EFFECT OF HYPERBARIC OXYGEN THERAPY ON NERVE
REGENERATION IN EARLY DIABETES
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Nerve regeneration in diabetes is essential for reversal of neuropathy as well as the recovery of nerves from injury due to acute nerve
compression and enirapment. Endoneural hypoxia due 1o hyperglycemia-induced blood flow reductions is observed sarly in the course of
diabetes, and the resultant ischemia plays a role in the diminished neural regeneration. Hyperbaric oxygen therapy is capable of producing
tissue hyperoxia by raising oxygen tensions in ischemic tissues, and was shown to be beneficial in the reversal of experimenta! ischemic
nauropathy. In this study, an experimentzl diabetes rmodel was used to evaluate the functional and histomorphological effects of hyperbaric
oxygen therapy on early diabetic nerve regeneration. Our results indicate that there is significant histomormphological impairment of nerve
regeneration, even in very early stages of diabetes. However, no beneficial effects of hyperbaric oxygen therapy could be demonstrated at

this stage. © 2004 Wiley-Liss, [nc.

Although recent therapeutic advances in the control of
diabetes mellitus have contributed to measurable im-
provements in neuropathy, complete recovery is de-
pendent on the regeneration of damaged axons and the
reestablishment of fully functional connection with their
targets. In addition to reversal of newropathy, the re-
generative process also plays a role in recovery of the
peripheral nerve from imjury due to acute nerve com-
pression or entrapment injuries to which diabetic pa-
tients are highly susceptible,’* and unfortunately less
favorable results were reported on the recovery of dia-
betic patients following decompression surgery.’

Relative ischemia is a major factor which compli-
cates peripheral nerve regeneration,® and plays a role in
the diminished regenerative capacity of diabetic nerves,
along with other factors such as failed upregulation of
neurotrophins’ and defective transport of cytoskeletal
elements.® Endoneural hypoxia due to hyperglycemia-
induced blood flow reductions is observed early in the
course of diabetes,® and only modest increases in endo-
neural oxygenation are accomplished with normobaric
oxygenation.'°

Hyperbaric oxygen therapy is capable of producing
tissue hyperoxia by raising oxygen tensions in ischemic
tissues. Other potential beneficial effects are stimulation
of angiogenesis, immune modification,’! and microvas-
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cular preservation.'”> Although the role of hyperbaric
Oxygen treatment on axon regeneration after peripheral
nerve injury remains confroversial, it was shown to
rescue nerve fibers and partially reverse neuropathy in
rats with experimentally induced ischemic neuropathy.'®
Moreover, hyperbaric oxygen therapy was reported to
have a positive effect in nerve energy metabolism, as
suggested by biochemical changes and reversal of
neuropathy in experimentally induced diabetes.'*

In this study, an experimental diabetes model was
used in order to evaluate the functional and histomor-
phological effects of hyperbaric oxygen therapy on early
diabetic nerve regeneration.

MATERIALS AND METHODS

This study was approved by the Animal Care and
Ethics Committee of our institution. Forty adult male
Sprague-Dawley rats weighing 250—350 g (average
weight, 293 g) were used. The animals were housed in
cages at room temperature and were provided standard
laboratory chow and water ad Libitum. Four groups,
each containing 10 animals, were randomly created. All
surgical procedures were accomplished by the same
surgeon (A_A.). With the aid of an operating microscope
{Zeiss OPMI MD, Germany), the right sciatic nerve was
exposed with a gluteal splitting incision, sectioned I cm
before its trifurcation, and repaired with 10-0 nylon
suture by the epineural techmique. Groups 1 and 2
served as healthy controls. In groups 3 and 4, diabetes
was induced by intraperitoneal injection of a single dose
of streptozotocin (55 mg/kg) dissolved in citrate buffer 1
week prior to surgery. Establishment of diabetes was
confirmed by measuring blood glucose levels with a
glucometer.

Groups 2 and 4 underwent hyperbaric oxygen ther-
apy with >95% O, at 2.5 atm, 60 min/day for 10 days
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starting 24 h after neurorraphy. Groups 1 and 3 were
sham-treated. The sham treatment consisted of rats be-
ing transferred to a smaller cage about the same size as
the pressure chamber at the same time points as the
hyperbaric oxygen (HBO)-treated rats were put in the
pressure chamber.

Functional evalnation was performed using walking-
track analysis at 4, 8, and 12 weeks postoperatively.
Fletctrophysiological measurements were taken at week
12, and animals were then sacrificed for histomorpho-
metric studies along with Light and electron microscopy
analyses.

Functional Assessment

Motor function was assessed before the nerve tran-
section and after the operation at 4-week intervals until
week 12. The hind paws were dipped in water, and the
rat was then allowed to walk on chemically treated pa-
per {brompheno! blue) down a chute into a darkened
shelter. Track measurements and sciatic function index
{SFT) calculations were done by a technician who was
blinded to the experimental group. The distance between
the first and fifth toes (TS), the distance between the
second and fourth toes (IT), and print length (PL} were
takfenl,5 and SFI was calculated as described by Bain
et al.

Electrophysiclogical Evaluation

A Nihon Kohden RM 6000 polygraph was used as a
bioelectric amplifier. The signal was filtered with a
30—1,000-Hz analogous band transparent filter. It was
sampled at 2,048 Hz, and a numerical score was calcu-
lated. Nerve action potential was recorded by submax-
imal stimulation (average 2 v during 1.4 ms, using a
BioScience 10550 Kymograph + Stimulator) at | Hz
bipolarly. Three samples were taken for each group and
averaged. The latency and amplitude of the first positive
and pegative waves were calculated and compared for
each group at 12 weeks.'5"”

Histomorphometric Analysis

For evaluation of semithin sections, cross-sections
each 1 mm wide were obtained from the sciatic nerve.
Tissue specimens sized about 1 X 1 mm were fixed with
2.5% glutaraldchyde and 2% paraformaldehyde solution
in 0.1 M sodium caccodylate buffer for 1 night, and then
were postfixed with 0.1% osmium tetra oxide solution in
the same buffer. After a routine dehydration process in
graded alcohol series and propylene oxide, specimens
were embedded in Epon-812 embedding media. Semi-
thin (1 pra) and thin (0.5 pm) cross-sections of the whole
nerve were cut by ultra microtome (LKB). Images of

entire areas in each section were digitally recorded via
camera {Pixel-View) attached to a research microscope
(Olympus B-30). Analysis of digitized information,
based on gray and white scales, was performed with
Image Pro Plus 4.5.1 (Media Cybernetics) computer
software. This system digitizes the images and displays
them on a monitor with a calibration of 0.14 pm/pixel.
Total and mean numbers and diameters of neuronal
axons, as well as myelin sheath thickness, were calcu-
lated. Thin sections were stained with lead citrate and
uranylacetate and evaluated via Jeol 100 electron mi-
croscope.

Statistical Analysis

Experimental data from four groups were compared
using analysis of variance (ANOVA). When a statisti-
cally significant interaction was detected, groups were
compared by Tukey test. All reported values are means,
plus or minus the standard deviation. Statistical signifi-
cance was presumed at p < 0.05.

RESULTS

All rats remained healthy throughout the study,
without evidence of automutilation or foot ulceration
(Table 1).

Table 1. SFI Values at 12 Weeks, Mean Axon Di-
ameter, Myelin Sheath Thickness, and Axonal Count
for Each Group

Walking-Track Analysis

At the beginning, SFI values were close to 0 for all
animals, indicating normal function. After nerve tran-
section and repair at week 4, SFI values of groups I, II,
I1, and I'V were calculated as —70.9 £ 21.2, -73.2 £
12, =728 £ 13.3, and ~70.2 £ 12.1, respectively. At 8
weeks, SFI values increased to —44.7 + 12, —46 + 9,
—59.6 +£ 6.3, and —50.1 £ 7.5 for groups I, I, I, and
IV, respectively. The difference between groups was not
statistically significant at either week 4 or weck 8. The
last evaluation was performed at the week 12, at which
time neither group could reach preoperative normal
values, but the best results were observed in group I
(-24.8 + 7.2), followed by group II (-26.8 + 7.8),
group IIT (—32.1 + 9.4), and group IV (—43.1 + 7.5).
Differences between groups I vs. IT and groups ITT vs. IV
were not statistically significant (Fig. 1).

Electrophysiological Evaluation

The first positive wave latency values were: 7.8 =
12ms, 6.5 + 0.9 ms, 6.4 + 0.3 ms, and 7.2 £ 0.5 ms
for groups I, 1, IH, and IV respectively. The first
negative wave latency values were 19.7 + 4.1 ms, 17.6
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Table 1. SFi Values at 12 Weeks, Mean Axon Diameter, Myelin Sheath Thickness, and Axonal Count for Each Group

Group 1 Group 2 Group 3 Group 4
SFl at 12 weeks 24872 26.8x738 43175 —-321+94
Diameter of myelinated fibers (um) 79+ 37 952 5835 69 =34
Diameter of myelin sheath (um) 142 + 053 1.7+£03 1.1+03 1.35 + 0.48
Actonal count per area (number/61,700 u% 388 = 57 349 + 62 156 + 24 170 = 21
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e Puhction & Diameter of myelin sheath
20
[
20 o ZrOIAD |
— = Group 1} z
s et Girosp 11} e
-5 —— Group IV £
E
B
-100

Figure 1. Sciatic function index evaluation at 4, 8, and 12 weeks.
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Figure 2. Diameter of myelinated fibers in groups 1—4.

+ 0.8 ms, 17.5 £ 0.7 ms, and 184 = 0.3 ms for
groups 1, II, 111, and IV, respectively. The first positive
wave amplititude values were: 1.1 £+ 0.3 mv, 1.1 £ 0.3
mv, 1.5 £ 0.06 mv, and 1.4 + 0.06 mv for groups I,
II, TIT and IV, respectively. The first negative wave
amplititude values were —0.7 + 0.3 mv, —1 £ 0.2 mv,
—1 + ¢.03 mv, and —-0.9 £ 0.05 mv for groups I, II,
I, and IV, respectively. No statistically significant
difference was observed between groups regarding la-
tency and amplititude values of the nerve action
potential.

Histomorphometric Analysis
Diameter of myelinated fibers. Mean values of my-

elinated fiber diameter in each group are summarized in
Table 1 and Figure 2. Although better results were
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Figure 3. Diameter of myelin sheef in groups 1—4.
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Figure 4. Difference between numbers of axons in each group was
not significant.

found in hyperbaric oxygen-treated groups in both
diabetic and non diabetic animals (Fig. 5, 6), differences
were not significant when compared with untreated
groups (Fig. 7, 8). The only significant difference was
found between group I and groups TI{/1V (ANOVA F
= 6.2, p < 0.05).

Diameter of myelin sheath. Mean values of myelin
sheath diameter in each group are summarized in Table 1
and Figure 3. Although better resuits were found in
hyperbaric oxygen-treated groups in both diabetic and
nondiabetic animals (Fig. 5, 6), the differences were not
significant when compared with unireated groups (Fig.
7, 8). The only significant difference was found between
group IT and groups III/IV (ANOVA F = 74, p < 0.05).
Mean axonal count. The myelinated axons in the
representative fields of each nerve were counted in
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Figure 5. Light Microscopic view taken from the diabetic group
treated with hyperbaric oxygen.

N
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Figure 6. Light m.rcroscoprc view taken from the healfhy group
treated with hyperbaric oxygen.

standard areas (61,700 p?). Mean myelinated axonal
counts of groups are surnmarized in Table 1 and Fig-
ure 4. No statistically significant difference was detected
between groups.

Electron microscopy. Samples taken from the non-
diabetic groups commonly showed organized nerve tis-
sue with healthy, proliferating Schwann cells, suggesting
ongoing regeneration (Fig. 9).

Mitochondria with regular cristae were observed
(Fig. 10). In samples taken from the diabetic groups,
nonmyelinated axons were more frequent, Schwamn-cell
degeneration with intranuclear vacuoles and mitochon-
dria with irregular cristae were observed (Fig. 11). In
accordance with the light microscopic finding of endo-
neural fibrosis, collagen bundles were observed on
electron microscopy (Fig. 12).

DISCUSSION

Underlying factors in diabetic neuropathy have been
extensively studied, and biochemical abnormalities in

A A . A

Figure 7. Light microscopic view iaken from the untreated diabeiic
group.

Figure 8, Light microscopic view taken from the unireated healthy
group.

experimental models such as reduced nerve myoinositol
concentration,’® decreased rate of synthesis and trans-
port of intra-axonal proteins,'*?° reduced incorporation
of glycolipids and amino acids into myelin®' and ex-
cessive intracellular accumulation of glycogen(zz'zs)
suggest a metabolic cause. Since energy production in
neural tissue in vitro is mainly dependent on oxidative
metabolism, these metabolic changes could be attributed
to endoneural ischemia and resultant hypoxia.
Although neuropathy is an established component
of chronic diabetes, iImpairment of nerve regeneration in
these individuals is controversial. Despite the presence
of clinical and experimental data that suggest good re-
generative capacity in the diabetic nerves”™’ there also
exist studies that contradict these findings.?**? Im-
paired regenerative success in diabetes is reported to be a
result of defects in several stages of the regenerative
process such as onset of regeneration,” rate of elonga-
tion of axonal sprouts,” and maturation of nerve fi-
bers.*** These pathologies in the regenerative process




Figure 9. Electron microscopic view iaken from healthy group
freated with hyperbaric oxygen. a, axon; s, Schwann cell.

Figure 10. Electron microscopic view taken from healthy group
which did not undergo hyperbaric oxygen therapy. m, myelin; s,
Schwann cell.

could be attributed to the microangiopathy of the va-
sovasorum in the form of dmminished hyperemic re-
sponse to injury, which renders an unfavorable local
environment for nerve regemeration.”® Moreover,
hyperglycemia-induced blood flow reductions, already
observed early in diabetes,” may create a relatively
ischemic regenerative microenvironment, even before
the microangiopathic changes of chronic diabetes are
established.

Hyperbaric oxygen therapy (HBO) is commonly
used in the treatment of ischemic injuries such as
acute trauma, refractory wounds, ftissue flap, and
grafts with compromised circulation and osteoradio-
necrosis.”’ Since merve injuries also suffer from the
ischemic changes similar to the pathophysiologic
processes observed in ischemic-reperfusion injuries of
the muscle and skin, a possible beneficial effect of
HEBO on nerve regeneration has been questioned, with
varying results. Enhanced axon regeneration and my-
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Figure 11. Electron microscopic view taken from diabefic group
which did not undergo hyperbaric oxygen therapy, a, axon without
myelin sheet; s, degenerating Schwann cell; v, imranuclear vacu-
oles; e, collagen; *mudiilamellar inclusions.

Figure 12. Electron microscopic view taken from diabelic group
treated with hyperbaric oxygen, ¢, collagen; arrow, iiregular mito-
chondria; arrowhead, iniranuclear vacuoles.

elination of regenerated axoms were reported after
crush injury of the sciatic nerve in rats and rab-
bits.*®* % In addition, FIBO was shown to improve
functional recovery following nerve transection and
epineural repair in the rat sciatic nerve.’? On the other
hand, it was reported that neither axon regeneration
nor functional recovery was improved by HBO fol-
lowing transection and entubulation repair of the rat
peroneal nerver.™!

The beneficial effect of HBO has also been studied in
experimentally induced merve ischemia models!®1%*
and it was suggested that in order for the HBO to have a
positive effect on nerve regeneration, some blood flow
through the ischemic nerve should be preserved rather
than a complete destruction of the circulation.** This is
in accordance with the reduction in blood flow detected
in both early and chronic experimental diabetes”™ and
could help to imterpret the biochemical changes that
suggest enhanced nerve energy metabolism induced by
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HRBO in chronic streptozotocin (8TZ) diabetic periph-
eral nerves.

The purpose of this study was both to ¢valuate the
effect of diabetes on nerve regeneration in the early
stages of the disease, and to investigate whether hyper-
baric oxygen therapy could improve any possible im-
pairment during this process.

In accordance with studies which reported impaired
nerve regeneration in diabetes,?®*>? the statistically sig-
nificant decrease in diameter of myelinated fibers and
myelin sheath of diabetic animals, as observed in our
study, further implies that this impairment begins in the
very early stages of the disease. Studies showed that the
natural respomse to ischemia after nerve imjury is an
increase in endoneural blood flow to address the in-
creased nuirent and oxygen consumption of regenerat-
ing axons and cellular elements during repair *¢** It was
also reported that this hyperemic response after injury is
altered in diabetic animals.*® A reduction in nerve blood
flow related to conduction deficits was also shown to
occur as early as 1 week after diabetes induction,” and
although regenerative success is noted to be inversely
related to the duration of diabetes in rats,*’ such a
creation of a short-term microenvironment with relative
ischemia, along with delayed mitogenicity of support
and migratory cells, can account for a slowed regener-
ation rate at an early stage.

In our study, we did not find any functional or his-
tomorphological improvement in nerve regeneration at
the early stages of diabetes with hyperbaric oxygen
therapy. The potential benefits of hyperbaric oxygen
therapy have been overshadowed by evidence that it
generates reduced oxygen species * and the presence of
oxidative stress in peripheral nerves, along with blood-
nerve barrier impairment is well-documented.*”—>® Ac-
cording to the results of our study, it is possible that
nerve regeneration in early diabetes was somehow more
susceptible to oxidative stress induced by hyperbaric
oxygen therapy when compared with the established
neuropathy in chronic stages of this disease. Objective
evaluation of the possible presence of oxidative stress by
further measurements could help to explain our findings.
Although salvage of ischemic peripheral nerves with
hyperbaric oxygen therapy was possible, the beneficial
effects of this intervention were found to be closely re-
lated to alterations in local blood flow.*® Insignificant
results, as found in our study, could be better explained
if alterations in endoneural blood flow could be moni-
tored during hyperbaric oxygen therapy.

In conclusion, our results indicate that there is sig-
nificant histomorphological impairment in nerve re-
generatioin, even in the very early stages of diabetes.
However, no beneficial effects of hyperbaric oxyvgen
therapy could be demonstrated at this stage.
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