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Abstract

Purpose—Many infants develop a postsurgical chylothorax after diaphragmatic hernia repair.
The pathogenesis remains elusive but may be due to dysfunctional lymphatic development. This
study characterizes pulmonary lymphatic development in the nitrofen mouse model of CDH.

Methods—CD1 pregnant mice were fed nitrofen/bisdiamine (N/B) or olive oil at E8.5. At E14.5
and E15.5, lung buds were categorized by phenotype: normal, N/B without CDH (N/B-CDH), or
N/B with CDH (N/B+CDH). Anti-CD31 was used to localize all endothelial cells, while anti-
LYVE-1 was used to identify lymphatic endothelial cells in lung buds using immunofluorescence.
Differential protein expression of lymphatic-specific markers was analyzed.

Results—Lymphatic endothelial cells localized to the mesenchyme surrounding the airway
epithelium at E15.5. CD31 and LYVE-1 colocalization identified lymphatic endothelial cells.
LYVE-1 expression was upregulated in N/B+CDH lung buds in comparison to N/B—CDH and
normal lung buds by immunofluorescence. Western blotting shows that VEGF-D, LYVE-1,
Prox-1, and VEGFR-3 expression was upregulated in N/B+CDH lung buds in comparison to N/B
—CDH or control lung buds at E14.5.

Conclusions—Lung lymphatics are hyperplastic in N/B+CDH. Upregulation of lymphatic-
specific genes suggest that lymphatic hyperplasia plays an important role in dysfunctional lung
lymphatic development in the nitrofen mouse model of CDH.
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Introduction

Congenital diaphragmatic hernia (CDH) is a common birth anomaly that affects 1 in 2000
newborns and carries a 30% mortality.> The mainstay of treatment includes respiratory
support and stabilization prior to repair of the diaphragmatic defect. Postoperative
chylothorax was first described in 1973,2 and since then, centers report between 5% — 28%
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of infants develop chylothorax after diaphragmatic hernia repair.3-8 Chylothorax prolongs
duration of ventilation, increases rates of sepsis, cost of care, length of stay, and also
prolongs the need for parenteral nutrition and central lines.3 6. 8 9 Postoperative chylothorax
contributes significant morbidity to infants with CDH, yet the pathogenesis remains elusive.

Surgical disruption of lymphatics remains the most widely accepted hypothesis to explain
postoperative chylothorax after CDH repair.# 10 Disruption of lymphatics has been
associated with resection of the hernia sac’ or patch repair of the diaphragmatic defect.3
However, most diaphragmatic hernias and chylothoraces are left-sided, whereas the cysterna
chyli and thoracic duct normally traverse the diaphragm into the thorax on the right side. In
addition, two patients developed chylothorax on extracorporeal membrane oxygenation
(ECMO) priorto repair of the diaphragmatic hernia,3 which argues against surgical
disruption of lymphatics as the cause of postoperative chylothoraces in CDH. Klin et alll
proposed that visceral herniation obstructs the thoracic duct above the fifth thoracic
vertebrae, leading to a back-pressure phenomenon that causes chylothorax through small
disruptions in the thoracic duct. Postoperative chylothoraces have also been attributed to
increased central venous pressure (secondarily obstructing thoracic duct outflow into the
superior vena cava), 12 and aberrant lymphatic development as part of the constellation of
defects in CDH.

The rodent model of CDH effectively replicates the constellation of defects seen in human
infants with CDH: pulmonary hypoplasia, pulmonary hypertension, and a Bochdalek-type,
predominantly left-sided diaphragmatic defect.13-15 However, pulmonary lymphatic
development has not been well-characterized in the nitrofen rodent model of CDH. Normal
lung lymphatics are important for reabsorption of alveolar fluid after the onset of breathing
at birth and for reabsorption of interstitial fluid in mature lungs.1® In the embryonic mouse,
vascular endothelial growth factor (VEGF) D is first expressed in the lung mesenchyme at
E13.5.17 The mature, processed forms of VEGF-C8 and VEGF-D19 activate vascular
endothelial growth factor receptor 3 (VEGFR-3) signaling to promote lymphatic
development.1: 20 Mice deficient in VEGF-D have a small but significant reduction in the
number of lung lymphatics,2! but lymphatic development is greatly impaired in mice
deficient in VEGFR-3.22: 23 |mpaired VEGFR-3 signaling is associated with lymphedema in
humans24 and mice.2® In addition, transgenic overexpression of a soluble form of VEGFR-3
sequesters VEGF-C and VEGF-D in the embryonic lung to prevent endogenous VEGFR-3
activation, impairing the growth of lung lymphatics.18

VEGFR-3 activation has previously been shown to be important for normal lymphatic
development in mice. The purpose of this study is to characterize lung lymphatic
development in the nitrofen mouse model of CDH. We hypothesize that expression of
VEGF-D and VEGFR-3 is abnormal in the nitrofen mouse model of CDH, resulting in
aberrant lymphatic development. These studies will give insight into the pathophysiology
behind postoperative chylothoraces in CDH, which will help prevent and treat chylothoraces
in the future.

Pregnant CD1 mice were gavage fed 15mg of nitrofen and 10mg of bisdiamine (N/B) or
olive oil (control) at E8.5 under IACUC protocol AN081689-03C. At E14.5 and E15.5,
pregnant dams underwent laparotomy and hysterotomy. Lung buds were dissected from
mouse embryos, snap frozen for protein analysis, or placed in OCT for histological analysis.
Mouse embryos were categorized by phenotype: normal (control), N/B without CDH (N/B
—CDH), or N/B with CDH (N/B+CDH).
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Immunofluorescence Antibodies

Rabbit anti-LYVE-1 (1:1000 for immunofluorescence, 1:500 for whole mount staining) was
purchased from Abcam (Cambridge, MA). Rat anti-CD31 (1:500 for immunofluorescence
and whole mount staining) was purchased from BD Biosciences (San Jose, CA). Secondary
antibodies donkey anti-rabbit-Cy3 (1:1000 for immunofluorescence, 1:200 for whole mount
staining), and donkey anti-rat-FITC (1:500) were purchased from Jackson ImmunoResearch
(West Grove, PA).

Western Blot Antibodies

Rabbit anti-Prox-1 (1:800), rabbit anti-LYVE-1 (1:3000) and rabbit anti-p-actin (1:5000)
primary antibodies were purchased from Abcam (Cambridge, MA). Goat anti-VEGF-D (0.1
micrograms/mL) and goat anti-VEGFR-3 (0.1 micrograms/mL) antibodies were purchased
from R&D Systems (Minneapolis, MN). Secondary goat anti-rabbit antibody conjugated
with HRP (1:3000 for LYVE-1 and Prox-1, 1:10,000 for B-actin), and horse anti-goat
antibody conjugated with HRP (1:3000) were purchased from Cell Signaling (Danvers, MA)
and Vector Laboratory (Burlingame, CA), respectively.

Immunofluorescence Protocol

After lung buds were isolated and frozen in OCT, tissue was cut in 8 micron sections and
fixed with acetone. Slides were blocked in 3% normal donkey serum/0.2% Triton X-100/
PBS for 30 minutes at room temperature. Slides were incubated with primary antibodies in
3% normal donkey serum/0.2% TritonX-100/PBS at 4° Celsius overnight. Slides were
washed 3 times for two minutes each time with PBST at room temperature before incubation
with secondary antibodies in 2% BSA/3% normal donkey serum/0.2% Triton X-100/PBS at
4° Celsius overnight. They were washed with PBST three times for two minutes each time,
equilibrated in PBS, and then counterstained with blue-fluorescent DAPI (Vector Laboratory
(Burlingame, CA).

Whole mount lung bud staining protocol

Lung buds were dehydrated in 5% H,0,/100% methanol at room temperature (RT) for 5
hours, and then washed twice for 10 minutes in 100% methanol at RT with gentle agitation.
Then they were sequentially washed for 10 minutes each with 75%, 50% and 25% methanol/
PBST at RT, and then 100% PBST two times for 10 minutes each time. Lung buds were
blocked with 5% normal donkey serum/PBS/0.5% Triton-X at RT for 1 hour and incubated
with primary antibody overnight at 4° Celsius. The lung buds were then washed in 5%
normal donkey serum/PBS/0.5% Triton-X with gentle agitation for 1 hour, and then
incubated in secondary antibody overnight at 4° Celsius. The lung buds were washed three
times for 20 minutes each in PBST, and then mounted in mount medium.

Western Blotting Protocol

Two embryonic lung buds were combined for each mouse phenotype: normal, N/B-CDH
and N/B+CDH protein was isolated and concentration was determined using the Micro BCA
Protein Assay Kit (Thermo Scientific, Rockford, IL). Two micrograms of lung bud protein
from each mouse embryonic phenotype at E14.5 and E15.5 were loaded into a 5-20% Tris-
HCI gel (Biorad, Hercules, CA) and run at 150V over 45 minutes. Protein was transferred
onto a PVDF membrane (Biorad, Hercules, CA) at 100V over 1 hour. PVDF membranes
were blocked in 5% milk/TBST for 1 hour, before overnight incubation with primary
antibodies in 1% milk/TBST at 4° Celsius. Blots were washed three times with TBST for ten
minutes each time and then incubated with secondary antibody overnight at 4° Celsius in 1%
milk/TBST. Membranes were washed three times for ten minutes each time with TBST
before detection of HRP activity with Pierce ECL Western Blotting Substrate (Thermo
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Scientific, Rockford, IL). Protein densitometry was determined using Image J (Bethesda,
MD).

Mouse embryos were harvested at E14.5 and E15.5, and characterized by CDH phenotype.
Nitrofen-bisdiamine (N/B) treated mice were edematous, but control mouse embryos were
normal in appearance (Figure 1). Forty-two percent of embryos at E14.5 and 57% of
embryos at E15.5 had a left-sided CDH after pregnant dams were treated with N/B.

Immunofluorescence

Embryonic lung bud sections are visualized at 20X. Lymphatic endothelial cells identified
by LYVE-1-Cy3 (red) were located in the mesenchyme surrounding the airway epithelium
in sections of E15.5 lung buds (Figure 2). Endothelial cells were localized with CD31-FITC
antibodies (green). CD31 and LYVE-1 colocalization identified lymphatic endothelial cells
(yellow). There was increased LYVE-1 expression in N/B+CDH lung buds in comparison to
N/B—CDH and normal lung buds by immunofluorescence. In addition, lymphatic cells
appeared more linear and organized in the normal lung buds in comparison to N/B+CDH.

Whole mount staining

Whole mount lung buds were stained with immunofluorescent antibodies at E14.5 (Figure
3). Normal lung buds are larger than N/B+CDH or N/B-CDH lung buds. N/B+CDH lung
bud images demonstrate severe left lung hypoplasia. Lymphatic endothelial cells are
identified by LYVE-1-Cy3 (red), and endothelial cells are identified with CD31-FITC
(green). Normal lung buds show linear, organized, homogenous distribution of LYVE-1
expression. In contrast, LYVE-1 expression in N/B+CDH lung buds is disorganized and
distribution is heterogeneous throughout the surface of the lung bud, even in comparison to
the N/B-CDH lung buds.

Western Blotting

To quantify expression of lymphatic-specific proteins, we performed Western blotting on
protein isolated from mouse embryonic lung buds. Lymphatic specific genes, such as
VEGEF-D, LYVE-1, VEGFR-3 and Prox-1 were tested. Expression of all genes was
upregulated in N/B+CDH lung buds by Western blotting at E14.5 in comparison to N/B
—CDH or control lung buds at E14.5 (Figures 4 and 5). While VEGF-D and LYVE-1
expression remained elevated at E15.5, VEGFR-3 and Prox-1 expression normalized in the
N/B+CDH lung buds. At E14.5, relative expression of LYVE-1, VEGFR-3, and Prox-1 in
N/B+CDH lung buds was increased 2-fold compared to normal and N/B—CDH lung buds.
Relative expression of VEGF-D in N/B+CDH lung buds was increased 2.5-fold compared to
normal and 3-fold compared to N/B—CDH lung buds. At E15.5, N/B+CDH lung buds had a
4-fold increase in relative protein expression of LYVE-1 in comparison to normal, and 1.5-
fold increase in comparison to N/B—CDH. At E15.5, relative expression of VEGF-D in N/B
+CDH was increased 2.5-fold compared to normal and N/B-CDH. However, expression of
VEGFR-3 and Prox-1 normalized in N/B+CDH lung buds at E15.5.

Discussion

Pulmonary hypoplasia and pulmonary hypertension are well-described, but lung lymphatic
development has not yet been characterized in the nitrofen rodent model of CDH. Mouse
lymphatic development begins around E9.5, when blood endothelial cells from the cardinal
vein begin to express Prox-1, a lymphatic-specific nuclear transcription factor that
determines lymphatic endothelial cell fate by regulating VEGFR-3 expression.23: 26-28
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These cells leave the cardinal vein to begin forming lymphatic sacs. Both VEGFR-3 and
Prox-1 knockout mice have defective lymphatic development and generalized edema during
development.23 29 Similarly, we found that mouse embryos exposed to N/B had generalized
edema in comparison to control mouse embryos, providing gross evidence of aberrant
lymphatic development in this model.

At E15.5, lymphatic endothelial cells appear linear and organized, whereas lymphatics
surrounding the airway epithelium appear to be hyperplastic and disorganized in the N/B
+CDH lung buds. Though this effect could be attributed solely to the teratogenic effects of
nitrofen and bisdiamine, the lymphatic endothelial cells appeared to be more disorganized
and hyperplastic in the N/B+CDH lung buds in comparison to the N/B—CDH lung buds,
suggesting that disorganized lymphatic hyperplasia characterizes aberrant lung lymphatic
development in the nitrofen mouse model of CDH.

We performed Western blotting and quantified expression using protein densitometry. At
E14.5, relative expression of lymphatic-specific proteins LYVE-1, VEGF-D, VEGFR-3 and
Prox-1 were much higher in the N/B+CDH mouse embryonic lung buds in comparison to
the control and N/B—CDH. Relative expression of VEGF-D and LYVE-1 remained high in
lung buds at E15.5. However, relative expression of both VEGFR-3 and Prox-1 decreased to
levels comparable to control and N/B-CDH lung buds at this time point. This corresponds
with previously published data that reports that Prox-1 negative endothelial cells in
heterozygous embryos from transgenic mice had low levels of VEGFR-3.28 Our results
indicate that expression of lymphatic-specific proteins is upregulated in the N/B+CDH
mouse lung buds. In addition, upregulation of VEGFR-3 and Prox-1 expression is greatest at
E14.5, and normalizes by E15.5.

Upregulation of lymphatic-specific markers at E14.5 may be a response to generalized
lymphedema to restore normal fluid homeostasis. In an injury model of lymphedema,
disruption of lymphatics in a mouse tail leads to upregulation of VEGF-C and hyperplastic
lymphatics.30 However, hyperplastic lymphatics are not necessarily functional lymphatic
vessels. Injection of fluorescent tracer into the injured mouse tail outlined lymphatic vessels,
but also leaked into the interstitial space.3C It is difficult to delineate whether upregulation of
lymphatic-specific proteins represents a cause or an effect, but aberrant lung lymphatic
development in the nitrofen mouse model of CDH is characterized by lymphatic
hyperplasia, not lymphatic hypoplasia.

In summary, many studies attribute postoperative chylothorax to traumatic disruption during
surgery, but we have demonstrated aberrant lung lymphatic development in the nitrofen
mouse model of CDH. Lung lymphatic development is characterized by lymphatic
hyperplasia in a heterogeneous distribution in the nitrofen mouse model of CDH. Lymphatic
hyperplasia is associated with upregulation of lymphatic-specific markers, which play an
important part in dysfunctional lung lymphatic development in the nitrofen mouse model of
CDH.
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Control Nitrofen/Bisdiamine

E13.5

Figure 1.
E13.5 mouse embryos. N/B embryos (right) are edematous in comparison to normal (left).
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Control N/B + CDH N/B — CDH

Figure 2.

Immunofluorescence of E15.5 lung bud sections at 20X magnification. Endothelial cells
were stained with anti-CD31-FITC (green), and lymphatic endothelial cells were localized
with anti-LYVE-1-Cy3 (red). Lymphatic endothelial cells can be identified by colocalization
of LYVE-1 and CD31 (yellow). Lung lymphatics are identified in the mesenchyme
surrounding the airway epithelium. Lymphatics are hyperplastic in N/B+CDH lung buds in
comparison to normal and N/B-CDH lung buds.
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Figure 3.

Whole mount lung bud staining at E14.5 at 5X magnification. Lymphatic endothelial cells
were localized with anti-LYVE-1-Cy3 (red). Endothelial cells were localized with anti-
CD31-FITC (green). Normal lung buds (A and B) have linear, organized lymphatic
endothelial cells with homogeneous distribution throughout the lung bud. N/B+CDH lung
buds (C and D) are hypoplastic, and lymphatic endothelial cells are disorganized, nonlinear,
with heterogeneous distribution throughout the lung bud. N/B-CDH lung buds (E and F)
have left lung hypoplasia, but less severe than that seen in N/B+CDH. Lymphatics in N/B-
CDH lung buds are more organized and linear than in N/B+CDH lung buds.
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Figure 4.

Western blot of whole lung buds at E14.5 and E15.5. Expression of lymphatic-specific
genes LYVE-1, VEGF-D, VEGFR-3 and Prox-1 are upregulated in N/B+CDH lung buds in
comparison to normal and N/B-CDH.
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Figureb5.

Protein densitometry. Relative expression of LYVE-1, VEGF-D, VEGFR-3 and Prox-1 are
increased in N/B+CDH lung buds in comparison to normal and N/B-CDH lung buds at
E14.5. At E15.5, relative expression of LYVE-1 and VEGF-D remains high but VEGFR-3

and Prox-1 expression normalizes.
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