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A B S T R A C T

Neonatal hypoxic-ischemic encephalopathy (HIE) encompasses brain injuries resulting from dysregulated oxygen 
or blood flow to the brain before, during, or immediately after birth. During the acute phase, neuronal damage is 
driven by excitotoxicity, with permanent injury manifesting over the subsequent hours. Treatment options have 
limited efficacy, requiring deeper insights into HIE pathogenesis. Recent advances in single-cell RNA sequencing 
have enabled molecular investigations of diverse diseases. However, the large size of certain cells, such as 
neurons, has posed challenges in studying conditions where neuronal damage is central. Thus, we employed 
single-nucleus RNA sequencing to evaluate damages in a mouse model of HIE and found pronounced changes in 
the hippocampus with significantly reduced neuronal populations. We observed the characteristic activation of 
hippocampal microglia, confirmed by immunostaining in the HIE model. These alterations were specific to 
combined hypoxic-ischemic conditions and were not observed with hypoxia or ischemia alone. These findings 
provide insights into the molecular and anatomical impact of HIE and highlight the hippocampus as a critical 
focus for understanding disease mechanisms and therapeutic development.

1. Introduction

Neonatal hypoxic-ischemic encephalopathy (HIE) is a spectrum of 
brain injuries occurring before, during, or shortly after birth due to 
reduced or interrupted brain oxygen or blood flow [1]. HIE often results 
in severe, long-term neurological complications, including cerebral 
palsy, epilepsy, and developmental disorders affecting motor neurons. 
Its incidence varies significantly, ranging from 1 to 8 per 1000 live births 
in developed countries and up to 26 per 1000 live births in developing 
countries [2]. Globally, HIE directly contributes to 23–25 % of neonatal 
deaths [3]. While therapeutic hypothermia is the current standard of 
care for neonates with HIE, its efficacy is limited, necessitating the 
development of novel and effective treatments.

The acute phase of HIE involves hypoxia and ischemia, which reduce 
oxygen and glucose supply to the brain, leading to neuronal and mem
brane damage. Hours after the initial insult, mitochondrial dysfunction 

exacerbates damage by generating free radicals such as reactive oxygen 
and nitrogen species, culminating in progressive neuronal necrosis and 
apoptosis. Once intracellular Ca2+ concentration reaches a plateau, 
neuronal damage becomes irreversible—a phenomenon known as sec
ondary neuronal cell death [4]. Despite significant advances in under
standing the biochemical cascades of HIE, many aspects of its pathology 
remain unclear.

Advances in transcriptomics, particularly single-cell RNA sequencing 
(scRNA-seq), have provided detailed insights into the molecular mech
anisms of various diseases. In mouse models of HIE, scRNA-seq has been 
instrumental in identifying microglia activation as a key pathological 
feature [5,6]. However, neurons, the pathogenic centers of HIE, cannot 
be efficiently analyzed by scRNA-seq due to their large size [7]. 
Nevertheless, snRNA-seq overcomes this limitation by isolating nuclei 
and analyzing their RNA content, thereby eliminating cell-size biases 
inherent in scRNA-seq. Here, we aimed to investigate the damage in a 
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mouse model of HIE using snRNA-seq, enabling the successful profiling 
of single-cell level transcriptomes and revealing heterogeneity in 
neuronal impairment across different anatomical brain regions.

2. Methods

2.1. Animal models

All animal procedures were approved by the animal ethics commit
tees of Osaka University Graduate School of Medicine (Approval Num
ber: 02-071-009) and adhered to the ARRIVE guidelines. Pregnant 
C57BL/6JJcl mice (gestation days E14− E15) were purchased from 
CLEA Japan (Tokyo, Japan). All mice were housed individually in 
standard cages under a 12-h light-dark cycle with unrestricted access to 
food and water.

On postnatal day 7 (P7), male and female pups were randomly 
assigned to four experimental groups: unilateral carotid ligation fol
lowed by hypoxic exposure (HIE group), unilateral carotid ligation only 
(CL group), sham operation followed by hypoxic exposure (Hypoxia 
group), and sham operation only (Sham group), involving isolation and 
threading of the left common carotid artery (CCA) without ligation.

The HIE procedure was adapted from the Rice–Vannucci rat model 
[8]. P7 mice were anesthetized with isoflurane (3 % for induction, 2 % 
for maintenance) before permanent ligation of the left CCA 6-0 silk su
tures under a stereomicroscope (Fig. 1A and B). Anesthesia duration was 
limited to under 5 min per pup. After the procedure, pups were returned 
to their dams for a 2-h recovery period. They were then placed in a 
chamber maintained at 36 ◦C using a water bath and perfused with a 
humidified mixture of 8.0 % oxygen and nitrogen for 1 h. After hypoxic 
exposure, the pups were returned to their mothers for normal rearing. 

Fig. 1. Procedures for creating an HIE neonatal mouse model 
(A) Under sedation with isoflurane, expanding the field of view of the left common carotid artery (CCA) of a P7 mouse. 
(B) Left CCA ligated with 6-0 silk. 
(C) Timeline for the experiments. Four experimental groups were established by combining ligation and hypoxia conditions. 
(D) Location of brain sections (at Bregma-1.5 mm) 
(E) Volume atrophy calculation ratios of each region. 
Each group contained four males and four females. 
(F)Hemisphere volume atrophy ratio. **p < 0.0001. Error bars show means + SD 
(G)Cerebral cortex volume atrophy ratio. **p < 0.0001. Error bars show means + SD 
(H)Hippocampal atrophy ratio. **p < 0.0001. Error bars show means + SD.
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For the CL group, the left CCA was ligated without hypoxic exposure. For 
the Sham group, pups underwent the same anesthesia and surgical 
exposure as the HIE group, but the CCA was only threaded without 
ligation of the CCA. Pups in the hypoxia group were subjected to the 
hypoxia chamber protocol following a sham operation. Each experi
mental group contained equal numbers of male and female pups 
(Fig. 1C).

2.2. Hematoxylin and eosin (HE) and immunofluorescence staining

One week after the intervention, the mice were anesthetized and 
perfused transcardially with 4 % paraformaldehyde (PFA) in 1/15 mol/L 
phosphate buffer (PB). Brain tissues were carefully isolated and post- 
fixed in 4 % PFA overnight at 4 ◦C. The tissues were then bisected at 
the bregma position and immersed sequentially in a PB solution con
taining 15 % and 30 % sucrose at 4 ◦C for cryoprotection. Following 
cryoprotection, the tissues were embedded in an optimal cutting tem
perature compound and frozen in liquid nitrogen.

Frozen brain blocks were sectioned into 20-μm slices using a Leica 
CM3050S cryostat at the bregma − 1.5 mm position (Fig. 1D). The sec
tions were stored at − 80 ◦C until further analysis.

For HE staining, sections were dipped in Mayer’s hemalum solution 
(MERCK, 109249) for 5 min, rinsed under running water for 5 min, 
dipped in 1 % Eosin Y Solution (Wako, 051–06515) for 15 s, and rinsed 
in pure water. The sections were further washed with anhydrous ethanol 
(thrice for 2 min) and xylene (thrice for 3 min).

All steps of immunostaining were performed following standard 
protocols. Briefly, sections were blocked for 1 h with 3.0 % normal goat 
serum, 0.3 % Triton X-100 in Phosphate-buffered saline (PBS) and 
incubated with the primary antibody, rabbit anti-Iba1 (1:1000, Wako, 
019–19741), in a humidified chamber overnight at 4 ◦C. The following 
day, they were rinsed three times in PBS and incubated with a secondary 
antibody, Alexa Fluor 488-labeled goat anti-rabbit IgG (1:500, abcam), 
for 1 h at room temperature, and rinsed three times in PBS.

2.3. Calculation of brain atrophy ratio/Iba-1 positive area ratio

To quantify brain volume reduction, whole-brain images were 
generated by tiling HE-stained sections using an All-in-one Fluorescence 
Microscope BZ-X700 (KEYENCE). Following the guide described in “The 
Mouse Brain in Sterotaxic Coordinates [9],” the regions of the ipsile
sional hemisphere, cerebral cortex, and hippocampus were marked and 
compared with those of the contralesional side using Adobe Photoshop 
2024 software (Fig. 1E).

In addition, three consecutive sections were prepared at Bregma-1.5 
mm per individual, immunostained, and images were combined so that 
the entire hippocampus was depicted in each section using the same 
microscope. We used Fiji [10] to measure the Iba-1 positive area of the 
unilateral hippocampus and calculated it as a percentage of the total 
area of the ipsilateral hippocampus. The ratio of the percentage area of 
Iba-1-positive cells in the affected hippocampus to that in the healthy 
side was determined, and the values of the three intercepts were aver
aged to obtain the measurements for the individual.

2.4. Brain isolation and nuclei isolation for snRNA-seq

Brains were collected from two male and two female mice in each 
group on postnatal day 14 (P14). The cerebral cortex and hippocampus 
were immediately frozen in liquid nitrogen.

The nuclei were isolated following previously described methods 
[11]. Cortical tissues from each group were pooled and crushed on dry 
ice. Crushed tissues were resuspended in 5 mL of lysis buffer. The 
mixture was incubated on ice for 5 min, and the suspension was filtered 
through a 40-μm cell strainer. A third of the filtered solution was 
transferred to a new tube and centrifuged at 500×g for 5 min at 4 ◦C. The 
pellet was resuspended in 1550 μL of wash buffer containing 1 % BSA 

and 0.2 U/μL recombinant RNase Inhibitor.
Subsequently, 450 μL of Debris Removal Solution (Miltenyi Biotec) 

was added and gently mixed. To separate nuclear and debris layers, the 
mixture was layered over 2 mL of 1 × PBS in a 5-mL tube and centrifuged 
at 2580×g for 10 min at 4 ◦C. The debris layer was washed with nuclei 
buffer. The nuclei pellet was resuspended in 0.5 mL of nuclei buffer 
supplemented with 0.2 U/μL recombinant RNase inhibitor. Fixation was 
performed by adding 2 mL of cold methanol containing 1.25 mg/mL DSP 
(Thermo Fisher Scientific) dropwise. After 15 min of incubation on ice, 
methanol was removed via centrifugation at 500×g for 5 min at 4 ◦C. 
The nuclei were washed twice with nuclei buffer, resuspended in an 
appropriate volume of nuclei buffer, and passed through a 20-μm filter 
to obtain a fixed nuclei suspension.

Hippocampal tissues were pooled per group and homogenized. To 
initiate nuclei isolation, 200 μL of lysis buffer was added, and the tissue 
was disrupted. An additional 300 μL of lysis buffer was added, and the 
homogenate was further processed by pipetting. The suspension was 
passed through a 40-μm cell strainer. Debris removal and methanol 
fixation were conducted as described for cortical tissues, yielding a fixed 
nuclear suspension.

2.5. Library preparation for snRNA-seq

Library preparation followed a previously described method [12]. A 
detailed protocol is provided in Appendix A.

3. Bioinformatics

Sequencing outputs were demultiplexed using BCL Convert (version 
4.1.7) [https://jp.support.illumina.com/sequencing/sequencing_softwa 
re/bcl-convert/downloads.html] with default settings. Index 2 was 
converted to the unique molecular identifiers, which were manually 
checked and corrected to match cell barcodes. The FASTQ files were 
aligned to the mouse reference genome (mm10) using STAR (version 
2.7.6a) [13] with the Solo options. The resulting STAR output matrices 
were filtered based on transcripts gene counts and the percentage of 
mitochondrial gene content.

Subsequent analyses, including data normalization, scaling, and 
clustering, were conducted using the Seurat R package (version 5.0.3) 
[14]. Cell clusters were manually curated using marker genes for iden
tification. Differential gene expression analysis was performed in Seurat 
with the test.use = “MAST” option. Gene Ontology (GO) enrichment 
analysis was performed and visualized using the ClusterProfiler package 
[15,16] and enrichplot tools [17]. Additional data visualization was 
carried out using the Plotly package (https://plotly.com/).

4. Statistical analysis

Data are presented as mean ± standard deviation (SD). The 
normality of data distribution was assessed using the Shapiro–Wilk 
normality test. For comparisons between the four groups with normally 
distributed data, analysis of variance was performed as a parametric 
analysis, and the Tukey–Kramer test was conducted for each between- 
group comparison. Statistical significance was set at P < 0.05. All sta
tistical analyses were conducted using JMP Pro 17 software (SAS Insti
tute, Cary, NC, US).

5. Results

We utilized a well-established HIE mouse model [18]. Briefly, mice 
were anesthetized using isoflurane, followed by permanent ligation of 
the left common carotid artery. Then, they were exposed to a hypoxic 
environment consisting of 8 % oxygen and 92 % nitrogen at 36 ◦C for 1 
h. In addition to the HIE group, three control groups were included: a 
group that underwent left common carotid ligation only (CL group), one 
subjected to sham surgery and hypoxic exposure (hypoxia group), and 
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Fig. 2. Single-nucleus RNA-seq on brains including cerebral cortex and hippocampus. 
(A) UMAP plot of all snRNA-seq data containing cortex and hippocampus. 
(B) Marker genes for each cluster. Dot size represents the percentage of cells expressing a given gene within the cluster. Dot color intensity shows the mean expression 
level. 
(C) Each sample depth in terms of the number of genes. 
(D) Each sample depth in terms of the number of unique molecular indices (UMIs). 
(E) UMAP plot of cells from the hippocampus. 
(F) UMAP plot of cells from the cerebral cortex.
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another one that underwent sham surgery alone (sham group). To 
confirm that our model accurately simulated HIE, we assessed atrophy 
rates in various brain regions of P14 mice. HE staining revealed signif
icant atrophy, with the ipsilesional hippocampus showing a reduction of 
approximately 40 % compared to the contralateral side. Milder atrophy 
(approximately 10 % reduction) was observed across the entire cerebral 
hemisphere, though minimal differences were noted when focusing 
solely on the cortex (Fig. 1F, G, H). These findings are consistent with 
previously reported data [18,19], confirming the robustness of our 
model.

To generate detailed transcriptomic profiles of HIE model mice, we 
performed snRNA-seq. Cortical and hippocampal tissues were isolated 
from four experimental groups: sham (healthy control), hypoxia-only, 
cerebral ischemia-only, and HIE (combined hypoxia and cerebral 
ischemia) (see Methods for details). Each group consisted of tissues 
pooled from four mice (two males and two females). Using the extracted 
nuclei, we generated sequencing libraries and obtained the following 
cell counts: 3531, 3571, 3558, and 3595 cortical cells and 3450, 3555, 
3526, and 3566 hippocampal cells from the HIE, CL, Hypoxia, and Sham 
groups, respectively. Visualization of the cell clusters was performed 
using Uniform Manifold Approximation and Projection (UMAP) 
(Fig. 2A), which revealed 24 distinct clusters. These clusters were an
notated based on the expression of well-established cell type-specific 
markers (Fig. 2B) [20,21]. The use of snRNA-seq, compared with that 
of scRNA-seq, enabled us to recover diverse neuronal clusters success
fully. A reasonable sequencing depth was achieved for each cell, as 
evidenced by the number of genes and transcripts detected per cell 
(Fig. 2C and D). UMAP plots for cells isolated from the hippocampus and 
cortex (Fig. 2E and F) manifested distinct cell distributions across 
anatomical locations, confirming the accuracy of tissue collection.

To further investigate phenotypic differences in neurons affected by 
HIE, we performed sub-clustering analyses focusing on hippocampal 
neurons (Fig. 3A) and cortical glutamatergic Slc30a3+ neurons 
(Fig. 3B). In the hippocampus, manual inspection revealed distinct 
cluster distributions in the HIE group, specifically with neurons corre
sponding to the CA1 and CA2-3 regions (Fig. 3C). Proportional analysis 
demonstrated a notable decrease in CA1 neuron proportions in the HIE 
group compared to other experimental groups (Fig. 3E). Similar studies 
of cortical neurons showed a less pronounced but observable differential 
distribution in HIE, highlighting subtler changes compared to those that 
occurred in the hippocampus (Fig. 3D–F). These results suggest that HIE- 
induced impairments are highly specific to cell type and anatomical 
location. Moreover, the combination of hypoxic and ischemic conditions 
is necessary to induce these region-specific neuronal changes.

Beyond neuronal alterations, we examined microglial responses to 
HIE. UMAP analysis, segregated by sample, revealed significant shifts in 
the distribution of hippocampal microglia in response to HIE (Fig. 4A). 
Although cortical microglial changes were less pronounced, distinct 
alterations in cell distribution were still evident. Differential expression 
gene (DEG) analysis was performed by comparing hypoxia, ischemia, 
and HIE groups to the sham group. The HIE hippocampal samples dis
played the highest number of DEGs, followed by the HIE cortical sam
ples (Fig. 4B), while few or no DEGs were detected in other experimental 
groups. To assess regional differences in gene expression, we generated a 
heat map comparing DEG profiles from the hippocampus and cortex 
(Fig. 4C). While DEG patterns shared similarities between these regions, 
the hippocampus exhibited significantly more pronounced changes. GO 
analysis of hippocampal DEGs revealed enrichment of genes related to 

viral response pathways, potentially linked to interferon (IFN) activa
tion (Fig. 4D). This microglial activation in the hippocampus was also 
validated by ionized calcium-binding adaptor molecule 1 (Iba-1) im
munostaining in the ipsilesional hippocampus of the HIE group 
(Fig. 4E). The HIE group showed a significantly increased percentage of 
Iba-1 positive area in the ispiletional hippocampus, indicating micro
glial accumulation (Fig. 4F).

6. Discussion

We employed snRNA-seq to comprehensively analyze the brain 
damage in a mouse HIE model at the single-cell level. We aimed to 
understand the underlying mechanisms of HIE better. The generated 
data provide high-quality insights, revealing that neuronal damage in 
HIE occurs in a cell type- and region-specific manner. We found that the 
severity of impairment observed through snRNA-seq closely correlates 
with histological findings, validating the utility of this technique for 
studying HIE. Moreover, we demonstrated that microglia, in addition to 
neurons, exhibit similar changes in response to HIE. Importantly, brain 
atrophy and gene expression changes were most pronounced in the 
hippocampus, highlighting the hippocampus’ potential as a central 
target for therapeutic strategies aimed at treating or mitigating the ef
fects of HIE.

Microglia, which are activated at the site of nerve injury, can be 
broadly classified into two types: inflammation-activated (M1) and anti- 
inflammatory (M2). The regulation of these microglial activities is 
influenced by the expression of interferon regulatory factor 7 (IRF7), a 
key transcription factor involved in the type I IFN response [22], which 
is modulated by transforming growth factor-β1 (TGFβ1) signaling [23]. 
IRF7 plays a crucial role in the immune response, and the specific DEGs 
identified in the hippocampus of the HIE group in our study may be 
linked to the behavior of microglia that accumulate following brain 
nerve tissue damage.

This study has few limitations. First, the analysis was conducted at a 
single time point, restricting our ability to observe the progression or 
potential recovery of the model, indicating an important area for future 
investigation. Additionally, incorporating other HIE models in future 
studies could provide a more comprehensive understanding of the 
condition. It is also essential to determine whether the findings observed 
in mice are applicable to human pathology, as differences in species may 
affect the generalizability of the results. In general, P7 rats [8] and P7-10 
mice [5,6,18,19] have been used to model the human newborn stage. A 
recent study [24] reported that, considering the brain, bones, and life 
cycle, P3 and P10 mice correspond to 24 gestational weeks and 1 year of 
age in humans, respectively. In this context, it is important to consider 
the differences in developmental speed between humans and mice.

Nevertheless, this study demonstrates that snRNA-seq is a valuable 
tool for capturing detailed pathological changes in the brain, particu
larly those involving neuronal cells. The integration of snRNA-seq with 
various therapeutic agents and approaches holds great promise for the 
development of novel treatments for HIE.
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Fig. 3. Single-nucleus RNA-seq focused on neurons. 
(A) UMAP plot of cells from the hippocampus. 
(B) UMAP plot of cells from the cerebral cortex. 
(C) Differences in UMAP plots distribution of hippocampus neurons separated into four groups. 
(D) Differences in UMAP plots distribution of cerebral cortex neurons separated into four groups. 
(E) Difference in the percentage of neurons regarding the CA1-3 region of the hippocampus. 
(F) Difference in the percentage of neurons regarding layers of cerebral cortex.
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Fig. 4. Single-nucleus RNA-seq focused on microglia. 
(A) Differences in UMAP plots distribution of separated hippocampus and cerebral cortex of four groups. 
(B) Number of differential expression genes (DEGs) in microglia compared with the Sham group. 
(C) Heat map focusing on genes that are upregulated in the hippocampus of the HIE group. 
(D) Gene Ontology (GO) analysis on the DEGs from the hippocampus microglia. 
(E) Samples of Iba-1 immunostained sections of the ipsilesional hippocampus. 
(F) Iba-1 positive area ratio of the hippocampus (ispi/contra). *p < 0.01. Error bars show means + SD. Each group contained four males and four females.
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