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Hyperbaric Oxygen Therapy after Mid-Cervical
Spinal Contusion Injury
Sara M.F. Turner,1,2 Michael D. Sunshine,1–3 Vijayendran Chandran,4 Ashley J. Smuder,3,5 and David D. Fuller1–3,*

Abstract
Hyperbaric oxygen (HBO) therapy is frequently used to treat peripheral wounds or decompression sickness.
Evidence suggests that HBO therapy can provide neuroprotection and has an anti-inflammatory impact
after neurological injury, including spinal cord injury (SCI). Our primary purpose was to conduct a genome-
wide screening of mRNA expression changes in the injured spinal cord after HBO therapy. An mRNA gene
array was used to evaluate samples taken from the contused region of the spinal cord following a lateralized
mid-cervical contusion injury in adult female rats. HBO therapy consisted of daily, 1-h sessions (3.0 ATA,
100% O2) initiated on the day of SCI and continued for 10 days. Gene set enrichment analyses indicated
that HBO upregulated genes in pathways associated with electron transport, mitochondrial function, and
oxidative phosphorylation, and downregulated genes in pathways associated with inflammation (including
cytokines and nuclear factor kappa B [NF-jB]) and apoptotic signaling. In a separate cohort, spinal cord
histology was performed to verify whether the HBO treatment impacted neuronal cell counts or inflamma-
tory markers. Compared with untreated rats, there were increased NeuN positive cells in the spinal cord of
HBO-treated rats ( p = 0.004). We conclude that HBO therapy, initiated shortly after SCI and continued for 10
days, can alter the molecular signature of the lesioned spinal cord in a manner consistent with a neuropro-
tective impact.

Keywords: cervical; gene array; hyperbaric oxygen; spinal cord injury

Introduction
Hyperbaric oxygen (HBO) therapy involves brief (£ 1 h)

exposure to pressurized oxygen at £3 ATA and is used

frequently to aid peripheral wound healing and to treat

decompression sickness.1 Evidence suggests that HBO

provides neuroprotection after central nervous system in-

jury including stroke and spinal cord injury (SCI).2–4

Neuroprotection is defined as a reduction of the second-

ary damage that occurs as a result of pathophysiological

processes triggered by acute injury.5 Neuroprotection

within the context of SCI could mitigate apoptosis,6,7 de-

myelination,8 and axonal degeneration.7

Studies of HBO therapy after SCI date back at least

50 years. Early reports showed that O2 partial pressure

(PO2) in the acutely injured spinal cord approached

0 mm Hg,9 but HBO could drive spinal PO2 near the le-

sion site to 200–500 mm Hg.10 Subsequent studies

showed that acute HBO therapy after SCI could reduce

necrosis and improve motor recovery.11,12 Recent years

have seen an increase in experimental studies of HBO

therapy following SCI. Studies in rodent SCI mod-

els have reported that HBO can attenuate spinal oxidative

stress,13,14 reduce apoptosis,15,16 and improve motor re-

covery.17–19
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Our primary purpose was to conduct a genome-wide

screening of mRNA expression changes in the injured

spinal cord of adult rats following HBO therapy. Tran-

scriptomics is a highly informative starting point to guide

subsequent proteomic, metabolomics, or other experiments.

We reasoned that such data would be valuable to the

field, and the method also provides an unbiased way to

determine if HBO impacts the overall ‘‘genetic signa-

ture’’ of the injured spinal cord. Based on previous histo-

logical studies,16,20 we hypothesized that following HBO

therapy, mRNA gene array and gene set enrichment anal-

ysis (GSEA)21 of the injured spinal cord in adult rats

would indicate downregulation of processes associated

with neuronal loss and inflammation. The GSEA data

were complemented with histological assessment of neu-

ron and inflammatory cell counts, which were performed

to validate that HBO impacted the injured spinal cord, as

in previous reports.15,16 Brief, daily HBO therapy was

initiated shortly after SCI and continued for 10 days.

Methods
Experimental animals
All procedures were approved by the University of

Florida Institutional Animal Care and Use Committee.

Rats were housed in an Assessment and Accreditation

of Laboratory Animal Care (AAALAC)-accredited facil-

ity with a 12:12 light/dark cycle with ad libitum access to

rodent chow and water. Adult female Sprague–Dawley

rats (200–250 g, Harlan Laboratories, Indianapolis, IN,

USA) were studied in two groups: SCI (left lateralized

contusion injury, n = 8), and SCI + HBO (n = 8).

Surgical procedures
Anesthesia was induced with 3% isoflurane in O2 and

maintained at 2–3%. A dorsal midline incision was

made from the second to fifth cervical segment and the

C3-4 laminae were removed. A left lateralized contusion

was induced using the Infinite Horizon impactor (Pre-

cision Systems & Instrumentation, Lexington, KY22).

The impactor probe (2.5 mm diameter tip) was positioned

between midline and the lateral edge of the spinal cord at

C3/C4, and was raised 5 mm above the intact dura. The

cord was contused at a pre-set force (200 kd, dwell time =
0). Overlying muscles were sutured with 4–0 Vicryl and

the skin incision was closed using wound clips. Post-

surgical care included buprenorphine at 12 h intervals

(0.03 mg/kg, s.q.) for 48 h, lactated Ringers solution (5 mL/

12 h, s.q.), and oral Nutri-cal supplements (1–3 mL/12 h,

Webster Veterinary, MA, USA) until volitional drinking

and eating resumed.

HBO treatment
HBO exposures began at 4 h after anesthesia recovery

and continued daily for 10 days. Rats were placed in

an HBO chamber (volume = 17 L; Hyperbaric Systems,

Alexandria, VA, USA) that was sealed and flushed with

100% O2. The chamber was pressurized over 6 min

(*5 psi/min) until reaching 3.0 ATA. The pressure

was maintained for 60 min, and the chamber was contin-

ually flushed with 100% O2 (3 L/min). After the 60 min,

the chamber was depressurized over 6 min. Body tem-

perature was recorded immediately prior and follow-

ing HBO.

Histology and immunochemistry
Rats were euthanized with intraperitoneal Beuthanasia�

injection (150 mg/kg; Patterson Veterinary Supply, Ala-

chua, FL, USA). Intracardial perfusion with ice-cold

saline (500 mL) was followed by 4% paraformaldehyde

(500 mL). The spinal cord was harvested and trans-

ferred to 30% sucrose in 1x phosphate buffered saline

(PBS). The C2-6 spinal cord was longitudinally sectioned

(20 lm) and slide mounted. For ionized calcium bind-

ing adaptor molecule 1 (Iba-1) immunostaining, a rabbit

anti-Iba-1 (WAKO cat# 019-19741) was used at 1:400 di-

lution. Iba-1 can label microglia as well as filtrating mac-

rophages, and accordingly, in the Results section we

refer to cells simply as Iba-1 positive, rather than drawing

a conclusion regarding the precise nature of the cells. For

the neuronal marker, a mouse anti-NeuN antibody was

used (1:1000; Encor Biotechnology, cat# MCA-1B7,

Gainesville, FL, USA). Tissue sections were rehydrated

in PBS prior to 95�C antigen retrieval in Trilogy solution

(Cell Marque, Rocklin, CA, USA). Slides were blocked

for endogenous peroxidase activity, serum blocked and

incubated overnight with NeuN or Iba-1 antibodies, or

isotype matched mouse immunoglobulin (negative con-

trol). Antibody binding was detected using the Elite

HRP kit and ImmPACT DAB (Vector Labs, Burlingame,

CA, USA). Following chromogenic development, slides

were stained with rabbit anti-Iba-1 (1:400; Wako Chem-

icals, Richmond, VA, USA) and detected using a Vector

Alkaline Phosphatase kit with Blue Alkaline Phosphatase

Substrate. Positive control tissues and concentration

matched immunoglobulin controls were included. For

hematoxylin and eosin (H&E) staining, sections were

cut, air dried to improve adherence, and then rehydrated

in distilled water. Tissues were stained using standard

H&E methodology (SelecTech staining system, Leica

Biosystems).

Microscopy
Images were captured and quantified by a blinded inves-

tigator. An Olympus BX43 upright microscope and DP80

camera with CellSens software was used. Three cervical

cord sections were imaged from each animal and in-

cluded the dorsal horn (laminae 1-3), the lesion epicen-

ter, and the ventral horn (laminae 7-9). Neurons and
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microglia were quantified using custom-written MAT-

LAB software (version 2019a, Natick, MA, USA; code

available by request). Images were captured at 4x, loaded

into MATLAB, and separated into individual color chan-

nels. A gray scale image was converted to a black and

white image using a thresholding procedure (im2bw

function). We then excluded items in the image <10

and 25 pixels for the microglia and neurons, respec-

tively. Further, any item >1000 pixels was excluded.

The remaining cell boundaries were counted, and average

cell counts were calculated across the dorsal, epicenter,

and ventral images.

Microarray analysis
Rats (n = 4/group) were injected intraperitoneally with

Beuthanasia (150 mg/kg) solution. Cervical spinal tis-

sues (C3-C5) were harvested, placed into RNA Later

(Life Technologies, Carlsbad, CA, USA), and stored at

-80�C. RNA extraction was performed using TRIzol,

and isolated total RNA was purified using an RNeasy

Mini kit (Qiagen, Valencia, CA, USA). The resulting

quantity and purity of total RNA was tested through ab-

sorbance spectrophotometry at 230, 260, and 280 nm.

RNA samples were sent to the Boston University Medical

Center Microarray Core Facility for analysis using the

Affymetrix Rat Gene Array 2.0ST. Raw Affymetrix

CEL files were normalized to produce gene-level expres-

sion values using the Robust Multiarray Average (RMA)23

in the affy package version 1.36.24 included in the Bio-

conductor software suite (version 2.1225), and an Entrez

Gene-specific probeset mapping (17.0.0) from the Molec-

ular and Behavioral Neuroscience Institute (Brainarray)

at the University of Michigan26 (http://brainarray

.mbni.med.umich.edu/Brainarray/Database/CustomCDF).

Expression values were log2-transformed. Array quality

was assessed by computing Relative Log Expression

(RLE) and Normalized Unscaled Standard Error (NUSE)

using the affyPLM Bioconductor package (version 1.34.027).

Principal component analysis (PCA) was performed

using the prcomp R function with expression values that

had been normalized across all samples to a mean of 0

and a standard deviation of 1. Pairwise differential gene

expression was assessed by performing Student’s t test on

the coefficients of simple linear models created using the

lmFit function in the limma package (version 3.14.4).

Correction for multiple hypothesis testing was accom-

plished using the Benjamini–Hochberg false discovery

rate (FDR).28 Human homologs of rat genes were identified

using HomoloGene (version 6829). Microarray analyses

were performed using the R environment for statistical

computing (version 2.15.1). Both .cel files and expression

values were deposited into minimum information about a

microarray experiment (MIAME) compliant NCBI Gene

Expression Omnibus (GEO Series ID GSE185600).

A GSEA (version 2.2.1)21 was used to identify biolog-

ical pathways and processes that were coordinately up- or

downregulated within each pairwise comparison. The

Entrez Gene identifiers of the human homologs of the

genes interrogated by the array were ranked according

to the t statistic computed for each pairwise comparison.

An enrichment score (ES) for each gene set measured the

skewedness. Enrichment scores were then normalized

(NES) by computing the ratio of the observed ES to the

mean ES across 1000 random distributions of the mem-

bers of the gene set across the ranked list. Because mul-

tiple comparisons were tested, we used the optimized

FDR q value (FDR-q) with statistical significance set to

£0.25.

RT-PCR
RNA extracted from cervical spinal tissue was used to ex-

amine genes of interest from the microarray analysis

(n = 4/group for SCI and SCI+HBO); 2.4 lg RNA was re-

verse transcribed with the Superscript III First-Strand

Synthesis System for RT-PCR (Thermo Fisher Scientific,

Waltham, MA, USA), and 1 lL cDNA was added to a

24 lL PCR reaction using Taqman chemistry and the Ste-

pOnePlus RT-PCR system (Applied Biosystems, Foster

City, CA, USA). Relative quantification of gene expres-

sion was performed using the comparative computed

tomography method,30 and values are expressed as fold

difference relative to SCI. NFjB Inhibitor alpha (NFjBia;

Rn01473557_g1), v-rel reticuloendotheliosis viral onco-

gene homolog A (RELA; Rn0150226_m1), Fas-associated

via death domain (FADD; Rn00596168_m1), apoptotic

peptidase activating factor 1 (APAF1; Rn00576832_m1),

Caspase 9 (CASP9; Rn00581212_m1), slit homolog

2 (SLIT2; Rn00575268_m1), neurexin 1 (NRXN1;

Rn00665869_m1), microtubule-associated protein tau

(MAPT; Rn00691532_m1), leucine rich repeat contain-

ing 4C (LRRC4C; Rn01513938_m1), and netrin G1

(NTNG1; Rn01518579_m1) mRNA transcripts were

assayed using pre-designed rat primer and probe se-

quences commercially available (Thermo Fisher Scien-

tific). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH;

Rn01775763) was chosen as the reference gene based

on evidence of unchanged expression with our experi-

mental manipulations. Each data set was tested for equal

variances followed by comparison between groups by un-

paired t test. Significance was established at p < 0.05.

Results
Spinal cord histology
Spinal cord histological assessment was performed in

a separate cohort of rats that were not used for the

mRNA analyses (n = 4/group). Gross lesion pathology

was evaluated after staining with H&E (Fig. 1). The spi-

nal cord lesion epicenter was centered on the C4 spinal
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segment, with pathology extending both rostrally and

caudally. The tissue damage typically extended across

the spinal midline, reaching the contralateral dorsal and

ventral gray matter shown in Figure 1.

Neurons were identified via immunostaining with a

NeuN marker, and Iba-1 staining was used to visualize

microglia (Fig. 2A, B). Tissue from HBO-treated rats

showed an increase in the number of NeuN positive

cells in the spinal cord ipsilateral to the contusion

(Fig. 2C, p = 0.004). A similar trend was seen in the con-

tralateral spinal cord (Fig. 2D, p = 0.088). The number of

identified Iba-1 positive cells tended to be reduced in the

ipsilesional spinal cord after HBO therapy ( p = 0.168,

Fig. 2E), but there was no suggestion that HBO impacted

the Iba-1 staining in the contralesional spinal cord

( p = 0.851, Fig. 2F). We also evaluated vacuolation in

histological sections encompassing the spinal lesion

(Fig. 2G, H). Although assessment of tissue vacuolation

was not an a priori aim, we noticed an apparent impact of

the HBO therapy and therefore quantified the vacuoles in

the tissue. As shown in Figure 2I and J, there was a strik-

ing reduction in the extent of vacuolation in both the ipsi-

lesional ( p = 0.023) and contralesional ( p = 0.015) spinal

cord of HBO-treated rats.

Gene array pathway analyses
Spinal cord homogenates taken from C3-C5 (containing

the lesion epicenter) were evaluated using an Affymetrix

Rat Gene Array 2.0ST (n = 4 SCI, n = 4 SCI + HBO). The

GSEA provided transcriptome-wide screening of gene

sets that represent defined biological states or process-

es.31 The ES, NES, and FDR for the top 10 statistically

upregulated and downregulated pathways are presented

in Tables 1 and 2, respectively. The primary theme that

emerged from the upregulated pathways is ‘‘aerobic me-

tabolism’’ (Table 1). Therefore, among the cellular pro-

cesses associated with the upregulated pathways were

electron transport, mitochondrial function, and oxidative

phosphorylation. In regard to pathways that were down-

regulated after HBO treatment, the most striking observa-

tion was the prominence of pathways associated with

inflammation (including cytokines and NF-jB) and apo-

ptotic signaling (Table 2). Collectively, the GSEA analy-

ses indicate that HBO treatment can alter the molecular

signature of the lesioned spinal cord in a manner consis-

tent with an anti-inflammatory and neuroprotective im-

pact. We selected a few genes that the mRNA array

analyses indicated were up- or downregulated by HBO

exposure and evaluated changes in mRNA expression

using rtPCR (Table S1 and Fig. S1). Most noteworthy,

RT-PCR confirmed that mRNA expression of NF-jB

( p = 0.032) was decreased after HBO therapy.

Discussion
A growing body of work supports the hypothesis that

HBO therapy can be beneficial after neurological injury,

including stroke and SCI.4,32,33 Building on this founda-

tion, we found that daily, 1-h HBO therapy sessions (3.0

FIG. 1. Representative histological sections (A) and three-dimensional (3-D) reconstruction (B) of mid-
cervical spinal cord contusion. Panel A shows a hematoxylin and eosin (H&E) stained longitudinal tissue
section extending from * C3 to C5. Panel B shows a 3-D rendering that illustrates the spinal cord lesion.
This image was created by tracing the lesion and spared tissue boundaries across nine longitudinal tissue
sections, separated by 160 lm. The boundaries were interpolated to produce the 3-D image showing the
estimated lesion and spared tissue volume. The lesion boundary interpolation is plotted in red, indicating
areas in which histology confirmed a loss of tissue. The spared tissue boundaries were interpolated and
plotted in gray. Color image is available online.
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ATA, 100% O2), initiated on the day of SCI, can alter the

molecular signature of the lesioned spinal cord in a man-

ner consistent with an anti-inflammatory and neuropro-

tective impact.

HBO therapy after SCI
HBO is used commonly to treat decompression sickness

or to aid peripheral wound healing. It has also been tested

in multiple clinical trials related to brain injury and

SCI.4,32 Appropriate dosing of HBO is a paramount con-

cern because oxygen toxicity and adverse effects are in-

evitable consequences at high ATA and/or sustained

exposure. Oxygen toxicity results at least in part from ox-

idative stress and can produce loss of consciousness and

generalized tonic-clonic seizures.34 In the rat, seizures

can occur if 3.0 ATA is sustained for 3–5 h. The time

to seizure is reduced to between 5 and 90 min if the

FIG. 2. Spinal cord histology indicates neuronal preservation and reduced tissue vacuolation after
hyperbaric oxygen (HBO) treatment. Representative histological images containing the lesion epicenter are
shown from an untreated rat (A), and a rat that received HBO treatment (B). These tissue sections were
stained with NeuN (brown) and ionized calcium binding adaptor molecule 1 (Iba-1, blue). On average, more
NeuN positive cells could be detected in the ipsilesional spinal card in HBO treated rats (C, p = 0.0038).
A similar trend was noted in the contralesional spinal cord (D, p = 0.0882). Iba-positive counts were not
statistically different between control and HBO-treated rats in the ipsilesional (E, p = 0.1682) or
contralesional spinal cord (F, p = 0.8511). Panels G and H provide example histological sections that
illustrate vacuolation. In these examples, the vacuoles in the tissue have been highlighted with light blue,
and were identified using a custom MatLab script. Overall, there was a striking and statistically significant
reduction in vacuolation in the ipsilesional (I, p = 0.023) and contralesional (J, p = 0.015) spinal cord after
HBO treatment. Color image is available online.
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hyperoxic gas is pressed to 5.0 ATA.35 Note that ATA is

‘‘absolute atmospheres,’’ and, therefore, 1.0 ATA is

equal to sea level barometric pressure.

For clinical efficacy, HBO therapy is thought to re-

quire 100% O2 delivered at a minimum of 1.4 ATA

and not exceeding 3.0 ATA.34 Per a New England Jour-

nal of Medicine report, ‘‘when used according to standard

protocols, with oxygen pressures not exceeding 3 atmo-

spheres and treatment sessions limited to a maximum

of 120 minutes, hyperbaric therapy is safe.’’36 Therefore,

HBO paradigms are designed to treat patients during the

latent period of ‘‘safe oxygen breathing,’’ well before O2

toxicity can develop. In a study of HBO therapy after

traumatic brain injury in 48 human subjects (100% O2,

2.4 ATA), the most commonly reported side effect was

ear block (5.5% of patients). Incidence of seizures in

patients treated with standard clinical HBO paradigms

(n > 80,000) is reported at 0.002%.37

Here we used 1-h HBO exposures and chose 3.0 ATA

as a ‘‘high dose’’ that is safe in short exposures. We

Table 1. Top Ten Upregulated Pathways after HBO Therapy

MSig DB pathway name Size ES N-ES FDR q Comment

REACTOME_TCA_CYCLE_AND_RESPIRATORY_
ELECTRON_TRANSPORT

104 0.518 2.305 0.001 The citric acid (TCA) cycle and
respiratory electron transport;
aerobic energy pathway

KEGG_CITRATE_CYCLE_TCA_CYCLE 29 0.675 2.301 0.001 TCA and Krebs cycle; aerobic
energy pathway

REACTOME_RESPIRATORY_ELECTRON_TRANSPORT 57 0.581 2.259 0.001 Respiratory electron transport;
aerobic energy pathway

REACTOME_RESPIRATORY_ELECTRON_TRANSPORT_
ATP_SYNTHESIS_BY_CHEMIOSMOTIC_COUPLING_AND_
HEAT_PRODUCTION_BY_UNCOUPLING_PROTEINS_

70 0.541 2.234 0.001 Respiratory electron transport, ATP
synthesis by chemiosmotic
coupling

REACTOME_GLUCOSE_METABOLISM 49 0.575 2.187 0.002 Glucose metabolism
MITOCHONDRIAL_INNER_MEMBRANE 55 0.539 2.122 0.007 The inner lipid bilayer of the

mitochondrial envelope
MITOCHONDRIAL_MEMBRANE 73 0.513 2.111 0.007 Lipid bilayers that form the

mitochondrial envelope
YGCANTGCR_UNKNOWN 110 0.465 2.077 0.010 Genes with ‡1 occurrence of the

M96 YGCANTGCR motif in
region spanning 4 kb at
transcription start site

KEGG_PARKINSONS_DISEASE 96 0.481 2.070 0.010 Parkinson’s disease
KEGG_OXIDATIVE_PHOSPHORYLATION 100 0.416 2.064 0.010 Oxidative phosphorylation

HBO, hyperbaric oxygen; MSig DB, Molecular Signatures Database; ES. enrichment score; N-ES, normalized enrichment score; FDR q, false discovery
rate q-value; ATP,

Table 2. Top Ten Downregulated Pathways after HBO Therapy

MSig DB pathway name Size ES N-ES FDR q Comment

KEGG_LEISHMANIA_INFECTION 57 0.573 2.266 0.004 Associated with enhanced TGF-ß
production and decreased cytokine
induction such as IL12

BIOCARTA_NFKB_PATHWAY 22 0.712 2.255 0.003 NF-kß signaling pathway
BIOCARTA_CD40_PATHWAY 15 0.764 2.201 0.004 CD40-ligand signaling pathway;

CD40 is a member of TNF
receptor family

BIOCARTA_HIVNEF_PATHWAY 54 0.547 2.130 0.009 HIV-I Nef: negative effector of Fas
and TNF; NEF interacts with
apoptosis signal-regulating kinase

REACTOME_INTERFERON_GAMMA_SIGNALING 48 0.552 2.106 0.010 Interferon gamma signaling
BIOCARTA_TNFR2_PATHWAY 18 0.721 2.105 0.009 TNF receptor2 signaling pathway;

TNFß is produced by activated
lymphocytes and can be cytotoxic

HYDROLASE_ACTIVITY_HYDROLYZING_
O_GLYCOSYL_COMPOUNDS

35 0.600 2.094 0.009 Catalysis of the hydrolysis of any
O-glycosyl bond

BIOCARTA_CHEMICAL_PATHWAY 22 0.655 2.062 0.012 Apoptotic signaling in response to
DNA damage

REACTOME_NUCLEOTIDE_BINDING_DOMAIN_
LEUCINE_RICH_REPEAT_CONTAINING_
RECEPTOR_NLR_SIGNALING_PATHWAYS

40 0.565 2.048 0.013 Nucleotide-binding domain, leucine
rich repeat containing receptor
(NLR) signaling pathways

REACTOME_INNATE_IMMUNE_SYSTEM 190 0.424 2.036 0.015 Innate (non-specific) immune
responses

HBO, hyperbaric oxygen; MSig DB, Molecular Signatures Database; ES, enrichment score; N-ES, normalized enrichment score; FDR q, false discovery
rate q-value; TGF, transforming growth factor; IL, interleukin; NF, nuclear factor; TNF, tumor necrosis factor.

720 TURNER ET AL.

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

M
ic

hi
ga

n 
fr

om
 w

w
w

.li
eb

er
tp

ub
.c

om
 a

t 0
6/

14
/2

2.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 



initiated HBO treatment on the day of SCI because the

rationale for neuroprotection is strongest during this

time frame when inflammatory and apoptotic processes

are likely to be most active. The limited available data

regarding post-injury therapeutic window suggests that

early HBO exposure is critical,38,39 and that repeated

daily exposures may provide further benefit.40

A considerable number of pre-clinical studies in ani-

mal models are consistent with the hypothesis that

HBO therapy can provide neuroprotection.4 The earliest

data, to our knowledge, are from 1976, with evidence

that spinally injured sheep had improved motor recovery

when HBO was applied 2 h after SCI.11,12 Subsequent

studies in animal models have reported that HBO therapy

after SCI is associated with a reduction in spinal markers

of oxidative stress including nitric oxide synthase,13,14

upregulation of antioxidants,41,42 reduced apoptosis,15

and improved motor recovery.17–19

Here, we performed GSEA to identify molecular path-

ways that are impacted in the injured spinal cord follow-

ing HBO treatment. We reasoned that GSEA would

provide (1) an unbiased evaluation of the hypothesis

that HBO therapy can impact the molecular response of

the injured spinal cord, and (2) a hypothesis-generating

data set for future mechanistic investigations of HBO

after SCI. The GSEA showed that pathways broadly asso-

ciated with aerobic metabolism (e.g., citric acid cycle,

electron transport, mitochondria) showed a significant

upregulation. This conclusion is bolstered by previous

studies. For example, in a clinical trial, individuals with

severe brain injury showed improved aerobic brain me-

tabolism after acute HBO therapy.43 Further, in an animal

model of motor neuron disease, daily HBO can improve

mitochondrial respiration in brain and spinal cord.44

Another prominent finding of the GSEA was the downre-

gulation of pathways associated with inflammation (e.g.,

cytokines and NF-jB) and apoptotic signaling. With regard

to inflammation, a recent study in a rat SCI model reported

that daily HBO therapy reduced spinal cord inflammation

and suppressed NF-jB signaling.20 Expression of NF-jB

drives proinflammatory signaling genes including cyto-

kines, chemokines, and adhesion molecules.45 Our ob-

servation that gene expression pathways associated with

neuronal death/loss were downregulated after HBO ther-

apy is also supported by prior experimentation.16,46

The conclusions from the GSEA are supported by the

histological outcomes of our study. In particular, we ob-

served an increase in the neuronal cell counts in the in-

jured spinal cord after HBO therapy. Further, we also

noted that vacuolization of the histological sections was

reduced after HBO. Vacuolization, a marker of white

matter health, is associated with demyelination.47 Fur-

ther, a reduction in vacuolization has been reported to

be a marker of neuroprotection.48 Importantly, a previous

research study of HBO therapy after SCI also reported a

reduction of vacuolization in histological sections from

the injured spinal cord.13 Therefore, our histological

data, combined with the molecular evaluation, contribute

to the growing evidence that HBO therapy initiated after

acute SCI can provide neuroprotection.

Conclusion
Before stating our conclusions, we acknowledge several

caveats with regard to the current work. First, our study

used only female rats, and the particular stage of the es-

trous cycle was an uncontrolled variable. Sex hormones

can impact recovery after SCI,49,50 and studying only fe-

male rats may have impacted the results, as could the par-

ticular phase of their estrous cycle at the time of injury.

However, prior studies have indicated a benefit of HBO

therapy in spinally injured male rats,15,51 as well as in hu-

mans with SCI,52,53 and, therefore, we do not think that

the current results will be unique to females. We also ac-

knowledge that our study had a relatively low sample size

in each group. Some of the histological outcomes (e.g.,

contralesional neuronal counts, p = 0.08) tended to be im-

pacted by HBO, but did not meet the 0.05 cutoff. This

likely reflected the small sample size. Nevertheless, the

current data indicate that HBO therapy, initiated shortly

after SCI and continued for 10 days, can alter the molec-

ular signature of the injured spinal cord in a manner con-

sistent with an anti-inflammatory and neuroprotective

impact. This conclusion is supported by the mRNA

GSEA, spinal cord histology, and prior publications on

this topic.
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