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Abstract. 
Background. Intrauterine hypoxia is a common cause of fetal growth and lung development restriction. Although N-methyl-D-aspartate receptors (NMDARs) are distributed in the postnatal lung and play a role in lung injury, little is known about NMDAR’s expression and role in fetal lung development. Methods. Real-time PCR and western blotting analysis were performed to detect NMDARs between embryonic days (E) 15.5 and E21.5 in fetal rat lungs. NMDAR antagonist MK-801’s influence on intrauterine hypoxia-induced retardation of fetal lung development was tested in vivo, and NMDA’s direct effect on fetal lung development was observed using fetal lung organ culture in vitro. Results. All seven NMDARs are expressed in fetal rat lungs. Intrauterine hypoxia upregulated NMDARs expression in fetal lungs and decreased fetal body weight, lung weight, lung-weight-to-body-weight ratio, and radial alveolar count, whereas MK-801 alleviated this damage in vivo. In vitro experiments showed that NMDA decreased saccular circumference and area per unit and downregulated thyroid transcription factor-1 and surfactant protein-C mRNA expression. Conclusions. The excessive activation of NMDARs contributed to hypoxia-induced fetal lung development retardation and appropriate blockade of NMDAR might be a novel therapeutic strategy for minimizing the negative outcomes of prenatal hypoxia on lung development.



1. Introduction
Prenatal hypoxia is a common clinical phenomenon and cause of fetal growth and lung development restriction [1]. Lung development, which starts during the fetal period and continues postnatally, is highly susceptible to hypoxia-induced damage.
The rat lungs undergo several stage-specific changes during gestation. Histologically, these stages include embryonic stage (E9–E11.5, embryonic day (E)), pseudoglandular stage (E11.5–E18.5), canalicular stage (E18.5–E19.5), saccular stage (E19.5–PN7, postnatal day (PN)), and alveolar stage (PN7–35). The histomorphological processes occurring during lung development include branching, cellular differentiation and proliferation, and alveolarization [2, 3]. Accumulating evidence suggests that exposure to hypoxia during the prenatal period affects the structure and function of the respiratory system. For instance, in pregnant rats kept in a hypoxic atmosphere of 13% O2 throughout gestation, septation of saccules is attenuated and alveoli number is reduced in rat pups [4]. Perinatal hypoxia also disrupts pulmonary vascular growth and increases hypoxic pulmonary vasoconstriction in offspring [5].
N-Methyl-D-aspartate receptors (NMDARs) are ionotropic glutamate receptors. The NMDAR family is composed of seven subunits: NMDAR1, NMDAR2A, NMDAR2B, NMDAR2C, NMDAR2D, NMDAR3A, and NMDAR3B [6]. NMDARs have been characterized by their roles in the central nervous system and their involvement in neuronal excitotoxicity in neurological disorders [7]. Recently, it has become clear that NMDARs are also functional in nonneuronal tissues and are widely distributed in the pancreas, skin, bone, gastrointestinal tract, liver, heart, and kidney [8–10]. It has also been reported that NMDARs are distributed in the adult lung [11].
Our previous studies confirmed that the NMDAR2D existed in the newborn rat lungs [12]. Hyperoxia and bleomycin could enhance lung endogenous glutamate release, and NMDAR antagonist attenuated lung injury induced by hyperoxia and bleomycin, respectively [12–14]. Said et al. also report that NMDA induces excitotoxicity in perfused rat lungs in the form of acute, high-permeability pulmonary edema [15]. These studies indicate that NMDARs play important roles in lung injury.
However, it is currently still unclear whether NMDARs exist in the fetal lungs and whether their excessive activation disrupts fetal lung development. Our aim of this study was to determine the role of NMDARs overactivation in prenatal hypoxia-induced retardation of fetal lung development. First, real-time PCR and western blotting analysis were performed to detect all NMDAR subunits expressions in the rat lungs on E15.5 to E21.5. Next, the changes of NMDAR expression in the fetal lung on E21.5 and the effects of NMDAR antagonist MK-801 on fetal lung development were investigated after intrauterine hypoxia exposure. Finally, through an in vitro E15.5 whole fetal lung organ culture model, the direct effects of NMDA on fetal lung development were investigated. NMDA’s effects on thyroid transcription factor-1 (TTF-1, a key transcription regulator of pulmonary morphogenesis [16]) and surfactant protein-C (SP-C, a type II alveolar epithelial cell marker) mRNA expressions were detected to study their possible underlying mechanism.
2. Materials and Methods
2.1. Animals
Female Sprague-Dawley rats (200–250 g) and male Sprague-Dawley rats (300–350 g) were purchased from the Animal Center of Central South University, Changsha, China. Rats were acclimated for 4-5 days and mated within the animal facility. The day on which vaginal plugs were observed was considered E0.5.
Pregnant rats were randomly assigned to one of four groups on E15.5: (1) rats in the air control group were maintained in normoxic conditions; (2) rats in the air + MK-801 group were maintained in normoxic conditions and received daily intraperitoneal (i.p.) injections of 0.05 mg/kg MK-801 (Sigma, St. Louis, MO); (3) rats in the hypoxia group were exposed to hypoxic conditions (FiO2 = 0.105) for 8 hr/day from E15.5 to E20.5; and (4) rats in the hypoxia + MK-801 group received daily i.p. injections of 0.05 mg/kg MK-801 before hypoxia exposure. Rats in the air control and hypoxia groups received the same volume of saline. On E21.5, pregnant rats were anesthetized with chloral hydrate, embryos and fetuses were removed, and fetal lungs were dissected. Every effort was made to minimize animal suffering. All animal procedures were reviewed and approved by the Committee on Research Animal Welfare of Central South University, Changsha, China.
2.2. In Vitro Whole Fetal Lung Organ Culture
Embryonic lungs were cultured as previously described [17]. Lung buds were dissected from E15.5 rat embryos and placed on translucent polycarbonate culture dish inserts (3.0 μm pore size, 12 mm diameter; Transwell, Costar, UK) and cultured with 1000 μL serum-free BGJb (Gibco, Grand Island, NY) supplemented with 100 U/mL penicillin and 100 μg/mL streptomycin. Lung cultures were randomly divided into control group and NMDA-treated group. NMDA (M3262, Sigma, St. Louis, MO, USA) was added to the medium at a final concentration of 1 mmol/L. Both groups were incubated at 37°C in an atmosphere containing 21% O2 and 5% CO2. Organ cultures were maintained for 96 hr. The medium was changed every other day.
2.3. Morphometric Analysis
E21.5 fetal lungs and E15.5 fetal lungs were cultured for 48 or 96 hr and then harvested, fixed in 4% paraformaldehyde, and processed into serial paraffin sections using routine procedures. Sections were stained with hematoxylin and eosin, examined under a light microscope, and photographed. Morphometric analyses were conducted using ImageJ software (National Institutes of Health, Bethesda, MD). Saccular circumference per unit and saccular area per unit were determined. Radial alveolar counts (RAC) were also determined as previously described [18]. All analyses were performed by an independent pathologist who was blind to group identity.
2.4. Total RNA Extraction, Reverse Transcription, and Real-Time PCR
E15.5–E21.5 fetal lungs were cultured for 24, 48, 72, or 96 hr, harvested, and immediately frozen in liquid nitrogen until use. Total RNA was isolated from frozen lung samples with TRIzol reagent (Sigma) based on the manufacturer’s instructions. Reverse transcription was performed with 2 μg total RNA using a kit from Promega (Madison, WI) following the manufacturer’s instructions. Real-time PCR was performed using iTaq SYBR Green Supermix with Rox (Bio-Rad, Hercules, CA).
Reactions were performed in triplicate according to the manufacturer’s instructions with 200 nM of each sense and antisense primer for a final reaction volume of 25 μL/well.
Primers used in real-time PCR experiments are shown in Table 1.
Table 1: Primer sequences for real-time PCR.
	

	Genes	Forward	Reverse
	

	Nmdar1	CAGGAGTGGAACGGAATCAT	ACTTGAAGGGCTTGGAGAAC
	Nmdar2a	AGCCATTGCTGTCTTCGTTT	ATCTTGCTGGTTGTGCCTTT
	Nmdar2b	GCGATAATGGCGGATAAGGA	AGGTAGGTGGTGACGATGGAA
	Nmdar2c	CACACCCACATGGTCAAGTTC	ATGGTGACCAGCTTGCAGC
	Nmdar2d	CGAGGATGGCTTTCTGGTGA	ATACTTGAGGCGGAGGGTCTG
	Nmdar3a	GCGGGATGCCCTACTGTT	CATTTCGCCCTGGCTCTG
	Nmdar3b	CGAGGATGGCTTTCTGGTGA	ATACTTGAGGCGGAGGGTCTG
	Ttf-1	CTCACCGCTTTCCCTCTACC	ATACTTGAGGCGGAGGGTCT
	Spc	CTTGTCGTCGTGGTGATTGTA	AAGGTAGCGATGGTGTCTGTG
	β-actin	TGACGTGGACATCCGCAAAG	CTGGAAGGTGGACAGCGAGG
	



2.5. Western Blotting Analysis
The fetal lung tissues were collected and stored at −80°C until use. Western blotting analyses of fetal lung tissues were performed as previously described [19]. The primary antibodies used were as follows: NMDAR1 (rabbit polyclonal antibody, 1 : 1000) (Cell Signaling Technology, USA), NMDAR2D (rabbit polyclonal antibody, 1 : 200) (Bioss, China), NMDAR3A (rabbit polyclonal antibody, 1 : 200) (Bioss, China), and β-actin (mouse polyclonal antibody, 1 : 4000) (Proteintech, USA). Finally, these were followed by incubation with the horseradish peroxidase- (HRP-) conjugated secondary antibodies (dilution: 1 : 3000) (Proteintech, USA) for 1 hr. β-actin was used as an internal control for the semiquantitative assay.
2.6. Statistical Analysis
All data are shown as mean ± standard deviation. Student’s -tests and one-way analysis of variance (ANOVA) were performed using SPSS 15.0 statistical software (SPSS Inc., Chicago, IL). Statistical significance was set at .
3. Results
3.1. Prenatal Hypoxia Increased NMDAR Subunits mRNA Levels and Protein Expressions in Fetal Lungs
NMDARs’ mRNAs were measured in fetal rat lungs between E15.5 and E21.5. Based on the expression similarities, the seven NMDAR subunits’ expression during fetal lung development could be categorized with three different patterns. Pattern 1 included NMDAR1, NMDAR2A, and NMDAR2D—whose mRNA levels increased across lung development, with significantly higher mRNA levels on E21.5 than on E15.5 (Figure 1(a)). Pattern 2 included NMDAR2B, NMDAR2C, and NMDAR3B—whose mRNA levels remained relatively steady across lung development except on E19.5, when mRNA levels were downregulated (Figure 1(b)). Pattern 3 included NMDAR3A—whose mRNA level decreased across development (Figure 1(c)). On E15.5, NMDAR3A mRNA level was generally higher than that of other subunits, and NMDAR1 mRNA level was lower than that of other subunits (Figure 1(d)). On E19.5, NMDAR2C mRNA level was generally higher than those of other subunits (Figure 1(e)). On E21.5, NMDAR2A and NMDAR2D were predominant subunits (Figure 1(f)).
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(g)
Figure 1: (a)–(f) NMDARs mRNA expression in fetal rat lung. Fetal rat lungs expressed mRNA for all seven NMDAR subunits between E15.5 and E21.5. (a) NMDAR1, NMDAR2A, and NMDAR2D mRNA expression in fetal rat lung development. (b) NMDAR2B, NMDAR2C, and NMDAR3B mRNA expression in fetal rat lung development. (c) NMDAR3A mRNA expression in fetal rat lung development. (d) All the seven NMDARs’ mRNA expression on E15.5. (e) All the seven NMDARs’ mRNA expression on E19.5. (f) All the seven NMDARs’ mRNA expression on E21.5.   and  versus E15.5;  and  versus E15.5;  and  versus NMDAR1;  versus NMDAR3A;  and  versus NMDAR2B;  and  versus NMDAR2C;  and  versus NMDAR2D. (g) NMDARs protein expression in fetal rat lungs. E: embryonic day.


We further determined the changes in protein levels of NMDARs during fetal lung development. We chose NMDAR1, NMDAR2D, and NMDAR3A protein expression on E15.5, E19.5, and E21.5 as representatives. As shown in Figure 1(g), the protein levels of NMDAR1 and NMDAR2D were low at E15.5 and gradually increased and finally reached peak at E21.5. The protein level of NMDAR3A was high at E15.5, followed by a gradual decline in expression. The patterns of protein expression were similar to their respective mRNA expression pattern.
We next exposed pregnant rats to hypoxia (FIO2 = 0.105, 8 hr/day) from E15.5 to E20.5. Interestingly, on E21.5, NMDARs mRNA levels in fetal rat lungs from the hypoxia group were found to be significantly higher than those from the air control group (; Figure 2(a)). It was also observed that NMDAR1, NMDAR2D, and NMDAR3A protein expressions increased after hypoxia exposure (Figure 2(b)). These results indicated that intrauterine hypoxia enhanced fetal lung NMDARs transcriptions and translations.
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(b)
Figure 2: (a) NMDAR mRNA expression in fetal rat lungs after 6 days of intrauterine hypoxia. Intrauterine hypoxia enhanced NMDAR mRNA expression in fetal lungs.  versus air control group. (b) NMDAR protein expression in fetal rat lungs after 6 days of intrauterine hypoxia. H: hypoxia group; C: control group.


3.2. MK-801 Prevented Hypoxia-Induced Impairment of Fetal Lung Development In Vivo
To investigate the significance of higher expressions of fetal lung NMDARs after intrauterine hypoxia exposure, the effects of NMDAR antagonist MK-801 on fetal body and lung weight in intrauterine hypoxia status were examined. On E21.5, body weight, lung wet weight, and lung-weight-to-body-weight ratio were significantly lower in fetal rats in the hypoxia group than in the air control group () (Figure 3).
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(c)
Figure 3: Effect of MK-801 on (a) fetal rat body weight, (b) fetal lung wet weight, and (c) lung-weight-to-body-weight ratio after 6 days of intrauterine hypoxia. Intrauterine hypoxia induced the decrease in body weight, lung wet weight, and lung-weight-to-body-weight ratio; MK-801 administration before hypoxia alleviated the decrease in body weight, lung wet weight, and lung-weight-to-body-weight ratio in fetal hypoxic rats.  and  versus air control group;  versus air + MK-801 group;  versus hypoxia group.


MK-801 alleviated the decreases in body weight, lung wet weight, and lung-weight-to-body-weight ratio induced by intrauterine hypoxia (). However, body and lung wet weights of fetal rats in the hypoxia + MK-801 group were still lower than those in the air control group (), and there was no significant difference in lung-weight-to-body-weight ratio between fetal rats in the hypoxia + MK-801 group and the air control group. Histological observation revealed that fetal lungs in the hypoxia group appeared to have more irregularly shaped, fewer alveolar-like structures (Figure 4) and lower radial alveolar count (RAC) (; Figure 5) compared with the air control group. MK-801 alleviated hypoxia-induced lung histological change, showed more regularly shaped and more alveolar-like structures (Figure 4), and significantly increased RAC (; Figure 5). However, fetal rat body weight, lung weight, and RAC in air + MK-801 group were lower than in the air control group (; Figure 5). Taken together, it is suggested that overexpression of NMDAR correlates with abnormal fetal lung development and the blockage of overexpressed NMD