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Background: The purpose of this study was to employ a novel ex vivo lung model of

congenital diaphragmatic hernia (CDH) to determine how a mechanical compression af-

fects early pulmonary development.

Methods: Day-15 whole fetal rat lungs (n ¼ 6-12/group) from nitrofen-exposed and normal

(vehicle only) dams were explanted and cultured ex vivo in compression microdevices (0.2

or 0.4 kPa) for 16 h to mimic physiologic compression forces that occur in CDH in vivo.

Lungs were evaluated with significance set at P < 0.05.

Results: Nitrofen-exposed lungs were hypoplastic and expressed lower levels of surfactant

protein C at baseline. Although compression alone did not alter the a-smooth muscle actin

(ACTA2) expression in normal lungs, nitrofen-exposed lungs had significantly increased

ACTA2 transcripts (0.2 kPa: 2.04 � 0.15; 0.4 kPa: 2.22 � 0.11; both P < 0.001). Nitrofen-

exposed lungs also showed further reductions in surfactant protein C expression at 0.2

and 0.4 kPa (0.53 � 0.04, P < 0.01; 0.69 � 0.23, P < 0.001; respectively). Whereas normal lungs

exposed to 0.2 and 0.4 kPa showed significant increases in periostin (POSTN ), a mechanical

stresseresponse molecule (1.79 � 0.10 and 2.12 � 0.39, respectively; both P < 0.001),

nitrofen-exposed lungs had a significant decrease in POSTN expression (0.4 kPa: 0.67 � 0.15,

P < 0.001), which was confirmed by immunohistochemistry.

Conclusions: Collectively, these pilot data in a model of CDH lung hypoplasia suggest a

primary aberration in response to mechanical stress within the nitrofen lung, character-

ized by an upregulation of ACTA2 and a downregulation in SPFTC and POSTN. This ex vivo

compression system may serve as a novel research platform to better understand the

mechanobiology and complex regulation of matricellular dynamics during CDH fetal lung

development.
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Introduction previously described in our laboratory.13 Additional dams
Pulmonary hypoplasia and pulmonary hypertension continue

to be major problems in neonates born with congenital

diaphragmatic hernia (CDH). Despite ongoing advances in

state-of-the-art care, including fetal tracheal occlusion,

extracorporeal membrane oxygenation, and permissive hy-

percapnia, mortality rates for infants with CDH remain in

excess of 30%.1-4 Among survivors, the pulmonary morbidity

associated with this disease can be quite significant, as vali-

dated by the spawning of multidisciplinary clinics involving

surgeons, pulmonologists, and other specialists at major

children’s hospitals nationwide.5 A better understanding of

the CDH disease pathogenesis is needed if further inroads are

to be made in the management of this debilitating condition.

Until recently, CDH lung hypoplasia has been thought to be

primarily caused by mechanical trauma after impaired

closure of the pleuroperitoneal canal at 8-wk gestation.6 The

herniated abdominal contents subsequently lead to extrinsic

mechanical compression of the lung during the pseudo-

glandular and canalicular stages of its development. Evidence

for this is supported by surgical creation of a diaphragmatic

defect in fetal lambs, which has been shown to induce lung

hypoplasia.7 Nevertheless, this classical paradigm has been

challenged as being too simplistic based on several important

observations.8 First, despite the fact that the diaphragmatic

defect almost always occurs in only one hemidiaphragm, the

observed pulmonary hypoplasia and pulmonary hypertension

at birth also affect the contralateral lung, albeit to a lesser

degree.9 Second, other space-occupying lesions because of

which there is extrinsic mass effect on the early fetal lung

(e.g., congenital lung malformations) do not typically result in

significant lung hypoplasia and pulmonary hypertension at

birth.10 Finally, teratogenic rodent models of CDH point to-

ward primary aberrations of retinoic acid signaling within the

mesenchyme itself as a causative factor in CDH.11,12

Given these observations, we sought to better understand the

relative contribution of mechanical forces in the CDH lung by

exploring lung development in the nitrofen rat model using a

novel ex vivo mechanical compression microdevice. Our hy-

pothesis was that an ex vivo mechanical compression would

cause more significant impairment of pulmonary epithelial and

mesenchymal development in nitrofen lungs than control lungs.
Methods

Nitrofen CDH rat model

This study was approved by the University of Michigan Unit

for Laboratory Animal Medicine under the protocol

PRO00007385 in accordance with the National Institute of

Health Guidelines for the Care and Use of Laboratory Animals.

To induce fetal lung hypoplasia, timed pregnant Sprague-

Dawley rats (Charles River, Wilmington, MA) were gavage

fed 100 mg of nitrofen (2,4-dichlorophenyl-p-nitrophenyl

ether; Sigma-Aldrich, Cat# 33,374, St. Louis, MO), a banned

herbicide and known retinoic acid synthesis inhibitor, dis-

solved in 1 mL of olive oil on gestational day 9 (E9) as
were gavage fed 1 mL of olive oil (control vehicle) to provide

fetal lung controls (also referred to as “normal lungs”). On day

15 (E15) or day 21 (E21), dams were deeply anesthetized, and

all fetuses without regard to sex were harvested by cesarean

section. Lungs were dissected out intact in Hank’s buffered

saline under a dissecting microscope (Fig. 1A).

Rat lung compression device

A microdevice capable of applying compressive stress to fetal

rat lung explantswas specially designed based on a previously

described apparatus (Fig. 1B).14 Briefly, whole fetal rat lungs

were encapsulated in Matrigel (BD, Franklin Lakes, NJ) and

placed in a Transwell six-well plate on top of a 0.4-mm pore

size PET Transwell filter (07-200-170; Fisher Scientific, Hamp-

ton, NH) to allow for nutrient and oxygen diffusion. A steril-

ized PDMS mold with 24-mm holes was used to make a 1%

agarose (UltraPure Agarose, #16500-100; Invitrogen, Carlsbad,

CA) cushion overlay. To apply a constant stress (in kPa), a fixed

weight was applied over the cushion (Fig. 1C). Although the

agarose gel cushion gradually compacts over a 16-h period

before stabilizing, this system allows for the total stress of the

agarose-explant interface to remain constant throughout the

experiments. The explants were randomly divided into six

groups (n ¼ 6-12 per group): normal 0 kPa, normal 0.2 kPa,

normal 0.4 kPa, nitrofen 0 kPa, nitrofen 0.2 kPa, and nitrofen

0.4 kPa. The pressure settings were selected based on esti-

mates of in vivo mechanical forces induced by abdominal

herniation into the thorax15,16 as well as preliminary data

demonstrating nonviable lung tissue at 0.6-1.0 kPa.

Lung morphometric analyses

Explantswerephotographedunderan invertedphase-contrast

microscope (�4 magnification). Digital images at day 0 (E15),

24 h (E15þ 1), and 48 h (E15þ 2) were blindly analyzed for total

lung surface area and terminal lung budding using ImageJ

software as previously described.17 For lung surface area cal-

culations, the outline of the lung explant wasmanually traced

and integrated using the imaging software. For a branching

analysis, a terminal bud was defined as a single acinus sepa-

rated by distinct septa at the periphery of the explant.

Histology

To confirm the CDH phenotype, euthanized fetuses were

chosen at random and fixed in 4% paraformaldehyde for 24 h.

Coronal sections were performed for hematoxylin and eosin

staining. For immunofluorescence analyses, tissue fixation

was performed in the samemanner for 30 min before paraffin

embedding. Five-micron-thick sections underwent antigen

retrieval, were incubated with conjugated primary antibodies,

and counterstained with 4’,6-diamidino-2-phenylindole. Pri-

mary antibodies were against E-cadherin (ECAD, 1:500; BD), a-

smooth muscle actin (a-SMA/ACTA2, 1:1000; Sigma), Ki67

(1:200; Millipore, Burlington, MA), cleaved caspase-3 (Cas3,

1:200; Cell Signaling Technology, Danvers, MA), and periostin

(POSTN, 1:2000; Abcam, Cambridge, UK). Fluorescence
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Fig. 1 e Ex vivo compression of fetal lungs as a model of

congenital diaphragmatic hernia pulmonary development.

(A) Representative low-power photomicrographs of

harvested fetal lungs at E15 after E9 maternal exposure of

control vehicle (left) and nitrofen (right; magnification, 34).

Scale bar [ 2 mm. (B) Schematic diagram of the

compression device that allows for controlled delivery of a

predetermined static compression force to whole fetal

lungs (in orange) at the agarose-tissue interface. Adapted

from Tse et al.14 (2012), with no permission required. (C)

Photograph of a typical six-well plate compression

microdevice used to deliver 0.4 kPa.
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microscopy imaging was performed using a Nikon A1 system

(Melville, NY).

RNA extraction and quantitative gene expression

Relative gene expression of markers of pulmonary develop-

ment was analyzed by quantitative reverse transcription
polymerase chain reaction. Total RNA was extracted from

explants using a MagMAX-96 Total RNA Isolation Kit (Life

Technologies, Carlsbad, CA) and MagMAX Express (Applied

Biosystems, Foster City, CA). RNA quantity and quality were

determined spectrophotometrically, using a NanoDrop 2000

(Thermo Fisher, Waltham, MA). Reverse transcription was

conducted using the SuperScript VILO kit (Invitrogen), ac-

cording to manufacturer’s protocol. Finally, a quantitative

reverse transcription polymerase chain reaction was per-

formed using the Fast SYBR Green Master Mix (Applied Bio-

systems) and AB-QuantStudio 3 real-time PCR machine

(Thermo Fisher). ACTB was used as a reference gene for the

normalization of target gene expression using the 2�DDCt

method. Rat-specific PCR primers were designed using

Primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-

blast/). The following are the designed primer sequences:

surfactant protein B (SFPTB) forward: 50CCA GTG AAC AGG

CTA TGC CA30, SFPTB reverse: 50CTG CTC ACA CTT TTG CCT

GTC30; surfactant protein C (SFPTC) forward: 50CCC ACC GGA

TTA CTC GAC AG30, SFPTC reverse: 50CCA CCA CAA CCA CGA

TGA GA30; ACTA2 forward: 50GGC CAC TGC TGC TTC CTC TTC

TT30, ACTA2 reverse: 50TGC CCG CCG ACT CCA TTC30; POSTN

(21/22) forward: 50TGC AAA AAG ACA CAC CTG CAA30, POSTN

(21/22) reverse: 50GGC CTT CTC TTG ATC GCC TT30; TGF-b1
forward: 50CTG CTG ACC CCC ACT GAT AC30, TGF-b1 reverse:

50 AGC CCT GAT TTC CGT CTC CT30; ACTB forward: 50TTG CTG

ACA GGA TGC AGA AG30, ACTB reverse: 50TAG AGC CAC CAA

TCC ACA CA30.

Statistical analyses

Quantitative data were presented as the mean � SEM. Data

were analyzed by the Student’s t-test or one-way analysis of

variance with post hoc testing by Dunnett correction for

multiple comparisons, as appropriate, using Prism 6 (Graph-

Pad, La Jolla, CA). Results were considered to be statistically

significant if P < 0.05.
Results

Nitrofen-exposed fetal lungs are hypoplastic and express
POSTN

Maternal nitrofen exposure reliably induced the CDH pheno-

type in fetuses at term, as evidenced by herniation of

abdominal viscera into the thoracic cavity (Fig. 2A). Nitrofen

exposure was also associated with fetal lung hypoplasia as

demonstrated by a decreased percent of lung weight relative

to body weight compared to age-matched fetuses exposed to

control vehicle (2.0 � 0.06% versus 3.9 � 0.24%, respectively;

P < 0.0001; Fig. 2B).

To assess the maturity of pulmonary distal epithelial cells

in fetal lungs, we evaluated SFPTC expression. Nitrofen

exposure was associated with a significant reduction in SFPTC

when compared to control vehicle lungs at term (3874 � 110

versus 6699 � 529, respectively; compared to housekeeping

gene; P ¼ 0.0004). Conversely, the expression of ACTA2, the

gene encoding for a-SMA, was significantly increased in

nitrofen-exposed lungs compared to control vehicle (30.1� 1.7

http://www.ncbi.nlm.nih.gov/tools/primer-blast/
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Fig. 2 e Baseline characteristics of term lungs in the nitrofen model of fetal congenital diaphragmatic hernia lung

hypoplasia. (A) Hematoxylin and eosin staining of coronal sections through the fetal rat torso at E21 revealed normal

anatomy (left) after exposure to control vehicle in contrast to liver herniation with lung hypoplasia (right) after exposure to

nitrofen (magnification, 34). (B) Lung weight relative to body weight (expressed as a percent) in control vehicle versus

nitrofen-exposed E21 fetal rats (n [ 7/group). Data are presented as mean ± SEM, and the asterisk denotes statistical

significance (t-test, P< 0.05) compared to control vehicle fetal lung values. (C) Relative levels of surfactant protein C (SFPTC ),

a-smooth muscle actin (ACTA2), and periostin (POSTN ) mRNA expression among E21 fetal lungs (n [ 5/group) revealed

significant differences in epithelial and smooth muscle development after nitrofen exposure but no differences in baseline

POSTN. Data are normalized relative to the housekeeping gene, ACTB. The asterisk (*) denotes statistical significance (t-test,

P < 0.05) compared to control fetal lung values, n [ 3 independent biological replicates.
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versus 15.9 � 4.8, respectively; compared to housekeeping

gene; P ¼ 0.0196, Fig. 2C) at term. There was no significant

difference in POSTN expression in term nitrofen-exposed fetal

lungs compared with that in control vehicle lungs (P ¼ 0.776;

Fig. 2C). Taken together, these data suggest that termnitrofen-

exposed fetal lungs with CDH are hypoplastic based on size,

morphology, and epithelial maturity. Moreover, term

nitrofen-exposed lungs have increased myofibroblast gene

expression but comparable POSTN levels when comparedwith

normal fetal lungs.

Ex vivo compression inhibits airway branching in the early
nitrofen-exposed fetal lung

To examine the effect of mechanical compression forces on

early fetal lung development, we explanted fetal lungs at E15.

Using ECAD to stain the pulmonary epithelium, there was

evidence for relatively low POSTN expression within the

interstitium of both E15 control vehicle and nitrofen-exposed

lung tissue in the absence of compression (Fig. 3A). Quanti-

tative assessment of lung POSTN gene expression confirmed

these findings in control vehicle and nitrofen-exposed pups

(66.2 � 3.0 and 62.7 � 3.8, respectively, compared to house-

keeping gene; P ¼ 0.49). Figure 3B shows that SFPTB and SFPTC

transcripts in control vehicle lungs were significantly

increased compared with those in nitrofen-exposed lungs at

E15 (SFPTB: 5.0 � 0.41 versus 1.8 � 0.08, respectively; SFPTC:
151.6 � 14.0 versus 63.8 � 2.1, respectively; compared to

housekeeping gene; both P < 0.01). There was no significant

difference in ACTA2 expression at E15 (P ¼ 0.42).

Lung morphometric data are shown in Figures 4 and 5. At

baseline, E15 nitrofen-exposed lungs showed a significant

reduction in total lung surface area when compared with

control vehicle lungs (1.67 � 0.08 versus 2.25 � 0.11 million

pixels, respectively; P < 0.0002; Fig. 4A). There was a similar

reduction in terminal bud number (10.4 � 1.1 versus 13.6 � 1.4

buds, respectively; P < 0.05; Fig. 5A). Fetal lungs that were

maintained ex vivo under standard culture conditions for 24 h

led to increased lung surface area and terminal bud number in

nitrofen-exposed and control vehicle lungs (lung surface area:

2.2 � 0.39 versus 3.3 � 0.33 million pixels, respectively; termi-

nal bud: 13.4 � 1.1 versus 15.0 � 2.0 buds, respectively), but the

relative differences between the two groups remained.

Fetal lung explants were then subjected to ex vivo testing in

compression microdevices to mimic in utero compression

from the adjacent abdominal viscera. As expected, control

vehicle and nitrofen-exposed lungs had increased lung sur-

face area at 0.2 kPa compared with that at 0 kPa (Fig. 4B).

Although some interval lung growth may have occurred, the

observed increase in lung surface area was likely secondary to

3D mechanical deformation of the tissue under pressure. No

statistical differences were noted between normal and

nitrofen-exposed lungs at 0 kPa (P ¼ 0.28). Although the

impact of mechanical compression on terminal branching

https://doi.org/10.1016/j.jss.2018.06.064
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Fig. 3 e Baseline characteristics of E15 (pseudoglandular stage) fetal lungs in the nitrofen model of fetal congenital

diaphragmatic hernia lung hypoplasia. (A) Representative fluorescence microscopy images of explanted E15 fetal lungs

maintained in culture without compression. Lungs exposed to control vehicle (left) and nitrofen (right) showed comparable

immunostaining patterns of E-cadherin (ECAD, green) within the airways and periostin (POSTN, red) in the lung

interstitium. Nuclei were counterstained with 6-diamidino-2-phenylindole (magnification, 340). (B) Relative levels of

surfactant protein B (SFPTB), surfactant protein C (SFPTC ), and a-smooth muscle actin (ACTA2) mRNA expression within E15

fetal lungs (n [ 6/group) revealed significant differences in epithelial and smooth muscle development after nitrofen

exposure. Data are normalized relative to housekeeping gene (ACTB). The asterisk (*) denotes statistical significance (t-test,

P < 0.05) compared to control fetal lung values, n [ 3 independent biological replicates.
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was variable in normal lungs, compression resulted in a

consistent and significant reduction in terminal budding in

nitrofen-exposed lungs (0.4 kPa: 13.0 � 1.06 and 18.83 � 1.07

buds in nitrofen and normal lungs, respectively; P ¼ 0.0028;

Fig. 5B).
Compression uniquely alters the pulmonary transcriptome
pattern within the early nitrofen-exposed fetal lung

To determine the effects of mechanical compression on fetal

pulmonary transcriptome patterns, pulmonary epithelial and

mesenchymal gene expression were assessed on E15 lung

explants using different compression forces. Although SFPTB

levels remained relatively unchanged (Fig. 6A), there was a

significant reduction in SFPTC expression in nitrofen-exposed

lungs (0.2 kPa: 0.53 � 0.04; 0.4 kPa: 0.69 � 0.23; both P < 0.01;

Fig. 6B). Differences in SFPTC gene expression were not

observed in control vehicle lungs under the same pressure

settings. We then assessed for alterations in a-SMA expres-

sion under mechanical compression and found that nitrofen-

exposed lungs were uniquely associated with significantly

increased ACTA2 at both 0.2 and 0.4 kPa (2.04 � 0.15 and

2.22 � 0.10, respectively; both P < 0.001 compared to 0 kPa;

Fig. 6C). In contrast, control vehicle lungs exposed to

increased compression showed no significant change in

ACTA2 expression compared with control lungs at 0 pKa.
Compression modulates POSTN and TGF-b expression
within the early nitrofen-exposed fetal lung

Fluorescence microscopy images of E15 fetal lung tissue

exposed to 0.2-0.4 kPa of mechanical compression showed

robust evidence of proliferating airway epithelium, as denoted

by expression of Ki67, as well as apoptosis of mesenchymal

cells based on expression of Cas3 (Fig. 7). To further evaluate

the effect of compression within the lung interstitium,

expression of POSTN was evaluated in nitrofen-exposed and

control vehicle controls within compression microdevices.

Nitrofen-exposed lungs showed a relative paucity of POSTN

adjacent to areas of a-SMA under the same compression

conditions. In contrast, POSTN was uniformly expressed

within the mesenchyme in compressed normal lungs (Fig. 7).

Quantitative gene expression supported the immunohis-

tochemistry data, revealing significant increases in POSTN

expression (1.79 � 0.10 and 2.12 � 0.39, both P < 0.001) in E15

control vehicle lungs exposed to 0.2 and 0.4 kPa, respectively.

In contrast, compressed E15 nitrofen-exposed lungs had a

more variable response demonstrating significant decreases

in POSTN expression (0.4 kPa: 0.67 � 0.15, P < 0.001) than

nitrofen-exposed lungs at 0 kPa (Fig. 8A) in two of three ex-

periments performed. TGF-b1, a known inhibitor of lung bud

development and gene closely related to POSTN, was signifi-

cantly increased in E15 nitrofen-exposed lungs at both 0.2 and

0.4 kPa (1.17 � 0.12 and 1.36 � 0.07, respectively; P ¼ 0.045;

https://doi.org/10.1016/j.jss.2018.06.064
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Fig. 4 e Comparative analysis of total lung surface area

(measured in pixels) in normal (control vehicle) and

nitrofen-exposed fetal lungs cultured ex vivo at E15 (n [ 3-

12/group). (A) Lung surface area was significantly

decreased in nitrofen-exposed lungs compared with that

in normal lungs at baseline (E15). Lung surface area

increased in both the groups after 24 h in culture (E15 D 1)

in the absence of compression. Data are presented as

mean ± SEM, and the asterisk (*) denotes statistical

significance (t-test, P < 0.05) compared to E15 normal

lungs (n [ 3 independent biological replicates). (B) Normal

and nitrofen-exposed lungs in compression devices

demonstrated increased lung surface area at 0.2 kPa

compared with that at 0 kPa confirming mechanical

flattening of the 3D tissue. The asterisk (*) denotes

statistical significance (t-test, P < 0.05) compared to E15

normal lungs at 0 kPa (n [ 2 independent biological

replicates).

Fig. 5 e Comparative analysis of terminal branching in

normal (control vehicle) and nitrofen-exposed fetal lungs

cultured ex vivo at E15 (n [ 3-12/group). (A) The number of

terminal buds was significantly decreased in nitrofen-

exposed lungs compared with that in normal lungs at

baseline (E15). Lung surface area was increased in both the

groups after 24 and 48 h in culture (E15 D 1 and E15 D 2,

respectively) in the absence of compression. Data are

presented as mean ± SEM, and the asterisk (*) denotes

statistical significance (t-test, P < 0.05) compared to E15

normal lungs (n [ 3 independent biological replicates). (B)

Lungs in compression devices demonstrated impaired

terminal airway formation in nitrofen-exposed lung tissue

at both 0.2 and 0.4 kPa. The asterisks (*) denote statistical

significance (Dunnett, P < 0.05) compared to

corresponding lungs at 0 kPa (n [ 2 independent biological

replicates).
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Fig. 8B). Similarly, E15 control vehicle showed a significant

increase in TGF-b1 transcripts at 0.4 kPa (1.26� 0.13, P¼ 0.036).
Discussion

Although significant advances have been made in the man-

agement of CDH over the past several decades, the morbidity

and mortality in affected neonates remain high because of

pulmonary hypoplasia and pulmonary hypertension.18 His-

torically, the abnormal development of the CDH lung has been

thought to be primarily caused by mechanical compression
upon failed closure of the pleuroperitoneal canal at 8-wk

gestation,6 and in utero surgical closure of the diaphragm can

accordingly dramatically improve the condition in some pa-

tients.19 However, other investigators have long argued that

the abnormal CDH lung is likely a part of a more global

embryopathy, in which a more basic disturbance affects

multiple organs, and that there is a commonpathogenetic link

among the malformations clustered in CDH patients.20 A

“dual hit” hypothesis has therefore been proposed, whereby

fetal lung hypoplasia results from the physical impedance of

herniated abnormal tissue exacerbating already inherent ab-

normalities within the lung mesenchyme in association with

CDH-associated genes.21

In this pilot study, we used a novel, ex vivo lung compres-

sionmicrodevice to specifically study the effect of mechanical

forces on pulmonary gene expression within E15 fetal rat

lungs. Our major finding was that static mechanical pressure

impaired lung development, both in terms of pulmonary

transcriptome patterns and terminal branching. Furthermore,

disturbances in epithelial cell development, as measured by

https://doi.org/10.1016/j.jss.2018.06.064
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Fig. 6 e Quantitative gene expression after exposure of E15

fetal lungs to mechanical compression (0.2 or 0.4 kPa)

based on (A) surfactant protein B (SFPTB), (B) surfactant

protein C (SFPTC ), and (C) a-smooth muscle actin (ACTA2)

mRNA transcripts (n [ 5/group). Nitrofen-exposed lungs

showed significant decreases in SPFTC and significant

increases in ACTA2 levels under increased compression.

The changes in gene expression were not seen after

mechanical compression of control vehicle lung tissue.

Levels are normalized values expressed in terms of fold

change compared to respective lungs at 0 pKa. The

asterisks (*) denote statistical significance (Dunnett,

P < 0.05) compared to respective lungs at 0 pKa, n [ 3

independent biological replicates.
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SFPTC gene expression, were most significant in nitrofen-

exposed lungs under identical conditions. Based on our E21

results and data from others,22 surfactant deficiency is known

to be persistent both in late-term nitrofen-exposed fetal rats

and in some neonates with CDH.23

We harvested and cultured fetal lungs in our microdevices

at E15, believing that this time point would best simulate

when lungs would be initially exposed to higher than normal

compression forces in vivo. The choice of this time point is

further supported by genetic mouse models of fetal CDH,

which have suggested that the first signs of overt abdominal

herniation into the thoracic cavity appear at E16.24 Interest-

ingly however, our study corroborates with works by others

demonstrating that nitrofen-exposed lungs are already
hypoplastic and surfactant deficient at the time of fetal dia-

phragm closure.22 Evidence for abnormal pulmonary

branching morphogenesis occurring as early as E11 has been

shown.22,25,26 These data provide further evidence that a ge-

netic disruption, possibly related to retinoic acid signaling,

impairs diaphragmatic closurewhile simultaneously affecting

early pulmonary development. The exact molecular mecha-

nisms in this process have remained elusive.12,24,27

Another intriguing finding from our study was the obser-

vation that ACTA2, the gene associated with a-SMA, was

markedly upregulated in nitrofen-exposed lungs within our

microdevices. In contrast, ACTA2 remained relatively un-

changed in normal lungs under identical compression condi-

tions. These data are consistent with increased ACTA2

expression observed in late-term, nitrofen-exposed fetal rats

and increased muscularization of the pulmonary vasculature,

another key component of the CDH lung phenotype.28

Although an underlying dysfunction of resident lung mesen-

chymal progenitors in CDHhas been suggested by a number of

investigators,8,21,24,29 our approach to manipulate smooth

muscle gene expression using mechanical devices is novel

and strengthens the concept that aberrant mesenchymal re-

sponses to compression stimuli are playing a synergistic role

in further impairing development of the CDH lung. Based on

our immunofluorescence data on Cas3 expression, we spec-

ulate that compression forces may be inducing lung mesen-

chymal apoptosis in similar fashion to that observed with

nitrofen,8,21,24,30 thereby disrupting critical epithelial-

mesenchymal progenitor interactions required for local

epithelial cell activation and normal branching morphogen-

esis of the airways. The downstream effect of this compres-

sion on genes associated with blood vessel maturation, and

pulmonary hypertension (e.g., SMAD9) remains an exciting

avenue for further exploration.

As expected, our data also found that TGF-b1 and POSTN,

also known as osteoblast-specific factor 2, are upregulated in

normal lung tissue exposed to mechanical compression.

Similar findings of increased POSTN gene expression induced

by mechanical stimulation have been shown in other disease

models and have been implicated in the pathophysiology of

abdominal aortic aneurysms and myocardial infarction,

among others.31,32 The aberrant changes in POSTN within

nitrofen-exposed fetal lung tissue in this microenvironment

are especially intriguing because POSTN is a mechanical

stresseresponse protein. Recently, investigators have shown

that POSTN is widely expressed by mesenchymal cells during

the saccular stage of lung development and is coincident with

the accumulation of a-SMA myofibroblasts.33 Studies have

shown that POSTN may play an important role in normal

alveolar septation and can function as a ligand for avb3 and

avb5 integrins, thereby having pleiotropic effects in supporting

adhesion and migration of epithelial cells.34,35 Others have

demonstrated that POSTN potentiates the effects of the TGF-b

family of peptides, which are known to exert inhibitory effects

on lung epithelial cell proliferation and to cause epithelial-to-

mesenchymal transition during terminal bud

morphogenesis.36

Taken together, this report departs from current para-

digms used to study CDH by demonstrating the use of a

unique research tool in understanding themechanobiology of

https://doi.org/10.1016/j.jss.2018.06.064
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Fig. 7 e Representative fluorescence microscopy images of E15 fetal lungs under mechanical compression forces (0.2-

0.4 kPa). Nuclei were counterstained with 6-diamidino-2-phenylindole. Lungs exposed to control vehicle (top left) or nitrofen

(top right) displayed robust evidence of proliferating airway epithelium denoted by expression of Ki67 (green) as well as

apoptosis within the interstitium based on expression of cleaved caspase-3 (Cas3, red; magnification, 320). Nitrofen-

exposed lungs (middle right) showed a relative paucity of periostin (POSTN, red) adjacent to areas of a-smooth muscle actin

(a-SMA, green) immunostaining when compared to compressed control vehicle lungs (middle left) under the same

compression forces (magnification, 320). Higher power fluorescence microscopy images revealed E-cadherin (ECAD, green)

immunostaining of the airways and robust POSTN (red) expression in compressed control vehicle lungs (bottom left) when

compared to expression in compressed nitrofen-exposed lungs (bottom right, magnification, 340).
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the CDH lung, and future work may ultimately help scientists

gain better mechanistic insight required to design new thera-

peutic targets. Nevertheless, we do acknowledge several ca-

veats and limitations of this study that warrant mention. First

and foremost, as with most animal models produced using

teratogenic compounds, there may be some heterogeneity in

the disease phenotype of nitrofen-exposed CDH lungs,

including an absence of any hernia defect in a small fraction of

hypoplastic lungs. Moreover, because nitrofen has not been

directly implicated in human lung hypoplasia, our rat model

may not reliably recapitulate the disease pathogenesis of the

CDH lung seen clinically.37,38 For this reason, studies are

ongoing in the laboratory investigating the use of human CDH

lung tissue aswell as stemcellederivedorganoid technologies.
In the latter approach, reprogrammed stem cells fromafflicted

children may allow for a more accurate representation of the

patient-specific effects of pressure on fetal lung development.

Whether compression forces affect the ipsilateral lung to the

same degree as forces on the contralateral lung also merits

investigation. In addition, given the impact of “fetal breathing”

that commences during the canalicular stage of lung devel-

opment,39 whether dynamic mechanical compression better

mimics the fetal CDH environment in vivo remains unclear.

Finally, becausewe studiedhypoplastic fetal lungs at a specific

gestational ageunder a relatively short duration ofmechanical

stress, we are currently exploring how variations in lung

gestational ages and mechanical pressures affect CDH lung

growth within these microdevices.
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Fig. 8 e Quantitative gene expression after exposure of E15

fetal lungs to mechanical compression (0.2 or 0.4 kPa)

based on (A) periostin (POSTN ) and (B) transforming

growth factor-b1 (TGF-b1) mRNA transcripts (n [ 3-12/

group). Compressed normal lungs showed increased levels

of POSTN and TGF-b1 expression, whereas compressed

nitrofen-exposed lungs typically had significantly

diminished POSTN transcripts. Levels are normalized

values expressed in terms of fold change compared to

respective tissue at 0 pKa. The asterisks (*) denote

statistical significance (Dunnett, P < 0.05) compared to

respective tissue at 0 pKa, n [ 3 independent biological

replicates.
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Conclusions

Data from this novel ex vivo model of CDH fetal lung devel-

opment suggest a primary aberration in the pulmonary tran-

scriptome pattern within nitrofen-exposed lungs in response

to mechanical stress. These findings are associated with

impaired upregulation of POSTN, a mechanical

stresseresponse protein important for normal lung develop-

ment. Further investigation of this bioengineering research

platform is warranted to help facilitate a better understanding

of the effect of mechanical compression on fetal lung growth

and matricellular dynamics.
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