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A B S T R A C T

Netrin-1 (NTN1) is involved in psychological alterations caused by central nerve system diseases. 
The primary objective of this research was to investigate whether a deficiency of neuron-derived 
NTN1 in the remote brain regions affects SCI outcomes. To examine the roles and mechanisms of 
neuron-derived NTN1 during SCI, Western blots, Nissl staining, immunochemical technique, 
RNA-sequence, and related behavioral tests were conducted in the study. Our study revealed that 
mice lacking NTN1 exhibited normal morphological structure of the spinal cords, hippocampus, 
and neurological function. While neuron-derived NTN1deletion mechanistically disrupted 
neuronal regeneration and aggregates neuronal apoptosis and ferroptosis in the intermediate 
phase following SCI. Additionally, neuroinflammation was significantly enhanced in the early 
phase, which could be related to activation of the NF-κB signaling pathway. Overall, our findings 
indicate that the deletion of neuron-derived NTN1 leads to the activation of the NF-κB pathway, 
contributing to the promotion of neuronal apoptosis and ferroptosis, and the pathological pro
gression of SCI.

1. Introduction

Spinal cord injury (SCI), a kind of severe central nervous system damage with high incidence, may lead to a permanent paralysis 
due to a motor and sensory dysfunction [1]. The occurrence of SCI can trigger synaptic reorganization and remodeling in the brain [2], 
subsequently impacting the function of both the spinal cord and brain regions associated with memory, learning, and emotion 
regulation [3,4]. Additionally, SCI impairs hinders the process of neurogenesis and results in reactive gliosis within the hippocampus 
[5,6]. However, there is insufficient research exploring the impact of changes in remote brain structures on the functional recovery in 
mice with SCI.
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Research has indicated that SCI results in permanent damage to the cortical circuits of the central nervous system, leading to sleep 
disturbances, anxiety, depression, and cognitive impairment [7]. The hippocampus, responsible for encoding spatial and environ
mental information relevant to learning and memory, plays a crucial role. The presence of newly generated neurons within the hip
pocampus enhances learning abilities that rely on this region by facilitating neuroplasticity [8]. At the early stage of SCI, astrocytes in 
the hippocampus were active, and the number of microglia increased [5]. Based on these findings, it is possible that a close functional 
connection exists between the spinal cord and the hippocampus.

Netrin-1(NTN1), a kind of secretory protein related to laminin, guides the direction of nerve growth by binding with its receptor, 
which can promote early synapse formation in addition to axon guidance function. NTN1 and its receptors (Unc5A-D) are well known 
to be involved in inflammation, tumor growth and axon regeneration [9,10]. Additionally, NTN1 expression has been observed in 
diverse cell types within the central nervous system, indicating its contribution to both acute and chronic inflammation [11,12] and 
have confirmed that the decrease of NTN1 level is related to cognitive impairment after SCI [13], and it was found that exogenous 
administration of NTN1 could enhance the functional restoration and recovery of motor function following spinal cord injury [14–17]. 
In addition, our studies found a significant increase in the expression levels of NTN1 protein in hippocampus and cortex following SCI. 
However, the impact of neuron-derived NTN1 on SCI recovery remain uncertain.

In the present study, we investigated the effects of NTN1 deletion in neurons on the outcomes of SCI. Interestingly, our findings 
demonstrate that NTN1 deletion in neurons triggers more aggressive neuroinflammation during the early stage of SCI through acti
vation of the NF-κB signaling pathway. Additionally, it promotes the accumulation of neuronal apoptosis and ferroptosis in the in
termediate stage of SCI.

2. Materials and methods

2.1. Animals

Ntn1fl/fl mice on C57Bl/6J background were generated by Cyagen Company (Suzhou, China). Ntn1fl/fl mice were mated with 
Emx1-Cre transgenic mice (JAX, Strain# 005628) to obtain Ntn1fl/fl; Emx1-Cre mice (NTN1 Emx1-CKO). Ntn1fl/fl (NTN1f/f) mice were 
used as control. Mice (6–8 weeks, 20–23 g) with a genetic deletion for NTN1 were used in the study. All animal experiments in this 
study strictly followed the guidelines established by the National Institutes of Health. Furthermore, the ethical treatment of animals 
was authorized by the Animal Care and Use Committee at Shenyang Pharmaceutical University (No.SYPU-1ACUC-GZR2020R-04.16- 
201).

2.2. Establishment of spinal cord injury model in mice

The NTN1 Emx1-CKO and NTN1f/f male mice (8–10 weeks old, 20–25 g) were initially anesthetized using 5 % isoflurane. Subse
quently, the animals were placed under anesthesia using a combination of 1.5–2% isoflurane and air to remain unconscious and pain- 
free throughout the procedure. The spinal cord was carefully exposed at the T10 level. To produce a consistent and controlled impact, 
the clamp spacing was maintained for a duration of 5 s.

2.3. Behavioral analysis

2.3.1. Sucrose preference test
Each mouse was provided with two bottles of water on the initial day. After 24 h, the two bottles of water were replaced with two 

bottles sugar water (2 % glucose solution). After another 24 h, each mouse was given a bottle of water and a bottle of sugar water. 
Before the implantation, the volume and weight of both water and sugar water were measured. The intake of water and sugar water 
over a 24-h period was determined by weighing and measuring the subjects twice.

2.3.2. Forced swimming test
Each mouse was placed individually in a water-filled cylinder measuring 10 cm in diameter and 25 cm in height. The water depth 

was adjusted to prevent the mice from touching the bottom with their tails or hindlimbs. The swimming activity of each mouse was 
recorded for 5 min, along with the duration of swimming, climbing, and immobility behaviors. Immobility time referred to the period 
during which mice remained motionless or floated to keep their heads above water, representing a state of minimal activity or idleness 
excluding essential survival movements.

2.3.3. Y-maze spontaneous alternation
The Y-maze spontaneous alternation behavior test was performed after 28 days of SCI in accordance with the protocol described by 

Gu et al. (2022) [18]. This test is commonly used to evaluate the working memory function. For the purpose of the experiment, a group 
of mice were carefully positioned at the central location of the Y-maze. These mice freely explore the maze for a total of 10 min. Video 
recording equipment was used to record the behavior of mice throughout the experiment.

2.3.4. Light-dark box test
The serene chamber served as the placement for the light-dark box apparatus. The duration of the mice’s stay in both the light and 

dark compartments was carefully observed, and the number of transitions they made between these contrasting zones was 
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meticulously recorded. All of this data was diligently documented within a 5-min time frame.

2.3.5. Open field test
The open field test was conducted 28 days after spinal cord injury to evaluate the behavior of mice, following the methodology 

outlined by Tucker et al. [19]. During this experiment, the mice were placed in one corner of the open field chamber, which measured 
40 × 40 cm. They were positioned facing the wall and given 10 min to freely explore the chamber. The software enabled the quan
tification of the number of entries into the central zone and the distance covered in that area.

2.3.5.1. Basso Mouse Scale (BMS) scoring analysis. The Basso Mouse Scale (BMS) has been extensively used to assess the recovery of 
hind limb function after SCI, as described by Basso et al. [20]. The scale assesses multiple criteria including ankle range of motion, foot 
placement and instep landing, locomotor gait, trunk stability, and tail posture. Scoring is conducted on a scale from 0 to 9, encom
passing both primary and ancillary grading systems. The primary scoring system of the BMS emphasizes hind limb ankle movement, 
sole-to-instep contact, trunk stability, and tail posture. To better capture hind limb function recovery, we have introduced a subscore 
scoring system. This system complements the primary scoring by evaluating hind limb landing coordination, paw touching, and trunk 
stability.

2.4. Western blot

BCA procedures were employed to quantify the supernatant solution. The protein samples were then deposited onto PVDF 
membranes after being separated using SDS-PAGE. The membranes were subsequently obstructed for a duration of 2 h at room 
temperature by using 5 % skimmed milk. Following this, the membranes underwent three consecutive TBST washes before being 
subjected to primary antibodies incubation at 4 ◦C. The primary antibody included: NTN1 (Protintech,1:1000), BAX (Pro
tintech,1:5000), Bcl-2 (Protintech,1:6000), p65 (CST,1:1000), p-p65 (CST,1:1000) and β-actin (Protintech,1:10000). Finally, the 
protein bands were detected and analyzed by Chemiluminescence Imager.

2.5. Nissl staining

Three days post spinal cord injury, mice were anesthetized and underwent cardiac perfusion. Tissues from 1 cm above and below 
the injury site were then collected. These tissues were then fixed in a solution containing 4 % paraformaldehyde for a duration of more 
than 24 h. Subsequently, a series of sequential steps including gradient dehydration, tissue embedding, and sectioning were carried 
out. Finally, the sections were subjected to baking and gradient rehydration. The tissue sections were stained with reagent A from the 
Nissl staining kit, placed in a moist chamber, and incubated at 57 ◦C for 1 h. Subsequently, the sections were rinsed with distilled water 
until colorless, followed by applying reagent B to distinguish the tissue sections until the background turned colorless or light blue. 
After dehydration, the sections were sealed with neutral resin for stability. The acquired data was then statistically analyzed using 
Image J software.

2.6. Immunohistochemistry (IHC)

The paraffin sections were first placed in the oven for waxing. Subsequently, different purity levels of xylene and alcohol were used 
to rehydrate the mixture. After the samples were cooled to room temperature, they were incubated overnight at 4 ◦C with the primary 
antibody. Additionally, endogenous peroxidase blocking agents and non-specific stain blocking agents were also included in the in
cubation process. The primary antibodies used were NTN1 (Protintech, 1:500), Iba1 (ABclonal, 1:500), GFAP (Thermo Fisher, 1:500), 
and NeuN (CST, 1:500). Following three rounds of PBS washing, IgG polymer and peroxidase were added. Afterward, PBS was 
employed to thoroughly cleanse the cells before they were subjected to a subsequent step of staining with hematoxylin. Finally, 
dehydration, transparency, and sealing procedures were carried out.

2.7. Immunofluorescence

The tissue samples were subjected to immunofluorescence staining. They were first exposed to PBST at room temperature for 8–10 
min, followed by 0.3 % Triton in 1xPBS for 15 min. Next, the samples were treated with a 5 % blocking serum for 30 min at 37 ◦C. 
Subsequently, the samples were incubated with the primary antibody (anti-NeuN antibody, 1:500). On the following day, the fluo
rescent secondary antibody (Alexan FluorTM 594 goat anti-rabbit lgG (H + L) 1:1000) was applied at a dilution ratio of 1:1000. Before 
incubation, the secondary antibody was appropriately diluted with antibody diluent. The incubation lasted for 1 h at room temper
ature, with the samples shielded from light.

2.8. RNA sequencing and functional enrichment

The spinal cord tissues were promptly collected and placed on ice for preservation. Three samples were obtained from each 
experimental group. The Trizol technique, known for its effectiveness in isolating RNA, was used to extract the RNA from the samples. 
All samples underwent mRNA-seq analysis. Statistical techniques were used to identify differentially expressed genes and assess their 
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biological significance between the two groups. The mRNA-seq analysis and quality control were carried out by Shanghai Novelbio 
Corporation (Shanghai, China).

2.9. Statistical analysis

All the data presented in this study are expressed as the mean ± SD. Statistical analysis was performed using either Student’s t-test 
between two groups or ANOVA with Bonferroni post-tests among groups. A significance level of p < 0.05 was utilized to determine the 
statistical significance of the findings.

3. Results

3.1. Normal development of brain and long-term neurological function in NTN1Emx1-CKO mice

As demonstrated in Fig. 1, mouse genotypes were identified through agarose gel electrophoresis. And the expression of NTN1 in the 
cortex and hippocampus of NTN1Emx1-CKO mice was significantly reduced compared to control mice. In order to investigate the impact 
of neurons with conditional deletion of NTN1 on hippocampal structure and long-term brain function, we carried out further analysis. 
Fig. 2 shows that there was no notable difference in terms of neuronal count, distribution, and neuroinflammation level in the hip
pocampus between NTN1f/f and NTN1Emx1-CKO mice. Additionally, our findings from behavior tests, including assessments of 
cognitive function, anxiety-related behavior and depression-like behavior in Fig. 3, indicate that the NTN1 deletion in neurons did not 
have an impact on the long-term brain function of mice. These collective results strongly suggest that the NTN1 deletion in neurons 
does not influence normal brain development or long-term brain function.

3.2. The effect NTN1Emx1-CKO on normal development of spinal cords and motor function in mice

The development of the spinal cord and motor function is a complex and crucial process in mammals. In this study, we investigate 

Fig. 1. Genotyping of NTN1 mice. (A) Mouse genotypes were determined through agarose gel electrophoresis. (B) The knockdown efficiency of 
NTN1 in the hippocampus was assessed using Western blot analysis. (C) The integrity density values (IDVs) of NTN1 normalized to β-actin. (D) The 
knockdown efficiency of NTN1 in the cortex was determined using Western blot analysis. (E) The IDVs of NTN1 normalized to β-actin. Data were 
presented as mean ± S.D. (n = 3), **p < 0.01, ***p < 0.001.
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Fig. 2. Effect of NTN1 Knockout on Cortex and Hippocampal Neurons, and Neuroinflammation. (A) Representative images of immunohistochemical 
(IHC) staining showing NeuN + neurons in the cortex, and (C) hippocampus. (B, D) Quantification of NeuN + neurons. (E) Nissl staining in the 
hippocampus. (F) Quantification of Nissl bodies in the hippocampus. (G) Hematoxylin and eosin (HE) staining of the hippocampus. (H) Repre
sentative images of IHC staining showing GFAP-labeled astrocytes in the hippocampus. (I) Quantification of GFAP + astrocytes. (J) Representative 
images of IHC staining showing Iba1+ labeled microglia in the hippocampus. (K) Statistical analysis of Iba1+ cells. Data were presented as mean ± S. 
D. (n = 3), No significant differences (ns) were observed (p > 0.05).
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the normal development of spinal cords and motor function in NTN1Emx1-CKO mice, where the Netrin-1 gene was specifically deleted 
in the developing forebrain cortex and hippocampus. Our aim was to determine whether the NTN1 deletion in neurons had any impact 
on the development of spinal cords and motor functions.

We initially conducted a comparison of the weight, neuronal number, and neuronal distribution between the NTN1f/f control mice 
and the NTN1Emx1-CKO mice. Surprisingly, our analysis showed no significant differences in these parameters (Fig. 4A–D). This 
indicates that the conditional deletion of NTN1 in neurons does not visibly affect the overall development of the spinal cords in these 
mice. Furthermore, we assessed the motor function of these mice by conducting various motor tests. And we found that the conditional 
deletion did not impair the motor function of the NTN1Emx1-CKO mice (Fig. 4E–I). These results suggest that the loss of NTN1 spe
cifically in neurons does not lead to any noticeable deficits in motor function. In summary, our findings demonstrate that the NTN1 
deletion in neurons does not significantly affect the normal development of spinal cords and motor functions in mice. Further studies 
are warranted to fully elucidate the precise functions of NTN1 in the context of SCI and its potential therapeutic implications.

3.3. NTN1Emx1-CKO destroyed the functional recovery of motor functions after SCI

Our results demonstrated that the levels of NTN1 were found to be significantly increased in the hippocampus and cortex following 

Fig. 3. Effect of NTN1 knockout on long-term behavior in mice. (A) The Y-maze without partitions. (B) Statistical representation of the Y-maze 
without partitions. (C) The Y-maze configuration with partitions. (D) Statistical diagram of C. (E) The diagram of new object recognition experiment. 
(F) New Object Recognition Experiment Statistical Chart. (G) Statistical chart of hanging tail experiment. (H) Statistical chart of sugar water 
experiment. (I) Diagram of the trajectory of the open field experiment. (J) Central distance statistical chart of open field experiments. Data were 
presented as mean ± S.D. (n = 6), ns p > 0.05.
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SCI (Fig. 5A–B). To examine the effect of NTN1 deletion on motor function following SCI, we conducted a study focusing on neurons in 
the hippocampus and cortex. Through the implementation of the Basso Mouse Scale (BMS) scoring analysis, we discovered a significant 
deterioration in gross voluntary movement among NTN1Emx1-CKO mice compared to NTN1 f/f mice on days 14, 21, and 28 post SCI 
(Fig. 5C–E). Additionally, the footprint behavioral assays (Fig. 5F–H) displayed poorer performance in stride length and stride width by 
NTN1Emx1-CKO mice at day 28 after SCI. These findings collectively indicate that the NTN1 deletion in neurons disrupts the recovery of 
motor functions following SCI.

3.4. NTN1Emx1-CKO increased the neuronal degeneration at intermediate stage after SCI

To examine the impact of NTN1 deletion on the recovery of motor functions following SCI, we conducted a series of experiments. 
Our research findings, as illustrated in Fig. 6A–B, indicate that there was a substantial increase in both the area of injury site and the 
loss of neurons in NTN1Emx1-CKO mice compared to NTN1f/f mice following SCI. These results suggest that the absence of NTN1 
expression specifically in Emx1-CKO mice exacerbates the severity of damage and neuronal loss induced by SCI. To further investigate 
the effects of NTN1 deletion, we evaluated the level of MAP2, a marker for axonal regeneration after SCI. The results clearly show that 
NTN1Emx1-CKO mice exhibited significantly lower levels of MAP2 compared to NTN1f/f mice (Fig. 6C–D). This suggests that the lack 
of NTN1 in neurons impedes axonal regeneration after SCI.

Additionally, we performed immunostaining for MBP, a protein related to myelin, to evaluate neural regeneration at 28 days after 
SCI. Our analysis revealed a significant reduction in MBP intensity in NTN1Emx1-CKO mice, as shown in Fig. 6E–F. Furthermore, an 
increase in the presence of glial scar were observed positive astrocytes, in NTN1Emx1-CKO mice (Fig. 6G–H). During the intermediate 
phase following SCI, the absence of NTN1 in neurons appears to worsen the progression of neuronal loss and axonal degeneration. In 
summary, our results demonstrate that the NTN1 deletion in neurons impairs axonal regeneration following SCI. These findings shed 
light on the importance of NTN1 in promoting neural repair and recovery of motor functions after SCI.

3.5. NTN1Emx1-CKO induced neuroinflammation at early phase following SCI

According to a study conducted by Boneschansker [21], it has been established that NTN1 plays an important role in modulating 
the intrinsic immune response of neurons to axonal injury. Building upon this knowledge, our research aimed to investigate whether 
NTN1Emx1-CKO promotes neuroinflammation following SCI. We collected spinal cords from NTN1f/f and NTN1Emx1-CKO mice on day 3 

Fig. 4. Effect of NTN1 knockout on the neurons in spinal anterior horn and motor function of mice. (A) Immunofluorescent labeling of NeuN+ cells 
in the anterior horn of the spinal cord. (B) Quantification of NeuN+ neurons in spinal anterior horn. (C) Nissl staining in the anterior horn of the 
spinal cord. (D) Quantification of nissl bodies in spinal anterior horn. Data were presented as mean ± S.D. (n = 3), ns p > 0.05. (E) Gait analysis 
trajectory diagram. (F) Step length bar and (G) Step width chart. (H) Quantitative analysis of the time before landing on four limbs in the pole test. 
(I) Quantitative analysis of the time before falling in rotarod performance test. Data were presented as mean ± S.D. (n = 6), ns p > 0.05.
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after SCI. Our findings, as depicted in Fig. 7A–C, revealed that the area of hematoma was significantly greater in NTN1Emx1-CKO mice 
on day 3 after SCI compared to the control group. Furthermore, Nissl staining and HE staining demonstrated a significant increase in 
neuron loss at the site of injury in NTN1Emx1-CKO mice (Fig. 7D–G). To further elucidate the extent of inflammation, we conducted 
immunostaining using several cell markers to identify inflammatory cells. Interestingly, a significant increase in the number of in
flammatory cells, such as Iba1+ microglia and GFAP+ astrocytes, was observed in NTN1Emx1-CKO mice on day 3 after SCI (Fig. 7H–K). 
Collectively, The results strongly indicate that the deletion of NTN1 in neurons triggers early-phase neuroinflammation in the context 
of SCI, potentially hindering neural regeneration.

3.6. NTN1Emx1-CKO induced the neuroinflammation after SCI through activation of NF-κB signaling pathway

To further investigate the underlying mechanism, we employed mRNA sequencing to analyze differential gene expression in the 
spinal cords of NTN1f/f and NTN1Emx1-CKO mice. The results demonstrate the overall pattern of gene expression (Fig. 8A). Moreover, 
the KEGG pathway enrichment analysis revealed that the differential genes were enriched in the NF-κB pathway, as shown in 
Fig. 8B–C. In a previous study, it was found that NTN-1 can mitigate early brain injury after SAH through the activation of the UNC5B 
PPARγ/NF-κB signaling pathway [22]. Interestingly, a significant increase in NF-κB activation were identified in the spinal cords of 

Fig. 5. Effect of NTN1 knockout on motor function and gait analysis in mice after spinal cord injury. (A) The expression of NTN1 in the hippo
campus and cortex at day 3 post-SCI was assessed using Western blot analysis. (B,C) The IDVs of NTN1 normalized to β-actin. Data were presented as 
mean ± S. D (n = 3). *p < 0.05. (D) BMS primary score. (E) BMS subscore score. (F) Gait analysis trajectory diagram at day 28 after SCI. (G) 
Statistical diagram of step length after 28 days of SCI. (H) Statistical diagram of step width after 28 days of SCI. Data were presented as mean ± S.D. 
(n = 6), *p < 0.05, **p < 0.01, ***p < 0.001.
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NTN1f/f mice at day 3 after SCI. Furthermore, the level of p-p65 proteins was higher in NTN1Emx1-CKO mice, as shown in Fig. 8D–E. 
These findings suggest that NTN1 knockout leads to the activation of the NF-κB signaling pathway in the spinal cords following SCI.

Additionally, we evaluated the expression levels of IL-1β and TNF-α, known inflammatory mediators, in the spinal cords of both 
NTN1f/f and NTN1Emx1-CKO mice at day 3 after SCI. Interestingly, the protein levels of IL-1β and TNF-α were greatly upregulated in 
NTN1Emx1-CKO mice compared to NTN1f/f mice, as depicted in Fig. 8F–I. These results indicate that NTN1 knockout exacerbates 
inflammation in the spinal cords after SCI, possibly through the activation of the NF-κB signaling pathway.

3.7. NTN1Emx1-CKO induced the expression apoptosis and autophagy-related proteins after SCI

Previous research has established that apoptosis and autophagy-related proteins play a crucial role in the survival of neurons. As a 
result, this study was to examine how the knockout of the NTN1 gene in mice affected neuronal apoptosis and autophagy post-SCI. 
Compared to the NTN1f/f group, a significant increase in the levels of the apoptosis-related proteins, BAX in NTN1Emx1-CKO group 
after SCI. Conversely, there was a considerable decrease in the protein levels of Bcl-2 (Fig. 9A–B). Furthermore, the immunohisto
chemical analysis demonstrated a noteworthy upregulation of Bax expression and a notable downregulation of p62 expression 
observed in the neurons of the anterior horn of the spinal cord (Fig. 9C–F). These findings suggest that NTN1 could regulate the 
survival of spinal cord neurons by modulating the expression of apoptosis and autophagy-related proteins.

Next, the mRNA levels of SAT1 and ALOX15 (genes involved in ferroptosis) were examined in the spinal cords of mice in groups at 
three days after SCI by real-time quantitative PCR. We found that compared to mice in NTN1f/f group, mice in group had significantly 
upregulated mRNA levels of ALOX15 and SAT1 in NTN1Emx1-CKO group. Additionally, mitochondrial membrane rupture and sig
nificant mitochondrial shrinkage are important features of ferroptosis. Using transmission electron microscopy, compared to mice in 
NTN1f/f group, mice in NTN1Emx1-CKO group had more pronounced changes in mitochondrial morphology and structure in neurons at 
three days after spinal cord injury (Fig. 9G–I). These data suggest that mice in NTN1Emx1-CKO experienced more severe ferroptosis than 
mice in NTN1f/f group at three days after SCI.

4. Discussion

Recent evidence has accumulated to demonstrate that inflammatory and degenerative changes occur not only at the injured site, 
but also in various areas of the brain, including the hippocampus and prefrontal cortex after SCI [23]. Therefore, addressing cognitive 
complications caused by SCI from different perspectives can contribute to treatment approaches. This study aimed to explore the 
impact of neuron-derived NTN1 deficiency in the hippocampus and prefrontal cortex on the development and function of the spinal 
cord, as well as hippocampal and neurological functions following SCI. Our findings indicate that NTN1 plays a crucial role in limiting 
damage caused by SCI. Interestingly, the conditional deletion of NTN1 hinders neuronal regeneration during the intermediate phase 
following SCI. Additionally, we observed a significant enhancement of neuroinflammation in the early phase due to the activation of 

Fig. 6. Effect of NTN1 knockout on neuronal degeneration after SCI. Immunohistochemistry for NeuN (A)NeuN, MAP2 (C) and MBP (E) at day 28 
after SCI. Statistical plot of NeuN (B), MAP2 (D) and MBP (F) analyzed using Image J. (G) Measurement of glial scar area 28 days after SCI (H) 
Statistical plot of glial scar analysis. Data were presented as mean ± S.D. (n = 3), *p < 0.05, **p < 0.01, ***p < 0.001.
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the NF-κB signaling pathway. Hence, our findings indicate that the absence of NTN1 may exacerbate neuroinflammation through the 
NF-κB pathway, thereby promoting the pathological progression of SCI.

NTN1, an axon guidance factor, has demonstrated active involvement in promoting peripheral nerve regeneration [24]. These 
conditions target the structure and function of the hippocampus, leading to cognitive deficits [25]. However, the impact of neuronal 
knockout of NTN1 on the structure and function of the hippocampus has yet to be determined. In order to explore this, a study was 
conducted to analyze the arrangement of hippocampal neurons in a neuronal NTN1 knockout group as compared to a control group. 
The findings revealed that the hippocampal neurons were observed to be closely arranged without any significant dispersion in the 
neuronal NTN1 knockout group. This suggests that neuronal NTN1 knockout may not affect the number of hippocampal neurons. 
Furthermore, we investigated whether neuronal NTN1 knockout affects the function of hippocampus with involvement of inflam
matory reactions. The results showed no significant changes in the number and distribution of inflammatory cells, indicating that 
neuronal NTN1 knockout does not cause neuroinflammation in the hippocampus of mice without SCI treatment. Interestingly, the 
organizational structure of the CA3 region is loosely rearranged, with neurons dispersed and significantly reduced in number for SCI 
mice (data not shown). The reduction of neurons in the CA3 region suggests that neuronal NTN1 expression plays an important role in 
maintaining the structural and functional integrity of hippocampal CA3 neurons after SCI [26,27]. The precise role of NTN1 in 
modulating the structure and function of hippocampal neurons is still uncertain. Future studies could involve exploring the potential 
impact of NTN1 knockout on synaptic plasticity, neuronal connectivity, and overall hippocampal network dynamics.

The main cause of insufficient regeneration and recovery after SCI is the imbalance in the microenvironment, as indicated by recent 
advances in SCI research [28]. It was found that the loss of motor neurons in the anterior horn of spinal cord and impaired motor 
function recovery occurred in mice lacking NTN1. Furthermore, these mice exhibited larger glial scars in the spinal cord and more 
severe demyelination reactions, as indicated by the decrease of the myelin-associated protein MBP. These findings highlight the 

Fig. 7. Effects of NTN1 deficiency on neuron regeneration after SCI. (A) Damage area at day 3 after SCI. (B, C) Damage area statistic plot in dorsal 
and ventral after SCI 3 days. (D) Immunohistochemical analysis of astrocyte expression in NeuN + cells in spinal cord at 3 days after SCI. (E) 
Quantification of NeuN + cell expression. (F) Nissl staining in spinal cord at 3 days after SCI. (G) Quantification of Nissl staining. (H, J) Immu
nohistochemical analysis of astrocyte expression in GFAP+ and Iba1+ cells in the spinal cord at 3 days after SCI. (I, K) Quantification of GFAP+ and 
Iba1+ cell expression using IHC staining. Data are presented as mean ± S.D. (n = 3), *p < 0.05, **p < 0.01.

Fig. 8. Effects of NTN1 deficiency on NF-KB signaling pathway after SCI. (A) The differential genes were detected by RNA-seq between two groups. 
(B) a scatter plot is shown to represent the enrichment of differential genes analyzed by GO analysis. (C) The NF-κB signaling pathway was analyzed 
using KEGG enrichment analysis. (D) Western blotting was used to detect the expression of p-P65 and P65 in the spinal cord tissue at day3 after SCI. 
(E) The relative integrated density value (IDV) of p-p65 and p65 was analyzed using Image J. (F–G) Western blotting was used to detect the 
expression of TNF-α and IL-1β in the spinal cord 3 days after SCI. (H–I) The relative gray value of TNF-α and IL-1 β normalized to β-actin. Data were 
presented as mean ± S.D. (n = 3), ns p > 0.05, *p < 0.05, **p < 0.01.
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importance of NTN1 expression in facilitating the recovery process and restoration of functioning after SCI injury.
To further investigate the potential mechanism of neuronal knockout of NTN1 following SCI, we performed RNA sequencing 

analysis on spinal cord tissue. The results revealed that the NTN1 knockout group samples exhibited differential expression of various 
genes, predominantly inflammatory factors, through GO enrichment analysis. Moreover, KEGG enrichment analysis demonstrated a 
strong association between the knockout group data and the NF-κB signaling pathway, which has previously been reported to promote 
microglia-mediated inflammatory responses, inhibit nerve regeneration, and trigger apoptosis after SCI [29,30]. Furthermore, our 
results indicated that the expression level of p-p65 were significantly increased. The expression of IL-1β and TNF-α, which are 
downstream target genes of the NF-κB signaling pathway, was also significantly upregulated. We hypothesize that neuronal knockout 
of NTN1 may influence the inflammatory response by affecting the NF-κB signaling pathway, subsequently impacting the recovery of 
neural function. This activation of the inflammatory reaction may promote an increase in inflammatory cells. The results revealed a 
significant increase in the number of microglia and astrocyte. In the next experiment, we will focus on the corresponding phenotype of 
microglia to further explain its impact on neuroinflammation.

Research has demonstrated that autophagy, apoptosis, and ferroptosis are the primary factors influencing cell survival in SCI [31]. 
Autophagy, a cellular process that involves the degradation and recycling of damaged organelles and proteins, has been found to be 
closely linked to apoptosis in neuronal cells. Numerous studies suggest that dysregulated autophagy can trigger apoptotic pathways, 
ultimately leading to neuronal cell death [32,33]. Interestingly, conflicting findings have also indicated that autophagy may exert a 
protective effect against neuronal injury [34–38]. This dual role of autophagy in neuronal cells suggests that its impact on neurological 
diseases is complex and context-dependent. We found that the level of the autophagy-associated protein p62 was significantly lower in 
the neurons of mice with NTN1 deficiency following SCI, indicating that NTN1 deficiency may enhance the autophagic pathway. 

Fig. 9. Effects of SCI on autophagy and apoptosis. (A) The expression of Bcl-2 and BAX in spinal cord were detected by immunoblotting after SCI for 
3 days. (B) Quantification of the relative BAX/β-actin and Bcl-2/β-actin. (C, E) IHC for BAX and p62 in the spinal cord at day 3 after SCI. (D, F) 
Analysis of IHC staining for BAX and p62. (G,H)Relative level of ALOX15 and SAT1 mRNA. (I) Mitochondrial morphology and structure in neurons 
were observed via transmission electron microscopy. Data are presented as mean ± S.D. (n = 3), *p < 0.05, **p < 0.01.
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Nevertheless, further research is needed to explore other markers related to autophagy.
BAX and Bcl-2 as classic pro-apoptotic and anti-apoptotic proteins, directly influence cell apoptosis and indirectly affect functional 

recovery after SCI [39,40]. Our study showed that the lack of NTN1 could enhance neuronal apoptosis. Ferroptosis is a unique form of 
cell death that is intricately connected to lipid peroxidation and requires the presence of reactive oxygen species (ROS) accompanied 
by morphological modifications such as mitochondrial atrophy and increase in membrane density. The previous study confirmed that 
ferroptosis genes were differentially expressed and then the existence of ferroptosis in neurons following SCI [41]. Gene markers for 
ferroptosis, including spermidine/spermine N1-acetyltransferase 1 (Sat1) and arachidonate 15-lipoxygenase (Alox15) [42], were 
found to be significantly upregulated in NTN1Emx1-CKO group. Furthermore, mice in the NTN1Emx1-CKO group exhibited more sig
nificant alterations in mitochondrial morphology and neuronal structure following SCI. The knockout group exhibited more significant 
alterations in proteins associated with autophagy, apoptosis, and ferroptosis, indicating that neuronal NTN1 deficiency impacts these 
cellular processes. These findings contribute to a better understanding of the underlying mechanisms involved in the inadequate 
regeneration and recovery of SCI.

Previous studies have mainly focused on the effects of spinal cord injury on microglia activation in the hippocampus, with limited 
information on the impact of neuronal changes in brain regions related to learning and memory on the spinal cord. NTN1 is highly 
expressed in brain neurons and is involved in the development of central nervous system disorders like SCI and Alzheimer’s disease 
(AD). Research has shown that an increase in brain NTN1 levels could be beneficial for SCI recovery. Our study suggests that changes in 
NTN1 in the hippocampus and cortex also affect the functional recovery of SCI. Therefore, it is essential to consider not only localized 
spinal cord treatment but also concurrent brain intervention.

5. Conclusion

In summary, our research has shown that NTN1 may also have the ability to regulate the NF-κB signal, which is responsible for 
mediating the apoptosis and ferroptosis processes and maintaining the stable state of the microenvironment in the central nervous 
system. These results imply a functional connection between the brain and the spinal cord, as reducing the expression of NTN1 in 
hippocampal and cortex neurons can hinder the recovery process of spinal cord injury. However, further investigation is necessary to 
determine the potential efficacy of administering recombinant NTN1 protein directly into the brain in order to improve spinal cord 
dysfunction, preserve the structural integrity of the hippocampus, and alleviate the learning and memory impairments associated with 
SCI.
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