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Abstract

BACKGROUND—Birth trauma to pelvic floor muscles is a major risk factor for pelvic floor 

disorders. Intramuscular extracellular matrix determines muscle stiffness, supports contractile 

component, and shields myofibers from mechanical strain.

OBJECTIVE—Our goal was to determine whether pregnancy alters extracellular matrix 

mechanical and biochemical properties in a rat model, which may provide insights into the 

pathogenesis of pelvic floor muscle birth injury. To examine whether pregnancy effects were 

unique to pelvic floor muscles, we also studied a hind limb muscle.

STUDY DESIGN—Passive mechanical properties of coccygeus, iliocaudalis, pubocaudalis, and 

tibialis anterior were compared among 3-month old Sprague–Dawley virgin, late-pregnant, and 

postpartum rats. Muscle tangent stiffness was calculated as the slope of the stress–sarcomere 

length curve between 2.5 and 4.0 μm, obtained from a stress-relaxation protocol at a bundle level. 

Elastin and collagen isoform concentrations were quantified by the use of enzyme-linked 

immunosorbent assay. Enzymatic and glycosylated collagen crosslinks were determined by high-

performance liquid chromatography. Data were compared by the use of repeated-measures, 2-way 

analysis of variance with Tukey post-hoc testing. Correlations between mechanical and 

biochemical parameters were assessed by linear regressions. Significance was set to P < .05. 

Results are reported as mean ± SEM.

RESULTS—Pregnancy significantly increased stiffness in coccygeus (P < .05) and pubocaudalis 

(P < .0001) relative to virgin controls, with no change in iliocaudalis. Postpartum, pelvic floor 

muscle stiffness did not differ from virgins (P > .3). A substantial increase in collagen V in 

coccygeus and pubocaudalis was observed in late-pregnant, compared with virgin, animals, (P < .

001). Enzymatic crosslinks decreased in coccygeus (P < .0001) and pubocaudalis (P < .02) in 

pregnancy, whereas glycosylated crosslinks were significantly elevated in late-pregnant rats in all 

pelvic floor muscles (P < .05). Correlations between muscle stiffness and biochemical parameters 
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were inconsistent. In contrast to the changes observed in pelvic floor muscles, the tibialis anterior 

was unaltered by pregnancy.

CONCLUSIONS—In contrast to other pelvic tissues, pelvic floor muscle stiffness increased in 

pregnancy, returning to prepregnancy state post-partum. This adaptation may shield myofibers 

from excessive mechanical strain during parturition. Biochemical alterations in pelvic floor muscle 

extracellular matrix due to pregnancy include increase in collagen V and a differential response in 

enzymatic vs glycosylated collagen crosslinks. The relationships between pelvic floor muscle 

biochemical and mechanical parameters remain unclear.
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Pelvic floor disorders include pelvic organ prolapse, urinary, and fecal incontinence. 

Collectively, they represent a major public health problem, given their high prevalence, 

negative impact on quality of life, lack of ability to predict who is at risk, lack of preventive 

measures, high failure rate of available treatments, and the associated economic burden.1–3 

Clinical studies provide ample evidence that pelvic floor skeletal muscles (PFMs) are major 

contributors to proper female pelvic floor function. Radiologically detected defects and 

dysfunction of the PFMs are associated with a significantly increased risk of pelvic floor 

disorders, as well as recurrence of pelvic organ prolapse after surgical treatment.4 PFMs are 

composed of coccygeus (C) and the levator ani muscle complex; however, most published 

investigations use PFMs and levator ani muscle interchangeably and do not include C.

Childbirth is identified as the leading cause of PFM trauma. The reason for the trauma, 

suggested by modeling and imaging studies, is excessive PFM strain that occurs during 

vaginal delivery.5–7 Surprisingly, despite these predictions, many parous women do not 

sustain PFM injury.8 It is therefore likely that, to achieve extraphysiologic strain without 

injury, pregnancy-induced adaptations take place within these muscles. Previously we 

showed that PFMs adjust their contractile architecture to increase excursion, or range of 

motion, in preparation for delivery.9 Another major skeletal muscle component is the 

extracellular matrix (ECM) network, which consists of the endomysium that envelops 

individual muscle fibers, the perimysium, which connects adjacent fibers and surrounds 

muscle bundles and fascicles, and the epimysium, which ensheathes the whole muscle.10 

Intramuscular ECM bears the majority of passive load, provides support to the myofibers, 

and is the main determinant of muscle stiffness.10,11 Human and animal studies of 

ligaments, symphysis pubis, cervix, and vaginal connective tissue demonstrate dramatic 

changes in the mechanical properties of these structures during pregnancy.12–17 Biochemical 

alterations and remodeling of ECM are thought to account for the decreased stiffness and 

increased distensibility of these tissues, which facilitates delivery of the fetus and protects 

against maternal birth injury.18,19

Taken together, these findings motivate our thesis that pregnancy-induced protective 

adaptations also take place in the PFM ECM. One of the main functions of intramuscular 

ECM is to shield myofibers from mechanical stresses and strains by increasing passive 

tension, which is tension generated when muscle is stretched independently of muscle 
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electrical activation.11 Thus, we hypothesized that, in contrast to other pelvic tissues, PFM 

stiffness would increase in pregnancy. We postulated that such adaptation will protect the 

contractile component of the PFMs from injury caused by excessive mechanical strain 

during parturition.

Given the obvious ethical constraints associated with procurement of sufficient human PFM 

tissue from pregnant women to perform such a study, we used a rat model to determine PFM 

ECM alterations during gestation. Comparison of PFM structural parameters between 

human and rat demonstrated architectural similarity, suggesting that they have comparable 

functional design.20 The rat model also has proven valuable in many studies of pregnancy-

related changes in other pelvic structures.17,21,22 Furthermore, we recently reported that 

adaptations during pregnancy occur in the myofibers of rat PFMs, which increase their 

length by adding sarcomeres in series.9 As a complement, the current investigation primarily 

focuses on the biomechanical properties of PFM ECM to provide further insight into 

potential pregnancy-induced functional changes of human PFMs and pathogenesis of PFMs 

maternal birth injury.

The secondary objectives of this study were to explore pregnancy-induced biochemical 

alterations in the PFM ECM that could potentially account for the changes in muscle 

mechanical properties. Pregnancy induces marked alterations in collagen isoform ratios and 

increases elastin in vaginal connective tissue.23 In this study, we analyzed the content of 

pertinent to skeletal muscle collagen isoforms and elastin, as well as collagen crosslinks, 

because previous research has shown that increased collagen crosslinks are associated with 

greater skeletal and cardiac muscle stiffness.24,25 Consistent with our hypothesis that PFM 

stiffness will increase in pregnancy, we speculated that pregnancy does not lead to a 

decrease in collagen I content or an increase in elastin of the intramuscular ECM. We further 

proposed that PFM collagen crosslinks would increase in the pregnant group. To determine 

whether the results were specific to PFMs and not a general skeletal muscle response to an 

altered hormonal environment, we examined the tibialis anterior (TA) hind limb muscle as 

well.

Materials and Methods

The University of California Institutional Animal Care Committee approved all procedures 

performed. Seven virgin and 7 late-pregnant (19–21 days) 3-month-old Sprague–Dawley rats 

(Rattus norvegicus) were euthanized, and samples of C, iliocaudalis (IC), pubocaudalis 

(PC), and TA were obtained immediately and placed in storage solution at −20°C, as 

previously described, to prevent hyperpolarization and destruction of muscle tissue.26 PFMs 

from 7 four-week postpartum rats were used to determine recovery of the passive 

mechanical properties after delivery. Virgin and postpartum animals were in similar parts of 

the estrus cycle, as determined by vaginal smears.

Passive mechanics

All muscles were tested within 2 weeks of harvest in a relaxing solution to ensure muscle 

tissue integrity. Muscle stiffness was determined at the bundle level, which reflects 

mechanical behavior predominantly due to intramuscular ECM.11 To avoid compromising 
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the structural proteins, which can affect the elastic modulus, tissue digestion, often used to 

facilitate dissection, was not performed.11 Three fiber bundles, composed of ~30 individual 

muscle cells or fibers and the associated endo-and perimysium, were tested from each 

muscle via the use of a custom apparatus, as previously described.27 To summarize in brief, 

muscle bundles were placed into a testing chamber and secured between a force transducer 

(405 A; Aurora Scientific Aurora, ON, Canada) and a fixed pin connected to a rotational 

bearing (MT-RS; Newport Irvine, CA). Sarcomere length (Ls) provided objective 

quantification of muscle strain and myofibrillar array quality control and was measured 

throughout the experiments by laser diffraction.28 Bundle length was set to the minimum 

length that produced measurable forces, and baseline force and Ls were determined. 

Baseline sample diameter was measured optically with a cross-hair reticle mounted on a 

dissecting microscope and micromanipulators on an x–y mobile stage to determine cross-

sectional area.

Force–Ls data were generated for each bundle subjected to a stress-relaxation protocol. 

Bundles were elongated until failure or to a Ls of 4.0 μm in 10% strain increments followed 

by 3-minute stress–relaxation periods after which further stress decline is insignificant.11 

Force was converted to stress by dividing force by baseline cross-sectional area, assuming 

isovolumetric cylindrical shape of fiber bundles.29 Muscle passive tension varies depending 

on starting Ls, with increasing stiffness occurring at longer Ls. To assure proper comparison 

of passive mechanical properties among PFMs, we used tangent stiffness, which quantifies 

stress at a given Ls, instead of tangent modulus, which defines stress required to achieve a 

particular percent strain and loses Ls as a relevant parameter. Tangent stiffness was 

quantified as the slope of the stress-Ls curve between 2.5 and 4.0 μm.

Biochemical studies

To associate biochemical with mechanical results, samples were derived from adjacent 

portions of the same muscle used for mechanical testing. Tissue samples were immediately 

placed in complete mini protease inhibitor/ phosphate-buffered saline solution (Roche, 

Indianapolis, IN) to prevent collagen degradation, snap frozen in liquid nitrogen, and stored 

at −80°C. Previously, we found that total collagen content of PFM ECM substantially 

increases in pregnancy9; however, quantitative changes in total collagen have not been found 

to correlate well with passive mechanical properties of skeletal muscles.30,31 In this study, 

we analyzed the content of collagens I, III, V, and VI (intramuscular ECM) and IV 

(basement membrane), and elastin by using specific monoclonal antibodies and a sandwich 

enzyme-linked immunosorbent assay (Antibodies-Online Inc, Atlanta, GA).

To solubilize collagen fibrils and digest intra- and intermolecular crosslinkages, samples 

were placed in buffers containing pepsin (10 mg/mL) in 0.5 M acetic acid, pH 3.0, and 

pancreatic elastase (1 mg/mL) for 6 hours and 24 hours, respectively, at 4°C. Solubilized 

tissue homogenates and standards were pipetted into 96-well microplates precoated with 

antibodies specific to the proteins of interest after blocking nonspecific binding with bovine 

serum albumin, followed by addition of a biotin-conjugated specific primary antibodies and 

avidin conjugated horseradish peroxidase. After removal of unbound avidin-enzyme reagent, 
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a substrate solution was added, followed by a colorimetric quantification by 

spectrophotometry at 450 nm, normalized to tissue sample mass.

We also compared the amount of enzymatic (hydroxylysyl pyridinoline [HPy], lysyl 

pyridinoline [LPy]), and glycosylated (pentosidine [PE]) collagen crosslinks in PFMs and 

TA of nonpregnant and pregnant animals. Collagen crosslinks were determined by high-

performance liquid chromatography (HPLC), using previously reported methods.32,33 To 

summarize, tissue was hydrolyzed in 6 M hydrochloric acid at 110°C for 20 hours. After 

hydrolysis, samples were dried in a vacuum desiccator, redissolved, and then purified with 

0.22-mm spin-X centrifuge tube filters (Costar, Corning, NY). The HPLC column (TSK gel 

ODS-80 Tm, 4.6 mm I.D. × 15 cm packed with 5-mm particles; TOSOH Bioscience, Tokyo, 

Japan) was equilibrated with 0.15% (v/v) heptafluorobutyric acid in 24% (v/v) methanol. 

Samples were then injected into the HPLC system. Elution of crosslinks and a pyridoxine 

internal standard was achieved at 40°C at a flow rate of 1.0 mL/min in 2 steps. Fluorescence 

was monitored at 0–22 minutes, 295/400 nm; 22–45 minutes, 328/378 nm (gain 100; band 

width 18 mm). Elution of HPy was achieved at 9.8 minutes, LPy at 12.1 minutes, and PE at 

21.5 minutes.

Statistical analyses

Comparisons between muscles and conditions were performed by repeated measures 2-way 

analysis of variance. Comparisons between individual groups at each Ls were made with 

multiple comparisons with Tukey’s range test, as appropriate. Significance level (α) was set 

to 5%. Sample size of 7/group was calculated to achieve 80% statistical power based on the 

variability of previous data obtained from rodent limb muscles from our laboratory. 

Correlations between biochemical and biomechanical properties were determined by linear 

regression. All data were screened for normality and skew to satisfy the assumptions of the 

parametric tests used. Results are presented as mean ± SEM. All statistical analyses were 

performed with GraphPad Prism version 6.00 (GraphPad Software, San Diego, CA).

Results

The most notable finding of our study was that, unlike other pelvic tissues, PFM stiffness did 

not decrease in pregnancy. On the contrary, PFM from pregnant animals were significantly 

stiffer. At larger strains, pregnant rats demonstrated a 52% increase in tangent stiffness of C 

and more than 200% increase in stiffness of PC, compared with virgin controls (Figure 1). 

At Ls of 4 μm, tangent stiffness of C was 66.9 ± 11.3 kPa/μm in pregnant rats vs 44.0 ± 7.1 

kPa/μm in virgin animals (P < 0.05; Figure 1). In PC, significantly greater tangent stiffness 

was observed in the late-pregnant group starting at Ls of 3.5 μm, with 73.4 ± 7.8 kPa/μm vs 

26.3 ± 4.7 kPa/μm in virgin animals (P <.0001, Figure 1). Further strain from 3.5 μm to 4 

μm resulted in a 50% increase in tangent stiffness in pregnant rats, compared with only a 

27% increase in virgins. At Ls of 4 μm, tangent stiffness of PC in late-pregnant rats reached 

109.8 ± 12.5 kPa/μm vs 33.8 ± 5.1 kPa/μm in virgin controls (P < .0001; Figure 1). Passive 

tension of IC remained unchanged in pregnancy (P > .4 at Ls = 4μm). Tangent stiffness of C 

and PC decreased 4 weeks after vaginal delivery, with no differences observed between 

postpartum and virgin animals (Figure 1). To determine whether the results were specific to 
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PFM and not a general skeletal muscle response to an altered hormonal environment, we 

also measured tangent stiffness of TA in virgin and late-pregnant groups. The stiffness of 

this muscle did not change during pregnancy (P >.9 at Ls 2.5–4 μm) (Figure 2).

One goal of this investigation was to explore potential sources of pregnancy-induced 

alterations in the PFM passive mechanical properties. In our previous study, performed on 

fixed tissue, we found that collagen content rose dramatically in the PFM ECM by the end 

of gestation.9 In the current study, we quantified and compared elastin, collagen isoforms, 

and collagen cross-links in PFMs and the TA of virgin and pregnant rats. Elastin content did 

not differ between groups in either the pelvic or the hind limb muscles (Figure 3). As 

expected, collagen I was the predominant isoform in the ECM of all muscles examined 

(Figure 3). The ratio of collagen I to collagen III did not decrease in pregnancy in the 

intramuscular ECM of the PFMs, as reported for vaginal connective tissue.23 Collagen V 

increased significantly in C and PC in late-pregnant rats relative to virgin controls (P < .001; 

Figure 3). Analyses of enzymatic and glycosylated crosslinks in the PFM ECM revealed a 

differential response to pregnancy. Enzymatic crosslinks were reduced in pregnant rat PFMs, 

with significant decrease of HPy in PC (P < .02, Table 1) and LPy in C (P < .0001), relative 

to virgin controls (Table 1). The decrease in enzymatic crosslinks suggests that collagen 

turnover is lower in these muscles during pregnancy. In contrast, PE levels were significantly 

elevated in all 3 PFMs in pregnancy (Table 1). Nonetheless, when muscle stiffness was 

plotted against biochemical parameters examined, there were no significant correlations. 

Importantly, none of the biochemical changes observed in PFMs were present in the TA 

(Figure 3, Table 1).

Comment

Much effort has been devoted to studying biomechanical and biochemical changes in the 

vagina and its supportive structures in response to pregnancy. To our knowledge, however, 

this is the first investigation of the impact of pregnancy on the PFM intramuscular ECM. 

Increased distensibility of cervix, vagina, and its supportive structures during pregnancy is 

thought to facilitate delivery of the fetus while minimizing maternal birth 

injury.12,17,19,22,23,34 In skeletal muscles, the primary mechanism of injury is overstretching 

the sarcomeres.35–38 Passive tension borne by ECM dominates skeletal muscle load bearing 

capacity and shields myofibers from mechanical stress and strain.39 With this in mind, it 

quickly becomes apparent that decreased ECM stiffness would undermine PFM function, 

which are subjected to increased loads in pregnancy and are strained dramatically during 

vaginal delivery. The most important finding of this study is that, contrary to changes 

observed in the connective tissue of other structures, pregnancy induced a significant 

increase in the PFM passive tension at longer Ls. These functional ECM changes would 

likely decrease susceptibility of the PFM contractile compartment to injury due to large 

deformations associated with parturition. In the absence of maternal birth injury, PFM 

passive mechanical properties recovered, returning to pre-pregnancy state 4 weeks 

postpartum.

Although a significant increase in stiffness occurred in C and PC, muscle stiffness of IC did 

not increase in pregnancy. At this time, it remains unclear which biochemical parameters 
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dictate the increase in stiffness of the intramuscular ECM. Thus, we cannot definitively say 

what caused the differential response in the PFM passive mechanics. It is possible that the 

substantial increase in collagen V, observed in C and PC but not in IC, is partially 

responsible. Even though collagen V is a minor fibrillar collagen, this isoform is critical for 

maintaining the structure of collagen I that dominates intramuscular ECM.40 Furthermore, 

the protruding amino terminal domains of collagen V inhibit slippage of collagen molecules 

during mechanical deformation, resulting in increased ECM stiffness.41

With respect to collagen crosslinks, our initial investigations yielded intriguing results. 

Pregnancy induced a decrease in enzymatic crosslinks whereas it significantly escalated 

glycosylated crosslinks in the PFMs. Enzymatic crosslinks, hydroxylysyl pyridinoline, and 

lysyl pyridinoline are formed in fibrillar collagens by lysyl oxidase, which reacts with 

hydroxylysyl and lysyl side chains. The aforementioned posttranslational modification leads 

to the formation of stable and insoluble collagen fibers.42 Glycosylated crosslinks, such as 

pentosidine, are formed via nonenzymatic bonds between reducing sugar and collagen 

protein residues.43 Pentosidine, which is one of the advanced glycation end-products, has 

been shown to increase in the intramuscular ECM with aging, diabetes, obesity, and 

increased oxidative stress.43 Greater glycosylated crosslinks in the PFM ECM in the 

pregnant group may result from the increased oxidative stress, measured in pregnancy.44 

Previous reports showed an association between enzymatic crosslinks and muscle stiffness. 

Therefore, we were somewhat surprised to find decreased HPy and LPy in C and PC that 

demonstrated increased passive tension in pregnancy, but not in IC, where stiffness remained 

unchanged. Consistent with this finding is a recent report from our laboratory, which also 

found no significant correlation between collagen crosslinks and limb muscle stiffness.33 

The precise source(s) of increased PFM stiffness in pregnancy remain elusive at this time.

Once we confirmed our initial hypothesis that pregnancy does indeed induce adaptations in 

the PFM ECM, we assessed whether such changes occurred in the muscles outside of pelvis. 

None of the biomechanical or biochemical differences that occurred in the PFMs were 

observed in the TA of pregnant animals, compared with virgin controls. This result suggests 

that PFMs are uniquely exposed to the transformed mechanical and/or biochemical 

environment associated with pregnancy. It is also possible that muscles outside of pelvis are 

subjected to similar mechanical and biochemical changes during pregnancy but do not 

mount the same response as the PFMs due to intrinsic differences. This is a topic of future 

studies.

Muscle passive mechanical properties are important for active and passive muscle function, 

as well as protection from mechanical injury. Despite the limitations inherent to the use of a 

rodent model for the studies of muscle properties, the rat provides a valuable model for 

directly determining changes in PFM stiffness that occur in pregnancy and elucidating 

mechanisms that govern these alterations. Maternal birth injury of the PFMs occurs in 

thousands of women every year; however, currently we do not have effective approach to 

prevent such injuries in women delivering vaginally. One impediment to developing 

preventative strategies stems from the key unanswered question: what differentiates women 

who sustain PFM birth injury from those who do not? Our studies describe the pregnancy-

induced alterations in the PFM contractile and intramuscular ECM components. Delineation 
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of protective alterations in the PFM in our animal model provides specific parameters to be 

targeted by noninvasive imaging to investigate the extent of such adaptations in women. 

Furthermore, understanding tissue-level changes is necessary to enable future investigations 

focused on the identification of novel targets for interventions designed to promote 

protective adaptations in the PFMs that can potentially reduce PFM injury, and in turn, 

decrease the incidence of postpartum pelvic floor disorders.
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FIGURE 1. Tangent stiffness of coccygeus, iliocaudalis, and pubocaudalis in virgin, late-
pregnant, and postpartum groups (n = 7/group), represented as mean ± SEM
*Significantly different P values derived from Tukey pairwise comparisons, after repeated 

measures 2-way with significance level set to 5%.

ANOVA, analysis of variance.
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FIGURE 2. 
Tangent stiffness of tibialis anterior in virgin and late-pregnant groups (n = 7/group), 

represented as mean ± SEM
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FIGURE 3. Content of intramuscular collagen isoforms and elastin of C, IC, PC, and TA in 
virgin and late-pregnant groups (n = 7/group), represented as mean ± SEM
Data presented as mass per milligram tissue wet weight. *Significantly different P values 

derived from Tukey pairwise comparisons, after repeated measures 2-way ANOVA with 

significance level set to 5%.

ANOVA, analysis of variance; C, coccygeus; IC, iliocaudalis; PC, pubocaudalis; TA, tibialis 

anterior.
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TABLE 1

Comparison of collagen crosslinks in the intramuscular extracellular matrix of pelvic floor and hind limb 

muscles between virgin and late-pregnant rats, reported as mean ± SEM

Collagen crosslinks Virgin Late-pregnant P-value*

Hydroxylysyl pyridinoline (HPy), pmole/mg tissue

 Coccygeus 0.080 ± 0.004 0.111 ± 0.011 .24

 Iliocaudalis 0.150 ± 0.012 0.116 ± 0.013 .17

 Pubocaudalis 0.182 ± 0.011 0.127 ± 0.014 .01

 Tibialis anterior 0.156 ± 0.011 0.153 ± 0.014 .99

Lysyl pyridinoline (LPy), pmole/mg tissue

 Coccygeus 0.091 ± 0.009 0.036 ± 0.002 <.0001

 Iliocaudalis 0.057 ± 0.013 0.050 ± 0.004 .88

 Pubocaudalis 0.053 ± 0.005 0.045 ± 0.004 .84

 Tibialis anterior 0.042 ± 0.002 0.037 ± 0.002 .97

Pentosidine (PE), pmole/mg tissue

 Coccygeus 0.083 ± 0.007 0.122 ± 0.007 .0002

 Iliocaudalis 0.057 ± 0.002 0.081 ± 0.003 .02

 Pubocaudalis 0.037 ± 0.002 0.081 ± 0.010 <.0001

 Tibialis anterior 0.079 ± 0.004 0.086 ± 0.006 .86

*
P values derived from Tukey’s pairwise comparisons, following 2-way analysis of variance with significance level set to 5%.
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