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Peripheral Nerve Injury Induces Persistent Vascular
Dysfunction and Endoneurial Hypoxia, Contributing to the
Genesis of Neuropathic Pain
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Nerve injury is associated with microvascular disturbance; however, the role of the vascular system has not been well characterized in the
context of neuropathic pain. Furthermore, ischemia is thought to play a role in a number of neuropathic pain conditions, and yet the role
of hypoxia has also not been characterized in neuropathic pain conditions. In this study, we observed the presence of persistent endo-
neurial hypoxia in a mouse model of traumatic peripheral nerve injury, causing painful mononeuropathy. We attribute the ongoing
hypoxia to microvascular dysfunction, endoneurial fibrosis, and increased metabolic requirements within the injured nerve. Increased
lactate levels were observed in injured nerves, as well as increased oxygen consumption and extracellular acidification rates, suggesting
that anaerobic glycolysis is required to maintain cellular ATP levels. Hypoxia causes a reduction in levels of the Na �/K � ATPase ion
transporter in both cultured primary dorsal root ganglion neurons and injured peripheral nerve. A reduction of Na �/K � ATPase ion
transporter levels likely contributes to the hyperexcitability of injured nerves. Physiological antagonism of hypoxia with hyperbaric
oxygen alleviated mechanical allodynia in nerve-injured animals. These results suggest that hypoxia and the Na �/K � ATPase ion
transporter may be a novel mechanistic target for the treatment of neuropathic pain. In addition, the findings support the possibility of
using hypoxia activated pro-drugs to localize treatments for neuropathic pain and nerve injury to injured nerves.
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Introduction
Experiments in animal models have greatly enriched our under-
standing of the molecular and cellular mechanisms underlying
the pathogenesis of nerve injury-induced neuropathic pain. Un-
doubtedly, structural and functional alterations on neuronal path-
ways play determinant roles. In addition, findings from the past 20
years have demonstrated the importance of the immune system in
modulating neuronal activities (Scholz and Woolf, 2007). Although
the involvement of both neuronal and immune systems has been
characterized in the context of neuropathic pain, very little is known
about the role that the vascular system plays in the development and
maintenance of debilitating chronic pain conditions.

Although the direct contribution of vascular dysfunction to
neuropathic pain has not been explored fully, evidence of micro-
vascular disturbances has been reported in both humans having
neuropathic pain and in neuropathic pain animal models. For
example, in diabetes, pathological changes result in basement
membrane thickening and reduced luminal sizes in endoneurial
capillaries (Yasuda and Dyck, 1987). Such alterations were also
observed in patients with nerve compression (Mackinnon et al.,
1986). Similar microvascular disturbances have been observed in
traumatic models of painful neuropathy (Sommer et al., 1993;
Sommer and Myers, 1996). Additionally, vascular dysfunction
itself has been proposed to be a potential mechanism in the pro-
duction of some types of chronic pain. Restriction of blood flow
and tissue ischemia results in complex regional pain syndrome-
like symptoms in rats (Coderre et al., 2004). In rodent models of
nerve ischemia, photochemical damage to nerve blood vessels
generates neuropathic pain behavior (Kupers et al., 1998; Hao et
al., 2000). In humans, those with sickle cell anemia experience
extreme pain during vaso-occlusive episodes whereby sickle-
shaped red blood cells obstruct blood vessels, resulting in tissue
ischemia (Ballas et al., 2012). Chronic ischemic pain is also re-
ported by patients with peripheral arterial diseases (Rüger et al.,
2008). Clearly, the vascular system can influence pain, and its role
in pain pathogenesis needs to be investigated further.

Whether hypoxia plays a contributing factor to the genesis of
pain is not known. However, studies in animal models (Thomp-
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son et al., 2010) and patients (Kiralp et al., 2004; Gu et al., 2012)
have demonstrated that hyperbaric oxygen therapy is of thera-
peutic benefit to neuropathic pain conditions, suggesting a role of
hypoxia in pain pathogenesis. In this study, our first goal was to
investigate whether traumatic nerve injury leads to persistent en-
doneurial hypoxia, and thus we characterized the spatiotemporal
pattern of hypoxia after nerve injury. The mechanisms involved
in producing the persistent hypoxic state of the nerve were exam-
ined, which consist of microvascular dysfunction, endoneurial
fibrosis, and increased metabolic loads. We also explored poten-
tial mechanisms by which hypoxia could contribute to neuro-
pathic pain, uncovering a novel role of the Na�/K� ATPase ion
transporter in neuropathic pain pathogenesis. We demonstrate
that abrogating hypoxia by hyperbaric oxygen therapy leads to an
alleviation of neuropathic pain behaviors. Our results suggest
that hypoxia has functional effects on both the immune and pe-
ripheral nervous systems and that these effects in turn contribute
to the pathobiology of neuropathic pain.

Materials and Methods
Animals. Experiments were performed in adult C57BL/6 mice (males,
weighing 20 –25 g) purchased from Charles River Laboratories. Mice
were housed four to five per cage in a temperature- and humidity-
controlled vivarium on a 12 h light/dark cycle beginning at 7:00 A.M.,
with access to rodent chow and water ad libitum. Behavioral experiments
were conducted between 8:00 A.M. and 4:00 P.M. All protocols were
conducted according to the guidelines of the Canadian Council on Ani-
mal Care and the International Association for the Study of Pain, as
administrated by the McGill University animal care committee.

Nerve injury model. Partial sciatic nerve ligation (PSNL) was per-
formed according to the method of Seltzer et al. (1990), adapted to mice
(Malmberg and Basbaum, 1998). Briefly, mice were anesthetized with
isoflurane (3% for induction and maintenance; Baxter), and, under asep-
tic conditions, the left sciatic nerve was exposed at high-thigh level. The
dorsum of the nerve was freed carefully from the surrounding connective
tissues at a site near the trochanter just distal to the point at which the
posterior biceps semitendinosus nerve branches off the common sciatic
nerve. An 8-0 silk suture was inserted into the nerve with a 3⁄8 curved,
reversed-cutting mini-needle and tightly ligated so that the dorsal one-
third to one-half of the nerve thickness was trapped in the ligature. The
wound was then closed with two to three skin sutures (4-0).

Drugs and materials. Hypoxyprobe-1 was obtained from Hypoxy-
probe. Fluorescein isothiocyanate (FITC)-labeled dextran was obtained
from Sigma-Aldrich (average molecular weight, 2 M).

Behavioral monitoring. Mice were habituated to the testing environ-
ment daily for at least 2 d before baseline testing. For measurements of
mechanical sensitivity, paw-withdrawal thresholds were measured with
calibrated von Frey fibers (Stoelting) using the up– down method (Chap-
lan et al., 1994). Mice were placed on a metal mesh floor with small
Plexiglas cubicles (9 � 5 � 5 cm high) and kept for at least 1 h for
habituation in their individual Plexiglas observation chamber before
testing. A set of eight calibrated von Frey fibers (ranging from 0.008 to
1.40 g of force) were applied to the plantar surface of the hindpaw until
they bent. The threshold force required to elicit withdrawal of the paw
(median 50% paw withdrawal) was determined as the average of two tests
separated by at least 1 h.

Hyperbaric oxygen. Mice were placed in a custom-made 10 L hyper-
baric chamber. A 25 cm 2 polystyrene cell culture flask with a vented 0.2
�m cap (Becton Dickinson Labware) containing 10 g of calcium oxide
(Acros Organics) was placed inside the hyperbaric chamber to sequester
CO2. The hyperbaric chamber was filled with 100% O2 (Megs), and
chamber pressure was slowly increased to 2.5 atmospheric (atm) total
pressure over 5 min. Flow rate of O2 was maintained at 10 L/min, and
animals were treated with hyperbaric O2 for 120 min. The hyperbaric
chamber was then depressurized over 5 min to atmospheric pressure. In
sham-treated animals, animals were treated with 100% O2 at normal
atmospheric pressure.

Tissue preparation and histology. For hypoxyprobe-1 experiments,
mice were injected with 60 mg/kg hypoxyprobe-1 intraperitoneally. One
hour later, mice were then deeply anesthetized with a ketamine/xylazine
mixture and then perfused transcardially with 0.9% NaCl (Sigma-
Aldrich), followed by 4% paraformaldehyde (PFA) (Electron Micros-
copy Sciences) in 0.1 M sodium phosphate buffer (Sigma-Aldrich) at pH
7.4. Sciatic nerves were removed and placed in 4% PFA overnight and
then transferred to 30% sucrose (Sigma-Aldrich) for cryoprotection. For
histological experiments of hypoxia inducible factor-1� (HIF-1�), ani-
mals were perfused transcardially with 0.9% NaCl, and sciatic nerves
were extracted, postfixed in 4% PFA for 5 min, and transferred to 30%
sucrose for cryoprotection. For experiments with FITC– dextran angiog-
raphy, 4 mg/kg FITC– dextran (average molecular weight, 2 M) was in-
jected intravenously through the tail vein. Animals were killed 1 min after
injection, and nerves were immediately extracted and postfixed over-
night in 4% PFA before being transferred to 30% sucrose for cryoprotec-
tion. Tissue was embedded in VWR Clear Frozen Section Compound
(VWR International) and either cut longitudinally into 14 �m sections
or at 5 �m cross-sections using a Leica CM3050 S cryostat). Sections were
mounted on SuperFrost� slides (VWR International) and stored at
�20°C until use.

For electron microscopy and toluidine blue histology, mice were per-
fused with 0.5% PFA and 2.5% glutaraldehyde in 0.1 M phosphate buffer.
Sciatic nerves were extracted and maintained in perfusion buffer over-
night. For postfixation, nerves were transferred to 2% osmium tetroxide
(Canemco) for 2 h. Tissue was then dehydrated by serial incubations in
solutions of increasing alcohol concentration, with a final incubation in
100% propylene oxide (Canemco). Tissues were embedded in Epon.
Cross-sections of the nerve were cut at 0.5 �m thickness with glass knives
and stained with 0.5% toluidine blue O (Thermo Fisher Scientific) in 1%
sodium borate to assess tissue with light microscopy. Ultrathin sections
were cut and stained with lead citrate and examined with a Philips trans-
mission electron microscope.

Immunohistochemistry. Slide-mounted sections were incubated in
blocking buffer consisting of 3% goat serum (Vector Laboratories), 1%
bovine serum albumin (Sigma-Aldrich), and 0.25% Triton X-100
(Sigma-Aldrich, St. Louis, MO) in Tris-buffered saline (TBS) for 1 h at
room temperature. Slides were then incubated overnight at 4°C with
rabbit anti-hypoxyprobe-1 (1:500; Hypoxyprobe), rabbit anti-glucose
transporter 1 (GLUT1; 1:6000; Millipore), rabbit anti-collagen IV (1:400;
Abcam), rabbit anti-HIF-1� (1:100; Santa Cruz Biotechnology), FITC-
conjugated mouse anti-neurofilament 160/200 (1:1000), rat anti-F4/80
(1:1000; AbD Serotec), or 4,4-Difluoro-1,3,5,7,8-Pentamethyl-4-Bora-
3a,4a-Diaza-s-Indacene (BODIPY 493/503) (1 �g/ml; Life Technolo-
gies). FITC-conjugated mouse anti-neurofilament 160/200 was prepared
using an FITC conjugation kit (Abcam) with mouse anti-neurofilament
160/200 (Sigma-Aldrich). Sections were then incubated with Alexa Fluor
594 or 488-conjugated goat anti-rabbit secondary antibodies (1:500; In-
vitrogen) for 1 h at room temperature. Selected sections were also coun-
terstained with 4�,6-diamidino-2-phenylindole (DAPI) for nuclear
labeling. Slides were coverslipped with Vectashield mounting medium
(Vector Laboratories).

Dorsal root ganglion primary culture. Male adult mice (20 –25 g) were
overdosed with isoflurane and decapitated. The spinal cord was cut out
above the coxa and muscle tissue and costal bones were trimmed away.
Spinal cords were washed twice in sterile cold Dulbecco’s PBS (Corning
Life Sciences). The spinal cord was cut along the sagittal plane, and spinal
cord tissue was displaced to reveal dorsal root ganglions (DRGs). DRGs
were isolated on ice and transferred to cold sterile HBSS without
magnesium or calcium (Life Technologies). DRGs were digested with
40 U/ml papain (Worthington Biochemical) and then with 1 kU/ml
collagenase-II (Worthington Biochemical). After digestion, ganglia were
triturated, and the suspension was passed through a 100 �m nylon cell
strainer (Corning). The DRG neurons were plated on glass chamber
slides (Nunc) for viability tests or on 25 cm 2 polysterene vented cell
culture flasks (BD Labware) for Na �/K � ATPase quantification by
Western blot. DRGs from two mice were plated on two chamber slides or
on two 25 cm 2 flasks. Both chamber slides and cell culture flasks were
coated with 50 mg/ml poly-D-lysine (BD Biosciences) and 5 mg/ml
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laminin (Sigma-Aldrich) overnight at 4°C before use. Neurons were
plated in Ham’s F-12 nutrient mixture (HyClone Laboratories) with 10%
fetal bovine serum (FBS; Sigma-Aldrich) and 1� penicillin/streptomycin
(Life Technologies). After 24 h of plating, media were exchanged with
10% FBS F-12 media containing 20 �M uridine, 20 �M 5-fluoro-2�-
deoxyuridine, and 0.5 �M cytosine �-D-arabinofuranoside (all purchased
from Sigma-Aldrich) to remove non-neuronal cells (Liu et al., 2013).
Neurons were maintained under normoxic conditions in a Heracell 150
incubator (Thermo Fisher Scientific) at 37°C, 5% CO2 and ambient ox-
ygen for 6 d. For hypoxic conditions, cells were transferred to a separate
Heracell 150 tri-gas incubator set at 1% O2, 94% N2, 5% CO2 and cul-
tured for 48 h. A control flask was maintained under normoxic condi-
tions for the same amount of time.

Neuronal viability assay. DRG neurons were cultured in chamber slides
as described above. F-12 media was removed from chamber slides and
replaced with HBSS with 3 �M calcien AM (eBioscience) at 37°C for 30
min. The following procedures were then performed at room tempera-
ture and in the dark: cells were fixed by incubation with 2% PFA for 10
min. PFA was removed and washed with PBS. Blocking buffer consisting
of 3% goat serum, 1% BSA, and 0.25% Triton X-100 in PBS was applied
for 30 min. A 1:500 dilution of mouse monoclonal anti-neurofilament
160/200 antibody (Sigma-Aldrich) in blocking buffer was incubated on
slides for 1 h in the dark. After washing with PBS, 1:500 goat anti-mouse
Alexa Fluor 594-conjugated secondary antibody in blocking buffer was
applied to the cells for 30 min. Slides were washed with PBS, dehydrated
under a vacuum, and coverslipped with Vectashield mounting medium.
Cell death control slides were prepared by applying 0.25% Triton X-100
in HBSS for 10 min at 37°C before application of calcien AM. Neurons
were imaged using an Olympus BX51 microscope equipped with a color
digital camera (Olympus DP71), with attention to constant exposure
time and ISO sensitivity settings. Images were color segmented with
Image-Pro Plus 6 (Media Cybernetics) software. Green thresholds were
set to determine live cells that sequestered calcien AM. Red thresholds
were set to identify neuronal cells from non-neuronal cells. Cell viability
was defined as the number of live neuronal cells divided by the total
number of neuronal cells observed.

Western blot. To prepare nerve lysates from mice, animals were over-
dosed with a ketamine/xylazine mixture and perfused transcardially with
0.9% NaCl. Sciatic nerves 1 cm in length (excised at 3 mm proximal, 7
mm distal of suture) were extracted and homogenized in a buffer con-
taining 2% SDS (BioShop Canada), 95 mM NaCl, 10 mM ethylenedi-
aminetetraacetic acid (Sigma-Aldrich), and 1 Mini cOmplete protease
inhibitor tablet (Roche Diagnostics) per 10 ml. Homogenization was
performed with 1.4 mm zirconium oxide beads (Cayman Chemical) and
a Precellys 24 tissue homogenizer (Bertin Technologies) using two 20 s
pulses at 5600 rpm. Protein determination of homogenates was per-
formed by bicinchoninic acid assay (Thermo Fisher Scientific). Equal
amounts of homogenate (30 �g) were loaded into 8% polyacrylamide
mini-protean (Bio-Rad) hand-cast gels.

For DRG neuronal lysates, DRG neurons were cultured as described
above in 25 cm 2 flasks. Media was removed, and the flask was washed
several times with PBS. RIPA buffer (Sigma-Aldrich) containing protease
inhibitors (Mini cOmplete; Roche Diagnostics) was added to the flask,
and a cell scraper was used to dislodge neurons. Lysate was transferred to
a microcentrifuge tube, and it was agitated for 30 min at 4°C. Protein
determination of lysate was performed by bicinchoninic acid assay
(Thermo Fisher Scientific). Equal amounts of lysate (5 �g) was loaded
into 8% polyacrylamide mini-protein (Bio-Rad) hand-cast gels.

Polyacrylamide gels underwent electrophoresis, and proteins were
transferred onto nitrocellulose membranes (Bio-Rad). Successful pro-
tein transfer was confirmed with 5% Ponceau red (Sigma-Aldrich), and
membranes were blocked with 5% milk (BioShop Canada) in TBS
(Sigma-Aldrich) with 0.1% Tween 20 (BioShop Canada) for 1 h at room
temperature. Membranes were incubated overnight at 4°C with 1:200
rabbit pan anti-Na �/K � ATPase � (Santa Cruz Biotechnology), 1:100
rabbit HIF-1� (Santa Cruz Biotechnology), or 1:10,000 mouse anti-�-
actin (Sigma-Aldrich). Membranes were then incubated for 1 h at room
temperature with 1:5000 goat anti-rabbit or 1:10,000 goat anti-mouse
horseradish peroxidase-conjugated secondary antibodies (Millipore Bio-

science Research Reagents). Membranes were imaged using Supersignal
West Pico Chemiluminescence Substrate (Thermo Fisher Scientific) on Bio-
max Light film (Carestream Health), using a Kodak X-OMAT 2000A devel-
oper (Carestream Health). Films were digitized with a CanoScan LiDE 110
scanner (Canon) and quantified using NIH ImageJ (version 1.44p).

Image analysis. Images were captured using an Olympus BX51 micro-
scope equipped with a color digital camera (Olympus DP71). Images
were digitized using constant exposure time and ISO sensitivity settings
across samples. Quantification of hypoxyprobe and HIF-1� was per-
formed by fluorescence intensity analysis in longitudinal nerve sections.
An area of interest (AOI) was defined within the middle of the nerve, at
areas 2 mm distal to the injury site. For GLUT1 quantification, an AOI
was defined in the middle of nerve cross-sections at various distances
along the nerve. The intensity of fluorescence within the AOI was mea-
sured using Image-Pro Plus 6 (Media Cybernetics). Blood vessel luminal
areas were measured using NIH ImageJ (version 1.44p) using data from
blood vessels throughout the entire nerve cross-section. Nerve cross-
sectional areas and intercapillary distances were measured with Image-Pro
Plus 6 (Media Cybernetics). The intercapillary distance was defined as the
minimum distance between nonadjacent capillaries (Less et al., 1991).

3D reconstruction of sciatic nerve. FITC– dextran angiography was per-
formed as described in the histology section above. Serial cross-sections
of a PSNL sciatic nerve were cut at 5 �m with a Leica CM3050 S cryostat.
Every second section was slide mounted on SuperFrost plus slides (VWR
International), so that serial cross-sections were 10 �m apart in distance.
GLUT1 immunohistochemistry was performed as described in the im-
munohistochemistry section above. Images were digitized as described in
the image analysis section above. Serial cross-sectional images were
aligned manually using Amira 3D analysis software (version 5.4.1; FEI
Visualization Sciences Group). Aligned cross-sectional images were ex-
truded to a 3D scalar field according to the z distances of each cross-
section. The 3D scalar field was rendered as orange to represent GLUT1
staining of the perineurium. Endoneurial blood vessels were traced
through the nerve by manual tracing of FITC– dextran-positive blood
vessels through the endoneurium. Traced blood vessels were extruded as
a 3D mesh and rendered in green.

Lactate assay. On day 14, mice were perfused transcardially with 0.9%
saline after ketamine/xylazine overdose. Equal-length nerves of 2 cm
were extracted. Nerves were homogenized with 1.4 mm zirconium oxide
beads in lactate assay buffer (Sigma-Aldrich). Nerve homogenate was
deproteinated by passing homogenate through a 10,000 Da molecular
weight cutoff centrifugal filtration device (Vivaspin 500; Sartorius Ste-
dim) at 15,000 � g for 40 min at 4°C, using a 5415R centrifuge (Eppen-
dorf). Filtrate was stored at �80°C until analyzed by fluorometry.
Samples were thawed on ice and analyzed using a lactate assay kit
(MAK064; Sigma-Aldrich) according to the protocol of the manufac-
turer. Samples were diluted and incubated with lactate enzyme and lac-
tate probe in a 96-well clear flat-bottom medium binding microplate
(Greiner Bio-One) along with lactate standards. Fluorescence intensity
(�ex � 535 nm, �em � 587 nm) was measured using a microplate reader
(Spectramax M2E; Molecular Devices).

Seahorse XF extracellular flux analyzer. At day 7 after PSNL injury, mice
were killed by isoflurane overdose and cervical dislocation. Approxi-
mately 1.5-cm-long lengths of sciatic nerves were immediately extracted
and placed in ice-cold XF base medium minimal DMEM at pH 7.4,
supplemented with 5.5 mM glucose (Sigma-Aldrich), 0.5 mM sodium
pyruvate (Invitrogen), and 1 mM glutaMAX (Invitrogen). Nerves were
cut into three 3 mm segments using an acrylic V-shaped 1.0 mm slicer
matrix (Zivic Instruments). Nerve segments were then cut in half longi-
tudinally with a razor blade, and the two halves were transferred into a
single well of a XF96 cell culture microplate (Seahorse Bioscience), with
140 �l of cold supplemented XF base medium. Each nerve was tested in
triplicate. The distal portions of nerves were processed in all analysis.
Basal oxygen consumption rates and extracellular acidification rates were
measured with an XF 96 Analyzer (Seahorse Bioscience). A 3 min mix, 3
min measure protocol was used. Basal values were obtained by averaging
the triplicate values at the third and fourth measurements.

Statistics. All data are presented as mean � SEM. For behavioral tests
with a time course, the thresholds of the injured paw at different time
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points were compared by one-way ANOVA, and Bonferroni’s multiple
comparison test was performed post hoc to compare various time points
to baseline thresholds. For experiments of DAPI nuclei counts, nerve
cross-sectional area, and maximum intercapillary distance, two-way
repeated-measures ANOVA was used, with matching across measures at
different locations of the same nerve. A Bonferroni’s post hoc test was
then performed to compare ipsilateral and contralateral values. For com-
parisons of blood vessel area, lactate concentrations in nerve homoge-
nate, nerve volume, Na �/K � ATPase levels, oxygen consumption rate,
or extracellular acidification rate, the unpaired t test was used. For exper-
iments of hypoxyprobe-1 and HIF-1� fluorescence intensity in nerves,
unmatched two-way ANOVA was used, followed by Bonferroni’s post
hoc tests. The criterion for statistical significance was p � 0.05.

Results
Nerve injury causes persistent endoneurial hypoxia
Hypoxyprobe-1 is an exogenously administered probe that is ac-
tivated under conditions of hypoxia (pO2 � 10 mmHg; Gross et
al., 1995), creating thiol adducts with proteins that can then be
examined by immunohistochemical techniques. Figure 1A illus-
trates the time course of endoneurial hypoxia determined using
hypoxyprobe-1. After nerve injury, an area of severe hypoxia at
the injury site was observed by 2 h. This hypoxic area was present

from 2 h to 3 d. Then from 3 d onward, hypoxia was detected at
the injury site and distally. The presence of hypoxyprobe-1 was
persistent and still present by day 28. Hypoxyprobe-1 was not
detected on contralateral nerves (Fig. 1A–D). Hypoxyprobe-1
was colocalized with axons (Fig. 1E), macrophages (Fig. 1F), and
Schwann cells (Fig. 1G).

HIF-1 is a transcription factor that acts as an endogenous
sensor of O2, enabling organisms and cells to adapt to conditions
of hypoxia (Hellwig-Bürgel et al., 2005). HIF-1 is a heterodimeric
protein made up of � and � subunits, both of which are consti-
tutively and ubiquitously expressed at constant levels regardless
of O2 levels (Ke and Costa, 2006). However, under normal O2

conditions, HIF-1� is degraded rapidly with a half-life of 	5–10
min. In contrast, under conditions of hypoxia, HIF-1� protein
levels are stabilized (Salceda and Caro, 1997). Immunohisto-
chemistry for HIF-1� (Fig. 2A) showed results similar to those of
hypoxyprobe-1. After nerve injury, there was an area at the injury site
that stained positively for HIF-1� as early as 2 h after injury. By day 3
after injury, HIF-1� was also observed distal to the injury. The pres-
ence of HIF-1� was still detected in injured nerves 28 d after injury,
and its presence in injured nerves was also confirmed by Western

Figure 1. Traumatic nerve injury causing painful peripheral neuropathy induces endoneurial accumulation of the exogenous hypoxia probe hypoxyprobe-1. A, Under hypoxic conditions,
hypoxyprobe-1 forms thiol adducts on cellular proteins. Immunohistochemistry against hypoxyprobe-1 demonstrated that hypoxia was present at the injury site as early as 2 h. Starting at	3 d after
injury, hypoxia was also observed distal to the injury site. Hypoxia was persistent and still observable by 28 d after injury. Hypoxyprobe-1 was not observed in uninjured contralateral nerve. B–D,
Contralateral nerves were stained for hypoxyprobe-1, DAPI, and neurofilament 160/200 (axons), F4/80 (macrophages), or BODIPY (myelin/Schwann cells). E–G, Ipsilateral nerves were subjected to
the same staining. The area in proximity to the injury site is shown. Hypoxia, as shown by hypoxyprobe-1 staining, is observed in a region close to the injury site, in which axons, macrophages, and
Schwann cells are all found to be hypoxic. This hypoxic region, in which nerve fibers were ligated, is delineated by the white dotted line. Areas outside of the dotted regions containing nonligated
nerve fibers still have more hypoxyprobe deposition than contralateral nerves.
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blot (Fig. 2B,C). Similar to what was observed with hypoxyprobe-1,
HIF-1� staining was found colocalized in axons (Fig. 2G), macro-
phages (Fig. 2H), and Schwann cells (Fig. 2I) in injured nerve but
not in contralateral nerve (Fig. 2A,D–F).

Nerve injury causes alterations in endoneurial blood
vessel structure
Nerve cross-sections of sciatic nerves demonstrated alterations
in endoneurial blood vessel morphology after PSNL injury. Figure
3A shows a cross-section from a normal nerve. High-magnification
micrographs demonstrate that endoneurial capillaries from un-
injured nerves are small and thin (Fig. 3D). In uninjured nerve,
endothelial nuclei were not readily observed in cross-sections,

and if they were observed, a maximum of one nuclei was observed
at a time. In each case, one or two cells formed the single-layered
capillary. In injured nerve proximal (2 mm) to the nerve injury,
endoneurial capillaries are similar in size and morphology to
those in uninjured nerve (Fig. 3B,E). Conversely, cross-sections
taken 	2 mm distal to the injury site at day 14 contain a number
of abnormally large blood vessels within the endoneurial area
(Fig. 3C,F). In injured nerves distal to the injury site, the majority
of capillaries were formed by multiple hypertrophic endothelial
cells with large nuclei, with some capillaries having multiple lay-
ers. Analysis on the distribution of blood vessel size (Fig. 3G; n �
5) showed that, after nerve injury, there is a clear shift in blood
vessel size from small vessels toward larger vessels, along with an

Figure 2. Traumatic nerve injury causing painful peripheral neuropathy induces increased levels of HIF-1�. A, HIF-1� is a constitutively expressed endogenous protein that is normally degraded under
normalconditions.However,hypoxicconditionspreventthedegradationofHIF-1�,permittingit toaccumulate. ImmunohistochemistryagainstHIF-1�demonstratedthathypoxia ispresentat thenerveinjury
siteasearlyas2hafterinjury.Byday3,hypoxiacouldbeseendistaltotheinjurysite.HIF-1�wasobservedaslateas28dafterinjuryandwasnotobservedincontralateralnerves.B,C,Westernblotwasperformed
on nerve lysates for HIF-1� at day 28 after injury (n � 4; *p � 0.05). D–F, Contralateral nerves were stained for HIF-1�, DAPI, and neurofilament 160/200 (axons), F4/80 (macrophages), or BODIPY
(myelin/Schwann cells). G–I, Ipsilateral nerves were subjected to the same staining. HIF-1� was colocalized with axons, macrophages, and Schwann cells.
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Figure 3. Endoneurial blood vessel structure is altered by traumatic nerve injury causing painful peripheral neuropathy. A, Toluidine blue staining of uninjured contralateral nerve shows that
endoneurial blood vessels are small and capillary like. B, After PSNL, blood vessels proximal to the nerve injury site look similar to those in uninjured nerves. C, (Figure legend continues.)
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increase in variance. The average blood vessel cross-sectional area
of a nerve was significantly increased distal to the injury when
compared with uninjured nerve (Fig. 3H). In addition, electron
microscopy revealed that the basal lamina was thicker in blood
vessels distal to the injury site compared with normal nerves (Fig.
3 I, J). To determine whether the large blood vessels observed
were functional, fluorescent FITC– dextran was injected intrave-
nously, and nerves were extracted for analysis. Figure 3K shows
that active vessels are positive for FITC in uninjured nerve. In-
deed, large blood vessels in injured nerves were positive for FITC
(Fig. 3L), demonstrating that blood flows through the large
vessels.

Nerve injury causes endoneurial fibrosis and
compartmentalization
GLUT1 is expressed normally on perineural cells and endoneur-
ial microvessels (Fig. 4A; Gerhart and Drewes, 1990). By day 14
after injury, fibrosis of GLUT1-positive cells can be observed
within the endoneurium in proximity to the injury site (Fig. 4B).
The high-magnification inset demonstrates that some fibrotic
cells envelop blood vessels. By day 28, fibrosis is extensive, and

compartmentalization of the endoneurium into many small fas-
cicles occurs (Fig. 4C). A quantification of fibrosis was performed
on nerve cross-sections at day 28 at various lengths along the
injured nerve (Fig. 4D). Fibrosis was restricted essentially to 1
mm proximal and distal to the injury site. Similar results were
observed using immunohistochemical staining of collagen IV, a
type of collagen found on basal lamina, such as the perineurium
(Lowry et al., 1997) and blood vessels (Ugrenović et al., 2011).
Indeed, collagen IV staining performed in uninjured nerve labels
the perineurium (Fig. 4E) and blood vessels (inset). At day 14
after injury, great amounts of collagen IV is detected within the
endoneurium (Fig. 4F) and also seen around distended blood
vessels (Fig. 4F, inset). A number of DAPI-positive cells can be
observed within the blood vessels. By day 28, collagen IV sur-
rounds peripheral nerve fibers, compartmentalizing the nerve
into mini-fascicles (Fig. 4G).

Nerve injury increases metabolic demands of the nerve
DAPI, a nuclear stain, was used to count the number of DAPI-
positive cells within 5-�m-thick cross-sections of the endoneu-
rium (Fig. 5A). There were vastly increased numbers of cells
within injured nerves distal to the injury (Fig. 5B). The increase
was approximately fourfold higher by day 14 after injury (Fig.
5C). In addition, lactate, the end product of anaerobic glycolysis,
was assayed in nerve homogenates at day 14 after injury. Injured
nerves had significantly increased lactate levels when compared
with uninjured nerves (Fig. 5D). Nerves were tested ex vivo for
oxygen consumption and extracellular acidification rate using
the Seahorse extracellular flux analyzer. Injured nerves (day 7
after injury) consumed greater amounts of oxygen than un-
injured nerves (Fig. 5E) and also produced more lactic acid
(Fig. 5F ).

Nerve injury results in edema and increased intercapillary
distances proximal to the injury site
3D reconstruction of PSNL-injured sciatic nerve shows that the
region proximal to the injury is swollen when compared with
the distal side (Fig. 6A). Blood vessels are shown in green, and the
perineurium is shown in orange. GLUT1 was used to delineate
the endoneurial area of nerve cross-sections in uninjured (Fig.

4

(Figure legend continued.) Distal to the nerve injury site, abnormally sized blood vessels with
unusually large lumens are observed. High-magnification photographs of blood vessels in un-
injured contralateral nerve (D) and proximal to the nerve injury site (E) demonstrate that en-
doneurial blood vessels are thin and small. F, High-magnification photographs of endoneurial
blood vessels distal to the injury site show enlarged blood vessels, some of which have multiple
endothelial cell bodies observable within cross-sections. The cell bodies of the endothelial cells
were hypertrophic. G, Lumen sizes of blood vessels were measured in uninjured nerve and distal
injured nerve. A histogram of data collected from five contralateral and five distal ipsilateral
nerves is shown and clearly demonstrates an altered distribution in blood vessel luminal areas
after nerve injury. H, Average luminal area of ipsilateral nerves was significantly increased when
compared with contralateral nerve (n � 5 per group; *p � 0.05). I, Electron microscopy of
endoneurial capillaries in contralateral uninjured nerve demonstrates that microvessels have a
thin basal lamina. The interfaces of the basal lamina are denoted with red arrows. J, Electron
microscopy of endoneurial capillaries distal to the injury site demonstrate that blood vessels
have a thickened basal lamina, as denoted by the red arrows. K, Intravenously injected FITC–
dextran can be used to examine the functionality of blood vessels within the endoneurium. L,
The large vascular structures are filled with FITC– dextran, demonstrating that they are func-
tional blood vessels.

Figure 4. Nerve fibrosis and compartmentalization is induced by traumatic nerve injury causing painful peripheral neuropathy. A, In healthy nerve, GLUT1 is a marker for the perineurium. B,
Fourteen days after ligation, fibrotic growth of GLUT1-positive cells were found throughout the endoneurium. Perineural thickening is also observed. C, By day 28, fibrotic cells encapsulate regions
of the endoneurium into mini-fascicles. D, GLUT1 intensity at day 28 was measured within an AOI placed within the endoneurium at different distances from the nerve injury site. On average, fibrosis
was restricted mainly to a distance around 1000 �m of the injury site (n � 3). E, Collagen IV is a type of collagen found normally on basal lamina and is found on the perineurium in healthy nerve.
F, Nerve injury results in increased collagen IV synthesis within the endoneurium at day 14 after injury. Increased collagen IV amounts are also seen around blood vessels. G, By day 28, collagen IV
encapsulates regions of the endoneurium into mini-fascicles.
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6B) and injured (Fig. 6C) nerves at day 14. Spatial analysis of
sciatic nerve cross-sectional area demonstrated that the nerve is
larger at the injury site and proximally when compared with un-
injured nerve (Fig. 6D). Distal to the nerve injury site, cross-
sectional area was not significantly altered by PSNL injury when
compared with uninjured nerves (Fig. 6D). Volume was calcu-
lated by integrating the area under the curve of cross-sectional
areas, from 2 mm proximal to the injury to 4 mm distal to the
injury. Indeed, injured nerves had significantly larger volumes

than injured nerves (Fig. 6E). The number of FITC– dextran-
positive blood vessels was quantified in injured and uninjured
nerves at various distances along the nerve (Fig. 6F). No signifi-
cant change in the number of blood vessels was observed. The
maximum intercapillary distance between blood vessels within
the endoneurium was measured at various distances from the
PSNL injury site. Intercapillary distances were only increased
proximal to the injury site (Fig. 6G). Average intercapillary dis-
tances were not affected by PSNL injury (data not shown).

Figure 5. Increased metabolic load after traumatic nerve injury causing painful peripheral neuropathy. A, DAPI was used to stain nuclei in uninjured nerve as a proxy measure of the number of
cells within the endoneurium. Only cells within the GLUT1-stained perineurium were counted. B, In injured nerve, the number of cells within the endoneurium increase markedly. C, The number of
DAPI-stained nuclei within the nerve was quantified on day 14 after injury, demonstrating a fourfold increase in the number of cells in ipsilateral nerves (n�6 per group; **p�0.01, ***p�0.001).
D, Lactate, an indicator of anaerobic glycolysis, was quantified in nerve homogenates at day 14 after injury. Injured nerves had significantly greater lactate levels than in uninjured nerves. E, Basal
oxygen consumption rates were measured ex vitro in sciatic nerves at day 7 after PSNL by extracellular flux. At basal conditions, injured nerves consumed more oxygen than contralateral nerves (n �
4 per group; ***p �0.001). F, Extracellular acidification rates were also measured ex vitro in injured nerves at day 7 after PSNL by extracellular flux. At basal conditions, injured nerves produced more
lactic acid than uninjured nerves (n � 4 per group; **p � 0.01).
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Na �/K � ATPase levels are reduced in sciatic nerve after PSNL
injury and in DRG neurons after exposure to hypoxia
Na�/K� ATPase exists as a diprotomeric protein consisting of
two � subunits and two � subunits (Linnertz et al., 1998). Levels
of the � subunits (pan) were quantitated by Western blot in
sciatic nerve lysates on day 14 after PSNL. PSNL injury signifi-
cantly reduced the amount of Na�/K� ATPase detected in nerve
lysates at day 14 after injury (Fig. 7A,B).

To determine whether the reduction of Na�/K� ATPase lev-
els after nerve injury was a result of endoneurial hypoxia, primary
DRG neurons were cultured and exposed to hypoxic conditions
(1% O2) for 48 h. DRG neurons cultured under these conditions
expressed reduced levels of Na�/K� ATPase compared with con-
trol neurons cultured in normoxic (ambient atmosphere, 21%)
oxygen levels (Fig. 7C,D). Hypoxia at these conditions did not
affect neuronal cell viability, as assessed by calcien AM sequestra-
tion (Fig. 7E–H). This is in agreement with past experiments that
have shown that neurons and neuronal stem cells can tolerate 1%
O2 without loss of viability (Felfly et al., 2011).

Physiological antagonism of endoneurial hypoxia with
hyperbaric oxygen alleviates neuropathic pain after PSNL
To examine whether hyperbaric or normobaric oxygen had any
effect on mechanical thresholds or motor responses, naive ani-
mals received 5 d daily treatment with 2 h of room air, normo-
baric oxygen, or hyperbaric oxygen, and neither changes in their
responses to von Frey hair stimulation (Fig. 8A) nor alterations in
the rotarod test (Fig. 8B) were observed (n � 4 per group).

Mice having PSNL were administered normobaric or hyper-
baric oxygen for 2 h daily at 2.5 atm, from day 0 to day 7 after
injury. Hyperbaric oxygen, but not normobaric oxygen, was able
to alleviate mechanical allodynia in PSNL nerve-injured mice.
The alleviation of mechanical hypersensitivity persisted a few
days after hyperbaric oxygen treatment was stopped (Fig. 8C).
Hyperbaric oxygen treatment did not affect contralateral me-
chanical thresholds. Additionally, in PSNL nerve-injured mice
treated at day 7 to day 14, hyperbaric oxygen was able to reverse

existing mechanical allodynia for the duration of treatment,
without affecting contralateral mechanical thresholds (Fig. 8D).
The amount of hypoxyprobe-1 deposition in the nerve was quan-
tified at day 7 in PSNL-injured mice treated with hyperbaric
oxygen from day 0 to day 7. Hyperbaric oxygen significantly re-
duced the amount of hypoxyprobe-1 deposition in the nerve (Fig.
8E). Similarly, hyperbaric oxygen significantly reduced the
amount of HIF-1� in the endoneurial space as well (Fig. 8F). The
expression of the Na�/K� ATPase was examined by Western
blot after hyperbaric oxygen treatment, and hyperbaric oxygen
significantly rescued the amount of Na�/K� ATPase detected in
nerve lysates at day 14 after PSNL injury (Fig. 8G,H).

Discussion
Peripheral nerve injury-inducing painful mononeuropathy is
associated with endoneurial hypoxia
In the PSNL model of neuropathic pain, part of the sciatic nerve
is tightly ligated. Constricting blood vessels within the ligated
segment of the nerve is likely to immediately produce endoneur-
ial ischemia. In agreement with this, increased labeling with
hypoxyprobe-1 and expression of HIF-1� were observed at the
injury site as early as 2 h after injury.

By day 3, a second phase of hypoxia developed. Hypoxia is
now observed distal to the injury site and persisted until at least
day 28 after injury. The mechanisms leading to the development
of this second phase of hypoxia were characterized and discussed
below. The presence of persistent endoneurial hypoxia suggests
that hypoxia activated analgesic pro-drugs (similar to the hyp-
oxia pro-drugs developed for cancer) may be developed for the
treatment of neuropathic pain.

Vascular dysfunction contributes to endoneurial hypoxia
To facilitate gas, nutrient, and waste exchange, endothelial cells
are thin structures. After nerve injury, the increase in endothelial
cell basal lamina thickness likely reduces nutrient and gas trans-
port. Additionally, the small lumen of healthy capillaries causes
red blood cells to deform from their resting biconcave disk shape

Figure 6. Edema is not the main contributing factor to endoneurial hypoxia after traumatic nerve injury. A, 3D reconstruction after PSNL shows that the nerve injury site and proximal side is larger
when compared with the distal side. Blood vessels are shown in green, and the perineurium as determined by GLUT1 staining is shown in orange. B, GLUT1, a marker of the perineurium, was used
to determine the cross-sectional area of the endoneurium in an uninjured nerve. C, At the nerve injury site, the endoneurium is larger in size. D, Nerve cross-sectional area was measured at various
locations. Nerve cross-sectional area is significantly increased proximal to the injury and at the injury site (n �6 per group; **p �0.01, ***p �0.001). E, The volume of uninjured and injured nerves
was evaluated by integration of cross-sectional area over a distance of 6 mm, from 2 mm proximal to the injury to 4 mm distal to the injury. The injured nerve was significantly larger in volume (n �
4 – 6 per group; ***p � 0.001). F, The number of FITC-positive blood vessels was quantified across various locations along the sciatic nerve. No significant differences were observed in the number
of blood vessels per nerve cross-section (n � 6 per group). G, Non-adjacent intercapillary distances were measured in nerve cross-sections. The maximum distances were compared and were
significantly increased proximal to the site of nerve injury (n � 6 per group; ***p � 0.001).
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Figure 7. Levels of the Na �/K � ATPase ion transporter are reduced after traumatic nerve injury causing painful neuropathy or after exposure to hypoxia. A, Sciatic nerve lysates at day 14 after injury were
prepared. Example immunoblots of pan Na �/K � ATPase�and�-actin are shown. B, Quantification of Western blot bands demonstrates a reduction in Na �/K � ATPase� in injured nerve (n�3 per group;
***p�0.001). C, DRG neurons were cultured and exposed to 48 h of hypoxia (1% O2) or to ambient oxygen (21% O2). Example immunoblots of pan Na �/K � ATPase�and�-actin from cultured neurons are
shown. D, Quantification of Western blot bands demonstrates that Na �/K � ATPase� levels in cultured neurons were significantly reduced by hypoxia (n�3 per group; *p�0.05). E, Calcien AM is a viability
dye that is cleaved by intracellular esterases to become cell impermeable. Cells with intact membranes sequester calcien AM. Neurons cultured in normoxic conditions express neurofilament 160/200 and are
positive for calcien AM. F, Neurons cultured in hypoxic conditions (48 h, 1% O2) also express neurofilament 160/200 and are positive for calcien AM. G, Neurons killed by exposure to 0.25% Triton X-100 for 10 min
do not sequester calcien AM. H, Quantification of viable neurons by calcien AM demonstrates that 48 h 1% O2 exposure does not affect neuronal viability (n � 6 per group).
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Figure 8. Hyperbaric oxygen treatment alleviates painful peripheral neuropathy induced by traumatic injury. A, Naive animals were exposed to air, normobaric oxygen, or hyperbaric oxygen, and
mechanical thresholds were measured. There was no significant differences of either treatment condition on mechanical thresholds. B, Motor responses were also measured by the rotarod test.
Normobaric oxygen or hyperbaric oxygen had on effects of motor responses on naive animals. C, After PSNL, mice received hyperbaric oxygen (100% O2 at 2.5 atm) or sham treatment (100% O2 at
1 atm) for 2 h daily, from day 0 to day 7 after injury. Hyperbaric oxygen significantly alleviated mechanical allodynia (n � 5 per group; *p � 0.05, **p � 0.01, ***p � 0.001). Contralateral
mechanical thresholds were not altered by hyperbaric or normobaric oxygen treatment. D, Hyperbaric oxygen administered from day 7 to day 14 after injury was also able to significantly alleviate
mechanical allodynia (n � 5 per group; ***p � 0.001). Hyperbaric or normobaric oxygen treatment did not alter contralateral mechanical thresholds. E, Hyperbaric (Figure legend continues.)
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into a parabaloid shape resembling a bell. This deformation fa-
cilitates rapid gas exchange by simultaneously increasing the sur-
face area available for gas exchange and reducing the distance of
hemoglobin to the tissues (Guest et al., 1963). After nerve injury,
the increase in capillary lumen sizes will prevent this process from
occurring. Also, it is likely that nerve injury causes a reduction in
the flow rate within endoneurial capillaries, which also reduces
the effectiveness of oxygen, nutrient, and waste exchange.

Nerve fibrosis contributes to endoneurial hypoxia
The growth of fibrotic tissue within the endoneurial space after
nerve injury further reduces the ability of oxygen and nutrients to
diffuse through the endoneurium, contributing to persistent
hypoxia. Fibrotic cells were GLUT1 positive (Hirose et al., 2003)
and collagen IV positive (Van Agtmael and Bruckner-Tuderman,
2010), suggesting that they are perineurial cells. Indeed, both
GLUT1 (Chen et al., 2001) and collagen deposition (Gilkes et al.,
2013) are regulated downstream of HIF-1�.

Increased metabolic needs contributes to endoneurial
hypoxia
Nerve injury results in opening of the blood–nerve barrier
(BNB), which permits the entry of blood-borne immune cells
into the endoneurial space. This mechanism is mediated through
vascular endothelial growth factor (VEGF) expressed in resident
macrophages (Lim et al., 2014). Hypoxia likely drives the expres-
sion of VEGF, downstream of HIF-1 (Burke et al., 2002), in mac-
rophages, and penultimately, the opening of the BNB. The
massive infiltration of immune cells, together with the prolifera-
tion of Schwann cells (Thomas, 1948) and resident macrophages
(Mueller et al., 2001), increase the metabolic demands of the
nerve, resulting in a higher oxygen consumption of injured
nerves when compared with uninjured nerves. Increased lactate
levels in injured nerves suggest that anaerobic glycolysis is re-
quired to maintain cellular ATP levels. In agreement, injured
nerves had higher extracellular acidification rates than uninjured
nerves. Lactate acidosis may produce excitatory effects on TRPV1
and acid-sensing ion channels. Lactate can also affect inflamma-
tory responses, upregulating Toll-like receptor 4 and nuclear
factor-�B transcriptional activity in macrophages (Samuvel et al.,
2009).

Macrophages respond to hypoxia with altered gene expression
mediated through HIFs (Murdoch et al., 2005). Many of the
genes regulated by HIFs in hypoxic conditions are known to be
expressed in the nerve after nerve injury and have been impli-
cated in pain. Interleukin-1� (Scannell, 1996), interleukin-6 (Al-
bina et al., 1995), tumor necrosis factor-� (Cramer et al., 2003),
and CC chemokine ligand 3 (Bosco et al., 2004) are upregulated
in macrophages by hypoxia. These same molecules are upregu-
lated in macrophages in models of neuropathic pain (Shi et al.,
2011; Lee and Zhang, 2012; Lim et al., 2014). It is possible that

targeting hypoxia may abrogate many unwanted effects of mac-
rophages, without affecting their beneficial functions.

Effects of endoneurial hypoxia on the Na �/K � ATPase
ion transporter
In the CNS, ischemia leads to anoxic depolarization, whereby
neurons depolarize because of a deficit in the ATP required to run
the Na�/K� ATPase ion transporter. Membrane potentials can
no longer be maintained and neurons reach action potential fir-
ing thresholds, resulting in depolarization (Balestrino, 1995). Af-
ter traumatic nerve injury, it is likely that a similar phenomenon
occurs at the nerve injury site, producing depolarization in in-
jured axons. The fact that ischemic peripheral nerve in healthy
subjects generates ectopic activity and spontaneous discharge
during reperfusion (Ochoa and Torebjörk, 1980) supports this
hypothesis.

In response to hypoxia, levels of the Na�/K� ATPase ion
transporter is reduced as part of ATP conservation mechanisms
(Hochachka and Lutz, 2001). This has been shown to occur in
alveolar epithelial cells (Planès et al., 1996; Dada et al., 2003) via
an HIF-1� independent mechanism (Zhou et al., 2008), and is
thought to contribute to pulmonary edema under hypoxic con-
ditions. Our experiments have demonstrated that hypoxia medi-
ated regulation of Na�/K� ATPase also occurs in DRG neurons
also. We hypothesize that prolonged reduction in Na�/K�

ATPase activity may result in spontaneous depolarization of the
axons as a result of failed maintenance of the resting membrane
potential. This may lead to the generation of ectopic activity char-
acteristic of painful peripheral neuropathy (Wall and Gutnick,
1974). Indeed, there are chronic pain phenotypes that arise out of
defective Na�/K� ATPase, such as familial hemiplegic migraine
(Koenderink et al., 2005). Polymorphisms in humans that confer
reduced Na�/K� ATPase activity are more frequently associated
with diabetic neuropathy (Vague et al., 1997). Reductions in
Na�/K� ATPase activities also underlie increased strain-specific
sensitivity to the Formalin test in mice (LaCroix-Fralish et al.,
2009). Reversing the reduction in or stimulating the Na�/K�

ATPase in peripheral sensory neurons may benefit neuropathic
pain conditions.

Effects of hypoxia on ion channels
Hypoxia may also contribute to neuropathic pain through vari-
ous ion channels. TRPA1 is activated by hypoxia, through prolyl
hydroxylase inhibition (Takahashi et al., 2011). TRPV1 activity is
also potentiated by hypoxia through HIF-1� (Ristoiu et al.,
2011). Both TRPA1 and TRPV1 are present in human neuromas
(Biggs et al., 2007; Morgan et al., 2009) and may contribute to
hyperexcitability and ectopic activity after nerve injury through
hypoxic sensitization. Voltage-gated potassium channels may
also be involved, because hypoxia blocks a dentrotoxin-sensitive
potassium current in DRG neurons, increasing excitability and
sometimes producing spontaneous activity (Gruss et al., 2006).

Hyperbaric oxygen alleviates endoneurial hypoxia and
neuropathic pain
Under physiological conditions, the solubility of oxygen in
plasma is 0.3%, making up 	2% of the total oxygen content in
blood (Pittman, 2011). At a pressure of 3 atm, the solubility of
oxygen increases toward 6%, which is sufficient to supply resting
tissues without a contribution from hemoglobin (Leach et al.,
1998). Thus, hyperbaric oxygen physiologically antagonizes en-
doneurial hypoxia, resulting in an alleviation of neuropathic
pain. If hyperbaric oxygen is administered early after traumatic

4

(Figure legend continued.) oxygen treatment from day 0 to day 7 after injury significantly
reduced the amount of hypoxyprobe-1 adducts observed in injured nerve at day 7 (n � 3 per
group; **p � 0.01). F, Hyperbaric oxygen treatment from day 0 to day 7 after injury signifi-
cantly reduced the amount of immunoreactivity in HIF-1�-stained nerve sections (n � 3 per
group; ***p � 0.001). G, Example immunoblots of pan Na �/K � ATPase and �-actin in sciatic
nerve lysates from ipsilateral nerves from animals that received hyperbaric oxygen or sham
treatment (normobaric oxygen). H, Hyperbaric oxygen treatment from day 0 to day 7 after
injury significantly increased the amount of Na �/K � ATPase � protein levels in injured nerves
as determined by Western blot (n � 6 – 8 per group; **p � 0.01).
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injury, alleviation of mechanical hypersensitivity persists for a
few days after hyperbaric oxygen is removed. It is likely that early
hyperbaric oxygen treatment prevented the generation of persis-
tent endoneurial hypoxia. In agreement, the same intervention
attenuated the reduction of endoneurial Na�/K� ATPase trig-
gered by nerve injury. When hyperbaric oxygen is administered
after neuropathic pain was established, hyperbaric oxygen could
still alleviate mechanical allodynia. However, in this paradigm,
once hyperbaric oxygen treatment was interrupted, no persistent
alleviation of mechanical hypersensitivity was observed. Our re-
sults were consistent with previous reports (Gu et al., 2012; Gib-
bons et al., 2013), demonstrating the effectiveness of hyperbaric
oxygen in animal models of neuropathic pain. Although we have
focused on the effects of hyperbaric oxygen on hypoxia, it is
possible the observed alleviation of mechanical allodynia may be
mediated in part through central effects of hyperbaric oxygen
(Zelinski et al., 2009; Chung et al., 2010).

Edema does not necessarily contribute to endoneurial
hypoxia
Past experiments have attributed endoneurial edema as a critical
factor in the genesis of endoneurial ischemia (Sommer et al.,
1993). Accumulation of fluid in the endoneurial space increases
endoneurial fluid pressure, which is thought to cause the defor-
mation and collapse of blood vessels passing through the
perineurium to enter the endoneurium (Myers et al., 1986).
Nerve edema may also produce ischemic areas within the endo-
neurium by increasing the distance between capillaries within the
nerve, thereby creating zones that are not adequately served by
blood vessels (Low et al., 1985). In the PSNL model of painful
peripheral neuropathy, both edema and increased intercapillary
distances were observed. However, these changes were localized
proximally and thus cannot explain the observation of hypoxia
distal to the injury site. Endoneurial fluid moves in a proximodis-
tal direction along peripheral nerves (Weiss et al., 1945). After
traumatic injury, endoneurial fluid flow likely becomes inter-
rupted, leading to a buildup of fluid at the proximal site of injury.
However, the resulting edema does not appear to be sufficient to
produce hypoxia, at least as detected with our methods. We con-
tend that nerve edema is not the main contributing factor to
persistent endoneurial hypoxia after traumatic injury.

Significance
Traumatic nerve injury resulting in painful peripheral neuropa-
thy produces persistent endoneurial hypoxia. After nerve injury,
endoneurial capillaries enlarge and thicken, and perineurial cells
undergo aberrant fibrosis. Together, this results in a reduced gas,
nutrient, and waste transport through the nerve. Nerve injury
also increases the metabolic needs of the nerve, leading to
increased oxygen consumption and acidosis. Persistent endo-
neurial hypoxia reduces Na�/K� ATPase levels, which likely
contributes to axonal excitability. Physiological antagonism of
endoneurial hypoxia with hyperbaric oxygen was able to reduce
mechanical hypersensitivity. Our results suggest that hypoxia is a
viable target for the treatment of neuropathic pain. Therapeutics
that alleviate endoneurial hypoxia likely will have a wide thera-
peutic window, because oxygen is an endogenous molecule re-
quired for proper functioning of tissues.
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