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Abstract 

Background  Spinal cord injury (SCI), which causes loss of sensory and motor function in the body below the level 
of injury, is a devastating disease of the central nervous system. SCI leads to severe secondary immunosuppression, 
called SCI-induced immunodeficiency syndrome (SCI-IDS), which is characterized by increased susceptibility to infec‑
tion and further exacerbates neurological dysfunction. Several studies have suggested that SCI-IDS is an independ‑
ent risk factor for poor neurological prognosis. SCI-IDS predominantly occurs following injury above the T5 levels 
and eventually leads to systemic immune failure, possibly via the sympathetic–adrenal medullary axis and the hypo‑
thalamic‒pituitary‒adrenal (HPA) axis. However, the mechanism remains unclear.

Methods and objectives  The concentrations of adrenocorticotropic hormone and cortisol in plasma, as well 
as changes in sympathetic activity (blood pressure and catecholamine levels in plasma), were assessed in rats 
in the high-level (T3) spinal cord injury (T3-SCI) group and the low-level (T10) spinal cord injury (T10-SCI) group. Sec‑
ond, the differential regulation of the gene network between the sympathetic–adrenal medullary axis and the HPA 
axis was explored by histology and multitissue transcriptomics, and the neuroendocrine–immune network associated 
with SCI-IDS was further elucidated.

Results  The spleen and thymus gland, which are secondary immune organs, were significantly atrophied in rats 
in the T3-SCI group, and the white pulp of the spleen was significantly atrophied. The level of cortisol, which is medi‑
ated by the adrenal glands, was markedly elevated, but norepinephrine levels were markedly decreased. There 
was no difference in adrenocorticotropic hormone expression between any of the groups. The transcriptome analysis 
results showed that the downregulated differentially expressed genes (DEGs) in the T3-SCI group were enriched 
in the GO term immunoregulation, indicating that splenic immune function was markedly impaired after high-level 
SCI. The upregulated DEGs in the hypothalamus (hub genes: Nod2, Serpine1, Cebpb, Nfkbil1, Ripk2, Zfp36, Traf6, Akap8, 
Gfer, Cxcl10, Tnfaip3, Icam1, Fcgr2b, Ager, Dusp10, and Mapkapk2) were significantly enriched in inflammatory pathways, 
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and the downregulated genes (hub genes: Grm4, Nmu, P2ry12, rt1-bb1, Oprm1, Zfhx2, Gpr83, and Chrm2) were 
enriched in pathways related to inhibitory Gi-mediated G protein-coupled receptor (Gi-GPCR) neurons and neuropep‑
tide changes. The upregulated genes in the adrenal glands (hub genes: Ciart, per2, per3, cry1, and cry2) were enriched 
in cortisol secretion and circadian rhythm changes, and the downregulated genes (hub genes: IL7r, rt1-bb, rt1-bb1, 
rt1-da, rt1-ba, cd74, cxcr3, vcam1, ccl5, bin1, and IL8) were significantly enriched in MHC-mediated immune responses.

Conclusions  To explore the possible mechanism underlying SCI-IDS, this study assessed the differential regulation 
of the gene network associated with neuroendocrine immunity after SCI. Progressive neuroinflammation spreads 
after injury, and neurotransmission through Gi-mediated G protein-coupled receptors in the HPA axis and neuro‑
peptide production by the hypothalamus are inhibited. Disruption of the connection between the hypothalamus 
and the adrenal glands causes autonomous regulation of the adrenal glands, disturbance of circadian rhythm 
and finally hypercortisolemia, leading to general suppression of peripheral adaptive immunity. Neuraxial nerve 
inflammation caused by SCI persists indefinitely, blocking nerve repair; persistent system-wide immunosuppression 
in the periphery results in increased susceptibility to infection, leading to poor neurological prognosis.

Keywords  SCI-induced immunodeficiency syndrome, Transcriptome, Neuroendocrine immunomodulatory axis, 
Neuroinflammation, Hypothalamo-pituitary-adrenal axis

Introduction
Spinal cord injury (SCI) is a devastating disease of the 
central nervous system (CNS) that causes loss of sen-
sation below the level of injury, resulting in motor 
and autonomic dysfunction [1, 2]. SCI can also impair 
immune function and increase the risk of infection, 
resulting in SCI-related pneumonia, urinary and gastro-
intestinal infections, bedsores and wound infections, and 
even osteomyelitis [3]. In fact, infection is common post-
SCI, and more than 50% of deaths from SCI are caused 
by infection, mainly due to a sharp decline in the num-
ber of immune cells and significant dysfunction of these 
cells after injury [4]. The clinicopathological manifesta-
tions of SCI-induced immunosuppression include circu-
lating lymphopenia, impaired lymphocyte function, and 
atrophy of immune organs such as the spleen, thymus, 
and secondary lymphoid organs. This severe secondary 
immunosuppression caused by SCI is called SCI-induced 
immunodeficiency syndrome (SCI-IDS) [3–7], which is 
characterized by increased susceptibility to infection, 
which further exacerbates neurological deficits. Sev-
eral studies have suggested that SCI-IDS is also an inde-
pendent risk factor for poor neurological prognosis [6]. 
SCI has been shown to result in permanent impairment 
of the neurogenic immune response, leading to chronic 
immune dysfunction [7]. The mechanisms underlying 
this immune dysfunction remain unclear, and effective 
treatments and interventions are lacking. Infections due 
to immunodeficiency remain the most common obstacle 
to survival and recovery in people with SCI.

Complete SCI results in severe immunodeficiency. 
Whether SCI-IDS occurs is dependent on the level of 
injury, and SCI-IDS is particularly common after high-
level (T5-T6 and above) injury; however, the occur-
rence of SCI-IDS is not level-dependent in incomplete 

SCI [8]. At present, it is generally believed that the 
mechanism of SCI-IDS involves immune dysfunction 
caused by large-scale modification of neural networks 
in the spinal canal and spinal cord centre after injury 
[9], mainly due to impairment of neuroendocrine sig-
nalling and disruption of sympathetic neural networks 
[7]. Among these neural networks, alterations to three 
related neural axes, namely, the sympathetic–adrenal 
medullary axis (SAM), the HPA axis, and the vagus–
cholinergic axis, which have anti-inflammatory effects, 
may eventually lead to systemic immune failure [6, 7, 
10].

The hypothalamus is the central integration region of 
the SAM and HPA axes, and this region is closely con-
nected with circumventricular organs (CVOs), other 
brain structures (e.g., the hippocampus), peripheral 
autonomic nerves, and endocrine-related brain regions 
that lack a blood‒brain barrier (BBB) [11, 12]. The hypo-
thalamus recognizes and senses the spread of CNS neu-
roinflammation and maintains homeostasis by regulating 
hormone secretion and feedback [11, 12]. The adrenal 
glands are important peripheral endocrine organs that 
play a substantial role in maintaining the body’s home-
ostasis. The adrenal glands are made up of two distinct 
anatomical regions: the cortex, which produces ster-
oid hormones, including glucocorticoids (GCs), and the 
medulla, which is innervated by sympathetic postgangli-
onic neurons that synthesize and release catecholamines 
(CAs) [3, 13]. The levels of GCs and CAs change signifi-
cantly after SCI, and although these stress hormones are 
thought to be associated with central nervous system 
injury-induced immunodeficiency syndrome (CIDS) 
[14], the neurological, endocrine, and immune changes 
caused by damage to peripheral organs and the central 
nervous system after injury remain unclear.
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Therefore, in this study, we performed unbiased mul-
titissue transcriptomics analysis to analyse the possi-
ble underlying mechanisms of immune deficiency after 
T3 SCI. Here, we analysed the differential regulation of 
neuroendocrine pathways associated with immuno-
suppression after high-level injury by comparing the 
transcriptomes of the hypothalamus, spinal cord, adre-
nal glands, and spleen in rats with high-level (T3) and 
low-level (T10) SCI. In this preliminary first-in-class 
study, we mapped and elucidated the gene network of 
the neuroendocrine–immune axis associated with SCI-
IDS, providing new insights into SCI-mediated immune 
deficiency and a new direction for future studies on 
immunosuppression.

Methods
Animals and groupings
SPF-grade adult male Sprague‒Dawley (SD) rats (Shang-
hai SIPPR-BK Laboratory Animal Co., Ltd., Shanghai, 
China) were used in this study. We used male rats for 
several reasons: first, the incidence of male patients with 
traumatic spinal cord injury is significantly higher than 
that in women, so we selected male rat models [15, 16]; 
second, we investigated neuroendocrine changes after 
SCI, while hormonal fluctuations in the estrous cycle in 
female animals increased the variability of the findings; 
third, male animals did not have periodic physiological 
index fluctuations of male and female animals, and the 
hormone levels in the body were stable, which met the 

needs of this study [17]. All rats were housed in separate 
cages on a 12-h light–dark cycle at 23 ± 1 °C and 50% rela-
tive humidity, with ad  libitum access to food and water. 
All rats were acclimated to the environment for at least 
1 week prior to the experiment and maintained in accord-
ance with the guidelines for the care and use of experi-
mental animals. All procedures and euthanasia protocols 
performed in the study were reviewed and approved by 
the Animal Care and Use Committee (IACUC) of Shang-
hai Ninth People’s Hospital.

The animals were randomly divided into the following 
three groups, with 40 animals in each group: (1) the sham 
surgery group (referred to as the sham group); (2) the T3 
spinal cord transection group (referred to as the T3-SCI 
group); and (3) the T10 spinal cord transection group 
(referred to as the T10-SCI group). The entire experi-
mental procedure is shown in Fig. 1.

Establishment of a transection SCI model in rats
All rats received the antibiotic ampicillin sodium (80 mg/
kg; Qingdao Xinxing Pharmaceutical Co., Ltd., China) as 
a prophylactic for three days. The animals were anaesthe-
tized with a ketamine/xylazine mixture (50  mg/kg Ket-
aVed (Henry Schein) and 5 mg/kg xylazine (AnaSed)) by 
intraperitoneal injection and given appropriate analgesics 
(5 mg/kg flunixin, subcutaneous). After anaesthesia, the 
animals were placed in the prone position on an operat-
ing table, the limbs were fixed, and the upper chest was 
raised using a cotton pad. The dorsal skin was incised 

Fig. 1  Schematic of the experimental design
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from C8-T4 lateral to the T2 vertebra, the muscle tissue 
over the spinal cord was removed layer by layer, the tho-
racic T3 segment was located, and the lamina over the T3 
segment was removed under an operating microscope, 
exposing the spinal cord. In the sham group, the incision 
was closed layer by layer after exposure of the spinal cord 
(without injury), while in the T3-SCI group, the spinal 
cord was transected with microscissors under a micro-
scope after exposure. Rats in the T10-SCI group under-
went complete spinal cord transection at the T10 level via 
the same procedure after exposure of the T10 spinal cord. 
Successful construction of the rat spinal cord injury mod-
els was confirmed by manifestations such as spastic con-
vulsions of both lower extremities and spastic tail swing. 
After the bleeding had fully stopped, the dorsal tissues 
of the rats were sutured layer by layer, and the rats were 
allowed to recover on a heated blanket and placed in a 
clean cage for observation. Beginning immediately after 
surgery, the rats were injected subcutaneously with warm 
Ringer’s sodium lactate solution (5  mL) and ampicillin 
sodium twice daily (morning and afternoon) until day 3 
after injury. After surgery, the bladder was expressed 3 
times a day to assist with urination until spontaneous uri-
nation resumed. All evaluations and analyses were per-
formed by experienced investigators who were not aware 
of the experimental design.

Monitoring of tail artery blood pressure in rats
Blood pressure was monitored in each group with a non-
invasive rat tail artery measurement instrument (BP-
2010A, Softron Biotechnology Co., Ltd., Beijing China) 
according to the manufacturer’s protocol. The average 
of 3 consecutive measurements was calculated. Meas-
urements were taken in an unmanned, quiet, and warm 
environment after the rats had calmed down. The systolic 
blood pressure (SBP) of the rats was measured on days 1, 
3, and 7 postoperatively [18].

Determination of immune organ indices
After the rats were euthanized, the thymus and spleen 
were weighed separately, and the thymus index and 
spleen index were calculated. The thymus index (mg/g) 
was calculated according to the following formula: thy-
mus index (mg)/thymus weight (mg)/rat body weight (g). 
The spleen index (mg/g) was calculated as follows: spleen 
weight (g)/rat body weight (g) [19].

Tissue preparation
At a predetermined time point, after anaesthesia, 
the rat diaphragm was cut, and the pericardium was 
opened. After blood collection from the left apex, 5 mm 

pieces of tissue from the hypothalamus, adrenal glands, 
spleen and T3 spinal cord were quickly collected from 
rats in each group, placed in cryopreservation tubes, 
frozen in liquid nitrogen, and stored in a low-temper-
ature freezer at − 80 °C. Other rats were perfused with 
150  mL of sterile 0.9% normal saline and 300  mL of 
4% paraformaldehyde (Biosharp, Beijing, China) after 
blood collection, and the tissues mentioned above were 
placed in paraformaldehyde overnight. After dehydra-
tion in xylene and an alcohol gradient and embedding 
in paraffin, the samples were cut into 5 µm continuous 
sections with a microtome or incubated in a sucrose 
gradient (10%, 20%, and 30%), embedded in OCT com-
pound, and cut into 20 µm continuous frozen sections 
with a microtome (Leica, Germany).

Pathological staining of paraffin adrenal sections
On the 7th day, paraffin sections from each group were 
baked at 60  °C; soaked in xylene I and II for 30  min; 
soaked for 5 min each in 100%, 100%, 95%, 95% and 80% 
alcohol; and rinsed twice with double-distilled water.

(1)	 HE staining
	 The tissues were stained with hematoxylin for 

1  min, rinsed in double-distilled water, differenti-
ated in 1% hydrochloric acid, rinsed with double-
distilled water, and incubated with eosin (H&E; 
Sigma‒Aldrich, St. Louis, MO, USA) for 2 min.

(2)	 Immunohistochemistry
	 For immunohistochemistry, 5  µm paraffin sec-

tions were dewaxed in water and incubated with 
sodium citrate buffer (10 mM, pH 6.0; Boster Bio-
logical Technology, Ltd. Wuhan China) in a pres-
sure cooker for antigen retrieval. The tissues were 
then blocked with 3% H2O2 to quench endogenous 
peroxidase activity, blocked with 10% sheep serum 
(Boster Biological Technology, Ltd. Wuhan China) 
for 30  min, incubated with rabbit anti-tyrosine 
hydroxylase (TH, 1:100; Bioss, Beijing, China) pri-
mary antibody at 37  °C for 2  h, rinsed with PBS, 
incubated with anti-rabbit IgG secondary antibody 
(1:100; Bioss, Beijing, China) for 30 min, rinsed with 
water, incubated with DAB (Bioss, Beijing, China) 
for colour development, counterstained with hae-
matoxylin, dehydrated in graded alcohol for 2 min 
each, placed in xylene I and II for 5 min each, and 
sealed with neutral resin. All staining and immuno-
histochemical staining images were captured under 
a NanoZoomer Digital Pathology microscope 
(Hamamatsu). There were 4 animals per group.
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Immunofluorescence
Frozen sections were thawed for 30 min at room temper-
ature, washed three times (10  min each) in 0.1  mmol/L 
PBS (PBS-TX) containing 0.1% Triton X-100 (Sigma‒
Aldrich, St. Louis, MO, USA) and placed in permeabi-
lization blocking buffer (0.1  mmol/L PBS, pH 7.3, 0.5% 
Triton) at 37  °C for 15  min. The sections were blocked 
with 10% (v/v) goat serum (Bioss, Beijing, China) for 
another 30  min. The sections were then incubated with 
primary antibody overnight at 4  °C. After washing with 
PBS-TX the next day (3 times for 10 min each), the sec-
tions were incubated with the secondary antibody for 
1 h at room temperature and then washed with PBS-TX. 
Nuclei were stained with 4,6-diamidino-2-phenylindole 
(DAPI, 1 μg/mL; Sigma‒Aldrich) for 5 min, and the slides 
were sealed with anti-fluorescent quenching agent after 
washing with PBS-TX. Images were captured under 
a Leica TCS STED confocal fluorescence microscope 
(Leica Microsystems Inc., Wetzlar, Germany). For the 
negative control, the corresponding allotypic serum was 
used instead of primary antibody.

The following antibodies were used at the indicated 
dilutions: rabbit anti-Iba1 (1:200; GeneTex, Inc., USA), 
chicken anti-GFAP (1:500; Abcam, Cambridge, MA, 
USA), and mouse anti-PSD-95 (1:200; Abcam, Cam-
bridge, MA, USA). The fluorescent secondary antibod-
ies included Alexa Fluor 594-conjugated AffiniPure 
goat anti-rabbit IgG (H + L) (1:800; Jackson Immu-
noResearch Laboratories, West Grove, PA, USA); Alexa 
Fluor 685-conjugated AffiniPure goat anti-mouse IgG 
(H + L) (1:400; Jackson ImmunoResearch Laboratories, 
West Grove, PA, USA); and Alexa Fluor 488-conjugated 
AffiniPure goat anti-chicken IgG (H + L) (1:400; Jackson 
ImmunoResearch Laboratories, West Grove, PA, USA). 
Three slices each from 4 animals per group (all rats in 
the same group underwent injury at the same level) 
were used for fluorescence quantification; the number 
of positive cells or the mean optical density (mean opti-
cal density = integrated optical density (IOD)/area) was 
determined. The experimenters who performed the anal-
ysis were unaware of the group identities of the rats.

Enzyme‑linked immunosorbent assay (ELISA)
Serum samples were obtained by centrifugation after 
apical blood collection in anticoagulant blood collec-
tion vessels; blood sampling was performed at the same 
time of day to ensure standardization and reduce the 
impact of circadian rhythm on plasma protein levels. 
The concentrations of norepinephrine (NE, Demeditec 
Diagnostics GmbH, Germany), adrenocorticotropic hor-
mone (ACTH, Abcam, Cambridge, MA, USA) and cor-
tisol (GC, Coibo Bio, Shanghai, China) in the peripheral 
plasma of rats were analysed on the 7th day after surgery 

by ELISA, which was performed according to the instruc-
tions provided by the manufacturer. The absorbance was 
measured at 450  nm with a Multi-Mode Microplate 
Reader (Varioskan Flash, Thermo Scientific Inc., USA). 
The concentrations of NE, ACTH, and GC were calcu-
lated according to standard curves.

RNA extraction, library preparation, and Illumina HiSeq X 
Ten sequencing
According to the manufacturer’s instructions (Invit-
rogen), total RNA was extracted from damaged spinal 
cord tissue using TRIzol® reagent, and genomic DNA 
was removed using DNase I (TaKaRa). RNA quality was 
then determined by a 2100 Bioanalyzer instrument (Agi-
lent), and the RNA concentration was quantified using a 
ND-2000 spectrophotometer (NanoDrop Technologies). 
Only high-quality RNA samples (OD260/280 = 1.8–2.2, 
OD260/230 ≥ 2.0, RIN ≥ 6.5, 28S:18S ≥ 1.0, > 10  μg) were 
used to construct sequencing libraries. RNA-seq tran-
scriptome libraries were prepared using 5  μg of total 
RNA and the TruSeqTM RNA Sample Preparation Kit 
from Illumina (San Diego, CA, USA). Briefly, messenger 
RNA was isolated by oligo(dT) beads according to the 
polyA selection method, and then fragmentation buffer 
was added. Then, double-stranded cDNA was synthe-
sized using the SuperScript double-stranded cDNA syn-
thesis kit (Invitrogen, CA, USA) and random hexamer 
primers (Illumina). The synthesized cDNA was then 
end-repaired, phosphorylated, and subjected to ‘A’ base 
addition according to Illumina’s library construction 
protocol. Size selection of 200–300 bp cDNA target frag-
ments on 2% low-range ultra-agarose followed by PCR 
amplification using Phusion DNA polymerase (NEB) 
for 15 cycles was performed. After quantification by a 
TBS380 mini-fluometer, the paired-end RNA-seq library 
was sequenced with Illumina HiSeqxten (2 × 150-bp read 
length).

Quality control and differential expression analysis
The original paired-end reads were trimmed, and qual-
ity control was performed with SeqPrep (https://​github.​
com/​jstjo​hn/​SeqPr​ep) and Sickle (https://​github.​com/​
najos​hi/​sickle) with default parameters. To identify dif-
ferentially expressed genes (DEGs) between two different 
samples, the expression level of each gene was calculated 
based on the number of transcripts per kilobase mil-
lion (TPM). RSEM (http://​dewey​lab.​biost​at.​wisc.​Edu/​
rsem/) was used to quantify gene abundance. Differential 
expression analysis was performed using the R statisti-
cal software package EdgeR (http://​www.​bioco​nduct​or.​
org/​packa​ges/2.​12/​bioc/​html/​edgeR.​html). Statistical 
analysis of raw counts based on negative binomial dis-
tribution was performed using DESeq2 software. Based 
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on certain screening criteria (p < 0.05 and |log2FC |> = 1), 
genes/transcripts with differences in expression/levels 
between groups were identified. In the initial data explo-
ration phase, we performed principal component analy-
sis (PCA) to directly calculate the coefficient of variation 
between groups in the R package prcomp [20].

GO functional enrichment analysis
Five databases (NR, Swiss-Prot, Pfam, EggNOG, GO) 
were used to comprehensively annotate genes and tran-
scripts. The sequences of the genes and transcripts were 
obtained from the NR, Swiss-Prot, and EggNOG data-
bases with DIAMOND software. Sequence alignment 
was performed using the BLAST2GO and GO databases. 
HMMER software was used to align the sequences with 
entries in the Pfam database. GO enrichment analysis 
of genes/transcripts in certain gene sets was performed 
using Fisher’s precise test using Goatools software. To 
control for false positives, the BH correction method was 
performed in Goatools to correct the p value [21]. Genes 
were considered significantly enriched in a GO term if 
the corrected p value (FDR) was < 0.05.

The association network between GO functional 
enrichment pathways and gene targets
The DEG targets and the associated GO terms were 
imported into Cytoscape_v3.9.1 software [22] for visual 
network association analysis.

Statistical analysis
The data are expressed as the mean ± S.D. GraphPad 
Prism 7.0 (GraphPad Software Inc., San Diego, CA, USA) 
was used for statistical analysis. Comparisons between 
the two groups were made using Student’s t test or the 
Mann‒Whitney test when appropriate. Multiple com-
parisons between groups were performed using one-way 
ANOVA followed by Tukey’s test. A p value < 0.05 was 
considered statistically significant.

Results
Atrophy of immune organs after spinal cord injury
Animals underwent thoracic spinal cord transection at 
T3 or T10. Five rats died after surgery due to surgical 
damage or severe bladder dysfunction; 4 of these rats 
underwent T10-SCI. Male rats were used in this study 
because the majority of SCI patients are males [15, 16]. 
The thymus and spleen are the main immune organs and 
the main hubs of innate and adaptive immune responses. 
We found significant atrophy of the thymus and spleen 
after high-level SCI (Fig. 2A). According to the immune 
organ indices, progressive thymus and spleen atrophy 
was observed in the T3-SCI group compared to the sham 
group; however, on day 3, rats with T10-SCI showed a 

decrease in the immune organ indices, which gradually 
recovered by day 7 (Fig. 2B). No decrease in the immune 
organ indices was observed in any animal after surgical 
laminectomy. Furthermore, we observed changes in the 
red pulp (RP) and white pulp (WP) of the spleen on the 
7th day after injury; significant atrophy was observed in 
the WP of the spleen in rats with T3 injury, the bounda-
ries were blurred, and the size of the germinal centre was 
reduced. The WP of the spleen was preserved in rats with 
T10-SCI (Fig. 2C); the WP is where lymphocyte produc-
tion and differentiation occur [23]. In short, after high-
level SCI, the main immune organs become atrophied, 
and the tissue structure of these organs is disrupted.

Changes in sympathetic activity and expression 
of hormones in the HPA axis after SCI
Next, we noninvasively measured blood pressure through 
the rat tail artery. The aim was to detect sympathetic 
activity changes, which are best represented by changes 
in SBP, in live rats after injury to different segments of the 
spinal cord. We found that on days 3 and 7, the SBP of 
the T3-SCI group was higher than that of the other two 
groups, but there was no statistically significant differ-
ence among the three groups (Fig.  2D), indicating that 
there was no significant change in blood pressure in rats 
in the acute or subacute stage of injury. However, ELISA 
revealed a significant reduction in NE levels in the plasma 
of rats with T3-SCI (p = 0.003) (Fig. 2E), consistent with 
previous studies [10]. NE is the main CA produced by 
the adrenal medulla. Furthermore, we measured plasma 
cortisol levels and found significant increases in corti-
sol expression in the T3-SCI group compared with the 
sham group (p = 0.0001) and T10-SCI group (p = 0.0002) 
(Fig.  2G). However, no significant differences in ACTH 
levels in plasma were observed among the three groups 
(Fig. 2F). Cortisol is produced in the zona fasciculata of 
the adrenal cortex and is the effector hormone of the 
HPA axis [24]. In summary, in the subacute phase after 
high-level SCI, the expression of two main effector hor-
mones of the adrenal gland is reduced, the expression of 
a third effector hormone is significantly increased, and 
endocrine dysfunction may be involved in the impair-
ment of peripheral immunity.

T3 SCI results in significant inhibition of the spleen 
immune response
The experimental results revealed immune organ atro-
phy after high-level SCI, alterations in adrenal-mediated 
endocrine hormone expression, and structural changes. 
Next, to further understand the pathogenesis of SCI-IDS, 
we analysed gene expression changes in neural (hypotha-
lamic), endocrine (adrenal) and immune (spleen) tissues 
and organs of the same animal after injury to different 
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spinal cord segments through unbiased transcriptomics 
and explored the DEGs in depth. RNA-seq of 3 biologi-
cal replicates from the sham group and 5 biological repli-
cates from the other two groups was performed. Quality 
control data for samples from all groups were obtained 
for bioinformatics analysis (Additional file 1). Sample-to-
sample PCA was performed prior to all genome analyses 
to exclude outlier DEGs (Additional file 2).

Figure  3A shows a volcano plot of the DEGs in the 
spleen between the sham and T3-SCI groups identified 
by RNA-seq; 1019 genes were differentially expressed 

between the two groups, with 674 genes being upregu-
lated and 345 genes being downregulated in the T3-SCI 
group. The DEGs between the T3-SCI and T10-SCI 
groups are shown in Fig. 3B; 854 genes were differentially 
expressed between the two groups, with 730 genes being 
upregulated and 124 genes being downregulated in the 
T3-SCI group.

To further explore the regulatory function of the spleen 
after SCI in the T3-SCI group, GO enrichment analy-
sis of the DEGs between the groups was performed, 
and the GO terms in which the DEGs were significantly 

Fig. 2  Changes in immune organ indices and physicochemical factors related to the SAM and HPA axes after SCI. A Compared with sham 
surgery and T10-SCI, T3-SCI resulted in significant shrinkage of the (top) thymus and (bottom) spleen after day 7. Scale bar, 5 mm. B Changes 
in immune organ indices after SCI. All data are presented as the mean and standard deviation (SD); n = 3. The left side shows the thymus index 
(compared with the sham group: 3 dpi: T3-SCI, p = 0.026; T10-SCI, p = 0.016; 7 dpi: T3-SCI, p = 0.0005). The right side shows the spleen index 
(compared to the sham group: 3 dpi: T3-SCI, p = 0.036; 7 dpi: T3-SCI, p = 0.0017). C Representative image of HE staining of the spleen after SCI. 
Scale bar = 500 µm. D Changes in SBP (mmHg) at the third time point after SCI were measured. E–G Changes in the levels of the catecholamines 
norepinephrine (NE), adrenocorticotropic hormone (ACTH) and cortisol (GC); n = 10. All data are presented as the mean and the standard deviation 
(SD) and were analysed using one-way and two-way ANOVA followed by Tukey’s multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001

(See figure on next page.)
Fig. 3  T3-SCI completely suppresses splenic immunity. A Volcano plot of DEGs between the sham group and the T3-SCI group; green indicates 
upregulated DEGs, and red indicates downregulated DEGs. B Volcano plot of DEGs between the T10-SCI group and the T3-SCI group. Green 
indicates upregulated DEGs, and red indicates downregulated DEGs. C Top 20 commonly enriched GO terms for DEGs between the sham group 
and the T3-SCI group and between the T10-SCI group and the T3-SCI group. D Venn diagram analysis of downregulated DEGs between the sham 
group and the T3-SCI group and between the T10-SCI group and the T3-SCI group. The red numbers represent downregulated DEGs specific to rats 
in the T3-SCI group for both comparisons. E Cluster analysis of downregulated DEGs in the T3-SCI group according to (D) Venn diagram analysis; 
blue represents downregulated DEGs, and red indicates upregulated DEGs
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Fig. 3  (See legend on previous page.)
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enriched were identified. Figure  3C shows the top 20 
results of GO-enriched terms in rat spleen DEGs after 
T3 injury relative to the Sham group and the T10-SCI 
group. Surprisingly, the top 20 enriched GO terms for 
the downregulated DEGs in the T3-SCI group included 
immunomodulation-related terms, such as "regulation of 
B-cell activation", "production of molecular mediator of 
immune response", "positive regulation of leukocyte acti-
vation", "immunoglobulin complex", "humoral immune 
response", "antigen receptor-mediated signaling path-
way", "activation of immune response" and "B-cell recep-
tor signaling pathway" (Fig.  3C). This indicates that the 
overall immune response of the spleen, especially the par-
ticipation of B cells in humoral immunity, was decreased 
after T3-SCI; this is consistent with the atrophy of spleen 
RP, which is involved in antibody production, observed 
in the previous experiment. In addition, GO enrichment 
analysis of the DEGs upregulated in the T3-SCI groups 
did not reveal any significantly enriched terms. A total of 
46 DEGs were specifically expressed in the spleen in the 
T3-SCI group according to Venn diagram analysis, and 
unannotated genes were eliminated (Fig.  3D). Among 
them, 31 key DEGs were clearly clustered in the T3-SCI 
group and were involved in fully inhibiting the immune 
function of the spleen (Fig. 3E).

In summary, the results of this transcriptomic analysis 
showed that the immune function of the spleen was fully 
inhibited after T3-SCI and further demonstrated that 
peripheral immunosuppression is significantly related to 
the level of SCI.

DEGs in the hypothalamus after T3‑SCI
Based on splenic RNA-seq, the increased susceptibility 
to infection by immunodeficiency syndrome due to SCI 
depends on the level of the lesion. To further investigate 
immunodeficiency in the T3-SCI group, we performed 
RNA-seq of hypothalamic tissue. The hypothalamus is a 
central region that integrates information and regulates 
autonomic and endocrine homeostasis [12]. It is also the 
central regulatory region for providing negative feedback 
to the HPA axis, and studies have shown that SCI-IDS is 
mediated by central preganglionic injury [6, 7]. Figure 4A 
shows a volcano plot of the DEGs in the hypothalamus 
between the sham and T3-SCI groups; 1048 genes were 
differentially expressed between the two groups, with 654 
genes being upregulated and 396 genes being downreg-
ulated in the T3-SCI group. Figure  4B shows a volcano 
plot of DEGs between the T3-SCI and T10-SCI groups; 
809 genes were differentially expressed between the two 
groups, with 491 genes being upregulated and 318 genes 
being downregulated in the T3-SCI group.

Similarly, we further explored the hypothalamic-
specific DEGs in the T3-SCI group. First, we identified 

common DEGs between the T3-SCI group and the sham 
group and between the T3-SCI group and the T10-SCI 
group by Venn analysis; there were a total of 352 upreg-
ulated DEGs (Fig.  4C) and 185 downregulated DEGs 
(Fig. 4D). The top 20 enriched GO terms were obtained; 
the common upregulated DEGs were mainly associated 
with inflammatory pathways, such as "response to mol-
ecule of bacterial origin", "cellular response to lipopoly-
saccharide", "cellular response to biotic stimulus", 
"regulation of tumor necrosis factor production”, “regu-
lation of inflammatory response”, “regulation of cytokine 
production”, “cellular response to molecule of bacterial 
origin”, “regulation of tumor necrosis factor superfam-
ily cytokine production”, “regulation of programmed 
cell death”, and “response to lipopolysaccharide” 
(Fig.  4E;  Additional file  3). Interestingly, the downregu-
lated DEGs were enriched in pathways associated with 
inhibitory Gi-mediated G protein-coupled receptor 
(Gi-GPCR) neurons and neuropeptide changes, such as 
"adenylate cyclase-inhibiting G protein-coupled recep-
tor signaling pathway", "regulation of sensory perception 
of pain", "regulation of sensory perception”, “adenylate 
cyclase-modulating G protein-coupled receptor signal-
ing pathway”, “neuropeptide receptor activity” and “G 
protein-coupled receptor signaling pathway, coupled to 
cyclic nucleotide second messenger" (Fig. 4F; Additional 
file 4).

In conclusion, after high-level SCI, neuroinflammation 
spreads to higher spinal cord levels, while uncontrolled 
and progressive central inflammation may mediate neu-
ral network remodelling of higher centres, as manifested 
by suppression of inhibitory Gi-mediated GPCR-express-
ing neuron activity, leading to enhanced excitatory neu-
rotransmission in the brain or CNS hyperconnectivity.

T3‑SCI promotes the spread of neuroinflammation 
to the hypothalamic PVN and hippocampal DG 
above the spinal cord
To verify the secondary response to inflammation above 
the spinal cord after T3-SCI, we examined glial cells in 
the paraventricular nucleus (PVN) of the hypothalamus 
and the dentate gyrus (DG) of the hippocampus. Micro-
glia, which express ionized calcium binding adapter mol-
ecule 1 (IBA1) [25], are the most sensitive neuroimmune 
cells in the CNS, and microglial activation and morpho-
logical changes are the hallmarks of neuroinflammation. 
As the most abundant glial cells in the brain, astrocytes, 
which express glial fibrillary acidic protein (GFAP), play 
the role of CNS “housekeepers" by providing metabolic 
and nutritional support; regulating synaptic synaptogen-
esis, ion homeostasis, and neurotransmitter buffering; 
maintaining the integrity of the BBB; and promoting 
neural network activity [26]. In addition, postsynaptic 
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Fig. 4  Changes in gene expression in the hypothalamus after T3-SCI. A Volcano plot of DEGs between the sham group and the T3-SCI group; 
green indicates upregulated DEGs, and red indicates downregulated DEGs. B Volcano plot of DEGs between the T10-SCI group and the T3-SCI 
group. Green indicates upregulated DEGs, and red indicates downregulated DEGs. C Venn diagram analysis of common upregulated DEGs 
between the sham group and the T3-SCI group and between the T10-SCI group and the T3-SCI group. The red numbers represent upregulated 
DEGs specific to rats in the T3-SCI group in both comparisons. D Venn diagram analysis of common downregulated DEGs between the sham 
group and the T3-SCI group and between the T10-SCI group and the T3-SCI group. The red numbers represent downregulated DEGs specific 
to rats in the T3-SCI group in both comparisons. E GO enrichment analysis of the upregulated DEGs in the T3-SCI group identified by Venn diagram 
analysis (C). F The top 20 enriched GO terms for the downregulated DEGs in the T3-SCI group identified by Venn diagram analysis (D)
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density (PSD) 95, which is a key protein for postsynap-
tic signal transduction and integration, mainly at mature 
excitatory glutamatergic synapses, is located in the post-
synaptic membrane in the CNS [27].

Next, we performed immunofluorescence staining of 
the DG of the hippocampus; IBA1 staining in the DG 
revealed the presence of quiescent microglial with a 
scattered, branch-like morphology in the normal sham 
group. IBA1 expression was increased in the T10-SCI 
group, but the IBA1-stained cells in the T10-SCI group 
were morphologically similar to those in the sham group, 
indicating the presence of proliferative microglia. In con-
trast, in the T3-SCI group, the number of IBA1-positive 
cells in the DG was obviously increased, the somata 
were enlarged, the cell branches were shortened, and the 
cells showed an amoeboid-like morphology, indicating 
that microglia were activated. GFAP expression showed 
a similar change, indicating astrocyte overactivation 
(Fig.  5A). Statistical analysis revealed that the numbers 
of GFAP + cells, IBA1 + cells and GFAP + /IBA1 + double-
positive cells were significantly increased in the T3-SCI 
group compared with the sham group and the T10-SCI 
group (Fig. 5B, C) and that the colocalization of microglia 
and astrocytes was increased, indicating increased inter-
actions and tight connections between the two cell types. 
In summary, we found that high-level (T3) SCI leads to 
exacerbation of inflammation in the hippocampal DG 
region associated with neurogenesis.

Next, we further assessed neuroinflammation in the 
PVN by evaluating changes in the expression of the post-
synaptic membrane protein PSD-95 via triple immuno-
fluorescence for GFAP, IBA1, and PSD-95 (Fig. 5D). The 
number of activated GFAP + or IBA1 + cells in the PVN 
was higher in the T3-SCI group than in the other two 
groups (Fig.  5E, F), with the number of IBA1-labelled 
microglia being especially increased, further indicat-
ing a broad inflammatory response throughout the 
upper spinal cord after high-level SCI. This confirms 
the abovementioned findings of GO enrichment analy-
sis showing that inflammatory signalling pathway activ-
ity was increased. Interestingly, despite the exacerbation 
of inflammation, the expression of the PSD95 protein 
was significantly decreased in the T3-SCI group com-
pared with the sham group (p < 0.05), while there was a 
trend toward downregulation of PSD95 in the T3-SCI 
group compared with the T10-SCI group, the difference 
was not significant (Fig. 5G). This suggests that post-SCI 
central inflammation may be negatively correlated with 
PSD95-mediated neurotransmission and that inflam-
mation-mediated excitation inhibits neuronal Gi-GPCR 
expression, which is consistent with what was revealed by 
GO enrichment analysis of the downregulated DEGs.

In summary, we found that high-level SCI leads to sec-
ondary peripheral immunodeficiency and exacerbation 
of an uncontrollable inflammatory response in the CNS, 
while inflammation and dysregulation of neurotransmit-
ters in the hypothalamus, which plays an important role 
in the HPA axis, may be involved in the central regulation 
of secondary immunodeficiency after SCI.

T3‑SCI mediates widespread dispersion of spinal canal 
neuroinflammation
We have previously published a rapid secondary inflam-
matory response following SCI [25]. Here, to further 
explore the spread of inflammation from the spinal cord 
to the PVN and hippocampus, we performed RNA-seq 
of the injured T3 spinal cord. Figure 6A shows a volcano 
plot of the DEGs in injured spinal cord tissues from the 
sham and T3-SCI groups; there were 1422 DEGs, with 
741 genes being upregulated and 681 genes being down-
regulated in the T3-SCI group.

Subsequently, the functions of these DEGs were ana-
lysed by GO enrichment analysis. The top 20 enriched 
biological process (BP) terms in which the DEGs were 
enriched were identified. Among them, "cellular response 
to interleukin-1", "response to interleukin-1", "regulation 
of neutrophil migration", "cellular response to lipopoly-
saccharide", "response to corticosteroid", "regulation of 
myeloid leukocyte differentiation", "response to glucocor-
ticoid", "response to cytokine", "regulation of leukocyte 
migration", "antigen processing and presentation", "posi-
tive regulation of leukocyte chemotaxis" and "response to 
steroid hormone" had the highest regulatory enrichment 
rates (Fig. 6B; Additional file 5), and the results showed 
that almost all of the GO terms were associated with 
neuroinflammation and the response to cortisol. The 
enriched GO terms for the downregulated DEGs mainly 
included "glutamate receptor signalling pathway", "regu-
lation of postsynaptic membrane potential", "calcium ion 
transmembrane transport", "regulation of transsynaptic" 
signaling", "modulation of chemical synaptic transmis-
sion", "regulation of ion transmembrane transport" and 
"neuron projection morphogenesis" (Fig.  6C; Additional 
file 6).

In summary, it is illustrated here that rapid and wide-
spread neuroinflammation is the main pathological 
change after SCI; this change leads to neuronal death 
and blocks neurotransmitter transmission. Interestingly, 
the transcriptome of the injured T3 spinal cord was very 
similar to that of the hypothalamus, and the GO terms in 
which the DEGs were enriched were very similar. Then, 
we performed double immunofluorescence staining 
for GFAP and IBA1 in injured upper spinal cord tissue 
(T1) and found obvious infiltration of various types of 
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Fig. 5  Post-SCI neuroinflammation in the hypothalamic PVN and hippocampal DG regions. A Representative images showing GFAP 
and IBA1 immunofluorescence staining in the hippocampal DG after SCI. Scale bar = 200 µm. A is the sham group, b is the T3-SCI group, 
and c is the T10-SCI group. B, C Quantitative analysis of the data in Figure A; all data are presented as the mean and standard deviation 
(SD); n = 4. B Number of GFAP + positive cells; (C) number of IBA1 + positive cells. C Representative high-magnification images of GFAP, IBA1, 
and PSD95 immunofluorescence staining in the hippocampal DG region after SCI. Scale bar = 50 µm. A is the sham group, b is the T3-SCI group, 
and c is the T10-SCI group. One-way and two-way ANOVA followed by Tukey’s multiple comparison test were used to analyse differences 
between groups. *p < 0.05, **p < 0.01, ***p < 0.001
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activated microglia/macrophages in the spinal cord close 
to the site of injury (T3) (Fig.  6D–E) and concomitant 
extensive astrocyte reactivity (Fig. 6D, F); in the figures, 
astrocyte reactivity in the T1 spinal cord is shown in the 
T10-SCI group, in which T1 was further from the injury 

site than in the T3-SCI group. GFAP and IBA1 staining 
was still strong. In summary, it is further concluded that 
extensive enhancement of neuroinflammation plays a 
central role in SCI pathogenesis.

Fig. 6  Differential gene expression in the T3 spinal cord and neuroinflammation after T3-SCI. A Volcano plot of DEGs between the sham group 
and the T3-SCI group; green indicates upregulated DEGs, and red indicates downregulated DEGs. B GO enrichment analysis of upregulated DEGs 
in the spinal cord after T3-SCI. C GO enrichment analysis of downregulated DEGs in the spinal cord after T3-SCI. D Representative images showing 
GFAP and IBA1 immunofluorescence staining in the T1 spinal cord after SCI (a is the sham group, b is the T3-SCI group, and c is the T10-SCI 
group). Scale bar = 100 µm. E Quantitative analysis of the IBA1 + expression intensity in Figure A; all data are presented as the mean and standard 
deviation (SD); n = 4. F Quantification of the GFAP staining intensity in Figure A. All data are presented as the mean and standard deviation (SD); 
n = 4. One-way and two-way ANOVA followed by Tukey’s multiple comparisons test were used to analyse differences between groups. *p < 0.05, 
**p < 0.01, ***p < 0.001
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DEGs in the adrenal glands after T3‑SCI
The adrenal glands are important endocrine organs for 
maintaining homeostasis, and proper adrenal gland 
function protects against infection after SCI [10]. 
Subsequently, differential gene expression in the adre-
nal glands after T3-SCI was assessed to elucidate the 
mechanism underlying SCI-IDS. Figure 7A shows a vol-
canic plot of the DEGs in the adrenal glands between 
the sham and T3-SCI groups identified by RNA-seq; 
803 genes were differentially expressed between the 
two groups, with 401 genes being upregulated and 
402 genes being downregulated in the T3-SCI group. 
Figure  7B shows a volcano plot of DEGs between the 
T3-SCI and T10-SCI groups; there were 2944 DEGs 
between the two groups, with 1518 genes being upreg-
ulated and 1426 genes being downregulated in the 
T3-SCI group. Similarly, we further explored adre-
nal gland-specific changes in gene expression in the 
T3-SCI group. First, the common DEGs in adrenal 
tissue between the T3-SCI group and the sham group 
and between the T3-SCI group and the T10-SCI group 
were identified by Venn diagram analysis; there were 
248 common upregulated (Fig.  7C) and 222 common 
downregulated (Fig.  7D) DEGs. The top 20 GO terms 
in which the common DEGs were enriched were deter-
mined; the common upregulated DEGs were mainly 
enriched in terms associated with cortisol secretion 
and circadian rhythm changes, such as "circadian reg-
ulation of gene expression", "regulation of glucocorti-
coid secretion" and "negative regulation of circadian 
rhythm" (Fig. 7E; Additional file 7). This indicates that 
circadian rhythm disorder, which is closely related to 
cortisol secretion, was more severe in the T3-SCI group 
than in the sham group or the T10-SCI group. Moreo-
ver, the increase in cortisol expression was indeed more 
significant in the T3-SCI group (Fig. 2G).

Interestingly, the downregulated DEGs in the adre-
nal gland after T3 injury were significantly enriched 
in terms associated with major histocompatibility 
complexes (MHCs), especially MHC-II class immune 
responses, such as "MHC class II protein complex", 
"antigen processing and presentation of peptide or pol-
ysaccharide antigen via MHC class II", "MHC protein 
complex", "MHC protein binding", "chemotaxis", "MHC 
class I protein binding", "positive regulation of T-cell 
activation" and "antigen processing and presentation" 
(Fig.  7F;  Additional file  8). MHC-II is mostly located 
on antigen-presenting cells, such as macrophages, 
and uses MHC to prompt helper T cells to initiate an 
immune response [28]. In summary, T3 injury not only 
led to the marked impairment of splenic immune func-
tion but also inhibited the adaptive immune response 
mediated by adrenal MHC-II.

Changes in the distribution of postganglionic sympathetic 
nerves in adrenal tissue after SCI
Structurally, the adrenal glands are divided into the cor-
tex and medulla; moreover, the adrenal are important 
effector organs of the HPA axis and the SAM axis. An 
increasing number of scholars believe that IDS, in which 
sympathetic innervated chromaffin cells secrete NE to 
promote apoptosis of immune cells [29], is indirectly 
caused by adrenal gland impairment after SCI [10]. In 
addition, excess cortisol strongly inhibits the maturation 
and differentiation of immune cells [30].

Next, we observed structural changes in longitudinal 
sections (Fig. 8A) and cross-sections (Fig. 8D) of adrenal 
tissue and changes in the distribution of tyrosine hydrox-
ylase (TH), an enzyme involved in norepinephrine syn-
thesis, in the sympathetic ganglion on day 7 after injury 
by morphological analysis and immunohistochemistry. 
Analysis of longitudinal adrenal gland sections from rats 
in the T3-SCI group revealed that the medulla was tightly 
arranged (Fig.  8B, E), TH expression was more com-
pact, and TH + neuronal pseudopodia extended to cor-
tical regions (Fig.  8C, F), including the zona reticularis, 
zona fasciculata, and zona glomerulosa. Importantly, this 
shows that the distribution of postganglionic sympa-
thetic nerves in adrenal tissue was not been significantly 
affected after SCI and that there was still a large number 
of postganglionic neurons innervating cortical regions, 
which also provides a basis for the autonomous regula-
tion of adrenal gland-mediated GC secretion after injury.

Networks linking enriched pathways and gene targets 
in the hypothalamus and adrenal glands
To investigate the relationship between the pathways 
enriched in high-level SCI and DEG targets, we con-
structed and visualized PPI networks using the network 
visualization software Cytoscape (v3.9.1). Here, we used 
enriched GO terms for the DEGs in the hypothalamic 
and adrenal glands as nodes of interest and the gene 
targets associated with them as edges and constructed 
a network map to reveal the hub genes in the pathway. 
The darker the node colour is, the higher the degree cen-
trality (DC), indicating that the correlation between the 
gene target and the pathway of interest is more signifi-
cant (Fig. 9A, C, E, G). The 20 DEGs with the highest DC 
were considered hub genes; Fig. 9D, F, H show the change 
in the TPM of these genes, which reflects the change in 
their expression.

The significantly upregulated genes in the hypothala-
mus, i.e., Nod2, Serpine1, Cebpb, Nfkbil1, Ripk2, Zfp36, 
Traf6, Akap8, Gfer, Cxcl10, Tnfaip3, Icam1, Fcgr2b, Ager, 
Dusp10, and Mapkapk2, were enriched in 12 inflamma-
tion-related pathways (Fig.  9A, B). The downregulated 
hub genes, i.e., Grm4, Nmu, P2ry12, Npy5r, Oprm1, 
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Fig. 7  Changes in gene expression in the adrenal glands after T3-SCI. A Volcano plot of DEGs between the sham group and the T3-SCI group; 
green indicates upregulated DEGs, and red indicates downregulated DEGs. B Volcano plot of DEGs between the T10-SCI group and the T3-SCI 
group. Green indicates upregulated DEGs, and red indicates downregulated DEGs. C Venn diagram analysis of common upregulated 
DEGs between the sham group and the T3-SCI group and between the T10-SCI group and the T3-SCI group. The red numbers represent 
upregulated DEGs in the adrenal glands specifically in rats in the T3-SCI group in the two comparisons. D Venn diagram analysis of common 
downregulated DEGs between the sham group and the T3-SCI group and between the T10-SCI group and the T3-SCI group. The red numbers 
represent downregulated DEGs in the adrenal glands specifically in rats in the T3-SCI group in the two comparisons. E GO enrichment analysis 
of the upregulated DEGs in the T3-SCI group identified by Venn diagram analysis (C). F The top 20 enriched GO terms for the downregulated DEGs 
in the T3-SCI group identified by Venn diagram analysis (C)
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Zfhx2, Gpr83, and Chrm2, were enriched in 6 pathways 
related to changes in neuronal Gi-GPCR and neuropep-
tide expression (Fig.  9C, D). GO enrichment analysis 
showed that the upregulated hub genes in the adrenal 

glands, i.e., Ciart, per2, per3, cry1, and cry2, were sig-
nificantly enriched in three pathways related to cortisol 
secretion and circadian rhythm changes and the related 
hub genes (Fig. 9E, F). The downregulated hub genes, i.e., 

Fig. 8  Changes in adrenal gland histomorphology and TH distribution after SCI. A Graph of the intensity of HE staining and immunohistochemical 
staining for TH in longitudinal sections of adrenal gland tissue on day 7 after SCI. n = 3. Scale bar = 1 mm. B TH distribution and expression 
in the medulla (m) in longitudinal sections of the adrenal gland. Scale bar = 500 µm. C TH distribution and expression in longitudinal seconds 
of the adrenal cortex (c). Scale bar = 250 µm. D Graph of the intensity of HE staining and immunohistochemical staining for TH in cross-sections 
of the adrenal gland surface on day 7 after SCI. n = 3. Scale bar = 1 mm. E TH distribution and expression in cross-sections of the adrenal medulla (m). 
Scale bar = 500 µm. F TH distribution and expression in the cross-sections of the adrenal cortex (c). Scale bar = 250 µm. Zr zona reticularis, Zf zona 
fasciculata, Zg zona glomerulosa

(See figure on next page.)
Fig. 9  GO enrichment analysis of the association network between gene targets in the hypothalamus and adrenal glands after T3-SCI. (A, 
B) (A) Targets of upregulated genes associated with enriched GO pathways in the hypothalamus after T3-SCI. B Expression of the top 20 hub 
genes most closely associated with the GO pathways (in TPM). (C, D) C Targets of downregulated genes associated with enriched GO pathways 
in the hypothalamus after T3-SCI. D Expression of the top 20 hub genes most closely associated with the GO pathways (in TPM). (E–F) E 
Targets of upregulated genes associated with enriched GO pathways in the adrenal glands after T3-SCI. F Expression of the top 20 hub genes 
most closely associated with the GO pathways (in TPM). (G, H) G Targets of downregulated genes associated with the enriched GO pathways 
in the hypothalamus after T3-SCI. H Expression of the top 20 hub genes most closely associated with the GO pathways (in TPM). The T3-SCI group 
compared to the sham group: *p < 0.05, **p < 0.01, ***p < 0.001; the T3-SCI group compared to the T10-SCI group: #p < 0.05, ##p < 0.01, ###p < 0.001
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Fig. 9  (See legend on previous page.)
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IL7r, rt1-bb, rt1-bb1, rt1-da, rt1-ba, cd74, cxcr3, vcam1, 
ccl5, bin1, and IL8, were enriched in 11 pathways associ-
ated with the MHC-mediated immune response (Fig. 9E, 
F).

Discussion
Immunodeficiency after SCI leads to increased suscep-
tibility to infection and severely affects the recovery of 
function [5–8]. However, there is still a lack of system-
atic understanding of SCI-IDS. In the current study, we 
found that the immune organs showed persistent atrophy 
after high-level (T3) SCI, while the immune organs of 
rats with low-level SCI showed gradual recovery. T3-SCI 
was accompanied by a decrease in NE expression and a 
significant increase in GC levels.

"Omics" technology may be the main means of target 
identification and screening, and unbiased analysis of 
transcriptomics can be used as an objective exploration 
of disease targets. A number of studies have focused on 
the use of multiomics [31] and spatiotemporal expres-
sion of local tissues of SCI [32–35], and previous stud-
ies have explored transcriptional, protein and metabolic 
changes in local injury and carried out in-depth research 
on understanding the pathological changes, molecu-
lar mechanisms and spinal cord repair of local injuries 
[31, 36, 37]. Previous studies have shown that day 7 is 
the subacute phase of SCI, which is a critical period for 
secondary injury to SCI and an important time point 
for treatment [36, 38]. A recent study based on the sin-
gle-cell transcriptome of SCI mice suggests that day 7 of 
injury is the peak of microglia, neuroinflammation, and 
immune response [39]. First, this study performed bulk 
transcriptome analysis on day 7 after SCI to observe sys-
temic immune changes. Second, SCI-IDS may be attrib-
uted to loss of inhibitory control of the spinal cord after 
injury, leading to neuroendocrine disorders. Therefore, 
to understand the neuroendocrine and immune changes 
following SCI, for the first time, we analysed the molecu-
lar profiles of the hypothalamus and adrenal glands in the 
HPA axis, as well as the genetic changes in the immune 
organ spleen, by unbiased transcriptome analysis to 
reveal the possible mechanisms behind immune defi-
ciency after injury, with tissue spatial specificity. It is well 
known that SCI-IDS is typically injury level dependent 
[6], and here, we selected high-level (Th3) and low-level 
(Th10) rat models of complete thoracic SCI to reveal the 
neurogenic mechanism of SCI-IDS, as the adrenal glands 
almost lose control of the supraspinal center after high 
levels of SCI. Compared with stroke and traumatic brain 
injury, the spinal cord is relatively structurally unified as 
a liaison station between the supraspinal center and the 
periphery, so SCI provides a favorable neuroanatomical 

method to decipher the neuroendocrine mechanisms of 
immune-related organs.

Unbiased transcriptome analysis and histopathologi-
cal staining of multiple tissues (including the hypothala-
mus, spinal cord, adrenal glands and spleen) after injury 
to different spinal cord levels revealed neuroendocrine-
mediated immunodeficiency after high-level SCI. T3-SCI 
induced uncontrolled and progressive inflammation in 
the CNS (the hippocampus, hypothalamus, and spinal 
cord) and persistent impairment of the immune func-
tion of peripheral organs (the spleen and adrenal glands). 
Moreover, T3-SCI inhibited neurotransmission via Gi-
GPCRs and neuropeptide production in the CNS. Finally, 
T3 injury impaired adrenal gland-mediated circadian 
regulation and cortisol secretion. In conclusion, this 
study identified the main molecular changes after injury 
to different spinal cord segments based on unbiased tran-
scriptome analysis and preliminarily delineated the dif-
ferentially regulated neuroendocrine–immune network 
associated with SCI-IDS.

The contradiction between neuroinflammation in the CNS 
and systemic immunosuppression after high‑level SCI
SCI triggers a systemic inflammatory response, which is 
particularly strong in the spinal canal and widespread in 
the spinal cord [25, 40]. Studies have shown that inflam-
mation within the spinal canal persists indefinitely and 
that autoimmune pathology depends on the extent of 
injury [41]. We previously found that activation of an 
inflammatory cascade secondary to spinal cord injury 
resulted in significant white matter loss at the distal 
end of the spinal cord [25]. In this study, transcriptome 
analysis showed that CNS neuroinflammation was more 
severe after high-level SCI than after low-level SCI. 
Microglia are present in all CNS tissues associated with 
the HPA axis and secrete factors that synergistically stim-
ulate HPA axis activity in an autocrine manner. Studies 
have determined that activated microglia disrupt BBB 
function by releasing molecules that increase permeabil-
ity and induce inflammation [42]. Injury-induced activa-
tion of microglia/macrophages disrupts the blood‒spinal 
cord barrier, hinders the restoration of key mechanisms 
of CNS immune privilege, further exacerbates inflamma-
tory infiltration in the upper spinal cord, and affects brain 
neural networks. In particular, complex neural networks 
receive and integrate information transmitted from 
hypothalamic regions via various peripheral hormones, 
including those in the HPA axis and the autonomic nerv-
ous system (ANS). Here, an inflammatory response of the 
same degree was observed in the hippocampus as in the 
hypothalamus, and studies suggest that the hippocampus 
makes direct and indirect polysynaptic connections with 
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the PVN; moreover, the hippocampus has been identified 
as a particularly important region for activating the ANS 
and HPA. Furthermore, activated astrocytes interact with 
neurons and microglia and act as sensors of immune 
information and components of tripartite synapses to 
integrate immune and neural signals [43]. Finally, pre-
synaptic Gi-coupled GPCRs and neuropeptides (includ-
ing opioid receptors) reduce neurotransmitter release 
by targeting complex mechanisms of ion channels and 
vesicles in a synaptic- and activity-dependent man-
ner, ultimately reducing the expression of PSD-95 via 
neurotransmission.

Nevertheless, immunosuppression therapy for SCI 
has been largely unsuccessful due to the limited con-
centration of neuroinflammation in limited intraspinal 
"compartmentalization" studies [44]. In modern view, 
the inflammatory response caused by SCI acts as a dou-
ble-edged sword because inflammation and immunity 
exert both beneficial (plasticity-enhancing) and harmful 
(glial cell degeneration and neurodegeneration; second-
ary injury) effects, and these functions change over time 
[45, 46]. Intriguingly, inflammation not only leads to the 
spread of damage throughout the spinal cord but is also 
an important cause of multiorgan dysfunction, especially 
organ atrophy, which mediates immunodeficiency and 
hematopoietic dysfunction [47]. The structure and func-
tion of the CNS are affected by systemic immune chal-
lenges, so the dynamic interaction between peripheral 
immune deficiency and intraspinal inflammation must 
be revisited to maximize immune homeostasis recovery 
after SCI.

In a clinical cohort study, RNA-seq of blood sam-
ples from patients with SCI showed significant down-
regulation of genes associated with natural killer (NK) 
cells and upregulation of genes related to proinflamma-
tory Toll-like receptor signalling pathways [41]. In this 
work, high-level SCI results in complete inhibition of 
the immune function of peripheral endocrine-immune 
organs (the spleen and adrenal glands); the injury inhib-
its the adaptive immune responses of the spleen and 
adrenal glands, including immune organ atrophy, B-cell 
development and responses, antibody production, and 
MHC-II-mediated immunity. MHC-II is typically consid-
ered a marker of granulocyte and monocyte activation, 
which subsequently promotes T-cell activation [28, 48]. 
Locally, in the adrenal gland, high expression of GCs after 
high-level SCI is related to increased adrenal-mediated 
regulation of circadian rhythm, and the autocrine effect 
of high expression of GCs on immune cells is related to 
cell survival [49]. For example, GCs can regulate MHC-II 
expression and were previously shown to reduce MHC-II 
gene expression on monocytes; reticular band cells of the 
adrenal cortex express MHC/HLA class II molecules, and 

leukocytes interact directly with the adrenal glands [50]. 
GCs also indirectly negatively affect the B-cell response 
by reducing the number of helper T cells and inhibiting 
their activation while also inhibiting the function of anti-
gen-presenting dendritic cells [52]. Via the brain-spleen 
immune axis, the PVN can control GC signalling to force 
lymphocytes and monocytes to migrate into the bone 
marrow, reducing their number and maturation [51]. 
Re-establishing near-baseline GC levels after SCI can 
prevent pneumonia due to SCI-IDS [10]. However, stud-
ies suggest that targeting stress-related axes (the HPA 
axis, SAM axis, and neurotrophic factor/neuropeptide 
axis) has no beneficial effect on or is even detrimental to 
functional recovery in mice after SCI [10, 53]. Therefore, 
restoring basal levels of endogenous GC release may be 
an effective therapeutic strategy for SCI-IDS.

Mechanism underlying the disruption of the connection 
between the hypothalamus and the adrenal glands 
in the HPA axis after high‑level SCI
Normal connections between the CNS and the immune 
system are disrupted after SCI, resulting in SCI-asso-
ciated immunosuppressive syndrome, which enhances 
susceptibility to infection depending on the level of the 
lesion. Loss of control of downstream immune organs 
(the spleen and adrenal glands) by the upper spinal cord 
is largely due to disruption of neuronal afferents after 
injury [54–58]. Studies have shown that this enhanced 
susceptibility to infection is mediated by a central mecha-
nism [7, 8, 58–60]. Many scientists have tried to elucidate 
the mechanism underlying neuroendocrine-immune 
crosstalk, and it is still unclear. This study preliminarily 
reveals that after high-level SCI, splenic immune func-
tion is impaired, adrenal-mediated cortisol production 
is increased, the production of the hormone ACTH 
upstream of the HPA axis is negatively regulated, the 
expression of transmitters such as GPCRs and neuro-
peptides are decreased, and the inflammatory response is 
enhanced. Studies have shown that primary hypercorti-
solism, which is not caused by ACTH, occurs following 
SCI and that ACTH expression tends to be suppressed 
after high-level SCI [10, 61]. We analysed the causes of 
these changes. The progressive downregulation of neu-
ropeptide transmitters, such as NPY and the endogenous 
opioid receptor OPRM1, reduces the central synthe-
sis of ACTH and causes HPA axis disruption. Moreo-
ver, after SCI, the homeostatic function of the adrenal 
glands is impaired, abolishing their ability to regulate 
the hypothalamus, and hypercortisolemia is caused by 
adrenal denervation (CNS decompression), resulting in 
inhibition of ACTH expression through a negative feed-
back mechanism and eventually to a high degree of adre-
nal autonomy.
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Adrenal gland‑mediated circadian rhythm disturbances 
after high‑level SCI further exacerbate immunodeficiency
Normally, initiation of the stress response causes dam-
age to the body, and glucocorticoids inhibit the function 
and migration of white blood cells, thereby reducing the 
production of inflammatory mediators and cytokines and 
reducing their effects on the body. However, excessive 

suppression leads to immunodeficiency. The balance 
between immunodeficiency and immunopathology is 
achieved through a combination of endogenous anti-
inflammatory and proinflammatory mechanisms [28, 62].

Here, we observed the phenomenon of overreaction 
of central congenital inflammation with total suppres-
sion of peripheral adaptive immunity. Through adrenal 

Fig. 10  The Tai Chi mechanism underlying the complex regulatory effect of the neuroendocrine system on SCI-IDS. The Tai Chi diagram shows 
that the main tissues and organs involved in neuroendocrine immunity are the hypothalamus, adrenal glands and spleen, which are also important 
components of the HPA axis (from the inside out, the most central). Multitissue transcriptome analysis showed that the pathway-gene target 
map was composed of DEGs and the GO pathways in which they were enriched after T3-SCI; red indicates upregulation, and green indicates 
downregulation (second and third layers). Possible mechanisms of NIA regulation after SCI (outermost)
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transcriptome analysis, we observed a simultaneous 
increase in circadian rhythm regulation and cortisol lev-
els after high-level SCI accompanied by MHC-II-related 
immunodeficiency, suggesting that circadian rhythm 
disturbance aggravates immune deficiency. Studies have 
shown that sympathetic innervation of the adrenal cor-
tex controls the circadian sensitivity of cortical cells to 
ACTH, which in turn regulates the circadian rhythm 
and GC release [63]. However, disruption of pregangli-
onic neurons contributes to loss of inhibition of circadian 
rhythm regulation. Therefore, circadian rhythm distur-
bances of the adrenal glands after high levels of SCI have 
the potential to further exacerbate immune deficiencies.

The Tai Chi mechanism underlying the complex regulatory 
effect of the neuroendocrine system on SCI‑IDS
The mechanism by which SCI causes immune defi-
ciency is complex and involves dysregulation of multiple 
systems and organs. Imbalance of the neuroendocrine 
immunomodulatory axis (NIA) in any direction can lead 
to immune dysfunction [64]. The NIA is a robust system 
that is mutually regulated and highly coordinated, and it 
maintains homeostasis and ensures normal physiologi-
cal functions, similar to the traditional theory of Chinese 
Tai Chi. Although it is always changing, it always pursues 
balance and gives rhythm. This study uses multitissue 
transcriptome analysis to preliminarily analyse differ-
ences in gene expression between the hypothalamus, spi-
nal cord, adrenal glands and spleen after SCI, revealing 
the presence of a regulatory network of neuroendocrine 
immunity after high-level SCI rather than compartmen-
talization of damage.

The observed neuroinflammation in the CNS and sys-
temic immunosuppression after high-level spinal cord 
injury, as shown in Fig.  10, are contradictory. The right 
panel shows uncontrolled neuroinflammation in the 
CNS, and the left panel shows impairment of the adap-
tive immune function of peripheral organs. Moreover, 
the SCI-mediated disruption of the connection between 
the hypothalamus and the adrenal glands in the HPA 
axis, hypercortisolemia and the regulatory uncoupling 
of the hypothalamus may be due to the loss of control of 
neuronal Gi-GPCRs and neuropeptides. Finally, injury 
induces circadian rhythm disturbances in the adrenal 
glands, further exacerbating immunodeficiency. The 
exact mechanism then needs to be regulated and vali-
dated by pharmacological, optogenetic, or chemogenetic 
regulatory targets.

Conclusion
Remodelling of immune homeostasis after SCI is the 
basis of nerve repair and functional recovery. Neuroin-
flammation caused by SCI persists indefinitely, hindering 

nerve repair; persistent system-wide immunosuppres-
sion in the periphery results in increased susceptibility to 
infection, leading to poor neurological prognosis. In this 
study, unbiased transcriptomic analysis initially revealed 
and validated a gene network responsible for neuroendo-
crine immunomodulation after high-level SCI.

Through analysis of multiple tissues via various tech-
niques and verification, a mechanism of SCI-IDS is pro-
posed; specifically, the spread of neuroinflammation to 
the CNS after injury inhibits neurotransmission through 
Gi-GPCRs in the HPA axis and neuropeptide produc-
tion in the hypothalamus. This further leads to autono-
mous regulation of the dissociated adrenal glands due to 
disruption of the connection between the hypothalamus 
and the adrenal glands and the disturbance of circadian 
rhythm and finally leads to hypercortisolemia, causing 
complete suppression of peripheral adaptive immunity.

Abbreviations
SCI	� Spinal cord injury
RNA-seq	� RNA sequencing
SCI-IDS	� Spinal cord injury-induced immunodeficiency syndrome
HPA	� Hypothalamo–pituitary–adrenal axis
DEGs	� Differentially expressed genes
GO	� Gene Ontology
CNS	� Central nervous system
BBB	� Blood brain barrier
CVO	� Circumventricular organs
TH	� Tyrosine hydroxylase
GC	� Glucocorticoid
CA	� Catecholamine
CIDS	� Central nervous system injury-induced immunodeficiency 

syndrome
SBP	� Systolic blood pressure
IOD	� Integrated optical density
NE	� Norepinephrine
ACTH	� Adrenocorticotropic hormone
TPM	� Transcripts perkilobase million
PCA	� Principal component analysis
RP	� Red pulp
WP	� White pulp
PVN	� Paraventricular nucleus
DG	� Dentate gyrus
IBA1	� Ionized calcium binding adapter molecule 1
GFAP	� Glial fibrillary acidic protein
PSD-95	� Postsynaptic density 95
DC	� Degree centrality
Zr	� Zona reticularis
Zf	� Zona fasciculata
Zg	� Zona glomerulosa
Gi-GPCR	� Gi mediated G protein coupled receptor
ANS	� Autonomic nervous system
MHC	� Major histocompatibility complex
NIA	� Neuroendocrine immunomodulatory axis

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12974-​023-​02906-7.

Additional file 1: Summary of Illumina’s postsequencing sequence 
assembly.

https://doi.org/10.1186/s12974-023-02906-7
https://doi.org/10.1186/s12974-023-02906-7


Page 22 of 24Zeng et al. Journal of Neuroinflammation          (2023) 20:219 

Additional file 2: The principal component analysis between different 
samples.

Additional file 3: The GO terms enriched of hypothalamus in 352 upregu‑
lated DEGs.

Additional file 4: The GO terms enriched of hypothalamus in 185 down‑
regulated DEGs.

Additional file 5: The GO terms enriched of spinal cord in 741upregu‑
lated DEGs.

Additional file 6: The GO terms enriched of spinal cord in 681downregu‑
lated DEGs.

Additional file 7: The GO terms enriched of adrenal gland in 248 upregu‑
lated DEGs.

Additional file 8: The GO terms enriched of adrenal gland in 222 down‑
regulated DEGs.

Acknowledgements
We are grateful for the technical support provided by Peking University Third 
Hospital Central Laboratory.

Author contributions
JWW, BC and MWZ conceived and designed the study; HZ coordinated the 
project and partly wrote the manuscript. HZ, LC, DZL, SF, KXW and LLX per‑
formed animal management and biosample collection. HZ, SF, LC, DZL and BC 
designed the analyses, performed the bioinformatic analyses and partly wrote 
the manuscript. HZ, SF, LC and BC performed the validation experiments. ZYF 
supervised and performed bioinformatic analyses. HZ, JWW, MWZ and BC 
wrote, revised, and revised the article. All these authors read and approved the 
final manuscript.

Funding
This study was sponsored by the National Natural Science Foundation of 
China (grant number 82102644), the Shanghai Sailing Program (grant number 
21YF1423900), the Biomaterials and Regenerative Medicine Institute Coopera‑
tive Research Project, the Shanghai Jiao tong University School of Medicine 
(grant number 2022LHB08), and the Postdoctoral Scientific Research Founda‑
tion of Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University School 
of Medicine (ZengHong-2021-Scientific research startup funds).

Availability of data and materials
(1) RNA-Seq raw data have been deposited in the NCBI Sequence Read 
Archive (SRA, https://​submit.​ncbi.​nlm.​nih.​gov/​subs/​sra/​SUB13​039409/​
overv​iew). Accession IDs for Rattus norvegicus BioProject = PRJNA953749; 
BioSample = SAMN34122650-SAMN 34122675 (13 objects of adrenal gland) 
(13 objects). (2) RNA-Seq raw data have been deposited in the NCBI Sequence 
Read Archive (SRA, https://​submit.​ncbi.​nlm.​nih.​gov/​subs/​sra/​SUB13​054007/​
overv​iew). Accession IDs for Rattus norvegicus BioProject = PRJNA953752; 
BioSample = SAMN34122695-SAMN34122720 (13 objects of hypothalamus). 
(3) RNA-Seq raw data have been deposited in the NCBI Sequence Read 
Archive (SRA, https://​submit.​ncbi.​nlm.​nih.​gov/​subs/​sra/​SUB13​054026/​overv​
iew). Accession IDs for Rattus norvegicus BioProject = PRJNA953782; BioSa‑
mple = 34123816-SAMN34123839 (13 objects of spleen). (4) RNA-Seq raw 
data have been deposited in the NCBI Sequence Read Archive (SRA, https://​
submit.​ncbi.​nlm.​nih.​gov/​subs/​sra/​SUB59​17896/​overv​iew). Accession IDs for 
Rattus norvegicus BioProject = PRJNA552942; BioSample = SAMN12222084-
SAMN12222089 (6 objects of spinal cord).

Declarations

Ethics approval and consent to participate
All experimental procedures were carried out in accordance with the Chinese 
Guidelines of Animal Care and Welfare, and the study was approved by the 
Animal Welfare Ethics Branch of the Shanghai Jiao Tong University School of 
Medicine Bioethics Committee and the Use Committee of Shanghai Ninth 
People’s Hospital (IACUC) (protocol number: SH9H-2020-T286-1, date of 
approval: March 20, 2020).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Rehabilitation Medicine, Shanghai Ninth People’s Hospital 
Affiliated to Shanghai Jiao Tong University School of Medicine, 500 Quxi Road, 
Shanghai 200011, China. 2 Department of Orthopedic Surgery, Shanghai 
Ninth People’s Hospital Affiliated to Shanghai Jiao Tong University School 
of Medicine, 639 Zhizaoju Road, Shanghai 200011, China. 3 Department 
of Rehabilitation Medicine, Peking University Third Hospital, 49 North Garden 
Road, Beijing 100191, China. 4 School of Medicine, Shanghai University, Shang‑
hai 200444, China. 

Received: 13 April 2023   Accepted: 26 September 2023

References
	1.	 Ahuja CS, Wilson JR, Nori S, Kotter MRN, Druschel C, Curt A, Fehlings MG. 

Traumatic spinal cord injury. Nat Rev Dis Primers. 2017;3:17018.
	2.	 Hutson TH, Di Giovanni S. The translational landscape in spinal cord 

injury: focus on neuroplasticity and regeneration. Nat Rev Neurol. 
2019;15:732–45.

	3.	 Rodgers KA, Kigerl KA, Schwab JM, Popovich PG. Immune dysfunction 
after spinal cord injury—a review of autonomic and neuroendocrine 
mechanisms. Curr Opin Pharmacol. 2022;64: 102230.

	4.	 Bracchi-Ricard V, Zha J, Smith A, Lopez-Rodriguez DM, Bethea JR, 
Andreansky S. Chronic spinal cord injury attenuates influenza virus-
specific antiviral immunity. J Neuroinflammation. 2016;13:125.

	5.	 Riegger T, Conrad S, Liu K, Schluesener HJ, Adibzahdeh M, Schwab JM. 
Spinal cord injury-induced immune depression syndrome (SCI-IDS). Eur J 
Neurosci. 2007;25:1743–7.

	6.	 Brommer B, Engel O, Kopp MA, Watzlawick R, Müller S, Prüss H, Chen Y, 
DeVivo MJ, Finkenstaedt FW, Dirnagl U, et al. Spinal cord injury-induced 
immune deficiency syndrome enhances infection susceptibility depend‑
ent on lesion level. Brain. 2016;139:692–707.

	7.	 Carpenter RS, Marbourg JM, Brennan FH, Mifflin KA, Hall JCE, Jiang RR, 
Mo XM, Karunasiri M, Burke MH, Dorrance AM, Popovich PG. Spinal cord 
injury causes chronic bone marrow failure. Nat Commun. 2020;11:3702.

	8.	 Hong J, Chang A, Liu Y, Wang J, Fehlings MG. Incomplete spinal cord 
injury reverses the level-dependence of spinal cord injury immune 
deficiency syndrome. Int J Mol Sci. 2019;20:3762.

	9.	 Anderson MA, Squair JW, Gautier M, Hutson TH, Kathe C, Barraud Q, Bloch 
J, Courtine G. Natural and targeted circuit reorganization after spinal cord 
injury. Nat Neurosci. 2022;25:1584–96.

	10.	 Prüss H, Tedeschi A, Thiriot A, Lynch L, Loughhead SM, Stutte S, Mazo IB, 
Kopp MA, Brommer B, Blex C, et al. Spinal cord injury-induced immuno‑
deficiency is mediated by a sympathetic-neuroendocrine adrenal reflex. 
Nat Neurosci. 2017;20:1549–59.

	11.	 Jeong JK, Dow SA, Young CN. Sensory circumventricular organs, neuroen‑
docrine control, and metabolic regulation. Metabolites. 2021;11:494.

	12.	 Yoo S, Blackshaw S. Regulation and function of neurogenesis in the adult 
mammalian hypothalamus. Prog Neurobiol. 2018;170:53–66.

	13.	 Lyraki R, Schedl A. Adrenal cortex renewal in health and disease. Nat Rev 
Endocrinol. 2021;17:421–34.

	14.	 Norden DM, Bethea JR, Jiang J. Impaired CD8 T-cell antiviral immunity 
following acute spinal cord injury. J Neuroinflammation. 2018;15:149.

	15.	 Ahuja CS, Mothe A, Khazaei M, Badhiwala JH, Gilbert EA, van der Kooy D, 
Morshead CM, Tator C, Fehlings MG. The leading edge: emerging neu‑
roprotective and neuroregenerative cell-based therapies for spinal cord 
injury. Stem Cells Transl Med. 2020;9:1509–30.

	16.	 BarbielliniAmidei C, Salmaso L, Bellio S, Saia M. Epidemiology of trau‑
matic spinal cord injury: a large population-based study. Spinal Cord. 
2022;60:812–9.

	17.	 Panfil K, Deavours A, Kirkpatrick K. Effects of the estrous cycle on impul‑
sive choice and interval timing in female rats. Horm Behav. 2023;149: 
105315.

https://submit.ncbi.nlm.nih.gov/subs/sra/SUB13039409/overview
https://submit.ncbi.nlm.nih.gov/subs/sra/SUB13039409/overview
https://submit.ncbi.nlm.nih.gov/subs/sra/SUB13054007/overview
https://submit.ncbi.nlm.nih.gov/subs/sra/SUB13054007/overview
https://submit.ncbi.nlm.nih.gov/subs/sra/SUB13054026/overview
https://submit.ncbi.nlm.nih.gov/subs/sra/SUB13054026/overview
https://submit.ncbi.nlm.nih.gov/subs/sra/SUB5917896/overview
https://submit.ncbi.nlm.nih.gov/subs/sra/SUB5917896/overview


Page 23 of 24Zeng et al. Journal of Neuroinflammation          (2023) 20:219 	

	18.	 Squair JW, Ruiz I, Phillips AA, Zheng MMZ, Sarafis ZK, Sachdeva R, 
Gopaul R, Liu J, Tetzlaff W, West CR, Krassioukov AV. Minocycline 
reduces the severity of autonomic dysreflexia after experimental spinal 
cord injury. J Neurotrauma. 2018;35:2861–71.

	19.	 Wu F, Ding XY, Li XH, Gong MJ, An JQ, Lai JH, Huang SL. Cellular inflam‑
matory response of the spleen after acute spinal cord injury in rat. 
Inflammation. 2019;42:1630–40.

	20.	 Zeng H, Yu BF, Liu N, Yang YY, Xing HY, Liu XX, Zhou MW. Transcriptomic 
analysis of α-synuclein knockdown after T3 spinal cord injury in rats. 
BMC Genomics. 2019;20:851.

	21.	 Klopfenstein DV, Zhang L, Pedersen BS, Ramírez F, Warwick Vesztrocy A, 
Naldi A, Mungall CJ, Yunes JM, Botvinnik O, Weigel M, et al. GOATOOLS: 
a Python library for gene ontology analyses. Sci Rep. 2018;8:10872.

	22.	 Omoboyede V, Onile OS, Oyeyemi BF, Aruleba RT, Fadahunsi AI, Oke 
GA, Onile TA, Ibrahim O, Adekiya TA. Unravelling the anti-inflammatory 
mechanism of Allium cepa: an integration of network pharmacology 
and molecular docking approaches. Mol Divers. 2023.

	23.	 Hermida MD, de Melo CVB, Lima IDS, Oliveira GGS, Dos-Santos WLC. 
Histological disorganization of spleen compartments and severe 
visceral leishmaniasis. Front Cell Infect Microbiol. 2018;8:394.

	24.	 Kemppainen RJ, Behrend EN. Adrenal physiology. Vet Clin North Am 
Small Anim Pract. 1997;27:173–86.

	25.	 Zeng H, Liu N, Yang YY, Xing HY, Liu XX, Li F, La GY, Huang MJ, Zhou 
MW. Lentivirus-mediated downregulation of α-synuclein reduces neu‑
roinflammation and promotes functional recovery in rats with spinal 
cord injury. J Neuroinflammation. 2019;16:283.

	26.	 Wu F, Liu Z, Zhou L, Ye D, Zhu Y, Huang K, Weng Y, Xiong X, Zhan R, 
Shen J. Systemic immune responses after ischemic stroke: from the 
center to the periphery. Front Immunol. 2022;13: 911661.

	27.	 Vallejo D, Codocedo JF, Inestrosa NC. Posttranslational modifications 
regulate the postsynaptic localization of PSD-95. Mol Neurobiol. 
2017;54:1759–76.

	28.	 Gururajan A, van de Wouw M, Boehme M, Becker T, O’Connor R, 
Bastiaanssen TFS, Moloney GM, Lyte JM, Ventura Silva AP, Merckx B, 
et al. Resilience to chronic stress is associated with specific neurobio‑
logical, neuroendocrine and immune responses. Brain Behav Immun. 
2019;80:583–94.

	29.	 Du Y, Demillard LJ, Ren J. Catecholamine-induced cardiotoxicity: a criti‑
cal element in the pathophysiology of stroke-induced heart injury. Life 
Sci. 2021;287: 120106.

	30.	 Walker DJ, Spencer KA. Glucocorticoid programming of neuroimmune 
function. Gen Comp Endocrinol. 2018;256:80–8.

	31.	 Zeng Z, Li M, Jiang Z, Lan Y, Chen L, Chen Y, Li H, Hui J, Zhang L, Hu X, 
Xia H. Integrated transcriptomic and metabolomic profiling reveals 
dysregulation of purine metabolism during the acute phase of spinal 
cord injury in rats. Front Neurosci. 2022;16:1066528.

	32.	 Shi LL, Zhang N, Xie XM, Chen YJ, Wang R, Shen L, Zhou JS, Hu JG, Lü 
HZ. Transcriptome profile of rat genes in injured spinal cord at different 
stages by RNA-sequencing. BMC Genomics. 2017;18:173.

	33.	 Gong L, Lv Y, Li S, Feng T, Zhou Y, Sun Y, Mi D. Changes in transcriptome 
profiling during the acute/subacute phases of contusional spinal cord 
injury in rats. Ann Transl Med. 2020;8:1682.

	34.	 Niu SP, Zhang YJ, Han N, Yin XF, Zhang DY, Kou YH. Identification of 
four differentially expressed genes associated with acute and chronic 
spinal cord injury based on bioinformatics data. Neural Regen Res. 
2021;16:865–70.

	35.	 Fang S, Zhong L, Wang AQ, Zhang H, Yin ZS. Identification of regenera‑
tion and hub genes and pathways at different time points after spinal 
cord injury. Mol Neurobiol. 2021;58:2643–62.

	36.	 Yao XQ, Liu ZY, Chen JY, Huang ZC, Liu JH, Sun BH, Zhu QA, Ding RT, 
Chen JT. Proteomics and bioinformatics reveal insights into neuroin‑
flammation in the acute to subacute phases in rat models of spinal 
cord contusion injury. FASEB J. 2021;35: e21735.

	37.	 Duan H, Ge W, Zhang A, Xi Y, Chen Z, Luo D, Cheng Y, Fan KS, Horvath 
S, Sofroniew MV, et al. Transcriptome analyses reveal molecular mecha‑
nisms underlying functional recovery after spinal cord injury. Proc Natl 
Acad Sci USA. 2015;112:13360–5.

	38.	 Xie J, Herr S, Ma D, Wu S, Zhao H, Sun S, Ma Z, Chan MY, Li K, Yang Y, 
et al. Acute transcriptomic and epigenetic alterations at T12 after rat 
T10 spinal cord contusive injury. Mol Neurobiol. 2023;60:2937–53.

	39.	 Li C, Wu Z, Zhou L, Shao J, Hu X, Xu W, Ren Y, Zhu X, Ge W, Zhang K, 
et al. Temporal and spatial cellular and molecular pathological altera‑
tions with single-cell resolution in the adult spinal cord after injury. 
Signal Transduct Target Ther. 2022;7:65.

	40.	 Li Y, Cao T, Ritzel RM, He J, Faden AI, Wu J. Dementia, depression, and 
associated brain inflammatory mechanisms after spinal cord injury. 
Cells. 2020;9:1420.

	41.	 Herman P, Stein A, Gibbs K, Korsunsky I, Gregersen P, Bloom O. Persons 
with chronic spinal cord injury have decreased natural killer cell and 
increased toll-like receptor/inflammatory gene expression. J Neuro‑
trauma. 2018;35:1819–29.

	42.	 Candelario-Jalil E, Dijkhuizen RM, Magnus T. Neuroinflammation, stroke, 
blood–brain barrier dysfunction, and imaging modalities. Stroke. 
2022;53:1473–86.

	43.	 Semyanov A, Verkhratsky A. Astrocytic processes: from tripartite syn‑
apses to the active milieu. Trends Neurosci. 2021;44:781–92.

	44.	 Gao TY, Huang FF, Xie YY, Wang WQ, Wang LD, Mu D, Cui Y, Wang B. 
Dynamic changes in the systemic immune responses of spinal cord 
injury model mice. Neural Regen Res. 2021;16:382–7.

	45.	 Schmidt E, Raposo P, Vavrek R, Fouad K. Inducing inflammation follow‑
ing subacute spinal cord injury in female rats: a double-edged sword 
to promote motor recovery. Brain Behav Immun. 2021;93:55–65.

	46.	 Jin Y, Song Y, Lin J, Liu T, Li G, Lai B, Gu Y, Chen G, Xing L. Role of inflam‑
mation in neurological damage and regeneration following spinal cord 
injury and its therapeutic implications. Burns Trauma. 2023;11:tkac054.

	47.	 Sun X, Jones ZB, Chen XM, Zhou L, So KF, Ren Y. Multiple organ dys‑
function and systemic inflammation after spinal cord injury: a complex 
relationship. J Neuroinflammation. 2016;13:260.

	48.	 Santos Samary C, Pelosi P, Leme Silva P. Rieken Macedo Rocco P: 
immunomodulation after ischemic stroke: potential mechanisms and 
implications for therapy. Crit Care. 2016;20:391.

	49.	 Lunin SM, Novoselova EG, Glushkova OV, Parfenyuk SB, Novoselova 
TV, Khrenov MO. Cell senescence and central regulators of immune 
response. Int J Mol Sci. 2022;23:4109.

	50.	 Kanczkowski W, Sue M, Zacharowski K, Reincke M, Bornstein SR. The 
role of adrenal gland microenvironment in the HPA axis function and 
dysfunction during sepsis. Mol Cell Endocrinol. 2015;408:241–8.

	51.	 Poller WC, Downey J, Mooslechner AA, Khan N, Li L, Chan CT, McAlpine 
CS, Xu C, Kahles F, He S, et al. Brain motor and fear circuits regulate 
leukocytes during acute stress. Nature. 2022;607:578–84.

	52.	 Cruse JM, Keith JC, Bryant ML Jr, Lewis RE Jr. Immune system-
neuroendocrine dysregulation in spinal cord injury. Immunol Res. 
1996;15:306–14.

	53.	 Lemmens S, Nelissen S, Dooley D, Geurts N, Peters EMJ, Hendrix S. 
Stress pathway modulation is detrimental or ineffective for func‑
tional recovery after spinal cord injury in mice. J Neurotrauma. 
2020;37:564–71.

	54.	 Yang B, Zhang F, Cheng F, Ying L, Wang C, Shi K, Wang J, Xia K, Gong 
Z, Huang X, et al. Strategies and prospects of effective neural circuits 
reconstruction after spinal cord injury. Cell Death Dis. 2020;11:439.

	55.	 Zavvarian MM, Hong J, Fehlings MG. The functional role of spinal 
interneurons following traumatic spinal cord injury. Front Cell Neuro‑
sci. 2020;14:127.

	56.	 Ueno M, Ueno-Nakamura Y, Niehaus J, Popovich PG, Yoshida Y. Silenc‑
ing spinal interneurons inhibits immune suppressive autonomic 
reflexes caused by spinal cord injury. Nat Neurosci. 2016;19:784–7.

	57.	 Mironets E, Osei-Owusu P, Bracchi-Ricard V, Fischer R, Owens EA, Ricard 
J, Wu D, Saltos T, Collyer E, Hou S, et al. Soluble TNFα signaling within 
the spinal cord contributes to the development of autonomic dysre‑
flexia and ensuing vascular and immune dysfunction after spinal cord 
injury. J Neurosci. 2018;38:4146–62.

	58.	 Held KS, Lane TE. Spinal cord injury, immunodepression, and antigenic 
challenge. Semin Immunol. 2014;26:415–20.

	59.	 Ueno M. Restoring neuro-immune circuitry after brain and spinal cord 
injuries. Int Immunol. 2021;33:311–25.

	60.	 Ankeny DP, Popovich PG. Mechanisms and implications of adaptive 
immune responses after traumatic spinal cord injury. Neuroscience. 
2009;158:1112–21.

	61.	 Campagnolo DI, Bartlett JA, Chatterton R Jr, Keller SE. Adrenal and 
pituitary hormone patterns after spinal cord injury. Am J Phys Med 
Rehabil. 1999;78:361–6.



Page 24 of 24Zeng et al. Journal of Neuroinflammation          (2023) 20:219 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	62.	 Quatrini L, Vivier E, Ugolini S. Neuroendocrine regulation of innate 
lymphoid cells. Immunol Rev. 2018;286:120–36.

	63.	 Ulrich-Lai YM, Arnhold MM, Engeland WC. Adrenal splanchnic innerva‑
tion contributes to the diurnal rhythm of plasma corticosterone in rats 
by modulating adrenal sensitivity to ACTH. Am J Physiol Regul Integr 
Comp Physiol. 2006;290:R1128-1135.

	64.	 Webster JI, Tonelli L, Sternberg EM. Neuroendocrine regulation of immu‑
nity. Annu Rev Immunol. 2002;20:125–63.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Unbiased multitissue transcriptomic analysis reveals complex neuroendocrine regulatory networks mediated by spinal cord injury-induced immunodeficiency
	Abstract 
	Background 
	Methods and objectives 
	Results 
	Conclusions 

	Introduction
	Methods
	Animals and groupings
	Establishment of a transection SCI model in rats
	Monitoring of tail artery blood pressure in rats
	Determination of immune organ indices
	Tissue preparation
	Pathological staining of paraffin adrenal sections
	Immunofluorescence
	Enzyme-linked immunosorbent assay (ELISA)
	RNA extraction, library preparation, and Illumina HiSeq X Ten sequencing
	Quality control and differential expression analysis
	GO functional enrichment analysis
	The association network between GO functional enrichment pathways and gene targets
	Statistical analysis

	Results
	Atrophy of immune organs after spinal cord injury
	Changes in sympathetic activity and expression of hormones in the HPA axis after SCI
	T3 SCI results in significant inhibition of the spleen immune response
	DEGs in the hypothalamus after T3-SCI
	T3-SCI promotes the spread of neuroinflammation to the hypothalamic PVN and hippocampal DG above the spinal cord
	T3-SCI mediates widespread dispersion of spinal canal neuroinflammation
	DEGs in the adrenal glands after T3-SCI
	Changes in the distribution of postganglionic sympathetic nerves in adrenal tissue after SCI
	Networks linking enriched pathways and gene targets in the hypothalamus and adrenal glands

	Discussion
	The contradiction between neuroinflammation in the CNS and systemic immunosuppression after high-level SCI
	Mechanism underlying the disruption of the connection between the hypothalamus and the adrenal glands in the HPA axis after high-level SCI
	Adrenal gland-mediated circadian rhythm disturbances after high-level SCI further exacerbate immunodeficiency
	The Tai Chi mechanism underlying the complex regulatory effect of the neuroendocrine system on SCI-IDS

	Conclusion
	Anchor 38
	Acknowledgements
	References


