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Abstract 
Advanced maternal age during pregnancy is associated with increased risk of vaginal 
tearing during delivery and maladaptive postpartum healing. Although the underlying 
mechanisms of age-related vaginal injuries are not fully elucidated, changes in vaginal 
microstructure may contribute. Smooth muscle cells promote the contractile nature of the 
vagina and contribute to pelvic floor stability. While menopause is associated with 
decreased vaginal smooth muscle content, whether contractile changes occur before the 
onset of menopause remains unknown. Therefore, the first objective of this study was to 
quantify the active mechanical behavior of the murine vagina with age. Further, aging is 
associated with decreased vaginal elastin content. As such, the second objective was to 
determine if elastic fiber disruption alters vaginal contractility. Vaginal samples from mice 
aged 2-14 months were used in maximum contractility experiments and biaxial extension-
inflation protocols. To evaluate the role of elastic fibers with age, half of the vaginal 
samples were randomly allocated to enzymatic elastic fiber disruption. Contractile 
potential decreased and vaginal material stiffness increased with age. These age-related 
changes in smooth muscle function may be due, in part, to changes in microstructural 
composition or contractile gene expression. Furthermore, elastic fiber disruption had a 
diminished effect on smooth muscle contractility in older mice. This suggests a decreased 
functional role of elastic fibers with age. Quantifying the age-dependent mechanical 
contribution of smooth muscle cells and elastic fibers to vaginal properties provides a first 
step towards better understanding how age-related changes in vaginal structure may 
contribute to tissue integrity and healing.  
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1. Introduction
The vagina is a soft, muscular, organ that continuously adapts to biomechanical and
biochemical signals in order to facilitate physiologic processes, such as pelvic floor
function, sexual activity, passage for menstrual blood and tissue, and childbirth [1].
Maternal age at the time of pregnancy has long been associated with increased rates of
obstetric complications [2]; however, the link between age and vaginal wall properties
remains unknown. A better understanding of the mechanobiological factors that increase
the risk of age-related childbirth complications is needed, given that 9x more people are
delaying childbirth today compared to forty years ago [3]. This increase in maternal age
is associated with higher risk of gestational diabetes, preeclampsia, and severe vaginal
tearing during childbirth [4-6] as well as pathologies such as sexual dysfunction and
vaginal atrophy [7, 8]. While the etiology of increased age-related risk for obstetric trauma
or pathology development is not well-defined, remodeling of the cellular and extracellular
matrix (ECM) composition of the vagina may contribute to adverse outcomes [9].

Among the primary cellular constituents in the vaginal wall, smooth muscle cells 
contribute to the contractile nature of the tissue. Vaginal contractility facilitates biological 
functions such as menstruation, intercourse, and childbirth. In addition to active 
contractility, smooth muscle cells contribute to maintaining pelvic floor support  through 
their attachment to structural supports (e.g., levator ani) and baseline contraction [10]. 
This baseline contractile level in the absence of external stimuli is known as basal tone 
[11, 12]. Studies investigating the changes in mechanical properties of the vagina with 
age are limited and largely focused on changes following menopause and the onset of 
pelvic organ prolapse in humans [13-15]. However, it is generally observed in other 
contractile soft tissues, such as the systemic vasculature, that smooth muscle content 
and the expression of genes encoding contractile proteins such as alpha- smooth muscle 
actin (gene: Acta2) and myosin heavy chain (gene: Myh11) decrease with age [16]. Thus, 
there is a need to investigate age-dependent changes in vaginal contractile properties. 

The vagina is a tissue that is subjected to multiaxial loads in the body while undergoing 
everyday activities such as standing, walking, lifting over 10 pounds, and coughing [17-
19]. [17-19]. This directional behavior may be due to direction-specific orientations of 
cellular and extracellular matrix components, such as smooth muscle cells, elastic fibers, 
and collagen fibers [20-22]. The use of biaxial extension-inflation protocols permits 
quantification of the circumferential and longitudinal passive and active mechanical 
properties, while maintaining native smooth muscle cell- extracellular matrix interactions 
and organ geometry [23]. Previously, we investigated the passive biaxial response of the 
murine vagina aged from 2-14 months. Therein, we observed age-related stiffening and 
decreased mechanical contributions of elastic fibers to the passive mechanical properties 
of the vagina [24].  

Elastic fibers provide the compliant nature of the vagina and allow for the organ to stretch 
and recoil in response to changes in intra-abdominal pressures [25, 26]. Further, elastic 
fibers maintain the geometry of the vagina and may constrain collagen undulation thereby 
contributing further to vaginal resistance to deformation [9, 27]. In most organs, elastic 
fiber production occurs during gestational development with negligent synthesis in adult 
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tissues. In the female reproductive system, however, it is suggested that there may be  a 
potential burst of elastic fiber synthesis and cross-linking occurs in the vaginal wall 
postpartum [70, 71]. Moreover, decreased elastic fiber content and subsequent loss of 
tissue elasticity is associated with aging, however, the rate at which elastic fibers may be 
disrupted with age is not well understood [28, 29]. Previously, enzymatic disruption of 
elastic fibers via elastase treatment resulted in an increased outer diameter, decreased 
compliance, and increased circumferential stress of the C57BL/6 mouse aged 4-6 months 
[30]. Moreover, the longitudinal distribution of elastic fibers in the C57BL/6 murine vagina 
exhibited a greater area fraction compared to the circumferential orientation [30]. While 
we have previously characterized the passive mechanical behavior following elastic fiber 
degradation with age [24], the composition of elastic fibers, and consequently, their biaxial 
mechanical contribution in the active (contractile) state remains unknown.  
 
Further, there may be changes in vaginal contractility following elastic fiber disruption with 
age, as vaginal contractility decreased in the longitudinal direction in a nulliparous 
(nonpregnant) murine model following enzymatic elastic fiber disruption [22]. Additionally, 
age-related changes in the content and organization of the cellular and microstructural 
components within the vaginal wall are not well characterized [31, 32]. Given the lack of 
compositional information, it is likely that the overall contractile function of the vagina is 
dependent on the microstructural arrangement and its impact on vaginal smooth muscle 
mechanobiology. Therefore, there is a need to investigate both the contractile function (at 
multiple length scales) and microstructural composition of the vagina. 
 
Animal models, such as mice, may offer potential benefits to studying vaginal wall 
remodeling as an alternative to human vaginal tissue samples, which have limited 
availability and significant biological variation across patients. Because the fetal head is 
smaller than that of humans relative to the vaginal canal, mice do not naturally sustain 
injuries during birth  [33]. Despite relative anatomical differences, rodents are widely used 
to investigate the pelvic floor in various healthy or diseased states due to the benefits of 
a predictive estrous cycle and well-documented age correlations to the human throughout 
menopause [34]. Additionally, both the human and murine vagina are considered to be 
fibromuscular organs with a well-defined layered structure comprised of load bearing 
collagen and elastic fibers and contractile smooth muscle cells. Hence, mouse models 
may be leveraged to provide key insights into the microstructural remodeling and altered 
mechanical function of the vagina that contribute to aging and its associated pathologies 
[35, 36].  
 
Therefore, the primary objectives of the study were to (i) quantify the circumferential and 
longitudinal contractile potential and biomechanical function of the murine vagina and (ii) 
assess age-induced changes in the vaginal microstructural organization in the 
nonpregnant murine vagina. Here, we hypothesized smooth muscle function would show 
direction-dependent behavior, decrease with age, and coincide with decreased smooth 
muscle content and altered elastic fiber organization. Additionally, the secondary 
objectives of the study were to evaluate the functional contribution of elastic fibers to the 
active mechanical properties of the vagina by (i) measuring vaginal contractility and basal 
tone in age-matched control and elastase treated samples and (ii) determining the 
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associated alterations in microstructural composition and gene expression profiles of the 
vaginal wall. Here, we hypothesized that in the active state, elastic fiber disruption via 
elastase treatment would be associated with decreased vaginal contractility and 
increased material stiffness in the circumferential and longitudinal directions. Further, we 
hypothesized the mechanical contribution of elastic fibers to active mechanical properties 
of the vagina would decrease with age.  

 
2. Methods  

 
2.1 Pressure Catheterization. 
Pressure catheter measurements were taken longitudinally in female nulliparous CD-1 
mice at estrus starting at 2 months of age and repeated every three weeks until the mice 
were 14 months old. Pressure catheter experiments were performed as described 
previously [22, 24]. Briefly, a 3 mm balloon was fabricated with polyvinyl chloride and 
secured with 6-0 silk sutures around a 1.25 mm aluminum tube. Mice were anesthetized 
with 3% isoflurane in 100% oxygen, and 1.5 mL of water was pushed into the balloon to 
obtain ambient air pressure. The inflated balloon was then inserted through the vaginal 
opening (introitus) into the vaginal canal. Vaginal pressure was measured as the change 
between ambient conditions and the pressure once inflated inside the vaginal canal [17]. 
For each experiment, the process was repeated a total of 3 times on each animal and 
averaged for one data point. Longitudinal pressure measurements (n=9/ age group) were 
averaged for different mice at 2-3 months, 4-6 months, 7-9 months, and 10-14 months of 
age.  

 
2.2 Animals. 
A total of n=64 (16/ age group) nulliparous female CD-1 mice were housed in a 12-hour 
light/ dark cycle room and provided a standard chow diet and access to water ad libitum. 
The vagina was visually determined to be at estrus by lifting the tail and examining the 
vaginal opening width and surrounding tissues’ redness [37]. Before dissection, mice 
were weighed on a digital scale. To preserve smooth muscle cell viability, mice were 
euthanized at estrus via guillotine without anesthesia (Tulane IACUC approved).  

 
2.3 Sample Preparation and Cannulation. 
Upon sacrifice, the reproductive system was dissected and immediately placed in cold (4 
°C) Hank’s Balanced Salt Solution (HBSS). The vaginal canal was separated from the 
upper reproductive organs by a singular cut between the cervix and vagina. Following 
dissection, the vagina was secured onto cannulas in a custom-built biaxial extension-
inflation pressure myograph (Danish MyoTechnologies, Aarhus, Denmark). Two silk 6-0 
sutures were tied to each end of the vagina and secured with forceps. The proximal end 
of the vagina was cannulated onto the fluid inlet and the distal end of the vagina to the 
fluid outlet of the pressure myograph.  

 
2.4 Biomechanical Phenotyping and Contractile Potential. 
Established extension-inflation protocols assessed the biaxial mechanical properties of 
the vagina while maintaining the native cell-matrix interactions and tubular geometry of 
the vagina [38-41]. Briefly, the vagina was stretched to the measured in-situ physiologic 
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length prior to extraction from the body and was pressurized to the unloaded pressure. 
The unloaded pressure was identified as the first pressure at which the vagina is no longer 
collapsed [22, 30, 38]. The longitudinal length was then decreased at a rate of 10 µm/s 
until there was a minimal change in longitudinal force, which was defined as the unloaded 
length.  
 
To minimize hysteresis and ensure consistent and repeatable measurements, the vagina 
was preconditioned from 0 mmHg to the mean in vivo pressure for five cycles at a rate of 
1.5 mmHg/s [30, 42]. For circumferential preconditioning, the vagina underwent five 
pressurization cycles (0-15 mmHg) at the physiologic length whereas longitudinal  
preconditioning was performed at longitudinal extensions from -2% to +2% of the 
physiologic length at 1/3 of the maximum pressure [40, 41, 43]. To precondition the 
vaginal smooth muscle cell contractile response, the bath was heated to 37 °C and the 
vagina was set to the physiologic length and pressurized to the mean in vivo pressure. 
The vagina was then stimulated with 40 mM potassium chloride (KCl) for 5 minutes until 
a steady contractile response was achieved [44]. Post-stimulation, the bath was washed 
twice with Krebs Ringer Buffer Solution (KRBs) to return the longitudinal force to basal 
tone. The tissue was then equilibrated for 10 minutes at the physiologic length and basal 
tone, followed by re-establishment of the unloaded configuration [38, 45]. 

To assess the maximum contractile potential of the vagina, the tissue was set at the 
physiologic length and physiologic pressure and stimulated with 40 mM KCl for 5 minutes 
[22]. To assess the contribution of basal tone to vaginal biomechanics, tissues were then 
subjected to five cycles of pressure-diameter testing from 0-15 mmHg at the physiologic 
length and ±2% of the physiologic length. To confirm the physiologic length based on an 
energetically-preferred longitudinal force-stretch cross-over point [46], the vagina was 
longitudinally extended from -2% to +2% of the physiologic length under four constant 
pressures: tare load (2 mmHg), one-third maximum pressure (5 mmHg), two-thirds 
maximum pressure (10 mmHg), and the maximum pressure (15 mmHg) [22, 30, 38].  

2.5 Elastic Fiber Disruption via Elastase Treatment. 
Prior to mechanical testing, an automated number generator randomly allocated vaginal 
samples to either elastase treatment or untreated control groups. For elastase treatment 
to induce elastic fiber degradation, the vagina was intraluminally treated with 15 U porcine 
pancreatic elastase (ThermoFisher, J61874MC) for 45 minutes [9, 30]. The elastase 
concentration and incubation time were selected from additional studies in C57BL/6 mice 
wherein histological analysis demonstrated significantly less elastin area fraction after 
treatment [30]. For samples randomly allocated to the elastase treatment group, 
contractility protocols and basal tone pressure-diameter and force-length tests were 
repeated after elastase treatment.  
 
2.6 Biomechanical Data Analysis. 
To assess the maximum contractile potential of the vagina, the longitudinal contractile 
potential was defined as the change in longitudinal force between the initial longitudinal 
force prior to stimulation (𝐹𝑖𝑛𝑖𝑡𝑖𝑎𝑙) and peak force achieved during contraction (𝐹𝑐𝑜𝑛𝑡; 
equation 1) [22]. The circumferential contractile potential was calculated by the change in 
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outer diameter between the initial outer diameter prior to stimulation (𝑂𝐷𝑖𝑛𝑖𝑡𝑖𝑎𝑙) and the 
outer diameter after exposure to the vasoactive stimulation (𝑂𝐷𝑐𝑜𝑛𝑡) via KCl treatment 
(equation 2).  
 
         𝐿𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙 𝐶𝑜𝑛𝑡𝑟𝑎𝑐𝑡𝑖𝑙𝑒 𝑃𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 =  ∆ 𝐿𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙 𝐹𝑜𝑟𝑐𝑒  (Equation 1) 
 
     𝐶𝑖𝑟𝑐𝑢𝑚𝑓𝑒𝑟𝑒𝑛𝑡𝑖𝑎𝑙 𝐶𝑜𝑛𝑡𝑟𝑎𝑐𝑡𝑖𝑙𝑒 𝑃𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 =  ∆ 𝑂𝑢𝑡𝑒𝑟 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟  (Equation 2) 
 
The vaginal canal geometry was assumed to be a cylinder [30], where the unloaded 
volume (𝑉; equation 3) was determined using the unloaded outer radius (𝑅𝑜), unloaded 
wall thickness (𝐻), and the unloaded length (𝐿). The unloaded geometry was used for 
both the active and passive state reference configuration but was determined separately 
for control and elastase-treatment conditions. 

 
    𝑉 = 𝜋(𝑅0

2 − (𝑅𝑜 − 𝐻)2)𝐿                                                         (Equation 3) 
 
Assuming the vagina behaves as an incompressible soft tissue, the deformed inner radius 
(𝑟𝑖) was estimated (equation 4) based on the measured deformed length (𝑙) and outer 
radius (𝑟𝑜).  

 

𝑟𝑖 = √𝑟𝑜
2 −

𝑉

𝜋𝑙
                              (Equation 4) 

 
The wall-averaged circumferential (𝜎𝜃; equation 5) and longitudinal (𝜎𝑧; equation 6) 
Cauchy stresses were determined based on the deformed geometry (inner radius 𝑟𝑖 and 
outer radius 𝑟𝑜) and the corresponding intraluminal pressure (𝑃) and transducer-
measured longitudinal  force (𝐹𝑡) [40, 46].  
 
             𝜎𝜃 =

𝑃𝑟𝑖

𝑟𝑜−𝑟𝑖
                       (Equation 5) 

 
             𝜎𝑧 =

𝐹𝑡+𝜋𝑃𝑟𝑖
2

𝜋(𝑟𝑜
2−𝑟𝑖

2)
           (Equation 6) 

 
The circumferential stretch (𝜆𝜃; equation 7) of the vagina in response to loading was 
calculated as the ratio of the deformed mid-wall radius to the unloaded mid-wall radius 
and the longitudinal stretch (𝜆𝑧; equation 8) was defined as the ratio of the deformed 
longitudinal length (𝑙) to the unloaded longitudinal length (𝐿).  

 
𝜆𝜃 =

(𝑟𝑖+𝑟𝑜)/2

(𝑅𝑖+𝑅𝑜)/2
         (Equation 7) 

 
𝜆𝑧 =

𝑙

𝐿
           (Equation 8) 

 
Circumferential and longitudinal material stiffness values were calculated as the local 
tangent (slope) of the circumferential and longitudinal stress-stretch curves, respectively 
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(equation 9, equation 10). The slope was calculated by applying the MATLAB polyfit linear 
function to the region between the lower physiologic pressure boundary (LPB) and the 
upper pressure boundary (UPB). Pressure boundaries were defined as +/- one standard 
deviation away from the average balloon catheterization-measured physiologic pressure, 
as described in section 2.1 [22, 24].  
 

𝐶𝑖𝑟𝑐𝑢𝑚𝑓𝑒𝑟𝑒𝑛𝑡𝑖𝑎𝑙 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑠𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠 =  
𝜎𝜃

𝑈𝑃𝐵−𝜎𝜃
𝐿𝑃𝐵

𝜆𝜃
𝑈𝑃𝐵−𝜆𝜃

𝐿𝑃𝐵              (Equation 9) 
 

             𝐿𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑠𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠 =  
𝜎𝑧

𝑈𝑃𝐵−𝜎𝑧
𝐿𝑃𝐵

𝜆𝑧
𝑈𝑃𝐵−𝜆𝑧

𝐿𝑃𝐵               (Equation 10) 
  
2.7 Ultrasound Imaging. 
Vaginal wall thickness was determined ex vivo from cross-sectional ultrasound images 
acquired at the unloaded configuration in the control and elastase-treated conditions 
(Vevo2100 FUJIFILM VisualSonics Inc., Toronto, ON, Canada) using a 40MHz center 
frequency transducer (LZ550, resolution: 30 µm). Ultrasound images were obtained at 
the proximal region of the vagina due to similar portions of the vaginal wall being optically 
tracked during pressure-diameter testing. The longitudinal force and pressure were 
monitored to ensure stability and served as an indication that the tissue was not subjected 
to external compression during ultrasound assessment. The thickness of the vagina was 
measured in ImageJ (NIH, Bethesda, MD) by manually tracing 25 transmural lines around 
the tissue circumference [22, 47].  
 
2.8 Immunofluorescence Imaging.  
Following mechanical testing, the proximal half of the vagina (n=5/ group) was prepared 
for sectioning and staining. Samples were embedded in Tissue-Plus™ O.C.T. Compound 
(PANTeK Technologies, 23-730-571) at -80 °C prior to cryosectioning along the 
circumferential and longitudinal directions at an 8 µm section thickness (NX50 CryoStar). 
For immunostaining, O.C.T. was removed by washing in 1X phosphate buffered saline 
(PBS), and sections were fixed/permeabilized using a combined 10% neutral buffered 
formalin (Millipore Sigma, HT501128) and 0.1% Triton-X (Sigma-Aldrich, x100) solution. 
After fixation/permeabilization, sections were washed in PBS before blocking in a solution 
of 5% bovine serum albumin (Sigma-Aldrich, A3059) and 5% goat serum (Sigma-Aldrich, 
G9023) in PBS for 1 hour at room temperature. Samples were then stained at room 
temperature with a primary antibody against murine tropoelastin exons 6-17 [48, 84] 
(1:300 for 4 hours) followed by a mixture of Cy5 secondary antibody (Abcam, ab6564) 
and conjugated αSMA-Cy3 monoclonal antibody (Millipore Sigma, C6198) (both at 1:300 
for 1 hour) and gentle rocking in PBS for 30 mins. Finally, samples were mounted in 
Prolong Gold with DAPI (Invitrogen, P36935) and immunofluorescent images were 
acquired on an Olympus BX53 microscope with an Olympus DP80 dual-sensor CCD 
camera using a 20X magnification objective. All images were acquired at the same 
exposure settings for consistent visual comparison. Quantification of elastin and smooth 
muscle area fraction analysis was performed using the image processing capabilities of 
FIJI (NIH) [85]. Determination of individual elastic fiber geometric properties (e.g., fiber 
length and fiber width) were determined using the open source MATLAB software 
package CT-FIRE [86]. 



 9 

    
2.9 Quantitative Polymerase Chain Reaction (qPCR). 
Following mechanical testing, the distal half of each vaginal sample (n=5/ group) was 
prepared for RNA extraction and gene expression analysis. Total RNA was isolated after 
tissue homogenization (TissueLyser II) using the Qiagen RNeasy Micro Kit (Qiagen, 
74004), and RNA yield for each sample was determined using a NanoDrop™ 
Spectrophotometer (Fisher Scientific, MA, USA). DNase I-treated RNA (1 ng per sample) 
was used for cDNA synthesis using SuperScript IV VILO Master Mix (Invitrogen, 
11766050), and qPCR was performed using PowerTrack SYBR Green Master Mix 
(Invitrogen, A46012) in a QuantStudio3 Real-Time PCR system (ThermoFisher 
Scientific). Forward and reverse primers for contractile genes of interest (Acta2, Actg, and 
Vim) were designed (Integrated DNA Technologies, Iowa, USA). Comparison of multiple 
housekeeping genes revealed that Ct values for beta-actin (Actb) were the most 
consistent across age and elastase treatment. Therefore, gene expression was 
normalized to that of Actb in all comparisons. The forward and reverse primer sequences 
used in the current study were Actb: 5’ CAGCCTTCCTTCTTGGGTATG 3’ (forward) and 
5’ GGCATAGAGGTCTTTACGGATG 3’ (reverse), Acta2:  5’ 
TCTGGACGTACAACTGGTATTG 3’ (forward) and 5’ GGCAGTAGTCACGAAGGAATAG 
3’ (reverse), Actg: 5’ CCGCCCTAGACATCAGGG 3’ (forward) and 5’ 
TCTTCTGGTGCTACTCGAAGC 3’ (reverse), and Vim: 5’ 
CTCGTCACCTTCGTGAATACC 3’ (forward) and 5’ TTGGCAGAGGCAGAGAAATC 3’ 
(reverse). Following amplification, the relative expression of target genes was calculated 
using the 2-ΔCt method [49]; for each gene, individual data points were then normalized 
by the geometric mean of the 2-3 months control gene expression. 
 
2.10 Statistical Analysis.  
A power analysis (𝛽 = 0.80;  𝛼 = 0.050) demonstrated that 8 samples were needed within 
each group to detect differences in mechanical properties with age and elastic fiber 
disruption. All other statistical analyses were performed by hypothesis using R (3.6.2); for 
all data presented in the manuscript, the error was normally distributed as determined by 
the Shapiro-Wilk test (p>0.05). Changes in the in vivo vaginal pressure with age were 
evaluated with a one-way ANOVA (age). Alterations in vaginal contractile potential were 
evaluated by one-way ANOVAs (age) comparing differences in the change in outer 
diameter and the change in longitudinal force with respect to age. Similarly, changes in 
vaginal microstructural composition were evaluated by one-way ANOVAs (age) 
comparing differences in elastin and αSMA area fractions with age. Multiple two-way 
ANOVAs (age, direction) examined differences in the maximum contractile stress of the 
vagina and direction-dependent differences in basal material stiffness with age. To 
determine the contribution of elastic fibers in the vaginal wall, multiple two-way ANOVAs 
(age, elastase) compared the circumferential and longitudinal contractile function in 
control and elastase samples with age. A two-way ANOVA (age, elastase) was also used 
to evaluate changes in normalized gene expression with respect to age and elastase 
treatment; statistical analysis of gene expression data was performed on the raw ΔCt 
values. Multiple three-way ANOVAs (age, direction, elastase) evaluated differences in the 
wall stress at maximum contraction and material stiffness before and after elastase 
treatment. To control for multiple comparisons, Tukey’s post hoc HSD testing was 
performed when appropriate. In addition to groupwise comparisons, the Pearson 
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correlation coefficient r was used to evaluate linear relationships between normalized 
gene expression values (2-ΔCt) and biaxial active mechanical properties. Finally, 
distributions of elastic fiber properties (e.g., length and width) were compared across age 
and elastase treatment by Kolmogorov–Smirnov (KS) testing and the descriptive metrics 
of skewness (symmetry) and kurtosis (tailedness). For all statistical comparisons, a value 
of p<0.05 was considered statistically significant with specific differences and correlation 
coefficients indicated in each figure. Data throughout the manuscript is presented as 
mean ± standard error of the mean, unless otherwise noted.  
 
3. Results  
 
3.1 Non-pregnant vaginal smooth muscle cell contractility was reduced with age.  
To investigate age-dependent changes in vaginal smooth muscle cell (SMC) contractile 
function, the maximum change in outer diameter and longitudinal force was measured in 
response to vasoactive stimulation. Increasing age from 2-3 months to 10-14 months 
induced a progressive decrease in both the change in outer diameter (p<0.001; one-way 
ANOVA; Figure 1A) and the change in longitudinal force (p<0.001; one-way ANOVA; 
Figure 1B). Together, this suggests age reduced the biaxial contractile response of the 
non-pregnant murine vagina.   
 
3.2 Reduced contractility was consistent with age-induced stiffening of the vagina.  
In addition to geometric changes, the wall stress was calculated at maximum contraction 
as a normalized measure of force in the circumferential and longitudinal directions. Aging 
led to a progressive increase in the biaxial wall stress that was consistently higher in the 
circumferential direction compared to the longitudinal direction (p<0.001; two-way 
ANOVA (age, direction); Figure 1C). Multiple comparison testing (post-hoc Tukey’s HSD) 
further demonstrated that the circumferential stress was greater than the longitudinal 
stress at 4-6 months (p=0.026), 7-9 months (p=0.03), and 10-14 months (p=0.01). 
Additionally, the stress was significantly greater at 7-9 months compared to 2-3 months 
in both the circumferential (p=0.005) and longitudinal (p=0.003) directions (Figure 1C). 
The increase in stress may be driven by a trend toward larger outer diameter during 
testing at maximum contraction (p=0.09; data not shown).  
 
Cyclic pressurization and geometric assessment under basal conditions resulted in the 
generation of biaxial stress-stretch plots. Increasing age from 2-3 months to 10-14 months 
induced a progressive leftward shift in the stress-stretch responses in both the 
circumferential (Figure 2A) and longitudinal direction (Figure 2B) indicating a structural 
stiffening of the vaginal wall with age. Linearization of the nonlinear stress-stretch 
responses between upper and lower pressure bounds determined by balloon 
catheterization measurements (Figure 2C) was used to quantify biaxial material stiffness. 
Note that albeit increasing with age, pressure values were not found to be significantly 
different (p=0.24; one-way ANOVA; Figure 2C table). Material stiffness values 
progressively increased in both the circumferential (Figure 2D) and longitudinal direction 
(Figure 2E) and with age from 2-3 months to 10-14 months. Circumferential stiffness was 
consistently larger than the longitudinal stiffness at each age (p<0.001; two-way ANOVA 
(age, direction); Figure 2D,E). Material stiffness values showed significant interactions 
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between age and direction (p<0.001; two-way ANOVA) (Figure 2), therefore multiple 
comparison testing could not be reliably performed. 
3.3 Aging induced microstructural reorganization of the vaginal extracellular 
matrix.  
Microstructural organization of the smooth muscle and elastic fiber network within the 
vaginal wall was visualized by immunofluorescence staining and imaging. At 2-3 months 
of age, the vaginal wall exhibited a sparse elastic fiber network (red; Figure 3A; top row) 
throughout the subepithelium and a dense elastic fiber network aligned with αSMA+ 
smooth muscle (yellow; Figure 3A; top row) in the muscularis and adventitia; little to no 
elastin staining was localized in the epithelium at any age. Additionally, staining for αSMA 
– an indicator of contractile SMCs – selectively indicated the location of the muscularis 
layer in the outer portion of the vaginal wall. Histological sectioning along the longitudinal 
(Figure 3A; first column) and circumferential direction (Figure 3A; second column) 
revealed a similar degree of SMC morphology and orientation, consistent with prior 
observations of multiple primary orientations of vaginal smooth muscle [50]. 
 
Compared to 2-3 months of age, older samples appeared to have a thickened vaginal 
wall with changes most evident in the epithelium, subepithelium, and adventitia (cf. 2-3 
months vs. 7-9 months; Figure 3A; first row vs. third row). This observation was confirmed 
by quantitative vaginal cross-sectional area measurements from histological images 
(p=0.009; one-way ANOVA), wherein relative to 2-3 months samples, the median cross-
sectional area was increased by 27%, 16%, and 72% in 4-6 months, 7-9 months, and 10-
14 months samples, respectively (Figure 3D). Note that here we defined cross-sectional 
area as the total wall area minus the epithelium area to facilitate accurate area fraction 
calculations of constituents (e.g., αSMA and elastin) not expressed in the epithelial layer.  
 
Despite the trend toward increasing total cross-sectional area, the fraction of wall 
containing αSMA+ staining progressively decreased with age (p<0.05; one-way ANOVA; 
Figure 3E) with 10-14 months samples exhibiting a 41% decrease in αSMA+ area fraction 
relative to 2-3 months. This suggests the increase in vaginal cross-sectional area is likely 
driven by layers other than the muscularis. In addition to age-induced alterations in the 
muscularis fraction of the vaginal wall, older samples also displayed qualitative changes 
in SMC morphology and density (green arrowheads; Figure 3B,C; Control) which may 
also contribute to the observed reductions in biaxial contractility of the vagina. 
 
Interestingly, we observed that the vaginal elastin area fraction was less affected by age 
and did not vary considerably between the 2-3 months and 10-14 months groups (p>0.05; 
one-way ANOVA; Figure 3F). Despite similar overall amounts Eln+ staining in the vaginal 
wall, we found that targeted tropoelastin immunostaining revealed qualitative visual 
differences in the elastic fiber network. Namely, sectioning along the circumferential 
direction revealed changes in elastic fiber length and more pronounced radial orientation 
of elastic fibers in the subepithelium (white stars; Figure 3B,C; top row). Taken together, 
this suggests that despite similar amounts of Eln+ staining, the elastic fiber network 
experiences microstructural alterations with advancing age.  
 
3.4 Changes in elastin fiber properties are associated with aging.  
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To further explore the changes in elastic fiber network architecture induced by age, we 
performed a more detailed fiber-based characterization and analysis of the Eln+ 
immunostaining using the open source software package CT-FIRE. While CT-FIRE was 
originally developed to detect and analyze collagen fibers, here we have used it to detect 
elastic fibers and calculate simple geometric descriptors (e.g., length and width) of 
individual fibers (green overlay; Figure 4A) [87]. Distributions of the relative frequency of 
elastic fiber length (Figure 4B) and fiber width (Figure 4C) have been constructed for each 
age group. Between 3000 and 5000 individual fibers were detected and analyzed per 
group. To determine differences in fiber metric distributions relative to 2-3 months, we 
compared cumulative distributions and found significant differences in fiber length at 4-6 
months (p=0.023; KS test) and 7-9 months (p=0.0007; KS test), but not 10-14 months. 
Similarly, there was a trend toward altered fiber width at 4-6 months (p=0.085; KS test) 
and differences at both 7-9 months and 10-14 months (p<0.0001; KS test).  
 
In addition to differences across age, we also examined the shape of the fiber metric 
distributions. Fiber length distributions were highly positive-skewed suggesting that the 
majority of fibers were smaller than the median value (dashed lines) independent of age 
(Figure 4B), whereas fiber width distributions were more symmetric (Figure 4C). We also 
observed a decrease in the kurtosis of the fiber length distributions with increasing age 
suggesting a decrease in the number of fibers in the tails of the distribution (i.e., decrease 
in large fiber lengths) while fiber width kurtosis was similar across ages. Consistent with 
the observed changes in fiber geometry, we also observed an increase in the number of 
detected fibers per field of view with increasing age (i.e., 2-3 month: 623±57.5 fibers, 4-6 
month: 683±117 fibers, 7-9 month: 608±88.8 fibers, 10-14 month: 736±42.8 fibers). The 
combination of more elastic fibers with decreased length and width suggests age induces 
microstructural alterations in the vaginal elastic fiber network that resemble excess 
fragmentation which may contribute to reduced smooth muscle contractility. 
 
3.5 Age-related changes in vaginal contractility correlated with contractile gene 
expression.  
To assess the relationship between active biomechanical properties of the vagina and 
SMC contractility, the relative expression of several known smooth muscle-related genes 
was measured by qPCR. In particular, expression for the contractile genes Acta2 and 
Actg, as well as the synthetic gene Vim, were reduced with age (Figure S1) with lower 
expression at 10-14 months than 2-3 months (Figure 5A,B). Since this trend in gene 
expression was consistent with the measured mechanical data, a linear correlation 
analysis was performed and revealed strong negative correlations between contractile 
gene expression and measures of vaginal contractility over natural aging (Figure 5C). 
With loss of Acta2 gene expression, there was a trend toward decreasing the change in 
longitudinal force (r = 0.881; Figure 5D) and increasing the change in outer diameter (r = 
-0.912; Figure 5E) and circumferential stress (r = -0.931; Figure 5F). Together, this 
contractile gene expression data supports the findings of altered tissue-level contractility 
with aging vaginal tissue. 
 
3.6 Elastic fiber disruptions decreased contractility in younger mice.  
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To investigate if contractile potential of vaginal smooth muscle was affected by elastic 
fiber disruption, vaginal samples at 2-3 months, 4-6 months, 7-9 months, and 10-14 
months of age were exposed to elastase treatment (Figure 6). Following elastase 
treatment, contractile assessment was performed and compared to age-matched control 
samples. The change in outer diameter significantly decreased in elastase samples aged 
2-3 months (p<0.001; Figure 6A) and 4-6 months (p=0.013; Figure 6B) but was not 
statistically different between control and elastase at 7-9 months and 10-14 months 
(Figure 6C,D). The change in longitudinal force was significantly decreased at 2-3 months 
(p<0.001; Figure 5E), 4-6 months (p<0.001; Figure 6F), and the 7-9 months (p=0.005; 
Figure 6G) elastase samples relative to control; 10-14 months was not significantly 
different (Figure 6H). Calculation of the percent change in outer diameter (Figure S2A) 
and longitudinal force (Figure S2B) between control and elastase samples further 
revealed a greater contribution of elastin to contractility in young mice that diminished 
with age (p<0.001; one-way ANOVA; Figure S2). Together, this suggests elastin plays a 
larger contributing role to the contractile response in younger groups (2-3 month and 4-6 
months) than in older groups (7-9 months and 10-14 months), which may be due to the 
loss of functional elastin and microstructural remodeling associated with natural aging (cf. 
Figure 3). 
 
3.7 Changes in basal mechanics were consistent with the role of elastic fibers in 
vaginal contractility. 
The maximum contractile wall stress was greater in the elastase treated samples as 
compared to the control group in the 2-3 months (p<0.001; two-way ANOVA) and 4-6 
months (p=0.009; two-way ANOVA), but not at 7-9 months or 10-14 months (Figure S3). 
Additionally, stress-stretch responses in elastase treated samples were structurally stiffer 
(leftward shift) than control responses indicating reduced distensibility (circumferential 
direction) and extensibility (axial direction) at each age (Figure 6A-D). Using these stress-
stretch responses, the calculated material stiffness values were larger in the 
circumferential direction than in the longitudinal  direction at all age groups (p<0.001; two-
way ANOVA) (Figure 7). When treated with elastase, the circumferential stiffness was 
increased only at 2-3 months (p=0.004; Figure 7E); the longitudinal material stiffness 
increased with age but was not significantly altered by elastase treatment (Figure 7E-H). 
A three-way ANOVA (age, direction, elastase) evaluated the hypotheses that the material 
stiffness of the vagina will behave in a direction-dependent manner and increase with age 
due to a decreased role of elastic fibers. This analysis determined the material stiffness 
increased with age (p<0.001), elastase treatment (p<0.001), and was greater in the 
circumferential direction (p<0.001). However, post-hoc multiple comparison analysis was 
not conducted due to a significant interaction between direction and elastase (p<0.001) 
and a potential statistical trend identified with the interaction between age and direction 
(p=0.08) (Figure 7E-H).   
 
3.8 Elastic fiber disruption altered microstructural organization of the vaginal wall. 
Following elastase treatment, the vaginal wall microstructure was altered relative to age-
matched control samples. In particular, the elastic fiber network appeared to be disrupted 
in elastase-treated samples, as expected (Figure S4), with fiber-based image analysis 
showing a decrease in the number of detected elastic fibers (i.e., 2-3 month: 289±53.3 
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fibers, 4-6 month: 366±43.3 fibers, 7-9 month: 463±69.9 fibers, 10-14 month: 465±106 
fibers after elastase treatment) per microscopic field of view, relative to control. 
Quantification of identified elastic fibers showed reduced fiber length (increased 
skewness; Figure S5B) and decreased fiber width (Figure S5C), relative to control. 
Elastase had a greater effect on reducing elastic fiber width (p<0.0001 at all ages; KS 
test) than on reducing fiber length (p<0.0001 for 4-6 months and 7-9 months only; KS 
test) which is consistent with observations of age-induced elastic fiber thinning [65, 66]. 
Although elastic fibers were still present in the tissues, elastase treatment lead to 
fragmentation of the elastic fiber network throughout the subepithelium (white stars; 
Figure 3B,C; bottom rows) and around the SMCs in the muscularis (white arrowheads; 
Figure 3B,C; bottom rows). Elastase also induced changes in the SMC morphology and 
density within the muscularis (green arrowheads; Figure 3B, C; bottom rows) which may 
contribute to the altered contractile response in the 2-3 month group following elastic fiber 
disruption. Despite local observations of microstructural remodeling, vaginal cross-
sectional area and corresponding area fractions of αSMA and elastin were largely 
unaffected by elastase treatment (Figure S4B-D). 
 
3.9 Contractile genes and biomechanical properties were weakly correlated after 
elastase. 
Smooth muscle cell genes (Acta2, Actg, and Vim) were detected in elastase-treated 
samples and compared to vaginal biomechanical measures. While elastase treatment 
exacerbated the decrease in contractile gene expression, relative to control (Figure 5A,B, 
Figure S1), a linear correlation analysis revealed weak correlations with the 
corresponding biomechanical data (Figure S6). This is likely due to the fact that elastase 
treatment has a large detrimental impact on the vaginal biomechanical response 
independent of any changes in contractile gene expression. Further, this may suggest 
that while the biomechanical response is dependent on elastic fiber integrity, gene 
expression may not be as affected by elastase treatment. Interestingly, the synthetic 
smooth muscle gene Vim showed a stronger correlation with biomechanical metrics than 
Acta2 and Actg following elastase treatment. Together, results from this study indicate 
the pivotal role of elastin and functional elastic fiber integrity in maintaining smooth muscle 
contractility and the active mechanical behavior of the vaginal wall. 
 
4. Discussion  
Overall, the study presented herein investigated the effect of age and elastic fiber 
disruption on vaginal contractility. The first objective of this study was to quantify the 
biaxial function of vaginal smooth muscle with age. We hypothesized that vaginal 
contractility would decrease with age, which was supported by significant decreases in 
the circumferential and longitudinal contractile potential in older groups (Figure 1). This is 
consistent with a decrease in the fraction of smooth muscle cells in the vaginal cross-
sectional area (Figure 3) and a reduction in contractile gene expression as a result of 
aging (Figure 5). In support of this finding, the contractile strength of human pelvic floor 
skeletal muscle (levator ani) samples from women aged 18-89 years was negatively 
correlated with age [51]. While this previous study in human tissue determined 
contractility changes in the pre- and postmenopausal age range, the study presented 
herein has focused on investigating vaginal changes in mice aged 2-14 months, which 
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approximately equates to 18-62 years of age in humans. The decrease in contractile 
potential observed in the murine model used in the current study may be due to age-
related microstructural remodeling, such as changes in smooth muscle content, 
organization, or contractile filament structure [52, 53]. In human vaginal samples from 
pre-and post-menopausal women aged 37-75 years, smooth muscle content decreased 
in patients with pelvic organ prolapse compared to non-prolapse controls [54, 55]. While 
these findings include additional pelvic floor pathologies, the findings include an 
association with decreased vaginal cellularity which may be multifactorial and related to 
either repetitive use, changes in intra-abdominal pressure, or chronic vaginal distension, 
all of which may be associated with age [55, 56]. While cellularity measurements were 
outside of the scope of this study, immunofluorescent staining revealed a change in 
smooth muscle organization with age (Figure 3). In human urethral tissue, age-related 
decline in urethral closure was associated with decreased smooth muscle density and 
organization [57]. This may suggest a potential relationship between dynamic smooth 
muscle organization with age and changes in smooth muscle function. Alternatively, the 
decrease in maximum vaginal contractile potential in the current study may be due to a 
change in smooth muscle contractile receptor expression, such as a decrease in 
adrenergic receptors. Adrenergic expression is altered with age, as demonstrated by 
decreased cardiac adrenergic receptors in mice aged 6 months as compared to 3 months 
[58]. Herein, a strong negative correlation was observed between contractile smooth 
muscle gene expression and vaginal smooth muscle contractility with age (Figure 3). 
While the effects of age on the expression of vaginal smooth muscle receptors is not well 
understood, the results observed herein are consistent with other smooth muscle organs, 
such as the gastrointestinal tract and vasculature wherein smooth muscle contractility and 
several corresponding receptors decrease with age [59, 60].  
 
Here, we observed that basal material stiffness increased with age in both the 
circumferential and longitudinal  directions (Figure 2). Similar vaginal material stiffening 
was observed with the loss of smooth muscle basal tone in the C57BL/6 mouse aged 3-
6 months [22]. Increased basal material stiffness may suggest there is vaginal 
extracellular matrix remodeling or remodeling of the smooth muscle itself with age. As 
such, the age-related stiffening and reduction in maximum contractile potential may be 
due to smooth muscle cells adopting a more synthetic phenotype, which is consistent with 
our observations of reduced contractile gene expression. In the human umbilical cord, 
smooth muscle cells sense the stiffness of the extracellular matrix and are able to 
modulate towards a synthetic phenotype in response to matrix stiffening [61]. Further, 
aging is associated with an increased synthetic phenotypic gene expression within other 
soft tissues, such as the vasculature [62, 63]. Because basal tone is calculated through 
both active and passive contributions, which considers the role of smooth muscle and the 
extracellular matrix simultaneously, the increased basal material stiffness in the current 
study may also indicate alterations in the vaginal extracellular matrix. Similar material 
stiffening with age was observed in the nulliparous CD-1 mouse under passive conditions, 
a condition at which mechanical properties are dictated solely by the extracellular matrix 
[24]. While microstructural analysis was not included in the prior study, passive vaginal 
stiffening is likely due to changes in the primary load bearing extracellular matrix content 
and organization, such as collagen fiber undulation and elastic fiber disruption or 
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fragmentation [24]. Herein, immunofluorescence imaging revealed an alteration in elastic 
fiber density and composition (Figure 3 and Figure 4) as well as the organization of 
smooth muscle cells (Figure 3). Together, this may suggest changes in the extracellular 
matrix composition and active smooth muscle contraction play a key role in vaginal 
biomechanics throughout advanced aging.  
 
The second objective of this study was to determine the direction-dependent relationship 
between elastic fibers and smooth muscle contractility with age. In support of this 
hypothesis, we found circumferential and longitudinal  smooth muscle contractile potential 
in younger age-matched samples was decreased following elastic fiber disruption; the 
difference, however, was not significant in older samples (cf. Figure 6). In previous work, 
we found that contractile potential also decreased following elastase treatment in the 
longitudinal direction in the C57BL/6 murine vagina aged 3-6 months [22]. Although post-
hoc statistical comparisons to determine the functional role of elastic fibers were not 
appropriate due to significant and trending interactions, immunofluorescence showed that 
elastase treatment caused changes in elastic fiber microstructure in the 2-3 month group 
but not at 10-14 months (Figure 3B,C and Figure 4). Additionally, once normalized, the 
percent change in contractility between the control and elastase treated samples 
decreased with age (Figure S2), suggesting a decreased functional contribution of elastic 
fibers to vaginal contractility with age [64]. Further, increased age in human studies is 
associated with decreased tissue elasticity, increased elastic fiber fragmentation, and 
elastic fiber thinning [65, 66]. While these elastic fiber changes are well documented in 
humans, it is important to note that the half-life of elastin is significantly longer than the 
murine lifespan (approximately 70 years) [67]. In most organs, elastic fiber production 
occurs during gestation with minimal synthesis in the adult body [68]. However, in the 
female reproductive system, it is suggested that elastic fiber production may occur outside 
gestational development and during menstruation, pregnancy, and postpartum 
remodeling [69-73]. 
 
Further, the direction-dependent basal material stiffness increased while the elastic fiber 
contribution to vaginal contractility decreased with age. Within each age group, elastic 
fiber disruption resulted in a leftward shift of the stress-stretch response, indicating a 
decrease in distensibility in the circumferential direction and extensibility in the 
longitudinal direction (Figure 7A-D). Additionally, the basal material stiffness increased 
following elastase treatment (Figure 7E-H). This leftward shift of the stress-stretch curves 
and increase in material stiffness following elastic fiber disruption may be due to the load 
being transferred to surrounding microstructural components within the vaginal wall 
following elastin degradation, such as collagen fibers. In arteries, it has been 
hypothesized that a decrease in smooth muscle function can transfer the mechanical load 
to other structural components of the vessel wall [74]. This hypothesis was supported with 
the use of multiphoton imaging (SHG) in the aortas of male rabbits, wherein collagen 
fibers in the longitudinal direction were more undulated compared to the radial direction, 
which suggested smooth muscle cells in the radial direction inhibited the deformation or 
undulation of collagen fibers [75]. While multiphoton imaging was outside the scope of 
the investigation performed herein, the previous findings may have implications for a 
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potential mechanism coupling smooth muscle and remodeling extracellular matrix 
components with age.   
 
Additionally, while both the circumferential and longitudinal directions exhibited 
decreased distensibility and increased material stiffness following elastase treatment, the 
circumferential material stiffness was significantly greater than the longitudinal  direction 
(Figure 6E-H). This may be due to direction-dependent microstructural composition and 
orientation. In the vagina of C57BL/6 mice, there was a higher elastin content in the 
longitudinal direction, as compared to the circumferential [22]. While formal direction-
dependent microstructural composition quantification was outside the scope of this study, 
there is evidence to suggest the vagina contains microstructural components, such as 
smooth muscle cells and elastic fibers, in both the circumferential and longitudinal  
direction [20, 76-79]. As such, these components may remodel in a direction-dependent 
manner with age, thus resulting in the increased material stiffness that was observed in 
the circumferential direction.  
 
The current study is not without limitations. While mice offer several benefits as an 
alternative model to fresh human samples, alterations in the hormonal mileiu with age in 
mice may differ from that of human women. Humans can spend approximately one-third 
of their life in peri- or postmenopausal states, characterized by acyclic menstrual cycles 
or low estrogen [80]. Mice do not become acyclic or exhibit low estrogen until 18-24 
months, wherein they are termed “fully aged” and thereby do not directly mimic the 
physiology of human menopause [81]. Mice aged 8-10 months, however, undergo 
prolonged labor that closely mimics that observed in pregnancies of older women which 
may be a consequence of reduced vaginal contractile potential, microstructural 
alterations, and gene expression changes identified in the current study [82]. While the 
mouse model is associated with inherent limitations, previous findings and the work 
presented herein the mouse model offers a critical first step in elucidating the impact of 
age on the vaginal mechanical behavior while adjusting for variables such as parity and 
reproductive pathologies, such as prolapse. Additionally, pressure catheterization was 
conducted on anesthetized mice using 1-1.5% isoflurane in 100% oxygen. Throughout 
the experiment, anesthesia depth was carefully regulated to maintain a respiratory rate 
of approximately 1 breath per second. Despite pressure measurements showing no 
significant variance between the initial and final stages of the experiment, it's important to 
note that inherent biological variability in metabolism might introduce fluctuations in 
vaginal pressure measurements.  
 
In the current study, RNA isolation, qPCR, and immunofluorescence analysis was 
performed on mechanically tested vaginal tissues in order to develop paired correlations 
with biomechanical measurements. We found that this approach led to a reduction in the 
quality and quantity of RNA relative to non-tested samples but did not preclude gene 
expression analysis altogether. However, this may have contributed to the variance in 
gene expression we found within age/treatment groups. In our experience, mechanical 
testing does not have a pronounced effect on soft tissue ECM structure and organization. 
Thus, we expect minimal impact of mechanical testing on our immunofluorescence 
quantification. Previous work in the non-tested CD-1 mouse used immunoimaging 



 18 

techniques to quantify uterine epithelium thickness with pharmaceutical regimes [83]. 
However, baseline immunostaining characterization of the CD-1 vagina remains 
unknown. Given the purpose of this study was to provide preliminary observations into 
the vaginal microstructural composition with age, our combination of qualitative and 
quantitative immunostaining and qPCR analysis – albeit in mechanically-tested tissues – 
provided a reasonable first step towards understanding the dynamic changes in vaginal 
microstructural with age. Additional studies are needed to compare results from the 
murine model to data generated from human or cadaveric samples to better understand 
the microstructural processes responsible for changes in mechanical properties with age, 
as well as to better inform clinical practices regarding age-related pathologies, such as 
pelvic organ prolapse or maternal injuries during birth.  
 
6. Conclusion 
In summary, age was associated with decreased vaginal contractility, increased material 
stiffness under basal tone, alterations in vaginal wall composition, and was negatively 
correlated with contractile gene expression. Additionally, elastic fiber disruption resulted 
in decreased contractility and alterations in vaginal wall composition in younger mice that 
was less apparent in older mice. Together, this emphasizes that elastic fiber disruption 
may contribute to decreased vaginal smooth muscle contractility and suggests a 
decreased functional role of elastic fibers with age. The findings presented herein provide 
a first step in understanding the dynamics between biomechanical function, 
microstructure, and age.  
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Figures 

 
 
Figure 1. The circumferential and longitudinal contractile potential of the vagina 
decreases with age. A one-way ANOVA (age) determined that the change in outer 
diameter (circumferential contractile potential; circle) significantly decreased with 
increasing age (p<0.001) (A). An additional one-way ANOVA observed (age) a significant 
decrease in the change in longitudinal force (axial contractile potential; squares) with 
increasing age (p<0.001) (B). Additionally, a two-way ANOVA (age: direction) evaluated 
the maximum vaginal wall stress when stimulated with potassium chloride in the 
circumferential (circle) and longitudinal (square) direction (C). Contractile stress 
significantly increased with age (p<0.001) and was greater in the circumferential direction 
(p=0.001). Tukey Post Hoc tests demonstrated significant differences between directions 
in the 4-6 months (dark grey; p=0.026), 7-9 months (grey; p=0.03), and 10-14 months 
(light grey; p=0.01) groups. Additionally, the wall stress at maximum contraction 
increased with age, as demonstrated by significant differences in the 7-9 months 
compared to the 2-3 months in both the circumferential (p=0.005) and longitudinal  
(p=0.003) direction. Data represents n=8/ group. 
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Figure 2. The basal circumferential and longitudinal material stiffness of the vagina 
increases with age. Increasing age in the 4-6 months (dark grey), 7-9 months (grey) and 
10-14 months (light grey) resulted in a progressive leftward shift of the stress-stretch 
curves (decreased distensibility) as compared to the 2-3 months (black) in both the 
circumferential (A; circles) and longitudinal (B; squares) directions. The material stiffness 
in both the circumferential and longitudinal  directions was determined by fitting a linear 
function through the stress-stretch curve between the upper and lower pressure bound, 
as determined by balloon catheterization (C). A one-way ANOVA determined the in vivo 
pressure did not significantly differ with age (p=0.24). The circumferential (D) and 
longitudinal (E) material stiffness increased with age (p<0.001) and was greater in the 
circumferential direction (p=0.008). Post-hoc multiple comparison tests were not 
conducted due to a significant interaction between age and direction (p=0.044). n = 8 per 
age group. 
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Figure 3. Vaginal wall composition is altered by both age and elastase treatment. 
Immunofluorescent labeling of alpha-smooth muscle actin (yellow; αSMA), elastin (red), 
and cell nuclei (blue; DAPI) revealed the microstructural organization within the vaginal 
from 2-3 months to 10-14 months of age (A; rows). Sectioning was performed along the 
circumferential and longitudinal directions for comparison (A; columns). Dashed lines 
indicate the borders of the vaginal lumen (L), epithelium (E), subepithelium (S), 
muscularis (M), and adventitia (A). Higher magnification histological observations (inset 
panels a and b) indicated changes in elastic fiber structure (B,C; open white arrowhead) 
with both age (B,C; first row) and elastase treatment (B,C; second row); elastase further 
altered elastic fiber structure (B,C; closed white arrowhead) in the adventitia and 
subepithelium. All groups exhibited changes in elastic fiber morphology (B,C; white star) 
compared to 2-3 months control. Changes in smooth muscle cell orientation (B; solid 
green arrowhead) and density (B,C; open green arrowhead) were also observed with both 
aging and elastase treatment. Scale bars are shown as either 100 µm (in A) or 50 µm (in 
B,C), as indicated. Quantification of vaginal cross-sectional area (total wall minus 
epithelium) was measured from histological images (D) and used to calculate the 
normalized area fraction of αSMA+ staining (E) and elastin+ staining (F) in each age group. 
* p<0.05, one-way ANOVA with post-hoc Tukey’s HSD test. (D-F) n = 4-8 samples per 
group. 
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Figure 4. Vaginal elastic fiber structure is altered with age. Images containing 
immunofluorescent labeling of elastin (red) were processed with CT-FIRE to identify and 
extract geometric descriptors from individual elastic fibers (green overlay) in the vaginal 
wall (A). The vaginal lumen is denoted by L and scale bars are 100 µm. Changes in elastic 
fiber microstructural organization were assessed by measurement of fiber length (B) and 
fiber width (C) from 2-3 months to 10-14 months of age. The relative frequency (number 
of fibers of a given size divided by total number of fibers) was used to visualize 
distributions of fiber metrics; dashed lines denote median values. Note the high skewness 
of fiber length distributions (B) and the near symmetric fiber width distributions (C) 
independent of age. Changes in the descriptive statistics of each identified distribution 
suggest a reduced fiber length with age (decreased kurtosis and skewness); similar, albeit 
less pronounced, changes were observed in fiber width distributions. Statistical 
differences relative to the 2-3 month distribution (B,C; top row and black inset behind each 
distribution) were assessed by comparing cumulative distribution functions via the KS 
test; p values for each comparison are indicated. 
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Figure 5. Vaginal contractility correlates with contractile gene expression. 
Normalized expression of smooth muscle contractile genes Acta2 (A) and Actg (B) in the 
distal vagina showed a trend toward decreased median expression from 2-3 months to 
10-14 months of age (filled circles) that was exacerbated following elastase treatment 
(open circles). Linear correlation analysis revealed a strong negative correlation (red 
squares) between measured smooth muscle genes (Acta2, Actg, and Vim) and active 
biaxial properties (loads, stress, and material stiffness) of the vaginal wall with age (C). 
Inset numerical values indicate correlation coefficients between variables. Illustrative 
comparisons between mechanical metrics and Acta2 gene expression revealed a strong 
positive correlation with longitudinal force change (D; r = 0.881) and strong negative 
correlations with both outer diameter change (E; r = -0.912) and active circumferential 
stress (F; r = -0.931) with age. n = 3-5 per group for gene expression data and n = 8 per 
group for biaxial mechanical data; error bars indicate SEM. Correlation strength was 
evaluated by the Pearson correlation coefficient with r and p values denoted for each 
correlation.  
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Figure 6. Circumferential and longitudinal contractile potential of the vagina 
decreased in an age-dependent manner following elastase treatment. To determine 
if the contractile potential was altered by elastic fiber disruption, t-test comparisons were 
completed for age-matched control (filled) and elastase-treated (outlined) samples. The 
change in outer diameter (circles) significantly decreased in elastase samples aged 2-3 
months (A; black; p<0.001) and 4-6 months (B; dark grey; p=0.013), but not in 7-9 months 
and 10-14 months. The difference in longitudinal  force (squares) significantly decreased 
in the 2-3 months (E; black; p<0.001), 4-6 months (F; dark grey; p<0.001), as well as the 
7-9 months (G; grey; p=0.005). n = 8 per age group. 
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Figure 7. Elastase treatment resulted in a decrease in vaginal distensibility and 
increase in basal material stiffness.  Elastase treatment (open markers) resulted in a 
consistent leftward shift in the biaxial stress-stretch responses indicating a decreased 
distensibility in the circumferential direction (circle) and decreased extensibility in the 
longitudinal (long.) direction (square) in mice aged 2-3 months (A, black), 4-6 months (B, 
dark grey), 7-9 months (C, grey), and 10-14 months (D, light grey). Using a three-way 
ANOVA (age, direction, elastase), the basal material stiffness was found to be increased 
with age (p<0.001) and elastase treatment (p<0.001) and was greater in the 
circumferential direction (p<0.001; E-H). Posthoc tests were not performed due to 
significant and trending interactions between direction and elastase (p<0.001) and age 
and direction (p=0.080). 
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SUPPLEMENTAL FIGURES 

 
 
Figure S1. Contractile gene expression in the vagina with age and elastase 
treatment. Normalized relative expression of several known smooth muscle-related 
genes was assessed in the distal vagina of mice after aging from 2-3 months to 10-14 
months of age (filled) and age-matched elastase treatment (open). Expression of Acta2 
(A), Actg (B), and Vim (C) was determined by qPCR; values were computed relative to 
the known housekeeping gene beta-actin (Actb) and normalized to the 2-3 months 
Control expression for each gene. +++Note the general trend toward decreasing 
contractile gene expression with increasing age and the further reduction following 
elastase treatment. n = 3-5 per group. 
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Figure S2. The contribution of elastic fibers to smooth muscle contractility is 
diminished with age in the circumferential and longitudinal  directions. To quantify 
the contribution of elastic fibers on smooth muscle contractility, the percent change in 
circumferential contractile potential (A, circles), longitudinal contractile potential (B, 
squares) was calculated from the contractile responses before and after elastic fiber 
disruption. As determined by a one-way ANOVA (age), the percent change in 
circumferential contractile potential between control and elastase treated samples 
significantly decreased with age (p<0.001; A). Posthoc analysis identified the percent 
change in outer diameter was significantly reduced at 4-6 months (p<0.001), 7-9 months 
(p<0.001), and 10-14 months (p<0.001) as compared to the 2-3 months (A). Additionally, 
the percent change at 10-14 months was significantly less than at 4-6 months (p=0.003) 
(A). An additional one-way ANOVA (age) determined the percent change in longitudinal  
contractile potential was decreased with age (p<0.001; B). Further posthoc analysis 
identified a significantly lower percent change at 10-14 months as compared to the 2-3 
months (p<0.001), 4-6 months (p<0.001), and 7-9 months (p=0.006), suggesting a 
greater effect of elastic fibers on vaginal contractility in younger mice than in older mice.  
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Figure S3. Vaginal wall stress during maximum contraction increased with age and 
elastic fiber disruption. A three-way ANOVA (age, direction, elastase) evaluated the 
potential differences in vaginal wall stress during maximum contraction in the 
circumferential (circle) and longitudinal (long.) (square) direction for the control (filled) and 
elastase-treated (open) samples aged 2-3 months (A, black), 4-6 months (B, dark grey), 
7-9 months, (C, grey), and 10-14 months (D, light grey). The wall stress during contraction
increased with age (p<0.001) and elastase treatment (p=.03). Posthoc tests were not
completed due to significant and trending interactions between age and elastase
treatment (p=.04) as well as age and direction (p=0.07).
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Figure S4. Immunofluorescent labeling of alpha-smooth muscle actin (yellow; αSMA), 
elastin (red), and cell nuclei (blue; DAPI) revealed the microstructural organization within 
the vagina treated with elastase at 2-3 months to 10-14 months of age (A; rows). Note 
the differences in elastin and smooth muscle organization between groups. Sectioning 
was performed along the circumferential and longitudinal directions for comparison (A; 
columns). Dashed lines indicate the borders of the vaginal lumen (L), epithelium (E), 
subepithelium (S), muscularis (M), and adventitia (A). Scale bars are 100 µm. 
Quantification of vaginal cross-sectional area (total wall minus epithelium) was measured 
from histological images (B) and used to calculate the normalized fraction of αSMA+ area 
(C) and elastin+ (Eln+) area (D) as an additional measure of microstructural changes in 
each age group. Boxes denote the median and inter-quartile range of measurements in 
each age group. One-way ANOVA analysis revealed that neither cross-sectional area 
(p=0.34), nor normalized aSMA+ (p=0.35) or Eln+ (p=0.82) areas where siginificantly 
different with increasing age. (B-D) n = 4-8 samples per group. 
 
 
 



 30 

 

 
 
Figure S5. Vaginal elastic fiber structure is altered with age and elastase treatment. 
Images containing immunofluorescent labeling of elastin (red) were processed with CT-
FIRE to identify and extract geometric descriptors from individual elastic fibers (green 
overlay) in the elastase-treated vaginal wall (A). The vaginal lumen is denoted by L and 
scale bars are 100 µm. Changes in elastic fiber microstructural organization were 
assessed by measurement of fiber length (B) and fiber width (C) from elastase-treated 
samples at 2-3 months to 10-14 months of age. The relative frequency (number of fibers 
of a given size divided by total number of fibers) was used to visualize distributions of 
fiber metrics; dashed lines denote median values. Note the high skewness of fiber length 
distributions (B) and the near symmetric fiber width distributions (C) independent of age. 
Comparisons with aging Control samples (cf. Figure 4 in the main text) can be used to 
assess the impact of elastase on elastic fiber geometry. In general, elastase has a strong 
effect on fiber width and a less pronounced effect on fiber length, suggesting it may 
contribute to elastic fiber thinning. Statistical differences relative to the 2-3 month 
distribution (B,C; top row and black inset behind each distribution) or age-matched 
untreated Controls (Figure 4B,C) were assessed by comparing cumulative distribution 
functions via the KS test; p values for each comparison are indicated or described in the 
Results section of the main text. 
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Figure S6. Vaginal contractility is reduced independent of contractile gene 
expression following elastase treatment. Illustrative comparisons between mechanical 
metrics and Acta2 gene expression revealed weak negative correlations with longitudinal 
force change (A), outer diameter change (B), and maximum contractile circumferential 
stress (C) with age following elastase treatment. Linear correlation analysis revealed 
weak correlations between several contractile genes (Acta2 and Actg) and active biaxial 
properties (loads, stress, and stiffness) of the vaginal wall following elastase treatment 
(C); Vim showed stronger correlations with mechanical metrics. Inset numerical values 
indicate correlation coefficients between variables. n = 3-4 per group for gene expression 
data and n = 8 per group for biaxial mechanical data; error bars indicate SEM. Correlation 
strength was evaluated by the Pearson correlation coefficient with r and p values denoted 
for each correlation. 
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