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Abstract
Purpose  Lung injury associated with bronchopulmonary dysplasia (BPD) and its related neurodevelopmental 
disorders have garnered increasing attention in the context of premature infants. Establishing a reliable animal model 
is essential for delving into the underlying mechanisms of these conditions.

Methods  Newborn rats were randomly assigned to two groups: the hyperoxia-induced BPD group and the normoxia 
(NO) group. For the BPD group, they were nurtured in a hyperoxic environment with a high oxygen inspired fraction 
(0.85) from birth until day 14 within 28 days postnatally. In contrast, the NO group consisted of newborn rats that 
were nurtured in a normoxic environment with a standard oxygen inspired fraction (0.21) for 28 days postnatally. 
Various pathological sections of both lung and brain tissues were examined. TUNEL staining, immunofluorescence 
assays, and functional tests were performed, and the results were meticulously analyzed to assess the impact of 
hyperoxia environments on the developing organs.

Results  In the newborn rats of the BPD group, a significant reduction in alveolar number coupled with enlargement 
was observed, alongside severe fibrosis, collagen deposition, and constriction of bronchi and vascular lumens. This 
was accompanied by an accumulation of inflammatory cells and a marked deterioration in lung function compared 
to the NO group (P < 0.05). Additionally, a decrease in neuronal count, an increase in neuronal apoptosis, proliferation 
of neuroglia cells, and demyelination were noted, and poorer performance in the Morris water maze test within the 
BPD group (P < 0.05).

Conclusion  The BPD-rats model was established successfully. Lung injury in the BPD group evident across the 
bronchi to the alveoli and pulmonary vessels, which was associated with deteriorated lung function at postnatal day 
14. Concurrently, brain injury extended from the cerebral cortex to the hippocampus, which was associated with 
impaired performance in orientation navigation and spatial probe tests at postnatal day 28.
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Introduction
Bronchopulmonary dysplasia (BPD) is a chronic lung 
disease that exerts detrimental effects on the develop-
ment of neonatal lungs, particularly under conditions 
of prolonged oxygen toxicity, barotrauma, or inflamma-
tion. This disease ultimately results in lung injury and 
significantly influences the incidence and mortality rates 
of respiratory-related complications [1]. Hyperoxia expo-
sure is a critical factor in the development of BPD, caus-
ing direct lung injury through the generation of reactive 
oxygen species and the recruitment of inflammatory cells 
[2]. Animal models that mimic hyperoxia-induced lung 
injury are instrumental in studying the condition in pre-
mature infants with BPD [3]. It has been observed in the 
animal model that maintaining a high fraction of inspired 
oxygen (FiO2) of 0.85 during the first fourteen days post-
natally leads to a reduction in the total number of alveoli 
and an increase in the thickness next to the alveoli [4]. 
The hyperoxia group exhibited a decrease in body weight 
and alveolar count.

 [5]. After seven days of hyperoxia exposure, altera-
tions in micro-CT barium contrast and pulmonary artery 
media thickness were observed [6]. The lung injury asso-
ciated with BPD could be mitigated by dampening the 
inflammatory response and fibrosis triggered by hyper-
oxia [7]. However, existing studies have not yet pro-
vided a comprehensive analysis of hyperoxia-induced 
lung injury [8, 9], particularly regarding the structural 
changes that span from the bronchi to the alveoli and 
the extent of fibrosis. Furthermore, infants with BPD 
would be at risk for neurodevelopmental disorders [10, 
11], and impaired brainstem myelination and synaptic 
function were evoked by auditory brainstem responses 
in very preterm infants [12]. The potential detrimental 
effects of BPD on white matter and cerebellar develop-
ment have been documented through regional brain vol-
ume assessments and diffusion tensor imaging using MRI 
[13]. Additionally, the Webster scale indicated that chil-
dren with BPD exhibited a diminished processing speed 
quotient, reflecting poorer cognitive performance [14]. 
Newborn mice were particularly susceptible to immature 
neuronal damage and white matter myelination disorders 
when subjected to chronic hyperoxia [15, 16].

As the absence of a reliable BPD-rat model that eluci-
dates the specific sites and mechanisms of injury within 
the lung and brain, we developed a model that incorpo-
rates hyperoxia exposure for twenty-eight days postna-
tally to investigate these aspects more comprehensively.

Materials and methods
Animal model
All animal procedures were conducted according to 
the Declaration of ARRIVE guidelines and approved 
by the Experimental Animal Management and Ethics 

Committee of the West China Second University Hos-
pital, Sichuan University (2023074). Parturient Sprague 
Dawley (SD) rats (D000017, wt/wt) were transferred 
from Laboratories (Gem Pharmatech Co., Ltd) to the 
Key Laboratory of Birth Defects and Related Disease of 
Women and Children in Sichuan University. Pregnant 
SD rats and their neonatal offspring were nurtured under 
standard conditions, with free access to food and water, 
at a temperature of 25–28 °C and a humidity of 55–65%. 
They were randomly assigned to two groups: (1) the nor-
moxia (NO) group, which was nurtured in ambient air 
with a FiO2 of 0.21; and (2) the hyperoxia-induced BPD 
group, which was nurtured in a high-oxygen environ-
ment with an FiO2 of 0.85, an oxygen flow rate of 1.5  l/
min, CO2 levels below 0.5%, and humidity maintained at 
55–65% using an atmospheric pressure chamber (Hang-
zhou Ai-pu Co., Ltd.). To prevent hyperoxia-induced 
damage to the mothers [17], their mothers were alter-
nated daily between cages starting from the first day 
postpartum (P1, equivalent to 23–32 weeks of human 
gestational age) [18], until the fourteenth day (P14, equiv-
alent to one month of human age which was recognized 
as the maturity period for the BPD lung injury model [4]) 
[19, 20]. Newborn rats were nurtured until the twenty-
eighth day postnatally (P28), which corresponded to six 
months of age in preterm human being infants [21], and 
their weights were recorded at six time points (P1, P3, P7, 
P14, P21, P28) at 9:00 a.m. daily (sfigure 1). After being 
anesthetized with inhaled isoflurane (1.5-3%, 100  ml), 
the rats were perfused with 0.01mmol/l phosphate-buff-
ered saline at a constant pressure of 20 cm H2O [22], and 
their left lobe lungs and whole brains were then fixed in 
4% paraformaldehyde for subsequent histopathological 
analysis.

Hematoxylin-eosin (H&E) staining
The paraffin-embedded lung and brain sections were uni-
formly cut to a thickness of 3 μm slices and stained with 
hematoxylin, differentiation solution and eosin reagent 
(Servicebio, China), dehydrated with 100% ethanol and 
n-butanol, infiltrated with xylene, and then sealed with 
neutral resin. Lung slices were analyzed on the six struc-
tures: bronchia, bronchiole, terminal bronchiole, respira-
tory bronchiole, pulmonary vessel, and alveolus (Fig. 1). 
Brain slices were analyzed in three regions: cerebral cor-
tex, corpus callosum and hippocampus (Fig. 2).

Masson staining
Paraffin-embedded lung sections were divided into 
upper, middle, and lower fields, and each field, with 
a thickness of 4 μm and an area of 25 μm², was stained 
using the Masson dye solution set (Servicebio, China). 
The staining process included treatment with 1% glacial 
acetic acid, dehydration with anhydrous ethanol, and 
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soaking in 100% ethanol and Xylene, followed by sealing 
with neutral gum. The field score (sfigure 2) was deter-
mined according to the criteria established by Hübner et 
al. [23]. When it was challenging to differentiate between 
two odd-numbered grades, an intervening even-num-
bered score was assigned. The predominant degree of 
alveolar fibrosis was recorded as the one occupying more 
than half of the field area.

Nissl staining
Paraffin-embedded brain sections, each precisely cut to a 
thickness of 3 μm, were stained with Toluidine Blue dye 
solution (Servicebio, China) and then slightly differenti-
ated with 0.1% glacial acetic acid (SCRC, China). The 
degree of differentiation was carefully controlled under a 
microscope (LEICA, Germany) to ensure optimal stain-
ing results.

Luxol fast Blue (LFB) staining
Paraffin-embedded brain sections, each precisely cut to 
a thickness of 3  μm, were stained with LFB staining kit 
(Servicebio, China), counterstained in 95% ethanol and 
Eosin (Servicebio, China), and then sealed with neutral 
gum. The demyelination degrees in the cerebral cor-
tex, corpus callosum, and hippocampal CA1 region was 
assessed through LFB staining [24] at P7, P14, and P21 
(Fig. 2).

TUNEL staining
After dewaxing in xylene, the paraffin-embedded brain 
slices (a thickness of 3 μm) were treated with DNase-free 
proteinase K (20  µg/ml) at room temperature, followed 
by a one-hour incubation with TUNEL working solution 
at 37 °C in the dark. DAPI Fluoromount-G™ [Sigma] was 
then applied for counterstaining, as shown in Fig. 2d [25, 
26].

Immunofluorescence assay
The paraffin-embedded hippocampal slices (a thickness 
of 3  μm) were permeabilized with 0.5% Triton X-100, 
incubated in a blocking solution before being incubated 
to primary and secondary antibody. The primary anti-
bodies were incubated for twenty-four hours at 4  °C 
[27], targeting specific cell types as follows: microglial 
cells were stained with IBA-1 marker (Abcam, ab283319, 
1:500, Mouse), oligodendrocytes were stained with SOX-
10 marker (Abcam, ab227680, 1:500, Rabbit), astrocytes 
were stained with GFAP marker (Abcam, ab7260, 1:1000, 
Rabbit), and neurons were stained with NeuN marker 
(Abcam, ab104224, 1:500, Mouse). The secondary anti-
body used was Alexa 488-conjugated anti-rabbit IgG 
(Vector Laboratories Inc., Burlingame, CA, USA) to bind 
the rabbit primary antibody, and HA 594-conjugated 
anti-mouse IgG (HA1126) to bind the mouse primary 
antibodies.

Fig. 1    Pathological lung structures from P3 to P28, and collagen volume fraction (CVF) areas indicating fibrosis from P7 to P21
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Lung function test
The lung function of newborn rats at P14, totaling 
twenty-two subjects in each group, was assessed using 
a Respiratory Function System (FinePointe RC, Wilm-
ington, NC, USA) for a duration exceeding three min-
utes [28]. The targeted parameters for analysis included 
respiratory rate (f ), tidal volume (TV), minute ventilation 
(MV), functional residual capacity (FRC), specific airway 
resistance (sRaw), specific airway conductance (sGaw), 
peak inspiratory flow (PIF), peak expiratory flow (PEF), 
inspiratory time (Ti), expiratory time (Te), the timing of 
the peak expiratory flow as a fraction of Te (Rpef ), and 
expiratory flow at 50% of expired volume (EF50) [29], as 
shown in Fig. 3A.

Morris water maze test
Each group of ten newborn rats underwent training for 
once in the acquisition sessions (one trials per day from 
the first to fourth quadrant in turn interval twenty-four 
hours) to locate a submerged transparent resin platform 
within a circular pool covered by black curtains around 
(diameter: 150 cm, wall depth: 50 cm, water temperature: 

24 ± 2  °C). Rats that failed to locate the platform within 
90s were manually placed on the platform and allowed to 
stay for 15s to familiarize themselves with the location. 
The orientation navigation test, which tracked the latency 
and distance to the targeted platform, was conducted 
from the 1st to the 6th day (90s per trial, with the plat-
form remaining in place). On the 6th day, a spatial probe 
test was also administered, which measured the distance 
in critical quadrant, entries in critical quadrant, and time 
in critical quadrant (90s, platform with the platform 
removed). These tests were monitored and recorded 
using a video-tracking system (Panlab SMART 3.0) [30, 
31], as shown in Fig. 3B.

Statistical analyses
The statistical analyses were performed using SPSS Sta-
tistics version 27.0 (IBM Corp, Armonk, NY, USA). If fit 
to a normal distribution, the variables were analyzed by 
t-tests; if not, they were analyzed by the Mann-Whitney 
U test. All slices were scanned by MIDI (Pannoramic 
3DHISTECH, Hungary). The area, perimeter, perim-
eter/area ratio and counts of alveoli were quantified in 

Fig. 2  Pathological brain sections of cerebral cortex, corpus callosum and hippocampus (a-c) and TUNEL-staining for apoptotic cells from P14 to P21 (d)
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Fig. 3  The lung function parameters in P14 and the Morris water maze in P28
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(µm2), (µm), (µm− 1), and (n). The collagen volume frac-
tion (CVF) areas of fibrosis [32] and positive cells were 
counted with Image J or Image Pro (Ruichi Technology, 
China), and their diagrams were visualized by Graph 
prism 10. Five consecutive but non-overlapping field of 
vision (magnification of 40×) were randomly selected 
in the hippocampal CA1, CA2, CA3, and dentate gyrus 
(DG) regions, the external granular regions of cerebral 
cortex, and the corpus callosum regions. The Nissl’s 
bodies or fluorescent positive cells and demyelination 
degrees (Mean Gray Scale Value, MGSV) from these 
areas were analyzed and presented [33]. P < 0.05 were 
considered statistically significant.

Results
We successfully replicated the establishment of a BPD-
related brain injury model twice, with newborn rats 
divided into a control group (NO group) and a model 
group (BPD group) for each experimental run, as shown 
in Fig. 4. The newborn rats in the BPD group exhibited 
a significantly poorer weight gain tendency compared to 
those in the NO group (sfigure 1).

In the bronchia, the structure of pseudostratified cili-
ated epithelial cells fragmented, and the cavity became 
deformed. In the bronchioles and terminal bronchioles, 
the monolayer ciliated columnar epithelial cells exhib-
ited disorder, with the basal layer even becoming exposed 
externally. The epithelial cells shedding occurred, leading 
to vacuole formation and obstruction of the bronchial 
lumen within the respiratory bronchioles. The vascular 
cavity constricted, vascular smooth muscle tissues loos-
ened, and collagen fibers were deposited alongside, with 
fractures and stratifications evident. Pulmonary vascular 
endothelial cells underwent detachment and morpho-
logical changes from a flat cuboidal shape to a smoother 
form. The alveolar cavity began to expand from P3, with 
walls thinning and even rupturing. Alveolar septal fibro-
sis hyperplasia and irregular flake fibrosis structures 
emerged locally. Alveolar ectasia was pronounced, with 
evident fractures and stratifications. An aggregation of 
inflammatory cells encircled the bronchia, bronchioles, 
and terminal bronchioles (Fig. 1). The BPD group exhib-
ited larger alveolar size and perimeter, smaller perim-
eter/area ratio, and reduced alveolar counts from P7 to 

Fig. 4  The flow diagram on BPD-related brain injury model for newborn rats from P1 to P28 after birth
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P28 (P < 0.05). The standard score of alveolar fibrosis was 
presented in sfigure 2, showing that the fibrosis degree 
worsened from P7, peaked at P21, and was concentrated 
around the bronchioles and vessels in the BPD group 
(Fig.  1F). Except for the PEF of lung function results 
(P = 0.332), P14-rats in the BPD group displayed higher 
f, MV, Frc, sRaw, PIF, Rpef and EF50, along with lower 
TV, sGaw, Ti and Te compared to those in the NO group 
(P < 0.05), as shown in Fig. 3A.

Neurons in the extracerebral granular regions of the 
cerebral cortex and hippocampal CA1 regions exhibited 
disordered polar arrangement, with nuclei solidifying and 
cytoplasmic vacuolation occurring. As the myelin sheath 
of neurons broken down, significant demyelination 
changes, indicated by a lower MGSV, were observed. The 
fibers of the cerebral cortex, corpus callosum and hip-
pocampal regions were sparsely arranged and left empty, 
and their MGSV decreased in the BPD group at P14 and 
P21 (P < 0.05), as shown in Fig.  2a-c. The Nissl’s bod-
ies (normal cells) were dissolved, and decreased in the 
cerebral cortex, corpus callosum and hippocampal CA1 
regions. Cells with karyopyknotic changes (blue circle) or 
completely dissolved nuclei (red circle) were considered 
to have negative Nissl’s bodies in both groups, whereas 
neurons with fully contained cytoplasm and intact nuclei 
in Nissl staining were defined as positive cells (black 
circle). At P7, there were no differences in Nissl-positive 
cells between the two groups in the corpus callosum and 
hippocampal regions (P > 0.05), except in cerebral cor-
tex regions (P < 0.001). However, the number of Nissl-
positive cells in different brain regions of the BPD group 
was significantly lower than that in the NO group at 
both P14 and P21 (P < 0.05). Apoptotic neurons, stained 
by TUNEL, were predominantly observed in the three 
brain regions of the BPD group, with virtually no neuro-
nal apoptosis detected in the NO group (Fig. 2d). When 
we examined the whole brain specimens from rats, we 
had removed the meninges that envelop the brain tissue. 
Consequently, we believe that the TUNEL-positive cells 
observed in the cortical or hippocampal border regions 
are likely false positives. These were attributed to the 
peripheral effects of fluorescent staining, as confirmed 
under a fluorescence microscope.

In the BPD group, there was a notable reduction in the 
counts of neurons, conversely, an increase was observed 
in the numbers of astrocytes and microglial cells, as 
shown in Fig.  5a, b. The hippocampal CA1, CA2, and 
CA3 regions exhibited a significant upsurge in the num-
bers of microglial cells and astrocytes in the BPD group 
(P < 0.05), and the BPD group showed a diminished num-
ber of fluorescent neurons compared to the NO group 
within the hippocampal CA1 and CA2 regions (P < 0.05), 
as shown in Fig. 5c.

The Morris water maze test was conducted on P28-rats 
to assess their orientation navigation and spatial probe 
abilities (Fig.  3B). Throughout the entire 6-day train-
ing period, the BPD group exhibited significantly longer 
distances and latency times to reach the targeted plat-
form (P < 0.05). On the 6th day, when the platform was 
removed, the BPD group also demonstrated shorter dis-
tances, fewer entries, and less time spent in the critical 
quadrant compared to the NO group (P < 0.05).

Discussion
Our findings indicated that lung injury began to mani-
fest from the 7th day, while BPD-related brain injury 
became evident from the 14th day. In the BPD-model 
rats, pulmonary vascular endothelial cells shed, lead-
ing to a narrowing of the vascular lumen, deposition of 
collagen fibers, and relaxation of vascular smooth mus-
cle. The presence of larger but fewer alveoli and height-
ened inflammatory cell infiltration helped to explain the 
poorer lung function results observed in P14-rats. The 
reduction in neuronal count, proliferation of neuroglia 
cells, and demyelination of the myelin sheath account 
for the impaired orientation navigation and spatial probe 
abilities in P28-rats.

Lung injury
Newborn rats were utilized in our study for their stage of 
lung development is analogous to that of preterm infants, 
and their lungs were in a cystic phase at birth, a period 
that extends from embryonic day (E18.5) to the 5th day 
postnatally [34]. We observed an increase in alveolar 
simplification in rats exposed to hyperoxia from P7 to 
P14, a finding that aligns with existing literature [35]. In 
our study, an enlargement in alveolar size and perim-
eter, coupled with a reduction in alveolar counts, per-
sisted in the rats from P14 to P28. The alveolar fibrosis 
was most severe in P21-rats, which is consistent with 
the gas exchange dysfunction observed in BPD infants 
[36]. Additionally, we detected collagen fiber deposition 
surrounding bronchioles and blood vessels in the BPD 
group, a result of hyperoxia-activated renin-angiotensin 
system [37].

The expansion of alveoli resulted in an increase in Frc 
and a decrease in TV. To achieve more effective ven-
tilation and maintain the body’s oxygen supply, the f 
increased, which was reflected in shorter Ti and Te times, 
and a corresponding increase in MV appropriately. As 
fibrosis worsened, with increased collagen deposition 
and inflammatory cell infiltration, pulmonary airway 
resistance rose, characterized by high values of PIF, sRaw, 
and EF50, along with low sGaw, further exacerbating 
lung injury [38–40]. These manifestations were indica-
tive of obstructive and restrictive ventilatory dysfunc-
tions associated with BPD [41]. Prolonged exposure to 
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hyperoxia can lead to persistent pulmonary hyperten-
sion due to the influx of inflammatory cells and pulmo-
nary vascular remodeling [42, 43]. Vascular endothelial 
growth factor, as a key factor in vascular development, 
showed decreased expression in BPD infants, attributed 
to the abnormal formation of alveolar microvessels [44].

BPD-related brain injury
Hyperoxia was found to activate circulating extracellular 
vehicles (EVs) in newborn BPD-rats. These EVs increased 
the levels of surfactant protein, which contributed to 
brain injury [45]. The activation of the inflammasome 
led to an upregulation in the production of mature IL-1β, 
highlighting the inflammasome’s pivotal role in hyper-
oxia-induced lung and brain injury in neonates [46]. We 
observed a reduction in neuronal count and a rise in neu-
ronal apoptosis within the cerebral cortex, corpus cal-
losum, and hippocampal regions. The demyelination of 
the myelin sheath happened in all three regions from P14 
to P21, and it was particularly pronounced in the corpus 
callosum regions. The presence of oxidative stress, neu-
trophilic infiltration, and mitochondrial respiratory chain 
enzymes in the hippocampus and prefrontal cortex can 

account for these findings [47]. BPD was one of the six 
factors contributing to the reduction in microstructural 
integrity or development in the corpus callosum regions 
during the first six months following very preterm birth 
[48]. The decreased myelination in the corpus callosum 
may stem from vascular occlusion and subsequent isch-
emia [49]. The neuronal apoptosis and demyelination 
of the myelin sheath detected in the hippocampus were 
linked to the impaired directional navigation and spatial 
probe abilities.

Astrocytes reacted to pathological stimuli through a 
process known as “reactive astrogliosis,” and an increase 
in cortical astrocytes had been documented following 
hyperoxia [50]. Similarly, we identified an upregulation 
of astrocytes in the hippocampus, which we believe was 
indicative of reactive inflammation in our study. Microg-
lial cells are involved in regulating astrocyte activity, and 
astrocytes also influence microglial responses during 
central nervous system inflammation [51]. Consistent 
with this interaction, our study also revealed an increase 
in microglial cells within the hippocampus.

Fig. 5  Fluorescent staining (a-b) oligodendrocytes (SOX-10), astrocytes (GFAP), microglial cells (IBA-1), and neurons (NeuN) and numbers of them (c) in 
different hippocampal regions (CA1, CA2, CA3 and DG) in P14
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Limitations
Our current study did not delve into the signaling path-
ways that link lung and brain injuries following hyper-
oxia, which represents an important direction for our 
upcoming research endeavors. Moreover, while we exam-
ined the alterations in neurons and glial cells, we have yet 
to conduct a thorough analysis of specific protein expres-
sions and markers. This is an area we intend to further 
investigate and complete in our future studies.

Conclusion
The BPD-rats model was established successfully. Lung 
injury in the BPD group evident across the bronchi to the 
alveoli and pulmonary vessels, which was associated with 
deteriorated lung function at postnatal day 14. Concur-
rently, brain injury extended from the cerebral cortex to 
the hippocampus, which was associated with impaired 
performance in orientation navigation and spatial probe 
tests at postnatal day 28.
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