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changes in the basal ganglia of neonatal pigs post-HI: glial 
cell swelling with cytoplasmic pallor at 6 h, neuronal swell-
ing with pyknosis at 24  h, scattered neuronal necrosis at 
48 h, and membrane rupture/nuclear swelling at 72 h. Both 
astrocytes and neurons exhibited progressively severe dam-
age over HI duration [3]. Mild to moderate injury can trig-
ger neuroprotective mechanisms to adapt to the pathological 
state of the nervous system. The extension of axons needs to 
be covered with myelin sheath to ensure rapid and accurate 
electrophysiological communication to target cells. After 
severe or prolonged injury, the structure and function of 
axons, myelin sheath, and synapses will be damaged, and 
the dynamic imbalance of the brain microenvironment will 
reduce plasticity, causing cognitive dysfunction [4].

Synapses are formed by neurons and mediate informa-
tion transmission, and underlie the physiological functions 
of neural networks. Synaptic connections are important 
structures for information and material transmission among 

Introduction

The brains of newborns are more adaptable to external stim-
uli than those of adults. After hypoxic ischemia (HI), nerve 
cells and neural networks will undergo adaptive changes to 
maintain body homeostasis; this inherent characteristic of 
the central nervous system (CNS) is known as neural “plas-
ticity” [1, 2]. Previous H&E (Hematoxylin and Eosin) stain-
ing in our lab revealed time-dependent histopathological 
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Abstract
This study investigated the effects of hypoxic-ischemic (HI) injury on neonatal neuroplasticity using the following 
approaches: Magnetic Resonance Spectroscopy (1H-MRS) imaging to analyze dynamic changes in tau protein levels, 
immunofluorescence staining to evaluate synaptophysin (SYP), neurocan (Neu), and tau protein, and utilizing transmission 
electron microscopy (TEM) to examine synaptic ultrastructure at multiple time points. A total of 59 healthy neonatal pigs 
were included, with 10 in the control group and 43 in the HI model group. The results demonstrated that SYP immunos-
taining intensity peaked at 6–12  h after HI before declining. Neu expression exhibited an initial decrease, followed by 
a transient increase and subsequent reduction, reaching its lowest level at 6–12 h after HI. Tau protein levels increased 
initially after HI, peaked at 24–48 h after HI, and subsequently decreased. SYP was negatively correlated with Neu with a 
correlation coefficient of -0.877. SYP was not correlated with Tau, neither was Neu with Tau. Compared with the control 
group, the number of synaptic vesicles decreased, and Post-Synaptic Density (PSD) thickness increased 6–12 h after HI. 
At 12–24 h after HI, the number of synaptic vesicles increased, and PSD thickness slightly decreased. At 24–48 h after 
HI, the vesicle number decreased, PSD became thinner, interrupting continuity, mitochondria swelled, and mitochondrial 
cristae blurred and disappeared. The findings suggest that the expression of Tau, SYP, and Neu is linked to alterations in 
synaptic and myelin structures, reflecting varying aspects of neural plasticity following HI injury.
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neurons [5]. The number and structural integrity of synapses 
play an important role in maintaining normal brain func-
tion [6]. After HI injury, synapses can adapt to changes in 
the brain microenvironment by changing their structure and 
function [7, 8], including changes in size, morphology and 
synaptic related protein expression, which mainly depend 
on the dynamic balance of synapse related protein synthe-
sis and degradation [7, 9–11]. Synapses are composed of 
presynaptic components, synaptic cleft, and postsynaptic 
membrane. Presynaptic components include mitochondria, 
microtubules, microfilaments, and a large number of syn-
aptic vesicles, which store and release neurotransmitters. 
Thus, axons, myelin sheaths, and synaptic connections 
work together for neurotransmitter and signaling activities. 
Synaptic plasticity is an important component of brain plas-
ticity, including the regulation of molecular and cellular lev-
els and physiological changes. Synaptic plasticity promotes 
the brain to change its organizational structure and function 
according to different states, and can keep the nervous sys-
tem in dynamic change [12]. After HI injury, synapses can 
adapt to changes in the brain microenvironment by chang-
ing their structure and strength. Synaptic reconstruction is 
a necessary process in the recovery of brain function after 
HI injury. The reconstruction involves synaptic related pro-
teins, axon regeneration and changes to synaptic structures. 
Synaptophysin (SYP) is a specific marker protein localized 
to presynaptic terminals, predominantly distributed on the 
membranes of synaptic vesicles (SVs). It regulates SV for-
mation and recycling, while SVs are primarily located at 
presynaptic terminals and function in the storage and release 
of neurotransmitters [13]. SYP is involved in the modu-
lation of calcium ion dynamics, including Ca²⁺ binding, 
neurotransmitter release, and synaptic vesicle recruitment. 
SYP is involved in synapse formation and stability and can 
reflect synapse density, distribution, and functional state. It 
can be used as a landmark molecule reflecting the repair 
mechanism after nerve injury, thus reflecting synaptic plas-
ticity [14, 15]. Neurocan (Neu) is a specific protein secreted 
by neurons and glial cells, involved in the development of 
the CNS and nerve repair, and closely related to pathophysi-
ological processes such as glial scar formation and axon 
growth inhibition [16]. Excitatory synapses are character-
ized by the morphological and functional specialization of 
the postsynaptic membrane, known as Post-Synaptic Den-
sity (PSD). Under electron microscopy, the PSD appears as 
a layer of electron-dense material on the cytoplasmic sur-
face of the postsynaptic membrane, primarily composed of 
receptors, scaffolding proteins, and other components [17].

Myelination is key for the development of the nervous sys-
tem. As an insulating layer, the myelin sheath wraps around 
neuronal axons and ensures their normal and rapid electrical 
conduction. Tau protein is a microtubule-associated protein 

expressed in neurons and oligodendroglia (OL). Compared 
with the mature brain, in the developing brain, Tau presents 
special phosphorylation [18, 19] and is involved in regu-
lating myelination. During neurite growth, the neuron cell 
body must synthetize numerous substances, and the cell 
morphology must remain stable, which requires a firm cyto-
skeleton. Microtubules, a protein-based cytoskeletal struc-
ture in the neurite, maintains the morphological stability of 
differentiated neurons, while serving as a transport route for 
various proteins and organelles to the neurite. Tau protein 
mainly plays a role in maintaining the stability of formed 
microtubules, contributing to microtubule elongation and 
participating in physiological processes such as intracellular 
material transport, mitosis, and neurotransmitter and signal 
transmission, an important factor in maintaining microtu-
bule stability. During myelination, “Fyn-Tau-MT” binding 
plays an important role in OL differentiation [20]. Axon-
derived signals are recognized by OL membrane receptors 
and activate Fyn, which regulates OL proliferation and dif-
ferentiation and MBP synthesis. MBP is the main protein 
of the myelin sheath in the mature CNS. Pathological Tau 
modification after HI reduces the binding ability of “Fyn-
Tau-MT” blocking downstream signal transduction path-
way, resulting in impaired myelination [21]. MBP mRNA 
is contained in RNA transport particles, bound with Tau and 
transported to the plasma membrane of OL by MT transport; 
MBP is synthesized under Fyn regulation. Pathological Tau 
phosphorylation leads to decreased MT stability and affect 
the transport of MBP RNA transport particles, thus affect-
ing myelin sheath formation. Simultaneously, abnormal 
Tau phosphorylation can cause mitochondrial dysfunction 
and lead to energy metabolism disorders in OL and neu-
rons. Pathological Tau protein expression and abnormal 
phosphorylation are important factors affecting myelination 
after HI.

In this study, the axon-myelin sheath, synaptic-associ-
ated proteins, and synaptic structure after HI were investi-
gated as a dynamic whole. By detecting protein expression 
of the above indicators and the synaptic structure changes 
at various time points after HI, we evaluated neuroplasticity 
after HI.

Materials and Methods

Experimental Animals

A total of 59 healthy newborn piglets (Large White Pigs, 
namely Yorkshire Piglets), regardless of sex, were selected 
3–5 days after birth, weighing 1–1.5 kg. Among them, 30 
were male and 43 were female. A total of 53 cases were 
included for data analysis, excluding six cases of mid-course 
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death, modeling failure, and motion artifact. They were ran-
domly assigned to control group (n = 10) and model group 
(n = 43). The model group was further divided into 6 time 
periods according to magnetic resonance (MR) scanning 
time after Hypoxic-Ischemic Brain Injury (HIBI) (0–2  h, 
n = 8; 2–6 h, n = 8; 6–12 h, n = 6; 12–24 h, n = 10; 24–48 h, 
n = 5; 48–72 h, n = 6). All experimental animals were pro-
vided by the Animal Laboratory of our institute, and the 
research complied with the standards stipulated in the Reg-
ulations on the Management of Experimental Animals and 
the Management of Experimental Animal License (Ethical 
Code: 2022PS250K).

Control Group

The indoor temperature was maintained at 28–30 °C, and an 
intramuscular injection of SuMianXin (a compound prepa-
ration consisting of 2,4-dimethylthiazole, ethylenediamine-
tetraacetic acid (EDTA), dihydroetorphine hydrochloride, 
and haloperidol; administered at 0.6 mL/kg; Veterinary 
Research Center, Jilin University, Changchun, China) was 
given. In this formulation, xylazine hydrochloride acts as 
a central nervous system inhibitor by activating α2 presyn-
aptic receptors to suppress norepinephrine release; dihy-
droetorphine hydrochloride serves as a potent µ-receptor 
agonist with morphine-like analgesic effects; and halo-
peridol provides sedation and muscle relaxation. Tracheal 
intubation (diameter: 2.5  mm) was connected to a TKR-
200 C small animal ventilator (Jiangxi Teli Anaesthesia & 
Respiration Equipment Co., Ltd), in mechanical ventilation 
mode, with 100% oxygen ventilator parameters: breathing 
ratio (I/E) 1:1.5, breathing rate: 30 times/min, pressure: 
0.05–0.06 mpa. The TuffSat Palm Oximeter (GE, USA) was 
used to monitor the heart rate and oxygen saturation. The 
jugular vein was catheterized and fixed. The neck skin was 
disinfected with iodophor, a median incision performed, the 
bilateral common carotid arteries were separated, and the 
incision was sutured. The incision was carefully wrapped 
with thick cotton during surgery, and immediately placed in 
an incubator after modeling (Shenzhen Reward Life Tech-
nology Co. Ltd. 912-005). The rectal temperature was main-
tained between 39 °C and 40℃.

Model Group

The neonatal pig model group underwent the same proce-
dure as above. After the condition stabilized after 30 min, 
the blood flow of bilateral common carotid arteries was 
blocked by arterial clamp, and 6% oxygen (Dalian Special 
Gases Co. Ltd.) provided by mechanical ventilation. This 
state was maintained for 40  min; then, the ventilator was 
connected to a 100% oxygen cylinder (Dalian Special Gases 

Co., Ltd.), and the oxygen flow rate was adjusted to 2–4 L/
min with a tidal volume of 5 mL/kg, ensuring the final 
inspired oxygen concentration was maintained between 
30% and 40%. Simultaneously, bilateral carotid artery blood 
supply was restored, and the incision was sutured. Blood 
oxygen saturation and heart rate were monitored throughout 
the process. The ventilator was stopped after spontaneous 
breathing resumed. The pigs were placed into an incubator 
immediately thereafter (Shenzhen Reward Life Technology 
Co. Ltd. 912-005).

Immunofluorescence Assay

After establishing the model, we promptly removed the 
brain tissue. The extracted brain hemispheres were fixed in 
10% neutral formalin for 24–48  h. The tissues were then 
processed for embedding, ensuring that the tissue thick-
ness did not exceed 5  mm. The tissue embedding molds 
were placed into a dehydrator for dehydration and paraf-
fin infiltration. Gradual dehydration was performed using 
graded ethanol (70%, 80%, 90%, 95%, and 100%), with 
each step lasting 1 h; xylene was used for clearing for 1 h. 
The paraffin-infiltrated samples were removed and placed 
into an embedding machine (Leica, HistoCore Arcadia H, 
Germany), and the embedded tissues were allowed to cool 
for future use. The paraffin blocks were then retrieved and 
loaded onto a microtome (HM340E, Thermo Scientific, MI, 
USA) for sectioning coronally at a thickness of 4 microm-
eters. Layers containing the basal ganglia were collected for 
immunofluorescence staining of SYP, Neu, and Tau. The 
staining procedure was as follows: after deparaffinization 
in xylene and hydration through a graded ethanol series, 
antigen retrieval was performed by heating the sections in 
citrate buffer (0.01 M, pH = 6.0) in a microwave for 7 min 
at high temperature. Non-specific antibody binding was 
blocked with normal goat serum at room temperature for 
30 min. Primary antibodies, including Anti-Synaptophysin 
antibody (1:50, ab52636, Abcam), Anti-Neurocan antibody 
(1:50, ab277525, Abcam), and Anti-Tau antibody (1:50, 
ab109390, Abcam), were incubated overnight at 4 °C. Sub-
sequently, the sections were incubated with the secondary 
antibody, goat anti-rabbit IgG (Alexa Fluor® 488, 1:200, 
ab150077, Abcam), at room temperature for 4 h. Finally, the 
sections were incubated with DAPI (4’,6-diamidino-2-phe-
nylindole dihydrochloride, ab104139) for 5 min for nuclear 
staining. Images were acquired using a confocal microscope 
(Zeiss LSM880, Germany). Immunofluorescence staining 
of SYP, Neu, and Tau was quantified by two pathologists. 
The optical density (OD) values of immunofluorescence 
images were analyzed and observed under a microscope at 
400× magnification. The above indicators were observed in 
five fields of view in each basal ganglia region, and data 
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Institutes of Health, USA) was used for immunostaining 
image analysis. The data from 1H MRS is processed and 
analyzed using LcModel. Statistical analysis software SPSS 
for Windows (Version 17.0, Chicago, IL) was used for data 
processing; measurement data are expressed as mean ± stan-
dard deviation (mean ± SD). The Levene test was applied to 
test the normal distribution and homogeneity of variance of 
the data in each group. One-way ANOVA were used to com-
pare the total differences. Tukey’s post hoc test was used 
for post hoc tests among multiple groups. Dunnett’s t-test 
was used for groups with unequal variances. Spearman 
rank correlation analysis was used to test the correlation. 
P < 0.05 was considered statistically significant. *P < 0.05, 
**P < 0.001.

Results

SYP Immunostaining After HI

SYP immunostaining intensity initially increased after HI, 
peaked at 6–12  h, and subsequently declined. One-way 
ANOVA revealed significant intergroup differences over 
time (P < 0.05). Post hoc tests confirmed that the most pro-
nounced changes occurred in the 6–12  h post-HI group 
compared to controls (P < 0.05), as shown in Fig. 1.

Neu Immunostaining Changed After HI

We found that after HI, Neu immunostaining first decreased, 
then increased, later decreasing. One-way ANOVA indi-
cated significant intergroup differences in Neu staining over 
time (P < 0.05). Post hoc analysis revealed that the 6–12 h 
after HI, which exhibited the lowest Neu staining levels, 
showed statistically significant differences compared to the 
control group (P < 0.001), as demonstrated in Fig. 2.

Time-Dependent Changes of Tau Protein After HI

Both 1H-MRS and immunostaining results showed that Tau 
protein levels peaked at 24–48 h post-HI, with significant 
differences compared to controls (P < 0.05) in post hoc tests. 
One-way ANOVA confirmed overall group differences 
(P < 0.05). Post hoc comparisons of 1H-MRS data revealed 
significant differences between the 24–48  h and 48–72  h 
post-HI groups (P < 0.05), as shown in Fig. 3.

Correlation Between SYP, Neu, and Tau Protein 
Immunostaining After HI

After HI, SYP initially increased and then decreased, while 
Neu exhibited an initial decrease, followed by an increase, 

from all five fields were integrated to analyze the Immu-
nostaining of SYP, Neu, and Tau in different brain regions 
across groups at various time points.

Transmission Electron Microscopy

After removing the brain tissues, fresh basal ganglia-con-
taining brain tissues were collected and fixed in 2.5% glu-
taraldehyde solution at 4  °C for > 24  h (all samples were 
sectioned within 48 h, though epoxy resin-embedded tissue 
blocks could be stably stored for approximately 1 month), 
followed by fixation in 1% osmium tetroxide solution for 
2  h. After fixation, the tissues were rinsed with distilled 
water, dehydrated through a graded series of ethanol and 
acetone, and embedded in epoxy resin. The embedded tis-
sues were dried and stored in a thermostatic chamber. The 
tissue blocks were trimmed and sectioned into ultra-thin 
70 nm grids using a Leica EM UC7 ultramicrotome (Leica, 
Wetzlar, Germany). The sections were first stained with 
uranyl acetate for 10 min, then with lead citrate for 5 min, 
and finally rinsed with distilled water. After air-drying, 
the sections were observed under a transmission electron 
microscope (TEM) (JEM-1400Flash, Japan). Initially, five 
fields of view were captured at ×2000 magnification. Sub-
sequently, two random images were taken for each field at 
×8000 and ×10,000 magnifications, respectively. For each 
group of animals, > 50 synapses were evaluated. Image 
acquisition and TEM evaluation were performed by two 
pathologists.

Treatment After 1H-MRS

A Philips 3.0T MRI (Achieva 3.0T TX; Philips Healthcare 
Systems, Best, the Netherlands) was used for scanning 
with pen beam and second-order uniform field, transmit-
ted by body coil and received by eight-channel head coil 
(SENSE). MRS adopted single-voxel long TE scanning: 
TR/TE = 2000/144 ms, NSA = 64, VOI = 10 × 10 × 10 mm3. 
Regions of interest (ROIs) were selected in the right base 
segment. Each neonatal pig underwent MR scan at all time 
points specified in the grouping after HI. The spectral data 
obtained by scanning were post-processed by linear combi-
nation of Model in Vitro Spectra (LcModel) (NAA at 2.02 
ppm, Cr at 3.02 ppm, Cho at 3.2 ppm, Lac at 1.33 PPM and 
Tau peaks around 3.25 and 3.42 ppm.)

Statistical Analyses

The optical density value (OD value) of immunofluorescent 
images was analyzed and observed under 400× magnifica-
tion with a microscope. The higher OD value, the higher 
immunostaining. Image J software (Java 1.6.0; National 
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that of dense material), and normal mitochondrial struc-
tures were observed. In the 12–24 h group, the mitochon-
drial cristae were blurred and the mitochondria swollen. The 
number of synaptic vesicles increased and PSD thickness 
slightly decreased. At 24–48 h, the number of vesicles and 
mitochondria decreased, PSD thinner, continuity was inter-
rupted, and the synaptic cleft widened. In the control group, 
the myelin sheath was smooth and uniform; after HI, the 
myelin sheath was uneven and continuity interrupted, as 
part of the myelin sheath thinned out and disappeared, as 
shown in Figs. 5 and 6.

and then a subsequent decrease. A significant negative cor-
relation was observed between SYP and Neu (r = -0.877, 
P < 0.001). However, no correlation was found between SYP 
and Tau (P = 0.229) or between Neu and Tau (P = 0.342), as 
shown in Fig. 4.

Synaptic Structural Changes in the Basal Ganglia 
Region After HI

Compared with the control group, the number of synaptic 
vesicles decreased and postsynaptic dense area (PSD) thick-
ness increased 6–12 h after HI (it refers to a homogeneous 
layer of dense material with high electron density on the 
cytoplasmic surface of the inner side of the postsynaptic 
membrane under electron microscopy, and its thickness 

Fig. 1  Changes in SYP protein immunostaining in the basal ganglia 
region of the control group and at some time points after HI (400×). 
SYP protein immunostaining in the control group (a) and at 2–6 h (b), 
6–12 h (c), and 24–48 h (d) after HI. Left: SYP on the cell membrane 
(green); middle: cell nuclei (DAPI, blue); right: merged image show-

ing target protein on the cell membrane and nuclei. SYP exhibited an 
initial increase followed by a decrease after HI, with the peak at 6–12 h 
after HI. Comparison between the control group and the 6–12 h after 
HI group (e). *P < 0.05, ** P < 0.001
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connectivity and signal transmission efficiency primarily by 
promoting neural growth and synaptic plasticity. Research 
indicates that elevated plasma BDNF levels after neonatal 
hypoxic-ischemic encephalopathy (HIE) are associated with 
adverse neurodevelopmental outcomes [27]. BDNF levels 
in the ipsilateral forebrain of mice with hypoxic-ischemic 
injury on postnatal day 10 were 1.7- to 2-fold higher than 
those in sham-operated forebrains, and hypothermia did not 
attenuate this increase [28]. SYP is mainly transported to the 
terminal of axon after neuron cell body synthesis, partici-
pates in the fusion of synaptic vesicle membrane and presyn-
aptic membrane and neurotransmitter release, and involved 
in Ca2+ binding process, affecting neurotransmitter release 
and recovery of synaptic vesicles [29, 30], an indicator of 
nerve injury repair. SYP serves as a more sensitive indicator 
of synaptic density, distribution, and functional state, while 

Discussion

Presynaptic components influence synaptic density through 
the content released by synaptic vesicle exocytosis and the 
number of sensors in each synaptic vesicle [22–24]. SYP is 
a glucose-containing structural protein on the membrane of 
synaptic vesicles, which exists in almost all nerve terminals 
and specifically distributed on the membrane of presynap-
tic vesicles to participate in the transmission of information 
between neurons. We found some studies have shown that 
activation of the BDNF-TrkB signaling pathway following 
ischemia-reperfusion injury is a critical mechanism under-
lying the upregulation of SYP expression [25, 26]. BDNF 
is primarily secreted by neurons and plays a pivotal role in 
neuronal survival, development, differentiation, synapse 
formation, and plasticity. BDNF enhances interneuronal 

Fig. 2  Changes in Neu immunostaining in the basal ganglia region of 
the control group and at some time points after HI (400×). Neu immu-
nostaining in the control group (a) and at 2–6 h (b), 6–12 h (c), and 
24–48 h (d) after HI. Left: Neu on the cell membrane (green); middle: 

cell nuclei (DAPI, blue); right: merged image showing target protein 
on the cell membrane and nuclei. Immunostaining revealed that Neu 
was lowest at 6–12 h after HI (P < 0.001) (e). * P < 0.05, ** P < 0.001
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Fig. 3  Immunostaining and 1H-MRS results of Tau protein levels in the 
basal ganglia region of the control group and model groups at different 
time points. Immunofluorescence of Tau protein in the control group 
and at 12–24 h, 24–48 h, and 48–72 h after HI (a-d). 1H-MRS spec-
trum of the right basal segment in the control group (e) and at 16 h (f), 
35 h (g), and 68 h (h) after HI (processed using LcModel software; Tau 
peaks shown in the circle are located at approximately 3.25 ppm and 

3.42 ppm, as indicated by black arrows). Tau levels increased at 16 h 
and 35 h after HI and decreased at 68 h. Tau protein concentrations 
were 0.628 (control), 1.483 (16 h), 2.71 (35 h), and 1.426 (68 h) mmol/
kg, respectively. Tau protein exhibited an initial increase followed by 
a decrease, peaking at 24–48 h after HI, with a significant difference 
compared to the control group (P < 0.05). * P < 0.05, ** P < 0.01
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After HI injury, the key to the recovery of nervous system 
function lies in the restoration of communication between 
nerve cells and the reconstruction of neural circuits. Studies 
have shown specific Tau phosphorylation and regulation in 
the developing brain [18]. High phosphorylation at certain 
sites is involved in CNS disease in adulthood and neces-
sary for normal brain development. In central degenerative 
diseases, the pathological role of Tau is mainly reflected in 
the formation of neurofibrillary tangles (NFTs). However, 
synaptic damage and loss caused by Tau abnormalities in 
the fetal brain appear before NFTs and neuronal apoptosis 
[35], and no study has confirmed the occurrence of NFTs 
or other pathological Tau changes. Tau-mediated neurotox-
icity does not depend on NFT formation; its pathological 
phosphorylation is sufficient to cause nerve cell damage. 
One of the pathophysiological mechanisms of HI is brain 
hypoglycemia. The low glucose metabolism in the HI brain 

also significantly reflecting changes in synaptic transmis-
sion efficiency [31], thus indicating synaptic plasticity [14, 
32]. In a murine HI model that SYP levels decreased by 
87% at 8 days afterHI, and this deficiency persisted until 
day 30. However, in neonatal HI (nHI) brain injury mod-
els in mice, the temporal acceleration and spatial severity 
of hippocampal damage often exceed those observed in 
human HIE patients, making extrapolation of these findings 
to human HIE pathology uncertain [33]. In contrast, other 
HI models using neonatal pigs (approximately one week 
old) exhibit brain injury patterns closely resembling those 
in human neonates, including high vulnerability of the cor-
tex and basal ganglia, regional damage to white and grey 
matter, and progressive neuronal injury [34]. Therefore, we 
selected neonatal pigs as the experimental model to better 
simulate HI injury in human newborns.

Fig. 5  Myelin electron microscopy images of the control group and 
various time points after HI. The top row shows the myelin sheath in 
the control group, which is smooth, uniform, and continuous. The bot-

tom row displays the myelin sheath at various time points after HI, the 
myelin sheath was uneven and its continuity interrupted. (The struc-
tures indicated by white arrows represent the myelin sheath.)

 

Fig. 4  SYP, Neu, and Tau protein immunostaining. Trends and correlation after HI. Correlations between Neu, SYP, and Tau (immunostaining) are 
shown in (a-c), with a significant negative correlation observed between SYP and Neu (c) (r = -0.877, P < 0.001)
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tissue. The subsequent slight Tau decrease may be caused 
by nerve cell death after HI and limited Tau synthesis. 
Therefore, changes in Tau protein expression underlie nerve 
cell degeneration [41], which play a role in regulating syn-
aptic plasticity and cytoskeletal dynamics. The increased 
SYP after HI indicated that the nervous system after HI 
was in the compensatory stage and nerve repair is active, 
mainly because brain tissue is very sensitive to hypoxia and 
ischemia injury. After blocking the cerebral blood flow of 
newborn pigs, a series of cascade reactions in brain tissues, 
started synaptic regeneration through neurohumoral regu-
lation and neuro-endocrine-immune action, consistent with 
increased Tau expression for promoting myelination after 
HI [42]. With increasing time after HI, SYP decreased sig-
nificantly, suggesting decrease synaptic vesicle transport in 
the region and indicating that hypoxia and ischemia led to 
reduced synaptic density and synaptic function damage in 
the region. This may be caused by insufficient SYP synthe-
sis due to energy failure of some nerve cells, a mechanism 
of brain hypoxia and ischemia leading to neurological dam-
age. Simultaneously, it was consistent with the decreased 
Tau and myelin regeneration in the late HI period. SYP and 
Tau expression increased first and then decreased after HI, 

leads to decreased intracellular O-Glcnac glycosylation and 
increased Tau phosphorylation; the two are negatively cor-
related [36, 37]. Hypoglycemia caused by cerebral ischemia 
can lead to abnormal Tau phosphorylation. A study have 
shown elevated Tau levels in the umbilical cord blood of 
neonates with HIE and in the white matter of HI model mice 
[38, 39]. After HI, a large accumulation of extracellular glu-
tamate and glutamate receptors continue to activate, medi-
ating Ca2+ influx, activating CaMK II, MAPK, and other 
pathways to cause Tau hyperphosphorylation [40]. Hyper-
phosphorylated Tau can cause mitochondrial dysfunction, 
which leads to energy metabolism disorders of OL and 
neurons.

This study found that SYP and Tau immunostaining 
increased first and then decreased after HI, but their peaks 
occurred at different times; there was no correlation between 
the two. The increase in Tau may be caused by the increased 
reactive expression of Tau protein expressed by OL after 
HI. Simultaneously, after neuron injury, Tau can be released 
from the neuronal cell body and can be shed from micro-
tubules. Therefore, the more damaged cells and the more 
severe the injury, the more Tau protein will be released and 
the more free Tau, leading to increased Tau content in brain 

Fig. 6  Synaptic structural changes after HI and control group. Com-
pared with the control group (a), at 6–12 h after HI (b), the number 
of synaptic vesicles increased, the thickness of synaptic dense area 
increased, and normal mitochondria were visible. In the 12–24  h 
group, the mitochondrial cristae were blurred and the mitochondria 
swollen (c, d) (the structures indicated by the white arrow). The thick-

ness of the PSD slightly decreased, with localized interruptions, while 
the number of synaptic vesicles increased (e, f). In the 24–48 h group, 
the number of vesicles and mitochondria decreased, the PSD became 
thinner, and its continuity was interrupted (g, h). (Except for images c 
and d, the structures indicated by the white arrows represent the PSD 
area.)
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HI. However, activated glial cells after brain injury also 
secreted a large amount of Neu [46], over time, reperfusion 
injury and Neu’s inhibitory may effect on axon growth fur-
ther damaged axons inhibiting synaptic formation. At this 
time, SYP and Tau immunostaining decreased, suggesting 
neural system plasticity decompensation. After 24–48  h, 
Neu decreased again, which suggested decreased neuronal 
Neu synthesis and reflected neuronal damage.

This study elucidates the dynamic changes of Tau protein, 
synaptophysin (SYP), and neurocan (Neu) in neuroplasti-
city following hypoxic-ischemic (HI) brain injury, offering 
potential therapeutic targets, biomarkers, and critical thera-
peutic time windows. It provides a theoretical foundation 
for the diagnosis, prognostic evaluation, and neuroprotec-
tive strategies of neonatal HIE, while also proposing a ref-
erence direction for developing multi-target combination 
therapies. These findings hold significant potential for trans-
lational applications in clinical practice.

Conclusion

The key to the recovery of nervous system function lies in 
the restoration of communication between nerve cells and 
the reconstruction of neural circuits. After HI injury, the 
nervous system triggers neuroprotective mechanisms to 
adapt to pathological conditions. Tau protein, axon-myelin 
sheath, synaptic associated protein, and synaptic structures 
jointly affect and regulate CNS plasticity after HI; these fac-
tors complete the information and material exchange of the 
nervous system.
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reflecting the plasticity of the nervous system after HI and 
the pathophysiological changes of nerve cell necrosis after 
late decompensation.

Marques et al. investigated the effects of prenatal hypoxic-
ischemic (HI) injury in rats on depressive-like behaviors 
and synaptic plasticity in the prefrontal cortex (PFC). They 
analyzed synaptic protein alterations in prenatal HI model 
rats 45 days after birth and demonstrated that HI injury led 
to reduced neuronal counts in the PFC, decreased SYP and 
PSD-95 expression, with more pronounced damage in male 
mice compared to females [43]. In our study, at 6–12 h after 
HI injury, TEM showed a thickened synaptic dense area, 
the mitochondrial morphology was normal, and the num-
ber of vesicles slightly increased, indicating nerve repair in 
the post-compensatory phase of HI, manifested as synaptic 
regeneration and increased presynaptic vesicle transport, 
consistent with the increased SYP and Tau expression. The 
transient increase in SYP and elevated number of presynap-
tic vesicles at 6–12 h after HI suggest partial synaptic recov-
ery during this phase, demonstrating synaptic plasticity in 
the compensatory period of the HI-injured nervous system 
and indicating rapid initiation of neural repair without inter-
vention. From 12 to 24 h after HI, mitochondrial swelling 
and blurred cristae were observed, indicating impaired 
energy metabolism. At this time point, transmission elec-
tron microscopy (TEM) revealed an increased number of 
synaptic vesicles, while SYP protein was reduced compared 
to the 6–12 h group. This phenomenon may result from a 
fusion barrier between synaptic vesicles and the presynaptic 
membrane, leading to vesicle entrapment within the presyn-
aptic terminal, which is associated with long-term poten-
tiation (LTP)-induced synaptic morphological changes and 
enhanced membrane recycling [44]. PSD thickness was 
thinner, indicating weaker synaptic connection between 
cells. Vesicle reduction, interruption of PSD continuity, 
widening of the synaptic gap, and reduction of the number 
of mitochondria after 48–72  h after HI indicated energy 
exhaustion and irreversible synaptic damage. Thus, HI can 
reflect synaptic plasticity by influencing the expression of 
postsynaptic proteins.

Neu is a specific protein secreted by neurons, expressed 
during development and reduces or disappears after matu-
ration. Under normal physiological conditions, Neu mainly 
inhibits disordered axon growth and induces nerve fibers 
to project to the right target cells [45]. In this study, Neu 
immunostaining was first down-regulated and then up-reg-
ulated after nervous system injury, which was negatively 
correlated with SYP immunostaining trends. This down-
regulation may facilitate axonal growth and elongation, 
enabling connections to appropriate target cells, combined 
with the SYP and Tau increase and PSD thickening, which 
reflects CNS plasticity during the compensatory period after 
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