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ABSTRACT: Spinal cord injury (SCI) causes not only intraspinal damage but also systemic organ pathology,
with aging as a key determinant of outcomes. The mechanisms by which old age aggravate SCI pathology remain
unclear. The voltage-gated proton channel Hv1 plays a key role in regulating immune responses. Hvl increases
with aging and SCI, and Hvl KO provides neuroprotection in young mice. We hypothesized that age-related
Hv1 upregulation worsens spinal cord, spleen, and lung pathology and hinders locomotor recovery after SCI via
immune modulation. Using aged Hvl KO and WT male mice subjected to moderate SCI, we assessed behavioral
and molecular outcomes. Transcriptomic analysis revealed that Hvl mRNA expression was higher in the brains
of aged sham mice and further upregulated in injured spinal cord tissues. Spinal cord RNA-seq showed acute
innate immune and cytokine activation in both genotypes. Hvl deletion enhanced chromatin remodeling,
epigenetic and Wnt signaling, while suppressing NF-kB-driven inflammation and oxidative stress—induced
apoptosis. In the spleen, Hvl depletion enhanced immune responses while suppressing mitosis. T cell and
leukocyte activation increased, whereas lung cytokine signaling decreased. Functional recovery improved with
reduced tissue damage. After chronic SCI, Hvl KO mice showed elevated circadian rhythm and T cell
proliferation in the spinal cord, increased mitotic gene expression but reduced adaptive immunity in the spleen,
and enhanced immune activation with decreased cilium activity in the lungs. Together, our findings reveal how
Hv1 contributes to age-related intraspinal damage and peripheral immune dysfunction after SCI, highlighting
a potential therapeutic target for elderly patients.
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INTRODUCTION

Traumatic spinal cord injury (SCI) represents a severe
neurological disorder characterized by chronic motor and
sensory impairments and secondary complications, which
together substantially compromise quality of life [1]. With
the significant demographic shifts [2], aging has emerged
as a critical determinant in SCI with a notable increase in
the proportion of SCI cases [3, 4]. Compared to young
patients, age-related muscle and bone disorders increase

the risk of falls and trauma in elderly individuals [5],
leading to higher complication rates and poorer
neurological recovery. Clinical studies have shown that
older age at injury is significantly associated with poorer
neurological and functional recovery [6-8], as well as
increased mobility and mortality risk [9, 10]. In rodent
models, age worsens functional recovery after SCI, which
has been consistently observed across laboratories in both
mice and rats [11-15]. In addition, aging significantly
increases the susceptibility to severe complications after
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SCI, including impaired wound healing, heightened
inflammatory responses, and reduced functional recovery
[16]. Individuals over the age of 61 demonstrated a higher
incidence of post-injury complications, including
pneumonia, gastrointestinal hemorrhage, pulmonary
embolism, and renal dysfunction [16]. These age-
dependent differences underscore the urgent need to
identify molecular mechanisms that worsen SCI outcomes
in older individuals.

Beyond direct spinal cord damage, SCI induces
widespread systemic effects that contribute to disease
progression. Injury disrupts immune homeostasis, leading
to splenic atrophy, impaired lymphocyte function, and
increased vulnerability to infections such as pneumonia
[17-20]. Pulmonary complications are a leading cause of
death in SCI patients, particularly in older adults [21-25].
The systemic nature of these complications suggests that
pathological processes extend beyond the spinal cord and
involve maladaptive interactions between central and
peripheral organs. However, the molecular mediators that
link central injury responses with peripheral immune and
pulmonary dysfunction remain incompletely defined,
especially in the context of aging.

The voltage-gated proton channel Hv1, encoded by
Hvenl, is highly expressed in microglia, macrophages,
and other immune cells, where it sustains NADPH
oxidase activity and drives production of reactive oxygen
species (ROS) [26-28]. While physiological ROS levels
are essential for host defense, excessive Hv1-dependent
ROS generation amplifies oxidative stress and
proinflammatory signaling. Experimental evidence has
implicated Hv1 in ischemic stroke, multiple sclerosis, and
neurodegeneration, where Hvl promotes microglial
activation and worsens neurological damage [29-33].
While Hvl upregulation is known to exacerbate
secondary damage after traumatic CNS injuries by
promoting ROS and neuroinflammation [34-41], its role
in age-dependent pathology remains unclear. Importantly,
Hv1 expression and activity increase with age [42, 43],
raising the possibility that Hv1 upregulation contributes
to age-related susceptibility to injury. Despite this
evidence, the role of Hv1 in SCI, particularly in the aged
spinal cord and peripheral organs, remains largely
unexplored.

Given that SCI elicits robust neuroinflammation in
the spinal cord and profound immune dysregulation in the
spleen and lungs, Hvl may act as a common molecular
amplifier of central and systemic pathology in aged
individuals. In the present study, we investigated the
contribution of Hv1 to SCI outcomes in aged male mice.
We show that Hvl upregulation exacerbates molecular
pathology in the spinal cord, spleen, and lungs, and leads
to impaired locomotor recovery. To our knowledge, this
is the first demonstration that Hvl functions as an age-

dependent driver of both central and peripheral pathology
after SCI. These findings highlight Hv1l as a promising
therapeutic target to improve neurological and systemic
outcomes in elderly patients with SCI.

MATERIALS AND METHODS
Mouse Spinal Cord Injury (SCI)

All experimental procedures were carried out in
accordance with guidelines approved by the University of
Maryland School of Medicine Institutional Animal Care
and Use Committee (IACUC). Aged (18-22-month-old)
male C57BL/6 mice were sourced from Charles River
Laboratories through the National Institute on Aging.
Homozygous Hvl (Hvl KO) mice breeders [28, 29] were
kindly provided by Dr. Long-Jun Wu and maintained in
the animal facility at the University of Maryland School
of Medicine. All animals were housed in a standard 12 h
light/dark cycle with free access to food and water. All
mice were randomly assigned to either the Sham or SCI
group. A moderate contusion SCI model was established
as previously described [34, 44]. Briefly, a laminectomy
was performed at T9-T11 under isoflurane anesthesia, and
the exposed vertebral column was stabilized using a spinal
cord adaptor (RWD #68094). The vertebral bone
overlying the T10 spinal cord was removed, and a
moderate impact (60 kilodyne) was delivered to the
exposed dorsal surface using the Infinite Horizon Spinal
Cord Impactor (Precision Systems and Instrumentation).
Following injury, manual bladder expression was
performed at least three times daily for 7-14 days, until
reflexive bladder emptying was restored. Sham mice
underwent a laminectomy without impact.

Behavioral Assessments

The researchers conducting the behavioral experiments
were blinded to group assignments until all assessments
were completed. Locomotor function was evaluated using
the Basso Mouse Scale (BMS) and BMS subscore as
previously described on days 1, 3 and 7 post-injury, and
then weekly until day 42 [45]. For each assessment, two
independent observers blinded to group assignment
monitored the performance of each mouse for 4 minutes
and scored locomotor ability according to the BMS. This
scale ranges from 0 (complete hindlimb paralysis) to 9
(normal locomotion), based on hindlimb joint mobility,
weight-supported stepping, interlimb coordination, toe
clearance, trunk stability, and tail position. In addition to
BMS scoring, the proportion of animals exhibiting
coordinated movements and consistent plantar stepping
was also recorded.
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The horizontal ladder (HL) test was used to evaluate
recovery of sensorimotor coordination after SCI by
assessing accurate paw placement and adaptive stepping
[46, 47]. Skilled walking was assessed at 6 weeks post-
SCI using a previously published protocol [48]. One day
before testing, all mice were trained with 5-10 trials to
traverse the horizontal ladder beam toward the home cage
without turning or reversing. On the test day, trials were
recorded with a Canon video camera from the underside
view. For each animal, at least five successful trials-
defined as continuous crossings of all 20 rungs with a full
view of the hind paws and without turning or back
walking-were used for analysis. Positive events were
defined as plantar step, toe step, and skip, whereas
negative events included slip, miss, and drag. The ladder
beam score (LBS%) was calculated as the number of
positive events divided by the total number of events.
Cumulative errors were quantified as the total number of
negative events across five trials.

Tissue Preparation

All mice were sacrificed by transcardial perfusion with
ice-cold 0.9% saline using a peristaltic pump. For RNA
sequencing, equivalent volumes of spinal cord tissue
encompassing the lesion core and surrounding area, as
well as lung and spleen, were collected from both Aged
WT and Hvl KO groups at 7- and 42-days post-SCL
Samples were immediately frozen on dry ice and stored at
—80 °C until further use.

For histopathological analyses, mice were perfused
with ice-cold 0.9% saline followed by cold 4%
paraformaldehyde (PFA). Spinal cords were harvested,
post-fixed in 4% PFA overnight at 4 °C and then
cryoprotected in 30% sucrose in 0.01 M PBS for 48 h at 4
°C until they sank. Spinal cord segments were coronally
sectioned at 20 pm and mounted serially on slides,
arranged into 10 sets of 10 slides each. One representative
slide from each set was selected for histopathological
staining.

Histopathology and Quantitative Image Analysis

Luxol Fast Blue (LFB, Cat# S3382, Sigma-Aldrich)
staining was performed to assess myelin content and
evaluate white matter sparing after SCI, as previously
described [34, 48]. The slides were rinsed in distilled
water for 2 min, dehydrated sequentially in 50%, 70%,
80%, and 95% ethanol for 2 min each, and then incubated
overnight in LFB solution at 57 °C. The following day,
slides were rinsed with 95% ethanol, followed by distilled
water, and then immersed in saturated lithium carbonate
solution for 1.5 min to differentiate gray and white matter.
Differentiation continued in 70% ethanol for 3 min, or

until a clear distinction between gray and white matter
was achieved. Finally, slides were dehydrated in 80%,
95%, and 100% ethanol, cleared in xylene, and
coverslipped using permanent mounting medium. LFB-
stained sections were imaged at 5x magnification under a
bright-field microscope. Regions of interest (ROIs) within
the white matter were traced, and both LFB-positive area
and total area were quantified using Image] (NIH,
RRID:SCR _003070). The lesion epicenter was defined as
the section containing the minimal spared white matter
(SWM), and residual white matter in adjacent rostral and
caudal sections (200 and 400 pm intervals) was also
quantified.

Lesion volume was quantified on serial sections taken
at 1-mm intervals spanning 5 mm rostrally and caudally
from the epicenter, as previously described [34, 48].
Sections were stained with GFAP (1:1000; Cat# Z0334,
Dako) overnight at 4 °C, followed by incubation with a
biotinylated secondary antibody (Vector Labs, Cat# BA-
1000) for 2 h at room temperature. The chromogenic
reaction was developed using diaminobenzidine (DAB)
reagent (DAB Peroxidase Substrate Kit with Nickel,
Vector Labs, Cat# SK-4100) for 3—10 min. Images were
acquired under a bright-field microscope at 4x
magnification, and total lesion volume was quantified
using the Cavalieri method in Stereoinvestigator Software
[34, 48].

RNA Extraction and Bulk RNA Sequencing (RNAseq)

Total RNA was extracted from spinal cord, lung, and
spleen tissue samples at 7 days and 6 weeks post-SCI
using the miRNeasy Mini Kit (Qiagen, Cat# 74104). The
samples were sent to Novogene Bioinformatics
Technology Co., Ltd. (Sacramento, CA) for RNA quality
assessment, mMRNA library preparation (poly(A)
enrichment), and sequencing as 150 bp paired end reads
on the Illumina NovaSeq 6000 platform. RNA samples
with RNA Integrity Number (RIN) > 7 were processed in
large batches for library construction with an input of 100
ng total RNA to minimize batch effects. Mapping of 150
bp paired-end reads to the mouse reference genome
(GRCm39) with GENCODE gene annotation (version
M33) was performed using the STAR aligner version
2.7.5 with the default mapping parameters [49]. Gene- and
isoform-level expression at the transcripts per million
(TPM) level were quantified using RSEM 1.3.3 for each
sample [50]. Differentially expressed genes (DEGs) were
identified using the DESeq2 package version 1.42.1 [51].
An adjusted p-value of less than 0.05 was used to identify
DEGs. Subsets of DEGs displayed as heatmaps were
normalized across samples as z-scores and then averaged
to a single value per group before plotting. Gene ontology
(GO) enrichment analysis was performed using
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clusterProfiler (v4.10.1) with DEGs identified by DESeq2
[52].

Quantitative real-time PCR (qPCR)

Complementary DNA (cDNA) was generated using the
Verso cDNA RT Kit (Cat# AB1453B, Thermo
Scientific), following the manufacturer's instructions.
gPCR of target mRNAs was carried out with TagMan
gene expression assays for Nr1d1(Mm00520708 ml),
Dbp (Mm00497539 ml1) and GAPDH (Mm9999
9915 gl) using a QuantStudio™ 5 Real-Time PCR
System (Applied Biosystems). The target gene expression
levels were normalized to the expression of GAPDH, and
relative gene expression change was quantified using the
2-48Ct method with the control sample as the reference [34,
48].

Sample preparation and western blot analysis

A 5-mm segment of spinal cord tissue was collected from
the lesion epicenter in the SCI group and from the
corresponding T10 region in the sham group for both aged
WT and HvlKO mice. Spleen and lung tissues of
comparable weight were also harvested from the same
animals. All tissues were rapidly frozen on dry ice and
stored at —80 °C. Western blot analysis was performed as
previously described [34]. In brief, tissues were
homogenized in ice-cold RIPA lysis buffer (Cat# R0278,
Sigma-Aldrich) with protease inhibitor cocktail (Cat#
P8340, Sigma-Aldrich), phosphatase inhibitor cocktail 2
(Cat# P5726, Sigma-Aldrich), and phosphatase Inhibitor
Cocktail 3 (Cat# P0044, Sigma-Aldrich), followed by
sonication and centrifugation. After collecting
supernatant, protein concentration of each tissue sample
was measured by the Pierce BCA method (Cat# 23227,
Thermo-Fisher Scientific). Equal amounts of total protein
were loaded into a 4-20% SDS-Page gel (Bio-Rad, US)
and then transferred to a 0.2 um nitrocellulose membrane
(Bio-Rad, US). After blocking with 5% non-fat skim milk
in PBST, membranes were incubated overnight at 4 °C
with the following primary antibodies: HVCNI (1:2000,
Cat# AHC-001, Alomone), NRIDI (REV-ERBa)
(1:1000, Cat# ab174309, Abcam), DBP (1:1000, Cat#
12662-1-AP, Proteintech), CIART (Clorf51) (1:1000,
Cat# ab174309, Invitrogen), cGAS (1:1000; Cat# 31659,
Cell Signaling Technologies), STING (1:1000, Cat#
13647, Cell Signaling Technologies), Wnt3a (1:1000,
Cat# CST-2721, Cell Signaling Technologies), Ibal
(1:1000, Cat# CST-17198, Cell Signaling Technologies),
Integrin a9 (1:1000, Cat# ab140599, Abcam), Tyrosine
hydroxylase  (TH, 1:5000, Cat# SIG-ABI1S52,
MilliporeSigma), B-actin (1:10,000; Cat# A1978,
MilliporeSigma), and GAPDH (1:10000; Cat# 607905,

BioLegend). Next day, the membranes were incubated
with HRP-conjugated secondary antibodies for 1 hour.
The immunoblots were visualized with SuperSignal West
Dura Extended Duration Substrate (Cat# 34076, Thermo-
Fisher Scientific) and imaged using a ChemiDoc™ MP
system (Bio-Rad). The quantification of optical density of
signal bands was performed using the Image Lab software
(Bio-Rad) according to the manufacturer’s instructions
using B-actin and GAPDH as the loading control. All data
are expressed as fold-change relative to the Sham/WT

group.

Pharmacological inhibition of Hv1 in aged CS7BL/6
mice

Aged (22-month-old) male C57BL/6 mice (Charles
River) subjected to moderate SCI were treated with 2-
Guanidinobenzimidazole (2-GBI; Cat# G11802, Sigma-
Aldrich), which binds to the intracellular voltage-sensing
domain of Hv1 and inhibits its proton conduction [53-55].
Mice were weighed and administered 2-GBI (dissolved in
10% DMSO, 10 mg/kg body mass) [56, 57] or vehicle
alone by daily intraperitoneal injection for 7 days,
beginning 30 minutes post-injury. BMS scores were
recorded on days 1, 3, 5, and 7 after SCI. A 5-mm spinal
cord segment centered on the lesion site was collected for
Western blot analysis.

Statistical Analysis

Data are presented as mean =+ standard error of the mean
(SEM) from the indicated number of independent
experiments, with individual data points shown in each
graph. Statistical analyses were performed using
GraphPad Prism (version 10.2.0; GraphPad Software,
Inc., La Jolla, CA). Data normality was assessed using the
Shapiro—Wilk test. BMS scores and subscores were
analyzed by two-way analysis of variance (ANOVA) with
repeated measures, followed by Sidak’s multiple
comparisons post hoc test. For comparisons among
multiple groups, one-way or two-way ANOVA was used,
followed by Tukey’s multiple comparisons post hoc test
for parametric data. Nonparametric data were analyzed
using the Mann—Whitney test. GO analysis was
performed using a one-sided Fisher’s exact test with
multiple-hypothesis correction via the Benjamini—
Hochberg method. DEG analysis used the Wald test, with
p-values similarly adjusted using the Benjamini—
Hochberg procedure. Detailed statistical analyses for each
assay are provided in the figure legends. A p-value < 0.05
was considered statistically significant.
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Figure 1. Old age and SCI lead to upregulation of Hvl gene and protein expression levels. (A-C) Expression levels of Hvenl in
the olfactory bulb (A) and hippocampus (B) of young (3-month-old) and aged (20-month-old) C57BL/6 male mice, demonstrating
significant age-related upregulation (C). (D-F) In aged C57BL/6 mice, SCI further increased Hvenl expression at both acute (7d, D)
and chronic (6w, E) timepoints, with statistical significance shown in (F). Statistical analysis was performed with the Benjamini-
Hochberg method and presented as adjusted p-values. n=4-5 mice/group. (G-H) The protein expressions of Hv1 in spinal cord tissue
were analyzed by Western blot with GAPDH and B-Actin as loading control, respectively. Sham-aged mice exhibited a 2.2-fold
increase relative to young mice (G, unedited western blots in Supplementary Fig. 1). At six weeks post-injury, SCI/WT mice exhibited
a threefold elevation in Hv1 protein expression relative to Sham/WT controls (H, unedited western blots in Supplementary Fig. 1).
Hvl protein was undetectable in Hvl KO mice. n=5 mice/group. *p<0.05 vs. young mice with Mann Whitney test. ***p<0.001 vs.
WT/Sham mice. Two-way ANOVA following Tukey’s multiple comparisons test.

RESULTS

Hvenl expression is upregulated with aging and
following SCI

As a first step towards exploring and confirming the
connection between Hv1 and age, we used RNAseq data
from a prior study [58] (GEO# GSE297195) to compare
the expression levels of the Hvenl gene in young adult (3-
month-old) and aged (20-month-old) male C57BL/6
mice. For quantification, the relative abundance of each
sample was represented as Transcripts per Million (TPM)
to account for both transcript length and sequencing

depth. In the olfactory bulb (Fig.1A) and hippocampus
(Fig.1B) regions, we observed a significant increase of up
to 40% in transcript abundance, with an adjusted p-value
of 1.2le-6 and 0.00122 respectively (Fig. 1C). By
subjecting aged 20-month-old male C57BL/6 mice to a
moderate SCI, we observed a marked upregulation of the
Hvenl gene by up to 6-fold in the spinal cord tissue (SPC)
at 7d (Fig. 1D) and 6w (Fig. 1E) post-injury. Statistical
analysis of the relative abundance by the Benjamini-
Hochberg method yielded p-values at 2.74e-92 and 1.36e-
75 for 7d and 6w timepoints respectively (Fig. 1F). At the
protein level, Western blot analysis showed a 2.2-fold
increase in SPC in sham-aged mice compared with young
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mice (p<0.01; Fig. 1G, Supplementary Fig. 1). At 6 weeks
post-injury, Hv1 protein expression was elevated three-
fold in SCI/WT mice relative to Sham/WT controls
(p<0.001; Fig. 1H, Supplementary Fig. 1). As expected,
Hvl protein was undetectable in Hvl KO mice,
confirming the efficacy of our constitutive knockout

A

strain. Taken together, these findings indicate that Hvl
expression is higher in aged than in young mouse brains,
and that SCI further elevates Hv1 levels in the injured
SPC. These results highlight the critical role of Hv1 in the
heightened inflammatory response to SCI in aging.
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Figure 2. SCI induces distinct transcriptomic signatures in the spinal cords of aged WT and Hvl KO mice at 7 days post-
injury. (A) PLS-DA of normalized transcriptomes across all groups. (B—C) Volcano plots of DEGs in WT/SCI vs. WT/Sham (B) and
Hv1 KO/SCI versus Hvl KO/Sham (C). (D-G) GO molecular process enrichment of upregulated DEGs with corresponding heatmaps:
WT/SCI vs. WT/Sham (D-E) and Hvl KO/SCI vs. Hvl KO/Sham (F-G). (H-K) GO molecular process enrichment of downregulated
DEGs with corresponding heatmaps: WT/SCI vs. WT/Sham (H-I) and Hvl KO/SCI vs. Hvl KO/Sham (J-K). Heatmaps display
relative expression levels, with warmer hues denoting increased expression and cooler hues denoting reduced expression. n=4
(WT/Sham), 5 (WT/SCI), 5 (Hvl KO/Sham), and 7 (Hvl KO/SCI) mice.

SCI induces distinct transcriptional changes in the
spinal cord of aged WT and Hvl KO mice

To examine acute-stage molecular changes in the SPC of
aged WT and Hv1 KO mice following SCI, we performed
RNAseq on tissue collected from the injury site at 7 days
post-injury. PLS-DA of all normalized gene counts
showed clear separation between the four groups (Fig.
2A). Baseline genotype differences between KO/Sham vs.
WT/Sham revealed differences in genetic background,
with genes like Ubc, Hoxcl1, and Ide being significantly
downregulated in the volcano plot (Supplementary Fig.
2A), whereas markedly upregulated genes only included
Midl and Gm49980. Consequently, pathway enrichment
analysis only yielded GO terms for downregulated genes,

showing genes involved in “synaptic vesicle cycle”,
“leukocyte homeostasis” and “regulation of generation of
precursor metabolites and energy” (Supplementary Fig.
2B), which included notable genes like Sici0a4, P2rx7,
and Cd24a (Supplementary Fig. 2C). Further examination
of DEGs with a false discovery rate (FDR) of less than
0.05 showed dramatic changes in SCI vs. Sham groups for
both WT (Fig. 2B) and Hvl KO mice (Fig. 2C). Pathway
enrichment analysis by GO terms showed distinct
pathways being activated in the two different genotypes
(Fig. 2D-K). Although the top two upregulated pathways
in both WT/SCI vs. WT/Sham (Fig. 2D) and KO/SCI vs.
KO/Sham (Fig. 2F) included “regulation of innate
immune response” and “ameboidal-type cell migration”,
the third pathway in WT mice was “myeloid cell
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differentiation”, whereas Hvl KO mice showed more
abundance in “immune response-regulation signaling
pathway”. Similarly, the third top downregulated pathway
were also different, with WT mice (Fig. 2E) showing
more enrichment in pathways related to “positive
regulation of cell projection organization”, while the KO
mice (Fig. 2G) showed more abundance in “nucleotide
metabolic process”. Moreover, specific gene ratios were
also distinct between the two genotypes (Fig. 2H-K), with
KO mice showing higher gene counts in pathways like
“lymphocyte differentiation” and “positive regulation of
response to biotic stimulus”, suggesting that SCI activated

A Spinal Cord B

D7 Hv1KO SCl vs. D7 WT SCI, Up

different pathway in WT and KO mice, prompting a
diverse immune response. For quantification, gene
expression levels within each enriched pathway were
illustrated as bar graphs, with TPM plotted on the y-axis
(Supplementary Fig. 3). Together, these findings
demonstrate that although both WT and Hvl KO mice
elicit strong immune responses during the acute stage of
SCI, Hvl ablation reshapes transcriptional programs
toward distinct immune-regulatory and metabolic
pathways, underscoring genotype-specific mechanisms of
injury response.

chvomatin rermodsling

epgenetic reg. of gene eqression-
cefi-oell signaling by wit-
neurdl fube dosure

tube dosure-

primery neurd tube formation-+
beta simuius-

Hvent

beta-
protein localization to call periphery+

® 000000

8

9

D D7 Hv1KO SCI vs. D7 WT SCI, Down

10 1 12
% Gene

‘aerobic respiration+
proton motive force-driven ATP syrthesis -

adjusted p values (~log10)

ATP metabalic process |

ribose phosphate biosyrthetic process <

Actat canonical NF—kappaB sgndl transduction

« Cim s
i) NS

Aw?fl

D7 HVIKO SCI vs. D7 WT SCI, log2.
F Chromatin remodeling
2ips45

- Tasor

Cell-cell signaling by wnt

Abi2 Wnk1

odddive sress- @
- Nfat5

proton ransmerrbrane ranspart- @
Neural tube closure

Kdm5a
Zeb2 Hectd!

™M™

i Ide

Hefe1
Aerobic respiration

9 10 1
% Gene

Epigenetic regulation of gene expres Cell-cell srgnalmg by wnt
Kdm2a

o

Ndufa2 Ndufo7

Figure 3. Hv1 ablation alters acute transcrlptomlc responses in the spmal cord of aged mice seven days post-injury. (A) Volcano
plot of all DEGs derived from Hvl KO/SCI vs. WT/SCI comparison. (B-C) Pathway enrichment analysis with Gene Ontology molecular
processes of upregulated DEGs (B) and heatmap of genes associated with the top four upregulated pathways (C). (D-E) Pathway
enrichment analysis with GO molecular processes of downregulated DEGs (D) and heatmap of genes associated with the top four
downregulated pathways (E). (F) Bar graph of genes within the top up- and downregulated pathways. n=5 (WT/SCI) and 7 (Hvl

KO/SCI) mice.

We next examined key genotypic differences in the
SPC region of WT/SCI and KO/SCI mice at 7d post-
injury to identify early molecular changes driving
pathological or neuroprotective cascades. DEGs analysis
further identified pronounced transcriptional shifts in the
KO/SCI mice relative to WT/SCI group (Fig. 3A).
Although some downregulated genes (Ubc, Ide, Diablo)
overlap with KO/Sham vs. WT/Sham, many upregulated
genes (Actal, Ckm, Mynl, Atp2al) were unique to post-
injury groups, suggesting an interaction between SCI and

Hv1 ablation in aged mice. Pathway enrichment analysis
showed “chromatin remodeling”, “epigenetic regulation
of gene expression”, “cell-cell signaling by Wnt”, and
“neural tube closure” as the top pathways being
upregulated in KO/SCI compared to WT/SCI animals
(Fig. 3B-C). On the other hand, top downregulated
pathways included “aerobic resplratlon” “proton motive
force-driven ATP synthesis”, and “purine nucleoside
triphosphate biosynthetic” (Fig. 3D-E). Notable DEGs of
the top upregulated pathways (Fig. 3C) included Zdfp445,
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Tasor, Nfat5, Hcfcl, and genes that encode Jumonji
domain proteins (KdmSa, Kdm2a). In contrast, notable
DEGs of the top downregulated pathway include Ide,
Ndufa2, Ndufb7 and Cox41 (Fig. 3E). Gene-level
expression of key DEGs in up- and downregulated
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pathways was shown as bar graphs with TPM-normalized
values (Fig. 3F). Together, these results suggest that aged
Hv1 KO protects the injured SPC by promoting repair and
stem cell differentiation while reducing oxidative stress
and senescence.
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Figure 4. Hv1 deficiency enhances splenic immune activation while suppressing cell cycle programs at 7 days post-SCI in aged
mice. (A) PLS-DA of normalized transcriptomes for each group. (B) Volcano plot displaying DEGs in Hvl KO/SCI vs. WT/SCIL. (C-
D) Pathway enrichment analysis by GO molecular processes of up- (C) and downregulated (D) genes. (E-G) Heatmap of signature genes
derived from the top three up- (E) and downregulated (F) pathways in GO analysis, along with bar graphs of normalized TPM for
quantification (G). n=4 (WT/Sham), 3 (WT/SCI), 5 (Hvl KO/Sham), and 7 (Hvl KO/SCI) mice.

RNA sequencing reveals systemic spleen and lung
changes after SCI and Hv1 deletion

Having established the transcriptional landscape at the
injury site, it is important to recognize that SCI triggers a
systemic response extending beyond the CNS [59, 60].
We next examined systemic responses to SCI. The spleen,
a reservoir for immune cells [20], and the lung, prone to
secondary inflammation [21], were analyzed by RNAseq
at 7 days post-injury. Both tissues showed distinct
immune signatures, highlighting the systemic impact of
SCI and effects of Hv1 ablation.

In the spleen, we observed a clear separation between
the four groups after PLS-DA of all normalized gene
counts (Fig. 4A), while the volcano plot revealed robust
changes in specific genes when comparing between
KO/SCI and WT/SCI (Fig. 4B). Results from GO

enrichment analysis revealed “adaptive immune response
based on somatic recombination of immune receptors
built from immunoglobulin superfamily domain”,
“positive regulation of cell activation”, and “actin
filament organization” as the top pathways being
upregulated in the Hvl KO (Fig. 4C), while the terms
“ribonucleoprotein  complex  biogenesis”, “DNA
replication” and “chromosome segregation” were the
most downregulated pathways (Fig. 4D). Notable DEGs
for this comparison included Aicda (Activation Induced
Cytidine Deaminase), /10 (Interleukin 10), Cd209a
(cluster of differentiation 209 antigen) amongst the
significantly upregulated genes (Fig. 4E), along with
several genes from the immunoglobulin heavy chain
variable region (Ighv4-1, Ighvi4-3, Ighvi-72, Ighvi-7).
Alternatively, the top downregulated DEGs included
Isg20 (Interferon Stimulated Exonuclease Gene 20) (Fig.
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4F), which has been reported to have high expression

levels in lymphoid tissues and immune cell subtypes (B-

cells, plasma cells, dendritic cells, neutrophils), which are
Cc

D7 Hv1KO SCl vs. D7 WT SCI, Up

crucial for antiviral defense and chronic inflammation
seen with aging [61].
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Although this study only observed age-dependent
upregulation of Isg20 in circulating immune cells, these
cellular changes reflect similar aging-associated
alterations in spleen-resident immune cells, as the spleen
serves as a major reservoir for NK cells, dendritic cells,
and other lymphocytes. The upregulation of Isg20 is likely
a component of broader immunosenescence processes
impacting the spleen's function in aging. Another DEG of
interest is Cu/4a (Cullin 4A), a highly expressed molecule
in the spleen that’s part of an E3 ubiquitin ligase complex,
which targets key cell cycle and DNA repair regulators for
degradation. Quantitative representation of gene
expression within enriched pathways is shown as bar
graphs, with TPM values on the y-axis providing
normalization for library size and sequencing depth (Fig.
4G). Furthermore, transcriptomic profiles of the WT/SCI
vs. WT/Sham and KO/SCI vs. KO/Sham comparisons at
7d post-injury showed distinct expression profile patterns
in the volcano plots, along with differentially activated
pathways in the GO analysis (Supplementary Fig. 4).

Upregulated pathways in WT mice showed increased
levels of genes pertaining to “chromosome segregation”,
“mitotic cell cycle phase transition”, and “nuclear
division”. In contrast, the top upregulated DEGs in KO
mice were mainly involved in pathways that mediate
functions like “response to peptide”, “proteasome-
mediated ubiquitin-dependent protein catabolic process”,
and “chromatin remodeling”. For the top enriched
pathways in downregulated DEGs, WT mice had
“leukocyte cell-cell adhesion™ as the pathway with the
lowest adjusted p-value and highest gene ratio, while KO
mice showed “ameboidal-type cell migration” as the top
pathway. Further examination on the baseline
transcriptional differences in aged Hvl KO and WT mice
showed stark differences in genes profile (Supplementary
Fig. 5A), with Hvl KO mice showing higher expression
of genes related to “production of molecular mediator of
immune response” (Supplementary Fig. 5B-C), while
genes that regulate “adaptive immune response
lymphocyte mediated immune” were part of the top
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downregulated pathways (Supplementary Fig. 5D-E).
Together, transcriptional profiling revealed distinct
immune responses in aged Hvl KO spleens compared to
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Lung complications are a major cause of morbidity
and mortality after SCI [22]. A 2023 study showed that
12-month-old SCI rats developed pulmonary edema and
airway inflammation [62], while aging itself promotes
lung cellular senescence and alters damage-associated
molecular patterns [63]. To assess the impact of Hvl
ablation on aged mouse lungs after SCI, we analyzed
transcription profiles at 7d post-injury, which showed
clear separation by injury and genotype (Fig. 5A). Beyond
baseline differences (Supplementary Fig. 6), post-injury
DEGs in WT (WT/SCI vs. WT/Sham, Supplementary Fig.
6A-E) and Hvl KO (KO/SCI vs. KO/Sham,
Supplementary Fig. 6F-J) mice revealed distinct,
genotype-dependent pathways. Whereas WT mice
showed upregulation of genes related to “chemotaxis”,
“taxis” and “leukocyte migration” (Supplementary Fig.
6B-C), Hvl KO mice had increased expression of genes

*p<0.05, **p<0.01, ***p<0.001 vs. WT/SCI.

involved in “wound healing”, “regulation of
neurogenesis” and “positive regulation of cell projection
organization” (Supplementary Fig. 6G-H), indicating that
KO mice may be more proactive in tissue repair during
the acute stages of SCI. To delve deeper into the
molecular differences of WT and Hvl KO mice after
injury, direct comparison of KO/SCI to WT/SCI mice was
performed, yielding a unique set of DEGs on the volcano
plot (Fig. 5B). Pathway enrichment analysis via GO term
biological process showed upregulated pathways in

“regulation of T cell activation”, “positive regulation of
leukocyte activation”, “leukocyte cell-cell adhesion” (Fig.
5C), which included DEGs like [l4il, Aifl, Cd3e, and
Wnt10b (Fig. 5D). In the downregulated pathways, genes
involved in processes like “cell-substrate adhesion”,
“ossification” and “reactive oxygen species” were
amongst top enrichment GO terms (Fig. 5E), which
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included DEGs like VYwe2, Smocl, Ccrl and Nos3 (Fig.
5F). Bar graphs for all up and downregulated DEGs were
quantified as TPM level for direct presentation of
transcriptomic expression (Fig. 5G-H). In summary, Hv1

ablation in aged mice after SCI triggers systemic spleen
and lung changes with heightened immune activation,
potentially enhancing resistance to later infections.
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Hvl depletion enhances locomotor recovery and
reduces tissue damage in aged mice after SCI

Our previous study demonstrated that global Hv1 deletion
in young mice significantly enhanced locomotor recovery
and attenuated tissue damage after SCI [34]. To test
whether SCl-induced Hvl changes in aged mice affect
inflammation or locomotor function, aged Hvl KO mice
and their WT littermates were subjected to moderate SCI.
BMS analysis revealed improved locomotion in aged Hv1
KO mice compared to aged WT controls (Fig. 6A). Half
of the Hvl KO mice achieved functional recovery (BMS
>3; occasional/frequent plantar stepping with partial
coordination), significantly higher than WT (p<0.05,
repeated-measures two-way ANOVA), with differences
persisting to 42 days post-injury. Significant effects were
observed for Post-injury Days (F (7, 371) = 146.5,
p<0.001), Treatment (F(3,53)=672.0, p<0.001), and their
interaction (F (21, 371) = 52.29, p<0.001). BMS

subscores further confirmed improved recovery in Hvl
KO mice, significant from day 14 (p<0.05) through day
42 (Fig. 6B). Effects of Post-injury Days (F (7, 371) =
6.848, p<0.001), Treatment (F (3, 53) = 1845, p<0.001),
and their interaction (F (21, 371) = 4.455, p<0.001) were
all significant. Notably, aged Hvl KO mice exhibited
enhanced and consistent stepping performance (Fig. 6B).
In the assessment of motor coordination and skilled
walking, ladder beam score and the number of stepping
errors showed significantly enhanced performances in
aged Hvl KO mice compared to aged WT mice (Fig. 6C).
For ladder beam score, the factors of Injury (F (1, 53) =
1042, p<0.001), the factors of Genotype (F (1, 53) =
4.405, P=0.04) and the interaction of Genotype % Injury
(F (1, 53) = 4.885, P=0.03) were found to be significant.
For cumulative errors, the factors of Genotype (F (1, 53)
=4.771, P=0.03), Injury (F (1, 53) = 1017, p<0.001), and
the interaction of Genotype x Injury (F (1, 53) = 4.977,
P=0.03) were found to be significant.
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We investigated whether improved locomotor the injured SPC. To capture these long-term changes, we

function in aged Hvl KO mice was associated with
reduced secondary tissue damage after SCI. LFB staining
showed increased myelin sparing in aged Hvl KO mice
compared with aged WT mice at 42 days post-injury
(p<0.05, Fig. 6D). Quantitative analysis revealed
attenuated myelin loss at the epicenter in Hvl KO mice
(34.0% = 1.7%) versus WT (23.2% + 2.85%), with similar
protection extending up to 400 pm rostral and caudal (Fig.
6E). GFAP/DAB staining further showed a 47.5%
reduction in glial scar volume in Hvl KO mice (p<0.05,
Fig. 6G-H). These results indicate that Hv1 contributes to
secondary tissue damage after SCI, and its depletion
mitigates injury. Together with behavioral improvements,
our findings suggest that Hvl plays a key role in
secondary damage in aged mice, where its absence
enhances locomotor recovery and tissue preservation.

SCI induces chronic transcriptomic alterations in the
spinal cord and peripheral organs of aged WT mice

Since SCI in aged mice causes lasting functional and
structural deficits, we next probed molecular changes in

performed RNAseq on SPC tissue at 6w post-injury, after
behavioral testing. PLS-DA of the normalized
transcription count showed separation of the WT/SCI and
WT/Sham groups (Fig. 7A). Analysis of DEGs revealed
more upregulated genes (Fig. 7B), enriched in immune-
related pathways such as “regulation of innate immune
response,” “lymphocyte differentiation,” and “cell
activation” (Fig. 7C), indicating chronic neuro-
inflammation in aged SPC. Amongst the downregulated
DEGs, pathways that regulated membrane potential,
monoatomic ion, cell projection organization and cell
junction assembly are the top enriched GO process terms
(Fig. 7D). Notable upregulated genes (Fig. 7E) included
Mmp12, which promotes ECM damage, cytokine release,
and demyelination [64, 65]; Cd300lf and Cd300a,
regulators of macrophage-mediated efferocytosis, with
Cd300a linked to poor recovery after SCI [66-68];
Adam8, a driver of cell migration and inflammation [69];
and Lcn2, which enhances astrocyte—microglia activation
after SCI[70, 71]. In contrast, downregulated DEGs (Fig.
7F) were enriched in pathways regulating membrane
potential, ion transport, cell projection organization, and
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junction assembly. Key genes included potassium channel
components (Kcnk4, Kcnh5, Kcnip2, Kcnj6), opioid
receptors (Oprmli, Oprkl), and Rnf207, a co-chaperone
for HSP70-mediated protein folding. Loss of HSP70 has
been shown to worsen lesion size and delay motor
recovery [72, 73]. To facilitate rigorous quantification,

expression profiles of pathway-enriched genes were
depicted as bar charts, with TPM-normalized transcript
levels plotted on the y-axis (Fig. 7G-H). Together, these
data indicate that aged spinal cords exhibit persistent
activation of immune pathways and suppression of
neuronal signaling and structural genes after SCI.
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Figure 9. Chronic lung transcriptomes at 6 weeks post-SCI reveal impaired ciliary function and extracellular matrix remodeling
in aged mice. (A) Global variance captured by PLS-DA highlights distinct clustering by groups according to injury and genotype. (B)
Differential expression analysis (volcano plot) illustrating transcriptomic changes between WT/SCI and WT/Sham. (C-F) Functional
enrichment of upregulated (C) and downregulated (E) genes with representative genes visualized in heatmaps (D, F). (G—H) Expression
levels of selected DEGs displayed as bar plots, grouped by functional categories, including cilium organization, microtubule-based
movement, and extracellular matrix/structure organization. n=5 mice/group.

In the spleen, PLS-DA demonstrated clear group
separation (Fig. 8A), indicating that injury status and Hv1
ablation drive distinct transcriptional signatures. SCI in
aged WT mice caused marked transcriptomic changes
(Fig. 8B), with upregulation of pathways in cytoplasmic
translation, ribosome biogenesis, and rRNA processing
(Fig. 8C). The upregulated DEGs encoded ribosomal
proteins (Fig. 8D), including components of the 40S
(Rps28, Rps29, Rps21, Rps3, Rps25) and 60S (Rpl36a,
Rpl38, Rpl35a, Rpl27) subunits, suggesting enhanced
protein synthesis machinery in immune organs like the
spleen [74, 75]. In contrast, downregulated DEGs (Fig.
8E-F) included DNA replication genes such as MCM
complex members (Mcm7, Mcm5, Mcm4, Mcm3), as well
as Collal, Hsp90aal, Hsp90abl, and Elavll. Following
injury, studies show that components of the MCM are

upregulated to initiate DNA replication and repair [76].
Notably, Elavll is normally upregulated in germinal
center B cells after activation, underscoring impaired B
cell-related immune responses [77]. Quantitative
analyses confirmed these expression shifts (Fig. 8G-H).
Together, these results show that 6 weeks post-SCI, aged
mice display persistent splenic transcriptomic remodeling
marked by increased ribosomal gene expression but
reduced DNA replication, stress response, and B cell-
associated pathways, consistent with systemic immune
dysregulation.

Given these sustained splenic alterations, we next
asked whether the lung, another organ vulnerable to post-
SCI complications, also showed long-term transcriptomic
changes. PLS-DA analysis of the four groups examined
showed clear separation by injury and genotype (Fig. 9A).
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Beyond the overall upregulation of DEGs evident in the
volcano plot (Fig. 9B), pathway analysis revealed strong
enrichment of processes related to cilium organization and
assembly, cilium-dependent motility, microtubule-based
movement, and fatty acid metabolism among the
upregulated genes (Fig. 9C). As cilia is critical for airway
clearance and epithelial homeostasis, enrichment of these
pathways suggests potential long-term disruption of lung
function after SCI. Upregulated DEGs (Fig. 9D) included
cilia- and microtubule-related genes such as Cfap44,
Cfap43, Lrguk, Kifl19a, Mapkl5, and multiple axonemal
dynein heavy chain genes (Dnah5, Dnahl2, Dnah3,
Dnah6, Dnah4, Dnahll), consistent with increased
ciliated cells or ciliary remodeling after injury [78, 79]. In
the downregulated genes, GO terms included processes
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for extracellular matrix and structure organization,
external encapsulating structure organization and
chemotaxis (Fig. 9E). Downregulated DEGs (Fig. 9F)
were enriched for extracellular matrix (ECM) processes
and included Egfl6, Eln, Ndnf, Serpinhl, Antxrl, and
several collagen alpha-chain genes (Col3al, Col5a3,
Col5a2, Coll4al, Coll5al). Given collagens’ role in
ECM integrity and lung elasticity [80, 81], their
suppression suggests impaired alveolar maintenance and
repair post-SCI. Pathway quantification (Fig. 9G-H)
revealed distinct expression profiles, with marked
upregulation of  cilia-associated genes and
downregulation of ECM components, indicating
enhanced ciliary remodeling but reduced structural
integrity at 6 weeks post-SCIL.
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Figure 10. Hv1 deficiency alters chronic transcriptional profiles in the spinal cord of aged mice 6 weeks post-SCI. (A) Volcano
plot of significantly up- and downregulated genes between Hvl KO/SCI and WT/SCI. (B) GO molecular process enrichment of
upregulated genes. (C) Heatmap of representative genes from enriched pathways. (D) Quantification of signature genes from top
enriched processes, shown as normalized TPM in bar plots. n=5 mice/group. (E) qPCR analysis was performed to examine the mRNA
expression level of circadian rhythm genes NR/D1 and DBP in injured spinal cord tissue at 6 weeks post-SCI in both WT and Hv1KO
mice. (F) Western blot analysis was performed to assess the protein expression levels of NR1D1, CIART, and DBP over the six-week
period following SCI, and representative blots are shown (unedited western blots in Fig. S9). Protein levels were quantified by
densitometry, normalized to GAPDH, and presented as fold changes relative to the WT/Sham group. n=5 mice/group. *p<0.05,
**p<0.01, and ***p<0.001 Two-way ANOVA following Tukey’s multiple comparisons test.

Aged Hvl KO mice display improved transcriptomic
profiles in the spinal cord and peripheral tissues
following SCI

To investigate the molecular basis of Hvl deletion-
mediated benefits after SCI, we performed RNA-seq at
the injury site 6 weeks post-injury. Baseline

transcriptomic comparison between aged KO/Sham and
WT/Sham  mice  identified numerous DEGs
(Supplementary Fig. 7A). Enriched pathways showed
upregulation of innate immune response, lymphocyte
differentiation, and cell activation (Supplementary Fig.
7B), with notable genes including Lbp, Cd36, Serpingl,
Igf2, Il7r, Ccl2la, and Ccl2 (Supplementary Fig. 7C).
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Downregulated pathways were enriched for GO terms
related to membrane potential regulation, ion transport,
synaptic vesicle transport, and exocytosis (Supplementary
Fig. 7D), with representative genes such as Slc7a7, Tacl,
Cck, Glra3, and Snap25 (Supplementary Fig. 7E).
Analysis of SCI in Hvl KO mice revealed numerous
upregulated DEGs in  KO/SCI vs. KO/Sham
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(Supplementary Fig. 8A), enriched for “regulation of
innate immune response,” “lymphocyte differentiation,”
and  “positive  regulation of cell activation”
(Supplementary Fig. 8B-C). Downregulated genes were
mainly associated with membrane potential regulation,
monoatomic transmembrane transport, and synaptic
vesicle-mediated transport (Supplementary Fig. 8D-E).
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To be noticed, comparing KO/SCI to WT/SCI
revealed few DEGs with FDR < 0.05 (Fig. 10A), resulting
in only upregulated DEGs appearing in GO analysis (Fig.
10B), including circadian rhythm, rhythmic behavior,
circadian gene regulation, and positive T cell
proliferation. Key genes in these pathways (Ciart, Dbp,
and Nridl) are shown as bar graphs for quantification
(Fig. 10C-D). To investigate whether Hvl deletion-
mediated functional improvements after SCI was driven
by the regulation of circadian rhythms, we examined the
expression change of circadian rhythm genes and
proteins. qPCR analysis showed that the circadian rhythm
gene NRIDI was significantly upregulated in Hvl KO
mice compared to WT mice at 6 weeks post-SCI (Fig.
10E). In Hvl KO mice, NRIDI mRNA expression was
also higher after SCI than in Sham controls (Fig. 10E).
Similarly, the expression of another circadian rhythm

gene, DBP, was markedly increased in Hv1l KO/SCI mice
compared with WT/SCI mice (Fig. 10E). Moreover, DBP
expression was significantly elevated after SCI relative to
Sham in both WT (p=0.0306) and Hvl KO mice
(p<0.001) (Fig. 10E). At the protein level, NR1Dl1
expression was significantly higher in Hvl KO/SCI mice
than in WT/SCI mice (p=0.042, Fig. 10F, Supplementary
Fig. 9). Relative to Sham, SCI caused a marked reduction
in NR1D1 protein expression in both WT (p<0.001) and
Hv1 KO mice (p<0.001) (Fig. 10F, Supplementary Fig.
9). In contrast, the protein expression of the circadian gene
CIART was substantially increased after SCI compared
with Sham in both WT (p=0.003) and Hvl KO mice
(p<0.001) (Fig. 10F, Supplementary Fig. 9). However, no
significant differences in DBP protein expression were
detected between SCI and Sham groups or between WT
and Hvl KO mice (Fig. 10F, Supplementary Fig. 9).
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Figure 12. Hvl depletion reshapes chronic lung transcriptomic programs in aged mice 6 weeks post-SCI. (A) Differential
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In peripheral spleen tissue, Hv1 ablation significantly
modulated  persistent ~immune  activation and
inflammation. A volcano plot highlighted genetic
differences between WT/SCI and KO/SCI groups (Fig.
11A). Pathway analysis (Fig. 11B-E) identified “nuclear
division,” “chromosome segregation,” and “cell
chemotaxis” as top upregulated processes in KO/SCI
mice, whereas genes related to “adaptive immune
response,” “immunoglobulin-mediated immunity,” “B
cell-mediated immunity,” and “regulation of GTPase
activity” were downregulated. Notable DEGs included
Anklel, Chekl, Birc5, and Top2a among upregulated
genes, while downregulated genes were mainly
immunoglobulin heavy variable genes (Ighv5-6, Ighv5-
12,Ighvi-62-2, Ighvi-5, Ighv2-3). Bar graph visualization
confirmed consistent pathway expression shifts across
conditions (Fig. 11F). Baseline comparison of aged Hvl
KO and WT mice (KO/Sham vs. WT/Sham) revealed few
splenic DEGs (Supplementary Fig. 10A). Upregulated
DEGs were mainly associated with “myeloid leukocyte
migration” and “chemotaxis” (Supplementary Fig. 10B-
C), while downregulated DEGs involved “B cell
activation” and “lymphocyte proliferation”
(Supplementary Fig. 10D-E). After injury, aged Hvl KO

mice showed mostly downregulated DEGs, with only a
few upregulated, contrasting with WT mice
(Supplementary Fig. 11A). Upregulated pathways
included neutrophil chemotaxis and killing/disruption of
other organism’s cells (Supplementary Fig. 11B-C), while
downregulated  pathways  involved  erythrocyte
differentiation, homeostasis, and protein polymerization
(Supplementary Fig. 11D-E). Key genes included Cc/19-
psi and Cxcl10 (upregulated) and Kif1, Epb42, Dmtn, and
Ypel4 (downregulated). A previous study reported that
chronic SCI leads to a sustained upregulation of tyrosine
hydroxylase (TH) in the mouse spleen, resulting in T-cell
exhaustion, impaired T-cell function, and immune
depression [82]. Consistent with this report, our Western
blot analysis showed a 1.8-fold increase in TH expression
after SCI (p=0.05, Fig. 13A, Supplementary Fig. 12).
Notably, Hvl deficiency reversed the SCl-induced
elevation of TH (p=0.02). There was no significant
difference in Hvl expression between WT/SCI and
WT/Sham groups. These findings suggest that Hvl
contributes to the regulation of splenic sympathetic
activity after SCI and that Hv1 ablation may prevent SCI-
induced T-cell dysfunction and immune dysregulation.
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Figure 13. Systemic deletion of Hvl modifies chronic protein expression profiles in the spleen and lungs of aged mice at 42 days
following SCI. (A) Western blot analysis of tyrosine hydroxylase (TH) and Hv1 expression in the spleen was performed, and
representative images are shown. (B) Western blot analysis was conducted to examine protein expression in lung tissue, and

representative bands for Wnt3a, Hvl, and Itga9 are presented. n=

5 mice/group. Protein levels were quantified by densitometry,

normalized to B-Actin, and presented as fold change compared to WT/Sham (unedited western blots in Fig. S12). *p<0.05, **p< 0.01.

Two-way ANOVA following Tukey’s multiple comparisons test.

In lung tissue, Hv1 ablation markedly altered the
transcriptomic profile of aged mice after chronic SCI (Fig.
12A). GO analysis showed upregulation of genes
involved in chemotaxis and adaptive immunity (Fig. 12B-
C) and downregulation of pathways related to cilium
organization and motility (Fig. 12D-E). Key upregulated
genes included Cxcl10, Cxcr3, Itga9, and Wnt3a (Fig.
12C and F), while downregulated genes included Dcdc2a,
Hydin, Stk36, and Spagl7 (Fig. 12E and H). Baseline
comparison of KO/Sham and WT/Sham lungs revealed
significant genotype-dependent transcriptomic
differences (Supplementary Fig. 13A). Upregulated genes
were associated with “wound healing,” “blood
coagulation,” and “coagulation” (Supplementary Fig.
13B-C), including Sic4al, Alox15, Gp1bb, and F10, while
downregulated genes affected only “response to redox
state” and included Npas2 (Supplementary Fig. 13D-E),
highlighting the role of the Hv1 channel in aging. SCI in
aged Hvl KO mice induced distinct transcriptomic
changes (Supplementary Fig. 14A). Upregulated genes
were enriched in “ameboidal-type cell migration,”
“regulation of neurogenesis,” and “regionalization” (e.g.,
Leftyl, DIl4, Kitl, Jcad, Sema3g) (Supplementary Fig.
14B-C), while downregulated genes affected “IL-6
production” and “response to bacterial molecules” (e.g.,

Spon2, Ticam2, Tirl, Ptafr, Mbp) (Supplementary Fig.
14D-E). These results show Hv1 ablation drives injury-
and  genotype-dependent transcriptomic  profiles,
enhancing  chemotactic/  proliferative  signaling,
suppressing B cell immunity, and modulating erythrocyte,
coagulation, and innate immune pathways in lung. Wnt3a
signaling has been reported to attenuate motor neuron loss
and promote tissue repair and functional recovery after
SCI by reducing inflammation and apoptosis [83, 84].
Interestingly, several studies have also shown that Wnt3a
decreases alveolar epithelial cell death, supports epithelial
regeneration, and improves pulmonary function following
lung injury [85, 86]. We compared lung Wnt3a protein
expression across injury conditions and genotypes (Fig.
13B, Supplementary Fig. 12). Compared with Sham,
Wnt3a expression in the lung was markedly increased
after SCI in Hvl KO mice (p=0.013), whereas no
significant change was observed in WT animals.
Moreover, following SCI, Wnt3a levels were significantly
higher in Hvl KO mice than in WT mice (p=0.017).
Interestingly, SCI also induced a significant increase in
Hv1 expression in the lungs compared with Sham mice
(p=0.006) (Fig. 13B). Itga9 has been reported to play a
role in neutrophil migration through the human lung [82].
However, we did not detect significant differences in
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Itga9 protein levels between Sham and SCI groups or
between WT and Hvl KO mice. In conclusion, our
findings suggest that Hvl may contribute to the regulation
of lung function after SCI through the Wnt3a pathway.

Hv1l inhibition reduces proinflammatory signaling
and enhances locomotor recovery in the acutely
injured aged mice

To evaluate the therapeutic potential of Hv1 inhibition, we
conducted a pilot study in aged (22-month-old) male
C57BL/6 mice using 2-GBI, a compound experimentally
shown to reduce microglial activation and the production
of proinflammatory mediators [56, 57]. Aged mice
subjected to SCI received 2-GBI once daily for 7 days via
intraperitoneal injection, beginning 30 minutes post-
injury. We observed a significant increase in BMS scores
at 7 days post-injury in 2-GBl-treated mice
(Supplementary Fig. 15A, p=0.004). A significant main
effect of Post-injury Day was detected (F(3, 21) = 5.269,
p=0.007), whereas the effects of Treatment (F(1, 7) =
4.481, p = 0.072) and the Treatment x Day interaction
(F(3,21)=2.202, p=0.118) were not significant. Western
blot analysis showed reduced expression of the innate
immune response markers cGAS (p=0.0159) and STING
(p=0.0317), as well as the microglia/macrophage marker
Iba-1 (p=0.0317), in mice treated with 2-GBI compared
with vehicle controls at 7 days after SCI (Supplementary
Fig. 15B-C, Supplementary Fig. 16), indicating
attenuated neuroinflammation. These findings are
consistent with the neuroprotective effects observed in
mice with genetic Hvl deletion. Collectively, these data
suggest that the Hv1 inhibitor 2-GBI has beneficial effects
on SCIl-mediated neuroinflammation and appears to
protect against acute SCI in aged animals.

DISCUSSION

Spinal cord injury induces systemic effects across
multiple organs, but the molecular changes associated
with aging remain largely undefined. Here, we examined
the role of the voltage-gated proton channel Hv1 in SCI-
induced immune responses in aged mice. Our study is the
first to demonstrate that age-related upregulation of Hvl
amplifies both intraspinal injury and peripheral organ
dysfunction after SCI. Using aged Hvl KO mice, we
reveal that Hvl deletion confers broad neuroprotection
and systemic benefits - promoting chromatin remodeling
and Wnt signaling, suppressing NF-kB-driven
inflammation and oxidative stress, and restoring immune
balance across the spinal cord, spleen, and lungs.
Functionally, loss of Hvl improved locomotor recovery
and reduced tissue damage in aged SCI mice. These
findings uncover a previously unrecognized role of Hvl

as an age-dependent regulator of neuro-immune crosstalk
and identify it as a potential therapeutic target for
improving recovery in elderly SCI patients.

Aging is a critical determinant of SCI, with older
individuals showing increased incidence and severity [3,
4]. Our previous work in aged mice demonstrated
exacerbated motor and cognitive deficits and worsened
tissue damage after SCI compared to young adults [87],
consistent with other studies [14, 88]. Despite these
observations, mechanisms driving age-related pathology
after SCI remain poorly understood. For instance, Zhang
et al. [88] reported that middle-aged mice exhibited
heightened inflammatory responses, elevated ROS
production, and impaired locomotor recovery following
SCI, driven in part by enhanced NADPH oxidase (NOX2)
activation in macrophages and microglia [14]. These
findings suggest that chronic neuroinflammation driven
by infiltrating  lymphocytes contributes ~ to
neurodegeneration and impaired functional recovery in
aged subjects. Hv1 is critical for NADPH-dependent ROS
generation in microglia and macrophages [28, 29]. It is
abundantly expressed across innate immune cells,
including neutrophils, macrophages, and lymphocytes
[27]. After SCI, its upregulation intensifies
neuroinflammation and contributes to secondary tissue
injury [34, 36, 38, 40]. In agreement with previous
findings [42, 43], we observed a ~40% increase in Hvl
RNA expression in the brain of aged mice, indicating a
chronic inflammatory state. Notably, SCI induced a 5-6-
fold increase in spinal cord Hv1 expression at 7 days post-
injury, sustained through 6 weeks, suggesting that SCI
amplifies Hv1 upregulation beyond age-related changes.

Spinal cord RNA-seq revealed distinct transcriptional
profiles in aged Hvl KO vs. WT mice after SCI. Under
sham conditions, Hv1 KO mice exhibited downregulation
of immune activation and inflammatory signaling,
including IL-6 and interleukin production, indicating
reduced basal inflammation. Following acute SCI, both
WT and Hvl KO mice showed upregulation of immune-
related pathways, reflecting robust innate and adaptive
immune activation. Notably, Hv1 deletion also promoted
neuroprotective  pathways, including  chromatin
remodeling and Wnt signaling, supporting axon
regeneration, neural repair, and DNA damage repair via
genes such as KdmSa and Kdm2a [89-94].
Downregulation of bioenergetic and metabolic pathways
in Hvl KO mice may limit excessive ROS production and
oxidative stress, further mitigating secondary injury [95-
98].

Behavioral and histological assessments confirmed
that Hvl ablation improved locomotor recovery and
reduced tissue loss after SCI in aged mice. Following
chronic SCI, transcriptional changes persisted, with SCI
continuing to upregulate immune pathways and
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downregulate neurogenesis-related pathways in aged WT
mice. Notable DEGs in the upregulated pathways have
been found to promote the release of pro-inflammatory
cytokines and demyelination after injury, such as Mmp12
[64, 65], and are essential in the clearance of apoptotic
cells, such as Cd300If and Cd300a [66]. Previous studies
have shown that detecting high levels of Cd300a in the
serum of patients in the subacute phase (from 30 to 120
days) are associated with a lack of recovery following SCI
[68]. Another proinflammatory gene is Adam§, which has
been often implicated as a promoter of cell migration,
chemotaxis, and secretion of inflammatory mediators
[69]. Finally, the gene Lcn2 has been found to be highly
expressed in astrocytes following SCI, facilitating the
activation and recruitment of microglia in local
neuroinflammation at the injury site [70, 71]. When
comparing Hvl KO/SCI to WT/SCI, only a small number
of DEGs were observed, which resulted in only the
upregulated DEG showing up on GO analysis,
encompassing processes of circadian rhythm, circadian
behavior, rhythmic behavior, circadian regulation of gene
expression, and positive regulation of T cell proliferation.
Circadian rhythms control the daily cycles of gene
expression, which in turn regulate key physiological
processes involved in the immediate response to injury,
such as immune function and inflammation [99, 100].
Preclinical studies show that circadian disruption
heightens microglial activation and proinflammatory
cytokine production, impairing recovery after CNS
injuries, including ischemic brain injury [101], TBI [102],
and SCI [103, 104]. In Hvl KO mice, upregulation of
circadian genes at both the transcript and protein levels
may alter immune, metabolic, and repair rhythms,
potentially promoting post-SCI recovery, consistent with
observations from other studies [103, 104]. Thus, Hvl
contributes to age-related worsening of SCI by driving
chronic inflammation and secondary tissue damage.
Deletion of Hv1 mitigates these effects, promoting tissue
repair, modulating immune responses, and facilitating
functional recovery in aged mice.

Beyond the local lesion, SCI triggers systemic
inflammation and immune suppression that affect
peripheral organs such as the spleen and lungs [18, 22, 23,
105, 106]. At 7 days post-SCI, the spleen serves as a major
immune reservoir [20, 107]. Splenic monocytes enter
circulation and infiltrate the lesion, where they worsen
secondary damage via pro-inflammatory cytokines (TNF-
a, IL-18, IL-6) and ROS [108-110]. Early
monocyte/macrophage infiltration predicts  poorer
recovery [107], whereas suppressing systemic immunity
improves locomotion by reducing neutrophils and
retaining splenic monocytes [111]. T cells further
exacerbate injury: their activation disrupts the blood—
spinal cord barrier through perforin, promoting cytokine

infiltration [112]. Blocking T cell recruitment with
CXCLI10 preserves tissue and function [113]. Aging
increases splenic monocyte/macrophage accumulation,
reduces autophagy, and skews cytokine production [114].
We therefore investigated the role of Hvl in modulating
splenic responses to SCI in aged mice. Hvl KO/Sham vs.
WT/Sham differences revealed heightened immune
activation and proliferation pathways in Hvl-deficient
spleens, suggesting a shift toward enhanced immune
responsiveness despite aging. Seven days after SCI,
RNA-seq confirmed that SCI induced systemic immune
activation in WT spleens, with genes promoting
proliferation and protein metabolism. Among these, Cdc6
- previously linked to glial proliferation in SCI [115] and
poor prognosis in glioma [116] - was upregulated,
implicating it in immune cell expansion and inflammatory
cascades. Hvl deletion suppressed this proliferative
response, indicating a protective effect. We also found
that  aging-associated  Isg20, a  marker of
immunosenescence [61], was reduced by Hv1 deletion,
suggesting preserved immune competence. Furthermore,
Hv1 KO enhanced adaptive immune pathways. While SCI
suppresses lymphocyte, macrophage, and NK cell activity
in young mice [82, 117], our RNA-seq data indicate that
Hvl deletion prevents such dysfunction in aged mice,
supporting a beneficial role for Hvl loss in maintaining
immune function after SCI.

Chronic neuroinflammation driven by infiltrating
lymphocytes may underlie poor recovery after SCI in
aged subjects. Our RNA-seq analysis of spleen at 6 weeks
post-SCI reveals a novel chronic response: robust
upregulation of ribosomal protein genes, highlighting
protein synthesis pathways. To our knowledge, this is the
first report of ribosomal gene induction in the spleen at a
chronic SCI timepoint, especially in aged animals.
Previous studies of splenic gene expression after SCI
largely describe immune dysfunction, cytokine signaling,
splenic atrophy, or immunosuppression-not ribosomal
upregulation, which has otherwise been observed in
chronic infection, genetic models, or systemic stress [74,
75, 118]. Notably, loss of miR-132/212 in splenic CD4(+)
T cells during chronic infection drives increased RP gene
expression [119], suggesting parallels to chronic SCI.
These findings may reveal new mechanisms of systemic
immune remodeling and therapeutic targets for persistent
inflammation after injury. Hvl ablation further shaped
splenic responses. PLS-DA showed distinct profiles
separating Hvl KO/SCI from WT/SCI, with Hvl KO
changes forming a near-mirror image of WT/SCI. Hvl
deletion enhanced pathways linked to immune cell
proliferation and migration, potentially counteracting
SCl-induced immunosuppression. Normally, elevated
splenic norepinephrine within 2 weeks of SCI drives
immune cell apoptosis and reduced antibody production
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[18]. In Hv1l KO mice, upregulated proliferative pathways
may restore immune cell pools, enabling migration to
injury sites, dampening inflammation, and improving
recovery [120, 121]. Together, these results highlight
splenic vulnerability to SCI and suggest that maladaptive
immune suppression may contribute to worse outcomes in
aging.

The lungs are highly vulnerable to secondary
inflammation after SCI [21]. Pulmonary complications
are the leading causes of morbidity and mortality in SCI
patients [122, 123], partly due to SCl-induced systemic
immune suppression, including reduced circulating
leukocytes and immune modulatory genes [21, 124].
Advanced age further increases the risk of recurrent
pneumonia [125, 126], driven by elevated inflammatory
cytokines [62], cellular senescence, and altered damage-
associated molecular patterns [63]. RNAseq of aged
mouse lungs following SCI revealed marked
transcriptional changes. Seven days after injury, WT mice
showed upregulation of chemotaxis, leukocyte migration,
and myeloid differentiation pathways, with DEGs
(Retnlg, §100a8/a9, Cxcr2, Treml, Ccrl) supporting a
pro-inflammatory response. Hvl ablation shifted
responses toward adaptive immunity, enhancing T cell
activation, leukocyte adhesion, and cell cycle regulation,
while suppressing senescence, ROS metabolism,
apoptosis, and cytokine signaling. Changes in Wntl0b,
Socs1, Nos3, Acoxl, Ddit4, Bnip3, and Ccrl suggest Hvl
loss dampens lung inflammation and preserves function.
Six weeks post-SCI, WT lungs exhibited persistent
transcriptomic alterations, with upregulated cilium
organization and motility (Cfap44, Cfap43, Dnah5) and
downregulated ECM and immune pathways (Egfl6,
Col3al, Col5a3, Eln, Ndnf), reflecting structural
deterioration and ongoing inflammation. Hv1 ablation
reversed many effects, boosting chemotaxis, adaptive
immunity, and leukocyte activation while reducing ciliary
remodeling. Upregulation of /zga9 and Wnt3a highlighted
enhanced proliferation and Wnt-driven tissue repair.
These results highlight the lung’s vulnerability to post-
SCI inflammation and identify Hv1 as a key driver of
immune dysregulation and tissue remodeling in chronic
SCI.

In summary, our study demonstrates that SCI triggers
transcriptomic  changes linked to immune and
inflammatory responses in both the spinal cord and
peripheral organs (spleen and lung) of aged male mice
during the acute and chronic phases of injury. Loss of Hv1
attenuated secondary inflammation, enhanced immune
activity, and improved locomotor recovery while
reducing tissue damage compared to WT controls,
accompanied by transcriptomic and neuronal alterations.
These findings reveal potential molecular mechanisms
underlying  SCl-induced central and peripheral

complications in the elderly and highlight the importance
of developing therapeutic strategies to mitigate systemic
inflammation and improve recovery in this vulnerable
population. Hv1 is well-characterized in immune cells
such as microglia and peripheral phagocytes, but its
expression in non-immune CNS or systemic cells is
limited. Endothelial cells and most neurons show minimal
Hv1, whereas certain epithelial cells (e.g., airway, gastric,
pancreatic) do express it. Therefore, Hvl’s effects on
peripheral organs are likely driven primarily by immune
modulation, though direct roles in Hvl-expressing
epithelial cells cannot be excluded. This study has
limitations. We used only male mice to limit the number
of aged animals required and to avoid confounds across
experimental paradigms. The present findings may not
apply to aged females, given known sex differences in
immune aging and SCI outcomes. Hvl-related sex
differences in SCI pathology have not been reported and
warrant future investigation. The 2-GBI Hvl1-inhibition
experiment lasted only 7 days and assessed short-term
outcomes, making it difficult to infer effects on chronic
SCI reflected in the 6-week transcriptomic data. Future
studies are needed to evaluate long-term therapeutic
potential. Whole-tissue profiling also limited the
resolution  of  region-specific  structure-function
relationships. Nonetheless, the data provide a broad view
of Hv1’s impact on SCI-induced systemic complications.
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