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A Scientifi c Investigation

Effects of Hyperbaric Oxygen on Skin Blood Flow and Tissue 
Morphology Following Sciatic Nerve Constriction

George Mychaskiw II, DO, Jun Pan, MD, Sanjay Shah, MD, Alexander Y. Zubkov, MD, Ben Clower, PhD, 
Ahmed E. Badr, MD, and John H. Zhang, PhD

Hyperbaric oxygen therapy is the ad-
ministration of oxygen under greater than 
atmospheric pressure to address a wide 
variety of medical and surgical problems, 
including complications of uncontrolled 
decompression during diving, carbon 
monoxide intoxication, delayed wound 
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healing, and soft-tissue infections (1). Hy-
perbaric oxygen is believed to suppress 
free radical formation and oxygen-derived 
free radicals have been suspected in the 
development of neurogenic inflammation 
following injury (2). Little is known about 
the possible role of hyperbaric oxygen in 
common investigational models of neuro-
pathic injury. There is a case report of im-
proved signs and symptoms of Complex 
Regional Pain Syndrome II in a patient 
undergoing hyperbaric oxygen treatment 
for carbon monoxide poisoning (3). Hy-
perbaric oxygen has been anecdotally re-
ported to be effective in the management 
of peripheral neuropathies, but has not 
been prospectively evaluated. This study 
examined the effects of hyperbaric oxy-
gen on a constriction model of nerve in-
jury caused by loose ligation of the rat sci-
atic nerve (4). In this study we examined 

whether a short course of hyperbaric ox-
ygen in the acute period following nerve 
constriction could ameliorate some of the 
pathologic features of neuropathic injury, 
including changes in skin blood flow, tis-
sue histology, and edema formation.

METHODS

Animal Model
A loose ligation model of the rat sci-

atic nerve, as described by Bennett and 
Xie (4) was used to simulate an acute neu-
ropathic injury. This model has been well 
established in our laboratory and con-
sistently produces neuropathic inflam-
mation and allodynia. Allodynia was as-
sumed to occur in this investigation, but 
was not specifically quantitated. The ani-
mal protocol was reviewed and approved 
by the institutional animal use commit-

Background: Constriction of the sciatic 
nerve by loose ligation produces an infl am-
matory neuropathic injury. This represents 
an animal model for peripheral mononeu-
ropathy. Oxygen-derived free radicals are 
suspected to play an important role in the 
pathogenesis of ischemia/reperfusion inju-
ry, leading to neurogenic infl ammation. Hy-
perbaric oxygen (HBO) has been used anec-
dotally to treat clinically similar conditions 
in humans, but specifi c effects on the animal 
model have not been well studied.

Objective: This study in a rat model ex-
amined the effects of hyperbaric oxygen on 
skin blood fl ow and tissue morphology by 
light and electron microscopy following sci-
atic nerve constriction.

Design: A scientifi c investigation in a 
rat model.

Methods: In this study, the neuropath-
ic injury was established by loose ligation of 
the rat sciatic nerve. The animals were divid-
ed into three groups, sham (S, n=8), ligation 
but no treatment (LN, n=8) and ligation and 

treatment with hyperbaric oxygen (LT, n=8). 
The treatment group (n=8) received hyper-
baric oxygen treatment immediately follow-
ing the injury and daily for four additional 
days at the same time interval. One hundred 
percent O2 at 3 atmospheres absolute pres-
sure (66 feet sea water) was administered for 
two hours. The hindpaws of the rats were ob-
served by light microscopy, electron micros-
copy, laser Doppler fl owmetry (LDF), and clin-
ically for the presence of edema.

Results: Untreated animals demon-
strated marked tissue edema following sci-
atic constriction, whereas animals that re-
ceived hyperbaric oxygen had minimal to no 
edema. The sham group demonstrated nor-
mal histology. The group not treated with 
hyperbaric oxygen demonstrated swollen 
mitochondria (2-3 times), with loss of cellu-
lar integrity, multiple vacuole formation in 
both nerve and muscle tissue, widened sar-
comeres in muscle, and degenerative chang-
es in the nerve myelin sheaths. The group 
treated with hyperbaric oxygen demonstrat-

ed preservation of cellular structure includ-
ing mitochondrial integrity, no vacuole for-
mation, and maintenance of normal, easily 
identifi able nerve structure. 

The sham group had no change of 
skin blood fl ow. Skin blood fl ow of LT group 
was decreased immediately after ligation 
(p<0.05) and recovered to baseline level be-
fore ligation on Day 5 after four hyperbar-
ic oxygen treatments. Skin blood fl ow of LN 
group was decreased immediately after liga-
tion (p<0.01) and did not recover (p<0.01). 

Conclusion: This study evaluated tissue 
changes after nerve injury caused by loose li-
gation of the sciatic nerve in rats. Hyperbaric 
oxygen treatment following sciatic nerve in-
jury reduced tissue edema, improved skin 
blood fl ow, and preserved muscle and neuro-
nal ultrastructural integrity. 

Keywords: Hyperbaric oxygen, nerve 
chronic constriction injury, sciatic nerve liga-
tion, neuropathic pain, skin blood fl ow, ani-
mal models
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tee, in accordance with NIH/NPS guide-
lines. Twenty-four adult male Sprague-
Dawley rats (250-350 g) were used in this 
study. The animals were divided into three 
groups, sham (S, n=8), ligation, no treat-
ment (LN, n=8) and ligation and treat-
ment with hyperbaric oxygen (LT, n=8).

Animals were anesthetized with 
100 mg/kg Ketamine (Burroughs-Well-
come, USA) and 20 mg/kg Xylasine (Bur-
roughs-Wellcome, USA) by intraperi-
toneal injection using aseptic technique 
and supplemented as necessary. In the li-
gation groups, the common sciatic nerve 
on the right side was exposed at the lev-
el of the middle thigh by blunt dissection 
through the biceps femoris. After identi-
fication, the common sciatic nerve, just 
proximal to its trifurcation into the pe-
roneal, sural and tibial nerves, was loose-
ly ligated twice, each ligature 1 mm apart, 
using 4-0 chromic catgut (Ethicon, USA), 
under 25 X magnification. Care was tak-
en to tie the ligatures so that the diame-
ter of the nerve was seen to be just bare-
ly constricted. The desired degree of con-
striction retarded, but did not arrest, cir-
culation through the superficial epineuri-
al vasculature and sometimes produced 
a small, brief twitch in the surrounding 
muscle. The incision was closed in lay-
ers with 2-0 silk (Ethicon, USA). In the 
control group, the common sciatic nerve 
on the right was dissected and isolated 
at the middle-thigh level and the wound 
was closed without further manipulation 
of the nerve. In every animal, an identical 
dissection was performed on the opposite 
side, except that the sciatic nerve was not 
ligated. Postoperatively, the animals were 
housed in groups of two or three in clear 
plastic cages with solid floors covered by 
sawdust. Cages with wire mesh floors 
were avoided on the assumption that they 
would exacerbate discomfort arising from 
the affected hindpaw.

Clinical Observation
The animals were examined twice 

daily. During examination, each rat was 
placed on a table and closely observed by 
a blinded investigator. The presence of tis-
sue edema was recorded on a scale of 0 
to 4, with 0 being no edema and 4 being 
marked, severe edema resulting in limb 
immobility. 

Skin Blood Flow Measurement
Laser Doppler Flowmetry was used 

to measure skin blood flow (5). Measure-

ments were performed by Perimed PF3 
with standard 90º angled probe (Perimed, 
Linkoping, Sweden) with a duration of 
two seconds within the frequency between 
0.07 to 12 kHz. In all three groups, skin 
blood flow was measured on both of the 
hindpaws while left hindpaws served as 
self negative controls after anesthesia but 
before the surgery, immediately after the 
surgery, and on Day 5 following induction 
of anesthesia. The ambient temperature 
was maintained at 23-25°C. Skin blood 
flow measurements were performed with 
the animal placed in the prone position on 
a height adjustable plastic floor. The plan-
tar surface of the right or left hindpaw was 
secured in the desired position with adhe-
sive tape. Laser Doppler Flowmetry mea-
surements were performed within a stan-
dardized skin area, consisting of a prom-
inence located at the lateral side of the 
plantar surface of the hindpaw. The skin 
area under investigation is innervated by 
the tibial nerve, which originates from the 
sciatic nerve (6). Within this specific area, 
the probe was moved about using a mi-
cromanipulator close to the skin surface 
in order to find the site with maximal skin 
blood flow. After signal stabilization for at 
least three minutes, skin blood flow was 
assessed for three additional minutes. The 
analog output of the laser Doppler system 
was digitized by an analog-digital convert-
er and the readings were recorded.

Hyperbaric Oxygen Treatment
The treatment group (n=8) received 

hyperbaric oxygen treatment immediate-
ly following the injury and daily for four 
additional days at the same time interval. 
One hundred percent O

2
 at 3 atmospheres 

absolute pressure (66 feet sea water) was 
used for two hours. Ambient tempera-
ture was maintained at 23-25 °C during 
the treatments.

Histology
On Day 5, 24 hours after the last 

treatment with hyperbaric oxygen and 
following skin blood flow measurement 
under anesthesia, the animals were sacri-
ficed by draining whole body blood with 
infusion of 0.9% saline via the inferior 
vena cava through an open sternotomy. 
After venous drainage became clear, ani-
mals were perfused with 2% buffered glu-
taraldehyde (0.4-0.5 ml/kg). Samples were 
taken from muscle and nerve distal to the 
ligation, preserved in 2% buffered glutar-
aldehyde, and prepared for light and elec-

tron microscopy evaluation.

Statistical Methods
Data were stored in an Excel spread-

sheet file then analyzed by Prism Graph 
Pad software (version 4.0). Data collect-
ed from right hindpaws among control, 
ligation without treatment, and ligation 
with treatment, were analyzed by one way 
ANOVA. Data collected from the same 
groups of animals at three different time 
points were analyzed by one way ANO-
VA. Data collected from right and left 
hindpaws were analyzed using a two-tail 
paired t test. P<0.05 was considered statis-
tically significant.

RESULTS

Clinical Observation
The sham group demonstrated no 

changes in hindpaws. The group treated 
with hyperbaric oxygen had 0-1+ edema 
on the right side, which subsided to no 
edema from Day 2 onwards, whereas the 
nontreated group had 2-3+ edema on the 
right side, which remained at the 1-2+ lev-
el after Day 5.

Microscopy
As shown in figures 1 and 2, light mi-

croscopy did not reveal any changes in any 
groups in nerve or muscle. Electron mi-
croscopy at 16,000-80,000 magnification 
provided the following information: 
♦ The sham group had normal ultra-

structural histology. 
♦ The group not treated with hyper-

baric oxygen demonstrated swol-
len mitochondria with loss of cel-
lular integrity, vacuole formation in 
both nerve and muscle, widened sar-
comeres in muscle, and degenerative 
changes in myelin nerve sheaths. 

♦ The group treated with hyperbaric 
oxygen demonstrated preservation 
of cellular structure, including mito-
chondrial integrity, no vacuole for-
mation, and preservation of normal, 
easily identifiable nerve structure. 

♦ A blinded observer evaluated elec-
tron micrographs of sarcomeres at 
16,000X and neurons at 40,000X and 
graded cellular changes on a 0 to 3 
scale, with 0 being normal histology 
and 3 being complete disruption of 
cellular structure and organelles. 

♦ The groups with hyperbaric oxygen 
could not be distinguished from nor-
mal controls, whereas the untreated 
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groups were graded consistently at 2, 
indicating mitochondria swollen 2 to 
3 times normal size, multiple vacuole 
formation (>5) and scattered, mild 
disruption of cell membranes.

Skin Blood Flow
As shown in Figure 3, in the sham 

surgery group, there was no significant 
difference among the skin blood flow re-
sults at preligation, immediately postliga-
tion, and on Day 5 (one-way ANOVA). 
There was also no statistically significant 
difference between left and right hind-
paws (paired two-tail t-test). Sham sur-
gery had no effect on skin blood flow. 

In the ligation, no treatment group, 
skin blood flow of right hindpaws de-
creased immediately following surgery 
and on Day 5, compared to preligation 

DISCUSSION

In our study, a peripheral mono-
neuropathy model was produced in adult 
male Sprague-Dawley rats by placing 
loosely constrictive ligatures around the 
common sciatic nerve. This resulted in al-
terations of skin blood flow, tissue edema 
and histology, similar to changes that ac-
company peripheral neuropathies in hu-
mans (4).

Our study confirms the hypothesis 
of neurogenic inflammation by loose li-
gation of sciatic nerve, as all the changes 
were observed distal to the point of liga-
tion. Studies have demonstrated involve-
ment of primary afferent nociceptive c-fi-
bers in an afferent orthodromic and effer-
ent antidromic manner. Consequent no-
ciceptive impulses and neuropeptides re-
leased from nerve endings lead to reduc-
tion in skin blood flow, collectively lead-
ing to ischemia, necrosis and increased 
vascular permeability in skeletal muscle 
and nerve, a phenomenon referred to as 
neurogenic inflammation. In our study, 
neurogenic inflammation was identified 
by clinical observation of edema of the ex-
tremity distal to nerve ligation and mea-
surement of skin blood flow before, and 
five days after, ligation. 

Hyperbaric oxygen therapy involves 
inhalation of 100% oxygen under a pres-
sure greater than 1 atmosphere absolute 
(ATA) (7). This has been used to treat 
acute conditions (decompression sick-
ness, air embolism, carbon monoxide 
poisoning, clostridial myonecrosis, acute 
traumatic ischemia) as well as chron-
ic conditions (irradiated tissue necrosis, 
problem wounds). The therapeutic ef-
fects of hyperbaric oxygen result from 
two features of treatment: mechanical ef-
fects of increased pressure and physiolog-
ic effects of hyperoxia. At normal atmo-
spheric pressure, the oxygen in arterial 
blood is almost entirely bound to hemo-
globin. However, while breathing 100% 
oxygen at 2 to 3 ATA, a significant pro-
portion of arterial oxygen is in the dis-
solved form. Despite some reduction in 
blood flow during exposure to hyperbaric 
oxygen, an increase in tissue oxygenation 
can be observed in mixed venous, trans-
cutaneous, and tissue measurements (8). 
Neutrophils play an important role as the 
prime culprit in neurogenic inflamma-
tion, as they adhere to the walls of vessels 
and release proteases, producing free radi-
cals, leading to pathologic tissue destruc-
tion (9). Hyperbaric oxygen can inhibit 

data (p<0.01, one-way ANOVA). Com-
pared to the left hindpaws (self nega-
tive control), skin blood flow of the right 
hindpaws demonstrated no significant 
difference before ligation (paired two-tail 
t-test), but decreased significantly imme-
diately postligation and on Day 5 (p<0.01, 
p<0.05, respectively, two-tail t-test).

In the ligation with hyperbaric oxy-
gen treatment group, the skin blood flow 
of the right hind paws decreased signifi-
cantly immediately after ligation (p<0.05, 
one-way ANOVA). On Day 5, after four 
days of treatment with hyperbaric oxy-
gen, skin blood flow recovered to at or 
near pre-injury levels in the treated group, 
while skin blood flow in the nontreated 
group remained significantly depressed 
(p<0.01). 

A. Ligation, no treatment group demonstrates 
marked widening of sarcomeres and mito-
chondrial swelling, grade 2

B. Treatment group displays normal histol-
ogy, indistinguishable from control. 

Fig 1. 16,000X electron microscopy of  sarcomeres. 

A. Ligation, no treatment group demon-
strates vacuole formation, mitochondrial 
swelling and scattered disruption of cellular 
structures, grade 2.

B. Treatment group displays normal histol-
ogy, indistinguishable from control.

Fig. 2. 40,000X electron microscopy of  neurons. 
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neutrophil adherence and tissue destruc-
tion (10, 11). 

In this study, skin blood flow de-
creased after nerve ligation in all animals 
and improved in the treated group, which 
negated any possibility of accidental vas-
cular ligation causing hypoxic or anoxic 
cellular death. Although neurogenic in-
flammation may have resulted from ex-
posure of the nerve itself, the sham group 
did not demonstrate any changes in skin 
blood flow or cellular structure. This 
study supports the role of oxygen-derived 
free radicals and ischemia/reperfusion in-
jury in the pathogenesis of neuropathic 
injury and suggests that hyperbaric oxy-
gen can reverse or prevent tissue damage 
and improve skin blood flow.

CONCLUSION

This study demonstrated a benefi-
cial role of hyperbaric oxygen in ame-
liorating muscle and neuronal injury in 
a sciatic nerve ligation model in rats. Hy-
perbaric oxygen treatment following sci-
atic nerve injury reduced tissue edema, 
improved skin blood flow, and preserved 
muscle and neuronal ultrastructural in-
tegrity. Further study is required to eval-
uate the potential role of hyperbaric oxy-
gen as a therapy for neurogenic inflam-
mation following nerve injury.
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