., Rockville
Center, NY) on d18 of pregnancy (24 hours before the expected day of delivery). Cesarean
section was performed under sterile conditions. Once the abdomen was opened a
longitudinal incision was made along the anti-mesometrial border in the mid-portion of each
uterine horn. The fetuses and their placenta were gently extruded through the hysterotomy
incision and fetal and maternal weight (before and after Cesarean) recorded. The uterine
incision was closed with continuous lock stitches of 5-0 polyglycolic acid suture. Animals
were observed until they recovered and become mobile. Immediate postoperative analgesia
was provided to the animals (butorphanol 2 mg/kg s.c. prn. q 4 hours sc.). Animals were
sacrificed by carbon dioxide inhalation at 3 days (d) (MRL: n=5, C57BL/6: n=4),5d (MRL:
n=5, C57BL/6: n=5), 15 d (MRL: n=4, C57BL/6: n=4), and 60 d (MRL: n=5, C57BL/6:
n=5) following surgery.

The cervix was defined as the less vascular tissue with parallel lumina between the uterine
horns and the vagina. 21 Immediately after death, the cervix was isolated and transected at
the utero-cervical junction with the aid of a dissecting microscope. Biomechanical testing
was performed on cervices at d3, d15 and d60 postpartum while cervices from mice of d5
postpartum were used for histology.

Biomechanical properties of the cervix

The tensile properties of the isolated cervix were determined based on a previously
described protocol. 22 Briefly, following collection the cervix was weighed (wet weight) and
then anchored in a tissue bath filled with 10mM HEPES/PBS solution (pH=7.4), by means
of a silk thread passed through the lumen of each of the cervical canal. The Shimadzu EZ-
test instrumentation (Shimadzu North America, Columbia, MD) was used to stretch the
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tissue by 0.42 mm /minute (sampling rate: 20 Hz; duration of stretching: 0.7 sec.; duration
or equilibration: 59.3 sec.). Representative stress-strain curves of the uterine cervix for both
strain of mice are presented in Figure 1. Parameters such as s/ope (measure of stiffness),
yield point (YP; moment when tissue changes its proprieties from elastic to plastic), break
point (BP; measure of tissue strength), displacement at YP and BP were recorded and
analyzed as previously described. 2223 Once the intermittent stretching protocol was
initiated, it was continued past the YPuntil the BPwas reached. After stretching, the cervix
was placed on an aluminum foil and dried in an oven overnight for weight measurement.

Having verified the time point at which the 2 strains of mice displayed marked differences in
biomechanical properties of their cervices, an additional 8 animals (MRL: n=4 and C57:
n=4) were sacrificed 5d post delivery. We aimed to identify histological changes that may
explain the disparity. Following collection, the cervix was fixed overnight in formalin
(Fisher Chemical, Fairlawn, NJ) and embedded in paraffin. Sections were cut to a thickness
of 5 um and stained with either hematoxylin and eosin (H&E) or Alcian blue (8GX, Fluka,
Buchs, Switzerland) or Sirius Red (Direct Red 80; Aldrich, Milwaukee, WI). After
rehydration, serial sections were immersed for 15 min. in 1% Alcian blue (in 3% aqueous
acetic acid, pH 2.5) to visualize anionic glycoconjugates such as proteoglycans and
glycosaminoglycans. Alcian blue-stained sections were counterstained with 1% neutral red
(Sigma, St Louis, MO). 0.5% Sirius Red dissolved in alkaline solution (NaOH, pH 10.5) was
used for assessment of collagen birefringence through microscopic cross-polars.3:24 The
polyazo dye, Sirius red F3B ionically binds with the positively charged collagen. Large
collagen fibers appear brilliant yellow-orange on a black background. According to
Junqueira et al., the birefringence is highly specific for collagen and represents an index of
the organization of collagen fibers.24 For each animal, fields in 2-3 sections of the uterine
cervix (200 x magnification) were analyzed at random and digital images acquired using an
Olympus U-STP polarizing light microscope equipped with an Olympus OLY-200 digital
camera (Olympus, Melville, NY). Attention was paid so that sections chosen for analysis to
be are at similar bi-luminal level for both MRL and C57BL/6 mice. Fixed light settings were
maintained throughout the digital acquisition of all images. Images were analyzed using
Adobe Photoshop 7.0 (Adobe Systems) and the mean luminosity (light intensity of the
pixels) was considered proportional to the amount of birefringent collagen per field, as
previously reported. 323 Results were reported as units of luminosity. Luminosity was
quantified from 32 (background luminosity) to 255 (bright white). By averaging the
luminosity values from the acquired fields, for each animal, a semi-quantitative estimation of
the amount of collagen was obtained for each tissue biopsy.

Statistical analysis

The normality of the data distribution was first tested using the Kolmogorov-Smirnov test.
Analysis was performed with the aid of SigmaSTAT 2.03 statistical software (Jandel
Corporation, San Rafael, CA). The data are presented as their mean =+ standard error of the
mean (SEM). Slopes of the upper, lower and mid-point regression lines were calculated to
characterize the sample’s resistance to stretch. A larger slope indicates a higher resistance to
stretch, and therefore increased stiffness. Comparisons between the 2 groups of animals
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were performed by Student t-tests. Comparisons between tensile visco-elestic properties of
the cervix at different days post Cesarean delivery were performed by 2-way ANOVA with
mouse strain and time points as the two independent variables. A £<0.05 was considered to
indicate statistical significance.

RESULTS

The total fetal mass of MRL mice at the time of Cesarean was significantly higher (MRL:
8.7+0.6 vs. 6.0+1.0 grams, P=0.027) impacted by their increased litter size (MRL: 10 [7-11]
vs. C57: 7 [6-10] fetuses, P=0.008). There was no difference in average fetal weight between
the two strains (P=0.349) but the maternal body weight (both before and after Cesarean) of
the MRL mice was at least 50% larger (P<0.001) than that of C57 mice. There were
significant differences in the weight of the uterine cervix between the 2 strains of mice on d3
and d15 but not on d60 postpartum (2-way ANOVA, P<0.001) (Figure 2). As the difference
in weight of the cervices on d3 and d15 between MRL and C57 may relate both to the
difference in organ size and to the amount of edema, we further analyzed the dry cervical
weight and derived the cervical water content through the difference from the wet weight.
Although the dry weights did not differ significantly either between strains (£=0.094) or
with the interval postpartum (P=0.105), the calculated water content differed with both
variables (£<0.001) with significant level of interaction between them (P<0.001). These
findings suggest that the differences in cervical wet weight between strains could be largely
attributed to differences in water content.

MRL cervices displayed a significant increase in stiffness over time [slope, d3 (n=5): 3.1

+ 0.5 vs. d15 (n=4): 20.3 £ 4.9 vs. d60 (n=5): 33.1 + 3.5 N/mm/gram, P< 0.001] (Figure
3A). C57 cervices reached maximal stiffness on d15 [slope d3 (n=4): 14.1 + 4.3 vs. d15
(n=4): 40.0 = 6.5 N/mm/gram, p=0.02] and remained at similar level on d60. [d60 (n=5):
26.1 + 7.0 N/mm/gram, d60 vs. d15: P=0.937]. There were significant differences in visco-
elasticity of the cervix between the 2 strains on d3 and d15 with the cervix of the MRL
being more compliant (MRL vs. C57, A<0.001).

YP was affected similarly in both strains (Figure 3B). More force was required to reach YP
in C57 on d3 (C57: 72.5 £ 14.7 vs. MRL.: 19.9 + 1.6 N/gram, £<0.001) but not on either d15
(C57: 156.1 £ 27.5 vs. MRL: 109.2 + 26.0 N/gram, AP=0.120) or on d60 (C57: 143.4 + 26.5
vs. MRL: 164.5 + 18.7 N/gram, P=0.412).

BP evolved similarly between the 2 strains (Figure 3C). There was a significantly decrease
in BP in both strains on both d15 and d60 compared with d3 postpartum indicating a
significant loss in strength which occurred independently of the genetic phenotype. Less
tissue displacement was required to reach BP on d15 and d60, in both MRL and C57
compared with d3 (2-way ANOVA, P=0.856 for strain, £=0.008 for d).

Representative histological images of the uterine cervices are displayed Figure 4.
Examination of Sirius red stained tissue sections through cross-polars showed that the C57
displayed significantly more abundant large collagen fibers in brilliant yellow-orange
compared to MRL mice consistent with increased collagen birefringence (C57: 66.9 + 1.1
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vs. MRL: 38.7 + 2.5 luminosity units, t-test, A< 0.001). No discernable differences in
cellular populations or inflammatory infiltrate between the 2 mouse strains could be
identified on H&E staining. However, the extracellular matrix of MRL mice cervices stained
more intensely with Alcian blue indicative of more abundant acid mucins (proteglycans and
glycosaminoglycans).

DISCUSSION

The results outlined in this study suggest that the tensile visco-elastic behavior of the
postpartum uterine cervix varies with the genetic background and is phenotype dependent.
By using 2 strains of mice that differ in their underlying regenerative collagen remodeling
characteristics, MRL/MpJ+/+ (high regenerative repair) and C57BL/6 (low regenerative and
high fibrotic repair) we have demonstrated significant differences in the stiffness and
elasticity of the uterine cervix in the immediate postpartum period. Yet, the end result for
these 2 indicators was similar 60 days post-delivery. Interestingly, the cervical strength was
more advanced in the immediate compared to the late postpartum, but this phenomenon did
not appear to be phenotype dependent. From a histological perspective, the decreased
stiffness of the MRL cervices was associated with decreased collagen birefringence,
increased proteoglycan staining and increased water content.

Persuasive data seems to suggest that the mechanical behavior of connective tissues in
general, and that of the uterine cervix in particular is complex and is governed by
interactions between the solid and a liquid component.2> Collagen remains perhaps the most
critical element responsible for maintenance of tissue structural integrity.26 Other elements
of the extracellular matrix such as proteoglycans, elastin, decorin and tissue hydration reliant
on the amount of negatively charged glycosaminoglycans and levels of vascular endothelial
growth factor (VEGF) have also been described as important determinants of cervical
biomechanics.27:28

Attention of most investigators has concentrated on the mechanisms responsible for the
gradual cervical softening and dilatation during pregnancy and/or labor. However, although
the cervix in postpartum must undergo a similar but reversed remodeling process to protect
the reproductive tract from exposure to a potentially infectious environment, much less
attention was paid to this process. 3229.:30.31 Cyrrently, it is advocated that the phenomenon
of cervical involution is characterized by an extensive process of connective tissue
remodeling. For example, in humans, 48 hours postpartum there is a 2 to 3-fold increase in
the cervical mRNA for collagen 1 and 111, compared to non-pregnant state.31 An increase in
the transcriptional levels for proteoglycans (biglycan, decorin) was also reported.3!
Although the initiating signaling events are still unclear, most recent data seem to emphasize
the role of individuals’ genetic makeup.32:33:34.35 Microarray technology has been used to
thoroughly map the genes differentially expressed in the mouse cervical tissue during
pregnancy and hours into postpartum.32 Based on expression patterns it has been concluded
that cervical ripening requires a downregulation of collagen assembly genes, increased
synthesis of glycosaminoglycans that disrupt the matrix, such as hyaluronan, increased
metabolism of progesterone and changes in epithelial barrier properties. 36 In contrast, the
latter phases of dilation and immediate postpartum recovery are associated with increased
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assembly of mature collagen, synthesis of matrix proteins that promote a dense connective
tissue, activation of inflammatory responses, prostaglandin synthesis, changes in epithelial
barrier properties and differentiation.3® Though the authors did not specifically search for
genes up-or down-regulated in the later postpartum periods, based on their results, it seems
reasonable to assume that proteins involved in enzymatic activity, intra-cellular signaling,
DNA transcription and repair, apoptosis, cellular growth and differentiation may play an
important role as the cervix transitions to the non-pregnant state.

Prior studies using microarray technology have revealed that the differential gene expression
profile between MRL and C57 mice is characterized by enhanced collagen remodeling
signals of the “high regenerative” phenotype mediated by a metabolic shift toward a low
inflammatory response and an enhanced rapid tissue repair.1>16:17.37 |n our study we
demonstrated the MRL and C57 mice also differ significantly in cervical stiffness and
elasticity immediately post-delivery. We have also shown that approximately 2 weeks post-
delivery the uterine cervix breaks easier in both phenotypes. Hence, the information gained
from this investigation provides functional ground that these 2 strains of mice might differ in
gene action at the level of the uterine cervix. Further studies should be carried out to identify
genes that are transcriptionally regulated during the phase of cervical involution and thus
provide insight into molecular mechanisms controlling the biomechanics and the rate of
cervical remodeling.

The triple helix arrangement allows collagen to cross-link into complex 3-D networks of
fibrils, fibers and bundles that dictate both firmness and mechanical strength during non-
pregnant and pregnant states.38 A growing body of evidence suggests that the orientation
and thickness of collagen fibers show a relationship with mechanical strength.3° Collagen
has a natural birefringence due its 3-D arrangement of fibers. The fibers’ thickness and
orientation determine polarization colors, a property enhanced by Sirius red dye binding.
Furthermore, in the cervix as well as in other tissues with complex mechanical behavior,
such as cartilage and blood vessels, the relative ratio of collagen to proteoglycans is an
important determinant of visco-elasticity, compliance and ultimate of function.?2 The
differences in biomechanical properties between MRL and C57 cervices paralleled by
differences in collagen birefringence and proteoglycan abundance provide the proof of
concept that the genetic background may also impact upon tissue biomechanics by
concurrently modifying the 3-D arrangement of the collagen fibers and the relative ratio of
collagen to proteoglycans in the uterine cervix.

Although there is evidence that inflammatory cells infiltrate the cervix prior to labor, the role
of inflammation in modulating the process of cervical remodeling remains controversial.140
Interestingly, one prior study showed that neutrophil migration and activation was not
initiated within the mouse cervix until shortly after delivery.39 In our study, the histological
examination of the cervices could not recognize marked differences in cellular populations
or inflammatory infiltrate between the MRL and C57 mice, 5d post delivery. Based solely on
our histological data we cannot minimize the role of inflammation in the process of cervical
remodeling. We argue that genes implicated in the expression of inflammatory mediators
such as cytokines (interleukins [IL] 1, -6, -8) or matrix metallo-proteases (MMPs) may be
involved in cervical remodeling in the absence of histological evidence of inflammation.30
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Prior studies on differences in regenerative ear healing capacity identified that both the MRL
and C57 mice generated an inflammatory response after wounding with cells that are MMP
(MMP-2 and MMP-9) positive.** C57 mice had, however, higher number of cells positive
for tissue inhibitors of MMPs (TIMPs). Why MMPs express at a higher level and the TIMPs
at a lower level in the MRL mice is not clear. Prior studies attributed this to the
inflammatory cytokines TNFa and IL-1. 42 It has been reported that MRL macrophages are
dysregulated in these two cytokine responses. The ear hole closure phenotype is a heritable
quantitative trait known to interact with the environmental factors such as levels in steroid
hormones. 17 43 Rather than investigating particular expression of individual effectors or
signaling regulators, we took a more global approach to identify differences in cervical
recovery post-pregnancy between the two genetic backgrounds. Since this is the first study
to propose a connection between wound healing phenotype and cervical function, our results
highlight the importance of future research into the concerted role of inflammation,
extracellular matrix remodeling and responsible molecular factors in the process of cervical
involution post-delivery. Taking into account the differences in the genetic background of the
MRL and C57 mice, our experimental model may be useful in stimulating future research to
provide insight into the interaction between genetic and environmental factors as relates to
cervical incompetence and preterm birth.
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Figure 1. L oad-displacement curves of the uterine cervix
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Representative load-displacement curves are shown for C57BI/6 (Panel A) and MRL/MpJ
+/+ (Panel B) at 3 days postpartum. The mid-slope of the regression lines of the linear
ascending part of the curve (elastic phase) (shown in red) is a measure of material stiffness.
The yield point (YP: moment when tissue changes its proprieties from elastic to plastic) and
break point (BP: moment when tissue is physically disrupted) are indicated with arrows.
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Figure 2. Cervical weight post-delivery in MRL/MpJ+/+ and C57BI/6 mice
Statistical analysis: 2-way ANOVA followed by post-hoc Student-Newman-Keuls tests. *

F<0.05 vs C57BI/6; # £<0.05 vs. day 3 post-delivery of the same strain.
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Figure 3.
Analysis of the load-displacement relationships of cervices from day 3, 15 and 60 post-

delivery demonstrating differences in the slope (Panel A: measure of stiffness), yield point
(Panel B: measure of plasticity) and break point (Panel C: measure of strength). Statistical
analysis: 2-way ANOVA followed by post-hoc Student-Newman-Keuls tests. * £<0.05 vs
C57BI/6; # £<0.05 vs. day 3 post-delivery of the same strain.
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Figure 4. Representative histological sections of the uterine cervix on day 5 post-delivery in
MRL/M pJ+/+ and C57BI/6 mice

Sections were stained with Sirius red and visualized in either polarized light (Panel A:
MRL/MpJ+/+, Panel B: C57BI/6) or white light. (Panel C: MRL/MpJ+/+, Pandl D:
C57BI/6). Adjacent hematoxylin & eosin stained sections are shown in Panel E: (MRL/MpJ
+/+) and Panel F (C57BI/6). The squared areas are displayed at higher magnification in
Panel G (MRL/MpJ+/+) and Panel H (C57BI/6) after Alcian blue/neutral red staining to
illustrate acid mucins stained in light blue. Arrows point to metachromatically stained mast
cells. Lu: lumen of the endocervical canal. Endo: Endocervical epithelium.
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