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Abstract

Previous studies have reported age-specific pathological and functional outcomes in young and aged patients suffering spinal cord injury,
but the mechanisms remain poorly understood. In this study, we examined mice with spinal cord injury. Gene expression profiles from
the Gene Expression Omnibus database (accession number GSE93561) were used, including spinal cord samples from 3 young injured
mice (2-3-months old, induced by Impactor at Th9 level) and 3 control mice (2-3-months old, no treatment), as well as 2 aged injured
mice (15-18-months old, induced by Impactor at Th9 level) and 2 control mice (15-18-months old, no treatment). Differentially expressed
genes (DEGs) in spinal cord tissue from injured and control mice were identified using the Linear Models for Microarray data method,
with a threshold of adjusted P < 0.05 and [logFC(fold change)| > 1.5. Protein-protein interaction networks were constructed using data
from the STRING database, followed by module analysis by Cytoscape software to screen crucial genes. Kyoto encyclopedia of genes and
genomes pathway and Gene Ontology enrichment analyses were performed to investigate the underlying functions of DEGs using Data-
base for Annotation, Visualization and Integrated Discovery. Consequently, 1,604 and 1,153 DEGs were identified between injured and
normal control mice in spinal cord tissue of aged and young mice, respectively. Furthermore, a Venn diagram showed that 960 DEGs were
shared among aged and young mice, while 644 and 193 DEGs were specific to aged and young mice, respectively. Functional enrichment
indicates that shared DEGs are involved in osteoclast differentiation, extracellular matrix-receptor interaction, nuclear factor-kappa B
signaling pathway, and focal adhesion. Unique genes for aged and young injured groups were involved in the cell cycle (upregulation of
PLK1) and complement (upregulation of C3) activation, respectively. These findings were confirmed by functional analysis of genes in
modules (common, 4; aged, 2; young, 1) screened from protein-protein interaction networks. Accordingly, cell cycle and complement in-
hibitors may be specific treatments for spinal cord injury in aged and young mice, respectively.
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Introduction

Spinal cord injury (SCI) is a common traumatic event in or-
thopedic clinics due to rapid industrial and economic devel-
opment in China, with an estimated incidence of 23.7 per mil-
lion cases in Tianjin, 25 in Shanghai, and 60 in Beijing (Hua et
al,, 2013). SCI results in severe or permanent motor, sensory
and autonomic dysfunction, which affects a patient’s quality
of life and imposes a huge economic burden on family and so-
ciety (Krueger et al., 2013; Ravensbergen et al., 2016; Zhang et
al., 2016b; Rabchevsky et al., 2017). More importantly, recent
studies have suggested that the pathological and behavioral
outcomes after SCI may be age-dependent, with elderly pa-
tients exhibiting markedly less remyelination compared with
younger patients, which consequently leads to worsened func-
tional recovery and a higher mortality rate (Siegenthaler et
al., 2008; Wilson et al., 2014). Thus, distinguishing the cellular
and molecular response mechanisms in aged and young peo-
ple is necessary to develop targeted treatments.

Recently, the role of aging following SCI was investigated
(Geoftroy et al., 2016). Accordingly, the number of M1 mac-
rophages at the injury epicenter was increased by 50% in aged
compared with young rats (Hooshmand et al., 2014), while
M2 macrophages were reduced (Zhang et al., 2015), thereby
inducing apoptotic cell death and greater locomotor deficits.
Similarly, a lower number of infiltrating neutrophils and secret-
ed pro-inflammatory cytokines/chemokines (e.g., interleukin
6; tumor necrosis factor a; and C-X-C motif chemokine ligand
1) were detected in microglia from young compared with adult
mice (Kumamaru et al., 2012). Further studies suggest that in-
flammatory activation may be NADPH oxidase (NOX)- (Zhang
et al., 2016) or adipokine-mediated (Bigford et al., 2012) in
chronic SCI and advanced age, with high expression of NOX2
and the leptin signaling inhibitor, suppressor of cytokine sig-
naling 3 (SOCS3), as well as lower long-form leptin receptor
(LepRb) and Janus kinase 2/signal transducer and activator of
transcription 3 Jak2/Stat3 signaling. High throughput analysis of
gene expression profiles between aged and young rats following
SCI has also been performed. Cortical transcriptome analysis
of the left hemisphere suggests that genes enriched in biological
processes such as apoptosis (1 day post-operation), activation of
immune responses (7 days post-operation), and cell cycle and
cell adhesion (35 days post-operation) may be specific to aged
animals (Jaerve et al., 2012). However, specific treatments for
aged and young SCI patients are not fully understood.

In this study, we aimed to further investigate gene expres-
sion differences in the injured spinal cord between aged and
young mice using microarray data downloaded from the Gene
Expression Omnibus (GEO) database (Takano et al., 2017). A
total of 364 differential genes between aged and young mice
were identified in the study by Takano et al. (2017), among
which 169 down-regulated genes were involved in regula-
tion of synapse-, ion transport-, or axon-related functions,
while 195 up-regulated genes were involved in the cell cycle,
cell stress responses, or maintenance of extracellular matrix
(Takano et al., 2017). Shared or unique differentially expressed
genes (DEGs) for aged and young mice were not identified.
Thus, our study focused on screening crucial genes and path-
ways for aged and young mice, and as a result, is able to sug-
gest targeted treatments.

Materials and Methods

Animals

Ten female C57BL/6] mice (young, 2-3 months old, n = 6;
aged, 15-18-months old, n = 4) were housed in groups under
12-hour light/dark cycles with free access to food and water.
All protocols were approved by the Institutional Animal Care
and Use Committee of Keio University School of Medicine,
Japan, and performed in accordance with the Guidelines for
the Care and Use of Laboratory Animals of Keio University
School of Medicine, Japan.

Young and aged mice were randomly assigned to undergo SCI
or control treatment: young injured mice (# = 3), young normal
mice (n = 3), aged injured mice (n = 3), and aged normal mice (n
= 3). SCI model was induced using a commercially available SCI
device (Infinite Horizon Impactor, 70-kdyn; Precision Systems
& Instrumentation, Fairfax Station, VA, USA) at the thoracic
level, Th9. Spinal cord samples were collected nine days after
injury (Takano et al., 2017). Injured mice exhibiting low Basso
Mouse Scale scores indicate successful model establishment
(Takano et al., 2017). Normal mice underwent no treatment.

Microarray data

SCI microarray data were extracted from the GEO database
(http://www.ncbi.nlm.nih.gov/geo/) using the accession
number, GSE93561 (Takano et al., 2017). This contains spinal
cord samples from three young injured mice (GSM2454721_
AG1408, GSM2454722_AG1409, and GSM2454723_
AG1410), three young normal mice (GSM2454718_AG1405,
GSM2454719_AG1406, and GSM2454720_AG1407), three
aged injured mice (GSM2454727_AG1414, GSM2454728_
AG1415, and GSM2454729_AG1416), and three aged normal
mice (GSM2454724_AG1411, GSM2454725_AG1412, and
GSM2454726_AG1413). Because of its expression, sample
GSM2454729_AG1416 was deemed “not available”. Conse-
quently, this aged injured sample and the corresponding aged
normal sample (GSM2454726_AG1413) were removed from
the study. As a result, the study ultimately included: young
injured mice (n = 3), young normal mice (n = 3), aged injured
mice (n = 2), and aged normal mice (n = 2).

Data normalization and DEG identification

Raw CEL files were preprocessed and normalized using the
Robust Multichip Average algorithm (Irizarry et al., 2003) as
implemented in the Bioconductor R package (http://www.
bioconductor.org/packages/release/bioc/html/affy.html).
DEGs between injured and control samples were screened
using the Linear Models for Microarray data method (Ritchie
et al,, 2015), also in the Bioconductor R package (http://www.
bioconductor.org/packages/release/bioc/html/limma.html).
After performing t-tests, P-values were adjusted by the Benja-
mini-Hochberg algorithm (Thissen, 2002). Adjusted P < 0.05
and |logFC(fold change)| > 1.5 were set as threshold values.
A Venn diagram was constructed to show unique or shared
genes in aged and young injured mice using an online tool
(http://bioinformatics.psb.ugent.be/webtools/Venn/).

Protein-protein interaction (PPI) network construction
To screen crucial genes associated with SCI (aged or young),
DEGs were mapped onto PPI data collected from the Search
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Table 1 KEGG pathway enrichment for differentially expressed genes in spinal cord tissue of aged and young injured mice

Expression Term Genes False discovery rate
Common Up mmu04380: Osteoclast SPI1, ACP5, BTK, SIRPBIA, SIRPB1B, TNFRSF1A, LOC100038947, LILRA6,  6.75E-17
differentiation PIK3R5, IFNGRI, IL1A, CSFIR, TEC, BLNK, SYK, TYROBP, PIK3CG, NCF2,

NCF1, SOCS3, NCF4, FCGR4, FCGR1, SIRPA, JUNB, FCGR3, PIRB, IFNAR2,
CYBA, CYBB, PIRA1, PIRA6, FCGR2B, PIRA4, PLCG2, TREM2, LCP2
mmu04145: Phagosome ~ MSRI, TLR2, H2-D1, ITGB5, TLR4, ITGB2, ITGAM, CIRA, THBSI, THBS2,  1.44E-13
ATP6V0D2, TUBAIC, TCIRGI, MRCI, H2-K1, H2-M3, NCF2, NCFI,
NCF4, FCGR4, H2-DMB1, COLECI2, H2-AB1, CTSS, H2-Q7, FCGRI, H2-
DMB2, FCGR3, CTSL, CYBA, CYBB, CD36, FCGR2B, H2-EB1, H2-OB,
LOCI01056305, H2-AA, CLEC7A, CD14
mmu05150: Staphylococcus ICAMI, C3ARI, C5ARI, FCGR4, H2-DMBI, ITGB2, H2-ABI, FCGRI, CIQC, 1.68E-10

aureus infection ITGAM, H2-DMB2, FCGR3, C1QA, CIRA, C1QB, FCGR2B, H2-OB, H2-EBI,

CFH, H2-AA
mmu05323: Rheumatoid TCIRGI, ICAM1, CCL3, CCL2, TLR2, ACP5, H2-DMBI, TNFSF13, TLR4, 7.48E-10
arthritis ITGB2, H2-ABI, IL15, CCL5, MMP3, H2-DMB2, CCL12, CTSL, CD86, H2-

EBI, H2-OB, H2-AA, ATP6V0D2, IL1A, CD28

mmu05152: Tuberculosis ~ TLRI, TLR2, TLR4, ITGB2, ITGAM, TNFRSFIA, ITGAX, ILIORB, CASPS, 9.12E-09
FCERIG, LBB, ATP6V0D2, IL1A, IFNGR1, SYK, TCIRG1, MRC1, CEBPB,
FCGR4, H2-DMBI, H2-AB1, CTSS, FCGR1, H2-DMB2, FCGR3, LSP1,
FCGR2B, H2-OB, H2-EB1, H2-AA, CTSD, CLEC7A, CD14

mmu05140: Leishmaniasis PTPN6, NCF2, NCF1, NCF4, FCGR4, TLR2, H2-DMBI, TLR4, ITGB2, H2- 2.70E-08
ABI, FCGR1, ITGAM, H2-DMB2, FCGR3, CYBA, H2-OB, H2-EBI, H2-AA,
IL1A, IFNGRI

mmu04142: Lysosome TCIRG1, NAGLU, CTSZ, LIPA, PLA2G15, LGMN, HEXA, GUSB, HEXB, 4.42E-06
ACP5, CTSS, GLBI, GNS, SLC11A1, CTSL, CD68, LAPTM5, TPP1, CTSD,
CTSC, CTSB, MAN2B1, ATP6V0D2, CTSH

mmu04512: ECM-receptor COL4A2, COL4A1, COL3A1, ITGB5, COL5A2, COL5A1, COL4A5, LAMA2,  1.02E-05

interaction CD36, ITGA6, CD44, COL6A3, COL6A2, COLIA2, COL6A1, COLIAI, THBSI,

THBS2, SPP1, FN1
mmu05322: Systemic lupus HISTIH2AB, HISTIH2AC, HISTIH2AG, HISTIH2AD, HISTIH2AE, 1.71E-04
erythematosus FCGR4, H2-DMBI, H2-ABI, FCGR1, C1QC, H2-DMB2, C1QA, HISTIH2AR,

CIRA, C1QB, CD86, H2-EB1, H2-OB, HISTIH2AI, HISTIH2AH, H2-AA,
HIST1H2AO, HIST1H2AN, CD28

mmu04650: Natural killer ~ PIK3CG, PTPN6, ICAM1, CD244, FCGR4, ITGB2, VAV1, HCST, CD48, 2.09E-04
cell mediated cytotoxicity = IFNAR2, RAC2, PLCG2, FCERIG, PIK3R5, KLRDI, IFNGRI, SYK, SH3BP2,

TYROBP, LCP2
mmu04064: NF-kappa B ICAMI, LYN, LY96, TLR4, TRIM25, CCL4, BTK, TNFRSF1A, BCL2A1D, 2.99E-04
signaling pathway BCL2A1B, BCL2AIA, RIPK1, PLCG2, GM11787, LBP, PLAU, CD14, SYK,

BLNK
mmu05332: Graft-versus-  H2-K1, CD86, H2-M3, H2-EB1, H2-OB, H2-D1, H2-DMBI, H2-AA, 4.02E-04
host disease LOCI101056305, H2-ABI1, H2-Q7, H2-DMB2, IL1A, CD28
mmu05416: Viral H2-K1, ICAM1, H2-M3, H2-D1, H2-DMBI, ITGB2, H2-ABI1, H2-Q7, H2- 4.06E-04
myocarditis DMB2, CD86, RAC2, CASPS, H2-OB, H2-EB1, LOC101056305, H2-AA, CD28
mmu04662: B cell receptor  PIK3CG, PTPNG6, LYN, CD72, VAV1, BTK, FCGR2B, RAC2, PLCG2, GM11787, 4.40E-04
signaling pathway CD22, PIK3API, PIK3R5, INPP5D, SYK, BLNK
mmu04620: Toll-like PIK3CG, CCL3, LY96, TLRI1, TLR2, TLR4, CCL5, CCL4, TLR7, IKBKE, 5.63E-04
receptor signaling pathway IFNAR2, CD86, RIPK1, MAP3K8, CASP8, PIK3R5, LBP, CD14, SPP1
mmu04612: Antigen H2-K1, H2-M3, LGMN, H2-D1, IFI30, H2-DMBI1, H2-ABI, CTSS, H2-Q7, H2- 6.94E-04

processing and presentation DMB2, CTSL, H2-OB, H2-EB1, LOC101056305, H2-AA, CTSB, KLRD1

mmu05164: Influenza A PIK3CG, ICAM1, IFIHI1, CCL2, SOCS3, H2-DMBI, TLR4, TRIM25, H2-ABI, 7.27E-04
CCL5, TLR7, H2-DMB2, IKBKE, IFNAR2, CCL12, TNFRSFI1A, H2-EBI, H2-
OB, PYCARD, H2-AA, PIK3R5, OASIA, CASP1, IFNGRI, ILIA

mmu05146: Amoebiasis PIK3CG, COL4A2, COL4A1, COL3A1, TLR2, TLR4, ITGB2, COL5A2, ITGAM, 1.20E-03
COL5A1, COL4A5, LAMA2, ARGI, SERPINB6A, SERPINB6B, COLIA2,
PIK3R5, COL1AI, CD14, FN1

mmu04060: Cytokine- CCL3, CCL2, CSF2RB2, CRLF2, CCLS8, TNFSF13, PF4, TNFSF12, IL15, CCL5, 1.86E-03
cytokine receptor IL7R, CCL4, CCL7, TNFRSFI1A, TNFRSF1B, ILI0RB, CXCR4, CSF2RB, CSF3R,
interaction IL2RG, IL13RA1, ILIA, IFNGRI1, CSFIR, TNFRSF13B, EDA2R, CCL12,

IFNAR2, CXCL16, CX3CR1
mmu04672: Intestinal CD86, CXCR4, H2-EB1, H2-OB, TNFRSF13B, H2-DMBI1, H2-AA, TNFSF13, 2.00E-03
immune network for IgA  H2-ABI, IL15, H2-DMB2, CD28
production
mmu04940: Type I diabetes H2-K1, CD86, H2-M3, H2-EB1, H2-OB, H2-D1, H2-DMBI, H2-AA, 3.50E-03
mellitus LOC101056305, H2-AB1, H2-Q7, H2-DMB?2, IL1A, CD28
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Table 1 Continued

Expression Term Genes False discovery rate

mmu04666: Fc gamma PIK3CG, PTPRC, ARPC1B, RAC2, FCGR2B, LYN, NCF1, HCK, PLCG2, 5.08E-03
R-mediated phagocytosis ~ GM11787, PIK3R5, INPP5D, WAS, FCGR1, VAV1, SYK

mmu05330: Allograft H2-K1, CD86, H2-M3, H2-EB1, H2-OB, H2-D1, H2-DMBI1, H2-AA, 6.68E-03
rejection LOCI101056305, H2-AB1, H2-Q7, H2-DMB2, CD28

mmu04611: Platelet PIK3CG, TBXASI, LYN, ADCY7, FERMT3, COL3A1, COL5A2, COL5A1, BTK, 6.86 E-03
activation VAMPS, PLCG2, GM11787, COL1A2, FCERIG, PIK3R5, SNAP23, COLIAI,

MYLK, SYK, LCP2
mmu05168: Herpes simplex H2-KI, CDK1, IFIH1, CCL2, H2-M3, SOCS3, H2-D1, TLR2, H2-DMBI, H2- 7.67E-03
infection ABI, IL15, CCL5, H2-Q7, H2-DMB2, CFP, IFNAR2, CCL12, TNFRSFIA,
IKBKE, CASP8, H2-EBI, H2-OB, LOC101056305, H2-AA, OASIA, IFNGRI
mmu00860: Porphyrin and UGT1A10, UGTIAY9, UGTIA7C, UGT1A2, UGT1A6B, UGTIA6A, GUSB, 1.21E-02
chlorophyll metabolism HMOXI, UGTIAS5, BLVRB, UGT1AI
mmu04510: Focal adhesion PIK3CG, COL4A2, COL4A1, COL3Al, IGF1, ITGB5, COL5A2, VAVI, COL5A1, 2.18E-02
FLNA, COL4A5, LAMA2, ITGA6, RAC2, COL6A3, COL6A2, COLIA2,
COL6A1, PIK3R5, COLIA1, THBS1, THBS2, MYLK, SPP1, FN1
mmu04640: Hematopoietic ANPEP IL7R, FCGR1, ITGAM, CD9, CD37, CD36, ITGA6, CD44, H2-EBI, 2.43E-02

cell lineage CSF3R, CD22, IL1A, CD14, CSFIR
mmu04062: Chemokine PIK3CG, CCL3, CCL2, LYN, ADCY7, NCF1, HCK, CCL9, CCL8, PF4, CCL5,  2.70E-02
signaling pathway WAS, CCL4, VAV1, CCL7, CCL6, CCL12, GNGT2, RAC2, CXCR4, CXCLI6,

CX3CRI1, GM11787, PIK3R5
mmu00040: Pentose AKRIBS, UGT1A10, UGT1AY9, UGT1A7C, UGT1A2, UGT1A6B, UGTIA6A,  2.75E-02
and glucuronate GUSB, UGT1A5, UGTIAI

interconversions

mmu04610: Complement  KNGI1, CIQA, C3ARI, CIQB, CIRA, A2M, C5AR1, F13A1, SERPINEI, CFH, 3.63E-02
and coagulation cascades ~ F7, C1QC, PROSI1, PLAU

mmu04974: Protein COL18AI1, COL4A2, COL4A1, COL3A1, SLC7A8, COL5A2, COL5A1, COL4A5, 4.19E-02
digestion and absorption SLC7A7, COL14A1, COL6A3, COL6A2, COL1A2, COL6A1, COLIA1

mmu05134: Legionellosis ~ NAIP6, NAIP7, NAIP2, NAIP5, CASP8, PYCARD, TLR2, TLR4, ITGB2, CASPI, 4.71E-02

ITGAM, CD14
Down mmu04721: Synaptic vesicle SYTI, RAB3A, CPLX2, CPLX1, ATP6VOE2, STXBP1, ATP6V1G2, UNCI3C,  9.61E-05
cycle RIMSI, DNM1, UNC13A, CACNA1B
mmu04724: Glutamatergic ADCYI, GNAII, ADCY8, GNG13, GRIA3, GRIA4, GRIN3A, HOMER2, KCNJ3, 2.20E-04
synapse GRM1, GLS2, GRM3, GRIA2, GRMS, SLC1A6
mmu04723: Retrograde ADCY1, GABRB3, GABRA3, ADCY8, GNAIL, GNGI3, GRIA3, GRIA4, 4.02E-04

endocannabinoid signaling MAPKI10, KCNJ3, RIMSI, GRM1, GRIA2, CACNAIB
mmu04728: Dopaminergic SCNIA, CALY, GNAII, KIF5A, CAMK2G, KIF5C, GNG13, GRIA3, GRIA4, 1.47 E-03

synapse MAPK10, KCNJ3, GNAL, GRIA2, CAMK2B, CACNA1B

mmu04713: Circadian ADCY1, GNAI1, ADCY8, CAMK2G, GNG13, GRIA3, GRIA4, PRKG2, KCNJj3, 1.62E-03
entrainment GRIA2, RYR2, GUCY1B3, CAMK2B

mmu04921: Oxytocin ADCY1, CAMKIG, ADCY8, GNAI1, CAMK2G, CACNB2, CACNB4, CACNG2, 1.05E-02
signaling pathway CACNA2D3, KCNJj3, KCNJ14, CAMKK1, RYR2, CAMK2B, GUCY1B3

mmu05033: Nicotine GRIA2, GABRB3, GABRA3, GRIA3, CHRNA7, GRIA4, GRIN3A, CACNAIB 2.68E-02
addiction

mmu04261: Adrenergic ADCY1, ADCY8, GNAII, CAMK2G, CACNB2, MYH7, CACNG2, CACNB4,  2.81E-02
signaling in cardiomyocytes CACNA2D3, ATP2B2, ATP2B3, SCN4B, RYR2, CAMK2B

mmu04725: Cholinergic ACHE, ADCY1, KCNQ3, ADCYS8, GNAIl1, CAMK2G, GNG13, CAMK2B, 4.19E-02
synapse CHRNA?7, KCNJ3, KCNJ14, CACNA1B
Aged Up mmu04110: Cell cycle E2F2, CDCé6, DBF4, CDC20, ESPL1, CDK6, MCM2, MCM3, MCM5, CDC25B, 9.40E-08
MCMe6, CCNE2, CCNDI1, MAD2L1, CDKN2A, PLK1, BUBI, MYC
mmu04142: Lysosome LITAE PSAP, CTSA, MANBA, ASAHI, CTSK, LAMP2, SLC17A5, NPC2, GLA, 3.79E-04

IGF2R, GALNS, CLN5, GBA
Down mmu04725: Cholinergic ACHE, ADCY1, KCNQ3, ADCYS8, GNAII, CAMK2G, GNG13, CHRNA?7, 4.00E-03

synapse KCNJ14, CACNAIB
Young Up mmu05133: Pertussis CIRA, CXCL5, C4B, C3, SERPINGI, C2, CISI 7.17E-04
mmu04610: Complement  CIRA, C4B, C3, TFPI, SERPINGI, C2, C1S1 8.41E-04
and coagulation cascades
Down mmu05033: Nicotine GABRG2, SLC17A6, GABRA1, GABRB2, GABRA5 1.56E-02
addiction
mmu04723: Retrograde GRMS5, GABRG2, SLC17A6, GABRA1, GABRB2, GABRA5 4.24E-02

endocannabinoid signaling

Abbreviations are shown in Additional file 1.
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Figure 1 Heat map of differentially expressed genes between young/aged spinal cord injury and normal control mice.

Expression was Z-score normalized within samples. High expression levels are indicated in red and low levels in green. The horizontal coordinate
represents the sample list, while the vertical coordinate represents the Z-score value. (A) AG1405, AG1406, and AG1407 are young normal con-
trol mice, and AG1408, AG1409, and AG1410 are young injured mice. (B) AG1411 and AG1412 are aged normal control mice, and AG1414 and
AG1415 are aged injured mice. The results show that these differentially expressed genes can clearly differentiate the samples.
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Young vs. NC (G Aged vs. NC Young vs. NC

Figure 2 Venn diagram of differentially expressed genes between young/aged spinal cord injury and normal control mice.

(A) Overall, (B) up-regulated, and (C) down-regulated genes. Overall, there are 960 shared differentially expressed genes between young and aged
injured groups (640 up-regulated and 320 down-regulated). Additionally, 644 (312 up-regulated and 332 down-regulated) and 193 (81 up-regulated
and 112 down-regulated) differentially expressed genes were unique for aged and young injured mice, respectively. NC: Normal control.

Tool for the Retrieval of Interacting Genes (STRING) 10.0
database (http://string db.org/) (Szklarczyk et al., 2015). Com-
bined scores > 800 were set as cut-off values for identifying
significant protein pairs for constructing PPI networks. These
were then visualized using Cytoscape software 2.8 (www.cyto-
scape.org/) (Kohl, 2011). To identify functionally related and
highly interconnected clusters from PPI networks, module
analysis was performed using the Molecular Complex Detec-
tion plugin of Cytoscape software, with a degree cutoff of 5,
node score cutoff of 0.5, k-core of 5, and maximum depth of
100 (ftp://ftp.mshri.on.ca/pub/BIND/Tools/MCODE) (Bader
and Hogue, 2003). Significant modules were identified with
Molecular Complex Detection scores > 4 and nodes > 6.

Functional enrichment analysis
Kyoto encyclopedia of genes and genomes (KEGG) pathway and
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Gene Ontology (GO) enrichment analyses were performed to
investigate the potential function of all DEGs (shared or unique
DEGs), or genes in modules using The Database for Annotation,
Visualization and Integrated Discovery (DAVID) 6.8 online tool
(http://david.abcc.nciferf.gov). False discovery rate < 0.05 was
chosen as the cut-off point for GO and KEGG analyses.

Results

Identification of DEGs in aged and young SCI mice

Based on a threshold of adjusted P < 0.05 and [logFC| > 1.5,
a relatively higher number of DEGs were identified after SCI
in aged mice (1,604: 952 up-regulated and 652 down-regu-
lated) compared with young mice (1,153: 721 up-regulated
and 432 down-regulated). These genes clearly differentiated
the samples (Figure 1). Further, Venn diagram showed 960
shared DEGs between young and aged injured groups (640



Hao M, Ji XR, Chen H, Zhang W, Zhang LC, Zhang LH, Tang PE Lu N (2018) Cell cycle and complement inhibitors may be specific for
treatment of spinal cord injury in aged and young mice: transcriptomic analyses. Neural Regen Res 13(3):518-527. doi:10.4103/1673-5374.226405

R<_7
[ \\ v/,/
IR

up-regulated and 320 down-regulated), suggesting these genes
are important for development of SCI. Additionally, 644 (312
up-regulated and 332 down-regulated) and 193 (81 up-regu-
lated and 112 down-regulated) DEGs were unique for the aged
and young injured groups, respectively, suggesting these genes
are age-dependent (Figure 2).

Functional enrichment analysis of shared and unique DEGs
Shared and unique DEGs were subjected to functional en-
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Figure 3 Modules obtained
from protein-protein
interaction networks

of shared differentially
expressed genes between
young/aged spinal cord
injury and normal control
mice.

(A-D) Modules 1-4. Red:
Up-regulated genes; and
green: down-regulated genes.
Abbreviations are shown in
Additional file 1.

Figure 4 Modules obtained
from protein-protein
interaction networks

of unique differentially
expressed genes for aged
spinal cord injury mice.

(A) Module 1 and (B) mod-
ule 2. Red: Up-regulated
genes; and green: down-reg-
ulated genes. Abbreviations
are shown in Additional file 1.
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richment analysis using the online tool DAVID, with the
mouse genome as background and false discovery rate < 0.05
as the cut-off point. For shared up-regulated DEGs, 33 KEGG
pathways were enriched including osteoclast differentiation,
phagosome, extracellular matrix (ECM)-receptor interaction,
nuclear factor-kappa B (NF-kB) signaling pathway, cyto-
kine-cytokine receptor interaction, and focal adhesion. Fur-
ther, nine pathways were identified for shared down-regulated
DEGs, including synaptic vesicle cycle and glutamatergic syn-
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Table 2 Significant functional modules from protein-protein interaction networks constructed by shared or unique differentially expressed

genes in spinal cord tissue of aged and young injured mice

Cluster Score Nodes Edges Node IDs

Rgs19, Kngl, Cxcll6, Adcy7, C3arl, C5arl, Ccl5, Ccl6, Ccl9, Cnr2, Cxcrd, Grm3, Grm8, Hebpl, Htr1b, Nmu, Npy5t,

Col8al, Birc5, Ccna2, Ccnb2, Cdkl1, Melk, Mki67, Ncapg2, Pbk, Rrm2, Ube2c, Ect2, A2m, F13al, Pf4, Prosl,

Serpinel, Srgn, Timpl, Fnl, Collal, Colla2, Col3al, Icam1, Fcgrl, H2-Aa, H2-Abl, H2-Eb1, Ifi30, Irf8, Oasla,
Cd44, Col4al, Col4a2, Colda5, Col5al, Col5a2, Col6al, Coll4al, Coll8al, Col6a3, Itga6, Itgh5, Col6a2

Syk, Clqa, Clqc, Csflr, Clqb, Thbsl, Thbs2, Sppl, Mmp13, Mmp8, Mmp3, Ctsl, Ctsd, Lgmn, Ctss, Vavl, Blnk, Lyn,

Tec, Btk, Pik3apl, Pik3cg, Inpp5d, Pik3r5, Fcerlg, Plcg2, Cd14, Cd180, Ly86, Ly96, Tir4, Cyba, Ncfl, Ncf4, Cybb,

Cdca5, Anln, Aurkb, Bubl, Cdc20, Cenpe, Cenpf, Hmmr, Cep55, Kif20b, Kifl1, Kif20a, Kif23, Mad2l1, Mcm5,

Ncapg, Neaph, Ndc80, Nuf2, Nusap1, Plkl, Top2a, Zwilch, Prcl, Cdkn3, Cdc6, Smc4, Mcm3, Rad51apl, Asf1b,
Cenpa, Cenph, Cdca8, Shcbpl, Ckap2, Cenpi, Esco2, Espll, Spc25, Spdll, Sgoll, Ckap2l, Uhrfl, Tripl3

Common 1 18.593 27 502
Oprll, Sst, Rgs18, Cck, Cysltrl, Gpr65, Htr2b, P2ry6, Tac2, Tacr3
2 11.227 44 494
3 7 8 56 Kcns3, Kcna2, Kenabl, Kenab2, Kencl, Kengd, Kenh2, Kenh5
4 6.571 42 276
Itgam, Itgb2, Hck, Fcgr3, Lilra6, Fcgr2b, Pirb
Aged 1 28.455 44 1252
2 10.667 12 128 SIpr2, Adcyl, Adcy8, Anxal, Ccrl, Cer5, Cxcr6, Gnail, Npy2r, P2ry14, Pnoc, Rgs4
Young 1 7 8 56 Slpr3, C3, Cxcl10, Cxcll, Cxcl2, Cxcl5, Hear2, P2ry13

Abbreviations are shown in Additional file 1.

apse (Table 1). Furthermore, three pathways showed enrich-
ment in unique genes of the aged injured group: up-regulated
(cell cycle and lysosome) and down-regulated (cholinergic
synapse). While four pathways were enriched in unique genes
of the young injured group: up-regulated (pertussis, and com-
plement and coagulation cascades) and down-regulated (nico-
tine addiction and retrograde endocannabinoid signaling).

PPI network construction and module analysis for shared
and unique DEGs

PPI networks were constructed after mapping shared or unique
DEGs onto PPI data. For shared DEGs, four significant mod-
ules were screened from the PPI network (Figure 3 and Table 2).
Module 1 was involved in neuroactive ligand-receptor inter-
action, module 2 in ECM-receptor interaction, focal adhesion,
and phosphoinositide 3-kinase (PI3K)-Akt signaling path-
way-related, and module 4 in osteoclast differentiation and NF-
kB signaling pathway-associated (Table 3). In the aged injured
group, two significant modules were screened from the PPI
network for unique DEGs (Figure 4), with module 1 involved
in the cell cycle and module 2 in the chemokine signaling path-
way. No pathways or significant pathways were enriched in
module 3 of shared and unique DEGs from the young injured
group (Figure 5). Moreover, GO analysis indicated that unique
DEGs in the young injured group exert effects on SCI via in-
flammatory processes (Table 2).

Discussion
By integrating functional analyses of all DEGs and module genes,
our present study preliminarily demonstrates that cell cycle (in-
cluding polo like kinase 1 [PLK1], cell division cycle 6 [CDC6];
cell division cycle 20 [CDC20], and BUBI mitotic checkpoint
serine/threonine kinase [BUB1]) and complement-related genes
(including complement C3 [C3]) may be specifically altered in
spinal cord of aged and young injured mice, respectively. All
DEGs were up-regulated, consequently use of cell cycle and com-
plement pathway inhibitors may be potential treatment measures
for aged and young SCI patients. Indeed, our hypothesis has been
indirectly demonstrated by previous studies.

Increasing evidence, including gene expression profiles in

524

spinal cord (Di, 2003), indicate that cell cycle activation plays
an important role in the pathophysiology of SCI (Wu et al.,
2011). First, cell cycle activation contributes to neuronal and
oligodendroglial apoptosis after SCI (postmitotic cells) (Byrnes
et al., 2007). Further, it also promotes microglial proliferation
(mitotic cells), which produce pro-inflammatory cytokines
and cause functional deficits (Tian et al., 2007a, b). Cell cy-
cle-related proteins, such as cyclin D1, cyclin dependent
kinase 4 (CDK4), and proliferating cell nuclear antigen are
all significantly up-regulated following SCI (Wu et al., 2012,
2014). Moreover, systemic administration of CDK inhibitors,
such as olomoucine, flavopiridol, or CR8, suppresses these
processes and improves neurodegeneration and neuropathic
pain (Ren et al., 2014; Wu et al., 2016). However, whether cell
cycle activation is specific for aged SCI (Jaerve et al., 2012),
and whether there are treatment differences in CDK inhib-
itors for aged and young mice is unclear and needs further
confirmation. Human PLK1 is an evolutionarily conserved
serine/threonine kinase that regulates cell division at the M
phase. PLK1 can phosphatase CDC6 (Yim and Erikson, 2010),
Cdc25C (Toyoshimamorimoto et al., 2002), CDC20 (Jia et al.,
2016), CCD14B (Bassermann et al., 2008), BUB1 (Qi et al,,
2006), BubR1 (BUBI1-related) (Elowe et al., 2007), and CDK5
regulatory subunit associated protein 2 (CDK5RAP2) (Hana-
fusa et al., 2015) to promote spindle checkpoint signaling.
Use of PLK1 inhibitors, such as RO3280 (Wang et al., 2015),
GSK461364 (Chou et al., 2016; Pajtler et al., 2017), and BI2536
(Frost et al.,, 2012; Kumar et al., 2015), induces cell cycle arrest
and growth inhibition, enabling treatment of various diseases.
In our PPI network, we found that PLK1 interacts with 44
DEGs, including CDC20, CDC6, and BUBI. These findings
suggest a possible crucial role of PLK1 in SCI and an under-
lying therapeutic effect for PLK1 inhibitors. Unfortunately,
there are no experimental studies that confirm our conclusion,
but this may be a new direction for our future studies.
Classical (C1q and C4), alternative (Factor B), and terminal
(C5b-9) complement pathways in neurons and oligodendro-
cytes are suggested to initiate an inflammatory cascade and
induce secondary injury and functional deficits following trau-
matic SCI (Anderson et al., 2004). Mice with a deficiency in the
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Table 3 KEGG pathway enrichment for functional modules screened from protein-protein interaction networks constructed by shared or
unique differentially expressed genes in spinal cord tissue of aged and young injured mice

Module Genes False discovery rate
Common 1 mmu04080: Neuroactive ligand—receptor C3ARI1, P2RY6, HTRI1B, GRM3, C5AR1, TACR3, CYSLTRI, GRMS, OPRLI1, CNR2, 8.17E-09
interaction HTR2B, NPY5R
2 mmu04512: ECM-receptor interaction COL4A2, COL4A1, COL3A1, ITGB5, COL5A2, COL5A1, COL4A5, CD44, ITGAS6, 6.75E-16
COL6A3, COL6A2, COL1A2, COL6A1, COLIAI, FN1
mmu04974: Protein digestion and absorption COLI8AI, COL4A2, COL4A1, COL3A1, COL5A2, COL5A1, COL4A5, COL14Al, 2.30E-12
COL6A3, COL6A2, COL1A2, COL6A1, COLIAI
mmu04510: Focal adhesion COL4A2, COL4A1, COL3A1, ITGB5, COL5A2, COL5A1, COL4A5, ITGA6, COL6A3, 3.53E-09

COL6A2, COL1A2, COL6A1, COLIAI, FN1

mmu04151: PI3K-Akt signaling pathway COL4A2, COL4A1, COL3A1, ITGB5, COL5A2, COL5A1, COL4A5, ITGA6, COL6A3, 2.63E-06
COL6A2, COL1A2, COL6A1, COLIA1, FN1

mmu05146: Amoebiasis COL4A2, COL4A1, COL3A1, COL1A2, COLIAI, COL5A2, COL5A1, EN1, COL4A5 4.81E-05
3 BP: GO: 0006813-potassium ion transport ~ KCNS3, KCNCI, KCNAB2, KCNABI, KCNA2, KCNH2, KCNG4, KCNH5 6.44E-13

BP: GO: 0034765-regulation of ion KCNS3, KCNC1, KCNAB2, KCNABI, KCNA2, KCNH2, KCNG4, KCNH5 1.08E-12

transmembrane transport

BP: GO: 0006811-ion transport KCNS3, KCNC1, KCNAB2, KCNABI1, KCNA2, KCNH2, KCNG4, KCNH5 3.42E-08

BP: GO: 0071805-potassium ion KCNS3, KCNC1, KCNA2, KCNH2, KCNG4, KCNH5 5.50E-08

transmembrane transport

BP: GO: 0055085-transmembrane transport  KCNS3, KCNCI, KCNABI, KCNA2, KCNH2, KCNG4, KCNH5 4.25E-07

BP: GO: 1901379-regulation of potassium KCNCI1, KCNAB2, KCNABI, KCNH2 1.56E-05

ion transmembrane transport

BP: GO: 0006810-transport KCNS3, KCNC1, KCNAB2, KCNABI, KCNA2, KCNH2, KCNG4, KCNH5 1.01E-04

BP: GO: 0051260-protein KCNS3, KCNC1, KCNA2, KCNG4 4.17E-02

homooligomerization

MEF: GO: 0005249-voltage-gated potassium ~ KCNS3, KCNCI, KCNAB2, KCNABI, KCNA2, KCNH2, KCNG4, KCNH5 9.62E-15

channel activity

ME: GO: 0005244-voltage-gated ion channel KCNS3, KCNC1, KCNAB2, KCNABI, KCNA2, KCNH2, KCNG4, KCNH5 1.04E-12

activity

MEF: GO: 0005267-potassium channel activity KCNS3, KCNCI, KCNA2, KCNH2, KCNG4, KCNH5 2.91E-08

ME: GO: 0005251-delayed rectifier potassium KCNS3, KCNCI1, KCNA2, KCNH2, KCNG4 2.54E-07

channel activity

MEF: GO: 0005216-ion channel activity KCNS3, KCNC1, KCNA2, KCNH2, KCNG4, KCNH5 1.34E-06

MF: GO: 0044325-ion channel binding KCNC1, KCNAB2, KCNABI, KCNG4, KCNH5 5.74E-05
4 mmu04380: Osteoclast differentiation PIK3CG, NCF1, NCF4, BTK, FCGR3, PIRB, CYBA, CYBB, FCGR2B, PLCG2, LILRA6, 5.05E-15

PIK3R5, CSFIR, SYK, BLNK, TEC
mmu04145: Phagosome NCFI1, NCF4, TLR4, ITGB2, CTSS, ITGAM, FCGR3, CTSL, CYBA, CYBB, FCGR2B, 6.17E-10

THBSI1, THBS2, CD14
mmu04662: B cell receptor signaling pathway PIK3CG, FCGR2B, LYN, PLCG2, PIK3R5, PIK3API, INPP5D, VAVI, BLNK, SYK, BTK = 6.21E-10

mmu04666: Fc gamma R-mediated PIK3CG, FCGR2B, LYN, NCF1, HCK, PLCG2, PIK3R5, INPP5D, VAV, SYK 1.50E-07

phagocytosis

mmu04664: Fc epsilon RI signaling pathway PIK3CG, LYN, PLCG2, FCERIG, PIK3R5, INPP5D, VAVI, SYK, BTK 8.40E-07

mmu04670: Leukocyte transendothelial PIK3CG, CYBA, CYBB, NCF1, NCF4, PLCG2, PIK3R5, ITGB2, VAV1, ITGAM 4.08E-06

migration

mmu05133: Pertussis CIQA, CIQB, LY96, TLR4, ITGB2, C1QC, ITGAM, CDI14 5.11E-05

mmu05152: Tuberculosis FCGR2B, CTSD, FCERIG, TLR4, ITGB2, CTSS, ITGAM, CD14, FCGR3, SYK 1.09E-04

mmu05150: Staphylococcus aureus infection CIQA, C1QB, FCGR2B, ITGB2, C1QC, ITGAM, FCGR3 1.21E-04

mmu04064: NF-kappa B signaling pathway ~ LYN, LY96, PLCG2, TLR4, CD14, BLNK, SYK, BTK 3.37E-04

mmu05140: Leishmaniasis CYBA, NCF1, NCF4, TLR4, ITGB2, ITGAM, FCGR3 5.45E-04

mmu04650: Natural killer cell mediated PIK3CG, PLCG2, FCERIG, PIK3R5, ITGB2, VAV, SYK 1.02E-02

cytotoxicity

mmu04611: Platelet activation PIK3CG, LYN, PLCG2, FCERIG, PIK3R5, SYK, BTK 3.61 E-02
Aged 1 mmu04110: Cell cycle CDC6, MAD2L1, PLK1, BUBI, CDC20, ESPL1, MCM3, MCM5 4.37E-08

mmu04114: Oocyte meiosis MAD2LI1, PLK1, SGOL1, BUBI1, CDC20, ESPL1 1.39E-04

2 mmu04062: Chemokine signaling pathway ~ ADCY1, CCR5, ADCY8, GNAII1, CCR1, CXCR6 5.21E-04

Young 1 BP: GO: 0006954-inflammatory response CXCL1, S1PR3, CXCL5, C3, CXCL2, CXCL10 5.36E-05

BP: GO: 0070098-chemokine-mediated CXCL1, CXCL5, CXCL2, CXCL10 1.01E-03

signaling pathway

BP: GO: 0060326-cell chemotaxis CXCL1, CXCL5, CXCL2, CXCL10 2.90E-03

BP: GO: 0007186-G-protein coupled receptor CXCLI, P2RY13, SIPR3, CXCL5, CXCL2, HCAR2, CXCLI0 4.90E-03

signaling pathway

BP: GO: 0032496-response to CXCLI1, CXCL5, CXCL2, CXCL10 4.69 E-02

lipopolysaccharide

MEF: GO: 0045236-CXCR chemokine receptor CXCL1, CXCL5, CXCL2, CXCLI10 4.80E-06

binding

MEF: GO: 0008009-chemokine activity CXCLI1, CXCL5, CXCL2, CXCL10 5.00E-04

ME: GO: 0005125-cytokine activity CXCLI1, CXCL5, CXCL2, CXCL10 4.53E-02

Abbreviations are shown in Additional file 1.
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Figure 5 Module obtained from protein-protein interaction
network of unique differentially expressed genes for young spinal
cord injury mice.

Red: Up-regulated genes; S1pr3: sphingosine-1-phosphate receptor 3;
C3: complement C3; Cxcl10: C-X-C motif chemokine ligand 10; Cxcl1:
C-X-C motif chemokine ligand 1; Cxcl2: C-X-C motif chemokine
ligand 2; Cxcl5: C-X-C motif chemokine ligand 5; Hcar2: hydroxycar-
boxylic acid receptor 2; P2ryl3: purinergic receptor P2Y, G-protein
coupled 13.

complement component C1q (Galvan et al., 2008), C3 (Qiao et
al., 2006), complement receptor 2, and complement receptor
C5aR (Li et al., 2014; Brennan et al., 2015), or treated with com-
plement antagonists (Qiao et al., 2006; Li et al., 2009; Brennan
et al., 2016; Biggins et al., 2017) exhibit improved functional
outcomes. As expected, complement activation was detected in
SCI mice in our study. More importantly, our study reveals that
this pathway may be specific to young injured mice, although
this is not consistent with a previous study (Jaerve et al., 2012).
We believe this may be due to the following reasons: (1) Jaerve
et al., (2012) investigated cortical samples from the left hemi-
sphere, which was the resulting site induced by SCI. Thus, a
delayed effect may be present; (2) our sample size is small; and
(3) Clgb, C3, and C4 are early complement proteins after SCI,
while C5, C6, C7, and C9 are terminal complement proteins
after SCI (Nguyen et al., 2008). Therefore, we speculate that
different gene expression profiles may explain the different phe-
nomena. As anticipated, C3 (as a complement activation path-
way gene) was significantly up-regulated in young SCI mice in
our study. Accordingly, the C3 inhibitor, CR2-Crry (Qiao et
al,, 2006), may be an effective treatment for young SCI patients.
Nevertheless, further confirmation is still needed.

In addition to unique DEGs, we also found several shared be-
tween aged and young injured mice. These DEGs are involved
in the NF-«B signaling pathway, indicating that these genes and
pathway may be important for SCI, regardless of age. These find-
ings are in accordance with previous studies. For example, NF-
kB and related inflammatory cytokines were up-regulated in the
injured rat spinal cord (Ni et al., 2015; Yarar-Fisher et al., 2016).
Treatment with hyperbaric oxygen (Yang et al., 2013; Kang et al,,
2015), curcumin (Ni et al., 2015), and butein (Ming et al., 2013)
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ameliorated SCI-induced hindlimb locomotion deficits, spinal
cord edema, and apoptosis by down-regulating the toll-like re-
ceptor 4 (TLR4)/NF-kB inflammatory signaling pathway.

In conclusion, our present study reveals preliminarily find-
ings showing differences in specific genes in aged and young
injured mice. Cell cycle- (PLK1) and complement (C3)-related
gene inhibitors may be more effective for treatment of SCI in
aged and young mice, respectively. However, further in vivo
experimental studies are needed to confirm our findings due
to small sample size, which is a limitation of our study.
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