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Role of fibulin‑5 insufficiency 
and prolapse progression 
on murine vaginal biomechanical 
function
Gabrielle L. Clark‑Patterson1, Sambit Roy2, Laurephile Desrosiers3, Leise R. Knoepp3, 
Aritro Sen2 & Kristin S. Miller1*

The vagina plays a critical role in supporting the pelvic organs and loss of support leads to pelvic 
organ prolapse. It is unknown what microstructural changes influence prolapse progression nor how 
decreased elastic fibers contributes to vaginal remodeling and smooth muscle contractility. The 
objective for this study was to evaluate the effect of fibulin-5 haploinsufficiency, and deficiency with 
progressive prolapse on the biaxial contractile and biomechanical function of the murine vagina. 
Vaginas from wildtype (n = 13), haploinsufficient (n = 13), and deficient mice with grade 1 (n = 9) 
and grade 2 or 3 (n = 9) prolapse were explanted for biaxial contractile and biomechanical testing. 
Multiaxial histology (n = 3/group) evaluated elastic and collagen fiber microstructure. Western blotting 
quantified protein expression (n = 6/group). A one-way ANOVA or Kruskal–Wallis test evaluated 
statistical significance. Pearson’s or Spearman’s test determined correlations with prolapse grade. 
Axial contractility decreased with fibulin-5 deficiency and POP (p < 0.001), negatively correlated 
with prolapse grade (ρ = − 0.80; p < 0.001), and positively correlated with muscularis elastin area 
fraction (ρ = − 0.78; p = 0.004). Circumferential (ρ = 0.71; p < 0.001) and axial (ρ = 0.69; p < 0.001) vaginal 
wall stresses positively correlated with prolapse grade. These findings demonstrated that fibulin-5 
deficiency and prolapse progression decreased vaginal contractility and increased vaginal wall stress. 
Future work is needed to better understand the processes that contribute to prolapse progression in 
order to guide diagnostic, preventative, and treatment strategies.

Pelvic organ prolapse (POP) is defined as anatomical changes due to falling, slipping or downward displacement 
of the uterus or vaginal compartments and their neighboring organs (bladder, rectum, or bowel)1. POP symp-
toms can include vaginal bulge, pelvic pressure, and is often associated with other pelvic floor disorders, like 
urinary and fecal incontinence2. Conservative, nonsurgical, options such as physical therapy may be prescribed 
to patients as a first-line option to reduce symptoms, prevent POP progression, and to avoid or delay the need for 
surgery3,4. However, these interventions are usually most beneficial for patients with mild to moderate POP3,4. 
12.6% of women will undergo surgery for POP in their lifetime5. POP reoccurrence rates are up to 38% with 3% 
undergoing repeated operation within 3 years, and 12% present with complications due mesh exposure6. While 
vaginal birth and aging are well established risk factors for POP, the underlying mechanisms that contribute to 
the development and progression of severe POP are poorly understood. Damage to the levator ani muscle during 
vaginal birth is highly implicated, however, not all women with levator ani tears develop POP and not all women 
with POP have levator ani tears7. Therefore, the underlying processes of POP are more likely multifactorial and 
recent studies suggest that vaginal connective tissue dysfunction due to elastic fiber disruption may contribute 
to the development and progression of POP8–11.

Elastic fibers consist of various structural components (e.g., elastin, fibrillins, and fibulins) that are important 
for the assembly into a mature and functional fiber. Elastic fibers contribute to the integrity of the vaginal wall 
by imparting compliance and extensibility12–14. Additionally, intact and mature elastic fibers may be critical to 
maintain smooth muscle cell (SMC) contractility15–18. POP is common in women with certain, genetic disorders, 
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such as Marfan syndrome, which results in defects in elastic fiber synthesis or assembly11. A decrease in elastic 
fiber components, elastin and fibulin-5, in prolapsed human vaginal tissue correlates with POP severity19–22. 
Further, women with POP have stiffer vaginal tissue, which correlates with POP severity, compared to non-POP 
controls23–27.

Currently it is not known what microstructural changes influence POP progression, nor how decreased 
elastic fibers contribute to vaginal remodeling and SMC contractility. Although not a substitute for human 
tissue, mouse models are useful for investigating protein and cellular interactions to elucidate the underlying 
biological processes and pathologies. By 6 months of age 92% of fibulin-5 deficient mice develop POP where the 
vagina and cervix are descended, stretched, and herniated through the vaginal canal10. This animal model can 
serve as a useful tool to evaluate vaginal connective tissue remodeling associated with POP progression, and to 
determine how changes in elastic fiber content with altered fibulin-5 expression (i.e., deficiency and haploinsuf-
ficiency) affects vaginal function. Vaginal wall integrity in fibulin-5 deficient mice with and without POP was 
previously investigated with uniaxial biomechanical tests28. However, in vivo the vagina is loaded multiaxially 
due to pressure within the body and interactions with surrounding organs. Vaginal wall material stiffness18,29–31 
and contractility18,29 are different for the circumferential versus axial directions; hence, biaxial biomechanical 
tests are needed to recapitulate multiaxial loading and simultaneously quantify biomechanical properties in each 
direction. Towards this end, extension-inflation protocols, which have the ability to maintain vaginal geometry 
and native SMC-matrix interactions, are useful biaxial biomechanical testing methods31–34.

Therefore, our objective was to evaluate the effect of fibulin-5 haploinsufficiency, and deficiency with pro-
gressive POP on the biaxial contractile and passive biomechanical function of the vagina. To accomplish this 
biaxial extension-inflation protocols measured maximum contraction and quantified vaginal material stiffness, 
circumferentially and axially. Histological analysis along the circumferential and axial planes quantified elastic 
fiber morphology and collagen organization. Western blotting determined collagen and SMC contractile protein 
expression. We hypothesized that contractility and SMC contractile protein expression decreases, material stiff-
ness increases, and elastin area fraction decreases in the fibulin-5 haploinsufficient and deficient vaginas with 
progressive POP as compared to wildtype controls. Elucidating the complex interactions between proteins and 
cells and their contribution to vaginal function is important for understanding which components contribute to 
the underlying processes of POP progression and may serve as potential targets for treatment and intervention.

Methods
Animal use and sample preparation.  All procedures in this study received approval by the Institute 
Animal Care and Use Committee at Tulane University. This study performed all procedures in accordance with 
the relevant guidelines and regulations. Further, this study was conducted in compliance with the ARRIVE 
guidelines. The fibulin-5 (Fbln5) global knockout mice were developed by Dr. Hiromi Yanagisawa35. The Fbln5 
colony was established at Tulane University from male and female breeders supplied by Dr. Jay Humphrey from 
Yale University. Female and male Fbln5 haploinsufficient mice on mixed background (C57BL/6 × 129SvEv) gen-
erated all female wildtype (Fbln5+/+), haploinsufficient (Fbln5+/−), and deficient (Fbln5−/−) mice used within this 
study (Supplementary Fig. S1). Microisolators housed all mice with littermates (no more than 5 per cage) under 
standard conditions with 12-h light and dark cycles. All mice were genotyped by tail snips taken during weaning 
by a commercial vendor (Transnetyx, Cordova, TN, USA) using real time PCR. Motivated by the observation 
that mechanical function correlates with the severity of POP in humans23, the established Mouse Pelvic Organ 
Prolapse Quantification (MOPQ) System36 divided the Fbln5−/− mice into two groups based on POP grade: grade 
1 versus grade 2 and 3 POP (Fig. 1)37,38. The grade 2 (n = 5) and 3 (n = 4) POP groups were combined due to sta-
tistical analysis indicating no significant differences in contractility and mechanical properties between the two 
groups. This minimized the number of mice needed according to ethical guidelines39. Further, previous work in 
the fibulin-5 mouse model combined grades 2 and 3 POP into a single group thus making this study comparable 
to the previous studies37,38. The individual animal served as the experimental unit throughout this study. None 
of the mice in this study presented with rectal prolapse.

A guillotine euthanized 44 mice without anesthesia at 3–6 months of age at estrus (by visual assessment) to 
enable consistent and repeatable assessment of SMC contractility and biomechanical testing (Fbln5+/+ n = 13, 
Fbln5+/− n = 13, Fbln5−/− with grade 1 POP n = 9 and Fbln5−/− with grade 2/3 POP n = 9). A power analysis 
(Fbln5+/+ n = 3, Fbln5+/− n = 3, Fbln5−/− with grade 1 POP n = 3 and Fbln5−/− with grade 2/3 POP n = 3; α = 0.05, β 
= 0.80) demonstrated that this study needed at least 7 mice per genotype and POP grade to detect significance 
in contractility. The total number of mice per genotype and POP grade exceeded 7 due additional preliminary 
studies (enzymatic digestion and gene expression not reported herein) performed after biomechanical testing. 
Visual assessment presented difficulties in assessing estrous cycle in the grade 2 and 3 POP mice due to the 
descent of the pelvic organ to the level of the introitus. The 3–6 months age range was selected due to the Fbln5 
mice developing POP as early as 3 months of age and 92% by 6 months10. In this study, all fibulin-5 deficient 
mice developed at least grade 1 POP by 3 months of age. Further, 3–6 months corresponds to 20—30 human 
years40. This is past development but not affected by senescence, therefore, representing the sexually mature adult 
group. In addition, statistical analysis in the Fbln5+/+ controls demonstrated that age did not significantly affect 
contractility and mechanical properties between 3–4 (n = 6) versus 5–6 (n = 7) months of age. Following mechani-
cal testing 12 samples were fixed for histological analysis (n = 3/group). Carbon dioxide inhalation euthanized a 
separate cohort of 24 mice for western blotting and liquid nitrogen snap froze the samples (n = 6/group). Then 
the samples were stored at – 80 °C until western blotting analysis. A power analysis (n = 3/group, α = 0.05, β = 
0.80) demonstrated that this study needed at least 6 mice per group to detect significance in protein expression. 
This study euthanized a total of 68 animals using littermate controls when possible. The animal distributions by 
genotype and prolapse grade are reported with the animal weight as mean ± standard error of mean: 19 Fbln5+/+ 
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(24.1 ± 0.4 g), 19 Fbln5+/− (23.7 ± 0.3 g), 15 Fbln5−/− with grade 1 POP (23.7 ± 0.6 g), 8 Fbln5−/− with grade 2 POP 
(24.5 ± 0.2 g), and 7 Fbln5−/− with grade 3 POP (24.1 ± 0.3 g).

Balloon catheterization.  At least one estrous cycle (at estrus) prior to experimentation a balloon catheter 
measured intravaginal pressures in 3–6 months of age female Fbln5+/+ (n = 6), Fbln5+/− (n = 6), and Fbln5−/− with 
grade 1 POP (n = 5) mice18,41,42. A custom polyvinyl chloride 3 mm-diameter balloon was attached to a 1.25 mm-
diameter aluminum tube to construct the balloon catheter18. The balloon catheter was then connected to a 3-way 
stop cock, 3-mL syringe, and pressure transducer (-50 to + 300 mmHg; product number MLT0699; ADInstru-
ments, Colorado Springs, CO). The pressure transducer connected to a laptop and system components (Power-
Lab and LabChart8, ADInstruments, Colorado Springs, CO, USA). The 3-mL syringe filled the aluminum tube 
with water to distend the balloon to 3 mm and obtain a baseline pressure reading. The balloon inserted into the 
vaginal canal by passing the introitus of the anesthetized mice (4% isoflurane in 100% oxygen). The pressure 
transducer measured the current pressure and the change between the current and baseline pressure quantified 
the in vivo pressure18,43. All animals underwent balloon catheterization 3 times to average intravaginal pres-
sure readings minimizing user variability18. The Fbln5−/− mice with grade 2 or 3 POP did not undergo balloon 
catheterization due to cervical descent through the vaginal canal to the level of the introitus (Fig. 1). A separate 
cohort of Fbln5−/− mice with grade 1 POP underwent biomechanical testing due to POP progression readily 
increasing to stage 2 or 3 POP within 3 days and microstructural analysis suggesting that mild distension of that 
the Fbln5−/− vagina with a balloon catheter induced collagen remodeling (Supplemental Fig. S2)44. Contractility 
and mechanical properties were not significantly different in the Fbln5+/+ and Fbln5+/− mice between the balloon 
catheterized mice (n = 6) and controls (n = 7). Balloon catheterization permitted measuring the in vivo vaginal 
pressures (Fbln5+/+ = 7 ± 2 mmHg, Fbln5+/− = 5 ± 1 mmHg, and Fbln5−/−grade 1 POP = 9 ± 2 mmHg; mean ± 
standard deviation) to recapitulate the loads in vitro during testing. The mean vaginal pressure from grade 1 
POP mice was used for grade 2 and 3 POP during contractile and mechanical assessment.

Maximum contractility and biaxial biomechanical testing.  Biaxial extension-inflation protocols 
quantified the biaxial contractile (Fig.  2a) and biomechanical properties (Fig.  2b) under physiologically rel-
evant loads in the Fbln5+/+ (n = 13), Fbln5+/− (n = 13), Fbln5−/− with grade 1 POP (n = 9) and Fbln5−/− with grade 
2/3 POP (n = 9) vaginas12,17,18,31–34,45. This method permitted maintenance of intact organ geometry and native 
smooth muscle cell-extracellular matrix (SMC-ECM) interactions. Immediately following sacrifice, the vagina 
was dissected with forceps removing the urethra and paravaginal fascia. Scissors then separated the vagina 

Figure 1.   Evaluation of mouse pelvic organ prolapse. Representative images of grade 0 prolapse in the wildtype 
control (a), and grade 1 (b), 2 (c), and 3 (d) prolapse in the fibulin-5 deficient mice. The Fbln5+/+ and Fbln5+/− 
mice did not display bulging or herniation of the pelvic organs (a). The bladder (bl) and bifurcation of the 
uterine (ut) horn were superior to the pubic bone (pb; dashed line) as shown (e, i). Mice with grade 1 prolapse 
displayed a small but detectable perineal bulge (b). Mice with grade 2 prolapse displayed bulging and herniation 
(light blue arrow) of the pelvic organs (c). In mice with grade 1 and 2 prolapse the bladder was superior to the 
pubic bone (f, g, j, k). In mice with grade 1 and 2 prolapse bifurcation of the uterine horn was inferior to the 
pubic bone descended towards the vagina (va). In grade 3 prolapse (d) the cervix was visualized at the vaginal 
opening (dark blue arrow) with downward descent of the bladder (h, l).
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from the cervovaginal complex in 4 °C Hank’s Balanced Salt Solution31. Two 6–0 sutures mounted the Fbln5+/+, 
Fbln5+/−, and Fbln5−/− with grade 1 POP vaginas onto 3.75 mm-diameter cannulas in the pressure-myograph 
system (Danish Myo Technology, Aarhus, Denmark). Due to the vaginas from the Fbln5−/− with grade 2 or 3 
POP being larger in diameter 5.00 mm-diameter cannulas were used for this group. The vagina was submerged 
in Krebs Ringer Buffer (KRB; 120 mM NaCl, 25 mM NaHCO3, 4.7 mM KCl, 2.5 mM CaCl2, 1.2 mM NaH2PO4, 
1.2 mM MgCl2, 11 mM glucose) at 37 °C aerated with 95% O2 and 5% CO2 to maintain pH at 7.417,46.

Identification of the vaginal unloaded length and outer diameter occurred where the organ slightly buckled 
and did not collapse, respectively, as illustrated previously by Robison et al.31. Explanting the vagina and removing 
the natural tethering, such as the paravaginal fascia, resulted in the vagina retracting (i.e., shortening in length). 
Therefore, the linear stage axially extended the vagina to the physiologic length34. Measuring the in vivo to 
ex vivo change in vaginal axial length between stain lines placed during dissection initially estimated retraction 
of the vagina31,34,45. Upon identifying the unloaded configuration within the device, a digital caliper (Mitutoyo, 
#CD-6”-ASX, Kawasaki, Kanagawa, Japan) measured the suture to suture length. The force transducer further 
evaluated the physiologic length wherein the transducer-measured axial force held constant over a range of 
increasing pressure from 0 to 15 mmHg preserving energy as previously described31,33,47. An integrated system 
of components (Eclipse TS100 Microscope, Nikon, Melville, NY, USA) and software (Myoview Software, Danish 
Myo Technology, Aarhus, Denmark) recorded the outer diameter and transducer-measured axial force during 
mechanical testing. The linear micrometer returned the vagina to its unloaded length to pre-expose the smooth 
muscle cells to potassium-chloride (KCl) for contraction.

The SMCs were first preconditioned under low loads about the in vivo pressure to ensure viability. Intralumi-
nal pressure was set to one standard deviation below the mean measured in vivo pressure (Fbln5+/+ = 5 mmHg, 
Fbln5+/− = 4 mmHg, and Fbln5−/−grade 1 and 2/3 POP = 7 mmHg)17,18,48. The linear stage axially extended the 
vagina from the unloaded length to the length wherein the transducer-measured force equalled zero. The SMCs 
were stimulated with 40 mM of KCl for 5 min to achieve a steady maximum contractile response18,49. Fresh KRB 
washed the vagina and returned SMC tone to the basal state. KCl induces muscle contraction through direct 
membrane depolarization of the SMC by opening voltage dependent calcium channels resulting in an influx of 
extracellular calcium. This simple mechanism of contraction served as initial interest because it induces a tonic 
contractile response and is independent of neural function and the number or receptor available18,49,50. This was 
then repeated at an intraluminal pressure one standard deviation above the mean measured in vivo pressure 
(Fbln5+/+ = 9 mmHg, Fbln5+/− = 6 mmHg, and Fbln5−/−grade 1 and 2/3 POP = 11 mmHg). Five cycles of pres-
surization (0–15 mmHg; 1.5 mmHg) at the physiologic length preconditioned the vagina to obtain a consistent 
and repeatable biomechanical response. Five cycles of axial extension (10 µm/s) from 2% below to 2% above the 
physiologic length at 5 mmHg (1/3 maximum pressure) further preconditioned the vagina12,18,31,34. The vagina 
equilibrated at the physiologic length and 5 mmHg (1/3 maximum pressure) for 10 mins31. The linear stage re-
established the unloaded length and the video-camera recorded the outer diameter18,31.

Figure 2.   Schematic of experimental design. Schematic of extension-inflation device (a, b). A video-
microscope (dashed lines) optically tracked the outer diameter and a force transducer measured axial force. 
At the physiologic length (lpl) and mean in vivo pressure (P) 40 mM of potassium chloride (KCl) induced 
maximum SMC contraction (a). For passive biaxial biomechanical testing, the vagina was subjected to 
increasing vaginal pressures at various fixed axial lengths (c). Circumferential and axial sections randomly taken 
from the proximal or distal region of the vagina (not depicted) permitted multiaxial histological analysis (c). 
When analyzing the circumferential plane fibers oriented towards the circumferential and radial directions. 
Fibers in the axial direction were perpendicular to the circumferential plane and appeared as small dots (d). 
Representative zoomed in Hart’s elastin image measuring the fiber length and end-to-end distance to quantify 
elastic fiber tortuosity (d). ImageJ quantified muscularis thickness using the Masson’s trichrome stained images 
(e). Representative zoomed in Picrosirius red image showing the extracted fiber features using the CurveAlign 
open-source software for bulk assessment to quantify collagen fiber alignment (f).
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At the physiologic length and in vivo measured mean pressure, 40 mM of KCl maximally contracted the 
vagina (Fig. 2a)17,18,46. The video-microscope and force transducer measured the outer diameter and axial 
force, respectively, at the basal state and when maximally contracted. After maximum contraction, fresh KRB 
returned SMC tone to the basal state. The vagina underwent pressure-diameter tests with 5 cycles of pressuri-
zation (0–15 mmHg; 1.5 mmHg/s) at the physiologic length and 2% above and below the physiologic length 
(Fig. 2b)18,31,34. Then the vagina underwent force–length tests with 3 cycles of axial extension from 2% below to 
2% above the physiologic length under 4 constant pressures: a tare load (P = 2 mmHg), 1/3 maximum pressure 
(P = 5 mmHg), 2/3 maximum pressure (P = 10 mmHg), and maximum pressure (P = 15 mmHg)31,33,34. Intersec-
tion of the force–length response for most of the pressures confirmed the physiologic length31,33,47. The vagina 
incubated for 30 min in calcium-free KRB with a calcium-chelating agent (2 mM egtazic acid; EGTA) to eliminate 
SMC tone for passive biomechanical testing18,51. After eliminating SMC tone the vagina underwent the same 
biaxial biomechanical testing protocols under the passive condition. In this study the passive (i.e., collagen and 
elastic fiber contribution) mechanical properties were of primary interest.

Mechanical testing data analysis.  During mechanical testing an 40  MHz ultrasound transducer 
(Vevo2100; LZ550 center frequency transducer; FUJIFILM VisualSonics, Inc., Toronto, Canada) in short-axis 
B-mode measured the unloaded thickness at the middle-third vagina18,34. The video microscope unloaded outer 
radius ( Ro ), ultrasound unloaded thickness ( H ), and suture to suture unloaded axial length (L) calculated the 
volume [ V  ; Eq. (1)]. Under the assumption that volume remains constant throughout the test, the deformed 
inner radius [ ri ; Eq. (2)] and thickness [ h ; Eq. (3)] were calculated throughout the experiment18,34.

The intraluminal pressure ( P) , transducer-measured axial force ( Ft ), inner radius, and outer radius calculated 
the wall-averaged Cauchy stress ( σ ) for the circumferential [ θ ; Eq. (4)], and axial [z; Eq. (5)] directions33,52.

The radius at the mid-wall of the deformed state to the mid-wall radius at the physiologic length under 
0 mmHg defined the circumferential stretch ratio [ �θ ; Eq. (6)]33. The deformed axial length with respect to the 
unloaded axial length calculated the axial stretch ratio [ �z ; Eq. (7)].

The passive stress versus stretch behavior is reported at the physiologic length. The slope of a linear line fit-
ted to the stress versus stretch curves between 1 standard deviation above and below the in vivo pressure range 
quantified material stiffness (Supplementary Fig. S3)18,34,53. To compare contractility independent of geometry 
the change in stress was evaluated. The circumferential stress when maximally contracted was subtracted from 
the circumferential stress at the basal state ( � circumferential stress) to quantify circumferential contractility. 
The axial stress when maximally contracted was subtracted from the axial stress at the basal state ( � axial stress) 
to quantify axial contractility17,18.

Multiaxial histological analysis.  After the mechanical test, 10% formalin perfusion fixed the Fbln5+/+ 
(n = 3), Fbln5+/− (n = 3), Fbln5−/− with grade 1 POP (n = 3), and Fbln5−/− with grade 2/3 POP (n = 3) vaginas 
at the physiologic length and mean in vivo pressure for 24 h, followed by embedding the samples in paraffin. 
Circumferential and axial sections of 4 µm thickness were randomly taken from the proximal or distal region 
of the vagina and stained with Masson’s Trichrome (MTC), Picrosirius Red (PSR), and Hart’s Elastin stains to 
evaluate the microstructure (Fig. 2c)18. An Olympus BX51 Microscope, an Olympus DP27 Digital Camera, and 
cellSens Software (Olympus Corporation, Center Valley, PA, USA) took brightfield (MTC and Harts) and polar-
ized darkfield (PSR) images. Hart’s Elastin stain was imaged under 40 × magnification at 4 random locations 
along the section. In ImageJ the total elastic fiber length was measured within the muscularis and subepithe-
lial layer (U.S. National Institutes of Health, Bethesda, ME, USA) of the vaginal wall using the segmented line 
tool. The straight-line tool in ImageJ manually measured the end-to-end fiber distance (Fig. 2d). Elastic fiber 
tortuosity was quantified for each fiber by dividing the total fiber length to the end-to-end distance54,55. This 
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described the straightness of the elastic fiber with a value of 1 denoting a straight fiber (Fig. 2d). Across all four 
images (425 × 333 µm) for each sample on average a total of 50–100 fibers (per plane and layer) were analyzed 
for the Fbln5+/+ and Fbln5+/− vaginas, and 2–13 fibers for the Fbln5-/- vaginas. A custom protocol using GNU 
Image Manipulation Program (GIMP) quantified elastin area fraction independently within the subepithelium 
and muscularis12,56. The subepithelium was outlined to determine the total number of pixels within this area. 
In GIMP the subepithelium was isolated and the color selection tool was used to select a representative elastin 
pixel (dark purple) then all pixels of similar values were automatically selected. The number of elastin pixels in 
the subepithelium divided by the total number of pixels in the subepithelium quantified elastin area fraction for 
the subepithelial layer. This was repeated for the muscular layer. MTC stain was imaged under 40 × magnifica-
tion at four random locations along the section. Vaginal muscularis thickness was manually calculated on each 
section using ImageJ by identifying the muscular layer and drawing 10 lines across it (Fig. 2e)57,58. This was per-
formed on all four 40 × images then averaged for each sample. PSR stain was imaged under 40 × magnification 
at four random locations along the section. The open source CurveAlign software (Laboratory for Optical and 
Computational Instrumentation, Madison, WI, USA; http://​www.​loci.​wisc.​edu/​softw​are/​curve​align) quantified 
the collagen fiber alignment ratio with a value of 1 denoting highly aligned fibers towards a preferred direction 
(Fig. 2f)59,60. This was performed on all four 40 × images then averaged for each sample. The multiaxial histology 
approach permitted evaluating the circumferential and radial (across the thickness) oriented fibers along the 
circumferential section. The axial fibers were perpendicular to the circumferential plane appearing as small dots 
and vice versa for the axial section. This method does not permit simultaneously evaluating the circumferential 
and axial oriented fibers within the same plane. Further the radial fibers were included in the analysis.

Western Blot analysis.  Western blots were performed as described previously61–63. Briefly, lysates were 
prepared from Fbln5+/+ (n = 6), Fbln5+/− (n = 6), Fbln5−/− with grade 1 POP (n = 6) and Fbln5−/− with grade 2/3 
POP (n = 6) vaginal tissues by manual homogenization and sonication in Mammalian Cell Lysis Buffer (Abcam, 
Cat No. ab179835) with Halt Protease and Phosphatase Inhibitor Cocktail (100X) (Thermo Fisher Scientific, Cat 
No. PI78440). Protein concentration was measured using Bradford assay and 20 μg of protein for each lysate 
was prepared with sample loading buffer (4 × Laemmli Sample Buffer, Bio-Rad, Cat No. 1610747) containing 
β-mercaptoethanol. Samples were separated on 4–20% sodium dodecyl sulphate–polyacrylamide gel (Mini-
PROTEAN TGX, Bio-Rad, Cat No. 456–1093) and transferred to PVDF membrane (Bio-Rad, Cat No. 1620177). 
Based on the antibody used, membranes were blocked with either 5% milk or 5% BSA in TBST (100 mm NaCl, 
0.1% Tween 20, 50 mm Tris, pH 7.4) for 1 h at room temperature followed by overnight incubation with pri-
mary antibody at 4  °C. The primary antibodies used were rabbit anti-Collagen I antibody (Abcam, Cat No. 
ab34710), rabbit anti-Collagen III (Abcam, Cat No. ab7778), rabbit anti-Myosin smooth muscle heavy chain 1 
and 2 (Abcam, Cat No. ab124679), rabbit anti-Alpha smooth muscle actin (Abcam, Cat No. ab5694), rabbit anti-
GAPDH (Cell Signal Technology, Cat No. 5174S) in 1:1000 dilution. Thereafter, membranes were washed with 
TBST and incubated with (1:5000) horseradish peroxidase-conjugated goat anti-rabbit or anti-mouse antibody 
(Bio-Rad) for 1 h at room temperature. Protein detection was done using ECL-Plus kit (GE Healthcare, Amer-
sham, Cat No. 45002401) and iBright gel imager (Thermo Fisher Scientific). Immunoblot data were quantified by 
computer-aided densitometry analysis using ImageJ software, data normalized to GAPDH levels and expressed 
as relative increase vs Fbln5+/+, as described previously62,63.

Statistical analysis.  Prior to performing statistical analysis, the data was checked for normality with 3 
assumptions: (1) homogeneity of variances by Levene’s test, (2) test of normality by Shapiro–Wilk test, and (3) 
detection of outliers. Using a box and whisker plot, values greater than 3 times the interquartile range were 
considered outliers64. These criteria were established a priori. For small sample size [i.e., histology (n = 3) and 
western blots (n = 6)] a Dixon’s Q test evaluated outliers. No individual animal was excluded from the analysis. 
When the normality assumption was satisfied, a One-way ANOVA evaluated the effect of fibulin-5 insufficiency 
and POP on contractility, passive mechanical properties, histological microstructure, and protein expression, 
followed by Tukey’s post-hoc test. For non-normally distributed data, a nonparametric Kruskal–Wallis test 
was used, followed by post-hoc Dunn’s test. Motivated by previous work demonstrating a correlation between 
mechanical properties and prolapse stage in humans the Fbln5 mice were divided by POP grade23. The Fbln5+/+ 
and Fbln5+/− mice were designated as grade 0 POP. Pearson’s or nonparametric Spearman’s correlations evaluated 
the relationship between contractility and passive mechanical properties with respect to prolapse grade. Moti-
vated by prior work within other tissues demonstrating that contractility correlated with the passive mechanical 
properties, Pearson’s and nonparametric Spearman’s test evaluated the correlation between passive mechanical 
properties and contractility65. Motivated by prior work suggesting that elastic fibers may contribute to SMC 
contractility15–18, Pearson’s or Spearman’s test evaluated the correlation between contractility and elastin area 
fraction. R Statistical Software performed statistical analyses. Level for statistical significance was set to p < 0.05. 
Results are reported as mean ± standard error of the mean (SEM) or box and whisker plots.

Results
Vaginal contractility with fibulin‑5 insufficiency and POP.  A one-way ANOVA showed that fibu-
lin-5 insufficiency and POP affected changes in circumferential stress (p = 0.02 Fig. 3a). Tukey’s post-hoc test 
demonstrated that changes in circumferential stress decreased (p = 0.02) in the Fbln5−/− with grade 2/3 com-
pared to the grade 1 POP. A nonparametric Kruskal–Wallis test revealed that fibulin-5 insufficiency and POP 
affected changes in axial stress (p < 0.001; Fig. 3b). Dunn’s post-hoc test demonstrated that changes in axial stress 
decreased in the Fbln5−/− with grade 2/3 POP compared to the Fbln5+/+ (p = 0.005) and Fbln5+/− (p = 0.003) vagi-
nas. Further, that changes in axial stress decreased in the Fbln5−/− with grade 1 POP compared to the Fbln5+/+ 

http://www.loci.wisc.edu/software/curvealign
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(p = 0.009) and Fbln5+/− (p = 0.005) vaginas. Other comparisons were not statistically significant. In addition to 
identifying significant differences the data was split based on POP grade to determine the relationship between 
contractility and POP grade. The Pearson correlation did not identify a significant relationship between changes 
in circumferential stress and POP grade (p = 0.54, r = 0.09; Fig. 3c). Changes in axial stress negatively correlated 
with POP grade (p < 0.001, ρ = − 0.80; Fig. 3d), therefore, as POP grade increased axial contractility decreased.

Vaginal passive biomechanical function with fibulin‑5 insufficiency and POP.  The pressure-
outer diameter curve demonstrated dilation of the Fbln5-/- vaginal outer diameter with grade 2/3 POP compared 
to all other groups as denoted by the upward shift in the curve (Fig. 4a). A one-way ANOVA revealed that fibu-
lin-5 insufficiency and POP significantly affected (p < 0.001) the unloaded and physiologic outer diameter at the 
mean in vivo pressure and physiologic length (Supplementary Table S1). Tukey’s post-hoc test showed that the 
Fbln5−/− vagina with grade 2/3 POP presented a larger physiologic outer diameter (p < 0.001) than the Fbln5+/+, 
Fbln5+/−, and Fbln5−/− with grade 1 POP. In addition to identifying significant differences the data was divided 
based on POP grade to determine the relationship between geometry and POP grade. A Pearson’s correlation 
demonstrated that the physiologic outer diameter positively correlated with POP grade (r = 0.68, p < 0.001; Sup-
plementary Fig. S4), therefore, as POP grade increased the outer diameter increased. The Fbln5+/− and Fbln5−/− 
with grade 2/3 POP pressure versus axial force curve shifted upwards compared to the Fbln5+/+ and Fbln5−/− 

Figure 3.   Changes in vaginal wall stress with maximum contractility. Changes in circumferential stress (a; circ) 
quantifying maximum circumferential contractility reported as box and whisker plots. The box and whisker 
plots graphically display the median, lower and upper quartiles, and lower and upper extremes of data in the 
Fbln5+/+ (circle; n = 13), Fbln5+/− (triangle; n = 13), Fbln5-/- with grade 1 POP (square; n = 9), and Fbln5-/- with 
grade 2/3 POP (diamond; n = 9). Fibulin-5 insufficiency and POP affected changes in circumferential stress 
(p = 0.02). Changes in circumferential stress decreased in the Fbln5−/− with grade 2/3 POP compared to grade 1 
POP (p = 0.02). Changes in axial stress (b; ax) quantifying maximum axial contractility. Fibulin-5 insufficiency 
and POP affected changes in axial stress (p < 0.001). Changes in axial stress decreased in the Fbln5−/− with grade 
2/3 POP compared to the Fbln5+/+ (p = 0.005) and Fbln5+/− (p = 0.003) vaginas. Changes in axial stress decreased 
in the Fbln5−/− with grade 1 POP compared to the Fbln5+/+ (p = 0.009) and Fbln5+/− (p = 0.005) vaginas. In 
addition to identifying significant differences in change in stress, the data was separated according to POP grade: 
0 (n = 26), 1 (n = 9), 2 (n = 5), 3 (n = 4). Pearson’s and nonparametric Spearman’s test evaluated the correlation 
between the changes in stress with POP grade. Changes in circumferential (c) and axial (d) stresses reported as 
a function of POP grade. Changes in axial stress significantly negatively correlated with POP grade. Statistical 
significance is denoted by *p < 0.05 and **p < 0.01.
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with grade 1 POP (Fig. 4b). A nonparametric Kruskal–Wallis test revealed that fibulin-5 insufficiency and POP 
significantly (p < 0.001) affected axial force at the mean in vivo pressure and physiologic length (Supplementary 
Table S1). Dunn’s post hoc-test demonstrated that the Fbln5−/− vagina with grade 2/3 POP displayed a higher 
axial force than the Fbln5+/+ (p = 0.01) and Fbln5−/− with grade 1 POP (p < 0.001). Further, the Fbln5+/− vagina 
displayed a higher axial force than the Fbln5+/+ (p = 0.01) and Fbln5−/− with grade 1 POP (p < 0.001). A nonpara-
metric Kruskal–Wallis test revealed that fibulin-5 insufficiency and POP significantly affected (p = 0.004) the 
unloaded and physiologic vaginal length (Supplementary Table S1). Dunn’s post hoc-test demonstrated that the 
Fbln5−/− vagina with grade 2/3 POP had a longer (p = 0.001) physiologic vaginal length than the Fbln5−/− with 
grade 1 POP.

The Fbln5+/− and Fbln5−/− vagina with grade 2/3 POP were more distensible than the Fbln5+/+ and 
Fbln5−/− vagina with grade 1 POP denoted by the rightward shift in the stress-stretch curves (Fig. 4c,d). A non-
parametric Kruskal–Wallis test revealed that fibulin-5 insufficiency and POP significantly affected (p < 0.001) 
circumferential (Fig. 5a) and axial (Fig. 5b) stresses at the physiologic length and mean in vivo pressure. Dunn’s 
post hoc-test showed that circumferential (p = 0.04) and axial (p = 0.03) stresses increased in the Fbln5−/− vagina 
with grade 2/3 POP compared to Fbln5+/+. The circumferential and axial stresses increased (p < 0.001) in the 
Fbln5−/− vagina with grade 2/3 POP compared to Fbln5+/−. Circumferential stress decreased in the Fbln5+/− vagina 
compared to Fbln5+/+ (p = 0.003) and Fbln5−/− with grade 1 POP (p < 0.001). Axial stress decreased in the 
Fbln5+/− vagina compared to Fbln5+/+ (p = 0.008) and Fbln5−/− with grade 1 POP (p = 0.003). In addition to iden-
tifying significant differences the data was divided based on POP grade to determine the relationship between 
mechanical properties and POP grade. Spearman’s correlations demonstrated that circumferential (ρ = 0.71, 
p < 0.001; Fig. 5c) and axial (ρ = 0.69, p < 0.001; Fig. 5d) stresses positively correlated with POP grade. Therefore, 

Figure 4.   Curves for vaginal passive biomechanical behavior. Pressure versus outer diameter curves (a) for the 
Fbln5+/+ (circle; n = 13), Fbln5+/− (triangle; n = 13), Fbln5-/- with grade 1 POP (square; n = 9), and Fbln5-/- with 
grade 2/3 POP (diamond; n = 9) vaginas. The Fbln5-/- with grade 2/3 POP vaginal diameter increased compared 
to the other groups denoted by the upward shift in the pressure versus diameter curve. Pressure versus axial 
force curve (b) for the Fbln5+/− and Fbln5-/- with grade 2/3 POP shifted upwards compared to Fbln5+/+ and 
Fbln5-/- with grade 1 POP. Circumferential (c; circ) and axial (d; ax) stress versus circumferential stretch curves. 
Vaginal distensiblility increased for Fbln5+/− and Fbln5-/- with grade 2/3 POP with respect to Fbln5+/+ and 
Fbln5-/- with grade 1 POP as denoted by the rightward shift in the stress versus stretch curves. Data is reported 
as mean ± standard error of mean. Less points are plotted than used in the analysis and the error bars are a light 
grey in order to visualize the data.
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as POP grade increased vaginal wall stress increased. Further, axial stress significantly negatively correlated with 
changes in axial stress due to axial contractility (ρ = − 0.60, p < 0.001; Supplemental Fig. S5). Therefore, as axial 
stress increased axial contractility decreased. Circumferential stretch, axial stretch, circumferential material 
stiffness, and axial material stiffness were not statistically significant (Supplementary Table S1).

Elastic fiber morphology and collagen organization.  A one-way ANOVA showed that fibulin-5 
insufficiency and POP significantly affected elastin (Fig. 6a) area fraction within the muscularis circumferen-
tially (p = 0.001; Fig. 6b) and axially (p < 0.001; Fig. 6c). Further, fibulin-5 insufficiency and POP significantly 
affected elastin area fraction within the subepithelium axially (p < 0.001; Fig. 6c). Tukey’s post-hoc test showed 
that in the muscularis, elastin area fraction decreased circumferentially in the Fbln5−/− vagina with grade 1 
(p = 0.004) and 2/3 (p = 0.006) POP compared to Fbln5+/+. In the muscularis, elastin area fraction decreased 
circumferentially in the Fbln5−/− vagina with grade 1 (p = 0.005) and 2/3 (p = 0.007) POP compared to Fbln5+/−. 
In the muscularis, elastin area fraction decreased axially (p < 0.001) in the Fbln5−/− vagina with grade 1 and 2/3 

Figure 5.   Vaginal wall physiologic stress at the mean in vivo pressures. Circumferential stress reported as box 
and whisker plots (a). The box and whisker plots graphically display the median, lower and upper quartiles, and 
lower and upper extremes of data in the Fbln5+/+ (circle; n = 13), Fbln5+/− (triangle; n = 13), Fbln5-/- with grade 1 
POP (square; n = 9), and Fbln5-/- with grade 2/3 POP (diamond; n = 9) vaginas. Fibulin-5 insufficiency and POP 
significantly affected (p < 0.001) circumferential stress. Circumferential stress increased in the Fbln5−/− vagina 
with grade 2/3 POP compared to Fbln5+/+ (p = 0.04) and Fbln5+/− (p < 0.001) vaginas. Circumferential stress 
decreased in the Fbln5+/− vagina compared to Fbln5+/+ (p = 0.003) and Fbln5−/− with grade 1 POP (p < 0.001). 
Axial stress reported as box and whisker plots for the Fbln5+/+, Fbln5+/−, and Fbln5-/- with grade 1 and 2/3 POP 
(b). Fibulin-5 insufficiency and POP significantly affected (p < 0.001) axial stress. Axial stress increased in the 
Fbln5−/− vagina with grade 2/3 POP compared to Fbln5+/+ (p = 0.03) and Fbln5+/− (p < 0.001) vaginas. Axial stress 
decreased in the Fbln5+/− vagina compared to Fbln5+/+ (p = 0.008) and Fbln5−/− with grade 1 POP (p = 0.003). 
In addition to identifying significant differences in stress, the data was separated according to POP grade: 
0 (n = 26), 1 (n = 9), 2 (n = 5), 3 (n = 4). Pearson’s or nonparametric Spearman’s test evaluated the correlation 
between stress with POP grade. Circumferential (c) and axial (d) stresses positively correlated with POP grade. 
Statistical significance is denoted by *p < 0.05, **p < 0.01 and ***p < 0.001.
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POP compared to Fbln5+/+ and Fbln5+/− vaginas. Further, elastin area fraction decreased (p = 0.007) axially in 
Fbln5+/− compared to Fbln5+/+. In the subepithelium, elastin area fraction decreased axially in the Fbln5−/− vagina 
with grade 1 (p = 0.004) and 2/3 (p = 0.003) POP compared to Fbln5+/+. In the subepithelium, elastin area fraction 
decreased axially in the Fbln5−/− vagina with grade 1 (p = 0.004) and 2/3 (p = 0.003) POP compared to Fbln5+/−. 
Motivated by prior work suggesting that elastic fibers may contribute to SMC contractility15–18, a Pearson’s or 
Spearman’s test evaluated the correlation between contractility and elastin area fraction. Muscularis (ρ = 0.78, 
p = 0.004) and supepithelium (ρ = 0.86, p < 0.001) elastin area fractions along the axial plane positively correlated 
with changes in axial stress due to axial contraction (Supplementary Fig. S6). Therefore, as elastin area fraction 
decreased along the axial plane axial contractility decreased. Fibulin-5 insufficiency and POP did not signifi-
cantly affect elastic fiber length (Fig. 6d,e). A one-way ANOVA revealed that fibulin-5 insufficiency and POP 
significantly affected elastic fiber tortuosity within the subepithelium circumferentially (p = 0.03; Fig. 6f). Tukey’s 

Figure 6.   Elastic fiber morphology in the subepithelial and muscular layer. Representative 40 × histological 
images of Hart’s Elastin stain (a) along the circumferential (i, iii, v, vii) and axial (ii, iv, vi, vii) planes for the 
Fbln5+/+ (i, ii), Fbln5+/− (iii, iv), Fbln5-/- with grade 1 POP (v, vi), and Fbln5-/- with grade 2/3 POP (vii, viii) mice. 
Layers of the vagina are denoted as: epithelium (e), subepithelium (s), muscularis (m), and adventitia (a). Elastin 
area fraction (AF) in the Fbln5+/+ (black; n = 3), Fbln5+/− (grey; n = 3), Fbln5-/- with grade 1 POP (light grey; 
n = 3), and Fbln5-/- with grade 2/3 POP (dark grey; n = 3) mice along the circumferential plane (b). Fibulin-5 
insufficiency and POP significantly affected elastin area fraction within the muscularis (p = 0.001). Elastin AF 
decreased in the Fbln5−/− vagina with grade 1 (p = 0.004) and 2/3 (p = 0.006) POP compared to Fbln5+/+. Elastin 
AF decreased in the Fbln5−/− vagina with grade 1 (p = 0.005) and 2/3 (p = 0.007) POP compared to Fbln5+/−. 
Elastin AF along the axial plane (c). Fibulin-5 insufficiency and POP significantly (p < 0.001) affected elastin AF 
within the muscularis and subepithelium. In the muscularis, elastin AF decreased (p < 0.001) in the Fbln5−/− with 
grade 1 and 2/3 POP compared to Fbln5+/+ and Fbln5+/−. Elastin AF decreased (p = 0.007) in Fbln5+/− compared 
to Fbln5+/+. In the subepithelium, elastin AF decreased in the Fbln5−/− vagina with grade 1 (p = 0.004) and 2/3 
(p = 0.003) POP compared to Fbln5+/+. Elastin AF decreased in the Fbln5−/− vagina with grade 1 (p = 0.004) 
and 2/3 (p = 0.003) POP compared to Fbln5+/−. Elastic fiber length along the circumferential (d) and axial (e) 
planes. Elastic fiber tortuosity along the circumferential (f) and axial (g) planes. Fibulin-5 insufficiency and 
POP significantly affected elastic fiber tortuosity within the subepithelium circumferentially (p = 0.03). Elastic 
fiber tortuosity in the subepithelium increased circumferentially (p = 0.03) in the Fbln5−/− vagina with grade 1 
POP compared to Fbln5+/− and Fbln5−/− vagina with grade 2/3 POP. Data is reported as mean ± SEM. Statistical 
significance is denoted by *p < 0.05, **p < 0.01 and ***p < 0.001.
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post-hoc test showed that elastic fiber tortuosity in the subepithelium increased circumferentially (p = 0.03) in 
the Fbln5−/− vagina with grade 1 POP compared to Fbln5+/− and Fbln5−/− vagina with grade 2/3 POP. Fibulin-5 
insufficiency and POP did not significantly affect elastic fiber tortuosity along the axial plane (Fig. 6g).

Masson’s Trichrome (Fig. 7a) and Picrosirius Red (Fig. 7b) evaluated vaginal muscularis thickness and col-
lagen organization, respectively. Fibulin-5 insufficiency and POP did not significantly affect muscularis thickness 
(Fig. 7c,d). A one-way ANOVA demonstrated that fibulin-5 insufficiency and POP significantly affected collagen 
fiber alignment ratio along the circumferential (p < 0.001; Fig. 7e) and axial (p = 0.002; Fig. 7f) planes. Tukey’s 
post-hoc test revealed that along the circumferential plane the alignment ratio decreased in the Fbln5−/− vagina 
with grade 1 (p = 0.006) and 2/3 (p = 0.01) POP compared to the Fbln5+/+. Along the circumferential plane the 
alignment ratio decreased in the Fbln5−/− vagina with grade 1 (p = 0.002) and 2/3 (p = 0.004) POP compared to 
the Fbln5+/−. Along the axial plane the alignment ratio decreased in the Fbln5−/− vagina with grade 1 (p = 0.008) 
and 2/3 (p = 0.02) POP compared to the Fbln5+/+. Further, along the axial plane the alignment ratio decreased in 
the Fbln5−/− vagina with grade 1 (p = 0.005) and 2/3 (p = 0.01) POP compared to the Fbln5+/−.

Protein expression.  Western blotting evaluated collagen and smooth muscle proteins expression (Fig. 8a). 
A nonparametric Kruskal–Wallis test showed that fibulin-5 insufficiency and POP significantly affected collagen 
type I (p = 0.001; Fig. 8b) and collagen type III (p = 0.02; Fig. 8c) protein expression. Dunn’s post hoc-test showed 
that collagen type I protein expression increased in the Fbln5−/− vagina with grade 1 (p = 0.03) and 2/3 (p = 0.01) 
POP compared to the Fbln5+/+. Cropped blots are displayed and the full-length blots are shown in Supplemen-
tary Figs. S7-13. Collagen type I protein expression increased in the Fbln5−/− vagina with grade 1 (p = 0.01) and 
2/3 (p = 0.008) POP compared to the Fbln5+/−. Further, collagen type III protein expression decreased in the 
Fbln5−/− vagina with grade 2/3 POP (p = 0.02) compared to the Fbln5+/−. A one-way ANOVA demonstrated 
that fibulin-5 insufficiency and POP significantly affected (p < 0.001) myosin heavy chain (Fig. 8d; MHC) and 
alpha-smooth muscle actin (Fig. 8e; α SMA) protein expression. Tukey’s post-hoc test showed that MHC protein 
expression decreased in the Fbln5−/− vagina with grade 1 (p = 0.001) and 2/3 (p = 0.006) POP compared to the 
Fbln5+/+. MHC protein expression decreased in the Fbln5−/− vagina with grade 1 (p = 0.006) and 2/3 (p = 0.03) 
POP compared to the Fbln5+/−. α SMA protein expression decreased (p < 0.001) in the Fbln5−/− vagina with grade 
1 and 2/3 POP compared to the Fbln5+/+. α SMA protein expression decreased (p < 0.001) in the Fbln5−/− vagina 
with grade 1and 2/3 POP compared to the Fbln5+/−. Other comparisons were not statistically significant.

Discussion
This study assessed vaginal biaxial contractile response and passive biomechanical properties in the fibulin-5 
wildtype, haploinsufficient, and deficient mice with POP using an extension-inflation system. Extension-inflation 
protocols are advantageous biomechanical testing methods due to preservation of vaginal geometry and native 
SMC-ECM interactions. Further, extension-inflation systems recapitulate aspects of the physiologic environ-
ment through axial extension and pressurization. This permitted quantification of vaginal geometry (i.e., outer 
diameter, length, thickness) and mechanical properties (i.e., stress, stretch, and material stiffness) under physi-
ologically relevant loads. Leveraging extension-inflation methods on the fibulin-5 mouse model was a useful tool 
to gain understanding of how disrupted elastic fibers altered the biaxial contractile and passive biomechanical 
function of the vagina and to delineate their potential contribution to POP progression. Fibulin-5 deficiency 
and POP progression significantly decreased axial contractility, increased vaginal outer diameter, and increased 
vaginal wall stress.

Vaginal axial contractility decreased in the fibulin-5 deficient vaginas with grade 1 and 2/3 POP. This may 
be supported by the significant decrease in expression of SMC contractile proteins α SMA and MHC. In human 
vaginal tissue α SMA area fraction decreased57,66–68 and vaginal SMC apoptosis increased with POP compared to 
non-POP controls67. Contrasting the significant decrease in α SMA, Northington et al. did not observe signifi-
cant differences in vaginal axial contraction in response to KCl between POP and controls69. The human study 
investigated vaginal contractility in premenopausal women with stage 0 and I prolapse serving as controls. The 
prolapse group consisted of premenopausal women with at least stage III prolapse. Including stage I prolapse 
with the stage 0 as controls may have attributed to not detecting significant differences between the control and 
prolapsed groups. Further, the women were parous, and it is known that significant vaginal remodeling occurs 
with pregnancy 70–72. The Fbln5 mice in this study have never been pregnant nor given birth and developed POP 
independent of these factors.

The decrease in elastin may have contributed to the loss of contractility axially in the fibulin-5 deficient 
vaginas. Studies suggest that elastic fibers contribute to maintenance of contractile phenotypes of SMC15–17. A 
recent study demonstrated that enzymatically digested elastin significantly decreased axial contractility with no 
significant changes in circumferential contractility in the C57BL/6 mouse vagina18. In this study, elastin area frac-
tion significantly decreased to nearly 0% in the muscularis along the axial plane in the fibulin-5 deficient vaginas 
with POP. Further, axially contractility decreased as the muscularis elastin area fraction decreased. This suggests 
that decreased elastin along the axial plane may contribute to decreased vaginal axial contractility. Further, that 
elastin may be critical for vaginal axial contractility to maintain pelvic organ support. Interestingly, circumfer-
ential contractility was maintained for grade 1 POP but significantly decreased back towards the wildtype value 
as it progressed to grade 2/3 POP. Overall, the fibulin-5 mouse model suggests that elastic fibers may be critical 
for preserving SMCs and vaginal axial contractility. Further, that altered contractile function may alter SMCs 
contribution to pelvic organ support. Further, this study demonstrates the need for simultaneously evaluating 
circumferential and axial vaginal contractility.

The physiologic circumferential and axial stresses significantly increased in the fibulin-5 deficient vagina 
with grade 2/3 POP and positively correlated with POP grade. Stress was calculated as the force acting over the 
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normal vaginal cross-sectional area due to the intraluminal pressure. Further, vaginal outer diameter increased 
in the fibulin-5 deficient mice with grade 2/3 POP and positively correlated with POP grade. Likewise, maximum 
axial stress in prolapsed human vaginal tissue was greater than non-POP controls and positively correlated with 

Figure 7.   Muscularis thickness and collagen organization. Representative 40 × histological images of Masson’s 
Trichrome (a) and Picrosirius Red (b) stains along the circumferential (i, iii, v, vii) and axial (ii, iv, vi, vii) planes 
in the Fbln5+/+ (i, ii), Fbln5+/− (iii, iv), Fbln5-/- with grade 1 POP (v, vi), and Fbln5-/- with grade 2/3 POP (vii, viii) 
mice. The muscular layer is outlined with a black dashed line. Vaginal muscularis thickness is reported along the 
circumferential (c) and axial (d) planes for the Fbln5+/+ (black; n = 3), Fbln5+/− (grey; n = 3), Fbln5-/- with grade 
1 POP (light grey; n = 3), and Fbln5-/- with grade 2/3 POP (dark grey; n = 3) mice. Collagen alignment ratio is 
reported along the circumferential plane (e). Fibulin-5 insufficiency and POP significantly affected collagen fiber 
alignment ratio along the circumferential plane (p < 0.001). The alignment ratio decreased in the Fbln5−/− vagina 
with grade 1 (p = 0.006) and 2/3 (p = 0.01) POP compared to the Fbln5+/+. The alignment ratio decreased in the 
Fbln5−/− vagina with grade 1 (p = 0.002) and 2/3 (p = 0.004) POP compared to the Fbln5+/−. Collagen alignment 
ratio is reported along the axial plane (f). Fibulin-5 insufficiency and POP significantly affected collagen fiber 
alignment ratio along the axial plane (p = 0.002). The alignment ratio decreased in the Fbln5−/− vagina with 
grade 1 (p = 0.008) and 2/3 (p = 0.02) POP compared to the Fbln5+/+. The alignment ratio decreased in the 
Fbln5−/− vagina with grade 1 (p = 0.005) and 2/3 (p = 0.01) POP compared to the Fbln5+/−. Layers of the vagina 
are denoted as: epithelium (e), subepithelium (s), muscularis (m), and adventitia (a). Data is reported as mean ± 
SEM. Statistical significance is denoted by *p < 0.05 and **p < 0.01.
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POP stage23. Further, women with POP presented a larger vaginal outer diameter than non-POP controls73. In 
humans, however, there are no studies to date simultaneously quantifying changes in vaginal geometry and 
intravaginal pressures. Limited quantitative information exists on changes in pressure with POP in humans74–76, 
but a sensation of an increase in intra-abdominal pressure is a symptom which correlates with increasing stages 
of POP2. Such investigations are necessary to elucidate how these factors alter stress in the human vaginal wall 
as studies demonstrate that changes in stress induces changes in the structure (i.e., collagen amount and organi-
zation) because cells are sensitive to mechanical loads and seek to establish, maintain, or restore a preferred 
(homeostatic) mechanical environment77–80. Future work is needed in vitro and in vivo to evaluate the stress 
distribution throughout the entire vagina considering its complex geometry (thickness, diameter and length) 
and how it changes with POP progression81. Overall, these findings demonstrate an increase vaginal diameter 
and wall stress with fibulin-5 deficiency and POP progression. Therefore, calculating stress in the vaginal wall 
may be valuable when evaluating POP progression to manage and treat POP.

Contrary to the hypothesis, fibulin-5 insufficiency and POP did not significantly affect the material stiffness. 
The hypothesis that material stiffness would increase in the fibulin-5 haploinsufficient and deficient vaginas with 
increasing POP grade compared to wildtype controls was motivated by previous work in human vaginal tissue 
which demonstrated that vaginal material stiffness increased with POP stage23. Material stiffness describes a 
material’s ability to resist changes in deformation, it depends on the underlying microstructure and is independ-
ent of changes in geometry. In the fibulin-5 haploinsufficient vagina lack of significant differences in material 
stiffness compared to the wildtype may be due to no significant changes in collagen protein expression, collagen 
alignment, and elastic fiber morphology and area fraction (particularly within the subepithelium).

In the fibulin-5 deficient vaginas lack of significant differences in material stiffness compared to the wildtype 
may be due to remodeling of the collagen fiber network. Collagen type I protein expression increased in the 
fibulin-5 deficient vaginas with POP compared to the wildtypes, however, collagen type III was not statistically 
significant. Collagen type I provides greater tensile strength than collagen type III, thus the distribution of 
the two subtypes plays a critical role in dictating the mechanical properties of soft tissues82,83. While collagen 

Figure 8.   Western blotting analysis for collagens and smooth muscle cell contractile proteins. Representative 
cropped western blot displaying expression of collagens and smooth muscle proteins (a). Cropped blots 
displayed with full-length western blots reported in Supplementary Figs. S7-13. Densiometric analysis for 
protein expression of collagen type I (b) and collagen type III (c) in the Fbln5+/+ (black; n = 6), Fbln5+/− 
(grey; n = 6), Fbln5-/- with grade 1 POP (light grey; n = 6), and Fbln5-/- with grade 2/3 POP (dark grey; n = 6) 
vaginas. Fibulin-5 insufficiency and POP significantly affected collagen type I (p = 0.001) and collagen type III 
(p = 0.02) protein expression. Collagen type I protein expression increased in the Fbln5−/− vagina with grade 
1 (p = 0.03) and 2/3 (p = 0.01) POP compared to the Fbln5+/+. Collagen type I protein expression increased 
in the Fbln5−/− vagina with grade 1 (p = 0.01) and 2/3 (p = 0.008) POP compared to the Fbln5+/−. Collagen 
type III protein expression decreased in the Fbln5−/− vagina with grade 2/3 POP (p = 0.02) compared to the 
Fbln5+/−. Densiometric analysis for protein expression of myosin heavy chain (d; MHC) and alpha-smooth 
muscle actin (e; αSMA). Fibulin-5 insufficiency and POP significantly affected (p < 0.001) MHC and αSMA 
protein expression. MHC protein expression decreased in the Fbln5−/− vagina with grade 1 (p = 0.001) and 2/3 
(p = 0.006) POP compared to the Fbln5+/+. MHC protein expression decreased in the Fbln5−/− vagina with grade 
1 (p = 0.006) and 2/3 (p = 0.03) POP compared to the Fbln5+/−. αSMA protein expression decreased (p < 0.001) 
in the Fbln5−/− vagina with grade 1 and 2/3 POP compared to the Fbln5+/+. αSMA protein expression decreased 
(p < 0.001) in the Fbln5−/− vagina with grade 1 and 2/3 POP compared to the Fbln5+/−. Protein expression levels 
were normalized to GAPDH. Data reported as fold change relative to Fbln5+/+ control. Data is reported as 
mean ± standard error of mean. Statistical significance is denoted by *p < 0.05, **p < 0.01 and ***p < 0.001.



14

Vol:.(1234567890)

Scientific Reports |        (2021) 11:20956  | https://doi.org/10.1038/s41598-021-00351-1

www.nature.com/scientificreports/

type I protein expression increased, collagen fiber alignment decreased (not highly aligned towards preferred 
direction) in the fibulin-5 deficient vaginas with POP compared to the wildtype control. In addition to collagen 
subtype content, the organization of the collagen fibers also dictates the mechanical properties of soft tissues. 
An increase in collagen type I increases material stiffness84–86, on the other hand, a decrease in collagen fiber 
organization decreases material stiffness87,88. This may suggest that the interplay between increased collagen type 
I and decreased organization in the fibulin-5 deficient vaginas contributed to the lack of significant differences 
in material stiffness compared to the wildtype. To date there are inconsistencies with changes in collagen type I 
and III in human vaginal tissue with POP89–92. This may be due to differences in the methods of analysis, sample 
location, and the stage of POP across the various studies. Further, there is minimal human data evaluating vaginal 
collagen organization comparing POP and non-POP controls93. Alternatively, previous studies demonstrated 
that collagen crosslinking played a preferential role over collagen content in dictating material stiffness in the 
pulmonary artery94, patellar tendon95, and caudal cruciate ligament95. This suggest that in the vagina collagen 
crosslinking may also be important. Despite increased collagen type I protein expression crosslinks may not 
be altered, therefore, not significantly affecting material stiffness. Future work is needed quantifying collagen 
crosslinks in the fibulin-5 mouse model vaginal tissue to support or refute this hypothesis96.

Lastly, with fibulin-5 deficiency and POP smooth muscle contractile proteins α SMA and MHC decreased. 
While MHC is a specific marker for the SMC contractile phenotype and associated with contractility, α SMA 
is a marker for all SMCs (contractile to synthetic)97. The decrease in α SMA expression indicated a decrease in 
SMCs which may result in altered passive mechanics contributing to the minimal differences observed in mate-
rial stiffness. SMCs contribute to the passive mechanical behavior of other organs98, however, it is unknown how 
they contribute to the passive mechanical behavior of the vagina. Within vasculature, a study shows that when 
biochemically decreasing SMC content the passive tissue structurally stiffens and the outer diameter increases98. 
Further, in the lysyl oxidase like-1 mouse model that develops POP with parity, a confluent layer of vaginal 
SMCs from wildtype controls are materially stiffer than the deficient mice99. These studies suggest that SMCs 
may contribute to vaginal passive mechanical function. This may be dictated by the number of SMCs and their 
mechanical properties. Future work evaluating the mechanical properties of the fibulin-5 model vaginal SMCs 
may aid in elucidating their contribution to passive vaginal mechanical function.

The findings in this study contrasted previous findings in fibulin-5 deficient vagina28. Herein POP did not 
significantly affect material stiffness, however, Rahn et al. demonstrated a materially stiffer non-POP control 
compared to POP28. Discrepancies may be due to testing methods and analysis, wherein the previous study 
conducted a uniaxial ring test, however, this study utilized biaxial extension–inflation protocols. The ring rest 
consisted of distending the vagina over intervals with 2 min of stress-relaxation until failure, evaluating the engi-
neering stress (force normalized the initial cross-sectional area) and strain behavior28. Unlike ring test, biaxial 
extension-inflation protocols axially stretched the vagina to return it near the physiologic length followed by 
pressurization about the in vivo measured pressure (not to failure), evaluating the Cauchy stress (force normal-
ized the current cross-sectional area) and stretch behavior. In addition, the previous study used the C3BL/6 J 
strain as the control, but this study used the similar mixed strain background (C57BL/6 × 129SvEv)28. Therefore, 
the use of different controls may impact the results.

This study was not without limitations. The vagina contains nerves for innervation and the SMCs have 
receptors for neurotransmitters released by the localized nerves49,69,100,101. As a result, SMC contractility can 
be investigated by direct membrane depolarization with KCl (muscle function), receptor agonist (receptor-
dependent function), and nerve stimulation with electric field stimulation (nerve-dependent function). This 
study evaluated muscle function with KCl which induced a tonic contractile response in the mouse vagina and 
permitted a consistent analysis across all genotypes and POP grades18. Determining and understanding the 
baseline function with KCl was valuable since receptor- and nerve-mediated responses are normalized to muscle 
maximum contractile function with KCl49,50. Herein, assessment of SMC function independent of receptors and 
nerves permitted demonstrating elastic fiber potential role in preserving SMC contractile function.

The second limitation is that all fibulin-5 deficient mice in this study displayed at least grade 1 POP by 
3 months of age. Therefore, this limited the ability to assess the contractile and passive properties to determine 
the effect of fibulin-5 deficiency on POP development. The results in fibulin-5 deficient vagina with grade 1 POP 
suggested that minimal significant changes may be observed in circumferential contractility, vaginal wall stresses, 
and material stiffness when comparing the fibulin-5 deficient vagina with grade 0 POP to the wildtype control. 
The fibulin-5 deficient vagina with grade 0 POP was not accessed in this study but future work is needed in a 
younger cohort of mice to assess fibulin-5 deficiency independent of POP (less than 2 months44). A challenge 
however still remains to assess POP development and progression independent of cofounding factors such as 
maturation and development, as mice less than 3 months are not fully developed40. Despite this, to the authors’ 
knowledge this is the first study evaluating the progression of POP in the fibulin-5 mouse model. Further, due 
to pelvic organ descent at the level of the introitus in the grade 2 and 3 POP mice, this presented difficulty in 
measuring intravaginal pressure in vivo. Grade 1 POP pressure measurement was used in grade 2 and 3 mice to 
determine the physiologic geometry and to calculate the physiologic stresses. In humans, a sensation of increased 
pelvic pressure is strongly associated with increasing stages of POP2. This may imply that a higher POP stage may 
result in larger pelvic pressure. A larger vaginal pressure in grade 2/3 POP mice may result in a higher vaginal wall 
stress. Despite being able to calculate stress at the respective in vivo pressure, stress still significantly increased in 
grade 2/3 POP and positively correlated with POP grade. Therefore, this study still demonstrated that fibulin-5 
deficiency and POP progression increased vaginal wall stress. Lastly, the use of a genetically modified model does 
not permit evaluating spontaneous development and progression of POP as in humans. While this mouse model 
presented POP with deletion of the fibulin-5 gene various primary effects (e.g., inflammation) may contribute 
to POP progression102. These mice are global knockouts, therefore the Fbln5 gene is knocked out from birth in 
all tissues. Flbn5 also significantly affects the vasculature system17,103,104. The vagina contains blood vessel so this 
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systemic factor may also play a role in prolapse progression in this model. Further, the fibulin-5 deficient mice 
develop POP independent of vaginal birth, which is a primary risk factor for POP in humans. Thus, future work 
is needed to elucidate the underlying causes of POP progression. This study, however, provided valuable informa-
tion on changes in vaginal mechanics and microstructure following fibulin-5 deficiency and POP progression 
to better understand fibulin-5’s contribution to vaginal structure and function.

Conclusions
It is suggested that elastic fibers play a role in maintaining pelvic organ support and contribute to the pathogenesis 
of pelvic organ prolapse. Mouse models that are deficient in elastic fiber components, such as fibulin-5, serves 
as useful tools for understanding elastic fiber interactions with surrounding cells and proteins, and influence on 
mechanical function. This study multiaxially quantified the microstructure, contractile response, and passive 
biomechanical behavior to better understand the function of the vagina and changes that occurred with the 
progression of POP. This study highlighted that fibulin-5 deletion and POP progression decreased vaginal axial 
contractility and increased vaginal wall stress. Enhanced understanding of cellular and protein interactions’ 
influence on mechanical function in the development and progression of POP may improve our understanding 
of the etiology leading to improved preventative and treatment strategies.

Received: 14 May 2021; Accepted: 31 August 2021

References
	 1.	 Haylen, B. T. et al. An International Urogynecological Association (IUGA)/International Continence Society (ICS) joint report 

on the terminology for female pelvic organ prolapse (POP). Int. Urogynecol. J. 27, 165–194. https://​doi.​org/​10.​1007/​s00192-​
015-​2932-1 (2016).

	 2.	 Ellerkmann, R. M. et al. Correlation of symptoms with location and severity of pelvic organ prolapse. Am. J. Obstet. Gynecol. 
185, 1332–1337. https://​doi.​org/​10.​1067/​mob.​2001.​119078 (2001).

	 3.	 Davila, G. W. Vaginal prolapse: Management with nonsurgical techniques. Postgrad. Med. 99, 171 (1996).
	 4.	 Hagen, S., Stark, D., Maher, C. & Adams, E. Conservative management of pelvic organ prolapse in women. Cochrane Database 

Syst. Rev. https://​doi.​org/​10.​1002/​14651​858.​CD003​882.​pub3 (2006).
	 5.	 Wu, J. M., Matthews, C. A., Conover, M. M., Pate, V. & Funk, M. J. Lifetime risk of stress urinary incontinence or pelvic organ 

prolapse surgery. Obstet. Gynecol. 123, 1201–1206. https://​doi.​org/​10.​1097/​aog.​00000​00000​000286 (2014).
	 6.	 Maher, C. et al. Transvaginal mesh or grafts compared with native tissue repair for vaginal prolapse. Cochrane Database Syst. 

Rev. 2, 012079. https://​doi.​org/​10.​1002/​14651​858.​CD012​079 (2016).
	 7.	 DeLancey, J. O. L. et al. Comparison of levator ani muscle defects and function in women with and without pelvic organ prolapse. 

Obstet. Gynecol. 109, 295–302. https://​doi.​org/​10.​1097/​01.​AOG.​00002​50901.​57095.​ba (2007).
	 8.	 Kerkhof, M. H., Hendriks, L. & Brolmann, H. A. M. Changes in connective tissue in patients with pelvic organ prolapse: A 

review of the current literature. Int. Urogynecol. J. 20, 461–474. https://​doi.​org/​10.​1007/​s00192-​008-​0737-1 (2009).
	 9.	 Alarab, M., Kufaishi, H., Lye, S., Drutz, H. & Shynlova, O. Expression of extracellular matrix-remodeling proteins is altered in 

vaginal tissue of premenopausal women with severe pelvic organ prolapse. Reprod. Sci. 21, 704–715. https://​doi.​org/​10.​1177/​
19337​19113​512529 (2014).

	 10.	 Drewes, P. G. et al. Pelvic organ prolapse in fibulin-5 knockout mice: Pregnancy-induced changes in elastic fiber homeostasis 
in mouse vagina. Am. J. Pathol. 170, 578–589. https://​doi.​org/​10.​2353/​ajpath.​2007.​060662 (2007).

	 11.	 Carley, M. E. & Schaffer, J. Urinary incontinence and pelvic organ prolapse in women with Marfan or Ehlers-Danlos syndrome. 
Am. J. Obstet. Gynecol. 182, 1021–1023. https://​doi.​org/​10.​1067/​mob.​2000.​105410 (2000).

	 12.	 Akintunde, A. et al. Effects of elastase digestion on the murine vaginal wall biaxial mechanical response. J. Biomech. Eng. https://​
doi.​org/​10.​1115/1.​40420​14 (2018).

	 13.	 de Landsheere, L. et al. Elastin density: Link between histological and biomechanical properties of vaginal tissue in women with 
pelvic organ prolapse?. Int. Urogynecol. J. 27, 629–635. https://​doi.​org/​10.​1007/​s00192-​015-​2901-8 (2016).

	 14.	 Brieu, M. et al. A nonlinear-elastic constitutive model for soft connective tissue based on a histologic description: Application 
to female pelvic soft tissue. J. Mech. Behav. Biomed. Mater. 58, 65–74. https://​doi.​org/​10.​1016/j.​jmbbm.​2015.​09.​023 (2016).

	 15.	 Davis, E. C. Smooth-muscle cell to elastic lamina connections in developing mouse aorta: Role in aortic medial organization. 
Lab. Invest. 68, 89–99 (1993).

	 16.	 Karnik, S. K. et al. A critical role for elastin signaling in vascular morphogenesis and disease. Development 130, 411–423. https://​
doi.​org/​10.​1242/​dev.​00223 (2003).

	 17.	 Murtada, S. I., Ferruzzi, J., Yanagisawa, H. & Humphrey, J. D. Reduced biaxial contractility in the descending thoracic aorta of 
fibulin-5 deficient mice. J. Biomech. Eng. Trans. ASME 138, 7. https://​doi.​org/​10.​1115/1.​40329​38 (2016).

	 18.	 Clark, G. L. et al. Smooth muscle regional contribution to vaginal wall function. Interface Focus 9, 13. https://​doi.​org/​10.​1098/​
rsfs.​2019.​0025 (2019).

	 19.	 Li, B. et al. Expression and significance of elastin and fibulin-5 in anterior vaginal tissue of women with pelvic organ prolapse. 
Zhonghua Fu Chan Ke Za Zhi 44, 514–517 (2009).

	 20.	 Takacs, P. et al. Fibulin-5 expression is decreased in women with anterior vaginal wall prolapse. Int. Urogynecol. J. 20, 207–211. 
https://​doi.​org/​10.​1007/​s00192-​008-​0757-x (2009).

	 21.	 Soderberg, M. W., Bystrom, B., Kalamajski, S., Malmstrom, A. & Ekman-Ordeberg, G. Gene expressions of small leucine-rich 
repeat proteoglycans and fibulin-5 are decreased in pelvic organ prolapse. Mol. Hum. Reprod. 15, 251–257. https://​doi.​org/​10.​
1093/​molehr/​gap011 (2009).

	 22.	 Karam, J. A., Vazquez, D. V., Lin, V. K. & Zimmern, P. E. Elastin expression and elastic fibre width in the anterior vaginal wall of 
postmenopausal women with and without prolapse. BJU Int. 100, 346–350. https://​doi.​org/​10.​1111/j.​1464-​410X.​2007.​06998.x 
(2007).

	 23.	 Martins, P. et al. Biomechanical properties of vaginal tissue in women with pelvic organ prolapse. Gynecol. Obstet. Invest. 75, 
85–92. https://​doi.​org/​10.​1159/​00034​3230 (2013).

	 24.	 Lei, L. L., Song, Y. F. & Chen, R. Q. Biomechanical properties of prolapsed vaginal tissue in pre- and postmenopausal women. 
Int. Urogynecol. J. 18, 603–607. https://​doi.​org/​10.​1007/​s00192-​006-​0214-7 (2007).

	 25.	 Jean-Charles, C. et al. Biomechanical properties of prolapsed or non-prolapsed vaginal tissue: Impact on genital prolapse surgery. 
Int. Urogynecol. J. 21, 1535–1538. https://​doi.​org/​10.​1007/​s00192-​010-​1208-z (2010).

https://doi.org/10.1007/s00192-015-2932-1
https://doi.org/10.1007/s00192-015-2932-1
https://doi.org/10.1067/mob.2001.119078
https://doi.org/10.1002/14651858.CD003882.pub3
https://doi.org/10.1097/aog.0000000000000286
https://doi.org/10.1002/14651858.CD012079
https://doi.org/10.1097/01.AOG.0000250901.57095.ba
https://doi.org/10.1007/s00192-008-0737-1
https://doi.org/10.1177/1933719113512529
https://doi.org/10.1177/1933719113512529
https://doi.org/10.2353/ajpath.2007.060662
https://doi.org/10.1067/mob.2000.105410
https://doi.org/10.1115/1.4042014
https://doi.org/10.1115/1.4042014
https://doi.org/10.1007/s00192-015-2901-8
https://doi.org/10.1016/j.jmbbm.2015.09.023
https://doi.org/10.1242/dev.00223
https://doi.org/10.1242/dev.00223
https://doi.org/10.1115/1.4032938
https://doi.org/10.1098/rsfs.2019.0025
https://doi.org/10.1098/rsfs.2019.0025
https://doi.org/10.1007/s00192-008-0757-x
https://doi.org/10.1093/molehr/gap011
https://doi.org/10.1093/molehr/gap011
https://doi.org/10.1111/j.1464-410X.2007.06998.x
https://doi.org/10.1159/000343230
https://doi.org/10.1007/s00192-006-0214-7
https://doi.org/10.1007/s00192-010-1208-z


16

Vol:.(1234567890)

Scientific Reports |        (2021) 11:20956  | https://doi.org/10.1038/s41598-021-00351-1

www.nature.com/scientificreports/

	 26.	 Zhou, L. et al. Biomechanical properties and associated collagen composition in vaginal tissue of women with pelvic organ 
prolapse. J. Urol. 188, 875–880. https://​doi.​org/​10.​1016/j.​juro.​2012.​05.​017 (2012).

	 27.	 Feola, A., Duerr, R., Moalli, P. & Abramowitch, S. Changes in the rheological behavior of the vagina in women with pelvic organ 
prolapse. Int. Urogynecol. J. 24, 1221–1227. https://​doi.​org/​10.​1007/​s00192-​012-​2002-x (2013).

	 28.	 Rahn, D. D., Ruff, M. D., Brown, S. A., Tibbals, H. F. & Word, R. A. Biomechanical properties of the vaginal wall: Effect of preg-
nancy, elastic fiber deficiency, and pelvic organ prolapse. Am. J. Obstet. Gynecol. 198, 6. https://​doi.​org/​10.​1016/j.​ajog.​2008.​02.​
022 (2008).

	 29.	 Huntington, A., Rizzuto, E., Abramowitch, S., Del Prete, Z. & De Vita, R. Anisotropy of the passive and active rat vagina under 
biaxial loading. Ann. Biomed. Eng. https://​doi.​org/​10.​1007/​s10439-​018-​02117-9 (2018).

	 30.	 Pena, E. et al. Mechanical characterization of the softening behavior of human vaginal tissue. J. Mech. Behav. Biomed. Mater. 4, 
275–283. https://​doi.​org/​10.​1016/j.​jmbbm.​2010.​10.​006 (2011).

	 31.	 Robison, K. M., Conway, C. K., Desrosiers, L., Knoepp, L. R. & Miller, K. S. Biaxial mechanical assessment of the murine vaginal 
wall using extension-inflation testing. J. Biomech. Eng. Trans. ASME 139, 8. https://​doi.​org/​10.​1115/1.​40375​59 (2017).

	 32.	 Gleason, R. L., Gray, S. P., Wilson, E. & Humphrey, J. D. A multiaxial computer-controlled organ culture and biomechanical 
device for mouse carotid arteries. J. Biomech. Eng. Trans. ASME 126, 787–795. https://​doi.​org/​10.​1115/1.​18241​30 (2004).

	 33.	 Ferruzzi, J., Bersi, M. R. & Humphrey, J. D. Biomechanical phenotyping of central arteries in health and disease: Advantages of 
and methods for murine models. Ann. Biomed. Eng. 41, 1311–1330. https://​doi.​org/​10.​1007/​s10439-​013-​0799-1 (2013).

	 34.	 White, S. E. et al. Biaxial basal tone and passive testing of the murine reproductive system using a pressure myograph. J. Vis. 
Exp. https://​doi.​org/​10.​3791/​60125 (2019).

	 35.	 Yanagisawa, H. et al. Fibulin-5 is an elastin-binding protein essential for elastic fibre development in vivo. Nature 415, 168–171. 
https://​doi.​org/​10.​1038/​41516​8a (2002).

	 36.	 Wieslander, C. K. et al. Quantification of pelvic organ prolapse in mice: Vaginal protease activity precedes increased MOPQ 
scores in fibulin 5 knockout mice. Biol. Reprod. 80, 407–414. https://​doi.​org/​10.​1095/​biolr​eprod.​108.​072900 (2009).

	 37.	 Budatha, M. et al. Extracellular matrix proteases contribute to progression of pelvic organ prolapse in mice and humans. J. Clin. 
Investig. 121, 2048–2059. https://​doi.​org/​10.​1172/​jci45​636 (2011).

	 38.	 Lee, U. J. et al. Lower urogenital tract anatomical and functional phenotype in lysyl oxidase like-1 knockout mice resembles 
female pelvic floor dysfunction in humans. Am. J. Physiol. Renal Physiol. 295, F545–F555. https://​doi.​org/​10.​1152/​ajpre​nal.​
00063.​2008 (2008).

	 39.	 Flecknell, P. Replacement, reduction and refinement. Altex-Alternativen Zu Tierexperimenten 19, 73–78 (2002).
	 40.	 Kevin, F., Joanne, C. & De, H. In The Mouse in Biomedical Research Vol. 3, 644–645 (Elsevier, 2007).
	 41.	 van der Walt, I., Bo, K., Hanekom, S. & Rienhardt, G. Ethnic differences in pelvic floor muscle strength and endurance in South 

African women. Int. Urogynecol. J. 25, 799–805. https://​doi.​org/​10.​1007/​s00192-​013-​2290-9 (2014).
	 42.	 Park, K. et al. Vasculogenic female sexual dysfunction: The hemodynamic basis for vaginal engorgement insufficiency and clitoral 

erectile insufficiency. Int. J. Impot. Res. 9, 27–37. https://​doi.​org/​10.​1038/​sj.​ijir.​39002​58 (1997).
	 43.	 Nagabukuro, H. & Berkley, K. J. Influence of endometriosis on visceromotor and cardiovascular responses induced by vaginal 

distention in the rat. Pain 132, S96–S103. https://​doi.​org/​10.​1016/j.​pain.​2007.​04.​039 (2007).
	 44.	 Rahn, D. D., Acevedo, J. F. & Word, R. A. Effect of vaginal distention on elastic fiber synthesis and matrix degradation in the 

vaginal wall: Potential role in the pathogenesis of pelvic organ prolapse. Am. J. Physiol. Regul. Integrat. Comp. Physiol. 295, 
R1351–R1358. https://​doi.​org/​10.​1152/​ajpre​gu.​90447.​2008 (2008).

	 45.	 Amin, M., Le, V. P. & Wagenseil, J. E. Mechanical testing of mouse carotid arteries: From newborn to adult. JOVE https://​doi.​
org/​10.​3791/​3733 (2012).

	 46.	 Gravina, F. S., van Helden, D. F., Kerr, K. P., de Oliveira, R. B. & Jobling, P. Phasic contractions of the mouse vagina and cervix 
at different phases of the estrus cycle and during late pregnancy. PLoS ONE 9, 9. https://​doi.​org/​10.​1371/​journ​al.​pone.​01113​07 
(2014).

	 47.	 Vanloon, P., Klip, W. & Bradley, E. L. Length-force and volume-pressure relationships of arteries. Biorheology 14, 181–201 (1977).
	 48.	 Ramachandra, A. B. & Humphrey, J. D. Biomechanical characterization of murine pulmonary arteries. J. Biomech. 84, 18–26. 

https://​doi.​org/​10.​1016/j.​jbiom​ech.​2018.​12.​012 (2019).
	 49.	 Jallah, Z. et al. The impact of prolapse mesh on vaginal smooth muscle structure and function. BJOG Int. J. Obstet. Gynaecol. 

123, 1076–1085. https://​doi.​org/​10.​1111/​1471-​0528.​13514 (2016).
	 50.	 Skoczylas, L. C. et al. Regional differences in rat vaginal smooth muscle contractility and morphology. Reprod. Sci. 20, 382–390. 

https://​doi.​org/​10.​1177/​19337​19112​472733 (2013).
	 51.	 Ashoori, F., Takai, A. & Tomita, T. The response of non-pregnant rat myometrium to oxytocin in ca-free solution. Br. J. Pharmacol. 

84, 175–183 (1985).
	 52.	 Humphrey, J. D. Cardiovascular Solid Mechanics: Cells, Tissues, and Organs (Springer, 2002).
	 53.	 Stoka, K. V. et al. Effects of increased arterial stiffness on atherosclerotic plaque amounts. J. Biomech Eng. Trans. ASME 140, 10. 

https://​doi.​org/​10.​1115/1.​40391​75 (2018).
	 54.	 Dahal, S. et al. Quantitative morphometry of elastic fibers in pelvic organ prolapse. Ann. Biomed. Eng. https://​doi.​org/​10.​1007/​

s10439-​021-​02760-9 (2021).
	 55.	 Downing, K. T. et al. The role of mode of delivery on elastic fiber architecture and vaginal vault elasticity: A rodent model study. 

J. Mech. Behav. Biomed. Mater. 29, 190–198. https://​doi.​org/​10.​1016/j.​jmbbm.​2013.​08.​025 (2014).
	 56.	 Capone, D. J. et al. Evaluating residual strain throughout the murine female reproductive system. J. Biomech. https://​doi.​org/​

10.​1016/j.​jbiom​ech.​2018.​11.​001 (2018).
	 57.	 Boreham, M. K., Wai, C. Y., Miller, R. T., Schaffer, J. I. & Word, R. A. Morphometric analysis of smooth muscle in the anterior 

vaginal wall of women with pelvic organ prolapse. Am. J. Obstet. Gynecol. 187, 56–63. https://​doi.​org/​10.​1067/​mob.​2002.​124843 
(2002).

	 58.	 Emmerson, S. et al. Ovine multiparity is associated with diminished vaginal muscularis, increased elastic fibres and vaginal wall 
weakness: Implication for pelvic organ prolapse. Sci. Rep. 7, 13. https://​doi.​org/​10.​1038/​srep4​5709 (2017).

	 59.	 Bredfeldt, J. S. et al. Computational segmentation of collagen fibers from second-harmonic generation images of breast cancer. 
J. Biomed. Opt. 19, 10. https://​doi.​org/​10.​1117/1.​jbo.​19.1.​016007 (2014).

	 60.	 Liu, Y., Keikhosravi, A., Mehta, G. S., Drifka, C. R. & Eliceiri, K. W. Methods for quantifying fibrillar collagen alignment. Methods 
Mol. Biol. 1627, 429–451. https://​doi.​org/​10.​1007/​978-1-​4939-​7113-8_​28 (2017).

	 61.	 Evaul, K. & Hammes, S. R. Cross-talk between g protein-coupled and epidermal growth factor receptors regulates gonadotropin-
mediated steroidogenesis in Leydig cells. J. Biol. Chem. 283, 27525–27533. https://​doi.​org/​10.​1074/​jbc.​M8038​67200 (2008).

	 62.	 Ma, X. T. et al. Leptin-induced CART (cocaine- and amphetamine-regulated transcript) is a novel intraovarian mediator of 
obesity-related infertility in females. Endocrinology 157, 1248–1257. https://​doi.​org/​10.​1210/​en.​2015-​1750 (2016).

	 63.	 Roy, S. et al. Oocyte-derived factors (GDF9 and BMP15) and FSH regulate AMH expression via modulation of H3K27AC in 
granulosa cells. Endocrinology 159, 3433–3445. https://​doi.​org/​10.​1210/​en.​2018-​00609 (2018).

	 64.	 Hoaglin, D. C. & Iglewicz, B. Fine-tuning some resistant rules for outlier labeling. J. Am. Stat. Assoc. 82, 1147–1149. https://​doi.​
org/​10.​1080/​01621​459.​1987.​10478​551 (1987).

	 65.	 Murtada, S. I. et al. Developmental origins of mechanical homeostasis in the aorta. Dev. Dyn. https://​doi.​org/​10.​1002/​dvdy.​283 
(2021).

https://doi.org/10.1016/j.juro.2012.05.017
https://doi.org/10.1007/s00192-012-2002-x
https://doi.org/10.1016/j.ajog.2008.02.022
https://doi.org/10.1016/j.ajog.2008.02.022
https://doi.org/10.1007/s10439-018-02117-9
https://doi.org/10.1016/j.jmbbm.2010.10.006
https://doi.org/10.1115/1.4037559
https://doi.org/10.1115/1.1824130
https://doi.org/10.1007/s10439-013-0799-1
https://doi.org/10.3791/60125
https://doi.org/10.1038/415168a
https://doi.org/10.1095/biolreprod.108.072900
https://doi.org/10.1172/jci45636
https://doi.org/10.1152/ajprenal.00063.2008
https://doi.org/10.1152/ajprenal.00063.2008
https://doi.org/10.1007/s00192-013-2290-9
https://doi.org/10.1038/sj.ijir.3900258
https://doi.org/10.1016/j.pain.2007.04.039
https://doi.org/10.1152/ajpregu.90447.2008
https://doi.org/10.3791/3733
https://doi.org/10.3791/3733
https://doi.org/10.1371/journal.pone.0111307
https://doi.org/10.1016/j.jbiomech.2018.12.012
https://doi.org/10.1111/1471-0528.13514
https://doi.org/10.1177/1933719112472733
https://doi.org/10.1115/1.4039175
https://doi.org/10.1007/s10439-021-02760-9
https://doi.org/10.1007/s10439-021-02760-9
https://doi.org/10.1016/j.jmbbm.2013.08.025
https://doi.org/10.1016/j.jbiomech.2018.11.001
https://doi.org/10.1016/j.jbiomech.2018.11.001
https://doi.org/10.1067/mob.2002.124843
https://doi.org/10.1038/srep45709
https://doi.org/10.1117/1.jbo.19.1.016007
https://doi.org/10.1007/978-1-4939-7113-8_28
https://doi.org/10.1074/jbc.M803867200
https://doi.org/10.1210/en.2015-1750
https://doi.org/10.1210/en.2018-00609
https://doi.org/10.1080/01621459.1987.10478551
https://doi.org/10.1080/01621459.1987.10478551
https://doi.org/10.1002/dvdy.283


17

Vol.:(0123456789)

Scientific Reports |        (2021) 11:20956  | https://doi.org/10.1038/s41598-021-00351-1

www.nature.com/scientificreports/

	 66.	 Badiou, W. et al. Comparative histological analysis of anterior vaginal wall in women with pelvic organ prolapse or control 
subjects: A pilot study. Int. Urogynecol. J. 19, 723–729. https://​doi.​org/​10.​1007/​s00192-​007-​0516-4 (2008).

	 67.	 Takacs, P., Gualtieri, M., Nassiri, M., Candiotti, K. & Medina, C. A. Vaginal smooth muscle cell apoptosis is increased in women 
with pelvic organ prolapse. Int. Urogynecol. J. 19, 1559–1564. https://​doi.​org/​10.​1007/​s00192-​008-​0690-z (2008).

	 68.	 Vetuschi, A. et al. Changes in muscularis propria of anterior vaginal wall in women with pelvic organ prolapse. Eur. J. Histochem. 
60, 32–38. https://​doi.​org/​10.​4081/​ejh.​2016.​2604 (2016).

	 69.	 Northington, G. M., Basha, M., Arya, L. A., Wein, A. J. & Chacko, S. Contractile response of human anterior vaginal muscularis 
in women with and without pelvic organ prolapse. Reprod. Sci. 18, 296–303. https://​doi.​org/​10.​1177/​19337​19110​392054 (2011).

	 70.	 Urbankova, I. et al. First delivery and ovariectomy affect biomechanical and structural properties of the vagina in the ovine 
model. Int. Urogynecol. J. 30, 455–464. https://​doi.​org/​10.​1007/​s00192-​017-​3535-9 (2019).

	 71.	 Lowder, J. L. et al. Biomechanical adaptations of the rat vagina and supportive tissues in pregnancy to accommodate delivery. 
Obstet. Gynecol. 109, 136–143. https://​doi.​org/​10.​1097/​01.​AOG.​00002​50472.​96672.​6c (2007).

	 72.	 Knight, K. M. et al. Impact of parity on ewe vaginal mechanical properties relative to the nonhuman primate and rodent. Int. 
Urogynecol. J. 27, 1255–1263. https://​doi.​org/​10.​1007/​s00192-​016-​2963-2 (2016).

	 73.	 Lewicky-Gaupp, C., Yousuf, A., Larson, K. A., Fenner, D. E. & Delancey, J. O. L. Structural position of the posterior vagina and 
pelvic floor in women with and without posterior vaginal prolapse. Am. J. Obstet. Gynecol. 202, 6. https://​doi.​org/​10.​1016/j.​ajog.​
2010.​01.​001 (2010).

	 74.	 Yamasato, K. S., Oyama, I. A. & Kaneshiro, B. Intraabdominal pressure with pelvic floor dysfunction: Do postoperative restric-
tions make sense?. J Reprod Med 59, 409–413 (2014).

	 75.	 Simpson, S., Deeble, M., Thompson, J., Andrews, A. & Briffa, K. Should women with incontinence and prolapse do abdominal 
curls?. Int. Urogynecol. J. 27, 1507–1512. https://​doi.​org/​10.​1007/​s00192-​016-​3005-9 (2016).

	 76.	 Mouritsen, L., Hulbaek, M., Brostrøm, S. & Bogstad, J. Vaginal pressure during daily activities before and after vaginal repair. 
Int. Urogynecol. J. Pelvic Floor Dysfunct. 18, 943–948. https://​doi.​org/​10.​1007/​s00192-​006-​0267-7 (2007).

	 77.	 Zulliger, M. A., Montorzi, G. & Stergiopulos, N. Biomechanical adaptation of porcine carotid vascular smooth muscle to hypo 
and hypertension in vitro. J. Biomech. 35, 757–765. https://​doi.​org/​10.​1016/​s0021-​9290(02)​00020-9 (2002).

	 78.	 Korneva, A. & Humphrey, J. D. Maladaptive aortic remodeling in hypertension associates with dysfunctional smooth muscle 
contractility. Am. J. Physiol. Heart Circ. Physiol. 316, H265–H278. https://​doi.​org/​10.​1152/​ajphe​art.​00503.​2017 (2019).

	 79.	 Cyron, C. J. & Humphrey, J. D. Growth and remodeling of load-bearing biological soft tissues. Meccanica 52, 645–664. https://​
doi.​org/​10.​1007/​s11012-​016-​0472-5 (2017).

	 80.	 Gleason, R. L., Wilson, E. & Humphrey, J. D. Biaxial biomechanical adaptations of mouse carotid arteries cultured at altered 
axial extension. J. Biomech. 40, 766–776. https://​doi.​org/​10.​1016/j.​jbiom​ech.​2006.​03.​018 (2007).

	 81.	 Mayeur, O. et al. Influence of geometry and mechanical properties on the accuracy of patient-specific simulation of women 
pelvic floor. Ann. Biomed. Eng. 44, 202–212. https://​doi.​org/​10.​1007/​s10439-​015-​1401-9 (2016).

	 82.	 Clerc, P. C. et al. Collagen I and III and mechanical properties of conduit arteries in rats with genetic hypertension. J. Vasc. Res. 
36, 139–146. https://​doi.​org/​10.​1159/​00002​5637 (1999).

	 83.	 Eriksen, H. A., Pajala, A., Leppilahti, J. & Risteli, J. Increased content of type III collagen at the rupture site of human Achilles 
tendon. J. Orthop. Res. 20, 1352–1357. https://​doi.​org/​10.​1016/​s0736-​0266(02)​00064-5 (2002).

	 84.	 Wan, C., Hao, Z. X., Wen, S. Z. & Leng, H. J. A quantitative study of the relationship between the distribution of different types 
of collagen and the mechanical behavior of rabbit medial collateral ligaments. PLoS ONE 9, 9. https://​doi.​org/​10.​1371/​journ​al.​
pone.​01033​63 (2014).

	 85.	 Du, B., Ouyang, A., Eng, J. S. & Fleenor, B. S. Aortic perivascular adipose-derived interleukin-6 contributes to arterial stiffness 
in low-density lipoprotein receptor deficient mice. Am. J. Physiol. Heart Circ. Physiol. 308, H1382–H1390. https://​doi.​org/​10.​
1152/​ajphe​art.​00712.​2014 (2015).

	 86.	 Chamberlain, C. S. et al. Temporal healing in rat Achilles tendon: Ultrasound correlations. Ann. Biomed. Eng. 41, 477–487. https://​
doi.​org/​10.​1007/​s10439-​012-​0689-y (2013).

	 87.	 Miller, K. S., Connizzo, B. K., Feeney, E. & Soslowsky, L. J. Characterizing local collagen fiber re-alignment and crimp behavior 
throughout mechanical testing in a mature mouse supraspinatus tendon model. J. Biomech. 45, 2061–2065. https://​doi.​org/​10.​
1016/j.​jbiom​ech.​2012.​06.​006 (2012).

	 88.	 Lake, S. P., Miller, K. S., Elliott, D. M. & Soslowsky, L. J. Effect of fiber distribution and realignment on the nonlinear and 
inhomogeneous mechanical properties of human supraspinatus tendon under longitudinal tensile loading. J. Orthop. Res. 27, 
1596–1602. https://​doi.​org/​10.​1002/​jor.​20938 (2009).

	 89.	 Moalli, P. A., Shand, S. H., Zyczynski, H. M., Gordy, S. C. & Meyn, L. A. Remodeling of vaginal connective tissue in patients 
with prolapse. Obstet. Gynecol. 106, 953–963. https://​doi.​org/​10.​1097/​01.​AOG.​00001​82584.​15087.​dd (2005).

	 90.	 Chen, Y. S., Huang, J., Hu, C. D. & Hua, K. Q. Relationship of advanced glycation end products and their receptor to pelvic organ 
prolapse. Int. J. Clin. Exp. Pathol. 8, 2288 (2015).

	 91.	 Zeng, C. Y. et al. Correlation between autophagy and collagen deposition in patients with pelvic organ prolapse. Female Pelvic 
Med. Reconstr. Surg. 24, 213–221. https://​doi.​org/​10.​1097/​spv.​00000​00000​000455 (2018).

	 92.	 Hu, Y., Wu, R. F., Li, H., Gu, Y. L. & Wei, W. X. Expression and significance of metalloproteinase and collagen in vaginal wall 
tissues of patients with pelvic organ prolapse. Ann. Clin. Lab. Sci. 47, 698–705 (2017).

	 93.	 Nazac, A. et al. Optimization of Picrosirius red staining protocol to determine collagen fiber orientations in vaginal and uterine 
cervical tissues by Mueller polarized microscopy. Microsc. Res. Tech. 78, 723–730. https://​doi.​org/​10.​1002/​jemt.​22530 (2015).

	 94.	 Wang, Z. J., Lakes, R. S., Eickhoff, J. C. & Chesler, N. C. Effects of collagen deposition on passive and active mechanical proper-
ties of large pulmonary arteries in hypoxic pulmonary hypertension. Biomech. Model. Mechanobiol. 12, 1115–1125. https://​doi.​
org/​10.​1007/​s10237-​012-​0467-7 (2013).

	 95.	 Eleswarapu, S. V., Responte, D. J. & Athanasiou, K. A. Tensile properties, collagen content, and crosslinks in connective tissues 
of the immature knee joint. PLoS ONE 6, 7. https://​doi.​org/​10.​1371/​journ​al.​pone.​00261​78 (2011).

	 96.	 Kerkhof, M. H. et al. Changes in tissue composition of the vaginal wall of premenopausal women with prolapse. Am. J. Obstet. 
Gynecol. 210, 9. https://​doi.​org/​10.​1016/j.​ajog.​2013.​10.​881 (2014).

	 97.	 Rensen, S. S. M., Doevendans, P. & van Eys, G. Regulation and characteristics of vascular smooth muscle cell phenotypic diversity. 
Neth. Hear. J. 15, 100–108. https://​doi.​org/​10.​1007/​bf030​85963 (2007).

	 98.	 Kochova, P. et al. The contribution of vascular smooth muscle, elastin and collagen on the passive mechanics of porcine carotid 
arteries. Physiol. Meas. 33, 1335–1351. https://​doi.​org/​10.​1088/​0967-​3334/​33/8/​1335 (2012).

	 99.	 Ferreira, J. P. S. et al. Altered mechanics of vaginal smooth muscle cells due to the lysyl oxidase-like1 knockout. Acta Biomater. 
110, 175–187. https://​doi.​org/​10.​1016/j.​actbio.​2020.​03.​046 (2020).

	100.	 Mazloomdoost, D. et al. Histologic anatomy of the anterior vagina and urethra. Female Pelvic Med. Reconstr. Surg. 23, 329–335. 
https://​doi.​org/​10.​1097/​spv.​00000​00000​000387 (2017).

	101.	 van Helden, D. F. et al. Nerve-induced responses of mouse vaginal smooth muscle. Pflugers Arch. Eur. J. Physiol. 469, 1373–1385. 
https://​doi.​org/​10.​1007/​s00424-​017-​1995-x (2017).

	102.	 Bersi, M. R., Khosravi, R., Wujciak, A. J., Harrison, D. G. & Humphrey, J. D. Differential cell-matrix mechanoadaptations and 
inflammation drive regional propensities to aortic fibrosis, aneurysm or dissection in hypertension. J. R. Soc. Interface https://​
doi.​org/​10.​1098/​rsif.​2017.​0327 (2017).

https://doi.org/10.1007/s00192-007-0516-4
https://doi.org/10.1007/s00192-008-0690-z
https://doi.org/10.4081/ejh.2016.2604
https://doi.org/10.1177/1933719110392054
https://doi.org/10.1007/s00192-017-3535-9
https://doi.org/10.1097/01.AOG.0000250472.96672.6c
https://doi.org/10.1007/s00192-016-2963-2
https://doi.org/10.1016/j.ajog.2010.01.001
https://doi.org/10.1016/j.ajog.2010.01.001
https://doi.org/10.1007/s00192-016-3005-9
https://doi.org/10.1007/s00192-006-0267-7
https://doi.org/10.1016/s0021-9290(02)00020-9
https://doi.org/10.1152/ajpheart.00503.2017
https://doi.org/10.1007/s11012-016-0472-5
https://doi.org/10.1007/s11012-016-0472-5
https://doi.org/10.1016/j.jbiomech.2006.03.018
https://doi.org/10.1007/s10439-015-1401-9
https://doi.org/10.1159/000025637
https://doi.org/10.1016/s0736-0266(02)00064-5
https://doi.org/10.1371/journal.pone.0103363
https://doi.org/10.1371/journal.pone.0103363
https://doi.org/10.1152/ajpheart.00712.2014
https://doi.org/10.1152/ajpheart.00712.2014
https://doi.org/10.1007/s10439-012-0689-y
https://doi.org/10.1007/s10439-012-0689-y
https://doi.org/10.1016/j.jbiomech.2012.06.006
https://doi.org/10.1016/j.jbiomech.2012.06.006
https://doi.org/10.1002/jor.20938
https://doi.org/10.1097/01.AOG.0000182584.15087.dd
https://doi.org/10.1097/spv.0000000000000455
https://doi.org/10.1002/jemt.22530
https://doi.org/10.1007/s10237-012-0467-7
https://doi.org/10.1007/s10237-012-0467-7
https://doi.org/10.1371/journal.pone.0026178
https://doi.org/10.1016/j.ajog.2013.10.881
https://doi.org/10.1007/bf03085963
https://doi.org/10.1088/0967-3334/33/8/1335
https://doi.org/10.1016/j.actbio.2020.03.046
https://doi.org/10.1097/spv.0000000000000387
https://doi.org/10.1007/s00424-017-1995-x
https://doi.org/10.1098/rsif.2017.0327
https://doi.org/10.1098/rsif.2017.0327


18

Vol:.(1234567890)

Scientific Reports |        (2021) 11:20956  | https://doi.org/10.1038/s41598-021-00351-1

www.nature.com/scientificreports/

	103.	 Wan, W. & Gleason, R. L. Dysfunction in elastic fiber formation in fibulin-5 null mice abrogates the evolution in mechanical 
response of carotid arteries during maturation. Am. J. Physiol. Heart Circ. Physiol. 304, H674–H686. https://​doi.​org/​10.​1152/​
ajphe​art.​00459.​2012 (2013).

	104.	 Ferruzzi, J., Bersi, M. R., Uman, S., Yanagisawa, H. & Humphrey, J. D. Decreased elastic energy storage, not increased material 
stiffness, characterizes central artery dysfunction in fibulin-5 deficiency independent of sex. J. Biomech. Eng. Trans ASME https://​
doi.​org/​10.​1115/1.​40294​31 (2015).

Acknowledgements
This work was funded by NSF Early Faculty CAREER Development Award CMMI-1751050 (K.S.M.), National 
Institute of Child Health and Human Development R01HD086062 (A.S.), Michigan State University General 
Funds and AgBioResearch (A.S), and Louisiana Board of Regents (G.L.C). We acknowledge Katherine Mattingly 
(Tulane University), Ashley Stuart (Tulane University), and Hannah Rosen (Tulane University) for assistance with 
histological analysis. We acknowledge Dr. Hiromi Yanagisawa for developing and providing the initial breeding 
pair for the colony of Fbln5 deficient mice.

Author contributions
G.L.C. carried out experimental design, mechanical testing, data analysis, drafting of the manuscript, and pre-
pared Figs. 1, 2, 3, 4, 5, 6, 7 and 8 and Supplemental Figs. 1–6. S.R. carried out western blotting, data analysis, 
drafting of the manuscript, and prepared Fig. 8 and Supplemental Figs. 7–13. K.S.M. and A.S. participated in 
study design and drafting of the manuscript. All other authors (L.D., L.R.K.) contributed by scientific discussion 
and drafting of manuscript. All authors gave final approval for publication and agree to be held accountable for 
the work performed herein.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​021-​00351-1.

Correspondence and requests for materials should be addressed to K.S.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

https://doi.org/10.1152/ajpheart.00459.2012
https://doi.org/10.1152/ajpheart.00459.2012
https://doi.org/10.1115/1.4029431
https://doi.org/10.1115/1.4029431
https://doi.org/10.1038/s41598-021-00351-1
https://doi.org/10.1038/s41598-021-00351-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Role of fibulin-5 insufficiency and prolapse progression on murine vaginal biomechanical function
	Methods
	Animal use and sample preparation. 
	Balloon catheterization. 
	Maximum contractility and biaxial biomechanical testing. 
	Mechanical testing data analysis. 
	Multiaxial histological analysis. 
	Western Blot analysis. 
	Statistical analysis. 

	Results
	Vaginal contractility with fibulin-5 insufficiency and POP. 
	Vaginal passive biomechanical function with fibulin-5 insufficiency and POP. 
	Elastic fiber morphology and collagen organization. 
	Protein expression. 

	Discussion
	Conclusions
	References
	Acknowledgements


