Hyperbaric oxygenation in peripheral nerve
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Peripheral nerves are essential connections between the central nervous system and muscles,
autonomic structures and sensory o;gans. Their injury is one of the major causes for severe and
longstanding impairment in limb function. Acute peripheral nerve lesion has an important
inflammatory component and is considered as ischemia-reperfusion (IR) injury. Surgical repair
has been the standard of care in peripheral nerve lesion. It has reached optimal technical
development but the end results stillp remain unpredictable and complete functional recovery is
rare. Nevertheless, nerve repair is not primarily a mechanical problem and microsurgery is not
the only key to success. Lately, there have been efforts to develop alternatives to nerve graft.
Work has been carried out in basal lamina scaffolds, biologic and non-biologic structures in
combination with neurotrophic factors and/or Schwann cells, tissues, immunosuppressive
agents, growth factors, cell transplantation, principles of artificial sensory function, gene
technology, gangliosides, implantation of microchips, hormones, electromagnetic fields and
hyperbaric oxygenation (HBO). HBO appears to be a beneficial adjunctive treatment for surgical
repair in the acute peripheral nerve lesion, when used at lower pressures and in a timely fashion
(<6 hours). [Neurol Res 2007; 29: 184-198]
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INTRODUCTION

Reports of acute nerve injury can be traced to
3500 years ago, in a biblical story'. In the seventh
century, Paulus Aegineta was the first to report the use
of suture and agglutination to repair nerves’. The
pioneer of peripheral nerve surgery was Gabriele
Ferrara who described the technique of suturing stumps
of a transected nerve’.

Dysfunction of peripheral nerves results from damage
to the neuron, to the Schwann cells or to the myelin
sheath®. Many mechanisms of injury to peripheral
nerves exist, including mechanical damage, crush
injury, lacerations, penetrating trauma, stretch injury,
high-velocity trauma, frostbites and iatrogenic injury”.
Peripheral nerve injuries are relatively common®. They
are one of the major causes for severe and longstanding
impairment of limb function and remain as one of the
most challenging and difficult reconstructive problems. |
will classify the degree of injury, describe the surgical
repair options and discuss adjunctive therapies, includ-
ing hyperbaric oxygen.

CLASSIFICATION OF PERIPHERAL NERVE INJURY
The classification of nerve injury was described by
Seddon” and later expanded by Sunderland and
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Bradley” and Mackinnon and Dellon®. The first-degree,
neuropraxia, involves a temporary conduction block
with demyelination of the nerve at the site of injury. Itis a
dysfunction and/or paralysis without loss of nerve sheath
continuity and peripheral Wallerian degeneration.
Electrodiagnostic study results are normal above and
below the level of injury, and no denervation muscle
changes are present. No Tinel’s sign is present. Complete
recovery occurs once the nerve has remyelinated at the
damage area. Recovery may take up to 12 weeks™”.

A second-degree injury, axonotmesis, results from a
more severe trauma or compression. The internal
architecture is relatively preserved and can guide
proximal axonal regeneration to reinnervate distal target
organs'®. This causes Wallerian degeneration distal to
the level of injury and proximal axonal degeneration to at
least the next node of Ranvier. In more severe traumatic
injuries, it could extend beyond the next node. Electro-
diagnostic studies demonstrate denervation changes in
the affected muscles, and in cases of reinnervation, motor
unit potentials (MUPs) are presentS.

In the third-degree injuries, axon continuity is
disrupted by loss of endoneurial sheaths but the
perineurium is preserved’. It is a more severe injury
than the second-degree. Wallerian degeneration occurs
and electrodiagnostic studies demonstrate denervation
changes with fibrillations in the affected muscles.
Because the endoneurial tubes are not intact, the
regenerating axons may not reinnervate their original
motor and sensory targets’.
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In the fourth-degree injury, the nerve fasciculi are
damaged but nerve sheath continuity is preserved Lt
results in a large area of scar at the site of nerve injury
and precludes any axon from advancing distal to the
level of nerve injury. Electrodiagnostic studies reveal
that denervation changes the affected muscles and no
MUPs are present. No improvement of function is noted
and the patient requires surgery to restore neural
continuity, thus permitting axonal regeneration and
motor and sensory reinnervation®.

In the fifth-degree injuries, there is a complete tran-
section of the nerve. They correspond to Seddon’s
classification of a neurotmesis lesion. It requires surgery
to restore neural continuity. Electrodiagnostic studles
are the same as in the fourth-degree injury>®
Mackinnon introduced a sixth-degree injury to describe
a complex peripheral nerve injury. It is a mrxed nerve
injury that combines the other degrees of injury®.

PATHOPHYSIOLOGY

The physiologic response is different, depending on the
type of injury. If the axon is spared, as in the first-degree
injury, conduction is interrupted due to demyelination,
but is reinstated whenever the aggravating stimulus is
removed and the myelin layers are restored. If the axon,
or more, is transected, causing a second- to fifth-degree
injury, the response has two main phases, degeneratlon
and regeneration, and takes substantially longer'".
Pathologically, three phases were identifiable: phase 1
(0-3 hours): minimal pathologic changes and minimal
edema, phase 2 (7-14 days): prominent fiber degenera-
tion and endoneurial edema, and phase 3 (28-42 days):
abundant small regenerating fiber clusters and minimal
edema’

The first phase of axon injury, degeneration, was first
described by Waller in 1850 (Ref. 13). Following injury,
changes occur in the cell body, axon and the Schwann
cell. Both distally and proximally, the axon begins to
disintegrate and undergoes apoptosis. Local Schwann
cells and macrophages clean up the apoptotic debris,
creating long, clean endoneurial tubes. Once the debris
has been removed, Schwann cells proliferate and
organize themselves into columns that lie wrthm the
endoneurial tubes, creating the bands of Bunger®'''*.

After injury, there is agreat increase in the productlon
of MRNA and proteins'®. These products are transported
down the axon, prowdmg the material and energy
for nerve elongation to the distal tip. The severed
axons begin to sprout and contain an expanded region
known as the growth cone. This is the site of axon
elongation and sends out many small processes that
seek specific markers, which influence the axon in its
movements to preferentially select neural tissue and
even exhibit a1preference for endoneurial tubes with the

same function'®

The axon’s response is regulated b)/ neurotrophic
factors that direct and attract the axon Neurotrophlc
factors induce maturation and elongatlon of the axon'
They are released by macrophages, Schwann cells and
other supporting cells.
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If the nerve is too far away, the axons are not strongly
attracted to the distal end and eventually stop advan-
cing, causing aberrant innervation at the end organ
level'*1”.

Large gaps, greater than 15 mm, cannot be crossed
reliably by axons. This is usually because proliferating
Schwann cells or fibroblasts grow between the severe
nerve ends and form a physical blockage'®. If the axon
sprouts stop proliferating and take resrdence in a dif-
ferent tissue, they will form a neuroma'?

Neuroinflammation in primary demyelination and
Wallerian  degeneration is an ischemia-reperfusion
(IR) injury and is mediated b gtokmes and other
immune mediators (Figure 1)' IR injury con-
tributes to both axonal degeneratlon and regeneration’
Reperfusion, by oxidative injury, worsened nerve func-
tion and aggravated fiber degeneration, but in the longer
time frame, permitted fiber regeneration to occur'

During peripheral nerve injury, hypoxia creates
several cellular shock stages that could be reversible
or irreversible. The reversibility depends on the cells
capability to maintain adenosine-5'-triphosphate (ATP)
production®”*®. Once ATP production is stopped, the
cell can no Ionger maintain the homeostatic functions.
This produces cytotoxrc edema and release of calcium
by the mitochondria*®

ATP has many lmportant functions on peripheral
nerve repair and regeneration. It is important to
maintain cellular functions and is also the energy source
for axoplasmic transport. It is indispensable for the
transport of nerve growth factors (NGF)*°. There is a
potential interplay between ATP and NGF in the
signaling pathways triggered on their target cells*'
ATP has neuritrogenic and trophic effects, which are
comparable to those sustalned by NGF and involve
several overlapping pathways*?. ATP exerts a protective
effect on the neurons, which is valuable for nerve
regeneration after nerve injury*?

NERVE REPAIR

The surgical reconstruction of peripheral nerve damage
is crucial. Although the surgical procedure may be
optimal and an excellent rehabilitation program is
conducted, the end results still remain unpredlctable
and complete functional recovery is still rare*’. A nerve
lesion is different from other tissue injury because it
requires more than only local processes. Transection of
axons has implications for the whole length of the
neuron and the repair process involves outgrowth of
neurites over very long distances. In addition, a nerve
injury, in contrast to most other injuries of the body, has
immediate functional consequences for the brain in
terms of rapid functional reorganization in brain
cortex*?.

From the biologic point of view, the physiologic result
following nerve injury and repair is dependent on
factors such as the extent of nerve cell survival after the
injury, the rate and quality of axonal outgrowth, the
orientation and specificity in growth of regeneration
axons, the survival and state of end organs, and cortical
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Figure 1: The core of the inflammatory cascades is the reduction of energy and subsequent mitochondrial dysfunction. They are very
complicated and have several interactions between them. The only feasible way to stop the cascades is the timely restitution of
energy before they all ‘kick in". This could be accomplished with the prompt application of hyperbaric oxygenation (HBO). It could

explain the efficacy of HBO in the ischemia-reperfusion injury

reorganizational processes in somatosensory and motor
brain cortex. From the clinical viewpoint, the outcome
is often incomplete, as expressed in symptoms such as
poor and abnormal sensory function, deficient motor
function, cold intolerance, pain, impaired function,
quality of life and problems at work, leisure and in
social life*’.

The surgical approximation of severed nerve ends has
reached the most desirable technical refinement.
Nevertheless, nerve repair is not primarily a mechanical
problem and microsurgery is not the only key to
success. At most, the surgeon can manage to co-apt
individual groups of fascicles, but the behavior of the
separate axons inside individual fascicles cannot be
addressed as they are regulated by biologic mechanisms
at the molecular level*’.

Autologous nerve graft remains the standard of care;
however, much effort is now focused on developing
alternatives directed to the biologic mechanisms inside.
Work has been carried out in basal lamina scaffolds,
biologic and non-biologic structures in combination
with neurotrophic factors and/or Schwann cells, tissues,
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immunosuppressive agents, reimplantation of avulsed
nerve roots (brachial plexus surgery) and end-to-side
anastomosis.

Other biologic factors may also be important tools to
promote survival and regeneration processes of the
severed ends, and improve the functional results. This
has spearheaded new research into growth factors, cell
transplantation, principles of artificial sensing, gene
technology, gangliosides, implantation of microchips,
hormones, electromagnetic fields and hyperbaric oxy-
genation (HBO) as potential adjuvant therapies.
Nevertheless, these therapies have gained very limited
clinical application.

SURGICAL ASPECTS OF NERVE REPAIR

The purpose of the surgical reconstruction is to align the
proximal and distal nerve segments. In the last 30 years,
there has been great advancement in the technical
aspects of nerve reconstruction®*°. Direct muscular
neurotization has been used for cases where the nerve
has been avulsed from the muscle and the repair is
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impossible*”. The reimplantation of avulsed nerve roots
with subsequent functional recovery has been tried for
brachial plexus lesions in selected cases®*”.

Autologous nerve grafts

Although this remains the gold standard in peripheral
nerve repair and regeneration, autologous nerves are in
limited supply, with the sural nerve graft being the
primary source’®. The purpose of such grafts is to
provide a guide or conduit consisting of a basal lamina
and Schwann cells that support axonal regeneration.
The thickness of the graft is important so that it
guarantees enough Schwann cells to synthesize neuro-
trophic_factors, laminin and fibronectin in the basal
lamina®?=®". They have also been used in combination
with autologous fibrin glue containing large number of
platelets®?.

Another technique developed to improve axonal
outgrowth is the pre-degeneration of the nerve graft
that reduces the latency of repair®®. Vascularized nerve
grafts have also been described for extensive gaps,
especially in crush injuries with massive skin defects
and poor blood supply. Selective regeneration of motor
and sensory axons has also been attempted®”.

Nerve allografts

Nerve allografts have been extensively investigated,
but they require heavgl immunosuppression to avoid
rejection and failure® %, Normally, this is accom-
plished with the use of cyclosporine and prednisone.
Acellular allografts have been tried to reduce immuno-
gen(i)city. There is still limited clinical experience of its
use””.

Basal lamina scaffolds from muscle

Any biologic tissue that contains basal lamina may
serve as a bridge for nerve regeneration. Frozen and
thawed muscle %rafts have been used to bridge gaps in
nerve continuity’®”'. Regenerating axons grow readily
into the empty basal lamina cylinders of such grafts
containing laminin and fibronectin**”?. Migration of
Schwann cells into the grafts is essential”®. There is a
critical length for the use of such grafts; however, with
the introduction of a small nerve segment in the middle
of the muscle graft, the conduits can be provided with
an intermediate depot of Schwann cells to improve its
regenerating potential”*. There have been some clinical
trials that have failed once they reach a critical length,
probably due to insufficient supply of cells and
neovascularization””.

Other types of conduits

Venous grafts have been successful in bridging gaps
in nerve continuity”®. Various types of bioreabsorbable
tubes have been used to bridge defects””. Silicone tubes
can only be used together with various types of factors,
cells and materials, to improve regeneration’®. Animal
models with multiple longitudinal synthetic filaments in
the lumen have been used successfully to bridge
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extended nerve gaps’®. Good results have also been
reported in experimental models using biologic materi-
als, such as collagen, as an extracellular matrix®°. Other
biologic grafts successfully used are biodegradable
collagen grafts®' with laminin® and fibronectin® which
produce neurite-promoting factor®* and axonal enloga-
tion®, teased tendons formed into a loose collagen
roll®®, freeze-dried alginate gels®’, chitosan-PLA com-
posite®®?°, 90 PLA/10 PLG nerve guides®"?, glutar-
aldehyde cross-linking gelatin conduit®® and expanded
polytetrafluoroethylene tubes with autogenous vein®*.

Terminolateral anastomosis

End-to-side anastomosis has been proposed in situa-
tions in which the proximal segment of a severed nerve
trunk is not available®. It is used to induce collateral
sprouting from intact axons in the healthy nerve. The
collateral sprouts from the donor nerve will reinnervate
the distal segment of the injured nerve trunk®®. Animal
experimental models have shown good ingrowth in
sensory and motor fibers®” %',

NEUROTROPHIC FACTORS

There has been substantial development in the field of
neurotrophic factors. The cellular and molecular basis
for the survival and outgrowth of neurons shows an
enormous complexity'®>~'%*. The key factor for the
regeneration following axotomy is the survival of nerve
cell bodies which is facilitated by multiple neurotrophic
factors. These factors are divided into three major
groups: the neurotrophins, neuropoietic cytokines and
fibroblast growth factors'®>~'®. There are additional
groups of neurotrophic factors such as the insulin-like
growth factor, epidermal growth factor'% ', leukemia-
inhibiting factor, glial-derived neurotrophic factor''',
transforming growth factor-beta 1 (TGF-[ﬂ)112 and
pleiotrophin''”.

The actions of growth factors are exerted by their
binding to particular classes of tyrosine kinase (Trk)
receptors and a low-affinity NGF present on the surface
of the responsible cells. Intracellular signaling and
subsequent gene activation follow the activation of the
receptor site (ATP is needed for this process).

The neurotrophin family includes NGF, brain-derived
neurotrophic factor (BDNF), neurotrophin-3 (NT-3),
neurotrophin-4/5 (NT-4/5) and neurotrophin-6 (NT-
6)*>. NGF mRNA is constituently expressed in healthy
nerves and up—regulated following nerve injury in the
distal segments''®. Trophic factors are transmitted by
the retrograde transport along the axon and used to
sustain survival and essential activities of the nerve cell
body''>. Macrophages are important not only in myelin
degradation and nerve remodeling, but also in the
production of neurotrophic factors after nerve injury,
probably through the release of interleukin-1p (IL-
18'°. Schwann cells in the injured nerve trunk also
produces growth factors such as NGF'", insulin-like
growth factor''®, ciliary neurotrophic factor''® and
BDNF'?°. Glial cell line-derived neurotrophic factor

Neurological Research, 2007, Volume 29, March 187



HBO in peripheral nerve repair and regeneration: E. C. Sanchez

(GDNF) stimulates Schwann cells to migrate and
enhances myelination'?'.

NGF has a key role in sensory neurons survival and
neurite outgrowth but has almost no influence on motor
neurons'*?. NGF can only influence neurons with high-
affinity NGF receptor (TrkA). Motor neurons do not
contain TrkA receptor genes and they respond only to
TrkB and TrkC.

BDNF supports survival of motor neurons in culture
and acts as a trophic factor'**. In anterior spinal horns, it
prevents cell death following axotomy'?*. lts effects are
mediated by TrkB and TrkC receptors.

NT-3 binds to TrkC receptors and promotes survival
in sensory and motor neurons and differentiation res-
ponses in sensory and parasympathetic neurons*''?'.
NT-4/5 binds to TrkB receptors in motor neurons, sup-
ports survival and increases the ability of motor neurons
to innervate skeletal muscle fibers in co-cultures in rat
spinal cord and human muscle'**'?>. NT-6 acts pre-
ferably on sympathetic and sensory neurons'*°.

OTHER FACTORS

Several other factors can facilitate the regeneration of
nerve cell bodies and are being developed as putative
adjunctive therapies to autologous nerve grafts.

Betamethasone

Betamethasone has been systemically administered
perioperatively to enhance nerve recovery after induced
nerve crush injury. Short-term perioperative administra-
tion of betamethasone has a beneficial effect on the
recovery of the injured rat sciatic nerve'?’.

Pyrroloquinoline quinone

Pyrroloquinoline quinone (PQQ) has been tested in
animal models to promote nerve regeneration of
transected sciatic nerve. It has a remarkable effect on
nerve regeneration, sciatic nerve function, sciatic nerve
function index, electrophysiologic index and morpho-
logic appearance'?®.

Hypothalamic proline-rich peptide

Proline-rich peptide-1 (PRP-1) is produced by neuro-
secretory cells of hypothalamic nuclei (paraventricular
nucleus and supraoptic nucleus), 3 and 4 weeks follow-
ing rat sciatic nerve transection. Histochemical and
electrophysiologic findings provide evidence for rein-
nervation of the injured side by complete coalescence
of transected fibers together with restoration of the
motor activity'*?.

Low-dose FK506 and anti-CD40 ligand

Low-dose immunomodulatory agents (FK506) in
combination with anti-CD40 ligand used in mice with
tibial nerve grafting, exhibited robust nerve regeneration
without disrupting immune unresponsiveness' >°.
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Thrombin and peptide thrombin receptor agonist PAR1

Experiments demonstrate a dose-dependent facilitat-
ing effect of thrombin and thrombin receptor agonist
PART1 (TRAP6) on regeneration of mouse peripheral
nerve after crush injury. The maximal neurotrophic
effect was observed at low concentrations''.

Triiodothyronine

Local administration of triiodothyronine (T3) at the
level of transected rat sciatic nerve increases the
number and diameter of regenerated axons. Local T3
treatment significantly enhances the expression of
superior cervical ganglion 10, a regulator of micro-
tubule dynamics in growth cones that could provide a
mechanism by which T3 enhances peripheral nerve

regeneration ',

Neuroactive steroids

Progesterone,  dihydroprogesterone,  tetrahydropro-
gesterone, dihydrotestorenone and 3 alpha-diol, stimu-
late the expression of two important proteins of the
myelin of peripheral nerves, the glycoprotein Po and
the peripheral myelin protein 22. Neuroactive steroids
not only control the expression of these proteins, but
also influence the morphology of myelin sheaths and
axons'??.

Peripheral benzodiazepine receptor

Peripheral benzodiazepine receptor (PBR) expression
increases in small dorsal root ganglion sensory neurons
after peripheral nerve injury. It has a role in the ear|2/
regenerative response of small caliber sensory axons'**.

Activating transcription factor 3

Peripheral nerve compression induces nuclear trans-
location of activating transcription factor 3 (ATF3), a
transcription factor associated with survival and regen-
eration of sensory neurons. The response is related to
duration of compression and partly correlated to
function'>.

Cell adhesion molecules

Adhesion molecules, such as N-CAM, L1, the myelin-
associated glycoprotein and transient axonal glycopro-
tein-1, correlate with axonal growth, advancement and
regeneration %37,

77 kDa muscle-derived protein

Histologic and immunohistochemical evaluations
suggested that 77 kDa  muscle-derived  protein
(MDP77) treatment accelerates Schwann cell migration,
followed by enhanced maturation of regenerating
axons, resulting in functional recovery of both the
nerves and the atrophied denervated muscle in rats'*?,

Galectin-1
Galectin-T (gal-1) was the first identified member
of the galectin family of beta-galactosidase-binding



proteins released by Schwann cells. It has been
implicated in the regenerative response of axons
following peripheral nerve injury. Gal-1 has been
shown to promote axonal regeneration through the
activation of macrophages to secrete an axonal
regeneration-promoting factor'**~'4!,

Transplanted cells

Transplantation of Schwann cells, bone marrow
stromal cells, mesenchymal cells and pluripotent
embryonic stem cells, has demonstrated contribution
to myelin repair'**'49,

Regeneration-associated gene

After peripheral nerve axotomy, a sequence of
events including glial activation and axonal regrowth
leads to functional recovery of the afflicted pool of
motoneurons. As a consequence of nerve injury,
there is an increase in the expression of 60 genes with
the sustained up-regulation of one specific gene
encoding the hematological and neurological expressed
sequence-1. It is associated with nervous system
development and nerve regeneration'°.

Electroacupuncture
In a model of crushed sciatic nerve in rabbits,
electroacupuncture promoted nerve regeneration'”".

Low-frequency pulsed electromagnetic field

Low-frequency pulsed electromagnetic field (PEMF)
was ineffective on rat sciatic nerve regeneration, in a
model of crushed sciatic nerve in rats'>*.

Low intensity ultrasound

Low intensity ultrasound (LIUS) in combination with
poly(DL-lactic acid-co-glycolic acid) conduits was
found to have significantly greater number and area of
regenerated axons at the mid-conduit of implanted
grafts. LIUS stimulation on silicone groups was found to
induce a mass of fibrous tissues that covered the nerve
conduits and retarded axon regeneration'>>.

HBO

HBO is an approved adjunctive treatment for several
conditions'>*. It has proven to be an effective treatment
in the IR injury'>™"*®, HBO reduces the IR injury
through several mechanisms. First, through hyperox-
ygenation, its primary mechanism of action, it maintains
the viability of the marginal tissue (penumbra)159. This
hyperoxygenation also creates other secondary
mechanisms that are responsible for wound healing
and neovascularization'>”. When used in a timely
fashion, it can modify the pathophysiology of the IR
injury'®>.

Increase in oxygen tensions allows the tissues to
maintain ATP and other high energy compounds levels.
It re-establishes aerobic metabolism and inhibits the
elevation of lactate levels. Others have shown that HBO
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restores not only ATP levels, but also creatine phos-
phokinase, guanosine triphosphate and uridine tripho-
sphate'®'®?, HBO promotes the production of
gluthathione, the principal non-enzymatic body defense
against reactive oxygen species (ROS)'®°.

HBO reduces the liberation of calcium and thus the
increase in phospholipase A2 and cyclooxygenase-2.
The protection exerted through the blockage of the
arachidonic acid cascade, with the subsequent reduc-
tion of leukotrienes, thromboxanes and prostaglandins,
protects against the no flow state of the IR injury'®'¢%,
By blocking nuclear transcription factor kappa B, HBO
reduces the inflammatory response created by its up-
regulation. It reduces substantially the production of the
proinflammatory cytokines, especially IL-1, IL-6, IL-8,
tumor necrosis factor alpha (TNFa), interferon gamma
(IFNy) and platelet activating factor (PAF)'65-179

HBO can inhibit the conversion of xanthine oxidase,
reducing the oxidative stress in the reperfusion stage of
IR injury'””. This effect prevents the production of ROS
and tissue damage. HBO also prevents endothelial
damage and the expression of intercellular adhesion
molecule-1 (ICAM-1), soluble intercellular adhesion
molecule-1 (sICAM) and integrin beta2 (Refs. 156-158
and 180-182). These effects occur at both the local and
systemic levels'83718

HBO has protective effects over mitochondrial
dysfunction. It restores the electron flux through the I-
IV complex, and reduces the formation of ROS and
damage of mitochondrial DNA. By reducing the
oxidative stress and concomitant oxidative damage, it
prevents apoptosis and damage created by the gluta-
mate cascade and down-regulates the Nogo-A, NG-R
and RhoA system, preventing further damage to the
nervous system' °°.

Besides the favorable effects that hyperbaric oxygen
exerts through oxygenation and protection against IR
injury, it could have a very important protective effect
through the antioxidant response that hyperbaric oxy-
gen itself produces. Thus, the oxidative stress caused b
HBO could indeed inhibit an oxidative damage'®”'#,
This could be considered as the ‘hyperbaric oxygen
paradox’ in the IR injury.

HBO also promotes the production of enzymatic
antioxidants such as Mn, Cu/Zn superoxide dismutase,
gluthathione peroxidase and catalase'®™'?*. There is
also an elevation of the most important non-enzymatic
antioxidant system, the glutathione/cysteine system'®°.
This protective effect appears after the first hour of
exposure and can still be found 24-72 hours after the
last HBO treatment. It is also well known that a
preconditioning with hyperbaric oxygen can prevent
damage caused by IR injury'®°.

Among the key protective antioxidant effects, we can
find increase production of anti-inflammatory cytokines
(IL-10), reduced production of inducible neuronal nitric
oxide synthase and neuronal nitric oxide synthase,
reduction in ROS production and up-regulation of key
antioxidant and anti-apoptotic factors such as BCL-2,
heme oxygenase-1 and heat-shock protein 70 and 72
(Refs. 194-205).
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The antioxidant response to HBO may be as
important as the oxygenation effects of breathing
100% oxygen at pressure, especially in the acute
conditions that exhibit IR injury. This dual process
could have an important protective effect in acute
conditions. It appears that the energy crisis caused by
the reduction of the cellular ATP could also be part of
the Eathophysiology of chronic degenerative dis-
eases”?°. The difference would be then in the magnitude
and speed of the decline of ATP. In the acute and rapid
fall of ATP necrosis and apoptosis results, but in the mild
chronic reduction of ATP, cellular dysfunction and a
more subtle cellular damage occur®®’.

HBO can also exert its beneficial effect in peripheral
nerve repair and regeneration by enhancing or prevent-
ing the production of growth factors. Yu et al. found that
HBO reduced the gene expression of GDNF after 1 day
of injury in the HBO group, as confirmed by immuno-
histochemical staining®°®. Some of the growth factors,
such as basic fibroblast growth factor (bFGF), are
ineffective in stimulating healing under ischemic con-
ditions even at high doses. But when treated with HBO,
growth factors recover their function and become highly
effective again (p<<0.05)*°?. HBO increases the produc-
tion of bFGF, vascular endothelial growth factor and
TGF-f1. They have the ability to respond to hyperoxia
directly, which causes changes in cell signaling path-
ways involved in cellular proliferation and growth factor
production®'®. HBO has a synergistic effect with several
growth factors®'". Another factor that is influenced by
HBO is NT-3. It reduces the ischemia-induced down-
regulation of NT-3 mRNA level 4 hours post-ischemia
and significantly increased cell survival 7 days after
reperfusion. As mentioned previously, NT-3 is an
important neurotrophic factor involved in peripheral
nerve repair and regeneration”'?.

HBO used for Eeripheral nerve injury started more
than 30 years ago®'>. Several studies have documented
the effectiveness of HBO in models of acute and
delayed crush injury and regeneration. Zhao”'* reported
114 patients treated microsurgically. Fifty-four of them
were given HBO with good results in 89% of the
cases (p<<0.05), compared with the control group
(n=60). He suggested the importance of prompt
combined treatment.

Zamboni et al.*'® used a rat sciatic nerve model
(n=36). The nerve was mobilized, stripped of extrinsic
blood supply, transected and repaired in an epineural
fashion with microsurgical technique. The animals were
then randomized into two groups: with and without
HBO. The protocol used was 2.5 ATA/90 min/BID/
7 days. Nerve recovery was assessed weekly for
10 weeks [walking track analysis from which the nerve
function index (SFI) was calculated for each animal]. SFI
reached statistical significance at weeks 7-10. The
results suggested functional recovery with the protocol
used.

Bradshaw et al.*'® tried a sciatic nerve crush model in
rabbits (n=30). Six different oxygen environments were
used and HBO was started 4 days after injury. The
regenerative morphology of the nerves was evaluated
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with transmission electron microscopy and light micro-
scopy. At week 7, the HBO groups resembled normal
uncrushed nerves, with nerve fibers uniformly distrib-
uted throughout the section. Myelination was also
similar to normal nerves. Collagen and blood vessels
were more evident in the HBO treatments at lower
pressures than at higher pressures. The nerves of the
surface oxygen and ambient or hyperbaric air groups
were edematous and contained disarrayed nerve fibers
(Table 7). HBO can accelerate a peripheral nerve
recovery from a crush injury.

Santos et al. conducted two studies. In the first one?'”,
they used HBO in rats with transected peroneal nerves
and entubulated with a Silastic channel. The changes
evaluated were acute edema, functional recovery and
histology. The protocol used was 2.5 ATA/90 min/BID/
7 days and then four times a day for other 7 days.
Thirteen weeks after the initial injury, elicited muscle
force  measurements demonstrated no  significant
improvement from hyperbaric oxygen treatment of
injured nerves. There were no significant differences
between groups in histologic evaluation of nerve area,
myelinated axon number, myelinated axon area, myelin
thickness and blood vessel number. In the second
study®'®, Santos et al. also developed a reliable hypoxic
nerve injury model. They used 48 rats in a controlled
and blinded trail of the injury model followed by
treatment with hyperbaric oxygen, and the model was
evaluated with a functional model. In the HBO group, a
12% improvement in function 5 days after treatment
was demonstrated (p<<0.03), but no long-term or
histologic benefit was seen.

Haapaniemi et al. did several models for sciatic rat
nerve regeneration’'’, axonal outgrowth in grafts in
sciatic rat nerves™”, nerve regeneration in acellular
nerve and muscle grafts in rats**!, and early regenera-
tion in nerve injury®**. Nerve regeneration was eval-
uated using a pinch-reflex test 3, 4 and 5 days following
surgery and with neurofilament staining at day 4. The
regeneration distance was significantly longer in the
HBO group (3.3 ATA/45 min/0, 4 and 8 hours post-
operatively/TID). They concluded that HBO stimulated
axonal outgrowth following a nerve crush lesion.

In the axonal outgrowth grafts model (n=40), the
sciatic nerve was transected and a 10 mm long segment
from the opposite side was immediately sutured as a
nerve graft. The HBO group (n=17) was treated with
3.2 ATA/45 min, repeated 4 and 8 hours post-
operatively and the TID for 7 days. The outgrowth was

Table 1: Excerpted from Bradshaw (216)

Group O, (%) Pressure (kPa) (ATA) Edema Myelination
Control 21 101 (1) 0 3
| 21 101 (1) 2 1
Il 100 101 (1) 3 1
1 21 202 (2) 1 1
\% 100 202 (2) 1 2
\Y 100 242 (2.4) 1 2
VI 100 303 (3) 0 2
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Figure 2: (A) Histology of Non-treated group. There is characteristic of Wallerian degeneration of the nerve. There is also, reduction
of the Schwann cells, edema, demyelination and loss of cytostructure. There is moderate to severe infiltration of macrophages and
neutrophils with formation of granuloma. (B) Histology of HBO2 Group. There is conservation of the Schwann cell architecture, dis-
crete demyelination and little edema. There is no inclusion of neutrophils or macrophages and no granuloma is observed in the
nerve fibers. Although the fibers appear to be thinner, probably due to remodelling

evaluated by immunohistochemical staining of neuro-
filaments in the nerve grafts. It was significantly longer
in animals treated with HBO.

In the acellular nerve and muscle grafts model, both
grafts were made acellular by freeze-thawing and then
used to bridge a 10 mm gap in the sciatic nerve on the
left and right sides, respectively. The HBO protocol
used was 2.5 ATA/90 min/BID/7 days. Ten days after
surgery, the Schwann cell migration and invasion of
macrophages were examined. It was concluded that
HBO had no effect on regeneration process in acellular
nerve grafts, in contrast with fresh cellular nerve grafts.

In the last report, they compared two models, a crush
injury model to a nerve transection and repair model.
The protocol used was 2.5 ATA/90 min/BID/7 days.
The animals were evaluated with walking track analysis
up to twice weekly. The experiments were terminated
after 90 days when the tetanic force was measured in
the tibial anterior and gastrocnemius muscles. No
statistically significant differences were found. They
concluded that HBO was not effective in the restoration
of gait or the muscular strength after 90 days in the
nerve-injured rats.

Tuma et al.>** used a crush sciatic rat nerve model
that was assessed by functional evaluation using
walking track analysis. The functional indexes did not
differ from the untreated group. They concluded that
HBO had no effect on functional recovery after nerve
injuries.

Perez-Bolde et a used a rat sciatic nerve
anastomosis model (n=18). The functional evaluation
with electromyography was carried out before and after
neurorraphy, and every 5 days up to 20 days when the
animals were killed and a histologic analysis was
performed. The HBO protocol was 2.0 ATA/90 min/
BID/7 days and then QD for 7 more days. There was a
statistical significance in the treatment group by day 10
(p<0.05) and by day 20 (p<0.01). In the histologic
analysis, there was conservation of the Schwann cell
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architecture, discrete demyelination and little edema in
the HBO group, in contrast with the control group that
had marked reduction of Schwann cells, large edema,
demyelination and loss of Schwann cell architecture.
There was also moderate to severe infiltration of macro-
phages and neutrophils within the formation of granu-
lomas (Figure 2). They concluded that early HBO could
help reduce the peripheral nerve damage in crush
injuries.

Eguiluz et a used a transection rat sciatic nerve
model with repair by microsurgical technique (n=40).
Nerve recovery was assessed by nerve conduction
studies 7 and 14 weeks after surgery. Histopathologic
analysis was carried out after 7 and 14 weeks. In the
HBO groups, there was a statistical significance at
week 7 (p<<0.03) in conduction velocities and ampli-
tude, and in the number of blood vessels. The foot/ankle
angle showed better response at weeks 7 and 14.
Nevertheless, the untreated group had a higher number
of axons and vessels at week 7 (p=0.03), whereas at
week 14, there was no significant difference. Although
there were more axons and myelins, it appeared to be
less functional than in the HBO-treated group
(Figure 3). They suggested that HBO could improve
functional recovery in this model.

I225

CONCLUSIONS

Acute peripheral nerve injury is one of the major causes
for severe and longstanding impairment of limb func-
tion. Up to now, the surgical repair has been the golden
standard of care. Acute peripheral nerve lesion has a
very important inflammatory component and is con-
sidered as an IR injury. Nevertheless, nerve repair is not
primarily a mechanical problem and microsurgery is not
the only key to success. There are many biologic aspects
that contribute to nerve repair and regeneration and can
improve the functional results. HBO has been proposed
as one of the adjunctive treatments that could enhance
these processes.
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Figure 3: (A) At week 7, there was a significant increase in latency (p<<0.03) in the non-treated group. The sig-
nificance was lost at week 14. (B) There was a statistical significance in the HBO, group at week 7 in the num-
ber of blood vessels. (C) The amount of myelin was higher in the HBO, group throughout the 14 weeks. (D)
Number of axons. There is a statistical significant increase (70.8%) in the number of axons at week 7 in the
HBO,. The significance was lost at week 14. (E) Representative histological features from sciatic rat nerve.
Numerous middle size axons covered by myelin (black rings) and occasional small blood vessels from the scia-
tic rat nerve at 7 weeks in the control group. (F) Sciatic nerve at week 7 in the HBO, group, showing numerous
axons and small blood vessels. (G) An apparent lower number of axons and blood vessels in the control group
at 14 weeks. (H) Increased number of axons in the HBO2 group (magnification x 200, toluidin blue staining)
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HBO will promote survival of marginal tissue
(penumbra), reduce the edema and improve the micro-
circulation, brake the vicious cycle of edema—hypoxia—
edema, enhance healing, promote the up-regulation of
growth factors and improve neovascularization. At the
cellular level, it will maintain the tissue levels of ATP,
restore mitochondrial dysfunction, inhibit, prevent or
reduce the IR injury and have significant antioxidant
and anti-apoptotic effects.

All of these mechanisms will enhance acute periph-
eral nerve repair and regeneration. Nevertheless, as
with other treatments tried before, the research success
cannot be directly extrapolated into clinical benefits.
There have been non-favorable results when HBO has
been employed for this injury.

It appears that the non-favorable results are encoun-
tered in those research protocols that use pressures
higher than 2.0 ATA (>2.02 kPa). The possible
explanation is the importance of ATP and other high
energy compounds in the regeneration of peripheral
nerve®****'. Almost 30 years ago, Holbach et al.***
proved that ATP production was reduced when treat-
ment pressures were above 1.5 ATA. This could explain
why results are less favorable when pressures higher
than 2.0 ATA are used. Actually, Bradshaw et al. des-
cribed that the best results in the multiple groups used
were found at lower pressures (<2.0 ATA). This could
also correlate with the ‘oxygen balance’. If too high
pressures are used for an IR injury, the balance could tilt
to the oxidative stress side and could generate too much
ROS that could not be sufficiently compensated by the
antioxidant capabilities, at the time needed. In this case,
HBO could have even deleterious effects.

Timing is also very important. The treatment window
for acute peripheral nerve lesions appears to be
~6 hours. If HBO treatment is started after this window,
it could also create negative effects on the tissue. This
could also explain the contradictory results encountered
with the use of HBO.

We have found that if applied early, HBO enhances
nerve repair, regeneration and functional recovery, as
early as 10 days after the lesion. The effects are
maintained after 14 weeks, which suggests that it is
not a short-term effect. What was interesting was that
the number of axons, myelin, blood vessels and
functional tests were statistically significant at the
7 week mark, but lost significance at week 14, except
for the functional test that remained unchanged.

It appears that there is a remodelling process at the
site of neurorraphy in the HBO-treated group, which did
not occur in the non-treated group. Apparently, there
was a persistent effect of growth factors and/or other
stimuli that did not end in functional recovery for the
group that did not receive HBO.

HBO could affect the pathophysiology of acute
peripheral nerve injury that seems to translate to a
better correlation between research studies and clinical
outcome. In conclusion, HBO holds much promise as
an effective therapy; however, more prospective rando-
mized controlled studies are needed to establish the
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utility of HBO in improving outcomes in peripheral
nerve injury.

ACKNOWLEDGEMENT

I am in debt with Constanza Rosati, for reviewing the article and for her
pertinent comments regarding it.

REFERENCES
1 Cornwall R, Radomisli TE. Nerve injury in traumatic dislocation
of the hip. [INNNEIGNGEEN >000; 377: 84-91
2 Sunderland S, Bradley KC. The cross-sectional area of peripheral
nerve trunks devoted to nerve fibers. Braig 1949; 72: 428-449
3 Artico M, Cervoni L, Nucci F, et al. Birthday of peripheral nervous
system surgery: The contribution of Gabrielle Ferrara (1543-
1627). iiasasmsane 1996; 39: 380-382
4 Berkow R, ed. The Merck Manual of Medical Information,
Whitehouse Station, NJ: Merck & Co., 1997: p. 330
5 Adams JH, Duchen LW, eds. Greenfield’s Neuropathology, 5th
edn, London: Edward Arnold, 1992: pp. 1160-1166
6 Colohan AR, Pitts LH, Rosegay H. Injury to the peripheral nerves.
In: Feliciano DV, Moore EE, Mattox KL, eds. Trauma, 3rd edn,
Stamford, CT: Appleton & Lange, 1996: pp. 853-862
7 Seddon HJ. Three types of nerve injury. Braig 1943; 66: 238-288
8 Mackinnon SE, Dellon AL. Surgery of the Peripheral Nerve, New
York: Thieme Medical, 1988
9 Grant GA, Goodkin R, Kliot M. Evaluation and surgical manage-
ment of peripheral nerve problems. pufitittuigas 1999; 44: 825—
839
10 Schwartz Sl. Principles of Surgery, 7th edn, New York: McGraw-
Hill, 1999: pp. 2048-2053
11 Diao E, Vannuyen T. Techniques for primary nerve repair. Hand
Clin 2000; 16: 53-66
12 lida H, Schmelzer JD, Schmeichel AM, et al. Peripheral nerve
ischemia: Reperfusion injury and fiber regeneration. iasamibigicd
2003; 184: 997-1002
13 Stoll G, Jander S, Myers RR. Degeneration and regeneration of the
peripheral nervous system: From Augustus Waller’s observations
to neuroinflammation. | 2002; 7: 13-27
14 Rafols FJ, Orenstein HH. Hand II: Peripheral nerves and tendons
transfers. Selected Readings Plast Surg 1999; 8: 1-40
15 Mira JC. The biology of regeneration in peripheral nerves. In:
Tubiana R, ed. The Hand, Vol. 3, Philadelphia, PA: WB Saunders,
1988: pp. 383-404
16 Brushart TM, Gerber J, Kessens P, et al. Contributions of pathway
and neuron to preferential motor reinnervation. J Neurosci 1998;
8: 8674-8681
17 Drago ), Kilpatrick TJ, Koblar SA, et al. Growth factors: Potential
therapeutic applications in neurology. NG

Basahiata: 1994; 57: 1445-1450
18 Lundborg G, Rydevik B. Effects of stretching the tibial nerve of the

rabbit. A preliminary study of the intraneural circulation and the
barrier function of the perineurium. NN 1073; 55:
390-401

19 Birch R, Raji AR. Repair of median and ulnar nerves. Primary
suture is best. | NN 1991; 73: 154-157

20 Fets Pa, Woolston AM, Fernando HB, et al. Inflammation and
primary demyelination induced by the intraspinal injection of
lipopolysaccharide. Braig 2005; 128: 1649-1666

21 Zelenka M, Schafers M, Sommer C. Intraneural injection of
interleukin-Theta and tumor necrosis factor-alpha into rat sciatic
nerve at physiological doses induces signs of neuropathic pain.
Lain 2005; 116: 257-263

22 Gonzalez-Hernandez T, Rustioni A. Expression of three forms of
nitric oxide synthase in peripheral nerve regeneration. phigakased
Res 1999; 55: 198-207

23 Levy D, Kubes P, Zochodne DW. Delayed peripheral nerve
degeneration, regeneration, and pain in mice lacking inducible
nitric oxide synthase. h 2001; 60: 411-
421

24 Gupta R, Lin YM, Bui P, et al. Macrophage recruitment follows
the pattern of inducible nitric oxide synthase expression in a

Neurological Research, 2007, Volume 29, March 193


http://www.maneyonline.com/action/showLinks?pmid=10943188&crossref=10.1097%2F00003086-200008000-00012&isi=000088559100013
http://www.maneyonline.com/action/showLinks?pmid=7798970&crossref=10.1136%2Fjnnp.57.12.1445&isi=A1994PW35600001
http://www.maneyonline.com/action/showLinks?pmid=7798970&crossref=10.1136%2Fjnnp.57.12.1445&isi=A1994PW35600001
http://www.maneyonline.com/action/showLinks?pmid=8832677&crossref=10.1097%2F00006123-199608000-00030&isi=A1996UY52300066
http://www.maneyonline.com/action/showLinks?pmid=1991753&isi=A1991EV32500040
http://www.maneyonline.com/action/showLinks?pmid=14769393&crossref=10.1016%2FS0014-4886%2803%2900385-6&isi=000187634400047
http://www.maneyonline.com/action/showLinks?pmid=15964142&crossref=10.1016%2Fj.pain.2005.04.018&isi=000230937700013
http://www.maneyonline.com/action/showLinks?crossref=10.1093%2Fbrain%2F66.4.237
http://www.maneyonline.com/action/showLinks?pmid=11379816&isi=000168786800002
http://www.maneyonline.com/action/showLinks?pmid=10201308&crossref=10.1097%2F00006123-199904000-00077&isi=000079368700071
http://www.maneyonline.com/action/showLinks?pmid=15401756&crossref=10.1093%2Fbrain%2F72.3.428&isi=A1949UZ82000009
http://www.maneyonline.com/action/showLinks?pmid=4707307
http://www.maneyonline.com/action/showLinks?pmid=10696576&isi=000085571800006
http://www.maneyonline.com/action/showLinks?pmid=10696576&isi=000085571800006
http://www.maneyonline.com/action/showLinks?pmid=15872019&crossref=10.1093%2Fbrain%2Fawh516&isi=000230204800019
http://www.maneyonline.com/action/showLinks?pmid=11939348&crossref=10.1046%2Fj.1529-8027.2002.02002.x&isi=000174506100002
http://www.maneyonline.com/action/showLinks?pmid=9972822&crossref=10.1002%2F%28SICI%291097-4547%2819990115%2955%3A2%3C198%3A%3AAID-JNR7%3E3.0.CO%3B2-M&isi=000078190200007
http://www.maneyonline.com/action/showLinks?pmid=9972822&crossref=10.1002%2F%28SICI%291097-4547%2819990115%2955%3A2%3C198%3A%3AAID-JNR7%3E3.0.CO%3B2-M&isi=000078190200007

HBO in peripheral nerve repair and regeneration: E. C. Sanchez

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

model for carpal tunnel syndrome. juissuusisses 2 003; 20: 671—
680

Keilhoff G, Fansa H, Wolf G. Nitric oxide synthase, an essential
factor in peripheral nerve regeneration. Cell Mol Biol (Noisy-le-
grand) 2003; 49: 885-897

de la Hoz CL, Oliviera AL, Queiroz Lde S, et al. Wallerian
degeneration in C57BL/6) and A/} mice: Differences in time
course of neurofilament and myelin breakdown, macrophage
recruitment and iNOS expression. LAgat 2003; 203: 567-578
Conti G, Rostami A, Scarpini E, et al. Inducible nitric oxide
synthase (iNOS) in immune-mediated demyelination and
Wallerian degeneration of the rat peripheral nervous system.
aamiiaiial 2004; 187: 350-358

Yamamoto Y, Henrich M, Snipes RL, et al. Altered production of
nitric oxide and reactive oxygen species in rat nodose ganglion
neurons during acute hypoxia. BigidaRas 2003; 961: 1-9
Sakaue G, Shimakoa M, Fukuoka T, et al. NF-kappa B decoy
suppresses cytokine expression and thermal hyperalgesia in a rat
neuropathic pain model. pigiiaiaaas 2001; 12: 2079-2084

Qi WN, Yan ZQ, Whang PG, et al. Gene and protein expressions

of nitric oxide synthases in ischemia-reperfused peripheral nerve
of the rat. _ 2001; 281: C849-C856
Chen CW, Lee ST, Wu WT, et al. Signal transduction for
inhibition of inducible nitric oxide synthase and cycloxygenase-2
induction by capsaicin and related analogs in macrophages. Br/
Bhaaasal 2003; 140: 1077-1087
Siebert H, Bruck W. The role of cytokines and adhesion
molecules in axon degeneration after peripheral nerve axotomy:
A study in different knockout mice. Bigigmiags 2003; 960: 152—
156
Shin §J, Qi WN, Cai Y, et al. Inhibition of inducible nitric oxide
synthase promotes recovery of motor function in rat after sciatic
nerve ischemia and reperfusion. | 2005; 30:
826-835
Grunenfelder J, Miniati DN, Murata S, et al. Up-regulation of Bcl-
2 through hyperbaric pressure transfection of TGF-betal amelio-
rates ischemia-reperfusion injury in rat cardiac allografts. Lilead
ii—— 2002; 21: 244-250
Mizusawa 1, Abe S, Kanno K, et al. Expression of cytokines,
neurotrophins, neurotrophin receptors and NOS mRNA in dorsal
root ganglion of a rat tourniquet mode!. iy 2003; 5
(Suppl. 1): $271-5274
Trump BF, Croker BP, Mergner WJ. The role of energy
metabolism, ion and water shifts in the pathogenesis of cell
injury. In: Richter GW, Scarpelli DG, eds. Cell Membranes:
Biological and Pathological Aspects, Baltimore, MD: Willimas &
Wilkins, 1971: pp. 84-128
Pentilla A, Trump BF. Extracellular acidosis protects Ehrlich
ascites tumor cells and rat renal cortex against anoxic injury.
Science 1974; 185: 227-228
Nicholls DG, Budd SL. Mitochondria and neuronal survival.
BlaniamRay 2000; 80: 315-360
Ferencsik M, Garay K, Mihaly A, et al. Cobalt-complex ATP
enhanced regeneration in the dorsal horn of the rat spinal cord.
mieninniies 1989; 76: 409-416
D’Ambrosi N, Murra B, Cavaliere F, et al. Interaction between
ATP and nerve growth factor signalling in the survival and
neuritic outgrowth from PC12 cells. jisuusssisneg 2001; 108:
527-534
D’Ambrosi N, Murra B, Vacca F, et al. Pathways of survival
induced by NGF and extracellular ATP after growth factor
deprivation. sy 2004; 146: 93-100
Wang T, Hong G, Wang S, et al. Effects of extracellular ATP
on survival of sensory neurons in the dorsal root ganglia of rats.
2001; 21: 44-47
Lundborg G. A 25-year perspective of peripheral nerve surgery:
Evolving neuroscientific concepts and clinical significance.
i 2000; 25: 391-414

Kurze T. Microtechniques in neurological

DiSsEasaEg 1964; 11: 128-137

Smith JW. Microsurgery: Review of the literature and

discussion of microtechniques. I 1066; 37:
227-245

surgery.

194  Neurological Research, 2007, Volume 29, March

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

Edshage S. Peripheral nerve suture. A technique for improved
intraneural topography. Evaluation of some suture material. Acta
Chir Scand Suppl 1964; 331: 1-104

Bertelli JA, Mira JC. Nerve repair using freezing and fibrin glue:
Immediate histologic improvement of axonal coaptation.
hbisiaskigasy 1093; 14: 135-140

Millesi H, Terzis JK. Nomenglature in peripheral nerve surgery.
Committee report of the International Society of reconstructive
surgery. (aisniiasiaiey 1984; 11: 3-8

Brunelli G, Monini L. Direct muscular neurotization. juisiaig
[Am] 1985; 10: 993-997

Carlstedt T, Grane O, Hallin RG, et al. Return of function after
spinal cord implantation of avulsed spinal nerve roots. Langet
1995; 346: 1323-1325

Lundborg G, Hansson HA. Nerve regeneration through pre-
formed pseudosynovial tubes. A preliminary report of a new
experimental model of studying the regeneration and reorganiza-

tion capacity of peripheral nerve tissue. i’ 1980;
5: 35-38

Danielsen N. Regeneration of the rat sciatic nerve in the silicone

chamber mode[.g_ 1990; 1: 253-259

Archibald S, Shefner J, Krarup C, et al. Monkey median nerve

repaired by nerve graft or collagen nerve guide tube. phigaiased

1995; 15: 4109-4123

Lundborg G. The tube concept in nerve repair. gfiieiing
1997; 1: 120-124

Lundborg G, Rosen B, Abrahamson SO, et al. Tubular repair of

the median nerve in the human forearm: Preliminary findings.

i 1994; 19: 273-276

Lundborg G. Nerve repair: Current concept and future prospec-

tives. Br J Hand Ther 1999; 4: 5-7

Carlstedt TP, Hallin RG, Hedstrom KG, et al. Functional recovery

in primates with brachial plexus injury after spinal cord

implantation of avulsed ventral roots. |GG

Bisahiat 1993; 56: 649-654

Weber RB, Mackinnon SE. Bridging the neural gap. ialigmlasl

Surg 2005; 32: 605-616

Gulati AK. Evaluation of acellular and cellular nerve grafts in

repair of rat peripheral nerve. bigiigsuag 1988; 69: 117-123

Bailey SB, Eichler ME, Villadiego A, et al. The influence of

fibronectin and laminin during Schwann cell migration and

peripheral nerve regeneration through silicon chambers.

imsaaey 1993; 22: 176-184

Wang GY, Hirai K, Shimada H, et al. Behavior of axons, Schwann

cells and perineurial cells in nerve regeneration within trans-

planted nerve grafts: Effects of anti-laminin and anti-fibronectin

antisera. Baiamias 1992; 583: 216-226

Choi BH, Han SG, Kim SH, et al. Autologous fibrin glue in

peripheral nerve regeneration in vivo. iisiStigai 2005; 25:

495-499

Kerns JM, Danielsen N, Holmquist B, et al. The influence of

predegeneration on regeneration through peripheral nerve grafts

in the rat. fcaebigual 1993; 122: 28-36

Maki Y, Yoshizu T, Tsubokawa N. Selective regeneration of

motor and sensory axons in_an experimental peripheral nerve
mode withoutendorgars. I
2005; 39: 257-260

Evans PJ, Midha R, Mackinnon SE. The peripheral nerve allograft:
A comprehensive review of regeneration and neuroimmunology.
i 1094; 43: 187-233

Lassner F, Schaller E, Steinhoff G, et al. Cellular mechanisms of
rejection and regeneration in peripheral nerve allografts.
i 1089; 48: 386-392

Gulati AK, Cole GP. Nerve graft immunogenicity as a factor
determining axonal regeneration in the rat. bigakagEg 1990; 72:
114-122

Sondell M, Lundborg G, Kanje M. Regeneration of the rat sciatic
nerve into allografts made acellular through chemical extraction.
BidiaaRas 1998; 795: 44-54

Dubernard JM, Owen E, Herzberg G, et al. Human hand allograft:
Report on first 6 months. Lgocer 1999; 353: 1315-1320

Fawcett JW, Keynes RJ. Muscle basal lamina: A new graft material
for peripheral nerve repair. jubigiiadig 1936; 65: 354-363


http://www.maneyonline.com/action/showLinks?pmid=14530214&crossref=10.1038%2Fsj.bjp.0705533&isi=000186757100009
http://www.maneyonline.com/action/showLinks?pmid=8469107&crossref=10.1002%2Fmicr.1920140210&isi=A1993KV56300009
http://www.maneyonline.com/action/showLinks?pmid=11738265&crossref=10.1016%2FS0306-4522%2801%2900431-6&isi=000172996600016
http://www.maneyonline.com/action/showLinks?pmid=12908928&crossref=10.1089%2F089771503322144581&isi=000184278500006
http://www.maneyonline.com/action/showLinks?pmid=7816927&crossref=10.1016%2F0301-0082%2894%2990001-9&isi=A1994PF69500001
http://www.maneyonline.com/action/showLinks?pmid=16039380&crossref=10.1016%2Fj.jhsa.2005.03.003&isi=000230804700028
http://www.maneyonline.com/action/showLinks?pmid=4078294&crossref=10.1016%2FS0363-5023%2885%2980022-8&isi=A1985AVJ7100017
http://www.maneyonline.com/action/showLinks?pmid=4078294&crossref=10.1016%2FS0363-5023%2885%2980022-8&isi=A1985AVJ7100017
http://www.maneyonline.com/action/showLinks?pmid=11523246&crossref=10.1007%2FBF02888035
http://www.maneyonline.com/action/showLinks?pmid=16139631&crossref=10.1016%2Fj.cps.2005.05.003&isi=000232297300014
http://www.maneyonline.com/action/showLinks?pmid=16139631&crossref=10.1016%2Fj.cps.2005.05.003&isi=000232297300014
http://www.maneyonline.com/action/showLinks?pmid=14686692&crossref=10.1046%2Fj.1469-7580.2003.00248.x&isi=000187108400003
http://www.maneyonline.com/action/showLinks?pmid=7365215&crossref=10.1016%2FS0363-5023%2880%2980041-4
http://www.maneyonline.com/action/showLinks?pmid=2294170&crossref=10.3171%2Fjns.1990.72.1.0114&isi=A1990CF74100020
http://www.maneyonline.com/action/showLinks?pmid=12935608&crossref=10.1016%2FS1344-6223%2802%2900147-5
http://www.maneyonline.com/action/showLinks?pmid=8478639&crossref=10.1007%2FBF01246356
http://www.maneyonline.com/action/showLinks?pmid=5854768
http://www.maneyonline.com/action/showLinks?pmid=5854768
http://www.maneyonline.com/action/showLinks?pmid=12535770&crossref=10.1016%2FS0006-8993%2802%2903826-X&isi=000180756600003
http://www.maneyonline.com/action/showLinks?pmid=7751969&isi=A1995QY98600036
http://www.maneyonline.com/action/showLinks?pmid=10218530&crossref=10.1016%2FS0140-6736%2899%2902062-0&isi=000080278100012
http://www.maneyonline.com/action/showLinks?pmid=16145682&crossref=10.1002%2Fmicr.20154&isi=000232298000008
http://www.maneyonline.com/action/showLinks?pmid=11502562&isi=000170558700013
http://www.maneyonline.com/action/showLinks?pmid=8077807&crossref=10.1016%2F0266-7681%2894%2990068-X
http://www.maneyonline.com/action/showLinks?pmid=2767192&crossref=10.1007%2FBF00247898&isi=A1989AF99000013
http://www.maneyonline.com/action/showLinks?pmid=16243742&crossref=10.1080%2F0284431051006510&isi=000232727700001
http://www.maneyonline.com/action/showLinks?pmid=12505667&crossref=10.1016%2FS0006-8993%2802%2903806-4&isi=000180609900017
http://www.maneyonline.com/action/showLinks?pmid=6705472&isi=A1984SD89400002
http://www.maneyonline.com/action/showLinks?pmid=14699958&crossref=10.1016%2FS0079-6123%2803%2946006-8&isi=000189432300006
http://www.maneyonline.com/action/showLinks?pmid=8509779&crossref=10.1136%2Fjnnp.56.6.649&isi=A1993LG28500013
http://www.maneyonline.com/action/showLinks?pmid=8509779&crossref=10.1136%2Fjnnp.56.6.649&isi=A1993LG28500013
http://www.maneyonline.com/action/showLinks?pmid=7475770&crossref=10.1016%2FS0140-6736%2895%2992342-X&isi=A1995TE91600008
http://www.maneyonline.com/action/showLinks?pmid=2781604&crossref=10.1097%2F00007890-198909000-00006&isi=A1989AQ44300006
http://www.maneyonline.com/action/showLinks?pmid=11834353&crossref=10.1016%2FS1053-2498%2801%2900377-1&isi=000173664100007
http://www.maneyonline.com/action/showLinks?pmid=11834353&crossref=10.1016%2FS1053-2498%2801%2900377-1&isi=000173664100007
http://www.maneyonline.com/action/showLinks?pmid=10811744&crossref=10.1053%2Fjhsu.2000.4165&isi=000087217800001
http://www.maneyonline.com/action/showLinks?crossref=10.3171%2Fjns.1988.68.1.0117&isi=A1988L522500016
http://www.maneyonline.com/action/showLinks?pmid=15144861&crossref=10.1016%2Fj.expneurol.2004.01.026&isi=000221602200014
http://www.maneyonline.com/action/showLinks?pmid=21551564
http://www.maneyonline.com/action/showLinks?pmid=9622591&crossref=10.1016%2FS0006-8993%2898%2900251-0&isi=000074806500006
http://www.maneyonline.com/action/showLinks?pmid=1504829&crossref=10.1016%2FS0006-8993%2810%2980027-7&isi=A1992JD61500024
http://www.maneyonline.com/action/showLinks?pmid=5326908&crossref=10.1097%2F00006534-196603000-00008&isi=A19667622400008
http://www.maneyonline.com/action/showLinks?pmid=3734886&crossref=10.3171%2Fjns.1986.65.3.0354&isi=A1986D717300012
http://www.maneyonline.com/action/showLinks?pmid=11447311&crossref=10.1097%2F00001756-200107200-00008&isi=000169809200009
http://www.maneyonline.com/action/showLinks?pmid=16609516&crossref=10.1097%2F00130911-199706000-00008
http://www.maneyonline.com/action/showLinks?pmid=16609516&crossref=10.1097%2F00130911-199706000-00008
http://www.maneyonline.com/action/showLinks?pmid=10617771&isi=000084725400008
http://www.maneyonline.com/action/showLinks?pmid=8339787&crossref=10.1006%2Fexnr.1993.1104&isi=A1993LR10200004
http://www.maneyonline.com/action/showLinks?pmid=14530214&crossref=10.1038%2Fsj.bjp.0705533&isi=000186757100009

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

Glasby MA, Carrick M), Hems TE. Freeze-thawed skeletal muscle

autografts used for the brachial plexus repair in the non-human

primate. ] 1992; 17: 526-535

Hall SM. The effect of inhibiting Schwann cell mitosis on the re-

innervation of acellular autografts in_the peripheral nervous

system of the mouse. H 1986; 12:

401-414

Enver MK, Hall SM. Are Schwann cells essential for axonal

regeneration into muscle autografts?

1994; 20: 587-598

Alder JS, Green CJ. Nerve-muscle sandwich grafts: The impor-

tance of Schwann cells in peripheral nerve regeneration through

muscle basal lamina conduits. jnisinisieiily/ 1995; 20: 423—

428

Hems TE, Glasby MA. The limit of graft length in the experimental

use of muscle grafts for nerve repair. juisiinfaiiy/ 1993; 18:

165-170

Foidart-Dessalle M, Dubuisson A, Lejeune A, et al. Sciatic nerve

regeneration through venous or nervous grafts in the rat. Exp

Newral 1997; 148: 236-246

Fields RD, Le Beau JM, Longo FM, et al. Nerve regeneration

through artificial tubular implants. S 1989; 33: 87—

134

Willimas LR, Varon S. Modification of fibrin matrix formation in

situ enhances nerve regeneration in silicone chambers. LLggg

Newgl 1985; 231: 209-220

Lundborg G, Kanje M. Bioartificial nerve grafts: A prototype.
1996; 30: 105-110

Rosen JM, Padilla JA, Nguyen KD, et al. Artificial nerve graft using

collagen as an extracellular matrix for nerve repair compared

with sutured autograft in a rat model. sunaniiiasiniusg 1990; 25:

375-387

Phillips JB, Bunting SC, Hall SM, et al. Neural tissue engineering:

A self-organizing collagen guidance conduit. Jissugbag 2005;

11: 1611-1617

Masaki T, Matsumura K, Saito F, et al. Association of dystroglycan

and laminin-2 coexpression with myelinogenesis in peripheral

nerves. |G 2003; 36: 221-239

Liesi P. A laminin graft replaces neurorrhaphy in the restorative

surgery of the rat sciatic nerve. jasaabigugal 1993; 123: 181-191

Davis GE, Manthorpe M, Willimas LR, et al. Characterization of a

laminin-containing neurite promoting factor and a neurono-

trophic factor for peripheral nerve and related sources. AgguAl

Aaad Sci 1986; 486: 194-205

Hall S. Axonal regeneration through acellular muscle grafts. LAgar

1997; 190: 57-71

Tong XJ, Hirai K, Shimada H, et al. Sciatic nerve regeneration

navigated by laminin—fibronectin double coated biodegradable

collagen grafts in rats. Seddaal2gs 1994; 663: 155-162

Ohsumi H, Hirata H, Nagakura T, et al. Enhancement of

perineural repair and inhibition of nerve adhesion by vicious

injectable pure alginate sol. | 2 005; 116: 823—

830

Cai J, Peng X, Nelson KD, et al. Permeable guidance channels

containing microfilament scaffolds enhance axon growth and

maturation. | I 2005; 75A: 374-386
Xie F, Li QF, Zhao LS. [Study on using a new biodegradable

conduit to _repairing rat’s_peripheral nerve defect]. ghoaghes
I . 21 295295

Cao W, Cheng M, Ao Q, et al. Physical, mechanical and
degradation properties, and Schwann cell affinity of cross-linked
chitosan films. bzoos; 16: 791-807
Rodrigues JM, Luis AL, Lobato JV, et al. Determination of the
intracellular Ca®™ concentration in the N1E-115 neuronal cell
line in perspective of its use for peripheric nerve regeneration.

2005; 15: 455465

Chang CJ, Hsu SH. The effect of high outflow permeability in
asymmetric poly(dl-lactic acid-co-glycolic acid) conduits for
peripheral nerve regeneration. igatisiads >006; 27: 1035-1042
Chen MH, Chen PR, Chen MH, et al. An in vivo study of
tricalcium phosphate and glutaraldehyde crosslinking gelatin
conduits in peripheral nerve repair. ﬂ

Biaaaaiei 2006; 77: 89-97

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

112

113

114

115

HBO in peripheral nerve repair and regeneration: E. C. Sanchez

Mersa B, Agir H, Aydin A, et al. Comparison of expanded
polytetrafluoroethylene (ePTFE) with autogenous vein as a nerve
conduit in rat sciatic nerve defects. _
2004; 13: 103-111

Viterbo F, Trindade JC, Hoshini K, et al. Latero-terminal
neurorrhaphy without removal of the epineural sheath.
Experimental study in rats. amieisey 1992; 110: 267-
275

Adelson PD, Bonaroti EA, Thampson TP, et al. End-to-side
neurorrhaphies in a rodent model of peripheral nerve injury: A
preliminary report of a novel technique. iubigiiaaig 2004; 101
(Suppl. 1): 78-84

Viterbo F, Trindade JC, Hoshino K, et al. End-to-side neuror-
rhaphy with removal of the epineurial sheath: An experimental
study in rats. IR 1994; 94: 1038-1047

Noah EM, Williams A, Fortes W, et al. A new animal model to
investigate axonal sprouting after end-to-side neurorrhaphy.

I 1097; 13: 317-325
Al-Qattam MM, Al-Thunyam A. Variables affecting axonal

regeneration following end-to-side neurorrhaphy. |esiniiesteey
1998; 51: 238-242

Tarasidis G, Watanabe O, Mackinnon SE, et al. End-to-side
neurorrhaphy: A long term study of neural regeneration in a rat
model. “ 1998; 119: 337-341

Frey M, Giovanoli P, Girsch W. Clinical application of end-to-
side nerve coaptation for sensory or motor reinervation. / Hand
Surg [Br] 1999; 24 (Suppl. 1): 9

Yin Q, Kemp GJ, Frostick SP. Neurotrophins, neurones and
peripheral nerve regeneration. i/ 1998; 23: 433-
437

Fu SY, Gordon T. The cellular and molecular basis of peripheral
nerve regeneration. jniainisessisie 1997; 14: 67-116

Terzis JK, Sun DD, Thanos PK. Historical and basic science
review: Past, present, and future of nerve repair. onlGaaESE
Adickasasg 1997; 13: 215-225

Hagiwara N, lkeda K, Higashida H, et al. Induction of tumor
necrosis factor-alpha in Schwann cells after gradual elongation of
rat sciatic nerve. jnfiiaaatai 2005; 10: 614-621

Hermann GE, Holmes GM, Rogers RC. TNF(alpha) modulation of
visceral and spinal sensory processing. ity 2 005; 11:
1391-1409

Wieseler-Frank ], Maier SF, Watkins LR. Immune-to-brain
communication dynamically modulates pain: Physiological and
pathological consequences. | 2005; 19: 104-
111

Haastert K, Lipokatic E, Fisher M, et al. Differentially promoted
peripheral nerve regeneration by grafted Schwann cells over-
expressing different FGF-2-isoforms. jrmssisiaimisis 2005; 21:
138-153

Koprivisca V, Cho KS, Park JB, et al. EGFR activation mediates
inhibition of axon regeneration by myelin and chondroitin sulfate
proteoglycans. Sgienge 2005; 310: 106-110

Hermann PM, Nicol JJ, Nagle GT, et al. Epidermal growth factor-
dependent enhancement of axonal regeneration in the pond snail
Lymnaea stagnalis: Role of phagocyte survival. i
2005; 492: 383-400

Angelov DN, Guntinas-Lichius O, Wewetzer K, et al. Axonal
branching and recovery of coordinated muscle activity after
transection of facial nerve in adult rats.

Bigl 2005; 180: 1-130

Pei YY, Duan SB, Cai WJ, et al. [Effect of transforming growth

factor-beta 1 on the peripheral nerve regeneration of rats]. Zhong
I 200 30: 147151

Blondet B, Carpentier G, Lafdil F, et al. Pleiotrophin cellular
localization in nerve regeneration after peripheral nerve injury.

2005; 53: 971-977

Saika T, Senba E, Noguchi K, et al. Effect of nerve crush and
transection on mRNA levels for nerve growth factor receptor in
the rat facial motoneurons. * 1991; 9:
157-160

Sahenk Z, Nagaraja HN, McCracken BS, et al. NT-3 promotes

nerve regeneration and sensory improvement in CMTTA mouse
models and in patients. Rigukadkagy 2005; 65: 631-689

Neurological Research, 2007, Volume 29, March 195


http://www.maneyonline.com/action/showLinks?pmid=3095674&crossref=10.1111%2Fj.1365-2990.1986.tb00151.x&isi=A1986D967300006
http://www.maneyonline.com/action/showLinks?pmid=16307187&crossref=10.1007%2Fs00776-005-0954-0&isi=000234306400008
http://www.maneyonline.com/action/showLinks?crossref=10.1002%2Fjbm.a.30432&isi=000232578500016
http://www.maneyonline.com/action/showLinks?pmid=16259614&crossref=10.1089%2Ften.2005.11.1611
http://www.maneyonline.com/action/showLinks?pmid=1850072&crossref=10.1016%2F0169-328X%2891%2990142-K
http://www.maneyonline.com/action/showLinks?pmid=7972457&crossref=10.1097%2F00006534-199412000-00019&isi=A1994PV33900019
http://www.maneyonline.com/action/showLinks?pmid=16028597&crossref=10.1163%2F1568562053992496&isi=000230096700008
http://www.maneyonline.com/action/showLinks?pmid=7594977&crossref=10.1016%2FS0266-7681%2805%2980147-0
http://www.maneyonline.com/action/showLinks?pmid=15664782&crossref=10.1016%2Fj.bbi.2004.08.004&isi=000226761600002
http://www.maneyonline.com/action/showLinks?pmid=9781986&crossref=10.1016%2FS0194-5998%2898%2970074-9&isi=000076358100006
http://www.maneyonline.com/action/showLinks?pmid=8405284&crossref=10.1006%2Fexnr.1993.1151&isi=A1993MC85100003
http://www.maneyonline.com/action/showLinks?pmid=9664884&crossref=10.1054%2Fbjps.1997.0188
http://www.maneyonline.com/action/showLinks?pmid=16098582&crossref=10.1016%2Fj.biomaterials.2005.07.003&isi=000234148300011
http://www.maneyonline.com/action/showLinks?pmid=9398465&crossref=10.1006%2Fexnr.1997.6542&isi=A1997YJ22600023
http://www.maneyonline.com/action/showLinks?pmid=9398465&crossref=10.1006%2Fexnr.1997.6542&isi=A1997YJ22600023
http://www.maneyonline.com/action/showLinks?pmid=16210539&crossref=10.1126%2Fscience.1115462&isi=000232477000048
http://www.maneyonline.com/action/showLinks?pmid=9726539&crossref=10.1016%2FS0266-7681%2898%2980117-4
http://www.maneyonline.com/action/showLinks?pmid=9034882&crossref=10.1046%2Fj.1469-7580.1997.19010057.x&isi=A1997WG85800006
http://www.maneyonline.com/action/showLinks?pmid=16261803&crossref=10.1007%2F3-540-29931-9_1&isi=000234886900001
http://www.maneyonline.com/action/showLinks?pmid=16055993
http://www.maneyonline.com/action/showLinks?pmid=16261803&crossref=10.1007%2F3-540-29931-9_1&isi=000234886900001
http://www.maneyonline.com/action/showLinks?pmid=3968235&crossref=10.1002%2Fcne.902310208&isi=A1985AAG5800007
http://www.maneyonline.com/action/showLinks?pmid=3968235&crossref=10.1002%2Fcne.902310208&isi=A1985AAG5800007
http://www.maneyonline.com/action/showLinks?pmid=1479246&crossref=10.1016%2FS0266-7681%2805%2980237-2
http://www.maneyonline.com/action/showLinks?pmid=9101452&crossref=10.1055%2Fs-2007-1006407&isi=A1997WR68900010
http://www.maneyonline.com/action/showLinks?pmid=16141822&crossref=10.1097%2F01.prs.0000176893.44656.8e&isi=000231675500019
http://www.maneyonline.com/action/showLinks?pmid=9101452&crossref=10.1055%2Fs-2007-1006407&isi=A1997WR68900010
http://www.maneyonline.com/action/showLinks?pmid=2175157&crossref=10.1097%2F00000637-199011000-00006&isi=A1990EG26900006
http://www.maneyonline.com/action/showLinks?pmid=16055750&crossref=10.1369%2Fjhc.4A6574.2005&isi=000230811000006
http://www.maneyonline.com/action/showLinks?isi=000223100100013
http://www.maneyonline.com/action/showLinks?pmid=7898621&crossref=10.1111%2Fj.1365-2990.1994.tb01013.x&isi=A1994PX71600008
http://www.maneyonline.com/action/showLinks?pmid=15853670&crossref=10.2174%2F1381612053507828&isi=000228471000003
http://www.maneyonline.com/action/showLinks?pmid=16248529
http://www.maneyonline.com/action/showLinks?pmid=16248529
http://www.maneyonline.com/action/showLinks?pmid=16228655&crossref=10.1007%2Fs00795-003-0231-2
http://www.maneyonline.com/action/showLinks?pmid=16157899&crossref=10.1212%2F01.WNL.0000171978.70849.c5&isi=000231821300006
http://www.maneyonline.com/action/showLinks?pmid=9258836&crossref=10.1055%2Fs-2007-1006410&isi=A1997XN38000003
http://www.maneyonline.com/action/showLinks?pmid=16308461&isi=000233440400006
http://www.maneyonline.com/action/showLinks?pmid=8501363&crossref=10.1016%2F0266-7681%2893%2990097-Y
http://www.maneyonline.com/action/showLinks?pmid=16122933&crossref=10.1016%2Fj.nbd.2005.06.020&isi=000234460800015
http://www.maneyonline.com/action/showLinks?pmid=3471155&crossref=10.1111%2Fj.1749-6632.1986.tb48074.x&isi=A1986G434000018
http://www.maneyonline.com/action/showLinks?pmid=3471155&crossref=10.1111%2Fj.1749-6632.1986.tb48074.x&isi=A1986G434000018
http://www.maneyonline.com/action/showLinks?pmid=16228994&crossref=10.1002%2Fcne.20732&isi=000233064100001
http://www.maneyonline.com/action/showLinks?pmid=16211569&crossref=10.1002%2Fjbm.b.30402&isi=000236262000013
http://www.maneyonline.com/action/showLinks?pmid=16211569&crossref=10.1002%2Fjbm.b.30402&isi=000236262000013
http://www.maneyonline.com/action/showLinks?pmid=2678271&crossref=10.1016%2F0301-0082%2889%2990036-1&isi=A1989AQ59100001
http://www.maneyonline.com/action/showLinks?pmid=9170101&crossref=10.1007%2FBF02740621&isi=A1997XA00100004
http://www.maneyonline.com/action/showLinks?pmid=7850464&crossref=10.1016%2F0006-8993%2894%2990473-1&isi=A1994PP61600018
http://www.maneyonline.com/action/showLinks?pmid=16190396
http://www.maneyonline.com/action/showLinks?pmid=1341024
http://www.maneyonline.com/action/showLinks?pmid=16190396
http://www.maneyonline.com/action/showLinks?pmid=8815979&crossref=10.3109%2F02844319609056391&isi=A1996UQ99800004

HBO in peripheral nerve repair and regeneration: E. C. Sanchez

116

17

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

Lindholm D, Heumann R, Meyer M, et al. Interleukin-1 regulates
synthesis of nerve growth factor in non-neural cells of rat sciatic
nerve. Nafure 1987; 330: 658-659

Taniuchi M, Clark HB, Schweitzer JB, et al. Expression of
nerve growth factor receptors by Schwann cells of axotomized
peripheral nerves: Ultrastructural location, suppression by
axonal contact, and binding properties. bubigigsai 1988, 8:
664-681

Hansson HA, Dahlin LB, Danielsen N, et al. Evidence indicating
trophic importance of IGF-1 in regenerating peripheral nerves.
IR 1 086; 126: 609-614

Rende M, Muir D, Ruoslahti E, et al. Immunolocalization of
ciliary neuronotrophic factor in adult rat sciatic nerve. Glig 1992;
5:25-32

Meyer M, Matsuoka I, Wetmore C, et al. Enhanced synthesis of
brain-derived neurotrophic factor in the lesioned peripheral
nerve: Different mechanisms are responsible for the regulation
of BDNF and NGF mRNA. uaalelial 1992; 119: 45-54

lwase T, Jung CG, Bae H, et al. Glial cell line-derived
neurotrophic factor-induced signaling in  Schwann cells.
imasaskan 2005; 94: 1488-1499

Braun S, Croizat B, Lagrange MC, et al. Neurotrophins increase
motoneurons’ ability to innervate skeletal muscle fibers in rat
spinal cord-human muscle cocultures. / Neurosci 1996; 136: 17—
23

Marcol W, Kotulska K, Larysz-Brysz M, et al. Extracts obtained
from predegenerated nerves improve functional recovery after
sciatic nerve transection. jrisiasusgeny 2005; 35: 486-494

Yan Q, Elliot J, Snider WD. Brain-derived neurotrophic factor
rescues spinal motor neurons from axotomy-induced cell death.
Nature 1992; 360: 753-755

Henderson CE, Camu W, Mettling C, et al. Neurotrophins
promote motor neuron survival and are present in embryonic
limb bud. Natuze 1993; 363: 266-270

Gotz R, Koster R, Winkler C, et al. Neurotrophin-6 is a new
member of the nerve growth factor family. Nafe 1994; 372:
266-269

Al-Bishri, Dahlin L, Sunzei B, et al. Systemic betamethasone
accelerates functional recovery after a crush injury to rat sciatic
nerve. 2005; 63: 973-977

Li HH, Liu SQ, Peng H, et al. Pyrroloquinoline quinone enhances
regeneration of transected sciatic nerve in rats. Chin J traumatol
2005; 8: 225-229

Galoyan AA, Sarkissian JS, Sulkhayan RM, et al. PRP-1 protective
effect against central and peripheral neurodegeneration following
n. ischiadicus transection. i 2005; 30: 487-505
Brenner MJ, Machinnon SE, Rickman SR, et al. FK506 and anti-
CD40 ligand in peripheral nerve allotransplantation. Restar
i 2 005; 23: 237-249

Balezina OP, Gerasimenko NY, Dugina TN, et al. Study of
neurotrophic activity of thrombin on the model of regenerating
mouse nerve. [N °005; 139: 4-6

Voria |, Hauser ], Axis A, et al. Improved sciatic nerve
regeneration by local thyroid hormone treatment in adult rat is
accompanied by increased expression of SCG10. |nleisiad
2005; 197: 258-267

Melcangi RC, Cavaretta IT, Ballabio M, et al. Peripheral nerves: A
target for the action of neuroactive steroids. I
Rev 2005; 48: 328-338

Mills CD, Bitler JL, Woolf CJ. Role of the peripheral benzodia-
zepine receptor in sensory neuron regeneration. Adaltgl
Neweasai 2005; 30: 228-237

Isacsson A, Kanje M, Dahlin LB. Induction of activating

transcription factor 3 (ATF3) by peripheral nerve compression.
2005; 39: 65-72

Martini R, Schachner M. Immunoelectron microscopic localiza-
tion of neural cell adhesion molecules (L1, N-CAM, and myelin-
associated glycoprotein) in regenerating adult mouse sciatic
nerve. juagllRigl 1988; 106: 1735-1746

Zhang Y, Bo X, Schoepfer R, et al. Growth-associated protein

GAP-43 and L1 act synergistically to promote regenerative
growth to Purkinje cell axons in vivo. &

2005; 102: 14883-14888

196 Neurological Research, 2007, Volume 29, March

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

Itoh S, Fujimori KE, Uyeda A, et al. Long term effects of muscle-

derived protein with molecular mass of 77 kDa (MDP77) on

nerve regeneration. juisasssssites 2005; 81: 730-738

Gaudet AD, Steeves JD, Tetzlaff W, et al. Expression and

functions of galectin-1 in sensory and motoneurons. euellaug

Lazgels 2005; 6: 419-425

Horie H, Kadoya T, Sango K, et al. Oxidized galectin-1 is an

essential factor for peripheral nerve. N 2005; 6:

385-394

Kadoya T, Horie H. Structural and functional studies of galectin-

1: A novel axonal regeneration-promoting activity for oxidized

galectin-1. [ 2005; 6: 375-383

Radtke C, Akiyama Y, Lankford KL, et al. Integration of engrafted

Schwann cells into injured peripheral nerve: Axonal association

and nodal formation on regenerated axons. pufiitatial 2005;

387: 85-89

Choi BH, Zhu SJ, Kim BY, et al. Transplantation of cultured bone

marrow stromal cells to improve peripheral nerve regeneration.
2005; 34: 537-542

Fox IK, Schewtye KE, Keune JD, et al. Schwann-cell injection of

cold-preserved nerve allografts. iuissasgs ?005; 25: 502-507

Zhang PX, He XJ, Zhao FQ, et al. EGFP expression controlled by

GFAP promoter in mesenchymal cells: An efficient tool for glial
lineage selection and transplantation. d
R 2 005; 33: 307-317

Perez-Bouza A, Glaser T, Brustle O. ES cell-derived glial
precursors contribute to remyelination in acutely demyelinated
spinal cord lesions. [indieiaiaad 2005; 15: 208-216

Fukunaga S, Sasaki S, Fu T, et al. Experimental study of neural
repair of the transected spinal cord using peripheral nerve graft.
inmaaansa 2004; 9: 605-612

Zhang P, He X, Zhao F, et al. Bridging small-gap peripheral nerve
defects using biodegradable chitin conduits with cultured
Schwann and bone marrow stromal cells in rats. aRSaaast
Micasieg 2005; 21: 565-572

Pluchino S, Martino G. The therapeutic use of stem cells for
myelin repair in autoimmune demyelinating disorders. LAl
Sci 2005; 233: 117-119

Zujovic V, Luo D, Baker VH, et al. The facial motor nucleus
transcriptional program in response to peripheral nerve injury
identifies HN1 as a regeneration-associated gene. juisnuiiieg
2005; 82: 581-589

LaJL, Jalai S, Shami SA. Morphological studies on crushed sciatic
nerve of rabbits with electroacupuncture or diclofenac sodium
treatment. pfininiimisa 2005; 33: 663-669

Guven M, Gunay |, Ozgunen K, et al. Effect of pulsed magnetic
field on regenerating rat sciatic nerve: An in vitro electrophysio-
logic study. Int ] Neurosci 2005; 115: 882-892

Chang CJ, Hsu SH, Lin FT, et al. Low-intensity-ultrasound-
accelerated nerve regeneration using cells-seeded poly(D,L-lactic

acid-co-glycolic acid) conduits: An_in vivo and in vitro study.
2005; 75: 99-107

Feldmeier J, ed. Hyperbaric Oxygen 2003: Indications and
Results:  Hyperbaric Oxygen Therapy Committee Report,
Kensington, MD: Undersea and Hyperbaric Medical Society,
2003

Buras J. Basic mechanisms of hyperbaric oxygen in the treatment
of ischemia-reperfusion injury. | BN 2 000; 38: 91—
109

Buras JA, Stahl GL, Svoboda KH, et al. Hyperbaric oxygen
downregulates ICAM-1 expression _induced by hypoxia and
hypoglycemia: The role of NOs. NN
2000; 278: C292-C302

Chen Q, Banick PD, Thom SR. Functional inhibition of rat
polymorphonuclear leukocyte B2 integrins by hyperbaric oxygen
is associated with impaired cGMP synthesis.

Ther 1996; 276: 929-933

Thom SR, Mendiguren |, Hardy K, et al. Inhibition of human
neutrophil beta2-integrin-dependent adherence by hyperbaric
O,. saiininliigiay 1997; 272: C770-C777

Garcia-Covarrubias L, Sanchez EC. Terapia con oxigenacién
hiperbarica, conceptos basicos. iunmisasiistay 2000; 136: 45-56
Haapanemi T, Sirsjo A, Nylander G, et al. Hyperbaric
oxygen treatment attenuates glutathione depletion and improves


http://www.maneyonline.com/action/showLinks?pmid=16195382&crossref=10.1073%2Fpnas.0505164102&isi=000232603600072
http://www.maneyonline.com/action/showLinks?pmid=16082080&isi=000232931400002
http://www.maneyonline.com/action/showLinks?pmid=16082080&isi=000232931400002
http://www.maneyonline.com/action/showLinks?pmid=16196387&crossref=10.1111%2Fj.1750-3639.2005.tb00522.x&isi=000231274900006
http://www.maneyonline.com/action/showLinks?pmid=10723671&crossref=10.1097%2F00004311-200001000-00007
http://www.maneyonline.com/action/showLinks?crossref=10.1002%2Fmicr.20155&isi=000232298000007
http://www.maneyonline.com/action/showLinks?pmid=16026260&crossref=10.2174%2F1389450054021864&isi=000230096000006
http://www.maneyonline.com/action/showLinks?pmid=16026260&crossref=10.2174%2F1389450054021864&isi=000230096000006
http://www.maneyonline.com/action/showLinks?pmid=16289052&crossref=10.1016%2Fj.expneurol.2005.10.001&isi=000234534200027
http://www.maneyonline.com/action/showLinks?pmid=16292734&crossref=10.1055%2Fs-2005-922437&isi=000233478300009
http://www.maneyonline.com/action/showLinks?pmid=16292734&crossref=10.1055%2Fs-2005-922437&isi=000233478300009
http://www.maneyonline.com/action/showLinks?pmid=3317065&crossref=10.1038%2F330658a0&isi=A1987L283300060
http://www.maneyonline.com/action/showLinks?pmid=16026256&crossref=10.2174%2F1389450054022007&isi=000230096000002
http://www.maneyonline.com/action/showLinks?pmid=8786572&isi=A1996TZ54400010
http://www.maneyonline.com/action/showLinks?pmid=8786572&isi=A1996TZ54400010
http://www.maneyonline.com/action/showLinks?pmid=8487864&crossref=10.1038%2F363266a0&isi=A1993LC86600054
http://www.maneyonline.com/action/showLinks?pmid=16267826&crossref=10.1002%2Fjnr.20676&isi=000234004900001
http://www.maneyonline.com/action/showLinks?pmid=16099172&crossref=10.1016%2Fj.mcn.2005.07.010&isi=000232064200007
http://www.maneyonline.com/action/showLinks?pmid=16099172&crossref=10.1016%2Fj.mcn.2005.07.010&isi=000232064200007
http://www.maneyonline.com/action/showLinks?pmid=3521205&crossref=10.1111%2Fj.1748-1716.1986.tb07862.x
http://www.maneyonline.com/action/showLinks?pmid=16053875&crossref=10.1016%2Fj.ijom.2004.10.017&isi=000230178800014
http://www.maneyonline.com/action/showLinks?pmid=10721602
http://www.maneyonline.com/action/showLinks?pmid=16003625&crossref=10.1016%2Fj.joms.2004.10.010&isi=000230233600015
http://www.maneyonline.com/action/showLinks?pmid=1527172&crossref=10.1083%2Fjcb.119.1.45&isi=A1992JP86500004
http://www.maneyonline.com/action/showLinks?pmid=2453520&crossref=10.1083%2Fjcb.106.5.1735&isi=A1988N693900032
http://www.maneyonline.com/action/showLinks?pmid=16152695&crossref=10.1081%2FBIO-200066628&isi=000231417000006
http://www.maneyonline.com/action/showLinks?pmid=16152695&crossref=10.1081%2FBIO-200066628&isi=000231417000006
http://www.maneyonline.com/action/showLinks?pmid=16076020&crossref=10.1007%2Fs11064-005-2685-1&isi=000230263700010
http://www.maneyonline.com/action/showLinks?pmid=16007679&crossref=10.1002%2Fjnr.20582&isi=000231580500013
http://www.maneyonline.com/action/showLinks?pmid=16142261&crossref=10.1007%2Fs10517-005-0196-3&isi=000229811700002
http://www.maneyonline.com/action/showLinks?pmid=16228679&crossref=10.1007%2Fs00776-004-0833-0&isi=000225696000014
http://www.maneyonline.com/action/showLinks?pmid=16026257&crossref=10.2174%2F1389450054021954&isi=000230096000003
http://www.maneyonline.com/action/showLinks?pmid=10666024&isi=000085231400007
http://www.maneyonline.com/action/showLinks?pmid=1281520&crossref=10.1038%2F360753a0&isi=A1992KE47200037
http://www.maneyonline.com/action/showLinks?pmid=15850671&crossref=10.1016%2Fj.brainresrev.2004.12.021&isi=000229628200021
http://www.maneyonline.com/action/showLinks?pmid=15850671&crossref=10.1016%2Fj.brainresrev.2004.12.021&isi=000229628200021
http://www.maneyonline.com/action/showLinks?pmid=15896808&crossref=10.1016%2Fj.jns.2005.03.026&isi=000230060500019
http://www.maneyonline.com/action/showLinks?pmid=15896808&crossref=10.1016%2Fj.jns.2005.03.026&isi=000230060500019
http://www.maneyonline.com/action/showLinks?pmid=2828568&isi=A1988M141800025
http://www.maneyonline.com/action/showLinks?pmid=16084645&crossref=10.1016%2Fj.neulet.2005.06.073&isi=000231483700007
http://www.maneyonline.com/action/showLinks?pmid=9124510&isi=A1997WN85900003
http://www.maneyonline.com/action/showLinks?pmid=7969471&crossref=10.1038%2F372266a0&isi=A1994PR88900051
http://www.maneyonline.com/action/showLinks?pmid=16173539&crossref=10.1142%2FS0192415X05003259&isi=000231929800014
http://www.maneyonline.com/action/showLinks?pmid=16019731&crossref=10.1080%2F02844310410004892&isi=000227762100001
http://www.maneyonline.com/action/showLinks?pmid=1531807&crossref=10.1002%2Fglia.440050105&isi=A1992GX74200004
http://www.maneyonline.com/action/showLinks?pmid=16142793&crossref=10.1002%2Fmicr.20152&isi=000232298000010
http://www.maneyonline.com/action/showLinks?pmid=16015644&crossref=10.1002%2Fjbm.b.30269&isi=000232168200013
http://www.maneyonline.com/action/showLinks?pmid=16086701&crossref=10.1111%2Fj.1471-4159.2005.03290.x&isi=000231509400002

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

metabolic restitution in postischemic skeletal muscle. GitaaRadis
Res 1995; 23: 91-101

Harris A, Morgan JI, Pecot M, et al. Regenerating motor neurons
express Nnal, a novel ATP/GTP-binding protein related to zinc
carboxypeptidases. NI >000; 16: 578-596
Gysbers JW, Guarnieri S, Mariggio MA, et al. Extracellular
guanosine 5’ triphosphate enhances nerve growth factor-induced
neurite outgrowth via increases in intracellular calcium.
Aimsssesinnes 2000; 96: 817-824

Yuan LJ, Ueng SW, Lin SS, et al. Attenuation of apoptosis and
enhancement of proteoglycan synthesis in rabbit cartilage defects
by hyperbaric oxygen treatment are related to the suppression of
nitric oxide production. jfaibaaeites 2004; 22: 1126-1134
Pedoto A, Nandi J, Yang ZJ, et al. Beneficial effect of hyperbaric

oxygen pretreatment on_lipopolysaccharide-induced shock in
e, R »00>. 30 457455

Sakoda M, Ueno S, Kihara K, et al. A potential role of hyperbaric
oxygen exposure through intestinal nuclear factor-kappaB. Crit
(maiaaidad 2004; 32: 1722-1728

Weisz G, Lavy A, Adir Y, et al. Modification of in vivo and in vitro
TNF-alpha, IL-1, and IL-6 secretion by circulating monocytes
during hyperbarlc oxygenation treatment in patients with perianal
Crrohn’s disease. jufiiininm 1997; 17: 154-159

Bitterman N, Bitterman H, Kinarty A, et al. Effect of a single
exposure to hyperbaric oxygenation on blood mononuclear cells
in human subjects. Undersea Biomed Res 1993; 20: 197-204
Inamoto Y, Okuno F, Saito K, et al. Effect of hyperbaric
oxygenation on macrophage function in mice. Biochem
Biophys Res Commun 1991; 172: 885-891

Yamashita M, Yamashita M. Hyperbaric oxygen treatment

attenuates cytokine induction after massive hemorrhage. AmJ
I, 2000, 275 (511 £516

Sakoda M, Ueno S, Kihara K, et al. A potential role of hyperbaric
oxygen exposure through intestinal nuclear factor-kappaB. Crit
(mddeaddad 2004; 32: 17221729

Benson RM, Minter LM, Osborne BA, et al. Hyperbaric oxygen
inhibits stimulus-induced proinflammatory cytokine synthesis by
human blood-derived monocyte-macrophages.  (abiambng
Lgagauaal 2003; 134: 57-62

Rocco M, Antonelli M, Letizia V, et al. Lipid peroxidation,
circulating cytokines and endothelin-1 levels in healthy volun-
teers undergoing hyperbaric oxygenation. |
2001; 67: 393-400

Granowitz EV, Skulsky EJ, Benson RM, et al. Exposure to
increased pressure or hyperbaric oxygen suppresses interferon-

amma secretion in whole blood cultures on healthy humans.
I -0 25: 21622

MacKenzie DA, Sollinger HW, Hullet DA. Role of CD**
regulatory T cells in hyperbaric oxygen-mediated immune

nonresponsiveness. jantuinsnemas 2000; 61: 1320-1331
Yamashita M, Yamashita M. Hyperbaric oxygen treatment

attenuates cytokine induction after massive hemorrhage. AmJ
* 2000; 278: E811-E816

Yang ZJ, Bosco G, Montante A, et al. Hyperbaric O, reduces
intestinal ischemia-reperfusion-induced TNF-alpha production
and lung neutrophil sequestration. [N 2001; 85:
96-103

Van den Blink B, Van der Kleij AJ, Verteeg HH, et al.

Immunomodulatory effect of oxygen and pressure. Comp
IR 0002, 132: 193197

Lin HC, Wan FJ, Wu CC, et al. Hyperbaric oxygen protects
against lipopolysaccharide-stimulated oxidative stress and mor-
tality in rats. iniis— 2005; 508: 249-254
Tsai HM, Gao CJ, Li WX, et al. Resuscitation from experimental
heatstroke by hyperbaric oxygen therapy. [infssssistes 2005;
33: 813-818
Angel MF, Vander K, Im M), et al. Effect of hyperbaric oxygen
preservation on xanthine oxidase activity in skin flaps. Present at
Symposium on Oxidative Stress and Infections, 1992, Bethesda,
MD, USA
Fildissis G, Venetsanou K, Myrianthefs P, et al. Whole blood
pro-inflammatory cytokines and adhesion molecules post-
lipopolysaccharides - exposure in hyperbaric conditions. Eur
2004; 15: 217-221

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

HBO in peripheral nerve repair and regeneration: E. C. Sanchez

Shinomiya N, Suzuki S, Hashimoto A, et al. Effect of hyperbaric
oxygen on intercellular adhesion molecule-1 (ICAM-1) expres-
sion in murine lung. 1998; 69: 1-7
Tjarnstrom J, Wilkstrom T, Bagge U, et al. Effects of hyperbaric
oxygen treatment on neutrophil activation and pulmonary
sequestration in intestinal ischemia-reperfusion in rats. Silatilg
Res 1999; 31: 138-146

Chen HM, Shyr MH, Ueng SW, et al. Hyperbaric oxygen therapy
attenuates pancreatic microcirculatory derangement and lung
edema in an acute experimental pancreatitis model in rats.
Banergas 1998; 17: 44-49

Chen MF, Chen HM, Ueng SW, et al. Hyperbaric oxygen
pretreatment attenuates hepatic reperfusion injury. Liver 1998;
18: 110-116

Zhou C, Li Y, Nanda A, et al. HBO suppresses NOGO-A, NG-R,

or RhoA expression in the cerebral cortex after global ischemia.
A 0 309 365376

Nie H, Xiong L, Lao N, et al. Hyperbaric oxygen preconditioning
induces tolerance against spinal cord ischemia by upregulation of
antioxidant enzymes in rabbits. ﬂ 2006;
26: 666674

Dong H, Xiong L, Zhu Z, et al. Preconditioning with hyperbaric
oxygen and hyperoxia induces tolerance against spinal cord
ischemia in rabbits. insssiinssistegy 2002; 96: 907-912

Yasar M, Yildiz S, Mas R, et al. The effect of hyperbaric oxygen
treatment on oxidative stress in experimental acute necrotizing
pancreatitis. Susiamias 2003; 52: 111-116

Speit G, Dennog C, Radermacher P, et al. Genotoxicity of
hyperbaric oxygen. Aduiaings 2002; 512: 111-119

Shaw FL, Handy RD, Bryson P, et al. A single exposure to
hyperbaric oxygen does not cause oxidative stress in isolated
platelets: No effect on superoxide dismutase, catalase or cellular
ATP. kisniiasheni 2005; 38: 722-726

Wang W, Xu R, Lu R, et al. [A reappraisal of hyperbaric
oxygenation effect and study on serum malondialdehyde and

superoxide dismutase in patients with sudden deafness].
I 2000; 35: 350355

Benedetti S, Lamorgese M, Piersantanelli M, et al. Oxidative
stress and antioxidant status in patients undergoing prolonged
exposure to hyperbaric oxygen. (aiiaiashess 2004; 37: 312-317
Kurata S, Yamashita U, Nakajima H. Hyperbaric oxygenation
reduces the cytostatic activity and transcription of nitric oxide
synthetase gene of mouse peritoneal macrophages. Rigehiag
Gianhuenbais 1095; 1263: 35-38
Speit G, Bonzheim I. Genotoxic and protective effects of
hyperbaric oxygen in A549 lung cells. idiiiigaRas 2003; 18:
545-548
Rothfuss A, Speit G. Investigations on the mechanisms of
hyperbaric oxygen (HBO)-induced adaptive protection against
oxidative stress. AdidiadnRas 2002; 508: 157-165
Dennog C, Gedik C, Wood S, et al. Analysis of oxidative DNA
damage and HPRT mutations in humans after hyperbaric oxygen
treatment. Adudabalgs 1999; 43: 351-359
Dennog C, Radermacher P, Barnett YA, et al. Antioxidant status
in humans after exposure to hyperbaric oxygen. Aduiiaings 1999;
428: 83-89
Wada K, Miyazawa T, Nomura N, et al. Preferencial conditions
for and possible mechanisms of induction of ischemic tolerance
by repeated hyperbaric oxygenation in gerbil hippocampus.
Passesssge 2001; 49: 160-166
Rosenthal RE, Silbergleit R, Hof PR, et al. Hyperbaric oxygen
reduces neuronal death and improves neurological outcome after
canine cardiac arrest. Sizgke 2003; 34: 1311-1316
Shyu WG, Lin SZ, Saeki K, et al. Hyperbaric oxygen enhances the
expression of prion protein and heat shock protein 70 in a mouse
neuroblastom cell line. N 2004; 24: 257-268
Wada K, Miyasawa T, Nomura N, et al. Mn-SOD and BCL-2
expression after repeated hyperbaric oxygenation. Acfa
) 2000; 76: 285-290
Rothfuss A, Radermacher P, Speit G. Involvement of heme
oxygenase-1 (HO-1) in the adaptive protection of human
lymphocytes after hyperbaric oxygen (HBO) treatment.
i g 2001; 22: 1979-1985

Neurological Research, 2007, Volume 29, March 197


http://www.maneyonline.com/action/showLinks?pmid=10727799&crossref=10.1016%2FS0306-4522%2899%2900588-6&isi=000086204000017
http://www.maneyonline.com/action/showLinks?pmid=15680278&crossref=10.1016%2Fj.ejphar.2004.12.021&isi=000226894000031
http://www.maneyonline.com/action/showLinks?pmid=12974755&crossref=10.1046%2Fj.1365-2249.2003.02248.x&isi=000185345200010
http://www.maneyonline.com/action/showLinks?pmid=12974755&crossref=10.1046%2Fj.1365-2249.2003.02248.x&isi=000185345200010
http://www.maneyonline.com/action/showLinks?pmid=16136055&crossref=10.1038%2Fsj.jcbfm.9600221&isi=000237239500008
http://www.maneyonline.com/action/showLinks?pmid=12379471&crossref=10.1016%2FS0027-5107%2802%2900213-0&isi=000179066200016
http://www.maneyonline.com/action/showLinks?pmid=12823263&crossref=10.1046%2Fj.1440-1681.2003.03865.x&isi=000184207100008
http://www.maneyonline.com/action/showLinks?pmid=12670123&isi=000181850500006
http://www.maneyonline.com/action/showLinks?pmid=12625815&isi=000181904300013
http://www.maneyonline.com/action/showLinks?pmid=15176439&crossref=10.1023%2FB%3ACEMN.0000018620.41913.d2&isi=000220053200006
http://www.maneyonline.com/action/showLinks?pmid=9451527&isi=000071399000001
http://www.maneyonline.com/action/showLinks?pmid=10517981&crossref=10.1016%2FS1383-5742%2899%2900034-4&isi=000082498800011
http://www.maneyonline.com/action/showLinks?pmid=9083891&crossref=10.1023%2FA%3A1027378532003&isi=A1997WP39600004
http://www.maneyonline.com/action/showLinks?pmid=15946662&crossref=10.1016%2Fj.clinbiochem.2005.05.002&isi=000230995300007
http://www.maneyonline.com/action/showLinks?pmid=10780936&isi=000086970200008
http://www.maneyonline.com/action/showLinks?pmid=10780936&isi=000086970200008
http://www.maneyonline.com/action/showLinks?pmid=11751428&crossref=10.1093%2Fcarcin%2F22.12.1979&isi=000173215100009
http://www.maneyonline.com/action/showLinks?pmid=9667519&crossref=10.1097%2F00006676-199807000-00005&isi=000074422900005
http://www.maneyonline.com/action/showLinks?pmid=15003734&crossref=10.1016%2Fj.clinbiochem.2003.12.001&isi=000220342400010
http://www.maneyonline.com/action/showLinks?pmid=11083920&crossref=10.1006%2Fmcne.2000.0900&isi=000165611200005
http://www.maneyonline.com/action/showLinks?pmid=12062209&crossref=10.1016%2FS1095-6433%2801%2900547-5&isi=000176033800026
http://www.maneyonline.com/action/showLinks?pmid=12062209&crossref=10.1016%2FS1095-6433%2801%2900547-5&isi=000176033800026
http://www.maneyonline.com/action/showLinks?pmid=15286550&crossref=10.1097%2F01.CCM.0000132898.27101.6C&isi=000223410800014
http://www.maneyonline.com/action/showLinks?pmid=15286550&crossref=10.1097%2F01.CCM.0000132898.27101.6C&isi=000223410800014
http://www.maneyonline.com/action/showLinks?pmid=12951059&crossref=10.1016%2Fj.bbrc.2003.08.006&isi=000185264300016
http://www.maneyonline.com/action/showLinks?pmid=14614191&crossref=10.1093%2Fmutage%2Fgeg028&isi=000186848500010
http://www.maneyonline.com/action/showLinks?pmid=15304289&crossref=10.1016%2Fj.orthres.2004.01.006&isi=000223564900029
http://www.maneyonline.com/action/showLinks?pmid=15818110&crossref=10.1097%2F01.CCM.0000159193.42628.E8&isi=000228282700018
http://www.maneyonline.com/action/showLinks?pmid=11382829
http://www.maneyonline.com/action/showLinks?pmid=11964598&crossref=10.1097%2F00000542-200204000-00018&isi=000174716900017
http://www.maneyonline.com/action/showLinks?pmid=12677019&crossref=10.1161%2F01.STR.0000066868.95807.91&isi=000182586100040
http://www.maneyonline.com/action/showLinks?pmid=15542446&isi=000224649900007
http://www.maneyonline.com/action/showLinks?pmid=15542446&isi=000224649900007
http://www.maneyonline.com/action/showLinks?crossref=10.1016%2FS0027-5107%2899%2900178-5&isi=000084538200018
http://www.maneyonline.com/action/showLinks?pmid=15286550&crossref=10.1097%2F01.CCM.0000132898.27101.6C&isi=000223410800014
http://www.maneyonline.com/action/showLinks?pmid=15286550&crossref=10.1097%2F01.CCM.0000132898.27101.6C&isi=000223410800014
http://www.maneyonline.com/action/showLinks?pmid=12464346&crossref=10.1016%2FS1383-5742%2802%2900045-5&isi=000179790400002
http://www.maneyonline.com/action/showLinks?pmid=11163089&crossref=10.1016%2FS0198-8859%2800%2900214-7&isi=000166586800015
http://www.maneyonline.com/action/showLinks?pmid=11450026
http://www.maneyonline.com/action/showLinks?pmid=11450026
http://www.maneyonline.com/action/showLinks?pmid=10213852&crossref=10.1159%2F000008632&isi=000080259300006
http://www.maneyonline.com/action/showLinks?pmid=10213852&crossref=10.1159%2F000008632&isi=000080259300006
http://www.maneyonline.com/action/showLinks?pmid=11440438&isi=000169345700094
http://www.maneyonline.com/action/showLinks?pmid=12768736
http://www.maneyonline.com/action/showLinks?pmid=7581815&crossref=10.3109%2F10715769509064024&isi=A1995RL59900001
http://www.maneyonline.com/action/showLinks?pmid=7581815&crossref=10.3109%2F10715769509064024&isi=A1995RL59900001
http://www.maneyonline.com/action/showLinks?pmid=11513327&crossref=10.1007%2Fs004210100391&isi=000170122300014
http://www.maneyonline.com/action/showLinks?pmid=9588769&crossref=10.1111%2Fj.1600-0676.1998.tb00135.x
http://www.maneyonline.com/action/showLinks?pmid=10780936&isi=000086970200008
http://www.maneyonline.com/action/showLinks?pmid=10780936&isi=000086970200008
http://www.maneyonline.com/action/showLinks?pmid=7543284&crossref=10.1016%2F0167-4781%2895%2900084-T&isi=A1995RM12000005
http://www.maneyonline.com/action/showLinks?pmid=7543284&crossref=10.1016%2F0167-4781%2895%2900084-T&isi=A1995RM12000005

HBO in peripheral nerve repair and regeneration: E. C. Sanchez

204 YuY, Matsumaya Y, Yanase M, et al. Effects of hyperbaric oxygen
on GDNF expression and apoptosis in spinal cord injury.
Diausaiaaes 2004; 15: 2369-2373

205 Grunenfelder J, Miniati DN, Murata S, et al. Up-regulation of
BCL-2 through hyperbaric pressure transfection of TGF-betal
ameliorates ischemia-reperfusion injury in rat cardiac allografts.

2002; 21: 244-250

206 Jordan J, Cena V, Prehn JH. Mitochondrial control of neuron
death its role in neurodegenerative disorders. |GGG
2003; 59: 129-141

207 Tanaka S, Takehashi M, lida S, et al. Mitochondrial impairment
induced by poly (ADP-ribose) polymerase-1 activation in cortical
neurons after oxygen and glucose deprivation. s
2005; 95: 179-190

208 YuY, Matsumaya Y, Yanase M, et al. Effects of hyperbaric oxygen
on GDNF expression and apoptosis in spinal cord injury.

2004; 15: 2369-2373

209 Wu L, Pierce GF, Ladin DA, et al. Effects of oxygen on wound
responses to growth factors: Kaposi’s FGF but not basic FGF
stimulates repair in ischemic wounds. st 1995; 12:
29-35

210 Kang TS, Gorti GK, Quan SY, et al. Effect of hyperbaric oxygen on
the growth factor profile of fibroblasts. |
2004; 6: 31-35

211 Zhao LL, Davidson JD, Wee SC, et al. Effect of hyperbaric oxygen
and growth factors on rabbit ear ischemic ulcers. dughatutg 1994;
129: 1043-1049

212 Yang JT, Chang CN, Lee TH, et al. Hyperbaric oxygen treatment
decreases post-ischemic neurotrophin-3 mRNA down-regulation
in the rat hippocampus. piiigiaaas 2001; 12: 3589-3592

213 Yu WY, Shim SS. The effects of hyperbaric oxygen on nerve
regeneration: An experimental study in the femoral nerve of
rabbits. Present at the 5th International Congress on Hyperbaric
Medicine, 1973, Vancouver, BC, Canada

214 Zhao DW. [Therapeutic effect of hyperbaric oxygen on recovery
of surgically repaired peripheral nerve injury]. I -
ZaZhi 1991; 29: 118-120

215 Zamboni WA, Brown RE, Roth AC, et al. Functional evaluation of
peripheral-nerve repair and the effect of hyperbaric oxygenation.

1995; 11: 27-29

216 Bradshaw PO, Nelson AG, Fanton AG, et al. Effect of hyperbaric
oxygenation on peripheral nerve regeneration in adult male
rabbits. | NG 1996; 23: 107-113

217 Santos PM, Zamboni WA, Williams SL, et al. Hyperbaric oxygen

treatment after rat peroneal nerve transection and entubulation.
* 1996; 114: 424-434

218 Santos PM. A functional model system of a hypoxic nerve injury
and its evaluation. asneesesss 2000; 110: 845-853

198 Neurological Research, 2007, Volume 29, March

219

220

221

222

223

224

225

226

227

228

229

230

231

232

Haapaniemi T, Nylander G, Kanje M, et al. Hyperbaric oxygen
treatment enhances regeneration of the rat sciatic nerve.
Gianbiaugal 1998; 149: 433-438

Haapaniemi T, Nishiura Y, Dahlin LB. Functional evaluation after
rat sciatic nerve injury followed by hyperbaric oxygen treatment.

I 2002; 7: 149154
Haapaniemi T, Nishiura Y, Dahlin LB. Effects of hyperbaric

oxygen treatment on axonal outgrowth in sciatic nerve grafts in
ot R )/ 35: 7-1'

Nishiura Y, Haaapaniemi T, Dahlin LB. Hyperbaric oxygen
treatment has different effects on nerve regeneration in
acellular nerve and muscle grafts. | 2001; 6:
73-78

Tuma P, Jr, Dias MD, Arrunategui G, et al. Effect of

hyperbaric oxygen on the regeneration of experimental crush
injuries on nerves. “ 1999; 54:
81-84

Perez-Bolde A, Mendoza J, Sanchez EC. Hyperbaric oxygen
therapy in the peripheral nerve regeneration. Undersea Hyperb
Med (Suppl) 1999; 26: 39-40

Eguiluz R, Sanchez EC, Venegas A, et al. Effects of hyperbaric
oxygen on peripheral nerves. i NS 2 006; 118: 350
357

Chada SR, Hollenbeck PJ, Hollenbeck PJ. Mitochondrial move-
ment and positioning in axons: The role of growth factor
signaling. |nidaniigl 2003; 206: 1985-1992

Austin L, Watterson JG, Hearn MT. Regenerating neurons.
Changes in protein phosphorylation. jaiiissis 1992; 6:
87-93

Van Hooff CO, De Graan PN, Oestreicher AB, et al. B-50
phosphorylation and polyphosphoinositide metabolism in nerve
growth cone membranes. jphigeiasa 1988; 8: 1789-1795
Arteaga MF, Gutierrez R, Avila J, et al. Regeneration
influences expression of the Na™, K*-atpase subunit isoforms
in the rat peripheral nervous system. pissssesismes 2004; 129:
691-702

Gunther A, Manaenko A, Franke H, et al. Hyperbaric and
normobaric reoxygenation of hypoxic rat brain slices impact on
purine nucleotides and cell viability. i 2004; 45:
1125-1132

Gunther A, Manaenko A, Franke H, et al. Early biochemical and
histological changes during hyperbaric or normobaric reoxygena-
tion after in vitro ischaemia in primary corticoencephalic cell
cultures of rats. BeddeRas 2002; 946: 130-138

Holbach KH, Caroli A, Wassmann H. Cerebral energy metabo-
lism in patients with brain lesions at normo- and hyperbaric
oxygen pressures. Liaul 1977; 217: 17-30


http://www.maneyonline.com/action/showLinks?pmid=11446386&crossref=10.1046%2Fj.1529-8027.2001.01014.x&isi=000169510200002
http://www.maneyonline.com/action/showLinks?pmid=14649878&crossref=10.1007%2FBF03179878&isi=000186702600008
http://www.maneyonline.com/action/showLinks?pmid=12133602&crossref=10.1016%2FS0006-8993%2802%2902872-X&isi=000177886500014
http://www.maneyonline.com/action/showLinks?pmid=7714876&crossref=10.1055%2Fs-2007-1006507&isi=A1995QE38800005
http://www.maneyonline.com/action/showLinks?pmid=15640758&crossref=10.1097%2F00001756-200410250-00014&isi=000225141700014
http://www.maneyonline.com/action/showLinks?pmid=8649877&crossref=10.1016%2FS0194-5998%2896%2970213-9&isi=A1996UB28800012
http://www.maneyonline.com/action/showLinks?pmid=14732642&crossref=10.1001%2Farchfaci.6.1.31
http://www.maneyonline.com/action/showLinks?pmid=12756280&crossref=10.1242%2Fjeb.00263&isi=000183648600006
http://www.maneyonline.com/action/showLinks?pmid=9500969&crossref=10.1006%2Fexnr.1997.6745&isi=000072330600014
http://www.maneyonline.com/action/showLinks?pmid=11733717&crossref=10.1097%2F00001756-200111160-00043&isi=000172175000042
http://www.maneyonline.com/action/showLinks?pmid=2835451&isi=A1988N367200025
http://www.maneyonline.com/action/showLinks?pmid=11291353&crossref=10.1080%2F02844310151032439&isi=000167601000002
http://www.maneyonline.com/action/showLinks?pmid=11834353&crossref=10.1016%2FS1053-2498%2801%2900377-1&isi=000173664100007
http://www.maneyonline.com/action/showLinks?pmid=15380622&crossref=10.1016%2Fj.neuint.2004.06.013&isi=000224437400001
http://www.maneyonline.com/action/showLinks?pmid=1864185
http://www.maneyonline.com/action/showLinks?pmid=1864185
http://www.maneyonline.com/action/showLinks?pmid=10668277
http://www.maneyonline.com/action/showLinks?pmid=16181422&crossref=10.1111%2Fj.1471-4159.2005.03353.x&isi=000231801000017
http://www.maneyonline.com/action/showLinks?pmid=75249&crossref=10.1007%2FBF00316313&isi=A1977EF56400003
http://www.maneyonline.com/action/showLinks?pmid=8840479&isi=A1996UY28500006
http://www.maneyonline.com/action/showLinks?pmid=16874201&crossref=10.1097%2F01.prs.0000227666.64552.81&isi=000239674900011
http://www.maneyonline.com/action/showLinks?pmid=8527161&crossref=10.3109%2F08977199509003211&isi=A1995RN61700004
http://www.maneyonline.com/action/showLinks?pmid=10807363&crossref=10.1097%2F00005537-200005000-00014&isi=000086891400014
http://www.maneyonline.com/action/showLinks?pmid=7944933&crossref=10.1001%2Farchsurg.1994.01420340057010&isi=A1994PL49300010
http://www.maneyonline.com/action/showLinks?pmid=1476677&crossref=10.1007%2FBF02780545&isi=A1992KB78300002
http://www.maneyonline.com/action/showLinks?pmid=12365562&crossref=10.1046%2Fj.1529-8027.2002.02021.x&isi=000178254000003
http://www.maneyonline.com/action/showLinks?pmid=15640758&crossref=10.1097%2F00001756-200410250-00014&isi=000225141700014
http://www.maneyonline.com/action/showLinks?pmid=15541890&crossref=10.1016%2Fj.neuroscience.2004.08.041&isi=000225511000018

