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                             Abstract 

Background: Congenital diaphragmatic hernia (CDH) is one of the most complex 

congenital disorders, characterized by pulmonary hypertension and hypoplasia. CDH-

associated pulmonary hypertension (CDH-PH) features devastating morbidity and 

mortality (25-30%) among neonates. An unmet need is determining the mechanisms 

triggering CDH-PH to save infants and improve their quality of life. Prior data suggest 

abnormal remodeling of the pulmonary vascular extracellular matrix, presumed to be 

driven by endothelial-to-mesenchymal transition (EndoMT), hinders postnatal 

vasodilation and limits efficacy of anti-PH therapy in CDH. Although abnormal vascular 

development and remodeling are known CDH traits, there is limited data on the role of 

EndoMT in CDH-PH.  

Objective: The purpose of the study was to investigate how EndoMT contributes to CDH-

PH by identifying cells undergoing EndoMT as noted by alpha smooth muscle actin (α-

SMA) and CD31 expression in human umbilical vein endothelial cells (HUVECs), and 

lung tissue obtained from murine pups using the nitrofen model.  

Methods: CDH (n=8) and control HUVECs (n=8) were stained for α-SMA and CD31 after 

being exposed for 24hrs to TGF-, a known EndoMT promoter. Nitrofen (n=8) and 

control murine (n=8) pup lungs were also stained for α-SMA and CD31. Expressions of 

α-SMA and CD31 were quantified in the HUVEC, and murine tissue using Fiji imaging 

software and normalized to the total number of cells per slide noted by DAPI staining.  

Results: CDH HUVECs demonstrated a 1.1-fold increase in α-SMA expression (p= 

0.02). The murine model did not show statistical significance between nitrofen and 
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control pup lungs: however, there was a 0.4-fold increase in α-SMA expression with a 

0.8-fold decrease in CD31 expression in the nitrofen pup lungs when compared to 

controls.  

Conclusion: These results suggested EndoMT could potentially play a role, albeit 

modest, in the ECM remodeling seen in CDH-PH.  
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Summary of Study 

This dissertation encompasses the research proposal that was approved by the 

Dissertation Committee in May 2022. The manuscript, “Endothelial to Mesenchymal 

Transition in Human and Murine Models of Congenital Diaphragmatic Hernia,” contains 

the findings of the study to be published for global knowledge. The standardized 

protocols utilized to complete the research are listed in the appendixes. Also included in 

the appendixes are the Institutional Review Board (IRB) approvals and the student’s 

curriculum vitae.  

The study evaluated the potential role of endothelial-to-mesenchymal transition 

(EndoMT) as a major driver of congenital diaphragmatic hernia pulmonary hypertension 

(CDH-PH) pathogenesis. CDH-PH is a leading cause of long-term morbidity, has a 25-

30% mortality rate in the neonatal period, and is often refractory to frontline anti-PH 

therapy. The study investigated how endothelial cells take on a fibroblast-like phenotype 

to promote pathological remodeling of the vascular extracellular matrix, which ultimately 

leads to treatment-refractory PH. In the dissertation research, the degree of EndoMT in 

human umbilical vein endothelial cells (HUVECs) and murine CDH pup lungs was 

evaluated utilizing the well-established nitrofen murine model for the latter to determine if 

EndoMT is increased in CDH murine lung tissue and endothelial cells when compared 

with control samples.  

Of note, there was a 6% attrition rate with the control group in the murine model 

as one mouse did not survive pregnancy due to an unknown medical condition, and one 

control mouse only had two pups that were excluded from the study due to dysmorphism 

of unknown etiology, yielding a 6% attrition rate for the murine model. The mice were
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replaced by two new female mice of breeding age. Even with replacement, the total 

number of mice utilized remained within the projected sample size (N=6) for the dams.

Issues were encountered with the initial CD31 rat primary antibody used in the 

HUVEC model during optimize of the primary and secondary antibody dilutions. Two 

different staining attempts with the initial CD31 rat primary antibody did not result in the 

slides being successfully stained despite using a 1:100 and 1:50 dilution. The primary 

CD31 antibody was switched to rabbit which resulted in a successful fluorescent stain 

using a 1:100 dilution. The rat primary antibody manufacturer was contacted regarding 

the staining issues.  

The impact of elevated EndoMT in HUVEC and murine CDH models, compared 

with controls, would validate that CDH endothelial cells take on a fibroblast phenotype 

that can lead to ECM thickening, which would be a novel finding that could help future 

researchers investigating CDH-PH pathobiology. 

The dissertation research raised several important questions to consider for 

future researchers. Are there species differences in expression of EndoMT biomarkers, 

which was suggested by the significant findings in the HUVEC model when compared to 

the nitrofen model. Is the nitrofen model valid for measuring EndoMT biomarkers; 

reasons why it may not be valid are discussed in the manuscript under discussion 

section. Questions also arose regarding the relationship between CDH-PH severity and 

biomarker expression, which may be suggested by the wide range of expression of -

SMA and CD31 in the present study findings even within species.
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 Specific Aims 
 

Every 10 minutes in the United States, a baby is born with congenital 

diaphragmatic hernia (CDH) according to Shanmugam, et al. (2017).  The incidence of 

CDH is estimated at 1 per 2,000 to 5,000 births (AlFaleh, et al, 2006). CDH is an 

anatomic defect where the diaphragm fails to form completely and allows abdominal 

viscera to herniate into the thorax. CDH is a complex disease with multifactorial 

pathology and high morbidity and mortality of 25-30% during the neonatal period (Gupta 

& Harting, 2020); morbidity and mortality largely result from the pulmonary hypertension 

(PH) and lung hypoplasia that are characteristic of CDH. PH is defined as sustained, 

supra-normal pulmonary arterial pressure that creates dysfunctional pulmonary 

circulation and suboptimal gas exchange with subsequent decreased oxygenation, 

ventilation, and/or cardiac function (Gupta & Harting, 2020). Patients with CDH have 

structurally and functionally abnormal pulmonary vessels which may contribute to PH in 

this population (Mous, et al., 2017). Despite clinical advances in therapy, pulmonary 

hypertension secondary to CDH (CDH-PH) remains a major medical challenge in the 

management of patients with CDH. 

 Research shows extracellular matrix (ECM) thickening in the CDH pulmonary 

vasculature (Monroe, et al., 2020). Thickening of the media and adventitia of pulmonary 

arteries (Yamataka, et al., 1997) creates a stiff ECM in CDH which decreases luminal 

diameter, increases resistance to blood flow, and decreases vascular compliance. 

Therefore, a stiff pulmonary vascular ECM causes the pulmonary vessel to become a 

“lead pipe,” reducing blood flow and responsiveness to anti-PH therapies. A major gap in 

knowledge is the nascence of the science on molecular drivers that promote pathogenic 

ECM remodeling in CDH-PH. One pathway of interest is endothelial-to-mesenchymal 

transition (EndoMT), which can promote abnormal pulmonary vascular ECM remodeling
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and drive PH in multiple adult and pediatric PH diseases; however, EndoMT has not 

been studied in CDH-PH (Li, et al., 2018). The lack of EndoMT research in CDH-PH is 

likely due to difficulties in obtaining CDH lung tissue to study endothelial cells.  

The goal of the proposed dissertation is to improve global knowledge of a 

potential underlying mechanism, EndoMT, that could be contributing to the ECM 

thickening seen in CDH-PH. The overarching hypothesis is that EndoMT is increased in 

CDH lung tissue and endothelial cells when compared to controls. To obtain 

experimental evidence supporting this hypothesis, the following aims are proposed: 

Aim 1: To confirm the presence and estimate the magnitude of EndoMT in 

CDH and control human umbilical vein endothelial cells (HUVECs) as an ex vivo 

surrogate to lung tissue. 

Hypothesis: CDH HUVECs have at least a threefold increase in EndoMT 

compared with control samples. 

Approach: Compare gestational age-matched controls against CDH HUVECs 

(n=8 CDH group; n=8 control group) and assess their spatiotemporal expression of 

EndoMT markers -SMA and CD31 by immunofluorescence after 24-h exposure to 

TGF-β, which is known to promote EndoMT (Hashimoto, 2010). Scientific significance 

will be noted by a threefold or greater increase in -SMA with a onefold or greater 

decrease in CD31 expression in CDH samples versus controls. 

Aim 2: To investigate the extent of EndoMT in CDH lungs using a nitrofen murine 

model. 

Hypothesis: EndoMT presence in lung tissue is at least threefold greater in mice 

with an induced CDH phenotype when compared to controls.  

Approach: Compare the extent of EndoMT expression in CDH lung samples 

(n=8) from the nitrofen murine model with EndoMT expression in healthy, age-matched,
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murine lung controls (n=8) by examining the spatiotemporal expression of EndoMT 

markers -SMA and CD31. EndoMT will be evaluated by immunohistochemistry staining 

of murine lung tissue. Scientific significance will be noted by a threefold or greater 

increase in -SMA with a onefold or greater decrease in CD31 expression in CDH 

samples versus controls. 

Overall Impact 

  The proposed research plan has been designed to investigate a potential role of 

EndoMT in CDH-PH. The use of HUVECs will be applied as an ex vivo surrogate model 

to lung tissue to strengthen the hypothesis that EndoMT plays a role in ECM thickening 

that contributes to worsening morbidity and mortality from PH in neonates with CDH-PH.  

Elevated EndoMT in HUVEC and murine CDH models, compared with controls, would 

validate that CDH endothelial cells take on a fibroblast phenotype that leads to ECM 

thickening, which would be a novel finding that could help future researchers 

investigating CDH-PH pathobiology. 

Currently, no known marker predicts how severe CDH-PH will be postnatally in 

infants with CDH; consequently, infants with CDH are managed similarly after birth. 

CDH-PH severity is determined postnatally by evidence of PH on echocardiography and 

the need for PH medications. Postnatal management of PH could be tailored to the 

individual infant if biomarkers are shown to reflect severity of CDH-PH. Future research 

would benefit from investigating the magnitude of correlation between EndoMT 

expression and severity of CDH-PH. If a link is established that elevated EndoMT 

expression is associated with more severe PH, individual care plans could be created to 

guide postnatal PH treatment.  
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Background and Significance 

EndoMT features a progressive loss of the native endothelial cell (EC) markers 

and acquisition of a mesenchymal cell phenotype by the production of a fibrotic ECM. 

During EndoMT, endothelial cells differentiate into mesenchymal-like cells characterized 

by induced α-SMA expression with a loss of endothelial cell markers and increased 

collagen deposition (Spillman, et al., 2015). With EndoMT, there is downregulation of the 

endothelial-specific marker CD31, and upregulation of mesenchymal marker α-SMA 

(Zhang, et al., 2016). Abnormal vascular development and ECM remodeling are CDH 

traits, but compelling data that decipher that EndoMT mechanistically contributes to 

CDH-PH have not yet been obtained. 

A critical barrier to advances in CDH-PH research is the lack of human models to 

study. Prior research has shown that HUVECs can serve as a surrogate for study of 

pulmonary vascular endothelial biology in various pathologies; preliminary data show 

that HUVECs reflect what is observed histologically in human CDH tissues (Baudin, et 

al., 2007). HUVEC-based models have been used since the 1970s as a method to study 

vascular endothelium properties in conjunction with molecular mechanisms involved in 

endothelial cell function (Baudin, et al, 2007).  

Of the several candidate animal models that characterize cellular transition and 

mirror human CDH-PH, the nitrofen-induced murine CDH model has minimal complexity 

and high feasibility and reproducibility (Wild, et al, 2017). Use of this murine model is 

proposed to complement the HUVEC model to investigate EndoMT in CDH-PH. 

Preliminary Data 

To investigate how EndoMT contributes to CDH-PH, the student previously 

conducted experiments for her PhD coursework in human CDH tissue specimens to 

assess the loss of endothelial lineage markers and reciprocal acquisition of 

mesenchymal identifiers. Immunohistochemistry performed on lung tissue sections
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obtained postmortem from neonates with CDH and stored in the laboratory’s biobank 

revealed an increase in several transitioning cells as indicated by α-SMA+ double-

positive staining in CDH vessel walls, a potential precursor to fibrosis, when compared to 

age-matched control samples. Postmortem human CDH lung tissue vessels were 

isolated by laser capture microdissection to perform proteomics profiling analyses and 

assess CDH-PH vascular-specific changes, which robustly revealed 53 proteins 

associated with ECM remodeling, supporting the hypothesis that EndoMT is involved in 

vascular dysfunction during CDH-PH development. In Aim 2, the researcher will examine 

murine CDH lung tissue samples to measure the magnitude of EndoMT burden when 

compared to murine healthy control samples.  

HUVECs isolated from umbilical veins at the time of birth will be used as 

surrogates for endothelial cells because they provide an abundant supply and can be 

obtained by entirely non-invasive means. This strategy has previously been employed in 

the study of other lung conditions, including pulmonary fibrosis and environmental injury, 

where HUVECs have been shown to reflect the behavior of vascular cells in the 

pulmonary endothelium (Lan, et al., 2020; Williamson, et al., 2016; Saxena, et al., 2021). 

As proof of concept that a subset of endothelial cells can undergo EndoMT, the student 

isolated CDH and control HUVECs in the laboratory, treated them with 10 ng/mL of TGF- 

β for 24 hours, and as expected, observed an increase in EndoMT markers -SMA 

(34.0%) with a reciprocal reduction of CD31 (15.3%) in CDH HUVECs compared with 

control HUVECs. CD31 is reduced with concurrent increases in markers such as -SMA 

when cells undergo EndoMT (Good, 2015). Limitations of the preliminary data include 

the small sample size (n=4/group) due to the unavailability of additional HUVECs at the 

time of the analysis. Challenges encountered included contamination with the first CDH 

HUVEC collection resulting in the cells needing to be discarded. The HUVEC isolation
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protocol was then modified to include a PBS, alcohol, PBS rinse prior to cell isolation to 

avoid contamination. Since implementing this additional step, no contamination has 

occurred. In Aim 1, the student will evaluate CDH HUVEC propensity to undergo 

EndoMT. 

Research Strategy 
 

 Mortality in CDH stems from: (i) aberrant development of the lungs, (ii) abdominal 

viscera invasion into the thoracic compartment through a defective diaphragm, which 

compresses the affected lung hindering further lung development, and (iii) CDH-PH 

refractory to PH therapies. While the focus of mainstream research on altered gene 

expression that contributes to congenital malformation (Kardon, et al., 2017) is 

important, an immediate challenge confronted at the bedside is severe PH and the 

survival of neonates with CDH. There is inconsistent effectiveness of frontline anti-PH 

therapies, including smooth muscle relaxants and vasodilators (Gien, et al, 2016), with 

some patients being “non-responders” to therapy (Putnam, et al., 2016; Lawrence, et al., 

2020). It is estimated that ~75% of infants born with CDH will require treatment for PH; 

however, the response to treatment varies with no clear estimate of the number and 

percentage of infants who do not respond (Lawrence, et al, 2020). The high mortality 

rate secondary to PH in the neonatal period suggests there is a significant number of 

infants who are non-responders. Thus, it is imperative to study putative mechanisms that 

may explain the lack of response to PH therapy in order to improve the clinical 

management of infants with CDH-PH (McCulley, et al, 2018).  

 Pulmonary arteries in CDH are noted by their thick walls resulting from smooth 

muscle cell hyperplasia, increased collagen deposition, and marked inflammation that 

lead to fibrotic perivasculature remodeling (Shah, et al., 2018). Fibroblasts are the 

primary arbiters of fibrosis in many diseases, including PH; however, whether the 

fibroblasts responsible for abnormal ECM in CDH-PH are of mesenchymal lineage or
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derived from transitioned endothelial cells has not been characterized. The proposed 

methods are expected to obtain experimental evidence that EndoMT contributes to 

perivascular ECM thickening in CDH-PH as noted in Aims 1 and 2. During EndoMT, 

endothelial cells undergo mesenchymal transition, separate from the intimal layer, and 

migrate into the medial and outer layers to acquire an elongated and fusiform 

myofibroblast-like morphology with expression of mesenchymal markers (CD31-, vWF-, 

α-SMA+, Collagen I+) coupled with downregulation of the endothelial-specific marker 

CD31 (Piera-Velazquez, et al., 2018; Zhang, et al., 2016; Spillman, 2015).  

 EndoMT leads to pulmonary vascular thickening, and endothelial dysfunction alters 

downstream signaling pathways, ultimately leading to vascular narrowing and PH (Li, et 

al., 2018; Good, et al., 2015; Hashimoto, et al., 2010; Stenmark, et al., 2016). CDH-

specific animal models also show endothelial dysfunction and impaired vascular growth 

(Grayck, et al., 2013). Deficient vascular development and ECM thickening are known to 

occur in CDH; however, little is known about how EndoMT contributes to CDH-PH. It is 

conceivable that endothelial dysfunction and pathological vascular ECM thickening in 

CDH-PH is mediated by EndoMT, ultimately causing the lack of responsiveness to PH 

medications in infants with CDH. During the student’s laboratory work, preliminary pre-

clinical and clinical data showed increased EndoMT marker gene expression linked to 

CDH, which prompted the proposed assessment of the extent of EndoMT in the 

pathological vascular ECM thickening (Aims 1 and 2).   

      Innovation 

This proposal puts forward several new concepts and a new model to investigate 

putative cellular factors that contribute to CDH-PH. New concepts include the “lead pipe” 

phenomenon as a major contributor to CDH-PH and EndoMT as a contributing factor to 

the pulmonary vascular ECM thickening seen in infants with CDH. Comparison of
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EndoMT in the pulmonary ECM in CDH versus control endothelial cells (ECs) has not 

been found in the CDH literature. The utilization of HUVECs as an ex vivo model to 

evaluate EndoMT expression is a novel approach to the study of CDH-PH; no published 

CDH studies have been located to date that describe the use of HUVECs as a surrogate 

for lung tissue. Elevated EndoMT expression in HUVECs obtained at birth would 

suggest that infants with CDH are born with increased EndoMT expression; and, 

therefore, direct attention to prenatal diagnostic and treatment strategies. Using both a 

human (HUVEC) model and an animal (murine nitrofen) model permits validation of the 

findings.  

Approach 
 

Aim 1 To confirm the presence and estimate the magnitude of EndoMT in CDH and 

control HUVECs as an ex vivo surrogate to lung tissue 

Hypothesis: CDH HUVECs have at least a threefold increase in EndoMT 

compared with control samples. 

 Endothelial dysfunction is a known feature of CDH-PH tissues (Montalva, et al., 

2019); differences in the endothelial response seen in CDH secondary to lung 

hypoplasia and organ compression may be responsible for differences in CDH-PH 

severity and postnatal treatment response. To address this, HUVECs have been 

investigated to understand the behavior of pulmonary vascular endothelial cells as a 

surrogate ex vivo model (Medina-Leyte, et al., 2020). Briefly, HUVEC-based models 

have been used since the 1970s as a method to study vascular endothelium properties 

in conjunction with molecular mechanisms involved in endothelial cell function (Baudin, 

et al., 2007; Medina-Leyte, et al., 2020), which helped to glean insight into vascular 

biology by evaluating different proteins involved in angiogenesis (Medina-Leyte, et al., 

2020). HUVECs represent an abundant and non-invasive resource that may
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demonstrate endothelial dysfunction in neonates with CDH-PH. This well-established 

model will be used to study endothelial cell pathophysiology in CDH-PH to help uncover 

inherent differences in EndoMT expression in healthy controls and patients with CDH-

PH.  

 Gestational age-matched controls will be compared with CDH HUVEC specimens 

that were previously obtained and are currently stored in the HUVEC biobank at Texas 

Children’s Hospital (n=8/group as noted in Appendix A). HUVECs previously obtained 

from twin births will be excluded from this study due to lack of generalizability to the CDH 

population as only six cases of CDH have been documented in twins (Wang, et al., 

2015).  The student was added to the previously approved Baylor College of Medicine 

IRB protocol. HUVECs were isolated and stored per HUVEC isolation protocol as part of 

the student’s PhD laboratory coursework (see Appendix D). HUVECs will be cultured 

and exposed to TGF-β for 24 hours. The spatiotemporal expression of EndoMT markers 

-SMA and CD31 will be examined by immunofluorescence (see protocol in Appendix 

E).  

 Acceptable reproducibility of Aim 1 analysis and findings will be achieved by utilizing 

a standardized and documented protocol for immunofluorescence analysis. Previously 

collected HUVEC samples had endothelial cells isolated using a standardized protocol to 

decrease variability in EC isolation and enhance reproducibility. All results of the study 

will be disclosed even if they do not support the proposed hypothesis. 

Expected Results 1 

Endothelial cells derived from CDH HUVECs will have a greater expression of 

EndoMT, as measured by mesenchymal marker expression, when compared to controls. 

Aim 2 To investigate the extent of EndoMT in CDH lungs using a nitrofen murine 

model
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Hypothesis: EndoMT’s presence in lung tissue is threefold greater in mice with 

an induced CDH phenotype when compared to controls.  

A nitrofen-induced mouse model that develops a diaphragmatic defect and lung 

maldevelopment, like that observed in human CDH, will be used to investigate in vivo 

mechanisms behind CDH-PH. This model, which is widely used in CDH research, shows 

the expected pulmonary hypoplasia and ECM depostion reflective of human disease. 

Due to the nearly uniform mortality by postnatal day one, this model will be used to study 

the early development of CDH-PH and the contribution of EndoMT in its pathogenesis 

(Chiu, et al., 2014). 

A total of 16 lung tissue samples (n=8 murine CDH and n=8 murine control) will 

be needed to obtain a medium estimated effect size (Appendix A). Post-mortem lung 

tissue samples obtained from mice with a nitrofen-induced CDH phenotype per the 

nitrofen mouse model protocol (see Appendix F) will be evaluated for the extent of 

EndoMT presence compared with controls. Briefly, CD1 pregnant dams will be gavaged 

with 100 mg of nitrofen at embryonic day 8.5 (CDH group). Pregnant dams of both the 

control and CDH group will then undergo C-section at embryonic day 18.5 and pup lungs 

will be harvested, embedded as whole organ mounts, and placed in paraffin blocks for 

preservation. When preparing lung tissue samples for assessment, orientation will be 

controlled by placing the left lung on the left side of the cassette. The paraffin blocks will 

be sectioned, placed on slides, de-paraffinized, and stained to examine the 

spatiotemporal expression of EndoMT markers -SMA and CD31 by 

immunohistochemistry (see protocol in Appendix G). -SMA and CD31 co-localization 

will be evaluated with immunohistochemistry to determine the presence of EndoMT and 

compared with the control murine lung tissue samples.  

Reproducibility of Aim 2 analysis and findings will be achieved by utilizing a 
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standardized and documented protocol for all murine experiments conducted along with 

disclosing all results, including those that do not support the hypothesis. 

Expected Results 2 

A ≥ threefold increase in co-localization of -SMA and ≥ onefold decrease in 

CD31 (evidence of EndoMT) in CDH murine lung tissue samples compared with control 

levels are expected.  

Data Analysis 

  The goal is to detect a difference between control and disease samples. The 

proposed research plan may serve as a pilot study given the lack of effect size estimates 

in the literature for -SMA and CD31 in HUVEC and murine models. A sample size of 8 

HUVECs per group (CDH and control) and 8 mice per group (CDH and control) is 

expected to generate an adequate effect size estimate of difference between CDH and 

control samples to guide future research with this total accounting for a 20% attrition 

rate. HUVEC and murine differences will be tested for significance with the 2-tailed 

independent t-test. A p-value ≤ 0.05 will be considered statistically significant. Statistical 

analysis will be performed utilizing GraphPad Prism software.

Research Subject Risk and Protection 

Approval to conduct the dissertation research will be obtained from both the 

University of Texas Health Science Center at Houston (UTHealth) and Texas Children’s 

Hospital/Baylor College of Medicine (TCH/BCM) human subject and animal welfare 

institutional review boards, in compliance with UTHealth policies that govern student 

research, and after dissertation committee approval of the research plan and before the 

experiments commence. Policies and requirements of both institutions will be followed. 
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Vertebrate Animals 

 Work with mice will be performed at TCH/BCM facilities. The Center for 

Comparative Medicine (CCM) is responsible for the animal care and use program at 

TCH/BCM. The CCM maintains full accreditation from the Association for Assessment 

and Accreditation of Laboratory Animal Care, International (AAALAC) and complies with 

the U.S. Animal Welfare Regulations, the National Research Council (NRC) Guide for 

the Care and Use of Laboratory Animals (Guide), and the Public Health Service Policy 

on the Humane Care and Use of Laboratory Animals (Policy). Animals will be housed in 

biohazard containment rooms in the small animal facility in the TCH Feigin Center, a full-

service facility which also contains surgical suites and autopsy facilities. All animals are 

observed daily (including weekends) by animal care staff. CCM employs five full-time 

veterinarians to ensure adequate care of the animals housed within the facility. Animals 

will be housed five per cage and allowed food and water ad libitum in the vivarium.  

 The UTHealth Animal Welfare Committee (AWC) is responsible for overseeing 

provisions for the care and well-being of animals used for research and educational 

purposes at UTHealth and serves the public by ensuring compliance with all legal and 

ethical standards regarding the use of vertebrate animals in research and teaching. The 

Center for Laboratory Animal Medicine and Care (CLAMC) is responsible for the health 

and well-being of laboratory animals used for UTHealth's biomedical research programs. 

CLAMC provides professional veterinary, surgical, and animal care services, and its staff 

includes veterinarians, veterinary technicians, and multiple animal care and support 

personnel. CLAMC also provides training on the care and use of animals for faculty, staff 

and trainees.  
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Description of Procedures 

To investigate the effects of EndoMT in CDH, CD1 mice of both sexes will be 

purchased from the BCM core facility. Time-dated pregnant CD1 dams will receive an 

oral gavage of nitrofen at E8.5 to induce teratogen-associated diaphragmatic hernia. 

CD1 mice will be used because nitrofen induction of CDH has not been successful with 

other genetic backgrounds (Wild, 2017). CD1 mice will also be time mated. Preliminary 

observations at the TCH/BCM laboratory suggest a 20% mortality rate owing to surgical 

and anesthesia complications, which has been accounted for in the proposed sample 

sizes. The nitrofen mouse model has a very high mortality in the CDH pups by postnatal 

day one; therefore, lung removal in the nitrofen model will be completed after C-section 

or by postnatal day one in the pups after decapitation.  

Justifications 

Mice are needed for these experiments because there are limited alternative in 

vivo models that incorporate all elements of the mammalian pulmonary system. Too little 

is known about this system for the development of computer simulations. Mice are a 

well-accepted model for studying neonatal lung injury. The nitrofen murine model has 

previously been characterized (Chiu, 2014). Mice and humans share 99% of their 

individual 30,000 genes suggesting the murine lung model is similar to that of humans 

(Wild, 2017). 

Minimization of Pain and Distress 

Animals will be monitored throughout the experiments at 15-minute intervals to 

assess animal health and pain level. Mice will undergo anesthesia with inhaled 

isoflurane (1.5–3%) prior to C-section for pup removal. This agent was selected due to 

its rapid induction, reliable plane of surgical anesthesia, and low complication rate. Mice 
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will receive buprenorphine (0.05-0.1 mg/kg) administered subcutaneously at time of C-

section.  

Method of Euthanasia 

Mice will be euthanized after C-section by increasing the flow of inhaled 

isoflurane, accompanied by cervical dislocation. Fetal pups will be euthanized prior to 

lung removal by decapitation for ex vivo analysis.  

Human Subjects 

Risks to Human Subjects 

Using a retrospective case control design, isolated umbilical vein endothelial cells 

from umbilical cords of mothers of fetuses with a diagnosis of CDH or healthy fetuses 

(controls) will be used. Mothers were identified and consent obtained at Texas Children’s 

Hospital for participation in studies of EndoMT. At delivery, a sample (5-10 inches) of the 

discarded umbilical cord was collected in a coded vial by the operative team. Endothelial 

cells were isolated and will be analyzed for EndoMT expression as part of the proposed 

dissertation research.  

Study Procedures, Materials, and Potential Risks 

There is minimal risk to human subjects with the only risk being possible loss of 

confidentiality.   

Adequacy of Protection Against Risks 

Due to the minimal risk of loss of confidentiality, all human data from HUVECs 

will be de-identified to minimize this risk. 
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Informed Consent and Assent 

Not applicable. This study will use specimens previously collected under a 

different protocol and principal investigator.   

Protections Against Risk 

There is no risk to subjects.   

Vulnerable Subjects 

Endothelial cells from umbilical cords of  pregnant women will be used for this 

research study. Informed consent was obtained under a different protocol and principal 

investigator for umbilical cord collection per Baylor IRB protocol  in accordance with HHS 

45 CFR Part 46, Subparts B and D.  

Potential Benefits of the Proposed Research to Research Participants and Others 

There is no direct benefit to individual patients; however, the knowledge gained 

from the study could inform future interventions to treat PH in neonates with CDH. 

Because there is no greater than minimal risk to the research subjects and the 

knowledge gained may lead to reduced morbidity and mortality of neonates with CDH, 

the risk-benefit ratio is favorable.  

Importance of the Knowledge to be Gained 

The presence of EndoMT in the setting of CDH may inform future research to 

develop therapies to attenuate EndoMT and its associated fibrosis in neonates with 

CDH-PH. Given the minimal risk to the subjects who donated their umbilical cords and
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the potential importance of this knowledge to clinical practice, this study has a very 

reasonable risk-to-benefit ratio. 
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Sample Size Estimation for Aim 1 and Aim 2 of the Proposed Research Plan 
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Appendix A 
 

Sample Size Estimation for Aim 1 and Aim 2 of the Proposed Research Plan 
 

The literature was examined for sample size justification in experiments studying 

EndoMT in HUVEC and murine models; no study was located that reported -SMA or 

CD31 expression in a HUVEC or murine model that could be used to estimate sample 

sizes for the proposed study. An effect size was hypothesized on a theoretical basis and 

data from a non-CDH-PH population that showed a three- to six-fold increase in EndoMT 

marker -SMA (Evrard, et al., 2016). A post-hoc power analysis will be done at the end 

of the study if the effect size is less than hypothesized, and the study findings will be 

reported as pilot data that can be used to estimate effect sizes for future research. To 

estimate the sample size for the study, G*Power was utilized with the parameters: t-test, 

two independent groups, Cohen’s d of 2 indicating the group means differ by two 

standard deviations (McLeod, 2019), power ≥ .80, α ≤ .05, two-tailed.  

t tests - Means: Difference between two independent means (two groups) 
 
Analysis: A priori: Compute required sample size  
Input:  Tail(s)                        = Two 
   Effect size d                  = 2 
   α err prob                     = 0.05 
   Power (1-β err prob)    = 0.8 
   Allocation ratio N2/N1  = 1 
Output:  Noncentrality parameter δ  = 3.4641016 
   Critical t                     = 2.2281389 
   Df                             = 10 
   Sample size group 1    = 6 
   Sample size group 2    = 6 
   Total sample size         = 12 
   Actual power                = 0.8764178 
 
 

Based on the estimated sample size and accounting for a 20% attrition rate, 16 samples 

per aim (a total of 8 samples will be needed for each CDH and control group in the 

HUVEC and murine models). 
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Appendix B 

HUVEC Isolation Protocol 

The HUVEC Isolation Protocol was developed for the Laboratory for Regenerative 

Tissue Repair at Texas Children’s Hospital and Baylor College of Medicine using 

HUVECs previously isolated as part of PhD coursework by Jamie Gilley, APRN, MSN, 

NNP-BC; PhD in Nursing Student, UTHealth Houston, Cizik School of Nursing. This 

protocol was adapted from the Baudin, et al. protocol on isolating HUVECs (2007). 

Materials: 

o 200-ml sterile PBS with 1% Penicillin/Streptomycin  

o 70% ETOH solution 

o 50 ml conical tubes x 4 

o 500-ml sterile container 

o PBS solution 

o 0.2% Collagenase 

o Endothelial cell medium 

o 2 sterile surgical clamps, sterile scissors 

o 60-ml syringe, 10-ml syringe 

o Butterfly needle 

o Fibronectin-coated culture dish 

Cord Collection: 

- Written consent obtained from mother per IRB protocol  

- Don nonsterile gloves. In 500-ml sterile container, mix 200-ml sterile PBS with 2 ml of 

1% Penicillin/Streptomycin  

- Cord collected from delivery and placed into PBS/Penicillin/Streptomycin solution and 

brought back to lab for cell culturing.

Jamie Gilley, August 2020 
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- If unable to immediately culture cells, the cord + solution can be placed in a 

refrigerator at less than or equal to 4 degrees for 12 hours 

 - Do not store cord for longer than 12 hours to avoid contamination 

HUVEC Isolation: 

1) Don nonsterile gloves. Immediately place umbilical cord in 200-ml PBS with 2 

ml of 1% Penicillin/Streptomycin in sterile container. 

2) Keeping plastic umbilical clamps in place. Fill two 50 ml conical tubes with 30 

mLs PBS and one conical tube with 30 mL of 70% ETOH. Rinse cord with PBS, 70% 

ETOH, and then again with PBS using a new tube for each rinse. 

3) Remove plastic umbilical clamps by cutting the umbilical cord below the 

clamp.  

4) Cannulate umbilical vein with butterfly needle (keep plastic needle protector in 

place). 

5) Clamp umbilical cord with sterile surgical clamps to secure butterfly needle in 

place. 

6) Rinse vein via catheter with PBS until effluent is clear (normally ~30-40 mL 

PBS). 

7) Inject with collagenase and clamp distal end of cord with a sterile surgical 

clamp once the collagenase drips through.  

8) Continue injecting until vein is pressurized with collagenase.  

9) Leave syringe with collagenase in place and incubate cord for 20 min at room 

temperature.  

a) After 10 minutes, gently massage cord with fingers. Repeat massage at end 

of incubation time. 

10) Fill a 50-ml conical tube with 10-ml endothelial medium. 

11) Unclamp distal end of cord over conical tube and rinse with 40-ml of sterile 

PBS. 

12) Pellet cells in centrifuge at room temperature at 700 g-force for 10 minutes.

Jamie Gilley, August 2020 



33 

 
 

 

13) Aspirate supernatant and resuspend cells in 5 mLs of endothelial medium. 

14) Aspirate cells and plate on fibronectin coated culture dish and place in 

incubator. Check cells daily, changing medium every 2-3 days as needed. 

15) Once cells have reached confluence (5-7 days), place cells in a 10 mL conical 

tube and place in -80 freezer. Containers will be labeled based on de-identified CDH 

or control collection numbers. Ex: CDH 4 or Control 4 

Reference 
 
Baudin, B., Bruneel, A., Bosselut, N., & Vaubourdolle, M. (2007). A protocol for

 isolation and culture of human umbilical vein endothelial cells. Nature

 Protocols, 2(3), 481–485. https://doi.org/10.1038/nprot.2007.54 

Jamie Gilley, August 2020 
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Microscopy Protocol for Evaluation of EndoMT using the Leica DMi 8 750 
 



35 

 

Appendix C 
 

Microscopy Protocol for Evaluation of EndoMT using the Leica DMi 8 750 
 
Laboratory Equipment and Supplies 

 
o Non-sterile gloves 

o Microscope lens tissue wipes 

o Empty syringe 

o Camel hairbrush 

o Laboratory notebook 

o Leica DMi 8 microscope and dust cover 

o Pre-stained alpha smooth muscle actin and CD31 slides from CDH and 

control subjects in slide box 

o Space with sufficient lighting 

o Power outlet with electricity provided 

 
Preparation 

 
1. Follow Good Laboratory Practices (GLP) when handling slides. Wear laboratory 

coat and non-sterile gloves. Clean up accidental slide breakage with laboratory 

broom and dustpan while wearing protective clothing and non-sterile gloves. 

Follow laboratory regulations for disposal of materials. 

2. Tissue slide samples should be kept at room temperature during storage and 

usage.  

3. Wash hands. 

4. Don non-sterile gloves. 

5. Assemble supplies for slide evaluation along with laboratory notebook for 

documentation. 

6. Obtain slide box with pre-stained slides to be evaluated.  
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7. Go to room where Leica DMi 8 microscope is located and stored. Remove 

dust cover.  

8. Evaluate the microscope to make sure all the microscope components are 

present and intact. If any optical surfaces become coated with dust or dirt, 

clean the surface by blowing it off with a syringe filled with air or brushing it off 

with a camel hairbrush before attempting to wipe the surface clean with a 

microscope lens wipe.  

9. Make sure microscope is plugged in. 

10. Turn on microscope. Allow sufficient time for the microscope light to reach full 

illumination. 

11. Evaluate the microscope components and make sure all of them are 

functioning including the eye cups, light, focusing knob, stage, condenser, 

and the illumination control knob by starting at the lowest illumination setting 

then increasing to the highest setting.  

 
Procedure  
 

1. Position a tissue specimen slide on the specimen stage by sliding it under the 

slide grips. 

2. Using the X/Y stage control, position the specimen slide such that a part of 

the specimen is under the objective used.  

3. Rotate the objective nosepiece using the knurled ring in such a way that the 

objective with the lowest magnification level is rotated into the working 

position.  

4. Move the specimen stage upwards by turning the coarse focusing knob as far 

as it will go to the maximum position.  

5. Look into the eyepieces and adjust the illumination intensity to a level that is 

comfortable for your eyes. 
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6. Bring the specimen into focus using the fine focusing knob.  

7. Adjust the eye tubes to your interpupillary distance. Fold or unfold the eye 

tubes to decrease or increase the distance between the eyepieces until you 

see one illuminated circle.  

8. Using the fine focus adjusting knob, focus on the specimen while looking 

through only one of the eyepieces. To help focus, cover or close the other 

eye. Then, look with the other eye just through the other eyepiece. Focus the 

specimen by using the focusing capability in the focusing eyepiece.  

9. Grip the knurled ring on the focusing eyepiece with one hand and rotate the 

top of the eyepiece with the other hand until the specimen is in focus for this 

eye and this focusing eyepiece. This corrects for any vision differences 

between your right eye and left eye.  

10. Switch to an objective with a high magnification level and bring the 

microscope into focus while looking through the eyepiece with both eyes.  

a. The higher magnifications have a shallow lower depth of field. 

Therefore, after focusing with a high magnification, when you change 

to a lower magnification you will only have to adjust the fine focus 

slightly, if at all.  

11. Evaluate the slide and determine the pulmonary cells.  

a. Once the pulmonary cells have been identified, evaluate the alpha 

smooth muscle actin and CD31 staining around the pulmonary cells 

which identifies the extracellular matrix (ECM) of the cells. 

b. Count the total number of endothelial cells, total number of α-SMA and 

CD31 stained endothelial cells in each slide.  

c. Document the slide number, total number of endothelial cells, and the 

total number of α-SMA and CD31 stained cells in the laboratory 

notebook.
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12. Once you have completed evaluating the slide, remove the slide from the 

stage and place it in the slide box. If oil is present on the eye piece lens, a 

microscope lens tissue wipe may be utilized to clean the lens.  

a. Care must be taken between evaluating the slides to not alter the 

focus knob. The weighted knob feature helps to decrease any 

accidental movement.  

b. If focus is altered in any way between slide evaluations, repeat steps 

1-12 to bring the object back into focus.  

13. After evaluating the slides, turn off the microscope and replace the dust 

cover.  

14. Place slide holder box, microscope lens tissue wipes, syringe, and camel 

hairbrush back in their correct storage area.  

15. Remove nonsterile gloves and dispose in the trash. Wash hands.  

References  
 
1. Leica, (2022). Leica DMi 8. Retrieved from https://www.leica

 microsystems.com/products/light-microscopes/p/leica-dmi8
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Abstract 

Congenital diaphragmatic hernia is one of the most complex congenital disorders, 

characterized by pulmonary hypertension and lung hypoplasia. CDH-associated 

pulmonary hypertension (CDH-PH) leads to devastating neonatal morbidity and 

mortality (25-30%). Understanding of mechanism(s) underlying CDH-PH may 

improve infant survival and quality of life. Prior data suggest abnormal remodeling of 

the pulmonary vascular extracellular matrix (ECM), presumed to be driven by 

endothelial-to-mesenchymal transition (EndoMT), hinders postnatal vasodilation and 

limits efficacy of anti-PH therapy in CDH. EndoMT is characterized by progressive 

loss of endothelial markers on native endothelial cells with subsequent acquisition of 

a mesenchymal phenotype leading to the production of a fibrotic ECM. Although 

abnormal vascular development and remodeling are known CDH traits, there is 

limited data on EndoMT in CDH-PH. The overall aim was to investigate how EndoMT 

contributes to CDH-PH by identifying cells undergoing EndoMT as noted by alpha 

smooth muscle actin (α-SMA) expression in human umbilical vein endothelial cells 

(HUVECs), and murine lung tissue utilizing the nitrofen model. The hypotheses were 

that EndoMT is increased in CDH endothelial cells and lung tissue and when 

compared to controls. HUVECs demonstrated a 1.1-fold increase in α-SMA 

expression (p=0.02), with a 0.7-fold increase in CD31 (p=NS). There was a 0.4-fold 

increase in α-SMA and 0.8-fold decrease in CD31 expressions in the nitrofen pup 

lungs when compared to controls. These results suggest EndoMT may contribute to 

the ECM remodeling seen in neonatal CDH-PH. 
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Introduction 

Every 10 minutes in the United States, a baby is born with congenital diaphragmatic 

hernia (CDH) according to Shanmugam, et al. [1].  The incidence of CDH is estimated at 

1 per 2,000 to 5,000 births [2]. CDH is an anatomic defect where the diaphragm fails to 

form completely and allows abdominal viscera to herniate into the thorax. CDH is a 

complex disease with multifactorial pathology, high morbidity, and mortality of 25-30% 

during the neonatal period [3]; morbidity and mortality largely results from the pulmonary 

hypertension (PH) and lung hypoplasia that are characteristic of CDH. PH is defined as 

sustained, supra-normal pulmonary arterial pressure that creates dysfunctional 

pulmonary circulation and suboptimal gas exchange with subsequent decreased 

oxygenation, ventilation, and/or cardiac function [3]. Patients with CDH have structurally 

and functionally abnormal pulmonary vessels that may contribute to PH [4]. Despite 

clinical advances in therapy, pulmonary hypertension secondary to CDH (CDH-PH) 

remains a major medical challenge in the management of patients with CDH postnatally. 

Research shows extracellular matrix (ECM) thickening in the CDH pulmonary 

vasculature [5]. Thickening of the media and adventitia of pulmonary arteries creates a 

stiff ECM in CDH which decreases luminal diameter, increases resistance to blood flow, 

and decreases vascular compliance [6]. Therefore, a stiff pulmonary vascular ECM 

causes the pulmonary vessel to become a “lead pipe,” reducing blood flow and 

responsiveness to anti-PH therapies. A major gap in knowledge is the nascence of the 

science on molecular drivers that promote pathogenic ECM remodeling in CDH-PH. One 

pathway of interest is endothelial-to-mesenchymal transition (EndoMT), which promotes 

abnormal pulmonary vascular ECM remodeling and drives PH in multiple adult and 

pediatric PH diseases; however, EndoMT has not been studied in CDH-PH [7]. The lack 

of EndoMT research in CDH-PH is likely due to difficulties in obtaining CDH lung tissue 

to study endothelial cells.
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EndoMT features a progressive loss of native endothelial cell (EC) markers and 

acquisition of a mesenchymal cell phenotype with the production of a fibrotic ECM. 

During EndoMT, endothelial cells differentiate into mesenchymal-like cells characterized 

by induced α-SMA expression with a loss of endothelial cell markers and increased 

collagen deposition [8]. With EndoMT, there is downregulation of the endothelial-specific 

marker CD31, and upregulation of mesenchymal marker α-SMA [9]. Abnormal vascular 

development and ECM remodeling are CDH traits, but compelling data that decipher if 

EndoMT mechanistically contributes to CDH-PH have not yet been obtained. The 

overarching hypothesis is that EndoMT is increased in endothelial cells and CDH lung 

tissue when compared to controls. This hypothesis was tested to improve global 

knowledge of a potential underlying mechanism, EndoMT, that could be contributing to 

the ECM thickening seen in CDH-PH. 

Materials and Methods 

HUVECs 

Endothelial dysfunction is a known feature of CDH-PH tissues [10]; differences in the 

endothelial response seen in CDH secondary to lung hypoplasia and organ compression 

may be responsible for differences in CDH-PH severity and postnatal treatment 

response. To address this, HUVECs have been investigated to understand the behavior 

of pulmonary vascular endothelial cells as a surrogate ex vivo model [11]. Briefly, 

HUVEC-based models have been used since the 1970s as a method to study vascular 

endothelium properties in conjunction with molecular mechanisms involved in endothelial 

cell function [11,12], which helped to glean insight into vascular biology by evaluating 

different proteins involved in angiogenesis [11]. HUVECs represent an abundant and 

non-invasive resource that may demonstrate endothelial dysfunction in neonates with 

CDH-PH. This well-established model was used to study endothelial cell 

pathophysiology in CDH-PH to help uncover inherent differences in EndoMT expression
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in healthy controls and neonates with CDH-PH.  

  Gestational age-matched controls were compared with CDH HUVEC specimens that 

were previously obtained and were stored in our laboratory’s HUVEC biobank. The study 

sample size of 16 (8 healthy control and 8 CDH) was estimated with a medium effect 

size hypothesized on a theoretical basis utilizing EndoMT studies from a non-CDH-PH 

population that showed a three-to-six-fold increase in EndoMT marker -SMA and a 

one-fold decrease in CD31 expression in endothelial cells [13]. The independent t-test 

with a two-tailed =0.05, β= 0.80 or 80%, and a 20% attrition rate, was used in the 

sample size estimate. HUVECs previously obtained from twin births were excluded from 

this study due to lack of generalizability to the CDH population as only six cases of CDH 

have been documented in twins [14]. HUVECs were cultured and placed in a four-well 

cell culture chamber with 50,000 cells per well. The HUVECs were then exposed to 

TGF-β, a known EndoMT promoter, for 24 hours. Primary antibodies Sigma mouse 

(A5228) for -SMA and Abcam rabbit (Ab28364) for CD31 were used and diluted with 

PBS 1:200 for -SMA and 1:100 for CD31. The secondary antibodies were goat anti-

mouse green (A11001; AF488) for -SMA and goat anti-rabbit red (A11012; AF594) for 

CD31 with a 1:200 dilution. The spatiotemporal expression of the EndoMT markers were 

examined by immunofluorescence utilizing the Leica DMi8 fluorescence microscope.  

  The use of a standardized and documented protocol for immunofluorescent analysis 

enhanced reproducibility of the findings. Previously collected HUVEC samples had 

endothelial cells isolated using a standardized protocol to decrease variability in 

endothelial cell isolation.  

Nitrofen Murine Model 

The well-established nitrofen-induced mouse model was used to investigate in vivo 

differences in EndoMT biomarkers between CDH and healthy control pups. This model, 
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which is widely used in CDH research, causes murine pups to develop a diaphragmatic 

defect and lung maldevelopment similar to that observed in human CDH. Due to the 

nearly uniform mortality by postnatal day one, this model was used to study the early 

development of CDH-PH and the contribution of EndoMT in its pathogenesis [15]. 

  A total of 16 lung tissue samples (n=8 murine CDH and n=8 murine controls) 

were utilized to measure the distribution of -SMA and CD31 in murine pup lung tissue. 

Post-mortem lung tissue samples obtained from mice with a nitrofen-induced CDH 

phenotype were evaluated for the extent of EndoMT presence and compared with 

control mouse pup lungs from pregnant dams who did not receive nitrofen. Briefly, CD1 

pregnant dams were gavaged with 50 mg of nitrofen diluted in olive oil at embryonic day 

8.5 (CDH group). Pregnant dams of both the control and CDH group underwent C-

section at embryonic day 18.5 and pup lungs were harvested and processed utilizing the 

Leica ASP300S machine, embedded as whole organ mounts, and placed in paraffin 

blocks for preservation. When preparing lung tissue samples for assessment, orientation 

was controlled by placing the left lung on the left side of the cassette. The paraffin blocks 

were sectioned, placed on slides, de-paraffinized, and stained with the same antibodies 

utilized in the previously described HUVEC model to examine the spatiotemporal 

expression of EndoMT markers -SMA and CD31 to determine the presence of EndoMT 

in nitrofen versus control murine lung tissue samples. Standardized and documented 

protocols for all murine experiments conducted enhanced reproducibility of the analysis 

and findings. 

 Immunofluorescence images of the HUVECs and murine lung tissues from CDH and 

control patients and pups, respectively, were taken on the Leica DMi8 microscope using 

20x magnification and a standardized image size. To quantify the degree of -SMA 

expression, images were analyzed utilizing Fiji software (version 12.32.18) to measure



45 

 

the percent area of -SMA green staining. The percent area of staining was normalized 

to the total number of cells in the slide image to quantify the areas of -SMA and CD31 

per cell. A t-test was performed using GraphPad Prism (version 9.0) for MAC, GraphPad 

Software, San Diego, California USA. 

Results 

When evaluating -SMA expression in CDH versus control HUVECs, a 1.1-fold increase 

was noted in CDH HUVECs as shown in Figure 1. There was significance noted with a p 

value of 0.02 indicating a difference between -SMA expression in CDH versus control 

HUVECs. Cohen’s F indicated a large effect size (F=0.7) showing practical significance 

with a sample size of n=8 (GraphPad, Prism).  

CD31 expression was analyzed using the same methods as -SMA with the 

percent area of staining being normalized to the total number of cells in the slide image. 

Initially, a one-fold decrease in CD31 was projected as the cells underwent EndoMT. 

However, a 0.7-fold increase of CD31 in CDH cells was noted when compared to 

controls after being exposed for 24 hours to TGF-β. The p-value was not statistically 

significant (p=0.16). A posteriori effect size was calculated, and the sample size would 

need to be increased to a minimum of 12 subjects in order to potentially show statistical 

significance (GraphPad, Prism).   

For the nitrofen murine model, -SMA expression was noted to have a 0.4-fold 

increase in the nitrofen pup lungs versus control pup lungs as demonstrated in Figure 2 

after normalizing -SMA expression to the total number of endothelial cells. There was 

no statistical significance (p=0.57) noted between the nitrofen and control pup lungs. 

CD31 expression was also analyzed using the same methodology as -SMA in the 

nitrofen versus control pup lungs. A 0.8-fold decrease in CD31 expression was noted in
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nitrofen pup lungs when compared to controls (Figure 2). There was no statistical 

significance between the two groups (p=0.2). Of note, there was a 6% attrition rate in the 

control group dams: one mouse did not survive pregnancy due to an unknown medical 

condition. The dams were replaced by two new female mice of breeding age. The 

attrition rate for pups was also 6% in the control group as one mouse had pups excluded 

from the study due to dysmorphism of unknown etiology.  

Fluoroscopy images of HUVECs and murine lung tissue showed a visual 

difference in expression (Figure 3).

Discussion 

Investigation of EndoMT in CDH-PH is a novel concept. Prior research evaluated 

prenatal imaging and genetic mechanisms of CDH-PH [3,4]. However, currently no 

genetic markers or imaging can gauge how severe CDH-PH will be postnatally; 

therefore, providing little guidance for management after birth. The main focus of the 

present study was to explore pulmonary vascular remodeling as reflected by EndoMT 

expression. The nitrofen murine model was not innovative, but the use of the HUVEC 

model was deemed to be a strength of the study and represents a novel ex-vivo model 

that may be useful for future research of vascular remodeling in fetuses and neonates 

with CDH-PH.  

Evidence of EndoMT was expected as increased -SMA and decreased CD31 

expression in CDH HUVECs and murine pup lung tissue. Comparison of CDH to control 

HUVECs showed a 1.1-fold increase (p=0.02) in -SMA expression and a statistically 

insignificant 0.7-fold increase in CD31 expression. In the murine model, there was a 0.4-

fold increase in -SMA expression and 0.8-fold decrease in CD31 expression, neither of 

which was significantly different from controls. Marulanda, et al. [16] described similar 

results in their preclinical model to those in the present study when staining CDH 



47 

 

pulmonary arteries for -SMA; their images demonstrated increased pulmonary arterial 

smooth muscle proliferation and -SMA when compared to controls. Utilizing the nitrofen 

murine model, Coleman and colleagues [17] demonstrated similar results showing 

increased -SMA mRNA in nitrofen-induced pup lungs when compared to controls.  

  EndoMT has been linked to the pathogenesis of other fibrotic disorders, including 

pulmonary fibrosis and idiopathic portal hypertension [19]. While -SMA is a known 

mesenchymal cell byproduct of EndoMT, type I collagen is also known to be produced 

when cells undergo EndoMT [19]. HUVEC RNA-sequencing in our lab looked at markers 

of EndoMT expression in HUVECs including -SMA, CD31, and type 1 collagen. Even 

though -SMA and CD31 were not the most robust, there were selected for this study 

because CD31 is an endothelial marker and -SMA is a prominent mesenchymal 

marker. Future studies that evaluate the possible contribution of type I collagen to the 

thickened ECM in CDH-PH may yield evidence for a more robust EndoMT marker than 

the ones used in the present study.  

Species based differences were suggested by the study findings. Expression of 

EndoMT markers was significant in the HUVEC CDH model but was not significant in the 

nitrofen murine CDH model. The advantages previously discussed offered by HUVECs 

as a noninvasive, ex-vivo research model could yield reproducible and valid findings of 

EndoMT expression in neonates. It seems clear from the findings of the present study 

that neither the nitrofen nor control murine models serve that purpose. The question is 

posed regarding the utility of the nitrofen murine model to evaluate EndoMT expression 

in a CDH model.    

The nitrofen murine model has been used since the 1980s to study in-vivo 

mechanisms of CDH-PH. Since initiation of this model to date, there have been no major
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discoveries that have led to clinical changes or major improvements in clinical outcomes. 

Perhaps, a different model would accelerate progress with breakthrough therapies in 

CDH-PH research that can have a clinical impact on critically ill neonates. Variations in 

the use of the nitrofen murine model are likely, even when guided by a standardized 

protocol, arising from nitrofen dosing, regurgitation of the herbicide, drug metabolism, 

and gavage time points.  

Future research and clinical management of neonates with CDH-PH would 

benefit from investigating whether there is a relationship between EndoMT expression 

and clinical severity of illness. There was a wide range of expression of -SMA and 

CD31 in the present study within both the HUVEC and murine models. The investigator 

compared the defects observed in the CDH nitrofen model for an association with the 

magnitude and direction of EndoMT biomarker expression. There appeared to be no 

systematic trend; for example, the mice with the most visible defects had different 

directions in magnitude of expression. Nonetheless, others may wish to explore in a 

systematic and adequately powered way the relationship between severity of illness and 

biomarker expression.  

 Identifying activation pathways for EndoMT, such as Notch signaling, would be 

beneficial in order to assist in decreasing the occurrence of EndoMT and fibrosis by 

inhibiting their activation. Activation of the Notch signaling pathway has been shown to 

be involved in the induction of EndoMT in animal models and various human 

pathological conditions [20]. Several Notch pathway inhibitors have been identified in 

cancer research and pharmacological agents are used to disrupt Notch transcription 

factors [21]. Expression of delta-like 4, a vascular endothelial ligand that activates Notch 

signaling to induce EndoMT [22], was noted to be upregulated in the postmortem human
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CDH lung tissue samples when compared with age-matched postmortem lung tissue 

control samples. Discerning ways to reduce EndoMT with Notch activators and inhibitors 

could prove beneficial in decreasing ECM thickening in neonates with CDH-PH.  

 Aside from the conceptual limitations addressed above, a methodological 

limitation of the present study was the small sample sizes, leading to an underpowered 

study. Other methodological limitations include the possibility of errors in staining, even 

though standardized and documented protocols were used, and confounding effects 

from using the TGF- promoter of EndoMT in the HUVEC model but not the nitrofen 

murine model.  

The study findings yielded potentially useful information for the research 

community that can inform estimation of effect sizes and models to study EndoMT in 

neonates with CDH-PH. The strengths and limitations of the study and alternative 

approaches were suggested. More research is needed on the mechanisms of PH 

associated with CDH and biomarkers to inform early diagnostics and clinical 

management to improve patient outcomes.

Conclusion 

The results of the study suggest EndoMT may contribute to CDH-PH as demonstrated 

by increased -SMA in the HUVEC and murine models. The CD31 results were mixed 

and varied in direction and magnitude by model. Future studies are recommended to 

further elucidate and reproduce the findings.  
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Figure 1  

 
α-SMA and CD31 Expression in Human Umbilical Vein Endothelial Cells 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 2 
 
α-SMA and CD31 Expression in Murine Pup Lungs 

*Left y-axis represents percent area of 
measurement for α-SMA expression  

*Left y-axis represents percent area of 
measurement for CD31 expression  

*Left y-axis represents percent area of 
measurement for α-SMA expression  

*Left y-axis represents percent area of 
measurement for CD31 expression  
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Figure 3 

Fluoroscopy images of Human Umbilical Vein Endothelial Cells and Murine Pup Lung 

Tissue Stained for α-SMA, CD31, DAPI 

 

 
 
 
 
 
 

a). 

The panels represent fluoroscopy images of cells and tissue per the groups listed 
below. Panel b shows greater α-SMA expression than panel a (p=0.02). Panel d 
shows greater α-SMA expression compared to panel c. a). Control HUVECs exposed 

for 24hrs to TGF-; b). CDH HUVECs exposed for 24h to TGF-; c). Control pup lung; 

d). Nitrofen pup lung 

  

b). 

c). d). 
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Supplementary Material for Manuscript Submission 
 
Table 1: HUVEC α-SMA Control Data  
 
Control 
α-SMA 

% Area Number of Cells Cells/%Area 

Ctrl 1 22.12 50 0.44 

Ctrl 2 51.58 178 0.29 

Ctrl 3 69.67 202 0.34 

Ctrl 4 53 123 0.43 

Ctrl 5 52.46 223 0.24 

Ctrl 6 58.93 173 0.34 

Ctrl 7 77.55 195 0.40 

Ctrl 8 36.41 93 0.39 

   Mean= 0.36 

Note. Ctrl=control: α-SMA= alpha smooth muscle actin 
 
Table 2: HUVEC α-SMA CDH Data  
 

CDH α-
SMA 

% Area Number of 
Cells 

Cells/%Area Fold 
change 

Increase/ 
Decrease 

CDH 1 73.27 85 0.86 1.95 Increase 

CDH 2 55.68 89 0.63 2.16 Increase 

CDH 3 61.15 76 0.81 2.33 Increase 

CDH 4 76.46 133 0.58 1.33 Increase 

CDH 5 76.29 182 0.42 1.78 Increase 

CDH 6 80.85 100 0.81 2.37 Increase 

CDH 7 88.77 288 0.31 1.29 Decrease 

CDH 8 56.32 215 0.26 1.49 Decrease 

   Mean=0.59   

    
Fold Change: 

 
1.1-Fold 

α-SMA 
Increase 

Note. CDH=congenital diaphragmatic hernia: α-SMA= alpha smooth muscle actin 
 
Table 3: HUVEC CD31 Control Data  
 
Control CD31 % Area Number of Cells Cells/%Area 

Ctrl 1 14.8 52 0.28 

Ctrl 2 33.7 188 0.18 

Ctrl 3 35 217 0.16 

Ctrl 4 30.8 158 0.19 

Ctrl 5 36 231 0.16 

Ctrl 6 36.5 173 0.21 

Ctrl 7 33.5 248 0.14 

Ctrl 8 26 99 0.26 

   Mean= 0.2 

Note. Ctrl=control 
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Table 4: HUVEC CD31 Control Data  
 
Note. CDH=congenital diaphragmatic hernia 

 
 
Table 5: Nitrofen Data Table Describing Pup Weights and Diaphragm Appearance 
 
 

Right  
Uterine 
Horn 
 

Pup 
Weight 
(mg) 

Left 
Uterine 
Horn 

Pup 
Weight 
(mg) 

Pup 
Number 

Diaphragm 
Defect 

1 1074.4 8 1035.1 1 Thin membrane 

2 1051.8 9 980.9 2 Thin membrane 

3 1007.6 10 1072.5 3 Left side hole, 
thin membrane 

4 1163.6 11 1149.6 4 Thin membrane 

5 995.8 12 1041.4 5 Thin membrane 

6 852.6 13 882.8 6 Thin membrane 

7 1003.4   7 Thin membrane 

    8 Thin membrane, 
? hiatal hernia 

    9 Thin membrane, 
? hiatal hernia 

    10 Right side hole, 
thin membrane 

    11 Thin membrane 

    12 Thin membrane 

    13 Thin membrane 

 

CDH CD31 % Area Number of 
Cells 

Cells/%Area Fold 
Change 

Increase/ 
Decrease 

CDH 1 25 86 0.29 1.02 Increase 

CDH 2 27.7 89 0.31 1.74 Increase 

CDH 3 40 78 0.51 3.18 Increase 

CDH 4 20.7 146 0.14 1.37 Decrease 

CDH 5 35 159 0.22 1.41 Increase 

CDH 6 35.8 86 0.42 1.97 Increase 

CDH 7 33.4 254 0.13 1.03 Decrease 

CDH 8 36.1 211 0.17 1.54 Decrease 

   Mean=0.27   

 
  Fold Change: 

 
0.7-Fold 

CD31 
Increase 
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Table 6: Nitrofen Pup Data Table Lung Description Results  
 

Pup Number 
 

Lung Description Results Percent of Pups 
with Defect 

1 Normal 13 thin membranes 100% thin 
membranes 

2 Left lung smaller 1 Left defect 7% left defect 

3 Left lung smaller 1 Left defect 7% left defect 

4 Left lung smaller 2 Hiatal  15% hiatal hernias 

5 Normal 4 Left lungs small 31% left lungs 
small 

6 Normal   
7 Normal   
8 Normal   
9 Left lung smaller   
10 Normal   
11 Normal   
12 Normal   
13 Normal   

Table 7: Control Pup Data Table  

Right 
Uterine 
Horn 
 

Pup 
Weight 
(mg) 

Left 
Uterine 
Horn 

Pup 
Weight 
(mg) 

Pup 
Number 

Diaphragm 
Defect 

Lung 
Description 

1 1072.7 9 1375.3 1 None Normal 

2 1077.5 10 1286.7 2 None Normal 

3 983.3 11 970.9 3 None Normal 

4 1119.8 12 1047.1 4 None Normal 

5 1271.2   5 None Normal 

6 933.2   6 None White 
appearance 

7 842.9   7 None Normal 

8 874.3   8 None White 
appearance 

    9 None Normal 

    10 None Normal 

    11 None Normal 

    12 None Normal 
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Table 8: Murine α-SMA Control Lung Tissue Data Table 
 

Control α-SMA % Area Number of Cells Cells/%Area 

Ctrl 1 29.84 243 0.12 

Ctrl 2 23.35 467 0.05 

Ctrl 3 43.78 225 0.19 

Ctrl 4 30.65 320 0.10 

Ctrl 5 24.87 211 0.12 

Ctrl 6 50.66 347 0.15 

Ctrl 7 63.42 281 0.23 

Ctrl 8 42.15 411 0.10 

   Mean= 0.12 

Note. Ctrl=control: α-SMA= alpha smooth muscle actin 
 
Table 9: Murine α-SMA Nitrofen Lung Tissue Data Table 
 

Nitrofen 
α-SMA 

% Area Number of 
Cells 

Cells/%Area Fold 
Change 

Increase/ 
Decrease 

Nitrofen 1 46.63 278 0.17 1.37 Increase 

Nitrofen 2 47.04 312 0.15 3.02 Increase 

Nitrofen 3 44.48 520 0.09 2.27 Decrease 

Nitrofen 4 42.91 220 0.20 2.04 Increase 

Nitrofen 5 43.99 397 0.11 0 None 

Nitrofen 6 38.42 389 0.10 1.48 Decrease 

Nitrofen 7 51.15 314 0.16 1.39 Decrease 

Nitrofen 8 54.91 277 0.20 1.93 Increase 

   Mean=0.15   

 
  Fold Change: 

 
0.4-Fold 

α-SMA 
Increase 

Note. α-SMA= alpha smooth muscle actin 
 
Table 10: Murine CD31 Control Lung Tissue Data Table 
 

Control CD31 % Area Number of Cells Cells/%Area 

Ctrl 1 29.59 243 0.12 

Ctrl 2 27.47 467 0.06 

Ctrl 3 41.95 225 0.19 

Ctrl 4 38.49 320 0.12 

Ctrl 5 50.11 211 0.24 

Ctrl 6 45.58 347 0.13 

Ctrl 7 54.48 281 0.19 

Ctrl 8 38.32 411 0.09 

   Mean= 0.14 

Note. Ctrl=control 
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Table 11: Murine CD31 Nitrofen Lung Tissue Data Table 
 

Nitrofen 
CD31 

% Area Number of 
Cells 

Cells/%Area Fold 
Change 

Increase/ 
Decrease 

Nitrofen 1 33.63 278 0.12 0 None 

Nitrofen 2 49.95 312 0.16 2.72 Increase 

Nitrofen 3 32.43 520 0.06 2.99 Decrease 

Nitrofen 4 38.53 220 0.18 1.46 Increase 

Nitrofen 5 31.55 397 0.08 2.99 Decrease 

Nitrofen 6 29.68 389 0.08 1.72 Decrease 

Nitrofen 7 36.79 314 0.12 1.65 Decrease 

Nitrofen 8 22.99 277 0.08 1.12 Decrease 

   Mean= 0.11   

 
  Fold Change: 

 
0.8-Fold 

CD31 
Decrease 
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Statistical Analysis for HUVECs 
 
Table 12: α-SMA Expression in Control versus CDH HUVECs using Cells per Percent 
Area 
 

Control HUVECs α-SMA Expression CDH HUVECs α-SMA Expression 

Ctrl 1 0.44 CDH 1 0.86 

Ctrl 2 0.29 CDH 2 0.63 

Ctrl 3 0.34 CDH 3 0.81 

Ctrl 4 0.43 CDH 4 0.58 

Ctrl 5 0.24 CDH 5 0.42 

Ctrl 6 0.34 CDH 6 0.81 

Ctrl 7 0.40 CDH 7 0.31 

Ctrl 8 0.39 CDH 8 0.26 

Independent t-test (2- tailed), t=2.59, df= 14, p=0.02 
Note. Ctrl=control: α-SMA= alpha smooth muscle actin: HUVECS=human umbilical vein 
endothelial cells: CDH= congenital diaphragmatic hernia 
 
 
Table 13: CD31 Expression in Control versus CDH HUVECs using Cells per Percent 
Area  
 

Control HUVECs CD31 Expression CDH HUVECs CD31 Expression 

Ctrl 1 0.28 CDH 1 0.29 

Ctrl 2 0.18 CDH 2 0.31 

Ctrl 3 0.16 CDH 3 0.51 

Ctrl 4 0.19 CDH 4 0.14 

Ctrl 5 0.16 CDH 5 0.22 

Ctrl 6 0.21 CDH 6 0.42 

Ctrl 7 0.14 CDH 7 0.13 

Ctrl 8 0.26 CDH 8 0.17 

Independent t-test (2- tailed), t=1.48, df= 14, p=0.16 
Note. Ctrl=control: α-SMA= alpha smooth muscle actin: HUVECS=human umbilical vein 
endothelial cells: CDH= congenital diaphragmatic hernia 
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Statistical Analysis for Nitrofen Model  
 
 
Table 14: α-SMA Expression in Nitrofen versus Control Pup Lungs using Cells per 
Percent Area  
 

Control Pup 
Lungs 

α-SMA Expression Nitrofen Pup 
Lungs 

α-SMA Expression 

Ctrl 1 0.12 Nitrofen 1 0.17 

Ctrl 2 0.05 Nitrofen 2 0.15 

Ctrl 3 0.19 Nitrofen 3 0.09 

Ctrl 4 0.10 Nitrofen 4 0.20 

Ctrl 5 0.12 Nitrofen 5 0.11 

Ctrl 6 0.15 Nitrofen 6 0.10 

Ctrl 7 0.23 Nitrofen 7 0.16 

Ctrl 8 0.10 Nitrofen 8 0.20 

Independent t-test (2- tailed), t=0.57, df= 14, p=0.58 
Note. Ctrl=control: α-SMA= alpha smooth muscle actin 
 
 
Table 15: CD31 Expression in Nitrofen versus Control Pup Lungs using Cells per 
Percent Area  
 

Control Pup 
Lungs 

CD31 Expression Nitrofen Pup 
Lungs 

CD31 Expression 

Ctrl 1 0.12 Nitrofen 1 0.12 

Ctrl 2 0.06 Nitrofen 2 0.16 

Ctrl 3 0.19 Nitrofen 3 0.06 

Ctrl 4 0.12 Nitrofen 4 0.18 

Ctrl 5 0.24 Nitrofen 5 0.08 

Ctrl 6 0.13 Nitrofen 6 0.08 

Ctrl 7 0.19 Nitrofen 7 0.12 

Ctrl 8 0.09 Nitrofen 8 0.08 

Independent t-test (2- tailed), t=1.32, df= 14, p=0.21 
Note. Ctrl=control 
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Appendix A: Baylor College of Medicine Animal Welfare Committee Approval 
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Appendix B: UT Health CPHS Exemption Letter  

TO: Jamie Gilley 
Cizik School of Nursing 

FROM: Sylvia Romo
IRB Coordinator
CPHS Office

DATE: June 18, 2022

RE:         HSC-SN-22-0507 -  Endothelial to mesenchymal transition in human and murine 
models of congenital diaphragmatic hernia pulmonary hypertension

Reference Number:  231294

Dear Jamie Gilley,

The Committee for the Protection of Human Subjects (CPHS) reviewed this submission and determined it 
does not meet the regulatory definition of human subjects research; no further review by CPHS is 
required.  

Please confirm whether a Material  Transfer Agreement/ Data Use Agreement wil l be required to transfer the samples 
from the Biobank at Baylor College of Medicine.  For additional guidance and required forms please visit the 
Sponsored Projects Administration Website at https://www.uth.edu/sponsored-projects-
administration/tools-resources/forms-templates

If you have any questions, please contact Sylvia.Romo@uth.tmc.edu 

The submission in iRIS is now closed.  Thank you.
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Appendix C: Immunofluorescence Protocol for Cells (Revised) 

Assembly of Equipment and Supplies 
 

- Nonsterile gloves 

- Four chamber well slides with CDH and control HUVECs fixed at 60,000 cells per 

chamber 

- PBS solution 

- Triton solution 

- BSA solution 

- Sigma mouse ASMA primary antibody A5228; 1:200 dilution 

- Abcam rabbit CD31 primary antibody Ab28364; 1:100 dilution 

- Goat anti-rabbit red CD31 secondary antibody A11012; AF594; 1:200 dilution 

- Goat anti-mouse green ASMA secondary antibody A11001; AF488; 1:200 

dilution 

- DAPI mounting medium  

- Slide coverslip 

- Leica DMI-8 Fluoroscopy microscope 

Permeabilization  

If the target protein is intracellular, it is very important to permeabilize the cells.  

1. Don nonsterile gloves. Incubate the samples for 10 min with PBS containing 

0.1% Triton. Triton X-100 is the most popular detergent for improving the 

penetration of the antibody. However, it is not appropriate for membrane-

associated antigens since it destroys membranes.  

2. Wash cells in 300μL PBS three times for 5 mins each time.
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Multicolor immunostaining  

To examine the co-distribution of two (or more) different antigens in the same sample, 

use a double immunofluorescence procedure. This can be performed either 

simultaneously (in a mixture) or sequentially (one antigen after another).  

Ensure you have antibodies for different species and their corresponding secondary 

antibodies. For example, rabbit antibody against antigen A, mouse antibody against 

antigen B.  

Simultaneous incubation  

1. Incubate cells with 300μL Daoko Antibody blocking solution for 30 min to block 

unspecific binding of the antibodies. 

2. Incubate cells with both primary antibodies (Sigma mouse ASMA primary 

antibody A5228; 1:200 dilution in PBS. Abcam rabbit CD31 primary antibody 

Ab28364; 1:100 dilution in PBS) in a humidified chamber for 1 h at room 

temperature.  

3. Decant the solution and wash the cells three times in 300μL PBS for each well, 5 

min each wash.  

4. Incubate cells with both secondary antibodies (Goat anti-rabbit red CD31 

secondary antibody A11012; AF594; 1:200 dilution in PBS. Goat anti-mouse 

green ASMA secondary antibody A11001; AF488; 1:200 dilution in PBS) for 1 h 

at room temperature in the dark.  

5. Decant the secondary antibody solution and wash three times with 300 μL PBS 

for 5 mins each in the dark. 
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Mounting  

1. Mount coverslip with a drop of DAPI mounting medium.  

2. Place coverslip to prevent drying and movement under microscope.  

3. Store in dark at room temperature. 

Reference 

Abcam, 2021. Protocol obtained and modified for purposes of this study from 

https://www.abcam.com/index.html?pageconfig=popular_protocols 
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Appendix D: Nitrofen Mouse Model Protocol (Revised) 

The Nitrofen Mouse Model Protocol was developed for the Laboratory for Regenerative 

Tissue Repair at Texas Children’s Hospital and Baylor College of Medicine by Jamie 

Gilley, APRN, MSN, NNP-BC, Cizik School of Nursing PhD Student as part of her PhD 

coursework.  

Nitrofen Gavage: 

- CD1 mice aged 9-13 weeks (15-30 grams) will be used.  

- Females (n=2 female/cage) at estrous stage will be caged with potent males 

(n=1 male per 2 females per cage) in the afternoon with the male separated the 

next morning. 

- Vaginal plug or sperm the next morning will be day 0 gestation. 

- At embryonic day 8.5 (E8.5) 50 mg of nitrofen will be dissolved in 0.5 ml of olive 

oil for the nitrofen group and gavaged to the mother per protocol (see Gavage 

protocol below). The 0.5 time point will be at 1200 noon indicating a half day.  

Post Nitrofen: 

- At E18.5 days, pregnant females’ pups will be delivered via C-section 

immediately after the mother is euthanized utilizing carbon dioxide inhalation. 

Post C-section, pups will be marked by number, placed in a warm saline bath, 

then characteristic evaluation will be performed to include pup weight, any 

apparent physical abnormalities in the pup, and whether the pup was obtained 

from the left horn or right horn of uterus. 

o The laboratory scale used for weights is a Mettler Toledo scale that is 

serviced annually in the Laboratory for Regenerative Tissue Repair per 

manufacturers recommendations.  

o Weighing dishes are used for each pup with the scale zeroed/tared prior 

to weighing each individual pup.
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- Postmortem autopsy will be performed on the pups to identify if a CDH 

phenotype is present. A CDH phenotype will be confirmed if a hole is present in 

the diaphragm. To investigate the diaphragms integrity, circumferential dissection 

will be done below the diaphragm to observe if a diaphragmatic hole is present. 

After circumferential dissection, the sternum will be cut open and the ribs cut 

away to reveal the bilateral lungs. After rib removal, care must be taken to 

remove the lungs intact from the thoracic cavity.   

Protocol for lung paraffin sections in mouse pup lungs: 

1. The thoracic cavity of the mouse pup will be opened, and the lungs identified. 

Identification of CDH phenotype will include a diaphragmatic hole, potential organ 

herniation, and lung hypoplasia, if present. Due to the small size of the mouse 

pups, lung hypoplasia will be difficult to examine.   

2. The mouse pup lungs will be removed and placed in a plastic cassette (see 

Fixation below).  

3. The tissue will then be formalin fixed paraffin embedded (FFPE) for later 

staining/analysis (see Mouse Pup Lung Tissue Preservation below).  

Nitrofen Mouse Pup Lung Tissue Preservation: 

1. Fixation: 

- Tissue will be placed in a plastic cassette and placed in 10% neutral buffered 

formalin fixative. 

o 10% neutral buffered formalin is the universal fixative and will be used. 

o Tissue should be no thicker than a nickel (3-5mm) and should not be 

compressed by the cassette to prevent tissue damage.  

o Tissue should be no larger than a stamp.
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- Fixative volume must be 20 times greater than the tissue volume. Ensure all 

parts of the specimen are submerged in the fixative solution.  

- Fix tissue for 24 hrs in the formalin fixative. 

2. Dehydration (done by machine in The Laboratory for Regenerative Tissue 

Repair): 

- 70% alcohol (ETOH) used initially 

- 2 changes of 95% ETOH  

- 3 changes of 100% ETOH  

- Process takes several hours 

3. Clearing (done by machine in The Laboratory for Regenerative Tissue Repair): 

- Xylene utilized for paraffin to take effect 

- The de-alcoholization process moves alcohol out of tissues 

4. Processing: 

- Paraffin infiltration for 2-3 hrs. This process holds the intracellular structures in 

place. 

- The sample is then embedded in paraffin with the flat side down. Care must be 

taken to embed every sample the same, so tissue orientation is accurate.  

Gavage Protocol: 

 Supplies: 

o Gavage needle of appropriate size 

▪ Mice 24 gauge, 1.5 inches in length 

o 1 ml syringe 

o Nitrofen+olive oil mixture 

Prepare Syringe: 

- Draw up solution into the syringe
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o Adult volume not to exceed 10-20 ml/kg of body weight 

- Attach gavage needle to syringe 

o Preload needle and remove air bubbles (rodents cannot vomit or 

regurgitate) 

o The volume in syringe needs to account for hub loss  

Orogastric Gavage of the Mouse: 

- Grasp mouse gently but firmly at the scruff of the neck. The neck must be 

straight and midline to allow for the airway to be open.

- Measure the needle length to verify it is long enough to reach the corner of the 

mouth to the last rib. Mark needle hub if needed for the correct depth.  

- Position the mouse with mouth facing up and towards the holder.  

- Insert the gavage needle gently into the back of the mouth following the upper 

palate into the esophagus. If resistance is felt, stop as the needle may be in the 

trachea. Withdraw the needle immediately if you believe it is in malposition.  

- Once the needle is completely advanced, introduce the syringe contents, count 

to three, then remove. This process helps with absorption and decreases the risk 

of aspiration.  

o Stop the procedure immediately if: 

▪ The mouse struggles intensely during fluid introduction 

▪ The mouse coughs 

▪ Fluid is expelled from the nose of the mouse 

- Observe the animal for 5-10 minutes to monitor for signs of: 

o Ruffled fur 

o Hunched posture 

o Decreased activity 
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o If you believe the fluid was introduced to the lungs, euthanize the mouse 

immediately 

- Sanitize or sterilize gavage needle before and after use. 

- Discard used syringe in sharps container. 
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Appendix E: Immunohistochemistry Staining Protocol for Formalin-Fixed Paraffin-
Embedded (FFPE) Lung Tissue (Revised) 
 
Assembly of Equipment and Supplies 
 

- Leica autostainer machine 

- Slides to be used for experiment 

- Deionized water 

- Wash buffer 

- Substrate buffer 

- FLEX DAB solution 

- Sub Chromo solution  

- All containers in Leica autostainer are labeled (ex: xylene container labeled 

xylene) 

- Sigma mouse ASMA primary antibody A5228; 1:200 dilution 

- Abcam rabbit CD31 primary antibody Ab28364; 1:100 dilution 

- Goat anti-rabbit red CD31 secondary antibody A11012; AF594; 1:200 dilution 

- Goat anti-mouse green ASMA secondary antibody A11001; AF488; 1:200 

dilution 

- Tris-buffered saline (TBS)  

- 0.025% Triton X-100 

- Blocking 10% normal serum 

- Bovine serum albumin 

- DAPI mounting medium 

- Slide coverslip  

- Leica DMI-8 Fluoroscopy microscope 
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Antigen Retrieval: 

Step 1 – Baking 

- Don nonsterile gloves. Bake slides for 45 minutes at 56 degrees Celsius

Step 2 - Leica autostainer for deparaffinization and rehydration (The Leica autostainer is 

serviced annually in the Laboratory for Regenerative Tissue Repair per manufacturers 

recommendations) 

- Turn on deionized water line at 45-degree angle 

- Loading station container should be dry  

- Unloading stations should be filled with deionized water (Milli-Q water) 

- Run DEPARR - NO OVEN program on Leica autostainer. Ensure lids from the 

stations are removed prior to starting program. 

Step 3 - PT Link (antigen retrieval) 

- If needed, replace fluid after ~4 runs using 30 mL (entire bottle) of 50x solution 

mixed with 1470 mL deionized water 

o Reset bulk fluid warning in Administrator drop down menu 

- Pre-heat by clicking Run, and machine will take about 20 minutes to get to 75°C 

o Once at 75°C, click Run again to run actual program with the low pH 

solution 

- Take slides out soon after program ends and click Done in software 

o Okay to leave slides in deionized water for ~1 day before staining 

Staining Protocol:  

- Blot the water with tissue paper taking care not to touch the lung tissue. Place a 

square around the lung tissue with a hydrophobic pen. 

- Wash the slides 2x5 min in PBS with gentle agitation. Apply 25μL per section or 

50μL per slide.      

- Block in Daoko antibody diluent for 15 minutes at room temperature.  
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- Drain slides for a few seconds (do not rinse) and wipe around the sections with 

tissue paper

- Apply primary antibodies diluted Daoko antibody diluent. Sigma mouse ASMA 

primary antibody A5228; 1:200 dilution. Abcam rabbit CD31 primary antibody 

Ab28364; 1:100 dilution. Apply 25μL per section or 50μL per slide.      

- Incubate overnight at 4°C.  

- Rinse 2x5 min PBS with gentle agitation.  

- Apply conjugated secondary antibody to the slide diluted in Daoko antibody 

diluent. Goat anti-rabbit red CD31 secondary antibody A11012; AF594; 1:200 

dilution. Goat anti-mouse green ASMA secondary antibody A11001; AF488; 

1:200 dilution. Apply 25μL per section or 50μL per slide.      

- Incubate for 1 h at room temperature in the dark.  

- Rinse 3x for 5 min with PBS in the dark.  

- Mount using compatible DAPI and add coverslip.  

- Store in a dark place to preserve fluorescence. 

Interpreting Results: 

- Increased -SMA and decreased CD31 will be evaluated by microscopy to 

determine the presence of EndoMT expression and will be compared to control 

samples. Scientific significance will be noted by a threefold or greater increase in 

-SMA expression and one-fold decrease in CD31 in CDH samples versus 

controls.  
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Reference 

Abcam, 2021. Protocol obtained and modified for purposes of this study from 

https://www.abcam.com/index.html?pageconfig=popular_protocols 
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Appendix F: IFC Analysis in Fiji Protocol (Revised) 

IFC Analysis in Fiji: 

1. Open the Fiji application and choose the image to be evaluated. 

2. Select image-color-split channels-select channel to be used (green for ASMA, 

red for CD31 measurement). 

3. Select image-adjust-threshold-analyze using auto threshold function for 

standardization. 

4. Select analyze-set measurements-area-mean grey value-area fraction-limit to 

threshold- display label. 

5. Select analyze-measure-document % area of the image. 

Cell Count Analysis in Fiji:  

1. Open the Fiji application and choose 

the image to be evaluated. 

2. Select image-color-split channels-

select blue channel to be used for cell 

count (DAPI staining).  

3. Select image-adjust-threshold-analyze 

using auto threshold function for 

standardization. 

4. Select analyze-analyze particles-(see 

screen shot below for settings)- document cell count number.  
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