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SUMMARY:

This protocol utilized a commercially available pressure myograph system to perform pressure
myograph testing on the murine vagina and cervix. Utilizing media with and without calcium, the
contributions of the smooth muscle cells (SMC) basal tone and passive extracellular matrix (ECM)
were isolated for the organs under estimated physiological conditions.

ABSTRACT:

The female reproductive organs, specifically the vagina and cervix, are composed of various
cellular components and a unique extracellular matrix (ECM). Smooth muscle cells exhibit a
contractile function within the vaginal and cervical walls. Depending on the biochemical
environment and the mechanical distension of the organ walls, the smooth muscle cells alter the
contractile conditions. The contribution of the smooth muscle cells under baseline physiological
conditions is classified as a basal tone. More specifically, a basal tone is the baseline partial
constriction of smooth muscle cells in the absence of hormonal and neural stimulation.
Furthermore, the ECM provides structural support for the organ walls and functions as a reservoir
for biochemical cues. These biochemical cues are vital to various organ functions, such as inciting
growth and maintaining homeostasis. The ECM of each organ is composed primarily of collagen
fibers (mostly collagen types I, lll, and V), elastic fibers, and glycosaminoglycans/proteoglycans.
The composition and organization of the ECM dictate the mechanical properties of each organ.
A change in ECM composition may lead to the development of reproductive pathologies, such as
pelvic organ prolapse or premature cervical remodeling. Furthermore, changes in ECM
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microstructure and stiffness may alter smooth muscle cell activity and phenotype, thus resulting
in the loss of the contractile force.

In this work, the reported protocols are used to assess the basal tone and passive mechanical
properties of the nonpregnant murine vagina and cervix at 4-6 months of age in estrus. The
organs were mounted in a commercially available pressure myograph and both pressure-
diameter and force-length tests were performed. Sample data and data analysis techniques for
the mechanical characterization of the reproductive organs are included. Such information may
be useful for constructing mathematical models and rationally designing therapeutic
interventions for women’s health pathologies.

INTRODUCTION:

The vaginal wall is composed of four layers, the epithelium, lamina propria, muscularis, and
adventitia. The epithelium is primarily composed of epithelial cells. The lamina propria has a large
amount of elastic and fibrillar collagen fibers. The muscularis is also composed of elastin and
collagen fibers but has an increased amount of smooth muscle cells. The adventitia is comprised
of elastin, collagen, and fibroblasts, albeit in reduced concentrations compared to the previous
layers. The smooth muscle cells are of interest to biomechanically motivated research groups as
they play a role in the contractile nature of the organs. As such, quantifying the smooth muscle
cell area fraction and organization is key to understanding the mechanical function. Previous
investigations suggest that the smooth muscle content within the vaginal wall is primarily
organized in the circumferential and longitudinal axis. Histological analysis suggests that the
smooth muscle area fraction is approximately 35% for both the proximal and distal sections of
the wall®.

The cervix is a highly collagenous structure, that until recently, was thought to have minimal
smooth muscle cell content?3. Recent studies, however, have suggested that smooth muscle cells
may have a greater abundance and role in the cervix*°. The cervix exhibits a gradient of smooth
muscle cells. The internal os contains 50-60% smooth muscle cells where the external os only
contains 10%. Mouse studies, however, report the cervix to be composed of 10-15% smooth
muscle cells and 85-90% fibrous connective tissue with no mention of regional differences®.
Given that the mouse model differs from the frequently reported human model, further
investigations concerning the mouse cervix are needed.

The purpose of this protocol was to elucidate the mechanical properties of the murine vagina
and cervix. This was accomplished by using a pressure myograph device that enables assessment
of mechanical properties in the circumferential and axial directions simultaneously while
maintaining native cell-matrix interactions and organ geometry. The organs were mounted on
two custom cannulas and secured with silk 6-0 sutures. Pressure-diameter tests were performed
around the estimated physiological axial stretch to determine the compliance and tangent
moduli®. Force-length tests were conducted to confirm the estimated axial stretch and to ensure
that mechanical properties were quantified in the physiological range. The experimental protocol
was performed on the nonpregnant murine vagina and cervix at 4-6 months of age in estrus.
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The protocol is divided into two main mechanical testing sections: basal tone and passive testing.
A basal tone is defined as the baseline partial constriction of smooth muscle cells, even in the
absences of external local, hormonal, and neural stimulation'®. This baseline contractile nature
of the vagina and cervix yields characteristic mechanical behaviors which are then measured by
the pressure myograph system. The passive properties are assessed by removing the intercellular
calcium that maintains the baseline state of contraction, resulting in relaxation of the smooth
muscle cells. In the passive state, collagen and elastin fibers provide the dominant contributions
for the mechanical characteristics of the organs.

The murine model is used extensively to study pathologies in women’s reproductive health. The
mouse offers several advantages for quantifying the evolving relationships between ECM and
mechanical properties within the reproductive system!!14, These advantages include short and
well-characterized estrous cycles, relatively low cost, ease of handling, and a relatively short
gestational time®°. Additionally, the genome of laboratory mice is well-mapped and genetically-
modified mice are valuable tools to test mechanistic hypotheses!®-8,

Commercially available pressure myograph systems are used extensively to quantify the
mechanical responses of various tissues and organs. Some notable structures analyzed on the
pressure myograph system include elastic arteries'®?2, veins and tissue engineered vascular
grafts?®24, the esophagus?®, and the large intestines?®. The pressure myograph technology
permits simultaneous assessment of properties in the axial and circumferential directions while
maintaining the native cell-ECM interactions and in vivo geometry. Despite the extensive use of
myograph systems in soft tissue and organ mechanics, a protocol utilizing the pressure myograph
technology had not previously been developed for the vagina and cervix. Prior investigations into
the mechanical properties of the vagina and cervix were assessed uniaxially?’-?8. These organs,
however, experience multiaxial loading within the body?>3°, thus quantifying their biaxial
mechanical response is important.

Moreover, recent work suggests smooth muscle cells may play a potential role in soft tissue
pathologies>?®3132, This provides another attraction of utilizing the pressure myograph
technology, as it preserves the native cell-matrix interactions, thus permitting delineation of the
contribution that smooth muscle cells play in physiological and pathophysiological conditions.
Herein, we propose a protocol to quantify the multiaxial mechanical properties of the vagina and
cervix under both basal tone and passive conditions.

PROTOCOL:

Nulliparous 4-6 months female C57BL6J mice (29.4 + 6.8 grams) at estrus were used for this
study. All procedures were approved by the Institute Animal Care and Use Committee at Tulane
University. After delivery, the mice acclimated for one week before euthanasia and were housed
under standard conditions (12-hour light/dark cycles).

1. Mouse sacrifice at estrus
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1.1. Determine the estrous cycle: The estrous cycle was monitored by visual assessment in
accordance to previous studies'>3334 The estrous cycle consists of four stages: proestrus, estrus,
metestrus, and diestrus. During the proestrus phase the genitals are swollen, pink, moist, and
wrinkled. The estrus phase is wrinkly but less swollen, pink, and moist. Metestrus and diestrus
are both reported as exhibiting no swelling and wrinkling, lacking in a pink hue, and dry343>,

1.2. Perform experiment at estrus: All mechanical tests were performed while the mice were at
estrus, as this is the easiest to visualize and provides a consistent and repeatable timepoint.

1.3. For mice undergoing basal tone testing, euthanize via guillotine. For mice tested only under
the passive conditions, euthanize using carbon dioxide (CO;) inhalation. The guillotine serves to
preserve the function of smooth muscle cells of the reproductive tract, as the CO; gas alters the
contractile properties of the smooth muscle cells36-42, It is imperative to perform the dissection
within 30 minutes to minimize the chance of cell apoptosis.

2. Reproductive system dissection

2.1. Set up: Place an absorbent pad on the workstation and fill a Petri dish and syringe with 4 °C
Hank’s Balanced Salt Solution (HBSS) solution. Use a wipe for adipose tissue disposal. Place the
mouse ventral side up and tape the paws and tail. Turn the microscope lights on and set out
micro-scissors, scissors, two pairs of straight tweezers, and two pairs of curved tweezers.

2.2. Using angled tweezers and scissors, lift the skin around the abdomen and make an incision
at the base of the abdomen, above the pubic bone. The incision should be shallow enough to not
puncture the abdominal muscle wall. Continue using the scissors to cut superiorly towards the
rib cage and deep through the abdominal muscles.

2.3. Remove superficial fat by pulling lightly on the fat with the curved tweezers and micro-
scissors. Adipose tissue will reflect light heterogeneously with a glitter-like appearance. Place all
the removed fat and tissue on the wipe. Identify both uterine horns and the pubic bone.

2.4. Place closed scissors between the vaginal wall and the pubic bone. Carefully cut the middle
of the pubic bone (pubic symphysis). Place curved tweezers on both ends of the cut pubic bone.
Pull both cut ends laterally to allow for better access to the reproductive organs.

2.5. Remove the bladder and the urethra from the vaginal wall. This can be done by using straight
tweezers and micro-scissors. Hold the bladder with straight tweezers to create tension and use
blunt dissection techniques to separate the surrounding tissue from the vagina. Once the bladder
and urethra are dissected away, cut the base and remove from the body cavity.

2.6. ldentify the reproductive system: The uterine horns bifurcate from the cervix. The cervix can
be identified from the vagina due to differences in geometry and stiffness. The outer diameter of
the cervix is smaller than the vagina. The cervix is stiffer than the vagina and feels similar to that
of a bead (Figure 1).
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2.7. Use ink and calipers to mark 3 mm dots along the organs. Start below the ovaries on the
uterine tubes and mark dots inferiorly to reach the cervix. Use the center cervix dot to start a dot
path down to the vagina introitus.

2.8. Allow the ink to dry and separate the reproductive organs from surrounding adipose tissue,
connective tissue, and the colon. Clean the vagina as close to the vaginal introitus as possible.
Using scissors, cut around the vaginal introitus.

NOTE: It is possible for organs to dry out during this process. If this is a concern, a syringe filled
with 4 °C HBSS may be used to add moisture to the organs.

2.9. Cut the uterine horns immediately inferior to the ovaries. Note that the organs will retract
from the post explant length as the connective tissue is removed and the organ recoils. Place the
dissected reproductive organs in a Petri dish filled with 4 °C HBSS. This change in length can be
used in for calculating the estimated in vivo length (section 5).

NOTE: We have identified that using HBSS at this temperature during the dissection and
cannulation does not affect the smooth muscle cell viability. Maintaining a pH of 7.4, however, is
imperative for maintaining the viability of the smooth muscle cells. At this temperature, the HBSS
has a pH level of 7.4.

2.10. After a 15-minute equilibration period in 4 °C HBSS, measure the space between dots using
calipers. Record the measurements for each distance into a spreadsheet. These values will be
used to calculate the in vivo stretch ratio (original length/explanted length).

2.11. Set the wipe that contains the discarded tissue on the abdominal region with the excess
tissue facing the inside of the mouse and soak the wipe in 4 °C HBSS. Wrap the mouse and excess
tissue in foil and place in a freezer safe bag to be stored at -20 °C. Passive mechanical behavior
on the vagina was not found to be significantly different after one freeze-thaw cycle®. All organs
tested were used immediately after euthanasia or after one freeze-thaw cycle.

3. Cannulating

3.1. Determine the proper cannula size for the organ type. In a typical C57BL6J mouse, the vagina
uses cannulas that are both 3.75 mm in diameter and riveted. The cervix uses one cannula that
is 3.75 mm for the vaginal end and a cannula 0.75 mm in diameter for the uterine end (Figure 2)
The 0.75 mm cannula is smooth.

NOTE: The diameter sizes denoted above are used for typical nulliparous 4-6 months C57-BL/6
mice, C57BL/6 x 129SvEv, and nonparous mice aged 4-6 months. However, certain circumstances,
such as prolapse or pregnancy, may require a larger size cannula.
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3.2. With each organ, mount the cervical side on the force transducer portion of the cannulation
device. Mount the opposite end of the organ (vaginal or uterine) on the micrometer portion of
the device. Tighten both ends with sutures.

3.3. Due to the difference in thickness and degree of contractility among the vagina and cervix,
varying techniques may be utilized to perform the most effective cannulation. For the vagina,
place 3 sutures in between the 2" and 3" rivets of the cannulain a “X” fashion. When cannulating
the cervix, the cannula is not riveted so the organ is best placed at the back of the cannula with
3 horizontal sutures on the uterine end and 4 sutures on the external os. For both organs,
maximum length should be no more than 7 mm between the sutures (Figure 3).

4. Pressure myograph set up

4.1. In order to set up the pressure myograph system, power on the testing system and fill the
reservoir bottle with 200 mL of HBSS (Figure 4). Turn the heat to “on” and allow the HBSS in the
reservoir bottle to heat up. Next, turn on the microscope and open the computer program.
Ensure that the image of the cannulated organ, pressure interface, flow meter readings, and the
sequencer function tool are all visible (Figure 5).

5. Basal tone mechanical testing

NOTE: The cervix exhibited a phasic nature during the beginning stages of testing. However, this
diminished after preconditioning. Basal tone testing is done utilizing Krebs Ringer Buffer (KRB) in
the basin of the DMT device. The buffer is aerated with 95% O, and 5% CO.,. After the basal tone
portion is complete, calcium free KRB is utilized.

5.1. Finding the unloaded geometry: Stretch the organ so that the wall is not in tension. For the
vagina, observe the grooves on the vaginal wall. For the cervix, cut immediately below the ink
dots that located above and below the central cervix mark. This devises a repeatable method for
a cervical in situ length of 6 mm?. Measure the length from suture to suture with calipers

5.2. Finding the unloaded pressure (UP): Increase the pressure from 0 to 10 mmHg in increments
of 1 mmHg. Determine the pressure in which the organ is no longer collapsed. This can be
determined as the largest jump in the outer diameter at a given pressure, as exhibited on the
program monitor. After recording the pressure and outer diameter, note this as the first point
wherein the organ is not collapsed and zero the force.

5.3. Estimated in vivo stretch: Calculate the estimated in vivo stretch by dividing the length
measured in vivo by the length measured post explant:

A1 = lin vivo/
v — l
post—explant
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5.4. Pressure-diameter pre-conditioning: Set the pressure to 0 mmHg, the length to the
estimated in vivo length and the gradient to 1.5 mmHg/s. Run a sequence that takes the pressure
from 0 mmHg to the in vivo pressure + unloaded (Table 1), hold for 30 seconds, and take the
pressure to 0 mmHg with a 30 second hold period. After repeating for a total of 5 cycles, press
Stop in the computer program and save the file.

5.5. Finding the experimental in vivo stretch: Adjust the organ to be at the estimated in vivo
length while at the unloaded pressure and press Start. Assess pressure vs force values for
pressure values ranging from the unloaded pressure to the maximum pressure (Table 1). Press
the Stop button in the computer program and save the file.

NOTE: The measured stretch value is calculated in situ. This is accompanied by the limitation that
it can only be measured after disarticulating the pubic symphysis. As a result, the natural
tethering is lost, which may modify the length. The theoretical stretch, however, is based on the
previously introduced theory that the organ will experience minimal changes in force when
exposed to physiological pressures to conserve energy®. In the protocol, the measured in vivo
stretch will be the stretch value calculated using the experimentally identified length wherein
there is minimal change in force when exposed to a physiological range of pressures.

5.6. Pressure-diameter pre-conditioning: Set the pressure to 0 mmHg, the length to the
experimental in vivo length, and the gradient of 1.5 mmHg/s. Run a sequence that takes the
pressure from 0 mmHg to the maximum pressure + UP, hold for 30 seconds, and back to 0 mmHg
with an additional 30 second hold period. After repeating this for a total of 5 cycles, press the
Stop button in the program interface and save the file.

NOTE: 5.4 is imperative for achieving a more consistent axial force reading with increasing
pressure. This step aids in finding the correct in vivo stretch, which is often underestimated based
on visual cues. 5.6 serves as a precautionary step to minimize hysteresis and to achieve a
consistent, repeatable, mathematically interpretable response of the organ.

5.7. Force-length pre-conditioning: Enter 1/3 max pressure + UP for both the inlet and outlet
pressure. Adjust the organ to -2% of the in vivo length and press Start. Adjust the length to +2%
in vivo length then back down to -2% at 10 um/s. Repeat axial extension for a total of 5 cycles.
Press Stop in the computer program and save the file.

5.8. Equilibration: With the organ at the determined in vivo length, set both the inlet and outlet
pressure at 1/3 of the maximum pressure + UP. Equilibrate the organ for 10 minutes. Slowly bring
both pressures back down to 0 mmHg with the gradient set as 1.5 mmHg/s.

5.9. Re-evaluate the unloaded geometry: Set the organ to the in vivo length and the pressure to
the unloaded pressure. Decrease the axial length towards the estimated unloaded length at a
rate of 10 um/s until there is minimal change in the force. This corresponding length is known as
the unloaded length, or where the organ is not in tension nor compression. Before zeroing the
force, record the unloaded length, outer diameter, and the force value.
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NOTE: The prior unloaded geometry was determined by visual cues, which is purely qualitative.
A re-evaluation is necessary for a quantitative method and to account for possible changes in
length that may occur during the preconditioning. This geometry will be used in section 8.

5.10. Ultrasound Setup: Use the general imaging abdominal package to visualize the organs in
the testing device. (Figure 6). Before testing, minimize artifacts from the bottom of the pressure
myograph metal basin. Adjust the cannula to a height that is the maximum distance from the
bottom with the tissue still being fully submerged in the testing solution. A custom holder is 3D
printed to stabilize the transducer in a vertical position during imaging.

5.11. Ultrasound Imaging: Identify the cannula near the force transducer and adjust the stage of
the microscope to image along the length of the tissue. Throughout the testing process, the
middle region along the length is tracked (Figure 6A,C). Following imaging, review the image
“Cine store” loop that consists of a series of B-mode frames and identify the frame with the
largest outer diameter. The thickness calculations made will be used in section 8.

5.12. Pressure diameter testing (-2% in vivo length): Press Start and adjust the organ so that it is
-2% of the in vivo length, set the pressure to 0 mmHg and gradient to 1.5 mmHg/s. Increase the
pressure from 0 mmHg to the maximum pressure. Bring the pressure back down to 0 mmHg with
a 20 second hold period. Repeat this for 5 cycles.

5.13. Pressure diameter testing (in vivo length): Press Start and adjust the organ so that it is at
the vivo length, set the pressure to 0 mmHg, and gradient to 1.5 mmHg/s. Increase the pressure
from 0 mmHg to the maximum pressure. Bring the pressure back down to 0 mmHg with a 20
second hold period. Repeat this for 5 cycles.

5.14. Pressure diameter testing (+2% in vivo length): Adjust the organ so that it is +2% in vivo
length, set the pressure to 0 mmHg, and gradient to 1.5 mmHg/s. Increase the pressure from 0
mmHg to the maximum pressure and then back down to 0 mmHg with a 20 second hold period.
Repeat this for 5 cycles. The pressure data from all three lengths will be used in section 8.

5.15. Force-length testing (Nominal pressure): Set the pressure to the unloaded pressure and the
organ to -2% of the in vivo length. Stretch the organ to +2% of the in vivo length and return to -
2% the in vivo length at rate of 10 um/s. Repeat for a total of 3 cycles.

5.16. Force-length testing (1/3 maximum pressure + UP): Set the pressure to 1/3 of the maximum
pressure + UP and adjust the organ to -2% the in vivo length. After pressing Start, stretch the
organ to +2% the in vivo length and back to -2% the in vivo length at a rate of 10 um/s. After
repeating for a total of 3 cycles, press Stop and save the data.

5.17. Force-length testing (2/3 maximum pressure + UP): Set the pressure to 2/3 of the maximum
pressure + UP and adjust the organ to -2% the in vivo length. Press Start and stretch the organ to
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+2% the in vivo length and back to -2 the in vivo length at a rate of 10 um/s. After repeating for
a total of 3 cycles, press Stop and save the data.

5.18. Force-length testing (maximum pressure + UP): Set the pressure to the maximum pressure
+ UP and adjust the organ to -2% the in vivo length. At a rate of 10 um/s, stretch the organ to
+2% of the in vivo length and back to -2% the in vivo length. After repeating for a total of 3 cycles,
save the data. All force data will be used in section 8.

5.19. Remove KRB testing media and wash with calcium-free KRB. Replace the media with
calcium free KRB solution supplemented with 2 mM EGTA. Incubate the tissue for 30 minutes.
Remove the solution and replace the media with fresh calcium-free KRB.

6. Passive mechanical testing

NOTE: If starting with passive testing start at step 1. If basal tone testing was performed prior to
passive start at step 6. If starting with frozen tissue, allow a 30-minute equilibration period at
room temperature before cannulating the organ.

6.1. Finding the unloaded geometry: Stretch the organ so the wall of the organ is not in tension.
Measure the cannulated organ from suture to suture and record this as the unloaded length.

6.2. Finding the unloaded pressure: After pressing Start, increase the pressure from 0 to 10
mmHg in increments of 1 mmHg. While going through this process, determine the pressure in
which the organ is not in tension. Using the computer program monitor, this can be determined
from the largest jump in the outer diameter. After zeroing the force, record this pressure as well
as the outer diameter and note this as the first point in which the organ is not collapsed.

6.3. Estimated in vivo stretch: Calculate the estimated in vivo stretch by dividing the length
measured in vivo by the length measured post-explant.

6.4. Pressure diameter pre-conditioning: After pressing Start, set the pressure set to 0 mmHg,
the length as the estimated in vivo length, and gradient to 1.5 mmHg/s. Begin running a sequence
that takes the pressure from 0 mmHg to the maximum pressure and back to 0 mmHg. Repeat
this process through 5 cycles with a 30 second hold time.

6.5. Force-length preconditioning: Adjust the organ to the in vivo length and manually enter the
unloaded pressure in the computer program for both pressures. After pressing Start, set the
gradient to 2 mmHg and the pressure to 1/3 of the maximum. Stretch the organ up to +4% and
back down to -4% stretch at 10 um/s. Repeat this cycle for a total of 5 times and press Stop.

6.6. Finding the experimental in vivo length: Find and plot force values at -4% of the in vivo
length, the in vivo length, and +4% of the in vivo length. Take forces at evenly spaced pressures
ranging from 0 mmHg to the maximum pressure. The experimental in vivo stretch will be the
stretch value that exhibits a relatively flat line over a range of pressures.
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6.7. Repeat the pressure diameter and axial pre-conditioning steps at the new in vivo length.

6.8. Equilibration: With the organ at the determined in vivo length, set the inlet and outlet
pressure to the unloaded pressure. Let the organ re-equilibrate for 15 minutes. After 15 minutes,
slowly bring the inlet and outlet pressure back down to 0 mmHg.

6.9. Re-evaluate unloaded configuration: Bring the organ to the unloaded length and re-estimate
the unloaded length. Record the unloaded length and the outer diameter while the pressure is 0
mmHg, the unloaded pressure, and 1/3 the maximum pressure. Zero the force at the unloaded
pressure. The diameter at the unloaded pressure is the in vivo diameter.

NOTE: Re-estimating the unloaded length is necessary as small plastic deformations were
observed previously in soft biological tissues following preconditioning. This unloaded
configuration will be the one utilized in section 8.

6.10. Ultrasound: Perform ultrasound B-mode imaging at the unloaded length and pressure.

6.11. Pressure-diameter testing: With the organ at -2% of the experimentally determined in vivo
length and the pressure at 0 mmHg, press Start. Increase the pressure from 0 mmHg to the
maximum pressure and back to 0 mmHg. Hold the 2-0 mmHg step for 20 seconds. After repeating
for a total of 5 times, press the Stop button in the interface and save the file.

NOTE: Repeat at the experimental in vivo length, +2% of the experimental in vivo length.

6.12. Force-length testing: Set the pressure to nominal pressure and adjust the organ to -2% of
the in vivo length. Stretch the organ up to +2% of the in vivo length and back to -2% of the in vivo
length at a rate of 10 um/s. After repeating for a total of 3 times, save the data. Repeat this for
1/3 max pressure, 2/3 max pressure, and at the max pressure.

6.13. Calculate the unloaded thickness from ultrasound images B-mode image. Using imaging
software, draw a line to denote the penetration depth. Set the scale to the length of the line (i.e.,
2000 um as shown in Figure 6B and 6D).

6.14. Wall thickness calculations: Using a computer software, trace and measure the inner and
outer diameter of the organ. Then, draw and measure a line between the diameters. Draw a total
of 25 transmural lines. Average all data points and repeat for a total of 3 times.

7. Clean up

7.1. Ensure that the pressure is 0 mmHg and turned off. Close the main inlet and outlet off for
both three-way valves. Aspirate the remaining fluid from the basin of the cannulation device.
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7.2. Remove the organ from the stage and fill the reservoir bottle with deionized water. Using a
syringe, rinse the cannula with water. Connect the tubing to bypass the cannula.

7.3. Turn the pressure and flow on, set the inlet pressure to 200 mmHg, the outlet pressure to 0
mmHg, gradient to 10 mmHg/s, and let the flow run for 5 minutes. Allow the system to run while
the reservoir bottle is empty and let the air run for 5 minutes or until the lines are dry.

8. Data analysis

8.1. For pressure diameter testing, collect data from where the pressure begins to decrease from
the maximum value until the end point. For force-length testing, collect data from just below the
maximum peak in force until the force stopped decreasing.

8.2. Open the data file for each pressure-diameter test and select the mean pressure tab.
Navigate to the loading region of the last curve, 0 mmHg to the maximum pressure, and drop the
data into a spreadsheet. Select the same region on the outer diameter, inlet pressure, outlet
pressure, force, temperature, pH, and flow tab placing each item in the same document.

8.3. Open the data for each Force-length test. Navigate to the loading region of the curve, -2% to
+2%, and drag and drop the data into a spreadsheet. Select the same region for the other
measured variables and place each item in the same spreadsheet.

8.4. For the pressure diameter and force length test subtract the UP from all pressure values.
8.5. Average the pressure-diameter data every 1 mmHg (i.e., 0+/- 0.5, 1+/-0.5, 2+/- 0.5).

8.6. Find the unloaded volume of the organ (V). Equation 1 can be utilized to find V, given that
Ro? is the unloaded outer radius measured by the microscope, L is the unloaded length, and H is
the unloaded thickness as detected by the ultrasound. The assumption of incompressibility is
leveraged, meaning that the organ conserves volume while subjected to deformations.

NOTE: The unloaded length is measured with calipers from suture to suture. The unloaded
diameter is measured via the microscope, camera, and software followed by calculation of the
radius (Figure 5) The unloaded thickness is calculated from the ultrasound images (Figure 6).

V=mn(R?— (Ry— H)?)L Equation1

8.7. Using the assumption of incompressibility, use the unloaded volume, deformed outer radius
(r0), and length (I) to determine the deformed inner radius (7;).

= [rg——= Equation 2
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8.8. Use Equations 3, 4, and 5 to calculate each stress, respectively. In equations 3-5, P is defined
as the intraluminal pressure and F; is the force measured by the transducer.

Pr; .
Og = —— Equation 3
To—Ti
Fe+mPrf .
0, = ——5—L Equation 4
n(rg-r?)
Pr; .
= — E on
Oy s quation 5

8.9. Plot the pressure-diameter relationship, force-pressure relationship, circumferential stress-
circumferential stretch relationship, and the axial stress and circumferential stretch values
(Figure 7, Figure 8). The stretch values can be calculated using the midwall radius. Calculations
of the circumferential and axial stresses can be found in Equations 6 and 7, respectively.

A _ ri+ro/2 E . 6
0 = RitRy/2 quation
Az = % Equation 7

8.10. Calculate compliance near the physiological pressure range and at the in vivo stretch. The
lower pressure bound (LPB) is 1 standard deviation below the mean measured pressure. The
upper pressure bound (UPB) is 1 standard deviation above the mean measured pressure®.

rUPB _ yLPB

pUPB _ pLPB

8.11. Calculate the tangent moduli to quantify the material stiffness. Identify the calculated
circumferential stress that corresponds to the lower pressure bound and upper bound pressure.
Fit a linear line to the circumferential stress- circumferential stretch curve within the identified
stress range at the in vivo length. Calculate the slope of the line®.

REPRESENTATIVE RESULTS:

Successful analysis of the mechanical properties of the female reproductive organs is contingent
on appropriate organ dissection, cannulation, and testing. It is imperative to explant the uterine
horns to the vagina without any defects (Figure 1). Depending on the organ type, the cannula
size will vary (Figure 2). Cannulation must be done so that the organ cannot move during the
experiment but also not damage the wall of the organ during the procedure (Figure 3). Failure of
either step will result in inability of the vessel to hold pressure. Testing procedure standardization
is vital to the success of the protocol in order to yield consistent and repeatable results.

Once the organ is dissected and cannulated properly, power on the pressure myograph system.
The setup of the pressure myograph systems involves a controller unit, flow meter, and stage
(Figure 4). The pressure myograph system is used to monitor various aspects of the organ as it
undergoes mechanical testing (Figure 5). An ultrasound system, or equivalent, is used to measure
the thickness of the organs in the unloaded state with and without basal tone (Figure 6). After
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mechanical testing, the tangent moduli may be calculated for the circumferential and axial
directions (Table 2).

Both basal tone testing and passive testing yield key mechanical properties of the reproductive
tract, with and without the contractile contribution of smooth muscle cells (Figure 7, Figure 8).
Scaling between the organs requires a few adjustments to the protocols (Table 1), as the cervix
and vagina experience different loads in vivo*®*8, Such variations may be monitored through
techniques such as pressure catherization. Pressure catherization is a method used previously to
monitor the in vivo conditions within the vagina and uterus**->3. Models in the previous studies
range from mice, rabbits, and humans. The same principles would apply similarly to the cervical
and vaginal pressure specific for the murine model. Though, regardless which organ is being
tested, the same materials are needed for the protocols (Table 3).

FIGURE AND TABLE LEGENDS:

Figure 1: Murine dissection diagram. The mouse dissection for the reproductive organs: both
uterine horns, cervix, and the vagina. In the figure, the bladder and urethra are removed from
the anterior of the vagina. The intestines and abdominal muscles were reflected superiorly.

Figure 2: Size comparison of the two cannula. Size comparison of the two cannulas used for
cannulation of the reproductive organs. The larger cannula (D = 3.75 mm) is used for the vaginal
tissue (A). The smaller cannula (D = 0.75 mm) is used for cannulating cervical tissue (B). The
cervical cannula is smooth while the vaginal cannula has two grooves.

Figure 3: Cannulation method for vagina and cervix. Due to the varying geometry and thickness
of the reproductive organs, they are most effectively cannulated in distinct manners. For the
vagina, place two sutures in an “X” fashion with a third directly at the intersection of the “X”".
When cannulating the cervix, place 3 horizontal sutures on the uterine end and 4 sutures on the
external os.

Figure 4: Setup for pressure myograph device. The setup of the DMT device utilized for both
basal and passive testing. The DMT is composed of three main hubs: the stage (A), controller unit
(B), and flow meter (C). Within the controller unit, there is a reservoir bottle and a waste bottle.
The reservoir bottle is initially filled with fluid that empties as the experiment is carried out. The
waste bottle, which is initially empty, collects the fluid that runs through the experiment. The
controller unit interfaces with the DMT software on the computer and controls the pressure,
temperature, and flow. The controller unit reads the outputs from the force and pressure
transducers within the stage through a VGA interface cable. The stage component of the system
contains an inlet and outlet flow of the system. The inlet and outlet flow have corresponding inlet
and outlet pressures measured by the system.

Figure 5: File setup on the pressure myograph program. Display of computer software set-up. A
box is drawn around the region of interest and outer diameter of the tissue is optically tracked in
real-time (A). Data obtained during mechanical testing is recorded and displayed real-time in the
outer diameter, inlet pressure, outlet pressure, mean pressure, force, temperature, pH, and flow
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tab (B). Within the pressure interface pressure (mmHg), gradient (mmHg/g), and flow is
controlled. Further, the axial force (mN) measured by the in-line force transducer is displayed.
Flow rate (uL/min) is reported in the flow meter tab (C). Pressure sequencing is shown and
controlled in the sequencer tab (D). Data recorded during mechanical testing is recorded and
displayed real-time in the outer diameter, inlet pressure, outlet pressure, mean pressure, force,
temperature, pH, and flow tab (E). A representative Pressure Diameter test of the vagina is
diplayed showing outer diameter as a function of time on the outer diameter tab.

Figure 6: Ultrasound Imaging. Ultrasound imaging of the murine reproductive organs. All images
were taken using the ultrasound system on the short-axis-B mode. A representative image of the
vagina at the unloaded length and pressure (A). Vaginal wall thickness was calculated in Image).
A vertical line was drawn along the depth scale (mm) to calibrate the number of pixels per um.
The polygon tool was used to trace the inner and outer diameter. Then transmural lines were
drawn to calculate the thickness and averaged (B). This was performed 3 times. A representative
image of the cervix at the unloaded length and pressure (C). Wall thickness was then calculated
using Image J and the polygon tool in a similar manner to that of the vagina (D). Within the
reproductive complex, the outer diameter is tracked at two different locations (E). Throughout
the imaging process, the transducer is stabilized by a 3-D printed holder (F).

Figure 7: Representative results for vaginal testing. The representative mechanical testing
results of the vaginal basal and passive protocols. With the data obtained by the DMT system,
several mechanical relationships can be derived. A) Basal Pressure-Diameter, B) Passive Pressure-
Diameter, C) Basal Force-Pressure, D) Passive Force-Pressure, E) Basal circumferential stress-
circumferential stretch, F) Passive circumferential stress-circumferential stretch, G) Basal axial
stress-circumferential stretch, H) Passive axial stress-circumferential stretch.

Figure 8: Representative results for cervical testing. The representative mechanical testing
results of the cervical basal and passive protocols. With the data obtained by the DMT system,
several mechanical relationships can be derived. A) Basal Pressure-Diameter, B) Passive Pressure-
Diameter, C) Basal Force-Pressure, D) Passive Force-Pressure, E) Basal circumferential stress-
circumferential stretch, F) Passive circumferential stress-circumferential stretch, G) Basal axial
stress-circumferential stretch, H) Passive axial stress-circumferential stretch.

Table 1: Summary of information for scaling the mechanical testing methods for each organ.
The unloaded pressure values were measured using catherization techniques under anesthesia
(4% isoflurane in 100% oxygen). A balloon catheter was utilized for the vaginal measurements
and a 2F catheter for the cervix.

Table 2: The representative results for the physiological pressure measured within the vagina
and cervix. Pressure was taken during both basal and passive conditions as well as for both
circumferential and axial directions. All measurements provided are in units of kPa.

DISCUSSION:
The protocol provided in this article presents a method for determining the mechanical
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properties of the murine vagina and cervix. The mechanical properties analyzed in this protocol
include both the passive and basal tone conditions of the organs. Passive and basal tone
conditions are induced by altering the biochemical environment in which the organ is submerged.
For this protocol, the media involved in basal testing contains calcium. Testing the basal tone
condition permits isolation of the smooth muscle cell mechanical contribution within the female
reproductive organs®*>>. When performing passive mechanical testing, the media does not
contain calcium. The lack of calcium inhibits the smooth muscle cells from contracting. This
permits elucidation of other ECM components, such as collagen and elastic fibers, which largely
dictate the passive mechanical properties. When combined with biochemical and histological
analysis, these results permit elucidation of relationships between ECM microstructural
composition and mechanical function. This then allows for delineation of the structural and
mechanical mechanisms of pathologies relevant to women’s reproductive health.

Previously, the vagina and cervix were tested uniaxially?”-?8. The vagina and cervix, however,
demonstrate anisotropic properties and experience multiaxial loading in vivo?>3 . Hence,
pressure myograph systems used herein provide quantitative information on multiaxial loading
that may aid in understanding the etiologies of reproductive pathologies, as well as the
subsequent design of potential treatments. Further, pressure myography permits assessment of
multiaxial properties while preserving the in vivo organ geometry and the native cell-matrix
interaction®® . In vivo, the cells actively remodel the surrounding ECM in response to changes in
biomechanical and biochemical cues®’>°. The protocol used herein is advantageous as it permits
monitoring of subsequent changes in bulk organ properties under physiologically relevant
conditions. This aids in providing a platform to generate systematic datasets of multiaxial active
and passive mechanical properties. Further, the data collected in these experiments may be
leveraged to formulate and validate microstructurally-motivated nonlinear constitutive models
to describe and predict the mechanical response of the female reproductive organs in healthy
and pathological states'®°,

An additional system component that was advantageous to the protocol was the use of
ultrasound imaging to measure the thickness of the organ walls. The thickness is crucial
information for calculating stress experienced while undergoing testing.

With any experimental set up, there are some limitations to this procedure. This protocol
currently only considers the elastic response of the vagina and cervix and not the viscoelastic
response. A potential method to mitigate this limitation in the future is to modify the existing
protocol to include creep and stress relaxation assays®l. A second limitation is assuming the
organs are incompressible. Within this study, thickness was solely measured at the unloaded
configuration, as motivated by prior studies that demonstrate nonpregnant murine tissue
exhibits minimal changes in volume during osmotic loading®?. Furthermore, additional studies
have operated under the same assumption of incompressibility**¢%63, |deally, an ultrasound
would be performed for the entirety of the experiment in order to remove the need for the
incompressibility assumption and to better inform finite element models. A final limitation is the
lack of quantified in vivo cervical pressure to inform the loading protocols. Literature suggests
that cervical pressure in human women is 37 mmHg>3. Mice, however, may exhibit different
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cervical pressure from that of humans. A difference in vaginal pressure was demonstrated
between rodent models and human samples®4®°, Further studies are needed to quantify pressure
in the non-pregnant murine cervix. Towards this end, intra-uterine pressure was recently
reported throughout pregnancy®.

The commercially available pressure myograph system utilized in this procedure measures the
force properties of elastic, hollow organs. This protocol is easily adaptable to other various organs

and tissues by modifying the chemical additives in the bath, cannula size, and suture thickness.
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Maximum 1/3 Max 2/3 Max Recommended number
In Vivo Pressure Pressure Pressure Pressure Axial Stretch Cannula Size  of sutures
Vagina 7 mmHg 15 mmHg 5 mmHg 10 mmHg -2%, invivo, +2% 3.75 mm 3--inan"X"

0.75 mm for 3 horizontal sutures on

uterine end  the uterine end

3.75 mm for 4 sutures on the
Cervix 10 mmHg 200 mmHg 66 mmHg 133 mmHg -2%, in vivo, +2% vaginalend  vaginal external os
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Table 2

Basal
Circumferential
(kPa)

Basal

Axial (kPa)
Passive
Circumferential
(kPa)

Passive

Axial (kPa)

Vagina

127.94

56.8

246.03

112.74

Cervix

188

75.44

61.26

19.26
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Table of Materials

Name of
Material/
Equipment
2F catheter
6-0 Suture
CaCl2
(anhydrous)

CaCl2-2H20

Dextrose (D-
glucose)
Dumont #5/45
Forceps
Dumont SS
Forceps
Eclipse
Flow meter

Force Transducer -

110P
Imagel

Instrument Cases

KCl
KH2PO4
MgClI2

MgCl2-6H20
MgS04-7H20
Mircosoft excel

Na2HPO4 (dibasic
anhydrous)

NaCl

NaHCO3

Pressure
myograph
systems
Pressure
Transducer

Company

Millar
Fine Science Tools

VWR

Fischer chemical

VWR

Fine Science Tools

Fine Science Tools

Nikon

Danish MyoTechnologies

Danish
MyoTechnologies

Scilava

Fine Science Tools

Fisher Chemical
G-Biosciences
VWR

VWR
VWR
Microsoft

VWR

VWR

VWR

Danish MyoTechnologies 110P and 120CP

Danish
MyoTechnologies

Click here to access/download;Table of
Materials;Materials_Table.xlsx

Catalog Number Comments/Description

SPR-320 catheter to measure cervical pressure
18020-60 larger suture ties
97062-590 HBSS concentration: 140 mg/ mL

BDH9224-1KGER
KRB concentration: 3.68 g/L

HBSS concentration: 1000 mg/mL

101172-434
KRB concentration: 19.8 g/L
11251-35 curved forceps
11203-25 straight forceps
E200 microscope used for imaging
161FM flow meter within the testing apparatus
100079 force transducer
Imagell used to measure volume
20830-00 casing to hold dissection tools
HBSS concentration: 400 mg/ mL
97061-566
KRB concentration: 3.5 g/L
71003-454 HBSS concentration: 60 mg/ mL
97064-150

KRB concentration: 1.14 g/L

BDH9244-500G HBSS concentration: 100 mg/ mL

97062-134 HBSS concentration: 48 mg/ mL
6278402 program used for spreadsheet
HB ion: 4 L
97061588 SS concentratl'on 8 mg/m
KRB concentration: 1.44 g/L
HBSS concentration: 8000 mg/mL
97061-274 KRB concentration: 70.1 g/L
97062-460 HBSS concentration: 350 mg/ mL

KRB concentration: 21.0 g/L
Pressure myograph system:
prorgram, cannulation device,
and controller unit

100106 pressure transducer

L]
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Student Dumont
#5 Forceps
Student Vannas
Spring Scissors

Fine Science Tools

Fine Science Tools

Tissue dye Bradley Products
Ult d

rasoun FujiFilm Visual Sonics
transducer
VEV02100 FujiFilm Visual Sonics

Wagner Scissors Fine Science Tools

91150-20

91500-09
1101-3
LZ-550

VS-20035
14069-12

straight forceps

micro-scissors

ink to measure in vivo stretch
ultrasound transducer used; 256
elements, 40 MHz center frequency
ultrasound used for imaging
larger scissors
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performance in any way, commaercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under all
applicable privacy, likeness, personality or similar laws. 10.
Author Warranties. The Author represents and warrants
that the Article is original, that it has not been published,
that the copyright interest is owned by the Author (or, if
more than one author is listed at the beginning of this
Agreement, by such authors collectively) and has not been
assigned, licensed, or otherwise transferred to any other
party. The Author represents and warrants that the
author{s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed at
the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will continue
to comply with all government, institutional and other

612542.6 For questions, please contact us at submissions@jove.com or +1.617.945.9051,
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regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by

institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations,
laws, procedures or guidelines, liabilities and other losses
or damages related in any way to the submission of work
to JoVE, making of videos by JoVE, or publication in JoVE

the Author's relevant institutional review board.

il JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Authar's
institution. If more than one author is listed at the
beginning of this Agreement, JoVE may, in its sole
discretion, elect not take any action with respect to the
Article until such time as it has received complete,
executed Article and Video License Agreements from
each such author. JoVE reserves the right, in its absolute
and sole discretion and without giving any reason
therefore, to accept or decline any work submitted to
JoVE. JoVE and its employees, agents and independent
contractors shall have full, unfettered access to the
facilities of the Author or of the Author's institution as
necessary to make the Video, whether actually published
or not. JoVE has sole discretion as to the method of
making and publishing the Materials, including, without
limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, guality,
content and the like.

12. Indemnification. The Author agrees to
indemnify JoVE and/or its successors and assigns from
and against any and all claims, costs, and expenses,
including attorney’s fees, arising out of any breach of any
warranty or other representations contained herein. The
Author further agrees to indemnify and hold harmless
JoVE from and against any and all claims, costs, and
expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of
violation of intellectual property rights, damage to the
Author's or the Author's institution’s facilities, fraud,
libel, defamation, research, equipment, experiments,
property damage, personal Injury, violations of

or elsewhere by JoVE. The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused
by lack of sterilization, lack of cleanliness or by
contamination due to the making of a video by JoVE its
employees, agents or independent contractars. All
sterilization, cleanliness or decontamination procedures
shall be solely the responsibility of the Author and shall
be undertaken at the Author's expense. All
indemnifications provided herein shall include JoVE's
attorney’'s fees and costs related to said losses or
damages. Such indemnification and holding harmless
shall include such losses or damages incurred by, or in
connection with, acts or omissions of JoVE, its
employees, agents or independent contractors. 13. Fees,
To cover the cost incurred for publication, JoVE must
receive payment before production and publication of
the Materials. Payment is due in 21 days of invoice.
Should the Materials not be published due to an editorial
or praduction decision, these funds will be returned to
the Author. Withdrawal by the Author of any submitted
Materials after final peer review approval will result in a
U551,200 fee to cover pre-production expenses incurred
by JoVE. If payment is not received by the completion of
filming, production and publication of the Materials will
be suspendad until payment is received. 14, Transfer,
Governing Law. This Agreement may be assigned by loVE
and shall inure to the benefits of any of JoVE's successors
and assignees. This Agreement shall be governed and
construed by the internal laws of the Commonwealth of
Massachusetts without giving effect to any conflict of law
provision thereunder. This Agreement may be executed
in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me
one and the same agreement. A signed copy of this
Agreement delivered by facsimile, e-mail or other means
of electronic transmission shall be deemed to have the
same legal effect as delivery of an original signed copy of
this Agreement,

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission.

CORRESPONDING AUTHOR
Name;
Kristin S. Miller
Department: . . .
Biomedical Engineering
Institution:
! Tulane University
Title:

Assistant Professor
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Editorial comments

General:
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that
there are no spelling or grammar issues.

Thank you for your feedback. We have revised and thoroughly proofread the manuscript.

2. JoVE cannot publish manuscripts containing commercial language. This
includes trademark symbols (™), registered symbols (®), and company names
before an instrument or reagent. Please limit the use of commercial language from
your manuscript and use generic terms instead. All commercial products should
be sufficiently referenced in the Table of Materials and Reagents.

For example: Excel, Nikon Eclipse, Myoview, Vevo2100

Thank you, the following changes have been made throughout the text to prevent any
commercial product names.

“Excel” is now changed to “spreadsheet”

“Nikon Eclipse” was deleted

“Myoview,” is now referenced as “computer program”
“Vevo2100” is now termed “ultrasound system”

Protocol:
1. Please split up Protocol steps so that individual steps contain only 2-3 actions and a
maximum of 4 sentences.
Thank you. The steps have either been revised or broken down into subsequent steps in
order to comply with the 4-sentence maximum.

2. Being a video based journal, JoVE authors must be very specific when it comes to the
humane treatment of animals. Regarding animal treatment in the protocol, please add the
following information to the text:

a) Please include an ethics statement before all of the numbered protocol steps
indicating that the protocol follows the animal care guidelines of your institution.

The requested ethics statement was added to section 1.1. of the protocol.

“1.1. Nulliparous 4-6 months female C57BL6J mice (29.4 + 6.8 grams) at estrus were
used for this study. All procedures were approved by the Institute Animal Care and Use
Committee at Tulane University. After delivery, the mice were acclimated for one week
before euthanasia and were housed under standard conditions (12-hour light/dark
cycles).

b) Please specify the euthanasia method.
Thank you — we have clarified the euthanasia method. A hypoxic environment effects a

variety of molecular mechanisms, which alter the smooth muscle tone in the female
reproductive system'?. Further, anesthesia effects intracellular calcium concentrations,

L]
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inhibiting smooth muscle contractility®. Therefore, guillotine without anesthesia was
selected for basal tone testing. This method of euthanasia is accepted to study smooth
muscle function 7 Section 1.4. has been added to convey this message to the audience.
If only passive testing is performed, then euthanizing using carbon dioxide inhalation is
acceptable.

“1.4. Mice undergoing basal tone testing are euthanized via guillotine. Mice
tested only under the passive conditions are euthanized using carbon dioxide
(CO2) inhalation. The guillotine serves to preserve the function of smooth muscle
cells of the reproductive tract, as the CO2 gas alters the contractile properties of
the smooth muscle cells'”. It is imperative to perform the dissection within 30
minutes to minimize the chance of cell apoptosis.

c) Please do not highlight any steps describing euthanasia

The protocol was modified as requested. The highlighted portions now contain key steps
to the dissection, the cannulation steps, and the mechanical testing process.

3. For each protocol step/substep, please ensure you answer the “how” question, i.e.,
how is the step performed? Alternatively, add references to published material
specifying how to perform the protocol action. If revisions cause a step to have more
than 2-3 actions and 4 sentences per step, please split into separate steps or substeps.

Thank you for the comment. We have modified the manuscript to address this.
Examples:

5.5. Finding the experimental in vivo stretch: Adjust the organ to be at the estimated in
vivo length while at the unloaded pressure and press “start.” Assess pressure vs force
values for pressure values ranging from the unloaded pressure to the maximum

pressure (Table 1). Press the “stop” button in the computer program and save the file.

6.13. Calculate the unloaded thickness from ultrasound images B-mode image: Using an
imaging software, draw a line to denote the penetration depth. Set the scale and then
enter the length of the line (i.e. 2000 um as shown in Figure 6B and 6D).

References:

1. Please ensure that the references appear as the following: [Lasthame, F.I., LastName,
F.l., LastName, F.I. Article Title. Source. Volume (Issue), FirstPage — LastPage (YEAR).]
For more than 6 authors, list only the first author then et al.

The references have been modified and re-ordered. Example citations are included
below.

1 [Capone, D., et al. Evaluating Residual Strain Throughout the Murine Female
Reproductive System. Journal of Biomechanics. 82 299-306, (2019).]



2 [Danforth, D., The fibrous nature of the human cervix, and its relation to the
isthmic segment in gravid and nongravid uteri. American Journal of Obstetrics
and Gynecology. 53 (4), 541-560 (1947).]

3 [Hughesdon, P., The fiboromuscular structure of the cervix and its changes during
pregnancy and labouor. Journal of Obstetrics and Gynecology of the British
Commonwealth. 59 763-776 (1952).]

4 [Bryman, I., Norstrom, A. & Lindblo, B. Influence of neurohypophyseal hormones
on human cervical smooth muscle cell contractility in vitro. Obstetrics and
Gynecology. 75 (2), 240-243 (1990).]

Table of Materials:

1. Please ensure the Table of Materials has information on all materials and equipment
used, especially those mentioned in the Protocol
Thank you—the table has been modified.



Name of Material/
Equipment

Student Dumont
#5 Forceps
Dumont SS

Forceps
Dumont #5/45
Forceps
4-0 Suture
6-0 Suture

Instrument Cases

Student Vannas

Spring Scissors

Wagner Scissors

Force Transducer -
110P
Pressure
Transducer

Nacl

Kcl

MgCl2-6H20
KH2PO4
Na2HPO4 (dibasic
anhydrous)
MgS04-7H20
CaCl2 (anhydrous)

NaHCO3

Company

Fine Science Tools

Fine Science Tools

Fine Science Tools

Fine Science Tools
Fine Science Tools
Fine Science Tools

Fine Science Tools

Fine Science Tools

Danish MyoTechnologies

Danish MyoTechnologies

VWR

Fisher Chemical

VWR
G-Biosciences

VWR

VWR
VWR

VWR

Catalog Number

91150-20

11203-25

11251-35

18020-40
18020-60
20830-00

91500-09

14069-12

100079

100106

97061-274

97061-566

BDH9244-500G
71003-454

97061-588

97062-134
97062-590

97062-460

Comments/Description

straight forceps

straight forceps

curved forceps

smaller suture ties
larger suture ties
casing to hold dissection tools

micro-scissors
larger scissors

force transducer

pressure tra nsducer

HBSS concentration: 8000 mg/mL
KRB concentration: 70.1 g/L

HBSS concentration: 400 mg/ mL
KRB concentration: 3.5 g/L
HBSS concentration: 100 mg/ mL
HBSS concentration: 60 mg/ mL
HBSS concentration: 48 mg/mL
KRB concentration: 1.44 g/L
HBSS concentration: 48 mg/ mL
HBSS concentration: 140 mg/ mL
HBSS concentration: 350 mg/ mL
KRB concentration: 21.0 g/L



Dextrose (D- HBSS concentration: 1000 mg/mL

VWR 101172-434
glucose) KRB concentration: 19.8 g/L
MgcCl2 VWR 97064-150
g KRB concentration: 1.14 g/L
CaCl2-2H20 Fischer chemical BDH9224-1KG :
KRB concentration: 3.68 g/L
Eclipse Nikon E200 microscope used for imaging
VEV02100 FujiFilm Visual Sonics VS-20035 ultrasound used for imaging
Ultrasound e . ! ultrasound transducer used; 256
FujiFilm Visual Sonics LZ-550
transducer elements, 40 MHz center frequency
Flow meter Danish MyoTechnologies 161FM flow meter within the testing apparatus
Pressure myograph system:
Pressure myograph
yograp Danish MyoTechnologies = 110P and 120CP prorgram, cannulation device,
systems .
and controller unit
Mircosoft excel Microsoft 6278402 program used for spreadsheet
Reviewer 1

Manuscript Summary:

This provides a nice description of a biaxial protocol for testing of the murine cervix and vagina.
While the methods are somewhat specific to the use of technologies that will not be available in
most labs, the details of the protocol are generalizable to protocols that utilize other
technologies to accomplish similar measurements. Thus, the work is considered worthy of
publication and a valuable contribution to the literature.

Major Concerns:
None

Minor Concerns:

1. Section 2. Could the authors comments on the time of dissection to maintain viability
of the tissue and method of euthanasia?

Thank you for bringing this to our attention for this is a key component of the experiment.
To maintain viability of the cells in the tissue, the organs must be dissected within 30
minutes postmortem. (With training, the reproductive system can be dissected within 15
minutes. A hypoxic environment effects a variety of molecular mechanisms, which alter
the smooth muscle tone in the female reproductive system.>? Further, anesthesia effects
intracellular calcium concentrations, which inhibits smooth muscle contractility.®
Therefore, guillotine without anesthesia was selected for basal tone testing. This method
of euthanasia is accepted to study smooth muscle function. +7 The text is revised to
include the euthanasia method for each testing component and the factor of time when
completing a basal tone test.

“1.4. Mice undergoing basal tone testing are euthanized via guillotine. Mice
tested only under the passive conditions are euthanized using carbon dioxide
(CO2) inhalation. The guillotine preserves the function of smooth muscle cells of
the reproductive tract, as the CO2 gas alters the contractile properties of the



smooth muscle cells'”’. It is imperative to perform the dissection within 30
minutes to minimize cell apoptosis.”

2. Section 2.8: perhaps say "post-explant length" here to keep consistent with the rest of
the text. It would also be nice to refer to section 5 where this calculation in made.
Thank you for these suggestions. The text has been changed to post-explant length and
section 5 is now referenced.

“2.9. Cut the uterine horns immediately inferior to the ovaries. Note that the
organs will retract from the post explant length as the connective tissue is
removed and the organ recoils. Place the dissected reproductive organs in a petri
dish filled with 4°C HBSS. This change in length will be used in for calculating the
estimated in vivo length (section 5).”

3. Line 223: word "stretch" is missing after "in vivo". The latter should also be in italics.

Thank you for catching this oversight. The correction is made to read “Adjust the organ
to -2% in vivo length and press “start.” The term length was used in this passage to
remain consistent with the text.

4. 6.13: Why not use an edge detection algorithm?

Thank you for thoughtful question. This was initially attempted, where the inner and
outer diameter was traced and the edges between the 2 boundaries were detected. This
worked well on vaginal cross section taken under a microscope, however, failed to work
for the ultrasound images. Troubleshooting demonstrated the custom code was sensitive
to the pixel value. For example, the tissue was generally a white color and if a black
mark was made across the cross section the algorithm failed. Therefore, it was
hypothesized since the ultrasound images are commonly pixelated with various pixel
values the code had a difficult time extrapolating between the two points. Therefore, the
same principle was applied and performed manually in ImageJ multiple times to
minimize variability. This, however, can be further investigated to permit edge detection.
Images added for reference.
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5. Representative Results: It would be nice for the authors to provide the tangent moduli
that were calculated.
Thank you for this suggestion. The requested data may now be found in Table 2.

Vagina Cervix

Basal
Circumferential
(kPa) 127.94 188

Basal
Axial (kPa) 56.8 75.44

Passive
Circumferential
(kPa) 246.03 61.26

Passive
Axial (kPa) 112.74 19.26
Table 2: The representative results for the physiologic pressure measured within the vagina and

cervix. Pressure was taken during both basal and passive conditions as well as for both
circumferential and axial directions. All measurements provided are in units of kPa.
Reviewer 2

Major Concerns:

1. It is not clear how the authors distinguish between the cervix and vagina - It would be
helpful is the authors included a description of how the cervix and vagina were excised
from the rest of the reproductive tract in section 2.



Thank you for bringing this concern to us. The manuscript is now revised to have section
2.6. devoted to identifying the distinct differences between the cervix and vagina to
appropriately separate them. Additionally, Figure 1 now serves as a diagram of the main
reproductive organs with averaged in vivo lengths, which was measured by ImageJ
technology.

“2.6. Identify the reproductive system: The uterine horns bifurcate from the cervix.
The cervix can be identified from the vagina due to differences in geometry and
stiffness. The outer dimeter of the cervix is smaller than the vagina. The cervix is
stiffer than the vagina and feels similar to that of a bead.”

Uterine -.
horns*

\

*‘— Cervnx

+——— Vagina f

Vaginal 'y

introitus

The mouse dissection for the reproductive organs: both uterine horns, cervix,
vagina and vaginal introitus (A). In the figure, the bladder and urethra are
removed from the anterior of the vagina. The intestines and abdominal muscles
have been reflected superiorly. The average in vivo lengths for the uterine horns,
cervix, and vagina were calculated using ImageJ technology (B).

2. Section 5: | found this section to be confusing. In particular, there are multiple
measurements of unloaded geometry and in vivo geometry mentioned throughout this
section. An overview of the protocol would be nice at the beginning. For example, there
are many places in which unloaded geometry is estimated/measured/re-evaluated.
Unloaded geometry is very important, but as presented here, it's not clear what the "real
unloaded geometry is, or which measurements are used for the calculations in Section 8.

Thank you for your comments. We have revised section 5 per the reviewer’'s comments
and the measurement of unloaded geometry has been clarified. Additionally, we have
added lines in sections 5.9, 5.11, 5.14, and 5.18 that detail which measurements are
used for calculations.

“5.9. Re-evaluate the unloaded geometry: Set the organ to the in vivo length and
the pressure to the unloaded pressure. Decrease the axial length towards the
estimated unloaded length at a rate of 10 um/s until there is minimal change in
the force. This corresponding length is known as the unloaded length, where the



organ is not in tension nor compression. Before zeroing the force, record the
unloaded length, outer diameter, and the force value.

NOTE: The prior unloaded geometry was determined by visual cues, which is
purely qualitative. A re-evaluation is necessary for a quantitative method and to
take into account the possible plastic deformations and changes in length that
may occur during preconditioning. This geometry will be used in section 8.”

“5.11 Ultrasound Imaging: Identify the cannula near the force transducer and
adjust the stage of the microscope to image along the length of the tissue.
Throughout the testing process, the middle region along the length is tracked
(Figure 5A and 5C). Following imaging, review the image “Cine store” loop that
consists of a series of B-mode frames and identify the frame with the largest
outer diameter. The thickness calculations made will be used in section 8.”

“5.14. Pressure diameter testing (+2% in vivo length): Adjust the organ so that is
it +2% in vivo length, set the pressure to 0 mmHg, and gradient to 1.5 mmHg/s.
Increase the pressure from 0 mmHg to the maximum pressure and then back
down to 0 mmHg with a 20 second hold period. Repeat this for 5 cycles. The
pressure data from all three lengths will be used in section 8.”

“5.18. Force-length testing (maximum pressure + UP): Set the pressure to the
maximum pressure + UP and adjust the organ to -2% the in vivo length. At a rate
of 10 um/s stretch the organ to +2% of the in vivo length and back to -2% the in
vivo length. After repeating for a total of 3 cycles, save the data. All force data
will be used in section 8.”

Within the manuscript, UP is defined as unloaded pressure.

Minor Concerns:

1. Please specify if the mice were nulliparous (virgin).

Thank you for bringing this detail to our attention. The animals used in this study were
nulliparous. A section (1.1) has been added to included information on age, strain,
weight, and parity.

“Nulliparous 4-6 months female C57BL6J mice (29.4 + 6.8 grams) at estrus were
used for this study. All procedures were approved by the Institute Animal Care
and Use Committee at Tulane University. After delivery, the mice acclimated for
one week before euthanasia and were housed under standard conditions (12-
hour light/dark cycles).”

2. Please define vagina introitus in Figure 1
Thank you for the suggestion. Figure 1 now contains arrows and labels for the uterine horns,
cervix, vagina, and vagina introitus.
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The mouse dissection for the reproductive organs: both uterine horns, cervix, vagina and

vaginal introitus (A). In the figure, the bladder and urethra are removed from the anterior of the
vagina. The intestines and abdominal muscles have been reflected superiorly. The average in
vivo lengths for the uterine horns, cervix, and vagina were calculated using ImageJ technology

(B).

3. Section 3.2/3.3: A picture of how the sutures were tied down during the cannulation
would be nice
Thank you for this suggestion. The figure has been added and is now Figure 3 within the
text. Attached is the figure and corresponding figure caption.

A) Vagina

] (e
/ \

External os end Uterine end

ix \
=

Figure 3: Cannulation Method for Vagina and Cervix

Due to the varying geometry and thickness of the reproductive organs, they are most
effectively cannulated in distinct manners. For the vagina, place two sutures in an “X”
fashion with a third directly in the intersection of the “X”. When cannulating the cervix,
place 3 horizontal sutures on the uterine end and 4 sutures on the external os.



4. Basal tone testing - please introduce in more detail towards the beginning of the
manuscript. This is type of testing is not common in the reproductive biomechanics field.
Details on what exactly basal tone mechanical testing measures would be helpful.

Thank you for this suggestion. An additional paragraph concerning the details of basal testing
and how this differs from passive testing has been added to the introduction.

“The protocol is divided into two main mechanical testing sections: basal tone
and passive testing. Basal tone is defined as the baseline partial constriction of
smooth muscle cells, even in the absences of external local, hormonal, and
neural stimulation® . This baseline contractile nature of the vagina and cervix
yields characteristic mechanical behaviors which are then measured by the
pressure myograph system. The passive properties are assessed by removing
the intracellular calcium that maintains the baseline state of contraction resulting
in relaxation of the smooth muscle cells. In the passive state collagen and elastin
fibers provide the dominant contributions for the mechanical characteristics of the
organs.”

Additionally, two paragraphs that describe the composition of the vaginal wall, in terms of the
smooth muscle cell distribution and organization were added to the beginning.

“The vaginal wall is composed of four layers, the epithelium, lamina propria,
muscularis, and adventitia. The epithelium is primarily composed of epithelial cells.
The lamina propria has a large amount of elastic and fibrillar collagen fibers. The
muscularis is also composed of elastin and collagen fibers but has an increased
amount of smooth muscle cells. The adventitia is comprised of elastin, collagen, and
fibroblasts, albeit in less concentrations as the previous layers. The smooth muscle
cells are of interest to biomechanically motivated research groups as they play a role
in the contractile nature of the organs®*!. As such, quantifying the smooth muscle cell
area fraction and organization is key to understanding the mechanical function.
Previous investigations suggest that the smooth muscle content within the vaginal
wall is primarily organized in the circumferential and longitudinal axis®1213,
Histological analysis suggests that the smooth muscle area fraction is approximately
35% for both the proximal and distal sections of the wall'4.

The cervix is a highly collagenous structure, that until recently, was thought to have
minimal smooth muscle cell content 1516, Recent studies, however, suggest that
smooth muscle cells may have a greater abundance, and role, in the cervix!”18, The
cervix exhibits a gradient of smooth muscle cells; the internal os contains 50-60%
smooth muscle cells where the external os only contains 10%?°. Mouse studies,
however, report the cervix to be composed of 10-15% smooth muscle cells and 85-
90% fibrous connective tissue with no mention of regional differences!®?!. Given that
the mouse model differs from the frequently reported human model, further
investigations concerning the mouse cervix are needed.”

5. Section 5.4, line 202: How is in vivo pressure defined? Please reference Table 1



Thank you for the suggestion of referencing Table 1 in the script. The in vivo pressure
used in this study is defined as the physiologic pressure that is normally experienced
inside the lumen of the respective organs within the body. For both organs,
catheterization was performed on C57BL6 mice under anesthesia (4% isoflurane in
100% oxygen) to obtain the unloaded pressure values reported within the manuscript.
The use of a balloon catheter to measure the pressure inside of the vagina is reported
on the rat and rabbit model 2223, For measuring the cervical pressure, a 2F catheter was
utilized. Further, a pilot study being conducted within our lab group is investigating the
physiologic pressure of the cervix. We have estimated the cervical physiologic pressure
to be 10 mmHg (2 mmHg). As this is a pilot study, further studies should investigate
the physiologic pressure experienced by the cervix. This is addressed later in the
document as being a limitation and as a direction for the field to take in the future.

Additionally, the description for Table 1 has been expanded to include this information.

“Table 1. Summary of Information for Scaling the Mechanical Testing Methods
for Each Organ. The unloaded pressure values were measured using
catherization techniques under anesthesia (4% isoflurane in 100% oxygen). A
balloon catheter was utilized for the vaginal measurements and a 2F catheter for
the cervix.”

5. Section 5.5, line 206 please specify measured vs. estimated stretch.

Thank you for catching this generalization. To minimize the confusion the title of the
paragraph was been adjusted to “Finding the experimental in vivo stretch”. The in vivo
stretch was experimentally estimated by measuring the force values with the force
transducer. Additionally, a note is now at the end of section 5.5 explaining that the
difference between measured stretch and estimated stretch values. Estimated stretch is
the theoretical recoil while the experimental stretch value is measured by the
investigator.

5.5. Finding the experimental in vivo stretch: Adjust the organ to be at the estimated in
vivo length while at the unloaded pressure and press “start.” Assess pressure vs force
values for pressure values ranging from the unloaded pressure to the maximum
pressure (Table 1). Press the “stop” button in the computer program and save the file.

NOTE: The measured stretch value is calculated in situ. This is accompanied by the limitation
that it can only be measured after disarticulating the pubic symphysis. As a result, the natural
tethering is lost, which may modify the length. The theoretical stretch, however, is based on the
previously introduced theory that the organ will experience minimal changes in force when
exposed to physiologic pressures to conserve energy?*. In the protocol, the measured in vivo
stretch will be the stretch value calculated using the experimentally identified length
wherein there is minimal change in force when exposed to a physiologic range of
pressures.

6. Section 5.5, line 208: Please reference table for determining maximum pressure.

Thank you for the suggestion. The reference was added.



“5.5. Finding the experimental in vivo stretch: Adjust the organ to be at the
estimated in vivo length while at the unloaded pressure and press “start.” Assess
pressure vs force values for pressure values ranging from the unloaded pressure
to the maximum pressure (Table 1). Press the “stop” button in the computer
program and save the file.

7. How is the pressure-diameter pre-conditioning different between 5.4 and 5.6?

Thank you for the great question. In our experience, it is imperative to precondition the
organs before identifying the corrected in vivo stretch in order to obtain consistent and
repeatable force values. The first pressure-diameter pre-conditioning (5.4) is completed
prior to finding the experimental in vivo stretch. Often, the in vivo stretch is initially
underestimated since it is determined from measurements on organ recoil taken during
dissection after disarticulating the pubic symphysis. The second round of pressure-
diameter pre-conditioning (5.6) is performed after the experimental in vivo stretch is
determined. Thus, we repeat the preconditioning protocol to ensure that hysteresis is
minimized following the additional axial extension in order to ensure that results are
consistent, repeatable, and mathematically interpretable.

The text was modified to include a note following section 5.6.

“NOTE: 5.4 is imperative in order to achieve a consistent and repeatable axial
force reading with increasing pressure. This step aids in finding the correct in
vivo stretch, which is often underestimated based on visual cues. 5.6 serves to
minimize hysteresis and to achieve a consistent, repeatable, mathematically
interpretable response of the organ following the potential increase in axial
deformation.”

8. Line 222: what is P1 and P2?

Thank you for asking this question. P1 and P2 are within the program interface and sets
the inlet (P1) and outlet pressure (P2) of the pressure myograph. The text has been
modified to better reflect the inlet and outlet pressures of the protocol. The inlet and
outlet pressure correspond to the inlet and outlet flow of the myograph system. The
figure caption for Figure 4 is now revised to include this definition.
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“The setup of the DMT device utilized for both basal and passive testing. The
DMT is composed of three main hubs: the stage (A), controller unit (B), and flow
meter (C). Within the controller unit, there is a reservoir bottle and a waste bottle.
The reservoir bottle is initially filled with fluid that empties as the experiment is
carried out. The waste bottle, which is initially empty, obtains the fluid that runs
through the experiment. The controller unit interfaces with the DMT software on
the computer and controls the pressure, temperature, and flow. The controller
unit reads the outputs from the force and pressure transducers within the stage
through a VGA interface cable. The stage component of the system contains an
inlet and outlet flow of the system. The inlet and outlet flow have corresponding
inlet and outlet pressures measured by the system.”

9. Section 6: How long was the tissue equilibrated after being frozen?

Thank you for your question. If an organ is being used for passive testing and was
previously frozen, the organ is given a thirty-minute equilibration period at room
temperature before being cannulated. A statement addressing this question is now
added to the existing note in between section heading 6 and section 6.1.

“6. Passive Mechanical testing

NOTE: If starting with passive testing start at step 1. If basal tone testing was
performed prior to passive start at step 6. If the organ was frozen, allow a 30-
minute equilibration period at room temperature before cannulating the organ.”

10. Section 7: Is the opening angle measurements used in the analysis in section 8?
What are some of the representative results from this test?



Opening angle measurements are not used in the measurements calculated in the
previous section 8. Opening angle measures the residual strain, or the strain the organ
experiences when all external loads are removed?®, and is a helpful tool for accurate 3D
mathematical models!*. Further, opening angle experiments may be used to measure
the unloaded thickness in the event ultrasound is not available?’. After careful
consideration, the text portions concerning opening angle measurements were removed
to improve clarity.

11. 6.4: What is the suggested rate for preconditioning?

The rate is 1.5 mmHg/s for the passive testing pressure-diameter testing. 1.5 mmHg/s
was previously used in literature to minimize rapid pressurization to the smooth muscle
cells?®. The text was revised to include this.

“6.4. Pressure diameter pre-conditioning: After pressing “start”, set the pressure
set to 0 mmHg, the length as the estimated in vivo length, and gradient to 1.5
mmHg/s?®. Begin running a sequence that takes the pressure from 0 mmHg to
the maximum pressure and back to 0 mmHg. This process should be repeated
through 5 cycles with a 30 second hold time.”

12. In section 8, please specify where the unloaded geometry measurements are coming
from. What is the difference between the unloaded radius, RO and r0? At which steps
were RO and rO determined?

Thank you for the comment.

The unloaded dimensions consist of the unloaded thickness, radius, and length. The
unloaded thickness is calculated from the ultrasound images while at the unloaded
length and unloaded pressure (Fig 5). The unloaded length is measured with digital
calipers from suture to suture. The unloaded diameter is measured via the microscope,
camera, and software (Fig 5) followed by calculation of the radius. The manuscript is
updated with these details.

“8.6. Find the unloaded volume of the organ (V). Equation 1 can be utilized to find
V, given that R? is the unloaded outer radius measured by the microscope, L is
the unloaded length, and H is the unloaded thickness as quantified by the
ultrasound. The assumption of incompressibility is leveraged, meaning that it is
assumed that the organ conserves volume while subjected to deformations.

NOTE: “The unloaded length is measured with calipers from suture to suture.
The unloaded diameter is measured via the microscope, camera, and software
followed by calculation of the radius (Figure 4). The unloaded thickness is
calculated from the ultrasound images (Figure 5).”

a) RO is the outer diameter in the original, unloaded configuration unloaded radius,
which is defined as no external loads being applied to the organ/tissue. r0 is the



deformed outer radius once exposed to externally applied loads, such as pressure or
axial extension.

b) RO is determined in step 5.9 (basal testing) and 6.9 (passive testing). r0 is
determined during real-time pressure-diameter and force-length testing. Within the
computer program interface, there is a component dedicated to tracking the outer
diameter of the organ being tested. The outer radius may then be extracted from the
tracked outer diameter.

11. Line 622: Reference 45 did not test murine cervical tissue.
Thank you for catching that mistake. The sentence using the citation was framing the
use of catheter studies within the reproductive system. The reference tested uterine
tissue but as this paper is concerned with the vagina and cervix, this may be confusing.
The paper and related references were adjusted to reflect only studies in the uterus,
vagina, and cervix. Models include the mouse, rabbits and humans?22%-32,

“Pressure catherization is a method used previously to monitor the in vivo
conditions within the vagina, cervix, and uterus??2°-32, Models in the previous
studies range from mice, rabbits, and humans. Herein, we leverage the methods
introduced in these studies to quantify pressure in the mouse cervix and
vagina?°32.”

12. Discussion: Did the authors measure real-time changes in thickness? If so, can they
calculate how the tissue volume changes and suggest whether or not the
incompressibility assumption is valid?

Thank you for this insightful comment. Within this study the authors did not measure
real-time changes in thickness. Thickness was solely measured at the unloaded
configuration, as motivated by prior studies that demonstrate nonpregnant murine tissue
exhibits minimal changes in volume during osmotic loading®. Additionally, several
additional studies have operated under the same assumption®¢, The authors, however,
are performing a pilot study with the ultrasound system to measure real-time changes in
thickness with pressurization to determine if the incompressibility assumption is valid.
Initial results may be found below (n=2) which did not identify statistically significant
differences in volume over a range of pressures. We are happy to include this pilot study
in the manuscript at the editor’s and reviewer’s discretion.
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Ultrasound imaging was performed with a 40MHz transducer on vaginal tissue (n=2) at
the unloaded configuration (A) and the in vivo stretch (physiological length) at 0 B), 5
(C),7 (D), 10 (E), and 15 (F) mmHg with basal tone. The calculated volume is reported
as a function of loading (G). A one-way ANOVA with Tukey post hoc revealed no
significant differences in volume with loading. Data reported as mean +/- standard error
of mean. Additional analysis, including an increase in sample size, is needed to validate
if the tissue is nearly incompressible.



The discussion portion is modified to address this limitation and possible future
directions.

“A second limitation is assuming the organs are incompressible. Within this study,
thickness was solely measured at the unloaded configuration, as motivated by prior
studies that demonstrate nonpregnant murine tissue exhibits minimal changes in volume
during osmotic loading®. Furthermore, additional studies have operated under the
same assumption of incompressibility34%61, |deally, ultrasound would be performed for
the entirety of the experiment in order to remove the incompressibility assumption and

i

to better inform finite element models”.

Reviewer 3

1. Section 1.1. 1 don't have any experience in determining estrous cycle and have a few
clarification questions. Are the female murine genitals readily visible or does
visualization require positioning the mouse in a specific orientation? The descriptions of
the genitals in different stages is qualitative...is it difficult to determine stage of the cycle
or are the described changes quite obvious?

Thank you for your questions. The external murine genitals are visible after lifting up the
animal’s tail. The stage of the estrous cycle is not difficult to determine, as the swelling
and redness is quite distinct with each stage. Though, guides are available if an
investigator was interested in training. Such references show examples of how mice
strains appear at each estrous timepoint?337:38

Additionally, some references aim to compare alternatives such as vaginal cytology®’.
Vaginal cytology is a way to observe the morphology of cells at different time points®. As
the epithelium is responsive to sex steroids, the cells undergo predictable changes for
each timepoint in the estrous cycle. For example, the rising estrogen levels cause the
vaginal epithelium to become large and flat while having small to absent nuclei®”4041,
There is a guide that was made by the Jackson lab that serve as an aid for determining
the stage of estrous that make the stages quite distinct from the others. The guide has
been inserted below and refenced in the text for visual cues. Vaginal cytology is
regarded as the most accurate method for identifying the stage of estrous*2.

The text is revised to include additional references and resources for training staff to
determine and monitor estrous cycle.



“1.2. Determine the estrous cycle: The estrous cycle was monitored by visual
assessment in accordance to previous studies®#! and can be divided into four stages:
proestrus, estrus, metestrus, and diestrus. During the proestrus phase the genitals are
swollen, pink, moist, and wrinkled. Similarly, the estrus phase is wrinkly but less swollen,
pink, and moist. Metestrus and diestrus are both reported as exhibiting no swelling and
wrinkling, lacking in a pink hue, and dry*243,

1.3. Perform experiment at estrus: All mechanical tests were performed while the mice
were at estrus, as this is the easiest to visualize and provides a consistent and
repeatable timepoint.”

2. Section 1.1. You should probably mention that the animal is sacrificed (at estrus)
before proceeding with the subsequent work. Otherwise, the beginning of 2.1 is not clear
if you are describing alive or dead animal.

Thank you for your feedback. That is a very good point and the change is made to
section 1.1.

“1.1. Nulliparous 4-6 months female C57BL6J mice (29.4 £ 6.8 grams) at estrus were
used for this study. All procedures were approved by the Institute Animal Care and Use
Committee at Tulane University. After delivery, the mice acclimated for one week before
euthanasia and were housed under standard conditions (12-hour light/dark cycles).”

3. Sections 2.6-2.7. Is it necessary to keep the tissues moist with HBSS during these
dissection steps? It seems as though these tissues would dry out rather quickly if not
monitored and hydrated.

We agree that this was a concern when handling soft biological tissues. If the tissue is
dissected within 30 minutes, we have observed that the organs maintain their moisture
content. A longer dissection time, however, may result in the tissue drying out. We have
added in a note of having optional HBSS in a syringe that could then be used to add
moisture to the tissue during dissection — which may be necessary for researchers in the
initial stages of dissection training.

“NOTE: In order to ensure that the organs remain moist during the dissection, a
syringe filled with 4°C HBSS may be used to add moisture to the organs.”

4. Section 2.8. Is the HBSS at room temperature or does it need to be maintained
at body temperature?

Thank you for your question. At this stage of the experiment the HBSS is at 4°C. At this
temperature, the solution pH is at 7.4 which is important for maintaining the viability of
the smooth muscle cells. Once the organ has been cannulated, and the myograph
system powered on, the media is replaced with body temperature KRB solution. The
change in media is to preserve the pH of the organ. As the stage is not connected to the



system during the cannulation process, the colder HBSS is needed. Section 2.9 is
revised to include a statement on this.

“2.9. Cut the uterine horns immediately inferior to the ovaries. Note that the
organs will retract from the post explant length as the connective tissue is
removed and the organ recoils. Place the dissected reproductive organs in a petri
dish filled with 4°C HBSS. This change in length can be used in for calculating
the estimated in vivo length (section 5).

NOTE: We have identified that using HBSS at this temperature during the dissection
and cannulation does not affect the smooth muscle cell viability. Maintaining a pH of 7.4,
however, is imperative for maintaining the viability of the smooth muscle cells. At this
temperature the HBSS has a pH level of 7.4. “

5. Section 2.9. The sentence starting with "Noting that..." is not a complete sentence.
Thank you, the sentence has been corrected.

“Note that the organs will retract from the post explant length as the connective
tissue is removed and the organ recoils.”

6. Section 3.1. The instructions are to "Determine the proper cannula size" but then the
two sizes are specified. Will these sizes work for any strain/age of mouse or does each
investigator actually need to "determine" the appropriate size as indicated? This is not
clear.

Thank you for your questions about the cannula size as this is a key step for having a
successful experiment. The specified sizes are the sizes used for a typical nulliparous 4-
6 months C57-BL/6 murine vagina and cervix. The authors have used the same cannula
size for nulliparous 4-6 months C57BL/6 x 129SvEv murine vagina. However, certain
circumstances, such as prolapse or pregnancy, may require a larger size cannula. In this
event the investigator would need to determine the size. Based on previous observations
for the laboratory group, the same cannula size may be used for nonparous mice aged
4-13 months. The manuscript has been adjusted to reflect possible considerations for
determining cannula size.

“3.1. Determine the proper cannula size for the organ type. In a typical C57BL6J
mouse, the vagina uses cannulas that are both 3.75 mm in diameter and riveted.
The cervix uses one cannula that is 3.75 mm for the vaginal end and a cannula
0.75 mm in diameter for the uterine end (Figure 2) The 0.75mm cannula is
smooth.

“‘NOTE: The diameter sizes denoted above are used for typical nulliparous 4-6
months C57-BL/6 mice, C57BL/6 x 129SvEv, and nonparous mice aged 4-6
months. However, certain circumstances, such as prolapse or pregnancy, may require a
larger size cannula.”



7. Section 3.3. The suturing process is not entirely clear. | suggest including a figure that
visually demonstrates the suturing technique.

Thank you for this suggestion. The figure has been created and is now Figure 3 within
the text. Attached is the figure and corresponding figure caption.

A) Vagina
External os end Uterine end

\ /

B) Cervix

Figure 3: Cannulation Method for Vagina and Cervix

Due to the varying geometry and thickness of the reproductive organs, they are most
effectively cannulated in distinct manners. For the vagina, place two sutures in an “X”
fashion with a third directly in the intersection of the “X”. When cannulating the cervix,
place 3 horizontal sutures on the uterine end and 4 sutures on the external os.

8. Section 5.1. There are several grammatical errors in this section, which made it a bit
difficult to understand fully. It's not clear what is meant by the "singular cuts"? What is
this and how are these performed?
Thank you for the grammar comment. To clarify, “singular cut” in this context denotes
one incision made in order to excise the cervix. Further, we have carefully revised this
section to make it clearer and more concise. Additionally, Figure 1 is revised to show the
clear sections between the vagina and cervix. Lines are drawn onto Figure 1B to show
where incisions would be made to excise the vagina or cervix.



“For the cervix, cut immediately below the ink dots that located above and below
the central cervix mark. This ensures a cervical in situ length of 6 mm?3>.”
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The mouse dissection for the reproductive organs: both uterine horns, cervix, vagina and

vaginal introitus (A). In the figure, the bladder and urethra are removed from the anterior of the
vagina. The intestines and abdominal muscles have been reflected superiorly. The average in
vivo lengths for the uterine horns, cervix, and vagina were calculated using ImageJ technology

(B).

The section in its entirety now reads, “5.1. Finding the unloaded geometry: Stretch the
organ so that the wall is not in tension. For the vagina, observe the grooves on the
vaginal wall. For the cervix, cut immediately below the ink dots that located above and
below the central cervix mark. This devises a repeatable method for a cervical in situ
length of 6 mm?3°. Measure the length from suture to suture with calipers.”

9. Section 5.7. Some of the text here could be cleaned up a bit (e.g., "below the in vivo"
length?).

We appreciate the specific examples and have adjusted for the manuscript. This section
has been reworded with primary changes of changing “ 2% below the in vivo” to “-2 of
the in vivo”

“5.7. Force-length pre-conditioning: Enter 1/3 max pressure + UP for both the
inlet and outlet pressure. Adjust the organ to -2% in vivo length and press “start.”
Adjust the length to +2% in vivo length then back down to -2% at 10 um/s.
Repeat axial extension for a total of 5 cycles. Press “stop” in the computer
program and save the file.”

UP is defined within the manuscript as unloaded pressure.

10. Section 5.10. It might be helpful to show an image of the custom 3D printed holder.



Thank you for this suggestion. Figure 6 now contains a panel (E) which shows the
3D printed holder. Attached is the updated Figure for reference.

A Antorolie

S

Vaginal Fornix

11. Section 5.14. Wording needs some editing (e.g., "Set the pressure to the pressure"?).

Thank you for bringing this to our attention, the section has been reworded to reflect that
the pressure is the unloaded pressure. Other phrases were adjusted.

“5.14. Pressure diameter testing (+2% in vivo length): Adjust the organ so that
it is +2% in vivo length, set the pressure to 0 mmHg, and gradient to 1.5 mmHg/s.
Increase the pressure from 0 mmHg to the maximum pressure and then back
down to 0 mmHg with a 20 second hold period. Repeat this for 5 cycles. The
pressure data from all three lengths will be used in section 8.”

12. General question. Why are some tests repeated for three cycles while others are
repeated for five cycles?

Thank you for this question. The number of cycles where selected based on the
minimum cycles needed to minimize hysteresis and Mullins effect for each test
(pressure-diameter and fore length). For pressure-diameter testing (-2%, in vivo, +2%) a
total of 5 cycles were needed to achieve a consistent and repeatable response.
However, for the force-length testing (nominal, 1/3, 2/3, maximum pressure) a total of 3
cycles were needed to achieve a consistent and repeatable response.

13. Section 6.9. "Unloaded" is misspelled.
Thank you for identifying this grammatical error. The error is corrected in the text.

14. Section 8.1. Should be "data were collected".



Thank you for identifying this grammatical error. The error is corrected in the text.

15. Section 8.6. The tissue can be assumed to be incompressible or the volume can be
assumed to be constant, but the volume can't be assumed to be incompressible.

Thank you for catching this. The manuscript has been adjusted to read that the organ is
assumed to be incompressible rather than the volume.

16. Section 9. | suggest moving the "Clean Up" section before the "Data Analysis"
section.

Thank you for this suggestion. The “Clean Up” section is now before the “Data Analysis”
section.

17. Discussion. Many sentences have grammatical errors or missing words (e.g., lines
595-596, line 600, line 604, line 607, line 626, line 628, line 629). | suggest careful
proofreading of the entire manuscript.

Thank you for the comment and the time you took to provide the specific examples. The
manuscript was edited.

18. Figure 1. Should include scale bar for this image.
Thank you for the comment—Figure 1 now contains a scale bare (1A).
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