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Abstract

Purpose of the Review Peripheral nerve injuries are com-
mon, debilitating, and costly. The human body’s innate
regenerative capacity is slow, and nerves are often mis-
guided. The purpose of this article is to review a specific
cellular, regenerative engineering technique that holds
promise for the treatment of peripheral nerve injuries.
Recent Findings Over the past several decades, research
has focused on the utilization of stem cells for peripheral
nerve repair. More recently, stem cells collected from
adipose tissue (adipose-derived stem cells or ADSCs) have
gained traction due to their relative ease of collection and
differentiation potential. Both undifferentiated and Sch-
wann cell-like differentiated ADSCs have been used to
seed conduits with variable results.

Summary Technical and ethical issues surrounding stem
cells’ self-expansion potential and genetic makeup exist.
Ultimately, randomized control trials and FDA approval
will be required before widespread clinical translation in
the US is realized.

This article is part of the Topical Collection on Traumatic Brain
Injury Surgery.

D< Sprague W. Hazard III
shazard @hmc.psu.edu

Department of Surgery, Penn State University, Hershey, PA,
USA

Department of Neurosurgery, Penn State University,
Hershey, PA, USA

Penn State Hershey Medical Center, Department of
Anesthesia, Penn State University, 500 University Drive,
Hershey, PA 17033, USA

Keywords Adipose - Stem cells - Peripheral nerve
regeneration - Schwann cells - Nerve conduit - Biomaterials

Introduction

Peripheral nerve injuries (PNI) are common with 1.4 mil-
lion injuries occurring per year in the United States [1], and
they commonly lead to significant functional impairment.
While many diverse pathologies can lead to PNI, trauma is
one of the most common causes. It is estimated that
approximately 2.8-5% of all trauma patients sustain such
an injury [2, 3]. PNI is a significant public health issue,
with over 20 million traumatic injury discharges from the
US hospital per decade [4] affecting both adults and chil-
dren. Unlike the central nervous system, the peripheral
nervous system (PNS) harbors some intrinsic regenerative
capacity, although recovery is slow and often incomplete.
Muscle fibers atrophy quickly after denervation with a
60-80% volume reduction is seen at 4 months [5]. Injury
mechanism dictates treatment strategy with direct nerve
repair or grafting often indicated. Despite advances in
treatment of PNI, poor outcomes are still commonplace
encouraging novel treatment strategies. Recent develop-
ments in biomaterials and insight into stem cell biology
may hold great promise for peripheral nerve injury
treatment.

Pathophysiology and Classification
The PNS relays sensory and motor impulses between the
central nervous system to targets throughout the body. It is

composed of neurons, glial cells (including Schwann cells),
and supporting stroma. Subsequent to injury, neurons
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undergo changes in genetic expression that leads to the
release of neurotrophic factors and upregulation of corre-
sponding receptors. These factors support axonal elonga-
tion from the proximal injured nerve stump. Damaged
axons in the distal nerve fragment regress through a pro-
cess termed Wallerian degeneration [6]. Schwann cells
(SC) and infiltrating macrophages support this process by
clearing myelin debris and secreting neurotrophic factors
[7]. In addition, macrophages support angiogenesis and
form a connective tissue bridge in the nerve gap [8¢]. The
un-innervated Schwann cells form endoneurial tubes called
bands of Bungner, which serve as guides for axonal
regeneration initiated from growth cones (usually located
at nodes of Ranvier) (Fig. 1). As axons regenerate, they are
frequently misdirected and do not reach the intended target
[9]. The degree to which recovery is possible directly
relates to the extent of injury.

Classification of PNI was first undertaken by Seddon
[10] and further defined by Sunderland [11], based on
extent of injury. According to Sunderland, a first-degree
injury is the result of a conduction block and is also
referred to as neuropraxia. Recovery is complete and
usually takes place over the course of days to months.
Second-degree injuries result from axonal disruption and
are called axonotmesis in the Seddon classification, while
third-degree injuries affect both axons and endoneurium.
Recovery is spontaneous and nerves regenerate at about 1
inch/month, with second-degree injuries recovering com-
pletely, but only partial recovery can be expected in third-
degree injuries. Sunderland fourth- and fifth-degree (neu-
rotmesis in the Seddon classification) injuries have dis-
ruption of the perineurium, and perineurium and
epineurium, respectively (Fig. 2). This category includes
nerve avulsion and transections, which require surgical
repair.

Current Treatment

Most commonly, nerve injuries are attributed to traction,
compression, or laceration. Laceration may require surgical
repair to restore sensory or motor function. Surgical man-
agement typically includes direct repair or nerve grafting.
In complete nerve transections, direct repair is considered
the gold standard [12]. The proximal and distal ends need
to be debrided, opposed, and coapted in a tension-free
manner, with most repairs just re-approximating the epi-
neurium. Other direct repairs include the grouped fascic-
ular repair, in which individual fascicles are coapted to
each other. However, none consistently show better out-
comes than epineural repair [13].

When tensionless coaption cannot be performed, repair
relies on nerve grafting. Immediately after coaption, the
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Fig. 1 Degeneration and regeneration after PNI. [5] (Reproduced
with permission from Hindawi Publishing Corporation)

nerve graft undergoes Wallerian degeneration, thereby
serving more like a scaffold instead of an immediately
functional replacement. Autologous nerve grafts are con-
sidered standard of care; unfortunately, this approach has
many limitations [3]. Cutaneous nerves such as the sural
nerve are frequently used; however, the cross-sectional
area and length are often inadequate. As autologous
grafting necessitates a healthy nerve to be procured from
the patient, it results in variable donor site morbidity. As
such, motor nerves are not typically used as grafts. Vas-
cular grafts have also been described, but veins have thin
walls which are easily compressed by surrounding scar
tissue [14] which may not lead to optimal results. This has
led to interest in biomaterials and the design of conduits to
bridge nerve gaps [15, 16].
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Fig. 2 Schematic representation of the five degrees of nerve injury.
Grade 1: conduction block indicated by red arrow (neuropraxia),
Grade 2: transection of axon with an intact endoneurium (ax-
onotmesis), Grade 3: transection of the nerve fiber (axon and
endoneurium) within an intact perineurium (neurotmesis), Grade 4:
transection of funiculi, epineural tissue maintains nerve trunk
continuity (neurotmesis +), Grade 5: transection of the whole nerve
trunk (neurotmesis ++). [20] (Reproduced with permission from
Elsevier)

Conduits encase the proximal and distal nerve ends
providing a guide for nerve regeneration. Historically,
various materials have been used including decalcified
bone, polytetrafluoroethylene (Gore-Tex), and silicone.
More recently, modern biomaterials such as polyglycolic
acid (Vicryl), collagen, and polycaprolactone have been
developed [16]. The first collagen nerve conduit, Integra
NeuraGen®, was approved in 2001. These conduits are
made of purified collagen and therefore may minimize
immunologic concerns [17]. Integra conduits are very
expensive, and cannot be used in patients with a bovine
allergy [16, 18]. Despite advances in conduit technology,
elongation of axons past the two sites of neurorrhaphy is
often misdirected leading to sparse reinnervation of target
organs and variable functional outcomes, with sensory
recovery more frequent than motor [18-20].

Many studies have obtained good results with injury
gaps <3 cm, but poor and variable results are seen with
larger gaps [21]. The explanation for the 3 cm limit is still
debated; however, it is recognized that axonal restoration
in hollow conduits is limited by the matrix and cellular
migration phases [22]. The regenerative process in guid-
ance conduits comprises five phases: (1) fluid phase, (2)
matrix phase, (3) cellular migration phase, (4) axonal
phase, and (5) myelination phase (Fig. 3). In phase one,
there is an influx of plasma, containing neurotrophic factors
and extracellular matrix (ECM), from both the proximal

and distal nerve stumps which peak at 3-6 h. Next, an
acellular fibrin cable is formed between nerve stumps,
which begins within 1 week. In the third phase, SCs
migrate along the fibrin cable from the nerve stumps
forming the glial bands of Bunger. During the axonal
phase, nerve sprouts are guided by bands of Bunger from
the proximal to distal nerve stump and reach their target
after approximately 2—4 weeks. Finally, in the fifth phase,
SCs convert to the myelinating phenotype to form myeli-
nated axons 6-16 weeks after the initial repair. As the
fibrin cable degrades approximately 2 weeks following
repair, any gaps that cannot be traversed by SCs in this
period will persist, resulting in a 3—-4 cm critical limit.
Several studies have shown that the addition of SCs to
acellular nerve grafts improves functional recovery
[23, 24]. Acellular conduits effectively serve only as
scaffolds, while SC-impregnated conduits are thought to
directly impact nerve regeneration biology through the
continual release of neurotrophic factors and signals.
Although SCs are vital to regeneration, they have limited
applicability due to unavailability without a nerve biopsy
and a considerable time requirement to obtain the requisite
quantity for conduit seeding [25]. Therefore, stem cells
may represent an ideal starting material for SC
differentiation.

Translational Research
Mesenchymal Stem Cells

Stem cells can be categorized into four distinct groups
based on origin: embryonic, fetal, adult, and induced
pluripotent stem cells [26]. Adult stem cells can be found
throughout the body including the brain, fat, skeletal
muscle, liver, retina, skin, and bone marrow [27]. Mes-
enchymal stem cells (MSCs) isolated from bone marrow
(BM) were the first to be utilized to address clinical
pathologies. Limitations of utilizing a BM donor source
include an invasive and painful harvest which only yields a
limited volume of stem cells. In addition, the life span and
differentiation ability of BM-derived stem cells (BMSC)
decline with increasing age [28]. Despite these limitations,
there are multiple studies utilizing BMSCs to improve
peripheral nerve repairs [29-31]. In culture, varying cyto-
kine combinations have differentiated BMSCs into a Sch-
wann cell phenotype capable of expressing S100 protein,
GFAP, and p75 [32, 33]. These are all markers of a glial
lineage, including SCs. S100 proteins are present in cells
originating from the neural crest, and GFAP is an inter-
mediate filament protein expressed in the central nervous
system. The p75 receptor binds neurotrophins critical for
the development, maintenance, survival, and death of the
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Fig. 3 The regenerative
process can be divided into five
main phases: (1) the fluid phase;
(2) the matrix phase; (3) the
cellular migration phase; (4) the
axonal phase; and (5) the
myelination phase. [22]
(Reproduced with permission
from The Royal Society)
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Adipose-Derived Stem Cells

Over the past two decades, it has been recognized that
adipose tissue is more than just an energy reservoir. In
2001, Zuk et al. [35] isolated mesenchymal stem cells from
lipoaspirate, which they termed adipose-derived stem cells
(ADSCs). Since then, ADSCs have been broadly investi-
gated for regenerative applications including being differ-
entiated into both mesenchymal and non-mesenchymal
cellular lineages. Adipose has increased in popularity for
stem cell retrieval as ADSCs are present in large quantities
in both intraabdominal and subcutaneous depots [35, 36].
Compared to bone marrow donor sites, adipose tissue
offers up to a fivefold increase in stem cell yield [37] per
unit volume while allowing for longer culture periods and
faster growth rates than BMSCs [38].

Neural Differentiation of ADSCs

After excised adipose tissue is minced, rinsed, digested
with collagenase, and centrifuged, the stromal vascular
fraction (SVF) is obtained. The SVF includes ADSCs,
leukocytes, endothelial cells, and pericytes. ADSCs can be
isolated based on surface markers such as CD10, CD13,
CD29, CD34, CD44, CD49¢e, CD59, CD73, CD90, CD105,
and CD166 [39, 40¢]. Either isolated ADSCs or the com-
plete SVF can be plated and used for (Fig. 4) directed
neuronal differentiation. Multiple studies have documented
neuronal differentiation from ADSCs, and recently
advanced techniques have allowed for increased conver-
sion rates [41-43]. Jang and colleagues [41] showed that
using bFGF and forskolin, ADSCs can be differentiated to
neuron-like cells and confirmed by using neuron-specific
markers such as Nestin, NSE, NeuN, NEFL, and Synap-
tophysin [42]. In our lab, we use commercially available
media (HyClone and Promocell) for differentiation. Of
note, both SC- and neuron-like cells undergo similar
development in that they are both embryologically derived
from neural crest cells (Fig. 5) [44]. These names are
interchangeably used in the literature and as differentiation
media contain similar components, it is likely that ADSCs
are being converted into both SCs and neurons. Following
differentiation, engineered cells can be incorporated into a
conduit scaffold.

Strategies for Incorporating ADSCs in Peripheral
Nerve Regeneration

Several research paradigms have emerged focusing solely
on ADSC-based therapies in peripheral nerve regeneration.
Following PNI, if axonal contact with the distal site is not
quickly reestablished, support cells and the microenviron-
ment are not maintained [34]. Adjunct ADSC therapy

attempts to address this through three distinct approaches:
(1) culture and differentiation of ADSCs into a SC-like
phenotype, (2) the use of undifferentiated ADSCs, or (3)
utilizing the SVF. It is still unclear if tissue regeneration is
a direct result of differentiated stem cells or by undiffer-
entiated stem cell influence on surrounding tissue through
paracrine signaling mechanisms [45¢¢]. Schwann cells may
hold significant promise for nerve regeneration strategies if
the aforementioned limitations are addressed. [25].

Utilizing differentiated SCs versus undifferentiated
ADSCs or SVF has two potential benefits: (1) reduced risk
of undesired differentiation, such as teratomas and (2)
potential for incorporation of engineered SCs into the
ongoing regeneration and myelination process [46]. Sev-
eral methods differentiating ADSCs into cells expressing
SC markers, such as GFAP and S100, have been described
[47]. In addition, multiple in vivo studies have established
the increased ability of differentiated Schwann cells to
support nerve regeneration. Di Summa et al. [48] implanted
fibrin conduits seeded with ADSC-derived Schwann cells
in a 1 cm Sprague-Dawley nerve gap model which after
two weeks showed a reduction in muscle atrophy. In a
follow-up study, an increase in the size and number of
myelinated fibers was seen after 16 weeks [49]. Another
group seeded nerve grafts with SCs derived from BM or
ADSCs and evaluated axonal regeneration distance. The
rats with SC-seeded grafts were found to have greater
axonal regeneration distance compared to grafts alone [50].
Liu et al. [51] similarly found that ADSC-seeded conduits
had increased nerve fibers and myelination when compared
to conduits alone.

Others have investigated the incorporation of undiffer-
entiated ADSCs into models of peripheral nerve injury
(both crush and gap). Santiago et al. [52] seeded undif-
ferentiated ADSCs in polycaprolactone synthetic conduits
and used these to repair 6 mm unilateral sciatic nerve
defects in athymic rats. This model showed efficacy in
regaining innervation to and preventing atrophy of the
target muscle. It was also demonstrated that ADSCs sur-
vived transplantation for up to 12 weeks. The transplanted
ADSCs did not differentiate into a neural lineage (absence
of colocalization with immunostaining for GFAP and anti-
human lamin A/C), and some cells differentiated to adi-
pocytes while many remained undifferentiated. The authors
concluded that the random fates of these ADSCs in vivo
may lead to varied results in terms of nerve recovery. Shen
et al. [53] created a genipin-cross-linked gelatin annexed
with tricalcium phosphate ceramic particle (GGT)
biodegradable nerve conduit which showed nerve mor-
phology and distributions in the ADSC/GGT group supe-
rior to GGT alone. More recently, Xu et al. [54] combined
both ADSCs and SCs into a silk fibroin/collagen scaffold
which showed nerve regeneration superior to scaffolds
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alone; however, functional recovery was unsatisfactory.
Another approach has been the incorporation of ADSCs
into fibrin glue with injection around a primary epineural
suture repair [55].

Additional steps are required to separate ADSCs from
the SVF, and it can take several weeks to differentiate
subpopulations of cells from ADSCs. Therefore, some
researchers have used the SVF itself, which is a multi-
cellular collection of ADSCs, endothelial cells, pericytes,
and leukocytes. Advantages include less cell manipula-
tion without the need for a multistep differentiation
process, quicker processing times, and no need for spe-
cialized equipment. All of these may lead to easier FDA
approval ultimately. However, the amount of ADSCs
may be variable and only a few studies have been per-
formed. Matsumine et al. [56¢] showed that incorporating
the SVF in acellular conduits improved nerve regenera-
tion when compared to conduits alone in a facial nerve
rat model, but function was not studied. Another study
compared SVF-filled chitosan grafts to chitosan grafts
alone in a sciatic nerve rat model and showed increased
nerve fibers as well as target muscle mass [57]. The same
group also showed an improvement of regeneration with
SVF-filled inside-out vein grafts [58]. Despite progress,
the majority of studies did not show functional
improvement and have only been performed in animal
models.

Limitations of Bioengineered Neurons
Cost

The cost of personalized regenerative medicine applica-
tions is currently unknown. Liposuction and lipectomy are
two methods used for fat harvest. Liposuction performed in
an outpatient setting versus inpatient costs $1500 and
$5000, respectively, whereas inpatient lipectomy costs
approximately $10,000 [59]. ADSC isolation, culture, and
neuron differentiation cost approximately $1000-1500 per
500 g of adipose tissue which yields approximately 10
million stem cells. However, overall cost will also be
dependent on graft length requirement and cell density. For
comparison, 3 cm-long Integra Neuragen® nerve conduits
cost approximately $1500 each. However, as with any new
developments, costs will likely fall as demand increases.
The estimated cost for procedures to repair PNI in the US is
$1.31-1.93 billion dollars per year [60]. This does not
account for the cost of disability, missed work, and lost
income for afflicted individuals. Therefore, there is
tremendous potential for advanced technologies to reduce
the cost of PNI treatment in the future while improving
functional outcomes.

Ethics

Developments in the use of cell and biomaterial tech-
nologies are quickly advancing the fields of tissue engi-
neering and regenerative medicine. Ethical concerns
surrounding in vitro cell culture research has been disputed
since the 1950s when the HeLa cell line was created
without the consent of the patient or her family [61]. Stem
cells can undergo self-expansion and differentiation into
multiple cell lineages infinitely, which raises concerns
about the loss of patient control of their cell line. In
addition, with each passage in culture, the genomic sta-
bility of the cellular material may be compromised leading
to fears of cancer transformation [62]. Widespread clinical
application will likely require commercial development
and associated financial pressures which may lead to
unscrupulous behavior.

FDA Concerns

The FDA has created the term “tissue engineered medical
product (TEMP)” which is defined as “a medical product
that repairs, modifies, or regenerates the recipients cells,
tissues, and organs or their structure and function, or both”
[63]. Clinical application of ADSCs and differentiated
neurons will likely include harvesting tissue and main-
taining it in vitro prior to use in peripheral nerve repair/
regeneration. Regenerative medicine which utilizes human
cells and tissue components falls under “Current Good
Tissue Practice for Human Cell, Tissue, and Cellular and
Tissue-Based Product Establishments; Inspection and
Enforcement” (69 FR 68,612) published in 2004 by the
FDA [64]. As these technologies advance rapidly, stan-
dards must continuously change leading to a lack of con-
sensus on the utilization of ADSCs in regenerative
medicine. Recently, it was described in Belgium that
autologous ADSC use in humans can be considered a safe
tool for clinical implications as documented by genomic
stability, contamination, and in vivo adverse events after
transplantation of two autologous ADSC-derived products
[65]. However, randomized control trials will be required
to create FDA standards for the use of human tissues, prior
to widespread clinical translation in the US.

Conclusion

Peripheral nerve injuries are common and lead to signifi-
cant patient morbidity. Current strategies seeking to limit
functional impairment includes spanning the axonal gap of
the injured peripheral nerve with conduits or autologous
interposition nerve grafts. The field of personalized
regenerative medicine holds promise in improving
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outcomes in patients with peripheral nerve injury; however,
several issues require resolution before clinical application
can be achieved. Improvements in stem cell technology
coupled with advances in biocompatible material will
likely be the direction forward as clinicians seek to treat
larger nerve gaps (>3 cm) and improve the efficacy of
treatment in smaller injuries.

Acknowledgements Dr. Ravnic is supported by a Penn State
Department of Surgery Grant and by the Eunice Kennedy Shriver
National Institute of Child Health and Human Development of the
National Institutes of Health under BIRCWH award number
K12HD055882, “Career Development Program in Women’s Health
Research at Penn State.” The content is solely the responsibility of
the authors and does not necessarily represent the official views of the
NIH.

Compliance with Ethical Guidelines

Conflict of interest Drs. Leberfinger, Ravnic, Payne, Rizk, Koduru,
and Hazard declare no conflicts of interest relevant to this manuscript.

Human and Animal Rights and Informed Consent This article
does not contain any studies with human or animal subjects
performed by any of the authors.

References

Papers of particular interest, published recently, have been
highlighted as:

* Of importance

e Of major importance

1. Taylor CA, et al. The incidence of peripheral nerve injury in
extremity trauma. Am J Phys Med Rehabil. 2008;87(5):381-5.

2. Noble J, et al. Analysis of upper and lower extremity peripheral
nerve injuries in a population of patients with multiple injuries.
J Trauma. 1998;45(1):116-22.

3. Dalamagkas K, Tsintou M, Seifalian A. Advances in peripheral
nervous system regenerative therapeutic strategies: a biomaterials
approach. Mater Sci Eng C. 2015;65:425-32.

4. DiMaggio C, et al. Traumatic injury in the United States: in-
patient epidemiology 2000-2011. Injury. 2016;47(7):1393-403.

5. Grinsell D, Keating CP. Peripheral nerve reconstruction after
injury: a review of clinical and experimental therapies. BioMed
Res Int. 2014;2014:13.

6. Conforti L, Gilley J, Coleman MP. Wallerian degeneration: an
emerging axon death pathway linking injury and disease. Nat
Publ Group. 2014;15(6):394-409.

7. Mirsky R, Lloyd AC. Schwann cells: development and role in
nerve repair. Cold Spring Harbor Perspect Biol. 2016;7:1-16.

8. * Cattin, A-L, et al. Macrophage-induced blood vessels guide
Schwann cell-mediated regeneration of peripheral nerves. Cell.
2015;162(5):1127-39.

9. Cattin AL, Lloyd AC. The multicellular complexity of peripheral
nerve regeneration. Curr Opin Neurobiol. 2016;39:38—46.

10. Seddon HJ. A Classification of Nerve Injuries. Br Med J.
1942;2(4260):237-9.

@ Springer

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Sunderland S. A classification of peripheral nerve injuries pro-
ducing loss of function. Brain. 1951;74(4):491-516.

Houschyar KS, et al. The role of current techniques and concepts
in peripheral nerve repair. Plast Surg Int. 2016;2016:1-8.
Lundborg G. A 25-year perspective of peripheral nerve surgery:
evolving neuroscientific concepts and clinical significance.
J Hand Surg. 2000;25(3):391-414.

Siemionow M, Bozkurt M, Zor F. Regeneration and repair of
peripheral nerves with different biomaterials: review. Micro-
surgery. 2010;30(7):574-88.

Muheremu A, Ao Q. Past, present, and future of nerve conduits in
the treatment of peripheral nerve injury. BioMed Res Int. 2015;.
doi:10.1155/2015/237507.

Safa B, Buncke G. Autograft substitutes. conduits and processed
nerve allografts. Hand Clin. 2016;32(2):127-40.

Kehoe S, Zhang XF, Boyd D. FDA approved guidance conduits
and wraps for peripheral nerve injury: a review of materials and
efficacy. Injury. 2012;43(5):553-72.

Pabari A, et al. Modern surgical management of peripheral nerve
gap. J Plast Reconstr Aesthet Surg. 2010;63(12):1941-8.

Wolfe SW, et al. Use of bioabsorbable nerve conduits as an
adjunct to brachial plexus neurorrhaphy. J Hand Surg.
2012;37(10):1980-5.

Deumens R, et al. Repairing injured peripheral nerves: bridging
the gap. Prog Neurobiol. 2010;92(3):245-76.

Deal ND, Griffin JW, Hogan MV. Nerve conduits for nerve repair
or reconstruction. J Am Acad Orthop Surg. 2012;20(2):63-8.
Daly W, et al. A biomaterials approach to peripheral nerve
regeneration: bridging the peripheral nerve gap and enhancing
functional recovery. J R Soc Interface. 2012;9(67):202-21.
Hoben G, et al. Comparison of acellular nerve allograft modifi-
cation with Schwann cells or VEGF. Hand. 2015;10(3):396-402.
¢ Zhou, L-N., et al. Co-graft of bone marrow stromal cells and
Schwann cells into acellular nerve scaffold for sciatic nerve
regeneration inrats. J Oral Maxillofa Surg. 2015;73(8):1651-1660.
Pereira Lopes FR, et al. Bone marrow stromal cells and resorb-
able collagen guidance tubes enhance sciatic nerve regeneration
in mice. Exp Neurol. 2006;198(2):457-68.

Dai R, et al. Adipose-derived stem cells for tissue engineering
and regenerative medicine applications. Stem Cells Int.
2016;2016:6737345.

Raff M. Adult Stem Cell Plasticity: fact or Artifact? Annu Rev
Cell Dev Biol. 2003;19(1):1-22.

Kern S, et al. Comparative analysis of mesenchymal stem cells
from bone marrow, umbilical cord blood, or adipose tissue. Stem
Cells. 2006;24(5):1294-301.

Chen C-J, et al. Transplantation of bone marrow stromal cells for
peripheral nerve repair. Exp Neurol. 2007;204(1):443-53.
Keilhoff G, et al. Transdifferentiated mesenchymal stem cells as
alternative therapy in supporting nerve regeneration and myeli-
nation. Cell Mol Neurobiol. 2006;26(7):1233-50.

Wang D, et al. Bridging small-gap peripheral nerve defects using
acellular nerve allograft implanted with autologous bone marrow
stromal cells in primates. Brain Res. 2008;1188:44-53.

Dezawa M, et al. Sciatic nerve regeneration in rats induced by
transplantation of in vitro differentiated bone-marrow stromal
cells. Eur J Neurosci. 2001;14(11):1771-6.

Tohill M, et al. Rat bone marrow mesenchymal stem cells express
glial markers and stimulate nerve regeneration. Neurosci Lett.
2004;362(3):200-3.

Walsh S, Midha R. Practical considerations concerning the use of
stem cells for peripheral nerve repair. Neurosurg Focus.
2009;26(2):E2.

. Zuk PA, et al. Multilineage cells from human adipose tissue:

implications ~ for  cell-based Tissue

2001;7(2):211-28.

therapies. Eng.


http://dx.doi.org/10.1155/2015/237507

Curr Surg Rep (2017) 5:5

Page 9 of 9 5

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

Kim EH, Heo CY. Current applications of adipose-derived stem
cells and their future perspectives. World J Stem Cells.
2014:6(1):65-8.

Strem BM, et al. Multipotential differentiation of adipose tissue-
derived stem cells. Keio J Med. 2005;54(3):132-41.

Locke M, Windsor J, Dunbar PR. Human adipose-derived stem
cells: isolation, characterization and applications in surgery. ANZ
J Surg. 2009;79(4):235-44.

Kobolak J, et al. Mesenchymal stem cells: Identification, phe-
notypic characterization, biological properties and potential for
regenerative medicine through biomaterial micro-engineering of
their niche. Methods. 2015;99:62-8.

* Mildmay-White A, Khan W. Cell surface markers on adipose-
derived stem cells: a systematic review. Curr Stem Cell Res Ther.
2016;11:1.

Jang S, et al. Functional neural differentiation of human adipose
tissue-derived stem cells using bFGF and forskolin. BMC Cell
Biol. 2010;11(1):1-13.

Jafarzadeh N, et al. Oxytocin improves neuronal differentiation of
adipose tissue-derived stem cells. Cell J. 2013;15:48.
Zack-Williams SDL, Butler PE, Kalaskar DM. Current progress
in use of adipose derived stem cells in peripheral nerve regen-
eration. World J Stem Cells. 2015;7(1):51-64.

Ramasamy SK, Lenka N. Notch exhibits ligand bias and
maneuvers stage-specific steering of neural differentiation in
embryonic stem cells. Mol Cell Biol. 2010;30(8):1946-57.

** Widgerow AD. et al. Neuromodulatory nerve regeneration:
adipose tissue-derived stem cells and neurotrophic mediation in
peripheral nerve regeneration. J Neurosci Res. 2013;91(12):
1517-1524.

Faroni A, Terenghi G, Reid AJ. Chapter five—adipose-derived
stem cells and nerve regeneration: promises and pitfalls. In:
Geuna S, Bruno B, editors. International Review of Neurobiol-
ogy, LLP.P.T. London: Academic Press; 2013. p. 121-136.
Kingham PJ, et al. Adipose-derived stem cells differentiate into a
Schwann cell phenotype and promote neurite outgrowth in vitro.
Exp Neurol. 2007;207(2):267-74.

di Summa PG, et al. Adipose-derived stem cells enhance
peripheral nerve regeneration. J Plast Reconstr Aesthet Surg.
2010;63(9):1544-52.

di Summa PG, et al. Long-term in vivo regeneration of peripheral
nerves through bioengineered nerve grafts. Neuroscience. 2011;
181:278-91.

Wang Y, et al. Recellularized nerve allografts with differentiated
mesenchymal stem cells promote peripheral nerve regeneration.
Neurosci Lett. 2012;514(1):96-101.

Liu G, et al. Transplantation of adipose-derived stem cells for
peripheral nerve repair. Int ] Mol Med. 2011;28(4):565-72.
Santiago LY, et al. Delivery of adipose-derived precursor cells
for peripheral nerve repair. Cell Transplant. 2009;18(2):145-58.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Shen C-C, Yang Y-C, Liu B-S. Peripheral nerve repair of
transplanted undifferentiated adipose tissue-derived stem cells in
a biodegradable reinforced nerve conduit. ] Biomed Mater Res.
2012;100A(1):48-63.

Xu Y, et al. A silk fibroin/collagen nerve scaffold seeded with a
co-culture of Schwann Cells and adipose-derived stem cells for
Sciatic nerve regeneration. PLoS ONE. 2016;11(1):e0147184.
Reichenberger MA, et al. ADSCs in a fibrin matrix enhance nerve
regeneration after epineural suturing in a rat model. Micro-
surgery. 2016;36(6):491-500.

* Matsumine H, et al. Facial-nerve regeneration ability of a
hybrid artificial nerve conduit containing uncultured adipose-
derived stromal vascular fraction: an experimental study.
Microsurgery. 2016.

Mohammadi R, et al. Repair of nerve defect with chitosan graft
supplemented by uncultured characterized stromal vascular
fraction in streptozotocin induced diabetic rats. Int J Surg.
2014;12(1):33-40.

Mohammadi R, et al. Transplantation of uncultured omental
adipose-derived stromal vascular fraction improves sciatic nerve
regeneration and functional recovery through inside-out vein
graft in rats. J Trauma Acute Care Surg. 2012;72(2):390-6.
Cosmetic surgery national data bank statistics for 2013.
September 20, 2016; http://www.surgery.org/sites/default/files/
Stats2013_3.pdf.

Brattain K. Analysis of the peripheral nerve repair market in the
United States. 2013.

Wilson D. A troubled past? Reassessing ethics in the history of
tissue culture. Health Care Anal. 2016;24:246-59.

Harbaugh JT. Do you own your 3D bioprinted body?: analyzing
property issues at the intersection of digital information and
biology. Am J Law Med. 2014;41(1):167-89.

ASTM E23-12c¢ Standard test methods for notched bar impact
testing of metallic materials. 2012;http://dx.doi.org/10.1520/
E0023-12C.

Guidance for industry. regulation of human cells, tissues, and
cellular and tissue-based products (HCT/Ps). 2007; http://www.
fda.gov/downloads/BiologicsBloodVaccines/GuidanceCompliance
RegulatoryInformation/Guidances/Tissue/ucm062592.pdf.

Vériter S, et al. Human adipose-derived mesenchymal stem cells
in cell therapy: safety and feasibility in different “hospital
exemption” clinical applications. PLoS ONE. 2015;10(10):
e0139566.

Bowles AC, Scruggs BA, Bunnell B. Mesenchymal stem cell-
based therapy in a mouse model of experimental autoimmune
encephalomyelitis (EAE). In: Animal models for stem cell ther-
apy. Methods in molecular biology, vol. 1213. New York:
Springer; 2014. p. 303-19.

@ Springer


http://www.surgery.org/sites/default/files/Stats2013_3.pdf
http://www.surgery.org/sites/default/files/Stats2013_3.pdf
http://dx.doi.org/10.1520/E0023-12C
http://dx.doi.org/10.1520/E0023-12C
http://www.fda.gov/downloads/BiologicsBloodVaccines/GuidanceComplianceRegulatoryInformation/Guidances/Tissue/ucm062592.pdf
http://www.fda.gov/downloads/BiologicsBloodVaccines/GuidanceComplianceRegulatoryInformation/Guidances/Tissue/ucm062592.pdf
http://www.fda.gov/downloads/BiologicsBloodVaccines/GuidanceComplianceRegulatoryInformation/Guidances/Tissue/ucm062592.pdf

	Adipose-Derived Stem Cells in Peripheral Nerve Regeneration
	Abstract
	Purpose of the Review
	Recent Findings
	Summary

	Introduction
	Pathophysiology and Classification
	Current Treatment
	Translational Research
	Mesenchymal Stem Cells
	Adipose-Derived Stem Cells
	Neural Differentiation of ADSCs
	Strategies for Incorporating ADSCs in Peripheral Nerve Regeneration

	Limitations of Bioengineered Neurons
	Cost
	Ethics
	FDA Concerns

	Conclusion
	References




