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Abstract

BACKGROUND: Peripheral nerve damage mainly resulted from traumatic or infectious causes; the main signs of a

damaged nerve are the loss of sensory and/or motor functions. The injured nerve has limited regenerative capacity and is

recovered by the body itself, the recovery process depends on the severity of damage to the nerve, nowadays the use of

stem cells is one of the new and advanced methods for treatment of these problems.

METHOD: Following our review, data are collected from different databases ‘‘Google scholar, Springer, Elsevier,

Egyptian Knowledge Bank, and PubMed’’ using different keywords such as Peripheral nerve damage, Radial Nerve,

Sciatic Nerve, Animals, Nerve regeneration, and Stem cell to investigate the different methods taken in consideration for

regeneration of PNI.

RESULT: This review contains tables illustrating all forms and types of regenerative medicine used in treatment of

peripheral nerve injuries (PNI) including different types of stem cells ‘‘ adipose-derived stem cells, bone marrow stem

cells, Human umbilical cord stem cells, embryonic stem cells’’ and their effect on re-constitution and functional recovery

of the damaged nerve which evaluated by physical, histological, Immuno-histochemical, biochemical evaluation, and the

review illuminated the best regenerative strategies help in rapid peripheral nerve regeneration in different animal models

included horse, dog, cat, sheep, monkey, pig, mice and rat.

CONCLUSION: Old surgical attempts such as neurorrhaphy, autogenic nerve transplantation, and Schwann cell

implantation have a limited power of recovery in cases of large nerve defects. Stem cell therapy including mesenchymal

stromal cells has a high potential differentiation capacity to renew and form a new nerve and also restore its function.
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Abbreviations

CNS Central nervous system

NCS Neural stem cells

PNI Peripheral nerve injuries

GMSCs Gingival-derived mesenchymal stem cells

MSCS Mesenchymal stem cells

bFGF Basic fibroblast growth factor

BMSCS Bone marrow mesenchymal stem cells

GDNF Glial cell line-derived neurotrophic factor

ADSCs Adipose-Derived Stem Cells

NGF Nerve growth factor

OECs Olfactory ensheathing cells
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NTF3 Neurotrophin 3

BDNF Brain-derived neurotrophic factor

PCL Polycaprolactone nerve conduit

GDNF Glial cell-derived neurotrophic factor

AdBMP7 Gene transfer of adenoviral bone

morphogenetic proteins

PGA Poly glycolic acid

1 Introduction

Traumatic affections of peripheral nerves were the most

common serious problems leading to a long-lasting dis-

ability including sensory and motor dysfunction, neuro-

pathic pain, muscle atrophy, and even limitation of life [1].

Sciatic, peroneal, tibia, brachial plexus, and radial nerves

were the most commonly affected peripheral nerves [2].

The radial nerve is the largest nerve of the brachial

plexus supplying all extensors of carpal and digit and even

sensation of dorsal region of carpus and digit, its injury

occurs as a result of drag, transaction, pressurization,

vehicle accident that leads to a complete humeral fracture

and also local injections of some drugs [3].

Sciatic nerve is the thickest nerve in the whole body and

it is considered the main direct continuation of lumbosacral

plexus, descending as distal as the heel of the foot, supplies

several muscles in the leg and even sensation of most skin

of the lower leg [4–6]. Sciatic injuries were commonly

caused by compression, stretching or traction, laceration,

crushing, and also pelvic fracture [1].

Central nervous system (CNS) has no tendency to heal,

while peripheral nerve repair is limited, and complete

recovery doesn’t occur in most critical conditions.

Repairing mechanism is a complex of several pathological

interactions such as neuronal and axonal regeneration,

Wallerian degeneration, production of inflammatory

cytokines, and neurotrophic factors from Schwan cells [7].

Traditionally, Peripheral nerve injuries (PNI) have been

managed surgically either by end-to-end or end-to-site

anastomosis. Nerve auto-grafting in long nerve defects was

considered the gold standard for management of PNI but

has some restrictions for obtaining donor nerve, donor –

nerve infection, and neuroma formation [4]. Schwan cell

auto transplantation has two major disadvantages including

a long time for in vitro growth and culture and also the

additional damage to donors [8].

Besides the disadvantages of the previous traditional

methods, they don’t achieve full nerve recovery and a

satisfactory result has not been obtained. Nowadays,

medicine is directed to tissue engineering to solve most

regardless cases of nerve dysfunction, organ failure, and

end-stage disease [7]. Transplantation of allogenic Schwan

cells together with a nerve scaffold helps in provoking

therapeutic nerve repair and become an applicable method

in human cases [4].

Mesenchymal stem cells (MSCS) are multi-potent,

plastic, un-differentiated cells that can be obtained from

several body sources such as bone marrow, adipose tissue,

amniotic membrane, dental pulp, and umbilical cord [9].

MSCS transplantation has proved a successful progress in

repairing most damaged tissues and this capacity came

from their self-renewal, fast-proliferation, and multi-potent

differentiation [8]. Bone marrow mesenchymal stem cells

(BMSCS) promote nerve repair through synthesis of neu-

rotrophic factors such as‘‘ nerve growth factor (NGF),

brain-derived neurotrophic factor (BDNF), neurotrophin 3

(NTF3), and glial cell-derived neurotrophic factor (GDNF)

’’. The BMSCS isolation is considered an invasive tech-

nique with a low number of harvested cells to enhance

proliferation and differentiation [8]. So, trials are directed

toward adipose-derived stem cells which have the same

phenotype and genotype regeneration power as BMSCS

but rejoice by other features as it can be easily obtained

from any fat-rich source, its low immunogenicity, and its

faster proliferation than BMSCS [10].

Nerve guidance conduits are tubular structures that can

be used for bridging and regeneration of nerve gap defects

when injected with extracellular matrix proteins (ECM),

growth factors, or supporting cells when autografting is

limited due to donor availability [11–13]. There were dif-

ferent kinds of artificial nerve conduits such as chitosan,

collagen, and poly (DL-lactide-e-caprolactone) and they

are considered the most commonly and frequently used in

research studies [14, 15].

The properties of the ideal nerve conduits were good

biodegradability and biocompatibility within the tissue,

better porosity and permeability for drug release, and low

immunogenicity and toxicity for the body. These charac-

teristics facilitate neural regeneration and stimulate axonal

remyelination at the site of injury [16, 17]. In our review,

we demonstrate various nerve conduits used for the repair

of nerve injury and the potential effect of each type in

peripheral nerve regeneration.

ADSCs are pluripotent adult stem cells, obtained from

any fat-rich sources that had the properties of rapid pro-

liferation and multi-lineage differentiation into osteoblasts,

chondrocytes, and adipocytes as BMSCs, but it differs in

their higher intensity in fatty tissue after isolation, so it

takes a shorter period for tissue regeneration than BMSCs.

ADSCs have low immunogenicity power and are rarely

rejected by the recipients [8, 18, 19].

BMSCs are another multipotent adult mesenchymal

stem cells that can be easily obtained through aspiration of

bone marrow. They can differentiate into bone, cartilage,

and fat cells and present neural or glial markers typical of

Schwann cells in several neurodegenerative diseases.
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However, they have low proliferation power than embry-

onic stem cells and a more invasive method than ADSCs as

they require anesthesia in addition to their low cell count

after isolation regarding other types of stem cells [20–22].

EPCs (Endothelial progenitor cells or umbilical cord

mesenchymal stem cells) are proliferative cells produced

from fetal tissue after birth with no invasive procedure to

the donor or patient and are also available in cell banks.

They can be easily and ethically obtained compared with

embryonic or bone marrow stem cells, so they are usually

preferred over other types. The proliferation capacity and

differentiation power of umbilical cord mesenchymal stem

cells are proved to be higher when compared with bone

marrow mesenchymal stem cells [18, 23, 24].

2 Material and method

Our review collected from different databases focusing on

research investigating the different treatment strategies of

peripheral nerve injuries including therapeutic medicines,

nerve conduits, and different types of stem cells in different

animal models (rat, mice, rabbit, cat, dog, monkey, pig and

sheep hoping that these trials can be used as an ‘‘off-shelf’’

medicine in human and animal application.

3 Result

3.1 Peripheral nerve injury (PNI)

Stretch-related injuries are the most common and frequent

type of PNI, and their etiology is usually inherited where

the nerve nature is very elastic due to its collagenous

endoneurium. The nerve injury occurs when it is exposed

to a force exceeding its strength and when this force is high

enough may result in a full disruption of nerve continuity

as in brachial plexus avulsion. Stretch-related injuries

occur in the case of nerves that are anatomically related to

bones as radial nerve paralysis in complete humeral frac-

ture [25].

The second common type is laceration injuries, which

represent about 30% of serious cases, whereas a complete

cutting of the nerve or parts from it occurs. This type is

mostly involved in research because it is easier to be per-

formed [26].

The third type of PNI is nerve compression which may

be induced either by mechanical deformation or ischemia.

The most severe form of this type is related to complete

disruption of the action potential without any tearing or

transection of nerve fibers. So, researchers confused about

the pathophysiology of this type either is due to external

pressure applied on the nerve or due to induced ischemia

especially since there is no, or little histological evidence

reported in this type. ‘‘Saturday Night palsy’’ due to radial

nerve compression was documented and ultra-structural

studies showed myelin and axoplasm dis-positioning and

nerve fibers degeneration at the compression site more

severe than in areas away from the compression [27].

3.2 Nerve injury classification and grading

Seddon divided nerve injuries by severity into three broad

categories: neurapraxia, axonotmesis, and neurotmesis.

Neurapraxia is the simplest form of injury with a mild

interruption in nerve impulse conduction, but the continuity

of the nerve is not affected. So, it is a transient condition

with varying recovery periods. Axonotmesis means dis-

continuity in axon and myelin sheath with damaged

endoneurium and perineurium. Neurotmesis involves dis-

connection of a nerve with loss of nerve function and

recovery without surgical intervention does not usually

occur because of scar formation and the loss of the mes-

enchymal guide that properly directs axonal regrowth [28].

Sunderland’s classification system further re-classifies

three injury types described by Seddon into five categories

depending on the severity of the damage as shown in

Table 1 A first-degree injury is equivalent to Seddon’s

neurapraxia, and a second-degree injury is equivalent to

axonotmesis. Third-degree nerve injuries occur when there

is disruption of the axon (axonotmesis with partial loss in

endoneurium). Seddon’s neurotmesis represents fourth-

and fifth-degree injuries in Sunderland’s classification. In a

fourth-degree injury, all parts of the nerve are damaged

except the epineurium. Five-degree injury is the most

severe form in which there is complete dis-connection of

the nerve [29].

3.3 Neuropathology and mechanism of injury

The peripheral nerve trunk is mainly composed of several

nerve fascicles and is surrounded by its connective tissue

sheath known as epineurium. Each fascicle consists of

groupings of nerve axons entrapping within the endo-

neurium sheath while the nerve fascicles are surrounded by

a different type of sheath called perineurium. The orien-

tation of fibers in each sheath differs from each other, the

perineurium and epineurium are circular but the endo-

neurium is longitudinally aligned. Many blood capillaries

are distributed within the epineural sheath and give col-

lateral minor vessels to supply the endoneurial sheath

through the perineurium. This vascularization system can

aid in introducing a secondary injury to the nerve when

expose to severe compression leading to vascular edema

causing additional pressure on the nerve structure and

contribute to nerve trauma [30].
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There are various mechanisms for applying pressure on

the nerve and succeeding in nerve injury. Compression of

vascular capillaries supplying peripheral nerve when the

nerve runs through a narrow anatomical position causes

ischemia to the nerve and is categorized as grade 1 injuries

or neuropraxia. Traumatic compression by a blunt object as

surgical forceps or clamps to an extended period without

nerve cutting is usually categorized as a crush injury.

Laceration by a knife, gunshot, or glass piece led to the

discontinuation of the nerve known as neurotmesis [31].

Sciatic and radial nerve damage may be occurred after

intra-muscular injection due to the harmful effect of the

injected drug, or the physical trauma caused by in correct

method of injection by a less experienced person resulting

in sever trouble shock in sensation and may extend to a

motor dysfunction [32].

3.4 Neural response to injury

A series of degenerative cascades occur after nerve injury

which is considered a direct precursor to regeneration. The

extent of regeneration is primarily influenced by the degree

of initial damage and subsequent degenerative changes. In

first-degree, there is only a conduction block and no true

degeneration or regeneration; pathological changes are

mild or nonexistent. In the second degree, a calcium-me-

diated process known as Wallerian (or anterograde)

degeneration occurs distal to the injury site with little

histological change at the injury site or nearby [33].

In third-degree injuries (intra fascicular injuries), a sig-

nificant trauma-induced local reaction displaces. The

elastic endoneurium retracts the ends of severed nerve

fiber. Hemorrhage and edema from local vascular trauma

cause a strong inflammatory response. The injured segment

develops a dense fibrous scar as fibroblasts multiply, which

results in fusiform swelling (neuroma) and additional per-

ineural scar tissue [25].

3.5 Treatment strategies involved in PNI

In recent years, most candidates are directed to advanced

alternative medicines in manipulation of PNI cases instead

of previous old surgical interventions like end-to-end

anastomosis, donor nerve transplantation, allografting of

various types of nerve grafts like vein allograft, and

implantation of Schwann cell in the injury site. The recent

treatment strategies included different types of stem cells

and nerve conduits.

3.5.1 Adipose-derived stem cells (ADSCs)

The ADSCs can be easily harvested from any fat tissue

source with no harmful effect and resulted in a high

number of cells with very fast culturing and harvesting

techniques. It has a good restoration of functional assess-

ment of nerve physiology [34].

3.5.2 Bone marrow stem cells (BMSCs)

Mesenchymal stem cells (MSCs), in particular BMSCs,

have been demonstrated to be the greatest candidate for

regenerating neural tissues. They could rapidly transform

into axons and Schwann cells with little immunogenicity

and effective immune regulation. They are extremely

proliferative and can change into multiple tissue lineages

[35].

Table 1 Classification of nerve injury according to Sunderland and Seddon (1943)

Sunderland Process Seddon

Classification of nerve injury

First degree

‘‘G1’’

Slight contusion on the nerve results in an interruption in transmission of impulse Although the whole anatomy

of neuron remains the same, the affected region suffered from a reduction in impulse transfer. Recovery from

this type takes place within 3 months [5], or 3-6 weeks [6] ‘‘Segmental demyelination’’

Neuropraxia

Second degree

‘‘G2’’

Damage to axon with removal of Wallerian sheath but Schwan cell & endoneurium still intact Axontmesis

Third degree

‘‘G3’’

Endoneurium is partially compressed but perineurium and epineurium are still intact Axontmesis

Fourth degree

‘‘G4’’

Endoneurium and perineurium are damaged but epineurium is still intact Neurotmesis

Fifth degree

‘‘G5’’

Complete anatomical disruption in nerve continuity, with fibrous tissue proliferation, damaged endoneurium,

perineurium, and epineurium & no nerve recover [5]

Neurotmesis
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3.5.3 Umbilical cord stem cells (Endothelial progenitor

cells)

Schwann cells, brain cells, and axons can all be produced

by umbilical cord stem cells (hematopoietic stem cells).

Their results are quite encouraging, and positive outcomes

have been noted but it needs tissue banks [36].

3.5.4 Nerve conduits

A nerve guidance conduit (artificial nerve conduit or arti-

ficial nerve graft) is an artificial means of guiding axonal

regrowth to facilitate nerve regeneration and it’s one of

several clinical treatments for nerve injuries. Examples:

Collagen nerve conduit, silicone tube, chitosan/fibroin-

based nerve scaffold, polycaprolactone nerve conduit

(PCL), Silk fibroin -based nerve graft, and polyglycolic

acid (PGA) conduit. Using stem cells alone without a

guiding material as a nerve graft conduit does not aid in

bridging the nerve to re-construct again so most recent

research are used these innovative alternatives as a

promising guide for cell transplantation [37].

3.5.5 Current progress strategies

Recently, miscellaneous types of stem cells and growth

factors have been used to produce efficient results in a

limited time either alone or with different types of conduits

together. Olfactory ensheathing cells (OECs), Autologous

dermal fibroblasts, neural stem cells (NCS), Gingival

derived mesenchymal stem cells (GMSCs), basic fibroblast

growth factor (bFGF), glial cell line-derived neurotrophic

factor (GDNF) and gene transfer of adenoviral bone mor-

phogenetic proteins (AdBMP7) have been conducted in

recent studies [18, 38–42] (Table 2).

3.6 Animal models of PNI regeneration

Most of the candidates in research had resorted to using

animal models to help in the modification of the ideal

method of treatment to be applied in human therapy

strategies in many urgent cases. Rodents are less similar to

human immune system, while dogs, cats, swine, sheep, and

non-human primates are considered the most volunteers in

resembling the human body physiology and ideal to be

used to obtain the best evaluation of functional recovery

[62].

Concerning experimental studies using rodents as an

animal model, we investigate 58 research demonstrate

different treatment strategies like using adipose stem cells,

bone marrow stem cells, neural crest stem cells, and other

types of mesenchymal stem cells also application of vari-

ous kinds of nerve conduit as ANA conduit, NeuraWrapTM,

fibrin gel conduit and also administration of many drugs

help in improving nerve recovery as alfa-lipoic acid, cur-

cumin, Zofenopril, dexamethasone and methyl cobalamin

(MeCbl). Induction of injury is either done by crushing

using surgical clump or forceps, or by a transaction of a

piece of nerve and filling the gap formed in between the

two stumps by conduit material. The follow-up period is

differed according to many factors like weight, age, spe-

cies, and also the methods of evaluation used are confined

to behavioral analysis as a sciatic functional index, elec-

trophysiological parameters, histopathological analysis,

fluorogold retro-tracing assessment, electron microscope,

and gene expression by real-time PCR, Figs. 1, 2 and 3

summarized the different regenerative strategies and ani-

mal models used in PNI.

In canine studies, different types of mesenchymal stem

cells were used to heal the most affected nerves such as

radial in the forelimb and sciatic in the hindlimb. Other

methods as autografting of nerve after removal, application

of nerve guidance conduit, and injection of nerve growth

factors and extra-cellular vesicles are also used. Clinical

evaluations were conducted by using histopathology,

immunohistochemistry, and functional assessment either

motor or sensory. The result was obtained by comparison

to control group animals in each parameter and many

studies were compared to autografting as considered the

ideal technical approach in nerve quality healing.

In feline studies, only two research had reported in the

peripheral nerve injury model and approach to treatment by

grafting normal body tissue like venules or a synthetic

sponge material had proved that nerve recovery after

implantation was better unless untreated.

In pigs, rabbits, monkeys, and sheep, most of the

research was found helpful in manipulation of nerve injury

by using stem cell therapy together with nerve grafting

after several types of nerve injuries. So, nowadays after all

of these articles, there is no difficult way to apply any of

these modern approaches when facing different types of

nerve injuries by backing and following up the newest

published articles.

3.7 Effect of animal models in the direction

of research study in PNI

Regarding the animal that can be selected according to the

effect of different therapeutic methods on an injured nerve,

each animal has its point of selection. Murine species (rats

and mice) are the most frequently used on a small animal

scale, they are considered more economic, easily handled,

housed, and investigated in large groups that became more

accurate and representative, although, the gap applied in

this species (almost not exceed 10 mm) which is relatively

shorter than those of a human gap, also suspected time for
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Table 2 Illustrates the pros and cons of each type of stem cells

Type of

cells

Pros Cons References

ESCs 1-In vitro-differentiation of various neuronal phenotypes

as astrocytes and oligodendrocytes that closely resemble

the in vivo mature cells.

1-Ethical considerations related to their harvesting

and acquisition

[43–48]

2-Ability to form normal motor neurons, intact axons, and

new neuromuscular junction in a degenerated muscle due

to nerve injury

2-High incidence of teratoma formation after

implantation ‘‘tumorigenic cells’’

3-The newly differentiated cells can produce motor neuron

markers and arrest muscle atrophy through cholinergic

termination

3-Can be easily rejected from the body as not

considered autologous cells and must be injected

with immunosuppressive drugs

NSCs 1-Excellent and good differentiation of neural stem cells

into Schwann-like cells that able to bridge gap defects in

PNS

1-Difficult to be harvested [34, 45, 49, 50]

2-The differentiated cells from neural precursors cells are

functional and express motor neuron markers of

Acetylcholinesterase and extended axons in the

degenerated muscle.

2-The count of cells is not high after harvesting

3-Possible damage to the donor nerves used for

isolation

3-The neurons differentiated from stem cells can produce

synaptophysin that enhances neuronal activity

4-Not reliable in cases of trauma of nerves

BMSCs 1-Easily harvested through bone marrow aspiration with

no ethical problems

1-Relatively considered more invasive method for

auto-transplantation

[34–36, 48, 51]

2-Multi-lineage differentiation capacity 2-Cell yield not high enough for implantation after

isolation and need for further expansion and

culturing
3-Secrete neurotrophic factors for regeneration

4-The most commonly used in stem cells-based studies

5-Low immunogenicity and better expansion for auto-

transplantation

ADSCs 1-Easier isolation and expansion Not accessible in the skinny body for auto-

transplantation

[52–54]

2-Harvested in more abundance than BMSCs

3-Low invasive technique than BMSCs

4-Better proliferation and differentiation

5-Preferred by authors over others for their easier

manipulation and handling

6- Fast culturing properties

HUCSCs 1-Easily obtained from fetal tissues after birth and not

ethically limited

Limited availability of fetal sources if not banked

earlier

[34, 36, 55]

2-Good proliferation and differentiation properties

3-Decrease the inflammatory response after injury and aid

in nerve regeneration

SKP-SCs 1-Can be differentiated into neural crest precursors cells

that have the properties of Schwann-like cells and

produce s-100 protein and myelin basic protein that

trigger neurogenesis

Technical difficulties related to their slow growth

and culturing into Schwan cells ‘‘practically no

reliable’’

[56–58]

HAFSCS 1-Have the properties of both mesenchymal and neural

stem cells

Ethical consideration [48, 59, 60]

2-Anti-apoptotic and anti-inflammatory activities

3-Enhance myelination and axonal growth when injected

with hyperbaric oxygen

MDSPCs 1-Multilineage differentiation Not broadly used in research basic studies [56, 61]

2-Stimulate neuronal regeneration through multiple growth

factors secreted from them

3-Ability to link between myogenesis and neurogenesis

3- High survival capacity under hypoxic and oxidative

stress factors
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complete healing is very short compared to human nerve

injuries. ultrasonography required for following up the

improvement cascade was almost difficult to be applied

besides the genomic material of this species being lower

than that of human beings [63, 64].

Canine and feline species are considered heavily

weighted animals. Their weight helped in typical clinical

signs of peripheral nerve injuries such as knuckling syn-

drome in sciatic neuropathy, so facilitate follow-up of the

case and the degree of improvement. In addition, this

species is relatively more similar to human genomic basis

and produces more representative outcomes after a certain

period of treatment. On the other hand, this species has an

ethical problem with its use in research studies, they

require high cost for purchase, housing, and care during the

experimental period and the availability is limited in cer-

tain countries [65, 66].

Rabbits are one of the most commonly used animal

models in nerve regeneration studies and their gaps are

near to those that occur in humans, but they have a high

cost of purchasing and housing, also they need an intense

care system. Rabbits’ life is short, they rarely exceed five

months, so this period is not enough for large gap stud-

ies.large animal models like pigs, sheep, equine, and non-

human primates are limited in experimental studies due to

their very high-cost, difficult housing, care, and, evaluation

of the study, However, the absolute similarity between

human and non-human primates became a promising

Table 2 continued

Type of

cells

Pros Cons References

OECs 1-Have the ability to self-renew into Schwann cells and

produce neural growth factors ‘‘neurotrophic effect’’

Difficult harvest from the olfactory bulb [8, 34]

2-Establish channels for newly formed axons and remove

dead ones through phagocytosis ‘‘neuroprotective effect’’

ESCs ‘‘embryonic stem cells’’, NSCs ‘‘neural stem cells’’, BMSCs ‘‘bone marrow stem cells’’, ADSCs ‘‘adipose derived stem cells’’, HUCSCs

‘‘human umbilical cord stem cells’’, SKP-SCs ‘‘skin-derived precursor stem cells’’, MDSPCs ‘‘Muscle-derived stem/progenitor cells’’, OECs

‘‘Olfactory Ensheathing Cells’’

Fig. 1 Summary of

regenerative strategies involved

in PNI
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challenge for testing the appropriate methods and efficacy

of treatment strategies before applied in human

being.[67–69].

The choice of an appropriate animal model in future

research studies depends on the direction of research goals

and ideas. Rats and mice will remain the most commonly

used models in research studies for their advantages men-

tioned above, However, human injury defects can be rep-

resentative by large models such as dogs and monkeys that

are limited as their high-cost issues and ethical concerns.

So, according to the aims of the designed study and the

outcome expected to be obtained, the authors are directed

to their best choice of the animal model.

3.8 Some clinical trials reported in pni using stem

cell therapy

Although several research studies investigate the stem cell

protocol in the treatment of animal models undergoing

peripheral nerve damage, however in most vet clinic cases

using these technologies remains almost rare. But there

were various cases documented in human using these trials.

A study was conducted by the University of Miami, Flor-

ida, United States, they used autologous human Schwan

cells augmentation in several nerve injuries (ClinicalTri-

als.gov Identifier: NCT05541250). Another study was

presented by Zhang Peixun, Department of Orthopedics

and Trauma, Peking University People’s Hospital, they

investigate the Mid-term clinical effect of biodegradable

conduit small gap tubulation to repair peripheral nerve

injury in multi-center (ClinicalTrials.gov Identifier:

NCT03359330).

3.8.1 Future prospectives of stem cell therapy in PNI

Several studies have proved that stem cell-based therapy

has the potential to induce nerve regeneration and axonal

remyelination, but they differ in their preference for which

type performs the greatest and the highest efficacy. Seyed-

Forootan et al., 2019 showed that ADSCs and BMSCs have

the greatest power of neural regeneration among other

types of stem cells and added that BMSCs are the best

choice in this filed [34]. On the other hand, Dadon-Nachum

Fig. 2 Animal models used in

PNI

Fig. 3 Numbers of trials used stem cells and other therapeutic

methods
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et al., 2011 recommended that Stem cells obtained from

bone marrow, adipose tissue, amniotic fluid, and hair fol-

licles are the most commonly used types. Recently stem

cells were used with growth factors such as PRP, glial cell

line-derived neurotrophic factor, and basic fibroblast

growth factor, more over medicine nowadays was directed

to the use of extracellular vesicles of stem cells (exosomes)

that help in providing a favorable microenvironment for

peripheral nerve regeneration via mediating axonal growth

and regulate inflammatory cascade after injury. Overall, we

believed that stem cell therapy became an accessible rou-

tine in the treatment strategy of different kinds of PNI and

is considered the better regenerative medicine for the

improvement of traditional old therapeutic interventions.

4 Conclusion

Peripheral nerve injuries had a limited regeneration

capacity particularly when the nerve gap exceeds the pos-

sible degree of extend, the nerve axon couldn’t be able to

reconstruct a new nerve tissue so maintenance of the

Peripheral nerve’s proper functionality after injury

becomes an intractable challenge for clinical researchers.

Nowadays, most of the clinical trials involved in treatment

of this PNI are directed to different types of mesenchymal

stem cell therapies as an alternative to nerve neurorrhaphy

to obtain high-quality healed nerve tissue. In our review,

we conclude that nerve grafting applications together with

stem cells alone or with other growth factors have the best

scoring of nerve repairing capacity. After that, the use of

nerve conduit alone came later to help Schwan cell in

building of new axons and enhance the reverse of Welle-

rian degeneration. However, other techniques like systemic

injection of therapeutic medicine such as nerve tonics and

natural antioxidants gave good results in much research

and opened a way to interpose in this innovated medicine

(Tables 3–8).
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24. Gärtner A, Pereira T, Simões MJ, Armada-da-Silva PA, França

ML, Sousa R, et al. Use of hybrid chitosan membranes and

human mesenchymal stem cells from the Wharton jelly of

umbilical cord for promoting nerve regeneration in an axo-

notmesis rat model. Neural Regen Res. 2012;7:2247.

25. Burnett MG, Zager EL. Pathophysiology of peripheral nerve

injury: a brief review. Neurosurg Focus. 2004;16. E1. https://

doi.org/10.3171/foc.2004.16.5.2.

26. Jacques L, Kline D. Response of the peripheral nerve to physical

injury. In: Crockard A, Hayward R, Hoff JT, editors. Neuro-

surgery: The Scientific Basis of Clinical Practice, vol. 1. Lon-

don: Blackwell; 2000. p. 516–25.

27. Ochoa J, Fowler T, Gilliatt RW. Anatomical changes in

peripheral nerves compressed by a pneumatic tourniquet. J Anat.

1972;113:433.

28. Seddon H. Three types of nerve injury. Brain. 1943;66:237–88.

29. Sunderland S. Nerves and nerve in juries. Edinburgh: E& S

Livingstone Ltd; 1968.

30. Sunderland SS. The anatomy and physiology of nerve injury.

Muscle Nerve Official J Am Assoc Electrodiagn Med.

1990;13:771–84.

31. Zochodne D, Levy D. Nitric oxide in damage, disease and repair

of the peripheral nervous system. Cell Mol Biol (Noisy le Grand,

France). 2005;51:255–67.

32. Seddighi A, Nikouei A, Seddighi AS, Zali AR, Tabatabaei SM,

Sheykhi AR, et al. Peripheral nerve injury: a review article. Int

Clin Neurosci J. 2016;3:1–6.

33. Waller AV. XX Experiments on the section of the glossopha-

ryngeal and hypoglossal nerves of the frog, and observations of

the alterations produced thereby in the structure of their primi-

tive fibres. Philos Trans Royal Soc London. 1850;140:423–9.

34. Seyed-Forootan K, Karimi A-M, Karimi H, Jafarian A-A,

Seyed-Forootan N-S, Ravari FK Nerve regeneration and stem

cells. Biom J Sci Tech Res. 2019;18:13540–5.

35. Shi G, Hu Y. Research Progress in Seeding Cells of Peripheral

Nerve. Sheng wu yi xue Gong Cheng xue za zhi J Biomed Eng

Shengwu Yixue Gongchengxue Zazhi. 2015;32:470–4.

36. Frausin S, Viventi S, Falzacappa LV, Quattromani MJ, Leanza

G, Tommasini A, et al. Wharton’s jelly derived mesenchymal

stromal cells: Biological properties, induction of neuronal phe-

notype and current applications in neurodegeneration research.

Acta Histochem. 2015;117:329–38.

37. Wu X, Ren J, Li J. Fibrin glue as the cell-delivery vehicle for

mesenchymal stromal cells in regenerative medicine. Cytother-

apy. 2012;14:555–62.

38. Ide C, Tohyama K, Tajima K, Endoh K-i, Sano K, Tamura M,

et al. Long acellular nerve transplants for allogeneic grafting and

the effects of basic fibroblast growth factor on the growth of

regenerating axons in dogs: a preliminary report. Exp Neurol.

1998;154:99–112.

39. Tan C, Ng M, Ohnmar H, Lokanathan Y, Nur-Hidayah H, Roohi

S, et al. Sciatic nerve repair with tissue engineered nerve:

Olfactory ensheathing cells seeded poly (lactic-co-glygolic acid)

conduit in an animal model. Ind J Orthop. 2013;47:547–52.

40. Jones I, Novikova LN, Novikov LN, Renardy M, Ullrich A,

Wiberg M, et al. Regenerative effects of human embryonic stem

cell-derived neural crest cells for treatment of peripheral nerve

injury. J Tissue Eng Regen Med. 2018;12:e2099–109.

41. Mitsuzawa S, Ikeguchi R, Aoyama T, Takeuchi H, Yurie H, Oda

H, et al. The efficacy of a scaffold-free Bio 3D conduit devel-

oped from autologous dermal fibroblasts on peripheral nerve

regeneration in a canine ulnar nerve injury model: a preclinical

proof-of-concept study. Cell Transplant. 2019;28:1231–41.

42. Zhang Q, Burrell JC, Zeng J, Motiwala FI, Shi S, Cullen DK,

et al. Implantation of a nerve protector embedded with human

GMSC-derived Schwann-like cells accelerates regeneration of

crush-injured rat sciatic nerves. Stem Cell Res Ther.

2022;13:263.

43. Erb DE, Mora RJ, Bunge RP. Reinnervation of adult rat gas-

trocnemius muscle by embryonic motoneurons transplanted into

the axotomized tibial nerve. Exp Neurol. 1993;124:372–6.

44. Thomas CK, Sesodia S, Erb DE, Grumbles RM. Properties of

medial gastrocnemius motor units and muscle fibers reinner-

vated by embryonic ventral spinal cord cells. Exp Neurol.

2003;180:25–31.

45. MacDonald SC, Fleetwood IG, Hochman S, Dodd JG, Cheng

GK, Jordan LM, et al. Functional motor neurons differentiating

from mouse multipotent spinal cord precursor cells in culture

and after transplantation into transected sciatic nerve. J Neuro-

surg. 2003;98:1094–103.

46. Deshpande DM, Kim YS, Martinez T, Carmen J, Dike S, Shats

I, et al. Recovery from paralysis in adult rats using embryonic

stem cells. Ann Neurol. 2006;60:32–44.

Tissue Eng Regen Med (2023) 20(6):839–877 873

123

https://doi.org/10.3171/foc.2004.16.5.2
https://doi.org/10.3171/foc.2004.16.5.2


47. Craff MN, Zeballos JL, Johnson TS, Ranka MP, Howard R,

Motarjem P, et al. Embryonic stem cell–derived motor neurons

reserve muscle after peripheral nerve injury. Plast Reconstr

Surg. 2007;119:235–45.

48. Dadon-Nachum M, Melamed E, Offen D. Stem cells treatment

for sciatic nerve injury. Expert Opin Biol Ther. 2011;11:1591–7.

49. Gao J, Coggeshall RE, Chung JM, Wang J, Wu P. Functional

motoneurons develop from human neural stem cell transplants

in adult rats. NeuroReport. 2007;18:565–9.

50. Murakami T, Fujimoto Y, Yasunaga Y, Ishida O, Tanaka N,

Ikuta Y, et al. Transplanted neuronal progenitor cells in a

peripheral nerve gap promote nerve repair. Brain Res.

2003;974:17–24.

51. Wakao S, Matsuse D, Dezawa M. Mesenchymal stem cells as a

source of Schwann cells: their anticipated use in peripheral

nerve regeneration. Cells Tissues Organs. 2014;200:31–41.

52. Santiago LY, Clavijo-Alvarez J, Brayfield C, Rubin JP, Marra

KG. Delivery of adipose-derived precursor cells for peripheral

nerve repair. Cell Transplant. 2009;18:145–58.

53. Erba P, Mantovani C, Kalbermatten DF, Pierer G, Terenghi G,

Kingham PJ. Regeneration potential and survival of transplanted

undifferentiated adipose tissue-derived stem cells in peripheral

nerve conduits. J Plast Reconstr Aesthet Surg. 2010;63:e811–7.

54. di Summa PG, Kingham PJ, Raffoul W, Wiberg M, Terenghi G,

Kalbermatten DF. Adipose-derived stem cells enhance periph-

eral nerve regeneration. J Plast Reconstr Aesthet Surg.

2010;63:1544–52.

55. Passier R, Mummery C. Origin and use of embryonic and adult

stem cells in differentiation and tissue repair. Cardiovasc Res.

2003;58:324–35.

56. Him A, Onger M, Delibas B. Peripheral nerve regeneration and

stem cell therapies. Sakarya Tıp Dergisi. 2018;8:182–92.

57. Stratton JA, Shah PT, Kumar R, Stykel MG, Shapira Y,

Grochmal J, et al. The immunomodulatory properties of adult

skin-derived precursor S chwann cells: implications for

peripheral nerve injury therapy. Eur J Neurosci.

2016;43:365–75.

58. Sparling JS, Bretzner F, Biernaskie J, Assinck P, Jiang Y,

Arisato H, et al. Schwann cells generated from neonatal skin-

derived precursors or neonatal peripheral nerve improve func-

tional recovery after acute transplantation into the partially

injured cervical spinal cord of the rat. J Neurosci.

2015;35:6714–30.

59. Pan HC, Cheng FC, Chen CJ, Lai SZ, Lee CW, Yang DY, et al.

Post-injury regeneration in rat sciatic nerve facilitated by neu-

rotrophic factors secreted by amniotic fluid mesenchymal stem

cells. J Clin Neurosci. 2007;14:1089–98.

60. Pan HC, Chin CS, Yang DY, Ho SP, Chen CJ, Hwang SM, et al.

Human amniotic fluid mesenchymal stem cells in combination

with hyperbaric oxygen augment peripheral nerve regeneration.

Neurochem Res. 2009;34:1304–16.

61. Lavasani M, Thompson SD, Pollett JB, Usas A, Lu A, Stolz DB,

et al. Human muscle–derived stem/progenitor cells promote

functional murine peripheral nerve regeneration. J Clin Investig.

2014;124:1745–56.

62. Van der Velden J, Snibson KJ. Airway disease: the use of large

animal models for drug discovery. Pulm Pharmacol Ther.

2011;24:525–32.

63. IJkema-Paassen J, Jansen K, Gramsbergen A, Meek M. Tran-

section of peripheral nerves, bridging strategies and effect

evaluation. Biomaterials. 2004;25:1583–92.

64. Dolenc V, Janko M. Nerve regeneration following primary

repair. Acta Neurochir. 1976;34:223–34.

65. Allen MJ, Leone KA, Lamonte K, Townsend KL, Mann KA.

Cemented total knee replacement in 24 dogs: surgical technique,

clinical results, and complications. Vet Surg. 2009;38:555–67.

66. Hesbach AL. Techniques for objective outcome assessment.

Clin Tech Small Anim Pract. 2007;22:146–54.

67. Council, N.R., Chimpanzees in biomedical and behavioral
research: assessing the necessity. 2011.

68. Angius D, Wang H, Spinner RJ, Gutierrez-Cotto Y, Yaszemski

MJ, Windebank AJ. A systematic review of animal models used

to study nerve regeneration in tissue-engineered scaffolds.

Biomaterials. 2012;33:8034–9.

69. Wadman M. Chimp research under scrutiny. Nature.

2011;480:424–5.

70. Hea Gu J, Hwa Ji Y, Dhong ES, Hwee Kim D, Yoon ES.

Transplantation of adipose derived stem cells for peripheral

nerve regeneration in sciatic nerve defects of the rat. Curr Stem

Cell Res Ther. 2012;7:347–55.
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