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Abstract
Introduction: Women with preeclampsia (PE) and intrauterine growth restriction frequently demonstrate impaired uteroplacental blood flow (UPBF) and inadequate uterine vascular adaptation. Endothelial nitric oxide (NO) mediates arterial vasodilation and expansive remodeling of the maternal uterine vasculature to ensure normal UPBF during gestation. Shear stress secondary to hemochorial placentation, which reduces distal resistance, is the principal physiological stimulus for both NO and remodeling. Knockdown of Piezo1, a shear-stress sensitive cation channel, was shown to inhibit increases in endothelial nitric oxide synthase (eNOS) activity. Using two commonly used rat models of preeclampsia - reduced uteroplacental perfusion pressure (RUPP) model and the in vivo inhibition of nitric oxide synthase (L-NAME) model, we tested the hypothesis that Piezo1 expression and/or functionality is impaired in PE. 
Methods: The RUPP surgery was performed on time-pregnant Sprague-Dawley rats (12-14-week-old) at Day 10/22 of gestation (RUPP, n=6). Briefly, the abdominal aorta (below the renal arteries and above the aortic bifurcation) and the uterine arteries of both uterine horns were partially occluded with silver clips to reduce blood flow into the uterine circulation. Pregnant rats with sham surgery (without clips) served as controls (SHAM, n=5). To determine the effect of NOS on Piezo1 functionality in pregnancy, rats (n=6) were given L-NAME in drinking water (0.5 g/L) to inhibit NOS from Day 10 of gestation until euthanasia, with age-matched, normal pregnant rats as control (LP, n=7). Animals were euthanized at late pregnancy (day 20). Main uterine arteries (MUAs) were isolated, pressurized, and assessed in physiological conditions by pressure myography. The functionality of Piezo1 channels was evaluated by Yoda1 (10 and 20 µM), a chemical Piezo1 activator that mimics the effect of fluid shear stress on endothelial cells and induces vasodilation. Segments of MUAs from all groups were also collected for immunofluorescence (IF) staining and Western blot (WB) analysis.
Results: We found that the L-NAME treatment (p<0.0001) and the RUPP surgery (p<0.0001) significantly reduced Yoda1-induced MUA vasodilation, when compared to the normal pregnant or sham-operated rats. The IF experiments showed no significant difference in the Piezo1 or eNOS expression for both the LP vs. L-NAME models or the SHAM vs. RUPP models. However, the Western blot analysis revealed that Piezo1 expression was significantly reduced by ~50% in the MUAs from the RUPP animals (p=0.02).
Conclusion: Reduced Yoda1-induced MUA vasodilation in the RUPP and L-NAME treated animals, as well as decreased Piezo1 channel expression in the RUPP animals, indicated that Piezo1 functionality might be impaired by reduced UPBF and reduced NO in PE. These findings suggest that therapeutic interventions targeting Piezo1 signaling may be beneficial for treating PE.




Introduction
	Preeclampsia affects 5-8% of pregnancies globally (Armaly, et al., 2018) and leads to about 76,000 maternal and 500,000 fetal deaths every year worldwide (Khan, et al., 2006). Preeclampsia appears in women after 20 weeks of gestation and is characterized by newly-onset high blood pressure exceeding 140/90 mmHg, which is harmful not only for the pregnant woman but the growing fetus as well. Preeclampsia leads to other health issues, including proteinuria, which is a condition of the presence of greater than average amounts of protein in the urine (Bergstein, 1999). The disease can also lead to liver damage, renal failure, and cardiac dysfunction. In addition, neurological outcomes of preeclampsia include sympathetic overactivation and diminished baroreceptor reflex sensitivity (Logue, et al., 2016). There is no known cause of preeclampsia, which makes research on the disease even more essential. Preeclampsia is categorized into early and late-onset, which appears to have a more significant impact on the pathology (von Dadelszen, et al., 2003). Early-onset is classified as the symptoms appearing before 34 weeks and late-onset after 34 weeks. A significant difference has been found in the angiogenic factors present in women with early and late-onset preeclampsia (Masuyama, et al., 2010). Angiogenic factors, which regulate growth and restructuring, are important for the cardiovascular remodeling process in pregnancy. Therefore, the difference in these factors between early and late-onset has been found to be significant enough to suggest different pathology of these subtypes.

There are multiple pathways that have been thought to cause preeclampsia. A 2016 review summarized these causes as oxidative stress, a decrease in heme oxygenase, genetics, a decrease in angiotensin II type 1 receptor agonistic autoantibody (AT1-AA), or a decrease in NO (Phipps, et al., 2016). However, the specific cause is unknown. The 2016 review also mentions a decrease in catechol O-methyltransferase (COMT). COMT degrades catecholamines, which leads to a decrease in dopamine. The deletion of COMT causes a similar phenotype to preeclampsia (Palmer, et al., 2011). However, multiple studies, including one conducted in 2011, have found no significant differences in placental COMT in preeclamptic expression in their human preeclamptic versus healthy participants (Palmer, et al., 2011). Therefore, it is unlikely that a decrease in COMT would be the cause of preeclampsia. Another possible cause that has been looked at is AT1-AA, which has been found to be produced by preeclamptic women. The production of this antibody has been found to produce the hypertensive symptoms seen in preeclampsia (Cunningham, et al., 2018). A 2018 study specifically showed that inhibiting the AT1-AA using an epitope, the part of an antigen that the immune system recognizes, also reduced the hypertensive symptoms in preeclampsia. This research has shown another promising possibility into the cause of preeclampsia.

In pregnancy, hemochorial placentates such as humans, primates, and rodents, the placenta is structured as a chamber filled with fetal villi and the intervillous space perfused by maternal blood. This, together with the growth of the spiral arteries, results in greatly augmented uteroplacental blood flow (UPBF) that is slow but voluminous (low velocity, high throughput). An early study found that uterine arteries grow three-dimensionally in pregnant women, compared to those in nonpregnant women (Cipolla & Osol, 1994). However, if the remodeling of these uterine arteries is abnormal, it will lead to inadequate UPBF during pregnancy and adverse pregnancy outcomes. Gilbert and colleagues stated that uteroplacental ischemia, a reduction in blood flow, is believed to be one of the initiating events of preeclampsia in a 2008 review (Gilbert, et al., 2008). A surgical approach to restricting the uterine artery and the abdominal aorta has been used to reduce UPBF in different animal models, including baboons, rhesus monkeys, rats, rabbits, and dogs, and leads to hypertension, the significant indicator of preeclampsia (Gilbert, et al., 2008). Inadequate UPBF is one of the possible causes of preeclampsia. UPBF results in the inadequate fluid passage in the placenta and insufficient placental oxygen supply. Hence, maternal uterine vascular growth during pregnancy is essential to accommodate the drastic increase of UPBF, the growing needs of the fetus, and to ensure a healthy pregnancy outcome. It has been shown that shear stress is a physiological stimulator of the vascular remodeling process (Langille & O’Donnell, 1986; Reneman, et al., 2006).

Piezo1 is a mechanically activated receptor  by shear stress, which has been found to be important for artery changes (Sprague, et al., 2009). Specifically, a 2014 study found that this receptor is important in cardiovascular remodeling (Ranade, et al., 2014). Piezo1 channels are expressed in both smooth muscle cells and endothelial cells of the blood vessels (Ranade, et al., 2014). The Piezo1 channel had been discovered in 2010. It is a propeller-shaped protein (Figure 1) that has been found to be present in all vertebrates (Coste, et al., 2010), and the protein's high conservation throughout different species suggests its biological importance. However, the complete function of this channel has yet to be determined. Our laboratory found that the channel is upregulated in uterine circulation during gestation. When Piezo1 is activated by shear stress, it leads to vasodilation mediated by nitric oxide (NO) (Figure 2). NO has a vital role in pregnancy, vascular remodeling, and the Piezo1 pathway. Specifically, NO is found to increase during follicle development and decrease after ovulation, making it essential for the ability to carry a child (Maul et al., 2003). Additionally, lack of NO in pregnancy has been found to lead to hypertension during the pregnancy, as seen in preeclampsia (Maul et al. 2003).  Given that Piezo1 has been linked to shear stress and vasodilation in pregnancy, it may be important for vascular remodeling during pregnancy. This newly found connection brings the potential for not only new findings on preeclampsia, but also the function of the Piezo1 channel. Figure 1. The electron cryo-microscopic structure of human Piezo1 (Goodsell, 2018)
Figure 2. Putative mechanism of Piezo1-mediated uterine vascular remodeling.


The Piezo1 channel has been found to be upregulated explicitly in uterine arteries during pregnancy, making the Piezo1 channel and its pathway is one of the primary focuses of the lab. We found that inhibition of NOS significantly reduced the chemically- and mechanically-induced vasodilation by Piezo1 channels, suggesting that the activation of Piezo1 leads to NO release, which then further dilates the uterine arteries (John, et al., 2018). Given that inadequate uterine vascular remodeling is related to preeclampsia and Piezo1 channel activation leads to NO-regulated vasodilation, we hypothesized that Piezo1 channel-mediated vasodilation is impaired in preeclampsia. 

	By comparing two commonly used preeclamptic rat models (surgical approach and chemical induction approach) to the control pregnant rats, we investigated the roles of Piezo1 in preeclamptic vs. normal pregnancy. The surgical approach using the reduced uteroplacental perfusion pressure (RUPP) model restricts UBPF through silver clips placed on the aorta and uterine arteries. The chemical approach uses L-NAME to inhibit nitric oxide synthase (NOS) in vivo and thus decrease NO bioavailability in the pregnant animals. Better understanding the roles of Piezo1 mechanotransduction in the uterine vascular adaptation process and in maintaining UPBF during pregnancy is beneficial to developing potential therapeutic strategies for pregnancy complications, such as preeclampsia, for which there is currently no cure. This research adds to the understanding of the vascular changes that happen for pregnant women. These changes affect the regulation of UPBF, and hence, the development of the fetus, so there are impacts for both the mother and the baby. Reduced UPBF is related to both preeclampsia and intrauterine growth restriction (IUGR), so not only does this study benefit knowledge about preeclampsia but could potentially shed light on IUGR as well.

Materials and Methods
Animals
Nonpregnant female Sprague-Dawley rats (10-12 weeks old) purchased from Charles River Laboratories (Kingston, NY) were used in this study. The animals were housed, with food and water provided ad libitum, in the University of Vermont small animal care facility, accredited by the American Association for Accreditation of Laboratory Animal Care. Cycling nonpregnant female rats were placed together in a cage with a breeder male overnight to achieve pregnancy. The presence of sperm in the vaginal smear the next morning was used as an index of mating. All experiments and procedures were approved by the Institutional Animal Care and Use Committee of the University of Vermont. 

Reagents
	All chemicals were purchased from Fisher Scientific (Hampton, NH) unless otherwise specified. The composition of HEPES physiological salt solution (HEPES-PSS) was 10 mM HEPES, 141.8 mM NaCl, 4.7 mM KCl, 1.7 mM MgSO4, 2.8 mM CaCl2, 0.5 mM EDTA, 1.2 mM KH2PO4, and 5 mM dextrose, with pH 7.4 at 37C. The relaxing solution was HEPES-PSS without CaCl2 and with the addition of 100 M papaverine and 10 M diltiazem (both from Sigma, St. Louis, MO).

In vivo NOS inhibition
Pregnant rats were treated with N omega-nitro-L-arginine methyl ester hydrochloride (L-NAME, Sigma, n=6) in the drinking water at a concentration of 0.5 g/L, starting on day 10 of gestation (early gestation, day 10/22) until the rat was euthanized in late pregnancy on day 20. L-NAME inhibits nitric oxide synthase and thus decreases the level of NO, the vasodilator in the blood vessels. Age-matched normal pregnant rats (LP, n=7) were used as control. 

RUPP surgery
Surgeries were performed on day 10 of pregnancy (RUPP, n=6). All animals were anesthetized with isoflurane and sustained-release meloxicam (4mg/kg) was used as analgesic. Silver clips are placed on the abdominal aorta and on each of the uterine arteries at the ovarian end. The surgical procedure for clip placement involves removing the bowel from the abdominal cavity and placing it on sterile gauze presoaked in sterile saline. After exposing the distal abdominal aorta (so that the iliac bifurcation is visible), fine forceps are used gently to dissect the aorta from the inferior vena cava, and to then push the clip over the aorta while pulling it up away from the vena cava. Once the clip is placed on the aorta, the bowel is tucked back into the abdominal cavity. The uterus is then removed from the abdominal cavity and placed on sterile gauze presoaked in sterile saline. After exposing the ovarian end of the main uterine artery (MUA), fine forceps are used to gently dissect main uterine artery from the adjacent main uterine vein, and to push the clip over the uterine artery. The uterus is tucked back into the abdominal cavity and the abdomen is closed. Clips are purchased from Fine Science Tools (Silver Neuro Clips; item #180-40-00). Sterile saline is applied to the tissues (bowel, aorta/vena cava, uterine vasculature) in the surgical area constantly with a syringe to keep the tissues moist during the surgery and to flush the debris away from the wound before closure. SHAM-operated animals (SHAM, n=4) with the same surgical procedures but no clips placed on the aorta or uterine arteries, were used as control.

Piezo1-induced vasodilation
All animals were euthanized on day 20 of pregnancy. Segments of MUA were dissected, cannulated in an arteriograph filled with HEPES-PSS and pressurized to 90 mmHg using a pressure servo pump (Living Systems Instrumentation, St. Albans, VT). Following equilibration at 37C for 60 min, vessels were pre-constricted with a thromboxane agonist U46619 (5-10 nM, Caymen Chemical, Ann Arbor, MI) added to the superfusate to produce a 40-60% reduction in lumen diameter. Yoda1, a chemical activator of the Piezo1 channel, simulates the effect of shear stress on the channel and vasodilates arteries. The effect of Piezo1 activation was tested by the addition of two doses of Yoda1, 10 and 20 M, to the superfusate while recording lumen diameter (20 min for each dose). Vessels were then washed and incubated in relaxing solution for 20 min. Pressurized lumen diameter at different pressure steps (5-150 mmHg) were measured and distensibility was calculated. The lumen diameter of MUA was also measured under microscope in unstressed conditions in relaxing solution. 

Immunofluorescence staining
Freshly dissected segments of MUAs were fixed in 10% formalin overnight and stored in 70% ethanol. Tissues were embedded and sectioned by the Histology Research Support Facility in the Department of Pathology and Laboratory Sciences at the University of Vermont Medical Center. After processing, slides were de-paraffinized to remove any paraffin from the embedded tissue in order to stain the tissues. In this process, first we did three 15-minute washes with Xylene, followed by two 5-minute washes in 100% Ethanol. Next, there were two 5-minute washes in 95% ethanol, a 5-minute was in 70% ethanol, a 5-minute wash in 50% ethanol, and finally, a 5-minute was in distilled water. Next, heat-induced antigen retrieval was performed by incubating slides in 1X DAKO Antigen Retrieval solution (50% glycerol + water, Agilent, Carpinteria, CA) at 95 C for 20 minutes, followed by 20 minutes of cooling to room temperature and three 5-minute rinses in PBS. Immunohistochemistry was performed by blocking sections with 10% normal goat serum in PBS/1% BSA/0.1% Triton X-100 for one hour. Then, the slides were washed three times, for 5 minutes each in PBS/1% BSA and incubated overnight with the knockout-validated rabbit polyclonal anti-Piezo1 antibody (1:100 at room temperature, Alomone Labs, Jerusalem, Israel) and mouse anti-eNOS antibody (1:500 at 4 C, Abcam, Cambridge, MA). For the negative control, PBS/1% BSA with no primary antibody was used. Following overnight incubation, slides were washed with PBS/1% BSA in seven 5-minute washes and then incubated with the secondary antibody (Alexa Fluor GAR-488 and GAM-555, 1:500, ThermoFisher Scientific, Waltham, MA) was diluted with PBS/1% BSA and left on for 60 minutes. Next, the slides were washed five times for 5-minutes each with PBS/1% BSA and stained with DAPI (1:500, Invitrogen TM, ThermoFisher Scientific) in PBSA/1% BSA (10 g/ul final concentration) for 15 minutes. Finally, slides were washed three times for 5 minutes each in PBS/1% BSA and affixed with coverslips using Aqua Polymount/ProLong antifade (Polysciences, Warrington, PA). Images were captured using the Nikon AIR-ER confocal microscope at the University of Vermont Microscopy Imaging Center. The image analysis was performed using the NIS Elements AR analysis software. Figure 3 showed the representative confocal images of MUAs from LP rats.  The red immunofluorescence stain represents the tagging of eNOS, while the green stain is tagging for Piezo1 as seen in figure 3. To analyze the fluorescent intensity from the confocal images (Figure 4), autodetection was used for the yellow and pink lines, while the blue lines were drawn manually. The yellow line represented the outer perimeter of the MUA, the pink line indicated the outer perimeter of the endothelium and the blue line represents the inner lumen. The intensity from the lumen was subtracted from the overall intensity.


Equations Used for Intensity
Overall: Intensity = (Sum Intensity/Volume) / voxel volume
For Histogram: I = 1/3 (R + G + B)Figure 3. Confocal images captured for the main uterine artery from LP rats. eNOS proteins are stained red while Piezo1 proteins were highlighted in green. Scale bar is 50 m. 
[image: ]
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Figure 4. Representative images of MUA demonstrating the fluorescent intensity analysis for Piezo1 and eNOS expression. 




Western blot analysis
Protein expression of Piezo1 and eNOS were quantified by Western blot analysis. Segments of MUA were placed in Pierce RIPA buffer (ThermoFisher Scientific) supplemented with Halt protease inhibitor cocktail (ThermoFisher Scientific) in Lysis Matrix D tubes (MP Biomedicals, Solon, OH) and homogenized using two 30-s pulses on a FastPrep-24 instrument (MP Biomedicals). Total extracted protein was determined by a BCA protein assay kit (ThermoFisher Scientific). Ten micrograms from each sample were analyzed by SDS-PAGE and Western blot analysis using antibodies, including rabbit monoclonal eNOS antibody (1:1000, Cell Signaling Technology, Danvers, MA), knockout-validated rabbit polyclonal Piezo1 antibody (1:800, Alomone Labs), rabbit polyclonal -tubulin antibody (1:5000, Cell Signaling Technology) and horseradish peroxidase-conjugated secondary antibodies (Abcam, Cambridge, UK). Protein bands were detected by SuperSignalTM West Pico PLUS chemiluminescent substrate (ThermoFisher Scientific) and analyzed by densitometry using ImageJ software.

Statistical Analysis
	GraphPad Prism was used for graphical representation and statistical analysis. Data are expressed as mean  SEM, where each n = number of the animal studied.  Unpaired t-test or 2-way ANOVA followed by a Šidák multiple comparison were used to determine the significance of differences between data sets, with p < 0.05 considered statistically significant.









Results
In vivo NOS Inhibition Model
Figure 5. The unstressed MUA inner diameter in LP (n=7) vs. L-NAME (n=6) groups. 

Unstressed Inner MUA Diameter
The whole uterus and its vasculature were incubated in relaxing solution in a silicon-coated petri dish after dissection. Unstressed diameters were measured at the ovarian end, center, and cervical end. As shown in Figure 5, although there is a decreasing trend of MUA diameter in the L-NAME treated group, there is no significant difference between the inner MUA diameter of the L-NAME versus LP group at any of these locations. 
Inner MUA Diameter Under Pressure
Figure 6. The pressurized MUA inner diameter in the LP (n=6) vs. L-NAME (n=6) groups. 

Under pressure, the inner diameter of the LP model was significantly greater overall (p<0.0001) (Figure 6). Specifically, the LP rats had significantly greater MUA inner diameter at 30 (p=0.0304), 50 (p=0.0177), and 70 mmHg (p=0.0381).


Wall:Lumen (W:L) Ratio Under Pressure
Figure 7. The wall to lumen (W:L) ratio of MUA under pressure in the LP (n=6) vs. L-NAME (n=6) groups.

The W:L ratio was significantly greater for the L-NAME model at 5 mmHg (p<0.0001), 10 mmHg (p=0.005), and overall between the LP and L-NAME animals (p<0.0001) (Figure 7).



Distensibility
Figure 8. The graph shows the MUA distensibility in the LP (n=6) vs. L-NAME (n=6) animals.

Distensibility is an indicator of the vessel stiffness, with a higher distensibility indicating a greater ability to expand. We found no statistical significance in the MUA distensibility from LP vs. L-NAME animals at the physiological pressure of 90 mmHg or any other pressure points measured. However, surprisingly, the overall difference between LP and L-NAME groups was found to be significant.

Figure 9. Yoda1-induced vasodilation of MUAs was inhibited by NOS inhibition in the L-NAME group (n=6) vs. LP group (n=4). *p<0.0001.

Yoda1 Reactivity
Application of Yoda1 to MUAs pre-constricted with U46619 induced vasodilation in LP animals as previously reported in our laboratory. At the higher dose of Yoda1 (20 M), pretreatment with L-NAME in the drinking water to inhibit NOS significantly reduced the Yoda1-induced vasodilation (~60%) in the MUAs (Figure 9, p<0.0001). 

Immunofluorescence Staining
As shown in Figure 10A, Piezo1 is localized in both the smooth muscle cells and endothelium of MUAs in both LP and L-NAME groups.  Image analysis indicated that there was no significant difference in the Piezo1 expression between the LP and L-NAME groups in either the endothelium (p=0.9701) or smooth muscle (p=0.9341), Figure 10B). Additionally, there was no significant difference in the eNOS expression between the LP and L-NAME groups (p=0.9918), Figure 10C).
A
Figure 10. Confocal image analysis showed that there is no statistical significance in the Piezo1 or eNOS expressions in the MUAs from LP vs. L-NAME-treated animals. A: confocal images showing the Piezo1 (green) and eNOS (red) in the MUAs from LP and L-NAME rats, scale bar is 50 m. No significant difference of Piezo1 (B) and eNOS (C) expressions in the smooth muscle cells and endothelium in the MUAs from LP (n=5) vs. L-NAME (n=5) animals. 
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Reduced Uteroplacental Perfusion Pressure (RUPP) Model
Figure 11. Unstressed MUA inner diameter in SHAM (n=5) vs. RUPP (n=6) animals.

Unstressed Inner MUA Diameter
There was no significant difference in the unstressed MUA inner diameter from the RUPP vs.  SHAM animals (p=0.1612). While it appears in Figure 11 that the MUA diameter in the SHAM group was greater at the cervical end, the difference was not statistically significant. 

Distensibility
There was no significant difference in the MUA distensibility at each pressure step between SHAM vs. RUPP groups (Figure 12). However, the overall distensibility of the MUAs from the RUPP animals was statistically significant (p=<0.0001) higher than from the SHAM animals.
Figure 12. The distensibility of MUAs from under the SHAM (n=5) and RUPP (n=6) animals. *p<0.0001.


Yoda1 Reactivity
Figure 13. Effect of RUPP surgery on the Yoda1-induced vasodilation of MUAs. MUAs from the SHAM (n=5) and RUPP (n=6) groups were incubated with Yoda1 (10 and 20 µM) for 20 minutes and the MUA diameters were recorded in a 10-minute interval.

As seen in Figure 13, Yoda1-induced vasoconstriction was observed in the first 10 minute when 10 µM Yoda1 was applied, followed by continuous vasodilation, in both SHAM and RUPP groups. Although a trend of inhibited vasoconstriction/vasodilation response in the MUAs from the RUPP animals (p<0.0001) but there was no significant difference in the addition of either 10 or 20 µM of Yoda1 (p=0.9463 and 0.5458, respectively) after 20-minute incubation between groups.
Immunofluorescence Staining
Figure 14A showed the localization of Piezo1 and eNOS in the MUAs from SHAM and RUPP groups. Confocal image analysis indicated that there was no significant difference in the Piezo1 expression in the endothelium (p=0.9968) and smooth muscle cells (p=0.9997) of MUAs from the SHAM and RUPP groups (Figure 14B). Additionally, there was no significant difference in the eNOS expression between the SHAM and RUPP groups (p=0.8678) (Figure 14C).Figure 14. Confocal image analysis showed that there is no statistical significance in the Piezo1 or eNOS expressions in the MUAs from SHAM vs. RUPP animals. A: confocal images showing the Piezo1 (green) and eNOS (red) in the MUAs from SHAM and RUPP rats, scale bar is 50 m. No significant difference of Piezo1 (B) and eNOS (C) expressions in the smooth muscle cells and endothelium in the MUAs from SHAM (n=5) vs. RUPP (n=5) animals. 
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Western Blot Analysis
Compared with the SHAM-operated (control) animals, RUPP surgery significantly decreased protein expression of Piezo1 but not eNOS in MUAs (Figure 17).

Figure 15. Piezo1 protein expression is down-regulated in the main uterine arteries (MUAs) from the RUPP animals. A: Western blot analysis of Piezo1 and endothelial nitric oxide synthase (eNOS) in the MUAs from SHAM (n=4) versus RUPP animals (n=5). B and C: summary graphs of Western blot analysis indicating a decrease in Piezo1 but no significant change in eNOS in the MUAs from the RUPP versus the SHAM-operated animals. *p<0.05.



















Discussion
We have investigated the Piezo1 channel's potential roles in regulating UPBF during pregnancy as well as Piezo1-mediated vasodilation in preeclamptic rat models, the RUPP and L-NAME models. Previous results in our laboratory showed impaired uterine vascular remodeling and less eNOS expression in the MUAs in the L-NAME model. In this project, although there is a decreasing trend of MUA diameter in the L-NAME treated group, there is no significant difference between the MUA diameter from the L-NAME animals. When the MUAs were pressurized in an arteriograph, the MUA diameter from the L-NAME group was significantly smaller than the LP group as expected, indicating less extent of arterial remodeling. Furthermore, distensibility is a way to measure the stiffness of a vessel, with a higher distensibility indicating a greater ability to expand. The L-NAME model was found to have overall significantly greater distensibility than the LP rats. Therefore, although the LP model had a significantly larger MUA diameter, the percentage change of the vessel size, shown by the distensibility, is greater in the L-NAME model. There was no difference in the wall:lumen ratio at the physiological pressure of 90 mmHg. At lower pressure points (5, 10, 20 mmHg), the difference in the wall:lumen ratio is likely due to the smaller MUA inner diameter in the L-NAME group. A significant finding from this study is from the reactivity experiments with the Piezo1 activator, Yoda1. The Yoda1-induced vasodilation of MUA was tested at 10 and 20 µM of Yoda1. The in vivo NOS inhibition in the L-NAME animals significantly reduced the MUA vasodilation by ~60% with the addition of 20 µM Yoda1. This agreed with our previous findings on the effect of in vitro NOS inhibition on Piezo1-mediated vasodilation with MUAs preincubated with L-NAME before the addition of Yoda1. 

We are particularly interested in the protein targets that are involved in the vascular remodeling process, Piezo1, and NO signaling, eNOS.  Additionally, eNOS is the producer of NO in the endothelial cells, which as previously stated is essential for a healthy pregnancy. A decrease in eNOS indicates a decrease in NO levels, which may lead to the hypertension in preeclampsia. The eNOS expression would be expected to be decreased in the L-NAME models, given that L-NAME inhibits NOS. However, there was not a significant difference in the expression of eNOS for L-NAME vs LP models. Additionally, the IF results show there was not a significant difference in the Piezo1 protein expression. It could be due to technical challenge in the sectioning of the samples and the analysis on these uneven sections. 

The reproductive outcome of the pregnancy was recorded in this project. To our surprise, there was no significant difference between the pup weight (p=0.246750), placental weight (p=0.134377), placental efficiency (p=0.672098) between the LP vs. L-NAME animals. We did observe limb defects (an indicator of L-NAME water treatment) in the L-NAME group. We would expect that a model who has a lower capacity for vasodilation, less extent of uterine vascular remodeling and less NO bioavailability would have lower pup and placenta weight, as well as a lower placental efficiency. However, it is unknown why it was not the case in our LP and L-NAME models. 

In regard to the reduced uteroplacental perfusion pressure model, we also found no significant difference (SHAM vs. RUPP) in the pup weight (p=0.4697), placenta weight (p=0.6747), and placental efficiency (p=0.7671) as in the LP vs. L-NAME animal groups. One of the possible explanations is that we performed the RUPP surgery on gestational day 10 instead of the usual gestational day 17 in the late pregnancy to allow enough time for the uterine vascular remodeling process to adapt to the RUPP conditions. Additionally, while it appears that the MUA diameters of the RUPP animals were smaller at all three locations, ovarian center, and cervical, the difference was not statistically significant. We would expect that the SHAM inner MUA diameter would be larger than the RUPP model, given that the SHAM is able to have greater capacity for arterial dilation. However, this may be due to small number of animals tested. Interestingly, the MUAs in the RUPP model was found to have a higher distensibility. This significant difference in distensibility indicates that the RUPP model has a better capability of vasodilation, which is contradict our hypothesis that the RUPP model would lead to less capacity to vasodilate. However, performing the RUPP surgery earlier during pregnancy may allow more time for uterine vascular adaptation in order to improve pregnancy outcome.

When looking at the levels of protein expression of Piezo1 and eNOS in the SHAM and RUPP models, we found no significance difference in the Piezo1 or eNOS expression in SHAM vs. RUPP models using the immunofluorescence technique. On the other hand, Western blot analysis indicated a significantly reduced Piezo1 protein expression in the MUAs from the RUPP animals when compared to the SHAM group. This is the first report showing that Piezo1 protein expression is impaired in a rat model of preeclampsia.

We originally would have expected that the RUPP model would have significantly lower pup weight, placental weight, and placental efficiency than the SHAM, control rats. This is given the assumption that the restriction of the uterine arteries and aorta in the RUPP model would lead to reduced UPBF and thus a decreased ability to provide enough nutrients and oxygen to the pups, resulting in lower placental and pup weight. However, our rats had their RUPP surgery at day 10 of gestation instead of later in gestation after the completion of the vascular remodeling (Li, et al., 2012). Given the extensive plasticity of the female body during pregnancy, it is likely that giving this surgery earlier in gestation allowed for the rats to adapt to this change in their vascular needs, resulting in the ability to carry their babies. 

Limitations
There were two LP data points excluded from the Yoda-1 reactivity data. Both of these data points were taken from December 2020. This data was excluded given that the MUA vasodilation of these rats was significantly less than the 60% of maximal vasodilation as we previously reported. This indicates that there was likely an issue with the reactivity experiment of these arterial vessels, which would not allow for an accurate measurement of the reactivity with Yoda-1. The exclusion of this data did not affect the overall significance found, that the L-NAME had significantly less reactivity with the Yoda-1 at 20 ums, compared to the LP model.
In regard to the IF data, there are multiple processes that could have gone wrong, impacting the results. The embedding and sectioning of the MUA samples greatly affected the quality of the image analysis. For example, as shown in Figure 10A and 14A, some of our sections were not a good cross-section of MUA. Moreover, if not completely washed, the primary antibody could have shown up fluorescent, making it look like there was more of the protein than there was. Additionally, during IF one of the SHAMs did not have the negative. This was true for both the Piezo1 and eNOS sample, so we decided to use the average of the negatives for the negative. This may make the data from specific SHAM subject less reliable, either increasing or decreasing the intensity found.

Future directions
In regard to future directions for research, our findings on the decrease of Piezo1-mediated uterine arterial vasodilation maybe due to a decrease in Piezo1 channel activity (e.g. longer channel inactivation time) or a reduction in the actual number of channels. While the Piezo1 protein expression were shown to be decreased in the RUPP model, by Western blot, there was no significant difference for the immunofluorescence data. Therefore, immunofluorescence studies with greater sample sizes and better sample preparation should be repeated. Further experiments to study the channel activity are warranted. Due to the COVID-19 pandemic, our project was delayed. Therefore, we will continue to work on the proteomic analysis of Piezo1-interacting proteins.

Conclusions
Reduced Yoda1-induced MUA vasodilation in the RUPP and L-NAME treated animals, as well as decreased Piezo1 channel expression in the RUPP animals, indicated that Piezo1 functionality may be impaired by reduced UPBF and reduced NO in PE. This is the first report showing that Piezo1 expression and functionality is reduced in the preeclamptic rat models. These findings suggest that therapeutic interventions targeting Piezo1 signaling may be beneficial for treating PE.
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